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Abstract

Tristetraprolin (TTP) is a nonclassical zinc finger (ZF) protein that plays a key role in regulating
inflammatory response. TTP regulates cytokines at the mRNA level by binding to AU-rich
sequences present at the 3’-untranslated region, forming a complex that is then degraded. TTP
contains two conserved CCCH domains with the sequence Cys-XgCysX5CysX3His that are
activated to bind RNA when zinc is coordinated. During inflammation, copper levels are elevated,
which is associated with increased inflammatory response. A potential target for Cu(l) during
inflammation is TTP. To determine whether Cu(l) binds to TTP and how Cu(l) can affect
TTP/RNA binding, two TTP constructs were prepared. One construct contained just the first
CCCH domain (TTP-1D) and serves as a peptide model for a CCCH domain; the second construct
contains both CCCH domains (TTP-2D) and is functional (binds RNA) when Zn(Il) is
coordinated. Cu(l) binding to TTP-1D was assessed via electronic absorption spectroscopy
titrations, and Cu(l) binding to TTP-2D was assessed via both absorption spectroscopy and a spin
filter/inductively coupled plasma mass spectrometry (ICP-MS) assay. Cu(l) binds to TTP-1D with
a 1:1 stoichiometry and to TTP-2D with a 3:1 stoichiometry. The CD spectrum of Cu(l)-TTP-2D
did not exhibit any secondary structure, matching that of apo-TTP-2D, while Zn(11)-TTP-2D
exhibited a secondary structure. Measurement of RNA binding via fluorescence anisotropy
revealed that Cu(l)-TTP-2D does not bind to the TTP-2D RNA target sequence
UUUAUUUAUUU with any measurable affinity, while Zn(11)-TTP-2D binds to this site with
nanomolar affinity. Similarly, addition of Cu(l) to the Zn(I)-TTP-2D/RNA complex resulted in
inhibition of RNA binding. Together, these data indicate that, while Cu(l) binds to TTP-2D, it does
not result in a folded or functional protein and that Cu(l) inhibits Zn(I1)-TTP-2D/RNA binding.

"Corresponding Authors: K.E.S.: tel, 651-696-6109; fax, 651-696-6432; splank@macalester.edu. S.L.J.M.: tel, (410) 706-7038; fax,
g410) 706-5017; smichel@rx.umaryland.edu.
Author Contributions
G.D.S. and K.O. contributed equally.
ORCID
Sarah L. J. Michel: 0000-0002-6366-2453

Notes
The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shimberg et al. Page 2

Graphical Abstract

‘ ' j&% T p
& hﬁ‘&, NS,

eZn" 1
Zn-TTP-2D/RNA Complex |
M % RNA : i\
Apo-TTP-2D | %

31

No Complex

INTRODUCTION

Zinc finger (ZF) proteins are eukaryotic proteins that use zinc as a structural cofactor to fold
and function.22 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 a 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>-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.1’ Classical
ZFs contain Cys,His, sequence repeats, adopt an 8 8 a fold upon zinc coordination, and
function primarily in transcriptional regulation by binding to specific DNA sequences.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 nonclassical ZFs, and they are grouped on the basis of 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 nonclassical
ZFs, experimental evidence for Zn coordination has not yet been obtained, and they have
been annotated as ZFs on the basis of their amino acid sequence.1®

Although zinc is the presumed metal cofactor 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(I11), Au(l1), As(l11), Fe(ll), Cd(I1), Pb(11), Cu(ll), Ni(ll), Au(l),
and Cu(1).29-53 |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 |
other cases, alternate metal ions have been proposed to substitute for zinc under conditions
of zinc depletion (e.g., Fe(l1)).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 cofactor for several key enzymes,
including superoxide dismutase and cytochrome ¢ oxidase.>>=%7 In the reducing environment
of the cell, copper is present in the cuprous state Cu(l). Free Cu(l) can be toxic, because it
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can undergo Fenton chemistry with reactive oxygen species (ROS) leading to cellular
damage, including targeting metalloprotein sites and disrupting their function.>8-61 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.6566

