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Abstract

Antibodies that bind RNA represent an unrealized source of reagents for synthetic biology and for
characterizing cellular transcriptomes. However, facile access to RNA binding antibodies requires
engineering of effective Fab libraries guided by knowledge of the principles that govern RNA
recognition. Here we describe a Fab identified from a YSGR minimalist synthetic library during
phage display against a branched RNA target. The Fab (BRG) binds with 20 nM dissociation
constant to a single-stranded RNA sequence adjacent to the branch site and can block the action of
debranchase enzyme. We report the crystal structure in complex with RNA target at 2.38A. The
Fab traps the RNA in a hairpin conformation that contains a two base-pair duplex capped by a
tetraloop. The paratope surface consists of residues located in four CDRs including a major
contribution from H3, which adopts a helical structure that projects into a deep, wide groove
formed by the RNA. The amino acid composition of the paratope reflects the library diversity,
consisting mostly of tyrosine and serine residues and a small, but significant contribution from a
single arginine residue. This structure, involving recognition of single-stranded RNA via a stem-
loop conformation, together with our two previous structures involving recognition of an RNA
hairpin loop and an RNA tertiary structure, reveals the capacity of YSG(R)-biased, minimalist
libraries to form binding surfaces for specific RNA conformations and distinct levels of RNA
structural hierarchy.
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Introduction

As key protein components of the mammalian immune systems, antibodies serve critical
roles in identifying, neutralizing, and eliminating foreign substances. Within the molecular
context of the immunoglobulin architecture, variation of the CDR amino acid composition
allows the immune system to generate antibodies against virtually any target with high
affinity and exquisite specificity. This vast, functional capacity has led to a rapidly growing
number of antibodies for medical applications as diagnostic tools and therapeutic agents and
has empowered a variety of methodologies for research applications ranging from imaging
techniques to chaperone assisted crystallization: 2 3. Their versatility and widespread utility
has fueled the development of methods to obtain antibodies, including hybridoma
approaches and display technologies using natural repertoires derived from immune systems
or man-made repertoires derived from synthetic oligonucleotides of designed diversity: °.
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Most antibodies used for medical or research applications, target proteins of the terrestrial
proteome and associated posttranslational modifications® 7. Nevertheless, biological systems
also possess a highly complex and dynamic cellular RNA population, collectively known as
the transcriptome, and antibodies that target RNA could provide equally valuable reagents
for medicine and research. Transcriptomes play significant roles in gene regulation, cell
growth, differentiation, and disease®: 9 10: 11 A small fraction of these RNAs serve as
MRNAs for protein synthesis, but the biological role for the majority of transcripts is still
unclear!2, Despite their biological and medical importance, our understanding of
transcriptomes and associated posttranscriptional modifications remains in its infancy, due in
part to limited methods for elucidating the transcriptome’s structure and function. Currently,
large-scale identification and analysis of these non-coding RNAs (ncRNAS) rely
predominantly on deep-sequencing datal, sometimes following immunoprecipitation of
specific proteins!4 15, Following ncRNA identification, other conventional techniques such
as hybridization and antisense can be deployed to locate, image or isolate specific RNAs for
further research16: 17, Nevertheless many ncRNAs mediate their functions through diverse
secondary and tertiary structures, which cannot be characterized readily using available
techniques?0. Conformation-specific RNA-binding antibodies, as highly engineerable
proteins with diversity in their complementarity determining regions (CDRs), can potentially
serve this purpose well.

The blood serum from human patients or animal models with autoimmune disease may
contain antibodies that bind to nucleic acids!8: 19 20: 21; 22, 23: 24 However, healthy immune
systems deploy components of the innate immune system, such as Toll-like receptors and
protein kinases, in response to the presence of non-self RNA25. Thus, injection of structured
RNA into the blood of a host animal likely would not elicit production of antibodies that
target the injected RNA. Moreover, the presence of nucleases in blood serum likely would
limit the lifetime of the injected RNA, precluding the use of immunization approaches to
obtain antibodies.

In recent years, display technologies have enabled access to recombinant antibodies without
the need for host immunization, providing an opportunity to circumvent exposure to
nucleases and thereby offering a platform to engineer and isolate antibodies that bind to
specific RNAs®. These display technologies have used natural immune repertoiresZ®, but
minimalist repertoires built from designed diversity have also proven effective against
protein antigens®: 27. These synthetic libraries have undergone successive rounds of
optimization based on information from antibody:protein interactions derived from analysis
of functional antibody sequences and structures?8: 29, For RNA targets, our recent work has
demonstrated that minimalist libraries within the Fab 4D5 framework can yield Fabs that
bind RNAs with high affinity and specificity3°. We have also established proof-of-principle
that these Fabs can serve as chaperones for RNA crystallization3%: 31: 32 Nevertheless,
compared with selections against protein antigens using optimized libraries, selections
against RNA targets have yielded relatively few high affinity Fabs, reflecting limited
knowledge of library design principles with respect to CDR sequence diversity, length, and
structure.
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The limitations of currently available libraries underscore the need to investigate structural
and energetic principles of Fab:RNA complexes for a range of RNA types in order to
elucidate the principles and minimum requirements underlying protein-RNA recognition and
to inform future library design. Previously we described the structures of two Fab-RNA
complexes, one revealing recognition of an RNA tertiary structure and the other revealing
recognition of an RNA hairpin loop 3% 32, In this study, we describe a Fab capable of
recognizing a stem-loop RNA conformation of a single-stranded RNA (ssRNA). Using a
minimalist library we obtained a Fab that binds to a 10-nt ssSRNA sequence with high
affinity and specificity, and we solved the crystal structure of the Fab:RNA complex at
2.38A resolution. The new structure together with the two previous structures reveals
principles of RNA recognition that govern binding surfaces generated from minimalist
libraries enriched in Y, S, G, and R and suggest strategies to improve the design of future
libraries.

