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Abstract The cell is a crowded volume, with estimated
mean mass percentage of macromolecules and of water
ranging from 7.5 to 45 and 55 to 92.5 %, respectively.
However, the concentrations of macromolecules and water
at the nanoscale within the various cell compartments are
unknown. We recently developed a new approach, correlative
cryo-analytical scanning transmission electron microscopy,
for mapping the quantity of water within compartments pre-
viously shown to display GFP-tagged protein fluorescence
on the same ultrathin cryosection. Using energy-dispersive
X-ray spectrometry (EDXS), we then identified various ele-
ments (C, N, O, P, S, K, Cl, Mg) in these compartments and
quantified them in mmol/l. Here, we used this new approach
to quantify water and elements in the cytosol, mitochondria,
condensed chromatin, nucleoplasm, and nucleolar compo-
nents of control and stressed cancerous cells. The water
content of the control cells was between 60 and 83 % (in the
mitochondria and nucleolar fibrillar centers, respectively).
Potassium was present at concentrations of 128—-462 mmol/l
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in nucleolar fibrillar centers and condensed chromatin,
respectively. The induction of nucleolar stress by treatment
with a low dose of actinomycin-D to inhibit rRNA synthesis
resulted in both an increase in water content and a decrease
in the elements content in all cell compartments. We gener-
ated a nanoscale map of water and elements within the cell
compartments, providing insight into their changes induced
by nucleolar stress.
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Introduction

Macromolecules are very abundant in all cell compartments,
which have total protein and RNA concentrations in the range
of 275-450 mg/ml [1]. In the nucleus, macromolecule con-
centration ranges between 75 in nucleoplasm and 400 mg/ml
in condensed chromatin [2, 3]. Due to their specific vol-
ume of about 1 ml/g, macromolecules occupy 20—45 % of
the total volume of a cell [1, 4]. This high-volume occu-
pancy, which is well illustrated in drawings [5], computer
simulations [6], and on cryoelectron tomograms [7], induces
molecular crowding [1] also referred to as the excluded vol-
ume effect. This effect modifies the activity of many mac-
romolecules [1, 8, 9] and is dependent on small variations
in the amount of water present [4]. It is therefore important
to take the water content of cell compartments into account
when studying molecular crowding. Most of the water in
mammalian cells is sequestered by the macromolecular
components of the cell. This osmotically unresponsive
water accounts for 31-92 % of the total water content
in various cell types [10]. Proteins are less hydrated than
nucleic acids and DNA is less hydrated than RNA [11, 12].
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Hydration modifies the stabilization and folding of nucleic
acids [13] and is important for sequence recognition by
DNA-binding proteins [11]. The structure of nucleic acids
also depends on monovalent and divalent anions [3, 13, 14].

Despite the critical roles of water and ions in the organiza-
tion and function of proteins and nucleic acids [11, 15-18],
only a few studies have considered their levels and distribu-
tion in the cytoplasm and nucleus. In some of these studies,
macromolecules were identified and quantified within puri-
fied cell compartments, whereas in others, the dry mass
of cell compartments was quantified at low resolution by
interference microscopy [19]. Several approaches have been
used to achieve higher-resolution analyses: (1) quantitative
scanning transmission electron microscopy (STEM) for the
measurement of DNA packing density within condensed
chromatin [20], (2) secondary ion mass spectroscopy
(SIMS) [14, 21] and energy-dispersive X-ray spectrometry
(EDXS) for elementary analysis in cryo-fixed specimens
[22].

However, the simultaneous quantification of water and
the principal elements present has never been performed in
the cytoplasm and nucleus and this lack of information lim-
its our understanding of the cell activity.

We have shown [23-25] that dark-field cryo-STEM can
be used to quantify the mass percentages of water, dry mat-
ter, and elements in each pixel of classically freeze-dried
ultrathin sections of vitrified cells [22]. However, the
unequivocal identification of nuclear compartments is dif-
ficult in these conditions, due to the absence of a limiting
membrane. It is thus difficult to identify clumps of con-
densed chromatin, uncondensed chromatin, and tangentially
sectioned nucleoli. We recently overcame this limitation
by developing a new correlative light and electron micros-
copy imaging approach combining the observation of a
given cryo-ultrathin section by fluorescence microscopy
(for the localization of nuclear GFP-tagged protein) and by
cryo-STEM (for the nanoscale quantification of water and
elements) [26].

Here, we applied this new approach to stably transfected
HeLa cell lines producing H2B-GFP or NOP52-GFP, for
identification of chromatin and the nucleolus, respectively
[27, 28]. We first calculated water and element concentra-
tions at the nanoscale in control cells, in: (1) chromatin
identified on the basis of fluorescence, either in nuclear
compartments (condensed and uncondensed chromatin) or
in metaphase chromosomes, (2) nucleoli (and their subcom-
partments), identified on the basis of their ultrastructure and
(3) mitochondria (identified on the basis of their cristae) and
the surrounding cytosol. This led to generation of the first
nanoscale map of water and elements within the nuclear
and cytoplasmic compartments. We then investigated the
changes to these water and elements concentrations induced
by nucleolar stress resulting from a rapid shutdown of
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ribosome biogenesis following the inhibition of rRNA syn-
thesis by actinomycin D [29-31].

