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ABSTRACT: Although the human genome is littered with sequences derived from the Hsmar1 transposon, the
only intact Hsmar1 transposase gene exists within a chimeric SET-transposase fusion protein referred to as
Metnase or SETMAR. Metnase retains many of the transposase activities including terminal inverted repeat
(TIR) specific DNA-binding activity, DNA cleavage activity, albeit uncoupled from TIR-specific binding,
and the ability to form a synaptic complex. However, Metnase has evolved as a DNA repair protein that is
specifically involved in nonhomologous end joining.Here, we present two crystal structures of the transposase
catalytic domain of Metnase revealing a dimeric enzyme with unusual active site plasticity that may be
involved in modulating metal binding. We show through characterization of a dimerization mutant, F460K,
that the dimeric form of the enzyme is required for its DNA cleavage, DNA-binding, and nonhomologous end
joining activities. Of significance is the conservation of F460 along with residues that we propose may be
involved in the modulation of metal binding in both the predicted ancestralHsmar1 transposase sequence as
well as in the modern enzyme. The Metnase transposase has been remarkably conserved through evolution;
however, there is a clustering of substitutions located in alpha helices 4 and 5 within the putative DNA-
binding site, consistent with loss of transposition specific DNA cleavage activity and acquisition of DNA
repair specific cleavage activity.

While transposase activity has played an important evolutionary
role accounting for half of the present organization of the human
genome (1), little is known about the role of transposases in
humans. In lower organisms, transposases mediate DNA move-
ment by excising defined segments of DNA and then reinserting
them at other locations in the genome, a process which can be
repeated multiple times for a given segment (2-4). The Hsmar1
transposon, a class II transposable element, is an ancient element
within the human genome introduced at least 50 million years ago
in ancestral primates (5). To date, only one example of an intact
copy of theHsmar1 transposase domain has been identified within
the human genome (5). This “functional” Hsmar1 transposase
domain exists within a chimeric fusion protein, Metnase (also
known as SETMAR), which resulted from insertion of theHsmar1
transposon downstream of a SET gene (suppressor of variegation
3-9, enhancer-of-zeste, trithorax)1 encoding a histone methyltrans-
ferase, ultimately fusing the SET and transposase domains (5-7).

Metnase is widely expressed in human tissues and in vitro
possesses histone 3 methylation activity at lysine residues 4 and

36 (8) associated with chromatin opening (9-12). It promotes
nonhomologous DNA end-joining (NHEJ) repair and mediates
genomic integration of foreign DNA (8, 13-15). Upon DNA
damage, Metnase colocalizes with other double-strand break
(DSB) repair factors and has been shown to directly interact with
Pso4 (13), a human homologue of the 55-kDa protein encoded by
the PSO4/PRP19 gene in Saccharomyces cerevisiae that has
pleiotropic functions in DNA recombination and error-prone
repair (16). Metnase-mediated stimulation of NHEJ repair in
vivo requires both histone methyltransferase and transposase-
associated activities (8).Metnase is also involved in chromosomal
decatenation and its checkpoint pathway (17).

Although Metnase cannot perform transposition, it has been
shown to retain a number of activities associated with transposases
including 50-terminal inverted repeats (TIR)-specific DNA bind-
ing (6), DNA looping activity, 50-end processing activity, and
promotion of integration at a TA dinucleotide target site (18, 19).
However, Metnase’s DNA cleavage activity, unlike other func-
tionally active transposases, is not coupled to its TIR-specificDNA
binding (19). To our knowledge, there are no other DNA repair
proteins in which the DNA cleavage and histone lysine methyl-
transferase activities reside within the same protein. Our goal in
these studies is to determine how the Metnase transposase differs
fromother transposases as a first step toward understanding how it
has acquired DNA repair activities. The crystal structures of the
Metnase transposase provide a molecular basis for analyzing the
importance of dimerization, the architecture of the catalytic site,
and the potential importance of evolutionary amino acid substitu-
tions as compared to the predicted ancestral sequence.
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EXPERIMENTAL PROCEDURES