Selection and characterization of Fabs directed to ssRNA

We initially set out to isolate Fabs that bind to branched RNAs, which arise from the
chemistry of nuclear premessenger RNA splicing catalyzed by the spliceosome. We used a
deoxyribozyme to construct a branched RNA corresponding in sequence to the branch
region of the pre-mRNA intron derived from the YBL059W gene from S. cerevisiae’®: 34.
For target immobilization, strand L of the branched RNA was biotinylated on the 3’-end
during solid-phase oligonucleotide synthesis (Fig. 1a). For /n vitro selection using phage
display, we deployed two synthetic antibody libraries that carry a “reduced genetic
code29 32, One library, termed YSGR, encodes equal proportions of Y and S at variable
positions in CDR-L3, CDR-H1, and CDR-H2. CDR-H3 encodes 38% Y, 25% S, 25% G,
and 129% R28: 30, The second library, termed YSGRKX, encodes diversity in all six CDRs.
CDR-L1 and -L2 contain equal proportions of Y and S at variable positions; CDR-H1 and
H2 contain equal proportions of Y, F, and S; and CDR-L3 and H3 encode 25% Y, 15% S,
10% G, 12.5% R, 7.5% K and allows for 30% of all other amino acids except C, I, and M. In
addition, four of the CDRs in the YSGRKX library have variable loop sizes: L1 (5-6
residues), L3 (2-8 residues), H1 (3-8 residues) and H3 (4 to 17 residues)3®. We conducted
selections against the branched RNA target and identified three unique Fab sequences from
selected pools after three rounds of panning: BRG from YSGR library, BRK1 and BRK?2
from YSGRKX library (Fig. 1b).

We subsequently expressed these Fab sequences as soluble proteins and measured their
affinity to the target RNA using a nitrocellulose filter binding assay. BRK1 and BRK2
expressed poorly in £. coli (< 1 mg/L) with BRK2 giving only trace yield. These poor
expression yields could reflect in part the significant number of positively charged residues
in the CDR loops (2 in BRK1 and 4 in BRK2), which can negatively impact Fab
expression36. Fab BRG bound the YBLO059W branched RNA with high affinity (Kp = 21

+ 3 nM); BRK1 and BRK2 bound with significantly weaker affinity (Kp > 500 nM; Fig. 1c).
We also tested the ability of BRG and BRK1 Fabs to bind a deoxynucleotide version of the
R strand (Deoxy R). BRG exhibited no detectable binding, but BRK1 appeared to retain
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Deoxy R on nitrocellulose with a concentration dependence similar to that observed for the
parent branched RNA (Fig. 1d). Because Fab BRG appeared to have RNA-specific binding,
we characterized it further.

RNA binding epitope and specificity of Fab BRG

To identify the region of the branched RNA involved in binding Fab BRG, we tested the
ability of Fab BRG to bind non-branched oligonucleotide strands, L and R, corresponding to
sequences found in YBLO59W branched RNA. Fab BRG exhibited no detectable binding to
the L strand, but its affinity to the R strand was similar to that for the branched RNA,
suggesting that the entire binding epitope may reside solely within the R strand (Fig. 2a). We
also anticipated that Fab binding to the branched RNA might inhibit the debranching
reaction catalyzed by debranchase Dbr1 from S. cerevisiae’’ 38, as Dbr1 recognizes the
branch point and immediately adjacent nucleotides on strand R3°. Our data show that Fab
BRG inhibits Dbrl-catalyzed debranching in a concentration-dependent manner with Ki
close to the Kd (Fig. 2b; Supplementary Fig. 1), consistent with competitive inhibition.
Concentrations of Fab BRG above 100 nM abolished the reaction almost completely.

We next sought to identify the minimal RNA sequence able to bind to Fab. First we
performed hydroxyl radical footprinting of the R strand in the presence of Fab BRG (Fig.
2¢). The Fab gave strong protection from hydroxyl radical cleavage at nucleotide A7,
suggesting that Fab binding renders the ribose at this position solvent inaccessible. Next, we
analyzed binding of a series of strand R mutants starting with a truncation of the five 3’-
terminal nucleotides to give a 12-mer RNA oligonucleotide (R-12: 5’-
GUAUGCAUAGGC-3%). Fab BRG bound to R-12 with the same affinity as it bound to R
(Fig. 2d). Truncation of R-12 from 5’-end showed that the two 5’-terminal nucleotides (G1
and U2) can be removed with no loss of affinity (R-10: 5’~-AUGCAUAGGC-3"); however,
deletion of A3 as well (R-9: 5’-UGCAUAGGC-3") decreased the affinity by more than 10-
fold (Fig. 2d; Table 1 — Truncation). The proximity of the binding site to the branch site
accounts for the inhibitory effect of Fab BRG on debranching. However, Dbrl substrate
recognition involves only two nucleotides downstream of the branch site??, suggesting that
Fab BRG sterically occludes the enzyme rather than competing directly for binding to the
same nucleotides. In addition, in the context of R-10, mutation at positions other than A3,
U8 and C12 abolished detectable binding (Fig. 2e; Table 1 - Mutation). These data
collectively demonstrate a minimal Fab-binding sequence of 10 nucleotides
(N3U4G5CsA7NgAgG10G11N12), with apparent stringent nucleobase specificity at seven of
the positions.