Results
Nanoscale map of water and ions within control cells

We fixed living H2B-GFP cells without cryoprotectant
or chemical fixation by plunging them directly in liquid
ethane, as previously described [26]. Ultrathin cryo-sec-
tions, 85 nm thick, were cut and collected on a formvar- and
carbon-coated indexed grid, which was placed directly and
definitively in the EM cryo-holder. By avoiding the need for
further careful sample grid manipulation, our approach
greatly improved existing cryo-correlative methods [32, 33].
The cryo-holder was inserted into a dedicated dewar, which
was then placed on the stage of an epifluorescence micro-
scope that could be kept at —170 °C for at least 1 h. Images
from a nucleus and the surrounding cytoplasm are provided
as an illustration of the results of this technique (Fig. 1).
Nuclear fluorescence, as indicated by gray-scale levels
(Fig. 1a) or color-coded in red, green, and blue (Fig. 1b),
revealed the presence of both rounded and elongated foci of
condensed chromatin (arrows), surrounded by large irregu-
lar areas of uncondensed chromatin. Some broad areas were
entirely devoid of fluorescence (stars). The EM cryo-holder
was transferred directly to the STEM and the sample was
slowly freeze-dried for 1 h by allowing the temperature
to rise to —80 °C. It was then cooled again and observed
at —170 °C. The same nucleus was observed by STEM
(Fig. 1c), which revealed the nuclear envelope (arrow 1)
and several high-contrasted narrow elongated (arrow 2) and
large roundish nuclear domains (arrow 3). We determined
the precise location of chromatin within this STEM image
by merging the image obtained with the color-coded fluo-
rescence intensity image previously obtained (Fig. 1d-g).
The fluorescence and STEM images were perfectly aligned
due to the absence of differential shrinkage during freeze-
drying. We found that: (1) condensed chromatin was present
in the narrow, elongated, high-contrast domains identified
by STEM, (2) uncondensed chromatin surrounded these
domains, and (3) the areas without chromatin corresponded
to structures that we identified as interchromatin granules (ig)
and nucleoli (nuc). We were also able to identify nucleolar
compartments, such as fibrillar centers (arrow 4) surrounded
by a mixture of dense fibrillar and granular components.
In the cytoplasm, mitochondria (arrow 5) are clearly identi-
fied at higher magnification (results not shown).

We then quantified water content (in %) for each pixel
(20 nm in size) of the STEM image. We computed para-
metric images for water content, in which pixels contain-
ing 0-50 % water are shown in yellow and those containing
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Fig.1 Correlative cryo-analytical scanning transmission electron
microscopy of a control HeLa H2B-GFP interphase cell. a, b Fluores-
cence mode: a fluorescence intensity imaged as gray-scale levels or b
coded in red, green, and blue for high, medium, and low fluorescence
intensity, respectively. Chromatin is readily detectable within this
85-nm ultrathin cryo-section. Higher fluorescence intensities identify
both rounded and elongated foci of condensed chromatin (arrows)
surrounded by large irregular areas of uncondensed chromatin. Sev-
eral broad areas displayed no fluorescence (stars). ¢ Dark-field STEM
image of the same freeze-dried cell. The nuclear envelope (arrow 1),
several high-contrast narrow elongated structures (arrow 2), large
roundish nuclear domains (arrow 3) containing tiny roundish struc-
tures with low levels of contrast (arrow 4) and mitochondria (arrow
5) can be seen. d—g Merging of the STEM image with the fluores-
cence intensity image: d high (red); e medium (green); f high and

medium (red and green); g high, medium, and low intensity (red,
green, blue). The fluorescence and STEM images were perfectly
aligned, demonstrating an absence of differential shrinkage during
freeze-drying. This makes it possible to identify clumps of condensed
chromatin (arrow 2). The areas with no fluorescence correspond to
two nucleoli (3, nuc) (containing fibrillar centers (arrow 4)) and inter-
chromatin granules (ig). h Parametric water content image computed
from the STEM image. Values in % are coded in yellow (0-50 %)
and on a linear gradient ranging from light to dark blue (51-100 %).
Mitochondria were the least hydrated organelles of the cell. In the
nucleus, condensed chromatin (previously identified by fluorescence)
was found in both narrow clumps and filaments, which, together with
part of the nucleolus, were the least hydrated domains of the nucleus.
Nucleolar fibrillar centers and some domains of the nucleoplasm con-
tain the largest amounts of water. Scale bar 5 wm
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51-100 % water are shown as a linear gradient ranging from
light to dark blue (Fig. 1h). The less hydrated cell compart-
ments (yellow and light blue) were identified directly as:
(1) mitochondria, (2) narrow clumps of chromatin and fila-
ments (previously identified by fluorescence) and (3) part of
the nucleolus. The more highly hydrated cell compartments
(dark blue) were identified as nucleolar fibrillar centers
(FCs) and particular domains of the nucleoplasm. Interest-
ingly, this image demonstrates that water content may differ
considerably between compartments located close together.

