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Lateral DNA transfer, the movement of genetic traits between bacteria, has a 

profound impact on genomic evolution and speciation. The efficiency with which

o adapt to changing 

te site-

a secondary

resistance or virulence

factors.  The lack of sequence conservation among attC sites has led to the 

hypothesis that a sequence-independent structural recognition determinant must

integrase

recognition

NA but on the

the integrase.

These extrahelical bases, one required for recombination in vivo, originate from 

folding of the bottom strand of attC due to its imperfect internal dyad symmetry.

The mechanism reported here supports a new paradigm for how sequence-

deg hanged between

Nature has evolved several classes of enzymes that mediate the capture and

spread of genetic information between bacteria1.  The efficiency by which these genetic

traits are utilized is dependent on the rate of donor DNA delivery, their genomic

incorporation, and level of gene expression.  Novel traits are incorporated by several 

methods, among these recombination by site-specific recombinases play an important

bacteria incorporate genetic information reflects their capacity t

environmental conditions.  Integron integrases are proteins that media

specific DNA recombination between a proximal primary site (attI) and

target site (attC) found within mobile gene cassettes encoding

exist within attC.  Here we report the crystal structure of an integron

bound to an attC substrate. The structure shows that DNA target site

and high-order synaptic assembly are not dependent on canonical D

position of two flipped-out bases that interact in cis and in trans with

enerate single-stranded genetic material is recognized and exc

bacteria.

2

H
al-P

asteur author m
anuscript    pasteur-00140781, version 1



role .  These enzymes require short matching DNA sequences between the donor and 

genomic DNA which undoubtedly reduces the rate of DNA assimilation among highly 

div

 a subclass 

ertion that is

s bacteriophage P1 Cre

and yeast Flp proteins , IntI can mediate the exchange of DNA between two 

architecturally distinct sites even though homology predicts only one DNA binding 

6 is unknown.

located within a 

and secondary target sites (attC) located within mobile

gen ettes that

occurs between two attC sites (Fig. 1a).

The attI site, like other site-specific recombinase binding sites, contains a core of 

ell as two

sive towards

The attC sites in contrast display poor sequence 

con gions of sequence

similarity at their boundaries.  These conserved regions are separated by a stretch of 

imperfect internal dyad symmetry7.

One might have expected that excision of a gene cassette would occur via the 

classic model of Holliday junction (HJ) formation and resolution using two duplex attC

sites as observed with Cre-mediated loxP recombination10 (Fig. 1b).  However, we have 

2

erse genetic populations.

Integron integrases (IntI) are site-specific recombinases that form

within the tyrosine recombinase family due to the presence of a unique ins

required for activity3.  Unlike other members of the family such a

4,5

domain .  The mechanism by which IntI achieves this dual site-specificity

IntIs catalyze an insertion between a primary recombination site (attI),

DNA element called an integron,

e cassettes7.  These insertions are balanced by the excision of gene cass

short symmetrical dyad sequences at its recombination crossover point as w

upstream secondary sites that are potentially either regulatory or repres

illegitimate recombination8,9.

servation and vary in length (57 to 141 bp), containing only short re
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proposed an alternative pathway for IntI recombination that involves hairpin substrates 

formed from the bottom strand of the attC site in which the HJ intermediate is resolved

7,11-16 1c). The

DNA stages that can potentially be

gen

ined the crystal 

structure of IntI from Vibrio cholerae (VchIntIA) bound to a complex substrate (attC)

that was derived from the bottom strand of a V. cholerae repeated sequence (VCRs).

17 ite of

n of two pre-existing

e integrase along

plex.  The 

remainder of the protein-DNA interface is composed almost entirely of non-specific 

protein to DNA phosphate interactions. This structural mechanism of recognition and

be captured and exchanged during

late

The DNA construct for co-crystallization was based on the conserved features of 

the predicted secondary structures of numerous attC bottom strands. (Fig.1d, SF1a). The 

resulting bulged duplex, VCRbs, formed discrete complexes with VchIntIA in 

electrophoretic mobility shift assays (EMSA, see below).  In addition SDS-PAGE 

analysis of equilibrium mixtures of VchIntIA-VCRbs complexes revealed a band with 

by yet unknown cellular factors or perhaps DNA replication  (Fig.

transition to these complex substrates requires ss

erated through either transformation or conjugation17.

To address the structural attributes of our model, we have determ

VCRs are the attC sites of superintegrons .  The structure shows that the s

recombination along the DNA backbone is determined by the positio

extrahelical bases that act not only as molecular markers, positioning th

the DNA, but also mediate the high-order assembly of the synaptic com

assembly allows a greater diversity of genetic traits to

ral DNA transfer thus increasing the rate of bacterial speciation. 

