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Summary

Transposition requires a coordinated series of DNA
breakage and joining reactions. The Tn7 transposase
contains two proteins: TnsA, which carries out DNA
breakage at the 5’ ends of the transposon, and TnsB,
which carries out breakage and joining at the 3’ ends
of the transposon. TnsB is a member of the retroviral
integrase superfamily whose hallmark is a conserved
DDE motif. We report here the structure of TnsA at
2.4 A resolution. Surprisingly, the TnsA fold is that of
a type Il restriction endonuclease. Thus, Tn7 transpo-
sition involves a collaboration between polypeptides,
one containing a DDE motif and one that does not. This
result indicates that the range of biological processes
that utilize restriction enzyme-like folds also includes
DNA transposition.

Introduction

The movement of transposable elements requires DNA
cleavage reactions that separate the element from sur-
rounding donor site DNA and DNA joining reactions that
link the element to its new insertion site. For most ele-
ments that have been analyzed in biochemical detalil,
these reactions are mediated by a transposase com-
posed of a single type of polypeptide containing a single
active site that mediates both DNA breakage and joining.
Three-dimensional structures have been elucidated for
several catalytic domains involved in transposition,
including the retroviral integrase that inserts viral DNA
into chromosomes (Dyda et al., 1994), the catalytic core
of bacteriophage MuA (Rice and Mizuuchi, 1995), and
the Tn5 transposase (Davies et al., 1999). Despite sub-
stantial mechanistic differences between these sys-
tems, the structures of these catalytic units display
remarkable similarity. The close topological relation-
ship between these molecules indicates that they all
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belong to a superfamily of polynucleotidyl transferases.
Other members of this superfamily include RNaseH, re-
sponsible for the endonucleolytic degradation of DNA-
RNA hybrids, and RuvC, a Holliday junction-resolving
enzyme.

The transposase catalytic domains characterized to
date carry a triad of catalytically essential acidic resi-
dues, the so-called DDE motif. These residues are lo-
cated on the same structural elements in each structure,
and each residue is required for both strand cleavage
and subsequent strand joining; they function by coordi-
nating the divalent metal ions necessary for catalysis
and define the enzyme active sites.

Unlike other well-characterized transposition sys-
tems, such as Tn10 (Kleckner et al., 1996), Tn5 (Rezni-
koff, 1993), and bacteriophage Mu (Mizuuchi, 1992), the
Tn7 transposase is composed of two element-encoded
proteins TnsA and TnsB, which introduces double-
strand breaks at the transposon ends and joins the ele-
ment to the target DNA (Figure 1A). TnsA is responsible
for cleavage at the 5’ ends of the transposon, while
TnsB cuts the 3’ ends and catalyzes subsequent strand
transfer using the newly created free 3' OH groups as
the nucleophiles (May and Craig, 1996; Sarnovsky et al.,
1996). The two cleavage events can be separated using
inactive point mutant versions of TnsA or TnsB, but
cleavage by the active protein still requires the presence
of the inactive one. Thus, TnsA and TnsB also play archi-
tectural roles in the synaptic complex in addition to
possessing enzymatic activities. Other Tns proteins—
TnsC, TnsD, and TnsE—are involved in the control of
transposition and target site selection (Craig, 1996).

Based on the invariant structural theme for the HIV,
MuA, and Tn5 enzymes involved in DNA transposition,
it has been assumed that TnsA and TnsB also conform
with this structural paradigm as members of the same
superfamily (Sarnovsky et al., 1996). In the case of TnsB,
the identification by site-directed mutagenesis of the
three residues comprising the DDE motif (D273, D361,
and E396) gave strong support to this assumption (Sar-
novsky et al., 1996). Furthermore, secondary structure
prediction using PSIPRED (Jones, 1999) clearly demon-
strates the similarity in the secondary structure elements
of MuA and TnsB, resulting in an alignment (Krement-
sova et al., 1998) that places the DDE residues of TnsB
on the same structural elements as those containing the
MuA DDE motif (data not shown). The case for TnsA
remained less convincing, in part because a complete
DDE motif could not be identified.