We used these parametric images to calculate water and
dry mass content within regions of interest (ROI) of defined
cell domains within large numbers of cells analyzed in trip-
licate: chromatin in mitotic chromosomes and in interphase
condensed clumps, nucleolar components (fibrillar centers
and surrounding dense fibrillar and granular components),
nucleoplasm (nuclear areas that are neither nucleoli nor
condensed chromatin), cytosol and mitochondria. Water
content was higher (Fig. 2, control) in: (1) nucleoplasm
(75.7 %) than in narrow clumps of interphase condensed
chromatin (64.8 %) or the chromatin of mitotic chromo-
somes (63.2 %), (2) FCs (82.9 %) than in dense fibrillar and
granular components (68.8 %) and (3) the cytosol (72.7 %)
than in mitochondria (59.4 %).

We were able to determine the quantities of both water
and dry matter in a region of interest, making it possible
to calculate a hydration index “HI”, corresponding to the
ratio of the percentage water to the percentage dry matter in
the region considered (Online Resource 1). This HI is simi-
lar to the “h” index of proteins [34] and facilitates efficient

Water content in cell compartments
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Fig. 2 Water content was determined in control and actinomycin
D-treated HeLa H2B-GFP cells. Quantification was performed for
regions of interest in several compartments: MC (mitotic chromatin);
IC (interphase chromatin); DFC/GC (nucleolar dense fibrillar com-
ponent and granular component); FC/NLC (nucleolar fibrillar cent-
ers and nucleolar light caps); NPL (nucleoplasm); CY (cytosol); MIT
(mitochondria). The data shown are mean & SD from triplicate analy-
ses (n = 80 and 25 for interphase and mitotic control cells, respec-
tively; n = 33 and 5 for interphase and mitotic AMD-treated cells,
respectively)
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comparisons of hydration between cell compartments. The
HI of the mitochondria, at about 1.5, was the smallest of
all the cell compartments considered. The HI values for:
(1) condensed chromatin (mitosis and interphase) and both
dense fibrillar and granular components of the nucleolus
were about 1.2—-1.5 times higher, and those of the nucleo-
plasm and cytosol was about twice as high, whereas the HI
of the FCs was around three times higher than that of the
mitochondria.

One great advantage of the correlative method we devel-
oped [26] is that it can be used for a targeted elementary
analysis in exactly the same regions as those in which water
and dry mass are quantified. Thus, after the quantification
of water and dry mass, regions of interest (ROI) can be
identified either by comparison with fluorescence imaging
(see above) or on the basis of ultrastructure for elementary
analysis by EDXS. ROI were drawn within mitotic chroma-
tin, interphase chromatin, the nucleolus (dense fibrillar plus
granular components on the one hand and FCs on the other),
the nucleoplasm, cytosol, and mitochondria. The concentra-
tions of nitrogen (N) (within proteins, nucleic acids, and
nucleotides), phosphorus (P) (mostly in nucleic acids and
nucleotides), sulfur (S), potassium (K), chloride (CI),
and magnesium (Mg) were finally calculated in mmol/l, tak-
ing the previously measured water content into account.

The concentrations of the elements (Fig. 3a; Online
Resource 2) ranged from 1,163 to 5,390 mmol/I for N, 106 to
642 mmol/l for P, 128 to 462 mmol/l for K, 23 to 85 mmol/l
for Cl, 32 to 162 mmol/l for S, and 13 to 55 mmol/l for
Mg. Chromatin (during mitosis or interphase) contained the
highest concentration of N, P, K, and Cl, with most other
compartments containing intermediate concentrations of
these elements. The FCs, nucleoplasm and cytosol con-
tained very low concentrations of each of the elements con-
sidered and the mitochondria contained between two and
five times more S and Mg than the other compartments.
Large differences in K, Mg, and CI content were also dem-
onstrated between contiguous compartments. Condensed
chromatin contained about 2.5, 2.4 and 1.9 times more K,
Mg and Cl, respectively, than the nucleoplasm, whereas the
fibrillar/granular nucleolar components contained 1.5, 2.1,
and 1.3 times more K, Mg, and Cl, respectively, than the
FCs. Furthermore, the K/P, CI/P, Mg/P, and K + CI + Mg/P
ratios were low in nuclear compartments with a low hydra-
tion index (condensed chromatin and dense fibrillar/granu-
lar nucleolar components) and high in compartments with a
high hydration index (FC and nucleoplasm).

