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Highlights
e The RNA-binding protein Brat binds several hundred mRNAs
in Drosophila embryos

e Direct mRNA target binding is mediated by a highly specific
RNA-binding motif

e X-ray crystallography uncovers the molecular basis of the
Brat-RNA interaction

e NHL domains are RNA-binding modules with distinct RNA
preferences
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In Brief

TRIM-NHL proteins are important
regulators of cell fate decisions and
contact RNA targets via their NHL
domains. In this study, Loedige et al.
present the co-crystal structure of the
NHL domain of Drosophila Brat in
complex with its RNA-binding motif. This
study reveals that NHL domains are
widespread, sequence-specific RNA-
binding modules.

Accession Numbers

4ZLR
GSE71663
GSE73000

Cell


mailto:inga.loedige@embl.de
mailto:gunter.meister@ur.de
http://dx.doi.org/10.1016/j.celrep.2015.09.068

Please cite this article in press as: Loedige et al., The Crystal Structure of the NHL Domain in Complex with RNA Reveals the Molecular Basis of
Drosophila Brain-Tumor-Mediated Gene Regulation, Cell Reports (2015), http://dx.doi.org/10.1016/j.celrep.2015.09.068

Cell Reports

The Crystal Structure of the NHL Domain
in Complex with RNA Reveals the Molecular Basis
of Drosophila Brain-Tumor-Mediated Gene Regulation

Inga Loedige,"-* Leonhard Jakob,' Thomas Treiber,! Debashish Ray,> Mathias Stotz," Nora Treiber,! Janosch Hennig,3:¢
Kate B. Cook,? Quaid Morris,? Timothy R. Hughes,? Julia C. Engelmann,* Michael P. Krahn,5 and Gunter Meister'-*
Laboratory for RNA Biology, Biochemistry Center Regensburg, University of Regensburg, 93053 Regensburg, Germany

2Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto M5S 3E1, Canada

3Group Biomolecular NMR, Institute of Structural Biology, Helmholtz Zentrum Miinchen, German Research Center for Environmental Health,

85764 Neuherberg, Germany

4Department of Statistical Bioinformatics, Institute for Functional Genomics, University of Regensburg, Josef-Engert-StraBe 9, 93053

Regensburg, Germany

SInstitute for Molecular and Cellular Anatomy, University of Regensburg, 93053 Regensburg, Germany
SPresent address: Structural and Computational Biology Unit, EMBL Heidelberg, 69117 Heidelberg, Germany
*Correspondence: inga.loedige@embl.de (I.L.), gunter.meister@ur.de (G.M.)

http://dx.doi.org/10.1016/j.celrep.2015.09.068

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

SUMMARY

TRIM-NHL proteins are conserved among meta-
zoans and control cell fate decisions in various
stem cell linages. The Drosophila TRIM-NHL protein
Brain tumor (Brat) directs differentiation of neuronal
stem cells by suppressing self-renewal factors. Brat
is an RNA-binding protein and functions as a transla-
tional repressor. However, it is unknown which RNAs
Brat regulates and how RNA-binding specificity is
achieved. Using RNA immunoprecipitation and
RNAcompete, we identify Brat-bound mRNAs in
Drosophila embryos and define consensus binding
motifs for Brat as well as a nhumber of additional
TRIM-NHL proteins, indicating that TRIM-NHL pro-
teins are conserved, sequence-specific RNA-binding
proteins. We demonstrate that Brat-mediated
repression and direct RNA-binding depend on the
identified motif and show that binding of the localiza-
tion factor Miranda to the Brat-NHL domain inhibits
Brat activity. Finally, to unravel the sequence speci-
ficity of the NHL domain, we crystallize the Brat-
NHL domain in complex with RNA and present a
high-resolution protein-RNA structure of this fold.

INTRODUCTION

Eukaryotic gene expression programs are predominantly
shaped by post-transcriptional mechanisms (Schwanhausser
et al., 2011). RNA-binding proteins (RBPs) interact with mRNAs
to regulate their maturation, localization, translation, and decay.
To understand post-transcriptional gene regulation, character-
ization of RBPs and their interaction networks is crucial. The
development of large-scale methods has endorsed the system-
atic identification of RBPs as well as their target RNAs (Gerst-

berger et al., 2014). But despite these efforts, only a limited num-
ber of RNA-binding domains (RBDs) have been characterized to
date, and our understanding of how binding selectivity and spec-
ificity is brought about or how different RBPs influence each
other is still limited.

Post-transcriptional gene regulation plays important roles in
controlling the balance between self-renewal and differentiation
(Slaidina and Lehmann, 2014; Ye and Blelloch, 2014). Stem cells
are characterized by their ability to self-renew and to produce
differentiating progeny, generating cellular diversity during
development and maintaining tissue homeostasis in adulthood.
The switch between self-renewal and differentiation is tightly
controlled, and its disruption can cause either premature differ-
entiation and depletion of the stem cell pool or over-proliferation
and tumor formation.

Drosophila melanogaster neuronal stem cells, termed neuro-
blasts (NBs), are one of the best understood model systems for
stem cell biology, and many of the principles and regulatory mech-
anisms are conserved among species (Brand and Livesey, 2011;
Gomez-Lopez et al., 2014; Knoblich, 2010). Type Il NBs divide
asymmetrically to generate a self-renewing NB and a committed
progenitor cell, termed intermediate neuronal progenitor (INP).
INPs divide only a few more times before terminally differentiating.
Cell fate determinants such as Numb, Prospero, and Brain tumor
(Brat) are segregated into the differentiating daughter cell, where
they inhibit self-renewal and promote differentiation. INPs that
lack functional Brat, for example, fail to downregulate self-renewal
factors, leading to an uncontrolled expansion of NBs and tumor
formation (Betschinger et al., 2006; Lee et al., 2006). Two key
components of the self-renewal network of type || NBs that are
aberrantly expressed in INPs lacking Brat are the transcription
factors Deadpan (Dpn) and Klumpfuss (Klu), and removal of either
dpn or klu suppresses tumor formation in Brat-mutant flies (Jans-
sens and Lee, 2014). The molecular details of how Brat represses
their expression, however, remain elusive.

Brat belongs to the conserved family of TRIM-NHL proteins,
which are characterized by their N-terminal tripartite motif
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(TRIM), consisting of a RING domain, one or two B-box motifs, a
coiled-coil region, and a C-terminal NCL-1, HT2A, LIN-41 (NHL)
domain (Sardiello et al., 2008; Slack and Ruvkun, 1998; Fig-
ure 1A). Similar to Brat, several other TRIM-NHL proteins have
been recognized as regulators of cell fate decisions in various
stem or progenitor cell linages (Chang et al., 2012; Chen et al.,
2014; Li et al., 2012; Neumduller et al., 2008; Schwamborn
et al., 2009; Slack et al., 2000), including the mammalian Brat or-
tholog TRIM3, which has been identified as a tumor suppressor
in glioblastoma (Chen et al., 2014; Liu et al., 2014), or human
TRIM71, which facilitates reprogramming of differentiated cells
in induced pluripotent stem cells (Worringer et al., 2014). Inter-
estingly, the NHL domain of TRIM-NHL proteins has recently
been shown to be an RBD (Kwon et al., 2013; Loedige et al.,
2014).

