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ABSTRACT

Cytoplasmic polyadenylation is regulated by the
interaction of the cytoplasmic polyadenylation el-
ement binding proteins (CPEB) with cytoplasmic
polyadenylation element (CPE) containing mRNAs.
The CPEB family comprises four paralogs, CPEB1-
4, each composed of a variable N-terminal region,
two RNA recognition motif (RRM) and a C-terminal
ZZ-domain. We have characterized the RRM do-
mains of CPEB4 and their binding properties us-
ing a combination of biochemical, biophysical and
NMR techniques. Isothermal titration calorimetry,
NMR and electrophoretic mobility shift assay exper-
iments demonstrate that both the RRM domains are
required for an optimal CPE interaction and the pres-
ence of either one or two adenosines in the two most
commonly used consensus CPE motifs has little ef-
fect on the affinity of the interaction. Both the single
RRM1 and the tandem RRM1-RRM2 have the ability
to dimerize, although representing a minor popula-
tion. Self-association does not affect the proteins’
ability to interact with RNA as demonstrated by ion
mobility-mass spectrometry. Chemical shift effects
measured by NMR of the apo forms of the RRM1-
RRM2 samples indicate that the two domains are ori-
entated toward each other. NMR titration experiments
show that residues on the p-sheet surface on RRM1
and at the C-terminus of RRM2 are affected upon RNA
binding. We propose a model of the CPEB4 RRM1-
RRM2-CPE complex that illustrates the experimental
data.

INTRODUCTION

The cytoplasmic polyadenylation element binding protein
(CPEB) is involved in translational regulation of cytoplas-
mic polyadenylation element (CPE) containing mRNAs.
The mechanism by which cytoplasmic polyadenylation con-
trols the translation of many key mRNAs has been eluci-
dated in meiotic maturation of Xenopus oocytes. Many ma-
ternal mRNAs are translationally repressed in oocytes ar-
rested at the end of meiosis prophase I. This repression is
achieved via the interaction of CPEB to the CPE U-rich se-
quence (U4-6A1-2U1-2) in the 3’'UTR of the specific mR-
NAs (1). Moreover, CPEB recruits protein factors that facil-
itate translational regulation. The poly A-specific ribonucle-
ase PARN has an antagonistic effect on the non-canonical
poly A polymerase Gld2 resulting in mRNAs with a short
poly A tail and therefore transitionally repressed (2). Other
factors that interact with CPEB include members of the
mRNA 3'-end processing machinery including symplekin
and CPSF. An interaction with the protein Maskin and its
interaction with the translational initiation factor eIF4E
inhibits the assembly of the translation initiation complex
(3,4). A progesterone initiated signaling cascade results in
the activation of kinase Aurora A that in turn phosphory-
lates CPEB (5). The phosphorylation leads to the inhibition
of the PARN-CPEB interaction resulting in the extension
of the poly A tail of the mRNA by Gld2 allowing for the
binding of poly A binding proteins and subsequent transla-
tional activation (6).

The CPEB family of proteins comprises of four paralogs
(CPEB1-4). CPEBs 24 are closely related and CPEBI
is the most distant relative (7). The proteins are widely
expressed in a variety of tissues, cell types and tumors
with partially overlapping patterns (7). Additional func-
tions to that of oocyte maturation have been identified in-
cluding roles in synaptic plasticity and cellular senescence
(8). Members of the family comprise of a largely conserved
C-terminal region that comprises of two RNA recognition
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Figure 1. Alignment was prepared using the Geneious R6 software
(biomatters). The position of the RRM domains is indicated and the RNP
motifs highlighted. Black residues are conserved between all family mem-
bers. Gray residues are partially conserved and blank residues are un-
conserved.

motifs (RRM1 and RRM2) that have been shown to be
essential for the CPE interaction, and a ZZ-type domain
that is postulated to be a protein—protein interaction mod-
ule (9,10). The N-terminal half of the protein is more vari-
able between the different members and contains a PEST-
degradation motif;, the site for Aurora A mediated phospho-
rylation and several uncharacterized phosphorylation sites.
The two most commonly used CPE consensus motifs are
UUUUAAU and UUUUAUU (11,12). Although there are
other non-canonical motifs, studies have shown that CPEBs
2 and 4 recognize and regulate mRNA transcripts contain-
ing the same canonical CPE motifs that CPEBI regulate
(13,14-17).

The structure of the RRM1 domain of CPEB3, which is
completely conserved when aligned to CPEB2 and 4, has
been solved byNuclear Magnetic Resonance (NMR) (PDB
code: 2DNL) and shows the canonical RRM domain fold
of a ap-sandwich with a BjaB2B3azB4 topology with the
addition of two B strands immediately before the B4 strand
(B4’ and B4”). Two conserved motifs, which are generally
involved in RRM-RNA interactions, RNP1 and RNP2 lie
in the central strands of the RRM B-sheet (18). The consen-
sus sequence of RNP1 is (RK)-G-(FY)-(GA)-(FY)-(ILV)-
X-(FY), while that of RNP2 is (ILV)-(FY)-(ILV)-X-N-L.
The first RRM domain (RRM1) contains, for the most part,
both RNP motifs. However, the second (RRM2), more C-
terminal domain lacks the consensus sequence of an RNP1
motif. This characteristic is shared among all CPEB family
members (Figure 1).

