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ABSTRACT

Infection with kinetoplastid parasites, including Try-
panosoma brucei (T. brucei), Trypanosoma cruzi (T.
cruzi) and Leishmania can cause serious disease in
humans. Like other kinetoplastid species, mRNAs
of these disease-causing parasites must undergo
posttranscriptional editing in order to be functional.
mRNA editing is directed by gRNAs, a large group
of small RNAs. Similar to mRNAs, gRNAs are also
precisely regulated. In T. brucei, overexpression of
RNase D ribonuclease (TbRND) leads to substan-
tial reduction in the total gRNA population and sub-
sequent inhibition of mRNA editing. However, the
mechanisms regulating gRNA binding and cleavage
by TbRND are not well defined. Here, we report a thor-
ough structural study of TbRND. Besides Apo- and
NMP-bound structures, we also solved one ThbRND
structure in complexed with single-stranded RNA.
In combination with mutagenesis and in vitro cleav-
age assays, our structures indicated that TbRND
follows the conserved two-cation-assisted mecha-
nism in catalysis. TbRND is a unique RND mem-
ber, as it contains a ZFD domain at its C-terminus.
In addition to T. brucei, our studies also advanced
our understanding on the potential gRNA degrada-
tion pathway in T. cruzi, Leishmania, as well for as
other disease-associated parasites expressing ZFD-
containing RNDs.

INTRODUCTION

Kinetoplastids are flagellated unicellular organisms, which
include many parasites responsible for serious human dis-

eases (1). The most common of these parasitic diseases are
African sleeping sickness, Chagas disease and Leishmania-
sis, which are caused by infection with 7. brucei (2-5), T.
cruzi (6-8) and Leishmania (9-11), respectively. Parasitic
diseases are considered a major public health issue. Accord-
ing to a conservative estimate, half a billion people live with
the threat of trypanosomaid disease, with over 20 million
infections and >100 000 annual deaths worldwide. In addi-
tion to humans, many trypanosomatids can also infect and
induce serious diseases in animals (12), fish (13), and other
species (14).

Although different kinetoplastids are associated with dif-
ferent diseases, they all share very similar cellular struc-
ture and genomic organization. Unlike other eukaryotic or-
ganisms, kinetoplastids possess an unusual genomic DNA
structure, termed a kinetoplast, in their mitochondrion (15—
17). The kinetoplast is composed of a few dozen maxicir-
cles and thousands of minicircles. Maxicircles are analo-
gous to the mitochondrial DNA of other organisms, encod-
ing mRNAs and ribosomal RNAs, while minicircles encode
for small RNAs known as guide RNAs (gRNAs). Since
transcription of both maxicircles and minicircles are poly-
cistronic (18-20), gene regulation of kinetoplastids rarely
occurs at the level of RNA synthesis (21-23). In order
to be translatable, most kinetoplastid mRNAs must un-
dergo a posttranscriptional editing process that involves
the insertion and deletion of uridines (24,25). As demon-
strated in 7. brucei, mRNA editing is regulated by multi-
ple proteins; besides substrate recognition, the regulation
also occurs during the initiation and procession stages of the
editing (26).

gRNAs are, on average, 60 nucleotides (nt) long and
function as major trans-acting factors in mRNA editing
(22,23,27-29). All gRNAs contain three functionally dis-
tinct domains: an anchor domain at the 5-end, a central
guide domain, and a 3’-end U-tail. The anchor domain is
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complementary to the target mRNA and plays a funda-
mental role in the initiation of mRNA editing (30). The
guide domain dictates the type of editing mediated by the
gRNA, including the number of uridine nucleotides to be
inserted or deleted. Besides the natural gRNAs, previous in
vitro studies showed that mRNA editing could also be sup-
ported by synthetic gRNAs, which possess non-U-tails at
their 3’-ends (31). Compared to the U-tails of the natural
gRNAs, the non-U-tails of certain synthetic gRNAs form
more Watson-Crick pairing with the target mRNAs, lead-
ing to higher editing efficiency. Although it is not preferred
for particular mRNA editing in vitro, the U-tail is conserved
in natural gRNAs. It was believed that gRNA U-tails are
evolved to fit the multiple and complete editing cycles in
vivo (31). The 3’ U-tail pairs with the purine-rich regions
of target mRNAs to form a U-tail helix (32,33). In addi-
tion to the anchor helix formed between the mRNA and
the gRNA anchor domain, formation of the U-tail helix
contributes to the stabilization of the stem-loop structure
within the gRNA guide domain. Although the pairing in-
teractions between gRNA 3’ U-tail and the target RNA are
dynamic, formation of the U-tail helix has been confirmed
by both in vitro crosslinking assays (33,34) and structural
study (35); the conformational flexibility may facilitate the
structural changes of gRNA/mRNA complex during edit-
ing and allow the binding and invasion of editing proteins at
the major groove (35). Deletion of the gRNA U-tail signif-
icantly lowers the in vitro editing efficiency of kinetoplastid
mRNAs (36).

Owing to their devastating health and economic impacts,
kinetoplastid parasites have been extensively studied (37—
41). Editing of kinetoplastid mitochondrial mRNAs relies
on the editosome, which is a multiprotein complex. Al-
though editosomes can be divided into different subcom-
plexes, they all share conserved enzymes, such as ribonu-
cleases, terminal uridylyl transferases (TUTase) and ligases
(42-44). gRNAs provide the sequence information neces-
sary for precise mRNA editing. In order to be functional,
gRNAs also undergo posttranscriptional modification, es-
pecially uridylation at the 3’-end (24). This process is medi-
ated by the mitochondrial 3’ processome, MPsome. RET1
protein, the TUTase of MPsome, catalyzes the primary
uridylation (45), which stimulates hydrolytic activity of the
3/-5 exonuclease DSS-1 (46). When the MPsome stochas-
tically pauses at 10-12 nt from duplex region, RET]1 starts
the secondary uridylation.

Similar to the non-coded A-tails of mRNA, increasing
evidences have shown that the U-tails at the 3’ end of small
RNAs, such as siRNAs and microRNAs, also play impor-
tant roles in stabilization and quality control of RNAs (47—
50). In general, gRNAs accumulate in an inverse order to
the edited mRNAs, suggesting that gRNA degradation is
a consequence of successful mRNA editing (51). Besides
ThDSS-1, three other exoribonucleases are also present in
mitochondrion of 7. brucei (52-54). Of these, THREX1 and
ThREX2 are components of the editosome and are devoted
to mRNA uridine deletion. Like 7bDSS-1, the final ribonu-
clease, ThRND, also acts upon the 3’ U-tails of gRNAs. De-
pletion of ThRND results in extended gRNA tails in vivo,
whereas, overexpression of 7ThRND leads to a substantial
reduction in the total gRNA population and the subsequent
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inhibition of mRNA editing. In addition, the overexpres-
sion and RNAi-mediated knockdown assays also showed
that ThRND affects 7. brucei growth in the procyclic form
(55). Since the null mutant of 7hRND has not been re-
ported, whether ThRND is essential and involves in other
biological processes in 7. brucei need to be further investi-
gated.