Cu(l) is thiophilic, and thiol-rich proteins such as ZFs are potential cellular targets for Cu(l)
when they are available (e.g., from the exchangeable pool or under conditions of over-
load). 376567 Recent work by one of our laboratories examined Cu(l) binding to several ZF
peptides.3” These previous studies involved measuring Cu(l) coordination to the ZF
consensus peptides CP-CCHH, CP-CCHC, and CP-CCCC that all form the classical gBa
fold upon Zn(I1) coordination and differ only in the metal binding residues, and the C-
terminal domain of the HIV nucleocapsid protein (NCp7), a nonclassical ZF with a
Cys,HisCys (or CCHC) ligand set, often referred to as a zinc knuckle peptide.3” Cu(l)
bound to all four peptides studied and was thermodynamically favored over both Co(ll) and
Zn(11). However, unlike the Zn(I1)-bound species, addition of Cu(l) to selected peptides did
not induce the formation of any secondary structure observable via circular dichroism
spectroscopy. The lack of folding for these Cu(l)-ZF single peptides suggests that, when
Cu(l) binds to a functional ZF (i.e., with two 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(l) coordination to any ZF have, to our knowledge, not been
determined. Here, we sought to investigate how Cu(l) interacts with a functional ZF
construct to determine how Cu(l) coordination to a ZF affects function. The protein chosen
for these studies was TTP, which is a CysgHis (CCCH) type ZF (Figure 1).1 TTP plays a key
role in regulating inflammation by controlling levels of cytokines (inflammatory proteins), at
the mRNA level.58.69 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 order for the protein
to bind to MRNA.144 There is evidence that Cu(l) levels are elevated during
inflammation,”3:74 suggesting that Cu(l) may target TTP and affect its function, making it a
particularly relevant ZF to utilize for studies aimed at understanding how Cu(l) 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 affects of Cu(l)
binding. We report that Cu(l) binds to the CCCH domains of TTP but does not induce any
secondary structure. We developed a novel spin-filter/inductively coupled plasma mass
spectrometry assay to measure metal stoichiometry for TTP-2D and determined that Cu(l)
binds in a 3:1 ratio while Zn(I1) binds in a 2:1 ratio. Cu(l)-TTP-2D does not recognize the
physiologically relevant RNA sequence UUUAUUUAUUU, while Zn(I1)-TTP-2D does.
When Cu(l) is titrated with Zn(11)-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.
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METHODS AND MATERIALS
Co(ll), Zn(I), and Cu(l) Binding Titrations

TTP-1D

CuCl (Sigma-Aldrich) stock solutions were prepared in a Coy anaerobic chamber by
dissolving CuCl in 0.01 M HCI/1.0 M NaCl. The concentrations of the resulting solutions
were determined upon the addition of small aliquots of the Cu(l) stock to 1 mM
bicinchoninate (BCA) in 200 mM HEPES buffer at pH 7.5 to form Cu(BCA),. The [Cu(l)]
in the resulting solution was quantitated via published data for the Cu(BCA), complex
(Asgo; &= 7900 M~ cm™ for Cu(BCA),).”® The addition of Cu(ll) to excess BCA will
result in the reduction of Cu(ll) to Cu(l) over time and a concomitant increase in absorbance
at 562 nm. Therefore, we monitored the absorbance of Cu(BCA), over time during our
concentration determinations to ensure that our Cu(l) stock solutions remained 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 at 562
nm, indicating that the copper stock solution is stabilized as Cu(l). ZnCl, (Sigma-Aldrich)
and CoCl, (EM Science) stock solutions were also prepared in a Coy anaerobic chamber by
dissolving in degassed Milli-Q water. Stock solutions used for Co(ll), Zn(I1), and Cu(l)
titrations for TTP-1D and TTP-2D were buffered in 200 mM HEPES, 100 mM NacCl at pH
7.5. Titrations of TTP-1D and TTP-2D with Co(ll), Zn(ll), and Cu(l) 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 PerkinElmer 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.

