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ABSTRACT

Adenylate/uridylate-rich elements (AREs) are the
most common cis-regulatory elements in the 3'-
untranslated region (UTR) of mRNAs, where they
fine-tune turnover by mediating mRNA decay. They
increase plasticity and efficacy of mRNA regulation
and are recognized by several ARE-specific RNA-
binding proteins (RBPs). Typically, AREs are short
linear motifs with a high content of complementary
A and U nucleotides and often occur in multiple
copies. Although thermodynamically rather unsta-
ble, the high AU-content might enable transient sec-
ondary structure formation and modify mRNA regu-
lation by RBPs. We have recently suggested that the
immunoregulatory RBP Roquin recognizes folded
AREs as constitutive decay elements (CDEs), resulit-
ing in shape-specific ARE-mediated mRNA degra-
dation. However, the structural evidence for a CDE-
like recognition of AREs by Roquin is still lacking.
We here present structures of CDE-like folded AREs,
both in their free and protein-bound form. Moreover,
the AREs in the UCP3 3'-UTR are additionally bound
by the canonical ARE-binding protein AUF1 in their
linear form, adopting an alternative binding-interface
compared to the recognition of their CDE structure
by Roquin. Strikingly, our findings thus suggest that
AREs can be recognized in multiple ways, allowing
control over mRNA regulation by adapting distinct

conformational states, thus providing differential ac-
cessibility to regulatory RBPs.

INTRODUCTION

Precise control of gene expression is essential for every or-
ganism, in every cell type and tissue, but appears to be
particularly crucial during development and in immune re-
sponses of higher eukaryotes. Consequently, dysregulated
levels of gene products are a major cause of uncontrolled
immune responses, autoimmune diseases and various types
of cancer. A key point for regulation of gene expression is
at the post-transcriptional level. Steady-state mRNA lev-
els result from their balanced synthesis and decay. mRNA
half-lives are primarily controlled by cis-regulatory ele-
ments within the 3-UTR of the mRNA, which are rec-
ognized by trans-acting factors such as microRNAs, but
even more often by RNA-binding proteins (RBPs). RBP
interactions with target mRNAs trigger downstream ef-
fects including mRNA decay, translational inhibition or
long-term protection from decay factors leading to an ac-
cumulation of certain mRNAs. Such post-transcriptional
regulation is crucial to balance the mRNA levels of pro-
inflammatory cytokine-encoding mRNAs. These are inher-
ently unstable to promote the resolution of inflammation,
preventing unintended tissue damage and autoimmune re-
actions. cis-regulatory elements mediating this instability
are either miRNA binding sites, stem-loop (SL) elements
or adenylate/uridylate (AU)-rich elements (AREs) (1,2).
AREs are the currently best-studied cis-regulatory ele-
ments that control mRNA fate, owing to their early dis-
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covery and broad investigation over the past decades (3).
ARESs were initially identified in mRNAs encoding early
response genes (4,5), but soon after that also identified
in mRNAs of growth factors, pro-inflammatory cytokines
and proto-oncogenes, where they likewise induce transcript
degradation (6-9). In line with that, aberrantly expressed
transcripts of tumor-promoting transcription factors like c-
fos are characteristic for their lack of AREs (9). However,
ARE:s are now considered a widespread and heterogeneous
group of elements that occur in numerous transcripts. They
are listed in databases such as AREsite2, which provide a
bioinformatic starting point for the characterization of AU-
rich elements in a given target gene (10).

AREs had first been subdivided in three major classes
with different sequences, where the currently best-studied
class comprises AREs with a core sequence of AUUUA,
primarily embedded in an (A)U-rich context (3,11). How-
ever, various, less-defined but primarily U-rich sequences
are able to mediate mRNA decay (9,11). Notably, AREs are
most effective in their function when organized in repeats of
their core motifs and a total sequence length of up to 150
nucleotides. In addition, they specially act as cis-element, as
they appear to be both miRNA target elements and targets
of regulatory RBPs in inducing mRNA decay, occasionally
in a directly overlapping manner (12-14).

Prominent example proteins that promote target mRNA
decay are Tristetraprolin (TTP or ZFP36), Butyrate re-
sponse factor 1 (BRF1 or ZFP36L1) and K-homology
splicing regulatory protein (KSRP), all of which recog-
nize one or more linear ARE core motifs (3,15). Of note,
such linear AREs are also targeted by mRNA-protecting
RBPs, e.g. by the ELAV (embryonic lethal abnormal visual
system)-like proteins, such as human antigen R (HuR or
ELAVLI) ((16-18). Interestingly, the first protein found to
recognize AREs (19), the ARE/poly(U)-binding factor 1
(AUF1 or hnRNP D) is capable of both stabilization and
destabilization of its mRINA targets. While it is still enig-
matic how AUF1 exerts its dual function, its (de-)stabilizing
activity seems to be dependent on cell type, the specific
AUF1 protein isoform as well as the target itself [reviewed in
(20)]. AUF1 shows a relatively promiscuous target sequence
specificity, recognizing not only canonical AREs, but more
generally U-rich targets (21,22).

In general, these ARE-BPs harbor multiple RNA-
binding domains (RBDs) and recognize clustered regions
of short single-stranded RNA cis-elements, e.g. multiple
copies of AREs organized in hubs. Here, affinity and speci-
ficity are increased through multivalent interactions using
multiple copies of the same or sets of different RBDs, which
is a unifying principle in driving affinity and specificity for
RNA-recognition by multi-domain RBPs (18,23-27). While
by default, AREs are regarded as linear single-stranded
RNA motifs, earlier studies have suggested that the tran-
sient presence of expanded structures in ARE regions inter-
feres with the recognition by ssSRNA-specific RBPs (23,28),
in particular for the canonical AUF1 RRM (RNA recog-
nition motif) domains (29-31). This will in vivo lead to an
intrinsic dynamic regulation of mRNA stability through the
formation of transient RNA secondary structure (Figure
1A), and at the same time influence the potential presence
of miRNA target sites.

Recently, small SL elements (constitutive/alternative de-
cay elements, CDE/ADE) have been identified as an alter-
native way to promote mRNA decay through highly spe-
cific recognition by novel types of domains, most promi-
nently shown for Roquin and Regnase. Both proteins are
essential regulators of immune responses, preventing exces-
sive cytokine production and autoimmune reactions by reg-
ulating a shared set of target mRNAs through a common
SL element (32-37). Herein, Roquin uses its unique ROQ
domain for specific binding to CDE and ADE SLs (38—
42).The involvement of the ROQ domain in mRNA repres-
sion has long been assumed independent from the simulta-
neous presence of single-stranded AREs.

The strictness of the CDE sequences in functional tar-
gets for Roquin has been a matter of debate for years now,
including contradictive findings (36,38,43,44). Certainly, a
major requirement for a functional SL represents its acces-
sibility in vivo, i.e. not being masked by other RBPs or un-
folded because of low thermodynamic stability. An ongoing
redefinition and expansion of the CDE ‘consensus’ has re-
cently led to the identification of AREs that were suggested
to fold into CDEs (44). Interestingly, in the UCP3 mRNA
3’-UTR, such CDE-AREs appear as a tandem recognized
by the Roquin ROQ domain (Figure 1B). Despite strong in
vitro and cellular data underlining the regulation, this ear-
lier study could not unambiguously prove these RNA moi-
eties to be bound by Roquin in a CDE-like manner (i.e.
comparable to the 7nf CDE (38)). The latter, however, needs
to be taken into account considering the recently identi-
fied capabilities of the Roquin ROQ domain to bind single-
stranded AU-containing sequences (45). Further, the high
AU-content of CDE-AREs suggests that these elements ex-
hibit a bi-functional nature, switching between a structured
and linear form. As such, CDE-AREs would be hotspots
of RBPs competing for these AREs (e.g. AUF1), indepen-
dent of their preference in recognizing ssRNA or structured
RNA. However, we to date lack any atom-resolved evidence
of stem-looped AREs, a feature that had been suggested to
affect the function of AUF1 before (30,31).

We here provide structural evidence for the existence of
CDE-like folded AREs, both in an unbound as well as ROQ
domain-bound form, by NMR and X-ray crystallography.
By investigating the UCP3 CDEs 1 and 2, we show that, de-
spite a low intrinsic thermostability, both CDEs are locked
in stable complexes with the ROQ domain and engage with
affinities comparable to the most canonical CDE found in
the 3-UTR of Tnf mRNA (46). Besides, we show that the
UCP3 CDEl isalso a target of the AUF1 RRM1-2 domains
in its unfolded form and prove a direct competition of the
two proteins for the same CDE-ARE, underlining a central
role for the equilibrium between the linear and structured
forms of AREs.