Compared to 7bhREX1, THREX2 and ThDSS-1,
ThRND is unique (Figure 1A), as it belongs to the RNase
D (RND) group within the DEDD exoribonuclease super-
family. Like E. coli RNase D (EcRND), Saccharomyces
cerevisiae Rrp6 (ScRrp6), and all other RND family
proteins, ThRND possesses a single 3'-5" exoribonucle-
ase (Exo) domain. Several EcRND and ScRrp6 crystal
structures have been previously reported. In the native
EcRND structure, two metal ions were captured at the
active site (56). One metal ion was bound in the active site
in the ScRrp6/RNA complex structure, may be due to the
mutation of the catalytic residues (57). These observations
all indicated that RND family proteins follow a two-cation-
assisted mechanism in catalysis, whereas a ternary complex
composed of native RND protein, substrate RNA, and
two coordinating cations is still unavailable. The presence
of conserved 3'-5" Exo domain suggests that 7ThRND may
share the similar mechanism in cleavage, but the overall
domain architecture of ThRND is significantly different
from other RND members. EcCRND and ScRrp6 possess
an HRDC (helicase and RNase D C-terminal) domain
at the C-termini whereas ThRND contains a predicted
CCHC zinc-finger domain (ZFD) at its C-terminus. This
combination of both 3/-5 Exo and ZFD domains is very
unusual and has not been observed in any reported protein
structure to date. To characterize the overall folding and
to unravel the basis for substrate binding and cleavage by
ThRND, we performed structural and functional studies.
Here, we present several crystal structures, including a
high-resolution structure for the RNA-bound complex,
which unveil the complete fold of 7ThRND and the inter-
actions that facilitate RNA binding. In combination with
mutagenesis and in vitro catalytic assays, these structures
also provide detailed insights into the mechanisms for
substrate binding and cleavage by 7ThRND. In addition to
T brucei, our studies may also advance the general under-
standing of RNA metabolism in many other kinetoplastid
parasites and eukaryotic organisms.

MATERIALS AND METHODS

Plasmid construction

The gene encoding wild-type (WT) ThRND was optimized
for E. coli expression and purchased from Yuyi Biotechnol-
ogy Co., Ltd. Shanghai (Supplementary Table S1). The tar-
get fragment was amplified by PCR, digested with BamHI
and Xhol, and ligated into a pET28a-Sumo vector. All trun-
cated and mutated ThRND expression constructs were cre-
ated by PCR or overlap PCR using the WT ThRND plas-
mid as template. The primers used for PCR are listed in
Supplementary Table S2. The plasmid sequences were all
verified by DNA sequencing. The recombinant strains were
protected by 20% glycerol and stored in a —80°C freezer.
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Figure 1. Structure and functional verification of 7hRND. (A) Domain architecture of 7hRND. MLS, predicted mitochondrial localization signal. (B)
Cartoon view showing the overall structure of 7ThRND. The Exo domain is colored in cyan and magenta for the a-helices and B-strands, respectively. The
four ZF motifs, ZF1-4, are colored in green, pink, blue, and magenta, respectively. Zinc ions are shown as black spheres. (C) Sequence alignment of the
four ZF motifs. (D) Sequence of RNAI used in the in vitro binding and cleavage assays. (E) RNAI cleavage reactions catalyzed by the Exo domain and
RND-WT protein of ThRND. (F) Comparison of RNA1 binding by the 7THRND Exo domain and RND-WT. (G) Impacts of the core Zn>*-coordinating

Histidine mutation on RNA1 cleavage activity of TORND.

Protein expression and purification

The recombinant plasmids were transformed into E. coli
BL21(DE3) competent cells and cultured in Lysogeny broth
(LB) medium supplemented with 50 pg/ml kanamycin at
37°C. For expression of Se-Met substituted 7bRND pro-
tein, the cells were cultured in M9 medium containing 50
wg/ml kanamycin and 60 mg/1 Se-Met. When the ODygy
reached 0.6-0.8, the cells were cooled down to 18°C and
the protein expression induced by adding isopropyl B-D-
1-thiogalacto-pyranoside (IPTG, 0.2 mM). To enhance the
stability of the target protein, 0.1 mM ZnCl, was included in
the medium after induction. The induced cells were grown
at 18°C for 16 hrs and then collected by centrifugation (4000
rpm) at 4°C for 20 min.

All proteins were purified using similar procedures.
Briefly, cell pellets were resuspended with lysis buffer (20
mM Tris—HCI pH 8.0, 500 mM NaCl, 25 mM imidazole
pH 8.0) and lysed under high pressure. The ensuing ho-
mogenate was clarified by centrifugation (17 000 rpm) at
4°C for 1 h. The supernatant was collected and loaded onto
a HisTrap HP column (GE Healthcare). The target protein
was eluted with 20 mM Tris—HCI pH 8.0, 500 mM NacCl,
500 mM imidazole pH 8.0. The protein was treated with
Ulpl protease at 4°C for 3 h to remove the His-Sumo tag,
diluted with 20 mM Tris—HCI pH 8.0, 100 mM NaCl and
loaded onto a HiTrap Heparin HP column (GE Health-
care). The target protein was eluted with buffer composed
of 20 mM Tris—HCI pH 8.0 and 300 mM NaCl. The eluted
protein was further purified by gel filtration using a HiLoad



16/60 Superdex 75 column in gel-filtration buffer (20 mM
Tris—HCI pH 8.0, 200 mM NaCl, 2 mM DTT).

Crystallization and x-ray diffraction data collection

The initial crystallization conditions were all identified us-
ing the Gryphon crystallization robot system and com-
mercial crystallization kits, using the sitting-drop va-
por diffusion method at 16°C. Crystallization was op-
timized by the hanging-drop vapor diffusion method.
All nucleic acids used for crystallization were synthe-
sized and purified in the laboratory. The TODRND AZF _3-
4/RNA-12U complex was prepared by mixing 10 mM
CaCl,, ThRND AZF _3-4 (residues 41-341) with RNA-
12U (5¥-UUUUUUUUUUUU-3). The molar ratio be-
tween AZF_3-4 and RNA-12U is 1:1.2. The crystallization
condition for the AZF_3-4/RNA-12U complex was 0.2 M
Sodium acetate trihydrate, 20% PEG3350, while that for the
Se-Met substituted Apo-form of ThRND was 0.1 M Bis—
Tris pH 5.5 and 30% PEG3350. The NMP-bound 7ARND
crystals were obtained by soaking the Apo-ThRND crystals
in mother liquor supplemented with 10 mM MnCl, and 10
mM NMP for 10min.

All crystals were cryo-protected in reservoir solution sup-
plemented with 25% (v/v) glycerol and snap-frozen in lig-
uid nitrogen. The X-ray diffraction data were collected
on beamlines BL17U, BL18U, and BL19U at the Shang-
hai Synchrotron Radiation Facility (SSRF). The HKL3000
program package (58) was used to process the data. The
data collection and processing statistics are summarized in
Supplementary Table S3.

Structure determination and refinement

The Apo-form Se-Met substituted 7ThRND structure was
solved by the single-wavelength anomalous diffraction
(SAD) method (59) with the Autosol program embedded
in the Phenix suit (60). The initial model was built using the
Autobuilt program and then refined against the diffraction
data using the Refmac5 program of the CCP4 suite (61).
The 2F, — F, and F, — F; electron density maps were reg-
ularly calculated and used as guide for the building of the
missing amino acids using COOT (62). The NMP-bound or
RNA-complexed ThRND structures were solved by molec-
ular replacement using the apo-7hbRND structure as the
search model with the phaser program of the CCP4 suite.
Nucleic acids, ions, water, and other molecules were all built
manually using COOT. The complex structures were also
refined using the Refmac5 program of the CCP4 suite. The
structural refinement statistics were summarized in Supple-
mentary Table S3.

