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ABSTRACT

Terminal uridyltransferases (TUTases) execute 3′
RNA uridylation across protists, fungi, metazoan and
plant species. Uridylation plays a particularly promi-
nent role in RNA processing pathways of kineto-
plastid protists typified by the causative agent of
African sleeping sickness, Trypanosoma brucei. In
mitochondria of this pathogen, most mRNAs are
internally modified by U-insertion/deletion editing
while guide RNAs and rRNAs are U-tailed. The found-
ing member of TUTase family, RNA editing TUTase
1 (RET1), functions as a subunit of the 3′ proces-
some in uridylation of gRNA precursors and mature
guide RNAs. Along with KPAP1 poly(A) polymerase,
RET1 also participates in mRNA translational activa-
tion. RET1 is divergent from human TUTases and is
essential for parasite viability in the mammalian host
and the insect vector. Given its robust in vitro activity,
RET1 represents an attractive target for trypanocide
development. Here, we report high-resolution crys-
tal structures of the RET1 catalytic core alone and in
complex with UTP analogs. These structures reveal
a tight docking of the conserved nucleotidyl trans-
ferase bi-domain module with a RET1-specific C2H2
zinc finger and RNA recognition (RRM) domains. Fur-

thermore, we define RET1 region required for incor-
poration into the 3′ processome, determinants for
RNA binding, subunit oligomerization and proces-
sive UTP incorporation, and predict druggable pock-
ets.

INTRODUCTION

Parasitic protists from the order of Kinetoplastidae cause
devastating human and animal infections such as African
sleeping sickness, Nagana, Chagas disease, leishmaniasis
and others (1). These early branching eukaryotes share
many unique mechanisms of gene expression including mul-
ticistronic transcription of nuclear protein-encoding genes
by RNA polymerase II and intricate mitochondrial RNA
processing pathways (2,3). To enable synthesis of 18 pre-
dicted mitochondrial proteins, messenger RNA precursors
must be transcribed from maxicircle DNA, 3′ adenylated,
often subjected to extensive U-insertion/deletion editing,
and further modified by 3′ adenylation/uridylation prior
to translation (4–6). The principal role of uridylation in
trypanosomal mitochondrial RNA metabolism motivated
identification of the first terminal uridyltransferase (TU-
Tase) RET1 (7). In the following decade, the perception of
RNA uridylation has evolved from an unusual reaction in
an enigmatic organelle into a recognition of U-tailing as the
major transcriptome-shaping force in eukaryotes (8).
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Earlier studies implicated RET1 TUTase in adding 10–
15 nt-long U-tails to guide RNAs (gRNAs) and ribo-
somal RNAs (9,10). The 50–60 nt-long gRNAs bind to
and direct the editing of 12 among 18 mitochondrial pre-
mRNAs (11). In addition, observed UTP-stimulated in or-
ganello mRNA degradation hinted at possible involvement
of RET1-catalyzed uridylation in mRNA decay (12,13). Fi-
nally, sequencing of mRNA 3′ termini revealed that most
mRNAs in the actively respiring insect (procyclic) devel-
opmental stage of the parasite are modified by addition of
200–300 nt-long A/U-heteropolymers (14), which indicated
RET1’s involvement in mRNA 3′ processing and transla-
tional activation (15). Subsequent work demonstrated that
RET1 is not only required for 3′ uridylation on mature
gRNAs, ribosomal RNAs and some mRNAs, but also
participates in nucleolytic processing of precursors tran-
scribed from maxicircle and minicircle genomes (16,17).
In-depth investigation of mitochondrial high molecular
mass TUTase-containing complexes revealed that RET1 is
mostly sequestered into a stable particle along with DSS1
3’-5’ exonuclease and three proteins lacking annotated mo-
tifs (16). This ∼900 kDa complex, termed the mitochon-
drial 3’ processome (MPsome), is responsible for recog-
nition, uridylation and exonucleolytic processing of 800–
1200 nt-long gRNA precursors, and U-tailing of mature
gRNAs. Thus, the enzymes with seemingly opposing enzy-
matic activities, 3’ addition and 3’-5’ degradation, function
as subunits of a single protein complex. This is a profound
example of coupling between TUTase and RNase II-like
exonuclease, an apparently evolutionarily conserved RNA
decay pathway (18–20). Apart from binding to the MP-
some, RET1 transiently interacts with a complex of kine-
toplast polyadenylation factors 1 and 2 (KPAF1/2) and mi-
tochondrial poly(A) polymerase KPAP1. Pentatricopeptide
repeat (PPR)-containing RNA binding factors KPAF1/2
coordinate TUTase and poly(A) polymerase activities in
adding A/U-heteropolymers to the mature mRNA 3’ ter-
mini, which is required for translational activation (15,21).

High resolution atomic structures of apo forms and bi-
nary complexes with substrate or non-substrate nucleotides
have been determined for three TUTases from T. bru-
cei. These include mitochondrial RET2 (22) and MEAT1
(23), and cytosolic TUT4 (24,25) proteins. In addition,
the atomic mechanism of UTP recognition by Cid1 TU-
Tase from Schizosaccharomyces pombe has been reported
(26,27). These studies identified a common enzymatic mod-
ule, which is formed by fusion of Pol-� DNA polymerase-
like catalytic metal binding and UTP-binding domains
(28,29). These crystallographic studies were centered on the
UTP recognition pocket and the catalytic domain. How-
ever, more complex TUTases, such as trypanosomal RET1
or human TUT4 and TUT7, contain multiple unexplored
domains involved in oligomerization, RNA–protein and
protein–protein interactions (30–32). In vitro studies of the
recombinant RET1 from related parasite Leishmania taren-
tolae suggest that it likely assembles into a tetramer capa-
ble of processively adding hundreds of uridines to a single-
stranded RNA (ssRNA); limited U-addition to partially
double-stranded RNA (dsRNA) has also been detected
(7,33). The essential role of the C2H2 zinc finger domain for
activity was established, but its precise function remained

unclear (33). The critical and well-understood roles in at
least two essential RNA processing pathways, and robust
in vitro UTP polymerization activity render RET1 an at-
tractive target for trypanocide development. To that end,
screening of ∼3000-compound library led to identification
of competitive inhibitors with Ki constants in a low micro-
molar range (34).

Here, we report the high-resolution atomic structure of
the RET1 core region obtained by deleting N- and C-
terminal extensions that show no similarity to proteins
outside Kinetoplastidae. The acquired structures of binary
complexes with UTP and UTP analogs encompass the en-
zymatic module plus the zinc finger domain and the puta-
tive RRM fold inserted within the catalytic domain. Struc-
tural comparison of the zinc finger domain localization and
orientation suggests its capacity to bind double-stranded
RNA. We also solved the structure of a minimal TUT4
TUTase (24,25) in ternary complex with UTP and RNA-
imitating UpU dinucleotide. The TUT4-UTP-UpU struc-
ture was used in molecular modeling experiments to reveal
the RET1’s RNA binding determinants in the vicinity of
the active site. In addition, we applied molecular dynamics
simulations to determine potentially druggable cavities in
UTP-bound RET1. The mutational and biochemical anal-
yses demonstrate that deleting the N-terminal extension
does not affect RET1 activity in vitro, but hinders protein
oligomerization and in vivo function. We demonstrate that
the C-terminal region and the RRM domains contribute to
RNA binding and, therefore, processivity of UTP polymer-
ization reaction in vitro. We further show that the N-, C- and
N-C terminally truncated RET1 variants successfully in-
corporate into the mitochondrial 3’ processome, but cause
a dominant negative phenotype. In summary, our findings
reveal the high-resolution structure of the key mitochon-
drial RNA processing enzyme in trypanosomes and deepen
the structure-function understanding of the TUTase fam-
ily. This work also provides a foundation for structure-based
design of TUTase inhibitors with potential trypanocidal ac-
tivities.

