
Article
A Disorder-to-Order Transition Mediates RNA
Binding of theCaenorhabditis elegansProteinMEX-5
Davide Tavella,1 Asli Ertekin,1 Hila Schaal,1 Sean P. Ryder,1 and Francesca Massi1,*
1Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, Massachusetts
ABSTRACT CCCH-type tandem zinc finger (TZF) domains are found in many RNA-binding proteins (RBPs) that regu-
late the essential processes of post-transcriptional gene expression and splicing through direct protein-RNA interactions.
In Caenorhabditis elegans, RBPs control the translation, stability, or localization of maternal messenger RNAs required
for patterning decisions before zygotic gene activation. MEX-5 (Muscle EXcess) is a C. elegans protein that leads a
cascade of RBP localization events that is essential for axis polarization and germline differentiation after fertilization.
Here, we report that at room temperature, the CCCH-type TZF domain of MEX-5 contains an unstructured zinc finger
that folds upon binding of its RNA target. We have characterized the structure and dynamics of the TZF domain of
MEX-5 and designed a variant MEX-5 in which both fingers are fully folded in the absence of RNA. Within the thermal
range experienced by C. elegans, the population of the unfolded state of the TZF domain of MEX-5 varies. We observe
that the TZF domain becomes less disordered at lower temperatures and more disordered at higher temperatures.
However, in the temperature range in which C. elegans is fertile, when MEX-5 needs to be functional, only one of
the two zinc fingers is folded.
SIGNIFICANCE RNA-binding proteins are important during embryogenesis, when they regulate messenger RNAs
passed from mother to child through the oocyte. Errors in this regulation may lead to embryonic lethality and/or birth
defects. This study is focused on MEX-5 (Muscle EXcess), an RNA-binding protein that controls the earliest stages of
embryogenesis in Caenorhabditis elegans through an unknown mechanism. To understand its function, we characterize
the structure of the RNA-binding domain of MEX-5 in solution and determined how primary sequence modulates structure
and stability. The RNA-binding domain of MEX-5 is partially disordered but folds upon RNA binding. This domain is tuned to
be partially disordered only over the temperature range in which C. elegans is fertile and MEX-5 needs to be functional.
INTRODUCTION

During embryogenesis, a fertilized oocyte develops from a
single cell, the zygote, into a multicellular organism. Before
zygotic transcription begins, the restricted distribution of
maternal factors and their regulation coordinate the early
developmental processes (1,2). These maternal factors
include quiescent messenger RNAs (mRNAs) and proteins
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present in the oocyte cytoplasm. The Caenorhabditis ele-
gans zygote is a classic model for the study of intracellular
asymmetries (3,4) in which conserved mechanisms of cell
polarization and cytoplasmic organization have been eluci-
dated (5). After fertilization, polarization of the C. elegans
zygote along the anterior-posterior embryonic axis occurs
through the action of several conserved polarity regulators,
the maternal PAR proteins, which localize to the anterior
(PAR-6, PAR-3, and PKC-3) or posterior (PAR-2 and
PAR-1) cell cortex (6). As a response to this asymmetry,
other cell-fate determinants become asymmetrically distrib-
uted in the cytoplasm. Among these cell-fate determinants is
the CCCH-type tandem zinc finger (TZF) RNA-binding
protein MEX-5 (Muscle EXcess), which redistributes across
the length of the 50-mm zygote with a concentration gradient
anterior high to posterior low in a time span of �10 min
(7,8). Such anterior enrichment of MEX-5 is driven by a
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FIGURE 1 Sequence alignment of CCCH-type zinc fingers. (A) A sche-

matic representation of the RNA-binding domain of MEX-5, also known as

tandem zinc finger (TZF) domain, is shown. (B) Sequence alignment of

CCCH-type zinc fingers in human (h) and C. elegans (c) is shown. The

zinc-coordinating residues are highlighted in bold font.
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phosphogradient (9–11): phosphorylation of MEX-5 by the
kinase PAR-1 results in increased MEX-5 diffusion in the
posterior, whereas in the anterior, the phosphatase PP2A re-
verts MEX-5 to an unphosphorylated and slow-diffusing
state (11). The spatial asymmetry in the generation of the
phosphorylated forms of MEX-5 generates a diffusion
gradient that causes the protein to concentrate in the region
of low diffusivity (5). Subsequently, MEX-5 accumulation
in the anterior leads to partitioning of other proteins such
as PIE-1 and POS-1 to the posterior cytoplasm and PLK-1
to the anterior cytoplasm (7,12–14). The first stages of
C. elegans development feature a series of rapid and
invariant asymmetric cell divisions that determine the iden-
tity of the early embryonic blastomeres (5). As a conse-
quence of proper anterior-posterior polarity, the zygote
divides unequally, yielding the larger anterior cell AB and
the smaller posterior cell P1. Consequently, during the first
cell division, the two daughter blastomeres inherit different
determinants, which specify their distinct fates (anterior/so-
matic and posterior/germline).

MEX-5 (UniProtKB: Q9XUB2) was first identified by
Schubert et al. in a genetic screen formaternal effect lethalmu-
tants (7). Schubert et al. (7) observed that adults homozygous
for null mutations in the mex-5 gene produced embryos con-
taining abnormally large numbers of muscles toward their
anterior poles. These embryos were unable to undergo body
morphogenesis and died without hatching. In 2007, Pagano
et al. characterized MEX-5 RNA-binding specificity and
showed that the protein binds to poly-U-rich sequences that
are abundant in C. elegans 30 untranslated regions (UTRs)
(15). According to these results, it has been proposed (15)
that MEX-5 may function, in the two-cell stage and during
further cell division, as a broad-spectrum RNA-binding pro-
tein to activatematernalmRNA turnover in theABblastomere
and in the somatic lineage cells (16). More recently, Han et al.
(17) have proposed a mechanism to explain the repulsive
coupling between MEX-5 and POS-1 in the zygote, which is
similar in many respects to that for MEX-5 segregation: the
polo-like kinase (PLK)-1 interacts with MEX-5, distributed
along an anterior-rich cytoplasmic gradient, and is recruited
into slow-diffusing complexes; in the anterior cytoplasm,
PLK-1, in turn, phosphorylates POS-1 and inhibits the forma-
tion of stable, slow-diffusing POS-1/RNA complexes (17).

In addition to its role in the establishment of the body axis
in the early stages of embryogenesis, MEX-5 has been
shown to be essential for the spatial patterning of the P gran-
ules, ribonucleoprotein organelles found in the germline
cytoplasm (18–20). P granule proteins form germ granules
by phase transition, and this process is mediated by RNA
binding. MEX-5 competes with the P granule proteins
MEG-3 and PGL-3 for access to RNA and therefore
suppresses the assembly of MEG-3 and PGL-3 into phase-
separated liquid droplets in the anterior. To date, a compre-
hensive understanding of MEX-5 functions in vivo has not
been yet elucidated, however.
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The mex-5 gene encodes for a 468-amino acid (aa) pro-
tein with predicted low-complexity N- and C-terminal re-
gions flanking a central RNA-binding domain. The
N-terminal region is rich in polyglutamine stretches that
could mediate MEX-5 self-association (11). The RNA-bind-
ing domain of MEX-5, residues 268–341 (see Fig. 1), has
high sequence homology to the CCCH-type TZF motif
that was first described in the vertebrate protein tristetrapro-
lin (TTP), an RNA-binding protein that regulates mRNA
stability (21–23). In TTP, each zinc finger (ZF) coordinates
a zinc ion by means of three cysteine residues and one his-
tidine (Fig. 1). Although several studies have characterized
the RNA-binding specificity of MEX-5, insights into the
structure of the TZF domain of MEX-5 are necessary to
shine light onto the RNA-binding mechanisms and their
contribution to the protein activity during the early stages
of embryogenesis.

