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Abstract Many processes in the regulation of gene

expression and signaling involve the formation of protein

complexes involving multi-domain proteins. Individual

domains that mediate protein-protein and protein-nucleic

acid interactions are typically connected by flexible linkers,

which contribute to conformational dynamics and enable

the formation of complexes with distinct binding partners.

Solution techniques are therefore required for structural

analysis and to characterize potential conformational

dynamics. Nuclear magnetic resonance spectroscopy

(NMR) provides such information but often only sparse

data are obtained with increasing molecular weight of the

complexes. It is therefore beneficial to combine NMR data

with additional structural restraints from complementary

solution techniques. Small angle X-ray/neutron scattering

(SAXS/SANS) data can be efficiently combined with

NMR-derived information, either for validation or by

providing additional restraints for structural analysis. Here,

we show that the combination of SAXS and SANS data can

help to refine structural models obtained from data-driven

docking using HADDOCK based on sparse NMR data. The

approach is demonstrated with the ternary protein-protein-

RNA complex involving two RNA recognition motif (RRM)

domains of Sex-lethal, the N-terminal cold shock domain of

Upstream-to-N-Ras, and msl-2 mRNA. Based on chemical

shift perturbations we have mapped protein-protein and

protein-RNA interfaces and complemented this NMR-

derived information with SAXS data, as well as SANS

measurements on subunit-selectively deuterated samples of

the ternary complex. Our results show that, while the use of

SAXS data is beneficial, the additional combination with

contrast variation in SANS data resolves remaining ambi-

guities and improves the docking based on chemical shift

perturbations of the ternary protein-RNA complex.

Keywords NMR � SANS � SAXS �
Protein-RNA complexes � Integrated structural biology

Introduction

Protein-RNA complexes play key roles in transcriptional

and post-transcriptional regulation of gene expression

(Licatalosi and Darnell 2010; Nilsen and Graveley 2010;

van Kouwenhove et al. 2011; Hoskins and Moore 2012).

Various distinct processes contribute to the maturation,

function and degradation of mRNA after its transcription

and involve large protein assemblies that control post-

transcriptional regulation (Wahl et al. 2009; Huntzinger

and Izaurralde 2011). Structural biology provides insight

into the molecular mechanisms underlying these processes.

Despite recent successes in the structure determination of

protein-RNA complexes (Mackereth and Sattler 2012), the
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number of protein-RNA complexes in the protein data bank

(PDB) remains scarce (Dominguez et al. 2011). NMR is a

powerful method to investigate dynamic protein-RNA

interactions, but its application to large protein-RNA

assemblies is challenging. In the past decade optimized

sample preparation, isotope-labeling and deuteration pro-

tocols (Tugarinov et al. 2006) as well as relaxation-opti-

mized pulse sequences (Pervushin et al. 1997; Tugarinov

et al. 2003; Tzakos et al. 2006) have been introduced to

increase the sensitivity of NMR experiments. Residual

dipolar couplings and paramagnetic restraints (Tolman

et al. 1995; Tjandra and Bax 1997; Battiste and Wagner

2000; Bax et al. 2001; de Alba and Tjandra 2002;

Prestegard et al. 2004; Blackledge 2005; Su et al. 2008;

Clore and Iwahara 2009; Madl et al. 2010; Simon et al.

2010) provide long-range structural information to define

domain arrangements and interfaces in multi-domain pro-

tein complexes. Nevertheless, the NMR data that can be

obtained are often sparse and do not allow high resolution

structure determination. Therefore, it is important to

combine the NMR-derived information with complemen-

tary data from other solution techniques.

Within the last decade small angle scattering (SAS) has

become an important complementary technique in structural

biology due to improvements in sensitivity, instrumentation

and access, and its suitability to combine with NMR data

(Mattinen et al. 2002; Grishaev et al. 2005; Gabel et al. 2006;

Mareuil et al. 2007; Gabel et al. 2008; Wang et al. 2009; Madl

et al. 2011a; Takayama et al. 2011; Lange et al. 2012). Here,

we explore how the combination of Small Angle X-ray and

Neutron Scattering (SAXS/SANS) data with sparse NMR

data can resolve ambiguities in the structural analysis of

protein-RNA complexes. Our aim is to explore the impact of

SAS data in NMR-data driven docking calculations when

combined with very limited information from NMR data, i.e.

only considering information derived from chemical shift

perturbations that report on protein–protein and protein-

RNA interfaces. The sparse NMR data are combined with

protein-RNA distance restraints that are derived from

available crystal structures or homology models of subunits

of the complex. Ambiguities in the resulting models can be

resolved by SAXS data, which yield information about the

overall shape of the protein-RNA complex. SANS combined

with contrast matching using subunit-selectively deuterated

samples provides valuable additional information between

subunits within the complex. The combination of sparse

NMR data and SAS is especially advantageous in the

structure determination process of large multi-protein-RNA

complexes. Efficient structure calculation protocols, using

data-driven docking are available (Ubbink et al. 1998; Clore

2000; Fahmy and Wagner 2002; Dominguez et al. 2003;

Matsuda et al. 2004; de Vries et al. 2010b; Simon et al. 2010;

van Dijk and Bonvin 2010). Here we have combined

HADDOCK (Dominguez et al. 2003; de Vries et al. 2010a)

for data-driven docking with SAXS and SANS data. HAD-

DOCK docking is driven by experimentally derived

knowledge about interfaces within a complex from various

sources, e.g. mutagenesis (Dominguez et al. 2004), cross-

linking (Vlach et al. 2009), limited proteolysis (Hennig et al.