MATERIALS AND METHODS

Protein expression and purification

All reagents and materials were purchased from Thermo
Fisher Scientific unless otherwise noted. Full-length RET1
was purified from bacteria as described (35). Gene frag-
ments corresponding to residues 189–976 (RET1�N), 1–
699 (RET1�C) and 189–699 (RET1�NC) were amplified
by PCR and cloned into the pST0 vector (derived from
pET42) as fusion proteins with a N-terminal GST tag. The
Tobacco Etch Virus (TEV) protease cleavage site and a
6XHis tag were placed between the GST tag and the pro-
tein of interest. The RET1�NC D473A and RRR mutants
(R387A, R422A, R453A) were produced by site-directed
mutagenesis using the QuickChange kit (Stratagene). The
recombinant proteins were overexpressed in Escherichia coli
BL21-Star strain, grown in Terrific Broth media at 37◦C
for 4 h followed by induction at 18◦C for 16 h with 0.1
mM isopropyl-ß-D-thiogalactopyranoside. Cells were lysed
in 50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 20 mM Imi-
dazole, 0.1% X-Triton 100, DNase I (1 �g/ml), lysozyme



10864 Nucleic Acids Research, 2016, Vol. 44, No. 22

1 �g/ml, 5 mM ß-mercaptoethanol with protease inhibitor
cocktail (Roche) by using an Emulsiflex (AVESTIN). Ex-
tracts were cleared by centrifugation at 20 000 ×g for 40
min and was loaded onto a HiPrep IMAC FF 16/10 col-
umn (GE Healthcare). The protein was eluted with buffer
containing 250 mM imidazole and TEV protease was added
at 1/50 (w/w) ratio, and incubated for 16 h at 4◦C. The
cleaved protein was separated on 5 ml HiTrap Heparin HP
column (GE Healthcare) after diluting the sample 5-fold
with buffer containing 50 mM Tris-HCl, pH 7.5 and 5 mM
ß-mercaptoethanol. The sample was eluted by a linear gra-
dient of NaCl from 0.1 to 1 M in 50 mM Tris-HCl, pH 7.5
and 5 mM ß-mercaptoethanol. Remaining impurities were
removed by gel-filtration on a Superdex 75 column (GE
Healthcare) in 20 mM MES pH 6.5, 300 mM NaCl and
1 mM TCEP. Samples were concentrated to 4 mg/ml and
used for crystallization trials immediately. Apparent molec-
ular masses of the full-length and truncated RET1 variants
were determined by size exclusion chromatography in 20
mM Tris-HCl, pH 7.5, 150 mM KCl, 1 mM DTT using a
Superose 12 10/300GL column (GE Life Sciences).

Protein crystallization and X-ray data collection

Initial RET1�NC crystals appeared in 0.1 M Bicine pH 9.0,
20% polyacrylate 2100, 0.2 M NaCl (MIDAS-Molecular
Dimensions) using the sitting-drop vapor diffusion tech-
nique with 1:1 ratio at 18◦C. These were crushed and used
as seeds. After several rounds of optimization, thin plate-
like crystals grew in solution containing 0.1 M bicine pH
8.6, 20% polyacrylate 2100, 0.2 M NaI supplemented with
non-diluted seeds using the microbatch crystallization tech-
nique. Diffraction from these thin plates was observed up
to 3.5 Å resolution. In order to obtain better diffracting
crystals, thin plates were crushed and used as seeds to per-
form sitting drop matrix seeding at 18◦C with commercial
screens. Clusters of small crystals grew in a reservoir con-
taining 0.1 M Tris pH 8.5, 25% PEG 3350, 0.2 M lithium
sulfate monohydrate (Index screen – Hampton Research).
These clustered crystals were crushed and streak-seeded
onto an optimized condition containing 0.1 M Tris pH 8.5,
19% PEG 3350, 0.2 M Lithium sulfate monohydrate that
produced crystals of maximum size 0.2 × 0.15 × 0.05 mm
in 1 week. Crystals of RET1�NC in complex with the UTP
analog UMPNPP were obtained by soaking the native crys-
tals grown with lithium chloride instead of lithium sulfate
monohydrate for 12 h in crystallization buffer supplemented
with 0.5 mM of UMPnPP and 1 mM MgCl2. Crystals of
the D473A mutant grew in a condition containing 0.1 M
Tris pH 8.5, between 5% and 8% PEG 3350, 0.2 M lithium
chloride. Crystals of the complex of D473A with UTP was
obtained by soaking crystals of D473A in crystallization
buffer supplemented with 1.5 mM UTP and 1 mM MgCl2.
Crystals were cryo-protected by passing them into the re-
spective crystallization condition supplemented with 20%
sucrose or 20% glycerol before flash freezing in liquid ni-
trogen. X-ray diffraction data for the native and UMPnPP
soaked crystals were collected up to 1.6 Å and 1.8 Å, re-
spectively, at the X06DA beamline of the Swiss Light Source
(SLS, Villigen–Paul Scherrer Institute). Diffraction data for
D473A in complex with UTP were collected up to 2.7 Å

at X06SA of the SLS. The data collection statistics are re-
ported in Table 1. Recombinant TUT4 from T. brucei was
purified from E. coli and crystalized in the presence of UTP
followed by soaking in 1 mM UpU solution as described
(25).

Structure determination and refinement

The data sets were indexed using the XDS package (36).
The structure of RET1�NC was determined by molecu-
lar replacement using the TUT4 atomic structure (33% se-
quence identity; PDB code 2IKF) as a search model using
the program PHASER from the CCP4 package (37). Ad-
ditional density corresponding to the RRM domain and
the zinc-binding region appeared after the first cycle of re-
finement. Several cycles of model building in COOT (38)
and refinement in PHENIX (39) were necessary to obtain
a complete model of RET1�NC. Residues 369–380, 624–
643 and 689–699 were not visible in the 2Fo-Fc electron
density map, most likely due to flexibility. Once the model
for the native data set was complete, it was used to phase
the UMPnPP-soaked and D473A-UTP-soaked data sets.
Large unidentified peaks of electron density appeared in
the active sites of the UMPnPP-soaked and D473A-UTP-
soaked structures. The coordinates for the UMPnPP and
UTP were obtained from the monomer library of the pro-
gram COOT and modeled in the 2Fo-Fc electron density
map. The final RET1�NC, RET1�NC – UMPnPP and
RET1�NC D473A – UTP models were refined to 1.6 Å, 1.8
Å and 2.2 Å resolution, respectively. The refinement statis-
tics are reported in Table 1. The TUT4:UTP: UpU struc-
ture was solved by refining the original TUT4:UTP struc-
ture (PDB ID code 2IKF) against the structure factors of
the TUT4:UTP:UpU while preserving the test set.

