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Abstract

In various autoimmune diseases, dysfunctional TREX1 (Three prime Repair Exonuclease 1) leads to accumulation of endogenous single-stranded
DNA (ssDNA), double-stranded DNA (dsDNA) and DNA/RNA hybrids in the cytoplasm and triggers immune activation through the cGAS-STING
pathway. Although inhibition of TREX1 could be a useful strategy for cancer immunotherapy, profiling cellular functions in terms of its potential
substrates is a key step. Particularly important is the functionality of processing DNA/RNA hybrids and RNA substrates. The exonuclease
activity measurements conducted here establish that TREX1 can digest both ssRNA and DNA/RNA hybrids but not dsRNA. The newly solved
structures of TREX1-RNA product and TREX1-nucleotide complexes show that 2’-OH does not impose steric hindrance or specific interactions
for the recognition of RNA. Through all-atom molecular dynamics simulations, we illustrate that the 2’-OH-mediated intra-chain hydrogen bonding
in RNA would affect the binding with TREX1 and thereby reduce the exonuclease activity. This notion of higher conformational rigidity in RNA
leading TREX1 to exhibit weaker catalytic cleavage is further validated by the binding affinity measurements with various synthetic DNA-RNA
junctions. The results of this work thus provide new insights into the mechanism by which TREX1 processes RNA and DNA/RNA hybrids and

contribute to the molecularlevel understanding of the complex cellular functions of TREX1 as an exonuclease.
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Introduction

Three prime repair exonuclease 1 (TREX1) is a crucial en-
zyme in mammalian cells, consisting of an N-terminal nucle-
ase domain and a C-terminal transmembrane domain. TREX1
acts as a 3/-to-§’ exonuclease in the cytoplasm and the nu-
cleus, and has multiple roles in cells (1-3). Under normal
conditions, TREX1 is anchored at the endoplasmic reticu-
lum (ER) membrane, where it degrades endogenous DNA to
prevent induction of the nucleic acid-mediated immune re-
sponse. Dysfunction of TREX1 leads to accumulation of cy-
tosolic nucleic acids and a range of autoimmune diseases, such
as Aicardi-Goutiéres syndrome (AGS), systemic lupus erythe-
matosus (SLE), retinal vasculopathy, cerebral leukodystrophy
and familial chilblain lupus (FCL) (4-6). As TREX1 acts as
an upstream negative regulator of innate immunity, inhibiting
its activity may enhance the response of innate immunity, and
holds potential for use in cancer immunotherapy (7,8). Fur-
thermore, the nuclease activity of cytosolic TREX1 is linked
to the antiviral response, particularly against RNA viruses
(9,10).

On the other hand, TREX1 is known to play a role in DNA
repair under genotoxic stress conditions, such as UV radia-
tion and benzo(a)pyrene exposure. In the presence of such
stress, TREX1 is overexpressed and translocated to the nu-
cleus, where it participates in various DNA repair pathways
by regulating poly(ADP-ribose) polymerase 1 (PARP-1) (11)
or by directly targeting the damaged DNA (3,12-15). The
functions of regulating cytosolic immunity and participating
in nuclear DNA repair are both highly linked to the com-
plex exonuclease activity and substrate selection mechanisms
of TREX1. Thus, it is crucial to understand the catalytic prop-
erties of TREX1 exonuclease activity at an atomic level in
order to uncover its mysterious cellular functions for target-
ing TREX1-related diseases. Originally, TREX1 was consid-
ered as an exonuclease that specifically targets single-stranded
DNA (ssDNA) (12,16). However, later studies showed that
TREX1 can also process double-stranded DNA (dsDNA)
(3,17,18), and the unwinding of the double-stranded struc-
ture is regulated by its Leu24-Pro25-Ser26 (LPS) cluster,
its working partner (HMGB-2) and the protein concentra-
tion (3). Until now, many questions about the properties of
TREX1’s exonuclease activity remain unanswered, such as
whether TREX1 is also an RNase and whether it plays a role
in processing DNA/RNA hybrids, an essential intermediate in
regulating innate immunity and DNA repair.

TREX1 is a member of the DEDDh exonuclease family
and adopts a general two-metal ion mechanism for cataly-
sis similar to other members (3,19,20). The DEDDh family
is named after the four catalytic residues (DEDD; Asp, Glu,
Asp and Asp) and the general base (h; His) for the nucle-
ase reaction (20). This family includes thousands of mem-
bers across a wide range of species from bacteria to humans,
some of which possess both DNase and RNase activities in the
metabolic processes of DNA and RNA. For example, the Es-
cherichia coli homolog of TREX1, RNase T, plays important
roles in DNA repair as well as in RNA maturation (21,22).
The TREX1 structures complexed with ssDNA (12,23,24),
dsDNA (3,17,18) and deoxyribonucleotides such as dTMP
(24,25) and dAMP (26) presented an atomic basis for under-
standing the DNA catalytic mechanism and provided valu-
able insight into the molecular origin of the diseases caused by
TREX1 mutations. The RNase activity of TREX1, however,
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has only been confirmed through in vitro activity assays (27).
Lacking quantitative measurement regarding TREX1-RNA
and TREX1-ribonucleotide binding and structural informa-
tion on TREX1-RNA and TREX1-ribonucleotide complexes
makes it difficult to understand how TREX1 binds and pro-
cesses RNA substrates in the presence of 2’-OH on ribose.
The preference for TREX1 in terms of substrate sequence
and structures is particularly important to reveal its cellular
functions related to RNA metabolism. Furthermore, TREX1
and RNase T exhibit distinct activities in digesting DNA and
RNA substrates, and the mechanisms by which they distin-
guish substrates would provide key insights toward under-
standing the specific catalytic properties of DEDDh exonucle-
ases. Interestingly, although TREX1 and RNase T are DEDDh
exonucleases that both can process DNA as well as RNA (21),
they display distinct forms of dimerization structures (28), and
the residues stacking the substrate are different (29). A better
structural understanding of such functional properties would
shed light on the physiological function of TREX1 in process-
ing RNA substrates and establish a framework for analyzing
DEDDh exonucleases in terms of DNase and RNase activities.

Cytosolic TREX1 acts to degrade both ssDNA and ds-
DNA in the cytoplasm to prevent DNA buildup, which trig-
gers the cGAS-STING DNA sensing pathway of type-I inter-
feron (IFN) production and immune system activation (13).
Dysfunctional TREX1 was also observed in the immune sys-
tem activation of autoimmune diseases through the accumu-
lation of DNA/RNA hybrids (30), i.e. they are potentially
TREX1 substrates. In cells infected with human immunode-
ficiency virus (HIV), TREX1 was shown to break down the
non-productive HIV reverse transcripts, such as ssDNA and
dsDNA, to prevent detection by cytosolic nucleic acid sen-
sors, to suppress [IFN production and to avoid the activation
of antiviral innate immune responses (9,31-33). Furthermore,
in Trex1~/~ mouse embryonic fibroblasts (MEFs), the accu-
mulation of HIV-1 DNA/RNA hybrids and IFN production
were similarly observed (9), suggesting the functional role of
TREX1 in digesting non-productive HIV reverse transcripts
in the form of DNA/RNA hybrids. In addition, iz vitro nucle-
ase activity assays indicated that TREX1 can process the DNA
strand as well as the RNA strand in a DNA/RNA hybrid (27).
These findings suggest that DNA/RNA hybrids could be natu-
ral substrates of TREX1. However, a quantitative understand-
ing of TREX1 in processing ssDNA, ssRNA, dsDNA, dsRNA
and DNA/RNA hybrids is lacking. To uncover the complex
regulation of innate immunity and DNA repair, it is also cru-
cial to compare the activity of TREX1 with that of other
enzymes, such as RNase H2, that can process DNA/RNA
hybrids.

In this study, we investigate the activity of TREX1
against various types of nucleic acids, including DNA, RNA,
DNA/RNA hybrids and specially synthesized DNA-RNA
junctions. The binding affinity of TREX1 for these substrates
is measured using quantitative methods. Furthermore, we de-
termine the first structure of a TREX1-RNA product com-
plex and uncover new structures of TREX1 in complex-
ing ribonucleotides as well as deoxyribonucleotides. Together,
the study reveals previously unavailable structural informa-
tion regarding the effect of 2’-OH on exonuclease cleavage.
Our results show that RNA and DNA/RNA hybrids are
substrates of TREX1, although the activity of digestion is
lower compared with that of processing ssDNA. A combina-
tion of the structural analysis with molecular dynamics (MD)
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simulation reveals that the 2’-OH in RNA modulates the con-
formational rigidity through intra-chain hydrogen bonding,
leading TREX1 to exhibit distinctive catalytic properties com-
pared with the processing of DNA. Our results also indicate
that the rigidity of RNA through 2’-OH-mediated intra-chain
hydrogen bonding may be a key property in the catalysis of
other DEDDh exonucleases, such as RNase T, to distinguish
DNA and RNA substrates, and could be useful in under-
standing the functionalities of other nucleic acid-binding pro-
teins. Our establishment of TREX1 digesting RNA without
sequence preference is in contrast to the behavior of RNase T.
The cellular cooperation of TREX1 with HMGB-2 or RNase
H2 in processing various substrates is also discussed. These
findings provide new insights into the mechanism of TREX1
in processing RNA and DNA/RNA hybrids and lay the foun-
dation for a better understanding of the complex cellular func-
tions of TREX1 as an exonuclease.

