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The active site of the tyrosine family site-specific recombinase
Flp contains a conserved catalytic pentad that includes two argi-
nine residues, Arg-191 and Arg-308. Both arginines are essen-
tial for the transesterification steps of strand cleavage and
strand joining in DNA substrates containing a phosphate group
at the scissile position. During strand cleavage, the active site
tyrosine supplies the nucleophile to form a covalent 3'-phos-
photyrosyl intermediate. The 5'-hydroxyl group produced by
cleavage provides the nucleophile to re-form a 3'-5’ phosphodi-
ester bond in a recombinant DNA strand. In previous work we
showed that substitution of the scissile phosphate (P) by the
charge neutral methylphosphonate (MeP) makes Arg-308 dis-
pensable during the catalytic activation of the MeP diester bond.
However, in the Flp(R308A) reaction, water out-competes the
tyrosine nucleophile (Tyr-343) to cause direct hydrolysis of the
MeP diester bond. We now report that for MeP activation Arg-
191 is also not required. In contrast to FIp(R308A), FIp(R191A)
primarily mediates normal cleavage by Tyr-343 but also exhibits
a weaker direct hydrolytic activity. The cleaved MeP-tyrosyl
intermediate formed by Flp(R191A) can be targeted for nucleo-
philic attack by a 5'-hydroxyl or water and channeled toward
strand joining or hydrolysis, respectively. In collaboration with
wild type Flp, FIp(R191A) promotes strand exchange between
MeP- and P-DNA partners. Loss of a catalytically crucial posi-
tively charged side chain can thus be suppressed by a compen-
satory modification in the DNA substrate that neutralizes the
negative charge on the scissile phosphate.

The hallmark of the active sites of tyrosine site-specific
recombinases and type IB topoisomerases is a catalytic pentad
(Arg-Lys-(His/Lys)-Arg-(His/Trp)), with a tyrosine residue
providing the nucleophile for DNA cleavage (1-6). The pri-
mary function of the conserved arginines Arg-191 and Arg-308
in Flp, inferred from crystallographic data, appears to be in
balancing the phosphate negative charge in the transition state
during the strand cleavage and strand joining steps of DNA

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM035654 (to M. J.). This work was also supported in part by Robert
F. Welch Foundation Award F-1274 and by a University of Texas at Austin
faculty research award.

" These authors share joint second authorship.

2 To whom correspondence should be addressed: 1 University Station A5000,
NMS 2.210, Austin, TX 78712.Tel.: 512-471-0966; Fax: 512-471-5546; E-mail:
Jayaram@icmb.utexas.edu.

22976 JOURNAL OF BIOLOGICAL CHEMISTRY

recombination and relaxation, respectively. Replacement of
alanine, glycine, or the conservative lysine at either of these
positions results in the gross impairment of the catalytic activ-
ities of the corresponding Flp variants (7—10). Recent studies
show that substitution of the scissile phosphate (P)* by meth-
ylphosphonate (MeP), which is charge neutral in the ground
state and carries a nominal —1 charge in the transition state,
makes Arg-308 dispensable in the MeP activation step by Flp
(11). The same holds for the corresponding arginine residues of
the Cre recombinase (Arg-292) and vaccinia topoisomerase
(Arg-223) (12, 13). The chemical competence of Cre(R292A),
FIp(R308A), and Topo(R223A) on their respective MeP sub-
strates is consistent with the suspected electrophilic role of the
positively charged arginine side chain in catalysis.

Cre(R292A), wild type topoisomerase, and Topo(R223A)
cleave the MeP diester bond using their active site tyrosine
nucleophiles (Tyr-324 and Tyr-274, respectively) to yield the
3'-MeP-tyrosyl adduct. This intermediate can then be hydro-
lyzed to the 3’-MeP product in all three cases, but with one
significant difference between Cre and topoisomerase. In the
case of topoisomerase, the rate of hydrolysis of the MeP-
tyrosyl intermediate is enhanced over 4 orders of magnitude
(Sp MeP, 7.0 X 10~ 3 s~ * for topoisomerase; 3.5 X 10~ s~ ! for
Topo(R223A) relative to that of the P-tyrosyl intermediate by
the wild type enzyme (2.2 X 107 s ') (12, 14). Such a dramatic
difference is not observed between the hydrolysis rates of P-ty-
rosyl and MeP-tyrosyl intermediates by Cre (2.8 X 107> s~ ")
and Cre(R292A) (8.8 X 10~ ° s~ *; racemic mixture of Sy/R,
MeP), respectively (13). The endonucleolytic activity of Cre and
topoisomerase, directed to the covalent intermediate resulting
from strand cleavage, is referred to as type I endonuclease activ-
ity (11, 13).

FIp(R308A) is strikingly different from Cre(R292A) or
Topo(R223A) in its response to the MeP substituted substrate.
In the FIp(R308A) reaction, the activated MeP diester bond is
targeted by water rather than the active site nucleophile Tyr-
343 and is hydrolyzed predominantly to a DNA product with a
3’-MeP terminus (11). This direct hydrolysis of the DNA phos-
phodiester bond is referred to as type Il endonuclease activity to
distinguish it from hydrolysis of the cleaved intermediate (type
I). The type II activity is either absent or extremely weak in
reactions of wild type Flp on the native P substrate.

3 The abbreviations used are: P, phosphate; MeP, methylphosphonate.
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TABLE 1
Oligonucleotides used for assembling the substrates used in this study

Flp Recombination of MeP-DNA Substrates

The scissile phosphate or methylphosphonate position is indicated by (p) or (mp), respectively. A full-site substrate was obtained by PCR amplification of a plasmid pY9,

containing a copy of the Flp recombination target site (FRT) using primers 1 and 2.

