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ABSTRACT

Two critical steps controlling serine recombinase ac-
tivity are the remodeling of dimers into the chemi-
cally active synaptic tetramer and the regulation of
subunit rotation during DNA exchange. We identify
a set of hydrophobic residues within the oligomer-
ization helix that controls these steps by the Hin
DNA invertase. Phe105 and Met109 insert into hy-
drophobic pockets within the catalytic domain of the
same subunit to stabilize the inactive dimer confor-
mation. These rotate out of the catalytic domain in
the dimer and into the subunit rotation interface of
the tetramer. About half of residue 105 and 109 sub-
stitutions gain the ability to generate stable synap-
tic tetramers and/or promote DNA chemistry without
activation by the Fis/enhancer element. Phe106 re-
places Phe105 in the catalytic domain pocket to sta-
bilize the tetramer conformation. Significantly, many
of the residue 105 and 109 substitutions support
subunit rotation but impair ligation, implying a de-
fect in rotational pausing at the tetrameric conformer
poised for ligation. We propose that a ratchet-like
surface involving Phe105, Met109 and Leu112 within
the rotation interface functions to gate the subunit
rotation reaction. Hydrophobic residues are present
in analogous positions in other serine recombinases
and likely perform similar functions.

INTRODUCTION

Tight control over any reaction involving severing of DNA
strands is of critical importance because of the risk of per-
manent chromosome damage. This is particularly true of
DNA recombination reactions mediated by the serine re-
combinase family of enzymes (1,2). During the process
of DNA exchange, serine recombinases generate double
strand cuts at two locations within one or two different

DNA molecules, and the cleaved DNA ends are held to-
gether by a noncovalent hydrophobic interface between
recombinase polypeptides. Moreover, this interface is dy-
namic, enabling the subunits with their covalently attached
DNA ends to rotate about each other to generate the re-
combinant DNA configuration. Poorly understood mecha-
nisms that are intrinsic to the enzyme must exist to modu-
late this rotation and thereby allow the recombinases to re-
seal the chromosome(s). The present study provides new in-
sights into intrinsic controls over both the formation of the
chemically active tetramer and the subunit rotation reaction
using the Hin serine recombinase system as the model.
Hin is a member of the DNA invertase subfamily of serine
recombinases (3). These enzymes only efficiently catalyze
inversion between two specific recombination sites on the
same DNA molecule. In the case of Hin, the inversion reac-
tion regulates the expression of alternative flagellin genes in
Salmonella enterica by switching the orientation of a pro-
moter (4). A related subfamily of serine recombinases is
referred to as resolvases because they primarily catalyze
deletions (5). Resolvases and invertases share very similar
protein structures, although the architectures of the respec-
tive synaptic complexes are different (1). Other subfami-
lies of serine recombinases catalyze other types of DNA
rearrangements and have different domain structures. All
share a conserved ~100-130 amino acid residue catalytic
domain followed by a long ~35 amino acid oligomerization
helix that functions in synaptic complex assembly and in the
chemical and mechanical steps of DNA strand exchange.
Serine DNA invertases like Hin are distinguished by the
requirement for a remotely positioned recombinational en-
hancer sequence and its binding partner Fis (3,6-8). Dur-
ing the course of the reaction, Hin dimers bound at the /ix
recombination sites assemble together at the Fis-bound en-
hancer element (see Figure 1). Synapsis occurs at the base of
a plectonemic DNA branch on supercoiled DNA. Within
this complex, the inactive Hin dimers become remodeled
into a tetramer that is active for DNA cleavage and subunit
rotation (9). This Fis/enhancer-dependent remodeling pro-
cess is arguably the most important regulatory step in the
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Figure 1. The Hin-catalyzed site-specific DNA inversion reaction (3). Top panels (left to right) schematically depict the reaction pathway. (1) Hin dimers
bind to the two /ix recombination sites and Fis dimers bind to two sites on the recombinational enhancer on a supercoiled DNA molecule. (2) The HU
DNA bending protein aids in initial synapsis of the two Hin-bound dimers with the Fis dimers at the enhancer that is located at the base of a plectonemic
branch. (3) Formation of an active tetramer that is competent for DNA cleavage and subunit rotation. (4) Supercoiling-directed clockwise rotation of the
top pair of Hin subunits; the bottom pair remains associated with the enhancer by Fis and DNA contacts. Bottom panels: structure models of intermediates
in the Hin inversion reaction (9,12,34). Left, Hin dimer-hixL structure modeled from the y8 resolvase catalytic domain and helix E (PDB: 1GDT) and
Hin DNA binding domain (PDB: 11JW). Red nucleotides mark the core base pairs where DNA cleavage and exchange occurs; S marks the catalytic Ser10
(also in red). Amino acid residues discussed in this paper are colored as in Figure 2. The next three structure models represent the initial synaptic complex
of inactive Hin dimers, the active invertasome with a fully assembled tetramer, modeled after v resolvase (PDB: 1ZR4), and the Hin tetramer in the
invertasome after subunit rotation, respectively. These and other structure images were generated using PyYMOL (http://www.pymol.org/).

Hin recombination reaction. During the remodeling reac-
tion, dimer contacts that largely involve residues within the
oligomerization helix E are replaced by a new set of helix
E-helix E contacts between subunits of synapsing dimers.
Comparison of X-ray structures of yd resolvase dimers and
tetramers shows that each subunit undergoes a rotation and
pivoting about the equivalent of serine 99 in Hin that joins
the catalytic domain to the oligomerization helix E (10,11).
Newly synapsed subunit pairs (yellow & purple and green &
blue subunits in the Figure 1 structure models) are associ-
ated through a hydrophobic and “flat’ interface that enables
rotation of the top pair relative to the bottom pair, which is
fixed onto the enhancer through Fis-Hin and Hin-enhancer
DNA contacts (9,12). Upon cleavage, the DNA ends are co-
valently associated with the active site serine via a serine-
phosphodiester bond, and translocation of the DNA ends
is coupled to rotation of the Hin subunits (13). Most DNA
exchange reactions involve only a single 180° rotation, al-
though multiple rotations can occur under certain condi-
tions (14,15). The short DNA length between AixL and the
enhancer is one mechanism that limits most subunit rota-
tions to a single exchange in the Hin system, but as dis-
cussed below, intrinsic features within Hin and other ser-
ine recombinases also operate to pause subunit rotation at
the correct position for ligation. An intrinsic gating mecha-
nism controlling subunit rotation will prevent drastic losses

of DNA supercoils and the formation of complex topolog-
ically linked products.

