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ABSTRACT: Tristetraprolin (TTP) is a nonclassical CCCH zinc finger
protein that regulates inflammation. TTP targets AU-rich RNA sequences
of cytokine mRNAs forming a TTP/mRNA complex. This complex is then
degraded, switching off the inflammatory response. Cadmium, a known
carcinogen, triggers proinflammatory effects, and there is evidence that Cd
increases TTP expression in cells, suggesting that Zn-TTP may be a target
for cadmium toxicity. We sought to determine whether Cd exchanges with
Zn in the TTP active site and measure the effect of RNA binding on this
exchange. A construct of TTP that contains the two CCCH domains
(TTP-2D) was employed to investigate these interactions. A spin-filter
ICP-MS experiment to quantify the metal that is bound to the ZF after
metal exchange was performed, and it was determined that Cd exchanges
with Zn in Zn2-TTP-2D and that Zn exchanges with Cd in Cd2-TTP-2D.
A native ESI-MS experiment to identify the metal-ZF complexes formed
after metal exchange was performed, and M-TTP-2D complexes with singular and double metal exchange were observed. Metal
exchange was measured in both the absence and presence of TTP’s partner RNA, with retention of RNA binding. These data show
that Cd can exchange with Zn in TTP without affecting function.

■ INTRODUCTION

Zinc finger (ZF) proteins belong to a large family of proteins
that utilize a combination of cysteine and/or histidine ligands
to bind zinc (Zn) in a tetrahedral geometry.1−3 Upon zinc
binding, ZFs fold into three-dimensional structures that
function in recognition of DNA, RNA, or other proteins
(Figure 1).1−7 ZFs are involved in a variety of functions,
including transcriptional and translational regulation, and the
role of the ZF is typically to bind to the DNA or RNA.1,2,8 ZFs
are ubiquitous, particularly in eukaryotes, where it is estimated
that 3−10% of all proteins are ZFs.2,5 There are multiple
classes of ZFs which are defined based upon domain sequence,
the number of cysteine and histidine residues (e.g., CCCC,
CCCH, CCHH),2,6 and at least 13 different classes of ZFs are
known.1,9,10

Although zinc is the native cofactor for ZFs, the thiol rich
nature of their sequences makes them targets for exogenous
metals, including iron, copper, nickel, lead, cadmium, and
gold.11−24 In some cases, these metals are upregulated during
certain biological conditions (Fe, Cu), and in other cases, these
metals are introduced exogenously from the environment (e.g.,
Ni, Pb, Cd) or delivered as therapeutics (e.g., Au). There is a
body of biochemical work aimed at understanding how
exogenous metals target ZFs.11−25 Much of this work has
focused on determining how these exogenous metals directly
bind to specific types of ZFs and elucidating the structural and

functional consequences.11−25 In these studies, both short
peptides that mirror the native ZF protein domain sequences
and full length ZF proteins have been utilized, and experiments
have involved direct titrations of metals with these ZF peptides
and proteins in the apo-form.11−25 Collectively, these studies
have provided fundamental insight into how exogenous metals
can directly bind to apo-ZFs and affect structure and
activity.11−25 In the cellular environment, zinc is typically
coordinated to ZFs (Zn-ZF), and it is important to understand
how exogenous metals interact with ZFs that have zinc
coordinated. However, there are far fewer studies that examine
how exogenous metals interact with Zn-ZFs.
One class of ZFs that has received increased attention in

recent years are the Cys3His or CCCH type-ZFs.2,26 Proteins
from this ZF class play roles in RNA regulation,26 and one of
the best studied is tristetraprolin (TTP) which regulates
inflammation.4,8,27 TTP contains two CCCH domains that,
when zinc is bound, folds into a three-dimensional structure
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composed of loops and turns.28 TTP turns off the
inflammatory response by regulating cytokines, e.g., TNF-α.
Specifically, TTP binds to AU-rich sequences present in the 3′
untranslated region of cytokine mRNAs leading to degradation
which shuts off the inflammatory response.4,27,29 Misregulation
of TTP has been linked to a number of diseases, including
rheumatoid arthritis (chronic inflammation), sepsis, and
cancer.2,27,30−32 Factors that lead to misregulation of TTP
are not well understood.
One potential factor that may promote misregulation of

TTP is cadmium (Cd). Cd is a known environmental
carcinogen, with major sources of exposure including waste
from the industrial production of batteries and plastics, car
exhaust, and cigarette smoke.33−42 The biological targets of Cd
are not clear; however, cysteine rich proteins are potential
targets because cadmium a “soft acid” and cysteine thiolates
are a “soft bases.”43,44 There is published evidence for Cd
binding to cysteine-rich proteins, including studies with several
types of ZFs (e.g., TFIIIA, SP1, and XPA), as well as
metallothioneins.44−56 Cd is known to have proinflammatory
effects triggering inflammatory response and there is evidence
that TTP levels are increased upon Cd exposure, suggesting
that TTP may be a target of Cd toxicity.57−60

