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SUMMARY

Copper and zinc are essential trace elements that are important for a diverse
spectrum of biological processes. Over the past two decades, it has become increasingly
evident t hat a number of severe diseases
diseme, diabetes, and cancer are associated with impaired copper and/or zinc
homeostasis.The primary aim of the work presented in this thesis is to elucidate novel
information regarding the uptake, storage, distributions, and functions of both copper and
zinc in mammalian cells by predominantly using a combination of the high resolution
imaging modalities, synchrotron radiationrXy fluorescence microscopy (SXRF) and

standard fluorescence imaging.

Chapter 1 introduces a general summary of the roles ftalsme nature as well

as detailed descriptions and recent developments in the field of metal detection in situ.

In Chapter 2, a Cu(¥selective fluorescent probe is characterized in mammalian
cells. The fluorescent probe, CTAP shows an approximate-f8ld fluorescence
emission enhancement, upon supplementation of cells with excess copper. The
enhancement could be reversed to baseline fluorescence in the presence of excess
amounts of a cell permeable copper chelator, DTO. SXRF analysis shows a strong
correlation between the fluorescence of CTARwith the 2D copper topography.
Additionally, immunofluorescence analysis reveals strondocalization between the

probe fluorescence with the mitochondria &@ulgi apparatus.
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Chapter 3 highlights the intracellular characterization of a Zs@lgctive
ratiometric fluorescence probe, 826. Colocalization experiments revealed the
presence of labile zinc pools within the mitochondria, ER, and associated with Rab5
vesicles. ZRF imaging revealed a strong correlation between the intracellular XRF
Zn(ll) distribution and the probe fluorescence, thus confirming the integrity of the probe.
Additionally, dynamic imaging of Si326 revealed a significant increase in the
fluorescenceatio emission upon addition of Zn(ll) to the extracellular milieu and upon

perturbation of the cellular redox status by the addition@hHb the growth media.

Chapter 4 discusses the development and application of a correlative SXRF and
fluorescene imaging technique. By using ultrasmall geldsters as xenobiotic
elemental labels, we were able to identify, based on the characteristic Au XRF elemental
map, the sweellular location of individual organelles in adherent mouse fibroblast cells.
Although we found a significant degree of rgpecific binding in the nuclear area,
presumably mediated through the goldster label, the technique should be well suited
to specifically label swgellular structures within the cytoplasm, and thus to study th
elemental composition of organelles in single cells. SXRF imaging complements
existing technigues, notably electron microscopy and optical fluorescence microscopy, in
a synergistic fashion. By applying ditlabeled markers that contain a fluorescence
reporter in combination with the ultrasmall galtlister, the three methods can be

combined through correlative microscopy.
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Chapter 5 provides an application of SXRF imaging to investigating metal
distributions in a diseasmodel mouse cell line. Spatmlvell-resolved SXRF elemental
maps of individual adherent mouse fibroblast cells revealed intriguing differences in the
Cu distribution of Atox1" cells compared to the corresponding wijge cells While
the latter cells showedwell-definedperinculear Cu localization, treopperdistribution
in Atox1'" cells was reproducibly unstructured and diffuse throughout the entire cell.
Although the SXRF elemental maps cannot reveal the nature of the associated cellular
structure or organelles the absence of a xenobiotic label, the charasteerperinuclear
Cu distribution pattern might point towards the involvement ofGdgi apparatus, late
endsomesor mitochondria, all of which are typically found in the vicinity of the nuclear
envelope. Therefore, he data highlight the importance of Atox1, not only as a
metallochaperone for delivering Cu ¢éssentiatuproemzymes, butlsoas a key player

in maintaining the proper distribution and organization of Cu at the cellular level.

Chapter 6 prvides studies of elemental distributions and associated changes as
cells progress through the cell cycle. Spatially wedlolved SXRF elemental maps of
single, adherent mouse cells revealed remarkable changes in the distributions of both zinc
and copperas the cells progressed through the cell cycle. Zinc and copper showed
relatively homogenous nucleocytoplasmic distributions concentrating in regions of
elevated sulfur as well as phosphorus for each stage of interphase. Conversely, upon the
entry of cdls into mitosis, zinc and copper moved from areas of significant phosphorus
content to regions predominantly overlapping with sulfur. Furthermore, zinc showed an

approximate dold increase in its overall content upon the transition of cells from

XXil



interphase into mitosis. Although SXRF, in the absence of a xenobiotic label, is unable
to provide information regarding the nature of the cellular structures and/or organelles
associated with copper and zinc, evidence strongly points toward their localization w

the mitotic spindle. Moreover, the data strongly point towards an association with the
Golgi apparatus, particularly for zinc, given the overall similarity between their
distributions during cell division. Taken together, the data highlight thenpat
importance of zinc as well as copper for the appropriate progression of cells through
mitosis, a previously unconsidered notion in reports investigating the mechanistic details

underscoring the progression of mammalian cells through the cell cycle.

Chapter Miscusseshe future directions of this research.
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CHAPTER 1
INTRODUCTION

1.1Biological Relevance of Metals

Approximately 1/3 of the human proteome contains metal cations, eitlike in
form of cofactors with catalytic functions, or as structural supfdorg]. To guarantee a
proper maintenance of this metal ion pool, both at the cellular and whole organism levels,
nature has evolved a highly sophisticated machinery comprised of a complex interplay
between DNAproteins, and biomolecul¢3]. Over the past decades, a steadily growing
number of diseases have been identified, which are characterized by metal imbalance in
cells and tissuesAmong t he most prominent exampl es r a
Parkinsonos durcslegensrative disorders timake involve abnormal
accumulation of transition metals in brain tis§dle While some progress has bemade
towardsunderstanding the molecular basis of these disorders, many important questions
remain unansweredFor example, little is known about the cellular structures that are
involved in transiently storing metal ions prior to their incorporatida metalloproteins
or the fate of metal ions upon protein degradatiodn important first step towards
unraveling the regulatory mechanisms involved in trace metal transport, storage, and
distribution represents the identification and quantification &f thetals, ideally in
context of their native physiological environment in tissues, cells, or even at the level of
individual organelles and stdellular compartments.

Since the inception of the first histochemical methods for the microscopic

demonstratiorof transition metals in tissues more than 140 years[Blganany highly
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sensitive microanalytical techniques and instruments have been developed for the in situ
analysis of trace metals. The aonhthis chapteris to provide an overview of the most
recent achievements in trace metal imagmth a particular emphasis on fluorescence
probe based detectioend synchrotron radiatioX-ray fluorescence (SXRF) imaging
methods. A detailed descriptiasf the biological relevance of the individual metals
investigatedvithin the context of this theswsill be provided as they are introduced in the

subsequent chapters.

1.2 Overview of Methods for Metal Detection In Situ

An overview of the most important maanalytical techniques currently available

for the in situ detection of trace metals in cells and tissues is compiled in Taf$¢. 1.1



Table 11: Spatially resolved microanalytical techniques for in situ imaging oétrac
metals in biology{7-12]. Reproducedrom referencg6].

Spatial

Analytical Method Detection Limit Resolution I'DA nalytical Quantification
epth (um)
(Lm)
Electron Prob&X-ray ) o
Microanalysis EPXMA) [7] 100- 1000ug/g 0.5 0.1-1 Semtquantitative
Proton Beam Microprobe Quantitative
1-1 2-2 10-1
(PIXE, RBS, & STIM)[7] 0 Holg 0 0-100  (pixE-RBS)
; 0.17 1 (SXRF
X-ray Microprobe : . o
(SXRF, |IXAS, UXANES)[7, 8] 100ug;g<AS) 0.031 0.2 > 100 Quantitative
Laser Ablation Inductively
coupled 0.01 pg/g 15-50 200 Semiquantitative
plasma mass spectrometry
(LA-ICP-MS) [7]
Secondary lon Mass Spectromt 0.1 ug/g 0.05 0.1 Quantitative
(SIMS) [7]
Magnetic Resonance Imagin¢ mM - low pM 25-100 no limit  Semiquantitative
(MRI) [9]
Positron Emission Tomograph  high pM 1000- 2000 nolimit  Semiquantitative
(PET)[9]
Autoradiography 10] 0.1 nolimit  Semiquantitative
Autometallography11, 12] nMm IOW{E]I\I/?) nm 0.01-1 (EM) Semiquantitative
200071 3000 (in I
pM to nM vivo) <lcm S QL.‘aI'tat't\./te t/
Optical Fluorescence Microsco 0.2- 0.5 (in vitr9 emiquantitative
[10]
Visible Light Microscopy low-puM 0.2-0.5 0.0:-1 Qualitative




Depending on the task, each technique mahgro$pecific advantagesas well as,
disadvantages. Currently, syehrotron beam and focused ionbeam microprobes
presumably offer the best combination of sensitivity and spatial resolution; however, the
ionizing highenergy excitation beam is not compatible with studying live organisms.
Conversely, techniques specificaljevelopedfor physiological imagg in clinical
medicine, notably magnetic resonance imaging and positron emission tomography,
inherently offer only a low spatial resolution and are merely suitable for obtaining
information at the organ or tissue levelAlthough fluorescence microscopyased
methods provide very high sensitivity down to the single molecule level while
simultaneoushjbeing compatible with live cell and tissue studies, scattering and limited
penetration depth renders these techniques unsuitable for imaging opaque specimens
There are also important differences regarding the type of quantitative information that
can be gained by each of these analytical techniqies. example, the histochemical
detection with chromogenic and fluorogediges relies on a competitive aharge of the

metal ion within its native environment, most likely coordinated to endogenous ligands.
Depending on the exchange kinetics and thermodynamic affinity of the histochemical
indicator, only a fraction of the total metal ion contents in a cell su¢isan be probed.
Nevertheless, this kinetically labile pool g particular interestwithin the context of
understanding the uptake and distribution of trace elements at the cellular level, and in
this regard, these methods offer unique opportunitieslynamically imagng metal ion

fluxes in living cells with high sensitivity and spatial resolutiorAt the same time,
organelles and proteins of interest can be readily labeled with genetically encoded green

fluorescent protein tagflL3], thus offering an opportunity to understand the dynamic



processes ira larger cellular and biochemical context. In contrast, similar correlative
information is difficult to gain with the fully quantitative focused 4o@am methods,
which would depend on a xenobiotic tag for identifying -sebular structures.
Autoradiogaphic tracer experiments offer much improved resolution over PET; however,
the technique is only applicable to fixed or frozen tissues and dalishermore, tracer
studies cannot provide direct information regarding the endogenous metal composition of
a system, and are primarily limited to metal uptake, distribution, and release studies.
Finally, mass spectrometric analyses are suffmse=d methods that destroy the sample
while measuring its elemental compositio€learly, only the combination of sewad
analytical techniques and specific biochemical studies may lead to a fully comprehensive

analysis of a biological system.

1.3 Metal Detection with Fluorescence Probes

Histology is the branch of biology dealing with the study of microscopic anatomy
of cels and tissues of plants and animatfistological studies are typically carried out on
thin sections of tissue or with cultured cellsTo visualize and identify particular
structures, a broad spectrum of histological stains and indicators are avahahdsg
the most widely used dyes are hematoxylin and eosin, which stain nuclei blue and the
cytoplasm pink, respectiveljl4]. The history ofdetecting biological trace mesaby
histological methods dates back more than 140 yeAlhough these techniques have
been today mostly replaced by the much more sensitive modern analytical methods
described in this review article, histochemical aptees for visualizing metals mark the

very beginning in the exploration of the inorganic physiology of transition metals.



Comparedwith chromogenic histochemical stains, fluorescent dyes offer much
greater optical sensitivity and harbor the potentialdbserving biological processes at
the singlemolecule leve[15]. Because of their small molecular size, synthetic indicators
may passively diffuse agss cell membranes and are thus well suited for the non
invasive imaging of cation fluxes in living cellsGiven these attractive properties, it is
not surprising that the development of new fluorescent probes and indicators represents a
very active andtsadily growing research ar¢h6]. At present, fluorescent indicators
have been developed for most biologically relevant metal cations, including calcium,
magnesium, shium, potassium, zinc, copper, and irgb6, 17]. Furthermore, an
increasing number of probes selective towards xenobiotic, toxic heavy metals have been
described. Over the past decade, many excellent review articles summarizing these
developments have been published, with topical areas covering leofhriticiples and
photophysics of probe desig[l8-21], as well as comprehensive overviews on
fluorescence detection of selected metal ions, most notably[2829] and mercury
[30]. Since studies of zinc and copper are the primary focus of this thesis, the following
paragraphs discuss a few corner stones in the evolution of -Be{éigtive and Cu(l)

selective fluorescence probes for biological application

For many vyears, dithizone was the only histochemical stain available for
demonstrating Zn(IHons in tissue$31]. In 1969, Mahanand and Houck ddbed the
first fluorescence indicator for the selective detection of Zn(ll) in blood plasma and urine

using 8hydroxy-quinoline(1, Figure 1.1 [32].



