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Abstract
Mutations within the human TREX1 3' exonuclease are associated with Aicardi-Goutières
Syndrome (AGS) and familial chilblain lupus (FCL). Both AGS and FCL are autoimmune
diseases that result in increased levels of interferon alpha and circulating antibodies to DNA.
TREX1 is a member of the endoplasmic reticulum (ER)-associated SET complex and participates
in granzyme A-mediated cell death to degrade nicked genomic DNA. The loss of TREX1 activity
may result in the accumulation of double-stranded DNA (dsDNA) degradation intermediates that
trigger autoimmune activation. The X-ray crystal structures of the TREX1 wt apoprotein, the
dominant D200H, D200N and D18N homodimer mutants derived from AGS and FCL patients, as
well as the recessive V201D homodimer mutant have been determined. The structures of the
D200H and D200N mutant proteins reveal the enzyme has lost coordination of one of the active
site metals, and the catalytic histidine (H195) is trapped in a conformation pointing away from the
active site. The TREX1 D18N and V201D mutants are able to bind both metals in the active site,
but with inter-metal distances that are larger than optimal for catalysis. Additionally, all of the
mutant structures reveal a reduced mobility in the catalytic histidine, providing further explanation
for the loss of catalytic activity. The structures of the mutant TREX1 proteins provide insight into
the dysfunction relating to human disease. Additionally, the TREX1 apoprotein structure together
with the previously determined wild type substrate and product structures allow us to propose a
distinct mechanism for the TREX1 exonuclease.
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1. Introduction
The TREX1 3’ exonuclease is a member of the DnaQ family of enzymes, and catalyzes the
major 3’ exonuclease activity in mammalian cells [1–2]. The exact cellular role of TREX1
remains unclear, but several potential functions have been identified. These include
degradation of nicked genomic DNA during Granzyme A cell death [3], elimination of
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single-stranded DNA (ssDNA) derived from endogenous retroelements as a part of the
interferon-stimulatory DNA response [4], and the disposal of aberrant ssDNA replication
intermediates [5–6]. TREX1 interacts with the SET protein as a member of the endoplasmic
reticulum (ER)-associated SET complex [3]. The 440 kDa SET complex contains proteins
such as the endonuclease NM23H1, the apurinic endonuclease APE1, and the DNA bending
protein HMG-2. During granzyme A-mediated cell death, the serine protease granzyme A
enters a target cell and proteolyses certain components of the complex, which results in the
translocation of the SET complex into the nucleus. Subsequently, the NM23H1 nuclease
generates single-stranded nicks in the genomic DNA. TREX1 binds the 3' termini generated
at these nicks and fully degrades the DNA, ensuring cell death [3]. It has been proposed that
this TREX1 function is important to avoid the accumulation of host DNA after cell death
that could trigger an autoimmune response. Alternatively, there is evidence that TREX1 acts
as a negative regulator of the interferon stimulatory DNA response pathway by degrading
single- and double-stranded DNA (ssDNA, dsDNA) resulting from replication of
endogenous retroelements or DNA repair intermediates [4, 6]. Removal of this cytosolic
DNA prevents a potent cell-intrinsic antiviral response activated through cytosolic DNA
receptors.

Genetic studies have linked mutations in the TREX1 gene with a spectrum of autoimmune
diseases including Aicardi-Goutières syndrome (AGS), familial chilblain lupus (FCL),
systemic lupus erythematosus (SLE), and retinal vasculopathy and cerebral leukodystrophy
(RVCL) [7–14]. Additionally, TREX1 deficient mice develop inflammatory myocarditis,
strengthening the association with autoimmune disease [15]. The sites of mutations causing
autoimmune diseases in humans are located throughout the TREX1 gene; affecting areas of
the protein including the active site, the dimer interface, and the C-terminal domain.
Mutations within the TREX1 active site have been linked to both AGS and FCL. AGS is a
genetically determined encephalopathy exhibiting recessive inheritance, although isolated
cases of dominant AGS have been identified. The symptoms of AGS mimic congenital viral
infection without evidence of an infectious agent [16–18]. These patients exhibit a severe
phenotype involving the calcification of basal ganglia and white matter in the brain that
negatively impacts motor and social development [18–20]. FCL is a dominant form of lupus
erythematosus [9, 11, 21], which shares significant phenotypic overlap with AGS including
increased levels of interferon alpha and circulating antinuclear antibodies to dsDNA or
ssDNA, suggesting a common pathogenesis.

