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REPORT

Rational design yields RNA-binding zinc finger domains
with altered sequence specificity
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ABSTRACT

Targeting and manipulating endogenous RNAs in a sequence-specific manner is essential for both understanding RNA
biology and developing RNA-targeting therapeutics. RNA-binding zinc fingers (ZnFs) are excellent candidates as designer
proteins to expand the RNA-targeting toolbox, due to their compact size and modular sequence recognition. Currently,
little is known about how the sequence of RNA-binding ZnF domains governs their binding site specificity. Here, we sys-
tematically introduced mutations at the RNA-contacting residues of a well-characterized RNA-binding ZnF protein,
ZRANB2, and measured RNA binding of mutant ZnFs using a modified RNA bind-n-seq assay. We identified mutant
ZnFs with an altered sequence specificity, preferring to bind a GGG motif instead of the GGU preferred by wild-type
ZRANB2. Further, through a series of all-atom molecular dynamics simulations with ZRANB2 and RNA, we characterized
changes in the hydrogen-bond network between the protein and RNA that underlie the observed sequence specificity
changes. Our analysis of ZRANB2-RNA interactions both in vitro and in silico expands the understanding of ZnF-RNA rec-

ognition rules and serves as a foundation for eventual use of RNA-binding ZnFs for programmable RNA targeting.
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INTRODUCTION

Proper regulation of RNA processing, localization, transla-
tion, and degradation is critical for the health of all cells,
and defects in any of these processes can lead to disease
(Gerstberger et al. 2014). As such, manipulation of endog-
enous RNAs in a sequence-specific manner represents an
important strategy for both fundamental research into
RNA-related pathways, and for the eventual development
of RNA-targeting therapeutics. Existing sequence-specific
RNA-targeting tools include antisense oligos (ASOs), de-
signer RNA-binding proteins of the PUF (Pumilio and
FBF) protein family, and CRISPR-Cas proteins. ASOs tar-
get RNA transcripts through complementary base-pairing
and, as such, are highly specific and readily programmable
(Lauffer et al. 2024). Designer proteins like PUF are versa-
tile in diverse RNA manipulations through fusion with dif-
ferent protein effectors (Zhao et al. 2018; Sugimoto et al.
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2020). RNA-targeting CRISPR-Cas proteins combine these
advantages, harnessing a guide RNA for specific recogni-
tion through complementary base-pairing, and enabling
targeting of functional domains for purposes like RNA
degradation and modification (Konermann et al. 2018;
Lau and Suh 2018). While each of these tools enables
RNA targeting in unique ways, other drawbacks limit their
use in laboratory and/or clinical settings. For example,
ASOs are difficult to deliver specifically to affected tissues
and have to be frequently redosed (Lauffer et al. 2024);
PUF proteins show limited RNA sequence specificity and
cannot efficiently target RNA sequences over 8 ntin length
(Zhao et al. 2018; Sugimoto et al. 2020); and CRISPR-Cas
proteins are large and therefore challenging to deliver as
transgenes. In addition, the bacterial origin of CRISPR-
Cas proteins introduces concerns about their potential im-
munogenicity when used in a clinical setting (Konermann
et al. 2018; Lau and Suh 2018).

One class of proteins with the potential to overcome the
challenges of existing RNA-targeting tools is RNA-binding

© 2025 Liang et al. This article, published in RNA, is available under a
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Rational design of RNA-binding zinc fingers

zinc finger proteins (ZnFs). Modular arrays of DNA-binding
ZnFs have been used for programmable, sequence-specif-
ic recognition of DNA for over two decades (Isalan and
Choo 2001; Pabo et al. 2001; Beerli and Barbas 2002).
More recently, a class of RNA-binding ZnF proteins has
been identified (Nguyen et al. 2011), whose individual
ZnF domains (each ~3 kDa) specifically bind three-base
single-stranded RNA (ssRNA) motifs and can be assem-
bled into arrays to target longer sequences. For example,
the two ZnF domains of Homo sapiens ZRANB2 (ZnF Ran-
binding domain-containing protein 2) each bind a core
GGU motif with micromolar affinity (Nguyen et al. 2011),
and an artificial array of three ZRANB2 ZnFs binds
5-GGUGGUGGU-3" with a dissociation constant (K,) of
~10 nM (O’Connell et al. 2012). Further, a 6-ZnF array
was shown to recognize a 20 nt RNA sequence in a modu-
lar manner both in vitro and in living cells (De Franco et al.
2019). These data suggest that modular arrays of RNA-
binding ZnFs could represent an RNA-targeting tool with
distinct advantages: (1) compactness: only four ZnFs
(~100 amino acids total) may be required for site specificity
in the human transcriptome (12 RNA bases); (2) minimal
immunogenicity: ZnF arrays could be assembled from indi-
vidual domains with human origins.