Materials and methods

Protein expression and purification

Full-length (encoding amino acids 1-314) and truncated
(encoding amino acids 1-242 and 11-242; only the nucle-
ase domain) trex1 genes of Mus musculus (UniProt:Q91XB0)
were inserted into the Ndel/Xhol or BamHI/Xhol site of the
pET28a vector. The full-length and truncated mTREX1 were
employed in biochemical assays, while the truncated (amino
acids 1-242) and the N-terminal flexible region-removed
mTREX1 (amino acids 11-242) were used for crystallization.
The E. strain BL21-CodonPlus (DE3)-RIPL (Stratagene, USA)
transformed with the expression plasmids were incubated in
Luria-Bertani (LB) medium with 50 pg/ml kanamycin, 35
ug/ml chloramphenicol and 25 ug/ml streptomycin. When
the ODggpp of the cell cultures reached ~0.6-0.7, 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) was added to in-
duce protein expression at 18°C for 20 h. The harvested
cells were disrupted by a high-pressure cell homogenizer
(NanoLyzer N2, Gogene Corp. Taiwan) in 50 mM Tris—HCI
pH 8.0 containing 300 mM NaCl. The crude protein was
centrifuged at 4°C, 13 000 rpm for 30 min to separate the
supernatant. TREX1 was further purified from the super-
natant sequentially by a HiTrap TALON crude affinity col-
umn (Cytiva), a HiTrap Heparin HP column (Cytiva) and
a HiLoad 16/60 Superdex 200 prep grade column (Cytiva).
The purified TREX1 in 50 mM Tris-HCI, pH 7.0, and 300
mM NaCl was concentrated to ~28 mg/ml and stored at
-20°C. Three recombinant mTREX1 proteins were purified
by the same procedures. The TREX1 mutants (H195A and
L24A) were generated by QuickChange site-directed mutage-
nesis kits (Stratagene) and purified by the same procedures as
for wild-type mTREX1.

Nuclease activity assays

The mTREX1 proteins were mixed with various 5’-FAM-
labeled nucleic acids (0.5 uM) at 37°C for 30 min in 120
mM NaCl, 20 mM Tris pH 7.0 and 2 mM MgCl,. The se-
quences of substrates are listed in Supplementary Table S1.
After adding 2 x TBE-urea sample dye and boiling at 95°C for
5 min, the mixtures were subjected to 20% TBE-urea dena-
turing polyacrylamide gel electrophoresis (PAGE). The FAM-
labeled nucleic acid digestion patterns were detected by a blue
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light-emitting diode (LED) and an electron-multiplying CCD
(EMCCD).

Intrinsic tryptophan fluorescence (ITF)

A 30 pl aiquot of 40 uM protein was mixed into a 270 pl
solution containing ligand, 120 mM NaCl and 20 mM Tris—
HCI at pH 7.0 with or without 2 mM MgCl,. The reaction
was allowed to proceed at room temperature for 10 min. For
the samples of guanosine or its derivatives, the solution con-
tained 10% Dimethyl sulfoxide (DMSO). All samples were ex-
cited at 270 nm. The emission spectrum was measured with 1
nm bandwidth resolution at 290 and 500 nm wavelengths by
FluoroMax Plus (Horiba Instruments Inc.) with a 1 ml quartz
cuvette. Three measurements were taken for each sample and
averaged. The fluorescence intensity collected at 350 + 3 nm
was used for analysis. To verify that the aromatic rings of nu-
cleotides would not interfere with ITF signals, a concentra-
tion of 4096 uM of nucleotides was tested under identical ex-
perimental conditions without protein (Supplementary Figure
S6). The spectra and the fluorescence intensity at 350 & 3 nm
from three independent repetitions were employed for anal-
ysis using the GraphPad Prism 8 software. The dissociation
constant (Ky) was derived from data by the one-site binding
(hyperbola) model: Y = B x X/(Ky + X), with X being the
ligand concentration and By,.x being the maximum number of
binding sites.

Crystallization and structure determination

His-tagged truncated mTREX1 (amino acids 1-242 and 11-
242) was concentrated at 24-36 mg/ml for crystallization.
Protein and input DNA, RNA or nucleotide were mixed for 10
min before crystallization by the vapor diffusion method. The
nucleic acid sequence and crystallization conditions are listed
in Supplementary Table S2. All data were collected at BL13B1
and BL15A1 in NSRRC, Taiwan, or at the BL44XU at SPring-
8, Japan. The data were processed by HKL2000 and deter-
mined by the molecular replacement method using Balbes of
online-CCP4. The models were refined by Phenix and built by
Coot. All statistics of data collection and refinement are listed
in Table 1.

All-atom MD simulation

The all-atom models of TREX1 bound with ssDNA and ss-
RNA were constructed based on the X-ray structure of the
TREX1-DNA complex (PDB code: S5YWS) with the posi-
tions of missing atoms patched using the CHARMM soft-
ware (34). The last six DNA residues in SYWS were re-
tained as the substrate sequence (GCCATC) in the TREX1-
DNA simulation, and the (GCCAUC) substrate sequence was
used in the TREX1-RNA simulation. The CHARMM36 pro-
tein (35) and nucleic acid (36) all-atom force fields were em-
ployed to calculate molecular interactions in the potential en-
ergy function, while the GROMACS software (Abraham ez
al. GROMACS 2023 Manual. 2023; https://doi.org/10.5281/
zenodo.7588711.) was used to conduct MD simulations. Both
TREX1-DNA and TREX1-RNA systems were solvated in
a dodecahedron box of TIP3P water with at least 1.0 nm
between any protein atom and the periodic boundary, and
counter ions at 1.4 mM ionic strength. The cut-off of van
der Waals (VDW) and short-range electrostatic interactions
was 1.2 nm with a switching function effective at 1.0 nm, and
the long-range electrostatics were calculated by Fast smooth
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Table 1. Data collection and refinement statistics (molecular replacement)
mTREX1-RNA mTREX1-DNA mTREX1- mTREX1-
product complex  product complex =~ mTREX1-CMP mTREX1-UMP dAMP uridine
(AMP) (dNMP) complex complex complex complex
Nucleotide/ AMP dCMP/dGMP CMP UMP dAMP Uridine
Nucleoside
PDB ID 8HCC 8HCD SHCE SHCF SHCG SHCH
Data collection
Space group P1211 P1211 P212121 P212121 P3221 P1211

Cell dimensions

a, b, c (A) 71.197, 86.433, 67.680, 81.284, 64.041, 85.655, 64.031, 85.771, 92.585,92.58S, 67.632,81.149,
75.218 93.209 100.034 100.035 67.440 93.653

o B,y (%) 90, 97.598, 90 90, 103.688, 90 90, 90, 90 90, 90, 90 90, 90, 120 90, 103.514, 90

Resolution (A) 30.00-2.00 30.00-2.00 30.00-1.50 30.00-1.60 30.00-1.80 30.00-2.00
(2.07-2.00) (2.07-2.00) (1.53-1.50) (1.66-1.60) (1.86-1.80) (2.03-2.00)

Rgym or Riperge (%) 7.4 (47.7) 7.3 (46.8) 4.1 (47.6) 5.3 (49.0) 7.1 (48.7) 6.3 (49.5)

1/ ol 25.07 (3.37) 23.32 (2.66) 36.77 (2.51) 46.13 (3.34) 44.91 (3.43) 27.14 (2.20)

Completeness (%) 99.9 (99.9) 99.6 (99.3) 96.2 (95.6) 99.9 (100.0) 99.9 (99.9) 99.6 (99.6)

Redundancy 4.1 (4.0) 4.4 (3.9) 4.5 (4.2) 7.6 (7.3) 9.2 (7.8) 4.3 (3.9)

CC1/2 NA (0.797) NA NA (0.766) NA (0.895) NA (0.866) NA (0.725)

ccr NA (0.942) NA NA (0.931) NA (0.972) NA (0.964) NA (0.917

Refinement

Resolution (A) 27.16-2.0 28.8-2.0 25.23-1.5 22.83-1.6 27.64-1.8 24.69-2.0

No. of reflections 60 984 65997 85156 73 185 31315 66 276

Ryork/Riree 16.72/20.97 19.51/24.03 15.72/19.04 15.29/17.95 16.58/19.33 18.69/22.76

R.m.s. deviations

Bond lengths (A) 0.009 0.017 0.01 0.013 0.012 0.004

Bond angles (°) 1.03 1.35 1.08 1.27 1.14 0.68

Ramachandran plot statistics (%)

Favored region 98.88 98.07 99.55 99.55 99.53 98.83

Allowed region 1.12 1.93 0.45 0.45 0.47 1.17

Outlier region 0 0 0 0 0 0

B-factor (A2)

All 32.98 37.77 29.76 29.29 40.26 42.34

Protein 32.53 37.19 26.55 27.16 38.84 42.11

Nucleotide/ 36.26 40.78 53.82 52.46 62.51 46.06

nucleoside

Water 37.38 42.6 45.36 40.39 47.3 45.58

Each structure was obtained from a single crystal.
Values in parentheses are for the highest resolution shell.

