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Abstract 

Integrated experimental approaches play an increasingly important role in 

structural biology, taking advantage of the complementary information 

provided by different techniques. In particular, the combination of NMR data 

with X-ray diffraction patterns may provide accurate and precise information 

about local conformations not available from average-resolution X-ray 

structures alone.  

Here, we refined the structure of a ternary protein-protein-RNA complex 

comprising three domains, Sxl and Unr, bound to a single-stranded region 

derived in the msl2 mRNA. The joint X-ray and NMR refinement reveals that – 

despite the poor quality of the fit found for the original structural model – the 

NMR data can be largely accommodated within the structural noise of its 

primary X-ray data, and that the overall domain arrangements and binding 

interfaces are preserved in the crystalline state as well as in solution. The 

refinement highlights local conformational differences, which provide 

additional information on specific features of the structure. For example, 

conformational dynamics and heterogeneity observed at the interface 

between the CSD1 and Sxl protein components in the ternary complex are 

revealed by the combination of NMR and crystallographic data. The joint 

refinement protocol offers unique opportunities to detect structural differences 

arising from various experimental conditions, and can reveal the presence of 

either static or dynamic conformational changes.  

 

Keywords: structure refinement, Sxl-Unr-msl2-mRNA complex, REFMAC, 

translation regulatory complex, RDC  
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Introduction 

X-ray crystallography and NMR spectroscopy are the most popular 

techniques able to retrieve information at atomic resolution level. The 

structural knowledge provided by these two techniques is very complementary, 

since X-ray diffraction patterns are mainly derived from heavy atom 

contributions, whereas NMR structural restraints mostly involve hydrogen 

nuclei.  Moreover, the crystalline and the solution states are two distinct 

physical environments, which may influence the structural arrangement of 

macromolecular systems. Indeed, a number of studies document the 

presence of differences between solution and X-ray structures, where the 

crystalline state reports on structural snapshots or minor conformations that in 

some cases are not expected to exist in solution.1-14 It is not hard to imagine 

that the presence of a crystal lattice may add additional constraints (e.g.: 

crystal packing forces), which can induce changes in the intra- and inter-

molecular conformations, and/or in the dynamic features of the system. 

Obtaining a comprehensive dataset for a complete structural characterization 

by NMR spectroscopy is usually difficult and very time-consuming, especially 

in the case of high molecular weight systems where extensive isotope 

labelling schemes need to be applied to enhance the spectral quality.15-17 On 

the other hand, residual dipolar coupling (RDC) data can be collected, with 

relative ease, also for large systems and can be used to detect potential 

inconsistencies between solution and crystal states.8,10,18 In case no 

detectable inconsistencies are found, a joint structural refinement using both 

NMR and X-ray data provide a method to obtain a more reliable structural 
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model, which may disclose additional relevant information on its functional 

mechanisms. 

Uncertainty related to the experimental measurements is an important issue 

that needs to be carefully analysed to assess the significance of the 

inconsistencies found when NMR data are used in conjunction with an X-ray 

structural model. Extensive, long-standing and controversial discussions have 

built on such inconsistencies.11,19-25 In these regards, it is important to realize 

that besides the uncertainty related to NMR data measurements, also the 

atomic coordinates in X-ray models may exhibit a non-negligible level of 

inaccuracy. Such inaccuracies, which may affect the positioning of different 

atomic moieties, mainly depend on the resolution of the X-ray reflections and 

on the structural refinement protocol employed.11,26 Therefore, this so-called 

“structural noise” should be actively taken into account during the evaluation 

of inconsistencies, if any, between solution and crystal information.26-28 

In the recent literature, a number of approaches have been reported for 

refining X-ray structures with NMR data.2,8,11-13,18,29-31 Most common 

refinement protocols consist in starting from an X-ray derived structure and 

morphing the latter to achieve an acceptable agreement with the NMR data. 