Previously, Lin et al (19) showed that the full-length
CPEBI protein has the ability to dimerize. Deletions of the
RRM motifs from the full-length protein showed that this
oligomerization was mediated by the pair of RRM domains.
Moreover, the dimers of CPEB1 seem to lose the ability to
interact with RNA (19), suggesting that the formation of
dimers prevents RNA recognition, maintaining the protein
in an inactive state.

Prompted by these observations in CPEB1 and in or-
der to characterize the binding properties of the RRM do-
mains present in CPEB4, we have examined the RNA in-
teractions of the CPEB4 RRM tandem and also of the in-
dividual RRM1 domain, using a combination of biochem-
ical, biophysical and NMR-based techniques. The chemi-
cal shift effects seen by NMR of the apo form proteins,
when comparing RRMI1 to the tandem construct RRM1-
RRM2, indicates that the domains are in close proximity
to each other. Furthermore, isothermal titration calorime-
try (ITC) and electrophoretic mobility shift assay (EMSA)

experiments have shown that both domains are necessary
for optimal binding to the CPE RNA motifs and that the
presence of one or two adenosines in the motif has little
or no effect on the binding affinity. The binding site for
this RNA interaction has been mapped using NMR titra-
tions of the CPEs with the RRM1-RRM2 tandem con-
struct and the observations made indicate that the binding
site is localized largely on the B-sheet surface, including the
conserved RNP motifs of RRM1, and the C-terminus of
RRM2. We also report the ability of both the single RRM 1
domain and the RRMI1-RRM2 pair to form dimers, as
previously reported for the full-length CPEBI1 protein (19).
In the case of the recombinant RRMI1 and the RRM1-
RRM2 pair, the dimer population represents a minority
species in solution, below 10%. Remarkably, unlike CPEB1,
the CPEB4-RRM dimers retain the ability to bind RNA
as demonstrated by ion mobility—mass spectrometry (IM-
MS). We have proposed a model of the RRM1-RRM2-
CPE complex based on the data generated and reported in
this manuscript. This model and the chemical shift assign-
ments of the RRM1-RRM2 pair will provide a platform
for further studies aimed at the design of protein—RNA in-
hibitors, target to the CPEB family of proteins.

MATERIALS AND METHODS
Cloning of human CPEB4 RRM domains

Complementary DNA (cDNA) from human CPEB4, iso-
form 1, was used as a template to clone into the pETM-11
vector (a gift from the EMBL-Heidelberg Protein Expres-
sion Facility). The constructs cloned correspond to the fol-
lowing boundaries: RRM1 (463-573) and RRM1-RRM?2
(463-665). Residue numbering is according to isoform 1 of
CPEB4 (Uniprot: Q17RY0). All clones were confirmed by
DNA sequencing. Escherichia coli DH5« strain was used
for cloning.

Protein expression and purification

Both constructs were expressed at 37°C in E. coli BL21
(DES3) following induction at an optical density of 0.6 (600
nm) with 0.5 mM IPTG overnight. Unlabeled and labeled
samples were prepared using LB and minimal media (M9)
cultures, respectively. D,O (99.89%, CortecNet), "NH,4Cl
and/or D-['3C] glucose were used as sole hydrogen, nitrogen
and carbon sources respectively to prepare the labeled sam-
ples as described (20). All proteins were expressed fused to
an N-terminal His6-tag followed by a TEV-protease cleav-
age site. Cells were lysed using an EmulsiFlex-C5 (Avestin)
in the presence of lysozyme and DNAsel. The soluble su-
pernatant was purified by nickel-affinity chromatography
(HiTrap Chelating HP column, GE Healthcare Life Sci-
ence, Uppsala, Sweden) using 150 mM NaCl, 20 mM Tris-
HCI, 10 mM imidazole pH 8.0 and 50 mM EDTA. Eluted
Hisg-RRM constructs were digested with TEV protease at
room temperature overnight, and further purified by size-
exclusion chromatography on a HiLoad™ Superdex 75
16/60 prepgrade columns (GE Healthcare) equilibrated in
20 mM Tris pH 7.0 and 130 mM NaCl.



EMSA

Binding reactions were carried out for 20 min at 4°C in 10
wl of binding buffer [40 mM Tris pH 7.5, 150 mM NacCl,
0.1% (w/v) BME]. Increasing amounts of protein were in-
cubated with a fixed concentration of 3*P labeled RNA
(~2nM). Electrophoresis was performed in non-denaturing
8.0% (29:1) polyacrylamide gels. The gels were run for 4 h in
1x TBE buffer (90 mM Tris, 64.6 mM boric acid, 2.5 mM
EDTA pH 8.4) at 100 V at 4°C. The gels were dried and
exposed to a PhosphorImager screen overnight. The screen
was scanned on a Molecular Dynamics Storm 840 Phos-
phorImager.

RNA synthesis and purification

The CPE-containing RNA fragments US5SA2Ul and
USA1U2 were synthesized at the 4x1 mmol scale using
the standard phosphite triester approach in a 3400 Applied
Biosystems synthesizer (21). After cleavage and deprotec-
tion, the oligonucleotides were purified by reverse-phase
HPLC using a Jupiter C18 semipreparative column (10
pm, 300 A, 250 x 10 mm) from Phenomenex with a Waters
600 HPLC System (buffer A: 0.1 M triethylammonium
acetate, buffer B: acetonitrile). The RNA triethylam-
monium counter-ion was exchanged by sodium using a
cation exchange resin (Dowex 50Wx4, 200-400 mesh,
Sigma-Aldrich). The final products were analyzed by
MALDI-TOF MS, lyophilized and stored at —20°C until
further use.