Oligomer Sequence
MeP half-site (top strand) ACT TGG ATC CGA AGT TCC TAT AC(mp) TTT
P half-site (top strand) ACT TGG ATC CGA AGT TCC TAT AC(p) TTT
P or MeP half-site (bottom strand) TCT AGA AAG TAT AGG AAC TTC GGA TCC AAG T
Primer 1 (for full-site assembly by PCR) GGT ATT TCA CAC CGC ATA TGG TGC ACT CTC
Primer 2 (for full-site assembly by PCR) CTT CTG AGT TCG GCA TGG GGT CAG GTG GG

The striking enhancement of the type I endonuclease in
topoisomerase by MeP substitution and the manifestation of
the type II endonuclease in Flp by MeP substitution combined
with the R308A mutation suggest that phosphate electrostatics
and active site electrostatics may be utilized by these enzymes
to repel water and protect the normal reaction from abortive
hydrolysis (11, 14). Topoisomerase and Flp differ from each
other in how their active sites are organized. The former houses
a complete active site within a single monomer (1, 15), whereas
the latter must receive the tyrosine nucleophile in ¢rans from a
neighboring monomer to complete the active site (16, 17).
Because the topoisomerase active site would fully engage the
scissile phosphate upon DNA binding by a monomer, the threat
of hydrolysis is likely minimal at the strand cleavage step. By
contrast, the delay between phosphodiester activation by a
bound Flp monomer and the donation of the tyrosine nucleo-
phile by a second Flp monomer may permit water access to the
reaction center. The susceptibility of the cleaved intermediate
of the topoisomerase reaction to hydrolysis may result from the
conformational flexibility associated with strand rotation that
precedes strand joining. This risk is perhaps greatly reduced
during recombination by the tight packing of the Flp tetramer
bound to DNA partners as well as the conformational dynamics
of the cleaved strands within it (17). Cre recombinase is analo-
gous to topoisomerase in possessing a cis-active site but resem-
bles Flp in the organization and dynamics of its recombination
synapse (5, 18). These features are consistent with the lack of
enhanced type I endonuclease activity and the absence of the
type II endonuclease activity of Cre(R292A) toward the MeP
substrate. Thus, the distinct vulnerabilities of Flp, Cre, and
topoisomerase and the pertinent protective strategies they have
evolved to deal with them can be rationalized by differences in
the assembly of their active sites, the compactness of their reac-
tion complexes, and the conformational dynamics associated
with their respective reactions.

In the present work, we have addressed the role of Arg-191 (a
second conserved arginine of the Flp pentad) in recombination
by assaying its activities on MeP substrates. We find that, like
Arg-308, Arg-191 is also not essential for activation of the MeP
diester bond. However, unlike FIp(R308A), FIp(R191A) utilizes
Tyr-343 to bring about strand cleavage and displays type I
endonuclease activity on the cleaved intermediate. A weaker
type Il endonuclease activity associated with FIp(R191A) can be
unveiled by blocking the type I endonuclease with the Y343G
mutation. FIp(R191A) is also functional in strand exchange and
is thus a recombinase on MeP-DNA, unlike FIp(R308A). We
consider the mechanistic implications of these findings.
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EXPERIMENTAL PROCEDURES

Oligonucleotides and Assembly of Reaction Substrates—A list
of the oligonucleotides used for the assembly of substrates is
given in Table 1. Most of these oligonucleotides have been pre-
viously described (11). Schematic representations of substrates
are included in Figs. 2, 4, 6, and 7. All of the oligonucleotides
were purchased from Sigma-Aldrich with the exception of the
MeP-containing oligonucleotide (a racemic mixture of the S,
and R, forms). The MeP-containing oligonucleotide was sup-
plied by TriLink Technologies (San Diego, CA). Oligonucleo-
tides were 5'-labeled with **P by the polynucleotide kinase
reaction in the presence of y-*P-labeled ATP as per the sup-
plier’s instructions (New England Biolabs). The resultant end-
labeled oligonucleotides were purified by either urea-PAGE or
by a nucleotide removal kit (Qiagen). Hybridization of oligonu-
cleotides was performed by mixing the oligonucleotides to be
annealed in a molar ratio of 10:1 (unlabeled:labeled), placing the
tube containing the mixture in 800 ml of 95 °C water, and allow-
ing it to cool overnight to room temperature. The P full-site
substrate used in the strand exchange reaction with a MeP half-
site was produced by PCR. The sequences of the primers used to
amplify this 262-bp DNA fragment are given in Table 1.

Purification of Flp and Flp Mutants—All of the proteins, wild
type Flpe (19) and mutant derivatives, were purified using pro-
tocols described previously (20) but with the omission of the
DNA -cellulose column chromatography step. The protein con-
centrations were calculated using the Bradford protein assay
(Bio-Rad).

In Vitro Flp Reactions—In vitro Flp reactions were carried out
at 30 °C essentially according to the conditions described ear-
lier (11). The reactions were standardized using a range of
titrated amounts of Flp or Flp variants/Flp-binding element
of the DNA substrates used. All of the subsequent assays
employed the optimized amounts of these proteins. The reac-
tions were terminated by the addition of SDS to a final concen-
tration of 0.1%. For the analysis of hydrolysis products, DNA
was purified by phenol/chloroform extraction and ethanol pre-
cipitation before loading onto 12% urea-PAGE sequencing gels
(acrylamide/bis-acrylamide 19:1). The formation of Flp-DNA
covalent adducts were detected using 12% SDS-PAGE gels
(acrylamide/bis-acrylamide 29:1). All of the gels were dried and
exposed to a storage phosphor screen (Bio-Rad) or Blue Auto-
radiography Film (ISC BioExpress).

