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ABSTRACT. ¢C31 integrase encoded by Streptomyces phage can
mediate site-specific recombination between phage and host genomes.
The recombination direction is generally considered to be accurately
regulated, but the regulatory mechanisms involved are still unclear.
Recently, some hyperactive mutants of @C31 integrase that can bypass
the regulatory steps have been isolated and extensively studied. A
putative coiled-coil region is found to play a critical role in controlling
recombination direction. Further analysis led us to the speculation that
at least two regions in the N-terminal domain of ¢C31 integrase are
involved in the tetrameric interfaces and that the putative coiled coil
interacts with one of the regions to regulate the recombination direction.
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INTRODUCTION

To produce offspring, many temperate bacteriophages integrate their genomes
into the host chromosomes by encoding an integrase (Campbell, 2006). ¢C31 integrase,
which is encoded by Streptomyces phage, is a member of the serine recombinase fam-
ily, which contains serine resolvases, invertases, transposases, and integrases (Smith and
Thorpe, 1998). A relatively conserved catalytic domain is shared among the serine recom-
binases (Gorth and Calos, 2004). The full-length @C31 integrase consists of 605 residues
and can be divided into two parts: the C terminal domain (CTD), which is responsible for
DNA binding and controls the recombination direction, and the N terminal domain (NTD),
which cleaves and rejoins the DNA substrate (Grindley et al., 2006; McEwan et al., 2009).

¢C31 integrase has now been applied to all kinds of genomic manipulations due to
its unidirectivity and high efficiency in catalyzing site-specific recombination (Brown et al.,
2011; Liu et al., 2013). A number of mutations have been introduced to further define the prop-
erties of this enzyme and to unravel its reaction mechanism (Liesner et al., 2006; Rowley et al.,
2008; Keravala et al., 2009; McEwan et al., 2009; Liu et al., 2010). As a result, several ¢C31
integrase mutants made significant improvements in recombination efficiency and specificity
(Liesner et al., 2006; Keravala et al., 2009). Moreover, some mutants gain the extra ability
of excision (the reverse reaction of integration) (Rowley et al., 2008; McEwan et al., 2009),
which normally takes place in the presence of a recombination directionality factor, gp3 pro-
tein (Khaleel et al., 2011), which provides us with a clue to explore the possible mechanism of
¢C31 integrase controlling the reaction direction. Here, we focus on the hyperactive mutants
that are both active in integration and excision and then present a possible way in which ¢C31
integrase regulates the recombination direction.

Hyperactive ¢C31 integrase mutants

Previous studies have proven that the recombination mediated by ¢C31 integrase is
mainly regulated in the pre-synapsis step (Rowley et al., 2008; Smith et al., 2004, 2010). Dur-
ing recombination, ¢C31 integrases is first bound to attP or attB as a dimer, with each monomer
occupying half of the att site in a head to head manner. The two dimers bound to attB and attP
then pair to bring the substrates together to form a synapsis (Grindley et al., 2006). This process
is commonly prevented when ¢C31 integrase is bound to other pairs of att sites (Smith et al.,
2004), which, however, can be changed by some mutations (Rowley et al., 2008).

Rowley et al. (2008) isolated several mutated integrases that gain the ability to
recombine attL and attR without affecting the attBxattP recombination. Interestingly, these
mutants are all located in a putative coiled-coil region of CTD (Rowley et al., 2008), rather
than NTD like in serine resolvases (Burke et al., 2004; Li et al., 2005; Keenholtz et al., 2011).
The putative coiled-coil structure contains two regions, E449-D477 and R489-A519 (Rowley
et al., 2008), which are termed C1 and C2, respectively, in this article. Several mutations that
cause hyperactivity are all located in C1. The most active position is E449, which is at the
start of C1 and occupies the “g” position of the repeating heptad. Substitutions at this position
with different amino acids cause activating effects to various extents (Rowley et al., 2008).
The putative coiled coil often mediates cooperativity between two integrases in the att site-
binding process except attP, possibly due to a longer span in the attP site (McEwan et al.,
2009). This cooperation may directly contribute to the conformational changes of both the
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DNA substrates and the next binding integrase, which can facilitate DNA binding (Rowley et
al., 2008; McEwan et al., 2009).