This approach strongly relies on molecular libraries where the correct binding 

geometry has to be kept (almost) completely rigid, because NMR 

measurements generally do not provide sufficient information to constrain the 

atom coordinates. Some of us have thus recently developed an approach 

based on the simultaneous refinement of structural models against X-ray and 

NMR experimental data32. This allows for the joint use of the information 

about heavy atom positions, which often dominate X-ray reflections, together 
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with the information about bond orientations for different nuclear pairs derived, 

in this particular case from RDC data. Here, we show that REFMAC-NMR32 

refinement can be used to assess whether experimental NMR data can be 

explained by a structural model derived from X-ray crystallography within the 

accuracy of its diffraction pattern. Moreover, we demonstrate that local 

conformational variations can be detected and exploited as useful hints on the 

functional mechanism of the system.  

To provide a proof-of-principle of this workflow on a biologically relevant 

system, we assessed the recently reported crystal structure of the ternary Sxl-

Unr-msl2-mRNA complex,33 which consists of the two RNA recognition motifs 

(RRMs) of Sxl, the first of five cold shock domains of Unr (CSD1), and an 18-

mer single-stranded RNA derived from msl2-mRNA. Assembly of this complex 

is vital for female viability in fruit flies, as translational repression of msl2-

mRNA by Sex-lethal (Sxl) and Upstream-of-N-Ras (Unr) prevents the 

formation of the dosage compensation complex resulting in normal 

transcription of X-linked genes. The structure has unique protein-RNA and 

protein-protein interfaces that demonstrate how specificity and affinity for the 

cognate RNA is achieved by cooperative action of two distinct RNA binding 

proteins. The structure of this ternary complex constitutes an ideal test case 

for our purpose, as complementary NMR data are also available33,34. In the 

present manuscript, we focus on the use of a set of residual dipolar couplings 

obtained for Pf1 phages alignment medium together with the available X-ray 

data at 2.8 Å resolution (PDB: 4QQB).  
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Materials and methods 

Structural refinement 

Structural refinements were performed by the simultaneous use of the X-ray 

diffraction pattern and RDC data employing the recently developed program 

REFMAC-NMR.32 The general approach consists of: i) a first minimization 

against the X-ray data alone, with an automatic setting of the “weight 

matrix“ value (i.e. of the relative weights of geometry violations and X-ray 

violations), possibly followed by manual adjusting of the weight matrix to 

reduce the calculated rmsd of bond lengths, bond angles, and chiral volumes, 

if too large; and ii) a second minimization performed including RDC restraints, 

in order to decrease their Q-factor. In particular, the NMR restraints 

contribution (t) to the total minimized function is: 

� = 	���� ∑ 	
 ��
������

���� − ���


���� − �
 , 0�� 
  (1) 

where Ti is the tolerance on each RDC value, wi is its weight, and kRDC is the 

overall weighting factors for RDCs. In tables, the products of the kRDC and wi 

values will be indicated as “RDC weight”. The second minimization, besides 

the optimization of the weight matrix value, requires the optimization of the 

weights of the NMR data and of additional torsion angle restraints. Three 

further torsion angles were in fact introduced in the REFMAC library to 

restrain the planarity of the Oi-Ci-Ni+1-C
α

i, the Ci-1-Ni- Cα
i-Hi (out of plane 

bending of HN-N bonds), and the Cα
i-Ci-Ni+1- C

α
i+1 dihedral angles (pep1, pep2 

and ω, respectively; force constants and tolerances used in the calculations 

are reported in Table S1). This was needed to avoid worsening of the 

deviations of geometric parameters from ideality by the inclusion of the NMR 

data in the refinement. Furthermore, overall weighting parameters over ideal 

Page 6 of 27

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

7 

 

geometries of all atoms involved (‘weight refined_atoms’) or not involved 

(‘weight other_atoms’) in the calculation of gradients and of the second 

derivatives corresponding to X-ray reflections were also introduced. Of note, 

binding distances of hydrogens in X-ray libraries are different from those in 

NMR libraries, because the hydrogen electron is not centered on the position 

of the nucleus but closer to the atom to which it is attached. Therefore, the 

coordinates of the hydrogens used for back-calculating the NMR restraints 

were recalculated by increasing the distances between the hydrogens and 

their binding nuclei to the values used in AMBER35,36 library (HN-N distance of 

1.020 Å, Hα-Cα distance of 1.117 Å). This correction for the evaluation of the 

NMR restraints does not affect the geometric restraints in the usual X-ray 

refinement, which considers hydrogen positions according to the standard 

crystallographic library. 