The overall CC1/2 and CC* values were not reported by the version of HKL2000.
The dataset of SHCD was processed in 2012 with no CC1/2 and CC* values reported by the version of HKL2000.

Particle-Mesh Ewald with a grid spacing of 0.1 nm. During
the all-atom MD simulations, all covalent bonds associated
with a hydrogen atom were constrained at the equilibrium
distance. After 4 ns of heating and equilibration, the produc-
tion run was conducted at 310 K and 1.103 bar for 2 ps. The
sampled configurations were saved every 10 ps for analysis.
To determine the statistical uncertainties of hydrogen bond-
ing strengths, the trajectory was equally divided into four
independent blocks by using a longer duration between the
snapshots.

Fluorescence anisotropy measurements

The serial 2-fold dilutions of mMTREX1 (amino acids 1-242)
were separately mixed with FAM-labeled nucleic acids (MD-
Bio, Inc.) into 300 ul aliquots. These mixtures containing 5
nM nucleic acid and different concentrations of mTREX1
were equilibrated at room temperature for 30 min in 120 mM
NaCl, 20 mM Tris pH 7.0 and 20 mM EDTA. The fluores-
cence signals were measured by a fluorescence spectrometer,
FluoroMax Plus (Horiba Instruments Inc.), equipped with a
linear polarizer (TECHSPEC High Contrast Plastic Linear Po-
larizers, Edmund Optics). The fluorescence anisotropy, r, was
calculated as » = (IyyIun)/(Ivaluv + 2 Iyuly), with I being

the fluorescence signal intensity of FAM and subscripts H and
V indicating the horizontal and vertical orientation of the exci-
tation and emission polarizers, respectively. Each fluorescence
signal of FAM was the average over 5 s with 494 nm exci-
tation (1 nm slit) and 520 nm emission (5 nm slit). All three
independent repeat data were analyzed using the GraphPad
Prism 8 software. The fluorescence anisotropy was plotted as a
function of the mTREX1 concentration. These binding curves
were fitted into the software built-in non-linear regression fit-
ting mode, Y = Bnax X X/(Ky4 + X) + Background x Kg4/(Ky
+ X), to attain the dissociation constant Ky values. Here, Byjax
is the maximum fluorescence anisotropy signal of the satura-
tion binding curve and Background is the basic fluorescence
anisotropy signal of free nucleic acids.

Results

TREX1 processes ssRNA and the RNA strand in
DNA/RNA hybrids

To understand the molecular basis of TREX1 in processing
RNA and DNA/RNA hybrids, mouse TREX1 (mTREX1) is
expressed and purified for biochemical and structural analy-
sis. The length and sequence of mMTREX1 closely resemble the
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Figure 1. Catalytic properties of truncated and full-length TREX1 on various DNA and RNA substrates. (A-D) Nuclease activity assays of truncated
mMTREXT (nuclease domain only, amino acids 1-242) on digesting ssDNA (20 mer), dsDNA (20 bp), ssRNA (20 mer), dsRNA (20 bp), DNA/RNA hybrid (20
bp) and the DNA-RNA junction (20 mer). The concentrations of substrates used in the reactions are 0.5 uM. The black circle with the letter F represents
FAM. The black and gray strands represent DNA and RNA strands, respectively. (E) Nuclease activity assays of truncated mTREX1 on digesting duplex

RNA with a 5 nt long 5" overhang or a 5 nt long 3" overhang and Y-shaped. The

double-strand structure of RNA blocks mTREX1's activity, even when the

concentration of MTREX1 reaches 2000 nM. (F) Assays of TREX1 exonuclease activity in the presence or absence of mouse HMGB-2 with various
double-stranded substrates. TREX1 cleaves dsDNA and DNA/RNA hybrid more efficiently in the presence of HMGB-2 but still cannot digest dsRNA.

those of human TREXT1 isoform b more than isoforms a and ¢
(27),and the domain structure is shown in Supplementary Fig-
ure STA. The His-tagged wild-type (amino acids 1-314), trun-
cated and mutated mTREX1 expressed in E. coli were purified
to homogeneity through chromatographic methods, as con-
firmed by sodium dodecylsulfate (SDS) electrophoresis (Sup-
plementary Figure S1A, B). The exonuclease activity of trans-
membrane domain-truncated mTREX1 (amino acids 1-242,
consisting only of the nuclease domain) was examined by in-
cubation with FAM-labeled ssDNA, dsDNA and DNA/RNA
hybrids. The result shows that mMTREX1 digests ssDNA with
higher activity and processes the DNA strand in DNA/RNA
hybrids with similar rates to that in the degradation of dsDNA
(Figure 1A, D).

Truncated mTREX1 displays a higher activity in digest-
ing ssRNA than cutting the RNA strand in DNA/RNA hy-
brids, and no activity is observed in processing dsRNA (Fig-
ure 1B, D). This result shows that mTREX1 also functions
as an RNase with an activity approximately half that of its
DNase role. This property is established based on the early
digestion patterns of ssDNA and ssRNA substrates at concen-
trations of 40 and 80 nM, respectively (Figure 1A, B). The dif-
ferent levels of mMTREX1 activity in processing DNA and RNA
can also be seen in the accumulation of bands when using an
RNA-DNA junction as the substrate (Figure 1C). Full-length
mTREX1 (amino acids 1-314) and truncated mTREX1 ex-
hibit similar catalytic properties in processing the RNA sub-
strates (Supplementary Figure S1D). The active site mutant,

truncated mTREX1 H195A, demonstrates very limited ac-
tivity in breaking down various DNA and RNA substrates,
thereby supporting that the exonuclease activity observed in
the nuclease activity assays originates from mTREX1 (Supple-
mentary Figure S2A).

In targeting DNA/RNA hybrids, mTREX1 displays a
higher activity in digesting the DNA strand than in degrad-
ing the RNA strand (Figure 1D). To better assess the strand-
specific activity of TREX1 toward DNA/RNA hybrids, the 3’
end of the DNA strand is labeled with biotin to prevent exces-
sive digestion and thereby expose the RNA strand as ssRNA.
The results show that mMTREX1 can digest the RNA strand in
DNA/RNA hybrids but with a lower activity than the degra-
dation of ssRNA and the DNA strand in DNA/RNA hybrids
(Figure 1D).

The most notable difference between the DNase and RNase
activity of mTREX1 is that even at 2 uM mTREXI, i.e.
25 times the necessary concentration for digesting ssRNA,
dsRNA remains intact (Figure 1B). On the other hand, only
2-fold the enzyme concentration for ssDNA digestion is re-
quired for TREX1 to process dsDNA or DNA/RNA hybrids
(Figure 1A, D). Using Y-structural duplex RNA or duplex
RNA with 3’ or § overhangs as substrates, mTREX1 can
remove the single-stranded 3’-overhang region but not the
double-stranded parts (Figure 1E). Regarding the processing
of double-stranded substrates, previous studies showed that
the presence of a cellular working partner HMGB-2 can el-
evate the activity of TREX1 (3). To determine the impact of
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Figure 2. Overall and active site structures of mTREX1-RNA product and mTREX1-DNA product complexes. (A) The overall structure of mTREX1 in
complex with the RNA product, adenosine monophosphate (AMP). The two monomers of the TREX1 dimer are colored pink and warm pink,
respectively. The light blue balls are Mg ions. (B) A close up view of the active site of the mTREX1-RNA product complex. Hydrogen bonds are shown as
blue dotted lines. (C) The surface structure of the active site of the mTREX1-RNA product complex. (D) Schematic representation of the interactions
between mTREX1 and AMP (E-G) The superposition of various RNA products (AMP), DNA products (ACMP and dGMP) and nucleotides. The

phosphates of nucleotides are displayed as balls.

HMGB-2 on the digestion of DNA/RNA hybrids and dsRNA,
mouse HMGB-2 (mHMGB-2; Supplementary Materials and
methods; Supplementary Figure S1B) is purified and included
in the nuclease activity assay. The results show that the ad-
dition of mHMGB-2 indeed raises the catalytic efficiency of
TREX1 against dsDNA and DNA/RNA hybrids but does not
affect the inability to cut dsRNA (Figure 1F).

To better assess the RNase activity of mTREX1 in com-
parison with other RNases, such as RNase H1 and RNase
H2, mouse RNase H1 and H2 (mRNase H1 and H2) are ex-
pressed and purified into homogeneous states (Supplementary
Materials and methods; Supplementary Figure S1C). The re-
sult shows that the RNA strand in DNA/RNA hybrids be-
gins to break down at mRNase H1 and H2 concentrations of
80 and 40 nM, respectively (Supplementary Figure S2B). For
reference, the required concentration of mMTREX1 for ssRNA
digestion is 80 nM. These in vitro experiments indicate that
the RNase activity levels of these three mouse nucleases are
within a similar range.