Screens for Hin mutants that could promote inversion
without the Fis/enhancer activating system or induce the
host SOS DNA damage response identified a localized clus-
ter of residues within the catalytic domain that were remote
from the catalytic site (16). These were modeled to form a
cleft within the catalytic domain that is referred to as the
Phe88 pocket because of the central role of this phenylala-
nine in organizing the local structure (Figure 2B and C).
Substitutions of Phe88 to Leu, Ile or Val and mutations in
five additional surrounding residues to smaller hydropho-
bic amino acids generated hyperactive Hin mutants. The
side chain character of these residues is conserved among
serine recombinases, and mutations at some of the analo-
gous residues in the Tn3 and Sin resolvases also lead to hy-
peractivity (17,18). In the Hin dimer structure model, the
aromatic side chain of Phel05, which protrudes from he-
lix E of the same subunit, is inserted into the Phe88 pocket
(Figure 2B). In the y3 resolvase dimer X-ray structure, the
Val107 side chain is oriented into an analogous, albeit some-
what shallower, cleft (Figure 2D) (11). During remodeling
to the active synaptic tetramer, Hin Phel05 is switched out
of the Phe88 pocket and the Phel06 side chain is rotated
into the pocket (Figure 2C), as confirmed by the recent Gin
tetramer X-ray structure (Figure 2F) (19). Likewise, yd re-
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Figure 2. Helix E—catalytic domain interactions. (A) Sequence of helix E residues of Hin and other serine recombinases whose structures are available.
The Hin phenylalanine triad (residues 104-106), Met109 and Leull2, along with equivalent positioned residues in the other recombinases, are color
highlighted. (B) Hin dimer model (based on PDB: 1GDT), (C) Hin tetramer model (based on PDB: 1ZR4), (D) resolvase dimer (PDB: 1GDT), (E) y8
resolvase tetramer (PDB: 1ZR4), (F) Gin tetramer (PDB: 3UJ3) and (G) TP901 integrase tetramer intermediate PDB: 3BVP). In each case the left and
right images represent ‘front” and ‘back’ views of the catalytic domain surface and the N-terminal half of helix E (green). The side chains of Hin residues
Phel04, Phel05, Phel06 and Met109 and their equivalents in the other recombinases are color coded as in panel A. The red residues in the Hin catalytic
domain mark those where strong hyperactivating mutations have been isolated (Leu64, Leu67, Leu77, Ile78 and Phe88) and the red sphere is hinge residue
Ser99 connecting helix E to the catalytic domain (16).
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solvase residue Vall08 is translocated into its catalytic do-
main in place of Vall07 during the dimer-to-tetramer con-
version (Figure 2E) (10). An X-ray structure of a TP901 ser-
ine integrase tetramer captured what is believed to be an in-
termediate in the formation of the active tetramer; in this
structure a phenylalanine in the analogous position as Hin
Phel05 (Figure 2A) is inserted into a deep pocket in the cat-
alytic domain in a similar manner as proposed for the Hin
dimer (Figure 2G) (20).

The phenotypes of the Hin mutations within the Phe88
pocket combined with the dimer and tetramer structures
suggest that the exchange of hydrophobic residues during
rotation of helix E relative to the catalytic domain medi-
ates a key control step during the inactive dimer to active
tetramer conversion (16). However, other than F105V, al-
tered regulatory mutations at helix E residues 105 and 106
were not obtained in the earlier genetic screens with Hin or
other DNA invertases (16,21). Mutations leading to hyper-
activity at the equivalent of position 105 have also been iso-
lated in the Tn3 and Sin resolvases (17,18). In the present
study we have evaluated the in vivo and in vitro properties
of each amino acid residue at positions 105 and 106. In
addition we have examined the effects of substitutions at
Met109, whose side chain is predicted to insert into a shal-
lower pocket on the surface of the catalytic domain in the
Hin dimer (Figure 2A). A leucine in the resolvase dimer
at the position analogous to Hin Met109 also inserts into
a pocket in its catalytic domain (Figure 2D). We find that
Hin residue 109, like 105 and 106, is extremely sensitive to
changes. Different substitutions at 105 and 109 exhibit a re-
markable variety of phenotypes, including a ligation defect
that has not been observed previously by other Hin mutants.
The side chains of residues 105 and 109 are repositioned
into the rotation interface during formation of the tetramer.
We propose that these residues participate in stacking and
interdigitating van der Waals interactions between subunits
across the rotating interface that function to stall the sub-
unit rotation reaction at the conformer poised for ligation.
Thus, they play critical roles in regulating both the forma-
tion of the active tetramer and the subunit rotation reaction.
It is likely that similarly positioned hydrophobic residues
control formation of synaptic tetramers and function to
gate subunit rotation during DNA strand exchange in other
serine recombinases.

MATERIALS AND METHODS
Mutagenesis and in vivo assays of Hin activity

Hin mutations were introduced into pMS571 containing
tacPO-hin (7) for in vivo assays and pRJ1518 (pETlla-
hin) (22) for protein expression and purification using the
QuikChange method. In vivo assays of Hin activity were
performed as described in Heiss et al. (16). Briefly, Hin
plasmids were transformed into the fis* inversion tester
strain RJ3635 (F' proAB* lacl® lacPL8 Alac proA::1S10
recF::kan Nla-lac406 off) or the fis mutant inversion tester
strain RJ3945 (RJ3635 fisA(2-26)) and plated onto fresh
MacConkey-lactose agar media containing ampicillin. SOS
DNA damage response assays used RJ1657 (F' proAB*
lacl? Zy;18 NK8027: A(lac-pro) rpsL thi A(gal-0AG) Ppr-
lacZ CI*** pRS7). Colony color was monitored between 22

and 48 h at 37°. These assays rely on low basal expression of
Hin; in the case of the inversion reactions, the Lac repressor
contains the non-inducible /acF mutation D274N. A num-
ber of the residue 105 and 109 Hin mutants, even some that
are inactive in vitro, exhibited growth defects, particularly
when plated on MacConkey media (noted in Tables 1 and
2).

Hin purification and in vitro assays

Hin mutants were expressed and partially purified as de-
scribed in Heiss et al. (16) except that typically only 100
ml of culture were employed and lysates were generated
using a Bioruptor (Diagenode). A representative panel of
Phel106 mutant preparations displayed on a sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel is shown in Supplementary Figure S1A. In vitro inver-
sion assays were performed using pMS551 ((7), Supplemen-
tary Figure S2) as described (16,23); reactions in the absence
of Fis included 15% ethylene glycol, which we have noted
previously with other hyperactive Hin mutants generally re-
sult in activities that more closely match their in vivo pheno-
types (16). Inversion rates accounted for the back reaction
(24); for slow reactions, rates were calculated over 1-10 min
time frames. Initial cleavage rates were typically calculated
from 1 min reactions after restriction digestion, but for very
active mutants, rates were calculated from 30 s reactions and
extrapolated to 1 min, even though most products formed
by 30 s. Therefore, the per minute cleavage rates given for
some of the highly active mutants are underestimates. Elec-
trophoretic mobility shift assays (EMSA) were performed
as described (16,25); for synaptic complexes, gels contained
10% glycerol. Reactions in the experiments shown in Fig-
ures 4 and 5 contained 25% ethylene glycol, but inclusion
of ethylene glycol was not necessary for synaptic complex
formation by these mutants.

Crosslinking reactions measuring subunit rotation and
tetramer stability were performed using pRJ2330 as de-
scribed ((12); see also Figure 6 legend), except that standard
inversion buffer conditions (20 mM Hepes, pH 7.5, 100 mM
NaCl, 10 mM MgCl,) were used during the Hin incuba-
tion and crosslinking steps. BMOE (bis-maleimidoethane,
8 A spacer, Pierce-Thermo Scientific) was used as the
crosslinker, and the Hin mutants containing Q134C were
pre-reduced by overnight incubation at —20° with 12 mM
Tris(2-carboxyethyl)phosphine. Crosslinking reactions (20
s) were quenched with 40 mM DTT and 0.04% diethylpyro-
carbonate and then digested with EcoR 1 and labeled at the
3’ ends with a-*?P-dATP using klenow.