Metnase Transposase Expression and Purification. The
transposase domain of Metnase, residues 329-671, and the
transposase catalytic domain, residues 433-671 (433) were sub-
cloned and purified as described previously (19). A triple mutant
including A649W, N566R, and G569R (433 triple mutant) was
designed to improve packing in the crystal lattice based on
comparison with the Mos1 structure as described in Support-
ing Information and purified as described (19). An additional
mutant, L573M, was created for SeMet phasing of Metnase by
site-directed mutagenesis of the triple mutant. The protein was
expressed in B834 cells, grown in media replacing Met with
SeMet (20), and purified as described for 433 triple mutant. The
yield was 1-2 mg/L of culture. Purified protein was diluted in
50 mM HEPES (pH 7.0), 0.25 M NaCl and concentrated to a
final concentration of 0.9 mM for use in crystallization experi-
ments. The dimerization mutant, F460K, was created by site-
directed mutagenesis of 433. The protein was expressed and
purified as described for the triplemutantwith a yield of 17mg/L.
See Supporting Information for further details including primers
used in site-directed mutagenesis.
Crystallization, Data Collection, Structure Determina-

tion and Refinement. Crystals of 433 triple mutant (40 � 40 �
300 μm3) were grown by hanging drop vapor diffusion in 0.1 M
NH4OAc, 10 mM CaCl2, 50 mM Tris-HCl pH 8.0, 10% PEG
4000 and cryosoaked in well solution containing 20% glycerol.
Data sets were collected at beamline 19-ID at the Advanced
Photon Source (APS) to 2.55 Å (see Table 1). Crystals of the
L573Mprotein weremicroseededwith 433 triplemutant crystals,
grown, and cryosoaked under the same conditions. Data sets of
the SeMet substituted L573M crystals (40� 40� 300 μm3) were
collected at APS 19-ID to 2.8 Å. See Supporting Information for
further information regarding experimental phasing. Patterson
searching and phasing calculations were performed in HKL3000
(21) using SHELXD/E (22, 23), MLPHARE(24), and SOLVE/
RESOLVE (25) followed by low resolution model building in
RESOLVE and crystallographic refinement. The L573M dimer
model was used initially and later the refined structure of the B
subunit from the high resolution structure described below
(Native 2 in Table 1) as the search model in molecular replace-
ment to phase the native 433 triple mutant structure (Native 1 in
Table 1). Coot (26) and O (27) were used for model building in all
of the structures, and positional and individual isotropic B-factor
refinement was done using CNS (28) and PHENIX (29).

The 433 triplemutant proteinwas crystallizedwith d(GACTT-
GTAATATTACAAGTC)2 in a 1:1.2 ratio by microseeding with
the 433 triple mutant crystals in 0.1 M NH4OAc, 10 mM CaCl2,
50 mM Tris-HCl pH 8.0, 16% PEG 4000. The oligonucleotide
(TriLink BioTechnologies, San Diego, CA) was purified using
standard reverse phase HPLC methods. Crystals were cryosoaked
in well solution containing 20% glycerol. Data were collected for
the triple mutant 433/oligonucleotide crystal (30 � 30 � 200 μm3)
at APS 23-ID to 1.9 Å (Table 1), and the structure was solved by
molecular replacement using the refined structure of the 433 triple
mutant monomer as the search model. Following model building
and refinement as described above, simulated annealing omit maps
were calculated for the active site regions of both A and B subunits
using PHENIX. Coordinates have been deposited with the PDB,
3K9J and 3K9K, for the 1.9 and 2.55 Å structures, respectively.
Gel FiltrationAnalysis.The oligomeric states of purified 433,

the 433 triple mutant, and the 433 F460K were analyzed by gel

filtration chromatography buffered in 50 mM HEPES (pH 7.0)
and 0.5 M NaCl. The column was calibrated with low molecular
weight standards (Pharmacia), and a calibration curve was used to
calculate the molecular weights.
Cells, Enzymes, Oligonucleotides, and Antibodies. Hu-

man embryonic kidney (HEK)-293T cells used to generate stable
expression of Flag-tagged wt-Metnase or the mutant (F460K)
were previously described (8, 13). Oligonucleotides were obtained
from Integrated DNA Technologies (Coralville, IA). An anti-
Metnase antiserum (polyclonal) was generated from rabbits
using two peptides representing amino acids 483-495 and
659-671 (8). An anti-FLAG antibody was obtained from Sigma
(St. Louis, MO). In addition, [γ-32P]-ATP (3000 Ci/mmol) was
from Perkin-Elmer and Analytical Science (Boston, MA), DE81
filters were from Whatman Bio System (Maidstone, England),
and Bradford reagents and protein molecular weight markers
were purchased from Bio-Rad (Hercules, CA).