The putative coiled coil not only has a role in DNA binding but also acts in synapsis.
It has been proven that the CTD synapsis is mediated by the putative coiled coil (McEwan et
al., 2009). When bound to attB and attP but not to other pairs of att sites, the CTD of ¢C31
integrase can form an unstable synapsis, which implies that the CTD has a role in selecting
which pair of att sites to be recombined. Given that E449K does not affect the oligomerization
of the putative coiled coil and that integrase™** can recombine both attBxattP and attL.xattR
(McEwan et al., 2009; Smith et al., 2010), we may expect that CTD®*X can synapse both
of them. Surprisingly, the result is just the contrary: neither attBxattP nor attLxattR can be
synapsed by CTDE*¥X which, on the other hand, indicates that the active synapsis is mainly
composed of the NTDs (McEwan et al., 2009). Therefore, McEwan et al. (2009) proposed that
the formation of a productive synapse by integrase, mainly the NTD of integrase, is inhibited
by the putative coiled coil and that E449K mutation can unblock this inhibitory effect. But how
the inhibition is achieved is still unknown. Moreover, some higher order complexes resembling
the trimer or tetramer of CTDF*% are found in the attP binding process, indicating that E449K
may reset the putative coiled coil so that it can interact with some unknown domains or motifs
in CTD®#K (McEwan et al., 2009). This further supports the notion that E449K may change
the position of the putative coiled coil and, therefore, interrupt the active synapsis of CTD®+%
(McEwan et al., 2009; Smith et al., 2010).

Aside from @C31 integrase, some serine resolvases can also be activated by muta-
tions (Burke et al., 2004; Li et al., 2005; Keenholtz et al., 2011). Their crystal structures have
been well determined (Li et al., 2005; Keenholtz et al., 2011), pointing to the same activating
principle that most of the mutations tend to stabilize the resolvase tetramer or destabilize its
dimeric form (Li et al., 2005; Keenholtz et al., 2011). This is consistent with the observation
that some @C31 integrase variants have more stable dimeric forms and display a decreased
recombination activity (McEwan et al., 2011). Since the dimeric and tetrameric interfaces
of serine recombinases are mainly composed of NTDs (Burke et al., 2004; Li et al., 2005;
McEwan et al., 2009; Keenholtz et al., 2011), mutations in this domain can easily change the
equilibrium between recombinase dimer and tetramer as in serine resolvases. Thus, it appears
that the mutations in ¢C31 integrase CTD affect integrase synapsis in a rather intricate man-
ner. One reasonable explanation is that CTD influences NTD synapsis (McEwan et al., 2009).

C1 possibly interacts with NTD to inhibit synapsis

Based on above analysis, it can be concluded that regulation of synapsis is mainly
accomplished through the putative coiled coil. To further reveal the regulatory process, we
compared wild-type ¢C31 integrase with @C31 integrase mutant E449K in the attBxattP syn-
apse. Naturally, it is concluded that CTD synapsis mediated by the putative coiled coil and
E449K mutation are equal in removing the inhibitory effect on NTD synapsis. Since both
CTD synapsis and E449K mutation (Rowley et al., 2008) are able to change the position of
the putative coiled coil, it can be inferred that the inhibition is mainly achieved through the
interaction between the putative coiled coil and NTD (McEwan et al., 2009) and that block-
ing (positional change) this interaction can disrupt the inhibition (Figure 1). The interaction
may be direct binding, indirect allosteric regulation or other forms. But there is one question
left: why does CTD synapsis only occur with attBxattP? This question can be partly answered
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by the complementary interactions where integrases bound to a P-type arm can only recog-
nize integrases bound to a B-type arm in synapsis (Rowley et al., 2008). However, attLxattR,
attLxattL and attRxattR, which comply with the complementary interaction principle, cannot
form any synapsis by CTD either. For the putative coiled coil mediates CTD synapsis (McE-
wan et al., 2009), the difference of C1 and C2 in dimers bound to these four kinds of att sites
may be the remaining answer to that question. C1 and C2 in a dimer bound to attP are uniquely
unpaired (McEwan et al., 2009). The CTD synapsis may only happen in the presence of these
free C1 and C2 (Figure 1).

Since E449K may alter the position of the putative coiled coil (McEwan et al., 2009),
the putative coiled coil cannot interact with each other in synapsis (Figure 1). Integrase mu-
tants L460P and Y475H gain the ability to recombine attLxattR at a very low level (McEwan
et al., 2009), probably because of the impaired interaction between the putative coiled coil and
NTD, coupled with the reduced affinity or cooperativity in binding to DNA substrate (McEwan
et al., 2009). Thus, L460P and Y475H turn out to be defective in both integration and exci-
sion. Remarkably, there is still a D447K mutation that confers inactivity to integrase (Rowley
et al., 2008). According to the aforementioned analyses, this mutation possibly enhances the
interaction between the putative coiled coil and NTD, which may further prevent the putative
coiled coil from being taken away by the CTD synapsis. Therefore, mutant D447K is inactive
in integration. Since D447 is located in C1 (Rowley et al., 2008), it is likely that C1 interacts
with NTD (Figure 1).

