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BSTRACT 

ucleic acid ADP-ribosylation has been established 

s a novel modification found in a wide diver- 
ity of prokaryotic and eukaryotic organisms. tRNA 

 

′ -phosphotransferase 1 (TRPT1 / TPT1 / KptA) pos- 
esses ADP-ribosyltransferase (ART) activity and is 

ble to ADP-ribosylate nucleic acids. Ho we ver, the 

nderlying molecular mechanism remains elusive. 
ere, we determined crystal structures of TRPT1s 

n complex with NAD 

+ from Homo sapiens , Mus mus- 
ulus and Saccharomyces cerevisiae . Our results re- 
ealed that the eukaryotic TRPT1s adopt common 

echanisms for both NAD 

+ and nucleic acid sub- 
trate binding. The conserved SGR motif induces 

 significant conformational change in the donor 
oop upon NAD 

+ binding to facilitate the catalytic 

eaction of ART. Moreover, the nucleic acid-binding 

esidue redundancy pr o vides structural flexibility to 

ccommodate diff erent n ucleic acid substrates. Mu- 
ational assays revealed that TRPT1s employ dif- 
erent catalytic and nucleic acid-binding residues 

o perf orm nuc leic acid ADP-ribosylation and RNA 

 

′ -phosphotransferase activities. Finally, cellular as- 
ays revealed that the mammalian TRPT1 is able to 

romote endocervical HeLa cell survival and prolif- 
ration. Together, our results pr o vide structural and 

iochemical insights into the molecular mechanism 

f TRPT1 for nucleic acid ADP-ribosylation. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

DP-ribosylation is a canonical post-translational modi- 
cation targeting macromolecules and plays a significant 
ole in regulating many biological processes including DNA 

amage r epair, chromatin r emodeling, host–virus interac- 
ions, RN A metabolism, a poptosis and cytoplasmic stress 
esponses ( 1–3 ). The chemical process of ADP-ribosylation 

s involved in transferring the ADP-ribose moiety from 

he NAD 

+ donor onto target substrates, simultaneously 

eleasing nicotinamide ( 4 ). The enzymes catalyzing ADP- 
ibosylation belong to the ADP-ribosyltr ansfer ase (ART) 
uperfamil y ( 5 ), w hich is divided into cholera toxin-like 
R T (AR TC) and pol y(ADP)-ribose pol ymerase (PARP; 

lso known as diphtheria toxin-like ART, ARTD) subfam- 
lies ( 6 , 7 ). PARPs, sharing the conserved ART domain, are 
he most intensi v ely studied ARTs and consist of 17 mem- 
ers in human cells ( 2 ). 
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Over the years, the well-studied ADP-ribosylation was
thought to be a unique covalent modification of protein
targets ( 1 , 8 ). Recently, striking discoveries have been es-
tablished nucleic acids –– DNA and RNA –– as novel ADP-
ribosyla tion substra tes which are found in a wide di v ersity
of prokaryotic and eukaryotic organisms, generating a new
exciting field termed DNA and RNA ADP-ribosylation
carried out by specific ARTs ( 1 , 9–11 ). In mammals, sev-
eral PARP family members, such as PARP1–PARP3, and
P ARP10, P ARP11 and P ARP15, have been shown to pos-
sess DNA and RNA ADP-ribosylation activity and exhibit
di v erse nucleic acid substrate pr efer ences in vitro ( 9 , 10 , 12 ). 

Additionall y, tRN A 2 

′ -phosphotr ansfer ase 1
(TRPT1 / TPT1 / KptA), a PARP-like protein, is capable
of catalyzing the transfer of the ADP-ribose moiety from
NAD 

+ to the 5 

′ -terminal phosphates of single-stranded
RN A (ssRN A) and ssDN A substrates, independent of
oligomer length ( 1 , 9 , 13 ). The TRPT1 / TPT1 / KptA family
was initially found in Sacchar om y ces cer evisiae and was
shown to be as an essential RNA 2 

′ -phosphotr ansfer ase
in the fungal tRN A splicing pathway, w hich typicall y
forming a 2 

′ -PO 4 , 3 

′ –5 

′ phosphodiester splice junction in
the tRNA ligation reaction ( 14–16 ). The human version
and those of its close relati v es are referred to as TRPT1,
and the yeast and bacterial versions of TRPT1 are known
as TPT1 and KptA, respecti v ely. In S . cerevisiae , TPT1
plays an essential role in the final step of tRNA splicing by
transferring the internal 2 

′ -phosphate in the splicing junc-
tion to NAD 

+ via a two-step reaction to generate 2 

′ -OH
RNA and ADP-ribose-1 

′ ′ ,2 

′ ′ -cyclic phosphate, which is
finall y hydrol yzed to ADP-ribose-1 

′ ′ -phosphate (ADPRp)
( 17 , 18 ). The TPT1 homologous proteins are evolutionarily
conserved in bacterial, archaeal and eukaryotic species,
yet many do not have known pathways to form RNAs
containing internal 2 

′ -phosphate and / or intron-containing
tRNAs ( 13 , 18 ). Instead, the TPT1 homologs are able to
ADP-ribosylate nucleic acids, suggesting that nucleic acid
ADP-ribosylation may be a conserved enzyme activity
of TRPT1 / KptA / TPT1 family members across all do-
mains of life ( 1 , 9 , 11 , 13 ). Weixler et al . recently identified
the nucleic acid ADP-ribosyla tion ca talyzed by TRPT1
and PARPs in human cells, and found that multiple cellular
stressors can mediate the nucleic acid ADP-ribosylation in
human cells ( 11 ). In addition, Tromans-Coia et al . demon-
stra ted ADP-ribosyla tion on genomic DNA in human
cells ( 19 ). Howe v er, the detailed molecular mechanism of
TRPT1-dependent nucleic acid ADP-ribosylation remains
elusi v e and the ca talytic dif ferences between nucleic acid
ADP-ribosylation and RNA 2 

′ -phosphotr ansfer ase of
TRPT1 are unclear. 

Herein, we determined the crystal structures of three
TRPT1s in complex with NAD 

+ from Homo sapiens
(HsTRPT1), Mus musculus (MmTRPT1) and S. cerevisiae
(ScTRPT1). Our structural analysis, combining in vitro bio-
chemical assays, re v ealed the N AD 

+ reco gnition pattern
among MmTRPT1, HsTRPT1 and ScTRPT1. Further-
more, we also displayed the nucleic acid substrate bind-
ing mode and mapped the ca talytic-rela ted residue di v ersi-
ties between ART and 2 

′ -phosphotr ansfer ase activities. We
additionally found that HsTRPT1 is associated with en-
docervical HeLa cell survival and proliferation. Together,
our study provides structural and biochemical insights into
the molecular mechanism of TRPT1 on nucleic acid ADP-
ribosylation. 

MATERIALS AND METHODS 

Cloning and plasmid constructs 

The DNA sequences encoding full-length HsTRPT1 iso-
form 1 (residues 1–253), MmTRPT1 (residues 1–249) and
ScTRPT1 (residues 1–230) were synthesized with codon op-
timization (Genscript, China), and amplified by polymerase
chain reaction (PCR) using oligonucleotide primers with
the restriction recognition sites BamHI and XhoI located
at the 5 

′ and 3 

′ ends, and then subcloned into the modified
pET-15b vector, which carries an N-terminal hexa-histidine
tag and a cleavage site for human rhinovirus 3C (HRV 3C)
protease (Supplementary Figure S1), using standard molec-
ular biology techniques. The corresponding optimized full-
length sequences are listed in Supplementary Table S1.
Based on the structural analysis of TRPT1–ADPRp com-
plexes and the ScTRPT1 

NAD lobe –NAD 

+ complex, a series
of mutants were generated using standard molecular biol-
ogy techniques. The optimized wild-type HsTRPT1 open
reading frames (ORFs) were cloned into the pEGFP-C1
vector. 

Protein expression and purification 

Esc heric hia coli BL21-Codon plus (DE3) cells
carrying the recombinant plasmid pET-15b-
MmTRPT1 / HsTRPT1 / ScTRPT1 were grown in Luria–
Bertani (LB) broth medium at 37 

◦C to an OD 600 of 0.7–0.9.
Then 0.1 mM isoprop yl- �- D -1-thiogalactop yranoside
(IPTG) was supplemented to induce the recombinant
protein expression at 16 

◦C for 15 h. Cells were harvested
by centrifugation at 10 000 g for 10 min and resuspended
in ice-cold lysis buffer [25 mM Tris–HCl pH 8.0, 500 mM
NaCl and 5% (v / v) glycerol]. The cells were lysed through
sonication, and the cell lysate was centrifuged at 35 000 g
for 40 min. 

The supernatant containing soluble
MmTRPT1 / HsTRPT1 / ScTRPT1 was loaded onto a
nickel-chelating Sepharose (GE Healthcare) column pre-
equilibrated with lysis buffer. After e xtensi v e washing
with lysis buffer supplemented with 10 mM imidazole,
all bound protein was eluted using elution buffer [25
mM Tris–HCl pH 8.0, 500 mM NaCl, 5% (v / v) glycerol
and 250 mM imidazole]. The recombinant proteins were
incubated with HRV 3C protease at a molar ratio of 100:1
and dialyzed overnight at 4 

◦C against the buffer [25 mM
Tris–HCl pH 8.0, 150 mM NaCl, 5% (v / v) glycerol, 1 mM
dithiothreitol (DTT)]. Then, the recombinant protein was
further purified with a cation-exchange column (Hi-Trap
SP HP column, GE Healthcare) and eluted using a 150
ml linear gradient of 0.1–1 M NaCl. Finally, the protein
MmTRPT1 / HsTRPT1 / ScTRPT1 was purified using a
Super de x 200 Increase column (GE Healthcare) in 25 mM
Tris–HCl pH 8.0, 150 mM NaCl and 1 mM DTT. 

