Biochemistry2006,45, 13807413817 13807

Substrate Dependence of Conformational Changes in the RNA-Binding Domain of
Tristetraprolin Assessed by Fluorescence Spectroscopy of Tryptophan Mutants

Brandy Y. Brewer, Jeff D. Ballin} Elizabeth J. Fialcowitz-Whité Perry J. Blackshed&rand Gerald M. Wilson*

Department of Biochemistry and Molecular Biology and Marlene and Stewart Greenebaum Cancer Centersityrof
Maryland School of Medicine, Baltimore, Maryland 21201, and Laboratory of Signal Transduction and Office of Clinical
Research, National Institute of Einonmental Health Sciences, National Institutes of Health, Department of Health and Human

Sewices, Research Triangle Park, North Carolina 27709

Receied June 30, 2006; Resed Manuscript Receéd September 12, 2006

ABSTRACT. Association of tristetraprolin (TTP) with mRNAs containing selected AU-rich mRNA-
destabilizing elements (ARES) initiates rapid cytoplasmic degradation of these transcripts. The RNA-
binding activity of TTP is mediated by an internal tandem zinc finger domain that preferentially recognizes
U-rich RNA ligands containing adjacent UUAU half-sites and is accompanied by conformational changes
within the peptide. Here, we have used analogues of the TTP RNA-binding domain containing specific
tryptophan substitutions to probe the?Zmnd RNA substrate dependence of conformational events within
individual zinc fingers. Fluorescence methods demonstrate that the N-terminal, but not C-terminal, zinc
finger domain adopts a stably folded conformation in the presence?f Denaturant titrations suggest

that both the N- and C-terminal zinc fingers exhibit limited structural heterogeneity in the absence of
RNA substrates, although this is more pronounced for the C-terminal finger. Binding to a cognate ARE
substrate induced significant conformational changes within each zinc finger, which also included increased
resistance to chemical denaturation. Studies with mutant ARE ligands revealed that a single UUAU half-
site was sufficient to induce structural modulation of the N-terminal finger. However, RNA-dependent
folding of the C-terminal zinc finger was only observed in the presence of tandem UUAU half-sites,
suggesting that the conformation of this domain is linked not only to RNA substrate recognition but also
to the ligand occupancy and/or conformational status of the N-terminal finger. Coupled with previous
structural and thermodynamic analyses, these data provide a mechanistic framework for discrimination of
RNA substrates involving ligand-dependent conformational adaptation of both zinc fingers within the
TTP RNA-binding domain.

In mammals, many mRNAs that encode proteins contrib- from specific mMRNAs are often highly conserved across
uting to the control of cell proliferation, differentiation, species§—8), implying that variations in ARE character may
apoptosis, and intercell communication are inherently un- facilitate gene-specific control of mRNA decay kinetics.
stable. This property limits the cytoplasmic concentration mRNA turnover directed by AREs is initiated by rapie-%'
of these mMRNAs, and hence their potential for translation, exonuclease digestion of the poly(A) tad, (10), followed
but also permits new steady-state mRNA levels to be attainedby 5-decapping and decay of the mRNA body, which may
rapidly following changes in the synthetic ratg @). The involve both 3—5' and 3—3' exoribonucleolytic compo-
degradation of many labile mRNAs is directed by the nents (1—16).

presence of AU-rich elements (AREspithin their 3- Control of mRNA decay through AREs is mediated by
untranslated regions BTRs). AREs constitute a broad  yhe association of cellularansacting factors. To date,
family .Of mRNA-destabilizing seéquences ranging from upward of 20 distinct proteinsl{, 18) and one microRNA
apprqx[mately 40 to 150 bases n Iength and frequently (19) targeting AU-rich RNA sequences have been identi-
contammg_ one or more AUUUA m_ot|fs ‘.N'th'nau'”Ch tract fied, although functional significance has been ascribed
(3—5). While the sequences of thesie-acting elements show to only a small subset of these interactions. The ARE-

remarkable diversity across the mRNA population, AREs binding factor tristetraprolin (TTP; also known as TIS11 and
Nup475) is the prototype of a family of tandem CCCH zinc
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of microRNA miR16 with ARE-containing mRNA substrates His27 and His65, respectively, in the TISHARE complex
(19). However, unlike some other ARE-binding proteins that (Figure 1C,D). Furthermore, these Phe residues are main-
readily bind diverse populations of U-rich RNA sequences tained in close proximity €3.5 A) to the zinc ions and
(8, 23—25), the RNA-binding domain of TTP is highly  conserved Z#t-coordinated Cys residues (Cys17 and Cys55)
selective, optimally binding U-rich RNA sequences contain- of their respective zinc finger domains. Additional features
ing AUUUA or AUUUUA motifs (25—27). indicated that Trp substitutions at Phell and Phe49 were
Previously, we demonstrated that a 73 amino acid peptideunlikely to severely compromise the RNA-binding activity
containing the TTP tandem zinc finger domain, termed of the TTP tandem zinc finger peptides. Phell and Phe49
TTP73, formed high-affinity complexes with ARE substrates are not involved in coordination of Zh, which is absolutely
in a zinc-dependent manne2q, 28). Several observations  essential for RNA binding by TTP26, 34). Furthermore,
based on these and other studies also suggested that AREhese residues are distal to the RNA-binding interface in the
recognition by this peptide may proceed via an “induced- TIS11d—ARE complex (Figure 1B).

