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Mutations in TREX1 have been linked to a spectrum of human
autoimmune diseases including Aicardi-Goutiéres syndrome
(AGS), familial chilblain lupus (FCL), systemic lupus erythema-
tosus, and retinal vasculopathy and cerebral leukodystrophy. A
common feature in these conditions is the frequent detection of
antibodies to double-stranded DNA (dsDNA). TREX1 partici-
pates in a cell death process implicating this major 3’ — 5’ exo-
nuclease in genomic DNA degradation to minimize potential
immune activation by persistent self DNA. The TREX1 D200N
and D18N dominant heterozygous mutations were identified in
AGS and FCL, respectively. TREX1 enzymes containing the
D200N and D18N mutations were compared using nicked
dsDNA and single-stranded DNA (ssDNA) degradation assays.
The TREX1WT/P20N and TREX1WT/P!8N heterodimers are
completely deficient at degrading dsDNA and degrade ssDNA at
an expected ~2-fold lower rate than TREX1Y" enzyme. Fur-
ther, the D200N- and D18N-containing TREX1 homo- and het-
erodimers inhibit the dsDNA degradation activity of TREX1%V"
enzyme, providing a likely explanation for the dominant pheno-
type of these TREXI mutant alleles in AGS and FCL. By compar-
ison, the TREXI R114H homozygous mutation causes AGS and
is found as a heterozygous mutation in systemic lupus erythe-
matosus. The TREX 1R 4H/RUAH } 6 0dimer has dysfunctional
dsDNA and ssDNA degradation activities and does not detecti-
bly inhibit the TREX1¥" enzyme, whereas the TREX1%¥*/R114H
heterodimer has a functional dsDNA degradation activity, sup-
porting the recessive genetics of TREX1 R114H in AGS. The
dysfunctional dsDNA degradation activities of these disease-re-
lated TREX1 mutants could account for persistent dsSDNA from
dying cells leading to an aberrant immune response in these
clinically related disorders.

The TREX1 gene encodes the major 3’ — 5’ exonuclease
detected in mammalian cells. TREX1 is a single open reading
frame located on chromosome 3p21.31 and encodes a 314-
amino acid polypeptide (1-3). TREX1 is closely related to TREX2
(located on chromosome Xq28) except TREX1 contains addi-
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tional coding sequence for a C-terminal region not found in
TREX2 (4). The N-terminal 242 amino acids of TREX1 contain
the catalytically robust 3" — 5’ exonuclease that is active on
ssDNA?and dsDNA (5) with the highest activity detected using
a partial duplex DNA containing unpaired 3’ nucleotides (1-3).
The C-terminal 72 amino acids contain a transmembrane
region that localizes TREX1 to the endoplasmic reticulum in
the perinuclear space of cells (6). Activation of a cell death path-
way and treatment of cells with DNA-damaging agents cause
TREX1 to relocate to the nucleus where it acts on DNA 3’
termini (6 —8).

The structure of TREX1 catalytic domain with bound DNA
reveals the protein-polynucleotide interactions that explain the
preference for multiple unpaired 3’ termini in TREX1 exonu-
clease action and highlights the extensive interface contacts in
the stable dimeric enzyme (9). A short ssDNA of approximately
four nucleotides is accommodated in the TREX1 active site, and
the Arg-128 interacting with the polynucleotide bases is pro-
posed to destabilize dsDNA to provide ssDNA to the enzyme
active site. A stable TREX1 dimer is generated through exten-
sive interactions between the 3 strands and the a4 helices of
each protomer at the interface (see Fig. 1). The hydrogen bond-
ing network between protomers includes backbone contacts of
the B3 strands and three pairs of side chain contacts from each
protomer. The antiparallel o4 helices contribute hydrophobic
packing interactions between the protomers. Symmetry in the
TREX1 dimer positions the active sites of each protomer at
opposite outer edges, providing open access for binding of two
ssDNA polynucleotides. The dimeric structure of TREX1 and
the closely related TREX2 (10) is unusual for 3’ — 5’ exonucle-
ases and likely reflects the biological function of these enzymes.

Nucleases in mammals process DNA and RNA polynucleoti-
des to prevent these macromolecules from inappropriately
activating the immune system. The connection between
TREX1 and immune activation was first indicated in the Trex1
null mice that develop inflammatory myocarditis consistent
with autoimmune disease (11). Mutations in the human TREX 1
gene have now been linked to the severe neurological brain
disease Aicardi-Goutiéres syndrome (12), to a monogenic form
of cutaneous lupus erythematosus named “familial chilblain
lupus” (13-15), to systemic lupus erythematosus (16), and to
retinal vasculopathy and cerebral leukodystrophy (17). The

2 The abbreviations used are: ssDNA, single-stranded DNA; dsDNA, double-
stranded DNA; AGS, Aicardi-Goutiéres syndrome; FCL, familial chilblain
lupus; SLE, systemic lupus erythematosus; MBP, maltose-binding protein;
WT, wild type.
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shared TREX1 genetics and similarities in these clinically dis-
tinct human disorders point to a common molecular etiology.
Some AGS- and chilblain lupus-affected individuals show evi-
dence of circulating antinuclear antibodies including those
with antigenic specificity to ssDNA and dsDNA, highlighting
the clinical overlap of these disorders (18-20). Defective
TREX1 in humans might result in the failure to degrade ssDNA
or dsDNA leading to immune activation and development of
autoantibodies to these macromolecules. The source of this
DNA could be genomic from the billions of cells that die daily in
humans or from DNA replication and repair intermediates gen-
erated in the “normal” maintenance of genome integrity.

