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Figure 4. Experimentally determined and modelled kinetics and protein concentration dependence of �C31 integrase-mediated recombination. (A–D) The
dependence of recombination on integrase and RDF concentration in the experiments (A and B) and in Model 1 (C and D). Extent of recombination after
3 h was measured experimentally (A and B) or calculated using Model 1 (C and D) for the P × B (−RDF) reaction (A and C) and the L × R (+RDF)
reaction (B and D), with the indicated integrase and RDF concentrations (plasmid substrate concentration 10 nM). (E) Time-courses of P × B (−RDF)
and L × R (+RDF) reactions (orange and blue respectively). Reactions were with 10 nM plasmid substrate (pPB or pLR) and 400 nM integrase, and 800
nM RDF for the L × R (+RDF) reaction. The experimental data are shown by symbols and simulated kinetics (Model 1) by lines. Data points on A, B
and E are shown as mean and standard deviation from three independent replicates of the experiments.

This assumption is supported by published data (12,19,23).
(3) Integrase dimers have equal affinities for the two att sites
in each substrate (e.g. attP and attB in pPB; attL and attR
in pLR). The attP × attB reaction in the absence of RDF
(P × B (−RDF)) thus starts with binding of two dimers of
integrase to the att sites in the pPB plasmid substrate (step
b1, forming PB–int; Figure 1C). The two integrase dimers
then interact to form a tetramer, thereby bringing the two
att sites together, in a step called synapsis (step s1, form-
ing PB–ints). These two steps are modelled to be energeti-
cally favourable (Figure 3A), in agreement with experimen-
tal studies (12,19).

Recombination (strand exchange) then takes place (step
r1, forming the LR product synapse LR–ints1). It is known
that strand exchange is a complex process involving strand

cleavages, subunit rotation and strand re-ligations, steps
that are likely to be accompanied by protein conformational
changes (1,24,25). However, for simplicity these are all con-
densed into a single step in our model. The current view of
the strand exchange process for the serine integrases sug-
gests that it is overall approximately isoenergetic, and thus
its complexities will not affect directionality. We also note
here that ∼50% of PB–ints synapses are predicted to be in-
competent for strand exchange because the two att sites are
misaligned ‘in antiparallel’ (1,7,11,24,26). In these synapses,
the two att sites must dissociate and reassociate to reach
a strand exchange-proficient synapse. However, this factor
is subsumed in the model into the strand exchange step
r1, which will be slower than if all synapses were strand
exchange-proficient. The LR synapse (LR–ints1) then dis-
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sociates (‘desynapsis’) to form the pLR product plasmid
with two bound integrase dimers (step s2 (Model 0), form-
ing LR–int). Desynapsis in step s2 is assumed in Model 0 to
be favourable (Figure 3A), as has been proposed elsewhere
(11; see ‘Discussion’ section). The final step (step b2) is dis-
sociation of the integrase dimers from the LR product; how-
ever, the equilibrium should favour the integrase–LR com-
plex (LR–int) at the integrase concentrations used here (19)
and the product will remain protein-bound (Figure 3A).

Model 0 also describes the L × R reaction in the pres-
ence of RDF (L × R (+RDF)). The current structure-based
hypothesis (14) proposes 1:1 stoichiometry of integrase to
RDF. Our data support this by showing that RDF reaches
its maximal effect, both in stimulation of the L × R reac-
tion and inhibition of the P × B reaction, when its concen-
tration equals or exceeds that of integrase (Figures 2 and 4).
We therefore assume that each dimer of integrase binds to
two monomers of RDF in solution (Supplementary Figure
S2A) to form the productive int2–rdf2 complex. These com-
plexes then bind to the two att sites in pLR, forming LR–
int–rdf (step b3; Figure 1C). RDF might also bind to pre-
formed integrase–DNA complexes, but preliminary simula-
tions showed that inclusion of this process does not change
the kinetics, so it was ignored for simplicity. The two DNA–
integrase–RDF complexes then interact (synapsis) (step s3,
forming LR–int–rdfs). Similarly to the P × B (−RDF) re-
action, the binding of integrase–RDF complexes to pLR
and formation of the synapse (LR–int–rdfs) are assumed
to be energetically favourable steps (Figure 3B). Next, the
LR synapse undergoes strand exchange (step r2, forming
the PB product synapse PB–int–rdfs1). The synapse PB–int–
rdfs1 then dissociates (‘desynapsis’; step s4 (Model 0), form-
ing PB–int–rdf). Finally, dissociation of the two int2–rdf2
complexes from the recombinant att sites (step b4) would
generate unbound pPB. However, as for the P × B (−RDF)
reaction described above, protein-bound pPB is expected to
be energetically favoured.