MATERIALS AND METHODS
Plasmids

The Roquin ROQ domain used in this study was ex-
pressed from the pETTrxla vector, obtained from Gun-
ther Stier (EMBL); its cloning has been described before
(45). For protein purification of the RNA recognition mo-
tifs of AUF1 (AUF1_RRM2 and AUF1_RRM1-2), cod-
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Figure 1. Introduction to AREs, their cognate RBPs and the RNA constructs used in the present study. (A) Scheme of AREs as integral part of an mRNA’s
3’-UTR (upper panel). Lower panel, a potential ARE can exist in an equilibrium between its single-stranded form (ssRNA, e.g. recognized by the protein
AUF1) and a structured form, the latter exemplified by a CDE-like shaped element bound by the highly specific Roquin ROQ domain. The target ARE
conformers are mutually exclusive and can lead to redundant or competitive regulation of the ARE-containing mRNA through the respective cognate
RBP. (B) The previously described regulatory ARE region in the UCP3 mRNA 3’-UTR shown as linear sequence and as its structured conformer with the
two CDEs bound by Roquin (44). Below that, the two CDEs are shown as isolated wild type species and as stabilized SLs with the underlying numbering

of bases as used in this study. See also Supplementary Figure S1.
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ing sequences were generated by PCR amplification using
pCMV-hnRNP D37 as a template (47) and introduced into
Xbal and Xhol sites of an Hisg- and thioredoxin-tag encod-
ing plasmid based on pETTrxl1a, i.e. including a TEV (to-
bacco etch virus) site for proteolytic removal of all tags.

For RNA synthesis, CDE1, CDE2, CDE1GG, CDE2GG
and CDEI-2 (tandem) sequences together with the T7 pro-
moter were generated by hybridization of complementary
oligonucleotides and introduced into the Ncol and HindIII
sites of an HDV ribozyme encoding plasmid based on the
pSP64 vector (Promega). RNAs were transcribed as HDV
ribozyme fusions to obtain uniform 3’ ends.

For the luciferase reporter system, 3’-UTR variants were
generated by hybridization of complementary oligonu-
cleotides and introduced downstream of the firefly lu-
ciferase open reading frame into the multiple cloning site
of pDLP (48) using Notl and HindIII restriction sites.

All protein and RNA sequences are summarized in Sup-
plementary Tables S1 and S2.

Protein production

The proteins were produced as Hisg-Trx-fusion proteins
containing a TEV cleavage site from a single freshly trans-
formed clone grown in an overnight culture and used to
inoculate an expression culture in either LB or M9 min-
imal media containing 100 pg/l kanamycin. Cells were
grown to an ODgg of 0.7-0.9, protein production was in-
duced with 0.5 mM isopropyl-B-D-thiogalactopyranosid,
and cultures were grown overnight at 37°C. Cell pellets were
lysed by sonification in 150 mM sodium chloride, 50 mM
Tris pH 8.3, 4 mM B-mercaptoethanol. For affinity pu-
rification via immobilized metal ion affinity chromatogra-
phy (IMAC), manual Ni>*-NTA (nickel-nitrilotriacetic acid
agarose) columns were used with the lysis buffer comple-
mented with 50, 100 and 300 mM imidazole. The eluted
protein was TEV-cleaved overnight during dialysis against
1 M sodium chloride, 50 mM Tris pH 8.0, 4 mM -
mercaptoethanol at 4°C. For the reverse IMAC the cleaved
protein was loaded onto Ni**-NTA columns and washed
with the same buffer containing 50, 100 and 300 mM Im-
idazole. The flow-through containing the target protein
was concentrated prior to size exclusion chromatography.
For that, a Superdex S75 16/60 column was run in 1 M
sodium chloride, 20 mM Tris pH 7.0 and 2 mM Tris-(2-
carboxyethyl)-phosphin (TCEP). The protein was frozen in
liquid nitrogen, stored at —80°C and buffer exchanged to
150 mM sodium chloride, 20 mM Tris pH 7.0, 2 mM TCEP
using Amicon® centrifugal filter units prior to use. For
NMR titration experiments the proteins were concentrated
to 40-50 wM or 1-1.5 mM stock concentrations when used
for competition experiments.

In vitro transcription of RNAs

pHDV constructs were linearized with HindIII and purified
by phenol extraction. 2 mg of linearized DNA were tran-
scribed overnight at 37°C using the following conditions:
200 mM Tris—HCI pH 8.0, 20 mM magnesium acetate,
50 mM dithiothreitol (DTT), 2 mM spermidine, 4 mM
nucleoside triphosphates (NTP) (each) and 100 wg of in-

house-made T7 polymerase. After transcription, precipi-
tated pyrophosphate was pelleted by centrifugation and
20% (v/v) EDTA (0.5 M, pH 8.0) was added to the su-
pernatant. After ethanol precipitation, the RNA was pu-
rified using denaturing polyacrylamide gel electrophoresis.
The RNA was detected via ultraviolet (UV) shadowing, ex-
cised and eluted from the gel in 0.3 M sodium acetate pH
6.5 at 4°C overnight. To remove the remaining gel slices,
the supernatant was filtered and the RNA was again pre-
cipitated using ethanol. Finally, the RNA was resolved in
double-distilled water and stored at —20°C. The purified
RNA was folded by heating to 95°C for 5 min prior to in-
jection into five equivalents of ice-cold water. For buffer ex-
change (NMR buffer: 25 mM potassium phosphate pH 6.2,
50 mM potassium chloride) and concentration, we used
Vivaspin@®) concentrators (molecular weight cut-off 3.000
Da).

NMR spectroscopy

NMR experiments for RNA structure determination and
RNA-protein interactions were performed at the BMRZ
at the Goethe-University Frankfurt. Spectra were acquired
on Bruker AV600, AV700, AV800 and AV950 spectrometers
equipped with triple-resonance cryoprobes.

'H-’N-HSQCs of ROQ alone and with UCP3 CDE
RNA variants were measured at 40 wM in 20 mM Tris,
150 mM sodium chloride, 2 mM TCEP, 0.02% NaN3, pH
7.0 at 298 K. Spectra for AUF1 RRM2 were recorded at
100 wM and for tandem RRM1-2 at 500 uM in the same
buffer. For titration and competition experiments AUF1
RRM1-2, concentrations were adjusted to 40 uM. 1D-'H
spectra for the imino proton region of the individual CDE
versions were recorded at concentrations of 20 wM with 2k
scans at 900 MHz proton frequency. Both CDE1 and CDE2
were titrated in molar ratios of 0.25, 0.5, 1.0, 1.5 and 2.0 to
5N-labeled ROQ. Tandem CDEI1-2 was titrated in steps of
0.125, 0.25, 0.5, 1.0 and 1.5 molar ratios. To test compe-
tition for RNA binding, the complex of "N-labeled ROQ
and CDE]1 was titrated with unlabeled AUF1 RRM1-2 in
steps of 0.5, 1.0, 2.0 and 3.0 molar ratio. The reverse exper-
iment was done with '’N-labeled AUF1 RRM1-2/CDEI
complex and unlabelled ROQ (1.0, 2.0, 4.0 molar ratio). To
saturate the first binding protein (ROQ or AUF1, respec-
tively) CDE1 was added in small excess (1:1.125). For each
titration and competition step, separate imino proton spec-
tra were recorded. To assess the stabilizing effect of Roquin
binding, 1D imino spectra were recorded of 20 pM RNA
samples titrated with 0.5 and 1.0 (all RNAs), additionally
2.0 (CDEI1, CDE2, tandem CDEI-2), and additionally 4.0
(CDEI and CDE2) molar ratios of ROQ. All protein and
RNP spectra were recorded at 298 K.

