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Abstract

A multitude of RNA hairpins are directly implicated in human disease. Many of these RNAs are
potentially valuable targets for drug discovery and basic research efforts. However, very little is
known about the molecular requirements for achieving sequence-selective recognition of a
particular RNA sequence and structure. While a relatively modest number of synthetic small to
medium-sized RNA-binding molecules have been reported, rapid identification of sequence-
selective disease-relevant RNA-binding molecules remains a daunting challenge. RNA
Recognition Motif (RRM) domains may represent unique privileged scaffolds for the generation
of synthetic proteins that selectively recognize disease-relevant RNAs, including RNA hairpins.
As a demonstration of this potential, we mutated putative RNA-binding regions within the ULA
RRM, and a variant thereof, and screened these synthetic proteins for affinity to HIV-1 Trans-
Activation Response (TAR) element hairpin RNA. Impressively, some of these U1A-derived
proteins bind TAR with single-digit micromolar dissociation constants, and do so preferentially
over the native protein's original target RNA (Ulhpll) and a DNA TAR variant. For two TAR-
binding proteins, binding affinity is not appreciably diminished by addition of 10 molar
equivalents of cellular tRNAs from Escherichia coli. Taken together, our findings represent the
first synthetic RRMs that selectively bind a disease-relevant RNA hairpin, and may represent a
general approach for achieving sequence-selective recognition of RNA hairpins, which are the
focus of therapeutic discovery and basic research
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Introduction

Ribonucleic acids (RNAs) play critical roles in functionally diverse cellular processes,
including many of therapeutic significance.(1-3) Reagents capable of selectively recognizing
disease-relevant RNAs, thus represent valuable starting points for drug discovery and basic
research.(4-6) However, structural and electronic features associated with RNA can make
the identification of such reagents a daunting challenge.(7) To date, only a modest number
of synthetic small (<1 kDa) to medium-sized (~1-2 kDa) RNA-binding molecules have
been reported.(8-21) Of these, only a fraction exhibit moderate to good sequence selectivity.
This limited success, coupled with sparse knowledge of the detailed requirements for
specific recognition of a given folded RNA, suggests that traditional small molecule
approaches will never provide a complete solution. We need a fundamentally different
approach.

Nature has evolved a suite of RNA-binding proteins(22-24), which may serve as privileged
scaffolds for the generation of synthetic proteins that bind disease-relevant RNAs.(22, 25)
Some of these proteins have evolved to address precisely the challenge before us:
Recognition of a particular folded RNA with good affinity and sequence selectivity.
Converting them to our purpose requires deciphering and manipulating the elements that
govern recognition specificity. Recently, exciting findings have been reported on the
engineering of Pumilio/fem-3-binding factor (PUF) repeat domains and pentatricopeptide
Repeat (PPR) proteins for sequence-selective recognition of single-stranded RNAs
(ssRNAs).(26-30) Taken together, these efforts have resulted in the generation of a sSSRNA
“recognition code”, which enables thoughtful design of synthetic proteins capable of
selectively binding virtually any ssRNA sequence. However, selective recognition of
structured RNASs remains a serious challenge.

Here we report the first mutation of a known RNA Recognition Motif (RRM) to confer
specificity for the HIV Trans-Activation Response (TAR) element hairpin, a significant
target for therapeutic discovery and basic research. The best synthetic RRMs we identified
bind to TAR with low micromolar affinity, and do so preferentially over the native protein's
original target RNA, a DNA TAR variant, and in the presence of 10 molar equivalents of
cellular tRNAs. Together these results establish a fundamentally new strategy for the
sequence-specific recognition of high value RNA targets, and provide a potentially general
framework for the development of new complexes between engineered or evolved RRMs
and disease-relevant structured RNAs, including RNA hairpins.