Our laboratory has previously investigated direct binding of
Cd to a functional construct of TTP that contains the two
CCCH ZF domains (TTP-2D).18 We reported that Cd binds
to TTP-2D with nanomolar affinity forming a folded protein
that binds to AU-rich RNA, much like its Zn-TTP-2D
counterpart, albeit with greater sequence selectivity.18 These
data inform on the ability of Cd to bind to apo-TTP; however,
how Cd interacts with Zn-TTP-2D is not known. Cd may
exchange with Zn and/or bind adventitiously and nonspecifi-
cally to TTP. Similarly, the effect of RNA binding on the
interaction Cd with Zn-TTP (i.e., Zn-TTP/RNA) is not
known.
Measuring the interactions and possible exchange of Cd with

Zn in Zn-TTP-2D is challenging. The broad range of
spectroscopic methods afforded to metalloproteins with open
shell metal cofactors are not available to study Cd and Zn
because of their d10 electron count. We have recently reported
the application of two new approaches to measure the
interaction of exogenous metals with TTP.12,25 The first
approach is a spin filter/ICP-MS approach. In this approach,
the exchange of the exogenous metal is tracked and quantified
using ICP-MS.12 This method allows for the amount of metal
associated with the protein to be quantified but does not
provide information on the metal-protein complex. The second
approach is a native ESI-MS approach in which the exogenous
metal is titrated with Zn-TTP-2D in the absence and presence
of RNA, and the metal-TTP complexes formed are identified.25

Although the ESI-MS method is qualitative−it identifies metal-
TTP complexes that are formed− it complements the ICP-MS
method that quantifies the metal content. We applied these
two distinct approaches, along with a functional RNA binding
assay, to determine whether Cd exchanges with Zn in Zn-TTP-
2D and with Zn in TTP-2D bound to RNA (Zn-TTP-2D/
RNA). From these approaches we were able to quantify the
metals that associate with TTP-2D under different conditions,
identify metal-ZF complexes that are formed during metal
exchange, and elucidate the effects of metal exchange on RNA
binding.

Materials and Methods. Zinc chloride (ZnCl2), cadmium
chloride (CdCl2), cadmium acetate dihydrate (Cd(OAc)2·
2H2O), ampicillin sodium salt, bovine serum albumin, 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES),
urea, SP sepharose resin, trifluoracetic acid (TFA) (HPLC
grade), ammonium acetate, and nonlabeled RNA oligonucleo-
tide (5′UUUAUUUAUUU3′) were obtained from Sigma-
Aldrich. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was
purchased from Research Products International. BL21-DE3
competent cells were purchased from New England Biolabs.
Luria−Bertani Lennox broth (LB) and dithiothreitol (DTT)
were acquired from American Bio. Sodium chloride (NaCl),
nitric acid (HNO3) (trace metal grade), and acetonitrile
(HPLC grade) were obtained from Fisher Scientific. Zinc,
cadmium, germanium, and scandium ICP-MS standards as well
as zinc acetate dihydrate (Zn(OAc)2·2H2O) were purchased
from Fluka analytical. Rhodium ICP-MS standard was
obtained from VWR analytical. ICP-MS tuning solution was
acquired from Agilent. MES was purchased from Amersco.
EDTA-free protease inhibitor tablets were obtained from
Thermo Scientific. A 0.5 mL portion of 3 kDa MWCO spin
filters were purchased from (Amicon). 3′-fluorescein (F)-
labeled PAGE-purified, deprotected, and desalted RNA
oligonucleotide (5′UUUAUUUAUUU3′-F) was purchased
from Dharmacon Research Inc. All metal free conical tubes
used for ICP-MS sample preparation were purchased from
VWR. PVDF 0.22 μm steriflip filters were purchased from
Millipore.

TTP-2D Expression and Purification. A pET-15b vector
containing the TTP-2D gene fragment encoding for two zinc
binding domains (SRYKTELCRTYSESGRCRYGAKCQ-
FAHGLGELRQANRHPKYKTELCHKFYLQGRC-
PYGSRCHFIHNPTEDLAL) that was previously reported by
our laboratory was utilized to obtain TTP-2D.11 Briefly, the
TTP-2D vector was transformed into E. coli BL21-(DE3)
competent cells and grown overnight in Luria−Bertani (LB)
medium containing 100 μg/mL ampicillin at 37 °C. The
following day, 15 mL of the overnight culture was added to 1 L
of LB medium containing 100 μg/mL ampicillin and grown to

