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Mutational Analysis of Highly Conserved Residues in the
Phage PhiC31 Integrase Reveals Key Amino Acids
Necessary for the DNA Recombination
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Abstract

Background: Amino acid sequence alignment of phage phiC31 integrase with the serine recombinases family revealed
highly conserved regions outside the catalytic domain. Until now, no system mutational or biochemical studies have been
carried out to assess the roles of these conserved residues in the recombinaton of phiC31 integrase.

Methodology/Principal Findings: To determine the functional roles of these conserved residues, a series of conserved
residues were targeted by site-directed mutagenesis. Out of the 17 mutants, 11 mutants showed impaired or no
recombination ability, as analyzed by recombination assay both in vivo and in vitro. Results of DNA binding activity assays
showed that mutants (R18A, 1141A, L143A,E153A, 1432A and V571A) exhibited a great decrease in DNA binding affinity, and
mutants (G182A/F183A, C374A, C376A/G377A, Y393A and V566A) had completely lost their ability to bind to the specific
target DNA attB as compared with wild-type protein. Further analysis of mutants (R18A, 1141A, L143A and E153A) synapse
and cleavage showed that these mutants were blocked in recombination at the stage of strand cleavage.

Conclusions/Significance: This data reveals that some of the highly conserved residues both in the N-terminus and C-
terminus region of phiC31 integrase, play vital roles in the substrate binding and cleavage. The cysteine-rich motif and the
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C-tail val-rich region of phiC31 integrase may represent the major DNA binding domains of phiC31 integrase.
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Introduction

The integrase from the bacteriophage phiC31 was first
described in 1991 as a 613 amino acid open reading frame
recombinase [1]. It can precisely mediates site-specific DNA
recombination between a bacterial attachment site (a#tB) and a
phage attachment site (aftP) without requiring others cofactors,
resulting in integration when the two-af sites are present on two
different DNA molecules and deletion or inversion when the two-
att sites are on the same molecule [2,3]. After recombination
mediated integration, two hybrid attachment sites a/tR and attL are
generated, which are themselves no longer target sites for phiC31
integrase. Therefore, unlike tyrosine recombinases, such as Cre
and Flp [4], phiC31 integrase is a unidirectional integrase that
only supports integration, and the resulting integration is stable.
Presently, phiC31 integrase can perform recombination between
minimal 34-bp attB and 39-bp attP sites in human cells [5] and
mediates stable, site-specific integration of plasmids bearing attB
into aitP sites randomly integrated into the genomes of cultured
human and mouse cells [6]. Furthermore, the phiC31 integrase
recognizes native sequences in human and mouse genomes that
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possess partial sequence identity to aitP, called pseudo attP sites,
and mediates the integration of plasmids bearing an ai#tB site into
such pseudo attP sequences [6,7]. This ability of phiC31 integrase
to Integrate into endogenous genomic sites has been used in gene
therapy applications[8,9,10,11] and engineering human embry-
onic stem cell lines and primordial germ cells [12,13]. In addition,
phiC31 integrase has been also used in the construction and
manipulation of multiple model organisms, such as Drosophila
[14,15,16,17], Xenopus [18], and mice [19,20]. These observations
demonstrate that the phiC31 integrase is a valuable tool for gene
therapy and genetic engineering.

The phiC31 integrase is a member of a serine-catalyzed
superfamily of site-specific recombinases [21]. It belongs to the
large serine integrase subfamily in which approximately 30 members
share a similar modular organization of an N-terminal catalytic
domain followed by an extended C-terminal region [21,22]. The
process of recombination by the large serine recombinases is thought
to have many steps. The first step is recognition and binding of the
substrates by the recombinase [23]. Protein—protein interactions
between the recombinase subunits then bring the two substrates
together in a synaptic complex [24]. Ghosh et al. showed that dimers
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of Bxbl integrase bind the substrates a#tB and a#tP, which are then
probably brought together to form a synaptic tetramer [25]. DNA
cleavage occurs at a 2 bp crossover sequence site has been
demonstrated in both phiC31 and Bxbl integrases [26,27,28].
Strand exchange is thought to occur by 180° rotation of two
recombinase subunits bound to half sites relative to the other two
subunits [29,30,31]. Rejoining of the products is dependent on the
complementarity of the DNA sequence at the staggered breaks; if
there is a mismatch at this sequence, joining of the products is
severely inhibited but iteration of strand exchange results in changes
in the topology of the substrates [27,32,33].

Site mutagenesis and deletion analysis are usually applied in the
study of protein functions. In three cases (phiC31 integrase, TnpX
from the Clostridium perfringens transposon Tn4451 and TndX from
the Clostridium difficile transposon Tn5397) site-directed mutagen-
esis of the proposed catalytic serine completely abolished their
recombination activity [2,34,35]. In an attempt to screen for the
phiC31 mutants that specifically recognized and integrated into
target sites more efficiently, the technique of DNA shuffling was
employed, and it had obtained many mutants, which with
increased integration efficiency in human cells [36,37]. Recently,
we have shown that DAXX, an important cellular protein in
human cells, can strongly bind to motif 451RFGK454 in the
phiC31 integrase, resulting in the decrease of the integration
efficiency of phiC31 integrase, indicating this region in the C-
terminal domain of phiC31 integrase played an important role in
protein-protein interactions [38]. Rowley et al. reported that a
motif in the C-terminal domain of phiC31 integrase controlled the
formation of the synaptic interface in both integration and
excision, possibly through a direct role in protein—protein
interactions [39]. They further demonstrated that substitutions
in amino acid V129 in the N-terminal domain can lead to defects
in synapsis and DNA cleavage, indicating that the N-terminal
domain also has an important role in synapsis [40].

Conserved residues, which are usually believed to be the
backbones of proteins, comprise pivotal structural and functional
information accumulated during the long history of evolutionary
screening. A sequence alignment of 30 serine recombinases
revealed conserved regions outside the catalytic domain [21].
Until now, no system mutational or biochemical studies have been
carried out to assess the roles of the conserved residues in the
recombinaton of phiC31 integrase. Using site-directed mutagen-
esis, these residues were individually mutated to alanine. Several in
vivo and n vitro assays were then used to investigate which of these
residues are important for the recombination process and,
furthermore, which steps of the recombination process are affected
by each mutation. Our results show that mutation of some of
highly conserved residues lead to a loss of biological activity and
that these defects are due to impaired DNA binding affinity or
specific target DNA cleavage, indicating that these conserved
residues located both in the N-terminus and C-terminus region of
phiC31 integrase are essential in DNA recombination. Multiple
regions were found to bind substrate DNA, among them the
cysteine-rich and the C-tail val-rich region may potentially be the
major DNA binding domains of the integrase.

