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ABSTRACT. The protein tristetraprolin (TTP, also known as NUP475 and TIS11) is a nonclassical zinc
finger protein that is involved in regulating the inflammatory response. Specifically, TTP binds to AU-

rich sequence elements located at ther@ranslated

region of cytokine mRNAs forming a complex that

is degraded by the exosome. The nucleic acid binding region of TTP is comprised of twglyg3¥-
CysXsHis domains that are activated in the presence of zinc. A two-domain construct of TTP (TTP-2D)

has been cloned and overexpressef.inoli. TTP-2D
media, unless it is expressed under iron-restricted

picks up visible red coloration from the expression
conditions. The iron-binding properties of TTP-2D and

the effect of iron substitution on RNA recognition have been investigated. Both Fe(ll) and Fe(lll) bind to

TTP-2D and a full titration of Fe(lll) with TTP-2D

revealed that this metal ion binds with micromolar

affinity. Upon reconstitution of TTP-2D with either Fe(ll) or Fe(lll), the protein recognizes a canonical
RNA-binding sequence, UUUAUUUAUUU, with nanomolar affinity. Substitution of a single adenine or
both adenines results in a decreased affinity of TTP-2D for the RNA molecule, demonstrating that both
Fe(Il)-TTP-2D and Fe(lll)-TTP-2D selectively recognize a physiologically relevant RNA sequence. The
relative affinities of Fe(ll)-TTP-2D and Fe(lll)-TTP-2D for the series of RNA sequences mirror those

observed for Zn(ll)-TTP-2D and suggest that iron

The eukaryotic protein, tristetraprolid)((TTP, also known
as NUP4757%) and TIS11 8)), belongs to a class of zinc
finger proteins that share the feature of tandem GZsXXs-
CysXsHis (CCCH) zinc-binding domainsA-8). TTP was
identified from a screen for proteins induced in response to
serum, insulin, and other growth factors in murine fibroblasts
(1—3), where it was initially proposed to be a DNA-binding

is a viable substitute for zinc in this protein.

cachexia, arthritis, and dermatitis, which could be attributed
to the overproduction of the cytokine tumor necrosis factor-
(TNFol) (10). These symptoms could be resolved by the
addition of TNFe antibodies, suggesting a direct role of TTP
in the TNFo inflammatory response pathwaidj. Additional
studies revealed that TTP regulates levels of ®NBy
binding to AU-rich sequence elements (ARE) located at the

transcription factor. Subsequent research revealed that TTP3'-untranslated regions ‘@TR) of TNFoe. mRNAs @),

is actually an RNA-binding protein. TTP binds to messenger
RNA molecules involved in inflammatory responSg Early
information on the role of TTP in inflammatory response

forming a complex that is degraded by'a®5 exonuclease
called the exosomel(). Subsequently, other cytokine
mRNAs were shown to be regulated by TTP, including

came from studies on mice deficient in the TTP gene. Thesegranulocyte macrophage colony-stimulating factor (GM-

mice rapidly developed a number of symptoms, including
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1 Abbreviations: ARE, AU-rich sequence element; BMEmer-
captoethanol; CD, circular dichroism; COX-2, cyclooxygenase-2;
DEPC, diethylpyrocarbonate; DTNB, 5@ithiobis(2-nitrobenzoic acid);
DTT, dithiothreitol; EDTA, ethylenediaminetetracetic acid; FA, fluo-
rescence anisotrop¥neuna fraction bound; F, fluorescein; GM-CSF,
granulocyte-macrophage colony-stimulating factor; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; HPLC, high-perfor-
mance liquid chromatography; IL-3, interleukin-3; IL-2, interleukin-2;
IPTG, isopropyl-beta-thiogalctopyranosidesy, dissociation constant;
LB, Luria—Bertani; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight (mass spectrometry); MES, @-(orpholino)-
ethanesulfonic acid; PCR, polymerase chain reaction; r, anisotropy;
ROS, reactive oxygen species; SPBAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; SELEX, systematic evolution of
ligands by exponential enrichment; TFA, trifluoroacetic acid; TFIIIA,
transcription factor IllA; TN, tumor necrosis factor alpha; TRIS,
tris(hydroxymethyl)amino methane;BTR, 3-untranslated region.
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CSF) (12), interleukin-3 (IL-3) @3), and interleukin-2
(IL-2) (14) as well as the enzyme cyclooxgenase-2 (COX-
2), which is involved in the development of several cancers
(15, 16). In all of these cases, TTP functions as a post-
transcriptional regulator by binding to mMRNA molecules and
regulating their half-lives. Regulation of the lifetimes of
cytokine mRNAs is physiologically important. If left un-
regulated, cytokines promote high levels of inflammation,
which can lead to deleterious consequences, such as sepsis,
rheumatoid arthritis, and cancerf—20). As such, TTP has
the potential to be developed as an anti-arthritic or anti-cancer
agent. A recent study illustrates this potential, whereby
transfection of TTP into a tumor model characterized by
abnormally stable IL-3 mRNA suppressed tumor progression
(17, 22).

