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NMR Spectroscopy: An Excellent Tool
to Understand RNA and Carbohydrate
Recognition by Proteins

Antoine Cléry, Mario Schubert*, and Frédéric H.-T. Allain*

Abstract: Structural biology plays a key role in understanding how networks of protein interactions with their
partners are organized at the atomic level. In this review, we show that NMR is a very efficient method to solve
3D structures of protein—-RNA and protein—-carbohydrate complexes of high quality. We explain the importance of
studying such interactions and describe the main steps that are required to determine structures of these types
of complexes by NMR. Finally, we show that X-ray crystallography and NMR are complementary methods and

briefly report on advantages and disadvantages of each approach.
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1. Introduction

Nuclear magnetic resonance (NMR)
spectroscopy is one of the best methods
to determine three-dimensional structures
of biological molecules at high resolution.
The first protein structures determined by
NMR spectroscopy were reported in the
mid-1980s.[1-31 Several years later, the
first structures of protein—-DNAI*! and pro-
tein—RNAD! complexes were solved using
this method. More recently, structures of
proteins bound to carbohydrates emerged,
showing that NMR is an important tool to
characterize protein interactions with a va-
riety of other biomolecules at the atomic
level. Since then, an increasing number
of structures have been solved (Fig. 1)
revealing crucial information about the
mode of recognition of DNA, RNA and
carbohydrates by proteins. In this review
we describe the key role played by NMR
in understanding protein—-RNA and pro-
tein—carbohydrate interactions and their
involvement in biological processes.

2. Importance of Understanding
Protein—-RNA and Protein-
Carbohydrate Recognition

The interest of scientists for RNA
started to grow with the discovery of non-
protein coding RNAs and the evidence that
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this molecule was not only an intermediate
between DNA and proteins. RNA is a very
sophisticated molecule that plays multiple
crucial roles in gene expression.[®l RNA is
often post-transcriptionally modified (e.g.
2'-O-methylation, pseudouridylation, base
editing) (Internet resource: http://library.
med.utah.edu/RNAmods/), can adopt dif-
ferent secondary and tertiary structures or
form base-pairs with specific RNA targets
(e.g. miRNA, piRNA, siRNA, snoRNA or
snRNA)"I and some even have a catalyt-
ic activity (e.g. ribozyme).l8! In addition,
RNA molecules can interact with proteins
orchestrating their specific recruitment to
the place where they must act in cells.[]
The activity of RNA molecules directly
depends on their structure, their post-tran-
scriptional modifications and their specific
interaction with other molecules like RNA
binding proteins.[19 It is therefore essen-
tial to determine the structures of RNA and
protein—RNA complexes to fully under-
stand the mode of action of RNA in cells.

In contrast to protein—RNA interactions

that play crucial roles inside cells, protein—
carbohydrate recognitions are mainly in-
volved in recognition processes on the cell
surface. Protein—carbohydrate interactions
are central to a variety of biological pro-
cesses, including cell—cell interactions,[!!]
functions in the immune system,[1213! can-
cer progression and metastasis,![!415] and
host—pathogen interactions.[1617] However,
intracellular functions like protein folding
and trafficking are also known.L!8]

Due to the large variety of linking
monosaccharide building blocks an enor-
mous number of structures can be gener-
ated even with a small number of units.
There is growing evidence that this variety
of glycans is used by nature to store infor-
mation whose code is called glycocode or
sugar code.l'"! This code is presented on
the surface of proteins and cells and gives
information about the type and status of a
certain protein or cell. Glycans can decide
about the fate of a protein e.g. during qual-
ity control in the endoplasmic reticulumf!8!
and are crucial for the distinction between
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Fig. 1. Evolution of the number of protein—-complex structures determined by NMR spectroscopy
within the last 15 years. The graph shows the number of protein-DNA (black square), protein—
RNA (black diamond) and protein—carbohydrate (black triangle) complex structures deposited in

the PDB databank within the last 15 years.
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self and non-self that is central for any im-
mune response.29] Carbohydrate-binding
proteins are the key components in reading
the glycocode. Delineating the atomic de-
tails of those recognition processes helps
us to uncover the glycocode.

