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Figure 6. Mutation of the top surface residues abrogates Brat-mediated repression. (A) Repression of the hb 3" UTR by HA-Brat or the
indicated HA-Brat point mutants in Dmel2 cells. (Top) Dmel2 cells were cotransfected with plasmids expressing the FL hb 3’ UTR reporter,
the indicated HA fusion proteins, and a RL control plasmid. FL was normalized to RL, and values of normalized FL produced in the presence of
an empty control vector were set to 1. (Bottom) Protein expression was analyzed by Western blotting. (B) Tethering experiment. Mutations
that impair Brat-mediated hb repression have no effect when Brat is artificially tethered to the RNA via fusion to the X phage N-peptide (N),
targeting the fusion protein to hairpin structures in the 3’ UTR of the reporter (see the inset). Dmel2 cells were cotransfected with plasmids
expressing FL-5boxB, the indicated NHA or HA fusion proteins, and a RL control plasmid. FL was normalized to RL, and values of normalized
FL produced in the presence of an empty control vector were set to 1. Tethering of GW served as a positive control. Values represent means of
three independent experiments, each performed in triplicate, and error bars show standard error of the mean. (C,D) Summary of mutagenesis
studies. Mutations that affect Brat RNA binding are shown in yellow, while mutations that have no effect on Brat RNA binding are depicted
in green. All mutations that lie on the top surface of the molecule, except C820A, either impair Brat-mediated hb repression (A) or in vitro
binding of the Brat-NHL domain to hb RNA (Fig. 5D). (F) Model of the Brat:Pum:RNA repressor complex. The Brat-NHL and the Pum-HD
contact the RNA directly. A ribbon representation of the Brat-NHL domain (Protein Data Bank [PDB| ID: 1Q7F, chain A) is shown colored in
blue, and a ribbon representation of the Pum-HD (PDB ID: 3H3D, chain X) domain is shown colored in green. A ribbon representation of the
NREI RNA is shown in orange and purple. Binding of the D. melanogaster Pum-HD to the NRE1 sequence was modeled by superposition of
the domain on the structure of the Homo sapiens Pum-HD of Pumiliol bound to the NRE1 sequence (PDB ID: 1M8X, chain A) using the align
algorithm implemented in Pymol. Protein domains and ribbon representations of the RNA are drawn to scale. The dotted orange line
indicates the 5’ region of the NRE1 RNA containing BoxA and, in the absence of structural information, is not drawn to scale.
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Pum proteins bind to the well-defined consensus se-
quence UGUA(N)AUA (Gerber et al. 2006). The bipartite
NRE, composed of a BoxA and a BoxB motif, has been
considered a specialized Pum-binding site, characterized
so far only for Drosophila (Wang et al. 2002). However,
only the BoxB motif, which conforms to the Pum con-
sensus, binds Pum with high affinity (Zamore et al. 1997;
Wang et al. 2002). Here we show that the BoxA motif is
a high-affinity binding site for Brat. In addition to the hb
3’ UTR, NREs are found in the 3’ UTRs of bicoid and
cyclin B (Wharton and Struhl 1991; Asaoka-Taguchi et al.
1999). It is tempting to speculate that NREs generally
recruit Brat in addition to Pum. The close proximity of
the Brat- and Pum-binding sites and the occurrence of
the NREs in different 3’ UTRs might indicate a close
relationship between Brat and Pum. Our in vitro binding
assays, carried out with the isolated RNA-binding do-
mains, show that Brat and Pum facilitate each other’s
binding to the hb RNA. Counter to our expectations, we
did not detect an additive or even cooperative effect of
Brat and Pum in reporter gene assays (Supplemental
Fig. 7B), possibly due to the limitations of this assay.

