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Abstract. The role of protein-RNA recognition is fundamental to many biological 
processes, protein-RNA interaction being at the heart of every molecular 
mechanisms controlling post-transcriptional gene expression. Deciphering the 3D 
structures of protein-RNA complexes is therefore of high significance. RNA 
binding proteins are very abundant in all kingdoms of life and often embed one to 
several small RNA binding domains. Since these domains often act as independent 
units, NMR spectroscopy is ideally suited to study the structure and dynamics of 
such domains in complex with their RNA targets. We review here how NMR 
spectroscopy has been used to solve the structure of more than fifty protein-RNA 
complexes and to understand for a few their dynamics. 
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Introduction 

In March 2010, 141 structures of protein-RNA complexes with a molecular weight 
lower than 40 kDa have been deposited in the Protein Data Bank (PDB). Of these 
structures, 52 were determined using classical NMR methodology, resulting in a 
contribution of 37%. This figure alone illustrates the important role of NMR 
spectroscopy in elucidating structures of protein-RNA complexes within this molecular 
weight range. NMR spectroscopy is expected to become increasingly prominent in 
structural and RNA biology, considering the growing understanding of the importance 
of protein-RNA interactions in the regulation of gene expression. 

The first NMR structure of a peptide-RNA complex was determined in 1995 and 
consisted of the structure of a small peptide (14 amino acids) of the viral Tat protein 
bound to the 26-nucleotide RNA stem-loop of TAR [1,2]. One year later, in 1996, the 
first structure of a protein-RNA complex was solved by NMR spectroscopy. This was 
the structure of the N-terminal RNA recognition motif (RRM) of the U1A protein (100 
amino acids) in complex with a 30-nt stem-loop RNA [3]. The 52 structures of protein-
RNA/ peptide-RNA complex structures available today provide us with the opportunity 
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to review how those structures were determined and what we learned from them. The 
first part of the review (1.1-1.2) describes what makes a protein-RNA complex 
amenable for NMR structure determination and how the appropriate solution 
conditions can be obtained. The second part focuses on the NMR spectroscopy of these 
complexes (2.1-2.43) and how, from the NMR spectra, one can derive a precise 
structure of a protein-RNA complex (2.4) including a discussion on the validation of 
the resulting structures (2.5). The third part describes what we can learn from the few 
dynamics studies of protein-RNA complexes performed using NMR. This review ends 
with a brief description of a few examples of protein-RNA complexes determined by 
NMR spectroscopy and a discussion on how these have impacted the field of structural 
and RNA biology. 

1. How to get a Protein-RNA Complex Sample for NMR Spectroscopy 

1.1. Finding Optimal Protein and RNA Constructs for NMR Studies of Protein-RNA 
Complexes 

Before starting an NMR study of a protein-RNA complex, biological and biochemical 
knowledge of the complex is crucial. Most RNA binding proteins (RBPs) are easily 
identifiable since they often contain well-known RNA binding domains (RBDs). 
However, finding the RNA sequence that is recognized by the protein of interest is 
often not trivial for several reasons. First, RBPs or RBDs can recognize and bind RNA 
in a shape-specific, sequence-specific or even non-specific manner. Second, RNA 
molecules can form a variety of secondary and tertiary structures that might be crucial 
for protein recognition. For studying protein-RNA complexes by NMR, it is of 
particular importance to understand the specificity of the interaction. The main 
questions that should be addressed concerning NMR studies of a protein-RNA complex 
are: 

 What is the minimum protein domain necessary for RNA binding? Are RBDs 
sufficient for efficient RNA binding? 

 Does the protein or the RBD bind single-stranded RNA (ssRNA) or double-
stranded RNA (dsRNA)?  

 Is the interaction specific? If yes, is it shape-specific or sequence-specific? 
 If shape-specific, how does the RNA structure influence the binding? 
 If sequence-specific, which RNA sequence is specifically recognized? 

The major challenge consists of identifying a small biological relevant RNA 
sequence that is bound both specifically and with sufficient affinity by the protein. 
There are many techniques and methods to identify protein-RNA interactions. Some of 
these techniques, such as protein-RNA cross-linking, immunoprecipitation or affinity 
purification, aim at the identification of natural RNA sequences specifically bound by 
RNA binding proteins. Other techniques allow the definition of RNA aptamers that are 
bound with high affinity by RNA binding proteins but those might not be natural 
sequences. 

1.1.1. Finding Minimum Natural RNA Substrates Bound by RNA Binding Proteins 

Natural RNA sequences used for NMR structure determination of protein-RNA 
complexes have usually been mainly derived from two different strategies: the use of 
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footprinting techniques that were initially developed for protein-DNA complexes [4], 
or the use of RNA truncation and mutagenesis combined with protein-RNA binding 
assays, e.g. Electrophoretic Mobility Shift Assay (EMSA) [5, 6]. For example, 
footprinting experiments have been performed to define the RNA region of the 5S 
rRNA bound by the protein L25 [7] which was then used to solve the NMR structure of 
the L25-5S rRNA complex [8]. RNA truncation and mutagenesis together with binding 
assays have, for example, been used to define the minimal RNA sequence recognized 
by the HIV Rev protein [9] which was then used for the structure determination of the 
HIV-1 Rev-RRE complex [10]. Recently, a novel in vivo method called CLIP (UV 
Cross-Linking and ImmunoPrecipitation assay) has been developed to identify natural 
RNA targets of RNA binding proteins using high-throughput technologies [11, 12]. 
The RNA sequence retrieved from CLIP experiments with the protein Fox-2 [13] 
corresponds to the sequence identified by SELEX (see next section) and by the NMR 
structure of the complex [14, 15]. This indicates that CLIP has a high potential for 
identifying natural RNA binding sequences suitable for NMR investigation of protein-
RNA complexes. 

1.1.2. Finding High-Affinity RNA Aptamers Bound by RNA Binding Proteins 

The main technique used to identify non-natural RNA (aptamers) bound by RNA 
binding proteins is the Systematic Evolution of Ligands by Exponential Enrichment 
(SELEX) approach [16, 17]. An RNA binding sequence identified by SELEX provides 
a very good starting point for the NMR investigation of a protein-RNA complex as 
SELEX experiments select sequences with high affinity for the RNA binding protein. 
Numerous protein-RNA complexes have been solved using RNA sequences initially 
derived from SELEX that also match perfectly natural sequences [15, 18, 19]. 
Nonetheless, SELEX results can also differ from natural RNA sequences. This can be 
due to the fact that either the natural RNA sequence was not represented in the pool of 
random RNA sequences used for the SELEX procedure, or that the SELEX-derived 
RNA aptamer has a stronger affinity for the protein than the natural RNA [20-22]. 

1.1.3. Optimizing the RNA Target of a Protein-RNA Complex for its NMR Study 

To optimize a protein-RNA complex for NMR studies, three main aspects are of 
particular importance: the stability of the complex, the quality of the NMR spectra, and 
the presence of intermolecular NOEs that are essential for the structure calculation of 
the complex (see sections 2.1 and 2.2). When the protein binds stem-loop structures, 
the RNA can be stabilized by extending the RNA stem by additional G-C base pairs in 
order to improve the quality of the spectra by minimizing fraying [23]. In cases where 
the protein is known to bind the stem but not the loop, the loop sequence can be 
optimized to stabilize the fold of the RNA, e.g. in the case of the L25-5S rRNA 
complex, the natural apical loop was replaced by a highly stable UUCG tetraloop in 
order to stabilize the structure of the RNA [8]. 

