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Abstract

Tristetraprolin (TTP) binds to mRNA transcripts to promote their degradation. The TTP protein 

family in humans includes two other proteins, TIS11b and TIS11d. All three proteins contain a 

highly homologous RNA binding domain (RBD) that consists of two CCCH zinc fingers (ZFs). 

Both ZFs are folded in the absence of RNA in TIS11d and TIS11b. In TTP, however, only ZF1 

adopts a stable fold. The focus of this study is to understand the origin and biological significance 

of the structural differences of the RBD. We identified three residues that affect the affinity for the 

structural Zn2+ and determine the folding of ZF2 in the absence of RNA. We observed that the 

mRNA destabilizing activity of TTP was increased when the partially disordered RBD of TTP was 

replaced with the fully structured RBD of TIS11d, indicating that differences in the folded state of 

the RBD affect the activity of the proteins in the cell.

Graphical abstract

INTRODUCTION

Tristetraprolin (TTP), also known as TIS11, Nup475, GOS24, and ZFP361-7, is an RNA 

binding protein that binds to the 3’ UTR of transcripts at AU-rich elements (AREs)8. 
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Binding of TTP to these transcripts promotes their fast degradation, as TTP recruits and 

activates mRNA decay enzymes9-12. The function of TTP became apparent with the 

observation that TTP knockout mice quickly develop severe inflammatory phenotypes after 

birth, a result of the accumulation of several transcripts13. The most abundant of these 

transcripts encodes the proinflammatory cytokine tumor necrosis factor α (TNFα)7.

In humans, the TTP protein family includes TIS11b and TIS11d, also known as ZFP36L1 

and ZFP36L214,15, respectively. Based on their primary sequences, these three proteins are 

predicted to have low structural complexity and high flexibility. They each contain an RNA 

binding domain (RBD), surrounded by less-structured N- and C-terminal domains. The 

highly conserved RNA binding domain is a tandem zinc finger (TZF) motif with two 

CX8CX5CX3H zinc fingers, where X represents amino acids between each zinc coordinating 

residue. The two zinc fingers are separated by an 18 amino acid linker. A well conserved 

sequence, (R/K)YKTEL, precedes each finger and has been shown to be important for RNA 

binding16-18.

In 2004, Wright and coworkers determined the structure of TIS11d bound to the RNA 

sequence 5’-UUAUUUAUU-3’ (PDB code:1RGO) using NMR spectroscopy19. This 

structure depicts two folded zinc fingers where the zinc ions are coordinated by residues 

C159, C168, C174, and H178 in the first finger (ZF1) and C197, C206, C212, and H216 in 

the second finger (ZF2). The protein-RNA complex shows that the structure of the TZF 

domain of TIS11d is symmetrical, both ZF1 and ZF2 contain a short α-helix between the 

first two zinc coordinating cysteine residues (spanning residues 160-165 in ZF1 and 198-203 

in ZF2). Additionally, both fingers contain a turn of 310-helix between the second and third 

cysteine coordinating resides (amino acids 171-173 in ZF1 and 209-211 in ZF2). The 

symmetry observed between the structures of the two zinc fingers is not surprising since 

their primary sequence is ~50% identical. The two zinc fingers are held together by a 

flexible linker, which contains a short 310-helix at residues 179-183 and is involved in 

forming a small hydrophobic cluster with residues of the first finger.

NMR and computational studies have shown that in the absence of RNA, the structure of the 

two zinc fingers of TIS11d is maintained although their orientation changes, as the linker 

region is highly flexible17,19. Despite their high sequence identities, TTP and TIS11d 

present striking differences in their unliganded structures. The structural symmetry observed 

for ZF1 and ZF2 in TIS11d is not observed in unliganded TTP. Previous NMR spectroscopic 

studies of TTP indicated that only ZF1 of TTP may adopt a stable fold in its RNA free 

state20,21.

The focus of this study is to understand the origin and biological significance of the 

structural differences observed between the RNA binding domains of TTP and TIS11d. We 

used TTP/TIS11d chimeras to identify the regions responsible for these differences. After 

testing that these chimeras are still active and capable of binding RNA, we used NMR 

spectroscopy to determine if ZF2 is folded in the free state. Finally, we determined how a 

fully folded TZF domain affects the activity of TTP using a luciferase reporter assay, where 

luciferase was placed under the control of the TNFα 3’UTR. The results reveal that the 

degree of structure of the RBD affects the activity of these proteins in the cell.
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RESULTS AND DISCUSSION

Despite the importance of RNA-binding proteins to gene regulation, our understanding of 

how their structure and dynamics contribute to their biological activity is limited. In this 

study we focus on two related RNA-binding proteins—TTP and TIS11d—that regulate the 

stability of mRNA transcripts encoding key cancer-related proteins, such as tumor necrosis 

factor-α and vascular endothelial growth factor. TTP and TIS11d display differential folding 

propensity in the absence of RNA, despite sharing a high sequence identity. To understand 

the origin of the different folding propensities and how the activities of the two proteins are 

affected, we used an interdisciplinary approach that included biochemical and biophysical 

methods, cell-based assays and phylogenetic analysis.

