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ABSTRACT

INTRACELLULAR ZINC TRAFFICKING: AN INTERPLAY OF PROTEOME, METAMIDOTHIONEIN
GLUTATHIONE

by

Afsana Alam Mahim

The University of WisconsMilwaukee, 2020
Under thesupervision of Professor David H. Petering

Zinc is the second most abundant transition metal in living organisms. Typically, a eukaryotic
cell contains approximately 3000 zinc binding proteins, in which zinc gtiaydural or catalytic
roles. Recently, zinc has been reported to have signalingtiurs as a secondary messenger.
Considering the diverse cellular functions of zinc, the trafficking pathways that help zinc,
following its uptake into cytosol, find thetget proteins and generate native -Broteins are

not wellunderstood. For past fewecades, metallothionein, a zinc binding protein with large
stability constants for 2, has been thought of as a mediator in transferring zinc to-apo
Proteins. Howevemgene knoclkouts of metallothionein isoforms, reportedly, do not affect the
birth andsurvival of metallothioneinull mice, implying that metallothionein is not absolutely
required for zinc trafficking, but may have a supporting role in the process. Beyond
metallothionein, zinc encounters numerous potential zinc binding ligands with \gasyamility
Oz2yaidl ydaszs AyOfdzRAY3I GKS t NR(GS2YSQa | ROSYUGAGA
research, we characterized the napecific zinc binding sites Bfoteome using a colorimetric
zinc sensor and then investigated if Proteome, metallatein and glutathione, alone or with

the presence of others, can mediate the transfer of zinc to-Bpateins to generate native Zn



Proteins. For this, we have used-@rbonic anhydrase as a modelRrotein, and dansyl
amide as a Zearbonic anhydrassensor. The experimental results indicate that the
mechanism of cellular zinc trafficking leading to the formation of nativ@ixeins does not
involve the straighforward transfer of zinc from one particular cellular component or
chaperone to apdProteins. Instead, trafficking occurs through a complex interconnected
pathway that primarily includes proteomic n@pecific zinc binding sites, metallothionein and

glutathione.
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1.INTRODUTION

Metal ions play important roles in a plethora of bi@mical processes in both prokaryotes and
eukaryoted1, 2]. In fact, thousands of cellular proteins, named metalloproteins, bind various
metal ions via amino acid side chains containing carboxythtol, and imidazole ligands to
maintain their tertiaryor quaternary structures and to perform catalytic functid8 Besides
proteins, nucleic acids, such as RNA, require metal ions as well for their structure and function
[4]. The deficiency of tree metal ions often results in various biological and pkthical

disorders, whereas an excess may turn out to be tfixi@]. Therefore, a proper balance of
intracellular metal ion concentrations and their distribution among organelles and metal
bindingsites is very critical and thus tightly regulated by délg]. Among the biological metal
ions, divalent iron, zinc, copper, calcium, magnesium and manganese ions are present in

detectable amountsniicromolarconcentrations]1, 2]

Zinc is the seconahost abundant transition metal ion present in living orgams after iror8].
Under steady state conditions, the intracellular zinc concentration of a eukaryotic cell is in the
range of 10G; 500uM, mostly bound tightly to thousands of native-groteins, collectively

known as the Z#Proteome[9, 10] At physidogical pH, conditional stability constants of a few
Znproteins have been calculated as betweerf 40d 132 M1 [11, 12] The steady state
intracellular free zinc concentration is thought to Imetihe range of pM; nM [8-10, 13]

According to bioinformat analysis, mammalian cells have approximately 3000rdieins,
meaning that about 10% of the mammalian proteins require zinc for a wide range of cellular

functions[4, 14] Since divalent zinom has a fully occupied set of d orbitals, it does



participate in cellular redox chemistry and, thus, mostly acts either as a structural component
or a catalytical cofactor in Zoroteins[4, 1416]. For example, zinc is essential for the three
dimensonal structures of zinc finger transcription factors, which bind the promoter regions of
DNA and eventually initiate the transcription of many gej#esl7] As a catalytic cofactor in

the active site®f enzymes, Ziacts both as a Lewis acid and a bingdsite to help stabilize the
enzymesubstrate complex18, 19] A few of the enzymes that require zinc at their active site
for catalyzing biochemical reactions include carbonic anhydrase, alcohalidejgnase, and

alkaline phosphatase.

In the extracdllar medium, zinc remains bound mostly to albumin (stability constahatlpH
7.4), which acts a conduit for zinc into c¢B8]. Zinc from extracellular medium is transported
into cell cytosol acrss plasma membrane by ZIP (Zrt and Irtlike, SLC3%&insptransporters,

a family of 14 proteins, whereas ZnT transporters, a family of 10 proteins, transport zinc out of
cells and internal organelleEifgure 3[10, 2123]. InFigure 1 L represents angincbinding

ligand, e.g., albumin, in the case otmxellular medium. The existence of so many zinc
transporter proteins emphasizes the importance of tight regulation of cellular and organelle
zinc levels. The structure of ZIP transporters consisesghit transmembrane helices, whereas
ZnT proteins havsix transmembrane helicg22, 24] Although the transport mechanism of
zinc across plasma membrane at a molecular level is poorly understood, some studies have
reported that transmembrane zinc bindirsite in a transporter is composed of three aspartate

carboxylates and a histidine imidazole at interface of two hel[2627].
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Figure 1.Transportation of zinc into and out of cells and internal organ€]B}.

Following the cellular uptake intg/tosol by ZIP transporter proteins, zinc eventuallydsithe
precursor apeproteins to generate native Zproteins. However, the trafficking mechanism

that helps zinc to find its target aparoteins remains unclear. It has been hypothesized that
zinc folbws the similar trafficking mechanism as the wesdtablished copper trafficking
mechanism to find its target proteirj28]. Following the entry into cytosol, copper binds to
specific chaperone proteins that assist delivering Cu to the specific targatotein and

copper is then transferred to the agarotein via ligand substitution. However, one of the key
differences between cellular copper and zinc is that there are only a small number of copper
proteins, as opposed to about 3000-groteins. Therefog, it is implausible to assume that cells
have thousads of individual ligand substitution pathways involving chaperone proteins for the

synthesis of 3000 Zproteins and thus a chaperormediated trafficking mechanism of zinc



seems unreasonable. Indeedhet fact that inside cells, zinc can potentially biradtbspecifically
and adventitiously to a plethora of large and small ligands makes the zinc trafficking mechanism
leading to find target proteins complicatgfl, 29] Figure 2 shows the hypothetical zin

trafficking pathways for the formation of native, esgific ZRproteins.

Out In
Zn-MT
apo-MT
‘//[5'] [7] apo-Py
£nt pd i ‘\\LS\

| [2] '/Lz Ls/« Znl, K, Zn-Lg apo-Py Zn-Py
1] [4] [6]

/ \ Zn-L, / . 1[81
L + Zn?*

[3] —_— Zn2+ + L2 Zn2+ + LK Zﬂ2+ + PN

Figure 2 Hypothetical pathways for zinc trafficking to generate nativepeoteins. L represents
potential zinc binding ligands, including proteins and small molecules, sughtathione.[29]

Once inside the cell, zinc can Bito numerous cellular components, including repecific
binding via amino acid side chains of repecific proteing29-31]. The side chains containing
carboxylate, thiolate, and imidazotgoups exhibit zinc binding affinity to varying extefg8].
Eatier studies reported that the Proteome is capable of binding excess zinc beyond that
needed for the constitution of native Amroteins[29-31, 33] This characteristic of Proteome

has beenérmed asinc buffering capacitpy Maret and KrezgB]. Becaus®f zinc binding



FFFAYAGE 2F tNRGS2YSQa |ROSYy(GAdGA2dza aAGSa
intermediate in zinc trafficking pathways to form native@moteins[29, 31} According to this
view, after entry into cytosol, zinc binds tventitious sites of Proteome (L) and eventually

findstarget proteins (R) via ligand substitution (Reacti@@quencel).
Zre*+ 12D Znlo; Znlo+ 13D Znls + l2; Znls + kD Znlk + Ls; Znlk+ RiD ZnPy+ Ik (1)

Moreover, the dissociation of zirfrom adventitious sites of Proteome may create a pool of

free zinc that can directly bind ageroteins (R) to make native Zroteins (ZPy) [29].
ZnlkD Zre*+ I, v+ Zi#*D ZnPy 2

Metallothionein (MT), a high affinity zinc binding peot, is considered another potential
intermediate in intracellular zinc traffickirig9, 31] It is a sulfhydrytich small protein
containing 20 cysteine residug®4, 35] In its fully satrated form, metallothionein can bind
seven zinc ions in two thiale clusters a domain (Z8S1) andb domain (Z8S) (Figure 3 [34,
36]. The stability constants of MT for zinc ion have been reported in the rangeofp@ér zinc
ion [37, 38] Apartfrom zinc, it can bind other physiological and toxic metals, dhioly copper,
cadmium, mercury, etf34, 35, 39, 40]An elevated uptake of cellular zinc induces the
synthesis of metallothioneifd1-44]. Since some of the native Aroteins have comparabl
zinc binding constants, e.g. zinc carbonic anhydrasé-{3)(s metallothionein, some studies
have reported metallothionein Is a key player in intracellular zinc trafficking (Reactjbh, 3)
31, 37, 38, 45]Moreover, cellular electrophiles can reagth thiolate ligands of
metallothionein, and, thus, make free ziavailable to participate in zinc traffickif@p-51].

Nevertheless, it has been reported that gene knocits of metallothionein do not affect the



birth and survival of metallothioneinull mice, implying that MT is not absolutely necessary for

cellularzinc trafficking, but may have a supporting role in the pro¢g2k

Zm-MT + n apeCAD n ZnrCA + Zp-MT 3)

Figure 3 Two metatithiolate clusters of metallothioneinb domain (left) anda domain (right).

Besides its roles as a structurahgmonent and catalytic cofactor in the Broteome, according

to recent studies, zinc can act as a secondary messenger andathasignaling agent (). For
example, zinc has been reported to participate in dynamic cellular signaling processes, such as
synaptic chemical transmission and endocrine signgdlidg 54] It is released from synaptic
vesicles of glutamatergic neuronsanthe synaptic cleft in response to neuronal stimulation
[55-57]. One of the prominent examples of zinc signaling is the upagign of metallothionein,

when intracellular free zinc concentration is eleva{g8, 59] At increased intracellular zinc
concentration, it binds to and activates the metal response element (Mitiging

transcription factor 1 (MT#), which in turn bind to MRE sequences of various gene promoters



and upregulates the synthesis of the corresponding proteins, including metalloihi¢kE)
and ZnT1 (Reaction 4 and[6]-63]. MT then binds extra intracellular zinc and ZnT1 effluxes

zinc out of the cell, anth the process, cellular zinc homeostasis is mainta[6d{l

MTF1 (inactive) + n Zf(high)D Zm-MTF1 (active) (4)

Zn-MTF1 + MRBD Zn-MTF1IMRE (5)

The role of zinc as an intracellular signaling agent suggests that besides the largegtatt

zinc that is bound to zinc metalaroteins, cells have a pool of labile, reactive zinc as well. It has
been suggestethat this mobile pool of zinc can be generated from dissociation of zinc from
proteomic ligands (Reaction 6) or can be releasenh storage vesicles, as some articles have
reported[29, 5357]. In reaction 6, L represents any zinc binding ligand, inaugliateins and

other small molecules, such as glutathione.

