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ABSTRACT

Some DNA transposons relocate from one genomic
location to another using a mechanism that involves
generating double-strand breaks at their transpo-
son ends by forming hairpins on flanking DNA. The
same double-strand break mode is employed by the
V(D)J recombinase at signal-end/coding-end junc-
tions during the generation of antibody diversity.
How flanking hairpins are formed during DNA trans-
position has remained elusive. Here, we describe
several co-crystal structures of the Hermes trans-
posase bound to DNA that mimics the reaction step
immediately prior to hairpin formation. Our results
reveal a large DNA conformational change between
the initial cleavage step and subsequent hairpin for-
mation that changes which strand is acted upon by
a single active site. We observed that two factors af-
fect the conformational change: the complement of
divalent metal ions bound by the catalytically essen-
tial DDE residues, and the identity of the –2 flank-
ing base pair. Our data also provides a mechanis-
tic link between the efficiency of hairpin formation
(an A:T basepair is favored at the –2 position) and
Hermes’ strong target site preference. Furthermore,
we have established that the histidine residue within
a conserved C/DxxH motif present in many trans-
posase families interacts directly with the scissile
phosphate, suggesting a crucial role in catalysis.

INTRODUCTION

DNA transposition is the process by which a discrete seg-
ment of DNA is either moved or copied into a new genomic
location. In both prokaryotes and eukaryotes, transposi-
tion is an important mechanism that contributes to genomic
change and hence to the process of evolution (1–3). Several
distinct types of enzymes catalyze DNA transposition (re-
viewed in 4,5), one of the largest groups of which are the
so-called DDE/D enzymes, named for a cluster of essen-
tial acidic residues located at the active site, that are mem-
bers of the RNase H superfamily. DDE/D enzymes exhibit
surprisingly diverse modi operandi despite sharing a struc-
turally similar catalytic core. For some, movement is cou-
pled to replication; others move by ‘cut-and-paste’ trans-
position (Figure 1A) and among these there are several dis-
tinct pathways by which the needed double-strand breaks
(DSBs) are generated at their transposon ends (6,7).

One common mechanism by which transposases gener-
ate DSBs involves forming a DNA hairpin on one side or
the other of the break (Figure 1B). This mechanism is em-
ployed by the widespread IS4 family of prokaryotic trans-
posons and ISs, and by eukaryotic piggyBac (8), hAT (9),
Transib (10), and Mutator-like transposons (11). Deliber-
ate DNA hairpin formation accompanying DSB formation
is otherwise rare in biology, shown to occur during V(D)J
recombination (12), which is responsible for the generation
of antibody diversity in higher vertebrates, and the forma-
tion of terminal hairpin telomeres in certain phages, bacte-
ria, and plasmids (13). In the case of V(D)J recombination,
it is clear that the RAG1/2 enzyme involved arose from an
ancient transposon of the Transib family (10,14,15).

Whether the hairpin that accompanies DSB formation
during transposition is formed on the transposon end (Fig-
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Figure 1. (A) Overview of cut-and-paste DNA transposition. Transposases catalyze the excision of a transposon (in blue) from one genomic location by
introducing double-strand breaks at each end. Excised transposons are then integrated into a new genomic site, a process usually accompanied by the
generation of short flanking target site duplications (TSDs). (B) Comparison of the steps comprising transposition when a hairpin is formed on flanking
DNA (left, hAT transposons or during V(D)J recombination) or on the transposon end (right, IS4 family of insertion sequences and eukaryotic piggyBac
element). In step (i), hAT transposases cleave the non-transferred strand (NTS) one nt into the flank whereas the V(D)J recombinase cleaves precisely at the
coding end-recombination signal sequence junction; TS: transferred strand. Throughout, flanking DNA is shown in green and transposon DNA in blue.
(C) Oligonucleotides used for crystallography, ‘DNA(C:G)’ on top and ‘DNA(A:T)’ on the bottom. Also shown is the preferred target site for integration
of Hermes.

ure 1B, right) or on flanking DNA (Figure 1B, left) has im-
portant mechanistic implications. In both cases, hairpin for-
mation involves two sequential nucleophilic SN2 reactions:
water first attacks a DNA backbone phosphate group to
cleave the DNA strand leaving a free 3′-OH group and a
5′-phosphate (step i, Figure 1B), and then the new 3′-OH
group attacks a phosphate on the opposite strand (step ii).
This second reaction seals the DNA end as a hairpin and in
the process generates another 3′-OH group. When the hair-
pin is formed on flanking DNA, the new 3′-OH group is
immediately available for use as the nucleophile in the sub-
sequent ‘paste’ step of transposition (also known as strand
transfer or integration, where the joined DNA strand is
called the ‘transferred strand’, TS; step iv, left). However,
when the hairpin is on the transposon end, a further hy-
drolysis reaction is needed to open up the hairpin and lib-
erate the 3′-OH group needed for integration (steps iii and
iv, right).

How transposases catalyze not just one but a series of co-
ordinated reactions at their transposon ends has intrigued
researchers ever since their discovery. When a hairpin is
formed on the transposon end, all of the reactions can
be catalyzed by a single active site (16), with the trans-
ferred strand - in theory - held steadfastly in the active site
during the entire process. This is because the 3′-OH pro-
duced in the first nicking reaction is the nucleophile of the
hairpin-forming transesterification reaction and is subse-
quently regenerated as the nucleophile for the integration
reaction after hairpin opening. As all of the reactions com-
prising transposition occur at the same end of the trans-
ferred strand, in principle, once it has been bound in the ac-
tive site, the transferred strand can remain there until the fi-
nal integrated product is formed (17). Hairpin formation on
transposon ends has been biochemically well-characterized
(18), and important mechanistic details have also been pro-
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vided by structures of the Tn5 DNA transposase, an IS4
family member, bound to DNA (19, reviewed in 20).

In contrast, how DSBs are generated when flanking hair-
pins are formed during transposition is less well under-
stood, and the reaction is more conceptually problematic.
In these cases, the first nick is on the non-transferred strand
(NTS) and the liberated 3′-OH group on flanking DNA is
the nucleophile for hairpin formation, but thereafter the
hairpin has no further role in transposition (step ii, Fig-
ure 1B). Rather, the 3′-OH on the transferred strand is used
for integration, and the transposase active site must there-
fore catalyze a 3′-OH attack from each strand, implying
the need for significant rearrangement of the protein or the
DNA, or the deployment of two active sites at each trans-
poson end to process the opposing strands. Although struc-
tural work with the Hermes transposase (21) and, more
recently, with the mechanistically-related RAG1/2 recom-
binase bound to its recombination signal sequences (22–
24) has clearly shown that only one active site is involved,
how hairpins are formed remains unclear. It is also not un-
derstood how the first nick on the NTS is directed: hAT
transposases cleave the NTS one nt into the flank whereas
the RAG1/2 recombinase cleaves precisely at the coding
end-recombination signal sequence junction. Here, to un-
derstand the hairpin formation process, we have assembled
protein-DNA complexes of the Hermes transposase, a hAT
family member from the house fly Musca domestica, and
used X-ray crystallography to visualize the conformation
changes that occur. We find that the active site arrangement
changes dramatically as a function of bound divalent metal
ion cofactors and, surprisingly, as a function of the iden-
tity of a specific flanking base pair. The structures also re-
veal that a conserved histidine residue, part of a conserved
C/DxxH motif present in several eukaryotic DNA transpo-
son superfamilies (25), forms a crucial part of the enzyme
active site by directly coordinating the scissile phosphate.
Finally, the structure of Hermes bound to DNA and two
catalytically essential metal ions suggests how active site
back-and-forth usage is coordinated to catalyze the sequen-
tial steps that comprise DNA transposition.