Crystal structure of Fab BRG in complex with the R-12 RNA

We purified Fab BRG in complex with the R-12 RNA (Supplementary Fig. 2) using size-
exclusion chromatography (SEC) and subsequently crystallized it for X-ray diffraction.
Initial phases were obtained by molecular replacement using Fab BL3-6 (Protein Data Bank
accession code: 31VVK) minus four of the variable CDR loops (L3, H1, H2 and H3) as a
search model. After model building and refinement at 2.38A resolution, the final values of
Rfree and Ry,ork Were 0.2338 and 0.2094, respectively (Table 2). The complex crystallized
with a single Fab and a single RNA in each asymmetric unit in a C2 space group lattice.
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Within the lattice, the complex interacts via RNA with its adjacent symmetric mate (Fig. 3a).
We observed similar interaction in the crystal lattices of our two previous RNA-Fab
complexes3%: 32, Within the epitope-paratope interface, Fab-RNA interactions buried 928A2
of solvent-accessible Fab surface area, mostly involving the heavy chain (723A2). For
comparison, the interface between Fab BL3-6 and its hairpin epitope buries slightly more
surface area (821A2)3%: 41 and that between Fab2 and the P4-P6 RNA domain buries
substantially more (1,316A2). For comparison Fab-protein complexes bury on average 777
+ 135A2 of surface area32. All other intermolecular interactions in the Fab BRG-R12 crystal
lattice, including Fab-Fab and Fab-RNA contacts buried an additional 1601 A2 of surface
area. The dimerization interface buried 768A2, including 522A2 involving RNA-RNA
interactions. Overall, Fab BRG contributes 83% to the total buried surface area in the
epitope and lattice, consistent with its hypothesized role in facilitating crystallization? 31,

As expected by design, the structure shows that Fab BRG has an identical variable domain
scaffold (excluding the six CDR loops) as its parent, Fab 4D5 (PDB code: 1FVD) with an
RMSD value of 0.484 A32 42 and R-12 forms a hairpin secondary structure with a short
stem of only two GC pairs (G5:C12 and C6-G11; Fig. 3b). Fab BRG recognizes R-12 using
mostly tyrosine, serine, glycine, and arginine residues in its CDR loops to achieve shape
complementarity and mediate stacking, hydrogen bonding and electrostatic interactions (Fig.
3c). These residues predominantly come from diversified positions within the library, with
the only exceptions being G100h and D101, located at the end of CDR-H3, and Y50 and
Y56, located at each end of CDR-L2. In general, V residues recognize the stem-loop, and
V|_residues mostly interact with the single-stranded region (Fig. 3b). Within the heavy chain
CDR loops, 11 Tyr residues emerged from randomized positions (Fig. 1b); seven of these
along with two Tyr residues from the constant CDR-L2, provide direct contacts to the RNA
(Fig. 3e). The longest CDR loop, H3, forms a helical knob that inserts into a pocket created
by the major groove of the RNA hairpin and the single-stranded region (Fig. 3b and
Supplementary Fig. 3). CDR H3 and the other CDRs together form clefts through which the
RNA backbone traverses (Fig. 3d).

In the crystal lattice, nucleobase stacking involving G11, C12, A3’, A3, C12’ and G11’
predominantly mediates RNA-RNA interactions between the complexes (Fig. 4a).
According to dynamic light scattering data, the fitted Stokes radius of the Fab-RNA complex
(3.44nm; MW=52 kDa) in solution exceeds that of Fab BRG alone (3.29nm; MW=48 kD)
by less than 5%, consistent with a monomeric RNA:Fab complex (Supplementary Fig. 4).
We conclude that the complex exists in solution predominately as a monomer as expected.

RNA-protein interactions within the R-12:Fab BRG interface

Here we provide a detailed description of the RNA contacts, progressing 5’ to 3’ along the
chain. CD-L2 mediates interactions with the backbone of the single-stranded region of the
RNA near its 5’-terminus (Fig. 4b). G1, which is dispensable for binding, has little electron
density and may be disordered. The phosphodiesters at U2 and A3 form hydrogen bonds to
the side chains of CDR-L2 residues S51 and Y50, respectively, although the tight binding of
R-10 (Kp = 10 £ 2 nM), which lacks G1 and U2, suggests that the U2 phosphodiester
interaction may make no net energetic contribution to binding (Fig. 2d). The A3
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phosphodiester also interacts electrostatically with CDR-H3 residue R100d, which may
explain the more than 10-fold decrease in affinity of the Fab for binding R-9 compared to
R-12 (Fig. 2d).

Beginning with U4, the RNA backbone traverses CDR-H3 and makes contacts with it (Fig.
4c, d). U4, located 5’ of the RNA stem, projects its nucleobase away from the helical stack
and into a pocket created by CDR-H3 and partially by CDR-L2 (Figs. 3d and 4c,
Supplementary Fig. 5). This allows A3 to stack with A3’ of the symmetry-related molecule
(Fig. 4a). Within the pocket, two tyrosine residues Try50 and Tyr 56 at the termini of CDR-
L2 form edge-on m—interactions with the U4 nucleobase, and two residues from CDR-H3
form hydrogen-bonding interactions with U4 (Fig. 4c, Supplementary Fig. 5). The G100h
backbone atoms form hydrogen binds to the nucleobase and D101 forms a hydrogen bond to
the U4 2°-OH. The former interaction accounts for the observed absence of binding by the
U4C mutant (Table 1). G5 and C6 form base pairs with G11 and C12, respectively, to form
the stem. Aligning G11C12 to one side of a standard, two base-pair duplex shows the base
planes of the complementary nucleotides G5 and C6 rotated about 30 relative to the base
planes of the complementary nucleotides in the standard duplex, respectively
(Supplementary Fig. 6).

The Fab makes four hydrogen bond interactions with the duplex region of the RNA, three
via CDR-H3 and one via CDR-L2. The latter involves a water-mediated interaction between
the phosphate of G5 and the hydroxy! group of Y56 (Fig. 4c). From CDR-H3 the backbone
NH at G99 contacts the 06 keto group of G5, (Fig. 4c); at Y96 the hydroxyl group contacts
the C6 phosphodiester and the aromatic ring locates in Van der Waals contact distance to the
C6 nucleobase. On the opposite strand of the duplex, the Y100c hydroxy! group interacts
with N7 of G11. The structure accounts for the observed effects of mutations in this region
(Table 1). Mutation of either G5 or G11 in the duplex to adenosine abolishes binding, likely
by disrupting base pairing. The C12U mutation affects binding minimally, suggesting that
the complex may accommodate a G5:U12 wobble pair. C12 participates in the stacking that
mediates dimerization (Fig. 4a) but makes no contact with the Fab. In contrast, the C6U
mutation disrupts binding. Possibly U6:G11 wobble pairing alters the position of G11 and
disrupts the interaction with Y108.

