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Negative regulator of differentiation 1 (Nrd1) is known as a negative regulator of sexual differentiation in
fission yeast. Recently, it has been revealed that Nrd1 also regulates cytokinesis, in which physical sep-
aration of the cell is achieved by a contractile ring comprising many proteins including actin and myosin.
Cdc4, a myosin II light chain, is known to be required for cytokinesis. Nrd1 binds and stabilizes Cdc4

Keywords: mRNA, and thereby suppressing the cytokinesis defects of the cdc4 mutants. Interestingly, Pmk1 MAPK
Ilzl/lr/(\j;l( phosphorylates Nrd1, resulting in markedly reduced RNA binding activity. Furthermore, Nrd1 localizes
RRM to stress granules in response to various stresses, and Pmk1 phosphorylation enhances the localization.

Nrd1 consists of four RRM domains, although the mechanism by which Pmk1 regulates the RNA binding
activity of Nrd1 is unknown. In an effort to delineate the relationship between Nrd1 structure and func-
tion, we prepared each RNA binding domain of Nrd1 and examined RNA binding to chemically synthe-
sized oligo RNA using NMR. The structure of the second RRM domain of Nrd1 was determined and the
RNA binding site on the second RRM domain was mapped by NMR. A plausible mechanism pertaining
to the regulation of RNA binding activity by phosphorylation is also discussed.

© 2013 Elsevier Inc. All rights reserved.

Phosphorylation

1. Introduction

Negative regulator of differentiation 1 (Nrd1), also known as
multicopy suppressor of sporulation abnormal mutant 2 (Msa2),
is a negative regulator of sexual differentiation in fission yeast
[1-3]. Nrd1 blocks the onset of sexual differentiation by repressing
a series of Stell-regulated genes essential for conjugation and
meiosis. Sequence analysis suggested that Nrd1 consists of four
RRM domains, and biochemical analysis showed that Nrd1 prefer-
entially binds poly(U) sequences, although the cellular target
mRNA is unknown [1]. One mammalian functional counterpart
identified is regulator of differentiation 1 (ROD1), which
suppresses lethality of the temperature-sensitive Pat1 (a protein

Abbreviations: RRM, RNA recognition motif; IPTG, isopropyl p-p-1-thiogalacto-
pyranoside; GST, glutathione S-transferase; TCEP, tris(2-carboxyethyl)phosphine;
NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; TOCSY, total correlation
spectroscopy; HSQC, heteronuclear single quantum correlation spectroscopy.

* Corresponding author. Fax: +81 42 677 2525.
E-mail address: mishima-masaki@tmu.ac.jp (M. Mishima).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.06.008

kinase inhibits sexual differentiation by phosphorylating the mei-
otic inducer Mei2 and the transcription factor Ste11) mutant
(pat1-114ts) [4]. ROD1 is a protein with four RRM domains with
its ability to repress Ste11-regulated genes and to inhibit conjuga-
tion upon overexpression [4].

Recently, it has been revealed that Nrd1 is a regulator of cyto-
kinesis. Physical separation of the cell is achieved by a contractile
ring comprising many proteins including actin and myosin. Among
these, Cdc4 is known as an essential myosin II light chain in fission
yeast and is required for cytokinesis [5-7]. Nrd1 has been identi-
fied as a multicopy suppressor of the temperature-sensitive cdc4
mutant [8]. Nrd1l regulates cytokinesis by enhancing myosin
mRNA stability through direct binding and stabilization of Cdc4
mRNA [8]. Importantly, Pmk1, a MAPK in fission yeast [9], phos-
phorylates Nrd1. Thr40 in the N-terminal region and Thr126 in
the first RRM domain of Nrd1 are known to be phosphorylated
by Pmk1, and these Pmk1-dependent phosphorylations signifi-
cantly reduce its RNA binding activity [8]. Pmk1 MAPK signaling
thus regulates cytokinesis by posttranscriptional level regulation
of cdc4 [8]. The UCUU motif in the Cdc4-coding region of the
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mRNA is a candidate for the Nrd1 target RNA binding sequence,
the mutation of which resulted in a significant reduction in Nrd1
binding affinity [8]. Furthermore, Nrd1 forms RNA granules in re-
sponse to various stresses, and is a key component of stress gran-
ules (SGs) which coordinate stress responses and SG formation.
Nrd1 binds Cpc2, a RACK homologue in fission yeast, in a phos-
phorylation-dependent manner, and its localization to stress gran-
ules is modulated by MAPK phosphorylation [10]. Nrd1 also shares
significant sequence similarity and a common preferred RNA-bind-
ing sequence (UCUU) with mammalian proteins T-cell-restricted
intracellular antigen-1 (TIA-1) and TIA-1-related protein (TIAR),
which play a key role in SG assembly in response to adverse envi-
ronmental stimuli [11,12].