We show here that, contrary to expectations, TnsA
possesses a type |l restriction endonuclease fold and
is not a member of the RNaseH-like polynucleotidyl
transferase superfamily. Thus, Tn7 transposition is me-
diated by two types of enzymes, one a polynucleotidyl
transferase of the retroviral integrase superfamily that
mediates breakage and joining at the 3’ ends at the
element, and a restriction enzyme-like endonuclease
that executes simple hydrolysis reactions at the 5" ends.
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Results and Discussion

Description of the Domain Structure of TnsA

We have crystallized full-length (273 amino acids) TnsA,
solved its three-dimensional structure using multiple
isomorphous replacement, and subsequently refined
the coordinates at 2.4 A resolution (Table 1). Examples
of the experimental and refined electron density are
shown in Figure 2. The molecule contains two domains
that are tightly packed against each other and con-
nected via a six-residue linker loop (Figure 1B). The
overall topology of the larger, N-terminal catalytic do-

Figure 1. The Tn7 Transposition Reaction
and the Structure of TnsA

(A) Schematic of the reaction carried out by
the Tn7 transposase. Although the initial 5’
and 3’ cleavage reactions (top) by TnsA and
TnsB, respectively, mechanistically precede
target joining (middle), the entire transposi-
tion reaction occurs in the context of an as-
sembled transpososome that contains both
transposon DNA (donor DNA) and target DNA
(attTn7).

(B) Ribbons (Carson, 1991) representation of
the structure of TnsA. The N-terminal domain
(green) has the fold of a type Il restriction
endonuclease, while the C-terminal domain
(orange) contains a helix-turn-helix motif («9
and «10). The positions of two bound magne-
sium ions (silver) and a chloride ion (green) are
indicated, as are three catalytically essential
residues.

(C) Comparison of the folding topologies of
TnsA, the cleavage domain of Fokl (Wah etal.,
1997, 1998), and histone H5 (Ramakrishnan et
al., 1993). The arrows indicate B strands and
cylinders « helices except helix H4 of TnsA,
which is a 3, helix. The indicated active site
residues of TnsA are E63, D114, and K132;
those of Fokl are D450, D467, and K469.

main (residues 1-165) is similar to the type Il restriction
endonucleases (Figure 1C). According to a three-dimen-
sional homology search using a distance matrix align-
ment program run on the DALI server (Holm and Sander,
1997), several restriction endonucleases and other nu-
cleic acid binding proteins possessing a restriction en-
donuclease fold possess significant three-dimensional
homology to TnsA. In contrast to the type Il restriction
endonucleases, which are homodimeric enzymes that
introduce either staggered or blunt-ended double-strand
breaks into DNA, we do not see any indication for a
restriction endonuclease-like dimer in the crystals. This
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Table 1. Data Collection and Refinement Statistics

Data Set Native (CH3CH,)Hg(ac) (CH3);sPb(ac)
Resolution (A) 2.4 3.0 3.0
Total reflections (N) 131670 67352 47211
Unique reflections (N) 23596 12534 12613
Completeness (%) [for I/a(l) > —3.0] 97.0 99.4 99.8
1o (1) 13.2 13.9 14.1
Reym 0.063 0.059 0.069
Reuiis 0.663 0.629
Ricaut 0.152 0.210
Phasing power
Isomorphous 1.07 1.35
Anomalous 1.05 1.71
Figure of merit of the experimental map: 0.447
Refinement
Resolution (A) 30-2.4
Atoms (N) 4488
Reflections F > 2¢(F) 22840
R factor (%) 20.2
Riee (%) 25.4
Rms bond lengths (A) 0.009
Rms bond angles (°) 1.676

Rym = 2|l — <I>|/E<I>

Reuis = 2/IFPH,| = |FPoI| — |FH.|I/Z]IFPH,| = |FP,|| for centric reflections

Riaut = 2|IFPH.| — |[FPH,||/|[FPH,| for acentric reflections, isomorphous case; ||[FPH,*| — [FPH.*|| + [[FPH,~| — [FPH:"[I/Z(IFPH,*| + [FPH,])

for acentric reflections, anomalous case.

FP is the protein, FPH is the derivative, and FH is the heavy atom structure factor. FPH* and FPH™ denote the Bijvoet mates of the derivatives.
The phasing power is defined as FH./E for the isomorphous case and 2FH./E for the anomalous case, where FH_. is the calculated heavy atom
structure factor and E is the rms lack of closure of the structure factor triangles.

R factor = S|FP, — FP|/3|FP,|

observation is consistent with current models for Tn7
transposition since TnsA and TnsB very likely form a
heterodimer on the transposon ends.

