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Cysteine Oxidation Enhanced by Iron in Tristetraprolin, A Zinc Finger Peptide
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Tristetraprolin (TTP or NUP475) is a non-classical zinc finger protein that is involved in inflammatory response. TTP
regulates the production of cytokines by binding to specific mRNA sequences. TTP contains two Cys3His metal binding
domains that can coordinate zinc, cobalt, ferric and ferrous iron. When zinc, cobalt, ferric or ferrous iron are bound, TTP
peptides can bind to their cognate RNA. During inflammation there are increased levels of reactive oxygen species and
iron. It has been proposed that reactive oxygen species may play a role in regulating zinc finger protein function by
oxidizing cysteine thiolates that bind zinc and inactivating the protein. To elucidate the effect of the reactive oxygen
species H2O2 on the integrity of TTP and its ability to bind to target RNA, a simple and rapid assay using cobalt as a
spectroscopic probe for zinc was developed. The oxidative susceptibility of peptides consisting of the zinc binding
domains of a single zinc finger domain of TTP, TTP-D1 and the tandem zinc finger domains of TTP, TTP-2D was
measured. Fe(II)-TTP-D1 and Fe(II)-TTP-2D were more rapidly oxidized by H2O2 than their Zn(II) bound counter-
parts. Electron paramagnetic resonance (EPR) spin trapping using 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-
pyrrole-1-oxide (EMPO) demonstrated that oxidation of ferrous iron substituted TTP-D1 and TTP-2D resulted in
the formation of hydroxyl radicals via Fenton chemistry. The oxidized peptides exhibited a diminished affinity for target
RNA compared to their unoxidized counterparts suggesting that oxidation of TTP inactivates the protein.

Introduction

Tristetraprolin (TTP), also known asNUP475 andTis11, is
a cytoplasmicmetalloprotein that is involved in inflammatory
response.1 TTP regulates the stability of cytokines which are
proteins that are expressedduring inflammation bybinding to
adenine and uracil-rich (AU-rich) sequence elements that are
present on the 30 untranslated region (30-UTR) of cytokine
mRNA (mRNA).1-3 When TTP binds to cytokine mRNA it
forms an unstable complex that is degraded thereby attenuat-
ing the inflammatory response.4-10 Tumor Necrosis Factor

Alpha (TNFR) was the first cytokine identified tobe regulated
by TTP.6 Numerous additional cytokines have since been
shown to be under the control of TTP.10 As such, TTP is
emerging as a general regulator of inflammation.
TTPbelongs to the class of proteins commonly referred to as

zinc finger proteins.11-18 These proteins utilize a combination
of cysteine and histidine ligands to bind zinc and fold into the
correct three-dimensional structure for function.14,15,19 Pep-
tides corresponding to the zinc binding domains can typically
bind zinc and fold independently of the entire protein,15 and
these properties have been exploited to address fundamental
questions regarding peptide and protein folding.20 TTP is*To whom correspondence should be addressed. E-mail: smichel@
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a 34 kDa protein and contains two Cys3His (or CCCH) zinc
binding domains that must be metal bound and folded to bind
to target mRNA sequences.7-9,21-23 Zinc(II), cobalt(II), iron-
(II), and iron(III) have all been shown to induce folding and
RNAbinding for a peptide (called TTP-2D) that ismade up of
the two zinc bindingdomains ofTTP, suggesting thatmetal use
by TTP is flexible.21,23-26

Zinc binds to zinc finger proteins with high affinity;
nanomolar to femtomolar dissociation constants (Kd) for
zinc have been reported.27,28 Thus, once zinc has bound to a
zinc finger protein it is difficult to remove, bringing up the
question of how zinc fingers are inactivated in the cell.
Oxidation of zinc finger proteins by reactive oxygen species
in the cell has been proposed as a mechanism for controlling
zinc finger protein activity.29-33 Although zinc itself is redox
inactive, coordinated sulfur atoms from cysteines are suscep-
tible to oxidation.32 Cysteine sulfurs can be oxidized to form
disulfide bonds and higher order oxidized species (e.g.,
sulfenic acid, sulfinic acid, sulfonic acid, etc.).34 Oxidation
of cysteine residues results in zinc ion ejection causing the
protein to lose function (e.g., ability to bind to DNA and
regulate transcription).29,32 The concept of zinc protein
function being controlled by the redox state of the cell has
been linked to a role of zinc finger sites in cellular signaling
cascades. For example, the P53 tumor suppressor zinc finger
protein senses stress as a result of redox change,35 the RING
zinc finger protein releases zinc in the presence of the reactive
oxygen species, hydrogen peroxide, which then signals mito-
tic cell cycling,36 and the zinc finger region of protein kinaseC
has been shown to be activated by oxidation.37 Additionally,
the ability of zinc fingers to be inactivated as a result of
cysteine oxidation is being exploited for the design of novel
drugs that target zinc fingers, for example, electrophilic
molecules that oxidize specific cysteine residues that bind