MATERIALS AND METHODS

Protein production and purification

The Hermes� construct was generated from Hermes 79–
612 in pET-15b (26) by introducing a deletion spanning
residues 497–516 and adding the point mutation C519S to
increase solubility. His-tagged protein was expressed in E.
coli RosettaBlue (DE3) cells grown at 37◦C to OD600 = 0.6
and induced with the addition of 0.3 mM IPTG at 19◦C
overnight. Cells were harvested ∼16 h after induction and
the pellet was resuspended in 25 mM Tris pH 7.5, 0.5 M
NaCl, 5 mM Imidazole, 0.4 mM TCEP, and 1X Proteoblock
(Fermentas), flash frozen in liquid nitrogen, and stored at
−80◦C.

Four liters of cell pellets were thawed at room temper-
ature and lysed by sonication at 0◦C. The crude lysate
was clarified by centrifugation at 44 000 × g for 45
min and loaded onto a column of ∼15 ml Ni-NTA resin
(Novagen/Qiagen). The column was washed extensively
with the loading buffer and then with 35 mM Tris pH 8.0,

0.5 M NaCl, 42 mM Imidazole, 0.3 mM TCEP, and 1%
glycerol. Hermes� was eluted from the column with a gra-
dient of 42–400 mM Imidazole and fractions containing
Hermes� (as seen by SDS-PAGE) were combined. To re-
move the polyhistidine tag, 300 units of thrombin (Sigma)
were added to the combined fractions and the sample was
dialyzed overnight at 4◦C against a buffer of 25 mM Tris
pH 7.5, 1 mM EDTA, 0.5 M NaCl, 0.3 mM TCEP and
10% glycerol. Thrombin was removed by passage over a
0.5 ml benzamidine sepharose 6B column (Amersham Bio-
sciences) and the recovered protein was concentrated to <5
ml before size exclusion chromatography on two 300 mm
Bio-Sep-SEC-S3000 columns (Phenomenex) in series in 25
mM HEPES pH 7.3, 1.0 M NaCl and 0.3 mM TCEP. The
fractions were then analyzed by SDS-PAGE and those con-
taining only full-length Hermes� were combined and con-
centrated to >10 mg/ml.

Protein–DNA co-crystallization and data collection

Gel-purified oligonucleotides purchased from IDT were re-
suspended in TE and annealed together at a 1:1:1 ratio by
heating to 95◦C for 15 min and then slow-cooling. The an-
nealed DNA substrate was added to ≥8 mg/ml Hermes�
protein at a 1:1.05 ratio and the complex was dialyzed at
4◦C in two stages against 25 mM HEPES pH 7.5, 0.3 mM
TCEP and 0.5 M NaCl (with or without 5 mM MgCl2), fol-
lowed by the same buffer with 250 mM NaCl. The dialyzed
complex was spun at 15 000 × g before being placed in crys-
tallization trays.

Initial crystals were obtained from the following condi-
tions: The protein:DNA complex was 10 mg/ml Hermes�
+ PAGE-purified DNA(C:G) substrate in complex buffer
with 5 mM MgCl2. The 1 ml well solution was 50 mM MES
pH 5.9, 50 mM sodium acetate, 15% PEG MME 2000, 12.5
mM HEPES pH 7.5, 250 mM NaCl, 0.1 mM TCEP and
2.5 mM MgCl2. Hanging drops were set up at 4◦C with 6
�l complex, 1 �l 100 mM EDTA, and 4 �l well solution.
Crystals grew at 4◦C in 1 week.

Subsequent crystals were obtained by microseeding using
the Seed Bead kit (Hampton Research) with a seed stabiliz-
ing solution of 15% PEG MME 2000, 20 mM MES pH 6.0,
20 mM sodium acetate, 20 mM HEPES pH 7.5, 230 mM
NaCl, and 0.15 mM TCEP. Hanging drops were set up at
4◦C with 4 �l of 4–8 mg/ml Hermes� + DNA in complex
buffer without MgCl2 plus 3 �l seed solution. Well solutions
were 1 ml of 50 mM MES pH 6.5, 50 mM sodium acetate,
5–15% PEG MME 2000, 12.5 mM HEPES pH 7.5, 250 mM
NaCl and 0.1 mM TCEP. Crystals grew to usable size in 4–6
weeks at 4◦C. For the crystal structures with metal added,
0.3 �l 200 mM MnCl2 or CaCl2 was added to the drop for
a final concentration of 8 mM metal ∼48 h before the crys-
tals were frozen. For the crystal structure of Hermes� and
DNA(A:T) prior to soaking with metal ions, MgCl2 was
omitted throughout, and crystals were obtained after more
than three rounds of microseeding in the absence of MgCl2.

Crystals were cryoprotected in a solution of 30 mM MES
pH 6.8, 30 mM sodium acetate, 30 mM HEPES pH 7.5, 245
mM NaCl, 0.15 mM TCEP, 5–15% PEG MME 2000, 15%
ethylene glycol, and 5 �M DNA substrate (with or without
8 mM MnCl2 or CaCl2) for 20–120 s and flash-frozen into
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liquid nitrogen for data collection. Data was collected at the
Southeast Regional Collective Access Team beamline ID22
of the Advanced Photon Source on a MAR300 CCD detec-
tor. All data was collected at 95 K and integrated and scaled
using XDS.

Structure determination and refinement

The structures were solved with molecular replacement by
AMoRe, initially using the search model of a monomer
from the octamer structure (PDB ID: 4D1Q) divided into
two domains––amino acids 1–266 and 427–609 as one do-
main and amino acids 267–426 as the second domain. Sub-
sequent structures were solved with the first Hermes� struc-
ture as the search model. For refinement, several rounds
of Cartesian simulated annealing, positional and restrained
B-factor refinement cycles in Phenix were alternated with
manual model building in O.

Enzymatic assays

In vitro hairpin formation with oligonucleotides (Figures 5B,
6A, Supplementary Figure S5). Full-length Hermes was
purified as previously described (21). Plasmids encoding
mutant proteins H268A and H268Q were generated by the
QuikChange method, and proteins were expressed and pu-
rified as for the wild-type. Assays were carried out in 25
mM Tris pH 7.5, 150 mM NaCl, 10 mM DTT, 0.1 mg/ml
BSA, and either 10 mM MgCl2 or 0.1 mM MnCl2, by the
addition of protein to a final concentration of 3.1 �M in the
presence of 0.92 �M DNA substrate for the indicated times
at the temperatures shown. Samples were then mixed 1:1
with formamide gel-loading buffer, and loaded onto a 20%
acrylamide TBE–urea gel run in 1X TBE at 300 V. DNA
was detected by SYBR Gold staining.

