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Zinc serves regulatory functions in cells and thus, several mechanisms exist for tight control of its homeo-
stasis. One mechanism is storage in and retrieval from vesicles, so-called zincosomes, but the chemical
speciation of zincosomal zinc has remained enigmatic. Here, we determine the intravesicular zinc-coor-

dination in isolated zincosomes in comparison to intact RAW264.7 murine macrophage cells. In elemen-
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tal maps of a cell monolayer, generated by microbeam X-ray fluorescence, zincosomes were identified as
spots of high zinc accumulation. A fingerprint for the binding motif obtained by nXANES (X-ray absorp-
tion near edge structure) matches the XANES from isolated vesicles; zinc is not free, but present as a com-
plexed form (average coordination; 1.0 sulfur, 2,5 histidines 30 and 1.0 oxygen), resembling regulatory or
catalytic zinc sites in proteins. Such coordination enables reversible binding, acting as a ‘zinc sink’, facil-
itating the accumulation of high amounts of zinc against a concentration gradient.

© 2009 Elsevier Inc. All rights reserved.

Zinc ions are essential catalytical, structural and co-catalytical
components in numerous proteins [1]. Most of these proteins are
supplied with zinc in the golgi during synthesis, and frequently
the ions stay bound to the protein due to the high affinity of these
binding sites. Another group of zinc-binding motifs are regulatory
sites, binding zinc reversibly. Thereby, zinc controls the activity of
proteins like Metal-responsive element binding transcription fac-
tor (MTF)-1 [2] and zinc-uptake regulators [3]. Zinc homeostasis
is particularly important for immune function [4] and the concen-
tration of free zinc may act as a signal in immune cells [5].

These regulatory and signaling functions require a tight homeo-
stasis of cytoplasmic free zinc. The total cellular zinc concentration
is in the order of several hundred micromolar; most of it protein-
bound, leading to low nanomolar or even sub-nanomolar concen-
trations of free zinc in the cytoplasm of eukaryotic cells. In bacteria
even lower, femtomolar concentrations have been described [6].
An intricate system of transport proteins encoded by the SLC30
and SLC39 gene families controls uptake and export of zinc be-
tween the cytoplasm and the extracellular space or cellular com-
partments [7,8]. On the other hand, the small cysteine-rich
metallothionein binds up to seven zinc ions with different affinities
in the nano- to picomolar range, acting as a zinc buffer [9,10]. The
number of these binding sites is regulated by reversible oxidation
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of metallothioneins thiol residues, connecting redox-metabolism
and zinc availability [11].

Another so far only poorly understood regulatory mechanism of
the intracellular zinc concentration is its storage in vesicles, so-
called ‘zincosomes’, which have been visualized by staining with
fluorescent zinc probes [12]. These vesicles accumulate millimolar
amounts of zinc during zinc excess [13] and function as a revers-
ible zinc storage compartment during starvation by serum with-
drawal [14]. The main advantage of this kind of storage is the
rapid, reversible sequestration of excess zinc, much faster than in
case of de novo metallothionein synthesis. While proteins trans-
porting zinc into these vesicles are well known [7], no data exist
regarding the chemical speciation of zinc therein. Zincosomal zinc
is generally regarded as free or only loosely bound, because it is
readily detectable by fluorescent probes like Zinquin and TSQ.
However, these probes provide bidentate ligands that can interact
with protein-bound zinc, even in metallothionein [15], and their
fluorescence is not an indication of zinc presence in a free form.
The concentration gradient between zincosomal and cytosolic zinc
is a strong driving force for moving zinc out of the vesicles, and
thus keeping the metal ions in place should require either a contin-
uous zinc transport with consumption of ATP, or chelation in an
intracellular store.

To elucidate the chemical speciation of zincosomal zinc, we fol-
lowed a 2-fold strategy: (I) Characterization of isolated zinc-accu-
mulating vesicles by X-ray absorption spectroscopy (XAS) and (II)
spatial-resolved analysis by micro X-ray fluorescence analysis
(uXRF) on frozen, intact cells. Based on the results obtained by
both methods we identified a ligand environment in which zinc
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is bound to 1.0 sulfur at a distance of 2.278 A, 2.5 histidines and 1.0
oxygens at 1.968 A. This differs significantly from the binding mo-
tifs in other cellular compartments, and further shows that zincos-
omal zinc does not exist in a free form, but bound to a ligand
environment different from water.

