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RNA molecules play essential roles in many biological functions, from gene expression regulation, cellular
growth, and metabolism to catalysis. They frequently fold into three-dimensional structures to perform their
functions. Therefore, determining RNA structure represents a key step for understanding the structure-function
relationships and developing RNA-targeted therapeutics. X-ray crystallography remains a method of choice for
determining high-resolution RNA structures, but it has been challenging due to difficulties associated with RNA
crystallization and phasing. Several natural and synthetic RNA binding proteins have been used to facilitate RNA
crystallography. Having unique properties to help crystal packing and phasing, synthetic antibody fragments,
specifically the Fabs, have emerged as promising RNA crystallization chaperones, and so far, over a dozen of RNA
structures have been solved using this strategy. Nevertheless, multiple steps in this approach need to be
improved, including the recombinant expression of these anti-RNA Fabs, to warrant the full potential of these
synthetic Fabs as RNA crystallization chaperones. This review highlights the nuts and bolts and recent advances
in the chaperone-assisted RNA crystallography approach, specifically emphasizing the Fab antibody fragments as
RNA crystallization chaperones.

1. Introduction

RNAs are perhaps the most versatile biomacromolecules that play
vital roles in myriad functions ranging from gene expression regulation,
cell growth, and metabolism to catalysis [1-4]. These molecules often
fold into complicated three-dimensional structures to perform their
functions [5-8]. With recent advancements in high-throughput RNA
identification and sequencing technologies, the discovery of new RNAs
and their functions has increased enormously in recent years [9-12].
However, three-dimensional structure determination and characteriza-
tion of RNA remain in their infancy compared to that of proteins. A
detailed understanding of RNA structures not only helps to reveal
mechanisms of biological processes but also facilitates the development
of approaches targeting RNA to combat genetic and infectious diseases.
Therefore, developing new techniques and strategies for RNA structural
biology research has been a demanding challenge for transforming the
overall RNA-centered research to synergize with the effective develop-
ment of RNA-targeted treatments and cures.

In terms of the tendency to fold in similarly stable conformational
states because of their intrinsic properties, biological RNA molecules can
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exist in more dynamic forms than proteins and DNAs [13-16], making
RNA structural biology studies a difficult challenge. The first crystal
structure of a synthetic RNA was reported in 1976 [17], and the com-
plete turn of the A-form RNA helix (PDB ID: 1RNA) was determined in
1989 [18]. Nevertheless, the first crystal structure of a functional RNA,
the yeast phenylalanine tRNA, was derived by multiple groups several
years before the determination of the high-resolution crystal structure of
the A-form RNA helix [19]. Over the past four decades since the 1980s,
the field of RNA structural biology has continued to grow, uncovering
valuable information about structures, folding dynamics, and mecha-
nisms of RNA-based functions. However, the pace of RNA structure
determination has been slower and left far behind compared to that of
proteins. It is interesting that the crystal structures of the first protein
and RNA were determined at about the same time, but the total number
of RNA structures, compared to proteins, deposited in the protein
databank (PDB) to date remains negligible. For example, according to
PDB statistics, the total number of RNA-only structures released to date
(May 2023) starting from the year 1978 is 1726, compared to 177,606
for protein structures starting from the year 1976. These RNA-only
structures account for only about 1% of the total biomacromolecular
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structures deposited in the PDB database (Fig. 1a). Even considering the
protein complexes of nucleic acids (both RNA and DNA), these struc-
tures account only for about 5% of the total structures deposited into the
PDB database. Consistently, the number of RNA-only structures released
per year in the PDB database for the last 10 years (2013-2022) is 74 +
14 (mean + SD) compared to 9720 + 1367 (mean + SD) for proteins
(Fig. 1b), reflecting the difficulties with RNA structure determination
despite great recent advancements in the major structural biology
methods such as X-ray crystallography, nuclear magnetic resonance
(NMR) and cryogenic electron microscopy (cryoEM).

