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A synaptic complex of Tn5 transposase with an extended outside end DNA duplex was prepared and crystallized, and its
crystal structure was determined in an effort to reveal the
role of metal ions in catalysis. Two Mn2+ ions bound to the
active site when a single nucleotide of donor DNA was added
to the 3′ end of the transferred strand. Marked conformational changes were observed in the DNA bases closest to the
active site. The position of the metal ions and the conformational changes of the DNA provide insight into the mechanism of hairpin formation and cleavage, and is consistent
with a two-metal model for catalysis.
Tn5 is a 5.8-kilobase (kb) composite transposon that is a
member of the IS4 family of mobile elements1. Tn5 is composed
of an antibiotic resistant region flanked by two 1.5 kb IS50 insertion sequences, IS50L and IS50R. IS50R encodes a 476-amino
acid transposase and an N-terminal truncated inhibitor2.
Transposition occurs via a multistep cut-and-paste mechanism
common among certain transposases3–5. Two Tn5 transposase
monomers first bind to two 19-base pair (bp) regions, termed
the outside ends (OE), at the ends of the IS50 elements and proceed to form a synaptic complex via dimerization. Cleavage of
the flanking donor DNA is facilitated by magnesium or manganese ions, which activate water oxygens for nucleophilic
attack. The final steps involve target capture by the synaptic
complex and transfer of the transposon into the target DNA.
A common feature among certain bacterial transposases and
viral integrases is the DDE motif present in the active site6,7. The
arrangement of these acidic residues permits binding of the
divalent metals necessary for catalysis. However, changing the
Glu residue of the DDE motif to Ala has been shown to prevent
the reaction for Tn5 transposase8.
In previous X-ray crystallographic studies of Tn5 transposase
and HIV-1 integrase, only a single divalent metal was observed
in the catalytic core, although at different positions in each
enzyme9,10. However, Avian Sarcoma Virus (ASV) integrase
showed binding of two Zn2+ or Cd2+ ions11. One would then
expect that Tn5 transposase would have the ability to bind a second metal, because the disposition of the DDE motif is nearly
identical to that of ASV integrase9.
Tn5 transposase and Tn10 transposase cleave the donor DNA
via a three-step process12,13. The proposed scheme for cleavage by
Tn5 is similar to that for Tn10 transposase13 (Fig. 1). The first
step involves attack of the phosphate on the 3′ end of the transferred strand (TS) by a water molecule that is activated by a divalent metal ion. A second metal ion is thought to activate the
nucleophilic 3′ OH of the TS for attack on the 5′ phosphate on
the nontransferred strand (NTS). This produces a hairpin inter278
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Two-metal active site
binding of a Tn5
transposase synaptic
complex
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Fig. 1 Proposed mechanism for donor DNA cleavage and hairpin formation/resolution13. a, An activated water molecule attacks the 3′ phosphate of the transferred strand. The donor DNA is cleaved and then
leaves the active site. b, The 3′ OH of the transferred strand attacks the 5′
phosphate of the nontransferred strand, resulting in a hairpin intermediate. An oxygen from the 5′ phosphate can move into that active site
and coordinate with the metals before hairpin formation. c, The hairpin
intermediate is resolved by an activated water molecule, resulting in a
phosphate on the 5′ end of the nontransferred strand.

