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TREXI1 is a potent 3'—5' exonuclease that degrades single-
and double-stranded DNA (ssDNA and dsDNA). TREX1 muta-
tions at amino acid positions Asp-18 and Asp-200 in familial
chilblain lupus and Aicardi-Goutiéres syndrome elicit domi-
nant immune dysfunction phenotypes. Failure to appropriately
disassemble genomic DNA during normal cell death processes
could lead to persistent DNA signals that trigger the innate
immune response and autoimmunity. We tested this concept
using dsDNA plasmid and chromatin and show that the TREX1
exonuclease locates 3’ termini generated by endonucleases and
degrades the nicked DNA polynucleotide. A competition assay
was designed using TREX1 dominant mutants and variants to
demonstrate that an intact DNA binding process, coupled with
dysfunctional chemistry in the active sites, explains the domi-
nant phenotypes in TREX1 D18N, D200N, and D200H alleles.
The TREX1 residues Arg-174 and Lys-175 positioned adjacent
to the active sites act with the Arg-128 residues positioned in the
catalytic cores to facilitate melting of dsDNA and generate
ssDNA for entry into the active sites. Metal-dependent ssDNA
binding in the active sites of the catalytically inactive dominant
TREX1 mutants contributes to DNA retention and precludes
access to DNA 3’ termini by active TREX1 enzyme. Thus, the
dominant disease genetics exhibited by the TREXI DI18N,
D200N, and D200H alleles parallel precisely the biochemical
properties of these TREX1 dimers during dsDNA degradation of
plasmid and chromatin DNA in vitro. These results support the
concept that failure to degrade genomic dsDNA is a principal
pathway of immune activation in TREX1-mediated autoim-
mune disease.

Deoxyribonucleases are essential enzymes acting to degrade
DNA polynucleotides in the orchestrated processes of disman-
tling dying cells and in defense from invading pathogens. Fail-
ure to efficiently degrade superfluous DNA macromolecules
can result in persistent nucleic acids that activate the mamma-
lian immune system (1). TREX1 is a 314-amino acid polypep-
tide containing a robust 3’-exonuclease that degrades ssDNA
and dsDNA and is expressed ubiquitously in mammalian cells
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(2—4). The catalytic core of TREX1 is contained in the N-ter-
minal 242 amino acids, and the C-terminal 72 amino acids con-
tain a hydrophobic region that localizes TREX1 to the endo-
plasmic reticulum in the perinuclear space of cells (5). Located
in the cytosol, TREX1 prevents the initiation of a cell-intrinsic
autoimmune pathway by degrading ssDNA derived from
endogenous retroelements (6). TREX1 also degrades HIV DNA
generated during HIV-1 infection, preventing activation of intrin-
sic DNA sensors (7). Upon activation of a cell death pathway and
treatment of cells with DNA-damaging agents, TREX1 relocates
to the nucleus, where it acts on DNA 3’ termini (5, 8, 9).

The TREX1 gene is a single open reading frame located on
chromosome 3p21.31 (10). Mutations in the human TREXI
gene have been linked to a spectrum of autoimmune diseases
including the severe neurological brain disease Aicardi-Gout-
ieres syndrome (AGS)? (11), to a monogenic form of cutaneous
lupus erythematosus named “familial chilblain lupus” (FCL)
(12-14), to systemic lupus erythematosus (15, 16), and to reti-
nal vasculopathy and cerebral leukodystrophy (17). Approxi-
mately 40 TREXI disease-causing missense and frameshift
mutations have been identified, mapping to positions located
throughout the gene (18, 19). Furthermore, mice lacking
TREX1 develop inflammatory myocarditis consistent with
autoimmune disease (20).

Multiple mechanisms of dysfunction underlie the observed
clinical phenotypes in patients carrying TREXI mutations,
reflecting the position of the mutation and the stable dimeric
structure. Our structural studies of the TREX1 catalytic domain
with bound DNA reveal the protein-polynucleotide interac-
tions that explain the requirement for ssDNA in the active site
and highlight the extensive interface contacts in the remarkably
stable dimeric enzyme (21). The TREX1 AGS-causing muta-
tions locate predominantly to the catalytic core region with a
few notable exceptions positioned in the C-terminal hydropho-
bic region (22). Some TREX1 AGS-causing mutants exhibit
dramatically lower levels of catalytic function, whereas others
show more modest effects on the ssDNA degradation activities,
yet all yield similar human pathologies (21, 23). The TREX1
systemic lupus erythematosus-associated mutations are
located mostly in the C-terminal region with a few variants
positioned in the catalytic core. The heterozygous TREX1
mutations that cause retinal vasculopathy and cerebral leu-
kodystrophy are all frameshifts in the C-terminal region (17).
The TREX1 enzymes containing C-terminal mutations retain
full catalytic function but fail to localize to the perinuclear space

2 The abbreviations used are: AGS, Aicardi-Goutiéres syndrome; FCL, familial
chilblain lupus; MBP, maltose-binding protein; MUT, mutant.
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in cells (15, 17). Thus, disruptions in catalytic function and in
cellular trafficking are mechanisms of TREX1 dysfunction in
autoimmunity.