ZnlD Zrit*+ L (6)

Our view is that the labile pool is noefe zinc, Z#t, but, instead, Proteom&ound zinc as

portrayed in reactiorsequence 1

To understand the dynamics afghctions of the intracellular mobile zinc pool, the use of
fluorescent/colorimetric sensors as analytical tools has been increasinglgrapver the past
couple of decaded~{gure 4. These sensors exhibit varying binding affinity for zinc with
apparen dissociation constants at pH 7.4 ranging from micromolar to nanonjib)&, 6567].
Typically, upon binding zinc, the sensor moleculesssan enhancement of

fluorescence/absorbance and/or a shift of wavelength maximum. To study intracellular, mobile



zinc, cells are usually loaded with a gedirmeable form of the sensor, and the subsequent
change of optical properties of the sensor iemreted as the response to intracellular zinc
[68-74]. However, the chemistry of these sensors with cellular comptsxeemains

understudied. Some are characterized by high zinc binding affinity. It would not be surprising if
these molecules show reactiy with native Zrproteins or other zinc binding ligands (reaction

7), along with free or labile zinc. Furthermoseme of these probes may form ternary adducts

with zinc bound to Ziproteins or adventurous sites (Reaction 8).

ZnProtein + SensdDd apo-Protein + ZrSensor (7)

ZnProtein + Sensdd Senso#ZnProtein (8)

As shown irFigure 4 6-methoxy-8-p-toluenesulfonamidequinoline (TSQ) and its derivative
Zinquin (ZQ) are two of the widely used fluorescent sensors to image intracellulaerivigi.

They show fluorescence at 490 nm upon forming a 2:1 complex with zinc (Read6an &8,

72-75]. However it has been reported that under steady state cellular conditions, these two
sensors image predominantly intracellular nativeRhoteinsthrough ternary complex

formation, not free zinc, as evident from the signature emission maximum of 470 nm (Reaction

10)[76-78]

2 TSQIZQ +2hD Zn(TSQ/ZQ) (9)

TSQ/ZQ + ZRroteinD TSQ/Z&ZnProtein (10)
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Figure 4 Examples of zinc fluorescent sensors.

These sensors compete with other potential zinc bindiggnds, e.g., proteome and
glutathione, for intracellular labile zinc, making the cellular chemistry of the sensors more
complicated than typically assed. For example, Newport Green, a weak zinc fluorescent
sensor with stability constant of ¥®M, hasbeenused in a number of studies for imaging

intracellular labile zinc [1, 784]. However, it has beeshown to be outcompeted by high

9



affinity proteomic ligands for intracellular zinc, and, thus, is able to image intracellular zinc, only
when the high #inity proteomic ligands are saturated with zif; 85] These novel findings of
TSQ, Zinquin and Newport Green reveal that a detailed understandthg ogllular chemistry

of intracellular zinc sensors that are used to study zinc trafficking is astamp as that of

understanding cellular zinc trafficking mechanisms.

Herein, we have revisited the zinc buffering study published by Wolfgang Maretrofsgroup
using a colorimetric zinc sensor, @m, and reinterpreted their results on the basis otir

findings, to better characterize the nespecific zinc binding sites of Proteome and their
interaction with Zirron [9] Next, we have investigatedtife Proteome acts as an intermediate
via its adventitious zinc binding sites for intracellular ziaficking leading to the generation of
native ZAProteins. In addition, we have studied if metallothionein individually or in cooperation
with Proteome ca transfer its strongly bound zinc to aypooteins. Finally, we have examined if
glutathione plays anyole in the overall landscape of intracellular zinc trafficking. For trafficking
studies, we have used zinc carbonic anhydrased&Znhas a model zincgiein and studied the
reconstitution of ZRCA mediated by Proteome, metallothionein and glutathiorienea or with

the presence of one another. In conclusion, we have presented a detailed intracellular zinc
trafficking mechanism, starting from cellular afe of zinc to the formation of native Zn

Proteins, that involves Proteome, metallothionein and glbtane.

10



2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

The zinc fluorescent sensors TSQ and Flu®diere purchased from AnaSpec, Inc. and
Molecular Probes, respectively, and then dissolved in DMSO and stored in the d20k@tin
smallaliquots. Nethylmaleimide (NEM), glutathione (GSH), buthionine sulfoximine (BSO),
SiKet SYSRALF YAyYSi(Sii Nithiotils$2nikrabenzo® AcRDTNB)Zrid!dangyl p Z p Q
amide (DA) were bought from Sigma. Sephadé&b@nd G25 gel filtration resinsvere
purchased from GE Healthcare Life Sciences. Metallothionein was obtained from Creative
Biomart, IncThe model proteins, bovine serum albunBSA), trypin and carbonic anhydrase
were obtained from Sigma in the form of lyophilizeolwder. The powdes were dissolved in
degassed 20 mM Trimiffer adjusted to pH 7.4 and stored &80° C. The antibiotics penicillin G
and streptomycin sulfate for cell cultumere purchased from Fisher Scientific and Sigma,
respectively. Fetal calf serum (FCS) was alsglttodfrom Fisher Scientific and stored-86°C

until use. All the other chemicals and reagents were purchased from either Fisher Saentific

SigmaAldrichat the highest grade available.

2.2. Preparation of medium and solutiorfer cell culture

LLCPK (pig kidney cells) cell line (adherent cell limgspurchased from ACC and grown in
Medium 199 with HEPES modification. Medium powder from the bottle was dissioligd
MilliQ water. 2.2 g sodium bicarbonate (NaH{@as added to the medium solution and the

pH of the solution was adjusted to 7.2. The medium was thenIsapgnted with 50 mg/L

11



penicillin G and 50 mg/L streptomycin sulfate, and sterile filtered beaiseThe media

solution was stored in™4C.

Confluent LL®K cells were released from the culture flask by 10X tryidDT A treatment. To
prepare 200 mL 10ypsinEDTA solution, 1.0 g trypsin, 0.4 g EDTA tetrasodium salt and 1.8 g
sodium chloride (NaCl) were dissolved in MilliQ water. The solution was steéelediand

stored in 10 mlaliquotsat -20° C.

2.3 Cell culture

LLGPK cells were grown in Edium 199 with HEPES modification supplemented with 2.2 g/L
NaHC® 50 mg/L penicillin G, 50 mg/L streptomycin and 4% fetal calf serum (FCS) (from Fischer
Scierific). Each flask of cells contained 15 mL of media mix. The cells were incubat@dCan37

the presence of 5% GO'he media was changed everg 2ays until confluence. At the point

of confluence, old media was discarded completely, and cells wexagedl by 10X trypsin

EDTA solution for 205 min in the incubator. Once the cells were released0.2 mL cell

suspension was used to make new culture flask and the remaining cells were used for growing
cells in 10émm culture plates. Each plate contath&#0 mL of media mix and 0.4 mL of FCS

along with cells.
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2.4 Cell counting

LLCPK cells wee counted using a hemacytometéihe culture medium from one plate of
confluent of cells (ca. I@ells) was discarded and the cells were then incubated véithjd of
10X trypsiREDTA solution for 205 min at 37 C. 1 mL of DPBS was added to the reléasds
following trypsirEDTA incubation. Cells were then transferred to a centrifuge tube containing
550 pL horse serum to make the final volume of 2 mL (#58ypsinREDTA + 1 mL DPBS + 550
pL horse serum) and mixed very well. 10 pL of cells was thesferred to arEppendorf tube

and diluted to 100 pL using DPBS. 10 uL from the final cell suspension was placed onto a
hemacytometer and the cells were counteThe counted number was finally multiplied by the

dilution factor and the actual number of ¢t&ldetermined.

2.5 Cell viability assay (Trypan blue exclusion assay)

Following incubation with 5AM ZnC for 48 hours or with 25, 50, 100, 200, 400, 800 and 1600
UM buthionine sulfoximine (BSO) for 24 houtse ttulture medium of one plate of LIR® cells
(ca.10’ cell§ was completely drained off and the cells were incubated with 1 mL of 10X trypsin
EDTAGalution for 1015 min. The released cells were collected in a centrifuge tube and washed
three times with fresh DPBS and finally resuspended BI® cells weretreated with 0.4%
Trypan Blue solution in 1:1 ratio and viable cells were counted immedyiasing a

hemacytometer. Trypan blue is a dye which can penetrate the compromised cell membrane of
a dead cell and the cell will in turn look blunder the hemacytometer, while the living cells

will appear colorless as Trypan blue is not able to permtataugh the cell membrane of an

13



intact cell[86-88]. The cell viability assay was also used withRkCells suspended in culture

medium.As catrol, the assay protocol was repeated for untreated {HKCcells.

2.6 Fluorescence spectroscopy of B&®ated LLEPK cells

LLGPK cells were treated with 10pM BSO for 24 hours argfown in 100mm culture plates

until confluence was attained. Gute mediafrom both BS@reated and untreated (control)

plateswasthen discarded, and the plates washed three times with cold cholate buffer,

prepared by dissolving 2.47 g & 04, 0.53 g NaFlO4, 17.0 g NaCl and 13.33 g choline

chloride in 2 L MilliQ war. Cel were then gently scraped from the plates with a rubber cell

AONI LISNJ YR LI22t SR Ay 5dzZ 60S002Q4a 16kPDDKLE GS 06 dz
KCI, 0.2 g/L KRQ, 8.0 g/L NaCl, 1.15 g/L anhydrousiRQ). Cells were collected by

centrifugaion at 680 g for 5 min and resuspended in 10 mL DPBS. The cell suspension was then
transferred to a cuvette and treated witt0 pM TSQThen, over 80 min period and using an

excitation wavelength 0870nm, emission spectra were recorded be@n400nm and 600 nm

with a Hitachi 4500 fluorescence spectrophotometer.

2.7 Prepardion of Sgphadex G75and G25 gel filtration column

Sephadex &5 beads (46 g per gel filtration colummgnd G25 beads (1412 g per column)
purchased from GE Healthcare were soaked in 20 mM Uifier(pH7.4) for3 hours (&5
beads) 0124 hours(G75 beads)Following on, soaked beads were degassed for an hour and

then slowly packed in glass columns to make 0.7 cm x 80 cm Sephd®an@ G25 gel
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filtration columns.G-25 and G75 mlumns werewashed wih degasse®.2 M phosphate buffer

or 20 mM Tris buffer (pH 7.4)espectivelyeach time before use.

2.8 Isolation of cell lysate from LL-BK cells

Following incubation of LERK cells with50 uM ZnC{ for 48 hours or with 10QutM BSO for 24

hours, culture mediafrom both treated and untreated (control) plategasthen discarded, and

the plates washed three times with cold cholate buffer. Cells were then gently scraped from

the plates with a rubber cel ONJ LISNJ | Yy R LJ2 2 f S IR buff¢redsalzieo SO02 Qa
(DPBS)Cells werdurther washed twice with fresh DPBS and centrifuged each tind8@tgfor

5 minto separate the pellet from the extracellularedium The last cell pellet was

resuspended in InL of cold MilliQ water. Cells were thé/sed by sonication and centrifuged

at 47,000 g for 20 min at 40 C to collect the cell supernatant or cell lysate.