2005; Hennig et al. 2008; Hennig et al. 2012) or a variety of

NMR experiments (e.g. Dominguez et al. 2004; Schreiner

et al. 2008). Although data-driven docking with HADDOCK

is very useful as solutions are restricted a priori to be in

agreement with experimental information it is often difficult

to decide which of the resulting structural clusters represents

the correct structure. Solvent PREs (Madl et al. 2011b) and

SAXS data (Arthur et al. 2011) have been shown to be able to

greatly enhance the scoring and validate solutions obtained

from HADDOCK.

Here, we show that SANS data can be particularly

useful to discriminate between NMR-derived structural

models, where SAXS data alone fail to resolve ambiguities.

We explore the following flow scheme for combining

NMR and SAS data (Fig. 1): In a first step acquisition of

sparse NMR data and analysis of input structures is

Step 1 
Sparse NMR data: CSPs
Structure of subunits 

SXL 

Input structures

RNA CSD

Step 2 
Data-driven docking
Clustering (HADDOCK score)

Cluster 1 Cluster 2 Cluster 3 

Step 3 
V

Filter 1 

Step 4 
V

Filter 2 

Best model 

Fig. 1 Illustration of the workflow employed in this study to model a

ternary protein–protein-RNA complex consisting of the two RRM

motifs RRM1 and RRM2 of Sex-lethal (SXL), the cold shock domain

1 of UNR (CSD) and an 18-mer RNA binding to both proteins. Step 1

involves the NMR data acquisition (e.g. chemical shift perturbations

(CSPs)) and retrieval of input structures (shown to the right). In step 2

HADDOCK is used to obtain structural complex models, which are

grouped into a certain number of clusters. All complex models in each

cluster are then validated and scored using SAXS data, which enables

clustering refinement and/or removal of clusters which do not fit

SAXS data. If ambiguities remain, a fourth step is used and involves

further scoring and validation of remaining clusters using SANS data
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performed. This is followed by HADDOCK docking and

clustering of the output complex structures (step 2). Step 3

and 4 are the iterative validation and scoring of structures

based on SAXS and SANS data, respectively, further fil-

tering the output structures to obtain a reasonable structural

model.

We test this approach with the ternary protein–protein-

RNA complex comprising SXL, UNR and msl-2 mRNA,

which plays an essential role in translational repression of

MSL2 in female fruit flies (Gebauer et al. 2003; Grskovic

et al. 2003; Beckmann et al. 2005; Duncan et al. 2006;

Graindorge et al. 2011). The complex consists of the two

RNA recognition motifs (RRMs) of SXL, the first of five

cold shock domains of UNR (CSD) shown to bind SXL

(Abaza et al. 2006; Abaza and Gebauer 2008) and an 18

nucleotide stretch of msl-2 mRNA which is recognized by

SXL and CSD. Our data suggest that the use of SAXS and

SANS data improves docking based on chemical shift

perturbations of ternary protein–protein RNA complexes.

Materials and methods

Protein expression, purification, and sample preparation

The plasmids pTRX-SXL (corresponding to residues

123–294 of Drosophila melanogaster SXL, with an addi-

tional N-terminal G-A-M-A left after TEV cleavage)

and pTRX-CSD (corresponding to residues 181–252 of

D. melanogaster UNR with an additional N-terminal

G-A-M-A left after TEV cleavage) were transformed into

the Escherichia coli strain BL21(DE3). Expression was

induced with 0.8 mM IPTG for 16 h at 20 �C after an

optical density at 600 nm of 1.0 was reached. After har-

vesting, cell pellets were reconstituted in lysis buffer

(50 mM NaP, 300 mM NaCl, pH 8) and sonicated for

5 min (1 s intervals) on ice. After centrifugation for 30 min

at 8,500 rpm and 4 �C, the supernatant was filtered and

purified on a Ni–NTA column. The column with bound

Trx-SXL or Trx-CSD was then washed with 10 column

volumes (CV) lysis buffer, 10 CV wash buffer A (50 mM NaP,

300 mM NaCl, 10 mM imidazole, pH 8), and 10 CV wash

buffer B (50 mM NaP, 300 mM NaCl, 20 mM imidazole,

pH 8), before eluting the proteins with elution buffer

(50 mM NaP, 300 mM NaCl, 120 mM imidazole, pH 8).

The His6-thioredoxin solubility tag was then cleaved by

TEV protease in presence of b-mercaptoethanol during

dialysis over night against wash buffer B. SXL or CSD was

then separated from the His6-thioredoxin tag, using a sec-

ond Ni–NTA column equilibrated in wash buffer B. The

flow through, containing SXL or CSD was further purified

on an S75 gelfiltration column (running buffer (10 mM KP,

50 mM NaCl, pH 6) after dialysis overnight against NMR

buffer (10 mM KP, 50 mM NaCl, 10 mM DTT, pH 6).