Crystal structures of mTREX1 complexed with DNA
or RNA products

To reveal the previously unavailable structural information on
the mechanism by which the 2’-OH affects RNA processing,
the crystal structures of mMTREX1 in complexation with DNA
or RNA products were determined. With the various RNA or
DNA substrates digested by mTREX1 during crystallization,
only a single nucleotide is left in the active site. Two struc-
tures of mMTREX1 complexed with the DNA or RNA prod-

uct are obtained at 2.0 A resolution. The AMP and dGMP
in our structures of the TREX1-RNA product complex and
the TREX1-DNA product complex align well with the 3'-
ended deoxyribonucleotides observed in the previously solved
structures of TREX1-DNA substrate complexes [including ss-
DNA (PDB code: 20A8) (26) and dsDNA (PDB code: 5YWS)
(3); Supplementary Figure S3]. This analysis also indicates an
RNA or DNA product-bound form of TREX1 in our newly
solved structures. For comparison, additional structures of
mTREX1-deoxyribonucleotide or mTREX1-ribonucleotide
complexes were determined at 1.5-1.8 A resolution. The crys-
tallization conditions, data collection and refinement statis-
tics of these five structures are shown in Supplementary Ta-
ble S2 and Table 1. The F,—F. omit maps for the various nu-
cleotides in these structures reported in Supplementary Figure
S3B display a clear and precise fit with the structures of the
nucleotides.

The structure of the mTREX1-RNA product complex
(AMP) showcases a traditional dimeric conformation of
mTREX1, with two magnesium ions and AMP filling the
active site. The base region of AMP is stacked by Leu24
and Ile84 (Figure 2A, B). To verify the critical role of Leu24
in stacking RNA, the purified L24A mutant of TREX1 is
shown to have reduced RNase activity (Supplementary Fig-
ure S2C). In comparison with the mTREX1-DNA structure,
the extra 2'-OH group in the ribonucleotide interacts with
the main chains of Gly23 and Ala21 and the side chain of
Tyr129 through hydrogen bonds (Figure 2B, D). The three-
dimensional structure of the ribonucleotide with the ex-
tra 2’-OH group fits well into the active site of mTREX1,
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Figure 3. The ITF measurement of the K4 between mTREXT and various nucleotides. (A and B) Quantification of the Ky between TREX1 and AMP or
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demonstrating hindrance-free binding with the ribonucleotide
(Figure 2C).

To understand how substrate binding depends on the
base structure, the ribonucleotides in the mTREX1-RNA
product (AMP) and mTREXI-ribonucleotide (CMP and
UMP) structures as well as the deoxyribonucleotides in the
mTREX1-DNA product (dGMP and dCMP) and mTREX1-
deoxyribonucleotide (dAMP) structures were superposed.
Our analysis reveals that AMP, CMP and UMP all align
well, with the scissile phosphate and ribose in identical
positions (Figure 2E). Similarly, superimposing the deoxyri-
bonucleotides shows consistent results (Figure 2F). To explore
the difference between deoxy- and ribonucleotides, a compari-
son of the superimposed structures of dAMP and AMP shows
a consistent binding position, except for the absence of the
2’-OH group in the former (Figure 2G). In addition, superpo-
sition with AMP, dAMP (26) and dTMP (24) deoxyribonu-
cleotides solved in earlier TREX1 structures also shows simi-
lar positions (Supplementary Figure S4). Overall, our analyses
demonstrate that the binding positions, relative positions and
residues interacting with TREX1 are highly similar across var-
ious deoxyribonucleotides and ribonucleotides.

mTREX1 exhibits similar affinity with
deoxyribonucleotides and ribonucleotides

Previous studies showed that TREX1 and its homolog TREX2
function as non-processive exonucleases by excising one nu-
cleotide at a time from the 3’ end of a DNA substrate (37—
39). Without the transmembrane domain, TREX2 shares
>40% sequence identity with TREX1 in the nuclease do-
main and similar substrate preferences (39). The structures
of TREX2 and TREX1 dimers also exhibit homology (Sup-
plementary Figure S5A). The TREX2 active site is a narrow
pocket and can host the 3’-end nucleotide product. Due to
the closed TREX2 active site with only one entrance, the
3’-end nucleotide of a new substrate cannot enter the ac-

tive site unless the previously cleaved duplex DNA and nu-
cleotide are released. This structural feature was recognized
as the cause of the inability of TREX2 to carry out proces-
sive processing of duplex DNA (39). Along the same line, our
analysis of the mTREX1-RNA product complex and previ-
ous TREX1-substrate complex structures (PDB code: 5YWS)
(3) reveals that mTREX1 has a similar active site structure,
with the cleaved nucleotide adopting a similar conformation
(Supplementary Figure S5). Therefore, TREX1 exhibits non-
processive enzyme catalysis as does TREX2.

For non-processive exonucleases, the product release rate
is critical in determining the catalytic efficiency, and investi-
gation of TREX1 binding with deoxyribonucleotides and ri-
bonucleotides sheds light on the molecular origin of substrate
preference. In this regard, intrinsic tryptophan fluorescence
(ITF) is employed to measure the binding affinity of mMTREX1
for different nucleotides. The aromatic ring of nucleotides is
shown not to interfere with the ITF signals (Supplementary
Figure S6). The results depicted in Figure 3 and Supplemen-
tary Figure S7 indicate that the equilibrium dissociation con-
stant (Ky) of mTREX1 with AMP, dAMP, CMP, dCMP, GMP
and dGMP falls between 130 and 210 uM, with no specific
difference between deoxyribonucleotides and ribonucleotides.
Despite the two-metal ion catalysis (19,20), similar K4 values
are obtained in the absence of Mg?* ions and, under such so-
lution conditions, a difference between binding deoxyribonu-
cleotides and ribonucleotides is also not observed (Figure 3D;
Supplementary Figure S8). This finding suggests that the ad-
ditional 2’-OH group on ribose does not affect binding, and
the product release rates of TREX1 in processing DNA and
RNA are expected to be similar.

The mTREX1-uridine structure reveals that 2’-OH
does not impose steric hindrance

The structure of the mTREX1-uridine complex is determined
for further elucidation of the role of 2’-OH, and the K4 of
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Figure 4. The ITF measurement of Ky between mTREX1 and various nucleosides. (A and B) Quantification of the Ky between TREX1 and adenosine (A)
or deoxyadenosine (dA) in the presence of 2 mM MgCl,. The dissociation constants are calculated using a one-site binding model. (C) Comparison of
the binding between A (red) and dA (black). X is the A or dA concentration. (D) The Ky of TREX1 with various nucleosides and deoxynucleosides in the
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representation of the interactions between mTREX1 and uridine. (F) The superposition of CME UMP and uridine showing the well-fit structures of
nucleotides and nucleosides. (G) Superposition of the general base, His195, in the TREX1-uridine, TREX1-UMP and TREX1-CMP complex structures.

His195 is closer to uridine in the TREX1-uridine complex structure.

mTREX1 with various nucleosides and deoxynucleosides is
measured using ITFE. The results presented in Figure 4 and Sup-
plementary Figure S9 indicate that 2’-OH does not lead to a
significantly different affinity for TREX1 to bind nucleosides
and deoxynucleosides (Figure 4D). The residues involved in
interacting with uridine and 2’-OH are identical to those in
nucleotides (Figure 4E). The structural alignment of uridine
and UMP also reveals similar positions in the active site of
mTREX1, with the main difference being that the general base
His195 is closer to uridine (Figure 4F, G).

Intra-chain hydrogen bonding in RNA affects
binding with TREX1

The above analysis illustrates that the 2’-OH of the last nu-
cleotide of RNA does not lead to structural hindrance in the
active site pocket and has an insignificant effect on the bind-
ing affinity and the product release rate with TREX1. What
then is the molecular origin of the apparently different cat-
alytic power of TREX1 in digesting ssDNA and ssRNA (Fig-
ure 1)? Since the intra-chain interactions mediated by 2'-OH
play a key role in leading to the different mechanical proper-
ties of DNA and RNA (40), their distinct rigidities could be an
important feature in causing the apparently lower efficiency
for TREX1 to process RNA substrates. To test this hypothe-
sis, all-atom MD simulations of TREX1 bound with six base

long ssDNA or RNA (ssRNA) were conducted in an aqueous
environment with explicit solvent (each atom in water is ex-
plicated represented in the simulation model) (Figure 5). The
analysis of each simulation is based on a 2 ps production run
collected at 300 K and 1 atm. As shown in Supplementary
Figure S10, the TREX1 structural core hosting DEDD con-
tains three B-strands and two helices, and shows a very small
(<1.0 A) and plateaued Cy-atom RMSD (root-mean-square
difference) values over the trajectory, indicating robustness in
the conformation. The 124-140 segment containing the he-
lix of Asp130 and the substrate contacting Tyr129 (cf. Figure
2B), for example, shows a <1.0 A C,-RMSD evaluated after
aligning the trajectory snapshots with respect to the core Cy
positions in the reference X-ray structure (hlx4 in Supplemen-
tary Figure S10). Other structural segments around the DNA
or RNA substrate, such as the 174-188 segment and the loop
containing the His195 general base, on the other hand, ex-
hibit significantly larger positional variation (Supplementary
Figure S10, hlx6 and 1195). Therefore, the TREX1-DNA and
TREX1-RNA interactions are subject to heterogeneous struc-
tural flexibilities in the protein dynamics, and could be modu-
lated by specific intra-chain hydrogen bonding in the substrate
to affect the binding with TREX1.