2.9 Fractionation of the cell lysate using Sephadex7& gel filtration column or Centricon
filtration

The cdl lysate collected as above was either loaded onto an 8& @rii5 cm gel filtration
column of Sephadex-@ (GE Healthcare) eqbitated with 20 mM Tris buffer (pH 7.4) at room
temperature or filtered through a Millipore Centricon Centrifuge filter (3¥Wut off) at 2 C

by centrifugation at 100 rpm for 30 min to separate the high and low molecular weight

fractions. During gdiltration chromatography, the column was eluted with degassed 20 mM
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TrisCl (pH 7.4) an80-60 fractions were collected. The zinc content in each fraction was also

detected by flame atomic absorption spectroscopy (AAS).

2.101solation of Proteome Usingephadex &5 Chromatography

LLGPK cells were harvested as described above and finallysgsnded in 1 mL cold MilliQ

water. Cells were then lysed by sonication and centrifuged at 47,000 g for 20 min to collect the
cell supernatant, which was then ldad onto a Sephadex-&b column equilibrated with

degassed 20 mM Tris buffer (pH 7.4). Theesoatant was eluted with degassed 20 mM TCis

(pH 7.4) and 1 mL fractions were collected. Fractions within the high molecular weight region
having absorbancat 280 nm were pooled. These pooled fractions were referred to as the
proteome. Proteome wastored in 1 mL aliquots a8 C until use. On the day of experiment,

proteome was icghawed.

2.11 Reaction of model proteins (bovine serum albumin and trypswith Zincon

The solutions of the model Auroteins, such as bovine serum albumin, wereganed by
dissolving the lyophilized powder of the-groteins in degassed 20 mM Tris buffer (pH 7.4).
The protein solutions were incubated with Zincon and titchteith zinc. The progress of the
reaction was monitored by recording absorption spectrum.demiify the absorbing species,
the final reaction mixture was fractionated using either Sephad&® @el filtration column or

Centricon filtration. For Sephadé&x75 gel filtration, the sample was eluted with degassed 20
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mM Tris buffer (pH 7.4) and 58D fractions were collected. All the fractions were analyzed for

both absorbance, and zinc content using flame atomic absorption spectrophotometry.

2.12 Quantification of zinc

The concentration of Znin solutions was determined kbyoth flame atomic absorption

spectrophotometry (AASAnd inductively coupled plasma mass spectrometry-U3p

For measurement by atomic absorption spectrophotometrgBC model 904 strumentthat
employed an acetylene torch to atomize samples using an 80:20 mixture of compressed air and
acetylenewas used Zinc measurements were made with deuterium background correction.

The instrument was calibrated before each run using threadsiad Zi3* solutions of 0.5 ppm,

1.0 ppm and 2.0 ppm. The calibration curve was not considered acceptable until the maximum

error was 0.2 UM or less.

In the case of inductively coupled plasma mass spectrometryMI®PICPMS 2030 instrument
was used. Sanip and standadt solutions were prepared in 2% nitric acid. For calibration curve,
standard zinc solutions of 0.0625, 0.125, 0.25, 0.5, 1.0 and 2.0 ppm were used-iA built

software, LabSolutions ICPMS (version 1.12), was used for data analysis.

2.13 Quantification of sulfhydryl groups
¢tKS O2yOSYUGNI A2y 2F adzZ FKERNEE INRdAzLIA 41 &

dithiobis2nitrobenzoic acid (DTNI9]. To prepare a 10nM DTNB stock solution, 25 mL
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MilliQ water was added to 0.1 g DTNB solid. The mixture was gently stirred. Because DTNB is
insoluble at acid pH but oxidizes immediately at pH greater than 8.0, the pH of the solution was
monitored while beinggstirred. Sincehe pH was around 3.0 to start out and little DTNB powder

was in solution, a few crystals of Trizma (Tris) base was added until the pH was between 6.5 and
7.0. The solution was then filtered to remove the residual amount of undissolved DThNB.

filtered DTNB solution was kept into a small brown bottle and stored in dark. The color of the

solution was pale yellow.

For measurement of sulfhydryl concentrations, 60 pkashplewas diluted with 540 uL 20 mM
TrisCl, pH 7.4. 60 yL of 10 mM DTW&s then addd to the sample and vortexed immediately.
The solution was incubated in dark for-80 min before the absorbance at 412 nm was

obtained. An extinction coefficient of 13,600 M~ was used to determine the concentration

of reactive thiol graps in the sarples.

2.14 Preparation of apecarbonic anhydrase

Apo-carbonic anhydrase (ap8A) was prepared according to a published method with some
modification [90, 91]. Namely, 100 mg of the holo enzyme (zinc carbonic anhydrase) was
dissolved in 5 b of 0.2 M phephate buffer (pH 7.0), which contained 0.1 M pyridi)6-
dicarboxylic acid (dipicolinic acid). Dipicolinic acid is readily dissolved with the addition of solid
Tris base with constant stirring. Following incubation for 4 hours, the mixtaseloaded ord a
Sephadex &5 gel filtration column and eluted with 10 mM ammonium bicarbonatesfNEQR)

at pH 8.6. The eluted fractions were analyzed by determining absorbance at 280 nm and zinc
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concentration using flame atomic absorption spectrophotarméAAS). Th&actions

corresponding to ap@arbonic anhydrase were pooled and stored&@° C in small aliquots.

2.15 Apo-carbonic anhydrase assay

The concentration of apoarbonic anhydrase was determined by measuring absorbance at 280
nm using an etinction coeficient,e= 5.7 x 16M-1cm[92]. The preparation of apearbonic
anhydrase was confirmed by reaction with dansyl amide (DA). DA forms a ternary complex with
native Zncarbonic anhydrase and exhibits fluorescence at 460 nm but does act \neth apo-

carbonic anhydrase or free zir@3].

2.16 Denaturation and renaturation of carbonic anhydrase

Apo-carbonic anhydrase solution in 20 mM Tris buffer (pH 7.4) was denatured by guanidinium
hydrochloride. Namely, 100M apo-carbonic anhydrase sation was incubated with 4 M
guanidinium hydrochloride, resulting in complete denaturation of -&p%. In order to renature,

the denatured apeCA in 4 M guanidinium hydrochloride wasf2& diluted using 20 mM Tris
buffer (pH 7.4)94]. Both denaturatiorand renatiration of apacarbonic anhydrase were

tested by repeating the protocol with native Z3A in the presence of dansyl amide.

Denaturation caused complete loss of dansyl amide fluorescence at 460 nm, that was originally

generated from the formation foternary complex between dansyl amide and-Zarbonic
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anhydrase. Renaturation of Zrarbonic anhydrase returned 460 nm fluorescence of dansyl

amide.

2.17 Ultraviolet-visible spectroscopy

A Beckman Coulter, D640 spectrophotometer was used to measuhe tabsorpion spectra
of chromophorest y  a | YLIX S& 2 NJ | fadvedslrdmgndDd @bsotbances 6v& A NJ <
time was used for kinetic studies. Gom quartz or plastic cuvettes were used for UV (201D

nm) and Visible (400700nm) measurements, respgvely.
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3. RESULTS
odm / KF NI OGSNRAT I Gspezifc zischindidlR G4 S2YSQa yz2y

Recent studies have reported that beyond its structural and catalytic role in various proteins,
zinc can act as a secondary messenger in cellular signaling, meaatinglts maintain a mobile
or dynamic zinc podb3-59]. For example, cellular nitric @a can react with sulfhydryl groups
of high molecular weight Zproteins and thus liberate zinc, which in turn participates in the
downstream cellular process¢33, 95 - 99]. Over the past couple of decades, a number of
colorimetric and fluorescent zinessorswith awide range of structures and zinc binding
affinity have been developed to monitor this cellular pool of mobile zinc. Although these
sensors are thoughbp image only intracellular free zinc, recently published articles concluded
that some ofthese sensors do not image free zinc in cells. For instance, TSQ and Zinquin (ZQ),
two widely used fluorescent zinc sensors, predominantly image celluiraeins,not free
zinc[76-78]. They form ternargomplexes wittZn-Proteins, TS@nProteins or B-ZnProteins,
characterized by emission maxima at 470 nm, while their binary complexes with free zinc,

Zn(TSQ)or Zn(ZQ) display an emission maximum at 490 [#6-78].
2 TSQ/ZQ + 2D Zn(TSQ/ZQ) (490 nm) (11
TSQ/ZQ + ZRroteinD (TSQ/ZQYnProtein (470 nm) 12

Additionally, Newport Green, another fluorescent sensor used to image intracellular free zinc,
was found to be weakly efficient in imagingracellular free zinc in the proteomanvironment

[85]. These interesting findings about some of the zinc sensors questigretifiemance of
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other sensors in sensing intracellular free zinc and thus support the foe@d-examination of

the mode of acthn of these fluorescent probes.

22f F3Ly3 aMDB iDNE REBEACK NI OGSNAT SR (GKS LINRGS2 Y
Zincon (ZI), a colorimetric sensor used to image free[2InZl has only a modest affinity for

Zre*with a stability constant apH 7.4 of 16°[9]. According to their published styda simple

titration of ZI with ZA* resulted in a linear increase of absorbance at 620 nm, indicating the

formation of the ZAZI complex. However, when ZI was titrated witi3*Zm the presence of HT

29 cell Proteome, no absorbance at 620 nm was obsemngitlabout 2uM Zr#*was added,

suggesting that the initially addedZ@ | & 02 dzy R (2 &2YS -PpekificzikcS t NP §
OAYRAY3I aAGS&aX NI GKSNJ GKIFyYy LI @finddapadiydvas & %L & h
saturated, with the addition of mar zinc, the absorbance at 620 nm gradually increased, which

was interpreted as the formation of Zil complexKigure5). However, Maret research group

apparently ignored that the slope of straightdifollowing the initial flat region is not the same

asthat of the control line, i.e. titration of ZI with Zfin the absence of Proteome. Therefore, it

cannot represent the simple titration of ZI withZnat least the altered slope suggests that

Proteome and ZI are competing for Zn

This chapter focusesnreSEl YAYAY 3 2F al NBiGQa -inthpretigyzhe S S E LIS

results of the experiment.
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Figureb. Spectrophotometric zinc titration of HA9 cell homogenates after centrifugation at
100,0®g in the presence of 2Q@M Zincon. Homogenates (5QL.) derived from 6x106 cells
were titrated with zinc sulfate in HERES, pH 7.4 (open circles). Titration in the absence of
homogenate under the same conditions as control (filled circles). [Krea&l @006), J Biol

Inorg Clem]
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3.1.1 Spectral properties of ZI and i

Zincon (ZI) solution in 20 mM Tris (pH 7.4) showed an absorption maximum at about 490 nm. In
the presence of Z1, the absorption maximum shifted to 620 niFigure6A). When 9 uM ZI in
20 mM TrigpH 7.4) was titrated with 2 its absorbance reached the maximum at equimolar

concentration of Z#f (Figure6 BandC), suggesting that ZI formed a 1:1 complex with*Zn

Zre*+ ZID ZnZl (absorption maximum 620 nm) (13

An isosbestic point @31 nm characterized the reaction, indicative of the straightforward

conversion of ZI into ZAal.