While RNA-binding ZnFs hold promise as programma-
ble sequence-specific targeting reagents, the number of
ZnFs with defined target sequences is extremely limited.
Here, we undertook a rational design approach to develop
mutants of a single ZRANB2 ZnF domain with altered RNA
sequence specificity. Using a modified RNA bind-n-seq
(RBNS) approach (Lambert et al. 2014; Dominguez et al.
2018), we systematically tested a total of 38 single and
double mutants of a ZRANB2 ZnF domain for RNA-binding
affinity and sequence specificity. We identified one single
mutant that retained high RNA-binding affinity but showed
an altered sequence specificity, preferring GGG rather
than the GGU targeted by the wild-type ZnF. Using a series
of molecular dynamics (MD) simulations of the ZnF-RNA
complex, we find that this mutant adopts a distinctive con-
formation and hydrogen bonding pattern that accounts for
its altered sequence specificity. Overall, our engineering
and characterization of ZRANB2 ZnF-RNA binding enhanc-
es the understanding of ZnF-RNA recognition principles
and serves as a basis for the engineering of compact, de-
signer RNA-targeting proteins.

RESULTS

RBNS characterizes the RNA-binding profile of ZnFs

The H. sapiens alternative splicing regulator ZRANB2 is a
member of the broad SR protein family, which typically
contains at least one RNA recognition motif (RRM) and a
serine/arginine (SR) rich domain implicated in protein—pro-
tein interactions (Fig. 1A; Loughlin et al. 2009; Shepard

and Hertel 2009). ZRANB2 encodes two RanBP2-type
ZnFs (here termed N’ and C/) at its N terminus, which are
48% identical to one another at the amino acid level,
and both recognize ssRNA with a 5-AGGUAA-3' motif,
where “GGU" is the core 3-mer motif (Fig. 1B; Loughlin
etal. 2009). To establish an experimental framework for ra-
tional design and testing of RNA-targeting ZnFs, we de-
signed a modular 2-ZnF array with one copy of the
ZRANB2 N'-ZnF (the "anchor” ZnF) followed by a short
linker (amino acid sequence: GSGSG) and a second ZnF
(the "test” ZnF; Fig. 1C). In combination with a modified
RBNS assay (described below), this experimental design
enables rapid assembly and testing of diverse test ZnFs
for RNA-binding affinity and specificity. We generated an
initial panel of 2-ZnF arrays with test ZnFs from ZRANB2
(N and C’, both of which recognize GGU) and a second
RBP, RBM5, whose ZnF recognizes GGG (Nguyen et al.
2011; Soni et al. 2023). As a negative control, we also gen-
erated a mutant of the ZRANB2 C'-ZnF with a key trypto-
phan residue mutated to alanine (W79A); this residue
interacts with the two guanine residues of the core GGU
motif through pi-stacking (Loughlin et al. 2009), and its mu-
tation to alanine is expected to abolish RNA binding.

We designed a modified high-throughput RBNS assay
(Lambert et al. 2014; Dominguez et al. 2018) to assess
the RNA-binding characteristics of the recombinant 2-
ZnF arrays (Fig. 1C). In RBNS, a randomized pool of
RNAs is affinity-purified by an immobilized RNA-binding
protein, then the purified RNA pool is deep-sequenced
and compared to the input RNA pool to calculate the
fold-enrichment of each sequence motif. By performing
RBNS at a range of protein concentrations, an estimate
of binding affinity for each sequence motif can be deter-
mined, in addition to the identification of preferred bind-
ing motifs (Lambert et al. 2014). We designed an RNA
pool with the sequence 5-AAAGGUNNNNNNAAA-3,
where “N” represents any base (A/U/G/C) mixed at equal
frequencies in the library. The leading GGU motif serves as
a binding site for the anchor ZnF, allowing the test ZnF to
bind preferred sequences within the six-base random win-
dow. Native ZRANB2 has a 23-residue disordered linker
between its N’ and C' ZnFs, and the protein recognizes
tandem GGU motifs with a spacing of two to five bases be-
tween motifs (Loughlin et al. 2009); we anticipated that the
shorter five-residue linker in our 2-ZnF arrays would enable
recognition of more closely spaced motifs. The six-base
random window in our RNA pool enables the test ZnF to
selectively bind RNAs with preferred motifs spaced be-
tween zero and three bases from the anchor ZnF's GGU
motif.

We performed RBNS with our initial panel of 2-ZnF ar-
rays at four different protein concentrations (160, 320,
640, and 1280 nM), deep-sequenced the input and puri-
fied RNA pools, and performed two analyses: first, we cal-
culated the fold-enrichment for each six-base sequence by
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FIGURE 1. Design of ZRANB2 ZnF mutant and RBNS assay. (A) Domains of human ZRANB2 protein. (B) Structure of human ZRANB2 C'-ZnF in
complex with GGU RNA (PDB: 3g9y) and the homology between N'-ZnF and C'-ZnF. (C) Schematics of the modified RBNS assay with the ZnF

array.