The TREX1 dimer structure, its stability, and the noncata-
lytic C-terminal region have implications for enzyme dysfunc-
tion dependent upon the allele-specific mutation. The TREX1
mutations identified in AGS include null alleles and missense
mutations that map mostly to the catalytic core region of the
enzyme, although mutations in the C-terminal region have
been identified (18). AGS is mostly an autosomal recessive dis-
order, but the TREX1 D200N mutation causes autosomal dom-
inant AGS (15). Similarly, the autosomal dominant FCL muta-
tions ¢.375dupT (15) and D18N (13, 14) also map to the TREX1
catalytic core. TREX1 mutations located in the catalytic core
reduce the ssDNA degradation activity to lower and dramati-
cally varying levels (9, 14—16). The heterozygous TREX1 muta-
tions that cause retinal vasculopathy and cerebral leukodystro-
phy are exclusively frameshifts localized to the C-terminal
region that eliminate the transmembrane endoplasmic reticu-
lum anchoring region and do not affect the catalytic activity of
TREX1 (17).

The levels of ssDNA degradation activities in mutant TREX1
enzymes have provided limited correlation between dimin-
ished TREX1 function and human disease phenotype or sever-
ity. We have proposed that TREX1 degrades DNA by acting at
nicked dsDNA generated by the NM23-H1 endonuclease dur-
ing cell death (6), and others have proposed that TREX1
degrades ssDNA generated from processing of aberrant repli-
cation intermediates (8) or derived from endogenous retroele-
ments (24). To establish a link between TREX1 3’ exonucle-
ase dysfunction and human autoimmune disease phenotype,
we designed a dsDNA degradation assay to measure the ac-
tivity of TREX1 variants using a nicked dsDNA substrate.
Using this assay, we show that TREX1 enzymes containing
the dominant D200N and D18N mutations are defective in
dsDNA degradation activity. Moreover, these TREX1
mutants are likely trapped in nonproductive enzyme-DNA
complexes at the sites of nicked DNA, thus inhibiting the
dsDNA degradation activity of the TREX1% " enzyme, support-
ing the dominant phenotypes of the TREX1 D200N and D18N
mutations. Further, we show that the TREX1R!'4F/RII4H
homodimer degrades dsDNA ~300-fold less efficiently than
TREX1Y7, and this dsDNA degradation dysfunction is not
detected in the TREX1W'/R1*H heterodimer. These TREX1
enzymatic data parallel the genetic findings of TREXI homozy-
gous R114H in AGS and heterozygous R114H in SLE. These
results support a role for TREX1 in dsDNA degradation to pre-
vent immune activation leading to autoimmune disease.
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EXPERIMENTAL PROCEDURES

Materials—The synthetic 30-mer oligonucleotide 5'-ATAC-
GACGGTGACAGTGTTGTCAGACAGGT-3" with 5" fluo-
rescein was from Operon. Plasmids 1 (9.4 kb) and 2 (10.8 kb) are
derivatives of the pMYB5 plasmid (New England Biolabs). Plas-
mid 1 contains one Nt.BbvClI restriction enzyme site, and plas-
mid 2 contains two Nt.BbvClI sites ~800 nucleotides apart in
opposite orientation. Plasmid 2 contains unique EcoRI and
Sacl restriction enzyme sites. The plasmids were purified
from bacterial cultures and from restriction enzyme digests
using Qiagen Kkits.

Enzyme Preparation—The human TREX1 enzymes contain
the catalytic core amino acids 1-242. The TREX1 homodimers
were first expressed in bacteria as N-terminal maltose-binding
protein (MBP) fusions with a PreScission Protease recognition
sequence between the MBP and TREX1. The pLM303 plasmid
constructs were transformed into Escherichia coli BL21(DE3)
Rosetta 2 cells (Novagen) for overexpression. The cells were
grown to an Ay, = 0.5 at 37 °C and quickly cooled on ice to
17 °C. After induction with 1 mMm isopropyl-$-p-thiogalactopy-
ranoside, the cells were allowed to grow for 15 h at 17 °C. The
MBP-TREX1 fusion protein was bound to an amylose resin
(New England Biolabs), washed, and the column resin was incu-
bated at 4 °C overnight with PreScission Protease (GE Bio-
sciences) to separate TREX1 from MBP. The TREX1 was col-
lected from the column flow-through, dialyzed against 50 mm
Tris-HCI (pH 7.5), 100 mm NaCl, 1 mm EDTA, and 10% glyc-
erol, and purified to homogeneity using phosphocellulose chro-
matography (9).