Substrate binding assays

Electrophoretic mobility shift assays (EMSA) were used to
analyze the RNA binding ability of ThRND proteins. The
10-pl reaction mixture was composed of protein, 0.2 puM
FAM-labeled substrate, 20 mM Tris—-HCI pH 8.0, 200 mM
NaCl, and 2 mM DTT. The mixture was incubated on ice
for 1 h before adding 2 pl of loading buffer (12% Ficoll 400
and 5% glycerol). The samples were then loaded onto a pre-
cooled 6% native polyacrylamide gel. The gels were run at
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100 V for 40 min at 4°C in 0.5x TBE buffer and imaged
using a Typhoon FLA 9000. The intensities of the bands
were quantified by ImageQuantTL.

In vitro cleavage assays

FAM-labeled substrates and cognate mRNA (Supplemen-
tary Table S4) were purchased from the TAKARA com-
pany. The reactions were carried out in a 10-pl system con-
taining WT or mutated ThRND proteins, 0.4 pM sub-
strates, 0.4 wuM mRNA (if present), 20 mM Tris-HCI pH
8.0, 50 mM KCI, 1 mM EDTA, 10% glycerol, ] mM DTT,
5 mM MgCl,. The protein concentration was 0.1 wM for
RND-WT and related mutants (residues 41-390), whereas
it was increased to 1.0 wM for RND-Exo (residues 41-296).
The reaction mixtures were incubated at 24°C for different
lengths of time, after which they were terminated by adding
10 wl termination buffer (95% formamide, 25 mM EDTA)
and heating at 95°C for 5 min. The samples were loaded
onto pre-warmed 18% polyacrylamide 7-M urea gels and
run at 10 W for 2 h. The gels were scanned using a Typhoon
FLA 9000. The intensities of the bands were quantified by
ImageQuantTL.

RESULTS
Overall structure of THhRND

The ThRND enzyme is encoded by the Tb09.211.3670 gene
and is 390 amino acids in length (Figure 1A). A previous
study suggested that full-length THORND was not very sta-
ble when expressed in E. coli. In order to improve pro-
tein stability sufficiently for crystallographic analysis, we de-
signed and screened various constructs to determine that
removal of the N terminal mitochondrial localization sig-
nal (MLS) significantly improved the stability of ThRND.
Using truncated proteins, we solved several TORND crys-
tal structures, including an Apo-form, four NMP-bound
forms, and one in complex with RNA-12U (Supplementary
Table S3). The GMP-bound (G-form, 2.25A) crystals were
formed by soaking GMP into Apo crystals grown with the
wild-type (WT) ThRND lacking the N-terminal 40 residues
(hereafter referred to as RND-WT) and unveiled the most
complete structural information for ThRND.

This G-form crystal belonged to the P2,2,2; space group
and contained one ThRND molecule per asymmetric unit.
As depicted in Figure 1B, the THRND Exo domain is com-
posed of 218 residues (amino acids 50-267) arranged in
an a/B fold. All but one of the six B-strands are parallel,
forming a single flat B-sheet flanked by «-helices on both
sides. The Exo and ZFD domains are connected by a linker
(amino acids 268-295) composed of two loops bisected
by a short a-helix. The ZFD domain (amino acids 296—
375) contains four Zinc-finger motifs (ZF1-4) that adopt
an extended conformation (Figure 1B). All the ZFs be-
long to the CCHC-type; where they all possess one aro-
matic residue, either Phe or His, following the last Cys (Fig-
ure 1C). Compared to ZF1-3, the loop connecting the cen-
tral Zinc-coordinating Cys and His residues for ZF4 is one
amino acid shorter. However, the overall folds and Zinc-
coordinations of the four ZFs are very similar (Supplemen-
tary Figure S1).
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Like the G-form structure, the ZFD also adopts an ex-
tended conformation in the Apo-form structure. Struc-
tural analysis suggested that the extended ZFD confor-
mations are mainly stabilized by crystal packing. In the
G-form structure, ZF4 forms several hydrogen bonding
(H-bond) interactions with the Exo domain of symmetry-
related molecule, which stabilized ZFD from the distal end
(Supplementary Figure S2A-B). Although ZF3 and ZF4
are also present in the Apo-form structure, they are disor-
dered, suggesting that they don’t form stable interactions
with surrounding molecules (Supplementary Figure S2C).
In contrast, ZF2 is well defined in both structures, due to
its extensive interactions with symmetry-related molecules
(Supplementary Figure S2D, E).

ZFD enhances RNA binding and cleavage activities of
ThRND

Guided by the crystal structure, we constructed and purified
a ThRND variant (amino acids 41-296) with the ZFD do-
main deleted, hereafter referred to as RND-Exo. To investi-
gate the functions of the individual domains, we performed
in vitro cleavage assays. As expected RND-WT could effi-
ciently cleave RNA-12U (5-FAM-UUUUUUUUUUUU-
3) such that after a reaction time of 1 min, 57.51% of the
substrate was cleaved (Supplementary Figure S3A). Only a
trace amount of substrate was observed after 30 min, with
the main products being five or six nucleotides (nt) shorter
than the substrate strand. Compared to RND-WT, cleav-
age efficiency of the RNA-12U by RND-Exo is much lower
(Supplementary Figure S3B). Even with a 10-fold higher
concentration (1.0 wM), RND-Exo can only cleave 33.97%
of RNA-12U after 30 min. When the reaction time was ex-
tended to 90 min, 19.68% of the substrate remained intact.
Both RND-WT and RND-Exo had extremely low cleav-
age activities toward RNA-12A and RNA-12C RNAs (Sup-
plementary Figure S3). Consistent with the previous study
(55), these observations suggested that TARND has a strong
preference for U-rich RNAs.

In addition to RNA-12U, we also performed in vitro
cleavage assay using another U-rich RNA, RNA1 (Fig-
ures 1D, E, Supplementary Table S5). RNA1 (5-FAM-
AACUUGUUUUUUUU-3) was designed to mimic the
3’-end of gRNAs, the natural substrate for ThRND. Sim-
ilar to RNA-12U, RNAT1 was cleaved by RND-WT at a
concentration of 0.1 wM, with the overall cleavage efficien-
cies being similar. At a reaction time of 30 min, the major
RNAI1 cleavage products had 4 or 5 nucleotides removed
from the 3’-end with a total yield of 88.38%. However, at the
same concentration, RND-Exo could only generate trace
amounts of product, which were 1-nt shorter than RNAL.

The above cleavage assay results clearly indicated that
the ZFD domain enhances the RNA cleavage activity of
ThRND. To better understand the function of the 7ThRND
ZFD, we carried out in vitro binding assays using RNA1
(0.2 wM) by EMSA. As depicted in Figure 1F, the bind-
ing affinity of RND-Exo for RNAI is very low. Even un-
der conditions with 100-fold molar excess of RND-Exo (20
uM), no obvious band-shift was observed for RNAL. In
contrast, RND-WT displayed strong binding affinity for
RNAL. 25.24% of the RNA1 was shifted in the presence

of RND-WT at a concentration of 0.4 wM. Increasing the
concentration of RND-WT to 4.0 uM resulted in a shift
of 85.30% of RNA1, and 92.36% RNAI1 was shifted in the
presence of 20 uM RND-WT.