zinc in theHIV-nucleocapsid protein have been developed as
anti-HIV agents.38-41

The molecular details of zinc finger oxidation for most
types of zinc finger proteins are generally unresolved; how-
ever, there are a few reports that have successfully utilized
mass spectrometry to characterize the oxidation state of
cysteine sulfurs in zinc finger proteins both pre- and post-
oxidation. For example, Baldwin and co-workers have iden-
tified oxidation sites on the Estrogen Receptor zinc finger
protein using an alkylation/ESI-MS and an isotopic labeling/
protease digestion/MALDI-MS approach.42-44 Wilcox and
co-workers have used an HPLC/MALDI-MS approach to
identify oxidation products for the SP-1 zinc finger protein34

while Hanas and co-workers have used an ESI-MS/Isotope
Cluster Analysis approach.30 Additionally, ESI-MS has also
been used to quantify the number of protons associated with
the zinc bound form of the HIV-nucleocapsid protein by
correlating the measured molecular weight with the protein
sequence,45,46 although it has since been suggested that
the ESI-MS technique may affect the protonation state of
the cysteine sulfur atoms causing inaccurate measures of the
cysteine oxidation states in some instances.47 To perform
mass spectrometry on an oxidized zinc finger peptide or
proteins, chromatographic separation of the oxidized zinc
finger followed by partial proteolysis of the oxidized zinc
finger is typically required. Additionally, because oxidation
of a cysteine thiol to a disulfide changes the mass by two
units, it is sometimes difficult to discern whether a measured
mass change of 2 is due to disulfide bond formation or
just double protonation of the peptide/protein as a result of
the experimental conditions. To overcome the difficulties
inherent in accurately assigning a mass charge of 2 to a
disulfide bond, alkylation or arylation of the remaining
unoxidized thiol sulfur atoms can be performed so that a
larger mass change due to oxidation is observed.48 A draw-
back to this strategy; however, is that one does not always
produce a complete alkylation/arylation reaction, and thus
the strategy requires another purification step to separate
fully alkylated/arylated products from partially alkylated/
arylated products. Thus, mass spectrometry is a powerful
tool to measure oxidation of zinc finger proteins with some
limitations.
Another traditional approach that has widely been used to

measure oxidation of cysteine thiols is via a DTNB assay or
Ellman’s reagent (5, 50-dithiobis (2-nitrobenzoic acid)).49-51
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Ellman’s reagent reacts with cysteine thiols to form a thio-
nitrobenzoate-peptide complex. Thionitrobenzoate anion
which gives an optical absorption profile with a maximum
at 412 nm is then released. This assay is straightforward to
perform and is a very accessible laboratory method, but can
have limited sensitivity. One drawback is that noninteger
values for free thiols are sometimes recorded, and the range of
range of error can be broad. Moreover, the assay can be pH
sensitive, and there is controversy regarding the chemistry of
DTNB itself.52,53

During inflammatory response, whenTTP is activated, the
internal redox potential of the cell is elevated leading to
increased levels of reactive oxygen species.54-57 Addition-
ally, there is evidence that intracellular iron levels can be
elevated.58,59 The role of the cellular redox potential and/or
reactive oxygen species in modulating TTP activity is not
known; although both factors are involved in the inflamma-
tory response.54-57 In the work reported here, we sought to
determine whether TTP could be oxidized. Because iron is
redox active, we predicted that iron substituted TTP would
be more susceptible to oxidation than zinc substituted TTP.
We sought to measure the oxidative susceptibility of TTP to
test this hypothesis. We have developed a quick and simple
assay to survey oxidative susceptibility of TTP that can easily
be applied to other classes of zinc finger proteins/zinc binding
domains. The assay that we developed relies on the well-
understood cobalt binding properties of zinc finger proteins,
requires only a UV-visible spectrometer to perform, and is
quantitative. Additionally, it does not require any purifica-
tion, proteolysis, or modification of oxidation products
making it an alternative to the mass spectrometry or DTNB
based assayswhen they are not suitable. Berg and co-workers
were the first to utilize cobalt binding to newly isolated
zinc finger proteins and peptides to assess their oxidation
states.15,60,61 Our assay utilizes this cobalt binding approach
to rapidly and reproducibly monitor and quantify the oxida-
tion of TTP-D1 andTTP-2D (Scheme 1) as a function of time
and/or metal content. Using this assay, we determined that
zinc protects TTP peptides from oxidation while ferrous iron
promotes oxidation. We demonstrate that iron promoted
oxidation is a result of the generation of hydroxyl radicals via
a Fenton chemistry reaction.Moreover, we show that a small
amount of oxidation has a profound effect on TTP’s ability

to bind toRNA leading us to speculate on a role for iron and
oxidation in promoting RNA degradation by TTP. In addi-
tion,wepropose that this assaymaybe easily applied to study
oxidation of other zinc finger protein families with either zinc
or iron bound. Such an approach may be useful for in vitro
studies aimed at addressing the emerging question of how the
function of specific types of zinc finger proteins are modu-
lated by their local cellular redox potential.