Although NMR and, more recently, cryoEM methods have been used
for structural studies of biomolecules, X-ray crystallography so far has
remained the most widely used and advanced method for determining
the 3-dimensional structures of RNAs and other biomacromolecules
(Fig. 1b, ¢). NMR has the advantage of being able to provide information
about dynamics, but the complexity of the structure determination in-
creases with the size of the RNA target, and thus, it is challenging to use
this method to determine the structures of intact RNAs of biologically
relevant size. Moreover, although it provides high-resolution structural
information, NMR requires a high concentration of isotopically labeled
samples, which is expensive and may result in undesirable intermolec-
ular interactions. Consistent with these difficulties, there are only a few
RNA structures larger than 100-nt RNAs that have been determined by
NMR [20], usually in combination with other techniques such as
small-angle X-ray scattering (SAXS) [21,22]. CryoEM has recently
demonstrated  tremendous  progress in  determining the
three-dimensional structures of proteins and large protein-RNA com-
plexes, such as ribosomes and spliceosomes [23-25]. Nevertheless, the
cryoEM resolution revolution has not yet reached the level of NMR and
X-ray crystallography, and especially, this method remains underde-
veloped for standalone RNAs because of the unusual behavior of RNA
molecules (electrostatics, thermodynamic stability, and folding) when
applied to the cryoEM grids. Compared to NMR and cryoEM, X-ray
crystallography offers several advantages. With several technically
advanced synchrotron facilities available all around the world, it has
been the method of choice for determining the high-resolution struc-
tures of various biomacromolecules, including RNAs with a broad
spectrum of molecular size [26]. Nevertheless, high-resolution structure
determination of RNAs by X-ray crystallography remains challenging
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due to inherent difficulties in crystallizing RNA molecules [27].
Compared to proteins with a chemically diverse surface (twenty amino
acids) that assist lattice interactions and crystal packing, RNA has a
limited surface diversity (only four nucleotides) with mutually repul-
sive, negatively charged phosphate groups along the backbone, which
prevent efficient crystal packing [28,29]. Moreover, RNAs tend to adopt
multiple conformations and create a heterogeneous sample, which will
be counterproductive for the crystallization [30,31]. Additionally,
obtaining phase information from RNA crystals is tedious and
time-consuming due to the lack of facile strategies like heavy-atom
derivatization, a common phasing strategy used in protein crystallog-
raphy [32-35].

Over the past several years, various approaches have been developed
to facilitate both RNA crystallization and crystallographic phase deter-
mination [29,35-38]. Approaches such as construct screening and en-
gineering that help form crystal contacts and can support the growth of
diffraction-quality crystals have been employed in RNA crystallography.
Some RNA tertiary motifs like tetraloops and tetraloop receptors have
proven important for creating robust crystal contacts because of their
stable fold and chemical disposition towards long-range interactions.
For example, the crystallography of hepatitis delta virus (HDV) ribo-
zyme was significantly improved for the constructs containing engi-
neered GNRA tetraloop and tetraloop receptors [39,40]. Because the
crystal structures of tRNAs have shown high topological conservation
and ability to generate well-defined higher-order scaffolds [41], the
fusion of RNA target with tRNA scaffold has been shown to enhance the
rate of crystal formation significantly. The mutations to the anticodon
loop, the acceptor stem, and the stacking surface of the D and T loops in
the tRNA molecule can create suitable intermolecular interactions for
RNA crystal growth without altering the tRNA scaffold structure [38].
Such knowledge of well-characterized tRNA interactions will certainly
aid in designing RNA-tRNA fusion crystallization constructs, interpret-
ing the electron density maps, refinement, and modeling. The robust
stability and folding of a tRNA make the phasing by a molecular
replacement simple, making tRNA a good crystallization chaperone. The
structures of pro-head RNA domain II [42] and T-box riboswitch [43]
have been successfully determined with the fusion of tRNA as a crys-
tallization chaperone. However, these direct engineering approaches are
RNA target specific and require extensive construct designs and
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Fig. 1. Statistics of the biomacromolecular structures deposited in the PDB. (a) The total number of structures (percentages) released in the PDB as of May 2023
categorized by macromolecule types. (b) The number of macromolecular structures released per year in the PDB from 1976 to 2023, and (c) the proportional numbers
as of May 2023 based on the major macromolecular structure determination methods. (d) The relative numbers of RNA-chaperone complex structures released in the
PDB as of May 2023 determined by using various chaperones through chaperone-assisted RNA crystallography.
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screening.