fit” or “selected-fit” mechanismZ9, 30). First, heteronuclear On the basis of these considerations, TTP73 mutant
single-quantum coherence (HSQC) analyses permitted resopeptides F11W and F49W were used to evaluate Zand
nance assignments for most residues within the N-terminal RNA-dependent conformational changes in the N- and
zinc finger in the absence of an RNA substrate, indicative C-terminal zinc finger domains of TTP, respective|y_ Alter-
of structural ordering within this motif28). By contrast,  ations in local peptide structure were monitored by changes
virtually no residues within the C-terminal domain could be in the fluorescence quantum vyields, emission peak wave-
assigned, consistent with conformational heterogeneity in thiS|engthS’ and solvent accessibilities of Trp residues in each
region. Second, TTP73 association with cognate RNA targetszinc finger. The relative stabilities of peptide structural
induced large peak shifts in N-terminal zinc finger residues transitions were compared using denaturant titration analyses.
by HSQC and also permitted assignment of residues within These studies indicate that the N- and C-terminal zinc finger
the C-terminal fingerZ8). These data indicated that RNA  domains exhibit very different structural responses t&Zn
binding was accompanied by dramatic changes in peptidepinding in the absence of RNA. However, local peptide
conformation involving both zinc fingers. Third, independent  structures within both zinc finger domains exhibit extreme
structural analyses of the RNA-binding domain of a TTP sensitivity to denaturant prior to RNA binding, consistent
family member, TIS11d, showed that both the N-terminal with conformational sampling between weakly folded states.
and C-terminal zinc fingers adopted similar folds when Association with a cognate ARE substrate stabilized local
complexed with a nine-base recognition sequer@®.(  peptide folding in both zinc fingers, based on resistance to
Finally, TTP73 binding to high-affinity RNA substrates is  chemical denaturation and dramatic decreases in both the
associated with a large negative change in heat cap2€ty (  quantum vyields and solvent accessibilities of substituted
This thermodynamic signature of hydrophobic surface area tryptophan residues. By contrast, only the N-terminal zinc
burial (32) without substantial changes in RNA structu2é)(  finger exhibited a similar structural response in the presence
is consistent with NMR predictions of protein folding linked  of ARE mutant substrates lacking either UUAU half-site.
to RNA—peptide complex formation. Considering these data together with previous NMR and
In this work, we have used tryptophan- (Trp-) substituted thermodynamic analyses of interactions between the tandem
TTP73 analogues to evaluate localized conformational zinc finger domain of TTP and RNA substrates, a model
changes within each zinc finger motif in response t6'Zn  for ARE recognition involving conformational sampling and
coordination and RNA substrate binding, exploiting the remodeling within the TTP zinc finger domains is discussed.
sensitivity of Trp fluorescence to changes in its local
environment 83). The design of Trp-substituted variants of EXPERIMENTAL PROCEDURES
the wild-type TTP73 peptide (TTP73 wt) was based on two ) ) .
principal criteria: (i) that the substituted Trp residues localize ~ Materials The RNA substrates used in this study were
to regions likely to experience similar conformational denoted ARE(5-UUAUUUAUU-3'), ARE;; (S5-AUUUA-
changes in each zinc finger and (ii) that the Trp substitutions UWUAUUUA-3"), ARE;>AU5U (5-AUUUAUUUUUUUA-
not interfere with the RNA-binding activity of the peptide. 3), ARE1z-UUsA (5'-AUUUUUUUAUUUA-3'), and UGs
Trp substitutions at Phel11 and Phe49 were selected as thé5-UCUCUCUCUCUCU-3). Variants of RNA oligonucleo-
most promising conformational sensors, based on the fol- tides containing Blinked fluorescein moieties are indicated
lowing rationale. First, Phe11 and Phe49 occupy homologousPy the prefix “FI-". Each RNA substrate was synthesized,
positions in the N- and C-terminal zinc fingers of TTP, 2-hydroxyl deprotected, and purified by Dharmacon Re-
respectively, between the first two Cys residues comprising Se€arch (Lafayette, CO) or Integrated DNA Technologies
each CxCxsCxsH motif (Figure 1A). Second, Phell and (Coralville, IA). Lyophilized pellets were resuspended in 10
Phe49 are conserved in the TTP family member TIS11d andMM Tris-HCI (pH 8.0) and quantified byAzsd/Ases as
are located in similac-helical regions within each TIS11d ~ Previously described3g, 36). Where required, ‘shydroxyl
zinc finger when bound to an ARE substrate (Figure 1B). RNA substrates were radiolabeled to specific activities of
Localization of these Phe residues within structured domains (3—5) x 10° cpm/fmol using T4 polynucleotide kinase and
in the TIS11d-ARE complex indicated that modulation of ~[7-*PJATP as described2).
peptide folding near these sites would likely influence the  All synthetic peptides were synthesized, purified, and
fluorescence properties of each Trp mutant, based onrefolded by Albachem Ltd. (Edinburgh, Scotland) as de-
alterations in proximity to nonpolar surfaces and/or changes scribed previously48). TTP73 is a 73 amino acid peptide
in solvent accessibility. In particular, Phell and Phe49 corresponding to the tandem zinc finger domain (residues
exhibit stacking potential with Zn-coordinated His residues  102-174) of human TTP (GenBank accession number
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A 1|0 v 2|0 3|0
TTP SRYKT ELCRT FSESG RCRYG AKCQF AHGLG ELRQA
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Ficure 1: Selection of tryptophan substitution sites within the TTP tandem zinc finger domain. (A) Sequence alignment between the zinc
finger domains of human TTP (GenBank accession number NP_003398; residuds4Dand human TIS11d (GenBank accession number
AAA91778; residues 152224) was solved using the ALIGN program at the San Diego Supercomputer Center Biology Workbench
(www.workbench.sdsc.edu). Lines indicate identical residues, while conservative substitutions are denoted by astérizka.diimating

residues comprising each CCCH maotif are shaded, and the positions of Phe residues mutated to Trp (F11 and F49) are indicated by arrowheads.
(B) Structure of the TIS11d tandem zinc finger domain complexed with an ARE substrate (PDB number 1RGO Bapshefving the

location of residues corresponding to F11 and F49 of TTP73 in the folded pefRNA complex (green). The RNA substrate is in red,

and zinc ions are indicated by yellow spheres. Enlarged views show the local environments of F11 (C) and F49 (D) (green) of TIS11d in
the peptide-RNA complex.