The ultimate use of the 3D structure of
a complex is to explain the specificity and
affinity of a protein domain for its RNA
or carbohydrate target. High-quality struc-
tures reveal which intermolecular inter-
actions like hydrogen-bonds or methyl-wt
interactions are responsible for the recog-
nition and sometimes only with the help of
a 3D structure one can define a consensus
sequences like recently in our group with
the discovery of the degenerate motif 5'-
(C/G)(C/G)NG-3" (N being any nucleo-
tide) for SRSF2 RRM.[21]

3. Proteins Interacting with RNA
and Carbohydrates have typically a
Modular Architecture

As illustrated in Fig. 2A, RNA bind-
ing proteins (RBPs) typically contain sev-
eral modular domains spaced by flexible
linkers of variable lengths.[?21 Small RNA
binding domains (RBDs) are crucial for
function of these proteins as they dictate
their transient or stable interactions with
specific RNA targets. The most frequent
domains that are found in these proteins
are RNA recognition motifs (RRMs), zinc
fingers, KH domains and double-stranded
RNA binding motifs (dSRBMs). They all
have a different fold and use distinct modes
of interaction with RNA.[10]

Similarly to RBPs many carbohydrate-
binding proteins consist also of multiple
domains including individual carbohydrate
binding domains (CBDs) as shown in Fig.
2B. The similarity in the modular nature
between RNA- and carbohydrate-binding
proteins provides a novel perspective on
the later. The term ‘carbohydrate binding
motif (CBM)’[23] is traditionally exclu-
sively used for domains of enzymes that
use carbohydrates as substrates. CBMs are
categorized in 64 families by the CAZY
database,?*] but CBDs of nonenzymatic
proteins like lectins are not included. In
contrast, the term lectin, standing original-
ly for blood agglutinating proteins, is used
today for carbohydrate binding proteins.
The domains responsible for carbohydrate
binding are sometimes called lectin do-
mains. However, the term lectin is strictly
distinguished from enzymes and antibod-
ies that bind also carbohydrates.[25] Such
a distinction is not known for protein—
RNA interactions, for example dsRBDs
are found both in enzymes, e.g. ADAR
and non-enzymatic proteins like Staufen
(Fig. 2A). The same is also true for CBDs,
however, a B-trefoil fold domain that rec-
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Fig. 2. Domain organization of typical RNA- and carbohydrate-binding proteins (A and B, re-
spectively). Some examples are shown to illustrate the diversity of the domain-architecture of
RNA- and carbohydrate-binding proteins. The following abbreviations are used. RRM: RNA
recognition motif; YRRM: pseudo-RNA recognition motif; gRRM: quasi-RNA recognition motif;
RS: arginine-serine rich domain; ZnF: zinc-finger domain; CSD: cold-shock domain; KH: hnRNP
K-homology domain; dsRBD: double-stranded RNA binding domain; CD: catalytic domain; TM:
transmembrane segment; EGF: epidermal growth factor-like domain; C: C-type lectin domain; FlI:
fibronectin type 2 domain; Vset: immunoglobulin domain; R: R-type or ricin-type lectin or CBM13
domain; DD: dimerization domain; VWC: von Willibrand factor type C domain; LDLA: low density

lipoprotein (LDL) receptor class A domain.

ognizes carbohydrates is either categorized
as CBM13 family member if found in an
enzyme or as a ricin-type (or R-type) lectin
domain if part of a lectin (Fig. 2B). We will
use the term CBD in the present review that
we consider as interchangeable with CBM
and lectin domain. Single domain lectins
are also known and a particularity of those
is their dimerization or tetramerization
state that is important for their function as
agglutinins.

