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C. 

 

 

Figure 42. Reaction of TSQ with proteome isolated from BSO-treated cells. (A and B) Isolated 
proteome from untreated LLC-PK1 cells (A) or treated with 100 µM BSO for 24 hours (B) was 
reacted with 20 µM TSQ for 30 min. Fluorescence spectra were recorded using excitation 
wavelength 370 nm and emission wavelength 400 – 600 nm. (C) Change of fluorescence at 470 
nm with time for both reactions. 
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The amount and distribution of zinc in BSO-treated and control cells were determined by 

Sephadex G-75 chromatography.  Over the course of 24 h both sets of cells grew at nearly the 

same rate, approximately doubling their numbers (1.9x and 1.8x respectively). When the cell 

supernatant collected from 2x108 LLC-PK1 cells previously treated with 100 µM BSO was 

fractionated using Sephadex G-75 chromatography, a significant increase in proteome zinc was 

observed, as compared with that from same number of control cells (Figure 43). This is 

consistent with the fluorescence enhancement observed in the reaction of TSQ with BSO-

treated cells. Overall, BSO-treated cells contained 2.1x of the total zinc measured in control 

cells.  On the basis of the concentration of proteomic Zn in the control cells (58 nmol/108 cells), 

the ratio of Proteome•Zn to Zn-Proteome was 2.3.  For comparison, in earlier experiments, 1 

µM Zn2+ was added to Proteome containing 3-6 µM Zn2+, resulting in a ratio of Proteome•Zn to 

Zn-Proteome in the range of 0.16 – 0.33.  Thus, the cellular experiment has resulted in a 

concentration of Proteome•Zn that is ca. 10 times that of the in vitro experiments. 

Only 1.7 nmol/107 cells was required for native Zn-protein synthesis during cell proliferation 

(control cells). Therefore, the BSO-exposed cells had obtained 1.9 nmol/107 cells of additional 

zinc from the extracellular medium in the form of Proteome•Zn.  As well, a noticeable pool of 

metallothionein zinc was present in BSO-treated cells, implying that the inhibition of 

glutathione synthesis and the consequent increase in intracellular Zn2+ has induced the 

upregulation of metallothionein synthesis. Hypothetically, preventing glutathione synthesis has 

upregulated the cell membrane ZIP transporter that shuttles extra zinc into cytosol causing 

both the appearance of Zn-MT and the huge increase in Proteome•Zn. 
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Figure 43. Sephadex G-75 gel filtration chromatography of lysate from BSO-treated cells. 
2x108 LLC-PK1 cells were treated with 100 µM BSO for 24 hours. Cells were then washed, 
sonicated and centrifuged to collect the lysate, which was then loaded onto a Sephadex G-75 
column and eluted with 20 mM degassed Tris buffer, pH 7.4. The collected fractions were 
analyzed for zinc content using ICP-MS. A control experiment was done with cells without any 
treatment with BSO. 
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3.4.5 Effect of BSO on Proteome-mediated reconstitution of Zn-CA 

The effect of glutathione depletion by BSO on the reconstitution of Zn-CA from apo-CA  was 

investigated using Proteome•Zn from BSO-treated cells as the source of Zn2+. First, control 

proteome isolated from untreated LLC-PK1 cells was reacted with 1 µM apo-CA in the presence 

of 1.6 µM dansyl amide. Since the control proteome contained only native Zn2+ and no added 

Zn2+, no detectable reconstitution of Zn-CA was observed, as expected. Even in the presence of 

1 mM glutathione (GSH), control proteome did not support any reconstitution of Zn-CA, 

suggesting that no adventitiously bound proteomic zinc is available for glutathione to mediate 

its transfer to apo-CA and reconstitute Zn-CA.  

   Zn-proteins + apo-CA  No reaction     (81) 

   Zn-proteins + apo-CA + GSH  No reaction     (82) 

In contrast, when the reaction was carried out in presence of proteome collected from BSO-

treated cells, a rapid increase of fluorescence at 460 nm was observed, indicating reconstitution 

of Zn-CA (Figure 44).  Interestingly, the addition of GSH further enhanced the rate of 

reconstitution, consistent with experiments with the reactivity of exogenously added proteomic 

Zn2+ with apo-CA. 