The TZF domains of TTP and TIS11d share high sequence identity but differ in their RNA-
free structures

Although the TZF domains of TTP and TIS11d share 70% sequence identity, we observe 

that their solution structures differ dramatically in the apo state. The well-dispersed 15N-1H 

HSQC spectra of the TZF domains of TIS11d (residues 151-220) and TIS11b (residues 

200-270) indicate that the structures of both ZF1 and ZF2 are preserved in the absence of 

RNA (Fig. 1). In contrast, the 15N-1H HSQC spectrum of the TTP TZF domain (residues 

102-174) contains only cross peaks from residues of ZF1 and from the first nine residues of 

the linker (Fig. 1 and Supplementary Fig. 1). The lack of backbone amide (N-HN) cross 

peaks for ZF2 from the spectrum of TTP in the absence of RNA is the result of a chemical 

exchange process that is intermediate on the NMR chemical shift time scale, likely due to 

the flexibility of ZF2 that samples different conformations22-24. Cross-peaks from the C-

terminal part of the linker and from ZF2 appear in the 15N-1H HSQC spectrum of TTP only 

upon addition of RNA (Fig. 2A). The overall increase in chemical shift dispersion observed 

upon addition of RNA results from the increased number of cross-peaks (cross-peaks from 

the linker and ZF2 are now present in the 15N-1H HSQC spectrum) and from the chemical 

shift changes of ZF1, due to RNA-binding. These data suggest that in the absence of RNA, 

ZF2 of TTP is in a molten globule state and that RNA is needed to stabilize ZF2 in a folded 

state, in agreement with the findings of Brewer et al.25. In a previous study, Berg and 

coworkers have shown that the TZF domain of murine TTP could bind 1.7 ± 0.4 equivalents 

of Co2+ 26 which suggests that both ZF1 and ZF2 of murine TTP can bind Zn2+ in the 

absence of RNA. In the same report, however, NMR spectroscopic studies of the TZF 

domain of murine TTP containing a single point mutation introduced to enhance solubility 

(Y143K), showed that only ZF1 could stably bind Zn2+ while ZF2 was unstructured26, in 

agreement with our observations in human TTP.

Due to chemical exchange line broadening, cross-peaks from ZF2 are absent in the 15N-1H 

HSQC spectrum of TTP, thus no structural information can be determined for this part of the 

domain using NMR spectroscopy. In order to test the hypothesis that ZF2 is in a molten 

globule state, we used several experimental approaches, including mutagenesis, CD 

spectroscopy and metal analysis, where we estimated the [Zn2+]/[TZF] ratio for both TTP 

and TIS11d.
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NMR spectroscopy was used to determine the effect of a single point mutation, the third 

zinc-coordinating Cys to Ser, on the structure of TTP and TIS11d: C162S and C212S in TTP 

and TIS11d, respectively. These mutant proteins are lacking one of the zinc-coordinating 

Cys residues in ZF2, thus ZF2 cannot stably bind Zn2+ and fold (Supplementary Fig. 2). 

The 15N-1H HSQC spectra of wild-type (WT) TTP and C162S mutant TTP are nearly 

identical (Supplementary Fig. 2), with the exception of a few cross-peaks originating from 

presence of four extra residues at the C-terminus of the C162S mutant construct used. 

The 15N-1H HSQC spectrum of C212S TIS11d resembles that of wild-type TTP, as cross-

peaks from the unstructured ZF2 are missing (Supplementary Fig. 2). These results support 

the hypothesis that in the absence of RNA, ZF2 of TTP cannot stably bind Zn2+. As a result, 

ZF2 of TTP samples many partially structured states on a time-scale that is intermediate 

relative the chemical shift differences, thus cross-peaks from ZF2 are broadened beyond 

detection24. In addition, these mutant proteins showed that in both TTP and TIS11d, ZF1 

can independently adopt a stable fold when ZF2 is unfolded (Supplementary Fig. 2).

The CD spectra of TTP, TIS11b and TIS11d show that the TZF domain of TTP is less 

structured than that of TIS11d and TIS11b, as evidenced by the difference in CD signal peak 

intensities between 220-240 nm (Fig. 2B). In addition, Zn2+ titrations of TIS11d and TTP, 

monitored by CD spectroscopy, show that TIS11d coordinates two equivalents of Zn2+, one 

ion for each finger. TTP, however, only coordinates one zinc cation, indicating that ZF2 is 

disordered in solution (Supplementary Fig. 3). The same result was obtained when the 

[Zn2+]/[TZF] ratio was determined for both TTP and TIS11d using inductively coupled 

plasma-optical emission spectrometry (ICP-OES), [Zn2+]/[TTP] = 1.1 ± 0.1 and [Zn2+]/

[TIS11d] = 1.8 ± 0.1.