comparing input to purified RNA pools. Second, we used
kpLogo (Wu and Bartel 2017) to search for enriched 3-mer
motifs at each position (+0, +1, +2, and +3) within the six-
base random window. We designed the protein concen-
trations in the RBNS to be at or slightly above the estimat-
ed affinity between wild-type ZRANB2-ZnF and a GGU
RNA (K4 ~100 nM) (Loughlin et al. 2009), to better capture
the RNA-binding specificity of the mutants due to the po-
tential loss of RNA binding. In our initial panel of 2-ZnF ar-
rays, we found that the ZRANB2 N’-ZnF, ZRANB2 C'-ZnF,
and RBM5 ZnF all showed high selectivity (specificity) at
the lowest tested protein concentration (160 nM), with
the most-enriched sequences being 100 to 200-fold en-
riched over input levels (Fig. 2A-C). Fold-enrichments for
preferred sequences were lower at higher protein concen-
trations, indicating that at these concentrations the protein
nonspecifically binds a wide range of sequences. The k-
means clustering analysis revealed distinct clusters among
sequences, each characterized by similar patterns of the
fold-enrichment values at four different protein concentra-
tions (Supplemental Fig. STA). The most highly enriched
sequences for the two ZRANB2 ZnFs showed a preponder-
ance of sequences containing GGU motifs within the six-
base random window, while the RBM5 ZnF showed enrich-
ment of sequences containing GGG motifs (Supplemental
Fig. S1B). In agreement with these findings, kpLogo anal-
ysis with both ZRANB2 ZnFs showed GGU as the most pre-
ferred motif at all positions (+0 to +3), while the RBM5 ZnF
showed GGG as the preferred motif at most positions
(Fig. 2E,F). As expected, the ZRANB2 C'-ZnF W79A
mutant showed essentially no specific enrichment, and
kpLogo analysis did not identify consistently preferred
motifs across different protein concentrations (Fig. 2D,F).
Overall, these data show that the 2-ZnF array design cou-
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pled to our modified RBNS assay can robustly identify pre-
ferred RNA-binding motifs of individual ZnFs.

Rational mutagenesis of ZRANB2 ZnF in search
of novel RNA-binding motifs

Next, we attempted to rationally design ZRANB2 ZnF mu-
tants with altered RNA sequence specificity. Based on a
crystal structure of the ZRANB2 C'-ZnF bound to a 5'-
AGGUAA-3" RNA (Loughlin et al. 2009), we identified all
protein side chains within hydrogen bonding distance of
the RNA bases in the core GGU motif (Fig. 1B). Because
we had observed higher expression and better resistance
to proteolysis during purification with the 2-ZnF array con-
taining the ZRANB2 N'-ZnF compared to the C'-ZnF (Fig.
1A), we chose to engineer the N'-ZnF. We designed a pan-
el of 18 single mutants of the ZRANB2 N’-ZnF with one of
three residues—R27, R28, or N32—mutated to a different
residue with altered hydrogen-bonding characteristics
and/or side-chain length (D, E, N, R, Q, H, or S; Table 1).
We chose residues R27, R28, and N32 because these
residues are predicted to be within hydrogen bonding dis-
tance of the bound RNA bases, based on the correspond-
ing C'-ZnF crystal structure, in which Loughlin et al. (2009)
showed that (1) R81 (R27 equivalent) interacts with base G1
through side chain and water-mediated backbone hydro-
gen bond; (2) G2 forms a bidentate interaction with R82
(R28 equivalent); and (3) N86 (N32 equivalent) side chain
connects to G2 through a water-mediated hydrogen
bond and interacts with the O4 carbonyl group of U3. All
mutants could be expressed and purified equivalently to
the unmutated 2-ZnF array (Supplemental Fig. S2), sug-
gesting that the mutations do not affect folding or stability
of the protein. We then performed RBNS on each protein


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080329.124/-/DC1

Rational design of RNA-binding zinc fingers

A ZRANB2 N'-ZnF B

250 250

ZRANB2 C'-ZnF

200 200

Fold enrichment
Fold enrichment

160nM 320nM 640nM 1280nM 160nM 320nM 640nM 1280nM

Protein concentration Protein concentration

ZRANB2 N'-ZnF Top 10

— ACGGGU
uuGGUA
—— AUGGUA
—— GUAGGU 200
— 6UGGGU
— GuGGuU
AUGGGU
—— ACGGUA
UGGGUA
UAGGUA

ZRANB2 C'-ZnF Top 10

— AuuGGu

UUGGUA
—— AUAGGU
—— GUAGGU
—— AUGGUA
—— GUGGUA

GUGGUU

250

—— UCGGUA
UAGGUA

ACGGUA
100

160nM 3200M 640nM 1280nM 160nM 320nM 640nM 1280nM
Protein concentration Protein concentration

Fold enrichment

Fold enrichment

%
f

Cc RBMS5 ZnF D

C'-ZnF W79A

250 250

200 200

Fold enrichment
Fold enrichment

160nM 320nM 640nM 1280nM 160nM 320nM 640nM 1280nM

Protein concentration Protein concentration

RBM5 ZnF Top 10 C’-ZnF W79A Top 10

— AGGGUU — AUGGGU
UGGAUU GGGUAA
—— AUGGUA
— GGGUGG
—— AuGUUC
— AUGGGG
GGGUAG
—— UUGGGG
GGUUAA
AUGGUU

—— AGGUUU
200 —— GGGAUU 200
—— GGGGUU
— GGGUUU
UGGUUY
— UGGGUU
UAGGGG
AGGUUC

Fold enrichment

Fold enrichment
3 a

—

o

160nM 320nm 640nM 1280nM 160nM 3200 640nM 1280nM
Protein concentration Protein concentration

E kpLogo analysis F ZRANB2 N'-ZnF  ZRANB2 C'-ZnF RBMS5 ZnF C'-ZnF WT9A
© 0 N~ ©
< -] i N &
GGUNNNNNN _| 160nM Y=888 3=888 ] - sl E=aw
. o
S S ©
Position +() 1 2 © 8 © o~ o
= 20 nM 5 ol coUuU ) <
§ 320n ool ouUU - ,_l = glg =
c
i : ° 2 2 >
» 'g 640 nM :luuUU O')l ouUuU S—rl (=] hl U A
o o
=0 =
25] NNNN a ~
%] NNNN < @ - NS
Em NNNN 1280 nM :l SOouUGuU Sl CUU ?—’l mlggb"t:’
QT N® QrN® QrN® Oram Qr o