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 equiv of dithiothreitol was added
to TTP-1D and the peptide was heated at 55 °C for 2 h. Apo-TTP-1D was then purified
using a Symmetry-C18 reversed phase HPLC column on a metal-free, nonmetallic HPLC
(Waters 626 LC). An HoO/CH3CN/TFA solvent gradient was utilized for the separation, and
the peptide eluted as a single peak at 65% H»0/35% 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.

TTP-2D Overexpression and Purification

A construct of TTP, called TTP-2D, which encodes for the two ZF domains of TTP with the
amino acid sequence of
MSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQGR
CPYGSRCHFIHNPTEDLAL was overexpressed and purified. The expression vector,
previously reported by our laboratory, was based on the pET-15b vector to which the gene
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that encoded for the two-domain construct of TTP-2D was ligated.** The expression vector
was transformed into BL21 (DE3)-competent cells (Novagen), and the cells were grown in
Luria—Bertani (LB) medium containing 100 g/ mL ampicillin and 100 mM ZnCl, at 37 °C
until mid log phase (~ODggg of 0.6-0.8). At this point, protein expression was induced via
addition of 1 mM IPTG (isopropyl s-D-1-thiogalactopyranoside). At 4 h post induction, the
cells were harvested by centrifugation at 7800g for 15 min at 4 °C. A solution of 8 M urea,
10 mM MES buffer at pH 6 and EDTA-free protease inhibitor mini-tablet (Roche) was then
utilized to resuspend the cells. The cells were then lysed by sonication (Fisher Scientific
Sonic Dismembrator Model 100) on ice and and centrifuged at 12100 rpm for 15 min 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 min. Separation was accomplished
by performing a step gradient from 0 to 2 M NaCl in 4 M urea, 10 mM MES pH 6; TTP-2D
eluted at 600 mM NaCl. To ensure that the cysteine thiols of the isolated TTP-2D were fully
reduced, 25 mM DTT was added to the peptide and the peptide was heated at 56 °C for 2 h.
A second purification step was then performed. The peptide was applied to a C18-reverse
phase HPLC column on a Waters 626 bioinert LC and a HoO/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.

Co(ll) and zn(ll) Binding

To verify that the isolated apo-TTP-1D and apo-TTP-2D bound Zn(ll), as expected, Co(ll)
was used as a spectroscopic probe following the protocol we previously reported.4 In a
typical experiment, either apo-TTP-1D or apo-TTP-2D (40-50 M) was titrated with CoCl,
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 cotitration with ZnCl, was then performed, and the relative
affinities of Zn for TTP-1D and TTP-2D were determined.

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

Job Plot

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 equiv of Cu(l). After the addition of 3 equiv, the baseline drifted upward,
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 equiv of Cu(l). After the
addition of 6 equiv, the baseline drifted upward, suggesting precipitation or aggregation.

Solutions of apo-TTP-2D and CuCl at a constant concentration of 10 M were prepared in
screw-capped cuvettes maintained in a Coy anaerobic box. The mole fraction of Cu(l) in
each sample was varied as 0.09, 0.19, 0.38, 0.53, 0.7, 0.77, and 0.87. A Job plot was
generated from the data by plotting the corrected absorbance (A — Ap) at 238 nm versus
mole fraction [Cu(D)]J/{[Cu(l)] + [apo-TTP-2D]}. The maximum absorbance in the Job plot
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of [Cu(D]/ {[Cu(D)] + [apo-TTP-2D]} was reached at 0.74, indicating a 2.8:1 binding
stoichiometry.