Results

Comparison of the Primary Sequence of Members in the
Large Serine Integrase Family and Generation of PhiC31
Mutants

The phiC31 integrase has 613 residues and correspondingly a
molecular mass of 68 kDa. By aligning its amino acid sequence
with the serine recombinases family, we observed that it contains
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approximately 62 highly conserved amino acids residues (Fig. 1),
and the cysteine-rich motif (aa372-403) followed by a leu/val/-rich
region (aa 447-571) in the C-terminal domain of integrase. To
determine the importance of conserved residues of phiC31
integrase during recombination, a series of 19 conserved residues
were targeted by site-directed mutagenesis, generating 17 mutants
(Table 1). To analyze the biochemical characterization of these
mutants, the wild-type and mutant phiC31 integrases were
expressed and purified as described in experimental procedures.
The final purity of fusion proteins was above 95%. The phiC31
integrase was pooled using salt gradient elution and analysed by
SDS-PAGE.

Mutations at Conserved Residuals both in the N-
Terminus and C-Terminus Affect the Recombinase
Activity

To test the recombination activity of mutant phiC31 integrases
in viwo, the wild-type or mutant plasmid containing an ampicillin
resistance gene, and the report plasmid pBCPB+ with aitP and aitB
sites in direct orientation flanking a lac{ gene on a chloramphen-
icol resistant, were co-transformed into an E. coli strain Topl0.
The bacteria were then plated to form colonies on double
antibiotic selecting agar plates containing X-Gal. As mutant
recombinases still have their recombination ability, they will
catalyze integration of a#tP into the a#tB site, resulting in the
excision of the lac{ gene. This recombination event consequently
produces white colonies. When mutant enzymes have lost their
recombination ability, all colonies are blue. Our results showed
that out of the 17 mutants, 6 mutants (I288A, G296A, Q347A,
L350A, L468A and V495A) produced absolute white colonies as
wild-type integrase (Fig. 2A), and the recombination frequency
was nearly 100% as compared with wild-type protein (Table 2).
Two mutants (I141A and 1432A) produced blue and white mixed
colonies (Fig. 2B), and the recombination frequency was 3.0%,
28.3% (Table 2), as compared with wild-type protein (P<<0.05),
respectively. Meanwhile, 9 mutants (R18A, L143A, E153A,
G182A/F183A, C374A, C376A/G377A, Y393A, V566A and
V571A) produced absolute blue colonies (Fig. 2C), and the
recombination frequency was zero as compared with wild-type
protein (Table 2).

To further verify site-specific recombination at molecular level,
the white colonies were picked, and plasmid DNA was subjected to
PCR with specific primers that would amplify a 400-bp product
only from the recombinant (Fig. 2D). The sequence of this PCR
product contained the predicted chimeric atL site, comprising an
attP arm and attB arm around the core AA dinucleotides (Fig. 2E),
revealing that the recombination occurred between a#tP and aitB
was mediated by the phiC31 integrase.

We carried out recombination assay of the purified mutant
phiC31 integrase w wvitro. A linear substrate PB-L containing
correctly orientated aitB and aitP sites was employed for phiC31
integrase-mediated recombination reaction. When PB-L is cata-
lyzed by phiC31 integrase, it will result in the excision of the DNA
fragment between the a#tP and attB sites and be expected to give a
recircular pPBCSK DNA molecular with a#tL (pBC-attl) and a
1.4 Kb linear DNA fragment with a#tR (attR-L) (Fig. 3A). Thus,
after recombination, besides a 4.9 kb band of linearized PB-L
(incomplete recombination by phiC31 integrase), four other bands
can be seen on agarose gel: a 1.4 kb band of linearized smaller
recombination product, and three bands of the larger circular
DNA molecule yielded by recombination (Fig. 3B). The linear attR
fragment product could be directly separated on an agarose gel
and stained with ethidium bromaide, and easily analyzed by
densitometric measurement. As shown in Figure 3, more than

January 2010 | Volume 5 | Issue 1 | e8863



Mutational of Integrase

m? 10 20 30 40 50 ec 70 80 20 200 114
BH (1) ------- I ‘VDPE'DRKPIPNLARIMFIEQP
Rd (1) D ACHHTDRL I BVT ~--~-
XeF (1) M ] wwcdxvmmc&—a ’ (TS
coB (1) --—-MeOLKE N 1: K
TrdX (1) ~MLKQQANNE. ; D
TreX (1) - :l VH
TPROI (1) —====—=~] 5] K ]
ghiC31 (1) MTOGVVTGVDTYAGR DRQS.P'L.SAASPAn»R AADECREVER PFR HFSER P 2 il RFSRLK-VMDAEPE
Coneeras (1) T R AIY RLSRE D T E SIE QIE LK YA GFEV VY D G 5GTS NRPALQR LI DIEAG VD VIVY MSRL R II
*
(15 115 1o 0 ma a70 180 190 200 _ a0
Bd (34) VHWAEDHK IG'I‘VAQME I\‘SAAHFNI.GKYRGSLPW———(ILPTRVDGEWR --—IMPDPVORER
R4 (83) ERVED RRATYEG——EC LANIQONARAGKPYTPGIRPFGY--GDDHTIVT-~------------AE--D?
XeF (87)
B (@29 v ERNNIVENJFMGOT! YYQGNLPL~~
TredX (102) ) gRDIo RSSI FTGAFAPY-GYLVDPENKK--—-—--—-
TrpX (28) T ) KDTS KAIW KRCSGSIPY-
TPRO1 (34) SB KSGKSMMATKTA!
phiC31 (114) H- IMRIDASHKESSLKS ILDTKNLQRELGGYVGGKAPY==~
Corsenais (115) V. EL V FIAL ICT SA G L I IL AM EF A K KI A G LLII A IVKIF L
= * * = * o *? = .
m 235 240 2 320
B (201) BBHDENR REMIBPK DY FAQLG -~ -—-~~---—-—-----GREPQ---GREWSHTALKRSMISEAML-~BYATLNG-~-~—==-=-==-~—--=-~
R4(193) ‘mmm —————————————— SPRW
XisF (200) nwnms:zmxmwmxmxssn IVGDDDLDKIAFTPNKTNHPLRY is pemm.vu LPFDTYVKSKGKR!
corB (201) EENAENHKE YHlIKKG- -~ == ===~ ==== === == e e P e I5SETY-TLANPEYIBKI YKDWSEKRRK-======~
TndX (206) ———
TnpX (203) E‘.I TE —-HPE:QYNGNKFTNPYLIﬂsm LGRQEYLBHTVLRKSVSTNFKLHKRK-—-—~ STDEEEQYJFPNTH SCBL
TP01 (199) ERD! T ) R YR acnwyc:!n o LFEGMHKPIIPYE
pricawaaa)mmrn PFKPGSQAAIHPGSITGLCKRMDADAVPTRGETIGKKTASSAWDPATW LRDPRL E‘AAEVIYKKKPDGTP’I‘I‘KIE‘.GYRIQRDPITLR!’VELDCG IEPA
Qoreenas(235) 1A L GLLSP v PII E
(@349) 342 e 410 450 462
Bxbl 269) ILTR RAELV PAVSTES EPAYKEAGGGB]——HE'R————I r CG-=——==== EWDAFCEE‘. DLLGDAEPLEKV
R4 (259) YY RG‘:’RGVLVYGCKD‘THTR’I‘ -------- FEDFLPGLEASGCAEDG(SAAS
XisF (310) HE IRDN LK— HAKRVE‘SGQAI———;YY CRLYK.AGNCSN ————— s LD-=m = el Isw LLAG
caBR72) WD KHGVS Pa Hc{e‘rN—— —-'I‘ IH- SNTTNTLKDGTKKRI YSCSNE‘RI\'G—-——SKVCSAN 1EDYVMKCEEE--EVKSEKVIQ
TndX219)
TnpX 295) WDSH KRRSRVN IGTHSN-——-- REBGYLY- LCTHYSKEDGSVG-—— sylcccmsnvnsc'rsnsxs'mmspl ILfaKRE‘SRE‘VLNDEQ
TPS01 (252) TYL EERCCCEYERNNNPRPECAKYMLSGMA K IVLGHKREDGSRTM HCANRE ERRTKGITVYNDNKKCDBGT Y DLSNLEN NNDS
phiC31 (342) EWYELGAW-LDGRGRGHBLSRGOAT -~~~ ESEMDKLY SKRGEESIKDS —————— RclRRKWDPSAPGQBEGNNVSMAA'DKWAERIENK—— GDE‘.E