We then compiled the data for each cell compartment and
plotted them on a single spiderweb diagram (Fig. 3b, light
colors) to obtain an “element descriptor” of the compart-
ment concerned. As we used the same scale for all these
spiderweb diagrams, they are comparable and can be used to
identify similarities and differences between compartments.
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Fig. 3 We identified several elements (C, O, N, P, S, K, Cl, Mg) and
we quantified them by EDXS in control and actinomycin D-treated
HeLa H2B-GFP cells. We analyzed regions of interest in several
compartments: MC (mitotic chromatin); IC (interphase chromatin);
DFC/GC (nucleolar dense fibrillar component and granular compo-
nent); FC/NLC (nucleolar fibrillar centers and nucleolar light caps);
NPL (nucleoplasm); CY (cytosol); MIT (mitochondria). The data are

mean £ SD from triplicate analyses (n = 80 and 25 for interphase
and mitotic control cells, respectively; n = 33 and 5 for interphase
and mitotic AMD-treated cells, respectively). Data are presented: (1)
as histograms (Fig. 3a), for comparison of the concentration of each
element between compartments, (2) as spiderweb diagrams (Fig. 3b),
to provide an “element descriptor” for each compartment
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Interphase chromatin appears to be the compartment with
the highest levels of all investigated elements (N, P, K, CI,
S and Mg), and its element descriptor differs from that of
mitotic chromatin. The element descriptor of nucleolar DFC
and GC is markedly different from that of FCs (the smallest
of all compartments), whereas those of the nucleoplasm and
cytosol are very similar. Finally, the element descriptor of
the mitochondria is unique, with high S and Mg levels.

Nanoscale map of water and elements within stressed cells

Having studied the water and element contents of control
cells, we then looked at changes in these contents in stressed
cells (i.e., cells not engaged in apoptosis but with major
changes to several metabolic activities). We treated cells
with a low dose of actinomycin D (AMD), which is known
to inhibit rRNA synthesis [30] inducing a rapid shut-down
of nucleolar ribosome biogenesis [35, 36] and a clear seg-
regation of nucleolar components [37] in an active process
[38]. AMD also simultaneously affects cytoplasmic meta-
bolic activities, by inhibiting mitochondrial RNA polymer-
ases [39], respiration, and glycolysis, resulting in a large
decrease in ATP concentration [40].

We treated the cells with AMD for 3 h. We imaged living
cells by time-lapse confocal microscopy and demonstrated
that AMD treatment induced nucleolar components segre-
gation but no change in nuclear volume (3D reconstruction
and quantification, results not shown). We then immuno
localized the p-53 protein in both control and AMD-
treated cells. We found that this protein was present in
small amounts in the cytoplasm of control cells and that
it was not translocated in the nucleus in response to the
nucleolar stress induced by AMD. These results confirm
that p53 is present at low levels in HeLa cells and show
that, as expected, it is ineffective due to the presence of
the HPV-18 virus [41, 42]. We then demonstrated that
these cells were not engaged in apoptosis by showing that
neither activated caspase 3 nor cleaved PARP was pre-
sent in the cytoplasm and nucleus (results not shown).
Finally, we processed the AMD-treated cells by our cryo-
correlative light microscopy and STEM approach. The
nuclei of AMD-treated cells differed from those of control
cells (Fig. 4) in two ways: (1) they contained regular
ovoid nucleoli with typically segregated components and
(2) they contained more numerous, larger clumps of con-
densed chromatin.

AMD treatment resulted in a global increase in water
content in all cell compartments (Fig. 2, AMD-treated,;
Online Resource 1). However, water content differed
between the cell compartments. It was higher in: (1) the
nucleoplasm (90.7 %) than in narrow clumps of interphase
condensed chromatin (84.8 %) and the chromatin of mitotic
chromosomes (82.2 %), (2) light nucleolar caps (90.7 %)
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Fig. 4 Correlative cryo-analytical scanning transmission electronp
microscopy of a HeLa H2B-GFP interphase cell treated with AMD
for 3 h. a, b Fluorescence mode: a fluorescence intensity imaged as
gray-scale levels or b coded in red, green, and blue for high, medium,
and low fluorescence intensity, respectively. High fluorescence inten-
sity identifies both rounded and elongated foci of condensed chro-
matin (arrows) surrounded by large irregular areas of uncondensed
chromatin. Several broad areas were devoid of fluorescence (stars).
¢ Dark-field STEM image of the same freeze-dried nucleus. The
nuclear envelope (arrow 1) can be identified, along with several high-
contrast irregular and elongated structures (arrow 2), a smooth ovoid
nuclear domain (nuc) containing three well-delineated areas with dif-
ferent degrees of contrast (3, 4, and 5). d—g Merging of the STEM
and fluorescence intensity images: d high (red); e medium (green);
f high and medium (red and green); g high, medium, and low inten-
sity (red, green, blue). Fluorescence and STEM images were per-
fectly aligned due to the absence of differential shrinkage during
freeze-drying. The fluorescence and STEM images can therefore be
merged, making it possible to identify clumps of condensed chroma-
tin (arrow 2). The ovoid structure is a nucleolus with the following
segregated components: granular (arrow 3), dense fibrillar (arrow
4), and nucleolar light caps (arrow 5). One area without fluorescence
contained interchromatin granules (ig). h Parametric water content
image computed from the STEM image. Values in % are coded in
yellow (0-50) and a linear gradient ranging from light to dark blue
(51-100 %). The clumps of condensed chromatin (previously iden-
tified by fluorescence) and nucleolar granular components (arrow 3)
were the least hydrated domains of the nucleus. Water content was
higher in the nucleolar light caps (arrow 5) and some domains of the
nucleoplasm contained the largest amounts of water. Scale bar, 5 pm