Several reports, utilizing a variety af vivo andin vitro
techniques, have identified the region of the mRNA that TTP
recognizes. TTP specifically and selectively binds to the
sequence UUAUUUAUU, which is a class Il AU binding
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site located at the’'BTR of the mRNA @2). The region of
the TTP protein responsible for RNA binding is the zinc
finger region 23). The first zinc finger domain of TTP can
recognize a short RNA sequence, UUUAUUU, with micro-
molar affinity (24), whereas both zinc finger domains
recognize the UUAUUUAUU sequence with nanomolar
affinity (22, 25, 26). The palindromic nature of the RNA-
binding sequence JUAUUUAUU) suggested that each zinc
finger domain would bind to a UAU motif. A recent NMR
structure of TIS11D, a human homolog of TTP, bound to
the RNA sequence UUAUUUAUU confirmed this hypoth-
esis {7). In this structure, each zinc finger domain folds

diTargiani et al.

finger proteins have been isolated with iron in the active
site. In one example, iron bound to the TFIIIA zinc finger
protein was incapable of recognizing its cognate DIS8)(

In another case, iron bound to the estrogen receptor zinc
finger protein was able to recognize its cognate DNA but
formed an unstable compleg87%). A third study found that
iron bound to GATA-1 zinc finger protein exhibited a higher
affinity for DNA than for the zinc bound proteir88). These
findings are intriguing because they suggest that iron can
exert either a positive or a negative effect on the function of
specific zinc finger proteins and raises the question, do some
zinc finger proteins actually utilize iron rather than zinc

independently and recognizes a UAUU sequence using avizo? The functional effect of iron binding to TTP has not
combination of hydrogen-bonding interactions between the been studied. Because TTP is found principally in the

protein backbone and the Watse@rick edges of the bases

cytoplasm during periods of inflammation when both in-

and stacking interactions between specific amino acid sidecreased levels of reactive oxygen species (ROS) and iron

chains and RNA baseg)( The secondary structural elements
are limited to a shorti-helix and two turns of g helices
per CCCH domain. This structure was very insightful

are observed3), iron coordination to TTP may promote
oxidative damage to either the protein itself or its RNA-
binding partner, making this a particular interesting protein

because it demonstrated that the recognition of RNA by to study in terms of iron substitutiodQ, 41).

TIS11D (and presumably TTP) substantially differs from the
recognition of DNA or RNA by classical zinc finger proteins

that exhibit extensive secondary structure and utilize hydro-

As part of a program directed toward understanding the
consequences of iron substitution in zinc finger proteins, we
have cloned, overexpressed, and purified a two-domain

gen bonds between specific amino acid side chains toconstruct of murine TTP (TTP-2D) comprised of amino acid

recognize specific DNA base7). Also of note are two

residues 93164 and carried out metal-binding and RNA-

recent articles in which the entire TTP protein was success-binding studies to determine how iron binds to TTP-2D and
fully overexpressed and purified and found to be isolable as to assess the effect of this substitution on RNA recognition.

a tetramer 28, 29).

Our studies demonstrate that both ferric and ferrous iron can

In the course of expressing a variety of TTP constructs in bind to TTP-2D and that these iron-substituted proteins

E. coli, including the full-length protein, a tandem zinc finger

selectively recognize the physiologically relevant RNA

domain, and a single zinc finger domain, we observed that sequence, UUUAUUUAUUU, with affinities similar to those

the growth media turned an orange-red color. Upon lysis,

of the zinc bound form of TTP-2D. These results are

the cytoplasmic extract, which contained overexpressed TTP,discussed in the context of a functional role for TTP.

turned a darker red, suggesting that the protein was seques-

tering iron. To investigate this observation further, TTP was
grown in iron-deplete minimal media, iron-replete minimal

EXPERIMENTAL PROCEDURES
Cloning and Expression of a Murine Two-Domain TTP

media, and iron-deplete/zinc-replete minimal media. Only the Construct (TTP-2D)Murine-TTP cDNA was a generous gift
cells grown under iron-replete conditions turned red, adding from Dr. Mark T. Worthington (John Hopkins University
further evidence that TTP was acquiring iron. The expression School of Medicine) Z). The DNA-encoding TTP-2D, the

and purification of similar constructs of another CCCH-type
zinc finger protein PIE-1, a homolog of TTP that has a very
different physiological function30), did not exhibit the same

zinc finger region (residues 93.64): SRYKTELCRTY-
SESGRCRYGAKCQFAHGLGELRQANRHP-
KYKTEL CHKFYLQGRCPYGSRCHFIHNPTEDLAL) of

color changes and presumed iron sequestration (Michel, S.TTP was PCR amplified and cloned into pET15b uditupl

L. J., unpublished results). This observation led us to investi- andBamHlIrestriction sites. We did not use the hexahistidine
gate the potential consequences of an iron-substituted TTPtag available in this vector because it is necessary to remove
protein. In particular, we became interested in understandingthis tag to study metal binding as the hexa-histidines can
whether TTP is capable of binding to iron (both ferric and serve as metal-binding ligands. We were able to overexpress
ferrous) and how binding to iron affects the protein’'s RNA and purify the peptide in sufficient quantities without the

recognition properties and ultimately its function.

incorporation of such an affinity tag. The sequence was

TTP is part of a larger class of proteins referred to as zinc verified by the DNA analysis facility at the Johns Hopkins
finger proteins. These proteins share the common feature ofUniversity Medical Institutions.The pET15b construct con-

utilizing a combination of cysteine and histidine residues to
bind to zinc 81—34). Upon binding zinc, the protein folds
into the proper 3D structure, allowing the protein to function.
Zinc is presumed to be the correct metal innivo because
there is no energy penalty to be paid in ligand field
stabilization energy (LFSE) for tetrahedral zinc(ll) as there
is with other open shell metal ion35). Despite the energetic

taining TTP-2D was transformed into Eoli BL21 (DE3)
cells (Novagen) and grown in LurieBertani (LB) medium
containing 10Qug/mL ampicillin and 100 mM ZnGlat 37