The C-terminal domain (residues 170-272) contains
a helix-turn-helix (HTH) motif (Harrison and Aggarwal,
1990) and has a topology that was first seen in the
catabolic gene activator protein, CAP (McKay and Steitz,
1981), and subsequently in many other proteins, most of
which bind DNA sequence specifically. The most closely
related HTH-containing protein is the globular domain
of the linker histone H5 (GH5; Figure 1C) (Ramakrishnan
et al., 1993).

Structural and Functional Comparison

between the TnsA Catalytic Domain

and Other Endonucleases

The canonical restriction endonuclease fold, charac-
terized by a five-stranded B sheet and two « helices
(Aggarwal, 1995; Kovall and Matthews, 1999), has been
observed in all the structures of type Il restriction endo-
nucleases determined to date. Several other nucleases
have also been reported to possess a restriction endo-
nuclease fold. Indeed, the closest structural homolog
to the TnsA catalytic domain is the very short patch
repair (Vsr) endonuclease (Tsutakawa et al., 1999a,
1999b), a protein involved in DNA repair that recognizes
a TG mismatch in the context of a specific sequence
and cleaves the phosphate backbone on the 5’ side of
the thymidine. Although Vsr endonuclease binds and
cleaves DNA as a monomer, efficient repair is reported
to require the additional proteins, MutL and MutS (Jones
et al., 1987; Lieb, 1987).

Among type Il restriction endonucleases, the most
similar protein to TnsA on the basis of number of aligned
residues is Fokl, a type IIS restriction enzyme (Figure
1C). This enzyme is distinct from other type Il enzymes
such as EcoRI or EcoRV in that the catalytic domain
cleaves DNA nonspecifically a fixed distance away from
its DNA recognition sequence, and it relies on additional
domains for sequence-specific DNA recognition (Wah
et al., 1997, 1998). On its own, the catalytic domain of
Fokl binds DNA only weakly and cleaves DNA nonspecif-
ically (Li et al., 1992); even in the context of the intact
Fokl-DNA cocrystal structure, the catalytic domain does
not contact the DNA (Wah et al., 1998). TnsA also has
no detectable site-specific DNA binding activity; this
function resides instead in TnsB, which specifically
binds the transposon ends (Craig, 1996). We speculate
that the observed structural similarity between TnsA and
Fokl is a reflection of this functional analogy.

The topological similarity between the catalytic do-
main of TnsA and the structurally related proteins Fokl,
Cfr10l, and the Vsr endonuclease is shown in Figure 3.
Despite the clear topological relationship between the
catalytic domain of TnsA and restriction endonucleases,
there are distinct differences. Most notably, TnsA lacks
the fifth strand of the central mixed B sheet. Although
the strands in the core of the TnsA domain have the
characteristic sequential strand order 1234 (strands B3,
B6, B7, and B8 in Figures 1B and 1C), strand 38 is imme-
diately followed by the linker to the C-terminal domain.
Furthermore, the observed structural homology does not
include the first 60 N-terminal residues of TnsA. This re-
gion before helix a2 possesses a unique fold consisting
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Figure 2. Experimental and Refined Electron Density
(A) Experimental electron density in the region of the four g strands comprising the central 3 sheet of the catalytic domain at 3 A resolution
contoured at 1o.
(B) 2F,-F. electron density in the same region after refinement at 2.4 A resolution contoured at 1o. The final refined structure is overlayed on
both panels. The white spheres are water molecules.

of helix a1, a disordered loop comprising residues 27—
42, and a two-stranded B sheet whose first strand (1)
contributes ~50% of the solvent-excluded surface be-
tween the N- and C-terminal domains.

