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An integrated approach which combines in-cell NMR
spectroscopy with optical and X-ray fluorescence microscopy
was developed to describe the intracellular maturation state
of human Cu,Zn-SODL1. Microscopy data show a correlation
between the intracellular levels of SOD1 and the content of
zinc, corresponding to zinc binding to SOD1 observed by in-
cell NMR.

Detailed understanding of cellular processes requires
knowledge of the macromolecules involved, on their
localization within the cell, and their atomic resolution

description. Classically, these data are collected separately with
different techniques, on very different types of samples for each
experiment. Intact — ideally live — cells are used for protein
localization; purified proteins, crystallized or in solution, for
structure characterization; fixed/frozen cells, whole or
sectioned, for electron and X-ray microscopy. Although this
reductionist approach is extremely powerful — much of today’s
knowledge is built on these foundations — new approaches are
required to integrate and correlate such different techniques, in
order to allow intracellular description — at all the resolutions —
of the macromolecules of interest. Nuclear magnetic resonance
(NMR) spectroscopy has already been extended to live-cell
studies.® In-cell NMR allows structural and functional
characterization of proteins inside living mammalian cells, at
atomic resolution.?® However, due to the intrinsically low
sensitivity, NMR data are obtained on samples of millions of
cells, and lack spatial resolution.

In this work, we sought to establish a new approach for
combining and correlating atomic-level structural information
of metalloproteins obtained in live human cells with their
intracellular distribution, their levels of expression and their
metal cofactors. For this purpose, we combined in-cell NMR
with synchrotron radiation X-ray fluorescence (XRF)
microscopy, which measures the elemental distribution within
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single cells, and is ideally applied to trace elements, such as
transition metals.* Optical fluorescence microscopy was also
used on the same cells to correlate the intracellular distribution
of metal cofactors with the intracellular distribution — and
expression levels — of the proteins of interest.

As a model system, we focused on the maturation steps of
human copper-zinc superoxide dismutase 1 (Cu,Zn-SOD1).
SOD1 is a 32 kDa homodimeric protein involved in the cellular
defence against oxidative stress, mainly localized in the
cytosol.6 To reach the mature state, SOD1 needs to bind one
structural zinc ion per monomer, to dimerize, and to bind a
catalytic copper ion per monomer. Additionally, an
intramolecular disulfide bond has to form between two
conserved cysteines. The copper binding and cysteine oxidation
steps require interaction with the copper chaperone for SOD1
(CCS).” It has been previously shown that the folding,
metallation and oxidation states of SOD1 at different
maturation steps could be identified and characterized in the
human cytoplasm by in-cell NMR.?

Here, cells overexpressing SOD1 and/or CCS with different
amounts of zinc and copper ions were analyzed by both optical
and XRF microscopy, and the resulting data were correlated
with the information obtained by in-cell NMR. A relationship
was established between the intracellular levels of SOD1 and
the zinc content in each cell, as intracellular SOD1
spontaneously binds the zinc available in excess. Conversely,
copper treatment resulted in increased copper content in all
treated cells, and no clear correlation could be established
between copper levels and either SOD1 or CCS. The cell
response to external copper involves other copper-binding
molecules such as metallothioneins, which likely caused the
observed increase in cellular copper content. The approach
described here can potentially be extended to describe
metalloprotein maturation events at subcellular resolution.

The intracellular distribution of overexpressed SOD1 and
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Fig. 1 (a) 'H-*N correlation NMR spectrum acquired on human cells expressing
uniformly *N-labeled SOD1 in zinc-supplemented medium. Residues sensitive to
the metallation and redox states of SOD1 are indicated. Chemical shift
comparison with in vitro NMR spectra of SOD1 in different metallation and redox
states shows that cytoplasmic SOD1 is homodimeric with one zinc ion bound per
monomer (see Fig. S2); (b-d) 'H NMR spectra acquired on cells expressing (b)
SOD1 in zinc-supplemented medium, (c) SOD1 and CCS in zinc-supplemented
medium, (d) same as (c) after incubation with copper. The spectral region
containing the HN resonances of SOD1 metal-bound histidine rings is shown.
Histidine protons assigned to E,Zn-SOD1 and Cu(l),Zn-SOD1 species are indicated.