To generate TREX1 heterodimers, the mutant TREX was
cloned into pLM303X (14) and WT TREX1 was cloned into the
pCDFDuet-1 (Novagen). Mutant TREX1 plasmids were pro-
duced using a PCR site-directed mutagenesis strategy (21) and
confirmed by DNA sequencing. Expression from pLM303X
generates MBP-TREX1™Y" and expression from pCDFDuet-1
generates HisNusAHis-TREX1Y", with both fusion proteins
containing a PreScission Protease sequence between the
affinity tag and TREX1. Coexpression of pLM303X and
pCDFDuet-1 plasmids in the same bacterial cell as described
above generates a mixture of TREX1Y"¥T homodimers,
TREX1YT/MYT  heterodimers, and TREX1MUYT/MUT
homodimers. Only the TREX1Y™YT heterodimer contains
both affinity tags. The TREX1Y"¥" and TREX1¥""MYT were
first recovered by chromatography using a nickel-nitrilotriace-
tic acid resin (Qiagen). The TREX1Y"/MYT heterodimer was
then bound to an amylose resin and washed, and the column
resin was incubated at 4 °C overnight with PreScission Protease
to separate TREX1Y"T/MYT heterodimer from the MBP and
NusA. The TREX1%TMYT was collected and purified to homo-
geneity using phosphocellulose chromatography as described
above. Protein concentrations were determined by A, using
the molar extinction coefficient for human TREX1 protomer
€=23950M 'cm L.

Exonuclease Assays—The exonuclease reactions contained
20 mm Tris-HCl (pH 7.5), 5 mm MgCl,, 2 mm dithiothreitol, 100
pg/ml bovine serum albumin, 50 nMm fluorescein-labeled
30-mer oligonucleotide (ssDNA assays) or 10 ug/ml plasmid
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DNA (dsDNA assays), and TREX1 protein as indicated in the
figure legends. For all assays, the TREX1 enzyme and variant
mixtures were prepared on ice at 10 times the final concentra-
tions and added to reactions to yield the indicated final concen-
trations. Incubations were for the indicated times at 25 °C.
After incubation, the samples were removed, quenched by the
addition of three volumes of cold ethanol, and dried in vacuo.
For ssDNA assays, the reaction products were processed and
quantified as described (9, 10). For dsDNA assays, the reac-
tion products were resuspended in 20 ul of TAE-agarose gel
running solution and electrophoresed on 0.8% agarose gels
containing ethidium bromide. DNA was visualized using a
FluorChem 8900 imaging system (Alpha Innotech). Activity
was determined by calculating the time for TREX1%¥™ (7.6
nM) to completely degrade the nicked polynucleotide of the
dsDNA (30 uMm as nucleotide) to dNMP as indicated by the
loss of ethidium bromide staining material and the accumu-
lation of the un-nicked ssDNA visible in the agarose gels.

RESULTS AND DISCUSSION

The TREX1 exonuclease degrades DNA polynucleotides to
nucleoside monophosphates from available 3’ termini. We
showed previously that TREX1 removes nucleotides from
ssDNA and dsDNA oligonucleotide constructs (1, 3, 5) and
from a nicked dsDNA plasmid generated by incubation with
the NM23-H1 endonuclease (6). The TREX1 structure indi-
cates that four nucleotides of ssDNA, not dsDNA, bind into the
active sites of each protomer of the dimer (9, 22) consistent with
the greater TREX1 activity detected on partial duplex DNAs
containing 3’ terminal unpaired nucleotides (1, 3). These com-
bined data illustrate TREX1 exonuclease action using a variety
of DNA structures that contain accessible 3’ termini.

The TREX1 3' Exonuclease Activities of Disease-related
Mutant Enzymes Using ssDNA—Dominant mutant TREX]
D200N and D18N alleles have been identified in the heterozy-
gous genotypes of individuals affected with the autoimmune
disorders AGS (15) and FCL (13, 14). The Asp-200 and
Asp-18 residues are two of the divalent metal ion Mg>*-
coordinating aspartates in the TREX1 active site required for
catalysis (Fig. 1). TREX1 is a homodimer, so TREX1 dimers
in cells of the AGS heterozygous individual could be
TREX1P200N/P200N apnd  TREX1Y" homodimers and
TREX1YT/P200N heterodimers. Similarly, TREX1 dimers in
cells of the FCL heterozygous individuals could be
TREX1PN/PISN  and  TREX1Y' homodimers and
TREX1YT/PI8N heterodimers. These recombinant TREX1
variant dimers were prepared, and the ssDNA exonuclease
activities were measured (Fig. 2 and Table 1) (14). The exo-
nuclease activities of the TREX1P20ON/P20ON  5pq
TREX1P¥N/PI8N homodimers are reduced by more than
10*-fold compared with TREX1%7, exhibiting almost no cat-
alytic activity using our standard ssDNA 3’ — 5’ exonuclease
activity assay. On the other hand, the activities of the
TREX1WT/P20ON and TREX1WT/PI8N heterodimers are
reduced by only 1.5- and 2.6-fold compared with TREX1%™
(Fig. 2 and Table 1) (14). The ~2-fold loss in activity of the
TREX1WT/P200N and TREX1W'/P18N heterodimers suggests
that the WT TREX1 protomer within the dimer containing a
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A Mo, dimer interface
4 =~ [ =

FIGURE 1. The TREX1 dimer with bound ssDNA. The TREX1 protomer back-
bones (orange and green) are shown. The Asp-18 (blue), Asp-200 (magenta),
Arg-114 (red), and Arg-128 (gray) residue side chains (shown as sticks) are
indicated in each of the TREX1 protomers. The active sites (highlighted circles)
and dimer interface (brackets) are indicated. The Ca®* divalent ions (cyan)
coordinated by D18 and D200 (black dotted lines) and 4-mer ssDNA (as sticks)
are shown bound in the active sites. The 83 strands and a4 helices at the
dimer interface are shown as cartoons. The hydrogen bonding at the dimer
interface (black dotted lines) is indicated. The Arg-114 of each protomer
hydrogen bonds to the backbone carbonyl oxygens of GIn-98 and Arg-99 in
the opposing protomer. The figure was prepared using the program PyMol
(Delano Scientific).

