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ABSTRACT

A key regulatory process during Drosophila devel-
opment is the localized suppression of the hunch-
back mRNA translation at the posterior, which gives
rise to a hunchback gradient governing the forma-
tion of the anterior-posterior body axis. This sup-
pression is achieved by a concerted action of Brain
Tumour (Brat), Pumilio (Pum) and Nanos. Each pro-
tein is necessary for proper Drosophila development.
The RNA contacts have been elucidated for the pro-
teins individually in several atomic-resolution struc-
tures. However, the interplay of all three proteins
during RNA suppression remains a long-standing
open question. Here, we characterize the quater-
nary complex of the RNA-binding domains of Brat,
Pum and Nanos with hunchback mRNA by combin-
ing NMR spectroscopy, SANS/SAXS, XL/MS with MD
simulations and ITC assays. The quaternary hunch-
back mRNA suppression complex comprising the
RNA binding domains is flexible with unoccupied
nucleotides functioning as a flexible linker between
the Brat and Pum-Nanos moieties of the complex.
Moreover, the presence of the Pum-HD/Nanos-ZnF
complex has no effect on the equilibrium RNA bind-

ing affinity of the Brat RNA binding domain. This is
in accordance with previous studies, which showed
that Brat can suppress mRNA independently and is
distributed uniformly throughout the embryo.

INTRODUCTION

One of the key processes during Drosophila development is
the formation of body axes in the embryo. This is achieved
by RNA localization and spatially restricted translation (1),
which results in protein gradients along which the axes
are established (2). Proper anterior-posterior axis formation
is governed by localization of two maternally transcribed
genes. The first, bicoid mRNA, localizes to the anterior pole
of the oocyte (3), whereas the second, nanos mRNA, local-
izes to the posterior pole of the oocyte (4). Translation of
bicoid and nanos mRNA then results in opposing gradients
of Bicoid and Nanos proteins, which in turn control trans-
lation of another maternally supplied mRNA—#hunchback
mRNA (5-8). Hunchback mRNA is distributed uniformly
and Nanos suppresses the mRNA translation at the pos-
terior, whereas Bicoid activates it at the anterior. The re-
sulting anterior-posterior gradient of Hunchback then en-
sures proper development of abdominal and thorax struc-
tures (9,10).

Nanos is thus the trans-acting molecule in the posterior
suppression of hunchback mRNA translation. The related
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cis-acting elements are located within the 3’ untranslated re-
gion (UTR) of the mRNA and are called Nanos Response
Elements (NREs) (11). There are two NREs (NREI and
NRE2), that each contain two conserved sequences called
BoxA (upstream) and BoxB (downstream) (Figure 1A).
Nanos contains a zinc finger domain (Nanos-ZnF, Figure
1B), that binds the NREs (12), but requires the trans-acting
molecules Pumilio and Brain Tumor (Brat) for suppres-
sion of hunchback mRNA translation (13,14). Pumilio and
Nanos have been long established as trans-acting elements
in the suppression of hunchback mRNA translation and a
recent study revealed the underlying mechanism of their
concerted recognition of hunchback mRNA (Figure 1B)
(15). Pumilio features a Pumilio homology domain (Pum-
HD), which is a sequence-specific single-stranded RNA
binding domain (RBD), that binds to a site partially over-
lapping with BoxB of NREs (16-19). In contrast, no spe-
cific motif in hunchback mRNA is recognized by Nanos-
ZnF, which binds the RNA nevertheless with high affinity,
but presumably with low sequence specificity (12,20). How-
ever, Nanos-ZnF and Pum-HD together with Aunchback
mRNA form a high affinity ternary protein-RNA complex
(15). Ternary complex formation triggers RNA specificity
in Nanos-ZnF for bases adjacent to the binding site of Pum-
HD and further enhances the affinity of Pum-HD for its
binding site. While localization of Nanos at the posterior
ensures the spatial restriction for hunchback mRNA sup-
pression, Pumilio conveys specificity for hunchback mRNA
binding. Thus, the concerted recognition of the RNA by
Pumilio and Nanos simultancously allows the spatially con-
trolled suppression of hunchback mRNA during Drosophila
development.

Brain Tumour has been identified as another trans-acting
molecule in the suppression of hunchback mRNA transla-
tion more recently (14). The NCL-1, HT2A, and LIN-41
domain of Brat (Brat-NHL) was shown to interact specifi-
cally with a motif in BoxA of NREs (Figure 1C) and Brat
mutants induce similar developmental defects in flies as
Pumilio or Nanos mutants (21-23). Like Pumilio, Brat is
uniformly distributed throughout the embryo (14), but how
it contributes to the suppression of hunchback mRNA by
Pumilio and Nanos remains unclear (24), despite a wealth
of available experimental data on the relationship of Brat-
NHL, Pum-HD and Nanos-ZnF. First, published data sug-
gest that Brat, Pumilio and Nanos form a quaternary com-
plex with hunchback mRNA in order to suppress its transla-
tion: in yeast four-hybrid and pull-down assays Brat-NHL,
Pum-HD and Nanos-ZnF were all necessary to form a sta-
ble protein-RNA complex (14). In line with that, Pum-HD
was reported to increase the affinity of Brat-NHL for hunch-
back mRNA (22). This would explain why Brat mutations
induce phenotypes similar to those of Pumilio and Nanos
mutants. Moreover, a vast majority of these mutants indi-
rectly implied quaternary complex formation, as they abro-
gated complex formation in yeast four-hybrid assays. How-
ever, it became clear later that the point mutations substi-
tuted residues necessary for RNA binding of Brat-NHL
(22), so the observed effect is likely due to abrogated RNA
binding and not necessarily due to abrogation of quater-
nary complex formation. Furthermore, gene reporter as-
says in Dmel2 cells show that removing Brat-NHL has lit-
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tle effect on suppression of a reporter gene in the pres-
ence of Pumilio and Nanos, and that, conversely, Brat can
suppress the mRNA translation independently in their ab-
sence (22,23). In summary, it remains unclear whether Brat,
Pumilio and Nanos suppress hunchback mRNA transla-
tion cooperatively in a single quaternary protein-RNA com-
plex or whether Brat suppresses hunchback mRNA inde-
pendently of Pumilio and Nanos. To determine if the sup-
pression activities are cooperative or independent, a combi-
nation of both functional and biophysical insights into the
process is required. Since there is already a wealth of func-
tional data, we obtained the biophysical results needed to fill
the existing gap in our understanding of hunchback mRNA
translation suppression.

We carried out an extensive structural, biophysical,
and computational investigation of Pum-HD, Brat-NHL,
Nanos-ZnF and their complex with hunchback mRNA
NRE2 (hb complex). First, we analysed the influence of
Pum-HD on the RNA binding of Brat-NHL using isother-
mal titration calorimetry (ITC) and showed that they do not
bind RNA cooperatively. Moreover, Brat-NHL and Nanos-
ZnF do not show any signs of interaction in vitro in the
absence or presence of RNA and cooperativity in RNA
binding could not be observed between Brat-NHL and the
Pum-HD/Nanos-ZnF complex. Nevertheless, Brat-NHL,
Pum-HD and Nanos-ZnF assemble all on a single NRE2
in a stable stoichiometric quaternary protein-RNA com-
plex. However, our data reveals that the complex, in con-
text of a single NRE2 and isolated RNA binding domains,
is largely flexible and that Brat-NHL in the complex moves
independently of Pum-HD and Nanos-ZnF. To investi-
gate the extent of flexibility of the complex we used un-
restrained molecular dynamics (MD) simulation validated
against cross-linking/mass spectrometry, small-angle X-ray
and neutron scattering data. Collectively, our results de-
scribe a complex, in which the unoccupied nucleotides of
the NRE2 RNA function as a flexible linker between the
Brat-NHL and Pum-HD-Nanos-ZnF moieties of the com-
plex, reminiscent of beads on a string. Moreover, this study
highlights the importance of combining a multitude of
structure analysis methods with molecular dynamics sim-
ulations to obtain reliable atomistic ensembles of dynamic
protein-RNA complexes.