This result completed the confirmation of our hypothesis that reduction of cellular glutathione 

level caused adventitious zinc binding to the Proteome that was available for/reactive with the 

reconstitution of apo-Zn proteins such as apo-CA. According to the results, the loss of GSH 

content interrupted the steady-state trafficking pathway of Zn2+ that is present in cells 

containing normal, mM concentrations of GSH. Because BSO-treated cells were still competent 
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to divide and, in the process, acquire their requisite amount of Zn2+ for the new synthesis of Zn-

proteins from the extracellular medium, we hypothesized that the much elevated 

concentrations of Proteome•Zn and Zn-MT that exist in these cells become the proximate 

sources of Zn2+ for Zn-Protein constitution (reaction 83): 
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C. 

 

 

Figure 44. Effect of glutathione inhibition on proteome-mediated Zn-CA reconstitution. (A) 
Proteome isolated from 100 µM BSO treated cells was reacted with 1 µM apo-CA in the 
presence of 1.6 µM dansyl amide. Fluorescence spectra were recorded at excitation wavelength 
320 nm and emission wavelength 400 – 600 nm. (B) Reaction (A) was repeated in the presence 
of 1 mM added glutathione. (C) Change of fluorescence at 460 nm for the reactions with control 
and BSO-treated proteome in absence or presence of 1 mM added glutathione. 
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4. Discussion 

Zinc is the second most abundant transition metal in living organisms [8]. A eukaryotic cell 

contains 100 – 500 mM zinc [9, 10].  Most of the cellular zinc is bound to thousands of proteins, 

in which it functions as either a structural or a catalytic cofactor [4, 14-16]. Of the proteins in 

which zinc acts a structural cofactor, zinc finger transcription factors are common. These zinc 

binding proteins bind promotor regions of DNA and aid the initiation of DNA transcription. As a 

catalytic cofactor, zinc constitutes the active site of a number of important enzymes, e.g., 

carbonic anhydrase, alcohol dehydrogenase, alkaline phosphatase, etc. Apart from structural 

and catalytic functions, according to various reports, zinc can also act as a secondary messenger 

and thus has a signaling function [53-57]. Due to these numerous important functions of zinc, 

its proper balance in cells needs to be maintained. Both deficiency and excess of zinc can cause 

many biological disorders. Deficiency is related to developmental defects, growth inhibition, 

loss of immune function. However, despite having critical roles in many biological processes, 

zinc trafficking and signaling mechanisms are still poorly understood. In general, zinc trafficking 

refers to the pathway of uptake of zinc into cytosol through the plasma membrane and its 

subsequent transport to apo-proteins to make native Zn-proteins. Alternately, trafficking refers 

to the molecular mechanisms by which labile zinc becomes available to act as a signaling 

chemical in various processes.  Some studies have concluded that metallothionein acts a 

thermodynamic sink for the incoming flux of zinc, which, in turn, transfers zinc to apo-proteins 

for the generation of native Zn-proteins [15, 31, 37, 38, 45]. However, the evidence of 

metallothionein role in zinc trafficking remains meager. The fact that zinc trafficking remains 

intact in MT-null cells demonstrates that metallothionein is not required for functional zinc 
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trafficking [52].  Therefore, a detailed understanding of cellular chemistry of zinc is needed to 

understand the cellular zinc trafficking and signaling mechanisms, which encourages 

researchers to study the interaction of zinc with cellular components. 