Other promising approaches use RNA-binding proteins as crystalli-
zation chaperones. The protein binding RNA motif is grafted into the
target RNA, enabling the complex formation and, thus, allowing sub-
sequent crystallography of the chaperone-RNA complex rather than the
RNA alone. These chaperones can be mainly categorized into two broad
classes, natural RNA binding proteins (RBPs), such as ULIA RNA binding
protein and a family of L7Ae proteins, and synthetic protein chaperones,
such as Fab (fragment antigen-binding) fragments. The chaperone-
assisted RNA crystallography has proven to be a successful approach
for determining the crystal structures of RNA. So far, more than one
hundred RNA crystal structures deposited in the PDB database have
been determined by using some types of crystallization chaperones.
Fig. 1d compares the percentages of crystal structures solved using
different chaperones, and Table 1 lists some notable RNA structures
solved by using such chaperone-assisted RNA crystallography. With
extensive surface chemical diversity and pre-determined high-resolution
crystal structures, the protein chaperones offer various advantages that
help minimize RNA-RNA contacts in the crystal lattice, stabilize the
flexible regions within the RNA, and provide initial phase determination
via molecular replacement. In the following sections, we will briefly
discuss various natural and synthetic protein chaperones used for RNA
crystallization and a more detailed discussion on procedures, applica-
tions, and limitations of Fabs as RNA crystallization chaperones.

2. Natural RNA binding proteins as crystallization chaperones

As the crystallization chaperones, proteins introduce a chemically
distinct surface that can facilitate crystal packing and yield diffracting
crystals. Several naturally occurring RNA binding proteins have been
identified that have the potential to serve as RNA crystallization chap-
erones. These proteins have portable RNA epitopes and can be engi-
neered into the target RNA as affinity tags, allowing downstream
crystallographic processing with the protein-RNA complexes. The choice
of a protein chaperone module for a new RNA target depends on a wide
variety of factors, such as the size of the target RNA, the nature of the
epitope engineering site (i.e., loop, bulges, k-turns, or single-stranded
regions), and sometimes on the laboratory-specific resources. While a
trial-and-error has been a classical approach, bigger chaperones relative
to the target RNA to be crystallized have been more useful in our hands,
perhaps due to a greater surface area of the protein available for the
crystal contacts. Importantly, having a significant portion of the chap-
erone in the RNA-chaperone complex greatly facilitates the phasing
through molecular replacement. We have discussed below some RNA

Table 1
Some examples of commonly used RNA crystallization chaperones with corre-
sponding RNA structures solved using chaperone-assisted RNA crystallography.
The listed molecular weight (MW) values represent that of the monomeric
protein.

Chaperone  Type MW Some examples of solved RNA structures
(kDa)
Fab Synthetic ~ 50 6XJZ [49], 2R8S [50], 6DB9Y [51], 7SZU

RBP [52], 8D29 [53], 3IVK [54], 6B14 [55],
6MWN [56], 4KZD [57], 7MLX [58],
6U8D [59], 6 x 5M [60], 8DP3 [48]
UlA Natural ~11 4PR6 [61], 7D7V [47], 6CMN [62], 5DDO
RBP [63], 4W90 [64], 4YB1 [65,66], 5FJ4
[66], 4PKD [67]
L7Ae Natural ~13 1RLG [68], 70ZQ [69], 4C4W [70], 4BWO
RBP [44], 5G4U [71], 5DCV [72], 1SDS [73],
6Q8U [74], 3PLA [75], 3HAX [76]
Hfq Natural ~9 1kQ2 [77], 3GIB [78], 3HSB [79], 3QSU
RBP [80], 3RER [81], 4NL3 [82], 4QVC [83],
4V2S [46], SNEW [84], 5SZE [85]
4TZZ [86], 4MGN [87], 6PMO [45], 6UFG
[88], 6UFM [89]

tRNA RNA ~ 25
scaffold
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binding proteins used in RNA crystallography, with some examples of
RNA crystal structures determined using these chaperones (Fig. 2).