MATERIALS AND METHODS
Protein expression and purification

The Pum-HD and Brat-NHL constructs used in this study
comprise residues 1093-1426 and 756-1037 of the respec-
tive proteins (Figure 1B and C), which are connected by
a short linker containing a Usp2cc cleavage site to a Hisg-
Ubiquitin tag in pHUE plasmid (25,26). The expression was
done as previously described (23), but Escherichia coli BL-
21(DE3) Rosetta cells were used. The cells were then lysed
first by incubation for 20 min on ice in lysis buffer (50 mM
Tris, 1 M NaCl, 5% glycerol, 10 mM imidazole, pH 8.0) with
1 mg/ml lysozyme, 1 pg/ml DNase I, 2 pwg/ml Rnase A and
protease inhibitor tablets (Roche), and then by sonication at
4°C. The lysate was then cleared by centrifugation (18 000
g, 4°C, 1 h) and purified using a HisTrap HP 5 ml column
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Figure 1. The molecules involved in suppression of hunchback mRNA translation and their interactions. (A) Two cis-acting elements controlling the
suppression are located within the 3’ UTR and called Nanos Response Element 1 and 2 (NREI and NRE2). The original definitions for BoxA and BoxB
are underlined, however, we rather refer to the cognate RNA motifs throughout: BoxA: UUGUUG for Brat-NHL and BoxB: UGUACAUA for Pum-HD.
The frans-acting proteins used in this study are: (B) the HD domain of Pumilio (Pum-HD, grey) and the ZnF domain of Nanos (Nanos-ZnF, pink, NED:
Nanos effector domain, the resulting complex is shown below (PDB ID: 5KL1)) and (C) the NHL domain of Brain tumour (Brat-NHL, green, B: B-box
domain, CC: coiled-coil domain, PDB ID: 4ZLR). (D) A list of RNAs used in this study for ITC experiments and complex formation. The shading of the
RNA sequences indicates the binding site of the domain matching the colour based on the previously published structures of Brat-NHL-RNA complex (22)
and Pum-HD-Nanos-ZnF-RNA complex (15) shown in (B) and (C). RNA comprising NRE2 indicated in the lower part of the left panel (NRE2 RNA),
the protein domains and the published high-resolution structures (B and C) were used in this study for experimental measurements or computational
modelling. (E) NRE2 was shown to form a stem loop (22), which is melted by addition of Pum-HD. Here we show by 'H-2D NOESY (right panel) that
the Pum-HD domain is even able to disrupt base pairing in a larger NRE1 + NRE2 construct, as imino NOEs disappear with increasing temperature and
addition of Pum-HD. (F) Scheme of the experimental ITC setup. RNA is always in the cell and protein in the syringe. Preformed RNA-protein complexes
are in the cell. All values shown in ITC plots are the dissociation constants derived from fitting the individual experiment and the resulting fitting error.
Brat-NHL-RNA (BoxA and NRE2) interaction studied by ITC. NRE2 binds slightly stronger, likely due to avidity effects. The measurement reveals a
1:1 interaction with a Ky of around 1 wM. Replicates are listed in Table 1 and shown in Supplementary Figure S1 (also for following panels). (G) ITC
experiments investigating RNA binding of Pum-HD by testing different RNA lengths. Pum-HD binds with low nanomolar affinity to its cognate sequence
BoxB. It does not bind to BoxA or extension of BoxA. However, a weak second binding is upstream of the BoxB motif. (H) ITC of proteins only, showing
that they do not interact in absence of RNA. (I) ITC of Brat-NHL titrated to preformed protein-RNA complexes. The affinity of Brat-NHL to NRE2
does not increase in presence of Pum-HD, Nanos-ZnF or both, indicating that Brat-NHL does not bind RNA cooperatively with the other two proteins
(Supplementary Figure S2E).
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(GE Healthcare) and a 10-100 mM imidazole linear gra-
dient followed by elution with 250 mM imidazole, which
were created by mixing the lysis buffer with 50 mM Tris, | M
NacCl, 5% glycerol, 1 M imidazole, pH 8.0. Pooled fractions
of the proteins were then cleaved by Hisg-tagged Usp2cc
at 4°C overnight during dialysis in dialysis buffer (50 mM
Tris, 150 mM NaCl, 1 mM DTT, pH 7.4). Pum-HD was
then separated from the tag by reverse affinity chromatog-
raphy and in the final step Pum-HD was further purified by
size-exclusion chromatography (SEC) using HiLoad 16/600
Superdex 75 column (GE Healthcare) in 50 mM Tris, 150
mM NaCl, | mM DTT, pH 7.4 buffer. For Brat-NHL serial
reverse affinity and heparin chromatography (HiTrap HP
Heparin Sml column - GE Healthcare) followed the affinity
chromatography. The sample was loaded on the columns
connected in series after equilibrating the columns in dialy-
sis buffer. Brat-NHL was eluted using a 150 mM to 1.5 M
NaCl gradient. The Nanos-ZnF plasmid used in this study
contains residues 301-392 of Nanos (Figure 1B) connected
via a linker with SenP2 cleavage site to a Hisg-SUMO tag in
pETM11-SUMO3GFP vector (EMBL Protein Expression
and Purification Core Facility). Nanos-ZnF was expressed
by transforming the plasmid to E. coli BL-21(DE3) Rosetta
cells, growing the cells at 37°C while shaking until ODg of
0.6-1.0, followed by addition of IPTG to 0.3 mM final con-
centration and further overnight incubation at 16°C while
shaking. Nanos-ZnF was then purified as described above
for Brat-NHL, except that in the first affinity chromatog-
raphy step the basic lysis buffer was 50 mM Tris, 500 mM
NacCl, 50 pM ZnSOy, 10 mM imidazole, pH 8.0 and the tag
was cleaved off using Hisg-tagged SenP2.

Isotopic labelling

To obtain diversely isotopically labelled proteins, the cells
were grown in M9 minimal media and the expression and
purification followed the standard protocols outlined above
unless stated otherwise. In order to obtain '"N-labelled
Nanos-ZnF and Brat-NHL, the expression was done us-
ing Y'NH,4CI as the sole nitrogen source. In order to ob-
tain various degrees of *H-labelling, cells were grown as
follows: a 5 ml overnight culture of HO M9 minimal me-
dia with adequate isotopes was spun down, resuspended
in 100 ml of D,O M9 minimal media with adequate iso-
topes, grown to an ODgyy of ~0.6 at 37°C while shaking,
then diluted to 500 ml final volume with D,O M9 minimal
medium. The perdeuterated Brat-NHL and Pum-HD for
SANS measurements were obtained by expressing the pro-
teins in DO M9 minimal media with >H-glucose as the sole
carbon source. For NMR relaxation and 'H,"*C HMQC ex-
periments, Brat-NHL was expressed either uniformly >H-,
13C- and "N-labelled (for free form and RNA-bound mea-
surements) or uniformly H- and '"N-labelled (in the /b
complex) and in both cases with Cg; of isoleucines and one
of the methyl groups of valines and leucines ' H,'3C labelled,
and the other methyl groups *H-, '>C-labelled. The uni-
form labelling was achieved by expression in DO M9 min-
imal media with "NH,4Cl as the sole nitrogen source, and
2H- or ?H,"3C-glucose as the sole carbon souce, and adding
2-keto-3,3-d»-1,2,3,4-13C-butyrate and 2-keto-3-methyl-ds-
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3-d;-1,2,3,4-3C-butyrate one hour prior induction as de-
scribed previously (27).

Hb complex formation

To form the hb complex, the purified Pum-HD, Brat-
NHL and Nanos-ZnF proteins were incubated with a 23
nucleotide-long NRE2 RNA, encompassing the NRE2 in
the 3’ UTR of hunchback mRNA of the sequence 5 UUGU-
UGUCGAAAAUUGUACAUAA 3’ (Microsynth, Figure
1A). The complex was formed by incubating NRE2 RNA
with Pum-HD, Nanos-ZnF and Brat-NHL ina 1:1:1:2 mo-
lar ratio, respectively, to account for the lower affinity of
Brat-NHL towards the RNA. Pum-HD, Nanos-ZnF and
NRE2 RNA were diluted to 10 uM, whereas Brat-NHL
was diluted to 20 pM. Pum-HD and Nanos-ZnF were then
mixed with the RNA, incubated on ice for 15 minutes prior
to addition of Brat-NHL and incubation overnight at 4°C.
The mixture was then concentrated by reducing the vol-
ume from 48 ml to 1 ml using a 3 kDa cutoff concen-
trator and the hb complex was purified by SEC using a
HiLoad 16/600 Superdex 200 pg column (GE Healthcare).
The identity of the #b complex peak was confirmed by SDS-
PAGE, UV absorption measurement at 260 nm and size-
exclusion chromatography-coupled multiangle laser light
scattering (SEC-MALLS).

Size exclusion chromatography-multi-angle laser light scat-
tering (SEC-MALLS)

100 w1 of #b complex (3.0 mg/ml) were injected onto a Su-
perdex 200 10/300 GL gel-filtration column (Cytiva) in 50
mM Tris, 150 mM NaCl, | mM DTT, pH 7.4 buffer at room
temperature. The column was coupled to a MALS system
(MiniDAWN and Optilab, Wyatt Technology). Data were
analysed using the Astra 7 software (Wyatt Technology).
Measurements were performed in duplicates.

Isothermal titration calorimetry

All isothermal titration calorimetry (ITC) measurements
were done on a MicroCal PEAQ-ITC instrument (Malvern)
at 20°C in 50 mM Tris, 150 mM NacCl, 0.5 mM TCEP, pH
7.4 buffer. Diluted RNAs were snap-cooled before the mea-
surements by incubating at 65°C, shaking for 5 minutes and
quickly cooling on ice for 20 minutes. The proteins were
then concentrated and both the protein and RNA solution
were degassed. The diluted RNA solution was then added
to the cell and the concentrated protein solution was titrated
to the RNA from the syringe. Each titration comprised ei-
ther 13-24 injections always with an 0.4 pl initial injection
followed by 1.5 or 3 pl injections. The number and volume
of injections was selected to optimize the signal with respect
to enthalpy change. The sample was stirred at 750 rpm, in-
strument feedback was set to high, the reference power was
set to 10 pcal/s and the delays were set to 60 second initial
delay followed by 150 second delays. The specifics about in-
jections and concentrations in individual titrations are listed
in Table 1.
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Small-angle scattering

Small-angle X-ray scattering (SAXS) data were acquired at
the P12 beamline at DESY, Hamburg, Germany using SEC
coupled online to the beamline and a MALLS instrument
in parallel. The measurement was done in a 50 mM Tris, 150
mM NaCl, 1 mM DTT, 3% glycerol, pH 7.4 buffer at 25°C.
An Agilent Biolnert HPLC/FPLC system equipped with
Superdex 200 Increase 10/300 GL column (GE Healthcare)
was used for the SEC. The b complex at 7.2 mg/ml concen-
tration was injected and run at 0.6 ml/min flowrate. SAXS
measurements were then done over a 1 second exposure pe-
riod per frame using X-rays with 1.23 A wavelength and Pi-
latus 6M at 3 m detector distance. The scattering curve was
then obtained by averaging frames of the SEC peak with a
consistent radius of gyration (Ry) and subtracting averaged
buffer signal from frames in a baseline region of the SEC
run before and after the 4b complex peak.