For the purification of wild-type and mutant proteins
used in the biochemical experiments, the cells were lysed in
resuspension buffer [25 mM Tris–HCl pH 8.0, 1 M NaCl,



Nucleic Acids Research, 2023, Vol. 51, No. 14 7651 

5
n
e
c
w

C

T
M
p
r
c
u
m
v
M
s
1
D
c
o  

t
g
p

m
s
l
S
l
p
s  

T
s
A  

o
P
A
u

S

T  

N
t
s
t
u
r
s
A
(
s
(

M

M
M

w
a
A
a
s
w
i
w
r
i
t
t
p
(
C

I

T
s
l
D
s
i
i
fi
H
a
c
(
r  

a
s
b  

n
g
1
r
C
r
r

I

I
p
t
u
t
p
b
i
T
t
n
2
a  

l
T
s
times. 
% (v / v) glycerol], and TRPT1 proteins were purified by a 

ickel-chelating Sepharose (GE Healthcare) column using 

lution buffer containing 1 M NaCl to eliminate nucleic acid 

ontaminants. Then TRPT1 wild-type and mutant proteins 
ere purified using the same procedure as described above. 

rystallization, data collection and processing 

o screen for crystallization of the 
mTRPT1 / HsTRPT1 / ScTRPT1 and NAD 

+ com- 
lex, TRPT1s and NAD 

+ (Sigma) wer e mix ed in the molar 
atio of 1:1.5 and then incubated on ice for 30 min before 
rystalliza tion. Preliminary crystalliza tion was carried out 
sing the sitting-drop vapor diffusion method at 18 

◦C by 

ixing 1 �l of TRPT1–NAD 

+ complex and 1 �l of reser- 
oir solution. After optimization, the best crystals of the 

mTRPT1–NAD 

+ complex were obtained in the reservoir 
olution containing 0.04 M potassium phosphate dibasic, 
6% (w / v) polyethylene glycol (PEG) 8000 and 0.2% (w / v) 
 -sorbitol, the best crystals of the HsTRPT1–NAD 

+ 

omplex were obtained in the reservoir solution consisting 

f 0.1 M Tris–HCl pH 8.5 and 25% (w / v) PEG 3350, and
he best crystals of the ScTRPT1–NAD 

+ complex were 
rown in the reservoir solution containing 0.1 M Tris–HCl 
H 8.5 and 1.4 M ammonium tartrate dibasic. 
To collect X-ray diffraction data, the crystals were im- 
ersed in the cryoprotectant buffer consisting of reservoir 

olution and 20% (v / v) glycerol, and then flash-frozen in 

iquid nitrogen. X-ray diffraction data were collected at 
hanghai Synchr otr on Radiation Facility (SSRF), beam- 

ine BL19U1. The crystal of the MmTRPT1–NAD 

+ com- 
lex belongs to space group P3121 with the unit cell dimen- 
ions a = 65.5 Å , b = 65.6 Å , c = 148.5 Å and � = 90.00 

◦.
he crystal of the HsTRPT1–NAD 

+ complex belongs to 

pace group I222 with the unit cell dimensions a = 53.9 

˚
 , b = 84.1 Å , c = 101.5 Å and � = 90.00 

◦. The crystal
f the ScTRPT1–NAD 

+ complex belongs to space group 

3221 with the unit cell dimensions a = 41.7 Å , b = 41.7 

˚
 , c = 129.1 Å and � = 90.00 

◦. All datasets were processed 

sing the XDS software package ( 20 ). 

tructure determination and refinement 

he crystal structure of MmTRPT1 / HsTRPT1 / ScTRPT1–
AD 

+ was solved through molecular replacement using 

he Phaser program in the CCP4 software suite ( 21 ). The 
tructure of CthTPT1 (PDB code: 6E3A) was used as 
he search model. PHENIX ( 22 ) and COOT ( 23 ) were 
sed, respecti v ely, for further manual model building and 

efinement. All data collection and structure refinement 
tatistics are summarized in Supplementary Table S2. 
ll the molecular graphics are generated using PyMOL 

 http://www.pymol.org ). All pr otein electr ostatic potential 
urfaces are calculated using the APBS module in PyMOL 

version 2.5.4) ( 24 ). 

olecular dynamics simulations 

olecular dynamics (MD) simulations of HsTRPT1, 
mTRPT1, ScTRPT1 and their respecti v e comple xes 
ith ligands were performed using the GROMACS pack- 
ge ( 25 ). Antechamber in AMBER tool, ACPYPE and 

MBER99SB-ILDN force field were applied for the lig- 
nds and TRPT1s in the MD simulation processes ( 26 ). All 
ystems wer e center ed in a cube and dissolved with TIP3P 

aters. Sodium and chloride ions were added to neutral- 
ze the electric charge. The particle mesh Ewald method 

as used to compute the electrostatic interactions with a 

eal-space cut-off distance of 1 nm, and the van der Waals 
nteractions were set at the same cut-off value. These sys- 
ems were energy minimized and heated to 25 

◦C before 
he pr oduction pr ocess. The trajectory pr oduction pr ocesses 
roceeded for 200 ns, and the root-mean-square deviations 
RMSDs) and fluctuations (RMSFs) were calculated on the 
 � atoms of each residue. 

n vitro ADP-ribosylation assay 

he non-radioacti v e nucleic acid ADP-ribosylation as- 
a y was perf ormed as described previously for Cyanine3- 
abeled RNA ADP-ribosylation ( 9 ). The ssRNA and ss- 

NA oligonucleotides used in this study were chemically 

ynthesized from Genescript, and the sequences are listed 

n Supplementary Table S3. All buffers wer e pr epar ed us- 
ng DNase / RNase-free water and sterilized using a 0.22 �m 

lter. The 10 �l reaction mixture consists of 20 mM Tris– 

Cl pH 8.0, 50 mM NaCl, 0.5 mM NAD 

+ , 5 mM MgCl 2 
nd 1 mM DTT. Protein (1 �M) was added along with nu- 
leic acid substrate at the final concentration of 0.5 �M 

the stock concentration is 10 �M, Cyanine3 labeled) per 
eaction. After incuba tion a t 1 h in room tempera tur e, r e-
ctions were quenched by adding 0.15% sodium dodecyl- 
ulfate (SDS) and 0.5 U of protease K (NEB) and incu- 
a ting a t 37 

◦C for 30 min. Samples were loaded on the de-
aturing urea–polyacrylamide gel electrophoresis (PAGE) 
el consisting of 25% (w / v) polyacrylamide, 8 M urea and 

 × TBE. Gels were run at 300 V ( ∼25 mA starting cur- 
ent) for 45 min and finally visualized using the Bio-Rad 

hemiDoc TM MP imaging system for the Cyanine3 fluo- 
ophore. All ADP-ribosylation assays were independently 

 epeated thr ee times. 

sothermal titration calorimetry 

sothermal titration calorimetry (ITC) experiments were 
erformed to quantify the binding affinity between wild- 
ype TRPT1 or its mutants and NAD 

+ (or 21 nt ssDNA) 
sing Microcal PEAQ-IT C (Malvern P analytical). All titra- 
ions were carried out in buffer containing 20 mM Tris–HCl 
H 8.0 and 150 mM NaCl. To measure the binding affinity 

etween protein and NAD 

+ , 2–3 mM NAD 

+ was injected 

nto the calorimetric cell containing 30–50 �M wild-type 
RPT1 or its mutants. To determine the binding affinity be- 

ween the 21 nt ssDNA and wild-type TRPT1, 300 �M 21 

t ssDNA was injected into the calorimetric cell containing 

5–30 �M wild-type TRPT1. All titrations were carried out 
t 25 

◦C and were initiated by a 0.4 �l pre-injection, and fol-
owed by sequential 18 × 2 �l injections at 150 s intervals. 
he data were analyzed using Microcal PEAQ-ITC analysis 

oftwar e. All IT C assays wer e independently repeated three 

http://www.pymol.org
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Complementation of ScTrpt1 � by HsTRPT1 / MmTRPT1
mutants in S. cerevisiae 

For functional complementation of ScTrpt1 � in S. cere-
visia e, the ScTrpt1 � haploid strain YBS501 ( MATa ura3-
1 ade2-1 trp1-1 his3-11,15 leu2-3,11 can1-100 trpt1::LEU2
p416-ScTRPT1), in which the Trpt1 ORF was deleted and
replaced by LEU2 , is dependent for viability on the plas-
mid p416 ( CEN URA3 ScTRPT1 ) ( 18 , 27 , 28 ). We generated
plasmids p414 ( CEN TRP ) encoding wild-type MmTRPT1,
HsTRPT1 and their mutants under the control of the con-
stituti v e ScTRPT1 promoter, and transformed them sep-
arately into YBS501 cells. The individual TRP 

+ colonies
from each transformation were patched to TRP 

| agar
medium and cells from each isolate were then spotted
on agar medium supplemented with 0.75 mg / ml 5-FOA
(5-fluor oor otic acid). The plates were incubated at 30 

◦C.
The MmTRPT1 / HsTRPT1 m utants, w hich are unable to
form 5-FOA-resistant colonies after 8 days, are considered
as lethal in vivo . Viable FOA-resistant colonies were then
grown in YPD-Ad (1% yeast extract, 2% peptone, 2% dex-
trose, 0.1 mg / ml adenine) liquid medium at 30 

◦C to mid-log
phase (OD 600 of 0.4–0.6), and diluted to attain an OD 600 of
0.1, and aliquots (3 �l) of serial 5-fold dilutions were spot-
ted on YPD agar plates and incubated at 20, 25, 30, 34 and
37 

◦C. 