than in dense fibrillar/granular components (84.8 %) and (3)
the cytosol (89.1 %) than the mitochondria (81.2 %). We
then calculated the hydration index (HI) of the main cell
compartments. The HI of treated cell compartments was
two to three times higher than that in control cells (range
4-9). Mitochondria and mitotic chromatin had the small-
est HI of any of the cell compartments (HI around 4). The
HI values of interphase chromatin and of the dense fibrillar/
granular components of the nucleolus were about 1.3-1.5
higher than that of mitotic chromatin, whereas those of the
nucleoplasm, cytosol, and nucleolar light caps were about
twice that of mitotic chromatin.

We then carried out targeted EDXS analysis in exactly
the same compartments to calculate the concentrations
of the various elements considered (Fig. 3a, b; Online
Resource 2) in mmol/l. The concentrations of all elements
in all cell compartments were lower after AMD treatment
than in the absence of such treatment and ranged from
502 to 1,624 mmol/l for N, 45 to 196 mmol/l for P, 64 to
138 mmol/l for K, 7 to 18 mmol/1 for Cl, 20 to 60 mmol/l
for S, and 5 to 22 mmol/l for Mg.

However, the relative decrease differed between these
elements (Online Resource 2). The concentration of Cl
decreased more strongly than for the other elements con-
sidered by factors of 2.5 (Nucleolar Light Components,
NLC) to 7.5 (mitochondria). Moreover, the decrease in Mg
concentration was greater for interphase chromatin than for
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the nucleolus and nucleoplasm (decrease by factors of 5.3,
1.8, and 2.6, respectively) and the decreases in Cl, Mg and
K concentrations were much smaller for the NLC than for
the other compartments. We also found that the ratios of
each of the three elements (K, Cl, and Mg) to phosphorus
content varied differently with respect to the control. CI/P
ratio decrease in all cell compartments with the exception

of NLC in response to nucleolar stress, whereas no change
in the K/P ratio was observed.

The changes in content of the elements studied in
response to AMD stress were then studied by comparing
element descriptors (Fig. 3b, dark colors). Major changes
with respect to control conditions were observed [for each
compartment, compare light (control) and dark colors
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(AMD)]. Thus, the element descriptors for interphase and
mitotic chromatin, nucleolar DFC-GC and mitochondria
were similar and were the largest. Conversely, those of
NLC, nucleoplasm and the cytosol were the smallest.

Finally, we analyzed another stably transfected HeLa
cell line producing NOP52-GFP [28], which is involved
in the late stages of rRNA processing and can be used for
targeted fluorescence imaging of the dense fibrillar/granular
components the nucleolus. It was not possible to identify
condensed chromatin (absence of specific fluorescence) and
fibrillar centers in the nucleolus (too small) unambiguously
in this cell line, but we were able to analyze: dense fibril-
lar/granular components in the nucleolus, nucleolar light
components after segregation induced by AMD treatment,
nucleoplasm (non-condensed areas of the nucleus), cytosol,
and mitochondria in control and AMD-treated cells. Over-
all, we confirmed the results obtained in the Hela cell-line
producing H2B-GFP in terms of water and element con-
tents and the changes in these contents induced by nucleolar
stress. (Online Resource 3 to 7).

Discussion

It is now accepted that water is a very important but under-
estimated molecule in cell biology [11, 15, 43, 44], playing
an essential role in the organization of functional proteins
and macromolecular complexes [8, 45]. However, little is
known about the water content of defined cell compart-
ments, and this limits our understanding of cell functions.
For example, it was recently suggested that quantification of
the water and ions present in the nucleus is an essential per-
quisite for improvements in our understanding of the func-
tion and organization of this organelle [16, 17].

To our knowledge, this study is the first to determine
water and elements contents simultaneously in the main
cell compartments at the nanoscale level. Improvements to
existing correlative cryo methods [32, 33] were required to
achieve this [26].