All samples for the CDE1/2GG structure calcula-
tions contained 100 wM sodium tri-methyl-silyl-propane-
sulfonate as an internal reference. CDE1GG samples con-
tained 220 pM RNA ([H,0]/[D,0O] = 9:1), 350 .M RNA
(100% D,0) and 300 w.M RNA (100% D,0O) for unla-
belled and uniformly '*C'’N-labeled samples, respectively.
CDE2GG samples contained 900 wuM RNA ([H,0]/[D,0O]
= 9:1) and 500 pM RNA (100% D,O) or 450 uM
RNA ([H;0]/[D;0] = 9:1) and 1.3 mM RNA (100%



D,0) for unlabeled and uniformly '*C,'>N-labeled sam-
ples, respectively. Distance restraints were obtained from
homonuclear 2D-'H,'H-NOESY spectroscopy on unla-
beled RNA samples. NOESY spectra were acquired at 600
MHz (CDE1IGG) / 950 MHz (CDE2GG) with 2048 x
656 (CDEIGG) or 4096 x 712 (CDE2GG) points. Angu-
lar restraints for angles 3, € and x were obtained from J-
modulated HCP (49), PFIDS (50) and I'-HCN (51) experi-
ments (see Supplementary Figures S3 and S4). T and het-
NOE rates were determined from '3C-correlated 2D sensi-
tivity enhanced experiments. We used relaxation delays of
10, 50, 100, 200, 400, 700, 1000 and 1500 ms for T; de-
termination. Temperature compensation for spin-lock heat-
ing was achieved by implementation of spin-lock pulses dis-
tributing identical heating during the relaxation delay of
the experiments. HetNOE experiments were acquired in an
interleaved manner. Fitting of relaxation curves was con-
ducted using the software implemented in the Bruker Dy-
namic Center (Bruker Biospin).

Structure calculation of free CDEs

Structure calculation was performed with a modified ver-
sion of CNS 1.2 (ARIA 1.3) (52). We included all distance
restraints obtained from NOESY data (Table 1). Angular
restraints for angles 3, € and x were experimentally deter-
mined and incorporated with error margins of +15°. Angles
a, vy and & were taken from the work of Nozinovic et al. (53)
and were incorporated as constraints only for stem residues
with error margins of £20°. Error margins of angular re-
straints of the loop-closing base pair were set to £50° to al-
low backbone adaptation to loop geometry. No violations
of angular restraints were observed. Data were corrected
for spin diffusion with a rotational correlation time of 4.3
ns for both structures [calculated by HydroNMR (54)]. Re-
finement of structures was carried out with Xplor-NIH (55).
All restraints applied in the original structure calculation
were employed in addition to the statistical torsion poten-
tial torsionDBrna provided with the Xplor-NIH software
package.

Circular dichroism (CD) spectroscopy

CD melting curves were acquired on a JASCO J-810 CD-
spectrometer in a 0.2 pwm quartz cuvette. Samples contained
10 M RNA, 25 mM potassium phosphate and 50 mM
potassium chloride. The wavelength showing maximal cir-
cular dichroism was determined from prior CD-spectra and
was in the range from 260 to 265 nm. CD-melting curves
were measured at a temperature-sampling rate of 1°C/min
in a range from 5 to 95°C with a sampling rate of 10/min.
Data was smoothed with a Savitzky-Golay filter (10 points).
Melting curves were fit to a sigmoidal curve in the respective
sigmoidal region with errors <2%. The melting temperature
was obtained as the point with the highest slope.

Isothermal titration calorimetry (ITC)

ITC measurements were performed with either MicroCal
PEAQ- or VP-ITC devices (Malvern, United Kingdom) in
NMR buffer. In all experiments, ROQ domain protein was
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Table 1. Statistics of CDEIGG and CDE2GG NMR structure calcula-
tions. Statistics and accession numbers derived from structures obtained
with ARIA/CNS and when additionally refined with Xplor-NIH

NMR statistics

PDB ID (CNS) 6XXB 6XXA
PDB ID (Xplor-NIH) 6XWW 6XWJ
RNA name CDE1GG CDE2GG
NOE restraints

unambiguous:

intraresidual 144 298
sequential 59 134
medium range 5 6
long range 14 28
ambiguous:

intraresidual 0 6
sequential 0 9
medium range 0 1
long range 0 2
Base pair restraints

Planarity 7 9
H-bond 32 46
Dihedral restraints

sugar pucker 95 105
backbone 117 94
glycosidic bond 16 21
Violations (Xplor-NIH)

Distance > 0.5 A 1

Dihedral > 10° 0 1
RMSDs/A (CNS)

Stem (without terminal) 1.1 1.6
Loop 2.2 2.3
All atom 1.7 1.7
RMSDs/A (Xplor-NIH)

Stem (without terminal) 0.17 0.27
Loop 0.39 0.21
All atom 0.33 0.32

titrated from a stock of 10-20-fold excess to 2040 wM of
UCP3 CDEI1/2GG or Tnf CDE RNAs provided in the re-
action cell. In individual runs, we used 19-25 injections of
protein with 150-180 s of spacing at 283 K and a stirring
speed of 750 rpm. Raw data were analyzed with the NIT-
PIC software tool (56) and heat production was fitted to a
one-site binding model. For all runs, we performed a buffer
subtraction using NMR buffer instead of RNA.

Crystallization, diffraction data collection and processing

The crystallization experiments for ROQ-RNA complexes
were performed at the X-ray Crystallography Platform at
Helmholtz Zentrum Miinchen. The crystals of Roquin-1
ROQ (171-326) with UCP3 CDE2GG were grown in 250
mM ammonium sulphate and 30% (v/w) PEG 4000. The
crystals of Roquin-1 ROQ (171-326) with UCP3 CDE1GG
were grown in 90 mM Bis-tris propane pH 6.5, 290 mM
sodium tartrate and 19% (v/w) PEG 3350. Crystalliza-
tion was performed using the hanging-drop vapor-diffusion
method at 292 K in 24-well plates and a protein concen-
tration of 11.5 mg/ml. The crystals appeared after two
days. For the X-ray diffraction experiments, the crystals
were mounted in a nylon fiber loop and flash cooled to
100 K in liquid nitrogen. The cryoprotection was performed
for five seconds in reservoir solution complemented with
25% (v/v) 2-methyl-2,4-pentanediol for the structure with
CDE2GG, or 25% (v/v) ethane-1,2-diol for the structure
with CDE1GG. X-ray diffraction data for the ROQ-RNA
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Table 2. Data collection and refinement statistics for the ROQ domain in
complex with UCP3 CDEs

Data collection

PDBID 6TQB 6TQA

RNA name CDE1GG CDE2GG
Beamline SLS PXIII X06DA SLS PXIII X06DA
Wavelength (A) 1.0 1.0

Space group P4,2,2 P2,

Cell dimensions a, b, ¢

86.99, 86.99, 72.99

44.53,160.66, 68.01

(A)
a, B,y (0) 90, 90, 90 90, 107.96, 90
No. of molecules per 2 (1 protein + 1 8 (4 protein + 4
asymmetric unit RNA) RNA)
Resolution (A) 47-1.6 50-2.4
(1.64-1.60)* (2.46-2.40)*
Rinerge 4.7 (73.6) 10.0 (83.7)
I/)ol 23.16 (2.46) 14.05 (2.15)
CC (1/2) 100 (79.7) 100 (63.1)
Completeness (%) 96.9 (75.5) 99.6 (99.8)
Redundancy 8.4 (6.3) 5.2(5.1)
Refinement
Resolution (A) 47-1.6 50-2.4
(1.642-1.600) (2.462-2.400)
No. reflections 36 355 (2052) 33 655 (2618)
Ryork/ Riree 15.63/19.72 19.68/25.90
(23.80/24.10) (29.40/34.60)
No. atoms 2195 6,942
Protein 1224 4847
RNA 400 1796
Water 241 295
Tons 7 4
B-factor overall 28.25 55.20
RMSDs .
Bond lengths (A) 0.013 0.01
Bond angles (°) 1.836 1.796
Ramachandran plot
Most favored (%) 100 96
Additional allowed 0 4
(%0)

*Values in parentheses are for highest-resolution shell.

complexes were collected using a Pilatus 2M-F detector at
1.0 A wavelength on the PXIII X06DA beamline at SLS
(Villigen, Switzerland). The best data set was indexed and
integrated using XDS (57) and scaled using SCALA (58).
Intensities were converted to structure-factor amplitudes
using the program TRUNCATE (59). Table 2 summarizes
data collection and processing statistics.

