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Bacteria are at the origin of life on earth. Basic mechanisms that were 
found and developed in microorganisms served the role ofthe main theme in the 
many variations played during cellular evolution. At the core of cellular 
proliferation is the copying (replication) of its genetic material. lbis is an 
essential process that requires efficiency and fidelity and that is regulated to 
prevent either the loss or the overproduction of the essential genetic inforrnation 
in the descendants. The elucidation, by Watson and Crick, of the structure of 
DNA, the macromolecule in which genetic inforrnation is stored, opened the 
way to the molecular characterization of its replication: DNA is norrnally 
forrned by two strands that are complementary and that form a double helix. In 
the replication process each one of these complementary strands separate and 
serve as the template for the synthesis of the other. However, DNA replication 
does not occur spontaneously: it is the result of the action of DNA polymerases 
and other replication factors that catalize the process with high efficiency and 
accuracy. The functional-structural characterisation of these catalizers is a 
formidable task that started with the identification of DNA polymerases by A. 
Kornberg and that still continues. lbis workshop is a case in this search focusing 
on replication of prokaryotic extra chromosomal genetic elements: plasmids and 
bacteriophages (phages). 

These elements are molecular "parasites" that propagate at the expense of 
bacteria but could also enrich the genetic contents of the host. Phages can have 
an extra-bacteria! life because they can enclose DNA within a protein capsid. 
Plasmids lack this ability and they have an intracellular life in peace with the 
host The greater autonomy of bacteriophages is reflected in a greater ( or 
sometime complete) independence from the host replication machinery. The 
peaceful coexistence of plasmids within their hosts is the result of complex 
regulatory mechanisms that couple plasmid replication to the bacteria! cell 
cycle. 

These genetic elements can incorporate new genetic material by different 
mechanisms and can also transfer it to new hosts either by infection (phage) or 
by conjugative mechanisms (plasmid). Therefore, plasmids and phages serve the 
role of genetic vectors in bacteria! populations ( or in biotechnological 
applications) and contribute to maintain and expand new abilities in these 
populations. 

DNA Replication has three clearly differentiated stages: initiation, 
elongation and termination. Initiation of DNA replication is the critica! step at 
which the process starts, but also the stage at which the mechanism and the 
direction of replication as well as the regulation of the process are determined. 
The starting point of replication is usually determined by specific proteins 
(initiators) and by specific DNA sequences (origin). 
Sometimes activation of the initiator or the initiation complex by chaperones is 
required in sorne plasmid and phage systems. The interaction of initiator 
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proteins with the origin of replication can cause a conformational change that 
could expose particular regions of the protein for interaction with host 
replication factors. In sorne cases, initiator interactions with spatially separate 
sites have been reported in phages and also in plasmid, but usually initiation 
starts from a fixed origin. 

DNA polymerases are unable to start "de novo" synthesis of DNA. The 
incorporation of the first nucleotide (building block) by DNA polymerases 
requires a template and a primer: the latter can be provided by a protein (protein
primed replication), a DNA (rolling circle replication, initiation by DNA strand 
invasion) or an RNA (theta-type replication). DNA polymerases include also a 
read-proof exonuclease activity that allows the discrimination and eventual 
correction of mis-incorporated nucleotide at the end of the nascent chain. This 
general feature is also maintained in DNA polymerases able to use a protein 
primer: in these systems a slide-back mechanism makes possible the 
proofreading ofthe first nucleotide incorporated. 

It is assumed that incorporation of DNA polymerases at the replication 
fork completes the assembly of the replication complex (replisome). The 
replisome could include, in addition to activities to prime and synthesize DNA 
(primase and DNA polymerase ), other activities needed to open the DNA 
strands ahead ofthe polymerase which are provided by DNA helicases. Specific 
topoisomerases can solve the torsional stress produced by the unwinding of 
DNA strands ahead of the replication fork and single stranded DNA binding 
proteins can stabilize single stranded regions exposed in replicating 
intermediates. Removal of the RNA primers, replacement of these by DNA 
segments and ligation of the DNA pieces are also required during replication 
and these activities are catalyzed by different enzymes. 

Termination of DNA replication is achieved by different strategies 
depending on the topology ofthe DNA template (lineal versus circular) and on 
the mechanisrns of initiation (rolling circle versus theta replication in circular 
templates; initiation from interna! sites or via terminal protein in linear 
templates). 

Blockage of DNA replication can occur due to the action of particular 
loaders of replication initiation factors or by the explicit action of proteins that 
inactivate replication initiation factors. Re-assembling of the initiation 
complexes modulated by chaperones or specific neutralization of the inhibitors 
are required in these cases for initiation ofDNA replication. Roadblocks formed 
by termination proteins bound to specific DNA sequences or by persistent RNA
DNA hybrids can also termínate DNA replication. In plasmids replicating by 
rolling circle, termination ofDNA replication is catalized by the nicking-closing 
activity of the initiator protein at the origin of replication. At this stage a double 
stranded copy and a single stranded circular intermediate. The nicking-closing 



Instituto Juan March (Madrid)

13 

activity ofthe initiator protein at termination can lead to the covalent link to this 
initiator pro te in of a small piece of DNA and to the inactivation of this initiator. 
The single stranded intennediate is converted to a double stranded copy by host 
replication machinery. 

Coupling of DNA replication to the growth of the host cells is a basic 
strategy that plasmids use to maintain themselves in the hosts. This is achieved 
by mechanisms that count the number of origins and adjust the average initiation 
frequency to one per plasmid and per cell cycle. Protein, RNA, DNA and 
combinations of these are involved in the replication control. Contributions of 
protein and RNA to this control are relatively well understood. The mechanistic 
role of DNA sequences in this process, that are instrumental either in regulating 
the expression of the initiator or in forming protein-ori active/inactive 
complexes, is the subject of intense research. Phages also control their DNA 
replication but here the option is, in general, between al! (lytic propagation) or 
nothing (switch-off of the lytic origin and activation of plasmid origin, or 
passive replication by integration into the chromosome). 

The different stages of replication were analyzed in the Workshop using 
different plasmid and phage systems. Initiation of replication was a focus in 
these presentations. Much ofthe functional studies on replication and its control 
in extra- chromosomal genetic elements involved genetics, biochemistry and 
physiological analyses. A clear understanding of the macromolecular 
interactions and mechanisms involved, requires also structural data on initiators, 
host replication factors, replication control elements and on the macromolecular 
assemblies involved in DNA replication and its control. From the advanced 
resolution of sorne of these structures and the preliminary reports of others, it 
was clear that the confluence between structure and function is occurring. This 
will greatly contribute to our understanding of the replication process in 
prokaryotes. Plasmid and phages appear as a privileged window from which this 
important scenario could be observed and explored. 

This Workshop has been probably the first in which scientists working 
with these extrachromosomal elements have get together. We were fortunate 
that the original initiative of this convergence was taken by the Juan March 
Foundation. On behalf of ourselves, of the two additional organizers, D. 
Chattoraj and G. Wagner, and of all participants we would like to thank the Juan 
March Foundation for making possible and very pleasant this highly stimulating 
Workshop. 

Ramón Díaz Orejas and Manuel Espinosa Padrón. 



Instituto Juan March (Madrid)

Session 1: Modes of initiation (1) 
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PROTEIN-PRIMED REPLICATION OF PHAGE ft29 DNA M. Salas, J. 

Méndez, B. Illana, P. Crucitti, A. Bravo, M. De Vega, V. Truniger, J. 

Satumo, A. Abril, J.M. Lázaro, A. Bonnin, J.A. Esteban, W. Meijer, V. 

Murthy, R. Freire, M.S. Soengas, l. Gascón, V. González-Huici, L. 

Villar, C. Gutiérrez, J.M. Hermoso and L. Blanco, Centro de Biología 

Molecular Severo Ochoa. Universidad Autónoma, Cantoblanco, 28049 

Madrid, Spain. 

Bacteriophage p29 DNA replication starts at each end of the linear 

genome by a protein-priming mechanism in which the viral DNA 

polymerase catalyzes both the covalent linkage of dAMP to the hydroxyl 

group of residue Ser232 in the primer terminal protein (TP) and the 

elongation of the TP-dAMP initiation complex up to unit length p29 DNA 

(1). Polymerization catalyzed by the p29 DNA polymerase is highly 

processive and coupled to strand displacement (2). Initiation of replication 

is directed by the second 3' terminal nucleotide from each DNA end (3). 

The first nucleotide is then recovered by a sliding-back mechanism 

favoured by the nucleotide reiteration at the p29 DNA ends. This seems to 

be a general mechanism for maintaining the integrity of the DNA ends 

during protein-primed DNA replication. 

The DNA polymerase-primer TP heterodimer formed for initiation 

does not dissociate immediately after sliding-back. There is a transition 

stage in which the DNA polymerase synthesizes a 5-nucleotide long DNA 

molecule while complexed with the primer TP, undergoes sorne 

structural change during replication of nucleotides 6-9, and dissociates 

from the TP when nucleotide 10 is inserted onto the nascent DNA chain 
(4). 

Structure-function studies on the viral DNA polymerase (5) and TP 

will be presented, as well as the role in replication of the viral proteins p6 

(DBP) and p5 (SSB) (6). The role of the viral protein p1, involved in p29 

DNA replication in vivo, in the assembly of a membrane-associated 

multiprotein complex will be described (7). 

Using an in vitro replication system with four purified viral 

proteins (TP, DNA polymerase, DBP and SSB) we have obtained 1000-fold 

amplification of small amounts (0.5 ng) of p29 TP-DNA. The amplified 

DNA was as infective as the DNA isolated from viral particles (8). In 

addition, the very early protein p17, essential for in vivo replication under 

conditions of low multiplicity of infection, improved the yield of in vitro 

amplified DNA. The role of the SSB in this system will be discussed, as 

well as the effect of mutations in the TP once it is bound to DNA (parental 

TP), as part of the newly generated replication origin. 
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Replication of Streptomyces linear plasmids 

Zhongjun Qin and Stanley N. Cohen, Department of Genetics, Stanford University 
School of Medicine, Stanford, CA 94305, U.S.A. 

Like the linear viral replicons adenovirus and B. subtilis phage cjl29 (for review, 
see Salas, 1991), Streptomyces linear plasmids have protein attached to their 5' 
DNA termini (Hirochika and Sakaguchi, 1982). However, unlike adenovirus and 
cjl29, which initiate processive replication of full-length DNA strands at the 
telomeres by a protein-primed strand displacement mechanism (Salas, 1991), 
the S. rochei linear plasmid pSLA2 replicates divergently towards its telomeres 
from a site located near the center of the molecule. The central replication origin 
contains a series of iterons located within a gene encoding an essential DNA 
binding protein (Rep1); a second essential protein (Rep2), which resembles DNA 
helicases and has A TPase activity stimulated by single-strand DNA is expressed 
from the same transcript (Chang et al, 1996). Replication from the central origin 
generates 3' leading strand overhangs at the telomeres; the recessed 5' ends of 
lagging stands produced by the joining together of Okazaki fragments are then 
extended (i.e. "patched") to produce full length duplex DNA molecules (Chang and 
Cohen, 1994 ). The existence of both an intemal origin of replication within 
Streptomyces linear plasmids and a mechanism for patching the ends of lagging 
strand DNA at the termini of these replicons allows their replication as either 
linear or circular DNA molecules (Shiffman · and Cohen, 1992; Chang and Cohen, 
1994; Chang et al, 1996). 

Several possible mechanisms for the filling-in of recessed 5' ends of 
Streptomyces linear plasmids and chromosomes recently have been reviewed 
(Chen, 1996). In the first model, base pairing between palindomes that exist in 
the telomeres of Streptomyces linear plasmids and chromosomes enable the 
projecting 3' DNA end to fold back on itself, forming a duplex DNA segment that 
anchors the 3' terminus and generates a DNA site recognized by the terminal 
protein (TP); the TP then serves as a primer for attachment of the first dNMP by 
phophodiester bond linkage. This model predicts that palindromic sequences 
within the telomeres will be required for correct folding and positioning of the 3' 
overhang. 

In a second model, synthesis of the 5' end of the lagging strand is primed by the 
TP on full length DNA, displacing the parental 5' end with its attached TP. The 
displaced DNA terminus then pairs with the 3' protruding end and homologous 
recombination accomplishes strand exchange and resolution of the half-Holliday 
junction. According to this model, homogenization of terminal sequences by 
gene conversion should result in the repair of damaged telomeres. In a third 
model, the most-distal palindrome of the 3' overhang folds back on itself and 
serves as a primer for patching synthesis using the 3' overhang as a template. 
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This event produces a terminal hairpin whose single strand loop is cleaved by 
the TP acting as an endonuclease. The TP remains attached to the 5' terminus 
that it generates at the very end of the molecule and the palindrome-primed 
nacent DNA is ligated to the recessed 5' end of the lagging strand. If replication 
at the telomeres of pSLA2 occurs by this mode, the imperfect distal palindrome 
of the pSLA2 telomere would "flip" during each replication cycle and 
consequently exist in both orientations in a population of linear pSLA2 plasmids, 
as has been found in replication of the telomeres of helper-dependent 
parvoviruses. 

