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Superoxide Dismutase Mimics in Cell Lysates

Martha Zoumpoulaki, Gabrielle Schanne, Nicolas Delsuc, Hugues Preud’homme,
Elodie Quévrain, Nicolas Eskenazi, Géraldine Gazzah, Regis Guillot, Philippe Seksik,
Joelle Vinh, Ryszard Lobinski, and Clotilde Policar*

Abstract: The detection and quantification of exogenous
metal complexes are crucial to understanding their
activity in intricate biological media. MnII complexes are
difficult to detect and quantify because of low associa-
tion constants, and high lability. The superoxide dis-
mutase (SOD) mimic (or mimetic) labelled Mn1 is based
on a 1,2-di-aminoethane functionalized with imidazole
and phenolate and has good intrinsic anti-superoxide,
antioxidant and anti-inflammatory activities in lipopoly-
saccharide (LPS)-activated intestinal epithelial HT29-
MD2 cells, similar to that of its propylated analogue
labelled Mn1P. Ion mobility spectrometry-mass spec-
trometry (IMS-MS) is a powerful technique for separat-
ing low molecular weight (LMW) metal complexes and
can even separate complexes with the same ligand but
bound to different divalent metal cations with similar
ionic radii. We demonstrated the intracellular presence
of the Mn1 and Mn1P complexes, at least partly intact,
in lysates of cells incubated with the complexes and
estimated the intracellular Mn1P concentration using a
Co-13C6 analogue.

Introduction

The reliable detection and quantification of exogenous
metal complexes, such as metallodrugs or metal-based
probes in intricate biological media, is essential for a good

understanding of their bioactivity and can be particularly
challenging. Various imaging techniques[1] based on
fluorescence,[2–4] vibrational spectroscopies, including Four-
ier transform infrared spectroscopy (μ-FTIR),[5–12] μ-
Raman,[13,14] laser ablation inductively coupled plasma mass
spectrometry LA-ICP-MS,[15,16] or X-ray fluorescence
(XRF)[5,17–29] can be used for the intracellular detection and
mapping of metal complexes. Furthermore, mass spectrome-
try-based techniques,[30] such as ICP-MS,[30–33] electrospray
ionization tandem mass spectrometry (ESI-MS/MS),[34]

liquid chromatography-mass spectrometry (LC-MS),[35,36] as
well as electron paramagnetic resonance (EPR)[25,37] or
atomic absorption spectrometry (AAS),[35,38–44] have been
used for their detection and quantification in cells or
organisms.
Manganese(II) complexes, developed as contrast agents

for magnetic resonance imaging (MRI),[45–51] or as catalytic
antioxidants mimicking the mitochondrial manganese super-
oxide dismutase (MnSOD),[52–59] constitute a unique chal-
lenge. Biological environments are rich in Lewis bases[60]

and contain a variety of divalent metal ions that constitute
an exchangeable pool.[61] Due to their d5 metal ion with no
ligand-field-stabilization energy (LFSE),[25,62,63] MnII com-
plexes display association constants in the low range of the
Irving and Williams series.[64,65] Their d5 configuration
contributes to a low kinetic barrier to ligand dissociation or
association,[25,62,63] and renders MnII complexes highly labile,
with fast exchange of coordinated ligands and metal
ions,[66,67] except for some very specific ligands specifically
designed to achieve impressive inertness.[46] The knowledge
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of the speciation of a MnII complex or MnII ion in a
biological environment is thus crucial.
A metal-free analytical environment is needed to avoid

adventitious metal ion exchanges coming from the analytical
system. Considering the plethora of species in the LMW
range in cells, coupling of MS with a separation system is
required. A comprehensive evaluation of high-performance
liquid chromatography-mass spectrometry (HPLC-MS) for a
large-scale study of metal complexes was reported
elsewhere.[68] It has been also applied very recently to a
more inert Mn-based complex similar to Mn1.[69] More labile
compounds present additional problems, especially when
they interact with the stationary phase and the tubing of the
system. These interactions can lead to metal exchange and
the decomposition of the target metal complexes.
Ion mobility spectrometry, first developed by Cohen and