0,5.
“NH NH
OH /@LN)/
N N S
N ~N
/©/J Et0oc” ™0 &

1 2 (TSQ) 3 (zinquin ester)

7 COOH
N~ COOH
H
: > O L,
N O HO
NS COOH N

Y o5 @@gcﬁ@

4 @ar2) 5 (zP3) 6 (zpa)

o

jsep

H
N
A N
S e
o \N HN
N_J  ocH,
N/
7 (@nic) « | 8 (Azn2)

Figure 1.1: Chart of Zn(ll}selective fluorescence probes. Reprinted fronjgjef

While the indicator fomed stable complexes with many divalent metal ions, only binding
of Zn(Il), Mg(ll), and Ca(ll) led to a strong fluorescence increase, with Zn(ll) displaying
the highest binding affinit{33]. Similarly, a 2-methylderivative of 8hydroxy-quinoline

was also described as histochemical Zn(ll) indicf3di. Structurally related to the-8
hydroxy-quinoline indicators, Toroptsev and Eschenko engqulothe utility of several
guinoline sulfonamide derivatives as fluorescence probes for ZBEH39]. The bright

green fluorescence was found telogalize with the dithizone staining in pancreatic beta
cells and hippocampal mossy fibres. In the 1980s, Frederickson et al. explored the utility

of another quinoline derivative -idethoxy8-p-toluene sulfonamide quinoline (TSQ)
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as histological indicatofor Zn(lIl) [40, 41] A comparison of TSQ with the established
neoTimm method demonstrated that the indicator is well suited as stain for
demorstrating histochemically reactive Zn(ll) in various tissues. In order to improve the
water solubility and cellular retention, TSQ was later further modified with a carboxylate
group [42-45]. The resulting probe, zinquin esteB),( has been instrumental in
elucidating the role of labile Zn(ll) pools in a wide range of biological systems; however,
the origin of the distinct vesicular staining patternesied with zinquin ester remains
controversial. To address the question whether theseizimwesicles, also referred to as
zincosomes, might arise from a diy®luced sequestration of Zn(ll), Wellenreuther et al.
performed in situ microXaneectionl.4) measurements with RAW264.7 ce[k5].

The in situ data matched th&ray absorption neaedge signature of isolated vesicles
and implied that Zn(ll) is msent in complexed form with a coordination environment
composed of sulfur, nitrogen (histidine), and oxygen donor atoms.

To avoid potentially damaging UV excitation, several fluorestaised probes
tethered to varying chelating units have been recerglyeldped for excitation in the
visible spectral range. For example, the ZnAF family of fluorescent probe developed by
Nagano and coworkers combined the fluorescein platform with -\
pyridylmethyl)ethylenediamine as Zn(@$glective binding unitWith a Zn(ll) affinity of
2.7 nM, ZnAF2 §) was successfully used for detecting synaptically released Zn(ll) in
hippocampal sliceg47, 48] Further modifications with various chelating moieties
furnished a series of indicators with a wide dynamic range for detecting Zn(ll) from nM
to mM concentrationg49]. The fluorescent dyes revealed intriguing concentrations

differences of synaptically released Zn(ll) in acute hippocampal §b€gs In parallel,



Lippard and coworkers developed a large family of Zn@Qponsive indicators,
primarily aimed at unravelinghe neurobiology of this metal ion. For example, the
difluorofluorescein derivative ZP35)( was successfully utilized to image endogenous
Zn(ll) pools in hippocampal slicg81], whereas the celmpermeant indicator ZP45)
proved to be suitable for imaging extracellular Zn(ll) and ZrdHjmaged neuroris2,
53]. A detailed review of this extensive body of work has been recently pub[28kd

Several efforts focused on developing ratiometric probes for the detection of
Zn(1l) in biological system$28]. Originally described by Tsien and coworkers for the
dynamic visualization of Ca(Hjluxes [54], ratiometric probes undergo a shift of the
excitation or emission maxima upon binding of the analyte. By taking the ratio of the
emission intensity at two different wavelengths, fluctuations due to uneven dye
distribution, cellularuptake, or instrument dependent factors are cancelled out. For
example, the iminocoumarin based Zn(ll) sensor, ZMC Yndergoes a red shift, from
543 558 nM, associated with an enhanced intramolecular charge transfer up on zinc
binding at physiologicapH. With a Kd of 1.3 pM, the sensor was successfully used for
the ratiometric detection of Zn(ll) in cultured cells and in rat hippocampal $i6¢s

The development of new imaging technologies typically requires also a tailored
optimization of the indicator propertiesWith this goal in mind, Zn(lFresponsive
indicators for applicatiomin two-photon excitation microscopip5, 56} nearinfrared
(NIR) fluorescence imaging57-59] have been developed.Due to the increased
penetration depth of the leenergy infrared excitation, these two fluorescence
microscopy techniques are particularly attractive for imaging thickess potentially

for imaging whole animalstudies. As illustrated with Figure 1.2, staining of rat



hippocampaklices with the Zn(IBresponsive twgphoton indicator AZn28) revealed a
characteristic staining pattern of histochemically labile Zn(llplpo The fluorescence
staining was reversed by addition of the high affinity Znr¢helator TPEN(N, N, NO&, NO
tetrakis(2-pyridylmethyl)ethylenediamine) (Figure.4dc), and a distinct increase in

fluorescence intensity was observed upon stimulation witim® KCI, suggesting the

release of presynaptic Zn(ll) stores (Figurge}.
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Figure 1.2: Two-photon excitation microscopy (TPM) images of a rat hippocampal slice
stained with 1QuM AZn2 (8). a) At a depth of ca. 120 mm with magnification 10x. $cale
bar: 300 mm. b,c) Magnification at 100x in the stratum lucidum (SL) of CA3 rggions
yellow box in (a)) at a depth of ca. 200 mm before (b) and after (c) addition @f\200
TPEN to the imaging sotion. Scale bar: 150 mmi f§ TPM images in the hilus (H) pf
dentate gyrus (DG) regions at a depth of ca. 100 mm before (d) and after (e) addition of
50 UM KCI to the buffer solution. Scale bar: 300 mm. f) After addition of gRDTPE

to (e). The TPEF imges were collected at 5820 nm with excitation at 780 nm using a
femtosecond pulsed laser. Reprodufted ref [21].

To this point, only few biologically oriented studirave takeradvantage of the

capabilities of these newly fluorescent dye®hile the hisochemical methods were
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limited to demonstrating labile Zn(ll) in fixed specimens, the inherently high detection
sensitivity of fluorescence microscopy combined whtabroad range of thermodynamic
affinities, Zn(ll)}-responsive fluorescent indicators harlgreat potential for visualizing
dynamic Zn(ll) fluxes with swgellular resolution in live cells, and thus for elucidating

important questions regarding the complex mechagdroellular zinc homeostasis.

In contrast to the rich literature on Zn{Bglective fluorescent probes, there are
only a few reports on the detection of biological copper, despite the fact that it is equally
important as zinc within the cellular metallome. The fluorescéased detection of
redoxactive metals, such as coppmrparticularly challenging due to competing metal
initiated fluorescence quenching pathways. The adverse fluorescence quenching can be
minimized with a rigid fluorophoréigand architecture, which electronically decouples
the metal cation from the fluorecence emittef20, 60] Following this concept,
fluorescent probes for the detection of Cu(l) in cultured cells have been degéibed
62]. Although the fluorescence detection of copper in a biological environment presently
still poses significant clienges, these initial successes clearly demonstrate its feasibility.
Given that most biological laboratories are equipped with fluorescence microscopes,
synthetic fluorescent probes remain particularly attractive for routine imaging of labile
metal poolsand will remain an active research area for developing materials with further

improved selectivity and sensitivity.
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1.4 Synchrotron Radiation X-ray Fluorescence (SXRF) Microscopy

X-ray fluorescence (XRF) based imaging techniques rank currently among the
most sensitive imaging modalities for detecting trace elements in biological samples with
submicron resolutiofi7, 63-66]. These methods rely on the direct excitation of the-core
shell electrons of atoms, which subsequently relax with emission of phoRetause
the emittedX-ray enegy depends on the nuclear charge, the elemental composition of a
sample can be precisely identified and quantifi€ekpending on the mode of excitation,
XRF analytical techniques can be categorized into three different classes: electron beam,
proton beamand X-ray (photon) beam methods, each of which offers its own set of
advantages and disadvantag@&sis chapter will focus othe X-ray beambasedmethod,
synchrotron radiatioiX-ray fluorescence $XRF) microscopy becauset is extensivéy
applied throughout the scope othe work presented in this thesis.After a brief
description of the physical principles and instrumentatioesubsequensections offer a
brief overview ofthe broad spectrum of biological questions that have been addressed

with SXRFmicroscopy

Physical Background and Instrumentation

SynchrotronX-ray fluorescence microprobes (SXRF) rely on spatially coherent
high brilliance X-rays asthe excitation source.SXRF uses the detection of the emitted
X-rays to achieve spatially resolveD elemental distribution maps.The individual

components of an SXRF microscope are illustrated in Figure 1.3.
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The transition energies associated with electronic relaxation are equal to the difference

between the inner anduter shell binding energiesvhich arespecific for individual

elements(Figure 1.4) X-rays are detected using energigpersive detectors offering

detection limits ranging from 5 x 81 3.9 x 10" mol/un?, corresponding to a few

thousand atoms with an irradiated spot.The number o¥X-ray photons emitted scales

directly as a function of atomic abundance, thus allowing for a straightforward

determination of individual element quantiti&sgure 1.4)

14



photoelectron coreshell
o q\\ electron

nucleus

Figure 1.4: Bohr atom model illustrating the basic priples of X-ray fluorescence.(a
X-ray excitation leads to ejection of a ceskell electron from the atom.(b) The
generated vacancy is filled through a highbkell electron, a process that results i} the
emission of a photon whose energy is equahtodifference in binding energies of|the

two shells involved in the transitiorReproduced from referenf@4].

As illustrated with the anadys of a NIH 3T3 mouse fibroblast céRigure 1.5) a single
raster scan with an incideRtray energy of 10 keV simultaneously produced quantitative

maps with sukcellular spatialresolution for selected biologically relevant elements.
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20 um min max

Figure 1.5: SXRF imaging oimouse fibroblast cells grown on electron microscopy (EM)
silicon nitride (SiN4) windows. Rastescanned SXRF topographical maps for selgcted
elements (excitation at 10 keV, pixel size 0.3 uM, integration time 1 sec/pixel).

Recent advances i-ray optics permit beam focusing to 3%0 nm spots using
Kirkpa-trick-Baez mirrors[67, 68] refractive lense$§69], or Fresnel zone platdg0],
thus enabling the production of spatially highly resolved, 2D elemental distribution maps.
By offering a penetration depth of up to 1000 um and routine spatial resolutions down to
100 nm, synchrotron radiation induc&dray imaging (SXRF) is especially uséffor
analyzing hydrated biological specimefi@gl]. Furthermore, by scanning the incident

photon energy across thé-ray absorption (XAS) edgef the element(s) of interest,
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information regarding the oxidation state and local coordination environmean of
element can be obtained (microXANER)]. Given these featureX-ray microprobe
methods have contributed toumerous research studies in geochemistosnetic
chemistry, environmental science, materials science, and more recently, in biology and

medicine.

1.50verview of SXRF Applications in Biology

The following subsections highlight some of the significasuntributions made
by SXRF imaging studies towards understanding a number of severe diseases. The
examples presented also serve to illuminate the fundamental significance of the roles

played by copper and zinc in the onset and progression of these slisease

Cancer

Angiogenesis is a physiological process that leads to formation of new blood
vessels from existing vasculaturéVhile angiogenesis is vital to normal growth and
development, it plays a particularly critical role in tumor developnjé2l. Because
tumor progression is limited without adequate supply of oxygen and nutrients through the
host vascular system, the suppression of angiogenesis has evolved as an important target
for cancer treatment strategiesThe depletion of copper has been shown to inhibit
angiogenesis in a broad range of cancer types; however, the underlying reasons for the
copper sensitivity remain elusi@3]. To gain insights into the role of copper in
angiogenesis, Finney et al. utilizettray fluorescence microscopy to image cellular

copper stores in microvascular endothelial cellhiese experiments revealed a massive
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re-localizaton of copper from intracellular compartments to the tips of cell filopodia and

across the plasma membrdiid].

Breast cancer ishe most common form of cancer in Western womiés.
Farquharson and ewmorkers applied SXRF to investigate the quantity and spatial
distribution of trace ntals in breast tissue slices with primary invasive ductal carcinoma
[76-78]. The studies revealed an increase in all measured metal concentrations, particular
for Zn and Cu, in the tumor areas of the studied samgtesther analysis of th&-ray
absorptionnear edge structure (XANES) indicated that Cu is present as a mixture of its
monovalent and divalent oxidation states, for both normal and cancerous[#i8ue
Interestingly, the data suggested that the cancerous tissue contains a higher fraction of
Cu(l) compared with normal tissue.Additionally, SXRF analysis of the metal
distributions revealed a similar pattern for Ca, Cu, Parfs, Zn while Fe maintained a
uniquely different distributiof77]. Similar results were obtained in two independent
studies, which used SXRF to elucidate quantitative metal distributions in breast
carcinoma tissue samplg&, 80] The results indicated also incredsamounts of Ca,

Cu, and Zn in areas of the cancer clusters and a different spatial distribution for Fe
compared with Ca, Cu, and ZnA combined X-ray fluorescence microtomography
(XRFCT) andX-ray transmission microtomography (CT) system was implemestt¢iae
Brazilian Synchrotron Light Source (LNLS) and applied to investigate the spatial
distribution of Zn, Cu, and Fe in breast cancer tissue sar@le84]. Cylindrically
shaped tissue samples with -R5nm thickness were scanned over 180° with a beam

focused to 200um. Although tissue selébsorption prevented fronobtaining
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guantitative elemental information, tomographic reconstructions revealed the qualitative

3D distribution of Fe, Cu, and Zn.

Despite substantial efforts in screening and early detection, prostate cancer is still
the most common, necutaneous huam malignancy and is the second most lethal tumor
among men[84]. The concentration of zinc in the human prostate tissue is higher
compared to any otheo# tissue in the bod{B85], and there is compelling evidence that
alteredprostate zinc homeostasis is an important factor in the development of prostate
malignancy[86]. To investigate the potential causal effects of Zn in prostate cancer
development and progression, SXRF was utilized to image the distributi@m af
malignant tissue versus control sampl8g]. The study revealed significdytlower
amounts of Zn in cancerous compared with normal tissue and gtdifierences in the
correlation of Zn and Ca densities, suggesting that Ca might play a significant role in the

ability of the cell to accumulate Zn.