Cu(l)TTP-2D Affinity and Stoichiometry Measured via Cu(BCA), Competition Assays

Apo-TTP-2D was added stepwise into a solution of Cu(BCA), prepared at a defined
molecular ratio (either 9.5 M Cu(1)/0.5 mM BCA or 9 1M Cu(1)/5 mM BCA)S. The loss of
the Cu(BCA), signal at 562 nm was monitored. The data were analyzed according to
methods described by Xiao et al., resulting in an approximate Kp value for the Cu(l)-
TTP-2D interaction.”®

Indirect Titrations of Co(Il)-TTP-2D with Cu(l) or Zn(Il)

Co(I)-TTP-2D was prepared by addition of 2.4 equiv of CoCl, to apo-TTP-2D, followed by
addition of CuCl or ZnCl,. CuCl and ZnCl, in 0.6, 1.2, 1.7, 2.3, 2.8, and 3.8 equiv portions
were added, resulting in a diminution of the d—d bands. A 2.8 equiv amount of Cu and 2.3
equiv of Zn were required for complete loss of the d—d bands, which was accompanied by
some baseline drift indicative of precipitation or aggregation.

Preparation of ICP-MS Samples

Cu()-TTP-2D and Zn(I)-TTP-2D samples for ICP-MS analysis were prepared by addition
of 5.0 equiv of CuCl or ZnCl5 to 40 xM of apo-TTP-2D in 200 mM HEPES, 100 mM NacCl
at pH 7.5. Control samples were 200 £M CuCl, 200 gM ZnCl,, and 40 ¢M apo-TTP-2D. All
samples were incubated via shaking at 300 rpm for 30 min at room temperature. After
incubation, the samples were applied to 3KDa MWCO centrifugal filters (Amicon Ultra
-0.5 mL) and spun for 14000g for 30 min on a 40° angle fixed table-top centrifuge (Denville
260D). The flow-through was then diluted in 200 mM HEPES, 100 mM NaCl at pH 7.5 to
500 i, and the spin filter step was repeated (3% total). The samples were split in half. One
half was used to measure metal content: 6% nitric acid was added, and ICP-MS was
performed. The other half of the sample was utilized to measure peptide concentration. The
peptide was unfolded via addition of HCI and the peptide concentration measured via
absorbance spectroscopy (Ay7e; € = 8520 M~1 cm™1). All samples were prepared under
anaerobic conditions (3% H», 97% N, anaerobic chamber, Coy Laboratories).
Measurements were performed in triplicate.

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 instrument (Agilent Technologies, Santa Clara, CA,
USA). Metal levels were detected 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, an argon
carrier gas flow of 0.99 L/min, a helium gas flow of 4.3 mL/min, an octopole RF of 190 V,
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. Copper and zinc concentrations in the
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.
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Circular Dichroism (CD) Studies

To investigate changes in secondary structure due to Zn(l1) and Cu(l) coordination to
TTP-2D, the far-UV circular dichroism (CD) spectra were obtained using a JASCO-810
spectropolarimeter. A 50 1M solution of apo-TTP-2D was prepared in 300 gL of 10 mM
sodium phosphate, pH 7.5 (prepared using Chelex-treated water and degassed). Either 2 mol
equiv of ZnCl, or 3 mol equiv of CuCl was added to the cuvette, and scans of either Zn(Il)-
TTP-2D or Cu(l)-TTP-2D were performed. CD data were collected over the wavelength
range of 180-280 nm, with a scan rate of 200 nm/min, at 25 °C in a 1 mm path length quartz
rectangular cell (Starna Cells). A total of five scans were obtained for each point, and the
average was determined. Experiments were performed in triplicate.

RNA Binding Studies

Fluorescence anisotropy (FA) was performed to determine how Cu(l) 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 were performed with the excitation wavelength/band pass at
495 nm/2 nm and the emission wavelength/ band pass at 517 nm/2 nm, identified from a full
excitation/ emission scan of the RNA probe. The buffer system for the experiments was 200
mM HEPES, 100 mM NacCl, 0.05 mg/mL bovine serum albumin (to 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(11)-TTP-2D to verify RNA binding, as
previously reported by one of our laboratories.*4 10 nM of UUUAUUUAUUU-F was titrated
with Cu(l)-TTP-2D to determine if Cu(l)-TTP-2D binds RNA, and (3) 10 nM of
UUUAUUUAUUU-F was titrated with Zn(I1)-TTP-2D to saturation followed by addition of
Cu'Cl. In all experiments, the anisotropy (7) 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.