Isothermal titration calorimetry

ITC measurements were performed using a nano ITC
calorimeter (TA Instruments) at 5°C, 12°C or 25°C. To
be consistent with the condition used for the NMR stud-
ies, protein samples were prepared in the NMR buffer (20
mM Tris-HCI pH 7.0 and 130 mM NacCl). Buffer from con-
centrating the protein samples was used to resuspend the
RNA. All samples were centrifuged and degassed prior to
the experiments. Protein concentration was measured in a
NanoDrop™ 2000 measuring the UV absorption at 280
nm. RNA concentration was determined spectrophotomet-
rically. Depending on the expected affinity, sigmoidal curves
were optimized by injecting 5- to 10-fold concentrated RNA
in 16 x 3 wl steps in a cell containing 190 .l of protein at
20-50 wM adjusted concentration. The delay between in-
jections was 3 min and data was collected while stirring at
200 revolutions per minute (rpm). The NanoAnalyze soft-
ware (TA Instruments) was used to analyze the binding
isotherms assuming a single binding site in each molecule.
Baseline controls were acquired with buffer and pure RNA
solutions. Measurements have been repeated at least twice.

Ion mobility—mass spectrometry

An ion mobility mass spectrometer features an ion mobil-
ity cell before the mass analyzer. Gaseous ions are injected
into the cell and accelerated by a weak electric field. Due to
the presence of buffer gas in this cell, low-energy collisions
with the buffer gas occur. The higher the collision cross sec-
tions (CCS) of the ion, the greater the number of collisions
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with the buffer gas. As collisions increase, an energy loss
of the ions occur and accordingly ions take a longer time
to cross the IM cell (the ‘drift time’). Consequently, ions
are injected into the mass analyzer, achieving a simultane-
ous separation on the basis of the CCS to charge ratio and
the m/z ratio. The three-dimensional spectrum obtained
consists of mass, drift time and relative intensity. Travel-
ing wave IM-MS experiments were performed on a Synapt
G1 HDMS mass spectrometer (Waters, Manchester, UK).
Samples were placed on a 384-well plate refrigerated at 15°C
and sprayed using a Triversa NanoMate® (Advion Bio-
Sciences) automated Chip-Base nano-electrospray working
in the positive ion mode. The instrument was calibrated over
the 500-8000 Da m/z range using a cesium iodide solution.
The software MassLynx 4.1 SCN 704 and Driftscope 2.1
were used for data processing. Samples containing the RNA
complexes with either CPEB4-RRM1 or CPEB4 RRM1-
RRM2 tandem or with the independent RRM domains (fi-
nal concentrations of 30-50 wM) were prepared in 20-50
mM NH4OAc pH 7.2. Prior to analysis, a 1D-'H NMR
spectrum was acquired on all samples in order to check the
stability of the samples and to compare it with spectra ob-
tained in NMR buffer conditions. Spray voltage was set to
1.75 kV and delivery pressure to 0.5 psi. A reduction of the
source pumping speed in the backing region (5.85 mbar)
was set for optimal transmission of high mass non-covalent
ions. Cone voltage, extraction cone and source temperature
were set to 20 V, 6 V and 20°C respectively. Ions passed
through a quadrupol mass filter to the IM-MS section of
the instrument.

NMR chemical shift perturbation experiments

Experiments were recorded at 303 K using a Bruker
AVIII 600 MHz spectrometer equipped with a 5 mm TXI
cryprobe, z-gradient. Protein samples of the CPEB4 RRM 1
and the CPEB4 RRMI-RRM2 were equilibrated in a
buffer containing 20 mM Tris-d;;, 130 mM NaCl and 5%
DMSO-dg. All samples were supplemented with 10% D,O
and pH adjusted to value 7. Spectra were acquired using 200
wM ’N-labeled protein samples equilibrated together with
progressively increasing amounts of the unlabeled RNA
fragments until saturation was achieved. Chemical shift per-
turbation analyses were performed on CcpNmr Analysis
(22) with a 0.15 weighting of >N with respect to 'H.

NMR backbone assignment

Spectra were acquired at 303 K using a Bruker AVIIT 600
MHz spectrometer, equipped with cryogenic or room tem-
perature triple resonance gradient probes. Backbone 'H,
13C and PN resonance assignments were obtained by an-
alyzing the 3D HNCACB and HN(CO)CACB experiment
pair in the case of the CPEB4 RRMI1 (fully protonated
sample) or the CBCANH and CBCA(CO)NH pair in the
case of the CPEB4 RRM1-RRM2 (*H, 13C, >N samples).
Transverse relaxation-optimized spectroscopy (TROSY)
versions of these experiments and/or the non-uniform sam-
pling (NUS) acquisition strategy were used in selected cases
to reduce experimental time and increase resolution. All
buffer conditions were as mentioned. NMRPipe (23) was
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used for spectra processing. CARA (24) and CcpNmr Anal-
ysis (22) were used for spectra analysis and assignment.