Consensus (349) \‘QHI. R SA K LA I CA CGA MT I R K VA L

* ok *

463 In‘.’-’O 480 "'f' *’ 0 0 520 530 540 550 560 57¢

B4 (367) VIBGSDS———————--- AVELAEVNAERVDLTSLGIPAYRAGS PQRE'QARIAAWQEEL EARPSGWEWRETG--CR nmkzommmnnlsmvam PG

R4 (355) EAQT RERLD YAEGRISLSCMTAGSERLRKKLEVI GSAGI PPFDPV---AGVAGLESGWPTTPLPTRRAWVDFCL
XsF(398) EAERLANLVETDEPLIVE--EPPEVKTE--—--- LNSLETLPASSEBEQIKNDLKECIAIALGATNNASKQS——=—-—-= LIAKERI IQAFAHKSYWCGLNAQD G
B (372) RV THVNQENQVDGAR-—-———--—— HDIAYKQCQYDEVQTKLNNLEKT IEDNPDLTSVIRPSECKYEKOLND I TNONCLKNQONEDKPLFDAKET SRLLCHI FHDEKHI
TrdX (219) -— -—
TrpX (391) AF"I.E]!QSLWNEKQEEKPKHNQSELCPCQKRYD SlLVRGLYENLMS.LPERQYKQWKQYCDEGAELETWEWKT EEKVSSEDIKHFISLIRKCENPTEIS E
TP201 (363) {IINGNNQP======ILDTSSFKKCESQOIDKKEQKNSDLYLNDF I TMDELKDRTDS LCAEKKLLKAKI SENKFNDSTLMFELVKTOBGSI PINELS YDNEKK= ===~ N
phiC31 (441) LLWEAARRFGKLTEAPEKSGERA AERADAHIALEELYEDRRJ!'AYDGPVGRN&FRKGCAAITI_RCQGAEERIA EN\EIP PLDOWFPEDADADPTGPKSWIGRAS
Concensus (463) LA L Is v A L K ILN
% *
©rn 577 530 600 610 620 630 B840 550 660 570 680 890
Bl (469) GETRTI DE'DLQEYEQHLRLGSV ------ :IﬁRIJ-ITGMs ------------------------------------------------- =
E __________________ -

XisF (496) CJIKiE SVOBNF-VTAIEYRY-—-
caBA75) EKSRBKALYLS DRIDIHKDGNHKKQFYITLKLNNEIIKQLFNNKQLDE\-’HLSTSSLFLPQTLYLTI - -

R4 (448) QK SSM'I‘-l?D}NTIEWRD ——————

T RIG) === == === m e e
TnpX 505) GKARTQKVDI YFNYVGOYDIAYTEEELAEI ETOKEQEEQORLARCRKREKAYREKRKAQK I AENGGEIVKTKVC PHCNKEF I P’I‘SNRQVE‘CSKECCYQARQ
TPS01 (486) DV DIIFKFCLA
phiC31 (855) VDI RV F DKIV ------------
Corsensus 577) V KI v

*

Figure 1. Sequence alignment of eight members including phiC31 integrase within large serine integrase family. The conserved
residuals are shown in colour. Positions mutated in this study are indicated by asterisks. Sequence alignment was accomplished by using VNTI 9.0.
doi:10.1371/journal.pone.0008863.g001

40% of the substrate (40 nM) was cleaved by 100 nM wild-type mutant activity relative to that of the wild-type phiC31 integrase
phiC31 integrase. Under the same conditions, 6 mutants (I1288A, was calculated (Table 2).

G296A, Q347A, L350A, L468A and V495A) retained the
recombination activity nearly as high as wild-type phiC31 Reduced DNA Binding Affinity Correlates with Decrease

integrase as compared with wild-type protein (Fig. 3B), the or Loss of the Recombination Activity

cleaved product of mutants 1141A and I432A were observed to The recombination activity of the phiC31 integrase depends on
show a weaker intensity of bands than that obtained with the wild- its ability to recognize and bind specific DNA sites. To analyze the
type integrase (Fig. 3B), while no cleaved product was detected cause of decreased integrase activity of the mutants, the substrate

from 9 mutants (R18A, L143A, E153A, G182A/F183A, C374A, binding activity was measured by electrophoretic mobility shift assay
C376A/G377A, Y393A, V566A and V571A) (Fig. 3B). Each (EMSA). The characteristic of the complexes obtained by serial
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dilutions of wild-type phiC31 integrase binding to the attachment
sites in bandshift experiments was considered at first. Adding
increasing amount of wild-type phiC31 integrase to the reaction
leads to the disappearance of the free-probe band, while three
protein-DNA complexes of retarded electrophoretic mobility can be
observed, referred as to I, II, and III, and the major species obtained
corresponding to the complex II (Fig. 4A and 4B). These results are
consistent with previous reports [26,28,41,42]. To check if the
observed shifted bands are specific, non-labeled attB probe was used
as cold competition oligonucleotide, and was added in excess. The
result showed that intense shifted bands of protein-DNA complexes
disappeared in the presence of the cold competitor (Fig. 5A and 5B).
Therefore, the shift observed was target specific.