A¢C31 integrase B¢C31 integrase E449K

attBxattP synapsis  attlxattR synapsis attBxattP synapsis attLxattR synapsis

“ Dimerizing  in “ “

attl l . solution — 1 attL. l
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attP. attR. attP, attR.
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Figure 1. Model for synapsis by ¢C31 integrase. First two ¢C31 integrase monomers dimerize in solution, during
which C1 and C2 are buried in the CTD (McEwan et al., 2009) and the conformation of the NTD is disordered.
When a dimer binds DNA substrate, C1 and C2 become exposed, beginning to mediate the cooperativity between
the dimer in attB, attL and attR binding process. Simultaneously the NTD gains the potential to form tetrameric
interface, which is indicated by the transition from ellipse to rectangle in the figure. Finally the condition of C1
and C2 determines the tetramerization. A. Modeled synapsis by wild-type ¢C31 integrase. When dimers bind attB,
attL and attR, the unbound C1 may make a contact with aA’ of the NTD, which can inhibit the tetramerization of
the NTD. The inhibition can be removed when the free C1 and C2 from a dimer bound to attP interact with the
inhibitory C1. B. Modeled synapsis by ¢C31 integrase E449K. The mutation E449K may change the position of
C1 and C2 (Rowley et al., 2008), leaving C1 beyond the reach of aA’. Thus, the NTD synapse is not blocked. And
the misplaced C1 and C2 cannot interact with each other in synapsis either. The positional change of C1 and C2 is
indicated by their different locations between Figure A and B. The C1 or C2 from integrase E449K bound to attP
interacting with another integrase CTD is not shown in this figure.
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There may be more than one domain involved in the tetrameric interface of NTD

Enlightened by the actively mutated resolvase, we all expected that the mutations in
the region corresponding to the active loop preceding E helix of yd resolvase would result in a
similar activating effect in ¢C31 integrase. But several mutations at V129 that align with M103
of yd resolvase all give no detectable attLxattR recombination. Moreover, the level of attBxattP
recombination is also greatly lowered by most of the substitutions at this site (Rowley and Smith,
2008). Two reasons may account for this phenomenon: the conformational changes caused by all
the mutations (V129L, V129M, V129F, V129G, V129A, and V129E) are not competent in form-
ing a new tetrameric interface; unlike resolvases, the structure corresponding to the E helix of re-
solvases is not the only one responsible for forming a tetrameric interface in ¢C31 integrase. The
mutations in V129 have no effect on other responsible domains. As V129G and V129M mutants
act efficiently as normal integrase in synapsis but appear to be defective in attBxattP recombina-
tion, V129 may also play a critical role in activating the post-synapsis cleavage besides synapsis
(Rowley and Smith, 2008), which is distinct from resolvases (Burke et al., 2004; Li et al., 2005;
Keenholtz et al., 2011). Therefore, the latter explanation appears to be more reasonable.

Since the tertiary structure of C31 integrase is still not available, it appears to be rather
worthwhile to select a related recombinase whose structure has been illustrated for reference.
TP901 integrase also belonging to the large serine integrase subfamily has similar components
as C31 integrase: a relatively conserved NTD for catalysis and a large unknown CTD (Grind-
ley et al., 2006; Yuan et al., 2008). Moreover, the tetrameric structure of the NTD of TP901
integrase has been demonstrated (Figure 2) (Yuan et al., 2008). A sequence alignment is made
between the NTDs of pC31 integrase and TP901 integrase (Figure 3). Even though they only
share 33.5% similarity, the predicted secondary structures of C31 integrase NTD resemble the
actual ones of TP901 integrase NTD (Figure 3) (Cole et al., 2008; Yuan et al., 2008), indicating
that their key structure elements are similar. From the tetrameric structure of TP901 integrase
NTD, we can observe that its tetrameric interface contains three regions: oA, B5 and oE (Figure
2) (Yuan et al., 2008). This is consistent with our hypothesis that in ¢C31 integrase, there are
likewise at least two domains involved in the tetrameric interface. Therefore, the putative coiled
coil is very likely to exert an influence, directly or indirectly, on the regions responsible for tet-
ramerization, thereby preventing the formation of the tetrameric interface (Figure 1).