Relaxation measurements

Amide relaxation measurements were acquired on a 500
wM BN-labeled RRM1-RRM2 sample essentially as de-
scribed (25). NMR experimental setup details were essen-
tially as reported (26). Briefly, the 7, and 75 experiments
were acquired using 135 (z;) x 2048 (¢,) total real points.
Twelve different relaxation time values (22, 54, 108, 162,
270, 432, 540, 702, 864,1080, 1404 and 1728 ms) were mea-
sured to determine 7. To determine 7, ten experiments
were recorded with the following >N mixing times: 16.74,
33.48, 50.22, 66.96, 100.44, 117.18, 133.92, 167.4, 184.14,
200.88 ms. All relaxation experiments were acquired as
pseudo-3D experiments and converted to 2D data sets dur-
ing processing. Peak integration values were fitted to a two-
parameter function as described in Equation (1):

1) = 175 ()

where Iy and I(t) are the peak intensities at times 0 and ¢,
respectively. The optimum value of the /) and the 7}, pa-
rameters was determined using the Levenberg-Marquardt
optimisation algorithm for minimization of x > goodness of
fit parameter as reported.

The rotational correlation time of the RRM1-RRM?2
pair was calculated with Equation (2), using the approxi-
mation of slow molecular motion 7. larger than 0.5 ns and
assuming that only J(0) and J(wN) spectral density terms
contribute to the overall value. vy is the "N resonance fre-
quency (60,08 x10° Hz)

1 T
~ 6— —7 2
" oy <T2 ) @

Regarding the heteronuclear Nuclear Overhauser Ef-
fect (NOE) experiment, the reference and the presaturated
Heteronuclear single quantum correlation spectroscopy
(HSQC) spectra were acquired in an interleaved manner.
The values of the steady-state ' H-'>N NOEs resulted from
the ratios of the peak intensities measured in the reference
(Ip) and the presaturated (/s) spectra during the relaxation
delay as described (27). Background noise levels o g and o
were measured and used to determine the NOE standard
deviation through the following relationship:

) N
ONOE _ % + %
NOE ((IS> (m)) |

RESULTS
Interactions of the RRM domains in the absence of RNA

To gain insight into which role the two RRM domains play
in RNA binding we prepared several constructs of the iso-
lated RRM1, RRM2 and the RRM1-RRM2 tandem do-
mains using His-tagged fusion expression vectors. The iso-
lated RRM1 domain and the tandem construct were in the

soluble fraction of the expression cultures and they were pu-
rified by Ni-affinity chromatography. However, overexpres-
sion of the isolated RRM2 using various experimental con-
ditions resulted in the formation of inclusion bodies con-
taining the RRM2 protein. Protein purified under denatur-
ing conditions, in the presence of guanidium chloride, could
not be refolded by dialysis under the various buffer condi-
tions we have assayed.

We therefore focused our work on the construct con-
taining the pair of RRM domains and also on the iso-
lated RRM1, which was used for comparison. In order
to assign the amide and backbone resonances and to fa-
cilitate the investigation into whether the first RRM do-
main adopts a similar fold when being independently ex-
pressed or in the construct of both consecutive RRM do-
mains 3C/°N and 2H/3C/">N labeled samples were pre-
pared respectively. Due to its size and compact fold, the ac-
quisition of the triple resonance experiments of the tandem
required the deuteration of the sample in order to minimize
the loss of the signal caused by transverse 75 relaxation. Ap-
plying TROSY versions of all NMR experiments was essen-
tial to improve the resolution and sensitivity of the back-
bone experiments.

A comparison of the secondary '*C chemical shifts ob-
tained for the samples to reference values indicate that
both RRM1 and RRM2 in the tandem construct adopt
the canonical af sandwich structure with a B B2B302B4
topology with an additional B-strand B4 at the C-terminus
of RRM1 (Figure 2A). Comparison of the '3C chemi-
cal shifts of RRM1, when assigned independently or in
the RRM1-RRM2 construct, indicates that the secondary
structure is not altered due to the presence of RRM2 (Fig-
ure 2B). For RRMI1, a homology model was built using
SWISS-MODEL (Template: PDB entry 2DNL, RRM1 of
CPEB3, sequence identity 97%, http://swissmodel.expasy.
org/; a quality report is shown in Supplementary Figure S1).
The topology of the model obtained is consistent with the
elements of secondary structure indicated by the analysis
of the '*C chemical shifts. The spatial arrangement of the
canonical four-stranded antiparallel B-sheet is B4B1B3B>.
The homology model we obtained indicates that the addi-
tional B4 strand is arranged antiparallel to B4 resulting in
the following order for the extended B-sheet: B4 B4B1B3B2-