Neurodegenerative Diseases

The central nervous system (CNS) is comprised of the brain and spinarmbrd
functions as the bodyds informati d88l. gat her e
While the brain serves as the center for cognitive motbr functiors, the spinal cord
communicates messages from the body to the brain and vice vdthaugh the brain
accounts for only 2% of the total human body mass, it consumes 20% of the oxygen
absorbed through respirationComparedwith other regios of the body, the brain

contains also significantly higher concentrations of metal [ib&s53] It is therefore not
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surprising that many neurological disorders are associatecawriital imbalance in the
nervous systerf¥, 89]. While the accumulation of redox active transition metal ions is
believed to induce oxidative stress throudjie generation of free radical®0]; the
relationship between metal ion imbalanaed ahe pathology of neurological disorders
remains largely elusive.Synchrotron radiation based imaging techniques offer new
opportunities to visualize and quantify transition metal ions at the subcellular level, and
thus may greatly help in unravelingettrole of metal ions and their speciation in

neurobiology91].

Parkinsonds disease (PD) i's the second mo
affecting more than four million peop[®2, 93] Entailing loss of motor and sensory
functions as well as memory impairment, the pathological hallmark of this disorder is a
pronounced reduction of dopaminergic neurons fromsthestantia nigra (SN) resulting
in decreased dopamine production within the basal gar§Bh While there is
contradcting evidence that direct occupational exposures to metals poses a risk factor for
PD [94], sewral studies have shown alterations in Cu and Zn homeostasis and
accumulation of Fe within the SJ]95, 96] In an effort to unravel details of altered metal
homeostasis in PD, a number of investigations have applied SXRF imaging to
guantitatively asses changes in the<it r i but i on of Fe, Cu, and Z
disease models compared to control cases.

According to recent SXRF studies, transition metals other than Fe may also
contribute to PD pathogene$&/-100]. For example, abnormal accumulation of Cu and

Se were found inside neurons of the SN of human brain tissue sections from PD patients
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[98]. No differences in the speciation of copper betwB&nand control samples were
found in a recent XANES microbeam stuy00]. The data suggest that the bulk of
copper iside SN neurons is coordinated in a tetrahedral environment in its divalent
oxidation state.In a comparative study of SN from tissue representing PD, amyotrophic
lateral sclerosis, and control cases, Chwetjial. found that areas of high Zn content
correlated with the location of the SN neuron bodies, while Br levels within the white
matter of the SN were slightly elevatf9]. Multivariate cluster analysis of SXRF data
confirmed significant differences in trace metal accumulation in SN of brain tissue from
PD patients compared with either amyotrophic lateral sclerosis patients or a control group

[99].

Al zhei mer 6s disease (AD) is the most con
affects approximately 26 million people worldwifl01]. AD manifests gradually with
progressive and irreversible cognitive decline first experiemcdtie form of memory
impairment at the early stage of the disease and a decline of motor and sensory functions
at later stages. Concluding from postmortem AD brains, the pathology of AD
progression is characterized obyd gnre padadwmu |(aAtf
neurofibrillary tangles, neuropil threads, and neuronal losg&s.increasing body of
|l iterature indicates that Ab amyl[DRld f or mat
Further more, abnor mal interactions of Ab wit
and Fe, might play an important role in amgléormation and toxicity103, 104]

The combination of different imaging modalities is particularly atag@ous for

simultaneously identifying the location and analyzing the elemental composition of AD
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plagues and brain tissues. For this purpose, Miller et al. integrated an epifluorescence
module within a SXRF microprobe beamline, and directly identifiecah@tumulation

within Thioflavin-S-stained AD plaques with a precision of52mm [105]. To
circumvent histochemical staining of the specimens, a process that might introduce
artifacts, synchrotron Fourier transform infraredcnmrspectroscopy (FTIRM) was
combined with an SXRF microprolj¢06]. Amyloid plaques are associated with an
elevated ksheet content, which cde identified by FTIRM on basis of the characteristic
amide absorbance around 1630 tf07]. The study demonstrated a strong correlation
between an elevateddheet content in AD plaques and the accumulation of Cu and Zn in
Ahot spot so, t h u ¢he asdociabiom gof metalsianp withramyladg

formation in AD.

The disruption of cellular copper trafficking is at the center of both Menkes and
Wi | s on 6 s[108]i wmdemcoreg the importance of maintaining the delicate
homeostatic balance of copper. On the one hand, copper is essential to a multitude of
cellular processes, including mitochondrial respiration, antioxidant defense,
neurotransmitter synthesis, connective tissue formation, pigmentation, peptide amidation
and iron metabolism, on the other hand, copper excess may facilitate the production of
reactive oxygen species through Fenton type reactid®®]. The two copper
transporting ATPases, ATR7Aand ATPD, are key elements in controlling the overall
copper balance in the human bodMutations in ATP7A or ATP7Byenedisrupt this
balance, resulting in copper deficiency as in the castearikes disease, or copper

overl oad as i HIOWi | sonds disease
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In an effort to elucidate the speciation and distribution of tetrathiomolybdate
(TTM), apromisingc opper chel ator f o1l X124 Zhangetgl. Wi | sono
used a combination of-ray absorption spectroscopy and SXRF imaging to analyze the
liver and kidney ofa TTM r eat ed ani mal mo d1é3]. TlefXASVi | sonds
spectra of TTMreated rat liver and kidney indicated the presence of -tlae@ four
coordinate Cu(HS species. In kidney, most copper appeared to be present as
multinuclear CuMo complexes, whereas the liver samplesnted also towards the
presence of nenlusterbound CuA pronounced accumulation of Cu was observed in the
cortex of the kidney for TTM treated rats with a high degree of correlation between Mo
and Cu. The results are consistent with a mechanism in wbagiper is bound by TTM

in the liver, and then in part mobilized to the kidney.

1.6 Thesis Objective

The primary objective of this work is to elucidate novel information regarding
intracellular trace metak by predominantly using a combination of high resmin
imaging modalities. Specifically, the unique opportunities offered by rmtadelective
fluorescence probeare combined with those of SXRmicroscopyto illuminate new
detailsregarding thauptake, storage, distributions, and functions of lmagper and zinc
in mammaliancells This combination of methodss expected to producéigh
resolution, quantitative data that shed new light on the mechanistic aspects of numerous
metation associated diseases and ultimately contribute to their treatment and/or

prevention.
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CHAPTER 2
INVESTIGATING LABILE COPPER POOLS

2.1 Detecting Intracellular Kinetically Labile Copper

Copper is a trace element essential for the maintenance of human health. Often
serving as an enzyme cofactor, copper is involved in numerous vital biological processes
such as mitochondrial respiration, electron transfer, and detoxification of oxygealsadi
[1]. However, coppemust not accumulate to excessive intracellular levels given the
ability of copperions (Cu) to generate highly reactive hydroxyl radicals, which damage
DNA, lipids, proteins, and other essential lomlecules[2-4]. In orderto achieve the
proper intracellular balance of copper, nature has developed sophisticated homeostatic
machinery for providing copper to essential enzymes, proteins, and intracellular
locations while simultaneously preventing its accumulatioh ¢ e $séntas neesl for
copper regulation is indeed underscored by two inherited disorders of copper metabolism,
Menkesd di sease [&n.dFutNerioseocoper dedjulation has also
been linked with the onset and progression of other serious neurodegenerative diseases
includingamyotrophic | ater al sclerosis ([&LS),
9]. Given the severe and often lifereatening nature of the aforentioned
neurodegenerative diseases combined with a current lack of effective treatments, studies
dedicated to elucidating details associated with copper homeostasis and dyshomeostasis

at the cellular level would prove greatly beneficial.
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Intracellular Regulation of Copper

Copper is regulated by a network of intracellular pathways comprised of
trafficking proteins and molecules rich in sulfur atoms ideally suited for copper
coordination. These copper chaperoass commonly characterized by a CX>a@ino
acid motif essential for copper acquisition and delivei§]. Upon reduction to its
monovalent oxidation statgl1l], copper enters the cell via a high affinity membrane
permease, copper trgporter 1 (hCtrl)12-14] from which it is directed intacopper

trafficking pathwaygFigure 2.1).

Mitochondria

Figure 2.1: Coppertrafficking in mammaliancells.

One pathway involvesCCS, the copper chaperone for superoxide dismustase
(SOD) localized either in the cytoplasm or within the inner membrane space (IMS) of the
mitochondria[15]. SOD is an essemtlienzymethat catalyzeshe disproportionation of
highly reactive superoxide () radicals into peroxide (#,) and dioxygen () species
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[16-18]. Defects in this pathway have been directly linkedatsevere disease of the
central nervous systenamyotrophic lateral scltesis (ALS) [19]. Another pathway
involves the incorporation of copper into cytochromeoxidase (CcO), an enzyme
required for cdular respiratiorand localized in the mitochdr[a5],[20-22]. Metallation

of CcO occwus within the mitochondria and is mediated by Scol and Cox11l
metallochaperones upon their acquisition of copper from C¢¥3J{[20-22],[23]. In a

third pathwaythe copper chaperone, Atoxl, interacts with and delivers copper to either
t he MeMHaseecCATP7a) o ATPase(ATB7d)meSidingin the transGolgi
networkfor the delivery of copper into the secretory pathway and ultimate incorporation
into enzymes such as lysyl oxidase and ceruloplaf2di29]. As previously mentioned,
defects in this pathway resulting from genetictations within the ATP7A or ATP7B
gene directly foster the development of

[11],[30].

Labile Intracellular Copper

Although the thermodynamically estimated lewé solvated copper ions in the
cytoplasm lies below a single ion per cdB1l], a significant fraction remains
exchangeable with the extracellular environment. EvidencetHer existence of
kinetically labile copper pools was provided by studies, which showed surprisingly rapid
uptake and release wo&dioactivecopper ®‘Cu, from mammalian cells where copper
increased 2@old within an hour and decreased at a similar gen washing with
metalfree media[32]. Fluorescent probes offer an effective and -destructive

opportunityto probe the intracellular behavior of kinetically exchangeable metal ions.
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The goal of the present study was to investigate the applicability of a rationally designed

fluorescent probe for probing the intracellular manner of Cu(l).

2.2 Optical Sensing ofMonovalent Copper

Although monovalent copper typically acts as an effective fluorescence quencher,
we successfully developed a CugBlective fluorescent sensor (CTARthat undergoes
a fourfold emission enhancement upon binding of Cu(l) under plogicdl conditions

(Figure 2.2)[33].

fluorescence intensity

[ [
400 500 600 700
wavelength [nm]

Figure 2.2: Fluorescence emission response of CTARas a function of added
Cu(CHCN)4PFs (5 uM ligand, 10 mM PIPES, pH 7.2)Data provided by Dr. Maggd
Henary and Dr. Liuchun Yang.
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Additional experiments further revealed tth@orescence response GTAP-1 is
highly selective towards Cu(las the presence ofther biologically relevant metal
cations such as Mg(ll), Ca(ll), Fe(ll), Fe(lll), or Zn(Il) (ImMhowedno obviouseffect

onthe fluorescence emission (Fig8) [33].

fluorescence intensity
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-

Figure 2.3: Fluorescence emission response of CT1A& 480 nm as a function of added
metal cations (5vM ligand, 10 mM PIPES, pH 7.2).Data provided by Dr. Mage
Henary and Dr. Liuchun Yang.
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Moreover, the intracellular fluorescence response of GTAR celk cultured in
growth media supplemented with 150 uM Cufolr 12 h (Figure 2.4, lower) showed a 2

to 3-fold increase in intensity relative to basal conditions (Figure 2.4, ufgjr)

CTAP-1 average emission
intensity
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Figure 2.4: Fluorescence micrographs showing the intracellular staining pattern|of 3t3
cells incubated with CTAR. (Left and Center) Influence of copper supplementtion.
(Upper) Cells were grown in basal medium. (Lowdedia supplemented with 15M
CuClI2 for 12 h. (Right) The graphs represent the average intensity profile along§ the x
coordinate of the fluorescent micrographs.

Experiments designed to reverse the observed intracellular fluorescence
enhancement of CAP-1 in cells grown in coppesupplemented media were performed
to help eliminate the possibility of artifacts contributing to the enhancef8éht Prior
to performing cellular experiments, the ability of a +ftuorescent preursorto CTAP-
1, 3,6-dithia-1,8-octanediol (DTO)was tested for its ability to reverse the fluorescence

response of CTAR to copper in cuvettbased assays (Figure 2.5)The results
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suggested a reversal of CTAPfluorescence to baseline levels upon additbBTO in

excessive amounts (Figure 2.5).

84 Cu-probe
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toey ™
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Figure 2.5: Cuvette based analysis of the fluorescence emission obtained from-1
either in the presence of 4 uM Cy@ind 1 mM or 2 mM DTOTop) or 1, 2, and 4 m
DTO (Botton) for fluorescence reversal assay3ata povided by Dr. Maged Henary gnd

LTAP
M

For tests in situ, cells were grown, as previously described, in growth media

supplemented with 150 uM Cudbr 12 handsubsequently either received no additional

treatment or were treated withcellpermeantCu(l) chelator, 3,4lithia-1,8-octanediol
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(DTO) following incubation with 5 uM CTAPL for 30 minute$33]. Quantitative image

andysis of the fluorescence micrographs revealed that the average intracellular
fluorescence intensity of the control cells (FiguréA}.was approximately 50% higher

(40 cell s; P < 0.0001, S t-teateel nellsd(Bigure @Y est ) ¢
[33]. Hence, these results served as further validation of the integrity of -G Ta&Pa

genuine fluorescent sensor for probing intracelldarlé copper pools.
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Figure 2.6: Quantitative image analysis of the fluorescence micrographs obtaingd from
cells pretreated with 150rM CuCl, and stained with either CTAPonly (A) or CTAR
1 and 10 mM DTO (B) for fluorescence reversal assays.