TREX1-mediated autoimmune disease exhibits both domi-
nant and recessive genetics dependent upon the nature of the
mutation. Heterozygous de novo and inherited mutations in the
highly conserved TREX1 Asp-18 and Asp-200 metal-binding
residues exhibit dominant FCL and AGS (12, 14, 19, 24). The
disease phenotypes in dominant FCL and AGS patients corre-
late best with the dsSDNA degradation activities measured in the
TREX1 D18N and D200N enzymes and not with the ssDNA
degradation activities (23). We have proposed that the inability
to perform chemistry of phosphodiester bond cleavage result-
ing from the D18N or D200N mutation might trap the TREX1
mutant enzyme onto the dsDNA in a nonproductive enzyme-
DNA complex at the site of the nick. These data support the
proposal that TREX1 degrades dsDNA by acting at 3" termini
generated by the NM23-H1 endonuclease during cell death (5).
The studies presented here show that the dsSDNA degradation
activities of TREX1 enzymes containing the FCL and AGS
dominant D18N, D200N, and D200H mutations are defective
and that these mutants inhibit the dsDNA degradation activity
of TREX1Y" enzyme, likely present in cells of these patients.
The dominant effect of these TREX1 mutant enzymes is
dependent upon the functional DNA binding by residues Arg-
174 and Lys-175 positioned adjacent to the active sites and the
Arg-128 positioned in the catalytic cores (see Fig. 1). In addi-
tion, metal-dependent DNA binding in the active sites of the
catalytically inactive dominant TREX1 mutants contributes to
DNA retention and precludes access to the DNA 3’ termini of
nicked dsDNA by the TREX1%" enzyme.

EXPERIMENTAL PROCEDURES

Materials—The synthetic 30-mer oligonucleotide 5'-ATAC-
GACGGTGACAGTGTTGTCAGACAGGT-3' with 5'-fluo-
rescein was from Operon. Plasmid pR01-250 is a derivative of
pUC19 provided by J. Hays (Oregon State University), and plas-
mid 1 is a derivative of the pMYC plasmid (New England Bio-
labs). Both plasmids contain one Nt.BbvClI restriction enzyme
site. Plasmids were purified from bacterial cultures and from
restriction enzyme digests using Qiagen kits. Nuclei were pre-
pared from hamster livers as described (25).

Enzyme Preparation—The human recombinant TREX1
enzymes were expressed in bacteria and purified as stable
homo- or heterodimers as described (23). Briefly, mutant
TREX1-containing plasmids were produced using a PCR site-
directed mutagenesis strategy and confirmed by DNA sequenc-
ing. The TREX1™" and homodimer enzymes (amino acids
1-242) were expressed in bacteria as N-terminal maltose-bind-
ing protein (MBP) fusions with a PreScission protease recogni-
tion sequence between the MBP and TREX1. The MBP-TREX1
fusion protein was bound to an amylose resin (New England
Biolabs) and washed, and the TREX1 was separated from the
MBP with PreScission protease (GE Biosciences). The TREX1
was collected and purified to homogeneity using phosphocel-
lulose chromatography.

To generate TREX1 heterodimers, one TREXI-containing
plasmid was engineered to express MBP-TREX1, and a second
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was engineered to express His-NusA-TREX1. Co-expression of
the two plasmids in the same bacterial cell generates a mixture
of TREX1 homodimers containing only the MBP and only the
His-NusA affinity tags and TREX1 heterodimers containing
both affinity tags. The TREX1 heterodimers are separated from
the homodimers by sequential chromatography using nickel-
nitrilotriacetic acid (Qiagen) and amylose resins (New England
Biolabs). The TREX1 heterodimers were purified by phospho-
cellulose or MonoQ chromatography. Protein concentrations
were determined by A4, using the molar extinction coefficient
for human TREX1 protomer € = 23,950 M~ * cm™*. Aliquots (3
pg) of the TREX1 preparations were analyzed by 12% SDS-
PAGE and visualized by Coomassie Blue staining (supplemen-
tal Fig. S1). Gel images were generated using a FluorChem
8900 imaging system (Alpha Innotech) and scanned using
ImageQuant TL version7.0 to obtain densitometric profiles and
to determine the final TREX1 protein concentrations. The
NM23-H1 (26) and APE1 fragment (amino acids 32-318) (27)
endonucleases were cloned into plasmids as N-terminal MBP
fusions with a PreScission protease recognition sequence
between the MBP and the endonuclease. The MBP fusion
endonucleases were overexpressed in Escherichia coli
BL21(DE3) Rosetta 2 cells (Novagen), bound to amylose resins
(New England Biolabs), and washed, and the column resin was
incubated at 4 °C overnight with PreScission protease (GE Bio-
sciences) to separate the endonuclease from MBP. The
NM23-H1 and APE1 fragments were collected from the col-
umn flow-through, dialyzed against 50 mm Tris-HCI (pH 7.5),
50 mMm NaCl, 1 mm EDTA, and 10% glycerol, and stored at
—380°C.

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 nm fluorescein-labeled
30-mer oligonucleotide (ssDNA assays) or 10 ug/ml plasmid
DNA (dsDNA assays), and TREX1 protein as indicated in the
legends for Figs. 2—-10. The TREX1 enzyme and variant mix-
tures in the competition assays were prepared onice at 10X the
final concentrations to allow the addition of TREX1 dimer mix-
tures simultaneously to reactions yielding the indicated final
concentrations. Reactions were incubated at 25 °C for 30 min or
as indicated. Reactions were quenched by the addition of 3 vol-
umes of cold ethanol and dried in vacuo. For ssDNA assays, the
reaction products were resuspended in 4 ul of formamide and
separated on 23% denaturing polyacrylamide gels. Fluores-
cently labeled bands were visualized and quantified using a
Storm PhosphorImager (GE Healthcare). The fraction of oli-
gomer at each position was multiplied by the number of ANMPs
excised from the 30-mer and by the total fmol of 30-mer in the
starting reaction to determine the activities for TREX1%" and
variants (fmol of AINMP/s/fmol of enzyme).