Structure determination and refinement

The crystal structures of ROQ-RNA were solved by molec-
ular replacement using PHASER (60). The native Roquin-
1 ROQ structure served as a search model (PDB: 4QI0
(38)) for solving the structure of Roquin-1 ROQ (aa 171-
326) with CDE2GG and the Roquin-1 ROQ structure in
complex with 7Tnf CDE served as a search model (PDB:
4QI2 (38)) for solving the structure of Roquin-1 ROQ (aa
171-326) with CDE1GG. Model building was performed
in COOT (61). The RNA molecules were modeled man-
ually. The refinement was performed in REFMACS (62)
using the maximum-likelihood target function including
translation, liberation and screw-rotation displacements of
a pseudo-rigid body (63). The final model of the struc-
ture with CDE2GG is characterized by R and Ry factors
of 19.7 and 25.9%, the final model of the structure with

CDEIGG is characterized by R and Ry factors of 15.8
and 19.7%, respectively (Table 2). The stereochemical anal-
ysis of the final model was done in PROCHECK (64) and
MolProbity (65).

Cell culture

HEK?293 cells (Leibniz-Institute DSMZ, Germany, ACC
305) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS Superior, Biochrom), 1 mM sodium
pyruvate (Thermo Fischer Scientific) and Pen Strep
(Thermo Fisher Scientific) at 37°C in a 5% CO, humidified
incubator.

Transient transfection and luciferase assay

For transfection of pDLP reporter plasmids, 100 000
HEK293 cells were seeded in 24-well plates. 24 h after seed-
ing, cells were transfected with 100 ng reporter plasmid us-
ing Lipofectamine 2000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. Firefly and Renilla lu-
ciferase activity were measured 24 h post-transfection using
the Dual Luciferase Reporter Assay System (Promega).

RNA affinity purification and Western blot

Purified RNA was dephosphorylated using calf intestine
phosphatase (Roche). For 5 end biotinylation, 600 pmol
RNA were incubated with 0.2 mM v-S-ATP (Biomol) and
T4 polynucleotide kinase (New England Biolabs) for 30
min at 37°C. Biotin-long-arm maleimide (Vector Labora-
tories) was added and incubated for 30 min at 65°C. Un-
incorporated label was depleted by lithium chloride pre-
cipitation. Biotinylated RNA (200 pmol) was conjugated
to Dynabeads M-280 (Invitrogen) in incubation buffer (10
mM Tris—-HCI pH 7.4, 150 mM potassium chloride, 0.5
mM DTT, 0.05% NP40, 100 U/ml RNasin) for 2 h at
4°C with continuous rotation. Whole cell protein lysate (1
mg) of HEK293 cells together with 200 wg yeast tRNA
(Sigma-Aldrich) and 5 mg Heparin (Sigma-Aldrich) was
added to the beads and incubated 1 h at 4°C followed
by 15 min at room temperature with continuous rotation.
Beads were washed five times with incubation buffer, resus-
pended in 30 pl protein loading dye and boiled at 95°C for
10 min. Eluted proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Bio-Rad). The
primary antibody was anti-AUF1 (1:10 000; rabbit; Milli-
pore; 07-260) and the secondary antibody was Horseradish-
conjugated anti-rabbit (1:7000; goat; Jackson ImmunoRe-
search). Blots were developed using ECL Select (Life Tech-
nologies). Imaging was performed on a ChemiDoc Imaging
system (Bio-Rad).

RESULTS
Recognition of UCP3 AU-rich elements is CDE-like

Recognition of AREs by regulatory RBPs has mainly been
described for binding of single-stranded (ss) RNAs to
RBDs including ZnF and RRM domains, while the for-
mation of ARE secondary structure had been suggested



to interfere with ARE-mediated regulation, e.g. in the pro-
tein AUF1 (30) (Figure 1A). This general hypothesis has
recently been challenged by CDE-like AREs bound by
the protein Roquin (44). The 3-UTR of UCP3 harbors
two AU-rich elements with the potential to fold into tri-
nucleotide hairpin loops, reminiscent of canonical CDEs
(36). CDEI contains only AU nucleotides and CDE2 har-
bors the canonical ARE motif 5-AUUUA-3’ preceded by
four AU nucleotides (Figure 1B and Supplementary Fig-
ure S1). While regulation of the UCP3 mRNA was shown
to function through these sequences, we still lack an un-
ambiguous evidence for whether the unstructured, single-
stranded ARE RNA species or only the CDE-folded AREs
are the responsible target of the ROQ domain within the
functional UCP3 mRNP.

Thus, we sought to investigate the recognition mode of
those CDE-ARESs by Roquin. Taking into account the high
intrinsic lability of AU-rich sequences, we decided to use
solution NMR spectroscopy, which is unique in monitor-
ing also weak molecular interactions under near physiolog-
ical environment and at atomic resolution. We recorded ' H-
ISN-HSQC spectra comparing CDE1 and CDE2 individu-
ally in their free and ROQ domain-bound forms. As shown
in Figure 2A and B, native individual CDE RNAs provoke
strong chemical shift perturbations (CSPs) in the ROQ do-
main and the subsequent plot patterns are reminiscent of
the CSPs that had been observed with the bona fide Tnf
CDE before (38) (Supplementary Figure S2A). In contrast,
titration of ROQ with ssRNAs was recently found to cause
significantly smaller CSPs, in line with a 10-100-fold lower
affinity (45), e.g. for the Nfkbiz 15-mer LBE RNA (Supple-
mentary Figure S2A). This finding supports the assump-
tion that UCP3 AREs are bound by the ROQ domain in
a CDE-like manner. Notably, HSQC spectra of ROQ with
either CDE are well superimposable despite obvious differ-
ences in CDE sequences (Supplementary Figure S2B). This
underlines a highly similar, CDE-shape recognition rather
than recognition of a linear sequence. The presence of RNA
structure in CDEI and 2 upon binding to ROQ is also ev-
idenced by the observation of imino proton signals indi-
cating the formation of H-bonds between complementary
bases in a stem (Supplementary Figure 2E). In contrast,
we only detected imino signals for the free GC-containing
CDE2, while the pure-AU CDE]1 did not reveal the presence
of long-lived, i.e. NMR-detectable base pairs in its free form
(Supplementary Figures S1 and S2) underlining the low in-
trinsic stability of AU-rich base pairs, while the underlying
sequences suggest to be present in an unfolded, linear form
to certain extent of their life time.

To exclude that only a small fraction of RNA is bound
as SL, we next constructed stabilized CDEs with an addi-
tional two GC base pairs at the lower stem (Figure 1B).
1D-'"H NMR spectra highlighting the respective imino pro-
ton regions show that these CDE-ARE versions are ther-
modynamically more stable in their free forms (Supplemen-
tary Figure S1), thus increasing the overall likelihood to be
engaged by the ROQ domain in a CDE-preformed shape.
HSQC titrations show that the stabilized CDE-AREs pro-
voke an identical pattern in CSP plots; both in significantly
shifting residues and absolute intensities (Figure 2C and D).
Thus, we conclude that both wild type (WT, non-stabilized)
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and stabilized UCP3 CDE-AREs are equally bound as
structured, CDE-like RNAs.

Structures of folded AU-rich elements

We next investigated whether the UCP3 CDE-AREs form
the expected CDE-like SLs in the absence of Roquin, to test
for their potency in acting as a pre-structured, unique cis-
regulatory element, despite their AU-rich content. Given
the apparent high intrinsic dynamics of the WT CDEs,
yet the identical binding behavior towards ROQ, we deter-
mined the structures and dynamics of apo CDE1GG and
CDE2GG by solution NMR (Figure 3 and Supplementary
Figures S3 and S4). Spectral regions to demonstrate NOE
data quality are displayed in Figure 3A and B for CDE1GG
and CDE2GG, respectively, and in Supplementary Figures
S3 and S4.

For CDEIGG, the ten lowest energy structures con-
verged to an all-residue-all-atom RMSD of 1.7 A (stem
RMSD without terminal residues: 1.1 A, loop RMSD: 2.2
A) after structure calculation with ARIA/CNS (Table 1
and Supplementary Figure S3). The CDE1GG stem is com-
posed of eight Watson-Crick base pairs spanning residues
1-8 and 12-19. While residues G1 and C19 show increased
RMSD values, common for the termini in RNA SL struc-
tures, residues in the core of the stem converge well within
the 10 best structures. In contrast, the loop residues are con-
siderably less converged. For example, the loop residue U9
mostly stacks with the A8 residue in direction of the major
groove of the stem, while in two structures of the bundle,
U9 points to the solvent (Supplementary Figure S3G).