After confirming the ability of CTARL to respond to copper in a cellular
environment, the intracellular localization of the probe was investigated using standard
immunofluorescence assays and correlative fluorescence microscopy.-XCardBuced
a staining pattern with pnounced fluorescence in a region proximal to the nucleus and

slightly weaker fluorescence throughout the cytoplasm. Immunofluorescence co
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localization revealed the juxtanuclear region with prominent fluorescence to be the trans
Golgi network (TGN), labedd with antiGS28, as indicated by the yelleswlored region

in the overlay image (Figure Z2.upper)[33]. Considerable ctocalization d the probe
fluorescence with the TGN is not surprising given the ‘@sthblished presence of the
copper transporting Menkes ATPase (ATP7a) protein in this refddp[35]. The
weaker, cytoplasmic fluorescence -logalized substantially with the mitochondria,
labeled with antOxPhos, again indicated by the yellow color present in the overlay
image (Figure Z, lower) [33]. Evidence for labile copper pools localized within the
mitochondria was recently reported in a study performed on yeast [86llsthus
providing support for the present results revealing significant CGTARorescence in

this orgaelle.
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marker overlay

Figure 2.7: Immunofluorescence colocalization of the CTAPRstaining pattern (Left)
with two organellespecific antibodies (Center). (Upper) AGB28 for visualization pf
the Golgi. (Lower) AnttOxPhos to visualize the mitochondria. (Right) Fatsedo
pverlay (CTAR1, green; antibody, red; areas of colocalization, orange/yellow).

2.3 Correlating Probe Fluorescence with Copper Distribution

Synchrotron radiation basedrdy fluorescence microscopy (SXRF) has recently
emerged as a promising techniqoehole cell elemental imagif§5-39]. Preliminary
experiments demonstrated that the intracellular fluorescence intensity of cells incubated
with CTAP-1 directly eflects the availability of copper in the growth mef88]. To
investigate whether the observed staining pattern is indeed due to mbifferen the

intracellular copper distribution, we performed a series of experiments atliheD2
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beam line of the Advanced Photon Source (APS) located at Argonne National Laboratory
(ANL). NIH 3t3 cells were grown on the formvar layer, {w@ated with ptylysine, of an
electron microscopy (EM) gold grid either in basal media or in the presence aiM.50
CuCh for 12 h, washed with 15PBS, and fixed in methanol/acetone (1:1)24°C for 2
min. Following treatment with CTAR as previously described, celivere imaged via
standard optical fluorescence microscopy;daied, and shipped to ANL for SXRF
analysis.

Cells, which were cultured in medium supplemented withrf@0CuCk, showed
an approximate 2@ld increase in the K signal (Figure 2.8, lower)at 8.0 keV
compared with cells grown in basal media (Figur8, 2Zipper) [33]. The distinct
perinuclear fluorescence revealed by the copE&®F map (Figure 2.8) strongly
resembles the optical fluorescence staining pattern observed for-CTRBure 24)
[33]. Interestinglythe XRF image also displayed a marked presence of copper localized
to the nucleus of cells grown in the presence of excess copper. Accordingly;ICTAP
also revealed a nuclear staining pattern in the cells cultured in the presence of 150 uM
CuCh. However upon consideration of the conditions used to prepare the samples,
which involved a rather harsh fixation/permeabilization step with methanol/acetone,
additional experiments are required to assess the integrity of the observed presence of

copper in the ncleus.
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Figure 2.8: SXRF imaging of the subcellular copper topography. (Left) XRF c¢pper
maps of 3t3 cells grown under basal conditions (Upper) or in medium supplemented with
150 mM CuCh (Lower). (Right) Xray emission spectra for copper and zinc avefaged
pverthe entire area of the corresponding cdllata provided by Dr. Christoph Fahrni.

The degree of ctocalization between the epifluorescence staining pattern of
CTAP-1 and the suellular copper topography was investigated by optical and SXRF
microsopy, respectively, in cells grown under elevated copper conditions 60
CuCh) for 12 h (Figure &) [33]. Although drying the cells, eequirement for SXRF
imaging, inevitably results in some distortion of the overall cellular morphology, the

fluorescence micrographs indicated a high degree dbaalization between CTAR
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fluorescence and the XRF copper distribution. Further compaosahe XRF copper
topography with that of sulfur revealed significant-looalization between the two
elements (Figure 9), hence suggesting that copper may be primarily coordinated by

sulfur-donor ligands in the overlapping regidB8].

Figure 2.9: Falsecolor micrographs of a single cell grown in medium supplemgnted
with 150 mM CuCk and treated with CTAR. (Left) Epifluorescence image acmq
with a DAPI filter set. (Center) XRF copper map. (Right) XRF sulfur map. The r¢lative
ntensities increase from blue to redata provided by Dr. Christoph Fahrni.

microXANES

The energy and shape of the nedge xray absorption band of copper
conplexes is very sensitive toward variations in oxidation state and coordination
environment. Whereas Cu(l) complexes exhibit aqutge feature centered around 8,984
eV characteristic for the 1sY4p transition,

occurs at a significantly higher energy of 8,986 [dU]. MicroXANES performed on a
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copperloaded NIH 3T3(Figure 2.10A)cell revealed at all tested sabllular locations a
nearedge feature that is characteristic for monovalent copper (FigLoB)2. Given the

higher energy of Cu(ll), the observed band shape does not exclude the presence of Cu(ll);
nevertheless, the spgeum demonstrates that a significant portion of the total copper is
present as Cu(l). Because of the complex mixture of potentially coordinating
endogenous ligands, a detailed interpretation of the XANES spectrum is not possible;
however, qualitative coparison with two reference compounds suggests a low
coordinate linear or trigonal geometry (Figur@B, lower) [41, 42] According to the
literature, neither metallothionein nor glutathione exhibit theserved, characteristic
XANES nearedge featurg43-45] and are therefore rsb likely not the prevalent

endogenous ligands for coordination of kinetically labile copper in these pools.
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Figure 2.10:NIH 3T3 fibroblast cell grown in medium supplemented with 150LuM
CuCb. (A) Falsecolor XRF micrograph showing the copper distribution (cotmtecas i
Fig. 2.9). (B) XANES spectra acquired at various locations (marked with white ripgs in
A).Upper XANES reference spectra: CuS= aN(CsH7)4] and CuS o
[Cu(SC6H5)|[P(C6H5)] . Lower Data provided by Dr. Christoph Fahrni.

Another study involved determining the oxidation state of copper within a cellular
environment, an issue highly debated throughout the literature. To obtain an SXRF
image with only Cu(l), a mammalian cell was first scanned at thegge energy of
8,981 eV specific for Cu(l) to exclude any possible excitation of Cu(ll), which has-a pre
edge feature centered around an energ®, @86 eV(Figure 2.11Upper Lef). Then an

SXRF image incorporating both Cu(l) and Cu(ll) was acquired (Figure 2lpper
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Righ). The Cu(l) image was subsequently divided by the Cu(l)+Cu(ll) image to obtain a
ratio image illustrating the presence, if any, of Cu(ll) inside of the cell (Figure 2.11,

Lower).

Cu(l) & Cu(ll)

Figure 2.11:Mouse fibroblast cell grown in media supplemented with 50 uM guCl
Upper, Lef} Gray scale XRF micrograph showing the Cu(l) distribution.Upper
Righy) Gray scale XRF micrograph showing the Cu(l)+Cu(ll) distributionLower
Ratio intensity image acquired by dividing the Cu(l) im&gpeper, left)by the Cu(l)+
Cu(ll) image (pper, righ).
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The resulting ratio image revealed a predominance of copper in its monovalent
oxidation state as illustrated by the yellow color (ratio = 1) occurring throughout the
entire cells. However, the image also suggests the presere&ldf indicated by the
blue color (ratio = 0.5) in a few areas located at the periphery of the cell. These data
suggest that the intracellular copper primarily exists in a monovalent oxidation state

within a cellular environment with negligible amountsai divalent oxidation state.

2.4 Conclusions

A combination of standard fluorescence microscopy experiments together with
SXRF elemental imaging served to validate the integrity of GLARs a Cu(b
fluorescent probe. Fluorescence correlation of the cegpgeendent intracellular
staining pattern observed for CTAP with immunelabeled intracellular organelles
provided compelling evidence for the existence of kinetically labile copper pools
localized within the mitochondria and tkBolgi apparatus. Furtheiwne, SXRF copper
topographic maps correlated strongly with CFARuorescence and additionally showed
striking similarities with the XRF sulfur topography suggesting a possible sudfur
coordination environment for intracellular copper. MicroXANEScs$ge confirmed the
predominance of loveoordinate, monovalent copper throughout the cell and are
inconsistent with a majority of this copper being coordinated to metallothionein or

glutathione.
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2.5 Materials and Methods

Materials andCell Culture

The fluorescent probe for copper was synthesized and characterized in vitro by
Dr. Maged Henary and Dr. Liuchun Yang.

Mouse NIH 3T3 cells were cultivated in DMEM supplemented with 5% calf
serum and 200 mM.-glutamine. Copper uptake studies were performed in the same
medium but supplemented with 150 pM copper(ll) chloride. For the staining
experiments cells were incubated with 10 uM CTARIn DMEM) for 50 min at 37°C,
washed with PBS, and fixed with 3.78araformaldehyde for 30 min before mounting on
slides with ProLong (Molecular Probes). For immunofluoresceneleaaization, NIH
3T3 cells were fixed (3.7% paraformaldehyde, 30 min), permeabilized (0.2% Triton X
100, 2 min), and incubated with either mse antiGS28 IgG1l (Stressgen Bioreagents,
Victoria, Canada) or mouse ai@xPhos complex V IgG1l (Molecular Probes) primary
antibodies (1:500 dilution, 1 h), respectively, and goatraotise IgG Alexa Fluor 546
(Molecular Probes) as a secondary antibaoljoWing a standard immunofluorescence
protocol. After the last washing step, the cells were further incubated with 10 uM-CTAP
1 (in PBS, filtered) for 50 min at room temperature. The cells were imaged with a Zeiss
Axiovert fluorescence microscope equigbwith a standard filter set (DAPI, FITC,

RITC).
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Reversibility of Fluorescence Response upon Competitive Chelation of Cu(l) with 3,6
dithia-1,8-octanediol (DTO)

To test whether the fluorescence enhancement upon addition of Cu(l) to- CTAP
is indeed de to Cu(ljcoordination, we utilized DTO as competitive exogenous chelator.
Mouse NIH 3T3 fibroblast cells were grown on awidshed coverslips to 50%
confluency in Dulbeccods modified Eagleds m
calf serum and 200 mM-glut a mi ne . Upon addition of 150 ¢
cells were incubated for an additional 12 hours. After washing twice with phosphate
buffered saline (PBS), the cells were fixed with 3.7% paraformaldehyde for 15 min,
washed again with PBS, andinbat ed for 50 min witlhina 2 &M
PBS) in the presence or absence of 10 mM DTO. To guarantee a meaningful quantitative
assessment of the intracellular fluorescence emission intensities, both incubation
solutions were prepared fromthame 2 €M stock -BmlPBS.i on of
Furthermore, to minimize artifacts due to leakage of the dye into the surrounding
mounting medium, the cells were mounted on glass slides by using the incubation
solution that contained exactly the same conceaatratf CTAR-1. The fluorescence
emission intensity of the CTAPIbaded cells was quantitatively inspected with a Zeiss
Axiovert fluorescence microscope equipped with a standard filter set (DAPI) and a
cooled CCD camera (CoolSnap HQ, Photometrics). Tleeage fluorescence intensity
was determined based on regofrinterest (ROI) analysis of individual cells using the
guantitative image analysis software package IMAG&T]. For each incubation
condition a total of 40cells was analyzed, and the average fluorescence intensity

distribution was plotted as histogram. The copper loaded control cells showed a
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distinctly different average fluorescence intensity, which is approximately 50% higher (p

< 0. 0001 ;-tespcomparedwitroDs Qreated cells.

Microprobe Xray Fluorescence Microscopy (SXRF)

Scanning xray fluorescence (XRF) microscopy was performed at beamiibe 2
D of the Advanced Photon Source at the Argonne National Laboratory. Incidays x
of 10 keV(1 eV + 1.602 x 18 J) energy were chosen to excite elements from P to Zn. A
Fresnel zone plate focused theay beam to a spot size of 0.2 x 0.2 quom the
specimen, which was rastecanned47]. XRF from the specimen was captured with an
energy dispersive Ge detector. Spectral analykthe fluorescence spectrum of each
raster pixel then provided spatial images for each ele[8&ht At the hard xay regime,
biological cells do not cause significant absorption or beam spreading, hence no
specimen thinning is required, and the fluorescamage represents a twbmensional
projection of the volumetric distribution for each element. For sample preparation, cells
were allowed to attach to the formvar layer of a gold electron microscopy (EM) grid.
Upon treatment with CTAR as described abey cells were washed in PBS, fixed in

methanol acetone (1:1) at 20°C for 2 min, and then air dried.