In addition to its function during neurogenesis, Brat is also
required for proper abdomen development in early embryos.
Here Brat forms a complex with the RBPs Pumilio (Pum) and
Nanos (Nos) to repress translation of the hunchback (hb)
mRNA (Murata and Wharton, 1995; Sonoda and Wharton,
2001). Although it was initially thought that only Pum contacts
the mRNA and recruits Brat and Nos via protein-protein interac-
tions, we have recently demonstrated that Brat directly binds the
hb RNA (Loedige et al., 2014). We identified Brat-binding sites
that are distinct from the Pum consensus sequence and showed
that RNA binding and Brat-mediated repression are independent
of Pum. This strongly suggested the existence of Pum-indepen-
dent Brat targets and a function for Brat RNA-binding in develop-
mental processes that do not require Pum. Indeed, it has been
shown recently that Brat-mediated repression of src64B
mRNA, which is important for axon maintenance, is independent
of Pum (Marchetti et al., 2014).

The NHL domain forms a six-bladed f propeller that is similar
to the WD40 fold (Edwards et al., 2003), and its positively
charged top surface contacts RNA (Loedige et al., 2014). How-
ever, the molecular details of this interaction, particularly how
sequence specificity and selectivity are achieved, are unknown.

Here we combine genome-wide approaches, cell-based as-
says, biochemistry, and structural biology to provide a detailed
molecular understanding of Brat-mediated post-transcriptional
gene regulation. We systematically identify Brat-associated
mRNAs, determine the Brat-binding motif, and crystallize the
Brat-NHL domain in complex with a short RNA containing the
identified motif at a resolution of 2.3 A. Moreover, we define
consensus RNA-binding motifs for different TRIM-NHL proteins,
revealing that Brat is part of a conserved family of sequence-
specific, single-stranded RBPs.

RESULTS

Identification of Brat-Associated mRNAs in Late-Stage
Drosophila Embryos

To better understand the role of Brat in post-transcriptional gene
expression, we sought to identify Brat-bound RNAs. We ubiqui-
tously expressed FLAG-tagged Brat in fly embryos (Shi et al.,
2013) and performed RNA immunoprecipitation (RIP) experi-
ments followed by microarray analyses. Several hundred
mRNAs were significantly enriched in the Brat-RIP, including
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the known Brat targets diminutive (dm) and paralytic (para), as
well as many genes that are upregulated in brain tumors of
Brat-mutant flies (JUschke et al., 2013), such as chinmo, dpn,
klu, staufen (stau), or par-6 (Figure 1B). The enrichment of
selected mMRNAs was confirmed by gRT-PCR using RNA iso-
lated from an independent experiment (Figure 1C). Consistently,
all tested targets (except cngl) that were highly enriched in the
microarray dataset were also enriched in the gRT-PCR analysis
whereas mMRNAs randomly chosen from the non-enriched pool
were not.

Identification of a Brat Consensus Binding Motif

We have found previously that RNA-binding by Brat is sequence-
specific (Loedige et al., 2014), and we therefore examined the 3’
UTRs of our top-ranking mRNA transcripts for the presence of a
common motif using multiple expectation and maximization for
motif elicitation (MEME) (Bailey and Elkan, 1994). MEME analysis
revealed a 15-nt sequence encompassing a 6-nt core motif, UU
[G/UJUUI[G/A], followed by a U-rich stretch, as significantly en-
riched (Figure 1D). Additionally, we performed an in vitro selec-
tion experiment, referred to as RNAcompete (Ray et al., 2009,
2013), using the recombinant NHL domain of Brat and a complex
pool of short RNAs. Consistent with the in vivo data, RNAcom-
pete identified [U/AJUGUUA as the consensus binding sequence
for Brat (Figure S1D). Consist with this, a recent study carried out
in parallel to our work identified a highly similar Brat binding motif
(Laver et al., 2015).

Computational analysis revealed a clear correlation between
the enrichment of mRNAs in the Brat-RIP and the occurrence
of the identified Brat-binding motif (Figure 1E), further validating
our RIP data and the identified motif.

To further validate the Brat consensus motif and to determine
binding affinities, we performed electrophoretic mobility shift as-
says (EMSAs) using the recombinant BRAT-NHL domain and
short, 15-nt-long radiolabeled RNAs (15-mers) containing the
identified binding motif or similar sequences embedded into a
poly-U backbone (Figure 1F). Brat-NHL efficiently binds to the
UUGUUG motif with an estimated affinity of 40 nM (1). Changing
the second (ll) or the first guanine (lll) to an adenine only slightly
reduced binding affinities (~40-80 nM). However, when the two
guanines were located in the center of the poly-U RNA (IV) or
when the second guanine was replaced by uracil (V), we
observed a reduction in affinity. Finally, when poly-U was used
as ligand (VI) or both guanines were changed to adenines (VIl),
affinity dropped below 160 nM. Therefore, we experimentally
confirmed the identified binding motif, demonstrating that pu-
rines at positions 3 and 6 of the motif are required and that one
of the two purines needs to be a guanine for high-affinity binding.

Crystal Structure of Brat-NHL in Complex with RNA

To elucidate the molecular contacts that define the identified
binding motif, we crystallized the NHL domain of Brat bound to
a short RNA containing the consensus UUGUUG motif at the 5’
end, followed by an oligo U stretch (nine Us). The refined struc-
ture at 2.3-A resolution (Table S2) shows the NHL domain
conformation to be almost unchanged in comparison with an un-
liganded structure reported before (Edwards et al., 2003). It is
formed by a six-bladed B propeller that encloses a solvent-filled
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Figure 1. Identification of Brat-Associated mRNAs and a Brat Consensus Binding Motif

(A) Schematic of Drosophila (dm) Brat domain organization. Brat contains two B-boxes (B1 and B2, orange), a coiled-coil (CC) domain (yellow), and an NHL
domain (red). Also shown are serine-rich (S), glutamine-rich (Q), and histidine-rich (H) stretches. Brat is only an incomplete TRIM because it lacks the RING
domain. Numbers indicate domain boundaries.

(B) Brat binds several hundred mRNAs. Shown is an MA plot of RIP-Chip data showing the enrichment of transcripts versus their mean abundance. Enrichment
was calculated as the ratio between Brat and control immunoprecipitation (IP). Transcripts enriched more than 2.8-fold (log2FC > 1.5, 2,204 transcripts cor-
responding to 953 genes) in the Brat IP are depicted in green. Transcripts selected for qRT-PCR validation are highlighted in red. Normalized microarray data are
listed in Table S1.