Cell culture and antibodies 

HEK-293T, HeLa, C-33A and human cervical epithelial
cells (ATCC, catalog nummber: PCS-480–011) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) in a humidified
incubator with 5% CO 2 (v / v) at 37 

◦C. The primary anti-
bodies were used as follows: anti-TRPT1 antibody (PA5-
58504, Invitrogen, RRID: AB 2648978), anti- �-actin anti-
body (60009–1-Ig, Proteintech, RRID: AB 2687938) and
anti-gr een fluor escent protein (GFP) antibody (66002–1-Ig,
Proteintech, RRID: AB 11182611). 

Establishment of a TRPT1 knockdown HeLa cell line 

The short hairpin RN A (shRN A) sequences used for
TRPT1 knockdown (KD) were as follows: shRNA1: 5 

′ -
GCGGTCCCATT GT GAAATAGC-3 

′ and shRNA2: 5 

′ -
GGCCA TCCA TCCTACTCAAAG-3 

′ . Both shRNA1 and
shRNA2 were cloned separately into the lentiviral vector
pLKO.1. To generate lentivirus, HEK-293T cells ( ∼1 × 10 

6 )
wer e cultur ed in 6 cm dishes the day before transfection.
Then the HEK-293T cells were co-transfected with the
plasmids (3 �g of pLKO.1, 2 �g of pxPAX2 and 1 �g
of pMD2.G) using 12 �l of Lipofectamine 2000 reagent
mixed in 500 �l of Opti-MEM ™ I Reduced Serum Medium
(Gibco). After 48 h of incubation, the packaged virus was
harvested to infect HeLa cells. TRPT1 KD HeLa cells were
screened with 2.5 �g / ml puromycin (Sigma) for 1 week af-
ter lentivirus infection. The TRPT1 KD efficiency was val-
idated by western blot. 

Western blot analysis 

The cells were washed with 1 × phospha te-buf fered saline
(PBS) buffer three times and lysed with NETN-300 buffer
(20 mM Tris–HCl, pH 8.0, 300 mM NaCl, 0.5% Non-
idet P-40, 2 mM EDTA). Equal amounts of samples were
loaded and separated by 12% SDS–PAGE and then trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane.
The membranes were then blocked with 5% skimmed milk
in TBST (Tris-buffered saline–Tween) buffer and probed
with anti-TRPT1 antibody according to the standard pro-
tocol, and then the same membrane was stripped and re-
probed with anti- �-actin antibody. The blots were visual-
ized using an enhanced chemiluminescence reagent kit and
analyzed using ChemiDoc ™ MP Imaging System (Bio-Rad,
CA, USA). �-Actin was used as a loading control. 

Cell counting kit-8 (CCK-8) assay 

Cells ( ∼3 × 10 

5 / well) were seeded into 6-well plates. After
12 h of incubation, cells were transfected with 1 �g of plas-
mid using 2 �l of Lipofectamine 2000. Almost 24 h later,
the cells were re-seeded into 96-well plates with an initial
density of ∼2.5 × 10 

3 cells / well. After seeding for 24, 48,
72 and 96 h, cells were incubated with the CCK-8 assay
reagent (K1018, Apexbio, USA) at 37 

◦C for 1 h according
to the manufacturer’s instruction. The optical density (OD)
values were measured using Thermo Scientific Multiskan
GO at the wavelength of 450 nm. The experiments were per-
formed in triplicate. 

Colony formation assay 

TRPT1 KD cells were transfected with pEGFP-C1 plasmid
containing wild-type HsTRPT1. After 24 h, cells wer e r e-
seeded onto 6-well plates at a density of 0.8 × 10 

3 / well and
cultured for 10–14 days until visible colonies formed. Af-
ter washing with 1 × PBS, the cells were further fixed using
methanol, and stained with Giemsa dye. The cell viability
was calculated by the ratio of the colony number and seeded
cell number, normalized by the untreated group. The exper-
iments were carried out in triplicate. The Shapiro–Wilk test
in IBM SPSS Statistics (version 26.0) was used to check the
normal distribution of the colon y f orma tion da ta. One-way
analysis of variance (ANOVA) was employed to carry out
multiple comparisons. 

In silico analysis 

UALCAN ( http://ualcan.path.uab.edu ) is an interacti v e
and comprehensi v e w e b portal for analyzing cancer OMICS
data [The Cancer Genome Atlas (TCGA), MET500, CP-
TAC and CBTTC] ( 29 ). In this study, we used the UAL-
CAN w e b portal to perform pan-cancer analysis of the
TRPT1 e xpression le v el in 12 cancer types with paired
normal samples through the RNA sequencing data in the
TCGA dataset. cBioPortal ( http://www.cbioportal.org ) was
used to analyze the genomic alteration profiles of TRPT1 in
TCGA database. 

RESULTS 

Over all structur e of the TRPT1–N AD 

+ comple x from Homo
sapiens and Mus musculus 

Recent studies have reported that HsTRPT1 and several
bacterial TRPT1 enzymes are capable of ADP-ribosylating

https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/RRID:
http://ualcan.path.uab.edu
http://www.cbioportal.org
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ribose moieties of NAD are essential for the nucleic acid 
sRN A and ssDN A ( 1 , 9 , 13 ). Here, we surveyed MmTRPT1
nd ScTRPT1 for their ADP-ribosylation activities towards 
sRN A and ssDN A oligomers with 5 

′ or 3 

′ phosphate 
nds or without a phosphate group (noP). Consistent with 

sTRPT1, both MmTRPT1 and ScTRPT1 can effecti v ely 

DP-ribosylate ssDNA and ssRNA with a 5 

′ -PO 4 end, less 
fficientl y for ssDN A and ssRN A with a 3 

′ -PO 4 end and
ere inacti v e for non-phosphorylated nucleic acids (Figure 
 A). Additionally, in the conditions tested, HsTRPT1 and 

mTRPT1 e xhibit comparab le le v els of ADP-ribosylation 

cti vity towar ds ssDN A, w hile ScTRPT1 e xhibits relati v ely
ow activity (Figure 1 A). Together, these biochemical data 

uggest that TRPT1s r epr esent phosphate-dependent ART 

ctivity pr efer entiall y towards ssDN A or ssRN A with a 5 

′ -
O 4 end. 
To demonstrate the molecular mechanism underlying nu- 

leic acid ADP-ribosylation of TRPT1s, we crystallized na- 
i v e HsTRPT1, MmTRPT1 and their respecti v e comple xes 
ith NAD 

+ . Howe v er, the attempts to crystallize the na- 
i v e HsTRPT1 and MmTRPT1 were unsuccessful and we 
nly determined the crystal structures of HsTRPT1 and 

mTRPT1 in complex with NAD 

+ . The final model of 
he HsTRPT1 / MmTRPT1–NAD 

+ complex contains one 
RPT1 molecule in the asymmetric unit. The electron den- 

ity map clearly showed that one ADPRp molecule, the final 
y-product of the tRNA 2 

′ -phosphotr ansfer ase 1 activity 

f TRPT1s, binds to the HsTRPT1 / MmTRPT1 monomer 
Figure 1 B , C , D). It has been reported tha t one ADPRp
olecule also binds to the TPT1 from Clostridium thermo- 

ellum (CthTPT1) in the crystal structure ( 18 ); structural 
uperposition re v eals that HsTRPT1 / MmTRPT1 binds the 
DPRp molecule in a similar pattern to that shown in the 
thTPT1–ADPRp complex (PDB code: 6E3A) (Supple- 
entary Figure S2). 
The HsTRPT1 and MmTRPT1 models include residues 

5–230 and residues 19–224, respecti v ely. No electron 

ensity is observed for both N- and C-terminal regions 
residues 1–24 and 231–253 for HsTRPT1, residues 1–18 

nd 225–249 for MmTRPT1). Both TRPT1 structures con- 
ain 5 �-helices and 13 �-strands, and can be divided into an 

-terminal RNA lobe (residues 25 

′ –102 

′ and residues 19– 

7, wher e ′ indicates the corr esponding r esidue in HsTRPT1 

nd residues without label belong to MmTRPT1) and a C- 
erminal NAD 

+ lobe (residues 116 

′ –229 

′ and residues 111– 

24) (Figure 1 B, C). The two domains are connected by a 13 

mino acid long loop (termed the linker loop, correspond- 
ng to residues 103 

′ –115 

′ and residues 98–110, respecti v ely) 
Figure 1 B). 