The N-terminal RNA Recognition Motif (RRM) within the U1 small nuclear
ribonucleoprotein (U1A, Figure 1A and 1B) selectively binds the RNA hairpin Ulhpll
(Figure 1B) with incredible affinity (dissociation constant, Kp, ~10-11 M).(31, 32) The
U1A-Ulhpll complex has attracted significant attention and frequently serves as a model for
recognition of hairpin RNA by a protein.(33-39) Native ULA-U1hpll binding proceeds
through a “lure and lock™ mechanism.(40) Polyanionic RNA is first lured to U1A by
strategically placed positively charged lysine residues.(41) The lure step is followed by
sequence-selective interactions with the target RNA.(32, 34) Following an ion-paired lure
step, the complex is additionally stabilized through 7t-7 interactions that involve solvent-
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exposed loop nucleotides C5 and A6, and U1A residues Tyrl3 and Phe56(42) (Figure 1B).
In solution, the Ulhpll loop exhibits a dynamic structure.(32) However, in the bound state,
residues within the $2-p3 loop of U1A protrude into the Ulhpll RNA loop, essentially
locking this region of the RNA hairpin in place around the U1A $2-p3 loop.(32) (Figure
1C). This complex is further stabilized by RNA sequence-selective hydrogen bond
networks, including well-defined interactions between U1A residues Asn15, Asn16, and
Glul9 and Ulhpll nucleotides U2, G3, and G4 (Figure 1D).(43)

The Ulhpll RNA hairpin contains a relatively large 10-nucleotide loop (Figure 2A and 2B).
However, a large number of disease-relevant RNA hairpins contain significantly smaller
loops, which typically range four to eight nucleotides in length.(7) Well-studied features of
the ULA-Ulhpll interaction, however, suggest that variants of U1A and/or U1A-derived
proteins could be made to recognize RNA hairpins with smaller loops. For example, ULA
does not engage Ulhpll loop nucleotides U9, C10, and C11, suggesting smaller RNA loops
can be accommodated.(39, 44) U1A B2-B3 loop residues Lys50 and Met51 (highlighted in
Figure 1B) form no interaction with Ulhpll.(32) Laird-Offringa and coworkers have shown
that while deletion of U1hpll loop nucleotides U8 and U9 reduces U1A affinity by ~3000-
fold, a compensatory mutation in U1A that removes residues Lys50 and Met51
(AK50AMS51) results in a protein that binds either hairpin with similar affinity.(45) We have
used fluorescence polarization to measure dissociation constants (Kp) for numerous
AK50AM51 mutants and Ulhpll-derived RNA hairpins with eight or seven-nucleotide loops
(AUBAC9 or AUBACI9ACL1O, respectively).(46) Our results indicate a similar binding mode
for the wild-type complex and complexes involving AK50AM51 and Ulhpll hairpins with
shortened loops. Putative RNA-binding regions in the ULA-U1hpll context can play
prominent roles in stabilizing interactions between AK50AM51 and Ulhpll variants with
shortened loops.

Previous research has demonstrated a degree of plasticity within RNA-binding regions of
U1A (and by relation, AK50AM51). Mutagenesis of residues within putative RNA
recognition regions of ULA generally does not result in protein instability and unfolding.(32,
41-43, 46) In addition, certain mutations within the putative RNA-binding regions can lead
to altered RNA binding selectivity. For example, researchers have shown that mutating
residues within the b2-b3 loop lead to ULA-derived proteins with improved affinity for
U1hpll.(47) Additionally, similar mutations have resulted in U1A variants capable of
selectively binding RNA hairpins with high sequence homology to Ulhpll.(47, 48) Finally,
Baranger and coworkers have shown that mutating Glu19 can result in ULA-derived
proteins that selectively bind a Ulhpll G4U mutant RNA hairpin.(43) Taken together, these
finding suggest that U1A is a potentially malleable protein scaffold from which new proteins
capable of binding disease-relevant RNA hairpins can be generated. Thus far, however,
researchers have only focused on the generation of U1A-derived proteins with improved
affinity for Ulhpll, or altered affinity for RNAs with high sequence homology to Ulhpll.
We questioned if U1A and/or AK50AM51 might serve as a starting point for the
development of new synthetic proteins that selectively recognize a disease-relevant RNA
hairpin that does not share significant sequence homology with Ulhpll.
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As an initial test of our ability to identify synthetic RRMs that recognize an RNA hairpin
involved in human disease, we created a focused library of ULA- and AK50AM51-mutants
and measured the affinity of these proteins to Trans-Activation Response (TAR) element
from HIV-1 (Figures 2C and 2D). TAR RNA is a well-studied RNA hairpin with a six-
nucleotide loop and three-nucleotide bulge within the stem.(49) TAR is required for trans-
activation of the HIV-1 viral promoter, which ultimately results in the synthesis of proteins
necessary for HIV-1 proliferation(50), and has therefore been the focus of therapeutic
discovery and molecular recognition studies. In contrast to previous efforts to alter the
sequence-selectivity of U1A-derived proteins, TAR shares little sequence and structural
homology with Ulhpll (Figure 2).

