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Summary

Most site-specific recombinases can be grouped into
two mechanistically distinct families. Whereas tyro-
sine recombinases exchange DNA strands through a
Holliday intermediate, serine recombinases such as
Hin generate double-strand breaks in each recombin-
ing partner. Here, site-directed protein crosslinking is
used to elucidate the configuration of protein subunits
and DNA within the Hin synaptic complex and to follow
the movement of protein subunits during DNA strand
exchange. Our results show that the protein interface
mediating synapsis is localized to a region within the
catalytic domains, thereby positioning the DNA strands
on the outside of the Hin tetrameric complex. Unex-
pected crosslinks between residues within the dimer-
ization helices provide evidence for a conformational
change that accompanies DNA cleavage. We demon-
strate that the Hin subunits, which are linked to the
cleaved DNA ends by serine-phosphodiester bonds,
translocate between synapsed dimers to exchange
the DNA strands.

Introduction

Site-specific DNA recombination reactions control a di-
verse array of biological reactions including gene tran-
scription, integration and excision of viral DNA from host
chromosomes, assembly of genes from disparate gene
fragments, resolution of chromosome or plasmid di-
mers, control of plasmid copy number, and transposition
of DNA (Craig et al., 2002). Most site-specific recombina-
tion systems can be classified into two mechanistically
and structurally distinct classes: serine and tyrosine re-
combinases. Recent atomic structures, combined with
years of biochemical dissection, demonstrate that the
tyrosine recombinases catalyze recombination by two
sequential single-strand cleavage-ligation steps involv-
ing tyrosine-DNA phosphodiester linkages and the for-
mation of a Holliday structure DNA intermediate (Jay-
aram et al., 2002; Rice, 2002; Van Duyne, 2002). In
contrast, serine recombinases generate double-strand
DNA breaks resulting from a near-concerted attack by
a pair of serine hydroxyls on the recombinase dimer,
and DNA exchange can proceed in an iterative manner
whereby multiple exchanges of both strands occur
within a single synaptic complex (Grindley, 2002; John-
son, 2002). Moreover, an X-ray structure of a serine

*Correspondence: rcjohnson@mednet.ucla.edu

recombinase dimer bound to DNA (Yang and Steitz,
1995) bears no resemblance to the structure of tyro-
sine recombinases.

Hin is a member of the DNA invertase subclass of
serine recombinases (Johnson, 2002). Hin controls fla-
gellin gene expression in Salmonella enterica by catalyz-
ing inversion of a 1 kb regulatory segment of the chromo-
some (Silverman et al., 1981; Zieg et al., 1977). The native
Hin-catalyzed inversion reaction requires the presence
of the Fis regulatory protein that controls the activity of
Hin when bound to a remote recombinational enhancer
DNA segment (Johnson et al., 1986; Johnson and Simon,
1985). Recombination occurs in the context of an in-
vertasome complex containing the two hix recombina-
tion sites bound by Hin dimers and the enhancer bound
by two Fis dimers on a supercoiled DNA molecule (Fig-
ure 1A) (Heichman and Johnson, 1990; Johnson et al.,
1987). These regulatory complexities ensure that only
intramolecular inversions of DNA between hix sites
are catalyzed.

A gain-of-function mutant of Hin that contains a histi-
dine to tyrosine substitution at residue 107 can promote
intermolecular recombination in the absence of the en-
hancer, Fis, HU, or DNA supercoiling (Sanders and John-
son, 2004). Under metal-free reaction conditions, Hin-
H107Y forms stable synaptic complexes assembled
from four protomers of Hin and two hix DNA fragments,
with each Hin subunit covalently linked to the 5’ end of
the cleaved hix site through a serine-phosphodiester
bond (Figure 1B). The DNA strands within these interme-
diates can be ligated into either the recombinant or
parental configurations upon addition of Mg?*. The Hin-
H107Y hyperactive mutant therefore provides a means
to explore the structure of the catalytic core and the
mechanics of DNA exchange in a simplified reaction.

The structure of Hin bound to the 26 bp hix site has
been modeled based on crystal structures of the y&
resolvase catalytic and Hin DNA binding domains (Fig-
ure 1C) (Chiu et al., 2002; Haykinson et al., 1996; John-
son, 2002; Rice and Steitz, 1994b; Yang and Steitz,
1995). The Hin and 3 resolvase catalytic domains share
40% identical/63% similar residues, and protein folding
programs indicate a good correspondence between the
modeled Hin and resolvase X-ray structures, except for
residues 27-36, where some ambiguity exists. The
model is considered to be a catalytically-inactive apo-
structure, since the active site serine 10 residues are
not sufficiently close to the DNA to attack the phospho-
diester backbone, and the C-terminal ends of the coiled-
coil dimerization helices (E helices) block the approach
of the serines toward the DNA. Thus, a change in the
recombinase structure is likely to be a prerequisite for
DNA cleavage (see Yang and Steitz [1995]). The region
of Hin that mediates synapsis, the nature of the confor-
mational changes that lead to coordinated cleavage of
the four DNA strands (Merickel et al., 1998), and the
mechanism by which the DNA strands are exchanged
after cleavage are all poorly understood.

To address these issues, we have positioned cyste-
ines within or near regions that potentially may form
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interfaces during the reaction. Chemical crosslinking us-
ing sulfhydryl-reactive reagents has enabled us to deter-
mine the location of the synaptic interface and model
the configuration of protein subunits and DNA segments
in the synaptic complex. Kinetic analyses of crosslinked
products provide experimental support at the protein
level for the recombination reaction involving exchange
of Hin subunits together with the DNA strands.