The binding assay results suggested that the ZFD do-
main plays a critical role in RNA binding, which may in
turn enhance the RNA cleavage activity of ThRND. To
investigate the contribution of each individual ZF motif,
we constructed four ThRND mutants, H305A, H328A,
H351A and H369A, in which the core Zn’>*-coordinating
Histidine residues of ZF1-4 was sequentially substituted by
Alanine. Similar to RND-WT, we also performed in vitro
cleavage assays using RNAI1 and the four mutant proteins
(Figure 1G, Supplementary Table S5). In contrast to RND-
WT, the RNAI cleavage activity of H305A mutant is very
weak. At a reaction time of 30 min, there still had 13.09%
intact RNAT left and the major products only had 1 or 2
nucleotides removed from the 3’ end. Compared to RND-
WT, the RNA1 cleavage activity of H328A mutant is also
weaker. At a reaction time of 30 min, it mainly produced a
product that had four nucleotides removed with a yield of
45.56%. Different from H305A and H328A, the H351A and
H369A mutants showed similar RNAT1 cleavage activity as
that of RND-WT at a reaction time of 30 min.

Structural basis for RNA binding by TARND ZFD

To unravel the mechanisms underlying RNA binding by
ThRND, we performed extensive co-crystallization trails.
Although no crystals grew for the mixture of RNA and
RND-WT, we successfully solved the structure for a com-
plex of RNA-12U bound to the 7TARND AZF_3-4 mutant
(amino acids 41-341), a truncation in which ZF3 and ZF4
were deleted. The structure was termed AZF_3-4/RNA-
12U and refined to high resolution (1.77 A, Supplementary
Table S3). Each molecule of TORND AZF _3-4 binds to one
RNA-12U molecule (Figure 2A). Of the 12 nucleotides in
RNA-12U, 10 were well-ordered and labeled RO to R9 from
the 3’ end (Supplementary Figure S4). The Zinc fingers, ZF1
and ZF2, of ThRND mainly interact with the nucleotides
at the R5-R9 region (Figure 2B). R5 forms two H-bond
interactions with ZF2, including one between its ribose 2'-
OH group and the side chain OD1 atom of Asn332 and the
other between the nucleobase O4 atom and the main chain
N atom of Thr329. The conformation of RS is further sta-
bilized by its H-bond interactions with R8 and stacking in-
teractions with R7, which resides at the interface between
ZF1 and ZF2.

The nucleobase of R6 inserts into a shallow groove in
ZF1 (Figure 2B, bottom-left panel), such that the N3 and
04 atoms form stable H-bond interactions, of around 2.8 A
distance, with the main chain O and N atoms of Glu309 and
Phe311, respectively. The ribose 2’-OH group also forms a
water-mediated H-bond interaction with the main chain O
atom of Gly304. The groove in which the nucleobase of R6
is inserted, is bounded on either side by Phe311 and His305,
thus forming extensive hydrophobic interactions that stabi-
lize this interaction.

R8interacts with ZF2 (Figure 2B, bottom-right panel), in
a similar manner to that observed for R6 and ZF1, includ-
ing hydrophobic stacking with aromatic residues, His328
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In vitro RNA binding by truncated versions of 7ThRND removing the various ZF motifs. (D) Impact of mutation of ZFD RNA-interacting residues on
RNA cleavage by ThRND. In panels A and B, the C-atoms of the Exo domain, ZF1, ZF2 and RNA-12U are colored in cyan, green, pink, and magenta,
respectively. Zinc ions, Ca®* ions, and water molecules are shown as spheres in black, blue, and red, respectively. H-bond interactions are indicated by

black dashed lines.

and Phe334, and by direct H-bond interactions with the
main chain atoms of Asn332 and Phe334. This interaction
is further stabilized by a H-bond between the RS nucle-
obase and the side chain of Asn332. The ribose of R§ is also
involved in this interaction. However, instead of a water-
mediated H-bond, the 2’-OH group of R8 directly H-bonds
to the main chain O atom of Gly327. Unlike R5, R6 and RS,
the nucleobases of R7 and R9 do not form direct H-bonds,
with water-mediated H-bonds observed with either ZF1 or
ZF2, further stabilizing the conformation of RNA-12U in
the bound complex.

To further confirm the functional importance of ZF1 and
ZF2, we constructed a 7ThRND AZF _2-4 mutant (amino
acids 41-317), in which ZF2-4 were all deleted, for use in
in vitro RNA binding and cleavage assays (Figures 2C-D,
Supplementary Table S5). Similar to RND-Exo, AZF_2-4
has very weak RNA1-binding affinity. Although it is weaker

than RND-WT, AZF_3-4 could shift RNA1 at a concen-
trations at or abovel.0 wM. The RNAI cleavage activities
of AZF 2-4 and AZF_3-4 are higher than that of RND-
Exo. At a reaction time of 30 min, AZF_3-4 could pro-
duce 44.50% product that had 4 nucleotides removed from
the 3’ end. Compared to H351A and H369A (Figure 1G,
lower panel), the RNA1 cleavage activity of AZF_3-4 is
weaker. Taken together, these observations suggested that
all four ZF motifs are important for the cleavage activity of
ThRND. The functions of ZNF3 and ZNF4 motifs might
be redundant with each other. Blocking the interactions be-
tween RNA and single ZNF motif has no strong impact.
However, if the interactions between RNA and both ZNF3
and ZNF4 are blocked, it will lower the cleavage activity of
ThRND.

Based on the AZF 3-4/RNA-12U complex structure, we
constructed three single-point mutants of 7ThRND (F311A,
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N322A, and F334A) and performed in vitro cleavage as-
says (Supplementary Table S5). Substitution of ZF1 residue
Phe311 by Ala (for F311A) significantly lowered the RNAT1
cleavage activity of ThRND (Figure 2D). After 30 minutes
of cleavage, 12.21% of the substrate remained uncleaved.
Compared to RND-WT (Figure 1E, right panel), F311A-
generated products had much fewer nucleotides removed
from the 3’-ends, may be due to the extensive interactions
between the RNA and ZF2. As indicated by the similar pan-
els and total yields of the products (Supplementary Table
S5), the single Ala substitution of Asn322 (for N322A) or
Phe334 (F334A) had no significant impact on RNAL cleav-
age by ThRND.

Interactions between RNA and 7ARND Exo domain

The Exo domain of ThRND is responsible for RNA degra-
dation (Supplementary Figure S3B). Although RND-Exo
alone does not show clear RNA1-binding affinity in vitro,
the Exo domain forms extensive interactions with the RNA
in the AZF_3-4/RNA-12U complex structure, mainly rec-
ognizing nucleotides R0-R4 located at the 3’-end of RNA-
12U. Nucleotides R0, R1 and R2 are bound inside an open
pocket with the nucleobases stacked against each other to
form an A-form-like conformation (Figure 3A). The R2 nu-
cleobase packs against Pro279, forming a weak hydropho-
bic interaction with the CB atom (Figure 3B). The 2’-OH
group of the R2 ribose ring forms two H-bonds, one each
with the OD2 atom of Asp141 and the NE2 atom of GIn164,
respectively. The backbone phosphate group of R2 interacts
with the side chain of Argl79 through a water mediated H-
bond.