The overall ar chitectur es of HsTRPT1 and MmTRPT1 

re very similar to each other, with an RMSD value of 1.022 

˚
 for 190 matched C � atoms (Figure 1 C). Structural align- 
ent using the DALI server suggests that the closest ho- 
ologs of both TRPT1s are tRNA 2 

′ -phosphotr ansfer ase 
rom Aeropyrum pernix (ApeTPT1) (PDB code: 1WFX) 
 30 ) and CthTPT1 (PDB code: 6E3A) ( 18 ). Structural su- 
erposition shows that the major conformational variation 

mong them occurs in the �7– �8 loop (residues 156 

′ –174 

′ 
nd residues 151–169), which is situated in the NAD 

+ lobe 
f both TRPT1s, corresponding to the Ala128–Pro144 loop 

nd the Leu121–Val139 loop in CthTPT1 and ApeTPT1, 
especti v ely. In contrast, both loops contain an inserted 
0 residue �-helix secondary structure in CthTPT1 and 

peTPT1, highlighting the high flexibility of the �7– �8 

oop (termed donor loop) in HsTRPT1 and MmTRPT1 

Supplementary Figure S3). The conformational di v ersity 

n the donor loop is probably associated with their distinct 
eatures in the NAD 

+ binding mode. 

AD 

+ recognition in HsTRPT1 and MmTRPT1 

T C assays wer e performed to quantify the binding affinity 

etween TRPT1s and NAD 

+ . The results showed that the 
issociation constant ( K d ) between HsTRPT1 and NAD 

+ 

s 11.8 ± 0.32 �M with 1:1 stoichiometric binding, and the 
 d is 22.3 ± 0.75 �M between MmTRPT1 and NAD 

+ . In 

ddition, the K d is 23.8 ± 1.88 �M for NAD 

+ bound to 

cTRPT1, indica ting tha t TRPT1 from dif ferent species ex- 
ibits an equivalent capacity for NAD 

+ binding (Figure 2 A; 
upplementary Table S4A). 
The NAD 

+ -binding pocket is long and shallow, fully 

xposed on the surface of the NAD 

+ lobe, and numer- 
us hydrogen bonds are involved in the interaction be- 
ween NAD 

+ and MmTRPT1 / HsTRPT1 (Figure 2 B). The 
denine ring is sandwiched by the Ile135–Gln143 / Ile140 

′ – 

ln148 

′ pair, and se v eral hydrogen bonds are involved in 

he adenine specificity. In detail, adenine-N1, adenine-N6 

nd adenine-N7 form hydrogen bonds with Ser134 / Ser139 

′ , 
l y139 / Gl y144 

′ and Ser141 / Ser146 

′ , respecti v ely. The
denosine ribose 2 

′ -OH forms bifurcated hydrogen bonds 
ith His125 / His130 

′ and Thr127 / Thr132 

′ from the HGT 

otif, which is conserved among all TRPT1 family mem- 
ers ( 18 , 27 , 31 ). The adenosine ribose 3 

′ -OH is bridged to
he �-phosphate via a water molecule (named W1), which 

n turn forms a hydrogen bond with the carbonyl group of 
l ycine (Gl y126 / Gl y131 

′ ) from the HGT motif. The diphos-
hate moiety is stabilized directly by Ar g145 / Ar g150 

′ 
nd Ar g165 / Ar g170 

′ via hydrogen bonds (Figure 2 B). 
n addition, Arg142 / Cys147 

′ and Gl y144 / Gl y149 

′ form 

a ter-media ted hydrogen bonds with the �-phosphate. 
he distal ribose 2 

′ ′ -OH also forms hydrogen bonds with 

er162 / Ser167 

′ and Gl y163 / Gl y168 

′ , and the 1 

′ ′ -PO 4 of the
istal ribose is stabilized by Ar g35 / Ar g40 

′ , L ys79 / L ys84 

′ 
nd Ar g81 / Ar g86 

′ thr ough electr ostatic interactions. Mul- 
iple sequence alignment and structural comparison re- 
ealed that the NAD 

+ -binding residues in MmTRPT1 and 

sTRPT1 are highly conserved in other TRPT1 homologs 
Figures 2 B and 3 D), indicating a common mode of NAD 

+ 

ound to TRPT1 members. 
To corroborate our structural analysis, a series of 
utations were generated in the NAD 

+ -binding pockets 
f MmTRPT1 and HsTRPT1. We examined the bind- 

ng affinity constants of NAD 

+ and these recombinant 
utants using IT C assays. Compar ed with the wild-type 
RPT1s, the mutants H125A–T127A / H130 

′ A–T132 

′ A, 
135A–Q143A / I141 

′ A–Q148 

′ A and R145A / R150 

′ A had 

o binding activity towards NAD 

+ , suggesting that these 
 esidues ar e essential for the binding of NAD 

+ (Figur e 
C; see also Supplementary Figure S4 and Supplementary 

able S4A). These mutants also lacked the enzymatic activ- 
ties for ssRNA and ssDNA ADP-ribosylation, re v ealing 

hat the interactions with the adenine and adenosine 
+ 
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Figure 1. Overall structures of the TRPT1s bound to ADPRp . ( A ) TRPT1s exhibit phosphate-dependent ADP-ribosylation activities towards ssDNA or 
ssRNA with a 5 ′ -PO 4 end. The nucleic acid substrates and products are indicated as the lower and upper bands, respecti v ely. NC, negati v e control; human, 
HsTRPT1; mouse, MmTRPT1; yeast, ScTRPT1. ( B ) Cartoon r epr esentation of the crystal structur es of MmTRPT1–ADPRp (left panel) and HsTRPT1– 
ADPRp complexes (right panel). The N-ter minal domain, ter med the RNA lobe, resembles the winged-helix protein fold. The C-terminal domain, named 
the NAD 

+ lobe, r epr esents a mix ed �/ � fold. The RNA lobe and NAD 

+ lobe in MmTRPT1 are display ed in y ellow and gr een, r especti v el y. The RN A lobe 
and NAD 

+ lobe in HsTRPT1 are shown in orange and cyan, respecti v ely. The linker loop is r ender ed as beige and the 3 10 �-helix is r ender ed as magenta. 
The ligand ADPRp is depicted as a stick. ( C ) Structural superimposition of MmTRPT1–ADPRp (green) and HsTRPT1–ADPRp complexes (cyan). Both 
TRPT1 structures contain 5 �-helices and 13 �-strands. The �7– �8 loop contributing to NAD 

+ binding is labeled. ( D ) The 2 F o– F c map for the ADPRp 
ligand in the acti v e site of MmTRPT1 / HsTRPT1 contoured at 0.5 �. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ADP-ribosylation (Figure 2 D; Supplementary Fig-
ure S5A). In contrast, the mutants R35A / R40 

′ A,
K79A / K84 

′ A and R81A / R86 

′ A can also bind to NAD 

+

with similar binding affinity to that of wild-type TRPT1,
indica ting tha t residues Ar g35 / Ar g40 

′ , L ys79 / L ys84 

′ and
Ar g81 / Ar g86 

′ ar e not r equir ed for the NAD 

+ binding
(Figure 2 C; Supplementary Figure S4; Supplementary
Table S4A). 

Over all structur e of the ScTRPT1–N AD 

+ comple x 

The enzymatic activity of ScTRPT1 on nucleic acid
ADP-ribosylation was less than that of MmTRPT1 and
HsTRPT1 according to our in vitro assay results (Fig-
ure 1 A). To demonstrate the differences in mechanisms
on ADP-ribosylation activities, we used the full-length
ScTRPT1 bound to NAD 

+ for crystallization. The fi-
nal model of the ScTRPT1–NAD 

+ complex contains one
protein molecule and one NAD 

+ molecule in the asym-
metric unit (Figure 3 A, B). Unexpectedly, the ScTRPT1
monomer only contains residues 101–230 based on the
electron density map, corresponding to the C-terminal
NAD 

+ lobe of MmTRPT1 and HsTRPT1 (for simplic-
ity, the crystal structure of the degraded ScTRPT1 frag-
ment was termed ScTRPT1 

NAD lobe ). Structural superimpo-
sition re v ealed that the RMSD values of ScTRPT1 

NAD lobe

and MmTRPT1 / HsTRPT1 are 0.729 Å / 0.951 Å for 61 / 69
matched Ca atoms, suggesting a high similarity among the
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Figur e 2. Structural anal ysis of the N AD 

+ -binding pocket in HsTRPT1 and MmTRPT1. ( A ) ITC titrations of NAD 

+ with wild-type HsTRPT1, 
MmTRPT1 and ScTRPT1. ( B ) Electrostatic potential map of the NAD 

+ -binding pocket (left panel) and NAD 

+ binding mode (right panel) in 
HsTRPT1 / MmTRPT1. The NAD 

+ -binding pocket is in the zoomed-in region. The NAD 

+ -binding residues are rendered as a cyan stick and green stick in 
HsTRPT1 and MmTRPT1, respecti v ely. The ADPRp ligand is depicted as a stick and the water molecule as a r ed spher e. The hydrogen bonds are shown 
as dashed lines. ( C ) The binding affinities of NAD 

+ for the indicated alanine mutants in HsTRPT1 and MmTRPT1. The K d value was the average of 
three independent experiments. WT, wild type; N. B., non-bound. ( D ) The ADP-ribosylation activities of the indicated alanine mutants in HsTRPT1 and 
MmTRPT1 toward ssDNA and ssRNA with a 5 ′ -PO 4 end. The enzymatic activity of each indicated mutant is normalized to that of wild-type TRPT1. 
Data are represented as the mean ± standard deviation (SD) as indicated from three independent experiments. 
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Figure 3. The intrinsic flexibility of TRPT1 from S. cerevisiae yielding the ScTRPT1 NAD lobe –NAD 

+ complex. ( A ) Cartoon r epr esentation of the crystal 
structure of the ScTRPT1 NAD lobe –NAD 