The TREX1 protein is a stable homodimer in solution, and the crystal structure revealed that
the active sites are positioned at opposite outer edges of the same face of the dimer [22–23].
The TREX1 protein contains four highly conserved acidic residues (DEDD) within the
active site that are characteristic of the DnaQ family of exonucleases. These residues are
required for coordinating two Mg2+ ions that are necessary for catalysis. The presence of a
conserved histidine residue in the TREX1 active site places the protein within the DEDDh
subgroup of the DnaQ family. The histidine is thought to contribute to deprotonation of a
water molecule and to promoting nucleophilic attack on the scissile phosphate during
catalysis [24–27]. The TREX1 protein has several additional distinct structural features that
likely contribute to its cellular function. A polyproline type II (PPII) helix is positioned
adjacent to the active site and dimer interface in each TREX1 protomer. The PPII helix has a
putative role in mediating contacts with other proteins in the cell, and may be important for
its interaction with the SET complex. The TREX1 protein also has an extended C-terminal
region that is involved in the sub-cellular localization of TREX1 on the cytosolic side of the
endoplasmic reticulum [3, 12]. Finally, a flexible loop that is proposed in DNA binding is
located adjacent to each active site [26–27].
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Multiple mechanisms of dysfunction underlie the observed clinical phenotypes in patients
with TREX1 mutations, reflective of the fact that the mutations result in a broad range of
catalytic activities, yet all result in similar human pathologies. Our previous biochemical
data has begun to provide insight into the disease etiology for dominant TREX1-mediated
FCL and AGS, but the mechanism of recessive AGS remains elusive. We have proposed a
mechanism for biological dysfunction of dominant TREX1 mutants in which competitive
binding of DNA nicks by the catalytically inactive dominant mutants precluding access by
active TREX1 [28–29]. In order to better understand the effects of disease causing mutations
on the structure and function of the TREX1 enzyme, we have determined the X-ray crystal
structures of four mutant TREX1 proteins identified in patients with autoimmune disease, as
well as the structure of the wild type TREX1 apoprotein. The D18N, D200N and D200H,
TREX1 proteins are dominant mutants associated with FCL and AGS. The V201D mutant
TREX1 is a recessive AGS mutation. All of these mutations are located in or directly
adjacent to the TREX1 active site and display a spectrum of catalytic activities ranging from
25% of wild type activity to virtually inactive enzyme. The role of the D18 and D200
residues is to coordinate the two divalent metal ion cofactors necessary for catalysis. The
structures of the mutant TREX1 proteins demonstrate a fundamental role for conformational
movement of the catalytic histidine during nucleic acid hydrolysis. This reveals unique
characteristics of two metal ion catalysis in the context of the DEDDh subgroup of the DnaQ
family of exonucleases that rationalizes substrate trapping in FCL and dominant AGS. The
structure of the TREX1 apoprotein, reveals conformational differences in the active site
dependent upon the presence or absence of substrate. Additionally, in the structure of the
D200H TREX1 mutant we observe an alternate conformation of the conserved catalytic
residue, E20, which forms an interaction with an arginine from the opposing protomer. This
data provides new insight into possible substrate release during the catalytic cycle, and for
the first time provides a rationale for the unique dimeric architecture of the TREX1 protein.

2. Materials and Methods
2.1 Protein Expression and Purification

The mouse TREX1 enzymes used for crystallization contain the catalytic core residues (1–
242) of the protein. This C-terminal truncation was expressed as a fusion with an N-terminal
polyhistidine sequence followed by maltose binding protein (MBP) as described previously
[22]. Briefly, the expression vector containing the MBP-TREX1 fusion was transformed into
BL21*(DE3) Rosetta II cells (Novagen) for overexpression. The cells were grown to an
A600=0.5 and induced with 1 mM isopropyl-β-D-thiogalactopyranoside for 10 minutes at
37°C and quickly cooled on ice to 16 °C. Cells were allowed to grow for 18 hours at 16 °C.
The MBP-TREX1 fusion was bound to amylose resin, washed thoroughly, and cleaved
overnight by incubation with PreScission Protease (GE Life Sciences) at 4 °C to remove the
polyhistidine tag and MBP protein. After cleavage, the mTREX1 protein was collected in
the column flow-through and dialyzed against 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 10%
glycerol and 1 mM EDTA and purified to homogeneity using phosphocellulose
chromatography.

