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Abstract

RNA helicases function as versatile enzymes primarily responsible for remodeling RNA secondary structures and organizing ribonucleoprotein
complexes. In our study, we conducted a systematic analysis of the helicase-related activities of Escherichia coli HrpA and presented the
structures of both its apo form and its complex bound with both conventional and non-canonical DNAs. Our findings reveal that HrpA exhibits
NTP hydrolysis activity and binds to ssDNA and ssRNA in distinct sequence-dependent manners. While the helicase core plays an essential role
in unwinding RNA/RNA and RNA/DNA duplexes, the N-terminal extension in HrpA, consisting of three helices referred to as the APHB domain,
is crucial for ssDNA binding and RNA/DNA duplex unwinding. Importantly, the APHB domain is implicated in binding to non-canonical DNA
structures such as G-quadruplex and i-motif, and this report presents the first solved i-motif-helicase complex. This research not only provides
comprehensive insights into the multifaceted roles of HrpA as an RNA helicase but also establishes a foundation for further investigations into

the recognition and functional implications of i-motif DNA structures in various biological processes.

Graphical abstract

Introduction

RNA helicases are pivotal enzymes responsible for unwinding
double-stranded RNA, restructuring RNA secondary struc-
tures, and facilitating ribonucleoprotein (RNP) complex as-
sembly through ATP-dependent mechanisms (1). These en-
zymes belong to the SF1 and SF2 superfamilies, encompass-
ing six RNA helicase families (2). The DEAH/RHA family
stands out as the second largest, with representatives found
in both eukaryotes and bacteria (3). Eukaryotic DEAH/RHA
proteins predominantly function in pre-mRNA splicing, RNA
processing, RNA decay, ribosome biogenesis, ribosome bio-
genesis, translation initiation, with yeast helicases such as

Prp2p, Prp16p, Prp22p, Prp43p, Dhrlp, Dhr2p, exemplifying
these roles (4-10). In mammals, DEAH/RHA proteins have
been implicated in various diseases, underscoring their signif-
icance (11-13).

While DEAH/RHA-type RNA helicases primarily act on
RNA substrates as mentioned above, their activities can di-
rectly or indirectly influence interactions between RNA and
DNA in various cellular processes (14,15). DEAH/RHA he-
licases may influence transcription termination events where
RNA polymerase encounters DNA-RNA hybrid regions (16).
While these helicases don’t directly unwind RNA-DNA du-
plexes, their actions in the vicinity of these structures could
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impact the dynamics of transcription termination. During pre-
mRNA splicing, DEAH/RHA helicases participate in resolv-
ing RNA structures. While their main role is in the RNA do-
main, the dynamics of RNA-DNA interactions in the spliceo-
some machinery might be influenced by the helicase activity
(17). In the context of certain RNA viruses, DEAH/RHA heli-
cases can be involved in unwinding viral RNA structures. This
might indirectly impact the formation of RNA-DNA hybrids
if the viral replication process involves interactions with host
genomic DNA. In processes such as DNA repair, where RNA-
DNA hybrids can form transiently (18), DEAH/RHA heli-
cases might indirectly influence the dynamics of these struc-
tures by interacting with the RNA component involved in the
repair process. The intricate interplay between RNA and DNA
transactions in the cell involves a network of proteins, includ-
ing helicases with specific substrate preferences.

Structurallyy, DEAH/RHA helicases share common fea-
tures, including two RecA-like domains (RecA1/RecA2) con-
nected by a flexible linker, with RecA2 featuring a unique
B-hairpin insertion. Additional domains like winged-helix
(WH), ratchet and oligonucleotide/oligosaccharide-binding
(OB) domains play crucial roles in binding, translocation,
and duplex-unwinding activities (19-21). Notably, N- and
C-terminal extensions beyond these conserved domains con-
fer unique functions to DEAH/RHA helicases, including sub-
strate recognition and protein-protein interactions.

Eukaryotic DEAH/RHA proteins have been extensively
studied, while bacterial counterparts remain comparatively
less explored (22). Yet, bacterial DEAH/RHA helicases like
HrpA, HrpB and Z5898 are associated with critical roles in
bacterial virulence and host infection (23). HrpA, in particular,
is involved in endonucleolytic cleavage of specific transcripts
in Escherichia coli and has been implicated in the virulence
of Borrelia burgdorferi, the Lyme disease agent (24,25). Ad-
ditionally, HrpA exhibits RNA helicase and RNA-dependent
ATPase activities, suggesting involvement in RNA stability
and degradation (26).

While the structure of the bacterial DEAH/RHA proteins
HrpB and HrpA were previously elucidated by Grass et al,
knowledge gaps persist regarding the functional significance
of the N- and C-terminal extensions in HrpA (27-29). Our
study delves into these extensions, uncovering novel insights
into E. coli HrpA’s helicase-associated activities. Specifically,
we reveal a previously uncharacterized nucleoside-binding
domain within the N-terminal extension and demonstrate
HrpA’s unique ability to recognize single-stranded DNA and
quadruplex nucleic acids. Furthermore, our study unveils the
first structural complex involving HrpA, ADP, and the i-motif,
marking a significant milestone in our understanding of i-
motif-protein interactions.

Materials and methods

Protein expression and purification

The gene encoding wild-type Escherichia coli HrpA (residues
1-1300) was generated via PCR and cloned into a modified
pET-15b vector (Invitrogen) as an EcoRI-Xhol fragment. This
vector was equipped with an N-terminal sumo tag, resulting
in the creation of His-sumo-HrpA. The recombinant plasmid
was subsequently transformed into the C2566H E. coli strain
(New England Biolabs). Cultures were grown in Luria broth
(LB) supplemented with 100 mg/ml ampicillin at 37°C un-
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til the ODgog reached 0.6-0.7. Then, cells were induced with
0.3 mM IPTG and further incubated at 18°C for an addi-
tional 16 h. After harvest, cells were resuspended in lysis buffer
(20 mM Tris—HCI, pH 7.5, 500 mM NaCl, 10% (v/v) glyc-
erol and 5 mM imidazole) and lysed by passing the suspension
through a French press (1200 bar) three times, followed by
2-3 rounds of sonication to disrupt DNA. The resulting cell
lysate was centrifuged at 12 000 rpm for 40 min, and the su-
pernatant containing the target protein was loaded onto a pre-
equilibrated nickel affinity column (GE Healthcare). Elution
was carried out using a high-imidazole buffer (20 mM Tris-
HCIL, pH 7.5, 500 mM NaCl, 10% (v/v) glycerol and 500 mM
imidazole). The eluted protein was subjected to Sumo protease
treatment overnight at 18°C and then diluted to a concentra-
tion of 100 mM NaCl. Subsequently, it was loaded onto a
HiTrap SP column (GE Healthcare) pre-equilibrated with 20
mM Tris—=HCI, pH 7.5, 100 mM NaCl, 5% (v/v) glycerol and
2 mM EDTA. The target protein was eluted using an 80-ml
gradient of 100-500 mM NaCl. Finally, the protein under-
went purification using a Superdex-200 gel filtration column
(5200, GE Healthcare) with size-exclusion buffer (300 mM
NaCl, 20 mM Tris-HCI, pH 7.5 and 1 mM MgCl,). Frac-
tions containing the target protein were concentrated through
centrifugation, frozen in liquid nitrogen, and stored at -80°C.