The Active Site of TnsA
The active site of TnsA can be unambiguously identified
based on its least squares three-dimensional superpo-
sition with several restriction endonucleases. In restric-
tion enzymes, the catalytic motif generally involves sev-
eral acidic and one basic residue (Aggarwal, 1995; Kovall
and Matthews, 1999). The most conserved feature is a
D residue, always located on the second strand of the
motif. Its importance can be understood from structures
in which two metal ions are bound at the active site,
where it is observed to bridge these ions through biden-
tate coordination. The other essential catalytic resi-
dues—usually another acidic residue and one basic resi-
due—show some variation, both in character and in the
secondary structural elements from which they arise.
Previous work on TnsA demonstrated that residue
D114 is essential for cleavage at the 5’ ends of Tn7,
while mutation at position E149 leads to partial loss of
5’ end cleavage activity; 3’ end breakage and joining of
the transposon to the target proceeded normally (Sar-
novsky et al., 1996; May and Craig, 1996). D114 and
E149 are both located close to the region expected for
a restriction endonuclease-like active site. Indeed, the
position of D114 on the second strand of the central
sheet (strand B6 in Figures 1B and 1C) implicates it as
the crucial bidentate ligand to the metal cofactor ions
(discussed below). Based on the close structural similar-
ity between the array of residues close to D114 and

the active sites of restriction endonucleases, we tested
single point mutations of several residues for their ef-
fects on in vitro recombination. As shown in Figure 4,
residues E63 and K132 are essential to 5’ end cleavage,
while mutation of Q130 demonstrates the same pheno-
type as that of E149. Thus, E63 and K132, together with
D114, form the triad of catalytic residues expected for
a restriction endonuclease active site. This particular
constellation of active site residues is identical with that
seen in the restriction enzyme Cfr10l (Bozic et al., 1996).
In Cfrl10l, residues E71, D134, K190, and E204 have
been shown to be catalytically important (Skirgaila et
al., 1998); these correspond to the TnsA residues E63,
D114, K132, and E149, residing on analogous structural
elements (Figure 3). In this context, it is worth noting
that among the restriction endonucleases, Cfr10l is the
next most closely related structural homolog of TnsA
after Fokl. Cfr10l is distinguished among restriction en-
zymes as it does not have stringent sequence specificity
for cleavage (Bozic et al., 1996), a property it shares
with TnsA.

The mutational results shown in Figure 4, taken to-
gether with the structural homology between the protein
folds, unequivocally link proteins involved in DNA re-
combination with the restriction endonucleases. These
findings also provide strong evidence that the active
site in TnsA directly participates in recombination, rather
than TnsA simply controlling the activity of TnsB.

We observed strong difference electron density in the
active site region, which we interpret as two Mg?" ions
and a CI~ ion with several well-ordered, coordinating
water molecules (Figure 5). Both Mg?* ions are in dis-
torted octahedral coordination environments and are
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Cfr10l

Figure 3. Comparison of the Restriction Endonuclease Folds of TnsA, the Vsr Endonuclease, Fokl, and Cfr10l
The conserved central B sheet fold is highlighted in green. Only the N-terminal catalytic domains of Fokl and TnsA are shown.

located 3.9 A apart. The identity of the CI~ was confirmed
by anomalous difference Fourier calculations. The two
metal ions are bidentately liganded by the carboxylate
group of D114, giving rise to an arrangement very similar
to that described by Beese and Steitz for the 3’ to 5’
exonuclease active site of the Klenow fragment (Beese
and Steitz, 1991). Essentially identical two-metal ar-
rangements have also been seen in the pre- and post-
cleavage DNA complexes of BamHI (Viadiu and Aggar-
wal, 1998), the avian sarcoma virus integrase (Bujacz et
al., 1997), and more recently in the structure of the Vsr
endonuclease-DNA complex (Tsutakawa et al., 1999b).
For example, when TnsA is aligned with the postcleav-
age BamHI-DNA structure, the Mg?* ion positions of
TnsA differ less than 1 A from the corresponding posi-
tions of Mn?" bound to BamHI (data not shown). The
partial loss of 5’ end cleavage activity phenotype of
Q130E and E149A can be explained by assuming that
the exact positioning of the carbonyl ligand to the metal
provided by the side chain of Q130 is needed for wild-
type activity. However, partial activity (i.e., left end 5’
cleavage) can be supported when either of these side
chains is mutated.

The role of the observed Cl~ is probably to provide
charge balance. It is located in a pocket defined by the
N terminus of helix «2 and is liganded by the side chain
hydroxyl of S60 as well as by two water molecules that
are also part of the first coordination sphere of one of
the Mg?* ions (Figure 5). By comparison to the structures

of the BamHI-DNA complex and the Vsr endonuclease—
DNA complex, it seems likely that in the assembled Tn7
transpososome, the CI~ binding site would be occupied
by a phosphate group of the DNA backbone.