Given the structure of a snapshot, the occupancy of a hy-
drogen bond is counted as 1.0 if the donor—acceptor distance
is <3.0 A and the donor hydrogen—acceptor angle is >150°.
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the two systems were conducted in explicit solvent for 2 us of the production run. (B) The hydrogen bond occupancy averaged over the production run
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in base 6. (C) The hydrogen bond occupancy averaged over the production run between substrate residues. In both (B) and (C), occupancy values are

averaged over those of the two protomers.

A permanent hydrogen bond would thus have an averaged
1.0 occupancy over the trajectory, and the interaction strength
between a substrate sequence and TREX1 is the sum of all
hydrogen bond occupancies mediated by the DNA or RNA
residue. An example of persistent interaction in the simulation
of the TREX1 complex is between one of the non-bridging
oxygen atoms in the phosphodiester bond of base 6 and one
of the active site Mg?* ions. The 1.0 value of this interaction
is included in the total occupancy between TREX1 and the
3’-end residue in Figure 5B. The >1.0 occupancy (~1.75) of
base 6 in TREX1-DNA thus indicates the presence of addi-
tional hydrogen bonding, whereas the 1.0 value of the base in
TREX1-RNA shows that the Mg?*—backbone coupling is the
dominant 3’-end interaction with the substrate.

Figure 5B indicates that the hydrogen bonding of DNA or
RNA with TREX1 primarily occurs at the last three bases
at the 3’ end, and the TREX1-DNA occupancy is evidently
higher than that of TREX1-RNA. Consistent with the X-ray
structures of TREX1, Glu20, Ala21, Tyr129 and His195 con-
tribute significant portions in the occupancy with ssDNA base
6, primarily with backbone phosphate oxygens and ribose
03’ and O4'. Additional details of the protein~-DNA interac-
tions toward the 5" end are discussed in Supplementary Figure
S11. Although the overall interaction pattern observed in the
TREX1-RNA simulation is similar, the occupancy values are
much lower. The statistically significant signals of the TREX1-
nucleic acid hydrogen bonding strengths shown in Figure 5B
suggest that the TREX1-DNA binding would be stronger
than that of TREX1-RNA and is consistent with TREX1 hav-
ing lower activity in processing ssRNA than that in digesting
ssDNA. With 2’-OH, ssRNA indeed exhibits significant intra-
chain hydrogen bonding, mostly between 2’-OH and the ri-
bose O4’ of neighboring bases, in the all-atom MD simulation
while ssDNA does not (Figure 5C). The RMSF (root-mean-
square fluctuation) values of the 3’-end residues that TREX1
interacts with are thus consistently lower in ssRNA than those
in ssDNA, (Supplementary Figure S11), indicating the reduced
structural flexibility due to the intra-chain hydrogen bonding
in the substrate. The higher rigidity in ssRNA thus comes with
weaker coupling with TREX1. The analysis of MD simulation
shows that although the 2’-OH does not introduce steric hin-
drance, it mediates higher intra-chain rigidity, and the lower
flexibility in the polymer chain would affect TREX1 binding.

The binding affinity of mTREX1 on various DNA
and RNA substrates

The structural analysis demonstrates that the 2’-OH in RNA
does not cause steric hindrance, and all-atom MD simulations
indicate that the intra-hydrogen bonds of RNA play a cru-
cial role in the lower activity of TREX1 against RNA sub-
strates. To further test this mechanism, we synthesized FAM-
labeled ssDNA and ssRNA for measuring the Ky of the bind-
ing of mMTREX1 with DNA, DNA-RNA junction and RNA
substrates by fluorescence anisotropy (Figure 6A, B; Supple-
mentary Figure $12).

Consistent with the prediction of all-atom MD simulations,
our results show that ssDNA indeed has a higher binding
affinity (lower K4) for mTREXT1 than does ssRNA. The Ky of
ssDNA was measured to be 77.7 £ 6.0 nM, but the TREX1-
ssRNA binding does not reach saturation, with an estimated
Ky of 58 973.0 &+ 11 302.0 nM. To further investigate the
impact of 2’-OH of a single ribonucleotide on DNA, a 20 nt
long DNA-RNA junction substrate is synthesized (ss19D1R)
to have 19 nt long ssDNA and a 3’-end ribonucleotide. The
binding affinity of ss19D1R for mTREX1 is reduced by ~40%
compared with the ssDNA 20 mer, indicating that the single
2’-OH at the 3’-ended ribonucleotide is a contributing fac-
tor to mTREXT1 binding, although the impact is lower com-
pared with that of ssRNA. However, when another 20 nt long
DNA-RNA junction substrate is used, which consists of 17
mer ssDNA plus three continuous ribonucleotides at the 3’
end (ss17D3R), the K4 in the presence of more intra-chain
hydrogen bonding decreases dramatically by ~500-fold com-
pared with the 20 mer ssDNA and is close to the value of
binding ssRNA (Figure 6A, B). The result is also consistent
with our all-atom MD simulations showing that TRE1-DNA
and TREX1-RNA binding primarily couple with the last three
residues at the 3’ end. Our study establishes that intra-chain
hydrogen bonding in RNA is a critical effector for binding
with TREX1.

With double-stranded substrates, TREX1 shows a binding
affinity in the order of DNA/RNA hybrids > dsDNA >>
dsRNA (K4 = 102.0 £ 8.0,139.4 £ 17.2 and > 65 535 nM,
respectively) (Figure 6B). This finding is consistent with the re-
sult presented earlier (Figure 1A) that the activity of mTREX1
in digesting DNA/RNA hybrids is slightly higher than that of
degrading dsDNA. This result further corroborates that the
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Figure 6. Fluorescence anisotropy measurements of truncated mTREX1 on various substrates. (A) Fluorescence anisotropy of ssDNA20 (ssDNA 20
mer), ssRNA20 (ssRNA 20mer), ssDNA19 + RNAT1 (synthesized ssDNA-ssRNA junction, including ssDNA 19 mer and one 3’-ended ribonucleotide) and
ssDNA17 + RNA3 (synthesized ssDNA-ssRNA junction, including ssDNA 17 mer and 3’-ended ssRNA 3 mer). The substrates labeled with FAM at the 5’
end are plotted as a function of added mTREX1 protein. (B) The dissociation constants (Ky) of mTREX1 binding various nucleic acid substrates, including
ssDNA20, ssDNAT9 + RNA1 (ss19D1R), ssDNA17 + RNA3 (ss17D3R), ssRNA20, dsDNA20 (dsDNA 20 bp), DNA/RNA hybrid (DNA/RNA hybrid 20 bp),
dsDNA19 + RNA1 (ss19D1R anneals to ssDNA 20 mer) and dsRNA20 (dsRNA 20 bp). The symbol * indicates that for binding curves that do not reach
saturation, Ky values are estimated by extrapolation, and the Ky values of ssRNA and ss17D3R are ~58 973 and 39 608 pM, respectively. The

extrapolated Ky of dsRNA20 is >65 535 nM.

natural substrates of TREX1 would involve DNA/RNA hy-
brids in addition to dsDNA. On the other hand, dsRNA is
not a preferred substrate of TREX1, which can only digest the
single-stranded 3’ overhang of dsRNA (Figure 1E). Notably,
the K4 of ss19D1R annealed to complementary ssDNA is in
between those of dSsSDNA and DNA/RNA hybrid, suggesting
that the single 2’-OH does not cause steric hindrance to affect
the binding of TREX1. In summary, our biochemical studies
support the structural and protein dynamics analysis in this
work, indicating that the 2’-OH affects the conformation and
rigidity of RNA and thereby impacts mTREX1 binding. In
general, the binding affinity of TREX1 for dsRNA is signifi-
cantly lower than that for dsDNA, indicating that the confor-
mational and mechanical differences mediated by 2’-OH are
important properties for the distinct interactions of dsSRNA
and dsDNA with TREX1.

RNase T shows a similar binding preference for the
distinct catalytic activities over DNA and RNA
substrates

To examine whether the aforementioned mechanism of
TREX1 in distinguishing DNA and RNA substrates could
be observed in other DEDDh exonucleases, RNase T was
purified in a standard protocol (21), and the nuclease ac-
tivity, binding ability and product-releasing rates were mea-
sured by using activity assay, electrophoretic mobility shift
assay (EMSA) and ITE respectively (Supplementary Figure
S13). The results show that similar to TREX1, RNase T ex-
hibits higher nuclease activity and binding affinity on the
ssDNA substrate than those toward the ssRNA substrate.
The K4 values of RNase T in binding with AMP and dAMP
that do not have intra-chain hydrogen bonding, on the other
hand, are similar, which is also consistent with the case of
TREX1. This result suggests that intra-chain hydrogen bond-
ing is also an important effector for the substrate binding of
RNase T and potentially other exonucleases in the DEDDh
family.