2.2 Protein Crystallization and X-ray Data Collection
The TREX1 mutant proteins and the wild type TREX1 apoprotein were crystallized using
the sitting drop vapor diffusion technique. All TREX1 proteins were dialyzed into 20 mM
MES (pH 6.5), 50 mM NaCl. Substrate complex was formed by incubating the protein with
a four-nucleotide ssDNA (5'-GACG, purchased from Operon) in a molar ratio of 1:2 and 5
mM calcium chloride (5 mM magnesium chloride in the case of the D200N mutant). TCEP-
HCl pH 8.0 was added to a final concentration of 1 mM to each protein solution prior to
placing in the crystallization tray. Two µl protein complex at 5 mg/ml TREX1 was mixed
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with an equal volume of reservoir solution and placed on a bridge above 500 µl of the
reservoir solution. Optimized crystals of the wild type TREX1 apoprotein grew in 0.25 M
tri-sodium citrate dihydrate and 20% PEG 3350. Optimized crystals of the D18N complex
were obtained by microseeding into 0.15 M MES pH 6.5, 19% PEG 4000 and 10% ethylene
glycol and grown at 15°C. Crystals of the D200N mutant complex were obtained by
microseeding into 0.1 M MES pH 5.5, 0.075 M NaCl, 12% PEG 3350 and 5% 1,4-
butanediol and grown at 15°C. The D200H complex was obtained by microseeding into 0.1
M MES pH 6.0, 16% PEG 4000, 2% 1,4-butanediol and grown at 30°C. Crystals of the
V201D protein in complex with ssDNA were grown at 30°C in 16% PEG 3350, 0.1 M NaI
and 5% 1,4-butanediol. All crystals grew within one week. Prior to data collection all
crystals were dipped into reservoir solution containing 20% 1,4-butanediol or (for D18N)
20% glycerol in preparation for cryo-cooling. Crystals were mounted on a nylon loop and
flash cooled to 100 K in a stream of liquid nitrogen.

2.3 Phasing and Refinement
The X-ray data were collected using CuKα radiation on a MicroMax 007 generator and a
Saturn 92 CCD detector (Rigaku). Intensity data were processed using the programs
d*TREK or HKL2000 [30–31]. The D18N, D200N, and D200H TREX1 mutants in
complex with ssDNA belong to the P21 spacegroup. The TREX1 V201D- ssDNA complex
and the wild type TREX1 apoprotein belong to the P212121 space-group (Table 1). Phases
for the data were obtained by maximum likelihood molecular replacement using the
program PHASER [32] and the TREX1 dimer (PDB ID: 2OA8), including the α7–α8 loop,
as the search model (protein only). The TREX1 apoprotein and mutant models were built in
the program COOT [33] following composite omit procedures and the structures refined
using the programs CNS [34], Refmac5 [35], and Phenix.refine [36]. Translation/libration/
screw (TLS) refinement was utilized to independently define subgroups within the
apoprotein structure and to further refine their directions of movement as individual rigid
bodies [37–38]. The inspection of clashes and stereochemical parameters was carried out
using the program MolProbity [39]. All structure figures were generated in the program
Pymol [40]. Coordinates have been deposited into the protein databank for the structures of
TREX1 apoprotein, D200N, D200H, V201D and D18N TREX1 proteins.