Taken together, these findings demonstrate that only the N-terminal ZF, ZF1, of TTP adopts 

a stable fold in the unbound state, and that RNA binding, in the presence of Zn2+, induces 

the folding of ZF2. While TIS11d is fully folded, TTP is partially unfolded and requires 

RNA-binding to promote a transition to a fully folded state. Therefore, RNA recognition by 

TTP is achieved through an RNA-dependent conformational adaptation of the TZF domain.

The affinity for Zn2+ of different types of zinc fingers is known to differ over a range that 

spans about 7 orders of magnitude, with zinc fingers coordinating the zinc cation with four 

cysteine residues (Cys4-type) binding Zn2+ with the highest affinity27,28. In an attempt to 

increase the affinity of TTP ZF2 for Zn2+ the last Zn2+ coordinating residue of ZF2 was 

mutated from a His to a Cys, to make it into a Cys4-type zinc finger. The 15N-1H HSQC 

spectrum of the mutated TZF domain was still missing all the cross-peaks from the C-

terminal half of the domain, as in the WT, suggesting that the mutated ZF2 (now Cys4-type) 

is still unable to stably bind Zn2+. This result is not surprising considering that engineered 

zinc fingers constructed from the same amino acid sequence except for the Zn2+ 

coordinating residues (Cys4, Cys3His and Cys2His2 were tested) have similar affinity for 

Zn2+ 27,29. These and our results indicate that differences in Zn2+ binding affinity arise not 

primarily from the particular atoms that coordinate the Zn2+, the first solvation shell, but 

mostly from the second coordination sphere27. Thus, the particular primary, secondary and 

tertiary structures of a protein determine the affinity for Zn2+ of the zinc finger.
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The predicted secondary structure for ZF1 of TTP is the same as that observed for ZF1 of 
TIS11d

Small backbone chemical shift differences are observed for ZF1 and the linker of TTP and 

TIS11d suggesting that ZF1 of these two proteins have similar structures (Supplementary 

Fig. 4). This is not surprising since ZF1 of TTP and TIS11d (159-179 TIS11d/109-129 TTP) 

share 81.5% sequence identity. To support this conclusion, the backbone resonances of TTP 

(C , C , CO, N, and HN) were used to predict the secondary structure elements of ZF1 using 

δ2D software30. The predicted secondary elements are the same as those observed in the 

solution NMR structure for TIS11d. To understand how the primary sequence of ZF1 affects 

the observed chemical shifts, the residues that differ between TIS11d and TTP were mutated 

in TIS11d and chemical shift perturbations were calculated (Supplementary Fig. 4). From 

this data we determined that many differences observed between the spectra of TTP and 

TIS11d ZF1 arise from the identity of one residue, P161 in TIS11d and T111 in TTP. In 

TIS11d, this proline is in a short α-helix (residues 160-165) located between the first two 

zinc coordinating cysteine residues of the first finger. Mutation of residue P161 to T in 

TIS11d alone can capture many of the differences observed between the spectra of TIS11d 

and TTP and recapitulate most of the changes observed in the HSQC spectrum when we 

mutated all the residues of TIS11d ZF1 to those found in TTP (P161T, E163S, T167R, 

K169R, E172A), Supplementary Fig. 4. In TIS11d, F162 forms a hydrogen bond with the 

side chain of C159 that stabilizes the conformation of ZF1. We hypothesize that mutation of 

the preceding residue, P161T, affects the conformation of F162 and the hydrogen bond that 

it forms with C159, thus affecting the structure of many residues in ZF1 and their chemical 

shifts.

Identifying the origin of the difference in structures of TTP and TIS11d using chimeras

Many of the residues that differ between the TZF motif of TTP and TIS11d span the length 

of the motif, thus it is not easy to identify the residues that stabilize the structure of ZF2 

from a simple analysis of the primary sequence. For this reason, chimeric proteins were 

constructed by combining the linker and/or zinc fingers of TTP and TIS11d to identify the 

role that different residues have in determining the structure of the zinc fingers (Fig. 3). 

Folding of each chimera was monitored using NMR spectroscopy to detect structural 

changes from the wild-type proteins with residue resolution. The absence of N-HN cross 

peaks for the residues of ZF2 and part of the linker from the 15N-1H HSQC spectrum, due to 

intermediate exchange line broadening, is an indication of lack of structure or partial folding 

of ZF2 (Fig. 3). From the data we can conclude that switching the linkers of TTP and 

TIS11d does not affect the structure of ZF2. However, the primary sequence of ZF2 affects 

its structure. Replacing the primary sequence of ZF2 of TTP with that of TIS11d increases 

the number of resonance peaks observed in the spectrum, with these cross-peaks 

corresponding to the C-terminal half of the domain that now folds into a stable structure. 