In this study, we present the first structural characterization,
to our knowledge, of theTZFdomain ofMEX-5.We show that
in the range of temperatures in which C. elegans is fertile (be-
tween 9 and 25�C (24)), only the C-terminal zinc finger of
MEX-5 is always folded, whereas the N-terminal zinc finger
is unstructured and does not bind Zn2þ but folds and stably
binds Zn2þ when binding RNA. We identified the structural
elements that differ between the N- and C-terminal zinc fin-
gers and that affect the Zn2þ binding affinity and thermody-
namic stability of the zinc fingers. Finally, to validate our
findings, we engineered a mutant variant of MEX-5 in which
both zinc fingers are folded in the absence of RNA and that
binds RNAwith similar affinity as the wild-type protein.



MEX-5 Is Partially Folded
MATERIAL AND METHODS

Protein expression

The RNA-binding domains of human MEX-5 (residues 268–346) and

MEX-5312–346were amplified frompMal-MEX-5 (15) and cloned into amodi-

fied pet28 vector with a small ubiquitin-like modifier (SUMO) tag between

BamH1 restriction site. This vector was designed to include a 6xHis tag at

the N-terminal, followed by the sequence encoding for SUMO and a

BamH1 restriction site engineered for cloning of the fragment of interest.

MEX-5CX10C was synthesized by Integrated DNA Technologies (IDT) and

cloned into the same vector. Mutations described in Table 2 were generated

via site-directed mutagenesis. MEX-5 and its variants were expressed within

BL21(DE3) Escherichia coli-competent cells. Isotopic labeling with 15N

and/or 13C was performed by growing the cells in M9 containing 1 g of
15NH4Cl per liter and 2 g of 13C glucose per liter, respectively. The cells

were grown at 37�C to an OD600 of 0.8 and then induced for 4 h with 1 mM

isopropyl b-D-1 thiogalactopyranoside and 0.1 mM ZnSO4 at the same tem-

perature.Harvested cellswere lysed using a cell disruptor in 50mLbuffer con-

taining 50 mM Tris HCl (pH 8.0), 50 mMNaCl, and 1 EDTA-free cOmplete

Protease Inhibitor Tablet (Roche, Basel, Switzerland). Lysates were centri-

fuged at 19,500 rotations per minute for 1 h at 4�C and passed through a 20-

mL prepacked HisTrap HP column (GE Healthcare, Chicago, IL); washed

with five column volumes of 50 mM Tris HCl (pH 8.0), 50 mM NaCl, and

20 mM imidazole; and eluted with 50 mM Tris HCl (pH 8.0), 50 mM NaCl,

and350mMimidazole.TheSUMOtagwas cleavedoffwithULP1.Thecleav-

age reactionwas performedovernight at room temperature, using aULP1/pro-

tein ratio of 1:10. The protein was then passed through sequential 5-mL

HiTRAP Q and SP columns (GE Healthcare Life Sciences, Marlborough,

MA) pre-equilibrated with a buffer containing 50 mM Tris HCl (pH 8.0)

and 50 mM NaCl. Purified protein solution was buffer exchanged into

50 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.2), 100 mM

KCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 0.1 mM ZnSO4 by

dialysis and concentrated to250mMforNMRspectroscopy experiments using

a 3-kDa Centriprep concentrator (MilliporeSigma, Burlington, MA). All the

experiments were performed using freshly prepared samples to prevent

cysteine oxidation and protein degradation.
NMR spectroscopy

Folding of MEX-5 and its variants was monitored via NMR spectroscopy.
15N-1H heteronuclear single-quantum coherence (HSQC) spectra were

collected at 293 K on a Varian Inova spectrometer (Palo Alto, CA) oper-

ating at 600 MHz equipped with a triple-resonance cold probe. Data pro-

cessing was performed using NMRPipe (25) and Sparky (26) software.

Triple-resonance spectra were collected at 600 MHz on 13C, 15N-labeled

protein in 92%H2O/8%
2H2O. Complete protein backbone 1H, 13C, and 15N

resonance assignments for MEX-5312–346 were made using HNCACB,

CBCA(CO)NH, HNCA, HN(CO)CA, HN(CA)CO, and HNCO. Aliphatic

side-chain assignments were made using hCCH-TOCSY, HCcH-TOCSY,

and HCcH-COSY experiments. Assignments for aromatic side chains

were made from (H b)Cb(CgCd)Hd and (Hb)Cb(CgCdCε)Hε spectra. A
15N-edited NOESY spectrum and a 13C-edited NOESY spectrum were ac-

quired in 92% H2O/8%
2H2O with a mixing time of 300 ms. The chemical

shift data have been submitted to the Biological Magnetic Resonance Data

Bank under accession number BMRB: 30623.

All backbone 15N relaxation rates,R1 andR2, and
1H-15N heteronuclear nu-

clear Overhauser enhancements (hetNOEs), were collected for uniformly
15N-labeled MEX-5312–346 in 50 mM MES (pH 6.2), 100 mM NaCl, 100

mM ZnOAc, and 100 mM tris(2-carboxyethyl)phosphine on a 600 MHz Var-

ian instrument (Palo Alto, CA) at 293 K. Time delays of 11.1 (� 2), 55.5 (�
2), 111, 222, 444, 666, and 832ms were used for R1, and 6, 9 (� 2), 21, 39, 60

(� 2), 90, 120, 150, 180, and 210 ms were used for R2 measurements. The

errors for each set were estimated based on the duplicate measurements. het-

NOEs were calculated from the ratio of peak intensities of 1H-15N crosspeaks

with and without proton saturation pulse, and the error for each spectrum was
estimated from the noise. For relaxation-dispersion analysis, relaxation-

compensated, constant-time Carr-Purcell-Meiboom-Gill (CPMG) experi-

ments (27,28) were collected at 293 K at a static magnetic field of 14.1 T

with a constant relaxation time of 40 ms and values of tcp (milliseconds)

of 0.714, 1 (� 2), 1.25, 1.67, 2, 2.5, 3.33, 5 (� 2), and 10, where tcp is the

delay between 180� pulses in the CPMG pulse train.
Structure calculations

Intramolecular protein distance restraints were derived from 13C-edited and
15N-edited NOESY spectra. Ambiguous distance restraints for the ZF domain

and torsional restraints were generated in CYANA 2.1 (29), and the same soft-

warewasused todetermine initialMEX-5312–346 structures.Dihedral-angle re-

straintswerebasedprimarily on 3JHNHa coupling constants fromHNHAdata

(f¼ 205 45� if 3J HNHa> 7.5 Hz; f¼ 505 45� if 3 3J HNHa< 6.0 Hz).

Additionalf andj restraintswere assignedusingTALOS (30), only in cases in

which those restraints were unambiguous and consistent with the directly

determinedf restraints. The 20 lowest-energy structures generated inCYANA

were further refined using simulated annealing with the constraints described

above to obtain the final ensemble of structures. All restrained simulated an-

nealing was done in CNS (31,32). During all calculations, the zinc coordina-

tion was restrained to be tetrahedral. Quality of the structures was assessed

using PSVS1.4 (33) and RPF (34) analysis; see Table 1. The atomic coordi-

nates have been deposited in the Protein Data Bank (PDB: 6PMG).
MEX-5 RNA-binding domain homology model
building and preparation

The structure of the ligand-free RNA-binding domain of MEX-5 (residues

268–346) was generated starting from the lowest-energy NMR structure of

TIS11d (Protein Data Bank, PDB: 1RGO) bound to an adenylate-uridylate-

rich element (ARE) (50-UUAUUUAUU-30) using the SWISS-MODEL

server (35–37). The resulting structure was solvated using VMD 1.9.2

(38) in an orthorhombic water box (60 � 75 � 66 Å). Six Cl� ions were

added to the system to neutralize the charge.