In vitro cleavage assays with pRX1-Her (Figure 6B). The
pRX1-Her LE/RE30 mini-transposon plasmid was used
as template for Pfu polymerase to amplify and introduce
the –2 basepair (bp) mutations to target site duplication
flanking the Hermes LE/RE30 mini-transposon. The re-
sulting 1540 bp PCR product was gel-purified, digested
with XhoI, and ligated into XhoI-digested and dephospho-
rylated pRX1 plasmid. Ligation reactions were transformed
into Escherichia coli DH5�, and subsequently selected on
LB/Kanamycin plates. The resulting plasmids containing
the Hermes LE/RE30 mini-transposon cassette with flank-
ing target site –2 bp mutations from positive clones were
further subjected to NcoI digestion, that would result in a
diagnostic band of 713 bp. This step was required in order
to select the plasmids in which the Hermes LE/RE30 mini-
transposon had identical clonal directionality to pRX1-
HerLE/RE30 mini-transposon containing wild type flank-
ing sequences. The sequences of the selected plasmids were
subsequently verified using sequencing primers that an-
nealed to the pRX1-URA3 gene.

Reactions were carried out as previously described (21)
with slight modifications. Briefly, individual reactions con-
taining plasmid at 100 ng/�l were carried out in 25 mM
HEPES pH 7.5, 200 mM KCl, 10 mM DTT, 5 mM MgCl2
and 0.1 mg/ml BSA. Full-length Hermes at a final concen-
tration of 0.06 �g in 100 �l was added, and the reaction

incubated for 60 min at 15◦C. Reactions were stopped by
adding SDS/EDTA to a final concentration of 0.5% SDS
and 25 mM EDTA, and incubated at 65◦C for 10 min.
Reactions were then incubated for 60 min at 37◦C with
200 �g/ml proteinase K. Plasmid DNA was subsequently
extracted, resuspended in 20 �l of 1X Smart-Cut buffer
(NEB), and 1 �l of PmII enzyme was added to each sam-
ple. Samples were then incubated for 60 min at 37◦C, run
on a 0.7% TBE-agarose gel overnight at 50 V in 0.5X TBE
buffer, and visualized using ethidium bromide.

In vitro strand cleavage reactions (Supplementary Figure
S4). The assay was performed essentially as previously
described (21). Briefly, cleavage was assessed using a 71 bp
Hermes-LE fragment containing 60 bp of Hermes-LE + 11
bp flanking DNA. The DNA was radiolabelled at the 5′
end of one strand with � -32P-ATP. 3.5 pmole of Hermes
transposase was incubated with 0.5 pmole of radiolabelled
Hermes LE DNA in 25 mM MOPS, pH 7.6, 2% (v/v) glyc-
erol, 100 mM NaCl, 2 mM DTT, 1 mM MgCl2, 0.01% BSA
in a final volume of 10 �l at 30◦C for 2 h. Reactions were
stopped by adding EDTA to 40 mM and incubated at 37◦C
for 2 h, then spin-dried. The samples were resuspended in
STOP solution (USB Corp.): 8M urea (1.8:1), and subse-
quently run on a 16% denaturing acrylamide gel.

In vitro hairpin formation using pre-nicked oligonucleotides
(Supplementary Figure S4). The assay was performed as
previously described (21). Briefly, an 11 bp oligonucleotide
corresponding to the top-flanking donor-site DNA was ra-
diolabelled at its 5′ end with � -32P-ATP, and annealed with
equimolar amounts of a 61 nt oligonucleotide correspond-
ing to 60 nt of the top strand of the Hermes LE + 1 nt of
top flanking DNA and a 71 nt oligonucleotide containing
11 nt of bottom-strand flanking DNA + 60 nt of bottom
strand of Hermes LE. This was then used as the substrate
in hairpin formation reactions as described above.

RESULTS

Structure determination

Hermes is a four-domain protein consisting of an N-
terminal BED domain, a dimerization domain involved
in binding terminal inverted repeats (TIRs) at the trans-
poson ends, a catalytic DDE domain that has three es-
sential carboxylates (D180, D248, E572), and a large �-
helical ‘insertion’ domain that interrupts the fold of the cat-
alytic domain (21,27). It assembles as an ∼600 kDa oc-
tamer that is required for transposition in vivo (21). Struc-
tural information is available for the N-terminally truncated
Hermes79-612 octamer complexed with its TIRs (21), and
for the work here we combined the N-terminal truncation
with the deletion of residues 497–516 (Hermes79-612�497-516;
hereafter ‘Hermes�’). This protein is exclusively dimeric,
proved tractable to structural studies, and remains active for
all the steps of transposition in vitro (21).

To obtain diffracting crystals, we formed complexes with
two different oligonucleotides (Figure 1C) that place a 3′-
OH on flanking DNA at the correct position to repre-
sent the first cleavage product; this 3′-OH is also the nu-
cleophile that attacks the TS to form the flanking hairpin.
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Both oligonucleotides represent the 17 base pair (bp) Her-
mes TIR joined to 8 bp of flanking DNA with a two nu-
cleotide (nt) gap on the top strand (necessary to generate
useful crystals) spanning the TIR/flank junction; they dif-
fer only in a single flanking bp.

In contrast to many transposons, Hermes integration dis-
plays a strong target site preference, corresponding to a T nt
at the 2nd position and an A nt at the 7th position (28, 29;
numbering corresponds to the plus strand sequence, Figure
1C). This results in flanking target site duplications (TSDs)
that preferentially have A at the –2 and T at the –7 posi-
tion on the left end (LE) plus strand (and A at the –2 and
T at the –7 position on the right end (RE) minus strand
as shown in Supplementary Figure S1; the first bp of each
transposon end is designated 1 and the first bp of flanking
DNA as –1). As we wondered if the –2 bp might influence
hairpin formation, we solved the structures of Hermes�
bound to oligonucleotides containing either a C:G or A:T
bp (‘DNA(C:G)’ and ‘DNA(A:T)’, respectively) at the –2
bp position, both before and after soaking crystals with di-
valent metal ions. Crystals of the four complexes described
here diffracted to between 2.85 and 3.2 Å resolution in the
various structures, and structures were solved by molecular
replacement (Table 1; sample electron density is shown in
Supplementary Figure S2).

Overall architecture of Hermes�/pre-cleaved transposon end
complexes

With the exception of the active site regions, the overall
structures of the Hermes�/DNA complexes are very sim-
ilar. In all cases, the Hermes� dimer binds two oligonu-
cleotides in an approximately X-shape (Figure 2), with the
two flanking segments (shown in light green; TIRs are in
blue) bound in a large cavity. In the previously reported
octamer/TIR complex structure, this cavity lined with basic
residues was unoccupied by nucleic acid, exposed to solvent,
and was predicted to be the target DNA binding site (21).
The two active sites are located towards the peripheries of
the cavity, buried beneath DNA.

Although each bound DNA oligonucleotide is almost
straight with ends that are B-form DNA, the TIR and the
flank are significantly twisted around the helical axis rela-
tive to each other in the direction of underwinding (Fig-
ure 2, inset). Thus, if the TIR were extended toward the
flank as B-form DNA, the modeled extension would not
overlap with the observed strands of the flank due to the
twist. Curiously, in such a hypothetical ideal B-form exten-
sion of the TIR, the scissile phosphate at the site of the first
cleavage step would face inappropriately outward into sol-
vent, rather than inward toward the active site, suggesting
the need to overcome a substantial structural hurdle before
transposition can be initiated (24).