The converse is also true: changing the primary sequence of TIS11d ZF2 into that of TTP 

increases the propensity for intrinsic disorder of the chimera, and cross peaks from ZF2 are 

broadened beyond detection in the 15N-1H HSQC spectrum. Altogether, these findings show 

that the primary sequence of ZF2 alone determines its structure or lack thereof.
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All TTP/TIS11d chimeras bind to the ARE13 sequence with similar affinities

To determine if the chimeras retain RNA binding activity, we determined the equilibrium 

dissociation constant of each chimera using fluorescent electrophoretic mobility shift 

assays 31. All of the chimeras bind to a model ARE sequence (ARE13: 5'-

UUUUAUUUAUUUU-3') with similar affinity, indicating that the folded/unfolded character 

of the second zinc finger does not strongly affect the RNA binding activity of the protein, 

Table 1. Analysis of the primary sequence shows that TTP has a net charge of 8.2, while 

TIS11d has a net charge of 3.3 at pH 7 (Innovagens - peptide properties calculator, http://

www.innovagen.com/custom-peptide-synthesis/peptide-property-calculator/peptide-

property-calculator-notes.asp). The more basic nature of TTP may result in enhanced 

attractive Coulomb interaction with the RNA and a more favorable enthalpy of binding thus 

compensating for the entropic penalty associated to folding of ZF2 upon RNA binding. This 

entropy-enthalpy compensation in the free energy of RNA-binding was observed for TIS11d 

and a mutant of TIS11d where residues D219 and E220 were deleted, thus changing the total 

net charge of the TZF domain32.

Understanding how the amino acid composition of ZF2 determines the unfolded/folded 
character of the zinc finger

We found that the primary sequence of ZF2 determines the structure of ZF2. In order to 

dissect what accounts for a stably folded ZF2, we made mutations within the second zinc 

finger where residues of TIS11d were mutated to the equivalent residues in TTP (Fig. 4 and 

Supplementary Fig. 5). Most of the differences in amino acid sequence between TTP and 

TIS11d ZF2 are observed in the region that is helical in TIS11d19 (Fig. 1). Mutation of the 

residues of this region of TTP (residues 148-155) into those of TIS11d (residues 198-205) 

results in the presence of cross-peaks from ZF2 and the second half of the linker in 

the 15N-1H HSQC spectrum, indicating that ZF2 is now stably folded (Fig. 4). Furthermore, 

mutation of the residues in the second half of the α-helix of TIS11d (residues H201, T202 

and I203) to those of TTP (residues Y151, L152, Q153) results in loss of signal from almost 

all residues of ZF2 and the second part of the linker (Fig. 4), indicating loss of structure in 

ZF2. Mutating the first two residues of the α-helix (R198 and T199) of TIS11d to those of 

TTP does not affect the structure of ZF2 (Supplementary Fig. 5).

There are two other residues that are different between ZF2 of TIS11d and TTP (Fig. 1): 

F205 and P210. Mutation of F205 to R and of P210 to S in TIS11d did not change the 

structure of the finger indicating that these two residues do not affect the stability of ZF2 

(Supplementary Fig. 5).

We also investigated how the C-terminal tail of the TZF domain (Fig. 1) affects the overall 

stability of ZF2. Previous experimental and molecular dynamics (MD) studies of TIS11d 

have shown how the two conserved negatively charged residues flanking ZF2 (D219 and 

E220) contribute to the stabilization of the TZF structure through their electrostatic 

interaction with the positively charged residues of the linker and that disruption of these 

interactions results in a more flexible but still folded ZF217,32. Here we show that mutation 

of A218 and D219 in TIS11d to the corresponding residues of TTP (P168 and S169, 

respectively) result in the disappearance of a few cross-peaks in the linker (188-189) and in 
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ZF2 (216-219), Supplementary Fig. 5. In agreement with our previous studies17,32, this 

result indicates that the residues of the C-terminal tail affect the dynamics of the linker 

region and those of ZF2 but do not affect its folding.

From these experiments, we conclude that the most important region to stabilize the 

structure of ZF2 comprises residues 151-153 in TTP (residues 201-203 in TIS11d). In 

TIS11d these three residues are located on the second half of the α-helix between the first 

two zinc coordinating cysteine residues19. Secondary structure prediction (data not shown) 

for TTP bound to RNA (ARE13: 5'-UUUUAUUUAUUUU-3'), from the backbone and Cβ 
chemical shifts using δ2D and SPARTA+33 software, shows that the α-helix between the 

first two zinc coordinating cysteine residues in ZF2 is shorter in TTP (residues 148-150) 

than what is observed in TIS11d (residues 198-203). Our experimental results support the 

recent computational model of TTP bond to RNA bound developed by Blackshear and 

coworkers34. These computational studies suggested that while TIS11d forms two alpha 

helical turns in this region, TTP only forms one helical turn. Taken together these studies 

indicate that the ability to form a longer α-helix affects the ability of the finger to stably 

coordinate the Zn2+ ion and fold into a unique structure in the absence of RNA.