Table 1: Summary of Crystallographic, Phasing andRefinement Statisticsa

SeMet (L573M) Native 1 Native 2

Cell Parameters

cell constants (Å) a = 82.6 a = 83.0 a = 79.2

b = 82.6 b = 83.0 b = 45.4

c = 288.7 c = 289.9 c = 90.7

(deg) R = 90 R = 90 R = 90

β = 90 β = 90 β = 113.8

γ = 120 γ = 120 γ = 90

space group P6122 P6122 P21

Data Collectionb

beamline 19-ID 03/2008 19-ID 11/2007 23-ID 07/2008

wavelength (Å) 0.979260 1.07203 1.10546

maximum resolution (Å) 2.8 2.55 1.9

reflections (unique) 15324 20367 46691

(total) 242795 225395 172427

completeness (%) 99.7 (100) 99.8 (99.6) 94.2 (71.1)

Rsym (%)c 8.4 (69.4) 5.8 (72.6) 6.0 (42.5)

I/σ 37.4 (3.2) 39.2 (2.6) 20.3 (1.9)

Phasing

fom (initial) 0.33

fom (NCS/solv flat) 0.70

Refinement

resolution range (Å) N/A 50-2.55 50-1.9

atoms

protein 3510 3395

water 103 266

average B-factor (Å2)#

A 71.3 41.6

B 64.4 37.1

waters 60.4 45.6

Rvalue (%)d 23.1 20.5

Rfree (%) 29.1 23.4

rmsd bond length (Å) 0.007 0.007

bond angle (�) 1.03 1.05

aSeMet, Native 1, and Native 2 refer to crystals obtained of the triple
mutant for the transposase catalytic domain. TheNative 2 crystals were grown
in the presence ofDNAasdescribed in the Experimental Procedures. bData in
() are for highest resolution shell. cRsym = ΣΣi|Ii - <I>|/Σ<I> where I is
the integrated intensity of a reflection. dRvalue = Σhkl )Fobs- kFcalc|/Σhkl|Fobs|.
5% of all reflections were omitted from refinement; Rfree is the same statistic
calculated for these reflections. 86% of residues and for the native 1 structure
and 92.3% for native 2 fall in the most favored region of the Ramachandran
plot. No residues in either structure are in the disallowed region.
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Generation of HEK-293T Cells Overexpressing Either
wt-Metnase or F460K.HEK-293T cells overexpressing control
vector, Flag-tagged wt-Metnase, or F460K Metnase were gener-
ated by a stable transfection of HEK-293T cells with either
pcDNA3.1-V5/His (Invitrogen) for the control or pcDNA3.1-
wt-Metnase or -F460K for overexpression (19). Transfectants
were selected in 800 μg/mL G418 for 14-21 days, and individual
colonies were expanded and analyzed for Metnase expression by
Western blot using a polyclonal antibody specific forMetnase (8).
Purification of Flag-Metnase and Flag-F460KMetnase.

HEK-293T cells (1.6 � 108) stably expressing Flag-tagged wt-
Metnase or F460K were suspended in 20 mL of cell lysis buffer
(50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, 5 mM
DTT, 1.0% Nonidet-P40, and protease inhibitor cocktails con-
taining 0.2 M NaCl), and centrifuged (100000g) for 60 min. The
supernatant was collected and incubated at 4 �C for 60 min with
anti-FLAG M2 affinity gel (Sigma) that had been pre-equili-
brated with TEGDN buffer (50 mM Tris-HCl pH 7.5, 1 mM
EDTA, 10% glycerol, 5 mM DTT, 0.02% Nonidet-P40, and
protease inhibitor cocktails) containing 0.2 M NaCl. The beads
were washed three times with TEGDN-2.0MNaCl buffer prior
to elution of the protein with TEGDN-0.2 M NaCl containing
FLAG peptide (500 μg/mL). The eluant was diluted with 10 vol
of TEGDN buffer, and loaded onto a heparin-Sepharose 6 Fast
Flow column (Amersham Biosciences) pre-equilibrated with
TEGDN buffer. After the column was washed, the protein was
fractionated using a linear gradient (0-2.0 MNaCl) of TEGDN
buffer. The eluted protein was dialyzed against TEGDN buffer
containing 50 mM NaCl and stored at -80 �C.
Electrophoretic Mobility Shift Assay (EMSA) of Pro-