Proteins that consist of multiple do-
mains linked with flexible linkers are of-
ten best approached by studying them as
individual domains. This way the speci-
ficity, affinity and molecular details of a
single binding site can be well character-
ized. The size of RBD and CBD domains
is typically 10-15 kDa, a size range ideally
suited for NMR binding studies and 3D
structure determination. The affinities of
RBDs for RNA cover a wide range (nano-
molar to micromolar K| values) and NMR
spectroscopy has demonstrated to be able
to determine 3D structures of both weak
affinity complexes like SRp20 in complex
with 5'-CAUC-3' with a K ;= 18 uM[26l and
high affinity complexes like RBMY-S1A
RNA with a K= 0.6 nM.[27] Interestingly,
CBDs display a very similar affinity range
for carbohydrates and the few NMR 3D
structures of such complexes have K| val-
ues as low as 139 nM[?8] and as high as 1.8
mM. 2]

Within the past 15 years, 73 NMR struc-
tures of protein—RNA complexes have been
solved3% (Fig. 1). They revealed an unex-
pected diversity of interactions between
these domains and RNA molecules!!% and
provided information that allowed a better
understanding of RBP functions.[!01 The
application of NMR to protein—carbohy-

drate complexes is less established, only
12 structures have been determined and
deposited in the PDB database so far, in-
cluding small hevein domains, ricin-type
lectin domains, cyanovirins and the novel
fold malectin(28.2931-401 (Fig. 1). These
structures represent less than 0.5% of all
deposited protein—carbohydrate complex
entries in the PDB illustrating the large
potential that NMR spectroscopy could
play in the future. The quality of the first
structures was often not sufficient to ex-
plain the atomic details of specificity for
a certain carbohydrate but the most recent
structure from our group(38! has a quality
comparable to a crystal structure.

4. NMR, A Robust Methodology
to Solve Structures of Proteins
in Complex with RNA and
Carbohydrates

As mentioned above, most of RNA-
and carbohydrate-binding proteins contain
modular domains that can be studied in-
dependently. Typically a single domain or
sometimes two domains are used for NMR
structure determination staying below the
size limit of ~20 kDa required for an ef-
ficient methodology. For several domains
the structure has already been solved in
their free form, indicating that they are
soluble and amenable for NMR investiga-
tions. Our current methodology for the 3D
structure determination of protein—RNA
complexes has been described in detail re-
cently.[30]

In the present review, we will focus on
the similarities and differences between
protein—-RNA and protein—carbohydrate
structure determination illustrated by two
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examples from our laboratory: the struc-
ture of Tra2-B1 in complex with the short
5'-AAGAAC-3'" RNA sequencel*!l and
the structure of CCL2 in complex with
the trisaccharide GIcNAcB1,4[Fucal,3]
GIcANCcp.381 We will cover briefly the
most important aspects of the methodol-
ogy.

To record the multi-dimensional NMR
experiments that are needed for protein
structure determination, '*C and "N atoms
have to be first incorporated into proteins
of interest during their translation in E.
coli.130] Optimizing the expression of fold-
ed protein in E. coli growing on minimal
medium is crucial and in most cases suc-
cessful for RNA-binding domains that are
naturally expressed in a reducing environ-
ment. In contrast, carbohydrate-binding
proteins are often found in an oxidizing en-
vironment and expression in E. coli can be
challenging. However, many CBDs could
be successfully expressed in E. coli either
in the cytoplasm(28-36:37.31 or into inclusion
bodies (which then requires an additional
refolding protocol in vitro).142]

After the proteins of interest are ob-
tained with isotope labeling, potential
binding partners and buffer conditions
need to be screened to obtain a protein
complex that is suitable for NMR structure
determination. For RNA-binding proteins
the RNA sequences to be tested first usu-
ally come from SELEX[*} and/or CLIP“4
approaches, which provide high-affinity
consensus sequences selected in the pres-
ence of the protein of interest in vitro and
in vivo, respectively.