A Folded Single-Stranded Recombination Substrate

4
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reduced mobility representing ~5% of the total protein.  Mass spectrometry confirmed

this slower migrating species to be covalently linked VchIntIA-VCRbs molecules.  This

Tyr 302) within the integrase had formed the 

cha

s determined to 

action (SAD)

experiment on selenomethionine-labeled protein.  These phases resulted in a readily

interpretable electron density map.  Model building and refinement allowed for rapid 

0.234 and Rfree = 0.262 for 48-2.80 Å resolution data and good 

geometry.  Data collection, phasing statistics and refinement results are summarized in 

Architecture of the VchIntIA-VCRbs Excision Complex 

The VchIntIA-VCR complex contains four VchIntIA molecules bound to two 

n synapse

ette excision

C) have Tyr

issile phosphate

between nucleotides A14' and C15' on strand 1 (Fig. SF2a).  The equivalent tyrosines in 

the B/D subunits are ~7 Å away (Fig. SF2b). The amino acids in each active site are all 

derived from the same subunit i.e. provided in cis.  The extrahelical base T12'' is 

stabilized by cis-interactions within subunits B/D and is important for DNA site 

recognition (see below).  The extrahelical base G20'' is buried in a deep hydrophobic 

suggested the nucleophilic tyrosine (

racteristic phosphoprotein intermediate.

The structure of the non-covalent VchIntIA-VCRbs complex wa

2.8 Å using phases obtained from a single wavelength anomalous diffr

convergence to Rcryst =

Supplementary Table S1.

bs

antiparallel VCRbs duplexes (Fig. 2a).  This constitutes a recombinatio

representing the step preceding first strand cleavage in an attC x attC cass

reaction (Fig. 1c step 2).  Two of the VchIntIA molecules (subunits A and

302 adjacent (~3 Å) to the DNA backbone and thus attacking the sc

5

H
al-P

asteur author m
anuscript    pasteur-00140781, version 1



pocket, located in subunits A/C bound to the other VCRbs duplex, thus forming a set of 

trans-interactions which hold the synaptic complex together.  The protein-protein 

bound in trans

e synapse.  This arrangement yields an overall synapse that is only two-fold 

symmetric.

Structure of VchIntIA Recombinase

VchIntIA folds into two distinct domains (Fig. SF3a).  The N-terminal domain

x motifs

bling the 

ajor groove of 

the VCRbs, whilst helix A is involved in inter-subunit contacts across the synaptic 

complex (Fig. 2, 3).  The four separate N-terminal domains have a low root mean square 

deviation (~0.5 Å) between them.

aracteristic insertion

210, Fig. SF3b) found only in IntIs.  The I2 helix within this essential

region3, as discussed below, plays an important role in synapse formation.  The rest of the 

e recombinase family

mem

Substrate Recognition: An Adaptive Molecular Switch

VchIntIA binds its attC substrate as a dimer. However, unlike other tyrosine 

recombinases it does not form symmetrical protein-DNA contacts (Fig. SF4).  The 

interfaces between subunits bound to the same VCRbs differ from those

across th

(residues 1-85) contains four -helices ( A- D) organized as helix turn heli

nearly orthogonal to each other pair-wise ( A- B, C- D), thus resem

corresponding  Int and XerD 18,19 folds.  Helices B and D contact the m

The C-terminal domain (residues 105-320) contains the ch

(residues 192-

C-terminal domain is structurally similar to other tyrosin

bers10,18,20-22.
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attacking subunit (green, Fig. 3) positions Tyr 302 to engage the scissile phosphate, and 

to trigger first strand cleavage and transfer.  The N- and C-terminal domains of this 

2 ssible surface

positioning of 

tonation of the 5'-

remainder of this interface is 

characterized by protein-DNA backbone phosphate contacts.

The non-attacking integrase subunit (magenta, Fig. 3) forms two distinct protein-

2 of these contacts

 dictates the 

lical base is

mong IntIs, at

one end and a highly conserved proline (Pro 232) at the other end, to form a tight non-

polar nucleotide protein interface. Interruption of this interface alters VchIntIA’s ability

s a DNA 

covering half a 

in-DNA

phosphate contacts (Fig. SF4).  Interestingly, this subunit while centered on G20'' does

not make direct contacts with this extrahelical base.  Instead this flipped out base binds 

within a deep hydrophobic pocket located in the attacking subunit (C) across the synaptic 

interface (Fig. 2b).

subunit wrap around the DNA forming a clamp burying 4,000 Å of acce

area.  Two base contacts are made at this half-site both via Lys 160. The

this invariant catalytic residue is key, as it may play a role in the pro

hydroxy leaving group after strand cleavage23. The

DNA contact points burying 5,000 Å  of accessible surface area. One

contains the -4,5 hairpin interacting with the flipped out nucleotide T12'',

position of the integrase dimer along the DNA (Fig. 4a, b). This extrahe

inserted between two stacked histidines (His 240 and His 241), invariant a

to bind the VCRbs duplex in vitro as discussed below.