mediate that is ultimately resolved by another activated water
molecule. Thus, catalysis is purported to proceed via a two-ion
mechanism similar to that proposed for the Klenow fragment of
DNA polymerase I14,15. However, the precise role of each metal in
the reaction pathway is unclear. Further evidence for a two-ion
mechanism has been provided from Cys mutagenesis studies of
the Tn10 transposase active site16. For Tn5 transposase, changing any of the DDE residues to an Ala residue was shown to prevent each step of catalysis17. This suggests that a metal ion is
necessary at each binding site during the reaction. In order to
reveal the location of the two metal ions anticipated to be in the
synaptic complex, we report the structure of Tn5 transposase
bound to an outside-end DNA duplex that was extended by one
nucleotide on the transferred strand.
Two-metal binding of Tn5 transposase
Based upon the proposed mechanism for catalysis, donor DNA
from the TS was proposed to be necessary for binding of a second metal within the active site. To test this, a single nucleotide
(adenine) of donor DNA was added to the 3′ end of the TS. Tn5
transposase in complex with extended DNA molecules has not
crystallized in a form suitable for high-resolution structural
studies. Cleavage of this additional base of donor DNA was not
observed in vivo (J. Jendrissak, pers. comm.). In addition, the 5′
nature structural biology • volume 9 number 4 • april 2002
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Fig. 2 Active site view of Tn5–Mn2. a, Stereo view showing the DDE motif in green, the two Mn2+ ions in blue and water molecules in red. The electron density around the ions and the DNA is a Fo – Fc map omit map contoured at 3.0 σ. b, Coordination of the Mn2+ ions (dark blue) in the active site.
The dashed lines indicate nonbonded interactions, and water molecules are red spheres.

end of the NTS was phosphorylated to determine its involvement in metal binding.
Indeed, two Mn2+ ions were observed in the active site
(Fig. 2a). The first metal (M1) is coordinated between Asp 97
and Glu 326 as observed9, whereas the second metal (M2) is
positioned between Asp 188 and Asp 97. Water molecules and
the phosphate from the 3′ end of the TS complete the coordination sphere for each metal ion, thereby serving as a bridge
between the two ions (Fig 2b). This phosphate is closer to M1
(3.1 Å) than M2 (3.5 Å). Although the phosphate on the 3′ end
of the TS was visible in electron density maps, the additional
adenine was disordered and could not be discerned. The 5′ phosphate of the NTS makes no close contacts to either metal.
The overall structure of the two-metal complex (Tn5–Mn2) is
similar to that of the determined structure of a Tn5 synaptic
complex9 (Tn5–Mn). Both dimerize about a crystallographic
two-fold axis and provide cis and trans interactions with the
DNA of the symmetry-related subunit. Superposition of
Tn5–Mn onto Tn5–Mn2 yielded a root mean square (r.m.s.)
deviation of 0.637 between Cα atoms. The arrangement of the
DDE motif in Tn5–Mn2 is nearly identical to that of Tn5–Mn,
with an r.m.s. deviation of 0.618 between all atoms.
The most notable differences were observed in two bases of
the duplex closest to the active site (Fig. 3). The ribose ring for
base 2 of the NTS in Tn5–Mn2 is directed away from the center of
the helix, instead of up toward the active site as in Tn5–Mn. This
results in base 1 moving down out of the active site. The most
NTS

TS

probable reason for this is that the phosphate on the 5′ end is
mutually incompatible with the phosphate on the 3′ end of the
TS, which already occupies a position for coordination in the
active site. The TS of Tn5–Mn2 also undergoes a conformational
change at bases 1 and 2. Base 2 is rotated slightly away from the
center of the duplex while base 1 is flipped out of the center by
∼90° relative to Tn5–Mn.
Salt bridge formation
The Tn5 transposase used for Tn5–Mn2 contained an E345K
mutation in the C-terminus, which has been shown to result in a
10-fold increase in transposition18. The structure of Tn5–Mn
did not contain this mutation, and an Mn2+ ion was located
between Glu 110 and Glu 345. This Mn2+ served to bring the
N- and C-termini together and ‘tighten up’ the structure, resulting in an improvement in the diffraction by from 3.5 to 2.5 Å
resolution9. The addition of the E345K mutation was presumed
to create a salt bridge with Glu 110, precluding the need for
metal binding at this site. For Tn5–Mn2, no metal ion was
observed in the electron density maps of this region, and a salt
bridge is indeed created between Lys 345 and Glu 110 (Fig. 4).
Lys 345 is directed toward the carboxyl oxygen atoms of Glu 110
and forms nonbonded contacts of 3.1 Å.
The overall structural similarity between the synaptic complex in Tn5–Mn and Tn5–Mn2 suggests that the hyperactivity of
the E345K mutation cannot be explained by discrete changes in
the active site or DNA binding sites. Rather, it implies that the
presence of a constitutive ionic interaction between Glu 110 and
Lys 345 increases the chance of dimerization in vivo.