Comparative Genomics

Comparison of the amino acid sequences of TIS11d and TTP from vertebrates from 100 

species35-38 (Supplementary Fig. 6) indicates that the TZF domain of TIS11d is likely 

always folded, as the three residues of the α-helix that alone stabilize the structure of ZF2 

(residues 201-203, HTI) are absolutely conserved. In TTP homologs, however, the 

corresponding three residues (res. 151-153, YLQ, associated with the disorder of the TZF 

domain) are only conserved in mammals (Supplementary Fig. 6). In fish, reptiles, 

amphibians and birds these three residues are the same as in TIS11d, thus, from our studies 

(Fig. 4), we predict that ZF2 is folded in these vertebrates. Comparative genomics suggests 

that TTP has evolved more recently in mammals to modulate its folding through Zn2+ and 

RNA binding. In addition, we observed that the presence of the HTI amino acids, which 

stabilize the structure of ZF2 (Fig. 4), correlates with the presence of two acidic amino acid 

residues at the tail of the TZF domain (Supplementary Fig. 6). Our previous studies have 

shown that these two acidic residues are important to stabilize the structure of the folded 

TZF domain of TIS11d in an RNA-binding competent state32. These data suggest that they 

are not conserved when ZF2 is unstructured.

Determining the effect of the structure of the TZF domain on the cellular activity of TTP

To determine whether the structure of the TZF domain of TTP affects its mRNA 

destabilizing activity in cells, we employed a reporter assay where luciferase was placed 

under the control of the TNFα 3’UTR. HEK293 cells (which do not express TTP 

constitutively) were co-transfected with a plasmid containing full length TTP or chimeric 

variants and a plasmid encoding both firefly and Renilla luciferase. The Renilla luciferase 

gene was fused to the 3’UTR sequence of TNFα, while the firefly luciferase was fused to a 

control vector 3’UTR. The ratio of Renilla to firefly luciferase reveals TTP variant activity 

normalized by transfection efficiency. Differences in luciferase activity observed between 

cells that expressed wild-type TTP or TTPTZF_TIS11d fusion protein, where the TZF domain 
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of TTP has been replaced with that of TIS11d, assess the degree to which intrinsic disorder 

of the TZF domain affects the regulatory activity of the protein. The TTPTZF_TIS11d fusion 

protein, which has a stably folded ZF2, led to a two-fold reduction in luciferase activity 

compared to wild-type TTP (Fig. 5). Having a structured ZF2 decreased the expression of 

the protein in cells (decreased luciferase activity), therefore, the TTPTZF_TIS11d fusion 

protein has higher activity than WT TTP (Fig. 5). As expected, high luciferase activity was 

observed when the cells were transfected with a plasmid containing the mutant protein 

C162S of TTP, where the third zinc-coordinating cysteine has been mutated to a serine in 

ZF2 and thus cannot fold even in the presence of RNA (Fig. 5). Although we expected 

C162S TTP to be completely inactive, a residual mRNA destabilizing activity was observed 

for this mutant protein. This residual activity has been previously observed39 suggesting that 

mutation of the zinc-coordinating residues in ZF1 might be necessary to completely 

inactivate the protein. Together, the results show that the mRNA destabilizing activity of 

TTP in the cell is affected by the structure of ZF2 in the RNA binding domain, increasing 

the structure of the TZF domain of TTP increases the RNA-destabilizing activity of the 

protein in the cell.

There are several possible explanations for this observation. 1) Disorder in the TFZ domain 

may trigger TTP degradation, lowering its cytoplasmic concentration40. 2) The cytoplasmic 

concentration of TTP may also be decreased by an increased import into the nucleus. The 

nuclear transport protein importin has been shown to bind to the basic residues R134 and 

R137 of the linker region of the TZF41, thus the structure of ZF2 might affect the 

recognition and transport of TTP into and out of the nucleus. 3) The structure of the TZF 

domain may affect how the protein interacts with other enzymes of the RNA degradation 

machinery9. 4) A fully structured TZF domain may increase the RNA-binding affinity in 

cells. Any or all of these explanations may account for the increased cellular activity 

associated with a fully folded RNA binding domain.

Differential folding propensities of ZFs may explain observations of TZF proteins in other 

species, as well. The CCCH-type TZF domain of the TTP family of protein was first 

identified in the murine TTP2, and has since been found in more than 3600 proteins42,43. 