tein-DNA Interaction. Duplex DNA containing the 19-mer
core of the 50-terminal inverted repeat (TIR) (19) was labeledwith
[γ-32P]-ATP (3000 Ci/mmol) and T4 polynucleotide kinase
(RocheMolecular Biochemical) according to the manufacturer’s
instructions. Indicated amounts of purified wt-Metnase or the
mutant (F460K) were incubated with 200 fmol of 50-32P-labeled
DNA at room temperature for 15 min in a reaction mixture
containing 50 mMTris-HCl (pH 7.5), 5 mMDTT, bovine serum
albumin (0.2 μg/μL), 5% (w/v) glycerol, and 50 mM NaCl. The
protein(s)-DNAcomplexwas analyzed on a 5%polyacrylamide
gel (acrylamide: bis-acrylamide, 43.2:0.8) in 0.5� TBE. The gel
was dried and exposed to X-ray films (Kodak).
DNA Cleavage Assay. Metnase’s DNA cleavage assay was

previously described (19). Briefly, the reaction mixtures (20 μL)
containing 200 fmol of 50-32P-ssDNA (50-mer) were incubated
with indicated amounts of wt-Metnase or the mutant in the
presence of 1 mM MgCl2. After incubation at 37 �C for 60 min,
reaction mixtures were analyzed by 12% denaturing polyacryla-
mide gel for DNA cleavage.
DNA End Joining Coupled to Genomic Integration

Analysis. Chromosomal integration was analyzed by the ability
of cells to pass foreign nonhomologousDNA containing a select-
able marker to progeny as described previously (8). pRNA/
U6.Hygro plasmid linearized with Asp718I was transfected
into HEK-293T cells stably expressing mock (pFlag2 vector),
pFlag2-wtMetnase, or pFlag2-F460K using a calcium phos-
phate transfection method as previously described (8). Forty-
eight hours after transfection, varying numbers of cells were
plated into 100 mm dishes and 24 h later selective marker
(hygromycin: 0.15 mg/mL) was added. Cells were incubated
for 14 days in the presence of hygromycin, washed twice with
PBS, stained with 0.17% methylene blue in methanol, and

colonies defined as greater than 50 cells were counted. All
experiments were performed in triplicate.

RESULTS AND DISCUSSION

Crystallization and Structure Determination. Metnase is
predicted to include at least one helix-turn-helix motif and a
catalytic domain, similar to Mos1, a related transposase (30).
Thus, we initially prepared proteins including residues 329-671
and 433-671, the former including the helix-turn-helix motif and
the latter corresponding to the catalytic domain of the transpo-
sase. The N-terminus of the shorter construct was identified
by limited proteolysis and N-terminal sequencing. As neither of
these proteins crystallized, a triple mutant (433 triple mutant),
A649W, N566R, and G569R, of the catalytic domain was
engineered to facilitate crystal packing interactions. Of these
substitutions, A649W forms critical packing interactions within
the Metnase lattices, albeit different interactions than those
observed for the equivalent residue in Mos1 (see Supporting
Information and Figure S1). The crystal structure of the catalytic

FIGURE 1: Metnase transposase domain forms a unique dimer. (A)
Cartoon rendering of Metnase dimer with A subunit in green (Ca2þ,
orange sphere) and B subunit in navy. The N-terminal region unique
to the B subunit is highlighted in cyan. Residues of interest, shown as
sticks, include catalytic site residues D483, D575, and N610, along
withdimer interface residuesR469, E595, andF460 (red). (B)Viewof
theMetnase dimer rotated by approximately 90�. (C) Intramolecular
hydrogen bonding at dimer interface with bonds shown as black
dashed lines. Subunit A in green sticks andB in navy stickswith F460
in red.
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domain (433 triple mutant) was determined in an hexagonal
lattice using SeMet phasing (see Experimental Procedures and
Table 1). Subsequently, a 1.9 Å structure was determined for
433 triple mutant crystallized with a 20-mer duplex DNA in a
monoclinic lattice (see Table 1). Although the DNA is not
ordered in the lattice, there is a large hole in the lattice not
observed in the lattice for the protein alone (see Supporting
Information and Figure S2) despite the fact that both crystal
forms were obtained from nearly identical precipitant solutions
containing 10 mM CaCl2 as described in the Experimental
Procedures. The structural results described below refer to the
1.9 Å crystal structure unless otherwise stated.
Metnase Forms a Unique Dimer. In contrast to other

transposases including Mos1, the catalytic domain of the Metnase
transposase forms a dimer. In both crystal lattices obtained for the
transposase domain of Metnase, there are two transposase do-
mains that form a dimer within the asymmetric unit, the unique
repeatingunit of the crystal (Figure 1,FigureS2).The twomolecules
comprising the Metnase dimer (referred to as A and B) differ
somewhat fromone another (rmsd of 0.7 Å for 191CR atoms) with
the structural model for B including residues 440-491, 515-562,
and 568-671 and that of A, residues 448-491 and 515-671. The
dimer interface involves packing of the N-terminal helix, R1
(453-472), and the residues C-terminal of helix R8 (663-667) in

onemolecule withR3 (583-593) in the othermolecule (Figures 1C
and 2). This interface buries a surface area of approximately
2600 Å2 forming 11 direct and 10 water-mediated hydrogen
bonding interactions between residues in the A molecule with
those in the B molecule (Supporting Information, Table S1).
Most of the hydrogen-bonding interactions involve side chain
atoms of polar residues. The dimer interface is not precisely
symmetric with only three pairs of symmetric interactions
present in both possible pairs of interactions between A and B
molecules.