2.1. UIA RNA binding protein

The spliceosomal U1l RNA binding protein (U1A) is the first and, a
commonly used chaperone for RNA crystallization. It recognizes an RNA
hairpin loop sequence (AUUGCACUCC) through its RNA recognition
motif (RRM) [90]. The RNA-protein binding interface is comprised of
polar and non-polar interactions [91], which makes this protein stable in
both low and high ionic strengths, enabling it to be used as a crystalli-
zation module in various conditions. U1A protein binds with cognate
RNA with very high affinity (dissociation constant, Kz ~ 20 pM) [92,93].
It folds as a compact, globular domain, which is favorable for packing
U1A molecules in the crystal lattice. The ULA was first used for crys-
tallizing the hepatitis delta virus (HDV) ribozyme [39], and soon after,
several other RNA structures were determined using this module as a
crystallization chaperone [90,94,95]. Besides serving as a molecular
replacement model, the U1A protein surface has also provided oppor-
tunities for using traditional approaches for phasing. For example,
incorporating Selenomethionine residues in the UlA protein has pro-
vided initial phase information for U1A-RNA crystals for determining
the crystal structures of tetracycline aptamer and TPP riboswitch RNAs
[90,91]. Nevertheless, the size of the UIA (MW ~ 11 kDa) [55]
compared to the RNA target to be crystallized pose a critical challenge
for the crystallography of the U1A-RNA complexes.

2.2. Kink-turn RNA binding protein

The kink-turns (known as K-turns) are frequent motifs in RNA
structures, which are known to bind the L7Ae family of proteins natu-
rally. The K-turn motifs bend the RNA double helix by about the right
angle, and therefore, these proteins essentially stabilize the tightly
kinked RNA structure. These proteins bind the K-turn motifs with very
high affinity (Kq ~ 10 pM) [96], the RNA epitope motif is structurally
conserved and can be easily added to the peripheral helical components
within the target RNA, and the L7Ae homologs are abundant with
various molecular characteristics, making these K-turn RNA and protein
modules a general chaperone for RNA crystallography [97]. Some
prominent examples of RNA crystal structures solved by using this
chaperone system include the T-box riboswitch in complex with YbxF
[43] (L7Ae homolog) and Kt-23 RNA in complex with an L7Ae protein
[70]. Remarkably, this chaperone was modified to include Selenome-
thionines for acquiring the phase information and determining the
crystal structure of an mRNA-tRNA complex [43]. However, the rela-
tively smaller size of the L7Ae proteins (MW ~ 15 kDa) [55] and the
requirement of tagging the RNA target within the RNA helix brings
several complications, such as the stability and conformation of the RNA
structures, reflecting significant challenges in using this K-turn-L7Ae
chaperone system.

2.3. RNA binding protein HFQ

The Hfq protein is a replication host factor of an RNA virus, the
bacteriophage Qbeta, that has an important role in the post-
transcriptional gene regulation by small non-coding RNAs (sRNAs)
[98]. The Hfq protein has a hexameric fold in which the proximal face
recognizes the poly-U sequences of sSRNAs, and the distal face binds with
the mRNA poly-A tails [77,78,99], bringing these two RNA regions into
proximity. Although this protein has shown promising results as an RNA
crystallization chaperone by establishing the intermolecular in-
teractions that assisted a stable crystal lattice formation [85], its full
potential as an RNA crystallization chaperone is yet to be explored.
Nevertheless, the ability of the Hfq protein to self-assemble into hex-
americ forms and the availability of its numerous homolog proteins with
three-dimensional structures offer some advantages of using this
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PDB: 8DP3