For CDE2GG, the ten lowest energy structures con-
verged to an all-residue-all-atom RMSD of 1.7 A (stem
RMSD without terminal residues: 1.6 A, loop RMSD: 2.3
A) (Table I and Supplementary Figure 4). The stem con-
sists of nine well-converged Watson—Crick base pairs. In
contrast to the structure of CDE1GG, the central purine
of the tri-loop (A11) does not point in the direction of the
major groove, but in the opposite direction (Supplemen-
tary Figure S4G). In nine of the ten structures, the flanking
loop residues U10 and U12 point towards the same direc-
tion as All. In a single, deviating structure, we observed
a flip of the first loop residue (U10). Notably, the anal-
ogous residue in the structure of CDE1GG (U9) showed
a similar degree of structural heterogeneity as CDE2GG
U10. Increased RMSD may partially be the result of lack
of NOE data, but also a consequence of loop dynamics
faster than NMR time-scale. As both the CDE1GG and
the CDE2GG structures show increased RMSD values for
loop nucleotides compared to the base-pairing stem (Table
1), we suggest their increased dynamics to facilitate protein
recognition.

The increased dynamics of the two RNA SLs are also
evident from heteronuclear relaxation data (Supplemen-
tary Figures S3F and S4F). We found around 40% increase
of sugar Cl’ proton R; rates and over 15% increase in
hetNOE intensity on aromatic protons for residues 8-12
(CDE1GG) and 9-13 (CDE2GG), respectively, compared
to other residues. Thus, loops and loop flanking residues
show increased dynamics compared to stem residues. In the
context of molecular recognition by ROQ (Figure 2), the
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Figure 3. Solution structures of free CDE1GG and CDE2GG RNAs. (A and B) Zoom-in of the assigned aromatic H1' region of the 'H,! H-NOESYs of
CDEIGG (A) and CDE2GG (B). The intraresidual H5/H6 cross peak assignment is shown in light grey. (C and D) The three dimensional structures of
CDEI1GG (blue) and CDE2GG (red) after refinement with the force-field RNA-ff1 (55) (see also Table 1). Two orientations for each CDE show the side-on
view with the loops pointing into the direction of the viewer, and a top down view displaying the loop-orientation with respect to the helical main axis.
Tri-loop residues are labeled in sequential order (orange, magenta and green respectively) to highlight differences in loop geometry. (E) NMR structure of

the Tnf CDE (43). See also Supplementary Figures S3 and S4.

different loop geometries between the two CDEs suggest
that the large dynamics facilitate folding of CDEs into a
conformation, susceptible for engagement with the ROQ
domain.

We additionally refined the best resulting structures with
the RNA-specific force field RNA-ffl (55), to accommo-
date to the backbone angles found in X-ray structures of
RNAs deposited in the PDB (Table 1 and Figure 3C and D).
This procedure removes most of the angular deviations in
the loop and therefore does not account for the specifics of
loop flexibility. The resulting structure represents the low-
est energy and thus most populated structure free in solu-
tion. The all-atom RMSD of the refined structures is 0.33
A for CDE1GG and 0.32 A for CDE2GG, respectively (Ta-
ble 1). We attribute the strong tightening of the bundle to
parametrization introduced with the torsion potential of
the RNA-ff1 force field. In line with that, the additional re-
finement led to improved backbone conformations reflected
by an increased backbone suiteness from 0.19 to 0.69 for

CDEIGG and 0.14 to 0.75 for CDE2GG, a value measur-
ing the overall agreement of backbone parameters with a
test set of RNA structures (66).

In comparison, the solution structure of the apo 7nf CDE
(43) shows a structural arrangement of the loop residues
oriented towards the major groove form, i.e. comparable to
CDEI1GG (Figure 3E). Additionally, a widening of the ma-
jor groove is observed in the 7nf CDE, attributed to a purine
stack in the 3’ side of the stem. As the UCP3 CDE-AREs
do not feature this type of purine stack, this effect is not
visible in our RNA SL structures. It was further shown that
inversion of the two closing base pairs below the tri-loop
in the 7nf CDE, and thus distortion of the purine stack,
induced large differences in the loop structure, accompa-
nied by loss of Roquin binding capability (43). Interestingly,
UCP3 CDEIGG and CDE2GG differ from each other by
an inversion of the penultimate loop-closing base pair (Fig-
ure 1B), which potentially accounts for the structural al-
teration observed in the loop, although their binding com-
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petence for the ROQ domain appears unaffected (Figure 2
and Supplementary Figure S2). Altogether, we assume that
the less rigid AU-rich loop-closing sequence in CDE1 and
CDE?2 allows for loop dynamics, beneficial for adoption of
a ROQ-binding-competent structure.

Structures of folded AU-rich elements in complex with the
ROQ domain

To finally prove that the UCP3 CDE-AREs are tightly com-
plexed by Roquin in the characteristic arrangement, we
crystallized the ROQ domain with the two stabilized SLs.
We obtained well-diffracting crystals with both SLs and
found ROQ-CDEI1GG present with one complex molecule
per asymmetric unit at a resolution of 1.6 A (Table 2, Figure
4A and Supplementary Figure S5). ROQ-CDE2GG crys-
tallized with four complex molecules per unit (2.4 A resolu-
tion) that show an overall RMSD of 0.35 A, while the com-
plex appears as monomer according to the observed line
width in NMR spectra. This is in line with all previously
published crystal structures of SL RNAs in complex with
the core ROQ domain.

Importantly, in neither of the two complexes the addi-
tional, stabilizing GC base pairs participate in direct inter-
actions with the ROQ domain, indicating that the wild type
CDE SLs are sufficient for a canonical CDE-like recogni-
tion by Roquin. In case of CDE1GG, this also reflects the
first CDE structure with a pure-AU interface with the ROQ
domain, adding functional impact and relevance to the so
far unlikely concept of structured AREs. In addition, the
high resolution for CDE1GG allowed for the observation of
two distinct RNA conformations at the 5’ end of the stem,
i.e. the first five nucleotides, while the complement strand
appears as a single conformer (Supplementary Figure S5B).
Although, one of the two conformations appears to be more
compacted over the other, we find comparable and complete
H-bonding patterns in respective Watson-Crick base pairs.
In addition, both conformers share a highly conserved in-
teraction of the Arginine 188 side chain with the backbone
of the adenine nucleotide at position 3 (Figure 4B and Sup-
plementary Figure S5C). It indicates that the two forms do
not reflect two independent RNP folds, but are likely to be
interchanging with each other in solution. This characteris-
tic underlines the special feature of relatively labile CDE SL
folds, which are likely to be stabilized by the ROQ domain.

For both complexes, we found a conserved network of
interactions between protein and RNA, reflecting the pre-
viously described contacts between ROQ and the Tnf CDE
(Figure 4A and B). Consequently, the overall fold of all
three CDEs in the bound form is highly comparable under-
lining the earlier suggestion that ROQ recognizes its target
RNAs through shape- rather than sequence-specific inter-
actions and locks them in a canonical arrangement that is
unique for CDEs (Supplementary Figure SSD). Most re-
markably, all three CDEs shown in the overlay resemble
an identical orientation of loop nucleotides, which is not
reflected by the respective free forms (Supplementary Fig-
ure SSE and F). Previous work on the 7nf CDE has shown
the role of CDE-intrinsic sequence features for the recogni-
tion by the ROQ domain (38,43,44). Comparison of the free
and ROQ-bound 7nf CDE also suggested that major rear-

rangements of the loop nucleotides are necessary for com-
plex formation (Supplementary Figure S5G). In line with
that, comparing all individual unbound RNAs of our study
with their respective conformations when bound to ROQ
suggests, that the ROQ domain either provokes an induced-
fit mechanism during engagement with the three CDEs, or
that all of them are able to sample the final fold in solution
(conformational selection).