Quantification of Reaction Products—Substrate and product
bands were detected using a storage phosphor screen (Bio-
Rad). Exposure was optimized so as to avoid saturation of the
screen but to maximize signal detection. Phosphor screens
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Flp Recombination of MeP-DNA Substrates

were scanned using a Typhoon Trio phosphorimager (GE
Healthcare). Image analysis was performed using the software
Quantity One, version 4.5.1 (Bio-Rad).

Nonlinear Regression Curve Fitting—Data analysis was per-
formed using the software GraphPad Prism (version 5.02) as
previously described (13).

RESULTS

Experimental Designs—Most of the experiments were car-
ried out using half-site substrates, as described by Ma et al. (11).
A half-site substrate contains only one Flp-binding element and
one scissile P or MeP on the top strand, followed by three nucle-
otides of the strand exchange region (spacer). The bottom
strand contains all eight nucleotides of the spacer, thus creating
a 5-nucleotide single-stranded DNA overhang. The MeP half-
sites employed in all reactions were a racemic mixture of the S;,
and R, stereoisomers.

The reactions assayed in this study were: strand cleavage by
the Tyr-343 nucleophile, hydrolysis of the covalent tyrosyl
adduct (type I endonuclease), direct hydrolysis of the DNA
backbone at the scissile position (type II endonuclease), strand
joining in a half-site, and strand exchange between a MeP half-
site and a P full-site. Schematic diagrams depicting the types of
reactions studied are included in the figures, as appropriate, for
clarity. All of the reactions were carried out using the thermo-
stable wild type Flpe (which differs from native Flp by four
amino acid substitutions) (19) and its mutant derivatives.

In a half-site substrate, the trinucleotide product resulting
from strand cleavage by the active site Tyr-343 would diffuse
away, making the reaction virtually irreversible (see Fig. 2C). If
the bottom strand contains a 5’'-hydroxyl group, a pseudo-
strand joining reaction can proceed by attack of the hydroxyl
group on the tyrosyl intermediate (see Fig. 4E). In principle, the
scissile P or MeP diester bond activated by a bound Flp or the P-
or MeP-tyrosyl intermediate formed by strand cleavage can be
hydrolyzed by nucleophilic attack by water. In strand cleavage/
hydrolysis reactions, the 5’-end of the noncleaved (bottom)
strand was phosphorylated to prevent the joining reaction. In
strand joining reactions, the 5'-end harbored a hydroxyl group.
Formation of the Flp-DNA (or Flp variant DNA) covalent
tyrosyl adduct and the product of hydrolysis were assayed by
analyzing reactions by both SDS- and urea-PAGE, respectively.
Strand exchange between a half-site and a full-site was also
monitored by urea-PAGE.

Flp is a monomer in solution and associates with its binding
element as a monomer. Dimerization of Flp occurs between
two DNA-bound monomers positioned on either side of the
spacer. Because Flp assembles a shared active site between two
monomers (16, 17), strand cleavage by Tyr-343 in a half-site will
require the association of at least two Flp-bound half-sites. This
reaction may also occur in the context of a trimeric or a tet-
rameric complex of a Flp-bound half-site. However, Tyr-343-
independent hydrolysis of the DNA backbone may occur in a
single half-site occupied by one Flp monomer.

Strand Cleavage and Hydrolysis by Flp(R191A) in a MeP
Half-site—As noted earlier, the MeP diester bond in a half-site
substrate is targeted for direct hydrolysis (type Il endonuclease
activity) by a Flp mutant lacking the conserved Arg-308 of its
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FIGURE 1. Organization of active site residues in DNA-bound Flp with the
scissile phosphate in its uncleaved and cleaved (covalently linked)
states. The catalytic pentad residues (Arg-191, Lys-K223, His-305, Arg-308,
and Trp-330) of a Flp monomer and the active site tyrosine (Tyr-343) donated
in trans from a second monomer are displayed surrounding the scissile phos-
phate (gold sphere). In one active site configuration (A), the scissile phosphate
is not cleaved; in the other (B), the scissile phosphate is cleaved and linked to
the trans-donated Tyr-343. Note that Arg-191 and Arg-308 make hydrogen
bonding interactions with the nonbridging oxygens of the scissile phosphate
in both A and B (dotted lines). The structural information is from Protein Data
Bank entry TM6X (21) and is displayed using the PyMOL molecular graphics
system (DeLano Scientific).

catalytic pentad. The crystal structures of Flp (Fig. 1 and Ref. 21)
reveal that both Arg-191 and Arg-308 are in positions to form
hydrogen bonds with the nonbridging oxygen atoms of the scis-
sile phosphate. The specific contacts made by the individual
arginines in the pre- and post-cleavage active sites appear to be
distinct. Overall, the picture is consistent with the formation of
a proton cradle by the twin arginines for stabilizing the nega-
tively charged pentacoordinate transition state. Given the
unexpected hydrolytic activity of FIp(R308A) on the MeP
diester bond observed earlier (11), we wished to probe the
potential catalytic activities of Flp lacking Arg-191 on a MeP
half-site. Can FIp(R191A) execute strand cleavage utilizing Tyr-
3437 Can the cleaved MeP-tyrosyl intermediate be successfully
carried through the strand joining step by FIp(R191A)? Or is
it vulnerable to hydrolysis (type I endonuclease)? Also, can
FIp(R191A), like FIp(R308A), promote direct hydrolysis of the
MeP diester bond (type I endonuclease)? The results obtained
are assembled in Figs. 2-7.