D200N or D18N protomer is apparently fully functional and
unaffected when degrading small ssDNA polynucleotides.
Thus, cells of heterozygous affected individuals carrying the
TREX1 D200N and D18N dominant mutant alleles might be
expected to contain ~50% of the TREX1 activity as com-
pared with cells from unaffected individuals with respect to
ssDNA polynucleotide degradation activity, as we have dem-
onstrated with patient cells carrying the D200N allele (15).

The TREX1 R114H homozygous genotype is the most com-
mon missense mutation found in AGS (12, 18), and the R114H
heterozygous genotype has been identified in a patient with SLE
(16). The Arg-114 residue is positioned ~15 A away from the
active site where the arginine side chain hydrogen bonds with
the backbone carbonyl oxygens of GIn-98 and Arg-99 on a loop
of the opposing protomer stabilizing the dimer interface (Fig.
1). Despite the considerable distance of Arg-114 from the
TREX1 active site, the TREX1*M*H/RUAH homodimer exhibits
a 34-fold reduced activity, and the TREX1WT/RIMH et
erodimer exhibits a 2.8-fold reduced activity compared with
TREX1Y¥7 using the standard ssDNA exonuclease assay (Fig. 3
and Table 1). These data indicate that mutations at the dimer
interface can decrease the catalytic competency of the TREX1
dimer when degrading ssDNA.

The TREX1 3" Exonuclease Has dsDNA Degradation Activity—
TREX1 initiates polynucleotide degradation from a nick in
dsDNA. Our previous studies measuring TREX1 variant exo-
nuclease activities using a small ssDNA polynucleotide have
provided insights into residues affecting catalytic activity but
have not revealed a clear correlation between diminished
TREX1 activity and disease phenotype. We have proposed that
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FIGURE 2. The ssDNA exonuclease activities of TREX1"" and D200N vari-
ants. Standard exonuclease reactions (30 wl) were prepared with a fluoresce-
in-labeled 30-mer oligonucleotide and dilutions of the recombinant wild type
(TREX1WT), mutant (TREX1P200N/D200Ny homodimer, and (TREX1WT/P290N) hat-
erodimer were prepared at 10 times the final concentrations. Samples (3 ul)
containing the TREX1 enzymes to yield the final indicated concentrations
were added to reactions. The incubations were 20 min at 25 °C. The reaction
products were subjected to electrophoresis on 23% urea-polyacrylamide gels
(A) and quantified (B) as described under “Experimental Procedures.” The
position of migration of the 30-mer is indicated. Relative activities of
TREX1D200N/D200N 5ng TREX1WT/P200N gre compared with TREX1YT dimers.
The relative activity was calculated as relative activity = 100 X [(fmol of INMP
released/s/fmol of mutant enzyme)/(fmol of dNMP released/s/fmol WT
enzyme)].

TABLE 1
Relative ssDNA exonuclease activities of TREX1"T and variants
TREX1 Relative activity” Study

WT? 1 This study and Refs. 3 and 9
WT/D18N 1/2.6 Ref. 14
D18N/D18N 1/160,000 Ref. 14
WT/D200N 1/1.5 This study
D200N/D200N 1/20,000 This study
R114H/R114H 1/34 This study and Ref. 9
WT/R114H 1/2.8 This study

“ The activities were derived from reactions in Figs. 2 and 3 or as previously reported.
Relative activities are calculated as: relative activity = 100 X [(fmol of ANMP
released/s/fmol of mutant enzyme)/(fmol of dNMP released/s/fmol WT
enzyme)].

2 WT, wild type.

TREX1 participates in a cell death pathway by degrading
dsDNA at nicks generated by the NM23-H1 endonuclease (6).
To test this possibility, a dsSDNA degradation assay was devel-
oped to measure the 3’ exonuclease activities of TREX1 and
variants using a nicked dsDNA plasmid (Fig. 4). Two different
plasmids (plasmids 1 and 2) were incubated with the Nt.BbvCI
restriction endonuclease nicking enzyme to introduce a single
nick in one of the DNA strands of plasmid 1 or one nick in each
of the two DNA strands positioned ~800 nucleotides apart in
plasmid 2. Incubation of the plasmids with the nicking enzyme
results in conversion of the plasmids from Form I supercoiled
dsDNA to Form II nicked dsDNA as indicated by the changed
migration of the plasmid DNAs in the agarose gel (Fig. 4A4,
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FIGURE 3. The ssDNA exonuclease activities of TREX1"" and R114H
variants. The standard exonuclease reactions (30 ul) were prepared with
a fluorescein-labeled 30-mer oligonucleotide, and dilutions of the recom-
binant wild type (TREX1WT), mutant (TREX1R'"#H/R114H) homodimer, and
(TREX1WT/R114H) heterodimer were prepared at 10 times the final concen-
trations. Samples (3 ul) containing the TREX1 enzymes to yield the final
indicated concentrations were added to reactions. The incubations were
20 min at 25 °C. The reaction products were subjected to electrophoresis
on 23% urea-polyacrylamide gels (A) and quantified (B) as described
under “Experimental Procedures.” The position of migration of the 30-mer
is indicated. Relative activities of TREX1R!14H/R114H and TREX1WT/R1T14H 3re
compared with TREX1YT dimers. The relative activity was calculated as
relative activity = 100 X [(fmol of dNMP released/s/fmol of mutant
enzyme)/(fmol of ANMP released/s/fmol WT enzyme)].