Two bound Mg?" ions, as seen in the active site of
TnsA, have not been previously observed in other re-
striction endonuclease-like active sites in the absence
of substrates or substrate analogs, indicating that—in
principle—a two-metal ion nuclease active site can be
assembled without the DNA substrate. TnsA presents a
mechanistic contrast to ECoRV in which the high affinity
metal binding site is assembled only in the presence of
the EcoRV recognition sequence (Winkler et al., 1993),
thereby explaining why only the EcoRV specific se-
quence is cleaved, despite similar binding affinities for
both specific and nonspecific DNA sequences. That
TnsA can assemble a two-metal ion catalytic site in the
absence of DNA may indicate that Tn7 does not require
a protective mechanism to prevent wanton cleavage
of nontransposon end sequences. This is most likely
because TnsA relies on TnsB for DNA binding and se-
quence recognition, and thus nontransposon end se-
quences would never become available to TnsA for
cleavage.

Proposed Mode of DNA Binding

The active site of TnsA lies on the bottom of an ~18 A
wide depression. When the observed Mg?* and Cl~ ions
are included in electrostatic calculations, this cavity
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Figure 4. Effects of TnsA Mutations on 5’ End Breakage

(A) Various intermediates and products of Tn7 transposition. Wild-
type recombination initiates with double-strand breaks that excise
the transposon from the flanking donor DNA; mutations in TnsA
block cleavages at the 5’ ends of the transposon to give nicked
species. Target joining can proceed with DSBs, ELTs, and nicked
species; only some of the possible joining products are shown. In
the fusion product (FP), breakage at only the 3’ ends of the element
occurred, followed by target joining; in the FP (DSB.L), a DSB oc-
curred, whereas only a nick occurred at the right end of Tn7 (E. W. M.
and N. L. C., unpublished data).

(B) Recombination with wild-type and various TnsA mutants. Like
D114A, E63A and K132A completely block cleavage at the 5’
transposon ends. Like E149A, Q130E predominately blocks 5’ cleav-
ages at the right end of Tn7. Recombination reactions were carried
out as described (Sarnovsky et al., 1996) except that TnsD-His was
used (Sharpe and Craig, 1998). The DNA substrates and recombina-
tion products were digested with Ndel, displayed on a 0.6% agarose
gel, transferred to a membrane, and hybridized to a transposon
specific probe. The blots were analyzed by phosphorimager analysis
(Molecular Dynamics).

possesses a markedly positive surface potential (Chris-
topher, 1998). The low binding affinity of TnsA for DNA
has precluded us from cocrystallizing the protein with
DNA, but a reasonable model predicting protein-DNA
interactions can be constructed (Figure 6) by superim-
posing the structure of TnsA on those of the postcleav-
age BamHI-DNA complex (Viadiu and Aggarwal, 1998),
the cleaved EcoRV-DNA complex (Kostrewa and Win-
kler, 1995), and the Vsr endonuclease-DNA complex
(Tsutakawa et al., 1999b). This is possible since the

aligned structures are very similar in the region of the
active sites. The cleaved strand is always in the same
orientation relative to the active site residues, and the
backbones have similar traces, at least in the neighbor-
hood of the scissile phosphate. It seems likely that the
orientation of the DNA strand cleaved by TnsA will be the
same as that observed in these postcleavage structures,
and indeed it is possible to model it as such without
major stereochemical clashes.

By assuming an orientation for the DNA strand
cleaved by TnsA, the relative location of the TnsB cleav-
age point can therefore be predicted. It occurs on the
strand opposite to that cleaved by TnsA, offset from
the 5’ cleavage site by three bases in the direction
of the transposon (see Figure 1A and Figure 6). This
places the TnsB cleavage site away from the surface of
TnsA, and presumably easily accessible to the TnsB
active site. It is also clear from this model that the
transposon DNA is unlikely to be the opposite orienta-
tion relative to the TnsA active site since this would place
the TnsB cleavage site in a position far more difficult to
access. The model also predicts that the loop following
helix a1 consisting of residues 27-42 would contact the
minor groove close to the 5’ cleavage site in the direction
of the transposon. This loop is hydrophilic and mobile
in the structure with high temperature factors, indicating
that it is not well stabilized in the absence of DNA. The
other structurally characterized restriction enzymes and
Vsr endonuclease also use a surface loop to contact
the minor groove of their respective substrates at or
near to this position close to their cleavage sites.