Fig. 2. Representative structures of RNA-chaperone complexes solved by chaperone-assisted RNA crystallography. (a) The L7Ae with a kink-turn RNA structure (PDB
ID: 4BWO0) [44], (b) the tRNA scaffold as a chaperone for T-Box riboswitch structure determination (PDB ID: 6PMO) [45], the Hfq chaperone in complex with the
SRNA RydC (PDB ID:4V2S) [46], the U1A RBP with NAD™ riboswitch (PDB ID: 7D7V) [47], and the Fab BL3-6 chaperone in complex with CVB3 RNA replication

domain (PDB ID: 8DP3) [48].

chaperone for RNA crystallization and structure determination. How-
ever, the flexible epitope (i.e., single-stranded poly-U and poly-A se-
quences) and relatively weaker affinity to the relatively larger RNA
epitope (Kd ~1.2 nM) [85] compared to the U1A and L7Ae proteins are
some potential problems in using Hfq as an RNA crystallization
chaperone.

3. Synthetic antibody fragments as RNA crystallization
chaperones

The most notable recent progress in the chaperone-assisted RNA
crystallography field is the development of anti-RNA Fabs (antigen-
binding fragments). Fab chaperones offer multiple advantages over
traditional ones, such as U1A and L7Ae RNA binding protein, including
larger size, greater surface area for crystal lattice interactions, and
higher beta-rich structure for the self-association using accessible beta-
sheet edges. For example, U1A and L7Ae have an approximate molec-
ular weight of ~11 kDa and ~13 kDa, a f3-sheet component of 21% and
17%, and a total solvent accessible surface area (SASA) of 5223 A2 and
6314 A2. On the other hand, the Fab scaffold has a molecular weight of
about 50 kDa (about four times higher than U1A and L7Ae), the p-sheet
component ~48%, and SASA ~38,712 A? (about six times higher SASA
than U1A and L7Ae) [55]. Because of the large and well-defined globular
fold, the Fab scaffolds have been highly effective search models for
molecular replacement. Typically, the anti-RNA Fabs against the RNA
targets are selected in vitro from synthetic Fab libraries using a phage
display selection [50]. However, once the Fab binders for an RNA are
identified, related RNA epitopes can be turned into portable motifs to

create a portable chaperone-tag system [103]. The RNA epitope then can
be grafted into other RNA targets, which allows complex formation with
the chaperone, allowing crystallization of the chaperone-RNA complex.
Some of the most recent RNA crystal structures determined using this
Fab-assisted approach are the Spinach RNA aptamer [57], hepatitis A
virus (HAV) IRES domain V [56], a self-alkylating ribozyme [49], and
coxsackievirus B3 replication-linked cloverleaf domain [48]. Fig. 3
shows the structures of RNA solved in complex with their respective Fab
binders selected directly through the phage display selection [50,54,56,
59,100]. Some Fabs, such as BL3-6 and HAVx, have been transformed
into portable modules to crystallize different RNA targets [48,49,51,52,
55,58,60,101,102]. In all Fab-RNA complex structures, including the
binding interface, Fab mediated most of the crystal contacts (i.e., nom-
inal RNA-RNA contacts), underscoring the robustness of Fab chaperones
for facilitating RNA crystallography (Fig. 3f). In the following sections,
we have discussed general experimental considerations and guidelines
for using Fab chaperones for RNA crystallization and structure
determination.