TREX1 exhibited a sequence preference for processing
RNA substrates, preferring adenine (A) over cytosine (C) and
uracil (U), as indicated in previous studies (27). The E. coli ho-
molog RNase T, on the other hand, showed a different behav-
ior of solely excluding cytosine (C), and the specific structural
features of RNase T can be used to understand the molecu-
lar mechanism (22,29). However, our biochemical and struc-
tural studies here illustrate a different pattern, unlike the pre-
vious work in which TREX1 showed a sequence preference
for RNA substrates. To investigate this further, various ssRNA
substrates with random sequences or five repeated A, C or U
are synthesized. RNase T, an exonuclease with a C-effect that
cannot digest RNA or DNA substrates containing repeated C
(22,41,42), is used as a control. The results show that RNase T
can digest the RNA substrates of random sequences but can-
not process the RNA with five repeated C, indicating signif-
icant sequence preference (Figure 7A). Even at 2 uM RNase
T, ~3.3-fold the concentration that completely degrades the
random-sequence RNA substrates, the poly(C) substrate re-
mains intact. When the full-length and truncated mTREX1
are mixed with these RNA substrates, both mTREX1 pro-
teins display non-sequence-dependent digestion patterns with
no specific band accumulation at the repeated sequences. The
digestion efficiency and cleavage band patterns of TREX1 are
similar for all RNA substrates (Figure 7B). These findings sug-
gest that TREX1 is an RNase without significant sequence
preference.

Based on previous structural analysis, RNase T prevents the
removal of the 3’-end C by two features (22,29), with Glu73
interacting with the base via two hydrogen bonds, and two C-
filter phenylalanine residues (Phe29 and Phe73) stacking the
3’-end C, thereby causing the scissile phosphate of 3’-end C to
move up and prevent the digestion by RNase T (Figure 7C).
This mechanism indicates the three key residues and the move-
ment of scissile phosphate of 3’-ended nucleotide as indicators
for sequence specificity. However, the three residues are not
conserved in TREX1, with Gly80 not interacting with the base
region of the 3’-ended nucleotide, and Leu24 and Ile84 not
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Figure 7. Biochemical and structural analysis of the sequence preference of TREX1. (A) Nuclease activity assay of RNase T on ssRNA with a random
sequence (ssRNA 20-2) or poly(C)—poly(U) repetitive sequence (ssRNA 20 5C5U). (B) Nuclease activity assay of truncated and full-length mTREX1 on
ssRNA with a random sequence (ssRNA 20-2) or repetitive sequences, such as ssRNA 20 5C5U, ssRNA 20 5A5C and ssRNA 20 5U5C. The cleavage
patterns are similar. (C) The left panel shows the essential residues for the C-effect of RNase T. The right panel shows the structural comparison of
RNase T binding with the preferred substrate (ssDNA with 3’ end A; PDB code:3V9X) versus binding with the non-preferred substrate (ssDNA with 3’
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(D) The residues of TREX1 interacting with the 3’-ended nucleotide. Superposition of the nucleotides in the TREX1-AMP complex and TREX1-UMP
complex structures. The positions of the scissile phosphates are almost identical.

serving as C-filter residues. According to another study (27),
on the other hand, TREX1 could prefer the A base but not U.
However, the structural analysis in this work shows that the
positions of scissile phosphate of A and U are almost identi-
cal (Figure 7D). Both the biochemical and structural evidence
collected here does not support that TREX1 has a significant
sequence preference in processing RNA.

Discussion

The mechanism by which TREX1 distinguishes
DNA and RNA substrates

Substrate binding affinity and product release rate are crit-
ical factors for the different DNase and RNase activities
of TREX1. As a non-processive exonuclease, TREX1 dis-
tinguishes DNA and RNA substrates primarily with distinct
binding strengths and exhibits similar product release rates.
Structural analysis and critical affinity measurements show
that the extra 2’-OH does not impair the release rate (Fig-
ures 2—4) for various products such as nucleosides and nu-
cleotides. Therefore, substrate binding is likely to be the cru-
cial factor for rendering the different DNase and RNase ac-
tivities of TREX1.

According to the structural analysis conducted in this work,
the 2’-OH at the 3’-end nucleotide of a substrate interacts with
TREX1 through several hydrogen bonds and does not lead to
steric hindrance (Figure 2). Furthermore, TREX1 can also ac-
commodate the other 2'-OH groups besides the last nucleotide
of ssSRNA substrates without causing steric hindrance (27),
indicating that steric hindrance is not an important factor.
Our all-atom MD simulations and binding assays using single-
stranded DNA-RNA junctions as substrates (Figure 6B) indi-
cate that the 2’-OH in RNA mediates higher conformational
rigidity in the polymer chain and leads to weaker binding be-
tween TREX1 and RNA substrates. Additional studies are
conducted here to show that this mechanism is also impor-
tant in RNase T and potentially other exonucleases.

For the clear inability of TREX1 to process dsRNA, the
A-form structure of dsRNA (43) involves significantly differ-
ent rigidities compared with those in the B-form structure of
dsDNA (40). Recent studies also highlight that the RNA sec-
ondary structure affects the binding with protein molecules
(44). Furthermore, when TREX1 binds to dsDNA, the disease-
related Argl28 is inserted into its minor groove and inter-
acts with the non-scissile strand via several hydrogen bonds
(Supplementary Figure S14) (3). Formation of this interaction
between TREX1 and dsRNA could thus be affected due to
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the different structure and mechanical properties, leading to
low binding affinity and nuclease activity. Interestingly, the
activity levels of DNA/RNA hybrids are similar to those of
dsDNA, which calls for further development of mechanistic
understanding.

The cellular function related to the RNase activity
of TREX1

While ssDNA and dsDNA are both TREX1 substrates, the
double-stranded structure of dsRNA blocks the RNase ac-
tivity even when the TREX1 concentration is raised to 25-
fold the necessary concentration for digesting ssRNA or
when HMGB-2 is added to enhance the activity for digest-
ing double-stranded substrates (Figure 1F). Similar to the case
of RNase T (22,29), the property of TREX1 in processing
the single-stranded 3’ overhang but stopping at the double-
stranded structure would be an important feature in RNA
maturation, but the detailed participation of TREX1 requires
further studies. On the other hand, even though both TREX1
and RNase T cannot digest dsRNA, the molecular mecha-
nisms are different. Firstly, unlike RNase T, TREX1 does not
show sequence specificity toward RNA substrates (Figure 7).
Secondly, RNase T is a dimeric DEDDh exonuclease, and the
two monomers bind the scissile strand and the non-scissile
strand of a double-stranded substrate for digestion (21,22,29).
TREXI1 is also a dimeric DEDDh exonuclease, but the ar-
rangement of the two monomers adopts a different orienta-
tion (28) such that the scissile or non-scissile strand of differ-
ent substrates is bound independently. The structural origin of
dsRNA blocking the activity of TREX1 and RNase T is thus
expected to be different, which calls for additional TREX1-
RNA complex structures to reveal the details.

TREX1 is involved in the DNA/RNA hybrid
metabolism

TREX1 mutations were shown to lead to AGS disease and
the accumulation of DNA/RNA hybrids in cells (30). On the
other hand, HIV utilizes TREX1 to degrade non-productive
HIV reverse transcripts to evade the immune system (9). In-
terestingly, when the HIV-1 DNA/RNA hybrid is imported
into Trex1~/~ MEFs, the viral-induced immune activation is
turned on, suggesting that the HIV DNA/RNA hybrids are
also non-productive HIV reverse transcripts and that TREX1
can play the role of processing the unwanted genetic mate-
rial (9). In addition, the nuclease activity of TREX1 is related
to controlling retroelement transposition (4,13). These studies
show the possible cellular pathways of TREX1 in processing
DNA/RNA hybrids.