The nucleobases of R3 and R4 are rotated in opposite
directions such that they are perpendicular to those of RO,
R1 and R2, but point in different directions (Figure 3A).
No base-specific interaction is observed between R3 and
ThRND. In contrast, R4 forms extensive interactions with
ThRND (Figure 3C), with the nucleobase being flanked by
Argl79 on one side and Tyr185 on the other side. The N3
atom of the R4 nucleobase forms an H-bond interaction
with the OG atom of Ser181. The nucleobase O2 atom and
ribose 2'-OH group of R4 both form indirect H-bonds, via
a water molecule, with the main chain N atom of Gly182.

Directed by the structural observations described above,
we designed and constructed several Ala-substituted mu-
tants of ThRND and performed in vitro cleavage assays
(Figure 3D). Q164A, R179A, S181A and Y185A mutants
expressed in E. coli as soluble stable proteins, whereas,
D141A was expressed into inclusion bodies. To investigate
the impact of Aspl41, we alternatively constructed and pu-
rified a D141E mutant, in which Aspl41 was substituted
with a Glu residue. Compared to RND-WT (Figure 1E,
right panel), the RNAT cleavage activity of the D141E mu-
tant was significantly lower. At a reaction time of 30 min,
DI141E only produced 12.31% and 1.09% products with
4 and 5 nucleotides removed for the 3’ end, respectively.
More dramatic reductions were observed for the Q164A
and R179A mutants. No products with either four or five
nucleotides removed from the 3’ end were generated, the
main products are only 1 or 2-nt shorter than the substrate.
Although not as significant as for the mutations in the pre-

vious three residues, Ala-substitution of Ser181 (for SI81A)
and Tyr185 (for Y185A) also caused weak reduction in the
RNAI cleavage activity of 7ThRND, as indicated by the low
percentage of products that had four or five nucleotides re-
moved from the 3’ end (Supplementary Table S5).

Two-cation-assisted mechanism of ThRND

During ThRND degradation of RNA from the 3’-end, the
P-O bond between RO and R1 is broken during catalysis.
As observed in the AZF _3-4/RNA-12U complex structure,
the 3’ end RO nucleotide forms extensive interactions with
ThRND (Figure 4A). The 3'-OH group on the ribose of R0
forms two stable H-bonds, with the side chain OE1 atom
of Glu82 and the main chain N atom of Ala83. The ri-
bose 2'-OH group of RO interacts with the main chain O
atom of Ala83. Asindicated by the short distances (~2.8 A),
these H-bond interactions are all very stable. RO also forms
water-mediated H-bond interactions with Phe84 and Thr86
of ThRND, with the 2’-OH group and the nucleobase O2
atoms, respectively. R1 also interacts with 7ThRND, mainly
through H-bonds that are mediated by water molecules
(Figure 4B).

The enzymatic activity of DEDD family nucleases is
chemically facilitated by divalent cations coordinated in the
active site, commonly Mg?*. As exhibited by the structures
of many nucleases, including RNase H (63), RNase I11 (64),
and C3PO (65), Ca>* can mimic Mg?* in coordination but
will not catalyze the cleavage reaction. The crystals of the
AZF 3-4/RNA-12U complex were grown in the presence
of 10 mM CaCl,. In the structure, two well-defined Ca2*
ions were captured in the active site (Figure 3C) in a hexaco-
ordinated octahedral-like geometry (Figure 3D). The A-site
ion is coordinated by the side chains of the Asp80, GluS§2,
and Asp230 residues, as well as the OP1 atom of R0 and
two water molecules. The B-site ion is coordinated by the
side chain of Asp80, the OP1 atom of R0, and three water
molecules. In addition, the B-site ion is also coordinated by
the O3’ atom of R1. Asp80, Glu§82, Asp145 and Asp230 cor-
respond to the four residues conserved in the DEDD family
nucleases. Although Aspl145 does not form a direct interac-
tion with either of the active site cations, it does form an
H-bond with a cation-coordinating water molecule.

The above structural observations suggested that
ThRND use the two-cation-assisted mechanism for RNA
cleavage, which is also followed by RNase H (63), RNase
IIT (64), and many other nucleases. The A-site cation will
activate the nucleophile water molecule via deprotonation,
which will then attack the phosphorus atom of the RO
nucleotide. In addition to assembly of the catalytic form
complex, the B-site cation can also facilitate the P-O bond
breakage by neutralizing the negative charge that develops
on the 3’ oxygen atom of the R1 nucleotide. To verify
the catalytic mechanism, we constructed three ThRND
mutants of the cation-coordinating residues. As shown by
in vitro cleavage assays (Figure 4E), Ala substitution of
either Asp80 (for DS0A) or Glu82 (for E§2A) completely
abolished the RNA cleavage activity of 7ThRND. Compared
to that of RND-WT, the RNA cleavage activity of the
D230A mutant was significantly lower such that only trace
amounts of the products were generated after cleavage
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Figure 3. Interactions between RNA and the Exo domain of 7ThRND. (A) Stick presentation showing the nucleotides bound in the Exo domain of 7ThRND.
The Exo domain and Ca2" ions are shown as cyan cartoon and blue spheres, respectively. (B, C) The binding of the R2- and R4-site nucleotides by the
Exo domain of ThRND. Water molecules are shown as red spheres, H-bond interactions are indicated by black dashed lines. (D) Impacts of mutation of

the Exo RNA-interacting residues on RNA cleavage by ThRND.

for 30 min. Taken together, these observations indicated
that Asp80, Glu82 and Asp230 are all critical for RNA
degradation by TbRND.

Nucleotide binding and uridine preference of ThRND ZFD

Both this and previous studies have shown that 7ThRND has
a strong preference for U-rich sequences (Supplementary
Figure S3A). To better understand the RNA sequence pref-
erence of ThRND, we solved structures for all four NMP-
bound complexes of 7ThRND. Like the G-form structure,
used to define the overall structure described above, all the
NMP-bound crystals were formed from soaks of the Apo
RND-WT crystals. However, as indicated by the large cell
parameter differences (Supplementary Table S3), the pack-
ing of the RND-WT was different in the crystal lattices of
these soaked crystals, leading to disordering of ZF3 and
ZF4 in all of the other NMP-bound structures, when com-
pared with the G-form structure. In the UMP-bound (U-
form) structure, one well-defined UMP molecule was cap-
tured in the groove of ZF1 (Supplementary Figure S5A, B).
Structural superposition (Figure SA) showed that binding
of UMP is identical to that of the R6 UMP in the AZF 3—
4/RNA-12U complex, including the H-bond (with Glu309
and Phe311) and stacking (with His305 and Phe311) inter-
actions. In the CMP-bound (C-form) structure, one CMP
nucleotide was bound in ZF1 groove (Supplementary Fig-
ure S5C, D). Unlike for UMP, CMP forms two H-bond
interactions with ZF1, including one each respectively be-
tween the N3 and N4 atoms of the nucleobase and the main
chain N atom of Phe311 and the main chain O atom of

Glu309. Compared to R6 in the AZF_3-4/RNA-12U com-
plex, the nucleobase of CMP was rotated 180° around the
C4-C5 bond of the nucleobase, disrupting the stacking in-
teraction with Phe311 (Figure 5B).

