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Abstract 

Title of Dissertation: Targeting Zinc Finger Proteins with Exogenous Metals and Molecules: 

Lessons Learned from Tristetraprolin, a CCCH type Zinc Finger 

Kiwon Ok, Doctor of Philosophy, 2021 

Dissertation Directed by: Sarah L. J. Michel, Ph. D., Professor and Associate Dean for Graduate 

Programs, Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland, 

Baltimore 

Zinc (Zn) plays a key role in inflammatory response, including regulating the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway. Among the signaling 

proteins involved in the NF-κB pathway, many are known zinc finger proteins (ZFs), including 

Tristetraprolin (TTP). TTP is a non-classical CCCH-type Zinc Finger protein (ZF), that contains 

two Cys3His zinc binding domains and is a key regulator of the inflammatory response. TTP is a 

potential target for exogenous gold (Au) and copper (Cu), as well as hydrogen sulfide, an emerging 

gasotransmitter. To understand how TTP is targeted by other metals, the interactions of TTP were 

investigated using a combination of bioinorganic chemistry tools including as optical spectroscopy, 

native electrospray ionization mass spectrometry (ESI-MS), and X-ray absorption study (XAS). 

The first metal investigated was Cu(I). I discovered that Cu(I) can bind to the tandem ZF construct 

of TTP (TTP-2D) and disrupt structure and function. This finding indicates a potential relationship 

between Cu toxicity and metal-regulation of ZFs. The second metal investigated was Au(III). I 

discovered that the reactivity of TTP-2D with gold complex leads to Au exchange forming a series 

of Aux-TTP-2D complexes, with reduction of the gold from Au(III) to Au(I). These protein species 

are then functionally inactive (no RNA binding). When the same experiments were performed with 



 
 

TTP bound to RNA, the Zn-TTP/RNA complex is not disrupted by the Au-complex suggesting a 

protective role for RNA. To understand how H2S, a signaling molecule, targets Zn-TTP-2D, its 

reactivity was determined using a combination of cryo-ESI-MS, fluorescence, and electron 

paramagnetic resonance (EPR) spectroscopies. We found that the H2S oxidizes the cysteine 

residues of Zn-TTP via a mechanism that involves atmospheric oxygen, a persulfide intermediate 

and a radical reaction. The results of these biochemical studies of TTP will be presented in the 

context of TTP’s biological role. In addition, development of a method to follow Zn speciation in 

inflammatory cells via liquid chromatography connected to inductively coupled plasma (LC-ICP-

MS), will be presented. Here, I use THP-1 cells, which are a human monocyte cell line as a model 

for inflammation, and demonstrate an approach to separate the zinc-proteome. 
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Figure 3.11 (A) Normalized Au edge XANES offset to show spectra. Au(III)terpy [Au(III) 

reference; blue], apo-TTP-2D (1 mM) + 1 eq. Au(III)terpy [orange], apo-TTP-2D (500 μM) 

+ 2 eq. Au(III)terpy [purple], and apo-TTP-2D (250 μM) + 4 eq. Au(III)terpy [green], 

aurothiomalate [Au(I) reference; red]. The concentration of Au in all sample solutions was 

set as 1 mM in 20 mM phosphate, 100 mM NaCl with 30% glycerol at pH 7.5. (B) EXAFS 

spectra (black) and best fit-simulation (green) of apo-TTP-2D with various equivalents of 

Auterpy added. Raw k3-weighted EXAFS data and phase shifted Fourier Transform (FT) 

are shown. [A], [B] are Au(III) reference, auterpy, EXAFS and FT. [C], [D] are apo-TTP-

2D (1mM) with 1 equiv of Au(III)terpy EXAFS and FT. [E], [F] are apo-TTP-2D (500 μM) 

with 2 equiv of Au(III)terpy EXAFS and FT. [G], [H] are apo-TTP-2D (250 μM) with 4 

equiv of Au(III)terpy EXAFS and FT. [I], [J] are Au(I) reference, aurothiomalate, EXAFS 

and FT. ............................................................................................................................ 110 

Figure 3.12 (A) Overlay of the CD spectra of apo-TTP-2D (50 μM, black line), Zn(II)2-

TTP-2D (50 μM, blue line), and Zn(II)2-TTP-2D (50 μM) + 2.0 equiv. Au(III)terpy (red 

line) in 10 mM phosphate buffer at pH 7.5. (B) CD spectra of 20 μM of apo-TTP-2D (black 

line), and 1.0 – 3.0 equiv. of Au(III)terpy added (1.0 equiv.: orange line, 2.0 equiv.: red 

line, 3.0 equiv.: brown dots). All CD experiments were performed in 10mM phosphate 
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Figure 3.13 (A) Different charge state distribution of Zn(II)2-TTP-2D (folded) and Aux-

TTP-2D under native ESI-MS condition. Data were obtained after 30 minutes of incubation 

for each sample. (B) Different charged ion distribution patterns of apo-TTP-2D (unfolded) 
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Figure 3.14 Comparison of the association constants (Ka) measured for Zn(II)2-TTP-2D 

with 0.5, 1.0, 1.5, and 2.0 equiv. of Au(III)terpy added to target RNA (UUUAUUUAUUU-

F (F=Fluorescein)). Kas of 8.0 ± 0.9 × 107, 3.3 ± 0.4 × 107, and 1.0 ± 0.1 × 107 M were 

determined for Zn(II)2-TTP-2D, Zn(II)2-TTP-2D + 0.5 equiv. of Au(III)terpy, and Zn(II)2-

TTP-2D + 1.0 equiv. of Au(III)terpy, respectively after which no binding was observed 

(1.5 and 2.0 equiv. of Au(III)terpy added; N.B = No binding)....................................... 114 

Figure 3.15 Plot of the change in anisotropy upon the addition of Au(III)terpy with 50 mM 

BME to Zn(II)2-TTP-2D/RNA complex. All FA experiments were performed with the 

fluorescence tagged RNA oligonucleotide UUUAUUUAUUU-F (F=Fluorescein) in a 200 

mM HEPES, 100mM NaCl at pH 7.5. ............................................................................ 115 

Figure 3.16 Fluorescence anisotropy (shown as fraction bound) of Zn(II)2-TTP-2D/RNA 

(blue) and Zn(II)2-TTP-2D/RNA + 2.0 equiv. of Au(III)terpy (orange) as a function of time 

(0 – 24hr). All FA experiments were performed in 200 mM HEPES, 100mM NaCl at pH 

7.5.................................................................................................................................... 116 

file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599855
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599856
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599857
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599857
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599857
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599857
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599858
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599859
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599859
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599859
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599859
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599860
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599860
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599860
file:///E:/2021.01-2021.05%20(Spring2021)/2021%20Thesis/Thesis/Thesis_KO_4_28_Final_endnote.docx%23_Toc70599860


xvii 
 

Figure 3.17 Change in the nano-electrospray mass spectrum of Zn(II)2-TTP-2D 

(theoretical M.W. = 8713.6 Da) (blue) upon the addition of 1.0 equiv. of target RNA 

oligonucleotide; UUUAUUUAUUU (theoretical M.W. = 3352.0 Da) (red), followed by a 

titration with 1.0 – 2.0 equiv. of Au(III)terpy to Zn(II)2-TTP-2D/RNA complex (orange to 

amber) [Instrument: Waters Synapt-G2S mass spectrometer]. ....................................... 117 

Figure 3.18 Cartoon diagrams of Au(III)terpy+Zn(II)2-TTP-2D or Zn(II)2-TTP-2D/RNA 
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Figure 3.19 Modeled structure of (A) Zn(II)2-TTP-2D (green spheres: carbon, blue spheres: 

nitrogen, yellow spheres: sulfur, black spheres: zinc) and (B) its RNA-bound form (RNA: 

red spheres: oxygen, orange spheres: phosphorus, white spheres: RNA carbon, and blues 

sphere: nitrogen). [Template: TIS11d, PDB: 1RGO] ..................................................... 119 

 

Figure 4.1 A cartoon diagram of Zn2-TTP-2D reactivity with H2S. .............................. 139 

Figure 4.2 Speciation of oxidized products formed from the aerobic reaction of Zn2-TTP-

2D (50 µM) with H2S (500 µM). Treatment of Zn2-TTP-2D with H2S leads to a leftward 

m/z shift. m/z 858.6183 (detected, black) corresponds to the fully oxidized TTP-2D with 3 

disulfide bonds (m/z 858.6195 predicted, red). m/z 865.3122 (detected, black) corresponds 

to a Zn-TTP-2D with one disulfide bond (m/z 865.3138 predicted, blue). m/z 871.9053 

(detected, black) corresponds to a Zn2-TTP-2D in its native state (m/z 871.9066 predicted, 

green). The control spectrum of starting Zn2-TTP-2D is shown in pink. The spectra shown 

are at m/z range 850-890 corresponding to the 10+ charged ion. ................................... 140 

Figure 4.3 MS spectra of (i) Zn2-TTP-2D + H2O2; (ii) Zn2-TTP-2D + H2S (aerobic 

conditions)....................................................................................................................... 141 

Figure 4.4 MS spectra of the control reaction of denatured, unfolded Zn2-TTP-2D with 

H2S. Zn2-TTP-2D was denatured and unfolded by mixing buffered solution with 

acetonitrile (1/1). This resulted in the loss of Zn2+ coordination and protein unfolding, while 

retaining Zn2+ in the solution. This served as a control to determine the importance of zinc 

binding and TTP protein folding for the reaction of Zn2-TTP-2D with H2S. Neither the 

addition of H2S under anerobic conditions (black spectrum) nor the subsequent exposure 

to air for 20 min (red spectrum) changed the speciation – only apo-TTP-2D and partially 

oxidized apo-TTP-2D (due to the loss of zinc coordination which makes the cysteine 

residues more susceptible to oxidation) was observed. These data indicate that the observed 

reactivity for Zn2-TTP-2D with H2S requires that the protein be both zinc bound and folded.

......................................................................................................................................... 142 

Figure 4.5 Oxidation of Zn2-TTP-2D (50 µM) with H2O2 in ammonium carbonate buffer 

pH 7.3. (A) Both low (1:1 molar ratio, blue) and high (10:1 molar ratio, red) concentrations 
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of H2O2 induce a leftward m/z shift suggestive of thiol oxidation and loss of Zn2+ ions with 

full oxidation of TTP-2D. Loss of both Zn2+ molecules predominate in the samples treated 

with a high concentration (10:1) of H2O2 (red spectrum). (B) Main oxidation products 

formed in the reaction of 50 µM Zn2-TTP-2D with 500 µM H2O2 correspond to a fully 

oxidized TTP-2D (black), TTP-2D with 2 disulfides (blue) and Zn-TTP-2D with one 

disulfide (green). (C) Speciation of the oxidation products formed in the reaction of Zn2-

TTP-2D (50 µM) with H2O2 (500 µM) (red spectrum). The black spectrum represents the 

predicted isotopic distribution of a species containing one intact Zn2+ coordination site and 

the other one fully oxidized with a disulfide bond and one sulfinylated cysteine residue 

(RSO2H). Gray: Isotopic distribution of oxidized TTP-2D without Zn2+ and with 4 cysteine 

residues forming 2 disulfide bonds with the other two cysteine residues are either both 

sulfenylated (RSOH) or present as one thiolate and one cysteine as RSO2H. Pink: Isotopic 

distribution of TTP-2D without Zn2+ but with two cysteines as sulfenic acid (RSOH). Blue: 

predicted isotopic distribution of TTP-2D containing 2 disulfide bonds and one 

sulfenylated cysteine. ...................................................................................................... 143 

Figure 4.6 (A) MS spectra of Zn2-TTP-2D + H2S. Isotopic distribution of z=9+ species of 

50 µM Zn2-TTP-2D incubated with 500 µM H2S in 20 mM (NH4)2CO3,  pH 7.3 under (i) 

anaerobic conditions (black, 5 min); (ii) solution mixed with an equal volume of aerated 

buffer and sprayed additional (ii) 5 min (red) and (iii) 20 min (blue). Arrows indicate most 

pronounced spectral changes. (B) Detected (red) and predicted (black) isotopic distribution 

of [Zn2-TTP-2D + (H2S2
•–)2 + (O2

•–)2 + 3Na+ + 6H+]9+ (C) Speciation of coordination 

products formed after air exposure. Species in 950–970 m/z range best simulated with 

isotopic distribution indicated in figure inset. ................................................................. 144 

Figure 4.7 Mass spectra of Zn2-TTP-2D (50 µM) treated with H2S (500 µM) under 

anaerobic conditions and then exposed to air. (A) Charge distribution in samples and 

selected z = 9+. Black: anaerobic conditions. Red: after initial exposure to air. Blue: 20 

min after exposure to air. (B) Speciation of coordination products formed when the 

anaerobic reaction mixture was initially exposed to air. Complex spectra obtained in 970 – 

980 m/z range could best be simulated with the isotopic distribution of species shown in 

figure legend (gray-pink). ............................................................................................... 145 

Figure 4.8 (A) Hydroethidine (HE) trapping of superoxide formed during the reaction of 

Zn2-TTP-2D (1.23 µM) with H2S (12.3 µM); black: HE (123 µM) alone, red: HE + Zn2-

TTP-2D + H2S, blue: HE + Zn2-TTP-2D + H2S + air, t=0-20 min. (B) Hydroethidine (HE) 

trapping of superoxide formed in the reaction of of denatured Zn2-TTP-2D (1.23 µM) with 

H2S (12.3 µM) in anaerobic to aerobic condition for 30 min. ........................................ 147 
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Figure 4.9 X-band EPR spectrum of oxygen radicals formed in reaction of Zn2-TTP-2D 

with H2S. 50 µM Zn2-TTP-2D + 500 µM H2S + 5 mM DMPO under anaerobic conditions 

for 15 min (black) and open to air for 5 min (red). ......................................................... 147 

Figure 4.10 Predicted 3D structure of Zn2-TTP-2D (Template PDB ID: 1RGO) using 

SWISS-MODEL homology modeling tool. Full Van Der Waals Radii sphere model of Zn2-

TTP-2D (red sphere : oxygen, black sphere: zinc, yellow sphere: cysteine-sulfur, green 

sphere: cysteine-carbon, cyan sphere: tyrosine-carbon) ................................................. 148 

Figure 4.11 Conformational changes of Zn2-TTP-2D structure upon H2S or H2O2 

treatement. (A) Tyrosine fluorescence (λex 280 nm) of spectra of Zn2-TTP-2D (1.3 µM, 

black dots), anaerobically treated with H2S (1.3 µM, red), and exposed to air for 0, 1, 3, 5 

min (violet to blue) (B) 13 µM H2S, (C) 1.3 µM H2O2 and (D) 13 µM H2O2. .............. 149 

Figure 4.12 Change in anisotropy upon the addition of Zn2-TTP-2D (black), Zn2-TTP-2D 

+ 10-fold H2S under anaerobic conditions (red) and aerobic conditions (blue), and for Zn2-

TTP-2D + 10-fold H2O2 (green) to the 3’-fluorecein-labeled RNA oligonucleotide, 

UUUAUUUAUUU-F. Dotted lines show the nonlinear least-squares fits to a 1:1 binding 

model............................................................................................................................... 150 

Figure 4.13 The Zn2-TTP-2D/RNA complex is resistant to H2S or H2O2 oxidation. (A) MS 

of starting [Zn2-TTP-2D/RNA] complex (70 µM Zn2-TTP-2D incubated with 140 µM 

RNA in ammonium carbonate buffer pH 7.3 for 30 min at 37 ºC), (B) Zn2-TTP-2D/RNA 

complex treated with 700 µM H2S and (C) Zn2-TTP-2D/RNA complex treated with 700 

µM H2O2 in ammonium carbonate buffer pH 7.3. No changes are observed. ................ 151 

Figure 4.14 Plot of the change in anisotropy upon the addition of H2O2 or H2S to the Zn2-

TTP-2D/RNA (5’-UUUAUUUAUUU-3’-Flc) complex (green squares, red circles) and the 

change in anisotropy upon addition of H2O2 or H2S to RNA alone (orange triangles and 

blue diamonds). ............................................................................................................... 151 

Figure 4.15 Predicted structure of Zn2-TTP-2D using SWISS-MODEL. (A) An atom 

sphere presentation of zinc binding site 1 and 2, showing that cysteine residues are solvent 

accessible. (Yellow: sulfur, blue: nitrogen, green: carbon, dark grey: zinc) (B) Predicted 

RNA bound complex of Zn2-TTP-2D indicating hindered sulfur atoms of each zinc finger 

domain............................................................................................................................. 152 

Figure 4.16 The reactivity of Zn2TTP-2D with H2S in the presence and absence of RNA 
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Figure 4.17 TNF mRNA expression levels from Cth+/+, Cth+/-, and Cth-/- mice. TNF 

mRNA levels are lower in both non-stimulated (M0) and interferon gamma/LPS stimulated 
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Chapter 1 

Targeting Zinc Finger Proteins with Exogenous Metals and Molecules 

 

1.1 Introduction 

Zinc finger proteins (ZFs) are proteins that utilize zinc as a structural co-factor to 

fold and function.1 ZFs are primarily found in eukaryotes, and function in transcriptional 

and translational regulation.2 (Figure 1.1) The common feature of ZFs is that they are made 

up of modular domains that house four cysteine and/or histidine residues.3, 4 These residues 

serve as ligands for zinc, which coordinates in a tetrahedral geometry promoting folding.5 

ZFs are ubiquitous – 3-10% of all eukaryotic proteins are predicted to be ZFs,6 and they 

function in a variety of biological process including neuronal growth, viral infection, 

cancer development, immune response and inflammation.2, 7-9 

There are 30 discrete types of ZFs,7 which are classified based upon the number of 

cysteine and histidine residues within each domain, the spacing between the residues and 

the overall structure.10 The first ZF discovered, now known as the ‘classical’ ZF is the best-

 
Figure 1.1 Zinc finger protein folding via zinc coordination leads to DNA recognition to function. (PDB: 

1AAY)  

Figure 1.1 Zinc finger protein folding via zinc coordination leads to DNA recognition to function. (PDB: 

1AAY)  
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characterized.11 The classical ZF contains domains with the conserved sequence Cys-X2-5-

Cys-X12-18-His-X3-5-His (CCHH).2 Examples of classical ZFs include TFIIIA and Zif268.11, 

12 The common feature of classical ZFs are that they form a structure with an alpha-helical 

beta-strand fold and recognize specific DNA sequences via hydrogen bonding 

interactions.3, 13, 14 The recognition ‘code’ afforded by these amino acid/DNA hydrogen 

bonding interactions in classical ZFs has enabled the design of artificial ZFs to target a 

DNA sequences of choice, with promise in gene editing. 

In the early 2000s, after many genomes were sequenced, new types of ZFs were 

identified. These ZFs are collectively referred to as ‘non-classical’ ZFs and are less well 

studied.2 (Figure 1.2) One example of a ‘non-classical’ ZF is the Cys-X7-10-Cys-X4-5-Cys-

X3-His (CCCH) type ZF. Here, the best studied is the protein tristetraprolin (TTP, also 

known as NUP475, TIS11A, GOS24 and ZFP36) 2  which contains two CCCH ZF.15 TTP 

is found in the cytoplasm where it plays a pivotal role in inflammation and immune 

 
Figure 1.2 Examples of classical and non-classical type zinc finger proteins. Figure 1.2 Examples of classical and non-classical type zinc finger proteins. 
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response.16 Specifically, TTP is part of the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) signaling pathway.17 The NF-κB protein complex promotes gene 

expression of numerous pro-inflammatory cytokines (e.g. IL-1β, IL-6, IL-8, and TNF-α) 

during the inflammatory response.18 The expression of these cytokines needs to be 

controlled, to prevent over-inflammation and related pathologies (e.g. arthritis and cancer). 

This is where TTP comes in. TTP regulates this inflammation by downregulating cytokine 

expression as an anti-inflammatory response.15, 19 This downregulation is achieved on the 

biochemical level via a TTP/RNA binding interaction. TTP binds to AU-rich sequences 

that are located on 3’-untranslated region (3‘UTR) of the cytokine mRNAs that are 

upregulated by NF-κB forming a ZF/RNA complex.16 The formation of the TTP/RNA 

complex leads to the initiation of an mRNA decay process, which shuts off the 

inflammatory response.19 In short, by recognizing and degrading cytokine mRNAs during 

the inflammatory response, TTP serves as a rheostat for inflammation (Figure 1.3).  

Because TTP plays such an important role in inflammation, there is an interest in 

modulating its activity to control the inflammatory response.20 The translational potential 

of such control could include regulating diseases such as arthritis and cancer, which are 

directly connected to aberrant inflammatory response.21 One approach to modulate TTP 

activity is to utilize metal complexes (‘metals in medicine’). As zinc binding is so critical 

to the fold and function of TTP, exchange with exogenous metals has the potential to affect 

function. There is an increased interest in the development of metal complexes (e.g. gold, 

vanadium and platinum) as therapeutic agents, and ZFs are a potential target.22-24 Similarly, 

TTP activity could be modulated by exogenous molecules that target cysteine residues to 

disrupt structure and function. 
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Through this chapter, we highlight efforts by our laboratory to determine how the 

exogenous metals, Fe, Cu, Au and Cd and the endogenous signaling molecule, H2S, can 

target TTP and modulate activity. We set up the review by first providing an overview of 

CCCH type ZFs includes an analysis of the CCCH domain. We then describe the functions 

that have been attributed to this class of ZF and review our understanding of zinc mediated 

folding of TTP and subsequent RNA binding. We then describe efforts by our laboratory 

to modify TTP activity via metal complexes and by the gaseous signaling molecule H2S. 

We consider our work in the context of the ZFs. We conclude by suggesting how these 

findings could be applied to the development of metal-based medicines to target TTP and 

how the bioanalytical approaches developed for TTP could be applied to other types of ZF 

proteins.   

 

Figure 1.3 Role of CCCH type ZFs in NF-κB signaling pathway. The CCCH type ZFs, TTP, roquin and 

MCPIP, regulate cytokine levels by binding to and degrading its target mRNA, AU-rich element at the 

3’-untranslated region (3’-UTR), as part of the NF-κB signaling pathway. 

Figure 1.3 Role of CCCH type ZFs in NF-κB signaling pathway. The CCCH type ZFs, TTP, roquin and 

MCPIP, regulate cytokine levels by binding to and degrading its target mRNA, AU-rich element at the 3’-

untranslated region (3’-UTR), as part of the NF-κB signaling pathway. 
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1.2 CCCH type ZFs 

1.2.1 Gene structure and motif composition of representative CCCH type ZFs in human 

CCCH type ZFs have been reported in a range of eukaryotes – starting with single 

celled organisms (e.g. Sacchromyces cerevisiae) and continuing up the evolutionary tree 

to humans. To quantify CCCH type ZFs, we utilized the PROSITE search tool (entry name: 

ZF_C3H1, accession ID: PS50103, last updated: 10-FEB-2021). From this search, a total 

of 508 eukaryote genes for CCCH ZF proteins were identified. We then parsed these 

proteins using UniprotKB/Swiss-Prot to identify the CCCH ZFs present in humans. A total 

of 59 human CCCH type ZFs (‘true positive’) were identified. We then grouped these 

human proteins based upon their known functions.  All identified 59 human CCCH type 

ZF proteins listed in Table 1.1.  

The majority of CCCH type zinc fingers identified in humans are associated with 

RNA binding. These proteins regulate gene expression through various mRNA 

destabilization and post-transcriptional events including mRNA splicing and 

polyadenylation.19 To determine if these proteins share common sequence elements, we 

obtained a WebLogo of the human CCCH domain (Version 2.8.2, 

https://weblogo.berkeley.edu/).25, 26 In a WebLogo, the domain that is queried is presented 

as a sequence, with each amino acid sized based upon its conservation. The greater the 

sequence conservation, the larger the size of the amino acid letter. As shown in Figure 1.4, 

in the CCCH WebLogo the three cysteine (C, Cys) and one histidine (H, His) residues are 

the largest amino acids, and therefore the most highly conserved, which is in keeping with 

these proteins identities as CCCH ZFs. 
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Human CCCH type 

Zinc Finger 

Proteins 

UniProtKB 

Entry Name 

Gene 

Name 
Other Gene Names Main Molecular Function 

TIS11 protein 

family 

TTP_HUMAN ZFP36 
NUP475, G0S24, 

RNF162A, TIS11A, TTP 
• mRNA 3’-UTR AU-rich 

element (ARE) binding 

• 3’-UTR-mediated mRNA 

destabilization 

TISB_HUMAN ZFP36L1 
BERG36, BRF1, ERF1, 

RNF162B, TIS11B 

TISD_HUMAN ZFP36L2 ERF2, RNF162C, TIS11D 

Cleavage and 

polyadenylation 

specificity factor 

subunit 4 (CPSF4) 

CPSF4_HUMAN CPSF4 CPSF30, NAR, NEB1 • mRNA 3’-end processing 

• pre-mRNA cleavage required 

for polyadenylation CPS4L_HUMAN CPSF4L - 

Roquin 

RC3H1_HUMAN RC3H1 KIAA2025, RNF198 
• mRNA 3’-UTR constitutive 

decay element (CDE) binding 

• 3’-UTR-mediated mRNA 

destabilization 
RC3H2_HUMAN RC3H2 MNAB, RNF164 

Monocyte 

chemotactic 

protein-induced 

protein (MCPIP); 

Regnase 

ZC12A_HUMAN MCPIP1 ZC3H12A, MCPIP 
• mRNA 3’-UTR AU-rich 

element (ARE) binding 

• 3’-UTR-mediated mRNA 

destabilization 

ZC12B_HUMAN MCPIP2 ZC3H12B, CXorf32 

ZC12C_HUMAN MCPIP3 ZC3H12C, KIAA1726 

ZC12D_HUMAN MCPIP4 ZC3H12D, C6orf95, TFL 

Muscleblind-like 

protein (MBNL) 

MBNL1_HUMAN MBNL1 EXP, KIAA0428, MBNL • pre-mRNA binding 

• mRNA processing, mRNA 

splicing regulation 

MBNL2_HUMAN MBNL2 MBLL, MBLL39, MLP1 

MBNL3_HUMAN MBNL3 CHCR, MBLX39, MBXL 

E3 ubiquitin-

protein ligase 

makorin (MKRN) 

MKRN1_HUMAN MKRN1  RNF61 

• mRNA binding  

• protein polyubiquitination 

MKRN2_HUMAN MKRN2 RNF62, HSPC070 

MKRN3_HUMAN MKRN3 D15S9, RNF63, ZNF127 

MKRN4_HUMAN MKRN4 
MKRN4P, MKRN4, 

MKRNP5, RNF64 

E3 ubiquitin-

protein ligase 

RNF113 

R113A_HUMAN RNF113A RNF113, ZNF183 
• mRNA binding 

• ubiquitin protein ligase 

activity 

• mRNA splicing via 

spliceosome 
R113B_HUMAN RNF113B RNF161, ZNF183L1 

Splicing factor 

U2AF 

U2AF1_HUMAN U2AF1 U2AF35, U2AFBP, FP793 • mRNA 3’-end processing 

• mRNA splicing via 

spliceosome 

U2AF4_HUMAN U2AF1L4 U2AF1-RS3, U2AF1L3 

U2AF5_HUMAN U2AF1L5 - 

RING finger 

protein unkempt 

homolog (UNK) 

UNK_HUMAN UNK 
KIAA1753, ZC3H5, 

ZC3HDC5 
• mRNA CDS binding 

• cell morphogenesis involved 

in neuron differentiation UNKL_HUMAN UNKL 
C16orf28, ZC3H5L, 

ZC3HDC5L 

U2 small nuclear 

ribonucleoprotein 

auxiliary factor 35 

kDa subunit-

related protein 

U2AFL_HUMAN ZRSR2P1 

U2AF1-RS1, U2AF1L1, 

U2AF1P, U2AF1RS1, 

U2AFBPL, ZRSR1 

• mRNA binding 

• pre-mRNA 3'-splice site 

binding 

• mRNA splicing via 

spliceosome 
U2AFM_HUMAN ZRSR2 

U2AF1-RS2, U2AF1L2, 

U2AF1RS2, URP 

Protein mono-

ADP-

ribosyltransferase 

(PARP) 

PAR12_HUMAN PARP12 PARP12, ZC3HDC1 • mRNA binding 

• protein mono-ADP-

ribosylation PARPT_HUMAN TIPARP PARP7 

Pre-mRNA-splicing 

factor RBM 

RBM22_HUMAN RBM22 ZC3H16, 199G4 
• mRNA binding 

• mRNA processing 
RBM26_HUMAN RBM26 C13orf10, PRO1777 

RBM27_HUMAN RBM27 KIAA1311 

CCR4-NOT 

transcription 

complex subunit 4 

CNOT4_HUMAN CNOT4 NOT4 

• mRNA binding 

• nuclear-transcribed mRNA 

poly(A) tail shortening 

Putative ATP-

dependent RNA 

helicase DHX57 

DHX57_HUMAN DHX57 N.A. 
• RNA binding 

• RNA helicase activity 

 

Table 1.1 List of major human CCCH type zinc finger proteins and their main molecular functions. 
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Table 1.1 (continued)  
Human CCCH type 

Zinc Finger 

Proteins 

UniProtKB 

Entry Name 

Gene 

Name 
Other Gene Names Main Molecular Function 

tRNA-

dihydrouridine 

synthase-like 

DUS3L_HUMAN DUS3L N.A. 

• RNA binding 

• tRNA dihydrouridine synthase 

activity  

Helicase with zinc 

finger domain 
HELZ_HUMAN HELZ DRHC, KIAA0054 

• RNA binding 

• RNA helicase activity 

• Post-transcriptional gene silencing 

by RNA 

Leukocyte receptor 

cluster member 9 
LENG9_HUMAN LENG9 N.A. • unknown 

PAN2-PAN3 

deadenylation 

complex subunit 

PAN3 

PAN3_HUMAN PAN3 N.A. 

• mRNA binding 

• nuclear-transcribed mRNA poly(A) 

tail shortening 

• deadenlyation-dependent mRNA 

decaping 

Serine/threonine-

protein phospha-

tase 1 regulatory 

subunit 10 

PP1RA_HUMAN PPP1R10 CAT53, FB19, PNUTS • RNA binding 

Proline-rich protein 

3 
PRR3_HUMAN PRR3 CAT56 • RNA binding 

Zinc finger CCCH-

type with G patch 

domain-containing 

protein 

ZGPAT_HUMAN ZGPAT 

GPATC6, GPATCH6, 

KIAA1847, ZC3H9, 

ZC3HDC9, ZIP 

• sequence-specific DNA binding 

• negative regulation of transcription 

by RNA polymerase II  

Zinc finger CCCH-

type antiviral 

protein 1 

ZCCHV_HUMAN ZC3HAV1 ZC3HDC2, PRO1677 

• viral mRNA binding 

• negative regulation of viral 

genome replication 

Zinc finger matrin-

type protein 5 
ZMAT5_HUMAN ZMAT5 N.A. 

• mRNA binding 

• mRNA splicing via spliceosome 

Target of EGR1 

protein 1 
TOE1_HUMAN TOE1 N.A. • 3’-5’-exoribonuclease activity 

Nucleoporin 

NUP42 
NUP42_HUMAN NUP42 CG1, NUPL2 

• mRNA binding 

• mRNA export from nucleus, viral 

transcription 

tRNA 

methyltransferases 

TRM1_HUMAN TRMT1 N.A. 
• tRNA binding 

• tRNA N2-guanine dimethylation 

TRM44_HUMAN TRMT44 C4orf23, METTL19 
• tRNA binding 

• tRNA (uracil) methylation 

Other 

Zinc finger CCCH 

domain-containing 

proteins 

Z3H7A_HUMAN ZC3H7A 
ZC3H7, ZC3HDC7, 

HSPC055 

• mRNA binding 

• mRNA 3’-end processing, mRNA 

polyadenylation 

Z3H7B_HUMAN ZC3H7B KIAA1031  • miRNA binding 

• regulation of production of 

miRNAs  
ZC3HA_HUMAN ZC3H10 ZC3HDC10 

ZC3H3_HUMAN ZC3H3 
KIAA0150, SMICL, 

ZC3HDC3 • RNA binding 

• DNA-binding transcription factor 

activity 

ZC3H4_HUMAN ZC3H4 C19orf7, KIAA1064 

ZC3H6_HUMAN ZC3H6 KIAA2035, ZC3HDC6 

ZC3H8_HUMAN ZC3H8 ZC3HDC8 

ZC3HD_HUMAN ZC3H13 KIAA0853 
• mRNA binding 

• mRNA methylation 

ZC11A_HUMAN ZC3H11A KIAA0663 • mRNA binding 

• mRNA processing ZC11B_HUMAN ZC3H11B ZC3HDC11B 

ZC3HE_HUMAN ZC3H14 N.A. 
• mRNA poly(A) binding 

• mRNA polyadenylation  

ZC3HF_HUMAN ZC3H15 

DFRP1, LEREPO4, 

HSPC303, HT010, 

MSTP012, PP730 

• RNA binding 

• Regulation of GTPase activity 

ZCH18_HUMAN ZC3H18 NHN1 • RNA binding 
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A handful of additional residues also occurred with high requency. These included 

glycine (G, Gly) in position 16 between the first and second cysteines, and in position 21 

between the second and third cysteines; and either phenylalanine (F, Phe), tyrosine (Y, Tyr) 

or tryptophan (W, Trp) in position 10 after the first cysteine, position 20 after the second 

cysteine and position 27 after the third cysteine. The aromatics are of particular interest as 

they can interact with other macromolecules via pi stacking interactions. We also observed 

the propensity for aromatic amino acids in these positions  in CCCH ZFs by obtaining a 

multiple sequence alignment of the proteins (Cys-X8-Cys-X5-Cys-X3-His using 

PROMALS3D (http://prodata.swmed.edu/promals3d/) shown in Figure 1.5.27 

To understand why these aromatic residues are, we turned to the NMR structure of 

a representative CCCH ZF, TIS11D 9a homolog of TTP) bound to the RNA 

oligonucleotide (5’-UUAUUUAUU-3’).28 In this structure, the  conserved aromatic amino 

acids (Tyr and Phe) within the CCCH domain participate in a pi stacking interaction with 

their cognate RNA bases (Figure 1.6). This pi stacking interaction is also seen in the 

handful of CCCH ZFs for which there are crystal or NMR structures reported (CPSF30, 

 

Figure 1.4 Web Logo presentation (https://weblogo.berkeley.edu/) of all 59 human CCCH type zinc 

finger proteins. 