In an effort to reveal the relationship between structure and
function of Nrd1, we prepared samples of each RRM domain and
qualitatively examined RNA binding activity using NMR. As a con-
tribution towards the structural analysis of full-length Nrd1, we
initially determined the structure of the second RRM domain of
Nrd1. Here, we report on the solution structure of the second
RRM domain of Nrd1 and its RNA binding site revealed by NMR.
We also discuss a plausible mechanism relating to the regulation
of Nrd1 by phosphorylation.

2. Materials and methods
2.1. Sample preparation

RRM1, RRM2, RRM3 and RRM4, comprising Nrd1 residues 108-
191, 188-284, 309-412 and 397-501, respectively, were each
cloned into the plasmid pET49b(+) (Novagen) and expressed in
Escherichia coli cells as fusion proteins containing GST and HRV3C
cleavage sites at the N-terminus. Uniform labeling of these pro-
teins with N or >N and 'C was achieved using M9 minimal med-
ium containing ">NH4CI and ['3Cg]-glucose as the sole source of
nitrogen and carbon, respectively. Each protein was expressed
and purified as follows. Cells were grown at 37 °C and protein
expression was induced by the addition of IPTG when the absor-
bance at 660 nm was 0.5. Cells were then cultured at 20 °C for
16 h prior to harvesting. Harvested wet cells were resuspended
in 50mM Tris-HCl (pH 8.0) buffer containing 400 mM KCl,
0.1 mM EDTA and 1 mM DTT. The cell suspension was lysed by
sonication, ultra-centrifuged, and the supernatant loaded onto a
Glutathione Sepharose Fast Flow (GE Healthcare) affinity column.
The N-terminal GST was then removed by treatment with HRV3C
proteinase. The protein was further purified by passage through a
Superdex 75 gel-filtration column (GE Healthcare). Sample homo-
geneity was checked by SDS-PAGE.

2.2. NMR spectroscopy and structure calculation

The RRM2 samples employed for structural determination by
NMR were dissolved in 50 mM K-phosphate (pH 6.0) buffer con-
taining 100 mM KCl, 0.1 mM EDTA and 1 mM TCEP in either 93%
H,0/7% 2H,0 or 99.8% 2H,0. The final protein concentrations were
0.35-0.9 mM. NMR spectra were acquired at 30°C on a Bruker
AVANCE III 600 NMR spectrometer equipped with a TCI cryogenic
probe. Data were processed using NMRPipe [13], and NMR spectra
were analyzed using Sparky [14]. The 'H, 3C and '°N assignments
were mainly obtained from standard multidimensional NMR
methods, HNCACB, CBCA(CO)NH, HN(CA)CO and HNCO for main-
chain assignments, and C(CO)NH, H(CCO)NH, HCCH-TOCSY and
4D HC(CO)NH for side-chain assignments [15,16]. Aromatic 'H
and '3C assignments were obtained from 3D '3C edited NOESY-
HSQC. Methyl groups of Leu and Val residues of RRM2 were as-
signed in a stereospecific manner using a 'H-'3C constant-time

HSQC spectrum of a 10% 'C randomly enriched protein sample
[17]. Stereospecific assignment of B-methylene and %1 rotamer
were determined from HNHB and HACAHB [18,19]. Inter-proton
distances were derived from 3D '°N edited NOESY-HSQC, and 3D
13C edited NOESY-HSQC. Backbone dihedral ¢ and i/ angles were
derived from TALOS+ [20].

The program CYANA using the CANDID protocol was used for
structural restraint collection [21]. An ensemble of 100 RRM2
structures were calculated using the program CNS version 1.2 by
a standard simulated annealing protocol [22]. Finally, structures
were refined using a water refinement protocol [23]. The final 20
ensemble structures with the lowest energy were checked by PRO-
CHECK-NMR [24] and MolProbity [25]. Molecular graphics were
generated using PyMOL [26]. The lowest energy structure among
the ensemble was used as representative in order to compare
structures and generate a ribbon model. The atomic coordinates
have been deposited in the PDB with the accession code 2RT3.