The TnsA catalytic domain appears “trimmed down”
when compared with the type Il restriction enzymes (see
Figure 3). In particular, it is missing motifs seen in other
proteins that are involved in base-specific DNA recogni-
tion in the major groove, such as the extended chain
motif of EcoRI (Kim et al., 1990), the loop around residue
154 in BamHI (Newman et al., 1994), or the DNA binding
subdomains of EcoRV and Pvull (Winkler et al., 1993;
Athanasiadis et al., 1994; Cheng et al., 1994). From our
model, it appears that the only common structural ele-
ment likely to be involved in major groove contacts is
the N-terminal end of helix a5.

The C-Terminal Domain of TnsA

Several observations suggest that, despite an HTH mo-
tif, the C-terminal domain of TnsA is not involved in DNA
binding. The C-terminal domain starts at P170 and leads
into helix a7, a structural element unique to TnsA since
homology to GH5 and other CAP-like domains does not
begin until after this helix (Figures 1B and 1C). Helix a7
contributes significantly to holding the two domains in
a fixed orientation relative to each other and is posi-
tioned so as to cover most of helix «10. In most of the
available structures of HTH-containing domains com-
plexed with DNA, the analogs of helix 10 serve as
the recognition helix, usually forming an array of base-
specific interactions in the major groove. In its observed
position in TnsA, helix «10 would be unable to form
these characteristic DNA contacts. Rather, it contributes
to the interdomain interface, with its C terminus directly
contacting strand B2 of the catalytic domain. Finally,
the molecular surface electrostatic potential of this do-
main is nearly featureless, with many solvent-exposed
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Figure 5. The TnsA Active Site Contains Two Bound Mg?* lons

B2 y |

Ribbons (Carson, 1991) representation of the TnsA active site showing the bound Mg?* ions and coordinating ligands. The difference electron
density for the Mg?* ions (orange) and the anomalous difference density for CI~ (blue) is contoured at 4¢. The red spheres represent coordinating
water molecules, and the connecting lines are hydrogen bonds. V131° indicates that the coordinating ligand is the main chain carbonyl oxygen.

hydrophobic patches. Therefore, rather than binding
DNA, the C-terminal domain of TnsA is likely to mediate
protein—protein interactions with another member of the
transpososome. Interestingly, this presents yet another
parallel to the Fokl system: the D3 domain of Fokl, also
a CAP-like HTH domain, barely touches the DNA and is
mainly involved in protein—protein interactions with its
“recognition helix” also making interdomain interactions
(Wah et al., 1997).

Implications of the Link between TnsA

and Restriction Endonucleases

Thousands of type Il restriction endonucleases are
known, yet all of the structures determined to date reveal
a common fold in their catalytic domains, suggesting
divergent evolution from a common ancestor. The fold
has also been observed in a subdomain of the bacterio-
phage \ exonuclease (Kovall and Matthews, 1997) and
an archaeal tRNA endonuclease (Li et al., 1998). More
recently, two bacterial proteins involved in DNA repair
have also been shown to possess a restriction endonu-
clease fold: the Vsr endonuclease, which recognizes a
TG mismatch and cleaves on the 5’ side of the T (Tsuta-
kawa etal., 1999a, 1999b), and MutH, which cleaves 5’ to
an unmethylated d(GATC) sequence in hemimethylated
duplex DNA (Ban and Yang, 1998). On the basis of the
results presented here, the group of nucleases that use
a restriction endonuclease catalytic domain must now

be extended due to the unexpected appearance of this
fold in DNA transposition.

In addition to expanding the known range of enzymes
that employ the restriction endonuclease fold, the crys-
tal structure of TnsA reveals an unexpected structural
diversity in transposition itself and has expanded our
view of the mechanisms of transposition. We now know
that a collaboration between the restriction enzyme-like
protein TnsA and the retroviral integrase-like protein
TnsB executes the double-strand breaks at the ends of
Tn7 that initiate transposition. It is intriguing that Tn7
has adopted catalytic subunits that are fundamentally
different in mechanism and topology to carry out 5’
and 3’ strand cleavages, despite very similar underlying
chemistry and the common requirement for two divalent
metal ion cofactors. The key to understanding this diver-
sity may lie in considering the different roles that TnsA
and TnsB play during transposition. TnsB has a dual role:
it catalyzes 3’ cleavage and then activates the newly
created 3' OH groups for the subsequent strand transfer
reactions. TnsB must be able to use two different at-
tacking nucleophiles, H,O in the initial cleavage step to
separate the transposon from the donor DNA, and the
exposed 3’ OH end of the transposon to link the transpo-
son to the target DNA. In contrast, TnsA has only to
perform one reaction during transposition—5’" cleav-
age—for which a restriction endonuclease fold that exe-
cutes only a hydrolysis reaction is sufficient.