Recombinant plasmids and protein expression for all non-
wild-type HrpA variants followed the same procedure as the
wild type, ensuring equal activity.

For HrpA'-%%¢ (residues 1-696), initial purification was per-
formed using a nickel affinity column, as described earlier. The
Sumo-treated protein was then diluted to 170 mM NaCl and
loaded onto an SP column. The eluate from the SP column was
immediately loaded onto a Resource Q column (GE Health-
care) and eluted with an 80-ml gradient ranging from 170 to
500 mM NacCl. The identified fractions were subsequently di-
luted to 150 mM NaCl and loaded onto a HiTrap Heparin
column (GE Healthcare). Elution was achieved using an 80-
ml gradient ranging from 150 to 500 mM NaCl. During this
process, two proteins with different migration distances were
observed on 8% SDS-PAGE analysis. The smaller protein was
purified using the S200 column, as previously described, and
identified as HrpA'=¢3? based on the final crystal structure.

Oligonucleotides preparation

The DNA and RNA substrates used in this study were com-
mercially obtained and chemically synthesized from San-
gon Biotech (Shanghai) and Eurogentec (Belgium). Duplexes
and G4 structures were generated by mixing complementary
oligonucleotides in annealing buffer A (100 mM KCl and 20
mM Tris—=HCI, pH 8.0). The mixture was heated to 98°C
for 5 min using a PCR instrument and then slowly cooled
to room temperature at a rate of 2 min/°C. For the Bcl2 i-
motif (imBcl2) and Bcl2T14 i-motif (imBcl2T14), they were
manufactured in annealing buffer B (100 mM KCI and 50
mM PBS, pH 6.2) using the same heating and annealing pro-
cess as the duplexes. The sequences and labeling positions of
all the oligonucleotides used in this study can be found in
Supplementary Table S1.

Crystallization screening and structure
determination

To generate the HrpA'=*3*e ADPeDNA complex (with a con-
centration of HrpA'=®3% at 106 uM), HrpA'=% in size-
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exclusion buffer was mixed with 11 nt polyC DNA (D-C11)
in a molar ratio of 1:1.2. Subsequently, ADP was added to a fi-
nal concentration of 1 mM. The HrpA'~3%e ADPeDNA com-
plex was then combined with the reservoir solution in a 1:1
ratio (0.25 ul:0.25 ul) using the sitting-drop vapor diffusion
method at 20°C. Crystals of the HrpA'"%3*e ADPeC2 complex
were obtained in a solution containing 0.03 M NaNOs3, 0.03
M Na,HPOy4, 0.03 M (NH4),S04, 0.1 M MES-imidazole (pH
6.5), 20% (v/v) ethylene glycol, and 10% (w/v) PEG 8000.
Crystals of the HrpA!-¢3%e ADPei-motif complex were ob-
tained in a solution containing 10% (w/v) PEG 3350 and 4%
(v/v) Tacsimate (pH 7.0). For HrpA'738(residues 1-758), with
a concentration of 8 mg/ml, a similar sitting-drop method was
used for crystallization screening. The optimized crystalliza-
tion conditions consisted of 0.1 M Hepes (pH 7.0) and 7%
(w/v) PEG 20K.

Data collection and processing

The crystals of the HrpA!-%3%e ADPei-motif complex were
cryoprotected using a solution containing 20% (w/v) PEG
MME 2000 and 20% (v/v) ethylene glycol. In contrast, the
HrpA'738 apo crystals were cryoprotected by supplement-
ing their reservoir solution with 30% (w/v) PEG 400. The
crystals of the HrpA'-*3%eADPeC2 complex were directly
frozen in liquid nitrogen from the crystallization drop. All
X-ray diffraction data were collected at beamline BL17U of
the Shanghai Synchrotron Radiation Facility. The crystallo-
graphic data were processed using XDS and scaled with Aim-
less through the Autoproc pipeline (30). Detailed statistics re-
garding the X-ray diffraction data are presented in Table 1.

Structure solution and refinement

Initial ~ attempts to solve the structure of the
HrpA'=%3%eADPeC2 complex in space group P2;2;2;
using molecular replacement (MR) with Phaser (31) utiliz-
ing various models such as the HrpB structure (PDB code:
6HEG), different DEAH/RHA helicase core structures, or
separated RecA domains did not yield satisfactory results,
with a final translation Z-score (TFZ) below 6.5. Eventu-
ally, the structure of the HrpA!'~®3*eADPeC2 complex was
successfully solved using molecular replacement with the
automated pipeline MRage (32). The best model for the
molecular replacement was the DHX135 structure (PDB code:
5XDR), which provided a TFZ of 12.8, compared to the
Prp43 structure (PDB code: 2XAU) with a TFZ of only 6.5.
The initial model was then automatically built in Phenix using
an auto-build protocol without rebuilding in place. The data
up to 2.0 A resolution were used, and non-crystallographic
symmetry (NCS) was applied to the two molecules in the
asymmetric unit. The final model was manually adjusted in
Coot during refinement using Phenix. The solved structure
of the HrpA'-¢3%¢ ADPeC2 complex served as the model for
solving the other HrpA structures, including the structure
with an extended C-terminus (HrpA!=7*8) that crystallized in
different space groups (P21).

In the electron density map of the HrpA!-¢30eADPeC2
complex, two cytosine nucleotides were successfully built,
while the electron density map of the HrpA'~¢3%e ADPei-motif
complex allowed the complete building of the i-motif. All
structure representations were generated using PyMOL (http:
/lwww.pymol.org).
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Fluorescence anisotropy assays

The nucleic acid binding affinities of HrpA were assessed us-
ing fluorescence anisotropy measurements performed on an
Infinite F200 instrument (TECAN). To determine the binding
affinity, 5 nM of 3’-FAM-labeled single-strand and double-
strand nucleic acids in binding buffer A (50 mM NaCl, 20
mM Tris-HCI, pH 7.5, 1 mM MgCl, and 1 mM DTT) and
5 nM of 3’-FAM-labeled imBcl2 in binding buffer B (50 mM
KCI and 50 mM PBS, pH 6.2) were titrated with increasing
concentrations of HrpA protein. Each sample was incubated
at room temperature for 5 min to allow the system to reach
equilibrium, and the fluorescence anisotropy signal was mon-
itored and recorded. An additional reading was taken after 10
min to ensure the mixture had fully equilibrated and the signal
was stable.

The equilibrium dissociation constant (Ky) was determined
by fitting the binding curves using Equation (1):

Ar = Armax X P/ (Kq + P) (1)

where A7,y represents the maximal amplitude of anisotropy
(equal to 7y, complex = 7free DNA)> P 18 the protein concentration,
and K4 corresponds to the midpoint of the curve, reflecting the
apparent dissociation constant. The Ky values were obtained
from at least three independent experiments, ensuring reliable
measurements of binding affinity.