To find out whether phiC31 mutants were still able to bind
substrates, we analyzed their ability to generate protein-DNA
complexes with a#tB (Fig. 5A). At the same concentration as wild-
type protein(400 nM), we observed that mutants R18A, T141A,
L143A, E153A, I432A and V571A were shown to have a great
decrease in DNA binding affinity approximately 1-6 fold as
compared with wild-type protein (P<<0.05) (Table 2). Mutants
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Table 1. Targeted residues and DNA sequence of mutagenic primers of phiC31 integrase.

Residue ? Conservation (% identity)® Mutant(s) Complementary primers

Arg-18 100 R18A GTGCTTACGACGCTCAGTCGCGCGAG
CTCGCGCGACTGAGCGTCGTAAGCAC

lle-141 80 1141A GTCATGGACCTGGCTCACCTGATTATG
CATAATCAGGTGAGCCAGGTCCATGAC

Leu143 60 L143A GACCTGATTCACGCGATTATGCGGCTCGACGCG
CGCGTCGAGCCGCATAATCGCGTGAATCAGGTC

Glu-153 80 E153A GCGTCGCACAAAGCATCTTCGCTGAAGTC
GACTTCAGCGAAGATGCTTTGTGCGACGC

Gly-182 80 G182A GAAGGCGCCTTACGCCGCCGAGCTTGTTTC

Phe-183 F183A GAAACAAGCTCGGCGGCGTAAGGCGCCTTC

1le288 100 1288A CGTTATGCGAGCCCTTCGGGACCCG
CGGGTCCCGAAGGGCTCGCATAACG

Gly296 80 G296A CCGCGTATTGCGGCCTTCGCCGCTG
CAGCGGCGAAGGCCGCAATACGCGG

GIn-347 60 Q347A TATGAGCTTGCGGCGTGGTTGGACGGCA
TGCCGTCCAACCACGCCGCAAGCTCATA

Leu-350 60 L350A ATGAGCTTCAGGCGTGGGCGGACGGCAG
CTGCCGTCCGCCCACGCCTGAAGCTCAT

Cys-374 100 C374A CATGGACAAGCTGTACGCCGAGTGTGGCGCCGTC
GACGGCGCCACACTCGGCGTACAGCTTGTCCATG

Cys-376 100 C376A AAGCTGTACTGCGAGGCTGCCGCCGTCATG

Gly-377 G377A CATGACGGCGGCAGCCTCGCAGTACAGCTT

Tyr-393 100 Y393A ATCAAGGACTCTGCCCGCTGCCGTCGC
GCGACGGCAGCGGGCAGAGTCCTTGAT

lle-432 60 1432A CATCTTCAACAAGGCCAGGCACGCCG
CGGCGTGCCTGGCCTTGTTGAAGATG

Leu-468 60 L468A CGGGCGAACGCTGTTGCGGAGCGCG
CGCGCTCCGCAACAGCGTTCGCCCG

Val-495 60 V495A GTACGACGGACCCGCTGGCAGGAAGCAC
GTGCTTCCTGCCAGCGGGTCCGTCGTAC

Val-566 80 V566A GTCGGGCTCTTCGCAGACAAGATCG
CGATCTTGTCTGCGAAGAGCCCGAC

Val-571 80 V571A GACAAGATCGTTGCCACGAAGTCGAC
GTCGACTTCGTGGCAACGATCTTGTC

*Numbers refer to positions in the wild-type 613 amino acid protein.

PRelation to a collection of 30 serine recombinases (http://www.blackwellscience.com/products/journals/suppmat/mole/mole2891/mmi2891sm.htm).

Mutated bases in the oligonucleotides are shown in bold.

doi:10.1371/journal.pone.0008863.t001

1141A, I432A and the wild-type protein were shown to lead to the
same three distinct complexes (I, II and III), while the band
patterns of R18A, L143A and E153A were observed to include the
formation of complexes (I and II) but with a weaker intensity of
complexes than that obtained with the wild-type integrase
(Fig. 5A). Especially, we observed that mutants G182A/F183A,
C374A, C376A/G377A, Y393A and V566A had completely lost
their ability to bind to the specific target DNA a#tB as compared
with wild-type protein, as no complexes were seen in the gel
retardation experiment (Fig. 5A).

In addition, we analyzed the ability of mutants to generate
protein-DNA complexes with specific target DNA attP. At the
same concentration of wild-type protein, we observed that mutants
RI18A, 1141A, L143A, E153A, CG376A/G377A, Y393A, 1432A,
V566A and V571A had an approximately 2—7 fold decrease in
DNA binding affinity as compared with wild-type protein
(P<0.05), and the band patterns of these mutants were different
(Fig. 5 B). For example, mutants R18A and L143A generated
protein -DNA complexes I, II and III, which was similar to that
of the wild-type protein with a#tP; mutant 1141A generated protein
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Figure 2. Recombination assay of phiC31 mutants in £. coli. Each mutant plasmid and its report plasmid were co-transformed into Top10
bacteria, respectively. The bacteria were then plated to form colonies on double antibiotic selecting agar plates containing X-Gal. When mutant
recombinases still have their recombination ability, this recombination event consequently produces white colonies (A). When mutant integrase have
lost or reduced recombination ability, It is observed that mixture of white and blue colonies (B) or only blue coloneies (C) on the plates. To further
verify site-specific recombination at molecular level, the white colonies were picked, and plasmid DNA was subjected to PCR with specific primers
that would amplify a 400-bp product only from the recombinant. DNA from 5 white colonies was subjected to PCR with specific primers, and a 400-
bp product got amplified (D). The sequence of this PCR product contained the predicted chimeric attL site, comprising an attP arm (left) and attB arm

(right) around the core AA dinucleotides (gray ellipse).
doi:10.1371/journal.pone.0008863.9g002

-DNA complexes III; mutants E153A and I1432A generated
protein-DNA complexes II; mutants Y393A,V566A and V571A
generated protein -DNA complexes I; mutants C376A/G377A
generated protein -DNA complexes I and II. Moreover, no
complexes were seen in the gel retardation experiment with DNA
attP for mutants G182A/F183A and C374A (Fig. 5B), indicating
G182A/F183A and C374A had completely lost their ability to
bind to the specific target DNA attP.