SXL or CSD containing fractions were pooled and con-

centrated to desired concentrations after adding 10 mM

DTT and 0.02 % sodium azide. Unlabeled proteins were

expressed in LB medium, whereas 15N-, or 15N, 13C

labeled proteins for NMR spectroscopy were expressed in

M9 minimal medium supplemented with 15N-NH4Cl

(Sigma), or 15N-NH4Cl and 13C-Glucose (Sigma). Per-

deuterated proteins for SANS measurements were expres-

sed in M9 minimal medium supplemented with fully

deuterated Glucose (Sigma) in 100 % D2O (Sigma). In

order to obtain the complex, the three components, SXL,

CSD, and 18-mer RNA (synthesized, IBA GmbH, Göttin-

gen, Germany) were mixed in a 1:1:1 molar ratio and then

subjected to gel filtration to separate possible excess of

single components. The complex peak was identified with

SDS-PAGE and static light scattering and was confirmed to

be a 1:1:1 complex (33.5 kDa). All fractions containing the

complex were then concentrated to concentrations desired

for NMR and SAXS measurements. For SANS measure-

ments, three different complexes were produced: i) all

components protonated, ii) CSD perdeuterated, SXL and

RNA protonated, and iii) SXL perdeuterated, CSD and

RNA protonated. The latter two were exchanged to NMR

buffer in 42 and 70 % D2O. Oligonucleotides corre-

sponding to U9 and the 18-mer RNA were purchased from

Biospring and IBA, respectively.

NMR spectroscopy

The backbone resonance assignments for free SXL and

RNA-bound SXL were taken from the Biological Magnetic

Resonance Data Bank (BMRB, Accession codes 4029 and

4028, respectively (Ulrich et al. 2008)) and confirmed by 3D

HNCACB and CBCACONH experiments (Sattler et al.

1999). Binding of SXL to RNA is in the slow exchange

regime on the NMR chemical shift time scale. Therefore,

RNA-bound SXL was formed by adding a U9 oligoribonu-

cleotide in a 1:1 ratio. Backbone assignment for CSD was

achieved by measuring 3D HNCA, HNCACB, and CBCA-

CONH experiments in the free form and when bound to RNA

(Sattler et al. 1999). RNA binding of CSD to the 18-mer

RNA was fast at the NMR chemical shift timescale and

was monitored by titrating RNA stepwise until saturation

and no further chemical shift perturbations (CSPs) were

observed. Additional CSPs upon formation of the ternary

SXL:CSD:18-mer complex compared to SXL:RNA or

CSD:RNA were monitored in 1H,15N-HSQC experiments.

Binding kinetics upon ternary complex formation was in the

slow exchange regime. Therefore, chemical shifts of both

proteins in the ternary complex with RNA were assigned by

TROSY HNCA experiments (Salzmann et al. 1999) with

deuterium decoupling, measured on samples with the

J Biomol NMR (2013) 56:17–30 19

123



observed protein 2H,15N,13C-labeled and the binding partner

deuterated only. All NMR measurements were carried out at

298 K on Bruker Avance III spectrometers at field strengths

corresponding to proton Larmor frequencies of 750 MHz

and 800 MHz, equipped with a TXI room temperature probe

and TCI cryo-probe head, respectively. Spectra were pro-

cessed with NMRPipe (Delaglio et al. 1995) and analyzed

with CARA (http://cara.nmr.ch) and Sparky (Goddard and

Kneller).

Small angle X-ray scattering experiments

30 ll of Sxl-CSD-18-mer complex sample and buffer were

measured at 25 �C at the BioSAXS beamline BM29 at the

European Synchrotron Radiation Facility (ESRF) in Gre-

noble, France, using a 2D Pilatus detector. Ten frames with

2 s exposure time per frame were recorded for each complex

and buffer sample, using an X-ray wavelength of k = 1.008 Å.

Measurements were performed in flow mode where samples

were pushed through the capillary at a constant flow rate to

minimize radiation damage. Frames showing radiation damage

were removed prior to data analysis.

Small angle neutron scattering experiments

200 ll of all samples (including buffers and water) were

measured in Hellma� quartz cells 100QS with 1 mm optical

path length at the large dynamic range diffractometer D22 at

the Institut Laue-Langevin (ILL Grenoble, France). Scat-

tering data from all samples were recorded at a 2 m/2 m

instrumental detector/collimator configuration (centered

detector) at a neutron wavelength k = 6 Å. H2O/D2O buf-

fers, an H2O water reference sample, the empty beam, an

empty quartz cell, as well as a boron sample (electronic

background) were measured for data reduction purposes.

Exposure times varied between 15 min (boron) and 45 min

(empty cell, H2O and all buffers and samples). Transmis-

sions were measured for 1 min for each sample and the

empty beam. All measurements were done at 25 �C.

SANS/SAXS data reduction and integral parameters

The raw SANS data were reduced (accounting for detector

efficiency, electronic background, angular averaging) using

a standard ILL software package (Gosh et al. 2006). For

SAXS data collection and processing, the dedicated beam-

line software BsxCuBE was used in an automated fashion.