Here we report experiments that define the telomere sequence requirements for 
replication of pSLA2 in a linear form and also test the three models described 
above. Our results, which identify a "minimal telomere" required for linear 
pSLA2 replication show that neither homogenization of telomeres nor inversion 
of the terminal palindrome occurs during replication---eliminating the 
homologous recombination and terminal hairpin models as principal mechanisms 
for fill-in of the recessed 5' ends of pSLA2 DNA. Instead, our findings 
demonstrate that the pairing of distal and proximal palindromes within the 3' 
leading strand overhang is necessary for the production of full-length duplex 
pSLA2 DNA, and thus, that the initiation of TP-primed DNA synthesis at pSLA2 
telomeres requires anchoring of the 3' terminus to a site near the base of the 3' 
overhang. We further show that circularized pSLA2 is linearized in vivo site
specifically by cleavage precisely at telomere termini. Together our results 
suggest that the termini of pSLA2 linear plasmids are replicated by mechanism 
that involves both fold-back and pairing of distant palindromes, plus DNA 
cleavage. 

References: 

Chang, P.-C., and Cohen, S.N. (1994) Bidirectional replication from an internal 
origin in a linear Streptomyces plasmid. Science 265: 952-954. 

Chang, P.-C., Kim, E.-S. and Cohen, S.N. (1996) Streptomyces linear plasmids that 
contain a phage-like, centrally located, replication origin Mol. Microbio!. 22: 
789-800. 

Chen, C.W. (1996) Complications and implications of linear bacterial 
chromosomes. Trends Genet.12:192-196. 

Hirochika, H., and Sakaguchi, K. (1982) Analysis of linear plasmids isolated fronj 
Streptomyces association of protein with the ends of the plasmid DNA. 
Plasmids 7:59-65. 

Salas, M. (1991) Protein-priming of DNA replication. Annu Rev Biochem 60: 39-71. 
. ,.~, - ' r . 1 • 

Shiffman, D., and Cohen, S.N. (1992) Reconstruction of a Streptomyces linear .. . 
replicon from separately cloned DNA fragments: existence of a cryptic ·~) .· .. : 
origin of circular replication within the linear plasmid. Proc Natl Acad ~" S<;i .: 
USA 89: 6129-6133. • •. 
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INITIATION OF BACIERIOPHAGE T4 DNA REPLICATION FROM ORIGINS AND BY 
"JOIN-COPY" AND "JOIN-CUT-COPY" RECOMBINATION. 

Gisela Mosig1, Rita Vaiskunaite1, Laura Davenport1, Nancy Colowick1, Mingtao Zeng2, and 
Richard Calendar2. 1 Vanderbilt University Dept of Molecular Biology, Nashville TN 37235 
USA and 2Dept. of Molecular Biology University of California, Berkeley,CA USA. 

Phage T4 has multiple pathways to initiate its DNA replication (1): 
1) origin-dependent initiation uses RNA polymerase-dependent transcripts as primers for 

leading strand DNA synthesis and 
2) recombination-dependent initiation uses 3' DNA ends as primers. 
T4 primase synthesizes primers for Okazalci pieces. Moreover, there are severa! origins whose 

sequences show no similarities, and recombinational intermediates can prime DNA synthesis in at 
least two ways [which we have called "join-copy" and ''join-cut copy" pathways; (2)]. The latter 
pathway can bypass the requirement for T4 primase (3). 

What are the physiological roles of these different initiation modes, and how did they evolve? 
We will a) compare initiation ofDNA replication from two different origins, A andE of 

bacteriophage T4, 
b) discuss requirements for two pathways ofrecombination-dependent DNA replication that we 

have called ''join-copy" and "join-cut-copy" pathways 
e) propase a model for the evolution of oriA by acquisition of foreign DNA by a modification 

of the join-cut-copy pathway and 
d) discuss the role ofT4 gp32 and its poisoning by the phage P2 Tin protein in the T4 

replication pathways. 

Comparing the requirements for initiation from orlA and ori E, we found that orlA initiation 
(like oriF initiation) depends on transcription from a T4 middle prometer (which requires activation 
by the T4 MotA protein). In contrast, orlE initiation depends on transcription from an early 
prometer, and it is independent of motA. In both origins (as well as in oriF) there are multiple 
transition points between RNA primers and nascent DNA, and they are located at least 600 
nucleotides downstream of the promoters, at or near transcription termination sites. 

In oriA (like in oriF) the major transition si te occurs near a region, where a 5' segment of the 
primer transcript can base-pair with the non-transcribed DNA strand, suggesting the possibility that 
such base-pairing, like a wedge, may keep the RNA-DNA transition sites open. Although such a 
sequence is not obvious near the RNA-DNA transition sites of oriE, there is a countertranscript 
which might act similarly. 

When torsional stress in the DNA is reduced, oriE is used almost exclusive! y to initiate T4 
DNA replication. This may be related to sorne distinct properties of the orlE region. Although 
1eading strand synthesis from this origin is primed by RNA polymerase-dependent transcripts, orlE 
contains iterons. These are located upstream of the primer prometer, suggesting that their role is 
different from iterons of origins whose primers for leading strand DNA synthesis are made by 
primase. The iterons are protected in vivo from methylation and their double-stranded can be 
footprinted by crude T4 extracts in vitro. In addition, two small single-stranded DNA binding 
proteins encoded by the oriE primer transcript mentioned above, bind preferentially to iteron single 
stranded DNA. We are testing the possibility that they facilitate helicase entry. 

In wild type T4, origin initiation is restricted to one or at most a few rounds, related to the 
progression of T4 development; most replication forks are initiated from recombinational 
intermediates. However, origin-dependent replication generates the single-stranded regions that 
invade hornologous double stranded DNA. From these invasions replication forks can be initiated 
in (at least) two ways: 1) from the 3' end of the invading strand, and 2) from a 3' end of an 
invaded strand, after it has been cut at or near a recombinational junction. We now know that such 
cuts can be made by one of severa! different T4 endonucleases. 
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This mechanism requires little homology and can be slightly modified to transpose foreign 
DNA without transposase. In fact, a sequence comparison of the oriA region of T4 with a region 
of the dosel y related T -even phage T2 suggests that the T4 oriA region was acquired or 
assembled from modular components of different ancestral replicons by such a mechanism. 

" " < 
" " 

The oriE region contains an apparentl y duplicated and transposed segment from another region 
of the T4 genome (4), which may ha ve been transposed in a similar way. 

The main T4 single-stranded DNA binding protein, gp32, plays important roles in facilitating 
assembly and function of protein complexes in all replication modes. T4 gp 32 is poisoned by a 
phage P2 protein, Tin, that is synthesized in P2lysogens. Tin alone, wheil cloned in a plasmid, is 
sufficient to inhibit all T4 DNA replication. Gene 32 mutants that change asp163 to asn or gly ( 
called T4 asp mutants) are resistant to poisoning by P2 Tin protein (5). In mixed infections of tin
bearing bacteria with wild type and asp mutant T4, wild type is co-dominant, i.e. there is severe 
inhibition of all DNA replication. 

We are using this poisoning, among other tools, to delineate functions and functional domains 
of gp 32 that ha ve different importance in origin dependent and in recombination dependent DNA 
replication. Gene 32 amber mutants (i.e. gp32 lacking the carboxyterminus) support origin
dependent, but not recombination-dependent replication (6.7). Their residual replication depends 
on T4 DNA polymerase and not on host polymerases. However, the amber peptides are defective 
in protecting the recombining DNA against excessive nuclease activities of recombination enzymes, 
regardless of the presence or absence of Tm. We found that the residual origin-dependent 
replication of gene 32 am mutants is not poisoned by P2 Tin and that in mixed infections of tin
bearing bacteria with T4 gene 32 am mutants and asp mutants both origin-dependent and 
recombination-dependent replication can proceed, i.e., the am mutants do not contribute to 
poisoning of asp by Tm. 

These and other results, taken together, suggest that gp 32 can exist in different 
conformations, and that these different conformations facilitate different interactions with DNA, 
and with other proteins in origin-dependent and in recombination-dependent replication. 

(1) Mosig, G., Colowiclc, N., Gruidl, M., Chang, A., and Harvey, A. 1995 FEMS 
Microbiol. Rev. 17: 83-98. (2) Mosig, G. 1994 Homologous Recombination In: Molecular 
Biology of Bacteriophage T4 ASM Press pp.54-82. (3) Mosig, G., Luder, A., Emst, A. and 
Canan, N. 1991 The New Biologist 3: 1195-1205. (4) Mosig, G., Lin, G. W., Franklin, J., and 
Fan, W.-H. 1989 The New Biologist 1: 171-179. (5) Mosig, G., Yu, S., Myung, H., Haggard
Ljungquist, E., Davenport, L., Carlson, K., Calendar, R., 1997 Virology 230: 72-81. (6) Mosig, 
G., Bock, S. 1976 J. Virol. 17: 756-761. (7) Dannenberg, R. and G. Mosig 1983 J. Virol. 45: 
813-831. 
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Abstract: Juan March Institute Meeting: February, 1998 

Molecular Events in the Inititation ofReplication ofthe Broad Host 
Range Plasmid RK2 

Donald R. Helinski, Kelly S. Doran, Aresa Toukdarian and lgor Konieczny 
Department ofBiology, University ofCalifornia, San Diego and Department of 

Molecular and Cellular Biology, University ofGdansk 

The Escherichia coli DnaA protein and the plasmid encoded TrfA protein are 

required for the initiation of replication of the broad host range plasmid RK2. The TrfA 
protein binds to five 17 bp direct repeat sequences (iterons) and the DnaA protein binds to 
four DnaA consensus binding sequences (DnaA boxes) at the mínima! replication origin of 

RK2 (oriV) . Binding ofthe TrfA protein to the iterons results in discrete localized strand 

opening within the A + T rich region of oriV (1) The DnaA protein is required to 

enhance or stabilize this opening but does not itself produce an RK2 open complex. 
Analysis of each of the four DnaA boxes indicated that box four is strictly required in E. 
coli for origin activity but this requirement is bacteria! host dependent (2). An in vitro 
replication system was constructed from purified TrfA protein and E. coli proteins (3). 

With this system a specific interaction between the DnaA and DnaB proteins was shown 
to be required for delivery of the helicase to the RK2 origin region. Although the DnaA 
protein directs the DnaB-DnaC complex to the plasmid replication origin, it cannot by 
itself actívate the helicase. Both DnaA and TrfA proteins are required for DnaB induced 
template unwinding. A working model is that specific changes in the nucleoprotein 

structure mediated by TrfA results in a repositioning ofthe DnaB helicase within the open 
region andan activation ofDnaB for template unwinding. This is supported by the results 
ofintroducing mutations that alter the sequence and/or spacing between the various motifs 
in the minimal origin region wlúch indicate that correct helical phasing between the DnaA 
boxes, the iterons and the 13-mers as well as intrinsic DNA curvature are critical 
requirements for origin activity (4). The purified form ofthe TrfA protein exists largely as 
a dimer in solution, however, only the monomer form binds to the iteron sequences at the 
replication origin (5). The dimer form of the TrfA protein is inactive in the in vitro 
replication system reconstituted from purified proteins but it can be activated for 
replication in this system by the E. coli ClpX chaperone protein (6). This activatioR is the 
result of monomerization of the TrfA dimers by ClpX. These various properties of the 
TrfA and DnaA proteins as well as the replication origin undoubtedly are important in 
understanding the molecular basis of the broad host range replication activity of the RK2 
plasmid. 

(1) Konieczny, l., Doran, K.S., Helinski, D.R. and Blasina, A. (1997) J. Biol. Chem. 272 , 

20173. 
(2) Doran, K.S ., Helinski, D.R. and Konieczny, l., manuscript in preparation. 
(3) Konieczny, l. and Helinski, D.R. (1997) J. Biol. Chem., in press. 
(4) Doran, K.S., Konieczny, l. and Helinski, D.R., manuscript submitted for publication. 
(5) Toukdarian, A., Helinski, D.R. and Perri, S. (1996) J.Biol. Chem. 271, 7072. 
(6) Konieczny, l. and Helinski, D.R. (1997) Proc. Natl. Acad . Sci . USA, in press. 
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INITIA TION ANO REGULATION OF BACTERIOPHAGE ).. DNA REPLICATION 

Roger McMacken, Brian Leam, Li Huang, Sei-Hoon Chung, Peter Schlax and D.S. Sampath, 

Department of Biochemistry, Johns Hoplcins University, Baltimore, MD 21205, USA. 