Simulation protocol

The solvated protein, described above,was energyminimized and equilibrated

using theNAMD2.10molecularmodeling package (39) and theCHARMM27

force field (40). The force field was modified after Sakharov and Lim (41) to

include polarization and charge transfer effects for the Zn2þ ions and the

side chain atoms of the zinc-coordinating residues. Before equilibration, the

system was subjected to energy minimization in three stages, with restraints

sequentially removed: first, all heavy atoms were constrained; next, only Ca

atoms were constrained; and finally, minimization was done without con-

straints. The system was subsequently subjected to stepwise heating during

constant volume molecular dynamics (MD) with restraints applied to Ca

atoms, followed by 10 ps of unconstrained constant-NPT MD equilibration

at 1 atm and 298 K. Trajectories were subsequently collected from constant-

NPT MD simulations at 1 atm and 298 K. Temperature and pressure were

maintained using Langevin dynamics (damping coefficient: 5 ps�1) and the

Nos�e-Hoover Langevin piston method, respectively. The equations of motion

were integrated using the SHAKE constraint algorithm to use a 2-fs time step

(42). Nonbonded interactions were calculated at every time step, with a cutoff

distance of 12 Å and a switching distance of 10 Å. The particle mesh Ewald

methodwasused to treat electrostatic interactionswith periodic boundary con-

ditions (43,44). Three trajectories ofMEX-5were run, each for a total of 50 ns.

Trajectories were analyzed using VMD 1.9.2 (38), and molecular configura-

tions were visualized using STRIDE (45) and Tachyon (46).

To determine whether the zinc-coordinating histidine residue is sampling

more than one rotameric state, we calculated the angle and the distance be-

tween the stacked aromatic side chains, His279 and His296 in ZF1 and for

Phe323 and His341 in ZF2, respectively. The stacking angle was calculated

as the angle between the normals of the two aromatic rings (the planes for
Biophysical Journal 118, 2001–2014, April 21, 2020 2003



TABLE 1 Summary of NMR and Structural Statistics for

C. elegans MEX-5 ZF2

Conformationally Restricting Constraintsa

NOE-based distance constraints:

Total 303

intraresidue [i ¼ j] 96

sequential [ji � jj ¼ 1] 111

medium range [1 < j i � jj < 5] 40

long-range [ji � jj R 5] 53

NOE constraints per restrained residue 9.2

Dihedral-angle constraints 43

Total number of restricting constraints 346

Total number of restricting constraints per

restrained residue

10.5

Restricting long-range constraints per

restrained residue

1.6

Residual Constraint Violationsa

Average number of distance violations per

structure:

0.1–0.2 Å 3.5

0.2–0.5 Å 1.1

>0.5 Å 0

Average RMS of distance violation/

constraint

0.05 Å

Maximal distance violation 0.31 Å

Average number of dihedral-angle violations

per structure:

1–10� 3.65

>10� 0

RMS of dihedral-angle violation/constraint 1.14�

Maximal dihedral-angle violation 7.90�

RMSD from Average Coordinatesa,b

Backbone atoms 1.9 Å

Heavy atoms 2.7 Å

Ramachandran Statistics for Ordered Residues (MolProbity)a,b

Most favored regions 98.8%

Allowed regions 1.2%

Disallowed regions 0%

Global Quality Scoresa Raw/Z-Score

Procheck G-factor (f/j only)b �0.24/�0.63

Procheck G-factor (all dihedral angles)b �0.13/�0.77

Verify3D 0.20/�4.17

ProsaII 0.13/�2.15

MolProbity clash 12.43/�0.61

Structural statistics were computed for the ensemble of 20 structures.
aSummary of NMR and structural statistics generated using PSVS 1.5 (3).

Average distance violations were calculated using the sum over r�6.
bValues calculated over residues 320–341, between the first and last Znþ2-

coordinating residues.
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the side chains are defined by atoms Cd2, Cε1
, and Nε2

for histidine and Cz,

Cε2
, and Cd2 for phenylalanine). The distance between the aromatic rings

was calculated as the distance between the centers of mass for the heavy

atoms of the two side chains.
Measurements of RNA-binding affinity

The RNA-binding activity of the TZF fragment of MEX-5 and its variant

MEX-5CX10C were determined using fluorescent electrophoretic mobility
2004 Biophysical Journal 118, 2001–2014, April 21, 2020
shift assays (EMSA) with fluorescein end-labeled RNA as previously

described (15,47). Briefly, the affinities of the peptides for the RNA se-

quences described in Fig. S13 were measured by direct titration of 3 nM

labeled RNAwith increasing concentrations of protein. Varying concentra-

tions of the protein were incubated for 3 h at room temperature with 3 nM

fluorescently labeled RNA in a buffer solution containing 10 mM TRIS (pH

8), 100 mM Zn(OAc)2, 100 mM KCl, 0.01 mg transfer RNA, 0.01% (v/v)

octylphenoxypoly(ethyleneoxy)ethanol (IGEPAL), and 2 mM dithiothrei-

tol. Samples were loaded onto a 6% polyacrylamide gel in TB (TRIS-

borate) buffer and run for 60 min at 120 V at 4�C to separate bound from

free RNA. To detect the fluorescently labeled RNA, the gel was imaged us-

ing a Fluoro Image Analyzer Fuji FLA-5000 (Fujifilm, Tokyo, Japan). The

fluorescence intensity of bound and unbound RNA were determined as a

function of protein concentration using ImageJ (48,49). The data were fitted

to a quadratic equation to determine the apparent equilibrium dissociation

constant (Kd,app):

f ¼ bþ ðm� bÞ

�
0
@Rþ Pþ Kd;app �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Rþ Pþ Kd;app

�2 � 4RP
q

2R

1
A;

(1)
where f is the fraction of bound RNA, P is the total protein concentration, R

is labeled nucleic acid concentration, and b and m are the base and maximal

signals.

To determine the temperature dependence of the RNA-binding affinity of

MEX-5, we used fluorescence polarization measurements as previously

described (15,50). In these experiments, the TZF domain of MEX5 was ex-

pressed as a C-terminal fusion to the maltose-binding protein (MBP): MBP-

MEX-5. Comparison of the RNA-binding affinity, measured using EMSA,

of the isolated TZF domain of MEX-5 with that of MBP-MEX-5 (15) shows

that the MBP tag does not perturb the RNA-binding affinity of the TZF

domain of MEX-5. Briefly, the affinity of MBP-MEX-5 for the fluorescein

end-labeled 50-UUUUAUUUAUUUU-30 RNA oligonucleotide (ARE13)

was measured at different temperatures by direct titration of 3 nM labeled

RNA with increasing concentrations of protein. Equilibration reactions at

varying concentration of MBP-MEX-5 were prepared using the same con-

ditions as the electrophoretic mobility shift experiments above in 96-well

black plates. The apparent fluorescence polarization was determined using

a VictorX5 Plate Reader (PerkinElmer, Waltham, MA) equipped with fluo-

rescein-sensitive filters and polarizers. A total of three reads were measured

for each experiment, and the average and standard deviation of the millipo-

larization value (mP) were calculated for each protein concentration. The

data were fitted at each temperature using Eq. 1 to obtain Kd,app constants

as a function of the temperature. To characterize the thermodynamics of

binding, the association constants, Ka,app ¼ 1/Kd,app, were fitted as a func-

tion of the temperature using the following equations:

ln Ka;app ¼ � DH

RT
þ DS

R
; (2)
DH DS DCp

�
Tref Tref

�

ln Ka;app ¼ �

RT
þ

R
�

R
1�

T
þ ln

T
: (3)
Equations 2 and 3 describe how Ka,app varies as a function of temperature

in terms of the change in enthalpy, entropy, and heat capacity (DH, DS,

DCp) of binding at the reference temperature, Tref. In Eq. 2, DH and DS

are constant, whereas in Eq. 3, both DH and DS vary with temperature as

determined by DCp.
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FIGURE 2 The TZF domain of MEX-5 is partially unstructured in the

RNA-free state. Above the panels, a schematic representation of the TZF

domain depicts the ZFs as rectangles and the linker region as a line. The

circles indicate residues along the primary sequence with an assigned cross-

peak in the 15N-1H HSQC spectrum. (A) The 15N-1H HSQC spectrum of

MEX-5 TZF domain is missing all crosspeaks from ZF1 and part of the

linker. (B) Zn2þ titration of the TZF domain of MEX-5, monitored by

NMR spectroscopy, is shown. Average crosspeak intensities from the
15N-1H HSQC spectra are shown as a function of zinc equivalents added

to the protein, errors are estimated from the standard deviation. A linear

regression is applied to the first part of the curve, and the resulting slope

is shown in the plot.