Alignment tensor calculation 

The alignment tensors and the agreement between experimental and back-

calculated RDCs were computed using the FANTEN web application37, 

available in the WeNMR portal38. From the fit of the experimental RDCs to Eq 

2 
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the program provides the five independent elements of the alignment tensor 

(�!! − �"" , �## , �!" , �!#, �"#), from which the axial component of the tensor 

and its rhombicity, A and R, respectively, and the Euler angles defining the 

principal directions of the tensor can be derived (xAB, yAB and zAB are the 

components of the distance between the two coupled nuclei A and B). The 

similarity between tensors calculated from the best fit against different 
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structures was assessed according to the following indicators: 1) the ratio of 

the axial components of the tensors; 2) the ratio of the tensor sizes, taking 

into account also their rhombicity; 3) the normalized dot product between the 

five independent elements of the alignment tensor. The first two criteria report 

on the similarity of the size of the tensors; the third criterion encodes 

information on their shape and orientation. In all cases, values close to 1 

indicate good similarity between tensors.19,39-41  

The experimental RDC data were taken from Hennig et al.;33 the X-ray data 

were taken from PDB accession code 4QQB.  

15N-NMR relaxation measurements 

15N T1 and T2 relaxation times for Sxl at two different concentrations (0.25 and 

1 mM) were measured at 800 MHz proton Larmor frequencies at 298 K42. 

{1H}-15N heteronuclear NOE data for CSD1 were acquired at 0.3 mM protein 

concentration. For Sxl at 0.25 mM, T1 relaxation was derived from measuring 

14 different relaxation delays, including 3 duplicates for error estimation (21.6 

(2x), 43.2, 86.4, 162, 345.6, 518.4 (2x), 669.6, 885.6 (2x), 1080, 1274.4, 

1555.2, 1944, and 2376 ms).  For T1ρ 12 different relaxation delays with two 

duplicates were measured (5 (2x), 10, 15, 25, 40, 55, 70, 80 (2x), 90, 110, 

and 140 ms). At 1 mM concentration of Sxl, T1 was derived from 10 different 

relaxation delays were recorded with two duplicates (21.6 (2x), 86.4, 162, 

345.6, 518.4 (2x), 669.6, 885.6, 1274.4, 1728, and 2376 ms) T2 was derived 

from measuring eight relaxation delays with two duplicates (10.88 (2x), 21.76, 

32.64, 43.52 (2x), 54.4, 65.28, 76.16, and 87.04 ms). Data were fitted and 

analysed using the software PINT43. 
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Results 

REFMAC-NMR refinement  

The crystal structure of the Sxl-Unr-msl2-mRNA complex was used to 

evaluate a) the conformation and b) the relative arrangement of the two Sxl 

RRM domains and CSD1 domain in solution against HN-N and C-N RDC 

data33. From the best fit against a single alignment tensor, the agreement of 

the RDCs with the available X-ray structure (PDB code: 4QQB) provides a Q-

factor of 0.440 (Table 1 and S2). Despite the quality of the fit appears to be 

rather modest, the result is in line with what can be expected from the X-ray 

data resolution for this system (2.8 Å)26. The quality of the fit for the two 

complexes found in the asymmetric unit (chains A-P-X and B-C-Y) is slightly 

different, although the derived alignment tensor parameters are rather similar 

(Table 1). 