FIGURE 2. Benchmarking of the modified RBNS assay. (A-D) Fold enrichment score of all RNA 6-mers (top panel) or top 10 RNA é-mers of
ZRANB2 N’-ZnF, ZRANB2 C'-ZnF, RBM5 ZnF, and ZRANB2 C'-ZnF W79A mutant. (E) KpLogo analysis schematics. (F) KpLogo results of
ZRANB2 N’-ZnF, ZRANB2 C’-ZnF, RBM5 ZnF, and ZRANB2 C’-ZnF W79A mutant.

with the RNA pool containing the six-base random win-
dow, at four protein concentrations.

A summary of the RBNS RNA-binding profile of all single
mutants is shown in Table 2. Of the 18 single mutant ZnFs,
six (R28E, R28Q, R28H, R28S, N32D, and N32E) showed
almost no enrichment of any RNA sequences at any tested
protein concentration, indicating that these mutants
completely lost the ability to bind RNA (Supplemental
Fig. S3A-F). Five of the 18 (R27D, R27E, R28D, R28N,
and N32S) showed limited enrichment only at the
highest tested protein concentrations, indicating that
these mutants retain only residual RNA-binding activity
(Supplemental Fig. S3G-K). A further five mutants (R27N,
R27Q, R27H, R27S, and N32Q) showed some level of
specificity as demonstrated by significant fold-enrichment
of preferred motifs at 320 nM and 640 nM protein concen-
trations (Fig. 3A-F), with increasing fold-enrichment at
higher protein concentrations. R27N and R27Q mutants

showed enrichment values for preferred motifs at 1280
nM equivalent to that observed with the wild-type
N’-ZnF at 160 nM, indicating that these mutants retain se-
quence-specific binding but show overall lower RNA-bind-
ing affinity than the wild-type ZnF. Another mutant, N32H,
showed high fold-enrichment at relatively low protein con-
centration (320 nM) (Fig. 3G). Finally, N32R mutant (Fig.
3H) showed high fold-enrichment for preferred motifs at
the lowest protein concentrations, and KpLogo analysis
showed that these mutants showed an altered RNA motif
preference of GGG, in contrast to the wild-type ZnF's pre-
ferred GGU motif. Altered preference for the third base in
the core motif is consistent with the location of this residue
within hydrogen bonding distance of the “U" base in the
crystal structure of the ZRANB2 C'-ZnF bound to RNA
(Supplemental Fig. S4A; Loughlin et al. 2009). Our analysis
of single mutants showed that the N32R mutant shows an
altered motif preference (GGG rather than GGU) while
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TABLE 1. Single mutant design of ZnF
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retaining overall high RNA-binding affinity (Fig. 3G), as in-
dicated by high fold-enrichment of preferred motifs at low
protein concentrations.

We next designed double mutants of the N'-ZnF in
search of further alternation of the motif preference, in-
volving N32 and a nearby residue, N22, mutated to differ-
ent combinations of D, E, R, Q, H, or S. All double mutants
could be expressed and purified similarly to the single mu-
tant 2-ZnF arrays (Supplemental Fig. S4B) without disrup-
tion of protein folding or solubility. Based on the location
of these two residues near the third RNA base in the core
motif, we reasoned that double mutants of N32 and N22
might further alter the RNA sequence preference at the
third base of the motif. Although N32D, N32E, and
N32S appeared to disrupt RNA binding and selectivity in
the context of a single mutant, we could not rule out the
possibility of a cooperative mutation pair at both N32
and N22 that might recover RNA binding. We designed
and purified a panel of 20 double mutants in the 2-ZnF ar-
ray (Table 3) and assayed each by RBNS. Using our modi-
fied RBNS assay, we found that eight mutants, including all
tested double mutants bearing N32R, exhibited variable
effects on RNA binding, but none of them further changed
the preferred RNA-binding motif from GGG (Supplemen-
tal Fig. S5; Table 4). Among them, both N22R/N32R and
N22H/N32R appear to retain high fold-enrichment for pre-
ferred motifs at the lowest protein concentration, indicat-
ing high RNA-binding affinity (Supplemental Fig. S5A-
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C). The other 12 of 20 tested double mutants showed com-
promised RNA binding (Supplemental Fig. Sé).

All-atom MD simulations reveal the ZnF-RNA
recognition mechanism

Our RNA-binding data show that the single point mutation
N32R alters the preferred RNA-binding motif of the
ZRANB2 N'-ZnF from GGU to GGG. To gain a molecular
understanding of how this mutation could alter RNA rec-
ognition, we performed all-atom MD simulations using
AMBER14 (Peters et al. 2010; Case et al. 2023a,b). We
built our starting model from the known structure of the
ZRANB2 C'-ZnF in complex with GGU RNA (PDB: 3g%y),
which is highly homologous to the N'-ZnF (Fig. 1A). To
mimic the effects of the N32R mutation in the N’-ZnF, we
generated a mutation in the structurally equivalent residue
in the C'-ZnF (N86R; termed “NRmut”). To investigate the
differences in protein-RNA interaction for both WT and
NRmut ZnFs, we designed four models (WT + GGU RNA,
WT +GGG RNA, NRmut+GGU RNA, NRmut+ GGG
RNA) and performed 50 nsec simulations in triplicate for
each model. Root mean squared distance (RMSD) analysis
indicated that the models remained stable throughout the
simulations in all replicates (Supplemental Fig. S7).