+ complex. The ScTRPT1 NAD lobe is depicted as sky blue and the NAD 

+ is depicted as a gray stick. ( B ) The 2 F o– 
F c omit map of the NAD 

+ contoured at 0.5 �. ( C ) The RMSD values (left panel) and radius of gyration (Rg) values (right panel) of ScTRPT1 NAD lobe , 
AF2 ScTRPT1, MmTRPT1 and HsTRPT1. ( D ) Structure-based sequence alignment of TRPT1 homologs was generated via T-Coffee ( 41 ) and the results 
were displayed using ESPript3.0 ( 42 ). The secondary structural elements are la beled a bove the sequence. �, �-helix; �, �-sheet; �, 3 10 -helix. The NAD 

+ - 
and nucleic acid-binding residues are marked in red and blue triangles, respecti v el y. The catal ytic residues essential for RNA 2 ′ -phosphotr ansfer ase activity 
are shown as orange triangles. TRPT1 homologs from: Homo sapiens (HsTRPT1), Mus musculus (MmTRPT1), Sacchar om y ces cer evisiae (ScTRPT1), 
Clostridium thermocellum (CthTPT1), Runella slithyformis (RslTPT1) and Aeropyrum pernix (ApeTPT1). 
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AD 

+ lobes of TRPT1s. The presence of NAD 

+ , rather 
han ADPRp, and the degraded ScTRPT1 fragment in 

he crystal structure may be attributed to the linker loop 

onnecting the RNA lobe and NAD 

+ lobe in ScTRPT1, 
hich is longer and more unstable than the correspond- 

ng loop in MmTRPT1 and HsTRPT1 (based on the Al- 
hafold 2 model, named AF2 ScTRPT1), directly result- 

ng in ScTRPT1 degradation. Indeed, we also observed Sc- 
RPT1 degradation during protein storage and crystalliza- 

ion, and the macromolecular weight of the degraded frag- 
ent is consistent with the peptide chain length observed in 

he crystal structure, which is also confirmed by mass spec- 
rometry analysis (data not shown). 

In line with these observa tions, MD simula tions 
f ScTRPT1 

NAD lobe , AF2 ScTRPT1, MmTRPT1 

nd HsTRPT1 re v ealed that the RMSD value of 
cTRPT1 

NAD lobe is lower than that of the other mod- 
ls, whereas the RMSD value of AF2 ScTRPT1 is highest 
mong these structur es, r e v ealing the stab le conformation 

f ScTRPT1 

NAD lobe and the fle xib le conformation of 
ull-length ScTRPT1 (Figure 3 C). Moreover, the radius of 
yration (Rg) value for the ScTRPT1 

NAD lobe is found to be 
he smallest and is relati v ely stab le throughout the simula- 
ion process (Figure 3 C). In comparison, AF2 ScTRPT1 

s loosely folded, indicating that the full-length ScTRPT1 

as the largest degree of flexibility during simulation 

Figure 3 C). Taken together, all these r esults r e v ealed the
ntrinsic flexibility of the full-length ScTRPT1, which is 

ost pr obably pr o vok ed by the link er loop in ScTRPT1,
ontributing to ScTRPT1 degradation and NAD 

+ in- 
egrity during crystallization. Thus, we propose that the 
ntrinsic flexibility of ScTRPT1 may be associated with 

he low nucleic acid ADP-ribosylation activity. Indeed, the 
ucleic acid ADP-ribosylation activity of freshly prepared 

ull-length ScTRPT1 protein is obviously higher than 

hat of ScTRPT1 stored for a longer time (Figure 1 A; 
upplementary Figure S5B). 

AD 

+ recognition in ScTRPT1 

onsistent with MmTRPT1 and HsTRPT1, the shal- 
ow NAD 

+ -binding pocket occurs on the surface of the 
AD 

+ lobe (Figure 4 A). The adenine ring is clamped 

y the Ile127–Met136 pair, corresponding to the Ile135– 

ln143 / Ile140 

′ –Gln148 

′ pair in MmTRPT1 / HsTRPT1. 
imilar to hydrogen bond contacts with adenine in 

mTRPT1 and HsTRPT1, se v eral hydrogen bonds are 
lso observed between the adenine and its surrounding 

 esidues (Figur e 4 B). In detail, Ser134 (corresponding 

o Ser141 / Ser146 

′ in MmTRPT1 / HsTRPT1) forms a 

ydrogen bond with adenine-N7, Ala132 (correspond- 
ng to Gl y139 / Gl y144 

′ in MmTRPT1 / HsTRPT1) and 

er130 form hydrogen bonds with adenine-N6. The 
denosine ribose 2 

′ -OH forms bidentate hydrogen 

onds with His117 (corresponding to His125 / His130 

′ 
n MmTRPT1 / HsTRPT1) and Thr119 (corresponding 

o Thr127 / Thr132 

′ in MmTRPT1 / HsTRPT1) from the 
onserved HGT motif. In addition, a wa ter-media ted 

ydrogen bond network is formed between the adenosine 
ibose 3 

′ -OH, �-phosphate and Gly118 (corresponding to 

l y126 / Gl y131 

′ in MmTRPT1 / HsTRPT1) of the HGT 
otif. Another wa ter-media ted hydrogen bond network is 
lso observed between �-phospha te, �-phospha te, Ser137, 
rg138, His142, the distal ribose 2 

′ -OH and 3 

′ -OH. The 
icotinamide moiety is sandwiched by the Met157–Val187 

air, corresponding to the Asn191–Val193 / Asn196 

′ – 

al198 

′ pair in MmTRPT1 / HsTRPT1. The nicotinamide 
orms hydrogen bonds with His117 and Gl y118. To gether, 
he adenine ring, adenosine ribose, diphosphate and nicoti- 
amide are well stabilized by the surrounding residues via 

n e xtensi v e hydrogen bond networ k in ScTRPT1, and 

he binding modes for the adenine ring and adenosine 
ibose are conserved in both MmTRPT1 and HsTRPT1. 
imilarly, the ScTRPT1 mutants H117A–T119A, I127A– 

136A and R138A lacked the binding activity to NAD 

+ , 
s well as the enzymatic activity on ssRNA and ssDNA 

DP-ribosylation (Figure 4 C, D; see also Supplementary 

igures S5B and S6), demonstrating the conservation of 
AD 

+ binding to TRPT1s. 
The conserved His–Thr pair from the HGT motif in- 

olved in the binding of the adenosine ribose moiety is 
ound in all TRPT1 enzymes, diphtheria toxin-like bacterial 
RTs and se v eral mammalian PARPs, namely hPARP3, - 

, -10, -11, -12, -14 and -15 ( 18 , 27 , 31 , 32 ). Additionally, the
ssential Ile135–Gln143 / Ile140 

′ –Gln148 

′ pair sandwiching 

he adenine ring is relati v ely conserv ed in the TRPT1 fam- 
ly members, and is replaced by the Ile129–Met136 pair in 

cTRPT1 (Figure 3 D). Thus, we suggest that the interac- 
ions with both the adenine ring and adenosine ribose serve 
s an important entrance for NAD 

+ binding to TRPT1s, 
ince these interactions do not r equir e structural r earrange- 
ents in TRPT1s, they are crucial for both NAD 

+ bind- 
ng and catalysis, and they are conserved among TRPT1 

omologs. 

he dynamic recognition of NAD 

+ in TRPT1s 

he structural comparison of MmTRPT1 / HsTRPT1 

n a product-mimetic complex with ADPRp and of 
cTRPT1 

NAD lobe in a complex with NAD 

+ substrate 
rovides useful insights into the mechanism of NAD 

+ 

inding during the catalytic process. The ADP-ribose 
oiety shares an almost identical conformation with 

oth ADPRp and N AD 

+ , w hereas the disposition of 
he nicotinamide moiety connecting to the distal ri- 
ose in the ScTRPT1–NAD 

+ complex varies greatly 

ompared with 1 

′ ′ -PO 4 linked to the distal ribose in 

mTRPT1 / HsTRPT1 (Figure 5 A). In the TRPT1– 

DPRp complex, Ser162 / Ser167 

′ and Gl y163 / Gl y168 

′ 
orm hydrogen bonds with the distal ribose 2 

′ ′ -OH, and 

r g35 / Ar g40 

′ , L ys79 / L ys84 

′ and Ar g81 / Ar g86 

′ stabilize
he 1 

′ ′ -PO 4 in MmTRPT1 / HsTRPT1 (Figure 2 B). How- 
 v er, the corr esponding r esidues Ser155 and Gly156 ar e ab-
ent in the structure of the ScTRPT1 

NAD lobe –NAD 

+ com- 
lex, and no electron density is observed for Arg23, Lys69 

nd Arg71 (corresponding to Arg35 / Arg40 

′ , L ys79 / L ys84 

′ 
nd Ar g81 / Ar g86 

′ in MmTRPT1 / HsTRPT1) o wing to 

he RNA lobe degradation in ScTRPT1. The nicoti- 
amide moiety rotated ∼100 

◦ clockwise compared with 

 

′ ′ -PO 4 in MmTRPT1 / HsTRPT1, forming hydrogen 

onds with His117 and Gly118 from the conserved HGT 

otif in ScTRPT1 (corresponding to His125 / His130 

′ and 
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Figur e 4. N AD 

+ binding mode in the ScTRPT1 NAD lobe . ( A ) Surface electrostatic model of the NAD 

+ -binding cavity in the ScTRPT1 NAD lobe . The right 
view is rotated 90 ◦ around the horizontal axis relati v e to the left view. ( B ) Two-dimensional ligand interaction mode between ScTRPT1 and NAD 

+ . The 
hydrogen bonds are depicted as orange dashed lines, and the �-stacking interactions are depicted as green dashed lines. W1, W2 and W3 r epr esent water 
molecules 1, 2 and 3, respecti v ely. ( C ) The binding affinities of NAD 

+ for the indicated alanine mutants in ScTRPT1. The K d value was the average of three 
independent experiments. WT, wild type; N. B., non bound. ( D ) The ADP-ribosylation activities of the indicated alanine mutants in ScTRPT1 toward 
ssDN A and ssRN A with a 5 ′ -PO 4 end. The activity of each indicated mutant is normalized to the activity of the wild-type TRPT1. Data are represented 
as the mean ± SD as indicated from three independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gl y126 / Gl y131 

′ in MmTRPT1 / HsTRPT1, Figures 5 A
and 4 B). 