For visualization of dsDNA reaction products, assays were
resuspended in 10 ul of TAE agarose gel running solution and
electrophoresed on 0.8% agarose gels containing ethidium bro-
mide. DNA was visualized using a FluorChem 8900 imaging
system (Alpha Innotech). For quantification of dsDNA degra-
dation, samples (20 ul) were removed at the indicated times and
quenched in wells of a 96-well plate containing 20 ul of 15X
SYBR Green (Invitrogen). Fluorescent emission at 522 nm
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FIGURE 1. DNA binding in the TREX1 dimer. The region of bound ssDNA in
the TREX1 (Protein Data Bank (PDB) number 20A8) dimer (green) is high-
lighted. The proposed dsDNA-binding residues (orange) Arg-174 and Lys-175
positioned on a loop adjacent to the active site and Arg-128 in the catalytic
core are indicated. The metal-binding residues (green) Asp-18, Glu-20, Asp-
130, and Asp-200 and the nucleophile-generating His-195 (green) are indi-
cated. The metal ions (cyan) and 4-mer ssDNA (as sticks) are shown bound in
the active site. The flexible loop region (dotted line) connecting the a6 and a7
helices (shown in graphics formation) and a sequence alignment of this
region for mammalian TREX1s are shown. The figure was prepared using
PyMOL (Schrodinger, LLC), and sequences were aligned using CLUSTALW2.

was determined using a POLARstar Omega microplate reader
(BMG LABTECH). The amount of dsDNA remaining was
determined by comparing fluorescence values with those
obtained from a standard curve of fluorescence emission using
varied plasmid 1 concentrations (1-10 pg/ml) stained with
SYBR Green. The amount of dsDNA degraded was used to cal-
culate dNMPs excised and activities for TREX1% " and variants
(fmol of ANMP/s/fmol of enzyme).

RESULTS AND DISCUSSION

The TREX1 exonuclease degrades ssDNA and dsDNA poly-
nucleotide substrates containing available 3" termini. Struc-
tural studies of the TREX1-DNA complex provide direct evi-
dence for ssDNA binding of at least four nucleotides in length
in the active sites (Fig. 1) (21). Amino acid residues Asp-18 and
Asp-200 are two of the divalent metal ion Mg?*-coordinating
aspartates in the TREX1 active site that contribute to DNA
binding and are required for catalysis. Residues Arg-174 and
Lys-175 located on a flexible loop adjacent to the active sites
and Arg-128 in the catalytic core are positioned appropriately
to function in DNA binding to locate available 3’ termini and
generate ssDNA for entry into the active sites.

The TREX1 ssDNA Exonuclease Activities of Dominant
Mutants—The dominant TREX1 D18N, D200N, and D200H de
novo and inherited mutations have been identified in FCL and
AGS (12, 14, 19). The dominant phenotypes caused by these
TREX1 alleles and the metal binding functions of these residues
suggest a common mechanism of dysfunction. TREX1 is a
homodimer, so TREX1 dimers in cells of these heterozygous
individuals could be TREX1MYTMUYT and TREX1Y™™T
homodimers and TREX1Y""MUYT heterodimers. Therefore, the
TREX1P200H/D200H  apd  TREX1Y™YT  homodimers and
TREX1W1/P209H heterodimers were prepared, and the ssDNA
degradation activities of these enzymes were compared with
the activities of the TREX1 D18N and D200N mutants that we
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FIGURE 2. The ssDNA exonuclease activities of TREX1 D200H variants.
Standard exonuclease reactions (30 ul) were prepared with a fluorescein-
labeled 30-mer oligonucleotide, and dilutions of the recombinant TREX1"T,
TREX1P200H/D200H 3¢ TREX1WT/D290H \yere prepared at 10 times the final con-
centrations. Samples (3 ul) containing the TREX1 enzymes to yield the final
indicated concentrations were added to reactions. The reactions were incu-
bated for 30 min at 25 °C. A and B, the reaction products were subjected to
electrophoresis on 23% urea-polyacrylamide gels (A) and quantified as
described under “Experimental Procedures.” B, to precisely quantify results,
the relative exonuclease activities of TREXTWT and TREX1W"P29H \ere
assayed in triplicate at 38, 57, and 76 pm as described above. Plots of activity
versus enzyme concentrations were used to confirm the linearity of the assay
and to generate the enzyme activity values. The average activities and stan-
dard errors were determined by regression analysis using SigmaPlot 8.02
(SPSS Science, Inc.). The relative activity was calculated as: relative activity =
100 X ((fmol of dNMP released/s/fmol of mutant enzyme)/(fmol of dNMP
released/s/fmol WT enzyme)). The position of migration of the 30-mer is
indicated.

TABLE 1

Relative ssDNA exonuclease activities of TREX1YT and dominant
variants

TREX1 Relative activity” Study

wT? 1 This study and Refs. 4, 21, and 23
WT/D200H 1/1.5 This study

D200H/D200H  None detected This study

WT/D18N 1/2.6 Ref. 12

D18N/D18N 1/160,000 Ref. 12

WT/D200N 1/1.5 Ref. 23

D200N/D200N  1/20,000 Ref. 23

“ Activities were derived from reactions in Fig. 2 or as previously reported. Rela-
tive activities are calculated as: relative activity = 100 X ((fmol of ANMP re-
leased/s/fmol of mutant enzyme)/(fmol of ANMP released/s/fmol WT enzyme)).