Stopped-flow unwinding assay

Fluorescence-based stopped-flow FRET assays, following the
methodology described by Liu ef al. (33), were employed to
conduct duplex unwinding experiments. Unwinding kinetics
were measured using a two-syringe mode setup. In this con-
figuration, 100 nM HrpA and 4 nM fluorescently labeled du-
plex substrates were pre-incubated in the unwinding buffer
(30 mM NaCl, 20 mM Tris—HCI, pH 8.0, 2 mM MgCl, and
2 mM DTT) at 37 °C for 5 min (in syringe 3). The unwind-
ing reaction was initiated by rapid mixing with 1 mM ATP (in
syringe 4).

To convert the output data from volts to percentage un-
winding, calibration experiments were performed in a two-
syringe mode. In these calibration experiments, HrpA and
hexachlorofluorescein (HF)-labeled single-stranded oligonu-
cleotide were placed in syringe 3, while FAM-labeled single-
stranded oligonucleotide was placed in syringe 4. Both sy-
ringes were incubated in the unwinding buffer. The fluores-
cence signal of the mixed solution from the two syringes rep-
resented 100% unwinding.

All stopped-flow kinetic traces were averaged from over 10
individual traces. The fraction of duplex unwound (n) at time
t was calculated using Equation (2):

n(t) = (Ft — Fuin) / (F100% — Fmin) (2)

Here, F, represents the measured fluorescence signal at time
t, Fiin is the minimum fluorescence signal observed after un-
winding initiation, and Fygg9, corresponds to the signal ob-
tained from the calibration measurement.

NTPase activity assays

NTPase activity measurements were conducted using the
ATPase/GTPase Activity Assay Kit (Sigma-Aldrich), which
detects the release of free Pi resulting from NTP hydrolysis. A
20-ul reaction mixture containing 100 nM HrpA in the bind-
ing buffer was incubated for 10 min at 20°C in the presence
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Table 1. Data collection and refinement statistics
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HrpAl-%30e¢ ADPeC2 HrpA'738 apo HrpA'-3%¢ ADPei-motif
Wavelength (A) 0.9792 0.9785 0.9778
Resolution range (A) 73.34-2.25 (2.33-2.25) 29.73-2.66 (2.75-2.66) 39.48 -2.52 (2.61 -2.52)
Space group P2,2,24 P2, P212:24

Unit cell parameters a, b, ¢ (A)
Total reflections

80.47,106.12, 178.27
912 871 (97908)

39.60, 114.89, 94.01
149 540 (9907)

80.27,105.99, 177.57
299 445 (35223)

Unique reflections 70 047 (7102)
Multiplicity 13.0 (13.8)
Completeness (%) 96.55 (99.76)
Mean I/sigma(I) 20.26 (3.17)
Wilson B-factor (A2) 28.46
R-merge 0.1638 (1.296)
CCip 0.999 (0.88)
Refinement

Reflections used in refinement 70 036 (7101)
Reflections used for R-free 3464 (379)
Ryore/Riree (%) 18.72/23.06
Number of non-hydrogen atoms 10 066
macromolecules 9422

ligands 61

solvent 583

Protein residues 1173

RMS (bonds) (A) 0.008

RMS (angles) (°) 1.18
Ramachandran favored (%) 99.14
Ramachandran outliers (%) 0.00

Average B-factor (A2) 46.71

PDB code 8PO7

23533 (2187) 45125 (5086)
6.4 (4.5) 6.6 (6.9)
98.88 (92.30) 86.94 (100.00)
17.21 (2.16) 15.18 (2.29)
55.74 50.01

0.08523 (0.5895) 0.09691 (0.8385)
0.999 (0.904) 0.998 (0.784)
23 510 (2183) 45107 (5086)
1118 (100) 2230 (225)
20.59/25.73 19.45/23.88
6072 10 335

6031 10 132

5 72

36 131

754 1222

0.003 0.005

0.61 0.84

97.34 98.18

0.00 0.00

72.75 62.01

8PO6 8POS

Statistics for the highest-resolution shell are shown in parentheses.

or absence of 1 uM RNA (DNA). The reactions were initiated
by adding NTP and stopped by adding 100 ul of the malachite
green reagent solution to a white 96-well microplate. The NTP
concentration was varied from 0 to 500 uM. After incubation
at room temperature for 10 min, the absorbance at 620 nm
was measured using a VICTOR Nivo Multimode Microplate
Reader (PerkinElmer). The concentration of Pi in each sample
was calculated using a standard curve provided in the manu-
facturer’s instructions. The k¢, value was determined by fit-
ting the experimental data to the Michaelis-Menten equation
using Origin 9.0 software.

Circular dichroism (CD) spectropolarimetry

The conformation of imBcl2 was analyzed using circular
dichroism (CD) experiments performed with a Bio-Logic
MOS450/AF-CD optical system (Bio-Logic Science Instru-
ments, Seyssinet-Pariset, France). The experiments were con-
ducted in a temperature-controlled cell holder using a quartz
cell with a 1 mm path length. The imBcl2 sample, prepared as
described previously, was diluted to a concentration of 3 uM
in a buffer with pH ranging from 5.8 to 8.0. CD scans were
recorded in the UV region (220-320 nm) with 0.75-nm incre-
ments, averaging for 2 s at 25°C. To obtain the CD profile of
imBcl2, the spectra of samples containing only the buffer were
subtracted. The data were further processed and analyzed us-
ing Origin 9.0 software.

Single-molecule fluorescence data acquisition and
analysis

The single-molecule FRET (smFRET) assay was conducted
following the protocol described in our previous publication
(34). Briefly, a chamber was prepared and 50 pM of fluo-

rescently labeled DNA (Cy3 and Cy5) was introduced and
allowed to immobilize for 10 min. The chamber was then
washed with the imaging buffer (50 mM PBS, pH 6.2, 100
mM KCl, 0.8% D-glucose, 1 mg/ml glucose oxidase, 0.4
mg/ml catalase, and 4 mM Trolox) to remove any free DNA.
All single-molecule measurements were performed at a con-
stant temperature of 22°C with an exposure time of 100
ms. The FRET efficiency was calculated using the equation
E = I,/(Ip + ), where Ip represents the donor intensity and
I represents the acceptor intensity. Basic data analysis, in-
cluding the generation of transition density plots (TDP), was
carried out using custom MATLAB scripts. Data fitting was
performed using Origin 9.0 software. Histograms were fit-
ted using Gaussian distributions, with the peak positions left
unrestrained.