One prominent feature of Brat is its role as a growth
suppressor and differentiation factor (Frank et al. 2002;
Betschinger et al. 2006; Lee et al. 2006; Harris et al. 2011)
that becomes most evident as a tumorous overprolifera-
tion of the larval brain in flies that lack functional Brat
(Arama et al. 2000). During asymmetric neuroblast di-
visions, Brat is confined to the differentiating daughter
cell, where it is needed to stop proliferation and promote
differentiation (Betschinger et al. 2006; Lee et al. 2006).
A critical Brat-interacting partner in this process is
the asymmetrically segregating cell fate determinant
Miranda (Mira) (Betschinger et al. 2006; Lee et al.
2006). Notably, the same residues that we identified
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Figure 7. Phylogeny of six-bladed NHL
domains. The neighbor-joining tree was de-
rived from a structure-based multiple se-
quence alignment as described in the
Materials and Methods. Characteristic pro-
teins are represented by their known three-
dimensional structure (name in red) or by
homology models (name in bold and black).
The subfamilies of putative RNA binders
and of enzymes are separated from the rest
by a bootstrap value of 85% or 100%, re-
spectively. For each structure, Particle Mesh
Ewald long-range electrostatic calculations
were performed in YASARA and used to
color-code the solvent-accessible surface:
A negative charge is indicated by a red surface,
and a positive charge is indicated by a blue
surface. Abbreviations for protein names
and species are given next to the Uniprot ID.
(Bb) Borrelia burgdorferi; (Ce) Caenorhabditis
elegans; (Dm) Drosophila melanogaster; (Hs)
Homo sapiens; (Mt) Mycobacterium tubercu-
losis; (Rn) Rattus norvegicus; (Tp) Treponema
pallidum. The length of the horizontal bar
corresponds to 0.1 substitutions per site.

L
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as RNA contact sites have previously been shown to
mediate the interaction between Brat and Mira (Lee
et al. 2006). It will thus be interesting to test the RNA
requirement of this interaction and identify the RNAs
potentially involved.

The NHL domain folds into a six-bladed B propeller,
a structure that cursorily resembles that of WD40 do-
mains (Edwards et al. 2003). Initially recognized as
versatile protein-binding domains, recent evidence sug-
gests that B-propeller structures also evolved as platforms
for nucleic acid binding (Stirnimann et al. 2010). The
recent crystal structure of the DNA damage-binding
protein 1 (DDB1)/DDB2 heterodimer, a protein complex
involved in DNA repair, revealed that the top surface of
the seven-bladed WD40 domain of DDB2 directly binds
to DNA in a sequence-unspecific manner (Scrima et al.
2008). Many basic residues are located on this surface and
are either in direct contact with or line the path of the
DNA phosphate backbone along the propeller. Another
example is the WD40 domain of Gemin5 that sequence-
specifically binds to snRNAs (Lau et al. 2009). In this
case, the 13-repeat-containing WD40 domain is predicted
to form a tandem B-propeller structure, and basic and
aromatic residues of one of the propellers’ top surfaces
contact the RNA. Additionally, the WD40 domain was
suggested as a potential new RNA-binding domain in
recent mRNA interactome studies, which were carried
out in HEK293, HeLa, and mouse embryonic stem (mES)
cells (Baltz et al. 2012; Castello et al. 2012; Kwon et al.
2013). Using UV-cross-linking followed by MS, these
studies identified direct RNA-binding proteins globally
and extended the number of putative RNA-binding pro-
teins, many of which do not harbor any classical RNA-
binding motif. The 28 WD40 domain containing proteins
that were identified in this study are characterized by an
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enrichment of positively charged and aromatic residues
(Castello et al. 2012; Kwon et al. 2013).

To provide a global overview over the nucleic acid-
binding potential of NHL domains, we used the electro-
static surface potential of structural homology models as
well as solved structures as an indication of the probabil-
ity of an NHL domain binding to RNA (Fig. 7). Strikingly,
while the NHL domains of all TRIM-NHL proteins are
predicted to contain a positively charged top surface or at
least contain large, positively charged patches suitable for
accommodating RNA, the top surfaces of other NHL
domains—for example, those with known enzymatic activ-
ities (e.g., RnPAL)—display an overall negative charge.