CCS was analyzed by immunofluorescence microscopy on
fixed cells expressing different levels of each protein. Both
proteins were uniformly distributed throughout the cytoplasm
(Fig. S1) as previously reported.> CCS appeared slightly more
concentrated towards the cell membrane, consistently with the
protein being undetectable by in-cell NMR,® and with the recent
hypothesis that it interacts with the plasma membrane to
facilitate its metallochaperone function.®

NMR analysis of intracellular SOD1 expressed in cells
treated with excess zinc showed that SOD1 stoichiometrically
bound one Zn?* per monomer, indicating that no specific
chaperone is necessary for this maturation step, and no apo-
SOD1 was detected (Fig. 1a and Fig. S2).° It is therefore
expected that the total intracellular zinc would increase at
increasing levels of SOD1. Indeed, the elemental maps obtained
by XRF microscopy on cells treated with zinc during
expression of SOD1 showed that cells with higher levels of
SODL1 had a higher content of zinc (Fig. 2a-d). To account for
the different volume of each cell, the elemental maps of copper
and zinc were normalized by the X-ray scattering intensity (Fig.
S3), which is linearly dependent on the sample thickness along
the z-axis (Fig. S4). SOD1 concentration was also obtained by
normalizing the optical fluorescence intensity of each cell by
the X-ray scattering, and taking a monomer concentration of 10
UM for cells expressing endogenous levels of SOD1.® The
concentration of zinc in the normalized elemental maps was
homogeneous within the area of each cell, consistent with the
diffuse, cytosolic distribution of SOD1. Zinc concentration (in
arbitrary units) shows a roughly linear relationship with SOD1
concentration for each cell (Fig. 2e), indicating that the increase
in zinc content is indeed due to SOD1 stoichiometrically
binding zinc. Cells with the highest levels of SOD1 (~200 uM)
showed an increase in total zinc content higher than two-fold,
compared to cells expressing the lowest SOD1 levels (around
50 puM, Fig. 2e). As SOD1 binds 1 Zn?" per monomer, the
residual cellular zinc concentration (i.e. zinc not bound to
SOD1) was estimated by linear regression around 100 uM. This
value is lower than the reported total zinc concentration in
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Fig. 2 (a,c) XRF microscopy images of cells overexpressing SOD1 at different
levels, normalized by the X-ray scattering intensity, showing the intracellular
distribution of copper (red channel, top left subpanel) and zinc (green channel,
top right subpanel; composite, bottom subpanel); (b,d) optical microscopy
images of the same cells, showing the expression levels and distribution of SOD1
(green channel, top left subpanel), and nuclear staining (blue channel, top right
subpanel; composite, bottom subpanel). Scale bar = 10 pum. (e) zinc
concentration (in arbitrary units) plotted against the estimated concentration of
SOD1 (uM). Each dot corresponds to a single cell in panels a-d.

mammalian cells,® possibly due to loosely bound zinc being lost
during cell permeabilization.’® The average zinc concentration
in untreated cells, measured by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) on non-fixed cells
grown in the same conditions, was 300 = 30 pM (s.d., n=3),
confirming that some metal loss occurred during sample
treatment. Cells overexpressing CCS together with SOD1
showed a similar behaviour: the zinc content only correlated
with the intracellular concentration of SOD1, and was not
influenced by increased CCS levels (Fig. 3a,b and Fig. 4a).

In copper-untreated cells, the amount and distribution of
endogenous copper were not affected by increased levels of
SOD1 and/or CCS. Most of copper retained a characteristic
localization in the perinuclear region and close to the
lamellipodia (Fig. 2a,c), which did not correlate with the
homogeneous distribution of SOD1 and CCS (Fig. 2b,d). This
localization pattern was observed before for copper, and likely
arises from ATP7A protein trafficking between the Golgi
network and the plasma membrane!! and possibly from the
mitochondrial copper pool.* Consistently, when cytoplasmic
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Fig. 3 (a,c) XRF microscopy images of cells co-expressing SOD1 and CCS at
different levels, normalized by the X-ray scattering intensity, showing the
intracellular distribution of zinc (green) and copper (red). From left to right: red
channel, green channel, composite. (b,d) optical microscopy images of the same
cells, showing the expression levels and distribution of SOD1 (green), CCS (red)
and nuclear staining with DAPI (blue). From left to right: red channel, green
channel, blue channel, composite. (a,b) cells not treated with external copper;
(c,d) cells treated with copper. Scale bar = 10 um.