Figure 1.4 Web Logo presentation (https://weblogo.berkeley.edu/) of all 59 human CCCH type zinc finger 

proteins. 
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MBNL1, Unkempt, and ZAP).29-32 These data suggest that the conserved aromatic residues 

within present in CCCH ZF proteins play a role in RNA binding. Notably, this interaction 

is unlike the interactions that drive binding in classical ZFs (CCHC) which bind to DNA. 

Here hydrogen bonding between charged residues on the ZF such as arginine and glutamic 

acid and DNA bases drive binding, as illustrated by the structure of ZIF-268, a canonical 

classical ZF (Figure 1.7).33 

 

  

  

 

Figure 1.5 Sequence alignment results of C-X8-C-X5-C-X3-H type ZFs by PROMALS3D multiple 

sequence alignment tool (red colored: Cys, blue: His, green: Phe, Tyr, and Trp) 
Figure 1.5 Sequence alignment results of C-X8-C-X5-C-X3-H type ZFs by PROMALS3D multiple sequence 

alignment tool (red colored: Cys, blue: His, green: Phe, Tyr, and Trp) 
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Figure 1.6 NMR solution structure of TIS11D tandem ZF construct (PDB: 1RGO) binding to the target 

RNA sequence (5’UUAUUUAUU3’). The CCCH- type ZFs’ highly conserved aromatic amino acids (Tyr 

and Phe) establish a pi-stacking interaction with uracil (U) and adenine (A) bases of RNA. (Blue body: 

TIS11D tandem ZF construct, yellow body: RNA, black sphere: zinc ion, green sticks: Tyr and Phe 

residues, red sticks: Cys residues, blue sticks: His residues, yellow sticks: RNA bases) 

Figure 1.6 NMR solution structure of TIS11D tandem ZF construct (PDB: 1RGO) binding to the target RNA 

sequence (5’UUAUUUAUU3’). The CCCH- type ZFs’ highly conserved aromatic amino acids (Tyr and Phe) 

establish a pi-stacking interaction with uracil (U) and adenine (A) bases of RNA. (Blue body: TIS11D tandem 

ZF construct, yellow body: RNA, black sphere: zinc ion, green sticks: Tyr and Phe residues, red sticks: Cys 

residues, blue sticks: His residues, yellow sticks: RNA bases) 
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Figure 1.7 X-ray crystal structure of ZIF268 (PDB: 1AAY) binding to the target DNA sequence 

(5’AGCGTGGGCGT’3). The DNA binding is mainly accomplished by hydrogen bonding between 

charged amino acids (Arg and Glu) and DNA bases. (Gray body: ZIF268 ZF1-3, orange body: DNA, 

black sphere: zinc ion, cyan sticks: Arg and Glu, green sticks: Cys and His amino acids, yellow sticks: 

DNA bases) 

Figure 1.7 X-ray crystal structure of ZIF268 (PDB: 1AAY) binding to the target DNA sequence 

(5’AGCGTGGGCGT’3). The DNA binding is mainly accomplished by hydrogen bonding between charged 

amino acids (Arg and Glu) and DNA bases. (Gray body: ZIF268 ZF1-3, orange body: DNA, black sphere: 

zinc ion, cyan sticks: Arg and Glu, green sticks: Cys and His amino acids, yellow sticks: DNA bases) 
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1.2.2 Functions of human CCCH ZFs 

CCCH ZFs have varied functions. For example, TTP, roquin, and regnase (MCPIP) 

all regulate cytokines during adaptive immune response. This regulation involves 

recognizing, binding, and decaying cytokine mRNA, such as TNF-α, IL-1β, and IL-6 

(Figure 1.3).34 Cleavage and polyadenylation specificity factor 4 (CPSF4 or CPS30) 

regulates pre-mRNA processing via a binding event between the ZF domains of CPSF30 

and the 5’AAUAAA3’ sequence of pre-mRNA which initiates the removal of the 3’ 

polyuracil (polyU) sequence and add 3’ polyadenine sequence (polyA).35 Splicing factor 

U2AF and muscleblind-like protein (MBLN)  play roles in pre-mRNA splicing.36, 37 

Additional roles for CCCH type ZFs include regulations of protein activity,38, 39 and 

initiation of protein post-translational modifications such as protein ubiquitination40 and 

protein mono-ADP ribosylation.41 Adding complexity, micro RNA (miRNA) or tRNA 

processing as well as a viral mRNA inhibition have all been reported to be connected to 

CCCH ZF function.42-45 Collectively, CCCH type ZF have functions that are important for 

human health, and their mis-regulation can been associated with certain disease states (e.g. 

inflammation, cancer, and autoimmune diseases).46-53  As such, CCCH type ZFs are 

potential targets for novel therapeutic and diagnostic agents. In this minireview, we focus 

on TTP, which regulates inflammation and efforts to modulate its function via exogenous 

metals and molecules. 
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1.3 TTP: Targeting the zinc site of TTP with exogenous metals or molecules 

1.3.1 Structure of Zn-TTP-2D 

TTP consists of two CCCH ZF domains centered between proline rich stretches.54, 

55 ZF domains are typically modular. These domains can often be isolated independently 

of the entire protein.2 These domains bind zinc, fold and function. This property has been 

shown to apply to TTP where both single and double domain constructs have been isolated 

and shown to bind zinc, fold and function.56, 57 The structure adopted by TTP upon zinc 

binding is limited and consists of a series of loops with some small alpha helical regions.28, 

58, 59 As such, the zinc centers at each CCCH domain are solvent accessible, which suggests 

that they may be readily available for metal exchange. This structure, which has also been 

observed in other CCCH ZFs (e.g. MBNL1, ZAP, ZC3H4 and ZGPAT) (Figure 1.8), 

contrasts the structures reported for classical ZFs, which adopt a more rigid three-

dimensional fold composed primarily of alpha helices and beta strands that shield the metal 

center.33 Despite its limited secondary structure, TTP selectively recognizes RNA that has 

the sequence 5’-UUUAUUUAUUU-3’ which has the biological consequence of regulating 

inflammation. A key driver of RNA recognition by TTP are pi-stacking interactions 

between conserved aromatic residues from TTP ( Phe and Tyr) and cognate bases, as shown 

in Figure 1.6 and 1.7. Although the rules that govern RNA binding by TTP are not clearly 

understood, there are some intriguing NMR data that suggests that the second ZF domain 

(at the C-terminus) only adopts secondary structure upon RNA binding, despite binding to 

zinc in the absence of RNA.60 This suggests that the RNA partner plays a role in driving 

TTP structure.  
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Figure 1.8 Examples of known 3D-structure of human CCCH-type zinc finger proteins.   Figure 1.8 Examples of known 3D-structure of human CCCH-type zinc finger proteins. 
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1.3.2 Exogenous metal binding to TTP-2D – Fe, Cd and Cu: effects on structure and 

function. 

Given the key role of zinc in the structure and function of TTP, one approach to 

modulate TTP activity is to utilize exogenous metals or metal complexes.  Exogenous 

metals have the potential to interact with TTP in three manners – (i) via direct binding to 

apo-TTP, (ii) via exchange with Zn in Zn-TTP or (iii) via disruption of Zn-TTP/RNA 

binding (Figure 1.9). In order to evaluate metal exchange with TTP, we needed to obtain 

a soluble and tractable construct of TTP.  Toward this goal, our laboratory cloned and 

 

Figure 1.9 Types of interactions of exogeneous metals with TTP. Figure 1.9 Types of interactions of exogeneous metals with TTP. 
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isolated the first fully soluble construct of TTP that contains the two ZF domains (TTP-

2D).56 CCCH type ZFs are often difficult to isolate because they have limited solubility, 

potentially associated with their limited secondary structure. The TTP construct that we 

obtained was modelled on the NMR structure of a homolog, Tis11b, bound to RNA 

(Figure 1.10).  

ZF proteins can typically be isolated in their apo form by applying reductant (e.g., 

DTT or TCEP) followed by reverse phase HPLC at low pH. This was the approach taken 

for TTP-2D. To verify that TTP-2D bound zinc, folds and functioned; we utilized cobalt 

as a spectroscopic probe for zinc, an approach that has been taken for other types of ZF 

proteins. Because ZnII is spectroscopically silent (d10 electron count), CoII which is d7 can 

serve as a surrogate for zinc to assess binding.  Apo-TTP-2D was titrated with CoCl2 and 

the UV-visible spectrum was monitored. Upon titration with CoII d-d bands between 550 

nm and 750 nm, which are indicative of tetrahedral coordination by CoII were observed, in 

addition bands between 300 and 400 nm which are assigned as ligand-to-metal charge 

transfer (LMCT) bands between CoII and cysteine thiolate ligands. ZnII binds more tightly 

 

 
Figure 1.10 A comparison of the reported X-ray crystal structure of TIS11D (PDB ID: 1RGO) and the 

model structure of TTP-2D. The model 3D-structure of TTP-2D was generated using SWISS-MODEL, 

based on the known 3D-structure of TTP homologue, TIS11D. 
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to tetrahedral sites than does CoII because there is no ligand field stabilization energy (LSFE 

penalty) associated with tetrahedral versus octahedral binding for ZnII, as there is for CoII. 

To observe ZnII binding, ZnII was titrated with Co(II)-TTP-2D and the loss of the CoII 

absorbances between 550-750 nm indicative of tetrahedral binding were monitored. These 

data were fit to direct and competitive 1:1 binding models respectively, and upper limit 

dissociation constants of Kd 3.3 x 10-6 ( 4 x 10-7) M for Co and of Kd 6.2 x 10-11 ( 6 x 10-

12) M for Zn were determined.56 We also developed a fluorescence anisotropy (FA) 

experiment to measure RNA binding. We reported that Zn-TTP-2D selectively binds to the 

RNA sequence 5’-UUAUUUAUUU-3’ (the AU rich physiological RNA target) with a Kd 

of 12  1 nM and that a single base variant within this sequence resulted in loss of binding 

affinity.56  

With TTP-2D in hand, we were then able to investigate interactions with exogenous 

metals. The initial metal investigated was iron. Iron was chosen because iron levels are 

known to be elevated during inflammation, when TTP is upregulated. Both ferric and 

ferrous metals were found to bind to apo-TTP-2D, as evidenced by the appearance of 

charge transfer bands in the optical spectra. A Kd of 3.0 x 10-5 ( 4 x 10-6) M was measured 

for FeIII-TTP-2D, which is six orders of magnitude weaker than Zn binding. Despite the 

weaker binding affinity, both FeIII-TTP-2D and FeII -TTP-2D bound to AU-rich RNA with 

similar selectivity and affinity as Zn-TTP-2D, suggesting that under conditions of elevated 

iron and/or depleted zinc, iron can substitute for zinc in the TTP active site and the protein 

remains functional. Notably, FeII -TTP-2D was found to be readily oxidized by H2O2 via 

Fenton Chemistry forming hydroxyl radicals (detected by spin trap EPR), which disrupted 

the protein structure and function.61  This finding suggests that under oxidative conditions 
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in the cell, if iron is substituted for zinc, the function will be abrogated. These studies 

provided the first evidence that exogenous metals can bind to TTP.  

Cadmium (Cd) was the second exogenous metal chosen to be investigated with 

TTP. Cd is an environmental toxicant that is present in gasoline exhaust, as a by-product 

of manufacturing and in cigarettes (both conventional and electronic). The biological 

targets for Cd are not well understood; however, ZFs have long been proposed to be a target 

because of the similar electronic properties of Zn and Cd, and Cd binding to several ZFs 

including XPA and Ros87 has been reported.62, 63 Like ZnII, CdII is d10 and 

spectroscopically silent, therefore competitive titrations with spectroscopically active CoII 

were utilized to determine the binding affinity of Cd for this ZF. Using this approach, a Kd 

of 3.5 x 10-9 ( 1 x 10-10) M was determined. The stoichiometry of binding was measured 

via an 1H NMR titration of Cd with apo-TTP-2D, and it was determined that Cd binds to 

TTP-2D with a 2:1 stoichiometry, 1 Cd/1 ZF domain. Cd-TTP-2D binds to the same RNA 

target at Zn-TTP-2D; however, with greater selectivity, suggesting a possible metal for 

toxicity.64        

Copper (Cu) has also been investigated for its ability to bind to TTP. Copper is 

present in the reduced, CuI state in cells, where it is present as a co-factor for multiple 

enzymes.65-68 There is evidence that copper is bioavailable under certain conditions, 

including inflammation, and that Cu can target other ZFs (e.g. HIV NCp7 and Sp1).69, 70  

We sought to determine whether Cu I binds to TTP-2D, and assess the functional 

consequences.71 Direct titrations of CuCl with apo-TTP-2D showed changes in the 

absorbance spectrum indicative of CuI binding to TTP-2D. In these titrations, the 

stoichiometry of CuI:TTP-2D was closer to 3:1 than the expected 2:1.  Additional analyses 
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including a job plot, a titration that involved competition of Cu with TTP-2D and a weak 

chelator, and the development of a novel molecular cut-off (MWCO) spin-filter ICP-MS 

assay to determine stoichiometry. The results from these studies all supported a 3:1 

stoichiometry for CuI:TTP-2D (Figure 1.11). 

TTP-2D has two sites that bind zinc in a tetrahedral geometry (2:1 Zn:ZF 

stoichiometry), therefore the observation that copper binds to TTP-2D in a 3:1 

stoichiometry suggested that the fold and function would be affected. This prediction was 

borne out by circular dichroism studies of Zn-TTP-2D, CuI-TTP-2D and apo-TTP-2D. 

Only Zn-TTP-2D exhibited peaks indicative of a folded protein. RNA binding studies of 

CuI-TTP-2D showed that when copper is bound to TTP-2D, no RNA binding occurs, and 

when Zn-TTP-2D/RNA was titrated with CuCl, RNA binding is lost. Together, these 

studies led us to conclude that although Cu binds to TTP-2D, it alters structure and function.  

1.3.3 Metals in Medicine: Gold targeting TTP   

The metals we had investigated up to this point were either native biological metals 

that are elevated under certain biological conditions or toxic metals that are known to target 

cysteine rich sites, including ZFs. Metals can also be used as medicines, and in the field of 

‘metals in medicine’ a variety of metal complexes have been developed as potential novel 

 

Figure 1.11 Outline of metal-bound TTP-2D isolation via a molecular cut-off (MWCO) spin-filter/ICP-

MS approach. 

Figure 1.11 Outline of metal-bound TTP-2D isolation via a molecular cut-off (MWCO) spin-filter/ICP-MS 

approach. 
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pharmaceuticals.72, 73 One metal that has long been known to have potent medicinal 

properties is gold.74 Gold and related gold complexes have anti-inflammatory and anti-

cancer properties, and there is current interest in the development of gold complexes as 

novel drugs (Figure 1.12). One cellular target for gold complexes that has been invoked 

are ZFs including PARP-1 and HIV-NCp7. Both the Casini and Farrell groups have 

developed gold complexes to target specific ZFs, and their work shows great promise.75-77 

Inspired by this work, as well as work from the Barrios and Seneque groups,78-80 we sought 

to determine whether gold complexes can target TTP. In considering how to study gold 

targeting TTP, we aimed to understand whether gold exchanges with zinc when zinc is 

 

Figure 1.12 (A) Au(I) drugs used for the treatment of rheumatoid arthritis. Examples of cyclometallated 

Au(III) complexes with (B) N donor ligands and (C) C, N donor ligands. 

Figure 1.12 (A) Au(I) drugs used for the treatment of rheumatoid arthritis. Examples of cyclometallated 

Au(III) complexes with (B) N donor ligands and (C) C, N donor ligands. 
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bound to TTP, rather than just whether gold binds directly to TTP as was investigated for 

the earlier metals. We reasoned that examining metal exchange would better inform on 

how gold will encounter TTP in the cellular context.81  

We chose to utilize Au(terpy), which has been previously investigated by Seneque 

and Casini with regards to Sp1 (a classical CCHH-type ZF), because the terpyridine ligand 

offers rich spectroscopy that allows for Zn(terpy)2 and Au(Terpy) to be monitored. We 

determined that Au exchanges with Zn when Zn-TTP-2D is titrated with Au(Terpy), as 

monitored by optical spectroscopy, with a stoichiometry of 2:1, Au:TTP-2D.  We then 

employed the spin-filter ICP-MS assay and confirmed that two equivalents of gold 

exchange with two equivalents of zinc in TTP-2D. To follow the reactivity of Au(terpy) 

with Zn-TTP-2D, we carried out native-electro spray ionization mass spectrometry (ESI-

MS), which is a technique that is gentle enough to capture the metal bound ZF complexes. 

Because of the gas phase of this experiment, complexes not observed in the solution phase 

can be observed. We indeed detected additional species, beyond 2Au:1TTP-2D in the 

native ESI-MS. Peaks that fit to 1, 2, 3, 4 and 5 equivalents of gold were also observed 

(Figure 1.13). 

Together, these are the first studies that have examined whether metals will 

exchange with zinc in TTP, as our previous studies were focussed on direct binding to apo-

TTP-2D, and the methods utilized – spin filter/ICP-MS and native ESI-MS – have the 

potential to be employed to evaluate whether other metals exchange with zinc in TTP. The 

effect of gold exchange with zinc on the function of TTP-2D was assessed by fluorescence 

anisotropy. No RNA binding was observed, and we attributed that to the loss of structure, 



22 
 

as both the circular dichroism (CD) and charge state distribution observed in the native 

ESI-MS revealed that the TTP structure is lost when gold exchanges with zinc.  

A third potential interaction of exogenous metals with TTP could involve 

disruption of TTP/RNA binding, potentially via exchange with the zinc metal center. These 

interactions are challenging to measure, as many approaches only provide indirect evidence. 

We first examined how Au(terpy) affects Zn-TTP-2D/RNA binding using FA. A FA 

monitored titration of Au(terpy) with Zn-TTP-2D/RNA resulted in no changes in the 

anisotropy, suggesting that Au(terpy) is not exchanging with Zn in TTP-2D, when it is 

bound to RNA. To directly determine how the exogenous gold affects the zinc center of 

Zn-TTP-2D, a native ESI monitored titration was performed. In this experiment, Zn-TTP-

2D/RNA was titrated with Au(terpy) and the native ESI-MS was recorded as a function of 

added Au. This was the first time, to our knowledge, that an ESI-MS monitored titration 

of an exogenous metal with a ZF/RNA complex has been performed. This approach has 

the potential to be applied to other types of ZF/RNA complexes with exogenous metals. 

Figure 1.13 Reactivity of Au(terpy) with Zn-TTP-2D monitored by native electro-spray mass 

spectrometry (native ESI-MS) in a m/z range of 1700–1920, replacing Zn with Au. 

 

Figure 1.13 Reactivity of Au(terpy) with Zn-TTP-2D monitored by native electro-spray mass spectrometry 

(native ESI-MS) in a m/z range of 1700–1920, replacing Zn with Au. 
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As predicted, Au(terpy) did not exchange with Zn-TTP-2D/RNA, and the ZF/RNA 

complex remained intact. To understand why no exchange occurred, the TTP/RNA 

structure was modelled using SWISS-MODEL. We noted that in the absence of RNA, the 

zinc center in Zn-TTP-2D is on the surface of the protein making it accessible for metal 

exchange. When RNA binds to Zn-TTP-2D, the zinc center is buried, and we proposed that 

this obviates the accessibility of the zinc center for metal exchange (Figure 1.14).  

While gold itself has anti-inflammatory and anti-cancer properties, in order to be 

utilized as a pharmaceutical, it is important to design gold complexes that have selective 

targeting properties.82, 83 This approach has been taken by other laboratories – the Farrell 

laboratory at Virginia Commonwealth has designed gold complexes that target a Sp1, a 

classical CCHH type zinc finger peptide, and a CCHC type zinc finger peptide related to 

the HIV nucleocapsid zinc finger protein (HIV NCp7).84-88 The Casini laboratory at 

Technical University of Munich has developed gold complexes to monitor reactivity 

 

Figure 1.14 The reactivity of Au(terpy) towards Zn-TTP-2D or ZF/RNA complex. 

 

Figure 1.14 The reactivity of Au(terpy) towards Zn-TTP-2D or ZF/RNA complex. 
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toward PARP-1, a CCHC type zinc finger, as well as a CCHH type model zinc finger 

peptide.89-92 In addition, Casini has developed organometallic gold compounds that 

modifies the cysteine residues bound to zinc, via targeted Cys-arylation, that has potential 

application to TTP.  

 

1.3.4. Exogenous molecules targeting TTP 

ZF proteins are usually considered to be inert because ZnII is d10 and therefore 

redox-inactive.93 However, there is emerging evidence that endogenous molecules (e.g. 

H2O2 and NO) can target and modify ZF proteins challenging this paradigm.94-97 One 

endogenous molecule of particular interest is hydrogen sulfide (H2S).98 H2S is a gaseous 

signaling molecule that regulates a myriad of physiological processes including 

inflammation, metabolism, transcription and apoptosis.99, 100 The reactivity of H2S includes 

persulfidation of cysteine residues (P-SH into P-SSH).101 This post-translational 

modification of cysteine has been proposed to be as important as phosphorylation.102 The 

biological targets of H2S have not yet been clearly defined; however, one potential target 

are ZFs because they make up a large fraction of the cysteine-rich proteins in cells. We 

sought to determine whether TTP, a key inflammatory protein can be persulfidated by H2S. 

Utilizing cryo-ESI-MS, a technique that allows intermediates not readily accessible by 

conventional ESI-MS to be identified, the reactivity of Zn-TTP-2D with H2S was 

investigated.103 We discovered that Zn-TTP-2D rapidly reacts with H2S to form 

persulfidated cysteines, but only in the presence of O2. We identified several intermediate 

species, including persulfidated TTP-2D, leading to a final product in which the cysteine 
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ligands were fully oxidized. Persulfidated cysteine residues were also confirmed with 

intrinsic tyrosine emission fluorescence experiment (Figure 1.15).  

The functional effect of persulfidation was determined using FA, and we 

discovered that TTP-2D lost its ability to bind to RNA upon persulfidation. Remarkably, 

when Zn(II)-TTP-2D is bound to RNA, no H2S reactivity occurs. This suggests that RNA 

protects TTP’s zinc site from persulfidation, much like it does for Au exchange (Figure 

1.16). From these studies, we proposed a role for zinc that involves orienting the H2S and 

O2 such that electron transfer and subsequent persulfidation can occur. 

 

 

 

Figure 1.15 Tyrosine fluorescence (λex = 280 nm) of 1.3 μM Zn-TTP-2D (magenta line, anaerobically 

treated with 1 eq. H2S), and exposed to air for 0, 1, 3, 5 min (violet to blue). Emission fluorescence of 

persulfidated Cys resiudes was observed as a peak at 360 nm wavelength immediately after exposed to 

air (violet line) and decreased over 5 min (blue line). 

 

Figure 1.15 Tyrosine fluorescence (λex = 280 nm) of 1.3 μM Zn-TTP-2D (magenta line, anaerobically treated 

with 1 eq. H2S), and exposed to air for 0, 1, 3, 5 min (violet to blue). Emission fluorescence of persulfidated 

Cys residues was observed as a peak at 360 nm wavelength immediately after exposed to air (violet line) and 

decreased over 5 min (blue line). 
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1.4 Summary and Outlook 

ZFs make up to 3% of the human genome and mediate a variety of functions.14 The 

CCCH family of ZFs plays key roles in RNA regulation, with TTP family member 

specifically regulating inflammation by targeting cytokine mRNAs.19 Modulation of TTP 

activity by exogenous molecules has potential as a novel anti-inflammatory or anti-cancer 

strategy.20 Our work on metal exchange with TTP sets the groundwork for future efforts to 

design metal complexes to stabilize or destabilize TTP. Similarly, modulation of native 

signaling molecules that target TTP may also be strategy to effect TTP function. Our 

finding that the signaling H2S targets and modifies TTP offers a potential strategy to 

modify TTP via H2S. 

 

Figure 1.16 The reactivity of Zn-TTP-2D with H2S in the presence of O2 and its target RNA. 

 

Figure 1.16 The reactivity of Zn-TTP-2D with H2S in the presence of O2 and its target RNA. 
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1.5 Thesis 

In this thesis, my research focusses on a CCCH-type zinc finger protein – TTP – 

that is intimately involved with an inflammatory pathway, using a variety of bioinorganic 

chemistry tools. The main body of my research, chapters 2 to 4, examines adventitious 

copper and gold binding to TTP as well as the persulfidation of cysteine in TTP with 

hydrogen sulfides, an emerging gasotransmitter.  In addition to the story of TTP, my thesis 

also includes a development of liquid chromatography inductively coupled plasma mass 

spectrometry (LC-ICP-MS) to monitor zinc speciation in an inflammatory cell model.    

Chapter 2 shows that copper (I) metalation of TTP inhibits protein folding and RNA 

binding.  This result suggests a possible correlation between the inflammatory ZF, TTP, 

and the cytosolic copper (I) level changes that occur during inflammation. In Chapter 3, 

the reactivity of TTP with a gold compound is described to determine if TTP is a potential 

target for inflammatory diseases. The gold (III) complex can exchange zinc from the 

tandem zinc finger domain of TTP, and result in the formation of gold finger TTP via 

cysteine residues, affecting the function of TTP. A highly sophisticated native electrospray 

ionization mass spectrometry (native ESI-MS) and optical spectroscopic techniques were 

employed to interrogate gold binding to TTP and TTP/RNA complex detection.  Chapter 

4 describes the persulfidation of TTP with hydrogen sulfide. A delicate cryo-ESI-MS 

method was used to identify persulfidation of cysteine-rich TTP. It was also shown that the 

formation of superoxide upon oxygen exposure links to the persulfidation mechanism of 

zinc site of TTP. Switching gears toward cellular level research, Chapter 5 focuses on the 

development of a novel zinc speciation method in THP-1 cells, an inflammatory model cell 

line, using liquid chromatography connected to the inductively coupled plasma mass 
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spectrometry (LC-ICP-MS). The data includes a successful zinc proteome, including TTP, 

separated from free zinc and non-zinc containing proteins.    
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Chapter 2 

Cu(I) disrupts the Structure and Function of the Non-Classical Zinc Finger Protein 

Tristetraprolin (TTP)* 

 

2.1 Introduction 

Zinc finger (ZF) proteins are eukaryotic proteins that use zinc as a structural co-

factor to fold and function.1, 2 The common feature of all ZF proteins is that they contain 

modular domains with conserved cysteine and/or histidine residues, which serve as zinc 

coordinating ligands.1-4 Upon zinc coordination, ZFs adopt secondary structure that allows 

for function. ZFs are involved in a range of biological processes including neuronal 

development, inflammatory response, viral development and oncogenesis.1, 2, 5-13 

Biochemical roles for ZFs include serving as transcription factors via DNA binding, 

regulating translation via RNA binding, and regulating signaling upon binding to other 

proteins. 1, 2, 14-16 

The best-studied ZF is the ‘classical’ ZF, which was the first ZF to be identified.17 

Classical ZFs contain Cys2His2 sequence repeats, adopt an alpha-helical beta strand fold 

upon zinc coordination, and function primarily in transcriptional regulation by binding to 

specific DNA sequences.1, 2 In addition to the classical ZFs, at least 14 other classes of ZFs 

are known.1, 2, 4, 14, 18 Collectively these are called non-classical ZFs, and they are grouped 

based upon the number of cysteine and histidine residues, the spacing between the residues 

and the structure that is formed upon zinc coordination (if known).1-3, 14, 15, 18 For many  

 

* Adapted from publication: Shimberg, G. D.§; Ok, K. §; Neu, H. M.; Splan, K. E.; Michel, S. 

L. J, 2017, Inorg. Chem., 56(12): 6838–6848. (§: Equally contributed) 
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non-classical ZFs, experimental evidence for Zn coordination has not yet been obtained, 

and they have been annotated as ZFs based upon their amino acid sequence.19 

Although zinc is the presumed metal co-factor for ZF proteins, the presence of 

mixed sulfur and nitrogen donor ligands within ZF motifs allows for ZFs to coordinate 

other metal ions. There are several reports of other divalent, monovalent and trivalent metal 

ions binding to ZF sites.  These include Sb(III), Au(III), As(III), Fe(II), Cd(II), Pb(II), 

Cu(II),  Ni(II), Au(I) and Cu(I).20-53 In some instances, the alternative metal ions are toxic 

(e.g. Pb) and their coordination to ZFs has been proposed to be part of the mechanism of 

toxicity.23-26, 42, 54 In other cases, alternate metal ions have been proposed to substitute for 

zinc under conditions of zinc depletion (e.g. Fe(II)).28, 31, 32, 44 

One metal of particular interest is copper.  Copper is the third most abundant 

transition metal ion present in eukaryotic cells. Copper serves as a co-factor for several key 

enzymes including superoxide dismutase and cytochrome c oxidase.55-57  In the reducing 

environment of the cell, copper is present in the cuprous state Cu(I). Free Cu(I) can be 

toxic, because it can undergo Fenton chemistry with reactive oxygen species (ROS) leading 

to cellular damage including targeting metalloprotein sites and disrupting their function. 58-

61 As a result, cellular Cu levels must be tightly controlled and there is limited labile or 

‘free’ Cu present in cells. 55, 62-64 There is some interesting recent evidence that pools of 

exchangeable copper can be present under certain conditions, suggesting that Cu may be 

more bioavailable than initially described.65, 66  

Cu(I) is thiophilic, and thiol rich proteins such as ZFs, are potential cellular targets 

for Cu(I) when available (e.g. from the exchangeable pool or under conditions of 

overload).37, 65, 67 Recent work by one of our laboratories examined Cu(I) binding to several 
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ZF peptides.37 These previous studies involved measuring Cu(I) coordination to the  ZF 

consensus peptides CP-CCHH, CP-CCHC, and CP-CCCC that all form the classical  

fold upon Zn(II) coordination and differ only in the metal binding residues, and the C-

terminal domain of the HIV nucleocapsid protein (NCP7), a non-classical ZF with a 

Cys2HisCys (or CCHC) ligand set, often referred to as a zinc knuckle peptide.37 Cu(I) 

bound to all four peptides studied and was thermodynamically favored over both Co(II) 

and Zn(II). However, unlike the Zn(II) bound species, addition of Cu(I) to selected 

peptides did not induce the formation of any secondary structure observable via circular 

dichroism spectroscopy. The lack of folding for these Cu(I)-ZF single peptides suggest 

that when Cu(I) binds to a functional ZF (i.e. with 2 or more domains, single ZF peptides 

are not functional), DNA or RNA binding will be significantly compromised for ZF 

proteins based upon these two specific folds. 

The functional effects of Cu(I) coordination to any ZF have, to our knowledge, not 

been determined. Here, we sought to investigate how Cu(I) interacts with a functional ZF 

construct to determine how Cu(I) coordination to a ZF affects function.  The protein chosen 

for these studies was TTP, which is a Cys3His (CCCH) type ZF (Figure 2.1).1 TTP plays 

a key role in regulating inflammation by controlling levels of cytokines (inflammatory 

proteins), at the mRNA level.68, 69 Specifically, the two CCCH domains of TTP bind to a 

specific AU-rich sequence found in cytokine mRNA forming a complex that is then 

degraded.68, 70-72 The two CCCH domains must be bound to zinc (or iron) and folded in 

 
 

Figure 2.1 The sequence of TTP-2D with the CCCH domain colored purple and the additional histidine 

residues colored yellow. 

Figure 2.1 The sequence of TTP-2D with the CCCH domain colored purple and the additional histidine 

residues colored yellow. 
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order for the protein to bind to mRNA. 1, 44 There is evidence that Cu(I) levels are elevated 

during inflammation,73, 74 suggesting that Cu(I) may target TTP and affect its function, 

making it a particularly relevant ZF to utilize for studies aimed at understanding how Cu(I) 

can target ZF sites. We prepared a single and double domain construct of TTP, called TTP-

1D and TTP-2D, and measured the structural and, for TTP-2D, the functional effects of 

Cu(I) binding. We report that Cu(I) binds to the CCCH domains of TTP, but does not 

induce any secondary structure. We developed a novel filtration/inductively coupled 

plasma mass spectrometry assay to measure metal stoichiometry for TTP-2D, and 

determined that Cu(I) binds in a 3:1 ratio while Zn(II) binds in a 2:1 ratio.  Cu(I)-TTP-2D 

does not recognize the physiologically relevant RNA sequence, UUUAUUUAUUU while 

Zn(II)-TTP-2D does. When Cu(I) is titrated with Zn(II)-TTP-2D/RNA, RNA binding is 

disrupted. These results are discussed in the context of a functional role for Cu and TTP in 

modulating the inflammatory response. 