NP_003398). Two additional peptides, termed TTP73 F11W RNA, binding reactions were incubated on ice for 15 min
and F49W, are TTP73 mutants containing individual Phe and fractionated by electrophoresis through 6% (40:1 acryl-
— Trp mutations at positions 11 and 49, respectively. amide:bisacrylamide) native gels at°’@. Gels were then
Lyophilized peptides were resuspended in 10 mM Tris-HCI dried and reaction products visualized by Phosphorimager
(pH 8.0) containing 2 mM dithiothreitol, frozen in aliquots scan (Amersham Biosciences, Piscataway, NJ).
at—80°C, and quantified by Coomassie Blue-stained SDS Binding constants describing interactions between TTP73
PAGE against a titration of BSA. peptides and fluorescein-conjugated RNA substrates were
RNA-Peptide Binding Studietnteractions between TTP73  quantitatively measured using a fluorescence anisotropy-
peptides and RNA substrates were qualitatively evaluatedbased assay, essentially as describ2). (Fluorescence
using gel mobility shift assays (GMSAS). Binding reactions anisotropy was measured using a Beacon 2000 fluorescence
(10 uL total volume) containing varying concentrations of polarization system (Panvera, Madison, WI) equipped with
peptide and 0.2 nM?P-labeled RNA substrate were as- fluorescein excitationiex = 490 nm) and emissionl{, =
sembled in RNA-binding buffer [10 mM Tris-HCI (pH 8.0) 535 nm) filters. In all experiments reported in this work,
with 100 mM KCI, 2 mM dithiothreitol, 0.1ug/uL bovine protein binding did not induce a change in the fluorescence
serum albumin, and 10% glycerol]. Heparin (@@uL) was guantum yield of FI-RNA substrates. As such, the measured
included to inhibit nonspecific interactions between peptides fluorescence anisotropyd{) of each binding reaction was
and RNA ligands. ZnGl(5 uM) or EDTA (0.5 mM) was interpreted as a function of the intrinsic anisotrogy) @nd
also added to the binding reactions where indicated. Prior fractional concentratiorfj of each fluorescent species using
to addition of RNA substrates, wild-type or mutant TTP73 the equation37, 38):
peptides were incubated for 20 min at room temperature in
binding mixtures to ensure coordination ofZnPrevious A= zAifi (1)
experiments indicated that the RNA-binding activity of .
TTP73 was significantly impaired without this Znpre-
incubation step (data not shown). Following the addition of Since the TTP73 peptide binds RNA substratds8 nucleo-
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Ficure 2: Fluorescence emission spectra of TTP73 peptides. Blank-corrected emission spgetra9s nm) of wild-type TTP73 (wt;

left panel) and TTP73 mutant peptides F11W (center panel) and F49W (right panel) were measured following incubation for 20 min at

room temperature in RNA-binding buffer containing EDTA (0.5 mM; solid line) or zn@b «M; dotted line). Peptide concentrations

were 2uM for each sample. Spectral normalization was omitted to permit comparison of relative fluorescence quantum yields between

peptides.

Fluorescence

tides in length via 1:1 stoichiometr26), measurement of  Table 1: Emission Properties of TTP73 PheTrp Mutant Peptides

A: across samples containing varying concentrations of emission  relative intensity
peptide where RNA concentration is limiting (i.e., [TTP#%3] peptide  ZA* RNA peak (nmj at 350 nm®P
~ [TTP73}ota) thus permits resolution of binding constants g1 _ _ 356+ 1 1.0
by the equation: + - 346+ 1 0.514 0.06
+  UCss 347+2 0.54+ 0.02
+  AREs 347+ 1 0.30+ 0.04
A= Ag + ApRK[TTP73] ) +  AREizAUU  348+1 0.30+ 0.03
1+ K[TTP73] +  AREizUUA 34742 0.33+ 0.05
F49w - - 354+ 1 1.0
. . + - 352+1 1.11+ 0.06
Here, Az and Apgr represent thg intrinsic anisotropy values +  UCy 3504+ 1 0.98+ 0.04
of the free and protein-associated FI-RNA substrates, re- +  AREg;s 354+ 1 0.68+ 0.06
spectively, whileK represents the equilibrium association +  AREizAUU 352+ 2 1.01+0.05
+  AREizUUA  352+1 0.99+ 0.05

constantAg was measured directly from binding reactions
lacking peptiderf > 3), while all other constants were solved 2Mean = o,y for n = three independent experimenftsntensity
by nonlinear least-squares regressiordofersus [TTP73]  relative to—zn" for each peptide.

plots using PRISM v3.0 (GraphPad, San Diego, CA).

Tryptophan Fluorescence and Quenching Analy$eg- RESULTS

tophan fluorescence was measured using a Cary Eclipse The zinc Fingers of TTP Exhibit Different Structural
spectrofluorometer (Varian Instruments, Walnut Creek, CA) responses upon Coordination of 2Zn Zr2+-dependent
fitted with a submicrocell. Samples (Gf. total volume) changes in the conformation of the TTP zinc finger domains
containing peptide (22.5 M) were prepared with Znel  \yere initially assessed by measuring Trp emission spectra
(25 uM) or EDTA (0.5 mM) as described for fluorescence  f the TTP73 F11W and F49W peptides in the presence and
anisotropy analyses (above). Heparin was omitted from gpsence of zinc (Figure 2). Fluorescence emission from the
reactions employed for tryptophan fluorescence assays, SINC&yild-type TTP73 peptide was barely detectable above
protein contaminants in commercially available heparin background. Since TTP73 wt lacks Trp residues, this
preparations were found to contribute significant background -onfirmed that other aromatic residues (Phe and Tyr) do not
fluorescence (data not shown). RNA substrates were addedsignificantly contribute to total fluorescence emission from
at equimolar concentrations where indicated, and tryptophanine TTP73 mutant peptides measured under these conditions.
emission spectra were measured using 295 nm excitation withThe intensity of fluorescence emission from TTP73 F11W
10 nm bandwidth for both excitation and emission mono- \yas decreased by 50% in the presence &¥ Zindicating
chromators. For measurements of solvent accessibility, that the conformation of the N-terminal zinc finger was
varying concentrations of potassium iodide or acrylamide sensitive to the presence of the cation. The F11W fluores-
were added after 30 min of RNApeptide complex forma-  ¢cence emission peak was also blue shifted from 356 to 346
tion. Stern-Volmer quench constant&§y) were extracted  nm (Table 1), consistent with transition of the Trp residue
from measured emission at 350 niff) (as a function of  sjde chain to a less polar environment in &Zdependent

quencher concentration ([Q]) using the equation: manner 83). By contrast, neither the fluorescence quantum
yield nor emission peak wavelength of the F49W mutant
Fo/F =1+ Kg[Ql 3) was significantly modified by Z&1, indicating that the