Microprobe XRay Absorption NeaEdge Structure (microXANES)
Once an interesting area was identified in the XRF image, microXAM&Svas
performed by scanning the energy of the incidenhyacross the Cu K edge 8.979

keV). The zone plate and the specimen remained stationary duringedmurement,
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which ensured that the illuminated area was fixed during the energy scan, although slight

defocusing increased the spot size to 0.25 x 0.25 um
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CHAPTER 3
INVESTIGATING LABILE ZINC POOLS WITH
RATIOMETRIC FLUORESCENT PROBES

3.1 Biological Relevance of Zinc

Divalent anc is set apart from other transition metals by its lack of color, redox
inactivity within the physiologially accessible potential rangand its failure to provide
stability or inertness to its complexgg,[2]. Becauselivalentzinc is characterized by a
completely filled dshell, Zn(ll) chemistry involves no ligand field effects thereby
providing Zn(Il) complexes with relatively low thermodynamic stability and alde t
achieve low activation barriers in terms of reactiJity. Furthermore, compared with
manganese, chromium, nickel, arapper,Zn(ll) forms relatively soluble complexes and
may be readily found in all watef&]. The above properties, combineenderzZn(ll)
with the attractive properties of availability, mobility, and versatility for participatiray in
large number of biological rolgd]. Whether playing a structural role as in #ll)
finger proteins or, in a lesser number of cases, a functional role in enzym@s3,
assumes a larger number of roles than any other metal in living orgdfhjsnhsdeed, as
of 2007, over 12% of the proteins listed in the Brookhaven Protein Data Base (PDB)
contained Zn(Il)[1]. Consequently, Zn(ll) is ubiquitous in nature and is an absolute
necessity for the vitality of living organisms.

The biological roles for Zn[) are both abundant and divergd]. The
intracellular requiremerfor Zn(ll) is revealed through its participation lboth structural

and functional roles iB-10% of proteins in the mammalian genof#ge5]. Additional
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roles for Zn(ll) in processes such as DNA/RNA synthesis, cell division, and apoptosis
have also been reportd@-12]. The biological significance of this metal farther
underscored by the pathological conditions of severe growth retardation and impaired
brain and immune function, which manifest fran(ll) deficiency[13, 14] Moreover,

reports have also suggested a roleZo(ll) in both thealleviationand development of
diabetes, although the underlying molecular mechanisms governing these functions
remain poorly understogd5, 1. Hence, it is not surprising that cells have developed
sophisticated homeostatic machinery to ensurezihdt) is present in amounts necessary

for proper cellular functioning but does not accumulate to excess.

Intracellular Regulation of Zinc

The large number of proteins dedicated to the transpod buffering of
intracellular Zn(Il) levels illuminate both He significance and complexity &n(ll)
homeostasis (Figurgl) [3, 17, 18] The homeostatic machinery consists of 10 members
of the ZnT (ZA* transporter) family, 15 members of thePZ|Zrf* regulatory transporter,
iron regulatory metal transportéke protein) family, and 3 distinct isoforms of
metallothionein (MT)[3, 17, 18] The rapid exchange @n(ll) with the extracellular
medium as well as the existence of multiple pathwaysZfufil) uptake and export
suggests the existence of significant rolestoth exchangeable Zhions andZn(ll)

transporters (ZnTs) in intracellular physiology and pathickigonditions[3, 17, 18]
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Figure 3.1: Zn(ll) Trafficking in Mammalian Cells. Reproduced from referejide

Intracellular Labile Zinc Pools

The family of ZIP proteins mediates Zn(ll) uptake from the extracellular
environment into the cytoplasf®9]. Once inside the cell, Zn(Ilhay localize to one of
four available poolsof small molecules or proteing, 16, 2022]. A major pool
comprisesmetallothionein(MT) proteins which buffer Zn(ll) at two distinctly different
concentrations of 5 x I0M™ for the more loosely bound Zn(ll) and 6L&"* M for the
more tightly bound Zn(11J23]. The zZnT family of proteins both exports Zn(ll) from the
cytosol to the extracellular environment mediates the delivery of Zn(lImajor
intracellularorganelles sutas the mitochondria, golgi apparatus (GA), and endoplasmic
reticulum (ER) wher&n(ll) is provided to its necessary proteins and enz)[B\ek6, 20

22]. These organelles may additionally serve to sequé&si@l) into pools forZn(ll)
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storage and/or detoxificatidB, 16, 2022]. Finally, ZnT proteinsuch as SOD and MT
may alsotraffick Zn(ll) into more specialized orgalfes such as secretory granules
insulin granuleq43, 16, 2022]. Given the abundance of higtffinity cytosolic Zn(ll}
binding proteins,intracelldar labile Zn(ll) concentrations arestimated to be in the
subnanomolar concentration range and are thus often difficult to investigate effectively
[2, 4, 22] This low concentration combined with the complexity of Zn(ll) transport
machinery render the development of sensitive methodologies for studying labile Zn(ll)
pools a wortlvhile endeavor for acquiring a more complete understanding of the storage,

uptake, and mechanisms involved in Zn(ll) homeostasis.

3.2 Fluorescent Probes for the Detection of Labile Zinc

Numerous fluorescent probes have been developed for the detection IpfirZn(l
biological systems (Table 3.1), and their widespread application has provided a wealth of
information regarding the nature of labile Zn(ll) pof24]. More recently, genetically
encoded Zn(ll) sensors with specifarget sequences and conjugated to green fluorescent
protein (GFP) or a GFP variant as the reporter molecule have emerged and provided
details of the physiological function of labile Zn(ll) in various sglular compartments
[25, 26] Although the development and application of Znfélective fluorescent
probes have been largely successful, the majority of these sensors remain plagued with
various drawbacks often characterized by a requirement for UV excitation and/or
equivocal fluorecence responses toZnwhich render them essentially unsuitable for
obtaining accurate quantitative information. Therefore, the design of new fluorescent

probes for labile Zn(Il) remains an ongoing area of intense research.
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Table 3.1: Thermodynamic and phophysical poperties of Zn(Il)selective probes
commonly applied in biology.(f) denotes the free ligand arfd) denotes the Zn(l4)

bound ligand.
Zinc Probe Structure Ex/Em A (nm) | Quantum Yield Binding Affinity Application (s)
370/ 490
[Zalewski, 1993; wide range of biological
Zalewski, 1996; applications for determining the
Zinquin ester 02S\NH Zalewski, 1994; a role of labile Zn(II) pools
Kimber, 2000; [Zalewski, 1993; Mahadevan,
/@Nj/ Hendrickson, 1995; Ranaldi, 2002]
2003]
Et00C" 0 Z
N(HICH,COK N(CH;COK),
©/OCHZCH20\© wide range of biological
. L, < 0.005 () applications for determining the
FluoZin-3 . F o LGS0 0.43 (®) 15AM role of labile Zn(II) pools [Gee,
O ‘ 2002; Gee, 2002; Muylle, 2006]
KO 0 0
X
NI P detection of synaptically
H released Zn(Il) in rat
i S N O 490 /574 (f) 0.023 () 2.7 nM hippocampal slices [Hirano,
o | Ns COOH 492/ 514 () 0.36 () " 2002] and various cellular
“Z O X O applications [Hirano, 2000;
o o 5 Hirano, 2002]
L
E N F imaging endogenous Zn(Il)
502/521 0.15 ools localizd within rat
ZP3 Ho ® 01;\[0 0 0 0.7 nM P !
q . . S 492 /516 (b) 0.92 (b) hippocampal slices [Chang,
N A SN
5
NN A [ ratiometric detection of Zn(II)
ZnlC i o™ (@ 513 /543 (f) 0.80 () 13pM . in culture ce!ls and in rat
(N 513 / 558 () 0.76 (&) hippocampal slices [Komatsu,
Ny 2007]
X
o
H w lications investigating th
» AN PP applications investigating the
AT Q NN,@ I)(\T 365 /494 () 0.012 () 0.5 nM release of presynaptic Zn(Il)
n NS ocH, 365/ 499 () 780/ 0.65 () ’ stores from rat hippocampal
N/é 499 (») slices [Kim, 2008]
~

Ratiometric Fluorescent Probes

Several factors including the properties of the illumination source; the optical and

spectroscopic characteristics of the microscope; and the resolution, sensitivity, and
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signalto-noise ratio achieved by the detector complicate the quantification of)Zn(ll
concentrations based on the fluorescence emission resfrise Furthermore, the
fluorescence intensity of a fluorophore may be attenuated Hmtopleaching that
accompanies illuminatigrs sensitive to the physical environment, and is often affected
by interactions occurring between fluorophore moieties when present at high
concentrationg27]. Due to the large number of factors confounding the accurate
guantification of fluorescence intensity, probes that undergo a change in fluorescence
emission intensity upon selectively binding a particular analyte are effectively sefiyl u

for obtaining qualitative rather than quantitative information.

Fluorescence ratio imaging offers a unique opportunity to acquire quantitative
information from a fluorescent prob7]. Fluorescent probes that demonstrate a
spectral shift upon binding analyte effectively circumvent the problems typically
associated with quantifying fluorescence because the free ligand can be chromatically
distinguished from theanalytebound form([28, 29] Fluorescence rat microscopy
hence involves collecting two fluorescence images and relating the analyte concentration
to the intensity ratio of the two imag¢a7]. The field of réiometric imaging was
originally introduced by Tsien and -egorkers with the development and application of
calciumselective fluorescent probes designed for accurately quantifying intracellular
levels of C&"[28, 30] For example, thevidely applied calciunselective probe, furg,
undergoes a shift in the fluorescence excitation spectrum to shorter wavelengths upon
binding C&" (Figure 3.2), while maintaining a steady fluorescence emission maximum
wavelength[30]. As illustrated with Equation (1), the free Zn(ll) concentration can be

directly related to the intensity ratios:
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[M™] = Ka(( F- Frmin)/(Fmax- F)) (1)

whereKy is the dissociation constant of the mgiedbe complex, anlm,in and Fnax are

the minimum and maximum intensity for the free and saturated probe, respectively.

Excitation spectrum of fura2 as a function of [Ca”J
in 115mM KCI, 20mM NaCl, 1mM free Mg, pH7.05, 37°

0r 0.1 mM

N(cH.co0™), N{cH.CO07),
OCHCH,0
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Figure 3.2: The excitation spectrum of fu& shifts upon binding calcium ions. The
excitation maxima shifts toward 340 nm as the amount of calcium increase§ The
emission was monitored at 505 nReproduced from refereng0].

Although ratiometric probes have been developed féf @rable 3.1), only a few
have been applied successfully to biological systems and their development remains a

strongly pursued area of research.
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Two-Photon Excitation Microscopy (TPEM)

With better depth penetration and excitation in the near infrdRd t(vo-photon
excitation microscopy (TPEM) is growing in popularity because of the distinct
advantages it offers for bimaging applications compared with traditional fluorescence
imaging, which uses singlghoton excitation[31]. Two-photon absorption (2PA)
involves the simultaneous interaction of two photons which increasebneanly with
the square of the light intensity, whereas 1PA depends linearly on the in{82si§].

Away from the focal plane, the TPE efficiency drops rapidly so that no fluorescence is

emitted (Figure 3.3b) and thregmensional image resolution is achieyda-36].

Figure 3.3: Localization of excitation by twqhoton excitation (TPE). (a) Singl
photon excitation of fluorescein by focused 488 nm light (0.16 NA). (b)-phaion
excitation using focused (0.16 NA) femtosecond pulses of 960 nm ligReproduce
from reference [31].

D

—

For TPE, two photons of approximately equal energy interact with a molecule,
producing an excitation equivalent to the absorption of a singleophpossessing twice
the energy (Figure 3.332-36]. Therefore, the twgohoton process only requires half the

energy or twice the wavelength to excite the fluorophore and therefore offers improved
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depth penetration in scattering media, reduced phototoxicity, and negligible background
fluorescencd32-36]. Furthermore, TPEM is characterized by a localized excitation (fL
excitation volumes) and presents an expanded wavelength accessibilityosif m
fluorophores[32-36]. These characteristics render TPEM patrticularly attractive for live
cell imaging studies and imaging tissue samebiomedical researdB2-36].

Although presumablymost fluorophore platforms can be used for TPEM
applications as labels or fluorestgmobes they havetypically not been optimized for
TPEM applications.The brightness of a fluorescent dye is defined by the product of the
guantum yield If) and absorption cross sectiaf)[82-36]. While the quantum yield can
be assumed as independent of the excitation mode, the cross section follows different
guantum mechanical rules for ntinear twophoton excitation versus oiphoton
excitation processg82-36]. Consequently, optimizing the cross section of a fluorophore

for TPEM is required in order to improve its optical sensitivity and brightness.

Given the advantages offerddy TPEM combined with the unique opportunities
presented by fluorescence ratio imaging compared with the tmamligiond fluorescence
enhancementpproach a fluorescent probe incorporating both attributes would be ideal
for biological applications. $gematic optimization of the TPA cressction and Zn(IF
induced fluorescence shift led to the development of probe32BL(Figure 3.4)37].

The goal of the present study wtwereforeto characterize the intracellular Zndl)
induced fluorescence shift of 326 and ultimately determine its ability to dynamically
monitor subtle changes occurring in the both the extracellular and intracellular Zn(ll)

environment$29].
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Figure 3.4: Schematiof Zn(ll)-selective ratiometric probe with optimized typboton
absorption (TPA) cross section.