 

2.2 Materials and Methods 

2.2.1 Co(II), Zn(II), Cu(I) binding titrations 

CuCl (Sigma Aldrich) stock solutions were prepared in a Coy anaerobic chamber by 

dissolving CuCl in 0.01M HCl/1.0M NaCl. The concentrations of the resulting solutions 

were determined upon the addition of small aliquots of the Cu(I) stock to 1 mM 

bicinchoninate (BCA) in 200 mM  HEPES buffer at pH 7.5 to form Cu(BCA)2. The [Cu(I)] 

in the resulting solution was  quantitated via published data for the Cu(BCA)2 complex 

(ε562nm = 7,900 M-1/cm-1 for Cu(BCA)2).
75 The addition of Cu(II) to excess BCA will result 

in the reduction of Cu(II) to Cu(I) over time and a concomitant increase in absorbance at 
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562 nm. Therefore, we monitored the absorbance of Cu(BCA)2 over time during our 

concentration determinations to ensure that our Cu(I) stock solutions remain fully reduced. 

During this process, no increase in absorbance was observed over time, nor did the addition 

of ascorbate as a reducing agent produce additional absorbance increases as 562 nm, 

indicating that the copper stock solution is stabilized as Cu(I). ZnCl2 (Sigma Aldrich) and 

CoCl2 (EM Science) stock solutions were also prepared in a Coy anaerobic chamber by 

dissolving in degassed MilliQ water.  Stock solutions used for Co(II), Zn(II), and Cu(I) 

titrations for TTP-1D and TTP-2D were buffered in 200 mM HEPES, 100 mM NaCl at pH 

7.5.  Titrations of TTP-1D and TTP-2D with Co(II), Zn(II) and Cu(I) were performed in 

screw capped quartz cuvettes (Starna Cells) maintained in a Coy anaerobic chamber (97% 

nitrogen/3% hydrogen atmosphere) and spectra were measured on a Perkin Elmer Lambda 

25 spectrometer.  The buffer used for all titrations was 200 mM HEPES, 100 mM NaCl at 

pH 7.5. The buffers were prepared using metal-free reagents, and water that had been 

purified via a MillQ purification system and Sigma chelex resin, to prevent adventitious 

metal binding. All experiments were performed in triplicate. 

2.2.2 TTP-1D 

A peptide corresponding to the first ZF domain of TTP (called TTP-1D) was purchased 

from Biosynthesis (Lewisville, TX) at > 75% purity. TTP-1D has the sequence, 

TSSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQ, (cysteine and histidine 

ligands are underlined).  To ensure reduction of cysteine thiols, 10 equivalents of 

dithiothreitol was added to TTP-1D and the peptide was heated at 55 ºC for 2 hours. Apo-

TTP-1D then purified using a Symmetry-C18 reversed phase HPLC column on a metal 

free, non-metallic HPLC (Waters 626 LC). A solvent gradient of H2O:CH3CN:TFA was 
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utilized for the separation, and the peptide eluted as a single peak at 65% H2O/ 35% 

CH3CN/0.1% TFA. The TTP-1D peptide was then transferred to a Coy anaerobic chamber 

(97% nitrogen/3% hydrogen atmosphere) where it was lyophilized in a Savant SpeedVac 

concentrator. All further manipulations were performed anaerobically.  

2.2.3 TTP-2D over-expression and purification 

A construct of TTP, called TTP-2D, that encodes for the two ZF domains of TTP, with the 

amino acid sequence of: MSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRH 

PKYKTELCHKFYLQGRCPYGSRCHFIHNPTEDLAL was overexpressed and purified. 

The expression vector, previously reported by our laboratory, was based on the pET-15b 

vector to which the gene that encoded for the two-domain construct of TTP-2D was 

ligated.44 The expression vector was transformed into BL21-(DE3) competent cells 

(Novagen) and the cells were grown in Luria-Bertani (LB) medium containing 100µg/mL 

ampicillin and 100 mM ZnCl2 at 37˚C until mid-log phase (~OD600 of 0.6-0.8). At this 

point, protein expression was induced via addition of 1mM IPTG (Isopropyl β-D-1-

thiogalactopyranoside). At 4 hours post induction, the cells were harvested by 

centrifugation at 7800 x g for 15mins at 4˚C.  A solution of 8M urea, 10mM MES buffer 

at pH 6 and EDTA-free protease inhibitor mini-tablet (Roche) was then utilized to re-

suspend the cells. The cells were then lysed by sonication (Fisher Scientific Sonic 

Dismembrator Model 100) on ice, and centrifuged at 12,100 rpm for 15 minutes at 4˚C to 

remove cellular debris.  The supernatant was then applied to an SP-Sepharose column at 

room temperature and equilibrated via rocking for 60 minutes. Separation was 

accomplished by performing a step gradient from 0 to 2M NaCl in 4M Urea, 10mM MES 

pH 6; TTP-2D eluted at 600 mM NaCl.   To ensure that the cysteine thiols of the isolated 
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TTP-2D were fully reduced, 25 mM DTT was added to the peptide and the peptide was 

heated at 56˚C for 2 hours. A second purification step was then preformed. The peptide 

was applied to a C18-reverse phase HPLC column on a Waters 626 bioinert LC and a 

H2O:CH3CN:TFA gradient was applied.  TTP-2D eluted at 32% CH3CN.  Purified TTP-

2D was then transferred to a Coy anaerobic chamber (97% nitrogen/3% hydrogen 

atmosphere) where it was lyophilized to dryness (Savant SpeedVac concentrator). The 

purity of the peptide was verified by SDS-PAGE and MALDI-MS (calculated 8581.8 Da; 

observed 8581.7 Da).  All subsequent handling of TTP-2D was performed anaerobically, 

to prevent cysteine oxidation.   

2.2.4 Co(II)  and Zn(II) Binding 

To verify that the isolated apo-TTP-1D and apo-TTP-2D bound Zn(II), as expected,  Co(II) 

was used as a spectroscopic probe following the protocol we previously published.44 In a 

typical experiment, either apo-TTP-1D or apo-TTP-2D (40-50 µM) was titrated with CoCl2 

past saturation and the data were fit to a 1:1 binding equilibrium, by plotting data in the d-

d regions (e.g. at 655 nm). A co-titration with ZnCl2 was then performed, and the relative 

affinities of Zn for TTP-1D and TTP-2D were determined. 

2.2.5 Direct Titrations of TTP-1D and TTP-2D with Cu(I) 

CuCl was added to apo-TTP-1D or apo-TTP-2D in a stepwise fashion.  For apo-TTP-1D, 

the following additions were made: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.25, 1.5, 

1.75, 2.0, 2.5, 3.0 equivalents of Cu(I). After the addition of 3 equivalents, the baseline 

drifted upwards, suggesting precipitation or aggregation. For apo-TTP-2D the following 

additions were made: 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0 equivalents of 
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Cu(I). After the addition of 6 equivalents, the baseline drifted upwards, suggesting 

precipitation or aggregation. 

2.2.6 Job’s plot 

Solutions of apo-TTP-2D and CuCl at a constant concentration of 10 μM were prepared in 

screw capped cuvettes maintained in a coy anaerobic box. The mole fraction of Cu (I) in 

each sample was varied as 0.1, 0.2, 0.4, 0.5, 0.75, and 0.9. A Job’s plot was generated from 

the data by plotting the corrected absorbance (A–A0) at 238 nm versus mole fraction [Cu 

(I)] /([Cu (I)]+[apo-TTP-2D]). The maximum absorbance in the Job’s plot of [Cu (I)] / 

([Cu (I)]+[apo-TTP-2D]) was reached at 0.75, indicating 2.8:1 binding stoichiometry. 

2.2.7 Cu(I)TTP-2D affinity and stoichiometry measured via Cu(BCA)2 competition 

assays 

Apo-TTP-2D was added stepwise into a solution of Cu(I)BCA2 prepared at a defined 

molecular ratio (either 9.5 µM Cu(I)/ 0.5 mM BCA or 9 µM Cu(I)/ 5 mM BCA.  The loss 

of the Cu(I)BCA2 signal at 562 nm was monitored.   The data were analyzed according to 

methods described by Xiao et al., resulting in an approximate KD for the Cu(I)-TTP-2D 

interaction.76 

2.2.8 Indirect Titrations of Co(II)-TTP-2D with Cu(I) or Zn(II) 

Co(II)-TTP-2D was prepared by addition of two equivalents of CoCl2 to apo-TTP-2D, 

followed by addition of CuCl or ZnCl2.  0.6, 1.2, 1.7, 2.3, 2.8, and 3.8 equivalents of CuCl 

or ZnCl2 were added, resulting in a diminution of the d-d bands. 2.8 equivalents of Cu and 

2.3 equivalents of Zn were required for complete loss of the d-d bands, which was 

accompanied by some baseline drift indicative of precipitation or aggregation.  
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2.2.9 Preparation of ICP-MS samples 

Cu(I)-TTP-2D and Zn(II)-TTP-2D samples for ICP-MS analysis were prepared by addition 

of 5.0 equivalents of CuCl or ZnCl2 to 40 μM  of apo-TTP-2D in 200 mM HEPES, 100 

mM NaCl at pH 7.5.  Control samples were 200 μM CuCl, 200 μM ZnCl2 and 40 μM apo-

TTP-2D. All samples were incubated via shaking at 300 rpm for 30 minutes at room 

temperature. After incubation, the samples were applied to 3KDa MWCO centrifugal 

filters (Amicon Ultra – 0.5 mL) and spun for 14,000 x g for 30 minutes on a 40º angle fixed 

table-top centrifuge (Denville 260D). The filtered sample volume was then diluted in 200 

mM HEPES, 100 mM NaCl at pH 7.5 to 500 μL and the spin filter step was repeated (3 

times total). The samples were split in half. One half was used to measure metal content - 

6% nitric acid was added, and ICP-MS performed. The other half of the sample was utilized 

to measure peptide concentration. The peptide was unfolded via addition of HCl and the 

peptide concentration measured via absorbance spectroscopy (A276; ε = 8520 M-1 cm-1). 

All samples were prepared under anaerobic conditions (3%H2, 97%N2, anaerobic chamber, 

Coy Laboratories). Measurements were performed in triplicate. 

2.2.10 Copper and Zinc Detection by ICP-MS  

The concentrations of copper and zinc in protein samples were determined by injecting 

samples into an Agilent 7700x ICP-MS (Agilent Technologies, Santa Clara, CA, USA).  

Metal levels were detected using an Octopole Reaction System cell (ORS) in He mode to 

remove interferences. The ICP-MS parameters used for the analysis were: an RF power of 

1550 W, an argon carrier gas flow of 0.99 L/min, helium gas flow of 4.3 mL/min, octopole 

RF of 190 V, and OctP bias of -18 V.  Samples were directly infused using the 7700X 

peristaltic pump with a speed of 0.1 rps and a micromist nebulizer.  Copper and zinc 
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concentrations in samples were derived from a calibration curve generated by a series of 

dilutions of atomic absorption standard (Fluka Analytical) prepared in the same matrix as 

the samples.  Data analysis was performed using Agilent’s Mass Hunter software. 

2.2.11 Circular Dichroism (CD) Studies 

To investigate changes in secondary structure due to Zn(II) and Cu(I) coordination to TTP-

2D, the far-UV Circular Dichroism (CD) spectra were obtained using a JASCO-810 

spectropolarimeter.  50 µM apo-TTP-2D was prepared in 300 µL of 10mM sodium 

phosphate, pH 7.5 (prepared using chelex-treated water and degassed). Either 2 molar 

equivalents of ZnCl2 or 3 molar equivalents of CuCl  were added to the cuvette and scans 

of either Zn(II)-TTP-2D or Cu(I)-TTP-2D were performed. CD data were collected over 

the wavelength range of 180 to 280 nm, with a scan rate of 100 nm/min, at 25 °C in a 1 

mm path length quartz rectangular cell (Starna Cells). A total of 5 scans were obtained for 

each point, and the average was determined. Experiments were performed in triplicate. 

2.2.12 RNA binding studies 

Fluorescence anisotropy (FA) was performed to determine how Cu(I) coordination to TTP-

2D affects RNA recognition and binding. The 3’-Fluorescein (F)-labeled RNA 

oligonucleotide with the sequence UUUAUUUAUUU-F (Dharmacon Research Inc, 

PAGE-purified, deprotected, and desalted and dissolved in DEPC treated water) was 

utilized for these studies. An ISS PC-1 spectrofluorometer, configured in the L format, was 

used for all FA measures.  FA experiments performed with the excitation wavelength/band-

pass at 495nm/2nm, and the emission wavelength/band-pass at 517nm/2nm, identified 

from a full excitation/emission scan of the RNA probe.  The buffer system for the 

experiments was 200 mM HEPES, 100mM NaCl, 0.05mg/mL bovine serum albumin (to 
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prevent protein adherence to the cuvette) at pH 7.5  and the cuvettes utilized were Spectrosil 

far-UV quartz window fluorescence cuvettes (Starna Cells).  Three experiments were 

performed: (1) 10 nM of UUUAUUUAUUU-F  was titrated with the Zn(II)-TTP-2D to 

verify RNA binding, as previously reported by one of our laboratories.44  10 nM of 

UUUAUUUAUUU-F was titrated with Cu(I)-TTP-2D to determine if Cu(I)-TTP-2D binds 

RNA and (3) 10 nM of UUUAUUUAUUU-F  was titrated with Zn(II)-TTP-2D to 

saturation followed by addition of Cu(I)Cl. In all experiments, the anisotropy (r) was 

monitored and the data were analyzed. Each data point is the average of 31 readings 

obtained over 100 s.  All titrations were carried out in triplicate.    

 

2.3 Results and Discussion 

2.3.1 Cu(I) binding to single and double domain constructs of TTP 

To determine whether Cu(I) bound to each construct, direct titrations with CuCl 

under anaerobic conditions were performed.37  For the titration of the single ZF domain 

with Cu(I), TTP-1D, peaks at 238 nm and 262 nm with a shoulder at 300 nm grew in as 

Cu(I) was added (Figure 2.2). The peaks are proposed to be Cu-S charge transfer bands, 

as such bands have been observed for metallothionein and Cu(I)ZF- peptides.37 A plot of 

absorbance versus concentration of Cu(I) (Figure 2.3) revealed a clear break point upon 

the addition of a single Cu(I) equivalent, indicating that Cu(I) binding initially yields a 1:1 

stoichiometry.  We note that the absorption at 238 and 262 nm does not perfectly saturate. 

This may be due to Cu(I)-buffer (Hepes) interactions, as previously reported by Splan et 

al, or to either non-specific binding to the peptide or aggregation, as has been reported 

previously by LeBrun and Giedroc and Merchant.37, 40, 77 
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Figure 2.2 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is added to 

apo-TTP-1D. The apo-TTP-1D spectrum has been subtracted, and the titration was performed in 200 

mM HEPES pH 7.5, 100 mM NaCl.  

 

 

Figure 2.3 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is added to 

apo-TTP-1D. The apo-TTP-1D spectrum has been subtracted, and the titration was performed in 200 mM 

HEPES pH 7.5, 100 mM NaCl. 

 

Figure 2.2 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is added to apo-

TTP-1D. The apo-TTP-1D spectrum has been subtracted, and the titration was performed in 200 mM HEPES 

pH 7.5, 100 mM NaCl. 

Figure 2.3 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is added to apo-

TTP-1D. The apo-TTP-1D spectrum has been subtracted, and the titration was performed in 200 mM HEPES 

pH 7.5, 100 mM NaCl. 
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For the titration of the double ZF domain, TTP-2D, with Cu(I) absorbance peaks at 

238 nm, 262 nm and 300 nm again appeared (Figure 2.4). A plot of Cu(I) concentration 

versus absorbance showed a break point at 3 equivalents of Cu(I)/TTP-2D (3:1) (Figure 

2.5A).  These data also show absorption at 238 and 262 nm that do not saturate, like the 

data observed for TTP-1D. In addition, a slight shift is observed in the data after the 

addition of one equivalent of Cu(I) which suggests sequential metal binding wherein the 

second metal exhibits a slightly different spectral signature.78 To further investigate the 

stoichiometry of Cu:TTP2D, we used Job’s method.79, 80 As shown in Figure 2.5B, the Job 

plot indicates a 2.8:1 binding stoichiometry. These data are consistent with the direct Cu 

binding titration data. 

To examine binding under copper limiting conditions wherein weak and/or non-

specific binding is prohibited further experiments were conducted in the presence of the 

copper-specific chelator BCA. Addition of Cu(I) to excess BCA results in a highly stable,  

 
Figure 2.4 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is is added 

to apo-TTP-2D. The apo-TTP-2D spectrum has is subtracted, and the titration was performed in 200 mM 

HEPES pH 7.5, 100 mM NaCl. 

Figure 2.4 Plot of the change in the absorption spectrum, between 230 and 500 nm, as CuCl is added to apo-

TTP-2D. The apo-TTP-2D spectrum has is subtracted, and the titration was performed in 200 mM HEPES 

pH 7.5, 100 mM NaCl. 
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Figure 2.5 (A) Plot of the increase in absorbance at 238 nm (blue squares), 262 nm (green triangles) and 

300 nm (red circles), as CuCl is added to with apo-TTP-2D. (B) Job’s plot (X axis: mole fraction; [Cu 

(I)] / ([Cu (I)]+[apo-TTP-2D]), Y axis: A – A0 at 238 nm). 

 

Figure 2.5 (A) Plot of the increase in absorbance at 238 nm (blue squares), 262 nm (green triangles) and 300 

nm (red circles), as CuCl is added to with apo-TTP-2D. (B) Job’s plot (X axis: mole fraction; [Cu (I)] / ([Cu 

(I)]+[apo-TTP-2D]), Y axis: A – A0 at 238 nm). 
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colored 1:2 complex (ε562nm = 7,900 M-1/cm-1 for Cu(BCA)2; log 2 = 17.2) 75 As shown in 

Figure 2.6A, addition of increasing amounts of TTP-2D resulted in the loss of absorbance 

signal owing to Cu(BCA)2, indicating that TTP-2D effectively competes with BCA for 

available copper. Analysis of the decrease in absorbance as a function of protein added 

revealed that, even in the presence of 500 µM BCA for which stoichiometric titration data 

are observed, TTP-2D binds Cu(I) with a stoichiometry of ~ 3:1, consistent with our data 

presented above (Figure 2.6B). While the direct titration data presented in Figures 2.2 – 

2.5 do not fully saturate and leave the question of stoichiometry uncertain, this observed 

3:1 stoichiometry under limited copper availability that more closely approximates 

intracellular conditions strongly support the conclusion that TTP-2D binds three Cu(I) ions. 

Upon increasing the amount of BCA present in the experiment to 5 mM, equilibrium 

binding data was observed and was used to estimate an average dissociation constant (KD) 

for the binding of Cu(I) to TTP-2D per the method described by Xiao et al.75, 76 Therein, 

the average KD (per copper ion) for a protein or peptide that binds multiple Cu(I) ions can 

be calculated from equation 1: 

𝐾𝐷 = (
1−𝜃

𝜃
)

1/𝑛

[𝐶𝑢]𝑓       (1) 

where n equals the number of Cu(I) ions bound to the protein. Fractional occupancy and 

[Cu]f  were calculated from the total concentrations of Cu(I), TTP-2D, and BCA. Assuming 

n = 3, a dissociation constant KD ~ 10-18 M for the Cu(I)-TTP-2D interaction was estimated, 

which is within the range of several Cu(I)-protein interactions previously reported.75 The 

upper limit KD for Zn(II) binding to TTP-2D has previously been reported.44 This affinity 

is 6.2 × 10-11 M, which is weaker than the affinity of Cu(I) for TTP-2D.  
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Figure 2.6 (A) Plot of the change in the absorption spectrum between 450 and 650 nm as apo-TTP-2D 

is added to Cu(I):BCA2 (9.5 µM Cu: 0.5 mM BCA). (B) Plot of the absorption spectrum at 592 nm as 

apo-TTP-2D is added to Cu(I):BCA2 [9.5 µM Cu: 0.5 mM BCA (red) and 9 µM Cu: 5 mM BCA(black)].  

Experiments were performed in 200 mM HEPES pH 7.5, 100 mM NaCl. 

Figure 2.6 (A) Plot of the change in the absorption spectrum between 450 and 650 nm as apo-TTP-2D is 

added to Cu(I):BCA2 (9.5 µM Cu: 0.5 mM BCA). (B) Plot of the absorption spectrum at 592 nm as apo-TTP-

2D is added to Cu(I):BCA2 [9.5 µM Cu: 0.5 mM BCA (red) and 9 µM Cu: 5 mM BCA(black)].  Experiments 

were performed in 200 mM HEPES pH 7.5, 100 mM NaCl. 
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TTP-2D contains two CCCH domains, therefore a 2:1 not a 3:1 stoichiometry is 

expected if each Cu(I) binds to a single CCCH site. Therefore, an assay based upon 

inductively coupled plasma mass spectrometry (ICP-MS) was developed. In this assay, 

outlined in Figure 2.7, M-TTP-2D complexes (M = Cu(I) or Zn(II)) were prepared by 

addition of 5 equivalents (excess) of the metal ion to apo-TTP-2D followed by incubation 

to form the M-TTP-2D complex. The complex was then applied to a 3 kilodalton molecular 

weight cut off spin filter, and washed 3 times to remove any adventitiously bound metal 

ions. This approach should isolate the fully-metal bound TTP-2D species. The resultant 

M:TTP-2D stoichiometry was determined by measuring the total metal content via 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Total protein content was 

determined by denaturing the protein and using the determined extinction coefficient of  

= 8520 M-1 cm-1 at 276 nm.29 The metal:TTP-2D stoichiometry was then determined from 

this ratio. As shown in Table 2.1, the Cu:TTP-2D stoichiometry was 3:1, matching the 

UV-visible data.  The Zn-TTP-2D stoichiometry was 2:1, which was expected based upon 

previously reported NMR data.34 The consistency seen in the Zn and Cu data, between 

ICP-MS and other measures of stoichiometry provides strong support for the viability of 

this spin filtration/ICP-MS approach. 

 

Figure 2.7 Outline of metal-bound TTP-2D isolation via spin-filter/ICP-MS approach 
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TTP-2D has two CCCH domains. When zinc is bound, each CCCH domain 

provides four ligands – all three cysteines and the histidine – resulting in four coordinate, 

tetrahedral complexes. The 3:1 Cu:TTP-2D binding stoichiometry observed here suggests 

that the coordination number and geometry differs when Cu(I) is bound instead of Zn(II). 

Cu(I) typically binds with a coordination number of 2-3 and is often planar.81 Therefore, 

the three Cu(I) ions may bind to the two CCCH domains by utilizing 2-3 ligands per Cu(I). 

We also note that within the amino acid sequence of TTP-2D, there are three additional 

histidine residues that are not part of the CCCH domains. These may also serve as ligands 

for Cu(I). 

2.3.2 Competitive Metal Titrations: Displacement of Co(II) by Cu(I) and Zn(II) 

To determine if Cu(I) binds to the CCCH sites, like Zn(II), competition titrations 

were performed.  In these experiments, the TTP-2D peptide was loaded with a slight excess 

of Co(II) (2.4 equivalents), and then aliquots of either Zn(II) or Cu(I) were added (Figure 

2.8A and 2.8B). Co(II) is a surrogate for Zn(II) - it binds to the CCCH domains in a 

tetrahedral geometry and exhibits distinct d-d bands between 550-750 nm indicative of this 

coordination; however it can be displaced by Zn(II) which binds more tightly to tetrahedral 

sites than Co(II), due to ligand field stabilization energy preferences.1, 2, 44 Addition of 2.3 

Table 2.1 Measurement of metal: TTP-2D stoichiometry using ICP-MS.  

Copper Stoichiometry Zinc Stoichiometry 

Cu-TTP-2D 3.1 (± 0.27*, ± 0.13**) Zn-TTP-2D 2.3 (± 0.41*, 0.10**) 

apo-TTP-2D 0.034 (±0.013*, ±0.004**) apo-TTP-2D 0.004 (±0.005*, 0.001**) 

Buffer† 0.057 (±0.097*, ±0.028**) Buffer† 0.027 (±0.010*, 0.002**) 

* SD, Standard Deviation, ** SEM, Estimated Standard Error of the Mean (n=12), † Buffer = 200 mM 

HEPES, 100 mM NaCl, pH 7.5 with 5 equivalents of CuCl or ZnCl2 

 

Table 2.1 Measurement of metal: TTP-2D stoichiometry using ICP-MS.  
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Figure 2.8 (A) Plot of the change in the absorption spectrum, between 550 and 750 nm, as 0.6, 1.2, 1.8, 

2.4, 3.0 and 4.0 equiv. of CuCl is added to Co(II)-TTP-2D, (B) Plot of the change in the absorption 

spectrum, between 550 and 750 nm as 0.6, 1.2, 1.8, 2.4, 3.0 and 4.0 equiv. of ZnCl2 is is added to Co(II)-

TTP-2D. 

Figure 2.8 (A) Plot of the change in the absorption spectrum, between 550 and 750 nm, as 0.6, 1.2, 1.8, 2.4, 

3.0 and 4.0 equiv. of CuCl is added to Co(II)-TTP-2D, (B) Plot of the change in the absorption spectrum, 

between 550 and 750 nm as 0.6, 1.2, 1.8, 2.4, 3.0 and 4.0 equiv. of ZnCl2 is added to Co(II)-TTP-2D. 
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equivalents of Zn and 2.8 equivalents of Cu were sufficient to fully replace the Co as 

evidenced by the loss of the Co d-d bands (Figure 2.9). The finding that slightly more Cu 

is required to replace Co than Zn is consistent with our observation of a 3:1 Cu:TTP-2D 

stoichiometry from both the direct titrations of apo-TTP-2D with Cu(I) and ICP-MS 

analysis.  Cu(I)  typically binds with a lower coordination number than Zn(II)  or Co(II) 

and we propose that the third Cu(I)  binds to some of the ligands within the CCCH domains 

and possibly to other ligands within the TTP-2D sequence. The property of metal ions 

displacing Co and binding to the CCCH domains of TTP appears to be generalizable for 

TTP: we have previously shown that Fe(II), Fe(III), and Cd(II) all displace Co from Co-

TTP and that Cu(I) will displace Co(II) from the ZF consensus peptides and zinc knuckle 

peptides.34, 37, 44  

 

Figure 2.9 Plot of the absorption spectrum at 650 nm as a function of either added Cu(I) or Zn(II). 

Titrations were performed with 16.5 μM Apo-TTP-2D in 200 mM HEPES, 100 mM NaCl, pH 7.5. 
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Figure 2.9 Plot of the absorption spectrum at 650 nm as a function of either added Cu(I) or Zn(II). Titrations 

were performed with 16.5 μM Apo-TTP-2D in 200 mM HEPES, 100 mM NaCl, pH 7.5. 



63 
 

2.3.3 Circular dichroism (CD) of apo-TTP-2D, Zn(II)TTP-2D and Cu(I)TTP-2D  

Circular Dichroism (CD) spectroscopy was employed to measure the secondary structure 

of TTP-2D as a function of metal coordination. As shown in Figure 2.10, apo-TTP-2D 

adopts a random coil conformation while Zn(II)-TTP-2D shows some evidence of 

secondary structure, mostly alpha helical character. This is in keeping with the NMR 

structures of TTP and a close homolog Tis11d – both of which exhibit some alpha helical 

structure upon Zn binding.82, 83 The Cu(I)-TTP2D spectrum lacked any secondary structure, 

and instead is similar to the spectrum of apo-TTP-2D. These results indicate that while 

Cu(I) binds to TTP-2D, as evidenced by changes in the UV-visible spectrum including the 

appearance of charge transfer bands between Cu(I) and sulfur, that the metal coordination 

is not accompanied by adoption of any secondary structure. 

 

Figure 2.10 Overlay of the CD spectra of 50μM apo-TTP-2D (black line), Zn(II)-TTP-2D (red dot) and 

Cu(I)-TTP-2D (green line). All experiments performed in 10 mM sodium phosphate, pH 7.5. 

Figure 2.10 Overlay of the CD spectra of 50μM apo-TTP-2D (black line), Zn(II)-TTP-2D (red dot) and 

Cu(I)-TTP-2D (green line). All experiments performed in 10 mM sodium phosphate, pH 7.5. 
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2.3.4 Cu(I)-TTP-2D/RNA binding   

TTP-2D binds specifically to the mRNA sequence: AAAUAAAUAAA, which is 

found at the 3’ end of cytokine mRNAs. When Zn(II) is bound to TTP-2D, high affinity 

binding to this RNA target is observed.1, 44, 82, 84 Similar high affinity RNA binding is 

observed when Fe(II), Fe(III) or Cd(II) are coordinated to TTP-2D.34, 44 To determine how 

Cu(I)-TTP-2D binds to RNA, a fluorescence anisotropy assay, developed by one of our 

laboratories, was utilized.34, 44 In the experiment, Cu(I)-TTP-2D was added to a 

fluorescently labeled RNA target sequence, UUUAUUUAUUU-F (F = fluorescein), and 

binding was monitored via a change in anisotropy (r). No binding to RNA was observed 

(Figure 2.11) in the presence of Cu(I)-TTP-2D.  This contrasts with Zn(II)-TTP-2D, 

Fe(II)-TTP-2D, Fe(III)-TTP-2D, and Cd(II)-TTP-2D, all of which bind to the AU-rich 

 

Figure 2. 11 Comparison of the change in anisotropy upon the addition of Zn(II)-TTP-2D (red), or Cu(I)-

TTP-2D (teal green) to the RNA oligonucleotide UUUAUUUAUUU-F (F= fluorescein). 

Figure 2.11 Comparison of the change in anisotropy upon the addition of Zn(II)-TTP-2D (red), or Cu(I)-

TTP-2D (teal green) to the RNA oligonucleotide UUUAUUUAUUU-F (F= fluorescein). 
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RNA sequence with high affinities (Kd = 16 ±  1 nM, 12 ±  1 nM, 25 ±  3 nM, 2.4 ±  0.2 

nM).34, 44 This result suggests that when Cu(I) binds to TTP-2D, in lieu of Zn(II), or other 

divalent or trivalent metal ions, the protein is not functional. This lack of function is likely 

due to the effect of Cu(I) on folding.  While Cu(I) binds to TTP-2D, as evidenced by the 

appearance of charge transfer bands in the UV-visible spectrum (Figure 2.2 and 2.4) the 

protein does not exhibit any secondary structure, as indicated by the CD spectrum of Cu(I)-

TTP-2D, which resembles that of apo-TTP-2D. Moreover, the observation that 3 

equivalents of Cu(I) bind to TTP-2D provides further support for altered/disrupted 

structure of TTP-2D.  

A second fluorescence anisotropy experiment, in which Cu(I) was added to Zn(II)-

TTP-2D bound to RNA was also performed. The goal was to determine if Cu(I) disrupts 

the protein/RNA binding interaction. We observe that addition of Cu(I), starting with 0.5 

equivalents (vs. 1 equivalent Zn(II)-TTP2D/RNA),  resulted in a diminution of anisotropy. 

After the addition of 3.5 equivalents of Cu(I), the anisotropy equaled that of free RNA, 

indicating that Zn(II)-TTP binding to RNA was completely inhibited (Figure 2.12).  These 

data suggest a potential role for Cu(I) in turning off TTP function by disrupting the 

protein/RNA binding interaction. 
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2.4 Conclusions 

The work described in this manuscript is the first study of how Cu(I) can affect the 

function of a ZF protein. Cu(I) coordinated TTP-2D does not bind to RNA and Cu(I) 

inhibits Zn(II)-TTP-2D/RNA binding. The lack of RNA binding when Cu(I) is coordinated 

to TTP-2D is likely due to the lack of folding of the CCCH domains. Although TTP-2D 

has limited fold when the native Zn(II) metal is bound, this limited fold is clearly important 

for RNA binding. The inhibition of Zn(II)-TTP-2D/RNA by Cu(I) suggests that Cu(I) can 

also associate with the Zn(II)-TTP-2D/RNA complex and disrupt function.  Whether Cu(I) 

 

 

Figure 2.12 Plot of the change in anisotropy upon the addition of Zn(II)-TTP-2D (red)  to the RNA 

oligonucleotide UUUAUUUAUUU-F (F= fluorescein) followed by addition of Zn(II)-TTP-2D (red) to 

the RNA oligonucleotide UUUAUUUAUUU-F (F = fluorescein) followed by addition of CuCl. All FA 

experiments were performed in a 200 mM HEPES, 100 mM NaCl, at pH 7.5. 
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Figure 2.12 Plot of the change in anisotropy upon the addition of Zn(II)-TTP-2D (red)  to the RNA 

oligonucleotide UUUAUUUAUUU-F (F= fluorescein) followed by addition of Zn(II)-TTP-2D (red) to the 

RNA oligonucleotide UUUAUUUAUUU-F (F = fluorescein) followed by addition of CuCl. All FA 

experiments were performed in a 200 mM HEPES, 100 mM NaCl, at pH 7.5. 
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disrupts the function of other types of ZF proteins- classical or non-classical remains to be 

seen. We note that the only other study of Cu(I) binding to a ZF site, besides that of one 

reported by one of our laboratories that examined Cu(I) binding to short ZF peptides,37 

examined Cu(I) binding to the zinc binding domain, SBP, from the copper response 

regulator 1 (CRR1) protein from Chlamydomonas reinhardtii.40 Cu(I)-SBP adopted the 

same structure as Zn(II)-SBP, as measured by CD, in contrast to TTP (vide supra) , CP-

CCHC and NCp7_C which all exhibited no secondary structure when Cu(I) was 

coordinated. This finding suggests that the type of ZF (i.e. types of ligands at each ZF 

domain), must play a role in whether Cu(I) leads to a structured domain. The functional 

effects of Cu(I)-SBP were not investigated; and it would be interesting to learn how this 

protein’s ability to bind to DNA is affected by Cu(I) coordination. 