Materials and methods

Cell culture. RAW264.7 murine macrophages were cultured in
RPMI1640 medium containing 10% heat inactivated fetal calf ser-
um, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin. Cells were maintained at 37 °C, 100% humidity, and 5% CO,.

Fluorescence microscopy. Cells were seeded onto sterile glass
coverslips and kept under normal culture conditions or in the pres-
ence of 100 uM ZnSO,4 for 24 h. Incubation with the fluorescent
zinc indicator TSQ (toluolsulfonamidoquinoline) (Teflabs, Austin,
USA) was performed in loading buffer (25 mM Hepes, pH 7.35,
120 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.3 mM CaCl,, 1 mM
MgCl,, 1 mM NaH,PO4, 0.3% bovine serum albumin) for 30 min at
37 °C. Fluorescence was monitored with a Zeiss Axioskop and
images taken at 40x magnification using a Nikon Coolpix 4500 dig-
ital camera.

Subcellular fractionation. Cells were grown in the presence of
100 uM ZnSOy. All isolated subcellular fractions were immediately
frozen and kept at cryogenic temperatures.

Vesicles. Cells were lysed by nitrogen cavitation (Nitrogen cell
disruption vessel, Parr Instruments, Frankfurt, Germany) as de-
scribed [16]. The lysate was subjected to centrifugation for
15 min at 4 °C and 400g to remove nuclei and larger membrane
fragments. Organelles were further separated by centrifugation
on a discontinuous two step percoll gradient with densities of
1.065 and 1.2 at 37.000g for 30 min at 4°C and taken up in
Hepes-buffer (1 mM Hepes, 150 mM NaCl, pH 7.4, depleted from
3d-metal ions by CHELEX treatment). To identify the zincosome-
containing fraction, aliquots were labeled with TSQ and analyzed
by fluorescence microscopy.

Nuclei. 5 x 107 cells were taken up in lysis buffer (10 mM Tris/
HCI, pH 7.4, 15 mM NacCl, 60 mM KCl, 0.15 mM Spermine, 0.5 mM
Spermidine, 0.5% Nonidet P-40, 1 mM EDTA, 0.1 mM EGTA). Cells
were kept on ice for 5 min, and nuclei were obtained by centrifu-
gation at 600g for 5 min at 4 °C.

Cytosol. 2 x 107 cells were lysed in 3 ml icecold Hepes-buffer by
sonification, followed by removal of debris by centrifugation at
10.000g for 10 min at 4 °C. Small fragments were removed by fil-
tration through a 0.22 pm filter (Millipore, Cork, Ireland).

Data collection. The Zn K-edge X-ray absorption spectra on iso-
lated subcellular fractions were recorded at the beamline D2 of
the EMBL Outstation Hamburg at DESY, Germany with a Canberra
13-element Ge solid-state fluorescence detector. A Si(111) double-
crystal monochromator scanned X-ray energies around Zn K-edge.
Harmonic rejection was achieved with a focusing mirror (cut-off
energy at 20.5 keV) and a monochromator detuned to 70% of its
peak intensity. The sample cells were mounted in a two-stage Dis-
plex cryostat and kept at about 20 K. Data reduction was per-
formed with KEMP [17] assuming a threshold energy
Eo,zn = 9662 eV. Sample integrity during exposure to synchrotron
radiation was checked by monitoring the position and shape of
the absorption edge on sequential scans. No changes were
detectable.

For uXANES analysis, cells were seeded onto Kapton® foil
(DuPont, Wilmington, USA) and grown under normal culture con-
ditions for 24 h in the presence of 100 uM ZnSO,4, to augment
vesicular zinc. Afterwards samples were shock frozen in liquid
nitrogen. For the pXRF- and puXANES-experiments at the ESRF
beamline id22, microfocusing was achieved by Pd-coated Kirkpa-

trick-Baez-mirrors with focal distance of 400 and 200 mm, respec-
tively. The beam size was determined during the experiment to be
2.2 x 5.0 pm at the excitation energy of 11.0 keV. The sample was
mounted on a goniometer in standard 45° geometry and kept un-
der cryogenic conditions by an Oxford cryosystems cryostream
series 600. A Gresham 13-element Si(Li)-detector was used both
for uXRF- and pXANES-studies [18] and its count rates corrected
for deadtime effects. LXRF-data were fitted with PyMCA [19].

