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Abstract 

 

Tile of Dissertation: Measuring Cytosolic and Mitochondrial Labile Zinc 

Concentrations Following Hypoxia/Hypoglycemia with Fluorescence Biosensor 

Bryan J. McCranor, Doctor of Philosophy, 2011 

Dissertation Directed by:  Richard B. Thompson, Associate Professor, Department of 

Biochemistry and Molecular Biology 

 

Zinc is a “trace” metal necessary for proper cellular function, but studies, in 

multiple cell types, have shown that excess free zinc can be toxic (1, 2).  It has also been 

observed that the intra- and extra-cellular concentrations of labile zinc increase 

dramatically in models of cerebral ischemia (3, 4).  Substantial evidence indicates that 

mitochondrial dysfunction plays a significant role in neuronal death following ischemia 

(5), and both mitochondrial dysfunction and increased intracellular zinc concentrations 

have been associated with increased reactive oxygen species (ROS) productio n and 

ultimately apoptosis (6, 7).  Zinc, specifically, has been shown to inhibit major 

mitochondrial enzymes of energy production contributing to mitochondrial dysfunction 

(8).  We adapted our expressible fluorescent zinc biosensor (9) to target the mitochondria 

of PC12 cells, enabling us to ratiometrically image the mitochondrial matrix 

concentration of labile zinc even at resting (picomolar) levels.  This represents the first 

such development of a sensor with sensitivity for physiological zinc in the mitochondria. 

We used this biosensor and our previous sensor, in cells which have undergone 



oxygen/glucose deprivation (OGD), to measure the “free” zinc concentrations following 

an ischemic- like event.  The data suggests that both the intra-cellular and intra-

mitochondrial zinc concentrations increase following OGD, albeit at different times, with 

the mitochondrial increase preceding the cytosolic increase.  Our data raises the 

possibility that an increase in mitochondrial zinc could contribute to cell death in models 

of ischemia/reperfusion.    
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Chapter 1 

Introduction 

 

 

Zinc Physiology 

Zinc is crucial for proper cellular function, which is evident by its requirement in 

over 300 enzymes which represent all six major enzyme classes [1, 2]. Although zinc is 

widely required for many enzymes, free zinc remains in low intracellular concentrations 

[3].  It is believed that metallothioneins (MTs), as well as amino acids, bind intracellular 

free zinc and sequester it into exchangeable pools, keeping the amount of free zinc low 

[2, 4]. This would be beneficial to the cell because high levels of intracellular zinc has 

been shown to be pro-apoptotic [5-7].  There is some debate about this, though, as other 

studies have shown zinc to be anti-apoptotic [8, 9], but the use of TPEN, a transition-

metal chelator, by the latter studies, which our lab has shown to be apoptogenic as both 

unbound and as a Zn:TPEN complex [10], questions the validity of these results .  Zinc 
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is, therefore, necessary for cellular functions and zinc homeostasis is crucial to cell 

viability.   

Under physiological conditions zinc exists as a stable divalent cation, unable to 

undergo reduction or oxidation, making it a useful cofactor for many enzymes and 

proteins [1].  Zinc’s use as a binding element in a wide range of proteins has been well 

established [11-14], which highlights the importance of zinc in biological systems.  In 

enzymes, spanning all six enzyme classes, zinc has shown to be multifunctional, having 

such roles as: catalytic, coactive (cocatalytic), and structural [1].    

Although zinc is necessary for the proper function of a multitude of proteins and 

enzymes, the pool of “labile” zinc is quite small [3, 15, 16].  In the extracellular medium 

this is due to the high concentrations of zinc-binding ligands including albumin, histidine 

and glutathione [17, 18].  Intracellularly, labile zinc is mainly sequestered by 

metallothionein (MT).  MT is a low molecular weight (<7000 Da) protein with the ability 

to bind up to seven zinc ions at a time, due to its highly conserved 18-23 cysteine 

residues and lack of aromatic amino acids [4, 19].  Basal MT levels are the highest in 

humans (700μg/g liver) as compared to other species [20], with the majority of MT 

expression located in the cytoplasm of cells [21, 22].  A metallothionein/thionein (MT/T) 

system controls the availability of zinc through binding and release by events that signal 

zinc’s requirement [19, 23].  Subsequent zinc release from MT could be mediated by a 

family of thiol/disulfide oxidoreductases that have been shown to be oxidant towards 

MT, which would release bound zinc [24].   
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Figure 1.1.  Zinc staining in the rat brain.  The black/brown staining is silver 

staining of zinc by the Timm-Danscher method and the blue stain is Nissl staining.  

All of the stainable zinc is located in the forebrain, with dense staining in the 

amygdala (Am), caudate putamen (cp), cortex (excluding layer IV), and 

hippocampus (h,s).  ao, accessory olfactory bulb; h, hilus of dentate gyrus; s, 

subiculum; IV, cortical layer IV.  From [18]. 

 

While vital for cells, zinc homeostasis, is very complex, as is shown by the 

number of proteins committed to its transport and buffering.  These proteins include: ten 

members of the ZnT family (Zn2+ transporter), 15 members of the ZIP family (Zn2+-

regulated metal transporter, Iron-regulated metal transporter- like protein) and three 

isoforms of metallothionein [25].  Zinc transport, itself, is essential when you consider 

the high zinc gradient at the plasma membrane.  Intracellular free zinc concentrations 

remain in the picomolar range [3, 15, 16], even when the cells are located at the synaptic 
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cleft where extracellular zinc has been estimated to rise to the micromolar levels [26].  

These high gradients are thought to be maintained, in part, by a Na+/Zn2+ exchanger 

which facilitate zinc efflux by a ratio of 3Na+/1Zn2+ [27].  This exchanger, along with 

zinc binding proteins, is crucial for keeping the intracellular concentration of free zinc 

relatively low.  

The brain contains high amounts of zinc compared with other organs, with 

approximately 150μmol/L total zinc [28]. In the brain loosely-bound zinc is found in the 

forebrain, primarily in the neocortex, pyriform cortex, hippocampus, striatum and 

amygdala, localized within synaptic vesicles of glutamatergic axon terminals (Figure 1.1) 

[26].  Zinc is loaded into these vesicles, and termed granular zinc, by the transporter ZnT-

3 which is only expressed in the forebrain, where zinc reaches mM total levels [29, 30].  

While all the granular zinc-containing neurons in the forebrain, are glutamatergic, not all 

glutamatergic neurons contain granular zinc [18].  During neuronal activity zinc is 

released from the synaptic terminals, where it is believed to act as a modulator of 

synaptic transmission [31].  The concentration of zinc at the synaptic cleft, following 

release, remains uncertain as estimates have ranged from 10nM to 10μM [26]. Upon 

release zinc uptake in post-synaptic neurons can occur through voltage-gated L-type Ca2+ 

channels, Na+/Zn2+ exchangers, N-methyl-D-aspartate (NMDA) receptor-gated channels, 

and Ca2+-permeable AMPA/kainite channels (Figure 1.2) [28, 32].  Synaptic zinc is also 

thought to be involved in the release of glutamate, γ-aminobutyric acid (GABA) and 

modulate glycinergic 
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Figure 1.2.  Schematic of Zn2+ as a neurotransmitter.  At the mossy fiber terminal 

zinc enters synaptic vesicles by way of the ZnT-3 zinc transporter.  Zinc is then 

released into the synaptic cleft and can act as a neurotransmitter through 

interaction with GABA and NMDA receptors after diffusion to the stratum 

pyramidale and stratum radiatum respectively.  Zinc can also enter post-synaptic 

neurons through Ca2+ channels, AMPA or kainite channels (Ca-A/K-R), with zinc 

efflux regulated by the zinc transporter ZnT-1.  The role of the Na+-Ca2+ exchanger 

is still yet to be defined.  From [28]. 
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synaptic transmission [33, 34].  It has been shown, as well, that zinc at nanomolar levels 

can inhibit a subtype of N-methyl-D-aspartate (NMDA) receptors through allosteric 

binding to the NR2A subunit [26].  The co-release of zinc with glutamate, in the zinc-

glutamatergic neurons, would then reduce the ability of glutamate to activate NMDA 

receptors and would favor non-NMDA receptor activation [28].   

Zinc and Disease 

 Disruption in zinc homeostasis can have serious impacts on cellular viability and 

has been implicated in diseases such as prostate cancer [35], pancreatic cancer [36], 

gastrointestinal and liver disease [37],  Alzheimer’s [38], pneumonia [39], and depression 

[40].  On a cellular level, studies have shown that zinc can activate caspase-3 [6], inhibit 

enzymes of energy production (lipoamide dehydrogenase) and antioxidant defense 

(thioredoxin reductase and glutathione reductase) [41, 42],  induce mitochondrial 

permeability transition pore opening [43], and inhibit mitochondrial electron transport 

complex I [44] and IV [45].  While there is evidence that zinc can be harmful on a 

cellular level, there is still debate as to whether it is pro-oxidant or pro-antioxidant [46, 

47].   

Zinc biology in neurons is of importance not only due to its ability to act as a 

neurotransmitter [30], but also since increases in zinc have been observed in many 

diseases of the brain including ischemia, Alzheimer’s disease, blunt force trauma, and 

brain aging [38, 48-50].  In cases of degenerating neurons, high levels of cytosolic free 

zinc have also been reported [51]. Even though the exact mechanisms which cause the 

increase in zinc following such incidents and how it contributes to cellular death is not 
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fully understood, some studies have proposed that excess zinc can disrupt mitochondrial 

function leading to an increase of ROS production [41].  Mitochondrial dysfunction and 

oxidative stress have already been shown to increase the amount of cellular death in 

many neurodegenerative disorders [52-54].  Therefore, it is not hard to theorize that the 

increased free zinc in these disease states can promote increased ROS production, which 

can lead to further zinc release from zinc bound proteins, like metallothionein [55], which 

exacerbates an already dire situation.   It is therefore crucial for researchers to understand 

the “movement” of free zinc under these conditions.  The ability to accurately measure 

intracellular labile zinc concentrations before and during these disease states will give us 

insight into these cellular mechanisms, hopefully leading to new and more successful 

treatments.  

Cerebral Ischemia  

 Cerebral ischemia arises from the stoppage of blood flow to the brain, resulting in 

decreased oxygen delivery and removal of damaging cellular metabolites [56].  Ischemia 

may affect a region of the brain (focal ischemia), as occurs during an arterial or venous 

stroke, or the entire brain (global ischemia), which occurs during a cardiac arrest [55].  

Focal ischemia results in necrotic death of cells located within the core of the infarct, 

within an hour, and in the area surrounding the infarct (the penumbra) a delayed, more 

apoptotic-like, cell death that occurs over a period of days to weeks.  On the other hand, 

in global ischemia cell death is highly selective and occurs throughout the brain in a  
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Figure 1.3.  Schematic overview of the involvement of zinc in cerebral ischemia.  

During ischemia zinc is released from pre-synaptic vessels where it can translocate 

into post-synaptic neurons through ion exchangers, voltage-gated ion channels, or 

receptor channels.  Elevated cytosolic zinc inside neurons can lead to increase 

mitochondrial zinc and ROS production.  Increased ROS can lead to further zinc 

release from metallothionein and eventually to the release of pro-apoptotic proteins. 

From [57] 

 

pattern that varies with the duration of the ischemia [58].  Within minutes of cerebral 

ischemia there is a dramatic redistribution of ions across the neural plasma membrane 

(efflux of K+ and influx of Na+, Cl-, and Ca2+), resulting in the release of 
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neurotransmitters which further spread cellular depolarization, depletion of energy stores, 

and advancement of injury cascades [59].  Another consequence of cerebral ischemia is 

acidosis.  During both focal and global ischemia the intracellular pH in the brain 

decreases to 6.2-6.8 [60].  The cause of the drop in pH is the production of  lactate, which 

accumulates and cannot be disposed of properly due to the decreased blood flow [61].  It 

has been observed that acidosis can facilitate free radical production through various 

reactions such as; the dissociation of catalytic iron, conversion of ∙O2- to H∙O2 which can 

have dire consequences on cellular viability [62-65].   

In ischemia, if reperfusion is not initiated within a short time, irreversible 

morphological damage will develop [66].  Further complicating the situation is that the 

subsequent reperfusion of tissue can exacerbate cellular injury.  Reperfusion after 

ischemic injury causes the production of ROS leading to oxidative stress, which can 

ultimately result in cell death [67].  The increase in ROS then begs the question of 

whether patients of stroke and cardiac arrest should be given 100% oxygen upon 

admittance, which is the standard practice, or if resuscitation with an oxygen 

concentration closer to atmospheric concentration would be beneficial [68]. 
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Figure 1.4.  Zinc staining and neuronal degeneration in the hippocampus.  Panel A 

shows TSQ staining from zinc.  The axons in the stratum lucidum (SL) are bright 

while the stratum pyramidal (SP) and stratum radiatum (SR) have little 

fluorescence.  In panel B the same section was counter stained for eosinophilic 

degenerative changes, the same five neurons (marked with arrows) are stained for 

both zinc and eosin.  Panels C-E show autometallographic zinc stained neurons 6hrs 

after weight drop head trauma in hippocampal CA3 (C), cortex (D), and subiculum 

(E).  The data suggest that neurodegenerative neurons have increased zinc.  From 

[49]. 
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Zinc and Ischemia 

 Zinc’s ability to act as a neurotransmitter is well known [30], so it should come as 

no surprise that zinc biology in the brain is affected in cases of cerebral ischemia.  It has 

been observed, based on neo-Timm stain, that zinc positive staining is decreased as soon 

as 7 minutes following ischemic onset and relatively absent for up to seven days post 

ischemia [57].  The reduction and absence of stainable zinc in this case is most likely due 

to its synaptic release.  The idea of synaptic zinc release is supported by extracellular zinc 

measurements which show an increase of extracellular zinc, estimated at over 100nM, in 

models of ischemia/reperfusion [69].  This synaptic release of zinc in ischemia is 

believed to contribute to neuronal injury, based on the observations of zinc depletion 

from pre-synaptic vesicles and accumulation in neuronal somata [49].  Furthermore, it 

has been shown that the extracellular accumulation of zinc during ischemia/reperfusion 

can be inhibited by a non-specific nitric oxide (NO) synthase inhibitor, implicating NO as 

a possible cause for the synaptic release of zinc [70]. 

 During ischemia there is an increase of extracellular zinc, which is followed 

shortly by an accumulation of zinc in post synaptic neurons (Figures 1.3 and 1.4) [48].  

The increase in somatic zinc occurs before the observed increase in Ca2+ [71] and 

precedes neuronal degeneration as well [59].  Translocation of synaptically released zinc 

may not be the only source of the observed increase in intracellular zinc during ischemia, 

as mild acidosis has been shown to contribute to the increase in intracellular zinc in 

cortical neurons [72].  In a model of oxygen-glucose deprivation the increase in 

intracellular zinc was observed to inhibit the activity of the K+/Cl- co-transporter-2 
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(KCC2).  The decrease of KCC2 in ischemia has been associated with the excitatory 

increase of GABA and eventually neurodegeneration [73, 74], proposing one possible 

way that increased intracellular zinc during ischemia/reperfusion can contribute towards 

neurodegeneration.  

Mitochondria and Ischemia  

 Under normal conditions in the brain, 2-5% of the electron flow in the 

mitochondria produces superoxide radicals and hydrogen peroxide [67].  The ROS, in 

most cases, would be scavenged by superoxide dismutase, catalase, and glutathione 

peroxidase [75].  Reperfusion of brain tissue after ischemia leads to an overproduction of 

mitochondria-generated ROS which overwhelms the natural antioxidant defenses, and is 

referred to as oxidative stress [76]. Oxidative stress is harmful not only from the damage 

ROS can do themselves, but also because it can promote mitochondrial dysfunction 

which can lead to the promotion of apoptosis and metabolic failure [54].  Once overrun 

by ROS, the mitochondria can trigger signaling pathways which result in the release of 

pro-apoptotic proteins and lead to cell death [77]. 

 There is some debate on exactly how the pro-apoptotic proteins are released from 

the mitochondria.  One thought is that oxidative stress causes mitochondrial swelling 

which results in the opening of mitochondrial permeability transition pore (PTP) in the 

inner membrane [78].  The swelling of the mitochondria also causes a rupture in the outer 

membrane, which allows the pro-apoptotic proteins to diffuse out through the ruptured 

outer membrane starting the apoptotic cascade [79].  Another hypothesis is that an outer 

membrane protein-conducting channel forms, which allows the pro-apoptotic proteins to 
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be released [78].  One tought is that this is achieved by the pro-apoptotic BCL-2 family 

proteins, mainly BAX, combining with the outer membrane voltage-dependent anion 

channel (VDAC) which regulates the release of pro-apoptotic proteins [80]. 

 

Figure 1.5.  Schematic of inhibition of complex I by Zn2+.  The representation of the 

reaction mechanism of complex I shows the four possible points where zinc may 

inhibit catalysis.  Zinc may inhibit NADH binding or oxidation, intramolecular 

electron transport, quinone binding or reduction, or proton translocation.  From 

[44]. 