Molecular dynamics simulations

We used the apo and UMPnPP-bound crystal structures to
generate starting structures for molecular dynamics (MD)
simulations. UMPnPP in the crystal structure was mod-
ified computationally to obtain UTP, and the missing
residues/loops in the crystal structures were completed with
the Prime module of the Schrodinger suite. The Cationic
Dummy Atom Model was used for the zinc ion and its co-
ordinating residues (40). Crystallographic water molecules
were kept except for those that sterically clash with the built-
in residues for the missing loops. The protonation states of
residues were determined with the program PropKA (41).
The system was solvated in a TIP3P water box forming a
10 Å buffer between the protein and periodic boundary,
and Na and Cl ions were added to provide a salt concen-
tration of 0.2 M (42). The Amber FF14SB force field in
the Amber 14 suite was used to parameterize the protein
(http://ambermd.org/). For UTP, the parameters generated
in (43) were used. Three independent copies of 250-ns MD
simulations were performed for apo RET1 and UTP-bound
RET1 separately (a total of 750 ns for each system). The
final system consisted of 103 944 atoms. The final con-
formation of the UTP-bound RET1 simulation with the
most open active site among the three MD copies was used
to model 10-mer oligo(U) in the UTP-bound RET1. The

http://ambermd.org/
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Table 1. Crystallographic Data and Refinement Statistics

Crystal RET1�NC (189–699) RET1�NC - UMPnPP RET1(D473A)�NC - UTP TUT4 - UTP - UpU

Data collection
Wavelength (Å) 1.000 1.000 1.000 0.979
Resolution range (Å) 46.49–1.50 (1.54–1.50) 46.4–1.8 (1.85–1.80) 19.7–2.20 (2.26–2.20) 47.13–2.75 (2.85–2.75)
Space group P 21 21 2 P 21 21 2 P 21 2 21 P 21
Unit cell dimensions a = 129.8 a = 129.3 a = 59.3 a = 82.69

b = 58.1 b = 58.4 b = 66.3 b = 42.88
c = 66.6 c = 66.6 c = 128.9 c = 109.62
� = � = � = 90◦ � = � = � = 90◦ � = � = � = 90◦ β = 94.05◦

Total reflections 1 062 285 626 853 431 657 71 616
Unique reflections 81 270 47 571 35 049 20 369
Redundancy 13.1 (11.7) 13.2 (12.5) 12.1 (12.1) 3.52 (3.48)
Completeness (%) 99.7 (96.7) 99.9 (99.6) 99.4 (99.8) 99.5 (99.9)
Mean I/ � 18.7 (1.6) 31.7 (5.76) 22.9 (3.9) 7.1 (2.2)
Rmeas 0.083 (1.71) 0.056 (0.472) 0.075 (0.683) 0.104 (0.374)
Refinement
Resolution range (Å) 24.6–1.6 46.4–1.8 19.7–2.2 47.13–2.75
No. of atoms 4510 4353 3975 5470
Protein 3906 3812 3773 5144
Ligands (UMPnPP, UTP, UpU) - 29 29 132
Magnesium 1 1 5
Zinc 1 1 1 -
Sulfate 10 - - -
Chlorine 1 - - -
Water 592 510 171 189
Protein residues 476 471 469 641
Rwork 0.16 (0.24) 0.17 (0.21) 0.24 (0.27) 0.20 (0.31)
Rfree 0.20 (0.28) 0.21 (0.27) 0.28 (0.34) 0.26 (0.43)
R.m.s. deviations
Bond lengths (Å) 0.01 0.007 0.003 0.02
Bond angles (◦) 1.31 1.08 0.78 0.56
Average B factors (Å2)
Protein 22.4 23.1 42.0 48.5
Ligands - 21.3 49.3 46.6
Ions (Mg+2, Zn+2) 23.4 23.8 49.0 34.7
Water 34.8 34.3 41.6 33.6
Ramachandran
favored (%) 99 98.7 98.0 98
allowed (%) 0.6 1.0 2.1 2
outliers (%) 0.2 0.2 0 0

10U ssRNA was generated from the Nucleic Acid Builder
web server (http://structure.usc.edu/make-na). The termi-
nal and penultimate U nucleotides were modeled to mimic
the binding pose of a UpU- and UTP-bound TUT4 crys-
tal structure (PDB ID code 5KAL). After standard mini-
mization and equilibration procedures (below), three inde-
pendent 250 ns MD simulations were performed for each
of apo RET1�NC and UTP-bound RET1�NC systems (a
total of 750 ns for each system) while five independent 50-
ns MD simulations were performed for RNA/UTP-bound
RET1�NC system (a total of 250 ns, Supplementary Fig-
ure S1). A total of 13 000 steps of energy minimization were
carried out to remove artificial contacts and relax the sys-
tems. Only the hydrogen atoms were relaxed in the first 2000
steps of minimization, having all other atoms fixed. In the
second 2000 steps, all water atoms, ions and hydrogen atoms
were relaxed while the protein and ligand were fixed. In the
third 2000 steps, all atoms were relaxed while the protein
was held fixed. In the following 2000 steps, all atoms were re-
laxed except for protein backbone atoms. Each of these min-
imization procedures included a positional restraint weight
of 10.0 kcal/ mol Å2. In the last 5000 steps, the entire sys-
tem was relaxed with no positional restraints. Following the
minimization, 50 ps of heating at constant volume from 0.0
to 100.0 K was performed, followed by 200 ps of heating at
constant pressure from 100.0 to 300.0 K with protein back-
bone atoms constrained with a weight of 5.0 kcal/mol Å2.
Thereafter, an additional 250 ps of heating was performed
to prevent structural artifacts from introducing kinetic en-

ergy into the system. Subsequently, unconstrained molec-
ular dynamics was performed at 1 bar and at 300 K using
a time step of 2 fs. Temperature was maintained constant
by Langevin dynamics with a collision frequency of 5 ps−1,
and pressure was maintained by a Monte Carlo barostat.
Long-range electrostatics were treated by the Particle Mesh
Ewald method and a non-bonded cutoff of 10 Å was used
(44). The bond stretching freedom of hydrogens was fixed
using the SHAKE algorithm to allow for a 2 fs timestep
(45). The interatomic distances within the water molecules
were fixed using the SHAKE algorithm. The RMSD and
b-factor values for each residue were computed using the
cpptraj module in the Amber suite (46).

Identification of druggable sites in RET1�NC

An early version of the upcoming POVME3.0 program was
used to cluster the 2500 snapshots extracted with regular
100 ps intervals from RNA/UTP-bound RET1�NC sim-
ulations based on the active site shape (47). All 19 clus-
ter representative conformations were then evaluated for
druggability using the FTMap web server (48). FTMap
floods the surface of a protein with 16 organic solvent probe
molecules, and locates and ranks the most energetically fa-
vorable binding sites. Using a Python script, we then scored
each residue based on the number of times it was in the 3.5 Å
vicinity of docked organic probes for all 19 conformations.

http://structure.usc.edu/make-na
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Ensemble-averaged electrostatics of RET1�NC

The ensemble-averaged electrostatic potential of
RET1�NC was calculated using 250 frames extracted at
regular 1 ns intervals of the 10U/UTP-bound RET1�NC
MD trajectories. For this purpose, a VMD plugin De-
lEnsembleElec interfacing with DelPhi, a numerical
Poisson–Boltzmann-equation-solving suite, was utilized
(49). The electrostatic potential was calculated on a 127 ×
127 × 127 static grid with an interior dielectric constant of
2, an exterior dielectric constant of 80 and a salt concen-
tration of 0.2 M. The grid scale was set to 1.0 Å and the
probe radius defining the dielectric boundary was 1.4 Å.
The convergence was achieved once the change of potential
decreased below 0.0001 kT/e.