HSQC-TROSY experiments for the single domain (Sup-
plementary Figure S2) and for the pair (Supplementary Fig-
ure S3) respectively were compared to assess the influence
that the domains may have on the chemical shifts of each
other. The superimposition of both spectra (Figure 2C)
acquired under identical conditions reveals that the com-
parison of the amide resonances only matches reasonably
well in certain areas. Significant differences in the chemi-
cal shift of many residues are observed between the RRM1
and the RRM1-RRM2 construct. The linker connecting
both domains is very short in length (six residues), limit-
ing the freedom of the domains in the tandem. The com-
parison of the linewidths (Supplementary Figure S4) of the
independent RRM1 domain to that of the construct con-
taining both domains indicates a clear broadening of the
amide signals characteristic of a 23 KDa sample and that
the RRM tandem behaves as a unit. Moreover, this obser-
vation is supported by the homogeneous 77, 7> and het-
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Figure 2. (A) Comparison of 'H, ’'N-HSQC spectra of the apo RRM1 (orange) and apo RRMI-RRM2 (blue). Backbone assignment of both constructs
allows us to identify the chemical shift of the residues in both samples. (B) Significant differences in chemical shifts are mapped onto the homology model
for RRM1. As those differences are clustering on one surface of the model, we assume that this surface lies in proximity of the RRM2. Secondary '3C
chemical shifts AC, — ACg of CPEB4 RRM1-RRM2 (D) and comparison of the CSI of RRM1 single and in the RRM1-RRM2 tandem (C). Residues
with negative CSI indicate B-strand conformation whereas positive values indicate turn or a-helix. (D) Secondary structure of RRM1 is not significantly

altered due to the presence of RRM2.

eronuclear NOE values (Figure 3A, B and D respectively)
measured for the tandem along its entire sequence. The cal-
culated rotational correlation time (t. = 16 ns) is in agree-
ment with the average value obtained for a globular pro-
tein of this size (Figure 3C) (28). This further confirms that
the CPEB4 RRM1-RRM2 domains do not tumble inde-
pendently. Based on these evidence, we interpret that the
chemical shift changes observed in the RRM1 domain indi-
cate the presence of a conformation where both RRM do-
mains are close to one another. Furthermore, when map-
ping the most affected residues onto the homology model
of the RRM1 domain, they cluster on one surface (Figure
2D), indicating that this surface should be in proximity of
the RRM2 domain.

CPEB4 uses both RRM domains to bind CPE motifs

In order to characterize the interaction of the RRM do-
mains with short RNAs containing the CPE motifs, we have
used several complementary techniques that allow us to de-
tect and quantify the interactions. For this purpose, we per-
formed EMSA as well as ITC binding assays using both
RRMI1 and RRM1-RRM2 and different RNA fragments.
The EMSA experiments showed that RRM1-RRM2 tan-
dem domain has a higher affinity for the CPE RNA when
compared to the RRM1 alone (Figure 4A).

The binding ligands used for ITC experiments were two
octamer RNA fragments containing the two consensus
CPE motifs, USA2U1 and USA1U2. ITC experiments with
RRMI and both ligands showed low-affinity binding with
dissociation constants in the high wM range. The experi-
ments with RRMI1-RRM2 as titrate yielded dissociation
constants of 323 + 34 nM for USA2U1 and 299 + 28 nM
for USA1U2 (Figure 4B). Both ligands, which differ only
in one nucleotide, show very similar Kp values (both ly-
ing within the error limit of each other), thus not allow-
ing us to significantly distinguish between the two binding
affinities. The affinity increase due to the presence of the
RRM2 domain is about 100-fold with respect to the val-
ues obtained for the single RRM1 domain. As we have not
been able to obtain pure RRM2, the experiment could not
be repeated for the single RRM?2. However, from our NMR
titration data, which allows the identification of the regions
affected by RNA binding (Figure 5), it is clear that chemi-
cal shift perturbations are observed for residues in both do-
mains. The titration of the RRM1 with USA2UT is shown
in Supplementary Figure S5. Therefore, our data indicate
that both RRM domains are important to maintain optimal
RNA-binding activity and affinity. The improvement of the
affinity by 100 times in the construct containing the RRM2
domain is quite remarkable since this domain contains a
degenerate RNP motif and it was assumed to be a poor
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175 and 200 (mM) and radiolabelled USA2U1 RNA (2 nM). Samples
were fractionated in native gels and visualized by autoradiography. (B) ITC
curves and affinity values obtained for the titration of CPEB4 RRM1-
RRM2 with U5SA2U1 (blue) and USA1U2 (orange) RNAs. Data were ac-
quired at 5°C in Tris buffer pH 7.0. The stoichiometry obtained was 0.6
and 0.7 respectively. The data were fitted using the independent model
assuming a single binding site. (C) Protein samples were analyzed under
semi-native conditions using SDS 12% PAGE. SDS was not present in the
loading buffer and the samples were not boiled unless indicated.
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RNA binder. This increment in the affinity together with
the length of the RNA recognized by the RRM1-RRM?2
pair suggests that both RRM domains act cooperatively re-
sulting in high-affinity binding of the RNA. We suggest that
the role of the RRM2 in the RNA interaction is dual: it in-
creases the global surface of the pair to recognize the RNA
with respect to the single RRM 1 and helps adjusting the rel-
ative orientation of the two domains to best accommodate
the RNA ligand.

Identifying the RNA binding site of RRM1-RRM2 via NMR

To characterize the RNA binding properties of the RRM1-
RRM2 construct to the two CPE containing ligands,
USA1U2 and U5A2U]1, and to investigate whether there
are different binding modes between the consensus CPE
motifs, amide chemical shift changes were monitored upon
titration of the USA1U2 and U5A2UI1 to the 'N-labeled
RRMI1-RRM?2 domain (Figure 5A). The chemical shift
perturbations regarding their range and also the residues
affected showed no significant difference between USA1U2
and USA2U1 (Figure 5B). We therefore assume that the
number of adenosines within the CPE motif does not al-
ter the binding mode. Binding kinetics observed in the
NMR titrations of RRM1-RRM2 are in fast to interme-
diate range on the NMR chemical shift time scale as some
residues disappear and reappear with increasing USA1U2
and USA2U1 concentration (e.g. Arg>’; Figure 5A (lower
left)).