RESULTS
Properties of amino acid substitutions at Phe105 and Phe106

In vivo activities. To probe the regulatory importance
of the phenylalanine switch mechanism whereby insertion
of Phel05 into the catalytic domain Phe88 pocket is re-
placed by insertion of Phel06, we generated all amino
acid substitutions at these two positions. The Hin mutants
were first evaluated for their ability to catalyze inversion
in vivo with and without Fis. For these assays we used the
Mla406 reporter, which contains the Salmonella enterica
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Figure 3. In vivo Hin activity assays. (A) Hin-catalyzed DNA inversion assays in fis* Escherichia coli cells containing the H inversion region controlling
lacZ transcription. Transformations with Hin mutant plasmids were plated on MacConkey-lactose media with antibiotic. Representative images were
obtained after 24 h incubation. (B) Inversion assays in fisA(2-26) E. coli cells. Images were obtained after 30 h incubation. (C) Hin induction of the SOS
DNA damage response by E. coli cells containing N\CI*# P -lac. Tmages were obtained after 30 h incubation on MacConkey-lactose media with antibiotic
after Hin plasmid transformation. All images were adjusted equally for brightness and contrast and enlarged ~50%.

Typhimurium H inversion region with an inactivated hin
gene controlling transcription of /lacZ (24). The starting
prophage contains the invertible segment in the off orienta-
tion, and introduction of Ain-wt on a plasmid produces red
colonies on MaConkey-lactose media within 26 h as a result
of promoter inversion (see Figure 3A). Almost half of the
position 105 mutants exhibited little-no detectable inversion
in fis* cells (Table 1). These include charged and some of
the polar residues. On the other hand, most Phel05 mu-
tants containing hydrophobic residues had significant activ-
ity with leucine, isoleucine, methionine, tyrosine, as well as
asparagine substitutions exhibiting apparent inversion rates
that were faster than wild type (Figure 3A). Whereas Hin-

wt is essentially dependent upon Fis for inversion in vivo, a
number of the Phel05 mutants with smaller or more flex-
ible hydrophobic amino acid substitutions exhibited sub-
stantial inversion in fis mutant cells (Figure 3B, Table 1).
Leucine, isoleucine, methionine substitutions were particu-
larly strong, but valine, tryptophan and asparagine also pro-
moted Fis-independent inversion. F105V was previously
identified as a mild hyperactive mutant in Gin and Hin
(16,21).

We also evaluated whether the Phel05 mutants induced
the SOS DNA damage response when introduced into a
host containing lacZ under the control of the NPy pro-
moter (Figure 3C and Table 1). Half of the position 105
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Table 1. In vivo DNA inversion and SOS DNA damage response for residues 105 and 106 mutants

F105X mutation Inversion +Fis? Inversion -FisP SOS°¢
F(WT) ++ + +
G _kd % ng®
A _% % ng
A% ++ + +*
L +++ ++ ++
1 +++ ++ +*
M +++ ++ +*
w ++* +% +
Y +++ + +
P - - -

S - + -k
T ++ + +
C ++ + +
N +++ + ++
Q ¥ 4k 4
H - - ++
D - - -

E - - -
K % _k -
R % 3k -

F106 mutations’ - - -

2Hin-catalyzed DNA inversion assayed using a chromosomal /acZ reporter in a fis* host: (+++) indicates fully red colonies (promoter inversion) on lactose
MacConkey media developed within 24 h, (++) red colonies between 24 and 28 h (Hin-wt ~26 h), (+) red colonies between 28 and 36 h, (4) some red
color (trace of inversion) after 36-40 h and (-) colonies remained white after 40 h. The no Hin vector control was white after 45 h.

YHin-catalyzed DNA inversion in a fis mutant host: (++) indicates red colonies on lactose MacConkey media developed within 30 h, (+) red colonies
between 30 and 36 h, (&) some red color developed after 36-40 h and (-) colonies remained white up to 48 h like the vector control.

®Hin-activated host SOS response assayed using a chromosomal NPy -lacZ reporter: (++) indicates red colonies developed on lactose MacConkey media
between 26 and 30 h, (+) red colonies between 30 and 36 h, (£) red colonies after 40 h as observed for Hin-wt and (-) remained white at 48 h as observed

for the vector control.

d Asterisk indicates score is tentative due to slow growth, often with heterogeneous colony sizes.

°ng indicates extremely poor or no growth on the MacConkey media.

fF106 mutations include all amino acid residues other than phenylalanine (wt). All mutants exhibited no activity except F106Y, which gave a trace of

+Fis inversion (light red colonies after 38-40 h).

substitutions induced SOS. These include each of the hy-
drophobic amino acid residue substitutions that generated
Fis-independent inversion plus tyrosine, threonine, cysteine,
asparagine, glutamine and histidine. F105L, N and H are
particularly strong, and notably, F105H exhibits no inver-
sion even though it generates a robust SOS response.

All substitutions at Phel106 inactivated Hin for DNA in-
version, except for tyrosine, which exhibited very weak in
vivo activity. Partially purified preparations of each of the
Phel06 mutants were competent for dimer binding to the
hixL recombination site (Supplementary Figure S1B), but
none formed tetramers in our synaptic complex assay (see
below; data not shown), and with the exception of tyrosine,
none promoted detectable inversion. Fis-activated in vitro
reactions with Hin-F106Y produced inversions at 10% the
rate of wild type, which is somewhat higher than expected
from the weak in vivo activity. The results with residue 106
suggest that no amino acid residue other than phenylalanine
and tyrosine (weakly) is capable of forming active synaptic
complexes.

In vitro activities of Phel05 mutants. Each of the Phel05
substitution mutants was partially purified and assayed
for DNA inversion in the presence and absence of Fis.
Fis/enhancer-activated in vitro inversion rates generally fol-
lowed their in vivo activities (Figure 4A and C) with the hy-
drophobic residues typically supporting moderate to high
inversion rates, albeit none of the mutants exceeded the

wild type. Leucine and methionine exhibited the highest
Fis-independent inversion rates in vitro, but the rates of
these along with the other mutants that displayed clear Fis-
independent inversion in vivo were less than expected from
their in vivo activities (Figure 4B and D). We also observed
that in vitro inversion rates by hyperactive mutants contain-
ing changes within the Phe88 pocket were less than expected
from their in vivo activities (16).