The larger protein-DNA contact of this non-attacking subunit form

footprint that is roughly a mirror image of the attacking subunit interface

helical turn of DNA, and sharing many of the equivalent non-specific prote

7
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IntIs must recognize two architecturally distinct sites during cassette integration 

(attI x attC).  To achieve this dual site-specificity, we propose that IntIs have developed a 

in the

binding during

ent modes of 

bs rpin is found in

two environments corresponding to each unique half site along the DNA.  In the non-

attacking subunit the -4,5 hairpin recognizes the molecular marker T12'' (Fig. 4a,b),

est that in the 

e minor

possibly due to

he -4,5 hairpin 

would make contacts with the minor groove analogous to the equivalent disposition of 

this element in the Cre-lox system10. The increased DNA footprint for attI site binding 

(Fig. SF4) relative to the attC interface reported here supports such a hypothesis8.

hly-specific set

of inter-subunit protein-protein interactions, induced by DNA target capture.  This 

stepwise assembly ensures that strand exchange takes place only between appropriate 

DNA substrates.  How can IntIs, which bind a vast array of attC sequences, guarantee 

competent assembly of their DNA excision synapse?  The strategy they have adopted is 

to use an invariant flipped out DNA base, acting as a linch-pin, to position the two dimers

molecular switch that allows sequence degenerate binding (attC), as seen

VchIntIA-VCRbs complex reported here, as well as sequence dependent

attI site recognition.  The molecular switch that adapts to these two differ

binding is the -4,5 hairpin.  During VCR  (attC) binding the -4,5 hai

whilst in the attacking one it does not contact the DNA (Fig. 4c).  We sugg

attacking interface, the position of the -4,5 may have rotated away from th

groove relative to its position when IntIs are in complex with an attI site,

the trans-interaction mediated by G20'' (Fig. SF5).  During attI binding t

Synaptic Assembly: A Multiple Structure Problem 

Assembly of a tyrosine recombinase synapse is mediated by a hig

8
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in the synapse (Fig. 4 c,d). This flipped out base (G20'') guarantees proper geometrical

assembly by inserting itself within the hydrophobic pocket, created by Trp 157 and 219, 

cking

sub ynapse together.

etric

bound to the

same VCRbs bury only 1,600 Å of solvent-accessible protein surface, by docking their C-

terminal helix ( N) of the attacking subunit in the neighboring non-attacking subunit 10,24

of the DNA

e VCRbs (Fig.

s 4,000 Å2 of 

C-terminal helix 

( N) exchange, helix A in the attacking subunits contacting the helix-turn-helix region 

of the C- D helices within the non-attacking subunits across the synapse, and the 

unusual trans- interactions mediated by extrahelical base G20''.

le

stranded attC substrates, we demonstrated that the bottom strand of attC recombined with 

a resident attI at a rate of 1000-fold higher than the comparable top strand of attC
12.

Disruption of the postulated13-16 secondary structure of attC affected recombination.

Based on these results we proposed a recombination model (Fig. 1c).  The structure of the 

across the synaptic interface. This interaction allows helix I2 from the atta

unit(s) to form several important DNA contacts in trans holding the s

These trans-interactions mediated by G20'' result in only a two-fold symm

synapse which may inhibit HJ isomerization as discussed below. Subunits

2

(Fig. 2b, 3).  The spacing and geometry of the bases in the central region

duplex preclude intersubunit interaction between the N-termini on the sam

2a, 3).  The more extensive intersubunit interface across the synapse burie

accessible surface area.  These interfacial contacts are due namely the

Integron Site-Specific Recombination 

Recently, exploiting conjugation as a medium to exclusively deliver sing

9
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VchIntIA-VCRbs complex presented here provides a structural basis for IntI mediated

site-specific recombination using the bottom strand of attC as a substrate.

odel, i.e. the 

ere investigated

screte bands are

bs ing to the

occupancy of the four available half sites. Deletion of T12'' from VCRbs significantly 

reduced the overall amount of complex formation as judged by EMSA (Fig. SF6a), with 

F sis of His 240

o further investigate

. SF6b, lane

bs sity and the

migration pattern, with a quantitative increase  of the fastest migrating band, (Fig. SF6a).

This suggests a higher occupancy of only one half site and change in the effective 

utated

ty (Fig. SF6c).

I and W219I), also

ision frequency.  These results suggest that 

G20'' plays a central role in maintaining an active VchIntIA-VCRbs synapse, but that 

other factors namely C-terminal helix exchange and B/C and A/D interfaces also 

contribute to the assembly of the tetrameric synapse.

A folded single-strand attC substrate during integron recombination necessitates

that second strand cleavage and transfer is down-regulated relative to most members of 

The biological relevance of the observed structural aspects of our m

cis- and trans-interactions observed in the VchIntIA-VCRbs complex, w

using a combination of EMSA and in vivo excision assays13. Four di

observed with wild type VchIntIa-VCR (SF6a), potentially correspond

however, only a 5-fold drop in excision frequency (Fig. S 6c). Mutagene

(H240V), which interacts with T12'' in the crystal, did not allow us t

this interaction since the mutant protein formed aggregates with VCRbs (Fig

5).  Interestingly deletion of G20'' from VCR affected both the inten

radius/molecular weight or  nature of higher order complexes. This same m

sequence tested in vivo resulted in a 10,000-fold drop in excision activi

Preliminary in vivo mutagenesis experiments of key residues (W157

produced a large reduction (1000-fold) in exc

10
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the tyrosine recombinase family.  A second round of cleavage and transfer does not lead 

to the excision/insertion of the gene cassettes but only to rearrangements within the attC

and hence

ased on , Xer-

that in only limited

10,20,26-28.  The

two isomeric HJ intermediates have structures that are similar except for an exchange in 

the roles of their DNA strands29.  In this model the protein-protein interface between 

the loss of

ically related

 explains the 

hese reciprocal

inter-subunit changes require a pseudo four-fold symmetric synapse.  We suggest that 

since the VchIntIA-VCR  synapse is only two-fold symmetric and thus contains non-

ed to maintain the 

arrier for

isom have not

s group of

stalled HJ intermediates needs then to be resolved via other cellular processes (Fig. 1c).