3. Results and Discussion
The TREX1 D18N, D200H, and V201D mutant proteins associated with disease (Figure 1)
were co-crystallized with ssDNA and Ca2+, and the D200N mutant was co-crystallized with
ssDNA and Mg2+. Co-crystallization of some of the TREX1 mutants with calcium was
necessary to prevent degradation of substrate DNA. Replacement of the Mg2+ ion with other
divalent metals is a strategy that has been successfully employed in the past to trap
complexes of nucleases with DNA for structure determination [22, 41–47]. Data were
collected to 1.95 Å, 2.55 Å, 2.35 Å, 2.3 Å, and 1.75 Å resolution for the wild type
apoprotein, D18N, D200H, D200N, and V201D structures, respectively. All structures were
determined by molecular replacement (MR), using the TREX1 dimer (PDB ID: 2OA8)
protein only as the search model. After MR, good electron density was observed for most
residues in the TREX1 dimer in each mutant structure and in the wild type apoprotein
structure. In addition, electron density for the ssDNA was observed in the active site of all of
the mutant structures indicating that the observed decrease in activity in these mutants is not
due to an inability to bind substrate. Final R/Rfree at the conclusion of refinement for the X-
ray crystallographic models of the dimeric TREX1 apoprotein and mutants are 20.4% /
23.7% for the apoprotein, 23.1% / 28.4% for D18N, 21.5% / 27.5% for D200H, 21.9% /
27.9%for D200N, and 19.5% / 22.6% for V201D. Further refinement statistics are listed in
Table 1.
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Active site rearrangements in TREX1 apoprotein and disease mutant structures
The structures of the mutant TREX1 proteins fit into two distinct groups based on the
conformation of residue H195 and the number of metal ions coordinated in the active sites.
Each of the TREX1 mutant proteins adopts the same overall α/β fold as the wild type
TREX1 enzyme (RMSD 0.37–0.62 Å) (Figure 1). The positions of Mg2+ in the two-metal-
ion mechanism for phosphoryl hydrolysis have the canonical names of A and B. Metal ion A is
required for directing the inline attack of the scissile phosphate by an activated water
molecule while metal ion B facilitates DNA binding and stabilization of the penta-covalent
transition state [41, 48]. The structural roles for residues D18 and D200 are to coordinate
divalent metal at position A, and residue D18 additionally coordinates metal at position B. In
the structures of the D200H and D200N mutants associated with AGS, the conformation of
the loop containing the catalytic H195 is oriented with the histidine pointing away from the
active site in each monomer of the TREX1 dimer, and there is electron density only for a
single metal ion in position B (Figure 2). This outward conformation of H195 is stabilized by
hydrogen bonds from D193 to the backbone amide of H195 and the side chain hydroxyl of
T196 (Figure 3). In contrast, the structures of the D18N and V201D TREX1 mutants reveal
H195 is oriented towards the active site in both protomers of the dimer and electron density
is present for both metal ions (Figure 2). Amino acid V201 is on the back side of the α-helix
containing the adjacent metal-coordinating D200 residue. The inward conformation of the
catalytic histidine is a movement of about 7 Å from the position of the outward
conformation, and it is stabilized by hydrogen bonds from the amide nitrogen of H195 to a
carboxylate oxygen of D200 and from the carbonyl oxygen of D193 to the side chain
hydroxyl of T196 (Figure 3).