C-terminal zinc finger does not experience the same con-
whereF, represents the fluorescence intensity in the absenceformational transition as the N-terminal finger in the presence
of the quencher33). For denaturant titration experiments, of the cation.
varying concentrations of GnHCI were added after 30 min ~ As an independent measure of?Zsdependent confor-
of RNA—peptide complex formation and then incubated for mational changes in the TTP zinc finger domains, the solvent
a further 30 min at room temperature prior to measurementaccessibilities of Trp residues at positions 11 and 49 were
of tryptophan emission spectra. analyzed by collisional quenching in the presence or absence
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A influence the fluorescence quantum yield or solvent acces-
sibility of this amino acid (data not shown). For both TTP73
mutant peptides, fluorescence emission from Trp residues
was more efficiently quenched by acrylamide versus iodide
(Table 2). This observation is consistent with previous studies
showing that acrylamide quenches the fluorescence of a
tryptophan analogue by electron transfer whereas iodide
guenching relies on a collisional heavy atom eff@8)( As

FolF

a result, acrylamide can quench fluorescent compounds from
0 005 010 045 020 0005 040 015 0.20 greater distances in solution, rendering it a more effective
[KI] (M) [KI] (M) guenching agent.
B 25 TTP73 F11W and F49W Form High-Affinity Complexes

with ARE Substratedreviously, we demonstrated that the
TTP73 wt peptide forms high-affinity Kz < 20 nM)
interactions with RNA substrates of the form UURAUU,
wheren ranges from 2 to 526). To ensure that the Trp
substitutions at positions 11 and 49 of TTP73 did not
dramatically modify its RNA-binding activity, we em-
ployed gel mobility shift assays (GMSAs) and fluorescence
anisotropy-based methods to characterize interactions be-
tween RNA substrates and the TTP73 F11W or F49W
mutants. By GMSA, both the TTP73 F11W and F49W

N . peptides formed single, comigrating RNAeptide com-
FicurE 3: Effects of Z#* coordination on solvent accessibility of . . .
Trp residues at TTP73 positions 11 and 49. Stérnlmer plots plexes.wnh either 9-base (AREFigure 4A) or ;L3-base .
were prepared from fluorescence emissig € 295 nm;Aem = (AREy3 data not shown) RNA substrates containing canoni-
350 nm) of TTP73 F11W or FA9W peptide samples (@beach) cal TTP binding motifs. Sequence specificity for ARE ligands
containing varying concentrations of potassium iodide (A) or did not appear to be compromised, since no peptide binding

acrylamide (B) as described under Experimental Procedures. PriorWas detected to an irrelevant 13-base RNA substrate£UC
to assembly of quenching reactions, TTP73 mutant peptides were

incubated with EDTA (solid circles, solid line) or ZnC{open Figure 4A), even at peptide concentrations up to 2\

2.0

FolF
FolF

1.5

1.0¢
1 1 1 1 1 1 1 1

0 005 010 015 0.20 0 005 010 015 0.20
[acrylamide] (M) [acrylamide] (M)

ARE;:-AUsU  acrylamide 5.9+ 0.2
ARE;3-UUsA  acrylamide 5.6-0.4

aMean=+ oy-1 for n independent experiments where> 2 or mean
=+ spread fom = 2.

circles, dotted line) as in Figure 2. (data not shown). Quantitative analyses using fluorescence
anisotropy (Figure 4B) indicated that association of TTP73
Table 2: SteraVolmer Quench Constants for TTP73 PheTrp F11W and F49W peptides with fluorescein-labeled ARE
Mutant Peptides substrates was well resolved by a binary equilibrium binding
peptide  ZAt RNA quencher Ksy(M™92 n model (eq 2). Derived bimolecular association constants
F11W _ _ KI 344102 3 showed a small but not statistically significant decrease in
+ - Kl 15+02 3 the affinity of TTP73 F11W for each of the 9- and 13-base
- - acrylamide ~ 6.0:0.5 3 ARE substrates relative to the wild-type peptide (Table 3).
i e Zgy:gm:gg Zgi 8-3 g Binding of the F4A9W mutant to each ARE ligand returned
+ AR1E313 acrylamide 1403 3 slightly weaker dissociation constants than for the F11W
+  AREizAUU  acrylamide 1.5:04 2 peptide Kg = 6.8-8.3 nM); however, binding affinities
+  ARE;zUUA acrylamide 15£03 2 yielding Ky values of up to 20 nM have been observed
Faow - - - KI 47+£03 3 between TTP73 wt and other ARE substrates exhibiting
J_r _ ;I:rylamide 462.4it 8:}1 2 potent mMRNA-destabilizing activitylQ, 28). This demon-
+ — acrylamide  6.4:0.6 4 stration of specific, high-affinity interactions between each
+  UCis acrylamide  7.3:06 3 TTP73 Phe— Trp mutant and ARE substrates validated the
i ARE13 acrylamide  1.3£0.2 g use of these peptides as probes of local protein structure in
+ 3

peptide-ARE complexes.