In the G-form structure, one GMP molecule was cap-
tured within the ZF1 groove (Supplementary Figure SSE-
F), where the N1 and O6 atoms of GMP form weak H-
bond interactions, as defined by the relatively long distances
(3.0 A), with the main chain O and N atoms of Glu309 and
Phe311, respectively. Like CMP, the nucleobase of GMP
does not form a stable stacking interaction with Phe311,
consistent with the high B-factors (>70 Az) and very weak
electron density for Phe311. Due to this weak binding and
associated disorder, the ribose of GMP was not observed
in the G-form structure. However, structural superposition
suggested that the GMP ribose points in a different direc-
tion from that of R6 UMP in the AZF _3-4/RNA-12U com-
plex (Figure 5C). Unlike the other NMP-bound structures,
no AMP was found in the ZF1 groove of the structures for
the ATP soaked crystals. Taken together, these observations
indicated that the ZF1 groove has a preference for uridines
and the significant orientational change observed for the
CMP bound to ZF1 (Figure 5B), suggest that this prefer-
ence is driven not only by the size and shape of the nucle-
obase, but also the global conformational landscape of the
RNA strand.

One GMP molecule was also observed in the ZF2 groove
of the G-form structure (Supplementary Figure S6A-B).
This interaction was largely dependent on the presence of
a Mn?* ion, from the soaking condition, observed coordi-
nated to a negatively charged Glu325. No negative residues
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are located at the corresponding position in the other
ThRND ZFs. In the crystal lattice of the U-form struc-
ture, the ZF2 groove is very close to a symmetry-related
molecule, which may prevent UMP from binding to the ZF2
groove, through steric occlusion. Like ZF2, ZF3 and ZF4
also share conserved folds with ZF1 (Supplementary Fig-
ure S1). Although it was not observed in our structures, the
structural similarities suggested that ZF2-4 may also have
certain preference for uridine residues.

3’-End nucleotide tolerance of ThRND Exo

As demonstrated by the AZF_3-4/RNA-12U complex
structure, the 3’-end nucleotides R0, R1 and R2 of RNA
substrate do not form base-specific interactions. R0, R1,
and R2 interact with 7ThRND Exo, but these interactions
are mainly mediated by their ribose or phosphate groups
(Figures 3B and 4A, B). During soaking experiments, no
UMP was found inside the open pocket of ThRND Exo,
whereas we observed two GMP molecules in the G-form
structure (Figure 5D, Supplementary Figure S6C), located
at the R0 and R2 sites, respectively. No AMP was bound in
the R2 site, but one AMP was captured at the RO site in the
A-form structure (Figure SE, Supplementary Figure S6D).
Structural analysis showed that the binding modes of GMP
and AMP to the RO-site are very similar to that observed
for the RO UMP in the AZF _3-4/RNA-12U complex. Like-

wise, the R2-site bound GMP and CMP, in the G-form and
C-form structures, respectively, had similar binding modes
to that of R2-site UMP in the AZF_3-4/RNA-12U com-
plex.

Although in vitro cleavage assays suggested that 7THDRND
had very poor poly(A) or poly(C) cleavage activities (Sup-
plementary Figure S3A), both our NMP-bound and RNA-
complexed structures suggested that THRND has no strong
sequence preference for the 3’-end nucleotides of the RNA
substrates. To further confirm this hypothesis, we per-
formed an in vitro cleavage assay using RNA2 (5'-FAM-
AACUUGUUUUUCAG-3'), which is identical to RNA1
at the 5-end, with a CAG substituted for the RNA1 UUU
at the 3’-end. As depicted in Figure SF, ThDRND can effi-
ciently degrade RNAZ2, such that after 5 min of reaction
time, almost all the RNA2 was cleaved. Taken together,
these observations indicated that TORND could tolerate se-
quence variation at the 3'-ends of its substrates.

Sequence preference and minimal length requirement of
ThRND

The RNA cleavage activity of RND-Exo is much weaker
than that of RND-WT, however, similar to RND-WT,
RND-Exo also showed some preference for U-rich se-
quences in the in vitro cleavage assay (Supplementary Figure
S3B). Besides RO-R2 UMPs, RND-Exo also interacts with



Nucleic Acids Research, 2021, Vol. 49, No. 1 577

ZF1

ZF1

D E

Exo Domain Exo Domain

GMP M206
(RO)

GMP A83
(R2)

P

D141 %/-’

Qle4 D145 D80 D145

A Ve

D80

RND-WT/RNA2

M206 0 1 2 5 10 20 30 Time (min)

D230 RNA2:
5’ ~AACU, ;U,G,U,U,U.U,U,C,A,G,-3'

Figure 5. NMP binding and selection by 7hARND. (A) Superposition of UMP bound in the ZF1 groove of 7ThRND. (B, C) Conformational comparison
of CMP and GMP with UMP bound in the ZF1 groove of 7ThRND. (D) Stick-and-sphere view showing GMPs bound in the ThRND Exo domain of the
GMP-bound structure. (E) AMP bound in 7ThARND Exo domain in the AMP-bound structure. (F) In vitro RNA2 cleavage by RND-WT protein. In panels
A-C, the C-atoms are colored in grey for both UMP and ZF1 residues of the AZF_3-4/RNA-12U complex. For the NMP-bound structures, the C-atoms
are colored in green and magenta for ZF1 and NMP, respectively. In panels D and E, Mn?* ions and the coordinating water molecules are shown as blue

and red spheres, respectively.

UMPs at the R3 and R4 positions of the substrate (Fig-
ures 3A-C and 4A-B). Different from R0-R3 UMPs, the
nucleobase of R4 UMP forms extensive interactions with
ThRND (Figure 3C). Base-specific interactions were also
observed for the UMPs at substrate R5 and R6 positions.
R5 UMP is recognized by the ZF2 motif, whereas R6 UMP
is bound at the shallow groove of the ZF1 motif (Figure 2B).

To investigate the impacts of individual nucleotides near
the 3’ end of the substrate, we synthesized a series of RNAs.
Except the mutations at the R3, R4, R5 or R6 positions, se-
quences of these RNAs are identical to that of RNAT (Sup-
plementary Table S4). As indicated by our AZF_3-4/RNA-
12U complex structure and in vitro cleavage assays, upon the
cleavage of RO nucleotide, R1, R2 and other nucleotides will
sequentially translocate to the active site and are cleaved
by ThRND. We performed in vitro cleavage assays using
ThRND and all RNA1 mutants (Figure 6A). Instead of 30-
min reaction time, we mainly focused on the substrates or
products at a reaction time of 1 min (Supplementary Table
S6), which represents the initial stage of the reaction. R3
UMP does not form base-specific interaction with 7ThRND
(Figure 3A); in agree with this structural observation, sub-
stitution of R3 UMP by either CMP (for RNA1-R3C) or
GMP (for RNAI-R3G) had no strong impact on RNA
cleavage by ThORND. However, as indicated by the higher

percentage of intact substrate (37.17%), substitution of R3
UMP by AMP (for RNA1-R3A) inhibits the cleavage reac-
tion. Substitution of R4 UMP by AMP (for RNAI-R4A)
or GMP (for RNA1-R4G) also slowed down the reaction,
but no clear difference was observed for CMP substitution
(for RNAI1-R4C). At a reaction time of 1 min, there had
45.81%, 44.98% and 13.80% intact substrates remained for
RNAI1-R4A, RNA1-R4G and RNA1-R4C, respectively. In
contrast to R3 and R4 UMPs, substitution of R5 or R6-site
UMPs by any other nucleotides all strongly inhibited the re-
action. At a reaction time of 1 min, more than 49% intact
substrates remained for all mutants. The strongest inhibi-
tion was observed for the RNA1-R6C mutant, which had
86.87% substrate remained uncleaved at a reaction time of
1 min.