Maret et al examined the interaction of zinc with cellular proteome in the presence of a 

colorimetric zinc sensor, Zincon, which displays a red-shift of absorption maximum from 490 

nm to 620 nm upon binding zinc (Figure 6) [9]. They discovered that the cellular Proteome has a 

zinc buffering capacity, meaning that proteome has numerous adventitious zinc binding sites 

that can bind zinc in equilibrium fashion. In their study, a titration of the Proteome with Zn2+ in 

the presence of ZI demonstrated the Proteome’s buffering capacity. When extra zinc was added 

to the Proteome in the presence of ZI, Zn-ZI failed to form in the initial part of the titration as 

indicated by the initial absence of 620 nm absorbance (Figure 5). Beyond the initial zinc 

buffering region of Proteome, a gradual increase of absorbance was observed with the addition 

of more zinc (Figure 5), which was interpreted by Maret group as the formation of the Zn-ZI 

complex. However, they did not provide any explanation for the fact the slope of titration curve 

reflecting the increase of absorbance in presence of Proteome was very different from that in 

the absence of Proteome (Figure 5). We hypothesized that the Proteome contains two kinds of 

adventitious zinc binding sites relative to Zincon higher affinity and lower affinity zinc binding 

sites. The high affinity sites relative to Zincon form the buffering region and outcompete Zincon 

for the added zinc.  We hypothesized that, the low affinity binding sites form ternary 

complexes, Proteome•Zn-ZI, with zinc and Zincon. Therefore, the increase of absorbance 

following the saturation of Proteome’s zinc buffering region was not due to the formation of 

Zn-ZI complex, but for proteome•Zn-ZI ternary complex.  
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To test the hypothesis that Proteome’s relatively low affinity, non-specific zinc binding sites 

form ternary complexes with added zinc and Zincon showing the linear increase of absorbance, 

we repeated the titration experiment done by Maret’s research group. As we titrated proteome 

isolated from LLC-PK1 cells with extra zinc in the presence of ZI, we observed a similar zinc 

buffering region, in which no change of ZI absorbance appeared (≤10 µM added zinc), indicating 

Proteome’s relatively high affinity, adventitious zinc binding sites outcompeted Zincon for the 

initially added zinc (Figure 7). Like Maret’s research group, we also found a gradual increase of 

absorbance, as more zinc was added following the saturation of the Proteome’s buffering zone, 

and the slope of the titration curve was significantly different from control titration curve, i.e., 

titration of ZI with zinc in absence of Proteome. Additionally, the amount of zinc needed to 

complete the titration in the presence of Proteome was much higher than that for control 

titration, clearly indicating that there existed a competition between Proteome’s relatively low 

affinity zinc binding sites and ZI for the added zinc. Also, the final absorbance reached after the 

titration was only about 40% of that observed in the titration of the same concentration of ZI 

with Zn2+ in the absence of Proteome. Most surprisingly, the increase of absorbance beyond the 

buffering region proteome was accompanied by absorption maximum of 640 nm. Since Zn-ZI 

complex shows absorbance at 620 nm, the absorption maximum of 640 nm clearly suggested 

that the absorbing species is not Zn-ZI complex. Interestingly, as the final reaction mixture of 

titration experiment was filtered using 3K molecular weight cut-off filter, almost all of the 

absorbance and zinc were located in the retentate fraction (Figure 8). Furthermore, the 

absorption spectra of the retentate fraction was centered at 640 nm, and much of this 640 nm 

absorbance was abolished when reacted with TPEN, (N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2-
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ethanediamine), a strong zinc chelator. Together, these findings were consistent with the 

hypothesis that proteome’s relatively low affinity zinc binding sites make ternary complexes, 

proteome•Zn-ZI, with zinc and ZI, characterized by the absorption maximum of 640 nm. 

    Proteome + Zn2+  Proteome•Zn  (higher and lower affinity  

                binding buffering region)  (84) 

            Proteome•Zn + ZI  Proteome•Zn-ZI (lower affinity binding  

                   sites, 640 nm absorbance)  (85) 

When the final reaction mixture of titration experiment was reacted with TSQ, the 640 nm 

absorbance declined (Figure 9). A fluorescent sensor, TSQ forms ternary complexes with both 

native Zn-proteins (TSQ-Zn-proteins) and adventitiously bound zinc to proteome (proteome•Zn-

ZI) (ref). Therefore, the decline of 640 nm absorbance following the introduction of TSQ to the 

reaction mixture, was consistent with the hypothesis that TSQ replaced ZI from proteome•Zn-ZI 

ternary complex and generated proteome•Zn-TSQ ternary complex.  