Cognate ARE Binding Induces Conformational Changes
within Both Zinc Fingers of TTH-ollowing the demonstra-
tion that the TTP73 F11W and F49W peptides were
of Zn?". For the TTP73 F11W peptide, Zhdecreased competent for high-affinity ARE binding, fluorescence
Stern—Volmer constants Ksy) derived from titrations of emission and collisional quenching studies were performed
iodide or acrylamide quenchers by 56% and 40%, respec-to identify RNA substrate-dependent changes in the confor-
tively (Figure 3 and Table 2), indicating significant loss of mations of each TTP zinc finger domain. RNA and peptide
solvent accessibility concomitant with Zndependent con-  components were assembled at concentrations at least 300-
formational changes in the N-terminal finger. Conversely, fold above Kq (2.5 uM of each reagent) to promote
Zn?* induced no significant changes Ksy values for the guantitative formation of RNApeptide complexes. Fluo-
TTP73 F49W peptide, supporting the model of little or no rescence emission from both the F11W and F49W mutants
net Zr*-dependent alterations of peptide conformation in was decreased by approximately 40% upon binding the
this region of the C-terminal zinc finger domain. Control ARE;3substrate relative to reactions supplemented with Zn
experiments with free tryptophan confirmed that theZn  alone (Figure 5A and Table 1). RNA-dependent changes in
concentrations employed in this study did not systematically the fluorescence of each peptide were specific for the high-
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uc,, ARE, RNA substrate
F11W F49W F11W F49W TTP73 mutant
o = illl=y = 2 il = .
ZauwaBa Zaw&B& Zouwaba Z aw & 3 & [peptide] (nM)
RNA:peptide
~.“ d“ it complex

e S | wees L L < free RNA

Anisotropy
Anisotropy

1 10 100 1 10 100
[TTP73 F11W] (nM) [TTP73 F49W] (nM)

FIGURE 4: Association of TTP73 mutant peptides with RNA substrates. (A) Binding reactions cont&iRitpeled RNA substrates (0.2
nM) and varying concentrations of TTP73 F11W or F49W peptides were fractionated by native gel electrophoresis. The position of the
complex formed by peptide binding to the AREubstrate is indicated. (B) Fluorescence anisotrdgy=€ 490 nm;lem = 535 nm) was
measured for binding reactions containing the FI-AREA substrate (0.2 nM) and titrations of TTP73 F11W (left panel) or F49W (right
panel) peptides assembled as described under Experimental Procedures. Association constants describing the interaction of each peptide
with the FI-ARE ligand were resolved by nonlinear regression using eq 2 (solid lines).

Table 3: Equilibrium Binding of TTP73 Phe- Trp Mutant since acrylamide quenching efficiency was not signif_icantly
Peptides to RNA Substrates modulated by the presence of the {JGubstrate for either
RNA peptide K (x10P M—1)2 Kq (NM)? n TTP73 mutant peptide. Taken together, the decreased
ELARE wt 33108 3.0 3 fluorescence emission and restricted solvent accessibility of
? EF11W 2 23+ 0.05 45 > Trp residues in both the TTP73 F11W and FA9W peptides
F49wW 1.46+ 0.07 6.8 2 in response to ARE binding indicate that both zinc finger
FI-ARE;3 wit 28+0%5 3.6 4 domains are structurally modified by association with cognate
F11w 1.7£0.2 5.9 2
FAOW 12501 83 5 ARE substrates.

, , Additional experiments investigated the conformational
aMean= on-1 for nindependent experiments where> 2 or mean . . . .
+ spread fon = 2. b Kq estimated as K. ¢ Wild-type TTP73 binding ~ €VeNts resulting from TTP73 peptide association with
data are from reR6. suboptimal RNA substrates. For ARE ligands lacking ad-
enosine residues defining either the BARE;-UU3A) or

affinity ARE ligand, since substitution of a nonspecific RNA 3= (AREizAU3U) UUAU half-sites, wild-type TTP73
substrate (Ug) did not significantly influence the fluores- ~ €xhibits impaired but still significant binding activitK ~
cence properties of either mutant relative to reactions lacking 95 NM) (26). TTP73 F11W exhibited significant decreases
RNA. This demonstrates that the diminished fluorescence in both Trp fluorescence emission and solvent accessibility
emission from the F11W and F49W mutants is a conse- upon binding to either of these ARE half-site mutant ligands,
quence of ARE substrate binding and not a trivial result of suggesting structural consequences similar to those observed
collisional quenching by RNA in solution. Trp residues in with the cognate ARE substrate (Tables 1 and 2). However,
both the 11 and 49 positions of TTP73 also displayed the fluorescence characteristics of the TTP73 F49W peptide
dramatic decreases in solvent accessibility when bound towere not significantly influenced by association with either
an ARE ligand (Figure 5B). ARE substrate binding ARE half-site mutant. These data indicate that conformational
decreased SterrVolmer constants derived from acrylamide adaptation of the N-terminal finger can occur independently
titrations by 60% for the F11W peptide and 80% for the of the C-terminal finger and that RNA-dependent folding of
F49W mutant (Table 2). Like the RNA-dependent changes the C-terminal finger may structurally discriminate TTP73

in fluorescence emission, restriction of solvent accessibility RNA complexes containing cognate versus near-cognate
within each zinc finger domain was specific for ARE binding, ARE substrates.
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Ficure 5: RNA-dependent changes in fluorescence emission and
solvent accessibility of Trp residues at TTP73 positions 11 and
49. (A) Blank-corrected emission spectia,(= 295 nm) of TTP73
F11W (2.5 uM; left panel) or FA9W (2.5uM; right panel)
preincubated with ZnGI(25 «M) in the absence (dotted line) or
presence of RNA substrates (2t8) UC,3 (solid line) or ARE3
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resolution of domain unfolding free energies by linear
extrapolation 40, 41).