Molecular modeling and molecular dynamics

Structures of APHB-ssDNA (7-mer polyC) and APHB-ssRNA
(7-mer polyU) were generated with RosettaFoldNA (335) in-
stalled on local computer. From the HrpA-15polyU structure
(PDB 6ZWW), the ssRNA bound to APHB was manually
merged to 15polyU and geometry regularized in Coot. HrpA-
ssRNA was then subjected to molecular dynamics simulation.
The inputs were prepared using CHARMM-GUI with the So-
lution Builder module. The CHARMM36m force field was
used to describe the full system consisting of a box with ex-
plicit water and KCl (reaching 150 mM). The CHARMM-
GUI protocol was followed using GROMACS (36). The NVT
equilibration phase was performed during 50 ps. Trajectory
of 50 ns was obtained and further analyzed with the GRO-
MACS tools. RMSD-based clustering was performed by gro-
mos clustering algorithm. Snapshot structures were visualized
in PyMOL which served to create all the illustrations.
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Results

HrpA's NTP usage promiscuity and efficient 3'-5'
RNA/RNA and RNA/DNA duplex unwinding

HrpA exhibits substantial similarity (58.87%) and identity
(27.62%) with HrpB within the helicase core, encompassing
two RecA domains, WH, OB, and CON modules (Figure 1A).
Nonetheless, HrpA features additional structural elements—
a 74-residue N-terminal extension (APHB) and a 542-residue
C-terminal extension. To explore the functional relevance of
these structural components, we initially assessed HrpA’s nu-
cleic acid binding capability using fluorescently labeled DNA
and RNA oligonucleotides. Equilibrium binding experiments
involved titrating labeled DNA/RNA with escalating con-
centrations of HrpA, with the binding fraction determined
through fluorescence anisotropy changes. Our results (Figure
1B, C, and D) unveiled two distinct binding characteristics of
HrpA: (i) HrpA binds both ssDNA and ssRNA with a pro-
nounced preference for binding ssRNA (K4U'? = 21.3 nM)
over ssDNA (Ky™2 = 307 nM), with reduced affinity for
double-stranded blunt-ended RNA(R-Blunt); (ii) HrpA dis-
plays selectivity for guanine and cytosine (G/C) bases in ss-
DNA but exhibits a preference for guanine and adenine (G/A)
bases in ssSRNA.

The DEAD proteins family of RNA helicases harbors a
central region featuring eight consensus motifs, including the
DEAD box (Asp-Glu-Ala-Asp) ATPase site, which facilitates
ATP hydrolysis and couples it to helicase activity. As HrpA
(DEAH) and HrpB (DEFH) differ in their DExH-box se-
quences, we investigated HrpA’s NTPase activity with various
nucleotides (A, U, C and G), both in the presence and absence
of single-stranded RNA (R-SS33) (Figure 1E). We determined
NTP hydrolysis activity using a colorimetric ATPase/GTPase
Activity Assay Kit. Our findings unveiled HrpA’s versatile
NTP usage, as it displayed heightened NTPase activity with
UTP and CTP. Notably, in the absence of nucleic acids, HrpA
exhibited significant UTPase and CTPase activities, with the
addition of single-stranded RNA enhancing NTPase activities
to 2-2.5-fold (Supplementary Table S2).

To ascertain whether HrpA possesses duplex unwinding
activity for DNA or RNA substrates, we conducted un-
winding experiments using fluorescently labeled 12-bp du-
plex substrates with a 3’- or 5'-10 nt tail. Real-time mon-
itoring of changes in fluorescence resonance energy trans-
fer (FRET) between the donor fluorophore-FAM and the ac-
ceptor fluorophore-Hexachlorofluorescein was achieved via a
stopped-flow experiment. Loss of FRET corresponded to du-
plex unwinding and strand separation, resulting in increased
FAM fluorescence. As illustrated in Figure 1F, HrpA efficiently
unwound duplex RNA with a 10 nt overhang at the 3’-end,
while the DNA/DNA duplex remained intact. This indicates
that HrpA possesses intrinsic RNA unwinding activity but
lacks the ability to unwind DNA, distinguishing it from HrpB
(28,37). Furthermore, when assessing the unwinding polarity,
we observed that HrpA exhibits a 3'-5" polarity for RNA un-
winding, as it could not unwind an RNA substrate with a 5'-
end protruding overhang.

In cellular processes, the formation of RNA-DNA du-
plexes plays a crucial role in various nucleic acid metabolism
pathways, such as transcription and RNA primer synthe-
sis in DNA replication (38,39). These processes underscore
the dynamic nature of nucleic acid metabolism within cells,
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where RNA and DNA interact in diverse ways to exe-
cute essential cellular functions like gene expression, DNA
replication and repair. To delve into the potential mecha-
nism behind HrpA-mediated RNA duplex unwinding speci-
ficity, we utilized RNA/DNA hybrid molecules with differ-
ent loading strands (RNA or DNA) and 3’-overhangs for un-
winding assays. Intriguingly, HrpA efficiently unwound the
RNA/DNA hybrids with 3’-overhang single-stranded RNA,
while those with 3’-overhang single-stranded DNA remained
intact. These results suggest that HrpA selectively binds
to single-stranded RNA and translocates along the RNA
strand from the 3’ to 5’ direction. Notably, these helicases
are not typically associated with the direct unwinding of
RNA-DNA duplexes. In summary, these findings showcase
HrpA’s versatility as an RNA helicase, encompassing func-
tions in DNA and RNA binding, NTP hydrolysis, and duplex
unwinding.

Structural and functional analysis of N-terminal
domain APHB

In Escherichia coli, HrpA is encoded by one of the largest
open reading frames (ORFs) and features an extensive C-
terminal extension that extends beyond the CON domain
(Figure 1A and Supplementary Figure S1). Unfortunately, our
efforts to obtain the full-length crystal structure of HrpA, sim-
ilar to HrpB, were unsuccessful. Instead, we successfully de-
termined the crystal structure of HrpA'73% (Figure 2A). The
overall structure and folding of Apo-HrpA'-73% are identical
to the previously reported HrpA'“783 structure by Grass et
al. (29). It appears that the N- and C-terminal extensions of
HrpA, which are distinct from HrpB, may present challenges
in crystal packing. Additionally, HrpA harbors an extended
C-terminal region encompassing the CON domain (residues
696-758) and a subsequent extended region (residues 759—
1300), which was truncated for structural analysis. The CON
domain features a f-sheet composed of three antiparallel
strands, followed by two short helices, and shares both struc-
tural and sequence similarity with the CON domain found
in the HrpB structure (Supplementary Figures S1 and S2A).
HrpA'758 exhibits 37% identity with Saccharomyces cere-
visiae Prp43 and maintains the characteristic organization ob-
served in DEAH/RHA helicases, exemplified by Prp43. Upon
superimposing HrpA domains (RecA1, RecA2, WH, Ratchet,
and OB) onto their Prp43 counterparts, root-mean-square de-
viations (r.m.s.d.) of 0.74 A (154 Cw), 1.67 A (168 C«), 1.03
A (49 Cx), 1.2 A (102 Ca) and 1.07 A (58 Cu), respec-
tively, were observed (Supplementary Figure S2B-D). Of par-
ticular note, the ratchet domain in HrpA exhibits the same
topology as Prp43, while in HrpB, the ratchet domain con-
tains fewer helices, as revealed previously by Grass et al.
(29).