In the case of RNA binding proteins or domains that specifically bind ssRNA, 
often only a few nucleotides are specifically recognized; flanking nucleotides might 
influence and increase the stability of the complex. One way to optimize the length of 
the RNA is to perform chemical shift perturbation experiments with RNAs of different 
lengths. The quality of the NMR spectra can be quite sensitive to the RNA length, in 
particular when the RNA sequence is degenerate, e.g. the RRMs of PTB bind to the 
RNA target CUCUCU in two registers because the RNA contains two UCU motifs, 
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leading to line broadening in the RNA resonances and two sets of intermolecular NOEs 
[24, 25]. Therefore, shorter RNA sequences with lower affinity for the protein were 
tested and a CUCU RNA gave intense intermolecular NOEs that corresponded to one 
single conformation of the complex. Sometimes SELEX consensus sequences are 
degenerate, e.g. the consensus sequence (A/U)C(A/U)(A/U)C was found for the protein 
SRp20 [26]. To solve the NMR structure of SRp20 in complex with RNA, a total of 13 
different RNA sequences were tested by NMR 15N-HSQC and 1H-1H-TOCSY spectra 
[18]. This analysis identified the RNA sequence CAUC as the optimal sequence for 
obtaining good NMR spectra for both components of the complex and was therefore 
used for the structure determination of the complex [18]. A systematic approach to 
elucidate the binding specificity of protein-RNA complexes by NMR at the single 
nucleotide level, the Scaffold-Independent Analysis (SIA) , has been developed in 2007 
by Ramos and coworkers [27] and is based on synthetic randomized RNA sequences. 
The main advantage of this method is that the analysis is directly performed by NMR 
and therefore, the quality of the spectra is directly assessed for each protein-RNA 
complexes. This approach has been recently used for the structure determination of the 
RRM2 of Prp24 in complex with the optimized RNA sequence AGAGAU [28]. 

1.2. Complex Formation 

The protein component is typically expressed in E. coli or by using in vitro expression 
(see chapter 1), whereas the RNA is obtained by in vitro transcription or chemical 
synthesis (see Chapters 2, 11 and 12). Once the RNA binding protein or domain of 
interest and the RNA have been produced in sufficient amounts for NMR analysis, both 
components are mixed together in order to form the protein-RNA complex.  

1.2.1. Ribonuclease Activity 

Since the protein of interest will be studied in complex with RNA, it is very important, 
to first test whether the protein sample possesses ribonuclease (RNase) activity. The 
effect of RNases is highly dependent on the RNA sequence and structure, the affinity 
of the complex and the nature of interaction. Generally, structured RNAs, such as those 
forming stem-loop structures, are less prone for degradation than small ssRNAs. 
Furthermore, ssRNAs that bind proteins with high affinity are generally less prone to 
degradation than RNAs that bind proteins with low affinity. Therefore, traces of 
RNases in the sample solution do not necessarily hamper the NMR study.  

Sometimes it is difficult to remove RNases by protein purifications, e.g. in the case 
of LicT-RNA complex, RNase activity could not be eliminated and NMR samples were 
therefore only stable for few days in the NMR spectrometer [40]. To slow down the 
degradation of the RNA during NMR measurements, RNase inhibitors can be added 
into the final buffer [21, 29]. Our experience showed that additional protein 
purification steps are sometimes very effective in eliminating the RNase activity of the 
sample, e.g. in the case of the SRp20-RNA complex, three consecutive Ni-NTA 
purification steps were necessary to eliminate RNAse activity [17]. An additional 
extensive washing step with a high salt buffer was used to eliminate RNase activity 
during the purification of the protein RsmE by Ni-NTA chromatography [23]. 

To test the presence of RNase activity in the sample, RNase activity tests are 
commercially available using a cleavable fluorescent-labeled RNase substrate. RNase 
activity can also be measured by monitoring the appearance of degradation signals over 
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time using 2D 1H-1H-TOCSY spectra (generally by following the pyrimidines H5-H6 
cross-peaks).  

1.2.2. Monitoring Complex Formation by NMR Titration Experiments 

Complex formation can easily be monitored by NMR spectroscopy using chemical 
shift perturbation mapping upon titration experiments. The complex can be formed by 
titrating the RNA into the protein or vice versa. Chemical shift perturbations of the 
protein are typically monitored by 15N-HSQC spectra in the absence or presence of 
increasing amounts of RNA. Similarly, RNA chemical shift perturbations are followed 
using the H5-H6 cross-peaks of pyrimidines in 2D (1H-1H) TOCSY spectra by adding 
increasing amounts of protein. Additionally, imino protons can be monitored by 1D 
spectra or if labeled RNA is available by 15N-HSQC spectra. Non-exchangeable 
protons can be monitored by 13C-HSQC spectra. 

The addition of RNA into proteins can lead to irreversible precipitation of the 
sample which can sometimes be prevented by the addition of the protein into the RNA. 
Precipitation can often be avoided by performing the titration at low concentrations and 
subsequently concentrating the protein-RNA complex by ultrafiltration using an 
appropriate molecular weight cut-off membrane [19]. 

When the protein-RNA complex is formed, the protein and the RNA are in 
equilibrium between their free and bound states. This equilibrium is described by the 
dissociation constant (Kd). During titration experiments of a complex, chemical shifts 
of nuclei that are at the interface experience a different environment and are perturbed. 
There are three main exchange regimes that can be observed by NMR and these are 
largely governed by two parameters: the exchange rate of the complex formation, kex, 
and the difference in resonance frequency of a nucleus between the free, νA, and the 
bound states, νB. The three main exchange regimes are denoted slow exchange that 
occurs when kex is much smaller than 2π(νAA νB), fast exchange when kex is much larger 
than 2π(νAA νB), and the intermediate exchange regime when kex is similar to 2π(νAA νB).  

In the slow exchange regime, when a component (for example the RNA) is 
gradually added to the other component (the protein), two sets of signals are observed, 
one corresponding to the protein free state and the other one corresponding to the 
protein bound state, as was observed in the case of the Fox-1-RNA complex [15] (Fig. 
1A). The integral of each signal is linearly dependent on the population of the two 
states and is directly correlated to the molar ratio of both components. Slow exchange 
regimes were reported for protein-RNA complexes with high affinity corresponding to 
dissociation constants ranging from 0.5 (Fox-1-UGCAUGU) [15] to 250 nM (protein 
NC-AACAGU) [29]. 

In the fast exchange regime, only one NMR signal is visible and corresponds to the 
weighted average of the signals of the free and the bound states. Upon gradual addition 
of the RNA to the protein, the signals of the protein gradually shift from the free state 
towards the bound state, as was observed for the PTB-RNA complex [24] (Fig. 1B). 
When further addition of RNA no longer affects the chemical shift position of the 
signal, the NMR signal corresponds to the bound state. Fast exchange regimes were 
reported for protein-RNA complexes with dissociation constants higher than 15 20 μM 
(PTB-CUCU [24, 25] or SRp20-CAUC [18]). 
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Figure 1. (A) The complex formation of the Fox-1-RNA complex [15] is in slow exchange on the NMR time 
scale. 15N-HSQC spectra of Fox-1 free (black) or in complex with a UGCAUGU RNA at a 1:1 molar ratio 
(grey). Insert: 1D spectrum of the signal at 11.5 ppm is shown as a function of the protein:RNA molar ratio. 
(B) The PTB–RNA complex [24] formation is in fast exchange. 15N-HSQC spectra of PTB RRM1 free 
(black) or in complex with CUCUCU at protein:RNA molar ratios of 1:0.2, 1:0.4, and 1:3 (decreasing grey 
scale).  

In the intermediate exchange, the NMR signals of the free state undergo line 
broadening upon addition of the partner, often beyond detection, until more than half 
the stoichiometry is reached and then the linewidth of the signal corresponding to the 
bound state sharpens and becomes visible when the stoichiometry of the complex is 
about to be reached, as was observed for the Staufen-RNA complex [30]. Intermediate 
exchange regimes were reported for protein-RNA complexes with dissociation 
constants ranging from 400 nM (hnRNP F-AGGGAU) [31] to 2 μM (CUG-BP1 
RRM3-CUGCUG) [32]. However, in some cases, signals of the bound state do not 
sharpen and are therefore invisible even in excess of the partner component [32, 33]. In 
this case, an optimization of the conditions should be performed in order to make the 
resonance of the complex visible [31]. 

Since the exchange regime depends on the difference between the resonance 
frequencies of the free and the bound state, it is common to observe different exchange 
regimes for different signals during a titration experiment. Since the difference of 
resonance frequency is dependent on the magnetic field, it is also possible to modify 
the exchange regime of certain signals by recording NMR experiments at different 
magnetic fields. 