For small-angle neutron scattering (SANS) measure-
ments, samples of the #b complex with varying subunit-
selective perdeuteration of the protein components were
measured at concentrations ranging from 3.7 to 5 mg/ml in
200 pl of 50 mM Tris, 150 mM NacCl, 1 mM DTT, pH 7.4
buffer in Hellma®) 100QS quartz cuvette at 20°C. The sam-
ples were generally measured at three different percentages
of D,0 content in the buffer—at 0% DO, at D,O percent-
age close to ' H protein match point (~42%) and at D,O per-
centage close to the '"H RNA match point (~63%). Match
points of each sample were calculated using SASSIE-web
(https://sassie- web.chem.utk.edu/sassie2/).

The following samples were measured as standards: a
boron/cadmium sample for 5 min, an empty cell for 10 min-
utes, and 0%, 42% and 63% D,O buffers each for 20 min-
utes. The samples of the b complex were then measured
for 60 minutes each. Transmission of each sample was mea-
sured to precisely determine the D,O content of the buffer.
The measurements were done at the D22 instrument at ILL,
Grenoble, France using a neutron wavelength of 6 A, later-
ally shifted detector and a detector and collimator distance
of 4 m, respectively. The samples are listed in detail in Table
2. The SANS data have been aqcuired at ILL as part of the
beam time allocation group BAG-8-36.

All experimental scattering curves were buffer subtracted
and initial points with beamstop shadow were removed.
The data was processed and analysed using various soft-
ware from the ATSAS package (28), specifically PRIMUS
(29), CRYSON (30), CRYSOL (31) or EOM (32) as well as
using ScAtter (33).

Cross-linking /mass-spectrometry

Cross-linking of the b complex was done by adapting a
previously published protocol (34). The complex was cross-
linked via lysine amines by a mixture of 'H- and ?H- la-
belled disuccinimidyl suberate (DSS) in 20 mM HEPES, 150
mM NaCl, | mM DTT, pH 7.4 buffer. First, 1.5 mg/ml /b
complex was cross-linked by 0.2 and 1 mM DSS. The cross-
linking was done once using 0.2 mM DSS and in three bio-
logical replicates using 1 mM DSS. The reaction was incu-
bated while shaking at 37°C for 30 min and then quenched
by addition of NH4;HCO; to 50 mM final concentration.
The cross-linked complex was then digested by incubating
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with LysC (Wako) at 1:100 protease:protein ratio at 37°C
for 3.5 h and with Trypsin at 1:50 protease:protein ratio at
37°C overnight. The digested peptides were then desalted
using OASIS® HLB pElution Plate and enriched by SEC
in 30% (v/v) acetonitrile (ACN) and 0.1% (v/v) trifluoro
acetic acid (TFA) using a Superdex Peptide PC 3.2/30 col-
umn (GE Healthcare). After evaporating to dryness and
dissolvingin 4% (v/v) ACN in 1% (v/v) formic acid (FA) the
samples were analysed by liquid chromatography—coupled
tandem mass spectrometry (LC-MS/MS) using a nanoAc-
quity UPLC system (Waters) connected online to an LTQ-
Orbitrap Velos Pro instrument (Thermo). LC was done us-
ing a BEH300 C18 nanoAcquity UPLC column (Waters)
with a 3% to 85% (v/v) gradient of ACN in 0.1% (v/v)
FA. The MS/MS was done using a top-20 strategy - by
first acquiring survey MS scans in m/z range of 375-1600
m/z in the Orbitrap (resolution of 30 000) and fragment-
ing the top 20 of the most abundant ions per full scan by
collision-induced dissociation (CID, with 40% normalized
collision energy) and analysing them in the LTQ. Charge
states 1, 2 and unknown were rejected to focus the acqui-
sition on larger cross-linked peptides and dynamic exclu-
sion was set to 60 s. Ion target values for full scans and
for MS/MS scans were 1,000,000 (for 500 ms max fill time)
and 10 000 (for 50 ms max fill time), respectively. The LC—
MS/MS was done in two technical duplicates. Cross-linking
of 1.5 mg/ml complex with 0.2 and 1 mM DSS produced
a high number of multimeric intradomain cross-links, so
eventually the cross-linking was repeated in two biologi-
cal replicates using 0.95 mg/ml ib complex and 0.5 mM
DSS. The cross-linking, digestion and peptide separation
was done as described above, but the mass spectrometry
analysis was done using UltiMate™ 3000 RSLCnano system
(Thermo Fisher Scientific) directly coupled to an Orbitrap
Fusion Lumos (Thermo Fisher Scientific). Dried peptides
were dissolved in 4% (v/v) ACN in 1% (v/v) FA and then
LC was done using p-Precolumn C18 PepMap 100 trap-
ping cartridge and nanoEase MZ HSS T3 column in 0.05%
(v/v) TFA with a 2% to 85% (v/v) gradient of ACN in 0.1%
(v/v) FA. Full scans were acquired with an m/z range of
375-1600 m/z at 120 000 resolution. For peptide fragment
spectra, the quadrupole window was set to 0.8 m/z and the
peptides were fragmented by CID (35% normalized colli-
sion energy). Charge states 3—7 were selected and dynamic
exclusion was set to 60 s. Ion target values for full scans and
for MS/MS scans were 200 000 (for 250 ms max fill time)
and 20 000 (for 100 ms max fill time), respectively. The spec-
tra were assigned using xQuest and the posterior probabil-
ities were calculated using xProphet (34). The results were
then filtered using the following parameters: FDR of 0.05,
min delta score of 0.95, -4 to 7 ppm tolerance window and
id-score higher than 25. The two biological replicates of 0.95
mg/ml #b complex cross-linked at 0.5 mM DSS yielded 20
unique interdomain cross-links (Supplementary Table S2).

NMR spectroscopy

All of the NMR experiments were measured on a Bruker
Avance III NMR spectrometer operating at a magnetic
field strength corresponding to an 800 MHz proton Lar-
mor frequency, equipped with a Bruker TXI cryo-probe
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Table 2. List of samples for small-angle X-ray and neutron scattering measurements

Labelling
Sample Brat-NHL Pum-HD Nanos-ZnF NRE2 RNA Concentration Buffer DO %
SAXS 'H 'H 'H 'H n/a 0%
IBIPIN 0% D20 'H 'H 'H 3.7 mg/ml 0%
1BIPIN 66% D20 'H 'H H 3.7 mg/ml 66%
1B2P2N 0% D20 'H ’H ’H 5.0 mg/ml 0%
1B2P2N 41% D20 'H ’H ’H 4.3 mg/ml 41%
2B2P1N 0% D20 ’H ’H 'H 4.0 mg/ml 0%
2B2PIN 33% D20 ’H ’H 'H 4.0 mg/ml 33%
2B2PIN 62% D20 ’H ’H 'H 4.0 mg/ml 62%

head. The measurements were done at 25°C in 50 mM
Tris, 150 mM NaCl, I mM DTT, pH 7.4 buffer. All experi-
ments except Brat-NHL backbone assignment experiments
were recorded using apodization weighted sampling (35).
Backbone resonance assignment of 2H-, '>N-, 3C-labelled
Brat-NHL was achieved to a completion of 77% (exclud-
ing prolines) using TROSY-based 'H,'>N-HSQC, HNCA,
CBCA(CO)NH and HNCACB triple resonance experi-
ments (36-38). NMR interaction studies were performed as
follows: 260 wM "N Nanos-ZnF was titrated by unlabelled
Brat-NHL to a molar ratio of 1:1.5, with an intermediate
step at 1:1 molar ratio. 170 pM N Brat-NHL was titrated
by unlabelled Nanos-ZnF to a 1:1 molar ratio with no inter-
mediate steps. The experiments were monitored by record-
ing a 'H,""N-HSQC at each step. The methyl-HMQC spec-
tra comparison of Brat-NHL was obtained by recording a
'H,3C-HMQC. For free Brat-NHL, methyl-HMQC spec-
tra and PN T; and T, relaxation experiments were mea-
sured on a 915 uM "H/?>H-methyl ILV 2H,'3C, S N-labelled
Brat-NHL sample (ILV: isoleucine, leucine, valine). The fol-
lowing delays were used for the 77: 20, 50, 100, 150, 400,
500, 650, 800, 1000 and 1200 ms, with the 20 and 150 ms
delays measured in duplicates. 12.5, 25, 37.5, 50, 75, 125
and 150 ms delays were used for 7, experiment and the
25 ms delay was measured twice. For Brat-NHL bound to
RNA, the methyl-HMQC spectra were acquired on a 325
uM 1:1 mixure of '"H/>*H-methyl ILV 2H,3C,'3N-labelled
Brat-NHL with NRE2 RNA. For Brat-NHL in the b com-
plex, the methyl-HMQC, "N T and T relaxation mea-
surements were measured on a 65 wM /hb complex reconsti-
tuted using >H-labelled Pum-HD, unlabelled Nanos-ZnF,
'H/?H,3C/"?C-methyl ILV ?H," N labelled Brat-NHL and
NRE2 RNA. For the relaxation experiments the following
delays were used: 20, 150, 400, 800 and 1200 ms, with the
150 ms delay measured in duplicates for the 77 experiment
and 12.5, 25, 50, 75 and 125 ms, with the 25 ms delay mea-
sured in duplicates for the 7, experiment.