Karasek in 1970,[70] to detect traces of organic molecules in
the gas phase, involves the movement of ions against a gas
flow under an applied electric field. The velocity of ions is
proportional to their reduced mobility constant K
[cm� 1V� 1 s� 1], which is associated with their rotationally
averaged collision cross-section (CCS) also noted Ω (in Å2).
In IMS coupled with mass spectrometry, ion detection is
performed using MS.[71–73] IMS-MS is a powerful technique
used for structural characterization of biomolecules to probe
the folding of proteins upon ligand binding,[74] and to study
the dynamic of those interactions,[75] to characterize
supramolecular complexes showing differences in host shape
due to guest interaction.[76–79] It can also be used to separate
species of very similar mobility with a high resolving power
(>100 as defined by Ω/ΔΩ measured at full width at half
maximum).[75] For instance, IMS-MS was used to character-
ize metal speciation in peptides.[80] Its application to the
coordination of LMW ligands is not highly developed,
probably because the change in shape upon folding around a
metal ion is small, and as far as we know, IMS-MS has never
been applied to study metal speciation[81] in LMW com-
plexes in cell lysates.
We are interested in bioinspired metal-based catalytic

antioxidants,[82–84] namely manganese(II) complexes that
mimic SODs, metalloenzymes that catalyze the dismutation
of superoxide and constitute the first line of cellular
antioxidant defense.[52,54] One of these SOD mimics, Mn1
(Figure 1a), involves an open-chain ligand built on a 1,2-
diamino-ethane scaffold, with two imidazole and one
phenolate as appended coordinating moieties. Mn1 has good
intrinsic anti-superoxide activity, as measured by the kcat
outside of a cellular context,[25,54] in line with its redox
potential, which is close to the optimal SOD potential E1/2
(V/SCE) typically ranging from 0 to 0.2 V/SCE, with an
optimal value at 0.12 V/SCE,[52,54,82,85] which is the midpoint
between E0’1/2 (O2aq/O2°

� )= � 0.42 V/SCE and E0’1/2(O2°
� /

H2O2)=0.66 V/SCE.
[86] One of the cellular models we use to

evaluate SOD mimics[5,22,25,87,88] consists of intestinal epithe-
lial cells, HT29-MD2, under lipopolysaccharide
activation.[89,90] Mn1 displayed a good antioxidant and anti-
inflammatory activity in this model, while its zinc(II) redox-
inactive analogue, referred to as Zn1, and MnCl2 showed no
effect.[5,22,25,87] The quantification methods previously used

(EPR, ICP-MS, XRF)[5,22,25] were focused on the metal ion
cellular content and its comparison with the endogenous
content, assuming that excess of Mn was due to internalized
Mn1. This could have some drawbacks as incubation with a
non-native coordination complex may itself alter the homeo-
stasis of the metal ions within the cells*. To avoid this
possible bias and to also determine the amount of intact
metal complex in cells, we wanted to directly track it in cell
lysates. We showed previously using LC/MS-MS,[25] that
Mn1 penetrates the cells but the fact that the m/z peak of
[Mn1]+ (408.1465) is very close to that of the m/z peak of
[Fe1� H]+ (408.1355), with overlapping isotopic patterns
prevented any reliable quantitative analysis, as previously
performed with a more inert analogue.[69] Recently, to
investigate the Mn1 subcellular location, a multimodal Re-
tris carbonyl probe was conjugated to the ligand. The MnII

complex showed the same activity as Mn1 but a different
cellular distribution. Tagging the ligand was used as an
indirect way to study speciation. Mn and Re were only
partially colocalized, suggesting possible dissociation.[5]

This study aims to elucidate the fate of Mn1 and its
propylated analogue Mn1P (Figure 1b) in HT29-MD2 cell
lysates using MS-based methods. To match the conditions
under which we study the anti-inflammatory and antioxidant
activity of the SOD mimics[5,22,25] (Figure 2), we co-incubated
the SOD mimics with LPS. The fact that Mn of natural
abundance is monoisotopic precludes considering mass
isotopic distribution to ascertain whether a Mn complex is
present. We have explored here IMS-MS to demonstrate
unambiguously the intracellular presence of the intact Mn1
and Mn1P complexes (MnII-Ligand) and to estimate the
intracellular concentration of Mn1P.