Experimental Section

General Considerations.Electronic absorptionmeasurements
were performed on a Lambda 25 UV-visible scanning spectro-
photometer. Electron Paramagnetic Resonance (EPR) mea-
surements were performed on a Bruker EMX EPR spectro-
meter controlledwith aBrukerER 041XGmicrowave bridge at
room temperature. All experiments were performed using metal
free reagents and water that had been purified using a Milli-Q
purification system and passed over Sigma chelex-resin. Upon
their preparation, buffers were purged with helium to degas and
transferred into a Coy inert atmospheric chamber (95%N2, 5%
He). The following metal salts or stocks, which were stored
anaerobically, were used for metal binding studies: cobalt atom-
ic absorption standard (Aldrich; 17 mM Co2þ in 1.0% HNO3),
zinc atomic absorption standard (Aldrich; 15.2 mM Zn2þ in
0.9%HCl), and (NH4)2Fe(SO4)2 3 6H2O (Aldrich, ACS reagent,
99.9%). The following reagents were used for experiments
and physical characterization: EMPO (2-Ethoxycarbonyl-2-
methyl-3,4-dihydro-2H-pyrrole-1-oxide) was purchased from
Alexis Biochemicals, 2-thiobarbituric acid, 2-Deoxy-D-ribose,
dithiothreitol (DTT), and Diethylenetriaminepentaacetic acid
(DTPA) were from Sigma-Aldrich, and H2O2 (ACS grade) was
from VWR. All metal-binding titrations and oxidation studies
were performed anaerobically with samples prepared andmani-
pulated in a Coy inert atmospheric container. UV-visible
measurements were taken using quartz cuvettes with screw caps
and Teflon seals from Starna Cells, and EPR samples were
prepared in a Coy anaerobic chamber in a capillary tube that
had been placed in a Wildmad Quartz EPR tube. All titrations
were performed with high-precision, well-calibrated pipetters.

Preparation of TTP Peptides.A peptide corresponding to the
first zinc finger domain of TTP, TTP-D1, was purchased from
Biosynthesis, Inc. (Lewisville, Texas) as “crude” and purified as
described previously.24 The peptide corresponding to the double
finger domain of TTP, TTP-2D, was expressed and purified as
previously described.23 The masses of the peptides were con-
firmed using MALDI-TOFMass Spectrometry [TTP-D1 - ex-
pected: 4143.7 observed: 4143.8; TTP-2D- expected: 8582.8
observed: 8582.1]. After purification, the peptides are in their
reduced apo-forms and are>95%pure as evidenced by a single
HPLC peak and SDS PAGE.

Oxidation Studies of TTP-D1:Measurement of Initial Protein

Concentrations. To determine the amount of “active” or fully
reduced TTP-D1 prior to oxidation studies, a 250 μM solution
of the peptide was prepared in 20 mM phosphate, 10 mMNaCl
at pH 7.4. The total concentration of peptide was determined by
measuring the absorption at 276 nm and using a previously
determined extinction coefficient of 4260 M-1 cm-1.24 One
equivalent of Co2þ was then added to the peptide, and the
concentration of “active” protein determined based upon the
extinction coefficient of 670M-1 cm-1 at 655 nMbecause of d-d
transitions arising from tetrahedral coordination of cobalt to
the cysteine/histidine metal binding sites of the peptide.60 Co(II)
binds to TTP-D1 with a Kd of 2.0 � 10-6 M.24 Typically more
than 95% of the protein bound cobalt. The pH of TTP-D1 did
not change upon addition of cobalt.

Oxidation Assay for Zn(II)TTP-D1, Fe(II)-TTP-D1, apo-TTP-
D1. Using the calculated amount of “active” peptide as the
starting concentration, stoichiometric Zn(II) was added to a

Scheme 1. Bar Figure of TTP-D1 and TTP-2D
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250 μM solution of apo-TTP-D1 in 20 mM phosphate, 10 mM
NaCl buffer at pH 7.4. After allowing the solution to equilibrate
for 10 min, 1 equiv of H2O2 was added, and the solution was
placed on a shaker at 400 rpm. Each reaction was allowed to
proceed for a set time period: 3 min, 6 min, 15 min, 30 min, 1 h,
1.5 h. After the prescribed time period, the pH of reaction was
reduced to∼2 by addition of 1MHCl (typically 30μL) to unfold
the peptide and dissociate the zinc. The apo peptide was then
isolated by size exclusion filtration using a YM-3 microcon
centrifugal filter (Millipore) which separates the apo peptide
from metal ions and reagants. The peptide was then lyophilized
using a speed vacuum concentrator under anaerobic conditions.
The concentration of “active” peptide was then determined by
measuring the total peptide concentration by measuring the
absorbance at 276 nm followed by the amount of peptide that
could bind cobalt by measuring the absorbance at 655 nm. The
amount of oxidized peptide was determined using the equation:
% oxidized = { [peptidetotal] - [peptidereduced]}/[proteintotal].
Oxidation reactions of Fe(II)-TTP-D1 and apo-TTP-D1 with
H2O2 were performed analogously. The average rate of oxidation
was determined by dividing the percent of the peptide that was
oxidized at 15 min by the reaction time. All experiments were
performed in triplicate.