The dynamic conformations of H195 observed in the current TREX1 structures is likely
important for catalysis. The orientation of the catalytic histidine appears to be influenced by
the presence of metal ion at position A in the active site. In the structures of the D18N and
V201D mutant TREX1 proteins, the exclusive orientation of H195 pointing into the active
site suggests that the binding of metal ion A contributes to the inward orientation of H195 in
the active site and that the loss of this metal in the D200N and D200H only supports the
observed outward orientation of H195 (Figure 2). The effect of the metal must be indirect
since there are no direct interactions between the metal and histidine. Interestingly in our
previous structure of the wild type TREX1-ssDNA complex, H195 is observed in both the
inward and outward conformations within the two protomers, implying that only one half of
the dimer may be active at a time, and that both conformations are necessary in the catalytic
cycle [22]. This is a distinction from the mutant structures that all have H195 locked into a
single conformation and bolsters the idea that this residue must be mobile during catalysis.
Furthermore, the alternating conformations between active and inactive states supports the
possibility of communication across the dimer interface that may coordinate alternating
catalytic activity between protomers of the TREX1 dimer. The idea of inter-protomer
communication has other supporting evidence. Cooperativity within the homologous,
dimeric TREX2 exonuclease has been demonstrated by kinetic analysis [26], suggesting an
important role for communication across the dimer interface in the catalytic function of
TREX exonucleases. Additionally, biochemical analysis of the disease causing R114H
TREX1mutation reveals the R114 residue in one monomer contributes to catalysis of the
opposing monomer [49]. The catalytic histidine (H195) has been previously proposed to
play a role in the deprotonation of a water molecule coordinated by metal A to generate the
nucleophile to carry out phosphodiester bond cleavage [44, 50]. Mutagenesis of the catalytic
histidine within the DEDDh exonucleases TREX1, TREX2, and RNase T abolishes
exonuclease activity [23, 26–27, 51]. Quantum mechanical/molecular mechanical studies of
the catalytic mechanism of the structurally similar epsilon subunit of E. coli DNA
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polymerase III indicate that a proton is transferred from the nucleophilic water to the
catalytic histidine, further supporting a role for the histidine in phosphoryl hydrolysis [25].

The structure of the TREX1 apoprotein provides further evidence for the conformational
malleability of H195. The TREX1 apoprotein (Figure 1) maintains the same overall fold as
the TREX1 protein in complex with DNA [22] (RMSD 0.66 Å), however, a significant
difference between the two structures exists in the active site of the enzyme where the α7–α8
loop that contains the catalytic His195 is disordered in the absence of DNA binding. There
is weak electron density for the backbone of this loop in the TREX1 apoprotein structure,
but no density for the side chains of residues S194 and H195; indicative of a dynamic
movement of the H195 loop that becomes ordered during DNA binding. The transition of
residue H195 from a disordered to ordered state upon DNA binding combined with the
observation that it has two distinct structural conformations supports the idea that there is
deliberate and directed movement of H195 that is required during the catalytic cycle.

While the conformation of residue H195 is significant for catalysis, the positions of the
divalent metal ions are also essential. In the structures of the D18N and V201D TREX1
mutant proteins, the H195 residue is oriented inward towards the active site to assist
catalysis, yet these proteins display only 1/ 160000 and ¼ relative catalytic activity,
respectively, to wild type TREX1 [11, 22]. Within both of these structures electron density
is present for metal ions in both positions A and B (Figure 2). However, the metal ions in the
two protomers of the D18N TREX1 dimer are separated by 4.18 and 4.45 Å. This distance is
consistent with the 4.5 Å inter-magnesium distance that Nowotny et al. [45] observed in the
structure of the D132N-Mg2+ RNase H protein (D132 is a bridging aspartate in RNase H),
which is a catalytically inactive enzyme, and analogous to the TREX1 D18N mutation.
Metal ion position is an important factor in two metal ion catalysis, and it has been proposed
that metal A moves toward metal ion B during catalysis to bring the nucleophile close enough
to the scissile phosphate to promote catalysis [52–53]. In both the substrate and product
complex structures of the TREX1 protein [22] electron density for two metal ions is present
in the enzyme active site and the metal ion spacing is similar to the inter-metal distance of
3.5 Å that has been proposed as the metal spacing for an active nuclease [45, 54–55]. In the
TREX1 substrate complex, the distance between metal ions is an average 3.4 Å [22]. When
the metal ions are separated by 4 Å or more, as observed in the TREX1 D18N structure,
metal A is likely unable to help the nucleophile bridge the distance to the phosphorous. The
metal ion spacing is between 3.7 and 3.8 Å in both protomers of the V201D dimer (Figure
2). This is closer to ideal but probably still suboptimal and likely explains the higher level of
nuclease activity in the V201D versus the D18N mutant [22]. The caveat to this
interpretation is that the V201D and D18N structures contain calcium as the divalent ion
rather than magnesium. Using calcium was necessary to prevent catalysis and trap the
complex for crystallization. There are two points, however, that provide confidence that the
observed positions of the divalent metals in the structures of the mutant proteins are
relevant. First, our previous structures of the wild type TREX1 protein in complex with
nucleic acid using calcium or manganese show these metals are properly positioned and
spaced for catalysis (Supplemental Figure 1). Secondly, the degree of misalignment of the
metal in each of the current mutant structures correlates with the loss of catalytic activity for
these mutants in our biochemical experiments [22].