  Proteome•Zn-ZI + TSQ  Proteome•Zn-TSQ + ZI    (86) 

However, this reaction and, indeed, all of the findings might be consistent with a reaction in 

which Zn-ZI reacted with the Proteome at sites other than ones that can bind Zn2+ through non-

specific interactions between ZI and proteomic side chains and backbone. 

       Proteome + Zn2+ + ZI   Proteome•ZI-Zn     (87) 

The details of the reaction of TPEN with the product of the titration help to distinguish the 

nature of its structure.  TPEN binds Zn2+ with a conditional stability constant at pH 7.4 that is 
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The reconstitution of Zn-CA from the reaction of apo-CA and free zinc was found to be relatively 

fast (Figure 19). A stoichiometric reaction between apo-CA and free zinc was completed in 5 – 

10 minutes. 

Proteome-mediated reconstitution of Zn-CA was tested by reacting pre-formed Proteome•Zn 

and apo-CA under conditions in which Zn2+ was bound only to high affinity proteomic sites. The 

gradual increase of 460 nm fluorescence indicated that zinc was transferred from proteome to 

apo-CA and, thus, that Zn-CA was reconstituted (Figure 22). However, the rate of Proteome-

mediated Zn-CA reconstitution was slow. While in the absence of Proteome, 100% 

reconstitution occurred in few minutes, it required several hours only for 50% reconstitution to 

happen in presence of Proteome (Figure 22). Clearly, binding of zinc to Proteome slowed down 

the rate of reaction.  This was attributed to two factors:  first Zn2+ was firmly bound with ligands 

other than water that had to be exchanged with the imidazole ligands of apo-CA during the 

reaction.  Second, the proteomic zinc binding sites presented significant steric hindrance to 

apo-CA during it reaction with Proteome•Zn.  The latter factor would be significant if the overall 

reaction were second order, first order in Proteome•Zn and first order in apo-CA.  Higher 

Proteome concentration at constant Zn2+ concentration further slowed down the kinetics of the 

reaction (Figure 23), which was understandable, because increased Proteome concentration 

presented a higher number of high affinity adventitious zinc binding sites and, as a 

consequence, made zinc less available for apo-CA. By contrast, pre-incubation of proteome with 

N-ethylmaleimide (NEM), a sulfhydryl binding reagent, caused a large increase in rate of 

proteome-mediated Zn-CA reconstitution (Figure 24), further confirming that high affinity, 

proteomic sites primarily bind zinc via sulfhydryl groups. As a result of blocking of sulfhydryl 
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groups, zinc probably became bound to weaker ligands, e.g., imidazole and carboxylate groups, 

favoring the formation of Zn-CA.  

In order to further understand the possible cause of slow and incomplete reconstitution of Zn-

CA by Zn2+ in presence of the Proteome, we considered the possibility that perhaps under 

native, cellular condition, zinc binds to unfolded apo-CADenatured (apo-CAD) to generate folded, 

native Zn-CA.  For our in-vitro experiments, apo-CANative (apo-CAN) was used in the absence of 

denaturants.  It adopts the folded structure of Zn-CA (ref). As such, apo-CAD may be more 

favorable thermodynamically for the reconstitution of Zn-CA if folding is coupled to zinc 

binding: 

apo-CAD  apo-CAN (energetically favorable)                (95) 

apo-CAN + Zn2+   Zn-CAN (energetically favorable)   (96) 

apo-CAD + Zn2+   Zn-CAN       (97) 

Similarly, the pre-folded apo-CA may also add a steric factor to the reconstitution process that 

slows down the kinetics of the reaction. That is, since apo-CAN adopts the native conformation 

of Zn-CA, the ligand binding site for Zn2+ is also pre-formed and inflexible.  Considering the  

multiple, intermediate ligand substitution steps that must be involved during the complex 

ligand substitution of three imidazole ligands from apo-CAN for several ligands that bind Zn2+ in 

Proteome•Zn. However, when the proteome-assisted Zn-CA regeneration was conducted with 

denatured, unfolded apo-CA, the rate of the reaction was, in fact, even slower than that with 

pre-folded apo-CA (Figure 28). Also, the extent of Zn-CA reformation from denatured apo-CA 
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was only 50% of native apo-CA.  We were unclear as to how to interpret these results without 

further experimentation and decided to focus on the reactions with apo-CAN.   