Results

Crosslinking Strategy to Probe Protein Interfaces

in the Synaptic Complex

Whereas a number of configurations for a tetrameric Hin
synaptic complex are possible, two general classes of
models, which are schematically represented in Figure
1D, appear the most structurally plausible. In one class,
the DNA duplexes are located on the “outside” of the Hin
synaptic tetramer in orientations ranging from parallel to
perpendicular. Synaptic contacts between Hin dimers
would be localized to the top region of the Hin catalytic
domains, as oriented in Figure 1C, with the specific
interacting surfaces reflecting the relative alignments of
the catalytic domains. In the other class of models, the
DNA duplexes are located on the “inside” of the Hin
tetramer. In these arrangements, synaptic interactions
stabilizing the tetramer would be mediated by residues
within the DNA binding domains or at the base of the E
helices. To distinguish between these configurations,
predicted surface-exposed residues within potential in-
terfaces were substituted with cysteines (Figure 1C),
which could serve as unique sites for sulfhydryl-specific
chemical crosslinking. Each of the cysteine-substituted
Hin-H107Y mutants retained recombination activity and
was able to form cleaved synaptic complexes with du-
plex oligonucleotide substrates.

Cleaved synaptic complexes assembled from 3’
2P-labeled hixL oligonucleotides and cysteine-substi-
tuted Hin-H107Y mutants were separated from unre-
acted Hin and DNA in native polyacrylamide gels con-
taining 10% glycerol (Figure 2A). Gel slices containing
synaptic complexes were incubated with either diamide

or DTNB to promote direct disulfide linkages, or bis-
maleimide crosslinkers, which form covalent bridges be-
tween cysteines with linker lengths ranging from 8 to
18 A (“in-gel” crosslinking). Alternatively, the reactions
were crosslinked in solution prior to purification of syn-
aptic complexes by gel electrophoresis (“in-solution”
crosslinking). Hin-DNA complexes obtained from both
methods were eluted from the gel and subjected to SDS-
PAGE to separate the radiolabeled Hin-DNA conjugates.
By gel purifying synaptic complexes and following the
Hin that is linked covalently to the radiolabeled DNA,
we are assured that any crosslinked Hin products reflect
those assembled in a cleaved synaptic complex.

Two Regions of Hin Support Efficient Crosslinking
Figure 2B shows representative results of in-gel cross-
linking experiments with different cysteine-substituted
Hin-H107Y mutants. In the absence of crosslinking,
monomeric Hin protein is linked to the radiolabeled 17
nt DNA fragment comprising the 3’ segment of each
strand of the 36 bp substrate after cleavage (lane 1 of
each panel). Cysteine substitutions within two different
regions of Hin generated crosslinked products. Region 1
is centrally located within the top surface of the catalytic
domain. Within this region, Cys94 formed crosslinks with
each of the crosslinkers used, including those generat-
ing direct disulfide bonds. Cys99 did not form disulfide
bonds, but crosslinked Hin products were efficiently
obtained using bridging crosslinkers. Region 2 is de-
fined by Cys129, Cys132, and Cys134, which readily
formed crosslinked products with the bis-maleimide
crosslinkers (Figure 2B and data not shown). These resi-
dues are located at the C-terminal end of the E helices
and, in the model of the Hin apostructure, are predicted
to be on the opposite sides of the hix DNA prior to
cleavage (Figure 1C). Crosslinked products were not
observed with Hin-H107Y, which contains an endoge-
nous cysteine at residue 28, or cysteines introduced
at positions 3, 27, 55, 58, 89, 150, 151, and 154 (data
not shown).

In-solution crosslinking experiments were performed
to evaluate the rate of product formation. Cleaved syn-

Figure 1. Hin-Catalyzed Site-Specific DNA Recombination

(A) Pathway for site-specific DNA inversion on a supercoiled plasmid substrate by the Fis-dependent wild-type enzyme (Johnson, 2002). Hin
dimers bind to the two recombination sites hixL and hixR, and Fis dimers bind to two sites on the 65 bp recombinational enhancer segment
(magenta). The hix and enhancer DNA sites assemble into an invertasome complex at the base of a supercoiled branch with the help of the
DNA bending protein HU. Hin becomes activated to cleave and exchange DNA strands within the invertasome complex. Consistent with data
in this paper, Hin subunit exchange accompanies DNA exchange. The invertasome dissociates, resulting in an inversion of the intervening
DNA between the hix sites.

(B) Pathway of recombination promoted by the Fis-independent mutant Hin-H107Y (Sanders and Johnson, 2004). Hin-H107Y binds to hix-
containing oligonucleotides and assembles cleaved synaptic complexes in Mg?*-free buffer containing ethylene glycol. Each of the four Hin
subunits become bound covalently to the 5’ end of the cleaved DNA by a serine-phosphodiester linkage, and these complexes are competent
for DNA exchange. The DNA ends ligate by reversal of the serine-phosphodiester linkage in the presence of Mg?* and dilution of the ethylene
glycol, and the complexes dissociate into Hin bound DNA segments.

(C) Two views of the Hin dimer apostructure model bound to hixL. The Hin subunits are colored yellow and blue, with the side chains of the
active site serine 10 shown in red and the gain-of-function mutation H107Y shown in green. Residues that were substituted with cysteine are
depicted with magenta-colored spheres at their Ca positions. Residues in regions 1 and 2 that support crosslinking are specifically labeled
in the left panel. The core nucleotides at the center of the hix site, where Hin generates staggered cleavages with two base-protruding 3’
ends, are highlighted in red.