Previous published and unpublished work shows that Flp
mutants lacking a positively charged side chain at position 191
are inactive in performing recombination on native phosphate
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by the appearance of a 23-nucleo-
tide product (Fig. 2B, left panel).
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The mobility of the 23-mer, relative
to that of the previously character-
ized hydrolysis product formed by
FIp(R308A) (11), suggests the pres-
ence of MeP (and not a free
hydroxyl) at the 3’-terminus. The
mobility of the faint band just above
the 23-mer was consistent with a
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product harboring a 3’-hydroxyl
end. The delayed accumulation of
the 23-mer proportionate with the
disappearance of the DNA adduct
was in accordance with a precursor-
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product relationship. We conclude
that FIp(R191A) gives rise to the
23-mer primarily by hydrolyzing the
3’'-MeP-tyrosyl DNA-protein link-
age, that is, by the Flp type I endo-
nuclease activity.

The pseudo-first order rate con-
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FIGURE 2. Endonuclease activities of FIp(R191A) and FIp(R308A) on a MeP half-site substrate. Aand B, the
reactions were analyzed simultaneously by SDS-PAGE (A) for formation of covalent FIp-DNA adduct by Tyr-
343-mediated strand cleavage and by denaturing urea-PAGE (B) for formation of the 23-mer hydrolysis prod-
uct (HP). The end-labeled double-stranded DNA half-site substrate (A) or the labeled single-stranded DNA
(26-mer) resulting from its denaturation (B) is denoted by (S). The 5'-OH on the bottom strand of the substrate
was phosphorylated to prevent “strand joining.” The respective plots for FIp(R191A) and FIp(R308A) represent
the mean values from three independent experiments with the standard errors indicated by bars. C, type | and
type Il endonuclease activities leading to hydrolysis of the MeP-tyrosyl intermediate and direct hydrolysis of
MeP, respectively, are schematically depicted. The asterisk indicates a >P-label at the 5’-end of the scissile top
strand; (mp), (p), and (HO) represent the scissile MeP, 5’-terminal phosphate, and 5’-terminal hydroxyl, respec-
tively. The filled circle represents Flp recombinase with its active site tyrosine (Y).

substrates in vivo and in vitro (7, 8, 10). Additional in vitro
assays signified their activities in strand cleavage and strand
joining to be almost undetectable on half-site substrates. By
contrast, FIp(R191A) readily formed a covalent adduct with the
MeP half-site, as was revealed by SDS-PAGE (Fig. 24, left
panel). This reaction product appeared early during the assay
and disappeared at later time points. The loss of the DNA-
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e d
0 20 30 4 5

5 (OH)TTT J
or

stant for 23-mer formation from the
MeP half-site by FIp(R191A) (com-
prising cleavage plus hydrolysis)
was estimated as Ky, g0y 3.1 X 107
s ! and is within a factor of 3 of
that for direct MeP hydrolysis by
FIp(R308A) (8.7 X 10 ° s~ %). The
yield of the 23-mer at 48 h from the
FIp(R191A) reaction was 50% more
than that from an equivalent Flp
reaction: ~15 and 10% of the input
substrate, respectively (this study
and Ref. 11). The distinct routes by
which the Arg-191 and Arg-308
mutants hydrolyze the MeP half-

Type ll
Hydrolysis

site are displayed in Fig. 2 with
FIp(R191A) proceeding mainly via
the cleaved tyrosyl intermediate
(type I; Fig. 24, left panel) and
FIp(R308A) via direct attack of the
DNAs phosphodiester backbone,
bypassing the formation of the
cleaved intermediate (type II; Fig. 24,
right panel) (this study and Ref. 11).
The Type Il Endonuclease Consti-
tutes a Minor Pathway for MeP
Hydprolysis by FIp(R191A): a Scissile
MeP Is Sufficient to Unveil Type Il
Activity in Wild Type Flp without Additional Active Site
Mutations—The extent of MeP-tyrosyl intermediate formed by
wild type Flp at early time points during the MeP half-site reac-
tion (11) was significantly lower than that formed by
FIp(R191A) (Fig. 2A4), yet the difference in the yields of the
23-mer by the two proteins was not as prominent, suggesting
that MeP at the scissile position may also induce type IT activity
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lower than that of Flp(R308A) or
FIp(R308A,Y343G) observed previ-
ously (23-mer yield of 32% of the
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input MeP half-site) (11). Thus,
neutralization of the negative
charge on the scissile phosphate is
sufficient to cause its susceptibility
to direct hydrolysis, when activated
by DNA-bound Flp. However, this
- effect becomes much more dra-
matic when Arg-308 within the Flp
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|

R —

active site is substituted by alanine
(11).

Effects of MeP Substitution and
Lack of Arg-191 or Arg-308 on the
Strand Joining Reaction—The 5'-

S (26-mer)

HP (23-mer)

124 121

Product (%)
b

Product (%)

hydroxyl groups of the bottom
strands of the half-sites used in the
hydrolysis assays depicted in Figs. 2
and 3 were phosphorylated to pre-
vent them from acting as nucleo-
philes. As noted earlier, a free 5'-hy-
droxyl, if present, would be able

o

0 20 30 40 5 0 0 20 30
Time (h) Time (h)

o

-~ Hydrolysis Product
-+ Covalent Adduct

FIGURE 3. Type Il endonuclease activities of FIp(Y343G) and FIp(R191A,Y343G) on the MeP half-site. The
reactions were performed and analyzed as described for Fig. 2. The results from three separate experiments are

plotted.

in wild type Flp. In a previous assay with Flp(Y343G), formation
of the 23-mer from the MeP half-site was found to be quite
weak (11). A careful re-examination of the Flp(Y343G) hydro-
lysis reaction revealed that even in the absence of Tyr-343, there is
~8% conversion of the MeP half-site to the 23-mer product by
type II endonuclease activity, that is, without formation of the
MeP-tyrosyl intermediate (Fig. 3). These findings indicate that
MeP half-site hydrolysis by Flp can occur as a result of both type I
and type II endonuclease activities. However, direct MeP hydrol-
ysis by FIp(R308A) and Flp(R308A,Y343G) was much more robust
(32% conversion of the input MeP half-site into the 23-mer prod-
uct) than that by Flp or its variants lacking Tyr-343 (11).