In this study, we first calculated the percentages of water
and of dry mass in the various cell compartments, which were
perfectly identified by correlative imaging (in stably trans-
fected HeLa cell lines producing H2B-GFP or NOP52-GFP
for identification of chromatin and the nucleolus, respec-
tively) or on the basis of ultrastructure (membrane-limited
organelles). For each cell compartment, we calculated a
hydration index (HI), corresponding to the ratio of water
content to dry mass. This ratio is similar to the classical
“h” index for proteins [10] and facilitates data comparison.
We found that the nuclear domains contained between 60
and 83 % water (HI range 1.4-4.8), values below previ-
ous estimates [2, 3]. This discrepancy may be accounted
for by improvements in sample preservation due to direct
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cryofixation and the higher sensitivity of our approach than
of chemical assays or interference microscopy. Thus, dry
mass content is between 170 and 400 mg/ml, these values
being higher than previous estimates for mammalian cells
(65-220 mg/ml). This suggests that the so-called “mac-
romolecular crowding” effect is stronger than previously
thought [2, 3], with potential implications such as higher
levels of thermodynamic activity, more limited molecular
diffusion and changes to chromatin packing, and the organ-
ization of compartments [4, 46]. However, even condensed
chromatin was found to contain only 35 % dry mass, con-
sistent with previous findings suggesting that condensed
chromatin does not constitute a physical barrier to the
diffusion of transcription factors [47]. The nucleoplasm
and nucleolar FCs, which we found to be the most hydrated
nuclear compartments, have been shown to be acces-
sible to the smallest dextran molecules [48], suggesting
that hydration and the diffusion of molecules are directly
linked. Finally, we found that contiguous compartments
had very different water contents, consistent with a sponge-
like organization within which molecules diffuse [49]. For
example, condensed chromatin contains about 65 % water
(HI = 1.8), whereas the surrounding nucleoplasm contains
75 % water (HI = 3.1). The same is true for the nucleo-
lar compartments. Thus, the water content of FCs, at about
83 % (HI = 4.8), is much higher than that of dense fibrillar/
granular components: at about 69 % (HI = 2.2). As FCs are
the most hydrated compartments of the nucleolus and are
known to contain actively transcribed uncondensed rDNA
genes for rRNA synthesis [50], hydration may serve as a
marker of active genes.

We also found that the water content of the cytosol
(72 %; HI = 2.6) was close to that of nucleoplasm, and we
confirmed that mitochondria were the least hydrated orga-
nelles (about 60 %; HI = 1.4) [45].

By combining simultaneous water content and elemen-
tary analyses, we were able to determine the physiological
concentrations of several elements (expressed in mmol/l)
within all cell compartments in situ. This represents a major
improvement on classical studies involving quantification of
the concentration of either a single element (such as ions)
at a low spatial resolution with fluorescent indicators [51]
or several elements calculated per kilogram of dry mass by
classical EDXS on freeze-dried ultrathin sections [52, 53].
Here, it must be stressed that our approach cannot discern
free from bound elements and water. Consequently, what
we measured in a region of interest (ROI) is the quantity of
a given element (free and bound) and the quantity of free
and bound water. We then used these quantities to calculate
the concentration of the element in mmol/l within the ROI.
Finally, these concentrations do not reflect those in buffers
employed to stabilize isolated organelles as stated by
Schnell and Hancock for the nucleus [3].
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We generated original data on the concentrations of
nitrogen (N), phosphorus (P), and sulfur (S) within hydrated
cell compartments in situ. Mitochondria were found to con-
tain the highest sulfur concentration, probably due to their
high glutathione (GSH and GSS) content [54]. We also
showed that N and P were heterogeneously distributed.
Their concentrations were: (1) highest in chromatin and
mitochondria, due to their high protein, nucleic acid, and
nucleotides content, (2) twice as high in the mitochondria
as in the cytosol, (3) three times higher in condensed
chromatin than in the nucleoplasm which contains both
uncondensed chromatin and RNA and (4) about threefold
higher in nucleolar dense fibrillar and granular components
(DFC/GC) than in fibrillar centers (FC).

We focused on the K, Cl, and Mg ions, because these
elements were the most abundant in both control and AMD-
treated cells, the concentrations of Na and Ca being at the
limit of detection in our experimental conditions. Potassium
was the most abundant ion in all compartments, account-
ing for about 75-80 % of all ions [14, 53]. In hydrated cell
compartments, the total concentrations of K, Cl, and Mg in
more compact compartments were more than twice those in
contiguous less compact compartments: condensed chroma-
tin and nucleoplasm or DFC/GC and FC in the nucleolus,
respectively. The ratios of each ion to phosphorus were low
for nuclear compartments with a low hydration index (con-
densed chromatin and DFC/GC nucleolar components) and
high for compartments with a high hydration index (FCs and
nucleoplasm). However, no such relationship was observed
for the cytosol and mitochondria. Our results suggest that
low and high ratios of K, Cl, and Mg content to P content
may be characteristic of condensed chromatin (clumps
of interphasic chromatin and mitotic chromosomes) and
uncondensed chromatin (fibrillar centers and nucleoplasm),
respectively.