Another very interesting phenomenon that we observe with the D200H mutant structure is
an alternate conformation of the amino acid E20 in the active site (Figure 2). Residue E20 is
one of the conserved acidic residues critical for coordination of divalent metal in position A.
The active site of the D200H TREX1 has a metal ion only at position B. After the first round
of crystallographic refinement of this structure, a region of positive Fo-Fc electron density
(3.5 σ) appeared adjacent to the carbon-γ of E20. We modeled an alternate conformation of
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the amino acid into the density, which refined to an occupancy of about 30%. The
carboxylate group in the alternate conformation of E20 is rotated away from the active site
towards the dimer interface and places it 2.6 Å from residue R62 of the opposing protomer
in the dimer. The conformational change of this amino acid side chain appears to be linked
to the loss of metal ion at position A, and likely has significant consequences for catalysis.
Loss of at least one of the coordinating metals ions in the active site is thought to be
necessary for product release after catalysis [45, 47, 52, 56]. This process might be
facilitated by the reorientation of the E20 side chain through an interaction with R62, which
would reduce the coordination of metal ion A and effectively release it. Amino acid R62 of
each protomer stretches across the dimer interface, positioning the guanidinium group
adjacent to the active site of the opposing protomer. It was previously noted that residue R62
is highly conserved in all species of TREX enzymes [27] and its position is nearly identical
in all of the TREX1 structures including the D200H mutant. The structural conservation of
this residue coupled with the observation that it interacts with the active site of the opposing
protomer provides a possible biological rationale for the dimeric structure of the TREX1
exonuclease.

Consequences of TREX1 mutations for disease
The D18N, D200N and D200H mutations in TREX1 cause dominant disease in humans,
meaning patients with a single mutated allele display the disease phenotype. In vitro assays
confirm the homodimer mutant enzymes are essentially catalytically inactive on either
ssDNA or dsDNA [11, 22, 28]. However, heterozygous individuals have the formal
possibility of expressing both wild type and mutant TREX1 enzyme and the potential to
create wild type-mutant heterodimers in cells. The recombinantly expressed D18 and D200
heterodimers, containing one wild type and one mutant protomer in the dimer, are about
50% active on ssDNA [28]. Most notably, they display no activity on a nicked dsDNA
plasmid substrate, and both the homo- and heterodimer D18 and D200 mutants inhibit the
activity of wild type TREX1 on a dsDNA substrate. This ability of either the TREX1
homodimer or heterodimer mutant proteins to inhibit the wild type enzyme at sub-
stoichiometric concentrations is likely connected to the dominant genetics of the
autoimmune dysfunction associated with these TREX1 mutations. One explanation for the
inhibition of wild type TREX1 activity by the dominant mutant proteins is that they bind the
substrate and do not readily release it; therefore, blocking access to the DNA 3' termini by
wild type enzyme. Residues D18 and D200 participate in coordination of metal A, which in
turn is necessary for phosphoryl hydrolysis. Metal A is absent from the D200N/H mutant
structures and is coordinated with a significantly larger inter-metal ion distance in the D18
mutant structure than is observed in the TREX1 substrate complex. The structures of the
dominant D18N, D200H, and D200N TREX1 proteins reveal DNA substrate is bound by the
mutants, but is not able to undergo hydrolysis, therefore trapping them in a non-productive
complex. In contrast, the structure of the recessive V201D mutant TREX1 protein shows the
active site morphology is the most similar to wild type of any of the mutant proteins we
analyzed. It has only minor distortions in metal ion spacing that are consistent with its
relatively higher in vitro catalytic activity, and strengthens the notion that the V201D
mutation results in a different mechanism of disease than the dominant mutants.