Another interesting question is whether TREX1 and an-
other AGS-related nuclease, RNase H2, work together in pro-
cessing DNA/RNA hybrids. Mutations in TREX1 and RNase
H2 were shown to lead to very similar autoimmune diseases,
suggesting that they function in the same pathway and share
common DNA/RNA hybrid substrates derived from endoge-
nous retroelements (45). The exonuclease activity of TREX1
combining the endonuclease activity of RNase H2 may in-
crease the efficiency in processing DNA/RNA hybrids. A po-
tential mode of cooperation is that TREX1 processes the DNA
and RNA strands of the DNA/RNA hybrid after RNase H
(4,46) to increase efficiency. Consistent with this hypothesis,
our nuclease activity measurements show that the activity lev-
els of the two nucleases are similar (Figure 1; Supplementary
Figure S2). However, TREX1 is located at the ER in the cy-
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toplasm, but RNase H2 is a nuclear protein. As such, these
two nucleases might work sequentially, with the DNA/RNA
hybrid exported to the cytoplasm for TREX1 digestion after
the endonucleolytic process of RNase H2. Another possibil-
ity is that TREX1 translocates into the nucleus to work with
RNase H2, as the translocation property of TREX1 was ob-
served in the presence of genotoxic stresses (12-14). On the
other hand, RNase H2 was shown to recognize and digest the
DNA/RNA hybrid in the R-loop to prevent DNA breaks and
inflammation and maintain genomic integrity (47,48). Recent
studies show that the R-loop, a type of DNA/RNA hybrid
intermediate, is also associated with DNA repair, especially
in the repair of double-strand breaks (DSBs) (49-52). Similar
to TREX1, these studies show that RNase H2 may also be
associated with various DNA repair pathways. Interestingly,
SAMHD1, the third protein related to DNA/RNA hybrid ac-
cumulation and AGS, acts at stalled replication forks and is
important for replication restart under replication stress re-
sponse (53). Whether these three AGS-related nucleic acid-
binding proteins working in similar DNA repair pathways,
and how the DNA repair pathways interfere with the inter-
feron induction-related immune response are practical issues
that need to be addressed further.

Data availability

The datasets generated and analyzed in the current study
are available from the corresponding author upon rea-
sonable request. The coordinates of all the structures ad-
dressed in this work are available in the Protein Data
Bank (wwPDB), including the structures determined in this
study, under accession code SHCC (mTREX1-RNA prod-
uct complex), 8HCD (mTREX1-DNA product complex),
8HCE (mTREX1-CMP complex), 8HCF (mTREX1-UMP
complex), SHCG (mTREX1-dAMP complex) and 8HCH
(mTREX1-uridine complex), and in previous studies (PDB
IDs 20A8, 2I0C, 204G, 3NHO0, 3V9X, SYWT, SYWU,
SYWS and 6A45).

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

Portions of this research were performed at the National Syn-
chrotron Radiation Research Center (BL-13B1, BL-13C, BL-
15A1 and TPS-05A), a national user facility supported by the
National Science Council of Taiwan, ROC. The Synchrotron
Radiation Protein Crystallography Facility is supported by the
National Core Facility Program for Biotechnology.

Author contributions: K.-W.H., C.-Y.W., S.-L.T., T.-C.L., C.-
LT, Y.-H.L., A.-J.C. and K.-W.G. performed experimental
studies. J.-W.C. performed all-atom molecular dynamics simu-
lations. Y.-T.K., J.-W.C. and Y.-Y.H. designed experiments and
analyzed data. J.-W.C. and Y.-Y.H. wrote, reviewed and edited
the manuscript. Y.-Y.H. supervised the work.

Funding

The Young Scholar Fellowship (Columbus) Program and
Taiwan Excellent Youth Scholar Grant of the Ministry of
Science and Technology (MOST) and National Science and
Technology Council (NSTC) [MOST 110-2636-B-009-009,


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad910#supplementary-data

Nucleic Acids Research, 2023, Vol. 51, No. 21

MOST 111-2636-B-A49-006, NSTC 112-2636-B-A49-004
and NSTC 112-2628-B-A49-008-MY3 to Y.-Y.H.]. This study
has received partial support from the ‘Center for Intelligent
Drug Systems and Smart Bio-devices (IDS2B)’ and the ‘Smart
Platform of Dynamic Systems Biology for Therapeutic Devel-
opment’ projects, both funded under The Featured Areas Re-
search Center Program within the framework of the Higher
Education Sprout Project provided by the Ministry of Edu-
cation (MOE) in Taiwan. Additionally, partial funding has
been provided by the Research Center for Epidemic Preven-
tion and One Health, National Yang Ming Chiao Tung Uni-
versity (MOST111-2321-B-A49-007--and NSTC 112-2321-
B-A49-005-).

Conflict of interest statement

None declared.

References

1.

10.

11.

12.

Hoss,M., Robins,P., Naven,T.]., Pappin,D.]J., Sgouros,]. and
LindahL,T. (1999) A human DNA editing enzyme homologous to
the Escherichia coli DnaQ/MutD protein. EMBO J., 18,
3868-3875.

. Mazur,D.]. and Perrino,EW. (1999) Identification and expression

of the TREX1 and TREX2 ¢DNA sequences encoding mammalian
3’— 5’ exonucleases. J. Biol. Chem., 274, 19655-19660.

. Huang,K.W., Liu,T.C,, Liang,R.Y., Chu,L.Y., Cheng,H.L., Chu,].W.

and Hsiao,Y.Y. (2018) Structural basis for overhang excision and
terminal unwinding of DNA duplexes by TREX1. PLoS Biol., 16,
€2005653.

. Volkman,H.E. and Stetson,D.B. (2014) The enemy within:

endogenous retroelements and autoimmune disease. Nat.
Immunol., 15, 415-422.

. Kavanagh,D., Spitzer,D., Kothari,P.H., Shaikh,A., Liszewski,M.K.,

Richards,A. and Atkinson,].P. (2008) New roles for the major
human 3°-5” exonuclease TREX1 in human disease. Cell Cycle, 7,
1718-1725.

. Rice,G.I., Rodero,M.P. and Crow,Y.]. (2015) Human disease

phenotypes associated with mutations in TREX1. J. Clin.
Immunol., 35,235-243.

. Vanpouille-Box,C., Alard,A., Aryankalayil, M.]., Sarfraz,Y.,

Diamond,].M., Schneider,R.]J., Inghirami,G., Coleman,C.N.,
Formenti,S.C. and Demaria,S. (2017) DNA exonuclease Trex1
regulates radiotherapy-induced tumour immunogenicity. Nat.
Commun., 8, 15618.

. Hemphill,W.O., Simpson,S.R., Liu,M., Salsbury,ER., Hollis, T.,

Grayson,].M. and Perrino,EW. (2021) TREX1 as a novel
immunotherapeutic target. Front. Immunol., 12, 660184.

. Yan,N., Regalado-Magdos,A.D., Stiggelbout,B., Lee-Kirsch,M.A.

and Lieberman,]. (2010) The cytosolic exonuclease TREX1
inhibits the innate immune response to human immunodeficiency
virus type 1. Nat. Immunol., 11, 1005-1013.

Hasan,M., Koch,J., Rakheja,D., Pattnaik,A.K., Brugarolas,].,
Dozmorov,l., Levine,B., Wakeland,E.K., Lee-Kirsch,M.A. and
Yan,N. (2013) Trex1 regulates lysosomal biogenesis and
interferon-independent activation of antiviral genes. Nat.
Immunol., 14, 61-71.

Miyazaki,T., Kim,Y.S., Yoon,]., Wang,H., Suzuki,T. and
Morse,H.C. 3rd (2014) The 3’-5> DNA exonuclease TREX1
directly interacts with poly(ADP-ribose) polymerase-1 (PARP1)
during the DNA damage response. J. Biol. Chem., 289,
32548-32558.

Yang,Y.G., Lindahl,T. and Barnes,D.E. (2007) Trex1 exonuclease
degrades ssDNA to prevent chronic checkpoint activation and
autoimmune disease. Cell, 131, 8§73-886.

13

14.

1S.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

11939

. Stetson,D.B., Ko,].S., Heidmann,T. and Medzhitov,R. (2008) Trex1

prevents cell-intrinsic initiation of autoimmunity. Cell, 134,
587-598.

Christmann,M., Tomicic,M.T., Aasland,D., Berdelle,N. and
Kaina,B. (2010) Three prime exonuclease I (TREX1) is Fos/AP-1
regulated by genotoxic stress and protects against ultraviolet light
and benzo(a)pyrene-induced DNA damage. Nucleic Acids Res.,
38, 6418-6432.

Kim,S.H., Kim,G.H., Kemp,M.G. and Choi,J.H. (2022) TREX1
degrades the 3” end of the small DNA oligonucleotide products of
nucleotide excision repair in human cells. Nucleic Acids Res., 50,
3974-3984.

Wolf,C., Rapp,A., Berndt,N., Staroske,W., Schuster,M.,
Dobrick-Mattheuer,M., Kretschmer,S., Konig,N., Kurth,T.,
Wieczorek,D., et al. (2016) RPA and Rad51 constitute a cell
intrinsic mechanism to protect the cytosol from self DNA. Naz.
Commun., 7,11752.

Zhou,W., Richmond-Buccola,D., Wang,Q. and Kranzusch,P.J.
(2022) Structural basis of human TREX1 DNA degradation and
autoimmune disease. Nat. Commun., 13,4277.

Grieves,].L., Fye,].M., Harvey,S., Grayson,].M., Hollis,T. and
Perrino,E.W. (2015) Exonuclease TREX1 degrades
double-stranded DNA to prevent spontaneous lupus-like
inflammatory disease. Proc. Natl Acad. Sci. USA, 112, 5117-5122.
Steitz,T.A. and Steitz,].A. (1993) A general two-metal-ion
mechanism for catalytic RNA. Proc. Natl Acad. Sci. USA, 90,
6498-6502.

