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Change of a Catalytic Reaction Carried Out by a
DNA Replication Protein

Marie-Francoise Noirot-Gros* and Stanislav D. Ehrlicht

The RepA protein of plasmid pC194 initiates and terminates rolling circle replication. At
initiation, it forms a 5’-phosphotyrosyl DNA link, whereas at termination, a glutamate
residue directs hydrolytic cleavage of the newly synthesized origin, and the resulting
3'-hydroxyl group undergoes transesterification with the phosphotyrosine link. The pro-
tein is thus released from DNA, and the termination is uncoupled from reinitiation of
replication. Replacement of the glutamate with tyrosine in RepA altered this mechanism,
so that termination occurred by two successive transesterifications and became coupled
to reinitiation. This result suggests that various enzymes involved in DNA cleavage and
rejoining may have similar mechanistic and evolutionary roots.

DNA strand transfer during site-specific
recombination can occur by two different
mechanisms. In the first, a covalent pro-
tein-DNA intermediate is formed, similar
to that formed in reactions catalyzed by the
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DNA topoisomerases (1). Strand transfer
proceeds through two successive transesteri-
fications as exemplified in reactions cata-
lyzed by the M\ integrase and by the &
resolvase (2, 3). A phosphotyrosyl (I, 2) or
phosphoserine linkage (3) is formed, and a
hydroxyl group is left on the cleaved DNA.
This group then initiates a second transes-
terification reaction, forming a phosphodi-
ester link and resolving the protein-DNA
complex. The second mechanism, demon-
strated in phage Mu transposition and hu-

77




man immunodeficiency virus integration,
does not involve a covalent protein-DNA
intermediate (4). A phosphodiester bond in
the donor DNA is first hydrolyzed to gen-
erate a hydroxyl group. Transesterification
between this hydroxyl group and a phos-
phodiester bond in the acceptor DNA then
occurs to complete strand transfer.

Several proteins involved in rolling cir-
cle replication also form a covalent link
with the DNA. They initiate replication by
formation of a 5'-phosphotyrosyl bond and
by generation of a 3'-hydroxyl group, which
then serves as a primer for DNA polymer-
ase. The phage $X174 gene A protein cou-
ples termination of one replication cycle to
initiation of the next, by two successive
transesterification reactions that involve a
second tyrosine on the same face of a puta-
tive a-helix (Fig. 1A). This tyrosine under-
goes transesterification with the newly syn-
thesized origin, forming a phosphotyrosyl
bond and a 3’-hydroxyl DNA end. The
hydroxyl end acts as a nucleophile in the
second transesterification to resolve the
link between the DNA and the other ty-
rosine, forming a single-stranded DNA
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(ssDNA) circle (5). The two catalytic ty-
rosines, Tyr>® and Tyr’*7, are thus alterna-
tively engaged in a covalent link with the
origin during successive replication cycles.
In contrast, termination of the replication
catalyzed by the RepA protein of the plas-
mid pC194 is not coupled to reinitiation
(6) and involves a hydrolytic as well as a
transesterification step (Fig. 1B) (7). There
is only one tyrosine, Tyr*'4, in the active
site of the RepA protein. It has been pro-
posed that nearby glutamate, Glu?'°, partic-
ipates in the termination step by directing
the hydrolysis of a phosphodiester bond
within the newly synthesized origin. The
3'-hydroxyl end resulting from this hydro-
lytic step then undergoes transesterification
with the 5’-phosphotyrosyl bond to com-
plete the replication cycle. The RepA pro-
tein is thus released from its substrate at the
end of each replication cycle.

It appears that the chemical reaction
(transesterification or hydrolysis) that me-
diates DNA cleavage at the termination
step is determined primarily by the partic-
ular functional group (tyrosine or gluta-
mate) at a key position in the protein active
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Fig. 1. Comparative mechanisms for termination of replication by the $X174 and pC194 initiator
proteins. The two catalytic residues are juxtaposed and are separated by one turn of the a-helix in the
active site. After initiation of replication, the proteins are engaged in a covalent bond with DNA substrate.
Termination is initiated by a nucleophilic attack of the phosphodiester bond in the origin sequence. (A)
In $X174, this reaction involves the OH group of the free tyrosine. It is followed by a series of transes-
terifications leading to the release of a closed ssDNA molecule product and the transfer of the protein to
the new 5’-phosphate. Another round of replication can thus be reinitiated. (B) In pC194, the termination
step is carried out by the action of the glutamate that coordinates the attacking water molecule.
Hydrolysis of the phosphodiester bond creates a 3'-OH end, which carries out the nucleophile attack of
the tyrosyl-phosphodiester bond. A subsequent transesterification reaction leads to the formation of a
circular ssDNA product, releases the Rep protein from the replicative complex, and leaves a duplex
molecule (not represented). Therefore, replication cannot be reinitiated.