We first investigated the effects of the ZnF mutation
on the overall structural flexibility of the protein-RNA com-
plex. We examined root mean squared fluctuation (RMSF)
of the protein and RNA backbone for all four models (Fig.
4A). The protein backbone dynamics were not affected by
the N-to-R mutation and remained similar when the ZnF
was in complex with either GGU or GGG RNA. However,
the GGU RNA displayed a higher overall flexibility in com-
plex with the NRmut, in contrast to the GGG RNA. This in-
dicates the NRmut-GGU RNA binding is less stable
compared to NRmut-GGG RNA binding. In addition, we
observed the highest variation of RMSF in both the protein
and RNA backbone across replicates in the NRmut-GGU
RNA complex (Supplemental Fig. S8A), corroborating
our speculation.

We then sought to understand the hydrogen bonding
interactions between the ZnF and the bound ssRNA, which
play essential roles in specificity to intermolecular interac-
tions (Hubbard and Kamran Haider 2010). We calculated
the hydrogen-bond relative intensity score based on the
fraction of time a given protein-RNA hydrogen bonding
interaction existed (determined and tracked by CPPTRAJ
[Roe and Cheatham 2013]) over the course of each 50
nsec simulation. The fraction of time for all hydrogen-
bond donor and acceptor pairs is summed for every com-
bination of protein and RNA residues, defining the “hydro-
gen-bond relative intensity” of each interacting protein +
RNA residue pair (Fig. 4B; Supplemental Fig. S8B). In the
WT + GGU RNA simulations, we observe long-lived hydro-
gen bonding interactions between RNA base G1 and
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TABLE 2. RNA-binding profile in RBNS of all single mutants

Mutant RNA-binding profile

Single mutant Affinity Top 10 sequence motifs Predominant kpLogo

R27D N/A N/A N/A
R27E N/A N/A N/A

R27N Lower AUGGGU GGG
GUGGGU
AUGGUA
GGUGGG
GUGGUA
GUGGGG
AUGGGA
UUGGGU
ACGGGA
AUGGGG

R27Q Lower AUGGGU GGG
AUGGUA
GUGGGU
GUGGUA
ACGGUA
GGUGGG
AUGGGA
ACGGGA
GUAGGU
GUGGGG

R27H Lower GUGGGU GGU
GUGGUA
UGGGUG
GUGGUU
UGGGUA
GUAGGU
UUGGUA
AUGGUA
GGUGGU
UUGGGU

R27S Lower UGGGUA GGU
GUGGGU
ACGGGU
AUGGUA
AUGGGU
ACGGUA
UGGGUG
GUGGGG
GUAGGU
UUGGUA

R28D N/A N/A N/A
R28E N/A N/A N/A
R28N N/A N/A N/A
R28Q N/A N/A N/A
R28H N/A N/A N/A

Continued
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TABLE 2. Continued

Mutant RNA-binding profile

Single mutant Affinity

Top 10 sequence motifs

Predominant kpLogo

R28S N/A

N/A

N/A

N32R Similar

UGGGUA

UUGGUA

GGG

AUGGUA

UGGGGU

ACGGGU

GUGGGU

UGGGUU

UUGGUG

GUGGUA

UUGGGU

N32D N/A

N/A

N/A

N32E N/A

N/A

N/A

N32Q Lower

AUGGGU

GGG

UUGGUA

AUGGUA

GUGGGU

UGGGUA

GGUGGG

UUGGGU

GUGGUA

AGGGGA

UGGGUG

N32H Lower

UUGGUA

GGU

ACGGGU

UGGGUA

AUGGUA

AUGGGU

UAGGUA

UGGGGU

GUGGGU

GUGGUA

UUGGGU

N32S N/A

N/A

N/A

protein residues Aspé8 and Arg81; between RNA base G2
and protein residues Val77 (backbone) and Arg82; and
RNA base U3 and protein residues Asn76, Asn86. We
also detected hydrogen bonding between Trp79 and
G2; this residue is stably stacked between bases G1 and
G2 during the simulations. When the uridine (U3) was mu-
tated to a guanosine (G3), the hydrogen bonds of all nucle-
obase-amino acid side-chain pairs were weakened by an
average of 14.2% (Supplemental Fig. S9), indicating the
weaker interaction of WT ZnF with a GGG 3-mer compared
to GGU. Intriguingly, the asparagine to arginine mutation
in NRmut completely disrupted the interaction of this res-
idue with RNA base U3 in the NRmut + GGU model (Fig.
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4B, bottom left panel), indicating the loss of specific recog-
nition of U3 by NRmut. In contrast, the NRmut + GGG RNA
simulation showed a restored hydrogen-bond interaction
between the newly introduced arginine and RNA base
G3, along with an additional interaction with RNA base
G2. Besides the restored hydrogen bonding between
the protein and the third RNA base, the total hydrogen-
bond intensity was also restored to levels equivalent
to those in the WT ZnF+GGU RNA simulations (Sup-
plemental Fig. S9), consistent with our experimental re-
sults that the NRmut prefers to bind the RNA motif
GGG over GGU. Interestingly, each base in the GGG mo-
tif is contacted equivalently by an arginine residue in
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FIGURE 3. RBNS results of selective ZnF single mutants. (A-E) Top 10 enriched RNA 6-mers of R27N, R27Q, N32Q, R27H, and R27S. This group
of single mutants showed overall lower RNA-binding affinity than the wild-type ZnF, despite retaining some degree of specificity. (F) KpLogo
results of R27N, R27Q, N32Q, R27H, and R27S. (G) Top 10 enriched RNA 6é-mers and kpLogo results of N32H. (H) Top 10 enriched RNA
6-mers and kpLogo results of N32R, which retained RNA-binding specificity and RNA-binding affinity.