Figure 1. Cartoon of the effect of zinc binding to a ZF protein on structure. In the absence of zinc (left) the protein is unstructured, in the presence
of zinc (right) the protein adopts secondary structure. ZF structure shown here is of Tis11d, a CCCH type ZF. (PDB = 1RGO, PyMOL).
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mid log phase (≈ OD600 of 0.6 to 0.8) at 37 °C. Protein
expression was induced by adding 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). The cultures were allowed to
grow for 4 h post induction after which they were centrifuged
at 7800g for 20 min at 4 °C. The cell pellets were then
harvested and stored at −20 °C. Cell pellets were resuspended
in 8 M urea and 10 mM MES pH 6 containing 10 mM
dithiothreitol (DTT) and one EDTA-free protease inhibitor
mini tablet. The resuspended cells were placed on ice and lysed
using a Fisher Scientific Sonic Dismembrator model 100.
Cellular debris were removed by centrifugation (17710 xg for
20 min at 4 °C). The bacterial supernatant was then poured
into a SP-sepharose gravity column and rocked for 1 h at room
temperature. A stepwise gradient from 0 to 2 M NaCl in 4 M
urea and 10 mM MES pH 6 was applied. TTP-2D eluted in 4
M urea, 600 mM NaCl, and 10 mM MES pH 6 containing 10
mM DTT. Following elution, 25 mM DTT was added to the
protein which was then incubated in a 56 °C water bath for 2 h
to reduce any remaining disulfide bonds. The protein was then
filtered through a steriflip 0.22 μm filter and purified using
reverse-phase HPLC with a Symmetry C18 300 column on an
Agilent 1200 series LC system using an acetonitrile:water
gradient, in 0.1% trifluoroacetic acid. Apo-TTP-2D eluted at
32% acetonitrile and was lyophilized to dryness in a Coy
anaerobic chamber (97% nitrogen and 3% hydrogen
atmosphere) using a SpeedVac concentrator (Thermo
Scientific). The purified protein was verified by SDS-PAGE
(>95% pure) and MALDI-MS. All remaining protein
manipulations were performed anaerobically to avoid cysteine
oxidation.

■ ICP-MS ANALYSIS
For ICP-MS analysis, samples were diluted using trace metal
grade HNO3 to a final concentration of 6% nitric acid. The
samples were heated in an oven at 80 °C overnight, cooled to
room temperature, and analyzed by ICP-MS. The concen-
trations of cadmium and zinc in protein samples were
determined by injecting samples into an Agilent 7700x ICP-
MS instrument (Agilent Technologies, Santa Clara, CA, USA)
using the same instrument run conditions as previously
reported.12 Cd111 and Zn66 concentrations in the samples
were derived from an external calibration curve generated by a
series of dilutions of atomic absorption standard (Fluka
Analytical) prepared in the same 6% HNO3 matrix as the
samples. Data analysis was performed using Agilent’s Mass
Hunter software. All buffers are routinely analyzed for metal
content using ICP-MS. Because Milli-Q water is employed to
prepare all buffers, we do not typically observe the presence of
metals above the lower limit of quantitation. If we do observe
detectable levels of metal in the buffer, the buffer is discarded
and remade.
Zn2-TTP-2D + CdCl2 and Cd2-TTP-2D + ZnCl2: Spin-

filter ICP-MS Analysis. A 30 μM solution of Zn2-TTP-2D in
HEPES buffer (100 mM HEPES, 100 mM NaCl at pH 7.5)
was prepared by adding 2 mol equiv of ZnCl2 to 30 μM apo-
TTP-2D under anaerobic conditions. To this solution, either 2
or 4 mol equiv of CdCl2 was added using a stock solution of 15
mM CdCl2 in filtered deionized water. The protein solutions
were then allowed to equilibrate by shaking at 300 rpm for 5
min at room temperature. The proteins were then transferred
to 3 kDa MWCO spin filters (Amicon 500 Ultra −0.5 mL) and
spun at 14000g for 30 min in a 40° fixed angle table-top
centrifuge (Fisher Scientific) at 25 °C, per the manufacturer’s

guidelines, to remove adventitiously bound metal ions. Spin
filtration was repeated three times, after which the protein
concentrate was recovered by inverting the spin filter into a
fresh collection tube and centrifuging at 1000g for 2 min at
room temperature. The resultant protein was diluted to 500
μL, and an aliquot was taken to measure protein concentration.
The protein was unfolded by titration with HCl to reach a pH
of 2, after which the concentration measured via UV−visible
spectroscopy (A276; e = 8520 M−1cm−1)12 The metal content
was measured via ICP-MS. To determine the percent metal
associated with the protein, the measured concentration of
each metal was divided by the measured concentration of
protein and multiplied by 100.

Percent metal
M

TTP D

M Zn or Cd

2
100= [ ]

[ − ]
*

=

The analogous experiment with Cd2-TTP-2D + ZnCl2 was
performed using this same method. In addition to these
protein samples, the following metal and protein stocks were
also quantified by ICP-MS and serve as controls: 200 μM
ZnCl2, 200 μM CdCl2, 30 μM apo-TTP-2D, 30 μM Zn (II)2-
TTP-2D, and 30 μM Cd (II)2-TTP-2D. All measurements
were performed in triplicate.