4. General workflow and experimental approaches in Fab-
assisted RNA crystallography

As natural antibodies against RNA targets are rare, developing anti-
RNA antibodies through the host immunization approach is extremely
challenging. Recent technologies such as phage display selection have
provided great opportunities for selecting anti-RNA antibody fragments,
such as Fabs from the synthetic Fab displaying phage libraries in vitro
[50,103]. Thus, the bottleneck of the Fab-assisted RNA crystallography
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Fig. 3. Some examples of RNA structures determined by Fab-assisted RNA crystallography. (a) The P4-P6 ribozyme domain in complex with Fab 2 (PDB ID: 2R8S)
[501, (b) the class I ligase ribozyme in complex with Fab BL3-6 (PDB ID: 3IVK) [54], a single-stranded RNA in complex with Fab BRG (PDB ID:5E08) [100], the
domain V RNA from HAV IRES in complex with Fab HAVx (PDB ID: 6MWN) [56], and the JIIlabc RNA from HCV IRES in complex with Fab HCV2 (PDB ID: 6U8D)
[59]. The specific Fab was obtained against the RNA target through phage display selection. Portable epitopes have been developed for Fab BL3-6 and HAVx and used
subsequently for determining crystal structures of various RNA structures through the epitope tagging approach [48,49,51,52,55,58,60,101,102]. (f) The percentages
of crystal contacts calculated from over a dozen Fab-RNA complexes show that Fab mediates most of the contacts in the Fab-RNA complex crystals.

Specific Fab obtained through ‘ RNA epitope
phage display selection Fab engineering
> e
Fab RNA epitope

RNA target RNA-Fab complex | Portable module RNA-Fab complex
Screening of crystallization
conditions *

Characterization of Fab-RNA binding

Optimization X-rays Phasing by Modeling and . _y‘
screening MR using Fab refinement p(
Initial hit(s) optimized crystals Diffraction data Electron density map 3D structure

Fig. 4. General approaches and experimental workflow of Fab-assisted RNA crystallography. The RNA-Fab complex for the target RNA can be prepared through two
approaches: using Fab(s) obtained through phage display selection against the target and engineering portable epitopes to tag the target RNA with a Fab-binding
sequence. After the characterization of the Fab-RNA binding, the Fab-RNA complex is advanced to the standard crystallography pipeline to solve the crystal
structure of the Fab-RNA complex, where Fab is used as a search model for initial phasing via molecular replacement.
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relies upon the successful selection of anti-RNA Fab(s) against the
crystallization RNA target(s). Once the Fab binders are selected, and the
Fab-RNA interactions characterized, the resulting Fab-RNA complexes
are advanced to the crystallographic pipeline. However, the phage
display selection for every crystallization RNA target is technically
challenging, laborious, and expensive. More recently, to bypass phage
display selection for each RNA crystallization target, an in vitro selection
approach was used to develop multiple mobile Fab-tag modules [55]
that can be grafted into the new crystallization RNA target as tags. En-
gineering of such a Fab binding tag enables complex formation with the
Fab, allowing the subsequent crystallization of the Fab-RNA complex.
This approach has successfully determined the crystal structures of
diverse RNA targets such as Spinach RNA aptamer [101] and a
self-alkylating ribozyme [49]. A suite of these modules with Fabs that
bind their cognate RNAs with different orientations has been developed
that allows screening multiple crystallization constructs for a single RNA
target, offering multiple shots on goal. As details of phage display se-
lection against RNA targets have been reviewed elsewhere [50,103], this
review focuses on the procedures and key steps that need to be consid-
ered when using Fabs as RNA crystallization chaperones, regardless of
the approach (direct selection of the Fab or engineering of Fab binding
sequence), and some potential approaches for troubleshooting. Fig. 4
shows a schematic of key steps in the Fab-assisted RNA crystallography
workflow.

4.1. RNA construct design for crystallization

The native sequence of the target RNA often needs to be modified for
crystallization to reduce flexibility and improve homogeneous folding.
However, such modifications must not impair the function of that RNA.
The crystallization RNA construct design includes the replacement of
poorly conserved flexible nucleotide(s) with stabilizing mutations or
stable helices, unstructured loops with stable GNRA-type tetraloops, and
the use of sequences from different species [26]. The secondary structure
prediction algorithms, such as mFold [104] that predict the thermody-
namic stability of potential secondary structures are very useful in
assisting the construct design. Typically, the functionally dispensable
loops are replaced with Fab-binding tag sequence(s) to create the
Fab-binding site within the target RNA.