compare lanes 2 and 3, and B, compare lanes 8 and 9). Incuba-
tion of plasmid 1 with TREX1% " results in the nearly complete
degradation of the nicked polynucleotide strand and the accu-
mulation of the un-nicked ssDNA strand (Fig. 44). Incubation
of plasmid 2 with TREX1¥7 results in the complete degrada-
tion of both polynucleotide strands of the dsDNA (Fig. 4B).
These data show that TREX1 recognizes a single nick in dssDNA
to initiate complete degradation of the DNA polynucleotide.
TREX1 degrades both polynucleotide strands of a linear
duplex DNA. To further assess TREX1 exonuclease activity
using dsDNA, TREX1¥T enzyme was incubated with linear
dsDNA plasmids and shown to degrade both polynucleotide
strands of the dsDNA (Fig. 4). Plasmid 2 was digested with
EcoRI or Sacl to generate Form III linear dsDNA containing 5’

AV DN
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or 3' overhangs. Incubation of TREX1Y" with the linear
dsDNA plasmids results in nearly complete degradation of the
5" overhang DNA (Fig. 4C) and complete degradation of the 3’
overhang DNA (Fig. 4D). These data demonstrate the substan-

A B

Single-nicked

Double-nicked
dsDNA #2

dsDNA

(min)Mr_ds 10 20 30

ID 20 30

Nicked
dsDN A=

dsDIN A

SSIN A ml

5' overhang linear dsDNA 3' overhang linear dsDNA

5

(min) Mr__0 1020 30 Mr 1020 30

lingar
dsDNA=>

FIGURE 4. The TREX1 3’ exonuclease has dsDNA degradatlon acthlty.The
supercoiled dsDNA plasmids 1 (A, lane 2) and 2 (B, lane 8) were nicked by
incubating with Nt.BbvCl restriction enzyme (A, lane 3; and B, lane 9) and
purified as described under “Experimental Procedures.” The plasmid 2 was
linearized by incubating with EcoRlI (C, lane 2) or Sacl (D, lane 8) and purified.
Exonuclease time course reactions (100 ul) were prepared containing nicked
dsDNA plasmid 1 (A) or 2 (B) or linearized dsDNA plasmid 2 (Cand D) and 7.6
nm TREX1VT, The samples (20 ul) were removed after incubation for the indi-
cated times (A, lanes 4-7; and B, lanes 10-13). The reaction products were
subjected to electrophoresis on agarose gels, and the amounts of dNMP
excised by TREX1"" were estimated as described under “Experimental Proce-
dures.” The positions of migration of Form | supercoiled dsDNA (dsDNA), Form
Il nicked dsDNA (Nicked dsDNA), Form lll linear dsDNA (linear dsDNA), and
circular ssDNA (ssDNA) are indicated. Lane 1 contains the 1-kb ladder
(Invitrogen).

TREX ]WT WT/D200N

7.6 19 38 57 76

TREXI
7.6 19 38 57

(nM) _ds 0

Nicked
dsDNA™>

dsDIN A=

SSDIN Al

1 2 3 4 5 6 7 8 9

FIGURE 5. The TREX1WT/P20°N apnd TREX1WT/P'8N heterodimers have defective dsDNA degradation activ-
ities. The exonuclease reactions (20 ul) were prepared containing nicked dsDNA plasmid 1 (10 ug/ml = 1.6 nm
nicks) and no enzyme (lanes 2, 8, and 14) or the indicated increased concentrations (in nm) of TREX1"T (lanes
3-7), TREX1WT/D200N (jgnes 913), and TREX1TWT/P'8N (jgnes 15-19). The reactions were 30 min, and the products
were subjected to electrophoresis on agarose gels. Lane 1 (ds) contains the supercoiled dsDNA plasmid 1. The
positions of migration of Form | supercoiled dsDNA (dsDNA), Form Il nicked dsDNA (Nicked dsDNA), and circular

ssDNA (ssDNA) are indicated.
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tial 3’ exonuclease action of TREX1 at a nick and from the ends
of dsDNA, which is similar to that measured using ssDNA oli-
gomers as substrate (1, 3, 5,9, 14-16).