Zn2-TTP-2D + Cd(OAc)2·2H2O and Cd2-TTP-2D +
Zn(OAc)2·2H2O: Native ESI-MS. Zn2-TTP-2D samples
(500 μL) were prepared by the addition of 2 mol equiv of
Zn acetate dihydrate (Zn(OAc)2·2H2O) to 10 μM apo-TTP-
2D in 10 mM ammonium acetate (NH4OAc) buffer at pH 6.9
under anaerobic conditions. The samples were equilibrated for
5 min via shaking at 300 rpm and applied to an Amicon ultra
0.5 mL, 3 kDa MWCO centrifugation filter to remove any
adventitious metal ions. The concentrated samples were then
recovered by inverting each concentrator and centrifuging at
1000 g for 2 min at 25 °C into fresh collection tubes. Once
centrifuged, NH4OAc buffer was added to each collection tube
to bring the total sample volume to 500 μL. The protein
concentration was measured independently by measuring
unfolded apo-TTP-2D via UV−visible spectroscopy (A276; ε
= 8520 M−1cm−1).12 Cd2-TTP-2D samples were prepared
analogously. For metal exchange experiments, Cd acetate
dihydrate (Cd(OAc)2·2H2O) (1 and 2 mol equiv) was added
to Zn2-TTP-2D and Zn(OAc)2·2H2O(1 and 2 mol equiv) was
added to Cd2-TTP-2D and allowed to equilibrate for 10 min.
All samples were directly infused at a flow rate of 500−1000
nL/min into a Waters Synapt G2S mass spectrometer
(Waters) with a nano-ESI interface coupled with a 15 μm
diameter spray tip (Silicatip, New Objective, Inc., Woburn,
MA, USA). The carrier solution was ammonium acetate
(NH4OAc) at pH 6.9. The instrument parameters used for
native analysis were as follows: source temperature: 50 C;
capillary voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V;
trap collision energy, 4 V; trap gas flow, 2 mL/min; helium cell
gas flow, 180 mL/min. Sodium iodide was used to calibrate
over the range of m/z 100−3000. Ten mM Ammonium
acetate and 1:1:1:1 water:methanol:acetonitrile:isopropanol
rinses were used between each infusion. 6% HNO3 was used to
rinse the syringe between injections. All mass spectra data were
processed using Masslynx 4.1 software (Waters).

Simulations. All m/z simulations were performed by
enviPat Web 2.4.1 The theoretical chemical formula of TTP-
2D is C374H575N117O105S6. The parameters used for simu-
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lations were: type, Gaussian; threshold, 0.01; fraction, 0.1;
resolution, 50−70 ppm.61

Functional Effects of Cd Reactivity: Zn2-TTP-2D/RNA
+ CdCl2 and Cd2-TTP-2D/RNA + ZnCl2, Fluorescence
Anisotropy. The effect of Cd and Zn on Zn2-TTP-2D
binding to the RNA target AAAUAAAUAAA and Cd2-TTP-
2D binding to the RNA target AAAUAAAUAAA, respectively,
was measured by fluorescence anisotropy (FA). All FA
experiments were performed on an ISS K2 spectrofluorometer,
configured in the L format. Upon the basis of full excitation
and emission scans of the fluorescently labeled RNA probe, all
FA experiments were performed using an excitation wave-
length of 495 nm/2 nm and an emission wavelength of 523
nm/2 nm. Spectrosil far-UV quartz window fluorescence
cuvettes (Strana Cells) were utilized for all measurements. For
the experiments, the RNA probe (UUUAUUUAUUU-F; F=
fluorescein) was suspended in 200 mM HEPES, 100 mM
NaCl, 0.05 mg/mL bovine serum albumin (to avoid protein
adherence to the cuvette) at pH 7.5. In a typical experiment, a
solution of 10 nM UUUAUUUAUUU-F was titrated with M2-
TTP-2D (M = Zn or Cd) to saturation, followed by the
addition of MCl2 (M = Cd or Zn (II))(2, 4, 6, 8, and 10 mol
equiv) and the fluorescence anisotropy (r) was recorded.
Zn2-TTP-2D/RNA + Cd(OAc)2·2H2O and Cd2-TTP-2D/