> WT = wild type.

had previously determined (Fig. 2 and Table 1). The ssDNA
exonuclease activities of the dominant TREX1 D18N, D200N,
and D200H homodimers were reduced by more than 10*-fold
when compared with TREX1%™, The activities of the TREX1
D18N, D200N, and D200H heterodimers are reduced by only
1.5-, 2.6-, and 1.5-fold when compared with TREX1WT (Fig. 2
and Table 1). The ~2-fold loss in activity of the TREX1 het-
erodimers indicates that the TREX1Y" protomer within the
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FIGURE 3. The TREX1WT/P18N TREX1WT/P200H and TREX1YT/P29°N have defective dsDNA degradation activities and inhibit TREX1"". A, the exonuclease
reactions (20 ul) were prepared containing nicked dsDNA plasmid pR01-250 and no enzyme (lane 1), TREX1"T (lane 2), TREX1YWT/P'8N (Jane 3), TREX1WT/D200H
(lane 4), and TREX1WT/P209N (jgne 5) at 200 nm concentration. B, the exonuclease reactions contained nicked dsDNA plasmid 1 and no enzyme (lane 6), the

indicated concentration of TREX1"T only (lane 7), a mixture of TREX1"" with the indicated increased concentrations of TREX

1D200H/D200K (Ianes 8-12), or

TREX1WT/P200H (janes 13-17). The reactions were incubated for 30 min, and the products were subjected to agarose gel electrophoresis. The positions of

migration of Form Il (Nicked dsDNA) and circular ssDNA (ssDNA) are indicated.

dimer retains fully functional ssDNA degradation activity. This
~50% reduction in ssDNA degradation activity has been dem-
onstrated in patient cells carrying the D200N allele (14). The
ssDNA degradation activities of the TREX1 dominant mutants
suggest that TREX1 protomers within the dimer can act inde-
pendently during the degradation of small ssDNA substrates.

The TREXI dsDNA Exonuclease Activities of Dominant
Mutants—The dominant negative effects of the TREX1 D18N,
D200N, and D200H alleles are apparent upon examination of
the dsDNA degradation activities. The TREX1 D18N, D200N,
and D200H protomers within the heterodimers exhibit a dom-
inant inhibitory effect on the dsDNA degradation activities of
the TREX1%" protomer. Incubation of nicked plasmid dsDNA
with TREX1¥" homodimer results in the degradation of the
nicked polynucleotide strand and the accumulation of the un-
nicked ssDNA strand (Fig. 3A, lane 2). In contrast, the
TREX].WT/DlSN, TREXIWT/D2OOH, and TREXIWT/DZOON het_
erodimers do not degrade the nicked dsDNA plasmid (Fig. 34,
lanes 3-5). Additions of up to 10-fold higher concentrations of
the TREX1 mutant heterodimers resulted in no detectable
dsDNA degradation (Ref. 23 and data not shown). These data
indicate that the dominant TREX1 D18N, D200N, and D200H
heterodimers exhibit at least a 200-fold decreased level of
dsDNA degradation activity relative to TREX1%7" in contrast to
the modest ~2-fold level of reduced ssDNA degradation activ-
ity by these mutant heterodimers (Table 1).

The TREX1 Dominant Mutants Inhibit the TREX1Y " dsDNA
Degradation Activity—The TREX1 D200H protomers in the
TREX1P200F/D200F homodimers and TREX1YWT/P299H het-
erodimers exhibit a dominant inhibitory effect on the dsDNA
degradation activity of TREX1%™. The TREX1Y¥" enzyme was
mixed with increased amounts of the TREX1P200H/D200H 54
TREX1WT/P20%H enzymes and incubated with the nicked
dsDNA plasmid (Fig. 3B). In these reactions, the TREX1%"
competes with the mutant TREX1 enzyme to degrade the
nicked dsDNA plasmid. The amount of TREX1%¥? (76 nm)
added in these reactions is 10-fold higher than the amount
required to degrade the nicked polynucleotide of the
dsDNA (23). The presence of increased amounts of the
TREX1P200H/D200M (Fig 3B Janes 8§ —12) and TREX 1Y T/P200H
(Fig. 3B, lanes 13—17) results in decreased dsDNA degrada-
tion activity by the TREX1Y" enzyme as evidenced by the
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increased amount of remaining nicked dsDNA. The inhibi-
tion of TREX1YT dsDNA degradation activity by the
TREX1P200H/D200H an  TREX1YWT/P29H enzymes is similar to
that previously demonstrated with the TREX1 D18N and
D200N mutations (23). The potent inhibition of TREX1%T
dsDNA degradation activity exhibited by TREX1 dimers con-
taining D18N, D200N, and D200H protomers could explain the
dominant phenotypes exhibited by these TREX1 mutant alleles
described in FCL and AGS (12, 14). These data suggest that FCL
and AGS TREXI DI18N, D200N, and D200H heterozygote
patients likely have varying mixtures of TREX1 WT and mutant
homo- and heterodimers. The TREX1 D18N-, D200N-, and
D200H-containing dimers would likely inhibit the TREX1%™*
dsDNA degradation activity in these cells.

Identification of TREX1 Residues Contributing to DNA
Binding—The TREX1 Arg-174, Lys-175, and Arg-128 residues
are positioned within the enzyme to participate in DNA bind-
ing. To measure the contribution of these residues in the
TREX1-catalyzed reaction, a series of variant enzymes was gen-
erated in which each of these residues was changed to alanine
individually or in combinations. The TREX1 and variant pro-
teins were tested to confirm the presence of nuclease activity
using a 30-mer oligonucleotide and to establish the relative
ssDNA excision activities (Fig. 4 and Table 2). The TREX1®7*4
and TREX1*!7*A exhibit no loss of activity, and the
TREX1R'7#AKI754 shows a modest ~3-fold reduced excision
activity relative to the TREX1YT, These data indicate some
contribution to ssDNA binding by the Arg-174 and Lys-175
that is satisfied by the presence of one of these residues on the
flexible loop. The TREX1*'?#* exhibits an ~2-fold reduced
excision activity relative to the TREX1Y", also indicating a
modest contribution to ssDNA binding by the Arg-128
located in the catalytic core. The TREX1R'Z8ARI74A apd
TREX1R'?8K175A double mutants exhibit ~3-fold reduced
excision activities, consistent with the requirement for one of
the positively charged flexible loop residues (Arg-174 or Lys-
175) and Arg-128 in the core for full ssDNA exonuclease activ-
ity. The TREX1R!284RI74AKI75A triple mutant exhibits an ~30-
fold reduced excision activity, further demonstrating the
requirement for a single positively charged residue positioned
on the flexible loop and the Arg-128 within the catalytic core for
full ssDNA degradation activity. Also, a steady-state kinetic
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analysis indicated an ~35-fold higher K, value for the
TREX1RIZ8ARI7ZAAKIZEA when compared with the TREX1Y™
protein and similar k_,, values, confirming the structural integ-
rity of the mutant enzyme and further supporting the dimin-
ished DNA binding potential (data not shown). However, the
~3-fold magnitude in loss of TREX1 catalytic function upon
mutation of the flexible loop Arg-174 and Lys-175 residues
contrasts sharply with the ~200-fold loss of TREX2 catalytic
function upon mutation of the comparable Arg-163, Arg-165,
and Arg-167 flexible loop residues (Refs. 28 and 29 and data not
shown). Furthermore, the TREX1 Arg-128 is not conserved in
TREX2, where this residue is Asp-121. These data point to a
unique function for Arg-128, Arg-174, and Lys-175 in TREX1
DNA degradation activities.