Analysis of the C. elegans genome has revealed the presence of an unusually high number of 

proteins (16) containing a TZF domain homologous to TTP. Several of these proteins 

(OMA-1, OMA-2, MEX-5, MEX-6, PIE-1, POS-1 and MEX-1) have a known function as 

mRNA regulators at the onset and during the early stages of embryogenesis44. Experimental 

evidence indicates that the two zinc fingers of these TZF domains play different functions 

during embryogenesis45. While the N-terminal zinc finger of POS-1, PIE-1 and MEX-1 has 

been demonstrated to be necessary and sufficient for degradation in somatic blastomeres, the 

C-terminal zinc finger is necessary and sufficient to target these proteins to P granules, 

which are germline cytoplasmic structures rich in RNA45. These findings suggest that the 

two fingers in the CCCH-type TZF domain may function independently and that the 

structure, or lack thereof, of each finger might affect the activity and/or localization of the 

protein within the cell. This independence may apply to the human TZF domains of the TTP 

family, thus the increased propensity for intrinsic disorder of TTP relative to TIS11b and 

TIS11d may indicate that the proteins have evolved to be able to modulate their activity 

through their thermodynamic stability.
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Summary

In conclusion, our studies reveal 1) that the three residues located in the α-helical region of 

ZF2 alone determine if the TZF domain is fully or partially folded, 2) that the degree of 

structure of the TZF domain affects the activity of the protein in the cell and 3) this family of 

proteins has only recently evolved to be able to regulate its activity through modulation of its 

folding. It will be interesting to determine whether the structural disorder of the TZF domain 

affects binding partner recognition in the cell, cellular stability and localization, or all the 

above.

METHODS

Protein expression and purification

The RBD of human TTP (residues 102-170) and TIS11d (residues 152-220) was synthesized 

by Genscript and cloned into the pet21b vector between Nde1 and Xho1 restriction sites. 

Chimeras of TTP and TIS11d were generated via Quikchange mutagenesis. TTP, TIS11d 

and chimeras were expressed within BL21(DE3) E. coli competent cells. Isotopic labeling 

with 15N was performed by growing the cells in M9 enriched with 1 g of 15NH4Cl per liter. 

Carbon labeling was performed by growing cells in 13C-glucose. The cells were grown at 

37° C to an OD600 of 0.8 and then induced for 4 hours with 1 mM Isopropyl β-D-1 

thiogalactopyranoside (IPTG) and 0.1 mM ZnSO4 at the same temperature. Harvested cells 

were passed through a cell disrupter in 50 mL lysis buffer containing 50mM Tris HCl, pH 

8.0, 50 mM NaCl, 2 mM dithiothreitol (DTT) and 1 EDTA free Complete protease inhibitor 
tablet (Roche). Lysates were centrifuged at 19500 RPM for 1 hr at 4° C and passed through 

a 20 mL DEAE column pre-equilibrated with 50 mM Tris HCl, pH 8.0, 50 mM NaCl and 2 

mM DTT. The flow through was dialyzed overnight in 25 mM sodium phosphate, pH 6.5, 50 

mM NaCl and 2 mM DTT and passed through a HiTRAP SP 10mL column (GE healthcare 

Life Science) preequilibrated with 25 mM sodium phosphate, pH 6.5, 50 mM NaCl and 2 

mM DTT. The peptides were eluted with a gradient of NaCl from 0-1 M; the peptides 

typically eluted at 0.2-0.6 M NaCl. Fractions with peptide were combined and concentrated 

to 2 mL using a 3 KDa Centriprep (Millipore) and further purified using a 1.6 × 60 cm 

Superdex-75 size exclusion column (Amersham Bio\sciences) equilibrated with 50 mM Tris 

HCL pH 7, 300 mM NaCl, 2 mM DTT. For NMR analysis fractions with TTP, TIS11d or 

chimeras were buffer exchanged into 10 mM Tris pH 6.2, 20 mM KCl, 2 mM DTT, 0.1 mM 

ZnSO4. Protein concentrations were determined via Ninhydrin assay.

Measurements of RNA-binding affinity

The RNA-binding activity of the samples were determined using fluorescent electrophoretic 

mobility shift assays (EMSA) with fluorescein end labeled RNA as previously described4. 

Briefly, the affinities of TTP, TIS11d, and chimeras for the sequence 5’-

UUUUAUUUAUUUU-3’ (ARE13) were measured by direct titration of 3 nM labeled RNA 

with increasing concentrations of protein. Varying concentrations of the protein were 

incubated for 3 hours at room temperature with 2 nM fluorescently labeled RNA in a buffer 

solution containing 10 mM TRIS (pH=8), 100 μM Zn(OAc)2, 100 mM NaCl, 0.01 mg 

tRNA, 0.01% (v/v) IGEPAL, and 2 mM DTT. After addition of 10 μL of 0.005%(w/v) 

bromocresol green in 30% glycerol to 100 μL of each sample, 50 μL of each mixture were 
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loaded onto a 1% agarose, 1Å~TB gel and run for 35 min at 120 V at room temperature to 

separate bound from free RNA. To detect the fluorescently labeled RNA, the gel was imaged 

using a Fuji FLA-5000 laser imager. The apparent dissociation constant Kd,app was 

determined by fitting to the quadratic equation31,

where m and b are the maximum and base signals, Kd is the dissociation constant, and P and 

R are the concentrations of protein and labeled RNA in the sample, respectively.