The N-terminal region of HrpA comprises three closely
packed «-helices (x1, a2, «3), forming an antiparallel helix-
bundle domain known as APHB. Additionally, spatial con-
formation is reinforced by hydrogen bonds between residues
on the three alpha-helices and those from RecAl (Fig-
ure 2A and B). APHB represents a novel extension within
DEAH/RHA helicases, to investigate the nucleic acid binding
capability of APHB, we conducted binding studies using full-
length HrpA'=13% and various truncations with diverse RNA
substrates, including R-G-rich, R-C12, R-U12 and R-A12
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Figure 1. HrpAs NTP usage promiscuity and efficient 3-5" RNA/RNA and RNA/DNA duplex unwinding (A) HrpA structure diagram and domain
comparison with HrpB and Prp43. (B-D) The binding curves of HrpA13% binds to DNA and RNA. Substrates D-G-rich, D-C12, D-T12, and D-A12 are 12
nt ssDNA with G-rich, polyC, polyT and polyA sequences, respectively. R-G-rich, R-C12, R-U12 and R-A12 are 12 nt ssRNA with G-rich, polyC, polyU and
polyA sequences, respectively. D-Blunt and R-Blunt are 12 bp dsDNA and dsRNA, respectively. All assays were performed in 50 mM NaCl, 20 mM
Tris=HCI, pH 7.5, 1 mM MgCl,, and 1 mM DTT. Ky values of each binding curve were obtained by fitting Equation (1). (E) Nucleotide and nucleic acid
specificity of NTPase activity of HrpA™™3% in the case with and without R-SS33, respectively. R-SS33 are 33 nt ssRNA. The k..; was calculated by fitting
with the Michaelis—-Menten equation. (F) Stopped-flow helicase activities of HrpA'™3% for partial duplexes. All helicase activities were assayed with 100
nM HrpA=13% 4 nM fluorescently labeled partial duplex, and 1 mM ATP in the unwinding buffer. Structural diagrams of all five partial duplexes are

indicated inside the graph.

(Figure 2C). In the absence of APHB, both HrpA7>-13%0 and
HrpA75-798 displayed over a 3-fold reduction in affinity for
all four single-stranded RNA substrates, confirming the cru-
cial role of APHB in efficiently binding single-stranded RNA.
Compared to HrpA=13% HrpA75-13%0 exhibited more than a
9-fold reduction in affinity for both R-C12 and R-G-rich sub-
strates, along with a more than 2-fold reduction for R-U12.
Notably, APHB truncated protein (HrpA75~1300) Jost its ability
to bind D-C12 and D-G-rich substrates, underscoring the sig-
nificance of the APHB domain in single-stranded DNA bind-
ing and nucleotide selectivity (Supplementary Figure S3A).
APHB is situated adjacent to the RecA1 domain and forms
hydrogen bonds with residues D17, L21, R64, T72 and Y73
from APHB, as well as residues K122, G120, 1121, T168,
K112 and E116 from RecA1 (Figure 2B and Supplementary
Figure S3B). Mutational analysis on amino acids involved in
at least two hydrogen bond interactions (R64K/K122A) did
not result in a significant difference in binding activity (Figure
2C). However, unlike single-stranded DNA, both HrpA75-1300
and HrpA7>7°% maintained nucleotide selectivity for single-
stranded RNA even after mutation, suggesting that HrpA’s
sequence-dependent binding to single-stranded RNA is pri-
marily governed by the helicase core (RNA binding tunnel)
rather than APHB. These results confirm the role of the N-

terminal APHB domain of HrpA as a nucleic acid-binding
domain.

Moreover, APHB contributes to ATPase and helicase activ-
ities. The apparent K, values of ATPase activities are deter-
mined as increasing concentration of ATP using the full-length
wild type and these bearing mutations in APHB. The APHB
truncated HrpA with or without mutations were analyzed in
parallel. The apparent ATP binding affinities determined from
the ATPase activity curves demonstrate that truncation or mu-
tations in APHB lead to a significant decrease in ATP binding
affinities (Figure 2D). Since k¢, values may reflect how effi-
ciently the enzyme is converting ATP into products, these re-
sults indicated that APHB plays an essential role in ATP hy-
drolysis, showing that the APHB truncation or mutations lead
to a significant decrease in ATP binding affinities and conse-
quently affect the function of HrpA. Consistently, while the C-
terminal truncated HrpA'=758 displays comparable unwinding
activity with the full-length protein, the N-terminal truncated
HrpA75758 is completely compromised in its unwinding ac-
tivity, the presence of the C-terminal domain can restore or
compensate the APHB truncated results in unwinding activ-
ity (Figure 2E). The above results demonstrated that N- and
C-terminal domains cooperatively regulate HrpA unwinding
activity.
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Figure 2. Structural and Functional Analysis of N-terminal domain APHB (A) Overall Structures of HrpA'7%8 apo. All domains are colored and labeled
according to Figure 1A. (B) Interactions between APHB and RecA1 domains in the structure of Apo-HrpA'7%8 complex structure. Detailed contacts and
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HrpA'=18%0 and its variants to ssRNA. (D) ATPase assays show that APHB reduces the ATPase activity both in the presence and absence of RNA. (E)
Kinetic unwinding curves of HrpA'3% and its variants were determined by stopped-flow assay with 4 nM partial dsRNA (with 3'-tail), 100 nM

proteins and T mM ATP,

APHB dominates nucleic acid recognition

In order to reveal the structural details of APHB domain-
mediated nucleic acid binding and unwinding, HrpA trun-
cated prior to the CON and almost OB domain (residues
1-630) was complexed with a ssDNA in the presence of
ADP (Figure 3A and Table 1). In the structure of the
HrpA'-%30e ADPeC2 complex, a single asymmetric unit con-
tained two molecules, with only one molecule binding
to DNA (Supplementary Figure S4A). The molecule lack-
ing DNA binding was designated as the HrpAeADP com-
plex, whereas the one binding to C2-DNA was labeled the
HrpA'-%3%e ADPeC2 complex.

Within the HrpA!-%%eADPeC2 complex structure,
residues Q13 («1), D17 (1), D23 (x2), R30 («2) and V34
(«2) formed hydrogen bonds with S28 (x2), R24 («2), K60
(«3), E53 («3) and Q43 (e3), respectively (Figure 3B). Most
of these bonds were conserved in the apo structure as well
(Supplementary Figure S4B). Compared to the structure of
apo-HrpA in which a stable alpha-helix bundle is maintained
through three pairs of hydrogen bonds among «1, «2, and
a3, the electron density map within the HrpA'¢3%e ADPeC2
complex clearly revealed the presence of C2-DNA (Figure
3A). These structural features suggest that the N-terminal do-
main of HrpA may enhance DNA binding, given its relatively
lower affinity for ssDNA compared to ssRNA. Notably, R30
and E49 formed distinct hydrogen bonds with the C2-DNA,
providing additional evidence of the N-terminal domain’s in-
volvement in DNA binding (Figure 3C). To delve deeper into
the mechanism of APHB domain binding to ssDNA/ssRNA,
three arginine residues from «2 of APHB were independently
mutated to alanine, in addition to R30 and E49 mutations.

The results demonstrated that the binding affinities of the
R22A, R26A, R29A and R30A mutants for D-C12, as well
as the R26A, R29A and R30A mutants for D-G-rich, were
significantly reduced compared to the wild type, underscoring
the involvement of these arginine residues in interactions with
guanine and cytosine bases in ssDNA (Figure 3D). Notably,
despite the presence of a hydrogen bond between E49 and
the C1 base, the Ky values of the E49A mutant for D-G-rich
and D-C12 did not exhibit a substantial increase. Similar
experiments were conducted with ssRNA, but no mutations
were found to severely compromise the affinity of HrpA for
the four tested RNA substrates (Supplementary Figure S4C).
In light of the combined structural, truncated, and mutational
data, it is evident that the o2 helix of the APHB domain plays
a pivotal role in nucleic acid recognition and binding.