Results and Discussion

Alanine Scanning Identifies Mutations Within Putative RNA-Binding Regions of U1A that
Stabilize Binding to TAR RNA

We used fluorescence polarization to measure the dissociation constants for complexes
involving a 5’ fluorescein-labeled TAR RNA and U1A, AK50AM51, or mutants thereof.
Both U1A and AK50AM51 bind TAR with low micromolar dissociation constants (Kp =
19.1(%4.9) and 15.9 (£2.3) uM, respectively, Table 1, entries 1 and 10). These binding
affinities are significantly better than recently reported RNA-binding molecules.
Additionally, these data support our hypothesis that both ULA and AK50AM51 are
privileged scaffolds for RNA hairpin recognition, and are valuable starting points for
achieving good and selective affinity of disease-relevant RNA hairpins.

To identify residues within the U1A and AK50AM51 frameworks that specifically contact
TAR RNA, as well as identify similarities in the mechanism of binding for these complexes
and the native interaction, we mutated putative Ulhpll RNA-binding residues to alanine and
measured the effect of each mutation on affinity for TAR RNA. Given their well-established
role in Ulhpll recognition, we mutated residues Asnl5, Asn16, Glul9, and residues within
the b2-b3 loop (highlighted in red, Figures 1A and 1B). In addition to providing insight into
the points of contact for this new protein-RNA interaction, we hypothesized that residues
that affect TAR affinity could be optimized for affinity, and potentially selectivity. Previous
studies have shown that Arg47 participates in Ulhpll RNA recruitment through non-
selective ion-paired interactions with the phosphate backbone of RNA.(41) Within both the
U1A and AK50AM51 frameworks, Arg47Ala mutation dramatically lowered affinity for
TAR RNA (Kp >250 uM, data not shown). Of the eight remaining U1A-derived alanine
mutants we tested, only the Lys50Ala mutant showed lower affinity for TAR RNA,
compared to native ULA (Table 1, entry 8). The tightest binding U1A-derived alanine
mutants, Glu19Ala, Leu49Ala and Met51Ala, bound TAR with 3.2-, 3.7- and 3.9-fold
improved affinity, compared to native U1A (Table 1, entries 4, 7, and 9, respectively).
Generally, these findings suggest that mutation of putative RNA-binding residues in the
U1A-U1lhpll complex can result in synthetic ULA proteins with good binding affinity for
TAR RNA. Interestingly, while AK50AM51 binds TAR with slightly better affinity than
native U1A, none of the AK50AM51 alanine mutants outperformed the analogous U1A
alanine mutants. Of the six AK50AM51 alanine mutants we tested, only Glu19Ala showed
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significantly improved affinity for TAR RNA (1.6-fold improvement compared to
AK50AMB1).

Expanded Mutagenesis of TAR RNA-Binding Residues in U1A Improves Affinity

Expanding on these findings, we set out to optimize the three best-performing U1A-derived
alanine mutants (U1A Glul9Ala, U1A Leu49Ala, and ULA Met51Ala) and the best
AK50AM51-derived alanine mutant (AK50AM51 Glu19Ala). We measured the binding
affinities for a focused library of U1A mutants with chemically diverse residues at positions
19, 49, and 51. This set of U1A variants was designed to test changes in complex stability as
a result of incorporating negatively charged (glutamic acid, Glu), positively charged (lysine,
Lys), hydrogen bond donating (serine, Ser), amide (asparagine, Asn), or aromatic
(phenylalanine, Phe) amino acids at these important residues.