Progressing along the RNA sequence into the loop, the A7 nucleobase points toward and
resides within hydrogen bonding distance of S97. U8 adopts the syn conformation about the
glycosidic bond, which directs the nucleobase away from the RNA and Fab towards solvent
and allows the phosphodiester backbone to make a reverse turn (Fig. 4d). The turn at U8
positions the 2°-OH of A7 within hydrogen bonding distance (2.4 A) of the A9 phosphate,
consistent with the observed protection from hydroxyl radical cleavage at A7 in the presence
of Fab (Fig. 2c¢). Mutation of U8 had no effect on binding but its deletion abolished binding,
likely by altering the backbone conformation (Fig. 2e; Table 1 — Deletion).

CDR-H1 and CDR-H2 play significant roles in contacting RNA loop nucleotides after the
turn at U8 (Fig. 4e). The hydroxyl groups of Y52 and Y54 of CDR-H2 form hydrogen bonds
with the A9 and G10 nucleobases, respectively, and CDR-H1 Y33 stacks on Y52 and forms
another water-mediated hydrogen bond with G10. Y53 stacks on A9, a stack that continues
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through A7, C6 and G5 nucleobases (Fig. 4¢). Following A9, the RNA backbone loops back
towards CDR-H3, forming a stacking interaction between Y100b and G10 (Fig. 4f).
Notably, all contacts in this region from A9 to G11 involve exclusively six tyrosine residues
from Vy.

Fab BRG stabilizes the hairpin conformation within the R-12 RNA

The finding that R-12 interacts with the antibody paratope as a hairpin led us to assess
whether the free RNA adopts this conformation on its own. Secondary structure predictions
using mFold with different parameters gave ambiguous outcomes (T, = 44 °C and 27 °C,
respectively)43: 4445 \\e therefore conducted experiments on variants designed to have
stems of from 1 to 5 putative base pairs (Fig. 5a). In a non-denaturing polyacrylamide
electrophoresis gel, the variants with one and two potential base pairs migrated similarly,
whereas the 3-bp and 5-bp variants (mFold Tm > 55 °C) migrated more rapidly. These
results suggest that the 3-bp and 5-bp variants possess a greater degree of compaction than
the other variants, consistent with formation of the hairpin conformation in variants with at
least 3 base pairs (Fig. 5b)46. We also conducted in-line probing assays, which assess base
pairing of RNA nucleotides by relative resistance to spontaneous RNA cleavage*’. The
putative loop nucleotides (7, 8, 9, and 10) showed a similar cleavage fraction in the 2-bp and
3-bp variants. However, putative stem nucleotides 5, 6, and 11 showed more cleavage in the
2-bp than in the 3-bp variant (Fig. 5c, d), suggesting that these nucleotides in R-12
experience base pairing less frequently. Overall, these data show that R-12 RNA possesses
little secondary structure in the unbound state. We infer that stable population of the hairpin
conformation occurs as a result of Fab binding.

We further investigated the sequence specificity of Fab BRG through binding analysis of
three additional variants designed to retain the capacity to adopt a hairpin conformation.
(Fig. 5a, e). First, an RNA able to form a 2-bp stem but with C6 and G11 swapped (“GC-
swap”) resulted in complete loss of binding, possibly by disrupting the Y100c-G11
interaction (Fig. 4f). Additionally, an RNA designed to form a hairpin with an additional CG
base pair inserted (“plusCG”) had no binding. These results indicate that the sequence of the
R-12 stem has significance for binding beyond the capacity to form duplex. Second, we
designed an RNA to have a 5-bp stem (“R-5bp™) that contains the original R-12 sequence
but with three nucleotides added to the 3’-end to involve U2, A3, and U4 in base-pairing.
R-5bp retained the ability to bind Fab-BRG but with about 10-fold lower affinity. We
conclude that Fab BRG has specificity for the RNA primary sequence in the stem-loop
conformation and based on the R-5bp results, favors the absence of secondary structure in
the upstream nucleotides.

Discussion

Fab BRG recognizes a specific conformation of an ssRNA

Our previous work has established that Fabs derived from synthetic libraries can specifically
recognize RNA secondary and tertiary structure motifs. For example, Fab2 recognizes the
tertiary structure of the P4-P6 domain derived from the Tetrahymena group | intron32. Fab
BL3-6 recognizes an AAACA hairpin loop closed by a GC base pair3°. RNA recognition in
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these two cases includes nucleotide-specific interactions in the context of the folded RNA.
The current work demonstrates another mode of RNA association in which Fab BRG binds
to a specific 10-nt sSRNA sequence with nanomolar affinity through stabilization of a 2-bp
hairpin conformation closed by an A7UgAgG1q loop. The binding interactions have stringent
specificity for the nucleobases with little tolerance for mutation. The A;UgAgG g tetraloop
does not correspond to common tetraloops found in biological systems neither in sequence
nor structure, and the first and fourth nucleotides do not form a non-canonical base pairing
interaction as observed in the common tetraloops (Fig. 3c)*8. However, the A7UgAgG19
tetraloop does share some features in common with other tatraloops®®. Specifically, the first
and the third nucleobases (A7 and Ag) stack over the closing base of the stem at the 5’-end.
In addition, as observed in the common tetraloops, the A7UgAgG1 tetraloop contains a
reverse turn, in this case at the second nucleotide U8, which adopts the syn conformation
about the glycosidic bond, allowing the ribose-phosphate backbone to reverse direction by
180° on the 3’-side of Ug. Fab BRG recognition of the stem loop involves predominantly
hydrogen bonding and extensive r-r interactions with tyrosine residues. The use of
extensive mt-Tt interactions occurs infrequently in natural tetraloop-protein interactionss,
possibly reflecting evolutionary adaptation for specialized biological functions, whereas Fab
BRG reflects a binding solution from restricted amino acid diversity without biological
constraints?®. In the absence of Fab, the RNA likely samples a dynamic ensemble of
conformations, including the 2-bp hairpin conformation observed in our structure. In this
respect, Fab BRG provides proof-of-concept for the use of Fabs to isolate and crystallize
specific conformers among conformationally dynamic populations of RNA.