In addition the rotation (~15o) of the C-terminal domains within the non-attacking

subunits could also reduce the rate of second strand cleavage (Fig. SF8). This movement

is a consequence of binding the extrahelical base T12''.  It results in the translation of

sites (Fig. SF7).  This regulation likely occurs at the HJ isomerization step

perturbing the next stage of the reaction in IntI recombination25. Studies b

C/D, Flp and Cre systems support models of HJ isomerization volve

branch migration resulting in subtle movements of the quaternary structure

subunits is maintained.  Small changes between subunits, which result in

interfacial binding energy, are regained by reciprocal changes in symmetr

interfaces.  These HJ intermediates thus have similar free energies which

lack of bias observed in their resolution in the Cre and Flp systems30. T

bs

equivalent subunit interfaces (Fig. 2a), that the reciprocal changes need

iso-energetic intermediates are lost. This may lead to an increased energy b

erization and thus produce a larger population of HJ intermediates that

isomerized i.e. with a bias to revert to the original substrates. However thi

11

H
al-P

asteur author m
anuscript    pasteur-00140781, version 1



helix M and repositions nucleophilic Tyr 302 away from the DNA backbone to a 

distance of ~7 Å in the non-attacking subunits.

Inc

, but the

introduction of foreign DNA does not guarantee its assimilation.  Processes such as DNA

recombination are needed if persistence as an episome is not established.  These 

recombination systems, however, place restrictions on the type of DNA that can be 

mong closely

ite-specific

aits but normally

these systems are still constrained by the need for the necessary core-sites for recognition 

and catalysis .  By contrast, IntIs have evolved an ingenious way of allowing highly 

diverse genetic traits, containing little sequence homology at their DNA target sites, to be 

ning of DNA

as assembly of 

es is gathering more support12,33,34. We suspect that 

since most of the DNA exchanged via lateral transfer is in the single-stranded form, be it 

through natural transformation or conjugation35, that this may have contributed to the 

development of the mechanism reported here. 

reased Genomic Diversity via Broad DNA Specificity

Several mechanisms mediate genetic exchange between prokaryotes

transferred.  Homologous recombination primarily rearranges sequences a

related taxa and is unlikely to allow for the introduction of novel traits31. S

recombination by contrast can mediate the exchange of more diverse tr

2

recognized and assimilated into the integron element. Although the positio

bases in an extrahelical geometry for genomic repair is well documented32, the use of 

extrahelical bases for DNA recognition of single stranded DNA as well

higher-ordered protein DNA complex

12
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Fig. Legends 

Fig. 1, Pathways of IntI mediated cassette excision.  a, Integrons contain a gene, IntI,

attI.  Gene cassettes 

nd attC during 

gene

cassettes, respectively; DR1, DR2 directly repeated accessory binding sites; L, R binding 

sites within the core region of attI;  ORF, open reading frame; L', L'' inner repeats; R',R''

flanking repeats. b, Excision via the classic tyrosine recombinase model.  Each duplex 

ecombination

intermediates (1b.3).

ntermediate

(1b. ), which isomerizes (1b. ) before undergoing a second round of cleavage and 

strand-exchange reactions to yield the recombinant products  (1b.6). c, Proposed IntI 

excision via a single-stranded DNA substrate pathway.  The bottom strand of the integron 

eld an active

to form an 

ge steps proceed

ar components

in order to be resolved  (1c.5-6). The reaction intermediate shown 1c.2 represents the 

VchIntIA-VCRbs structure described here.  IntI molecules colored green and magenta,

respectively, are potentially active or non-active for cleavage. d, DNA sequence, VCRbs

used to form VchIntIA- DNA co-crystals.  Yellow boxes highlight the inner (L' and L'')

encoding a tyrosine recombinase and an adjacent recombination site, 

(ORFs) are flanked by secondary sites, attCs.  IntI recombines attI a

integration and two attC sites during excision.  Pi, Pc promoters for IntI and

attC site (1b.1) is bound by two IntI molecules to form an antiparallel r

synapse (1b.2).  Tyr 302 cleavage forms covalent 3’phosphotyrosine

The free 5’-hydroxl groups attack their partner substrates yielding a HJ i

4 5

5,6

element, produced via conjugation or transformation, folds upon itself to yi

stem-loop substrate (1c.1). Two IntI molecules bind each folded attC site

antiparallel recombination synapse (1c.2). The attack and strand exchan

in a similar fashion to 1b.3-4, however, the HJ intermediate requires cellul

12
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and flanking (R' and R'') repeats.  The nucleotides, T12'' (red) and G20'' (blue), have an 

extrahelical geometry upon folding of attC bottom strands (Fig. SF1).