Gi v en that ADPRp is a mimetic product and NAD 

+

is a natural substrate, we superimposed the struc-
tures of MmTRPT1, HsTRPT1, AF2 ScTRPT1 and
ScTRPT1 

NAD lobe , and found that the nicotinamide moiety
from the structure of ScTRPT1 

NAD lobe generates se v ere
steric hindrance with serine and glycine from the donor loop
(Ser162 / Ser167 

′ / Ser155 

′ ′ and Gl y163 / Gl y168 

′ / Gl y156 

′ ′ ,
where ′ ′ indicates the parallel residue in ScTRPT1) (Figure
5 A). In addition, structural superimpositions between
the TRPT1–ADPRp complexes and their AlphaFold2
models (as apo-TRPT1s) re v eal that the most significant
structural variation in the acti v e groov e is the donor loop
(Figure 5 B). In the apo-TRPT1s model, the donor loop
is in an outward-facing conformation, whereas in the
ADPRp-bound TRPT1s, it exhibits an inward-facing
conformation, enabling the residues (Ser162 / Ser167 

′ and
Gl y163 / Gl y168 

′ ) from this loop to bind and accommodate
the distal ribose (Figures 2 B and 5 B). Importantly, the side
chain of Ser162 / Ser167 

′ rotated ∼180 

◦, and the hydroxyl
group moved ∼8 Å towards the ADPRp-binding site.
Meanw hile, Gl y163 / Gl y168 

′ shifted ∼2.9–4.1 Å towards
the ADPRp-binding site (Figure 5 B). Consequently, a
hydrogen bond network is formed between the distal ribose
moiety of ADPRp, Ser162 / Ser167 

′ and Gl y163 / Gl y168 

′
(Figure 2 B). These interactions are responsible for the
binding of the mimetic product ADPRp in the NAD 

+ lobe.
To provide more insights into the dynamics and struc-

tural properties of the TRPT1–NAD 

+ (or ADPRp)
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Figur e 5. N AD 

+ reco gnition dynamics in TRPT1s. ( A ) Structural superimpositions highlight the flipping of the nicotinamide moiety in the acti v e site. The 
arrow r epr esents the conformation change of NAD 

+ compar ed with ADPRp. The steric hindrance is pr esented by r ed lines. ( B ) Structural comparisons of 
TRPT1s with their AlphaFold2 models. Left panel, MmTRPT1; right panel, HsTRPT1. ( C ) Comparison of RMSF values between the apo state and ligand 
binding state. From left to right: HsTRPT1, MmTRPT1 and ScTRPT1. The donor loop ( �7– �8 loop) is framed by a blue dashed line. ( D ) The distance 
of ADPRp and R165 / 170 was monitored during MD simulation and plotted in the diagram, ADPR 

O2N and R165 / 170 NE (left panel), ADPRp O1A and 
R165 / 170 NH2 (right panel). 
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complex in solution, MD simulations were carried out for
TRPT1s and their respecti v e ligands. Compared with apo-
TRPT1s, the RMSF value of the donor loop was sub-
stantially reduced upon NAD 

+ or ADPRp binding (Figure
5 C). A previous study showed that the Arg139 in CthTPT1
(corresponding to Ar g165 / Ar g170 

′ / Ar g158 

′ ′ ) may function
as a key to open the NAD 

+ entry path by comparing
the CthTPT1 and a po-A peTPT1 structures ( 18 ). In the
complex structure of MmTRPT1 / HsTRPT1, the O2N and
O1A atoms of ADPRp are hydrogen-bonded to the NE and
NH2 atoms of Ar g165 / Ar g170 

′ , respecti v ely (Figure 2 B),
which is adjacent to Ser162 / Ser167 

′ and Gly163 / Gly168 

′
of the donor loop. Thus, the interactions between AD-
PRp and Ar g165 / Ar g170 

′ wer e monitor ed during MD sim-
ulation (Figure 5 D). In ∼20–60% of the 10 001 frames
with 100 ns simulation, Ar g165 / Ar g170 

′ adopt a closed
conformation in TRPT1s, in which the NE and NH2 of
Ar g165 / Ar g170 

′ are close to the O2N and O1A of ADPRp
(the distance between them is < 5 Å ), facilitating the bind-
ing with ADPRp. In ∼40–80% of frames, Ar g165 / Ar g170 

′
adopt open conformations in TRPT1s, in which the NE
and NH2 of Ar g165 / Ar g170 

′ are far away from ADPRp
(the distance between them is > 5 Å ) and do not inter-
act with ADPRp (Figure 5 D). Combining the conforma-
tional changes of Ser162 / Ser167 

′ and Gl y163 / Gl y168 

′ in
MmTRPT1 / HsTRPT1 crystal structur es (Figur e 5 B), these
r esults r e v ealed that the donor loop undergoes a signifi-
cant conformational change upon N AD 

+ binding, w hich is
largely dri v en by the displacement of the conserv ed serine,
glycine and arginine, making NAD 

+ reside in a favorable
orientation and facilitate the catalytic reaction. 

Indeed, the mutations of serine, glycine or serine–glycine
to tryptophan almost abolished the ADP-ribosylation ac-
tivity of TRPT1s (Supplementary Figure S5C), suggesting
that the flexibility of serine and glycine is important for plac-
ing the NAD 

+ in the correct orientation during the catalytic
process, and the bulky aromatic side chain of tryptophan
may impede the favorable conformation of NAD 

+ , leading
to abortion of the catalytic reaction. The high flexibility of
the donor loop indica tes tha t this loop may function as a
switch loop to facilitate the turnover of substrate and prod-
uct. The Ser–Gly–X–Arg sequence, termed the ‘SGR’ mo-
tif, from the dynamic donor loop is highly conserved among
eukaryotic TRPT1 members (Figure 3 D; Supplementary
Figure S7), indicating that eukaryotic TRPT1s could utilize
the common mechanism for NAD 

+ substrate recognition
and catalysis. In comparison, the SGR motif is substituted
by other amino acids and forms a small �-helix in bacte-
ria and archaea (Figure 3 D; Supplementary Figures S3 and
S7), gener ating significant structur al dif ference in the ca t-
alytic pocket among TRPT1 family members, which may
be associated with NAD 

+ binding di v ersity. 

The RNA binding mode in MmTRPT1 / HsTRPT1 

Nucleic acids work as another substrate of TRPT1s; the
IT C assays r e v ealed tha t the K d between ssDNA substra te
and ScTRPT1 is 11.6 ± 1.59 �M with 1:1 stoichiomet-
ric binding, and the K d values are 1.19 ± 0.067 �M and
0.39 ± 0.001 �M for ssDNA bound to MmTRPT1 and
HsTRPT1 respecti v ely, indica ting the higher binding af fin-
ity of nucleic acid for mammalian TRPT1 and lower affin-
ity of nucleic acid for ScTRPT1 (Figure 6 A; Supplementary
Table S4B). 

The electrostatic potential surface r epr esents a pos-
iti v ely charged clamp-like pocket in the RNA lobe
of MmTRPT1 / HsTRPT1 (Figure 6 B), mainly com-
posed of Ser27 / Ser32 

′ , L ys28 / L ys33 

′ , L ys79 / L ys84 

′ and
Ar g81 / Ar g86 

′ (equivalent to Ser15 

′ ′ , Lys16 

′ ′ , Lys69 

′ ′ and
Arg71 

′ ′ in ScTRPT1), which may be important for nucleic
acid substrate binding (Figure 6 B). Thus, a series of mu-
tational experiments were performed in MmTRPT1 and
HsTRPT1 to measure the enzymatic activities on nucleic
acid ADP-ribosylation. All MmTRPT1 mutants (S27A,
K28A, S27A–K28A, K79A and R81A) exhibit reduced
ADP-ribosylation activity (Figure 6 C; Supplementary
Figure S5A), while these mutants have binding affinities
for NAD 

+ similar to that of wild-type MmTRPT1 (Sup-
plementary Figure S4A; Supplementary Table S4A). In
particular, the double mutant S27A–K28A retained ∼17%
and 8% enzymatic activity towards ssDNA and ssRNA,
respecti v ely (Figure 6 C; Supplementary Figure S5A),
indica ting tha t the Ser27–Lys28 pair plays an important
role in the binding with nucleic acid substrate. Additionally,
the mutant K79A retained 60% and 21% enzymatic activity
towards ssDNA and ssRNA, respecti v ely, while the mutant
R81A retained 19.6% and 61% enzymatic activity towards
ssDN A and ssRN A, respecti v ely (Figure 6 C; Supplemen-
tary Figure S5A), suggesting that the residues Lys79 and
Arg81 play key roles in the pr eferr ed binding of ssRNA
and ssDNA, respecti v ely, which is in good agreement with
the general feature that arginine mainly binds to DNA, and
lysine prefers binding to RNA ( 33–35 ). 