For both RNA ligands we observe chemical shift pertur-
bations in the canonical RNP motifs of the RRM1 domain,
which, according to the secondary structure predictions and
the homology model, liec on the B; and B3 strand. In addi-
tion, large chemical shift perturbations are also observed for
residues lying on B, (Trp>*?, Lys>*) and a C-terminal region
of RRM1. These C-terminal residues are predicted to form
the B4-strand (affected residues: GIn>7, Ile>®, Arg®>) and
additional B-strand B4 (affected residues: Ser’*’, Thr>).
When mapping the most affected residues of RRM1 on the
homology model, they cluster on a region on the (3-sheet,
which corresponds to the canonical RNA binding surface
of RRM domains (Figure 5B).

For RRM2, which only features the RNP2 consensus se-
quence on B, the strongest chemical shift perturbations
were detected in its C-terminal region containing residues
with positively charged side groups (e.g. His®®, Lys®3,
Arg®?), indicating that these regions are affected by bind-
ing to the RNA fragments either by engaging in direct con-
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Figure 5. (A) Superimposition of 'H, "N-HSQC spectra of RRMI1-RRM2 free (blue) and in complex with USA2U1 (yellow) 1.5 molar equivalents.
Zooms in various regions of the spectra are displaying all titration points. Spectra are colored as blue (free); orange, 0.5; dark red, 1.0, and yellow, 1.5
molar equivalents. (B) Chemical shift perturbations of RRM1-RRM?2 domains upon binding to USA2U1 (blue) and USA1U2 (orange). The Chemical
Shift Perturbations (CSPs) are plotted versus residue numbers. The dashed line in gray shows a cut-off A8 > 0.1 ppm (average chemical shift perturbation
over all resonances + standard deviation). The CSPs for both RNA ligands do not show any significant differences. Within RRMI, the largest shift
perturbations are found in residues that are supposed to lie on the B-sheet; for RRM2, however, they clearly cluster in the C-terminal part. The RNP2 of
RRM2 shows shifts just above the cut-off, which suggests that RNP2 is not the main binding site for RRM2, instead the C-terminal positively charged

residues seem to play an essential role.

tacts to the RNA or by indirectly induced conformational
changes.

RRMI1 and RRM1-2 have the ability to dimerize

It has been previously reported by Lin ez al. (19) that CPEB1
dimerization via its RNA binding regions functions as a
regulatory mechanism during cell cycle. We therefore con-
sider the possibility that protein dimerization could also oc-
cur in CPEB4. The presence of highly populated dimers

cannot be detected at the protein concentrations used dur-
ing gel filtration chromatography and also our NMR data
were acquired at low protein concentrations (0.2-0.5 mM)
to minimize protein precipitation. At this concentration, the
main component of the protein solution corresponds to the
monomeric protein, as revealed by the relaxation experi-
ments and rotational correlation time measured for the tan-
dem. However, when we performed the ITC experiments to
determine the affinities of the different complexes, we ob-
served that the stoichiometries for both the interactions of
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RRM1 and RRM1-RRM2 proteins with the RNA ligands
were close to but smaller than 1. Repetition of the experi-
ments at several temperatures (5°C, 12°C and 25°C) and us-
ing different buffer solutions (tris, phosphate and bis-tris)
yielded similar values and stoichiometries. We attributed
these small discrepancies in the stoichiometries to the pres-
ence of a small population of oligomers that—together with
the main complex formed by monomers—may also interact
with the RNA.

In an attempt to detect the presence of monomers or
other oligomers, and to characterize their effect in the inter-
action with the RNA, the proteins were analyzed by semi-
native sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS PAGE). Figure 4C shows that when SDS
and reducing agent was absent from the loading buffer and
the samples were not denatured by high-temperature in-
cubation, both RRM1 and RRM1-RRM2 migrate as two
species on the gel representing both monomeric and dimeric
forms of the proteins. The presence of the dimer is main-
tained through a series of protein concentrations (10-80
pwM).

Due to the presence of cysteins in the protein, we were
interested in analyzing whether the presence of disulfide in-
teractions could play a role in the formation of the dimeric
species. Therefore, we have tested the effect of adding in-
creasing amounts of a reducing agent (0, 0.5, 1 and 2% B-
mercaptoethanol) to the loading buffer (Figure 4D). Again,
little or no effect on the formation of the dimeric species was
observed. Furthermore, the addition of CPE RNA (1:1) to
both the protein samples has no effect on the formation of
the dimeric species (Figure 4E). However, when SDS was
added to both samples and the samples were denatured with
temperature, a significant reduction in the dimeric species
was observed (Figure 4E). This result indicates that the
oligomerization of the proteins is not maintained through
disulfide linkages and is dependent on the proteins preserv-
ing a proper fold, therefore being mediated by surface elec-
trostatic and/or hydrophobic interactions.