iew of the

s to form the 

ctions and is

involved with DNA site recognition (Fig. 5a,b).  Extrahelical base G20'' (blue) is buried 

in subunits that are bound to the other VCR  duplex forming a set of trans-interactions

ules yield a two-fold 

. b, Orthogonal view with respect to a.  The C-terminal helices (N) 

bury one face in a hydrophobic pocket of the adjacent subunit in a cyclic manner

A B

Fig. 3, Stereo model of half the VchIntIA-VCR  synapse. The attacking VchIntIA 

magenta

- and C-terminal domains to encompass the DNA 

forming a clamp, they do not share equivalent protein-DNA contacts (Fig. SF4).  In the 

cal base T12''.

Tyr 302 from both subunits is shown in pink. 

Fig. 4, Cis- and trans- extrahelical interactions. a, Interaction with -4,5 from a non-

attacking subunit and the extrahelical base T12''. b, Detailed view of the cis-interaction

depicted in a.  Base T12'' (red) forms a protein-nucleic interface by stacking between His 

Fig. 2, Architecture of the VchIntIA-VCRbs synapse. a, N-terminal v

complex.  Four VchIntIA molecules bind two antiparallel VCRbs duplexe

active synapse.  The extrahelical base T12'' (red) is stabilized by cis-intera

bs

(Fig. 4c,d).  The non-symmetric interfaces between VchIntIA molec

symmetric synapse

(N B, N C, ..etc). 

bs

subunit is shown in green (right) and the non-attacking VchIntIA subunit in

(left). While both subunits use their N

non-attacking subunit the  4,5 hairpin contacts the DNA via the extraheli

14
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240 and Pro 232.  Experimental electron densities after phase modification are shown 

(1.5-  contour level).  c, Ribbon diagram showing G20'' (blue) binding in trans- between 

ot contact the

roup of G20''

in the attacking

subunit

(magenta).  A 2.8 Å 2Fo-Fc simulated annealed omit electron density map (1.6-  contour

level) is shown.  G20'' and all protein residues labeled in d were omitted during map

calculation.

Methods

Structure determination and refinement. The preparation of VchIntIA and the 

DNA used to form cocrystals is described in the Supplementary Information.  X-ray 

diffraction data to 2.8 Å was collected at beamline ID14-4 of the European Synchrotron 

the SeMet Peak,

ere processed

bs mplex were 

determined by using the single wavelength anomalous dispersion (SAD) method with 

selenomethionine (SeMet) labeled protein. The position of substructure atoms, initial

phases and solvent flattening were determined using BnP38.  The atomic model was fitted 

into electron density using the program O39.  The asymmetric unit contained four 

VchIntIA molecules and two antiparallel VCRbs duplexes. Residues 1 and 305-310 in 

subunit A and 305-307 in subunit C were not fit into the density.  For the DNA helices, 

Trp 157 & Trp 219.  The -4,5  hairpin from the attacking subunit does n

DNA. d, Detailed view of the trans-interactions shown in c. The NH2 g

forms hydrogen bonds with the O of Glu 145 and N1 of Trp 157 with

subunits.  Non-specific contacts are made with the adjoining non-attacking

Radiation Facility (ESRF).  A wavelength of 0.9793 Å, corresponding to

was used for data collection at 100K on a single cocrystal. X-ray data w

with XDS36 and CCP437 program suites.  Phases for the VchIntIA-VCR co

15
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nucleotides 1-4 and 36-40 of chain E, nucleotides 1-5 and 40-43 of chain F, nucleotides 

1-5 and 35-40 of chain G, and nucleotides 1-6 and 39-43 of chain H were not fit due to 

ns F,H

duplexes were 

elihood target

of manual

density fitting.  The structural similarity of subunits A/C and B/D warranted the use of

non-crystallographic symmetry restraints in the final rounds of refinement.   This resulted 

ngths and

ang ions of

entary Table S1. 

bs and preparation of

mutants is described in the Supplementary Information.  The in vivo excision assay has

been previously described13.  Briefly, the assay measures the frequency at which a 

q ts two

iments symmetrical 

e

aadA7

followed since previous experiments showed mutations introduced in either site 

independently led to a slight decrease in deletion frequency, while mutations introduced 

at identical positions in tandem resulted in considerably larger reductions in 

recombination frequency.  This suggests the presence of a wild type attC site assists in 

integrase complex formation between a mutated site, likely in a cooperative fashion. 

poor electron density. DNA chains E,G correspond to strand 1, DNA chai

correspond to strand 2 in Figure 1d.  The four protein subunits and DNA

all independently modeled and refined with CNS40 using maximum lik

using amplitudes and phase probability distribution with alternate cycles

in a Rcryst = 0.234 and Rfree = 0.262 at 2.8 Å, with good geometry for bond le

les. All amino acids have ( , ) backbone torsion angles in allowed reg

Ramachandran space.  Statistics for the final model are given in Supplem

VCR  and VchIntIA mutagenic analysis. Details of EMSA

synthetic integron gene cassette, the reporter gene (lacI ), is excised from i

flanking recombination sites, attCaadA7 and the VCR2/1. In all exper

mutations were introduced to both the VCR2/1 and attCaadA7 sites when possible.  Th

equivalent base to T16'' is not present within attC (see Fig. SF1a).  This protocol was 
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This observation may be similar to the formation of the attC x attI synapse, where the

extrahelical base G20'' within the attC site drives formation of the active synapse 

tions). Mutations in the attCaadA7 and VCR2/1 sites were introduced 

as described previously13.