 Copper levels are upregulated during inflammation, and consequently cytokine 

levels are elevated.73, 85, 86 The mechanisms by which increased copper leads to 

inflammation are not clearly understood. One current hypothesis is that copper is released 

from the protein Ceruloplasmin, a multi-copper oxidase, that stores most of the circulating 

copper in the plasma.69 Once released, the copper can bind to other proteins, and 

inflammatory mediators such as NF-κB have been proposed to be targets. TTP is another 

inflammatory mediator, and participates in the same signaling pathway as NF-κB, making 

it a potential target. Our biochemical data revealed that TTP does not bind to RNA when 

Cu(I)-loaded suggesting that in cells, Cu(I)-TTP may inhibit TTP’s function to shut off 

cytokine production (and therefore the inflammatory response), leading to over-

inflammation.  Work is now underway to examine how TTP function is modulated by metal 

ions in an in vivo model. 
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More broadly, the ability of Cu(I) to disrupt Zn-metalloproteins may have clear 

implications in the context of copper toxicity and/or metallo-regulation. While under most 

cellular conditions Cu(I) levels are tightly controlled and free Cu(I) concentrations are very 

low,62 several disease states are characterized by mis-regulation of cellular copper. 56, 73, 87-

91 A clear understanding of Cu(I)-binding to Zn(II)-metalloproteins is important in 

identifying putative targets for disruption by Cu(I) under conditions of copper mis-

regulation. Previous work has shown that the ZF-based Sp1 transcription factor regulates 

the expression of multiple copper-binding proteins in response to fluctuations in copper 

concentrations, and it is hypothesized the ZFs in Sp1 function as intracellular copper 

sensors via copper interaction at the zinc binding sites.92-95 The disruption of TTP-2D 

function by Cu(I) observed here suggests that Cu(I) may also play a regulatory role in the 

inflammatory response, and may be another example of metalloprotein substitution for 

regulatory purposes. Finally, recent work suggests that fluctuations of intracellular 

transition metal ion concentrations, including Cu(I), may play an important roles in signal 

transduction, providing support for the notion that transition metal ion-protein interactions 

are more dynamic than previously believed. 65, 66 

A final contribution of this work is the utilization of a rapid ICP-MS approach to 

measure metal:protein stoichiometry.  Conventionally, UV-visible monitored titrations are 

used to determine stoichiometry; however, this approach relies on the presence of clear 

absorbance bands (often charge transfer bands), which can be obscured or modulated by 

protein bands making it difficult to definitively ascribe stoichiometry.44 Our approach 

directly measures metal stoichiometry via a rapid spin filter/ ICP-MS approach, and we 

envision its use in confirming metal stoichiometry for other metalloprotein systems.  
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Chapter 3 

The Role of Gold in Inflammation and Tristetraprolin Activity* 

 

3.1 Introduction 

Zinc finger proteins are proteins that use zinc as a co-factor to fold and function.1-4 

Zinc finger proteins are ubiquitous in eukaryotes, and have recently been identified in 

prokaryotes and archaea.5, 6 The common feature of all zinc finger proteins is the presence 

of modular domains that contain a combination of four cysteine and/or histidine ligands at 

regular repeats.1, 7 These residues serve as ligands to coordinate zinc in a tetrahedral 

geometry. Upon zinc coordination, these domains adopt a unique secondary structure. Zinc 

finger proteins mediate a variety of biological functions, typically at the transcriptional and 

translational levels.1, 8 As such, folded zinc finger domains recognize and bind to other 

macromolecules (e.g. DNA or RNA), often with exquisite sequence selectivity.1, 4, 7   

The first identified and most common zinc finger protein is the ‘classical’ zinc 

finger, which contains a Cys2His2 sequence motif.1, 7 Upon zinc binding, ‘classical’ zinc 

fingers adopt an alpha-helical/beta-strand fold, recognize specific DNA targets and 

regulate transcription. Advances in protein sequencing and proteomics have led to the 

identification of a least thirteen other types (or families) of zinc finger proteins, and it is 

estimated that in eukaryotes 3 – 10% of all proteins are zinc finger proteins.1, 4, 9 These 

‘non-classical’ zinc fingers differ with regards the ligand set (number and spacing between 

cysteine and histidine residues), fold upon zinc binding and/or function. 

 

* Adapted from publication: Ok, K.; Li, W.; Neu, H. M.; Batelu, S.; Stemmler, T. L.; Michel, 

S. L. J, 2020, Chem. Eur. J., 26:1535–1547 
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The second most common zinc finger protein family has domains with a Cys3His 

motif.10 Often referred to as ‘CCCH’ type zinc fingers, these ‘non-classical’ zinc finger 

proteins are involved in RNA regulation. One of the best studied members of this family 

is tristetraprolin (TTP), which plays an important role in inflammatory response.1 During 

inflammation, cytokines (e.g. TNF-ɑ) stimulate signaling pathways to produce more 

cytokines. TTP regulates this signaling pathway, as shown in Figure 3.1, by 

downregulating cytokine mRNAs. The biochemical mechanism of action involves 

recognition of specific AU-rich cytokine mRNA sequences, via TTP’s two Cys3His zinc 

finger domains.1, 11 TTP regulates at least a dozen cytokines simultaneously.10 This 

property has led to TTP being dubbed a ‘master regulator’ of inflammation. When TTP is 

 
 

Figure 3.1 Cartoon diagram of role of TTP in TNF- ɑ signaling. TTP (colored yellow) regulates TNF-ɑ 

by binding to and degrading its mRNA as part of the NF-κB signaling pathway. 

Figure 3.1 Cartoon diagram of role of TTP in TNF- ɑ signaling. TTP (colored yellow) regulates TNF-ɑ by 

binding to and degrading its mRNA as part of the NF-κB signaling pathway. 
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disrupted, inflammation is no longer controlled, and a number of deleterious pathologies 

including sepsis, arthritis and cancer can occur.12-15 Given its major role in regulating 

inflammation, there is a growing interest in modulating TTP function a means to control 

inflammatory response.14-16  

One potential strategy to modulate TTP function is to utilize gold complexes. The 

signaling pathway that activates TTP involves NF-κB and multiple cytokines (see Figure 

3.1),10 and there is evidence that gold modulates this pathway as part of its anti-

inflammatory effect.17, 18 Gold has long been known to exhibit anti-inflammatory 

properties, and there is currently an FDA approved gold anti-inflammatory drug, Auranofin, 

indicated to treat rheumatoid arthritis.19 However, the biochemical mechanism by which 

gold functions as an anti-inflammatory, and particularly which proteins are targeted by 

gold are not well understood. There are several reports that gold complexes can target thiol 

rich zinc finger proteins and peptides including the HIV-nucleocapsid zinc finger,20-22 

PARP,23-25 SP-1,20, 22, 26 and model zinc finger peptides,24, 27 as well as extensive work by 

both the Farrell and Casini laboratories in the design of gold complexes to chemically 

modify ZF sites.20, 28-33 How gold targets TTP is not known; however, as TTP is a thiol-

rich zinc finger with six cysteine residues, we reasoned that the reported modulation of the 

NF-κB pathway by gold may involve reactivity of gold with TTP. 

To test this hypothesis, we investigated the interaction of [Au(III)(terpy)Cl]Cl2 

(referred to as (Au(III)terpy)) with a functional construct of TTP, the tandem zinc finger 

domain of TTP (Zn(II)2-TTP-2D), and its RNA bound complex. Using a suite of 

spectroscopic and analytical methods including optical spectroscopy, inductively coupled 

plasma mass spectrometry (ICP-MS), native electrospray ionization mass spectrometry 
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(ESI-MS), and X-ray absorption spectroscopy (XAS), we discovered that gold replaces 

Zn(II) in the TTP-2D active site in the reduced Au(I) form with two cysteine residues 

coordinated. The replacement of Zn(II) with Au(I) disrupts TTP secondary structure 

leading to abrogation of RNA binding. In contrast, when Zn(II)2-TTP-2D is bound to RNA, 

no replacement of Zn(II) with Au(I) is observed, even in the presence of excess 

Au(III)terpy. RNA binding protects TTP from zinc replacement. 

 

3.2 Materials and Methods 

3.2.1 General Materials 

Gold(III) chloric acid trihydrate (HAuCl4·3H2O) and 2,2':6',2''-terpyridine were purchased 

from Fisher Scientific and Acros Organics, respectively. Zinc chloride (ZnCl2), zinc acetate 

(Zn(OAc)2), and Cobalt chloride (CoCl2) were purchased from Sigma-Aldrich, Fluka 

Chemicals, and EM Science, respectively. 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES), sodium phosphate, ammonium acetate and sodium 

chloride, used for buffer solutions, were purchased from Sigma-Aldrich. The atomic 

absorption standard (AAS) for 197Au used in the ICP-MS analysis was obtained from 

Sigma-Aldrich. The 3'-Fluorecein (F)-labeled RNA oligonucleotide probe 

(5’UUUAUUUAUUU3’-Flc) for the fluorescence anisotropy (FA) studies was purchased 

from Dharmacon Research Inc. (PAGE-purified, deprotected, and desalted) and was 

dissolved in DEPC treated water. The non-labeled RNA oligonucleotide for native ESI-

MS studies (5’UUUAUUUAUUU3’) was obtained from Sigma-Aldrich.  
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3.2.2 Preparation of Buffers and Metal Stock Solutions 

All buffers were prepared using metal-free reagents and ultrapure water (PURELAB Flex). 

ZnCl2, Zn(OAc)2 and CoCl2 stock solutions were prepared and diluted to a 1 mM 

concentration by dissolving each metal salt in degassed treated ultrapure water. For optical 

titrations, the ultrapure water was subject to chelex treatment. Au(III)terpy was prepared 

following published protocols and isolated as a solid.34 For experiments, a 1 mM stock 

solution of Au(III)terpy in ultrapure water was prepared.  

3.2.3 TTP-2D Overexpression and Purification 

A construct encoding the double ZF domains of TTP (TTP-2D, 

SRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQG

RCPYGSRCHFIHNPTEDLAL) was cloned into a pET-15b vector, overexpressed and 

purified, as previously reported by our laboratory.11, 35 Briefly, the plasmid was 

transformed into E. Coli BL21 (DE3)-competent cells (Novagen) and grown in 1 L of 

Luria-Bertani (LB) medium containing 100 μg/mL ampicillin and 100 mM ZnCl2 at 37 ºC 

until mid-log phase (~OD600 of 0.6-0.8). 1 mM IPTG (isopropyl β-D-1-

thiogalactopyranoside) was then added to induce protein overexpression. 4 h post-

induction, the cells were harvested by centrifugation at 7800 x g for 15 min at 4 ºC. The 

collected cell pellet was resuspended in a solution of 8 M urea, 10 mM MES (2-(N-

morpholino)ethanesulfonic acid) buffer at pH 6 with one EDTA-free protease inhibitor 

mini-tablet (Roche) added to prevent protease activity. The cells were lysed by ultra-

sonication (Fisher Scientific Sonic Dismembrator Model 100) on ice and centrifuged at 

17710 x g for 15 min at 4 ºC to remove cell debris. The supernatant was applied to a SP-

sepharose column at room temperature and equilibrated by rocking on a shaker for 1 h. A 
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step-gradient of 0 to 2 M NaCl in 4 M urea, 10 mM MES at pH 6 was applied, and TTP-

2D eluted at 600 mM NaCl. To reduce any disulfide bonds formed during purification, 10 

mM of DTT was added to the eluted TTP-2D and the protein was heated at 56 ºC for 2 h. 

The reduced protein was then purified via HPLC using a C18 column and a 

H2O/CH3CN/TFA gradient. Apo-TTP-2D eluted at 68% H2O / 32% CH3CN / 0.1% TFA 

and was immediately transferred to a Coy anaerobic chamber (97% N2 / 3% H2 

atmosphere) and lyophilized to dryness via a Savant Speed-Vacuum concentrator. The 

purity of the isolated apo-TTP-2D peptide was verified by SDS-PAGE and MALDI-MS.11 

All subsequent experiments were performed anaerobically to prevent cysteine oxidation. 

3.2.4 Metal Binding Titrations 

All metal binding titrations were performed using a Perkin-Elmer Lambda 25 UV-Vis 

spectrophotometer. Zn(II)2-TTP-2D was prepared by adding two equivalents of ZnCl2 to 

apo-TTP-2D (in 20 mM phosphate buffer, pH 7.5). To a solution of Zn(II)2-TTP-2D (5.9 

μM), Au(III)terpy was titrated (0.2 – 5.0 equiv., 0.2 equivalent intervals) and the UV-

visible spectra were monitored. Co(II)2-TTP-2D was prepared by adding two equivalents 

of CoCl2 to apo-TTP-2D (in 200 mM HEPES, 100 mM NaCl, pH 7.5). To a solution of 

Co(II)2-TTP-2D (16.4 μM), Au(III)terpy was titrated (0.2 – 5.0 equiv., 0.2 equivalent 

interval) and the UV-visible spectra were monitored.  

3.2.5 Circular Dichroism (CD) 

Far-UV circular dichroism was performed on a JASCO-810 spectropolarimeter. A 50 μM 

solution of apo-TTP-2D was prepared in 300 μL of 10 mM sodium phosphate, pH 7.5 

(using Chelex-treated and degassed water), and the sample was applied in a 1 mm path 

length quartz rectangular cuvette (Starna Cells) and the spectra measured. 2.0 equiv of 
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ZnCl2 and Au(III)terpy was then added consecutively to the cuvette in sequence and the 

spectra of Zn(II)2-TTP-2D followed by Au(III)terpy plus Zn(II)2-TTP-2D were measured. 

CD data were collected over the wavelength range of 180-280 nm, with a scan rate of 100 

nm/min, at 25 ºC. A total of five scans were obtained for each point, and the average was 

determined. The CD spectra were measured at time intervals of 15 minutes up to two hours. 

No significant changes in the spectra were observed. Experiments were performed in 

triplicate. 

3.2.6 Native Electrospray Ionization-Mass Spectrometry (ESI-MS) 

Apo-TTP-2D, Zn(II)2-TTP-2D and Zn(II)2-TTP-2D with Au(II)terpy samples were all 

evaluated via native nano-ESI-MS. All samples were prepared at a concentration of 10 μM 

in 10 mM ammonium acetate (NH4OAc) buffer at pH 6.9. Zn(II)2-TTP-2D was generated 

from apo-TTP-2D via addition of two molar equivalents of zinc chloride (ZnCl2) followed 

by shaking for 30 min at 300 rpm. For the Au(III)terpy plus Zn(II)2-TTP-2D sample 

preparation, two molar equivalents of Au(III)terpy were added to Zn(II)2-TTP-2D. Typical 

incubation times were 2 hours. All samples were passed over a PD-10 desalting column 

(GE Healthcare) and applied to an Amicon Ultra 0.5mL, 3 kDa MWCO centrifugal filter 

(Millipore) to remove all salts. The samples were directly infused at a flow rate of 50 – 100 

nL/min into a Thermo Scientific Orbitrap Elite mass spectrometer (Bremen, Germany) 

with a nano-ESI interface coupled with a 2μM diameter spray tip (PicoTip, New Objective, 

Inc., Woburn, MA, USA). The conditions for all analysis were as follows: electrospray 

voltage 1.5 kV; S-lens RF level(%) 60; capillary temperature 40 °C; Resolution 30,000. 

Mass spectra were acquired over the range of m/z = 500 – 2000 and 50 to 80 scans were 

averaged prior to data analysis in Xcalibur. The mass accuracy was calculated using MASH 
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Suite software.36 Pierce™ LTQ Velos ESI Positive Ion Calibration Solution (Thermo 

Scientific) was used to calibrate the mass range (200 – 3000 m/z). All m/z simulations were 

performed via enviPat Web 2.4.37  

For the titration experiment of the Zn(II)2-TTP-2D/RNA complex with 

Au(III)terpy, the Zn(II)2-TTP-2D sample was prepared by adding two molar equivalents 

of zinc acetate (Zn(OAc)2) to 10 μM of apo-TTP-2D in 10 mM ammonium acetate 

(NH4OAc) buffer at pH 6.9 and incubating for 30 min at 300 rpm, room temperature. 10 

μM (1.0 equiv.) of RNA oligomer (sequence: 5’UUUAUUUAUUU3’, M.W.: 3352.0 Da, 

a custom oligomer purchased from Sigma-Aldrich) was then mixed with the Zn(II)2-TTP-

2D sample and incubated for 30 min at 300 rpm, room temperature. The protein/RNA 

complexes were directly infused using a syringe pump at a flow rate of 500 nl/min to a 

nano-ESI source on Waters Synapt G2S mass spectrometer (Waters). After that, 1.0 and 

2.0 molar equivalents of Au(III)terpy were applied to the protein/RNA complex and 

infused. The instrument parameters used for native analysis were: source temperature: 

50℃; capillary voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V; trap collision energy, 

4V; trap gas flow, 2 mL/min; helium cell gas flow, 180 mL/min; IMS gas flow 90 mL/min; 

IMS wave height, 40V; IMS wave velocity, 900 m/s. Sodium iodide solution was utilized 

to calibrate over the range of m/z 100 – 3000. All mass spectra were processed by Masslynx 

4.1 (Waters). 

3.2.7 197Au analysis via ICP-MS 

10 μM of Zn(II)2-TTP-2D and apo-TTP-2D were prepared in 500 μL of 200 mM HEPES, 

100 mM NaCl, at pH 7.5 under anaerobic conditions (Coy Laboratory Products Inc., Glove 

box atmosphere at 97% N2 / 3% H2). Excess Au(III)terpy (5 equiv.) was then added to 
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each protein sample and incubated via shaking at 300 rpm for 30 min at room temperature. 

After incubation, each sample was applied to a 3 kDa MWCO centrifugal filter unit 

(Amicon Ultra 0.5 mL, Millipore) and spun for 14000 x g for 30 min on a 40º angle fixed 

table-top centrifuge (accuSpin Micro17, Fisher Scientific Inc.). The isolated proteins were 

diluted in 200 mM HEPES, 100 mM NaCl at pH 7.5 to 500 μL. The spin-filter step was 

repeated 3 times. The isolated protein was split in half, with one fraction digested in 5% 

HCl and used to measure gold (197Au) content via ICP-MS analysis, and the other half 

utilized to measure the protein concentration via a Bradford protein assay using Coomasie 

Plus Reagent (Thermo Inc.). The concentration of gold in the isolated protein samples was 

determined by injecting the samples into an Agilent 7700X ICP-MS instrument (Agilent). 

Metal levels were determined using an Octopole Reaction System cell (ORS) in He mode. 

The ICP-MS parameters used for the analysis were an RF power of 1550 W, and a helium 

gas flow of 4.3 mL/min, an argon gas flow of 0.99 L/min, an octopole RF of 190V, and an 

OctP bias of – 18 V. Samples were directly infused using the 7700X peristaltic pump with 

a speed of 0.1 rps and a micromist nebulizer. The 197Au concentration in the samples was 

derived from a calibration curve generated by a series of diluted atomic absorption 

standards (Fluka Analytical) prepared in the same matrix (5% HCl) as the experimental 

samples. Data analysis was performed via Agilent’s Mass Hunter Software.  

3.2.8 X-ray Absorption Spectroscopy (XAS)  

Samples of 1 mM TTP-2D (zinc loaded or zinc free) were prepared anaerobically in 20 

mM phosphate buffer (pH 7.5), 50 mM ß-mercaptoethanol and loaded with 1 mM ZnCl2 

salt. In this buffer, 1 mM Au(III)terpy was then added to final stoichiometries of 1.0 

equivalent, 2.0 equivalents, and 4.0 equivalents, respectively. Samples were dialyzed 
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anaerobically into 20 mM phosphate buffer (pH 7.5) with 100 mM NaCl and 30% glycerol, 

concentrated to 1 mM [Au] and loaded into leucite XAS sample cells wrapped with Kapton 

tape. Samples were immediately flash frozen and stored in liquid nitrogen until exposed to 

X-rays. Au-L3 edge XAS data were collected at the Stanford Synchrotron Radiation 

Lightsource on beamline 9-3, equipped with a Si[220] double-crystal monochromator with 

an upstream mirror for focusing and harmonic rejection. Fluorescence spectra were 

collected using a 100-element Germanium solid-state Canberra detector. During data 

collection, an Oxford Instruments continuous-flow liquid helium cryostat was used, and it 

was stabilized at 10° K. Gold excitation data were collected with a 6 μm Gallium filter and 

solar slits placed between cryostat and detector to reduce scattering fluorescence. XAS 

spectra were measured using 5 eV steps in the pre-edge region (11850 – 11900 eV), 0.25 

eV steps in the edge region (11900 – 11930 eV), and 0.05 Å-1 increments in the extended 

X-ray absorption fine structure (EXAFS) region (to k = 14.3 Å-1), integrating from 1 to 25 

seconds in a k3 weighted manner for a total scan length of approximately 48 minutes/scan. 

A gold foil spectrum was collected simultaneously with each protein spectrum for energy 

calibration, with an assigned first inflection point at 11918.7 eV. Spectra were closely 

monitored for any photodamage and photoreduction, individual spectra were collected at 

unique positions on the sample surface using a matrix of locations. Data represent the 

average of 6 scans collected use three independent sample sets. 

XAS spectra were processed and analyzed using the EXAFSPAK program suite 

written for Macintosh OS-X (EXAFSPAK; http://www-ssrl.slac.stanford.edu/~george/ 

exafspak/exafs.htm, 2001), integrated with the Feff v8 software38 for theoretical model 

generation. EXAFS fitting analysis was performed on raw/unfiltered data using the L3 edge. 
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Single scattering models were calculated for oxygen, nitrogen, sulfur, chlorine and carbon 

coordination to simulate possible gold ligand environments, with values for the scale 

factors (Sc = 0.9) and E0 (-13.34) calibrated by previous gold model compounds. Standard 

criteria for judging the best-fit EXAFS simulations included: 1) a reasonable Debye-Waller 

factors (2 < 0.006 Å2),39 2) the spectral resolution for the data of 0.12 Å, calculated based 

on the energy range extent of usable data40 and 3) the lowest “goodness of fit” mean-square 

deviation between theoretical and empirical data, corrected for the number of degrees of 

freedom (F’).40 During the simulations, only the bond length and Debye-Waller factor were 

allowed to vary for each independent ligand environment. 

3.2.9 Fluorescence Anisotropy 

A K2 spectrofluorometer (ISS, Inc.) configured in the L format was used for all 

fluorescence anisotropy (FA) measures. Experiments were performed with the excitation 

wavelength/band pass at 495 nm/2 nm and the emission wavelength/band pass at 517 nm/2 

nm. All experiments were performed in 200 mM HEPES, 100 mM NaCl, 0.05 mg/mL 

bovine serum albumin (to prevent protein adherence to the cuvette) at pH 7.5, and using 

Spectrosil far-UV quartz window fluorescence cuvettes (Starna Cells, Inc.) The 

oligonucleotide probe utilized was a 3’-fluorescein (F)-labeled RNA oligonucleotide with 

the sequence of UUUAUUUAUUU-F (Dharmacon Research Inc., PAGE-purified, 

deprotected, and desalted and dissolved in DEPC treated water). Experiments were 

performed by titrating a 10 nM solution of the RNA probe with the protein: (Zn(II)2-TTP-

2D, Zn(II)2-TTP-2D + Au(III)terpy or Zn(II)2-TTP-2D/RNA + Au(III)terpy) and 

monitoring the anisotropy (r) as a function of time. Each data point represents an average 

of 41 readings taken over a time course of 120 seconds. 
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The data were analyzed by converting the anisotropy (r) to fraction bound (Fbound) – the 

fraction of Zn(II)2-TTP-2D bound to RNA at a RNA concentration, using the equation. 

𝐹bound =  
𝑟 − 𝑟free

(𝑟bound − 𝑟)𝑄 + (𝑟 − 𝑟free)
 

where rfree is the anisotropy of the fluorescently-labeled RNA oligonucleotide and rbound 

is the anisotropy of the RNA-protein complex at saturation. Q is the quantum yield that is 

applied as a correction factor to account for changes in fluorescence intensity over the 

course of the experiment (Q = Ibound/Ifree). Fbound was plotted against the protein 

concentration and fit using a one-site binding model: 

P + R ⇄ PR 

𝐾a =
[PR]

[P][R]
 

𝐹bound =
𝑃total + 𝑅total + 1/𝐾a − √(𝑃total + 𝑅total + 1/𝐾a)2 − 4𝑃total𝑅total

2𝑅total
 

where P is the protein concentration and R is the RNA concentration. 

3.2.10 Homology Modeling 

The tandem zinc finger domain of TIS11d, a homolog of TTP, that has been structurally 

characterized by solution NMR (PDB: 1RGO), was chosen as the template and aligned 

with the sequence of TTP-2D. To generate a three dimensional (3D) model structure of 

Zn(II)2-TTP-2D, sequence alignment, model building, and model quality estimation were 

performed via a web based homology modeling tool, SWISS-MODEL 

(http://swissmodel.expasy.org/).41 The sequence identity and sequence similarity were 
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69.57 and 0.54, respectively. The 3D homology model structure built with template 

alignment was generated using ProMod3. Final 3D model structure was downloaded from 

SWISS-MODEL website as .pdb file format. All 3D structure figures of Zn(II)2-TTP-2D 

were generated via the PyMOL molecular graphics system (Version 1.3). 

 

3.3 Results and Discussion 

3.3.1 Choice of the TTP and gold complex  

Full length TTP is highly insoluble and although extensive efforts have been made 

to produce a full-length construct that is soluble at concentrations suitable for biophysical 

studies, such a construct has been elusive.42 However, because zinc finger domains are 

modular, when the domains are isolated they bind zinc, fold and function independently of 

the entire protein.1, 7 As such, it is common to over-express just the zinc finger domains for 

study.1, 7 We took this approach and isolated a construct of TTP called TTP-2D, which 

contains the protein’s two CCCH domains. We have previously reported the cloning, 

overexpression and purification of TTP-2D, and demonstrated that it is highly soluble, 

binds and folds around zinc, and functions (selectively recognize AU-rich mRNA targets) 

(Figure 3.2A and 3.2B).11, 35 

We chose Au(III)terpy as the gold complex for study, and synthesized the complex 

using published protocols (Figure 3.2C).24, 43 Au(III)terpy is soluble in aqueous solution 

and it exhibits rich spectroscopy (charge transfer bands) that are sensitive to metal 

coordination, allowing for reactivity to be followed optically. Moreover, there are several 

recent reports of the interaction of gold complexes, including Au(III)terpy, with zinc finger 

peptides, including Cys4 ‘zinc ribbon’ sites,24 Cys2HisCys ‘zinc knuckle’,20-22, 26, 44  
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Figure 3.2 (A) Diagram of TTP, with the amino acid sequence of the two CCCH zinc fingers highlighted. 

The three cysteine residues and one histidine residue that serve as metal binding ligands are colored red. 

(B) Cartoon diagram of the role of zinc in binding to TTP, folding and binding to RNA. Structure adapted 

using homology modelling (SWISS-MODEL, template: 1RGO). (C) Au(III)terpy structure. 

 

Figure 3.2 (A) Diagram of TTP, with the amino acid sequence of the two CCCH zinc fingers highlighted. 

The three cysteine residues and one histidine residue that serve as metal binding ligands are colored red. (B) 

Cartoon diagram of the role of zinc in binding to TTP, folding and binding to RNA. Structure adapted using 

homology modelling (SWISS-MODEL, template: 1RGO). (C) Au(III)terpy structure. 
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Cys2HisCys (PARP-1),23-25, 45-48 and Cys2His2 classical zinc finger,20, 22, 26, 49, 50 and 

consensus peptide 1 (Cys2His2).
27 

3.3.2 Modes of Targeting TTP-2D with Gold 

Gold has the potential to interact with Zn(II)2-TTP-2D and the Zn(II)2-TTP-

2D/RNA complex in cells, therefore experiments to evaluate both interactions using 

Au(III)terpy were performed. Although it is unlikely that TTP is present in the apo form in 

cells, the interaction of Au(III)terpy with apo-TTP-2D was also determined to obtain 

comparative data. 

3.3.3 Direct targeting of Zn(II)2-TTP-2D with Gold 

To determine how Au(III)terpy interacts with Zn(II)2-TTP-2D, Au(III)terpy was 

titrated with Zn(II)2-TTP-2D and the UV-visible absorbance spectra between 220 – 820 

nm were recorded. Zn(II)2-TTP-2D exhibits protein bands at 220 and 276 nm while 

Au(III)terpy exhibits distinct absorbance bands between 320 – 400 nm, with maxima at 

351 and 367 nm (Figure 3.3A). As Au(III)terpy was titrated with Zn(II)2-TTP-2D, bands 

indicative of Zn(II)terpy • H2O with absorbance peaks at 319 nm and 329 nm appeared, 

indicating that the zinc from TTP-2D is being ejected and replaced by gold. After 2 

equivalents of Au(III)terpy, new peaks indicative of Zn(II)(terpy)2 and Au(III)terpy 

appeared, revealing that gold replaces zinc at a 1:1 stoichiometry. To confirm this 

stoichiometry, the analogous experiment with Co(II)2-TTP-2D was performed (Figure 

3.3B). Co serves as a spectroscopic probe for zinc, and it has been shown to bind to TTP-

2D.11 Co(II)2-TTP-2D exhibits distinct d-d bands between 500 – 700 nm. To Co(II)2-TTP-

2D (with excess cobalt added), Au(III)terpy was titrated and the Co(II) d-d bands were 

monitored. The d-d bands decreased until 2 equivalents were added, at which point they  
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Figure 3.3 (A) Plot of the change in the absorption spectrum between 200 – 450 nm as 0.2 – 5.0 equiv. 

(0.2 eq. increments) of Au(III)terpy are titrated into Zn(II)2-TTP-2D (blue line) in 20 mM phosphate 

buffer at pH 7.5. The red line indicates the spectrum upon the addition of 2.0 equiv. of Au(III)terpy and 

the black line (bold) indicates the spectrum upon the addition of 5.0 equiv. of Au(III)terpy. [Inset: 

absorbance spectra of Au(III)terpy (gold line), Zn(II)terpyH2O (blue dots), and Zn(II)(terpy)2 (black 

line)] (B) Plot of the change in the absorption spectrum as 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 

3.0, and 5.0 equiv. of Au(III)terpy are titrated into Co(II)2-TTP-2D in 200 mM HEPES, 100 mM NaCl 

at pH 7.5. The blue line indicates the Co(II) d-d transition bands for Co(II)2-TTP-2D (saturated), and the 

red line indicates the spectrum upon the addition of 2.0 equiv. of Au(III)terpy.  

 

 

Figure 3.3 (A) Plot of the change in the absorption spectrum between 200 – 450 nm as 0.2 – 5.0 equiv. (0.2 

eq. increments) of Au(III)terpy are titrated into Zn(II)2-TTP-2D (blue line) in 20 mM phosphate buffer at pH 

7.5. The red line indicates the spectrum upon the addition of 2.0 equiv. of Au(III)terpy and the black line 

(bold) indicates the spectrum upon the addition of 5.0 equiv. of Au(III)terpy. [Inset: absorbance spectra of 

Au(III)terpy (gold line), Zn(II)terpyH2O (blue dots), and Zn(II)(terpy)2 (black line)] (B) Plot of the change 

in the absorption spectrum as 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 3.0, and 5.0 equiv. of Au(III)terpy 

are titrated into Co(II)2-TTP-2D in 200 mM HEPES, 100 mM NaCl at pH 7.5. The blue line indicates the 

Co(II) d-d transition bands for Co(II)2-TTP-2D (saturated), and the red line indicates the spectrum upon the 

addition of 2.0 equiv. of Au(III)terpy. 
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disappeared. These data are consistent with gold replacing cobalt at a 1:1 stoichiometry. 

From these data, we conclude that 2 equivalents of gold replace Zn(II) or Co(II) in TTP-

2D. 

The direct interaction of Au(III)terpy with Zn(II)2-TTP-2D was also measured via 

a spin-filter inductively coupled plasma mass spectrometry (ICP-MS) assay, that was 

developed by our laboratory to monitor metal exchange at protein binding sites.35 Excess 

Au(III)terpy (5 equivalents) was added to a solution of Zn(II)2-TTP-2D. After equilibration 

for 1 hour, TTP-2D was isolated by applying the solution to a 3 kDa molecular weight spin 

filter which removes all adventitiously bound metal ions, and identifying and quantifying 

the metal bound to the protein by ICP-MS. The protein concentration was independently 

measured by a Bradford assay such that the metal:protein stoichiometry of the isolated 

protein could be determined (Table 3.1 and Figure 3.4). As shown in Table 3.1, TTP-2D 

was isolated with 2 equivalents of gold bound and no zinc, confirming the stoichiometry 

observed by UV-visible spectroscopy. These data provide further evidence that gold 

stoichiometrically displaces the bound zinc in Zn(II)2-TTP-2D. For comparison, the same 

spin filter-ICP-MS assay was performed for apo-TTP-2D with Au(III)terpy. Here, too, 

TTP-2D was isolated with two equivalents of Au bound. 

Table 3.1 Measurement of gold (197Au) to TTP-2D ([Au]:[TTP-2D]) stoichiometry using a spin-

filter/ICP-MS method. 