TREX]WT TREX1R174A’K175A TREXIRlZSA,Rl74A,K175A
[PM] 0 7.6 19 76 0 76 19 76 0 76 19 76
30- |
R8s TERE *®e2

-
— *
— T —

FIGURE 4. The ssDNA exonuclease activities of TREX1 DNA-binding vari-
ants. Standard exonuclease reactions (30 p.l) were prepared with a fluorescein-
labeled 30-mer oligonucleotide, and dilutions of the recombinant TREX1",
TREX1R174AKI75A and TREX1R1ZBARIZ4AKIZSA \ere 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 reactions were
incubated for 30 min at 25 °C. The reaction products were subjected to elec-
trophoresis on 23% urea-polyacrylamide gels and quantified as described
under “Experimental Procedures.” The position of migration of the 30-mer is
indicated.

TREX1 Degrades dsDNA

The TREX1 Arg-174 and Lys-175 flexible loop residues and
the Arg-128 located in the catalytic core contribute to dsDNA
degradation activity. Incubation of TREX1¥™ with a singly
nicked dsDNA plasmid results in the degradation of the nicked
polynucleotide strand and the accumulation of the un-nicked
ssDNA strand (23). To determine the effects of TREX1 DNA-
binding mutations on dsDNA degradation activity, a quantita-
tive fluorescence assay was developed (Figs. 5 and 6). The
TREX1%" and variants were incubated with nicked dsDNA in
time course reactions, and DNA degradation was visualized in
agarose gels (Figs. 5A and 6A) and quantified by SYBR Green
fluorescence emission (Figs. 58 and 6B). The TREX1¥!7*4 and
TREX1%'7>* variants exhibit modest but reproducibly reduced
dsDNA degradation activities (Fig. 5, A and B, and Table 2).
Further, the TREX1®'7*4K175A4 double mutant exhibited a
much greater ~20-fold reduction in dsDNA degradation activ-
ity when compared with TREX1¥™ (Fig. 5, A and B, and Table
2). This 20-fold reduction in dsDNA degradation activity con-
trasts with the more modest 3-fold reduction in ssDNA degra-
dation activity, indicating that Arg-174 and Lys-175 positioned
on the flexible loop region contribute more substantially to
dsDNA degradation by TREX1.

The TREX1 Arg-128 located in the catalytic core contributes
to dsDNA degradation activity. Incubation of the TREX1%284
variant with nicked dsDNA resulted in ~8-fold reduced
dsDNA degradation activity when compared with TREX1%™
(Fig. 6, A and B, and Table 2), contrasting the modest ~2-fold
reduction in ssDNA degradation activity of this variant. The
TREX1RIZ8ARI7ZHA and  TREX1R'?8A4KI75A double mutants
exhibited much greater ~60-fold reduced dsDNA degrada-
tion activities when compared with TREX1%" (Fig. 6, A and
B, and Table 2). These large reductions in dsDNA degrada-
tion activities contrast with the modest ~3-fold reduced
ssDNA activities of these TREX1 mutants (Table 2). Finally,
the TREXI®?ZSARIZAAKIZSA varjant  exhibits  ~500-fold
reduced dsDNA degradation activity relative to TREX1Y" (Fig.
6, A and B, and Table 2). These data indicate that Arg-174 and
Lys-175 positioned on the flexible loop adjacent to the active
sites and Arg-128 positioned in the catalytic core contribute to
dsDNA binding and subsequent generation of a partial duplex

TABLE 2
Relative ssDNA and dsDNA exonuclease activities of TREX1"T and variants
TREX1 ssDNA activity” Relative activity” dsDNA activity® Relative activity”
fimol/s/fmol of E fimol/s/fmol of E

Wt 1.9 + 0.03 1 0.72 * 0.02 1
R174A 2.3 = 0.09 1/0.83 0.33 = 0.02 1/2.1
K175A 2.4+ 0.02 1/0.77 0.55 = 0.003 1/1.3
R128A 0.79 = 0.01 1/2.4 0.090 * 0.002 1/8.3
R128A,R174A 0.60 = 0.09 1/3.1 0.010 *= 0.0003 1/71
R128A,K175A 0.68 = 0.01 1/2.8 0.014 = 0.0003 1/47
R174A,K175A 0.62 = 0.01 1/3.0 0.043 *+ 0.003 1/20
R128A,R174A,K175A 0.060 * 0.0006 1/29 0.002 *= 0.00007 1/500

“ ssDNA exonuclease activity assays were performed in triplicate at three different concentrations as described under “Experimental Procedures.” Plots of activity versus en-
zyme concentrations were used to confirm linearity of the assay and to generate the enzyme activity values. The average activities and standard errors were determined by

regression analysis using SigmaPlot 8.02 (SPSS Science, Inc.).