The one-dimensional scattering intensities of samples and

buffers were expressed as a function of the modulus of the

scattering vector Q = (4p/k) sinh with 2h being the scat-

tering angle and k the neutron/X-ray wavelength. Buffer

intensities were subtracted from the respective sample

intensities using PRIMUS (Konarev et al. 2003). The radii of

gyration Rg of all samples were extracted by the Guinier

approximation with the same program. The validity of the

Guinier approximation, Rg for Q \ 1.3, was verified and

fulfilled in each case.

Structure calculations

Structure calculations were performed at the HADDOCK

webserver. Ambiguous distance restraints based on chemi-

cal shift perturbations were used to drive the docking, while

unambiguous distance restraints were used to define protein-

RNA contacts based on available input structures. As input

structures, the crystal structure of SXL bound to transformer

RNA was used (PDB: 1B7F, (Handa et al. 1999)) after

removing the RNA from the coordinate file and addition of

non-polar hydrogens (using MOLMOL (Koradi et al.

1996)). For CSD, a homology model was calculated with

MODELLER 9v4 (Sali and Blundell 1993), based on the

crystal structure of cold shock protein cspB from Bacillus

subtilis as template (PDB: 3PF5, (Sachs et al. 2012)). We

also considered using a CS-ROSETTA (Lange et al. 2012)

model for CSD, as complete backbone chemical shift

assignments are available. Although the CS-ROSETTA

model adopted the fold typical of a cold shock domain, the

backbone RMSD to our NOE-based experimental solution

structure (to be published elsewhere) was 3.5 Å, compared to

the homology model, which exhibits a backbone RMSD of

1.2 Å. Therefore, the homology model has been used for the

complex modeling. For the 18-mer RNA, a model was

generated by Maestro (Schrödinger, LLC, New York, NY,

2011), which provides a helical conformation for the RNA.

To randomize the RNA conformation during docking cal-

culations all nucleotides were declared as fully flexible

during simulated annealing and water refinement. During

rigid-body docking, 4000 structures were calculated, and

400 during both simulated annealing and water refinement.

For each calculation 50 % of active residues were randomly

removed to allow for increased sampling of possible pro-

tein–protein orientations. The possibility to remove non-

polar hydrogens during structure calculations was not

enabled because their presence in the models is crucial for

fitting of SAS data. This is especially important for SANS

data fitting in order to calculate the scattering density for the

natural abundance and perdeuterated proteins within the

complex sample correctly. All 400 water-refined structures

were analyzed, and cut-off for clustering was 7.5 Å (inter-

face RMSD), with at least four structures per cluster.

Scoring of HADDOCK models against SANS/SAXS

data using CRYSON/CRYSOL

We used CRYSON/CRYSOL (Svergun et al. 1995, 1998)

to back-calculate and fit the SAXS and SANS curves of the
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differently labeled complexes and contrast conditions.

Since the absolute values of v2 depend on the signal-to-

noise level and are not directly comparable quantitatively,

we chose a color code to illustrate good fits as green,

medium quality fits as orange and bad fits as red in all

supplementary tables.

Results

Structural analysis of the ternary SXL, UNR and msl-2

mRNA complex was based on available input structures of

the two protein subunits, i.e. the crystal structure of SXL

bound to transformer RNA (Handa et al. 1999), and a

homology model of CSD based on the cold shock protein

cspB from B. subtilis (PDB: 3PF5 (Sachs et al. 2012),

Fig. 1). The two proteins bind to the RNA individually but

do not interact with each other in the absence of RNA. In

the presence of the RNA the ternary complex is readily

formed with high affinity (KD = 20 nM, data not shown).

We performed NMR titrations to monitor chemical shift

perturbations (CSPs) upon complex formation (Fig. 2).

These CSP data were then used as ambiguous interaction

restraints (AIRs) in data-driven docking calculations using

HADDOCK. SXL-RNA restraints were derived from the

crystal structure (PDB: 1B7F), and CSD-RNA restraints

from the homologous crystal structure of cspB (PDB:

3PF5) and defined as unambiguous interaction restraints.