 

Zinc and Mitochondria 

 It has been suggested that following ischemia intra-mitochondrial zinc 

concentrations increase, possibly from an influx through the Ca2+ uniporter [71].  Zinc 

entry through the Ca2+ uniporter is not exclusive, though, as zinc has also been shown to 

enter mitochondria through a yet to be determined uniporter- independent mechanism 
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[81].  Once in the mitochondria, increased zinc can have serious effects on mitochondrial 

viability.  Elevated zinc has been observed to disrupt mitochondrial function and initiate 

the apoptotic cell death cascade [50].  Zinc has been shown to inhibit lipoamide 

dehydrogenase (a component of the pyruvate- and α-ketoglutarate dehydrogenase 

complexes), thioredoxin reductase, and glutathione reductase stimulating the production 

of ROS [41, 42].  Zinc has also been observed to not only inhibit complex 1 (Figure 1.5) 

of the mitochondrial electron transport chain but cytochrome c oxidase as well [44, 45].  

Collectively this suggests that intramitochondrial zinc might play an important role in the 

production of ROS observed in neurological injury such as ischemia.  

 Zinc has also been implicated in contributing to the release of pro-apoptotic 

proteins in the mitochondria and initiation of the cell death cascade.  Zinc has been 

shown to induce mitochondrial swelling in both energized and de-energized mitochondria 

[43] and activate caspase-3 [6].  In models of ischemia it has been shown that the protein-

conducting channel, which is though to facilitate the release of pro-apoptotic proteins, 

formed by the combination of VDAC and BCL-2 proteins, mainly BAX, is zinc 

dependent [80, 82].   

Zinc Sensors  

 In order to fully understand zinc biology, both physiological and in disease states, 

there is a great need for reliable zinc sensors.  The use of fluorescent indicators has been 

key in determining cellular zinc location and quantity.  The selectivity of a zinc sensor is 

crucial and interference from other cellular divalent cations, such as Ca2+ is of concern.  

Nowhere is this more illustrated by the fact that many common calcium fluorescent 
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indicators can respond to increases of Zn2+ alone [15, 83, 84].  There have been many 

intensity-based zinc fluorophores developed; such as the Zinspy family [85, 86], 

fluorescein derivative ZnAFs [87], FluoZin-3 [88] the TPEN based TQEN famlily [89], 

lanthanide based [90], Fmoc-Sox based [91], and the more classical and widely used 

Zinquin and TSQ [92] to name a few.  The intensity-based approach has also been 

adapted to target specific organelles, such as the mitochondria, with zinc selective sensors 

[93, 94]. While all of these fluorophore are elegant in the approach they use to be 

selective for zinc, they might not be the best choice for cellular imaging due to the short 

comings of intensity-based measurement (ie. photobleaching, fluctuations in excitation 

source, probe concentration, ect.) [95].   

 Ratiometric probes can be used to overcome many of the shortcomings of 

intensity-based probes. It comes as no surprise that ratiometric probes have been 

developed specifically for zinc [96-98], and that selectively target the mitochondria [99].  

While ratiometric sensors are an improvement over traditional intensity-based sensors, 

new zinc sensors are emerging for use in systems like two-photon excitation fluorescence 

emission, fluorescence lifetime imaging microscopy, and magnetic resonance imaging 

[85, 95].  These systems may end up proving to be more beneficial when imaging zinc in 

biologically active specimens.  The majority of these probes, though, are not sensitive 

enough to image cytosolic or mitochondrial zinc a physiological relevant concentrations.  
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Figure 1.6.  Schematic of the active site of WT CAII.  The representation shows a 

few of the mutations which can decrease the zinc affinity 5- to 10-fold. The 

mutations allow for construction of zinc biosensors with a variety of zinc 

sensitivities.  From [100]. 

 

Carbonic Anhydrase as a Zinc Sensor 

 In order to measure biologically relevant concentrations of zinc, a sensor must 

have an affinity in the picomolar range [3].  One class of fluorescent sensors for zinc that 

has such an affinity, are based on human carbonic anhydrase II [96].  Carbonic anhydrase 

(CA) is a protein that requires zinc to be catalytically active, and from the standpoint of 

zinc sensing is a highly selective ligand [101].  Since a probe utilizing CA is protein 

based, point mutations can be made to affect the affinity for zinc (Figure 1.6) [11, 100, 

102-105]. This essentially allows for the construction of a library of zinc binding probes 
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that can sense zinc from pM to μM ranges.  To construct a ratiometric probe utilizing CA, 

it must first be labeled with a fluorescent tag and combined with another fluorophore that 

can not only bind a zinc-CA complex but also transfer its energy to the fluorescent tag 

[106].  Such an approach using the fluorescent tag AlexaFluor 594 and dapoxyl 

sulfonamide has been described [96].  By fusing a protein transduction domain from the 

human immuno-deficiency virus TAT protein to the N-terminus of CA, a sensor can be 

constructed that will enter into the cytosol of a cell [107]. 

 In the following chapters we describe an approach to developing a zinc biosensor, 

utilizing carbonic anhydrase, to image intra-mitochondrial zinc.  We use this developed 

biosensor, along with one previously demonstrated [3], in a model of oxygen-glucose 

deprivation.  By imaging zinc in a model for ischemia/reperfusion, we hope to estimate 

the zinc concentrations and further understand the role zinc plays in the biology of 

ischemia.  We also describe further adaptation of a fluorescence lifetime sensor, based on 

carbonic anhydrase, for Cu2+, as well as the development of calibration standards for 

long-wavelength fluorescence+ in front- face fluorometry.       
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Chapter 2 

Measurement of Labile Zinc Following Oxygen-Glucose Deprivation with 

Fluorescence Biosensors 

 

 

 

 

 

INTRODUCTION 

Ischemia and zinc 

Ischemia is the result of cessation of perfusion and comes in many forms 

depending on the kind and severity of impairment [108].  Focal cerebral ischemia is the 

most common cause of stroke caused by either a blockage or rupture of an extra- or 

intracranial artery [58].  Each year in the United States roughly 795,000 people 

experience a stroke, with 610,000 being first time attacks, which calculate to a rate of one 

every 40 seconds [109]. Even with its high death rates, accounting for about 1 in every 17 

deaths in 2005, stroke disabiles more often than kills and thereby puts an increasing strain 
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on the health care system [109].  A third of all stroke survivors are functionally 

dependent a year after incident, and stroke ranks as the second most frequent cause o f 

dementia, a prominent cause of depression, and the number one cause of epilepsy in the 

elderly [110].  In all, stroke is estimated to cost the US over $57.9 billion a year [111], 

and this figure is only expected to rise as the baby boomer generation continues to age.   

 Studies into the effects and causes of ischemia have determined that zinc plays an 

important role in the subsequent neuronal death [5, 43, 45].  It has also been shown that 

following ischemia and ischemic- like events that there is an increase in extracellular and 

intracellular free zinc concentrations [10, 49, 69, 70, 112].  It’s also been reported that 

following an ischemic event, cells that are neurodegenerative have a robust increase in 

intracellular zinc [48].  What is not known is whether this increase is caused by an influx 

of extracellular zinc, or is due to zinc being released from intracellular sources.   

Ischemia and Mitochondrial dysfunction 

Another major consequence of ischemia/reperfusion injury is an increase in 

mitochondrial dysfunction.  Ischemic insults have been found to result in instances of 

increased reactive oxygen species (ROS) production, decreased ATP production, 

activation of mitochondrial permeability transition (MPT), and activation of pro-

apoptotic signals [75-77, 113-115].  This would indicate that mitochondrial integrity, 

following ischemia/reperfusion, could determine overall cellular viability.  It has also 

been observed that zinc can inhibit key mitochondrial enzymes necessary for energy 

production, leading to an increase of ROS production and mitochondrial dysfunction [41, 

42, 44]  Therefore, it would not be surprising if mitochondrial free zinc is tightly 
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controlled and kept at low concentrations.  Consequently, any increase in mitochondrial 

free zinc, following ischemia/reperfusion, could play a substantial role in the increase in 

ROS production, decrease in ATP production, and overall mitochondrial dysfunction 

associated with ischemia/reperfusion injury.  While ratiometric probes for detecting 

changes in mitochondrial zinc have been described before [93, 94, 99], to date no probe 

has been described that has the sensitivity for zinc exhibited by our probe, allowing us to 

measure mitochondrial matrix and cytoplasmic zinc at resting levels. 

                   

Figure 2.1.  Representations of the zinc binding pocket of human carbonic 

anhydrase II.  Zinc is bound by three histidine residues (His-94, His-96, His-119) 

and a hydroxide molecule.  The wild-type variant has strong affinity for zinc with a 

KD = 4pM.  From [106]. 

 

Carbonic Anhydrase 

Carbonic anhydrase (CA) is a ubiquitously expressed enzyme that functions in 

transporting CO2 between metabolizing tissues and the lungs by it’s ability to catalyze the 
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reversible hydration of carbon dioxide to bicarbonate and a proton [116].  There are 

twelve genetically different forms of CA in humans (isozymes I-XII), which indicates the 

need in numerous tissues for the hydration of carbon dioxide [117, 118].    An underlying 

commonality in all the CA isozymes is the catalytic necessity of a zinc ion, which can be 

found at the bottom of a 15-Å deep hydrophobic pocket ligated by three histidine residues 

(His94, His96, and His119) and a hydroxide molecule (Figure 2.1) [11, 116, 119, 120].  

This results in tetrahedral coordination for zinc in CA in which the zinc-bound hydroxide 

is able to catalyze the reaction by acting as a nucleophile, which results in the hydration 

of carbon dioxide [121-123]. Isozyme II of human carbonic anhydrase (CAII) is an 

exceptionally fast enzyme with a maximal turnover rate of more than 106/s for this 

reaction [103].  The CAII variant shows a great affinity for zinc (KD = 4pM) and has an 

exceptionally long half-time for dissociation (t1/2 = 5 days) at 25oC, pH 7.5 [11].  It also 

exhibits superb selectivity for the zinc ion, binding only two other metal ions, Cu(II) (KD 

= 0.4 pm) and Hg(II) (KD < femtomolar), with a higher affinity [104, 105, 124].  By using 

site-directed mutagenesis to mutate single residues of CAII, variants with either enhanced 

or decreased affinity for zinc can be created [11, 104, 119].  By using these variants, 

probes can be created to span a wide range of zinc concentrations.  Therefore, it stands to 

reason that CAII is a perfect candidate for constructing a biosensor used to measure 

intracellular zinc concentrations.  
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Figure 2.2.  Schematic of the spectral overlap (red) of CA-bound dapoxyl 

sulfonamide emission spectra (─ ─ ─) and Alexa Fluor 594 excitation spectra 

(───).  There is sufficient overlap of the two spectra (in red), which is required for 

successful transfer of energy from the excited dapoxyl molecule to the Alexa Fluor 

tag.  From the plots the overlap integral was calculated and the Ro for the pair was 

determined to be 38Å.  Dapoxyl excitation spectrum and Alexa Fluor emission 

spectrum are also represented as (- - - -) and (─●─●─) respectively. [3] 

 

Adapting carbonic anhydrase for zinc sensing    

Research has suggested that the levels of free zinc present in cells are quite low [3, 125].  

Therefore, to accurately measure intracellular zinc concentrations during different 

biological events a highly sensitive and selective sensor is needed.  CAII has been shown 

to bind zinc both selectively and with a high affinity, and can be used as the base for such 
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a sensor [96, 106]. The amount of free zinc present cannot be measured by the binding to 

CAII alone, so the protein must be adapted for zinc sensing. It is known that 

sulfonamides can bind to CAII, interacting directly with the zinc ion [126].  Upon 

binding the holo form of CAII, some fluorescent aryl sulfonamides exhibit an increase in 

quantum yield and blue shift in emission wavelength [127].  Among the numerous aryl 

sulfonamides, Dapoxyl sulfonamide stands out as a good candidate for inclusion in the 

zinc sensor.  Free Dapoxyl sulfonamide shows weak fluorescence at 615nm (QY = 0.01), 

when excited at 365nm, but when dapoxyl becomes bound to CAII there is a 100-fold 

increase in fluorescence (QY ~ 1.00) and emission is shifted to 535nm [106]. The 

specificity for the holo form of the enzyme and its fluorescent properties make Dapoxyl 

sulfonamide a perfect candidate for use in the zinc sensor.  Dapoxyl sulfonamide is able 

to move through cell membranes readily, but it will bind to membrane bilayers, ordinary 

CA, and possibly other proteins, and fluorescence by the bilayer or protein bound 

compound only slightly differs from the CAII bound compound [128].  We therefore 

cannot rely on dapoxyl fluorescence alone to tell us the amount of labile zinc present, but 

we can use it to build a ratiometric sensor.   

 Using the principle of Förster resonance energy transfer (FRET) we can construct 

a ratiometric fluorescence biosensor.  FRET is a phenomenon by which energy from an 

excited fluorophore is transferred directly to another fluorophore, which then emits light 

at its emission wavelength.  In order for the energy to be transferred the two fluorophores 

must be in close proximity and the emission spectrum of the “donor” fluorophore must 

overlap the excitation spectrum of the “acceptor” fluorophore [129, 130].  By 

fluorescently tagging CAII with a fluorophore that has excitation spectrum  
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Figure 2.3.  Calibration curve for Alexa Fluor 594 labeled H36C-CAII + dapoxyl 

sulfonamide.  As the amount of free zinc increases, the probe reports a 

corresponding increase in the ratio of intensities observed at 617nm by excitation at 

365nm and 543nm.  From the data presented the probe has an apparent KD = 70pM 

when measured using microscope images. Based on data reported in [3].  

 

(excitation at 535nm) that overlaps the emission of CAII bound dapoxyl, such energy 

transfer can occur (Figure 2.2).  One such fluorescent tag is Alexa Fluor 594 (Invitrogen) 

which has an absorbance maximum at 590nm and an emission maximum at 617nm. The 
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efficiency of transfer (expressed as Ro, the distance where transfer is 50% efficient) may 

be calculated from the overlap integral, the quantum yield of the donor, assumptions 

regarding the relative orientation of the donor and acceptor dipoles, and the medium 

refractive index  [96].  For the donor-acceptor pair of Dapoxyl sulfonamide and Alexa 

Fluor 594 the calculated Ro is 38Å.  Since in its longest dimension CAII is only 28Å in 

length and transfer efficiency scales as the sixth power of distance, energy transfer should 

be extremely efficient.  We can then distinguish between holo and apoCAII by exciting at 

dapoxyl’s excitation wavelength (365nm) and observing emission at Alexa Fluor’s 

emission wavelength.  Since free dapoxyl has very weak emission at 617nm when 

excited, essentially the only emission observed will be from the dapoxyl-zinc-CAII-

Alexa Fluor complex.  The amount of labile zinc can then be estimated by taking the ratio 

of the intensity of zinc bound CAII emission (excitation 365nm, emission 617nm) and the 

intensity of total CAII probe emission (excitation 543nm, emission 617nm).   

Since the Alexa Fluor labeled CAII would be a rather large molecule, it would not 

be able to diffuse into the cell readily like dapoxyl, so we would have to choose another 

form of delivery.  By fusing a protein transduction domain from human 

immunodeficiency virus TAT protein to the NH2-terminus of CAII we can induce cells to 

take up the probe into the intracellular space [107].  The TAT peptide sequence and 

similar sequences have enabled researchers to successfully introduce sensors such as 

Probes Encapsulated by Biological Localized Embedding (PEBBLEs) into cells for 

measurement [131, 132].  The TAT peptide is an 11-amino acid protein transduction 

domain (PTD) from HIV-1, that when fused to the NH2-terminus of protein allows for 

translocation in a concentration dependent manner [107].  By adapting our CAII 
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biosensor in such a fashion we can introduce the probe to cultured cells which, along with 

dapoxyl sulfonamide, will allow for intracellular measurements of zinc at picomolar 

concentrations [3].   

In order to successfully adapt our ratiometric approach to a cellular expressible 

system, a fluorescent protein with similar excitation and emission spectra to Alexa Fluor 

594 is needed.  The Discosoma protein DsRed is a red fluorescent protein which has an 

optimized form commercially available (DsRed2, Clonetech) [101].  With an excitation 

maximum of 563nm and an emission maximum of 582nm, DsRed2 should be a sufficient 

substitute for Alexa Fluor 594 in an expressible ratiometric probe and allow for use of the 

same filters when imaging.  The use of the DsRed protein in mitochondrial expressible 

sensors has been established [133], albeit with the previous commercial incarnation 

DsRed1, so its use in a mitochondrial zinc biosensor should have minimal complications.  

 

METHODS 

Reagents and Materials  

The pDsRed2-Mito vector was obtained from Clontech (Mountain View, CA).  

Lipofectamine 2000, OPTI-MEM media, Neurobasal-A media, B-27 supplement and 

MitoTracker Green FM were purchased from Invitrogen (Carlsbad, CA).  Digitonin was 

from Sigma-Aldrich (St. Louis, MO). Goat Anti Mouse IgG DylightTM 405 Conjugated 

was from Pierce Biotechnology (Rockford, IL).  Mouse Anti TOM20 antibody was from 

BD Bioscience (San Jose, CA).  COX IV Rabbit mAb (Alexa Fluor 488 Conjugated) was 
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from Cell Signaling Technology (Danvers, MA).  FCCP was from Enzo Life Sciences 

(Plymouth Meeting, PA) PC12 cells were obtained from ATCC (Manassas, VA). 

FluoroDish 35mm glass bottomed tissue culture dishes were from WPI Inc. (Sarasota, 

FL). All other chemicals and reagents were obtained from common commercial sources.  