(unpublished observa

The figures were produced with PYMOL (http://www.pymol.org)

_________________________________________________________

Supplementary Information is linked to the onlin

_______________

e version of the paper at 

www.nature.com/nature.  A movie showing the final model of the VchIntIA-VCRbs

synaptic complex is available in Supplementary Information.
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SUPPLEMENTARY INFORMATION

For MacDonald et al. 

Crystallization of VchIntIA-VCRbs. The gene for VchIntIA was amplified by 

polymerase chain reaction (PCR) from V. cholerae genomic DNA.  The resulting coding 

region was ligated into a pET (Novagen) derived plasmid, downstream to a hexahistidine 

tag fused to a tobacco etch virus (TEV) protease site.  Native, mutant and Se-Met 

VchIntIA were all purified from bacterial lysates on HiTrapTM Chelating HP (Amersham

Biosciences) followed by cleavage with TEV protease.  Proteins lacking a His-tag were 

separated from those with a N-terminal hexahistidine using a second  HiTrapTM Chelating 

HP column and then purified to homogeneity with a Heparin HP column (Amersham

Biosciences).

The DNA used to make the VCRbs and a suicide substrate, by introducing a nick 

3' to C15' on strand 1, were synthesized using standard phosphoramidite chemistry

leaving the 5’-dimethoxytrityl (DMT) group attached after DNA synthesis.  The DMT 

group was removed and the oligonucleotides purified using standard reverse phase 

chromatography by the manufacturer (Proligo, France).  These purified DNA oligos were 

then applied to a TSK-Gel DEAE-5PW column (Tosoh Corporation) at 50oC and eluted 

with an increasing concentration of ammonium chloride. Appropriate fractions were 

concentrated and ethanol precipitated.  All oligos and DNA duplexes were checked by 

denaturing and non-denaturing gel electrophoresis for purity.

Crystal trials using the vapor diffusion method at 18oC for both VCRbs and the 

suicide substrate were undertaken.  However, only crystals of the non-covalent VchIntIA-

VCRbs complex were obtained.  These crystals were extensively washed and assayed 
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using SDS-PAGE with silver staining to confirm that no covalent molecules were 

present.  Crystals were obtained by taking 2 µl of VchIntIA-VCRbs (2-4 mg/ml based on 

protein concentration), 10 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM

EDTA, 100 µM VchIntIA and 100 µM VCRbs with 2 µl of reservoir solution containing 

50 mM MES (pH 6.4), 0.2 M ammonium acetate, 10 mM CaCl2 and 8-10% PEG 4000.

Orthorhombic crystals (a =149.9, b =170.2, c =209.4 Å; C2221) grew within 3-5 days. 

Electrophoretic mobility shift assays (EMSA). Strand 1 of the VCRbs and the 

top strand of the random control (5'-

TACGTCTACTGGGCTACTGATCGAGTTCCTGGCAAGCTGA-3') were 5' labeled 

with infrared dye 700 (IRD700, Li-Cor, Inc) during chemical synthesis.  These 

oligodeoxynucleotides were annealed with equal molar ratios of strand 2 of VCRbs or the 

appropriate mutant.  For the random control the bottom strand was 5'-

TCAGCTTTCCAGGGACACTACGATCGTCAGCCCAGTAGACGTA-3' (see Fig. 

SF1b).  A typical 20 µl binding reaction contained 50 nM duplex DNA, 0-200 nM 

VchIntA, 50 mM HEPES (pH 7.5), 200 mM NaCl, 5% glycerol, 5 mM DTT, 0.5% (v/v) 

Tween-20, 50 µg/ml BSA and 10 µg/ml poly (dI.dC).  Incubation for binding was for 30 

min at 18oC and then 3 ul of loading dye (0.25% bromophenol blue, 40% sucrose) was 

added.  Separation took place on a 5% non-denaturing polyacrylamide gel at 18oC in 

0.5X TBE buffer. 

Generation of mutant VchIntIA.  Mutants H35V, W157I, W219I and H240V 

used for EMSA analysis were generated using the QuikChange® Site-Directed

Mutagenesis Kit (Stratagene).  All mutants were sequenced and assayed for correct 

molecular weight by mass spectrometry.