The most striking in vitro property of many of the Phe105
mutants was the accumulation of DNA molecules cleaved at
their hix sites that occurred under both +Fis and -Fis con-
ditions (Figure 4A-D). These are illustrated in the exam-
ples in Figure 4C and D where the Hin reactions were sub-
sequently subjected to restriction digestion to reveal both
the orientation of the invertible segment and double strand
cleavages at the hix sites (asterisks). Hix cleavage products
had previously only been detected under EDTA-ethylene
glycol reaction conditions, not under standard magnesium-
containing inversion conditions. F105H generated exclu-
sively unligated DNA products at rates, with or without Fis,
that were greater than the Fis-activated wild-type inversion
rate; Figure 4D (right hand panel) shows a reaction with
F105H without subsequent restriction digestion, highlight-
ing the Hin-induced cleavages at the Aix sites. F105Q be-
haves similarly to F105H except that it generates very small
amounts of inversion. Time course reactions illustrate that
some of the mutants slowly converted hix-cleaved molecules
to ligated inversion products. Examples include +Fis reac-
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Figure 4. In vitro activities by Hin-Phel05 mutants. (A and B). Rates of DNA inversion (blue bars, inversions/molecule/min) and /ix cleavage (red bars,
cleavages/molecule/min), with standard deviations given, in the presence (A) and absence (B) of Fis. (C) Representative in vitro DNA inversion assays
on supercoiled pMS551 after digestion with Pst I and Hind III performed in the presence of Fis. Parental (par) and inversion (inv) product bands are
denoted along with the products of Hin cleavage at hixL/ and hixL2 (asterisks). See Supplementary Figure S2 for illustrations of the substrate plasmid and
reaction products. Hin incubation time is in minutes. (D) Representative in vitro DNA inversion assays performed without Fis. The panel on the right is
without digestion with restriction enzymes; only Hin-generated DNA cleavages, which excise the invertible segment from the vector backbone or linearize
the plasmid (cutting at only one /ix site), are revealed. (E) Representative EMSA showing Phel05 mutant complexes on a 50 bp /ixL fragment (left panel).
The synaptic complex band was extracted in the presence of SDS, digested with proteinase K and subjected to denaturing PAGE (right panel). The 26 nt
band is the product of Hin cleavage.
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Table 2. In vivo DNA inversion and SOS DNA damage response for residue 109 mutants

M109X mutation Inversion +Fis? Inversion -FisP SOS°¢
M (WT) ++ + +
G - - +
A 4xd 4ok ng®
A% +* +* ng
L +* +* ng
1 +* +* ng
F +++ + -
w +++ + +
Y + - ++
P - - -

S - - -

T - - -
C +* +* ng
N - - -
Q +* +% ++
H + - ++
D - - -

E - - -
K - - ++
R - - ++

2Hin-catalyzed DNA inversion assayed using a chromosomal /acZ reporter in a fis* host: (+++) indicates fully red colonies (promoter inversion) on lactose
MacConkey media developed within 24 h, (++) red colonies between 24 and 28 h (Hin-wt ~26 h), (+) red colonies between 28 and 36 h, (4) some red
color (trace of inversion) after 36-40 h and (-) colonies remained white after 40 h. The no Hin vector control was white at 45 h.

YHin-catalyzed DNA inversion in a fis mutant host: (++) indicates red colonies on lactose MacConkey media developed within 30 h, (+) red colonies
between 30 and 36 h, (&) some red color developed after 36-40 h and (-) colonies remained white up to 48 h like the vector control.

“Hin-activated host SOS response assayed using a chromosomal NP -lacZ reporter: (++) indicates red colonies developed on lactose MacConkey media
between 26-30 h, (+) red colonies between 30 and 36 h, (+) red colonies after 40 h as observed for Hin-wt and (-) remained white at 48 h as observed for

the vector control.

d Asterisk indicates score is tentative due to slow growth, often with heterogeneous colony sizes.

°ng indicates extremely poor or no growth on the MacConkey media.

tions with F105L, M and N in Figure 4C and -Fis reac-
tions with F105V, L and M in Figure 4D. In the case of
F105N and Q, formation of ligated inversion products only
occurred in the presence of Fis. The slow rate or absence of
detectable ligation by the Phe105 mutations in vitro fits with
their in vivo SOS induction phenotypes.

Hin-wt forms synaptic tetramers extremely inefficiently
in the absence of the Fis/enhancer system (25). The
phenylalanine switch mechanism predicts that amino acid
residues at position 105 whose side chains are less tightly
associated within the Phe88 pocket may exhibit enhanced
formation of tetramers. Each of the Phel05 mutants was
tested for its ability to form synaptic tetramers in the ab-
sence of Fis that were stable during gel electrophoresis.
The mutant proteins were incubated with 3?P-labeled 50 bp
hixL fragments in the presence of high ethylene glycol and
EDTA, conditions that have been shown to promote synap-
tic tetramers by other Hin hyperactive mutants (16,25), and
subjected to native PAGE. As shown in Figure 4E, residue
105 mutants with tryptophan, histidine and glutamine sub-
stitutions formed high levels of synaptic tetramers, and
those with valine, leucine, isoleucine, methionine and cys-
teine exhibited weaker tetramer formation. The Aix sites
in all the synaptic complexes except F105W were mostly
cleaved upon extraction from the gel in the presence of SDS
and thus in a catalytically active conformation (Figure 4E,
right panel). F105K and R did not form detectable DNA
complexes by the gel mobility shift assay even though they
catalyzed a very low cleavage reaction in solution. In sum-

mary, eight of the position 105 substitutions showed en-
hanced tetramer formation by the EMSA assay.

Properties of amino acid substitutions at Met109

In vivo activities. The side chain of Met109, which is lo-
cated one helical turn below Phel05 on helix E, is also pre-
dicted to associate with the catalytic domain of the same
subunit of the dimer and be repositioned into the rotating
interface of the tetramer (Figure 2B and C). Therefore, we
asked whether substitutions at residue 109 would exhibit
phenotypes similar to those observed for residue 105.

In vivo inversion assays showed that substitutions at
residue 109 were less tolerated than observed for residue 105
(Table 2). Only phenylalanine or tryptophan substitutions
displayed efficient inversion; these appeared to promote in-
version faster than wild type in the presence of Fis and were
also active in the absence of Fis (Figure 3A and B). Tyrosine
and glutamine were the only other substitutions that gave
appreciable inversion in vivo. Five of the position 109 mu-
tants generated a strong SOS DNA damage response. These
include M109H, K and R, which exhibited little to no de-
tectable inversion. Interestingly, M109Y generated a robust
SOS response, but M109F and M109W did not significantly
induce SOS.

In vitro activities of Met109 mutants. M109F catalyzed ef-
ficient in vitro inversion with Fis, but M109W was less ac-
tive than expected from the in vivo assays (Figure 5SA and
C). Both catalyzed significant Fis-independent inversion
over Hin-wt (Figure 5B and D). As observed for Phel05
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Figure 5. In vitro activities by Hin-Met109 mutants. (A and B) Rates of DNA inversion (blue bars, inversions/molecule/min) and /Aix cleavage (red bars,
cleavages/molecule/min), with standard deviations given, in the presence (A) and absence (B) of Fis. (C and D) Representative in vitro DNA inversion
assays in the presence and absence of Fis, respectively. See Figure 4 legend for details. (E) Representative EMSA showing Met109 mutant complexes on a
50 bp hixL fragment (left panel). Bands labeled (a) are believed to represent Hin dimer complexes in an altered conformation. Right panel is a denaturing
gel evaluating Hin-catalyzed DNA cleavage (26 nt band) within the native gel complexes. F?, N* and H? are from the complexes labeled (a) in the native
gel.
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mutants, many of Met109 mutants accumulated primarily
or exclusively Zix-cleaved products under standard in vitro
inversion conditions with or without Fis (Figure SA-D).
These include those with charged amino acid residues and
large polar residues (histidine, asparagine, tyrosine and glu-
tamine). With the exception of a small amount of ligated
inversion products for M109Q in the presence of Fis, none
of these appeared to support any ligation. Remarkably,
whereas M109F generated almost entirely ligated inversion
products, M109Y generated exclusively DNA cleaved prod-
ucts (e.g. Figure 5D). Taken together, half of the substitu-
tions at residue 109 promoted Fis-independent catalytic ac-
tivity with most of these leading to exclusively cleaved DNA
molecules.