The search for the natural target of
carbohydrate-binding proteins is funda-
mentally different, a similar approach to
SELEX is missing since carbohydrates are
not coded in a linear template that can be
randomized at certain positions, neither
does a CLIP-like approach exist because
there are much fewer aromatic rings at
the recognition interface for cross-linking
and carbohydrates cannot be amplified.
Instead chemically synthesized glycan ar-
rays with several hundred of glycan struc-
tures are used to detect binding of a protein
of interest that is fluorescently labeled.[*5]
Finding a good carbohydrate or RNA tar-
get for NMR structure determination is
not trivial. Several potential targets need
to be tested. NMR spectroscopy offers a
clear advantage in this regard over other
methods since NMR titrations reveal rap-
idly if a ligand binds and if nice spectra
of the complex can be obtained. In the
case of the fungal defense lectin CCL2 a
glycan array showed that glycans contain-
ing either GalPB1,4[Fucal,3]GlcNAc or
GalNAc1,4[Fucal,3]GlcNAc were bind-
ing.[381 However, the initial guess that the
consensus disaccharide Fucol,3GlcNAc
is sufficient for binding was disproved by
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Fig. 3. NMR data revealing the interaction sites between protein and RNA or carbohydrate. (A)
Overlay of 'H-"*N HSQC spectra of Tra2-f1 protein in its free form (blue) and bound to the RNA
5’-AAGAAC-3’ (1:1 ratio) (red). The negative peaks, corresponding to the amides of arginine side
chains, in the free and RNA bound states are coloured green and orange, respectively. (B) Overlay
of 'H-"SN HSQC spectra of the lectin CCL2 in its free form (blue) and bound to its carbohydrate
ligand (red). Aliased negative peaks of arginine side chains are coloured green and orange, in the
free and carbohydrate bound states, respectively. Representation of the combined chemical shift
perturbations (A3 = [(A5,,)? + (A8,/5)%]"?) of Tra2-B1 (C) and CCL2 (D) amides upon binding. The
secondary structure elements of the domains are displayed at the bottom of each graph. The
largest chemical shift perturbations are indicated. (E) Example of intermolecular NOEs observed
in a 3D °C F1-edited F3-filtered HSQC-NOESY spectrum for Tra2-1 (E) and CCL2 (F). For more

experimental details see refs [30,38,41].

NMR titration experiments that did not
show evidence for binding. Yet, the trisac-
charide GalB1,4[Fucal,3]GIcNAc, known
as Lewis® or LeX, binds with weak affin-
ity (K, = 0.5 mM) and the trisaccharide
GIcNACcB1,4[Fucal,3]GlcNAc that was
absent on the glycan array binds with high
affinity (K, = 1.4 uM). In other words, the
methods mentioned above provide excel-
lent starting points but are rarely sufficient
to provide the final sequence of the ligand
used in the structure determination of the
complex.

NMR is very powerful in screening
binding partners and conditions because
it can monitor binding interactions on the
protein and the ligand side using 'H-°N
HSQC fingerprint spectra (Fig. 3A and
B) for protein resonances and 2D TOCSY
and NOESY correlations at specific RNA
chemical shifts. Following NMR titra-
tions using 'H->N HSQC spectra allows
the identification of residues involved in
RNA binding. In a 'H-'>N HSQC spec-

trum, each amide of the protein backbone
gives a specific PN-'H cross-peak in the
spectrum. Upon RNA binding, amides
of residues that are in contact with RNA
have a different chemical environment and
change therefore to a different location in
the spectrum (Fig. 3A,B). These chemical
shift deviations between the free and RNA-
bound form of the protein can be quanti-
fied and mapped for each amide of protein
backbone as illustrated in Fig. 3C. In good
agreement with the structure of Tra2-f1
RRM bound to RNA, the largest chemi-
cal shift perturbations are observed for
residues of B-sheet surface and at N- and
C-terminal extremities that are involved in
RNA interaction. However, large chemical
shift perturbations can sometimes result
from intra protein-protein interaction in-
duced upon RNA binding and the determi-
nation of a 3D structure is still the only way
to understand protein-RNA recognition at
an atomic level. A very similar chemical
shift perturbation plot was obtained for the



744

CHIMIA 2012, 66, No. 10

NMR SPECTROSCOPY IN SWITZERLAND

protein-carbohydrate complex of CCL2
(Fig. 3D). In both types of complexes, the
largest chemical shift deviations were ob-
served for amides forming a direct hydro-
gen bond to the carbohydrate or the RNA.
Monitoring the state of a bound carbohy-
drate is more complicated since the typical
carbohydrate "H chemical shifts coincide
with protein signals and therefore 2D fil-
tered NOESY (see below) and natural
abundance 'H-"*C HSQC spectra need to
be used.