Carbonic anhydrase II The construction and isolation of the CA derivative by our 

collaborators at the University of Michigan, Ann Arbor is the same as in previous studies 

[3], but will be stated again.  A His6-tag consisting of a bridging glycine, an 11 amino 

acid TAT peptide, and an additional glycine resulting in the sequence: 

MHHHHHHGYGRKKRRQRRRG, is fused to the N-terminus of CA by expressing the 

fused gene. [103]  The His6-TAT-CA gene is then constructed by three rounds of PCR 

amplification using oligonucleotide primers containing the correct sequence to encode the 

His6-TAT tag to 5’ end of the CA gene.  The constructed His6-TAT-CA gene is then 

inserted into pACA [102], an ampicillin resistant expression plasmid under T7 regulatory 

control.  The entire wild-type gene is replaced by the His6-TAT-CA gene using a 

Seamless Cloning Kit (Stratagene) generating the plasmid pAHTC1.  To clone the new 

gene product into the vector a restriction enzyme site, Eam1104 I, is introduced and will 

cleave outside its recognition sequence leading to the inclusion of m5dCTP during PCR 

amplification, resulting in the protection of pre-existing Eam1104 I sites.  After 

amplification digestion with Eam1104 I and subsequent ligation in the presence of the 

enzyme resulted in the desired vector.  Site-directed mutagenesis is then performed on 

pAHTC1 (QuikChange Site-Directed Mutagenesis Kit, Stratagene) to produce the CA 

mutant.  A double mutant, C206S/H36C His6-TAT-CA (pAHTC3) is constructed for site-

specific labeling with the appropriate fluorophore. [11]  The mutation and gene sequence 
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is then confirmed by automated dideoxy sequence analysis.  The plasmids are then 

transformed into E. coli BL21 (DE3) cells, and grown in rich induction medium at 37oC. 

[103]  Once the cells reach the mid- log phase of growth, protein expression is induced by 

the addition of 0.25 mM isopropyl β-D-thiogalactopyranoside and 0.4mM ZnSO4, cells 

are then incubated for 6 hours at 30oC and 225 rpm before they are harvested.  The His6-

TAT-CA proteins are isolated from the cell lysate by binding a histidine tag on the fusion 

protein to a Ni2+-charged chelating Sepharose fast flow resin (Amersham Biosciences) in 

30mM HEPES/250mM NaCl/2mM imidazole, pH 8.0, which was washed extensively.  

The CA protein is then eluted with a 0.1M – 0.5M imidazole gradient in 30mM 

HEPES/250mM NaCl, pH 8.0.  The E. coli endotoxins are removed by running the 

protein over DEAE Sephacel resin (Amersham Biosciences) in 10mM TrisSO4/0.1mM 

ZnSO4/1mM DTT, pH 8.0.  The protein, which is then bound loosely to the resin, is 

eluted with 0.1M – 0.2M (NH4)2SO4 in the same buffer. 

Labeling the H36C variant of CA  

Before reduction and conjugation the protein (the H36C variant) was defrosted and initial 

concentration determined by OD (ε280 = 50100).  The protein was then dialyzed in a 

buffer of 50mM HEPES/40mM Na2SO4/10μM ZnSO4, pH 7.2, at 4oC to rid the protein of 

ammonium sulfate left over from construction.  The protein was reduced by TCEP at 10-

fold molar excess over protein, stirring at 4oC for 4 hours.  Alexa Fluor 594 maleimide 

(Invitrogen) was added, at 10-fold molar excess of the protein, to the protein mixture 

which was then stirred in the dark at 4oC overnight.  To stop the labeling reaction, β-

mercaptoethanol, in 10-fold molar excess over label, was added and stirred in the dark at 



29 

 

 

4oC for 15 minutes.  The protein was then dialyzed in a buffer of 50mM HEPES/40mM 

Na2SO4, 10μM ZnSO4, pH 7.2, at 4oC for 6 – 8 hours, while covered.  The buffer was 

changed at least 3 times to ensure all excess Alexa Fluor 594 (AF594) and TCEP was 

removed.  If the buffer was still colored after the third change, indicating that excess label 

was still being removed, additional rounds of dialysis were performed until the buffer 

was colorless.  Concentration of the protein and labeling efficiency were determined by 

absorbance at 280 nm (ε = 50100) and 588 nm (ε = 96000) correcting for the OD280 of the 

label.  To remove all zinc from the protein, the labeled protein is dialyzed in a buffer of 

100mM HEPES/50mM DPA, pH 7.2, at 4oC for 6 – 8 hours, while covered.  The buffer 

will then be changed to 0.01M chelexed MOPS, pH 7.2, with a small amount of Chelex 

resin added to the buffer, and the protein will be covered and dialyzed at 4oC overnight.  

The chelexed MOPS buffer is changed 5 times to ensure that all DPA has been dialyzed 

out. 

Plasmid Construction   

The Carbonic Anhydrase (CA) gene was PCR amplified using the 2 separate sense 

primers, 5’-

CCGCGCGCCAAAGATCCATTCGTTGATGGCCCATCACTGGGGGTACGGC-3’, 

containing a BssHII site, and the antisense primer, 5’-

CATCGGAATCCCCACCTTTGAAGGAAGCTTTG-3’.  The fragment was cloned into 

the pDsRed2-Mito vector.  The pDsRed2-Mito/CA vector contains the CA in frame with 

an upstream mitochondrial signal sequence (from subunit VIII of human cytochrome c 

oxidase) and a downstream DsRed2 tag.  This was achieved by cloning the CA into the 
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BssHII and blunted BamHI sites of the pDsRed2-Mito vector.  The insert and the 

expression vector were sequenced to ensure everything was in frame and no sense 

mutations had occurred. 

Cellular Culture   

PC12 cells, a cultured rat pheochromocytoma cell line used as a model for neuronal cells 

[134], were cultured in Neurobasal-A media minus phenol red, supplemented with 2% B-

27 supplement, 0.5mM L-Glutamine, and 1% Penicillin-Streptomycin.  Prior to 

experiments PC12 cells were re-plated on 35mm glass bottomed culture dishes to allow 

for better imaging.   

Oxygen-Glucose Deprivation Cell Death Study   

In order to determine the proper length of oxygen-glucose deprivation (OGD) needed to 

mimic cerebral ischemia in cultured PC-12 cells a “death curve” was obtained.  To 

properly mimic ischemia, conditions that resulted in 50% cell death 24 hours after the 

OGD were identified as follows (personal communication from Linda Bambrick).  PC-12 

cells were grown to confluency in T-75 flasks (Greiner) with serum free Neurobasal-A 

medium without phenol red supplemented with 2% B-27 supplement, 0.5mM L-

Glutamine, and 1% Penicillin-Streptomycin (all Gibco).  Two days prior to the study, 

zinc and glucose free artificial cerebrospinal fluid (ACSF) pH 7.4 (0.142M NaCl, 0.005M 

KCl, 0.001M MgCl2•6H2O, 0.002M CaCl2•4H2O, 0.01M HEPES, and 50μM Bicine) was 

placed in an Anaerobic System (Forma Scientific, Model #1025) in order to properly 

deoxygenate.  A day prior to the study, the cells were scraped from the T-75 flask and 

plated on 35mm glass bottomed culture dishes (WPI Inc.).  The PC-12 cells were then 
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incubated for 24 hours at 37oC, 5% CO2 to allow for attachment to the glass cover slip.  

The cells were then placed in the anaerobic chamber, where the atmospheric oxygen and 

hydrogen concentrations were constantly monitored by a Model 10 Oxygen and 

Hydrogen Analyzer (Coy Laboratory Products Inc., Grass Lake, MI), and the media was 

replaced with the deoxygenated zinc and glucose free ACSF.  The cells were then 

incubated for 3 hours at 37oC, 0% O2, and 7% H2.  Upon completion of the 3hr OGD the 

cells were pulled from the chamber and placed in supplemented Neurobasal-A medium 

and then incubated at 37oC, 5% CO2 for their corresponding time points.  In order to 

determine the cell viability following OGD the cells were stained with ethidium 

homodimer-1 (EthD-1) and Syto 13 stains (both from Invitrogen), the ratio of cells 

staining positive with EthD-1 to those staining positive for Syto 13 gives an approximate 

ratio of live to dead cells.  20μl of the EthD-1 (2mM stock) was diluted into 10ml of D-

PBS, which gives a 4μM solution, and 5μl of the Syto 13 stain (5mM stock) was diluted 

into 1ml of MOPS buffer, pH 7.4, which gives a 25μM solution.  The medium was 

removed from the cells, and 1ml of fresh supplemented Neurobasal-A medium was 

added.  150μl of the EthD-1 solution and 80μl of the Syto 13 solution were added directly 

to the cells, which were then incubated at 37oC, 5% CO2 for 30 minutes.  Both dyes have 

low intrinsic fluorescence and have enhanced fluorescence when bound to nucleic acids, 

therefore the cells were not washed to remove excess dye.  EthD-1 is only able to enter 

cells with damaged membranes and shows a 40-fold enhancement of fluorescence when 

bound to nucleic acids.  The dye is excited by light at 495nm and emits at 635nm, 

producing red fluorescence in dead cells.  The fluorescence was observed by using a 

D540/25X excitation filter placed in the path of the excitation light, 400DLCP dichroic, 
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and D630/30M barrier filter (all from Omega).  The Syto 13 dye is permeable to virtually 

all cellular membranes and has an increase in quantum yield to 0.4 from <0.01 when 

bound to nucleic acids.  The dye is excited by light at 488nm and emits at 509nm, when 

bound to DNA.  The fluorescence of Syto 13 was observed by using an Omega XF22 

filter set which excitation at 485nm and emission at 530nm.  Multiple fields of view were 

selected and the cells where photographed using a Nikon Eclipse TE300 epifluorescence 

microscope, through a Nikon Plan Apo 4x/0.2 NA objective with a Cooke Sensicam QE 

cooled CCD camera.  An image was taken using the conditions for EthD-1 fluorescence, 

then, without moving the field of view; another image was taken using the conditions for 

Syto 13 fluorescence.  The images were captured using IPLab software.  The images 

were then pseudo colored red (EthD-1) and green (Syto 13) and merged to create one 

image with fluorescence from both dyes.  The amount of EthD-1 positive cells were 

counted and divided by the total amount of cells in the field of view (EthD-1 positive + 

Syto 13 positive).  This was done for each of the multiple fields of view to determine the 

average amount of cellular death per dish.  

Cellular Transfection   

PC12 cells were transfected following the Lipofectamine 2000 protocol (Invitrogen).  

PC12 cells were grown to confluentcy in supplemented Neurobasal-A media (as 

described above), with 1% Penicillin-Streptomycin in T-75 flasks and plated on 35mm 

glass-bottomed dishes (WPI Inc.).  The cells were incubated at 37oC, 5% CO2 overnight 

and then the media was removed and replaced with supplemented Neurobasal-A media 

without antibiotics.  The cells were then incubated at 37oC, 5% CO2 for 24hrs.  For each 
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dish of cells, 25μl of Lipofectamine 2000 (Invitrogen) was diluted with 125μl of 

OPTIMEM media (Gibco) and incubated for 5min at room temperature.  10μg of plasmid 

DNA was diluted with 125μl of OPTIMEM media and incubated for 5min at room 

temperature, as well.  The diluted Lipofectamine and diluted DNA were combined and 

allowed to incubate at room temperature for 20min. The mixture was then added to a dish 

of PC12 cells plated in 35mm glass bottomed dishes in 1ml of supplemented Neurobasal-

A without antibiotics.  The cells were then incubated overnight at 37oC, 5% CO2, and the 

media was then removed and replaced with supplemented Neurobasal-A with 1% 

Penicillin-Streptomycin.  For optimal imaging, cells were allowed 48hrs, from the start of 

transfection before any images were taken. 

Mitochondria Isolation    

PC12 cells were transfected as described above in T-175 flasks, using 1.875ml of 

OPTIMEM media, 60μl of Lipofectamine 2000, and 30μg of plasmid DNA.  Transfected 

cells were removed from T-175 flasks by trypsinization.  Trypsinized cells were quickly 

resuspended in 10ml of DPBS containing 5mg of trypsin inhibitor (0.5mg/ml).  The cells 

were then further diluted by again adding 10ml of DPBS.  The cells were centrifuged at 

800g for 5 minutes.  The supernatant was aspirated off and cells were resuspended in 

25ml ice-cold MS buffer (225mM Mannitol, 75mM Sucrose, 5mM HEPES, 1mg/ml Fatty 

acid free BSA, pH 7.4) containing 1mM EGTA and centrifuged at 1,000g for 5 minutes.  

The supernatant was again aspirated and cells were resuspended in 10ml ice-cold MS 

buffer + EGTA.  The cellular membrane was then disrupted by the addition of 14.4μl 

digitonin from a 10% stock solution to the cells while stirring for 30 seconds.  An 
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additional 10ml MS buffer + EGTA was then added to the cells to dilute out the digitonin 

and cells were centrifuged at 4,000g for 3 minutes at 4oC.  The supernatant was aspirated 

and the loose pellet was poured into a Dounce homogenizer.  The pellet was 

homogenized in 10ml MS buffer + EGTA, and then centrifuged at 2000g for 5 minutes at 

4oC.  After centrifugation the top layer of the supernatant was collected and centrifuged 

at 14,000g for 10 minutes at 4oC.  The resulting brown mitochondrial pellet was collected 

and resuspended in a few drops of MS buffer +EGTA and centrifuged again at 14,000g 

for 10 minutes at 4oC.  The supernatant was then aspirated and the mitochondrial pellet 

was resuspended in a single drop of MS buffer without EGTA.  

Calibration of Zinc Sensor in Isolated Mitochondria     

1.29μg of isolated mitochondria in MS buffer without EGTA were added to a 35mm glass 

bottomed dishes and incubated at 37oC, 5% CO2 for 20 minutes.  The mitochondria were 

then incubated with 250μl of a series of ACSF zinc buffers pH 7.4, concentrations of free 

zinc determined by MINEQL (Environmental Research Software), for 40 min at 37oC, 

5% CO2.  After 40 minutes of incubation 1μM of dapoxyl sulfonamide was added to the 

mitochondria, which were then allowed to incubate for an additional 20 minutes at 37oC, 

5% CO2, and then imaged using a Nikon Eclipse TE300 epifluorescence microscope with 

a D540/25X or a D350/50X excitation filters, 570DCXRU dichroic, and D630-30M 

barrier filter (all from Chroma), through a Nikon Plan Fluor100X/1.3 NA oil objective 

with a Cooke Sensicam QE cooled CCD camera.  Images were captured using IPLab 

software.  Zinc concentrations were determined by ratio of intensity of ex365nm images 

over ex540nm images. 
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Mitochondria probe localization   

PC12 cells were transfected as described above, a fraction of which were plated on 35mm 

glass bottomed dishes while the other fraction underwent mitochondrial isolation also as 

described above.  Transfected PC12 cells were then incubated with 0.02μM 

MitoTracker® Green FM for 30 min at 37oC, 5% CO2.  The cells were then washed and 

imaged at excitation 540nm/emission 617nm (DsRed2 fluorescence) and Excitation 

490nm/Emission 516nm (MitoTracker® fluorescence).  For DsRed2 fluorescence a 

D540/25X excitation filter, 570DCXRU dichroic, and D630-30M barrier filter (all from 

Chroma) were used and for MitoTracker fluorescence a 485DF22 excitation filter, 

505DRLP dichroic, and 530DF55 emission filter (all from Omega) were used.  Images 

were taken, as above, using a Nikon Eclipse TE300 epifluorescence microscope through 

a Nikon Plan PlanFluor100X/1.3 NA oil objective with a Cooke Sensicam QE cooled 

CCD camera. Images were captured with IPLab software (Scanalytics, Inc.) and then 

merged to determine co-localization.  Transfected PC12 cells were also incubated for 5 

min with 1μM dapoxyl sulfonamide at 37oC, 5% CO2 before 0.5μM FCCP dissolved in 

DMSO was added.  Cells were incubated for an additional 15 min and then imaged using 

the DsRed2 filters and system mentioned above, with two images taken using D540/25X 

or a D350/50X excitation filters (one image with each filter).  A ratio of 

Ex365nm/Ex540nm was calculated using IPlab software (Scanalytics Inc.) to determine 

the effect of FCCP on zinc binding.  
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Probe Localization in Isolated Mitochondria  

Isolated mitochondria from transfected PC12 cells were split into two groups; one group 

underwent inner mitochondrial membrane isolation while the other was left untreated.  

Mitochondrial fractionation was based on [135]  Isolated mitochondria were diluted with 

0.25M sucrose solution. The inner mitochondrial membrane was isolated by dilution with 

equal parts of a 2% digitonin stock in 0.25M sucrose solution.  The mitochondria were 

stirred gently on ice for 15 min, and then further diluted with 3 volumes of 0.25M 

sucrose.  The mitochondria were then centrifuged for 10 min at 9500g. The supernatant 

was removed and saved, and the pellet was resuspended in the sucrose solution and 

centrifuged for 10 min at 9500g.  Again, the supernatant was removed and combined with 

the prior fraction, and the pellet was resuspended in a small amount of sucrose solution.  