NMR spectroscopy

Three dimensional triple resonance (1H-13C-15N) experiments, including HNCO, 

HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH, were collected at 14.1 T 

and 298 K to assign the backbone 1H, 13C, and 15N resonances of [U-13C, U-15N] TTP and 

TIS11d in 92% H2O/8% D2O buffer solution (10 mM Tris, 20 mM KCl, 2 mM DTT, 0.1 

mM ZnSO4 at pH 6.2). Additional 3D 15N edited 1H–1H NOESY and HMQC-NOESY-

HSQC experiments were collected at 14.1 T and 298 K and used to aid in the backbone 

resonance assignment of the chimeras.

Folding of each chimera was monitored via NMR spectroscopy. 15N-1H HSQC spectra were 

collected at 298 K for each chimera. All NMR triple-resonance and 15N-1H HSQC 

experiments were collected on a Varian Inova spectrometer operating at 600 MHz equipped 

with a triple-resonance cold probe. The temperature was calibrated using a sample of 100% 

methanol. Data processing was performed using NMRPipe 46 and Sparky software 47.

Sample Preparation for Trace Metal Analysis

The RBD of human TIS11d (residues 152-220) and TTP (residues 102-170) were cloned 

into the pHMTC vector between BamHI and HindIII restriction sites. Constructs were 

expressed in BL21(DE3) E. coli competent cells. The cells were grown in Luria Broth (LB) 

media at 37°C to an OD600 of 0.6 and then induced for 3 hours with 1 mM IPTG and 0.1 

mM ZnSO4 at the same temperature. Harvested cells were then passed through a cell 

disrupter in 50 ml lysis buffer containing 50 mM Tris HCl, pH 8.0, 100 mM NaCl, 100 μM 

ZnOAc, 2 mM DTT and 1 EDTA free Complete protease inhibitor tablet (Roche). Lysate 

was centrifuged at 19500 RPM for 1hr at 4°C and passed through a 20 ml Amylose column 

pre-equilibrated with wash buffer (50 mM Tris HCl, pH 8.0, 100 mM NaCl, 100 μM ZnOAc 

and 2 mM DTT). The column was washed with 10 column volumes of wash buffer. The 

protein was eluted with 10 mM Maltose in wash buffer. The eluent was then placed over a 5 

ml Hi TRAP Q column (GE healthcare Life Science) pre-equilibrated with the same wash 

buffer used above. The column was washed with 3 column volumes of wash buffer. The 

protein was eluted with a gradient of NaCl from 0-1 M; the peptides typically eluted at 

0.3-0.5 M NaCl. Fractions containing our protein were combined, concentrated and dialyzed 

in 50 mM Tris HCl, pH 8.0, 150 mM NaCl, trace amounts of ZnOAc and 0.1% β-

mercaptoethanol (BME) and protein concentrations were determined by UV absorption. The 

concentration of Zn2+ in the samples was determined using inductively coupled plasma-
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optical emission spectrometry (ICP-OES) at the Center for Applied Isotope Studies at the 

University of Georgia.

CD spectroscopy

Far-UV circular dichroism (CD) spectra were recorded for TTP (50 μM) and TIS11d (18 

μM) in 50 mM HEPES pH 7.0, 20 mM KCl and 1 mM TCEP using a Jasco-810 

spectropolarimeter (Jasco Inc., Easton, MD). Curves were monitored from 200-260 nm in a 

0.1 cm path length quartz cuvette using a scan rate of 20 nm min−1 and a response time of 8 

s. The sample temperature for all CD measurements was maintained at 293 K.

Luciferase reporter assay

The pcDNA3.1 His-C-TTP (TTP) expression construct was kindly given to us by Dr. Seth 

Brooks48. The cDNA for the fusion protein containing the N- and C- terminal domain of 

TTP and the TZF domain of TIS11d was generated by Genscript and contained flanking 

EcoR1 restriction sites for subsequent cloning into pcDNA3.1 His-C-TTP. C162S mutant of 

TTP was generated using Q5-mutagenesis kit (NEB). Luciferase reporter constructs 

harboring cDNA of TNFα 3’UTR (nucleotides 1,231-1,506) was generated by gblock 

synthesis (IDT) and was inserted into the psicheck™-2 construct at restriction sites XhoI 

and NotI.