RESULTS AND DISCUSSION
Cu(l) Binding to Single- and Double-Domain Constructs of TTP

To determine whether Cu(l) bound to each construct, direct titrations with CuCl under
anaerobic conditions were performed.3” For the titration of the single ZF domain with Cu(l),
TTP-1D, peaks at 238 and 262 nm with a shoulder at 300 nm grew in as Cu(l) was added
(Figure 2). The peaks are proposed to be Cu-S charge transfer bands, as such bands have
been observed for metallothionein and Cu(l)-ZF-peptides.3” A plot of absorbance versus
concentration of Cu(l) (Figure 3) revealed a clear break point upon the addition of 1 equiv of
Cu(l), indicating that Cu(l) 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(l)-buffer
(Hepes) interactions, as previously reported by Splan et al., or to either nonspecific binding
to the peptide or aggregation, as has been reported previously by LeBrun, Giedroc, and
Merchant.37:40.77
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For the titration of the double-ZF domain, TTP-2D, with Cu(l) absorbance peaks at 238,
262, and 300 nm, again appeared (Figure 4). A plot of Cu(l) concentration versus
absorbance showed a break point at 3 equiv of Cu(1)/TTP-2D (3:1) (Figure 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 1 equiv of
Cu(l), which suggests sequential metal binding wherein the second metal exhibits a slightly
different spectral signature.”® To further investigate the Cu:TTP-2D stoichiometry, we used
Job’s method.”9:80 As shown in Figure 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 nonspecific
binding is prohibited, further experiments were conducted in the presence of the copper-
specific chelator BCA. Addition of Cu(l) to excess BCA results in a highly stable, colored
1:2 complex ((Asez; €= 7900 M~ cm™1 for Cu(BCA),; log & = 17.2)"® As shown in
Figure 6a, addition of increasing amounts of TTP-2D resulted in the loss of absorbance
signal owing to Cu(BCA)», indicating that TTP-2D effectively competes with BCA for the
available copper. Analysis of the decrease in absorbance as a function of protein added
revealed that, even in the presence of 500 M BCA for which stoichiometric titration data
are observed, TTP-2D binds Cu(l) with a stoichiometry of ~3:1, consistent with our data
presented above (Figure 6b). While the direct titration data presented in Figures 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 supports the conclusion that TTP-2D binds three Cu(l) ions. When the
amount of BCA present in the experiment was increased to 5 mM, equilibrium binding data
were observed and were used to estimate an average dissociation constant (Kp) for the
binding of Cu(l) to TTP-2D per the method described by Xiao et al.”®76 Therein, the
average Kp (per copper ion) for a protein or peptide that binds multiple Cu(l) ions can be
calculated from eq 1:

o= (%) Ve, )

where nequals the number of Cu(l) ions bound to the protein. The fractional occupancy and
[Culs were calculated from the total concentrations of Cu(l), TTP-2D, and BCA. Assuming
n=13, adissociation constant Kp ~ 10718 M for the Cu(l)-TTP-2D interaction was
estimated, which is within the range of several Cu(l)—protein interactions previously
reported.’® The upper limit Kp for Zn(I1) binding to TTP-2D has previously been
reported.** This affinity is 6.2 x 10711 M, which is weaker than the affinity of Cu(l) for
TTP-2D.

TTP-2D contains two CCCH domains; therefore, a 2:1, not a 3:1, stoichiometry is expected
if each Cu(l) 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
Scheme 1, M-TTP-2D complexes (M = Cu(l), Zn(I1)) were prepared by addition of 5 equiv
(excess) of the metal ion to apo-TTP-2D followed by incubation to form the M-TTP-2D
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complex. The complex was then applied to a 3 kDa molecular weight cutoff spin filter and
washed three times to remove any adventitiously bound metal ions. This approach should
isolate the fully metal bound TTP-2D species. The resultant M:TTP-2D or metal: TTP-2D
stoichiometry was determined by measuring the total metal content via inductively coupled
plasma mass spectrometry (ICP-MS). The total protein content was determined by
denaturing the protein and using the determined extinction coefficient of ¢ = 8520 M~1 cm1
at 276 nm.29 The metal: TTP-2D stoichiometry was then determined from this ratio. As
shown in Table 1, the Cu: TTP-2D stoichiometry was 3.1:1, matching the UV-visible data.
The Zn-TTP-2D stoichiometry was 2.3:1, which was expected on the basis of previously
reported NMR data.3* 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.