MEX-5 Is Partially Folded
RESULTS

In the RNA-free state, only the C-terminal zinc
finger of MEX-5 is folded

As a first step in the characterization of the structure and dy-
namics of the TZF domain of MEX-5, we collected and as-
signed the 1H-15N HSQC spectrum of the RNA-binding
domain of MEX-5, comprising residues 268–346 (MEX-
5268–346), in the RNA-free form. Dispersion of the chemical
shifts and analysis of the crosspeak linewidths observed in
the HSQC spectrum provide preliminary structural informa-
tion such as the presence of folded or unfolded regions (51).
Most of the 1H-15N crosspeaks for residues in the linker and
in the C-terminal zinc finger (ZF2) could be assigned (Fig. 2
A). However, we observed that crosspeaks corresponding to
residues in the N-terminal zinc finger (ZF1) were very low
in intensity or broadened beyond detection. A similar result
has been observed for the CCCH-type TZF domain of the
human protein TTP (47,52). For TTP, the 1H-15N HSQC
spectrum shows only crosspeaks corresponding to its N-ter-
minal zinc finger, whereas the peaks corresponding to the
C-terminal zinc finger are broadened beyond detection. In
the case of TTP, it has been shown that this behavior is
due to the C-terminal zinc finger being unstructured when
the protein is not bound to RNA (47,52). In the RNA-free
form, in fact, the C-terminal zinc finger of TTP is not able
to stably coordinate a zinc ion and therefore is in a molten
globule state, sampling several partially disordered confor-
mations in the intermediate exchange regime (53). This
behavior is different from what was observed for TIS11d,
another member of the TTP family of proteins, in which
both zinc fingers are folded and stably coordinate a zinc
ion in the RNA-free form (54).

To investigate the origin of the linewidth broadening of
the crosspeaks corresponding to ZF1 in MEX-5, we
measured the zinc-binding stoichiometry of the TZF domain
of MEX-5. Starting from the unfolded TZF of MEX-5 in the
absence of Zn2þ, we collected a series of 1H-15N HSQC
spectra at increasing concentration of zinc ions, and we
observed that the end-point of the titration curve occurred
at one equivalent of zinc (Fig. 2 B). In light of these results,
we concluded that in a similar manner to TTP, the TZF
domain of MEX-5 is also partially unstructured in the
RNA-free form because the N-terminal zinc finger does
not stably bind Zn2þ. Prediction of disorder in MEX-5, per-
formed using PONDR (Predictor Of Naturally Disordered
Regions (http://www.pondr.com) (55–57), is in agreement
with our experimental findings. Two of the three PONDR
predictors (VL3 (58) and VSL2 (59)) assigned different or-
der scores to the residues in the two zinc fingers of MEX-5,
indicating that the N-terminal zinc finger has a higher de-
gree of disorder compared with the C-terminal one (see
Fig. S1). The other predictor, VLXT (60), produced a
similar score for the two zinc fingers (see Fig. S1). This
discrepancy among the different predictors might be ex-
plained by noting that each predictor is most accurate in de-
tecting disorder in different sequence contexts. The VL3 and
VSL2 predictors provide accurate respective evaluations of
long and short disordered regions. VLXT is a general disor-
der predictor that has been reported to underestimate the
occurrence of long disordered regions when hydrophobic
segments with a propensity to order are present, including
potential binding sites like ZF1 (61,62).

In addition, we expressed and purified a shorter construct
of MEX-5 containing only the C-terminal zinc finger (resi-
dues 312–346), MEX-5312–346 (Fig. S2). Comparison of the
1H-15N HSQC spectra of the MEX-5268–346 (the full TZF
domain) and the MEX-5312–346 (only ZF2) constructs
Biophysical Journal 118, 2001–2014, April 21, 2020 2005
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confirmed that the observed crosspeaks in the 1H-15N HSQC
spectrum of MEX-5268–346 correspond exclusively to resi-
dues in ZF2. All the crosspeaks corresponding to ZF2 are
present in both spectra, with negligible differences in chem-
ical shifts (Fig. S3). This result indicates that in both con-
structs, the C-terminal zinc finger assumes the same three-
dimensional structure, and thus, that the peptide fragment
corresponding to residues 312–346 (ZF2) can independently
fold and coordinate a zinc ion.
BothMEX-5 zinc fingers fold upon addition of zinc
and RNA

Once we established that the N-terminal zinc finger of
MEX-5 is unfolded, we investigated how RNA-binding af-
fects the structure of the TZF domain of MEX-5. The
only available three-dimensional structure for a CCCH-
type TZF protein is the structure of the TZF domain of
the human protein TIS11d in complex with a nonameric
RNA (54). TIS11d is a member of the TTP family of pro-
teins that regulates the stability of transcripts containing
AREs in their 30-UTR, described above (21–23). The solu-
tion structure of TIS11d in complex with its cognate RNA
was determined using NMR spectroscopy and shows that
each zinc finger of TIS11d recognizes and binds a UAUU
motif (54). Other biochemical studies of the RNA-binding
activity of CCCH-type TZF proteins (15,47,63,64) have
confirmed that their minimal consensus sequence is a sin-
gle-strand RNA oligonucleotide spanning eight nucleotides
in length, supporting the hypothesis that each zinc finger
recognizes a four-nucleotide motif. For MEX-5, it has
been shown that the TZF domain binds with submicromolar
affinity to any uridine-rich sequence containing six to eight
uridines within an eight-nucleotide window (15). The same
study also reported that MEX-5 recognizes with high affin-
ity one of the RNA targets of the human homolog proteins
TTP and TIS11d, the ARE located in the 30-UTR of the tu-
mor necrosis factor a (TNF-a) mRNA (15).

Here, we used the RNA oligonucleotide with sequence 50-
UUUUAUUUAUUUU-30 (ARE13) from the 30-UTR of
TNF-a transcript as a binding partner of the TZF domain
MEX-5268–346. This sequence contains the two UAUU re-
peats, each recognized by a zinc finger in TIS11d (54).
The apparent dissociation constant of MEX-5268–346 for
this sequence, measured using EMSA, is Kd,app ¼ 16 5
1 nM. To evaluate the structural changes in the TZF of
MEX-5 upon addition of RNA, we acquired a 1H-15N
HSQC spectrum of the protein in complex with the
ARE13 RNA oligonucleotide (see Fig. S5). We observed
an increased number of crosspeaks in the spectrum of the
bound state (66 crosspeaks for a total of 72 nonproline res-
idues) compared to the RNA-free state (43 crosspeaks). In
addition, the chemical shifts of the crosspeaks in the bound
state are significantly dispersed in the 1H dimension and
deviate from the values of residues in a random coil confor-
2006 Biophysical Journal 118, 2001–2014, April 21, 2020
mation. The increased number of crosspeaks and their
increased chemical shift dispersion indicate that upon
RNA binding, the N-terminal zinc finger undergoes a
conformational transition from a molten globule state to a
folded state; therefore, both the zinc fingers in the TZF
domain of MEX-5 become folded and stably coordinate a
zinc ion.
The NMR solution structure of the C-terminal zinc
finger of MEX-5

The primary sequence of the TZF domain of MEX-5 is char-
acterized by unique features among the CCCH-type TZF
protein family. The spacing between the cysteine and histi-
dine zinc-coordinating residues, Cys-X8-Cys-X5-Cys-X3-H
(where X is any residue), is invariant in the human proteins
of the TTP family and in many C. elegans homologs (see
Fig. 1). In MEX-5, however, the spacing between the first
and second cysteine residues is increased in both zinc fin-
gers: Cys-X9-Cys-X5-Cys-X3-H in ZF1 and Cys-X10-Cys-
X5-Cys-X3-H in ZF2, respectively. The different spacing
and the relatively low sequence homology with the human
proteins TIS11d and TTP suggest that the structure of the
zinc fingers in MEX-5 may be different from the known
structure of TIS11d and from that of the other members of
the protein family.