The basic reaction was repeated with systemic variation in Proteome concentration.  As seen in 

Figure 23, increasing the Proteome concentration decreased the extent of reaction of 

Proteome•Zn with apo-CA.  Using the overall reaction,  

  Proteome•Zn + apo-CA  Zn-CA + Proteome (Keq)   (98) 

the conditional log stability constant at pH 7.4 of Zn-CA (11.4), and the total concentrations of 

high affinity binding sites for Zn2+ within the Proteome (1.5x the concentration of Zn-proteins),  

we first calculated Keq for each reaction and then secondarily KProteome•Zn from the equation, 

Keq = KZn-CA/KProteome•Zn.  A value of 10.5 ± 0.3 was obtained, which is in good agreement with the 

value of 10.2 obtained from a previous study (unpublished data). 

Next, we investigated the kinetics of the reaction.  A pseudo-first order rate study was done 

using large excess of apo-CA relative of Proteome•Zn, According to Figure 29, the rate of 

Proteome-mediated Zn-CA reformation reaction was calculated to be strictly second order, 

indicating that the reaction is a straight-forward ligand substitution between Proteome•Zn and 

apo-CA, with no first-order rate limiting step, such as dissociation of Zn2+ from proteomic sites. 

The bimolecular character of the reaction supports the view that the slow and partial 

reconstitution of Zn-CA in the presence of Proteome•Zn results from the large steric hindrance 

that occurs when two macromolecules must get into proper steric proximity to exchange 

ligands.   
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Having observed the slow and incomplete Proteome-assisted reformation of Zn-CA, we 

hypothesized that besides high molecular weight proteome, other cellular components, such as 

metallothionein (Zn7-MT) and glutathione (GSH), etc. are involved in Proteome-mediated zinc 

trafficking to make native Zn-Proteins. When fully saturated, each metallothionein molecule 

has seven zinc ions bound to two thiolate clusters with stability constants of 1010-11 [37, 38]. By 

contrast, glutathione does not have large binding constant, but it exists in cells at relatively high 

concentrations [85]. Due to these facts, it was hypothesized that their involvement in cellular 

zinc trafficking possibly makes the formation of Zn-Proteins mediated by proteome kinetically 

faster. To examine this hypothesis, the impact of metallothionein and glutathione on the 

kinetics of Proteome-mediated Zn-CA regeneration was studied. 

As was observed in Proteome-mediated reaction, the transfer of zinc from Zn7-MT to apo-CA 

was slow (Figure 32). Interestingly, the presence of Proteome further slowed down the reaction 

between Zn7-MT and apo-CA (Figure 32). The reaction with denatured apo-CA produced similar 

slow reconstitution. A zinc transfer equilibrium (Reaction 60) or ternary adduct formation 

(Reaction 62) between Proteome via its sulfhydryl ligands and Zn7-MT might account for the 

slow reaction of apo-CA and Zn7-MT in the presence of Proteome. To examine the putative 

equilibrium between Proteomic sulfhydryl ligands and Zn7-MT, the reaction of apo-CA and Zn7-

MT was repeated in the presence Proteome which was pre-treated with N-ethylmaleimide 

(NEM).  Pre-treatment of Proteome with NEM resulted in a dramatic increase in the rate of Zn-

CA reconstitution (Figure 33), confirming the interaction between Proteomic thiolate ligands 

and Zn7-MT, that might explain their negative effect on the reaction rate. To further probe the 

equilibrium, Proteome and Zn7-MT were incubated and the re-distribution of zinc was 
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quantified. Following incubation, a significant transfer of zinc from metallothionein to 

Proteome was observed (Figure 34 and Table 1). When the Proteome fraction was separated 

from the metallothionein fraction using a 10K molecular weight cut-off filter and subsequently 

reacted with TSQ, a rapid fluorescence enhancement at 470 nm was exhibited, confirming that 

excess zinc associated with Proteome and transferred from Zn7-MT was adventitiously bound as 

Proteome-S•Zn, but not in the form of ternary adduct, Proteome-S•Zn7-MT, because TSQ does 

not show any reactivity with metallothionein-bound zinc. These results clearly indicated that 

metallothionein potentially plays an important role in zinc trafficking and in the synthesis of 

native Zn-proteins by transferring its bound zinc to pre-cursor apo-Proteins via the formation of 

Proteome•Zn. 