Model 0 also includes unproductive pLR complexes
formed with two integrase dimers and one, two, or three
RDF monomers (Supplementary Figure S2). The model
assumes that only complexes containing four molecules of
RDF are productive. The effects of insufficient RDF might
be at pre- or post-synaptic steps. The formation of unpro-
ductive complexes reduces the amounts of reaction prod-
ucts in the L × R (+RDF) reaction when the RDF:integrase
ratio is reduced below 1:1, in agreement with the data (Fig-
ures 2C and 4B). However, at RDF:integrase ratios greater
than 1:1, integrase is present mainly in int2–rdf2 complexes
with RDF. The L × R reaction thus proceeds towards
the production of pPB product by forming LR–int–RDF
complexes, and not competing (unproductive) LR–int com-
plexes.

Our models ignore possible effects on the energetics of
the reaction due to topological changes in the plasmid DNA
during recombination. Current data suggest that the prod-
ucts of an inversion reaction of a supercoiled plasmid sub-
strate are likely to comprise a complex mixture of topologies
including a large proportion of knotted molecules, and it is
also likely that these ‘knotting’ topological changes along
with associated changes in DNA linking number are en-
ergetically favourable overall (1,18,27). However, the ob-

served directionality of integrase-mediated recombination
cannot be accounted for by any energetic bias as a result
of these topological changes, because similar changes ac-
company both P × B and L × R reactions, and also would
accompany secondary reactions of the recombinant prod-
ucts. In addition, we do not explicitly model any possible
effects of the supercoiled structure of plasmid DNA on the
affinity of integrase dimers for the recombination sites, or
on the rate of binding. Finally, we simplified our analysis by
ignoring the possibility of formation of unproductive ‘dead-
end’ DNA–integrase complexes. Although in principle such
complexes might affect reaction yields, their existence and
abundance are unknown, and their formation cannot ac-
count for the directionality of the reactions.

Conservation of energy during integrase reactions. Limita-
tions of Model 0. As noted above, the free energies of
the substrate and recombinant product DNA molecules are
expected to be about equal (ignoring possible changes in
DNA topology; see above). The conservation of energy in
a chain of reversible reactions in a closed cycle (and also
between isoenergetic states) can be formally described by
the so-called Wegscheider’s condition (28), which requires
that the product of all the equilibrium constants must be
equal to one, or equivalently that the sum of free energy
changes must be zero. Therefore, energetically favourable
steps in our models must be balanced by unfavourable steps.
In Model 0, all of the steps of the P × B (−RDF) reac-
tion, from pPB substrate to integrase-bound LR–int prod-
uct, are energetically favourable (Figure 3A), an overall neg-
ative change in free energy (�G) being necessary to drive
the reaction towards predominantly recombinant product.
This series of favourable steps is balanced by a single un-
favourable step with positive �G, the dissociation of inte-
grase dimers from LR–int to form free pLR (Figure 3A).
In order to account for the favourable conversion of pPB
to pLR whilst substrate and product DNA molecules have
equal free energies, the binding energy (and thus affinity) of
integrase for pLR must be modelled to be higher than that
for pPB. However, this is in disagreement with experimen-
tally determined affinities of integrase for attP, attB, attL
and attR sites, which are all quite similar (19).

A second problem is that in Model 0, all the reactions
quickly approach equilibrium in both directions, yielding
similar ratios of pPB to pLR in 3 h, regardless of whether
the reaction starts from pPB or pLR, in contradiction to
our experimental data (Figure 5A and B). The required
difference in rates cannot be introduced simply by slow-
ing down one of the reactions in the ‘forbidden’ direction.
For instance, slowing down the L × R (−RDF) reaction
by reducing the rate constant for the reverse of step s2 in
Model 0 (formation of the LR–ints1 synapse from LR–int),
would require an identical reduction of the rate constant
for the same step in the forward (pPB to pLR) direction
to keep the equilibrium constant for this step unchanged.
These changes would reduce the rate at which the reaction
approaches equilibrium in both directions, in disagreement
with our data.