The extent of interaction between the TIR and the trans-
posase differs in the region of the active site in the vari-
ous structures, with the differences limited to bp 1–4. Be-
yond this, in all of the structures, the mode of TIR binding
from bp 5–11 is essentially the same, and from then on to
bp 17, the protein does not contact DNA. The more dis-
tal interactions are essentially identical to those previously
seen in the octamer/TIR complex (21): the TIR is bound

by interactions to the major groove dominated by R149
and by several contacts to the adjacent minor groove via
residues contributed by the second half of the RNase H-
like domain. When the structures are compared to that of
the octamer bound to cleaved TIRs, the main difference is
a slight inward twist of the insertion domains towards the
flank-binding cavity (Supplementary Figure S3).

Interactions between the transposase and flanking DNA
beyond bp –2 are relatively sparse, non-specific, and involve
only backbone phosphates and the side chains of R218,
R249, and K255, all part of the DDE catalytic domain. In
the structure of the related RAG1/2 recombinase bound to
DNA, the coding end is contacted far more intimately by
RAG1 close to the cleavage site and also by RAG2 more dis-
tally, with interactions observed as far as 12–14 bp from the
recombination signal sequences (RSS)-coding end bound-
ary (22,23). As the Hermes structures suggest that the flank-
ing DNA binding mode most likely also represents that of
target DNA, the relative orientation of the two flanking
DNA segments indicate that bound target DNA must be
strongly bent. This would be consistent with the bent tar-
get DNA conformations observed in the structures of other
transpososomes and intasomes (30–33).

Structure of Hermes� complexed with DNA(C:G)

In the complex formed between Hermes� and DNA(C:G)
in the absence of metal ions (Figure 3A), the dimer occu-
pies the crystallographic asymmetric unit and its monomers
are related by a near-perfect two-fold non-crystallographic
symmetry. Although the 3′-OH group of nucleotide C-2
(i.e. the product of NTS cleavage; shown as a red sphere)
is in the enzyme active site, less than 4 Å away from the car-
boxylates of D180 and D248 of the DDE motif, the complex
is clearly trapped in an inactive state for hairpin formation.
Most notably, the scissile phosphate on the TS (highlighted
in orange) and the nucleophilic 3′-OH group that will attack
it are separated by over 13 Å and the path between them is
blocked by the obstacle presented by the –2 C:G bp (high-
lighted in bright green) which retains Watson–Crick hydro-
gen bonding. Furthermore, as previously observed in the
DNA-free Hermes79-612 structure (27), the third catalytic
residue of the DDE triad, E572, forms an ionic bond with
R318 that in turn is stacked with the indole ring of W319.
Finally, the �-helix that bears E572 is not engaged with the
significantly widened minor groove of the DNA close to the
transposon tip (Figure 3E, upper left). This is in contrast
to synaptic complexes of the Tn5 and Mos1 transposases
bound to their transposon ends, in which this helix is ob-
served to dock snuggly into the minor groove of the trans-
poson ends (19, 34; Figure 3E, bottom).

Structure of Hermes� complexed with DNA(C:G) after the
addition of divalent metal ions

To evaluate the effect of adding metal ions ‘in-crystallo’, we
next soaked pre-formed crystals of Hermes�/DNA(C:G)
with different divalent metal ions over a range of soaking
concentrations and times. In most cases, although there was
difference electron density at the active sites of the result-
ing structures, the overall structures were essentially identi-
cal to that of the metal ion-free complex. However, in a few



Nucleic Acids Research, 2018, Vol. 46, No. 19 10291

Table 1. Crystallographic statistics

(C:G) - M2+ (C:G) + Ca2+ (A:T) + Mn2+ (A:T) - M2+

PDB 6DWZ 6DWY 6DWW 6DX0

Crystal properties
Space group P212121 C2221 C2221 C2221
Unit cell: a, b, c (Å) 96.38 121.38 120.48 121.60

121.11 135.35 136.46 135.50
132.19 103.21 104.61 102.85

Unit cell: �, �, � (◦) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Data collection
Wavelength (Å) 1.5498 1.5498 1.5498 1.00
Resolution range (Å)a 30–3.2 (3.24–3.15) 30–3.2 (3.27–3.18) 30–2.85 (2.92–2.85) 30–2.9 (2.98–2.90)
Total reflections 667 115 113 747 149 370 124 838
Unique reflectionsa 34 628 (2288) 15 708 (1113) 20 430 (1476) 17 367 (1395)
Multiplicitya 19.26 (19.77) 7.24 (7.22) 7.31 (7.42) 7.19 (7.57)
Completeness (%)a 99.1 (98.0) 99.7 (99.0) 99.7 (99.7) 90.6 (99.9%)
R-merge (%)a 12.4 (52.1) 10.8 (73.6) 6.6 (61.8) 7.7 (101.6)
R-meas (%)a 12.8 (53.5) 11.3 (79.3) 7.1 (66.4) 8.4 (109.1)
I/�(I)a 18.6 (6.54) 13.6 (3.22) 20.4 (3.62) 14.2 (2.11)
Wilson B-factor 81.9 80.0 67.4 79.8
Refinement
R-work 0.202 0.259 0.199 0.225
R-free 0.298 0.295 0.264 0.305
Number of non-hydrogen
atoms

9578 4867 4943 4867

Protein residues 483 483 483 483
RMS (bonds) 0.017 0.005 0.004 0.008
RMS (angles) 1.734 0.747 0.644 1.001
Ramachandran favoured
(%)

87.1 92.3 94.0 88.1

Ramachandran outliers
(%)

1.4 0.4 1.2 2.1

Clashscore 28 12 6 15
Average B-factor 84 95 66 103

aStatistics for the highest-resolution shell are shown in parentheses.

cases we observed a striking conformational change in the
proximity of the active site affecting both the transposase
and bound DNA (Figure 3B; Movie 1). In the highest res-
olution structure (3.2 Å) obtained with crystals soaked in 8
mM CaCl2 for 48 h at 4◦C, the conformational change was
accompanied by a change in the space group symmetry of
the crystals (P212121 → C2221) and the previously observed
molecular non-crystallographic axis had become a crystal-
lographic two-fold axis (Table 1).

Relative to the metal-free complex, a single Ca2+ ion
(shown in green) is bound by two carboxylates of the DDE
triad, and the scissile phosphate of the TS has moved ∼13
Å toward the active site, placing it close to the Ca2+ ion,
with a non-bridging oxygen within chemical bonding dis-
tance of the Ca2+ (3.0 Å) (Figures 3B and 4A). The 3′-OH
group of nucleotide C-2 is only 3.0 Å away from the phos-
phorus atom of the scissile phosphate, approximately in the
correct position for an inline nucleophilic attack to form a
hairpin.