Next, we investigated if glutathione has any impact on proteome- and/or metallothionein-

mediated Zn-CA reformation, and if it plays a central role in cellular zinc trafficking. As 

mentioned earlier, glutathione has a moderate zinc binding affinity with stability constant of 

104-5 [85]. However, cells maintain a relatively high concentration of glutathione, namely 1 – 10 

mM, under basal condition, that primarily acts as an anti-oxidant via its thiol group and thus 

protects cells from damage caused by reactive oxygen species and reactive metabolites of 

xenobiotics [104 - 106]. 

The presence of 1 mM glutathione (GSH) slowed down the reaction of apo-CA and Zn2+ to 

regenerate Zn-CA, implying that glutathione mediated the transfer of zinc to apo-CA (Reactions 

65 and 66). Surprisingly, glutathione caused an increase of the Proteome-mediated Zn-CA 

reconstitution rate (Figure 36). Apparently, an equilibrium had been established between 

Proteome-S•Zn and GSH, which resulted the generation of GS-Zn (Reactions 69-70). Finally, zinc 
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from GS-Zn was transferred to apo-CA in a faster rate, instead of a slow transfer from 

Proteome-S•Zn (Reaction 71). In addition, when the low molecular weight (LMW) fraction 

isolated from the cell lysate of LLC-PK1 cells under basal condition was added to the high 

molecular weight (HMW) Proteome fraction of the same lysate, a dramatic enhancement of Zn-

CA reconstitution, relative to that in the presence of HMW fraction only, was observed (Figure 

37). This result further confirmed that glutathione, present in the LMW fraction, caused the 

rate enhancement of Proteome-mediated Zn-CA regeneration. A similar rate enhancement was 

exhibited when 1 mM exogenous glutathione was added to the same HMW Proteome fraction 

(Figure 37).  These results further supported the role of glutathione in Proteome-mediated Zn-

CA reformation. 

Glutathione facilitated metallothionein-mediated Zn-CA reconstitution (Figure 38), suggesting 

the formation of an intermediate, GS-Zn7-MT, (Reaction 77-79) that may have increased the 

rate of transfer of zinc from Zn7-MT to apo-CA. Glutathione further enhanced the kinetics of Zn-

CA regeneration when both Proteome and Zn7-MT were present in the reaction (Figure 38). The 

greater rate enhancement implied that glutathione prevented adduct formation between Zn7-

MT and Proteome, and instead, formed a complex, GS-Zn7-MT, that eventually transferred zinc 

to apo-CA at a faster rate. The formation of GS-Zn7-MT, resulting from the association of GSH 

with one of the crevices in the α-domain of Zn7-MT has been reported in a previous study [107]. 

Having shown that glutathione has a significant impact on in vitro zinc trafficking in the 

presence of Proteome and/or metallothionein, we then studied the effect of inhibition of 

cellular glutathione synthesis on zinc trafficking in vivo. To inhibit glutathione synthesis, LLC-PK1 

cells were treated with buthionine sulfoximine (BSO), a small molecule that inhibits the 
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necessary enzyme, gamma-glutamylcysteine synthetase, from catalyzing the first step of 

cellular glutathione synthesis and thereby diminishes the cellular level of glutathione [108]. 

Treatment of LLC-PK1 cells with 100 µM BSO for 24 hours did not affect the proteomic 

sulfhydryl content, but almost completely abolished the low molecular weight sulfhydryl 

content, including glutathione while having only a marginal impact on cell viability.  