Oxidation Studies of TTP-2D. Oxidation studies of Zn(II)-
TTP-2D, Fe(II)-TTP-2D, and apo-TTP-2D were performed
using the protocol described above for TTP-D1, except that
125 μMof peptide was used with 20mMHepes, 10 mMNaCl at
pH 7.4 as the buffering system. TTP-2D exhibits better solu-
bility under these conditions. Co(II) binds to TTP-2D with aKd

of 3.3� 10-6M.23 The average rate of oxidationwas determined
by dividing the percent of the peptide thatwas oxidized at 60min
by the time. All experiments were performed in triplicate.

Detection of Hydroxyl Radicals. To determine if Fe(II)-
TTPD1 and Fe(II)-TTP-2D produce hydroxyl radicals in the
presence of H2O2 via the Fenton Reaction, two methods to
identify hydroxyl radicals were used: the deoxyribose assay62

and EPR spin trapping.63,64 In the deoxyribose assay, 2-deoxy-
D-ribose (5.6 mM, 20 equivs) was added to a solution of either
Fe(II)-TTP-D1 (277 μM in 28mMphosphate buffer, pH 7.4) or
Fe(II)-TTP2D (277 μM in 28 mM Hepes buffer, pH 7.4)
followed by addition of 1 equiv (277 μM) H2O2 to Fe(II)-
TTP-D1 or 2 equiv (554 μM) H2O2 to Fe(II)-TTP-2D. The
solution was then incubated at room temperature for 5 min
upon which 28 mM 2-thiobarbituric acid in 0.05 MNaOH (100
equiv) was added followed by an addition of 1 M HCl (30 μL).
The tube was heated for 8 min at 100 �C. Hydroxyl radical
formation was characterized by the generation of an MDA-
TBA adduct which shows a strong visible absorbance at 532 nm.

To detect the formation of hydroxyl radicals using EPR
spectroscopy, EMPO was added to a solution of 125 μM
Fe(II)-TTP-2D (or 250 Fe(II)-TTP-D1) in 12.5 mM phosphate
buffer at pH 7.4. 250 μMH2O2 was then added to the solution,
and the EPR spectrum of EMPO-OH was measured. Controls
for this experiment included substituting Fe(II)-TTP-2D with
either 250 μM (NH4)2Fe(II)(SO4)2 or 250 μM (NH4)2Fe(II)-
(SO4)2 plus 50 μM DTPA which are known generators of
hydroxyl radicals65 as well as omitting H2O2 from the experi-
ment with Fe(II)-TTP-2D and using apo-TTP-2D. Spectro-
meter parameters for the EPR experiments were as follows:
microwave power 20.12 mW,modulation amplitude 0.8 G, time
constant 327 ms, scan time 320 s.

RNA Binding of Oxidized and Reduced Zn(II)-TTP-2D and
Fe(II)-TTP-2D by Fluorescence Anisotropy (FA).The binding of

Zn(II)-TTP-2D and Fe(II)-TTP-2D preoxidation and postoxida-
tion (time=6min) to a fluorescently labeledRNAoligonucleotide
of the sequence UUUAUUUAUUU-F was studied by fluore-
scence anisotropy (FA).66 Measurements were taken with an ISS
PC-1 spectrofluorometer configured in the L format. Initially, a
full excitation/emission spectrum was run to determine the opti-
mum excitations/emission wavelengths for the experiment. The
excitation wavelength/band-pass used in the experiments was
492 nm/2 nm and the emission wavelength/bandpass was 523 nm/
1 nm. In a typical experiment, a 10 nM solution of fluorescently
labeled-RNA in200mMHEPES, 100mMNaCl, 2mMDTTwith
0.05 mg/mL bovine serum albumin at pH 7.4 was added to a
Spectrosil far-UV quartz window fluorescence cuvette (Starna
Cells). The anisotropy, r, of the free RNA oligonucleotide was
thenmeasured.M-TTP-2D (M=Zn,Fe (II)) was then titrated into
the cuvette from a stock solution (2.0 equiv of metal, 200 mM
HEPES, 100 mM NaCl at pH 7.4) in a stepwise fashion, and the
resultant change in anisotropy was recorded. The protein was
addeduntil the anisotropy values reached saturation.Thedatawas
analyzed by converting the anisotropy, r, to fraction bound,Fbound
(the fraction of TTP-2D bound to RNA at a given RNA con-
centration), using the equation

Fbound ¼ r-rfree

rbound -rfree

where rfree is the anisotropy of the fluorescein-labeled oligonu-
cleotide and rbound is the anisotropy of the RNA-protein com-
plex at saturation. In all cases, Fbound was plotted against the
protein concentration and fit using a one-site binding model:

PþRh PR

Kd ¼ ½P�½R�
½PR�

Fbound ¼ Ptotal þRtotal þKd -
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPtotal þRtotal þKdÞ2 -4PtotalRtotal

q

2Rtotal

where P is the protein (TTP-2D) concentration and R is the
RNA concentration. Each data point from the fluorescence
anisotropy assay represents the average of 31 readings taken
over a time course of 100 s. Each titration was carried out in
triplicate.