Other substantial structural changes accompany the ac-
tive site rearrangements relative to the metal-free complex
(Figure 3B). To allow the movement of the scissile phos-
phate, the –2 bp has broken apart, with G’-2 of the flank ro-
tated out of the helical axis and occupying a pocket defined
by the reconfigured bottom strand and the first �-strand of
the catalytic domain just downstream of D180 of the DDE
motif. There is also a 5–6 Å shift of the TIR toward the ac-
tive site DDE residues, mainly affecting the 6 bp of the TIR

closest to the cleavage site. This motion brings the TS into
the active site and results in the helix bearing E572 now en-
gaging with the TIR, running parallel to its minor groove
and forming a number of new interactions (similar to that
shown in Figure 3E, top right).

As a consequence of the TIR shift, W319 now stacks
against G’1, the first nt of the TS in the transposon that will
ultimately supply the 3′-OH for the integration step; G’1 in
turn stacks against T’2. R318, previously stacked against
W318, moves significantly (with Cz of the guanadium group
moving ∼8 Å), thereby breaking the salt bridge to E572. In
its new position, R318 binds a phosphate group of the TS,
3 nt from the scissile phosphate. In contrast to the metal-
free structure in which neither the transposon end nor trans-
posase are appropriately positioned for the next step of hair-
pin formation, these changes and rearrangements recapitu-
late those for Hermes79-612 bound to its cleaved transposon
ends (21). Another notable observed change is that H268,
part of the conserved CxxH motif of the hAT transposase
family (35), is now within H-bonding distance (3.6 Å) of a
non-bridging oxygen of the scissile phosphate.

The new active site arrangement induced by calcium ion
binding likely represents a close approximation to an active
complex for hairpin formation as suggested by the proxim-
ity and relative orientation of the nucleophilic 3′-OH on
flanking DNA and the scissile phosphate. At the current
crystallographic resolution, we note that two slightly differ-
ent models are consistent with the electron density: one in
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Figure 2. Structure of Hermes/DNA complex, here the DNA(A:T) complex bound to Mn2+. Hermes coloring corresponds to its domains: dimerization
domain in purple, insertion domain in red, and the RNase H-like catalytic domain in orange. Inset: Comparison of DNA conformations observed in four
Hermes-DNA structures prior to hairpin formation to (top) ideal B-form DNA of the same bp length and (bottom) the nicked paired-end complex of
RAG1/2 (22). In all cases, the trajectory of the free 5′-end of the transposon end is away from the active site.

which the 3′-OH group is poised for nucleophilic attack as
shown in Figure 3B, and another in which hairpin forma-
tion has occurred and the chirality of the phosphate group
is inverted. Although the two possible configurations are
crystallographically indistinguishable, it seems unlikely that
the hairpin has formed under the Ca2+ conditions in the
crystals. Ca2+ generally does not support the chemistry of
RNase H-like active sites (36)––although exceptions have
been noted (37)––and does not catalyze Hermes hairpin for-
mation in vitro (data not shown). In addition to the short-
comings of Ca2+ as an chemical substitute for Mg2+ in two-
metal ion nucleases, the observation that the Hermes active
site binds only one Ca2+ ion may also contribute to its in-
activity.

Taken collectively, the observed conformational changes
result in a net gain of stacking between W319 and G’1 and
in the stabilizing electrostatic interaction between the metal
ion and the scissile phosphate. There is also a new ionic in-
teraction between R318 and a TS phosphate and there are
new base-specific interactions between R573 and S576 and
the TIR. At the same time, the C-2:G’-2 bp has been lost,
as has the R318:E572 salt bridge and the stacking between
R318 and W319. Nevertheless, the gains appear to outweigh
the losses, and suggests that the energy difference between
an inactive active site arrangement and one that appears
close to optimal is slight, and that metal ion binding is one
factor that can tip the balance toward an active state. In vivo,
where metal ions are always present, it seems unlikely that
the pre-conformational change state would exist for long.
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Figure 3. (A–D) Comparison of active site regions of four Hermes-DNA structures prior to hairpin formation. Stick colors correspond to the protein
domain and DNA colors in Figure 1. The variable bp at –2 is colored bright green, and the scissile phosphate is indicated in orange. The distance between
the nucleophilic 3′-OH group and the scissile phosphate is marked. Note that in the complex of Hermes with DNA(C:G) in the absence of metal ions (A),
the second nt on the NTS (i.e. A2) is disordered and not visible in the electron density. (E) The interaction between the �-helix bearing the third catalytic
acidic residue and the transposon tip. In the DNA(C:G) complex structure in the absence of metal ions (upper left), the catalytic helix (residues 569–581)
does not interact with the DNA. Once the DNA conformational change has occurred, the helix is inserted into the minor groove close to the transposon
tip (as shown here for the DNA(A:T) structure). The same insertion is observed for Mos1 (4U7B; residues 281–297 are shown) and Tn5 (1MUH; residues
323–334 are shown) transposases bound to their transposon ends.
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Figure 4. Metal ion binding sites. (A) Complex between Hermes and
DNA(C:G) after soaking in Ca2+. (B) Active site of the complex between
Hermes and DNA(A:T) after soaking in Mn2+. (C) Third Mn2+ ion bind-
ing site in the complex between Hermes and DNA(A:T) after soaking in
Mn2+. (D) Active site of the complex between Hermes and DNA(A:T)
without metal ion soaking. Water molecules are shown as red spheres.

Structure of Hermes� complexed with DNA(A:T) in the
presence of divalent metal ions

Intrigued by the observation that Hermes integration dis-
plays a strong preference for an A:T base pair at the –2 po-
sition in the Hermes-generated TSDs (28,29), we next asked
whether the nature of this specific bp affects the propen-
sity for the observed conformational change in crystals un-
der our experimental conditions. When we crystallized com-
plexes of Hermes� bound to DNA(A:T) and solved their
X-ray structures after soaking with various metal ions, in
contrast to the difficulties we experienced in inducing the
conformational change with the DNA(C:G) version, we
routinely observed a DNA configuration with the scissile
phosphate in the active site. Upon soaking crystals with 8
mM Mn2+ for 48 h at 4◦C, we obtained the highest resolu-
tion data set in this study, which diffracted to 2.85 Å.

The active site organization in the presence of Mn2+

(Figures 3C and 4B) is slightly different from that of the
DNA(C:G) complex in the presence of Ca2+. Most impor-
tantly, there are now two bound Mn2+ metal ions at the ac-
tive site, 4.0 Å apart from each other in a configuration very
similar to other RNase H-like active sites where the scissile
phosphate is also present (38). Unexpectedly, this configu-
ration also creates a third Mn2+ binding site away from the
active site, formed by the constellation of G’-1, the phos-
phate groups of T’2 and C’3, and N185 (Figure 4C, Sup-
plementary Figure S2); it is unlikely to be catalytically rele-
vant. Another structural change relative to the DNA(C:G)
structure in the presence of Ca2+ is that the unpaired T’-
2 base has completely turned out of the helical axis and is
now stacked against its neighbor, the unpaired G’-1 of the
bottom strand.

At the active site (Figure 4B), one metal ion is coordi-
nated by D180 and D248 of the DDE motif, a non-bridging

oxygen of the scissile phosphate, the 3′-OH group of A-
2 that will attack the phosphate to form the hairpin, and
two water molecules. The arrangement exhibits slightly dis-
torted octahedral coordination and the bond lengths are
relatively short. The coordination sphere of the second
metal ion includes D180 and E572 of the DDE motif, a
non-bridging oxygen of the scissile phosphate, and a wa-
ter molecule. By convention based on the active site ligands
(38,39), we denote these metal ion B (MnB) and metal ion
A (MnA), respectively.