Structure determination was challenging using the MEX-
5268–346 construct because of the partially unstructured na-
ture of the domain. With the N-terminal zinc finger partially
unfolded, more than half of the residues in the TZF domain
(ZF1 and the linker) are in a molten globule conformation,
with the corresponding crosspeaks having similar reso-
nances or being broadened beyond detection. As a result,
the spectra displayed crowded regions that made the assign-
ment of the resonances infeasible. To overcome these diffi-
culties, we collected all the NMR experiments with the
MEX-5312–346 construct, which included only the structured
C-terminal zinc finger. As discussed above, the structure of
the isolated C-terminal zinc finger is not different from that
of the zinc finger in the TZF domain (Fig. S3). For the
MEX-5312–346 construct, all the observed crosspeaks in the
1H, 13C, and 15N triple-resonance and NOESY spectra
were also observed in the corresponding spectra collected
for the longer construct, MEX-5268–346.

The resulting ensemble of structures (root mean-square
deviation ¼ 0.6 Å for N, Ca, C0, and O atoms in the ordered
region 320–341) (see Fig. 3 A; Table 1) shows that binding
of the zinc ion is required to stabilize the structure of the
finger and occurs through the side chains of Cys320,
Cys331, Cys337, and His341 (see Fig. S4). The histidine
residue coordinates the zinc via its Nε2 atom. The protein
structure is further stabilized by hydrogen bonds from
main chain amide groups to the sulfur atom of Cys337
and by long-range backbone hydrogen bonds (see Fig. 3
B). In addition, the conserved aromatic side chain of
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FIGURE 3 The solution structure of MEX-5 ZF2.

(A) The best 20 structures superimposed on back-

bone heavy atoms in ordered regions of the protein

are shown. The zinc cation is represented as a gray

sphere. (B) Hydrogen bonding within the Cys320-

Cys331 region of MEX-5 ZF2 is shown. The back-

bone structure is depicted in cyan, oxygen atoms

in red, nitrogen atoms in blue, and the side chain

of Asn322 in gray. The atoms forming H-bonds

are indicated in the figure. (C) A comparison of

the backbone structure between TIS11d ZF2 and

MEX-5 ZF2 is given. The lowest-energy structures

of the ZF2 of TIS11d (red) and MEX-5 (cyan) are

shown superimposed. Zinc is represented as a gray

sphere. The a-helices are represented as ribbons.

(D) The measure of the backbone flexibility within

MEX-5 ZF2 is shown. S2 order parameters are de-

picted for each residue in red (bars represent the er-

rors of the fit), and the root mean-square fluctuation

within the best 20 structures are in black. The zinc

finger is highlighted in the yellow box, and the

Zn2þ coordinating residues, CCCH, are indicated

on the x axis. The glycine-rich loop is highlighted

by two dotted lines, and 310 turns are indicated at

the top. To see this figure in color, go online.

MEX-5 Is Partially Folded
Phe323 is stacked against the side chain of His341, indi-
cating that a van der Waals interaction between the phenyl-
alanine and histidine side chains stabilizes the histidine
residue in a rotameric state compatible with the zinc-coordi-
nation geometry, as was observed in TTP and TIS11d (65).

The polypeptide backbone adopts little regular secondary
structure. Within the zinc finger, there are two short 310-he-
lix turns: Cys320 to Ala324, immediately after the first
cysteine residue (Cys1) (Fig. 3 B); and Tyr333 to Cys337,
immediately before the third cysteine residue (Cys3). The
conformation of the zinc finger (residues 320–341) is well
defined and relatively rigid in the refined ensemble of struc-
tures, with the exception of the flexible glycine-rich loop
located between Cys1 and Cys2 (the second zinc-coordi-
nating Cys), specifically residues Arg325, Gly326,
Gly327, Thr328, and Gly329, as indicated by the higher
root mean-square fluctuation values than the remaining of
the domain (see Fig. 3 D). Further evidence of the high flex-
ibility of the glycine-rich loop comes from the low values of
the generalized order parameter S2 for these residues (Fig. 3
D) derived from the model-free analysis of the relaxation
data (66). Comparing the C-terminal zinc fingers of MEX-
5 and TIS11d, we observed a remarkable high similarity
of the two backbone structures, with the exception of the re-
gion between Cys1 and Cys2 (see Fig. 3 C). In TIS11d, this
region contains a six-residue-long a-helix starting at Cys1,
whereas in MEX-5, there is a 310 turn from Cys320 to
Ala324. The flexible glycine-rich loop follows the 310
turn, allowing the two ends of the loop to come in close
proximity through the formation of hydrogen bonds be-
tween Asn322 at the N-terminus and Thr328, Gly329, and
Phe330 at the C-terminus; the backbone carbonyl group of
Asn322 forms a hydrogen bond with the backbone amide
group of Gly329 and the backbone amide group of
Thr328, and the side chain amide group of Asn322 forms
a hydrogen bond with the backbone carbonyl group of
Phe330 (see Fig. 3 B).
Internal motion in the C-terminal zinc finger of
MEX-5

To characterize the internal dynamics of the C-terminal zinc
finger of MEX-5, we determined the dynamic properties of
the backbone amide moieties at multiple timescales (pico-
second to nanosecond and microsecond to millisecond) us-
ing NMR 15N spin-relaxation experiments. We measured
NMR 15N longitudinal (R1) and transverse (R2) relaxation
rate constants and 1H-15N hetNOE. From these data, using
the Lipari and Szabo model-free analysis (66,67), we
derived parameters describing amplitudes (S2) and time-
scales (te) of the backbone dynamics occurring in the pico-
second-to-nanosecond timescale (see Fig. 3D). An isotropic
diffusion model was appropriate to characterize the overall
tumbling motion with a tm ¼ 2.4 ns. Out of the 29 residues
of zinc finger 2 that were successfully analyzed, 15 were
fitted to a motional model characterized by three parame-
ters—S2, te, and Rex—and the rest to a simpler model char-
acterized by S2 and Rex. The presence of a chemical
Biophysical Journal 118, 2001–2014, April 21, 2020 2007
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exchange contribution, Rex, to the transverse relaxation rate
constant, R2, indicates that the residues in ZF2 undergo
conformational fluctuations on the microsecond-to-milli-
second timescale. Using CPMG relaxation dispersion exper-
iments (27), we confirmed that these residues are indeed
sampling conformational transitions in the microsecond-
to-millisecond timescale (see Fig. S6).

Analysis of the order parameters, S2, describing the
amplitude of the backbone motion on the picosecond-to-
nanosecond timescale, shows that ZF2 is relatively dynamic
in the picosecond-to-nanosecond timescale (see Fig. 3 D).
This flexibility is not surprising because of the few second-
ary structural elements that characterize the structure of
ZF2. The residues with the most restricted motions are those
located in the 310 turns and between the third and fourth
zinc-coordinating residues because they form hydrogen
bonds that stabilize either the formation of the 310 turns or
that bring the N- and C-terminal ends of ZF2 together,
i.e., Val340 HN-Lys318 O. The stability of these hydrogen
bonds was recapitulated using all-atom MD simulations,
discussed in greater detail below (see Fig. S10 C). Apart
from the N- and C-terminal tails, the most flexible region
of ZF2 is the glycine-rich loop, as discussed above (see
Fig. 3 D). The higher value of S2 measured for Gly329 is
due to the formation of a hydrogen bond with N322, shown
in Fig. 3 B.
FIGURE 4 The zinc-coordinating His residue populates many rotameric

states in ZF1 but only one state in ZF2. Top: probability density distribu-

tions of the stacking angle and distance between the stacked aromatic rings

are shown for His279 and His296 in MEX-5 ZF1 (left) and for Phe323 and

His341 in MEX-5 ZF2 (right). The color bars show the values of the prob-

ability density calculated for the stacking angle and distance as the number

of counts normalized by the total number of observations and by the area of

each bin. Configurations and distributions were extracted from three 50-ns

MD trajectories. Bottom: probability distributions of the dihedral angle c2
are shown for the zinc-coordinating histidines H296 (left) and H341 (right).