The family of TRIM-NHL proteins comprises three
members in flies, four members in Caenorhabditis ele-
gans, and five members in mammals, and many of them
have been linked to RNA metabolism. For example,
several TRIM-NHL proteins (including Drosophila Brat,
Mei-P26, and Wech/Dappled; C. elegans NHL-2 and
LIN-41; or mammalian TRIM2, TRIM3, TRIM32, and
TRIM71) were found associated with RNA-protein com-
plexes (RNPs) (Kanai et al. 2004; Duchaine et al. 2006;
Neumuller et al. 2008; Hammell et al. 2009; Rybak et al.
2009; Schwamborn et al. 2009; Chang et al. 2012; Li et al.
2012, 2013; Loedige et al. 2013), and, in some cases, these
interactions were shown to be dependent on either the
RNA (Hammell et al. 2009; Chang et al. 2012; Li et al.
2012) or the respective NHL domain within the RNP
(Neumuller et al. 2008; Schwamborn et al. 2009; Chang
et al. 2012; Loedige et al. 2013). In addition to Brat, Mei-
P26 and TRIM71 were also recently shown to repress
translation (Chang et al. 2012; Li et al. 2012, 2013; Loedige
et al. 2013), and C. elegans LIN-41 and human TRIM71/
LIN-41 regulate expression of the transcription factors
LIN-29 and EGRI, respectively, possibly at the level of
translation (Slack et al. 2000; Worringer et al. 2014). In all
cases, repression depends on the NHL domain (Slack et al.
2000; Chang et al. 2012; Li et al. 2012; Loedige et al. 2013).
In support of a direct RNA-binding activity, the aforemen-
tioned mRNA interactome studies identified TRIM71 and
TRIM56 as putative novel RNA-binding proteins (Baltz
et al. 2012; Castello et al. 2012; Kwon et al. 2013), and, in
case of TRIM71, direct RNA-binding was verified and
mapped to the NHL domain (Kwon et al. 2013). The cell
type-specific expression of other TRIM-NHL proteins has
presumably precluded their identification in these stud-
ies, as neither TRIM2, TRIM3, nor TRIM32 are expressed
in HEK293, HeLa, or mES cells to significant amounts
(Reymond et al. 2001; Baltz et al. 2012; Kwon et al. 2013).

Although RNA binding appears to be common to all
TRIM-NHL proteins, their diverse biological roles sug-
gest that they have distinct sets of RNA-binding partners.
Our data suggest that this sequence-specific RNA binding
is mediated by their NHL domains.

Materials and methods

DNA constructs

The coding sequence of full-length Brat, the Brat-NHL domain,
and the 3’ UTRs or 3’ UTR fragments of hb, myc, and mad, were

The BRAT-NHL domain directly binds hb RNA

amplified from Drosophila embryonic lysate cDNA. The coding
sequence of full-length Pum or the Pum-HD were amplified from
the Drosophila Genomics Resource Center clone number
SDO07661.