To evaluate the presence of any intra-domain conformational differences, 

RDC data were used to refine the conformations of the individual structural 

units of the protein components of the ternary complex (both RRM domains of 

Sxl and the CSD1 domain). REFMAC-NMR was employed for performing the 

structural refinement using the protocol previously described32. The peculiarity 

of this approach consists in taking into account the experimental uncertainty 

and coordinate precision of the X-ray data when RDC data are included as 

structural restraints (see Table1). The joint refinement against both X-ray and 

RDC data allows for small but relevant changes of the atomic coordinates in 

order to satisfy the RDC data still being in agreement with the X-ray data. The 

joint refinement leads to an overall drop of the Q-factor from 0.440 to 0.124, 
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without any significant increase in the R or Rfree values or in violations of 

geometrical constraints (rmsd for bond lengths, bond angles and chiral 

volumes; see Table 1). These results suggest that the poor agreement of the 

RDC data initially observed for the original X-ray structure was mainly due to 

the presence of inaccuracy in atom positions and that no significant (i.e. 

outside the experimental error) structural differences in the conformation of 

the single domains constituting the complex exist between the crystalline and 

solution states. Moreover, such improvement in the agreement of RDCs 

reveals that the the additional information provided by these restraints 

increases the overall resolution of the structure upon joint refinement, 

whereas the fact that the crystallographic Rfree does not significantly increase 

with respect to R indicates the absence of over-refinement.  

In order to test the presence of inter-domain rearrangements, the tensors 

calculated for the individual units were compared with one another, in terms of 

magnitude, alignment and shape. These parameters turned out to be very 

similar for the two domains of Sxl (Table 2), pointing out that both domains 

could be refined by using the same tensor without any significant worsening in 

the agreement with RDC data. As expected, the refinement results obtained 

by imposing a single tensor for the two domains are satisfactory (with only a 

small increase in the Q-factor from 0.124 to 0.131, see Table 1). This 

indicates that the Sxl domains in solution maintain the same relative 

rearrangement as observed in the crystal, and that the presence of significant 

inter-domain motion can be reasonably excluded. On the contrary, a notable 

difference in the magnitude of the alignment tensor was observed for CSD1. 

However, the shape and orientation of the tensor is almost indistinguishable 
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from the tensor determined for Sxl (Table 2). The most likely explanation for 

this is a difference in the experimental conditions, e.g. slightly variations in 

alignment medium concentrations in the different samples used for the RDC 

measurements of the Sxl and CSD1 data involving Sxl- and CSD1-isotope 

labelled complexes, respectively. Hence, a uniform scaling by an empirical 

factor 0.8 was applied to CSD1 RDC values in order to perform a new 

REFMAC-NMR refinement calculation using a single alignment tensor for the 

complete RDC dataset. The refinement showed that the RDC Q-factor 

increases only marginally (from 0.124 to 0.144, see Table 1) on passing from 

the use of three independent tensors for the three individual units of the Sxl-

Unr complex to the use of a single tensor, remaining much smaller with 

respect to the Q-factor of 0.440 calculated for the original X-ray model. No 

appreciable differences are observed for the structural statistics of the X-ray 

data (see Table 2).  

In summary, these results indicate that the refined crystal structures provide a 

very good fit of the NMR data and, thus, represent also a good model of the 

Sxl-Unr complex in solution. The correlation plots reporting the agreement of 

the experimental RDCs with the refined structural model are shown in Fig.1. A 

good overall agreement is observed for both Sxl-Unr complexes (chains A-P-

X and B-C-Y) found in the asymmetric unit of the crystal, with a slight 

preference for chains B and Y with respect to chains A and X. Taking into 

account the measurement errors (3 and 1 Hz for HN-N and C-N, respectively), 

HN-N RDCs collected for CSD1 and C-N RDCs for Sxl reveal optimal fit of the 

available data, with χ2reduced values of 1.003 (chain X), 0.97 (chain Y), 1.04 
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(chain A), and 1.12 (chain B); Sxl HN-N RDCs show χ2
reduced of 1.458 for 

Chain A, and 1.192 for Chain B.  