Reconstituted multiprotein systems that support the initiation and regulation of bacteriophage A 

DNA replication have previously been established and characterized. Studies of the initiation 

pathway revealed that the A O and P replication proteins orchestrate the recruitment of key 

host replication proteins, such as the E. coli DnaB helicase, as well as coordinate the assembly 

of an ordered series of nucleoprotein structures at the viral replication origin, oriA, prior to 

DNA unwinding and priming of DNA replication. We have focused our recent investigations 

on the functional properties of the various preinitiation nucleoprotein structures formed at oriA 

and on the critical role DNA supercoiling plays in the initiation reaction. Assembly of the 

flrst-stage oriA•O preinitiation complex (i.e. , the 0-some) on supercoiled templates induces 

severa! base pairs in the 40 bp Aff-rich segment ofthe viral origin to adopta non-B DNA 

confonnation that has limited single-stranded character. This DNA alteration is further 

stabilized by formation of a second-stage oriA•O•P•DnaB preinitiation complex, a key 

nucleoprotein strocture that, depending on the superhelicity of the template DNA, exists in 

either oftwo conformational states. On supercoiled DNA templates the oriA•O•P•DnaB 

complex undergoes an ATP-independent self-a>nversion into an activated replication 

intermediate that •traps" the energy of DNA supercoiling. Once activated, this intermediate 

can proceed through the remaining stages of the initiation and replication pathway in the 

absence of superhelical tension. We suggest that activation of the oriA•O•P•DnaB 

nucleoprotein structure represents the capture by the complex of an •open" DNA 

conformation that is formed in the oriA Arr-rich region vía the combined influence of 

negative superllelicity in the template DNA and of binding and beoding of origin DNA by the 

A O initiator. The functionallifetime ofthe activated oriA•O•P•DnaB replication intermediate 

was found to closely parallel the lifetime ofthe non-B DNA structure in the oriA Aff-rich 

region over a broad range of template DNA superhelicity. The half-lives ranged from - 45 

sec on linearized DNA to about 36 min on DNA retaining an effective superhelical density of 

- 0.04. These and other data strongly suggest that multiple and synergistic interactions 

between O, P, DnaB and supercoiled oril.. DNA are responsible for the unusual stability of the 

activated replication intermediate. 

In related experiments, we have used gel-retardation and UV cross-link:ing studies to analyze 

the interaction of O, P and DnaB with single-stranded (ss) DNA oligonucleotides. We have 

discovered that A P protein and the e-terminal domain of }.. O protein. have cryptic ssDNA 
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binding activities that become manifest upon assembly of a ssDNA•O•P•DnaB complex. 

Surprisingly, we do not detect interaction of DnaB with ssDNA in this complex. Transfer of 

DnaB onto the ssDNA was found to require partial disassembly of the complex by the DnaK 

and DnaJ molecular chaperones; concomitantly, the O and P proteins are released from the 

ssDNA. Related studies with the E. coli DnaA and DnaC replication initiator proteins indicate 

that they behave in a mechanistically sinúlar fashion to A O and P in mediating the transfer of 

DnaB helicase onto ssDNA, with a cryptic ssDNA-binding activity of DnaC being primarily 

responsible for the initial interaction of a DnaC•DnaB complex with ssDNA. We suggest that 

interactions of O and P with non-B DNA structures that are formed during the initiation of A 

DNA replication are responsible for nucleating and stabilizing the opening of duplex DNA in 

the Aff-rich regían of orlA . lt is likely that these interactions are mediated by the cryptic 

ssDNA-binding activities of O and P and that these events prepare the A chromosome for the 

transfer of DnaB helicase onto origin DNA. 

Initiation of A DNA replication in vivo is strongly dependent on transcription at or near 

ori A. . Analysis of this •transcriptional activation" phenomenon in vitro in a multiprotein 

replication system indicates that transcription counteracts the inhibitory effect of DNA 

relaxation caused by coating of the DNA template with proteins such as the E. coli histonelike 

protein HU. To facilitate exploration of the mcrl!anistic basis of transcriptional activation, we 

ha ve constructed a set of plasmids in which ori A. is imbedded in a transcriptionally silent 

regían. Biochemical studi.es will be discussed which indicate that transcription downstream 

from oriA enhances formation of an activated oriA•O•P•DnaB stage-two replication 

intermediate on HU-coated DNA templates. This stimulation presumably results from 

increased negative DNA supercoi!ing that is transiently localized to the origin regían as a 

consequence of downstream transcription. Once activated, the oriA•O•P•DnaB nucleoprotein 

structure effectively blocks passage of transcription complexes entering the A replication origin 

from the upstream direction. 
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INmATION ANO TERMINA TI ON OF pT181 REPLICATION. Richard P. Novick, Rhuzong Jin, and Maria· 
Elena Femandez-Beros. Skirtalllnstitute, New York University Medica! School, 550 First Avenue, New York, 
NY, 10016, USA. 

pT181 is a model RC replican ot 4.4 kb and about 20-25 copies percell. lt uses a dimeric plasmid-coded 
initiator, RepC, whose synthesis is tightly regulated by a countertranscript-<lriven transcriptional attenuator 1 

which ensures production ot about one dimer (RepC/C) per replication event 2
• RepC/Cbinds strongly to a 

15 nudeotide palindrome (IR 111) 3 1ocated 16 nudeotides trom the nick site, which is at the tip ot a strong po
tential hairpin (IR 11). RepC/C binding enhances a natural bend near its binding site 4 and melts the OSO, which 
is believed then to extrude the IR 11 hairpin as a crucitorm 5

• This melted region is then nicked by the protein. 
one subunit remaining covalently attached to the 5' side ot the nick 3. The nicked OSO must not be allowed to 
relax until the replication complex is assembled 6 and it is likely that RepC/Cis instrumental in sustaining the 
required open configuration. Replication is known to require polymerase 111 and PerA, a putative Rep-like heli
case 7•

8
, and is assumed to require SSB. Whether these tour tactors are sufficient, as they are tor the SS 

phages, has yet to be determined. RepC probably interacts directly with PerA 9 and in a perA mutan!, a 
RepC-containing initiation complex accumulates 7, trom which we inter that RepC normally activates the heli
case to initiate polymerization. At the end ot a replication cycle, the new leading strand is extended tor a 
tew nucleotides past the DSO nick site, which marks the junction between new and old leading strands, 
displacing the latter. We believe that the replication complex is paused or halted at this point, perhaps by re
lease ot PerA. We propose that the leading strand is then cleaved at the new-old junction by the second 
subunit ot the bound RepC/C, tollowed by a transesterification in which the displaced old leading strand is 
circularized and the originally bound subunit is released. Cleavage ot the extended new leading strand by 
the free RepC subunit tollowed by a second strand transfer would circularize the new leading strand and 
release the initiator. This second cleavage has two importan! consequences - it completes the replication 
cyde, preventing the re-initiation seen with q,X17 4, and it lea ves a short oligonudeotide tail (9 or 1 O nt) at
tached to the active site tyrosine ot one subunit, reterred toas RepC*, which prevents the initiator dimer from 
belng re-cyded10

- a necessity for copy number control. The overall scheme is illustrated in Fig. 1. 

In this presentation, we address two features ot the above scheme, (i) the role of the cruciform, and (ii) 
the properties of the derivatized initiator. (i) We have modified the distal arm ot the DSO hairpin and tound 
that the cruciform structure is required tor initiation only when the strong initiator binding si te is detective -
which means that superhelix-<lriven melting enabled by strong binding ot the initiator is sufficient for nicking 
and for retention of the melted structure during assembly of the replisome, but that the cruciform structure is 
needed when initiator binding is weakened by deletion or mutation or by the substitution ot the binding se
quence from a related plasmid, pC221. This result is consisten! with earlier findings that initiation can occur 
on a template with greatly reduced superhelical density, but only when initiator-DSO binding is strong 11

• This 
rneans that the initiator-OSO interaction represents a subtle interplay ot superhelical tension, DNA binding and 
cruciform extrusion, and that it has sufficient leeway to enable initiation when one ot these elements is in a 
suboptimal configuration. lt is defeated, however, by deficiencies in any two ot the three elements. (ii) The 
post-replicationally derivatized initiator, RepC/C*,can cleave single-stranded oligonucleotides containing its 
recognition site, generating doubly-<lerivatized dimers, and can catalyze the strand transter and re-ligation 
reactions that have been described tor other proteins ot its class 6, as illustrated in Fig. 2. Although RepC/C* 
has weak nicking-relaxing activity on a supercoiled template, it cannot melt the DSO or ·enhance crucitorm 
tormation12

• These results suggest that it is functionally analogous to the RepCattached during replication, 
which is used for termination, but is incapable ot being used tor initiation- which means that each molecule 
is used once and only once tor replication. 

REFERENCES 1. Novick,R.P.eta1.(1989~e// 59, 395-404. 2. Bargonetti, J., Wang, P. Z. and Novick, 
R. P. (1993) EMBOJ 12,3659-67. 3. Koepsel, R. R., Murray, R. W. and Khan, S. A. (1986) Proc Natl Acad 
Sci USA 83, 5484-5488. 4. Koepsel, R. R. and Khan, S. A. (1986) Science 233, 1316-1318. 5. Noirot, P., 
Bargonetti, J. and Novick, R. P. (1990) Proc Natl Acad Sci USA 87, 8560-8564. 6. Jin, R. and Novick, R. P. 
(1997) EMBOJ 16, 4456-4466. 7. lordanescu, S. (1991) J Mol Biol 221, 1183-9. 8. lordanescu, S. (1993) 
Mol Gen Genet 241, 185-92. 9. lordanescu, S. (1993) J Bacteriol175, 3916-7. 10. Rasooly, A. and Novick, 
R. P. (1993) Science 262, 1048-50. 11. Thomas. C. 0 ., Balson, D. F. and Shaw, W. V. (1990) J Biol Chem 
265, 5519-5530. 12. Jin, R., Zhou, X. and Novick, R. (1996) J Biol Chem 271,31086-31091 .-
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Fig. 1. Model f<>< pT181 replication. A & 
B : lnitlatlon. RepC/C homodimer induces 
extrusion of IR 11 crudfonn and one subunit 
binds lo the L arm on the lagging strand 
while the other nicks the leading strand and 
becomes attached lo the 5' nick terminus. 
The replisome is assembled concomitant!y 
and is aassumed lo lndude Polymerase 111 
holoenzyme, single-strand binding prolein 
and PaA helicase. as well as RepC. C-H : 
tennlnation. Only the region surrounding 
lhe OSO is shown. Al the end of lhe 
replication cyde, the leading strand is 
extended for a short dislance pasl lhe nick 

1 ~ &¡.--·-- __ 
- -~------- E + ~ ..... =---=·'--------- --- ..$W ...e-- -

si te. displaceing the junction between lhe 
displaced and nascenl leading strands (C), 
which is lhen cleaved by subunit B of lhe 
bound inilialor. This is followed by a 
lranseslerificalion (D} In which the free 3' OH 
of the displaced leading strand attacks the 
protein.ONA bond between the 5' end of the 
same slrand and subunil A of the bound 
iniliator, releasing the old leading strand as a 
single-stranded drde and leaving subunil B 
attached lo the 5' end of lhe nascentleading 
strand (E}. The 3' end of the leading strand 
is then displaced by lhe homologous 5' end 
with the attached initiator (F}, and the 
displaced leading strand is then deaved by 
subunil A of the initiator, followed by a 
second transesterifiCation (G} in which the 
nascentleading strand is drcularized and 
the iniliator released with the short 
oligonucleotide representing the 3' extension 
of the leading strand attached lo subunit A 
(H}. 

r.6J% 
...-=f~-

... ---------~~~~~~--~--------~~~~~~---
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8
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~ 
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Fig. 2. Strand transfer reactions catalyzed by RepC. At bottorn, replication is shown as generating 
RepCtc• with a 9 nt adduct on one subunit. This species can re-tigate an oligonucleolide with a 
free 3' end corresponding to the 3' side of the nick site (shown as a 45-mer), generating a 54-mer 
and releasing the protein in an active forrn. At top is diagrammed the possible cleavage and religa
tion reactions, again starting with the active homodimer, RepC/C, reacting successively with oligo
nucleotides of 63 and 70 nt. These reversible reactions can lead to the formation of a doubly·deriva
tized dimer, such as the RepC• '(18)/C •• (25) shown. 
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The role of DnaK/DnaJ/GrpE molecular chaperones in A and Pl DNA 

replication. 