°C until mid-log phase. Typically, cell cultures were grown
to 4 h postinduction with 1 mM IPTG before being harvested
by centrifugation (780@for 15 min at 4°C). The cell pellets
were resuspended i8 M urea (to unfold TTP-2D) and10

preference of zinc finger proteins for zinc, the presence of mM MES buffer at pH 6 to which one-half of an EDTA-

mixed sulfur and nitrogen donor ligands allow zinc finger
proteins to bind to other divalent metal ions including iron.

free protease inhibitor mini tablet (Roche) was added to
prevent protease activity. Following lysis by French press

There are scattered literature reports in which certain zinc at 1250 psi using a Thermo Spectronic French Pressure Cell
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at 4 °C, the cell debris was removed by centrifugation  Co(ll) and Zn(ll) Binding.The affinity of TTP-2D for
(1210@ for 15 min at 4°C). The soluble fraction was loaded cobalt was measured by spectrophotometrically monitoring
onto an SP-Sepharose gravity column at room temperaturethe titration of a solution of apo-TTP-2D (typically %M
and allowed to equilibrate by shaking for 1 h. Apo-TTP-2D in 1 mL buffer) with Co(ll). The data was fit to a 1:1 binding
was eluted from the column by a step gradient from 0 to equilibrium using KaliedaGraph software (Synergy software).
2 M NaClin 4 M urea and 10 mM MES buffer. The protein  The relative affinity of the protein for Zn(Il) was determined
eluted at 600 mM NaCl, and SBD®AGE was used to by monitoring the displacement of Co(ll) by Zn(ll) following
confirm that the protein had been purified. The cysteine thiols the method developed by Berg and MerkBs)(
of the protein were reduced by addinglO equiv dithio- Fe(lll) Binding. The affinity of TTP-2D for Fe(lll) was
threitol (DTT) per cysteine and heating at 85 for 1-2 h. measured by spectrophotometrically monitoring the titration
The protein was further purified on a nonmetallic HPLC of a solution of apo-TTP-2D (typically 50M) with Fe(lll).
system (Waters 626 LC system) using a Symmetry-C18 These titrations were carried out in the presence of 50 mM
reversed-phase HPLC column with an acetonitrile gradient 3-mercaptoethanol (BME) to prevent the oxidation of the
containing 0.1% TFA. The protein eluted from the column cysteine thiols to disulfidestd). The Fe(lll) stock was made
at 32% acetonitrile. The collected fractions were dried using as a water/MeOH (55/45) solution to solublize the Fe(lll).
a Savant SpeedVac concentrator housed in a Coy anaerobic Fg(|)) Binding. A complete titration of TTP-2D with Fe-
chamber (95% nitrogen/5%hydrogen atmosphere). All further (1) was not carried out because upon addition of 8 equiva-
protein manipulations were performed in this atmosphere 10 jents of Fe(ll), the appearance of an absorbance band around
prevent cysteine oxidation. The mass of the protein was 500 nm attributable to Fe(lll)-TTP-2D was detected. The
confirmed using MALDI-TOF mass spectrometry (calculated yy/ —visible spectrum of Fe(ll)-TTP-2D was obtained by
8581.8 Da; observed 8581.7 Da). The yield of TTP-2D was adding 2 equiv of Fe(ll) (to fill both CCCH sites) to 50
15 mg/L of culture. protein in the presence of 1M sodium dithionite to ensure
Assay for Thiols.A 5,5-dithiobis(2-nitrobenzoic acid)  that Fe(Il) was completely reduced.
(DTNB) assay was carried out to determine the number of Oligonucleotide Probes3-Fluorescein (F)-labeled RNA

thiols present, following the Ellman protocotZ, 43). A oligonucleotides with the sequences UUUAUUUAUUU-F,
typical experiment involved the addition ofil of protein UUUGUUUAUUU-E. UUUGUUUGUUU-E. UUUUUUU-

to a cuvette containing 10 of DTNB SOIU“.On (50 mM UUU-F were obtained from Dharmacon Research, Inc. All
NaOAc and 2 mM DTNB), 10QiL of 1 M Tris buffer at — gjiaqnclectides were purchased PAGE purified, deprotected,

pH 8, and 793"‘1 of V\fellter' Using an extinc_tion coefficient 504 desalted. Upon receipt, the oligonucleotides were resus-
(¢) of 14150 Mt cmt at 412 nm, the thiol content was pended in DEPC water and quantified.

o i
calculated. All assays were performed under a 95% nitrogen/ RNA-Binding StudiesThe binding of TTP-2D to the

5% hydrogen atmosphere using solvents that had been . . :
degassed with helium. The expected thiol content was 6_o/ﬂuorescently labeled RNA oligonucleotides was studied by

protein and a typical thiol content measured for TTP-2D was fluorescence anisotropy (FA). Measur_ements._ were taken with
6.2/protein an ISS PC-1spectrofluorometer configured in the L format.