base 1
base 1
base 2
base 2

Fig. 3 Comparison of the DNA structure of Tn5–Mn2 (purple) and
Tn5–Mn (gold). Note the conformational difference at bases 1 and 2 for
each strand.

nature structural biology • volume 9 number 4 • april 2002

Two-metal mechanism for strand cleavage
Cleavage of donor DNA first requires nicking of the 3′ end of
the TS (Fig. 1)19. Such a reaction would need to proceed via a
concerted nucleophilic (SN2) mechanism in which an activated
water molecule attacks the phosphate on the TS from the backside, resulting in a nucleophilic 3′ end. In the context of the
structure of Tn5–Mn2, M2 seems to be in a position to activate
a water molecule in the vicinity of H2O 743, which is necessary
to initiate catalysis (Fig. 2a). Moreover, M2 is positioned such
that the water molecule could attack from the opposite side of
the 3′ oxygen on the TS, which serves as the leaving group.
However, the conformation of the 3′ phosphate seems incorrect for cleavage to occur, which explains the inactivity of
Tn5–Mn2. A rotation of the TS must occur for an activated
279
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Fig. 4 The salt bridge formed between Glu 110 and Lys 345 for Tn5–Mn2 is
depicted in green. The bridging Mn2+ ion (red) between Glu 110 and
Glu 345 in Tn5–Mn is shown in pink. The thin lines indicate nonbonded
interactions and are black and blue for Tn5–Mn2 and Tn5–Mn, respectively.

© 2002 Nature Publishing Group http://structbio.nature.com

Glu 345

water molecule to be close enough to attack the 3′ phosphate
and initiate the reaction.
The stereochemistry of the 3′ phosphate is also not consistent
with that proposed for Tn10 transposase19 based on phosphorothioate studies20. For Tn5–Mn2, the proR, instead of the proS,
oxygen is bridging the two metal ions. If coordination of the
proS oxygen by the metals were necessary to initiate catalysis,
rotation of the TS would position the proS oxygen between the
metals. Following nicking, M1 would then be in a position to
bind the 3′ oxygen of the TS and proceed to form a hairpin intermediate. However, a conformational change in the TS must
occur because the 3′ oxygen is ∼4 Å from M1 in Tn5–Mn2.
The NTS must also undergo a conformational change for hairpin formation to occur, because the distance between the 3′ end
of the TS and the 5′ phosphate of the NTS is ∼8 Å. Specifically,
the 5′ phosphate of the NTS must move closer to the active site.
In the case of the previously determined Tn5 structure Tn5–Mn,
the 5′ and 3′ ends of the duplex were found to be only 3.5 Å from
one another, which is sufficiently close for hairpin formation.
However, in contrast to Tn5–Mn2, no phosphate was present on
the NTS in the structure of Tn5–Mn.
The necessary conformational change in the NTS is observed
upon comparison of the DNA structure in Tn5–Mn2 and
Tn5–Mn. When M2 is present in the active site, it is fully coordinated by the DDE residues, the TS and water molecules. There is
no space for the 5′ phosphate to coordinate. However, after the
initial nicking of the 3′ end of the TS strand occurs, the cleaved
DNA would move away from the active site. There would then be
sufficient space in the active site for the NTS to coordinate with
the metal ions. Such movement by the NTS would be required
for hairpin formation and subsequent resolution. This is also
consistent with the mechanism proposed for Tn10 in which the
3′ end of the TS is believed to maintain its relative position in the
active site throughout the reaction19.
Although the structure of Tn5–Mn2 seems to contain all the
essential substrates necessary for catalysis, cleavage of a single
base does not occur as stated. Rotation of the TS seems to be
required to commence the reaction.
Conclusion
The structure of Tn5–Mn2 is most representative of a synaptic
complex before donor DNA cleavage, but there is the formal
possibility that it might be similar to the strand-transfer product. The arrangement of the two Mn2+ ions within the active site
suggests the possible roles of each metal in catalysis and indicates
that each metal plays a vital role in every step of the reaction. M2
is positioned in such a manner that an activated water molecule
can attack via an SN2-type mechanism on the 3′ phosphate of the
TS. However, a rotation of the TS must occur to position the 3′
phosphate near a water molecule for the initial step of the reac280