In addition, other phenomena can sometimes add to the complexity of the 
structural analysis. For example, if the protein binds the RNA in multiple registers, 
especially in the case of proteins binding ssRNAs, additional exchange phenomena can 
arise. This occurred in the presence of repetitive RNA sequences such as CUCUCU 
that is bound by the protein PTB [25] as described in section 1.1.3. 
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2. NMR Spectroscopy and Structure Determination of Protein-RNA Complexes 

2.1. NMR Methodology and Resonance Assignment 

2.1.1. NMR Titration Experiments are Crucial Initial Steps in Evaluating the Quality of 
Spectra of Protein-RNA Complexes 

Following complex formation by NMR represents a crucial step towards the 
determination of a protein-RNA complex structure by NMR spectroscopy and gives 
insights into the stoichiometry of the complex, the exchange regime, the quality of the 
NMR spectra, the binding interface and an estimation of the binding constants. The 
most challenging step is to identify both an optimal RNA target and conditions that 
result in good quality spectra. 

In the case of the fast exchange regime, a plot of the chemical shift perturbations 
as a function of the protein:RNA ratio gives a good indication of the stoichiometry of 
the complex. For example, in cases where the protein forms a dimer, it was possible to 
determine if a protein dimer binds one or two RNA molecules [23, 34, 35].  

Titration experiments are also used for the optimization of the RNA sequence and 
the buffer and temperature conditions. For example, initial NMR studies of the 
complex between the protein hnRNP F and a single-stranded RNA indicated a complex 
formation in intermediate exchange on the NMR time scale [33] leading to the loss of 
many amide signals even in excess of RNA. Using 15N-HSQC spectra, different buffer 
and temperature conditions were tested and optimal conditions could be determined 
where all amide signals corresponding to the bound form of the protein where present 
in the spectra [31]. In a second example, out of 13 tested RNA sequences binding the 
protein SRp20, only one resulted in sharp NMR signals for both the protein and the 
RNA and was subsequently used for the structure determination of the complex [18]. 

2.1.2. Further Experiments to Evaluate the Quality of Spectra 

After initial NMR titration experiments and the first optimization of conditions, 
resonance assignments of the bound protein and RNA are the next steps toward solving 
the structure. However, before proceeding it has to be judged whether a structure 
determination can be made under the current conditions. Two main criteria have to be 
fulfilled: first, all or at least nearly all resonances visible in the free state should be 
visible in the bound state and second, a sufficient number of intermolecular NOEs 
should be observed in order to solve the complex structure. 

All expected amino signals of the protein should be visible in a 15N-HSQC and 
accordingly all H6-H5 correlations of cytosines and uracils of the RNA in a 2D 1H-1H 
TOCSY (Fig. 2A). Appearance of imino signals in 1D 1H spectra upon complex 
formation is an indication of intermolecular hydrogen bonds like G11 H1 bound to 
RsmE (Fig. 2B).  

Intermolecular NOEs between imino protons and aliphatic protons of the protein 
can be detected in a 2D NOESY spectrum recorded in H2O and typically at low 
temperatures (5 15 C). Any NOE from an imino to the aliphatic region <2.5 ppm is 
most probably an intermolecular NOE (Fig. 3A). Additionally, 2D NOESY spectra 
measured in D2O can be used to estimate the dispersion of RNA signals and the amount 
of intermolecular NOEs. Signals in the region between 5 and 6 ppm typically originate 
from the RNA, in particular H1′ and H5 nuclei whereas protein Hα signals are rarely 
found in this region and amide signals are mostly absent in D2O. Cross-peaks between 
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resonances at 5 6 ppm and aliphatic protein signals, e.g. upfield of 2 ppm are likely 
intermolecular NOEs (Fig. 3B). The quality and amount of intermolecular NOEs can 
be judged by those spectra. Note that for those experiments no isotope labeling is 
required. Eventually, conditions need to be further optimized or constructs changed if 
necessary.  

 

 
Figure 2. Comparison of 2D 1H-1H TOCSY (A) and 1D NMR spectra (B) of the 20nt Shine-Dalgarno 
sequence of the hcnA mRNA in the free state (black) and complexed with the protein RsmE (grey) measured 
at 310 K [23]. The new imino signal formed upon complex formation is boxed. 

 
Figure 3. 2D NOESY spectra of RsmE in complex with the Shine-Dalgarno sequence of the hcnA mRNA 
[23]. (A) Imino region of a 2D NOESY in H2O. The intermolecular NOEs are labeled in black. (B) H1'/H5 
region of a 2D NOESY in D2O. RNA resonances are indicated with black labels on the top. Three downfield 
Hα chemical shifts of the protein are labeled in grey. All cross peaks in this region represent intermolecular 
NOEs except for the ones involving the three protein Hα resonances of Thr5, Ser11 and His43. 
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2.1.3. Temperature, Ionic Strength and Solvent 

To obtain the best signal to noise and line shape in NMR experiments, factors like 
temperature and salt concentration have to be optimized in the range that the sample 
stability allows. With the widely used cryogenic probes, the signal-to-noise ratio 
decreases significantly in the presence of salt. The ionic strength should therefore be as 
low as possible, such as buffers without any NaCl or KCl are used, e.g., solely 50 mM 
Na-phosphate [18]. One promising buffer is arginine/glutamate not only because it can 
increase protein stability and solubility [18, 36] but it also results in better S/N ratios on 
cryogenic probes due to the lower ionic strength compared to other buffers [37]. 
However, the disadvantage is that this buffer causes baseline distortions due to its 
strong NMR signals; however, these signals can be eliminated using deuterated 
arginine and glutamate. 

After testing the temperature range in which the sample remains in solution, the 
spectral quality can be tested within this temperature range. Tightly bound RNA can 
change the stability of a protein significantly and often the complex becomes very 
stable even at elevated temperatures. For example the complex between RRM3/RRM4 
of PTB and CUCUCU RNA could be studied at 40 °C [24] whereas the free form 
precipitated at 40 °C and was therefore measured at 30 °C [38]. For larger complexes, 
elevated temperatures such as 40 or 50 °C have the advantage of significantly 
decreasing the line widths due to faster molecular tumbling rates.  

2.1.4. Typical Samples for NMR Measurements of Protein-RNA Complexes 

Isotope labeling is absolutely required for resonance and NOESY assignment of 
protein-RNA complexes. Uniform 15N- and 15N/13C labeled proteins are usually used in 
complexes with unlabeled RNA to assign the backbone and side-chain resonances of 
the protein in complex and to obtain distance restraints within the protein. These 
samples can also be used to obtain intermolecular distance restraints to the RNA and 
restraints within the bound RNA using filtered NOESY experiments (section 2.2). If 
possible, in vitro transcribed 15N/13C labeled RNAs are used for complexes with either 
unlabeled or 15N labeled proteins. Although uniform 15N/13C labeling of RNA is most 
often used, nucleotide-type specific labeling schemes can provide certain advantages.  

The structure determination of several recently determined protein-RNA 
complexes using in vitro-transcribed RNA were made with four samples: one 
containing 15N-labeled protein and unlabeled RNA, one containing 15N/13C-labeled 
protein and unlabeled RNA and two samples with nucleotide specific 15N/13C-labeled 
RNA in complex with 15N-labeled protein. Two samples of combined nucleotide 
specific 15N/13C labeling proved to be most useful, e.g. one sample containing labeled 
A+C and another sample labeled G+U [23, 39] or alternatively one sample labeled 
A+U and another sample labeled G+C [22, 40]. Sometimes four complex samples of 
single nucleotide specific 15N/13C-labeled RNA [41, 42] or a combination of single and 
double-nucleotide specific 15N/13C-labeled RNA were necessary to resolve 
degeneracies [21, 43]. 

Since short ssRNA cannot be produced by in vitro transcription, chemical 
synthesis is an alternative to introduce 13C labeling at specific nucleotide positions that 
greatly improves the structure determination of a protein-RNA complex [44]. Isotope 
labeling can be very useful in this context, especially if long stretches of the same 
nucleotide types are present [24, 25, 31]. Residue specific or alternating labeling 
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obtained by chemical synthesis also proved to be very beneficial for complexes with an 
RNA stem-loop [39, 40]. However, such RNAs are not commercially available. 