Tyrosine Dominates the Fab BRG paratope

The paratope involves CDRs L2, H1, H2, and H3. CDR-H3 plays the dominant role
(Supplementary Fig. 7), just as it does for Fabs that bind protein antigens®C. Protein-binding
Fabs also frequently make use of the adjacent CDR-L3%%: 1, |n contrast, CDR-L3 in Fab
BRG makes no direct contact to the RNA but may support CDR-H3 structure indirectly
through a hydrogen bond between the backbone carbonyl of Ser91 and the side chain of Arg
100g. Instead CDR-L2, which contributes to protein binding interfaces only occasionally,
makes a substantial contribution to the RNA binding interface (19% of the buried surface
area) despite having had no encoded diversity in the phage library (Supplementary Fig. 7).
Previously, we reported a substantial CDR-L2 contribution from Fab2 in the P4-P6 interface.
(CDR-L2 contributes 28% to the buried surface area)32. In addition, the U4 pocket between
CDR-L2 and H3 in Fab BRG resembles the U130 pocket at the same location of Fab2, both
accommodating the uridine nucleobase using CDR-H3 residues G100h and D101 and CDR-
H2 residues Tyr50 and Tyr56 (Fig. 4c and Supplementary Fig. 5). This nucleobase pocket
also forms in Fab BL3-6 but resides outside the RNA binding paratope.

With the exception of Asp 101, which resides within hydrogen bonding distance of the U4
2’0OH, Fab BRG binding to the RNA involves exclusively interactions with Tyr, Ser, Gly,
and Arg as dictated by the prescribed amino acid diversity (Fig. 3e, Supplementary Fig. 7).
CDR-H3 contains two Arg residues; only Arg100d makes direct contact with the RNA
phosphodiester backbone, whereas Arg100g engages in the aforementioned hydrogen bond
with a serine residue in CDR-L3. Two Ser and two Gly residues also contribute to the
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interface, but Tyr dominates the binding surface, making both hydrogen bonding and
stacking interactions (Fig. 3c).

Comparison to previous Fab:RNA complex structures

We have thus far conducted structural studies on three unique Fabs (Fab2, BL3-6 and BRG)
and used them to solve four different RNA structures, including this work (Supplementary
Fig. 7)39: 3132 |n our structural studies, these Fab molecules have served as effective
crystallization chaperones to mediate at least 70% of intermolecular contacts in the lattice
(including the binding interface). Moreover, they show the capacity to adopt a range of
elbow angles (between the variable and constant domain) to accommaodate lattice packing
(Supplementary Fig. 7, 8a)°2. In all three cases, the a interfaces buried at least as much
surface area as for Fab complexes with proteins (777A2)41 but substantially less surface area
than natural protein-RNA interactions (2,545A2)%3, Despite the smaller average surface
burial compared to RNA-binding proteins, the Fabs still achieved mid-to-low-nanomolar
affinity, underscoring both the efficiency of antibodies in target binding and their utility as
engineerable designer RNA-binding proteins®*.

The paratopes of these Fab-RNA complexes involve multiple CDRs (four or more;
Supplementary Fig. 7, Supplementary Table 1). Common to all are contributions from CDR
H2 and a dominant contribution from H3. CDRs H1, L2 and L3 each make contributions in
two of the three complexes. As expected, in these structures all Fabs including the parent
Fab 4D5 adopt an identical variable domain conformation excluding the CDR loops
(Supplementary Fig. 9a,b; RMSD < 1 A between each other), indicating its structural
robustness to extensive mutations in the CDRs. As the Fab libraries used lack diversity in the
L1and L2 CDRs, CDR-L1 and CDR-L2 have identical sequences (Supplementary Fig. 8c)
and adopt highly similar peptide backbone conformations in Fab2, BL3-6 and BRG
(Supplementary Fig. 9). CDR-L1 makes the least, if any, contribution to the paratope
surfaces of the three Fabs. In contrast, L2 contributes significantly in both Fab BRG and
Fab2, although the extensive RNA interactions mediated by CDR L2 in Fab2 (2RBS) and
BRG (5E08) have little influence on the L2 CDR conformation (Supplementary Fig. 9).
CDR-L3 and -H1, diversified with Y and S at selected positions, have slightly different
sequences among the Fabs and adopt modestly different conformations (Supplementary Fig.
9). Again, RNA interactions appear to have little influence on the CDR-L3 conformation
(Supplementary Fig. 9). On the other hand, CDR-H2, also diversified with Y and S at
selected positions, contributes significantly to all three paratopes and adopts a distinct
conformation in the case of Fab2 (Supplementary Fig 9). The conformational difference in
Fab2 likely arises from mutation of a non-paratope residue, P53aS that generally contributes
to CDR conformation. CDR-H3, the loop designed with the highest diversity and length
variability, plays the most significant role in all three Fab-RNA interfaces and shows the
greatest sequence and structural diversity.

In both Fab2 and Fab BL3-6, Tyr plays a significant role in RNA binding though not as
dominant as in Fab BRG (Supplementary Fig. 7). In Fab 2, the contribution of Ser in terms
of buried surface area nearly equals that of Tyr (31% and 29% for Tyr and Ser,
respectively)32 and in Fab BL3-63%: 31, the contribution of Arg to surface burial exceeds that
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of Tyr (38% and 31%, respectively). Among the four paratope Arg residues in Fab BL3-6,
three contact the RNA and one, Arg100, contacts a residue (Asp101) at the carboxy terminus
of CDR-H3 in the Fab-BL3-6 RNA ligase structure3° but points away from the Fab surface
toward solvent in the BL3-6:Spinach RNA aptamer structure3L. In comparison to Fabs
selected for protein binding from minimalist libraries, our three structures together suggest
that serine plays a more prominent role in RNA binding Fabs, making as many direct
contacts to the RNA as tyrosine does, in addition to enabling conformational plasticity.
Focusing on CDR-H3 only, the 22 direct interactions to RNA within the three Fab:RNA
complexes follow the order Try (7) > Gly (6) > Arg (5) > Ser (4).