3.3 Optical Sensing ofZinc

Measurements performed vitro of the TPA cross section revealed a maximum
absorption of both the free ligand and Znf@und lgand centered around 710 nm
(Figure 3.9, while the Zn(Il}Ybound ligand also showed substantially higher absorption

than the free ligand at wavelengths around 850 nm or higher (Figire 3.
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Figure 3.5: Two-photon absorption (TPA) crosection of SE326. (blue)TPA of the
free ligand(86.3 uM SL-326) and (red) TPA of th&L-326 saturated with Zn(Il) (10
MM) measured in PIPES (10 mM), KCI (0.1 mM) buffer at pH 7.05. Data provid{

3
bd by

Dr. S. Sumalekshmyuhpublished resuljs

Investigation of the probe respongeZn(ll) showed a maximum fluorescence

emission of 482 nm for the unbound probe and a maximum fluorescence erfdskin

nm characterized by substantially higher intensity in the presence of increasing amounts

of Zn(ll) ions(Figure 36).
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Figure 3.6: Fluorescence emission spectof SL-326 as a function of Zn(ll
concentration with excitation at 358 nm(blue) Fluorescence emission of the ffee
ligand (86.3 uM SI1-326) and (ed) in the presence of increasing amounts of Zn(i¥) (0
10.3 pM) measured in PES (10 mM), KCI (0.1 mM) buffer at pH 7.05.Datal
provided by Dr. S. Sumalekshriynpublished resulis

For characterization of the dye properiiesitu, NIH 3T3 mouse fibroblasts were
pre-loaded with 10 uM St326 in basal growth media and received ezitho additional
treatment or were supplemented with 100 uM Zg&0 uM pyrithionefor 30 minutes
The cells received mild fixation for 5 minutes with 3.7% paraformaldehyde (PFA) and
were washed and subsequentigunted onto slides for TPEM. wavelengthemission
scan was then performed for each sample using 760 nm for excitation and 20 nm
intervals between channels ranging from 415 nm to 587 nm for collecting the

fluorescencemicrographs The fluorescence images paralleleditheitro measurenents
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indicating a similar emissiomaximum for the free ligand (Figure73.as well as the

Zn(l)-bound ligand (Figure 8).

437-458 nm : 458-480 nm 7 -._480-501 nm

501-522 nm 522-544 nm 544-565 nm 565-587 nm

Figure 3.7: Fluorescence emission of §326 in fixed NIH 3T3 mouse fibroblas
grown in basal mediaExcitation at 750 nm was used aneimission was collected
separate channels at approximately 20 nm increments.

437-458 nm 458-480 nm 480:50] nm

- Ws522,544 nm™;

§ W

& |

grown in media supplemented with 100 uM ZnSKOD pM pyrithionefor 30 minutes
Excitation of 50 nm wa& used and emission was collected in separate chanr
approximately 20 nm increments.

Figure 3.8: Fluorescence emission of S426 in fixed N”H 33 moue fibrlas.ts

els at
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3.4 Probing Labile Zinc Under Various Growth Conditions
Live cell imaging can be used to visualize the dynamics of the fluorescence
response of a probe in reahe. Dyramic imaging thus overcomes many of the
limitations experienced with fluorescence microscopy experiments in fixed cells such as
a potential redistribution of the fluorophore upon chemical fixation as well as leakage of
the dye due to compromised plasmanmbeane integrity fixation. Consequently, the
following studies involve timdapse imaging of NIH 3T3 mouse fibroblasts fwaded
with1l0 yM SI-326 wunder various conditions in order

live cells.

Dynamic Imaging of Zn(ll) with SL-326

In a series of timdapse imaging studies, the ability of 826 to monitor changes
in intracellular labile Zfi" was tested. Specifically, timepse sequences were acquired
of NIH 3T3 mouse cells prlwaded with 10 uM St326, followed by a pdusion with
ZnSQy:pyrithione (100 uM:10 uM), a perfusion with a cell permeable,-floorescent
Zn(ll) chelator, 50 uM TPEN( N, N, -tetéakidlépyridylmethyl}ethylenediaming)
and finally a second perfusion with Zn8g@yrithione (100 uM:10 pM). Priorto
perfusion with Zn(ll), the ratio imagesshowed a rather uniformvith higher ratio
intensity throughout the cell cytoplasm and some areas in the perinuclear (fegime
3.9) with a fluorescence emission ratio of approximately (Fiyure 310). Immediately
following perfusion with ZnS@pyrithione (100 uM:10 pM), St326revealed increased
ratios in areas where it was localizgdrigure 39) and a distinctive increase in its

fluorescence emission ratio reaching a maximum of rougtiy (Figure 310). The
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intracellular selectivity and observed response o336 to Zn(ll) was further validated

by a reversal of the observed intracellular fluorescence intefBigure 39) and

emission ratio close to the initial value of IFgure 310) following perfusion with 50

MM TPEN ( N, N, -tétdakigPépyridylmethyl}ethylenediamine) Furthermore, a

second perfusion with ZnS@yrithione (100 uM:10 pM) enabled an almost complete

recovery of theprevious ratio respons@-igure 39) and emission ratiovalue (Figure

310t hereby providing additional confirmation

environment.
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Figure 3.9: Time lapsefalse color ratiomages of 10 uM Si326 in NIH 3T3mouss
fibroblasts. Cells were perfused with 100 pM ZnS0O pM pyrithione fol
approximately 1.5 minutes total. The selected images illustrate the ratiometric G
in the fluorescence emission of 826 upon exposing the cells toZn Ratio image
by Soars (see text for details).
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Figure 3.10: Time course dynamics of 10 uM S326 in NIH 3T3 mouse fibroblasts.
Cells were perfused with 100 uM Zn&@0 puM pyrithione followed by perfusion with
50 uM TPEN and a final perfusion with 100 uM Zn8TD uM pyrithione again. The
graph illustrates the relative changes in the fluorescence ratio prior to anqd upon
perfusion with ZA" or TPEN.

Image Processing

Although the intracellular fluorescence signal of-&6 was distinctive and
relatively stable wh respect to photobleaching, data acquired via time lapse imaggng
inherentlynoisy due to fast acquisition timasd noise amplification in the ratio images.
A multivariate statistical optimization analysis for ratiometric signals (SOARS) method
was recently developed specifically for elucidating highly resolved spatiotemporal
information from ratiometric timéapse data setf88]. SOARS has been successfully

applied to data sets acquiredrframaging ratiometric fluorescent indicators of calcium
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spikes in PCL2 cancer cell§38] as well as zebrafish spinal neurd®9] and FRET
imaging data fronbrosophila melanogastgpostfeeding larvagd0]. Given its reported
successeg38-40], the SOARS method implemented into MATLAB was used for
processing timdapse imaging sequences in order to reduce or eliminate noise
interference and to highlightefrtrue performance of S826 in living cells.

The SOARS anal ysi s il nvol ves: A(1) Stan
fluorescence signals from two wavelengt®) Performance of a SVD on the
standardized, subtracted datd) Statistical selection of eigenages (4) Reconstruction
of the ratio using only statistically significant eigenimages (a denoised, or optimally
filtered, ratio) [38, 39] oStandardization is applied to fluorescence data sets acquired
from the same spatial regions and ggtwo data sets in which pixel tireeurses in one
data set will be anttorrelated with pixels in the other data set if there is a signal present
[38, 39] A pixelby-pixel subtraction of the two data sets produces a single data set
representing any antiorrelation occurring in the sequenf28, 39] Singular value
decomposition (SVD) on the standardized, subtracted data set generates a series of
eigenimages whose tireurses in the standardized data set will be @tielated in the
presence of signdB8, 39] In other words, the eigenimages represent weighted masks
showing the spatial distribution of asttorrelation in the standardized, subtracted data set
[38, 39] Projection of the statistically significant eigenimages, or those representing any
anticorrelation, into the original da set after standardization yields a substantially

higher resolved data set with respect to the original [@8t39]
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Prior to data processing with the SOARS method,lepse sequences of &26
revealed an obvious increase upon addition of ZnS® and decrease after application
of TPEN in the intracellular fluorescence intensity but sdellined intracellular regions
with distinctive responses were not obvious. Applying the SOARS method to the data set
enabled the selection and projectiorstatistically significant eigenimages onto a filtered
data set containing only artdorrelated information thereby yielding a significantly less

noisy timelapse sequence

3.5 Eliminating Potential Artifact Contribution to Probe Response

In vitro studies reealed the probe responds to protonation in way similar to its
ratiometric response to Zn(ll). Lysosomes are characterized by the presence of a large
number of acid hydrolases and play major roles in the digestion and processing of non
native intracellula materials[41, 42] The intracellular probe distribution ape
relatively vesicular, so the probe could be localized within lysosomes and consequently
responding to protonation rather than zZn(ll).

Lysotracker dyes are often used in biological studies for labeling acidic organelles
and compartmentsn either fixed or live cells. The lysotracker dyes have been
particularly utilized for celocalization studies with fluorescent probes for various metals
including calcium[43] and Zn(ll) [31, 4447] due to the ofterpunctatefluorescence
distribution of these sensorsin order to determine if SB26 was localized within
lysosomes, we used standard fluorescence microscopy to investigate the amount, if any,
of co-localization between SB26 and LgoTracker Red (LTR) in NIH 3T3 mouse

fibroblasts. The results suggested a substantial amount d@dcadization between SL
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326 and LTR (Figure 31), a resultconsistent with othdiuorescent probes selective for

Zn(1l) including both zinquirj44] and FluoZin3 [45].

Figure 3.11: Co-localization of SE326 with intracellular vesicles in NIH 3T3 mouse
fibroblasts grown in basal media. (Left) Epifluorescence image e3Zfexcited af
850nm using a multiphoton confocal laser. (Center) Epifluorescence image of vgsicles
labeled with LysoTracker Red (LTR) using an excitation of 543 nm. (Right) O\erlay
image indicating the amount of -docalization between SB26 and LTR in
orange/yellow cair.

However, LTR presumably stains all acidic vesicles including both acidic
endosomes and lysosomes. Furthermore, the mechanism by which LTR is retained in
acidic organelles is not well understood. The significant amount ddazdization
observed btween SE326 and LTR may actually be the result of an artifact imposed by

LTR.

Lamp-1l (lysosomeassociated membrane protdihis a major glycoprotein of
mouse NIH 3T3 cells that is specifically associated with the lysosomal menjd&ine
In an attempt to unequivocallgstablish whether SB26 localized within lysasmes, ce
localization andmulticolor fluorescence microscopy were performed with LarBYIFP.

In these studies, LamYFP was transfected into cells andlooalization with SE326
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was subsequently analyzed via fluorescence microscopy following suffexgnéssion

of LampEEYFP. Transfection rather than immunofluorescence (IF) labeling of lamp
was used to avoid a potential-destribution of SL-326 that could result from the
permeabilization step required for IF preparatidhe fluorescence imagedustrated

only a small amount of etocalization occurred between LamgyYFP and SE326
(Figure 312), unlike that observed with LTR (Figureld). These results strongly imply

the probe is localized somewhere other than within lysosomes in NIH 3T3 mouse

fibroblasts.

¥ LAMP1-YFP OVERLAY

Figure 3.12: Co-localization of SE326 with acidic vesicles in NIH 3T3 moupe
fibroblasts grown in basal media. (Left) Epifluorescence image e3Zfexcited
850 nm using a multiphoton confocal laser. (Center) Epifluorescence image off acidic
vesides labeled with LampYFP using an excitation of 488 nm. (Right) Overjay

image indicating the amount of-docalization between SB26 and LampilYFP.

In an effort to determine if the proton gradient generated by the vadyp&aH -
ATPase was necesyafor the vesicular fluorescence distribution of-326, time lapse
microscopy was used to follow the potential localization changes occurring f8R6L
upon perfusion with 200 nM bafilomycin. Bafilomycin is a drug that specifically inhibits
the vacuolatype H-ATPase responsible for acidifying endosomal compartments
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including lysosome$49]. In these experiments, cells were first perfused with 100 pM
Zn** in order to achieve a maximum ratiometric probe response followed by a perfusion
with bafilomycin to investigate specifically whether the observed probe response would
be affected. In order to ascertain the selected conditions were sufficient for effectively
inhibiting the vacuolatype H-ATPase, the same procedure was executed with
LysoTrackerRed (LTR) rather than SB26 as a control.

Time lapse imaging revealed only a negligible reduction in the fluorescence ratio
of SL-326 upon treatment of the cells with bafilomycfRjgure 3.13 and Figure 3.14)
while the punctate fluorescence patterrtiatly observed for LTR was considerably
diminished (Figure 3.15 and Figure 3.16) The virtual disappearance of all LTR
fluorescence upon bafilomycin treatment firmly established the conditions were
appropriate for effectively inhibiting the vacuolype H*-ATPase. The results therefore
strongly insinuated that the fluorescence ratio change observed-g2&Slas genuinely

from selectively binding to Zf rather from an artifact induced by protonation.
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Figure 3.13: Time lapse image®f 10 uM SL-326 in NIH 3T3 mouse fibroblastg.

Cells were perfused with 100 uM Zn%Qollowed by a perfusion with 400 n
Bafilomycin. Theselected imagedlustrate theratiometric changes in the fluoresce
emission of SE326 prior to and upon perfusion with 100 uM Zng@nd 400 nM
Bafilomycin.

ice
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Figure 3.14: Time course dynamics of 10 uM S326 in NIH 3T3 mouse fibroblasts.
Cells were perfused with 100 uM ZngQollowed by a perfusion with 400 n
Bafilomycin. The graph illustrates the relative changes in the fluorescercefrsii-
326 prior to and upon perfusion with 100 uM Znsé&nhd 400 nM Bafilomycin.
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Figure 3.15: Time lapse imagesf 60 nM LTR in NIH 3T3 mouse fibroblasts. Cg
were perfused with 100 uM ZnQ@bllowed by a perfusion with 400 nM Bafilomyc

The selected images illustrate tlubanges in the fluorescence emission intens
LTR prior to and upon perfusion with 100 uM Znsénd 400 nM Bafilomycin.
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Figure 3.16: Time course dynamics of 60 nM LTR in NIH 3T3 mouse fibroblgsts.
Cells were perfused with 10QM ZnSQ, followed by a perfusion with 400 nM
Bafilomycin. The graph illustrates the relative changes in the fluorescence erpission
intensity of LTR prior to and upon perfusion with 100 uM Zngs@nd 400 nM
Bafilomycin.