Enzymatic assays

To determine kinetic parameters for UTP and RNA
substrates, the assays were carried out in 10 �l of
50 mM HEPES, pH 8.0, 15 mM KCl, 1 mM DTT,
10 mM Mg(OAc)2, 0.01–25 �M of RNA and (�-
32P)UTP (0.5–50 �M, ∼4000–10 000 cmp/pmol). The 30-
mer RNA substrate terminating with 12Us was chem-
ically synthesized and purified on a 15% acrylamide/8
M urea gel (5′GCUAUGUCUGUCAACUUGUUUUUU
UUUUUU3′). Reactions were started by addition of en-
zyme to 25 nM (or 50 nM for RET1�NC-RRR) and in-
cubated at 27◦C for 1 to 10 min. For RNA substrate pa-
rameters, the UTP concentration was kept constant at 25
�M (∼10 000 cpm/pmol) and protein was added to 25
nM. Reactions were stopped with an equal volume of 10%
trichloroacetic acid (TCA) and 1% sodium pyrophoshate
solution and the product were transferred onto Whatman
3MM paper (1.5 × 1.5 cm), washed three times per 15 min in
100 ml of ice-cold 10% TCA and 1% sodium pyrophosphate
solution, washed once with 95% ice-clod ethanol, dried and
counted in a liquid scintillation cocktail (EcoLite (+), MP
Biomedicals). The apparent Km and catalytic rate kcat were
obtained by fitting the initial velocities as a function of sub-
strate concentration from three replicate experiments into
a standard Michaelis–Menten kinetic model (Supplemen-
tary Figure S2). The SigmaPlot Enzyme Kinetics software
package was used for calculations. For gel-based assays, re-
actions were performed in the same buffer with 0.1 or 1 �M
of 5′-labeled 12U RNA, 25 �M of UTP and 25 nM of the
enzyme. Reactions were stopped by adding 2 volumes of 5
mM EDTA, 95% formamide. The products were separated
on a 15% acrylamide/ 8 M urea gel and exposed to a phos-
phor storage screen.

Trypanosome cell culture, RNAi and RET1 overexpression

RET1 RNAi expression plasmid was generated by cloning
a gene fragment (444–1025 bp) into a p2T7-177 vector
that allows for tetracycline-inducible knockdown (17). The
construct was transfected into a procyclic 29-13 T. bru-
cei strain (50), followed by clonal selection of phleomycin-
resistant cells. The N-terminal mitochondrial importation
signal of MRP1 (gBP21, positions 1–20, (51)) was added to
the truncated versions of the RET1 gene, which were then

cloned as C-terminally TAP-tagged fusions into a pLew79-
based vector (52). Expression of RET1�C, RET1�N
and RET1�NC was verified by Western blotting with
peroxidase-anti-peroxidase (PAP) reagent (Sigma) (53).

RESULTS

Definition and crystallization of RET1 catalytically active
core

Repeated attempts to crystalize the full-length polypeptide
did not yield diffracting crystals, which led us to explore
the crystallization and enzymatic properties of shortened
RET1 variants. We reasoned that the N-terminal 188 amino
acids are divergent even among RET1 orthologs in kineto-
plastid protozoans while deletion of the zinc finger domain
(positions 193–217, T. brucei numbering) or zinc chela-
tion inactivated RET1 from L. tarentolae (33). Likewise,
the highly conserved PAP-associated domain (Pfam03828)
shared between TUTases and non-canonical poly(A) poly-
merases extends to approximately position 664. Analysis of
the remaining C-terminal region (664–976) showed its high
similarity to RET1 sequences from other trypanosomatids
with the most-conserved part extending to position 699
(Figure 1A). The disorder predictions from the web portal
PHYRE2 also indicated that fragments 1–188 and 699–976
are likely to be flexible (54). Therefore, we expressed residues
189–699 (RET1�NC) as a N-terminally GST-tagged pro-
tein in bacteria and purified the target polypeptide to ap-
parent homogeneity while removing the GST tag in the pro-
cess. RET1�NC was crystallized by the sitting-drop vapor
diffusion technique with multiple rounds of re-seeding. The
structure of the ligand-free protein was solved to 1.6 Å res-
olution using the model for TUT4 TUTase from T. bru-
cei (24). To eliminate potential UTP polymerization activ-
ity (33) while preserving nucleotide triphosphate binding in
the presence of Mg2+ ions, we next determined structures of
the enzyme bound to a non-hydrolysable nucleotide UMP-
nPP, and the catalytically inactive mutant D473A bound
to UTP to 1.8 Å and 2.2Å resolution, respectively. Three
regions (residues 369–380, residues 624–643 and the C-
terminal residues 689–699) missing in the high-resolution
electron density maps are likely to be highly flexible. These
atomic models allow the definition of three domains: the
zinc finger, the enzymatic bi-domain module and the aux-
iliary fold, previously termed middle domain (22), which
resembles the RNA recognition motif (RRM, Figure 1B–
E). Interestingly, the zinc finger together with N-terminal
residues (190–260) wraps around the C-terminus of the
truncated protein, suggesting that the deleted extension en-
closes the minimal region required for folding and stability
of the RET1 core region (Figure 1B).

Domain organization and the mechanism of UTP recognition

The Pol-� DNA polymerase-like catalytic metal binding
and UTP-binding domains are separated by a deep groove,
at the bottom of which the uridine triphosphate binds
via water-mediated hydrogen bonds and direct interactions
with conserved residues (Figures 1C and 2A). The nu-
cleotide base is stabilized within the UTP-binding domain
by a �-stacking interaction with tyrosine at position 524
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Figure 1. Overall view of the RET1�NC atomic structure. (A) Linear representation of the RET1 protein with the domains labeled and colored: cyan, zinc
finger; yellow, connecting helix; salmon, catalytic domain; purple, middle domain (RRM); green, central domain. (B) The atomic structure of RET1�NC
is represented in cartoon-style with domains colored as in panel A. (C) Same as A rotated by 90◦. Two missing loops are shown as dashed lines. The non-
hydrolyzable UMPnPP compound is shown in stick-style colored according to atom type (yellow, carbon; red, oxygen; blue, nitrogen; gold, phosphate).
(D) Close view of the zinc finger domain present in the RET1 protein. The zinc binding residues are shown as stick representations and colored according
to atom types (cyan, carbon). (E) Close view of the middle domain found in RET1. It adopts a fold that resembles the U1A RNA recognition motif.
Secondary structure elements are labeled and key residues known to interact with nucleic acid are shown as stick representations and colored according to
atom types. Magenta and dark blue spheres represent zinc and magnesium ions, respectively. The molecular graphic figures were generated using PyMOL
software (https://www.pymol.org).

and hydrogen bonding with Asn 483 (Figure 2A and B).
In addition, glutamic acid 657 in the nucleotide recognition
motif (NRM, residues 652–661) and threonine 522 coor-
dinate water molecules to engage positions 3 and 4 of the
base, respectively. UTP-bound RET1 models show that the
metal-binding triad, aspartic acid residues 310, 312 and 473,
is confined to the catalytic domain (Figure 2A). Globally,
the bi-domain organization of the active center in which
the base recognition and catalysis are spatially separated,
is similar to previously studied TUTases (Figure 2C). Sev-
eral uridylyl transferases and related non-canonical poly(A)
polymerases have additional domains either as insertion
within the catalytic domain (22), or outside the bi-domain
module (55) (Figure 2C). RET1 contains an additional do-
main which folds like an RRM of typical ������ topology,
but lacks the sequence signature of RNA-binding RRM
(Figure 1E, (56)). The RRM domain adheres to the enzy-
matic module through a large hydrophobic interface of 637

Å2. Although a similar organization is found in the RET2
TUTase, the specific orientation of its middle domain rela-
tive to its catalytic and UTP binding domains is different,
possibly reflecting distinct RNA binding properties of the
two proteins (Figure 2D). Indeed, the preferred substrate of
RET1 is a ssRNA, while RET2 recognizes dsRNA formed
by gRNA–mRNA hybridization (57,58).