(C) gRT-PCR validation of candidate Brat-targeted mRNAs. Shown is the relative enrichment of mMRNAs in a Brat IP compared with a control IP. Western blots of
lysates and IPs are shown in Figure S1.

(D) The Brat-binding motif. The sequence logo of the Brat consensus motif identified by MEME is shown.

(E) Enrichment of mRNAs in the Brat-RIP correlates with the number of Brat-binding sites. mRNA transcripts were divided into seven subsets according to their
enrichment in the Brat IP. The average numbers of Brat-binding sites are shown as columns. Transcripts enriched more than 2.8-fold (log2FC > 1.5) in the Brat IP
are shown in green.

(F) Validation of the identified Brat-binding motif using EMSAs. **P-labeled 15-mers (2.5 nM) encompassing the Brat consensus sequence or related sequences,
as indicated below the autoradiogram, were incubated with increasing amounts of recombinant Brat-NHL, and complexes were analyzed by native gel elec-
trophoresis.
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Figure 2. Structure of the Drosophila Brat-
NHL Domain Bound to Its Consensus Motif
RNA

(A) Structure model of the Brat-NHL domain bound
to RNA. Top: model of the six-bladed B propeller of
the NHL domain viewed from the top surface. The
individual blades are numbered, and the bound
RNA is shown as a stick representation. Center:
electrostatic surface representation of the Brat-
NHL top side with bound RNA. Bottom: side view
of the complex with the electrostatic potential
shown for the protein domain.

(B) Schematic of the protein:RNA contacts. Side
chains forming stacking interactions to RNA bases
are shown in red. lonic interactions with the
phosphate backbone of the RNA are indicated in
green. Hydrogen bonds with the bases or sugars of
the RNA are shown in black.

(C) Close-up view of the RNA binding pockets.
RNA is shown in cyan, and protein residues are

shown in yellow. Hydrogen bonds are marked by
dashed lines. Side chains not interacting with the
RNA are drawn as thin lines, and interacting side
chains and backbone atoms are shown as thick
lines and labeled. All chain cuts are marked with
halos.

For a more detailed description of the molecular
contacts and electron density maps, see Figure S2.

F916. The base identity is read out by two
hydrogen bonds to the protein backbone.
To discriminate purine from pyrimidine
bases, ring position N1 contacts the pep-

channel and exposes a positively charged top surface and a
modestly negatively charged bottom surface. The RNA motif is
bound in three pockets across the top surface, each located at
the interface of two neighboring blades (Figure 2A). U1 and U2
stack onto each other and are bound in between blades Il and
Ill. G3is flipped out and bound by blade IV and the loop connect-
ing it to blade V, whereas the bases U4-G6 together occupy a
binding cleft created by blades VI and | (Figure 2A).

All six RNA bases are specifically recognized by an intricate
hydrogen bond network as well as w-stacking interactions be-
tween aromatic rings. In addition, the backbone phosphates of
G3 and U4 are bound by ionic interactions with K891 and
R875, which probably stabilizes the flipped-out conformation
of G3 (Figure 2B).

The pyrimidine ring of U1 stacks against Y829 and is addition-
ally bound by R847 and N800 via hydrogen bonds. The base of
U1 and also the side chain of R847 show relatively weak electron
density and elevated B factors, indicating some flexibility of this
terminal residue. U2 stacks against U1 and is bound by the
carboxyl group of E782 (Figure 2C, 1), further stabilizing the
conformation.

G3 protrudes into a binding pocket on the opposite site of the
RNA backbone, and there it is stacked against the phenyl ring of

4 Cell Reports 13, 1-15, November 10, 2015 ©2015 The Authors

tide carbonyl of E915. The guanine-spe-
cific carbonyl group at ring position 6
forms a hydrogen bond to the backbone
amide of K891. The equivalent position is occupied by an amino
group in adenine that cannot form this contact (Figure 2C, 2).

U4 is the most tightly bound base of the recognition motif. The
2'0OH of its ribose moiety forms two hydrogen bonds with side
chains of N933 and R934, and both carbonyl groups of the uracil
base are specifically recognized by hydrogen bonds to the side
chain of N933 and the backbone amide of C1004. In addition, the
nitrogen at ring position 3 binds to a tightly coordinated water
molecule that is held in place by two hydrogen bonds to the pro-
tein backbone. The same water also contacts U5 at a ring
carbonyl. The other carbonyl group of U5 and N3 of the pyrimi-
dine ring forms hydrogen bonds to the backbone amide and
side chain of N976 (Figure 2C, 3).

G6, the last nucleotide of the recognition site, binds to the pep-
tide carbonyl of H1001 via N1 of the purine ring system and the
amino group at position 2. This amino group, which is specific for
the guanine base, additionally forms a hydrogen bond to another
backbone carbonyl (N978; Figure 2C, 4).

Interestingly, a second Brat-NHL domain is bound to the oligo-
U tail 3’ of the perfect recognition site in our structure, and these
molecules build the asymmetric unit of the crystal (Figure S2).
This arrangement allows a direct comparison of the interactions
of an optimal versus a suboptimal recognition motif. U12 and



Please cite this article in press as: Loedige et al.,
Drosophila Brain-Tumor-Mediated Gene Regulation, Cell Reports (2015),

The Crystal Structure of the NHL Domain in Complex with RNA Reveals the Molecular Basis of

http://dx.doi.org/10.1016/j.celrep.2015.09.068

A

UUCUUGUUUUUUUUY

O - é i o . - --

- - - - -

%050 % % B 70’ 00 % %0 0% vo/ 20 % 00y 50, ! 050 % % RO vo/ 00 %0 e %)

-————— -

Figure 3. Validation of Protein-RNA Con-

tacts

(A) RNA-binding of Brat-NHL and Brat-NHL RNA
contact mutants. Increasing amounts of recombi-

:;A':Zf::L nant Brat-NHL (WT) or the indicated point mutants

2% were incubated with *2P-labeled 15-mers contain-

" <=RNA+Brat

wt E782A
UUUUUUUUUULUUUY

Y829A RB847A

- | .

L T T - - -

-
! 70 ~0 % 976,956 4 | 7p<p % 76,3560 7 1 75 <% % € 76,356 7 I 7p<p % G 76,3560 - I 7<% % 7% b nM Brat-NHL
00 0 06,7 7090‘;’700 00 %0 06,7 Y, 000 0% 0905’700 00 %0 06,7 R 0~ %0 %0 %6, 090*’70

ReTeA ing either the Brat consensus sequence or poly-U,

as indicated, and complexes were analyzed by
native gel electrophoresis.