Alanine mutagenesis data indicated that the negatively charged carboxylic acid containing
side chain at position 19 has a deleterious effect on the stability of a complex with TAR
RNA. Therefore, we reasoned that U1A proteins containing chemically distinct side chains
at this position might have improved affinity for TAR RNA. Indeed, U1A Glul9Lys,
Glul19Ser, Glu19Asn and Glu19Phe mutants exhibited 3.2-, 4.7-, 1.6-, and 3.1-fold
improved affinity for TAR, compared to native U1A (Table 2, 1-4, respectively).

Additional information on the molecular requirements for TAR RNA recognition by U1A-
derived proteins was obtained by examining focused libraries of mutants at positions 49 and
51. None of the Leu49 mutants resulted in a higher affinity complex, compared to U1A
Leud9Ala. However, the affinity of the Leu49GIu for TAR RNA was significantly
diminished (Kp > 250 uM), suggesting that a negative charge at this position is not tolerated
(Table 2, entry 5). Lysine, serine, asparagine, and phenylalanine are tolerated at residue 49;
however, these mutations resulted in modest to appreciably worse affinity for TAR RNA,
compared to ULA Leu49Ala (Table 2, entries 6-9). Similar to the mutagenesis profile we
observed for residue 49, the Met51Glu mutant exhibited significantly decreased affinity for
TAR RNA (Kp > 250 uM, Table 2, entry 10). Lysine, serine, asparagine, and phenylalanine
were tolerated at amino acid 51; however, modest to appreciably worse affinity for TAR
RNA was observed in each case, compared to Met51Ala (Table 2, entries 11-14). Taken
together, these findings implicate putative RNA-binding residues in the native U1A-Ulhpll
complex as important contributors to binding TAR RNA, and suggest that mutation of these
key residues may result in synthetc proteins with improved affinity for TAR RNA. These
findings also suggest that various functionally diverse residues are tolerated at residues 49
and 51; however, decreasing the apparent size of the f2-3 loop through Leu49Ala or
Met51Ala mutations can result in improved affinity for TAR hairpin RNA. This is perhaps
intuitive, since the loop in TAR is significantly smaller than the RNA loop in Ulhpll.

To provide insight into complexes involving TAR RNA and AK50AM51-derived proteins,
as well as potentially improve this binding interaction, we prepared a focused library of
mutants at position 19 and measured the effect of each mutation on affinity for TAR RNA.
Similar to our earlier observations for ULA-derived mutants, Glu19Lys, Glu19Ser and
Glu19Phe exhibit modestly improved affinity for TAR RNA, compared to AK50AM51
(2.5-, 2.2-, and 1.3-fold, respectively; Table 2, entries 15, 16, and 18). Similar to the
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analogous U1A mutant, AK50AM51 Glu19Asn exhibited the worst affinity for TAR RNA of
residue 19 mutants (Table 2, entry 17).

To summarize these initial results: Impressively, mutation of a single residue within the
U1A or AK50AM51 framework can result in new synthetic RRMs capable of binding TAR
RNA with good affinity (low to single-digit micromolar dissociation constants). These
findings support our general hypothesis, that ULA and AK50AM51 are privileged RNA
hairpin-binding scaffolds, and mutagenesis of these structures can result in new RNA-
binding proteins with affinity for disease-relevant RNA hairpins. From a single mutation, we
generated U1A- derived proteins that rival or exceed previously reported small molecule
TAR-binding compounds(21, 51, 52), and are significantly tighter binders than very recently
reported RNA-binding small molecules identified from high-throughput screening(53).
While potentially higher affinity complexes may result from more extensive mutagenesis,
we viewed these mutants as promising leads that warrant additional study.