2.3. RNA binding analysis

Chemical shift perturbations of 'H and >N amide resonances of
5N uniformly labeled RRM1, RRM2 and RRM4 were monitored
upon addition of an excess amount of RNA. The NMR sample con-
tained 0.1 mM of each protein in K-phosphate (pH 6.0) buffer con-
taining 100 mM KCI, 1 mM TCEP, 0.1 mM EDTA and 7% 2H,0. The
TH-'5N HSQC experiments were performed at 30°C. For each
cross-peak, the weighted average shift difference 6, was calcu-
lated. The weighted average shift difference §.,. was calculated
as {[(81n)? + (815n)%/25]}'/2, where &1y and 6,5y represent the differ-
ence in ppm between the free and perturbed chemical shifts.
Chemical shift changes were analyzed using Sparky [14].

3. Results and discussion
3.1. Preparation and characterization of each RRM domain

We constructed E. coli expression systems for RRM1 (108-191),
RRM2 (188-284), RRM3 (309-412) and RRM4 (397-501), and puri-
fied the proteins. We measured 'H-'">N HSQC spectra for the
RRM1-RRM4 proteins, and RRM1, RRM2 and RRM4 provided well
dispersed signals. NMR signals of RRM3 were difficult to detect
possibly due to heavy broadening, and purification of the RRM3
protein was problematic. The RRM3 protein eluted in the void vol-
ume during gel-filtration, indicating the presence of protein aggre-
gates (data not shown). We next examined the RNA binding
character and RNA binding site of RRM1, RRM2 and RRM4 using
NMR. To this end, chemical shift perturbation (CSP) experiments
were performed. Since the interactions were weak, an excess
amount of chemically synthesized non-labeled RNA (5-mer; UU-
CUU) was added to the '°N-labeled proteins (the molar ratio of
the each protein to RNA was 1:4) in the CSP experiments. As a re-
sult, changes in the chemical shift of a number of peaks of RRM2
were observed, while signals of RRM1 and RRM4 were not signifi-
cantly perturbed (Fig. 1A and B). This suggests that RRM2 may play
an important role in the interaction between Nrd1l and target
mRNA, although the possibility that RRM3 possesses RNA binding
activity cannot yet be excluded. The RRM2 domain was then sub-
jected to structural analysis and mapping of the RNA binding site.

3.2. Structure determination of RRM2

Purified RRM2 domain provided well dispersed signals with
relatively narrow line shape in the 'H-'>N HSQC spectrum as
shown (Fig. 1B), and the elution volume in the gel-filtration corre-
sponded to a molecular weight of the monomer (data not shown).
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Fig. 1. Domain organization of Nrd1 and binding to UUCUU monitored by NMR. (A) Four RRMs (RNA recognition motifs) and Thr residues (Thr40 and Thr126) phosphorylated
by Pmk1 are indicated in the schematic cartoon of Nrd1. The domain boundaries are determined according as EXPASY (http://www.expasy.org). (B) 'H-'>N HSQC spectra of
the '°N-labeled RRM1, RRM2 and RRM4 domains shown on the left, middle and right, respectively. The spectra of RNA-free and 4-fold excess non-labeled UUCUU are shown

in black and red, respectively, and superimposed.

These results indicated that RRM2 exists as a monomer in solution.
Almost all 'H, '3C, and >N NMR signals were assigned using stan-
dard multi-dimensional NMR techniques.

The number of distance restraints derived from NOE was suffi-
cient (more than two thousand), and the ensemble of 20 structures
were in excellent agreement with a large body of experimental
data (Fig. 2A) (Table S1). The r.m.s. deviations of the backbone
and all heavy atoms of RRM2 are 0.18 and 0.53 A, respectively,
excluding disordered regions. In particular, the conformation of
the N-terminal (residues 188-203) and C-terminal (275-284) re-
gions of RRM2 are not converged (Fig. 2A).

RRM2 comprises an anti-parallel B-sheet and four a-helices. The
B-sheet is composed of four B-strands, B1 (residues 207-211), B2
(233-238), B3 (242-248) and B4 (272-274). The short o-helix,
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Fig. 2. Solution structure of the RRM2 domain. (A) Backbone superposition of the
final 20 simulated annealing structures of RRM2. (B) Ribbon drawing of a
representative structure of the RRM2 domain. The molecular orientation is the
same as in (A) with the four-stranded B-sheet and four o-helices depicted in blue
and red, respectively. o-helices and B-strands are labeled. The position of Gly203 is
indicated with an arrow (A and B). (C) {"H}-'°N NOE versus amino acid residue for
RRM2. The data are represented by the intensity ratio Inog/lrer, Where Iref and Inog
were measured in the absence or presence of 'H saturation, respectively. The error
bars were calculated based on the signal-to-noise ratios.

ol (196-200), is located distal to the core region of the protein
while the other three o-helices, a2 (219-229), o3 (251-263) and
o4 (266-269), pack against the B-sheet (Fig. 2A and B). Although
the first short helix a1 is shown close to the core region of the
RRM2 domain in the ribbon model (Fig. 2B), this part is not con-
verged in the ensemble and is highly mobile in the solution state
as indicated by the 'H-'>N heteronuclear NOE experiment
(Fig. 2A and C).