Similar GnHCI denaturation experiments performed with
TTP73 F49W in the presence of the BARNA substrate
closely mirrored the unfolding transition of TTP73 F4A9W
in the absence of RNA. However, association of the FA9W
peptide with the ARE; substrate significantly stabilized a
peptide conformation in the C-terminal finger, with half-
maximal unfolding observed at approximately 100 mM
GnHCI (Figure 6B). The amplitude of the fluorescence
change in the presence of the ARHigand is enhanced
relative to the other data sets because the fluorescence
intensity of the TTP73 F49WARE,;; complex in the
absence of GnHCIFp) is lower than those of the F49W
peptide alone or in the presence of the bJ§libstrate (Table
1). The extreme sensitivity of TTP73 F49W fluorescence to
GnHCI suggests that the C-terminal zinc finger is very
weakly folded or presents a dynamic population of confor-
mations near position 49 in the absence of an ARE. The
significant decrease in denaturant sensitivity exhibited in the
presence of the ARE substrate may thus represent stabiliza-
tion of one or a small subset of peptide conformations within
the C-terminal zinc finger by association with a cognate RNA
ligand.

Like the F49W mutant, TTP F11W displayed enhanced
fluorescence emission with increasing concentrations of
GnHCl in the presence of Zhbut absence of RNA (Figure

(dashed line). Fluorescence spectra from each sample are shoerA)_ Unlike F49W, however, monitoring fluorescence in-

relative to the emission of reactions containing EDTA (Figure 2).
(B) Acrylamide quenching of Zi-conjugated TTP73 F11W (left
panel) or F49W (right panel) in the absence (open circles, dotte
line) or presence of RNA substrates W@solid circles, solid line)

or ARE; (triangles, dashed line) resolved by Stekfblmer plot.
The sensitivity of TTP73ARE equilibria to ionic strength
precluded the use of potassium iodide as a collisional quencher in
these experiment26).

d

ARE Binding Stabilizes Folded Statesdiving Both Zinc

tensity at 350 nm as a function of denaturant concentration
revealed two distinct conformational transitions for the F11W
peptide. The weakest transition enhanced fluorescence
intensity by approximately 30% (Figure 7B inset, open

_circles; cf. 0 M GnHCI versus 0.01 M), with half-maximal

change observed at 1 mM GnHCI. The second transition was
more gradual, with fluorescence emission increasing by
approximately 100% across a broad range of GnHCI
concentrations above 0.6 M. In addition to increases in

Fingers of TTP The preceding experiments indicated that fluorescence emission, high concentrations of GnHCI also
at least one structural transition is experienced by Trp in reversed the blue-shifted position of the F11W peak induced
position 49 of TTP73 in response to binding a cognate ARE by Zr?" coordination (Figure 7A). Evaluation of F11W
ligand. By contrast, at least two distinct folding events were emission spectra across the GnHClI titration showed that loss
observed for Trp in position 11: one dependent of*zZand of the blue-shifted emission peak accompanied the second
another on binding to an ARE substrate. In order to evaluate (i.e., more stable) transition and was most pronounced
the relative stabilities of each conformational transition, the between 0.6 ah2 M GnHCI (Figure 7C). The concurrent
fluorescence properties of TTP73 F11W and F49W peptidesincrease in fluorescence intensity and loss of the emission
were monitored in the presence and absence of RNApeak blue shift of TTP73 F11W observed at GnHCI
substrates across titrations of the chemical denaturant,concentrations above 0.6 M indicate that this more stable
guanidine hydrochloride (GnHCI). conformational transition likely involves the release of
In the presence of 2 but the absence of RNA, the Zn?". By contrast, the weaker transition may represent
TTP73 F49W peptide displayed enhanced fluorescenceconformational heterogeneity near position 11 of TTP73,
emission with increasing concentrations of GnHCI (Figure similar to the model proposed for F49W (above). How-
6A). Emission from the F49W mutant increased by ap- ever, the amplitude of the fluorescence change accom-
proximately 70% at 100 mM GnHCI (Figure 6B) but was panying this weaker folding transition is smaller for
not significantly elevated beyond this intensity, even at F11W than for FA9W, suggesting that the distribution or
GnHCI concentrations as higls & M (data not shown). The  flexibility of local peptide conformations may be more
increase in fluorescence of F49W as a function of denaturantconstrained in the N-terminal finger relative to the C-terminal
concentration is consistent with structural relaxation near the domain.
Trp residue in the C-terminal zinc finger. Curiously, this Similar to the F49W example, inclusion of the nonbinding
transition was extremely sensitive to GnHCI, with the half- UC;3 RNA substrate did not significantly influence the
maximal effect observed at only—2 mM denaturant.  sensitivity of TTP73 F11W fluorescence to GnHCI (Figure
However, the lack of approach to a lower asymptote at 7B, closed circles). Addition of the ARESsubstrate, how-
minimal denaturant concentrations precluded quantitative ever, dramatically stabilized the weaker transition, delaying



13814 Biochemistry, Vol. 45, No. 46, 2006 Brewer et al.

A 2.0 . _ A
r increasing .

§ [ [GnHCI]

g 1.5}

(7]

@ L

£ [

3 1.0_

(=

(] L

2 I

= 05

&

1 1 1

320 340 360 380 400 01 02 03 0.4
A (nm) [GnHCI] (M)

FiGUure 6: Denaturation of TTP73 F49W by GnHCl titration. (A) TTP73 F49W (2M) samples preincubated with ZnQR5 uM) were

treated with 0.5, 10, or 100 mM GnHCI for 30 min at room temperature before measurement of fluorescence emissioispe@eb (

nm). Blank-corrected spectra are shown normalized to the sample lacking GnHCI (dashed line). (B) Fluorescence &mxiss285 fim;

Aem= 350 nm) of TTP73 F49W across a titration of GnHCI in the absence (open circles, dotted line) or presence of equimolar concentrations
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emission of each F4A9WRNA combination lacking GnHCIFy). Points represent the meanspread of duplicate independent experiments.
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Ficure 7: Denaturation of TTP73 F11W by GnHCl titration. (A) TTP73 F11W (2\8) samples preincubated with ZnQR5 uM) were

treated with 0.005, 0.02, 0.1, 1, 2, ®M GnHCI for 30 min at room temperature before measurement of fluorescence emission gpgctra (

= 295 nm). Blank-corrected spectra are shown normalized to the sample lacking GnHCI (dashed line). (B) Fluorescence &pission (