EXAFS analysis. Initial evaluation of all spectra by ABRA [20]
which is based on EXCURV [21] included a systematic screening
of ~400 possible models. Refinement results are scored with re-
spect to (a) goodness-of-fit (e.g., reduced y?), (b) Debye-Waller
factor, (¢) bond lengths and (d) bond valence sum. The total score
is based on the weighted geometrical mean of individual scores.
Thus, models failing in any scoring criterion obtain a low total
score. This allows the reliable determination of sulfur ligation in
Zn-binding proteins [20]. Due to the very similar scattering proper-
ties, light ligands like histidine and oxygen are much more difficult
to differentiate. Because of this several models might achieve very
similar scores. To overcome this limitation ABRA employs a meta-
analysis for these models [20]. With this approach the different
cellular fractions, as well as whole cells, were analyzed and all re-
sults were compared to interactive refinements done with EX-
CURV. For the vesicular fraction ABRA yielded an average
coordination by 0.9 + 0.2 sulfur and 3.4 + 0.2 light ligands. EXCURV
analysis with semi-integer coordination numbers resulted in 1.0
sulfur, 2.5 histidines and 1.0 oxygen. Lower sulfur or light ligands
coordination numbers result in unrealistic Debye-Waller factors
far below 202=0.004 A%, while higher coordination numbers
would give bond valence sum values associated with an incorrect
Zn-oxidation state of (III).

Results and discussion

Staining of intracellular zinc in the murine macrophage cell line
RAW264.7 with the probe TSQ shows a typical distribution, with
zinc-dependent fluorescence in the cytoplasm, but not the nucleus.
Upon incubation with 100 uM extracellular zinc for 24 h, bright
spots of fluorescence indicate the accumulation of excess zinc in
zincosomes of some cells (Fig. 1). Such vesicles were isolated from
unstained cells using nitrogen cavitation, after which the isolated
vesicles are still stainable by TSQ, proving the presence of intact
zincosomes (data not shown). Bulk Zn-edge XAS on isolated vesi-
cles enriched in zincosomes (called ‘vesicular fraction’) is only sen-
sitive to the element of interest, in this case zinc. Thus the potential
presence of other, zinc-free vesicles does not influence the mea-
surement. The presence of a beat-node at about 10 A~ in the EX-
AFS (Fig. 2A) indicates the presence of two ligand types with
different Zn-ligand distances. This is substantiated by the corre-
sponding Fourier-transform (Fig. 2B), highlighting one contribu-
tion at about 2 A and one at about 2.3 A. In the ABRA-refinement
they were identified as 0.9 + 0.2 sulfur and 3.4 £ 0.2 light ligands
(histidine or oxygen from Glu/Asp/OH/water), which is in line with
the best model based on semi-integer coordination numbers indi-
cating 1.0 sulfur (presumably cysteine) at a distance of 2.278 A, 2.5
histidine and 1.0 oxygen at 1.968 A.

The identification of non-water ligands shows that zincis present
in a complexed form. The average binding motif differs considerably
from structural sites like zinc fingers (Cys,His,, CyssHis, Cys,) [1],
and zincin metallothionein (Cys,4)[11]. In contrast, in transport mol-
ecules like the bacterial YiiP, zinc is coordinated by histidine and
aspartate, but no cysteine [22]. The identified ligands in zincosomes
resemble in their stoichiometry regulatory (e.g., the bacterial uptake
regulator Zur [3,23]) or catalytic zinc sites (e.g., farnesyltransferase
[24]). Such motifs are known for their lower metal binding affinity,
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Fig. 1. Fluorescence microscopy of RAW264.7 cells stained with TSQ. Cells were grown on glass coverslips in normal culture medium (A and close-up C) or in the presence of
100 uM ZnSO4 (B and close-up D). White scale bar corresponds to 10 um. Vesicles enriched in Zn are present in several cells in B and D.
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Fig. 2. (A) Extracted EXAFS spectra. The distinctive features of the vesicular fraction (position of minima and maxima, shape of maximum at k = 5) are not matched by any
other spectrum. The dashed lines correspond to the structural models given in Table S1. (B) Corresponding Fourier-transformation. The peak at about 2 A originates from His/
oxygen ligands, whereas the peak at about 2.3 A is assigned to sulfur ligands. (C) XANES-spectra show distinct differences for the four fractions. Two vertical lines mark the
position of peaks in the white-line of the XANES spectrum of the vesicular fraction. These features are absent in all other spectra. Vertical offset by 0.4 per spectrum.

compared to structural sites. This is in line with reversible binding
and a potential release of zinc from this pool.