Comparison of the refined structure with respect to the original model (Table 

4) showed slightly improved fits of crystallographic data and Ramachandran 

scores, with an increase in the percentage of residues belonging to the core 

(from 86.0% to 87.2%) and a decrease of those in the allowed (from 13.3% to 

12.3%) and in the generously allowed regions (from 0.5% to 0.2%). 

Notably, REFMAC-NMR refinement produced an effective improvement of the 

structural model with NMR data. As a proof that the major contribution to the 

improvement is not due to simple in-plane or out-of-plane distortions of the 

HN-N bonds (even if within the standard limits, see Fig. S3a,b) the protons 

were removed from the refined structure and added back by using automatic 

methods available from common software (i.e. Molprobity44). Evaluation of the 

“reprotonated” structure shows that the agreement with NMR data is clearly 

maintained (Table 3), whereas adding protons with the same program to the 

original structure does not provide any improvement. This points out how 

much the uncertainty in heavy atoms coordinates can play on the automatic 

positioning of hydrogen atoms and thus on the orientation of HN-N bonds to 

which RDCs mostly refer to. 

 

Novel insights from the joint refinement 

Although REFMAC-NMR does not produce any global difference in the 

refined structure with respect to the original one (backbone rmsd of 0.066, 

0.075, 0.093, and 0.094 Å for chains A, B, X, and Y, respectively), some 

minor but notable conformational changes are observed. Fig. 2-3 reports the 

Page 12 of 27

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

13 

 

backbone rmsd per residue between original and refined structures. Some 

differences of modest extent (never exceeding 0.2 Å) are present for Sxl 

(chains A and B). The most relevant changes involve residues N152, I230 and 

A271 for chain A, and residues R146, N152, V185, T190, V191, Q239, and 

K240 for chain B, scattered in different regions of the two RRM domains. 

Slight differences are also detected in the recognition of secondary structure 

elements by the DSSP software45, the most significant involving a better 

definition of a new β-strand constituted by residues S285-L288, and of a helix-

3 for residues E206-I208 (Fig. 6). The improved definition of these structural 

elements is likely a consequence of additional information provided by the 

joint refinement. 

In contrast, for the CSD1 domain (chains X and Y) structural variations are 

found to be all grouped in the well-defined loop region constituted by residues 

Y236-P243 (Fig. 2), for which a conformational difference is observed upon 

joint refinement (Fig. 3-4). Refinement of the loop conformation reflects also in 

the slight rearrangement of some of the side-chains, the most relevant one 

being R239 (Fig. 4a,b). This residue is of particular importance, as it forms an 

essential contact with Sxl Y164. Substitution of either residue by alanine 

severely impairs or abolishes the formation of the entire complex33. It is also 

interesting to observe that, in the free CSD1 domain, residues R238 and 

R239 exhibit slightly higher conformational flexibility on sub-nanosecond 

timescales as indicated by the low heteronuclear {1H}-15N NOE data (Fig.S4), 

when compared to other residues in the free state. This likely correlates with 

the observed conformational differences detected by REFMAC-NMR, 

suggesting that the refinement is more effective where electron density is less 
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determined. Further indication of conformational rearrangement of CSD1 loop 

is provided by the fact that Y164 of Sxl, which interacts directly with R239 of 

CSD1, adopts two distinct conformations in the crystal by chains A-P-X and B-

C-Y (Fig. 4c,d). Indeed, while in the A-P-X complex the side chain of Y164 is 

stacked against the side chain of CSD1-R239, in the B-C-Y complex it is 

flipped to the other side and interacts with the RNA base of U7. The former is 

not observed in the absence of CSD1, but the latter while bound to 

transformer mRNA.46 This indicates that both conformations of Y164 are 

energetically accessible from the solution conformation. Bringing together the 

information about the two partners, this suggests that the high flexibility of the 

CSD1 loop, coupled to the conformational heterogeneity detected through the 

side chain of Y164, may play an important role for complex formation. Of note, 

in this case REFMAC-NMR refinement gave access to useful information 

about CSD1 loop, otherwise impossible to retrieve by NMR relaxation 

measurements of the complex due to line-broadening of the amide resonance.  