(B) Reporter gene repression by Brat and Brat
RNA contact mutants in Dmel2 cells. Left: Dmel2

«= RNA+Brat

<=free RNA

wt E782A Y829A R847A

UUCUUCUUUUUUUUY

- -

.- i L T L

! %00 % % 85%, 0 vo/ 00 % %85, 1 %050 % % 78,%,5% Y5 70/ 20 % 0055,

wt F916A
UUUUUUUUUUUUUUY

N933A NO76A

- {

! 7 % 870 6070 | 7 % 875 35 6y 7
o*’oooooeovoeooo 00 %0 00, 5%

wt F916A N933A N976A

B
Klu 3'UTR reporter Kni 3UTR reporter
14
kDA
170
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . 130
100
111 [ e
d & Q’@ @v @1 o é&v & q@v & O@ N @*“’ @v ,ﬁl o é&v@@ ,;,v «Qy
Q@Q ®<\\Q
& ¥ X AT X oX
> A & > N v
kDA T TR R R @
——
70
55
40
35
25 e e

U13, which occupy positions equivalent to the tightly bound U4
and U5, form the same contacts with the protein and are clearly
defined, with comparable B factors to their counterparts. In
contrast, U11, which is flipped out into the pocket occupied by
G3 in the other monomer, forms weaker stacking interactions
with F916 and is not able to contact E915 at the bottom of the
pocket. One ring carbonyl of the uracil base occupies an equiv-
alent position to the guanine carbonyl and binds to the K891
peptide backbone in a similar manner. This interaction probably
enables poly-U to serve as ligand for Brat-NHL. U14, which takes
the position of G6, is only very weakly defined in the electron
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= free RNA
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RETSA cells were co-transfected with plasmids express-

ing firefly luciferase (FL)-klu-3' UTR or FL-kni-3'
UTR reporter constructs (Figure 5B), the indicated
HA fusion proteins, and a Renilla luciferase (RL)
control plasmid. 48 hr after transfection, cells were
lysed, and luciferase activities were measured. FL
was normalized to RL, and values of normalized
FL produced in the presence of an empty control
vector were set to 1. Values represent the means
of three independent experiments, each per-
formed in triplicate, and error bars show SEM.
Right: protein expression was analyzed by west-
ern blotting.

(C) Purity of recombinant Brat-NHL and Brat-NHL
RNA contact mutants. Shown is Coomassie-
stained SDS-PAGE of 5 pug of recombinant, purified
Brat-NHL and the indicated Brat-NHL RNA contact

mutants.
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density because of its inability to form

any of the hydrogen bonds observed for
the guanine base.

Validation of Specific RNA-Protein
Contacts

In our previous UV-cross-linking and
mutagenesis studies we identified critical
residues involved in RNA binding (Loedige
et al., 2014) that are now confirmed by the
crystal structure. These residues are
located in the first and second binding
pocket, namely Y829, R847 (pocket 1),
R875, C890, K891, and F916 (pocket 2),
and either directly interact with the bound
RNA or are in close proximity. However,
other residues that we have suggested to
be involved in RNA binding do not contact
the RNA directly in our structure.

For validation, we compared direct binding of wild-type (WT)
Brat-NHL and several Brat-NHL variants mutated in the first
(E782A, Y829A, and R847A), second (R875A and F916A), and
third binding pocket (N933A and N976A) in EMSAs using either
the perfect Brat consensus sequence or poly-U as ligand (Fig-
ure 3A). Additionally, these mutations were tested in the context
of the full-length protein in reporter gene assays (Figure 3B).

Mutations of residues E782 and Y829 in the first binding
pocket have a weak effect on the total affinity to RNA, consistent
with the fewer protein-RNA contacts and higher flexibility in this
region. Additionally, their ability to contact RNA is reflected by
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their capability to bring about reporter gene repression. In
contrast, mutation of residues that constitute the second
(R875A and F916A) and third (N933 and N976) binding pocket
completely or almost completely abrogates Brat-NHL RNA bind-
ing. Consequently these mutants lost their ability to repress re-
porter genes or, in the case of N976A, show reduced activity,
confirming the strong contribution of these residues to RNA
binding. Only R847A, which forms hydrogen bonds with U1,
behaved unexpectedly. Full-length BRAT R847A is still capable
to repress reporter genes, indicating its association with target
RNAs in vivo. However, in direct binding assays, Brat-NHL
R847A showed almost no affinity to RNA. Circular dichroism
(CD) spectroscopy (data not shown) revealed an identical folding
of the secondary structure elements compared with the wild-
type protein. On a gel filtration column, the elution volume is
changed (data not shown), possibly indicating a difference in ter-
tiary structure. This effect might be compensated in the context
of the full-length protein, and, therefore, binding in EMSAs is lost
because of partial mis-folding.

Uridine at Position 5 Discriminates a Brat from a Pum
Consensus Sequence

Repression of the hb mMRNA depends on sequence elements
termed Nanos response elements (NREs), which are located in
the 3’ UTR. Each NRE is composed of a BoxA and a BoxB site
that overlap with the Brat and Pum binding sites, respectively
(Figure 4A). Similar to Brat, RNA binding by Pum is sequence-
specific, and an 8-nt motif, UGUANAUA (with N being any nucle-
otide), has been identified as the Pum consensus motif (Gerber
et al., 2006). Interestingly, the Brat and Pum binding motifs
bear some resemblance, with both motifs containing a central
UGU, and, initially, the BoxA motif had been assumed to consti-
tute a weak Pum binding site (Wang et al., 2002).

The identification of the Brat binding motif allows the exami-
nation of the molecular determinants that discriminate a Brat
from a Pum site. To do so, we performed EMSAs analyzing
the binding affinities of Brat-NHL or the Pum RBD (Pum homol-
ogy domain [Pum HD]) to 15-mers encompassing either the
Brat (I/V) or the Pum consensus (IV/VIIl) or intermediates of
the two sequences (Figure 4B). The exchange of three uridines
at positions 5, 7, and 9 into adenosines converts the Brat
consensus sequence into a Pum consensus sequence (Fig-

ure 4A). As expected, Brat-NHL binds the Brat consensus
with high affinity (I, ~30 nM) but has no affinity for the Pum
consensus (IV), whereas the Pum HD has high affinity for its
consensus (VIll, ~10 nM) but binds only poorly to the Brat motif
(V). Substitution of a single uridine at position 5 into an adeno-
sine reduces the affinity of the 15-mer for Brat-NHL
(Il, >100 nM) while increasing the affinity for the Pum HD (VI).
Exchange of two uridines at positions 7 and 9 into adenosines
has a similar but less pronounced effect (lll and VII), indicating
that these positions distinguish Brat and Pum binding sites.
Based on the Pum HD crystal structure, adenosines at these
positions form hydrogen bonds and van der Waals interactions
with the Pum HD, but these contacts are not made when aden-
osine is replaced by a smaller pyrimidine base, explaining the
differences in binding affinities (Wang et al., 2002). In the case
of Brat-NHL, the third binding pocket (Figure 2C) is perfectly
suited to specifically accommodate uridines at positions 4
and 5, including most of the interactions with the protein back-
bone and side chains. This illustrates how distinction between
similar motifs can be brought about and how both proteins
are optimized for their motifs, to which they bind with high affin-
ity. Interestingly, within our MEME-derived in vivo Brat-binding
motif (Figure 1D), position 5 is the only position where no nucle-
otide other than uridine is found.