An improved model. To resolve the problems in Model 0
discussed above, we hypothesized the existence of two addi-
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Figure 5. Modelled time courses of �C31 integrase-mediated recombination reactions. Reactions in the absence or presence of RDF are shown by orange
and blue lines respectively, for Model 0 (A and B) or Model 1 (C and D). Simulations were performed at 400 nM integrase, 10 nM plasmid substrate (pPB or
pLR) and 800 nM RDF (in parts B and D). For Model 0, parameters were fitted to the time course data from the ‘permitted’ reactions P × B (−RDF) and
L × R (+RDF). For comparison, experimental data at 3-h time points are shown as symbols (P × B (−RDF), orange circles; L × R (−RDF), orange stars;
L × R (+RDF), blue circles; P × B (+RDF), blue stars). In A and B, fine dotted lines show the experimentally observed time courses for the ‘forbidden’
(L × R (−RDF) and P × B (+RDF)) reactions.

tional synaptic complex species (LR–ints2 and PB–int–rdfs2;
Figure 1C). This gave us Model 1, as used in most of our
simulations. As described below, this modification allowed
us to equalize the affinity of integrase for pPB and pLR, and
to slow down the approach to equilibrium in the ‘forbidden’
L × R (−RDF) and P × B (+RDF) reactions. We propose
that in the P × B (−RDF) reaction, a second synaptic com-
plex LR–ints2 is formed from LR–ints1 (step mod, Figure
1C). LR–ints2 has lower free energy than LR–ints1 (Figure
3C) and is the most abundant product of the P × B (−RDF)
reaction in Model 1 (Figure 6A). Structural studies have re-
vealed a potential molecular basis for this modification step,
a conformational change in the synapse ((14); see ‘Discus-
sion’ section). The unfavourable dissociation of LR–ints2 to
form unbound pLR can then occur in two stages in Model
1; desynapsis of the LR–ints2 synapse to form LR–int, fol-
lowed by dissociation of integrase dimers from LR–int (Fig-
ure 3C). Splitting the dissociation of LR–ints2 into two ener-
getically unfavourable steps, in contrast to the single highly

unfavourable dissociation step in Model 0 (Figure 3A), al-
lows the model to account for efficient conversion of pPB
to pLR, while permitting integrase to have a similar affinity
for all four types of recombination site. In Model 1, inte-
grase binding to attL and attR sites is only twice as strong
as binding to attP and attB (Supplementary Tables S1), in
better agreement with published data (19).

Likewise, we hypothesized an additional synaptic com-
plex PB–int–rdfs2 in the ‘reverse’ L × R (+RDF) reaction,
with its unfavourable desynapsis in step s4 (Figures 1C and
3D).

To correct the problem that the ‘forbidden’ reactions (L
× R (−RDF) and P × B (+RDF)) reach equilibrium too
quickly in Model 0 (Figure 5A and B), we hypothesize
that dissociation and formation (desynapsis/synapsis) of
the stable synaptic complexes (LR–ints2 and PB–int–rdfs2)
are slow (Figure 1C). For the P × B (−RDF) reaction, we
therefore substantially decreased the rate constants of s2
(both forward and reverse). This allowed us to account for
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Figure 6. Simulated time courses of the amounts of abundant DNA-containing species in Model 1. (A and B) Reactions without RDF. Graphs show the
amounts of the most abundant pLR species. These are LR synapses (LR–ints1, LR–ints2) in A and LR complexes with one (LR–int1) or two (LR–int)
integrase dimers in B. (C and D) Reactions with RDF. Graphs show the amounts of the most abundant pPB species. These are PB synapses (PB–int–
rdfs1, PB–int–rdfs2) in C and D, and free pPB, pPB bound by one (PB–int–rdf1) or two (PB–int–rdf) int2–rdf2 complexes in D. Note that the ‘permitted’
reactions (A and C) quickly approach equilibrium, with predominant formation of the final products LR–ints2 (A) or PB–int–rdfs2 (C), in contrast to the
‘non-permitted’ reactions (B and D). Simulations were for 400 nM integrase, 10 nM pPB or pLR substrate and 800 nM RDF (for C and D).

the observed difference in pLR:pPB ratio at the end of re-
actions started from pPB or pLR (Figure 5C), as a conse-
quence of very slow formation of LR–ints2 in the L × R
(−RDF) reaction, and thus a very slow approach to equi-
librium. On a short timescale, the L × R (−RDF) reac-
tion proceeds only as far as binding of the pLR substrate
by integrase dimers in Model 1, as discussed further be-
low. Similarly, for the L × R (+RDF) reaction, we hypoth-
esize that the forward and reverse rate constants of step
s4 (desynapsis/synapsis of the stable synaptic complex PB–
int–rdfs2 to PB–int–rdf) are low. We can thus explain the
observed difference in the pLR:pPB ratio at the end of re-
actions started from pLR or pPB in the presence of RDF,
by the very slow approach of the P × B (+RDF) reaction to
equilibrium (Figure 5D).