 

Possible differences between crystal and solution structures 

Despite the refined structure presents an overall very good fit for the available 

NMR data, a number of violations can still be observed, especially for some 

HN-N RDC values belonging to Sxl. Figs. 5-7 report the differences between 

experimental and back-calculated data, referred to as residuals, for the HN-N 

RDC of both Sxl and CSD1. Interestingly, differences are found to be mainly 

clustered in two groups comprising residues T137, D138, Y142, R146 (Fig. 

7b) and N212, V238, K240, V257 (Fig. 7c), which are located in the RRM1 

and RRM2 domains of Sxl, respectively, and at the RNA binding interface. In 
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particular, residues Y142 and R146 in RRM1 are of special significance, as 

chemical shift perturbations and mutational analyses confirmed their key role 

during RNA binding and complex formation33 in vitro and during functional 

activity in vivo. In the crystal structure, the contacts of these residues with the 

U18 and G19 bases in the RNA could not be well observed due to weak 

electron density (Fig. 8). This illustrates how the joint refinement provides 

novel structural insight for regions that are not well defined by the individual 

methods. 

Minor but significant discrepancies are also observed for residues G188, T190, 

V191, and R195, located in the loop of Sxl (Fig. 6d). This loop represents the 

region in which the two complexes A-P-X and B-C-Y are closer in space: the 

interaction of R192 in chain A with the loop K246-R250 of chain B results in 

the formation of two H-bonds (R192-K246, R192-L247). Therefore, the 

presence of these interactions in the crystalline state may be at the origin of 

the structural differences observed for this region with respect to the solution 

structure. Of note, although at low concentrations this complex is monomeric, 

a concentration dependent weak interaction is observed between Sxl moieties 

in solution, as indicated by increased local rotational correlation times (Fig. 

S5). Consistently, residues around I189, including G188, T190, and V191 

(relaxation rates of R195 could not be assessed) exhibit overall longer internal 

correlation times at higher concentrations compared to the concentrations 

used to acquire RDCs. On the other hand, residues around K246 are more 

flexible at both concentrations. In the ternary complex studied here 

differences between crystal and solution data are observed for residues that 

interact with the 3’ region of the RNA. As in the cellular context the full-length 
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RNA sequence extends beyond A20, additional factors might stabilize the 

RNA contacts.   

 

Conclusions  

Here, we show that joint X-ray and NMR refinement can be effectively used to 

probe if a crystal structure reflects the conformation found in solution at 

residue resolution (depending on the NMR data used).  Moreover, the joint 

refinement can reveal local differences between solution and crystal state 

conformations and thus provide complementary information. Local 

conformational inaccuracies can arise from the uncertainty in the exact 

position of atoms within the electron density maps of X-rays, referred to as 

structural noise. These inaccuracies can be detected by NMR data, which 

provide complementary information about bond angles and moiety 

orientations.  

In the present example of Sxl-Unr translation regulatory complex, where an 

unsatisfactory fit of diamagnetic RDCs was obtained against the original X-ray 

structure, REFMAC-NMR refinement produced an effective improvement in 

the quality of the fit with a drop of the Q-factor from 0.440 to 0.144. 