tion. This question may be answered from a structure of Tn5
transposase with extended DNA molecules. Following initial
cleavage, M1 is then able to activate the 3′ oxygen of the nicked
TS for attack on the NTS phosphate resulting in the formation of
a hairpin intermediate. However, pronounced conformational
changes in the NTS must occur to bring the two ends of the
duplex into close contact with one another. Such a change would
occur once the nicked DNA on the TS is moved away from the
active site following initial cleavage. This would then permit
binding of the 5′ phosphate of the NTS by the metal ions in the
active site and facilitate hairpin formation. To confirm the structural changes of the NTS during catalysis, determination of the
crystal structure of the hairpin intermediate is being pursued.
Methods
Protein expression, purification and crystallization. Tn5 transposase E54K/M56/E345K/L372P was expressed in Escherichia coli and
purified using the IMPACT intein expression system (New England
Biolabs) as described12, except that 100 mM hydroxylamine was used
for cleavage. OE DNA (Integrated DNA Technologies) had the
following sequence: transferred strand, 5′-GAC TTG TGT ATA AGA
GTC AGA-3′, and nontransferred strand, 5′-CTG ACT CTT ATA CAC
AAG TC-3′, with the 5′ end phosphorylated. DNA was purified by the
manufacturer using PAGE at the 1 µmol scale, annealed and then
combined with Tn5 transposase in a 1:1.1 protein:DNA molar ratio.

Table 1 Data collection and refinement of Tn5–Mn2
Data collection
Space group
Unit cell (Å)
Resolution (Å)
Total measurements
Unique reflections
Completeness (%)1
Average I / σ1
Rmerge1
Refinement
R-factor
Rfree
Resolution (Å)
Reflections
R.m.s. deviation
Bond (Å)
Angle (o)
Number of atoms (Å2)
Average B factor (Å2)
Number of water molecules
1

P6522
a = 112.4
c = 232.8
50–2.5
528,893
31,206
99.9 (99.9)
38.4 (5.8)
0.097 (0.390)

0.214
0.256
50–2.5
30,120
0.01
1.08
4,774
39.1
374

The numbers in parentheses are for the 2.59–2.50 Å shell.
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The mixture was dialyzed overnight against 300 mM KCl, 20 mM
HEPES, pH 7.7, and 2 mM EDTA. Dialyzed complex was then concentrated to ∼10 mg ml–1 and used for crystallization. Crystals were
obtained from batch growth using 15% (v/v) PEG 1500, 350 mM
potassium glutamate and 50 mM potassium succinate, pH 5.0, with a
protein:growth solution ratio of 1:1 (v/v). Samples were soaked in
growth solution containing 5 mM MnCl2 for 18 h and frozen in 25%
(v/v) PEG 1500, 500 mM potassium glutamate, 10% (v/v) ethylene
glycol and 50 mM potassium succinate, pH 5.0. Data were collected
at the Advanced Photon Source (Argonne, Illinois) and processed
with the HKL2000 package21.
Structure determination. The data contained reflections to 2.5 Å
and were used to this resolution for refinement (Table 1). Phasing
was carried out by molecular replacement using EPMR22 and the
previously determined Tn5 synaptic complex as a search model9.
The first three bases of the DNA closest to the active site were
removed from initial refinements and rebuilt from Fo – Fc maps. The
adenine donor DNA that was added to the 3′ end of the transferred
strand was disordered; however, the phosphate was clearly defined
in the Fo – Fc map. The B-factors for the phosphate on the transferred strand were similar to those for the other DNA bases, indicating full occupancy. Large regions of electron density for the two
Mn2+ ions were also visible in the Fo – Fc map. Similarity in the B-factors for the Mn2+ ions indicated equal occupancy relative to one
another. Model building was carried out using TURBO-FRODO23,24
and structure refinement via simulated annealing using CNS v. 1.0
(ref. 25).
Coordinates. The atomic coordinates were deposited to the
Protein Data Bank (accession code 1L1A).
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