. . . Initially, a full excitation/emission spectrum was run to
Expression of TTP'Z.D in Metal-Restricted Mediﬁng determine the optimum excitations/emission wavelengths for
procedure for expressing TTP-2D under metal restricted

media followed that described in the Cloning and Expression the experiment. The excitation wavelength/band-pass used
of a Murine Two-Domain TTP Construct (TgI]'P-ZD) spection in the experiments was 492 nm/2 nm, and the emission wave-
except metal-free M9 minimal media (20 mM POy, 20 ' length/band-pass was 523 nm/1 nm. In a typical experiment,
mM KH,PQ,, 20 mM NHCI, and 9 mM NaCl) subple- a 10 nM solution of fluorescently labeled RNA in 200 mM
mented \z/vith 2 mM MgS@ 0 1 mM CaC}, 22 mM glucose HEI_DES, 100 mM Na_CI, and 2 mM DTT with 0.05 mg/mL _
and 1 ma/L. thiamine were 'used instea{d of LB media :I'he bovine serum albumin at pH 7.4 was added to a Spectrosil
x ressign was carried out under three conditions: ('1) M9 far-UV quartz window fluorescence cuvette (Starna Cells).
mepdia (iron and zinc deplete), (2) M9 media and.;EM The anisotropy, r, of the free RNA oligonucleotide was then
. . ’ : measured. M-TTP-2D (MZn, Fe (II), and Fe(lll)) was then
ggik/l(xlgzlre(gliit:’rezpl)rll:tedeizjlit?j)ép?gti )(3) M9 media and titrated into the cuvette from a stock solution (2.0 equiv of
72| Lo S metal, 200 mM HEPES, and 100 mM NaCl at pH 7.4) in a
'\Qeta"‘z'ﬂd'”g '{|trat|ort1ts.MeF{51r1l—err1]d|n_|§_; Htrat;ons were stepwise fashion, and the resultant change in anisotropy was
Egrsrurgien 'Q%Z?rkii -CIlEJIVrr?ereE;erb deell 2§rU\3 /ﬁg'sozit%;céteg: recorded. The protein was added until the anisotropy values
Tit?ations%vere carried out in 200 MM HEPES aF;]d 100 mM " reached saturation. The data was analyzed by converting the
NaCl at pH 7.4 using metal-free reagents and water that hadanlsotropyr, to fraction boundFpouna(the fraction of TTP-
been purified using a MilliQ purification system and passed 2D bounq (o RNA at .a given RNA concentration), using
; : g ) the following equation:
over Sigma chelex-resin. Upon their preparation, buffers were
purged with helium to degas and transferred into a Coy inert
atmospheric chamber. The following metal salts or stocks, Foound=—————
which were stored anaerobically, were used for the titra- Moound ~ Tree
tions: CoC} (EM Science), zinc atomic absorption standard
(Aldrich; 15.2 mM Zr?* in 0.9% HCI), iron (lll) atomic where rqee is the anisotropy of the fluorescein-labeled
absorption standard (Aldrich; 18.1 mM Fein 1.1% HCI, oligonucleotide, andpoungis the anisotropy of the RNA
diluted to 10.0 mM in MeOH) and (NbLFe(SQ), (Aldrich). protein complex at saturation. (Note that for one of the
Titrations were carried out in triplicate. experiments, the total fluorescence intensity changed during

I = Tiree
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Ficure 1: SDS-PAGE of TTP-2D stained with Coomasie Brilliant 500 550 600 650 700 750 800
Blue during each stage of expression and purification. Lane 1, wavelength (nm)

molecular weight protein standard; lane 2, uninduced protein; lane
3, induced protein; lane 4, cell lysate; lane 5, fraction from the SP
Sepharose column; and lane 6, fraction from the HPLC column.

Ficure 2: Plot of the change in the absorption spectrum between
500 and 800 nm as apo-TTP-2D is titrated with cobalt. All
spectrophotometric experiments were performed in a 200 mM

the course of the titration (Fe(lll)TTR UUUGUUUGUUU- ~ HEPES/100 mM NaCl buffer at pH 7.4.

F), and a correction factor, Q, which represents the quantum . .
yield ratio of the bound to the free form and is calculated protocols described for mTTPDD and TIS11D) §). Briefly, .
from the fluorescence intensity changes that oc€r= ;Tdigngv?g I\/Ilylsﬁga)bgngrsgrcize dprlfssi?\qu;t(iec:n iir;?]t:r:gg
loouna/ Iired), Was incorporated into the equation Bound- chromatography (SP Sepharose) followed by reverse-phase
HPLC at low pH. The isolated apo-TTP-2D peptide was
bound — (r “H0H(r — ) lyophilized and stored aneorobically to prevent cysteine
bound fre oxidation, and all subsequent manipulations were carried out
under anaerobic conditions. From this procedure, 15 mg of
protein was obtained per liter of cell culture and determined
to be >95% pure by SDSPAGE and analytical HPLC

I~ Tfee

In all casesFpounaWas plotted against the protein concentra-
tion and fit using the following one-site binding model

P+ R=PR analysis (Figure 1). The molecular weight was confirmed
by MALDI-TOF. We chose to study a fragment of TTP that
K.— [P][R] contains only the zinc finger domains rather than the full-
d— [PR] length protein 28, 29) because others had demonstrated that
similar fragments of close homologs could be folded and
Foound= unfolded in the presence of metal ions and denaturants,