Conclusion and Outlook

In this work, we obtained a synthetic antibody Fab BRG that specifically binds a 10 nt
ssRNA sequence and solved the crystal structure of the Fab:RNA complex to 2.38A
resolution. The structure and biochemical analysis unveiled an RNA hairpin conformation in
the complex that does not form stably in the absence of Fab, analogous to other RNA-
binding proteins and enzymes®>: 56: 57 |n this respect, Fabs might serve as powerful reagents
for structural analysis to capture dynamic RNAs in distinct conformational states.
Comparison to the structures of two other Fab:RNA complexes confirms the capacity of Tyr,
Ser, and Gly biased CDRs, aided by the presence of Arg, to mediate RNA interactions and
shows that the versatility of Tyr seen in molecular recognition of proteins extends to
recognition of RNA32 49, Nevertheless, analysis of the CDR-H3 paratope composition
suggests that our current libraries may underrepresent Arg. However, adding more Arg could
lead to less specific Fabs?8, suggesting the need for systematic investigation to determine the
interplay between library output and specificity. Our new structure also provides a second
example in which CDR-L2 contributes significantly to the paratope surface despite the lack
of diversity and conformational plasticity for this CDR in the starting library. These findings
implicate both Arg content and CDR-L2 diversity as important parameters to evaluate in
tailoring Fab libraries for RNA binding.

To achieve recognition of ten consecutive nucleotides, natural RNA binding proteins
combine multiple RNA binding modules that individually recognize a shorter stretch of
nucleotides®®. For example, Pumilio family proteins consist of linked three-helix bundle
domains that individually recognize a single nucleotide and require tandem linkage of these
domains to achieve recognition of longer sequence elements®® 60:61:62 The transcription
factor NusA brings together two K-homology domains to create an extended RNA-binding
surface that allows the recognition of an 11 nt RNAS3, The capacity of the Fab scaffold to
support a sequence specific binding surface to a ten-nucleotide stretch of RNA illustrates the
potential to create synthetic RNA binding proteins. These synthetic affinity reagents may
serve as reagents for investigations of the biological roles of RNA binding proteins and for
applications in biotechnology and synthetic biology®% 64,
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Materials and Methods

RNA oligonucleotides preparation

For crystallization trials, the R-12 oligonucleotide (5’-GUAUGCAUAGGC-3") was
purchased from Dharmacon Inc. and was deprotected and desalted according to the
manufacturer’s instructions. The RNA oligo was dissolved and denatured in water by
heating at 90 C for 1 min. The mixture was diluted with 1x PBS buffer (pH 7.4, containing
137 mM NaCl) and used directly for forming complex with Fab.

All other oligonucleotides for biochemical assays were prepared in house by solid phase
synthesis on a 1 pmol scale using an Expedite Nucleic Acid Synthesis System (8900) by
following standard RNA synthesis protocols. Oligonucleotides were released from solid
support with 3:1 NH4OH/EtOH, 55 C 17 hrs, desilylated with 300uL 6:3:4 N-
methylpyrrolidinone/triethylamine (TEA)/TEA-3HF, 65 C 1.5h, and precipitated by n-
BuOH. All oligonucleotides were 5’-radiolabeled using y-32P-adenosine triphosphate
(Perkin Elmer) and dPAGE purified.

Fab selection using phage display

YSGR Fab library was constructed at Genentech according to published procedures, and
YSGRKX library was constructed in an analogous manner2®. Phage selection against the
branch RNA followed previous established protocols32. In order to immobilize RNA targets
onto streptavidin beads, the branch RNA was chemically 3’-biotinylated on its L-chain. In
the first round, 0.5 nmol of biotinylated branch RNA was immobilized on magnetic beads
(Promega) and incubated with approximately 1012-13 cfu of phages separately from each
library for 15 min in 0.5 mL of PTE buffer [1x PBS pH 7.4, 0.05% Tween 20, 2.5 mM
EDTA, 5% glycerol], supplemented with 0.1 mg/ml BSA, 0.1 mg/ml streptavidin, and 1 U/
uL murine RNase inhibitor (NEB). The solution was then removed, and the beads were
washed twice with PTE buffer. In the subsequent rounds, amplified and purified phage pools
were first incubated with streptavidin beads in PTE buffer for 30 min, and the supernatant
was used in the selection on a KingFisher magnetic particle processor (Thermo Electron
Corporation). Approximately 1010-11 cfu phages were incubated for 15 min with 50 nM
biotinylated branch RNA target in 100 pL of PTE buffer, supplemented with 0.1 mg/mL
BSA, 1 unit/uL murine RNase inhibitor, and 1.5 debranched RNA mix as specific
competitors. The beads were then added to the solution for 15 min to capture the RNA
together with the bound phages, then blocked with 50 UM biotin, washed five times with
PTE buffer, and eluted in 50 uL of elution buffer (1x PBS, 5% glycerol, and 1 pg/mL
biotinylated RNase A). After each round of selection, recovered phages were amplified as
described®. After selection, individual clones from enriched output were grown in a 96-well
format in 500 pL of 2YT broth supplemented with ampicillin and M13-KO7 helper phage.
The culture supernatants were then used in phage ELISAS5.

Fab expression and purification

Output clones were sequenced, and reformatted with introduction of stop codon on
phagemids as described?®. The desired Fab proteins were then expressed as soluble proteins
according to published protocols®6. Collected cell pellets were lysed, and Fab proteins were
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purified using the AKTAxpress FPLC purification system (Amersham) as described30.
Purified protein was dialyzed into 1x PBS pH 7.4, concentrated and analyzed by 12% SDS-
PAGE using Coomassie Blue R-250 staining for visualization. Aliquots of Fab samples were
tested for RNase activity using the RNase-alert kit (Ambion).