RNA Secondary Structure Reduces Brat-NHL
Accessibility

In contrast to uridine at position 5, the uridines at positions 7 and
9 are not part of the Brat consensus motif and make no contact
with the protein, indicating that other determinants must account
for the observed affinity drop when these uridines are replaced
by adenines (Figure 4B). Interestingly, the 15-mer containing
the Brat consensus sequence is predicted to be linear by mfold
(Zuker, 2003) (as are the 15-mers tested and shown in Figure 1F).
In contrast, the Pum motif containing additional adenosines
forms secondary structures (Figure 4B).

In EMSASs, Brat-NHL binds to a 15-mer encompassing the hb
NRE2 BoxA site with low affinity but shows high affinity when the
motif is embedded in a poly-U backbone (Figure 4C, left). Struc-
ture prediction revealed that the NRE2 BoxA forms secondary
structures (Figure 4C, left), suggesting that the structural context
of the Brat-binding motif affects binding affinities. In contrast to

Figure 4. Sequence and Structural Features Discriminate Brat and Pum Binding

(A) NRE RNA sequences and RNAs used in EMSAs. BoxA and BoxB sites are indicated with red and blue letters, respectively. Nucleotides bound by Brat and
Pum are highlighted in light red or blue, respectively.

(B) Increasing amounts of recombinant Brat-NHL (I-IV) or the Pum HD (V-VIIl) were incubated with *P-labeled 15-mers encompassing either the Brat consensus
(I and V), the Pum consensus (IV and VIlI), or intermediates of the two sequences (Il, Ill, VI, and VII), as indicated, and complexes were analyzed by native gel
electrophoresis. RNA structures as predicted by mfold are depicted below the respective autoradiograms.

(C) Structural features constrain Brat-NHL binding. Increasing amounts of Brat-NHL (left) or the Pum HD (right) were incubated with ®P-labed 15-mers either
encompassing the respective consensus sequence or with 15-mers covering the BoxA or the BoxB motif of the hb NRE2, respectively. Complexes were analyzed
by native gel electrophoresis. RNA structures are depicted below the respective autoradiograms.

(D) Binding of the Pum HD to NRE2 facilitates subsequent Brat-NHL binding. Increasing amounts of the Pum HD (left) or GST-tagged Brat-NHL (center and right)
were mixed with a *2P-labeled 23-mer encompassing the hb NRE2, either alone (left and center) or pre-incubated with 30 nM Pum HD (right), and the resulting
complexes were analyzed by native gel electrophoresis. GST-Brat-NHL preferentially bound to the NRE2 that was already bound by the Pum HD. The mfold
predicted structure of the NRE2 is shown on the right. Note that GST-tagged Brat-NHL was used to better discriminate Brat-NHL-NRE2 from Pum-HD-NRE2
complexes.

(E) 2D imino nuclear Overhauser enhancement spectroscopy (NOESY) of NRE2 23-mer confirms RNA secondary structure (left). The assigned G-U base pair is
indicated. The Pum HD, but not Brat-NHL, is able to melt RNA-RNA base-pairing. Imino peaks indicative of RNA base-pairing vanish upon titration of NRE2 with
the Pum HD (left) but not by Brat-NHL (right).
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Figure 5. Repression and Direct Binding of Brat to mRNAs Identified by RIP-Chip

(A) The Brat consensus sequence is enriched within UTRs. For the 2,204 top-ranking Brat-RIP targets (log2FC > 1.5), the average number of Brat-binding sites per
1-kb sequence length was determined either for each transcript (MRNA) or for the 5’ UTR, the CDS, and the 3’ UTR individually.

(B) Schematic of transcripts selected for reporter gene assays. Gene names are given on the left, and the mRNA isoform depicted is indicated in parentheses. The
CDS is shown as a thick black line and the 5" and 3’ UTRs as thin black lines. Red boxes indicate consensus Brat-binding sites ([U/AJUGUU[A/U/G]), and blue
boxes indicate consensus Pum sites (UGUANAUA). Indicated by thin red lines are the segments of the 3’ UTRs that were used to generate FL reporter constructs.
(C) Repression of potential Brat targeted 3' UTRs in Dmel2 cells. Dmel2 cells were co-transfected with plasmids expressing the indicated FL-3' UTR reporter
constructs, an RL control, and either HA-tagged GW or Brat or Pum or an empty vector control, and reporter assays were performed as described in Figure 3B.
(D) Mutation of Brat-binding sites abrogates Brat-mediated repression. Reporter assays were performed as described in (C) with the indicated FL-3' UTR reporter
constructs or with constructs having all potential Brat-binding sites mutated. **p < 0.01.

(legend continued on next page)
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Brat-NHL, the Pum HD binds its consensus sequence with high
affinity despite RNA folding (Figure 4C, right).

Within the NREs, the Brat and Pum binding sites are in close
proximity to each other, and we wondered whether a change
in RNA secondary structure upon Pum binding to the BoxB
site might change the folding of BoxA and, therefore, enable
Brat binding. To address this question, we performed EMSAs us-
ing a radiolabeled 23-mer that encompasses the hb NRE2
sequence, including BoxA and BoxB sites (Figure 4D). As pre-
dicted by mfold, this RNA forms a hairpin structure, and nucleo-
tides from both motifs are engaged in base-pairing (Figure 4D,
schematic). The Pum HD binds the 23-mer with high affinity
(~30 nM) (Figure 4D, left), whereas the affinity of Brat-NHL for
this RNA is low (>2 uM) (Figure 4D, center). However, when
NRE2 is pre-bound by the Pum HD, Brat-NHL binding is
increased (Figure 4D, right). We made similar observations
before using a longer, ~100-nt fragment of the hb mRNA (Loe-
dige et al., 2014). To directly test whether titration of Brat-NHL
or the Pum HD affects RNA folding, we performed nuclear mag-
netic resonance (NMR) experiments (Figure 4E). To stabilize the
putative RNA secondary structure in vitro, the experiments were
carried out at 5°C. A clear indication of nucleic acid base-pairing
is NMR resonances in between relative frequencies of 10 and 15
ppm. Therefore, the presence of these signals confirms that the
NRE2 23-mer is indeed structured. The number of cross-peaks
indicates the formation of at least six base pairs (Figure 4E,
left), which is in agreement with mfold prediction. However, addi-
tional diagonal imino peaks also indicate the possibility of
multiple conformations or double strand formation. Addition of
Brat-NHL up to a ratio of 2:1 (protein:RNA) did not decrease
the intensity of imino signals, and only very small chemical shift
changes could be observed, suggesting only weak, unspecific
BRAT-NHL/RNA contacts (Figure 4E, right). In contrast, addition
of the Pum HD decreased imino signal intensities already at a ra-
tio of 0.3:1 (protein:RNA) and vanished completely upon reach-
ing a ratio of 1:1 (Figure 4E, center). Therefore, the Pum HD not
only binds to structured RNA but also affects its folding, possibly
liberating the Brat-binding motif from secondary structures.