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 differ when Cu(l) is bound instead of Zn(Il). Cu(l)
typically binds with a coordination number of 2-3 and is often planar.8! Therefore, the three
Cu(l) ions may bind to the two CCCH domains by utilizing 2-3 ligands per Cu(l). 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(l).

Competitive Metal Titrations: Displacement of Co(ll) by Cu(l) and Zn(ll)

To determine if Cu(l) binds to the CCCH sites, like Zn(lIl), competition titrations were
performed. In these experiments, the TTP-2D peptide was loaded with a slight excess of
Co(ll) (2.4 equiv), and then aliquots of either Zn(I1) or Cu(l) were added (Figure 7a, b).
Co(ll) is a surrogate for Zn(I1)—it binds to the CCCH domains in a tetrahedral geometry
and exhibits distinct d—d bands between 550 and 750 nm indicative of this coordination;
however, it can be displaced by Zn(ll), which binds more tightly to tetrahedral sites in
comparison to Co(l1), due to ligand field stabilization energy preferences.1-244 Additions of
2.3 equiv of Zn and 2.8 equiv of Cu were sufficient to fully replace the Co, as evidenced by
the loss of the Co d—d bands (Figure 7c). The finding that slightly more Cu is required to
replace Co in comparison to the amount for 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(l) and
ICP-MS analysis. Cu(l) typically binds with a lower coordination number than Zn(1l) or
Co(ll), and we propose that the third Cu(l) 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(ll), Fe(lI1), and Cd(ll) all displace Co from Co-TTP
and that Cu(l) will displace Co(ll) from the ZF consensus peptides and zinc knuckle
peptides.34.37.44

Circular Dichroism (CD) of apo-TTP-2D, Zn(ll)-TTP-2D, and Cu(l)-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 8, apo-TTP-2D adopts a
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random coil conformation while Zn(Il)-TTP-2D shows some evidence of secondary
structure, mostly a helical character. This is in keeping with the NMR structures of TTP and
a close homologue Tis11d—both of which exhibit some a helical structure upon Zn
binding.82:83 The Cu(1)-TTP-2D spectrum lacked any secondary structure and instead is
similar to the spectrum of apo-TTP-2D. These results indicate that while Cu(l) binds to
TTP-2D, as evidenced by changes in the UV-visible spectrum including the appearance of
charge transfer bands between Cu(l) and sulfur, that the metal coordination is not
accompanied by adoption of any secondary structure.

Cu(l)-TTP-2D/RNA Binding

TTP-2D binds specifically to the mRNA sequence UUUAUUUAUUU, which is found at the
3’-end of cytokine mRNAs. When Zn(11) is bound to TTP-2D, high-affinity binding to this
RNA target is observed.144.82.84 Similar high-affinity RNA binding is observed when Fe(ll),
Fe(l11), or Cd(11) is coordinated to TTP-2D.3444 To determine how Cu(1)-TTP-2D binds to
RNA, a fluorescence anisotropy assay, developed by one of our laboratories, was
utilized.3444 In the experiment, Cu(1)-TTP-2D was added to a fluorescently labeled RNA
target sequence, UUUAUUUAUUU-F (F = fluorescein), and binding was monitored via a
change in anisotropy (7). No binding to RNA was observed (Figure 9a) in the presence of
Cu(l)-TTP-2D. This is in contrast with Zn(I1)-TTP-2D, Fe(Il)-TTP-2D, Fe(l1)-TTP-2D, and
Cd(I)-TTP-2D, all of which bind to the AU-rich RNA sequence with high affinities (Ky =
16 +1,12 + 1, 25 + 3, 2.4 + 0.2, respectively).3444 This result suggests that when Cu(l)
binds to TTP-2D, in lieu of Zn(ll) or other divalent or trivalent metal ions, the protein is not
functional. This lack of function is likely due to the effect of Cu(l) on folding. While Cu(l)
binds to TTP-2D, as evidenced by the appearance of charge transfer bands in the UV-visible
spectrum (Figures 2 and 4), the protein does not exhibit any secondary structure, as indicated
by the CD spectrum of Cu(l)-TTP-2D, which resembles that of apo-TTP-2D. Moreover, the
observation that 3 equiv of Cu(l) binds to TTP-2D provides further support for the altered/
disrupted structure of TTP-2D.