TREX1YWTP20N gpd TREX1YTPI8N Heterodimer Exonucle-
ase Activities Using dsDNA—The D200N and D18N protomers
exhibit a dominant negative effect on the dsDNA degradation
activity of the WT TREX1 protomer within the TREX1%*/P200N
and TREX1WT/P!8N heterodimers. The activities of the
TREX1%T/P20N and TREX1W'/P18N enzymes were compared
with TREX1¥T by incubating the nicked dsDNA plasmid 1
with increased amounts of each enzyme (Fig. 5). The addition of
7.6 nm TREX1YT to reactions results in nearly complete deg-
radation of the nicked polynucleotide strand of the plasmid
DNA (Fig. 5, lane 3), and the addition of increased amounts of
TREX1YT has little effect as apparent by the continued pres-
ence of the DNA band corresponding to the un-nicked ssDNA
polynucleotide (Fig. 5, lanes 4-7). Additions of up to 10-fold
higher concentrations of (76 nm) TREX1Y/P2°N (Fig, 5 Janes
9-13) and TREX1Y/PI8N (Fig, 5, lanes 15-19) heterodimers
resulted in no detectible dsDNA degradation by these TREX1
mutant enzymes. In further attempts to determine the extent of
reduced dsDNA degradation activity of the TREX1Y/P200N
and TREX1YT/P18N heterodimers, additional reactions were
performed using nicked dsDNA with enzyme concentrations as
high as 230 num for incubation times up to 5 h at 25 and 37 °C
with no evidence of dsDNA degradation activity by the
TREX1WT/P20ON and TREX1WT/PN enzymes (data not
shown). Also, the TREX1WT/P290N gnd TREX1WT/PI8N het-
erodimer enzymes exhibit no detectible dsDNA degradation
activity using the linear DNA plasmids 1 and 2 described in Fig.
4 (C and D) (data not shown). These data indicate that the
TREX1WT/P20ON and TREX1W'/P18N heterodimers exhibit at
least a 200-fold decreased level of dSDNA degradation activity
relative to TREX1Y" in contrast to the modest expected
~2-fold level of reduced ssDNA degradation activity by these
mutant heterodimer enzymes (Table 1). Moreover, these
data show the dramatic differential impact on catalytic func-
tion that mutations in one TREX1 protomer can have on the
opposing protomer within the TREX1 dimer dependent
upon the nature of the specific mutation and on the structure
of the DNA substrate.

The D200N- and D18N-containing TREX1 Mutant Enzymes
Inhibit the TREXIY" dsDNA Deg-
radation Activity—TREX1 enzymes
containing D200N and D18N pro-
tomers inhibit the dsDNA degrada-
tion activity of TREX1%™. The AGS
TREXI1D200N (15) and FCL TREX 1
D18N (14) heterozygote patients
likely have varying mixtures of
mutant and WT TREX1 homo-
dimers and mutant TREX1 het-
erodimers dependent upon differ-
ential allele-specific expression and
subsequent dimer formation in var-
ious cell types. In light of the dra-
matic negative effect that the
D200N- and D18N-containing pro-
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TREXI

15 16 17 18 19
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FIGURE 6. The D200N- and D18N-containing TREX1 mutant enzymes
inhibit the TREX1"™ dsDNA degradation activity. Exonuclease reactions
(20 wl) were prepared containing nicked dsDNA plasmid 1 (10 ug/ml = 1.6 nm
nicks) and no enzyme (A and B, lane 2), the indicated concentration of
TREX1"" only (A and B, lane 3), or a mixture of TREX1"" with the indicated
increased concentrations of TREX1P200N/D200N (A ' janes 4 8), TREX1WT/P200N
(A, lanes 9-13), TREX1P'8VP18N (B Janes 4-8), and TREX1YVT/P'®N (lanes 9-13).
The reactions were 30 min, and the products were subjected to electrophore-
sis on agarose gels. Lane 1 contains the supercoiled dsDNA plasmid 1. The
positions of migration of Form | supercoiled dsDNA (dsDNA), Form Il nicked
dsDNA (Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.

tomers have on the dsDNA degradation activity within the
TREX1 heterodimers, we examined the effects of the D200N
and D18N mutant homo- and heterodimers on the TREX1%™
dsDNA degradation activity. The TREX1Y" enzyme was
mixed with increased amounts of the TREX]P200N/D200N
TREXIWT/D2OON, TREXIDISN/DlSN, or TREXIWT/D18N enZymeS
and subsequently incubated with the nicked dsDNA plasmid 1
(Fig. 6). In these reactions the TREX1Y" competes with the
mutant TREX1 enzyme to degrade the nicked dsDNA plasmid.
The amount of TREX1¥T (76 nm) added in these reactions is
10-fold higher than the amount required to completely degrade
the nicked polynucleotide of the dsDNA substrate (Fig. 5).
Thus, in the absence of competing TREX1 mutant enzyme, the
TREX1YT completely degrades the nicked polynucleotide
of the dsDNA plasmid, as is apparent by the accumulation of the
un-nicked polynucleotide ssDNA (Fig. 6, A and B, lane 3).
The presence of increased amounts of the TREX1DP200N/D200N
(Fig. 6A, lanes 4—8), TREX1YT/P2°N (Fig. 64, lanes 9-13),
TREX1P'8N/PI8N (Fig 6B, lanes 4—8), and TREX1WT/PI8N
(Fig. 6B, lanes 9—13) results in decreased dsDNA degradation
activity by the TREX1%T enzyme as evidenced by the increased
amount of remaining nicked dsDNA. The TREX1P?00N/P200N
and TREX1P*N/P18N homodimer enzymes are more potent
inhibitors of TREX1¥T dsDNA degradation activity than are
the corresponding TREX1%T/P29N and TREX1W'/P18N het-
erodimers (Fig. 6, A and B, compare lanes 4-8 with lanes
9-13). However, some level of TREX1Y " inhibition is apparent
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FIGURE 7. The TREX1®""4H/R114H gsDNA degradation activity is more dys-
functional than the ssDNA exonuclease activity. Exonuclease time course
reactions (200 ul) were prepared containing nicked dsDNA plasmid 1 (10
ug/ml = 1.6 nmnicks) and 7.6 nm TREX1"T (4) and 260 nm TREX 1R T4H/R114H ()
The samples (20 ul) were removed prior to enzyme addition (lanes 2 and 5)
and after incubation for the indicated times (A, lanes 3 and 4; and B, lanes
7-12). The reaction products were subjected to electrophoresis on agarose
gels. Lanes 1 and 5 (ds) contain the supercoiled dsDNA plasmid 1. The posi-
tions of migration of Form | supercoiled dsDNA (dsDNA), Form Il nicked
dsDNA (Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.