778

SCIENCE -«

VOL. 274 »

1 NOVEMBER 1996

site. If so, replacing the glutamate with a
tyrosine in RepA might convert the hydro-
lytic site to a transesterification site. To test
this hypothesis, we generated a RepA
Glu?'® — Tyr?'® mutant. A conservative
Met?!! — Val?!! mutation was introduced
concomitantly, which made the novel RepA
active site identical to that of the $X174
Rep protein (8). The capacity of the mutant
protein [designated as Y-Y; the wild-type
protein is designated as E-Y (9)] to support
replication from the pC194 origin was tested
in Escherichia coli cells (Fig. 2). The experi-
mental system was composed of two plas-
mids. One was a RepA donor, carrying the
RepA gene under the control of an inducible
promoter, and the other was a RepA target,
carrying the pC194 replication origin. RepA
activity was deduced from the amount of
ssDNA rings produced from the target plas-
mid (6, 7). The results indicate that the
initiation activity of the Y-Y derivative is
comparable to that of the wild-type protein
(Fig. 2). However, its termination activity
might be impaired, because, in addition to
monomers, slowly migrating ssDNA prod-
ucts were formed, possibly by multiple
rounds of target plasmid replication. A pos-
sible explanation for the impaired termina-
tion of the Rep Y-Y mutant is that the local
structure at the protein active site is altered
by the mutation. Replication products ob-
tained with a Y-Y mutant derivative carrying
an additional change, with Ser?!® replaced

o0 -0
E-Y E-F Y-Y Y-F Y-YA Y-FA E-E Y-E

Fig. 2. Activity of the RepA active site mutants.
Experiments were carried out in E. coli, with the
use of a previously described system (6, 7), which
consists of two plasmids: () a RepA donor
(pHV1175), which carries RepA under control of
the thermoinducible A\pL promoter and replicates
using ColE1 origin functions and (ji) a RepA target
(pHV1180), which contains the pC194 origin and
derives from vector pACYC184. Replication from
the pC194 origin was induced by shifting of the
temperature to 40°C. The resulting ssDNA was
detected by hybridization as previously described
(6, 7), and its amount was measured by phosphor-
imager analysis (73). Mutations of RepA were made
either as described (74) or by PCR, and were trans-
ferred in the donor plasmid by fragment exchange.
Lane 1, products of the wild-type RepA (E-Y);
lanes 2 through 8, products of the indicated RepA
mutants.



by alanine (designated as Y-YA), were most-
ly monomers (Fig. 2). The Ser?’®> — Ala?!®
mutation alone did not affect RepA activity,
which indicates that this serine was not in-
volved in catalysis (7), but may have made
the conformation of the active site more
suitable and thus restored correct termina-
tion in the Y-Y mutant protein.

The mechanism of action of this newly
introduced tyrosine was tested by replacement
of the original active site tyrosine, Tyr?!4,
with phenylalanine (Y-F and Y-FA deriva-
tives, Fig. 2). The Y-F and Y-FA mutants
displayed about 5% of the wild-type RepA
activity. A similar small amount of residual
activity was observed previously with a Tyr?!4
— Phe?!* single mutant (7); thus, Tyr?!° by
itself appears incapable of supporting initia-
tion. However, when a carboxylic functional
group was introduced at position 214 of the
Y-Y mutant (giving Y-E, Fig. 2), the activity
of the protein was enhanced, rising to about
40% of the wild-type RepA activity. RepA
containing two glutamates in the active site
(E-E) displayed only a small amount of resid-
ual activity. These results indicate that initi-
ation of replication by RepA requires a ty-
rosine as one catalytic center, most likely for
the formation of a covalent linkage with
DNA, whereas the second catalytic center
can be either a tyrosine or a glutamate. The
positions of the glutamate and tyrosine resi-
dues can be exchanged with only a limited
effect on RepA activity, suggesting an essen-
tially symmetric arrangement of the catalytic
centers relative to the DNA phosphodiester
bond at the cleavage site.
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To determine whether the RepA Y-Y or
Y-YA mutant can promote reinitiation, we
used a plasmid that contains one complete
and one truncated pC194 origin sequence
(Fig. 3A). The full origin (I) allows both
initiation and termination of replication,
whereas the truncated origin (T) supports
termination (with an efficiency of about
20%) but not initiation (6). Initiation at I
followed by termination at T or I generated
small- or full-sized ssDNA rings, respective-
ly. If the termination at T is coupled to
reinitiation and is followed in turn by ter-
mination at I, then a medium-sized DNA
circle is expected.