A second fluorescence anisotropy experiment, in which Cu(l) was added to Zn(I1)-TTP-2D
bound to RNA, was also performed. The goal was to determine if Cu(l) disrupts the
protein/RNA binding interaction. We observe that addition of Cu(l), starting with 0.5 equiv
(vs 1 equiv of Zn(11)-TTP2D/ RNA), resulted in a diminution of anisotropy. After the
addition of 3.5 equiv of Cu(l), the anisotropy equaled that of free RNA, indicating that
Zn(11)-TTP binding to RNA was completely inhibited (Figure 9b). These data suggest a
potential role for Cu(l) in turning off TTP function by disrupting the protein/RNA binding
interaction.

CONCLUSIONS

The work described in this paper is the first study of how Cu(l) can affect the function of a
ZF protein. Cu(l)-coordinated TTP-2D does not bind to RNA, and Cu(l) inhibits Zn(ll)-
TTP-2D/RNA binding. The lack of RNA binding when Cu(l) 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(11) metal is bound, this limited fold is clearly important for RNA
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binding. The inhibition of Zn(I1)-TTP-2D/ RNA by Cu(l) suggests that Cu(l) can also
associate with the Zn(I1)-TTP-2D/RNA complex and disrupt function. Whether Cu(l)
disrupts the function of other types of ZF proteins, classical or nonclassical, remains to be
seen. We note that the only other study of Cu(l) binding to a ZF site, in addition to that of
one reported by one of our laboratories that examined Cu(l) binding to short ZF peptides,3’
examined Cu(l) binding to the zinc binding domain, SBP, from the copper response
regulator 1 (CRR1) protein from Chlamydomonas reinhardtii*® Cu(1)-SBP adopted the
same structure as Zn(11)-SBP, as measured by CD, in contrast to TTP (vide supra), CP-
CCHC, and NCp7-C, all of which exhibited no secondary structure when Cu(l) 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(l) leads to a structured domain. The functional
effects of Cu(l)-SBP were not investigated, and it would be interesting to learn how this
protein’s ability to bind to DNA is affected by Cu(l) coordination.

Copper levels are upregulated during inflammation, and consequently cytokine levels are
elevated.”3:85.86 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 multicopper oxidase, that stores most of the circulating copper in the
plasma.89 Once released, the copper can bind to other proteins, and inflammatory mediators
such as NFxB have been proposed to be targets. TTP is another inflammatory mediator and
participates in the same signaling pathway as NF xB, making it a potential target. Our
biochemical data revealed that TTP does not bind to RNA when Cu(l)-loaded, suggesting
that in cells Cu(l)-TTP may inhibit TTP’s function to shut off cytokine production (and
therefore the inflammatory response), leading to overinflammation. Work is now underway
to examine how TTP function is modulated by metal ions in an in vivo model.