295 nm;iem = 350 nm) of TTP73 F11W across a titration of GnHCI in the absence (open circles, dotted line) or presence of equimolar
concentrations of RNA substrates W{solid circles, solid line) or ARE (triangles, dashed line), normalized to emission from each
F11W—RNA combination lacking GnHCIRp). Points represent the meano,-; of triplicate independent experiments. (C) Positions of
emission intensity peaks were extracted from emission spectra and plotted for TTP73 F11W samples across a titration of GnHCI in the
absence of RNA. Each point represents the m&an,—; of triplicate independent experiments.

denaturant-induced increases in fluorescence intensity toof this transition (Figure 7B), or loss of the emission peak
GnHCI concentrations 100 mM (Figure 7B, triangles). Also  blue shift (data not shown). Together, these data support a
similar to F49W, the change in fluorescence accompanying model whereby the conformation of the N-terminal zinc
the initial F11W unfolding event in the presence of the ARE finger of TTP is substantially more ordered by the coordina-
ligand exhibited a greater amplitude than reactions lacking tion of Zr?* than the C-terminal finger. Second, the GnHCI
this substrate, owing to the decreased fluorescence of thdtitration experiments indicate that, even in the presence of
F11W-ARE;3 complex in the absence of GnH®E Table Zn?*, local peptide structures within both the N- and
1). The addition of RNA substrates did not appear to C-terminal zinc finger domains of TTP retain some degree
significantly influence the more stable conformational transi- of flexibility or structural heterogeneity but are further
tion of F11W, based on similarities in the amplitude of constrained and/or stabilized concomitant with high-affinity
fluorescence change, the GnHCI concentration dependencéRNA ligand binding.
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DISCUSSION Zn?* coordination to the C-terminal zinc finger, since (i)
) ) association of TTP73 with ARE substrates is absolutely

To date, no high-resolution molecular structure has been dependent on Z& (26), (i) mutation of Zr#*-coordinating
reported for the tandem zinc finger domain of TTP or any egjques in the C-terminal zinc finger domain abrogate RNA-
related CCCH zinc flnger peptlde in the a_bs_ence of RNA. binding activity @4), and (ii) RNA binding by the N-
In this study, we provide evidence for distinct structural orminal finger alone exhibits only micromolar affinitg).
consequences within each zinc finger of TTP in response to oy aiternate possibility is that 2h binds but might not
association of zinc ions or RNA substrates. Furthermore, thetightly coordinate with the C-terminal zinc finger in the
RNA sequence dependence of folding events within C- ghsence of an RNA substrate. This would account for the
terminal zinc finger likely contributes to discrimination of independence of TTP73 F49W fluorescence with respect to
cognate versus near-cognate RNA ligands. Zn?*, the extreme sensitivity of F49W fluorescence to GnHCI

Zre*-Dependent Changes in Conformation of the TTP Zinc in the absence of RNA, and the lack of resolvable HSQC
Finger Domains Zr?*-dependent folding of the N-terminal  assignments in this domai@g). Furthermore, C¥ titrations
zinc finger was revealed by decreased quantum yield of performed by Worthington et al. suggest substoichiometric
TTP73 F11W, significantly blue-shifted emission from this interaction of metal ions with the C-terminal zinc finger of
peptide, and decreased solvent accessibility of the Trp residueTTP (46). While 1:1 binding was observed between?Co
at position 11 in the presence of zinc (Tables 1 and 2). and the N-terminal zinc finger of TTP, comparable experi-
Denaturant titration experiments also demonstrated considerments with the tandem zinc finger domain yielded an average
able folded stability for the Zi-associated N-terminal zinc  binding ratio of 1.7 mol of metal ion/mol of peptide. Taken
finger. Half-maximal reversal of the Zivinduced F11W  together, these data suggest that the conformation of the
emission peak blue shift ((GnHGJ) was observed at  C-terminal finger might sample from a population of
approximately 0.8 M GnHCI, concomitant with increases in  structures, possibly involving dynamic association ofZn
fluorescence intensity. By comparison, the structures of somewhich may be coupled to the specificity of RNA substrate
well-characterized globular proteins show similar sensitivities recognition (discussed below).
to this denaturant, including-lactalbumin ([GnHCHj,> = RNA-Dependent Changes in Conformation of the TTP Zinc
1.1 M) (42) and maltose binding protein ([GnHGgH= 1.0 Finger DomainsPrevious NMR and thermodynamic studies
M) (43). Together, these data indicate that the N-terminal indicated that association with a cognate RNA substrate was
zinc finger of TTP73 adopts a stable conformation following accompanied by conformational changes within both zinc
Zn?* coordination that includes partial burial of the residue finger domains of TTP or TIS11d and defined a cognate
at position 11. A previous study also suggested a defined substrate as an RNA ligand containing tandem UUAU motifs
Zr*-dependent conformation for the N-terminal zinc finger (26, 28, 31). From the current study, this model is supported
of the TTP-related protein TIS11d, since HSQC spectra could by significant decreases in fluorescence emission from both
not be resolved in the absence of?Znbut were well TTP73 F11W and F49W when bound to the cognate ARE
dispersed in the presence of the cati@i)( Also, HSQC  substrate (Table 1). Furthermore, the F11W and F49W
analyses permitted resolution of most residues in the N- peptides exhibited virtually equivalent Sterdolmer quench
terminal zinc finger of humar2g) and murine 44) TTP in constants upon binding the ARfigand (Table 2), consistent
the presence of Zn but the absence of RNA. with placement of each Trp residue in a similar structural