Results

Determination of “Active” Peptide. TTP contains two
zinc binding domains. Each domain is unfolded in the
absence of metal and will fold in the presence of Zn(II),
Co(II), Fe(II), or Fe(III).23,24 Two peptides were pre-
pared for these studies: TTP-D1 which is composed of
just the first zinc binding domain of TTP and TTP-2D
which is composed of both zinc binding domains
(Scheme 1). TTP-D1 and TTP-2D were purified in their
apo, unfolded states and were stored and manipulated
anaerobically. Upon purification, the peptides were
quantified by first determining the concentration of the
unfolded peptide by measuring the peptide’s absorbance
at 276 nm and using the calculated extinction coefficients
of 4260 M-1 cm-1 for TTP-D1 and 8520 M-1 cm-1 for
TTP-2D.23,24 Each peptide binds stoichiometric cobalt

(62) Gutteridge, J. M.; Halliwell, B. Biochem. J. 1988, 253(3), 932–933.
(63) Zhao, G.; Arosio, P.; Chasteen, N. D. Biochemistry 2006, 45(10),
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with micromolar affinity, and extinction coefficients of
Co(II)-TTP-D1 and Co(II)-TTP-2D had been previously
reported.23,24 Upon measuring the concentration of apo-
TTP-D1 and apo-TTP-2D as purified, stoichiometric
Co(II) was added to each peptide. This resulted in the
appearance of d-d transitions between 500 and 700 nm
because of cobalt coordination in a tetrahedral coordina-
tion geometry. By measuring the absorbance at a wave-
lengthwithin the d-d transition region (655 nm) and using
the previously determined extinction coefficients at this
wavelength, the amount of peptide that boundCo(II) was
ascertained.23,24 Zinc finger peptides only bind cobalt
when the cysteine residues are fully reduced; therefore
this assay provides a measurement of the proportion of
“active” peptide.67 We note that we also observe charge
transfer bands in the region of 250-400 nm upon Co(II)
binding to TTP-D1 and TTP-2D that can be attributed
to sulfur to metal transitions (Supporting Information,
Figure S1).60,67 If we measure bands in this region to
determine the amount of cobalt that is binding to the
peptide, the proportion of “active” peptide matches that
determined by measuring the d-d bands. We chose to use
the d-d bands for these studies because they appear in a
unique region of the UV-visible spectrum and can be
measured directly. In contrast, the charge transfer bands
appear at the same region as the peptide backbone which
necessitates subtracting the absorbance for the peptide
backbone to measure the charge transfer bands directly.
Typically, TTP-D1 and TTP-2D exhibited greater than
90% activity, and only peptides that were at least 90%
active were used for oxidation studies.

M-TTP-D1 orM-TTP-2D (M=Zn(II), Fe(II), or apo)þ
H2O2. To determine how the identity of the metal ion
coordinated to the peptides TTP-D1 or TTP-2D affects
their reactivity with H2O2, experiments in which peptides
with either Fe(II), Zn(II), or no metal (apo) bound were
reactedwith stoichiometricH2O2 for specific time periods

(3 to 90 min) were performed. After the prescribed reac-
tion time was completed, the pH of the solution lowered
by adding HCl to unfold the peptide and release any
remaining bound metal ions. The apo-peptide was then
separated from the metal ions and reagents using a
centrifugal filtration device and resuspended in buffer.
The total peptide concentration was measured using the
absorbance at 276 nm and known extinction coefficient.
Typically, 90% or greater peptide was recovered after the
reaction. Stoichiometric cobalt was then added to the
peptide, and the amount of peptide that bound cobalt was
determined. Scheme 2 outlines this protocol. Figure 1 and
Figure 2 show the Co-binding data in the d-d region for
TTP-D1 and TTP-2D as a function of reaction time and
metal ion. When ferrous iron was bound to either TTP-
D1 or TTP-2D, the measured oxidation was rapid. In
contrast, the zinc bound peptides were slower to oxidize.
When the peptides were reacted with H2O2 in the absence
of metal, the average rate of oxidation was between that
observed for the Fe(II) bound peptides and the Zn(II)
bound peptides.
To calculate the proportion of each peptide that was

oxidized under each condition, the amount of oxidized
peptide was divided by the total peptide concentration. By
multiplying this number by 100, the percent oxidized pep-
tide at a given time point was determined. Figure 3 plots
this data for TTP-D1 and TTP-2D as a function of both
metal ion and time. When zinc was bound to TTP-D1 the
oxidation was slow;after 1.5 h only 37% of the peptide
was oxidized. Similarly, when zinc was bound to TTP-2D,
the maximum oxidation measured was 35% after 1.5 h. In
contrast, whenFe(II) was bound to eitherTTP-D1orTTP-
2D, oxidationwas rapid. Fe(II)-TTP-D1was fully oxidized
after 15min, andFe(II)-TTP-2Dwas fully oxidized after 60
min. The average rates of oxidation of apo-TTP-D1
and apo-TTP-2D fell between the average rates of oxida-
tion for Fe(II)-TTP-D1 and Zn(II)-TTP-D1 and for
Fe(II)-TTP-2D and Fe(II)-TTP-2D, respectively. Because
Fe(II)-TTP-D1was fully oxidized after 15min, the average
rate of oxidation forTTP-D1 as a function ofmetal ionwas