24



=
N

—7ZI
1
- —Z7n-ZI
<os
o
%(16—
2
30.4 -
=
0.2 A
O T T T T T T T T T T T T T Al
350 375 400 425 450 475 500 525 550 575 600 625 650 675 700
Wavelength, nm
1.2 -
. ——40uM ZI
:): 1 4 5 UM Zn2+
< 10 uM Zn2+
— 0.8 -1 15 uM Zn2+
a ——— 20 UM Zn2+
S 06 1 25 UM Zn2+
'g 30 uM Zn2+
2 0.4 1 35 uM Zn2+
<€ 02 4 40 uM Zn2+
e 45 UM Zn2+
0 50 uM Zn2+

350

450 550

Wavelength, nm

650

25




Absorbance @ 620 nm

40 50 60

[Zre*], uM

Figure6. Spectral properties of ZI and Zfl.(A) Absorption spectrum of 4@M ZI in 20 mM

Tris (pH7.4) and the reaction mixture of 40M ZI and 4QuM Zr¢¥*. (B) Absorption spectra of
titration of 40uM ZI with ZA*. (C) Change of 620 nm absorbance with increasing concentration
of Zre*.
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3.1.2 Titration of ZI with Z# in the presence of proteome

¢CKS GAGNI GA2Yy SELSNAYSYyd Ay (KS LINBaSyosS 27
repeated. Proteome containing 448V native ZA*was incubated with 4QM ZI followed by

the addition of increasing concentrations of addédt*. Before the addition bexogenous 2,

Z| displayed an absorption maximum at 490 nm in the presence of Proteome, suggesting that ZI
does not react with native Zproteins Eigure7). No significant change in the absorption

spectrum was observed, uhtbout 10uM of the extraZr’* was addedKigure7). This initial

unaltered absorbance reonfirmed that the first 1uM of the added Zff was strongly

buffered by Proteome via its nespecific, high affinity zinc binding sites and that whe#i gras

bound, they were unreactive witZl. A similar lack of reactivity of Protedfde was observed

at the beginning of the titration of Proteome with Zrin the presence of Newport Green,

another sensor with low affinity for Zih(stability constant at pH 7.4, $(85].

As more Zft was alded, the 490 nm absorbance started decreasing. Surprisingly, a concurrent
increase of absorbance at 640 nm, not 620, nvas observed with the increasing concentration
of added Z#&" (Figure7). Moreover, the slope of thistraight lineplot of absorbances: Zi#*
concentration was manifestly different from that of control line. In addition, the quantum yield
was significatly less than that of control titration. Finally, the titration was not characterized by
a precise isosbestic point, indicating that méhan two absorbing species were present during
part of the reaction. All these discrepancies clearly indicated tha€i process was more
complicated than the simple titration of ZI with Zmas that would yield a slope similar to that

of the control and (ii) the generated species is not-Zh as this would show an absorption

maximum at 620 nm. These results conféittwith the interpretation of the Maret research

27
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group, that claimed the production of the Zt complex following the saturation of P&2 Y S Q &
zinc buffering capacity. The requirement of about 100 Zr?*, as opposed to only 40M for

the control experimat, for the absorbance to reach its maximum value suggested a possible
O2YLISGAGAZ2Y 0S 0 sH&ific, reldtiely 16v2 affify @ikc bigdihy sites and ZI

for added ZA* (reactions14-16).

To further characterize the absorbing species, in aas#e experiment, 5SM ZI was titrated
with Zr?*in the presence of Proteome and the final reaction mixture was filtered using a
Centrion 3K molecular weight cudff filter. Both retentate and filtrate were analyzed for
absorbance and zinc content. In&stingly, almost all of the absorbance and zinc content were
found in the retentate. The absorption spectrum of the retentate was cemterte640 nm
(Figure8 A). These findings were consistent with the generation of a ternary complex of
Proteome, Z# and ZI, Proteom&ZnZlor Proteome(Z¥Zl), in which ZZ| binds to Proteome

through the ZI ligand
Proteome + Z#t D ProteomefZn (higher diity binding sites, buffering region) 14
ProteomdZn + ZD ProteomdZnZl (lower affinitybinding sites, 640 nm absorbance(l5)

Proteome + Z+ZID ProteomeZnZl (lower affinity binding sites, 640 nm absorbancd))

Finally, the introdction of TPEN, a strong zinc chelator with a conditional stability constant at
pH 7.4 of 1676 abolished the 640 nm absorbance and regenerated 490 nm absorbance. The

result of TPEN experiment indicated that the generated ternary complex was Proféorde
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However, the unexpected feature of this titration was the fact that instead of being a
stoichibmetric ligand exchange reaction, a large excess of TPEN was needed to displace ZI from
Zr¢*. Considering that the conditional stability constants ofTBENand ZnrZlI differ by 1811

the titration results show that Ziin the Proteom&ZnZI ternary omplex is not readily

accessible to TPENrigure 8 Band Q).
Proteome¥nZl + TPEN Proteome + ZWHPEN + ZI a7

Therefore, this experiment suggested th@bteome contains two types of nespecific zinc

binding sites; i) sites withrelatively higher affinity for Zithat are unreactive with ZI, and ii)

sites with lower affinity for Zi that permit the binding of Zito ZI. The proteomic nen

specificaf O 0AYRAY3I aAiSa oAGK KAIKSNI FFFAYyAGE | NB

buffering capacity, while other sites permit the formation of ternary complexes witAlZn
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Figure7. Titration of ZI with ZA*in presence of proteome(A) Proteome (4.5M native Z@*)
isolated from LLPK cells was treated with 4QM ZI followed by titration with Z&i. The
reaction progress was monitored by recording the absorbance between78&0nm. (B)
Control: change of absorbance at 620 nm withation of 40uM ZI with ZA*. Proteome:
change of ab@rbance at 640 nm from the titration experiment in presence of proteome.
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Figure8. Characterization of 640 nm absorbing speciés) 50uM ZI was titrated with ZH4
(final 240uM) in the presence of Proteome. Thereafter, tireal reaction mixture was filtered
using a Centricon 3K molecular weight-ofttfilter to separate the high molecular weight and
low molecular weight fractions. (B) Retentate fraction was titrated with TRENChange of
640 nm absorbance of the retert@afollowing addition of TPEN.
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3.1.3 Reaction of Proteonf&Zn-ZI with TSQ

The formation of ternary complex, Proteof#n.L = 6 S 6SSyYy LINRGS2YSQa f 2
binding sites and Z#&l was tested asther way. A widely used fluorescent zinc sen3®Q

forms ternary complexes with both native -pnoteins and with zinc that is adventitiously

02dzy R (2 LIN®eciicxiMchnding §itggy]. Therefore, the prdormed ternary

complex Proteom®nZ| was reacted with TSQ to see if it repladefsain the ternary complex

and makes new ternary complex, ProtedfdeTSQ.
TSQ + ZRroteinD TSQ@Zn-Protein (18
TSQ + ProteomZnD ProteomeZnTSQ (19

For this purpose, first, Proteorfign-ZI was fomed by titrating 4QuM ZI with ZA*in the
presence of isolated proteome. As expected, a gradual increase in absorbance at 640 nm was
observed with the addition of 2al F G SNJ t NR (i S 2 Yikc@iadingsiteawere T FA Y A 0 &

saturated indicatng the geneation of Proteom&ZnZ| ternary complexHigure9 A andB).
Proteome + Z#ZID Proteomd[ZnZl (640 nm absorbance) (20

Subsequently, the final reaction mixture was treated with increasing concentrations of TSQ.
Interestingly, with thencrement in TS@oncentration to the reaction mixture, absorbance at
640 nm slowly decreaseé&igure9 CandD). At about 8QuM TSQ, 640 nm absorbance was
almost completely lost. The displacement of ZI from the ternary complex, Promad, by
TSQ andby inference thegeneration of a new ternary complex, ProteofdeTSQ, was

consistent with the loss of absorbance at 640 nm with addition of TSQ. Since TSQ shows
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negligible absorbance in the 5850 nm range, the change in the spectrum could be solely

attributed to the disociation of Z#ZI in the ternary complex with the Proteome.
ProteomdlZnZl + TSQ ProteomdlZnTSQ + ZI (22

This result further supported that ZI forms ternary complex with zinc adventitiously bound to

LINE G S2 YS Q& nbresgeSifidbimdifigrsisy A (i &
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Figure9. Reaction of Proteom®Zn-ZI with TSQ(A) 40uM ZI was titrated with Ziin the
presence of isolated Proteome. (B) Change of absorbance at 640 nm with the increasing
concentration of added Zn (C) Te final reaction mixture of (A) was titrated with TSQ. (D)
Change of absorbance at 640 nm with the increasing concentratido®Qf
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3.1.4 Reaction of ZZI with a model zinc binding protein

The results of the reaction of Zrand ZI with Proteome were osistent with the formation of
the ternary adduct, Proteonf&nZI. Next, we repeated the experiment with a model protein,
bovineserum albumin (BSA). BSA was chosen as the model protein for this experiment,
because it has been reported to have a zinc rigdiites that are variably occupied with’Zn
[100]. Therefore, its ability to bind Ztreversibly seems to model proteomic bing of ZA*. To
test its interaction with Zff and ZI, 1M BSA in 20 mM Tris (pH 7.4) was first treated with 50
MM ZI Figurel0A). As expected, in the presence of BSA, ZI showed an absorption maximum at
490 nm, and no noticeable absorbance at 640 Rimwever, as the mixture of 1M BSA and
50uM ZI was titrated with Z&, a gradual increase of absorbance at 640 nm appeargh tihe
disappearance of absorbance at 490 rifigire10 A andB). This simultaneous increase of
absorbance at 640 nm and decssaat 490 nm suggested that BSA forms ternary complexes,

BSAZnZI, with ZI and Zhbound to its norspecific zinc binding sise

BSA + ZI + ZrD BSAZnZl (640 nm absorbance) (22

At the end of titration, the final reaction mixture wé#ered using a Centricon 3K molecular
weight cutoff filter to separate the high molecular weight (retentate) and low molecular
weight (fitrate) fractions. Both fractions were analyzed for absorbance and zinc content. The
retentate displayed an absorpin maximum at 640 nm and retained virtually all of the added
Zre* during titration, further confirming the formation of ternary complex, B3AZ| Figure10

CandD).