® The relative activity was calculated as: Relative activity = 100 X ((fmol of AINMP released/s/fmol of mutant enzyme)/(fmol of ANMP released/s/fmol WT enzyme)).

¢ dsDNA exonuclease activity assays were performed at enzyme concentrations linear during the time course. Samples were removed at X times and resolved on agarose gels
(Fig. 5A) or DNA degradation quantified (Fig. 5B) as described under “Experimental Procedures.” Plots of activity versus enzyme concentrations confirmed the linearity of
the assay and were used to generate the enzyme activity values. The average activities and standard errors were determined by regression analysis using SigmaPlot 8.02

(SPSS Science, Inc.).
4WT = wild type.
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FIGURE 5. The dsDNA exonuclease activities of TREX1 flexible loop vari-
ants. Exonuclease time course reactions (110 ul) were prepared containing
nicked dsDNA plasmid 1 and 100 nm TREX1"T (A and E), TREX1R'74A (Band E),
TREX1X'7>A (C and E), and TREX1R7#AK1754 (D and E). Samples (20 wl) were
removed prior to enzyme addition (0 min) and after incubation for the indi-
cated times (A-E). The reaction products were subjected to electrophoresis
on agarose gels and visualized by ethidium staining (A-D) or quenched in
15X SYBR Green, and dsDNA remaining was determined by emission at 520
nm (E) as described under “Experimental Procedures.” No Enz, no enzyme.

DNA containing sufficient ssDNA for entry into the TREX1
active site and degradation.

Proficient dsDNA Binding by TREX1 Dominant Mutants Is
Required for Inhibition of TREX1"Y"—The dominant inhibitory
effect exhibited by TREX1 enzymes containing D18N, D200N,
and D200H mutations on the dsDNA degradation activity of
TREX1%7 is dependent upon DNA binding contributions by
Arg-174, Lys-175, and Arg-128. A collection of TREX1 D18N-,
D200N-, and D200H-containing homodimers and het-
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FIGURE 6. The dsDNA exonuclease activities of TREX1 DNA-binding vari-
ants. Exonuclease time course reactions (110 ul) were prepared containing
nicked dsDNA plasmid 1 and TREX1728A (A and E), TREX1R'28AR174A (B and F),
TREX1R128AKI75A (€ and E), and TREX1R128ARIZ4AKIZSA (B and F) at 750 nm
(A-D) and 350 nm (E). Samples (20 wl) were removed prior to enzyme addition
(0 min) and after incubation for the indicated times (A-E). The reaction prod-
ucts were subjected to electrophoresis on agarose gels and visualized by
ethidium staining (A-D) or quenched in 15X SYBR Green, and dsDNA remain-
ing was determined by emission at 520 nm (E) as described under “Experi-
mental Procedures.” No Enz, no enzyme.

erodimers with additional mutations of R174A, K175A, and
R128A was prepared and tested for dominant inhibition of
TREX1W" dsDNA degradation (Fig. 7 and supplemental
Figs. S2 and S3). The TREX1¥" enzyme was mixed with
increased amounts of the TREX1P200HRI7TAAKIZSA (Fig 74,
lanes 3-7), TREX1WT/D200HRIZAAKITSA (Big 74 lanes 8 —12),
TREXIDZOOI—[,RIZSA (Flg 7B, lﬂnes 3_7)’ TREXIWT/D2OO]—[,R128A
(Fig. 7B, lanes 8 —12), and TREX1P200HHRIZSARIZAAKITEA (Fig.
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FIGURE 7. DNA-binding residues in the TREX1 D200H dominant mutant. The exonuclease reactions contained nicked dsDNA plasmid 1 and no enzyme
(A-C, lane 1), the indicated concentration of TREX1"" only (A-C, lane 2), or a mixture of TREX1"T with the indicated increased concentrations of
TREX]DZOOH,R174A,K175A (A, IaneS 3_7), TREX]WT/DZOOH'R174A'K175A (A, Ianes 8—12), TREX]DZOOH'R128A (B, Ianes 3_7)’ TREX]VV'F/DZOOH,R128A (B, Ianes 8—’2), or
TREX1P200HRT2BARIZAAKIZSA (C Janes 3-15). The reactions were incubated for 30 min, and the products were subjected to agarose gel electrophoresis. The
positions of migration of Form Il (Nicked dsDNA) and circular ssDNA (ssDNA) are indicated.

7C, lanes 3—15) and incubated with the nicked dsDNA plasmid.
In these reactions, the catalytically inactive TREX1 D200H-
containing enzymes compete with the TREX1%" to bind the
nicked dsDNA plasmid and inhibit degradation by TREX1%".
Increased inhibition of TREX1%" degradation of the nicked
polynucleotide strand is apparent by the decreased accumula-
tion of the un-nicked ssDNA upon the addition of increased
amounts of the TREX1 D200H mutants containing
R174A,K175A (Fig. 7A) and TREX1 D200H mutants contain-
ing R128A (Fig. 7B). However, the magnitudes of the TREX1%™
lnhlbltlon by TREXIDZOOH,R174-A,K175A and TREXIDZOOH,RIZSA
are dramatically reduced when compared with the levels of
inhibition exhibited by the TREX1P2°0T/P200H  and
TREX1%T/P200H 55 apparent from the much lower concentra-
tions of the D200H enzymes needed for complete TREX1™™
inhibition (compare Fig. 3B with Fig. 7, A and B). Complete
inhibition of TREX1Y" (76 nm) is achieved in competition
reactions at concentrations of ~19 nm for TREX1P200H/P200H
and ~38 nm for TREX1%"/P2°" (Fig 3B). In contrast, it is
apparent in these competition reactions that greater conc-
entrations of TREX1P200FLRIZAAKIZSA - (Fig  74)  and
TREX1P?00HRI28A (Fig 7B) are required to completely
inhibit TREX1Y" dsDNA degradation. Further, the
TREX D200 RI2BARI7ZAAKIZSA qyadruple mutant exhibits no
detectable TREX1YW" dsDNA degradation inhibition upon
additions of up to 230 nm (Fig. 7C). Thus, the Arg-174, Lys-175,
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and Arg-128 contribute to TREX1 dsDNA binding in the
D18N, D200N, and D200H dominant mutations as evidenced
by the diminished inhibitory effect on TREX1¥" dsDNA deg-
radation activity upon mutation of these residues to alanine
(Fig. 7 and supplemental Figs. S1 and S2). The proficient DNA
binding contributed by these positively charged residues con-
tributes to the dominant phenotypes of these TREX alleles and
highlights these three residues in the TREX1 dsDNA degrada-
tion mechanism.