Zuo,Y. and Deutscher,M.P. (2001) Exoribonuclease superfamilies:
structural analysis and phylogenetic distribution. Nucleic Acids
Res., 29, 1017-1026.

Hsiao,Y.Y., Fang,W.H., Lee,C.C., Chen,Y.P. and Yuan,H.S. (2014)
Structural insights into DNA repair by RNase T—an exonuclease
processing 3’ end of structured DNA in repair pathways. PLoS
Biol., 12, ¢1001803.

Hsiao,Y.Y., Yang,C.C., Lin,C.L., Lin,J.L., Duh,Y. and Yuan,H.S.
(2011) Structural basis for RNA trimming by RNase T in stable
RNA 3’-end maturation. Nat. Chem. Biol., 7,236-243.
Bailey,S.L., Harvey,S., Perrino,EW. and Hollis, T. (2012) Defects in
DNA degradation revealed in crystal structures of TREX1
exonuclease mutations linked to autoimmune disease. DNA
Repair (Amst.), 11, 65-73.

Brucet,M., Querol-Audi,]., Serra,M., Ramirez-Espain,X.,

Bertlik K., Ruiz,L., Lloberas,]., Macias,M.]., Fita,l. and Celada,A.
(2007) Structure of the dimeric exonuclease TREX1 in complex
with DNA displays a proline-rich binding site for WW domains. J.
Biol. Chem., 282, 14547-14557.

Brucet,M., Querol-Audi,]., Bertlik,K., Lloberas,]., Fita,l. and
Celada,A. (2008) Structural and biochemical studies of TREX1
inhibition by metals. Identification of a new active histidine
conserved in DEDDh exonucleases. Protein Sci., 17,2059-2069.
de Silva,U., Choudhury,S., Bailey,S.L., Harvey.S., Perrino,EW. and
Hollis,T. (2007) The crystal structure of TREX1 explains the 3’
nucleotide specificity and reveals a polyproline II helix for protein
partnering. J. Biol. Chem.,282,10537-10543.

Yuan,F, Dutta,T., Wang,L., Song,L., Gu,L., Qian,L., Benitez,A.,
Ning,S., Malhotra,A., Deutscher,M.P,, et al. (2015) Human DNA
exonuclease TREX1 is also an exoribonuclease that acts on
single-stranded RNA. J. Biol. Chem., 290, 13344-13353.
Hsiao,Y.Y., Nakagawa,A., Shi,Z., Mitani,S., Xue,D. and Yuan,H.S.
(2009) Crystal structure of CRN-4: implications for domain
function in apoptotic DNA degradation. Mol. Cell. Biol., 29,
448-457.

Hsiao,Y.Y., Duh,Y., Chen,Y.P., Wang,Y.T. and Yuan,H.S. (2012)
How an exonuclease decides where to stop in trimming of nucleic
acids: crystal structures of RNase T-product complexes. Nucleic
Acids Res., 40, 8144-8154.

Lim,Y.W., Sanz,L.A., Xu,X., Hartono,S.R. and Chedin,E. (2015)
Genome-wide DNA hypomethylation and RNA:DNA hybrid
accumulation in Aicardi-Goutieres syndrome. eLife, 4, e08007.



11940

31.

32.

33.

34.

35.

36

37.

38.

39.

40.

41.

Geijtenbeek,T.B. (2010) Host DNase TREX1 hides HIV from
DNA sensors. Nat. Immunol., 11, 979-980.

Kumar,S., Morrison,].H., Dingli,D. and Poeschla,E. (2018) HIV-1
activation of innate immunity depends strongly on the
intracellular level of TREX1 and sensing of incomplete reverse
transcription products. J. Virol., 92, e00001-18.

Wheeler,L.A., Trifonova,R.T., Vrbanac,V., Barteneva,N.S., Liu,X.,
Bollman,B., Onofrey,L., Mulik,S., Ranjbar,S., Luster,A.D., et al.
(2016) TREX1 knockdown induces an interferon response to HIV
thatdelays viral infection in humanized mice. Cell Rep., 15,
1715-1727.

Brooks,B.R., Brooks,C.L. 3rd, Mackerell,A.D. Jr, Nilsson,L.,
Petrella,R.]., Roux,B., Won,Y., Archontis,G., Bartels,C., Boresch,S.,
et al. (2009) CHARMM: the biomolecular simulation program. J.
Comput. Chem., 30, 1545-1614.

Huang,J. and MacKerell,A.D. Jr (2013) CHARMM36 all-atom
additive protein force field: validation based on comparison to
NMR data. J. Comput. Chem., 34,2135-2145.

. Hart,K., Foloppe,N., Baker,C.M., Denning,E.]., Nilsson,L. and

Mackerell,A.D. Jr (2012) Optimization of the CHARMM additive
force field for DNA: improved treatment of the BI/BII
conformational equilibrium. J. Chem. Theory Comput., 8,
348-362.

Mazur,D.]J. and Perrino,EW. (2001) Excision of 3’ termini by the
Trex1 and TREX2 3’— 5’ exonucleases. Characterization of the
recombinant proteins. J. Biol. Chem., 276,17022-17029.
Perrino,F.W., Harvey,S., McMillin,S. and Hollis,T. (2005) The
human TREX2 3’— 5’-exonuclease structure suggests a
mechanism for efficient nonprocessive DNA catalysis. J. Biol.
Chem., 280, 15212-15218.

Cheng,H.L., Lin,C.T., Huang,K.W., Wang,S., Lin,Y.T., Toh,S.I. and
Hsiao,Y.Y. (2018) Structural insights into the duplex DNA
processing of TREX2. Nucleic Acids Res., 46,12166-12176.
Chen,Y.T., Yang,H. and Chu,].W. (2020) Structure-mechanics
statistical learning unravels the linkage between local rigidity and
global flexibility in nucleic acids. Chem. Sci., 11, 4969-4979.
Zuo0,Y. and Deutscher,M.P. (1999) The DNase activity of RNase T
and its application to DNA cloning. Nucleic Acids Res., 27,
4077-4082.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Nucleic Acids Research, 2023, Vol. 51, No. 21

Zuo,Y. and Deutscher,M.P. (2002) The physiological role of
RNase T can be explained by its unusual substrate specificity. J.
Biol. Chem., 277, 29654-29661.

Hall,K.B. and McLaughlin,L..W. (1991) Thermodynamic and
structural properties of pentamer DNA-DNA, RNA-RNA, and
DNA-RNA duplexes of identical sequence. Biochemistry, 30,
10606-10613.

Sanchez de Groot,N., Armaos,A., Grana-Montes,R., Alriquet,M.,
Calloni,G., Vabulas,R.M. and Tartaglia,G.G. (2019) RNA
structure drives interaction with proteins. Nat. Commun., 10,
3246.

Bhoj,V.G. and Chen,Z.]. (2008) Linking retroelements to
autoimmunity. Cell, 134, 569-571.

Stavrou,S., Aguilera,A.N., Blouch,K. and Ross,S.R. (2018) DDX41
recognizes RNA/DNA retroviral reverse transcripts and is critical
for in vivo control of murine leukemia virus infectionmBio, 9,
e00923-18.

Allison,D.E. and Wang,G.G. (2019) R-loops: formation, function,
and relevance to cell stress. Cell Stress, 3, 38-46.

Cristini,A., Tellier,M., Constantinescu,F., Accalai,C.,
Albulescu,L.O., Heiringhoff,R., Bery,N., Sordet,O., Murphy,S. and
Gromak,N. (2022) RNase H2, mutated in Aicardi-Goutieres
syndrome, resolves co-transcriptional R-loops to prevent DNA
breaks and inflammation. Nat. Commun., 13,2961.

Lu,W.T., Hawley,B.R., Skalka,G.L., Baldock,R.A., Smith,E.M.,
Bader,A.S., Malewicz,M., Watts,F.Z., Wilczynska,A. and
BushellLM. (2018) Drosha drives the formation of DNA:RNA
hybrids around DNA break sites to facilitate DNA repair. Nat.
Commun., 9, 532.

Ortega,P., Merida-Cerro,].A., Rondon,A.G., Gomez-Gonzalez,B.
and Aguilera,A. (2021) DNA-RNA hybrids at DSBs interfere with
repair by homologous recombination. eLife, 10, e69881.
Bader,A.S. and Bushell,M. (2020) DNA:RNA hybrids form at
DNA double-strand breaks in transcriptionally active loci. Cell
Death Dis., 11, 280.

Paull,T.T. (2019) RNA-DNA hybrids and the convergence with
DNA repair. Crit. Rev. Biochem. Mol. Biol., 54, 371-384.
Coquel,E, Silva,M.]., Techer,H., Zadorozhny K., Sharma,S.,
Nieminuszczy,]., Mettling,C., Dardillac,E., Barthe,A., Schmitz,A.L.,
et al. (2018) SAMHD1 acts at stalled replication forks to prevent
interferon induction. Nature, 557, 57-61.

Received: May 19, 2023. Revised: September 28, 2023. Editorial Decision: September 29, 2023. Accepted: October 6, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