Whole mitochondria and inner membrane fractions were each plated on a 35mm glass 

bottomed dish, and then incubated at 37oC, 5% CO2 for 30 min.  Two μl of Goat Anti 

Mouse IgG DylightTM 405 Conjugated and 2ul of Mouse Anti TOM20 antibody were 

diluted in 1ml of MS Buffer and 1ml of 0.25M sucrose.  Ten μl of COX IV Rabbit mAb 

(Alexa Fluor 488 Conjugated) was diluted in 1ml of MS Buffer and 1ml of 0.25M 

sucrose.  An aliquot of 200ul of each antibody solution was added to both the isolated 

mitochondria and inner mitochondrial membrane fractions, which were then incubated 

for 30 min at 37oC, 5% CO2.  Images were taken using a Nikon Eclipse TE300 

epifluorescence microscope with; for DsRed2  (a D540/25X excitation filter, 570DCXRU 

dichroic, and D630-30M barrier filter (all from Chroma)), for Dylight405 (a 330WB80 

excitation filter, 400DCLP dichroic, and 450DF65 emission filter (all from Omega), for 

AlexaFluor 488(a 485DF22 excitation filter, 505DRLP dichroic, and 530DF55 emission 
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filter (all from Omega)), through a Nikon Plan PlanFluor100X/1.3 NA oil objective with 

a Cooke Sensicam QE cooled CCD camera.  Images were captured using IPLab software 

(Scanalytics Inc.) and merged to determine co-localization. 

Hypoxia and hypoglycemia study  

In order to mimic the effects of an ischemic event  the cell culture was subjected to an 

environment that was deprived of both oxygen and glucose, since during an ischemic 

event the loss of blood flow not only stops the flow of oxygen to neurons but also its 

chief energy source as well.  The PC-12 cells were first grown to confluency in a T-75 

Flask (Greiner) with serum free Neurobasal-A medium without Phenol Red 

supplemented with 2% B-27 supplement, 0.5mM L-Glutamine, and 1% Penicillin-

Streptomycin (all Gibco).  Two days prior to the experiments a zinc- and glucose-free 

artificial cerebral spinal fluid (ACSF), pH 7.4 (0.142M NaCl, 0.005M KCl, 0.001M 

MgCl2•6H2O, 0.002M CaCl2•4H2O, 0.01M HEPES, and 50μM Bicine) was placed in an 

Anaerobic System (Forma Scientific, Model #1025) in order to properly deoxygenate. 

The cells were then plated on Fluorodish 35mm glass bottomed culture dishes (WPI) to 

allow better focusing on the Nikon Plan Fluor 100X/1.3 NA oil objectives on the Nikon 

Eclipse inverted microscope.  The cells were incubated for 24 hours at 37oC, 5% CO2 to 

properly plate on the culture dishes.  In order to mimic ischemia in vitro the cells were 

placed in the anaerobic chamber and the Neurobasal-A medium replaced with the 

deoxygenated zinc and glucose free ACSF [136, 137].  The cells were then incubated at 

37oC in 95% N2, 5% CO2 for 3 hours.  Following the incubation, the cells were washed 
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three times and supplemented Neurobasal-A media was added back to the cells.  The 

cells were then incubated for 24 hours at 37oC, 5% CO2. 

Cell Staining and Imaging   

Cells were stained by immersion in a zinc free isotonic medium [138] containing 1μM 

Alexa Fluor 594- labeled apo-TAT-H36C-CA and 1μM dapoxyl sulfonamide (dissolved 

in DMSO) and then incubated for 25 min at 37oC, 5% CO2.  The cells were washed 3 

times with the isotonic medium, and supplemented Neurobasal-A medium was added 

back to the cells.  The cells were then imaged using a Nikon Eclipse TE300 

epifluorescence microscope with a D540/25X or a D350/50X excitation filters, 

570DCXRU dichroic, and D630-30M barrier filter (all from Chroma),  through a Nikon 

Plan PlanFluor100X/1.3 NA oil objective with a Cooke Sensicam QE cooled CCD 

camera.  Images were captured using IPLab software.  Zinc concentrations were 

determined by ratio of intensity of ex365nm images over ex540nm images. 

 

 

RESULTS 

OGD Cell Death Study    

We chose conditions of OGD that resulted in approximately 50% delayed cell death to 

assure the ischemic insult was sufficient to induce measurable effects, but not excessive 

(L. Bambrick, personal communication). In order to deny the cells of glucose, an 
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artificial cerebral spinal fluid (ACSF) solution lacking both glucose and zinc was made 

[101].  Zinc was also omitted from the ACSF to ensure that any resulting increase in 

detectable zinc was not due to extracellular uptake during hypoxia/hypoglycemia.  The 

solution was placed in an Anaerobic System chamber (85% N2, 15% CO2, 5% H2) for up 

to 2 days to rid the solution of all dissolved oxygen.  After the incubation period O2 

measurements by CHEMets dissolved oxygen ampoules (K-7599, CHEMetrics) revealed 

the dissolved oxygen levels to be around 5ppb, which is well below normal physiological 

levels in mitochondria [139].  PC-12 cells were placed in the chamber where the growth 

media was substituted with deoxygenated ACSF and incubated for 3hrs.  Upon 

completion of the hypoxia/hypoglycemia time periods the cells were removed from the 

chamber, ACSF was replaced with normal growth media, and the cells were then 

incubated at 37oC for 1, 2, 14, and 24 hours.  To determine the cells viability following 

OGD a live/dead assay was constructed using the stains Syto 13 (live) and ethidium 

homodimer-1 (dead).  The cells were stained and imaged as stated above, and as seen in 

Figure 2.4, it was determined that following an incubation period of 3 hours at 0% O2 cell 

death was increased substantially at 2hrs.  Cell death continued to increase gradually up 

until 24hrs when 47% cell death was achieved. 
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Figure 2.4.  Results from the OGD cell death study.  PC12 cells were subjected to 

oxygen-glucose deprivation for 3hrs.  Normal oxygenated growth media was then 

added back and the cells were incubated for 1, 2, 14, and 24hrs.  After the 

incubation the cells were stained with the fluorescent probes Syto13 (live cells) and 

Ethidium Homodimer-1 (dead cells) and then counted.  The figure shows the 

graphical representation of the percent dead from each group. The percentage of 

dead cells was determined by taking images of eight microscope fields with a total 

cell count for each group 1500-2000 cells.  Error bars are standard error of the 

mean. 
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Figure 2.5.  Calibration curve for CA-DsRed2.  A comparison of the calibration 

curves for CA-DsRed2 in zinc-saline buffers, pH 7.4 (open circles, red bars) and in 

isolated transfected mitochondria (closed squares, blue bars).  The curves show an 

apparent tighter binding for zinc in isolated mitochondria (Kd = 0.15pM) compared 

to the well data (Kd = 4pM).  This is most likely due to the expression levels of the 

sensor and lack of solvent in the mitochondrial matrix, or some combination.  The 

dynamic range for the mitochondrial targeted probe is from 0.01pM to 2pM.  Error 

bars are the standard error of the mean. 
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Mitochondria Probe Calibration and localization   

In view of the likelihood of the mitochondrial environment perturbing the biosensor 

response, we chose to calibrate the sensor in situ in isolated mitochondria in addition to in 

the test tube (the isolated mitochondria are unenergized and thus had a matrix pH close to 

the buffer).  A plot of the calibration curve of unactivated isolated mitochondria in zinc 

buffered saline, pH 7.4, reveals an apparent Kd of 0.15pM (Figure 2.5).  This is 

substantially lower than the Kd of 70pM reported previously (Figure 2.3) [3] for the TAT 

tagged H36C-AF594-CA probe used for imaging intracellular zinc, and lower than the Kd 

of CA-DsRed2 in pH 7.4 zinc-saline buffers.  The lower Kd is mostly likely due to the 

expression levels in the mitochondria and the lack of solvent in the matrix.  The 

calibration curve from the isolated mitochondria suggests that the dynamic range of the 

mitochondrial probe is from 0.01pM to 2pM.  We also confirmed that the expressible 

mitochondria probe was correctly targeted, by incubating transfected PC12 cells with 

MitoTracker Green FM.  Merged images of both DsRed2 and MitoTracker emission 

reveal a co- localization in the mitochondria (Figure 2.6A).  While the co-localization 

with MitoTracker tells us that our probe targets the mitochondria of transfected cells, it 

does not reveal where in or on the mitochondria our probe resides.  To determine where 

our probe is expressed we incubated isolated whole mitochondria and a fraction of the 

inner mitochondria membrane/matrix of isolated mitochondria with antibodies specific 

for both the inner (ant-COX IV) and outer (anti-TOM20) mitochondrial membranes.  In 

whole isolated mitochondria both the TOM20 and COX IV antibodies could bind the 

mitochondrion and their emission was observed along with our mitochondrial probe.  

When the outer membrane was striped away with digitonin the emission from our probe 



43 

 

 

still remained.  The success of the removal of the outer membrane was confirmed by the 

lack of observable emission from the TOM20 antibody and successful staining with the 

COX IV antibody.    The incubations with the TOM20 and COX IV antibodies reveal that 

the CA-DsRed2 probe is being expressed in the inner membrane/matrix of the 

mitochondria in transfected cells (Figure 2.6B).  

 In order to ensure our mitochondrial probe is expressed on the matrix side of the 

inner mitochondrial membrane, we observed the effect FCCP had on the reported ratio.  

A mitochondrial uncoupler, by acting as a protonophore, FCCP will cause a drop in intra-

mitochondrial pH.  This drop in pH will cause a decrease in affinity for zinc in our probe, 

which will be reported as a decrease in ratio of bound to total probe.  In PC12 cells in 

normal growth media the reported average ratio for the mitochondrial probe was 0.63 ± 

0.11, when FCCP was applied to the cells the ratio dropped to 0.48 ± 0.22.  A p value of 

p < 0.05 confirmed that the observed change was statistically significant.  The decrease in 

ratio of excitation 365nm/excitation 540nm in cells incubated with 0.5μM FCCP for 

15min, as compared to control cells indicates our probe can effectively image 

mitochondrial matrix zinc.  This is expected since the targeting sequence used comes 

from subunit VIII of cytochrome c oxidase.  

Resting  Zinc Imaging  

Previously our lab had reported on imaging intracellular zinc in PC12 cells under 

physiological conditions [3].  From the images it was determined that the average 

intracellular concentration of labile zinc was around 10pM (Figure 2.7) which is within 

the range previously reported [3].  In this study we used our expressible Mito-CA- 
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Figure 2.6.  Localization of Mito-CA-DsRed2.  A.) Co-localization of the 

mitochondrial targeted probe (psuedocolored red) and the MitoTracker probe 

(psuedocolored green).  The merged image (in yellow) indicates that probe 

successfully targets the mitochondria of transfected cells.  B.) Co-localization of the 

mitochondrial target probe and antibodies specific for the outer mitochondrial 

membrane (TOM20) and inner mitochondrial membrane (COX IV).  Co-

localization experiments were performed on both whole isolated mitochondria and 

inner mitochondrial membrane/matrix fractions.  Incubation with the antibodies 

indicates that the Mito-CA-DsRed2 probe is expressed in the inner mitochondrial 

membrane/matrix of transfected cells. 
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DsRed2 probe to image intra-mitochondrial zinc, and from which we can determine the 

concentration of mitochondrial labile zinc.  Our probe reports that, in the mitochondria of 

PC12 cells under physiological conditions, the average concentration oflabile zinc in the 

mitochondria is around 0.15pM (Figure 2.7).  This would indicate that there is a 

significantly lower amount of free zinc in the mitochondria, suggesting a tighter control 

of free zinc in the mitochondria than in the cytosol.  We note that the expressible form of 

the sensor when expressed in the cytoplasm or the TAT-tagged and introduced into 

cytoplasm gave nearly identical results to the Alexa Fluor 594 based sensor described in 

[3].   

Zinc Imaging following OGD    

In order to study the effects of ischemia/reperfusion injury, in vitro, we decided to use a 

model of OGD.  PC12 cells were subjected to 3 hours of OGD, followed by an additional 

incubation periods (1hr, 2hr, 14hr, 24hr) under normal conditions (37oC, 5% CO2).  An 

incubation of 24hrs after 3hr OGD resulted in approximately 50% apoptotic cell death 

(Figure 2.4).  Zinc images with the TAT-H36C-CA probe reveal a significant increase in 

zinc 24hrs after OGD (50pM) as compared to control cells (10pM) (p < 0.05) (Figure 

2.7).  Interestingly this increase is gradual and follows an initial period of decreased 

cytosolic zinc at 1hr after OGD (0.9pM) (p < 0.05) (Figure 2.9).  At the same time 

cytosolic zinc is depressed, mitochondrial matrix zinc levels show a substantial increase 

(8pM) over control levels (0.15pM)(p < 0.01) (Figure 2.8, 2.9).  However, the increase in 

mitochondrial zinc is short lived and by 2hrs after OGD mitochondrial zinc was around 

physiological levels.  At later time points, 14hr and 24hrs after OGD, there is a slight 
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increase in mitochondrial zinc is observed, but these increases are not significant and may 

be due to increased imaging of non-viable cells. 

 
 

Figure 2.7.  Increase in intracellular zinc following OGD.  Psuedocolored ratio 

images following 3hr OGD insult in PC12 cells. Physiological Conditions (top left), 

1hr after OGD (top right), 14hrs after OGD (bottom left), 24hrs after OGD (bottom 

right).  Images indicate that intracellular zinc decreases after OGD before 

increasing gradually over a 24 hour time period.  
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Figure 2.8.  Pseudocolored Ratio Images of Mitochondrial [Zn] Following OGD. 

Physiological conditions (top left), 1hr after OGD (top right), 2hrs after OGD 

(bottom left), 14hrs after OGD (bottom right).  The images clearly show an increase 

in free zinc in the mitochondria at 1hr after OGD, and a return to physiological 

levels shortly thereafter.  

 

CONCLUSIONS  

Through this work we describe an adaptation of our previous excitation 

ratiometric fluorescence biosensor for zinc [3], which allows us to measure and image 

mitochondrial matrix zinc.  Through our co- localization experiments (Figure 2.4.) and 



48 

 

 

use of the mitochondrial uncoulper FCCP, we are confident that our expressible 

mitochondrial zinc probe is located in the mitochondrial matrix of transfected cells.  

Measurements in resting cells suggest that the average mitochondrial matrix 

concentration of free Zn2+ is around 0.15pM (Figure 2.8 and 2.9), which is much lower 

than the cytosolic concentration of ~ 10pM previously reported [3].  Using our two zinc 

biosensors we observe a short decrease followed by a gradual increase in cytosolic zinc 

following OGD (Figure 2.9).  At the same time cytosolic zinc is depressed, there is a 

substantial increase in mitochondrial zinc (Figure 2.9). 

Studies looking at the connection of zinc increase during ischemic insults have 

mainly focused on an influx of extracellular zinc [49, 69, 70].  Although in our model of 

ischemia we used a zinc and glucose free ACSF during the period of OGD supplemented 

Neurobasal-A media was added back to the cells when they were removed from the 

anaerobic chamber. Calculations with Mineql+ software reveal that there is a 

concentration of approximately 10nM free Zinc in supplemented Neurobasal-A media.  

There was then a possibility that an influx of the free zinc in the supplemented 

Neurobasal-A media could have caused the increase of intracellular zinc that we observed 

over the 24 hour period following OGD.  In neurons, extracellular zinc can enter through 

either voltage-gated calcium channels or Ca2+-permeable  AMPA/kainite channels [48, 

140, 141], but PC12 cells have been shown to lack functional AMPA-type glutamate 

receptor channels [142].  If the increase in cytosolic zinc was due to the movement of 

extracellular zinc into the cell, voltage-gated calcium channels would be a prime 

candidate in facilitating the influx.  
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Figure 2.9. Mitochondrial and Cytosolic Zinc Concentrations Following OGD.  

Based on the average ratio of Ex365nm/Ex540nm for both cytosolic and 

mitochondrial zinc images average zinc concentrations could be determined.  

Following OGD in the mitochondria (top graph), there is a substantial increase in 

zinc at 1hr after OGD follow by a return to near physiological levels.  In the cytosol 

(bottom graph) zinc is decreased shortly after OGD before gradually increasing to 

around 50pM 24hrs after OGD. * p < 0.05, # p < 0.01, Nmito = 35-45 cells, Ncytosol = 70-

90 cells.  Error bars are the standard error of the mean.  
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A decrease in intracellular pH typically occurs during periods of ischemia [58, 

61], which could affect many zinc binding proteins and enzymes affinity for zinc.  By 

working in an in-vitro model with pH buffered cell media we should not see a drop in 

intracellular pH which has been observed in other models for ischemia/reperfusion 

(although we cannot discount it entirely at this time).  Another consequence of 

ischemia/reperfusion is an increase in ROS production.  Increased oxidative stress, due to 

an increase in ROS production has been observed in cells following ischemia/reperfusion 

[76, 113][Blomgren, 2006 #203, so it is likely that zinc could be liberated due to thiol 

ligands being oxidized by ROS. 

An interesting observation in this study was that at 1hr after OGD cytosolic labile 

zinc is decreased while mitochondrial zinc is increased substantially (Figure 2.9.).  