Combining Beneficial Single Mutations Does Not Improve Affinity for TAR RNA

Synergistic effects can play important roles in a multitude of biological processes, including
binding interactions.(54) Expanding on our preliminary findings, we next set out to
determine if combinations of beneficial U1A mutations identified in Table 1 and Table 2
further stabilize binding to TAR hairpin RNA. We prepared a truncated combinatorial
library of double mutants (derived from beneficial single mutants). Interestingly, none of
these double mutants exhibited improved affinity for TAR RNA, compared to the single
mutant U1A proteins from which they derived (Supporting Information, Figure S6). While
the rationale for this observation is unknown, one hypothesis is that synthetic ULA proteins
with multiple independently beneficial mutations bind TAR RNA in slightly different
conformations, compared to single mutation versions from which they derive. If true,
complexes between TAR RNA and double mutants may favor interactions between a
beneficial mutation, while inhibiting (or significantly lessening) the other. Based on these
findings, we focused our efforts on single residue mutants of ULA or AK50AM51 that
exhibit good affinity (low micromolar dissociation constant) for TAR RNA.

Synthetic U1A Proteins Selectively Bind TAR RNA over an Analogous DNA Sequence

Perhaps foremost among the many challenges faced by researchers focused on RNA
recognition is achieving selectivity for a particular folded RNA over other nucleotides.
Unlike proteins, which are generated from 20 proteinogenic amino acids that can contain
chemically diverse side chains, the functional group diversity of RNA originates from only
four nucleobases, which have significant chemical and structural homology. An obvious
assessment of RNA- selective recognition is to compare affinities between a molecule or
protein for a target RNA and a sequence analogous DNA. While experimentally simple, this
is a particularly significant challenge. Sequence analogous RNA and DNA hairpins only
differ chemically by replacement of uracil (U) in RNA with a structurally related thymine
(T) base, and addition of a stereodefined 2’-hydroxyl group within the ribose of RNA. Since
relatively little is known about the molecular requirements for achieving RNA-selective
interactions, thoughtful integration of RNA-selectivity into a nucleic acid-binding small
molecule or protein a priori is daunting and an unsolved problem. Unsurprisingly, a number
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of previously reported RNA-binding small molecules also bind the sequence analogous
DNA with very little selectivity.(55, 56) However, we hypothesized that since RRMs
evolved function (recognition of a particular RNA sequence and structure) in a virtual sea of
cellular nucleic acids, this scaffold might exhibit inherent selectivity for a target RNA
hairpin over other nucleic acids such as DNA or tRNAs. Consistent with this hypothesis,
native U1A bound TAR RNA with ~7.6-fold selectivity over the sequence analogous DNA
(referred to as TAR DNA herein, Table 3, entry 1). Among the newly identified TAR-RNA
binding RRMs we tested (see Table 3), five of these proteins bound TAR RNA with ~17-to
~37-fold selectivity over TAR DNA. These proteins, and their selectivity for TAR RNA
over TAR DNA (in parenthesis) are as follows: U1A Glul9Ala (17.0); UL1A Glul9Phe
(25.2); U1A Glul9Ser (22.4); U1A Leud9Ala (17.0); and, ULA Met51Ala (36.5), (Table 3,
entries 2, 3, 5, 6, and 8, respectively). Unsurprisingly, perhaps, ULA mutants with a
positively charged lysine (ULA Glul9Lys, U1A Leu49Lys, and ULA Met51Lys) have the
lowest selectivity for TAR RNA over TAR DNA (2.1-, 5.0-, and 7.1-fold, respectively).
While all of the U1A and AK50AM51 mutants we tested selectively bound TAR RNA over
TAR DNA, AK50AM51 mutants exhibited lower selectivity compared to most of the U1A-
derived synthetic RRMs. Based on these findings, we limited subsequent studies to the pool
of U1A-derived RRMs.