(D) Four possible configurations for the structure of Hin synaptic complex. In the left two models, synapsis is mediated by the catalytic domain,
and the DNA strands are on the outside in a parallel or antiparallel orientation ranging up to perpendicular orientation. In the right two models,
the DNA segments are in the inside of the complex in either parallel/antiparallel or perpendicular orientations. Different protein interfaces
would be expected to stabilize the respective configurations.
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Figure 2. Crosslinking of Hin-H107Y Mutants Containing Cysteine Substitutions at Different Locations

(A) Isolation of Hin mutant synaptic complexes. Cleaved synaptic complexes were assembled using cysteine-substituted Hin-H107Y mutants
and 3’ ®?P-labeled 36 bp hix substrates and electrophoresed in a native polyacrylamide gel containing 10% glycerol. Under these conditions,
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aptic complexes were assembled with Hin-H107Y/S94C
or Q134C and subjected to crosslinking by BMOE (8 A
spacer) for time periods ranging from 5 to 30 s. As shown
in Figure 2C, formation of crosslinked products is rapid,
with substantial amounts of products generated after
only a 15-20 s incubation with the crosslinker. In Figure
2D, cysteine-substituted Hin-H107Y mutants were ex-
posed to different crosslinkers for 20 s. Each of these
mutants lacked the endogenous Cys28. Hin mutants
containing unique cysteines at positions 94, 99, 129, and
134 were efficiently crosslinked, whereas no crosslinked
products were obtained with Hin-H107Y. Disulfide
bonds formed readily between cysteines at position 94,
and, unlike the in-gel crosslinking experiments, direct
crosslinks between cysteines at position 129 were also
obtained. Crosslinking with bis-maleimide reagents
containing spacers of 8 or 16 A was very efficient for
each of the mutants containing cysteines in regions 1
and 2. The rapid kinetics and efficiency of crosslinking
implies that these regions are in close proximity between
subunits in the cleaved synaptic complex.

Crosslinking Is Dependent upon Synaptic

Complex Assembly

To confirm that the crosslinking only occurs in the con-
text of the synaptic complex, Hin-H107Y proteins con-
taining cysteines at positions 94 (region 1) and 134 (re-
gion 2) were **P-labeled by means of a kinase tag
introduced at their C termini. Hin-DNA complexes were
assembled with unlabeled DNA substrates and sepa-
rated in a native polyacrylamide gel (Figure 3A, lane 3).
Bands corresponding to Hin dimers bound to single
hix sites and tetrameric Hin synaptic complexes were
excised and incubated with BMOE (8 A spacer). The
products were extracted from the gel slices and ana-
lyzed by SDS-PAGE (Figure 3B). Only a faint band corre-
sponding to the MW of the Hin dimer is visible in each
of the lanes containing the crosslinked dimer complex
(lane 2 of each panel), including the Hin-H107Y control
with no introduced cysteines. This very low level of back-
ground crosslinking may have arisen from the endoge-
nous Cys28 or perhaps from amines on the Hin surface.
Monomeric Hin isolated from the synaptic complexes
(lanes 3 and 4) migrates slower than the unreacted
monomer (lane 5) because of covalent attachment to the
cleaved hix DNA. A substantial portion of the crosslinked

synaptic complexes from the mutants containing S94C
or Q134C migrates as the crosslinked Hin-hix conjugate,
consistent with the experiments employing labeled DNA
above (Figure 2). Therefore, efficient crosslinking re-
quires the formation of the synaptic complex for both
regions 1 and 2.

Uncleaved Synaptic Complexes Are Stabilized

by Crosslinks at Region 1

We asked whether crosslinking at regions 1 or 2 could
stabilize the Hin-H107Y synaptic complex in the ab-
sence of DNA cleavage. Previous experiments have
shown that the Hin-DNA covalent linkage is required in
order for synaptic complexes to survive gel electropho-
resis (Sanders and Johnson, 2004). This result is repro-
duced in lanes 2 and 6 of Figure 4, which show that Hin-
H107Y containing a mutation at the active site residue
serine 10 is no longer able to form detectable synaptic
complexes with radiolabeled hix DNA fragments, al-
though Hin dimer binding to a single hix site is unim-
paired. When Cys94 is introduced into Hin-H107Y/S10G,
a readily detectable amount of synaptic complex is ob-
tained after crosslinking by diamide (0 length), BMOE
(8 A spacer), and, to a lesser extent, BM(PEO), (18 A
spacer) (lanes 11-13). The migrations of the uncleaved
crosslinked synaptic complexes were indistinguishable
from cleaved synaptic complexes formed by Hin-H107Y.
Low amounts of uncleaved synaptic complexes were
also obtained with Hin-H107Y/S10G/S99C after cross-
linking (data not shown). By contrast, crosslinking of
Hin-H107Y/S10G/Q134C (lanes 15-17) failed to stabilize
the uncleaved synaptic complex. These results are most
compatible with region 1 being within the synaptic inter-
face since crosslinks at these positions stabilize synap-
tic complexes.

Cleaved Synaptic Complexes Crosslinked at

Region 1 Are Competent for DNA Ligation

To evaluate whether cleaved synaptic complexes that
are chemically crosslinked remained capable of ligating
DNA, cysteine-substituted Hin-H107Y mutants were in-
cubated with radiolabeled DNA, crosslinked with BMH
(16 A spacer), and subjected to native PAGE. Gel slices
corresponding to cleaved synaptic complexes were
soaked in buffer containing Mg?* to allow ligation, and
the products were extracted and analyzed by SDS-

primarily synaptic complexes, with only a small amount of complexes representing Hin dimers bound to a single hix site, are obtained (Sanders
and Johnson, 2004). Lane 1 contains no Hin, and lane 2 is a reaction with Hin-H107Y (no introduced cysteine).

(B) Results of in-gel crosslinking reactions. Gel slices corresponding to synaptic complexes isolated from native gels as in (A) were excised
and incubated with crosslinkers for 30 min. Hin complexes were extracted from the gel matrix and subjected to electrophoresis in SDS-
polyacrylamide gels. Panels show the autoradiographs for representative mutants using different crosslinking reagents. The lanes of each
panel are labeled with respect to the crosslinker spacer length: lane 1, no crosslinker added; lanes 2 and 3, DTNB and diamide, respectively,
to induce direct disulfide linkages; lane 4, BMOE, 8 A; lane 5, BMB, 11 A; lane 6, BMH, 16 A; and lane 7, BM[PEO],, 18 A. The locations of
monomeric Hin subunits linked to 17 nt cleaved *?P-labeled DNA (~23.5 kDa) and crosslinked complexes containing two Hin subunits each
linked to cleaved DNAs (~47 kDa) are designated on the left of the panels.