When BSO-treated cells were reacted with TSQ, a rapid increase of 470-475 nm fluorescence 

was observed, as opposed to untreated cells, which exhibited a much slower and smaller 

increase of 470-475 nm fluorescence (Figure 41). TSQ has been reported to generate ternary 

adducts, TSQ-Zn-Proteins, with native Zn-Proteins accompanied by a slow increase of 470-475 

nm fluorescence [76-78]. It forms ternary complexes, Proteome•Zn-TSQ with non-specifically 

bound proteomic zinc, Proteome•Zn, but with a rapid increase of fluorescence at 470-475 nm 

[33]. Therefore, the experiment with BSO-treated cells indicated that the treatment caused a 

greater accumulation of cellular zinc adventitiously bound to Proteome as Proteome•Zn, which 

would have otherwise remained bound to cellular glutathione under basal conditions. The 

apparent accumulation of Proteome•Zn following inhibition of glutathione synthesis implied 

that under basal condition, a significant fraction of cellular labile zinc is bound by glutathione, 

which mediates steady state zinc trafficking by transferring its bound zinc to pre-cursor apo-

Proteins to generate native Zn-Proteins.  When GSH was depleted, much larger concentrations 

of labile Zn2+ accumulated in the Proteome as Proteome•Zn and some Zn-MT (Figure 43).  

These larger concentrations were then hypothesized to become kinetically and 

thermodynamically competent to supply Zn2+ for the constitution of Zn-proteins from apo-

protein precursors. 
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Similar fluorescence enhancement was observed when Proteome isolated from BSO-treated 

cells was reacted with TSQ, relative to control Proteome (Figure 42). This experiment further 

supported the conclusion that non-specifically bound proteomic zinc, Proteome•Zn had been 

generated following glutathione inhibition. That cells proliferated normally even after inhibition 

of glutathione synthesis indicated that the accumulated Proteome•Zn served as one of the 

major sources of zinc for the synthesis of native Zn-Proteins.      

As determined by Sephadex G-75 chromatography, Proteome collected from BSO-treated cells 

contained a much larger zinc content, compared with non-treated control cell Proteome, 

supporting the results of the TSQ reactions with cells and isolated Proteome. In total, BSO-

treated cells contained as much as 2.1 times of zinc content of the same number of untreated 

cells. Along with the increase in proteomic zinc, BSO treatment induced a sizeable pool of 

metallothionein zinc as well, inferring that the increase of cellular zinc following glutathione 

synthesis inhibition, apparently, upregulated metallothionein expression. Seemingly, preventing 

glutathione synthesis caused an upregulation of cellular ZIP transporter activity that in turn 

resulted in a greater uptake of extracellular zinc, leading to induced metallothionein synthesis 

and the increase of proteomic zinc as Proteome•Zn. 

As expected, the reaction of apo-CA with Proteome isolated from BSO-treated cells resulted in 

a dramatic increase in rate and extent of Zn-CA reconstitution, relative to control cell Proteome 

(Figure 44), confirming the presence of the much higher zinc content associated with BSO-

treated Proteome as in the form of Proteome•Zn. The addition of 1 mM glutathione to BSO-
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treated Proteome did not change the extent of the reaction, which had gone to completion, but 

further enhanced the rate of reaction significantly (Figure 45).  

This experiment further supported our hypothesis that glutathione plays a crucial role in 

cellular zinc trafficking to produce native Zn-Proteins. However, the fact that cells survived and 

proliferated normally in the face of a greatly reduced concentration of cellular glutathione 

indicated that the increased amount of non-specifically bound proteomic zinc as Proteome•Zn 

and metallothionein zinc (Zn7-MT) could also serve as primary sources of zinc to make native 

Zn-Proteins and satisfy the need of proliferative cells for Zn-Proteins. 

 

 

 

 

 

 

 

 

 

 



158 
 

In summary, according to the experiments described in this thesis, the mechanism of cellular 

zinc trafficking leading to the formation of native Zn-Proteins does not involve the straight-

forward transfer of zinc from one particular cellular component or chaperone to apo-Proteins. 

Instead, trafficking occurs through a complex interconnected pathway that primarily includes 

proteomic non-specific zinc binding sites, metallothionein and glutathione, and thus can be 

depicted by the following schematic diagram. 
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