in the presence of as little as 1/10 molar equivalent of any of
the D200N- and D18N-containing TREX1 mutant enzymes
(Fig. 6, A and B, compare lanes 4 and 9 with lane 3). The
addition of increased amounts of the D200N- and D18N-
containing TREX1 mutant enzymes results in decreased lev-
els of dsDNA degradation with complete inhibition of the
TREX1¥T dsDNA degradation activity apparent in the pres-
ence of 1/4 molar equivalent of TREX1P20ON/P200N (Fig 64,
lane 5), 1/2 molar equivalent of TREX1Y"/P20°N (Fig, 64,
lane 11), 1/4 molar equivalent of TREX1P'$N/PISN (Fjg,
6B, lane 5), and 1/1 molar equivalent of TREX1%¥"/P18N (Fig,
6B, lane 13). Interestingly, the TREX1YT/P29°N heterodimer
exhibits a somewhat greater level of inhibition of the
TREX1Y" dsDNA degradation activity compared with the
TREX1WT/PI8N heterodimer (Fig. 6, compare A, lanes 9—13,
with B, lanes 9—13). The potent inhibition of TREX1WT
dsDNA degradation activity exhibited by D200N- and
D18N-containing TREX1 protomers within TREX1 dimers
(Fig. 5) and in enzyme mixtures containing TREX1Y" with
D200N- and DI18N-containing mutant enzymes could
explain the dominant phenotypes exhibited by the TREX1
D200N and D18N mutant alleles described in AGS and FCL
(14, 15). Also, the more potent TREX1%¥7 inhibition exhib-
ited by the TREX1%T/P29°N heterodimer relative to the
TREX1WT/P18N heterodimer might contribute to the differ-
ent clinical diagnosis of AGS for the TREXI D200N and FCL
for the TREX1 D18N mutant alleles.

TREX [RHHVRLIH gy TREXTYTRM* Exonuclease Activi-
ties Using dsDNA—The TREX1R'MH/RIMAH  homodimer
degrades dsDNA much less efficiently than ssDNA, and this
dsDNA degradation dysfunction is not detected in the
TREX1WT/RIH heterodimer. The TREX1 R114H mutation is
the most common recessive allele identified in AGS (18), and
our data show that the TREX1R*"*H/R114H homodimer enzyme
has approximately a 34-fold lower ssDNA degradation activity
relative to that detected in the TREX1Y™ enzyme (Fig. 3) (9).
The dsDNA degradation activity of the TREX1R!!*H/Ri14H

VOLUME 283 -NUMBER 46-NOVEMBER 14, 2008



TREXT™ (amy[ 0 [76 |76 |76 | 76] 76| 76 | 76 |76 | 76 | 76 | 76
TREXIM RIS N ™ T 76 [19 | 38| 57] 76 | - -
TREXI\\'T."R[M][ & - -

(mM)| -

Nicked
dsDNA humll )

1 2 3 4 5 5 7 g 9 10 11 12 13

FIGURE 8. The TREX1R'1*H/R114H and TREX1"WT/R11M enzymes do not
inhibit the TREX1M"7" dsDNA degradation activity. Exonuclease reactions
(20 wl) were prepared containing nicked dsDNA plasmid 1 (10 ug/ml = 1.6 nm
nicks) and no enzyme (lane 2), the indicated concentration of TREX1"" only
(lane 3), or a mixture of TREX1"T with the indicated increased concentrations
of TREX1R114H/R114H (janes 4 8), and TREX1WT/R114H (Janes 9-13). The reactions
were 30 min, and the products were subjected to electrophoresis on agarose
gels. Lane 1 contains the supercoiled dsDNA plasmid 1. The positions of
migration of Form | supercoiled dsDNA (dsDNA), Form Il nicked dsDNA
(Nicked dsDNA), and circular ssDNA (ssDNA) are indicated.