Sample 

[TTP-2D] (µM) 

after 3 times of spin-

filtration (3kDa MWCO) 

[197Au] (µM) 

ICP-MS  

Au measurement 

[197Au]/[Protein] 

apo-TTP-2D (10 µM)  

+ 5 eq. Auterpy (50 µM) 
8.08 16.20 2.01 

Zn(II)2-TTP-2D (10 µM) 

+ 5 eq. Auterpy (50 µM) 
7.43 13.39 1.80 

  

Table 3.1 Measurement of gold (197Au) to TTP-2D ([Au]:[TTP-2D]) stoichiometry using a spin-filter/ICP-

MS method. 
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3.3.4 Native ESI-MS to identify reaction products 

To further follow the reactivity of Au(III)terpy with Zn(II)2-TTP-2D, native 

electrospray ionization mass spectrometry (native ESI-MS) was employed.51-53 Native ESI-

MS is gentle enough such that the metal-bound forms of the protein remain intact during 

analysis, which can be challenging with the denaturing conditions encountered in most 

traditional ESI-MS and matrix assisted laser desorption/ionization (MALDI-MS). 

Moreover, additional species can be observed owing to the gas phase of the reaction. We 

first measured the native ESI-MS of apo-TTP-2D, shown in Figure 3.5A. Highlighted in 

the figure are the m/z at 1716.2303 (calc. 1716.2340; z = 5+) and m/z at 1430.3588 (calc. 

1430.3589; z = 6+) peaks. The native ESI-MS of Zn(II)2-TTP-2D (Figure 3.6A) was then 

obtained, to confirm that we could obtain the native metal-bound species for TTP-2D. 

Highlighted in the figure are the Zn(II)2-TTP-2D at m/z = 1742.7968 (calc.1742.7988; z = 

5+) and m/z = 1452.5029 (calc. 1452.5056; z = 6+). The native ESI-MS of Zn(II)2-TTP-

2D + 2 equivalents of Au(III)terpy was then recorded. Multiple peaks that correspond to 

 

Figure 3.4 Measurement of the TTP-2D concentration via a Bradford protein quantitation assay. The 

dotted line is the calibration curve using BSA standards.   

Figure 3.4 Measurement of the TTP-2D concentration via a Bradford protein quantitation assay. The dotted 

line is the calibration curve using BSA standards.   
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gold bound species were detected, and the peaks corresponding to Zn(II)2-TTP-2D were 

significantly diminished, indicating that the gold had replaced the zinc (Figure 3.6B). TTP 

species with 1, 2, 3, 4 and 5 equivalents of gold were observed (Figure 3.6C and Figure 

3.7). The detection of multiple gold:TTP-2D stoichiometries in the mass spectrum is likely 

a function of the gas phase of the experiment, as opposed to the solution phase of the 

titrations reported above, and provide a snapshot of the metal exchange.26 In the analogous 

experiment with apo-TTP-2D plus Au(III)terpy, similar products were observed, as shown 

in Figure 3.5B and Figure 3.8. 

 

Figure 3.5 Native nano-electrospray mass spectra in m/z range of 900 – 2000 for (A) apo-TTP-2D and 

(B) apo-TTP-2D + Au(III)terpy (2 equiv.) samples. 

Figure 3.5 Native nano-electrospray mass spectra in m/z range of 900 – 2000 for (A) apo-TTP-2D and (B) 

apo-TTP-2D + Au(III)terpy (2 equiv.) samples. 
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Figure 3.6 (A) Native protein nano-electrospray mass spectra of (A) Zn(II)2-TTP-2D and (B) Zn(II)2-

TTP-2D with 2.0 equiv. of Au(III)terpy in m/z range of 500 – 2000 [inset: theoretical vs. observed m/z 

are highlighted for 6+ charged and 5+ charged Au(I)1-TTP-2D ions]. (C) 5+ charged ions of Zn(II)2-

TTP-2D mixed with 2.0 equiv. of Au(III)terpy in m/z range of 1700 – 1920 [Instrument: Thermo Orbitrap 

Elite mass spectrometer]. 

Figure 3.6 (A) Native protein nano-electrospray mass spectra of (A) Zn(II)2-TTP-2D and (B) Zn(II)2-TTP-

2D with 2.0 equiv. of Au(III)terpy in m/z range of 500 – 2000 [inset: theoretical vs. observed m/z are 

highlighted for 6+ charged and 5+ charged Au(I)1-TTP-2D ions]. (C) 5+ charged ions of Zn(II)2-TTP-2D 

mixed with 2.0 equiv. of Au(III)terpy in m/z range of 1700 – 1920 [Instrument: Thermo Orbitrap Elite mass 

spectrometer]. 
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Figure 3.7 Native nano-ESI-MS spectra of 6+ Charged ions of Zn(II)2-TTP-2D mixed with 2.0 equiv. of 

Au(III)terpy in m/z range of 1400 – 1600. 

 

Figure 3.8 Native nano-ESI-MS spectra of apo-TTP-2D mixed with 2.0 equiv. of Au(III)terpy sample. 

(A) 5+ charged ions in m/z range of 1400 – 1600 and (B) 5+ charged ions in m/z range of 1700 – 1920. 

 

 

 

Figure 3.8 Native nano-ESI-MS spectra of 6+ Charged ions of Zn(II)2-TTP-2D mixed with 2.0 equiv. of 

Au(III)terpy in m/z range of 1400 – 1600. 

 

Figure 3.7 Native nano-ESI-MS spectra of apo-TTP-2D mixed with 2.0 equiv. of Au(III)terpy sample. (A) 

5+ charged ions in m/z range of 1400 – 1600 and (B) 5+ charged ions in m/z range of 1700 – 1920. 
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Native ESI-MS data can also be utilized to determine oxidation state.  EnviPat Web 

2.4 was utilized to simulate the spectra that were obtained after the Au(III)terpy + Zn(II)2-

TTP-2D experiment (Figure 3.9 and Table 3.2).37 The data best fit for aurous gold, Au(I), 

with the sulfur present as both disulfide and Au-S species. These data suggest that gold is 

reduced from Au(III) to Au(I) upon zinc replacement.   

 

3.3.5 X-ray absorption spectroscopy 

To further characterize the structural and electronic properties of Au bound to TTP-

2D, XAS measurements were performed to identify the gold oxidation state upon zinc 

replacement and determine the metal-ligand metrical parameters. Zn(II)2-TTP-2D was  

 
Figure 3.9 Comparison of observed isotopic distribution pattern of 6+ charged Au(I)1-TTP-2D ion 

(black) with the simulated isotopic distribution of Au(I)1-TTP-2D (red) and Au(III)1-TTP-2D (blue) in 

m/z range of 1462 – 1465. 

Figure 3.9 Comparison of observed isotopic distribution pattern of 6+ charged Au(I)1-TTP-2D ion (black) 

with the simulated isotopic distribution of Au(I)1-TTP-2D (red) and Au(III)1-TTP-2D (blue) in m/z range of 

1462 – 1465. 
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Table 3.2 Comparison of the observed and theoretical m/z (most abundant peaks) for apo-TTP-2D*, 

Zn(II)2-TTP-2D, Au(I)x-TTP-2D ion species. [Instrument: Thermo Orbitrap Elite; Simulation software: 

enviPat Web 2.4; resolution: 30 ppm; type: Gaussian; threshold: 0.01; fraction: 0.1] 

*Theoretical chemical formula of TTP-2D: C374H575N117O105S6 

Sample Species Chemical Formula 
Observed  

m/z 

Theoretical 

m/z 

Apo-TTP-2D 
[TTP-2D]6+ C374H576N117O105S6 1430.3560 1430.3589 

[TTP-2D]5+ C374H574N117O105S6 1716.2266 1716.2332 

Zn(II)2-TTP-2D 
[TTP-2D + 2Zn(II)]6+ C374H577N117O105S6Zn2 1452.5001 1452.5082 

[TTP-2D + 2Zn(II)]5+ C374H576N117O105S6Zn2 1742.7996 1742.8040 

Zn(II)2-TTP-2D  

+ 2.0 eq. of 

Au(III)terpy 

[TTP-2D]6+ C374H576N117O105S6 1430.3560 1430.3589 

[TTP-2D + 1Au(I)]6+ C374H576N117O105S6Au1 1463.3523 1463.3574 

[TTP-2D + 2Au(I)]6+ C374H577N117O105S6Au2 1496.3485 1496.3540 

[TTP-2D + 3Au(I)]6+ C374H576N117O105S6Au3 1529.0089 1529.0126 

[TTP-2D + 4Au(I)]6+ C374H576N117O105S6Au4 1561.8397 1561.8423 

[TTP-2D + 5Au(I)]6+ C374H576N117O105S6Au5 1594.6643 1594.6656 

[TTP-2D]5+ C374H574N117O105S6 1716.2290 1716.2332 

[TTP-2D + 1Au(I)]5+ C374H575N117O105S6Au1 1755.8224 1755.8269 

[TTP-2D + 2Au(I)]5+ C374H576N117O105S6Au2 1795.4166 1795.4237 

[TTP-2D + 3Au(I)]5+ C374H575N117O105S6Au3 1834.6092 1834.6152 

[TTP-2D + 4Au(I)]5+ C374H575N117O105S6Au4 1874.0092 1874.0065 

[TTP-2D + 5Au(I)]5+ C374H575N117O105S6Au5 1913.3971 1913.4017 

Apo-TTP-2D  

+ 2.0 eq. of 

Au(III)terpy 

[TTP-2D]6+ C374H576N117O105S6 1430.3559 1430.3589 

[TTP-2D + 1Au(I)]6+ C374H576N117O105S6Au1 1463.3513 1463.3574 

[TTP-2D  + 2Au(I)]6+ C374H576N117O105S6Au2 1496.1797 1496.1859 

[TTP-2D + 3Au(I)]6+ C374H576N117O105S6Au3 1529.0071 1529.0126 

[TTP-2D + 4Au(I)]6+ C374H576N117O105S6Au4 1561.8364 1561.8423 

[TTP-2D + 5Au(I)]6+ C374H576N117O105S6Au5 1594.6637 1594.6656 

[TTP-2D]5+ C374H574N117O105S6 1716.2257 1716.2332 

[TTP-2D + 1Au(I)]5+ C374H575N117O105S6Au1 1755.8197 1755.8269 

[TTP-2D + 2Au(I)]5+ C374H575N117O105S6Au2 1795.2165 1795.2220 

[TTP-2D + 3Au(I)]5+ C374H575N117O105S6Au3 1834.6068 1834.6152 

[TTP-2D + 4Au(I)]5+ C374H575N117O105S6Au4 1874.0064 1874.0065 

[TTP-2D + 5Au(I)]5+ C374H575N117O105S6Au5 1913.3981 1913.4017 

 

Table 3.2 Comparison of the observed and theoretical m/z (most abundant peaks) for apo-TTP-2D*, Zn(II)2-

TTP-2D, Au(I)x-TTP-2D ion species. [Instrument: Thermo Orbitrap Elite; Simulation software: enviPat Web 

2.4; resolution: 30 ppm; type: Gaussian; threshold: 0.01; fraction: 0.1] 
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incubated with Au(III)terpy (1, 2 and 4 equivalents added) in the presence of beta 

mercaptoethanol (BME). BME was included in the reaction to mimic the thiol rich 

environment of the cell.24 Normalized Au LIII edge X-ray absorption near-edge spectra 

(XANES) were compared for edges from an Au(I) control - aurothiomalate, with an 

excitation edge first inflection point energy at 11,919.3 eV, and an Au(III) control - 

Au(III)terpy, with an excitation edge first inflection point energy at 11,918.3 eV (Figure 

3.10A). 

The XANES spectrum for the Au(III)terpy control has a distinct spectral edge 

feature at ca. 11920 eV, termed the white line feature, characteristic for gold samples in 

the Au(III) oxidation state.54 This band corresponds to the electronic transitions from the 

2p3/2 core orbital levels to the vacant 5d3/2 and 5d5/2 orbital level states. All of the protein 

spectra exhibit no white line, regardless of the stoichiometry (up to 4 gold equivalents). 

This is a result of the progressive filling of the completed 5d orbital state for gold as it is 

reduced, and representative of the gold seen in the Au(I) control. The Au LIII edge XANES 

for the Zn(II)2-TTP-2D samples best matched general edge features and the first inflection 

energies seen for the Au(I) control, with edge inflection energies at 11,920.3 eV for 1 and 

2 equiv. and 11,920.6 eV for 4 equiv. These results indicate that Au(I) replaces Zn(II) in 

TTP under thiol rich conditions that mimic the cell.   

The Au extended X-ray absorption fine structure (EXAFS) spectrum for the Au(III) 

control was best fit using two nearest neighbor ligand environments constructed by O/N 

and by Cl ligands, at 2.16 Å (coordination number of 2) and 2.27 Å (coordination of 1), 

respectively; no long-range scattering is observed for this sample (Figure 3.10B and Table 

3.3). Simulations of the Au EXAFS for the Au(I) control showed a single nearest neighbor  
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Figure 3.10 (A) Normalized Au edge XANES offset to show spectra. Au(III)terpy [Au(III) reference; 

blue], Zn(II)2-TTP-2D (1 mM) with 1.0 equiv. of Au(III)terpy [brown], Zn(II)2-TTP-2D (500 μM) in 2-

mercaptoethanol (50 mM) with 2.0 equiv. of Au(III)terpy [black], Zn(II)2-TTP-2D (250 μM) in 2-

mercaptoethanol (50 mM) with 4.0 equiv. of Au(III)terpy [green], Aurothiomalate [Au(I) reference; red]. 

The concentration of Au in all sample solutions was set as 1 mM in 20 mM phosphate, 100 mM NaCl 

with 30% glycerol at pH 7.5. (B) Gold sample EXAFS spectra (black) and best fit-simulation (green). 

Raw k3-weighted EXAFS data and phase shifted Fourier Transform (FT) are shown. [A], [B] are Au(I) 

reference, aurothiomalate, EXAFS and FT. [C], [D] are Zn(II)2-TTP-2D (250 μM) in 2-mercaptoethanol 

(50 mM) with 4 equiv of Au(III)terpy EXAFS and FT. [E], [F] are Zn(II)2-TTP-2D (500 μM) in 2-

mercaptoethanol (50 mM) with 2 equiv of Au(III)terpy EXAFS and FT. [G], [H] are Zn(II)2-TTP-2D (1 

mM) with 1.0 equiv of Au(III)terpy EXAFS and FT. 

 

Table 3.3 Summary of EXAFS analysis of Zn(II)2-TTP-2D in the presence of varying equivalents of 

Au(III)terpy. 

Sample 

Nearest Neighbor Liganda  

Environment  

Long Range Ligand a  

Environment 

Atom b R(Å) c C.N. d σ2 e Atom b R(Å) c C.N. d σ2 e F’ f 

Au(III)terpy; 

 Au(III) Ref. 

N 2.16 2 2.92 

- - - - 0.102 

Cl 2.27 1 5.96 

Zn(II)2-TTP-2D  

+ 1.0 eq. of 

Au(III)terpy 

S 2.29 2 1.71 - - - - 0.143 

Zn(II)2-TTP-2D  

+ 50 mM BME  

+ 2.0 eq. of 

Au(III)terpy 

S 2.29 2 1.93 - - - - 0.165 

Zn(II)2-TTP-2D  

+ 50 mM BME  

+ 4.0 eq. of 

Au(III)terpy 

S 2.27 2 1.37 

C 2.59 1 2.49 

0.136 

C 2.96 1 3.46 

Aurothiomalate; 

Au(I) Ref. 
S 2.29 2 1.14 C 2.66 2 4.97 0.103 

[a] Independent metal-ligand scattering environment. [b] Scattering atoms: N (nitrogen), O (oxygen), 

C (carbon), S (sulfur), Cl (chlorine) [c] Average metal-ligand bond length. [d] Average metal-ligand 

coordination number. [e] Average Debye-Waller factor (Å x 103). [f] Number of degrees of freedom 

weighted mean square deviation between data and fit. 
 

Figure 3.10 (A) Normalized Au edge XANES offset to show spectra. Au(III)terpy [Au(III) reference; blue], 

Zn(II)2-TTP-2D (1 mM) with 1.0 equiv. of Au(III)terpy [brown], Zn(II)2-TTP-2D (500 μM) in 2-

mercaptoethanol (50 mM) with 2.0 equiv. of Au(III)terpy [black], Zn(II)2-TTP-2D (250 μM) in 2-

mercaptoethanol (50 mM) with 4.0 equiv. of Au(III)terpy [green], Aurothiomalate [Au(I) reference; red]. 

The concentration of Au in all sample solutions was set as 1 mM in 20 mM phosphate, 100 mM NaCl with 

30% glycerol at pH 7.5. (B) Gold sample EXAFS spectra (black) and best fit-simulation (green). Raw k3-

weighted EXAFS data and phase shifted Fourier Transform (FT) are shown. [A], [B] are Au(I) reference, 

aurothiomalate, EXAFS and FT. [C], [D] are Zn(II)2-TTP-2D (250 μM) in 2-mercaptoethanol (50 mM) with 

4 equiv of Au(III)terpy EXAFS and FT. [E], [F] are Zn(II)2-TTP-2D (500 μM) in 2-mercaptoethanol (50 

mM) with 2 equiv of Au(III)terpy EXAFS and FT. [G], [H] are Zn(II)2-TTP-2D (1 mM) with 1.0 equiv of 

Au(III)terpy EXAFS and FT. 

Table 3.3 Summary of EXAFS analysis of Zn(II)2-TTP-2D in the presence of varying equivalents of 

Au(III)terpy. 
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ligand environment constructed only by sulfur ligands at 2.29 Å, with long-range carbon 

scattering observed at 2.66 Å. Simulations of the Au EXAFS for Au(III)terpy added to the 

Zn(II)2-TTP-2D samples indicated a nearest neighbor ligand environment constructed only 

by sulfur atoms at an average bond length of ~2.27 – 2.29 Å, consistent with the nearest 

neighbor environment seen for the Au(I) control. For the 4 equivalents added to the Zn(II)2-

TTP-2D sample only, additional long-range carbon scattering was observed at 2.59 and 

2.96 Å. Collectively, these data indicate Au(III)terpy, added to the Zn(II)2-TTP-2D sample 

in replaces the zinc in the Au(I) form. 

A second set of XAS experiments were performed on apo-TTP-2D incubated with 

Au(III)terpy (1, 2 and 4 equivalents added). Analysis of the Au EXAFS for Au(III)terpy 

added to apo-TTP-2D shows results similar to but subtly unique from the data observed for 

Au(III)terpy alone. The Au LIII edge XANES for the apo-TTP-2D samples with 

Au(III)terpy added showed edge features similar to those from the zinc exchange samples 

with respect to a reduction of the metal, with first inflection energies similar to that from 

the Au(I) control occurring at 11,920.3 eV for 1 and 2 equiv. and 11,920.6 eV for 4 equiv., 

just as for the samples with Zn(II)2-TTP-2D displayed (Figure 3.11). Regarding general 

edge features, of particular note is the 4 equiv. sample (Figure 3.11A in green), that shows 

a slight similarity to the Au(III)terpy edge, which may be expected as the predicted 

stoichiometry of metal to protein is 2:1 (or 1 metal per CCCH site). Analysis of the Au 

EXAFS for Au(III)terpy added to apo-TTP-2D at different equivalents indicate in part that 

the bound Au is coordinated in part to O/N ligands at ~ 2.16 Å, as seen in the Au(III) 

control sample, and in part coordinated to S ligands at ~ 2.31 to 2.33 Å (Table 3.4 and 

Figure 3.11B); for the sulfur fits, there was a significant improvement in the goodness of  
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Figure 3.11 (A) Normalized Au edge XANES offset to show spectra. Au(III)terpy [Au(III) reference; 

blue], apo-TTP-2D (1 mM) + 1 eq. Au(III)terpy [orange], apo-TTP-2D (500 μM) + 2 eq. Au(III)terpy 

[purple], and apo-TTP-2D (250 μM) + 4 eq. Au(III)terpy [green], aurothiomalate [Au(I) reference; red]. 

The concentration of Au in all sample solutions was set as 1 mM in 20 mM phosphate, 100 mM NaCl 

with 30% glycerol at pH 7.5. (B) EXAFS spectra (black) and best fit-simulation (green) of apo-TTP-2D 

with various equivalents of Auterpy added. Raw k3-weighted EXAFS data and phase shifted Fourier 

Transform (FT) are shown. [A], [B] are Au(III) reference, auterpy, EXAFS and FT. [C], [D] are apo-

TTP-2D (1mM) with 1 equiv of Au(III)terpy EXAFS and FT. [E], [F] are apo-TTP-2D (500 μM) with 2 

equiv of Au(III)terpy EXAFS and FT. [G], [H] are apo-TTP-2D (250 μM) with 4 equiv of Au(III)terpy 

EXAFS and FT. [I], [J] are Au(I) reference, aurothiomalate, EXAFS and FT. 

 

 

Table 3.4 Summary of EXAFS analysis of apo-TTP-2D in the presence of varying equivalents of 

Au(III)terpy. 

 Sample 

Nearest Neighbor Liganda  

Environment  

Long Range Ligand a  

Environment 

Atom b R(Å) c C.N. d σ2 e Atom b R(Å) c C.N. d σ2 e F’ f 

Au(III)terpy; 

 Au(III) Ref. 

N 

 

Cl 

2.16 

 

2.27 

2 

 

1 

2.92 

 

5.96 

- - - - 0.102 

Apo-TTP-2D (1mM)  

+ 1.0 eq. of Auterpy. 

O/N 

 

S 

2.17 

 

2.31 

2 

 

2 

1.59 

 

4.09 

C 

 

C 

2.74 

 

2.95 

1 

 

1 

1.11 

 

3.32 

0.36 

Apo-TTP-2D (500μM) 

+ 2.0 eq. of Auterpy. 

O/N 

 

S 

2.16 

 

2.33 

2 

 

2 

1.56 

 

5.14 

C 

 

C 

2.76 

 

2.95 

1 

 

1 

3.01 

 

0.94 

0.36 

Apo-TTP-2D (250μM) 

+ 4.0 eq. of Auterpy. 

O/N 

 

S 

2.10 

 

2.33 

1 

 

1 

1.85 

 

1.46 

C 

 

C 

2.74 

 

2.95 

1 

 

0.5 

2.33 

 

2.55 

0.20 

Aurothimalate; 

 Au(I) Ref. 
S 2.29 2 1.14 C 2.66 2 4.97 0.103 

 

a - Independent metal-ligand scattering environment.  
b - Scattering atoms: N (nitrogen), O (oxygen), C (carbon), S (sulfur), Cl (chlorine) 
c - Average metal-ligand bond length.  
d - Average metal-ligand coordination number. 
e - Average Debye-Waller factor (Å x 103).  
f  - Number of degrees of freedom weighted mean square deviation between data and fit. 

 

 

Table 3.4 Summary of EXAFS analysis of apo-TTP-2D in the presence of varying equivalents of 

Au(III)terpy. 

Figure 3.11 (A) Normalized Au edge XANES offset to show spectra. Au(III)terpy [Au(III) reference; blue], 

apo-TTP-2D (1 mM) + 1 eq. Au(III)terpy [orange], apo-TTP-2D (500 μM) + 2 eq. Au(III)terpy [purple], and 

apo-TTP-2D (250 μM) + 4 eq. Au(III)terpy [green], aurothiomalate [Au(I) reference; red]. The concentration 

of Au in all sample solutions was set as 1 mM in 20 mM phosphate, 100 mM NaCl with 30% glycerol at pH 

7.5. (B) EXAFS spectra (black) and best fit-simulation (green) of apo-TTP-2D with various equivalents of 

Auterpy added. Raw k3-weighted EXAFS data and phase shifted Fourier Transform (FT) are shown. [A], 

[B] are Au(III) reference, auterpy, EXAFS and FT. [C], [D] are apo-TTP-2D (1mM) with 1 equiv of 

Au(III)terpy EXAFS and FT. [E], [F] are apo-TTP-2D (500 μM) with 2 equiv of Au(III)terpy EXAFS and 

FT. [G], [H] are apo-TTP-2D (250 μM) with 4 equiv of Au(III)terpy EXAFS and FT. [I], [J] are Au(I) 

reference, aurothiomalate, EXAFS and FT. 
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fit F’ value when sulfur was included instead of chloride, although it should be noted that 

XAS cannot directly tell the difference between S and Cl in direct simulations. These data 

either indicate that the Au(III) environment of Au(III)terpy is for the most part unaffected 

in its ligand environment upon apo-TTP-2D binding despite showing a shift in edge energy 

consistent with reduction to Au(I), of that coordination in the manner seen for Au(III)terpy 

in the Zn(II)2-TTP-2D samples is only partially complete, with sulfur ligation constructing 

50% of the gold coordination environment. These experiments were performed in the 

absence of BME, suggesting that BME plays a role in the reduction of Au(III) to Au(I). 

3.3.6 Effects of Gold Reactivity on Protein Structure 

Circular dichroism (CD) and native ESI-MS were performed to determine how 

replacing Zn(II) with Au(I) affects protein structure. The CD spectrum of Zn(II)2-TTP-2D, 

shown in (Figure 3.12A), exhibits features between 220 – 230 nm indicative of folding. 

Upon addition of Au(III)terpy, the spectrum loses these features and the spectrum more 

closely resembles apo-TTP-2D, suggesting that the protein structure is disrupted when 

Au(I) replaces the Zn(II). Au(III)terpy was also titrated with apo-TTP-2D, and the same 

lack of secondary structure was observed (Figure 3.12B).  

This conformational effect can also be observed in the charge state distribution 

pattern obtained via native ESI-MS. When a protein is folded, there is less surface area for 

protonation during ionization, and as a result a lower number of charged ions are accessible 

leading to the most abundant ionization peak occurring at a lower charge. As shown in 

Figure 3.13A, the most abundant peak for the folded Zn(II)2-TTP-2D is 5+; whereas, when 

Au(I) replaces Zn(II), the most abundant peak is 6+. Similarly, the most abudant ionization 

peak for unfolded apo-TTP-2D is +6 as it is for apo-TTP-2D + Au(III)terpy (Figure 3.13B).  
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Taken together, these data indicate that when Au(I) replaces Zn(II), secondary structure is 

diminished or lost. 

3.3.7 Functional Effects of Au reactivity: Zn(II)2-TTP-2D + Au(III)terpy + RNA 

Zn(II)2-TTP-2D binds to specific adenine and uracil (AU) rich RNA sequences as 

part of its mechanism of RNA regulation. To determine how Au(III)terpy affects RNA 

binding to TTP-2D, Au(III)terpy was added to Zn(II)2-TTP-2D at a range of concentrations 

(0.5, 1.0, 1.5, and 2.0 equivalents) and the effect on RNA binding monitored by 

fluorescence anisotropy (FA). In the experiment, a fluorescein labeled RNA probe with the 

sequence UUUAUUUAUUU-F was utilized. As shown in Figure 3.14, in the control 

experiment in which Zn(II)2-TTP-2D is titrated with the RNA probe, high affinity binding 

(Kd = 1.3 ± 0.1 × 10-8 M, Ka = 8.0 ± 0.9 × 107M) is observed.11 The addition of Au(III)terpy 

to Zn(II)2-TTP-2D prior to titration with RNA results in a diminution of RNA binding, 

with complete abrogation of binding observed when 1.5 or higher equivalents of  

 

Figure 3.12 (A) Overlay of the CD spectra of apo-TTP-2D (50 μM, black line), Zn(II)2-TTP-2D (50 μM, 

blue line), and Zn(II)2-TTP-2D (50 μM) + 2.0 equiv. Au(III)terpy (red line) in 10 mM phosphate buffer 

at pH 7.5. (B) CD spectra of 20 μM of apo-TTP-2D (black line), and 1.0 – 3.0 equiv. of Au(III)terpy 

added (1.0 equiv.: orange line, 2.0 equiv.: red line, 3.0 equiv.: brown dots). All CD experiments were 

performed in 10mM phosphate buffer at pH 7.5. 

Figure 3.12 (A) Overlay of the CD spectra of apo-TTP-2D (50 μM, black line), Zn(II)2-TTP-2D (50 μM, 

blue line), and Zn(II)2-TTP-2D (50 μM) + 2.0 equiv. Au(III)terpy (red line) in 10 mM phosphate buffer at 

pH 7.5. (B) CD spectra of 20 μM of apo-TTP-2D (black line), and 1.0 – 3.0 equiv. of Au(III)terpy added (1.0 

equiv.: orange line, 2.0 equiv.: red line, 3.0 equiv.: brown dots). All CD experiments were performed in 

10mM phosphate buffer at pH 7.5. 
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Figure 3.13 (A) Different charge state distribution of Zn(II)2-TTP-2D (folded) and Aux-TTP-2D under 

native ESI-MS condition. Data were obtained after 30 minutes of incubation for each sample. (B) 

Different charged ion distribution patterns of apo-TTP-2D (unfolded) and Aux-TTP-2D. 

Figure 3.13 (A) Different charge state distribution of Zn(II)2-TTP-2D (folded) and Aux-TTP-2D under native 

ESI-MS condition. Data were obtained after 30 minutes of incubation for each sample. (B) Different charged 

ion distribution patterns of apo-TTP-2D (unfolded) and Aux-TTP-2D. 
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Au(III)terpy are added. Given that zinc replacement by Au(I) disrupts the structure of TTP-

2D, we propose that the loss of RNA binding is due to the protein structure being perturbed 

and the protein is no longer able to recognize and bind to RNA.  

3.3.8 Functional Effects of Au reactivity: Zn(II)2-TTP-2D/RNA + Au(III)terpy  

The biological role of TTP is to bind to specific mRNA sequences promoting 

degradation. In cells, TTP is present both unbound and bound to RNA. To understand how 

RNA binding to TTP affects Au(III)terpy reactivity, FA and native ESI-MS of the 

TTP/RNA complex titrated with Au(III)terpy was performed. For the FA experiment, 

Au(III)terpy was titrated with pre-formed Zn(II)2-TTP-2D/RNA and the effects on binding 

(FA) monitored. Remarkably, Au(III)terpy had no effect on RNA binding, suggesting that 

RNA has a protective effect towards gold exchange (Figure 3.15). Addition of BME, to 

mimic the thiol rich environment of the cell had no effect. The stability of the Zn(II)2-TTP-

2D/RNA complex in the presence of absence of Au(III)terpy was also measured, by  

 

Figure 3.14 Comparison of the association constants (Ka) measured for Zn(II)2-TTP-2D with 0.5, 1.0, 

1.5, and 2.0 equiv. of Au(III)terpy added to target RNA (UUUAUUUAUUU-F (F=Fluorescein)). Kas of 

8.0 ± 0.9 × 107, 3.3 ± 0.4 × 107, and 1.0 ± 0.1 × 107 M were determined for Zn(II)2-TTP-2D, Zn(II)2-

TTP-2D + 0.5 equiv. of Au(III)terpy, and Zn(II)2-TTP-2D + 1.0 equiv. of Au(III)terpy, respectively after 

which no binding was observed (1.5 and 2.0 equiv. of Au(III)terpy added; N.B = No binding). 

 

 

 

 

Figure 3.14 Comparison of the association constants (Ka) measured for Zn(II)2-TTP-2D with 0.5, 1.0, 1.5, 

and 2.0 equiv. of Au(III)terpy added to target RNA (UUUAUUUAUUU-F (F=Fluorescein)). Kas of 8.0 ± 

0.9 × 107, 3.3 ± 0.4 × 107, and 1.0 ± 0.1 × 107 M were determined for Zn(II)2-TTP-2D, Zn(II)2-TTP-2D + 

0.5 equiv. of Au(III)terpy, and Zn(II)2-TTP-2D + 1.0 equiv. of Au(III)terpy, respectively after which no 

binding was observed (1.5 and 2.0 equiv. of Au(III)terpy added; N.B = No binding). 
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monitoring the FA over a period of hours (Figure 3.16). Over time, the complex 

dissociated as measured by a decrease in FA; however, no differences in this stability were 

observed in the presence or absence of Au(III)terpy, further supporting a protective effect 

of RNA. 

The interaction of Zn(II)2-TTP-2D/RNA with Au(III)terpy was also followed by 

native ESI-MS. RNA (UUUAUUUAUUU) was incubated with Zn(II)2-TTP-2D and the 

complex was detected via native ESI-MS at m/z = 2011.1075 (z = +6) (Figure 3.17). 

Au(III)terpy was then titrated into the Zn(II)2-TTP-2D/RNA complex and the native ESI-

MS spectra obtained for each titration point. The signal at m/z = 2011.1075 (z = +6), 

indicative of the Zn(II)2-TTP-2D/RNA complex, remained constant during the course of 

the titration and no increase in dissociated Zn(II)2-TTP-2D was observed. Our finding that 

the Zn(II)2-TTP-2D/RNA complex remained intact during an ESI-monitored titration, 

provides additional evidence that Au(III)terpy does not disrupt the protein/RNA complex. 

 

Figure 3.15 Plot of the change in anisotropy upon the addition of Au(III)terpy with 50 mM BME to 

Zn(II)2-TTP-2D/RNA complex. All FA experiments were performed with the fluorescence tagged RNA 

oligonucleotide UUUAUUUAUUU-F (F=Fluorescein) in a 200 mM HEPES, 100mM NaCl at pH 7.5. 