To test whether the type II endonuclease contributed,
at least in part, to the hydrolytic activity of FIp(R191A),
the MeP half-site was treated with the double mutant
FIp(R191A,Y343G). No DNA-protein adduct was detected,
as expected for the absence of the cleavage nucleophile (Fig.
3A). Nevertheless, the 23-mer hydrolysis product was formed,
indicative of type Il endonuclease activity (Fig. 3B). The amount
of the 23-mer yielded by Flp(R191A,Y343G) was much lower
than that of FIp(R191A) (compare Figs. 3 and 2). Quantitation
indicated that direct hydrolysis (type Il endonuclease) accounts
for only approximately one-third of the total hydrolysis (type I
plus type II endonucleases) by FIp(R191A). The type II endo-
nuclease activities of Flp(Y343G) and Flp(R191A,Y343G) were
rather similar (8 and 5% conversion, respectively, of the input
MeP half-site to the 23-mer) (Fig. 3B) but were significantly
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J to attack the P- or MeP-tyrosyl in-
termediate in a pseudo-strand ex-
change reaction that forms a hairpin
recombinant. This product, along
with that formed by a possible inter-
half-site joining reaction, can be
observed as a 54-mer by urea-
PAGE. We had noticed previously
that strand joining in a MeP half-site by Flp is slower and less
efficient than that in a P half-site (11).* A more detailed analysis
of strand joining in the MeP half-site by Flp, FIp(R191A), and
FIp(R308A) relative to that in the P half-site by Flp is shown in
Fig. 4. Quantitative representations of the data are assembled in
Fig. 5.

In the P half-site, joining by Flp proceeded swiftly and efficiently
with a rate constant of 2.2 X 107% s™, easily out-competing
hydrolysis, whose rate constant was 60-fold lower, 3.6 X 107 >s ™!
(Figs. 4A and 5A). After 1 h of incubation at 30 °C, Flp converted
90% of the substrate to the joined product compared with only a
6% yield from hydrolysis in 24 h. In the Flp/MeP half-site combi-
nation (Figs. 4B and 5B), the joined product accounted for 0.5% of
the input half-site at 48 h compared with just over 4% of the
hydrolysis product in the same duration. This finding is consistent
with Tyr-343-mediated strand cleavage (and resultant formation
of the tyrosyl intermediate) being a minor reaction compared with
direct hydrolysis (type II endonuclease activity) as a result of the
MeP substitution. The data are accommodated by the MeP-ty-
rosyl intermediate being nearly quantitatively converted into the
joined product rather than the 23-mer in the presence of the 5'-hy-
droxyl. Thus, as in the P half-site reaction, the 5’-hydroxyl was a
more efficient nucleophile compared with water in the MeP half-
site reaction.

“P. A. Rowley, A. H. Kachroo, C. H. Ma, A. D. Maciaszek, P. Guga, and M.
Jayaram, unpublished data.
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FIGURE 4. Strand joining by Flp, FIp(R191A), and FIp(R308A) assayed using P half-site and MeP half-site substrates. The half-site substrates in the strand
joining assays contained a free 5’-hydroxyl on the bottom (nonscissile) strand. A-D, reactions were analyzed by denaturing urea-PAGE to detect the products
of strand joining (JP) and hydrolysis (HP). A and B, the reactions of wild type Flp with the P half-site (A) or the MeP half-site (B) are shown. Cand D, only the MeP
half-site reactions are shown for FIp(R191A) (C) and FIp(R308A) (D) because they were inactive on the P half-site (data not shown). The strand joining reaction
mediated by the attack of the bottom strand 5’-OH on the P- or MeP-tyrosyl intermediate is schematically illustrated in E. The asterisk indicates the 3P label at
the 5’-end of the top (scissile) strand, (@) denotes the scissile P or MeP, and (HO) represents the 5’-terminal hydroxyl group.
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FIGURE 5. Quantitative analysis of the strand joining and endonuclease
activities of Flp, FIp(R191A), and FIp(R308A) on half-site substrates con-
taining a 5'-OH on the nonscissile strand. The kinetics of strand joining and
hydrolysis are represented by the blue and red circles, respectively.

FIp(R191A) also promoted efficient strand joining in the
MeP half-site (Figs. 4C and 5C). Competition between water
and the 5'-hydroxyl was evident by a drop in the amount of
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hydrolysis product (23-mer) from ~15% in the absence of the
5'-hydroxyl (Fig. 2) to ~7% in its presence. Note that the
23-mer formed as a result of direct hydrolysis (~5%; as inferred
from the Flp(R191A,Y343G) reaction; Fig. 3B) would not have
contributed to strand joining. Thus, in the presence of a 5'-hy-
droxyl, the predominant fraction of the MeP-tyrosyl interme-
diate was converted to the joined product, hydrolysis being
reduced to a minor side reaction.