homodimer was measured using the nicked dsDNA substrate (Fig.
7). A 34-fold higher concentration of the TREX1R!'4H/Ri1at
homodimer (260 nMm) relative to the amount of TREX1WT
enzyme (7.6 nMm) was incubated in time course reactions with
the nicked dsDNA plasmid. After 0.5 h incubation the
TREX1¥?T enzyme completely degrades the nicked polynucle-
otide strand of the dsDNA plasmid (Fig. 7, lane 3). In contrast,
there is no detectible degradation of the nicked dsDNA after
0.5 h of incubation with the TREX1®"'*/RUAH homodimer
despite the presence of the 34-fold higher amount of enzyme
(Fig. 7, lane 7). Incubation for extended times with the
TREX1RM4H/RIAH homodimer enzyme results in detectible
degradation of the nicked dsDNA (Fig. 7, lanes 8 —12). How-
ever, even after 3 h of incubation, there is markedly less
accumulation of the un-nicked ssDNA polynucleotide rela-
tive to that detected after 0.5 h of incubation with 34-fold
less TREX1Y" enzyme (Fig. 7, compare lane 3 with lane 12).
Thus, the TREX1RM14H/RIAH | 5y 6dimer does exhibit some
detectible dsDNA degradation activity. However, this activ-
ity is estimated to be at least 300-fold lower than that
detected in the TREX1Y" enzyme. This dramatically reduced
dsDNA degradation activity of the TREX]1RM4H/RIH
homodimer results from mutations positioned at the TREX1
dimer interface supporting the requirement of the dimer
structure in TREX1 dsDNA degradation activity. Contrast-
ing the TREXIRMH/RUM homodimer activity, the
TREX1WT/RHU4H heterodimer has dsDNA degradation activ-
ity similar to that of the TREX1%" enzyme (data not shown).
These data indicate that the R114H mutation is required in
both TREX1 protomers within the dimer to significantly dis-
rupt the dsDNA degradation activity of TREX1.

The TREX1RMAH/RIMAH gpd TREX1IWTRUM enzymes do
not inhibit the TREX1Y" dsDNA degradation activity. A het-
erozygous TREX1 R114H mutation in a SLE-affected individual
indicates that TREX1 dimers in cells of this individual are mix-
tures of TREX1Y", TREX1RM4H/RIAH and TREX1YT/RIAH
(16), as would also be the case for parents of homozygous
TREX1 R114H AGS-affected children (12, 18). The TREX1%™
dsDNA degradation activity was measured in the presence of
increased amounts of TREX 1R #H/RII4H 5 d TREX W T/RI4H
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enzymes to determine whether these R114H-containing
TREX1 enzymes might inhibit the TREX1%" activity (Fig. 8).
Neither R114H-containing enzyme inhibits the TREX1Y"
activity, as is apparent from the complete degradation of the
nicked polynucleotide strand and the accumulation of the
un-nicked ssDNA in all reactions. Additional reactions were
performed containing up to a 10-fold molar excess of
TREX1RM4H/RIAH pelative to TREX1Y T with no evidence of
inhibition of the TREX1¥T dsDNA degradation activity
(data not shown). These data are consistent with the reces-
sive genetics of the TREX1 R114H allele in AGS where the
TREX1RMH/RUIAH homodimer enzyme is defective in both
ssDNA and dsDNA degradation activities. We propose that
TREX1RUAH/RIMH [ omodimer enzyme present at undeter-
mined levels in cells of heterozygous TREX1 R114H individ-
uals contributes to failed ssDNA and dsDNA degradation,
leading to immune activation and possibly SLE in some
individuals.

In conclusion, the activities of these TREX1 disease-related
mutants and the inhibitory potential of these mutants on
TREX1YT activity using the dsDNA degradation assay intro-
duced in this work support a direct role for TREX1 in the deg-
radation of dsDNA to prevent autoimmune disease. TREX1
resides in the perinuclear space of cells where it is anchored to
the endoplasmic reticulum by the C-terminal hydrophobic
region with the catalytic core protruding into cytosol. TREX1 is
recruited into the nucleus upon induction of cell death or by
treatment of cells with DNA-damaging agents (6, 8, 16). Trans-
location of TREX1 into the nucleus by the SET complex posi-
tions TREX1 to act in cell death pathways with the NM23-H1
endonuclease and perhaps other nucleases to degrade the
polynucleotide chains of duplex DNA (7). The defective
dsDNA degradation activities of the TREX1%W'/P2°N and
TREX1YT/P8N heterodimers might be explained by the com-
bination of an intact DNA binding process, analogous to that
proposed for TREX2 (23), and a dysfunctional catalytic site
caused by the D200N and DI18N mutations. The TREX1
enzyme exhibits a distributive pattern of nucleotide excision
using ssDNA substrates (1, 3), but the precise binding mech-
anism to dsDNA has not been determined. The heterodimer
would be expected to bind DNA, identify the nick in the
dsDNA, and successfully move the available 3’ terminus into
the enzyme active site. The inability to perform chemistry of
phosphodiester bond cleavage resulting from the D200N or
D18N mutation might trap the TREX1 mutant enzyme onto
the dsDNA in a nonproductive enzyme-DNA complex at the
site of the nick. This result would also account for the inhi-
bition of the TREX1¥T dsDNA degradation activity
detected in the presence of the D200N- or D18N-containing
TREX1 mutant enzymes. Thus, the dominant genetics
exhibited by the TREXI D200N and DI18N alleles is
explained by the combination of TREX1 catalytic deficiency
and DNA binding proficiency generating TREX1 mutant
enzymes that fail to process nicks in dsDNA and block access
to these sites by TREX1YT enzyme, resulting in failure to
process the DNA.
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