To see this figure in color, go online.
The stacking between His and Phe aromatic rings
stabilizes Zn2D coordination in ZF2

To evaluate the structural differences between the two zinc
fingers of MEX-5 that determine their different affinities to
zinc ions, we used MD simulations. The initial structure of
MEX-5 was built using homology modeling (35–37) from
the solution structure of TIS11d solved by Hudson et al.
(54). For this reason, the initial structure of MEX-5 in the
MD simulations has both zinc fingers folded and coordi-
nating Zn2þ ions. As discussed above, however, we demon-
strated experimentally that only ZF2 of MEX-5 can stably
bind Zn2þ in the RNA-free state. Consistent with this
finding, Zn2þ-coordination at ZF1 is lost in each of the three
independent replicate MD trajectories that were collected
for MEX-5 in the RNA-free state. In addition, the equili-
brated structure of ZF2 converged to the same structure
that we determined using NMR spectroscopy (Fig. S7).

We have previously shown that in TTP and TIS11d, the
stacking interaction between the zinc-coordinating histidine
and a conserved aromatic amino acid, three positions after
the first zinc-coordinating cysteine, is crucial to maintain
the imidazole ring of the zinc-coordinating histidine in a ro-
tameric state compatible with zinc binding (65). In TTP and
TIS11d, the conserved aromatic moiety is in the center of
the short a-helix located between the first and second
cysteine residues and is properly posed to stack against
the side chain of the histidine residue.
2008 Biophysical Journal 118, 2001–2014, April 21, 2020
In light of this observation, we determined whether such
aromatic stacking interactions were present in the two zinc
fingers of MEX-5 during our MD simulations. We observed
that this is the case in the C-terminal zinc finger, where
His341 stacks against Phe323. As a result, the side chain
of the histidine is constrained in the rotameric state charac-
terized by the dihedral angle c2 centered at 180

� (see Fig. 4).
The formation of this stacking interaction is supported
experimentally by the presence of a strong NOE between
Phe323 and His341 (see Fig. S8). In this conformation,
the zinc-coordinating residues properly and stably coordi-
nate the zinc ion with a tetrahedral geometry. In contrast,
our simulations showed that in the N-terminal zinc finger
of MEX-5, the stacking between His279, the equivalent res-
idue to Phe323 in ZF2, and His296 was not maintained
along the trajectories. As a result, His296 samples
multiple rotameric states (Fig. 4). Therefore, the geometry
of the zinc-coordinating residues deviates from the
ideal tetrahedral geometry, and in two trajectories, we
observed the displacement of at least one cysteine from
the zinc-binding site.
Conformational transition of the Cys276-Cys286
region is associated with the loss of the His279-
His296 stacking interaction

To further characterize the structural differences between
the two zinc fingers of MEX-5, we used MD to analyze
the factors affecting the conformation of the aromatic resi-
dues whose stacking against the zinc-coordinating histidine
results in stabilization of Zn2þ binding. In ZF1 and ZF2,
these aromatic residues are His279 and Phe323, respec-
tively. Upon analysis of the of the zinc-coordinating
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histidine in the initial structure of MEX-5 built from homol-
ogy modeling using the structure of TIS11d, we observed a
clear difference between the N- and C-terminal zinc fingers.
In each trajectory, the side chain of the zinc-coordinating
histidine in the N-terminal zinc finger, His296, is in different
rotameric states, whereas His341, in the C-terminal zinc
finger, is constrained to a single rotameric state by the stack-
ing interaction with Phe323. In two of the three trajectories,
however, after an initial structural equilibration (�5–10 ns),
the side chains of His279 and His296 form a p-p stacking
interaction, and as a result, the imidazole moiety of
His296 populates a rotameric state corresponding to c2 ¼
180�, compatible with Zn2þ binding (Fig. 4). In the third tra-
jectory, the zinc coordination in ZF1 is perturbed during the
initial equilibration, with a resulting bipyramidal geometry
due to the presence of two water molecules in the zinc-bind-
ing pocket.

The stacking interaction observed for ZF1 in two of the
three trajectories, however, is only short lived: 7 and 5 ns
in each trajectory, respectively. For the period in which
the stacking interaction between His279 and His296 is pre-
sent, zinc is coordinated in ZF1 with the expected tetrahe-
dral geometry. Subsequently, the region between the first
and the second zinc-coordinating cysteine, Cys276 and
Cys286, undergoes a conformational transition (Fig. S9)
that results in an altered geometry of the zinc coordination
and eventually in the displacement of Cys286 from the
zinc-binding pocket. We observed that, along the MD trajec-
tories, the region between Met278 and Cys286 samples two
states, corresponding to conformations with and without the
stacking between His279 and His296, respectively. The
conformation that allows for proper stacking is character-
ized by the same backbone dihedral angles, f and j,
observed in the corresponding residues in ZF2 and contains
a 310-helix turn between Cys276 and Ala280 (see Fig. S9).

Comparing the structural features of ZF1 in the stacking
and nonstacking conformations, we observed that different
hydrogen bonds occur within the region between the first
two cysteine residues (see Fig. S10, A and B). The presence
of hydrogen bonds between Cys276 and Met278 and His279
and Ala280 (Met278 HN-Cys276 S, His279 HN-Cys276 O
and Ala280 HN-Cys276 O) characterizes the conformations
in which stacking between His279 and His296 is observed.
The equivalent hydrogen bonds are present in ZF2 (Asn322
HN-Cys320 S, Phe323 HN-Cys 320 O, and Ala324 HN-
Cys320 O), in which stacking between Phe323 and
His341 is stable. In ZF2, however, hydrogen bonds between
Lys321 and Ala324 or Arg325 are more stable than the
equivalent hydrogen bonds in ZF1 (between Met277 and
His279 or Ala280), in which they are present only with
low probability. Two additional hydrogen bonds, centered
on Asn322, stabilize the structure of ZF2 but are absent in
ZF1: Gly329 HN-Asn322 O and Asn322 Hd2-Cys331 S or
Asn322 Hd2-Phe330 O. The presence of all these stable
hydrogen bonds is in agreement with our NMR data, in
which we observed several NOEs between the residues in
the 321–324 region and between Asn322 and the residues
in the 328–332 region (highlighted with circles in
Fig. S8). Therefore, more hydrogen bonds stabilize the
310-helix turn between Cys320 to Ala324 in ZF2 than the
equivalent 310-helix turn between Cys276 and Ala280 in
ZF1. For this reason, the 310-helix turn of ZF1 is sampled
with low probability. Finally, we observed that a hydrogen
bond between His279 Nd1 and Gly282 O stabilizes the
conformation of His279 in a rotameric state compatible
with stacking against His296; formation of this hydrogen
bond correlates with the presence of aromatic stacking be-
tween His279 and His296 (see Fig. S11). All the hydrogen
bonds described above are lost when His279 is not stacked
against His296.
Rational design of a mutant of MEX-5 with a
folded N-terminal zinc finger

Our MD simulations of MEX-5 revealed that in ZF1, the
stacking between the side chains of His279 and His296 is
not stable and results in destabilization of zinc coordination
in ZF1. Analysis of the MD trajectories highlighted the crit-
ical role of many hydrogen bonds between the first and sec-
ond cysteine residues in determining the structure of the
zinc finger. In addition, comparison of MEX-5 to other
CCCH-type zinc finger proteins shows that the amino acid
sequence between the first and second cysteine residues dis-
plays the highest degree of diversity. In particular, the
spacing between the first two coordinating cysteines is
nine and ten residues for ZF1 and ZF2 of MEX-5, respec-
tively, and eight residues for the other proteins of the family
(see Fig. 1). From these observations, we hypothesized that
the region between the first and second cysteine residues is
important in determining the stability of the zinc finger. To
test this hypothesis, we generated a series of mutants of the
TZF domain of MEX-5, in which, in turn, the sequence of
the Cys276-Cys286 fragment of ZF1 is replaced with the
corresponding sequence of ZF2 (see Table 2).