Potential contributions of zinc finger domain to RET1 folding
and activity

The presence of a C2H2 zinc finger adjacent to the cat-
alytic domain (Figure 1A and D) is specific to trypanosomal
RET1 proteins (59). However, multiple zinc fingers (C2H2
and CCHC types) are found in human ZCCHC6 (TUT7) or
ZCCHC11 (TUT4) TUTases. Moreover, it has been shown
that one of the C2H2 zinc finger motifs contributes to the
Lin28-enhanced uridylation activity of human ZCCHC11
TUTase (32). The zinc finger deletion or chelating tightly-

https://www.pymol.org
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Figure 2. UTP binding and structural similarity. (A) Close view of the UMPnPP association in the active site of RET1�NC. Key residues are shown as
stick representations and colored as in Figure 1. Hydrogen bonds are represented by black dashed lines. Domains are colored as in Figure 1. (B) Sequence
alignment of the nucleotide recognition motif (NRM) found in trypanosomal and fungal TUTases. The two critical residues Asp 654 and Glu 657 are
indicated by arrows. (C) Atomic models of other poly(U) polymerases are shown in the same orientation as RET1 in Figure 1. The nucleotidyl transferase
centers are shown in color while additional domains are shown in gray. (D) The structure of RET2 is closely related to that of RET1. The catalytic domain
of RET2 (PDB code 2BV4, shown as gray cartoon) is superimposed onto the RET1�NC structure, which is colored as in Figure 1. The relative movement
of the RRM is indicated by an arrow.

bound Zn2+ ions inactivated RET1 from Leishmania tar-
entolae, but the exact function of this domain remained
unclear (33). In an attempt to reveal the zinc finger’s role,
we superimposed the RET1 structure onto a typical C2H2
zinc finger domain bound to dsDNA using the zinc fin-
ger protein ZIF268 complex structure as the template (60).
The dsDNA tightly fits the RET1 protein surface with al-
most no clashes (Figure 3A, RMSD of 0.93 Å between the
RET1 zinc finger and the zinc finger 2 of ZIF268). More-
over, several arginine and histidine residues (Arg 228, Arg
615, His 601) are found in the vicinity of the zinc finger
at hydrogen-bond distances between their side chain atoms
and the phosphodiester backbone of the docked dsDNA
(Figure 3B). Such amino acid residues often mediate nu-
cleic acid contacts suggesting that the zinc finger may be
involved in RNA binding (Figure 3B). Single R228A and
H601D or, double R228A-H601D mutations were intro-
duced into truncated RET1�NC background along with
C195A–C198A substitutions designed to disrupt zinc co-
ordination. We have been able to purify all, but the zinc
binding-impaired proteins to apparent homogeneity (Fig-
ure 3C) and compare their processivity profiles to that of
the full-length RET1 (Figure 3D). The C195A–C198A mu-

tant was mostly insoluble and refractory to purification,
which indicates inability to reach a stable folded conforma-
tion (not shown). Although the terminal deletions clearly
reduced RET1’s processivity, the mutations in the putative
dsRNA binding groove exerted no effect on UMP addi-
tions to a single-stranded synthetic 30-mer. Indeed, current
model of gRNA processing predicts that double-stranded
RNA recognition is responsible for mitochondrial proces-
some pausing at a fixed distance from the duplex formed by
overlapping transcripts (16). This positions zinc finger as
plausible sensor of impending dsRNA region rather than a
significant ssRNA binding determinant. To test RET1 ac-
tivity on a dsRNA that resembles a putative gRNA pro-
cessing intermediate (double-stranded region with 10–13
nucleotide 3′ overhang (16)), we assembled respective sub-
strates and analyzed reaction products in a high-resolution
assay. RET1 enzymatic activity was virtually indistinguish-
able on ss- or dsRNA with an overhang, while fully dsRNA
was unable to support UMP incorporation (Figure 3E). In
sum, the zinc finger appears to be indispensable for folding
of the catalytic core, but makes little, if any, contribution to
uridylation of ssRNA substrate. Further experiments would
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Figure 3. Superposition of the ZIF268/dsDNA complex onto the RET1�NC zinc finger domain. (A) The second zinc finger of the protein ZIF268 is
superimposed onto the zinc finger domain of RET1�NC and shown as a red-colored cartoon. The lower panel is a 100◦ rotation of the superimposition.
The ZIF268-bound dsDNA is shown as gold cartoon. (B) Four nucleotides lining the RET1 surface are shown as gold-colored stick representations to
highlight the absence of clashes and the presence of nearby side chains potentially defining a nucleic acid binding surface of RET1. RET1�NC is shown as
a cartoon with a transparent surface. Key residues are labeled and shown as stick representations (atoms are colored as in Figure 1; white, carbon). Inset:
Overall view of the ZIF268/dsDNA superimposed onto RET1�NC, rotated by 90◦ relative to panel A. Proteins are shown as cartoon and colored as in
panel A. DNA is shown as a cartoon and stick representations and colored in gold. (C) Purification of truncated RET1 variants bearing mutations in zinc
finger domain. Final fractions were separated on 8–16% SDS gel and stained with Sypro Ruby. (D) Effects of terminal truncations and mutations in the
zinc finger domain on RET1 activity with ssRNA substrate. (E) RET1 activity on dsRNA substrates. Single-stranded 5′ radiolabeled 35-mer RNA was
folded in reaction buffer, or annealed to a fully-complimentary molecule, or to a 25-mer as diagramed. The resultant ssRNA, dsRNA and dsRNA with 10
nt-long 3′ overhang substrates were incubated with full-length RET1 for 0, 2, 4, 10 or 20 min under the same conditions as in panel A. Reaction products
were separated on a denaturing 15% acrylamide/8 M urea gel (upper panel) or native 7% acrylamide gel (lower panel).
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be required to fully elucidate its function during gRNA pro-
cessing.