37



Absorbance (

Wavelength, nm

10 UM BSA
e 50 UM ZI
2 UM Zn2+
4 uM Zn2+
6 UM Zn2+
e 10 UM ZN2+
15 uM Zn2+
20 UM Zn2+
— 25 UM Zn2+
30 UM ZN2+
35 UM Zn2+
e 40 UM Zn2+
e 45 UM ZN2+
e 50 UM ZN2+
55 uM Zn2+
65 uM Zn2+
e 75 UM ZN2+
e 85 UM ZN2+
e Q5UM ZN2+

Absorbance (A.U.)

o
w

o
(V)

o
=

40 60
[Zre*], pM

—0— 640 nm

—0—490 nm

100

38




0.7 f
—~ 0.6
-
< 0.5 +
804 ——Filtrate
[
@
‘g 0.3 A1 —[etentate
202
<
0.1 -
0 oAb s ptiortn =
350 400 450 500 550 600 650 700
Wavelength, nm
D.
90 -
80 -
=
E‘ 70 -
©
£ 50
3
= 40 -
O 30 -
=
S 20 -
10 - -
0 .
Retentate Zn Filtrate Zn

Figurel0. Reaction of BSA with ZI and Zn(A) 10 uM BSA in 20 mM Tris (pH 7.4) was treated
with 50 uM ZI followed by titration with Zh (B) Change of absorbance at 490 nm and 640 nm
with the inaeasing concentration of 2h (C) Absorption spectrum of retentate and filtrate
following filtration of the final reaction of (A) using a Centricon 3K molecular weighoffut

filter. (D) Zinc content of the retentate and filtrate fractions.
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The stoichimetry of BSA and Zhwas identified as well. 5 uM BSA in 20 mM Tris buffer (pH
7.4) was incubated wh 13 different concentrations of Zhbetween 2¢ 80 M. Subsequently,
each of the 13 reaction mixtures was filtered using Centricon 3K molecular weigbif dilter

to separate the retentate and filtrate fractions. Zinc content in both retentate atrate

fractions was quantified. The amountzhc inretentate and filtratefractionswas labelled as
Wo2dzy R WANBE T ¥ROQS didd dind®4s iplattedSafadnse thet bdund Zinc tb
identify the stoichiometry between BSA and ziR@(re 1). From the plot, it appeared that 35

40 nmol of zinc was required to saturate the zinc binding sites of 5 nmol of BSA, meaning that

each BSA molecutan potentially bind 8 zinc ions.
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Figure 11. Zinc binding of BSBuM BSA in 20 mNiris buffer (pH 7.4) was incubated with
varying concentrations of zinc, and each mixture was then filtered using a Centricon 3K
molecular weight cubff filter to separate the retentate from the filtrate fraction. Zinc content
was guantified in each fracth. Zinc content in the retentate fractions for each mixture (bound
zinc) was plotted against the total added zinc in each mixture.
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As a negative contt, ternary complex formation experiment was conducted with trypsin to
test if ternarycomplex formation is independent of the existence of zinc binding site in a
protein. Trypsin was chosen because it has no potential zinc binding sites. First, intecdcio
with trypsin was examined by incubating 10 uM trypsin in 20 mM Tris buffev @Hvith 40

MM ZI1. ZI did not display any interaction with trypsin, as evident from its absorption spectrum
centered at 490 nmHRigurel2 A). In addition, following fitation of the reaction mixture using

a Centricon 3K molecular weight eofff filter, most of the absorbance was confined to the

filtrate (Figurel2A), further indicating the lack of interaction between trypsin and ZI.

When the reaction mixture of 10 puMytpsin and 40 uM ZI was titrated with Znan increase of
absorbance at 620m was observedHigurel?2 B, suggesting the formation of Z&i binary
complex. Moreover, change of absorbance at 620 nm with increasing concentratiof @fan
in alignment wih that of control titration, i.e. titration of 40 uM ZI with Zrin the abs@ce of
trypsin Figurel2 Q). And the presence or an isosbestic point &am demonstrated that the
simple conversion of ZI to ZH had occurred in the titration. These reswtsfirmed that

proteins need to have potential zinc binding sites for +specific zinc binding.
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Figurel2. Titration of ZI with Zn2+ in the presence of trypsifA) Absorption spectra of the
reaction mixture of 10 uM trypsiand 40 uM ZI, and the retentate and filtrate following
filtration of the reaction mixture using a Centricon 3K molecular weighbdiilter. (B)

Titration of 40 pM ZI with Zhin the pregnce of 10 uM trypsin. (C) Change of absorbance with
increasing ancentration during titration of 40 uM ZI with Zrin the presence or absence of
Proteome or 10 puM trypsin.
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3.1.5 Absorption spectrum of Z&l in different solvents

We considered the possibility that the shift of absorption maximum to 64Cfolfowing the
addition of ZA*to the mixture of proteome and ZI originated from the presence 6ZZn
complex in a distinctive proteomic microenvironment, not from Prote§i@reZI ternary
complex formation. To test this possibility,-Zhsolution was pregred in different solvents of
varying polarity and their absorption spectrum was recordédrel3). In none of the cases
did ZnZl display an absorption spectrum similar to thhtaned in the presence of Proteome
or Albumin, suggesting that the shdt absorption maximum to 640 nm during titration of ZI

with Zr?*in presence of proteome was due to proteofif-Z| ternary complex formation.
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Figurel3. ZnZlsolution in different solvents10uM ZnZIl was prepared in various solvents
and absoption spectra were recorded
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3.1.6.Effectof NS K&t YII €t SAYARS ¢ b 9-spécifizyic bithd® & S2 YSQa
¢ 2 FdzNI KSNJ OK I NibndpebifdEiric BindiniRelaGetpicd @ adentify the

proteomic components involved in advemtitis zinc binding. Because cysteine residues are
predominantly present in zinc binding sites of nativepZoteins, we hypothesized that

t NB G S2 Y S Qas zindbidddng sitdsinko®e sulfhydryl groups as well. To test the
KeLRGKSAaAAZ uffedhg Gmdtpwasexdmingddollaving greubation with N
ethylmaleimide (NEM), a thidlinding reagent that blocks the sulfhydryl groyp81]. Isolated
Proteome was first préreated with 500 uM NEM for an hour and then titrated with?Zim the
presence of 40 uM ZI. A control experiment was done proteome without anyreaement

with NEM. As expected, the control titration displayed zinc buffering agplg Proteome, as
evident from very small increase of absorbance at the beginning of titréfimurel4).

However, in case of NElMeated Proteome, the increase in absorbance was immediate and did
not include the initial lag phase of the control titram (Figurel4), indicating that NEM pre
GNBFGYSYyld aArAayATAOol yit & nondpednrbhdbindiigBapabi.Y S Q &
Apart from this impact, the rest of the two curves are similar. While about 50 |#zs

needed to reach migboint ofthe control titration, only about 30 uM Zhwas needed in case of
NEMtreated proteome experimen These results clearly suggested that Proteome uses
sulfhydryl groups for high affinity, nespecific zinc bindig. Ohce NEM has reacted with the SH
groups,there are lower affinity sites that are available for reaction with Zn and ZI. These are

the ones that yield the 640 nm absorbance.

ProteomeSH + Z# D Proteome3YZn (high affinity) (23

ProteomeSH + NEND ProteomeSNEM (29
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Figureldd 9 FFSO0G 2F b 9 aspeific zihdMhRdin§PPoOESIR Was Yrérgated
with 500 uM NEM for an hour. NEWveated proteome was then reacted with 40 uM ZI
followed by titration with ZA*. A control experiment was dongith Proteomewithout any pre
treatment with NEM. The absorbance increase of botfation experiments withhe increasing
concentration of Z# was plotted.
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3. 2 Proteome mediated reconstitution of Zoarbonic anhydrase

A eukaryotic cell contains about 3000 zinc proteammpngwhich zinc can have either structural
or catalyticarole[4, 14] Recent tudies have reported that zinc can act as a secondary
messenger as well and participate in cellular signdb8¢57]. However, the trafficking
pathways that lead to the formation of thousands of nativepfateins following the enty of
zinc into the cytsol are not well understoadA few studies have reported that metallothionein,
a widely expressed protein with variable Zn content, aahas an intermediate in cellular zinc
trafficking and signalinfl5, 31, 37, 38, 45Metallothionein(MT)has the ality to bind seven
zinc with very strong affinity and can transfer these zinc ions te@pteins to generate

native, specific Zproteins[34, 36] However, metallothionewmull, MT gene knochkut cells
were found to proliferate normally, suggesting thaetallothionein is not absolutely necessary
for the formation of Zrproteins, which are critically important for cell surviya2]. Therefore,

theY SOK | y A & Yrafftking pathya® @mains unanswered.

As we have seen in the zincon stydgction3.1 above),the cellular proteome possesses a
large number of adventitious zinc binding sites, that involve primarily sulfhydryl grébps.
binding constant of the high affinity sites was calculated to be on the order'8M,0wnhich is
within the range 6the stability constants (0; 10'2 M) of native Zrproteins[11, 12]
Therefore, we have hypothesized that these protegmun-spedfic zinc binding sites
participatein trafficking zinc to the target proteins to generate nativepfoteins. Accordingo
our hypothesis, following the entry into cytosol, zinc traffickingpraeomic bindingoccurs in

two steps: (i) zinc binds to prebme at various nospecific sites primarily through sulfhydryl
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groups, and (ii) zinc is then transferred from these powhic nonspecific sites to approteins

to make native, specific Zproteins via ligand substitution.

Zrt*ouw D Zrétn (transport into cell} (25)

Zrt*in + ProteomeSHD ProteomeS(Zn + Hi(step I) (26)

ProteomeSJZn + apeproteins + D ProteomeSH + Ziproteins (step I (27)

This part of the thesis describes tegperiments and their results to investigate the abeve

mentioned zinc trafficking hypothesis.
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Step 1 of zinc trafficking hygthesis: Nonspecific zinc binding biroteome

3.2.1 Cellular distribution oéxtra Zr?* after entry into cytosol

In order to probe the first step of our hypothesis that following the entry into cytosol, zinc first
binds at various nospecific zinc bindip sites, LLEK cells were treated with 50 uM Zhfor

48 hours.Subsequentlycells wee washed thoroughly to remove the extracellular residual zinc,
and thecellular supernatant was collected afteonication followed by centrifugation. The
cytosol waghen fractionated using size exclusion chromatography with Sephadéx &

control exp&iment was done with LL-BK cells untreated with excess Znin which almost all

the cellular zinc (6uM) was found to be associated with high molecular proteometioas

and an insignificant pool of metallothionein zinc (2 uM) was obsergglife5). The result of
untreated LLEPK cells was expected, because almost all the endogenous zinc in eukaryotic
cellsis bound to various proteins, and -P& cellsexpressvery little metallothionein under

basal conditions.

Next, cells were exposed &) uM Zr?* for 24 h and then examined for the distributiar zinc.
The treatment of cell with excess zinc did not affect the cell viabifipufe 15 A According to
the Sephadex G75 chromatogramthe total zinc content wameasured be t@ nmol/10 cells
more than that of the control fractions, meaning thainmol/10 cellsof the added200
nmol/107 cellscould get into the cellsHigurel5 B and & Moreover, high molecal weight
proteome fractions from the treated cellead 0.5 nmol/10 cellsmore Zi#* than those from
control cells, indicating tha@.5 nmol/10 cellsof the extra2 nmol/10’ cellsZr¢* (26%) ended up

being bound to proteome. Since the native zinc bindiitgs are already by 61 uM Znthis

51



extra 10 uM Z# is assumed to be bound at ne@pecific sites of proteome. bBddition,the
treatment of LLEPK cells with zinc induced the synthis of a significant amount of
metallothionein. Aboutl.45 nmol/10’ cels more zinc was associated with metallothionein
fractions collected from treated cell4.6 nmol/10 cellg than from control cells, meaning that
1.45 nmol/10 cellsof the extra2 nmd/107 cellsZr?* (73%) was captured by the induced

metallothionein.