4.2. RNA synthesis and purification

The crystallization RNA constructs are typically synthesized by in
vitro run-off transcription using linearized plasmid or PCR-generated
DNA templates. The T7 RNA polymerase has been an enzyme of
choice for transcription, which can be easily prepared recombinantly or
purchased from commercial vendors. However, there are some limita-
tions to using T7 polymerase for in vitro transcription. First, it requires
guanine to be the first nucleotide in the transcript, and second, it tends
to add extra nucleotides at the 3'end in the run-off transcriptions [105],
generating the heterogeneous 3'ends in the transcript. The use of
2'0-methoxy modified reverse primers during DNA template prepara-
tion through PCR is helpful to minimize transcription heterogeneity at
the 3'end [106]. Other approaches to creating homogeneous 5 or 3' ends
include incorporation of the self-cleaving ribozyme sequences that flank
the RNA sequence of interest, where the ribozyme cleaves the transcript
at the desired position in situ, yielding the target RNA with homogenous
ends [107-109].

In vitro transcribed RNA can be purified natively or denatured. The
DNA template and enzymes from the transcription mixture can be
removed using Phenol/Chloroform/Isopropanol (PCI) extraction at pH
4.5, and the recovered RNA can be buffer-exchanged or concentrated
using appropriate molecular weight cut-off columns. For denaturing
purification, it can be achieved simply via ethanol precipitation. The
RNA is then purified by a large denaturing polyacrylamide gel electro-
phoresis (PAGE) or a native SEC (size-exclusion chromatography). The
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RNA band in the gel can be visualized by UV shadowing, excised, and
extracted by a crush and soak method.

4.3. Fab expression and purification

Fab-assisted RNA crystallography approach requires a large quantity
of high-quality, RNase-free, and soluble Fab proteins. As detailed pro-
tocols have been described elsewhere [56], we discuss here the main
steps and limitations of the current Fab expression and purification
strategies. The expression plasmid consists of two separate open reading
frames corresponding to the light chain and heavy chain of the Fab. The
anti-RNA Fab antibodies are expressed in the periplasm of 55244 E. coli
cells. The induction of protein expression requires the
phosphate-depleted media, and therefore, the growth media, which is
typically a 2xYT, needs to be exchanged with the phosphate-depleted
media to induce overexpression of the Fab. As these Fabs do not have
purification tags, the affinity chromatography with consecutive use of
protein-A, protein-G, and heparin columns has been successful. Never-
theless, Fab expression and purification steps are laborious,
time-consuming, and expensive compared to conventional recombinant
protein expression systems. The development of an expression system
with robust inducible promotors that do not require growth media ex-
change will be helpful in saving time, labor, and reagents. The E. coli
cells designed to facilitate cytoplasmic expression of proteins with di-
sulfide bonds, such as Origami B cells, may help skip the periplasmic
expression. Several cleavable tags can be used for easy and quick
chromatographic purification to increase the overall yield. Yet, these
expression systems need to be studied systematically.