The dominant TREX1 D200N and D200H alleles cause a
more aggressive AGS autoimmune disease than the TREXI
D18N allele that causes FCL (12, 14, 19). The more aggressive
AGS disease phenotype correlates with a greater inhibitory
effect of the mutations at Asp-200 on TREX1YT dsDNA
degradation activity when compared with the TREX1 muta-
tion at Arg-18 (Fig. 8). To demonstrate the greater
TREX1Y" inhibition by the TREX1 Asp-200 mutants,
increased concentrations of TREX1P200HRI74AKI7SA (Fig 84,
lanes 3—15), TREX1P20ONRI7AAKIZSA (Fig 8B lanes 3—15), and
TREX1PSNRIZAAKIZSA (Big 8C, lanes 3-15) were mixed with
TREX1¥?, and dsDNA degradation was examined. The
level of TREX1¥™" inhibition by TREX1P2°0HRIZ4AAKIZEA g
similar to that of TREX1P20ONRI7ZAAKIZSA® qnd both of
these TREX1 Asp-200-containing mutants exhibit a greater
level of TREX1Y¥?' inhibition when compared with the
TREX1P8NRIZAAKIZSA The greater level of TREX1Y ' dsDNA
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FIGURE 8. The TREX1 Asp-200 dominant mutants inhibit TREX1"T dsDNA degradation more than the Asp-18 mutant. The exonuclease reactions
contained nicked dsDNA plasmid 1 and no enzyme (A-C, lane 1), the indicated concentration of TREX1"T only (A-C, lane 2), or a mixture of TREX1"T with the
indicated increased concentrations of TREX1D200HR174AKIZSA (A anes 3—15), TREX1D200NR174AKIZ5A (B |anes 3—15), or TREX1P18NRIZ4AKIZSA (€ Janes 3-15). The
reactions were incubated for 30 min, and the products were subjected to agarose gel electrophoresis. The positions of migration of Form Il (Nicked dsDNA) and

circular ssDNA (ssDNA) are indicated.

degradation inhibition by the TREX1 Asp-200 mutants when
compared with the Asp-18 mutant indicates a greater DNA
binding affinity for the nicked dsDNA. These data support the
idea that the dominant AGS and FCL phenotypes observed
with the TREX1 Asp-200 and Asp-18 mutations relate to
impaired dsDNA degradation and indicate the TREX1 dsDNA
degradation activity as fundamental to the prevention of
autoimmunity.

Metal-dependent DNA Binding in the Active Sites Contrib-
utes to the Dominant TREX1 Phenotype—The dominant inhib-
itory effect exhibited by TREX1 containing D18N, D200N, and
D200H mutations on the dsDNA degradation activity of
TREX1Y¥T depends, in part, on the metal binding contributions
of Asp-18 and Asp-200. The carboxylate oxygens of Asp-18,
Glu-20, Asp-130, and Asp-200, several water molecules, and
the phosphate oxygens of the ssDNA 3’-nucleotide contribute
to the coordination of two divalent metal ions A and B in
TREX1 (Fig. 1). The Asp-18 coordinates metals A and B and
Asp-200 the metal at position A (21). Thus, mutations at
Asp-18 and Asp-200 to alanine are likely to compromise metal
binding in the TREX1 active sites. The TREX1 D18A and
D200A homo- and heterodimers were prepared and tested for
inhibition of TREX1Y™ dsDNA degradation to determine
whether metal binding contributes to the TREX1 dominant
mutant phenotype. The TREX1¥" enzyme was mixed with
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increased amounts of the TREX1 D18A and D200A enzymes
and incubated with the nicked dsDNA plasmid (Fig. 9). In these
reactions, the TREX1Y™ competes with the increased amounts
of the TREX1P'84/P18A (Fig 9A, lanes 3—7), TREX1W /D184
(Fig. 94, lanes 8—12), TREX1P2004/P200A (Fig 9B, [anes 3-7),
and TREX1YT/P29°A (Fig 9B, lanes 8 —12), resulting in varied
levels of nicked dsDNA degradation by TREX1%™ as evidenced
by the accumulated ssDNA product. The TREX1%" dsDNA deg-
radation activity is inhibited to a lesser extent by the TREX1
D18A-containing mutants than by the D18N-containing mutants
(compare Fig. 94 with Fig. 6B in Ref. 23). In contrast, the TREX1
D200A-containing mutants inhibit the TREX1Y" dsDNA degra-
dation activity similarly to the D200H- and D200N-containing
mutants (compare Fig. 9B with Fig. 3B in the present work and
with Fig. 64 in Ref. 23). Mutation of Asp-18 to alanine likely dimin-
ishes metal ion binding at positions A and B, whereas mutation of
Asp-200 to alanine likely reduces metal ion binding at position A.
Thus, these results suggest that metal binding at position B in the
TREXI active site contributes mostly to ssDNA binding, whereas
metal binding at position A contributes more to the chemistry of
phosphodiester bond cleavage.