All spectra were processed using NMRPipe (39) and
analysed using CARA (http://cara.nmr.ch), CcpNmr Anal-
ysis (40), or Sparky (41). Peak fitting, error estimation and
exponential fitting for the relaxation experiments was done
using PINT (42.,43). The experimental rotational correla-
tion times were calculated according to Equation (1),

6L —7 (1)

where v is the Larmor frequency in Hz, T is the >N spin-
lattice relaxation time and 77 is the >N spin-spin relaxation
time (44). The theoretical rotational correlation times were
calculated from atomic structures using the ELM module
in ROTDIF 3 (45,46).

Rigid body modelling

The computational modelling of the b complex was done
with Crystallography & NMR System (CNS) software
(47,48) adapting a previously published protocol (49,50).
The starting model of the complex was generated from the
published structures of Brat NHL-RNA complex (PDB:
4ZLR) (22) and Pum HD-Nanos ZnF-RNA complex
(PDB: 5KL1) (15) by threading the individual complexes
on a single NRE2 RNA containing both binding sites
and the connecting nucleotides. A pool of models of the
complex was then generated by modified protocols within
ARIA (51). First, the conformation of the NRE2 RNA nu-
cleotides, which are not bound in either of the published
RNA complexes, was randomized. The conformation of the
proteins and the RNA elucidated in the published struc-
tures were then kept fixed throughout the modelling. The
randomized structures were minimized unrestrained or with
XL/MS derived distances employing standard simulated
annealing protocols within ARIA. The pool of unrestrained
models was then generated by 40,000 MD steps of 6 fs each,
whereas the pool of models with XL/MS as distance re-
straints was generated by 120,000 MD steps of 2 fs each.
Unrestrained modelling generated 5,055 models, modelling
with XL/MS data generated 4572 models. The XL/MS
data were put in as 31 A lysine-lysine C,—C, upper distance
limits with log harmonic potential (52). Each model was
then fitted against the experimental data using CRYSON
(30) and CRYSOL (31), then for each modelling an ensem-
ble of best fitting models was selected according to a crite-
rion of x 2 values of the fits of the model to each experimen-
tal curve. In case of unrestrained modelling the criterion
was 0.23 quantile of the lowest x 2 values, whereas for mod-
elling with XL /MS data the criterion used was 0.3 quantile
of the lowest x 2 values.

All-atom molecular dynamics simulations

Eight different conformations of the protein-RNA complex
were taken from the rigid-body modelling and henceforth
used as starting conformations for all-atom explicit-solvent
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simulations. M D simulations were carried out with the Gro-
macs software (53), version 2019.6. Interactions of the pro-
tein and the RNA were described with the Amber99sbws
force-field, and the TIP4P-2005s water model was used (54).
Each of the eight initial conformations was placed in a do-
decahedral simulation box, where the distance between the
protein to the box edges was at least 2.0 nm. The boxes
were filled with 184,665 water molecules, and 17 sodium
ions were added to neutralize the systems. In total, the simu-
lation systems contained 751 094 atoms. The energy of each
simulation system was minimized within 400 steps with the
steepest descent algorithm. Subsequently, the systems were
equilibrated for 100 ps with harmonic position restraints
applied to the backbone atoms of the proteins (force con-
stant 1000 kJ mol~'nm™2). Finally, each of the eight replicas
was simulated for 110 ns without any restraints. The temper-
ature was kept at 298 K using velocity rescaling (t = 0.1 ps)
(55). The pressure was controlled at 1 bar with the Berend-
sen (t = 1 ps) (56) and with the Parrinello-Rahman barostat
(r = 5 ps) (57) during equilibration and production simu-
lations, respectively. The geometry of water molecules was
constrained with the SETTLE algorithm (58), and LINCS
was used to constrain all other bond lengths (59). Hydrogen
atoms were modeled as virtual sites, allowing a time step of
4 fs. Lennard-Jones potentials with a cut-off at Inm were
used to describe dispersive interactions and short-range re-
pulsion. Electrostatic interactions were computed with the
smooth particle-mesh Ewald method (60,61). Visual inspec-
tion of the simulations revealed that the RNA—protein con-
tacts were stable throughout the simulations.

Explicit-solvent SAXS/SANS calculations

The SAXS and SANS calculations were performed with
an in-house modification of Gromacs 2018.8, as also im-
plemented by our webserver WAXSiS (62-64). The im-
plementation and tutorials are available at https://biophys.
uni-saarland.de/software. html. Simulation frames from the
time interval between 30 and 110 ns were used for
SAXS/SANS calculations. A spatial envelope was built
around all solute frames from all eight replicas of the
protein-RNA complex. Solvent atoms inside the envelope
contributed to the calculated SAXS/SANS curves. The dis-
tance between the protein-RNA complex and the envelope
surface was at least 1.0 nm, such that all water atoms of the
hydration shell were included. The buffer subtraction was
carried out using 783 simulations frames of a pure-water
simulation box, which was simulated for 110 ns and which
was large enough to enclose the envelope. The orientational
average was carried out using 1700 g-vectors for each ab-
solute value of ¢, and the solvent electron density was cor-
rected to the experimental value of 334 ¢/nm?, as described
previously (62). During SANS calculations, the perdeutera-
tion conditions and D, O concentrations were taken accord-
ing to the experimental conditions. Here, we assigned the
mean neutron scattering length to all potentially deuterated
hydrogen atoms, as described previously (65). This proto-
col leads to a constant offset in the SANS curves that is
absorbed into a fitting parameter (see below). To compare
the experimental with the calculated SAXS/SANS curves,
we fitted the experimental curve via Iex 5(q) = f*(Lsam(q) —
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a-Iyu(q) + ¢) by minimizing the chi-square with respect to
the calculated curve. Here, the factor faccounts for the over-
all scale, and the offset ¢ takes the uncertainties from the
buffer subtraction and the incoherent scattering in SANS
experiments into account. No fitting parameters owing to
the hydration layer or excluded solvent were used, imply-
ing that also the radius of gyration was not adjusted by the
fitting parameters.

RESULTS

Brat-NHL and Pum-HD/Nanos-ZnF bind NRE2 indepen-
dently

We employed ITC to test whether Brat-NHL binds RNA
cooperatively with Pum-HD, Nanos-ZnF or both. We fo-
cused on the relevant region of NRE2, which includes the
earlier identified RNA binding motifs BoxA and BoxB (Fig-
ure 1A), which are supposedly recognized by Brat-NHL
(Figure 1B) and Pum-HD/Nanos-ZnF (Figure 1C), re-
spectively. However, later studies showed that the cognate
motifs for both domains within NRE2 are shifted, being
UUGUUG for Brat-NHL (22) and UGUACAUA for Pum-
HD (66) to which we refer to in the following also as BoxA
and BoxB (Figure 1D). The longest RNA used in this study
is a 23-mer which we refer to as NRE2. This RNA consists
of BoxA and BoxB with the additional eight bases in be-
tween, which harbour the AAU motif bound by Nanos-ZnF
in the presence of Pum-HD (Figure 1D). The remaining five
bases are presumably unbound. The 23-mer NRE2 has been
shown previously to form a small stem-loop, covering parts
of BoxA and BoxB by base pairing and unfolds upon addi-
tion of Pum-HD (22). Using 'H-2D NOESY experiments
we can confirm that an extended RNA comprising NRE1
and NRE2 forms a stem-loop and that Pum-HD can like-
wise unwind this structure upon binding (Figure 1E). The
imino-NOE cross peaks clearly indicate base pairing and
are weakened upon temperature increase and vanish upon
addition of Pum-HD, demonstrating that Pum-HD unfolds
RNA secondary structure. We then performed a series of
ITC experiments, where the RNA is provided in the cell,
whether alone or as preformed protein-RNA complexes,
and the titrant in the syringe is always one of the three pro-
teins (Figure 1F). First, we confirmed that Brat-NHL binds
to BoxA with low micromolar affinity (around 1 pM, Fig-
ure 1F and Supplementary Figure S1A). The affinity in-
creases slightly by around two-fold to the 23-mer NRE2,
likely due to avidity effects as the three bases 3’ to the BoxA
motif (UCG) would permit sliding to an almost optimal
BoxA motif downstream (UUGUCG as in NREI, Figure
1F and Supplementary Figure S1B). This is in agreement
with a previous study, where EMSA showed a Ky of around
1 wM between Brat-NHL and the 23-mer NRE2 RNA (22).
In the same study, an RNA optimized for crystallization
bound with a K4 of 40 nM. This increased affinity results
from avidity effects, as a poly(U) sequence following the
UUGUUG motif allows the NHL domain to slide to adja-
cent bases up to equimolar amounts of protein and RNA.
Upon addition of excess of Brat-NHL, two NHL domains
are bound to one RNA molecule. Next, we titrated Pum-
HD to NRE2 and observed two binding events, where the
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tighter binding is difficult to resolve due to the high affin-
ity (around 2 nM, Figure 1G). The second weaker bind-
ing event has a dissociation constant of around 2 wM. To
test, whether NRE2 indeed consists of two binding sites for
Pum-HD, we divided the RNA into several fragments. First,
we could confirm, that the stronger binding site is BoxB, as
has been demonstrated earlier (66) (around 8 nM, Figure
1G and Supplementary Figure S1C). Interestingly, Pum-
HD does not bind at all to BoxA or to an extended BoxA
(BoxAext, Figure 1G and Supplementary Figure S1D), but
it does bind to an NRE2 sequence shortened by the cog-
nate Pum-HD motif BoxB (NRE2-BoxB) with low micro-
molar affinity (around 1 wM, Figure 1G and Supplemen-
tary Figure S1D). This corresponds to the second weaker
binding event observed with NRE2. Consequently, titrat-
ingto an RNA, which corresponds to NRE2 without BoxA,
we again observed two binding events, where the first is in
the low nanomolar range (around 10 nM), corresponding to
Pum-HD binding to the BoxB motif and a second weaker
event in the low micromolar range of Pum-HD binding
to bases located between BoxA and BoxB (UCGAAAALU,
Figure 1G and Supplementary Figure S1E). This segment
also contains the Nanos-ZnF binding motif (AAU, Figure
1D). However, Nanos-ZnF does not bind NRE2 in absence
of Pum-HD or Brat-NHL (Figure 1H and Supplementary
Figure S1F), confirming the dependency of Nanos-ZnF on
Pum-HD for RNA binding (15).