In addition to RNA1 and RNA1 mutants, we also per-
formed in vitro cleavage assays using three short poly(U)
RNAs. As depicted in Figure 6B, ThRND has very weak
cleavage activities on RNA-5U (5-UUUUU-3") and RNA-
6U (5-UUUUUU-3), whereas it can rapidly remove one
uridine from the 3’ end of RNA-7U (5-UUUUUUU-3).
In combination with the NMP-bound and AZF _3-4/RNA-
12U complex structures, these in vitro cleavage assay results
suggested that 7ThRND has a minimal 7-nt substrate length
requirement, and the apparent U-specificity of 7ThRND is
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caused by the collective nucleotide requirement at the po-
sitions R3-R6 (Figure 6C), especially R6 that is bound at
the shallow groove of ZF1. During in vitro RNAI1 cleavage
assays (Figure 1E), the major products had 4 or 5 uridines
removed from the 3’ end. Although the length of the shorter
product (5-AACUUGUUU-3/, labelled as R5 on the gel) is
longer than that of RNA-7U, it cannot be efficiently cleaved
by ThRND. Instead of the total length, structural and se-
quence analysis suggested that the 5-end nucleotides (most
likely the cytidine) prevent the product from further binding
and cleavage by ThRND.

Structural comparison and implication of ThRND

As indicated by the large cell parameter differences (Supple-
mentary Table S3), the intermolecular packing of 7ThRND
is very different in the crystal lattices of the Apo-form
and the RNA-complexed structures. Structural superposi-
tion showed that many RNA-interacting residues, including
Argl79 of the Exo domain and Phe311 of ZF1, undergo

large conformational changes to accommodate the bound
RNA strand (Supplementary Figure S7A). In the presence
of RNA-12U, Argl79 and Phe311 pack against the RNA
and adopt a stable conformation, while in the absence of
RNA, the side chains of Argl79 and Phe311 are disordered
and flexible, as indicated by their high B-factors and weak
electron densities.

Compared to the linker connecting ZF1 with ZF2 (amino
acids 312-318), the Exo-ZF1 linker (amino acids 268-295)
is much longer. Interestingly, however, the relative orien-
tations between the Exo domain and ZF1 are very sim-
ilar in the Apo-form and RNA-complexed structures of
ThRND (Supplementary Figure S7A). Structural compar-
ison suggested that Argl75 and Serl76 play an important
role in maintaining the relative orientation of Exo and ZF1
(Supplementary Figure S7B). Argl75 forms an H-bond in-
teraction with the Gly304 of ZF1 via their main chain O
and N atoms, respectively, while the side chain of Ser176
forms an H-bond interaction with Gly295, the last residue
of the Exo-ZF1 linker. The relatively fixed orientations of



the Exo domain and ZF1 were further elucidated in the G-
form structure (Supplementary Figure S7C). In contrast to
Exo and ZF1, the orientation of ZF2 is very flexible. ZF2
adopts an extended conformation in the Apo-form and the
G-form structures (Supplementary Figure S2). In the RNA-
complexed structure, ZF2 folds back and forms extensive
interactions with the RNA at the 5 end, which may help
to kink and insert R6 nucleotide into the shallow groove of
ZF1 (Supplementary Figure S7C).

EcRND and ScRrp6 are the two founding members of
the RND superfamily. EcRND acts on tRNA, 5S rRNA,
and some small-structured RNAs. ScRrp6 is a key com-
ponent of the nuclear eukaryotic exosome. Like EcRND,
ScRrp6 also participates in processing and degradation of
various RNAs, including tRNA, rRNA, and transcripts
produced by RNA polymerase II. A previous study showed
that the extra nucleotides following the 3’-end CCA will
be cleaved during tRNA maturation and that variation of
the extra nucleotides does not affect tRNA processing by
EcRND (66). EcCRND and ScRrp6 share a conserved cen-
tral Exo domain with ThRND, the sequence similarities
between ThRND Exo and those of EcCRND and ScRrp6
are about 40% (Supplementary Figure S8A). Superposi-
tion of the EcCRND and the AZF_3-4/RNA-12U complex
structures showed that the overall fold of EcRND Exo and
ThRND Exo are very similar (Supplementary Figure S§B).
Like TORND, the active site pocket of EcRND is wide
open, which may contribute to the nucleotide tolerance of
EcRND.

To date, no substrate or product complex structure of
EcRND is available, however, AMP-bound and RNA-
bound structures of ScRrp6 have been reported (57,67).
Similar to EcRND, ScRrp6 also shares a conserved fold
for its Exo domain with ThRND (Figure 7A). In the RNA-
bound ScRrp6 structure, interaction between the R0O- and
R 1-site nucleotides in the active site pocket are similar to
that of 7TbRND. However, possibly due to the relatively
low resolution and use of an inactive ScRrp6 D238N mu-
tant, only one cation was captured in the active site. Two
cations were observed in the AMP-bound ScRrp6 struc-
ture. The orientation of the cations in the Rrp6-AMP and
the AZF_3-4/RNA-12U complex structures are very simi-
lar (Figure 7B). AMP in the Rrp6-AMP structure adopts a
similar conformation and mimics the R0 nucleotide in its in-
teraction with the cations (Figure 6C). Taken together, these
observations further confirm that the two-cation catalytic
mechanism is shared by RND family members for RNA
cleavage.

EcRND and ScRrp6 possess an HRDC domain at their
C-termini. Similar to 7ThRND ZF2, the HRDC domains
of EcCRND and ScRrp6 can undergo large conformational
changes (Supplementary Figure S8C). However, the lack
of sequence and structural similarity with HRDC and the
fixed orientation of ZF1 all indicated that 7ARND is unique
among RND family proteins. Previous study showed that
ThRND specifically acts on the 3’ U-tails of gRNAs in vivo
(55). In addition to U-tails, gRNAs also contain an an-
chor domain and a guide domain. Via base-pairing, gRNA
and its cognate mRNA will form a structure composed of
two helixes and one stem-loop. To investigate whether these
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structural features and pairing with cognate mRNAs will
affect gRNA cleavage by ThRND, we synthesized gA6-14
gRNA and the cognate AGU mRNA (Figure 7D), which are
widely used in the mRNA editing studies (32). As showed
by the in vitro cleavage assays (Figure 7E), TORND can
efficiently remove uridines from the 3’ end of gA6-14 in
the absence of A6U. Introducing of A6U slightly slowed
down the reaction. However, may be due to the dynamic
pairing between gA6-14 U-tail and the purine-rich region
of A6U, A6U could not fully prevent gA6-14 from cleav-
age by ThRND. Independent of the presence or absence of
A6U mRNA, the major gA6-14 cleavage products had 9—
11 uridines removed from the 3’ end at a reaction time of 30
min.