As expected from its inability to form detectable covalent
adduct, FIp(R308A) gave very little joining product (0.2% yield) in
the MeP half-site (Figs. 4D and 5D). This weak reaction could
result either from the formation of a small amount of the tyrosyl
intermediate or from a direct attack of the 5'-hydroxyl on the MeP
diester bond in DNA. Consistent with the latter possibility, a weak
joining reaction (final yield of 0.03% joined product) was also
obtained with FIp(R308A,Y343G@), an activity not demonstrated by
FIp(R191A,Y343G) (Fig. 6). An alternative possibility is that a
covalent adduct formed by a surrogate nucleophile either from
FIp(R308A) or FIp(R308A,Y343G) or from the reaction buffer
(glycerol, for example) was targeted for strand joining. Formation
of the hydrolysis product by the type II endonuclease of
FIp(R308A) was essentially free from competition by the 5'-hy-
droxyl, to give a final 32% yield of the 23-mer, the same as was ob-
served for a MeP half-site with the blocked 5’-hydroxyl group (11).

A significant point that emerges from comparing Flp/P half-
site and FIp(R191A)/MeP half-site reactions is the efficient sup-
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A FIp(R191A Y343G) Fip(R308A Y343G) the assay shown in Fig. 7, we tested
whether a full-site, containing phos-
< h > < f > hate at the scissile positions, can

24 48 0 3 8 24 48 P b ’

0 3 8

partner with a MeP half-site in DNA

exchange in the presence of wild
type Flp and FIp(R191A).

The predicted strand exchange
reactions between the end-labeled
MeP half-site and the unlabeled full-
site are schematically diagrammed in
Fig. 7A. A normal recombination
reaction between two full-site part-
ners is constrained by a strict homol-
ogy requirement between them in the
8-bp spacer region. However, because

JP (54-mer)

S (26-mer) the homology rule is relaxed in the
case of a half-site by full-site reaction,
the labeled strand of the MeP half-site

HP (23-mer) may recombine with the top or the
bottom strand of the full-site. The two

. o0 0 006 recombinant strands may be distin-
S < 2 s guished by their sizes, 186 and 130 bp,
g 30 L ooe §Z % 01 3 o6 g respectively. .
£ v & 2 E The MeP half-site was prebound
2 8 é i & with FIp(R191A) in recombination
5 10 [*% 2 5 3 buffer, and then the P full-site and
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FIGURE 6. Strand joining activity of FIp(R308A,Y343G) in the MeP half-site substrate by potential direct
attack of the DNA backbone by the 5'-OH. A, joining reactions with FIp(R191A,Y343G) and FIp(R308A,Y343G)
were performed and analyzed as described for Fig. 4. The plots below represent three independent experi-

ments. B, schematic diagram for a potential strand joining reaction.

pression of the abortive hydrolysis of the P-tyrosyl or MeP-
tyrosyl intermediate in the presence of a joining-competent
5’-hydroxyl group. Clearly, the strand joining reaction in the
MeP half-site is independent of Arg-191. The comparable, even
though quite low, yields of the MeP-tyrosyl intermediate and
the joined product in the MeP half-site by FIp(R308A) (Figs. 4D
and 5D and Ref. 11) suggest that Arg-308 may also be dispensable
for joining when the scissile phosphate is charge-neutralized. It is
probable that the target for strand joining by FIp(R308A) is
predominantly the MeP-tyrosyl intermediate rather than the
MeP diester bond in DNA, as inferred by the yields of the joined
products by FIp(R308A) and Flp(R308A,Y343G): 0.2% and
0.03%, respectively.

Strand Exchange between a MeP Half-site and a P Full-site
by Flp-FIp(R191A) Collaboration—Because FIp(R191A) is
capable of mediating strand cleavage and joining in a MeP
half-site, we wished to know whether it can also catalyze
strand exchange between two DNA partners, that is, perform
authentic recombination. A positive result would indicate that
neither MeP substitution nor the lack of Arg-191 poses an
obstacle to the conformational dynamics of recombination. In
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DNA substrates. The reactions were
analyzed by urea-PAGE. In the con-
trol reaction, where the MeP half-
site and the P full-site were mixed
with Flp, no recombinant product
was observed (Fig. 7B, lane 2), as is
also the case with Flp(R191A) (data
not shown). This lack of reaction is
consistent with the very poor for-
mation of the tyrosyl intermediate by Flp and Flp(R191A) on
the MeP and P substrates, respectively (Ref. 13 and this study).
When the FIp(R191A)-bound half-site was reacted with Flp and
the P full-site, the predicted exchange products from the alter-
native site alignments were formed (Fig. 7B, lanes 3—7). Thus,
FIp(R191A) is a functional recombinase for DNA substrates
containing MeP at the scissile positions.

DISCUSSION

In this study, we have extended our investigations of the
active site mechanism of Flp site-specific recombinase using a
modified DNA substrate in which replacement of a nonbridg-
ing oxygen atom by a methyl group neutralizes the ground state
negative charge on the scissile phosphate. Previous work
showed that activation of the MeP diester bond in DNA occurs
independently of Arg-308 of the Flp catalytic pentad. However,
in the FIp(R308A) reaction, nucleophilic attack on MeP is per-
formed almost exclusively by water (instead of Tyr-343), to
yield a dead-end hydrolytic product. This unexpected type II
endonuclease activity is also unveiled in wild type Flp by MeP
substitution and is considerably enhanced by the R308A muta-
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tion. Tyr-343 independence of this activity distinguishes it from
type I endonuclease activity, in which the cleaved tyrosyl inter-
mediate is the target of water attack. Type I activity is evident in
a Flp/P half-site reaction and is detectable but weak in a Flp/
MeP half-site reaction (this study and Ref. 13). Experiments in
the present work have examined the effects of replacing the
second arginine of the pentad, Arg-191, by alanine and the
responses of the variant Flp to MeP-DNA. A summary of
the cumulative results from this study given in Table 2 pro-
vides the basis for considerations that follow on the electro-

A

Flp Recombination of MeP-DNA Substrates

static contributions of the conserved active site arginines to Flp
recombination mechanisms.