Finally, to account for the observed inhibition of reac-
tions at high concentrations of integrase (Figure 4A), we
hypothesize in Model 1 that integrase dimers from solution
can associate with dimers already bound at single att sites,
so that an att site may be bound by an integrase tetramer
and thus become incompetent for synapsis (Supplementary
Figure S2C) (29).

Simulated kinetics of reactions with plasmid DNA substrates

Model 1 accurately matches our data for the kinetics of the
P × B (−RDF) and L × R (+RDF) reactions on plasmid
substrates (Figure 4E). The model also has an excellent fit
to the experimentally determined product levels after 3 h
recombination reactions at a wide range of integrase and
RDF concentrations (compare Figure 4A and B with C and
D).

Model 1 predicts that the P × B (−RDF) reaction rapidly
approaches equilibrium, reaching 68% of pLR recombinant
product in 30 min and 75% of pLR at final equilibrium, at
an integrase concentration of 400 nM (Figure 5C). The LR–
ints1 and LR–ints2 synaptic complexes represent the two
major pLR fractions at equilibrium (Figures 3C and 6A).
Model 1 predicts very slow kinetics for the L × R (−RDF)
reaction (Figure 5C), because most of the pLR substrate
is initially bound to integrase dimers in the non-productive
LR–int complex (Figure 6B), which is kinetically stable and
is converted only very slowly to the synaptic complex LR–
ints2 (Figure 6B; Supplementary Figure S6B). As a result,
less than 0.2% of pPB product is formed after 1 h (com-
pared to 25% of pPB at equilibrium, which would take sev-
eral days to approach). The integration reaction forming
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attL and attR from attP and attB in the absence of RDF
(P × B (−RDF)) should thus be effectively irreversible un-
der natural in vivo conditions, where events such as chromo-
some replication and cell division would typically occur on a
faster timescale. Sequestration of the free LR product into a
non-productive complex with integrase (LR–int) might be a
viral strategy to avoid spontaneous provirus excision in the
absence of RDF.

At high RDF concentrations, nearly all integrase is com-
plexed with RDF; both P × B and L × R reactions are thus
channelled into the RDF-dependent branch of the pathway
(blue arrows in Figure 1C). The L × R (+RDF) reaction ap-
proaches equilibrium rapidly in Model 1, reaching 62% pPB
recombinant product after 30 min (compared to 67% pPB
at equilibrium; Figures 5D and 6C) at 400 nM integrase
and 800 nM RDF. The P × B (+RDF) reaction approaches
equilibrium much more slowly, reaching only 3.2% pLR af-
ter 60 min (compared to 33% at eventual equilibrium) (Fig-
ure 5D), because the initially formed PB–int–rdf complex is
converted only very slowly to synaptic complexes PB–int–
rdfs2, which can then equilibrate with PB–int–rdfs1 and LR–
int–rdfs (Figures 3D and 6D; Supplementary Figure S6D).
Therefore, the model explains the observed inhibition of the
P × B reaction by RDF (Figure 4A and C; (12,13)); the pPB
substrate is trapped in pre-synaptic integrase–RDF com-
plexes.