Alicja Wawrzynów, Bogdan Banecki, Jaroslaw Marszalek, Krzysztof Liberek, 
Adam Blaszczak*, Malgorzata Gonciarz-Swiatek, Joanna Puzewicz, Piotr Barski, 
Joanna Jakóbkiewicz and Maciej Zylicz 

Department of Molecular and Cellular Biology, University of Gdansk, 80-822 
Gdansk, Poland. E-mail: zylicz@biotech.univ.gda.pl 
*Polish Academy of Science, Institute of Biochemistry and Biophysics, Laboratory 
ofMolecular Biology affiliated to the University of Gdansk 

Reconstitution of A plasmid DNA replication system entirely composed of purified 

proteins allowed us to describe series of intermediate events leading to A DNA 

replication. After the proper oriA-AÜ-AP-DnaB preprimosome assembly, the 

DnaK/DnaJ/GrpE molecular chaperones in A TP-dependent reaction partially 

dissociate the AP protein from the preprimosomal complex leading to unidirectional 

A DNA replication. W e postulate the mechanism by which DnaJ and GrpE 

modulate the binding ofDnaK chaperone to the AP replication protein. 

The presenting data suggest that, contrary to the previous published models, the 

ATP hyrolysis is required for GrpE-dependent recycling of DnaK in the AP-DnaK 

complex and that only the DnaK which is a product of such reaction can be 

subsequently activated by DnaJ for binding to the AP protein substrate. 

The above suggestion is not only valid for the AP protein substrate. The experiments 

were al so performed for the P 1 RepA protein. It has been previously shown by 

others that DnaK/DnaJ/GrpE molecular chaperones are involved in activation of 

RepA for binding to the oriP 1 sequen ce . Here we show the role of DnaK, DnaJ and 

GrpE in building and dissociation ofthe DnaJ-RepA-DnaK complex. 



Instituto Juan March (Madrid)

34 

The Role of the ClpX Chaperone in the lnitiation of DNA Replication of the 

Broad-Host-Range Plasmid RK2 

lgor Konieczny"t. Donald R. Helinski" and Maciej Zyliczt 

•Department of Biology, University of California, San Diego, La Jolla CA 92093-0634 
tuniversity of Gdansk, Department of Molecular Biology, 24 Kladki PL-80822 Gdansk, Poland 

The Clp family of proteins is highly conserved and has been identifted in 
many organisms. One member of this family, the 46 kDa ClpX protein, has been 
shown to be involved in the initiation of replication of bacteriophage lambda and 
the replicative transposition of phage Mu. The ClpX protein activates the 
bacteriophage lambda replication initiation protein (A.O) for binding to the origin 
sequence and also activates the bacteriophage Mu initiation protein (MuA) in a 
transposition complex which results in subsequent steps in the initiation of Mu 
DNA synthesis. lt is also of interest that the ClpX protein can act not only as a 
molecular chaperone but also as a protease together with the proteolytic subunit 
ClpP in the degradation of the A.O, MuA and Phd proteins. Studies on 
chaperone involvement in the activation of plasmid replication initiation proteins 
(Rep) have been limited to plasmid replicons that naturally occur in Escherichia 
coli. lt was previously demonstrated that chaperone proteins are essential for 
the activation of the Rep protein of plasmids P1 and F for binding to nucleotide 
sequence repeats (iterons) at the origin of DNA replication (on). We have been 
interested in the role of chaperones in the replication of plasmid RK2 which is a 
broad-host-range plasmid what can be transferred and maintained in most 
Gram-negative bacteria. Controlled replication of RK2 in these bacteria requires 
only two plasmid encoded elements: the origin of replication (onV) and the Rep 
protein (TrfA). The purified form of the TrfA protein has been shown to exist 
largely as a dimer in solution, however, only the monomer form can bind to the 
17-bp iteran sequences localized within the RK2 replication origin. We 
investigated the effect of the molecular chaperone ClpX and the ClpXP 
proteolytic complex on the replication initiation activity of the TrfA protein. The 
largely dimeric form of the TrfA wild-type protein is inactive in the initiation of 
replication of RK2 using an in vitro replication system reconstituted from purified 
components. However, preincubation of the TrfA protein with the ClpX molecular 
chaperone activates the plasmid initiator protein for replication in the purifted 
replication system. We further observed that ClpX, in an A TP dependent 
reaction, greatly increases both the proportion of TrfA monomers and, therefore, 
the ability of a purified preparation of this protein to bind to iterons localized 
within RK2 origin. ELISA experiments using TrfA and ClpX proteins and a ClpX 
antibody confirmed a physical interaction between these two proteins. Finally, 
the TrfA protein was found to be a substrate for ClpXP dependent proteolytic 
degradation. 
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REMODELING OF TilE PHAGE MU TRANSPOSOSOME TOA REPUSOME 

Hiroshi Nakai, Amy E. Barrier, and Jessica,M. Jones 
Department of Biochemistry and Molecular Biology 
Georgetown University Medical Center 
3900 Reservoir Road NW 
Washington, D.C. 20007 USA 

The transposition proteins of bacteriophage Mu funcúon not only in inserung 
prophage DNA into the host chromosome for lysogenization but a.lso in directing phage 
DNA replication by host enzymes during transposiúon, Iinking phage DNA synthesis to 
nonhomologous recombination. Replicative transposition ofMu is carried out in three 
general stages: 1) Assembly of an active ollgomeric form of MuA transposase tightly 
bound to both M u ends, fonning a transpososome that promotes !Ian.Sfer of 3' hydroxyl 
ends to target DNA and produces a potential replication fork at each M u end; 2) 
disa..<>semhly of thc Mu transpososome coupled to the fonnation of a prercplisome 
composed exclusive! y of host proteins; and 3) assembly of the replisome promoted by 
PriA. PriB, and DnaT, assembly proteins of the 4tX174-type primosome. The orderly 
transition from transpososome to replisome prevents access of the two potential Mu 
replicat.ion forks to inappropriate host enzymes. 

The molecular chaperone ClpX functions in the flCSt step in the transition to a 
replisome, altering the tight complex (STCl) of oligomeric MuA with M u ends in the 
strand transfer product ClpX promotes conformational remodeling of MuA in STCl to 
convert it to STC2. When the peptidase component ClpP is also present, ClpX can also 
actas part of a chaperone-linked protease to degrade the Mu repressor, which inhibits 
MuA transposase. While ClpXP readily degrades the M u repressor (Vir) lockcd into the 
ClpXP-sensitive state, it does not degrade MuA in the transpososome needed to promote 
transition to a prereplisome. The presence of excess ClpP can stimulate QpX-promoted 
transition to transpososome STC2, leaving ~tact MuA that holds together the two ends in 
K syn~tptic complex. Thus, ClpXP Clln discriminare between the repressor and MuA in 
the transpososome as substrates of the chaperone-linked pro tease or the chaperone alone, 
degt!iding the repressor while remodding MuA and leKving it undegraded to promote the 
next step in replicarive transposition. 

Once STCl has been rernodeled to STC2, host factor(s) called MRFaz displa.ce 
the MuA oligomer to form the prereplisome STC3. This nucleoprotein complex pennits 
initiation of M u DNA replication only in the presence of the primosome assembly 
proteins PriA. PriB, DnaT, DnaB, and DnaC. These proteins promete the engagement of 
DNA polymerase m holoenzyme and primase to assemble a replisome, initiating semi
dLc;continuous DNA replication from eilher one M u end or the other. A time course of 
leading strand synthesis initiating at the two ends indicates that the replisome is more 
readily assembled at the Mu left end than the right, consistent with the preferential 
initiation of M u DNA replication at the left end in vivo. 

Proteins present in STC3 prevent the extension of the leading strand primers at 
cach Mu cnd unless PriA is pre.scnt, and thciefore,limited strand displacement DNA 
synthesis by DNA polymerase I cannot be the mechanism for producing a single-stranded 
segment to which PriA binds, a mechanism observed for initiation of colEl plasmid DNA 
synthesis. In fact, no primosome assembly sites (PAS) analogous to the sites pre.scnt on 
phage <j>X174 DNA and at the colEl origin can be found at the Mu ends by functional 
assay. The results suggest that PriA C!li1 binii at the branched junctions of the Mu strand 
transfer producl withoul a single-stranded segment or a traditional PAS on the lagging 
strand side of the fod::, promoting replisome assembly wiúwut the host initiator protein 
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DnaA. This mechanism is consistent with T'Olcio Kogoma's hypothesis (Asai and 
Kogoma, 1994; Kogoma. 1996) that PriA aqd othecconstituents ofthe 'X-type 
primosome play a cridcal role in assembling a replisome at the sites of strand exchange during homologous recombination. Phage Mu may ha ve evolved to exploit the host 
system for Iinking recombination with DNA replication. 

References: 

Asai, T. and Kogoma, T. (1994) D-loops and R-loops: Altemate mechanisms for the 
initiation of chromosome replication i~ Escherichia coli. J. BacterioL, 176. 1807-
1812. 

Kogoma, T. (1996) Recombination by replication. Cell, 85,625-627. 
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The Bacillus subtilis bacteriophage SPPl G39P is a bridging molecule assembling the 
G40P replicative DNA helicase at the replication origin upon interacting with the 
replisome organizer G38P. Silvia Ayora and Juan C. Alonso. Centro Nacional de 
Biotecnología, CSIC, Campus Universidad Autónoma de Madrid, Cantoblanco, E-28049 
Madrid, Spain. 

Initiation of DNA replication in bacteriophage SPP1 requires the products of genes 38, 

39 and 40 (G38P, G39P and G40P) as well as the host DNA primase (DnaG) and DNA 

polymerase III. G38P specifically binds two discrete regions (oriL and oriR), whlch are 

32-kb apart in a linear map of the SPP1 genome (1). The onL site maps withln gene 38. 

Both sites contain two types of repeated elements (termed Box AB and AT-rich region). 

Plasmid-borne gene 38, i.e. gene 38 and its cognate onL site, is able to drive theta 

replication in B. subtilis, provided that genes 39 and 40 are present in the background. 

The replisome organizer, G38P, interacts with the Box AB, but not with the AT-rich 

region (1). G38P, whlch forrns a hlgher-order nucleoprotein structure with the SPP1 onL 

and onR sites through protein-protein interactions, does not seem to mod.ify the length 

of the DNA, but to bend it. 

G40P is the SPPl hexarneric replication fork helicase. Only one or at most two 

subunits of the hexameric enzyme binds ssDNA in the presence of ATP or A'IP)S. G40P 

binds dsDNA with a 20-fold lower affinity than ssDNA and such binding is 

independent of any cofactor. G40P unwinds DNA with 5' to 3' polarity in a substrate 

resembling a preformed fork. Monomeric DnaG primase of B. subtílis, whlch physically 

interacts with G40P, increases the helicase, but not the ATPase activity of G40P by 

stabilising the binding of G40P to ssDNA (2). 

G39P, whlch does not bind DNA, interacts with G38P and G40P. The ATPase 

activity of G40P is inhlbited by G39P, but increasing amounts of G38P reversed such an 

inhlbitory effect. Unwinding of a forked substrate by G40P is enhanced more than 10-

fold by the addition of G38P and G39P to the reaction mixture. In vitro assembly of G40P 

onto dsDNA is enhanced by G39P and G38P and the DNA-binding complex on dsDNA 

requires the concerted action of the three proteins. These data demonstrate one function 

for G39P and establish a function for it as an obligatory component of an oligomeric, 

DNA-binding complex whlch plays a role in initiation of phage replication. 

(1) Missich, R, Weise, F., Chai, S., Pedré, X., Lurz, R & Alonso, J.C. (1997) The replisome 
organizer (G3 8 P) of Bacillus subtilis bacteriophage SPP1 forms specialized 
nucleoprotein complexes with two discrete distant regions of the SPP1 genome. J. Mol. 

Biol. 270, 5~ . 

(2) Ayora, S., Weise, F., Langer, U. & Alonso , J.C. (1998) The gene 40 protein of the 
Bacillus subtilis bacteriophage SPP1 is a DnaG associated replicative hexameric 
helicase. Submitted. 



Instituto Juan March (Madrid)

42 

OLIGOMERIZATION OF PHAGE 029 PROTEIN p6: 
Analytical Ultracentrifugation and Electron Microscopy studies 

A. M. Abril, G. Rivasl, S. Marco2, M. Salas and J. M. Hermoso 

Centro de Biología Molecular "Severo Ochoa- (CSIC-IIAM), Universidad Autónoma, Canto 
Blanco, 28049 Madrid, Spain. 
1 Centro de Investigaciones Biológicas (CSIC) Velázquez,. 144, 28006 Madrid, Spain. 
2 Centro Nacional de Biotecnología (CSIC), Universidad Autónoma, Canto Blanco, 28049 
Madrid, Spain. 

Protein p6 from Bacillus subtilis phage 029 is required in vivo for viral DNA 
synthesis and transcription repression of an early promoter. In vitro, protein p6 
activates the initiation of 029 DNA replication by forming a nucleoprotein 
complex at the origins of replication. The path followed by the DNA in the complex 
is strongly bent and compacted adopting a right-handed toroidal confonnation that 
wraps around a multimeric protein core. Protein p6 binds to DNA through the 
minor groove, with low sequence specificity; the N-terminal region is involved in 
this binding. Fluorescence studies have shown that this binding is cooperative. 