Scheme 2. Diagram of Oxidation Assay

(67) Frankel, A. D.; Berg, J.M.; Pabo, C. O.Proc. Natl. Acad. Sci. U.S.A.
1987, 84(14), 4841–4845.
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calculated at this time point. Fe(II)-TTP-D1 was oxidized
at an average rate of 6.7% per minute, apo-TTP-D1 at
3.0%perminute and Zn(II)-TTP-D1 at 0.79%perminute.
Fe(II)-TTP-2D was not fully oxidized until 60 min, so
average rates of oxidation were calculated at this time
point. Fe(II)-TTP-2D was oxidized at an average rate of
1.6% per minute, apo-TTP-2D at 0.91% per minute and
Zn(II)-TTP-2D at 0.48% per minute.
The reaction of Fe(II) with H2O2 often occurs via

Fenton chemistry which generates Fe(III), hydroxide,

and hydroxyl radical.68-71 The hydroxyl radical has been
implicated in oxidative damage of zinc finger proteins,
and we hypothesized that Fe(II)-TTP peptides would
generate hydroxyl radicals. Two methodologies were
used to confirm hydroxyl radical formation: trapping
the radical with an EPR active spin-trap, EMPO, and
observing the hydroxyl radical spectrophotometrically
via the deoxyribose assay. Both experiments showed the

Figure 2. Plots of the absorbance spectra of Co(II)-TTP-2D between
550 and 750 nm. The spectra were generated by adding stoichiometric
CoCl2 to apo-TTP2D that was isolated from oxidation reactions with
H2O2; (a) Co(II)-TTP-D1 from the Zn(II)-TTP-2D oxidation reaction at
times (3, 6, 15, 30, 60, 90 min); (b) Co(II)-TTP-2D from the apo-TTP-2D
oxidation reaction at times (3, 6, 15, 30, 60, 90 min); (c) Co(II)-TTP-2D
from the Fe(II)-TTP-2D oxidation reaction at times (3, 6, 15, 30, 60,
90 min). 125 μMof peptide in 20mMHepes/10 mMNaCl at pH 7.4. was
used for all reactions.

Figure 1. Plots of the absorbance spectra of Co(II)-TTP-D1 between
550 and 750 nm. The spectra were generated by adding stoichiometric
CoCl2 to apo-TTPD1 that was isolated from oxidation reactions with
H2O2; (a) Co(II)-TTP-D1 from the Zn(II)-TTPD1 oxidation reaction at
times (3, 6, 15, 30, 60, 90 min); (b) Co(II)-TTP-D1 from the apo-TTPD1
oxidation reaction at times (3, 6, 15, 30, 60, 90 min); (c) Co(II)-TTP-D1
from the Fe(II)-TTP-D1 oxidation reaction at times (3, 6, 15, 30, 60,
90 min). 250 μMof peptide in 20 mMPhosphate/10 mMNaCl at pH 7.4
was used for all reactions.
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formation of a hydroxyl radical when Fe(II)-TTP-2D or
Fe(II)-TTP-D1 were reacted with H2O2 (Fe(II)-TTP-2D
in Figure 4 and Supporting Information, Figure S2
Fe(II)-TTP-D1, data not shown).

M-TTP-2D þ RNA. Fluorescence anisotropy experi-
ments were performed to assess the effect of oxidation on
RNA binding (Figure 5). We had previously used this
technique to quantify TTP-2D/RNA binding.23 TTP-2D
binds toRNAwith nanomolar affinity when either Zn(II)
or Fe(II) is coordinated, but apo-TTP-2D does not bind
RNA because the peptide is unfolded.23 Zn(II)-TTP-D1
also binds RNA, but with a diminished affinity (micro-
molar); thus, the studies here focused on TTP-2D.24 We
hypothesized that weaker binding would be observed for
the oxidized Zn(II)-TTP-2D or Fe(II)-TTP-2D. By titrat-
ing samples of Zn(II)-TTP-2D and Fe(II)-TTP-2D both
as isolated (unoxidized) and after 6 min of oxidation with
a segment of RNA of the sequence UUUAUUAUUU-F
that was fluorescently labeled with fluorescein at the 30
end, we determined the effect of oxidation on binding
affinity. For both Zn(II) and Fe(II)-TTP-2D, oxidation
resulted in a diminution in affinity. The Zn(II)-TTP-2D
that had been oxidized for 6 min exhibited a DNA
binding affinity of 570 ( 110 nM, compared to 16 ( 1
nM for the unoxidized protein (Figure 5a). Similarly, the
Fe(II)-TTP-2D that had been oxidized for 6min exhibited
aRNAbinding affinity of 3.3( 0.5 μMcompared to 12(
1 nM for the unoxidized protein (Figure 5b). The larger
decrease in DNA binding affinity of the oxidized Fe(II)-
TTP-2D compared to that of the Zn(II)-TTP-2D
was consistent with our oxidation results that showed

that at 6 min, 32.8% of Fe(II)-TTP-2D was oxidized
compared to 12.8% of Zn(II)-TTP-2D peptide.