4.4. RNA refolding and preparation of Fab-RNA complex

Unless purified natively, RNA constructs are required to be refolded
in the desired buffer. The homogeneity of the refolded RNA samples can
be confirmed by native PAGE and SEC. The refolded RNA conformation
can be analyzed through binding tests with its native binding partners,
such as fluorophores, metabolites, and proteins. The binding studies of
RNA construct with Fab and the homogeneity of the Fab-RNA complexes
can then be evaluated using conventional methods such as PAGE, SEC,
and ITC (isothermal titration calorimetry). It is also critical to test
whether the insertion of the Fab binding motif and subsequent binding
of the Fab has disrupted the RNA’s native structure and function, which
can also be performed through binding tests with the target RNA’s
native binding partners, if any, such as metabolites or protein factors.
Additionally, it is important to access information about the RNA sec-
ondary structures through available biochemical probing, bioinformat-
ics, and consensus sequences. For the constructs that produce
heterogeneous RNA (misfolding) and Fab-RNA complexes, trouble-
shooting includes the screening of refolding conditions by varying
buffers, annealing protocol (snap cooling or slow cooling), identifying
the flexible regions through biochemical analysis such as SHAPE [110]
and in-line probing [91], and mutate those dynamic nucleotides or re-
gions to minimize the flexibility. Once Fab-RNA binding is optimized,
Fab-RNA complex with a final concentration of about 15-20 mg/ml
(typically, 5-6 mg/ml of RNA in the complex). To ensure the homoge-
neity of the Fab-RNA complex, it can be further purified through SEC.
Finally, the complex is filtered through a 0.2 pum filter to remove any
aggregations or crystal seeds.

4.5. Crystallization of Fab-RNA complex

The well-characterized Fab-RNA (and Fab-RNP, if applicable) com-
plexes are subjected to crystallographic screening. This is typically
performed using a nanopipette robotic system with commercially
available crystal screening kits. It is helpful to keep in mind that, unlike
protein samples, RNA is a polyanionic molecule that has less sensitive
acid-base titratable groups, and therefore, crystallization conditions and
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crystal quality are very dependent on the cations present but less sen-
sitive to pH change [26]. Therefore, the choice of screening conditions
may increase the chance of RNA crystallization. Once initial crystal hits
are observed, the condition(s) are further optimized for pH, salt, and
precipitant concentration to grow and reproduce larger crystals using
either the hanging or sitting drop vapor diffusion method. Other
methods and approaches, such as seeding [111] and dehydration [86] of
the crystals, might also be helpful for optimization and improving the
diffraction quality. The fully grown crystals are then harvested with
cryoprotectant and flash-frozen in liquid nitrogen. Although home X-ray
sources have been used to screen and collect X-ray diffraction data sets,
most laboratories use synchrotron facilities to screen and collect the
X-ray diffraction data for biomacromolecular crystals, including the
Fab-RNA complexes.

4.6. Structure solving and analysis

After collecting X-ray crystallographic diffraction patterns, the data
analysis is performed using standard approaches. Most laboratories use
standard software such as CCP4 [112], Phenix [113], and Coot [114] to
analyze, build, and iteratively refine structural models. For solving the
structure, one of the major advantages of using Fabs as crystallization
chaperones is that previous Fab structures can provide initial phase in-
formation via molecular replacement. It is noteworthy that all Fab-RNA
complex structures reported so far were solved by using Fab scaffolds as
molecular replacement models. Although it remains to be investigated,
Fabs could also offer opportunities to incorporate heavy residues such as
Selenomethionine to facilitate phasing through conventional
approaches.

5. Summary and future perspectives

RNAs are highly dynamic biomolecules with negatively charged
surfaces that make their structure determination using X-ray crystal-
lography extremely challenging. Both natural and synthetic RNA bind-
ing proteins have been proven helpful in facilitating RNA crystallization
and structure determination. However, only a limited number of RNA-
binding proteins have been explored for chaperone-assisted RNA crys-
tallography. The development of a wide range of chaperone proteins,
including the Fabs that bind RNA targets with different orientations,
could increase the throughput and shots on goal for RNA crystallization
and high-resolution structure determination. With the unique properties
of Fabs to serve as crystallization chaperones, several RNA crystal
structures, including ribozymes, riboswitches, aptamers, and viral RNA
domains, have been solved recently using this strategy. Nevertheless,
Fab expression and purification is laborious and technically challenging,
and therefore, the development of a robust recombinant expression
system for such anti-RNA Fabs is needed urgently to uncover the true
potential of these synthetic antibodies as RNA crystallography chaper-
ones. Although RNAs often function as RNP complexes, the application
of the Fab approach for RNP crystallography is still unknown, and thus,
integration of this powerful technology to crystallize and determine the
various RNP structures will significantly benefit the RNA structural
biology field.
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