These results point to the possibility of cytosolic zinc moving into the mitochondr ia 

following OGD, suggesting that mitochondria act as a Zn2+ sink.  While calcium has 

been observed accumulating in the mitochondria following ischemia [Kristian, 1998 

#333], and the mitochondria have been described as a Ca2+ sink [143], no accumulation 

of Zn2+ in the mitochondria following ischemia has been observed before.  Studies have 

suggested that zinc can enter the mitochondrial through two ways; through the calcium 

uniporter and through a yet to be described novel pathway [43, 81], both of which could 

be the mode of zinc entry into the mitochondria following OGD.  Also, considering 

increases of zinc have been measured with commonly used fluorescent indicators for 

calcium [83], an accumulation of zinc following ischemia might have already been 

observed but attributed to calcium instead.  
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Another possible cause of the observed increase in mitochondrial zinc following 

OGD is the release of zinc from mitochondrial proteins and glutathione. Following 

ischemia a loss of mitochondrial membrane potential, and increase in ROS production, 

mitochondrial dysfunction, and formation of mitochondrial permeability transition have 

all been observed [58, 76, 77, 79, 113, 115, 143, 144].  A loss in mitochondrial 

membrane potential results in a decrease in mitochondrial matrix pH. This decrease in 

pH could affect the affinity for zinc of many zinc binding proteins, resulting in a release 

of zinc in the mitochondrial matrix.  Also an increase in ROS production could increase 

the amount of attacks by reactive oxygen on zinc binding proteins, leading to a release 

of their zinc. 

It is also possible that our observed changes in cytosolic and mitochondrial zinc 

following OGD are due to a decrease in zinc buffering.  Glutathione is a known ligand 

for zinc [12] and is present at significant levels in both the mitochondrion and neurons 

[145, 146].  In models for ischemia/reperfusion injury both tissue and mitochondrial 

levels have been observed to decrease [145, 147].  It is then possible that our observed 

increases in the ratios of our zinc biosensors could be from a decrease in both cytosolic 

and mitochondrial zinc buffering capacity due to a decrease in glutathione levels 

following OGD. 

The work presented here represents an advancement in the ability to measure and 

image mitochondrial free zinc.  The data generated from our OGD study also raises the 

possibility of a mitochondrion Zn2+ sink following OGD.  While the exact mechanisms 

of the mitochondrial and cytosolic increase in free zinc observed is not known, the 
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results suggest that zinc might have a larger role in ischemia/reperfusion injury than 

currently thought.  
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Chapter 3 

Measuring Physiological Cu2+ using a Fluorescence Lifetime Biosensor  

 

 

 

INTRODUCTION 

Fluorescence Lifetime Imaging Microscopy (FLIM)   

As fluorescence-based probes and the means to detect them have become more 

sophisticated, the field of fluorescence has moved out of the cuvette and into cell biology 

[148].  While intensity-based fluorescence measurements have been widely applied to 

qualitative determinations, such as live/dead and localization assays [149, 150], making 

quantitative measurements through the microscope, of an analyte such as; pH, O2, or 

metal ion, based on a probe’s intensity is a bit more challenging.  This can partly be 

attributed to the complex nature of the cellular environment.  The concentration of a 

fluorescence probe can vary greatly between regions in a cell, resulting in differing 

intensities, with no practical way to interpret these local concentrations.  Coupled with 
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the fact that many fluorophores photobleach rapidly, making quantitative measurements 

of fluorescence intensity alone is an arduous task [151]. 

 

Figure 3.1  Schematic of the basic concepts of frequency domain lifetime 

measurements.  When a fluorophore is excited with sinusoidally modulated light 

(solid line) there is a delay between absorption and emission of fluorescence.  This 

delay causes a phase shift (expressed in degrees) of the modulated emission (dashed 

line), with respect to the excitation and a corresponding demodulation.  The shift is 

recorded as the phase delay (∆φ) and the demodulation is presented as a ratio 

compared to the excitation.  Phase delays and modulation ratios are recorded at 

multiple excitation frequencies.  The frequency-dependent phase shift and 

demodulations may be fit as iterative process to an assumed decay law to recover 

the lifetime(s) of the fluorophore(s). 

 

In many cases, these issues make accurate measurements of analytes within the 

cell infeasible.  In order to ensure quantitative measurements using fluorescence 

indicators were accurate, another attribute of fluorescence, other than intensity, had to be 
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exploited.  One such trait is the lifetime, or decay time, (τ) of a fluorophore, which is the 

average amount of time a fluorophore spends in the excited state following excitation  

[152].  When a fluorophore is excited with an intensity-modulated light source the 

emission is delayed in time relative to the modulated excitation.  As a forced oscillator, 

the emission is also amplitude-modulated at the same frequency (Figure 3.1).  The finite 

delay is observable (for appropriate modulation frequencies) as a phase shift and 

demodulation of the modulated emission with respect to the excitation [153].  As the 

modulation frequency increases one observes an increase in phase shift (from 0o to 90o) 

and a decrease in modulation ratio (from 1.0 to 0) (Figure 3.2) [154].  By plotting the 

phase shift and modulation ratio of a fluorophore at multiple modulation frequencies the 

lifetime can be determined based on a fitting model.  For a single-exponential decay, the 

phase (φ) and modulation (m) at a given frequency (ω) are related to the lifetime (τ) by 

[154]: 

tanφω = ωτ 

and   

mω = (1 + ω2τ2)-1/2 

Several groups have constructed fluorescence microscopes where the image contrast is 

provided by differences in lifetimes rather than intensity [155, 156].  For example, by use 

of fluorescence lifetime imaging microscopy (FLIM) protein-protein interactions, protein 

phosphorylation, and protein translocation have all been visualized and cellular Ca2+ 

gradients have been measured [157-159].  
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Figure 3.2  Simulated frequency-dependent phase shifts (—) and demodulation (----) 

for single lifetimes of 0.8ns (purple) and 4.0ns (green), and for a 1:1 mixture of the 

tow (orange).  Note that while the curves for the single lifetimes are identical 

(merely shifted in frequency), the curve for the mixture is different and 

emphatically not the same as those for the arithmetic mean of 0.8ns and 4.0ns.  For 

example for 0.8ns the phase angle at 100MHz is 240 and for 4.0ns is 68 degrees, 

while the phase angle for the 1:1 mixture is 38 degrees, not 46 degrees (the mean).  

 

Phasor Plot 

 Traditionally fluorescence lifetimes have been measured using either the impulse 

or harmonic response method, known as “time domain” or “frequency domain” 
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respectively [152, 154, 160].  When using these systems in complex environments with 

multiple lifetimes, sophisticated data analysis, such as fitting to a specific decay model or 

using the model- independent maximum entropy method [160, 161], is needed.  This issue 

of analyzing the data is further compounded in FLIM, where each pixel in an image 

contains its own set of frequency or time domain information. Furthermore, plott ing the 

average apparent lifetime in situations described above can be misleading as the lifetime 

components do not contribute linearly to the measured phase and modulation (Figure 

3.2).  So the question presented is how to present data lifetime, in a cellular system for 

example, for an image consisting of thousands of pixels?  In the simplest case of a pixel 

combining emission from 2 components, each pixel would require three independent 

numbers to depict the fitting τ data (τ1, τ2, α1 (α2 = 1 - α1)), which seems awkward.  The 

best way to present the data is by utilizing a phasor plot, which is a polar plot of the 

fluorescence lifetime data [162].  The basic concepts of the phasor plot are illustrated in 

Figure 3.3.  The coordinates S and G are based on the equations: 

S = M (τ) cosφ (τ) 

G = M (τ) sinφ (τ) 

φ(τ) and M(τ) are the phase and modulation of each separate fluorescence component 

with lifetime τ [162].  The φ and M data for a pixel at a suitable frequency (ω) plotted in  
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Figure 3.3  Schematic of the basic concepts of a phasor plot.  The distance a pixel is 

plotted from the origin is equal to its modulation ratio (0.89) at the modulation 

frequency of 100MHz, and the angle from the G axis is its phase angle (28.7o).  Any 

pixel exhibiting a single lifetime component will fall on the semicircle, with longer 

lifetimes on the left side and shorter on the right of the arc.  Any pixel exhibiting 

multiple lifetime components will fall within the semicircle.  The phasor plot will 

have a plotted point corresponding to each pixel in the image, and one may group 

together points in the phasor plot (having similar lifetime characteristics) and see to 

which pixels in the fluorescence micrograph they correspond to.  

 

this system would have a distance from the origin equal to its modulation ratio, an angle 

with the x axis (G) equal to its phase angle [160].  The measured φ and M of a 

fluorophore with a single lifetime component will fall on the semicircle [162].  If a pixel 
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exhibits multiple components it will fall within the semicircle (Figure 3.4).  We can 

therefore think of the phasor plot in terms of a histogram of sorts, where every pixel of a 

FLIM image is plotted.  Pixels can then be grouped together, and overall data trends from 

the image can be determined.  By presenting FLIM data in a phasor plot information can 

be quickly and easily interpreted in even the most complex of environments [163, 164].  

 

Figure 3.4  Representation of a phasor plot of single and multiple component 

lifetimes.  Two fluorophores with lifetimes of 4ns (green) and 0.8ns (purple) and 

mixtures (dashed line) (a 1:1 mixture is represented in red) are plotted.  As the 

proportion of the short lifetime increases, in a pixel, the plotted point moves to the 

right along the dashed line. 
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Figure 3.5.  An example of a FLIM-based biosensor.  This hypothetical sensor has 

two distinct lifetimes based on its location within a cell.  When in the nucleus the 

sensor exhibits the shorter form of the lifetime, as seen in the upper panels.  The 

longer lifetime is exhibited when the probe is in the cytosol (lower panels).  By 

moving a circle over the pixels in the phasor plot (right panels) we can select for 

pixels with a certain lifetime, and as a result study specific regions of the cell (left 

panels). 
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Copper Biology 

 Copper is a transition metal that is required by all forms of life for proper cellular 

function.  Copper plays important roles in the reduction of superoxide, formation of 

connective tissue, metabolism of neurotransmitters and neuropeptide hormones, 

regulation of hemoglobin levels, and the production of ATP [165, 166].   Biologically 

copper is converted between different redox states, the oxidized Cu2+ and the reduced 

Cu+ [165].  Enzymes use the change in bound copper oxidation state to catalyze redox 

chemistry for several reactions that are central to biology [167].  While copper is 

necessary for proper biological function, its ability to be converted to different redox 

states can also make it highly toxic.  In particular, Copper can participate in Fenton-type 

reactions that result in the production of reactive oxygen species (ROS) including 

hydroxyl radical, in a manner similar to iron [168].  It is not surprising then, that it has 

been predicted that less than one free copper ion per cell is available [169]. 

While several enzymes that utilize copper are known, copper biology, such as 

copper uptake into the cell, is not yet fully understood.  The membrane protein Ctr1 is 

though to function as the major copper importer, supporting the transport of Cu+ into the 

cell [170].  This led to an assumption that enterocyte Ctr1 facilitates the absorption of 

dietary copper in the small intestine, but current opinion suggests than another unknown 

transporter is responsible [171].  The major homeostatic control of copper takes place in 

the liver, where Crt1 mediates the transport of Cu+, but not Cu2+ [167], from the blood 

stream into the liver [172]. Once inside the cell metallochaperones such as CCS, ATX1, 
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COX17, HAH1, and others shuttle copper from the plasma membrane to the required 

enzymes or cellular compartments [173, 174]. 

Copper Biology in Disease 

Known dysfunctions in copper homeostasis are mainly caused by genetic defects 

[165].  The two most prominent diseases are Wilson’s and Menkes disease.  Wilson’s 

disease is an inherited autosomal recessive disorder, which results in the accumulation of 

copper primarily in the liver and brain causing hepatic and neurological defects [175].  

Wilson’s disease rate of occurrence is from 1:30,000 to 1:50,000 and is caused by a 

mutation in the gene coding for ATP7B, whose function is to facilitate the excretion of 

excess copper [165].  Patients with Wilson’s disease can present with liver failure, 

psychiatric symptoms, and Kayser-Fleischer ring: a deposition of copper in the eyes 

visible as a gold-brown ring around the periphery of the cornea [176].  Menkes disease is 

a rare X-linked disorder affecting one out of 200,000 newborns, caused by a mutation in 

the gene encoding ATP7A [165].  ATP7A is normally located in the trans-Golgi network 

of the placenta, gut, and brain, where it facilitates copper transfer across the mucosal 

barrier [176].  Copper that crosses the trans-Golgi network in these tissues is intended for 

delivery to supply a growing fetus.  The mutation in Menkes disease results in a copper 

deficiency causing the patients to die within the first few years of life [177].  

Copper is also believed to play a critical role in tumor progression and 

development.  Elevated levels of total serum copper have been observed in cancers of the 

lung, breast, gastrointestinal tract, brain, and gynecological cancers, with higher levels in 

metastatic cancer as compared to localized tumors [178].  Serum copper levels have been 
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found to correlate with tumor development, size, and progression [165].  Copper has also 

been proposed to be essential for angiogenesis, although the entire range of functions in 

angiogenesis requiring copper is not yet fully understood [167].  Anti-tumor strategies 

involving copper depletion, though, are currently being developed and have shown some 

promise in animal models [179]. 

Carbonic Anhydrase-Based Copper Sensing 

 Human carbonic anhydrase II is normally a zinc binding enzyme, but is able to 

bind Cu2+ with a higher affinity than Zn2+ [104].  The ability to mutate residues on 

carbonic anhydrase to create variants selective and sensitive to either Cu2+ or Zn2+, has 

led to its incorporation into biosensors for both metal ions [124, 128].  In this study we 

describe the cellular adaptation of a Cu+ specific lifetime-based fluorescence biosensor 

based on carbonic anhydrase.  In our probe carbonic anhydrase is labeled with Oregon 

Green close to the active site, and when in the apo-form shows no quenching of Oregon 

Green’s emission or change in its lifetime [100].  When Cu2+ is bound to carbonic 

anhydrase there is FRET transfer from Oregon Green to Cu2+, due to the close proximity, 

which partially quenches the emission (Figure 3.6).  The quenching of the emission is 

exhibited by a reduction in the fluorescence intensity and lifetime.  Based on the degree 

of the reduction the concentration of Cu2+ can then be estimated.    

Based on the possibility that virtually all intracellular copper is bound to cellular 

constituents [171], and the prediction, based on the calculations involving the copper 

chaperone for superoxide dismutase in yeast,  that free intracellular Cu2+ is near zero 

[169], defining the cellular concentration of copper has been imprecise.  In order to fully 
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understand the cellular biology of copper accurate measurements of intracellular copper 

must be made.  We have developed a fluorescence lifetime-based biosensor for Cu2+ 

based on human carbonic anhydrase II with sub picomolar affinity for Cu2+.  We describe 

an adaptation that allows for entry of our sensor into PC12 cells and measurement of 

Cu2+ fluxes.  We then employ FLIM measurements of our sensor in PC12 cells to 

measure the resting level of free Cu2+, the first time such measurements of physiological 

Cu2+ have been made.  

 

Figure 3.6  Principle of fluorescence lifetime-based Cu(II) indicator.  Oregon Green-

labeled apo-carbonic anhydrase II in the absence of metal ions exhibits little or no 

quenching nor reduction in lifetime.  Once the sensor binds Cu2+, the label emission 

is quenched by FRET with concomitant reduction in intensity and lifetime.  
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MATERIALS AND METHODS 

Carbonic anhydrase II  

The construction and isolation of the CA derivative by our collaborators at the University 

of Michigan, Ann Arbor is the same as in the previous chapter and studies [3], but will be 

stated again.  A His6-tag consisting of a bridging glycine, an 11 amino acid TAT peptide, 

and an additional glycine resulting in the sequence: MHHHHHHGYGRKKRRQRRRG, 

is fused to the N-terminus of CA by expressing the fused gene [103].  The His6-TAT-CA 

gene is then constructed by three rounds of PCR amplification using oligonucleotide 

primers containing the correct sequence to encode the His6-TAT tag to 5’ end of the CA 

gene.  The constructed His6-TAT-CA gene is then inserted into pACA [102], an 

ampicillin resistant expression plasmid under T7 regulatory control.  The entire wild-type 

gene is replaced by the His6-TAT-CA gene using a Seamless Cloning Kit (Stratagene) 

generating the plasmid pAHTC1.  To clone the new gene product into the vector a 

restriction enzyme site, Eam1104 I, is introduced and will cleave outside its recognition 

sequence leading to the inclusion of m5dCTP during PCR amplification, resulting in the 

protection of pre-existing Eam1104 I sites.  After amplification digestion with Eam1104 I 

and subsequent ligation in the presence of the enzyme results in the desired vector.  Site-

directed mutagenesis is then performed on pAHTC1 (QuikChange Site-Directed 

Mutagenesis Kit, Stratagene) to produce the CA mutant.  A mutant, C206S/L198C/Q92A 

His6-TAT-CA (pAHTC3) is constructed for site-specific labeling with the appropriate 

fluorophore [11].  The mutation and gene sequence is then confirmed by automated 

dideoxy sequence analysis.  The plasmids are then transformed into E. coli BL21 (DE3) 

cells, and grown in rich induction medium at 37oC [103].  Once the cells reach the mid-
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log phase of growth, protein expression is induced by the addition of 0.25mM isopropyl 

β-D-thiogalactopyranoside and 0.4mM ZnSO4, cells are then incubated for 6 hours at 

30oC and 225rpm before they are harvested.  The His6-TAT-CA proteins are isolated 

from the cell lysate by binding a histidine tag on the fusion protein to a Ni2+-charged 

chelating Sepharose fast flow resin (Amersham Biosciences) in 30mM HEPES/250mM 

NaCl/2mM imidazole, pH 8.0, which was washed extensively.  The CA protein is then 

eluted with a 0.1M – 0.5M imidazole gradient in 30mM HEPES/250mM NaCl, pH 8.0.  