respectively, and because a well-defined RNA-bindin
I:)total—i— Rtotal+ Kd B \/(Ptotal + Rtotal + Kd)2 - 4PtotalRtotaI par?ner hag been identified,(s, 25, 26). J
2Rt Metal-Binding StudiesTo confirm that TTP-2D bound
_ _ ) to zinc, its presumeth vivo cofactor, direct titrations with
whereP is the protein (TTP-2D) concentration, aRdsthe  cobalt and competitive titrations with zinc were carried out.
RNA concentration. Each data point from the fluorescence zinc binding cannot be assessed directly because zinc has
anisotropy assay represents the average of 31 readings takegn electronic configuration of!el Co(ll) is often used as a
over a time course of 100 s. Each titration was carried out spectroscopic probe for zinc binding to zinc finger proteins
in triplicate. because, like zinc, it binds to a mixed nitrogen/sulfur
Circular Dichroism (CD) Studies.CD spectra were  environment (His/Cys) in a tetrahedral coordination geometry
recorded on a Jasco-810 spectropolarimeter. Spectral meapyt has the advantage of having a partially filled d-shéll, d
surements were recorded at 25 in 10 mM Tris (pH 7.5)  which allows for d-d transitions to be optically observed
with 15 uM protein and 2 equivs of the appropriate metal (35, 46). The optical spectra for a Co(ll)(Cysis) zinc finger
ion. CD spectra revealed that apo-TTP-2D is completely site is expected to exhibit-ed transitions af. = 620, 650,
unfolded in the ab;encg of metal ions and adopts limited and 685 nm §, 24).
o-helical structure in their presence. Co(ll) Direct Titration The titration of cobalt(ll) with TTP-
RESULTS 2D resulted in the appearance ofditransitions in the visible
region, as shown in Figure 2. The shape matches that reported
Protein Expression and Purificatiolthough a tandem  for other Co(ll)(CysHis) sites, including that reported for
zinc finger domain construct of murine TTP (mTTPDD) had NUP-475DD and NUP-475D1 (a single domai)24). The
been reported previously, it was of limited solubilig5]. intensity of the é-d transitions stopped changing after the
A soluble tandem zinc finger domain of human TIS11D, a addition of 2 equivs of Co(ll), indicating that cobalt binds
homolog of TTP, had also been reported and was of sufficientto the two CCCH metal-binding domains of TTP-2D in a
solubility to be structurally characterized by NMR spectros- 2:1 Cobalt/TTP-2D ratio. No intermediate spectra were
copy (7); therefore, we cloned and overexpressed a tandemobserved during the course of the titration, which implies
zinc finger domain construct of murine TTP (TTP-2D) using that the two metal-binding sites bind cobalt with the same
the folded region observed in the TIS11D structure as a affinities. We were, therefore, able to fit the binding data to
guide. TTP-2D was purified using a modification of the a 1:1 binding equilibrium by equally treating the two sites
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Ficure 3: Plot of the absorption spectrum at 655 nm as a function ) . . .
of concentration as Co(ll) is added to apo-TTP-2D. A solution of Ficure 5: Plot in the change in the absorption spectrum between

70 uM peptide was used for this experiment, and Co (1) saturated 250 and 750 nm as apo-TTP-2D is titrated with Fe(lll). A solution
at approximately 2 equivs. The data could be fit to yield an upper of 40uM peptide was used for this experiment, and Fe(lll) saturated

250 350 450 550 650 750
wavelength (nm)

limit dissociation constanq of 3.3 x 1076 M (£4 x 107 M). at approximately 2 equivs. The spectra were generated by subtract-
The solid lines represent a nonlinear least-squares fit to the 1:11Ng the apoprotein spectrum from the metal-bound spectrum. All
binding model. spectrophotometric experiments were performed in a 200 mM
HEPES/100 mM NaCl/50 mM BME buffer at pH 7.4.
0.4
0.35 . addition of excess Fe(ll) results in the oxidation of Fe(ll)-
03 TTP-2D @9).
8 025 To determine whether Fe(ll) was binding to the same site
§ 02 as Co(ll) (and, by inference, Zn(ll)), 2 equivs of Co(ll) (to
8015, fill both metal-binding sites) was added to a solution of Fe-
041 (IN-TTP-2D. This resulted in the appearance of a spectrum
0,05 indicative of Co(Il)-TTP-2D with &-d transitions between
0 500 and 800 nm. The ability of Co(ll) to replace Fe(ll)
300 400 500 600 700 suggests that Fe(ll) binds to the same site as Co(ll).
wavelength (nm) Conversion of Fe(ll)-TTP-2D to Fe(lll)-TTP-2DFe(ll)-

Ficure 4: Absorption spectrum of Fe(ll)-TTP-2D (200 mM  TTP-2D was crudely converted to Fe(lll)-TTP-2D by expos-
HEPES/100 mM NaCl/1uM NasO.S). The spectrum was = ing the Fe(Il)-TTP-2D sample to air. The resultant spectrum
generated by subtracting the apoprotein spectrum from the metal- . |
bound spectrum. displayed absorbances at 270, 308, and 500 nm and

resembled the spectrum of oxidized rubredoxin, which

of TTP (8, 47, 48). Using nonlinear least-squares analysis, €xhibits a similar spectrum with red-shifted absorbances at
an upper limit dissociation constarit{=) of 3.3 x 106 M 380, 490, and 565 nnb(, 52), as well as the spectra of
(4 x 107 M) for cobalt(ll) binding and an extinction ~ designed rubredoxin proteins (350, 495, and 575 r&8) (
coefficient of 1254 M (627 ML per cobalt site) at 655 and designed peptide model#4). This presumed Fe(lll)-
nm were determined. A plot of the concentration of cobalt TTP-2D species existed for several minutes before precipitat-

titrated versus absorbance, fit as described above, is shownnd. Ferric complexes are known to undergo hydrolysis to
in Figure 3. insoluble iron-oxide species upon exposure to oxygen, and