The PUM-HD (for, CTCCGCGGTGGTTCTCGCCTTCTCG
AAGATTTCCGC; rev, TTATTAGAATTCTTACTTCTCCAAC
TTGGCATTGAT) and the Brat-NHL domain (for, CTCCG
CGGTGGTAAGTCGCAGATCAAGCGACAGA; rev, CTACT
AGTCGACTTACATACCCACTGGCGCCA) were cloned into
the pHUE expression vector using SacIl/EcoRI or Sacll/Sall sites,
respectively. The 101-nt-long fragment of the hb 3’ UTR that
contains both NREs was amplified with the following primers:
for, TAATACGACTCACTATAGGGAGACCTAGCCTCATAT
AATCGTTGTCCAGAATTGTATA; and rev, AGAATTAGCGG
CTTAATTGGCTTA. The forward primer contains a T7 poly-
merase promoter sequence for subsequent in vitro transcription
and an 11-nt-long adapter sequence that would allow pull-down
of the RNA but was not used in this study. To permit site-
directed mutagenesis, the PCR product was cloned into the
pGEMTeasy vector (Promega). Reporter plasmids pAC-NHA-
GW, pAC-HA-GW, and pAC-FL-5boxB were a kind gift of
M. Chekulaeva and have been described (Chekulaeva et al. 2009).
The pAC-RL control vector was kindly provided by J. Medenbach.
NHA-Brat, HA-Brat, and HA-Pum were generated by replacing
the GW insert in pAC-NHA-GW or pAC-HA-GW with the
respective Brat or Pum coding sequence using SbfI/Notl or
SbfI/EcoRI sites, respectively. Full-length Brat was amplified
with the following primers: for, ATATATCCTGCAGGCA
TGGCGTCCTCACCGACACCATCTCTGGACTC; and rev,
ATATATGCGGCCGCTTACATACCCACTGGCGCCAGTTG
GACATAGC. Full-length Pum was amplified with the following
primers: for, ATATATCCTGCAGGCATGAAGTTTTTGGGTG
GTAACGATGATGC; and rev, ATATATGAATTCAATTTGTTA
TTTCCTTTACAGCACAACGTTG. The FL-3'UTR constructs
were generated by replacing the 5boxB sequence from pAC-FL-
5boxB with myc (for, ATATATGCTAGCGCGCTCGGTTAGTG
GATAGT; rev, ATATATCTCGAGTGTTTCGTTTCTCCGCT
AGG), mad (for, ATATATGCTAGCCCTCAATGGAGACGGAA
GAG; rev, ATATATCTCGAGAAGGCAATTTTCTCGTGGTC),
or hb (for, ATATATGCTAGCCATATAATCGTTGTCCAGAA,;
rev, ATATATCTCGAGAGAATTAGCGGCTTAATTGG) 3’ UTRs
or 3’ UTR fragments using Nhel/Xho sites. Point mutations were
introduced into pGEMT-hb or pHUE-BRAT-NHL by site-directed
mutagenesis (Zheng et al. 2004) with the primers listed in
Supplemental Table 2. In the case of full-length Brat, all point
mutations were first introduced into pHUE-Brat-NHL and fur-
ther subcloned into NHA-Brat or HA-Brat using EcoRI/Notl
sites. The correctness of all plasmids was verified by sequencing.

RNA

Small RNAs (= 27 base pairs [bp]) were ordered chemically
synthesized (Biomers). The long hb 3’ UTR fragment and its
point mutants were in vitro transcribed from 2 pg/mL PCR-
amplified DNA templates using 0.1 mg/mL T7 polymerase in 30
mM Tris (pH 8), 25 mM MgCl,, 0.01 % Triton-X100, I mM DTT,
10 mM each NTP, 2 U/mL pyrophosphatase (New England
Biolabs), and 2 mM spermidin for 4 h at 37°C. In vitro transcribed
RNA was gel-purified on a 15% polyacrylamide gel containing
7.5 M urea (SequaGel systems, National Diagnostics).

Protein expression and purification

All purification steps were performed at 4°C, and protein
concentration was determined spectrophotometrically at 280
nm. Proteins were produced as Hisg-ubiquitin fusion using the
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PHUE vector system as described previously (Catanzariti et al.
2004; Baker et al. 2005).

Drosophila Brat-NHL and Pum-HD were expressed in Escher-
ichia coli BL21(DE3). Cells were grown at 37°C to an ODgponm Of
0.6, and protein expression was induced by the addition of 1 mM
IPTG overnight at 23°C.