Synthetic U1A Proteins Selectively Bind TAR RNA Over Ulhpll Hairpin RNA

Many groups have shown that U1A has exceptional affinity for Ulhpll (Kp ~1011 M). A
serious challenge exists when attempting to repurpose the U1A scaffold to identify mutants
with affinity for therapeutically relevant RNAs. Given the incredibly high affinity between
native U1A and UZlhpll, an obvious concern is that U1A mutants will still bind Ulhpll with
exceptional affinity. However, researchers have previously shown that a single mutation to
U1A can dramatically lower affinity for Ulhpll.(32, 43) Many of the single mutations
capable of suppressing or abrogating affinity for Ulhpll reside within the regions of U1A
that are the focus of this work. When combined with our preliminary findings, these data
suggest that a single mutation to U1A might result in affinity for a new RNA sequence (such
as TAR RNA) and dramatically lowered affinity for ULhpll. Impressively, some of the TAR
RNA-binding synthetic RRMs we identified preferentially recognize TAR RNA over
Ulhpll hairpin RNA. In particular, ULA Glul9Phe and Glu19Ser exhibit 5.8- and 2.8-fold
selectivity for TAR RNA over Ulhpll, respectively (Table 3, entries 13 and 14). In contrast,
however, U1A Glul9Ala, U1A Leu49Ala, and ULA Met51Ala selectively bound Ulhpll
hairpin RNA over TAR RNA.

Researchers have previously shown that Asn15Val, Glu19Ala, Tyr13GIn or Phe56Ala single
mutations to U1A dramatically lower affinity for Ulhpll.(42, 43) We hypothesized that
combining “TAR RNA binding” and “Ul1hpll turn off” mutations may result in ULA double
mutants with improved selectivity for TAR RNA over Ulhpll, compared to the single
mutants from which there were generated. Starting from the five U1A single mutants with
the highest TAR RNA:TAR DNA binding selectivity, we prepared seventeen double
mutants (see Table 4). The binding affinity of each of these double mutants for TAR RNA
was measured by fluorescence polarization. In order to maintain focus on the best TAR-
RNA binding proteins, those with a TAR Kp >15 uM were removed from the pool, and their
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selectivity over Ulhpll was not determined. For the majority of proteins we tested,
combining “TAR RNA binding” and “U1hpll turn off” mutations appreciably lowered
affinity for TAR RNA (Kp >15 pM). However, we identified 5 double mutants that
selectively bound TAR RNA over Ulhpll. These proteins, and their selectivity for TAR
RNA over Ulhpll RNA (in parenthesis) are as follows: ULA Glul9Ala:Asnl15Val (3.4);
U1A Glul9Ser:Tyr13GIn (6.2); ULA Glul19Ser:Asn15Val (1.3); ULA Leud9Ala:Glul9Ala
(1.7); and, ULA Met51Ala:Glul9Ala (1.1) (Table 4, entries 2, 7, 8, 12, and 16, respectively).
Taken together, these data show that while some residues critical to Ulhpll binding can be
mutated in such a way as to enable affinity for TAR RNA, mutations which are deleterious
to the ULA-Ulhpll complex may not dramatically effect the ULA-TAR RNA complex,
presumably due to appreciable differences in the structures of these complexes.

From the single and double mutant data we have found that ULA Glu19Ser, U1A Glul9Phe
and U1A Glul9Ser:Tyr13GIn exhibit the best TAR RNA binding affinity and selectivity
profiles. These three proteins bind TAR RNA with a dissociation constant of 4.1, 6.2 and
10.3 UM, respectively (Table 2, entries 2 and 4, and Table 4, entry 7). In addition, these
proteins were found to preferentially bind TAR RNA over TAR DNA with 22.9-, 25.2- and
>24-fold selectivity, respectively (Table 3, entries 5, 3, and 17). Finally, in addition to
identifying mutations that confer good affinity to TAR RNA, mutants we identified show
significantly lowered affinity for the cognate RNA. These three proteins bind TAR RNA
with 2.7, 5.8- and 6.2-fold selectivity over Ulhpll (Table 3, entries 14 and 13; Table 4, entry
7, respectively).