We considered the following combination of experi-

mental data and restraints for the assembly of the ternary

complex (Fig. 2e): NMR CSP data of SXL upon CSD and

RNA binding, CSP data of CSD upon RNA binding,

(- note, that CSPs of CSD upon SXL binding are not

considered), unambiguous SXL-RNA and CSD-RNA

restraints, as well as SAXS and SANS data for validation

and scoring. Based on this data set, referred to as

‘‘CSP ? interface’’, active residues for HADDOCK

docking were derived from chemical shift perturbation

between SXL and CSD, CSD and 18-mer, and SXL and

18-mer (Fig. 3). These data were supplemented with 973

unambiguous distance restraints that define the protein-

RNA interface between SXL and the first 10 nucleotides of

18-mer RNA and were derived from the crystal structure of

SXL bound to transformer RNA (PDB accession: 1B7F

(Handa et al. 1999)). The binding interface was confirmed

by titrating U9 RNA to SXL (Fig. 3c). The resulting

chemical shift perturbations are virtually identical to pre-

viously published data (Lee et al. 1997). CSD-RNA dis-

tance restraints (347) were included, which were derived

from a homologous cold shock domain bound to a uridine

6-mer (PDB accession: 3PF5, (Sachs et al. 2012). Active

residues of CSD towards RNA were also derived from the

homology model and confirmed by chemical shift

perturbations (Fig. 3a) and used as ambiguous interaction

restraints (AIRs) in HADDOCK calculations. The corre-

sponding residues (K193, F200, C204, L210, F211, F212,

H213, Y236, D237, and K242) are only active towards the

last 6 nucleotides of 18-mer RNA, based on additional NMR

titrations comparing CSPs for SXL and CSD (data not

shown). The SXL-CSD interface was identified based on

chemical shift perturbations, by comparing NMR spectra of

RNA-bound SXL, RNA-bound CSD with the corresponding

amide chemical shifts in the ternary SXL-CSD-RNA com-

plex (Fig. 3b, d). Residues, which experienced additional

chemical shift perturbations in the ternary complex were

defined as active residues (N126, L127, T137, D138, L141,

Y142, R146, T153, I156, G163, Y164, V171, and N193 on

SXL, Fig. 3d). CSD residues identified by CSPs to be

affected by SXL binding (L194, R239, I245, and V249 on

CSD, Fig. 3b) were not included in structure calculations

with the CSP ? interface dataset. However, these data were

considered in a second data set (‘‘CSP_only’’, see supple-

ment), where we explore the impact of unambiguous pro-

tein-RNA restraints derived from existing structural

information of binary interfaces and to what extent this

information could be replaced by complete, but ambiguous

information derived from CSP data.

The sparse NMR data were used as input for the multi-

body docking protocol on the HADDOCK webserver (see

methods). The resulting 400 structures after water refine-

ment were clustered into 7 clusters (using a cut-off of 7.5 Å);

with the largest cluster also showing the lowest HADDOCK

score. SAXS data were then used to score the 7 HADDOCK

clusters. Supplementary Table 1 shows the v2 of CRYSOL

fits (see methods) of the lowest energy structure (‘‘best’’) and

of the ten lowest energy structures (‘‘average’’) to SAXS

data. In addition to SAXS data, SANS measurements of

subunit-selectively perdeuterated complexes were used to

score the HADDOCK output (Fig. 4).

The largest cluster is the cluster with the lowest average

HADDOCK score. In the absence of SAXS/SANS data,

this cluster would be chosen to represent the best struc-

tures. However, the ten lowest energy structures in this

cluster exhibit the worst v2 values compared to other

clusters with respect to the SAXS data (Supplementary

Table 1, Fig. 5). Clearly, cluster 1, although exhibiting the

lowest HADDOCK score, has to be discarded, as this

cluster (as well as clusters 4 and 6) show poor v2 values for

the SAXS data (Figs. 5, 6a). On the other hand, the SAXS

data alone are not providing sufficient information to dis-

criminate and score the remaining clusters as they have

similar HADDOCK scores and v2 values.

We therefore considered the use of SANS data on sub-

unit-selectively perdeuterated complexes combined with

contrast variation (Jacrot 1976; Zaccai and Jacrot 1983;

Petoukhov and Svergun 2006; Neylon 2008; Heller 2010;
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Jacques and Trewhella 2010; Madl et al. 2011a) to provide

additional information for validation and discrimination of

the remaining HADDOCK clusters (clusters 2, 3, 5, and 7,

Fig. 6b). We prepared samples in 42 and 70 % D2O buffer

with one of the subunits perdeuterated. As can be seen in

Fig. 4a, at 42 % D2O concentration the scattering density

of protonated proteins matches the density of water,

whereas at 70 % D2O, the scattering density of the RNA

matches the density of water. In addition, perdeuterated

proteins can be easily distinguished from their hydroge-

nated counterparts at both 42 and 70 % D2O. Therefore,

SANS, in contrast to SAXS, can distinguish between sub-

units of the complex based on the different scattering of

perdeuterated and non-deuterated proteins and RNA.

SANS data recorded on complex samples with CSD or

SXL subunits perdeuterated in 42 % D2O solution yields

information about the relative arrangement of CSD or SXL

with respect to the RNA (Fig. 5). At 70 % D2O, the scat-

tering of the RNA is matched and the SANS data report on

the relative protein component arrangement within the

complex. Perdeuterated protein has positive contrast while

protonated protein gives negative contrast at 70 % D2O

(Fig. 5), yielding inter-subunit restraints between the two

protein partners within the ternary complex.