Prior to assessing cooperativity of Brat-NHL with Pum-
HD and/or Nanos-ZnF for RNA binding, we also tested
whether direct protein-protein interactions exist in absence
of RNA. Neither titrating Brat-NHL to Pum-HD nor to
Nanos-ZnF lead to any heat changes (Figure 1H and Sup-
plementary Figure S1F).

Finally, we preformed NRE2-Pum-HD, NRE2-Nanos-
ZnF and NRE2-NanosZnF/Pum-HD complexes in the cell
to test whether the affinity of Brat-NHL towards protein-
bound RNA increases in comparison to free NRE2 (Figure
11 and Supplementary Figure S1G-I). No change in affinity
could be observed and it remains at low micromolar affin-
ity across all experiments. These data clearly demonstrate
that Brat-NHL binds RNA independently of Pum-HD and
Nanos-ZnF.

Of note, titrating Brat-NHL to NRE2 or the preformed
NRE2-Nanos-ZnF complex resulted in positive enthalpy
changes at later titration points as opposed to all other titra-
tions, including Brat-NHL titrated to the preformed NRE2-
Pum-HD complex. We speculate that this is due to opening
of the stem loop of NRE2 only at higher concentrations of
Brat-NHL, as the majority of the Brat-NHL binding motif
is accessible also in the base paired state. Nanos-ZnF on the
contrary does not bind to this RNA in absence of other pro-
teins, whereas Pum-HD opens the base pairs upon binding.

Although we could not observe any cooperativity be-
tween Brat-NHL and Pum-HD and/or Nanos-ZnF in
RNA binding by ITC, we tested for a possible weak in-
teraction between Nanos-ZnF and Brat-NHL by NMR
spectroscopy. Typically, NMR titrations are applicable to
a very broad range of interaction affinities from tight to
weak or transient interactions, so we selected this method
to avoid missing a potential interaction by probing a lim-
ited K4 range. We expressed both Brat-NHL and Nanos-

ZnF SN-labelled as well as unlabelled and then titrated ei-
ther ’N-labelled protein by their unlabelled counterpart,
while monitoring the titration by 'H,'’>’N HSQC spectra
(Figure 2). Neither of the two NMR titrations revealed any
signs of interaction. We did not observe any changes of
peak positions, that would be indicative of changes of the
local chemical environment accompanying an interaction,
or changes in peak intensity, reflecting changes of molecu-
lar tumbling upon complex formation. It should be noted
that the Nanos-ZnF construct is one third of the molecular
weight of the Brat-NHL construct (32 kDa), so a 4-fold in-
crease of the apparent molecular weight upon complex for-
mation should change molecular tumbling of Nanos-ZnF
to a degree that obvious changes of peak intensities in NMR
should be observed.

Pum-HD, Nanos-ZnF and Brat-NHL assemble on a single
NRE2 RNA

To ensure that all three proteins and hunchback mRNA
form a quaternary 4b complex, NRE2 RNA was incubated
with Pum-HD, Nanos-ZnF and Brat-NHL in a 1:1:1:2 ra-
tio, and purified as described in the methods section. The ex-
pected molecular weight of an equimolar quaternary com-
plex of the NRE2 RNA with the three domains is approx-
imately 87.8 kDa. The SEC chromatogram showed a ma-
jor peak with a maximum at an elution volume correspond-
ing to approximately 77 kDa based on the molecular weight
standard (Gel filtration markers kit for MWs 12-200 kDa,
Sigma, Figure 3A). The peak contains all three protein do-
mains, as visible by SDS-PAGE (Figure 3B), and the NRE2
RNA, which is evidenced by a high ratio between UV ab-
sorption at wavelengths 260 and 280 nm (~1.8). The peak
was then analysed by SEC-MALLS to gain further insights
into the stoichiometry of the complex. Notably, MALLS
reveals a monodisperse particle with a molecular weight of
85.8 + 0.5 kDa (Figure 3C, D). Collectively, these results
confirm that the four components form a stable 1:1:1:1 4b
complex of Pum HD, Nanos ZnF, Brat NHL and NRE2
RNA.

Having confirmed the presence of a biochemically sta-
ble quaternary protein-RNA complex, we then used NMR
spectroscopy in order to probe whether transient con-
tacts can be observed between Brat-NHL-NRE2 and Pum-
HD/Nanos-ZnF-NRE2 moieties within the b complex. As
the size of the complex exceeds the sensitivity of standard
biomolecular NMR, we used a sample of the complex con-
taining unlabelled Nanos-ZnF and RNA, 2H-labelled Pum-
HD and 'H,"*C-methyl-ILV, 2H, N-labelled Brat-NHL
(Brat-NHL in the complex) and recorded 'H,'*C TROSY-
HMQC spectra to compensate for line broadening by in-
creased transverse relaxation due to slow molecular tum-
bling. We compared the methyl region from samples of free
and RNA-bound 'H,3C-methyl-ILV, ?H,'3C,'>N-labelled
Brat-NHL and of NRE2 RNA-bound Brat-NHL and Brat-
NHL within the #b complex (Figure 3E, F). All samples
would only provide signal from Brat-NHL, but would re-
port on the residue-wise chemical environment of Brat-
NHL in its free form, bound to RNA and in the #b complex.
A comparison of the spectra of free and RNA-bound Brat-
NHL shows obvious chemical shift perturbations (CSPs),
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Figure 2. Brat-NHL and Nanos-ZnF do not interact in the absence of RNA. NMR titrations were performed to test if Brat-NHL and Nanos-ZnF interact
in vitro in the absence of RNA. (A) Overlay of the 'H,1>N HSQC spectra of >N labelled Nanos-ZnF in the free form and with unlabelled Brat-NHL added
to 1:1.5 Nanos-ZnF:Brat-NHL molar ratio. (B) Overlay of the 'H,">N HSQC spectra of N labelled Brat-NHL in the free form and with unlabelled Nanos-
ZnF added to 1:1 Brat-NHL:Nanos-ZnF molar ratio. The spectrum of the respective free proteins is always rendered with a lower contour limit, so it is
visible that two spectra are overlaid and no chemical shift perturbations or signal intensity decrease is observed in either of the experiments.

confirming the interaction between Brat-NHL and RNA
(Figure 3E). However, a comparison of the spectra of RNA-
bound Brat-NHL and Brat-NHL in the complex reveals no
further CSPs (Figure 3F), suggesting that Brat-NHL does
not form any additional interaction surfaces in the #b com-
plex with another protein or RNA component. This fur-
ther confirms the absence of additional protein-protein con-
tacts between Brat-NHL and Pum-HD/Nanos-ZnF or al-
tered Brat-NHL-RNA contacts when part of the complex.
This also suggests that both moieties (Brat-NHL and Pum-
HD/Nanos-ZnF) may behave like beads on a string, which
would allow independent movement of both parts with re-
spect to each other.

Structural characterization of the b complex

Although Brat-NHL binds RNA independently of Nanos-
ZnF /Pum-HD, we nevertheless set out to obtain a struc-
tural model of the #b complex. This would provide impor-
tant information whether preferred orientations between
the proteins exist or which conformation space would be
sterically excluded. Initially, we set out to investigate the b
complex using X-ray crystallography. We tested an exten-
sive set of commercial crystallization screens covering vari-
ous crystallization conditions (PEGs, salts, PEG smears, al-
ternative polymer precipitants, etc.) at a wide range of b
complex concentrations and multiple temperatures. In ad-
dition, we designed and tested custom screens around the
published crystallization conditions of Pum-HD, Nanos-
ZnF and Brat-NHL. The extensive testing did not yield
any diffracting crystals of the hb complex. Lastly, carrier-
driven crystallization using a Pum-HD fused to an MBP-
tag also failed, likely because the modification of Pum-HD
interfered with complex formation. We then adopted an al-
ternative integrative approach to obtain a structural model
of the 4b complex, which combines small-angle X-ray and

neutron scattering (SAXS/SANS), NMR spectroscopy,
cross-linking/mass-spectrometry (XL/MS), available crys-
tal structures of Brat-NHL-RNA complex and Pum-HD-
Nanos-ZnF-RNA complex (15,22), as well as molecular dy-
namics simulations.