To identify residues critical for the formation of the observed
dimer interface, we compared the structures of the catalytic
domains ofMetnase andMos1, which dimerizes through a helix-
turn-helix motif, rather than the catalytic domain (30). Although
at the sequence level, the catalytic domain of the Metnase
transposase is 38% identical to that of Mos1 (Figure 2A), the
proposed dimer of Mos1 catalytic domain is unrelated to that
formed by Metnase in that it dimerizes through an entirely
different interface (Figure S3, Supporting Information). None-
theless, the overall fold of the monomericMos1 catalytic domain
is similar to that of a single subunit of the Metnase dimer
(Figure 2B) with an rmsd of 0.9 Å for superpositioning of 191
R-carbon atoms, and many residues involved in the dimer
interface of Metnase are conserved including an ion-pair,

FIGURE 2: Comparison ofMetnase andMos1. (A) Structure-based sequence alignment ofMetnase withMos1. Conserved regions are shaded in
red, and secondary structural elements are shown above the sequences. Asterisks denote disordered regions that are not modeled in the structure.
Both subunits ofMetnase are shown to highlight structural differences in themetal-boundA subunit vs the nonmetal bound B subunit. (B) Trace
renderings are shownof theA subunit ofMetnase (green) superimposedonMos1 (gray) as a stereodiagramwith stick renderingsof residuesR469,
E595, and F460, and equivalent residues in Mos1, R142, E269, and K133.
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R469-E595. One residue that stood out in the comparative
analysis was F460 in Metnase for which the equivalent residue
in Mos1 is K133. Given the hydrophobic nature of F460, we
proposed an important role in dimerization for this residue.

Consistent with the crystallographic results, the transposase
domain of Metnase, both the wild-type 433-671 (433) as well as
433 triple mutant, forms a dimer in solution as characterized by
gel filtration chromatography (Figure 3). To determine whether
F460 is required for dimerization of the transposase domain in
Metnase, we introduced a Lys substitution at this position as
found in Mos1. The 433 F460K was subjected to gel filtration
chromatographic analysis and found to elute as a monomer
rather than a dimer (Figure 3). Thus, Phe 460 appears to be
required for dimerization of the transposase domain.
Functional Implications for the Metnase Dimer. To

understand the functional implications of the dimeric Metnase
structure, F460K full-length Metnase was expressed, purified,
and tested for TIR-specific DNA-binding, DNA cleavage activ-
ity, and DNA end joining activity (See Experimental Proce-
dures). One of the transposase activities retained by Metnase is
TIR-specific DNA-binding activity. Metnase specifically binds
TIR sequences derived from mariner transposable elements (6),
although these elements have been altered by deletions and
insertions to the extent that they are no longer functional for
transposition in the human genome. F460K Metnase does not
bind the TIR sequence as analyzed by EMSA (Figure 4A). Thus,
dimerization of the Metnase transposase domain appears to be
required for TIR-binding activity.

In previous reports, Metnase retains a more robust 50 end
processing cleavage activity than 30 end processing activity (18).
As the end-processing activity involving cleavage of ssDNA
overhangs may be more relevant in its DNA repair associated
activities, we tested both Metnase and the F460K mutant for
ssDNA cleavage activity. In comparison to the wild-type Met-
nase, F460KMetnase has significantly reduced ssDNA cleavage
activity as shown in Figure 4B. Thus, we conclude that the
Metnase dimer is also necessary for its DNA cleavage activity.