Previous data showed a mutual stabilization of both the
ROQ domain and CDE RNA upon complex formation
(38), which was suggested to be a driving force for the
high-affinity interaction between them and underlines the
central role of CDE elements for Roquin-mediated post-
transcriptional regulation (36,38,40-43,46). Using EMSA
experiments, we previously estimated 100 nM affinity be-
tween the ROQ domain and the wild type UCP3 tan-
dem CDE-ARE:s (44) (Figure 1B). Mutational analysis sug-
gested similar contributions from either UCP3 CDE, with
affinities in the low micromolar range. This affinity is in line
with a CDE found in the Ox40 3’-UTR (39), but consider-
ably higher than measured for the 7nf CDE (38,43). How-
ever, the measurements of the single CDEs were performed
in the context of the UCP3 tandem RNA, with possible
interference from the surrounding sequence context, due
to transient interactions and thus weakening of the CDE
fold. In order to quantify the individual binding affinity of
the UCP3 CDEs, we used ITC and determined Kp values
for ROQ binding to CDE1GG and CDE2GG. The result-
ing Kps show tight, low-nanomolar binding, comparable
to that of the Tnf CDE (Figure 4C). This reveals two re-
markable features: First, these affinities are in full agree-
ment with the ROQ-UCP3 ARE complex arrangement in
a CDE-like manner as proven by the NMR data and crys-
tal structures. Importantly, they do not support binding of
the CDE-AREs as linear sequence, as ssRNA recognition
by the ROQ domain occurs with 2-3 orders of magnitude
lower affinity (45). Previous studies on CDEs and ADEs
suggested high on-rates during complex formation as one
cause for the high affinity (39). From the affinities observed,
we here assume a similar kinetic basis, based on preformed
SL RNAs. Second, the low Kp values suggest a functionally
relevant and active recognition of structured ARE elements
by a single high-affine RBD, the ROQ domain. The latter is
remarkable as the high-affine recognition of AREs had so
far only been described for single-stranded ARE species to-
gether with the concerted action of multiple RBDs (17,67).
In the case of AUF1 for example, both RRMs are necessary
for and contribute equally to high affinity binding (68).

Biophysical investigation of UCP3 CDE-ARE-ROQ com-
plexes

Next, we analyzed a potential CDE-stabilizing effect of
the Roquin ROQ domain. Such stabilization had been sug-
gested for the 7nf CDE before (38), while no clear experi-
mental proof was provided. Thus, for the UCP3 CDEs, we
first assessed differences in stability between the free UCP3
CDEs and their complexed form with ROQ in CD-melting
experiments (Figure 5A). All SLs showed comparable and
characteristic CD spectra with a maximum ellipticity in the
range of wavelengths between 262 and 265 nm and a mini-



D263

b - - R251—E293 R260- -
;

R190

Residue Side-chain

Residue Main-chain

----- Hydrogen
bond

—— Electrostatic
contact

(@

Nucleic Acids Research, 2020, Vol. 48, No. 13 7395

- - - R251—E293

R190

0 75 +/- 30 nM ) 04 53 +/-19 nM . 04 13 +/-3nM .
35 n=1.1 3 o n= 35 - n=1 .
£ -2.51 E- £ -2
© © -4 ) © N SN T
[&] [&] O 44
< -5 » < 64 £ “][HHIHIH & 2 - l[HHIHIIIIIII
= 8. S~ g - RS
T 2 I -84 z I -6 g o)
< -7.51 & < 10- S 1 ...
B T ® ) 45 22 50 5747 50 20 00 21 -8+ eiie LI TH T
_1 0_ Time (min) _1 2 o Time (min) A Time (min)
0 05 1 15 2 0 05 1 15 2 25 0 04 08 12 16 20
Molar ratio Molar ratio Molar ratio
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mum between 235 and 245 nm (Supplementary Figure S6).
As expected, melting points (7y,) largely differed between
stabilized and non-stabilized CDEs, owing to the two sta-
bilizing GC base pairs and rationalizing them for structure
determination of free RNAs. In line with that, we also found
a remarkable difference in melting temperatures of CDE1
(27°C) versus CDE2 (69°C) and CDEIGG (52°C) versus
CDE2GG (82°C) (Figure 5A), where in the latter the effect

of stabilization is less pronounced due to the intrinsic two
GCs base pairs in CDE2 variants (compare RNA sequences
in Figure 1B). This finding underlines the drastic lability of
pure ARE sequences, but suggests at the same time an in-
herent potency to be also recognized in their linear form.
The T, of ROQ alone is 42°C (Supplementary Figure S6)
and thus below the melting points of CDE2 and the sta-
bilized CDE variants. We thus used CDE]1 to examine the
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A

Figure 5. The ROQ domain locks the UCP3 CDE-ARE:s in the CDE-fold, independent of their thermodynamic instability. (A and B) CD melting curves
of CDE1 and CDE2, their respective stabilized constructs (GG) (A) and after addition of equimolar amounts of ROQ domain (B). Respective sigmoidal
fitting regions are indicated in orange. Melting points and their errors are indicated as obtained from the fitting procedure. (C and D) Imino proton spectra
of the non-stabilized CDEI (C) and CDE2 (D) at room temperature alone and in complex with different ratios of ROQ domain. As a control, the same
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role of the ROQ domain in CDE stabilization. We observed
a strong stabilizing effect of ROQ on CDE1 by CD spec-
troscopy (Figure 5B) evidenced by an increase of T}, from
27°C to 39°C. We thus reason, Roquin captures and stabi-
lizes the transient SL of the pure-AU CDE]1 at physiolog-
ical conditions, while the cis-element alone will be mainly
unfolded.

To further verify the stabilizing role of ROQ towards the
UCP3 CDEs at atomic level, we tested the ability of the
ROQ domain to shift the equilibrium of unfolded CDEI1
and CDE?2 to the folded species in dependence of protein-
RNA ratios (Figure 5C and D). To this end, we used the
detectability of imino protons in SL RNAs, which indicate
H-bonding of base-paired nucleotides, i.e. structured RNA
(Supplementary Figure S1). Indeed, both wild type CDEI
and CDE?2 revealed a significant increase in imino proton
resonances in response to the presence of the ROQ domain.
This suggests formation of stable ROQ-CDEI and -CDE2
complexes with RNA-structure lifetimes observable during
the NMR experiment (here a few hundred milliseconds)
that clearly exceed the lifetime of imino protons in the free
RNAs. For CDE2, we also observed small changes in imino
proton chemical shifts between the apo RNA and the 1:1
complex with the ROQ domain (Figure 5D). We thus con-
clude that the ROQ domain, upon binding, induces the for-
mation and promotes the stabilization of the CDE-fold in
the wild type UCP3 3'-UTR. Surprisingly, this feature ap-
pears to be independent from the obvious differences in in-
trinsic stabilities between the two UCP3 SLs as determined
by CD spectroscopy.

This observation suggests that tight binding to the two
CDEs is additionally controlled by a low off-rate. Such
a binding mechanism mainly requires the apical AUAUU
pentamer, while the actual stem sequence is not of appar-
ent relevance, presuming a general stem formation. This is
in line with the completely sequence independent consen-
sus for active Roquin binding sites suggested by mutational
analyses of the UCP3 CDE-ARE:s (44).

Independent recognition of the two UCP3 CDEs by Roquin

The accumulated data suggest simultaneous and highly sim-
ilar binding of ROQ to the two UCP3 CDEs in their en-
dogenous context. To verify that, we made use of a tandem
UCP3 RNA construct (CDE1-2, Supplementary Table S1)
that harbors both CDE:s in close sequential proximity (Fig-
ure 1B). To prevent dimerization observed at high RNA
concentrations with the wild type sequence (Supplementary
Figure S7A), a point mutation had to be introduced in the
linker region between the two CDEs. Mutations in the linker
region were shown not to affect mRNA repression in vivo
(44). In order to ensure that the tandem construct used for
NMR studies retains full repressive capacity, it was tested
in a luciferase reporter assay. As expected the point muta-
tion had no significant effect on the regulation in vivo (Sup-
plementary Figure S7B). Thus, the construct is suitable for
further analyses.

Earlier data had given good evidence for a 1:2 complex
between the UCP3 RNA and ROQ domain (44). Conse-
quently, to directly monitor the formation of comparable
complexes (compare also Figure 2) at atomic resolution we
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titrated tandem UCP3 to the ROQ domain and recorded
HSQC spectra (Supplementary Figure S2). Excess RNA
(>0.5x with respect to the number of available CDEs) al-
lows the interpretation of detectable complex resonances.
The overall occupancy of CDEs showed a 1:1 distribution,
which indicates that ROQ does not discriminate between
the two CDEs for the formation of tight complexes. Conse-
quently, in the tandem complex, both CDE-complexes ap-
pear with a comparable lifetime, indicating similar complex
stability. However, we find a number of resonances that sug-
gest a slight preference for CDE2, which is in line with its
relatively higher intrinsic stability measured by CD. Strik-
ingly, the two SLs behave fully independent as evidenced by
the unaffected chemical shifts of individual imino protons
(Supplementary Figure S1).