We then investigated the consequences of stress induced
by a low dose of actinomycin D (AMD). We found that
AMD treatment induced a large increase in the water con-
tent of nuclear and cytoplasmic compartments. The relative
water content of contiguous compartments remained similar
to that in control cells. One consequence of the increase in
water content was a strong increase in the hydration index
of all cell compartments. It is unclear whether this increase
in water content resulted from an increase in bulk water or
an increase in the hydration water of proteins and nucleic
acids. Changes in salt concentrations and pH are known to
induce changes in protein conformation and hydration [55],
which have many consequences for molecular crowding and
enzymatic reaction rates [1, 4, 9]. These modifications of
cell parameters may result from the many consequences of
AMD treatment. AMD is a well-known “nucleolar stressor”
[29, 56] that rapidly induces: (1) the inhibition of rRNA
synthesis [30], (2) the segregation of nucleolar components

[37] and (3) the disruption of ribosome biogenesis. It has
been estimated that one HeLa cell imports 560,000 riboso-
mal proteins per minute, generating about 14,000 ribosomal
subunits over the same period [57]. Another consequence of
the interruption of ribosome biogenesis is the destruction of
numerous ribosomal proteins by proteasomes [31, 42, 56].
We can therefore hypothesize that AMD treatment induces
major general changes to the molecular environment within
the nucleus. Moreover, these modifications are concomitant
to changes in the cytoplasm, because AMD also inhibits: (1)
both respiration and glycolysis, resulting in a decrease in
ATP production [40] and (2) mitochondrial RNA polymer-
ases [39]. It is tempting to link the increase in water content
with the cell proliferation arrest induced by AMD within
these cells, which contain an inefficient pS3 due to the inte-
gration of active HPV virus [41]. One hypothesis worthy of
further study is that the increase in water content may be an
additional mechanism involved in cell proliferation arrest
due to impaired ribosome biogenesis in cells lacking active
pS3 [58]. Finally, we found that nucleolar light caps (NLC),
which contain uncondensed rDNA genes [37], and nucleo-
plasm were the most hydrated cell compartments. However,
as low concentration of AMD inhibits RNA pol I in the
nucleolus, but not class II gene transcription in the nucleo-
plasm [59], high levels of hydration in nuclear domains may
be a characteristic feature of either active or inactive uncon-
densed genes.

Elementary analysis showed that the concentrations
of ions were much lower after AMD treatment, prob-
ably resulting in major changes to the ionic environment
of both the cytoplasm and nucleus. Moreover, the ratio
of the content of each ion to that of phosphorus varied
differently. The CI/P ratio decreased in all cell compart-
ments except NLC, whereas the K/P ratio was unaffected
by AMD treatment. This suggests that the K and ClI ions,
which are known to localize within the minor groove of
AT and CG duplexes of B-DNA [18], behave differently
under AMD stress. Similarly, the Mg/P ratio was largely
unaffected, other than displaying an increase in DFC/GC
nucleolar components and a decrease in condensed chro-
matin, which is indicative of a change in chromatin con-
densation [14].

Finally, in the future, this approach should be useful for
determining the actual concentrations of ions and the hydra-
tion status necessary for defined cell activities. For example,
the concentration of K in the nucleoplasm and cytosol
decreased strongly in response to AMD treatment, but
remained above 60-70 mmol/l. This concentration is suf-
ficiently high to inhibit procaspase 3 activation, as demon-
strated in vitro [60] and confirmed by the absence of cleaved
procaspase-3 in the cells studied here. This correlative
approach should make it possible to determine the actual
concentrations of all ions required to activate the cleavage of
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procaspase-3 in the various compartments of cells engaged
in the apoptotic pathway.

In conclusion, our new correlative approach made it pos-
sible to map water, elements, and ions, at the nanoscale level
in cell compartments identified by specific GFP-tagged pro-
teins. This study, by providing data on water and elements/
ion contents in the nucleus and cytoplasm, sheds new light
on the link between cell functions and differences in mac-
romolecular crowding between control and stressed cells.

Materials and methods
Cell culture

Two HeLa cell lines stably expressing H2B-GFP or NOP
52-GFP (courtesy of K. Monier, University of Lyon, France)
were cultured in DMEM (Gibco) supplemented with 10 %
FBS, in 25-cm® Nunc flasks, with twice-weekly passaging.
For experiments, the cells were used to seed Petri dishes and
were cultured to confluence. All cultures tested negative for
mycoplasma infection.

Cryofixation

The confluent cells were detached by trypsin and centri-
fuged to obtain a cell pellet. Cells mounted on home-made
metallic small rods were vitrified with a Gatan Cryoplunge
CP3, by rapid plunging into liquid ethane cooled by liquid
nitrogen (N,) [26]. We avoided the use of cryoprotectants
(such as sucrose and dextran), to prevent movements of
water and ions. Frozen-hydrated samples were subsequently
stored in liquid N, until vitreous sectioning.

Vitreous sectioning

Small rods are inserted in the ultracryomicrotome chuck.
Vitreous sections were cut at a nominal thickness setting
of 85 nm (Leica Ultramicrotome UC6-FC6), with 35° dia-
mond knives (Diatome), at a temperature of —160 °C. Vitre-
ous sections were transferred to formvar-carbon TEM finder
grids (Agar). The grids were either directly mounted in the
cryoholder or stored in liquid nitrogen for use in subsequent
experiments.