Moreover, this binding motif diverges from Zn-binding pat-
terns determined for whole cells or other cell compartments,
such as nuclei and cytosol. All of them differ considerably from
the spectrum of the vesicular fraction, either in the intensity of
edge features, the position of the first minimum (Fig. 2C) or
the position of maxima in the Fourier-transformed EXAFS
(Fig. 2B). The height of the rising edge in normalized XANES-
spectra, named white-line, is increased for more homogeneous
ligand spheres of light ligands such as oxygen and nitrogen
[25]. Here, it is used together with the edge shape as a finger
print, indicating vastly different average binding motifs: Vesicles
exhibit a white-line intensity of 0.37 above the normalized edge
jump. The peak is higher for whole cells and nuclei, 0.44 and
0.49, respectively. For cytosol it is roughly 60-100% smaller
(0.23). The spectrum of the vesicular fraction shows two distinct
peaks in the white-line (indicated by two vertical lines in

Fig. 2C). Only the spectrum of cytosolic zinc exhibits features
with some similarity. This is as well the case for the position
of the first minimum in the XANES, which depends on the bond
length of the ligands and their types [26] (9698.6eV for the
vesicular fraction and 9698.9 eV for the cytosol spectrum). The
other spectra show a significant shift to lower energies (whole
cells: 9696.9 eV, nuclei: 9696.8 eV) indicating vastly different
average binding motifs.

This differentiation is in line with the EXAFS and the correspond-
ing Fourier-transforms shown in Fig. 2A and B, respectively. For
whole cells and nuclei the spectra are dominated by the contribution
at about 2 A, originating from backscattering of light ligands,
whereas a peak at 2.3 A ascribed to backscattering from sulfur li-
gands is present in both the vesicular and the cytosolic fraction. In
the EXAFS analysis this observation is supported by the identifica-
tion of such ligands in these two samples only (Table S1). Under
the present conditions cytosolic Zn is bound on average as CyssHis;.
This can be attributed to a large fraction of structural Zn sites or
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metallothionein-bound Zn, where high expression of the latter pro-
tein could be caused by the 100 uM Zn concentration in the medium.

To analyze zincosomes in intact cells, RAW264.7 cells were
grown onto polyimide foil in the absence of staining or fixation.
Microbeam X-ray fluorescence [18] mapped the elemental distri-
bution in several cells. The distribution of zinc is shown in
Fig. 3A. In one of these cells a small region (~6 x 4 pm) with a
10-fold increase in zinc fluorescence was identified. In a similar
way, the Ca concentration increases as shown in Fig. 3B whereas
the amounts of other essential 3d-metals, such as Fe and Cu remain
constant. The elemental distribution in this spot is compared with
another zincosome-free cell (Fig. 3C and D). Major differences orig-
inate from the above-mentioned increase in Ca and Zn fluorescence
by a factor of 10. All other contributions originating from elements
between sulfur and zinc remain roughly constant. The striking sim-
ilarities in Ca and Zn concentration prompt speculations on the
involvement of Ca in Zn complexation, but no spectroscopic evi-
dence for the presence of Ca in the direct proximity of Zn was
found. The correlation of Ca and Zn as seen in Fig. 3B could be
caused either by a co-localization of Ca- and Zn-storage vesicles
or by an incorporation/storage of Ca directly in zincosomes (e.g.,
in order to stabilize them or because of a lack of element specificity
of the transport mechanism).