More broadly, the ability of Cu(l) to disrupt Zn-metalloproteins may have clear implications
in the context of copper toxicity and/or metallo-regulation. While under most cellular
conditions Cu(l) levels are tightly controlled and free Cu(l) concentrations are very low,52
several disease states are characterized by misregulation of cellular copper.56.73:87-91 A clear
understanding of Cu(l) binding to Zn(l1)-metalloproteins is important in identifying putative
targets for disruption by Cu(l) under conditions of copper misregulation. 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 that the ZFs in Sp1 function as intracellular copper sensors via copper
interaction at the zinc binding sites.%2-%° The disruption of TTP-2D function by Cu(l)
observed here suggests that Cu(l) 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(l), may play important roles in signal transduction, providing
support for the notion that transition metal ion—protein interactions are more dynamic than
previously believed.85.66

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
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bands (often charge transfer bands), which can be obscured or modulated by protein bands,
making it difficult to definitively ascribe stoichiometry.#* Our approach directly measures
the metal stoichiometry via a rapid spin filter/ICP-MS approach, and we envision its use in
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Figurel.
Sequence of TTP-2D with the CCCH domain in purple and the additional histidine residues

in yellow.
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Figure 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, 100 mM NaCl, at pH 7.5.
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Figure 3.
Plot of the increase in absorbance at 238 nm (green triangles), 262 nm (red circles), and 300

nm (blue squares), as CuCl is added to apo-TTP-1D.
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Figure 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 was subtracted, and the titration was performed
in 200 mM HEPES, 100 mM NaCl, at pH 7.5.
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Figure5.
(a) Plot of the increase in absorbance at 238 nm (blue squares), 262 nm (green triangles),

and 300 nm (red circles), as CuCl was added to apo-TTP-2D. (b) Job plot (X axis, mole
fraction [Cu()]/{[Cu(1)] + [apo-TTP-2D]}; Yaxis, A— Apat 238 nm).
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Figure 6.
(a) Plot of the change in the absorption spectrum between 450 and 650 nm as apo-TTP-2D

was added to Cu(BCA), (9.5 M Cu/0.5 mM BCA). (b) Plot of the absorption spectrum at
592 nm as apo-TTP-2D was added to Cu(BCA), (9.5 M Cu/0.5 mM BCA (red) and 9 /M
Cu/5 mM BCA (black)). Experiments were performed in 200 mM HEPES, 100 mM NacCl,
atpH 7.5.
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(a) Plot of the change in the absorption spectrum, between 550 and 750 nm, as 0.6, 1.2, 1.7,
2.3, 2.8, and 3.8 equiv of CuCl was added to Co(Il)-TTP-2D. (b) Plot of the change in the
absorption spectrum, between 550 and 750 nm, as 0.6, 1.2, 1.7, 2.3, 2.8, and 3.8 equiv of
ZnCl, was added to Co(I)-TTP-2D. (c) Plot of the absorption spectrum at 650 nm as a
function of either added Cu(l) or Zn(ll). Titrations were performed with 16.5 M Apo-

TTP-2D in 200 mM HEPES, 100 mM NaCl, at pH 7.5.
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Figure 8.
Overlay of the CD spectra of 50 ¢M apo-TTP-2D (black line), Zn(11)-TTP-2D (red dotted

line), and Cu(l)-TTP-2D (green line). All experiments were performed in 10 mM sodium
phosphate, at pH 7.5.
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(a) Comparison of the change in anisotropy upon the addition of Zn(11)-TTP-2D (red) or

Cu(D)-TTP-2D (teal green) to the RNA oligonucleotide UUUAUUUAUUU-F (F =

fluorescein). (b) Plot of the change in anisotropy upon the addition of Zn(I1)-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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Table 1
Measurement of Metal/TTP-2D Stoichiometry Using ICP-MS

Cu stoichiometry Zn stoichiometry

Cu-TTP-2D 31 (+0.272 +0.139) Zn-TTP-2D 5 3(+0.41,20.100)
apo-TTP-2D (034 (+0.013,2+0.0048) @PO-TTP-2D (904 (+0.005,20.0012)
buffer® 0.057 (£0.097,220.0289)  buffer® 0.027 (£0.010,40.0020)
aSD, standard deviation.
bSEM. estimated standard error of the mean (1= 12).

cConditions: buffer 200 MM HEPES, 100 mM NaCl, pH 7.5 with 5 equiv of Cu or Zn.
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