The differing roles that TnsA and TnsB play during
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Figure 6. Proposed Model of TnsA Binding to a Tn7 Transposon End

Cleavage site
of TnsB
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The two views are rotated 90° with respect to each other. The protein surface was generated with SPOCK (Christopher, 1998) and rendered
with Raster3D (Merritt and Bacon, 1997), and red and blue represent regions of positive and negative surface electrostatic potential, respectively.
The transposon DNA sequence used is that of Tn7R and flanking sequence and was modeled by analogy to the DNA complexes of BamHI,
EcoRV, and the Vsr endonuclease. The loop between residues 27 and 42, expected to change conformation upon DNA binding, was removed

from the model.

transposition is also reflected in the nature of the active
sites characteristic of the two protein folds. The active
sites of transposition enzymes possessing the RNaseH-
like fold tend to be relatively shallow and flexible. For
example, one of the three critical acidic residues of the
retroviral integrases is located on a flexible loop that has
been captured in a number of different conformations in
the various structures that have been determined. This
flexibility likely reflects the need to not only use two
different attacking nucleophiles as the reaction pro-
ceeds, but also to accommodate the target strand DNA
substrate while the donor strand remains bound at the
active site (Kennedy et al., 2000). In contrast, restriction
endonucleases typically have active sites that are more
deeply located and rigid, consistent with a simple hydro-
lysis reaction. Thus, in hindsight, the choice of a restric-
tion endonuclease fold to concurrently catalyze 5’ cleav-
age and to restrict the possibility for further reaction at
the 5' transposon end seems inspired.

Different transposon systems have adopted diverse
strategies to mediate the DNA breaks that disconnect
a transposon from its donor site (Haren et al., 1999). For
example, bacterial elements 1S10 and IS50 also initiate
transposition by the introduction of double-strand breaks
at the transposon termini, but the mechanism of forming
these double-strand breaks is quite distinct from Tn7.
In these cases, the initiating step is the introduction of
nicks that expose the 3’ OH ends of the elements. These
3’ OH ends then directly attack the 5’ strands, generat-
ing a hairpin on the transposon end. Subsequent open-
ing of the hairpin by the transposase yields the fully

broken transposon end ready to interact with the target
DNA. Yet another strategy is used by IS911 that involves
single-stranded transposon circles. It remains to be es-
tablished in other double-strand break systems that
have a single transposon subunit such as Tcl and Tc3
transposition how double-strand breaks occur (Plasterk,
1996).

Despite the varied chemical roles of TnsA and TnsB,
interaction between these proteins is necessary to exe-
cute transposition. One of the distinguishing features of
Tn7 is the tight control of the transposition event: the
full assembly of Tns proteins, donor DNA, and target
DNA is needed before the reaction can proceed. It is
consistent with this stringent control that, during evolu-
tion, Tn7 has acquired a catalytic subunit that has the
unique function of cleaving the 5’, nontransferred DNA
ends. This confers on Tn7 a greater level of regulation
than seen in other systems. It will be interesting to dis-
sect how this interplay occurs. Structural analysis of a
TnsA + TnsB complex is an appealing next step.