RNA + Zn(OAc)2·2H2O: Native ESI-MS. The Zn2-TTP-2D/
UUUAUUUAUUU RNA complex was generated by adding 1
mol equiv of RNA oligomer (sequence 5′-UUUAUUUAUUU-
3′, M.W.: 3352.0 Da, a custom oligomer from Sigma-Aldrich)
to 10 μM Zn2-TTP-2D in 10 mM NH4OAc buffer at pH 6.9.
The ESI-MS of the complex was obtained via direct infusion of
the protein/RNA complex (500−1000 nL/min) into a Waters
Synapt G2S mass spectrometer. Subsequently, 1 and 2 mol
equiv of Cd(OAc)2·2H2O were then applied to the Zn2-TTP-
2D/RNA complex and measured via ESI-MS using direct
infusion. The analogous experiments were performed with
Cd2-TTP-2D/UUUAUUUAUUU RNA plus Zn (OAc)2·
2H2O. All samples were directly infused at a flow rate of
500−1000 nL/min into a Waters Synapt G2S mass
spectrometer (Waters) with a nano-ESI interface coupled
with a 30μm diameter spray tip (Silicatip, New Objective, Inc.,
Woburn, MA, USA). The instrument parameters used for
native analysis were as follows: source temperature, 50 C;
capillary voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V;
trap collision energy, 4 V; trap gas flow, 2 mL/min; helium cell

gas flow, 180 mL/min. Sodium iodide was used to calibrate
over the range of m/z 100−3000. Ten mM ammonium acetate
and 1:1:1:1 water:methanol:acetonitrile:isopropanol rinses
were used between each infusion. HNO3 (6%) was used to
rinse the syringe between injections. All mass spectra were
processed using Masslynx software 4.1 (Waters).

■ RESULTS

Preparation of Zn2-TTP-2D. The construct of TTP used
for these studies, TTP-2D, contains the two CCCH ZF
domains. We have previously reported that when isolated in
the apo-form, apo-TTP-2D binds zinc, folds and functions
(binds RNA).11 TTP-2D is highly soluble, and for this work,
we overexpressed the construct in E. coli and isolated it in the
apo-state. Zn2-TTP-2D was prepared by adding 2 equiv of
ZnCl2 to obtain the folded, functional Zn2-TTP-2D construct.

Exchange of Cd with Zn in Zn2-TTP-2D Measured by
ICP-MS. To determine whether Cd exchanges with Zn in Zn2-
TTP-2D, a spin-filter ICP-MS assay developed in our
laboratory was utilized.12 In this assay, the metal of interest
is added to the metal-protein complex (e.g., Cd + Zn2-TTP-
2D) at various concentrations, after which the protein is
applied to a molecular weight cut off (MWCO) filter which
separates the protein bound metal from nonprotein bound
metal complexes. The identity and quantity of the metals that
are isolated with the protein are measured by ICP-MS and the
protein is quantified by UV−visible spectroscopy. The
metal:ZF stoichiometry is then determined by relating the
total metal concentration to the total protein concentration.
(Figure 2).25 To measure Cd exchange with Zn-TTP-2D,
either 2 or 4 equiv of Cd was added to Zn-TTP-2D. These
stoichiometries were chosen because we had previously
reported upper limit Kds for Zn and Cd binding directly to
TTP in the low nM to pM regime and the addition of these
equivalents should promote metal exchange.18 In the first
experiment, 2 mol equiv of CdCl2 was added to Zn2-TTP-2D.
The sample was allowed to equilibrate for 5 min at room
temperature and then applied to a 3 kDa MWCO spin filter
(3X). The isolated protein was analyzed for metal identity and
content by ICP-MS. The analogous experiment with 4 mol
equiv of CdCl2 was also performed. Cd exchange with Zn was
observed in both experiments, with 52% of the isolated protein

Figure 2. Schematic of the competitive metal binding TTP-2D spin filter method.
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identified as Cd bound after two equivalents of Cd had been
added and 74% after four equivalents added. (Table 1).

Exchange of Zn with Cd in Cd2-TTP-2D Measured by
ICP-MS. Zn supplementation is one of several therapeutic
approaches used to minimize Cd toxicity.62 Therefore, in
addition to determining whether Cd exchanges with Zn in Zn2-
TTP-2D, we sought to determine if Zn exchanges with Cd2-
TTP-2D. Following the spin filter-ICP-MS approach (vide
supra), it was determined that when 2 equiv of Zn were added
to Cd2-TTP-2D, 32% of the isolated protein contained Zn, and
when 4 equiv were added, 44% of the isolated protein
contained Zn (Table 1). These data support the exchange of
Zn for Cd in TTP-2D.
Native ESI-MS to Identify M-TTP-2D Complexes

Formed upon Exchange of Cd with Zn2-TTP-2D. To
identify the metal-TTP complexes that can form upon
exchange of Cd with Zn, native-electrospray ionization mass
spectrometry (native ESI-MS) was utilized. Native ESI-MS is
gentle enough to detect the metal bound form of the ZF
making it amenable to study this exchange.25,63−65 Initial
studies focused obtaining the native ESI-MS of apo-TTP-2D.
Here, a major peak with an m/z = 1430.8699 (z = 6+) was
observed, which matches that previously reported at 1430.3560
(z = 6+).25 We then obtained the spectrum of Zn2-TTP-2D
and observed a major peak at m/z = 1452.5217 (z = 6+),
matching that previously reported for Zn2-TTP-2D (Figure
3a).25 With these data in hand, we performed experiments in