Type I Endonuclease and Strand Joining Activities of
FIp(R191A) on a MeP Half-site: Recombination of MeP-DNA
by Flp(R191A)—Flp(R191A) cleaves the scissile MeP diester
bond in the MeP half-site using the Tyr-343 nucleophile and
may subsequently hydrolyze the covalent adduct via a type I
endonuclase route (Fig. 2). However, a free 5'-hydroxyl can
effectively compete with water for the tyrosyl intermediate to
form the strand joined product (Fig. 4). Under the reaction
conditions employed in our assays,
strand joining is significantly faster
and much more efficient than

5’ C(Mp) TTT 3’ B
3 e GAAAGATCT(p) 5’

FIP(R191A) hydrolysis. The strand cleavage and

and

Flp joining activities of FIp(R191A)

5 C(p) 3
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5 C(p) 3
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(RP2) 5 (p)TCTAGAAAG st 3

1234567

FIGURE 7. Strand exchange between a P full-site and a MeP half-site promoted collaboratively by Flp and
FIp(R191A). A, the exchange reactions between the labeled MeP half-site and the unlabeled P full-site are
schematically represented, with the thin wavy line representing the ester bond formed between MeP and the
5'-hydroxyl group. B, the predicted lengths of the labeled recombinant strands resulting from the two possible
orientations of the half-site with respect to the full-site are 186 and 130 nucleotides, respectively. The reactions
were carried out with a fixed amount of Flp and increasing amounts of FIp(R191A). The reactions were analyzed
by 6% urea-PAGE gels. $(26-mer) stands for the labeled strand of the MeP half-site, and RP1(186-mer) and

RP2(131-mer) stand for the labeled strands in the recombinant products.

TABLE 2

observed in the half-site reaction are
also relevant to the strand exchange
reaction between two DNA part-
ners. FIp(R191A), in collaboration
with Flp, can promote recombina-
tion between a MeP half-site and a P
full-site (Fig. 7).

In contrast to FIp(R191A),
FIp(R308A) is capable almost exclu-
sively of direct MeP hydrolysis (type
IT endonuclease activity). Although
FIp(R191A) is also competent in
directly hydrolyzing MeP, this activ-
ity is much weaker than that of
FIp(R308A). The catalytic proper-
ties of FIp(R191A), in conjunction
with those of FIp(R308A) cata-
logued in a previous work (11), sig-
nify that two critical arginine resi-
dues of the Flp catalytic pentad can
be individually dispensed within the
MeP diester bond activation step by
chemically compensating for the
negative charge in the transition
state. The methyl group may be
viewed as a suppressor mutation in
the substrate that counterbalances
the lack of either Arg-191 or Arg-
308. The distinct catalytic proper-
ties of FIp(R191A) and Flp(R308A)

«| RP2 (130-mer)

RP1 (186-mer)

Summary of the catalytic activities of Flp, FIp(R191A), and FIp(R308A) on MeP substrates

The type I and type II endonuclease, strand joining, and strand exchange activities were assayed on MeP half-sites and are presented as percentages of the input substrate
converted to product. The hydrolysis assays with Flp, FIp(R191A), and FIp(R308A) measured the sum of the type I plus type Il endonuclease activities. The type Il activities
alone of the aforementioned proteins were deduced using their derivatives harboring the additional mutation Y343G. This mutation blocks the formation of the covalent
tyrosyl adduct, which is the target for the type I endonuclease activity. FIp(R308A) was distinct in showing almost exclusively type II activity (Ref. 11 and this study). The
extent of type I activity was estimated by subtracting the type II activity from total hydrolysis activity (type I plus type II). In the recombination reactions, strand exchange

between a MeP half-site and a P full-site was assayed. ND, not determined.

Hydrolysis of MeP-tyrosyl adduct
(type I endonuclease)

Hydrolysis of MeP diester bond
in DNA (type II endonuclease)

Strand joining
in MeP half-site

Strand exchange between
MeP half-site and P full-site

%

Flp 2
FIp(R191A) 9
FIp(R308A) <1

% %

<1 0

10 1
327 <1 ND

“Values taken from Ma et al. (11).
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denote that the effects of suppression are nevertheless dif-
ferent in the two cases. Such a difference could not have been
anticipated from the crystal structures of Flp in association
with DNA substrates containing a scissile phosphodiester
bond (17, 21, 22).

Type Il Endonuclease of FIp(R191A)—The type Il endonucle-
ase activity, direct attack of the scissile phosphodiester bond by
water, is almost undetectable in native P substrates in the pres-
ence of Flp or Flp(Y343G). However, it becomes prominent in
the MeP half-site upon incubation with FIp(R308A) or
FIp(R308A,Y343G) (11). Flp and FIp(R191A) also exhibit a type
II endonuclease activity, although poorly when compared with
FIp(R308A) (13). In FIp(R191A), the type II endonuclease is
masked by the higher Tyr-343-dependent activity of the type I
endonuclease. The type II reaction can nevertheless be readily
unveiled by FIp(R191A,Y343G) (Fig. 3).

The paucity of Tyr-343-mediated cleavage in the MeP half-
site by FIp(R308A) despite MeP diester bond activation, as indi-
cated by direct hydrolysis, suggests the possibility that Arg-308
may be involved in proton abstraction from Tyr-343, perhaps
through an oriented water molecule (11). The structure of the
Leishmania donovani topoisomerase complexed with the van-
adate transition state mimic (23) suggests that a well oriented
water molecule acts as a specific base with assistance from Arg-
410 (equivalent to Arg-308 of Flp), which is hydrogen-bonded
to the phenolic oxygen of the tyrosine nucleophile. By analogy,
the lack of Arg-308 could result in the impaired activation/
orientation of the Tyr-343 nucleophile in the Flp active site.
The moderately strong hydrolytic activity of FIp(R308A) on a
MeP half-site may reflect the lack of competition by the tyro-
sine nucleophile.