Several Mutants with Lower DNA Binding Affinity Can
Form a Synapsis but No Cleaved Intermediates

To investigate whether the mutants R18A, I141A, L143A,
E153A and 1432A that show the lower affinity for the at sites also
affect the synapsis and cleavage steps, DNA synaptic complexes

@ PLoS ONE | www.plosone.org

and cleavage ability of the proteins were measured by EMSA. The
synaptic complexes and unbound substrates for the wild-type and
mutants phiC31 were separated on the same gel to compare their
synaptic complexes formation abilities at the same time. In binding
assays with wild-type integrase in the presence of a labeled aitB
fragment and the 198 bp cold attP fragment, a major complex with
the same mobility as the designated synaptic complexes was
observed in addition to the shifted attB site (Fig. 6A). After
proteinase K treatment, these complexes disappeared and the
recombinant products a#R and attl remains (Fig. 6A). Using the
same conditions as in the wild-type integrase, we observed the
band indicating the synaptic complexes in mutants R18A, 1141A,
L143A and E153A, but no bands showing the recombinant
products, ie. attR and aitl, were detected (Fig. 6A and 6B).
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Table 2. Summary and comparison of the results for band

shift assays and the in vivo and in vitro recombination tests.
DNA binding

Mutants Recombination activity affinities ©

In vivo (%)* In vitro (%) ® attB

Wt phiC31 100 100 100

R18A 0 0 16+2.1

1141A 3.0%+0.2 2.6*0.1 54+4.4

L143A 0 0 38+4.0

E153A 0 0 46+3.8

G182A/F183A 0 0 0

1288A 100 92.2+25 NA

G296A 100 96.1+3.1 NA

Q347A 100 98.6+2.5 NA

L350A 100 98.4+1.2 NA

C374A 0 0 0

C376A/G377A 0 0 0

Y393A 0 0 0

1432A 283*24 221%14 61+5.5

L468A 100 96.2+3.2 NA

V495A 100 95.2+3.8 NA

V566A 0 0 0

V571A 0 0 15.6*+1.7

®Recombination frequencies in vivo =white colonies/total colonies x100%.

PRecombination frequencies in vitro=band densities of mutant with attR-L/

band densities of wild-type integrase with attR-L x100%, assuming that 100%
of the wild-type integrase in the reaction was active.

“The amount of free DNA substrate was plotted against concentrations of

integrase to calculate the apparent binding affinities, Kd. NA, not applicable.

The values reported are mean=SD of at least three curves.

doi:10.1371/journal.pone.0008863.t002

However, in mutant 1432A, both of the synaptic complexes and
the recombinant products a#/R and attL were detected, but the size
of aitR and aitL have slightly difference as compared with wild-type
protein (Fig. 6C).

Mutants Completely Losing Their DNA Binding Affinity
Have Structural Defects

To determine if the secondary structure of these proteins had
been significantly affected by the point mutations, we made an
analysis on the secondary structure of the wild-type integrase by
using fourier transform infrared (FT-IR) spectra. The result
showed that wild-type integrase was composed of 15.2% o-helix,
41.5% B-sheets and 43.3% unordered structures (Fig. 7). We
compared the circular dichroism (CD) spectra of the wild-type and
mutant proteins losing DNA binding activities. The secondary-
structure estimation, according to the CD spectra, revealed that
wild-type integrase was composed of 17.1% a-helix, 42.6% pB-
sheets, 12.9% turns, and 27.4% random structures (Table 3),
which is consistent with that of FT-IR spectra. Comparison to
wild-type integrase CD spectra, mutants C374A and C376A/
G377A did not result in significant changes in the protein
secondary structure, however, mutants G182A/F183A, Y393A,
V566A and V571A had a significant change at B-sheets and turn,
respectively (Table 3 and Fig. 8), indicating that mutations of these
residues were likely to affect proper folding of the B-strands into a
hairpin structure.

@ PLoS ONE | www.plosone.org
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Discussion

Conserved residues are thought of folding nucleus of functional
scaffolds in the history of protein evolution. They are also
important clues in finding domain structures and further in protein
engineering aimed to promote the applicable performance of
selected enzymes [43,44]. Sequence of phiC31 integrase can be
aligned with other members of the serine recombinase family and
it contains approximately 62 highly conserved amino acids
residues. Our purpose is to find out if these conserved residues
could give us more understanding of the domain architecture of
the phiC31 integrase, which is still not fully identified. Recently,
McEwan et al have found out that the large C terminal domain
was necessary for DNA binding and synapsis [45]. Thus, previous
research has shown evidence that both the N-terminus and C-
terminus are crucially important in the recombination [39,40].
However, we still cannot take a full picture of the process. So
locating the DNA binding domain or those key residuals in
substrate selection is currently a challenge in this field. Until now,
no system mutational or biochemical studies have been carried out
to assess the roles of the conserved residues in the integration
process. In this study, we first employed site-directed mutagenesis
to create 17 mutants, and verified the biological activity of these
mutants i vivo and n vitro. As a result, It was found that mutants
1288A, G296A, Q347A, L350A, L468A and V495A had a
recombination activity as wild-type integrase, showing that these
conserved residues were not important for recombination.
However, mutants RI18A, LI143A, E153A, GI182A/F183A,
C374A, C376A/G377A, Y393A, V566A and V571A displayed
no detectable recombination activity, and mutants I1141A and
1432A had a great decrease in activity, indicating that these
conserved residues were essential for recombination activity.

A defect in the recombination activity may result from the
mnability of the mutant proteins to bind DNA substrates during
recombination. Results of DNA binding activity assays showed
that mutants (R18A, I141A, L143A, E153A, 1432A and V571A)
exhibited a great decrease in DNA binding affinity approximately
1-6 fold, and mutants (G182A/F183A, C374A, C376A/G377A,
Y393A and V566A) had completely lost their ability to bind to the
specific target DNA aitB as compared with wild-type protein.
These results indicated that these conserved residues play an
important role in the protein-DNA interactions, their mutations
had altered the ability of the mutant proteins to bind to the specific
DNA targets, leading to the loss or decrease of their biological
activity i vivo.