The ratio of dimer to monomer as estimated from the
semi-native gels is shifted toward the monomeric popu-
lation with a maximum dimeric population of 10% of
molecules in solution. Given this low percentage of dimer
population, its large molecular weight (46 kDa), and the
concentration used for the NMR experiments, its contribu-
tion to our NMR data is imperceptible.

Dimerization of RRM domains does not disrupt RNA binding

To further study the potential presence of oligomers at the
protein concentration used in ITC experiments (20-50 wM)
and to investigate the RNA-binding activity of the dimeric
species, we used IM-MS on both constructs in their apo
form as well as in complex with RNA.

Ion mobility coupled to mass spectrometry (IM-MS) is
a technique that simultaneously separates gaseous ions on
the basis of their mass, shape and size. The continuous
advances in native mass spectrometry applied to IM-MS
have prompted its application in the structural study of
biomolecular complexes (29). Hence, challenging systems
in terms of molecular size, complexity and heterogeneity
can be transferred to the gas phase and their structural

properties can be analyzed. IM-MS can provide valuable
information about the occurrence and population of the
species present in a sample. This technique has been effi-
ciently applied in the characterization of protein—peptide
interactions, in particular in the determination of the pres-
ence of several species and their role in the calculation of
stoichiometries of complexes (30).

Using this technique we could identify in the apo RRM1
sample (Figure 6A) and in the apo RRM1-RRM2 (Figure
6B) the presence of monomeric as well as dimeric species,
consistent with the ITC results and the semi-native SDS
PAGE. For the complex of RRM1 with RNA, a weak bind-
ing affinity was expected. Accordingly, we detected only
a minor part of the species in a monomeric complex, the
majority remained in its free form (Figure 6C). For the
complex with the RRM-tandem domains, the presence of
monomeric complexes as well as protein dimers bound
to two ligands was detected (Figure 6D). Moreover, no
unbound species were detected. The different species (see
schematic representation in Figure 6E) were unambigu-
ously identified based on their specific mass-to-charge ratio
(MS) and/or their characteristic drift-times that correlate
their size-to-charge ratio (IM). Therefore, IM-MS confirms
the hypothesis that indeed dimeric species are present. Per-
haps, the presence of monomeric and dimeric forms renders
the determination of the protein concentration in native
conditions inaccurate, explaining the stoichiometry values
inferior to one. The results also clearly indicate that only 1:1
protein—RNA complexes are present in both the monomeric
and dimeric forms (ML, D2L). The presence of the M1L
and D2L species probably contributes to the global affinity
measured by the ITC experiments, which is mainly governed
by the contribution of the M1L form. The results of the
IM-MS experiments with RRM1-RRM2 in complex with
RNA reveal that the presence of the ligand does not pre-
vent the formation of dimeric species and does not render
the RNA binding site inaccessible. We therefore conclude
that the dimerization surface of the RRM1-RRM2 is sep-
arate from its RNA-binding interface.

DISCUSSION

In this study we provide evidence that CPEB4 uses both its
RRM domains to maintain optimal RNA binding. RRM1,
whose sequence is the more conserved of the two tandem
domains, relative to other RRM motifs, is only able to
bind CPE-containing RNAs in the high wM range. ITC ex-
periments performed with the RRM1-RRM?2 pair yielded
affinity values around 300 nM, 100 times higher than the
isolated RRM1 domain.

An overview of a repertoire of nucleic acid binding modes
by proteins containing two RRM domains and the princi-
ples of multi-domain protein-RNA recognition has been
recently reviewed by Mackereth and Sattler (31) and re-
ported by Barraud and Allain (32). Based on the struc-
tures available, they classified different domain arrange-
ments in the free as well as in the bound state (31,32). In
the free state, the domains can either be independent, with
pre-formed domain contacts, or adopt a closed, autoinhib-
ited form. Upon ligand binding, RRMs can, for example,
independently bind separate RNA motifs or form a con-
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Figure 6. A region of the ion mobility—mass spectrometry data obtained for apo RRM1 (A), apo RRM1-RRM2 (B), RRM1-U5A2U1 complex (C) and
RRMI-RRM2-U5A2U1 complex (D). Each ion was assigned to a given species based on its characteristic mobility and mass-to-charge ratio. Abbrevi-
ations used are M (monomer, apo state), D (dimer, apo state), M1L (monomer with one ligand) and D2L (dimer with two ligands). Numbers following
the species’ name indicate the ionization state. For exact ion masses, both observed and theoretical values, please refer to Supplementary Figure S6. We
have unambiguously detected the presence of dimers for both RRM1 (A) and RRM1-RRM2 (B) in their apo state. Consistent with ITC results, for the
RRM1-U5A2U1 complex (C) only a minor part of monomeric complex was detected (M1L7 and M1L6); the majority of the species represent the ones
already detected for the apo state (A). (D) In the RRM1-RRM2-U5A2U1 sample, monomers in complex with one ligand as well as dimers with two
ligands were identified. (E) A schematic representation of the species identified by IM-MS. The RRM domains are represented in blue ellipses and the

RNA octamer as an orange line.

tinuous RNA-binding platform, stabilized by inter-domain
contacts or increased linker rigidity. Another mechanism to
stabilize the RNA binding is mediated by protein—protein
interactions with an auxiliary protein.