Figure 3.15 Plot of the change in anisotropy upon the addition of Au(III)terpy with 50 mM BME to Zn(II)2-

TTP-2D/RNA complex. All FA experiments were performed with the fluorescence tagged RNA 

oligonucleotide UUUAUUUAUUU-F (F=Fluorescein) in a 200 mM HEPES, 100mM NaCl at pH 7.5. 
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Reports of protein:RNA complexes detected by native ESI-MS are rare,55 and to 

our knowledge, only one other zinc finger protein – the HIV nucleocapsid protein 

(HIVNCp7) which interacts with a structured RNA target – has been investigated with 

regards to its interaction with gold in the presence of RNA.55 In this case, the HIVNCp7 

protein with RNA was incubated with the gold complex, and the complex was observed to 

be disrupted via native ESI-MS, matching the reactivity observed for the gold complex 

with HIVNCp7 protein alone. This contrasts our finding for TTP in which the gold complex 

does not disrupt the TTP/RNA complex. HIVNCp7 and TTP have different folds and RNA 

targets, and these differences likely contribute to the differences in RNA protection. We 

also note that this is the first example, to our knowledge, of using native ESI-MS to monitor 

a titration of gold complex with a ZF/oligonucleotide complex, rather than just an endpoint. 

As such, this method has the potential to be applied to other zinc finger/oligonucleotide 

complexes with other exogenous metal ions. 

 

Figure 3.16 Fluorescence anisotropy (shown as fraction bound) of Zn(II)2-TTP-2D/RNA (blue) and 

Zn(II)2-TTP-2D/RNA + 2.0 equiv. of Au(III)terpy (orange) as a function of time (0 – 24hr). All FA 

experiments were performed in 200 mM HEPES, 100mM NaCl at pH 7.5. 

 

Figure 3.16 Fluorescence anisotropy (shown as fraction bound) of Zn(II)2-TTP-2D/RNA (blue) and Zn(II)2-

TTP-2D/RNA + 2.0 equiv. of Au(III)terpy (orange) as a function of time (0 – 24hr). All FA experiments 

were performed in 200 mM HEPES, 100mM NaCl at pH 7.5. 
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Figure 3.17 Change in the nano-electrospray mass spectrum of Zn(II)2-TTP-2D (theoretical M.W. = 

8713.6 Da) (blue) upon the addition of 1.0 equiv. of target RNA oligonucleotide; UUUAUUUAUUU 

(theoretical M.W. = 3352.0 Da) (red), followed by a titration with 1.0 – 2.0 equiv. of Au(III)terpy to 

Zn(II)2-TTP-2D/RNA complex (orange to amber) [Instrument: Waters Synapt-G2S mass spectrometer]. 

 

Figure 3.17 Change in the nano-electrospray mass spectrum of Zn(II)2-TTP-2D (theoretical M.W. = 8713.6 

Da) (blue) upon the addition of 1.0 equiv. of target RNA oligonucleotide; UUUAUUUAUUU (theoretical 

M.W. = 3352.0 Da) (red), followed by a titration with 1.0 – 2.0 equiv. of Au(III)terpy to Zn(II)2-TTP-

2D/RNA complex (orange to amber) [Instrument: Waters Synapt-G2S mass spectrometer]. 
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3.4 Conclusion 

These studies reveal that gold from Au(III)terpy replaces the zinc that is bound to 

TTP. This replacement involves a reduction of the gold center from Au(III) to Au(I), 

lowering of the coordination number from 4 to 2, and a protein conformational change. As 

a consequence, TTP is no longer functional, i.e. cannot bind to target RNA. In contrast, 

when TTP is bound to its native RNA target (UUUAUUUAUUU, from the 3’ untranslated 

region of cytokine mRNA), no gold exchange from Au(III)terpy is observed: RNA binding 

to TTP protects the zinc sites from the metal exchange and concomitant structural changes 

(Figure 3.18). Close inspection of the modeled TTP/RNA complex (Figure 3.19), reveals 

that upon RNA binding, the cysteine residues that coordinate zinc, along with the zinc itself, 

are buried within the complex, offering a potential explanation for the lack of exchange of 

Au(I) for Zn(II) when TTP is bound to RNA. When RNA is absent, the cysteine residues 

and zinc of Zn(II)2-TTP-2D are present on the surface of the protein, and therefore more 

accessible for exchange with Au(III)terpy. When we mimic the thiol rich environment of 

the cell, by performing the zinc replacement experiments in BME, we still observe this 

 

Figure 3.18 Cartoon diagrams of Au(III)terpy+Zn(II)2-TTP-2D or Zn(II)2-TTP-2D/RNA complex. Figure 3.18 Cartoon diagrams of Au(III)terpy+Zn(II)2-TTP-2D or Zn(II)2-TTP-2D/RNA complex. 
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selective reactivity: Au(I) replaces Zn(II) in the presence of TTP alone, but does not affect 

TTP bound to RNA. This suggests that these in vitro results may translate to cells and 

support the finding that the accessibility of the zinc and cysteine residues for the gold 

complex is important.  

This protective effect of RNA on the zinc sites/reactivity of Zn(II)2-TTP-2D was 

also observed in studies by our laboratory that examined the reactivity of the signaling 

 

Figure 3.19 Modeled structure of (A) Zn(II)2-TTP-2D (green spheres: carbon, blue spheres: nitrogen, 

yellow spheres: sulfur, black spheres: zinc) and (B) its RNA-bound form (RNA: red spheres: oxygen, 

orange spheres: phosphorus, white spheres: RNA carbon, and blues sphere: nitrogen). [Template: 

TIS11d, PDB: 1RGO] 

Figure 3.19 Modeled structure of (A) Zn(II)2-TTP-2D (green spheres: carbon, blue spheres: nitrogen, yellow 

spheres: sulfur, black spheres: zinc) and (B) its RNA-bound form (RNA: red spheres: oxygen, orange 

spheres: phosphorus, white spheres: RNA carbon, and blues sphere: nitrogen). [Template: TIS11d, PDB: 

1RGO] 



120 
 

molecule H2S with TTP. We found that H2S modifies Zn(II)2-TTP-2D alone, but does not 

react with Zn(II)2-TTP-2D/RNA.56 In contrast, we have also reported that Cu(I)Cl disrupts  

the Zn(II)2-TTP-2D/RNA complex.35 We postulate that this may be due to the metal source 

(a copper salt rather than a metal ligand – terpy complex), the atomic radii (copper is 

smaller than gold) and/or propensity for binding cysteine versus histidine ligands (gold or 

H2S target cysteine, copper targets histidine). 

The observed reduction of the Au(III) center to Au(I) as a result of reactivity with 

Zn(II)-TTP-2D may be a function of both the ligand utilized in the Au(III) coordination 

complex and the type of ZF targeted. For instance, there are examples of Au(III) complexes 

that maintain the +3 oxidation state upon targeting other types of Zn bound ZFs. This is 

seen in work by Casini and co-workers in which Au(III) complexes with bidentate N^N 

ligands (bipyridyl or phenanthroline) were utilized to target the CCHC type ZF protein 

PARP-1. The Au-PARP-1 ZF retained a +3 oxidation state at the Au center.48 Thus, the 

choice of bidentate versus tridentate ligands used and/or type of ZF – CCCH for TTP with 

limited secondary structure versus CCHC for PARP-1 with greater secondary structure 

may impact the oxidation state at the gold center. 

There is a growing interest in developing novel gold complexes to target specific 

zinc finger sites.20, 22, 23, 25 The Au(III)terpy complex used herein exhibited reactivity with 

TTP; however, it is unlikely to be specific as Au(III)terpy has been shown to target other 

ZF sites.24 To gain specificity, new gold complexes that are ZF site specific are needed. 

One emerging strategy to achieve this specificity is to design gold complexes that directly 

modify certain cysteine residues within the zinc finger site. A notable example of this 

strategy was recently reported by Casini and co-workers. In this work, cyclometallated 
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Au(III)-C^N complexes were shown to arylate specific zinc finger cysteine ligands from a 

classical Cys2His2 zinc finger. The Au(III)-C^N complexes arylated the cysteine residues 

via a reductive elimination reaction.57 Several cyclometallated Au(III)-C^N complexes 

were  prepared and evaluated by the group to tease out a structure/activity relationship that 

could then be applied to improve selectivity. Collectively, this work demonstrates that gold 

complexes with specificity and efficiency for specific ZF targets may be achievable by 

carefully designing the gold complex so that its reactivity pairs with the nucleophilicity 

and accessibility of the reactive cysteine residues within the specific target ZF site. We 

envision applying such a strategy to target TTP in future work.  

TTP is of particular interest for targeting with gold complexes. TTP plays a 

significant role in regulating inflammation, multiple pathologies are linked to mis-

regulation and tools to modulate its activity in vitro and in cells have the potential to lead 

to novel insight into protein function as well as identify inhibitors. Moreover, discovery 

that Au(III)terpy replaces Zn(II) with Au(I) in Zn(II)2-TTP-2D but not with Zn(II)2-TTP-

2D/RNA suggests that our future efforts to design gold complexes that target TTP may 

allow us to target one species (RNA bound) over the other (RNA free). 
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Chapter 4  

Direct Zinc Finger Protein Persulfidation by H2S is Facilitated by Zn2+* 

 

4.1 Introduction 

H2S is a signaling molecule whose cellular reactivity can involve interactions with 

reactive oxygen and nitrogen species, redox active metal centers or modification of protein 

cysteine residues.1-11 Persulfidation (transformation of P-SH to P-SSH) of cysteine residues 

by H2S is emerging as an important oxidative posttranslational modification.1 

Persulfidation by H2S is not well understood, in part because the nucleophilicity of 

persulfides makes them more reactive than thiols, therefore difficult to study.1-3 Because 

H2S cannot directly modify cysteine residues – persulfidation of cysteine is an oxidation 

reaction and H2S is a reducing agent – it remains unclear how cysteine persulfidation by 

H2S occurs. In some cases, there is evidence supporting oxidation of the cysteine thiols to 

sulfenic acid (Cys-SOH) by cellular reactive oxygen species, followed by reduction by H2S 

to form the persulfide.1 In others, when a redox active center is present (e.g. heme center), 

redox chemistry at the metal site drives persulfidation.12 However, for the subset of proteins 

that utilize cysteine residues to coordinate non-redox active metal ions, particularly zinc 

finger proteins (ZFs), how H2S promotes persulfidation is not understood.10 In ZFs, the 

coordination of cysteine residues to zinc protects them from oxidation, yet ZFs are known 

to be persulfidated by H2S.10 

 

* Adapted from publication: Lange, M.§; Ok, K.§; Shimberg, G. D.; Bursac, B.; Markó, L.; 

Ivanović‐Burmazović,  I.; Michel, S. L. J.; Filipovic, M. R., 2019, Angew. Chem. Int. Ed. Engl., 

58(24):7997-8001 (§: Equally contributed)  
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ZFs are a large family of eukaryotic proteins with functions including 

transcriptional and translational regulation.13 ZFs are composed of modular domains that 

contain cysteine and histidine residues, which serve as ligands for zinc. Zinc coordination 

results in folding and function. Herein, we report the reactivity of TTP, a Cys3His type ZF, 

with H2S.  We chose to study the interaction of H2S with this specific ZF protein, because 

its biological role is to suppress the inflammatory response,13-17 and there is evidence that 

H2S promotes inflammation,18-21 making TTP a potential cellular target for persulfidation.  

 

4.2 Materials and Methods 

4.2.1 TTP-2D overexpression and purification 

TTP-2D, which has the amino sequence,  SRYKTELCRTYSESGRCRYGAKCQFAHGL 

GELRQANRHPKYKTELCHKFYLQGRCPYGSRCHFIHNPTEDLAL was expressed 

and purified as previously described.22 After purification, TTP-2D is in the reduced apo-

form. Zn2-TTP-2D was prepared by addition of 2 equivalents of ZnCl2 to apo-TTP-2D in 

either 20 mM ammonium bicarbonate at pH 7.3 (for MS experiments) or 200 mM HEPES, 

100 mM NaCl at pH 7.5 (for FA experiments). All samples used for experiments were 

judged to be >95% pure, as evidenced by a single HPLC peak and SDS PAGE. 

4.2.2 Preparation of H2S solution 

Na2S powder was dehydrated under phosphorus pentoxide and measured in an air-free 

argon box. 100 mg of Na2S was then distributed into small vials with screw cap PTFE septa, 

sealed with para-film and taken out from the argon box. The vials were transferred to Coy 

anaerobic chamber (97% Nitrogen, 3% Hydrogen). Using a syringe with needle, 1 mL of 
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Degassed Milli-Q water was applied to Na2S to generate stock solutions used for further 

experiments. 

4.3.3 Mass spectrometry 

Zn2-TTP-2D (500 µM) was prepared in 20 mM ammonium carbonate buffer pH 7.3. For 

anaerobic measurements, Zn2-TTP-2D was dissolved in degassed buffer in an argon-

purged glove box and kept in dark vials with polytetrafluoroethylene septa. A gas-tight 

syringe was used for handling the anaerobic samples. Before spraying, the sample was 

diluted 10-fold with 20 mM ammonium carbonate buffer pH 7.3 to a final concentration of 

50 µM Zn2-TTP-2D. Degassed stock solutions of Na2S or H2O2 were added to achieve 1/1 

or 1/10 ratio. For the aerobic measurements Zn2-TTP-2D was incubated with the Na2S or 

H2O2 for 30 min at 21 ºC. For the “anaerobic-to-aerobic switch” experiments, samples were 

first recorded under anaerobic conditions and then the same sample diluted 1/1, v/v with 

aerated ammonium carbonate buffer. Mass spectrometric (MS) measurements were 

performed on a UHR-TOF MS (ultra high resolution time of flight mass spectrometer) 

maXis 4G (Bruker Daltonik, Bremen, Germany) coupled to a Bruker cryospray unit. The 

resolution of the ESI-TOF MS is at least 40.000 full-width at half maximum. Detection 

was in the positive-ion mode. The flow rates were 300 μL/h. The drying gas (N2), was held 

at 10 °C and the spray gas (N2) was held at 5 °C. The instrument was calibrated prior to 

each experiment via direct infusion of the Agilent ESI-TOF low concentration tuning 

mixture, which provided an m/z range of singly charged peaks up to 2700 Da in both ion 

modes. Spectra were processed using Data Analysis software (Bruker Daltonik, Bremen, 

Germany). For the experiments with Zn2-TTP-2D/RNA complex, AU-rich RNA (5’-

UUUAUUUAUUU-3’, Dharmacon) was dissolved in RNAse free water and incubated at 
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a 1:1 stoichiometry of Zn2-TTP-2D for 30 min at 37 °C. After treatment with a 10-fold 

excess of H2S for 15 min at RT the reaction mixture was diluted with acetonitrile (1/1, v/v) 

and formic acid (0.1 %) to denature the peptide. Detection was taken in the positive-ion 

mode. The flow rates were 180 μL/h. The spray gas (N2) was held at 180 °C. 

4.3.4 Spectrofluorometry 

Fluorescence spectra were recorded on a FP 6300 Fluorophotometer by JASCO with the 

setup “medium intensity” in phosphate buffer. The data were analyzed using the data 

analysis software Origin®. Zn2-TTP-2D (1.225 µM) was degassed with argon in an 

anaerobic cuvette. Degassed solutions of hydroethidine (122.5 µM) and H2S (12.5 µM) 

were added using gas-tight syringe. The reaction was monitored under anaerobic 

conditions first and then the cap of the anaerobic cuvette removed to expose the samples 

to air. Tyrosine fluorescence  was recorded with excitation wavelength λex=280 nm and 

emission wavelength (λ) between 290 – 500 nm. 1.3 µM Zn2-TTP-2D was incubated with 

1.3 µM H2S, 13 µM H2S, 1.3 µM H2O2 and 13 µM H2O2 under anaerobic conditions and 

with constant stirring. The cuvette cap was then just opened to air and the samples recorded 

over time. 

4.3.5 EPR spectroscopy 

EPR spectra were recorded at room temperature using an X-band spectrometer JEOL-

FA200 ESR at 9.5 GHz employing 100 kHz field modulation. Reaction mixtures were 

prepared in a chelex-treated phosphate buffer (0.05 M, pH 7.4). In an argon box, the sample 

solutions were transferred into a quartz glass capillary. This capillary was put into a normal 

EPR tube. For the “anaerobic-to-aerobic switch” experiments solutions incubated under 

anaerobic conditions were exposed to air and then transferred into a quartz glass capillary. 
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4.3.6 RNA Binding of Zn2-TTP-2D with H2S or H2O2 by Fluorescence Anisotropy (FA) 

FA was utilized to measure binding of Zn2-TTP-2D with its RNA target 5’-

UUUAUUUAUUU-3’-F. The RNA was purchased from Dharmacon Research Inc. as 

PAGE-purified, deprotected, and desalted and was dissolved in DEPC treated water. All 

measurements were made on ISS K2 spectrofluorometer (ISS Inc.) in the steady state mode, 

configured in the L format. An initial excitation/emission scan of the RNA probe to 

determine the optimum excitation/emission wavelength for the experiment was performed 

Based upon this scan, the experiments were performed with an excitation wavelength/band 

pass at 495 nm/2 nm and emission wavelength/band pass at 517 nm/2 nm. The buffer 

system utilized was 200 mM HEPES, 100 mM NaCl, 0.05 mg/mL bovine serum albumin 

(to prevent protein adherence to the cuvette) at pH 7.5 and measurements were taken in a 

Spectrosil far-UV quartz window fluorescence cuvette. (Starna Cells Inc.). In a typical 

experiment, the anisotropy (r) of the 10 nM of free fluorescently-labeled RNA 

oligonucleotide was measured. Zn2-TTP-2D was then titrated and the change in anisotropy 

monitored. The protein was titrated until the anisotropy reached saturation. Each data point 

represents an average of 41 readings taken over a time course of 120 seconds. The data 

were analyzed by converting the anisotropy (r) to fraction bound (Fbound) that the fraction 

TTP-2D bound to RNA with given RNA concentration, using the equation: 

𝐹bound =  
𝑟 − 𝑟free

(𝑟bound − 𝑟)𝑄 + (𝑟 − 𝑟free)
 

where rfree is the anisotropy of the fluorescently labeled RNA oligonucleotide and rbound is 

the anisotropy of the RNA-protein complex at saturation. Q is the quantum yield that is 

applied as a correction factor to account for changes in fluorescence intensity over the 
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course of the experiment (Q = Ibound/Ifree). Fbound was plotted against the protein 

concentration and fit using a one-site binding model: 

P + R ⇄ PR 

𝐾d =
[P][R]

[PR]
 

𝐹bound =
𝑃total + 𝑅total + 𝐾d − √(𝑃total + 𝑅total + 𝐾d)2 − 4𝑃total𝑅total

2𝑅total
 

where P is the protein concentration and R is the RNA concentration. Each titration was 

performed in triplicate. Variation in the experiments included addition of either 10.0 equiv 

of H2O2 (Fisher Chemical, 30%) or H2S samples either prior to or after the full titrations 

and anaerobic and aerobic conditions. 

4.3.7 Homology Modeling 

To produce a homology model of Zn2-TTP-2D, sequence alignment, model building, and 

model quality estimation was performed through a web based homology modeling tool, 

SWISS-MODEL (http://swissmodel.expasy.org/).11 The tandem zinc finger domain of 

TIS11d, a homolog of TTP, that has been structurally characterized via solution NMR 

(PDB: 1RGO), was chosen as the template and aligned with the sequence of TTP-2D. The 

sequence identity and sequence similarity were 69.57 and 0.54, respectively. The 3D 

homology model structure built with template alignment was generated using ProMod3. 

Final 3D model structure of TTP-2D was downloaded from SWISS-MODEL website 

as .pdb file format. All 3D structure figures were generated via the PyMOL molecular 

graphics system (Version 1.3).   
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4.3.8 Preparation and activation of BM-derived macrophages 

Cth+/- and Cth-/- mice were generated and characterized earlier.23 In this study, Cth+/- males 

and females were bred to obtain Cth+/+, Cth+/- and Cth-/- littermates. Cells were than isolated 

from the femur and tibia of freshly euthanized Cth+/+, Cth+/- and Cth-/- mice, by flushing 

with approximately 10 ml of activation media (RPMI1640 containing l-glutamine (Gibco), 

10% (v/v) fetal calf serum (FCS), 10 mM HEPES, 50 μM beta-mercaptoethanol, 1% (v/v) 

penicillin/streptomycin (P/S), without colony stimulating factor (CSF)-1). Cells were then 

pelleted and resuspended in monocyte differentiation media (DMEM (Gibco), 10% (v/v) 

FCS, 5% (v/v) adult horse serum (Cell Concepts), 1:100 non-essential amino acids (Sigma), 

50 μM beta-mercaptoethanol (Sigma), with 20% (v/v) L929 conditioned media containing 

CSF-1 Gibco® RPMI. Conditioned media containing CSF-1 was generated by collecting 

the media from L929 cells (ATCC) cultured for 14 days in DMEM containing 10% (v/v) 

FCS, 1:100 non-essential amino acids, 10 mM HEPES and 1% (v/v) P/S. For macrophage 

differentiation, 107 bone-marrow cells were cultivated in 50 ml of differentiation media for 

7 days in sealed, hydrophobic Teflon® bags (FT FEP 100 C (DuPont), American Durafilm) 

at 37°C and 10% CO2. The yield of BM-derived M0 macrophages from one bag was 

consistently approximately 7–10x107cells with a purity of >95% (determined as F4/80+ 

CD11b+ cells by flow cytometry). For activation of M0 into M1 BM-derived M0 were 

harvested from Teflon bags, pelleted and resuspended into activation media containing 

LPS (100 ng/ml) and recombinant mouse IFN-gamma (20 ng/ml). For qRT-PCR analysis, 

2x106 BMD-derived M0 and BM-derived M1 were plated per well of 6-well plates. In all 

cases, the M0 macrophages were first allowed to rest and adhere for 2 h. Then cells were 

activated for 24 h at 37°C and 5% CO2. All data given are mean ± S.D. for independent 
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samples. The statistical analysis is performed via one-way  ANOVA followed by a Tukey 

post-test for multiple comparisons using Prism 4 (GraphPad software). p < 0.01 denotes a 

statistically significant difference. 

4.3.9 Quantitative Real-Time (qRT)-PCR 

Total RNA of macrophages were isolated using RNeasy RNA isolation kit (Qiagen) 

according to manufacturer's instruction after homogenization with a Precellys 24 

homogenizator (Peqlab). RNA concentration and quality were determined by NanoDrop-

1000 spectrophotometer (Thermo Fisher Scientific). Two micrograms of RNA were 

transcribed to cDNA (Applied Biosystems). Quantitative analysis of target mRNA 

expression was performed with qRT-PCR in triplicates and by using the relative standard 

curve method. TaqMan and SYBR green analysis was conducted using an Applied 

Biosystems 7500 Sequence Detector (Applied Biosystems). The expression levels were 

normalized to 18S. 18S Primer sequences are: Forward, 5'-ACATCCAAGGAAGGCA 

GCAG-3', Reverse, 5'-TTTTCGTCACTACCTCCCCG-3', Probe: 5'-FAM-CGCGCAAA 

TTACCCACTCCCGAC-TAMRA-3'. Tnf Primer sequences are: Forward, 5'-GGTCCCC 

AAAGGGATGAGAA-3', Reverse, 5'-TTTTCGTCACTACCTCCCCG-3', Probe: 5'-FAM 

-TTCCCAAATGGCCTCCCTCTCATCA-TAMRA-3'.  

4.3.10 TTP Western blot 

CSE−/− Mouse Embryonic Fibroblasts (MEF, kind gift of Dr. Bindu Paul, Johns Hopkins 

University) were generated from CSE+/+ and CSE−/− mice and immortalized using SV40T 

antigen.24 MEF cells were cultured in DMEM, supplemented with 2 mM L-glutamine, 1% 

penicillin-streptomycin and 10% fetal bovine serum at 37 °C and 5% CO2. 10 mg of kidney 

tissue was homogenized in cold RIPA buffer using Potter homogenizer. Cells were lysed 
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in RIPA buffer on ice. Samples were then mixed with 4X Lammeli (1:4) and incubated for 

20 min at 55 °C. After resolving samples on gel, protein transfer was performed, followed 

by blocking in 5% dry-milk in PBS Tween and incubated with rabbit anti-TTP antibody 

(Cat.# T5452, Sigma Aldrich) over night. Protein bands were visualized by 

chemiluminecence, using swine anti-rabbit IgG-HRP (Cat.#  P0399, Dako, Denmark). 

GAPDH was used as a loading control (Anti-GAPDH, Cat.# G8795, Sigma Aldrich). 

 

4.3. Results and Discussion 

A construct of TTP that contains its two Cys3His zinc binding domains was 

overexpressed and purified, as previously reported.22 This construct, called TTP-2D, folds 

and functions (binds RNA) upon zinc binding (Figure 4.1). The reactivity of Zn2-TTP-2D 

 
Figure 4.1 Cartoon diagram of Zn2-TTP-2D reactivity with H2S. 

 

Figure 4.1 A cartoon diagram of Zn2-TTP-2D reactivity with H2S. 
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with H2S was assessed via the low temperature high-resolution mass spectrometric 

technique, ‘cryo’ electrospray time-of-flight mass spectrometry (ESI-TOF-MS) (+4°C). 

The conditions of cryo-ESI-TOF-MS are gentle enough for metal coordination to be 

retained,25 as illustrated by recent reports in which reactive sulfur species were observed 

transiently coordinated to the iron center of heme proteins.12, 26 The cryo-ESI-MS of Zn2-

TTP-2D (50 μM, 20 mM (NH4)2CO3, pH 7.3) was recorded and a peak corresponding to 

Zn2-TTP-2D identified (Figure 4.2).  

Zn2-TTP-2D was then incubated with 10-fold excess H2S under aerobic conditions 

and cryo-ESI-TOF-MS performed. Analysis of the reaction products showed a leftward 

m/z shift of the peaks compared to those observed for Zn2-TTP-2D alone. These peaks 

 

Figure 4.2 Speciation of oxidized products formed from the aerobic reaction of Zn2-TTP-2D (50 µM) 

with H2S (500 µM). Treatment of Zn2-TTP-2D with H2S leads to a leftward m/z shift. m/z 858.6183 

(detected, black) corresponds to the fully oxidized TTP-2D with 3 disulfide bonds (m/z 858.6195 

predicted, red). m/z 865.3122 (detected, black) corresponds to a Zn-TTP-2D with one disulfide bond (m/z 

865.3138 predicted, blue). m/z 871.9053 (detected, black) corresponds to a Zn2-TTP-2D in its native state 

(m/z 871.9066 predicted, green). The control spectrum of starting Zn2-TTP-2D is shown in pink. The 

spectra shown are at m/z range 850-890 corresponding to the 10+ charged ion.  

Figure 4.2 Speciation of oxidized products formed from the aerobic reaction of Zn2-TTP-2D (50 µM) with 

H2S (500 µM). Treatment of Zn2-TTP-2D with H2S leads to a leftward m/z shift. m/z 858.6183 (detected, 

black) corresponds to the fully oxidized TTP-2D with 3 disulfide bonds (m/z 858.6195 predicted, red). m/z 

865.3122 (detected, black) corresponds to a Zn-TTP-2D with one disulfide bond (m/z 865.3138 predicted, 

blue). m/z 871.9053 (detected, black) corresponds to a Zn2-TTP-2D in its native state (m/z 871.9066 

predicted, green). The control spectrum of starting Zn2-TTP-2D is shown in pink. The spectra shown are at 

m/z range 850-890 corresponding to the 10+ charged ion.  
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correspond to a sequential loss of Zn2+ ions and thiol oxidation to yield a fully oxidized 

peptide with 3 disulfide bonds (Figure 4.3). This reactivity was only observed when zinc 

was bound to TTP and the protein was folded (Figure 4.4). This apparent oxidation of 

TTP-2D was unexpected: H2S is a reducing agent and Zn2+ has a d10
 electron configuration 

and is therefore not a redox active metal center. The analogous cryo-ESI-TOF-MS 

experiment with an established oxidant, H2O2 was performed to confirm the MS 

interpretation for the aerobic reaction of Zn2-TTP-2D with H2S. Treatment of Zn2-TTP-2D 

with either equimolar or 10-fold excess H2O2 resulted in cysteine oxidation to form three 

disulfides and loss of Zn, matching the Zn2-TTP-2D + H2S results (Figure 4.5). These data 

reveal that the oxidation of Zn2-TTP-2D is mediated by H2S; however, H2S is a reductant, 

therefore an additional factor must be involved. We postulated that this factor is the oxygen, 

present under the aerobic conditions of the reaction. To test this hypothesis, we performed 

the same reaction of Zn2-TTP-2D with H2S under anaerobic conditions. The mass spectrum 

of this reaction matched that of Zn2-TTP-2D alone with the highest intensity peak at m/z 

 
Figure 4.3 MS spectra of (i) Zn2-TTP-2D + H2O2; (ii) Zn2-TTP-2D + H2S (aerobic conditions) Figure 4.3 MS spectra of (i) Zn2-TTP-2D + H2O2; (ii) Zn2-TTP-2D + H2S (aerobic conditions) 
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968.6732 (calc. 968.6723; z = 9+) consistent with no reactivity under anaerobic conditions 

(Figure 4.6A(i)). Notably, the addition of an equal volume of aerated buffer to the 

anaerobic Zn2-TTP-2D + H2S solution for 5 minutes, resulted in the appearance of several 

new peaks (Figure 4.6 and Figure 4.7). 

The peak with m/z of the most abundant mass at 961.3471 (calc. 961.3460; z = 9+) 

corresponds to loss of one Zn2+ and formation of one disulfide bond (Fig 4.6A(ii)). Another 

distinct change observed is the appearance of a species with a higher m/z for which the 

isotopic distribution matches well with 2(H2S2
•–) and 2(O2

•–) coordinated to Zn2-TTP-2D 

(Figure 4.6A(iii) and B). Species containing either HS– or O2 ionized together with/or 

coordinated to Zn2-TTP-2D (Figure 4.7) were also observed. These data identify potential 

intermediate species and offer support for our hypothesis that oxygen, present under the  

 
Figure 4.4. MS spectra of the control reaction of denatured, unfolded Zn2-TTP-2D with H2S. Zn2-TTP-

2D was denatured and unfolded by mixing buffered solution with acetonitrile (1/1). This resulted in the 

loss of Zn2+ coordination and protein unfolding, while retaining Zn2+ in the solution. This served as a 

control to determine the importance of zinc binding and TTP protein folding for the reaction of Zn2-TTP-

2D with H2S. Neither the addition of H2S under anerobic conditions (black spectrum) nor the subsequent 

exposure to air for 20 min (red spectrum) changed the speciation – only apo-TTP-2D and partially 

oxidized apo-TTP-2D (due to the loss of zinc coordination which makes the cysteine residues more 

susceptible to oxidation) was observed. These data indicate that the observed reactivity for Zn2-TTP-2D 

with H2S requires that the protein be both zinc bound and folded. 

Figure 4.4 MS spectra of the control reaction of denatured, unfolded Zn2-TTP-2D with H2S. Zn2-TTP-2D 

was denatured and unfolded by mixing buffered solution with acetonitrile (1/1). This resulted in the loss of 

Zn2+ coordination and protein unfolding, while retaining Zn2+ in the solution. This served as a control to 

determine the importance of zinc binding and TTP protein folding for the reaction of Zn2-TTP-2D with H2S. 