From the T-I plasmid, two types of
ssDNA rings, full- and small-sized, were
generated by wild-type RepA (E-Y, Fig.
3B), which is in agreement with previous
work (6). The Y-Y mutant generates the
same two DNA types, albeit at a different
ratio. The smaller amount of the small-sized
product is consistent with the impaired ter-
mination activity of this mutant. The Y-YA
mutant, which had an improved termina-
tion capacity and generated amounts of the
small-sized rings similar to those in the wild
type, formed ssDNA rings of intermediate
size, which is indicative of reinitiation (Fig.
3B, lanes 5 and 6). Specific hybridization
experiments and analysis by polymerase
chain reaction (PCR) confirmed that this
product is created as expected from a re-
initiation event (10). The Y-YA mutant
was unable to initiate replication at T with-
out previous initiation at I, because it gave
no replication product with a target plasmid

-
Teow -
E-Y Y-Y Y-YA M 18 55

Y-YA

Fig. 3. Reinitiation by the RepA mutants. (A) The experimental system consists of a 5.6-kb plasmid,
derived from pHV1180, that carries a complete 55-base pair (bp) origin sequence (denoted |) and a

1.5-kb distant termination sequence (denoted T),

corresponding to 18 bp of the origin. Initiation of

replication at | and termination at T would generate a small-sized product (S) of 1.5 kb. Reinitiation at T
followed by termination at | would form a medium-sized product (M), corresponding precisely to the
4.1-kb plasmid pHV1180. The full-sized parental plasmid is referred to as F. This plasmid was intro-
duced in cells harboring the RepA donor plasmid pHV1175 or a mutated derivative. We detected ssDNA

as previously described (6, 7). (B) Single-stranded

DNA products. Lanes 1 and 2 display the activity

profile of the wild-type RepA (E-Y), lanes 3 and 4 and lanes 5 and 6 display that of the mutated
derivatives Y-Y and Y-YA, respectively. Lane 7 corresponds to circular ssDNA of plasmid pHV1180
used as a size control. We also extracted ssDNA from cells expressing RepA Y-YA and harboring either
the plasmid pHV1180 carrying the full 55-bp origin (lane 9) or a control derivative in which only the 18-bp

sequence of the origin was present (lane 8).
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carrying the truncated origin only (Fig. 3B,
lane 8). These results indicate that the Y-YA
mutant acquired the capacity to reinitiate
replication upon termination. This implies
that the tyrosine introduced at position 210
can be transferred to the DNA 5’-phospho-
ryl end at the termination step and therefore
indicates a mechanistic switch from hydrol-
ysis to transesterification. From the amounts
of the small- and medium-sized DNA rings
formed by the Y-YA mutant, it is estimated
that about 12% of the termination events at
T are followed by reinitiation. Thus, termi-
nation usually occurs without reinitiation.
The simultaneous catalysis of termination
with and without reinitiation suggests that
Tyr?!® may attack the phosphodiester bond
at the newly synthesized origin either direct-
ly or through a coordinated water molecule.
By altering a key amino acid side chain in
the active site of RepA, we changed the
mechanism of RepA-mediated termination
of replication from hydrolysis to transesteri-
fication. These results imply an evolutionary
link between RepA and the $bX174 gene A
protein. Through evolution, the two pro-
teins have acquired different mechanisms of
action to match the requirements of their
respective replicons. The phage gene A pro-
tein ensures efficient replication of the viral
genome without regard to its bacterial host,
by linking termination and reinitiation. In
contrast, the pC194 RepA protein does not
couple termination to reinitiation and thus
allows regulation of the plasmid copy. For
another plasmid, pT181, that replicates by
the rolling circle mechanism, reinitiation is
prevented by inactivation of its initiator pro-
tein, through the formation of a covalent
adduct with a short oligonucleotide (11). No
such modification was found for pC194
RepA (10) and the question of its subse-
quent inactivation remains to be answered.
Qur study of the mechanism of action of
a rolling circle replication initiator protein
provides evidence of a relation between
enzymes catalyzing DNA cleavage by a re-
action that includes DNA hydrolysis and
enzymes that proceed through formation of
a covalent intermediate. The results suggest
that gain or loss, through evolution, of as
few as three, and possibly of only one resi-
due properly positioned within the active
site, may be sufficient to promote the shift
from one type of mechanism to the other.
As shown also by similarities between en-
donuclease and site-specific recombinases
(12), enzymes involved in nucleic acid
breakage and rejoining may have similar
mechanistic and evolutionary roots.
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A Role for Phosphoinositide 3-Kinase
in Bacterial Invasion

Keith Ireton, Bernard Payrastre, Hugues Chap, Wataru Ogawa,
Hiroshi Sakaue, Masato Kasuga, Pascale Cossart*

Listeria monocytogenes is a bacterial pathogen that invades cultured nonphagocytic
cells. Inhibitors and a dominant negative mutation were used to demonstrate that effi-
cient entry requires the phosphoinositide (Pl) 3-kinase p85a-p110. Infection with L.
monocytogenes caused rapid increases in cellular amounts of PI(3,4)P, and PI(3,4,5)P,,
indicating that invading bacteria stimulated Pl 3-kinase activity. This stimulation required
the bacterial protein InIB, host cell tyrosine phosphorylation, and association of p85« with
one or more tyrosine-phosphorylated proteins. This role for Pl 3-kinase in bacterial entry
may have parallels in some endocytic events.