While efficient and stable coordination of Znto the environment. Localization of the Trp substitutions distal to
N-terminal zinc finger domain was anticipated from the the RNA-binding interface of each zinc finger indicates that
literature and corroborated by this study, no data describingthe ARE-dependent changes in Trp fluorescence likely result
Zn?"-dependent conformational changes in the TTP C- from conformational changes in the peptide rather than steric
terminal zinc finger have been reported. Although residues effects from the associated RNA ligand. However, two
within the C-terminal zinc finger domain of TIS11d were observations illustrate subtle differences in folding between
resolved by HSQC in the presence of’Zrand absence of the TTP zinc finger domains, even when bound to RNA.
RNA (31), this was not the case for the wild-type TTP73 First, emission from the F49W peptide was not blue shifted
peptide under these conditiorg]. In the current study, the by ARE-induced peptide folding, suggesting a more polar
Trp residue inserted at position 49 of TTP73 revealed no environment for the substituted Trp in the C-terminal versus
significant changes in quantum yield, emission peak wave- N-terminal zinc fingers (Table 1). Second, the F49W peptide
length, or solvent accessibility in the presence ofZn retained an increased fluorescence quantum yield relative to
(Tables 1 and 2). On the basis of the TISTARE structure F11W in the presence of the ARE (Table 1). Differences in
(31), Trp residues in positions 11 and 49 of TTP73 were local environments could be due to the residues flanking the
anticipated to exist in similarly folded environments (Figure proposed Trp-His stack in each zinc finger (Figure 1). On
1C,D), particularly with respect to potential stacking interac- the basis of the TIS11dARE structure, the Trp in position
tions between each Trp and Zrcoordinated His residues 11 would be positioned within 3.4 A of Glu12 (Ser in TTP)
(His27 and His65). While this or a similar conformation is in the peptide-ARE complex, while the Trp in position 49
possible for the N-terminal zinc finger domain in the presence would be juxtaposed by His50 (3.2 A; Tyr in TTP). The
of Zn?* alone (above), we conclude that such an arrangementadjacent residues could alter the orientation or flexibility of
for the TTP73 C-terminal finger is highly improbable in the Trp residue side chains in the folded zinc finger domains or
absence of RNA given the insensitivity of TTP73 F49W could differentially quench Trp emissiod?).
fluorescence to Z1. High-affinity binding between TTP73 While both zinc finger domains exhibited conformational
FA9W and ARE substrates (Table 3) refutes the possibility changes upon binding to a cognate RNA ligand, only the
that the FA9W mutation substantially impairs or precludes N-terminal finger displayed similar folding behavior when
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associated with near-cognate ARE substrates, in which either Data from this study support a model for ARE substrate
the 8- or 3-UUAU motif was mutated (Tables 1 and 2). recognition by the TTP RNA-binding domain whereby the
One possibility is that the “Z-primed” N-terminal finger Zn?*-coordinated zinc fingers exhibit significant local flex-
binds the RNA ligand first and, hence, occupies the first ibility in the absence of an ARE ligand, particularly within
accessible UUAU half-site. Recognition of a cognate site the C-terminal finger. It remains possible that such confor-
would then be achieved by comparable structural rearrange-mational sampling may be less pronounced in the full-length
ments within the C-terminal finger, requiring a second protein, where structural restraints from flanking protein
UUAU motif immediately upstream of the first. In this Ssequences may limit the conformational heterogeneity of the
manner, the conformational status of the C-terminal finger zinc finger domain. Binding to a cognate ARE substrate is
may constitute the final step in discrimination of RNA associated with stabilization of a unique or small population
ligands. While U-rich RNA sequences containing a single of folded states within each zinc finger, consistent with
UAUU motif can bind the TTP tandem zinc finger domain, induced-fit or selected-fit models of macromolecular complex
these ligands bind 1620-fold more weakly than a cognate formation @9, 30). Characteristics of these stabilized folded
RNA-binding site 26) and are incapable of directing rapid ~states include residue side chain burial (denoted by decreased
cytoplasmic mRNA decay through TTRQ). fluorescence quantum yield and collisional quenching con-
Might RNA Substrate Recognitionvtsive Conformational stan'gs) at sites d_iSt?" tothe RNA-binding interface (this study)
Sampling within TTP Zinc Finger DomaingThe fluores- and improved binding potential for cognate RNA substrates,

. ) - reflected in increased enthalpy of bindirp). Furthermore,
cence of Trp residues |r_1_b_oth posmons_ll and 49 of TTP73 these studies establish the potential of TTP73 site-directed
exhibited extreme sensitivity to GnHCI in the absence of an

. : .. Trp mutants as powerful tools for forthcoming structural and
ARE ligand (Fl_gures 6and 7). These_data could denOte eltherenergetic investigations of RNA recognition by this tandem
thermodynamically weak local peptide conformations and/ zinc finger domain. For example, can RNA-dependent
or dynamic p‘.’p“"fﬂions of_heterogeneously folded _struct_uresfoldmg of the C—terrﬁinal zinc finge,r occur independently
within each zinc finger. With respect to the N-terminal zinc of the folded N-terminal zinc finger? Can tandem N-terminal
finger, some support for the latter possibility comes from

previous NMR studies where superimposing refined struc (or C-terminal) zinc finger domains convey RNA-binding
" affini ifici I h f the wild-
tures of the Z#*-coordinated N-terminal zinc finger of affinity and specificity comparable to those of the wild-type

) S . peptide? Finally, is adaptive RNA recognition by the wild-
murine TTP revealed significant structural heterogeneity in type TTP tandem zinc finger domain obligate for the MRNA-
the absence of RNA4d). The distribution of local peptide gegtapilizing activity of this protein? We anticipate that future
conformations was particularly diverse among amino acid

) . ; X e studies including analyses of additional site-specific Trp
side chains not involved in coordination of Zn For the

X i : : mutants of the TTP73 peptide will permit resolution of these
C-terminal zinc finger domain, the lack of defined HSQC questions.

peaks in the absence of an RNA substr2®) toupled with

insensitivity of TTP73 F49W fluorescence to Zn(this ACKNOWLEDGMENT

study) also supports a model of heterogeneous peptide ) ) )
conformations prior to ARE binding. However, several ~ We thank Dr. Kristen Varney for assistance with the
observations suggest that association of the TTP RNA- Molecular modeling of the TIS11RNA complex.
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