It is notable that the C2-DNA observed was not situ-
ated within the conserved RNA-binding tunnel formed by
the RecAl, RecA2, WH, Ratchet and OB domains. Instead,
it resided on the positively charged surface of the APHB do-
main, which is rich in arginine residues (Figure 3E). Addition-
ally, the C2-DNA exhibited a defined polarity of 3/-5’, and its
alignment was not continuous with the ssRNA bound in the
binding tunnel, as observed in PDB 6ZWW by Grass et al.

To further explore the function of nucleic acids binding to
the APHB domain, we conducted additional modeling exper-
iments using Rose TTAFoldNA (35). In both ab initio com-
plexes, the predicted structures accurately represent the APHB
structure, with nucleic acids bound to the «2 helix in a re-
verse orientation compared to our crystallographic structures
(Supplementary Figure S5A). This alignment suggests that the
predicted orientation supports the potential connection be-
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Figure 3. The APHB domain shows functions in binding, ATPase, and helicase activities. (A) Structure of HrpA'%%%e ADPeC2 complex. Detail
interactions between APHB and DNA are shown in zoomed-in panels. The cartoon shows DNA with strong electron density (blue lines). (B) Interactions
between helices of APHB domain in the structure of HrpA'™™63% ADPeC2 complex. Hydrogen bonds are represented by the blue dashed line. (C)
Schematic diagram of APHB's contacts with two cytosine nucleotides. (D) Dissociation equilibrium constants of HrpA'-13% and its variants to D-C12 and
D-G-rich. (E) The electrostatic surface potential of HrpA'%%0¢ ADPeC2 complex. Blue and red indicate positive and negative charges, respectively.

tween nucleic acids bound to APHB and those bound in the
ssRNA tunnel. We generated a model from HrpA-15polyU
structure (PDB 6ZWW) with a longer ssRNA exiting from
the tunnel and binding to APHB according to the model gen-
erated by RoseTTAFoldNA. This model was then subjected
to 50ns molecular dynamics. After 15ns equilibration the
molecular dynamics trajectory shows that APHB with ssRNA
adopts a stable mean conformation corresponding to the ma-
jor 2 A rmsd-cluster comprising 65% of the conformations
(Supplementary Figure S5B). ssRNA occupies the positively
charged surface of APHB, with phosphates of ssRNA estab-
lishing stable electrostatic interactions with Arg residues of «2
helix of APHB (Supplementary Figure S5C).

Structure of HrpA'-630e ADPei-motif complex

To explore the binding of HrpA to various nucleic acid struc-
tures, attempts were made to co-crystallize HrpA with dif-
ferent substrates, including G-quadruplex (G4) and inter-
calated motif (i-motif) structures. Ultimately, successful co-
crystallizations of the HrpA'~3%e ADPei-motif complex were
achieved (Figure 4A). The structure of this complex was de-
termined in the P2,2,2; space group and refined to a reso-
lution of 2.52 A, with R and Ry values of 23.88% and
19.45%, respectively (Table 1). In the asymmetric unit, there
were two HrpA'=3% molecules, two ADP molecules and two
polyC DNA molecules. The nucleic acid structure was posi-
tioned between two APHB domains. Each molecule interacted
with a single polyC chain primarily through its APHB domain,
and these two chains formed an i-motif structure with typical
cytosine-cytosine interactions. The i-motif structure was pre-

cisely nestled within a positively charged pocket formed by the
RecA1l, WH and APHB domains of the two HrpA molecules
(Figure 4B).

In the i-motif structure, the initial three cytosine bases (C1,
C2, C3) of both polyC chains did not participate in i-motif
formation (Figure 4C-E). Each polyC chain folded back to
form an antiparallel hairpin, with the 3’ end closely asso-
ciated with the 5 end. Every base, except for C7 and CS8,
engaged in symmetric pairings with cytosine bases from the
other DNA chain through cytosine-hemiprotonated cytosine
interactions. Specifically, C4, C5, C6, C9, C10 and C11 paired
with C9, C10, C11, C4, C5 and C6, respectively, from the
other DNA chain (Figure 4C). Together, these four antiparal-
lel chains constituted an intermolecular i-motif structure fea-
turing a 3’-E topology (40). Apart from Q184, which inter-
acted with the sugar-phosphate backbone of the i-motif, other
residues of HrpA were engaged with the bases of the i-motif
(Figures 4D and E). Among the 21 nucleotides that were re-
solved (excluding C1 in the 5’ end of one polyC chain), 12
were involved in the formation of C:C* base pairs, resulting in
limited interactions between the i-motif and HrpA'=%39 with
only nine hydrogen bonds identified (Figure 4E). Besides Q184
(RecA1l), T476 (WH) and D478 (WH), the remaining six hy-
drogen bonds were contributed by the APHB domains of the
two HrpA molecules. This indicates that the APHB domain
is a pivotal domain for HrpA binding to the i-motif. To ex-
perimentally validate this hypothesis, wild-type HrpA, three
truncations, and four point-mutations of HrpA were indepen-
dently subjected to binding assays with the Bcl2-i-motif (im-
Bcl2), a well-studied substrate known for its ability to form
an i-motif structure.
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Figure 4. Structure analysis of HrpA'830e ADPei-motif complex. (A) Structural overview of HrpA'-930e ADPei-motif complex. One of the two HrpA'-630
molecules is presented as a semi-transparent model. All domains are colored as in Figure 1A. The phosphate backbones of the two polyC chains
forming i-motif are colored in yellow and red, respectively. (B) The electrostatic surface potential of HrpA'-630e ADPei-motif complex. Blue and red
indicate positive and negative charges, respectively. (C) Detailed structural information of this intermolecular i-motif. Cartoon structure (left panel) in
strong electron density (green lines) and schematic (right panel) showing that two poly(C) DNA formed an i-motif with 3'-E topology. In the schematic
structure, nucleotides involved in forming C:C* base pairs in the two molecules are colored cyan and green, respectively, and the rest are in gray. (D)
Detailed view of i-motif-HrpA interactions. (E) Interactions between HrpA and i-motif are shown schematically. Black dotted lines indicate H-bonds

between i-motif and HrpA.