NRmut: R81 contacts G1, R82 contacts G2, and R86 con-

tacts G3.

Finally, we investigated the molecular mechanism un-
derlying the altered RNA-binding preference in NRmut
by examining the protein-RNA binding conformations in

the MD simulation trajectories. Hierarchical clustering de-

rived five representative conformations from each 50 nsec

www.rnajournal.org

simulation and the average model of the major conforma-
tion (>50% of the simulation time) was visualized (see
Materials and Methods). Structural overlays of the average
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TABLE 3. Double mutant design of ZnF

Double mutant no. N22 N32
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model of the major conformation (>50% of the simulation
time) in the ZnF WT and NRmut in complex with GGU RNA
showed a high degree of overlap of the RNA—protein com-
plex backbone (Fig. 4C). As expected, the closest N-O dis-
tance between the newly introduced Arginine residue in
NRmut and the RNA base U3 (5.1 A) is much larger than
the median distance between amide C=0 acceptors and
N-H donors in a typical hydrogen bond (~2.9 A) (Fig.
4C,D; Bissantz et al. 2010), indicating loss of hydrogen-
bond interactions. Strikingly, structural overlays of repre-
sentative structures of ZnF NRmut+GGU RNA and
NRmut+GGG RNA revealed a significant displacement
of the protein backbone (Fig. 4E). NRmut seemed to be
displaced away from the GGG RNA compared to the sim-
ulations with GGU RNA. The closest N-O distance be-
tween Arg86 and G3 was measured 2.9 A, indicating the
restored hydrogen bonding for NRmut with GGG RNA in
contrast to GGU RNA. The results showed that the
NRmut likely adapts to GGG RNA binding by the back-
bone displacement and rotation, despite the interaction
pair changes from short amino acid side chain—small nucle-
obase (Asn-Uridine) to long amino acid side chain—bulky
nucleobase (Arg—Guanine). In summary, the MD simula-
tions rationalize how a single amino acid substitution
(from asparagine to arginine) can alter the RNA motif rec-
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ognition by an RNA-binding ZnF, thereby deepening our
understanding of the mechanisms involved in protein—
RNA recognition.

DISCUSSION

Here we show that rational design of single mutations in
RNA-contacting residues can alter the sequence specific-
ity for an RNA-binding ZnF without compromising RNA-
binding affinity, opening the door to further rational
design or screening of mutants with further alterations in
sequence specificity. Our modified RBNS assay robustly
profiles both sequence specificity and overall RNA-bind-
ing affinity and represents a promising avenue for high-
throughput screening of ZnF mutants. Our MD simulations
show that the NRMut ZnF likely adapts to its preferred
GGG motif through both main-chain and side-chain move-
ment, revealing a high degree of flexibility in this family of
RNA-binding proteins. Our work has defined a set of key
interactions that define the specificity for the third RNA
base in the ZRANB2 ZnF preferred motif; we anticipate
that future work will identify interactions that define speci-
ficity for the first and second bases of this motif, enabling

TABLE 4. RNA-binding profile in RBNS of all double mutants

ZnF double
mutant Mutant RNA-binding profile
N22 N32 Affinity Predominant kpLogo
R R Similar GGU
R H Lower GGG
D R Lower GGG
D H N/A N/A
E R Lower GGG
E D N/A N/A
E E N/A N/A
E Q N/A N/A
E H N/A N/A
E S N/A N/A
Q R Lower GGG
Q H N/A N/A
H R Similar GGG
H H Lower GGG
S R Lower GGG
S D N/A N/A
S E N/A N/A
S Q N/A N/A
S H N/A N/A
S S N/A N/A
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FIGURE 4. MD simulation of ZnF-RNA complexes. (A) RMSF of each protein residue and RNA base during the simulation (average of three rep-
licates of 50 nsec simulations) in four models (ZnF WT + GGU, ZnF WT + GGG, ZnF NRmut + GGU, ZnF NRmut + GGG). (B) Heat map of H-bond
relative intensity (magnitude indicated by color bar) between the three RNA bases and the RNA-contacting residues during the simulation (av-
erage of three replicates of 50 nsec simulations). (C-E) Representative structures of ZnF-RNA complexes during the simulations. Note that the
orientations in the lower panels are different from the top panels (slightly rotated). (C) The representative structure of ZnF WT + GGU (green);
(D) the representative structure of ZnF NRmut+ GGU (yellow); (E) the representative structure of ZnF NRmut + GGG (cyan) overlaying with the
representative structure of ZnF NRmut+GGU (white). The protein residues highlighted in the top panel are Arg86/Asn86 and Trp79.
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rational design of individual ZnFs and ZnF arrays for high-
specificity RNA targeting.