(C) Rates of crosslinking in solution. Hin-H107Y/S94C or Q134C were incubated with 3’ *?P-labeled 36 bp hix substrates for 30 min at 37°C
to assemble cleavage complexes. BMOE was added for various times (s) as denoted at the top of each panel, followed by quenching with
DTT. Synaptic complexes were gel purified as in (A), extracted, and the products electrophoresed in an SDS-polyacrylamide gel.

(D) Results of solution crosslinking reactions with cysteine-substituted Hin-H107Y/C28A mutants. Reactions were performed as in (C) except
that different crosslinkers were used, and the crosslinking reaction was for 20 s. Lane 1, no crosslinker; lane 2, diamide, 0 A; lane 3, BMOE,
8 A; and lane 4, BMH, 16 A. The monomeric and crosslinked Hin-DNA conjugates sometimes resolve into doublets, the nature of which is
not known.
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Figure 3. Crosslinking of Hin Dimer and Tetramer Complexes

(A) Native PAGE showing Hin-H107Y dimer and tetramer complexes. Lane 1 is the **P-labeled 40 bp hix substrate without Hin. Lane 2 is
unlabeled Hin-H107Y"™X incubated with the radiolabeled hix substrate. Lane 3 is 3*P-labeled Hin-H107Y"¥K incubated with unlabeled hix
substrates. Under these electrophoresis conditions, complexes representing Hin dimers bound to single hix sites and synaptic complexes
are obtained, and unbound Hin does not enter the gel.

(B) SDS-PAGE of crosslinking reactions. Gel slices corresponding to dimer and tetramer (cleaved synaptic) complexes formed by *?P-labeled
Hin-H107Y"™%/S94C or Q134C, as in (A), lane 3, were incubated with BMOE for 5 min, quenched with DTT, and extracted. The crosslinked
products, together with noncrosslinked controls, were then subjected to SDS-PAGE. Lanes 1 and 2 of each panel are the noncrosslinked and
crosslinked dimer (Dim), and lanes 3 and 4 are the noncrosslinked and crosslinked tetramer (Tet) complexes, respectively. Lane 5 is unreacted
32p-|abeled Hin"MK, The locations of monomeric Hin, monomeric Hin-cleaved DNA conjugate, crosslinked Hin dimer (Hin-Hin), and the crosslinked
Hin subunits each linked to cleaved DNAs are designated. Note that essentially all the Hin subunits are linked to the cleaved DNA in the
tetramer complex but not in the dimer complex.

PAGE (Figure 5). Reactions with Hin-H107Y contained and Johnson, 2004). Approximately 90% of the Hin-
only monomeric Hin linked to the cleaved DNA (lane 9), H107Y/S94C- and S99C-cleaved synaptic complexes
and these species were efficiently chased into full- were crosslinked (lanes 1 and 3), and these were also
length substrate DNA (lane 10), as expected (Sanders efficiently chased into full-length hix DNA (lanes 2 and 4).
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Figure 5. Hin Complexes Crosslinked at Region 1 Remain Compe-
tent for Ligation

Cleaved synaptic complexes assembled from Hin-H107Y mutants
containing cysteines in region 1 (residues 94 and 99) and region 2
(residues 129 and 134) were crosslinked for 30 min with BMOE (8 A).
The products were electrophoresed in a native polyacrylamide gel,
and bands corresponding to cleaved synaptic complexes were ex-
cised and either extracted directly in SDS buffer or incubated in 20
mM HEPES (pH 7.5), 10 mM MgCl,, and 10% glycerol for 20 min at
37°C prior to extraction, as designated by the Mg?* chase. The
samples were then subjected to SDS-PAGE, and the resulting auto-
radiograph is shown. Lane 11 contains the unreacted 36 bp DNA
substrate. The migrations of the full-length DNA substrate, mono-
meric Hin-DNA conjugates, and crosslinked Hin-DNA conjugates
are denoted. The shift in migration observed for region 2 mutants
(lanes 5-8) in the Mg?" chase lanes is not understood.

In contrast, crosslinked Hin-H107Y/A129C and Q134C
complexes were unable to reverse the serine-phospho-
diester linkage and ligate the DNA (lanes 5-8). We con-
clude that complexes crosslinked at region 1 remain
enzymatically competent, whereas complexes cross-
linked in the cleaved configuration at region 2 appear
to be trapped in an inactive configuration.

Hin Subunits Exchange along with the DNA

during Recombination

Experimental Design

To define which subunits within the tetrameric synaptic
complex are crosslinked and to follow changes that may
occur upon DNA exchange, we analyzed complexes
formed with different length DNA fragments. As sche-
matically depicted in Figure 6A, there are three potential
crosslinked products that could be generated from an
initial synaptic complex containing 36 and 112 bp sub-
strates. Crosslinking between Hin subunits of the same
dimer (cis) will form 17-17 nt or 55-55 nt diprotomers,
whereas crosslinking between Hin subunits from differ-
ent dimers (trans) will form 17-55 nt diprotomers. In
addition, trans-crosslinking could occur in two orienta-
tions, direct or diagonal, depending on the alignment of
the synapsed dimers and resulting proximity of sulfhy-
dryl groups.