Nitrocellulose filter binding assay

Approximately 10,000 cpm of 5’-radiolabeled oligonucleotide were diluted to a total of 900
pL with filter binding buffer (PBS pH 7.4, plus 0.2 mM EDTA), supplemented with 0.5
mg/mL heparin and 0.1 U/uL RNase inhibitor (Amersham). The final concentration of
oligonucleotide was less than 1 nM. Filter binding assay was performed as reported
previously3L.

Hydroxyl radical Footprinting

Footprinting reactions contained 1 uL approximately 100,000 cpm/uL of 5'-labeled
oligonucleotides, diluted into aliquots containing 9 uL 1x PBS pH 7.4 and 0.5 mg/mL
heparin. 1 puL of 10x Fab (20 uM) was added, and the RNA-Fab mixture to incubated at R.T.
for 30 min to allow for Fab binding. Footprinting assay was then performed as described3!.

Debranching assay

Dbr1 debranching assay was performed as previously described3”: 38, All experiments were
performed in PBS at pH 7.4 with 1.4 nM yeast Dbrl debranchase. Reactions in 10 uL
aliquots contained approximately 20,000 cpm 5’-radiolabeled branch RNA per each lane of
loading, and were allowed to incubate with Dbrl for 0, 1, 2, 5, 10 and 20 minutes. All
reactions were subsequently quenched by the addition of 5 pL of a thiourea stop solution,
and then fractionated by 10% dPAGE (10% acrylamide, 0.5x TBE, 7 M urea). Gels were
exposed to Phosphorimager screens, which were scanned on a Typhoon Trio imager (GE
Healthcare), and images were processed by ImageQuant software. For debranching assay in
presence of Fab BRG, each concentration of Fab was added into lariat RNA and allowed to
incubate for 30 min at R.T. prior to debranching by Dbr1.

Secondary structure in-line probing

In-line probing assay was performed as previously reported*’. Approximately 50,000 cpm
per aliquot of each 5’-radiolabeled oligonucleotide was folded in 1x PBS at pH = 7.4, 37 °C
for 30 min, and then treated with in-line probing buffer (50 mM Tris — HCI at pH 8.3, 20
mM MgCl,, and 100 mM KCI) for 48 hours at R.T., before fractionating with 20%
denaturing PAGE for footprinting. Gels were exposed to Phosphorimager screens, which
were scanned on a Typhoon Trio imager (GE Healthcare), and images were processed by
ImageQuant software.

Crystallization of the Fab-oligonucleotide complex

BRG Fab-RNA complex was formed by incubating 20 nmol of the 12-mer oligonucleotide
(Dharmacon) in 1x PBS buffer at pH 7.4 with 1.1 eq of BRG Fab, at R.T. for 30 min. The
mixture was then loaded onto HiLoad 16/60 Superdex 200pg gel filtration column (GE)
equilibrated with 1 x PBS running buffer and elution was monitored by the AKTA FPLC
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purification system (Amersham). All gel filtration runs were carried out at 4 °C. The Fab-
RNA complex was fractionated at about 90 ml of elution, collected and concentrated to 10
mg/mL using an Amicon Ultra-15 column (10 kDa molecular weight cut-off). To decrease
the number of nucleation events during crystallization trials®’, sample was passed over
Millipore centrifugal filter units (0.2 um cutoff) immediately before tray setup. Mosquito
liquid handling robot (TTP Labtech) was used to set up high-throughput hanging drop vapor
diffusion crystallization screens using 284 conditions provided by Hampton, plus RNA
crystallization screen (Sigma). High diffracting crystals were observed in one condition
straightly from the screens: 1.8 M Ammonium citrate. Crystals grew to full size within 4-5
days on hanging-drop 24-well plates at room temperature. For cryoprotection, drops bearing
suitable crystals were brought to 1.8M Ammonium citrate plus 20% glycerol, then flash-
frozen into liquid nitrogen for diffraction.

Data Collection and Processing

X-ray diffraction and all data collection were performed at the Advanced Photon Source
(APS) NE-CAT beamline 24-ID-C. All datasets were integrated and scaled using HKL2000/
HK L3000 software suite58, Initial phases were obtained by molecular replacement (MR)
with Fab BL3-6 minus CDR-L3, H1, H2 and H3 (PDB code: 31VK) using Phaser on
Phenix89, which located one Fab-RNA complex per asymmetric unit. The initial phases
obtained from molecular replacement were sufficient to trace the RNA backbone (12 nt).
Model building was completed with COOT7?, and then refinement was carried out with the
Phenix package’. Solvent accessible surface area and area of interaction were calculated
using PDBePISA’2. All figures were made in Pymol (Schrodinger).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Fabs that bind RNA have great potential as biomedical research tools.

Fab BRG binds to a 12 nt single-stranded RNA with high affinity and
specificity.

The Fab BRG stabilizes a hairpin conformation of the RNA.
CDR-H3 and tyrosine play dominant roles in RNA recognition.

Fab provides a versatile scaffold for RNA binding.

J Mol Biol. Author manuscript; available in PMC 2017 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shao et al.

Page 20

a &?UUUACAUAGCAUGUCA 3’ biotin
C
& L
¥

5 GGGGAACAC GUUUACUA?';
5 GUAUGCAUAGGCAAUAA 3’

CDR-L1 CDR-L2 CDR-L3 CDR-H1 CDR-H2 CDR-H3
B2 OT Ve O
RPOr OrNOTVE TNOTIVLE PEO-NOTVE OrNdoTvore LVErK0SS000S959SS
{RBs  BoIZIBB 532338 {J5S833I88 I-HTIIBBLB {8GRF22222222222
BRG svss YsassLy EyBvyery HI YIH YIYPYYGETY YY vy YRYERcFD
BRK1 Evyy YBasELY Ll Y.y M H 1yerYHcETH YWl YHYERAM D
BRK2 YVvYHE vEAasBLy EYRHLE H.ESy yEBvH 1ysy@clT YA YIH A M D
0.8
0.8 ® BRG - ® BRG vs. Deoxy R
® BRK1 ./" ® B BRK1 vs. Deoxy R
v BRK2 [ X - 0-61 i
T 0.6- o . £
3 o
o s / o
2 o 42 c0.4 /
c ’ ]
°04 .,/ i[, T ] * /
= 7 o ’
8 % f 'Y s 7
i 0.2 3 P 0.2 .
: 4 .
_-
gl ol _ 8
0.0+ 222 0.0 =
1 10 100 1000 1 10 100 1000
[Fab BRG] /nM [Fab BRG] /nM
Figure 1.