Synthetic U1A Proteins Selectively Bind TAR RNA in 10 Molar Excess tRNA

As a final assessment of selectivity, we measured binding affinities for complexes involving
TAR RNA and U1A Glul9Ser, U1A Glul9Phe or U1A Glul9Ser:Tyr13GIn in the presence
of 10-fold molar excess of cellular tRNAs from E.coli. In previously reported cases, addition
of super-stoichiometric ratios of tRNASs has been shown to dramatically affect binding
between folded RNAs and previously reported RNA-binding small molecules.(55) As
previously mentioned, we hypothesized that since U1A evolved function (selective
recognition of a particular RNA hairpin) in a virtual sea of nucleic acids, including a
relatively high molarity of tRNAs, it might exhibit inherent selectivity for a particular RNA
hairpin over these nucleic acids RNAs. Consistent with this hypothesis, addition of cellular
tRNAs did not dramatically effect the affinity of these new protein — RNA interactions.
Most impressively, the binding affinity between U1A Glu19Ser and TAR RNA was only
lowered ~1.6-fold in the presence of 10 molar equivalents of cellular tRNAs. Identical
conditions did not appreciably affect binding between Glu19Ser:Tyr13GIn and TAR RNA.
The binding affinities and selectivities for our three best mutants is summarized in Figure 3.
Taken together, these findings demonstrate the relatively high level of selectivity for TAR
RNA that is obtained by these synthetic RRMs.

Conclusions

Recent studies suggest that only a small percentage of the human proteome is susceptible to
small molecule-dependent regulation.(57) In addition, the target diversity of current small
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molecule therapeutics is low. For example, ~40% of current FDA approved drugs target a
single class of protein target: G-protein coupled receptors (GPCRs).(57) The fundamental
limitation of small-molecule reagents is encoded in the name itself: the molecules are small,
and thus intrinsically challenged by extended contact surfaces found at many biologically
important interfaces, including RNA. By virtue of this fact, there is a strong need to develop
alternative approaches to recognition, and potentially therapeutic discovery. This includes
those approaches that lie outside the paradigm in which proteins are the only molecular
recognition and drug discovery targets. Additionally, the hyperfocus on a subset of protein
targets highlights the need for new paradigms in target identification, especially those
encompassing cellular components beyond the proteome.

The seemingly continuous emergence of complex and crucial new roles for RNA in cellular
function and disease make it an attractive target for molecular recognition, therapeutic
intervention, and biochemical probe development. Such vital efforts face a daunting
bottleneck in the scarcity of methods for selective recognition of folded RNAs, a task
generally beyond the scope of traditional small molecules. Inspired by selective recognition
of a particular DNA sequence(58), which generally evades solution by small molecules,
researchers have recently turned to medium-sized molecules (MW ~1-5 kDa) for selective
recognition of RNA. An alternative to this approach is the development of tailored RNA-
binding proteins capable of selectively recognizing RNAs of therapeutic interest. Seminal
studies on ssRNA-binding proteins such as Pumilio/fem-3-binding factor (PUF) repeat
domains and pentatricopeptide repeat (PPR) proteins have resulted in the formation of a
“recognition code” for ssSRNAs.(25) However, most RNAs exist as folded structures.
Therefore, an important consideration for the design of new RNA-binding proteins is
recognition of folded RNAs.

The development of new RNA-binding small and medium-sized molecules is slowed by a
modest understanding of the molecular requirements for achieving sequence-selective RNA
recognition. In contrast, Nature has evolved a library of RNA-binding proteins, including the
RNA Recognition Motif (RRM).(23) U1A is a well-studied RRM that binds U1hpll, an
RNA hairpin with a 10-nucleotide loop. Mutation of putative RNA-binding regions within
U1A can result in altered RNA selectivity.(32, 43, 47) Thus far, however, researchers have
only examined RNAs with high sequence homology to Ulhpll. We questioned if U1A
and/or a ULA mutant we, and others, have studied (AK50AM51) might serve as a starting
point for the generation of synthetic proteins that selectively bind a disease-relevant RNA
hairpin that does not share significant sequence homology with Ulhpll. In this initial report,
we have shown that as few as 1-2 mutations to the putative RNA-binding regions within
U1A or AK50AM51 can result in synthetic RRMs that bind TAR RNA, an HIV-relevant
RNA hairpin that does not share appreciable sequence or structural homology with UlhpllI.
Impressively, some of these new synthetic RRMs bind TAR RNA with single-digit
micromolar dissociation constants, and do so preferentially over the native protein's original
target RNA (U1hpll) and a DNA TAR variant. For two TAR-binding proteins, binding
affinity is not appreciably diminished by addition of 10 molar equivalents of cellular tRNAs
from E. cali.