Discussion

Tristetraprolin (TTP) is a Cys3His (or CCCH)-type zinc
finger protein that is expressed during inflammatory re-
sponse.1 The CCCH metal binding domains can coordinate
to either zinc or iron.21,23,24 Uponmetal ion coordination, the
protein folds and functions (i.e., binds RNA). During inflam-
mation the redox state of the cell changes leading to an
elevation of intracellular levels of reactive oxygen species such
as hydrogen peroxide.32,72 The role of hydrogen peroxide in
biological systems is diverse;elevated levels have been im-
plicated in disease progression and aging, but this molecule
has also been shown to be a secondary messenger involved in
signaling pathways including inflammation.54,57,73-75 Here
we sought to understand how the presence of hydrogen
peroxide affected the integrity and function of the zinc finger
protein TTP. Studies were performed with the zinc bound,
ferrous iron bound, and apo forms of peptides corresponding
to the zinc binding domains of TTP.
There are scattered reports of oxidation of other types of

zinc finger proteins; however, the methodologies used to
monitor oxidation have usually utilized a mass spectroscopic
approach.30,34,42-44,76,77 The benefit of this approach is that
one is able to identify the chemical composition of oxidized
products; however, a disadvantage lies in the inability ofmass
spectrometry to be used as a simple tool for quantification.

Figure 3. Plot of the percent oxidation of (a) M-TTP-D1 [M= Zn(II),
apo, Fe(II)] and (b)M-TTP-2D [M=Zn(II), apo, Fe(II)] as a function of
reaction time. The Zn(II) data is colored green, the apo data is colored
yellow, and the Fe(II) data is colored gray.

Figure 4. X-band EPR spectra of EMPO-OH; (A) 75mMEMPOwas
added to 250 μM (NH4)2Fe(II)(SO4)2 and 50 μM DTPA in 12.5 mM
Phosphate at pH 7.4 followed by addition of 250 μM H2O2; (B) 75 mM
EMPOwas added to 250 μM (NH4)2Fe(II)(SO4)2 in 12.5 mMPhosphate
at pH 7.4 followed by addition of 250 μMH2O2; (C) 75 mMEMPOwas
added to 125 μM Fe(II)-TTP-2D in 12.5 mM Phosphate at pH 7.4
followed by addition of 250 μM H2O2; (D) 75 mM EMPO was added
to 125 μM Fe(II)-TTP in 12.5 mM Phosphate at pH 7.4; (E) 75 mM
EMPO was added to 125 μM apo-TTP-2D in 12.5 mM Phosphate at
pH 7.4 followed by addition of 250 μMH2O2.
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As we were interested in comparing the relative rates of
oxidation of TTP as a function ofmetal ion bound,we sought
to develop a simple method to quantify the oxidation
products. We developed a spectroscopic assay that relies on
the intrinsic cobalt binding properties of the zinc finger
peptides to probe TTP oxidation. Cobalt is often used as a
spectroscopic probe for zinc in zinc finger proteins. Cobalt(II)
is a good probe of zinc(II) sites because it has a similar atomic
radius [0.58 Å for Co(II) versus 0.60 Å for Zn (II)] and
polarizability; but has the advantage of having a partially
filled d-shell, d7, which allows for d-d transitions to be
observed optically in a region of the UV-visible spectrum
that is not obscured by absorbances from the peptide.61

Moreover, the cobalt binding properties of TTP-D1 and
TTP-2D were well understood with micromolar dissociation
constants being reported for both constructs.23,24 The assay
requires relatively small amounts of peptide;volumes of
1 mL or less at micromolar concentrations, and it is straight-
forward to vary the reaction time and conditions.Many types
of zinc finger proteins have been studied by making small
peptides that correspond to the zinc binding domains of
the protein because these domains fold and function only in

the presence of zinc.19,21,27,67,78-82 Additionally, the cobalt
binding properties of these zinc binding domain peptides are
either well understood or are easily ascertainable. As such,
we propose that it will be facile to apply our assay to study
oxidation of the wide range of zinc finger proteins that
are known.
Using our assay, we demonstrated that ferrous iron sub-

stituted TTP-2D peptides are more rapidly oxidized byH2O2

than the unfolded metal-free peptides and zinc bound pep-
tides.Moreover, whilewe observed complete oxidation of the
ferrous substituted peptides, we never observed complete
oxidation of the zinc substituted peptides. Rather, the zinc
substituted peptides remained less than 40% oxidized even
after 3 h. We ascribe this elevated oxidation rate for the
ferrous peptides to the generation of hydroxyl radicals from
the reaction of ferrous bound TTP with H2O2 via Fenton
chemistry. As Figure 4 shows, iron must be coordinated
to TTP for hydroxyl radicals to be generated. There is one
other report of Fenton chemistry occurring in a zinc finger
protein;Sarkar and co-workers demonstrated that iron
substituted Estrogen Receptor zinc finger protein produces
free radicals viaFenton chemistry.83 Zinc is redox inactive, so
it will not promote Fenton-type chemistry.We also note that
oxidation of TTP could be promoted by other oxidants such
as dioxygen or superoxide.
A comparison of the average rates of oxidation between