Notably, small-angle X-ray scattering (SAXS) analysis revealed
that, within the context of the ~100-nt hb RNA, which contains
two NREs, the Pum HD seems to be necessary for Brat-NHL
to occupy both sites, supporting the model of structural RNA re-
arrangements by the Pum HD (Table S3; Figure S3).

To interrogate whether an NRE-like constellation is common,
we searched the 3’ UTRs of our top-ranking Brat targets (log2
fold change [log2FC] > 1.5) for the presence of the Pum
consensus (UGUANAUA). Of the 2,204 Brat-associated tran-
scripts, 653 contain Pum consensus sites within their 3’ UTR.
Of these, 290 have Brat and Pum binding sites less than 50 nt
apart (Figure S3C), suggesting the possibility of an NRE-like
regulation in these cases. Although a large number of our Brat
targets carry a Pum motif, the Pum motif does not occur more

frequently in the Brat targets than its reverse complement (Fig-
ure S3D), indicating that, for the majority of targets, Brat acts
independently of Pum.

Brat Regulates a Number of Target Genes Implicated in
Developmental Processes

Having elucidated the molecular details of the Brat-NHL RNA
interaction, we went back to take a closer look at the Brat-medi-
ated regulation of MRNAs that we identified as putative Brat tar-
gets (Figure 1B). We first determined the distribution of Brat-
binding sites between UTRs and the coding sequence (CDS)
within our top-ranking Brat targets (log2FC > 1.5) (Figure 5A).
To account for differences in sequence length, we counted the
average number of Brat-binding sites per kilobase, revealing a
clear enrichment of Brat-binding sites within the 3’ UTR
(Figure 5A).

During NB asymmetric cell divisions, Brat is segregated into
the progenitor cell that is committed to differentiate. Here Brat
downregulates NB-specific factors, important to drive differenti-
ation. Although downregulation of diminutive by Brat has been
shown to occur post-transcriptionally (Betschinger et al.,
2006), direct mRNA binding and regulation by Brat as well as
its NB-specific targets have not been reported. Among our
Brat-associated mMRNAs are numerous genes associated with
NB self-renewal (Table S4). In addition, gene ontology (GO) ana-
lyses revealed a strong enrichment of genes with roles in synap-
tic transmission, neurotransmitter release, and membrane
trafficking (Figure S4; Table S5), consistent with the regulatory
roles of Brat in neuronal excitability, synaptic development,
and axon maintenance that have been described previously
(Marchetti et al., 2014; Muraro et al., 2008; Shi et al., 2013).
Brat-targeted mRNAs important for early embryogenesis, such
as hb, are not identified in this study because our epitope-tagged
Brat is not expressed at this stage. (Of note, in the parallel study
by Laver et al. (2015), different embryonic stages (prior to neuro-
blast specification) have been analyzed, and, therefore, distinct
sets of mMRNA targets have been identified.)

For further analysis, we selected candidates that are either
associated with NB self-renewal (dpn, klu and knirps (kni), sir2,
polycomb (pc), stau, and par-6) or candidates involved in synap-
tic regulation (limKl, camKIl, or pur-a) to test their repression by
Brat (Figure 5B). For reasons elucidated earlier, we also tested
repression of these constructs by Pum. hb mRNA, known to
be repressed by both Brat and Pum, served as a positive control.
Reporter constructs were co-transfected with hemagglutinin
(HA)-tagged Brat, Pum, or, as a negative control, Gawky (GW)
into Dmel2 cells, and luciferase activity was measured 2 days
post-transfection (Figure 5C). Under these conditions, expres-
sion of Brat led to repression of all but two of the tested reporters,
demonstrating Brat-mediated regulation. Most of the reporters
were also repressed by Pum, albeit weaker than observed for
Brat, and repression of klu and stau was solely Brat-specific.

(E) Direct binding of Brat-NHL to klu and kni 3’ UTRs. Left: close-up view of the klu and kni 3’ UTRs. Indicated by short black lines (klu1-2 and kni1-4, respectively)
are the ~150-nt-long fragments tested for direct Brat-NHL binding in the EMSAs shown on the right. Right: 3P-labeled, ~150-nt-long fragments from the klu or
kni 3" UTR were incubated with increasing amounts of Brat-NHL and analyzed by native gel electrophoresis.

(F) Mutation of Brat-binding sites impairs direct Brat-NHL binding. EMSAs were performed as described in (E) with the indicated kni 3" UTR fragments or with

fragments having all Brat-binding sites mutated.
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To further solidify our observations, we mutated the consensus
Brat-binding sites from the klu, kni, and spartin 3’ UTRs and
repeated the luciferase experiments (Figure 5D). In all three
cases, mutation of the Brat-binding sites significantly reduced
Brat-mediated repression, indicating that inhibition depends on
the identified Brat-binding motif. Notably, mutation of the Brat-
binding sites did not affect repression by Pum.

We next analyzed direct binding of the Brat-NHL domain to
fragments of the klu and kni 3' UTRs in EMSA experiments (Fig-
ure 5E). Because native gel electrophoresis restricts the length of
RNAs that can be tested, we divided the 3' UTRs into smaller,
~150-nt-long fragments (Figure 5E). Using this direct binding
approach, we find that Brat-NHL binds to all tested 3’ UTR frag-
ments that contain a Brat-binding site, whereas the fragment
kni2, which lacks a consensus Brat-binding site, is not bound.
Last, we repeated the experiment with kni 3" UTR fragments in
which all Brat-binding sites were mutated and observed that
their mutation either completely abolished or at least reduced
Brat binding to these fragments (Figure 5F), indicating that Brat
binding is direct and mediated by the identified sequence motif.

Miranda Inhibits Brat RNA Binding

Segregation of Brat into differentiating daughter cells during
asymmetric NB divisions depends on the adaptor protein
Miranda (Mira) (Betschinger et al., 2006; Lee et al., 2006). During
late pro-metaphase, Mira accumulates alongside its cargo pro-
teins, including Brat, at the basal cortex of the dividing cell. After
mitosis, Mira is rapidly degraded and, therefore, cargo proteins
are released. The interaction between Brat and Mira is mediated
by the NHL domain of Brat, and several residues on the top sur-
face of the NHL domain are critical for the interaction (Lee et al.,
2006). Interestingly, the Mira and RNA contact surfaces likely
overlap, prompting us to investigate whether Mira might interfere
with Brat RNA-binding.