Based on the results illustrating the capability of the an-
nealed Bcl2 oligonucleotide to adopt an i-motif conformation
in a PBS pH 6.2 buffer (Figure 5A), i-motif binding assays were
subsequently carried out in the same buffer supplemented
with 50 mM KCIl. The presence of the APHB domain demon-
strated a notable affinity for the i-motif, while its absence sig-
nificantly diminished the binding affinity, as illustrated in Fig-
ure 5B. Mutations in the residues R22, R26,R29, and R30, re-
sponsible for binding to the 5’ end of polyC ssDNA, markedly
impaired i-motif binding abilities. Notably, mutations of R26
and R30 resulted in 3- and 10-fold increases in the Ky val-
ues, respectively (Figure 5C and Supplementary Table S3).
To confirm the specificity of HrpA in binding to i-motifs, we
conducted assays using two additional i-motif structures (im-
Myc and imVEGE, sequences were collected in Supplementary
Table S4) along with hairpins structured DNAs to evaluate
their respective affinities for i-motif binding. In a consistent
pattern, HrpA demonstrated effective binding to all i-motif
structures, while showing no affinity for the hairpin struc-
tures (Supplementary Table S4). Additionally, HrpA'-1300 ef-
fectively unwound the i-motif structure, as evidenced by sm-
FRET measurements of the interaction between HrpA!-13%0
and the i-motif (Figures 5D and E). In the absence of APHB,
there was no significant alteration in the smFRET signal (Fig-
ure 5F). smFRET assays were also conducted with mutations

affecting the binding to the 5" end of polyC ssDNA to com-
pare the impact of APHB on the measured FRET values. The
results revealed that the smFRET values decreased less than
the full range after R22, R26, and R29 mutations (Figures
5G, H, and Supplementary Figure S6A-C). smFRET values of
full-length proteins did not decrease after R30 mutation (Fig-
ure 5I). These findings indicate that APHB plays a pivotal role
in the structural remodeling of the i-motif, thereby influenc-
ing the efficiency of unwinding through its impact on binding
activity with the i-motif.

Discussion

HrpA and HrpB are members of the DEAH-family RNA
helicase-like proteins, showing substantial sequence similar-
ity with other DEAH/RHA proteins (41). These proteins play
crucial roles in bacterial virulence, contributing significantly
to essential processes in most bacteria (22). Previous research,
including our own, has shed light on the crystal structure of
full-length HrpB from E. coli in conjunction with ADPeAlF,.
This unveiling showcased the classical helicase core along
with a sizable C-terminal extension (28). The present study
contributes additional insights into the properties of these
proteins, further expanding our understanding of their
functions.
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Figure 5. Functional analysis of APHB in i-motif remodeling. (A) CD spectra of imBcl2 (3 uM) in a 50 mM sodium phosphate solution with 50 mM KCl at
the required pH. (B, C) Dissociation equilibrium of HrpA-'3%0 three truncations, and four point-mutations to Bcl2 i-motif (imBcl2). All assays were
performed in 50 mM KCl and 50 mM PBS, pH 6.2. (D) FRET histograms were constructed from about 300 individual records of imBcl2 alone (imBcl2
only), imBcl2 with HrpA'=13%0 and HrpA75-13%0 respectively. Gaussian fittings yield two populations peaked at FRET = 0.39 and 0.89. (E, F) Individual
FRET traces were recorded with 1 uM partial imBcl2 in the presence of HrpA'=3% and HrpA’5-13%0 (G) FRET histograms were constructed from about
300 individual records of imBcl2 with HrpA'=1390  HrpA1-1300. R22A ' gng HrpA'-1300. R30A - Gayssian fittings yield two populations peaked at FRET = 0.39

and 0.89. (H, I) Individual FRET traces recorded with 1 uM partial

Interactions between ratchet and RecA2 domains in
RNA-independent NTPase activity

HrpA encompasses all conserved domains characteristic of
the DEAH/RHA helicase family. The binding of ADP in
the crevice between the two RecA-like domains, where the
nucleobase is positioned between Argl41 from RecAl and
Phe336 from RecA2 (Supplementary Figure S7), follows a
mode akin to that seen in other helicases like Prp43/DHX135,
known as the F-motif (20). Upon ADP release, RecA2 un-
dergoes an opening movement toward RecA1l, transitioning
from an open state to a closed state, a conformational change
typical in DEAH/RHA helicases’ translocation mechanism
(Supplementary Figure S8).

Notably, our crystal structures reveal a significant rota-
tion of the C-terminal Ratchet domain, which plays a cru-
cial role in obstructing the 5" end of the RNA-binding tun-
nel (Supplementary Figure S9). This closure of the tunnel is
more pronounced in HrpA compared to other helicases, and
it is stabilized by an extensive interaction surface between the
Ratchet domain and RecA2 (Supplementary Figure S10). This
inactive translocation form of HrpA impedes RNA-binding
tunnel accessibility. Unlike other DEAH/RHA helicases where
the RecA2 domain and C-terminal accessory domains exhibit
flexibility in the apo state, the specific conformation of the
Ratchet domain in HrpA limits RecA2’s flexibility. This re-

straint in the absence of nucleic acid binding contributes to
HrpA’s elevated basal NTPase activity, rendering it less sensi-
tive to nucleic acid binding.

The unique APHB domain

One distinctive feature of HrpA is its N-terminal APHB do-
main, responsible for binding ssDNA and ssRNA. Unlike
other DEAH/RHA helicases, such as Prp43 and Prp2, where
N-terminal domains involved in nucleic acid binding are po-
sitioned near the 5’ end of the RNA-binding tunnel, APHB
in HrpA occupies a unique position adjacent to RecAl at the
3’ end of the RNA-binding tunnel. In our structures, we ob-
served that the DNA bound to the APHB domain, whether
C2 or i-motif, is not aligned in a continuous manner with the
ssRNA bound in the binding tunnel, as seen in PDB 6ZWW
by Grass et al. Specifically, since the 3’ end of the polyU ss-
RNA points toward the APHB domain, the ssDNA extending
from the APHB domain towards the ssRNA tunnel also termi-
nates with a 3’ end. Consequently, the ssDNA from our struc-
ture and the ssRNA from Grass et al. cannot be seamlessly
connected. However ab initio modeling of APHB-ssDNA or
APHB-ssRNA complexes predict the single-stranded nucleic
acid to bind in the reverse orientation. The modeling results
are thus consistent with the structural feature of APHB in
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which the positively charged surface of APHB will confer this
domain to bind single-stranded nucleic acids in both orien-
tations. The above results and interpretation are further con-
firmed by a series of mutants bearing key residues in nucleic
acid binding.

While E. coli HrpA helicase shares close sequence and he-
licase core structural similarities with other DEAH/RHA he-
licases like Prp43 and HrpB (both from Pseudomonas aerug-
inosa and E. coli), its distinction lies in the presence of the
N-terminal domain. Notably, HrpA exhibits robust RNA du-
plex unwinding activity, a feature absent in the entirely inac-
tive HrpB. In line with these observations, we present the fol-
lowing novel and consistent findings: (i) HrpA demonstrates
sequence-dependent ssDNA binding affinity, as depicted in
Figure 1, with the N-terminal domain playing a pivotal role;
(ii) in addition to its RNA/RNA unwinding activity, HrpA dis-
plays intrinsic RNA/DNA duplex unwinding, a unique char-
acteristic among Hrp family helicases. This activity may be
linked to other cellular functions of HrpA; (iii) intriguingly,
both N-terminal domain truncation in HrpA'”%® and full-
length HrpA lead to complete and partial compromises in un-
winding activity, underscoring the significant contribution of
the N-terminal domain to RNA/RNA and RNA/DNA duplex
unwinding; (iv) furthermore, our study reveals that full-length
HrpA exhibits strong binding activity toward non-canonical
DNA structures, including DNA/RNA G-quadruplex and i-
motif; (v) we not only determined the crystal structures of the
N-terminal domain in the apo-form and in complex with ss-
DNA but also solved the first crystal structure of a protein
binding with i-motif, wherein the N-terminal domain plays
an essential role in i-motif binding (further discussion in the
subsequent question). This wealth of functional and structural
information offers valuable insights into the mechanisms by
which DEAH/RHA proteins, particularly those in the Hrp
family, carry out their functions. Understanding these pro-
cesses is crucial for comprehending bacterial tolerance to-
wards certain antibiotics and potential functional roles in the
cell.