MATERIALS AND METHODS

Purification of ZRANB2 ZnF and mutants

The DNA sequences of N’ and C’' ZnF in human ZRANB2
(NP_005446.2) were codon-optimized for expression in the
Escherichia coli strain. A 2-ZnF array of ZnF_WT-ZnF* was cloned
into a modified UC Berkeley MacroLab vector 2CT (Addgene
29706) to generate an N-terminal fusion to a Hiss-MBP (malt-
ose-binding peptide) tag with a GSGSG-linker in between the
ZnFs. A streptavidin-binding peptide (SBP) tag was cloned at
the N-terminal of the 2-ZnF array. The His-MBP-SBP-ZnF_WT-
ZnF* protein was expressed in E. coli strain Rosetta2 plysS
(EMD Millipore) by growing cultures in 2xYT media to mid-log
phase at 37°C, followed by induction with 0.25 mM IPTG at
18°C for 16 h, supplemented with 100 pM ZnCl,. For protein pu-
rification, cells were harvested by centrifugation, suspended in re-
suspension buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM
imidazole, 2 mM B-Mercaptoethanol, and 10% glycerol) and lysed
by sonication. Lysates were clarified by centrifugation (16,000
rpm 30 min); then the supernatant was loaded onto a 1 mL NiZ*
affinity column (HisTrap HP, Cytiva) pre-equilibrated with the re-
suspension buffer. The column was washed with a buffer contain-
ing 20 mM imidazole and 500 mM NaCl for 10 column volume
(CV), followed by loading 0.5 mg MBP-TEV protease (Tobacco
Etch Virus nuclear-inclusion-a endopeptidase) onto the HisTrap
column for on-column His-MBP tag cleavage. The MBP-TEV pro-
tease was expressed and purified from pKR1043 (Addgene 8835)
as described (Kapust et al. 2001). After 4 h TEV cleavage at room
temperature, the His-MBP tag-free protein was washed by 10 CV
with TEV wash buffer (20 mM Tris pH7.5, 150 mM KCl, 2 mM -
ME, 10% glycerol). The protein was then concentrated by ultrafil-
tration, aliquoted, and frozen at —80°C for future use. For His-
MBP tagged protein, no on-column TEV protease cleavage was
carried out, and the protein was eluted with a buffer containing
250 mM imidazole and 150 mM KCI.

RNA bind-n-seq (RBNS)

RBNS experiments with an RNA pool containing a randomized
window were performed as indicated in the literature
(Lambert et al. 2014; Dominguez et al. 2018). In brief, randomized
RNA  oligonucleotides (6 nt) containing a sequence of
"AAAGGUNNNNNNAAA" flanked by adaptor sequences were
synthesized through in vitro transcription from synthesized DNA
libraries (Integrated DNA Technologies). The pool of RNA was in-
cubated with the SBP-tagged recombinant 2-ZnF-array at five
concentrations of protein (160, 320, 640, 1280 nM), while keeping
RNA concentrations constant at 1 uM. RNA-protein complexes
were immobilized with streptavidin-conjugated affinity magnetic
resin and were subjected to multiple washing steps. Then the
RNA was eluted and prepared for deep sequencing. A total of
0.2-0.5 million reads per RBP pulldown concentration were tar-
geted to ensure more than 50-fold coverage for each unique
RNA sequence (4096 sequences x 50 fold coverage = 204,800
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reads minimum per sample). The original pool of RNA was also se-
quenced with a similar depth as the input library.

RBNS data processing analysis

The fold enrichment of each RNA é-mer was calculated as the fre-
quency of each é6-mer in the pulldown library reads divided by its
frequency in the input library. Fold enrichments were ranked and
plotted using Matplotlib in python. To identify the core 3-mer motif
from the enriched 6-mers, kpLogo (Wu and Bartel 2017) was used
to report the 3-mer enrichment at each position using Student's t-
test. The command “kpLogo weighted_RBNS_file.txt -weighted -k
3 -plot s -fontsize 50" was used to generate kpLogo output, with 6-
mer RNA sequences weighted by their fold enrichments as input.
K-means clustering of the RNA 6-mers was performed using the
Scikit-learn package in python, with the fold enrichment of each se-
quence as the features. Number of clusters k was set to four, and k
cluster centroids were initialized using k-means++ and a maximum
of 500 iterations were performed. K-mean clustering code is:
KMeans(n_clusters =4, init="k-means++", _init="50, _iter=>500,
random_state =42).