Oligomerization and processivity determinants

Size-fractionation of the recombinant 120-kDa RET1 from
L. tarentolae established a molecular mass in the ∼400 kDa
range (7,33), while in mitochondria of T. brucei this TUTase
constitutes an integral subunit of the ∼900 kDa MPsome
complex responsible for gRNA processing (16). To assess
the oligomeric state of RET1 from T. brucei, the full-length
protein, the N-, the C- and the NC-terminally truncated
variants were expressed and purified (Figure 4A and B). To
determine an apparent molecular mass for each protein, fi-
nal fractions were subjected to size exclusion chromatog-
raphy along with a set of molecular mass standards (Fig-
ure 4C). The resultant values indicated that full-length and
C-terminally truncated T. brucei proteins ran with a higher
apparent molecular weight (between a dimer and trimer),
which indicates an assembled multimeric enzyme (Figure
4D). However, the N-terminal deletion, whether combined
with the C-terminal deletion or not, produced a near-
perfect match between the determined apparent molecular
mass and the predicted mass for a monomeric protein (Fig-
ure 4C and D). These data implicate the poorly conserved
N-terminal extension in RET1 oligomerization.

The key amino-acid residues responsible for metal bind-
ing, UTP recognition and positioning of the RNA’s 3′-
end are structurally conserved between RET1 and TUT4,
the smallest naturally occurring TUTase composed of
only catalytic and UTP-binding domains (24,25). Remark-
ably, these features are also mostly conserved between try-
panosomal TUTases and Cid1 from S. pombe (Figure 2),
which displays dual specificity toward UTP and ATP (61).
TUT4 and Cid1 were extensively investigated by structure-
guided mutagenesis and there is a high likelihood that
these positions are functionally conserved in RET1 as well
(24,62). Conversely, the crystalized catalytic core displays
much lower processivity than the full-length RET1 (Fig-
ure 3D). Therefore, we next assessed specific contribution
of terminal extensions to RET1 enzymatic activity. Because
the middle domain adopts an RRM-like fold, we also ex-
plored the possibility of its involvement in RNA binding
and generated a triple mutant by replacing the arginines in
positions 387, 422 and 453 with alanines in the RET1�NC
(RET1�NC-RRR). These mutations exerted no apprecia-
ble impact on its solubility or size fractionation proper-
ties (Figure 4B and C). A high-resolution uridylyl trans-
ferase activity assay in the presence of 5′ labeled synthetic
RNA and UTP revealed a significantly reduced processivity
of RET1 variants missing the C-terminal extension, while
the N-terminally truncated protein was marginally more
active than the full-length RET1. The triple mutation fur-
ther reduced the activity of the RET1�NC variant (Figure
5A). Although the C-terminal truncation did not affect the
putative oligomerization of RET1, it likely decreased the
RET1’s capacity to bind RNA substrate. In a primer chal-
lenge experiment, we next asked if an increase in RNA sub-
strate concentration could proportionally affects processive
and distributive patterns (Figure 5B). Clearly, an excess of
RNA primer inhibited processive UMP incorporation by

full-length and N-terminally truncated variants, while the
activity of C-terminally shortened proteins remained unaf-
fected. Finally, we tested whether trypanosomal RET1 pos-
sesses the type of RNA-independent UTP polymerization
activity, prominently displayed by its L. tarentolae ortholog
(33). Surprisingly, no UTP polymerization was detected by
incubating the full-length trypanosomal enzyme with in-
creasing concentrations of (�-32P)UTP, whereas a synthetic
RNA substrate was efficiently utilized (Figure 5C).

To quantitatively examine the correlation between the N-
and C-terminal deletions and changes in RET1’s catalytic
activity, we determined the Km, kcat and catalytic efficiency
of all RET1 variants for both UTP and RNA substrates
(Table 2). As could be expected from the unperturbed fold-
ing of the catalytic and central domains, the UTP bind-
ing reflected by apparent Km values and the catalytic ef-
ficiency (calculated as turnover number divided by Km),
were affected by less than 2-fold in all mutants. In agree-
ment with the gel-based assay, the N-terminally-truncated
RET1 showed increased efficiency of RNA substrate uti-
lization due to its lower Km (Figure 5A and Table 2). Ac-
cordingly, deletion of the C-terminal extension, which is
conserved among RET1 orthologs, but is missing from
non-processive TUTases such as RET2 (9), TUT4 (24) and
MEAT1 (23,63), significantly increased the Km for the RNA
substrate and reduced overall catalytic efficiency by a fac-
tor of 20 (Figure 5A and Table 2). Alanine substitutions of
arginine residues lining the protein surface toward the pu-
tative RRM fold resulted in an approximately 5-fold Km in-
crease for the RNA substrate as compared to RET1�NC.
In agreement, the gel-based assay also demonstrated that
arginine mutations reduce RET1 catalytic efficiency (Fig-
ure 5A).

Overall, biochemical fractionation experiments and en-
zymatic activity assays established that the N-terminal ex-
tension enables RET1 oligomerization, but exerts only a
marginal influence on its enzymatic properties. On the con-
trary, evidence points toward a major contribution of the
C-terminal RET1-specific extension to RNA binding and,
therefore, efficiency of U-additions.

In vivo functionality of RET1 domains

Considerable evidence suggests that, in mitochondria, the
bulk of RET1 protein is sequestered into an ∼900 kDa
MPsome complex along with DSS1 3′-5′ exonuclease, and
three large proteins lacking annotated motifs (16). Fur-
thermore, it appears that RET1-catalyzed uridine addi-
tion does not exceed 15–20 nt in vivo, while hundreds of
UMP residues can be incorporated in vitro (Figure 3). Fi-
nally, overexpression of catalytically inactive protein bear-
ing a point mutation in the metal binding site produced a
strong dominant negative effect similar to protein down-
regulation by RNAi (17). Collectively, these findings indi-
cate that incorporation into the MPsome is required for
RET1 functions in gRNA processing. To test whether ter-
minal extensions support RET1 incorporation into the MP-
some, the RET1�C, RET1�N and RET1�NC gene vari-
ants were placed under PARP promoter as C-terminally
TAP-tagged proteins in pLew79-MHTAP vector (52). To
ensure equal mitochondrial import efficiency, all proteins
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Figure 4. Size fractionation of RET1 deletion mutants. (A) Schematic representation of deletion and site-directed mutagenesis. (B) Purified recombinant
proteins were separated on a 8–16% gradient SDS gel, stained with Sypro Ruby florescent dye and visualized using an ImageQuant Imager (GE Life
Science). (C) Retention volumes of RET1 mutants obtained by gel filtration chromatography on a Superose 6 column are plotted against molecular mass
standards. (D) Theoretical molecular masses of monomeric RET1 derivatives and their experimentally determined apparent molecular masses.
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Figure 5. Processivity of UTP polymerization by RET1 mutants. (A) RNA uridylyl transferase assays were set up with 0.1 �M of 5′ radiolabeled synthetic
RNA, 50 �M of UTP and 5 nM of indicated purified recombinant protein. Reaction products were separated on 12% acrylamide/8 M urea gel and
visualized by exposure to a phosphor storage screen. (B) The same reactions as in panel A with 1 �M of RNA substrate. (C) UTP polymerization reaction
in the absence of RNA substrate. Full-length RET1 protein was incubated with increasing concentrations of UTP and 10 nCi/�l of (�-32P) UTP to assess
its capacity to polymerize UTP without an RNA primer. A synthetic RNA 30-mer was used as a positive control to demonstrate that the enzyme was
active.
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Table 2. Catalytic parameters of RET1 deletion mutants

UTP RNA

Mutants Km (�M)
kcat

(min−1)
kcat/Km
(min−1�M−1)