Kinetics of reactions with linear DNA substrates

In the above analysis, both P × B and L × R reactions were
intramolecular (between two att sites within a single super-
coiled plasmid molecule), whereas the natural P × B reac-
tion is intermolecular (between sites on the phage and bac-
terial genomic DNA), and intermolecular reactions (both P
× B and L × R) are required for many proposed applica-
tions. Therefore we measured the experimental kinetics of
the P × B (−RDF) reaction with linear DNA substrates.
Recombination between linear (oligonucleotide) attP and
attB substrates is slower than intramolecular recombination
of a plasmid substrate (Figure 7A). We developed a modi-
fied version of Model 1 for linear substrates (Supplementary
Figure S1 and Supplementary Text S1.2.2). Intramolecular
synapsis in a supercoiled plasmid substrate is expected to be
more favourable than intermolecular synapsis between sites
on linear molecules (27,30). Supercoiling is also expected to
increase the rate of the reaction (step r1), as it can be cou-
pled to energetically favourable loss of supercoils and might
also affect the stability of integrase complexes with att sites
(18,27,30,31). Therefore we assumed in our modified Model
1 for linear substrates that synapsis is bimolecular and the
recombination steps are slower compared to the model for
plasmid substrates. These changes resulted in a lower rate
of the P × B (−RDF) reaction in our simulations (10 nM
attP and 10 nM attB) compared to 10 nM plasmid substrate
under the same conditions (Figure 7A). The level of attL
and attR products reaches 40% over 3 h in our simulations,
in agreement with the data. The model predicts that con-
version of one substrate (e.g. attB) to product can be en-
hanced by increasing concentration of the second substrate
(e.g. attP; Figure 7B), as expected and as observed experi-
mentally (11,22).

Figure 7. Kinetics of �C31 integrase-mediated recombination of linear
attP and attB substrates. (A) Comparison of experimentally measured and
modelled time courses with plasmid and linear substrates. Experimental
data are shown by symbols and simulations by lines. Experiments and sim-
ulations were done with 400 nM integrase and 10 nM pPB, or 10 nM each
of attP and attB. Plasmid data are the same as in Figure 4E. (B) Simulated
time courses with equal or different amounts of attP and attB substrates.
Concentrations of substrates were 3 nM attP and 3 nM attB for the brown
line, 3 nM attB and 30 nM attP for the orange line; integrase was at 200
nM. The product amount is shown relative to the total amount of attB.

DISCUSSION

Our optimized model (Model 1) reproduces the observed
behaviour of the �C31 site-specific recombination system
and provides a putative molecular explanation for direc-
tionality and the action of RDF.

Two previous works have also modelled the kinetics of
recombination by serine integrases (8,32), but both studies
make mechanistic assumptions that do not accord with ex-
perimental observations. Both previous models assume that
RDF binds only to integrase that is pre-bound to DNA,
while we allow RDF to bind to integrase that is in solu-
tion. Binding of RDF to integrase in the absence of DNA
has been demonstrated experimentally for �C31 integrase
(12), and incorporating this binding in our model allows re-
combination to respond to the RDF:integrase stoichiome-
try in a way that corresponds to our experimental observa-
tions. Both previous models account for the directionality
of recombination by assuming that the recombination steps
(conversion of PB to LR in a complex with integrase alone,
and of LR to PB in an integrase–RDF complex) are strictly
irreversible, whereas we assume more realistically that all re-
action steps are (in principle) reversible. Bowyer et al. sug-
gest that the observed incomplete conversion of substrate
to product in vitro is due to irreversible inactivation of in-
tegrase during the course of the reaction (32). We present
experimental data demonstrating that integrase retains sub-
stantial activity for the full length of our reactions (Supple-
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mentary Figure S5), and therefore do not incorporate inte-
grase inactivation in our modelling. In addition, both pre-
vious models lack energetic constraints on the cyclic con-
version of PB to LR and back to PB again, whereas in our
model, cyclic reactions are constrained by Wegscheider’s
condition so that they do not violate the conservation of
energy.

Our modelling is informed by the landmark structural
analysis of Rutherford et al. (14–16), who have used crystal
structures of a related serine integrase bound to its recom-
bination site DNA to establish a structure-based hypothe-
sis for the mechanism of directionality in recombination, in
which a mobile coiled-coil (CC) domain plays a key role. It
is proposed that during the P × B reaction, the substrate
synapse is stabilized by interactions of CC domains that
connect two different att sites (attP and attB) together (Fig-
ure 1B). After the strand exchange steps, dissociation of the
LR product synapse is stimulated by switching of the CC
domains to interactions within the integrase dimers bound
to each single att site (Figure 1B, (14)). These interactions
then block synapsis for the ‘forbidden’ L × R reaction. At
a structural level, it is proposed that interactions of CC do-
mains on a single att site are disfavoured in dimers bound to
the (longer) attP and (shorter) attB sites, but are favourable
in dimers bound to the intermediate-length attL and attR
sites (1,14–16).