First, SAXS data indicate a structured b complex with
an R, of ~37.4 A according to Guinier analysis (Figure 4A,
Supplementary Figure S2A, Supplementary Table S1). In-
direct Fourier transformation results in an asymmetric dis-
tance distribution function (P(r)) with a maximum at ~30
A that smears out through an additional peak to a maxi-
mum particle dimension (D) of ~130 A (Figure 4B). This
is smaller than the sum of Dy, of the components (Sup-
plementary Figure S2B). The P(r) of the Brat-NHL-RNA
complex is a single approximately symmetrical peak with a
maximum at ~25 A and a D0 of ~50 A. The P(r) of the
Pum-HD-Nanos-ZnF-RNA complex shows a more com-
plex distribution with a maximum at ~22 A and a long,
smeared tail with an additional peak and a Dy, of ~90
A. To learn whether the system possesses some degree of
flexibility, the SAXS data were also plotted as a dimen-
sionless Kratky plot (Figure 4C). This plot reveals approxi-
mately a Gaussian peak, which is typical for a folded glob-
ular biomolecule. However, the position of the maximum
of the peak deviates from a position expected for an ideal
globular folded protein indicating either a deviation from
a globular shape or some degree of flexibility. In SANS
measurements, subunit-selective perdeuteration combined
with varying D,O concentration in the buffer is used during
contrast matching to determine further structural param-
eters (e.g. centre-of-mass distances between the subunits)
(65), which are useful in data-driven structure modelling of
protein-RNA complexes (50,67-69). Here, we used several
differentially subunit-selectively perdeuterated 4b complex
samples (Table 2). We obtained in total seven SANS scat-
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Figure 3. Reconstitution of the 4b complex and its NMR characterization. To reconstitute the b complex, purified Pum-HD, Nanos-ZnF and Brat-NHL
were mixed with NRE2 RNA as described in Material and Methods. Size-exclusion chromatography (SEC) was then used to purify the complex (A). The
grey shaded area indicates the analysed fractions of the hb complex peak. (B) SDS-PAGE of the selected fractions from SEC to confirm that the major peak
consists of the 1b complex (B). (C) SEC-MALLS-based mass determination (D) confirmed the composition of the 4b complex. The lines in (C) show the
following: Molecular weight (MW, black), refractive index (RI, blue), light scattering (LS, red) and UV in green. Mw/Mn in (D) reflects the polydispersity
of the sample and a value of 1 corresponds to a monodisperse sample. The MW estimated from SEC is based on a molecular weight standard (Gel filtration
markers kit for MWs 12-200 kDa, Sigma). (E) Overlay of the methyl region of 'H,'3C HMQC spectra of Brat-NHL in its free form (Free Brat-NHL)
and Brat-NHL with NRE2 RNA (at 1:1 stoichiometric ratio). Red arrows are used to highlight larger chemical shift perturbations. (F) Overlay of the
methyl region of 'H,'3C HMQC spectra of Brat-NHL with NRE2 RNA (at 1:1 stoichiometric ratio) and of Brat-NHL in the b complex (Brat-NHL in
the complex). No chemical shift perturbations are seen between these two states indicating that no further contacts are formed between Brat-NHL and
Pum-HD-Nanos-ZnF.
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Figure 4. Characterization of the b complex by small-angle scattering (SAS). (A) Scattering curves of the #h complex. The curve labelled b complex
SAXS corresponds to the scattering curve obtained for fully protonated /b complex using small-angle X-ray scattering (SAXS) coupled online to SEC.
The remaining curves correspond to the scattering curves of hb complex obtained using small-angle neutron scattering (SANS). Each curve was measured
on a distinct sample of the b complex, that varied in perdeuteration of the components of the complex (Table 1). The perdeuteration is always indicated
in the label - 1 stands for a fully protonated component, whereas 2 indicates a perdeuterated complex. B, P and N stands for Brat-NHL, Pum-HD and
Nanos-ZnF, respectively. NRE2 RNA was always protonated and all curves shown here were measured at varying concentrations of D,O in the buffer as
stated in the legend. (B) Distance distribution function of the b complex obtained from indirect Fourier transformation of the SAXS scattering curve. (C)
Normalized Kratky plot of the SAXS scattering curve. The indicated ideal maximum corresponds to an expected maximum for a folded globular protein
(103). (D) Distribution of x 2 values of fits of the pool of models generated to model b complex based on SAS data. To model the b complex 5055 random
models were generated and theoretical scattering curves of each model at each condition were then back-calculated and fitted against the experimental
data using CRYSOL and CRYSON. The best fitting models were selected as the models in the top 0.22 quantile of x 2 values of fits of each curve and
are highlighted in the distribution as either the purple or cyan dots according to whether they fall into the major or minor cluster. (E) Ensemble of /b
complex models fitting the SAS data best. The models fall into two clusters representing two distinct conformations. The first, major cluster is shown with
Brat-NHL in shades of purple and contains eleven models with Brat-NHL close to the C-terminus of Nanos-ZnF. The second, minor cluster is shown
with Brat-NHL in shades of cyan and includes four models with Brat-NHL close to the N-terminus of Nanos-ZnF. All models in the ensembles are always

superimposed on Pum-HD and Nanos-ZnF.

tering curves on a fully protonated b complex, #b complex
with perdeuterated Pum-HD and Nanos-ZnF, and /16 com-
plex with perdeuterated Brat-NHL and Pum-HD (Figure
4A).

To search for a potential structure of the b complex de-
scribed by the experimental SAXS/SANS data, we gener-
ated a pool of ~5000 models by unrestrained molecular dy-
namics (MD) in CNS (47,70) using NRE2 RNA, the struc-
ture of the Brat-NHL-RNA complex (PDB ID: 4ZLR)
(22) and Pum-HD-Nanos-ZnF-RNA complex (PDB ID:
SKL1) (15). During structure calculation the unbound
NRE2 RNA nucleotides (7-11) were randomized and the
known structures preserved, including protein-RNA con-
tacts. The pool of structures covers a large conformational
space, which we then aimed to reduce comparing the back-
calculated scattering curve of each model with the exper-
imental data using CRYSOL and CRYSON (30,31). For
each experimental curve we set a cut-off criterion of 0.23
quantile of lowest x> values of the fit between the exper-
imental and back-calculated scattering (Figure 4D, Sup-
plementary Figure S3A, C), and then searched for models
that fulfil the criterion for each experimental curve (SAXS
and SANS). This yielded an ensemble of fifteen models,
which fall into two clusters representing two alternative con-
formations, that seem to fit the data equally well (Figure
4E). These two alternative conformations were present even

when a stricter cut-off criterion was chosen. Two distinct
conformations fitting the data equally well could be a conse-
quence of either the general low resolution of the method or
conformational heterogeneity of the complex. The low res-
olution would allow two distinct conformations to fit well,
if the shapes of the conformations are roughly symmetric
(this is an intrinsic limitation of the methods and has been
extensively described elsewhere (71-73)). In case of con-
formational heterogeneity, the measured scattering curve
is a linear sum of the scattering of individual conforma-
tions weighted by their population. In case of equally popu-
lated conformations, fitting each conformation individually
to the experimental data would result in equally good fits.
To resolve this, we acquired more data using XL/MS.

The cross-linking reaction described in the methods sec-
tion was optimized to 0.5 mM DSS on 0.95 mg/ml hb
complex. DSS cross-links the terminal side-chain amines of
lysines and the linker arm allows distances of up to 11.4
A to be cross-linked, resulting in an allowed distance be-
tween the C, of linked residues of up to 24 A. A toler-
ance of 2-6 A is usually assumed as it could be shown
that even larger distances are sometimes cross-linked (74).
For structure calculations, distances between 26-30 A are
therefore used for C,—C, pairs. Our experiment yielded
twenty inter-molecular cross-links with an id-score higher
than 25 (Figure 5A, Supplementary Table S2). Eight of the
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Figure 5. Modelling of the b complex by combined use of SAS/cross-linking mass spectrometry and SAS-driven MD. (A) Cross-links of the #b complex
obtained from the XL/MS experiments. Inter-molecular cross-links are indicated by lines in shades of orange. Grey loops indicate intra-molecular cross-
links. Only cross-links with an id-score higher than 25 are shown. (B) Distribution of x 2 values of fits of the pool of models generated to model hb complex
based on SAS and XL/MS data. To model the b complex 4572 models were generated and theoretical scattering curves of each model at each condition
were then back-calculated and fitted against the experimental data using CRYSOL and CRYSON (30,31). The models in the top 0.30 quantile of x 2 values
of each curve were selected and then this pool was further restricted to only the models in the top 0.10 quantile of the lowest distance restraint violation
energy. The selected ensemble is highlighted in the distribution as magenta dots. (C) Three /b complex models derived using a combination of the SAS and
XL/MS data. All three adopting a similar conformation with Brat-NHL close to the N-terminus of Nanos-ZnF. Satisfied cross-links are indicated in green
lines and unsatisfied in blue. (D) x 2 values against all SAS data for each model shown in C). In the last row the number of satisfied cross-links is shown. The
last column indicates the range of x 2 values for all models of the total ensemble. (E) b complex models obtained by all-atom MD simulations, of which
Brat-NHL domains are shown as yellow spheres representing the centre-of-mass of the domain. This is overlayed with representatives of the ensemble
filtered against SAS data alone (see Figure 4E) and filtered against SAS and XL/MS (see C)). All models in the ensembles are always superimposed on
Pum-HD and Nanos-ZnF.

cross-links were between Pum-HD and Nanos-ZnF, leav-
ing twelve cross-links between Brat-NHL and Pum-HD or
Nanos-ZnF. These were then used as lysine-lysine distance
restraints with a log-harmonic potential in the same MD
protocol as described above to generate another pool of
~4500 models. The pool of models was then reduced as
above, but with a cut-off criterion of 0.3 quantile of low-
est x? for each curve (Figure 5B, Supplementary Figure
S3B, C). Finally, an ensemble was obtained from the re-
stricted pool by selecting only the models in 0.1 quantile of
the lowest energy of XL/MS distance restraints violations.
The ensemble comprised three models in a conformation

similar to the conformation of the minor cluster described
above, except that Brat-NHL was rotated by about 45° (Fig-
ure 5C, D). However, even the model with the least viola-
tions of XL /MS distance restraints satisfies a maximum of
four of the twelve cross-links simultaneously (Figure 5C,
model C) and visual inspection of other models revealed
that some cross-links can only be satisfied exclusively. Such
results would be expected for a flexible system, where there
is no fixed position of Brat-NHL relative to the Pum-HD-
Nanos-ZnF moiety.