which 1 and 2 equiv of Cd(OAc)2·2H2O were titrated with
Zn2-TTP-2D and the ZF products were identified by native
ESI-MS (Figure 3). Following the addition of 1 equiv of
Cd(OAc)2·2H2O to Zn2-TTP-2D, peaks that best fit to
Cd1Zn1-TTP-2D m/z at 1460.3499 (calc.1460.3377; z =
6+), and to Cd2-TTP-2D m/z at 1468.3495 (calc. 1468.3317;
z = 6+) were observed in addition to Zn2-TTP-2D (Figure
3b). These peak assignments were confirmed via simulation
(Figure 4). Upon the addition of 2 mol equiv of Cd(OAc)2·
2H2O, the peaks that correspond to Zn2-TTP-2D and Cd1Zn1-
TTP-2D were significantly reduced in intensity, and the peak
that corresponds to Cd2-TTP-2D dominated the spectrum
(Figure 3c). Taken together, these data are consistent with Cd
displacing either a single or both Zn cofactors in TTP-2D and
provide evidence that Cd exchanges with Zn in the Zn2-TTP-
2D active site. The observation of the Cd1Zn1-TTP-2D species
is of particular interest. We have previously reported that each
domain of TTP-2D binds to Zn with similar affinity,11 and
therefore one might expect to observe only Zn2-TTP-2D or
Cd2-TTP-2D in the ESI-MS. We note that the affinities
reported to Zn binding to TTP-2D were derived from a
competition experiment with Co loaded TTP-2D, and the
experiment performed here was an exchange of Cd with Zn
loaded TTP-2D.

Native ESI-MS to Identify M-TTP-2D Complexes
Formed upon Exchange of Zn with Cd2-TTP-2D. The
reverse experiment in which Zn was titrated with Cd2-TTP-2D
was also performed. Here, 1 and 2 equiv of Zn(OAc)2·2H2O
were titrated with Cd2-TTP-2D after which the native ESI-MS
spectra were recorded (Figure 5). The peak at m/z =
1468.3458, indicative of Cd2-TTP-2D, was consistent with
the calculated theoretical m/z value 1468.3317 (z = 6+)
(Figure 5a). Following the addition of 1 mol equiv of
Zn(OAc)2·2H2O, Cd2-TTP-2D (m/z = 1468.3625 (z = 6+))

Table 1

Metal Equivalents Added Zn2-TTP-2D + CdCl2 Cd2-TTP-2D + ZnCl2

2 52 ± 0% Cd 32 ± 0% Zn
4 74% ± 4% Cd 44% ± 1% Zn

Figure 3. Change in the native nanoelectrospray mass spectrum of Zn2-TTP-2D (A) following the addition of 1 and 2 molar equivalents of
Cd(OAc)2·2H2O to Zn2-TTP-2D (B to C) measured on a Waters Synapt-G2S mass spectrometer.
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and Cd1Zn1-TTP-2D (m/z = 1460.3629 (z = 6+)) signals
were observed (Figure 5b). Upon the addition of 2 mol equiv
of Zn(OAc)2·2H2O, increases in Cd1Zn1-TTP-2D relative
signal intensity and decreases in Cd2-TTP-2D were detected.
(Figure 5c). These data are consistent with the spin/filter ICP-
MS results, and support the exchange of Zn with Cd bound in
Cd2-TTP-2D.
Zn2-TTP-2D/RNA + Cd Monitored by Fluorescence

Anisotropy (FA) and Native ESI-MS. In cells, Zn2-TTP-2D
binds to AU-rich RNA, and we sought to determine whether
Cd exchanges with Zn2-TTP-2D when it is bound to RNA
(Zn2-TTP-2D/RNA). We recently reported that RNA has a
protective effect toward metal exchange with Zn2-TTP-2D in a
study focused on how gold complexes interact with TTP,25

which we attributed to the RNA shielding the metal center. We
hypothesized that RNA may also prevent Cd exchange with

TTP via a similar shielding effect. To test this hypothesis, a
competitive fluorescence anisotropy assay (FA), which probes
protein/RNA binding, and a competitive native ESI-MS
experiment, which identifies the metal-ZF-RNA complexes
were performed.
The RNA target sequence recognized by TTP-2D is

UUUAUUUAUUU, which corresponds to the 3′-untranslated
region (3′UTR) of cytokine mRNA.8 We have previously
reported that both Zn(II)-TTP-2D and Cd(II)-TTP-2D bind
to this RNA sequence selectively and with high affinity (Kd =
16 ± 1 nM and 2.4 ± 0.2 nM, respectively) using FA.18 For the
Cd exchange experiments, we titrated Zn2-TTP-2D with
fluorescein-labeled RNA (UUUAUUUAUUU-F; F = fluo-
rescein) and observed an increase in the FA signal (anisotropy,
r) as the RNA was titrated, confirming Zn2-TTP-2D/RNA
binding (Figure 6). Cd (4, 6, 8, and 10 equiv) was then titrated