Since F460K Metnase was defective in dimer formation and
also lacked DNA cleavage activity, we examined whether this
mutant supportsMetnase’s function inDNAend joining. For this,
we compared wt-Metnase with the F460Kmutant for stimulation
of genomic integration of exogenous DNA by measuring the
assimilation and passage to progeny of a selective marker. Stable
overexpression of wt-Metnase in HEK-293T cells lacking endo-
genous Metnase did not affect plating efficiency (8, 13), but it

FIGURE 3: F460 is required for dimerization of theMetnase transpo-
sase domain. Gel filtration chromatography analysis of (A) wt-
Metnase (residues 433-671) shown in a black solid line vs triple
mutant (A649W, N566R, G569R) shown as a dashed line and (B)
F460K shown as a gray line vs the triplemutant shownas a black line.
Both wt-Metnase with a molecular weight of 63 kDa and the triple
mutant with a molecular weight 55 kDa eluted as dimeric species,
while the F460K mutant eluted with a molecular weight of 31 kDa
representing a monomer in solution.

FIGURE 4: The F460Kmutant fails to supportMetnase’s function in
interaction with TIR DNA, ssDNA cleavage, and in vivo DNA end
joining. (A) Gel shift assay of F460K with TIR DNA. The 32P-TIR
DNA (200 fmol) containing 19-mer of TIR core was incubated with
0.15 or 0.3 μg of either wt-Metnase (lanes 2-3) or F460K (lanes 4-5)
and examined for protein-DNA complex formation using 5%
PAGE. Positions of free TIR DNA and the Metnase-TIR com-
plexes are indicated on the left. (B) DNA cleavage activity assay of
wt-Metnase and the F460K mutant. Reaction mixtures (20 μL)
containing 50 fmol of 50-32P-labeled 50-mer of ssDNA were incu-
batedwith 0 (lane 1), 0.05μg (lanes 2 and 4) and 0.1 μg (lanes 3 and 5)
of wt-Metnase (lanes 2-3) or F460K (lanes 4-5) in the presence of
2 mM MgCl2. After incubation for 120 min at 37 �C, cleavage pro-
ducts were analyzed by 12% PAGEþ 8 M urea. DNA size markers
are indicated on the left. (C) Colony formation assay representing
DNA end joining in the presence of wt-Metnase or the F460K
mutant. Left panel, HEK-293T cells stably transfected with pFlag2
(control), pFLAG2-wt-Metnase (wt-Met), or pFLAG2-F460K
(F460K) were transfected with two concentrations (2 and 4 μg) of
linearized pRNA/U6-Hygro, and the number of hygromycin-resis-
tant colonies was a measure of genomic integration. Values are
averages ((SEM) of five separate experiments (P<0.01). Right
panels, Western blot analysis of stably transfected HEK-293T cell
extracts using an anti-Flag antibody (top panel). Expression ofKu80
was included as an internal control (bottom panel).
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increased genomic integration of a plasmid DNA by 3-fold,
whereas overexpression of the F460Kmutant had very little effect
on genomic integration (Figure 4C). Together, these data suggest
that Metnase dimerization is not only essential for DNA binding
and DNA cleavage activity but is also necessary for its function in
DNA end joining in vivo.
The Catalytic Site of Metnase Transposase. One possible

mechanism by which Metnase may have acquired DNA repair
activities is a change in the architecture of the catalytic site of the
enzyme. To examine this possibility, we compared the cataly-
tic sites in the dimeric Metnase transposase structures to each
other and to those in Mos1 and Tn5 transposases, both active
transposases (30, 31). Mos1 is related both at the sequence and
structural level to the Metnase transposase (Figure 1), while Tn5
is a larger and structurally distinct enzyme with no sequence
similarity to Metnase (Supporting Information and Figure S1).
The Metnase transposase domain includes a DDN catalytic
motif (D483, D575, and N610) contrasting with the DDD motif
(D156, D249, and D284) found in Mos1. And yet, despite the D
to N substitution, Metnase has been reported to retain many of
the activities associated with active transposases (6, 18, 19).

In one of the two molecules (the B molecule) within the dimer,
the N-terminal region forms a beta hairpin structure placing Lys
445 in the active site of this molecule (B molecule, shown in blue
in Figure 5B) within hydrogen bonding distance of Asp 483, one
of the important catalytic residues. No metal ion is bound to this

active site. In contrast, Ca2þ is bound to the active site of the
othermolecule comprising the dimer (the Amolecule, Figure 5A)
coordinated to both carboxylate oxygen atoms ofD483 and three
water molecules, one of which is also coordinated to D575. The
N-terminal region (440-447) of the A molecule is disordered.
Remarkably, a loop within the active site of Metnase (residues
575-582) adopts two different conformations, and the relative
positions of the residues within this loop are translated by one full
residue in the metal bound vs the nonmetal bound molecules as
shown in Figure 5. Thus, Arg 578 is located within the catalytic
site hydrogen-bonded to Glu 484 in the nonmetal bound con-
formation (B molecule) and flipped out of the catalytic site in the
metal bound conformation (A molecule). Similarly, the position
of His 580 is different in each of the two different conformations
in our structure. Interestingly, the two different conformations of
His 580 are each hydrogen-bonded to Glu 484. His 580 in the A
molecule with Ca2þ bound is also hydrogen bonded to the
carbonyl oxygen of Asp 575, which potentially impacts the
conformation of the loop.