To test this hypothesis, we performed reporter experiments.
Plasmids expressing luciferase reporters containing the 3’
UTRs of NB-specific factors were transfected together with plas-
mids expressing NHA-tagged Brat and increasing amounts of
Mira or LacZ (Figure 6B). As expected, all reporters were strongly
repressed upon Brat expression (Figure 6B, red bars). Strikingly,
Brat-mediated repression was strongly reduced when Mira, but
LacZ, was co-expressed. When Brat was physically tethered to
the RNA via boxB sites (Gehring et al., 2003), Mira had no effect,
indicating that Mira does not affect Brat-mediated repression but
RNA-binding of Brat.

It has been reported before that point mutations in the NHL
domain of Brat, G774D and Y829A, destroy the interaction be-
tween Brat and Mira, whereas the Brat-NHL mutants R847A
and R875A do not (Lee et al., 2006). Based on our crystal struc-
ture, residues Y829, R847, and R875 of the Brat-NHL domain
contact the RNA; however, Brat Y829A and Brat R847A are still
capable of bringing about reporter gene repression (Figure 3B).
Therefore, we examined these Brat mutations in more detail (Fig-
ure 6C). The Mira binding-deficient mutants Brat-G774D and
Brat-Y829A still repress klu and kni, but, in agreement with our
model, this repression is not changed when Mira is co-ex-
pressed (Figure 6C). Moreover, Brat-R847A, which binds Mira,
represses klu and kni expression, and, as expected, Mira co-
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transfection inhibits Brat-mediated reporter repression. Finally,
we tested two Mira fragments for effects on Brat-mediated regu-
lation (Figure 6D). Mira 181-432 does not contain the Brat bind-
ing region (Figure 6A), and, indeed, co-expression of this frag-
ment does not affect Brat-mediated repression. Strikingly, Mira
344-568, which comprises the Brat-binding domain, inhibits
Brat function comparable with WT Mira (Figure 6D). Based on
these experiments, we suggest that Mira not only serves to
correctly localize Brat to the basal cortex but also to inhibit
Brat RNA-binding, preventing premature downregulation of
Brat targets in NBs (Figure 6E).

Distinct RNA Binding Preferences of Different NHL
Domains

Several TRIM-NHL proteins have been implicated in processes
associated with RNA (Baltz et al., 2012; Castello et al., 2012;
Chang et al., 2012; Kwon et al., 2013; Li et al., 2012; Neumuller
et al., 2008; Schwamborn et al., 2009). We used RNAcompete
to analyze the RNA binding preferences of TRIM-NHL proteins
from diverse model organisms (Figure 7A). The NHL domains
of human TRIM2, TRIM3, TRIM56, and TRIM71; Drosophila
Brat, Wech, and Mei-P26; and Caenorhabditis elegans NCL-1,
LIN-41, NHL-1, and NHL-2 were expressed and purified as
glutathione S-transferase (GST) fusion proteins from either bac-
teria or insect cells and assayed using RNAcompete. Correlation
between Z scores and motif logos from set A and set B indicated
successful experiments for Brat, NCL-1, Mei-P26, and TRIM56
as well as for Wech, LIN-41, and TRIM71. The data for NHL-1,
NHL-2, TRIM2, and TRIM3 did not pass internal quality control
standards and could not be used to generate RNA-binding sites
(data not shown).

Interestingly, RNAcompete revealed distinct RNA-binding
preferences for the different NHL domains (Figure 7B). The three
Drosophila TRIM-NHL proteins Brat, Wech, and Mei-P26 (~34%
sequence identity within their NHL domains) show very different
binding motifs, indicating that they associate with different RNA
targets. The close Brat ortholog NCL-1, however, which shares
80% sequence identity within its NHL domain with Brat, recog-
nizes the same RNA-binding motif as Brat. Likewise, the NHL do-
mains of the three closely related TRIM-NHL proteins hsTRIM71,
dmWech, and ceLIN-41 show highly similar binding preferences,
suggesting that their structural conservation corresponds to
recognition of similar RNA motifs. A multiple sequence alignment
(Figure S5) reveals that close NHL homologs contain conserved
residues at putative RNA contact position, whereas these resi-
dues are not generally conserved between distinct NHL domains.

To determine and compare binding affinities, we performed
EMSAs with Brat-NHL, NCL-1-NHL, and Mei-P26-NHL and ra-
diolabeled 15-mers that contained either the Brat and NCL-1
binding motif (UUGUUG or UUGUUA) or the Mei-P26 binding
motif (WUUACA) as well as related sequences, including poly-
U (Figure 7C). Confirming the RNAcompete results, NCL-1-
NHL displayed an identical RNA-binding preference as Brat-
NHL. In contrast, Mei-P26-NHL bound to the Mei-P26
consensus sequence (UUUACA) with high affinity but, because
of their U-rich nature, also displayed high affinity to the other
15-mers tested, confirming that Mei-P26 binds U-rich stretches,
as revealed by RNAcompete.
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Figure 6. Miranda Inhibits Brat RNA Binding
(A) Schematic of dm Mira. The coiled-coil region is
shown in yellow, and the boundaries of the minimal
Brat-NHL-binding fragment are indicated. Shown
below are the Mira constructs used in this study.
(B) Expression of Mira, but not of LacZ, prevents
Brat-mediated repression. Left: Dmel2 cells were
co-transfected with plasmids expressing the indi-
cated FL-3' UTR reporter constructs, NHA-tagged
Brat, and increasing amounts of either NHA-tagged
LacZ or Mira. Reporter assays were performed as
described in Figure 3B. Right: protein expression
was analyzed by western blotting.

(C) Point mutations that impair the interaction be-
tween Brat and Mira render Brat insensitive to Mira
inhibition. Reporter assays were performed as
described in (B), except that repression by WT Brat
and the indicated point mutants was analyzed.
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(D) Expression of the Mira minimal Brat-binding
fragment is sufficient to inhibit Brat-mediated
translational repression. Reporter assays were
performed as described in (B), except that
increasing amounts of the indicated Mira con-
structs were co-transfected.