In the case of CPEB4 RRM domains, we observed that
both domains contribute to the interaction with the con-
sensus eight nucleotide CPE motifs, presumably increas-
ing not only the affinity but also the specificity of the in-
teraction. Given the length of the RNA motif, we assume
that the RRM domains form a continuous binding plat-
form. Based on the "N amide relaxation properties and the
residues affected upon RNA binding the CPEB4 RRM1—
RRM2 pair behaves as a compact molecule already in the
unbound state, suggesting that the pre-formed domain con-
tacts provide an arrangement that might be finely tuned in
the presence of RNA.

Our NMR titration data for CPEB4’s tandem RRMs
show that in RRMI1 the most affected residues upon bind-
ing lie on its B-sheet, the canonical binding surface of
RRMs, containing the conserved RNPs on the B; and B3
strands. RRM2 is the less canonical domain of the pair
containing three of six conserved residues of RNP2 mo-

tif (I-F-V) and completely lacking the RNPI1 motif on the
B3 strand. Moreover, it seems to interact with the CPE
in a non-canonical manner, since we detect chemical shift
changes also at positively charged residues located in its C-
terminus. As reported previously, the B-sheet surface can
bind up to four nucleotides. Therefore, the recognition of
a longer RNA requires more than one RRM to create a
sufficiently large binding platform. The two consensus CPE
sequences contain each seven nucleotides (UUU UAA U
and UUU UAU U), thus it seems plausible that a motif
of this length binds more than one RRM. Moreover, the
use of regions other than the B-sheet binding platform has
been demonstrated in other tandem RRM structures. For
example, the RRMs in the protein nucleolin use the linker
and a loop between the B-sheets to interact with a stem
loop RNA structure (33). The seemingly different modes of
RNA interaction of CPEB’s RRMs, with RRM2 using C-
terminal residues, suggest an asymmetrical orientation of
the domains relative to each other.

In an attempt to visualize all the results obtained from
this study, we built a homology model containing the two
RRM domains and an octameric polyU stretch to illustrate
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the relative size of a single-stranded octameric RNA com-
pared to the RRM domains (Supplementary Figure S7). We
believe that this preliminary model based on the CS changes
obtained for the amide resonances of the RRM1-RRM?2
sample in the presence of RNA provides an idea about the
relative orientation of the two domains. Further investiga-
tion of the RRM’s CPE interaction and their relative orien-
tation to each other is required using structural techniques
such as NMR or crystallography.

Our results demonstrate that CPEB4 RRMI1 and
RRMI1-RRM2 can sample monomer and dimer conforma-
tions under the experimental conditions we have assayed.
However, the inability to produce a soluble RRM?2 frag-
ment did not allow us to identify whether both domains
are involved in the self-association. The dimeric species
are present in low abundance, precluding its characteriza-
tion using NMR spectroscopy. However, the potential to
form dimers has been observed for other RRM domains.
For example, the UlA protein forms a homodimer via its
RRM domain. The dimer interface is separate from the
polyadenylation inhibition element (PIE) RNA interaction
interface (34). IM-MS assays have unambiguously detected
both monomeric as well as dimeric 1:1 protein—-RNA com-
plexes, indicating that both the monomeric and dimeric
states of RRMI-RRM2 possess RNA-binding activity.
This suggests that dimerization is not required for RNA
recognition. Previously, dimerization has been reported for
another member of the CPEB-family CPEBI1 (19). Lin et al.
(2012) postulated that the dimerization functions to inac-
tivate spare proteins, preventing them from inducing the
polyadenylation of RNAs with low affinity binding sites
and also serving as molecular hubs that release polyadeny-
lation factors upon dimer destruction. The same study iden-
tified both the RRMs and the ZZ-domain to be essential
for dimerization. Interestingly, and in contrast to our ex-
periments, the results suggest that CPEB1 dimerization oc-
curs at the expense of RNA binding. However, whereas in
our study, isolated RRM domains were characterized, Lin
et al. (2012) assessed full-length CPEB1 and two dimeric
constructs, two full-length CPEBI proteins separated by a
linker sequence of 40 amino acids and full-length CPEBI
with an N-terminal coiled-coil dimerization domain. The
sequence identity of CPEBI and CPEB4 RRM domains is
45% and the overall identity is 22%, although it is possible
that the sequence disparity between the two protein RRM
domains may account for differences in the mode of the
RNA interaction and self-association. We suggest, it is more
likely, that the reason for the loss of binding activity in the
full-length CPEBI dimer is due to the spatial arrangement
of the N-terminal unstructured regions and the C-terminal
Z7-domains, which renders the RNA-binding interface in-
accessible. Our IM-MS data clearly show that the dimeric
form of the RRM pair maintains their RNA-binding activ-
ity. We therefore conclude that the dimerization surface is
separate from the identified RNA-binding interface.

Experiments with the full-length CPEB4, as investigated
with CPEBI1, would ascertain if the inhibition of RNA
binding upon dimerization is exclusive of CPEBI or is
present in other family members. Further investigation into
the function of the potential formation of CPEB oligomers
is required since it may reveal the critical differences be-

tween the four functional CPEB paralogs of vertebrates. It
would be interesting to see if the postulated molecular hubs
are detectable using the available cell biology techniques or
could indeed be purified for in vitro analysis.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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