Relative
kcat/Km Km (�M)

kcat
(min−1)

kcat/Km
(min−1�M−1)

Relative
kcat/Km

RET1 8.5 ± 1.3 15.5 ± 0.8 1.8 1 0.53 ± 0.1 23.5 ± 1.7 44.3 1
RET1�C 9.8 ± 2.5 22.7 ± 2.1 2.3 1.3 12.4 ± 1.7 29.7 ± 2.1 2.3 0.05
RET1�N 11.1 ± 0.8 16.7 ± 0.5 1.5 0.83 0.024 ± 0.006 18.3 ± 1.1 763 17.2
RET1�NC 6.6 ± 0.5 23.5 ± 0.6 3.6 2.0 4.5 ± 0.8 32.5 ± 2.0 7.2 0.16
RET1�NC RRR 6.1 ± 1.5 9.5 ± 0.7 1.6 0.89 22.6 ± 13.7 19.2 ± 5.3 0.85 0.019

were fused with heterologous mitochondrial importation
peptide from a known mitochondrial protein MRB2 (64).
Proteins were expressed under tet-repressor control in the
actively respiring procyclic (insect) developmental form of
T. brucei (Figure 6A). The mitochondrial fraction was iso-
lated from parental (Figure 6B and C) and respective trans-
genic (Figure 6D–F) cell lines, extracted with detergent and
separated on glycerol gradients. Each fraction was further
analyzed by native and denaturing PAGE. The endogenous
RET1 was detected by immunoblotting with monoclonal
antibody (Figure 6B) while truncated proteins were visual-
ized with antibody against calmodulin binding peptide in
the TAP tag (Figure 6D–F). The well-characterized RNA
editing core complex was also detected in the parental cell
line as an internal separation efficiency control (Figure 6C).
In agreement with a previous study (16), most of the en-
dogenous RET1 sedimented in gradient fractions 3–5 that
correspond to the ∼19S (900 kDa) MPsome complex while
a minor fraction extended into larger high molecular mass
complexes (fractions 6–12; Figure 6B). The RET1�C and
RET1�N variants were found exclusively in MPsome-like
high molecular mass complexes while the polypeptide miss-
ing both N- and C-terminal extensions (RET1�NC) was
evenly distributed between unincorporated (fraction 2) and
MPsome-bound (fractions 4–6) forms. These results sug-
gest that the catalytic core lacking terminal extensions may
still bind to the MPsome. However, it appears that the N-
terminal extension, which is dispensable for activity, but re-
quired for oligomerization (Figures 4 and 5, Table 2), may
also control the stoichiometry of RET1 subunits within the
MPsome.

Because of diametric effects of N- and C-terminal dele-
tions on RET1 oligomerization state (Figure 4) and enzy-
matic activity (Figure 5, Table 2), and apparent capacity of
respective deletion mutants to enter the MPsome complex
(Figure 6D–F), we next investigated whether overexpres-
sion of truncated TUTase variants would cause a dominant
negative effect. Surprisingly, the division rates declined not
only in cell lines conditionally expressing mutants with com-
promised enzymatic activity (RET1�C and RET1�NC),
but also in cells expressing the fully-active RET1�N muta-
tion which converts recombinant RET1 into a monomer.
Thus, it seems plausible that RET1 stoichiometry in the
MPsome is functionally important albeit further work is
required to determine the structural basis of the observed
phenotypes.

Molecular dynamics simulations of RNA binding by RET1

To gain further insight into RNA binding determinants
adjacent to the catalytic center and develop a foundation
for rational inhibitor design, we simulated RNA primer
bounding to the UTP-bound RET1 using explicitly sol-
vated all-atom molecular dynamics simulations. To this
end, we first solved the structure of TUT4 from T. brucei
with bound UTP and RNA-mimicking dinucleotide UpU
(PDB ID 5KAL). Then, we reintroduced the amino acids
370–379, 625–642 and 689–693 that were disordered in
the RET1�NC crystallographic structure. Next, we simu-
lated the complete RET1�NC structure (residue 189–698)
in apo and UTP-bound forms, exploring the dynamics of
the systems. The RET1�NC crystal structure has an ac-
tive site conformation that does not appear capable of bind-
ing larger RNA segments, thus in the simulations, we mon-
itored the dynamics of the active site area and selected the
RET1�NC conformation with the most open active site.
This ‘open, relaxed structure’ was used to develop a model
that included a 10 uracil-long RNA molecule; this 10-U
strand was positioned onto the UTP-bound RET1 such that
it mimicked the terminal and penultimate uridine nucleo-
sides from the UTP/UpU-bound TUT4 structure (Figure
7A). This ternary configuration was further supported by
the excellent correlation observed between the model and
crystal structure of Cid1 protein from S. pombe bound to
ApU (26). The 10-mer RNA proved to be very dynamic
during MD simulations, except for the two terminal U nu-
cleotides while the protein turned out to be highly stable
as shown by the B-factors values (Figure 7B and C). The
3′ hydroxyl of the terminal U and the first phosphate O
atom interact tightly with the Mg2+ ion. The terminal RNA
U nucleotide base is stabilized by �-stacking interaction
with the UTP nucleotide base from one side, and by van
der Waals interactions with catalytic domain residues Arg
477 and Val 359 on the other side. Also, Arg 358 from the
catalytic domain consistently forms a salt bridge with the
second phosphate of the RNA primer in all simulations, in
agreement with previously observed interactions between
catalytic domain residues and RNA primers (25,26). The
penultimate U nucleotide base forms van der Waals inter-
actions with catalytic domain residues Ile 354 and Ala 357,
and a dynamic hydrogen bond interaction with Lys 363. The
ensemble-averaged electrostatic potential field of the pro-
tein (Figure 7D) indicates that the active site is the largest
positively charged region, and our 10-U strand binds sta-
bly to this region (compare 7C and 7D). Moreover, further
away from the active site, the RNA primer appears to line up
on the RET1 surface toward the zinc finger domain rather
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Figure 6. Functional definition of terminal extensions. (A) Stable cell lines carrying expression constructs were either mock-induced or grown in the
presence of 1 mg/l of tetracycline for three days. Cell lysates were separated on an SDS gel and subjected to immunoblotting with peroxidase-anti-peroxidase
(PAP) reagent to detect the C-terminal TAP-tag. (B) Mitochondrial fraction was extracted with detergent and soluble contents were separated for 5 h at
178 000 × g in a 10–30% glycerol gradient. Each fraction was further resolved on a 3–12% Bis-Tris native gel. Positions of native protein standards are
indicated by arrows. Mitochondrial 3′ processome (MPsome) was visualized by immunoblotting with monoclonal antibody against RET1. Thyroglobulin
(19S) and bacterial ribosomal subunits were used as S-value standards. (C) The well-characterized RNA editing core complex (RECC, ∼1.2 MDa) served
as an internal separation efficiency marker. RECC was exposed by self-adenylation of RNA ligases REL1 and REL2 in the presence of (�-32P)ATP. (D–F)
Mitochondrial fractions were isolated from cell lines expressing RET1�C, RET1�N and RET1�NC TAP-tagged fusion proteins for 72 and analyzed as in
panel B. Tagged proteins were detected by immunoblotting with antibodies against calmodulin binding peptide. (G) Growth kinetics of parasite suspension
cultures after mock induction, RET1 deletion mutant proteins induction and RET1 RNAi expression.
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Figure 7. Molecular dynamics (MD) simulations of RNA in the active site and identification of potential druggable regions. (A) Overall and close-up
view of the RNA binding site illustrating positions of terminal RNA residues in the RET1�NC bound to UTP, RET1�NC with modeled RNA primer
(RET1�NC-MD) and TUT4-UTP-UpU. Proteins are depicted as colored ribbons. The RNA primer, UpU and UTP molecules are shown as colored stick
representations, and the Mg2+ and Zn2+ ions are shown as green and orange spheres, respectively. (B) B-factors computed for the apo, UTP-bound and
RNA primer-UTP- RET1�NC simulations. (C and D) Front and back views of the ensemble-averaged RNA primer –UTP-bound RET1�NC shown as
stick and ribbon or as electrostatic potential field at positive (blue) and negative (red) contoured at 3 kT/e. (E) RET1 druggable sites identified by FTMap
evaluation of 19 distinct MD-generated protein conformations. In the ribbon diagram, the color scale extends from blue (least druggable sites) to white to
red (most druggable sites).