Experimental Procedures

Protein Purification and Crystallization

The tnsA gene was cloned into the intein expression vector, pCYB2,
(NEB) resulting in a two amino acid spacer (-PG-) between the au-
thentic C terminus and the intein autoproteolytic cleavage site. Opti-
mal protein expression was obtained in Escherichia coli strain XA90
(Baker et al., 1984) by growth at 37°C in LB broth until ODgg o =
0.6, followed by induction at 20°C by addition of IPTG to a final
concentration of 0.1 mM. Cells were harvested 5 hr later and resus-
pended in 20 MM HEPES (pH 7.8), 0.5 M NaCl, 0.1 mM EDTA, 0.1%
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(v/v) Triton X-100, 10% (w/v) glycerol. All subsequent steps were at
4°C unless otherwise stated. After sonication, soluble material was
loaded onto a chitin beads (NEB) column. The column was washed
with 10 column volumes (CV) of resuspension buffer, moved to room
temperature, and washed with 20 mM HEPES (pH 7.8), 0.15 M NaCl,
0.1 mM EDTA, 0.1% (v/v) Triton X-100, 10% (w/v) glycerol, 10 mM
MgCl,, 5 mM ATP to remove chaperonin proteins. The column was
returned to 4°C, washed with 3 CV 20 mM HEPES (pH 7.8), 0.5 M
NacCl, 0.1 mM EDTA, 10% (w/v) glycerol, 30 mM DTT, and left over-
night. Free TnsA was eluted the following day and dialyzed against
25 mM HEPES (pH 7.8), 1 M NaCl, 1 mM EDTA, 2 mM DTT, 10%
(w/v) glycerol prior to concentration and gel filtration on a TSK-Gel
G3000SW column. Fractions containing TnsA were collected, and
the protein was concentrated to 7-8 mg/ml and exchanged into 25
mM HEPES (pH 7.8), 0.5 M NaCl, 1 mM EDTA, 2 mM DTT, 0.01%
(v/v) Triton X-100, 10% (w/v) glycerol, 10% (v/v) isopropanol prior
to crystallization. The final yield was approximately 1 mg TnsA per
liter cells.

Crystals were grown at 4°C by the hanging drop method by mixing
TnsAin a 1:1 ratio with buffer 1 (10% PEG 8000, 0.1 M Tris [pH 8.0])
containing 50 mM MgCl,, by vapor diffusion against a well solution
consisting of 90% buffer 1 containing 0.4 M NaCl/10% isopropanol.
Repeated macroseeding was required to obtain diffraction quality
crystals. The space group is P2; with cell dimensions a = 38.34 A
b = 83.68 A, c = 97.94 A, and B = 94.07°. There are two molecules
in the asymmetric unit. Crystals were cryoprotected by transfer into
increasing amounts of glycerol to a final concentration of 20% (w/v)
glycerol, and then flash-frozen in liquid propane. For MIR, an Hg
derivative was obtained (2 hr soak at 4°C in 1 mM ethylmercuric
acetate prior to cryoprotection) and a Pb derivative (24 hr soak at
4°C in 10 mM trimethyllead acetate prior to cryoprotection).

Structure Determination

Diffraction data were collected at 95 K on Raxis Il and IV image
plate detectors, using CuKa radiation generated in an RU200 rotat-
ing anode source and collimated with total reflection mirrors. Data
were integrated and scaled internally using the HKL suite (Otwinow-
skiand Minor, 1997). The four most prominent sites in the Hg deriva-
tive were located using SOLVE (Terwilliger and Berendzen, 1999),
while further sites and all the sites in the Pb derivative were deter-
mined with difference Fouriers. Heavy atom parameter refinement,
solvent flattening (Wang, 1985), and two-fold noncrystallographic
symmetry averaging were carried out using PHASES (Furey and
Swaminathan, 1997) at 3 A resolution. The correlation coefficent
between the two noncrystallographically related molecules was 0.59
before averaging. When the process was completed, the electron
density of the polypeptide appeared continuous except for the first
30 residues and between residues 180 and 186. Clearly defined side
chain densities were visible in most cases. The model was built with
O (Jones et al., 1991) and refined with several rounds of molecular
dynamics, energy minimization, and restrained B factor refinement
using XPLOR 3.1 (Brunger, 1992). Bulk solvent correction and the
TNT B factor restraint library (Tronrud, 1996) was used throughout,
and 5% of the reflections (1143) were kept separate to monitor Ry
and never used in refinement. Noncrystallographic restraints were
also included. At the final stages, 292 water molecules and 4 Mg?*
and 2 CI~ ions were added and the refinement was completed at
2.4 A resolution. The current model contains all residues between
8 and 261; 89.9% of the nonglycine residues are in the most favored
regions of the Ramachandran plot with none of them in the disal-
lowed regions. Although the two molecules in the asymmetric unit
are related by a nearly perfect two-fold axis, sedimentation equilib-
rium experiments indicated that the molecule exists predominantly
as a monomer in solution (data not shown).
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