3.6 Correlative Optical Fluorescenceand X-ray Fluorescence Imaging

Preliminary experiments revealed that the fluorescence ratio-88lcorrelates
directly with the availability of Zn(ll) in the growth media or with the mobilization of
Zn(ll) from intracellular storage sitesTo determineif the observed increase in the
fluorescence ratio was undeniably due to alterations in the intracelnéi)
distribution, a series of SXRF scans were performed at -2 beam line of the

Advanced Photon Source (APS) located at Argonne Naticadaddatory (ANL).
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NIH 3T3 mouse fibroblasts were grown on an electron microscopy (EM) silicon
nitride (SgN4) window that was preoated with poldysine in basal growth media,
incubated with 10 uM S1326 for 10 minutes, washed quickly with - P8S, andfixed
for 5 minutes with prevarmed 3.7% paraformaldehyde (PFA). Following treatment with
SL-326 and fixation, cells were imaged by #photon excitation microscopy (TPEM),
air-dried, and shipped to ANL for SXRF imaginhe degree of ctbcalization betveen
the fluorescence distribution of &226 and the SXRKZn(ll) topography was then
evaluated for cells grown under basal growth conditions. The TPE images3#6SL
were obtained using an excitation of 850 nm, a wavelength at whidnigienesf the
free ligand is substantially lower than that of the ligand bourzh{tl) (see sectio.3).

Although a minor distortion of the cellular morphology occurred as a result of the
drying step required for SXRF analysis, careful examination of the fluorasce
micrographs revealed a substantial amount oflocalization between SB26
fluorescence and the SXREn(Il) distribution (Figure 3.7). Notable celocalization
occurred in the perinuclear region andithin structurally defined regions in the

cytoplasn (Figure 3.7).
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Figure 3.17: Falsecolor micrographs of a single cell grown in basal media and trpated
with SL-326. (Left) Epifluorescence image acquired with an excitation wavelength of
850 nm. (Center) XREZn(ll) map. (Right) XRF copper map. The relative imgiies
increase from blue to red.

Interestingly, comparison of the S426 fluorescence pattern with the SXRF
copper map revealed striking similarities between the two fluorescence micrographs
suggesting that areas of intracellular labilé*Zmools may &o be characterized by the

presence of copper pools or coppeund proteins.

3.7 Investigating Intracellular Probe Localization
In an effort to assess the intracellular localization 0f326 and consequently
reveal information regarding the location abille Zn(ll) pools, a series of elmcalization

studies were performed with several labels for intracellular organelles and structures.
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SL-326 produced a strong fluorescence pattern, which was structural in nature,
throughout the cell cytoplasm.

Given the known distribution of the mitochondria throughout the cell cytoplasm
(Figure 3.B, center), cdocalization of SE326 and this intracellular organelle, which
was labeled with MiteAcGFP, was performed Results illustrated a substantial degree of

overlg between Si326 and MiteAcGFP (Figure 3.18)

MITO-AcGFP OVERLAY

Figure 3.18: Co-localization of SE326 with the mitochondria in NIH 3T3 mouke
fibroblasts grown in basal media. (Left) Epifluorescence image e3Zfexcited af
850 nm using a multiphoton confocal laser. (Centgpjfluorescence image of the
mitochondria labeled with MitdA\cGFP using an excitation of 488 nm. (Right) Oveflay
image indicating the amount of -docalization between SB26 and MiteAcGFP.

Given these studies were performed on cells grown under tasditions, this
observation provides support for the existence of labife Bools in the mitochondria
undernormal cellular physiology Evidence for mitochondrial stores of labda(ll) was
previously provided studies in yeast c¢88] as well as neuronal mitochondftil], also

performed under basal growth conditions.
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Since a considerable amount of the probe fluorescence was in areas clearly
distinct from regions with mitochondria, another-looalization study was performed
between SL-326 and the Endoplasmic Reticulum (ER), which is also localized
throughout the cell cytoplasm (Figure 8.Tenter). In this experiment, the fluorescence
from SL-326 was correlated with fluorescence from a-pelimeable dye, ERracker
Green, designetbr specifically labeling the ER in cellsSimilar to the mitochondria,
SL-326 fluorescence correlated well with areas containing ER structures as indicated by
the yellow color in the overlay image (Figure ®,ltherebyalssuggesting the existence

of labileZn(ll) pools within the endoplasmic reticulum.

" ER-TRACKER

Figure 3.19: Co-localization of SE326 with the endoplasmic reticulum (ER) in NIH
3T3 mouse fibroblasts grown in basal media. (Left) Epifluorescence image-326pL
excited at 850 nm using a multiphotooanfocal laser. (Center) Epifluorescence image
of the mitochondria labeled with ERracker Green using an excitation of 488 pm.
(Right) Overlay image indicating the amount oflooalization between SB26 and
ER-Tracker Green.

The presence of labilgn(ll) within the ER was previously reported in a study
illustrating a growth factor stimulated release of‘Zinom the ER in mast cell52] as
well as in a report suggesting a role for #ll) transporter, ZIP7, in releasing Zn

from the ER in MCF7 breast cancer cell$9].
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In another study, SI326 ceclocalized slightly with Rab5 associated endosomes

labeled with Rab5nRFP (Figure 20).

Rab5-mRFP Overlay

Figure 3.20: Co-localization of SE326 with the Rab5 vesicles in NIH 3Ti@ouss
fibroblasts grown in basal media. (Left) Epifluorescence image e3Zfexcited at
850 nm using a multiphoton confocal laser. (Center) Epifluorescence image of the Rab5
vesicles labeled with Rab®mRFP using an excitation of 543 nm. (Right) Oveflay

image indicating the amount of-docalization between SB26 and RabsSnRFP.

Although labilezn(ll) pools have not previously been directly linked with Rab5
containing vesiclesZn(ll) was previously reported to be essential for the fusion of
endosomesan event required for the transport of molecules along the endocytic and

secretory pathway$3].

3.8 Dynamic Imaging of Intracellular Labile Zinc

Intracellular oxidative or nitrosative stress conditions are known to cause
disturbances in normal intracellular Zn(ll) homeostatic pathways. For instance, treatment
of cells with low levels (< 500 uM) hydrogen peroxide,(@4) was found to indce a
cytoplasmic release of labin** ions, while high levels of ¥0, (1 mM) led to labile

Zn** release from the nucley$4-56]. Moreover, another study reported apObl
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stimulated release afn® intracellular metallothionein (MT) ligandis7]. Given the
aforementioned reports of,8, induced alterations in intracellular ZA homeostasis,
dynamic imaging was employed for following the ratiometric fluorescence change(s) for
SL-326 n NIH 3T3 mouse cells perfused with 100 uMG@4.

In these experiments, cells were{waded with 10 uM S£326 and mounted into
the perfusionchamber for time lapse imaging. Following an initial tilapse image
acquisition series of SB26, NIH 3T3 mose fibroblasts were perfused with 100 pM
H,0, for approximately five minutes. Similar to perfusion studies with 100 pif,Zn
ratio imagesalmost instantaneously showed a dramatic increase in the fluorescence
emission ratio upon exposing the cells tgOkWl The fluorescence ratio continued to
increase until théull amount ofH,O; solution was perfused after which the fluorescence

ratio eventually reached a maximum of about 2.0 (Figuré &8 Figure 3.2).
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Figure 3.21: Time lapsefluorescence ratidmages of 10uM SL-326 in NIH 3T3
mouse fibroblasts. Cells were perfused with 100 puMOHfor approximately &
minutes. The selected images illustrate the ratiometric changes in the fluore
emission of SE326 prior to and upon exposing the cells to 100 udH

pScence
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Figure 3.22: Time course dynamics of 10 uM S326 in NIH 3T3 mouse fibroblasts.

Cells were perfused with 100 uM,8,. The graph illustrates the relative changels in
the fluorescence ratio prior to and upon perfusion with 100 pLH

The observed increasa the fluorescence ratio of S326 is consistent with
previous reportswhichrevealed that exposure of cells to low levels (<500 uM) gdH
stimulated a mobilization of Zfions from cytoplasmic storage sitggl-56]. Thus, the
present data provide additional evidence for the existence of cytoplasmic stores

containing exchangeable Zrions.

3.9 Summary and Conclusions
A Zn(ll)-seletive, ratiometric fluorescent probe was used to assess the
intracellular localization and dynamic behavior of labile Zn(ll) pools.-ld&@alization

experiments revealed the presence of labile Zn(ll) pools within the mitochondria, ER, and
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associated with R#b vesicles. SXRF imaging revealed a strong correlation between the
intracellular XRF Zn(ll) distribution and the probe fluorescence, thus confirming the
integrity of the probe. Additionally, dynamic imaging with-SR6 revealed a significant
increase inthe fluorescence ratio emission upon addition of Zn(ll) to the extracellular
environment and upon perturbation of the cellular redox status by the additio®-otioH

the growth media.

3.10Materials and Methods

Cell Culture and Reagents

NIH 3T3 mouse <cells were cultured in Dul
(DMEM) containing 10% bovine serum and supplemented with 200 pdfutamine.
The ratiometric fluorescent probe for Zn(ll), 826, was synthesized and characterized

in vitro by Dr. S.Sumalekshmyunpublished resulis

In Situ Characterization of SE326 and TwePhoton Excitation Microscopy (TPEM)

For the intracellular, optical characterization of-&6, NIH 3T3 mouse cells
were grown on coverslips to 5% confluency, incubated withO0 uM SL-326 in
growt h media for 10 atmispherg washedvatlCPBE, mnd @ithdr % C O
received no additional treatment or were supplemented with media containing 100 uM
ZnS04: 10 OM pyrithione f,atmosphé&e andwasdaith 37 e C i n

PBS. The Zn(ll) supplemented samples either received no additional treatment or were
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treated with 50 G@elakis{2piEiblylméthyl)ettyleNedlianhng), a
cell-permeable transition metal chelator. Following their designated treateaanples
were fixed with a prevarmed 3.7% paraformaldehyde (PFA) solution for 5 min prior to
mounting the coverslips onto slides with ProLong Antifade (Invitrogen) mounting
medium.

The Meta detector of a Zeiss LSM Confocal/NLO 510 microscope equippled w
Argon 488, Krypton 568, HeNe 633, and NLO/UV 800 lasers and fitted with a 64X oll
immersion objective was used to collect a lamba fluorescence emission scan in separate
emission channels at 20 nm intervals from-58% nm. The NLO/UV laser was tuned t
a wavelength of 750 nm for excitation of -8R6 in cells either grown under basal
conditions or cells additionally treated with 100 puM ZnS04:10 uM pyrithione (pyr)

following preloading with 100 uMSE3 26 for 10 minutes at 37e¢eC.

Time-Lapse Microscopy
For live cell imaging experiments, NIH 3T3 mouse fibroblasts seeded onto 60

mm round coverslips (Bioptechs) were {imeubated with 10 uM S1326 for 10 min at

37eC, washed -avarmed iXPBE anevradurtted ipto &n F2 flow chamber

(Bioptechs), wich was subsequently filled with approximately 1 mL of-magmed

HEPES (25 mM) buffered DMEM without sodium pyruvate. A system controller for

FCS2 and FCS3 closed chambers (Bioptechs) wa

an objective heatercontrd er was used to maintain the obje
For twophoton excitation microscopy (TPEM), image acquisition was

performed with a Zeiss LSM Confocal/NLO 510 inverted microscope equipped with a
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64X oil immersion objective. A TPE wavelehgbf 750 nm was used for excitation of
SL-326 and emission was collected using the META detector with two separate emission
channels of 41837 nm (free St326) and 48601 nm (Zn(ll}bound SL326). Images

were collected at a pixel resolution of 1024x10a4%pixel dwell time of 1.6 us, a four

fold frame averaging, and a-ki# pixel depth.

SL-326 Resoponse to Cellular Uptake of Zn(ll)
For timelapse imaging of SI326 in a varying Zn(ll) environment, an initial
image sequence was acquired with intes\@flfive seconds, which was not changed over
the course of the experiment. Cells were perfused with 100 pM Zh&@M pyrithione
(pyr) in HEPES (25 mM) buffered DMEM without sodium pyruvate over a period of 10
min and images were acquired until the fleecence ratio emission reached a maximum
and plateaued. Cell s were subsecgtetakist | y per f
(2-pyridylmethyl)}ethylenediamine), a ceflermeable transition metal chelator, in
HEPES (25 mM) buffered DMEM without sodium pyate over a ten minute period and

finally perfused again with 100 uM ZnSQ0 uM pyr over ten minutes.

Bafilomycin Treatment
For timelapse imaging of S1326 prior to and upon perfusion with bafilomycin,
an initial image sequence was acquired. Celleevileen perfused with 100 uM Zn30O
over a period of 10 min and images were acquired until the fluorescence ratio emission
reached a maximum and plateaued. Cells were subsequently perfused with 400 nM

bafilomycin in HEPES (25 mM) buffered DMEM without sadi pyruvate over a ten
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minute period and images were acquired for approximately 20 min. The same time lapse
experiment was performed with 60 nM LysoTracked, which was proaded into

NIH 3T3 mouse fibroblasts for 20 min.

H»0O, Stimulation

For timelapse imaging of S1326 prior to and upon perfusion with,®, an
initial image sequence was acquired. Cells were then perfused with 100,@MirH
HEPES (25 mM) buffered DMEM without sodium pyruvate over a period of 10 min and

images were acquired untilelluorescence ratio emission reached a steady maximum.

Image Processing

Time-lapse imaging sequences were processed with the SOARS (Statistical
Optimization for the Analysis of Ratiometric Signals, Version I38) 39]using Matlab
(Mathworks; http://www.engr.uga.edu/research/groups/atslab/software.html). The
guantitativeimage analysis software package, Imaggp8], was used to analyze the
change in the fluorescence emission ratio of326 over time, and the ratio values and

their respective time points were imported into ProFit fapying the data set.