In addition, there is another phenomenon that is worth discussing. The NTD of TP901
integrase crystallizes as a tetramer, but it exists as a dimer in solution. The dimeric interface
of TP901 integrases in solution is composed of two adjacent oE helices (Figure 2). Possibly
the tetrameric structure is favored during crystallization due to the high protein concentration
(Yuan et al., 2008). Therefore, we speculate that the potential tetrameric interface is normally
formed after the dimer is bound to DNA substrate (Figure 1). This can further explain why
¢C31 integrases behave as a dimer in solution since the putative coiled coils are buried and
cannot inhibit NTD tetramerization (McEwan et al., 2009).

C1 may bind A’ directly to modulate the tetramerization of NTD

Since there is often interaction between coiled coils (Burkhard et al., 2001), we ana-
lyzed the NTD of ¢C31 integrase using the COILS program (Lupas et al., 1991), trying to find
another coiled-coil structure. The output from the COILS program displayed a region with a
>90% possibility to assume a coiled-coil structure in 14 scanning window, and this region just
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overlapped aA’, which aligns to oA in TP901 integrase (Figure 3).

Although the scanning window is so short that the prediction may be a false positive,
it is consistent with the transient interaction between these two putative coiled coils. The con-
tacts between these coiled coils are not stable and they can separate momentarily according to
the stage of recombination, so the coiled coil does not seem to be too long. Given this consis-
tency, oA’ is the most possible structure in NTD to interact with C1. Therefore, we moved one
step further to speculate that C1 binds oA’ directly to enable NTD to tetramerize (Figure 1).

Figure 2. Structure of the catalytic domain of TP901 integrase. a. Tetrameric structure of the tetramer. Circle,
rectangle and triangle represent tetrameric interface aA, B5 and oE, respectively. b. Tertiary structure of TP901
integrase NTD. The names of the secondary structures are labeled on the corresponding regions in Figure b. The
figure is made from PDB ID: 3BVP.

[ paz ah’ p2’
I TITITITS =
¢C31 1 MDIYAGAYDRQSRERENSSAARSPATQRSANEDRAARDLQREVERDGGRERF 50
[ PR | b wla]imicsad o |
TP901 1 MARRVAIYPRVS----——=====- PTNQAFEGFSID--EQIDR--——--~ 29
p1 i
aB B3’
[sessss s P TITITIT S [r e
¢$C31 51 VGHFSEAPGTSAFGT-------=--= AERPEFERILNECRAGRLNMIIVYD 90
i ol ) P [ | m 8 W e O] RS Rt
TP301 30 LTRYAEAMGWQVSDTYTDAGFSGARLERPAMORLINDIENFAFDIVLVYE 79
[ 1]

.
ah ? aB p3
aly Ed' 55'
P s rsssrss |
¢C31 91 VSRFSRLEVMDAIPIVSELLALGVTIVSTQEGVFROGNVMDLIHLIMRLD 140

TP901 80 LDRLSR-SVRDILYLVED-------=—=—=== VFTR-NRIDFISLNESID 113

e BB

»

a
CPIITIIIIS
$C31 141 ASHRESSLRSARILD--------==- 155

bl e ls
TP901 114 TSSAMGSL-FLTILSAINEFERELEY 138

L _______________________a=j
ak

Figure 3. Sequence alignment of catalytic domains between ¢C31 integrase and TP901 integrase. The alignment
is made by EMBOSS Needle. The vertical line means identical amino acids. Dot indicates that the two amino
acids have similar side chains with two dots meaning similar polarity. The diagonal arrows and columns above the
sequence of ¢C31 integrase indicate the predicted B-pleated sheet and a-helix by Jpred3 (Cole et al., 2008). The
dark black arrows and columns below TP901 sequence are indicative of B-pleated sheet and o-helix, respectively,
with their names labeled below (Yuan et al., 2008). The predicted secondary structure elements of ¢C31 integrase
NTD is named according to the actual ones of TP901 integrase NTD.
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CONCLUSIONS

Since @C31 integrase is difficult to crystallize, other methods such as mutagenesis
have been introduced to elucidate the precise mechanism of the catalysis of DNA recombina-
tion by ¢C31 integrase. A number of hyperactive ¢C31 integrase mutants have been isolated
and extensively studied (Rowley et al., 2008). Here, we briefly review these studies and then
speculate that @C31 integrase controls recombination direction through the direct interaction
between the predicted C1 and aA’. This model provides some new insights into the directional
control mediated by @C31 integrase, which may contribute to further investigation.
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