2.1.5. Resonance Assignment of Proteins in Complex with RNA 

Resonance assignment of proteins in complex with RNA is in principal identical to the 
procedures used for isolated proteins. Standard triple resonance experiments [45,46] are 
applied on samples containing uniformly 15N/13C labeled proteins. The unlabeled RNA 
component is invisible in those experiments. 

Experiments that are not widely used in protein NMR are briefly discussed. Since 
positively charged arginine and lysine residues often play a crucial role in protein-RNA 
recognition, their side-chain assignment is necessary for obtaining useful intra- but 
more importantly inter-molecular distance restraints. Therefore, experiments optimized 
for the Arg 15Nε and 15Nη with adjusted offsets, delay lengths and sometimes flip-back 
pulses and 15N selective pulses have been used for some complexes [47, 48]. For 
example a 2D Arg-15Nεη-edited HSQC-NOESY [47], a 2D Arg-(H)C(C)TOCSY-
NεHε and Arg-H(CC)TOCSY-NεHε for correlating arginine Hε to side chain carbons 
and protons [49] and Arg-Hη(NηCζ Nε)Hε correlating arginine Hη and Hε [48] have 
been successfully used to assign arginine and lysine side-chains in protein-RNA 
complexes. 

With increasing molecular size, fast relaxation resulting in line broadening 
becomes a major obstacle [50]. In addition, the complexity of the spectra increases with 
increasing number of resonances. Deuteration together with TROSY experiments have 
to be used for larger complexes as discussed in Chapters 4 and 12. Higher temperature 
also decreases line broadening, e.g. three protein-RNA complexes with a size of ~28 
kDa were studied at higher temperatures such as 40, 45 and 50 °C which was sufficient 
for complete resonance assignment and structure determination without the need of 
deuteration or TROSY triple resonance experiments [21, 23, 24]. For the protein 
backbone assignment of the 28 kDa protein-RNA complex consisting of an RNA stem-
loop and three Zinc-fingers [41], deuteration combined with TROSY versions of 
HNCA, HN(CA)CO and HNCO experiments [51, 52] were used in combination with a 
3D 15N-NOESY-HSQC.  

2.1.6. Resonance Assignment of RNA in Small to Medium Size Complexes 

The assignment of an RNA bound to a protein follows similar strategies as for 
assigning a free RNA. We refer readers to Chapters 11 and 12. The main difficulty 
during the assignment procedure of RNA is the small chemical shift dispersion found 
in the RNA sugars resonances (Fig. 4A). Fortunately, the part of highest interest, 
namely the RNA at the binding interface, often experiences large chemical shift 
changes, leading to a larger dispersion of the RNA resonances (Fig. 4B) that helps for 
the assignment process. Furthermore, RNA nucleotides distant to the binding site 
typically retain the same conformation as in the free form and therefore do not 
experience chemical shift changes upon binding. For those nucleotides the resonance 
assignment of the free RNA can then be transferred to the bound RNA. 
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Figure 4. 13C-HSQC spectra of a 13C/15N A+C labeled hcnA mRNA (20nt) [23] in its free state (A) and 
bound to the protein RsmE (B). The resonances of C9 experience a large upfield chemical shift because they 
are located above the following guanine base G10. 

Nucleotide specific 13C/15N labeling simplifies NOESY spectra, but also reduces 
overlap in crowded regions of the 13C-HSQC such as C6/H6 and C1’/H1’ correlations, 
e.g. C6-H6 signals of cytosines and uracils are separated when two samples with A+C 
and G+U specific labeling are used [23, 39, 40]. Labeling with one single nucleotide 
type at a time has also been used for the assignment of a 28 kDa protein-RNA complex 
[41]. The drawback is that four different samples need to be prepared and 3D and 4D 
spectra need to be recorded for all those samples. 

For larger complexes, methods to overcome line broadening and an increased 
number of resonances have been also developed for RNA such as specific 2H labeling 
schemes and segmental isotope labeling as discussed in Chapters 2, 11 and 12. The 
usefulness of such labeling schemes has been demonstrated for two protein-RNA 
complexes with molecular weights of 31 and 39 kDa [53, 54]. 

2.2. Defining the Protein-RNA Interface 

In order to define the intermolecular protein-RNA recognition interface, a sufficient 
number of intermolecular NOEs are required. These include sugar-aliphatic, aromatic-
aliphatic, aromatic-aromatic and NH-aliphatic/aromatic NOEs. In principle highly-
resolved 2D NOESY spectra measured in D2O and H2O contain all these NOEs but 
often peaks cannot be assigned unambiguously due to severe overlap. Therefore, 
specific NMR experiments have been developed that use editing and filtering elements. 
To unambiguously identify intermolecular NOEs, samples with opposite labeling of the 
two components are used (either the RNA unlabeled and the protein 15N/13C or vice 
versa) together with 2D and 3D NOESY spectra that select, for example, protons 
attached to 13C in one dimension and to 12C in another dimension. Selecting protons 
covalently attached to NMR active nuclei (e.g. 1H[13C] or 1H[15N]) is called editing, 
whereas suppressing such resonances and thus indirectly selecting 1H[12C/14N] 
represents filtering [55, 56].  

M. Schubert et al. / How to Study the Structure and Dynamics of Protein-RNA Complexes 259



2.2.1. 2D and 3D Filtered/Edited NOESY Experiments 

A variety of 2D and 3D experiments based on filtering and editing elements have been 
used for the structure determination of protein-RNA complexes. Filtered and edited 
NOESY spectra are generally recorded in D2O in order to improve sensitivity due to 
the decrease in noise and the ability to use a higher receiver gain. In addition, signals 
around 4.7 ppm such as RNA sugar protons are not obscured by the water signal or 
artifacts from water suppression techniques. A 2D 13C 1F-filtered 2F-filtered NOESY 
is generally used to derive NOEs within the unlabeled smaller molecule (peptide or 
RNA) in the presence of the 13C labeled larger molecule. Depending on line 
broadening, sensitivity and requirements on the filtering efficiency, either only one 
purge element in F1 and one in F2 is applied using tuned adiabatic pulses [57] or 
double purge elements according to Peterson et al. [58] are used.  

To detect intermolecular NOEs, a variety of 2D and 3D filtered-edited NOESY 
experiments have been developed. The 3D 13C F1-filtered F3-edited NOESY-HSQC 
[59] detects the 1H[13C] resonance in the direct dimension. This way unambiguous 
identification of the 1H[13C] resonances is achieved by the high resolution of F3 
together with the 13C chemical shift in F2. However, for the identification of the 
1H[12C] resonance in F1 only low resolution is available. The 3D 13C F1-edited F3-
filtered HMQC-NOESY [60] detects the 1H[12C] resonances in the well-resolved direct 
dimension (Fig. 5A). This way, even intermolecular NOEs between three nucleotides 
and a methyl group could be extracted as shown with the spectrum of the RsmE-hcna 
protein-RNA complex [23]. The importance of those restraints is illustrated in the 3D 
complex structure (Fig. 6A). The identity of the 1H of the labeled part can usually be 
determined via the 1H-13C correlations in F1 and F2 even if these dimensions have 
lower resolution (Fig. 5B). The observed intermolecular NOEs between an H1′ and 
four protein side chains are illustrated by the distances in the 3D structure (Fig. 6B). 

 
Figure 5. 3D 13C F1-edited F3-filtered HMQC-NOESY [60] measured with a sample of 13C/15N-labeled 
RsmE in complex with an unlabeled 20 nt hcnA mRNA [23]. (A) The F1-F3 plane of the 3D spectrum at the 
13C chemical shift of the CD1 of Ile3 showing intermolecular NOEs between QD1 of Ile3 and RNA 
resonances in the direct dimension. (B) The F1-F2 plane of the 3D spectrum at the 1H chemical shift of U13 
H1′ showing intermolecular NOEs. 
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The 2D 13C F1-filtered F2-edited NOESY [58] based on double tuned purge 
elements is used largely for assignment and NOE extraction of nucleotide specific 
labeled RNA. Note that the filter and editing elements are rather long (for 13C: tuned 
purge 2.5 4.0 ms, double tuned purge 6 8.0 ms; for 15N: tuned purge ~5.4 ms) and can 
therefore lead to signal loss due to relaxation effects. Some intermolecular NOEs are 
only visible in the very sensitive 2D NOESY in D2O but not in the 2D or 3D filtered 
and edited NOESY.  