We rescored the ten lowest energy structures of the four

best clusters, concerning the v2 of CRYSOL fits towards
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Fig. 2 Overlay of 1H,
15N-HSQC spectra to monitor

chemical shift perturbations of

residues involved in binding

upon titration of 18-mer RNA to

SXL a CSD to SXL-18-mer

RNA b 18-mer RNA to CSD

c and SXL to CSD-18-mer RNA

d. e sparse NMR data

considered for the docking

calculations are indicated:

Chemical shift perturbations of

both proteins upon RNA

binding, chemical shift

perturbations of SXL upon CSD

binding, unambiguous distance

restraints between SXL and

18-mer RNA (973), and

unambiguous distance restraints

between CSD and RNA (347)
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SAXS data (cluster 2, 3, 5, and 7, with the latter three having

very similar HADDOCK scores), by comparing their back-

calculated SANS data (CRYSON) with the experimental

SANS data (Supplementary Table 2, Fig. 5), SANS curves

are shown in Fig. 4b and c, where experimental data are fitted

with back-calculated curves from the best model from cluster

7. At 42 % D2O, v2 values do not vary significantly and are

similar within standard deviations as the large number of

unambiguous distance restraints between the protein com-

ponents and RNA enforces tight conformational ensembles
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Fig. 3 Chemical shift

perturbations (CSPs) of CSD

and SXL upon RNA titration

and complex formation. a CSPs

of CSD upon 18-mer RNA

titration. b CSPs of CSD upon

complex formation with 18-mer

RNA and SXL. c CSPs of SXL

upon U9 titration. d CSPs of

SXL upon complex formation

with 18-mer RNA and CSD.

The dashed line in each graph

resembles the cut-off above

which residues are considered to

interact with the titrant. The cut-

off was calculated as described

in Schumann et al. (2007).

Below each graph, the

secondary structure motifs are

shown and the location of RNPs

is indicated, as well as the

interdomain linker of SXL (IL)
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(Fig. 5b, d). Cluster 3 and cluster 7, however, have slightly

better average v2 values than 2 and 5 when CSD is perdeu-

terated (Fig. 5b). In the case of perdeuterated SXL, cluster 2

and cluster 3 show slightly better fits (Fig. 5d). At 70 %

D2O, where RNA is invisible and scattering data report only

on the protein components, cluster 2 and 7 outperform

cluster 3 and 5 with lower v2 values (Fig. 5e). Based on these

four SANS data sets, cluster 3 and 5 can be discarded

(Fig. 6). Although cluster 3 has slightly better v2 values at

42 % D2O and a good HADDOCK score, it shows much

worse fits at 70 % D2O, which indicates that protein–protein

distances and orientation in the model are not consistent with

the SANS data. The remaining two clusters (2 and 7, Fig. 6c)

have very similar v2 towards SAXS and SANS data but

exhibit very different HADDOCK scores and other docking

statistics. This indicates that only cluster 7 is simultaneously

consistent with the NMR, SAXS and SANS data (Table 1).

Analysis of structures in cluster 2 indicate that the different

HADDOCK scores result from CSP-derived restraint vio-

lations. The lowest energy structure of cluster 2 shows non-

native RNA contacts, where the RNA is detached from the b-

sheets of the N-terminal RRM domain of SXL thus pushing

away CSD from SXL (Fig. 6c). The lowest energy structure

of cluster 7, on the other hand, has much lower restraint

violation energy, with native-like protein-RNA contacts.

These results show that very sparse NMR data, only

considering CSPs of binding interfaces, when combined

with unambiguous distance restraints derived from avail-

able structural information for binary protein-RNA inter-

faces, and with SAXS and SANS data can resolve

ambiguities in HADDOCK models and identify a single

ensemble of structures. To explore the impact of the

unambiguous interface restraints derived from structures of

subcomplexes, we tested another sparse data docking cal-

culation using exclusively CSP-derived restraints, i.e.

without considering unambiguous distance restraints to

define binary protein-RNA interfaces (CSP_only, Supple-

mentary Information). In these calculations the combina-

tion of NMR and SAXS was already sufficient to identify a

unique solution (Supplementary, and Supplementary

Figs. 1–3, Tables 3–5). Notably, the lowest energy struc-

tures obtained from these calculations are not identical to
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Fig. 4 a Scattering density versus % D2O content in the solvent

(according to Jacrot 1976). This graph illustrates how the contrast

changes upon increase of D2O in the solvent for water, protonated

protein, RNA, and perdeuterated protein. Contrast match points of

protonated protein (42 %), and RNA (70 %) are indicated. b Exper-

imental SANS data of differently perdeuterated SXL-CSD-18-mer

complexes at 42 % D2O: protonated SXL/perdeuterated CSD (red

cross), and perdeuterated SXL/protonated CSD (blue star). The red

lines are the back-calculated curves from structures (inlaid) with the

best SAXS v2 from CRYSOL. c Experimental SANS data of

differently perdeuterated SXL-CSD-18-mer complexes at 70 %

D2O: protonated SXL/perdeuterated CSD (green cross), and perdeu-

terated SXL/protonated CSD (purple square). The red lines are the

back-calculated curves from structures (inlaid) with the best SAXS v2

from CRYSOL. v2 values of each fit are indicated within each plot
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Fig. 5 a HADDOCK score of

the ten lowest energy structures

in clusters consisting of at least

ten structures are plotted versus

the v2 between back-calculated

SAXS data from the structures

using CRYSOL and

experimental SAXS data. b–e
Corresponding plots, where the

structures are fitted against

experimental SANS data from

samples with different subunit

deuteration and D2O content in

the sample buffers (as indicated

to the right of each plot). The

larger filled circles are the

average values over the ten

lowest energy structures and

error bars indicate the standard

deviation in HADDOCK score

(vertical) and v2 (horizontal).