Competition of RBPs for AU-rich elements

The NMR and CD data clearly demonstrate that ROQ
binding can rigidify the tandem-CDE regulatory hub within
the 3-UTR of the UCP3 mRNA. However, in the absence
of Roquin binding, this region will be largely unstructured
and thus accessible for RBPs that specifically recognize lin-
ear AREs. Thus, Roquin will be able to compete with these
RBPs by removing their ssSRNA target sites in the 3'-UTR,
while conversely these RBPs will be able to compete with
Roquin by masking the AREs and preventing them from
adopting a CDE-fold.

To investigate competition for identical ARE-foldamers
by two RBPs we included the well-studied protein AUF1
(hnRNP D) into the Roquin-UCP3 interactome (Figures
1A and 6A). The high affinity of AUFI to AU-rich se-
quences has already been described (69), and such se-
quences are present in the studied UCP3 tandem CDE (Fig-
ure 6A). Additionally, previous work has shown that struc-
ture formation in AREs abolished binding and mRNA reg-
ulation by AUF1 (30,31). AUF1 thus represents a promis-
ing study case for the regulatory capacity that centers on
dynamic CDE-AREs. The AUF1 protein comprises two
canonical RRM domains, arranged in tandem that account
for RNA-binding (69). With NMR, we found that the two
AUF1 RRM domains are independent from each other, as
shown by a ’'N-HSQC overlay comparing tandem RRM1-
2 and RRM2. Here, the single RRM2 domain provides
resonances that are in full overlay with the respective res-
onances in the tandem RRM1-2 indicating that the two
RRMs are structurally independent from each other with
respect to their two-site RNA-binding capacity (Supple-
mentary Figure S8A). As a prerequisite for the following
experiments, we also ruled out an interaction of AUF1
RRMs with the Roquin ROQ domain (Supplementary Fig-
ure S8B).

We next tested whether AUFT1 is capable of binding to
the tandem UCP3 RNA using RNA immunoprecipitation.
Notably, AUF1 isoforms can readily be isolated from cell
lysates using the wild type UCP3 tandem CDE (Figure 6B).
Further, overlays of >’N-HSQC spectra confirm the inter-
action of the two AUF1 RRMs with both individual UCP3
CDEs and the tandem construct. The spectra show large
chemical shift perturbations accompanied by line broaden-
ing which is in line with the nanomolar affinities that had
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Figure 6. Competition of Roquin with AUF1 for the UCP3 ARE hub. (A) Top, schematic presentation of AUF1 domain arrangement with approximate
position of the tandem RRM1-2 domains. Below that, the wild type UCP3 ARE hub is shown as used in this study and for the pulldown experiment
in panel (B). (B) Analysis of Roquin binding to the UCP3 ARE hub. For RNA affinity purification, HEK293 whole cell lysates were incubated with the
indicated UCP3 RNAs. AUF1 was visualized by Western blot using anti-AUF 1 antibody. (C and D) NMR-based in vitro competition experiments between
the Roquin ROQ domain and the AUF1 tandem RRM1-2. (C) Imino proton spectra of WT UCP3 CDE] alone, in a 1:1 complex with AUF1 and after
addition of increasing amounts of ROQ. (D) The same as in (C), but starting from a 1:1 complex of CDEI with ROQ and subsequent titration of increasing
amounts of AUF1 RRM1-2. For panels (C) and (D), the same spectral region is shown for ROQ alone for clarity towards protein-derived peaks. See also
Supplementary Table S1 and Supplementary Figure S8.



been reported for AUF1-ARE interactions earlier (70). As
expected for canonical RRM domains, binding is primar-
ily mediated by the intrinsic RNP motifs (Supplementary
Figure S8C-E).

Interestingly, mutants of the RNA within CDEI or 2 of
the tandem UCP3 RNA revealed a significantly more pro-
nounced loss in binding for CDEI, which is solely com-
posed of AU residues (Figure 6A and B). This is in line with
AUF1’s primary preference for extended AU-rich regions
(71,72) and suggests a slight preference for the CDEI re-
gion within the tandem RNA construct.

We thus decided to monitor the presence of imino pro-
tons in CDEI as a measure of the RBP-competition for dif-
ferent RNA-foldamers. The wild type CDE1 did not show a
significant proportion of structure on the NMR time scale
(Figure 5C). Addition of AUFI to the wild type CDEI
yielded no visible increase in RNA structure (Figure 6C), in
line with the previously described target specificity of AUF1
for linear AREs (70). We next added increasing stoichio-
metric amounts of Roquin ROQ domain to the mixture.
As expected, we observed a stepwise increase in imino sig-
nals indicating the stabilization of the CDE-fold in a ROQ-
RNA complex (compare to Figure 5). Taking into account
the high affinity interaction of AUF1 RRMs with CDEI1
(Supplementary Figure S8), it suggests that AUF1 has to be
occluded from the RNA-interface in favor of the ROQ do-
main. ROQ-binding sequesters the former linear ARE and
thereby excludes AUF1 from its potential regulatory func-
tion on dynamic AREs. To exclude the potential scenario of
both RBPs being bound to CDEI1, we next started from a
pre-formed ROQ-CDE]1 complex and added increasing sto-
ichiometric amounts of AUF1 RRM1-2 (Figure 6D). As ex-
pected, the increase in AUF1 led to a stepwise loss of imino
resonances in CDEI indicating that AUF1 is able to replace
Roquin, and thus unfolds the CDEL1.

To estimate the occurrence and folding of further CDE-
AREs in vivo, we analyzed whether AU-pure CDEs over-
lap with binding sites of AUF1 derived from PAR-CLIP
(Photoactivatable-Ribonucleoside-Enhanced Crosslinking
and Immunoprecipitation) data in HEK293 cells (22). A to-
tal of 146 AU-pure CDEs with a UAU tri-loop, i.e. analo-
gous to CDEI, were predicted in the 3’-UTRs of 128 hu-
man genes (44). Of these, 48 genes (38%), containing 55
AU-pure CDEs (38%) in their 3’-UTRs, are recognized by
AUF]1 (Supplementary Table S3). Although these 48 genes
together harbor 119 binding sites, only 4 binding sites (3%)
overlap with CDE-AREs. Importantly, most of the genes
targeted by AUF1 are also bound by Roquin-1 in HEK293
cells (37 genes, 77%), as shown by PAR-CLIP (42). To-
gether, the data suggest that CDE-AREs are widespread
and most often excluded from AUF1 binding, likely due
to their structured nature and/or subsequent occupation by
competing trans-acting factors. Interestingly, the four CDE-
AREs bound by AUF1 were also recognized by the mRNA
stabilizing factor HuR (22), thus further extending the land-
scape of possible protein interactors.

In summary, the data suggest competitive binding be-
tween Roquin ROQ and the AUF1 RRMs to the same cis-
regulatory RNA sequence, while targeting different folding
states and actively interfering with the equilibrium between
the two forms.
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DISCUSSION

The ROQ domain recognizes UCP3 cis-regulatory AREs in
a pre-formed CDE-like manner

While AREs and CDEs had long been conceived as sep-
arate entities, functioning as parallel, redundant or even-
tually cooperative cis-elements (29,34,46), we have recently
shown that AREs can be functioning as CDEs (44) and con-
sequently to be regulated by the protein Roquin. Their low
intrinsic half-lives as SLs suggested that they could fulfil ad-
ditional roles as linear cis-elements. However, an unambigu-
ous, i.e. structural proof, for the existence of CDE-shaped
ARESs and their recognition by Roquin in a CDE-like man-
ner had remained open.

We show here that the two adjacent Roquin-regulatory
cis-elements in the 3'-UTR of the UCP3 mRNA indeed
form CDE-like folds. This holds true for the CDEs alone
(Figure 3) and in complex with the protein (Figure 4).
We also show that in solution, Roquin engages with these
CDEs in a manner identical to the binding of the canoni-
cal Tnf CDE (38) and with similar, low nanomolar affini-
ties. Thus, our data proof the previously described func-
tional role for the UCP3 SLs as CDEs. Moreover, they gen-
erally suggest CDE-AREs as a subclass of CDEs that allow
for unique regulatory features. Such features are particu-
larly obvious for the pure-AU CDEI1 of UCP3, which did
not reveal base pairing in its free form, suggesting it to be
unfolded in average on the NMR-observed time scale. No-
tably, we found CDEI to be stabilized in its folded form by
the Roquin protein, with a melting temperature of 27°C in
its free form, while ROQ domain binding increases CDE1
stability to 39°C. We speculate that this narrow, physiolog-
ically relevant temperature window for stabilization by an
RBP expresses the functional dynamics of interactions be-
tween Roquin and transiently folded AREs. Under physi-
ological conditions, those CDE-AREs are in constant ex-
change with the unfolded form, and Roquin is replaced by
competing RBPs through the adjustment of relative protein
levels.