Although further experimentation will be required to verify a
functional role for the interactions of K445 and R578 observed in
the active site, we propose that a potential role for Lys 445 and
Arg 578 interactions in the catalytic site might be to neutralize the
negative charge arising from the catalytic residuesD483 andD575
and neighboring E484 in the absence of bound metal. The ob-
servation of two different conformations within the transposase

FIGURE 5: Active site plasticity in Metnase transposase domain. (A) Subunit A is shown in stereo as a green cartoon rendering with catalytic
site and loop residues in sticks and Ca2þas a green sphere with H-bonds represented as black dashed lines. A simulated annealing omit map
(Fo - Fc) in which D483, D484, loop residues 575-582, and Ca2þ of the A subunit were omitted is shown superimposed as an orange mesh
contoured at 2.5σ. (B) No metal is bound in the B active site shown in stereo as a navy cartoon rendering with K445 and active site residues and
shifted loop residues shown as sticks. H-bonds are shown as black dashed lines. A simulated annealing omit map (Fo- Fc) in which K445, D483,
D484, and loop residues 575-582 of the B subunit were omitted is shown superimposed as an orangemesh contoured at 2.5σ. Residues 575-582
within the loop adopt a different conformation in the presence of bound metal corresponding to a translation by one full residue. Consequently,
R578points out of the active site in the presence ofmetal and into the site in its absence. Similarly,K445 is bound in the active site in the absence of
metal and is disordered in its presence.
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active site in the presence and absence of bound metal is
potentially a unique feature of Metnase. As there are no crystal
packing interactions in the vicinity of the active sites of either
molecule as shown in Supporting Information, Figure S2, we
suggest that the conformations observed in our crystal are not
directly impacted by crystal packing interactions. Modeling of
DNA bound to Metnase based on comparison with a Tn5
transposase-DNA complex structure (PDB id 1MUS) suggests
that within our lattice the active site of the A molecule would be
accessible to DNA while that in the B molecule is precluded by
steric clash (See Supporting Information and Figure S2). We
speculate that K445 andR578may be effectively titrated from the
active site of the A molecule through interactions with DNA
allowing Ca2þ to bind to the active site in our 1.9 Å structure.

In our 2.55 Å crystal structure (hexagonal lattice form), crys-
tallized without DNA, there is no metal bound in either molecule
comprising the dimer, and each adopts the nonmetal bound
conformation including the N-terminal beta hairpin observed in
the B molecule of the monoclinic lattice (Figure S4, Supporting
Information). The primary difference between the hexagonal and
monoclinic crystal forms of Metnase that we obtained is the
inclusion of duplex DNA in the latter; the protein used for each
was identical and the crystallization conditions are nearly iden-
tical. In a third structural example of the catalytic domain of
the Metnase transposase (PDB id 3F2K) including residues
446-671, each molecule of the dimer has Mg2þ bound in the
active site (Supporting Information and Figure S4). This struc-
ture reveals only themetal-bound conformation of eachmolecule
in the dimeric enzyme. Ca2þ and Mg2þ are bound similarly in
Metnase (Figure S4, Supporting Information).

In a comparative analysis of the catalytic site of Metnase with
those of Mos1 and Tn5 that retain DDD or DDE active site
motifs (30, 31), respectively, two residues D483 and N610 in
Metnase, D156 andD284 inMos1 (PDB id 2F2K), andD97 and
E324 in the Tn5-DNA complex structure (PDB id 1MUS) adopt
very similar conformations (Figure 6). Metal coordination by
D483 and corresponding residues in Mos1 and Tn5 is also
similar. The remaining catalytic triad residue, D575, equivalent
structurally to D249 in Mos1 and D188 in Tn5 does not directly
coordinate the Ca2þ in our structure but does coordinateMg2þ in
the 3F2K (PDB id) structure (Figure S4, Supporting Infor-
mation), whereas N610 in the 3F2K structure adopts a slightly
different conformation than that observed in our structure and in
Mos1 and Tn5 structures for equivalent residues. However, N610
does not affect the ability of D483 or D575 to coordinate a metal
ion in the catalytic site but would likely preclude binding of a
second Mg2þ ion requiring coordination by N610 and D483. Of
potential mechanistic importance is the conservation of the active
site His residue, His 254 in Mos1 and His 580 in Metnase, along
with its interaction withGlu 157 inMos1 andGlu 484 inMetnase.