All-atom molecular dynamics simulations

The ZnF-RNA complexes were constructed based on crystal struc-
ture (PDB: 3g%y). All crystallographic waters were preserved. The
NRmut and the RNA mutant (AGGUAA — AGGGAA) were pre-
pared by inducing virtual mutations to the ZRANB2-C'-ZnF-RNA
structure using the mutagenesis plugin available in PyMOL. Pro-
tein and RNA atoms were represented using the AMBER (Case
et al. 2023a,b) ff14SB force field (Maier et al. 2015), and the
OL3 parameters (Cheatham and Case 2013), respectively. Zinc
chelation was represented using Zinc AMBER Force Field
(ZAFF) (Peters et al. 2010). The protein and RNA are solvated in
a cubic TIP3P water box with 10 A distance from the solute to
the boundaries of the simulation box. Hydrogen atoms were add-
ed through the LeaP program in AMBER. A varying number of
Na™ ions were added to neutralize the system. The simulation
cell was then replicated infinitely in three dimensions to impose
periodic boundary conditions. All MD simulations were per-
formed under periodic boundary conditions using the CUDA ac-
celerated version of PMEMD implemented in the Amber14 (Case
etal. 2023a,b) suite of programs on TSCC (San Diego Supercom-
puter Center 2022). The structures were first relaxed using a com-
bination of steepest descent (10,000 steps, 2 fsec each) and
conjugate gradient minimization (10,000 steps, 2 fsec each).
The lengths of bonds involving hydrogen atoms were constrained
by SHAKE. The particle mesh Ewald method (PME) was employed
to treat the long-range electrostatics. The nonbonded cutoff for
the long-range interactions was set to 10 A. Heating was conduct-
ed from 0 to 300 K in 800 psec, using Langevin dynamics with a
collision frequency of 2 psec™ as temperature control, followed
by pre-equilibrium with 800-1000 psec at the same condition of
heating. Another pre-equilibrium was performed in an NPT (cons-
tant number of atoms, pressure, and temperature) ensemble at
300 K and 1 atm, using Langevin dynamics for temperature regu-
lation and a Berendsen barostat for pressure control. No restraints
were applied after this stage. A following 10 nsec equilibrium step
was conducted with similar conditions as pre-equilibrium, except
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that the Monte Carlo barostat was used for pressure control. A
5 nsec of postequilibrium run was conducted before the produc-
tion simulations and excluded from the analysis. Subsequently,
three replicates of 50 nsec unbiased MD simulations were carried
out forthe ZnF WT + GGU RNA, ZnF WT + GGG RNA, ZnF NRmut
+GGU RNA, ZnF NRmut + GGG RNA complexes.

MD simulation data analysis

The CPPTRAJ (Roe and Cheatham 2013) module was used to an-
alyze all MD trajectories. The RMSD and RMSF of the ZnF-RNA
complexes from each MD trajectory were calculated, with respect
to the Ca atoms of the protein backbone and the C3’ and C4’ at-
oms of the RNA backbone in reference to the final structure of the
postequilibrium run. Hydrogen bonds between residues were de-
fined and measured by the CPPTRAJ package. The visualization
of the MD trajectories was rendered using visual molecular dy-
namics (VMD) (Humpbhrey et al. 1996), and data were plotted us-
ing Matplotlib. Hierarchical clustering was performed after
stripping water and ions and based on the protein and RNA back-
bone positions excluding hydrogen atoms (command: cluster c1
hieragglo epsilon 3.0 clusters 5 averagelinkage rms :1-36@C,N,
O,CA,P,03,05,C3,C4,C5'&@H=). The average model of the
top #1 representative cluster was used for overlay. PyMOL was
used for structure visualization and overlay.
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What are the major results described in your paper and how do
they impact this branch of the field?

We engineered an RNA-binding zinc finger (ZnF) protein for se-
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investigated the zinc finger—RNA interaction both in vitro and in sil-
ico. Our findings broaden the knowledge of ZnF-RNA recognition
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principles and provide a basis for the future application of RNA-
binding ZnFs in programmable RNA targeting.

What led you to study RNA or this aspect of RNA science?

RNAs and RNA-binding proteins compose a fascinating concerto
in the cells—complex yet melodic. | was drawn to protein struc-
tures and dynamics as an undergrad. As | learned more about
RNAs, especially their flexible structures, | became very interested
in protein-RNA interactions at the atomic level. Co-advised by the
Kevin Corbett lab and the Gene Yeo lab in my PhD, | had the op-
portunity to study RNA-binding proteins with the guidance of
structural biology experts and RNA biology experts. Engineered
RNA-binding proteins (ZnF in this case) have great potential for
next-generation therapeutics for RNA-relevant diseases, which is
also why | am passionate about studying RNA-binding proteins
and RNAs.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

We originally aimed to engineer an array of zinc fingers for se-
quence-specific RNA targeting. However, using the standard RNA
bind-n-seq (RBNS) protocol with a 20 nt randomized RNA window,
it was extremely hard to reveal the binding motif of a ZnF array, due
to the natural “gap” between individual binding motifs of each ZnF.
We then decided to characterize one ZnF mutant at a time, with the
WT-mutant ZnF array design and only 6 nt randomized window for
the mutant ZnF and subsequently figured out that kpLogo was an
effective way to extract the ZnF-binding motif.
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If you were able to give one piece of advice to your younger
self, what would that be?

It's normal to feel frustrated as a human being trying to understand
the rules governing Mother Nature. Frustration means you are ap-
proaching the boundaries of human knowledge—keep the big
picture in mind and keep trying.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

The co-mentorship in the Corbett lab and the Yeo lab during my
PhD trained my interdisciplinary approach and engineering mind-

setin science. The zinc finger protein engineering project is an ex-
ample—it started with the goal of a compact and programmable
RNA-targeting tool, with a variety of skill sets involved, including
structural biology, biochemistry, computational biology, and bio-
informatics. | learned the importance of seeking resources and in-
spirations from different experts, as well as the importance of
communicating efficiently between disciplines. These can really
spark novelty and allow me to tackle challenges in unexplored
fields.
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