The first mutation (Mutant A) in Table 2 was designed to
test the hypothesis that the stacking interaction was less sta-
ble in ZF1 than in ZF2 because it is formed with a histidine
residue rather than with a phenylalanine. The second muta-
tion (Mutant B) was designed to determine whether the
reduced flexibility of a proline residue relative to that of a
phenylalanine can account for the difference in structure
observed between ZF1 and ZF2. The third and fourth muta-
tions (Mutants C and D) were designed to evaluate whether
an extra amino acid is sufficient to stabilize the structure of
ZF1. The fifth and sixth mutant variants (Mutants E and F)
were designed to evaluate the effect of the increased flexi-
bility of the glycine-rich loop present in ZF2 but not in
ZF1. The seventh and eighth variants (Mutants G and H)
were designed to test the effect of the two hydrogen bonds
formed by Asn in stabilizing the structure of the finger.
Biophysical Journal 118, 2001–2014, April 21, 2020 2009



TABLE 2 Mutations in ZF1 of MEX-5, within Cys276 and

Cys286, that Mimic the Sequence of the Corresponding

Fragment of ZF2

MEX-5 Variant Amino Acid Sequence between C276 and C286

MEX-5 CMMHASG-IKPC

Mutant A CMMFASG-IKPC

Mutant B CMMHASG-IKAC

Mutant C CMMHASGGIKPC

Mutant D CMMHASGAIKPC

Mutant E CMMHASGGIGPC

Mutant F CMMHASGGTGPC

Mutant G CMNHASGGIKPC

Mutant H CMNHASGGIGPC

MEX-5CX10C CKNFARGGTGFCa

Mutated residues are underlined.
aThis is the same sequence as in ZF2 (i.e. between C320 and C331).

A

B

FIGURE 5 The TZF domain of MEX-5CX10C is folded in the RNA-free

state. (A) The 15N-1H HSQC spectrum of MEX-5CX10C TZF domain shows

78 crosspeaks, indicating that the domain is folded. (B) Shown is the Zn2þ

titration of the TZF domain of MEX-5 and of the variant MEX-5CX10C, fol-

lowed by NMR spectroscopy. The average crosspeak intensities from the
15N-1H HSQC spectra are shown as a function of zinc equivalents added

to the protein, errors are estimated from the standard deviation. A linear

regression is applied to the first part of each curve, and the resulting slope

is shown in the plot. To see this figure in color, go online.
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Lastly, the entire region between Cys296-Cys286 was re-
placed with the homologous sequence from ZF2 (Cys320-
Cys331); this construct will be referred as MEX-5CX10C.

We investigated the effects of the introduced mutations on
the structure of ZF1 by monitoring the 1H-15N HSQC
spectra of the variants of MEX-5. The construct MEX-
5CX10C was the only one that displayed a significant differ-
ence in the spectrum compared to the wild-type domain (see
Figs. 5 A and S12); we observed 73 crosspeaks in the spec-
trum (one peak corresponding to each amino acid in this
construct, except for prolines), with those corresponding
to the C-terminal zinc finger having the same chemical
shifts as in the wild-type. All the other mutants described
in Table 2 produced 1H-15N HSQC spectra with a similar
number of crosspeaks as in the wild-type domain, indicating
that in these MEX-5 variants, ZF1 does not stably coordi-
nate zinc. These results indicate that in the variant MEX-
5CX10C, both the zinc fingers are folded and coordinate
zinc ions in the RNA-free form, whereas in the other vari-
ants, ZF1 is unstructured. These results support our MD re-
sults that the stability of the zinc finger is achieved through
the concerted formation of several hydrogen bonds
involving different residues located between the first and
second cystine residues.

To confirm that both zincfingers of theMEX-5CX10C variant
are folded, wemeasured the zinc-binding stoichiometry of the
TZF domain ofMEX-5CX10C.We collected a series of 1H-15N
HSQC spectra at increasing concentration of zinc ions, andwe
observed that, as expected, the end point of the titration curve
occurred at two equivalents of zinc (see Fig. 5 B).
Characterization of the RNA-binding activity of
the mutant MEX-5

As discussed above, the mutations introduced in the
construct MEX-5CX10C (see Table 2) had the effect of stabi-
lizing the structure of ZF1, which stably coordinates zinc in
the absence of RNA. To determine the effect of this struc-
tural change on the RNA-binding activity of MEX-5, we
2010 Biophysical Journal 118, 2001–2014, April 21, 2020
measured the apparent dissociation constant of the wild-
type and the mutant variant TZF domain with four different
RNA oligonucleotides. The choice of the RNA target se-
quences was guided by the rationale that, as observed for
TTP and TIS11d (52,54), each zinc finger binds to a four-
nucleotide-long, U-rich motif, with higher affinity for the
UAUU sequence. Thus, we measured the binding affinity
of the mutated TZF domain to oligonucleotides containing
the UAUU and UUUU elements in different arrangements
(see Fig. S13). The results obtained for this mutant variant
were compared with those of the wild-type and show that
the mutated TZF domain of MEX-5, as observed for
the wild-type, binds with highest affinity to the
UUUUAUUUAUUUU oligonucleotide. For all the tested
sequences, we observed no substantial differences in
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binding affinity between mutated and wild-type domains
(<2-fold). Because binding is coupled to ZF1 folding in
wild-type MEX-5 (MEX-5WT), the free energy change
measured upon binding will have contributions from both
the folding of ZF1 and the association with RNA. This is
not true for MEX-5CX10C, where both zinc fingers are folded
in the free state. For this reason, we were surprised to
observe that the two MEX-5 variants bind RNAwith similar
affinities. In MEX-5WT, folding of ZF1 is likely to make a
favorable enthalpic contribution and an unfavorable
entropic contribution to the free energy change measured
upon RNA binding; this entropy-enthalpy compensation
may explain the similar RNA-binding affinity measured
for the two MEX-5 variants. Differences in amino acid
composition between the two proteins (see Table 2) may
also affect the thermodynamics of RNA binding. For this
reason, a direct comparison of the binding free energy
changes of MEX-5WT and MEX-5CX10C is difficult. For
example, the hydrophobic amino acid content of MEX-
5WT is higher than that of MEX-5CX10C: of the 9 aa that
differ between the two variants, 5 aa are hydrophobic in
MEX-5WT, whereas only 3 aa are hydrophobic in MEX-
5CX10C. As a result, the binding entropies of the two
MEX-5 variants will have different desolvation contribu-
tions: relative to MEX-5CX10C, MEX-5WTwill have a lower
entropic penalty upon binding because of the desolvation of
a higher number of hydrophobic residues that may offset the
entropic cost of folding ZF1 (68). MEX-5CX10C also con-
tains an additional charged residue that can contribute to a
different interaction energy with RNA relative to the wild-
type protein. Moreover, the stacking interaction that stabi-
lizes the conformation of the zinc-coordinating histidine is
different between the two proteins (His279-His296 in
MEX-5WT and Phe279-His296 in MEX-5CX10C) and can
also contribute to the relative free energy of binding.
FIGURE 6 Temperature effect on the structure of the TZF domains of

MEX-5. (A) The ratio of the crosspeak volume at a given temperature

over the volume measured at T ¼ 21�C is averaged for all the peaks of

the C-terminal zinc finger of MEX-5, errors are estimated from the standard

deviation. (B) A schematic representation of how the structure changes as a

function of temperature is shown.
The structure of the MEX-5 TZF domain is
dependent on the temperature

To study the effect of the temperature of the structure of
MEX-5, we collected a series of 1H-15N HSQC spectra at
different temperatures varying between 281 and 310 K.
We observed that the volume of the crosspeaks correspond-
ing to the linker and C-terminal zinc finger was constant in
the spectra collected at temperatures between 281 and 294 K
but progressively decreased as the temperature was
increased above 294 K (Fig. 6 A), indicating that the C-ter-
minal zinc finger begins to unfold at T > 294 K. At temper-
atures lower than 288 K, we observed eight crosspeaks
corresponding to residues in the N-terminal zinc finger
with low intensity. These eight crosspeaks overlapped
with peaks present in the HSQC spectrum of the MEX-5
variant, MEX-5CX10C, in which both zinc fingers are folded.
The fact that the chemical shifts for these crosspeaks are the
same as those measured for the MEX-5 variant with a folded
ZF1 indicates that at T< 288, the N-terminal zinc finger be-
gins to fold. These crosspeaks were barely above the noise at
288 K, but their intensity increased with decreasing temper-
atures, whereas they were beyond detection at temperatures
higher than 288 K. Assuming that the N-terminal zinc finger
is 100% folded in MEX-5CX10C and using the volume of the
crosspeaks in the MEX-5CX10C spectrum as a reference, we
estimated that these residues from the N-terminal zinc finger
populate the folded state to �305 10% at 281 K. These re-
sults show that in the range of temperatures in which
C. elegans is fertile, between 282 and 298 K (24), the C-ter-
minal zinc finger of MEX-5 is stably folded, whereas the
N-terminal zinc finger is only folded with low probability.
Outside of this temperature range, the structure of MEX-5
changes: at temperatures lower than 282 K, the population
of MEX-5 with both zinc fingers folded increases, whereas
at temperatures higher than 298 K, an increasing population
of MEX-5 has both zinc fingers unfolded (Fig. 6 B).