The E. coli endotoxins are removed by running the protein over DEAE Sephacel res in 

(Amersham Biosciences) in 10mM TrisSO4/0.1mM Zn SO4/1mM DTT, pH 8.0.  The 

protein, which is then bound loosely to the resin, is eluted with 0.1M – 0.2M (NH4)2SO4 

in the same buffer. 

Reduction and Labeling of L198C/Q92A CA  

Before reduction and conjugation the protein (the 198C/Q92A variant) was defrosted and 

initial concentration determined by OD (ε280 = 50100).  The protein was then dialyzed in 

a buffer of 50mM HEPES/40mM Na2SO4,/10μM ZnSO4, pH 7.2, at 4oC to rid the protein 

of ammonium sulfate left over from construction.  The protein was reduced by TCEP at 

10-fold molar excess over protein, stirring at 4oC for 4 hours.  Oregon Green 488 

(Invitrogen) was added, at 10-fold molar excess of the protein, to the protein mixture 

which was then stirred in the dark at 4oC overnight.  To stop the labeling reaction, β-

mercaptoethanol, in 10-fold molar excess over label, was added and stirred in the dark at 

4oC for 15 minutes.  The protein was then dialyzed in a buffer of 50mM HEPES/40mM 

Na2SO4/10μM ZnSO4 at 4oC for 6 – 8 hours, while covered.  The buffer was changed at 
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least 3 times to ensure all excess Oregon Green 488 and TCEP was removed.  If the 

buffer was still colored after the third change, indicating that excess label was still being 

removed, additional rounds of dialysis were performed until the buffer is color less.  

Concentration of the protein and labeling efficiency were determined by absorbance. 

Apoization of L198C/Q92A CA   

The labeled L198C/Q92A carbonic anhydrase was added to a Centriprep YM-10 

centrifugal filter device (Millipore), which was filled to the denotation line with 10mM 

Tris/50mM DPA solution, pH 7.0.  The protein was then centrifuged at 3000rpm for 

30min, and the resulting filtrate was discarded.  Again 10mM Tris/50mM DPA solution, 

pH 7.0 was added and the filter device filled to the denotation line.  The protein was 

centrifuge at 3000rpm for 30min and the resulting filtrate was again discarded.  The 

retentate was transferred to a new Centriprep YM-10 centrifugal filter device and 10mM 

chelexed MOPS buffer, pH 7.0 was added until the filter device was filled to the 

denotation line.  The protein was centrifuged at 3000rpm for 30min and the resulting 

filtrate was discarded.  The protein was then centrifuged again at 3000rpm for 15min and 

the resulting retentate was collected.  The retentate, conta ining the labeled L198C/Q92A 

carbonic anhydrase, was added to a 10,000 MWCO Slide-A-Lyzer Dialysis Cassette 

(Thermo) which was placed in 10mM chelexed MOPS buffer, pH 7.0 with a small 

amount of chelex resin.  The protein was covered and stirred at 4oC for 15hrs, at which 

time the buffer was refreshed and the protein was again covered and stirred at 4oC for an 

additional 6hrs.  The protein was then removed from the dialysis cassette and the final 

concentration and labeling efficiency was determined by absorbance.  



68 

 

 

In situ Copper Imaging.   

PC12 cells were plated on 35mm glass bottomed culture dishes (WPI Inc.) in Neurobasal-

A median without phenol red (GIBCO), supplemented with 2% B-27 supplement 

(Invitrogen), 1% Penicillin-Streptomycin, and 0.5mM L-Glutamine.  The cells were then 

incubated at 37oC overnight.  The following day the cell media was removed and 

replaced with appropriate copper saline buffer (0.154M NaCl, 0.01M HEPES, 50μM 

Bicine, and varying concentrations of CuSO4), pH 7.4.  Free Cu2+ for each copper saline 

buffer was determined using Mineql+ software (Environmental Research Software, 

Hallowell, ME).  The copper ionophore pyrithione (Aldrich) was added to the cells at a 

concentration of 1μM along with 0.5μM of the copper probe, Oregon Green tagged TAT-

L198C/Q92A-CA.  Images were also taken of the copper probes in cells under normal 

culture conditions, these cells remained in supplemented Neurobasal-A and only 0.5μM 

Oregon Green tagged TAT-L198C/Q92A-CA was added.  The cells were then covered 

and incubated for 45 minutes at room temperature.  The cells were washed to remove any 

excess of the copper probe, and placed in fresh copper saline buffer.  The cells were then 

subjected to fluorescence lifetime imaging microscopy (FLIM) on an ISS Alba confoca l 

spectroscopy and imaging workstation (ISS).  The Alba system was attached to an 

adapted Nikon Eclipse TE2000-V inverted microscope, using 60x water immersion 

objectives with 1.2 NA.  The excitation source was from a 470nm laser modulated at 20, 

40, 60, 80, 100, 120, and 140MHz.  Fluorescence emission was detected by pre-amplifier 

discriminators with TTL output avalanche photodiodes (APDs).  FLIM images were 

collected and manipulated using Vista Vision software (ISS) with each cell image as a 
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composite of multiple runs.  For each dish of cells, three 100μm x 100μm field of view 

images were taken and a phasor plots for each were created.  

 

RESULTS 

Carbonic Anhydrase II Copper Adaptation.   

Previously we have demonstrated the ability to adapt human carbonic anhydrase 

II (CA) for use as a zinc biosensor [3, 106, 128].  Like the zinc biosensor, the Cu2+ 

selective variant has a TAT peptide fused to its N terminus, which allows for uptake into 

the cytosol of cells [107].  Wild type CA exhibits an affinity for Cu2+ that is only 60-fold 

tighter than its picomolar affinity for Zn2+, so normal cytosolic free Zn2+ concentrations 

(~5pM [3]) would interfere with Cu2+ binding if wild type CA was used as the basis for 

the senor [124]. We therefore had to modify wild type CA to selectively bind Cu2+, 

allowing for its use as a Cu2+ fluorescence biosensor.   The Q92A/L198C variant of CA 

was chosen due to its 25-fold better selectivity for Cu2+ over Zn2+, as compared to wild 

type CA.   Previously the Q92A variant has shown a 10-fold decrease in zinc affinity on 

its own [104]. The copper dependent change in lifetime is clearly evident through the 

data shown in Figure 3.7.  As the concentration of free Cu2+ is increase there is a clear 

decrease in phase angle and increase in modulation ratio at all modulation frequencies, 

caused by the transfer of energy from the excited Oregon Green tag to the bound Cu2+ 

molecule. The selectivity of this variant is also displayed (Figure 3.8) by comparing to 

wild type CA, both, in the presence and absence of high free Zn2+ (1.5pM).  The Cu2+-

dependent phase and modulation data clearly show that high levels of Zn2+ have an affect  



70 

 

 

 

 

Figure 3.7.  Copper dependent lifetime of L198C/Q92A.  The effect of increasing 

free Cu2+ concentrations on the lifetime of L198C/Q92A CA is shown in this plot.  

As the concentration of free Cu2+ is increased from 0.001pM (squares) to 50pM 

(triangles) there is a dramatic reduction in phase angle (open symbols) and increase 

in modulation ratio (closed symbols), which indicates a reduction in the apparent 

lifetime.  The decrease in apparent lifetime as a result of increasing free Cu2+ is due 

to the energy transfer from the excited Oregon Green tag to the bound Cu2+ 

molecule. 
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Figure 3.8.  The effect of free Zn2+ on the lifetimes of wild-type and Cu2+ selective 

variants of CA.   The CA variants were placed in buffers with increasing free Cu2+ 

both with 1.5nM free Zn2+ (open squares) and without Zn2+ (closed circles) and the 

phase delay at 100MHz was recorded at each Cu2+ concentration.  Zinc’s ability to 

compete with copper for the binding site in wild-type CA is apparent by the 

dramatic decrease in phase delay observed at every Cu2+ concentration (upper 

panel).  The Cu2+ selective L198C/Q92A variant shows no effect from zinc, as the 

observed phase shift for both sets of buffers are nearly super-imposable (lower 

panel).   
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on the wild type variant, but display no apparent affect on the Q92A/L198C variant.  This 

is due to competition between Zn2+ and Cu2+ for the binding site in wild type CA, the 

mutation in the L198C/Q92A variant decreases the affinity for zinc negating this 

competition.  The results indicate that physiological Zn2+ will not interfere with Cu2+ 

measurements in a Q92A/L198C-CA based sensor.  

The Cu2+ selective biosensor also had to be adapted to ensure passage through the 

plasma membrane and disbursement throughout the cytosol.  To achieve this we used a 

protein transduction domain from the human immunodeficiency virus TAT protein fused 

to the N-terminus of the human carbonic anhydrase variant [107].  Our lab had previously 

shown that this technique was successful with a zinc selective carbonic anhydrase based 

biosensor in PC12 cells [3].  Due to the success of the prior probe, PC12 cells were 

chosen again for this study, in order to minimize any possible complications.  An 

incubation time of 45min with 0.5μM of the biosensor was sufficient enough to ensure 

dispersion throughout the cytosol.  FLIM images captured (Figure 3.9) had good signal-

to-noise ratios, which allowed for the recording of lifetime data.   

Cu2+ Biosensor In-Situ Calibration.   

When using a lifetime-based biosensor for imaging whole cells traditional phase and 

modulation plots are insufficient for relaying the data.  Each pixel in the cell image 

contains both phase and modulation data at each modulation frequency, and with 

thousands of pixels in each image displaying each data point is not feasible.  Similarly, 

displaying an average apparent lifetime for the image can easily misrepresent the data, 

due to the non- linear nature of phase and modulation data.  Another concern, in our case, 
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is that Cu2+ could possibly be sequestered in different regions of the cell, something that 

an average apparent lifetime cannot convey.  By using FLIM and representing our data 

on a phasor plot, we can clearly show not only changes in our probe’s lifetime as Cu2+ 

binds but regions of varying Cu2+ concentrations in the cell as well.  

To determine whether our probe can enter PC12 cells and measure free Cu2+ in 

the cytosol, we need to perform an in-situ calibration. PC12 cells were incubated with the 

Oregon Green tagged TAT-L198C/Q92A-Carbonic Anhydrase II (CA) Cu2+ probe, and 

subjected to buffers of increasing free Cu2+ concentrations.  To facilitate Cu2+ ion 

movement into the cells, pyrithione was used as an ionophore [180].  The phasor plots of 

the cells show clear displacement of the pixels as the free Cu2+ concentration in the cells 

increase.  As the concentration of intracellular free Cu2+ increases the phasor plots 

at100MHz move closer to the right end of the arc, signifying an increase in percentage of 

the short lifetime component (Figure 3.10).  As free Cu2+ concentrations increase our 

probe binds Cu2+, increasing the population of our probe in the bound form, which would 

lead to an increase in the proportion of the shorter lifetime, causing the phasor plot to 

shift to the right end of the arc, which represents a lifetime of 0.  From the data we clearly 

demonstrate that our Oregon Green tagged TAT-L198c/Q92A CA probe can successfully 

penetrate PC12 cell membranes and can measure cytosolic free Cu2+. 
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Figure 3.9. The ability of the Cu2+ biosensor to pass through the plasma membrane 

and enter the cytosol.  To ensure that our Cu2+ selective biosensor can penetrate the 

plasma membrane and enter the cytosol of cells, we employed the use of a TAT tag 

[107].  As we see in the intensity image in Panel A, the probe clearly enters into 

PC12 cells and is diffused throughout, with no apparent organelle sequestering.  In 

Panel B we see a phase and modulation plot generated from the average of the pixels 

in Panel A.  The plot suggests that the signal-to-noise ratio from the probe is 

sufficient to generate quality data.   
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Figure 3.10.  Phasor plots of an in situ Cu2+ calibration.  PC12 cells were placed in 

saline buffers with increasing free Cu2+ and the ionophore pyrithione to equilibrate 

Cu2+ levels inside the cell and out.  After the incubation time period FLIM 

measurements were performed and phasor plots generated.   Panel A is the phasor 

plot for the low end of the calibration (0.9fM), Panel B is the high end (70nM), and 

Panel C is an overlap image of Panels A and B, all phasor pixels inside the red 

circles correspond to pixels within the cell image.  As seen clearly from the overlap 

image (Panel C) there is a clear change in lifetime dependent on free Cu2+.  The 

observed change in phasor plots shows that once inside the cell, the Cu2+ selective 

biosensor can correctly respond to changes in free Cu2+, and suggests that it can be 

used in biological environments to measure the copper response.    
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Intracellular Cu2+ Imaging.   

It has been predicted that the intracellular free Cu2+ might be so low it would make 

detection difficult [169].  Using our Oregon Green tagged TAT L198C/Q92A-CA Cu2+ 

probe, we set out to determine if we could image cytosolic free Cu2t in PC12 cells under 

normal culture conditions.  If the predictions of Rae [169] are correct, and the amount of 

free Cu2+ is undetectable, then our probe would be virtually entirely in the unbound form, 

and a phasor plot of the FLIM measurement would ideally be monoexponential and fall 

on the arc.  We note that we, in general, do not expect fluorophores to be in a 

homogenous environment in cells, and therefore given our probe, which exhibits a nearly 

monoexponental decay in cuvette (Figure 3.7) plots as a range of points and not a s a 

single point.  This, though, is not the case as seen by our phasor plot of normal PC12 

cells (Figure 3.11).  Most points clearly fall within the arc, indicating that the lifetime 

consists of more than one component, in this case the unbound (long component) and 

bound (short component) forms of our probe.  The prediction of Rae et al. [169], are 

substantially correct as the FLIM image suggest that the concentration of free Cu2+ is in 

the femtomolar range.  This is demonstrated with an overlap image of the phasor plots for 

our PC12 cell measurement and the cells in the low copper buffer in our in-situ 

calibration (Figure 3.11).  With a KD of 0.1pM, the sensor is near the bottomof its 

dynamic range and therefore cannot be very precise, it is still clear that the ordinary free 

Cu2+, in these cells, is very low indeed. 
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Figure 3.11.  FLIM measurements of physiological Cu2+ in PC12 cells.  The Cu2+ 

selective biosensor was employed in PC12 cells to determine the physiological level 

of free Cu2+.  Emission from the Cu2+ selective sensor was captured by a FLIM scan 

(Panel A).  Pixels that fall within the red circle on the phasor plot of the data (Panel 

B) were painted purple by the VistaVision software.  Panel C is the phasor plot of 

the low end of the in situ calibration (0.9fM Cu2+).  An combination of the phasor 

plots for the PC12 cells and the low calibration cells (Panel D) reveals that 

physiological levels are near 0.9fM, due to the high degree of overlap of the two 

plots. 
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CONCLUSIONS 

 In this work we clearly demonstrate the development of a novel Cu2+ biosensor.  

By using a copper selective variant of human carbonic anhydrase II (L198C/Q92A) as the 

basis for the sensor, we successfully measured intracellular Cu2+ at resting levels in PC12 

cells.  The L198C/Q92A variant of human carbonic anhydrase II showed a clear free 

Cu2+ dependent change in lifetime and no effect form zinc (at concentrations well over 

the wild type KD [119] and what is physiologically relevant [3]) on its copper sensing 

capabilities.  The combination of the drastic copper dependent change in lifetime and 

indifference to zinc validate the use of the L198C/Q92A variant as the basis for a Cu2+ 

biosensor.  While work still needs to be completed to test the effect of Cu1+ and Fe2+ on 

the L198C/Q92A variant we are extremely confident in the probe ’s ability to measure 

free Cu2+.       

 We also clearly demonstrate that by employing the use of an N-terminus TAT 

sequence that our probe can cross the plasma membrane and measure cytosolic Cu2+ 

amount.  Although using a TAT sequence to facilitate movement into a cell is not novel 

[107], and we have shown its successful use previously with a similar carbonic anhydrase 

based senor in PC12 cells [3], the ability for a copper selective biosensor to enter cells 

had not been previously established.  Through FLIM imaging we confirmed that a 

significant amount of the 0.5μM probe added to the cell media was able to enter PC12 

cells, allowing for sufficient fluorescence in order to quantify free Cu2+. 
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 Based on our In-situ calibrations with PC12 cells in buffers with increasing free 

Cu2+ concentrations, we were able to show that once inside the cells the L198C/Q92A 

Cu2+ biosensor can respond to the available free Cu2+.  As the intracellular free Cu2+ 

concentration increased, through facilitation of the ionophore pyrithione, the copper 

biosensor responded by shifting its phasor plot towards the 1.0 end of the arc.  This shift 

in phasor plot signifies an increase in the shorter component of the sensors lifetime.  The 

increase in the shorter component is directly related to the binding of Cu2+ to the probe 

and the excited Oregon Green fluorescence tag transferring its energy to the bound Cu2+ 

molecule.  As more of the available L198C/Q92A sensors bind Cu2+ the proportion of 

shorter lifetime form increases, shifting the phasor plot. This is clearly displayed when 

comparing the phasor plots of cells in the lowest free Cu2+ buffer (0.9fM) to those in the 

highest (70nM). 