Neither the addition of H2S under anerobic conditions (black spectrum) nor the subsequent exposure to air 

for 20 min (red spectrum) changed the speciation – only apo-TTP-2D and partially oxidized apo-TTP-2D 

(due to the loss of zinc coordination which makes the cysteine residues more susceptible to oxidation) was 

observed. These data indicate that the observed reactivity for Zn2-TTP-2D with H2S requires that the protein 

be both zinc bound and folded. 
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Figure 4.5 Oxidation of Zn2-TTP-2D (50 µM) with H2O2 in ammonium carbonate buffer pH 7.3. (A) Both 

low (1:1 molar ratio, blue) and high (10:1 molar ratio, red) concentrations of H2O2 induce a leftward m/z shift 

suggestive of thiol oxidation and loss of Zn2+ ions with full oxidation of TTP-2D. Loss of both Zn2+ molecules 

predominate in the samples treated with a high concentration (10:1) of H2O2 (red spectrum). (B) Main 

oxidation products formed in the reaction of 50 µM Zn2-TTP-2D with 500 µM H2O2 correspond to a fully 

oxidized TTP-2D (black), TTP-2D with 2 disulfides (blue) and Zn-TTP-2D with one disulfide (green). (C) 

Speciation of the oxidation products formed in the reaction of Zn2-TTP-2D (50 µM) with H2O2 (500 µM) 

(red spectrum). The black spectrum represents the predicted isotopic distribution of a species containing one 

intact Zn2+ coordination site and the other one fully oxidized with a disulfide bond and one sulfinylated 

cysteine residue (RSO2H). Gray: Isotopic distribution of oxidized TTP-2D without Zn2+ and with 4 cysteine 

residues forming 2 disulfide bonds with the other two cysteine residues are either both sulfenylated (RSOH) 

or present as one thiolate and one cysteine as RSO2H. Pink: Isotopic distribution of TTP-2D without Zn2+ 

but with two cysteines as sulfenic acid (RSOH). Blue: predicted isotopic distribution of TTP-2D containing 

2 disulfide bonds and one sulfenylated cysteine. 
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Figure 4.6 (A) MS spectra of Zn2-TTP-2D + H2S. Isotopic distribution of z=9+ species of 50 µM Zn2-TTP-

2D incubated with 500 µM H2S in 20 mM (NH4)2CO3,  pH 7.3 under (i) anaerobic conditions (black, 5 min); 

(ii) solution mixed with an equal volume of aerated buffer and sprayed additional (ii) 5 min (red) and (iii) 20 

min (blue). Arrows indicate most pronounced spectral changes. (B) Detected (red) and predicted (black) 

isotopic distribution of [Zn2-TTP-2D + (H2S2
•–)2 + (O2

•–)2 + 3Na+ + 6H+]9+ (C) Speciation of coordination 

products formed after air exposure. Species in 950–970 m/z range best simulated with isotopic distribution 

indicated in figure inset. 
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Figure 4.7 Mass spectra of Zn2-TTP-2D (50 µM) treated with H2S (500 µM) under anaerobic conditions 

and then exposed to air. (A) Charge distribution in samples and selected z = 9 shown in detail in Figure 

1. Black: anaerobic conditions. Red: after initial exposure to air. Blue: 20 min after exposure to air. (B) 

Speciation of coordination products formed when the anaerobic reaction mixture was initially exposed 

to air. Complex spectra obtained in 970-980 m/z range could best be simulated with the isotopic 

distribution of species shown in figure legend (gray-pink) 

Figure 4.7 Mass spectra of Zn2-TTP-2D (50 µM) treated with H2S (500 µM) under anaerobic conditions 

and then exposed to air. (A) Charge distribution in samples and selected z = 9+. Black: anaerobic 

conditions. Red: after initial exposure to air. Blue: 20 min after exposure to air. (B) Speciation of 

coordination products formed when the anaerobic reaction mixture was initially exposed to air. Complex 

spectra obtained in 970 – 980 m/z range could best be simulated with the isotopic distribution of species 

shown in figure legend (gray-pink). 
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aerobic conditions of the reaction, is involved in Zn-TTP mediated hydrogen sulfide 

oxidation: 

(1)   HS– + O2 → HS• + O2
•– 

(2)   HS– + HS• → H2S2
•–  

Longer exposure to air led to a disappearance of the m/z 961.3471 species, and 

cysteine oxidation, and several additional species. Importantly, these included 

persulfidated products: a species with two cysteines oxidized to a disulfide and cysteine 

persulfide (observed m/z 965.0115, calc. 965.0118; z = 9+), as well as a species with two 

disulfide bonds and two cysteines persulfidated (observed m/z 957.6831, calc. 957.6821; z 

= 9+, Figure 4.6C). After 20 minutes, the fully oxidized species is observed: there is loss 

of both Zn2+ ions and complete cysteine oxidation (Figure 4.6A(iii)).  

One of the intermediates suggested by MS is superoxide transiently coordinated to 

the Zn site (Figure 4.6A(ii), B). The formation of superoxide was independently measured 

via reaction of Zn2-TTP-2D + H2S with hydroethidine, a fluorescence probe for 

superoxide.27 Incubation of  Zn2-TTP-2D with 10-fold excess H2S under anaerobic 

conditions did not result in any change in the fluorescence emission signal at 500-700 nm. 

Upon exposure to air, a fluorescent signal centered at 586 nm appeared immediately and 

increased over 20 minutes, indicating superoxide formation (Figure 4.8). Superoxide was 

not observed when the same experiment was performed with denatured, unfolded TTP-2D. 

Superoxide was also observed in a DMPO spin trap EPR experiment: no signal after 

addition of DMPO to Zn2-TTP-2D + H2S under anaerobic conditions while addition of 

DMPO to Zn2-TTP-2D + H2S under anaerobic conditions followed by exposure to air for 

five minutes resulted in an EPR spectrum indicative of oxygen radicals (Figure 4.9). 
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Figure 4.8 (A) Hydroethidine (HE) trapping of superoxide formed during the reaction of Zn2-TTP-2D 

(1.23 µM) with H2S (12.3 µM); black: HE (123 µM) alone, red: HE + Zn2-TTP-2D + H2S, blue: HE + 

Zn2-TTP-2D + H2S + air, t=0-20 min. (B) Hydroethidine (HE) trapping of superoxide formed in the 

reaction of of denatured Zn2-TTP-2D (1.23 µM) with H2S (12.3 µM) in anaerobic to aerobic condition 

for 30 min. 

 

 

 
 

Figure 4.9 X-band EPR spectrum of oxygen radicals formed in reaction of Zn2-TTP-2D with H2S. 50 

µM Zn2-TTP-2D + 500 µM H2S + 5 mM DMPO under anaerobic conditions for 15 min (black) and open 

to air for 5 min (red). 

Figure 4.8 (A) Hydroethidine (HE) trapping of superoxide formed during the reaction of Zn2-TTP-2D (1.23 

µM) with H2S (12.3 µM); black: HE (123 µM) alone, red: HE + Zn2-TTP-2D + H2S, blue: HE + Zn2-TTP-

2D + H2S + air, t=0-20 min. (B) Hydroethidine (HE) trapping of superoxide formed in the reaction of of 

denatured Zn2-TTP-2D (1.23 µM) with H2S (12.3 µM) in anaerobic to aerobic condition for 30 min. 

Figure 4.9 X-band EPR spectrum of oxygen radicals formed in reaction of Zn2-TTP-2D with H2S. 50 µM 

Zn2-TTP-2D + 500 µM H2S + 5 mM DMPO under anaerobic conditions for 15 min (black) and open to air 

for 5 min (red). 
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The structural consequences of H2S mediated oxidation of Zn2-TTP-2D in air were 

followed via intrinsic tyrosine fluorescence.28 TTP contains three tyrosine residues close 

to each zinc center that may be perturbed upon unfolding and zinc ejection (Figure 4.10).11 

The anaerobic incubation of Zn2-TTP-2D with 10- fold excess H2S resulted in no 

significant spectral differences. Upon exposure to air, the intrinsic tyrosine fluorescence 

emission at 305 nm decreased, indicative of zinc ejection/protein unfolding. A new species, 

which emitted at 360 nm and then rapidly decayed was observed (Figure 4.11A). This 

species was sensitive to the amount of H2S added, decaying faster at higher concentrations 

(Figure 4.11B–D). In a control reaction of Zn2-TTP-2D with 10-fold excess H2O2, only 

the decrease in intrinsic tyrosine fluorescence at 305 nm was observed (Figure 4.10). The 

intermediate species observed at 360 nm for the H2S reaction is potentially the transiently 

formed persulfide that is also suggested by the cryo-ESI MS data, and for which there is 

precedence in rhodanese persulfide emission.29 

 

 
 

Figure 4.10 Predicted 3D structure of Zn2-TTP-2D (Template PDB ID: 1RGO) using SWISS-MODEL 

homology modeling tool. Full Van Der Waals Radii sphere model of Zn2-TTP-2D (red sphere : oxygen, 

black sphere: zinc, yellow sphere: cysteine-sulfur, green sphere: cysteine-carbon, cyan sphere: tyrosine-

carbon) 

 

 

Figure 4.10 Predicted 3D structure of Zn2-TTP-2D (Template PDB ID: 1RGO) using SWISS-MODEL 

homology modeling tool. Full Van Der Waals Radii sphere model of Zn2-TTP-2D (red sphere : oxygen, black 

sphere: zinc, yellow sphere: cysteine-sulfur, green sphere: cysteine-carbon, cyan sphere: tyrosine-carbon) 
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The effect of H2S on Zn2-TTP-2D function in vitro was then assessed. Zn2-TTP-

2D regulates cytokine RNAs via direct binding to RNA (sequence: 5’-UUUAUUUAUUU-

3’).22 We examined whether Zn2-TTP-2D still bound RNA in the presence of H2S. Using 

fluorescence anisotropy, we titrated fluorescently labeled RNA with i) Zn2-TTP-2D, ii) 

Zn2-TTP-2D plus 10-fold excess H2S (anaerobic), and iii) Zn2-TTP-2D plus 10-fold excess 

H2S (aerobic). When H2S was added anaerobically, Zn2-TTP-2D bound to RNA with an 

analogous affinity as the titration in the absence of H2S (Kd = 9-16 nM); however, when 

Zn2-TTP-2D plus H2S was exposed to oxygen (aerobic), binding was abrogated (Table 4.1 

 

Figure 4.11 Conformational changes of Zn2-TTP-2D structure upon H2S or H2O2 treatement. (A) 

Tyrosine fluorescence (λex 280 nm) of spectra of Zn2-TTP-2D (1.3 µM, black dots), anaerobically treated 

with H2S (1.3 µM, red), and exposed to air for 0, 1, 3, 5 min (violet to blue) (B) 13 µM H2S, (C) 1.3 µM 

H2O2 and (D) 13 µM H2O2. 

Figure 4.11 Conformational changes of Zn2-TTP-2D structure upon H2S or H2O2 treatement. (A) Tyrosine 

fluorescence (λex 280 nm) of spectra of Zn2-TTP-2D (1.3 µM, black dots), anaerobically treated with H2S 

(1.3 µM, red), and exposed to air for 0, 1, 3, 5 min (violet to blue) (B) 13 µM H2S, (C) 1.3 µM H2O2 and (D) 

13 µM H2O2. 
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and Figure 4.12).  As a control, Zn2-TTP-2D was oxidized with H2O2 and RNA binding 

measured. Here, binding was abrogated, revealing that oxidation of Zn2-TTP-2D inhibits 

function (Figure 4.12). 

The reactivity of H2S with the ZF bound to RNA – Zn2-TTP-2D/RNA – was then 

assessed.  Zn2-TTP-2D was titrated with RNA (10 nM) to saturation, followed by aerobic 

addition of H2S or H2O2 (control). In both cases, Zn2-TTP-2D/RNA remained intact 

suggesting that TTP is protected from oxidation when bound to RNA (Figure 4.13). These 

results were confirmed by cryo-ESI-TOF-MS: no spectral changes occurred when Zn2- 

 

 

Zn2-TTP-2D 
Zn2-TTP-2D with H2S 

(anaerobic) 

Zn2-TTP-2D with H2S 

(aerobic) 

Zn2-TTP-2D 

with H2O2 

16.9 ± 4.0 * 9.1 ± 1.3 * N.B. N.B. 

* Kds shown in nM, N.B. = no binding 

 

 
 

Figure 4.12 Change in anisotropy upon the addition of Zn2-TTP-2D (black), Zn2-TTP-2D + 10-fold H2S 

under anaerobic conditions (red) and aerobic conditions (blue), and for Zn2-TTP-2D + 10-fold H2O2 

(green) to the 3’-fluorecein-labeled RNA oligonucleotide, UUUAUUUAUUU-F. Dotted lines show the 

nonlinear least-squares fits to a 1:1 binding model. 

Table 4.1 Measured RNA-Dissociation constants of Zn2-TTP-2D with 10-fold excess H2O2 or 10-fold excess 

H2S under anaerobic and aerobic condition (air exposure time: 30 min). Experiments were performed with 

the addition of 10.0 equivalents of H2S or H2O2 to the Zn2-TTP-2D protein prior to titration with RNA. 

Figure 4.12 Change in anisotropy upon the addition of Zn2-TTP-2D (black), Zn2-TTP-2D + 10-fold H2S 

under anaerobic conditions (red) and aerobic conditions (blue), and for Zn2-TTP-2D + 10-fold H2O2 (green) 

to the 3’-fluorecein-labeled RNA oligonucleotide, UUUAUUUAUUU-F. Dotted lines show the nonlinear 

least-squares fits to a 1:1 binding model. 
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Figure 4.13 Plot of the change in anisotropy upon the addition of H2O2 or H2S to the Zn2-TTP-2D/RNA 

(5’-UUUAUUUAUUU-3’-Flc) complex (green squares, red circles) and the change in anisotropy upon 

addition of H2O2 or H2S to RNA alone (orange triangles and blue diamonds).  

 
Figure 4.14 The Zn2-TTP-2D/RNA complex is resistant to H2S or H2O2 oxidation. (A) MS of starting 

[Zn2-TTP-2D/RNA] complex (70 µM Zn2-TTP-2D incubated with 140 µM RNA in ammonium 

carbonate buffer pH 7.3 for 30 min at 37 ºC), (B) Zn2-TTP-2D/RNA complex treated with 700 µM H2S 

and (C) Zn2-TTP-2D/RNA complex treated with 700 µM H2O2 in ammonium carbonate buffer pH 7.3. 

No changes are observed. 

 

 

Figure 4.14 Plot of the change in anisotropy upon the addition of H2O2 or H2S to the Zn2-TTP-2D/RNA (5’-

UUUAUUUAUUU-3’-Flc) complex (green squares, red circles) and the change in anisotropy upon addition 

of H2O2 or H2S to RNA alone (orange triangles and blue diamonds).  

Figure 4.13 The Zn2-TTP-2D/RNA complex is resistant to H2S or H2O2 oxidation. (A) MS of starting [Zn2-

TTP-2D/RNA] complex (70 µM Zn2-TTP-2D incubated with 140 µM RNA in ammonium carbonate buffer 

pH 7.3 for 30 min at 37 ºC), (B) Zn2-TTP-2D/RNA complex treated with 700 µM H2S and (C) Zn2-TTP-

2D/RNA complex treated with 700 µM H2O2 in ammonium carbonate buffer pH 7.3. No changes are 

observed. 
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TTP-2D/RNA complex was treated with 10-fold excess H2S or H2O2 under aerobic 

conditions (Figure 4.14). To understand how RNA might protect Zn2-TTP-2D from 

oxidation, we examined the accessibility of the zinc bound cysteine thiols by modeling the 

RNA free and RNA bound structures of Zn2-TTP-2D using SWISS-MODEL. As shown in 

Figure 4.15, in the absence of RNA, the cysteine residues are solvent exposed; however, 

upon RNA binding, they are protected by the RNA bases. Taken together, the reactivity of 

Zn2-TTP-2D with H2S is summarized in Figure 4.16. In the absence of RNA, the addition 

of H2S to Zn2-TTP-2D under aerobic conditions leads to oxidation of TTP-2D, ejection of 

Zn, and loss of RNA binding. In the presence of RNA, the protein is protected from 

oxidation and RNA binding is preserved.  

 
Figure 4.15 Predicted structure of Zn2-TTP-2D using SWISS-MODEL. (A) An atom sphere presentation 
of zinc binding site 1 and 2, showing that cysteine residues are solvent accessible. (Yellow: sulfur, blue: 
nitrogen, green: carbon, dark grey: zinc) (B) Predicted RNA bound complex of Zn2-TTP-2D indicating 
hindered sulfur atoms of each zinc finger domain. 

Figure 4.15 Predicted structure of Zn2-TTP-2D using SWISS-MODEL. (A) An atom sphere presentation of 

zinc binding site 1 and 2, showing that cysteine residues are solvent accessible. (Yellow: sulfur, blue: 

nitrogen, green: carbon, dark grey: zinc) (B) Predicted RNA bound complex of Zn2-TTP-2D indicating 

hindered sulfur atoms of each zinc finger domain. 
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One of the cytokines regulated by TTP is TNF.30 The effect of H2S on levels of 

TNF in macrophages, a cell type for which TTP is upregulated,31 isolated from mice were 

examined (Figure 4.17). Macrophages were isolated from wild type and CSE-/- mice (mice 

lacking cystathionine gamma-lyase, an enzyme that produces H2S endogenously) and 

TNF mRNA levels were measured via qRT-PCR under basal and inflammatory 

(LPS/IFNγ stimulated) conditions. mRNA levels of TNF were significantly lower in CSE-

/- mice under both conditions. The CSE knockout did not affect TTP expression levels 

 

Figure 4.16 The reactivity of Zn2TTP-2D with H2S in the presence and absence of RNA and O2. Figure 4.16 The reactivity of Zn2TTP-2D with H2S in the presence and absence of RNA and O2. 
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(Figure 4.18). As TTP downregulates TNF mRNA, one potential explanation is that 

when H2S is produced by WT mice, it modifies TTP such that TTP no longer 

downregulates TNF mRNA. This finding sets the stage for future in vivo experiments to 

decipher the relationships between H2S, inflammation and TTP via TNF. 

 
Figure 4.17 TNF mRNA expression levels from Cth+/+, Cth+/-, and Cth-/- mice. TNF mRNA levels 
are lower in both non-stimulated (M0) and interferon gamma/LPS stimulated (M1) macrophages from 
Cth-/- mice (blue circles) when compared to Cth+/+ (red squares) or Cth+/- (purple triangles) animals. n = 
6 mice; experiments are run in triplicate; * p<0.01. 

 

 
Figure 4.18  Western blot data for TTP expression in embryonic fibroblasts (MEF) and kidney tissue 
cells of both wildtype (wt) and Cth-/- mice, with GAPDH as an internal control. The expression levels, 
shown in red, are quantified via comparison to GAPDH. 

Figure 4.17 TNF mRNA expression levels from Cth+/+, Cth+/-, and Cth-/- mice. TNF mRNA levels are 
lower in both non-stimulated (M0) and interferon gamma/LPS stimulated (M1) macrophages from Cth-/- mice 
(blue circles) when compared to Cth+/+ (red squares) or Cth+/- (purple triangles) animals. n = 6 mice; 
experiments are run in triplicate; * p<0.01. 

Figure 4.18 Western blot data for TTP expression in embryonic fibroblasts (MEF) and kidney tissue cells of 
both wildtype (wt) and Cth-/- mice, with GAPDH as an internal control. The expression levels, shown in red, 
are quantified via comparison to GAPDH. 
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4.4 Conclusion 

Protein persulfidation is emerging as a key posttranslational modification promoted 

by H2S;1-10 however, the mechanisms by which persulfidation occurs are not well 

understood, particularly for protein targets that do not contain redox active metal sites.  

Using Zn2-TTP-2D, a ZF that regulates inflammation, we made the interesting observation 

that persulfidation by H2S occurs under aerobic conditions, this reactivity requires that the 

protein be folded with zinc bound, with the zinc facilitating this otherwise very slow 

reaction. H2S reactivity is only observed when zinc is bound to TTP and O2 is present, 

suggesting that the zinc is acting as a recognition element to trigger H2S reactivity. Roles 

for the zinc center could include: i) acting as a conduit to bring O2 and H2S in close 

proximity to allow for electron transfer ; ii) lowering the pKa of H2S (akin to Zn binding to 

OH- in carbonic anhydrase) favoring formation of HS•,32  or iii)  shifting the redox potential 

of O2 to a more positive value favoring superoxide formation.33  The first role is of 

particular interest, as there is precedence for the metal facilitating reactivity in both proteins 

– iron and manganese dioxygenases34 – and in protein model complexes – zinc superoxide 

dismutate models with a quinoline ligand.25 In both instances, the metal is required to bring 

the reactive molecules in close proximity to each other, but does not change oxidation state 

(for Fe and Mn).25, 34 Furthermore, the binding of superoxide to zinc has been suggested to 

be essential for copper-catalyzed superoxide dismutation in CuZnSOD.35 A potential 

mechanism, for role (i) is given in Scheme 4.1. Future spectroscopic studies will allow us 

to further identify intermediates and define a mechanism. Our in vitro functional studies 

revealed that persulfidation, followed by disulfide formation, of Zn2-TTP-2D disrupts the 

protein structure and abrogates RNA binding. This results in higher TNF mRNA levels,  
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Scheme 4.1 Possible mechanistic pathway for the reduction of Zn2-TTP-2D by H2S and O2. Upon HS- 

binding to Zn, Zn2-TTP-2D acts as a conduit to for electron transfer from HS— to  O2 forming HS· and 

superoxide (the latter of which is reminisicent of work by Fukuzimi).35 HS·, a powerful oxidant, could then 

potentially react with another HS— molecule yielding H2S2·— or it could target a zinc coordinating cysteine 

forming RSSH.1 This latter species is a strong reducing agent and is predicted to rapidly reduce oxygen to 

form another molecule of superoxide along with concomittent cysteine pursulfication.  Cysteine 

persulfidation has the potential to then lead to zinc ejection and oxidation of cysteine residues forming 

additional superoxide, which then potentiates additional cysteine oxidation yielding the final fully oxidized 

product. Note: Possible mechanism shown for single Cys3His TTP for clarity.  
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observed in cellular studies offering a potential explanation for the proinflammatory 

properties assigned to H2S.18-21 Interestingly, when Zn2-TTP-2D is bound to RNA, the 

complex is impervious to oxidation by H2S, which we propose is due to the RNA shielding 

the Zn-cysteine bonds from H2S. These results set the stage for future studies on other zinc 

co-factored proteins4, 5 to decipher the role of zinc in H2S reactivity and determine 

mechanisms. Additionally, cell-based studies of Zn2-TTP-2D will provide a link between 

the biochemical mechanism of persulfidation to the physiological role of ZF proteins. 
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Chapter 5 

Development of Liquid Chromatography ICP-MS (LC-ICP-MS) to Monitor Zinc 

Speciation in THP-1 Cells 

 

5.1 Introduction 

Zinc is a critically important micronutrient that is required by cells to mediate 

numerous biological functions.1 Physiological roles of zinc involve acting as a cofactor for 

more than 2,000 proteins, regulation of enzymatic activity, gene transcription and 

translation process, and functioning as a secondary messenger of signaling pathways.1-4 In 

addition, zinc homeostasis and intracellular zinc levels in mammalian cells can affect the 

innate immune system to combat microbial invasions.5, 6 As zinc plays key structural, 

catalytic and signaling roles in cells, understanding and measuring intracellular zinc levels 

is important.7-9 Zinc trafficking studies in eukaryotes have often focused on zinc 

transporters (e.g. ZIP, ZnT), cysteine-rich cytosolic proteins (e.g. zinc finger proteins and 

metallothioneins), and cytoplasmic free zinc (Figure 5.1).10-12 Free zinc levels are 

regulated by zinc transportation to cell organelles and vesicles via zinc specific 

transporters.9 Also, metallothionein can control free zinc concentration by supplying zinc 

to zinc containing proteins in the cytoplasm.13 Many efforts have been reported to measure 

intracellular zinc level – the majority of which monitor free or loosely bound-zinc levels 

using fluorescent zinc sensors (e.g. Zincquin, FluoZin-3 and ZincBY-1).14-17 However, it 

is challenging to monitor zinc level changes during physiological events in cells, such as 

an activation of cell signal cascade, and there are less methods that measure the entire zinc 

proteome.18 
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There is emerging evidence that zinc can modulate inflammatory signaling 

pathways, suggesting a role for zinc in signaling.2, 19-22 It has been shown that zinc 

supplementation or depletion in THP-1 cells, a monocytic cell line derived from acute 

leukemia, can affect gene expression in multiple signaling pathways, including the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway proteins.23 The 

NF-κB signaling pathway is widely known as a regulatory pathway for apoptosis control, 

cell stress response, and innate and adaptive immune response.1, 24 The NF-κB proteins 

promote gene expression and activates signal transduction pathways for a large number of 

pro-inflammatory cytokines (e.g. IL-1β, IL-6, IL-8 and TNF-α).24, 25 The activation of NF-

κB signaling pathway relies on activating factors such as bacterial lipopolysaccharides 

(LPS), growth factors, and pro-inflammatory cytokines.24, 25 The receptors of activation 

factors for the canonical signaling cascade in the NF-κB pathway include tumor necrosis 

  

Figure 5.1 A zinc trafficking overview in eukaryotes. Zinc intake via ZIP family transporters (red) and zinc 

exportation by ZnT family transporters (green) are shown. Metallothionein (Zn-MT, blue) regulates the free 

cytoplasmic zinc level and supplies free zinc ions to zinc-containing proteins (Zn-proteins, yellow).   
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factor receptor (TNFR), Toll-like receptor family (TLR/IL-1R), T-cell receptors (TCRs), 

and B-cell receptors (BCRs).25  The NF-κB signaling pathway contains multiple putative 

zinc co-factored proteins,  including several zinc finger proteins (ZFs).26, 27 For instance, 

TNF associated factor 6 (TRAF6), NF-κB essential modulator (NEMO), tristetraprolin 

(TTP), roquin-1, and monocyte chemotactic protein-1-induced protein-1 (MCPIP-1) are 

cysteine-rich ZFs in the NF-κB pathway.1, 28 Notably, the CCCH-type zinc finger proteins, 

TTP, roquin-1, and MCPIP-1 participate in a down-regulation of pro-inflammatory 

cytokines (Figure 5.2).28, 29 

 

Figure 5.2 Cartoon diagram of zinc finger proteins (ZFs) in the NF-κB signaling pathway in mammalian 

cells. TRAF3, TRAF6, and NEMO are known zinc finger containing signaling proteins in the NF-κB 

pathway. The CCCH type ZFs, TTP, roquin and MCPIP, down-regulate inflammatory cytokine levels via 

binding to and degrading cytokine mRNA, AU-rich element at the 3’-untranslated region (3’-UTR), as a 

part of the NF-κB signaling pathway. 
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Intracellular zinc levels can alter the expression levels of inflammatory pathway 

proteins.23, 30 This project focuses on monitoring how zinc level changes affect the zinc 

proteome with a focus on ZFs. Our approach utilizes THP-1 cells which are an 

inflammatory model cell line to determine connections between zinc and the zinc 

proteome.31 The approach involves a novel liquid chromatography-inductively coupled 

plasma mass spectrometry (LC-ICP-MS) assay to obtain for zinc speciation.   

 

5.2 Materials and Methods 

5.2.1 General Materials 

THP-1 cells were purchased from American Type Culture Collection (ATCC). All 

chemicals including zinc analytical standard for ICP-MS, zinc sulfate heptahydrate and 

zinc pyrithione were purchased from Sigma-Aldrich. Purified bovine carbonic anhydrase 

was also purchased from Sigma-Aldrich. Trace metal grade nitric acid (HNO3) was 

purchased from Fisher Scientific.  

5.2.2 Cell Culture, Treatment, Lysis, and Total Protein Concentration Measurement 

THP-1 cells were cultured in RPMI medium 1640 (Gipco) with 10% fetal bovine serum 

(FBS, Sigma-Aldrich) and 50 µM of 2-mercaptoethaol. THP-1 cells were grown in T25 

flasks with a cell density of 500,000 cells/mL. The cell viability was examined by trypan 

blue exclusion method and kept > 90%. To adjust the media zinc concentration, the media 

containing 100 µM of zinc sulfate (ZnSO4) dissolved in water or 100 µM zinc pyrithione 

(ZnPT) dissolved in DMSO were used for the zinc supplemented condition. Also, 

N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) dissolved in DMSO was 
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used for the zinc depleted condition. For the DMSO control, all other culture media except 

ZnPT and TPEN media contained same amount of DMSO. To induce an inflammatory 

response from THP-1 cells, lipopolysaccharide (LPS) from Escherichia coli 055:B5 

(Sigma-Aldrich) was added to the media to reach 100 ng/mL of final concentration. Cells 

were incubated the incubator with 5% CO2 at 37oC for 4 hours and harvested. Harvested 

cells were washed by PBS three times and centrifuged at 500 x g for 5 mins. For the cell 

lysis, the cell pellet was sonicated in the PBS or CSH native lysis buffer (50 mM Tris-HCl, 

pH 7.5, 25 mM NaCl, 0.1% IGEPAL CA-630)32 containing Halt protease inhibitor cocktail 

(ThermoFisher Scientific), centrifuged at 14,000 x g for 30 mins. After centrifugation, the 

supernatant solution was collected as a cell lysate. Total protein concentration of THP-1 

cell lysate was determined via Bradford assay (Pierce Coomassie Plus Protein Assay Kit) 

for compatibility with PBS buffer and adjusted to 1 mg/mL. 

5.2.3 Native polyacrylamide gel electrophoresis (Native-PAGE) 

THP-1 cells grown in the T75 flask (80M cells in 50 mL of RPMI1640 media) were 

harvested, washed with PBS three times, and centrifuged down at 500 x g for 5 minutes at 

room temperature. 4 mL of PBS as a lysis buffer with protease inhibitor was used as a cell 

lysis buffer. The cell pellet was well homogenized with buffer, sonicated, and centrifuged 

down at 14,000 x g for 30 minutes at 4 ºC. Supernatant solution was collected and mixed 

with native sample loading buffer which does not contain any SDS or denaturing agents. 

All prepared samples were loaded to TGX mini-protean precast gel (gradient: 4 – 20%, 

Bio-Rad) and run for native-PAGE at 150V for 40 minutes with NativeMark Unstained 

Protein standard ladder (ThermoFisher Scientific). Coomassie Brilliant Blue gel staining 

method was utilized to confirm bands on the gel. Gel was sectioned by plastic gel cutter, 
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and weight (g) of gel pieces were also measured. All gel pieces were digested by 1mL of 

67% nitric acid and diluted to 6% nitric acid for zinc ICP-MS analysis. The analyzed zinc 

content via direct ICP-MS was further processed with the measured gel weight to achieve 

zinc concentration per sectioned gel weight. 

5.2.4 Western Blotting 

The total protein concentration of the THP-1 cell lysate was measured by DC protein assay 

kit (Biorad) or Bradford assay (Pierce Coomassie Plus Reagent). All samples were mixed 

with 2X laemmli sample buffer and loaded to TGX mini-protean precast gel (gradient: 4 – 

20%, Bio-Rad). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed for 40 minutes at 200V. Proteins in the gel were transferred to the PVDF-

FL membrane (Sigma-Aldrich) for 60 minutes at 100V, and the protein transferred 

membrane was incubated with primary antibody produced in rabbit overnight at 4 ºC. All 

primary antibodies used included TTP (1:1000, T5452, Sigma-Aldrich) and Beta-actin 

(1:2000, 13E5, Cell Signaling Tech.). IRDye-800CW anti-rabbit antibody (1:20000, 925-

32211, LI-COR) was used as secondary antibody. All images were taken by LI-COR 

odyssey CLx imaging system under near-infrared light and analyzed by LI-COR Image 

Studio software. 

5.2.5 Zinc Measurement via direct ICP-MS  

For zinc content measurement via ICP-MS (Full-Quant mode), a fraction of the THP-1 cell 

lysate was digested with 6% nitric acid and heated at 80 ºC overnight. Zinc calibration 

samples were generated by a series of dilutions of a zinc atomic absorption standard (Fluka 

Analytical) prepared in the same matrix (6% nitric acid).  A zinc quantification was 

conducted on an Agilent 7700X ICP-MS (Agilent Technologies, Santa Clara, CA, USA). 
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The ICP-MS parameters used for the analysis were RF power of 1550 W, argon carrier gas 

flow of 0.99 L/min, helium has flow of 4.3 mL/min, octopole RF of 190 V, and OctP bias 

of –18V. Samples were directly infused using the 7700X peristaltic pump with a speed of 

0.1 rps and a micromist nebulizer. The zinc-66 ion count per second were monitored by 

the ICP-MS detector and converted to the concentration scale in ppb using a zinc 

calibration curve fitting. Data analysis was performed using Agilent’s Mass Hunter 

software. 

5.2.6 Preparation of zinc LC-ICP-MS calibration curve samples 

A purified and lyophilized form of bovine carbonic anhydrase (Sigma Aldrich) was used 

to prepare a zinc calibration curve to quantify the zinc peaks observed on the LC during 

the LC-ICP-MS experiment. A 0.76 mM of stock solution was prepared by dissolving 2.27 

mg of carbonic anhydrase in 10 mM Tris buffer at pH 7.5. The stock contains 5000 ppb 

zinc based on the information of carbonic anhydrase’s zinc equivalence as 1. The protein 

stock was kept on ice. Calibration samples were prepared by serial dilution of the carbonic 

anhydrase protein stock with 10 mM Tris buffer (pH 7.4). The calibration curve has 11 

points: 0, 10, 25, 50, 75, 100, 250, 500, 750, 1000, 1400, 2500 ppb zinc. All samples were 

filtered through 0.22-micron cellulose acetate membrane (Corning Costar Spin-X 

centrifuge tube filter) and transferred to HPLC vials equipped with 0.2 mL inserts. 

5.2.7 Zinc LC-ICP-MS  

The zinc species present in THP-1 cell lysate were separated by size exclusion 

chromatography (SEC) utilizing Agilent Bio SEC-3 LC column (150 Å, 7.8 mm x 300 mm, 

3 μm) and a Bio SEC-3 guard column (150 Å, 7.8 mm x 50 mm, 3 μm) in series. The 

column exclusion limit is a molecular weight range of 500 – 150,000 Da. The molecular 
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weight calibration curve fitting for the Agilent Bio SEC-3 column (150 Å, 7.8 mm x 300 

mm, 3 μm) with a flow rate of 0.4 mL/min is shown in Figure 5.3. 

A total protein concentration of THP-1 cell lysate samples was set to 4 µg/µL for each 

lysate samples with treatment. A 50 µL of all samples were filtered through 0.22-micron 

cellulose acetate membrane (Corning Costar Spin-X centrifuge tube filter), and transferred 

to HPLC vials equipped with 0.2 mL inserts. All samples were then injected onto an 

Agilent 1260 Infinity LC equipped with an Agilent 1260 Infinity Bio-inert Quaternary 

Pump, an Agilent 1260 Infinity Bio-inert High-Performance Autosampler maintained at 

4 °C via an Agilent 1290 Infinity Thermostat, an Agilent 1290 Infinity Thermostatted 

Column Compartment maintained at 25 °C, and an Agilent 1260 Infinity Multiple 

Wavelength Detector VL. The mobile phase was 10 mM Tris (pH 7.4) at 0.4 mL/min and 

the total run time was 40 min. The eluent from HPLC was directly connected to the 7700X 

ICP-MS peristaltic pump with a micromist nebulizer. The peri pump on the ICP-MS was 

used to flow the internal standard solution (100 ppb bovine carbonic anhydrase) from the 

stock solution tube to the LC. This solution flowed to the ICP-MS, post column, via LC 

valve switch at the beginning of the run (0-30 sec). The valve was switched back, and the 

elution flowed to the ICP-MS for zinc quantification. (Figure 5.4) The zinc ion count was 

then monitored, and data analysis including a calibration curve fitting and a peak 

integration process was conducted by MassHunter software (Agilent).33  
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Figure 5.3 A molecular weight curve fitting for Agilent Bio SEC-3 size exclusion column (7.8 x 300 

mm, 3 µm, pore size 150 Å) with Agilent 1260 Infinity LC system. 