3.3. Structure comparison

The overall structure adopts a fold typically observed in
canonical RRMs. A DALI database search, which quantitatively
evaluates tertiary structure similarities, showed that the structure
of the RRM2 domain resembles that of hnRNP (PDB code: 3R27),
Nab3 (PDB code: 2XNR), Pre-mRNA-splicing factor RBM22 (PDB
code: 2YTC), U1 small nuclear ribonucleoprotein A (PDB code:
10IA), Tra2-B (PDB code: 2RRB) and Raver1 (PDB code: 3H2V), with
highest Z-scores of 10.4, 9.8, 9.7, 9.7, 9.7 and 9.6, respectively.

Among the proteins showing high similarity to RRM2, a struc-
ture comparison between RRM2 and Nab3 is of critical importance
since Nab3 shares the same RNA binding sequence preference
(UCUU) as RRM2. Notably, the RRM2 domain of Nrd1 is well fitted
to the RRM domain of Nab3 in complex with UCUU (PDB code:
2XNR), and displaying a low r.m.s. deviation (1.4 A for backbone
coordinates by DALI). In the Nab3-UCUU complex, the side-chains
of Phe333 and Ser400 are stacked against the cytosine base, and
Phe366 and Phe368 contact the ribose of the cytosine. The hydro-
xyl group of Ser399 hydrogen bonds to the cytosine base, and back-
bone amide of Ser400 and backbone carbonyl of Val398 also
recognize the cytosine base [27]. Additionally, Glu397 and
Asn361 form hydrogen bonds to the first and third uridine bases,
respectively (Fig. 3) [27]. In comparison, Phe209, Ile243 and
Phe245 are present within the g-sheet of RRM2, which correspond
to Phe333, Phe366 and Phe368 of Nab3, respectively (Fig. 3). In the
last (fourth) B-strand and C-terminal region of RRM2, Tyr273,
Tyr274, Gly275 and Arg276 are present which correspond to
Glu397, Val398, Ser399 and Ser400 of Nab3, respectively (Fig. 3).

Taken together, it could be concluded that the key residues for
RNA binding are mostly conserved in RRM2, although the Asn361,
Glu397 and Ser399 in Nab3 are substituted to Lys236, Tyr273 and
Gly275 in RRM2, respectively. This may result in loss of hydrogen
bonds with the bases observed in the Nab3-RNA complex in part,
and may account at least in part for the observed weak binding of
RRM2 to RNA.
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Fig. 3. Structure comparison of the Nrd1 RRM2 domain with the Nab3 RRM domain. (A) Crystal structure of the Nab3 RRM domain/RNA (UCUU) complex (PDB code: 2XNR).
The Nab3 RRM domain and RNA are colored yellow and magenta, respectively. (B) Nab3 RRM domain residues important for the recognition of RNA are shown in stick
representation and labeled. (C) Solution structure of the Nrd1 RRM2 domain colored in cyan. The molecular orientation is the same as for Nab3. Corresponding residues to the
Nab3 residues important for the recognition of RNA are shown in stick representation and labeled. C-terminal 7 residues are omitted for clarity.

The RRM1 domain of Raver1, which also shows high structural
similarity to RRM2, plays a role in protein-protein interactions
with the tail of the cytoskeletal protein Vinculin. Lee et al. reported
the structure of the RRM1 domain of Raver1 in complex with Vin-
culin [28]. However, it seems that the Vinculin-like local protein-
protein interaction interface is absent in the RRM2 domain of
Nrd1, although there is remarkable similarity in the overall struc-
ture as indicated by DALI (Fig. S1).

3.4. Mapping of RNA interaction site of RRM2

The RNA binding site of the RRM2 domain was estimated by
mapping the significant chemical shift changes of the amide sig-
nals of the HSQC spectra of RRM2. Upon addition of RNA, some
signals of RRM2 were significantly perturbed in a fast-exchange
manner, resulting in changes in chemical shift (Fig. 4A). We
mapped the distribution of significantly perturbed residues on
the molecular surface of RRM2 and found that these residues
were confined to the B-sheet, suggesting that the B-sheet repre-
sents the RNA binding site (Fig. 4B and C). The location of this
RNA binding site is consistent with other RRM domains such as
that of Nab3 (Fig. 3). As revealed by structure comparison with
the Nab3-UCUU complex, most of the key residues required for
RNA recognition are conserved in RRM2, and some these key res-
idues, including I1e243 and Phe245, are actually perturbed upon
RNA binding (Fig. 4B and C). The other conserved residue,
Phe209, was not significantly perturbed, although flanking resi-
due 210 is significantly perturbed upon RNA binding. Since the
backbone amide NMR signal is the probe for this experiment,
the change in chemical shift of residue 210 may reflect perturba-
tion of the closely located side-chain of Phe209 upon RNA bind-
ing. In the fourth B-strand and C-terminal region, residues
Tyr273, Arg276 and Asp277 are significantly perturbed upon
RNA binding (Fig. 4B and C).