To the right of each plot a

schematic explanation about

contrast matching of the

complexes’ components at 42

and 70 % D2O are shown.

SAXS cannot readily

distinguish between protein and

RNA and yields information

about the entire complex,

whereas SANS data at 42 %

D2O yield additional

information about the

conformation of the

perdeuterated protein and RNA

(red). At 70 % D2O,

information can be obtained

about the protein–protein

conformation, since the RNA is

invisible, whereas the

perdeuterated component has a

positive contrast (colored blue

and green for SXL and CSD

respectively) and the protonated

a negative contrast (open,

colored circles). The contrast

differences are indicated by

different color shading
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the structures obtained based on the CSP ? interface data,

suggesting that specific interface restraints are important

for the structural analysis. This demonstrates that a mini-

mal set of experimental restraints and prior structural

knowledge on the subunits is required for unambiguous

structural refinement of these complexes.

Discussion

Structural analysis of protein-RNA complexes is challeng-

ing and often requires the combination of different structural

biology techniques. Flexible linkers and conformational

dynamics of these complexes can prevent crystallization.

While solution state NMR spectroscopy can be applied to

such systems, de novo high-resolution structure determina-

tion becomes exceedingly difficult with increasing molec-

ular weight (above 20 kDa). However, the structures of

individual domains or subunits of protein complexes are

often available and less demanding experiments can be

conducted to determine the domain arrangements and

binding interfaces.

Here, we explored how a very limited set of experimental

NMR data, mainly consisting of chemical shift perturbations

to locate protein–protein and protein-RNA binding inter-

faces, can be complemented by small angle scattering data.

We took advantage of available structural data for subunits

of the complex, which were used to provide distance

restraints between protein and RNA and thus enable semi-

rigid body docking of the protein-RNA subunits. In the

absence of experimental structures of subunits, homology or,

preferably, CS-ROSETTA-derived models can be used.

HADDOCK was used for structural modeling as it employs

data-driven docking. As expected, when considering only a

very limited number of experimentally derived restraints

HADDOCK yielded several clusters with rather similar

scores, which did not allow identifying a unique best struc-

tural ensemble. Obviously, the success depends on the

number of active residues. If only one residue is identified on

each component of the complex as active interactions, the

number of different orientations, all of which fulfill the

experimental restraints, is rather large. Moreover, erroneous

interfaces might be obtained as false positives if conforma-

tional changes in regions remote from the site of interaction

induce significant chemical shift perturbations.

cluster 1 cluster 2 cluster 3

cluster 4 cluster 5

cluster 6

cluster 7

SAXS filter

cluster 2 cluster 3

cluster 5 cluster 7

SANS filter

HADDOCK score

cluster 2 vs. cluster 7

Best model cluster 7

a

b

c

d

Fig. 6 a Lowest energy structures of the initial clusters obtained

using HADDOCK are shown. b SAXS scoring filters out cluster 1, 4,

and 6. c SANS scoring further filters out clusters 3, and 5. The

different HADDOCK scores between clusters 2 and 7 (Table 1)

finally discriminates between the two final clusters. d The lowest

energy structure of cluster 7 is shown, which fulfills best all

experimental NMR, SAXS and SANS restraints

b
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To overcome these limitations we tested the utility of

SAXS and SANS data in providing additional scores. We

demonstrate that SANS data using contrast matching with

subunit-selectively perdeuterated complex samples can

improve convergence of HADDOCK derived models.

HADDOCK structures obtained with sparse NMR data

(CSP ? interface), where protein-RNA interfaces were

well defined by unambiguous distance restraints but

ambiguous information was considered for the protein–

protein contacts, yielded a number of clusters, some with

similar scores, which did not identify a unique best cluster.

Here, the additional SANS data enabled the discrimination

between structures, for which SAXS data alone could not

resolve ambiguities (Fig. 5). Both the HADDOCK score

and the agreement with SAXS data did not discriminate

between some of these clusters. SANS data provided the

additional information needed to select the best cluster.

SANS data containing information about the protein-RNA

components (42 % D2O) agreed equally well with struc-

tures of all clusters, which also fulfilled the SAXS

restraints (Fig. 5). However, SANS data at 70 % D2O that

provide strong restraints for the respective arrangement of

deuterated and non-deuterated protein components enabled

the identification of a single cluster.

When only CSP data were considered for the docking

calculations (CSP_only, Supplement), SAXS was sufficient

to validate the best cluster already chosen by HADDOCK.

However, this cluster yielded different structures than those

derived from the CSP ? interface data. This suggests that

the inclusion of unambiguous interface restraints is

important to obtain unique and accurate structures from

HADDOCK calculations and, not surprisingly, that with

too sparse experimental data even the inclusion of SAXS

and SANS data cannot compensate for the lack of unam-

biguous structural restraints. In general, it is always

advisable to obtain as much experimental information as

possible to avoid ambiguities in structure calculations based

on sparse data. Most powerful restraints are obtained from

NOE measurements, which however are often difficult to

obtain or to assign unambiguously in large protein com-

plexes. Instead, paramagnetic NMR can provide long-range

distance and/or orientational restraints from paramagnetic

relaxation enhancements (PREs), and pseudo contact shifts

(PCS) respectively (Peters et al. 1996; Battiste and Wagner

2000; Bertini et al. 2002; Pintacuda et al. 2007; Clore and

Iwahara 2009; Simon et al. 2010; Su and Otting 2010;

Mackereth et al. 2011; Madl et al. 2011a; Madl et al. 2011b).