This is a very interesting finding, because this model react@@ms to supporthe first step of

our zinc trafficking hypothesis thatnc carbind at adventitious sites of proteome all as to
metallothionein after making its way into the cytosmlcel supernatant. Although this type of
experiment has been done innumerable times, showing that Zn transported into cells induces
and then binds to MT, this is perhaps the first docuniregithat Zn associates both with MT

and the proteome. Nevertheless, ahwas not resolved is the form of the extra Zn in the
proteomic fractions. It could be Proteoifién (reaction 6) or it might be an adduct, Proteome
SZn-MT, that provides additionalirzc to the proteome via the association of;AVT with

proteomic sulfhgryl groups (reaction 7).

ProteomeSH + ZAMTD ProteomeS{Zm + Zizn-MT (28)

ProteomeSH + ZAMTD ProteomeSZm-MT (29)

52



r
o
o
—

o
(o)

o
[c0}

Aulicreln 119D %

o
I~

50 -

Zinc treated

Control

—e— Control

50

40

30

20

10

e

T
O 0 © <
—l

JJUadu0d Uz

T
o

20

Fraction no.

53



m Proteomic Zn m MT Zn

al 2] ~l
o o o
1 1 1

w
o
1

Zinc Concentration, uM
N Y
o o

=
o
1

T

o
1

Untreated cells Zn treated cells

Figurel5. Distribution of added zinc between cellular proteome and metallothioneiid)

Cells vere released from one confluent plate of control and zinc treated cells by trypsin
treatment and stained with trypan blue to measure the cell viability. Z8)® LLGPK cells

were incubated in culture media supplemented with or without (control) 50 pi@kAor 48

hours. Following incubation, cells were harvested, washed, sonicated and centrifuged to collect
the supernatant, which was then fractionated using a Seph&d@% column. Zinc content in

each of the fractions was quantified using flame AE$Comparison of total proteomic and
metallothionein zinc in control and zinc treated cells. Error bar indicated standard deviation.
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3.2.2 Reaction of TSQ amuoteome isolated from LL®PK cells treated with exogenousr2*

According taFigurel5, we have found that0.5 nmol/10 cellsof 2 nmol/10’ cellsZr?* which
entered into cells waassociated with high molecular weight proteome fractions. We have
shownthat this extra zinc was bound to proteome at various adventitious zinc binding Eaes.
test whether the additional Zn in the Proteome stems from Protee8fi&n a ProteomeSZry-
MT, proteome collected from zinc treated cells was reacted with BSQprescent sensor that
specifically binds to Zproteins as well as 2h TSQ reacts with 280% of he native Zn
proteins to form TS€Znprotein ternary complex, evidenced by the slowriease of
fluorescence with an emission maximum of 470 [7®]. It does not react with ZAVT. With
non-specifically bound proteomic zine;oteome-SfZn, TSQ reacts withrapid enhancement of
fluorescence at 470 nnirigure 16shows the different reactio rate of native Z#Proteins and
ProteomeSJZn with TSQn contrast, ZFMT is unreactive with TSQ. Therefore, the different
rate of TSQ fluorescence increadet70 nm an differentiate between specifically (fmoteins)
and nonspecifically bound protemic zingProteomeSyizZn) as well as Proteor@Zn-MT (no

fluorescent contribution).

Znprotein + TS@ TSQ@Znprotein (ternary complex, 470 nm, slow) (30)

ProteomeSfZn + TS@ ProteomeS[ZnTSQ (ternary complex, 470 nm, fast)(31)

ProteomeSZn-MT + TS@ no reaction (32
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The reaction of control proteome (128V native Zi3*) collected from untreated LERK1 cells

and 20 uM TSQ resulted in tieow increase of fluorescence centered at 470 nm, as expected,

indicative of theformation of TS€nprotein ternary complex with native Zproteins Eigure
17 A and @. On the other hand, proteome collected frazells treated withextra zinc (5QM)
LLGPK1 displayed a rapid twfold increase of fluorescence at 470 nm, whreacted with 20

MM TSQFigure 17 B and)CThis abrupt enhancement of TSQ fluorescence suggested that
extra zinc was nospecifically bound to proteome and TSQ formed ternary comglexe
proteome-SfZnTSQ, with them, which accounted for the fluorescenaedase. This

experiment further supported the hypothesis that after entering into the cytosol, a significant
fraction of zinc binds proteomic adventitious sites, along \aitld perhapsn competition with

metallothionein.
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Figure 16. Reaction dfinc proteins with TSQA) Isolated proteome containing 5.8 UM native
zinc was reacted with 20 uM TSQ, followed by the addition of 3 uM excess zinc. (B) Comparison
TSQ fluoresence before and after addition of 3 uM excess zinc.
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Figurel7. Reaction of proteome isolated from extra zinc treated cells with T&®and B)

2x1C LLGPK cells were incubated in culture media supplemented with or without (colh&0
MM excess Znglor 48 hours. Following incubation, cells were harvested, washed, sonicated
and centrifuged to collect the supernatant, which was then fractionated using laa8eg G75
column.Proteome fractions were pooled together and reactedna2D puM TSQ for 20 min.
Fluorescence spectra werecorded from 400 nm to 600 nm following excitation at 370 (@).
Change of fluorescence at 470 nm with time from the reactionrofgpme with TSQ.
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Step 2 of zinc trafficking hypothesis: Zinc traasfrom nonspecific binding sites

of Proteome to apeProteins

3.2.3. Reconstitution of a model apaarbonic anhydrase with Proteonmf&n

The finding that Proteom&H and ZMT establish an equilibrium distribution of Zn
reinforced the hypothesis that Znbound to Proteome plays a central role in the intracellular
trafficking of ZA*that leads to the constitution of native Zsroteins from precursor apo
proteins. To examinthis hypothesis, we chose Zarbonic anhydrase as a modelgiotein

and studiel the reaction of apecarbonic anhydrase with Proteorfign
ProteomeSJZn + apeCAD ProteomeSH + ZiCA (33

Carbonic anhydrase was chosen for the following reasons

i Known $ructure
i Known Zn stability constant
1 Readily available

It does have the drawbadkat the apoprotein fully refolds into the native Zprotein structure
even in the absence of Zr{102]. Its preformed, relatively rigid structure prevents zinc ligand
flexibility as apeCA reacts with Zfibound to proteomic sites. Such lack of flelkiy may act as

a steric barrier to accomplishing the ligand substitution reaction.
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3.2.4Preparationof apo-carbonic anhydrase (ap&€A) from Zrcarbonic anhydrase (Z€A)

Apo-carbonic anhythse (apeCA) was prepared from AZrarbonic anhydrase (Z0A) following
the protocol as described in metho{80, 91] Theextent of formation of apeCAby the
reaction ofthe preparation with dansyl amide (DA), which is used as a fluorescent sensor for

ZnCA[93].

ZnCA + DA DAZnCA (34)

When excited at 320 nm, Diself, displays a minor fluorescence emisswith an emission
maximum at40nm. When reacted with free zinc, the emission maximum remains unaltered.
However, in the presence of ZDA it forms a ternary complex, DAnCA, that causes a blue
shift of its emission maximum to 460 nm. As the prepared-egbonic anhydrase was reacted
with DA, emission maximum was found to 0 nm and no significant fluorescence observed
at 460 nm, indictang that the protocol successfully removed zinc fromGh and ape&CA was
formed (Figure D). Direct measurement of Zny atomic absorption spectrophotometry
demonstrated that apeCA preparations typicallyontained6% oftheir original content of zinc.
By contrast, the reaction of ZBA and DA produced fluorescence centered at 460 nm,
indicating the formation of ternargomplex, DAZnCA(Figurel9). A titration of ZRCA with DA
showed that about 1.6 uM DA was needed to completely react with 1 |H@ X frigure20).

The reaction of 1 pM Z6A and 1.6 uM DA was fast and displayed ai®00+100

fluorescence unitsinder the conditions of the measuremenigaction 12andFigurel9).

Zre*+ DAD No reaction (emission maximum 540 nm) (35)

apo-CA + DA No reaction (enission maximum 540 nm) (36)
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Figurel9. Emission spectra of dansyl amide (DA) in the presence of free zincG#por Zn
CA.1.6 uM dansyl amide (DA) in 20 mM Tris (pH 7.4) was treated with 1 giNdZapo-CA or
ZnCA. The resulting solutisrwere then excited at 320 nm and fluorescence spectra were
recorded from 400 nm to 600 nm.
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Figure20. Titration of ZrCA with dansyl amide{A) 1 uM Zrcarbonic anhydrase (ZBA) in 20
mM Tris (pH 7.4) was titrated with the increasingicentrations of dansyl amide (DA).
Following each addition, the reaction mixture was excited at 320 nm and fluorescence was
recorded from 400 to 600 nm. (B) Maximum fluorescence of each spectrum from (A) was
plotted against the concentration of dansyl amid

64



3.2.5 Reaction of ap@arbonic anhydrase (ap&A) with ZA*in the presence of dansyl amide

(DA)

The prepared apearbonic anhydrase was tested for reconstitution ofZA by reacting with
Zr?*and monitoring product formatiomvith dansyl amide (DAFigure 23). When 1 uM Z#t
was added to 1.6 uM DA, no change of fluorescence was obseasexkpectedHowever, upon
addition of 1 uM apeCA, a dramatic increase of fluorescence occurred, and the emission
maximum immediately shifted from 540 nm to 460 nimdicative of the formation of Z&A
(Figure 2). The final measurement of fluorescence units indécethat almost 100% Z6A was
reconstituted from this reaction. Direct measurement of the zinc content of the product

confirmed the reconstitution of ZCA
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Figure21. Reaction of apeCA and Zn2+ to reconstitute ZDA in thepresence of dansyl
amide. (A) 1.6 uM dansyl amide was treated with 1 uM Zf@lowed by the addition of 1 uM
apo-CA. Fluorescence spectra of the reaction mixturenfdD0¢ 600 nm (excitation 320 nm)
was recorded every 5 min for 20 min. (B) Fluorescextt@®60 nm of the spectra from (A) was
plotted against time.
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3.2.6 Reconstitution of Zrcarbonic anhydrase (Z&A) mediated by proteome

To test whether proteome can ndéate zinc transfer to apearbonic anhydrase via its non
specific zinc binding sites aftitls reconstitute Zrcarbonic anhydrase, first, isolated proteome
containing 5 uM native Zhwas reacted with 1.6 pM dansghide Figure22). The emission
maximum vas found to be 80 nm suggesting that eithg(i) isolated proteome contained very
low concentration of Z+rCA in its native Zprotein pool, or (ii) even if proteome had noticeable
amount of ZRCA, the reaction is very slow in the proteomic environmenis €xperimentlso
indicatedthat dansyl amide does not display significant reactiwiityh other native Zrproteins.
Next, 2 pMexogenous Ziiwas added in the form of Zn@b the mixture of proteome and
dansyl amide. Since proteome can bind extré*¥ia nonspecific zinc binding sites involving
primarily sulfhydryl groups, 2 uM protea@*8]Zn was assumed to be formed following the
addition of 2 uM Z#. The unchanged fluorescence at 525 nm indicated that DA did not react
with free Zr#* or nonspecifically bound proteomic zindProteoméZn Figure22).