the single zinc finger peptide TTP-D1 and the double zinc
finger peptide, TTP-2D revealed that oxidation was more
rapid for the single zinc finger peptide. TTP-2D includes a
linker region between the two zinc finger domains that is
absent in the single zinc finger domain. In other types of zinc
finger proteins, such as TFIIIA, the linker region contributes
to the protein stability by promoting folding,84 and we
suggest that the presence of the linker inTTP-2Dmay protect
the peptide from oxidation by stabilizing the protein fold.
TTP-D1 can fold independently of the other domain; how-
ever, the two domain construct exhibits significantly tighter
RNA binding than the single domain.22-24 This suggests
cooperativity between the domains, and the increased susce-
ptibility to oxidation of the single zinc finger domain may
also be related to the loss of cooperative effects.
Oxidation of TTP-2D has a large effect on RNA binding.

FA data demonstrated that when Zn(II)-TTP-2D had been
oxidized for 6 min, which translates to 12.8% oxidized
protein, the affinity for target RNA was 36 times weaker
than the unoxidized Zn(II)-TTP-2D. Similarly, Fe(II)-TTP-
2D that had been oxidized for 6 min, which translates to
32.8% oxidation, exhibited 275 times weaker affinity for
RNA. We suggest that the oxidized peptides impede the
unoxidized peptide/RNA binding event.
We had previously shown that iron (ferric and ferrous) can

bind to TTP-2D and retain function.23 The dissociation
constant for Fe(III) binding to TTP-2D is in the micromolar
regime and in the nanomolar regime for Zn(II). Given that
the estimates of “free” metal ions and available metal ions

Figure 5. Comparison of the change in anisotropy (as fraction bound)
upon the addition of (A) Zn(II)-TTP-2D prior to oxidation (closed circle)
and Zn(II)-TTP-2D upon exposure toH2O2 for 6 min (open circle) to the
oligonucleotide UUUAUUUAUUU-F (B) Fe(II)-TTP-2D prior to oxi-
dation (closed circle) and Fe(II)-TTP-2D upon exposure to H2O2 for
6 min (open circle) to the oligonucleotide UUUAUUUAUUU-F. The
solid lines represent nonlinear least-squares fits to a 1:1 bindingmodel.All
fluorescence anisotropy experiments were performed in a 200 mM
HEPES/100 mMNaCl/2 mMDTT buffer at pH 7.4.
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in the cell correlate with these dissociation constants, we
proposed that both metal ions would be bound to TTP-2D
under physiological conditions.23Here, we found that Fe(II)-
TTP-2D is more susceptible to oxidation than Zn(II)-TTP-
2D. It will be of interest to understand how this increased
sensitivity fits into the biological context of TTP. TTP
binding to cytokine RNAmolecules promotes their degrada-
tion, so the effect of iron in increasing oxidation of TTPmay
be beneficial. During inflammation, when TTP is activated,
iron levels are elevated, and we speculate that this will
increase the fraction of TTP that is occupied by iron relative
to zinc. An increase in iron occupancy will increase levels of
protein oxidation and therefore decrease the protein’s acti-
vity. Thus, we speculate that theremay be a link between iron
and oxidative stress for TTP.
The concept of redox control of zinc finger proteins is

emerging as a possible general explanation for how zinc
finger protein function is controlled intracellularly. Zinc
binding affinities for zinc finger peptides are typically in the
nanomolar to picomolar regime which implies that once zinc
is bound to a zinc finger protein,15 it is thermodynamically
prohibitive to release the zinc ion. The cellular availability of
zinc in a given cell is very low, with femtomolar to picomolar
quantities being reported.85,86 Together, this suggests that
upon zinc coordination the zinc will remain bound unless

some exogenous agent can modify the binding site to release
the zinc ion. Oxidation of zinc finger proteins has been
invoked as a mechanism by which zinc finger function is
controlled in vivo with the additional suggestion that zinc
may play a role in cell signaling in response to inflammation
accompanied by oxidative and/or nitrosative stress.29,32,33

Here, we have determined that zinc bound TTP peptides can
be oxidized and that RNA recognition is diminished as a
consequence. These findings support the hypothesis that
oxidation leads to inactivation of zinc finger protein function.
We speculate, therefore, that oxidation may be a mechanism
for controlling TTP function when zinc is bound. By quanti-
fying the relative rates of oxidation for other types of zinc
finger proteins, as we have done for TTP, we can begin to
address how easy it is to oxidize specific types of zinc finger
peptides/proteins and relate these findings to the proteins’
functions.
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