Protein p6 is one of the most abundant proteins in 029-infected B. subtilis 
cells and binds in vitro to the whole viral DNA forming multiple complexes, 
suggesting that it could play a role in viral genome organization. In agreement 
with this, we have estimated a protein p6 concentration of at least 1 mM so that the 
number of protein p6 molecules per cell is sufficient to saturate all the in vivo 029 
DNA molecules. 

We have determined by sedimentation equilibrium analysis that, in the 
absence of DNA, protein p6 associates in higher order oligomers from prefonned 
dimers at the concentrations estimated in vivo. Sedimentation velocity results 
indicate that oligomers of protein p6 have a more elongated shape than dimers. By 
electron microscopy we have obtained images of curved rod and doughnut-shaped 
aggregates of protein p6; computed image analysis of the latter suggests that the 
oligomers could correspond to the protein core predicted in the protein p6-DNA 
complex model (1). From these results we speculate that protein p6 could behave as 
a scaffolding protein on which the DNA folds. 

We have also detected fonnation of protein p6 dimers and oligomers with 
crosslinking reagents. We have used this approach to study protein-protein 
interactions in deletion mutants. A C-terminal deletion mutant of 37 amino acids 
forms dimers but not oligomers. The aggregates observed by electron microscopy in 
the wild type protein p6 were not found in this mutant. This result is compatible 
with the existence of a dimerization domain different from an oligomerization 
one. 

1- Serrano, M., Gutiérrez, C., Salas, M. and Hermoso, J. M. (1993) J. Mol. Biol. 230, 
248-259. 
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Study of substrates affecting replication slippage in vitro 

E. Viguera, D. Canceill and S.D. Ehrlich 
Génétique Microbienne, lnstitut National de la Recherche Agronomique, Jouy-en..Josas, France 

Replication slippage is a particular type of error caused by DNA 

polymerases, suspected to occur in both prokaryotic and eukaryotic cells. Previous in 
vivo (1) and in vitro (2) studies have demonstrated that a deletion event can occur by 

replication slippage between short duplications (27 bp) brought together by a hairpin 

structure. The main polymerase of the E. coli cell, DNA polymerase holoenzyme III 

(poliii HE), DNA Polymerase I and DNA polymerase II as well as the DNA polymerases 

from phages T4 and T7 were able to promote slippage provided that polymerase and 

single stranded DNA binding protein (SSB) concentrations are optimized (3). 

The Poi 111 HE-mediated replication slippage model proposed consists 

basically in (a) copy of the first duplication by the replication machinery, (b) replication 
pausing and dissociation of the polymerase, (e) unpairing of the newly synthesized 

strand followed by pairing with the second duplication and (d) polymerase loading and 

replication restart. The two limiting factors in this process are the presence of a 
duplication and a precise pause of the polymerase. We have studied the effect of the 
length of the direct repeats necessary to get slippage and the effect of other polymerase 
fork pausing sites like protein bound to DNA. 

l. d'Alencon, E., Petranovic, M., Michel, B., Noirot, P., Aucouturier, A., Uzest,M. and 
Ehrlich, S.D. (1994) EMBO J. 13, 2725-2734. 

2. Canceill, D and Ehrlich, S.D. (1996) Proc. Natl. Acad.Sci. USA 93, 6647-6652. 
3. Canceill, D and Ehrlich, S.D. manuscript in preparation. 
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Protein-Protein interaction that potentiate host and 
Plasmid replication 

Deepak Bastia, Hirock J. Datta, Ya-Bin lu 
Duke University Medica! Center, Durham, NC 27710, USA 

We have identified the replisomal proteins that interact with the RepA and n 

initiator proteins encoded in the plasmids pSC1 01 and R6K with host 
replisomal proteins and we find that the two initiators interact with DnaA, 
DnaB, DnaG and the 1: subunit of DNA poi 111. We have also discovered that 

DnaA specifically interacts with DnaG and 1:. In many cases we have 

identified and mapped the interaction surfaces and have isolated mutants 
that significantly reduce the protein-protein interactions. 

The n (RepA)-DnaA interaction is critica! for initiation from ori r of R6K and 

from pSC101 ori. Unwinding at ori r requires x, DnaA and IHF. The mutant of 

n that reduces DnaA-n interaction also significantly impairs ori r unwinding. 

lnterestingly, the n mutant is fully competent to initiate replication from 

ori j3, that is known to be independent of DnaA for replication. 

We have identified mutations in DnaB that disrupts DnaB-RepA interaction 
withoutaffecting DnaA-DnaB interaction. We have also isolated RapA 
mutants that disruptRepA-DnaB interaction·. The latter mutant abolishes 
pSC101 replication in vivo. 
Helicase loading at the ori of pSC101 requires RepA, DnaA, IHF, DnaC and 
DnaB. The mutant of DnaB That disrupts DnaB-RepA interaction without 
affecting DnaB-DnaA interaction is unable to load helicase to the pSC101 
ori. Thus DnaB isrecruited to the ori primarily by its interaction with RepA. 
The role of DnaA seems to be at the level of ori melting by its interaction 
with RepA. IHF facilitates this interaction by bending DNA. 

DnaG interacts with RepA and p at its N-terminus whereas the C-terminus 
of the primase interacts with DnaB. The physiological roles of initiator
primase and initiator-t interactions are currently being investigated. 
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Structural Analysis of the Bacteriophage T7 Replication Fork 
Stanley Tabor, Sylvie Doublié, Tom Ellenberger, Kajal Chowdhury and Charles Richardson, 
Department of B iological Chemistry and Molecular Pharmacology, Harvard Medical School, 
Boston, MA 02115 

Replication of the bacteriophage Tl chromosome is dependent on the phage encoded 
DNA polymerase, the product of gene 5. Processive synthesis requires a complex of the T7 
DNA polym~rase and a processivity factor, Escherichia coli thioredoxin. We have recently 
sol ved a 2.2 A crystal structure of the Tl DNA polymerase complexed with a primer-template 
and a nucleoside triphosphate in the polymerase active site. The fingers, palm, and thumb of 
the polymerase impose an S-shaped bend in the primer-template, and the processivity factor 
thioredoxin líes near the DNA exiting the polymerase where it could prevent dissociation of the 
DNA. The incoming nucleotide is sandwiched between the 3'-terminu$ of the primer and the 
fmgers subdomain, which has closed around the active site. Numerous interactions of the 
bound nucleotide with the template base, the polymerase, and two metals specify the correct 
base-pair and align the o:-phosphate for attack by the 3'-hydroxyl of the primer strand. This 
structure illustrates how nucleotides are selected in a template-directed manner, and it provides a 
structural basis for a metal-assisted mechanism of phosphoryl transfer by a large group of 
related polymerases. 

Initiation of lagging strand DNA synthesis in the Tl system is catalyzed by the gene 4 
protein, which is both a primase and a helicase. The gene 4 protein is a hexamer which forms a 
tight complex with the Tl DNA polymerase. As a primase, it synthesizes tetraribonucleotides at 
specific sequences and the primers are used by Tl DNA polymerase to initiate lagging strand 
DNA synthesis. In order to understand the intecactions ofTl DNA polymerase with the TI 
gene 4 protein and the Tl gene 2.5 protein (single-stranded DNA binding protein) we are 
carrying out site-directed mutagenesis of the Tl DNA polymerase based on unique features in 
its structure not found in the structures of other Poi 1-type DNA polymerases. For example, Tl 
DNA polymerase contains a unique, four residue loop in its thumb that contacts the template 
DNA four bases from the 3' end of the primer. This smallloop is located at the site where the 
5' end of a tetranucleotide RNA primer must be bound for use by the polymerase. Deletion of 
this loop has no noticeable effect on DNA synthesis catalyzed by TI DNA polymerase but it 
dramatically reduces its ability to extend primers synthesized by the gene 4 protein. We believe 
that this loop is an important contact for either the primase, the RNA primer, or both. 

We are extending the crystal structural studies ofTl DNA polymerase to include crystal 
complexes with the helicase, primase and single-stranded DNA binding protein. The ultimate 
goal is to obtain a high resolution picture of the TI replisome. 
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Nicking-closing enzymes encoded by plasmid pC221 

Christopher D. Thomas•, L.J. Jennings, D. Klimenko, F. Papadopoulos, M.C.A. Smith & 

Simon E. V. Phillips 

School of Biochemistry & Molecular Biology, University of Leeds, Leeds LS2 9JF, U K. 

•Email:cdt®bmb.leeds.ac.uk 

URL:http : //www.bmb.leeds.ac.uk/staff/cdt 

Plasmid pC2211 confers resistance to chloramphenicol on its staphylococcal host. In addition 

to the CAT gene, this -4!/:zkb plasmid also carries reading frames for the replication protein2 

RepD and the mobilisation protein3 MobA. The latter two products represent two families of 

rolling circle replication (RCR) initiators: RepD for vegetative and MobA for conjugative 

processes. 

RepD 

RepD serves to initiate replication of pC221 by site-specific cleavage within the ( +) strand at 

the double-stranded replication origin (dso), oriD. The resultant 3'0H serves to prime DNA 

synthesis; RepD becomes covalently attached to the 5' phosphoryl via Tyrl91, conserved in 

all members of this family4. Discrimination between oriD and related sequences in plasmids 

such as pT181 is achieved by sequence-specific interactions between DNA sequences 

downstream ofthe nick site and the carboxyl terminus ofthe protein5. 

The nicking-closing activity of RepD can be studied in vitro by a topoisomerase assay using 

pC221 as substrate. The nicking process serves as a model for initiation of replication; 

turnover of the enzyme allows study of the religation process implicit in termination. 

Through such means we have identified6 residues critical for the catalytic activity of RepD. 

At this stage it appears that RepD represents a novel class of nicking-closing enzymes, which 

function without need for a consensus 'His-hydrophobic-His' motif1. Current work also 

suggests that the rate-determining step is the association between Rep protein and the 

downstream motif described above. 

The covalent protein-DNA intermediate which exists following initiation can also be 

modelled using adducts generated using synthetic oligonucleotides. The intermediate has 

different properties to the initiator, in both activity and specificity8. Crucially, the covalently 

attached DNA exerts a leve! of specificity upon the complex. This suggests a model for the 

events of termination9, supported by the isolation of adducts compatible with this 

mechanism. These intermediates also mimic the end-product of the replication process in 

vivolO, RepD•. 

In these two events, initiation and termination, there are implications for different topologies 

of the replication origin itself. Although specificity is conferred by a divergent downstream 

sequence, the cleavage site is conserved across members of this family. The sequence 

requirements for terrnination may ensure the perpetuation of this sequence even in hybrid 

plasrnids. 
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The biochemical advances of RepD and its target DNAs are supported by efforts to obtain 
structural data. Hydrodynamic data for a variety of isofonns has been used to assist 
enzymological analysis. Crystals of RepD, complexes between RepD and the downstream 
sequence, and the covalent RepD-DNA adduct have all been obtained. To date the most 
advanced progress is with the protein alone, where diffraction up to 3A has been obtained; 
large crystals are now routinely grown for all forros. 

MobA 

Study of MobA is in progress to parallel the work of RepD: mechanistically the two proteins 
may have much in common, but achieved through biochemically distinct means - for 
example, MobA possesses the Histidine motif lacking in RepD. Like RepD, the protein is 
being expressed in E. coli for study of the nicking-closing process in vitro. 

Related RCR processes 

Replication of certain bacteriophages is held as the classic example of the RCR process. The 
organisation and sequence of the dso of bacteriophage fd has many striking similarities with 
that of pC221, yet the replication initiator (Gene II) protein shows little sequence similarity to 
RepD (or MobA). Consequently study ofthe Gene ll protein is also in hand asan example of 
an 'alternate' solution to the initiation of replication from an origin structure which, although 
not in the same immediate family as that of pC221, may be viewed as a 'cousin', with 
implications for the evolution of bacteriophages and RCR plasmids. 
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Characterization of protein domains and conformational changes in a 
DNA replication initiator (RepA) 

Rafael Giraldo, Germán Rivas, Ana Serrano, José M. Andreu, Ramón Díaz-Orejas. 

Centro de Investigaciones Biológicas (CSIC). el Velázquez,l44. 28006 Madrid. SPAIN. 

e-mail: cibgs2q@pinarl.csic.es 

RepA is the DNA replication initiator protein of the Pseudomonas plasmid pPSIO 

(1). We have previously shown that RepA, as a dimer, represses its own synthesis at the 

transcriptionallevel by binding to an inversely-repeated sequence (lR) that acts as operator 

(2). When monorneric, RepA initiates plasmid DNA replication by binding to four 

identical and contiguous 22 bp directly-repeated sequences (DRs or iterons) (3). We have 

also demonstrated that the major determinants of protein dimerization and DNA binding 

are, respectively, l.Z (4,3) and HTH motifs (5). 