Zn(ll) Back Titration. To determine the affinity of zinc ~ We infer that the precipitation observed is due to this reaction

for TTP-2D, a solution of TTP-2D with a 100-fold excess (54).
of Co(ll) was titrated with Zn(ll), and the decrease in the  Fe(lll) Titration. To directly prepare Fe(lll)-TTP-2D in
Co(ll)-TTP-2D absorbances were monitored. These dataa controlled manner, titrations with Fe(lll) were initiated.
could be fit with the use of nonlinear least-squares analysis Fe(ll1)Cl, is not soluble in pure water; therefore, these titra-
to yield an upper limitkq for the Zn(Il)-TTP-2D of 6.2x tions were carried out with Fe(lll)gldissolved in a water/
101 M (46 x 10712 M) (24, 35). methanol solution, following an analogous procedure used
Fe(ll) Binding.The addition of 2 equivs of (NhLFe(SQ). by DeGrado and co-workers to study Fe(lll) binding to
to TTP-2D resulted in the appearance of bands around 290rubredoxin peptide mimics designete nao (44). The
and 338 nm (Figure 4), which we assign as charge-transferoverall volume of methanol in the cuvette during the titration
bands on the basis of their similarity to bands observed for never exceeded 0.5%. The addition of iron(lll) to apo-TTP-
an iron-substituted model zinc finger protein, consensus 2D resulted in an optical spectrum with peaks at 270, 308,
peptide, (280 and 340 nm), reduced rubredoxin (311 andand 500 nm (Figure 5). This spectrum resembled that of
333 nm), and models of reduced rubredoxin (310 and 332 oxidized rubredoxin, but the absorbances were blue-shifted
nm) (@49-51). Rubredoxin utilizes four cysteinate sulfur compared to those observed for oxidized rubredodh §2).
ligands to coordinate iron in a tetrahedral geometry and is, The spectrum also matched that initially observed when Fe-
thus, a useful protein for spectroscopic comparisin %2). (IN-TTP-2D was exposed to aivide suprd. Fe(lll) bound
During the course of the titration of apo-TTP-2D with to TTP-2D with an upper limiKy of 3.0 x 1075 M (£4.0 x
Fe(ll), a new broad band around 500 nm appeared. This10® M) and was found to be highly stable when kept under
band is indicative of an iron(lll) species, implying that the strictly anaerobic conditions.
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Table 1: RNA-Dissociation Constants for M-TTP-2D @ Fe(ll), Fe(lll), and Zn(Il)}

RNA sequences Fe(I)-TTP-2D Fe(ll)-TTP-2D Zn(l)-TTP-2D
UUUAUUUAUUU 1241 25+ 3 16+1
UUUGUUUAUUU 58+ 4 93+ 10 44+ 12
UUUGUUUGUUU 205+ 17 182+ 15 258+ 7
UUUUUUUUUuu 3264+ 40 253+ 14 415+ 45

aKqis in nM.

Addition of Co(ll) to Fe(lll)-TTP-2DTo confirm that Fe- .
(111) bound to the same site as Co(ll) (and, by inference Zn- £ 021
(D), 2 equivs of Co(ll) (to fill both metal-binding sites) was IS
added to Fe(lll)-TTP-2D. This resulted in a Co(ll)-TTP-2D N 0154 /6
spectrum, which suggests that Fe(lll) binds to the same ®
CCCH binding sites as those of Co(ll) and Zn(ll). 8 1.

Fluorescence Anisotropy to Determine Binding Inter- 3
actions between TTP-2D and Fluorescein-Labeled Oligo- § 0,05
nucleotidesTo determine the affinities of Fe(Il)-TTP-2D, @
Fe(ll)-TTP-2D, and Zn(Il)-TTP-2D for RNA, a fluorescence .

anisotropy assay (FA) was developed. In this assay, a solution

of protein was titrated into a cuvette containing fluorescently
labeled RNA and the change in anisotropywas monitored
(55). By varying the sequence of the RNA molecule used in
the assay, the selectivity of M-TTP-2D &vZn(ll), Fe(ll),
Fe(ll)) for specific RNA sequences was determined. All data
were fit to 1:1 binding equilibria, as described in the Exper-
imental Procedures section.

Studies using SELEX experiments and natural binding
sites have determined that the optimal binding partner for
TTP is the symmetric RNA sequence UUAUUUAURZ
23). Each UAU sequence contacts the protein and is critical
for tight binding (7, 24—26). The affinities of M-TTP-2D
(M=2zn(l1), Fe(ll), Fe(ll)) for the following RNA sequences
were determined: the canonical UUUAUUUAUUU se-

guence and sequences in which either the adenines were

substituted with either uracil or guanine, UUUUUUUUUUU,
UUUGUUUGUUU, and UUUGUUUAUUU. The RNA
molecules were labeled with fluorescein at thee3d.

Initial RNA-binding studies focused on Zn-TTP-2D to
confirm that our TTP-2D construct was capable of selectively
binding the canonical RNA sequence UUUAUUUAUUU.

400 600 800 1000

[Fe(lll)] uM
FiGUrReE 6: Plot of the absorption spectrum at 270 nm as a function
of concentration as Fe(lll) is added to apo-TTP-2D. The data could
be fit to yield an upper limit dissociation constalg of 3.0 x
105 M (£4 x 10°¢M). The solid line represents a nonlinear least-
squares fit to the 1:1 binding model.
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Ficure 7: Comparison of the change in anisotropy (as fraction
bound) upon the addition of Fe(Il)-TTP-2D to the oligonucleo-

300

0

FA has been used successfully to study a single zinc fingertides UWUAUUUAUUU-F @), UUUGUUUAUUU-F (O), UUU-

domain of TTP (TTP-1D) Z4) as well as a two-domain
construct of human TTP (TTP) to RNARS, 26). Our studies
revealed that Zn-TTP-2D bound to UUUAUUUAUUU with
an affinity of 16+ 1 nM, whereas the affinity for the altered
sequences was weaker: UUUGUUUAUUU, 4412 nM;
UUUGUUUGUUU, 258+ 7 nM; and UUUUUUUUUUU,
415 + 45 nM (Table 1). In addition, a titration of the
canonical RNA sequence, UUUAUUUAUUU, with apo-
TTP-2D, which is completely unfolded, resulted in precipita-
tion, precluding further study.