Two-metal-ion mediated nucleic acid hydrolysis and the TREX1 mechanism
Together, our wild type and mutant structure data of the TREX1 proteins provide us with
direct information for most steps in the catalytic degradation of single-stranded DNA
(ssDNA). This enables us to propose a detailed catalytic mechanism for TREX1 (Figure 4).
Based on our apo enzyme structure and previously determined wt TREX1 in complex with
ssDNA, the TREX1 reaction begins with the binding of metal and ssDNA in the enzyme
active site (Figure 4a–b), which results in the ordering of the H195 loop. In one protomer,
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H195 flips into the active site to abstract a proton from the lone water molecule coordinating
metal A and displacing it towards the scissile phosphate (Figure 4c)[57]. The structures of the
wtTREX1-ssDNA complex and the V201D mutant show the motion of the activated water
molecule towards the substrate results in the shift in metal A diagonally away from metal B

and towards the substrate. This positions metal A within 3.5 Å of the scissile phosphate as
observed in the structure of the wt substrate complex. Nucleophilic attack on the scissile
phosphate ensues due to the placement of the hydroxide anion within the ~2–2.5 Å of the
scissile phosphate that is required for nucleophilic attack to occur [45, 51]. This motion of
metal A is different from that proposed for metal A towards metal B to promote catalysis in
RNase H, but may be explained by differences in active site architecture or the fact that
metal A is penta-coordinated in TREX1 and hexa-coordinated in RNase H [45, 52]. Metal B

participates in the stabilization of the penta-covalent transition state (Figure 4d). Once the
scissile bond is broken, H195 flips back out of the active site, releasing the product and
allowing the alignment of the new 3’-terminal nucleotide for excision. This movement of
H195 also provides a physical opening of the active site relative to the closed conformation
which securely surrounds the 3' nucleotide (Figure 3). Product release may be facilitated by
the movement of residue E20 through an interaction with R62 of the opposing protomer and
subsequent loss of divalent metal in the active site (Figure 4f). TREX1 is a non-processive
enzyme; therefore, the substrate and/or metals will be lost from the active site at the end of
the catalytic cycle. Rebinding of the DNA 3' end along with metal ions must occur for
catalysis to continue. Other DEDDh subgroup exonucleases likely follow a similar
mechanism involving an active and resting state that are defined by both the inter-metal
distance and the position of the catalytic histidine. Because of the possibility of
communication across the dimer interface, it is important to address the significance of
dimerization on the catalytic mechanism of TREX1. We propose that the TREX1 3’
exonuclease and other similar homodimeric nucleases such as TREX2 catalyze the
nucleotide excision reaction via a mechanism where the catalytic histidine (H195 in
TREX1) acts as a switch between the active and resting states of the enzyme and that the
protomers alternate between these two states as they degrade substrate. The cumulative
structural data suggest a mechanism where the two protomers alternate back and forth
between an active and resting state. This is corroborated by the dual conformation of H195
in the wild type-substrate complex (PDB ID: 2OA8) and the shift in the metal ion spacing
from 3.1 Å when H195 is out of the active site (resting) to 3.6 Å when H195 moves into the
active site (active) in this structure. It is also consistent with the active and resting states that
were previously proposed for two metal ion catalysis based solely on the inter-metal ion
distance [52].

4. Conclusions
The structures of the TREX1 mutant proteins provide new information about the defects in
DNA degradation that result in disease. We have observed mobility of the catalytic residue
H195 in the active site which correlates with substrate and metal binding as well as catalytic
activity. Proper positioning of the two divalent metal ions in the active site also plays an
essential role in catalysis. Both of these elements are disrupted by the dominant D18N,
D200N, and D200H TREX1 mutant proteins, which trap the TREX1-DNA in a catalytically
inactive complex. These structures reveal a possible mechanism for disease with the
dominant alleles. Additionally, we observed an interaction of residue R62 of one protomer
with E20 in the active site of the other protomer that points to a possible mechanism for
substrate release and provides a structural rationale for the dimeric nature of the TREX1
enzyme. Finally, the cumulative information we have gained from the structures of the
TREX1 proteins in progressive states of catalysis has allowed us to propose a general
mechanism for the TREX enzymes. Unraveling of the mechanistic properties of the TREX1
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protein is essential in the continued pursuit of understanding the link between degradation of
nucleic acids and chronic activation of the immune system.