In this communication we discuss the discovery, by means of a combined approach 

of biochemical (limited proteolysis, crosslinking, gel flltration and HO-footprinting) and 

biophysical (analitical ultracentrifugation, CD and fluorescence spectroscopies) in vitro 

techniques, the existence of two globular protein domains in RepA, C-terminus to the LZ 

motif. Furthermore, we show that RepA dimerizati.on implies a compact conformation of 

the protein domains that malees the C-terminal one suitable for IR recognition, whereas 

monomerization results in the acquisition of and extended conformation of both protein 

domains in which each one binds differentially to the iteron sequence. 

Our results provide the structural bases for the dual function (repressor vs. initiator) 

in Rep-type proteins. The ernerging model fits well with the proposal by others of the 

activation by DnaK/J/GrpE or ClpA chaperones of the P1 plasmid initiator protein in vivo 

(6,7). 

1.- Nieto,C., et al. (1992). J. Mol. Biol. 223: 415-426. 
2.- Garcfa de Viedma,D., et al (1995). J. Mol. Biol. 241: 211-223. 
3.- Garcfade Viedma,D., et al (1996). EMBO J.lS: 925-934. 
4.- Giraldo,R., et al (1989). Nature 342: 866. 
5.- García de Viedma,D., et al. (1995). Nucl. Acids Res. 23: 5048-5054. 
6.- Dibbens,J.A., et al. (1997). Mol. Microbio/. 26: 185-195. 
7.- Pak,M. & Wickner,S. (1997). ProcNat/Acad.Sci. USA 94:4901-4906. 
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TIIE SOL VED STRUCfURE OF DnaB AND DnaBC IN 
CRYO-ELECfRON MICROSCOPY 

DNA helicases are ubiquitous eozymes with fundamental roles in all aspects 
of nudeic acid metabolism (1 ). Their adivity leads to disruption of 
hydrogen bonds between the two strands of duplex O NA, triggered by the 
energy of nudeoside 5' -triphosphate (NTP) hydrolysis. The unwinding 
reaction exhibits a specific polarity, which is expressed with respect to 
the strand of ONA on which the helicase is bound. Most DNA helicases carry 
out their functions as multimeric complexes. Recen! observations point to 
the existence of a subclass of DNA helicases with a common hexameric 
structure (2), which act in most cases as components of large protein 
assemblies. In spite of their critica! role and the amount of biochemical 
knowledge in the field, little is known about their structures. The first 
X-ray structure of a (monomeric) helicase has jusi been reported (3). 
DnaB is the primary replicative helicase in Escherichia coli (4). The 
native protein is a hexamer of identical 52,260-Da subunits that displays a 
5' to 3' polarity in DNA unwinding (4). Recen! work has yielded 
interesting data about structural features of the protein hexamer at low 
resolution, based on electron microscopy studies of negatively-stained 
specimens (5, 6). 
In solution, !he hexameric DnaB forms a complex with six molecules of DnaC 
(27,935 Da/monomer). DnaC is essential for replication in vitro and in 
vivo, and its role seems to be the formation of the DnaB.DnaC complex from 
which !he helicase is delivered to its site of action on the DNA template. 

Upon delivery of OnaB, the DnaC protein is released from the protein.DNA 
complex (7, 8). 
We have studied the structure of both !he DnaB hexamer and the DnaB.DnaC 
complex by three-dimensional reconstruction of macromolecular aggregates 
from cryo-electron microscopy images of frozen-hydrated specimens. This is 

the first report of the 30 structure of a helicase, and its complex with a 
loading protein, obtained from cryo-electron microscopy data. To avoid a 
possible source of heterogeneity in !he images, both samples were prepared 
in a buffer containing ADP and Mg2+. Under these conditions, the tendency 
of the proteins to coexist in two conformational states due to partial A TP 
hydrolysis is greatly reduced. (The reduced stability of the DnaB.DnaC 
comptex under these conditions was overcome during the image processing by 
~>lrict image classification of !he data into homogeneous image data sets). 
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Bidyut K. Mohanty 
Dpt. ofMicrobiology, Duke Univ. Medica! Center, 

Box 3020, Durham, NC. 27710 (USA). Tel.: 1 919 681 59 87. 
Fax: 1 919 684 87 35. E-rnail: bidyut@godzilla.acpub.duke.edu 

MECHANISTIC CHARACTERISTICS OF THE REPLICATION ANO 
TRANSCRIPTION BLOCKAGE BY THE TERMINATOR PROTEINS 

The replication forks initiated at the origins of bacteria! chrornosornes and of sorne 

plasmids Iike R6K, Rl and RIOO rnove bidirectionally or unidirectionally and tenninate at 

sequence specific tennination sites. The tennination sites are unidirectional replication fork 

traps cornprising a speci.fic sequence and a protein called tenninator protein. The protein 

is called Tus in E coli and binds a 22bp sequence called Ter in E coli chrornosorne and 

plasmids. The protein in B. subtilis is called replication termination protein {RTP) that 

binds an -30bp sequence called Ter (BS3 or IR). The protein-DNA cornplex in both E. 

coli and B. subtilis block replication by irnpeding DNA unwinding by replicative helicases. 

We have recently shown that the replication tenninator proteins of both organisrns can 

block transcription in the same polar fushion (EMBO J., 1996; 14:2530-9). 

In the present work we have studied sorne rnechanistic characteristics of the 

replication and transcription blockage by the tenninator proteins. We have shown that 

RNA polymerase blocked by the tenninator protein is arrested, not tenninated by the two 

proteins. We have also observed that when the RNA polymerase transcribes through the 

tenninus it dislodges the tenninator protein. We shall also present data on the fate of 

helicase DnaB blocked by the tenninator protein as well as the fate of the tenninator 

protein when DnaB goes through the tenninus. Similarly we shall present data that show 

the differences in sites ofblockage of replication and transcription. 
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Protein-protein interfaces involved in the neutralization of a 
protein that inhibitis initiation of DNA replication in 
Escherichia coli: a genetic analysis 

Sandra Santos-Sierra, Rafael Giralda and Ramón Díaz-Orejas. Centro de 
Investigaciones Biológicas (CSIC). Velázquez 144, 28006 Madrid, Spain. 

The Kid protein of the conditional killer system of plasmid R1 called 
parO, inhibits initiation of DNA replication dependent on DnaB (5 and de 
la Cueva unpublished results). DnaB is the major replicative helicase of 
E. coli: DNA helicases are a group of motor proteins that unwind duplex 
DNA yielding single stranded DNA intermediates that play an essential 
role in DNA replication, recombination or repair (3). The inhibitory 
activity of the Kid protein, that acts as a bacteria! poison, is modulated 
by the Kis protein, the second component of the parO system. These two 
proteins interact forming an antidote-poison complex that, in addition 
to neutraliza the inhibitory activity of Kid on DNA replication, 
represses the parO system (1,2,5). 

In this communication we present a genetic analysis devised to identify 
putativa protein-protein interfaces involved in antidote-poison 
interactions. The approach used is basad in the isolation and 
characterization of mutations that improve the weak ability of the 
antidotes of two parO homologous systems of chromosomal origin, chpA 
and chpB (4), to neutraliza the toxic effect of the parO poison. The 
mutations found (QhQAI.: G10R; S12L; A14V; R16Q; .Qb.Wll: G9R, G9E, G9S, 
S11 N, V151, P17L; ChpBK: G62E, Q260chre, Q420chre), indicates that 
the amino end of the antidotes and the middle region of the killer 
components are involved in such interactions. According to structural 
predictions (PHD algorithm), the regions affected should be located in 
loops exposed to the solvent. We proposed that these loops are protein
protein interfaces required to form a functional antidote-poison 
complex (6 and Santos-Sierra, unpublished results). 
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INITIATION OF REPLICATION OF PLASMID Rl IN ESCHERICHIA 
COL/ 

Kurt Nordstrom, Eva Bjorkman, Margareta Krabbe, Jan Olsson, Andrzej 
Poplawski, and Jan Zabielski 

Department of Microbiology, Uppsa!a University, Biomedical Centre, Box 581, S-751 
23 Uppsa!a, Sweden 

Plasmid R1 is a low-copy-number plasrnid. It replicates unidirectiona!ly by the theta 
mode of replication. Its rep1ication is controlled by an antisense RNA that post
transcriptiona!ly controls the formation of the RepA protein that binds to and opens the 
origin of replication (oriRJ) to initiate replication and is rate-lirniting for initiation of 
replication. The key elements of oriRJ are shown in the figure. 

3' end lagging 5' end leading 
strand suand 

<)= = == == ======{> 

oriR TtrR,. TtrRR ssiA 

1220 1420 1620 1120 

Fig. The main features of the replication origin region of plasrnid R 1. The bp coordinates 
are given at the bottom of the figure. 

We have rnapped the 5' end of the leading strand in vivo toa position about 380 bp to 
the right of oriRJ (1) and the 3' end of the lagging strand toa position within oriRJ, at 
the binding site for the RepA protein. The former end point is located within a site for 
initiation of single-strand replication, ssiA. In these studies, we a!so employed so-called 
intRJ strains (2); in these a 16 bp deletion inactivates oriC and plasrnid R1 was inserted 
into the deletion. In this way, chromosome replication becomes controlled by the inserted 
plasmid. In one of the orientations, chromosome replication is unidirectional and the 
dangling 3' and 5' ends in the oriRJ region become more long-lived than in the free 
plasrnid that is replicated in just a few seconds. 

The oriRJ of plasrnid Rl contains one DnaA box. Replication of plasmid R 1 does not 
require DnaA for replication, but the efficiency of replication is enhanced by DnaA. This 
was shown to be dueto an increased affinity of RepA to oriRJ in the presence of DnaA; 
the absence of DnaA can be overcome by overproduction of RepA (3) and foot-printing 
studies showed that the 3' end of the lagging strand went further to the left in the absence 
ofDnaA. 

Between oriRJ and the 5' end of the leading strand there is a complete functional ter 
region, i. e. sites that ha ve the potential to inhibit the progression of a replisome in both 
directions (se figure above). A functioning termination function requires the Tus 
(terminus utilising protein) protein. We therefore inactivated the tus gene and studied 
replication of the plasmid in such a host. The stability of maintenance was greatly 
impaired in spite of the fact that the plasmid used contained a functiona! par region. 
Deletion of the left ter site did not have any effect on the stability of maintenance, whereas 
deletion or mutation of the right ter si te caused the same effect as inactivation of the tus 
gene. The instability of maintenance was paralleled by a significan! increase in the 
occurrence of plasmid oligomers. The formation of these multimers did not seem to be 
caused by the RecA system, since plasrnid maintenance did not increase when the recA 
gene was inactivated. Electron-rnicroscopic studies revealed the presence not only of 
circular dimers, trimers, etc., but also of rolling-circle molecules in tus hosts or when the 
right ter site had been inactivated in the plasrnid (4). Thus, the right ter site appears to 
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stabilise the maintenance of the plasrrúd by preventing both multimerisation and shifts 
from theta to rolling-circle replication. The right ter site may then be used as a signa! for 
telling when the total plasrrúd genome has been replicated. 

The function of the left ter si te is obsc\.lre. There were no 3' ends at this position, but 
replication of the lagging strand passed the left ter site. Furthermore, during initiation of 
replication, the origin region will be single-stranded and the ter sites presumably 
nonfunctional. 

The instability of maintenance caused by a nonfunctional ter/tus system rrúght be 
explained in different ways: 

i) If replication is shifted from rolling-circle to theta replication there presumably will 
not be any control of replication, since the control is exerted at initiation of replication. 
Furthermore, there is no obvious way by which a rolling-circle molecule could form a 
normal covalently-closed Rl circle. However, the copA gene most likely is active also in 
the rolling-circle molecules. Hence, cells with only one rolling-circle molecule are likely 
to be formed and these cells will divide to give plasrrúd-free cells until the plasrrúd
containing cells cease to grow due to runaway replication. This scenario is difficult to 
study. 

ii) A plasrrúd dimer will ha ve twice the probability of being replicated compared to a 
monomer. This rrúght result in cells with dimers only. Depending upon the properties of 
the replication control system, the number of dimer molecules in cells with dimers only 
will be the same as the number of monomers in cells with monomers only or the number 
of dimers will be half that of the monomers (the latter is the case for ColE1 according to 
experiments performed by both Hans Bremer and David Summers). We have not been 
able to isolate subclones with dimers only, but we ha ve constructed dimeric R1 plasrrúds 
and are now studying their copy number and stability of inheritance. Furthermore, a 
dimer of a Par+ plasrrúd will ha ve two par regions and it is not known if this inactivates 
the Par system by the formation of intramolecular pairs. This aspect is at present under 
investigation in our laboratory. 
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ABSmACf 

lnitiation, pausing and termination ofDNA replication at ColEl 

origins. 