 Rae et al. predicted in Science [169] that the amount of physiological free Cu2+ 

should be less than one ion per cell, effectively making free Cu2+ undetectable.  The basis 

for this argument is sound, and makes sense given Cu2+ ability to produce harmful 

byproducts through Fenton reactions inside cells.  But in the past 12 years since that 

declaration was made, there has been and advancement in fluorescence indicators and 

imaging.  Fluorescence probes have allowed us to measure substrates into the picomolar 

range [3].  By using the advanced fluorescence imaging technique of FLIM, we were able 

to measure free Cu2+ at resting levels in PC12 cells.  An overlap of the phasor plot from 

the resting measurement and the low end of our in situ calibration (0.9fM) reveal nearly 

super imposable plots, suggesting that the resting level of free Cu2+ in PC12 cells is in the 

low femtomolar range. The data represent a step in developing probes that can be 
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employed in models of disease, such as Wilson’s and Menkes or tumor p rogression, were 

a dysfunction in copper homeostasis is evident [165, 177]. On their own these results do 

support Rae et al.’s prediction of nearly no free Cu2+ present at physiological levels.  But 

through the advancements of fluorescence and the development of our biosensor, we 

have shown that we can now detect what was once thought undetectable.   
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Chapter 4 

Long Wavelength Fluorescence Lifetime Standards for Front-Face Fluorometry  

 

 

 

INTRODUCTION 

 

Calibration in Fluorescence Technologies  

Fluorescence methods are a flexible, powerful technology which can be applied to 

many different fields, from oceanography [181], to protein kinetics [182], to biomedicine 

[3, 183, 184].  Some sensors and biosensors incorporate fluorescence technology [106]  

to quantify analytes such as trace metals [124], amino acids [185], and many other small 

molecules and compounds [186-191].  Highly sensitive fluorescence methods have been 

adapted (for example) to fields such as neuroscience where it is used to enhance our 

understanding of neurodegenerative disease states like ischemic stroke [10, 70, 112]. In 
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addition to standard fluorometers, many fluorescence methods and assays have been 

adapted for use in microwell plate readers, epifluorescence microscopes, and for use with 

array chips.  An increasing number of these instruments measure fluorescence lifetimes, 

which have become particularly important in measurements based on Forster resonance 

energy transfer (FRET) [192-194].  The need to avoid background fluorescence and 

minimize attenuation in fluorescence-based fiber optic sensors and transdermal imaging 

has led to the development of fluorescent probes in the red to near infared wavelengths 

[195-198].  Although solutions of standard fluorophores with reasonably well established 

lifetimes are commonly used in calibration of fluorescence lifetime instrumentation in 

time- and frequency-domain fluorometry, [199-206], there are very few effective 

standards in the red to near infrared wavelength range.  Simple lifetime standards such as 

Rayleigh scatterers are commonly used with standard fluorometers because they have a 

lifetime of effectively zero, allowing them to be usable with any excitation source, but 

these standards are generally not suitable for systems which employ (for example) fiber 

optics to gather information on changes in fluorescence.   

Front Face Fluorometry  

Unlike a standard L- or T-format fluorometer where only emission from the 

cuvette is directly observed and scattering from other sources is minimized by the right-

angle geometry, fiber optic fluorometers have multiple optical components (objective, 

dichroic mirror, and the fiber optic itself) that are illuminated by the excitation in the 

optical path, all of which can act as sources for scattered light which is collected by the  
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Figure 4.1  Schematic of fluorescence-based fiber optic sensor.  Excitation from the 

laser ( _ _ _  ) passes through the dichroic mirror and is launched into the fiber optic 

at the proximal end; fluorescence ( …… ) comes back from the sensor at the distal  

end though the  fiber, is collected by the microscope objective, is reflected off the 

dichroic mirror, and passes through the emission filter to be collected by the 

detector. Reproduced from [207] with permission.   

 

 

detector (Figure 4.1) [207]. The use of Rayleigh scatterers as standards in this type of 

system is infeasible because the components have differing pathlengths from the 
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excitation source and detector, and consequently different apparent (superimposed) 

decays.  Similar situations also occur in many microwell plate readers, array (chip) 

readers, and epifluorescence microscopes which also essentially have “front-face 

illumination” geometry where the excitation and emission beams are close to coaxial.  As 

the applications for front-face fluorometry expand from research based; such as imaging 

cellular biochemical processes [148], testing for analytes in water [208], and use in field 

based research [207], to more “real world” situations like testing and monitoring the 

processing of food [209-211], the need for reliable, quality calibration standards grows.  

For testing the function and alignment of these instruments, it is desirable to have 

fluorophore standards of known lifetimes which closely mimic the exc itation and 

emission wavelengths of the fluorescence sensor, since the transmission of the optics and 

the detector response are typically wavelength-dependent.  For our frequency-domain 

fiber optic sensor, this equates to a bright fluorophore of known phase and modulation at 

given modulation frequencies that can be placed at the distal end of the fiber optic, 

mimicking the sensor probe in Figure 4.1.  Moreover, since the length of fiber varies with 

the application, introducing a length-dependent phase shift, it is desirable to have 

multiple standards with differing lifetimes to provide a multipoint calibration. Similar 

issues present themselves in lifetime-based plate readers, microscopes, and chip readers.  

Förster resonance energy transfer (FRET)  

A fluorescence lifetime standard based on Förster resonance energy transfer 

(FRET) [129], as described below, enables standards to be reproducibly formulated for 

essentially any wavelength regime with a range of lifetimes.  The extent of energy 
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transfer depends on the distance between donor and acceptor molecules, benchmarked as 

the Förster distance (Ro) , the donor-acceptor distance where FRET is 50% efficient 

[129]. This implies that, for uncoupled donors and acceptors which are allowed to diffuse 

independently of one another, energy transfer is also dependent on the ability of the 

acceptor to diffuse toward the donor molecule, and vice versa, during the latter’s lifetime.  

The extent of the transfer is thus dependent (in addition to the overlap integral, refractive 

index, and relative orientation) on the acceptor concentration which for an acceptor, to be 

within typical R0’s of tens of Angstroms of the donor, must be high (µM to mM) for 

significant energy transfer to occur [212].  When the acceptor molecules are in close 

proximity to the donor molecules they reduce the emission seen from the fluorophore 

depending on the wavelength overlap of donor emission and acceptor excitation, as well 

as inner filter effects.  Since the acceptor molecules acquire the emission energy from the 

donors during the excited state, they reduce the apparent emissive lifetime of the do nor in 

solution, so as the concentration of the acceptor is increased the lifetime of the solution 

emission normally decreases [129].  In phase or frequency domain fluorometry 

decreasing the lifetime by increasing the concentration of acceptor molecules decreases 

the phase angle of the emission and increases the modulation ratio, at all modulation 

frequencies.  In order to properly fit the frequency-dependent phase and modulation 

curves one would normally have to account for the diffusion of the donor and acceptor 

molecules when in solution [213].   
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Developing Long Wavelength Standards 

Good standards (cited above) exist for much of the ultraviolet and visible portions 

of the spectrum, but few exist at red and near- infrared wavelengths (the longest 

wavelength previously published standard we are aware of is Erythrosin B at 630 nm 

described in 2007 [206]), so there is need to develop an example in the red wavelength 

range.    In our case the standards are solutions of a fluorophore with the desired spectral 

characteristics mixed together with differing, specified concentrations of a colored 

(usually nonfluorescent) dye whose absorbance overlaps the fluorophore emission.   

Because of the overlap, energy transfer occurs, reducing the apparent intensity and 

lifetime of the donor to a degree which may be predicted by Forster’s theory. 

For many devices that utilize“front face excitation” geometry where the excitation 

is nearly coaxial with the direction of emission, scattering-based lifetime standards are 

problematic and fluorescent lifetime standards are necessary.  As more long-wavelength 

(red and near- infrared) fluorophores are used to avoid background autofluorescence, the 

lack of lifetime standards in this wavelength range has only become more apparent.  We 

describe an approach to developing lifetime standards in any wavelength range, based on 

Förster resonance energy transfer (FRET).  These standards are bright, highly 

reproducible, have a broad decrease in observed lifetime, and an emission wavelength in 

the red to near infrared making them well suited for the laboratory and field applications 

as well.  This basic approach can be extended to produce lifetime standards for other 

wavelength regimes. 

 



87 

 

 

METHODS  

Materials 

 

 Ethanol and fluorophores used were of the highest purity commercially available 

and were not purified further.  Rose Bengal and Janus Green B (65% Dye) were obtained 

from Sigma-Aldrich; Diethylthiadicarbocyanine Iodide was originally obtained from 

Eastman Organics Company, Rochester, NY. 

 

Calculations for Donor-Acceptor Pair 

 DTDCI emission spectrum was recorded on a Aminco Bowman Series 2 

Luminescence Spectrophotometer (Thermo Scientific) using AB2 Luminescence 

Spectrophotometer Version 5.50 software (Thermo Electron Corp., Madison, WI).  Janus 

Green B absorbance spectrum was recorded on a Model 8452A Diode Array 

Spectrophotometer (Hewlett-Packard Company, Palo Alto, CA) using HP 8953A General 

Scanning Software .  Both donor emission and acceptor absorbance spectra were 

uploaded into Origin 6.1 software (OriginLab Corp., Northampton, MA).  The two 

spectra were plotted on the same graph and the area where the spectra overlap was 

calculated by Origin 6.1.  The overlap integral for the donor-acceptor pair was then 

calculated from: 

 

J = Origin# x 1010 * εAcceptor 
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where Origin# is area of overlap and εAcceptor is the literature value for the acceptor’s 

extinction coefficient.  From the overlap integral (J) the Förster distance (Ro) could then 

be calculated from: 

 

Ro = 0.211*[(2/3)n-4QD J]1/6   [214] 

 

where n is the refractive index of the medium (1.33 is acceptable when using water and 

water based buffers) and QD is the quantum yield of the donor in absence of the acceptor 

molecule. To calculate the diffusion rates for DTDCI and Janus Green B, the diffusion 

coefficient first had to be determined.  This was calculated [213] using: 

 

D = kT/6πηr      

 

where k = the Boltzmann constant, η is the viscosity, and r is the molecular radius.  From 

this the mean diffusion distance during the lifetime of the donor could be calculated by: 

 

∆ x  = (2DτD)1/2  [213] 
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Where D is the calculated diffusion coefficient and τD is the average lifetime of the donor 

molecule.  The diffusion distance during the lifetime of the donor can then be compared 

to the Förster distance for the pair, to determine whether the effect of diffusion o n FRET 

needs to be taken into account.  

Frequency Domain Measurements  

Increasing concentrations of Janus Green B were added to 10μM  DTDCI in ethanol to 

give a range of solutions with 0 - 162.5μM of acceptor molecules.  A solution of Rose 

Bengal in ethanol was used as a reference because of its accepted lifetime of 0.752ns 

[202].  Neutral density filters were placed in the pathway of the excitation and Rose 

Bengal emission light, and a RG595 filter was placed in the pathway of the sample 

emission light to eliminate artifacts due to scattered light. Master and slave synthesizers 

were set to 6.0 dBm and 3.0 dBm respectively. The excitation wavelength was set to 

514nm and measurements were carried out in 0.7ml cuvettes due to inner filter effects.  

This closely mimics a fiber optic sensor since 655nm excitation only penetrates a short 

distance at these concentrations of Janus Green B.  Multifrequency phase fluorometric 

measurements were performed on an ISS K2 (ISS Inc., Champaign, IL) fluorometer.  

Excitation at 514nm was provided by a Spectra Physics Argon Ion laser (Model # 2065) 

(Newport Corp., Spectra-Physics Div., Mountain View, CA) for experiments in cuvettes.  

Emission was measured through an RG695 filter and Glan-Thompson polarizers in 

“magic angle” configuration.  Frequency-dependent phase and modulation data were 

collected and analyzed by ISS Vinci software (ISS Inc., Champaign, IL). Phase delay and 

modulation ratio measurements were taken at 20 modulation frequencies increasing from 

5MHz to 250MHz.  Emission data were recorded using the ISS Vinci software, and 
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frequency-dependent phase and modulation data and lifetime data were analyzed using 

both mono-exponential and two exponential models.  During data analysis the phase 

delay standard error was set to 0.3 degrees and the modulation ratio standard error to 

0.003, the modulation ratios for the two highest Janus Green B concentrations (97.5μM 

and 162.5μM) were multiplied by factors of 1.02 and 1.05 to correct a modulation 

artifact.   

 

RESULTS  

Calculating Diffusion Coefficients and Donor-Acceptor Distance  

DTDCI was chosen as the donor molecule, due to its emission in the red/near infrared 

(NIR), similar to existing fiber optic Cu(II) sensors, and its known short lifetime of 1.7ns 

[215].  Janus Green B was chosen as the acceptor molecule, due to near-perfect overlap 

of its absorbance spectrum with the emission spectrum of DTDCI (Figure 4.2).  The short 

lifetime of DTDCI was crucial, so that in ethanol, at room temperature, donor and 

acceptor can only diffuse a short distance during the donor lifetime. The diffusion 

coefficients for donor (DTDCI) and acceptor (Janus Green B) molecules under these 

conditions were calculated from estimated bond lengths of the compounds. The 

coefficients were 3.36 x 10-10 m2•s-1, and 1.55 x 10-10 m2•s-1 in ethanol at 
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Figure 4. 2  Spectral overlap of the emission spectrum of DTDCI and the absorption 

spectrum of Janus Green B in ethanol. The emission of DTDCI (dashed line) and the 

absorption of Janus Green B (solid line) were plotted together to illustrate why the 

two were chosen as a donor-acceptor pair.  The sufficient overlap in the spectra 

suggests the ability of FRET between the two.  

 

25oC respectively, which correlate to a diffusion distance, in ethanol, of 10.69 Å for 

DTDCI and 7.27 Å for Janus Green B during the lifetime of DTDCI (1.7ns) .  Both of 

these distances are well below the calculated Förster distance for the pair, Ro = 49.7 Å.  

Also, the lowest concentration of Janus Green B in use here is more than 16-fold higher 

than the concentration that would place an acceptor on the average at a distance equal to 
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R0 [212].  The effect of diffusion on the donor decay is then very small, and the 

frequency-dependent phase and modulation data generated in the study are for the most 

part well fit by a monoexponential 

 

Janus Green B 
(μM) 

Single 

component τ 

(ns) 

Single 

component 

χ2 

Two 

component 

τ1 (ns) 
 

f1 Two 

component 

τ2 (ns) 

f2 χ2 

0 1.67 ± 0.004 33.6 1.7 ± 0.005 1.01 2.24 x 106 ± 0 263 30.3 

32.5 1.47 ± 0.004 31.2 1.59 ± 0.02 0.898 0.451 ± 0.09 0.095 15.2 

97.5 1.21 ± 0.003 83.2 0.754 ± 0.02 0.508 1.89 ± 0.06 0.485 21.6 

162.5 0.968 ± 0.003 175 0.445 ± 0.01 0.487 1.75 ± 0.03 0.515 8.37 

 

Table 4.1. Lifetimes of DTDCI/Janus Green B Mixtures from Single and Two 

Component Fits.  The table shows the calculated lifetimes for DTDCI in the  

presence of increasing Janus Green B.  The frequency domain data were fit to both 

a single component model and a two component model.  The standards show a 

substantial decrease in lifetime as the concentration of Janus Green B is increased.  

Note.  Standard errors of 0.30 and 0.003 where used for the fits of phase delay and 

modulation ratio to calculate χ2 respectively.   

 

model, as shown by Lakowicz, et al. [213].  If the donor had a much longer lifetime; 

and/or the donor-acceptor pair had a poorer overlap; and/or the pair could diffuse much 

faster due to small size, low viscosity, and/or high temperature; diffusion would become 

important and the time dependent decay would be non-exponential.  We note that it is 
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convenient but not necessary that the decay be monoexponential; for our purposes the 

frequency-dependent phase and modulation need only be reproducible, which is 

straightforward since at a particular temperature they are mainly functions of the acceptor 

concentration.  Fortunately, for a given wavelength regime it is usually possible to 

identify a donor-acceptor pair with excellent overlap and a relatively short donor lifetime 

such that solutions exhibiting a range of lifetimes can be readily formulated.    

Frequency Domain Lifetime Measurements  

As expected, increasing the concentration of Janus Green B decreased the 

apparent donor emission lifetime (Table 4.1).  While we expected the lifetime data 

generated to be well fit to a monoexponential decay, the frequency-dependent phase and 

modulation data for the higher Janus concentrations (97.5μM and 162.5μM Janus) were 

better fit to two lifetime components, as is seen in the decrease in χ2.  This difference in 

best fits, between lower concentrations of Janus Green B and higher, may be due to a 

modulation artifact in the DC current.  Evidence for such an artifact is seen in the 

modulation data, which plateau at low frequencies slightly below 100% and in fits to 

phase only generated data, which report similar lifetimes to the corrected phase and 

modulation data (Table 4.2).  The significantly better fits to two components at the 

highest concentrations of Janus Green B could also be attributed to some sort of weak 

complex or the presence of impurities; commercially available Janus Green B assays only 

65% due to the presence of salt used in its preparation.  When the data are fit, the derived 

phase and modulation values from the model differ only slightly from the measured data, 

which can be seen on the frequency-dependent phase and modulation plot (Figure 4.3).    
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Janus Green B (μM) Phase only τ 

(ns) 

Phase only χ2 

0 1.78 30.7 

32.5 1.42 38.4 

97.5 1.10 71.4 

162.5 0.811 105 

 

Table 4.2. Lifetimes of DTDCI/Janus Green B Mixtures from Phase only Fits.  The 

phase delay frequency domain data were fit using a monoexponential model, again 

revealing a substantial decrease in lifetime as the concentration of Janus Green B is 

increased.  Note.  A standard error of 0.03 was used for the phase fits. 