To test whether a continuous structural ensemble is com-
patible with the SAXS/SANS data, and to obtain an atom-
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istic model of the overall complex in solution, we used
all-atom MD simulations with the Amber99sbws/TIP4P-
2005s force field, which has been refined to balance protein-
protein versus protein-water interactions (54). To improve
the sampling of the conformational space, we simulated §
replicas for 110 ns, where each replica started from a dif-
ferent conformation taken from the rigid-body simulations.
No bias or restraint was applied. In the simulations, the con-
formational space adopted by Brat-NHL relative to Pum-
HD-Nanos-ZnF is characterized by an arch-shaped distri-
bution, in which Brat-NHL (i) forms only occasional con-
tacts with Pum-HD-Nanos-ZnF and (ii) takes various ro-
tational states relative to Pum-HD (Figure SE). SAXS and
SANS curves were computed from a total of 6408 simula-
tion frames using explicit-solvent calculations, taking atom-
istic representations for the hydration layer and excluded
solvent into account. The experimental curves Iep(q) were
fitted to the calculated curve via lepai(q) = f(Lam(q) —
a-Tye(g) + ¢), but no parameters related to the hydration
layer or excluded solvent were adjusted. Remarkably, we
found nearly quantitative agreement between the calculated
and experimental SAXS curves (reduced x> = 2.18) and
reasonable agreement for the SANS curves (Supplementary
Figure S3D, E), without the need to reweight the ensem-
ble or couple the simulation to the experimental data, high-
lighting the quality of the applied force field and suggest-
ing that the accessible conformational space was reasonably
well sampled. For comparison, we also used the established
ensemble optimization method (EOM) (32,75). EOM se-
lected an ensemble of 7 models (Supplementary Figure S4)
using the SAXS curve and the pool of random models gen-
erated previously for the modelling using only SAS data.
The EOM ensemble has an Rgex of 88.3% (Rgex of the pool:
89.5%) and R, of 5.26, which shows that restricting a pool
of approximately 5000 randomly generated models to an en-
semble of 7 models with the use of experimental SAXS data
does not reduce the represented conformational space at all.
These results suggest that the #b complex adopts a contin-
uous, heterogenous ensemble in solution.

To further validate this assumption experimentally, we
used the perdeuterated, '*N,'3C-labelled samples from Fig-
ure 3D and E in 'H,'>N T, and T, relaxation experiments.
The relaxation experiments were acquired on free Brat-
NHL and on Brat-NHL in the complex. Brat NHL is a disc-
shaped ~32 kDa B-propeller domain, whereas the mea-
sured molecular weight of the b complex is ~85 kDa. Thus,
forming the b complex should be accompanied by a drastic
change of relaxation properties of Brat-NHL, if the com-
plex tumbles as one entity. However, the acquired relax-
ation parameters reveal that neither R (1/77y nor R, (1/7>)
changes drastically between free Brat-NHL and Brat-NHL
in the complex (Figure 6A and B). We used these values to
calculate the rotational correlation time (t.), which is the
time it takes the average molecule to rotate one radian in
solution, and so it reports on the overall tumbling of the
molecule and allows apparent molecular weight estimation
(assuming isotropic tumbling). Brat-NHL has a theoreti-
cally predicted 7. of 15.3 ns, whereas the predicted 7. of
the hb complex is 54 ns (with a standard deviation of 1.5
ns, assuming the whole complex tumbles jointly). Both val-
ues were predicted using ROTDIF 3 (45,46). The 7. of the
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hb complex was calculated as a median value of the fifteen
models generated by modelling using only the small-angle
scattering data (described above). The experimentally mea-
sured 7. of free Brat-NHL of 19.0 & 4.3 ns matches the
predicted value well. Strikingly, the measured 7. of Brat-
NHL in the complex was 15.6 £ 3.8 ns, which is similar
to the value of free Brat-NHL and is far below the pre-
dicted value for a rigid b complex (Figure 5C). The elevated
7. of free Brat-NHL compared to Brat-NHL in the com-
plex may result from weak unspecific multimerization of
free Brat-NHL. Nevertheless, these 7. values confirm that
the hb complex is largely flexible and that Brat-NHL tum-
bles independently of the Pum-HD-Nanos-ZnF moiety. In
such a scenario the measured small-angle scattering curve
would be an average over all conformations and the cross-
links would arise from stochastic encounters of the domains
possibly yielding conflicting data. Additionally, we would
not expect any further cooperativity or interaction upon re-
cruitment of Brat-NHL to the complex.

Taken all together our data clearly show that a stable
quaternary 1:1:1:1 complex of Pum-HD, Nanos-ZnF, Brat-
NHL and NRE2 RNA forms. However, the RNA binding
of Brat-NHL is completely independent of Pum-HD and
Nanos-ZnF and no additional interaction between Brat-
NHL and the Pum-HD-Nanos-ZnF moiety is observed.
The resulting 1b complex is flexible and the flexibility is pre-
sumably only limited by steric restrictions of the conforma-
tion of unbound nucleotides between the respective protein
binding sites in NRE2 RNA.

DISCUSSION

Protein-RNA complexes play key roles at any stage of gene
expression and underlying molecular mechanisms of their
function have been elucidated for large machines like ribo-
somes, RNA polymerases or the spliceosome (76-78). How-
ever, > 1000 proteins were identified to bind mRNA (79,80).
In these cases our understanding of molecular mechanisms
of the function of those proteins is mostly limited to insights
from structures of individual RNA binding proteins (R BPs)
bound to a short cognate RNA (81). However, these RBPs
do not function in isolation. Only a few studies showed ex-
amples of cooperative RNA-recognition by multiple RBPs
resulting in increased affinity and specificity (82,83). How-
ever, other mechanisms may be possible and detailed mech-
anistic understanding of complexes beyond those of indi-
vidual RBPs is essential to formulate general molecular
mechanisms governing the mRNA interactome. Shedding
light into simultaneous RNA-recognition by multiple RBPs
is often made difficult by the transient and dynamic nature
of those complexes. Addressing this challenge often requires
an integrative approach combining multiple methods (84).
In this study, we used such an approach to obtain results
allowing us to provide proper interpretation of previously
published data and ultimately clarify our understanding of
the structure and dynamics of the quaternary protein-RNA
complex that suppresses hunchback mRNA translation.

In case of Pumilio and Nanos there is now sufficient evi-
dence to conclude that these two proteins indeed act jointly
(15), but how Brat-NHL fits into the picture remained un-
clear. Several conclusions can be drawn from our results.
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Figure 6. Flexibility of the b complex. (A) '’N Spin-lattice relaxation rate (R;) of Brat-NHL. R was measured for both Brat-NHL in its free form (Free
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horizontal full line shows a median and the shaded horizontal bar indicates a range of two standard deviations of the median. (B) >N Spin-spin relaxation
rates (R) of Brat-NHL. R, was measured on the same samples as Ry, and labelling corresponds to (A). (C) Rotational correlation time () of Brat-NHL.
The left panel of the plot indicates experimentally determined 7 values calculated based on measured R; and R, values. The right panel shows theoretically
expected 7 values calculated from the crystal structure of Brat-NHL or an average of theoretically expected 7. calculated for the ensemble of fifteen models
of the hb complex modelled using the small-angle scattering data (Figure 4E).

First, our binding assays reconcile the published results on
RNA-binding by Pum-HD and Brat-NHL (Figures 1, 2,
Table 1 and Supplementary Figure S1). Pum-HD was con-
firmed to bind BoxB with high affinity (16) and Brat-NHL
binds with low micromolar affinity to BoxA (Figure 1F, G).
Interestingly, Pum-HD also binds to nucleotides located in
between BoxA and BoxB, part of which is bound by Nanos-
ZnF within the sb complex (Figure 1G). Our binding as-
says show that this secondary binding of Pum-HD is of
lower affinity and comparable to the binding of Brat-NHL
to BoxA (~1 uM Ky).

Furthermore, we show that incubating the RNA with
Pum-HD, Nanos-ZnF or both does not enhance the Brat-
NHL-RNA interaction (Figure 1H). The previously re-
ported enhancement was based purely on EMSA experi-
ments, which are not quantitative equilibrium assays (22).
Moreover, the reported effect was very mild and likely in the
error range of the method. We further confirm that Pum-
HD indeed unfolds the secondary structure of the RNA
(Figure 1E). However, we find no evidence that it enhances
the Brat-NHL-RNA interaction and find no reasons to as-
sume so, particularly considering that the reported Brat-
NHL binding site lies predominantly outside of the sec-
ondary structure of the RNA (Figure 1A). In conclusion,

we show that Pum-HD and Nanos-ZnF have no significant
effect on the binding of Brat-NHL to the RNA, suggest-
ing that Pum-HD/Nanos-ZnF and Brat-NHL recognize
the hunchback mRNA neither competitively nor coopera-
tively, but independently. Although the #b complex forms,
we did not detect any interaction by NMR between the two
independent moieties of this complex (Figures 2, 3 and 6).