15N editing and filtering can be used in H2O combined with or without 13C editing 
and filtering, which can be useful to detect intermolecular NOEs or intra-RNA NOEs 
between 1H[15N] and 1H[12C/14N]. 2D 13C/15N 1F-filtered 2F-filtered NOESY measured 
in H2O is used to assign HN resonances of unlabeled peptides in the presence of 
13C/15N labeled RNA. For example a 3D 13C/15N -filtered 15N-edited NOESY-HSQC 
was used to solve the P22 N peptide-box B complex in order to obtain 15 amide-RNA 
NOEs out of 81 intermolecular NOEs involving arginine NεHε and NηH2 [61]. 

2.2.2. Hydrogen Bond Restraints 

Amide protons that are protected from H to D exchange are typically involved in 
hydrogen bonds. Similarly, the presence of imino signals indicates a hydrogen bond 
(H-bond). However, the H-bond acceptor cannot be derived from such exchange data. 
Intermolecular H-bonds typically lead to the largest NH and C′ chemical shift 
deviations between the free and bound protein state. This is illustrated using the RsmE-
hcnA mRNA complex in Fig. 7. The two largest NH chemical shift deviations (I3 and 
T5 amides) are forming intermolecular H-bonds to two adenines (A8 and A12, 
respectively). Typically the amide 1H chemical shifts are downfield shifted upon the 
formation of H-bonds, most pronounced for H-bonds to RNA bases. When chemical 
shift deviations of NH and C’ are observed, these can then be used as support for an 
intermolecular H-bond. Note that the H-bond partner is not identified this way. 
Typically, potential H-bonding partners are derived from initial structure calculations 
without any H-bond constraints. An iterative, step-wise introduction of such H-bonds 
into the refinement of the structure is typically used and results in better convergence of 
the calculations. 

Recently a variety of experiments that directly identify unambiguously H-bond 
partners have been developed [62] that are based on small scalar couplings across H-
bonds which are in the range of 5 11 Hz (h2JNN) for N H N bonds and only -0.1 to 

0.9 Hz for N H O=C bonds. However, intermolecular H-bond restraints derived 
from such experiments have not been used so far for structure calculation of protein-
RNA complexes but it would be very valuable to have direct experimental evidence for 
such H-bonds. The first direct NMR detection of intermolecular H-bonds between an 
RNA and a protein has been observed between an arginine side chain NηHη and a 
guanine N7 atom [63] of the HTLV-1 Rex peptide and a 33-mer RNA aptamer [48] 
after the structure had been already published. 
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Figure 6. Illustration of the observed intermolecular NOEs measured with RsmE in complex with a 20 nt 
hcnA mRNA [23] as displayed in Figure 5. (A) 3D structure of the RsmE/hcnA complex illustrating the 
observed NOEs to QD1 of Ile3. (B) 3D structure of the RsmE/hcnA complex illustrating the observed NOEs 
to U13 H1′. Figures were generated with molmol [64] 
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Figure 7. Illustration of chemical shift deviations caused by intermolecular H-bonds in the complex of the 
RsmE protein bound to the hcnA mRNA [23] and overall structures of the RsmE-hcnA and the PTB RRM34 
complexes. (A) Overlay of 15N-HSQC of the free RsmE protein (black) and in complex with the RNA (red). 
(B) Combined chemical shift perturbation of amide 1H and 15N upon complex formation. The chemical shift 
deviations were combined using (Δδ = [ΔδHN

2 + (ΔδN/Rscale)2]1/2, Rscale = γH/γN = 9.85). An asterisk denotes 
residues not assigned in free RsmE due to the absence or very low intensity of signals. A “P” denotes 
prolines. (C) Three dimensional structure of the intermolecular H-bonds between Ile3, Thr5 and the RNA 
bases A8 and A12. (D) Structure of the RsmE protein bound to the hcnA mRNA. The protein dimer is 
colored blue and green. The nucleotides of the Shine-Dalgarno sequence are colored red. (E) Structure of 
PTB RRM34 in complex with two pyrimidine tracts. RRM3 and RRM4 are colored green and blue, 
respectively. The interdomain linker is colored red. The RNA molecules are colored yellow. 3D figures were 
generated with molmol [64]. 

2.3. Long Range Restraints – Global Orientation 

For most protein-RNA complexes, the structure determination has been based primarily 
on intermolecular NOEs to derive intermolecular distance restraints. However, several 
protein-RNA complexes have poor specificities and affinities (in the higher micro-
molar range). Dynamic interfaces and chemical exchange can hamper the detection of 
enough intermolecular NOEs to properly define the orientation of both macromolecules 
relative to each other. Furthermore, elongated structures like nucleic acid stems in 
protein-RNA complexes have poor global precision and accuracy due to the short-
range nature of the NOE restraint (< 6 Å). With increasing molecular size, spectral 
crowding and increased relaxation can prevent collection of enough NOE restraints to 
determine the structure. The introduction of long-range orientational restraints such as 
residual dipolar couplings (RDCs) or long-range translational restraints like 
paramagnetic relaxation enhancement (PRE) has enabled the study of large protein-
RNA complexes by NMR spectroscopy. 

When a macromolecule is partially aligned in the magnetic field either by its own 
magnetic susceptibility or by the use of an external orienting medium, the dipolar 
coupling between two nuclei is not averaged to zero [65, 66]. This residual dipolar 
coupling is correlated to the orientation of the inter-nuclear bond vector with respect to 
the magnetic field or the global alignment tensor of the macromolecule. Therefore, 
RDCs contain long-range orientational information that is not present in conventional 
NOE restraints. Several papers and reviews have discussed how to measure RDCs and 
compared the different approaches to determine the alignment tensor and how to 
include the measured RDCs into the structure calculation and refinement [66, 67]. 
RDCs measured in protein-RNA complexes are very powerful in defining the global 
orientation of several protein or RNA domains in a macromolecular complex and in 
docking the RNA onto the protein, especially if only few intermolecular NOEs are 
observed. As an example, by measuring RDCs for both the protein and the RNA in a 
phospholipid solution, the orientation of a double-stranded RNA with respect to 
dsRBD3 of the protein Staufen could be established and a structural ensemble 
generated despite the fact that only ten intermolecular NOEs could be observed [30]. 
Additionally, orientational information obtained from RDCs can not only refine the 
global structure of an elongated part like a RNA helical stem, but also contribute to 
increasing the quality of the local structure [40]. 

RDCs yielding long-range orientational information do not contain any 
translational information. Although two domains or two macromolecules in a complex 
can be oriented with respect to each other, their inter-domain or inter-molecular 
translational displacements cannot be obtained with RDCs. Paramagnetic relaxation 
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enhancement (PRE) yields long-range distance information and can be very useful in 
complementing the long-range orientational information obtained from RDCs [68,69]. 
The paramagnetic relaxation enhancement of a nucleus by a biochemically introduced 
paramagnetic center can be directly correlated to a distance between the nucleus and 
the paramagnetic center. Paramagnetic probes can be introduced either on the protein 
or on the RNA molecules to measure long-range distances in protein-RNA complexes 
[70]. For example, the structure of the 38 kDa trimolecular complex between two U1A 
proteins and the PIE RNA, was solved by introducing single cysteine mutations and 
attaching a nitroxide spin-label at three different positions on an unlabeled U1A protein 
[71]. By mixing with another equivalent of 15N labeled U1A protein and unlabeled PIE 
RNA, Varani and coworkers could measure 30 unambiguous intermolecular long-range 
distance constraints. 