To evaluate whether RNA binding stabilized the structure
of MEX-5, we measured the RNA-binding affinity of MEX-
5 for UUUUAUUUAUUUU at different temperatures vary-
ing between 299 and 318 K, a range of temperatures in
which, in the absence of RNA, ZF1 is unfolded, and the
amount of unfolded ZF2 increases progressively (Fig. 6
A). The instrument used dictated the range of temperatures
that we were able to sample in these experiments. A van’t
Biophysical Journal 118, 2001–2014, April 21, 2020 2011
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Hoff plot of ln Ka,app as a function of 1/T shows a small de-
viation from a linear dependence. The data were fitted to a
straight line as a function of DH, DS (Eq. 2), and to a
three-parameter curve including DH, DS, and DCp (Eq.
3), as shown in Fig. S14. The two models were compared
using F statistics: the three-parameter model, which
included DCp, was the most appropriate for the data. The
best fit of the binding constants, Ka,app, was obtained with
the following parameters: DH ¼ �13 5 2 kcal mol�1,
DS ¼ �0.010 5 0.006 kcal mol�1 K�1, and DCp ¼ �0.7
5 0.2 kcal mol�1 K�1 at a reference temperature of
298.15 K. These data show that for MEX-5, RNA binding
is enthalpically driven but entropically disfavored. The
negative DCp of binding is likely to result from the removal
of hydrophobic surfaces from water that occurs upon
folding of ZF1 of MEX-5 and upon the association of
MEX-5 with the RNA bases (69–72). The good fit of the
data indicates that MEX-5 is able to bind RNA even at the
highest temperature used in the experiment, when, in the
absence of RNA, approximately half of the protein is un-
structured. These results indicate that RNA binding stabi-
lizes the folded state of MEX-5.
DISCUSSION

In this study, we characterized the structure of the TZF
domain of MEX-5 (residues 268–346). We demonstrated
that, in the temperature range in which C. elegans is fertile,
the N-terminal zinc finger of MEX-5 is mostly unstructured
and unable to coordinate a zinc ion in the RNA-free form but
undergoes a disorder-to-order transition upon RNA binding.
This coupled folding-binding process can occur through one
of the following mechanisms or through a combination of
the two: 1) binding of ZF2 to RNA can induce folding of
ZF1, and thus, folding is induced by binding; and 2) alterna-
tively, RNA can capture a conformation of MEX-5 in which
both zinc fingers are folded; in this case, RNA binding
would follow a conformational selection mechanism. RNA
binding stabilizes the structure of MEX-5, which remains
folded at a higher temperature than in the free state. We
also showed that ZF2 of MEX-5 can fold independently:
the peptide fragment containing the C-terminal zinc finger
assumes the same fold of the ZF in the full-length domain.
By solving the solution structure of ZF2, we observed that
although maintaining common structural features, the back-
bone conformation of the domain presents some differences
from the two other structures so far solved for the members
of the protein family, TIS11d (54) and POS-1 (A.E. and
F.M., unpublished data). For example, we observed that,
like TTP, TIS11d, and POS-1, the stacking of the zinc-coor-
dinating histidine against an aromatic residue is necessary to
maintain the histidine side chain in a rotameric state
compatible with Zn2þ binding. On the other hand, the zinc
finger of MEX-5 contains a shorter helix (four residues
long) than what is observed in both TIS11d and POS-1,
2012 Biophysical Journal 118, 2001–2014, April 21, 2020
where the helix is six residues long and forms two turns
(Fig. 3 C). The shorter helix observed in MEX-5 followed
by the glycine-rich flexible loop (Fig. 3) may be important
in defining the low RNA-binding specificity observed for
MEX-5 relative to TTP and TIS11d. A certain consequence
of the shorter helix is that a complex network of hydrogen
bonds is required in MEX-5 to maintain the aromatic side
chain (His279 and Phe323 in ZF1 and ZF2, respectively)
in a conformation suitable to stack against the side chain
of the zinc-coordinating histidine. This mechanism is
different from what we observed in TTP and TIS11d, in
which only one hydrogen bond was necessary to stabilize
the conformation of the Phe side chain in a position where
it could stack against the zinc-coordinating histidine (65).
We identified key interactions within the ZFs of MEX-5
that stabilize zinc binding, and we validated these findings
by designing a variant of the MEX-5 TZF domain that has
both zinc fingers structured in the RNA-free state. This
variant MEX-5 TZF domain still binds RNA with the
same specificity as the wild-type domain.

Our findings provide new insights on the regulation of
MEX-5 activity in C. elegans. It has been shown that the
extent of structure in the free state of intrinsically disordered
proteins can affect their biological activity (47,73). In
particular, a disorder-to-order transition upon RNA binding,
similar to the one described here for MEX-5, has been
observed for another protein in the CCCH-type TZF family,
the human TTP, but not in the homolog TIS11d. Previous
studies have determined the effect of having a fully folded,
RNA-binding domain on the cellular activity of TTP using a
luciferase reporter assay, in which luciferase was placed un-
der the control of the TNF-a 30-UTR (47). Decreased re-
porter activity was observed when the partially
unstructured RNA-binding domain of TTP was replaced
with the fully structured domain of TIS11d, indicating that
the increased structure is associated with higher RNA-
degradation activity (47). This result showed that folding
of the RNA-binding domain is tightly coupled with TTP
and TIS11d activities in the cell. We observed that the
TZF domain of MEX-5 has evolved to be partially struc-
tured only in the narrow range of temperatures in which
the animal is able to reproduce, which corresponds to the
range of temperatures in which MEX-5 needs to function
because it plays a critical role during embryogenesis. In a
similar manner to TTP, we hypothesize that having a
partially structured TZF domain gives an additional degree
of regulation to MEX-5 apart from phosphorylation that
could confer functional advantages.

During the early stages of embryogenesis, MEX-5 con-
tributes to the polarization of the body axes in the zygote
distributing in the cytoplasm along an anterior-rich
gradient and, in turn, establishing posterior segregation of
other fate determinants, such as POS-1 and PIE-1. The
MEX-5 distribution pattern in the cytoplasm depends on
its RNA-binding activity and its phosphorylation state.
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These asymmetric protein distribution patterns in the one-
cell embryo are retained upon cell divisions and result in
the separation of the somatic lineage (anterior) and the
germline (posterior). The degree of disorder of the TZF
domain of MEX-5 may modulate its distribution in the
zygote in several ways. For example, to bind RNA,
MEX-5 requires spatially and timely availability of zinc
ions in the cytoplasm to allow folding of the N-terminal
zinc finger. In addition, both zinc fingers need to be folded
for RNA binding, and folding involves a conformational
entropic cost that has to be compensated by a favorable en-
thalpic contribution to the binding energy. In MEX-5, the
population of folded state of the TZF domain is highly
dependent on the temperature; consequently, the thermody-
namics of RNA binding is also dependent on the tempera-
ture. Because the RNA-binding activity is essential for the
function of MEX-5 in embryogenesis, we expect MEX-5
function to be also modulated by the temperature of the
environment.
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