We have shown previously that Hin-H107Y rapidly
promotes DNA exchange once it cleaves the DNA (Sand-
ers and Johnson, 2004). Because the DNA ends are
covalently associated with the recombinase through the
serine-phosphodiester bond, the Hin subunits may ex-
change together with the DNA. Figure 6B schematically
represents the consequences of a coexchange of DNA
strands and their linked Hin protomers with respect to
the products of cysteine crosslinking. If crosslinking oc-
curs between subunits within the same dimer (cis), 17-
55 nt diprotomers will be generated after exchange.
If trans-crosslinking occurs in a direct orientation, no
change in the migration of the products will occur upon
exchange, as it will give 17-55 nt diprotomers in both
cases. However, if trans-crosslinking occurs in a diago-
nal orientation, the products will switch from 17-55 nt
diprotomers to 17-17 nt and 55-55 nt diprotomers.
Kinetic Analysis of Hin Crosslinking
Hin-H107Y mutants containing cysteines at region 1 or
2 were incubated with a mixture of 36 and 112 bp hix
fragments under conditions promoting synaptic com-
plex assembly. At times between 0 and 3 min, samples
were incubated with BMOE (8 A spacer) for 12-20 s
followed by addition of excess DTT to quench the cross-
linking reaction. Incubation was continued for a total of
30 min to accumulate additional synaptic complexes to
facilitate gel isolation. Since the crosslinking reaction is
quenched with excess DTT, no change in the cross-
linked population will occur during this time. As shown
in Figure 6C, the 36/112 bp synaptic complex can be
readily separated on native PAGE from the 36/36 bp
and 112/112 bp synaptic complexes. The Hin-DNA com-
plexes were then extracted and the crosslinked prod-
ucts resolved by SDS-PAGE.

Figures 6D-6F show the results of time course experi-
ments in which crosslinking reactions were performed
on Hin-H107Y/S94C or S99C. To simplify quantitation
of the products, the 112 bp substrate was labeled on
each 3’ end at a much higher specific activity than the 36
bp substrate. The autoradiograph in Figure 6D illustrates
the crosslinked products obtained with 36/112 bp syn-
aptic complexes formed by Hin-H107Y/S94C after 10-80
s of incubation. The graph in Figure 6E displays the
percent of 17-55 nt diprotomers among the total cross-
linked products. At the early time points, only 17-55
nt diprotomers are present. Within 30-40 s, 55-55 nt
diprotomers appear that increase with time and equili-
brate at about 40% of the total products after 3 min (the
weakly labeled 36-36 nt diprotomer is not visible in the
autoradiograph). The results with Hin-H107Y/S99C are
similar (Figure 6F). These results indicate that crosslinks
at positions 94 and 99 form between subunits of syn-
apsed dimers (trans) and that most if not all of the trans-
crosslinks are in a diagonal orientation. At early time
points prior to DNA exchange, only 17-55 nt diprotomers
are formed, but, as discussed above, an exchange of
subunits between the dimers enables formation of the
55-55 nt diprotomers. The trans-crosslinking at posi-
tions 94 and 99 confirms region 1 is within the synaptic
interface, and the switch to the 55-55 nt diprotomer form
demonstrates that DNA exchange is accompanied by
an exchange of Hin subunits.

Crosslinking at positions 129 and 134 generates a
different kinetic pattern with 36/112 bp synaptic com-
plexes (Figures 6G-6l). At the early time points, where
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Figure 6. Crosslinking of Synaptic Complexes Formed with Different Length DNA Substrates Demonstrates that Exchange of Hin Subunits
Accompanies DNA Exchange

(A) Schematic representation illustrating cis or trans-crosslinking of complexes formed from different-length DNA substrates. Hin reactions
were performed on a mixture of 36 and 112 bp hix substrates to assemble 36/36, 36/112, and 112/112 bp synaptic complexes. The possible
crosslinked products of 36/112 bp complexes are illustrated; subunits within the same dimer (cis) or between different dimers (trans) may be
linked (see text).

(B) Crosslinking of recombination products within 36/112 bp synaptic complexes where Hin subunits exchange between dimers together with
the cleaved DNA molecules. As illustrated in the figure and described in the text, the structure of the products depends on whether the
crosslinks form in cis or in trans.

(C) Separation of synaptic complexes on a native polyacrylamide gel. Hin-H107Y was incubated with radiolabeled 36 bp and/or 112 bp hix
substrates for 20 min as designated and applied to a 7% polyacrylamide gel containing 10% glycerol. The migrations of the 36/36, 36/112,
and 112/112 bp synaptic complexes are shown. The 112 bp substrate is weakly labeled relative to the 36 bp substrate in this experiment.
(D) Crosslinked products formed with increasing incubation times with Hin-H107Y/S94C. Hin-H107Y/S94C was added to a reaction mix
containing 3’ *P-labeled 112 bp and 36 bp (intentionally radiolabeled at a much lower specific activity) hix substrates at 37°C. At times listed



Site-Specific DNA Recombination by Hin
M

only a small number of crosslinked Hin-DNA products
are formed, both 55-55 nt diprotomers and 17-55 nt
diprotomers are present, with 55-55 nt diprotomers be-
ing slightly overrepresented. The ratio switches with in-
creasing Hin reaction times such that the 17-55 nt dipro-
tomer becomes 65%-70% of the products after 3 min.
This pattern indicates that crosslinking in region 2 is
occurring between subunits within a single dimer (i.e.,
in cis) and that the Hin subunits are exchanging between
synapsed dimers. The presence of both 55-55 and 17-
55 nt diprotomers among the region 2 crosslinked prod-
ucts at the early time points suggests that substantial
subunit exchange has already occurred. This result is
in accordance with earlier conclusions that residues in
region 2 can only crosslink after formation of a cleaved
synaptic complex and also implies that, once a cleaved
complex has been generated, the subunits rapidly ex-
change between dimers. This conclusion is consistent
with previous kinetic analysis of the Hin-H107Y reaction,
which found that DNA exchange was rapid relative to
the rate of formation of cleaved synaptic complexes
(Sanders and Johnson, 2004). Region 1 crosslinks, on
the other hand, can occur prior to formation of the
cleaved synaptic complex (e.g., Figure 4), and therefore
a brief delay in the appearance of exchanged products
is not unexpected.