Although not applied yet for protein-RNA complexes, the simultaneous use of 
both RDC and PRE restraints or in combination with other non-NMR-based methods 
such as small angle X-ray scattering (SAXS) has been shown to be very powerful and 
should gain importance in studying systems of increasing molecular weight [69, 72]. 
SAXS yields information on the overall shape and dimensionality of a complex and can 
be used optimally in combination with orientational restraints such as residual dipolar 
couplings or residual chemical shift anisotropy (rCSA) [72]. 

Utilization of different short and long-range NMR restraints yielding 
complementary orientational (i.e. RDC or rCSA) or translational (i.e. PRE) information 
in combination with other techniques such as small angle X-ray scattering, will allow 
the study of protein-RNA complexes by NMR to enter into new dimensions of space 
(high molecular weight complexes) and time (transient interactions, dynamics). 

2.4. Structure Determination 

2.4.1. Experimental Restraints Used in Structure Calculations 

NMR spectroscopy provides numerous sources of structural information that can be 
used for the structure calculation of a macromolecule or a macromolecular complex. 
These are distance restraints, H-bond and dihedral angle restraints, long-range 
orientational restraints (RDCs and rCSA) and long range distance restraints (PRE) as 
described in sections 2.1–2.3.  

Distance restraints have been the major source of experimental restraints that are 
used to solve the NMR structures of protein-RNA complexes. A general approach for 
deriving NOE-derived distance restraints is to classify peak volumes into categories, 
such as weak, medium, strong and then define an upper distance limit for each class of 
NOEs based on known proton-proton distances. Intramolecular H-bonds have been 
widely used for structure determination of protein-dsRNA complexes for both the 
protein and the RNA. Intermolecular hydrogen bonds are typically implemented in the 
later stages of the structure refinement leading to a better convergence of the ensemble 
[23]. How H-bond restraints are derived was discussed in section 2.2.2. The most 
commonly used dihedral angle restraints are for the protein and the RNA backbone. 
Dihedral angle restraints can be directly derived from the measurement of J-couplings, 
or indirectly by the analysis of COSY or TOCSY spectra for RNA (see Chapters 11 
and 12) or derived from chemical shifts [73]. The use long-range restraints such as 
RDC and PRE data have been already described in section 2.3. 
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2.4.2. Structure Determination Protocols 

Most protein-RNA structure calculations have been performed using simulated 
annealing (SA) protocols within the software programs of Xplor [74], CNS [75], 
Xplor-NIH [76, 77], DYANA [78] or CYANA [79]. 

Two different procedures for calculating the structures of protein-RNA complexes 
have been described. In one case, NMR restraints are directly used to fold the complex 
starting from an extended conformation of the complex using a simulated annealing 
protocol that includes either a potential term (X-PLOR) or a target function (DYANA). 
Potential terms or target functions are generally very simple and mainly consist of a 
term that reflects how well a structural model is consistent with experimental NMR 
data and a term that prevents close contacts between atoms. In the other case, the 
structure of the complex is calculated by starting directly with both components in an 
extended conformation and separated by a flexible artificial linker, while in the other 
case, structure calculation is performed on each component separately and then both 
structures are docked using intermolecular restraints. 

2.4.3. Structure Refinement 

Structure refinement of protein-RNA complexes, and more generally protein-nucleic 
acid complexes is less straightforward than structure refinement of each component 
alone. Nucleic acids are highly charged molecules and RNA structures are generally 
not globular, in contrast to most small proteins, or protein domains. Two force fields 
are most commonly used for protein-RNA complexes, AMBER [80, 81] and 
CHARMM [82, 83]. These force fields are highly optimized for both proteins and 
nucleic acids and are therefore highly suitable for the refinement of protein-RNA 
structures solved by NMR. Generally, the refinement of a protein-RNA complex is 
performed by a simulated annealing protocol that can be preceded and/or followed by 
an energy minimization step.  

Since protein-RNA interactions are often driven by electrostatic interactions, the 
electrostatic non-bonded energy term of the structures has to be optimized which is 
achieved by the use of solvation models during the refinement of NMR structures [84, 
85]. Two main approaches to introduce solvent in the refinement procedure have been 
used: explicit solvent representation, where the structure of the complex is refined in a 
box of water molecules [86], or implicitly using a continuum solvent model based on 
the Generalized-Born model [87]. The most accurate but also most computational 
expensive approach is the use of explicit solvent. The implicit solvent model is mostly 
used for protein-RNA complexes.  

2.4.4. An Example of a Structure Calculation and Validation Protocol 

Fig. 8 shows a flowchart describing the procedure for structure calculation, refinement, 
and validation used in our laboratory to solve the structures of 11 protein-RNA 
complexes [15, 18, 23, 24, 31, 39, 40]. Intra-protein distance restraints were generated 
with the software ATNOS/CANDID [79, 88] using NOESY spectra and a list of 
protein chemical shifts. In addition, a list of intra-protein H-bond restraints was often 
used. Intra-RNA and intermolecular distance restraints were generated by manual 
NOEs assignment. These intra-protein, intra-RNA and intermolecular distance 
restraints were then combined and used together with H-bond and torsion angle 
restraints to generate preliminary structures of the complex using the program CYANA 
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[88]. Typically, between 200 and 500 structures were calculated and the 20 to 50 
structures with lowest target functions were analyzed in terms of convergence and NOE 
violations. This analysis was used to refine the distance restraints, including the 
unambiguous assignment of additional NOEs that were previously ambiguous and 
therefore not included, and the modification of upper bound limits, especially in the 
cases of overlapping NOE cross-peaks whose intensities correspond to the 
contributions of more than one proton-proton distance. New structure calculations were 
then performed using these new sets of distance restraints until a final ensemble of 
solutions was satisfactory in terms of structure precision and NOE violations. This final 
ensemble of structures was then subjected to a structural refinement procedure. 
 

 

Figure 8. Example of the structure calculation protocol used to determine structures of protein-RNA 
complexes in our laboratory. 

Structure refinement was performed using the AMBER software [89]. Inputs for 
structure refinements consisted of the 20 to 50 structures derived from CYANA, the 
distance, hydrogen-bond, and torsion angle restraints and, when available, the RDC 
restraints. Structure refinement was performed using the AMBER ff99 or ff94 force 
fields [80, 81] in combination with a generalized Born (GB) solvation model [87]. The 
refinement procedure consisted of a simulated annealing protocol that was optimized 
for nucleic acids [90] after a short energy minimization of the starting structure. 
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Following the refinement procedure, structures were analyzed in terms of energy, NOE 
violations, and structure precision. As for structure calculations, analysis of the refined 
structures, especially the NOE violations, could be used to refine the distance restraints 
and restart another cycle of structure calculations and refinement. 

2.5. Validation of Protein-RNA Complexes 

Validation of protein-RNA NMR structures includes three main aspects: the validation 
of the structural ensemble against experimental restraints, the validation of the 
structural ensemble based on geometrical and structural characteristics, and the 
confirmation of the intermolecular contacts based on biochemical or biophysical 
experiments.  

2.5.1. Validation of Structures Against Experimental Restraints 

In structure determination of protein-RNA complexes, three types of NMR-derived 
restraints have mainly been used, namely distance, torsion angle and orientational 
restraints. The most common approach to validate distance and dihedral angle restraints 
consists of generating a list of violations and analyzing the number and magnitude of 
these violations. Most NMR structure calculations and refinement programs (XPLOR, 
CYANA, AMBER) include validation routines that create a list of distance and 
dihedral angle violations for a detailed analysis. Validation of orientational restraints is 
generally achieved by determining an RMSD between the experimental and the back-
calculated RDCs. 

An additional, independent way of validating structures of protein-RNA 
complexes resides in the agreement between the experimental chemical shifts and those 
back-calculated from the ensemble of structures. Chemical shifts are highly sensitive to 
the local electronic environment of nuclei, and are among the most accurate quantities 
that can be measured by NMR spectroscopy. For proteins, programs have been 
developed that predict nitrogen, carbon and proton chemical shifts from coordinate files 
[91, 92]. However, no programs for RNA chemical shift prediction have been 
developed so far. Nevertheless, it was shown that proton chemical shifts of RNAs 
could be predicted with a good accuracy and precision from a coordinate file [93]. 
Therefore, it should be possible to use chemical shift predictions as a tool for the 
validation of protein-RNA structures. Manual inspection of unusual chemical shifts in 
protein-RNA complexes sometimes explain structural features (Fig. 4 and 7). 