Sequence analysis showed that C-terminal domains of phiC31
integrase contained a cysteine-rich motif sharing a consensus
LXCXCG21YXCX42C (aa 372-403), which could be a zinc
finger-like domain, followed by a small leu/val-rich region (aa
447-571), which has a high probability of forming coiled-coil
structures [21,42,46]. Like the phiC31 integrase, TpnX belongs to
the large serine integrase subfamily, it also contained a putative
zinc binding motif (residues 318-360) and a small leucine- and
valine-rich region (aa 493-527). It has been shown that the
dimerization domain of TnpX was localized to a region in close
proximity to a putative C4 zinc finger domain and the leucine rich
region [41,42]. In addition, both of these motifs have been
implicated in other proteins as dimerization domains that facilitate
DNA binding [47]. Moreover, the C-terminal domains of Bxbl
and TnpX have been shown previously to be capable of binding
specifically to DNA [25,41,42]. Our results showed that five
mutations were located in the cysteine-rich motif and the Val-rich
region in the C-terminal domain of phiC31 integrase: C374A,
C376A/G377A and Y393A in cysteine-rich motif; V566A and
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Figure 3. Recombination assay of the purified wild-type and mutant phiC31 integrases in vitro. (A) Schematic representation of
functional phiC31 integrase assay. The linear 4.9 kb DNA substrate (PB-L) containing correct attB and attP sites was treated with wild-type or mutants
phiC31 integrase, resulting in irreversibly produce a circular pBCSK molecule (or pBC-attL) and a 1.4 kb linear attR fragment (attR-L). (B) A 0.04 uM
linear DNA substrate (PB-L) was treated with a 0.1 uM purified wild-type or mutant phiC31 integrase in recombination buffer at 30°C for 30 min and
then stopped at 75°C for 10 min. The recombination reaction products were separated by electrophoresis on a 1% agarose gel. Arrows show the
positions of circular molecule (solid line arrows), and a linear attR fragment (dotted line arrows). Wt is wild-type.
doi:10.1371/journal.pone.0008863.9g003
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Figure 4. Assay of DNA binding activity of wild-type phi C31 integrase. A fixed amount (16 fmol) of a 41 bp biotin -labeled attB fragment
(A) or a 50 bp biotin -labeled attP fragment(B) was incubated with varying amounts of purified wild -type phi C31 in binding buffer at 30°C for
30 min. Reactions were analyzed by polyacrylamide gel electrophoresis (5% polyacrylamide, 1x Tris-borate-EDTA). Arrows show the positions of free

probe (F) and the DNA binding complexes (I, Il and IlI).
doi:10.1371/journal.pone.0008863.g004

V571A in the C-tail val-rich region. To our interest, mutations of
five conserved residues located within these two region had almost
completely lost their ability to bind to the specific target DNA atB.
Therefore, we conclude that the cysteine-rich motif and the C-tail
Val-rich region of phiC31 integrase may represent the major DNA
binding domains of the phiC31 integrase.

We have previously demonstrated that cellular protein DAXX
can strongly bind to motif 451RFGK454, which located within the
leucine rich region in the C-terminal domain of phiC31 integrase,
indicating this region played an important role in protein-protein
interactions [38]. Rowley et al. reported that mutations in the C-
terminal coiled-coil region cause hyperactivity, i.e., integrase is
able to mediate both atB x attP and atll x altR synapsis and
recombination, it indicats that this region has a direct role in
protein-protein interactions in synapsis [39]. Together these data
suggests that conserved residues located within a cysteine-rich
motif and the leucine-and valine-rich region in the C-terminal
domain of phiC31 integrase play an important role in both the
protein-DNA and protein-protein interactions. However, further
research is needed to identify if mutation of these conserved
residues located within a cysteine-rich motif and the leucine-and
valine-rich region in the C-terminal domain of phiC31 integrase
will affect multimerization characteristic of these proteins.

What is more, the N-terminal conserved residuals are also
involved in the DNA binding, such as, mutation of conserved
residuals (G182A/F183) located within N-terminal domains of
phiC31 integrase had completely lost their ability to bind to the
specific target DNA a#tB. Therefore, we suggest that another
putative DNA binding region also lies N-terminal of phiC31
integrase. Previous evidence demonstrated that there were
multiple DNA binding regions located in N-terminus and C-
terminus of other members of the large serine integrase family. IFor
example, recent work on the serine integrase of mycobacterioph-
age Bxbl suggests that at least two protein regions are required for
efficient binding to its att sites [25]. The large serine recombinase,
TnpX, have been also shown to have three DNA binding regions
(aa 533-597, aa 243-261 and aa 598-707) [41,42,46].

Based on the results of mutants synapse and cleavage analysis,
we have found more functional conserved residuals in the N-
terminus of phiC31 integrase. Mutants R18A, I1141A, L143A and

@ PLoS ONE | www.plosone.org

E153A with lower affinities for the att sites can form a synapse with
attB- attP, but the next step in recombination, i.e. cleavage and
strand exchange is severely blocked. Similarly, in a previous study
in which the affinity of the mutant S12A for wild-type a#tP and aitB
sites were assayed and found to be approximately 2-fold lower
than the wild-type phiC31 integrase, and mutant S12A was able to
form a synapse but unable to form the cleaved intermediates [28].
Rowley et al also showed that mutation of amino acid V129 in the
N-terminal domain of phiC31 integrase could lead to defects in
cleavage [40]. Together these data suggests that some conserved
amino acids in the N-terminus of phiC31 integrase would also play
such an important role in DNA cleavage.

Additionally, mutants 1432A were shown to have a decrease in
DNA binding affinity approximately 40% as compared with wild-
type protein. This correlates well with our i viwo assay results, i.e.
the recombination efficiency is proposed to be mainly affected by
the decrease of binding affinity. So we further tested whether these
mutants might be also defective in the step that follows DNA
binding, i.e., synapsis and DNA cleavage. Our results showed that
mutants I432A can form both the synaptic complexes and the
cleaved intermediates, but size of attR and attl have slightly
difference as compared with wild-type protein. The reason needs
further studied.

In summary, our results show that mutation of some highly
conserved residues lead to the loss of recombination activity and
that these defects are due to impaired DNA binding affinity or
affect specific target DNA cleavage, indicating that these
conserved residues both in the N-terminus and C-terminus region
of phiC31 integrase are essential in DNA recombination. We
conclude that putative DNA binding regions lie in both the N-
terminus and C-terminus of phiC31 integrase; especially, the
cysteine-rich motif and the C-tail Val-rich region of phiC31
integrase may represent the major DNA binding domains of
phiC31 integrase. Our work has also given clues for the further
study of the N-terminus and C-terminus truncate mutation of
phiC31 integrase to verify their roles in the DNA binding
specifically and synaptic complexes formation. It offers useful
information to those attempting to modify phiC31 integrase for
more effective and more convenient applications in DNA
manipulations.
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Figure 5. Assay of DNA binding activity of mutant phi C31
integrases. A fixed amount (16 fmol) of a 41 bp biotin -labeled attB
fragment (A) or a 50 bp biotin -labeled attP fragment (B) was incubated
with a similar amount of purified wild -type and mutant phi C31 in
binding buffer at 30°C for 30 min. Results were analyzed by
polyacrylamide gel electrophoresis (5% polyacrylamide, 1x Tris-borate-
EDTA). Arrows show the positions of free probe (F) and the DNA
binding complexes (I, Il and IlI).
doi:10.1371/journal.pone.0008863.9g005
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Materials and Methods