Following the studies of Zn(ll)-TTP-2D/RNA binding, we
initiated RNA-binding studies of Fe(ll)-TTP-2D with the four
RNA sequences (Figure 7 shows the results of the titrations).
Like Zn(I)-TTP-2D, Fe(ll)-TTP-2D selectively binds to the
UUUAUUUAUUU sequence with a nanomolar dissociation
constant (12 1 nM compared to 16 1 nM for Zn). Alter-
ing the sequence by one base (UGUUUAUUU) dimin-
ishes the affinity of Fe(ll)-TTP-2D for the RNA 5-fold to
58 nM (+4 nM). When two of the bases are altered,

GUUUGUUU-F (1), and UUUUUUUUUUU-F ®). The solid lines
represent nonlinear least-squares fits to the binding model. All FA
experiments were performed in a 200 mM HEPES/100 mM NacCl/2
mM DTT buffer at pH 7.4.

UUUGUUUGUUU or UUUUUUUUUUU, the affinity
decreases further to 205 nM:17 nM) and 326 nM £40
nM), respectively. RNA-binding studies of Fe(lll)-TTP-2D
with the four RNA sequences were carried out in an analo-
gous manner, as shown in Figure 8. Fe(lll)-TTP-2D also
showed sequence-selective RNA binding. Fe(lll)-TTP-2D
binds to the canonical RNA sequence UUUAUUUAUUU
with a dissociation constant of 25 nM:-8 nM) followed by

a decrease to 93 nMH10 nM) when one adenine was
changed, a decrease to 182 nM16 nM) when both
adenines were altered to guanines, and to 253 #l4(nM)
when both adenines were altered to uracils. Table 1 lists the
dissociation constants for all three proteins with all four RNA
sequences. The three proteins all follow the same trend in
binding, with the tightest binding observed for the physi-
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1 peptides, TTP-2D binds to these metal ions with micromolar
and nanomolar affinities, respectivel§y, 4). Upon confir-

5 08 mation that TTP-2D bound Co and Zn with similar affinities
= as those of other TTP-derived peptides, studies to examine
8 o6 Fe(ll) and Fe(lll) binding were carried out. The addition of
IS either Fe(ll) or Fe(lll) to apo-TTP-2D resulted in optical
‘g 0.4 spectra that resembled those of reduced and oxidized
= rubredoxin, respectivelysQ). Rubredoxin is a well-studied

o2 iron—sulfur protein that utilizes four cysteine ligands to bind

to iron in a tetrahedral coordination geometry. On the basis
of the similarities in the binding-site ligands (CCCC vs
CCCH) and geometry (tetrahedral) between rubredoxin and
TTP, the spectroscopic features of rubredoxin were used to

. . ) . understand the spectroscopy of TTP. The absorbance bands
Ficure 8: Comparison of the change in anisotropy (as fraction

bound) upon the addition of Fe(lll)-TTP-2D to the oligonucleo- typlpally observed in the UV spectrum for rUbred.O)(m are
tides UUUAUUUAUUU-F @), UUUGUUUAUUU-F (@), UUU- assigned as charge-transfer bands, and on the basis of spectral
GUUUGUUU-F (»), and UUUUUUUUUUU-F @). The solid lines similarities as well as similarities in binding ligands, we
represent nonlinear least-squares fits to the binding model. All FA tentatively assign the spectra observed for Fe(ll)-TTP-2D
experiments were performed in a 200 mM HEPES/100 mM NaCli2 5,g Fe(lll)-TTP-2D as charge-transfer bands. Interestingly,
MM DTT buffer at pH 7.4. the absorbance bands observed for the iron-substituted TTP-
2D are blue-shifted in comparison to those observed for
rubredoxin but match the absorbances observed for the iron
substitution of a consensus zinc finger peptid8) (The air

0 560 1060 15lOO
[Fe(Il)-TTP-2D] (M)

ologically relevant RNA sequence, UUUAUUUAUUU, and
weaker binding for the altered sequences. For all three

roteins, the second tightest binding sequence was UUU- e N )
gUUUAUUU This squence is the c?osegt to the canonical sensitivity of Fe(ll) precluded a full titration of Fe(ll) with
) TTP-2D; however, a competition experiment with Co(ll)-

binding sequence and contains only one base substitutiorLr . .
; . ) . TTP-2D demonstrated that Fe(ll) binds to the same site at
(gdenlne Fo_guanme). The sequences with two base subsntu—CO(”) and zn(Il), on the basis( 3f the ability of Co(ll) to
tlpns EXh!b't even weake( binding. These results are con- substitute for Fe(ll). A full titration of Fe(lll) was carried
sistent with the observation from the NMR structure of i :

. ._out, and Fe(lll) was found to bind to TTP-2D with an upper
TIS11D bound to RNA that each adenine contacts the proteln“r_nit dissociation constanKs of 30 xM. A competition
(7). Together, these results demonstrate that both ferric and . . ’
ferrous iron can be substituted for zinc in TTP-2D and can ?é?ﬁlr)'rgﬁgt mg;;gr(g) lra?r:/gaa:??h?ita(r:n%(”s)itgan also replace
selectively recognize a physiologically relevant sequence of ' ’ '