All residue 109 mutants except substitutions by proline,
aspartic acid and glutamic acid supported normal DNA
binding to &ix as evaluated by EMSA assays (Figure SE).
Even though M109D and E did not form DNA complexes
stable to gel electrophoresis, they were able to cleave Aix un-
der inversion reaction conditions, as noted above. M109W,
Y, Q, K and R generated exclusively synaptic tetramers un-
der all protein concentrations tested. It is possible that some
of these mutant proteins may be tetrameric in solution, al-
though experiments to test this have not been conclusive.
The DNA within gel-isolated synaptic complexes formed
by M109Q, H, K and R are cleaved at the centers of the
hix sites, but those formed by M109W and Y are not cleaved
(Figure SE, right panel). In summary, six of the Met109 mu-
tants generate synaptic tetramers with DNA fragments in
the absence of Fis. We conclude that Met109 is an impor-
tant residue controlling the dimer—tetramer conversion in a
manner related to Phel05.

MI109N, most of MI109F, and variable amounts of
M109H complexes migrated aberrantly fast and contained
uncleaved DNAs (Figure SE). We believe these to be Hin
dimer complexes as judged from the similarity of their mi-
grations to those of Hin dimer complexes formed on DNA
fragments in which one half of the Aix site is replaced with
random sequence DNA (data not shown). The altered mi-
grations presumably reflect differences in the conforma-
tion of the Hin dimer-DNA complexes. Each of these mu-
tants exhibits hyperactivity in vitro as measured by Fis-
independent inversion or cleavage, but M109N was not ac-
tive in vivo.

Subunit rotation by the ligation-defective mutants

Time-resolved site-directed crosslinking experiments
showed that the ligation-defective mutants are compe-
tent for subunit rotation and remain as stable tetrameric
complexes after DNA cleavage. These reactions were
performed by first incorporating the Q134C mutation into
a subset of Phel05 and Metl109 mutants. Crosslinking
at Cys134 by BMOE (8 A spacer) requires either a ~90°
clockwise rotation, which will nearly exclusively occur
under Fis/enhancer-activated conditions, or either a clock-
wise or counterclockwise rotation, which can occur under
Fis/enhancer-independent conditions (Figure 6A) (12).
A dissociated tetramer will not support crosslinking. Hin
was added to supercoiled pRJ2330, which contains one Aix
site flanked by EcoR1 sites 56 bp from the Hin cleavage

B M109N M109E M109Q
Time 1 2 4 816 1 2 4 8 16 1 2 4 8 16
S - ——
co—| L mes b 1T T T 1
M109H M109K F105H
Time 1 2 4 8 16 1 2 4 816 1 2 4 8 16
YD | —————— e ——— -

OO | —— v ——-

Figure 6. Subunit rotation and tetramer stability evaluated by site-directed
crosslinking. (A) Crosslinking assay. Hin mutants coupled with Q134C
were incubated with pRJ2330 under standard inversion conditions and
subjected to a 20 s crosslinking reaction with BMOE at various times. After
quenching the Hin and crosslinking reactions, the products were digested
with EcoR 1, which cleaves 56 bp from the center on each side of hixL-/ and
immediately adjacent to each side of /ixL-2. The central panel shows the
modeled structure of the Hin-cleaved invertasome after EcoR1 digestion
and end-filling with 32P-dATP before subunit rotation. Cys134 SH (red
spheres) between subunits are >50 A apart. A ~90° clockwise subunit ro-
tation (right panel) positions Cys134 from the purple Hin subunit that is
covalently linked to the short purple DNA for crosslinking to the green
subunit that is covalently linked to the long green labeled DNA. A single
rotation will be favored in the Fis/enhancer-associated invertasome com-
plex in part because the DNA segment between AixL-/ and the enhancer
is only 155 bp. A ~90° counter clockwise subunit rotation (left panel) po-
sitions Cys134 from the yellow Hin subunit that is covalently linked to the
long labeled green DNA appropriately for crosslinking to the green subunit
covalently linked to the long green labeled DNA. Counter clockwise rota-
tion can occur without an associated enhancer (12). The long-long DNA
crosslinking product could also be generated from multiple clockwise ro-
tations without the enhancer. (B) Phosphorimager of crosslinking time
courses. At the designated Hin reaction times (min) the different mutants
were subjected to 20 s crosslinking reactions. These reactions were per-
formed in the presence of Fis. M109N/Q134C and M109E/Q134C DNA
cleavage reactions are strongly stimulated by Fis whereas M109Q/Q134C,
M109H/Q134C, M109K/Q134C and F105H/Q134C reactions exhibit
moderate to little stimulation by Fis. See Supplementary Figure S3 for
comparison of crosslinking profiles from reactions performed with and
without Fis. The Hin crosslinked products are denoted with the schematic
long-long and long—short DNA segments. Overrepresentation of long—
short products (M109N and M 109E) is indicative of a single clockwise 90°
rotation. Double bands are due to incomplete denaturation of Hin because
of the brief heat treatment used to minimize hydrolysis of the phospho-
serine bond (12). Note that under the DNA inversion reaction conditions
used in these experiments, no wild-type Hin (containing Q134C) crosslink-
ing products would be obtained because no DNA cleavage products ac-
cumulate. Crosslinking efficiencies (percent of total Hin-DNA cleavage
complexes that were crosslinked) at the 16 min time point are as follows:
M109N 78.5%, M109E 73.5%, M109Q 61%, M109H 72%, M109K 83.5%
and F105H 66%. Hin-Q134C (wt) gave 65% crosslinked products under
EDTA+ethylene glycol reaction conditions (see also (12)).



sites and the other /ix site flanked by EcoR1 sites 13 bp
from the Hin cleavage sites. pRJ2330 contains only 155
bp between hixLI and the enhancer so subunit rotation in
Fis/enhancer-activated reactions is typically limited to a
single clockwise exchange (12,14,15). After incubation with
Hin for 1-16 min, BMOE was added, and the crosslinking
and Hin reactions were quenched after 20 s. The products
were digested with EcoR1 and subjected to end fill-in
reactions with 3?P-labeled dNTPs whereby only the 56 bp
covalently linked DNAs will label with DNA polymerase.
Single clockwise rotations are indicated by crosslinked
Hin synaptic dimers containing a covalently linked labeled
Sémer and an unlabeled 13mer after SDS-PAGE. Single
counterclockwise rotations are indicated by crosslinked
Hin synaptic dimers containing two labeled 56 mers (these
products could also be formed by even numbers of multiple
clockwise exchanges). The crosslinking experiments in
Figure 6 were performed under standard inversion condi-
tions containing Mg”*. Previous crosslinking experiments
that followed subunit rotation have been performed under
reaction conditions employing EDTA and 30% ethylene
glycol, which were required to prevent re-ligation of the /ix
sites and thus trap the Hin-(*?P)DNA covalent linkage.