Although the resolution is moderate compared to fluorescence
microscopy, the accumulation of zinc can be visualized by puXRF.
So far, nXAFS has already been used to analyze e.g., changes in
the intracellular zinc distribution during monocytic differentiation

of HL-60 cells [27], and the zinc distribution in hippocampal mossy
fibers [28]. With increased spatial resolution, pXANES could, in
addition to mapping the distribution of zinc and comparing it to
other elements, supply information about the ligand environment
in intact cells and be a valuable tool for the analysis of zinc speci-
ation in different cellular compartments. Even at the present reso-
lution, analysis of the vesicular zinc speciation by pXANES allows
to exclude two potential artifacts.

Firstly, it had been suggested that zincosomes may not be
vesicles at all, but may represent cytosolic protein complexes
[29]. The most likely candidate for such a protein would be
metallothionein, which forms oligo- and polymers linked by
intermolecular disulfides [30,31]. These aggregates can still bind
large amounts of zinc that is accessible to dyes, and polymerized
metallothionein could be mistaken for vesicular structures. How-
ever, elemental distributions fit with a zinc-coordination by
mainly light ligands, especially histidine, and significantly devi-
ate from a binding solely by thiol-ligands as in metallothionein.
In addition, the Zn-edge uXANES collected on the position of the
zinc accumulation (x,y=[80,42 um]) in Fig. 3A matches the
XANES spectrum obtained from the isolated vesicular fraction
(Fig. 4) but differs significantly from the cytosolic fraction in
Fig. 2B. XANES patterns serve as a fingerprint for the average
zinc environment, and the match between the nXANES and the
XANES spectrum obtained from the isolated vesicular fraction
confirms the vesicular nature of the zinc accumulation observed
in the elemental map in Fig. 3A.
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Fig. 3. (A) Zinc distribution in intact RAW264.7 cells in the presence of 100 uM zinc. A cluster of several cells can be distinguished from the background. A zinc-rich area was
found at (x,y = [80, 42 umy]). (B) Cross section of A at x = 80 um. The zinc fluorescence originating from the zincosomes (y = 42 um) correlates with an increase in calcium
fluorescence. For better visualization all intensities are normalized to the first data point. Inside cells (y = 66 um) the signals for both, zinc and calcium, increase slightly,
whereas the copper fluorescence remains constant and the iron signal increases only marginally. (C) Fluorescence spectra at zincosome (x,y = [80, 42 um]) is dominated by
the Zn signal. The low energy signals enlarged in the inset are dominated by calcium fluorescence that is partially absorbed by scattering in air. The argon fluorescence is
ascribed to partial absorption of the elastic scattering contribution (not shown) and serves as an indicator for identical experimental conditions. (D) Fluorescence spectra for
another cell (x,y = [66, 42 nm]). Note the order of magnitude smaller zinc and calcium fluorescence. The intensities for other 3d-metals are identical within the error margins

for both spots.
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Fig. 4. Top: Overlay of in vivo uXANES (ID22, ESRF) and XANES (D2, EMBL Hamburg) of the vesicular fraction. Only the white-line intensity (~9.67 keV) differs within the
noise level, all other features are identical, e.g., position of the two minima as well as the elongated maximum at 9.73 keV.

Secondly, probes like Zinquin have been implied to partition in-
side membranes and act as an ionophore due to the relatively lipo-
philic nature of the dye [32]. Accordingly, zincosomes might result
from an intracellular sequestration of zinc by the fluorescent
probes. However, our analysis of intact cells or cellular compart-
ments is not prone to potential artifacts resulting from dyes. Be-
cause the appearance of vesicular zinc accumulation is found in
the absence of dyes (Fig. 3A), zincosomes are not an artefact due
to the probe acting as an ionophore.

Control of zinc homeostasis is coupled to the cellular redox sta-
tus when zinc is bound to thiols, for example in the tetraedric coor-
dination sphere in metallothionein. Here, oxidation of the zinc-
binding thiol groups leads to zinc release [11]. Our results indicate
the presence of a second, redox independent system, because zinc-
osomal zinc is bound to only one sulfur per metal ion. This corre-
lates well with previous observations whereby release of thiol
bound zinc by oxidation leads to zinc accumulation in vesicles [33].

Thus, Zn-homeostasis in mammalian cells is controlled by two
largely independent Zn-storage and -activation mechanisms, in
which zincosomes store zinc in a complexed form, mainly bound
to light, redox-inactive ligands.
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