Our preliminary Model 0 conforms to the hypothesis of
van Duyne et al. (14), in that the LR product synapse (LR–
ints1) dissociates to give the pLR product plasmid bound by
two integrase dimers (LR–int, Figure 1C) which is the final
stable product of the P × B reaction. However, to drive equi-
librium towards the LR product, Model 0 requires much
higher affinity of integrase dimers for attL and attR sites
than for attP or attB sites, whereas experimental data sug-
gest similar affinities (19,23). To resolve this paradox, our fi-
nal model (Model 1, Figure 1C) includes a new stable synap-
tic complex LR–ints2, which we propose to be the normal
end-point of the P × B reaction. We hypothesize that LR–
ints1, the immediate product of the strand exchange step,
might convert to LR–ints2 by switching of the integrase
CC domains from interactions between attL and attR sites
to interactions on each single site, without dissociation of
the synapse (Figure 1C; (1,14,15)). The LR–ints2 synapse
is of lower free energy than the de-synapsed product LR–
int (Figure 3C), allowing us to split the dissociation of the
synapse over two steps (s2 and b2) and to use realistic bind-
ing affinities of integrase dimers for the attL and attR sites
(19,23).

Stable integrase–product DNA synaptic complexes have
not yet been observed experimentally in biochemical assays
(22), though analogous species have been inferred in other
recombinase systems (20). One possible explanation for this
is that the product synaptic complexes do not survive the
conditions used for gel electrophoresis. Another formal pos-
sibility is that the final kinetically stable end product of
the P × B (−RDF) reaction that we refer to as LR–ints2
is not a synapse, but is pLR plasmid bound to two sepa-
rate integrase dimers, in a conformation different from the
LR–int complex formed after binding of integrase to pLR.
The transition between these two configurations of LR–
integrase complexes should be very slow accordingly to our

model. The model and the existing data do not allow dis-
crimination between these two possibilities.

We further hypothesize that interconversion of the synap-
tic complex LR–ints2 and the non-synapsed pLR plasmid
bound by integrase dimers (LR–int) is very slow. This as-
sumption allows Model 1 to account for the unidirectional-
ity of P × B recombination in the absence of RDF (Figure
5D); the ‘reverse’ L × R reaction is very slow due to a large
activation barrier for the formation of the LR–ints2 synapse
from the integrase dimer-bound substrate LR–int, despite
the favourable free energy change. A molecular explanation
might be that the two CC domains of an integrase dimer
bound to a single attL or attR site interact strongly in a way
that blocks synapsis.

In the presence of RDF, integrase dimers bound to attL
and attR must synapse readily, to initiate the L × R recom-
bination reaction. As proposed by Rutherford et al. (14),
RDF might interact with integrase and alter its conforma-
tion such that interactions of the CC domains within dimers
bound to attL and attR are disfavoured, and thus synap-
sis (involving interactions of the CC domains between the
two sites) is promoted. In our Model 1, this corresponds to
rapid synapsis of attL and attR sites bound by integrase–
RDF complexes (Figure 1C, step s3), in contrast to the very
slow corresponding step (s2) in the absence of RDF. To ac-
count for the equilibrium in favour of product pPB plas-
mid, we again hypothesize a stable product synaptic com-
plex (PB–int–rdfs2) which is the normal end-point of the re-
action and slow interconversion of this synaptic complex
with the product plasmid bound by two separate integrase
dimer–RDF complexes (PB–int–rdf; step s4).

Conversion of substrates to recombinant products by
�C31 integrase is never 100%, even at optimal concentra-
tions of integrase and RDF (see ‘Results’ section). Our
Model 1 accounts for this incomplete conversion as being
primarily due to fast equilibration of synapsed forms of
the substrate and product species (steps r1, mod of the P
× B reaction, and steps r2, modr of the L × R reaction).
The model therefore suggests that alterations to the equilib-
rium constants of these steps (by mutation of the proteins
or att sites, or by changing the reaction conditions or sub-
strate structure) could increase the conversion efficiency of
the reactions, as might be desirable for many applications
in biotechnology. For pPB recombination, a 2-fold increase
of either of the equilibrium constants Kr1 or Kmod (with a
compensating change in Ks2 to fulfil Wegscheider’s condi-
tion) increases the pLR product yield at equilibrium from
76 to 86% (Supplementary Figure S3A and C). Likewise, a
2-fold increase of Kr2 or Kmodr for the pLR (+RDF) reaction
increases the pPB product yield from 67 to 80%. Differences
in the observed conversion efficiencies of natural serine in-
tegrases (33) might similarly be attributable to differences
in the equilibrium constants of these sensitive steps.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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