Synchrotron Xray Fluorescence (SXRF)
For sample preparation, cells were cultured directly onto a silicon nitride electron
microscopy (EM) window, which was placed into an individual well ofvael plate and

pre-coated with a 0.01% poly-lysine solution (SigmaAldrich) for 15 min. Followimg a
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10 min incubation with 10 uM Si326 as described above, cells were quickly washed
with 1X-PBS, fixed with 3.7% PFA for 5 min, washed thoroughly, and imaged with
TPEM using an excitation of 850 nm in order to predominantly highlight the localization
of the Zn(ll}bound ligand. Immediately after fluorescence imaging, samples were
prepared for SXRF analysis as previously descria®]. Briefly, the samples were
washed quickly with 1XPBS, rinsed twice with sterile dH20, and washed quickly
isotonic ammonium ace®t(SigmaAldrich, 0.1 M solution in sterile dH20) two times.
Finally, samples were adried overnight in a covered, sterile cell culture dish.
Synchrotrorbased xray fluorescence (SXRF) microscopy was performed at
beamline 2D-D of the Advanced PhotoSource at the Argonne National Laboratory.
Incident xrays of 10 keV (1 eV + 1.602 x 1019 J) energy were chosen to excite elements
from P to Zn. A Fresnel zone plate focused thaybeam to a spot size of 0.2 x 0.2
pum2 on the specimen, which was exstcanned. XRF from the specimen was captured
with an energy dispersive Ge detector. Spectral analysis of the fluorescence spectrum of
each raster pixel then provided spatial images for each element. As mentioned earlier, at
the hard xray regime, biadgical cells do not cause significant absorption or beam
spreading, hence no specimen thinning is required, and the fluorescence image represents

a two-dimensional projection of the volumetric distribution for each element.

Localization Studies
The pMito-AcGFP plasmid was purchased from Clontech while pLaEdEP
(Addgene plasmid 181660] and pRabsSmRFP (Addgene plasmid 1443}g§1] were

acquired through Addgene. NIH 3T3 mouse fibroblasts were seeded onto glass
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coverslips in individual wells of a-@ell culture dish and upon reaching a confluency of
roughly 4050%, cells wereransfected with 1 pg/mL of an individual plasmid using the
Turbofect (Fermentas) transfection reagent at ratio of 3:1 with the plasmid DNA.
Maximum expression was achieved approximately3@4h posttransfection at which
point the samples were loadedwtO uM SI1-:3 26 f or 5 mi n-tremtedfd3 7e C or
imaging controls. After a thorough wash with pvarmed 1XPBS, samples were
subsequently fixed with prearmed 3.7% PFA for 5 min, washed with -PBS, and
mounted onto slides with ProLong Antifadajitrogen) mounting medium.
For colocalization of SE326 with fluorescent probes, cells were incubated with
I0pyM SL-326 in basal growth media fowanked minute
1X-PBS, and incubated with either 60 nM LysoTracker Red (logén) for 10 min or 5
MM ER-Tr acker Green (Il nvitrogen) for 25 min a
specified fluorescent probe, cells were thoroughly washed witivarsed 1XPBS and
coverslips were mounted onto slides with-pr@med FluoromourG (SouthernBiotech)
prior to imaging.
Images were acquired using a Zeiss LSM Confocal/NLO 510 microscope
equipped with Argon 488, Krypton 568, HeNe 633, and NLO/UV 800 lasers and fitted
with a 64X oil immersion objective. For multichannel imaging, indiaidiluorophores
were imaged sequentially to eliminate crosstalk between channels and images were
acquired at a 1024 x 1024 pixel resolution with a frame averaging of four. Images were

subsequently processed with Adobe Photoshop CS2.
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CHAPTER 4
CORRELATIVE OPTICAL FLUORESCENCE AND SXRF
MICROSCOPY

4.1 Correlative Microscopy

The uptake, intracellular distribution, and storage of transition metal catrens
tightly regulated processes in all forms of life. Over the past decade an increasing
number of diseases have been identified that are associated with impaired metal transport
and regulation, i nc l[1ly d i Algz hRea rmkdR] ndss Mredini kseeshdssee a
disease[3-5], and Wil s[8-5.0T® elucidadeechages in the scdllular
distribution of trace metals, rigorous and highly sensitive analytical techniques are
required. Electron probe-Kay microanalysis (EPXMA) has been used for more than 30
years to obtain information regarding thestdbution of elements in cells and tissues.
This technique permits the simultaneous detection of any element heavier than C (or Na
depending on the detector used) with a resolution limit of about 40 nm and sensitivity of
10i 18 g[6]. However, electrons are strongly scattered within thick specimens, resulting
in interaction volumes of up to 1@um and thus a much lower resolutidid].
Consequently, 2D elemental imaging of whole cells with satisfactory subcellular
resolution is an unsurmountable task. More recently, sphchr radiation based-kay
fluorescence microscopy (SXRF) has arisen as a promising gateway into the realm of
whole cell elemental imagin@-11]. By using Fresnel zone plates to focus the incident

high-energy Xray beam, submicrometer spatial resolution may be readily achieved even
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on biological specimens with 180 pum thickness[8-11]. Similar to the electron
microprobe, raster scanning of th&pecimen allows one to acquire quantitative
topographical maps for most biologically relevant elem@8sl]. The detection limit

for trace metals has beestimated to range between 5.0 x*4@nd 3.9 x 16**mol mm'?

[12], corresponding to a few thousand atoms within the irradiated section of the sample.

Given the high sensitivity combined with Oi2n spatial resolution, SXRF is not
only well suited for studying the elemental topography of whole cells, but may also be
used to discern the trace metal composition of individual organelles such as the
mitochondria, Golgi apparatus, endoplasmatic reticulum, or nucleuds.method that
would allow for the unequivocal identification of the intracellular organelles or vesicles
acting as copper or zinc storage sites in cells defective in copper homeostasis would
provide a wealth of information about the major players involved and hence contoibute
the understanding of the diseases associated with their dyshomoestasis.

To identify the location of these structures within the cellular context, a suitable
biological marker, such as an organapeecific antibody, requires a xenobiotic elemental
label for SXRF microscopy. Furthermore, to achieve the best possible image quality and
definition of subcellular structures, the cells should be direggipwn on a substrate;
presently, however, SXRF imaging of single cells has been mostly carried out by
depositingcells from suspension. Compared to adherent cells, samples prepared by this
method are not only thicker but are also significantly smaller (less spread out), hence
resulting in unsatisfactory resolution of sodllular structures. In this studthe
suitability of commercially available, XREompatible substrates for growing NIH 3T3

adherent mouse fibroblast cells was explo[#d]. Furthermore, the application of
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ultrasmall goldclusters as xenobiotic labels for the colocalizatefnorganelles and
elemental maps is report¢tl3]. More specifically, commercially available secondary
antibodies conjugated to FluoroNanod8ida duallabel that combines a 1.4 nm gold
cluster with a fluorescent tag (Alexa 488), were utilized for evaluating théiggynof

SXRF for gold by means of correlative optical fluorescence and SXRF microg&jpy

4.2 SXRF Imaging of Adherent Cells

Although the widespread application of SXRF for investigating the elemental
topography of suspension cells has recently exploded, its useddaotifying the
elemental distribution in adherent cells has thus far only been sparsely reported. Hence,
the sample preparation for adherent cells imparts novel challenges. Previously,
mammalian cells have been grown directly on gold or titanium electicroscopy grids
coated with a formvacarbon thin film, a material that is appropriate for the quantitative
imaging of trace elements by means of electron probayXmicroanalysig14, 15]
Formvarcarbon films are only 5200 nm thick, are optically transparent, and maintain
only low levels of trace metal impurities. Moreover, the miggy and morphology of
cells cultured on these substrates remain relatively unaltered thereby illustrating the
potential use of gold grids as a support material for cell culture experifidri$].

In order to assess their suitability for microXRF experimentanyarcoated
gold grids were used to culture NIH 3T3 fibroblasts (adherent cells), which were then
fixed with 3.7% paraformaldehyde (PFA) in isotonic phospiatifered saline, and
washed with ammonium acetate (0.1 M) to avoid the formation of residualrgstals

that might increase backgroundry fluorescenc¢l3]. For SXRF imaging, the cells
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should be dried either via freezing in liquid ethane followed by frelegiag, or via

drying at room temperature under ambient atmosphere. In this study, samples were
simply air-dried in order to minimize the amount of contamination potentially introduced
into the samples by using extra chemicals required for methods such asdigege

[13]. As illustrated by the differential interference contrast (DIC) micrograph shown in
Figure 4.1asimple inair drying preserved the overall morphology of the cell quite well
[13]. Raster scanning of this cell with an incidentray energy of 10 keV provided
topographical maps with stdellular resolution for most biologically relevant elements
(Figure 4.1b)J13]. Additionally, the described washing procedure appeared to suffice for

avoiding contamination by salt crystals often introduced by buffer washes alone.

Figure 4.1: Mouse fibroblast cells grown on 200 mesh EM gold grids coated With a
formvar-carbon thin film. a) DIC image afi-air dried cell; b) Raster scanned miX&H
topographical maps for selected elements (excitation at 10 keV, pixel size 0]3 mm,
integration time 1 s/pixel).
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4.3 Correlative Imaging

Antibodies conjugated to colloidal gold particles have been used exbnaw
labels in electron microscod$7] and in principle should be well suited as xenobiotic
markers for SXRF imaging by taking advantage of the characteristic Aay X
fluorescence. However, colloidal gold particles that aeatgr than 5 nm are too large to
penetrate the plasma membrane of cells that are only pretreated with a detergent as used
in standard immunofluorescence protocols. Thus, in most cases, the particles are only apt
for postembedding immunolabeling of ressections, ultrathin cryosections, or freeze
fracture preparations, all of which are procedures that remove the interfering plasma
membrane. Because transmission electron microscopy inherently requires very thin
specimen sections, colloidal gold particlase well suited as immunolabels for this
application. Nevertheless, because smaller gold particles lead to improved labeling
efficiencieseven in thin sections, new labeling reagents based on ultrasmall gold clusters
of approximately 1.4 nm size have beggveloped18, 19] Unfortunately, such small
gold clusters are difficult to detect, and for practical applications the particles are better
converted to a larger size, typisaby means of silver or gold enhancem¢2®d, 21]
Doublelabeled secondary astbdies that are simultaneously conjugated to an ultrasmall
gold cluster and a fluorophord22] recently became commercially available
(FluoroNanogold"; Nanoprobes, USA rendering them a potentially attractive solution

for correlative optical immunofluorescence and SXRF imaging studies.
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Specimen Preparation

Despite being a viable support material 8XRF studies, formvarcarbon coated
gold grids are not an ideal choice for immunolabeling experiments with fluoronanogold
(FNG). Not only would the gold support grid interfere by means of a strongly increased
background fluorescence from scattering of the incideraybeam on the specimethe
gold (or silver) enhancement procedure would primarily result in metal deposition onto
the grid rather than on the label to increase its size.

To avoid the problems associated with gbéised grids, we explored the
suitability of silicon nitride (SN4) windows which have been previously used in soft X
ray microscopy as specimen suppf#8, 24] Viability tests of ells grown on this
ceramics material showed neither cytotoxic effects nor morphological changes according
to propidium iodine staining and scanning electron microscopy studies, respe@bjely
To improve cell adherence, commercially available silicon nitride windows were pre
treated with 0.01% pollysine solution[13]. Cells were typically grown to 50%

confluencyand treated according to a standard immunohistochemical pr¢2é¢ol

Labeling ofthe Mitochondria

In a first experiment we labeled mitochondria with a commercially adaila
monoclonal antbody (mouse IgQ that is specific for the ATPase inhibitor protein (IP)
associated with complex V of the mitochondrial oxidative phosphorylation sy&@m
followed by the FluoronanoGold doudlea bel ed secondaThg sub-ab b
cellular distribution of the labeled mitochondria was first visualized in phosphate

buffered salingPBS) by means of fluorescence microscopyhmxcitation at 488 nm
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and using a standard FITC filter seFigure 4.2) [13]. As described above for the
specimen preparation on EM gold grids, cells were thoroughlhed with ammonium
acetate to avoid precipitation of salt residues that might increase the bawkgrou
fluorescencen the SXRF analysis[13]. After in-air drying for 24 hours, the previously
imaged cells were located again on the silicon nitride window and then raster scanned
with an incident Xray energy of 11.95 keYA3]. Pixekby-pixel spectral analysis of the
Au La emissionprovided a topographical map of the intracellular distribution of the gold
label Figure 42b, left) [13]. Although the contrast and overall resolution of the optical
fluorescence micrograph is significantly better, the sensitivit$X¥RF is sufficient to
detect the ultrasmall 1.4 nm gedtuster labels without goldnhancemeri21] andalso

to provide a twedimensional SXRFmap for the swueellular distribution of the

mitochondria.

a) optical fluorescence b) micro-XRF elemental maps

Au Lo 0-18 ng/cm? Zn Koo 0-45 ng/cm?

min. max. min. max.
—_—

Figure 4.2: Correlative optical and micrXRF micrographs of FluoroNanogeldbeleg
mitochondria (adherent mousibdrbblast cells on SN, grids). a) Optical fluorescerce
micrograph (standard FITC filter set). b) mieX&RF elemental maps for Au (La
emission) and zinc (Ka emission) of the area marked with red in the optical fluor¢scence
micrograph. The white arrows iméte the nuclear region with high Zn content. |The
humerical range indicated next to each element refers to the minium and maximum
values of the LUT shown at the bottom of each scan.
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