Similar r esults ar e observed among the corr esponding
mutants in HsTRPT1 (Figure 6 C; Supplementary Fig-
ures S4B and S5A; Supplementary Table S4A), re v eal-
ing that the Ser27–L ys28 / Ser32 

′ –L ys33 

′ pair, L ys79 / L ys84 

′
and Ar g81 / Ar g86 

′ play significant roles in the nucleic acid
substrate binding of MmTRPT1 / HsTRPT1. We also sug-
gest that the functional redundancy in nucleic acid-binding
residues provides structural flexibility to accommodate dif-
ferent types of nucleic acid substrate. Sequence alignment
re v ealed that these nucleic acid-binding residues are highly
conserved in TRPT1-family proteins (Figure 3 D), indicat-
ing that TRPT1s employ a common nucleic acid binding
mode as observed in MmTRPT1 / HsTRPT1. 

TRPT1s emplo y div erse r esidues tow ar ds RNA 2 

′ -
phosphotr ansfer ase and ART activities 

Previous studies have reported that both MmTRPT1
and HsTRPT1 exhibit RNA 2 

′ -phosphotr ansfer ase ac-
tivity in vitro and are able to genetically complement the
lethal ScTrpt1 � knockout in S. cerevisiae ( 13 , 31 ). They
suggest that the mutants of essential residues for tRNA
2 

′ -phosphotr ansfer ase activity in MmTRPT1 / HsTRPT1
fail to complement the lethal ScTrpt1 � knockout in S. cere-
visiae . Thus we used the lethal phenotype generated in the
complementation assay in yeast to characterize the residues
contributing to RNA 2 

′ -phosphotr ansfer ase activity in
MmTRPT1 / HsTRPT1. The MmTRPT1 / HsTRPT1-
Ala alleles on modified p414 plasmid were tested for
the complementation of ScTrpt1 � in S. cerevisiae by
plasmid shuffling ( 18 , 27 ). The TRPT1s mutants I135A–
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A

B

C

Figur e 6. RN A binding mode in eukaryotic TRPT1s. ( A ) The ITC titrations of ssDNA with wild-type HsTRPT1, MmTRPT1 and ScTRPT1. ( B ) Surface 
electrostatic model of the RNA lobe in MmTRPT1 (left panel) and HsTRPT1 (right panel). The nucleic acid-binding r esidues ar e highlighted in white. 
( C ) The nucleic acid ADP-ribosylation activities of the indicated alanine mutants in HsTRPT1 and MmTRPT1. The enzymatic activity of each indicated 
mutant is normalized to that of wild-type TRPT1. Data are represented as the mean ± SD as indicated from three independent experiments. 
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143A / I140 

′ A–Q148 

′ A, H125A–T127A / H130 

′ A–T132 

′ A 

nd N191A–V193A / N196 

′ A–V198 

′ A failed to gi v e rise 
o 5-FOA-resistant colonies after incubation for 8 days, 
nd thus were deemed lethal in vivo (Figure 7 ; Supple- 
entary Figure S8), indicating that interactions with 

he adenine (Ile135–Gln143 / Ile140 

′ –Gln148 

′ ), adenosine 
ibose (His125–Thr127 / His130 

′ –Thr132 

′ ) and nicoti- 
amide (Asn191–V al193 / Asn196 

′ –V al198 

′ ) moieties of 
AD 

+ are essential for MmTRPT1 / HsTRPT1 RNA 
 

′ -phosphotr ansfer ase activity in vivo , which is in good 

greement with the previous study on Runella slithy- 
ormis TPT1 (RslTPT1) ( 27 ). Similarly, the interactions 
ith the adenine and adenosine ribose are essential for 
ucleic acid ADP-ribosylation activity (Figure 2 D; Sup- 
lementary Figure S5A), while the interaction with the 
icotinamide moiety is not necessary for nucleic acid ADP- 
ibosylation in MmTRPT1 / HsTRPT1, since the mutants 
191A–V193A / N196 

′ A–V198 

′ A retain partial enzymatic 
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Figure 7. TRPT1s adopt di v erse residues towards 2 ′ -phosphotr ansfer ase and ART activities. The RNA 2 ′ -phosphotr ansfer ase activity of the indicated 
HsTRPT1 / MmTRPT1 alanine mutants in ScTrpt1 � complementation was carried out by plasmid shuffling as indicated in the Materials and Methods. The 
NAD 

+ - and nucleic acid-binding r esidues ar e denoted as red and blue cir cles, r espectivel y. The catal ytic residues essential for RNA 2 ′ -phosphotr ansfer ase 
activity are shown as orange circles. The results are summarized in the top panel. Serial dilutions of the viable S. cer evisiaeT rpt1 � strains expressing wild- 
type (WT) MmTRPT1 (left) or HsTRPT1 (right) and the indicated mutants were spot-tested for growth on YPD agar at the temperature specified (bottom 

panel). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

activities on nucleic acid ADP-ribosylation (Supplementary
Figure S5A). 

Furthermore, we found that the mutants S27A–
K28A / S32 

′ A–K33 

′ A were lethal when tested for ScTrpt1 �
complementation, w hile the m utants K79A / K84 

′ A
grew as well as wild-type TRPT1s (Figure 7 ), re v ealing
that the Ser27–L ys28 / Ser32 

′ –L ys33 

′ pair, rather than
L ys79 / L ys84 

′ , is essential for RNA substrate binding in the
RNA 2 

′ -phosphotr ansfer ase activity in vivo . Considering
the functional redundancy of the Ser27–Lys28 / Ser32 

′ –
L ys33 

′ pair, L ys79 / L ys84 

′ and Ar g81 / Ar g86 

′ in nucleic
acid substrate binding during the process of nucleic
acid ADP-ribosylation, it suggests that the nucleic acid
substrate-binding residues may be different towards
2 

′ -phosphotr ansfer ase and ART, probably due to the
conformational di v ersity of different types of nucleic acid
substrate used in different catalytic reactions. 

The catalytic residues for 2 

′ -phosphotr ansfer ase activity
consist of Arg23, His24, Arg71 and Arg138 in ScTRPT1,
equivalent to Ar g35 / Ar g40 

′ , His36 / His41 

′ , Ar g81 / Ar g86 

′
and Ar g145 / Ar g150 

′ in MmTRPT1 / HsTRPT1 ( 31 ).
Ther efor e, all catalytic mutants were unable to grow on
agar medium containing 5-FOA, re v ealing their catalytic
roles in 2 

′ -phosphotr ansfer ase activity in vivo (Figure 7 ).
Similarl y, the m utants R35A / R40 

′ A, H36A / H41 

′ A and
R145A / R150 

′ A completely lacked nucleic acid ADP-
ribosylation activity (Figure 2 D; Supplementary Figure
S5A). Considering that Ar g35 / Ar g40 

′ and His36 / His41 

′
ar e not r equir ed for NAD 

+ binding (Figure 2 B, C), this
suggests that Ar g35 / Ar g40 

′ and His36 / His41 

′ play essen-
tial catalytic roles in the nucleic acid ADP-ribosylation
acti vity. Howe v er, the mutants R81A / R86 

′ A retained
∼20% and 50% ADP-ribosylation activity towards ssDNA
and ssRNA, respecti v ely (Figure 6 C; Supplementary
Figure S5A), indicating that Ar g81 / Ar g86 

′ , the essential
catalytic residue in 2 

′ -phosphotr ansfer ase, functions as
a redundant nucleic acid-binding residue, rather than a
catalytic residue, in the catalytic processes of ART. 

DISCUSSION 

The tRNA 2 

′ -phosphotr ansfer ase TRPT1 is an essen-
tial enzyme of the fungal tRNA splicing pathway that
catalyzes the transfer of RNA internal 2 

′ -phosphate to
NAD 

+ via a two-step reaction ( 14 , 16 , 17 ). TRPT1 homologs
ar e widespr ead across differ ent taxa, many of which do
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ot r equir e RNA 2 

′ -phosphotr ansfer ase activity in vi vo ,
uggesting that TRPT1 might catalyze other reactions, 
ather than only RNA 2 

′ -phosphate removal ( 18 ). Re- 
ent studies have shown that TRPT1 homologs from bac- 
eria, fungi and archaea possess ADP-ribosylation activ- 
ty towards nucleic acids, raising the prospect that nu- 
leic acid ADP-ribosylation is a conserved enzyme ac- 
ivity of TRPT1 family members across all domains of 
ife ( 1 , 9 , 11 , 13 ). Howe v er, the molecular mechanism of
RPT1-dependent nucleic acid ADP-ribosylation has re- 
ained unclear. In this study, we have determined the crys- 

al structures of HsTRPT1, MmTRPT1 and ScTRPT1 

ith their N AD 

+ substrates. Notabl y, the crystal struc- 
ures of HsTRPT1 and MmTRPT1 contain one AD- 
Rp molecule, while the degraded fragment of the Sc- 
RPT1 structure contains one NAD 

+ molecule. In our 
pinion, the ADPRp molecule in crystal structures of 
sTRPT1 and MmTRPT1 would be generated during the 

o-crystallization of HsTRPT1 / MmTRPT1 with NAD 

+ . 
s the N-terminal RNA lobe of TRPT1s is involved in nu- 

leic acid binding, endogenous E. coli nucleic acid (proba- 
ly 2 

′ -PO 4 branched RNA) can be co-purified with recom- 
inant TRPT1s. During the crystal growth stage, the re- 
ombinant TRPT1 proteins are able to catalyze these 2 