DISCUSSION

RND superfamily proteins play important roles in RNA
processing and degradation, of which 7hRND is a unique
member. 7ThRND localizes in the mitochondria of 7. bru-
cei and is the first reported organellar RND (55). Previ-
ous study suggested that 7ThRND is likely involved in the
metabolism of gRNA. Silencing of 7ThRND leads to ex-
tended gRNA U-tails, whereas, overexpression of ThORND
results in total gRNA depletion and inhibition of RNA
editing. Here, we report the structural and functional stud-
ies of ThRND. Several structures were determined, includ-
ing a AZF 3-4/RNA-12U complex (Figure 2A), which
represents the first ternary structure composed of native
RND protein, substrate RNA, and coordinating cations.
The RNA cleavage activity of ThRND is divalent cation-
dependent, as shown by the coordination of two such
cations by conserved catalytic residues in the Exo do-
main of the complex structure. In addition to 7hRND,
structural comparison and analysis further confirmed that
RND members all use a similar two-cation-assisted mecha-
nism for catalysis (Figure 4D). Indeed, two-cation catalytic
mechanisms are also observed for many other nucleases, in-
cluding RNase H (63) and RNase I11 (64), indicating that it
is a very common nucleic acid cleavage mechanism.

Our in vitro assays showed that the RNA cleavage activity
of ThRND occurs in the Exo domain (Supplementary Fig-
ure S3B), which is conserved and adopts a similar fold to
the RND superfamily protein structures, including EcRND
(56) and ScRrp6 (57). Although it needs to be further ver-
ified, the structural similarity suggested that the RND Exo
domain has no strong nucleotide preference at the active
site. This may explain why EcRND and ScRrp6 can func-
tion on various types of RNAs, including tRNA, rRNA,
and other structured RNAs, all of which possess different
sequences at their 3'-ends (66).

ThRND possesses a ZFD domain at its C-terminus,
which distinguishes it from all other RND members. In-
terestingly, besides ThRND, T brucei expresses an addi-
tional RND type protein, 7hRrp6 (55). ThRrp6 is both nu-
clear and cytosolic, and unlike 7ThRND, is more similar to
ScRrp6 in domain architecture, as it contains a HRDC do-
main at the C-terminus. The HRDC domain is also present
in many other nucleic acid binding and processing proteins,
such as helicase RecQ (68,69). The flexibility of the HRDC
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Figure 7. Structural comparison and in virro gRNA cleavage by ThRND. (A) Superposition of TORND AZF_3-4/RNA-12U with ScRrp6-AMP com-
plexes. The AZF_3-4/RNA-12U complex is colored as in Figure 2A. The ScRrp6-AMP complex is colored in grey and orange for the Exo and HRDC
domains, respectively. (B) Comparison of the Exo domains and the cations bound at the active sites. The cations are shown as red and black spheres for the
AZF_3-4/RNA-12U and ScRrp6-AMP complexes, respectively. (C) Superposition of the catalytic site structures. For the ScRrp6-AMP complex, ScRrp6
and AMP are shown as grey sticks. Cations and the surrounding water molecules are shown as spheres in black and green, respectively. For the ThRND
AZF_3-4/RNA-12U complex, the C-atoms are colored in cyan and magenta for 7ThRND and RNA, respectively. (D) Sequences and base pairing between
2A16-14 gRNA and A6U mRNA. The U-tail trimmed by 7hRND is highlighted by a blue box. (E) In vitro gA6-14 gRNA cleavage by ThRND.

domain may afford related proteins the capability for bind-
ing different types of nucleic acids. Similar to HRDC, ZFDs
are also common nucleic acid binding domains. However,
ThbRND ZFD utilizes a unique substrate binding mode
(Figure 2B), in which the shallow grooves of ThRND ZF1-
4 directly participate in RNA binding and uridine selection
(Figures 2B and 5A-C).

Interestingly, although the HRDC domain of ScRrp6
can undergo large conformational changes, it forms stable
interactions with the Exo domain, independent of the pres-
ence or absence of AMP (67). Disruption of the Exo-HRDC
interaction will affect the processing of RNAs that need to
be precisely trimmed, such as snR40. As revealed by our
structural comparison, the ZF2 motif of ThRND structure
is flexible, but the ZF1 motif and the Exo domain adopt a
relatively fixed orientation (Supplementary Figure S7). Like
the Exo-HRDC interaction of ScRrp6, the Exo-ZF1 inter-
action of ThRND might have evolved to facilitate the bind-
ing and cleavage of gRNAs.

Besides gRNAs, other 7. brucei RNAs, such as 9 S and 12
S rRNA, are also uridylated at their 3’-ends (45,70). How-
ever, an in vivo study indicated that 7ThbRND specifically

works on gRNAs (55). While our structures suggested that
ThRND has preference for U-rich RNAs (Figures SA-C), it
is very unlikely that 7ThRND can discriminate other uridy-
lated RNAs from gRNAs on its own. In eukaryotes, RND
members, such as ScRrp6, can associate with the core exo-
some to ensure a higher level of regulation. It is well-known
that some members of the mitochondrial RNA binding
complex 1 (MRBI1), such as GAP1 and GAP2, can bind
and stabilize gRNAs (71,72). In the future, it is worth inves-
tigating whether these gRNA-binding proteins can interact
with ThRND and affect its substrate specificity. gRNA U-
tails are important for interacting and editing of the cog-
nate mRNAs (32,36). However, as supported by our in vitro
cleavage assay, neither the anchor and guide domains of gR-
NAs nor pairing with their cognate mRNAs could prevent
gRNA U-tails from cleavage by TbORND (Figure 7D-E). We
speculated that TORND may only function at the gRNA
degradation state; THORND removes the uridines from the
3’ ends of gRNAs, the resulting products will be further de-
graded by other nucleases. During the mRNA editing state,
interacting with the editing complexes prevent gRNA from
cleavage by ThRND. When overexpressed, 7ThDRND may



be able to complete with the editing complexes, triggering
gRNA degradation and subsequent inhibition of mRNA
editing.

In conclusion, we report a structural and functional study
of ThRND, describing a high-resolution structure com-
posed of native ThRND, substrate RNA, and coordinat-
ing cations. In addition to confirming the two-metal cat-
alytic mechanism shared by all RND members, our struc-
tures also revealed the detailed basis for gRNA U-tail bind-
ing by ThRND ZFD. The ZFD is absent in EcRND and
ScRrp6, but ZFD-containing RNDs are common in many
trypanosomatids, from the most basal-branch containing
Paratrypanosoma confusum to the deadly human disease
causative agents, including 7. cruzi and Leishmania dono-
vani. The sequence similarities (Supplementary Figure S9)
between 7ThRND and these trypanosoma RND proteins are
very high (>80%), suggesting that these RNDs may adopt
similar folds and possess similar RNA cleavage activity. In
the future, it is worth further investigating the functions
played by RND proteins in 7. brucei and the related Try-
panosoma.
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