Plasmid, Bacterial Strains and Culture Media

The plasmid pCMVInt, which expresses phiC31 integrase in
mammalian cells under control of the cytomegalovirus (CMV)
immediate-early promoter, and the pBCPB+ plasmid, which
carries the phiC31 recognition site atP and attB in direct
orientation flanking a /ac{ gene on a chloramphenicol resistant
ColET1 derivative, were a kind gift from Dr. M.P. Calos. Restriction
endonucleases, pyrobest polymerase and T4 DNA ligase, were
purchased from TaRaKa (Dalian, China). The Ni-NTA agarose
column, the expression vector pET22b+, and its host Fscherichia coli
BL21 (DE3) were obtained from Novagen (Darmstadt, Germany).
Isopropyl-1-thio-B-D-galactopyranoside (IPTG), sodium dodecyl
sulfate (SDS), dithiothreitol (DTT) and glycine were purchased
from Sigma (St. Louis, USA). All reagents were of biotechnological
grade.

Recombinant DNA and PhiC31 Mutagenesis

To generate an expression vector for wild-type phiC31 integrase
with C-terminal His-tagged, a 1.8 kb fragment was amplified from
pCMVint by PCR with primers 5'- ATACATATGACA-
CAAGGGGTTGTGAC-3" and 5'-GTGCTCGAGGC CGCT-
ACGTCTTCCGTG -3'. The amplified product, was digested
with Ndel and Xhol, and cloned into plasmid pET22b(+) digested
with the same enzymes. The ligation mixture was used to
transform Escherichia coli strain and selected on LB-Agar plates
containing ampicillin (100 pg/ml). The recombinant were ana-
lyzed by restriction digestion and confirmed by automated DNA
sequencing (Invitrogen, shanghai, China), and named as pET22b-
C31.

PhiC31 mutants obtained by using the QuikChange site-
directed mutagenesis kit (Stratagene) according to the supplier’s
instructions, with plasmid pET22b-C31 as the template. For each
point mutation, two complementary primers having mutated
positions were used (Table 1). After initial denaturation at 95°C for
0.5 min, the cycling parameters were 0.5 min at 95°C followed by
1.0 min at 55°C and 12 min at 68°C (12 cycles). The reaction
mixtures were placed on ice for 2 min, and then the parental,
supercoiled double-stranded DNA was digested with 0.5 pl of Dpnl
at 37°C for 1 h before being transformed into competent E. coli
XL1 Blue cells. Mutations were verified by DNA sequencing, and
named as pET22b-MC31.

Protein Expression and Purification

The wild-type and mutant phiC3lintegrases expression plas-
mids were transformed into FEscherichia coli strain BL21 (DE3),
respectively. For expression, a single colony was used for
inoculation in LB medium contained 50 pg/mL ampicillin. When
the ODgg reached 0.8, the cells were induced by 0.1 mM IPTG
for 30 h at 18°C with shaking. Then the cells were harvested and
resuspended in cold lysis buffer H (20 mM Tris-Cl, pH 8,
500 mM NaCl, 20 mM imidazole). The lysate was disrupted by
gentle sonication and the suspension was centrifuged for 40 min at
12,000 g. The lysate supernatant was directly loaded onto 5 ml
Ni-NTA agarose column that was pre-equilibrated in lysis buffer
H. After extensive washing in the same buffer, the column was
eluted with lysis buffer H containing 500 mM imidazole
concentrations. After SDS-PAGE, the pure fractions containing
the recombinant protein were pooled and concentrated to 20 mg/
ml in sample buffer (5 mM Tris-Cl, pH 8, 1 M NaCl) by
ultrafiltration, then added 10% glycerol and stored at —70°C.
Protein concentrations were determined by the Bradford assay.
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Figure 6. DNA synapsis and cleavage assays with wild-type and mutant integrases. Labelled attB was incubated with wild-type or mutant
integrases (Panel A:R18A, 1141A; Panel B:L143A, E153A; Panel C:l432A) in the presence of no cold attP, 198 bp cold attP in binding buffer and then
untreated or treated with proteinase K. Reactions were analyzed by polyacrylamide gel electrophoresis (5% polyacrylamide, 1x Tris-borate-EDTA). The
complexes observed are integrases (Int) bound to attB or synaptic complexes (SC). The recombinant products attL and attR are also indicated.

doi:10.1371/journal.pone.0008863.g006
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Figure 7. FT-IR spectra of the phiC31 integrase in heavy water. The second derivative of the infrared spectrum (A) and the absorption profile

of the amide I’ band (B).
doi:10.1371/journal.pone.0008863.g007

Recombination Assay In Vitro
Recombination assays @ wvitro were performed as described
previously [28], with modifications. Briefly, the substrate for

Table 3. Secondary structure estimation from CD spectra of
wild-type and mutant phiC31 integrases.

a-helicity (%) p-sheet (%) Turn (%) Random (%)

Wt phiC31 17.10 42.60 12.90 27.40
G182A/F183A 17.50 22.40 27.10 33.00
C374A 18.60 39.10 13.10 29.20
C376A/G377A 18.20 35.20 17.70 28.90
Y393A 17.70 22.30 27.20 32.90
V566A 23.80 24.90 22.30 29.00
V571A 23.90 26.90 16.40 32.80

doi:10.1371/journal.pone.0008863.t003
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determining phiC31 activity was a 4.9 Kb linear DNA pBL from
plasmid pBCPB+ digested with HindIIl and EcoRV. When phiC31-
mediated intramolecular recombination occurs between the a#tP and
attB sites flanking an origin of replication and an antibiotic
(chloramphenicol) resistance gene, the resulting products are two
molecules. One product is a supercoiled pBCSK plasmid (pBC-attL)
carrying aitl, and the other is a single linear fragment a#R-L
carrying a#tR. All recombination reactions were in a 20 pl reaction
volume containing enzyme reaction buffer (50 mM glycine-NaOH,
PH 8.5, 100 mM KCI, 10 mM DTT, 0.01% bovine serum
albumin), 0.04 uM linear DNA substrates, and 0.1 uM phiC31
integrase. Reactions were performed at 30°C for 30 min and then
stopped at 75°C for 10 min. Subsequently, reaction products were
directly separated on a 1% agarose gel and stained with ethidium
bromaide (1 ug/ml) for 20 min. A 1.4 Kb linear at#tR fragments
band densities were analyzed by using a UVP-GDS8000 gel analysis
system (Ultra-Violet Products Ltd, Cambridge, UK). To measure
the residual activities more precisely, the reactions were performed
with higher concentraions of the proteins,and the activities relative
to that of wild-type phiC31 integrase were calculated.
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Figure 8. CD spectra of wild-type and mutant phiC31 proteins.
Far UV spectra from 190 to 250 nm of wild-type phiC31 and mutants
G182A/F183A, C374A, C376A/G377A, Y393A, V566A and V571A were
shown, at 25°C using a 0.02-cm quartz cell. Protein was dissolved in
0.15 M sodium chloride, pH 7; Other conditions were described in
Experimental Procedures. Wt is wild-type.
doi:10.1371/journal.pone.0008863.g008

Recombination Assay in E. coli.