′ - 
O 4 br anched RNA substr ates to form ADP-ribose-1 

′ ′ ,2 

′ ′ - 
yclic phosphates, which are in turn hydrolyzed in situ to 

DPRp. Additionally, the ligand di v ersity in the structure 
f ScTRPT1 could also provide a strong support for our 
ypothesis. Owing to the degradation of the N-terminal 
NA lobe in ScTRPT1, ScTRPT1 cannot catalyze 2 

′ -PO 4 
r anched RNA substr ates to gener ate ADPRp, thus lead- 

ng to the original NAD 

+ substr ate, r ather than the ADPRp 

y-product, observed in the crystal structure of ScTRPT1. 
Ne xt, we inv estigated the detailed structural basis for 
 AD 

+ reco gnition, dynamic and biochemical analyses of 
hese TRPT1s. Our results highlight that: (i) all members 
f TRPT1s share a conserved core fold comprising an 

NA lobe and an NAD 

+ lobe, except for the differences 
n length and conformation of the linker loop and donor 
oop, whereby the linker loop may lead to the flexibility 

f the overall structure, and the donor loop could be as- 
ociated with the N AD 

+ reco gnition and catalysis; (ii) the 
onor loop with high flexibility mainly imparted by the con- 
erved SGR motif may serve as a switch loop to facilitate 
he turnover of substrate and product; (iii) several residues 
ocated on the RNA lobe contribute to nucleic acid bind- 
ng, and the functional redundancy of nucleic acid-binding 

esidues provides structural flexibility to accommodate al- 
ernati v e nucleic acid substrates, and the TRPT1s may bind 

he nucleic acid substrates using the common mode; and (iv) 
RPT1s adopt different catalytic residues and nucleic acid- 
inding residues towards RNA 2 

′ -phosphotr ansfer ase and 

RT activities. 
Additionally, as our results re v ealed that ScTRPT1 

ossesses intrinsic flexibility and low nucleic acid ADP- 
ibosylation activity, we suggest that the significant dif- 
erence in nucleic acid ADP-ribosylation activity among 

sTRPT1 / MmTRPT1 and ScTRPT1 may be attributed to 

he intrinsic flexibility of ScTRPT1 and the low binding 

ffinity of ScTRPT1 for nucleic acids (Figure 6 A). Howe v er, 
e cannot rule out the possibility that the activity difference 
n nucleic acid ADP-ribosylation could also be attributed to 

he discrepancy in the main reaction catalyzed by TRPT1s 
rom different species. 

P ARP family members, including P ARP1–P ARP3, 
 ARP10, P ARP11 and PARP15, are able to ADP- 
ibosylate protein and nucleic acid, while the PARP-like 
rotein TRPT1 is only able to ADP-ribosylate nucleic 
cid, indica ting tha t TRPT1 is dif ferent from PARP family 

embers. Structural comparison re v ealed that the TRPT1 

AD 

+ lobe is more compact than the canonical PARP 

atalytic domain (ADP-ribosyltr ansfer ase domain, ART 

omain) (Supplementary Figure S9A). The characteristic 
onor and acceptor loops in the ART domain ( 12 ) are 
lso observed in TRPT1s, while the two loops in TRPT1s 
r e differ ent from those of PARPs in orientation, length 

nd rigidity, all of which are potentially associated with 

heir di v erse enzymatic functions. The catalytic domain 

f P ARP1–P ARP5 contains a classical ART signature 
-Y-E motif, and a variant H-Y-I / L motif is observed 

n the mono(ADP-ribosyl)ases P ARP10, P ARP11 and 

ARP15 (Supplementary Figure S9B). Specifically, the 
lutamate in the H-Y-E motif is replaced with residues 
le 987 , Ile 320 and Leu 

637 in P ARP10, P ARP11 and P ARP15, 
especti v ely, correlating with their mono-ART activities 
 8 , 36 , 37 ). Structural comparisons re v ealed a variant H-H-
 motif composed of His 125 –His 149 –Val 193 in the NAD 

+ 

obe of MmTRPT1 (equivalent to His 130 –His 154 –Val 198 

nd His 117 –His 142 –Val 187 in HsTRPT1 and ScTRPT1, 
especti v ely), belonging to the H-H-h (hydrophobic) motif 
Supplementary Figure S9B) ( 36 , 38 ). The first histidine in 

he H-H-V motif is conserved in the classical H-Y-E motif, 
nd they play equivalent roles, contributing to the binding 

f both adenosine ribose and nicotinamide via hydrogen 

onds. The glutamate in the H-Y-E motif plays an essential 
atalytic role in the poly(ADP-ribose) tr ansfer ase activity, 
hile the glutamate is replaced by valine in TRPT1s, 
nly stabilizing the nicotinamide moiety. In addition, the 
yrosine in the H-Y-E motif is involved in distal ribose 
tacking ( 12 , 36 , 39 ), while the corr esponding r esidue in
RPT1 is histidine, which forms a hydrogen bond with 

he distal ribose. This suggests the significant di v ersities 
n NAD 

+ incorporation pattern between TRPT1s and 

ARPs. Together, the variant H-H-V motif in TRPT1 

s only involved in NAD 

+ substrate binding, and does 
ot possess a catalytic role compared with the classical 
-Y-E motif, consequently enabling TRPT1 to perform 

ono-ART activity using a different mechanism compared 

ith that of PARPs. 
Our biochemical data re v ealed that TRPT1s can exclu- 

i v ely ADP-ribosylate 5 

′ -phosphorylated nucleic acid sub- 
trates (Figure 1 A), re v ealing the significance of the phos- 
hate group from the substrate in the process of nucleic 
cid ADP-ribosylation, which is consistent with the previ- 
us studies ( 12 , 13 , 40 ). Combining these biochemical data, 
e hypothesize that TRPT1 catalyzes the ART reaction 

mploying the substrate-assisted catalysis mechanism, in 

hich the 5 

′ -PO 4 from the nucleic acid substrate functions 
s the nucleophile to attack the distal ribose C1 carbon 

f NAD 

+ and release the nicotinamide moiety of NAD 

+ 

, 
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leading to the covalent attachment of ADP-ribose to the 5 

′ -
PO 4 nucleic acid terminus. 

It has been reported that nucleic acid ADP-ribosylation
ma y pla y important roles in man y biological processes,
including epigenetics, DNA repair and replication
( 1 , 12 , 38 , 39 ), and Weixler et al . recently found that
di v erse cellular stressors can mediate nucleic acid ADP-
ribosylation in mammalian cells ( 11 ), raising an interesting
question of whether HsTRPT1 is associated with cancer
cell survival and proliferation in some way. Thus we carried
out pan-cancer in silico analysis of HsTRPT1 expression
between normal and primary tumor tissues using the RNA
sequencing data from the TCGA database. We found
that HsTRPT1 is aberrantly up-regulated in many types
of cancers, including cervical squamous cell carcinoma
(CESC), uterine corpus endometrial carcinoma (UCEC),
cholangiocarcinoma (CHOL) and bladder urothelial carci-
noma (BLCA), compared with the paired non-cancerous
tissues (Supplementary Figure S10A). Additionally, we
examined genetic alternations of TRPT1 in di v erse cancers
using the cBIOportal database, and found that gene ampli-
fication is the main alteration type (Supplementary Figure
S10B). In this study, we selected CESC for further analysis.
Using the ‘Histological subtype’ module, we observed
that fiv e CESC subtypes encompassing adenosquamous,
squamous cell, endocervical, mucinous and endometrioid
are included in the pan-cancer in silico analysis. It is shown
that TPRT1 is up-regulated in endocervical, endometrioid
and mucinous subtypes (Supplementary Figure S10C). We
further validated the high expression of TRPT1 in CESC
cell lines HeLa and C-33A compared with that in normal
human cervical epithelial cells, which are primary cervical
epithelial cells isolated from the normal cervical tissue
(Supplementary Figure S10D). 

To explore whether TRPT1 is associated with CESC cell
survival and proliferation, we knocked down HsTRPT1
in endocervical HeLa cells using two independent shRNAs,
and employed the two shRNAs for the following experi-
ments (Supplementary Figure S11A). The colon y f ormation
assays re v ealed that HsTRPT1 KD significantly reduced
the colon y-f orming ability of HeLa cells (Supplementary
Figure S11B, C). Meanwhile, the CCK-8 assays demon-
stra ted tha t HsTRPT1 KD markedly compr omised cell pr o-
liferation in HeLa cells (Supplementary Figure S11B, D).
Notab ly, the HsTRPT1 re-e xpression restored the colony-
forming capacity and cell proliferation in HeLa cells (Sup-
plementary Figure S11B, C, D). These results showed that
HsTRPT1 is able to promote endocervical HeLa cell sur-
vival and growth, indicating that mammalian TRPT1 may
be associated with CESC cell survival and proliferation.
Ther efor e, our r esults provide an inter esting clue for the po-
tential role of HsTRPT1 in mammalian cells. 

DA T A A V AILABILITY 

The a tomic coordina tes and structure factors for the
HsTRPT1–ADPRp, MmTRPT1–ADPRp and ScTRPT1–
NAD 

+ comple xes hav e been deposited in the Protein Data
Bank with the accession codes 7YW3, 7YW2 and 7YW4,
respecti v ely. Original images of gels and western blots are
shown in Supplementary Figures S12 and S13. 
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Supplementary Data are available at NAR Online. 
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