Figure 4. Comparison of the observed isotopic distribution pattern (red) of 6+ charged Zn2-TTP-2D (yellow inset), 6+ charged Cd1Zn1-TTP-2D
(green inset), and 6+ charged Cd2-TTP-2D (purple inset) ions with the simulated theoretical isotopic distribution (black) obtained with enviPat
Web 2.4.
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into the Zn2-TTP-2D/RNA complex, and the effect on FA
monitored (Figure 6). No changes in fluorescence anisotropy
(r) were observed. This finding suggests that either (1) the
RNA protects the Zn bound to TTP from exchange or (2) the
Cd is exchanging with Zn and RNA binding is retained. We
have previously reported that Cd2-TTP-2D binds to the
AAAUAAAUUUA RNA sequence with similar affinity that
measured for Zn2-TTP-2D to RNA;18 therefore, we could not
rule out either conclusion with the FA data alone (Figure 6
inset). Native ESI-MS was employed to determine if Cd
exchanges with Zn when titrated with Zn2-TTP-2D/RNA. For
these experiments, a 1:1 Zn2-TTP-2D/UUUAUUUAUUU-
RNA complex was prepared, and the complexes formed were
identified via ESI-MS. As Figure 7 shows, a peak at m/z =
2011.1294 (z = +6) indicative of the protein:RNA complex we

identified. This peak is consistent with that we have previously
reported (Figure 7).25 1 and 2 equiv of Cd(OAc)2·2H2O were
then titrated into the Zn2-TTP2D/RNA complex and the
resultant native ESI-MS spectra were obtained (Figure 7).
Following the addition of a 1 equiv of Cd(OAc)2·2H2O, peaks
indicative of Zn2-TTP-2D/RNA, Cd1Zn1-TTP-2D/RNA (m/z
= 2019.3363 (z = +6)), and Cd2-TTP-2D/RNA (m/z =
2026.8152 (z = +6)) were observed (Figure 7b). Following the
addition of 2 equiv of Cd(OAc)2·2H2O, peaks indicative of
Cd1Zn1-TTP-2D/RNA and Cd2-TTP-2D/RNA were detected,
with concomitant loss of the Zn2-TTP2D/RNA signal (Figure
7c). Taken together, these data reveal that Cd displaces Zn
from the TTP-2D active site. Thus, we conclude that retention
of RNA binding observed when Cd is titrated with the Zn2-

Figure 5. Change in the native nanoelectrospray mass spectrum of Cd2-TTP-2D (A) following the addition of 1 and 2 mol equiv of Zn(OAc)2·
2H2O to Cd2-TTP-2D (B to C) measured on a Waters Synapt-G2S mass spectrometer.

Figure 6. Plot of the change in anisotropy upon the addition of Zn2-TTP-2D (red) to the RNA oligonucleotide UUUAUUUAUUU-F (F =
fluorescein) followed by (B) the addition of CdCl2. FA experiments were performed in 200 mM HEPES, 100 mM NaCl, at pH 7.5 via ISS
multifrequency phase fluorometer (n = 3).
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TTP-2D/RNA complex involves Cd exchange with Zn with
concurrent retention of RNA binding.

■ DISCUSSION

The impetus for this work was the growing appreciation that
toxic metals can target zinc finger proteins and the biological
reports that TTP may be a cellular target for cadmium. We had
previously reported that Cd can bind to apo-TTP-2D (a
functional construct of TTP) with retention of RNA binding
affinity and specificity to the sequence UUUAUUUAUUU.18

Although studies of metals binding to apo-ZFs are informative,
a better mimic of cellular metal targeting is the zinc bound
form of the ZF, as this is the form the exogenous metal likely
encounters in the cell. A challenge in measuring metal
exchange with Zn bound ZFs, particularly with exogenous
metals that have filled d shells such as Cd, is the lack of a
spectroscopic handle. We overcame this hurdle in this work by
utilizing two MS approaches. The first was a spin-filter/ICP-
MS approach which allowed us to quantify the metal exchange
at the zinc site, and the second was a native ESI-MS approach
that allowed us to identify the metal-TTP complexes that
formed upon metal exchange. These two methods provide
different information − ICP-MS is quantitative but only
informs on the metal and native ESI-MS is qualitative but
provides insight into metal−ligand complexes.
In the spin-filter/ICP-MS approach, a 3000 molecular

weight cutoff filter was utilized to separate metal bound to
protein (MW >9000) from low molecular weight metal salts.
We then measured how much metal was associated with the
protein using quantitative ICP-MS and determined the TTP-
2D concentration using UV−visible spectroscopy (with a
previously determined extinction coefficient). The ratio of
[metal]/[protein] allowed us to determine the percent Zn and
percent Cd associated with the protein. From these data, we
observed that Cd can exchange with Zn in Zn-TTP-2D and