SOD1 is co-expressed with CCS but without copper addition,
Cu,Zn-SODL1 is not formed at detectable levels (Fig. 1b).

In-cell NMR also showed that intracellular SOD1 did not
bind copper spontaneously, even when the Ilatter was
supplemented in excess to the cells, with endogenous levels of
CCS.® Conversely, increased levels of CCS promoted copper
delivery to SOD1 upon copper treatment, and fully mature
Cu,Zn-SOD1 was formed (Fig. 1c). A marked increase in
copper content (4-fold on average) was measured in copper-
treated cells with respect to cells with basal levels of copper
(Fig. 4b,d). The cellular copper content increase was observed
in all cells, and did not correlate with the expression levels of
either SOD1, CCS or both (Fig. 4d). ICP-AES analysis of total
copper in non-fixed cells confirmed the data obtained by XRF,
as untreated cells contained 40 £ 5 pM copper (s.d., n=3),
whereas copper-treated cells almost reached 1 mM copper.
Notably, the surplus copper distributed uniformly in the cells,
with seemingly no effect on the basal copper distribution,
indicating that most of the newly imported copper diffusely
localized in the cytosol (Fig. 3c,d). These data suggest that the
observed increase in copper content is due to binding to other
cellular components, such as metallothioneins, which act as
buffers to regulate the concentration of available copper in the
cytoplasm. Metallothionein gene expression is known to be
regulated by oxidative stress and metal ions, and therefore
increased metallothionein levels could explain the lack of
correlation between copper content and SOD1/CCS levels.*?
Furthermore, in copper-treated cells the zinc content did not
correlate with SOD1 levels (Fig. 4c), while a general increase
(about 2-fold) in zinc content was observed compared to
copper-untreated cells. Thus, copper treatment seemingly had
an effect on cellular zinc content, which also could be due to
increased metallothionein expression.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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Fig. 4. Box and whisker plots showing the distribution of zinc (a,c) and copper
(b,d) content in cells expressing different levels of SOD1 and CCS. Plots (a,b)
were obtained from cells not treated with copper, (c,d) from copper-treated
cells. Each plot is obtained from a set of single-cell averaged concentration
values (see Fig. 2e); the number of samples is indicated on each box. * indicates
significant differences (unpaired t-test, p < 0.05). Protein level is calculated
relative to the lowest-expressing cells, measured from the optical fluorescence
images (see Supplementary Methods). SOD1 concentration in (a,b): low < 30 uM,
high = 30-400 uM; in (c,d): low < 50 uM, high = 50-500 uM. CCS relative
overexpression in (a,b): low < 3x, high = 3-15x; in (c,d): low < 10x, high = 10-70x.

The approach proposed in this work combines for the first time
atomic-level information on protein metallation states by in-cell
NMR, with protein localization by immunofluorescence
microscopy and metal localization by XRF microscopy. All
three techniques were applied on the same biological samples
(although additional sample treatment was required for
microscopy), thereby allowing easy correlation between the
data. By using this approach, we identified SOD1
overexpression and zinc binding as the cause of intracellular
zinc content increase, and we observed that the cellular
response to copper treatment was masking the increase in
copper due to actual metal delivery to SOD1.

Currently, the resolution is limited both by the sample
preparation requirements, as air-drying the cells introduces
artefacts due to refraction index mismatch, and by the
resolution limit of the XRF instrument. XRF microscopy has
recently seen much progress in terms of resolution and
sensitivity, and is being applied to analyze biological specimen
at increasing detail.”* On the other hand in-cell NMR, while
usually applied to investigate cytosolic proteins, has recently
been able to detect proteins inside subcellular compartments.*
As further progresses are to be expected in both fields, our
combined approach has a broad applicability to investigate
maturation of metalloproteins and protein-mediated metal
transfer interactions at subcellular level.
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