In this structure, the 3′-OH group of nt A-2 on the flank-
ing DNA that will attack the scissile phosphate to form the
hairpin is 3.9 Å from the phosphorus atom and in a position
turned away from that of in-line nucleophilic attack. This is
a consequence of the C2′-endo sugar pucker of A-2. At this
resolution, the alternate C3′-endo sugar pucker is also con-
sistent with the electron density; this would decreases the P–
O distance to 3.6 Å and orient the 3′-OH towards the scissile
phosphate. As the electron density is consistent with either
pucker, we cannot establish crystallographically which (or
what proportion of each) is present in the crystal. However,
difference electron density gave no indication that hairpins
have formed. As Hermes� is active for hairpin formation in
the presence of Mn2+ even at 4◦C (Figure 6A and data not
shown), it is possible that there is an equilibrium between
the two pucker forms in solution but crystallization favors
the (apparently inactive) C2′-endo pucker. It may also be
that the equilibrium for hairpin formation is driven forward
by steps not possible in crystals, such as hairpin release.

His268 of the conserved CxxH motif is a crucial compo-
nent of the active site. A notable feature of the active
site arrangement observed in the Hermes complex with
DNA(A:T) in the presence of Mn2+ is the direct interaction
between the scissile phosphate and H268, which is part of
the conserved CxxH motif. Direct interaction between any
protein atom and the scissile phosphate has not been ob-
served before for an RNase H-like domain, with the excep-
tion of a similarly placed His in RAG1/2-RSS complexes
(22,23). The structure provides some hints as to the func-
tional role of the CxxH motif (Figure 5A). NE2 of H268 is
only 2.8 Å from a nonbridging oxygen of the scissile phos-
phate, indicating a likely hydrogen bond and an important
role in constraining the position of the reactive phosphate
group. ND1 of H268 is 3.1 Å away from the sulphur atom of
C265, which is located at the positive end of the helix dipole
of an �-helix that spans C265-T281 and in contact with the
main chain amides of S267, H268, and S568. This extensive
network of interactions suggests that the structural role of
the conserved Cys is to correctly align the conserved His.

Where it has been examined for hAT superfamily mem-
bers, the conserved histidine residue of the CxxH motif has
been found to be crucial. Mutation of H268 in Hermes
severely reduces catalytic activity (9). Furthermore, a do-
mesticated hAT transposase-like element involved in mat-
ing type switching in Kluyveromyces lactis, Kat1 (40), has
retained the CxxH motif of its ancestor; introducing the
double mutation C402A/H405A does not affect Kat1 bind-
ing to DNA nor the initial DNA cleavage, but the mutant
protein is unable to form hairpins (41). In the Mutator su-



Nucleic Acids Research, 2018, Vol. 46, No. 19 10295

Figure 5. (A) A network of interactions link C265, H268, and the scissile phosphate prior to hairpin formation. Shown is Hermes� complexed with
DNA(A:T) in the presence of Mn2+. (B) In vitro hairpin formation requires H268 of the conserved CxxH motif. The hairpin assay using full-length protein
and the oligonucleotide shown on the left was performed as a function of time under conditions as described in Materials and Methods. Reaction products
were run on a 20% acrylamide TBE-urea gel and detection was by silver staining. (C) The active site of RAG1 prior to hairpin formation, shown for mouse
RAG1/2 (PDB ID: 5ZE1).

perfamily, the conserved histidine is part of a DxxH mo-
tif, and introduction of a H307A mutation to Muta1, an
insect Mutator-like transposable element, abolishes in vivo
excision (42).

To experimentally investigate the importance of H268, we
evaluated the effect of mutating it in various in vitro assays
using oligonucleotides. As shown in Figure 5B, both the
H268A mutation and the conservative substitution H268Q
abolish hairpin formation. Mutation of H268 to either Phe,
Trp, or Tyr (Supplementary Figure S4) prevents not only
hairpin formation but also the initial cleavage step on the
top strand. Thus, consistent with its observed position in

the structures, the conserved His residue is crucial for mul-
tiple steps along the transposition pathway.

Structure of Hermes� complexed with DNA(A:T) without
divalent metal ions

We also collected several data sets on the complex formed
between Hermes� and DNA(A:T) prior to soaking with
metal ions. To our surprise, in all cases the scissile phosphate
was located in the active site, and difference electron density
indicated that an ion we tentatively identify as Na+ was now
located close to the site of the previously seen MnB whereas
the MnA and MnC binding sites were empty (Figure 3D).
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There was no stacking between T’-2 and G’-1 as was seen
in the presence of soaked Mn2+ ions, and T’-2 adopted an
intermediate configuration between that of base-pairing to
A-2 and being fully turned away from the helical axis.

To verify that the observed difference density at metal
site B is indeed due to Na+ and not contaminating divalent
metal ion, we collected diffraction data at X-ray energies
12.4, 8.0 and 7.6 keV in order to maximize the anomalous
signal, and calculated anomalous difference Fourier maps
based on these data sets (data not shown). None of these in-
dicated the presence of either Mn2+ or Ca2+. Although we
cannot rule out the possibility of a single Mg2+ ion at the
active site, neither the protein nor the complex was exposed
to buffer containing Mg2+ and there was no indication of
an octahedral coordination environment, as commonly ob-
served for Mg2+ (43). Thus, it appears that an A:T bp at the
flanking –2 position is sufficient to bring the scissile phos-
phate to the active site, even in the absence of divalent metal
ions.

The flanking –2 bp influences hairpin formation in vitro

To further probe the role of the –2 bp in flanking DNA, we
first used an in vitro hairpin formation assay using oligonu-
cleotides that mimic the DNA used for the structural studies
with each of the possible 4 bp combinations at position –2.
When we measured hairpin formation as function of time
(Figure 6A), HP formation occurred most efficiently with
A:T, exhibited an intermediate level with T:A or G:C, and
was barely detectable with C:G. This order of effectiveness
correlates precisely to the observed frequency at the –2 bp
for target site selection in vivo (29), suggesting a direct link
between the efficiency of hairpin formation and target site
preference. To further probe this observation, we repeated
the assay with substrates incorporating mismatches at the
–2 position (Supplementary Figure S5) but did not observe
any difference in hairpin formation efficiency when A:T was
replaced by A:A, A:G or A:C. This suggests that the stack-
ing interaction we observed in the DNA(A:T) + Mn2+ struc-
ture between T’-2 and G’-1 is unlikely to be a source of sta-
bilization that leads to an A:T bp preference.