vice versa suggesting that both exchanges are thermodynami-
cally favorable. We previously utilized this approach for Cu
exchange with Zn-TTP-2D,12 rigorously tested the assay to
determine the number of time the spin filter must be spun
(three) to separate all metal salts from metal-protein
complexes, and followed that protocol here. We note that
other approaches to follow metal exchange with ZFs prior to
ICP-MS are also possible. These include size exclusion
chromatography and chelex resin.66 Regardless of the exchange
method, the coupling of metal exchange with ICP-MS offers a
tool to measure metal exchange in ZF proteins that could
potentially be applied to other metalloproteins.
The metal exchange results that we obtained for TTP

suggest potential follow up studies. We observed greater
exchange of Cd with Zn in Zn2-TTP-2D than Zn with Cd in
Cd2-TTP-2D (Table 1) suggesting a thermodynamic prefer-
ence for Cd exchange, and a future study could determine
whether this difference is due to kinetics or thermodynam-
ics.45,67,68 Similarly, the structural consequence of metal
exchange are not known, and NMR approaches would provide
insight.55,69,70

The native ESI-MS assay employed to identify the metal-
TTP complexes that can form upon Cd and Zn exchange with
Zn2-TTP-2D and Cd2-TTP-2D, respectively, provided in-
formation on the coordination complexes that can form upon
metal exchange. These experiments involved titrating one and
two equivalents of exogenous metal in order to determine if
mixed metal species could be observed. We have previously
reported that the affinity of zinc for both domains of TTP is
equivalent.11 As such, we expected to observe mixed metal
species when less than two equivalents of exogenous metal are
added. We indeed saw mixed metal species: Cd1Zn1-TTP-2D
was observed for exchange of both Cd with Zn2-TTP-2D and
Zn with Cd2-TTP-2D (Figures 3 and 5). We did observe full
exchange of Cd with Zn2-TTP-2D (i.e., Cd2-TTP-2D) but did
not observe full exchange of Zn with Cd2-TTP-2D (i.e., Zn2-

Figure 7. Change in the nanoelectrospray mass spectrum of Zn2-TTP-2D/RNA complex (A) following the addition of 1 and 2 mol equiv of
Cd(OAc)2·2H2Oto Zn2-TTP-2D/RNA complex (B to C) measured on a Waters Synapt-G2S mass spectrometer.
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TTP-2D). This may be related to the lability of each metal,
and future studies will address this question.
We also found that RNA does not prevent Cd exchange with

Zn2-TTP-2D (by titrating Cd with Zn2-TTP-2D/RNA and
monitoring by native ESI-MS). In contrast, we previously
reported that AuIII(terpy) does not exchange with Zn in TTP-
2D when it is bound to RNA, although it does exchange with
Zn in the absence of RNA.25 This difference could be due to
the nature of the metal complex: Cd is a salt, Cd(OAc)2, while
Au is a complex, [AuIII(terpy)Cl]Cl2. It could also be due to
the coordination properties of each metal: Cd, like Zn, can
bind in a tetrahedral geometry, whereas AuIII(terpy)Cl is
reduced to AuI upon coordination to apo-TTP-2D and favors a
linear geometry.12

Overall, this work demonstrates the utility of combining a
spin-filter-ICP-MS assay with native-ESI-MS titrations to
follow metal exchange in metalloproteins, particularly those
for which traditional spectroscopic approaches are not
amenable (e.g., d10 metals). Of particular note is the ESI-MS
monitored titration of metal exchange for a protein/RNA
complex. To our knowledge, this is only the second example of
such a titration and follows the first example, also performed
by our laboratory, in which exchange with gold was
monitored.25 The native ESI-MS approach is particularly
appealing as it requires low concentration of samples and is
mild enough to retain the intact metal-ZF complexes. This
combined ICP/ESI MS approach has the potential to be
applied to other systems to understand the effects of
exogenous metal ions on protein metalation and function.
Cadmium is known to be linked to inflammation, and the

impetus for examining the interactions of cadmium with TTP,
which regulates inflammation, was to understand whether TTP
is a target for Cd as part of its pro-inflammatory mechanism.
The results presented here reveal that Cd does not affect TTP
binding to its target RNA sequence (UUUAUUUAUUU)
suggesting that TTP may not be a target for Cd. We note,
however, that we have previously shown that Cd-TTP-2D
binds with higher specificity to its target RNA when compared
to other RNA sequences in contrast to Zn-TTP-2D which
exhibits lower specificity.18 The greater specificity of Cd-TTP-
2D for target RNA may alter the inflammatory response and be
linked to the role of Cd in inflammation. Alternatively, the link
between Cd and TTP may be kinetically driven. Our studies
have focused on thermodynamics, and the kinetics of RNA
binding by TTP have not been reported. Future studies both in
vitro and in cells are needed to determine if TTP is a target for
the inflammatory effect of cadmium.
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