10876 Nucleic Acids Research, 2016, Vol. 44, No. 22

than toward the RRM (Figure 7C). Overall, however, the
large degree of flexibility and persistent motion of the 10-U
primer during the MD simulations, especially in the regions
that are farther from the active site, indicate that some ele-
ments of binding are likely incomplete, suggesting either a
non-optimal initial binding mode for the 10-U segment or
the possibility that other structural elements not included
here (e.g. the C-terminal extension) are required for stable
RNA binding.

Designing trypanocides using the RET1 atomic structure

While targeting RET1 for a potential trypanocide, it is help-
ful to identify and focus on the most druggable areas at
the active site. For inhibitor design, the information pro-
vided by the static crystal structure can be enriched by MD
simulations. Monitoring the active site dynamics through
MD, novel transient pockets and alternative conformations
of the active site can be identified and integrated into the
inhibitor design process. To capture a set of unique active
site conformations of RET1�NC among the 25 000 vari-
ants generated by MD simulations, the POVME program
was used to cluster the 10U/UTP-bound RET1 MD tra-
jectories based on the active site shape (see Materials and
Methods for details). The RET1 structure colored with re-
spect to these scores illustrates that the most druggable hot
spots are at the bottom of the active site cleft, and mostly
lie on the RET1 catalytic domain alpha helices (Figure 7E).

DISCUSSION

Since key elements of the enigmatic mitochondrial RNA
processing pathway in trypanosomes have begun to emerge,
extensive investigation has focused on the adaptation of
highly conserved catalytic folds to perform unconventional
reactions. The RNA editing core complex provides exam-
ples for sequential endonucleolytic gRNA-directed mRNA
cleavage, U-addition or removal from the exposed cleavage
fragment and gRNA-dependent mRNA re-ligation. These
mRNA editing cascade reactions are performed by RNase
III-, DNA pol �-, EEP- and Type II RNA ligase-like do-
mains, respectively. These enzymatic domains are embed-
ded into a stable protein complex via trypanosome-specific
modules. It appears that complex association may lead to
altered enzymatic properties and offer the kinetic advan-
tages of channeling the intermediates between active cen-
ters. Likewise, the recent discovery of the mitochondrial
processome (MPsome) conceptualized earlier findings of
pervasive RET1-catalyzed 3′ uridylation and its profound
impact on the mitochondrial transcriptome. The MPsome
is composed of RET1 TUTase, DSS1 3′-5′ exonuclease and
three large proteins lacking annotated motifs. Remarkably,
complex association limits intrinsically high RET1 proces-
sivity while enabling efficient RNA degradation by DSS1,
an enzyme which is catalytically inactive as an autonomous
protein (65). In the current model, uridylation of the initial
gRNA precursor by the MPsome-embedded RET1 induces
processive DSS1-catalyzed 3’-5’ degradation. Rapid RNA
hydrolysis apparently empowers the melting of secondary
structure elements along the precursor until the MPsome
encounters a relatively stable duplex region formed by the

gRNA precursor and the corresponding anti-sense tran-
script. The ensuing stochastic pausing is thought to en-
able the secondary uridylation event that disengages the
MPsome from the mature gRNA 3′ end. In the latter re-
action, RET1 is expected to recognize a 10–13 nt long 3′
overhang extending from the ∼30 nt double-stranded re-
gion (16). Therefore, it seems reasonable that in vivo the en-
zyme encounters at least two substrate types: extended sin-
gle stranded RNA (gRNA precursors) and double-stranded
regions with 3′ overhang (gRNA processing intermediates).

In this work, we combined X-ray crystallography, MD
simulations and biochemical analysis to determine high-
resolution structures of the RET1 catalytic core region,
to investigate determinants of UTP and RNA substrate
recognition and to study RET1 incorporation into the MP-
some. Our data demonstrate a remarkable structural con-
servation of bi-domain enzymatic module formed by Pol-�
DNA polymerase-like catalytic and UTP-binding domains
among trypanosomal TUTases. These similarities extend
into direct and water-mediated interaction networks that
coordinate UTP recognition and RNA positioning in the
active site. In contrast to currently available TUTase struc-
tures, the RET1 core architecture reveals a previously un-
seen combination of its enzymatic module with a zinc fin-
ger and an RRM domain inserted within the catalytic fold.
Both of these modules are shown by point mutations to im-
pact the enzymatic properties of the TUTase although their
precise mode of interaction with nucleic acid will required
additional studies.

Despite being predicted as disordered regions, RET1-
specific terminal extensions apparently represent functional
domains that participate in specific biological functions.
We show that deleting the N-terminal extension prevents
oligomerization of recombinant RET1 in solution without
impacting enzymatic activity in vitro. However, incorpo-
ration of the N-terminally truncated RET1 into the MP-
some triggers dominant negative phenotype suggesting a
functional role of the N-terminal extension in the context
of RET1’s native complex. Within the MPsome, RET1 di-
rectly interacts with DSS1 exonuclease and MPSS3 struc-
tural protein (16); it remains to be established whether pu-
tative RET1 oligomerization region participates in the MP-
some complex assembly or determines the RET1 stoichiom-
etry in the complex. On the contrary, the C-terminal dele-
tion has minimal effect on MPsome formation in vivo, but
greatly reduces RET1 processivity and results in a ∼20-
fold lower catalytic efficiency due to an increased appar-
ent Km for RNA binding. This region’s contribution to
RET1 function in vivo is, however, significant as indicated
by a strong dominant negative phenotype upon RET1�C-
inducible overexpression. We hypothesize that this pheno-
type is likely due to the RET1�C-impaired RNA binding
capacity. Additional studies will be required to determine
the structural basis of these phenotypic observations.

Homology modeling based on the TbTUT4-UTP-UpU
structure solved in this work and molecular dynamics simu-
lations allowed us to define the RNA binding determinants
in the vicinity of the active site and propose potential drug-
gable sites. Considering RET1’s participation in multiple es-
sential RNA processing pathways in a parasite of significant
medicinal and economic consequences, these results may
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lead to future design of RET1 inhibitors with trypanocidal
activity.

Collectively, our study reveals a high-resolution structure
of the catalytic core part of a critical TUTase from Try-
panosoma brucei, illuminates some of its function-specific
modules in vitro and in vivo and provides a sound founda-
tion for rational inhibitor design.
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