. L . Zinc-bound TTP-2D selectively recognizes the RNA
RNA with almost the same affinity as that of the zinc-bound >
form of the protein. sequence, UUUAUUUAUUU, and we utilized an FA assay

to assess whether iron-substituted TTP-2D is also capable
DISCUSSION of recognizing this sequence selectively. Our FA studies
revealed that both Fe(ll)- and Fe(lll)-TTP-2D bind to
TTP belongs to a newly emerging class of nonclassical UUUAUUUAUUU selectively, and even a single base
zinc finger proteins that contain tandem CCCH metal-binding change in the sequence diminishes RNA binding. The relative
domains §6). The functions of these proteins range from affinities of Fe(ll)-TTP-2D and Fe(lll)-TTP-2D for the series
the regulation of inflammation (i.e., TTP3T) to the control of RNA sequences mirrors that of Zn(l)-TTP-2D, suggesting
of germ cell differentiation during early stages of develop- that Fe(ll)-TTP-2D and Fe(lll)-TTP-2D are functional
ment (i.e., PIE-1) §0). The CCCH residues of TTP are alternatives to Zn(ll)-TTP-2D. We were surprised that both
required for RNA binding because studies in which they have Fe(ll)- and Fe(lll)-substituted TTP-2D bound to RNA with
been mutated have revealed that the protein no longer bindsvery similar affinities, given that Fe(ll) is dicationic, and
to RNA, implying a role for these residues in metal binding Fe(lll) is tricationic; however, recently, Mills and Marletta
(23). Moreover, gel-shift assays, fluorescence anisotropy, andobserved that the ferric uptake regulator (Fur) fremcoli
NMR spectroscopy studies have all shown that upon the is capable of binding to its cognate DNA with either ferrous
addition of zinc, TTP and some of its close homologs bind or ferric iron as a cofactorsg).
to RNA (7, 22, 24—-26). When constructs of TTP are The ability of TTP-2D to be activated by Fe(ll) and Fe-
expressed irE. coli grown in rich media, the protein picks  (lll) in zitro brings up the the following question: Which is
up iron, unless the cells are grown under strictly iron-deplete the active or correct metal ioim vizo? Our studies have
conditions. This iron sequestration is not observed when ashown that although a metal is required for RNA binding,
homolog of TTP, PIE-1, is simultaneously expressed, raising the identity of the metal ion bound to TTP-2D for RNA
the question, does TTP utilize iron instead of zin@wiz0?  binding to occur is flexible. How TTP acquires metal ions
The goal of this study was to determine whether iron could in vivo is an open question. There has been a fair amount of
substitute for zinc at the CCCH binding sites of TTP and, if debate concerning metal-ion speciation in the cell. Studies
so, to determine whether iron-substituted TTP was capableaimed at quantifying the levels of free metal ions in the cell
selectively binding to RNA. have revealed that such levels are extremely low. For
Upon the purification of a two-domain construct of murine example, picomolar levels of free zinc are estimated for
TTP, called TTP-2D, titrations of apo-TTP-2D with Co and eukaryotes{9) and femtomolar levels for prokaryote’0j.
Zn were carried out to confirm that like other TTP-derived The levels of free iron are unclear, although Outten and
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O’Halloran estimate a 1@ M total metal content in pro- 3.
karyotic cells. These free metal ion concentrations are
typically close to theKy values reported for metal binding

to specific proteins, which implies that most metal ions are
sequestered by proteins. As such, it has been suggested that 4.
the metal ion occupancy should be considered in terms of
kinetics rather than thermodynamics on the basis of the
premise that metal ion occupancy is a dynamic, not static,
process §0). Moreover, a thermodynamic preference fora 5.
particular metal ion does not necessarily imply that this metal

ion is the correct metal ioim viv0; rubredoxin, for example,
exhibits a thermodynamic preference for zinc, but iron is

the active metal iong1). Alternatively, it has been proposed 6.
that metal ion occupancy is controlled by metallochaperone
proteins, and it has been suggested that specific, yet-to-be
identified zinc and iron chaperone proteins, akin to those 7.
identified for copper §2), may regulate metal ion delivery

to specific metalloproteinss().

The studies reported here demonstrate that TTP-2D can 8.
coordinate different metal ions and retain functionality (i.e.,
its ability to bind to RNA). One may speculate that TTP
may bind to different metal ions as a function of their g
availability in the cell. From our studies, it is not yet clear
whether iron coordination is a positive or negative event. It
is of interest to note that a related CCCH-type protein from
Sacharomyces cerisiae, Cthl, is transcriptionally induced
under iron-poor conditions, whereas another CCCH-type
protein fromSacharomyces cerisiae, Cth2, is unaffected
by iron levels, suggesting that within the family of CCCH 4
zinc binding proteins, different members may exhibit distinct
responses to metal ion level§3). TTP is found in the
cytoplasm during periods of inflammation, under which both
iron levels and reactive oxygen species (ROS) are in
abundance39). As such, it may benefit TTP to coordinate
iron, under these conditions, and retain functionality. The
presence of the reactive oxygen species, however, suggests
that iron-substituted TTP may be susceptible to oxidative
damage by ROS because iron is a redox active metal. Work

10.

12.

is currently in progress to address the susceptibility of iron- 14

substituted TTP-2D to oxidative damage as well as to deter-
mine whether the full length TTP protein exhibits the same

RNA binding properties as those of the two finger, TTP- 15.

2D, in the presence of ferric and ferrous iron.

16.
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