Listeria monocytogenes, a bacterium that
causes severe food-borne infections in hu-
mans, penetrates or invades nonphagocytic
cells in the intestine and other organs (1).
Invasion into the intestinal epithelial cell
line Caco-2 is mediated by interaction be-
tween a bacterial surface protein and a cel-
lular receptor, the adhesion molecule E-
cadherin (2). Little is known, however,
about host proteins that affect the entry
process after the initial interaction between
the bacterium and its receptor. Inhibition of
tyrosine phosphorylation (3) or actin poly-
merization (1) impairs invasion, but pro-
teins controlling phosphorylation or the ac-
tin cytoskeleton during entry have not been
identified.

One signaling protein implicated in actin
polymerization and activated upon receptor
stimulation and tyrosine phosphorylation is
the phosphoinositide (PI) 3-kinase p85-p110
(4). This lipid kinase is composed of an
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85-kD regulatory subunit (p85) and a 110-
kD catalytic subunit (p110), each of which
exists in at least two isoforms (o and ). The
pl10 protein phosphorylates the D-3 posi-
tion of the inositol ring of PI, PI 4-phos-
phate, and PI 4,5-bisphosphate, which are
found in membranes. Two of the resulting
products, PI(3,4)P, and PI(3,4,5)P;, may act
as second messengers; these lipids are virtu-
ally absent in quiescent cells, rapidly increase
in amount upon stimulation, and appear to
regulate protein kinases or other targets (4).
In addition to p85-p110, mammalian cells
contain at least two other classes of PI 3-ki-
nases (5). Recently, PI-3 kinase activity has
been implicated in protein trafficking and
some endocytic events (4, 5), raising the
possibility that a PI 3-kinase may participate
in processes resembling endocytosis, such as
the induced uptake of pathogens into
nonphagocytic cells.

The structurally unrelated compounds
wortmannin and LY294002 inhibit PI 3-
kinase activity by different mechanisms (6,
7). We examined these inhibitors for effects
on entry of L. monocytogenes into several
mammalian cell lines, including the human
epithelial cell lines Caco-2 and HeLa, and
the African green monkey kidney cell line
Vero. Vero cells were the most sensitive,
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with half-maximal inhibition of entry oc-
curring at concentrations close to the me-
dian inhibitory concentrations (ICs,) of
these compounds in vitro—about 5 nM for
wortmannin and 5 wM for LY294002 (Fig.
1, A and B). At 50 nM, wortmannin re-
duced entry to about 1 to 2% of that into
control dimethyl sulfoxide (DMSO)-treat-
ed cells, whereas 50 uM LY294002 reduced
entry to about 10 to 20% of the control
value. The more efficient inhibition by
wortmannin is consistent with the relative
effects of these inhibitors on PI 3-kinase
activity in other systems (8). Entry into
Caco-2 (Fig. 1C) and HelLa cells (9) was
also  impaired by wortmannin and
LY294002, although the ICs, values were
higher and the magnitude of inhibition
lower than that for Vero cells. Inhibition
appeared relatively specific to entry of L.
monocytogenes, because wortmannin (50
nM) and LY294002 (50 pM) mildly stim-
ulated entry of the unrelated invasive bac-
terium  Salmonella  typhimurium  (strain
SL1344) into Vero cells (9).

Wortmannin inhibits all three known
classes of mammalian PI-3 kinases (5, 6).
To examine specifically whether p85a-
pl10 is needed for invasion, we used a
dominant negative form of p85a (Ap85a)
that inhibits PI-3 kinase activation by in-
sulin and other agonists (10). Entry of L.
monocytogenes into Chinese hamster ovary
(CHO) cells stably overexpressing Ap85a
(11) (0.012 # 0.005% invasion) was about
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Fig. 1. Dose-dependent inhibition of entry of L.
monocytogenes strain EGD by wortmannin and
LY294002. Invasion tests into Vero or Caco-2
cells were done as described (2, 18), and percent
invasion values are the mean =+ SD of triplicate (A
and B) or duplicate (C) samples from a single
experiment. Similar results were obtained in at
least two other experiments.