To confirm that subunits are exchanging only within
individual recombination complexes and not between
different complexes, cleaved synaptic complexes were
separately formed with 36 and 112 bp hix substrates
using Hin-H107Y/S94C or Q134C. The reactions were
then mixed and incubated for an additional 5 min prior
to crosslinking with BMOE. No 17-55 nt diprotomers
were detectable by SDS-PAGE (data not shown). Thus,
mixing of subunits between synaptic complexes is not
occurring within the time frames of these experiments.

Discussion

Site-directed protein crosslinking has been used to
probe the structure of the Hin synaptic complex and the
protein rearrangements that accompany DNA ex-
change. We find that cysteines located within two re-
gions that are widely separated on the Hin structure
support efficient crosslinking. Region 1, where cross-

linking occurs between subunits of synapsed dimers
in both cleaved and uncleaved synaptic complexes, is
centrally located within the top surface of the catalytic
domain. Hin tetramers that are covalently linked across
the region 1 interface remain competent for ligation, the
final enzymatic step of recombination. As elaborated
below, the positions of the region 1 crosslinks enable
us to model the molecular architecture of the synaptic
complex. Crosslinking at residues within region 2, which
is located at the C-terminal ends of the E dimerization
helices, occurs between residues of subunits from the
same dimer that are predicted to be well separated in
the Hin apostructure due to the intervening DNA. Region
2 crosslinks only occur in the context of the cleaved
synaptic complex and provide evidence for a conforma-
tional change in the recombinase that may be a prerequi-
site for or accompanies DNA cleavage. Kinetic experi-
ments that follow crosslinked products formed at either
region 1 or region 2 using differentially tagged Hin di-
mers provide strong evidence that subunits switch be-
tween dimers during DNA recombination.

Structure of the Synaptic Complex

Figure 7A depicts a surface representation of the Hin
dimer, highlighting the locations of cysteines in region
1 (positions 94 and 99; colored red and blue, respec-
tively) that support crosslinking between diagonally op-
posed subunits of synapsed dimers. Residues in the
vicinity where introduced cysteines did not form detect-
able crosslinks are depicted in green. Positions support-
ing crosslinking are clustered within the top surface of
the catalytic domain surrounding the dimer interface. In
Figures 7B and 7C, potential configurations in which Hin
catalytic domains could associate with each other in a
synaptic complex are considered. In a parallel (Figure
7B) or antiparallel (data not shown) orientation of the
catalytic domains, the sulfhydryl groups of cysteines at
residues 94 or 99 would not be aligned appropriately to
enable 94 to 94 or 99 to 99 crosslinking. However, in a
perpendicular orientation (e.g., Figure 7C), residues 94
from each dimer are positioned directly in line with each
other and likewise for residues 99. The crosslinked prod-
ucts would be generated, therefore, from trans-diago-
nally oriented pairs of Hin protomers as schematically
drawn in Figure 6A and observed experimentally in Fig-

above the autoradiograph, aliquots were subjected to crosslinking for 20 s with 0.4 mM BMOE, followed by incubation in the presence of 40
mM DTT for a total of 30 min to accumulate additional synaptic complexes to facilitate isolation on a native gel as in (C). Synaptic complexes
(36/112 bp) were extracted from the native gel and subjected to SDS-PAGE. The autoradiograph of the region of the SDS gel corresponding
to the crosslinked Hin-DNA complexes is shown. Products (17-55) corresponding to crosslinked Hin subunits linked to the cleaved 36 bp (17
nt) and 112 bp (55 nt) substrates appear early, whereas products (55-55) corresponding to crosslinked Hin subunits linked to two 55 nt DNAs
appear later. Crosslinked Hin subunits linked to two 17 nt DNAs (17-17) are not visible, since the 36 bp substrate was weakly labeled. The
lanes on the right side contain the products of crosslinking reactions on separate radiolabeled 36 and 112 bp substrates as reference markers.
Two minor species that originate from the 112 bp substrate are designated with an asterisk.

(E) The results of the experiment in (D) with Hin-H107Y/S94C were quantitated and plotted as the percent of the crosslinked 17-55 diprotomer
with respect to the total crosslinked products as a function of the time when the 20 s crosslinking reaction was initiated. The calculations
considered only the *2P labels on both ends of the 112 bp substrate and accounted for the predicted distribution of the labels in the substrates
and products.

(F) A similar experiment was performed with Hin-H107Y/S99C and the results are plotted.

(G) Autoradiograph of a crosslinking time course experiment performed using Hin-H107Y/Q134C as in (D), except that the crosslinking reactions
were for 12 s.

(H) Graph of the crosslinking results from the experiment in (G) using Hin-H107Y/Q134C.

(1) A similar experiment was performed with Hin-H107Y/A129C, and the results are plotted. Time course experiments have been performed
at least twice for each mutant with results in each case similar to those in (D)-(l).
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Figure 7. Models of the Hin Synaptic Complex and DNA Exchange by Subunit Rotation

(A) Surface representation of the Hin dimer apostructure model bound to DNA. The view corresponds to a 90° rotation about the x axis of the
model depicted in the left panel of Figure 2C. Residues 94 and 99 where crosslinking occurs between diagonally positioned subunits on the
synapsed dimer are highlighted in red and blue, respectively. Residues 3, 27, 28, 55, 58, and 89 that did not form crosslinks are colored green.
(B) The catalytic domain in the orientation in (A) and after a 180° rotation about the y axis are shown. These are overlaid to reflect a potential
synapsis configuration where the domains are oriented in a parallel configuration, but residues 94 and 99 are not aligned.