Santamaria, D., Martínez-Robles, M.L., De la Cueva, G., Krimer, D.B., 

Hemández, P., Schvartzman, J.B. 

A series of plasmids were constructed containing two 

unidirectional ColEl replication origins in either the same or opposite 

orientations. Two dimensional (2D) agarose gel electrophoresis was used 

to investigate their replication mode. The resulta obtained demonstrated 

that: a) Initiation of DNA replication occurs at only one of the two 

potential origina per replication round regardless of their orientation; b) 

In opposite orientations, the silent origin acta as a pausing site for the 

replication fork initiated at the other origin; e) The accumulation of 

specific replication intermediates (R.is) with an interna! bubble spanning 

the distance between origins leads to the formation of knotted bubbles; d) 

The distance between origins, up to 5.8 kb, affects neither the 

interference between them to initiate replication nor the pausing faculty 

of the silent origin; e) A complete origin is more effective to initiate 

replication than an origin lacking either the pas sites or the RNAI and 

II promoters, in the absence of read-through transcription; f) A 

complete origin and an origin lacking the pas si tes are equally effective 

as pausing sites, whereas an origin lacking the RNA promoters is 

significantly less effective. Altogether, the results obtained strongly 

suggest that formation and stabilization of an RNA/DNA heteroduplex 

at the origin region is su.fficient and enough to initiate replication as 

well as to account for the polar pausing faculty of silent ColEl origina. 

Preliminary resulta suggest that the dnaB helicase leading the 

replication fork is not able to disrupt RNA-DNA heteroduplexes and 

could be responsible for the polar pausing of replication forks at the 

silent Co!El origins. 



Instituto Juan March (Madrid)

Session Vlll. Replication and its control (11) 

Chairperson: E. Gerhart H. Wagner 



Instituto Juan March (Madrid)

67 

Regulation of Origin Opening in Plasmid Pl by Initiator 

Titration and not by Origin "Handcuffing" 

Kyusung Park, Suman Mukhopadhyay and Dhruba K. Chattoraj 

Lab of Biochemistry, NCI, NIH, Bethesda, MD 20892-4255 

Copy numbers of several bacteria! plasmids seem to be regulated by 

multiple short repeating sequences called iterons (1,2) . There are 

two models of how the iterons could be involved in the negative 

regulation of plasmid copy number. In the first model, called the 

initiator titration model, the concentration of plasmid-encoded 

initiator protein that binds to the iterons, is assumed to be rate

limiting. With the increase of copy number, the limiting amount of 

initiator is believed to distribute to daughter origins preventing 

saturation of any one origin. Thus, the increase of origin (or more 

precisely the iteren) concentration provides the negative feedback 

control of initiation. The model was questioned when it was found 

that an increase of initiator concentration did not increase copy 

number in all cases. A second model was proposed to account for copy 

number control when initiator concentration was apparently not rate

limiting. This model, called the handcuffing model, was based on the 

finding that the initiators could pair iterons in trans. It was 

assumed that the pairing causes steric hindrance to origin activity 

and the negative feedback control was due to increase in pairing 

opportunities with the increase of origin (iteren) concentration. We 

have reinvestigated the applicability of the models using reactivity 

to KMn04 as an assay for strand opening (initiation) in vivo. A 

similar assay has been used to study opening of oriC plasmids (3). 

Opening of the origin strands is an essential early step in the theta 

mode of DNA replication and usually requires binding of initiator 

proteins to the origin (4). We find that Pl plasmid origin opening 

requires the host initiators DnaA and HU, and the plasmid-encoded 

initiator RepA to open . These three proteins were known to be 

essential for the plasmid replication, validating the utility of the 

assay to study initiation control. 
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The opening was prevented when the Pl origin or RepA was present in 
excess with respect to each other. When both the origin and RepA 
were present at high concentrations, the opening was efficient. The 
ability to open (cloned) origins at concentrations that exceed the 
normal copy number of the plasmid by supplying excess RepA, 
contradicts the currently favored view that origin concentration 
limits plasmid copy number by promoting handcuffing. Apparently, 
when the origin concentration was high, RepA binding became limiting 
due to titration. The prevention of opening at excess RepA appears 
to be due to an inhibitor co-produced with RepA. We propose that 
RepA titration and an inhibitor, effective under conditions of RepA 
overproduction, control Pl copy number. 
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INITIATOR PROTEIN-ORIGIN INTERACTIONS DURING THE INITIATION ANO 

TERMINATION OF ROLLING-CIRCLE REPLICATION OF PLASMID pT181 

Saleem Khan, Adam Zhao, Rais Ansari, Martín Schmidt and Christine Sikora. 

Department of Molecular Genetics and Biochemistry, University of Pittsburgh 

School of Medicine, Pittsburgh, PA 15261, USA 

Most small multicopy plasmids of Gram-positive bacteria replicate by a 

rolling-circle (RC) mechanism (1-3). Replication initiator proteins encoded by RC 

plasmids have origin-specific nicking-closing activities that are required for the 

initiation and termination of replication (4 ). Since the initiators of many RC plasmids 

are rate-limiting for replication, these proteins are usually inactivated after 

supporting one round of replication (5). In the case of the pT181 plasmid, 

inactivation of the initiator RepC protein occurs by the attachment of an 

oligonucleotide to its active tyrosine residue. We have generated the inactivated 

form of RepC, termed Re pe-, in vftro and investigated the effects of attachment of 

the oligonucleotide on its various biochemical activities (6). Our results demonstrate 

that while RepC* is inactive in nicking-closing and replication activities due to the 

blockage of its active tyrosine residue, it is competent in origin DNA binding and 

DNA religation activities. We have also investigated the oligomeric state of RepC 

and RepC* and found that while RepC exists as a monomer in solution, it dimerizes 

on the DNA. Using gel mobility-shift assays, we have found that a DNA binding 

mutant of RepC can be targeted to the origin in the presence of the wild-type protein 

primarily through a protein-protein interaction. lnterestingly, RepC* is detective in 

its ability to dimerize on the DNA. RepC* inhibited the DNA binding and replication 

activity of wild-type RepC to only a very limited extent, suggesting that it is unlikely 

to have a significant regulatory role in replication in vivo. Based on these and 

ear1ier results, we propase a model for the role of RepC during the initiation and 

termination of pT181 RC replication (Fig. 1 ). 
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We have also studied Rep~rigin interactions during the termination of 
plasmid pT181 replication. The origin of replication of pT181 contains three sets of 
inverted repeat (IR) elements, namely IRI, IRII and IRIII. Previous footprinting 
studies in our laboratory have shown that RepC binds to IRIII and the right arm of 
IRII (7). The RepC deavage site is located within the loop of IRII between pT181 
nt 70 and 71 (4). Recent studies have also shown that while both IRII and IRIII are 
required for the initiation of replication, IRII by itself is sufficient for the termination 
step (8). We have investigated the sequence requirements for termination of RC 
replication of plasmid p T181. By mutational analysis, we have found that severa! 
nudeotides within the stem of IRII which are critica! for the initiation activity are 
dispensable for termination of replication (9). We al so demonstrate that nucleotides 
in the right arm of IRII, but not the left arm, are absolutely required for termination 
of RC replication. The sequence of the right arm of the hairpin must be located 
downstream of the initiator nick site for termination, suggesting that termination 
requires a specific orientation of the initiator protein at the origin. To study the role 
of RepC in termination of replication, we have studied the single-stranded DNA 
deavage and religation activity of RepC and RepC*. Using ss oligonucleotides 
representing IRII and its mutants, we have found that although cleavage by RepC 
is critica! for termination at the IRII sequence, the efficiency of cleavage is not 
directly related to the termination activity. Results of experiments involving the 
religation activity of RepC* suggest that the extent of ligation of the displaced 
leading strand of the DNA may determine the efficiency of termination. Based on 
the above results, we propose a model for termination of replication of RC plasmids 
in which the replication termination complex is trapped after proceeding beyond the 
regenerated RepC nick site. This probably involves recognition of the right arm of 
IRII by the initiator protein (possibly in collaboration with a host termination protein). 
This results in pausing of the replication fork followed by deavage and ligation of the 
displaced single-stranded DNA by the Rep protein. 
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ROLLING-CIRCLE REPLICATION OF BACTERIAL PLASMIDS: INITIATION 
OF LAGGING-STRAND SYNTHESIS 

M. Gabriela Kramer, Manuel Espinosa' and Saleem A. Khan 

Dcpartmentof MolocularGcnetics and Biochemistry, University of Piasburgh, School of Medicine. Piasburgh, PA 

15261, USA. 'Centro de Investigaciones Biológicas, CSIC. Vdázqucz144, 28006 Madrid,Spain. 

Most small multicopy plasmids of Grnm-positive bacteria and many in Grnm-negative bacteria 
replicate by a rolling-circle (RC) mechanism. This mode of replication in vol ves the generation of a 
site-specific nick by the plasmid-encoded initiator proteins at the plasmid leading-strand origin, 
followed by covalent extension of the 3' hydroxyl end by the host DNA polymerases. Single
stranded DNA (ssDNA) released after leading strand synthesis is converted to a double-stranded 
form utilizing solely the host proteins. Most plasmids that replicate by the RC mode have been 
found to contain palindromic sequences that act as the single strand origin, sso. One of such 
sequences, the ssoA, is present in many plasmids from Grnm-positive bacteria We have 
investigated the host requirements for the functionality of the ssoA from the streptococcal plasmid 
pMV158 and the staphylococcal plasmid pE194. We have also used a newly developed in vitro 
replication system using pneumococcal cell-free extracts to investigate the requirement of the host 
DNA polymerase 1 for lagging strand synthesis. Whereas extracts from DNA polymerase 1-
deficientcells failed to replicate, this defect was corrected by addition of purified DNA polymerase 
l. Efficient DNA synthesis from the pMV158-ssoA required the entire DNA polymerase 1 

(polymeraseand 5'-3' exonuclease activities). In addition, ssDNA containing the pMV158- and 

pE194-ssoA was a substrate for specific RNA polymerase binding, and was a template for RNA 
polymerase-directed synthesis of 20 and 17 nucleotides-long RNA primers, respective! y. We have 
also constructed mutations in two highly conserved regions present within the ssoA, namely a 6 
nucleotide conserved sequence (CS-6) and the recombination site B (RS8) to identify sequences 
important for plasmid lagging strand replication. Streptococcus pneumonine harboring plasmids 
with mutations in the RS8 accumulated 30-fold more ssDNA than cells containing plasmids with 
mutations in the CS-6 sequence. Our results demonstrate that whereas the CS-6 sequence seems to 
function as a terminator for primer RNA synthesis, RS8 may correspond to the binding site for 
RNA polymerase (RNAP). Although the ssoA of various RC plasmids have oonserved CS-6 and 
RS8 regions and similar folded structures, they have considerable sequence variation. Also, the 
ssoA sequences functionefficientlyonly in their native host We have found that the RNAP from 
Staphylococcus aureus binds with much greater affinity to the pE194-ssoA as compared to the 
pMV158-ssoA, suggesting that the strength of RNAP-ssoA interaction may be determined by the 
specific sequence of each sso which may determine the functionality of these lagging strand origins 
in various Grnm-positive bacteria We postulate that the specific ssoA-RNAP interaction plays an 
important role in lagging strand replication and is likely to be a key factor in determining the host 
range and horizontal spread of drug-resistance plasmids in Grnm-positive hosts. Consistent with 
this observation we show that the RNAP from S. aureus and B. subtilis binds with similar high 
affinity to another type of sso, the sso U. This origin of replication is present in plasmids su eh as 
pMV158 and pUB 110 and, unlike the ssoA, is fully active in severa! Grnm-positive bacteria 
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Biochemical and biophysical features of the CopG regulatory protein 

encoded by plasmid pMV158. CrystaUisation and prelimioary X-ray 

diffraction analysis 

P. Acebo', F.X. Gomis-Rüth', M. Sola', M.Garda de Lacoba', A. González', R. 

Pérez-Luque', M. T. Alda', G.Rivas', J.M. Andreu', M. Espinosa' M. Coll', and G. 

del Solar' 
1 Centro de Investigtu:Wnes Bioldgicas (CSIC, Madrid).' Centre d'Investigació i 

DesenvolupamenJ (CSIC, Barctlcna), and 1 EMBO at DESY(Hamburg) 

Control of replication in some plasmids is exectcd by the combined action of a 

constiwtively expn:ssed antisense RNA and of a transcriptional repressor prote.in, both of 

them exhibiting the same lúc:rarchical role (1-3). Such is the case of the streptococcal 

replican pMV158, which is the prototype of a family of multicopy plasmids replicating by 

the rolling circ1e mochanism (4). In pMV 158, the genes encoding the repn:ssor CopG and 

the initiator of replication RepB proteins an:: co-tcanscribed from the single promotec P. (1, 

5). The copG gene product is a 5.1 kDa protcin which binds to a DNA region that 

includes the promoeer P _. thus lúndering the binding of the host RNA polymerase (6, 

7). DNase 1 and hydroxyl radical footprinting experiments performed with purified 

CopG protein showed that its DNA target spans about 50 bp, the protein binding to five 

successive helix wms by thc same face of the DNA helix. The centre of the CopG 

binding region contains a 13-bp sequence (thc CopG operator) that shows a twofold 

rotational symmetry. 