Results and Discussion

Physico-Chemical Properties of Mn1 and Mn1P

Anticipating possible issues with deprotonation of the NH
group in Mn1 during MS experiments, we decided to

Figure 1. Chemical structure of MnSOD mimics. a) Mn1 and enPI2
ligand. b) Propylated analogue Mn1P and enPI2P ligand. The analogues
with ZnII, not shown in this figure, were labeled Zn1 and Zn1P similar
to other metal cations (Co1, Fe1, Cu1, etc.).



derivatize the secondary amine of the 1,2-diamino-ethane
scaffold by adding a propyl chain leading to Mn1P. Mn1P
was prepared as Mn1[5,22,25] using a propylated version of the
enPI2 ligand as described elsewhere.

[69] The functionalization

of the nitrogen with a propyl group did not greatly alter the
properties of the SOD mimic, as shown in Tables 1 and 2,
and Figures 2, S1a–d. Mn1P showed a peak higher than Mn1
when analyzed in 1/1 ratio by ESI-MS, indicating better
ionization properties for Mn1P (Figure S1e). The crystallo-
graphic structure of Mn1P consists of the dimeric [(enPI2P)
Mn Mn (enPI2P)] (PF6)2, with each Mn

II ion hexacoordinate
with four nitrogen atoms of the anionic form enPI2P

� of the
ligand and two bridging oxygen atoms from the phenolate
groups (Tables S1 and S2, Figure S2). As for Zn1,[5,22,25] the
redox inactive analogue Zn1P did not demonstrate any anti-
inflammatory activity in inflamed HT29-MD2 cells (Fig-
ure S3). None of the above-mentioned complexes was
cytotoxic (Figure S4).

IMS-MS: A Powerful Analytical Technique to Discriminate
between LMW Complexes with Similar Divalent Metal Ions

We investigated whether IMS-MS could discriminate be-
tween the same LMW ligand bound to various divalent
metal cations from the first series of the transition elements
or ZnII, that are folded differently due to small changes in
ionic radii.[93] The capacity to distinguish two species with a
close CCS, is dependent on the capacity to separate two
peaks. If we consider that two peaks of equal intensity are
resolved if the valley between them is less than 0.1 of the
peak intensity, the minimum difference in mobility allowing
the distinction among two species is close to 2 Å2 CCS
difference. Table 3 gives the CCS and inverse of the reduced
mobility constant K0

[73] for a series of complexes derived
from enPI2 and enPI2P, namely Mn1 and its analogues Zn1,
Ni1, Fe1, Co1, Cu1 on the one hand, and Mn1P and its
analogues Zn1P, Ni1P, Fe1P, Co1P, Cu1P, on the other
hand (see also Figure 3). Mobilograms extracted at a given
molecular mass for each of these complexes analyzed
separately are presented in Figure 4, as an overlay. Figure S6
shows that the various complexes can be identified in an
equimolar mixture of complexes. These data show that the
discrimination between the complexes is achievable in both
series, with CCS ranging from 180.557 to 188.124 Å2 for
enPI2 and from 190.825 to 197.485 Å

2 for enPI2P.
The observed ion mobilities of the metallated forms

correlate well with theoretical ionic radii of the divalent
transition metal cations (high spin, pentacoordinate) [MnII>
FeII>CoII>ZnII>NiII>CuII], except Fe1P whose MS peak
shows the presence of an additional water molecule (Fig-
ure 3, Table 3).[93] Metal complexes can form hydrogen
bonds with water molecules when in solution.[94] The differ-

Figure 2. Anti-inflammatory and antioxidant activity of Mn1 and Mn1P.
LPS-activated (0.1 μgmL� 1) cells were incubated in the presence of
MnCl2, Mn1, or Mn1P at 100 μM for 6 h. Non-activated cells were
incubated with cell media, Mn1 or Mn1P at 100 μM for 6 h. Positive
and negative controls consist of LPS-activated and non-activated HT29-
MD2 cells (light grey), respectively. a) Quantification of interleukin 8
(IL-8) inflammation chemokine, in supernatants, measured by ELISA.
The IL-8 amount was normalized by the total protein amount in each
sample and was reported as ng/mg of proteins. Normalized IL-8
amount is presented % vs. the LPS positive control. Results represent
mean�SEM for three biological experiments in technical duplicates.
b) MnSOD expression in cell lysates measured by Western Blot.
MnSOD expression was normalized to the total amount of protein in
each sample. Normalized MnSOD expression intensity is presented %
vs. the LPS positive control. Data represent mean�SEM with the
number of independent experiments indicated above each column. The
p-values were calculated using the Student’s t-test. The mean rank of
each column was compared to that of the LPS control, each
comparison stands alone. (***) p<0.001, (**) p<0.01, and
(*) p<0.05 versus LPS control, and ns means nonsignificant.