(C) The catalytic domain on the right is rotated approximately 90° about the z axis relative to (B). The overlay shows that residues 94 and 99
are aligned over each other, consistent with the crosslinking data.

(D) Model of the Hin synaptic complex that illustrates an exchange of subunits between dimers along with the DNA. The Hin subunits are
color coordinated with the hix DNA half-site to which they are bound. Ser94 is colored red; Ser99 is not visible because it is buried in the
synaptic interface.
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ures 6D-6l. In this configuration, the hix DNA segments
are located on the outside of the complex and oriented
near perpendicularly with respect to each other (Fig-
ure 7D).

It should be emphasized that simply positioning the
apostructures of the dimer models together as depicted
in Figures 7C and D does not allow for residues 94 to
approach each other closely enough to generate the
direct disulfide linkages or even the 8 A spacer cross-
links that we experimentally observe. Moreover, resi-
dues 99 are closer together than those of 94 in the
model, yet direct crosslinks between residues 99 do not
form. The molecular nature and small surface area of
the interface also appears unfavorable for a stable inter-
action. Therefore, it is likely that changes in the struc-
tures of the dimers accompany the formation of a stable
synaptic complex even prior to DNA cleavage.

Recent modeling and experimental studies on resol-
vase have also concluded that DNA is bound on the
outside of the synaptic complex (Grindley, 2002). Experi-
mental evidence consistent with a DNA outside model
comes from phasing experiments using constrained re-
solvase substrates where closely spaced recombination
sites are juxtaposed by an IHF-induced bend between
them (Leschziner and Grindley, 2003). Moreover, mu-
tants of resolvase that form stable tetramers in solution
efficiently assemble synaptic complexes, implying that
the DNA binding surface is exposed on the outside of
a tetrameric core (Sarkis et al., 2001).

A Structural Change in the E Dimerization Helices
Accompanies DNA Cleavage by Hin

In the resolvase dimer apostructure bound to DNA, resi-
dues corresponding to Hin positions 129, 132, and 134
are located at the C-terminal end of the extended E
helices as they cross the DNA (see Figure 1C). Their
side chains are over 30 A apart on opposite sides of the
DNA and therefore would be incapable of crosslinking,
even with reagents containing long spacers. Neverthe-
less, efficient crosslinking by reagents containing 8 A
spacer lengths occurs, and, in the case of residue 129,
direct disulfide bonds form between subunits within a
DNA bound dimer. Unlike the crosslinks between resi-
dues in region 1, region 2 crosslinks have only been
observed in the context of a cleaved synaptic complex.
These results suggest that the C-terminal ends of the E
helices have undergone a conformational change, such
as a helix-to-coil transition, prior to or coincident with
DNA cleavage by Hin. Unfolding of the C-terminal end
of the E helices would remove a steric hindrance that
is predicted to interfere with the approach of the active
site serines to the labile phosphodiester bonds (Yang
and Steitz, 1995) and thus may be a critical regulatory
step leading to DNA cleavage by Hin.

Mullen and coworkers have provided NMR evidence
that loss of intrinsically unstable E helices of resolvase
can lead to repositioning and conformational changes
within the remaining folded catalytic center to facilitate
DNA attack (Pan et al., 1997, 2001). In addition, crystals
of full length or the catalytic domain of v resolvase in
the absence of DNA has been reported to be disordered
beyond residues 115-122 (Rice and Steitz, 1994a,
1994b; Sanderson et al., 1990). Quaternary changes in-

volving the N-terminal ends of the E helices in the Hin
and resolvase dimeric structures upon catalytic activa-
tion also have been implicated from previous cysteine
crosslinking studies (Haykinson et al., 1996; Hughes et
al., 1993; Lim, 1994). Moreover, most of the activating
mutations that enable DNA invertases to promote re-
combination in the absence of Fis are predicted to di-
rectly or indirectly affect the dimer interface (Haffter and
Bickle, 1988; Johnson, 2002; Klippel et al., 1988).

Protein and DNA Exchange upon Recombination
The location of the hix sites on the outside of the tetra-
meric protein complex has profound implications for the
process of DNA exchange. In this configuration, the core
nucleotides where the cleavage-ligation reactions occur
are predicted to be separated by over 75 A. Therefore,
a large migration of the cleaved DNA ends from each
hix site is required to generate arecombinant DNA mole-
cule. We show here that DNA migration is accompanied
by a translocation of Hin subunits between dimers.
These heterodimers are formed within seconds after
Hin cleavage, consistent with the rapid kinetics of DNA
exchange measured previously for Hin-H107Y com-
plexes after the rate-limiting cleavage step (Sanders and
Johnson, 2004). The heterodimers can be crosslinked
either at region 1 or region 2, implying that the entire
subunit is translocating. Specifically, the heterodimeric
crosslinks at region 2 indicate that the E helix is translo-
cating, which is not compatible with the “domain swap-
ping” model for recombination where the catalytic do-
main is proposed to translocate independently of the E
helix dimerization region (Burke et al., 2004; Grindley,
2002). The finding that the heterodimers efficiently form
under metal-free reaction conditions also is contrary to
a recent report that proposed that Mg?* was required
for DNA strand exchange (Lee et al., 2003).

Recombination mediated by an exchange of protein
subunits is compatible with earlier DNA topological
studies with wild-type Hin and other serine recombi-
nases using plasmid substrates (Heichman et al., 1991;
Kanaar et al., 1988, 1990; Merickel and Johnson, 2004;
Stark et al., 1989, 1991). These experiments indicated
that the DNA strands undergo one or, under certain
conditions, multiple rotations about each other upon
recombination, which leads to a defined loss of DNA
supercoils or the conversion of DNA supercoils into knot
or catenane nodes. Since the recombinase subunits are
covalently linked to the DNA ends, concurrent rotations
of the recombinase subunits were strongly implied.