Figure 6B shows crosslinking results for three different
classes of ligation-defective mutants. M109N/Q134C and
MI109E/Q134C promote largely Fis-dependent hix cleav-
ages. These proteins efficiently generated crosslinked prod-
ucts indicative of primarily single ~90° clockwise rota-
tions in the presence of Fis (Figure 6B), and as expected,
generated very low amounts of crosslinked products with-
out Fis (Supplementary Figure S3 and data not shown).
M109Q/Q134C and M109Y/Q134C catalyze DNA cleav-
age independently of Fis, although are still further acti-
vated by Fis. In Fis-activated reactions, products indica-
tive of single clockwise rotations predominated for these
mutants (Figure 6B and Supplementary Figure S3). The
lower amount of Fis-independent reaction promoted by
M109Y/Q134C generated equal amounts of 56-56 nt and
56-13 nt products, consistent with both counterclockwise
and clockwise rotations (Supplementary Figure S3). Like-
wise, M109H/Q134C, M109K /Q134C and F105H/Q134C,
which exhibit nearly equal rates of cleavage with or with-
out Fis, give nearly unbiased crosslinking profiles. In all
cases, crosslinking efficiencies are robust, typically 60—80%
of the Hin-DNA cleavage complexes at the 16 min time
point (Figure 6 legend), which provides strong evidence
that the tetrameric synaptic complexes are maintained dur-
ing the course of the experiment. Moreover, mechanisms
invoking exchange of synaptic dimers between different
complexes would be incompatible with the Fis-activated
reactions that generate primarily crosslinked products re-
flecting single clockwise rotations (e.g. M109N/Q134C and
MI109E/Q134C).

DISCUSSION

We initially set out to test the phenylalanine switch mech-
anism controlling Hin activity whereby the aromatic side
chain of Phel05 on helix E rotates out of a pocket on the
surface of its own catalytic domain and is replaced by the
Phel06 side chain during the dimer—tetramer remodeling
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step. Insertion of the Phel05 ring into the Phe88 pocket of
the catalytic domain is proposed to play a prominent role
in stabilizing the inactive dimer conformation (Figure 2B),
and likewise, insertion of the Phel06 ring into the Phe88
pocket is proposed to be required for formation of the active
tetramer (Figure 2C). We also tested whether Met109 on he-
lix E performs a similar regulatory role as Phel05. As elab-
orated below, comprehensive analyses of amino acid sub-
stitutions at these three positions are consistent with their
proposed roles. Other serine recombinases where structural
information is available contain similar structural motifs,
but with different identities of the key hydrophobic residues
(Figure 2). It is therefore likely that the intrasubunit connec-
tions identified here generally control formation of chemi-
cally active synaptic tetramers by this class of recombinases.

Unexpectedly, a large number of Hin residue 105 and 109
mutants accumulated unligated DNA products during stan-
dard inversion reaction conditions, a phenotype only pre-
viously observed when EDTA and high concentrations of
ethylene glycol are present. Because these residues are relo-
cated onto the surface of the rotating interface in the active
tetramer, this phenotype led us to examine the features of
the interface that may be responsible for pausing rotation
at the appropriate conformer to enable ligation. Control of
subunit rotation and the role of Phel05 and Met109, to-
gether with Leull2, in facilitating the ligation step is also
discussed below. Our findings with Hin point to an intrinsic
gating mechanism for regulating the subunit rotation reac-
tion that is likely to be shared by other serine recombinases.

Hin proteins containing over 10 different amino acid
residues at position 105 exhibit gain-of-function phe-
notypes as recognized by their ability to catalyze Fis-
independent inversion and/or hix cleavage or SOS induc-
tion. Eight of these exhibit enhanced formation of synap-
tic tetramers in the absence of Fis as compared with Hin-
wt containing phenylalanine. The smaller aliphatic residues
leucine, methionine, isoleucine and valine, which may as-
sociate more dynamically with the Phe88 pocket, result
in Fis-independent inversion. As shown most clearly from
in vitro reactions without Fis, most of these mutants ini-
tially accumulate cleaved DNA that slowly ligates into
inverted products (Figure 4D). The large polar residues
histidine, glutamine and asparagine result in robust Fis-
independent cleavage activity. Hin-F105H and Q are nearly
completely defective in ligation, whereas F105N generates
a small amount of ligated recombinant products when Fis
is present. Tryptophan, which might be predicted to be too
large to comfortably insert into the Phe88 pocket, results
in formation of exclusively synaptic tetramers. Even F105Y
exhibits a mild hyperactive phenotype in vivo, although it
remained Fis-dependent. These phenotypes are consistent
with the native Phe105-Phe88 pocket interaction perform-
ing a prominent role in stabilizing the inactive dimer con-
formation.

The Met109 side chain is predicted to insert into a shal-
low pocket of'its catalytic domain in the inactive dimer (Fig-
ure 2B). Ten of the residue 109 substitution mutants exhibit
gain-of-function properties in vivo and/or in vitro, with six
displaying enhanced formation of synaptic tetramers with-
out Fis. Only the Hin mutants M109F, M109W, M109Y
(in vivo) and M109Q (weak) are able to catalyze complete
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recombination. Large polar and charged residues typically
result in robust Fis-independent DNA cleavage without
ligation. Conversely, position 109 residues with small side
chains result in catalytically inactive proteins. We conclude
that the intrasubunit connection by Met109 with the cat-
alytic domain also plays an important regulatory role in
maintaining the inactive dimer state.

All substitutions at residue 106 were catalytically inactive,
with the exception of tyrosine that displayed weak inversion
activity. This is not unexpected because insertion of Phel106
into the Phe88 pocket is predicted to be critical for stabiliz-
ing the active tetramer. We attempted to isolate second site
suppressors of several 106 mutants that would support in-
version and obtained H107Y coupled with F106L. H107Y
is our strongest hyperactivating mutation and has been iso-
lated multiple times both alone and as suppressors of other
helix E mutations (16,23,25). We believe that the tyrosine
substitution at position 107 stabilizes the tetrameric confor-
mation through interactions of the tyrosine rings between
synapsed subunit pairs (16); stabilization of the Sin tetramer
by a mutation at the analogous residue has also been pro-
posed based on its crystal structure (26). The suppression
by H107Y is thus consistent with a defect in tetramer for-
mation by F106L. The activity of F106L/H107Y also im-
plies that at least a leucine substitution at residue 106 is not
causing a major disruptive conformational change in the
protein, even though it blocks Hin activity subsequent to
DNA binding when present by itself.

Gating of subunit rotation and the DNA ligation reaction

A hallmark of most of the chemically active residue 105
and 109 mutants is the accumulation of unligated products.
The mutant tetramers must be altered in such a way as to
allow DNA cleavage but not ligation. The efficient inter-
subunit crosslinking (Figure 6 and Supplementary Figure
S3) demonstrates that the tetramer structures are intact and
fully competent for subunit rotation. Given that the mutant
residues are not proximal to the active site but rather buried
within the rotation interface, an attractive hypothesis is that
normal pausing of subunit rotation at the conformer poised
for ligation is disturbed. A defect in gating of the subunit
rotation reaction would thereby lead to inefficient or even
complete failure of the ligation step.