ACS Chem Biol. Author manuscript; available in PMC 2015 April 29.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blakeley and McNaughton Page 10

Taken together, our findings support the hypothesis that U1A and variants thereof can serve
as privileged scaffolds for the generation of new RNA-binding proteins that selectively
recognize a disease-relevant RNA hairpin, which does not share appreciable sequence or
structural homology with Ulhpll. Our findings suggest that ULA and U1A-derived proteins
have inherent selectivity for a particular RNA hairpin over the analogous DNA and tRNAs.
By virtue of this unique feature, U1A overcomes challenges faced by some previously
reported RNA-binding small and medium-sized molecules. The best TAR RNA-binding
synthetic RRMs described in this work likely represent very useful starting points for protein
evolution experiments aimed to evolve RRMs with dramatically improved TAR RNA
affinity and selectivity. Efforts toward this end are currently underway and will be reported
in due course.

Experimental Procedures

General Information: 5’-fluorescein tagged nucleic acids were purchased from Integrated
DNA Technologies (ITD). LB Miller's broth, bacterial agar, nickel resin and black 384-well
polystyrene plates were purchased from Fisher. Chemically competent BL21(DE3) E.cali,
and Q5 DNA polymerase were purchased from New England Biolabs. Carbenicillin and
IPTG were purchased from Gold Biotechnologies. 15% and 7% TBE Ready Gel precast gels
were purchased from Bio-Rad. Pfu Turbo DNA polymerase was purchased from Agilent
technologies. Gel imaging was performed on a Gel Doc XR+ system (Bio-Rad). All protein
mutants were expressed in E. coli and purified by nickel-EDTA column chromatography.
Nucleic acids were purchased from IDT as RNAse free HPLC purified pellets. Nucleic acids
were purchased equipped with a 5’-fluorescein and 6 carbon linker. Total cellular tRNAs
from E.coli were purchased from Sigma-Aldrich. The sequences of nucleic acids used in this
work are as follows: TAR RNA: 5-GGCAGAUCUGAGCCUGGGAGCUCUCUGCC-3;
TAR DNA: 5-GGCAGATCTGAGCCTGGGAGCTCTCTGCC-3; Ulhpll RNA: 5'-
AGCTTATCCATTGCACCGGATAAGCT-3'. Fluorescence Polarization measurements:
Were performed and analyzed as previously described.(46)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Primary amino acid sequence of the wild-type N-terminal ULA RNA Recognition Motif

(RRM). Structural features of U1A are highlighted in blue. Residues mutated in this work
are highlighted in red. (B) U1A/Ulhpll complex (PDB: 1URN). The b2-b3 loop and key
residues that are mutated in this work are highlighted and annotated. (C) Space-filling model
of U1A b2-b3 loop residues protruding through the U1hpll RNA loop. (D) Hydrogen bond
network formed between U1A residues Asn15, Asn16, and Glul9 and Ulhpll bases U2, U3,
and G4. These contacts contribute to the source of sequence selective recognition of Ulhpll
by U1A. Hydrogen bonds are represented as black dashed lines.
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Figure 2.

(A) Secondary sequence and structure of Ulhpll. (B) Crystal structure of Ulhpll (PDB:
1URN). (C) Secondary sequence and structure of HIV-1 Trans-Activation Response (TAR)
hairpin RNA. (D) Crystal structure of TAR RNA (PDB: 1ARN).
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Figure 3.
Sequence and proposed secondary structure of TAR DNA used in this work, which is

analogous to TAR RNA.
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Bl TARRNA

Bl TAR RNA +tRNAs
Bl TAR DNA

B U1hpll

E19S E19F E19S:Y13Q
synthetic RRM

Binding affinities for the three best synthetic RNA Recognition Motifs (ULA E19S, U1A
E19F, and U1A E19S:Y13Q) for TAR RNA (black), TAR RNA and 10 molar equivalents of
total tRNA from E. coli (red), TAR DNA (green), Ulhpll RNA (blue). Binding affinities are
shown as reciprocal dissociation constant (1/Kp).
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