Comparison of the tensors calculated independently for the different subunits 

seems to reasonably exclude inter-domain motion effects. Moreover, step-by-

step refinement results confirm that both the intra-domain conformations and 

inter-domain positions as observed in the crystal are very good models also 

for the solution state. We also demonstrated that the reduction of the 

structural noise accomplished by the inclusion of RDCs in the structural 

refinement can reveal minor but interesting conformational differences 
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between crystal and solution conformations, which help to better understand 

the structural biology of the studied complex. Indeed, joint refinement yields 

access to local structural differences that escaped detection when using the 

two methods separately, and point to differences in the protein-RNA interface, 

which may be relevant for understanding the biological function of the 

complex. Detecting differences between solution and crystalline states can 

also help to rule out effects and artefacts from crystal packing and identify 

interactions that may be important in the assembly of higher-order complexes 

and thus guide follow-up studies. Thus, simultaneous refinement helps to 

understand phenomena observed in solution, which cannot be directly 

explained from the crystal structure alone. 

 

Acknowledgements 

This work was supported by The Deutsche Forschungsgemeinschaft (DFG, 

SFB1035 and GRK1721 to M.S.), the Ente Cassa di Risparmio di Firenze 

(C.L.), MIUR PRIN 2012SK7ASN (C.L), European Commission (284209 to 

C.L., 317127 C.L. and G.P.), the EU ESFRI Instruct Core Centre CERM, and 

the Center for Integrated Protein Science Munich (CIPSM). J.H. 

acknowledges the EMBO for a long-term fellowship (ALTF-276-2010) and the 

Swedish Research Council (Vetenskapsrådet) for a postdoc fellowship. 

Page 17 of 27

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

18 

 

Tables 
 

 

PDB code: 4QQB – Resolution: 2.80 Å 

Parameters 
Original 
structure 

Three tensors 
Sxl (Nter), Sxl (Cter), and CSD1 

Two tensors  
Sxl and CSD1 

Single tensor  
Sxl-CSD1 complex 

− NMR + NMR + NMR + NMR 

R-value 0.198 0.198 0.201 0.201 0.201 

R-free 0.236 0.234 0.236 0.236 0.235 

RMSD bond length 0.006 0.006 0.009 0.009 0.009 

RMSD bond angles 1.113 1.260 1.592 1.591 1.595 

RMSD chiral volume 0.074 0.099 0.097 0.097 0.097 

Q-factor RDC 0.440 -  0.124 0.131 0.144 

 

Table 1:  REFMAC-NMR refinement calculations performed as for the original structure, and 

without (“-NMR”) and with (“+NMR”) the inclusion of NMR restraints. Simultaneous refinement 

of X-ray and RDC data was performed using independent tensors for two domains of Sxl 

(RRM1, RRM2) and for CSD1 (“Three tensors”), using independent tensor for full-length Sxl 

and CSD1 (“Two tensors”), and using a unique tensor for the overall Sxl-CSD1 complex 

(“Single tensor”).  

 

 

Comparison between tensors calculated for Sxl domains 

 

Magnitude axial 
component 
ASxl(RRM1) / 
ASxl(RRM2) 

Magnitude axial and 
rhombic components  

(Dzz-Dxx)Sxl(RRM1) /  
    (Dzz-Dxx)Sxl(RRM2) 

Orientation and shape  
(DSxl(RRM1)� DSxl(RRM2))/   

(||DSxl(RRM1)|| 
||DSxl(RRM2)||) 

Chain A 0.98 1.02 0.95 

Chain B 1.02 1.07 0.98 

Comparison between tensors calculated for Sxl and CSD1 

 
Magnitude axial 

component  
ASxl /ACSD1 

Magnitude axial and 
rhombic components 

(Dzz-Dxx)Sxl /  
(Dzz-Dxx)CSD1 

Orientation and shape  
(DSxl � DCSD1)/   

(||DSxl|| ||DCSD1||) 

Chains A, X 0.80 0.81 0.98 

Chains B, Y 0.79 0.80 0.99 

 

Table 2: Comparison between the alignment tensors calculated independently for 

the two domains of Sxl (RRM1, RRM2), and for Sxl and CSD1. 
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Quality evaluation 

 Original Refined 

R-free 0.236 0.235 

RSRZ outliers 5.4 % 5.0 % 

Clashscore 4 5 

Ramachandran 
outliers 

Core: 86.0 % 
Allowed: 13.3 % 
Generous: 0.5 % 
Disallowed: 0.2 % 

Core: 87.2 % 
Allowed: 12.3 % 
Generous: 0.2 % 
Disallowed: 0.2 % 

RNA backbone 0.35 0.34 

 
 

Table 3: Quality evaluation for the original structure and for the REFMAC-NMR refined 

structure as calculated by the wwPDB Validation Server (wwwpdb-validation.wwpdb.org). 