2.5.2. Validation of Structures Based on Geometrical and Structural Characteristics 

Geometrical and structural properties are important criteria in the validation of 
structures. The quality of NMR structures in terms of geometrical and structural 
properties is generally driven by the force field used during the structure calculation 
and refinement procedures. Many structure validation software packages that analyze a 
structural ensemble and report on the quality of the geometrical and structural 
properties are available. The most widely used packages are PROCHECK_NMR [118] 
and WHAT IF [119] for proteins as well as the module NUCHECK that is part of the 
Nucleic-acids Database [120] and MOLPROBITY for nucleic acids [121]. In addition, 
a validation tool is available on the Protein Data Bank website (http://deposit.rcsb.org/) 
that checks the quality of a coordinate file using all the software mentioned above and 
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presents a summary of structure quality as well as the reports from PROCHECK, 
NUCHECK, and MOLPROBITY. 

2.5.3. Confirmation and Quantification of Intermolecular Contacts 

The goal of solving macromolecular complexes is to understand the molecular basis 
that governs the specificity of the complex formation. In protein-RNA complexes, this 
specificity is largely governed by H-bonds between the protein and the nucleic acid 
bases. Additionally, protein-RNA interactions are often stabilized by electrostatic 
interactions and by stacking interactions involving aromatic amino acids and RNA 
bases. 

In order to confirm and quantify the intermolecular contacts observed in the 
structure, site-directed mutagenesis combined with binding assays are often performed 
by mutating specific amino acids or nucleotides that are involved in intermolecular 
contacts. An interesting example that illustrates the power of combining site-directed 
mutagenesis with NMR and Surface Plasmon Resonance binding assays involved the 
complex between the Fox-1 protein and its RNA target [15]. In the NMR structure, six 
nucleotides are specifically recognized by the protein through an extensive network of 
intermolecular and intra-RNA hydrogen-bonds. The contribution of each 
intermolecular and intra-RNA H-bonds was evaluated using mutant RNAs. This 
analysis showed that the loss of free binding energy in mutant RNAs is directly 
correlated to the number of H-bonds that are lost in the complex based on the NMR 
structure.  

2.5.4. Structure-Function Relationship of Protein-RNA Complexes 

Finally, because the fundamental aim of solving structures of protein-RNA complexes 
is to provide the molecular basis with which to understand their biological functions, 
mutations that affect the complex formation can be tested using functional assays. The 
structure of the third double-stranded RNA binding domain of the protein Staufen in 
complex with RNA has been used to design a quintuple mutant that disrupts RNA 
binding [30]. This mutant was then tested by in vivo mRNA localization assays in 
order to demonstrate that the RNA binding properties of the protein Staufen are crucial 
for the proper localization of specific mRNAs. Based on the structure of the viral 
protein NC in complex with its RNA target, RNA mutants that disrupt the binding of 
the protein were designed and tested by in vivo reverse transcriptase assays to assess 
the effect of the NC-RNA interaction on the virus infectivity [54]. Finally, based on the 
structure of the protein RsmE in complex with its target RNA, specific mutants that 
disrupt the interaction were designed and in vivo translation assays of these mutants 
showed that the RNA binding properties of RsmE were crucial for its function in 
translation repression [23]. 

3. Dynamics of Protein-RNA Complexes 

Detailed investigations of molecular motions in protein-RNA recognition has been 
motivated by the question of how dynamics and conformational changes within the 
interacting partners influence the binding process and specificity in those interactions. 
Despite the impressive number of structural studies on protein-RNA complexes, 
relatively few studies have been dedicated to a quantitative analysis of molecular 
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motions of protein and RNA in these systems. Relaxation rate measurements by NMR 
provide residue specific information on dynamics in both protein and RNA over a 
range of different time-scales [94-96]. As discussed in chapter 20, fast motions on the 
pico-second (ps) to nano-second (ns) timescales are typically characterized by the 
measurement of longitudinal (R1), transverse (R2) or rotating frame (R1ρ) and nuclear 
Overhauser effect (NOE) relaxation rates for 15N and 13C nuclei. Relaxation data are 
mapped to molecular dynamics through the well established model-free formalism [97, 
98]. Slow motions on the micro-second (μs) to milli-second (ms) time-scales can be 
analyzed quantitatively by Carr-Purcell-Meiboom-Gill (R2) and spin-lock (R1ρ) 
relaxation dispersion experiments [99, 100] (see Chapter 10). Along with relaxation 
rates, measurements of RDCs, extend the range of accessible motional time-scales to 
the sub-micro/milli second regime thus allowing a wide spectrum of dynamical 
processes to be examined [66, 101]. 

3.1. Changes in Dynamics Upon Protein-RNA Complex Formation 

The relatively few reports of dynamics studies have revealed significant implications 
for molecular mobility in governing the mechanism, specificity and thermodynamical 
aspects of the interaction thereby underscoring the importance of complementing 
structural studies with investigations of molecular dynamics.  

Comparison of molecular motions in the free and RNA bound states of the human 
U1A protein has provided significant insights into the role of dynamics in the 
recognition process [102]. U1A protein binds the 3’UTR-RNA with high specificity 
and the interaction involves an induced-fit mechanism. Analysis of backbone 15N 
relaxation rates in the free U1A indicates that several residues at the RNA binding 
surface undergo slow conformational fluctuations in the μs-ms time-scale. On binding 
RNA, these motions are significantly reduced. In addition, analysis of 2H relaxation in 
side-chain methyl groups indicates loss of μs-ms motions upon interaction with RNA. 
13C relaxation studies of the 3’UTR of the mRNA coding for U1A in the free state 
indicates the presence of fast and slow motions particularly in the loop forming the 
binding surface on the RNA [103]. Interaction with the U1A protein quenches motions 
in the binding loop making it more ordered [104]. Conformational flexibility of protein 
and RNA in the free-state allows various conformations to be sampled in order to 
obtain an optimal conformation at the binding interface in the complex. Reduced 
molecular mobility results from the formation of a tightly packed interface where 
multiple intermolecular interactions ensure high specificity. This high specificity 
accompanied by a loss of flexibility is achieved at a large entropic cost that is 
compensated by an increase in flexibility at other sites located away from the binding 
interface. Another example of binding by an induced fit mechanism is the interaction of 
the two domain protein L11 with 23S-rRNA [105]. The free L11 protein shows 
considerable flexibility in the ps-ns timescales for the residues in the RNA binding 
region that becomes rigid on interaction with RNA.  

The interaction of the 64 kDa subunit of the Cstf-64 protein with RNA occurs with 
a rather diffuse specificity since Cstf-64 does not recognize a specific RNA sequence 
or consensus but binds many GU rich RNA sequences. The dynamics profile 
determined by 15N relaxation studies is also markedly different from those observed in 
U1A and L11 which show highly specific interaction with RNA [106]. In the free state 
the protein is mostly uniformly rigid in the ps-ns and μs-ms time scales. On binding to 
RNA; however, there is an overall increase in fast and slow time-scale motions, 
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particularly at the RNA binding surface and a high degree of mobility is retained at the 
binding interface in the complex. 