The binding sites of Brat-NHL and Pum-HD with
Nanos-ZnF are separated by four nucleotides, so if there
is no cooperativity in the RNA-binding and Pum-HD un-
folds the secondary structure of the RNA, there should be
no constraints on these four nucleotides. The unconstrained
nucleotides should then give the b complex flexibility al-
lowing free movement of the Pum-HD-Nanos-ZnF and
Brat-NHL moieties. We therefore derived an atomistic con-
formationally free ensemble from unbiased all-atom MD
simulations, which quantitatively agreed with the SAXS,
SANS and XL-MS data, suggesting that the 7b complex
is indeed largely flexible (Figure SE). Our NMR relaxation
measurements then confirm the flexibility, as we see no
difference between the rotational correlation time of Brat-
NHL in its free form and in the #b complex (Figure 6).

To put our findings into context with a previously es-
tablished model and mutational analysis, we provided a
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Table 3. Previously tested point mutations of each protein component within the hb complex, their phenotype and effect on complex formation

Actual effect on complex

Protein Mutation Phenotype Suggested molecular reason® formation® Reference
Brat-NHL Y829A, R847A, No abdominal Interferes with Pum binding Interferes with direct RNA (85)
R875A segmentation (Yeast-four-hybrid assay) binding
H802L Neoplastic larval Interferes with another protein May affect RNA binding (14,86)
brain No abdominal factor indirectly
segmentation
G774D No abdominal Interferes with Pum binding Not clear, mutations are on the (14,87)
segmentation side and bottom surface distal
from Pum-HD/Nanos-ZnF
G860D Neoplastic larval Interferes with another protein (86)
brain factor
Pum-HD G1330D, G1330Y No abdominal Interferes with direct Brat Not clear, located on Puf (14)
segmentation interaction, no translation repeat 7, remote from Nanos
repression/ would clash with and Brat
NHL E782 and D1021.
C1365R, T1366D No abdominal Interferes with direct Brat Not clear, located on Puf (14)
segmentation interaction, no translation repeat 7, remote from Nanos
repression and Brat
Nanos-ZnF M379K No abdominal Interferes with direct Brat Interferes with Pum binding (14)
segmentation interaction, no translation instead
repression
F321A, N325A, Reduced translation Interferes with Nos-RNA Correct (15)

Y352A, T366A,
K368Q, Y369A

repression

interaction within
Pum-Nanos-RNA complex

4This column shows the molecular explanation of the phenotype with regards to b complex formation as stated in the original publication (last column).
bIf available, this column shows the actual reason for why complex formation is perturbed. This reason is based on crystal structures published in Weidmann
et al., and Loedige ef al. (15,22), and is discussed in context of the #h complex model presented here.

table with mutations reported to have a phenotypic ef-
fect and abolish complex formation (Table 3). All muta-
tions are located in the RNA binding domains used in this
study, so they do not give insight into the importance of
regions outside these boundaries on complex formation.
Of note, until Loedige et al. and Weidmann et al. pub-
lished their crystal structures of Brat-NHL-UUGUUG and
the Pum-HD-Nanos-ZnF-RNA complex (15,22), it was as-
sumed that Brat-NHL does not bind RNA directly but
Pumilio. Edwards et al. (85) substituted three Brat-NHL
residues (Y829, R847, R875) to alanines, which resulted
in the absence of abdominal segmentation and they con-
cluded that these mutations interfere with a direct Pum-
HD-Brat-NHL interaction inferred from yeast-four-hybrid
assays. However, the later crystal structure revealed that all
three residues are directly involved in RNA binding and
can therefore not contact Pum-HD. All three residues are
located on the top surface of Brat-NHL and Edwards et
al. provided a structural model of a Pum-HD-Brat-NHL
complex based on their mutational analysis (85). The lo-
cation of Brat-NHL with respect to Pum-HD is similar to
our model, as it interacts with Pum-HD’s Puf repeat 8 with
its top surface. In our model, the top surface is also ori-
ented towards this end of Pum-HD, however, in between
is the RNA and Nanos-ZnF. Another Brat-NHL muta-
tion, H802L, causing a neoplastic larval brain is also lo-
cated on the top surface and may interfere with RNA bind-
ing rather than the suggested interference of interaction
with another unknown protein factor (14,86). Two further
mutations (G774D and G860D) causing the same pheno-
types were suggested to interfere with binding of Pumilio
or another protein factor (14,86,87). These mutations are
located on the side and bottom surface, distal from RNA

and Pum-HD. Thus, these residues may interfere with an-
other protein or instead decrease protein stability. Four mu-
tations on Pum-HD have been reported to cause a defect
in abdominal segmentation (G1330D, G1330Y, C1365R
and T1366D), which was explained by disrupting a direct
Brat interaction (14). However, all mutations are located
on the Puf repeat 7, which has been shown later to be in-
volved in the interaction with Nanos-ZnF (15). These could
also cause Pumilio to unfold, as the Puf repeat interac-
tions are important for the integrity of this domain. The
Nanos-ZnF mutations M379K, causing defects in abdom-
inal segmentation was also thought to affect a direct Brat
interaction (14), but it was similarly shown later that this
mutation interferes with the Nanos-ZnF-Pum-HD interac-
tion (15). All these mutations are therefore not evidence
of Brat-NHL-Pum-HD or Brat-NHL-Nanos-ZnF contacts
and therefore do not contradict the validity of our ensemble
model.

In summary our data clearly show that the RBD of Brat,
and RBDs of Pumilio and Nanos, interact with Aunchback
RNA independently. Considering that the proteins are able
to suppress translation independently (21-24,88,89), this
could indicate that the suppression of hunchback mRNA by
Brat is functionally separate of the suppression by Pumilio
with Nanos. The independent action of both entities is to a
certain degree in disagreement with an earlier study, where
Brat-NHL binding was concluded to be dependent on di-
rect and joint interactions with Pum-HD and Nanos-ZnF
(14). However, Sonoda and Wharton used a Nanos-ZnF
construct considerably longer (288-401) than in this study
(301-392). The former is not suitable for biophysical stud-
ies as it shows two bands on a gel (14). Nonetheless, the
possibility remains that residues responsible for coopera-
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tivity are located in these extensions. Also, the RNA used
in the study was longer and Brat binding might be thus de-
pendent on Pum/Nos binding to remove secondary struc-
ture in which the Brat binding motif could be hidden (22).
On the other hand, a later study could show that Brat
is able to repress translation independent of at least Pum
(23). Furthermore, studies could show on a transcriptome-
wide level that Pumilio and Brat have less joint mRNA tar-
gets than mRNAs, which are bound by both proteins in-
dividually (21,24,89). This suggests that Pumilio and Brat
largely function independently. Of course, with regards to
hunchback mRNA it remains to be seen if regions out-
side of the RNA binding domains tested here may con-
tribute to cooperative RNA binding. The affinity of Brat-
NHL for UUGUUG with a dissociation constant of 1
wM is rather weak. However, it is in the range of or even
stronger than other classical RBDs (e.g. RRMs, CSDs etc.)
(90,91). Also, single RBDs rarely act alone, but are often
part of larger mRNP complexes, which achieve a much
stronger binding by cooperativity, thus efficiently repress-
ing translation (15,82,92). Similarly, Brat-NHL, although
independent of Pum-HD/Nanos-ZnF could cooperatively
bind together with another set of RBPs. Direct interactions
with components of the microRNA pathway (93) or the
deadenylation machinery (94-99) have been suggested in
Drosophila and human. This could be yet another option
of achieving a cooperative effect in RNA binding and ef-
ficient translational control. The translation of the mater-
nal hunchback mRNA is suppressed from early embryogen-
esis to maternal-to-zygotic transition (MZT) (100). During
MZT the maternally supplied mRNA is degraded by ma-
ternal and zygotic activities, so the embryo switches from
a maternal to a zygotic genome (101). mRNA decay is of-
ten coupled to translation suppression and in fact Brat-
mediated translation suppression was shown to control the
maternal activity in RNA decay during MZT (21). Brat
is distributed uniformly throughout the embryo (14), but
Nanos is expressed in a gradient (4). If hunchback mRNA
translation suppression by Brat and by the Pumilio-Nanos
pair are separate, the suppression by Pumilio and Nanos
might serve to establish the gradient of Hunchback in
early embryogenesis, while the suppression by Brat might
serve to control the maternal activity in RNA decay during
MZT.

Considering all of these findings, there are two major
questions to answer in order to gain a definitive and full un-
derstanding of the mechanism of hunchback mRNA trans-
lation suppression. First, it is crucial to extend this bio-
physical investigation ultimately to full-length proteins and
RNA covering both NREs to test if Brat and Pumilio with
Nanos still bind the RNA independently, especially consid-
ering that Brat has a dimeric coiled-coil domain (102). Sec-
ondly, functional experiments are necessary to decipher if
the suppression activities of Brat and Nanos are separate.
The suppression of hunchback mRNA translation is one of
the best studied cases of localized translation suppression
during development, so elucidating its mechanism fully will
not only provide insights into the function of the specific
trans-acting molecules, but will also give clues about general
mechanisms of localized translation suppression during de-
velopment.
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