2

H
al-P

asteur author m
anuscript    pasteur-00140781, version 1



Supplementary Information Figure Legends 

Fig. SF1. Predicted secondary structures of attC bottom strands. a,  Predicted 

secondary structures of attC bottom strands.  The bottom strands from various attC sites 

were folded using the program mfold1.  Extrahelical bases that are in equivalent positions 

to T12'' and G20'' are highlighted in red and blue, respectively.  The attC sites that have 

been tested for cassette excision competency are marked with an asterisk.

b, Construction of a random sequence version of the substrate. A random nucleotide 

sequence was used to generate a geometric mimick of the VCRbs. This construct 

presumably disrupts the conserved core sequence (AAC) required for binding. 

Fig. SF2.  Stereo view of the VchIntIA-VCRbs active sites. a, View of the attacking

subunit where Tyr 302 is at a distance of ~3 Å from the DNA phosphate backbone. b,

The non-attacking subunit where Tyr 302 is  ~ 7 Å away from the DNA backbone and 

the catalytic Lys 160 is no longer positioned in the minor groove.  The scissile 

phosphates are shown in red and distances <3.5 Å, are depicted by dotted lines.  A 2Fo-Fc

simulated annealing omit map calculated at a resolution of 2.8 Å (1.2  contour level) 

using the final model omitting from all four VchIntIA subunits the active site residues 

(R135, K160, R270, H271, H293 & Y302) and the four DNA basepairs (A13'-G16',

T28''-T31''; attacking & A21''-C24'', G20'-T23'; non-attacking) adjacent to Tyr 302 is 

shown.

Fig SF3.  Structure of VchIntIA. a, Stereo model of VchIntIA from an attacking 

subunit. -helices are labeled A-N and the positions of the amino and carboxy termini
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are indicated.  The I2 helix is highlighted in yellow. b,  Sequence alignment of VchIntIA 

and Cre recombinase with their corresponding secondary structure elements2.  The I2

helix (yellow) is an insertion in the canonical fold.  Active-site residues are boxed and the 

three positions within VchIntIA that significantly differ (~3Å), as determined by a 

difference distance matrix (DDM) analysis3, in the attacking and non-attacking subunits 

are underlined. 

Fig. SF4. Schematic representation of the protein-DNA contacts between VchIntIA

and VCRbs. All hydrogen bonding protein contacts <3.5 Å are shown, with trans-

interactions highlighted in bold.   Protein-phosphate contacts are depicted by magenta

circles and the position of base-specific hydrogen bonding is shown in green.  Locations 

where modified nucleotides within IntI1’s attI site interfere with protein binding have 

been overlaid on the equivalent bases of VCRbs (red arrow heads).  This suggests a larger 

DNA footprint for attI binding relative to attC.  Contacts that are equivalent between the 

attacking and non-attacking interfaces are denoted by (Sym).

Fig. SF5.  Proposed movement of the  4,5 hairpin.  a, An attacking subunit (green)

from the VchIntIA-VCRbs complex was superposed on the Cre subunit that has cleaved 

its DNA{Guo, 1997 #35} (cyan) by performing a least square fit analysis using 

equivalent C  atoms within their active sites (VchIntIA:Cre, R135:R173, 

H267:H289,R270:R292 and H293:W315).  The resulting overlay reveals that the DNA 

structure of the VCRbs (yellow) and loxA (light brown), in the proximity of their 
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respective scissile phosphates (red), is similar.  In the absence of the extrahelical base 

G20'' (blue), such as found in a duplex attI recombination site, the interface between the 

4,5 hairpin and the I2 helix within the attacking subunits may be disrupted causing the 

rotation of this hairpin back into the minor groove as seen in the Cre-loxA structure.  Tyr

302 (pink) and Tyr 324 (cyan) from the VchIntIA and Cre recombinase molecules, 

respectively, are shown. b, Similar overlay except the non-attacking VchIntIA subunit 

(magenta) and the Cre monomer (cyan) that has not cleaved its DNA2.   Helices J from 

both integrases are shown in the major groove of the DNA. 

Fig. SF6. VCRbs and VchIntIA mutagenic analysis. a,  EMSA of VCRbs mutants.

Lane 1, complex formation with the VCRbs used to form co-crystals. Lane 2-4, deletion of 

the extrahelical bases found within VCRbs.  Notice that removing G20'' results in protein-

DNA complexes that migrate faster relative to the other DNA sequences.  Lane 5, a 

randomly chosen DNA sequence that contains extrahelical bases and the mismatched

region, between the R & L boxes, in the same positions as VCRbs (see Fig. SF1b for its 

predicted secondary structure) b,  EMSA analysis of VchIntIA mutants.  Lane 2, 

mutation of His 35, which interacts weakly with T16'' in the VchIntIA-VCRbs synapse, 

does not affect complex formation.  Lane 3, mutation of Trp 157 which forms the lower 

half of the hydrophobic pocket that G20'' intercalates into (see Fig. 4d) reduces protein 

binding.  Trp 157 is conserved (~80%) among IntIs.  Lane 4-5, mutation of Trp 219 and 

His 240, which are invariant among IntIs, yield proteins possibly changed in their 

stability, folding or solubility characteristics. W, aggregated DNA in well; C, protein-

DNA complexes; F, free DNA.  The EMSA depicted here were performed at 200 nM 
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VchIntIA, see Supplementary Information for details. c, In vivo cassette deletion 

frequencies for the excision of a reporter gene (lacI
q) from its two flanking 

recombination sites, attCaadA7 and the VCR2/1.  Symmetrical DNA mutations were 

introduced into both attC sites when possible (see Methods).  Removal of T12'' results in 

a 5-fold drop in deletion frequency compared to 10,000-fold decrease when G20'' is 

removed.  This deletion (G20'') renders the gene cassette defective for excision.  The 

asterisk indicates that no recombinant colonies were detected.  Error bars indicate 

standard deviations between three independent trials. 