3.5. Functional implications

Overall, the RRM2 domain structure seems to reflect a typical
RRM domain. In this study, only RRM2 showed marked changes
in chemical shift upon RNA binding in a fast-exchange manner,
which is typically observed in cases of weak binding. Structure
determination and DALI searches revealed that RRM2 and Nab3
are very similar. With the structure comparison of the RNA binding
site between RRM2 and Nab3, we presumed that RRM2 employs a
similar RNA recognizing mechanism to Nab3. In fact, chemical shift
perturbation upon RNA binding was observed for the conserved
residues and their neighbors.

It is puzzling that the reported phosphorylation of Nrd1 resi-
dues by Pmk1, which inhibits RNA binding, occurs at residue
positions not located within RRM2, but within the N-terminal
region (Thr40) and RRM1 domain (Thr126) (Fig. 1A). Thus, the
mechanism by which phosphorylation inhibits RNA binding cannot
be explained by a simple mechanism such as steric hindrance of
the RNA molecule resulting from the presence of a phosphate
moiety on the RRM2 domain. Rather, it is plausible that Nrd1
adopts an autoinhibited structure by a rearrangement of domain
orientation.

Our NMR structural study revealed that the N-terminal region
(188-203) of RRM2 behaves independently relative to the core re-
gion of RRM2. It probably acts as a hinge around Gly203 (Fig. 2A
and C). Therefore, the relative orientation between RRM1 and
RRM2 is probably mobile given this hinge. One possible mecha-
nism of regulation of Nrd1 by Pmk1 involves phosphorylation-in-
duced rearrangement of domain orientation around the hinge
and subsequent adoption of an auto-inhibitory form. RRM1 or
some other region of Nrd1 may mask the RNA binding site of
Nrd1 by inter-domain interactions induced by phosphorylation.
Notably, inter-RRM domain interactions have been reported for
U2AF65 [29], although there is no significant homology with the
RRM2 domain of Nrd1. Prediction of disordered regions using the
program PrDos suggested that Nrd1 possesses some flexible re-
gions in addition to the N- and C-terminal regions (Fig. S2). In par-
ticular, flexible region 1 (residues 190-199 located between RRM1
and RRM2), which almost corresponds to the experimentally iden-
tified hinge region, flexible region 2 (residues 288-311 located be-
tween RRM2 and RRM3), and flexible region 3 (residues 404-410
located between RRM3 and RRM4) showed high scores (Fig. S2).
Interestingly, RRM1, RRM2 and RRM4 showed low scores, consis-
tent with the fact that the NMR spectra of RRM1, RRM2 and
RRM4 comprised well dispersed signals, indicating the presence
of folded structures. Together with information concerning the
experimentally identified domains and hinge region, and the pre-
diction of disordered regions, we presume that Nrd1 adopts a
beads-on-a-string structure, whereby each RRM domain is linked
by flexible hinges (linkers) comprising flexible regions 1-3. These
domains may undergo phosphorylation-induced changes in orien-
tation by utilizing these flexible hinges.

Future studies will need to be directed towards the structural
analysis of phosphorylated and non-phosphorylated full-length
Nrd1. For analysis of phosphorylation-induced domain rearrange-
ment of the full-length protein, NMR and small angle X-ray scatter-
ing (SAXS) are powerful tools that can be utilized in addition to
X-ray crystal structure analysis [30]. Rigorous quantitative RNA
binding studies involving each RRM domain and full-length protein
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Fig. 4. RNA binding site of the RRM2 domain. (A) Weighted average of 'H and '°N chemical shift perturbations of residues in RRM2 induced by Cdc4 mRNA (UUCUU) binding.
The dashed line indicates the threshold for mapping. (B, C) Significantly perturbed residues are mapped on the ribbon drawing (B) and on the molecular surface model (C) of
the RRM2 structure. Residues significantly perturbed are highlighted in red and labeled. C-terminal 7 residues are omitted for clarity.

may also be useful in delineating the mechanism involved in the
regulation of Nrd1 activity.
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