Although these methods require the introduction of a para-

magnetic center by spin labels or metal binding tags (Battiste

and Wagner 2000; Gaponenko et al. 2000; Clore and Iwahara

2009; Simon et al. 2010; Su and Otting 2010) they provide

powerful unambiguous structural restraints. RDC data can

provide important information about relative domain ori-

entations. For example, the structures obtained with the

CSP ? interface and CSP_only data show similar position

for the center-of-masses of individual domains but different

relative domain orientations for the CSD domain. Here,

RDC data are expected to greatly improve the docking

results when combined with CSP_only data.

In this study, we have deliberately explored the impact

of SAS data in the presence of a very limited set of NMR

data, i.e. exclusively based on chemical shift perturbations

that report on protein–protein and protein-RNA interfaces,

as such information should be accessible also for very high

molecular weight protein complexes. Clearly, in this con-

text the combination of SAXS and SANS data has a sig-

nificant impact on identifying a unique structural solution.

Nevertheless, with such sparse data only low-resolution

structural information is obtained and details of the com-

plex structure need to be defined based on additional

experimental data, such as using paramagnetic restraints

(vide infra).

Table 1 Statistical comparison

of cluster 2 and 7 of the

HADDOCK run using sparse

data set’’CSP ? interface’’

a Root mean square deviation

of the backbone 10 Å away

from interface residues

compared with the overall

lowest energy structure
b Van der Waals contribution to

intermolecular energies
c Electrostatic contribution to

intermolecular energies
d Restraints violation energies
e Buried surface area
f average v2 of the ten lowest

energy structures

HADDOCK statistics

Parameter Cluster 2 Cluster 7

HADDOCK score 34.5 -239.3

Cluster size 61 8

RMSD lowesta 6.0 Å 4.2 Å

VdWb -90.2 kcal/mol -203.1 kcal/mol

Elecc -768.2 kcal/mol -820 kcal/mol

Violationd 2111.2 kcal/mol 645.9 kcal/mol

BSAe 5307.7 Å2 5571.6 Å2

v2 SAXSf 1.31 ± 0.13 1.82 ± 0.39

v2 SANS (1H-SXL-2H-CSD, 42 %) 1.75 ± 0.12 1.67 ± 0.28

v2 SANS (1H-SXL-2H-CSD, 70 %) 1.13 ± 0.06 1.12 ± 0.12

v2 SANS (2H-SXL-1H-CSD, 42 %) 1.80 ± 0.05 2.16 ± 0.08

v2 SANS (2H-SXL-1H-CSD, 70 %) 0.91 ± 0.03 0.98 ± 0.12
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It should be noted that SAS data will not provide struc-

tural information beyond inter-subunit distances within a

complex if the subunits have approximate spherical sym-

metry (Gabel et al. 2006). In this case, SAS data cannot

distinguish between different orientations, as the scattering

shape is identical. This is mirrored in the difference of ori-

entations of the CSD towards SXL (although the same space

volume is occupied) between results of different data sets

used. On the other hand, if various complementary NMR

data are available, for example from residual dipolar cou-

plings defining relative domain orientations, inter-subunit

NOE data or restraints from paramagnetic data, additional

structural information from SAS will provide useful long-

range restraints (e.g. between distant subunits or flexible

parts) and validate the NMR-derived structures. It should

also be considered that NMR and SAS data are rather

complementary and report on different conformational fea-

tures. For example, a potential minor population of open

structures where multiple domains connected by flexible

linkers do not interact may not be detected by NMR data but

would clearly contribute in a SAS experiment. In this case,

the combination of NMR and SAS data will provide a

complementary view of the structure and dynamics of the

protein complex in solution. Similarly, the presence of a

small fraction of specific oligomers or unspecific aggregates

may not be visible by NMR, but will induce strong scattering

in SAS experiments, even to the point that SAS data cannot

be analyzed. Although this can affect the utility of SAXS and

SANS data sample conditions can be checked and optimized

to minimize such effects. Whether the additional effort in

acquiring SAXS or SANS data is justified depends on the

availability of other data, the molecular weight and com-

plexity of the system studied. Considering, that for large

complexes subunit-selectively deuterated samples have to

be used for NMR studies in any case, the acquisition of

SANS data comes at no additional costs.

In conclusion, we have shown that sparse NMR data

derived from chemical shift perturbations can be efficiently

combined with SAXS and SANS data in data-driven

modeling of a large protein-RNA complex. The use of

SANS contrast variations with subunit-selectively samples

was able to resolve ambiguities of structural models

obtained from NMR-data alone. Nevertheless, it is strongly

recommended to acquire as much unambiguous experi-

mental data as possible, including restraints derived from

PREs, NOEs, and RDCs to ensure that the resulting

structures are accurate and not biased by insufficient

experimental input.
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