Cells were lysed by incubation in HisA buffer (50 mM Tris at
pHS8, 1 M NaCl, 5% glycerol, 10 mM imidazol) containing 1 mg/mL
lysozyme, 1 mM AEBSF, and 5 U/mL benzonase and subse-
quent sonication. The supernatant obtained by centrifugation
(48.000g for 40 min at 4°C) was loaded on a HiTrap IMAC FF
5-mL column charged with Ni** and eluted by buffer HisB (50
mM Tris at pH 8, 1 M NaCl, 200 mM imidazol). Hisg-ubiquitin
fusion protein-containing fractions were pooled, and the His6-
ubiquitin moiety was cleaved off by incubation with the Usp2cc
enzyme overnight at 4°C in buffer HisB containing 1 mM DTT.
The protein solution was subsequently applied to a HiPrep
Superdex 75 26/60 column equilibrated in 20 mM Tris (pH 8),
150 mM NaCl, and 1 mM DTT. Fractions containing highly pure
protein were pooled, glycerol was added to 5%, and samples were
flash-frozen in liquid nitrogen and stored at —80°C.

32p labeling of RNA

In vitro transcribed RNA (30 pmol) was dephosphorylated by 0.1
U/uL FASTAP (Fermentas) in 1X PNK A buffer (Fermentas) for
30 min at 37°C before FASTAP was heat-inactivated for 20 min
at 75°C. Subsequently, 30 pCi y*>P-ATP (Hartmann Analytic)
and T4 PNK (final concentration 0.5 U/uL; Fermentas) were
added, and the 5’ phosphorylation reaction was carried out in 1 X
PNK A buffer for 30 min at 37°C. T4-PNK was heat-inactivated
for 10 min at 75°C. Free y*>P-ATP was removed by desalting on
a G25 spin column (GE Healthcare) according to the manufac-
turer’s instructions. 5'->?P-labeled RNA was stored at —20°C
until further use. Chemically synthesized small RNAs (30 pmol;
Biomers) were directly phosphorylated by T4-PNK following the
same protocol.

EMSA

Radioactively labeled RNA (~500 pM to 2 nM) was incubated at
4°C with the indicated protein concentrations in buffer (10 mM
MOPS, 50 mM KCl, 5 mM MgCl,, 30 pg/mL heparin, 5%
glycerol, 1 mM DTT) containing a 1000-fold excess (~2 uM) of
unlabeled yeast tRNA (Ambion) for 30 min. Complexes were
resolved on 6% native polyacrylamide gels (acrylamid/bisacryl-
amid 37.5:1; Serva) containing 5% glycerol and 0.5X TB buffer
(45 mM Tris, 45 mM borate). Electrophoresis was carried out for
3h at4°C and 230 V in 0.5x TB buffer. >*P was imaged using the
Personal Molecular Imager (Bio-Rad), and band intensities were
quantified with the Quantity One software (Bio-Rad).

MST

Brat-NHL was labeled using the Monolith NT protein-labeling
kit RED-NHS (NanoTemper Technologies) according to the
manufacturer’s instructions except that the time of incubation
with the reactive dye was reduced to 20 min. Thermophoresis
experiments were carried out with 50 nM labeled Brat-NHL in 20
mM Tris (pH 8), 150 mM NaCl, 0.2 mg/mL BSA, 0.05% Tween
20, and 0.2 mg/mL yeast tRNA (Ambion) with the indicated
RNA concentrations at 80% MST power and 20% LED power in
hydrophilic capillaries on a Monolith NT.115 at 20°C (Nano-
Temper Technologies). The recorded fluorescence was normal-
ized and processed using the KaleidaGraph 4.1 software and
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fitted using the quadratic fitting formular (K, formular) derived
from the law of mass action.

Western blotting

To estimate expression levels of HA fusion proteins or endoge-
nous Brat, lysates in PLB were separated by SDS-PAGE and
transferred to nitrocellulose membranes (GE Healthcare). Mem-
branes were probed with anti-HA, (1:1000; 16B12, Covance),
anti-a-tubulin (1:10.000; DM1A, Sigma), or anti-Brat 3A9 (1:500,
a kind gift of Y. Zhang) (Shi et al. 2013).
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