Subsequently, 1 uM apGA was adedto the reaction mixture oPraeomefZn and dansyl
amide. Following the addition, dansyl amide fluorescestegted to increase slowlyhe

emission maximunthe fluorescanceblue-shifted from 525 nm to 460 nm, clearly indicating
reconstitution of ZRCAresulting from the transfer of zinctoago! FNRY LINRB(GS2YSQa

specific sites. Therogress of the experimerttan be summarized by tHellowing reactions.

Proteome + Z# D ProteomeZn (37)
ProteomdZn + apeCAD Proteome + Z+CA (38)
ZnCA + DA DAZnCA (460 nm) (39
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Figure22. Proteomemediated reconstitution of ZRCA from apeCA.(A)lIsolated proteome
containing 5.2 uM native Zhwas treated with 1.6 uM DA followed by the addition of 2 pM
exogenous Ziand 1 pM apeCA. Fluorescence spectra of the reaction mixture (excitation 320
nm, emission 40800 nm) was monitored for 3 hourB) Change of fluoresnce at 460 nm

with time.
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Asshown inFigure 2, the reconstitution of ZHCA in presence of proteome is very slow. While
in the absence of proteome, almost 100% reconstitution occurred rapidyok several hours
for only about 50% Z&A reconstitubn to occurin presence of praome. Evidently, binding
zinc to the Proteome markedly slowed the kinetics of the reaction. In addition, it makes the
energetics of the reaction much less favorable. Also considering tBabaund to

ProteomefZn probablyh & + FdzZ f O2YLX SYSyid 2F A3l yRA
complete ligand substitution reaction is complex and may be slowed simply because of the
difficulty in exchanging, sequentially, multiple ligands between two large, bulkydigets,

which must involve the formation of an intermediate (reacti4).
Proteomd]Zn + apeCA D ProteomdZnCAD Proteome + Z+CA (40)

To furtherexplorerole of energetics ithe proteome-mediated reconstitution of Z4CA 1 uM
apo-CA was reactéwith 1 uM eogenous Z4t in the presence of various concentrations of
proteome and their reaction monitored with dansyl amide. Proteome containing 9 puM native
Zre*was serially diluted and used in this reactiiigure23 shows that with increasing
concentration of Froteome, both the extent andhe rate of ZrRCAreconstitution declinedThe
inverse relationship of Proteome concentration and the fractioZi®CA reconstitution can be
explained by the hypothesis that at higher concentratiBrpteome possesses largeumber of
non-specific zinc binding sites, possibly sulfhydryl groups, and thus provides stronger

competition for exogenous Zhwith apo-CA, lading to the smaller regeneraticsf ZnCA.
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Figure23. Effect of proteome concentration on proteomeediated Zn-CA reconstitution.
Isolated proteome containing 9 uM nativeZwas serial diluted in 20 mM Tris buffer (pH 7.2).
Proteome solution containg 9 uM, 4.5 uM, 2.25 uM or 1.1 uM native’Zwas treated with

1.6 uM DA followed by the addition of 1 uM exarmus ZA"and 1 uM apeCA. Fluorescence
spectra of the reaction mixture (excitation 320 nm, emission-800 nm) was monitored for 2

hours. Fluorescence at 460 nm of the spectra was plotted against time.
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These results are in good agreement witle teroteonetzndetermined in the reaction of FluoZin
3 with ProteoméflZn Karim and Petering, unpublished datahat fact supports the view that
the reaction of apeCA with Proteom®Zn can be treated as a straigiorward ligand
substitution process betwaethe protin and ZA* bound in equilibrium fashion to a number of

proteomic sites.

The decline in rate of reaction as one of the reactant concentrations was reduced suggests that
the kinetics of the ligand substitution process has second order chardicstorder in each

reactant. Sectio3.2.10examines the kinetics of reaction 10.
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3.2.7. Effect of Nethylmaleimide (NEM) on proteome mediated reconstitution of ZDA

According to previous work as well as current studies of the reaction cb@with
ProteomdZn,the high affinityzinc bindingsites in the Proteome include sulfhydryl groups.
Experiments were conducted to confirm that reaction 10 involveés @ound to proteomic
thiolate groups. In particular, the effect ot@thylmaleimide(NEM), a thiol binding reagent, on

proteome mediated reconstitution of ZBEA was examined.
ProteomeSH + NEMD ProteomeSNEM 41

In doing so, isolated proteome containing 4 uM nativé*dras preincubated with different
concentrations of NEM fd30 min. Reaction mixture was then filtrated using a 3K molecular
weight cutoff filter to remove residual NEM. The retentate proteome was subsequently

reacted with 1 uMexogenous Ziand 1 uM apeCA. Aslisplayedn Fgure 24, the pre

treatment of Proteone with increasing concentrations of NEM caused a large, progressive
increase irthe rate of ZRCA regeneration, confirming that proteomic sulfhydryl groups are
implicated in norspecific zinc binding and in competition with af# forexogenous Zii. NEM
abolished proteomic sulfhydryl groups and high affinity, repecific zinc binding sites, which
gSEF1SYSR o0dzi RAR y20 |02t AaKCAfkSRH infBcé &2 VYSQa
ProteomeSH, Z#f" became bound to sites containing ligands atkigan sulfhydryl groups, such

as imidazole and carboxylate groups. In this situation the energetics are more favorable for the

formation of ZRCA and clearly the kinetics of reaction are faster.
ProteomeSJZn + apeCAD ProteomeS + ZrCA (slow) 42

Proteane-S + NEMD ProteomeSNEM 43)
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ProteoméZnyeak sitest apGCAD ZnCA + Proteome (fast) 44

As the concentration of NEM was increased, favoring the titration of sulfhydryl groups, the

number of residual proteomic SH groups decreasexigh not in a linear fashion.
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Figure 24 Effect ofN-ethylmaleimide (NEM) on proteome mediated reconstitution of ZDA
(A-D) Isolated proteome containing 4 UM native’Zwas preincubated with (A) 62.5 uMB)

125 uM, (C) 250 uM or (D) 500 pMethylmaleimide (NEM) for 1 hour. Subsequently, each of
the four reaction mixtures was filtered using 3K molecular weightattifilter in order to

remove unreacted and residual NEM. Nii®hted and filtered proteomavas then treated

with 1.6 pM dansyl amide followed by the addition of 1 uM exogenodsahd 1 pMapo-CA.
Fluorescence spectra of the reaction mixture (excitation 320 nm, emissiog @00 nm) was
recorded for 3 hours. As control, proteome without NEMatment was reacted with 1.6 pM
dansyl amide, 1 uM exogenous?Zand 1 uM apeCA. (E) Fluorescenae460 nm of the
reactions (A; D) was plotted against time.
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3.28. Reaction of Proteom&Zn with denatured apeCA

One likely difference in thesa vitro experiments and nate, cellularconditions is that then

vitro experimentused prefolded, native apeCA forreconstitution(reaction 45) while under
native conditions zinc possibly binds to unfolded #p& to form native, folded ZB8A(reaction

46). The latter case may thermodynamically favor the reaction and thus facilitate the
generaton of ZRCA. It might also enhance the kinetic rate of reaction by making available a
set of flexible ligands to react with Proteor$8Zn instead of the highlgonstrained trio of

imidazole ligands present in native afa\.

ProteomeSfZn + apeCAatve D ProteomeSH + ZCA (slow) (45)

ProteomeSJZn + apeCAnfoded D ProteomeSH + Z#CA (fast) (46)

Therefore, the proteomassisted Z+CA reconstitubn experiment was repeated with
denatured (unfolded) ap&A, instead of already folded, natiapo-CA, to see if the extent and

rate of reconstitution becomes faster.

Apo-CA was denatured by guanidinium hydrochloride treatment. To verify this denaturation
protocol, 25 uM native A4CA was treated with 4M guanidium hydrochloride in the presence of
25 uM dansyl amideHigure25). The complete loss of DA fluorescence following addition of
guanidiniumhydrochloride demonstrated thahis protocol could successfy denature ZFCA.
Moreover, 25fold dilution of guanidinium hydrochloride abolished its déuring capacity and
thus resulted in reconstitution of Z8A, evidenced from the gradual increase of dansyl amide
fluorescence at 460 nrfFigure 26A). The finafluorescence intensitywas comparable to that

of 1 uM ZRCAwive(Figure 26 B. Theresult was also consistent with the contetperiment, in
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which 1 pMdenaturedapo-CA was reacted with 1 pM Zrin the presence of 1.6 uM dansyl
amide. The lower flu@scence intensity in this experiment relative to the previous experiments

under identi@l condition resulted from the different settings of the fluorometer parameters

used in the two experiments.
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Figure25. Denaturation of ZRCA ly guanidinium hydrochloride treatment(A) 25 uM ZfCA

was reacted with 25 uM dansyl amide followed by the addition of 4 mM guanidinium
hydrochloride for 10 min. Fluorescence spectra were recorded using excitation wavelength 320
nm and emission waveleng#00¢ 600 nm. (B) Change of 460 nm fluorescence with time
following the addition of guanidinium hydrochloride.
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Figure26. Renaturation of ZACA in the presence of diluted guanidiniuhydrochloride.(A)

The final reaction mixture &5 pM ZRCA, 25 puM dansyl amide and 4 mM guanidinium
hydrochloridewas diluted25-fold with 25 mM Tris buffer (pH 7.4). Dansyl amide fluorescence
was recorded using excitation wavelength 320 nm and emisgawelength 40@, 600 nm. (B)
Reaction of 1 pMienaturedapo-CA and 1 uM Zhin the presence of 1.6 uM dansyl amid€)
Comparison of the kinetics of the reactions (A) and (B).
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Apo-CA was denatured using the same protocol and 1deMatured apeCA was then reacted
with 1 uM Zi#*in the absenceRigure27) or presence of proteome-{gure28). Interestingly,
the rate of proteomeassisted reconstitution of Z68A from denatured ap€A was not
significantly different from that with naterapeCA Figure28). But the extent of reconstitution

of the denatured protein was only about half as much as that of native@po
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Figure27. Reaction of denatured ap&A and Zft in the presence of dansyl amid€A) 1 pM
denatured apeCA was reacted with 1 pM Zrin the presence of 1.6 pMansyl amide.
Fluorescence spectra at excitation wavelength 320 nm and emission wavelengtf6800m
were recorded for 90 min. (B) Change46D nm fluorescence with time
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Figure28. Comparison oproteome-mediated ZRCA reconstitutionfrom native and

denatured apeCA.Isolated proteome was treated with 1.6 uM DA followed by the addition of
1 uM exogenous Zhand (A) 1 uM denatured or (B) native afd\.. Fluorescence spectra of
both reactions (excitation 320 nm, emission 4@0 nm) wagecorded. (C) Comparison of rate
of ZnCA reconstitution from native and denatured af3@\.
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3.29 Reaction kinetics of ppteome mediated reconstitution of ZFCA

In the native environment, i.e., in cells, the rate of formation ofpZoteins might beexpected
to be relatively fast as considered in the Discusgsattion4). If so, then the apparent slow
rate of reconstitution of apeCA observeth Figure22 may suggest that the direct reaction of
apo-CA with Proteomd w%y A & VY eoihpelertty seriveha®the dire&t pathway for the

constitution of apeZn proteingn viva

In order to gain deeper insight into the reconstitution of@A mediated by the Proteome, the
kinetics of ZRCA formation from the reaction of apBA and Proteom&fZn were iwestigated.
Potentially, the involvement of multiple reactants within Proteoi8&n make the kinetic study
of this reaction complicated. A pseuficst order rate study was done by using a large excess
of apo-CA relative to Proteom&YfZn. First1 uM praeome-SfZn was generated by reacting
proteome containing UM native Zr#* with 1 uM exogenous Zii. Then,10, 20 or 30 uM ap&€A
was added and the progress of reaction was monitored with 1.6 uM DA. As anticipated,
increased rate of Z&CA regenerdon was doserved with increasing concentration of afé\
(Fgure 29 AD). Initially, we hypothesized that this reaction was second order, first order in

both reactants, apeCA and Proteom&]Zn.
Rate of ZFCA reconstitution k [ProteomeSfiZn] [apcCA] 47)
where k is the second order rate constant.