The vyield of the 23-mer hydrolysis product from the
FIp(R191A,Y343G) reaction (type II endonuclease activity
alone) is only one-third of the corresponding yield from the
FIp(R191A) reaction (type I plus type Il endonuclease activities)
(Figs. 2 and 3). If water and Tyr-343 were truly competitive, one
might have expected the yields to be more or less equal for
the single and double mutant reactions. An explanation may be
found in the shared active site organization of Flp (8, 17). Type
IT endonuclease activity likely occurs from a half-site bound by
a single Flp monomer, with water providing the nucleophile in
trans. The type I reaction requires at least a [Flp-half-site]
dimer (a [Flp-half-site] trimer or tetramer is also expected to be
active), because Tyr-343 has to be delivered in trans from a
second Flp monomer. An oriented Tyr-343 in a functional
active site would possibly block competition from water.

Direct Attack of the 5'-Hydroxyl on the MeP Diester Bond
Activated by FIp(R308A)?—FIp(R308A) may be able to use not
only water but also the 5'-hydroxyl group, with much lower
efficiency, for nucleophilic attack of the MeP diester bond in
DNA. The very weak strand joining reaction promoted by
FIp(R308A,Y343G) may be accommodated by this mechanism
(Fig. 6). A similar, weak joining activity of Flp(Y343F) in a P
half-site has been previously observed (24). An analogous reac-
tion is the type II RNase activity exhibited by Flp and
Flp(Y343F) when a ribonucleotide substitution is placed imme-
diately 3’ to the scissile phosphodiester that partakes in DNA
recombination (25, 26). In this reaction, a vicinal 2’-hydroxyl
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attacks the phosphodiester bond to cause strand breakage. The
3’-terminal phosphate left at the strand nick is presumably gen-
erated via a 2',3'-cyclic phosphate intermediate. On the one
hand, these activities highlight the catalytic flexibility and ver-
satility of the recombinase active site in being able to target a
scissile phosphate using distinct nucleophiles. On the other
hand, they illustrate the potential danger from undesirable
nucleophiles that threaten an activated phosphodiester bond in
a DNA chain.

Potential Steric Perturbations of the Active Site by Arg-to-Ala
and P-to-MeP Substitutions—The methyl group has a slightly
greater van der Waal’s radius (~1.8 A) compared with the oxy-
gen atom (~1.5 A). Potential steric clashes between the larger
nonpolar methyl group and the guanidinium group of Arg-191
or Arg-308 could induce realignment of active site residues
and/or the scissile MeP. The consequent adverse effects on
transition state stabilization would result in reduced catalytic
power. The weaker activity of wild type Flp on MeP substrates
relative to FIp(R191A) or FIp(R308A) would be consistent with
this scenario (this study and Ref. 11). However, FIp(R191G) and
FIp(R191Q) are nearly identical to each other and comparable
with FIp(R191A) in their strand cleavage and hydrolytic activi-
ties on the MeP half-site.* Thus, the absence of a side chain or
the presence of a rather bulky uncharged one at position 191
makes relatively modest differences in the MeP half-site
reaction. Furthermore, differences between Flp(R191A) and
FIp(R308A) in their MeP half-site reactions are particularly
noteworthy (Table 2 and Ref. 11). FIp(R191A) displays both
type I and type II endonuclease activities, type I being more
prominent. FIp(R308A), by contrast, shows almost exclusively
the type II activity, which is stronger than the combined type I
and II activities of FIp(R191A). These qualitative and quantita-
tive differences are more easily accommodated by the distinct
mechanistic roles of the individual arginines than a general per-
turbation of the active site.

Phosphate and Active Site Electrostatics for Protection against
Abortive Hydrolysis?—The MeP-tyrosyl intermediate formed
by vaccinia topoisomerase or the Topo(R223A) mutant has a
half-life of only ~2 min, being rapidly hydrolyzed at physiolog-
ical pH to the 3'-MeP product (12, 14). This instability is
sharply at odds with the high stability of the P-tyrosyl interme-
diate formed by wild type topoisomerase, which has a half-life
of ~36 days at physiological pH. Phosphate electrostatics
appear to protect the strand joining step of DNA relaxation
against hydrolysis and resultant DNA damage. We find that
hydrolysis of the tyrosyl intermediate is suppressed in favor of
strand joining in Flp/P half-site and FIp(R191A)/MeP half-site
reactions when an appropriate 5’-hydroxyl group is available
(Fig. 4). Thus, phosphate electrostatics may not have a strong
protective effect on the tyrosyl intermediate during recombina-
tion by Flp and perhaps other tyrosine site-specific recombi-
nases. Protection is likely accorded by the intimate DNA-pro-
tein and protein-protein associations within the recombination
synapse and the conformational dynamics of the 5'-hydroxyl
containing strand concomitant with cleavage, facilitating rapid
progression of recombination.

Protection of the strand cleavage step of Flp recombination
against potential hydrolysis appears to be provided principally
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by Arg-308 (11). In a MeP half-site reaction with FIp(R308A),
32% of the substrate becomes the target for the futile type II
endonuclease activity. This activity is also seen in Flp/MeP half-
site and FIp(R191A)/MeP half-site reactions, although to a
much lesser extent (this study), suggesting that the phosphate
negative charge may play a secondary role in preserving the
integrity of the strand cleavage reaction. Thus, the complemen-
tary electrostatic attributes of the recombinase active site and
the DNA substrate may act cooperatively for the dual purpose
of promoting the relevant phosphoryl transfer reactions while
simultaneously blocking the abundant water nucleophile from
aborting them.
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