The preference for an A:T bp at the –2 position was con-
firmed in an in vitro plasmid cleavage assay (21). The 7.9 kb
pRX1-Her plasmid containing a mini-transposon with Her-
mes 30-mer left ends (LE) and right ends (RE) (Figure 6B)
was mutated to generate LE and RE variants with all the
possible bp combinations at the –2 bp. If a DSB is formed at
either end through the sequential steps of NTS nicking and
then hairpin generation, distinct sets of cleavage products
are observed: LE cleavage produces 4965 + 2972 bp prod-
ucts (following PmlI digestion) whereas RE cleavage results
in 4447 bp +3490 bp fragments. Cleavage on both ends can
be readily detected when an A:T is present at the –2 posi-
tion on the LE and T:A at the RE (Figure 6B, lane 1). Vary-
ing the LE –2 bp in the presence of the RE T:A (lanes 2–4)
leads to decreased LE cleavage activity. Similarly, varying
the RE –2 bp while the LE A:T remains unchanged (lanes
5–7) leads to decreased cleavage on the RE. Thus, optimal
activity is seen on the LE when A:T is the –2 bp and on the
RE when the –2 bp is T:A.

DISCUSSION

In this study of flanking hairpin formation by a hAT trans-
posase, we have captured several views of the Hermes–DNA
complex that vary as a function of the metal ions present
and the identity of the flanking –2 base pair. Notably, there
is a major conformational change at the transposon end
that brings the reacting groups into the active site in prepa-
ration for the hairpin-generating reaction. Once this confor-
mational change has occurred, the active site arrangement
appears compatible both with hairpin formation and the
next step along the transposition pathway, strand transfer
into target.

An A:T base pair at –2 on the flank is preferred for hairpin
formation

It has been observed that, in vivo, an A:T bp is prevalent at
the –2 position, reflecting the Hermes transposase preferred
target site sequence (28,29). Our data indicate that, relative
to C:G, A:T at the –2 position dramatically favors an active
site arrangement in which the scissile phosphate involved in
hairpin formation is in an appropriate position for nucle-
ophilic attack by the flanking 3′-OH group. When the –2
bp is A:T, the Hermes�/DNA complex adopts the aligned
conformation whether or not the catalytic metal ions are
bound at the active site: we observed the same conforma-
tion of reacting partners when two Mn2+ ions are bound
and when the active site is occupied only by Na+. How-
ever, when the –2 bp is C:G, the conformational change did
not occur until divalent metal ion was added, nor did it oc-
cur consistently, suggesting a finely-tuned balance between
the various interactions at the active site. The importance
of flanking sequences near the cleavage site has also been
observed during V(D)J recombination, where hairpin for-
mation is enhanced by A:T-rich or disrupted base-pairing
in the three terminal coding bp (44,45).

In vitro, Hermes cleavage and hairpin formation is most
efficient when there is an A:T bp at the –2 position (Figures
5 and 6), although the rationale for this remains unclear. It
is not as straight-forward as the ease with which an A:T or
T:A bp can be disrupted relative to C:G or G:C, as this does
not reflect the observed order of efficiency. Furthermore,
there are no stabilizing interactions between bases displaced
from the helical axis and the protein that might provide an
explanation for a base preference at the –2 position. This
contrasts, for example, with mariner transposases in which
biochemical (46,47) and structural work (34) has shown that
the observed preference for a flanking TA for cleavage is
established by interactions between two conserved protein
motifs that form a base-specific hydrophobic pocket that
accommodates only a T base. The stacking interaction we
observed in the DNA(A:T) + Mn2+ structure between T’-2
and G’-1 does not appear to be of importance either (Sup-
plementary Figure S5), leaving the question unresolved.

However, it is probably not a coincidence that Hermes’
preferred target with T:A at target bp 2 and A:T at bp 7
(Figure 1C) would generate TSD sequences with an A:T bp
at the –2 position (Supplementary Figure S1). That Her-
mes preferentially selects a target site that facilitates sub-
sequent mobilization makes sense from the point of view
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Figure 6. (A) In vitro hairpin formation as a function of the –2 bp. The reaction was run as a function of time using Hermes� and the oligonucleotide shown
on the left. Reaction products were run on a 20% acrylamide TBE-urea gel and detection was by silver staining. (B) In vitro end cleavage as a function of
changing the –2 bp on the left end (LE) and right end (RE) of a Hermes minitransposon in the plasmid pRX1. In each lane, the –2 bp on the LE of the
Hermes minitransposon is indicated at the top in red and that on the RE is indicated in blue. The assay was performed under conditions as described in
Materials and Methods.

of the transposon lifestyle, as integrating into a sequence
that could become a trap would hinder further mobiliza-
tion. What we still do not know is what mechanism links
the two observations.

One possible explanation for the observed Hermes tar-
get preference may relate to the conformation of the target
DNA at the integration step. Although our attempts to ob-
tain a co-crystal structure with target DNA have failed thus

far, flanking DNA in our structures presumably occupies
two ends of the target binding site with the 8 bp located
in-between, and it seems likely that target DNA must bend
(as modeled in 21). Quite possibly, DNA bending is gener-
ally facilitated by T:A at target position 2 and A:T at po-
sition 7, as other transposases have been reported to have
a similar target site preference. For instance, the P-element
transposase, which similarly generates 8 bp TSDs, exhibits
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the same preference for T:A at target position 2 and A:T at
position 7 (48,49). Furthermore, although Sleeping Beauty,
like other Tc1/mariner elements, integrates specifically at
TA dinucleotides, its consensus sequence for target site se-
lection extends over 8 bp (50,51) and, within this, T:A is the
preferred bp at position 2 and A:T at position 7 (–2 and +2,
relative to the central TA). In the absence of a structure of a
Hermes/target DNA complex, we cannot exclude the possi-
bility that Hermes specifically recognizes the bp at positions
2 and 7 by some other direct mechanism.

Curiously, a 5′-nTnnnnAn-3′ target site preference is not
a general feature of the hAT transposon superfamily, which
is composed of two distinct families, the Ac family (of which
Hermes is a member) and the Buster family (52). Ac family
members show a target site preference for 5′-nTnnnnAn-3′
whereas the target site preference for Buster transposons is
5′-nnnTAnnn-3′ (52,53). Analysis of hAT transposon inte-
gration sites suggests that preferred target sequences have
structural features corresponding to DNA flexibility (54),
a correlation that has been reported for many other trans-
posons (55–58) and appears broadly observed (59).

The hAT active site arrangement is DDHE, not just DDE

Given the conservation of the CxxH motif in the hAT fam-
ily, the direct contact between H268 and the scissile phos-
phate observed here, and mutational data indicating the re-
quirement for histidine at position 268, it is reasonable to
define the hAT active site arrangement as DDHE, rather
than DDE. The importance of a DDHE RNase H-like
active site is highlighted by its conservation in other eu-
karyotic DNA transposases. A conserved C/DxxH motif is
found in other members of the superfamily cluster that in-
cludes the hAT transposases, as well as the P-element, Mu-
tator, Rehavkus, and Kolobok superfamilies (25). A varia-
tion, a [M/L]H motif, was identified in the superfamily clus-
ter that comprises the CACTA, Mirage, Chapaev and Tran-
sib elements (and may be part of a longer motif, DxMH
in the CACTA superfamily and CxLH in the Transib el-
ements (10)). Furthermore, a C/DxxH motif is also con-
served in several families of prokaryotic insertion sequences
including IS256 (60), IS66 (61) and ISL3 (A.B.H., data not
shown), correlating precisely with those predicted to con-
tain an all-�-helical insertion between the second Asp and
the Glu of the catalytic triad (62). Our structures here, to-
gether with those of the structurally similar RAG1 (an en-
zyme that arose from an ancient Transib transposon), sug-
gest that an active site His is likely playing an important
functional role in all cases. Precisely defining that role and
why it is conserved among a specific subset of DNA trans-
posases but not others, is a particularly interesting avenue
for further investigation.