In E. coli, HrpA is involved in mRNA cleavage, similar to
several DEAH/RHA proteins in yeast (23,25), such as Prp2p,
Prp16p, Prp22p and Prp43p30. However, the N-terminal ex-
tension of Prp22p, which includes an RNA-binding domain
known as the S1 motif, is dispensable for pre-mRNA splic-
ing in vivo (42). In contrast, HrpA from B. burgdorferi, which
lacks the APHB domain, still regulates gene expression and
mammalian infection (25). These discrepancies imply that the
requirement of APHB in vivo may depend on the distinct
mRNA processing methods used by various organisms and the
various roles HrpA performs in different circumstances. The
capacity of APHB to enhance ssRNA-specific protein affinity,
identify C- and G-rich ssDNA, and bind to quadruplex struc-
tures suggests that it helps HrpA target specific substrates in
vivo, possibly analogous to the roles of dsRBDs in MLE and
the DSM element in DHX36 (43,44).

The distinctive structural characterizations of the
interaction between a protein and the i-motif

In this study, we elucidated the interaction between HrpA and
the unique DNA secondary structure known as the i-motif.
Our structural analysis revealed the formation of a stable
HrpA'-630e ADPei-motif complex, shedding light on the in-
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triguing relationship between HrpA and this non-canonical
DNA structure.

The i-motif structure is characterized by the association of
cytosine-rich DNA sequences into a knotted or intercalated
conformation under acidic conditions. Our complex struc-
ture displayed two HrpA!=¢3% molecules embracing an i-motif
structure, primarily through their APHB domains. This bind-
ing arrangement positioned the i-motif within a positively
charged pocket created by the RecA1, WH, and APHB do-
mains of the HrpA molecules, providing an optimal environ-
ment for stable interaction. The i-motif structure itself ex-
hibited unique characteristics, with the initial three cytosine
bases on each polyC chain not participating in i-motif forma-
tion. Instead, the polyC chains folded back to form an an-
tiparallel hairpin structure, with cytosine-hemiprotonated cy-
tosine interactions between bases, resulting in a 3’-E topol-
ogy i-motif. While the interactions between HrpA and the
i-motif were not extensive, a few critical residues in HrpA
were involved in hydrogen bonding with the i-motif bases,
with the APHB domains contributing significantly to these
interactions.

To further substantiate the importance of the APHB domain
in i-motif binding, we conducted binding assays with various
HrpA mutants and truncations. Our results revealed that the
presence of the APHB domain conferred substantial affinity
for the i-motif, while its absence significantly reduced bind-
ing. Additionally, mutations in residues R22, R26, R29 and
R30, which are crucial for binding to the 5" end of polyC ss-
DNA, were found to impact i-motif binding, with mutations
in R26 and R30 leading to notable increases in K values. Im-
portantly, HrpA!=13% demonstrated the ability to efficiently
unwind the i-motif structure, and this unwinding was influ-
enced by the presence of the APHB domain, as demonstrated
by smFRET measurements.

Collectively, our results highlight the importance of the
APHB domain in the interaction between HrpA and the i-
motif. This domain plays a pivotal role in the structural re-
modeling of the i-motif, ultimately affecting the efficiency of
unwinding and providing insights into the dynamic interplay
between HrpA and non-canonical DNA structures. The spe-
cific recognition of i-motifs by HrpA, facilitated by the APHB
domain, expands our understanding of HrpA’s diverse nucleic
acid binding abilities and highlights its potential role in mod-
ulating gene expression and other cellular processes involving
i-motif-containing DNA.

The potential physiological significance of i-motif
in HrpA

To date, direct genetic evidence establishing a functional link
between the i-motif and the HrpA helicase is lacking. How-
ever, with continuous advancements in genetic studies and
biotechnologies, we acknowledge that the landscape may
evolve. While the identification of i-motif structures in bac-
terial cells, particularly E. coli, remains elusive at present, it is
not beyond the realm of possibility. The following intriguing
points could shed new light on developing a functional con-
nection between the i-motif and HrpA in cells:

First, Grass et al. demonstrated that HrpA mutants exhibit
significant impairment in survival in the presence of chloram-
phenicol, tetracycline, and ampicillin. However, in the pres-
ence of rifampicin, HrpA mutant cells showed enhanced sur-
vival compared to WT cells. This suggests a correlation be-
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tween HrpA and transcription, indicating that HrpA may play
a role not only in post-transcriptional RNA regulation.

Second, i-motifs have been identified as regulators of tran-
scription. Transcription and replication induce DNA negative
supercoiling in prokaryotes (45) and also in eukaryotes (46).
Hurley’s group revealed that negative superhelicity induced
by transcription in ¢c-Myc promoter can favor formation of
G-quadruplex on G-rich strand and i-motif on C-rich strand
(47). Under these conditions, i-motif can even form at neutral
pH. Hurley’s group showed also that hnRNP LL can bind to
the Bcl2 i-motif and regulate the transcription of the Bel2 pro-
moter (48). Although they did not obtain the atomic structure
of the hnRNP LL with B¢l2 i-motif, they described the struc-
tural determinants of the complex (49). This finding was inde-
pendently confirmed by another study (50). Notably, in their
search for proteins binding to the i-motif, the Hurley group
identified the helicase DDX21 (48). This suggests a potential
relationship between transcription, i-motif, and helicase, al-
though it has not been conclusively demonstrated.

Finally, the expression of virulence factors in pathogenic
bacteria involves intricate regulatory mechanisms (29). While
HrpA is hypothesized to primarily operate at the post-
transcriptional level, it cannot be dismissed that HrpA may
also exert effects at the transcriptional level. The established
role of i-motifs in transcription regulation is noteworthy: i-
motif formation can be induced by transcription itself as it is
a source of DNA negative supercoiling and i-motif structures
can also act as regulatory elements, either repressing or acti-
vating transcription. They achieve this by creating structural
impediments for transcription factors and RNA polymerase,
thereby influencing the transcriptional activity of the associ-
ated gene. Therefore, in prokaryotes where DNA supercoil-
ing is precisely regulated in the dynamic topological setting
of coupled replication and transcription, i-motif could have
potentially an important regulatory function.

One hypothesis posits that HrpA may repress the transcrip-
tion of housekeeping survival genes while enhancing the tran-
scription of virulence genes under favorable conditions. When
transcription is inhibited by rifampicin, survival genes would
be less repressed in HrpA mutants compared to wild-type cells.
This could elucidate why HrpA mutants exhibit better growth
than WT cells when exposed to this antibiotic, aligning with
the concept of i-motif regulation by HrpA.
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