A protein complex suitable for 3D
structure determination should give nice
line widths of both components and be
almost devoid of line broadening or miss-
ing signals. The oligomerization state of
the protein should be analyzed beforehand
since in most cases only monomers give
reasonable sharp line widths. In addition
an overlay of the "H-"N HSQC fingerprint
spectrum of the individual domain with
a comparable spectrum of the full-length
protein should make sure that the investi-
gated domain is really independent (peaks
fit exactly). A binding stoichiometry of
1:1 is best for 3D structure determination,
however 3D complex structures with a
stoichiometry of 2:1 and 2:2 were also de-
termined.[#6-501 The multivalency of some
carbohydrate binding domains like R-type
lectins that contain typically three binding
sites.[5!] stands in contrast to the mainly
monovalent RNA-binding domains.

NOE (Nuclear Overhauser Effect) dis-
tance restraints can then be extracted from
NMR spectra and used for structure calcu-
lations.3% The key technique in obtaining
high-precision RNA complex structures is
the use of filtering and editing techniques
together with a complementary labeling
scheme for both components. A 2D 3C
filtered-filtered NOESY (in D,0) of a
complex consisting of a *C labeled protein
and unlabeled RNA suppresses all protein
signals and results in a 2D NOESY of the
unlabeled RNA component.3% In contrast,
a 2D BC filtered-edited NOESY of the
same complex selects for intermolecular
NOEs between the protein and the RNA
that are of central importance for complex
structure determination. Typically 3D *C
edited-filtered NOESY spectra are used to
unambiguously assign the observed inter-
molecular NOE cross-peaks as illustrated
in Fig. 3E. The same experiments can be
used to obtain intra-carbohydrate and inter-
molecular NOEs of protein-carbohydrate
complexes (Fig. 3F). A reversed labeling
scheme can be applied to protein—RNA
complexes in which the protein is unla-
beled and the RNA *C/"N labeled increas-
ing the amount of unambiguously assigned
intermolecular NOEs and thus the qual-
ity and precision of the final structure.B3%
Whereas labeled RNA are routinely ob-
tained by in vitro transcription using la-

beled NTPs and sometimes chemical syn-
thesis,[52! obtaining isotope labeled carbo-
hydrates is a challenge, since they need to
be chemically synthesized from the few
available BC labeled precursors.

For the complex formed be-
tween Tra2-fl RRM and the RNA
5'-AAGAAC-3', an ensemble of 12 struc-
tures all consistent with the NMR experi-
mental data was obtained using 93 inter-
molecular NOEs*!l (Fig. 4A). A particu-
larity of this structure is the involvement
of the two regions flanking the RRM for
binding RNA. They cross each other and
wrap the RNA molecule bound to the
B-sheet surface (Fig. 4A). The precision
of the structure allowed the identification
of hydrogen bonds involved in the interac-
tion, revealing that the protein recognizes
specifically the four consecutive nucleo-
tides AGAAI*! (Fig. 4B). The well-defined

structure of CCL2 in complex with the tri-
saccharide GlcNAcB1,4[Fucal,3]GlcNAc
is shown in Fig. 4C and represents to date
the protein—carbohydrate complex deter-
mined with most experimental restraints
at the interface for such complexes (82 in-
termolecular NOEs).[38] The carbohydrate
binding interface is precisely-defined and
the structure allowed the identification
of 10 intermolecular hydrogen bonds to
all three monosaccharide units (Fig. 4D)
together with hydrophobic and methyl-%t
interactions.

Multiple high-precision structures have
already been solved by NMR in the pres-
ence of RNA molecules bound to RNA
recognition motifs (RRMs), KH domains,
zinc fingers and double-stranded RNA
binding domains (dsRBD).[!10] The meth-
odology is already quite advanced and
challenging protein—RNA complexes have