The YBLO59W branched RNA target and binding by Fabs selected from synthetic phage-
displayed Fab libraries. (a). Sequence and structure of the target. The RNA is composed of
two strands, L (red) and R (blue), connected by a chemical bond between 5’-end of R and
A18 2’-OH of L. The RNA contains a biotin moiety on the 3’-end of L for antigen
immobilization during selection. (b). CDR sequences of three selected Fab clones (Fab-
BRG, -BRK1, and -BRKZ2. Only positions with designed diversity are colored according to
amino acid type. (c). Fab binding to branched RNA revealed by filter binding assays.
Fraction bound reflects the fraction of RNA retained on a nitrocellulose filter as a result of
incubation with the indicated Fab. For Fab-BRG, a fit of the data to a binding equation gave
Kp =21 £ 3 nM. All binding assays contained PBS at pH 7.4, 0.2 mM EDTA (d). BRG and
BRK1 binding to Deoxy R.
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Figure 2.

Location of the Fab-BRG binding site within the branched RNA. (a). Fab BRG binds strand
R with full affinity (Kp = 26 £ 1 nM). (b). Fab BRG inhibits Dbr1 debranching of the RNA
target ([Dbrl] = 1.4 nM). See Supplementary Fig. 1 for original gel figures. (c). Hydroxyl
radical footprinting on strand R in the presence and absence of Fab BRG. Input — control
samples without Fe-EDTA treatment; T1 Digestion — ladder generated by treating samples
with ribonuclease T1. (d). Fab BRG binds a 10-mer oligonucleotide (A3 to C12) with full
affinity (Kp = 10 £ 2 nM). (e). Fab BRG binds 3 of the 10 scanning mutagenesis 10-mer
constructs with nearly full affinity (See Table 1 for more details).
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Water: o

Hbond: «—»
Electrostatic: «—»
Stackingg =

Figure 3.
Crystal structure of the Fab-BRG:R-12 RNA complex. (a). Packing of the Fab-RNA

complex (Fab: green; RNA: orange) in the crystal lattice with a unit cell displayed.
Symmetry-related molecules are shown in grey. (b). Overall structure of the Fab-RNA
complex (Color code: blue — RNA, cyan -CDR-L2, orange — CDR-L3, red — CDR-H1,
green — CDR-H2, purple — CDR-H3). RNA is contoured with the |Fgps|-|Fcall difference map
(green mesh, 3.50) from a simulated annealing refinement omitting the R-12 RNA. (c).
Schematic summary of Fab-RNA interactions on R-12 hairpin. Rectangles represent
nucleobases and ovals represent CDR residues colored as in (d). (d). Molecular surface of
the Fab-BRG variable domain in complex with the RNA. (e). Interaction between the 12mer
RNA and the CDR residues. Orange spheres represent water molecules that mediate
hydrogen bonds. Green dashes represent hydrogen bonds, and the red dash represents a salt
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bridge. Colors correspond to amino acid types (Tyr: yellow, Gly: green, Ser: red, Arg: blue,
and others: magenta).
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Figure 4.
Interactions within the Fab-RNA binding interface. (a). Dimerization of the oligonucleotide

observed in crystal lattice. The symmetry-related molecule is shown in pale color, with
primes after its nucleotide numbers. (b—f) Close-up views of Fab-RNA interactions involving
(b) CDR-L2, U2 and A3; (c) CDR-H3, U4, G5 and C12 (d) CDR-H3, C6, A7 and U8; (e)
CDR-H2, A9 and G10; (f) CDR-H3, G10 and G11. Dashed lines with numbers indicating
distances in A: black — Fab-RNA hydrogen bonds, yellow — GC-pair hydrogen bonds, red —
electrostatic, orange — hydrophobic. Residue color code matches Figure 3b.
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Figure 5.
R-12 RNA undergoes a shift in conformation upon Fab-BRG binding. (a). RNA

oligonucleotides drawn in their putative hairpin conformations. All variants contain the
AUAG tetraloop nucleotides were designed to differ in the number helical base pairs (b).
EMSA assays (20% acrylamide) for RNA oligonucleotides containing 1, 2, 3 and 5 putative
base pairs. The 2-bp hairpin migrates in a manner similar to 1-bp oligonucleotides but
slower than the 3-bp and 5-bp oligonucleotide. (c). In-line probing analysis of 2-bp and 3-bp
oligonucleotides. Input — control samples without probing buffer treatment (d). Quantitative
analysis of the in-line probing results from (c). Positions 5, 6, and 11 react faster in the 2-bp
oligonucleotide compared to 3-bp, whereas position 7, 8, 9, and 10 react to similar extent.
Degradation counts from input are subtracted from each band in quantification. Data
represent mean values + s.d. from two experiments. (). Effect of the number and identity of
stem base-pairs on Fab-BRG binding (See Table 1 for more details).
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Crystallographic statistics

Data Collection
Wavelength (A)
Space Group
Cell dimensions
a b, c(A),
By ()
Resolution (&)
No. Reflections
Rimerge (%)
I/ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
Rwork
Riree
R. M. S deviations
Bond Length (A)
Bond Angles (degree)
Number of atoms
Protein
RNA
Water
B-factor
Overall
Protein
RNA
Water

0.9795
cil21

199.5, 63.4, 57.1
90.0, 97.5, 90.0
60.38-2.38(2.46-2.38)
28135
8.4(51.8)

11.5 (1.3)
98.5 (97.1)
33(3.1)

60.38-2.38
0.2094
0.2338

0.006
1.427
3715
3384
255
76

57.26
58.02
48.59
52.20

Maximum-Likelihood based

Coordinate Error (A)

0.33

*
Values in parentheses are for highest-resolution shell.
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