We have previously shown that Hin normally under-
goes a single 180° subunit exchange reaction to generate
unknotted recombinant (inverted) products upon ligation
(12,14,15). If ligation cannot occur because of a mutation
with the core residues that prevents base pairing, a second
180° rotation follows, and most of the time ligation then oc-
curs to restore the parental primary DNA sequence. The
short (100 bp) DNA segment between the enhancer and
hixL functions to inhibit processive rotations because of the
torsional strain of winding of DNA during subunit rota-
tion. Nevertheless, even with large DNA segments between
the hix sites and enhancer, the overwhelming majority of
reactions (>90-95%) ligate after a single subunit exchange
(14,15). In addition, recent single-DNA molecule experi-
ments show that the Fis-independent Hin mutant H107Y
relaxes braided DNAs in discrete steps whereby rotation
events are temporally separated by seconds to minutes (B.

Xiao, R. C. Johnson and J. F. Marko, unpublished data).
These observations imply a gating mechanism intrinsic to
the Hin tetramer structure that functions to pause subunit
rotation at 180° intervals.

Inspection of the rotational interfaces of tetrameric y d re-
solvase X-ray structures and the Hin tetramer models that
were based on resolvase reveals that the surfaces are not
completely flat (Figure 7A). Rather, several large hydropho-
bic residues generate protrusions that either interdigitate
with each other across the interface or directly stack on
each other generating a large common van der Waals sur-
face area. The most prominent of these interfacial residues
for Hin are Phel05, Met109 and Leul12; the correspond-
ing resolvase residues are Vall07, Leulll and Valll4, re-
spectively. The side chains of Hin residues Met109, Leul12
and Phel05 interdigitate and the aromatic rings of Phel05
stack on each other (Figure 7B). These prominently con-
tribute to a peak of van der Waals surface area overlap at
the ‘DNA-aligned’ conformer that is oriented appropriately
for ligation (see Supplementary Figure S7 in reference (12)).
We propose that these residues form a ratchet to pause sub-
unit rotation in the conformation to initiate ligation. Dif-
ferent amino acid residues substituted at positions 105 and
109 would likely disrupt the ratchet and thereby compro-
mise ligation.

A ratchet mechanism can explain an unresolved concern
of the subunit rotation reaction by serine recombinases:
why does the protein swivel not create topological problems,
including massive chromosome relaxation, knotting, and
catenation, and a high incidence of chromosome breaks?
Where evaluated, all members of the small serine recom-
binase family, including the y8/Tn3 and Sin resolvases and
Hin and Gin invertases, primarily catalyze single-rotation
DNA exchanges (14,15,27-30), and all contain hydropho-
bic residues on the surface of the rotation interface at the
equivalent position of Hin Phel05, Met109 and Leull2
(Figures 2 and 7). Topological analyses with serine inte-
grases have given mixed results: studies on $C31 (31), Bxbl
(31,32) and A118 (S. Mandali and R. C. Johnson, unpub-
lished data) imply primarily single-rotation DNA exchange
reactions, but another study on Bxb1 reports essentially un-
gated subunit rotations (33). Sequence alignments of the
helix E regions of some of the more distantly related ser-
ine integrases are ambiguous, but most show hydrophobic
residues at the three analogous positions.

A set of charge interactions between acidic residues
Asp94/Asp95 and basic residues Argl21/125 were sug-
gested to stabilize the DNA-aligned conformer of y3 re-
solvase (10). One set of analogous residues, Asp93 and
Argl23, is present in Hin and other serine DNA invertases.
Both of these residues seem to be playing important roles
early in the Hin reaction because non-conservative substi-
tutions strongly inhibit catalytic activity, and in the case
of R123C, block synaptic complex formation (34,35) (Y.
Changand R. C. Johnson, data not shown). Hin-D93N pro-
motes weak DNA inversion without an apparent ligation
defect (Y. Chang and R. C. Johnson, data not shown). Al-
though we cannot rule out a role of these residues in con-
trolling subunit rotation in Hin, no evidence currently exists
to support such a function.
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Hin-(2GM4)

y1oRes-2GM4

Figure 7. The subunit rotation interface. (A) Surface view facing the rotation interfaces of one rotating dimer of the respective tetramers. Only the catalytic
domains and a portion of the E helices extending laterally are shown. In general, hydrophobic residues are yellow, polar residues are green, basic residues
are blue and acidic residues are red. Specific residues within the rotating interfaces are differentially colored and labeled. The numbering of y8 resolvase
residues is shifted by +2 and Gin residues by —1 relative to Hin. The y3 resolvase image is from PDB: 2GM4, Gin is from PDB: 3UJ3 and Hin is
from a model based on 2GM4. The rotating surface of yd resolvase structure PDB: 1ZR4 and the Hin model based on that crystal structure are nearly
identical to the respective images shown here. (B) View looking into the rotating interface (E helices) of the Hin-2GM4 model and y3 resolvase 2GM4.
Side chains of residues that interdigitate or stack on each other as discussed in the text are rendered as van der Waals spheres. The catalytic domains are
slightly transparent. The subunit pairs within the Gin tetramer X-ray structure have undergone partial rotation (26°) and therefore do not exhibit these

interactions (not shown) (19).

Hin Phe105 and Met109 mutants as targeted DNA cleaving
enzymes for genetic engineering

Finally, we note that the Phe105 and Met109 mutants that
robustly cleave the 26 bp hix sites have properties reminis-
cent of restriction enzymes, and, as such, could be exploited
as a tool for genetic engineering. These are distinguished
from restriction enzymes in that the catalytic mechanism
is through nucleophilic attack by an activated serine that
results in covalent joining to the protein, as opposed to a
hydrolysis reaction. Nevertheless, they efficiently generate
double strand breaks at long DNA targets whose sequence
recognition is well defined (36,37).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

National Institutes of Health [GM038509 to R.C.J.]. Fund-
ing for open access charge: NITH (NIGMS).
Conflict of interest statement. None declared.

REFERENCES

1. Grindley,N.D., Whiteson,K.L. and Rice,P.A. (2006) Mechanisms of
site-specific recombination. Annu. Rev. Biochem., 75, 567-605.

2. Stark,W.M. (2015) The serine recombinases. Microbiol.
Spectr., 2, 73-89.

3. Johnson,R.C. (2015) Site-specific DNA inversion by serine
recombinases. Microbiol. Spectr., 3, 1-36.

4. Zieg,J., Silverman,M., Hilmen,M. and Simon,M. (1977)
Recombinational switch for gene expression. Science, 196, 170-172.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv565/-/DC1

6472 Nucleic Acids Research, 2015, Vol. 43, No. 13

5.

20.

Rice,P.A. (2015) Serine resolvases. Microbiol. Spectrum, 3,
MDNA3-0045-2014. doi:
10.1128 /microbiolspec. MDNA3-0045-2014.

. Johnson,R.C., Bruist, M.F. and Simon,M.I. (1986) Host protein

requirements for in vitro site-specific DNA inversion. Cell, 46,
531-539.