TREXI1 Degrades Genomic DNA—The DNA degradation
properties of the TREX1 Asp-18 and Asp-200 dominant muta-
tions using plasmid DNA suggest that an in vivo DNA substrate
is nicked dsDNA. The association of TREX1 with the SET com-

AV DN
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FIGURE 9. Metal-dependent DNA binding in the TREX1 dominant mutants. The exonuclease reactions contained nicked dsDNA plasmid 1 and no enzyme
(lane 1), the indicated concentration of TREX1"T only (lane 2), or a mixture of TREX1"" with the indicated increased concentrations of TREX1P184/P18A (jgnes 3-7)
or TREX1DP2004/D200A (janes 8 12), The reactions were incubated for 30 min, and the products were subjected to agarose gel electrophoresis. The positions of
migration of Form Il (Nicked dsDNA) and circular ssDNA (ssDNA) are indicated.

plex and granzyme A-mediated cell death further implicates
TREX1 in nuclear DNA degradation after nicking by DNA
endonucleases during cell death processes (5, 8). To test this
idea, we prepared hamster liver nuclei and examined the
TREX1%" and variants for dsSDNA degradation activities using
nicked chromatin DNA (Fig. 10). Incubation of nuclei with
NM23-H1 or APE1 fragment endonucleases generates nicked
chromatin DNA that is apparent from the more rapid migra-
tion of ethidium-stained DNA in the agarose gel and by the
appearance of ~200-bp DNA laddering indicative of nucleo-
somal fragmentation (Fig. 10, lanes 3 and 7). The TREX1%"
degrades ~50% of the fragmented chromatin DNA as evi-
denced by the loss of ethidium-stained DNA (Fig. 10, lanes 4
and 8). When the TREX1PISN/PISN 43hq TREX1WT/PISN
dominant mutants were mixed with TREX1Y" and incu-
bated with endonuclease-treated nuclei, the amount of chro-
matin DNA degradation is reduced, indicating inhibition of
TREX1YT by the dominant TREX1 D18N-containing
mutants during chromatin DNA degradation (Fig. 10, lanes 5
and 9). In contrast, when the TREX1YT was mixed with
the TREX1P!SNRIZBARI7ZAAKIZSA - quadruple mutant, the
TREX1Y" degrades the chromatin DNA to a similar extent as
that detected in reactions containing TREX1%" only (Fig. 10,
lanes 6 and 10). These TREX1Y¥" and variant chromatin DNA
degradation activities using nuclei parallel the dsDNA degrada-
tion activities using nicked plasmids and further support the
TREX1 exonuclease action to degrade the nicked polynucle-
otide strands of genomic DNA during cell death processes.

In conclusion, the biochemical activities of the TREX1 dom-
inant alleles support a direct role for TREX1Y" in the degrada-
tion of dsDNA to prevent autoimmune disease. The TREX1
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FIGURE 10. The TREX1 dominant mutants inhibit TREX1"" degradation of
chromatin DNA. Reactions (20 ul) were prepared containing hamster nuclei
and no enzyme (lane 2); 2.5 ng of NM23-H1 (lane 3); 2.5 of g NM23-H1, 1 g
of TREX1YT (lane 4); 2.5 pug of NM23-H1, 1 ug of TREXTWT, 1 ug of
TREX1PT8NDIEN 1, of TREXTWTP'8N (Jane 5); 2.5 ug of NM23-H1, 1 ug of
TREXTWT, 1 ug of TREX1P18NRI2BARIZAAKIZSA (jgne 6); 5 ug of APE1 fragment
(lane 7); 5 ug of APE1 fragment, 1 ug of TREX1V' (lane 8); 5 ug of APE1
fragment, 1 ug of TREXTWT, 1 ug of TREX1P'8VP1EN 11 g of TREX1WT/P1EN
(lane 9); and 5 ug of APET fragment, 1 ug of TREX1Y', 1 ug of
TREX1PT8NRIZBARIZAAKIZSA (jane 10). Lane 1 contains the 1-kb ladder
(Invitrogen).

D18N, D200N, and D200H homodimers are catalytically inac-
tive with respect to ssDNA and dsDNA degradation of poly-
nucleotides. However, this complete loss of TREX1 DNA deg-
radation activity alone does not sufficiently explain the
dominant genetics of the D18N, D200N, and D200H alleles
because there are other TREX1 AGS alleles, such as the inser-
tion mutations of aspartate at position 201 (D201ins) and ala-
nine at position 124 (A124ins), that result in elimination of
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TREX1 DNA degradation activities but exhibit recessive genet-
ics (14, 21). The dominant genetic phenotypes exhibited by the
TREX1 D18N, D200N, and D200H alleles likely result from the
generation of TREX1 enzymes with dysfunctional catalytic poten-
tial and fully functional nicked dsDNA binding properties. This
mechanism of TREX1 dominant negative inhibition of dsDNA
degradation might also extend to inhibition of dsDNA degrada-
tion by other exonucleases acting at nicked dsDNA sites, such as
perhaps TREX2. Mutations of the TREX1 Arg-174, Lys-175, and
Arg-128 residues reduce the dsDNA binding potential and, thus,
the inhibitory effect of the D18N, D200N, and D200H alleles on
TREX1Y" dsDNA degradation activity. The TREX1 exonuclease
activities during ssDNA and dsDNA degradation and the stable
TREX1 dimeric structure lead to multiple mechanisms of dysfunc-
tion, helping to explain the spectrum of TREX1-related autoim-
mune disorders. The dominant effects exhibited by TREX1
Asp-18 and Asp-200 mutations provide insights into TREX1-me-
diated autoimmune disease in the heterozygous state.
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