 

Frequency Domain Phase and Modulation Measurements  

 For convenience, calibration of fiber optic instrumentation can be accomplished 

by measuring the phase delay and modulation ratio at one modulation frequency of 

multiple standard mixtures, which can be done rapidly.  The decrease in phase angle and 

increase in modulation ratio of samples of increasing acceptor molecule concentration is 

clearly shown by data taken at a frequency of 109MHz (Table 4.3).  The highest 

concentration of Janus Green B (162.5 µM) causes the measured phase angle to decrease 

19.25o at 109MHz from the phase of DTDCI alone, while the modulation ratio increases 

9.58%.  Use of long multimode fiber optics with sensors at the distal end creates a length-

dependent phase delay and demodulation due to modal dispersion in the fiber; both these 

effects can be corrected for by measuring the known phases and modulations of three or 

four standard solutions at the distal end of the fiber.  
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Figure 4.3  Frequency-dependent phase and modulation data of the lifetime 

standards; DTDCI (■), together with 32.5μM (●), 97.5μM (▲), and 162.5μM (▼) 

Janus Green B.  Open symbols represent the modulation ratio, closed symbols 

represent the phase delay, lines indicate the best single component fits to the data 

(except for 97.5μM and 162.5μM Janus Green B where two component fits were 

used).  The plots illustrate the clear decrease in lifetime as the concentration of 

Janus Green B is increased.  It should be noted that the modulation ratios for 

97.5μM and 162.5μM were scaled by factors of 1.02 and 1.05 respectively. 
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Janus Green B (μM) Phase Angle Modulation 

Ratio 

0 49.97 0.6727 

32.5 43.42 0.6871 

97.5 36.82 0.7311 

162.5 30.72 0.7685 

 

Table 4.3. DTDCI/Janus Green B Phase and Modulation Data at 109MHz.  For 

some applications a complete lifetime measurement might not be necessary.  The 

phase angle and modulation ratio at a single modulation frequency can be measured 

to give a quick calibration.  As expected both the phase angle decrease and the 

modulation ratio increase are significant as the concentration of Janus Green B is 

increased.   Note. Data were generated by green excitation.  The modulation ratios 

for 97.5μM and 162.5μM were scaled by factors of 1.02 and 1.05 respectively. 

 

CONCLUSIONS 

 As fluorescence technology becomes more advanced and flexible in its 

applications, its use outside the research laboratory will become more prevalent [181], as 

will fluorescent probes that push the boundaries into the red and near infrared 

wavelengths [3, 195, 216, 217].  Since their introduction in the Eighties, a variety of 

fluorescence lifetime-based sensors have been devised for numerous purposes.  Among 

the most important current uses of lifetime measurements is to measure FRET, as it has 

emerged that intensity-based methods of measuring FRET (particularly between GFP 

variants with substantial spectral bleedthrough [218]) are easier but require substantial 
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correction that compromises accuracy; by comparison, lifetime measurements are more 

“rigorous” and “unambiguous” [219].  As FLIM instrumentation (now commercially 

available) becomes more widespread, one can expect its use to measure FRET will be 

correspondingly greater [220-222].   The increasing use of long wavelength fluorophores 

is due not only to the reduced background fluorescence, but to reduced scattering and 

absorbance, particularly in living tissue; hence there has been substantial interest in long 

wavelength fluorophores for use in transdermal imaging and sensing [185, 223].  For 

such imaging applications even longer wavelength standards (c. 800nm) will be needed 

than those described here, but our same approach may be used with a suitable FRET pair 

in that wavelength range.  We note that for lifetime imaging applications such as 

microscopy, plate reading, or transdermal imaging in vivo, the time response of the 

system typically varies across the visual field, and correction using lifetime standards is 

essential [224, 225].  In all these cases, more flexible calibration standards must be 

created to ensure proper function of fiber optic fluorescence sensors, FLIM microscopes, 

and array and plate readers.  We report the development of such a set of standards, based 

on the FRET pair of DTDCI and Janus Green B.  These bright and readily reproducible 

standards report a broad decrease in phase angle and increase in modulation ratio, which 

correlate to an overall decrease in lifetime.    Due to the short lifetime of DTDCI, 1.7ns 

[215], a simple mono-exponential fit can be applied to the frequency-dependent phase an 

modulation data, since previous investigators have shown when using a fluorophore with 

a short lifetime (~ 1ns) the fluorescent event will occur in such a time period that the 

effects of diffusion under these conditions are negligible [213].  The generality of this 
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approach makes it appealing for the development of standards at longer wavelengths 

especially.   
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Chapter 5 

Conclusions and Future Directions 

 

 

 

 

Measuring Zinc in Ischemia Models 

 Researchers have observed increases in both extracellular and intracellular zinc in 

in vivo and in vitro models of ischemia [48, 49, 57, 69, 70].  Additionally excess free zinc 

is thought to be highly toxic and zinc has been known to inhibit mitochondrial enzymes 

necessary for energy production leading to increased ROS production [43, 45, 71] [6, 41, 

42, 44].  In order to truly understand zinc biology in ischemia, a zinc sensor with the 

sensitivity to measure zinc at resting and elevated levels is needed [3].  We have clearly 

demonstrated adaptations to our carbonic anhydrase based zinc fluorescence biosensor, 

which have allowed us to study physiologically relavent mitochondrial matrix free zinc 

concentrations.  This represents the first such sensor for zinc that has the sensitivy and 

selectivity to measure mitochondrial zinc levels.  While mitochondrial sensors for zinc 
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have been described, no such sensor has the affinity for zinc which allows for resting zinc 

measurements [93, 94, 99].  Given the possible disasterous consequences of excess free 

zinc in the mitochondria, there is a strong need for our mitochondrial zinc probe.  It is our 

hope that our mitochondrial zinc biosensor can be used to better understand zinc biology 

in the mitochondria.  

By working with fluorescence biosensors with picomolar affinity for zinc, we 

were able to measure free zinc concentrations in the cytosol and mitochondrial matrix of 

PC12 cells following an oxygen-glucose deprivation (OGD) model of 

ischemia/reperfusion.  In our model of OGD we observed that mitochondrial matrix free 

zinc is increased dramatically within 1hr of reoxygenation.  This corresponds to a time 

point where cytosolic free zinc appears to be depressed, raising the possibility of the 

mitochondrion acting as a zinc sink following ischemia.  Following the spike, 

mitochondrial matrix free zinc returns to a normal range rather quickly and then remains 

relatively constant.  On the other hand, cytosolic free zinc gradually increases over at 

24hr period following OGD in viable cells.  Whether this represents a release of zinc 

from intracellular sites or is due to an influx of extracellular free zinc cannot be 

determined at this time.  Imaging both cytosolic and mitochondrial free zinc in our OGD 

model we hope to shed some light on physiology of zinc during ischemia/reperfusion 

injury.  Our results paired with the work of prior researchers suggest that increase in 

cytosolic and mitochondrial free zinc following ischemia may play a part in the overall 

survival of cells.   
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 A natural next step in studying zinc biology in ischemia would be to employ the 

biosensors in an in vivo model.  A transgenic mouse model which expresses either the 

cytosolic or mitochondrial form of our sensors could be developed.  Although the 

inability to develop a stable transfected cell line expressing our mitochondrial biosensor 

might indicate a stumbling block in creating a transgenic model.  The cytosolic probe 

could be used on brain slices in an in vivo model of ischemia, as the TAT tag should 

allow passage into most cell types [107].  A problem that most likely would be 

encountered in an in vivo system described above is the effect of ischemic acidosis on our 

sensor.  Acidosis is commonly seen in ischemia/reperfusion injury and in in vivo models 

due to lactic acid build up [10], but should not cause considerable concern in in vitro cell 

culture models due to the buffering capacity of cell media overwhelming the cell’s lactate 

production[61, 62].   Since (like most small molecule zinc sensors) zinc is bound to 

nitrogen ligands in carbonic anhydrase that are protonated at pH’s below neutral, any 

decrease in pH would affect the affinity for zinc, and thus its sensitivity [126].  This 

problem was seen in an attempt to measure extracellular zinc with a carbonic anhyd rase 

based probe in an ischemic animal model of global ischemia [10].  Intracellular zinc 

measurements in brain slices of an animal model of ischemia/reperfusion injury could 

still be possible with our fluorescence biosensor, but new calibrations accounting for a 

decrease in pH would need to be performed.  Since flucutations in pH affect our sensors, 

it might be necessary to further adapt the cytosolic sensor using a variant of human 

carbonic anhydrase that has a higher affinity for zinc for use in an in vivo model of 

ischemia/reperfusion [106]. 
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 A more reasonable intermediate step in further researching zinc’s affect in 

ischemia/reperfusion would be to use our biosensors in other in vitro models.  Ideally 

PC12 cells would be used mainly in these models, since we have well established the 

successful use of our sensor in this cell line.  Models such as chemical anoxia could be 

adapted in PC12 cells, and allow us to see if cytosolic and mitochondrial zinc increases 

are similar across multiple models for ischemia [143, 226].  Furthermore, we can look at 

OGD models of partial ischemia to see if our observed zinc increases are dependent on 

the severity of the insult [139].  Since, it has also been observed that PC12 cells can be 

preconditioned to tolerate ischemia in an OGD model, we might choose to see if zinc 

plays any role in preconditioning [227].  We noted that all of our zinc observations were 

in undifferentiated PC12 cells; it may be of interest to repeat our experiments in 

differentiated PC12 cells.  Differentiated PC12 cells are more “neuron like” than 

undifferentiated cells and may have different zinc concentrations at resting levels and 

after OGD than we observed in the undifferentiated cells [228].  Zinc measurements 

could also be attempted in cultured neurons (ie. cell line HT-22) and primary neurons.  

Although more complicated to work with than a stable cell culture line, like PC12, 

primary neurons might give us a more accurate account of ischemia/reperfusion injury.  

The TAT tag should allow for our cytosolic probe to enter into primary neurons [107] 

and, although more difficult than in a stable cell line, it is possible to transfect primary 

cell lines allowing for the possible use of our mitochondrial biosensor [229].  By using 

our biosensors in multiple models of ischemia/reperfusion and in different cell types we 

can attempt to get a complete picture of zinc biology in ischemia/reperfusion. 
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Zinc measurements in other cell types 

 It is known that zinc biology is differs from cell type to cell type, exemplified by 

prostate cells which have higher concentrations of free zinc than that observed in 

PC12cells [3, 230].  In some cancers, such as pancreatic and prostate, it’s been observed 

that the zinc biology has been altered in cells [35, 36].  For example, normally human 

prostate glandular epithelial cells accumulate high levels of zinc, but when these cells 

become cancerous the zinc uptake transporters Zip1, Zip2, and Zip3 are down regulated 

leading to a depletion of cellular zinc [230, 231]. These are just a few of the many 

examples where it might be advantageous to employ our zinc biosensors, to better 

understand zinc biology as a whole.  Stable cell lines have all been established for each of 

the cell types mentioned above, and for modeling pancreatic and prostate cancer as well, 

which should allow for use of our expressible and non-expressible probes.  We have 

completed some preliminary experiments with our TAT-tagged cytosolic probe in cell 

lines for retinal epithelial cells and pancreatic cells (both normal and caner cell lines).  In 

these cell lines the TAT-tagged probe seems to be sequestered near the plasma 

membrane, leading to a punctate appearance (Figure 5.1).  An easy remedy for the 

situation is to employ our expressible probe which lacks the mitochondrial target 

sequence and transfect cells to express the biosensor in the cytosol.  This has been 

achieved in the ARPE-19 cell line (retinal epithelial) (Figure 5.2) and can serve as a 

guide for future cell lines where the TAT-labeled probe shows limited success.  
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Figure 5.1.  Punctate Cells.  Zinc measurements with the TAT-H36C-CA sensor 

were attempted in PANC1 (pancreas) (Panels A & B) and ARPE-19 (retinal 

epithelial) (Panels C & D) cells.  Panels A and C are the brightfield images and 

panels B and D are the images of the probes emission (Ex540nm/Em607nm).  The 

images reveal that the probe was not able to successfully penetrate the plasma 

membrane of either cell line, leading to a punctate appearance.  
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Figure 5.2.  CA-DsRed2 transfection in ARPE-19 cells.  ARPE-19 cells (retinal 

epithelial) were transfected with a vector containing carbonic anhydrase fused to 

DsRed2.  Unlike the vector for our mitochondrial zinc probe, the vector lacked an 

organelle target sequence resulting the probes expression throughout the cytosol.  

This transfection technique can be used in cases where the TAT-tagged probe fails 

to enter certain cell lines. 

 

Measuring Physiological Copper 

 Due to copper’s ability to undergo oxidation and reduction, it has been 

incorporated as a biological catalyst in many enzymes [167].  The need for tight cellular 

regulation of free copper comes from the possibility of copper ions to undergo Fenton-

type reactions and produce harmful reactive oxygen species (ROS) [166].  It is with that 

understanding and the predictions of Rae et al., based on experiments with the copper 

chaperone for superoxide dismutase in yeast, that free Cu2+ is thought to be virtually non-
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existent in cells [169].  Most of the cellular biology of copper is not fully understood at 

this time and the lack of an available cellular copper sensor, with the sensitivity to 

measure extremely small amounts of free Cu2+, compounds this issue.  In chapter four, 

we demonstrated the development of a fluorescence lifetime biosensor that allows us to 

measure cellular free Cu2+ at physiological levels in PC12 cells.  Although PC12 cells 

were not expected to have any abnormal Cu2+ biology and our measurements support the 

predictions of Rae et al. [169], the measurements represent a first step in applying this 

sensor in cellular models where changes in free Cu2+ might be more relevant. 

 A natural next step for our Cu2+ biosensor is to apply it to in vitro models of 

diseases such as Wilson’s and Menkes disease and tumor models were increased copper 

has been observed [175, 176, 179].  Furthermore, developing an organelle specific 

expressible Cu2+ lifetime probe along the lines or our expressible mitochondrial matrix 

zinc probe might prove advantageous.  Organelles likely for targeting with a Cu2+ 

biosensor would be the mitochondria and the Golgi complex, two sites where copper 

chaperones are known to target [165, 173].  One initial hurdle to developing expressible 

sensors would be to find a fluorescent protein that can mimic Oregon Green’s significant 

change in lifetime when copper is bound to the probe.  By measuring free copper in 

cellular models for disease and targeting cellular sites of copper regulation, we can hope 

to shed some light on copper biology and improve our understanding. 
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Appendix I 

Selecting Pixels in IPLab Version 4.0 

 

 

 In order to ensure that only pixels corresponding to a probe’s emission are 

selected for analysis, a proper understanding of the procedure for selecting pixels in 

IPLab Version 4.0 is needed.  When increasing or decreasing the thresholds for selecting 

emission pixels, IPLab has a tendency to “smooth out” the image.  While this might not 

present a problem when imaging whole cells, it can be a source of error when using our 

mitochondrial probe.  As seen in figure I.1, the way pixels are selected can drastically 

affect representations of the data.  This appendix will describe how to select for pixels of 

a probe’s emission based on intensity, by using the mitochondrial sensor as an example.   

  

1.  Before selecting pixels it is important to know the background noise in your image.  

While background intensity should be recorded at the time of imaging, there is an easy 

way to horseback the noise levels in an image.  As seen in figure I.2, select a region of 

interest (ROI) that corresponds to an area with no emission.  
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Figure I.1.  Pixel Selection with Mitochondrial Probe.  Pixel selection when using the 

mitochondrial probe is crucial, due in part to the drastic drop-off in emission 

intensity from one mitochondrion to another.  This creates “dead space” of 

decreased intensity in-between mitochondria, as seen inside the circle in Panel A.  

The “smoothing over” of the image by IPLab software can create a situation in 

Panel B that can lead to incorrect assumptions of the data.  Using proper technique 

(Panel C) results in a drastically different image than Panel B, and an accurate 

representation of the data.  

 

2.  From click on Analyze on the tool bar menu, and then select “Measure Seg/ROI”.  In 

the pop-up window entitled “Measure Objects” select “ROI only” 

3.  A window entitled “Measurement Results” will pop up.  The mean value in cell 5 

(“Mean”) can be used to estimate the background noise in an image.  
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Figure I.2 Estimating Image Background.  By determining the average intensity of a 

region with no apparent emission a horseback estimate of the image’s background 

noise can be made.  This estimate can then be used in determining the thresholds for 

pixel selection. 

4.  To select for pixels bring the image window to the front and select “Analyze” from the 

tool bar menu and in the drop-down box select “Segmentation”.  

5.  A pop-up window entitled “Segmentation” will appear.  Make sure the box under 

“Reverse” is un-checked.  If the box is checked, un-check it and click on “Do It” in the 

bottom right of the Segmentation window. 
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Figure I.3  Coloring Space Around Emission Pixels.  By decreasing the value of Max 

you change the selection threshold to leave emission pixels unmarked.  Determining 

what value Max should be set to should be based in-part on the background noise of 

the image. 

6.  The slide bars for Min and Max should be slide to the left and right respectively.  By 

decreasing the value in the box for Max you will color pixels with no emission as seen in 

Figure I.3. 

7.  Giving Max a value that is 3-4 times background generally marks all pixels that are 

not from emission intensity.  Remember, each image differs slightly and the background 
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number is an estimation, so slight adjustments to the Max value tha t results in better 

selection should be up to the user’s judgment.  

8.  Once a value for Max has been determined, check the box under “Reverse” and click 

on “Do It”.  The segmentation in the image should flip, and emission pixels now marked 

red.  Click “Done” to complete the pixel selection process.  
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