At the current diffraction limit, it is difficult to unequiv-
ocably establish the role of the Hermes CxxH motif, in part
because it is not possible to assign protonation states to
C265 and H268. It seems likely that His268 helps to pull
the scissile phosphate at the hairpin formation step into the
active site, and that this occurs prior to binding of the two
catalytically required metal ions as binding of two divalent
metal ions has not been observed in crystal structures in-
volving RNase H-like enzymes in the absence of the scissile

phosphate. It is also possible that H268, with its imidazole
ring located approximately midway between the two bound
metal ions, may play a role in proton-transfer pathways that
are required for hydrolysis and transesterification reactions.

The RAG1/2 recombinase active site is very similar to that of
Hermes

The V(D)J recombinase, RAG1/2, is mechanistically re-
lated to hAT transposases as it generates DSBs at junc-
tions between signal ends and coding ends of V, D, and J
segments by forming hairpins on the coding ends (12). Al-
though the overall sequence identity between RAG1 and
Hermes is insignificant, they share an RNase H-like cat-
alytic domain and a structure-based, 3D alignment can be
generated (63). Remarkably, the active site arrangement, in-
cluding the substrate DNA configuration just before the
hairpin-generating transesterification step (22,23), is essen-
tially identical (Figure 5C). There is also a structural equiva-
lent of Hermes H268 within hydrogen-bonding distance of
the scissile phosphate (H817 in zebrafish RAG1, H795 in
mouse RAG1). Its importance has been demonstrated, as
mutation of mouse RAG1 H795 leads to a defect in both
nicking and hairpin formation (64), and mutation of mouse
D792 (the equivalent of Hermes C265) leads to a severe de-
fect in cleavage and impaired hairpin formation (65).

Hairpin formation in Hermes transposition and V(D)J
recombination differ in that Hermes nicks the NTS 1
bp into the flank whereas RAG1/2 nicks precisely at the
signal/coding junction. This difference implies a different fi-
nal form of the hairpin: that formed by Hermes likely forms
a trinucleotide loop whereas the coding hairpin formed by
RAG1/2 has been shown to adopt two alternative confor-
mations with four unpaired nucleotides in the loop (23).
The likely conformation of the trinucleotide loop structure
formed by Hermes––at least when still bound to protein––is
suggested by the three structures here that have under-
gone the NTS conformational change (Figure 3B–D). In all
cases, nt –2 of the top strand is retained within the hairpin
stem axis whereas the other two bases of what will become
the trinucleotide loop are flipped out.

The Hermes active site is compatible with alternating ‘for-
ward’ and ‘reverse’ usage

The steps of hAT transposition are shown schematically in
Figure 7. Details provided by the structures here, combined
with information provided by the structures of the apo-
enzyme (27) and Hermes79-612 bound to its cleaved TIRs
(21), yield a framework for understanding how they are ac-
complished.

The model of alternating ‘forward’ and ‘reverse’ active
site usage in transposition invokes the alternating use of
metal A and metal B in activating the nucleophile for either
hydrolysis or transesterification (16,17,66). The highest res-
olution Hermes� complex in the presence of Mn2+ provides
a view of the catalytically relevant arrangement poised for
hairpin formation (Figure 4D; step iv in Figure 7) in which
metal B participates in activating the nucleophilic 3′-OH. A
backward count through the phosphoryl transfer reactions
therefore suggests that––if the model holds true––metal A
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Figure 7. Proposed ‘ping-pong’ mechanism of Hermes transposition. The active site is used first in one configuration and then in the reverse direction,
with the attacking nucleophile and the leaving group alternating sides of a centrally bound scissile phosphate group. The scissile phosphate, presumed to
undergo stereochemical inversion with each step, is marked by the orange circle.

activates a water nucleophile for the first step of the reac-
tion, which is cleavage on the top strand with the concom-
mitant release of a 3′-OH group on flanking DNA (step i,
Figure 7). In the final step (vii, Figure 7), strand transfer
completes the transposition reaction, most likely with metal
A activating the 3′-OH on the transposon end for nucle-
ophilic attack on bent target DNA.

How DNA moves during Hermes transposition

Although the structures indicate that the same active site
can be used throughout the Hermes transposition reaction,
the various reacting partners must come and go. We do not
yet know how transposition is initiated, but once the nick
on the NTS has occurred, the structures are consistent with
DNA relaxation as it becomes more stretched-out and un-
derwound, a distortion that would prevent reversal or re-
sealing of the nick. The NTS must then leave the active site
to make way for the TS (ii, Figure 7), but whether the metal
ions are also released is an open question. The structures
suggest that most likely 2 nt on the top strand (the flanking
-1 nt and the first nt on the transposon NTS) must move out
of the active site to allow TS access. That non-participating
bases must shift out of the way at transposon ends as the
reaction continues appears to be a common theme among
transposases and transposases-like enzymes: bases can be
flipped out of the way, ends frayed, or the NTS actively ex-
cluded from the active site (22,67,68).

After NTS cleavage, a large conformational change of the
transferred strand brings the scissile phosphate for hairpin
formation to the active site (iii, Figure 7). This is accom-
panied by a TIR shift towards the active site, made possi-
ble by the sparseness of specific protein/DNA interactions
involving the TIR end. Once the active site has been prop-
erly aligned and the hairpin has formed, it seems likely that
it readily diffuses away (v, Figure 7) given the very limited
number of interactions observed between flanking DNA
and the transposase and consistent with the need to use the
same surface cavity for target binding. The structural con-

trast to how extensively hairpins are bound by the RAG1/2
recombinase might reflect a need during V(D)J recombi-
nation to suppress the dangerous possibility of integration
by preventing hairpin release and hence access to a possi-
ble target binding site. As we have observed the same TIR
interactions for the pre-hairpin formation step as for the
octamer/cleaved TIR complex in the absence of metal ions
(21), the 3′-OH group on the transferred strand most likely
remains tightly bound in the active site at this stage, whether
or not metal ions stay bound or are released.

Finally, target binding (vi, Figure 7) to Hermes can be
readily modeled (21). The observed organization of the ac-
tive site after the conformational change is not only ap-
propriate for hairpin formation (nucleophilic attack by the
flanking 3′-OH group to generate an -OH leaving group on
the 3′ end of the TS) but also for strand transfer (nucle-
ophilic attack by the 3′-OH group of the TS on the scissile
phosphate of a target strand to generate a strand transfer
product), as shown in Supplementary Figure S3. Thus, it
appears that once the hairpin formation step of the reac-
tion has been reached, there is no need for any further ma-
jor protein movements. It has been proposed that the strain
on bent DNA is released upon strand transfer, thereby pre-
venting reaction reversal (30,69).

Our structural characterization of Hermes� with nicked
DNA mimicking the first cleavage step in transposon exci-
sion has helped clarify the link between the organization of
the transposase DDHE active site and its preferred integra-
tion sequence, and the ping-pong mechanism by which it
coordinates the excision and integration reactions required
for transposon mobilization by exchanging binding of the
initial flanking DNA for a new target.
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