. Johnson,R.C. and Simon,M.I. (1985) Hin-mediated site-specific

recombination requires two 26 bp recombination sites and a 60 bp
recombinational enhancer. Cell, 41, 781-791.

. Kahmann,R., Rudt,F., Koch,C. and Mertens,G. (1985) G inversion in

bacteriophage Mu DNA is stimulated by a site within the invertase
gene and a host factor. Cell, 41, 771-780.

. McLean,M.M., Chang,Y., Dhar,G., Heiss,J.K. and Johnson,R.C.

(2013) Multiple interfaces between a serine recombinase and an
enhancer control site-specific DNA inversion. Elife, 2, e01211.

. Li,W.,, Kamtekar,S., Xiong,Y., Sarkis,G.J., Grindley,N.D. and

Steitz, T.A. (2005) Structure of a synaptic gamma delta resolvase
tetramer covalently linked to two cleaved DNAs. Science, 309,
1210-1215.

. Yang,W. and Steitz, T.A. (1995) Crystal structure of the site-specific

recombinase gamma delta resolvase complexed with a 34 bp cleavage
site. Cell, 82, 193-207.

. Dhar,G., Heiss,J.K. and Johnson,R.C. (2009) Mechanical constraints

on Hin subunit rotation imposed by the Fis/enhancer system and
DNA supercoiling during site-specific recombination. Mol. Cell, 34,
746-759.

. Dhar,G., Sanders,E.R. and Johnson,R.C. (2004) Architecture of the

Hin synaptic complex during recombination: the recombinase
subunits translocate with the DNA strands. Cell, 119, 33-45.

. Merickel,S.K. and Johnson,R.C. (2004) Topological analysis of

Hin-catalysed DNA recombination in vivo and in vitro. Mol.
Microbiol., 51, 1143-1154.

. Heichman,K.A., Moskowitz,I.P. and Johnson,R.C. (1991)

Configuration of DNA strands and mechanism of strand exchange in
the Hin invertasome as revealed by analysis of recombinant knots.
Genes Dev., 5, 1622-1634.

. Heiss,J.K., Sanders,E.R. and Johnson,R.C. (2011) Intrasubunit and

intersubunit interactions controlling assembly of active synaptic
complexes during Hin-catalyzed DNA recombination. J. Mol. Biol.,
411, 744-764.

. Burke,M.E., Arnold,P.H., He,J., Wenwieser,S.V., Rowland,S.J.,

Boocock,M.R. and Stark,W.M. (2004) Activating mutations of Tn3
resolvase marking interfaces important in recombination catalysis
and its regulation. Mol. Microbiol., 51, 937-948.

. Rowland,S.J., Boocock,M.R., McPherson,A.L., Mouw,K.W.,

Rice,P.A. and Stark,W.M. (2009) Regulatory mutations in Sin
recombinase support a structure-based model of the synaptosome.
Mol. Microbiol., 74, 282-298.

. Ritacco,C.J., Kamtekar,S., Wang,J. and Steitz, T.A. (2013) Crystal

structure of an intermediate of rotating dimers within the synaptic
tetramer of the G-segment invertase. Nucleic Acids Res., 41,
2673-2682.

Yuan,P, Gupta,K. and Van Duyne,G.D. (2008) Tetrameric structure
of a serine integrase catalytic domain. Structure, 16, 1275-1286.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Klippel,A., Cloppenborg,K. and Kahmann,R. (1988) Isolation and
characterization of unusual Gin mutants. EMBO J., 7, 3983-3989.
Merickel,S.K., Haykinson,M.J. and Johnson,R.C. (1998)
Communication between Hin recombinase and Fis regulatory
subunits during coordinate activation of Hin-catalyzed site-specific
DNA inversion. Genes Dev., 12, 2803-2816.

Haykinson,M.J., Johnson,L.M., Soong,J. and Johnson,R.C. (1996)
The Hin dimer interface is critical for Fis-mediated activation of the
catalytic steps of site-specific DNA inversion. Curr. Biol., 6, 163-177.

. Bruist,M.F. and Simon,M.I. (1984) Phase variation and the Hin

protein: in vivo activity measurements, protein overproduction, and
purification. J. Bacteriol., 159, 71-79.

Sanders,E.R. and Johnson,R.C. (2004) Stepwise dissection of the
Hin-catalyzed recombination reaction from synapsis to resolution. J.
Mol. Biol., 340, 753-766.

Keenholtz,R.A., Rowland,S.J., Boocock,M.R., Stark, W.M. and
Rice,P.A. (2011) Structural basis for catalytic activation of a serine
recombinase. Structure, 19, 799-809.

Krasnow,M.A. and Cozzarelli,N.R. (1983) Site-specific relaxation
and recombination by the Tn3 resolvase: recognition of the DNA
path between oriented res sites. Cell, 32, 1313-1324.

Stark,W.M., Sherratt,D.J. and Boocock,M.R. (1989) Site-specific
recombination by Tn3 resolvase: topological changes in the forward
and reverse reactions. Cell, 58, 779-790.

Rowland,S.J., Stark,W.M. and Boocock,M.R. (2002) Sin recombinase
from Staphylococcus aureus: synaptic complex architecture and
transposon targeting. Mol. Microbiol., 44, 607-619.

Kanaar,R., van de Putte,P. and Cozzarelli,N.R. (1988) Gin-mediated
DNA inversion: product structure and the mechanism of strand
exchange. Proc. Natl. Acad. Sci. U.S. A., 85, 752-756.
Olorunniji,FEJ., Buck,D.E., Colloms,S.D., McEwan,A.R.,
Smith,M.C., Stark,W.M. and Rosser,S.J. (2012) Gated rotation
mechanism of site-specific recombination by phiC31 integrase. Proc.
Natl. Acad. Sci. U.S.A., 109, 19661-19666.

Smith,M.C.A., Till,R. and Smith, M.C.M. (2004) Switching the
polarity of a bacteriophage integration system. Mol. Microbiol., 51,
1719-1728.

Bai,H., Sun,M., Ghosh,P.,, Hatfull, G.F., Grindley,N.D. and
Marko,J.F. (2011) Single-molecule analysis reveals the molecular
bearing mechanism of DNA strand exchange by a serine
recombinase. Proc. Natl. Acad. Sci. U.S.A., 108, 7419-7424.
Dhar,G., McLean,M.M., Heiss,J.K. and Johnson,R.C. (2009) The
Hin recombinase assembles a tetrameric protein swivel that exchanges
DNA strands. Nucleic Acids Res., 37, 4743-4756.

Nanassy,O.Z. and Hughes,K.T. (1998) In vivo identification of
intermediate stages of the DNA inversion reaction catalyzed by the
Salmonella Hin recombinase. Genetics, 149, 1649-1663.
Hughes,K.T., Gaines,P.C., Karlinsey,J.E., Vinayak,R. and
Simon,M.I. (1992) Sequence-specific interaction of the Salmonella
Hin recombinase in both major and minor grooves of DNA. EMBO
J, 11, 2695-2705.

Chiu,T.K., Sohn,C., Dickerson,R.E. and Johnson,R.C. (2002)
Testing water-mediated DNA recognition by the Hin recombinase.
EMBO J., 21, 801-814.