Table 1: Comparison of Mn1P and Mn1 physicochemical properties
(HEPES, 50 mM, pH 7.5).

Mn1 Mn1P

Redox potential E1/2 [V/SCE]
[a] 0.20 0.21

SOD activity[b] IC50=1.26 μM IC50=1.26 μM
Logkcat=7.31 Logkcat=7.32

[a] Measured with a 200 μM solution of the complexes in HEPES
(50 mM, pH 7.5), with a Pt auxiliary electrode and a glassy carbon disk
as working electrode, at scan rates 0.1 or 0.2 Vs. See Supporting
Information for additional details. [b] Measured using the Fridovich
assay,[54,83,91, 92] in HEPES (50 mM, pH 7.5), with cytochrome c FeIII as
UV/Visible marker, [CytcFe(III)]=100 μM. See Supporting Information
for additional details.

Table 2: Association constants KML (equivalent to M� 1) of the studied ligands with MnII, CoII, and ZnII.[a]

Ligand KMnL KCoL KZnL

L=enPI2 1.22�0.18×106 1.10�0.62×108 1.0�0.2×1010

L=enPI2P 1.04�0.18×106 2.30�1.32×107 6.0�1.4×109

[a] Measurements were performed in a HEPES 50 mM buffer at pH 7.5 with an ionic strength of 12.5 mM and at 25 °C (see Figure S5 for CoII and
Supporting Information for experimental details). Association constants of the complexes with CuII and FeII, less relevant in this study, are given
only in the Supporting Information for information.



ence between Fe1 and Fe1P may be related to the presence
of a more hydrophobic environment for Fe1P (presence of
an additional propyl group) which protects Fe1P from the
loss of a water molecule. In the case of enPI2 and Cu

II, the
correlation with CCS matched better with an ionic radius for
a high spin tetra-coordination, maybe suggesting a partial
ligand dechelation (Figure 3). Overall, this specificity of
CCS with the coordinated metal ions opens up interesting
perspectives for the study of speciation in LMW metal
complexes and, here, for the characterization of the com-
plexes in cell lysates after cell incubation with Mn1 or
Mn1P. Note that the intensity of peaks in the mobilograms
does not depend on the ion mobility but on the efficiency of
electrospray ionization of a metal complex. No models
allowing a correlation of the efficiency of electrospray

ionization with the structure of metal complexes are
available.

Towards the Use of IMS-MS to Detect SOD Mimics in Cell
Lysates

ESI-MS with a metal-free ionization source allowed the
detection of Mn1 (resp. Mn1P) at m/z 408.1465 (resp. m/z
450.1935) (Figure S7a) by direct infusion of pure Mn1 (resp.
Mn1P) solutions (50 μM in 20% NH4HCO3 50 mM pH 7.4/
80% ACN). Optimal ionization was observed for 80%
ACN (Figure S8). No other metal ions were observed in the
pure Mn1 (resp. Mn1P) samples when analyzed by ICP-MS
(Figure S9). When cell-lysates of LPS-activated HT29-MD2

Table 3: IMS-MS data of the metallated forms of the enPI2 and enPI2P ligand (with MnII, FeII, CoII, NiII, CuII, ZnII, as in the order of the periodic
table).[a]