The interaction of the VTS1p-SAM domain with SRE-RNA is another example of 
binding occurring without any conformational changes in the protein and RNA. The 
interaction is mostly a shape specific recognition and combines elements of sequence-
specificity and of non sequence-specificity [40]. VTS1p-SAM domain recognizes tetra- 
or penta-loop RNA with a general consensus sequence of the form XNGY(N) for the 
loop, where N is any nucleotide and X and Y form a Watson-Crick base pair. Only the 
central G nucleotide and the shape of the RNA fold induced by the base-pairing are 
specifically recognized. 15N relaxation studies of the backbone dynamics indicate that 
in its free state, the VTS1p-SAM domain is mostly rigid with no significant motions in 
the fast and slow time-scales [107]. On interaction with the CUGGC loop of the SRE-
RNA, the residues of the binding surface which are associated with the specific 
recognition of the central G nucleotide in the RNA loop become more rigid. In 
contrast, the residues of the binding surface which interact in a non-specific manner 
with other nucleotides in the RNA loop show increased flexibility in the bound state. 
13C relaxation studies of dynamics in the free RNA show that the nucleotides which 
form a base-pair within the loop, have fast motion amplitudes very similar to that 
observed in the stem region while the other nucleotides show considerable flexibility in 
the fast and slow time-scales [108]. The central G nucleotide which is specifically 
recognized by the protein does not undergo s ms motions but has fast motion 
amplitude that is intermediate between that of the base-paired nucleotides and the two 
highly flexible loop residues. Binding to the VTS1p-SAM domain reduces the 
flexibility of the nucleotide base of the central G nucleotide which makes maximum 
contacts with the protein through the base moiety. The base-paired nucleotides which 
contact the protein through the sugar-phosphate backbone, show reduced amplitudes of 
fast motion at the anomeric sites and a slight increase in flexibility at the aromatic sites. 
The two loop nucleotides with high flexibility in the free-state have much more 
restricted motions in the bound state since they also make contacts with the protein. 
The dynamics changes in the protein and RNA at the binding interface clearly indicates 
that sequence-specificity of recognition is accompanied by increased rigidity whereas 
the parts interacting in a non sequence-specific manner attain increased flexibility on 
binding. 

3.2. Insights and Future Directions 

The nature of molecular motions, particularly at the binding interface differs depending 
on the mechanism of protein-RNA interaction. The free states of protein and RNA, 
which bind by an induced fit method, are characterized by highly mobile binding 
surfaces which become ordered on complex formation. Increased mobility in the free-
states allows different conformations to be sampled so that an optimal arrangement of 
the binding surfaces can be achieved so as to maximize the interface contacts. In shape 
specific recognition on the other hand, the free-states have relatively limited mobility, 
thus providing a conformationally pre-ordered surface for binding. 

Regions of the binding interface associated with high specificity of interaction 
become more rigid on binding while regions with non-sequence-specificity attain 
increased flexibility. This is perhaps functionally relevant since non-sequence-specific 
interaction requires nucleotides of different sizes and hydrogen bonding strengths to be 
accommodated at the binding surface of the protein. 
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Interestingly, complex formation sometimes results in increased mobility at 
regions located away from the binding interface. This seems to have implications for 
the thermodynamics of the interaction. Highly specific interactions and the 
accompanying rigidity result in a high entropic cost in complex formation.  Flexibility 
gain at regions away from the binding interface helps to offset the entropic cost 
resulting from restricted mobility at the binding site. 

Almost all of the protein dynamics studies have focused on dynamics at the amide 
15N sites along the backbone. More work needs to be undertaken to examine dynamics 
in protein side-chains since much of the intermolecular contacts are established through 
the side-chains. There have been significant advances in the experimental 
characterization of slow motions in proteins and RNA involving a variety of nuclei as 
probes [100, 109-111]. Application of these methods to protein-RNA complexes can 
provide far more insights into the complex conformational dynamics at protein-RNA 
interfaces. In addition, measurements of RDCs in protein-RNA complexes will extend 
the dynamical time scales that can be probed, by including the intermediate regime not 
readily accessed by the techniques that probe fast and slow motions. RDC 
measurements offer the possibility of examining large scale motions such as domain 
orientation changes in multi-domain proteins and RNAs with more complex structures 
involving several helical stems and internal loops [112].  

4. NMR Structures of Protein-RNA Complexes: What Did We Learn From Them 

The protein-RNA structures solved by NMR provide significant structural insights to 
understand important biological processes at the molecular level. Many of these 
structures were fundamental in deciphering the role of these interactions and to guide 
further studies and characterizations of biological functions. Furthermore, many of 
these interactions play an important role in disease related processes and protein-RNA 
structures provided templates for structure-based drug design. In the following are 
summarized some examples where NMR structures of protein-RNA complexes gave 
important insights into biological functions. 

In retroviruses, such as HIV-1, the NC protein plays a critical role in viral 
replication and participates in genome recognition and encapsidation. The NC protein 
specifically binds a portion of the viral RNA, called the -site, which undergoes a 
monomer-dimer transition important for encapsidation. The structures of NC proteins 
in complex with RNAs from different retroviruses [29, 53, 54, 113, 114] could 
demonstrate that the NC protein binds specifically single-stranded portions of the RNA 
that are accessible only in the dimeric conformation. A mechanism was therefore 
proposed where genome packaging is regulated by a structural RNA switch, in which 
NC binding sites are sequestered by base-pairing in the monomeric form of the RNA 
and become exposed upon dimerization to promote the encapsidation of the RNA. 

In bacteria, translation repression can occur when the Ribosome binding site 
(RBS) of the mRNA is masked by bound proteins. The structure of RsmE in complex 
(Fig. 7D) with an RNA containing the RBS showed that the RNA adopts a stem-loop 
structure and that the RBS is sequestered by the protein, therefore preventing ribosome 
binding to the mRNA [23]. 

NMR studies of protein-RNA complexes also provided insights into the 
mechanisms that control eukaryotic post-transcriptional gene regulation. For example, 
PTB is a general splicing repressor that contains four RNA binding domains of the 
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RRM (RNA recognition motif) type and recognizes specifically RNA sequences rich in 
pyrimidines. The structures of each RRM of PTB in complex with a CUCUCU RNA 
were solved [24, 25]. The structure of PTB RRM34 in complex with RNA showed that 
two molecules of RNA are bound and are located on opposite sides of the structure 
(Fig. 7E) indicating that PTB RRM34 can bind a single RNA sequence only if two 
pyrimidine tracts are separated by a linker of at least 15 nucleotides. This 
unprecedented structural feature suggested that PTB could repress alternative splicing 
by looping out specific exons. This model was recently confirmed using a combination 
of fluorescence resonance energy transfer (FRET) and NMR [115]. 

Finally, NMR studies of protein-RNA complexes also provided insights into the 
understanding of large molecular assemblies in eukaryotes. For example, NMR studies 
of the protein U1A in complex with its target RNA led to a model for polyadenylation 
repression. U1A is a spliceosomal protein that prevents the formation of the poly(A) 
tail through binding an RNA sequence called the polyadenylation inhibition element 
(PIE). Two molecules of U1A bind cooperatively the PIE element via their N-terminal 
RNA Recognition Motif (RRM). Inhibition of polyadenylation is achieved by a 
repressive interaction between U1A and the poly(A) polymerase (PAP). Residues of 
U1A important for PAP binding are adjacent to the N-terminal RRM domain. Two 
NMR structures of U1A N-terminal RRM in complex with the PIE RNA led to a model 
for U1A-PAP complex formation [3, 71]. The structure of the trimolecular complex 
between the PIE RNA and two molecules of U1A showed that upon RNA binding, 
U1A homodimerizes through an -helix located at the C-terminus of the RRM, 
bringing the PAP interacting regions in close proximity and on the same side of the 
structure [71]. The conformation of the protein dimer in the RNA-protein complex 
structure is optimal to bind PAP and therefore to repress polyadenylation. 

5. Conclusions 

In this review we describe the achievements in the field of NMR structure 
determination of protein-RNA complexes over the last fifteen years. Although, NMR is 
certainly today a mature method to solve the structures of most protein-RNA 
complexes below 20 kDa, every structure determination of such a complex is still a 
challenge in itself. If this field has benefited tremendously from the technological 
development in the field of NMR like high sensitivity, RDCs, fast computing, or 
possibility semi-automated protein structure determination, solving a protein-RNA 
complex by NMR still requires high manual intervention and to master the 
spectroscopy of both the protein and the RNA components. However, it is very clear 
that NMR spectroscopy has now demonstrated to be a very competitive method for 
investigating the structures of protein-RNA complexes. Not only more protein-RNA 
complex structures will be determined in the near future, but NMR will be particularly 
useful to investigate how several RNA binding proteins assemble or compete for 
binding RNA. Since protein-RNA interactions are at the heart of every molecular 
mechanism controlling post-transcriptional gene expression, we have in front of us, as 
biomolecular NMR spectroscopists, an infinite and very attractive field of study for the 
decades to come. 
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