Recombination assays i vivo were performed as described
previously [38]. A 200 ng sample of pET22b-MC31 plasmid and a
100 ng sample of the pBCPB+ plasmid were co-transformed into
ToplO bacteria, which were allowed to recover for 1 h, then
spread on agar plates containing 25 pg/ml chloramphenicol,
50 pg/ml ampicillin, and 50 pg/ml 5-bromo-4-chloro-3-indolyl b-
Dgalactoside (X-Gal), and grown at 37°C. If an intramolecular
Integration event occurs, the lac gene located between the attB
and a#tP sites will be excised, and a resulting colony will be white.
The frequency of intramolecular recombination was calculated as
the number of white colonies divided by the total number of
colonies and multiplying by 100. Each frequency is derived from at
least three independent experiments.

DNA isolated by plasmid extraction from five different white
colonies was subjected to sequence analysis for further verifying
the recombination. The primers a#tB-F (5'-GGCGAGAAAG-
GAAGGGAAGA-3") and attP-R (5'- ATTAACCCTCAC-
TAAAGGGA-3") were used to specifically amplify the wild type
attL, junction in integrase-reacted pBCPB.

DNA Binding Assays

DNA fragments containing the attachment sites a#B and attP were
prepared for use as substrates in EMSA [28,42]. Groth et al
demonstrated that these att sites are functional with the minimal
lengths of 34 bp for aitB and 39 bp for atP [22]. In our experiments,
the a#B and aitP fragments used as substrates are a 41 bp and a
50 bp in length, respectively. Linear substrates containing the a#B or
attP sequence were synthesized and labeled by Invitrogen Company,
Shanghai, China. The sequences of biotin- DNA probes that were
double-strand end-labeled were attB (5'- CGGGTGCCAGGGC-
GTGCCCTTGGGCTCCCCGGGCGCGTACT-3" and 5'- AG-
TACGCGCCCGGGGAGCCCAAGGGCACGCCCTGGCACC-
CG-3") and attP5'-GTAGTGCCCCAACTGGGGTAACCTTT-
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GAGTTCTCTCAGTTGGGGGCGTAG-3" and 5'-CTACGC-
CCCCAACTGAGAGAACTCAAAGGTTACCCCAGTTGGG-
GCACTAC-3"). PhiC31 DNA binding activity was detected by
using a LightShift Chemiluminescent EMSA kit (Pierce, USA)
according to the manufacturer’s instructions. Briefly, the wild type
and mutant protein were mixed with binding buffer (50 ng/upl
Poly, 0.05% NP-40, 50 mmol/L KCI, 5 mmol/L MgCl, and
10 mmol/L ethylenediamine tetraacetic acid) in a total volume of
20 uL containing 0.4 ng the biotin- a#tB DNA probes or biotin- attP
DNA probes, respectively. For competition experiments, usually
100-fold excess unlabeled competitor DNA a#B/attP was added to
the reaction mixture on ice for 10 min prior to the addition of the
labeled probe. The mixtures were incubated for 30 min at room
temperature before the addition of 3 pL of 5xloading buffer.
Samples were loaded onto a native 8% polyacrylamide gel, and
were electrophoresed at 100 V until the bromophenol blue dye had
migrated approximately two-thirds to three-quarters of the length of
the gel, and then the binding reactions were electro blotted onto
nylon membrane at 380 mA (~100 V) for 1 h. The membrane was
cross-linked for 2 min at a distance of approximately 0.5 cm from
an ultraviolet lamp equipped with 254 nm bulbs, and biotin-labeled
DNA was visualized by using enhanced chemoluminescence. The
images were developed on X-ray film and the band densities were
analyzed by using a UVP-GDS8000 gel analysis system (Ultra-
Violet Products Ltd, Cambridge, UK). The amount of free DNA
substrate was plotted against concentrations of integrase to calculate
the apparent binding affinities, Kd.

DNA Synapsis and Cleavage Assays

DNA synapsis and cleavage assays were performed as described
previously [28]. For synapsis assays, the unlabelled ‘partner’
fragments aitP (198 bp) prepared by PCR amplification from
pTA-atP with primers attP-F(5'- ACTGACGGACACACC-
GAAGC-3') and attiP-R (5'- TCGTAAGCACCCGCGTACG-
TGTC-3'). 0. 4 ng labelled probe ai#tB (41 bp) was mixed with
12 ng of cold partner fragment and 0.8 ug integrase in 20 pL
binding buffer. Reactions were incubated at 30°C for 2 h prior to
electrophoresis. To detect the cleavage of the DNA fragments by
integrase, samples required proteinase treatment. Briefly, samples
were first heat inactivated by incubation at 72°C for 10 min and
then treated proteinase K (1 pg in 5 mM EDTA, 0.5% SDS;
incubated at 50°C for 30 min). Finally, samples were incubated
at 72°C for an additional 10 min to inactivate the proteinase
prior to polyacrylamide gel electrophoresis (5% polyacrylamide,
1x Tris-borate-EDTA).

FT-IR Spectroscopy and Circular Dichroism Spectroscopy

FT-IR measurements of the phiC31 integrase in heavy water
were performed as described previously [48]. Circular dichroism
measurements were performed on a Jasco 715 spectropolarimeter
(Jasco, Tokyo, Japan) using a quartz cuvette with 0.1 cm path
length over a wavelength range of 190250 nm at 25°C. Protein
was dissolved in 0.15 M sodium chloride, pH 7.0. The CD data
were collected every 0.2 nm and were the average of four scans.
The Results were expressed in units of molar ellipticity per residue
(deg cm2 dmol-1) and plotted versus the wavelength. The
bandwidth was set at 1.0 nm and the sensitivity at 25 mdeg.
The response time was 0.5 s. In all cases, baseline scans of control
buffers were subtracted from the experimental readings. CD data
were processed by Jasco secondary structure estimation software.

Computer Analysis

For sequence analysis we used the Align X in VNTI 9.0
software package. Protein secondary structure predictions were
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made by using the servers PROF (http://www.aber.ac.uk/
~phiwww/prof/) and Jpred 3 (http://www.compbio.dundee.ac.
uk/~www-jpred/).
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