Name Species m/z [L+M]+ exp m/z [L+M]+ calc δm [ppm] 1/K0 [cm
2V� 1 s� 1] CCS [Å2] rion [Å]

enPI2 [enPI2+H]+ 355.22404 355.2241 0.14 0.8607�0.001 181.109 –
Mn1 [enPI2+Mn]+ 408.14615 408.1465 0.80 0.8983�0.001 188.124 0.75
Mn1-H [enPI2+Mn� H]+ 407.13839 407.13865 0.65 0.8621�0.001 180.557 –
Fe1-H [enPI2+Fe� H]+ 408.13570 408.1355 � 0.33 0.8926�0.001 186.932 0.78
Co1 [enPI2+Co]+ 412.14131 412.1416 0.77 0.8922�0.001 186.788 0.67
Ni1 [enPI2+Ni]+ 414.14356 411.1438 0.52 0.8895�0.001 186.226 0.63
Cu1 [enPI2+Cu]+ 416.13796 416.1380 0.18 0.8837�0.001 184.944 0.65
Zn1 [enPI2+Zn]+ 417.13732 417.1376 0.62 0.8922�0.001 186.697 0.68

enPI2P [enPI2P+H]+ 397.27043 397.2710 1.53 0.9104�0.001 190.825 –
Mn1P [enPI2P+Mn]+ 450.19296 450.1934 1.05 0.9344�0.001 195.096 0.75
Fe1P [enPI2P+H2O+Fe]+ 468.19296 468.19306 0.27 0.9469�0.001 197.485 0.78
Co1P [enPI2P+Co]+ 454.18858 454.1886 0.24 0.9299�0.001 194.107 0.67
Ni1P [enPI2P+Ni]+ 453.19023 453.1907 1.09 0.9254�0.001 193.170 0.63
Cu1P [enPI2P+Cu]+ 458.18474 458.1850 0.53 0.9218�0.001 192.360 0.65
Zn1P [enPI2P+Zn]+ 459.18433 459.1845 0.44 0.9290�0.001 193.840 0.68

[a] MS and IMS parameters determined after injection at neutral pH (20 μM in 20% NH4HCO3 50 mM pH 7.4/80% acetonitrile or ACN). m/z
[L+M]+ exp refers to the experimental m/z value of each species, whereas m/z [L+M]+ calc refers to the corresponding theoretical calculated
m/z value. δm describes the precision of the measure (m/z) (in ppm, or [(m/z)measured� (m/z)theoretical]/(m/z)theoretical ×106). K0 is the reduced mobility
constant, with K0=K×(273/T)×(P/760), where K is the mobility coefficient of the ion in cm2V� 1 s� 1, T is the absolute temperature in Kelvin (fixed
at 298 K) and P is the pressure in Torr of the N2 gas through which ions move (set to get an accurate CCS for a m/z 622 compound). The CCS (or
Ω) is related to the ion mobility according to the following equation: K=3/16*

p
(2π/μ×kB×T)×(ze/N×Ω), where μ is the reduced mass of the

ion-gas pair (μ=mM/(m+M), with m and M the ion and gas-particle masses), kB is the Boltzmann constant, and ze is the analyte charge.[95] rion is
the ionic radius of metal cations in Å. Note that he CCS values measured here are highly reproducible with replicates having <0.3% relative
standard deviation (RSD) (<0,6% in previous work for traveling wave mobility techniques).[96,97] Typically, the RSD values reported in the literature
are <2% deviation (uniform field mobility techniques)[98] (see Supporting Information for further details).

Figure 3. Collision cross-section in Å2 plotted against the ionic radius of metal cations in Å. The rion of any MII corresponds to a high spin penta-
coordination, except for FeII (high-spin hexa-coordination). The rion for CuII is also shown (in yellow) for a high-spin tetra-coordination. The rion
values were taken from http://abulafia.mt.ic.ac.uk/shannon/ptable.php.[76]

http://abulafia.mt.ic.ac.uk/shannon/ptable.php


cells incubated with Mn1 (100 μM, 6 h) were analyzed using
direct infusion in ESI-MS, the peak of Mn1 was not seen
amongst other more abundant cellular species (Figure S7b),
highlighting the need for a second dimension. Note that
using LC-ESI-MS, when we analyzed pure Mn1 in solution,
complexes with divalent transition metals other than MnII

were observed, showing the release of transition metals ions
from the analytical system (Figure S10).
Interestingly, no metal exchange was detectable from a