Cryoholder

For both light and electron microscopy, we used a Gatan
626 cryo-EM holder. This made it possible to measure
and control grid temperature. For light microscopy, the
holder was placed in a thermally isolated reservoir filled
with liquid N,, to maintain a dry N, atmosphere around
the grid.

@ Springer

Light microscopy for correlative microscopy

Light microscopy experiments were performed with a Zeiss
Axioscope Vario Al epifluorescence microscope with a
560 mm stand column. This microscope is equipped for illu-
mination with a LED module (white, blue, red, and green).
The EX BP 470-40/EM BP 525-50 filter set was used to
detect GFP-tagged-proteins. Reflected and fluorescent light
images were recorded with a black-and-white CCD camera
(AxioCam MRm, Zeiss). Our setup included a Plan-Neo-
fluar objective (10x; 0.3 NA; 5.2 mm working distance)
for rapid screening of the entire EM grid and an Epiplan
Neofluar objective (50x; 0.55 NA; 9.1 mm working
distance) for higher resolution of the region of interest.
The liquid N2 reservoir into which the cryoholder was
inserted was placed on the stage of the epi fluorescence micro-
scope. We used a simple procedure to improve the recording
of light and electron microscopy images. Two fiducial mark-
ers fixed on the stage were first used to position the reservoir
and to limit its rotation so that there was no more than a few
degrees of difference between experiments. The grid was
then imaged (reflected light mode) at low magnification to
identify the two triangles marking its center and an image
was recorded. The position of the cryosections was deter-
mined with reflected light and these sections were imaged
in fluorescence mode. Cryosection images were recorded at
a higher magnification, to obtain more detailed information.
After imaging, the shutter of the cryoholder was closed
to protect the cryosections during transfer to the electron
microscope. The temperature of the grid was continually
monitored to ensure that cryo preservation remained optimal
throughout the procedure.

Electron microscopy

We used a CM30 transmission electron microscope (FEI,
The Netherlands) operating at an accelerating voltage of
100 kV. The microscope was fitted with a post-viewing
screen Gatan STEM Dark-Field/Bright-Field detector.
We ensured that the grid was placed in exactly the same
position as in the light microscope by obtaining a low-
magnification image in STEM mode (500x) and identify-
ing the two triangles marking the center of the grid. This
image was compared with that taken in the reflected light
mode, on the same screen, and was precisely rotated (to
within a few degrees) with the image rotation function of
the microscope. Once the two images had been aligned,
it was easier to identify the fields of interest previously
identified by light microscopy in STEM mode because we
were able to ensure that they were placed in roughly simi-
lar orientations.

Energy-dispersive X-ray spectrometry (EDXS) was per-
formed with an EDAX 30 mm? Si(Li) R-SUTW detector.
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Spectrum quantification was carried out with custom-made
dedicated software, according to Hall’s continuum method,
taking into account the support film signal and the spuri-
ous background signal from uncollimated electrons exciting
the copper grid. Mass concentrations were converted from
mmol/kg (Cp) of dry matter into mmol/l (Cyy) with the fol-
lowing equation Cy; = ((100 — L)/L) x Cp, where L is the
percentage of water determined by quantitative dark-field
STEM imaging.

Water-content measurements by quantitative dark-field
STEM

This quantitative dark-field STEM method [61] is an indi-
rect method for determining the proportion of water mass
in freeze-dried cryosections based on the linear relationship
between the sample mass thickness density pt and the dark-
field STEM intensity signal. We have already extensively
discussed the sensitivity and limitations of this method
elsewhere [23]. The main practical limitation of the method
is the potential for differential shrinkage of the different cell
compartments during freeze-drying of the cryosections. An
interesting result of our correlative approach is to highlight
the precision of the process of merging fluorescence images
of the hydrated cryosections and the STEM images of the
cryosections after freeze-drying: this indicates the isotropy
of the shrinkage effect related to freeze-drying, and con-
sequently, also, the relevance of the method [26]. There-
fore, the sensitivity of the method is now essentially limited
by discrepancies in the thickness of the cryosections. We
estimated, in our experimental conditions, an uncertainty
of approximately 10 %. However, this uncertainty due to
thickness discrepancies can be reduced statistically by
analyzing several cryosections for each set of biological
conditions. This method is therefore particularly useful for
detecting water content variations in different biological
conditions.

Finally, quantification on H2B-GFP cells was performed
on four different cell cultures for control (a total of 80 inter-
phase and 25 mitotic cells were analyzed on 12 cryosec-
tions) and on two different cell cultures for AMD treatment
(a total of 33 interphase and five mitotic cells were analyzed
on 12 cryosections). Quantification on NOP-52-GFP cells
was performed on three different cell cultures for control
(a total of 40 interphase cells were analyzed on 30 cryosec-
tions) and on three different cell cultures for AMD treat-
ment (a total of 40 interphase cells were analyzed on 30
cryosections).

Image processing

All images were processed with ImageJ software (NIH).

In fluorescence images, the five main levels of intensity
[from low (dark) to high (white)] were color-coded in dark,
blue, green, red and pink, respectively.
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