Human embryonic kidney (HEK) 293 cells were plated at a density of 300,000 cells/well in 

6 well plates, with Dulbecco’s Modified Eagle’s Medium (DMEM) containing 100 units/mL 

penicillin and 100 μg/mL streptomycin and 10% fetal bovine serum (FBS). The plates were 

incubated for 24 hours in a humidified 5% CO2 incubator set at 37° C. When the cells were 

60-70% confluent each well was cotransfected with 0.25 μg psicheck2_TNFalpha and 0.5 μg 

of pcDNA3.1-His-C (empty plasmid), pcDNA3.1 TTP, pcDNA3.1 TTPTZF_TIS11d, or 

pcDNA3.1 TTP (C162S) using Dharmafect Duo protocol (Thermo-Scientific). Transfections 

were performed in triplicate. 48 hours after transfection, cells were harvested and Luciferase 

activity was monitored using a Dual-luciferase Reporter Assay System (Promega) and 

normalized by the internal control values given by firefly luciferase. Luciferase activity was 

monitored in each well 3 times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

3’ UTR 3’ untranslated region

HEK Human embryonic kidney

HMQC heteronuclear multiple-quantum coherence

HSQC heteronuclear single-quantum coherence

MD molecular dynamics

NOESY nuclear Overhauser effect spectroscopy

NMR nuclear magnetic resonance

PDB Protein Data Bank

RBD RNA-binding domain

TNFα tumor necrosis factor α

TTP tristetraprolin

TTPTZF TIS11d TTP containing the TZF domain of TIS11d

TZF tandem zinc finger

ZF zinc finger

ZF1 N-terminal zinc finger

ZF2 C-terminal zinc finger

WT wild type
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Figure 1. 
The C-terminal ZF of TTP is unstructured in the free state. A) 15N-1H HSQC spectra of the 

TZF domains of TTP (red), TIS11d (blue) and TIS11b (green). B) Sequence alignments of 

TZF domains of TTP, TIS11d, and TIS11b. Sequence differences between TTP, TIS11d and 

TIS11b are highlighted in red. Residues with cross-peaks present in the 15N-1H HSQC 

spectrum of TTP collected in the absence of RNA are highlighted in yellow.
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Figure 2. 
In TTP ZF2 is unstructured in the unbound state but folds upon RNA-binding. a) 15N-1H 

HSQC spectra of RNA free (red)/RNA bound TTP (gray). New cross-peaks, corresponding 

to residues of the linker and ZF2 of TTP, appear upon addition of RNA. The structural 

transition occurring upon RNA-binding is depicted on top. The 3D structure of TTP was 

modeled from that of TIS11d (PDB id: 1RGO)19. b) Far-UV circular dichroism (CD) spectra 

of TTP (red), TIS11d (blue) and TIS11b (green). The CD spectra of TIS11b and TIS11d are 

almost entirely overlapped.
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Figure 3. 
The amino acid sequence of ZF2 determines the structure of ZF2. Backbone amide cross 

peaks represented for TTP (red), TIS11d (blue), and chimeras (black). On top, a schematic 

representation of the TZF domain shows the zinc fingers as rectangles and the linker as line 

(sequences from TIS11d and TTP shown in blue and red, respectively). The dots indicate 

residues along the sequence with a cross-peak in the 15N-1H HSQC spectrum.
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Figure 4. 
The most important region to stabilize the structure of ZF2 comprises residues 151-153 in 

TTP (residues 201-203 in TIS11d). (Left) Overlay of the15N-1H HSQC spectrum of WT 

TIS11d (blue) with that of the mutant protein containing the TTP amino acid sequence at the 

second half of the α-helical region of ZF2, residues 201-203, (black). (Right) Overlay of 

the 15N-1H HSQC spectrum of WT TTP (red) with that of the mutant protein containing the 

TIS11d amino acid sequence at the α-helical region of ZF2, residues 148-155, (black). On 

top, a schematic representation of the TZF domain shows the zinc fingers as rectangles and 

the linker as line. The dots indicate residues along the sequence with a cross-peak in 

the 15N-1H HSQC spectrum.
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Figure 5. 
Measurements of the cellular activity of TTP and TTP/TIS11d chimeras. The plot shows the 

relative luciferase activity measured for HEK cells incubated for 48 hours with empty 

pcDNA3.1HISC plasmid, WT TTP, TTP chimera (TTP containing the TZF domain of 

TIS11d, TTPTZF TIS11d), and TTP C212S mutation.
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Table 1

RNA binding activity of TTP/TIS11d chimeras Electrophoretic mobility shift assays (EMSA) with labeled 

ARE13 were used to determine the RNA binding activity of each chimera. Each chimera was made by fusing 

ZF1, the linker or ZF2 from either TTP (red) or TIS11d (blue).

TZF Chimera Kd apparent (nM)

9 ± 2

9 ± 1

42 ± 5

15 ± 9

15 ± 3

19 ± 10

15 ± 5

23 ± 6
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