Fig. 4. 3D structures of RNA- and carbohydrate-protein complexes. (A) Overlay of the 12 lowest
energy structures of Tra2-f1 bound to the RNA 5'-AAGAAC-3""! superimposed on the backbone
of the structured protein parts (residues 111 to 201) and heavy atoms of the RNA. The protein
backbone is shown in grey and RNA heavy atoms are shown in orange (P atoms), yellow (C at-
oms), red (O atoms) and blue (N atoms). The N- and C-terminal regions of the RRM are shown in
blue and orange, respectively. The N-terminal region of the protein has been truncated in order
to not mask the RNA molecule. (B) Molecular recognition of the 5'-AGAA-3' RNA sequence by
Tra2-f1 RRM.“" Intermolecular interactions that are most commonly observed in the structures
are shown. Hydrogen bonds are represented by purple dashed lines. (C) Structural ensemble of
the 20 best structures of the lectin CCL2 in complex with GIcNAcB1,4[Fuca1,3]GIcNAC (yellow).
B8 The three subunits of the pseudo C, symmetric B-trefoil fold are colored green, blue and pink.
(D) Detailed view of the CCL2 interaction side showing the most representative structure with hy-
drogen bonds to the trisaccharide.®® The figures were generated by the program MOLMOL.®
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already been determined like structures of
two domains in complex with RNA,[49.53-57]
or a symmetric homo-dimer bound to two
RNA stem-loops!“f] or to one RNA stem.[*8]

5. NMR Spectroscopy is a
Competitive Approach for
Structure Determination of Protein-
RNA and Protein-Carbohydrate
Complexes

Several methods have been developed
to gain structural information about the
mode of interaction of proteins with RNA
and carbohydrates. For very large protein
complexes (>30 kDa), cryo-electron mi-
croscopy and X-ray crystallography are
most competitive and almost exclusively
applied. However, for smaller systems
(<30 kDa) NMR methodology is highly
competitive. Here, advantages and limits
of solution NMR compared to X-ray crys-
tallography are discussed.

One strength of NMR is the unam-
biguous localization of binding sites for
RNA or carbohydrates on the protein
surface. Intermolecular NOE cross-peaks
link directly hydrogen atoms of the pro-
tein surface with hydrogens of the RNA/
carbohydrate that are close in space (<6
A). Extracting equivalent information
from crystal structures is sometimes not
trivial. Not so uncommonly, larger oli-
gosaccharides are found to be in contact
with two or more neighboring protein mol-
eculesl?8-63 raising the question which of
the interactions is the biological relevant
one. Crystal structures obtained by soak-
ing mono- or dissaccharides into protein
crystals have the disadvantage that only
the region not involved in crystal pack-
ing is available for interactions.l*l Those
structures should be interpreted with care
since the binding surface might be dif-
ferent than the one in solution. Complex
structures with different monosaccharides
that are bound with many water-mediated
hydrogen bonds might just reflect a rather
unspecific binding of monosaccharides as
in the case of Sambucus nigra agglutinin
IT (SNA-II) that was crystallized with the
rather weakly binding ligands galactose,
GalNAc, lactose, fucose and xylose dis-
playing dissociation constants between
18 and 680 uM.%] The unique ability of
NMR to localize interaction sites even in
larger systems is illustrated using the adhe-
sin TgMIC4 from the parasite Toxoplasma
gondii. Marchant et al. demonstrated that
out of the six apple domains only domain
5 interacts with Galf1,3GlcNAc and they
presented an NMR-based HADDOCK
model of this interaction.37]

The crystallization of proteins in the
presence of RNA or carbohydrates some-
times fails because of flexible extensions

of the ligands that adopt multiple confor-
mations or due to steric hindrance of the li-
gand that prevents crystal packing. In some
cases the protein crystallizes without the
binding partner. In addition, NMR struc-
tures are less prone to artificial interactions
that can occur due to packing in the context
of a crystal lattice allowing native domain
arrangements to be studied. An example
that illustrates well this difference is the re-
cent structure of U2AF65 bound to RNA,
which was solved by NMRD31 and X-ray
crystallography.lo¢l The arrangement of
the two RRMs in the crystal structure was
different and inconsistent with NMR data,
which were based on two independent and
robust approaches (RDC and PRE).[53.66]
This difference comes most likely from
crystal packing forces and/or alteration of
the linker between the two RRMs, which
had to be shortened to enable crystalliza-
tion.[66]