In further considering the interactions ofK445 andR578 in the
active site ofMetnase, we note thatMos1 lacks an Arg residue at
the position equivalent to 578 and has a Pro instead, P252, and
therefore would not be expected to modulate metal binding in a
manner similar to that proposed for Metnase. In conclusion, the
overall architecture of the Metnase active site is similar to that
observed in other active transposases retaining the positions and
conformations of catalytic residues. Thus, the DNA repair
functions acquired by Metnase likely use a similarly organized
catalytic site.
Implications for the Evolution of Metnase.Metnase has a

number of features distinct from other transposases, most

FIGURE 6: Comparison of Metnase active site with Mos1 and Tn5
transposases. (A) Subunit A, green cartoon, is shown with active
site residues (D483, D575, N610) in sticks. Ca2þ is an orange
sphere with coordinated waters in red and metal coordination
represented as black dashed lines. (B) Mos1 active site is a purple
cartoon with D156, D249, and D284 shown in sticks. Mg2þ is
shown as green sphere with metal coordination in black dashed
lines and waters in red. (C) Tn5 active site is in yellow with bound
DNA in gray. D97, D188, E326 are shown as yellow sticks, Mg2þ

shown in green, waters in red with metal coordination represented
as black dashed lines.
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notablyMos1, its closest relative for which structural information
is available. These features include the unique dimer interface,
structural plasticity within the active site demonstrated in metal-
bound vs apo active sites of theMetnase dimer, and the presence of
a DDN vs a DDD or DDE motif within the active site. As
Metnase arose from a gene fusion event placing anHsmar1 gene in
frame andC-terminal to a SETdomain, it is of interest to compare
the Metnase transposase to its predicted ancestral sequence (5).

The transposase domain within Metnase has been reported to
be under selective evolutionary pressure exhibiting only 2.4%
divergence with the predicted ancestral sequence, which was
generated using three genomic and 15 cDNA sequences (5).
Residues including F460, required for dimerization, and K445,
R578, and H580, involved in modulation of metal binding,
are proposed to have important functional roles based on our
structural analysis and are all predicted to be in the ancestral
Hsmar1 sequence. Thus, we conclude that the ancestral Hsmar1
transposase formed a dimeric structure similar to Metnase and
that it was able to modulate binding of metal to its active site
as proposed for Metnase. The transposase domain of Metnase
represents a unique member of a transposase family differing
significantly from the related Mos1 and other transposases in
requiring dimerization of the catalytic domain for function.

As compared with the predicted ancestral sequence, there are
only 17 substitutions in Metnase, 4 of which N610, V613, N618,
and N650 fall within R4-R5. As shown in Figure 7, these two
consecutive helical elements are implicated in DNA-binding
based on comparison to the Tn5-transposon DNA end complex
structure (PDB id 1MUS). Included in these substitutions is
D610N, with the potential consequence of altered ability to bind
a second Mg2þ in the active site. By comparison with the Tn5
transposase, N610 is equivalent to E324, which is involved in
binding metal along with D97 (equivalent to D483), while a
second metal binding site is provided by D97 and D188
(equivalent to D575). The Metnase transposase may have lost
the 30 end processing activity in order to prevent transposition
within its host. Alternatively, this function may not have been
required for its new functions within the chimeric protein and
therefore was not under selective evolutionary pressure. The
predicted ancestral sequence also includes D618 located in R5,
which like residue 610 is an Asn inMetnase. Thus, acquisition of
new DNA repair functions by Metnase may in part result from
substitutions within the DNA-binding site of the catalytic
domain of the ancestral transposase.
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SUPPORTING INFORMATION AVAILABLE

A description of protein engineering efforts and site-directed
mutagenesis associated with our studies. There is also a discus-
sion of the differences between our Metnase structures and the
PDB id 3F2K structure. Figures include protein-protein inter-
actions inMetnase lattices compared with those of Mos1, crystal
packing diagrams with modeled DNA, a comparison of the
proposedMos1 dimer with that ofMetnase, and a comparison of
our two structures of Metnase with that of the PDB id 3F2K
structure. Hydrogen bonding interactions involved in the dimer
interface (Table S1). This material is available free of charge via
the Internet at http://pubs.acs.org.
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