For Roquin, it has been discussed that RNA binding
requires a certain RNA flexibility, while the stable ROQ-
CDE complex is of a highly conserved geometry. Interest-
ingly, this geometry is also present in ROQ-ADE complexes
(39). It clearly highlights the shape-specificity of Roquin
for RNA, rather than a particular sequence requirement.
We found that both UCP3 CDEs in complexes with the
ROQ domain reflect an identical RNP arrangement, which
is furthermore identical to all other ROQ-CDE structures
(38,40,73-75). Interestingly, other than for the 7nf CDE,
the two stabilized UCP3 CDEs adopt in their free forms a
fold, which is reminiscent of the ROQ-bound form. It re-
mains open, whether this pre-arranged element supports
their interaction with ROQ and if it is a particular feature
of the UCP3 CDEs.

Taking into account the labile nature of free UCP3 CDEs
(Supplementary Figure S1), we assume that complex stabil-
ity is mainly driven by a low off-rate, where the ROQ do-
main locks CDEs in a compact structure. Ever since the
discovery of CDEs, their intrinsic instability has been sug-
gested to account for their regulatory potency. Indeed, for-
mer work has shown that GCs are by default underrepre-
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sented in CDEs (36) and a higher GC content does not per
se increase affinity for ROQ, as e.g. seen for the CDE-like
SL in the Ox40 3’-UTR (38,39). This is also supported by
the U-rich SLs found in a PAR-CLIP study that are recog-
nized by Roquin and show an almost exclusive content of
AUs in their stems (42). In fact, the role of intrinsic lability
for enabling an induced-fit with the ROQ domain was corre-
lated with a preference for polyA-stretches along the 3'-side
of the stem, i.e. this unique geometry was suggested to be a
driving force of high-affine binding to Roquin as shown for
the Tnf CDE (38). However, we recently showed that these
stretches are no requirement for active CDEs (44).

As contradictive findings from mutational data on CDEs
have been reported (36,38,43,44), our data essentially sug-
gest binding to be facilitated by the pure possibility that
a potential CDE can be formed in vivo. In principle,
a plethora of short (~20 nt) sequences will be capa-
ble of adopting CDE-like folds Accordingly, hundreds of
low-populated, potential CDEs have been predicted in a
genome-wide bioinformatic screen (44). Despite their po-
tential to form a stable complex with Roquin, they were
thought to be mainly unfolded at physiological conditions
or to be hidden in a larger RNA secondary structure con-
text. Nevertheless, such sequences might also be functional
Roquin targets, when they transiently adopt a CDE-like
fold.

In sum, we present the first pure-AU CDE that resem-
bles a bona-fide CDE-like fold and thus extend the possible
cis-element target group of Roquin for mRNA regulation
on a structural basis. Indeed, while all previous studies have
missed to provide clear structural evidence for a CDE-like
fold of AREs, we here unambiguously prove the existence
of such CDE-ARE:s in the free and ROQ-bound form with
high resolution. However, while we assume a gain in com-
plex stability for both RNA and ROQ, the question remains
whether the rate-limiting step in vivo will be the prior for-
mation of CDE-folded SLs; assuming a constant pressure
against RNA unfolding (76) and the competition with miR-
NAs and proteins that favor linear AREs (77).

Opposing specificity for UCP3 ARE conformers by the
Roquin ROQ domain vs. AUF1 RRMs

Our experiments show such a competition between Roquin
and AUF1 for the same ARE in vitro, targeting either the
folded or the linear form, respectively. As such, we sug-
gest a mutually exclusive, i.e. functionally competitive or re-
dundant action of RBPs on AREs with transient structure
like the herein described CDE-AREs. Notably, the AUF1
isoform p45 is capable of dissolving viral SL structures,
thus promoting genome replication of flaviviruses (78,79),
and we found this isoform to be most effectively enriched
after pulldown with the UCP3 CDEs (Figure 6). At the
same time, an increase in RNA structure at its target cis-
element environment clearly interferes with regulation of
mRNA fate by the AUF1 isoform p37 (30). Strikingly,
ARE structure formation was shown to differentially affect
trans-factor binding (31), indicating a complex interplay of
cis-trans interactions for mRNA regulation depending on
mRNA structure and the exact preferences of regulatory
RBPs.

Two scenarios are thus to be considered for post-
transcriptional regulation: First, the relative proportions of
RNA forms will decide about the accessibility for the re-
spective RBPs. Herein, the interconversion between folded
and unfolded RNA is a decisive parameter for the pos-
sible RNPs to be formed. Second, relative affinities and
amounts of available protein will decide about the occu-
pancy of AREs and their tight stabilization in the linear
or folded forms, respectively. The individual AUF1 RRMs
have an affinity of 300-800 nM for AREs, depending on the
exact RNA sequence and protein isoform (69). Those num-
bers are in the identical order of affinity with Roquin bind-
ing to CDEs and ADEs (Figure 4C and (38,39)). Conse-
quently, mRNA fate will depend on the relative RBP levels
and their local availability. As shown in Figure 6, replace-
ment of ROQ requires an excess of AUF1 on the investi-
gated time scale. This is consistent with the finding that po-
tentially folded CDE-AREs are underrepresented as bind-
ing sites of AUF1. In the case of counter-acting RBPs that
compete for (CDE-)AREs, folding probability, affinity and
availability of the frans-acting factors represent critical con-
tributions and regulatory levels for individual fates of target
mRNAsS.

In immune-regulatory proteins like Regnase and Roquin,
high-affine and specific binding of structured decay ecle-
ments is accompanied by the recognition of adjacent AREs
through the co-existing zinc finger domains. Despite the dis-
cussable gain in specificity and affinity (42,45,80), the role
of ARE recognition by the Roquin ZnF has appeared to
be clearly subordinated to the function of the ROQ domain
after the discovery of CDE and ADE clements (36,39,46),
with the major role for the ROQ domain in mRNA regula-
tion (38,40). Our findings now provide an additional option,
in that the Roquin ROQ domain would also account for
mRNA regulation through pure AU-rich sites, which can
fold into CDE-shaped SLs. This would increase the likeli-
hood of Roquin to engage with its mRNA target regions
when either using its ZnF or ROQ domains for identical
AU-rich cis-elements.

Interestingly, genome-wide bioinformatic analyses pre-
dicted >100 CDEs consisting exclusively of AUs (see Sup-
plementary Table S3). Moreover, several of these show
evolutionary conservation, highly suggestive of further in-
stances of CDE-AREs (44). This might explain possible tar-
get overlap with proteins that do not apparently recognize
CDE:s. In this context, recent work has also presented the
novel RBP Arid5a that appears to counteract Roquin and
Regnase binding, possibly by destabilization or refolding of
SL elements (81,82). Further, Roquin recognition of an SL
element in the Pren 3’-UTR competes with miRNA binding
(83). Since miRNAs recognize ssRNA sequences by direct
base pairing, at least partial melting of the Pten SL would
be necessary.

Our findings pose the question whether also other cis-
elements recognized by sequence-specific proteins in their
linear form, might be structured more often and thus could
be bound by RBPs with shape-specific domains. Strikingly,
considering cis-element accessibility significantly increases
the prediction of in vivo binding sites of RBPs, compared to
predictions based only on sequence preferences (84). This
suggests that linear motifs are often masked within RNA



folds, limiting recognition by trans-acting factors that re-
quire single strand regions. There are >1000 proteins en-
coded in the human genome that are capable of interact-
ing with mRNA, while binding preferences for the vast
majority of them are unknown (85,86). Likely, the herein
presented findings of protein competition for differently
folded forms of the same ARE can be extended to other
cis-elements that have so far been regarded as purely lin-
ear acting motifs. In essence, our data imply a role for tran-
siently folded cis-elements in mRNA regulation. Our work
highlights how cis-elements are used as signal-integrative
hubs, and mRNA regulation is a consequence of cis-element
availability/accessibility and the relative abundance of com-
petitive RBPs.
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