A subunit rotation mechanism for DNA strand ex-
change by serine recombinases fundamentally differs
from the “single-strand swapping” mechanism that
characterizes the tyrosine recombinase reactions (Nunes-
Duby et al., 1995). The distinct reaction mechanisms
follow from the opposing architectures of the recombi-
nation complexes. Strand exchange by tyrosine recom-
binases is accomplished in a multistep process that
involves sequential sets of single-strand DNA cleavage-
ligation reactions within a Holliday intermediate. The
recombining DNA strands are located relatively close to
each other within the center of a tetrameric recombinase
core, and only a modest conformational adjustment is
required to reposition the recombinase catalytic sites
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between the two DNA cleavage-ligation steps (Chen et
al., 2000; Gopaul et al., 1998; Guo et al., 1997). In con-
trast, DNA exchange by serine recombinases is a more
concerted reaction whereby all four DNA strands are
cleaved and then translocated over long distances by
an exchange of recombinase subunits between dimers.

Experimental Procedures

Cloning and Purification of Hin Mutants

The Hin mutants were typically constructed by two-step PCR reac-
tions using the Hin-H107Y gene as a template and were cloned
into pET11a (Novagen). Hin-H107Y/N27C contained an unintentional
proline substitution at Cys28. Hin proteins were purified from rena-
tured inclusion bodies as described (Sanders and Johnson, 2004).
All of the cysteine-containing Hin mutants reported in this paper,
including Hin-H107Y/N27C/C28P, efficiently assembled cleaved
synaptic complexes and catalyzed recombination in vitro. However,
preparations of mutants containing the C28A mutation gave repro-
ducibly lower yields and were less stable.

Hin Crosslinking Reactions

Cleaved synaptic complexes were assembled as described in Sand-
ers and Johnson [2004]. In brief, 3-5 pmoles of Hin-H107Y mutants,
which were prereduced by incubation overnight with 10 mM DTT,
were incubated with 0.3-0.4 pmoles of 3’ *?P-labeled hix substrates
(see below) in a 25 pl reaction mix containing 20 mM HEPES (pH
7.5), 80 mM NaCl, 4 mM CHAPS, 0.4 .g/pl poly-glutamate, and 25%
ethylene glycol for 20-30 min at 37°C. For in-gel crosslinking, the
reactions were applied to an 8% polyacrylamide (19:1 acrylamide:
bisacrylamide) gel with or without 10% glycerol and electrophoresed
in 0.5 X TBE. The gels were exposed to X-ray film, and bands of
interest were excised and soaked for 5-30 min at 37°C in a solution
containing 10 mM HEPES (pH 7.5), 1 mM EDTA, 10% glycerol (buffer
A), and 0.3 mM crosslinker. The solution was then replaced with
buffer A containing 30 mM DTT (no DTT when diamide or DTNB
were used) for 5 min. The gel slices were crushed and eluted in 150
wl 10 mM HEPES (pH 7.5), 1 mM EDTA, and 1% SDS (buffer B).
The supernatant was recovered by centrifugation, mixed with SDS
loading dye, and heated at 70°C for 2 min, and aliquots were loaded
onto a 10% or 12.5% polyacrylamide (29:1 acrylamide:bisacrylam-
ide) gel containing 0.2% SDS and electrophoresed in Tris-Glycine
buffer containing 0.2% SDS. The dried gels were imaged and quanti-
fied using a phosphorimager and ImageQuant software (Amersham).
For solution crosslinking, Hin reactions were incubated directly with
0.4 mM crosslinker for varying times (typically 20 s) at 37°C. Bis-
maleimide crosslinking reactions were quenched with 40 mM DTT,
and diamide and DTNB samples were placed on ice prior to electro-
phoresis in native polyacrylamide gels containing 10% glycerol.
Bands corresponding to synaptic complexes were excised and ex-
tracted in buffer B, and the Hin-DNA complexes were analyzed by
SDS-PAGE as described above.

Cysteines were oxidized to promote direct disulfide bonds using
diamide or 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) obtained from
Sigma. Cysteine-specific crosslinkers (Pierce) with varying spacer
lengths between sulfhydryl reactive groups used were the following:
bis-maleimidoethane (BMOE, 8 A), bis-maleimidobutane (BMB,
11 A), bis-maleimidohexane (BMH, 16 A), and 1,11-bis-maleimidotet-
raethyleneglycol (BM[PEO],, 18 A). All crosslinkers were dissolved
at 10 mM concentration in DMSO.

DNA substrates were prepared as follows. Most experiments were
performed on 36 or 40 bp synthetic oligonucleotides containing the
26 bp hixL sequence. The 36 bp substrate was 3’ end labeled by
reacting each stand with terminal deoxynucleotidyl transferase (New
England Biolabs) and cordycepin 5’-triphosphate-3'[*2P] (Perkin-
Elmer). The strands were then mixed; chromatographed through a
DyeEx 2.0 spin column (Qiagen) in 20 mM Tris (pH 8.0), 1 mM EDTA,
and 100 mM NaCl; and annealed by heating and slow cooling. Du-
plexes were purified on native polyacrylamide gels. The 40 bp sub-
strate was prepared by annealing synthetic oligonucleotides, which
generated 4 nt 3’ extensions that represented EcoRI recognition
sequences on both ends. The ends were filled in using Klenow and

a ¥2P-dATP, and the labeled duplex DNA was gel-purified. The 112
bp substrate with a centrally located hixL site was synthesized by
PCR using primers that contained terminally located EcoRl sites.
The products of the PCR reaction were digested with EcoRl, end
filled with Klenow and o *P-dATP, and gel purified. Hin"K mutants
were constructed and labeled using heart muscle kinase and ~y
32P-ATP as described previously (Sanders and Johnson, 2004).
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