Since [apeCA] was used in large excess relatov@ProteomeSfiZn], [apeCA] was assumed to
be constant fothe pseudefirst order reaction. Therefore, the above rate equation can be

modified as below
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Rateofzd !' NBO2yalGAGdziNzamaly I 1Q ot NRGS@BYS
or d[Proteome w¥%Yy 6k RWwil N¥zin]S 2 Y S (49)
g KSNB 1Q I 20aSMHBSR NI GG O2yadly
The integrated form of equain @8) can be rewritten as,
In[proteome-SYZn} = In[ProteomeSZnp ¢ Q G (51)
where [ProteomeSfZn} = concentration of Proteom&JZn at time t (52)

Next, for each of these three reactions, the concatibn of ProteomeSfiZn, [ProteomeSfiZn},

was calculated at different time points for the first 20 minutes ushegfollowing equation.

[ProteomeSfiZn} = [ProteomeSYZnp - [{(FmaxG ) / (Fnax- Fmin)}*[proteome-SfiZnp]  (53)

Fmax= maximum fluorescenaenits upon completion of the reaction; Ffluorescence units at
time t; and min= background fluorescence lmeé the addition of apeCA. [proteomeSZnph=

initial concentration of Proteom&fZn = 1 uM

A plot of In[proteomeS]Zn} versus t was made faeach of three reaction§-igure 29 [k The

slopes of the resulting straight lines were calculated to fhelvalues of observed rate
Oz2yaidtlydasz 1Q F2NJ SIFOK NBIFOUA2Yy® CAylLffex GK
the concentration of ap-CA, [apeCA], producing another straight lifEigure 29 F According

to equation 60), the slope of thistraight line is the actual rate constant, k. The value of k was

measured to be 2M1s1,
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Figure29. Reaction kinetics of proteomemediated reconstitution of ZRCA (A¢ C) Isolated
proteome was treated with 1.6 pMansyl amide followed by the introduction of 1 uM
exogenous Ziand (A) 10 uM, (B) 20 uM or (C) 30 uM #pA. Fluorescence spectra of the
reactions (exitation 320 nm, emission 400600 nm) were recorded. (D) Fluorescence at 460
nm of each of the three reactions €AC) was plotted against time. (E) Concentration of
proteome-SfiZn (InA) was calculated for each of three reactions for first 20 minutes latte g
against time. (F) The slope of the straight lingss(krom (E) was plotted against the
concentration of apeCA.
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3.3 Metallothionein-mediated reconstitution of ZRCA

We examined two possible reasons to explain the slow rate @€ &Xmeconstitutia in presence
of proteome. Since formation of native Zmoteins in the cellular environment is supposed
occur faster, we hyothesized that cellular components other than proteome protein, e.g.,
metallothionein, glutathione, etc., that may be more kiroetly reactive, are involved, as well,

in proteomemediated zinc trafficking to generate native-groteins.

Metallothionein & a small protein with very strong binding affinfyr Zr?* [29, 31] It has 60
amino acid residues, of which 20 are cysteingidaes[34, 35] Each metallothionein molecule
can bind up to seven zinc ions with stabitipnstant of 16*12[37, 38] Dueto this high affinity,
some studiehave claimed thaimetallothionein acts as a thermodynansmk for zinc following
cellular ptake. Various studies have reported that metallothionein plays important role in
cellular zinc trafficking and thus in the foation of native, specific Zproteins[15, 31, 37, 38,
45]. Therefore, it is expected thahetallothionein will possibly have ampacton proteome
assisted zinc trafficking. It can either directly transfer its zinc to theppteins producing Zn
proteins(reaction 54)or can establish an equilibrium with proteome, eventually transferring zinc

to apo-proteins(reactions 55 and &).

Zm-MT + apeprotein D Znz.n-MT + Zrprotein (54)
Zm-MT + ProteomeSHD Znz.n-MT + ProteomeSfiZn (55)
ProteomeSJZn + apeprotein D ProteomeSH + Ziprotein (56)
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In this chapter, we have investigated metallothion@rediated reconstitution of ZrCA either
in the absence or presence of proteome. The interaction of metallothionein with proteoas
probed, too. For this purpose, ZMT purchased from Creative Biomart was employed.
However, before using it in reactions, #imic and sulfhydryl content and zinc binding affinity

were characterized.
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3.3.1 Characterization of ZfVT purchased from Creative Biomart

The seven zinc ions of metallothionein should be tightly bound to it with equal or similar affinity,
first it was confirmed if the purchased metallothionein has any free or loosely bound zinc in it. In
doing so, the purchased metallothionein containing 5 pM was reacted with 5 uM H8p4in
fluorescent zinc sensor with relatively high stability constg@atl5 nM). FluoZik8 forms a 1:1
complex, ZrFluoZin3, with zinc and shows a significant enhancement of fluorescence at 518 nm,
when excited at 492 nm. However, it does not display any noticeable reactivity with the tightly

bound zinc of metallothionein.
Zn**+ FluoZin3D Zn-FluoZin3 (excitation 492 nm, emission 518 nm) (57)
Zn-MT + FluoZi8" No reaction (58)

5 UM FluoZirB8 solution in 20 mM Tris buffer (pH 7.4) showed a background fluorescence of
about 2000 units at 518 nm. When reacted with4 puM free Z#*, a rapid threefold
enhancement of fluorescent at 518 nm was observeigire ® B). However, the reaction of 5

UM Fluozira3 with purchased metallothionein containing 5 pM?Zgenerated only about 2000
fluorescence unitsHigure ® O, equal that of background fluorescence in Tris buffer, at 518 nm,
suggesting that the purchased metallothionaantained little or no free zinc. The lack of any
slow step in the gain dfuorescence also was consistent with the lack of reactivity ofodlnd
Zre*with FluoZin3. The presence of free zinc in the purchased metallothionein was checked by
another way. Metallothionein solution containing 5 pM2Zwas filtered using 3K molecular

weight cutoff filter and the resulting filtrate was then reaed wih 5 pM FluoZir8. The reaction
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produced only background fluorescence at 518 riigre ® D), further confirming that the

purchased metallothionein did not contain any free zinc.
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Figure ®. Reactio of FluoZir3 with ZnC4 or Zry-MT. (A- C) 5 pM FluozZi8 in (A) 20 mM Tris
buffer (pH 7.4) was treated with (B) 1.54 uM zn@ (C) Za#MT containing 5 uM 2
Fluorescence spectra of the reaction mixtures (excitation 492 nm, emissioq &0Qnm) wes
recorded with time. (D) ZAMT (5 uM Z#&") in 20 mM Tris buffer (pH 7.4) was filtered using a 3K
molecular weight cubff filter, and the resulting filtrate was treated with 5 uM FluoBifollowed

by the recording of fluorescence spectra at extidn 492 nm and emission 400600 nm. (E)
Comparison of spectra of the reactions. (F) Comparison of fluorescence change over time of the
reactions of FluoZi8 with ZnGland Zn-MT.
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Next, zinc content of the purchased metallothionein was examined. K #atuated Zn-
metallothionein should have seven zinc ions and the ratio of zinc to sulfhydryl groups should be
1:2.86. Zincontent in metallothionein was quantified using inductively coupled plasma mass
ALISOGNRYSUNER YR (KS & dz -dgitKiabiR(Mirdbenzdit Boid d&saydza A y 3
Free sulfhydryl groups react with DTNB stoichiometrically, resulting in theagjeaf its disulfide

bond and production of Bhio-2-nitrobenzoic acid (TNB), which shows absorbance at 412 nm
with an extinction coeffient of 13,600 Mcnt![89]ahn. First, 3.7 uM purchased metallothionein
was reacted with 1 mM DTNB to find out the timeeded for the reactiono reach completion.

The change of absorbance at 412 nm with time agyure 31 showed that in about 30 minhe
reaction was complete. Therefore, to quantify the sulfhydryl groups of the purchased
metallothionein, it was 19old serial diluted (75.7 uM, 7.57 uM and 0.75 uM) and incubated with

1 mM DTNB for 30 min followed by reading absorbance at 412 nm. Usingxiinction
coefficient of 13,600 Mcn?, the concentration of sulfhydryl groups was calculated. The ratio of

zinc tosulfhydryl groups in the purchased metallothionein was measured to be 1:3.1, suggesting

that metallothionein was fully saturated with gen zinc, Zametallothionein.
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Figure 3. Quantification of sulfhydryl groups in metallothionein by DTNB ass8y7 uM
metallothionein in 20 mM Tris buffer (pH 7.4) was reacted with 1 mM DTNB. The reaction
progress was monitored by recording the aldsance at 412 nm.
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3.3.2 Metallothionein-mediated reconstitution of ZRCA

In order toinvestigate if metallothionein can help reconstitute zinc carbonic anhydrase from apo
carbonic anhydrase, Zmetallothionein (Za#MT) containing 1 uM Zfwas reacted with 1 uM
apo-CA in the presence of 1.6 uM dansyl amide (DA). The gradual increasae$éence at 460
nm indicated the formation of DEnCA ternary complex~{gure 2 A), meaning that zinc was
transferred from ZaMT to apeCA and thus Z@€Awas reconstituted. However, like proteome,

metallothioneinrmediated reconstitution of ZLAoccuis at a slow rate.
Zm-MT + apeCAD Zne-MT + ZRCA (59

Interestingly, the introduction of proteome containing 4 uM nativé*Zarther slowed down
the rate of reconstitution of ZfCA Figure 2 Band Q. When the reaction was carried out with
denatured, unfolded ap&A, similar slow reconstitution of ZLA was observedrigure32 D).
The sluggish rate of the observed reactions mightibe to the possillity that there existed an

equilibrium between proteome and ZMT, resulting in the slow aémsfer of zinc to ap&A.

Zn-MT + ProteomeSHD Zne-MT + ProteomeS[[Zn (60)

ProteomeS\Zn + apeCAD ProteomeSH + ZiCA (61)

Altematively, proteome may form ternary complex with;2viT as an intermediate during

reaction X and, thus, slow down the transfer of zinc from metallothionein te@fo

ProteomeSH + ZaMTD ProteomeSZn-MT (62)

ProteomeSNZn-MT + apeCAD ProteomeSH + Z&MT +ZRCA (63)
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