pure solution Mn1 (resp. Mn1P) at 50 μM when analyzed by
IMS-MS direct infusion (Figures S11a, 12a). Similarly, when
the ligands, enPI2 and enPI2P, were injected, they were not
found metallated (Figures S11b, 12b), highlighting the fact
that at 50 μM, no contamination from the analytical system
was detectable. Nevertheless, when pure solutions of Mn1 or
Mn1P were injected at lower concentrations, some exchange
with Zn was observed. When Mn1 was injected at 2 μM,
although the Mn analogue was the more abundant species, a
peak ratio of [Zn1]+/[Mn1]+ of 1/3 was observed, and
[Zn1]+ contribution was higher than [Mn1]+ when a
solution of Mn1 at 0.02 μM was injected (Figure S13a).
Similarly, the [Zn1P]+/[Mn1P]+ ratio was 1/8 when Mn1P
was injected at 2 μM and was 1/3 when injected at 0.02 μΜ
(Figure S14a). Clearly, when comparing Figure S13a and
S14a, one can tell that Mn1P experienced less exchange with
Zn than Mn1, especially at lower concentrations.

We then explored the effect of the cellular medium.
When Mn1 or Mn1P were added to cell lysates at 2 μM, the
Zn analogues were the more abundant species both with
Mn1 and Mn1P. This showed that the ZnII contribution from
the cell lysates exceeded the zinc contribution from the
IMS-MS system (Figure S13b, S14b), which can then be
disregarded. Thus, 2 μM is the threshold for the detection of
these Mn-complexes in cell lysates, with minimal interfer-
ences from the analytical IMS-MS system.

Application of IMS-MS to Detect and Quantified SOD Mimics
in Cell Lysates Using a Heavy-Ligand (13C6) Co-analogue

Direct infusion IMS-MS was used for Mn complexes
detection in HT29-MD2 cell lysates after cell incubation
with LPS at 0.1 μgmL� 1 and the compounds at 100 μM for
6 h (see Supporting Information, Figure S15). The com-
plexes were detected in cell lysates in extracted exact mass
and exact ion mobilogram of Mn1 or Mn1P (Figure 5a, b, d,
e). Thus, combining two orthogonal dimensions (ion mobi-
lity and exact mass) is an efficient approach for characteriz-
ing metal complexes in intricate biological environments,
showing here unambiguously that both Mn1 and Mn1P are
present intact in lysates of cells incubated with the com-
pounds.
In addition to the IMS-MS signature of Mn1 (resp.

Mn1P), we extracted peaks corresponding to Zn1 (resp.
Zn1P), indicating metal exchanges (Figures 5c–f, S16). In
the case of Mn1, we also observed peaks resulting from
dehydrogenation (Mn1-H and Fe1-H overlapping with Mn1)
(Figure 5c). Interestingly, IMS-MS is powerful enough to
distinguish between isobaric Mn1 and Fe1-H. However, the
overlapping of the peaks prevented a reliable quantification
of low cellular levels of Mn1. Since Mn1P undergoes fewer
metal exchange events in cells (Figure S16) and cannot be
dehydrogenated (Figure 5f), it was the most suitable candi-
date to attempt intracellular quantification using an internal
standard.
We decided to use Co113C6P (Figure 6a) as an internal

standard because a) Co113C6P and Mn1P are structurally
very similar and possess the same charge, b) CoII is not
naturally present in cells, c) no metal exchange was observed
for Co113C6P (resp. enPI2

13C6P) at 50 μΜ by IMS-MS (Fig-
ure S17) and d) no exchange was observed between Mn1P
and Co113C6P, or between Zn1P and Co1

13C6P (1 :1 by ESI-
MS) even after 24 h (Figure S18). This showed that
Co113C6P was sufficiently stable and inert. Using a heavy
analogue of the ligand (enPI2

13C6P instead of enPI2P) has
the additional advantage to enable tracking of possible
exchange between Mn1P and the standard in cell lysates,
and little exchange of Co� Zn was seen in cell lysates. As the
intensities are dependent on the ionization properties of
Mn1P and Co1P (see Figure 4b), a calibration curve was
established in a pure buffer/ionization solution for the
quantification of Mn1P (Figure S19). After incubation with
Mn1P and LPS, the cell lysates (see Supporting Information)
were spiked with Co113C6P at 0.02 μM. The estimate of
Mn1P concentration in the injected solution of cell lysate