Highlights

> In this study we determine the crystal structures of TREX1 mutants linked to
autoimmune disease.

> The structures reveal changes in the architecture of the active site that explain
loss of catalytic activity.

> The structures also reveal conformational movement that is required for
catalytic activity.

> Based on our cumulative work we propose a mechanism for catalysis for
TREX1.

> The structures provide insight into dysfunction relating to human disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TREX1 structures
(A) Ribbon diagram of the apo-TREX1 dimer, with one protomer in blue and the other in
green. The active site of each monomer is indicated by asterisks. (B) Superposition of the
TREX1-DNA complex (slate) with the D18N (cyan), D200N (gray), D200H (salmon) and
V201D (yellow) mutant TREX1 structures shows the mutant proteins maintain a similar
overall structure (overall RMSD 0.37–0.62). The major structural differences being in the
coordination of the divalent metal ions and positioning of the catalytic residue, H195 (see
Figures 2 & 3). TREX1 structures shown as Cα traces for clarity, divalent metals shown as
yellow spheres and DNA as stick models.
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Figure 2. Active site morphology of TREX1 mutants
The structures of the mutant TREX1 proteins fit into two distinct groups based on the
number of metal ions coordinated and the position of residue H195 in the active sites. 2Fo-Fc
electron density (1σ) for the D18N-DNA and V201D-DNA mutant TREX1 structures (A
and B) reveal the catalytic H195 is pointing toward the active site and both divalent calcium
ions (yellow spheres, canonical position A and B labeled) are present. However, the 4.25 Å
and 3.75 Å interatomic distances for these metal ions is greater than the 3.5 Å distance
needed for optimal catalytic activity. In contrast, the D200N-DNA and D200H-DNA
structures (C and D) have the H195 oriented away from the active site and only a single
divalent ion coordinated by the protein-DNA complex (Mg2+ shown as magenta sphere).
The mutated residues in the AGS and FCL mutant active sites are highlighted in blue. (D)
An alternate conformation of residue E20 is seen in the active site of the D200H mutant
TREX1 structure (3.5 σ Fo-Fc density shown in blue) that allows an interaction with amino
acid R62 from the opposing protomer in the dimer. This intersubunit interaction may play a
role in substrate release and provides the first structural rationale for the dimeric nature of
the TREX1 enzyme.
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Figure 3. Stabilization of the inward and outward conformations of H195
(A) When H195 adopts the outward conformation from the active site, the flexible loop
containing the residue is stabilized by two hydrogen bonds from the carboxylate oxygens of
residue D193 to the side chain oxygen of T196 and the backbone amide nitrogen of H195.
Two orientations from the TREX1 D200H structure, rotated by 30° are shown. (B) The
inward conformation of H195 into the active site is stabilized by hydrogen bonds from a
carboxylate oxygen of D200 to the backbone amide of H195, as well as the hydroxyl oxygen
of T196 to the backbone carbonyl oxygen of D193. The inward H195 conformation shown
is from the α7-α8 loop of the TREX1 V201D mutant structure. Protein residues are shown in
green, ssDNA as gray sticks, and divalent metal ions as yellow spheres. (C) Residue H195
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adopts two distinct structural conformations that are displaced by 7 Å (PDB ID: 2OA8). (D)
Surface representation of ssDNA (colored by atom) bound in V201D mutant TREX1 active
site (green). The inward conformation of H195 (labeled) helps surround the 3' nucleotide of
the substrate.
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Figure 4. Proposed mechanism of the TREX1 exonuclease
(a) In the absence of DNA and metal binding H195 in the active site is disordered. (b)
Binding of DNA and metal ions (green spheres) orders residue H195 along with (c) a shift
of divalent metal ions to inter-atomic spacing of ~3.6 Å. H195 contributes to deprotonation
of a water molecule (gray sphere) above divalent metal ion A. (d) The activated nucleophile
attacks the scissile phosphate (highlighted in red). The transition state (e) is stabilized by the
divalent ions. Dissociation of the cleaved nucleotide monophosphate product and DNA may
be facilitated by rotation of amino acids E20 and H195 away from the active site (f)
allowing for the release of divalent metal and product from the enzyme in a distributive
fashion.
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