Fig. SF7. Proposed IntI double strand exchange pathway via a single-stranded 

DNA substrate. a, The integron element consists of a gene, IntI, encoding a tyrosine 

recombinase and an adjacent recombination site, attI.  The gene cassettes (ORFs) when 

present are flanked by a secondary recombination site, attC.  IntI recombines attI and 

attC during integration and two attC sites during excision.  Pi, Pc promoters for IntI and 

inserted gene cassettes, respectively; DR1, DR2 directly repeated accessory recombinase

binding sites; L, R recombinase binding sites within the core region of attI;  ORF, open 

reading frame;  L', L'' inner repeats; R',R'' flanking repeats. b, The bottom strand of the 

integron element, produced via conjugation or transformation, folds upon itself due to the 

inverted repeat character of attC to yield an active substrate (1). Two IntI molecules bind 

each folded attC site to form a recombination synapse (2).  Tyr 302 cleaves each 

substrate in an antiparallel arrangement (3) and the released 5’-hydroxl groups become

nucleophiles in strand-transfer reactions to form a HJ intermediate (4).  Isomerization of 

the HJ intermediate (5) is followed by a second round of cleavage (6) and strand-
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7

exchange reactions (7) to yield the recombinant products (8).  This pathway does not 

result in excision of the gene cassette (ORF2), but only the swapping of the inner repeat 

sequence (L'', L') between the two attC sites.

Fig. SF8.  Rotation of the C-terminal domain within the non-attacking subunits. a,

An attacking subunit (A) bound to its half site was superimposed on a non-attacking 

subunit (B) bound to its half site by performing a least square fit analysis with the C

atoms from the N-terminal domains (residues 4-84) of both subunits.  The resulting 

ribbon model diagram shows that subunit B (magenta), which is non-active for cleavage, 

has rotated ~15o relative to subunit A (green) due to its binding of the extrahelical base 

T12’’ (red).  b, View, rotated 180o about a vertical axis relative to a.  The rotation of the 

C-terminal domain of subunit B results in the translation of its M helix, which contains 

Tyr 302, away from the DNA backbone to a distance of ~7 Å compared to ~3 Å in 

subunit A.  Both DNA half sites associated with the attacking (A) and the non-attacking 

(B) subunits are shown and have similar structures at their corresponding scissile 

phosphates (red).  The N-terminus for both subunits has been omitted in b for clarity. 

1. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. 
Nucleic Acids Res 31, 3406-15. (2003). 

2. Guo, F., Gopaul, D. N. & van Duyne, G. D. Structure of Cre recombinase 
complexed with DNA in a site-specific recombination synapse. Nature 389, 40-6. 
(1997).

3. Richards, F. M. & Kundrot, C. E. Identification of structural motifs from protein 
coordinate data: secondary structure and first-level supersecondary structure. 
Proteins 3, 71-84. (1988). 
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MGSQFLLSVR EFMQTR-YYA KKTIEAYLHW ITRYIHF-HN -KKHPSLMGD KEVEEFLTYL AVQGKVATKT QSLALNSLSF

LYK------- -EILKTPLSL ---EIRFQRS QLERKLPVVL TRDEIRRLLE IV-------D PKHQLPIKLL YGSGLRLMEC
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LHRRSGLPRP SDSNAVSLVM RRIRKENVDA GERAKQALAF ERTDFDQVRS LMENSDRCQD IRNLAFLGIA YNTLLRIAEI
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Supplementary Table S1 Data collection and refinement statistics  
VchIntIA-VCRbs

Data collection 

Space group C2221

Cell dimensions
a, b, c (Å) 149.9, 170.2, 209.4 

 ( ) 90, 90, 90 
Resolution (Å) 44.6-2.8 (2.97-2.80) * 
Rmerge 0.089 (0.38) 
I/ I 14.2 (3.3) 
Completeness (%) 97.4 (91.4) 
Redundancy 3.8 (3.8) 

Refinement 

Resolution (Å) 44.6-2.8 
No. reflections 63,682 
Rwork/ Rfree 0.234/0.262 
No. atoms 13,236 
    Protein 10,498 
    DNA 2,568 
    Water 170 
Average B-factors (Å2)
    Protein 61.8 
    DNA 60.8

R.m.s deviations 
    Bond lengths (Å)  0.009 
    Bond angles (º) 1.39 
 *Highest resolution shell is shown in parenthesis. 
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