Figure 4. Overlay of extracted ion mobilograms of pure solutions of
each complex (20 μM). a) IM of [enPI2+H]+, [Mn1]+, [Zn1]+, [Ni1]+,
[Fe1� H]+, [Cu1]+, [Co1]+ and b) [enPI2P+H]+, [Mn1P]+, [Zn1P]+,
[Ni1P]+, [Fe1P+H2O]+, [Cu1P]+, [Co1P]+ were extracted with their
corresponding theoretical m/z (see Table S3) with 5 mDa precision. All
complexes were analyzed separately at 20 μM in 80% ACN/20%
NH4HCO3 50 mM pH 7.4.



(see Supporting Information) was 0.017�0.005 μM (corre-
sponding to 0.093�0.028 μM in the cell lysate). The intra-
cellular Mn1P concentration was estimated at 0.013�
0.006 fmol/cell (Figures 6b, S19, Table S4). This value corre-
sponds to a minimal quantity of Mn1P found in the cells, as
exchange or dissociation may have occurred during the lysis
process and sample preparation, associated with the possible
release of metal cation, here seemingly mainly ZnII, from
biological coordination and dilution.

Conclusion

In summary, we have demonstrated that the intracellular
detection of the Mn1 and Mn1P SOD mimics can be
performed using IMS-MS. This technique allowed efficient
discrimination between the various metallic analogues of
LMW complexes. This study exemplifies the IMS-MS
potential for LMW molecules with the same charge and
minor shape changes associated with small ionic radius
differences between metal ions: for instance, Fe1 and Mn1

Figure 5. Detection of Mn1 and Mn1P in cell lysates by IMS-MS. Cells were incubated with Mn1 or Mn1P (100 μM) and LPS (0.1 μgmL� 1) for 6 h
and corresponding cell lysates were ionized in 80% ACN/20% NH4HCO3 50 mM pH 7.4. Full heat map with corresponding IMS and MS spectra
for a) Mn1 and d) Mn1P. Extracted heat map with corresponding IMS and MS spectra for b) Mn1 and e) Mn1P. The IM of [Mn1]+ was extracted at
408.1465 m/z, 0.909 Vscm� 2, and of [Mn1P]+ at 450.1933 m/z, 0.960 Vscm� 2 with 5 mDa precision. Corresponding extracted ion mobilograms for
c) Mn1 and f) Mn1P. The IM of [Mn1]+, [Mn1� H]+, [Fe1� H]+, [L+H]+, [Zn1]+ and [Mn1P]+, [Fe1P]+, [LP+H]+, [Zn1P]+ were extracted with their
corresponding theoretical m/z (see Table S3) with 5 mDa precision.



with Δrion/rion of 4% could be distinguished by IMS-MS.
Compared to LC-MS, very little metal released was
observed from the IMS-MS analytical system, which allowed
the characterization of labile complexes with negligible
metal exchange from the analytical system. Therefore, the
two-dimensionality of IMS-MS, involving both ion mobility
and m/z ratio can be used to track LMW complexes in an
intricate environment such as cell lysate. This study shows
unambiguously that both intact Mn1 and Mn1P are present
in cell lysates after cells incubation with the complexes. In
the case of Mn1P, we were able to establish a dynamic range
to analyze the cell lysates for which the metal exchange was
associated, not with the analytical system, but only with the
metal ions pool from the cell lysate. Quantification with a
heavy 13C6-Co analogue allowed us to estimate the content
of Mn1P in cells.
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Deciphering the Metal Speciation in Low-
Molecular-Weight Complexes by IMS-MS:
Application to the Detection of Manganese
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sates

Ion mobility spectrometry (IMS) effec-
tively distinguishes between first-row
divalent transition metal complexes,
despite very similar ionic radii of the
ions. The speciation study of two Mn-
based superoxide dismutase (SOD)
mimetics (or mimics) was performed in
intricate cell lysates using IMS coupled
to mass spectrometry (IMS-MS). Quan-
tification was performed by comparison
with a standard consisting of an analo-
gous 13C6-Co

II heavy ligand.