(E) In dividing Drosophila NBs, interaction of Mira
with the Brats NHL domain inhibits Brat RNA
binding and directs Brat to the basal cell cortex.
After mitosis, Mira is degraded, and Brat is released
to bind and repress mRNAs of NB-specific factors
important to drive differentiation.
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and the binding motif of the TRIM-NHL
protein Brat. By solving the crystal struc-
ture of the Brat-NHL domain in complex
with its consensus sequence, we provide
molecular insights into how sequence
specificity and selectivity in RNA binding
by Brat-NHL is accomplished. Only a few
RBDs, including RNA recognition motifs
(RRMs), K homology (KH) domains, cold
shock domains (CSDs), and DEAD box
RNA helicases (Auweter et al., 2006), are
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well characterized, and their RNA speci-
ficity has been studied. The six-bladed
propeller of the NHL domain provides a
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DISCUSSION

The identification of binding sites of RBPs and the elucidation of
how binding specificity and selectivity are brought about are key
questions to understand post-transcriptional gene regulatory
networks. Here, we report the identification of the target RNAs

Differentiation

R

compact platform (~47-/3\ diameter), and
the RNA runs across the entire positively
charged top surface. Sequence specificity
is provided by surface complementary
(three preformed binding clefts accommo-
date the six bases of the consensus motif)
and base-specific hydrogen bonds to the
protein main and side chain. Interestingly,
all pockets are formed by two neighboring
blades. It is therefore tempting to speculate that B propeller
structures might be ideal platforms for generating sequence-
specific RNA contacts, depending on the loops and side chains
protruding into the inter-blade space. WD40 domains, which are
highly abundant in eukaryotic proteomes (Stirnimann et al.,
2010), fold into B propeller structures as well. Although their
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different regions as well as additional proteins being bound to the
RNA. Nevertheless, for longer RNAs, the amount of secondary
structure is probably larger and more dynamic.

Although we identify several examples of close proximity of
Brat and Pum binding sites, we find no evidence for a general
correlation of the two RBPs by computational analysis, indi-
cating that, for the majority of targets, Brat acts independently
of Pum. Nevertheless it seems conceivable that, in addition to
Pum, other RBPs might affect Brat RNA binding activity as
well. Close proximity of binding sites for two distinct RBPs can
increase affinity and specificity as the cognate RNA sequence
is elongated, as has been shown recently for the cooperative
RNA recognition by Sxl and UNR binding to msl-2 mRNA (Hennig
et al., 2014).

Brat’s most prominent function is its role in repressing tumor
formation in the larval brain. Brat-mutant brain tumors originate
from immature progenitor cells of type Il NBs that fail to downre-
gulate self-renewal factors and revert into over-proliferating NBs
(Janssens and Lee, 2014). Numerous genes associated with NB
identity (Berger et al., 2012), potentially involved in tumor forma-
tion (Juschke et al., 2013), or identified in a genome-wide RNAI
screen for factors controlling NB self-renewal and differentiation
(Neumdiller et al., 2011) are on our list of Brat targets. These
include, for example, the self-renewal transcription factors
dpn, klu, and kni but also many genes that are still uncharacter-
ized (Table S4). In cases where functional data are available,
knockdown of most of the putative Brat targets leads to NB
loss or decreased proliferation (Neumduller et al., 2011), pheno-
types that would be expected for physiologically relevant Brat
targets. Here we provide a molecular and structural understand-
ing of how Brat mediates the downregulation of these NB-spe-
cific factors.

Asymmetric segregation of Brat into progenitor cells is accom-
plished by the adaptor protein Mira (Betschinger et al., 2006; Lee
et al., 2006), and we show that Mira not only ensures correct
segregation of Brat but also inhibits Brat function by preventing
Brat RNA binding. This provides an elegant mechanism to have
sufficient Brat available after cytokinesis when Mira is degraded
but to prevent pre-mature downregulation of NB-specific factors
in the NB (Figure 6E).

In addition to NB-specific factors, our list of Brat-associated
mRNAs contains numerous genes characteristic for postmitotic
neurons, including the known Brat target para, which encodes a
voltage-gated Na* channel (Muraro et al., 2008). Brat is ex-
pressed in mature neurons and has been reported to regulate
membrane excitability, synaptic size (Shi et al., 2013), and
axon maintenance (Marchetti et al., 2014). Strikingly, gene
ontology analysis of the Brat targets reveals a strong enrichment
of categories associated with synaptic transmission, neurotrans-
mitter regulation, secretion, and transport, and many Brat tar-
gets encode for proteins that localize to the plasma membrane
and/or synaptic vesicle, including many ion channels and mem-
brane-bound transporters. This strongly suggests that Brat reg-
ulates membrane-associated processes and might be involved
in mMRNA sorting and/or localization, a function that has not
been described previously. In agreement with a function for
brain-specific TRIM-NHL proteins in mRNA localization is the
identification of the mammalian Brat orthologs TRIM2 and

TRIM3 as components of mRNA transport granules (Kanai
et al., 2004), their association with kinesin and myosin motor pro-
teins (Labonté et al., 2013; Yan et al., 2005), and their enrichment
in synaptic fractions, although their association with RNA still
needs to be established. TRIM-NHL proteins have been impli-
cated in the control of cell fate decisions in various tissues and
across species (Chang et al., 2012; Chen et al., 2014; Li et al.,
2012; Neumdiller et al., 2008; Schwamborn et al., 2009; Slack
et al., 2000; Worringer et al., 2014). Therefore, conferring robust-
ness and directionality to cell fate decisions through mRNA regu-
lation might be a common mechanism of TRIM-NHL protein
action.

EXPERIMENTAL PROCEDURES

Fly Strains

To ubiquitously express FLAG-myc-tagged Brat in wild-type Drosophila em-
bryos, virgins of da:GAL4 (no. 5460, obtained from the Bloomington
Drosophila Stock Center) and UAS::FLAG-myc-Brat males (Shi et al., 2013)
were mated at 25°C. Embryos were harvested after 24 hr.

Crystallization and Structure Determination

The Brat-NHL/RNA complex was formed by incubating the purified Brat-NHL
domain with an equimolar amount of in vitro-transcribed consensus front RNA
for 15 min on ice. The mixture was subsequently applied to a HiPrep Superdex
75 26/60 column equilibrated in 20 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) (pH 7.5), 150 mM NaCl, and 1 mM DTT, and com-
plex-containing fractions were pooled and concentrated to 2.6 mg/ml. After
sparse matrix screening, one single crystallization condition containing 2 M
ammonium sulfate, 5% polyethylene glycol 400, and 100 mM 2-(N-morpho-
lino)ethanesulfonic acid (MES) (pH 6.5) could be identified, resulting in crystals
suitable for X-ray diffraction. Crystals were taken out of the condition and
directly frozen in liquid nitrogen without further treatment. X-ray diffraction ex-
periments were carried out at the Beamline 14.2 of the Berliner Elektronenspei-
cherring fir Synchrotronstrahlung (BESSY) synchrotron (Helmholtz-Zentrum
Berlin). Native data could be obtained up to 2.3-A resolution. Dataset statistics
are given in Table S2. The dataset was processed using XDS (Kabsch, 2010),
and initial phases were obtained from molecular replacement using Phaser
and a search model based on the structure of the unliganded Brat-NHL
domain (PDB code 1Q7F) (Edwards et al., 2003). A structure model was manu-
ally built in COOT (Emsley and Cowtan, 2004) and refinement was performed
with PHENIX.refine (Adams et al., 2010) using non-crystallographic symmetry
(NCS) restraints and simulated annealing. The model of the bound RNA was
improved by rebuilding using ERRASER (Chou et al., 2013). Refinement and
model statistics are given in Table S2.
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