Figure 5.3 A molecular weight curve fitting for Agilent Bio SEC-3 size exclusion column (7.8 x 300 mm, 3 

µm, pore size 150 Å) with Agilent 1260 Infinity LC system. 
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Figure 5.4 A diagram of the LC–ICP–MS instrumental setup. * The LC setup includes an equipment of 

a size exclusion column and the in-line UV–vis multiple wavelength detector.  

 

 

 

 

 

 

*Figure adapted from publication: Neu, H. M.; Alexishin, S. A.; Brandis, J. E. P.; Williams, A. M. C.; 

Li, W.; Sun, D.; Zheng, N.; Jiang, W.; Zimrin, A.; Fink, J. C.; Polli, J. E.; Kane, M. A.; Michel, S. L. J., 

2019, Mol. Pharmaceutics, 16, 1272−1281 

Figure 5.4 A diagram of the LC–ICP–MS instrumental setup.* The LC setup includes an equipment of a 

size exclusion column and the in-line UV–vis multiple wavelength detector.  
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5.3 Results and Discussion 

5.3.1 LPS-induced TTP expression in THP-1 cells 

To assess whether THP-1 cell can express proteins in the NF-κB signaling pathway, 

a western blot using a TTP antibody, a down-regulator of the NF-κB pathway during 

inflammation, was performed. (Figure 5.5) LPS from E. Coli, a common inducer of 

inflammatory response in mammalian cells, was utilized to activate the NF-κB signaling 

pathway. Upon 2 hours of incubation of the THP-1 cells with LPS, the expression level of 

TTP was observed to be elevated via Western blot, confirming that the LPS-induced 

inflammation of THP-1 cell line is an appropriate model to study zinc affecting 

inflammation. Indeed, the THP-1 monocytic cell line has been previously utilized as a 

model for studying zinc metabolism and function in immune cells by Cousins and Rink.23, 

34, 35  

 

Figure 5. 5 Dose-responsive expression of TTP gene in THP-1 cells after 2 hours of LPS exposure. The 

expression level of TTP is increased upon LPS addition as TTP acts as a down-regulator of inflammation in 

mammalian cells. The beta-actin (b-actin) bands were used for a loading control. 
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5.3.2 Zinc Quantification in Native THP-1 cell lysate 

The cell lysis of harvested THP-1 cells was performed in non-SDS containing lysis 

buffer to preserve the zinc-binding complex of proteins from the whole cell lysate. Native-

PAGE method was then carried out to check the separation of native lysate proteins 

(Figure 5.6). Zinc measurement of sectioned gel following the native-PAGE separation 

was performed via Full-Quant mode ICP-MS. Digested gel pieces showed a zinc content 

that corresponds to the bands, mostly located in the mid-section on the lane. This result 

indicates that the native-PAGE can separate THP-1 cell lysate with zinc-containing 

proteins by molecular weight, supporting the idea of the size exclusion column equipped 

LC-ICP-MS for THP-1 cells’ zinc-protein speciation.   

In addition to zinc measurement via native-PAGE, total zinc content in THP-1 cell 

lysate was also determined using ICP-MS. (Table 5.1) The intracellular zinc concentration 

of THP-1 cells was observed to increase upon addition of both zinc sources, zinc sulfate 

 

Figure 5.6 Native polyacrylamide gel electrophoreses (Native-PAGE) of THP-1 cell lysate, dyed by 

Coomassie Brilliant Blue (left). An ICP-MS zinc analysis for the measurement of zinc content per weight of 

gel section (right).   
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and zinc pyrithione (ZnPT), while the zinc specific chelator, TPEN, decreased the zinc 

content in total protein lysate. Also, the overall amount of zinc per total protein 

concentration ([Zn]/[total protein]) was higher in the LPS treated samples, suggesting that 

the addition of LPS, which can trigger an inflammatory response, can induce cellular zinc 

intake in THP-1 cells. Interestingly, compared to zinc sulfate which is as common zinc 

source, zinc pyrithione (ZnPT), a known zinc ionophore that promotes zinc influx through 

cellular membrane,36 drastically increased the measured intracellular zinc concentration in 

THP-1 cell lysate. Although ZnPT has been reported to show toxic effects inducing 

apoptotic pathways and oxidative stress in eukaryotic cells,37, 38 the use of ZnPT, by means 

of zinc content monitoring, provides a case of positive control to measure of zinc in THP-

1 cells. This is further confirmed with following LC-ICP-MS results. 

Table 5.1 A total zinc content measurement of cell lysate samples via direct Full-Quant ICP-MS. 

 
 

No LPS treated 
 

100 ng/mL LPS treated 

Zinc 

Supplement 

 

Control 
+100uM 

ZnSO4 

+100uM  

ZnPT 

+10uM 

TPEN 

 

Control 
+100uM 

ZnSO4 

+100uM  

ZnPT 

+10uM 

TPEN 

[Zn] of  

total protein 

 (µg/L) 

 

762.3 869.2 9989.4 580.1  830.7 835.7 11050.4 514.6 

[Total protein] 

(µg/µL) 

 

5.78 5.86 4.61 5.86  5.40 5.19 5.03 4.36 

[Zn] 

[Total Protein] 

(%) 

 

0.132 0.148 2.167 0.099  0.154 0.161 2.20 0.118 

 

Table 5.1 A total zinc content measurement of cell lysate samples via direct Full-Quant ICP-MS. 
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5.3.3 Zinc quantification of LC-ICP-MS using zinc-containing carbonic anhydrase 

Carbonic anhydrase is an enzyme contains a singular zinc site, and we utilized 

carbonic anhydrase as a calibration standard for zinc for the LC-ICP-MS experiment. A 

zinc recovery evaluation was preceded by measuring the zinc content of carbonic 

anhydrase in a protein concentration range of 0 – 500 ppm (Table 5.2). The direct 

measurement of the zinc concentration of from digested carbonic anhydrase resulted in a –

18.5 % to +3.9% of zinc recovery percentage compared to nominal (calculated) zinc 

concentration, based on an assumption that a theoretical molar concentration of zinc from 

carbonic anhydrase is equivalent. These results meet the FDA bioanalytical method 

validation guideline with a criteria of ± 20% for calibrators.39 After validation of carbonic 

anhydrase as a zinc calibration standard, the zinc LC-ICP-MS with carbonic anhydrase in 

a concentration range of 0 – 2500 ppb was performed, 12 calibration curve levels (Figure 

5.7A). The zinc-66 ion count from each concentration of carbonic anhydrase calibration 

Table 5.2 The validation of calibration sample with zinc-containing carbonic anhydrase via direct full-

quant ICP-MS. 

Carbonic anhydrase (CA) 

Conc. (ppm) 

Theoretical* Zn Conc.  

from CA (ppb) 

Measured Zn Conc. 

from CA (ppb) 
Zn recovery (%) 

0 0 0 N/A 

5 11 11.43 103.9 

25 55 51.04 92.8 

50 110 91.70 83.4 

125 275 245.84 89.4 

250 550 448.07 81.5 

500 1100 991.58 90.1 
 

*Based on assumption that an equivalent of zinc ion is bound to CA ([Zn]:[CA]=1:1), CA M.W. = 30 kDa, Zn mass 

= 66 Da 

 

Table 5.2 The validation of calibration sample with zinc-containing carbonic anhydrase via direct full-quant 

ICP-MS. 
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standard sample was monitored at retention time from 17 to 22 minutes, and the area under 

the curve of zinc peaks were successfully integrated using MassHunter software, also 

generating a linear calibration curve fitting for zinc LC-ICP-MS (Figure 5.7B). 

 

5.3.4 Zinc Speciation in THP-1 Cells via Zinc LC-ICP-MS  

The zinc LC-ICP-MS experiment was performed to determine zinc protein speciation in 

THP-1 cell lysate prepared with CSH lysis buffer, a native lysis buffer that preserves zinc 

coordination (and other metal coordination) to proteins including zinc finger proteins. As 

shown in Figure 5.8, native protein peaks separated by size exclusion column (blue colored 

lines) were monitored at 280 nm (UV-visible), and the zinc ion count was simultaneously 

monitored by infusion of the LC eluent to the ICP-MS (red colored lines). The zinc LC-

ICP-MS results showed that there are several zinc-containing protein peaks labeled as Zn 

Species 1 – 3 in the figure. Those three distinctive zinc-containing protein peaks 

 

Figure 5.7 (A) A zinc LC-ICP-MS results of zinc-containing bovine carbonic anhydrase protein for zinc 

calibration. (calibration range: 0 – 1400 ppb, 11 levels) (B) A zinc LC-ICP-MS calibration curve fitting 

generated by Agilent MassHunter software.   

Figure 5.7 (A) A zinc LC-ICP-MS results of zinc-containing bovine carbonic anhydrase protein for zinc 

calibration. (calibration range: 0 – 1400 ppb, 11 levels) (B) A zinc LC-ICP-MS calibration curve fitting 

generated by Agilent MassHunter software.   
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correspond to the major protein peaks measured by UV-Vis. The area under the curve of 

the Zn Species 1 – 3 was calculated via zinc LC-ICP-MS calibration curve generated using 

carbonic anhydrase (Figure 5.7). The calibration curve of the size exclusion column 

(Figure 5.3) was used to estimate the size of each peak. Regarding the size exclusion 

column’s molecular weight range of 0.5 – 150 kDa, the Zn Species 1, a zinc protein species 

with a size around 164 kDa or above, can be considered as a natively aggregated protein 

complex including zinc as a co-factor. The zinc content in Zn Species 1 with a retention 

time of 14 – 19 min is the most abundant and estimated as 155 ppb using peak integration 

 

Figure 5.8 A double Y-axis chart of zinc LC-ICP-MS with the native lysate of normal THP-1 cells. The 

blue and red lines indicate a UV-Vis detection monitoring at 280 nm wavelength for proteins and zinc 

detection via ICP-MS, respectively. The area under the curve of three distinctive zinc peaks (Zn Species) 

were filled with apricot, green, and light blue color.  

Figure 5.8 A double Y-axis chart of zinc LC-ICP-MS with the native lysate of normal THP-1 cells. The blue 

and red lines indicate a UV-Vis detection monitoring at 280 nm wavelength for proteins and zinc detection 

via ICP-MS, respectively. The area under the curve of three distinctive zinc peaks (Zn Species) were filled 

with apricot, green, and light blue color.  
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with zinc calibration curve. Zn Species 2 and 3, as a retention time of 20 – 22 min and 22 

– 24.5 min respectively, also showed that certain amount of zinc peaks, indicating 

relatively smaller size of zinc-containing proteins (13 – 20 kDa). Intriguingly, the Zn 

Species 3 with a peak of 13 kDa size proteins retains about 94 ppb of zinc, which is a more 

intensive zinc amount detection compared to other zinc peaks. This result suggests that 

further investigation and identification of zinc-proteins in the Zn Species 1 – 3 would 

provide important information about zinc speciation in THP-1 cells. The zinc LC-ICP-MS 

was also utilized to monitor how the changes in zinc concentrations affect the speciation 

of zinc-containing proteins. THP-1 cells were incubated with zinc supplemented media 

(100 µM of zinc sulfate or zinc pyrithione) or depleted media (10 µM of TPEN, a zinc 

specific chelator). Also, the inflammatory condition of THP-1 cells was induced with an 

addition of LPS (100 ng/mL) for 4 hours of incubation time (Figure 5.9 and Table 5.3). 

First, there was no significant difference observed upon LPS treatment in the observed 

speciation of zinc proteins. However, zinc supplementation and depletion conditions 

affected zinc speciation in THP-1 cells. We found that the intracellular zinc concentration 

was not significantly changed with 100 µM of ZnSO4 treatment; however, ZnPT or TPEN 

treated samples exhibits a drastic zinc concentration change. Both pyrithione (PT) or TPEN 

compounds are metal ionophore or metal ion chelator chemicals that can easily permeate 

cellular membrane, facilitating zinc absorption into the cells.40 The ZnPT treated samples 

in both non-LPS and LPS group showed changes in protein separation by size exclusion, 

especially with the Zn Species 1 with new shoulder peak and the Zn Species 2 with 

increased amount of protein peak intensity. According to zinc quantification data of the 

ZnPT treated samples, zinc concentration of Zn Species 1 was dramatically increase,  
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Figure 5.9 The Zn LC-ICP-MS results of THP-1 cells treated with zinc supplement (+100 µM ZnSO4 or 

+100 µM ZnPT) and depletion condition (+10 µM TPEN) as well as with LPS (100 ng/mL) to induce 

inflammatory condition. (4 hours of incubation at 37 ºC) 

Figure 5.9 The Zn LC-ICP-MS results of THP-1 cells treated with zinc supplement (+100 µM ZnSO4 or 

+100 µM ZnPT) and depletion condition (+10 µM TPEN), as well as with LPS (100 ng/mL) to induce 

inflammatory condition. (4 hours of incubation at 37 ºC) 
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whereas zinc level changes in Zn Species 2 and 3 were not significant. A protein amount 

change observed in Zn Species 2 (20 – 30 kDa) upon ZnPT addition is also remarkable. 

This phenomenon is unexpected and possibly because of ZnPT having an effect to induce 

an apoptosis related protein expression and aggregation. TPEN treated samples showed a 

lower level of zinc concentration within Zn Species 1 due to the zinc chelation effect of 

TPEN. As shown in the total zinc measurement, TPEN treated samples were reported to 

contain least amount of zinc ions with proteins.  

  

5.4 Conclusions 

The novel zinc LC-ICP-MS approach presented here provides a new method to 

speciate of zinc co-factored proteins in THP-1 cells, as an inflammatory model cell line. 

The data obtained for native-PAGE and direct ICP-MS for zinc corresponded well with the 

zinc LC-ICP-MS results. By varying the zinc availability using zinc ionophores and zinc 

chelator condition, we observed change in the LC-ICP-MS suggesting that zinc availability 

is linked to zinc proteins. The next step is to identify the zinc proteome, which could be 

done by isolating the peaks subjecting to proteomics analysis. These studies have the 

potential to provide a link to the biochemical data and potentially identify new roles for 

zinc signaling in inflammation. 
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Chapter 6  

Conclusions and Future Directions 

 

6.1 The CCCH-type Zinc Finger Protein, Tristetraprolin (TTP) 

Zinc finger proteins (ZFs) consist of approximately 3% of the human genome and 

intimately linked to numerous biological processes including the recognition of genomic 

materials such as DNA and RNA as well as proteins.1, 2 ZFs requires metal co-factor, as a 

zinc, to fold and to function.3 ZFs can be divided into a variety of types based upon a 

combination of cysteine and histidine amino acid for the coordination with zinc ion.4, 5 One 

important and critical type among ZFs is ‘CCCH’ type ZF, which comprises three cysteine 

and one histidine residue per zinc finger motif.6, 7 A vast majority of the CCCH type ZFs 

in human are associated with RNA binding, and they regulate gene expression through 

mRNA destabilization and post-transcriptional processes such as mRNA splicing and 

polyadenylation.7 The sequence frequency analysis of the CCCH type zinc finger domain 

of a total 59 of human CCCH type ZFs showed that aromatic residues, such as tyrosine, 

phenylalanine, and tryptophan, are highly conserved. Regarding the reported 3D structure 

of CCCH type ZFs, the interaction between CCCH type ZFs and RNA mainly depends on 

the pi-stacking interaction of these aromatic side chains and RNA bases.8 The fact that 

aromatic residues are highly conserved within the CCCH zinc finger domain suggests that 

the major molecular function of the CCCH type ZFs is binding to the RNA target.9  

Many CCCH type ZFs are drawing attention with their RNA binding function in 

eukaryotic system.10 Tristetraprolin (TTP) is one important CCCH type ZF in inflammation 

as it regulates the NF-κB pathway by decaying excess inflammatory cytokine mRNAs such 
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as tumor necrosis factor alpha (TNFα) and interleukins (ILs).11 Upon coordination with 

zinc, the two ZF sites in TTP specifically recognize adenosine-uracil rich elements (AREs) 

located in 3’-untranslated region of cytokine pre-mRNA.12 Subsequently, mRNA 

degradation occurs, and consequently cytokine levels are regulated the inflammation via 

the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

pathway.13 NF-κB proteins are capable in promoting gene expression for a large number 

of pro-inflammatory cytokines (e.g. IL-1β, IL-6, IL-8, and TNFα), followed by an 

activation of the signaling pathway.14 Given these factors, TTP and other ZFs in the 

inflammatory signaling pathway are potential targets for inflammatory disease 

therapeutics.15  

In this thesis, my research has aimed a modulation of TTP as a potential target for 

a novel anti-inflammatory strategy. The investigation on metal exchange with TTP will 

provide an important framework for future studies to develop new organometallic 

compounds affecting TTP structure and function. Further, harnessing endogenous 

signaling molecule, such as nitric oxide (NO) and hydrogen sulfide (H2S) that can target 

TTP is also a strategy to assess modification of TTP.  

   

6.2 Copper (I) and the Inflammatory Zinc Finger Protein, TTP 

6.2.1 Structural and functional disruption of TTP by copper (I) binding 

Copper (Cu) is present in cells, acting as a co-factor of many enzymes.16 It is 

reported that free Cu level is elevated during inflammation and is known to lead to 

oxidative stress in cells.17 I hypothesized that free Cu in cytosol would bind to other 

metalloenzymes including ZFs and affect their function. Based on the hypothesis that the 
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Cu(I) binding to ZF can modify its structure and function, a tandem CCCH ZF domain 

construct of TTP-2D was chosen to test Cu(I) binding to ZF domain. Through the Chapter 

2, I described the Cu(I) can affect the folding and functioning of TTP.  

Using a variety of UV-vis observation method, when CuCl is mixed with apo-form 

of TTP-2D, I found that Cu(I) can directly bind to apo-TTP-2D under the anaerobic 

circumstance, forming Cu-TTP-2D with three equivalents of Cu(I) per protein. Intriguingly, 

competitive metal binding titration study showed that Cu(I) can outcompete Zn(II) binding 

to TTP-2D. The unexpected 3:1 stoichiometric metal binding of Cu(I) to TTP-2D was 

further confirmed by molecular weight cut-off (MWCO) spin-filter/ICP-MS method. The 

novel spin-filter/ICP-MS approach allow to exclude non-protein associated metals and to 

measure protein bound metals only. The secondary structure character of Cu-TTP-2D was 

assessed by circular dichroism (CD), resulting in no structural features observed upon Cu(I) 

binding. The deficient secondary structure of Cu-TTP-2D leads a loss of RNA binding 

function of TTP-2D. The fluorescence anisotropy (FA) study revealed that the Cu-TTP-2D 

has no binding ability to target AU-rich RNA sequence (UUUAUUUAUUU), and the 

addition of CuCl to Zn-TTP-2D/RNA complex can completely deteriorate protein-RNA 

interaction. Taken together, this suggests that Cu(I) can disrupt Zn-TTP-2D’s structure as 

well as its function of RNA recognition. Considering the thiophilic nature of Cu(I) to the 

cysteine residues of ZF proteins, free Cu(I) in cells can possibly inhibit the function of 

other ZFs or metalloproteins during inflammatory and/or immune responses.  

6.2.2 Future directions for copper (I) and TTP 

Despite the 3:1 stoichiometry of Cu(I) binding to TTP-2D was demonstrated by 

using a combination of optical spectroscopy and ICP-MS methods, the specific target 
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ligands for Cu(I) are undisclosed. Cu(I) typically binds with 2 – 3 ligands with a trigonal 

planar coordination geometry; therefore, the 3 Cu(I) ions might be able to bind to the two 

CCCH domains by utilizing 2 – 3 ligands per Cu(I). Possibly, three additional histidine 

residues in the sequence of TTP-2D, other than CCCH domain, that are available as ligands 

to establish a successful planar coordination. To determine which amino acid ligands on 

TTP-2D are coordinating upon Cu(I), the use of X-ray absorption study (XAS) can be 

considered. The extended X-ray absorption fine structure (EXAFS) is the part of XAS 

spectra and allowing to interpret of inter-atomic distances and coordination numbers of 

metal centers as well as to identify of neighbor atoms.18 I propose to run XAS for Cu-TTP-

2D to identify the target residues of Cu(I) on TTP-2D. In addition, I also suggest utilizing 

native electrospray ionization mass spectrometry (native ESI-MS) method to monitor Cu 

stoichiometry to TTP-2D. A detection folded and intact structure of Cu-TTP-2D would be 

feasible to confirm Cu(I) stoichiometry and Cu(I) effect to the Zn-TTP-2D/RNA complex 

in detail. Switching gears to a broader aspect, Cu(I) level can be studied in the cellular 

scale. The ability of Cu(I) to disrupt metalloprotein species including zinc fingers can be 

assessed regarding metal regulation and toxicity. An inflammatory model cell line, such as 

THP-1, with an induced TTP expression via vector transfection can be utilized to 

interrogate how free Cu(I) targets TTP and other important ZFs in cytoplasm and what 

other cytokines mRNA are affected by free Cu(I) level changes in cells. 
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6.3 Targeting TTP with Gold complexes: Metals in Medicine 

6.3.1 The gold finger 

TTP activity is compromised in a variety of inflammatory diseases including 

arthritis and sepsis, and TTP is found at low levels and/or is absent in many cancers.19 As 

a result, there is a strong interest in upregulating TTP function as a means to mitigate 

inflammation.20 Gold (Au) complexes have been known to have anti-inflammatory 

properties since early 1900s; and currently, there is an FDA approved gold based complex 

(Auranofin; Ridaura®) for the treatment of rheumatoid arthritis.21 Also, gold complexes are 

in development for the treatment of the inflammation associated cancer.22 Despite the anti-

tumor and anti-inflammatory potency of these gold complexes, their mechanisms of actions 

have not been elucidated. There are some hypotheses about the formation of cysteine 

sulfur-Au(I) complex (S-Au(I)-S) in cysteine and/or methionine rich proteins, causing a 

modification of inflammatory protein target sites, which may be a reason for anti-

rheumatoid effects of Au(I) complexes in synovial cells.23 There are also some reports 

suggesting that cysteine rich ZFs are targets as they are present in inflammatory pathways 

as well as cancer development.24 Therefore, we hypothesized that TTP, a CCCH type ZF 

involved in both inflammatory pathways and cancer, may be a potential target for gold 

complexes to form a gold finger.  

6.3.2 TTP and gold(III) complex  

To find whether gold(III) complex can interact with TTP, I chose to use Au(III) 

coordinated terpyridine, Au(III)terpy, that has been already characterized with CCCC type 

ZF peptide.25  The Au(III)terpy compound is straightforward to identify because it exhibits 

unique optical peaks between 200-400 nm. To determine if gold complex can replace zinc 
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in TTP, a competition study with TTP-2D construct was performed, and Au(III)terpy 

showed a substitution of zinc from the Zn-TTP-2D, forming Zn(terpy)2 observed. 

Following UV-Vis experiment for Co-TTP-2D with Au(III)terpy also supported that metal 

binding substitution after ethe reaction with 2 equivalents of gold complex because the d-

d transition band (500 – 600 nm) for tetrahedral Co(II) coordination is completely 

abolished. The spin-filter/ICP-MS approach was also employed to monitor gold 

stoichiometry toward TTP-2D. The ICP-MS results of gold measurement with the Zn-TTP-

2D sample reacted with Au(III)terpy revealed gold stoichiometry to TTP-2D is 2:1. 

Circular dichroism (CD) data were obtained to monitor the secondary structural change 

upon gold binding to TTP-2D; however, no structural feature was found like apo-form, 

whereas Zn-TTP-2D showed clear alpha-helical structure. The formation of gold finger 

was further confirmed by followed native nano electrospray ionization mass spectrometry 

(native nano-ESI-MS). This native ESI-MS method ionizing the protein in the intact and 

folded state allowed to detect gold bound TTP-2D. As a result, multiple gold bound TTP-

2D species (1, 2, 3, 4, and 5 equivalent of Au) were successfully detected and well fitted 

to their simulated peaks. This might be occurred due to the gas phase detection of mass 

spectrometry. X-ray absorption study (XAS)with Au-TTP-2D was performed and found 

that Au(I), instead of Au(III), was coordinated with two cysteine ligand of TTP-2D, 

proposing the reduction of Au(III) to Au(I) as well as the linear coordination geometry. 

Functional effects of Au-TTP-2D were also investigated by using the fluorescence 

anisotropy (FA). Unlike Zn-TTP-2D binding to the RNA sequence, UUUAUUUAUUU, 

Au substituted TTP-2D is not able to bind to its target RNA. This complete abrogation of 

RNA binding capability of TTP-2D is possibly due to the loss of folding upon gold 
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substitution. Interestingly, Zn-TTP-2D/RNA complex has not perturbed by Au(III)terpy, 

which is apparently different phenomenon with Cu(I) with Zn-TTP-2D/RNA case 

dissociating RNA from the protein. The native ESI-MS monitored a titration of Zn-TTP-

2D/RNA complex with Au(III)terpy, which confirms no reactivity of Au(III)terpy toward 

the protein-RNA complex. 3D structure modelling of Zn-TTP-2D/RNA via SWISS-

MODEL supported the idea that RNA binding to Zn-TTP-2D can protect its zinc site, 

precluding exchange of metals and interruption of protein-RNA interaction.  

6.3.3 Future directions for Au-TTP 

I have showed that gold(III) complex, Au(III)terpy, can bind to TTP-2D to form a 

gold finger, substitute zinc from Zn-TTP-2D, and disturb the structure and RNA binding 

function of TTP. Even though the spectroscopically rich Au(III)terpy is utilized with a 

variety of techniques in this study, it is still necessary to interrogate other gold complexes 

interacting with ZFs, including TTP. There is growing attention for the development of 

gold complexes that can target zinc site of ZFs.26 The Casini group in Technical University 

of Munich and the Farrell group in Virginia Commonwealth University have focused on 

the synthesis of organometallic gold complexes that successfully react with ZFs as well as 

other metalloproteins. Their efforts have also revealed a substitution of zinc by gold at the 

zinc site of other ZF type and a modification of ZFs residues by cysteine arylation 

reaction.27, 28 Thus, I propose the investigation for the reactivity of those variety of gold 

complexes with TTP as this protein is intimately involved in the inflammation process in 

physiology.  

Secondly, studying an effect of gold complexes to TTP in cells would be an 

interesting topic. Gerald Wilson laboratory, from University of Maryland School of 
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Medicine, previously reported TTP expression model with human cancer cell line to 

determine the cytosolic TTP and target cytokine RNA interaction.29, 30 In collaboration with 

his laboratory, we can study gold complex affecting TTP and its binding to target RNA. 

The results will provide a correlation between in vitro gold-TTP data and in cell 

environment. The approach using mammalian cells also has a potential to be applicable to 

expand to proteome scale study, which is versatile tool to map the gene expression changes 

due to gold complexes influence on inflammatory process. In addition, newly reported 

technique, Zn-TTP-2D/RNA complex monitoring using native ESI-MS, is introduced in 

this study. This novel experimental technique can be applied to study other type of ZF/RNA 

complex, such as CPSF30 and its target RNA sequence. 

 

6.4 Persulfidation of TTP: Post-translational modification of Cys-rich ZFs 

6.4.1 H2S in Biology 

Hydrogen sulfide (H2S) was first identified as a toxic gaseous molecule, mainly 

considered as pollutant.31 Recently, the biological role of H2S has been highlighted after 

new evidence that H2S presents in brain tissues to function as a vasorelaxant or 

neuromodulator.32 With other gaseous transmitters, such as nitric oxide (NO) and carbon 

monoxide (CO), H2S was called the third gasotransmitter.33 The H2S signaling is connected 

to a myriad of biological processes including inflammation, apoptosis, metabolism, and 

transcription.34  Failing in H2S regulation causes a variety of physiological malfunctioning 

including inflammatory diseases such as cardiovascular diseases as well as cancers.35 The 

study of H2S targeting on the macromolecular level is not fully revealed; currently, heme 

proteins and cysteine residues in proteins are considered as targets of H2S.36, 37 The 
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reactivity of H2S with its biological targets is linked to the modification of enzymes, 

transporters, and other proteins in the biological signaling pathways.38 As previously 

mentioned, cysteine residues are known biochemical target of H2S, involved in 

‘persulfidation’ (R-SSH) chemistry by H2S.39 Persulfidation of cysteine residues has been 

proposed to be one of important post-translational modification as much as 

phosphorylation.40 However, the mechanism of persulfidation of cysteine residue is not 

well understood. 

6.4.2 Persulfidation of TTP  

There is emerging evidence of persulfidation of ZFs as cysteine-rich proteins, by 

H2S.41 In this regard, we hypothesize that the CCCH ZF, TTP can be a target of the small 

molecule, H2S. In collaboration with Filipovic group, we utilized cryo-electrospray 

ionization mass spectrometry (cryo-ESI-MS) method to examine the reaction of H2S/SH- 

towards TTP’s tandem CCCH ZF construct because of Zn(II) ion with d10 electrons and 

redox inactive metal. The cryo-ESI-MS, with a low temperature sample introduction 

technique, is gentle enough to allow the protein to be folded during measurement. We 

investigated the reactivity of Zn-TTP-2D with H2S under anaerobic and aerobic conditions. 

No reactivity was observed under anaerobic conditions, while air exposure to the sample 

resulted in fully oxidized cysteines with disulfide bonds with a loss of zinc ions. To identify 

how reaction occurs, during reaction of H2S with TTP-2D was exposed to O2 and recorded 

over time. Interestingly, we identified persulfidated cysteine containing protein species 

(ZF-SSH) as well as ZF-(H2S2
•-)(O2

•-)  as a potential temporary intermediate as soon as the 

sample was exposed to air (in 5 min). These new species were not observed with the control 

samples such as apo-TTP-2D/ H2S, or Zn-TTP-2D/ H2O2. To follow up these results, 
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superoxide formation was independently measured by both hydroethidine emission 

fluorescence and electro paramagnetic resonance techniques. We also obtained an 

additional data of formation of H2S-generated signal from intrinsic protein fluorescence 

experiment. Collectively, these findings suggest that H2S can target Zn-TTP-2D by 

formation of persulfidated cysteine residues in O2 dependent manner. 

Previously reported TTP’s target RNA sequence (UUUAUUUAUUU) was utilized 

to assess the functional impact of H2S. Using fluorescence anisotropy (FA), how H2S 

targets Zn-TTP-2D/RNA binding is measured under anaerobic and aerobic conditions. The 

persulfidated Zn-TTP-2D upon air exposure completely lost its ability of binding to target 

RNA. These suggest that the H2S can turn off TTP function to signal. However, if Zn-TTP-

2D is first bound to RNA, and then exposed to H2S/O2, there is no change in anisotropy 

suggesting that RNA can protect TTP from the persulfidation by H2S. Additionally, to 

determine how H2S affects TTP activity in cells, the TNFα mRNA level, which is a 

cytokine that regulated by TTP, were evaluated by qRT-PCR in H2S producing enzyme 

knock-out cells. We determined that when H2S is present, TNFα levels are elevated 

compared to when they are absent, connecting our in vitro RNA binding studies to cells. 

6.4.3 Future directions for Persufidation of ZFs 

Even though we found that persulfidation of cysteine residues of CCCH ZF domain 

of TTP, there remains questions; 1) how to determine the reactivity and mechanism of H2S 

with TTP, and 2) what other ZFs are perfuldiated globally during important physiological 

events. To answer the first question, the future studies can aim to design single ZF construct 

of TTP. TTP-2D contains six cysteine residues, three per domain, and thus there is total 6 

potential sites for cysteine persulfidation. The reaction of Zn-TTP-2D with H2S under 
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aerobic conditions can result in complicated mixtures of persulfidated products. However, 

it has been shown that each TTP-2D domain can be isolated independently and still retain 

the coordination of zinc as well as fold into ZF structure. The single construct of TTP ZF 

domain can simplify the number of intermediates and products that can form during 

persulfidation reaction. Also, the single ZF domain peptide with the modified number of 

cysteine and histidine residues can be prepared. These single ZF peptides will allow to 

elucidate how cysteine and histidine residues are required for persulfidation. In addition, 

organometallic analogues of ZF domain via chemical synthesis can be utilized. The 

complexity of the chemistry that can occur ZF-SSH and ZF-(H2S2
•-)(O2

•-) intermediates 

makes determining the mechanism of persulfidation for ZFs challenging. To examine the 

mechanistic possibility of these intermediates, simplified organometallic zinc complexes 

to mimic ZFs can be employed. These synthetic tetrahedral zinc complexes will help to 

study the ZF reactivity with H2S and O2 by carefully controlled conditions.   

A second future direction for this project is a global identification of persulfidated 

ZFs. Proteins that are persulfidated in cells can be identified using a ‘dimedone switch’ tag 

method, which utilizes 4-chloro-7-nitrobenzofurazan (NBF-Cl) tagging and a dimedone 

analogue with a fluorescent reporter.42 NBF-Cl labels sulfur rich molecules, including 

persulfidated species, and then labeled persfulides only react with the dimedone with 

fluorescent probe. This dimedone switch tag method has potential to be applied to in gel 

fluorescence assay and an antibody microarray study, as well as a selective proteomics 

approach.   
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