Another example is a complex of the
lectin cyanovirin-N from the cyanobacte-
rium Nostoc ellipsosporum that displays
antiviral activity, especially against HIV.
The carbohydrate interaction of cyanovi-
rin-N was first studied by NMR spectros-
copy that revealed two binding sites on
the monomeric protein for Mana1,2Mano
with K values of 140 nM and 1.4 uM.I28]
The NMR complex structure was deter-
mined with both binding sites occupied.
Especially the high affinity site revealed
hydrogen bonds to both Man residues that
indicated how the two o1,2-linked man-
noses are recognized. In contrast a subse-
quent crystal structure of a complex with
Man,GIcNAc, revealed a swapped dimer
structure with a buffer molecule from the
crystallization solution in the high-affinity
binding site and clear electron density for a
Mano1,2Manol,2Mano. trissaccharide in
the second binding site, which was howev-
er, slightly distorted by the domain-swap-
ping compared to the solution structure.[¢7]
An NMR investigation of this rather con-
fusing finding revealed that the swapped
dimer structure is a kinetically trapped,
meta-stable structure that can also exist in
solution but is converted to the monomer at
slightly elevated temperatures (38 °C).[68]

Finding immediately the correct ori-
entation of a carbohydrate in the binding
site is another advantage of NMR spec-
troscopy. Intermolecular NOE cross-peaks
link directly hydrogen atoms of the ligand
to the protein surface whereas modeling
small oligosaccharides into electron den-
sity is more challenging. In some cases
this can lead to erroneous linkages being
built.[69-701 The lack of electron density for
carbohydrates is another complication for
X-ray that occurred for example in the
case of the norovirus protruding domain,
co-crystallized with the histo-blood group
antigens Le® and Le*-trisaccharides so that

the carbohydrate could not be modeled.[7!]

In addition, NMR offers the possibil-
ity to get information about the flexibility
and dynamic of molecules upon complex
formationB% under almost physiological
conditions. This is another advantage of
NMR spectroscopy that crystallography
can not reveal. This type of studies are
important as it was previously shown that
dynamics of both the RNA[72 and the pro-
teinl”31 can play a crucial role for RNA-
protein recognition. One example for a
carbohydrate binding domain is the study
of galectin-3 that revealed conformational
entropy changes of the lectin upon binding
of lactose.l74

However, there are also limitations
of NMR spectroscopy in studying pro-
tein complexes by NMR. NMR is still
limited by the size of the studied system.
Complexes smaller than 20 kDa can be
solved using standard NMR experiments,
but in the presence of larger systems, NMR
spectra become more crowded and the sig-
nal to noise ratio tends to decrease making
chemical shift assignment more difficult
and therefore the structure determination
more uncertain. However, measurements
at higher temperature and more advanced
techniques like protein deuteration and
TROSY NMR experiments enabled the
structure determination of a few protein-
RNA complexes over 35 kDa.[4754.75]

Another limitation is certainly the re-
quirement of isotope labeling of the pro-
tein with "N and *C, which has to be close
to 100% so that the central filtered-edited
NOESY experiments work properly.l30
Signal overlap of the unlabeled ligand, es-
pecially in the case of carbohydrates is an-
other limiting factor. This can be partially
overcome by using the highest magnetic
fields available, e.g. a 900 MHz spectrom-
eter, and by testing a range of different buf-
fer conditions and temperatures.

6. Conclusion and Perspectives

In this review, we showed that X-ray
and NMR are two complementary meth-
ods that bring information at the atomic
level for protein—ligand interactions. NMR
is a very powerful and efficient method to
determine structures of protein-RNA and
protein—carbohydrate complexes under
physiological conditions as long as their
molecular size is below 30 kDa. Above this
molecular weight, X-ray crystallography is
currently the best method for high resolu-
tion structure determination. However, an
increasing number of strategies become
available to extend the NMR size limit,
opening the door to structure determina-
tion of large complexes in solution.

One of the next challenges in these area
of structural biology will consist of study-
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ing how multiple factors assemble on a
single RNA molecule to understand how
such assemblies are coordinated. NMR is
among the most promising approaches to
address these questions in vitro but also
possibly in vivo. NMR spectroscopy is
also a very promising technique to help
reveal the glycocode by the structure de-
termination of more protein-carbohydrate
complexes. Since the glycocode is part of
the natural language that cells use for com-
munication, understanding this code will
certainly help developing novel strategies
against diseases, associated with such mo-
lecular interactions. An argument that is
also valid for the protein—RNA recognition
code whose perturbation is at the origin of
numerous genetic diseases.
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