 

 

 Refined structure Original structure 

 

HN added by 
REFMAC-NMR 

QRDC 
(HN-N, C-N) 

HN added by 
Reduce 

QRDC 
(HN-N, C-N) 

HN added by 
Reduce 

QRDC 
(HN-N, C-N) 

SXL (chain A)  
RRM1 

0.144 
(0.140, 0.390) 

0.161 
(0.157, 0.390) 

0.425 
(0.425, 0.470) 

SXL (chain A)  
RRM2 

0.180 
(0.176, 0.360) 

0.195 
(0.192, 0.360) 

0.366 
(0.364, 0.491) 

CSD1 (chain X) 0.116 0.135 0.354 

SXL (chain B)  
RRM1 

0.134 
(0.129, 0.398) 

0.155 
(0.151, 0.398) 

0.560 
(0.561, 0.478) 

SXL (chain B)  
RRM2 

0.161 
(0.156, 0.379) 

0.170 
(0.165, 0.379) 

0.336 
(0.331, 0.633) 

CSD1 (chain Y) 0.114 0.136 0.403 

 

Table 4: Comparison of the QRDC for the Sxl-CSD1 complex for the refined structure when HN 

atoms are added by REFMAC-NMR and when added by MolProbity, as well as for the 

original structure. 
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Figures 
 
 

 
 

Fig.1: Correlation plots between experimental and back-calculated RDCs for the original 

structure (grey dots), and for the refined structure (blue dots). 

 

 

Fig.2. Rmsd calculated from backbone C, Cα, and N nuclear positions between the original 

and refined structure for chains A, B (top), and X, Y (bottom). 

 
 

Page 20 of 27

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

21 

 

 

Fig.3: The two conformations of Sxl-Unr complex structure (chains A-P-X and B-C-Y) as 

found in the asymmetric crystal unit (pdb file: 4QQB). Residues showing a rmsd in the 

backbone C, Cα, and N nuclear positions between the original and refined structures above 

0.12 Å are shown in yellow. 

 

 

Fig.4: Detail of the CSD1 loop at the interface with RNA (a) for chains A-P-X and (b) B-C-Y. 

The original X-ray structure is shown in grey, whereas the refined structure is colored as in 

Fig.3. Relevant variations are indicated by red arrows. Zoomed view indicating conformational 

differences for CSD1 R239 and Sxl Y164 for chains (c) A-P-X and (d) B-C-Y. The flipping side 

chain of Y164 in the two conformations is indicated by a red arrow. Electron density for R239, 

Y164, U7 and for neighbouring residues/bases is shown in blue mesh lines. 
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Fig.5: Residuals computed as difference between experimental and back-calculated RDCs, 

for HN-N nuclei of Chains A and X. 

 

 
Fig.6: Residuals computed as difference between experimental and back-calculated RDCs, 

for HN-N nuclei of Chains B and Y. Highlighted residues S285-L288 and E206-I208 are 

detected by DSSP software to change fold after REFMAC-NMR refinement.  
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Fig.7: (a) Significant differences between experimental RDCs and values back-calculated 

from the original crystal structure for HN-N interactions (in absolute value) are mapped onto 

two X-ray models of the Sxl-Unr complex, according to the colour code reported in the bar. (b-

d) Zoomed views for distinct residues where large deviations are observed at the protein-RNA 

interface are shown. 

 

 
Fig.8: Detail of electron density map for Sxl residues Y142 and R146 at the RNA binding 
interface. 
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