A new plasmid vector, and a new procedure for ove~:production and purification 

of the protcin have been developed. and thus CopG bas been purified to near 

homogeneity. Gelliltration chroawograpby and analytical ultracentrifugation showed 

that the native protcin is a spberical dimer of identical subunits, with a Stokes radius of 

16 Á. Initial sequenc:c-based sccondary structurc: analyses of CopG indicated the 

existence of two putative a-belices separated by a short turn. Comparison with 

transcriptional repressor& suggcsted tbat CopO could ha ve a putative belix-rum-helix 

motif (HTII), both helices spanning from segmcnts Ll7 to M24 (a:-helixl), and from 

K28 to L36 (a:-belix2). out of the 45 residues of CopG. Circular dichroism 

measurements of CopG indicated a consensus aver11gc content of more tb.an 50% a:

helix and 10-35% ji-strand and tums. which is compatible witb the predicted secondary 

strucwre of the protein. Molecular modclling of CopG showed a good fitting between 

the HTII motifs of well-known reprcssoc proteins and the bihelical unit of CopG. 

However, modelling of CopG with the ribbon-belix-helix class of DNA binding 

proteins (like the Are and Mnt repressors encoded by phagc P22) also exhibited an 

excellent fitting. 

Several mutations within the copG gene ha ve been constructed. Overcxprcssion 

of these mu!Jlnt genes showed that deletions affecting regions other than the C-tccminal 

end of the protein strongly redoced thc intracellular stability of the rcspecúve CopG 

variants, in cootrast to thc wild type CopG, which exhibited a prolonged intracellular 

half-lifc. l1üs indicates that CopG has a compact st.ructure, pecbaps constituted by a 

single domain. 
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copG rapB 

befo hellx-1 turn helix-2 coU-2 

N!Ck.RLTITLSESVLENLEKMAREHQLSRSAMISVl\LENYKJCGQEK 

U p. ScknuJJic representation of the regulation of pMVJ 58 copy number mediated by CopG 
(negative effector) tmd by RepB (posilive tffector). T1u: antisense RNA O is not shown. CenJu. 
Schnne of the position of the protrlbler P. , the CopG operalor, the riboso= binding site (SD ), 
and of the predicted secoTIIÚJry structure of CopG. Below. Amino acid seqJUna of CopG as 
tkrivd from amino acid set¡JUnce and from chanicol synthais. 

To investigate the detailed three-dime~onal structure of CopG, we ha ve 
undectaken its crystal.lisation, and we shall present some preliminary crystallographic 
results. Purified CopG protein has been crystallised using the sitting-drop vapour 
diffusion method. The crystals belong to orthorhombic space group C2221 (cell 
constants a= 67.2 A, b= 102.5 A.= 40.2 Á). Complete diffraction dara up to 1.6 A 
resolution have been collected. Considerations about the Matthews-parameter account 

3 for the most likely presence of three molecules in the asymmetric unit (2.27 A !Da). 

Eleven out of the twclve replicons belonging to the pMV158 plasmid family 
could also encode Cop proteins. which sbare features with both HTH and ~sheet DNA 
binding proteins. 

References. 
1. del Solar, G .• Espinosa. M. (1992). Mol. Microbio!. 6:83-94. 
2. del Solar. G., Acebo, P. and Espinosa. M. (1995). Mol. Microbio!. l8:913-97A. 
3. Brand, S. and Wagner, G. (1995). J. Mol. Biol. 255:275-288. 
4. del Solar, G., Moscoso, M, Espinosa, M (1993). Mol. Microbio!. 8:789-796. 
5. del Solar, G .• Albericio. F .. Eritja. R .. Espinosa. M. (1994). Proc. Natl. Acad. Sci USA 
91:5178-5182. 
6. del Solar. G .. de la Campa. A.G., Pérez-Marún, J .• Choli, T., Espinosa. M. (1989). Nud. 
Acids Res. l7:7A05-2420. 
7. del Solar. G .• Pérez-Martin.J., Espinosa. M. (1990). J. Biol. Chem. 265:12569-12575. 



Instituto Juan March (Madrid)

77 

STUDIES OF ANTISENSE RNA CONTROL IN PLASMID R1 

E. G. H. Wagner"', Pascal e Romby#, C. Malmgren, M. Lindell and C. Slagter 
-Qept. of Microbiology, SLU, Box 7025, 75007 Uppsala, Sweden, phone +46 18 
673222; fax +46 18 673392; e-mail gerhart.wagner@mikrob.slu.se 
# 2UPR 9002 du CNRS, lnstitut de Biologie Moléculaire et Cellulaire, 15 
rue R. Descartes, Strasbourg cedex, France. 

Naturally antisense RNAs are ubiquitous plasmid copy number regulators, 
but also carry out a variety of other biological control functions in systems such 
as transposons, phage, and sorne chrosomomally encoded systems. This talk 
will discuss two tapies. 

1) CopA is an antisense RNA encoded by plasmid R 1. CopA is an inhibitor of 
replication (and the principal copy number regulator) and acts by binding to the 
leader region of the repA mRNA (CopT) to prevent translation of the initiator 
protein RepA The binding process, its structural requirements and its kinetics, 
have been the subject of previous work. Recently, we have attempted to 
identify CopA/CopT binding intermediates using enzymatic and chemical 
probing strategies. Surprisingly, we found that the majar product of the binding 
reaction is NOT a full RNA duplex, but rather a complicated complex in which 
an asymmetric kissing complex is stabilized by additional (distal) base-pairing. 
The experimental evidence for this inhibitory complex and a 30-model will be 
presentad. The likelihood that the absence of full duplex formation is a 
rule rather than an exception will be discussed. 

2) Antisense RNAs are known to be inhibitors of gene expression. In the 
course of studying the CopA/Cap T system of plasmid R 1, we fortuitously 
discovered that antisense RNA can actívate gene expression by a novel 
mechanism. This activation is NOT part of the normal regulatory circuit that 
regulates R1 copy number but illustrates an expansion in the functional 
repertoire of regulatory RNAs. In vitro and in vivo results indicate that 
antisense/target RNA interaction (occuring during transcription of target RNA) 
results in transcriptional readthrough. 

Experiments will be presented and discussed with respect to possible models. 
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TWO REPLICONS COEXIST IN PHAGE-PLASMID P4: DIFFERENTIAL ROLE OF THE 
NEGATIVE REGULA TOA CNR IN THE TWO REPLICONS. 

Daniela Ghisotti, Arianna Tocchetti, Stefania Serina, Gloria Galimberti and Gianni Deho 
Dipartimento di Genetica e di Biología dei Microrganismi, Universita di Milano, Italia. 

P4 is a satellite bacteriophage that depends on a helper phage, such as P2, for 
morphogenetic and celllysis functions. In the absence of P2, P4 can propagate in its host 
Escherichia co/i as a multicopy plasmid. DNA replication of phage-plasmid P4 depends on 
the product of its a gene, a multifunctional protein with primase, helicase and specific 
DNA binding activity. Two regions in the P4 genome, both bound by the a protein, are 
required in cis for replication: ori1, the starting point of bidirectional P4 DNA replication, 
and crr, a region located about 4500 bp from ori1. A negativa regulator of P4 DNA 
replication, the P4 Cnr protein, is required to control the copy number when P4 
propagates as a plasmid. In the absence of Cnr, the P4 genomes overreplicate in the host 
cell, which eventually dies (1 ). 
Over-expression of the cnr gene inhibits P4 lytic growth. P4 mutants insensitive to Cnr 
map in the a gene, suggesting a possible interaction between the two proteins (2). Using a 
two-hybrid system in yeast, we demonstrated that the wild type a protein interacts with 
Cnr in vivo, whereas cnr-resistant a proteins are unable to interact. 
In vitro, Cnr stimulates the specific binding of the a protein to ori1 and crr (2). Thus, 
complexas formad between a-Cnr and DNA are probably unable to allow initiation of 
replication. 
By the use of a plasmid complementation test for replication in vivo, we delimitad the P4 
minimal region essential for replication. We found that two replicons coexist in P4. The 
first replicon comprises the cnr and a genes and the ori1 and crr sitas. The second is 
limitad to the a-crr region. This indicates that the ori1 region is dispensable and that 
replication can initiate at a different site. By deletion mapping, a cis-acting region (ori2¡ 
essential for replication of the a-crr replicon was mapped within a 270 bp fragment in the 
first half of the a gene. ori2 is not essential for replication of a plasmid that contains ori1. 
A construct that besides crr and a carries also the cnr gene was unable to replicate. This 
suggests that Cnr not only controls replication from ori, but also silences ori2. A possible 
role of Cnr in controlling initiation of P4 DNA replication will be discussed. 

1. Terzano, S., R. Christian, F.H. Espinoza, R. Calendar, G. DehO and D. Ghisotti. 1994. A new gene of 
bacteriophage P4 that controls DNA replication. J. Bacteriol. 176:6059-6065. 
2. Ziegelin G., R. Calendar, D. Ghisotti, S. Terzano andE. Lanka. 1997. Cnr protein, the negative regulator of 
bacteriophage P4 replication stimulates specific DNA binding of its initiator protein a. J . Bacteriol. 179:2817-
2822. 
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Characterization of the replication regions of highly related coexisting 

plasmids in the phytopathogen Pseudomonas syringae 

Jesús Murillo, Ane Sesma, Arántzazu Canal, M. Teresa Aizpún, and Ama ya Ortiz 

Laboratorio de Patología Vegetal, Escuela Técnica Superior de Ingenieros Agrónomos, 

Universidad Pública de Navarra, 31006 Pamplona, Spain 

Strain PT23 of the phytopathogen P. syringae pv. tomato contains four native 

plasmids: pPT23A (100 kb) and pPT23B (83 kb) are required for the production of full 

disease symptoms in tomato plants; pPT23C (65 kb) is cryptic and pPT23D (36 kb) is 

in volved in copper resistance. Up to 74% of pPT23B is repeated in pPT23A, including 

replication sequences, which suggest that they probably originated from a duplication 

event (1). Using the defined mínima! replicating fragment from pPT23A (1.6 kb; 

oriVpPT23A) as a probe, it was shown that it is highly conserved in different pathovars of 

P. syringae (1), and that as many as six different native plasmids with closely related 

origins of replication coexist in the same cell. The nucleotide sequence of oriVpPT23A and 

two other related replicons was obtained. They contain a single ORF that could code for a 

putative replicase that is highly homologous to the RepA proteins of pTiK12 from 

Thiobacillus intermedius and CoiE2-Iike plasmids. Besides a perfect inverted repeat (13 

bp stem, 7-8 bp loop) located in the putative repA promoter, no other features typical of 

sorne replicons were found. At least three different regions of incompatibility were 

defined in the pro:ximity of oriVpPT13A· We have evidence that one of them (IncA) is 

involved in copy number control, while a second one could be part of a par system. 

Hybridization experiments using three of the Inc regions plus additional DNA adjacent to 

oriVpPT13A• showed that plasmids related to pPT23A display a mosaic organization of 

their replication regions. 

References: 

1.- Murillo, & Keen. 1994. Mol. Microbiol.l2, 941-950. 
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LOCALIZATION OF N/C-SITE IN DOUBLE-STRANDED 
ORIGIN OF REPLICATION ON PLASMID pGA 1 FROM 
CORYNEBACTERIUM GLUTAMICUM. 

Z. Abrhámová, J. Nesvera, M. Pátek 
Jnstitute of Microblology, Academy of Sclences of the Czech Republic, 

Vídeñská 1083, CZ- 142 20 Prague 4, Czech Republic 

Plasmid pGA 1 is 4.8-kb cryptic plasmid isolated from Corynebacterium 

glutamicum LP-61
• lts minimal replican (1.7 kb) carries the rep gene coding 

for the protein highly homologous to the Rep proteins of plasmids pSR 1 (from 

C. g/utamlcum) and pNG2 (from C. dlphteriae, replicating by rolling circle 

(RC) mechanismi. As no homology of these Rep proteins with those of RC 

plasmids belonging to tour known families was found, the related plasmids 

pGA 1, pSR1, and pNG2 seem to be representativas of a new group of R<!; 

plasmids. Using the runoff DNA synthesis assay3 we localized precisely the site

and strand-specific breakage on the pGA 1 minimal replicon. This n/c-site ot 

double-stranded origin (dso) was determinad in the sequence ATCCTGG A 

(roughly corresponding to the consensus sequence of nlo-site ot RC plasmids 

from pC194 family) located in the distal part of the pGA 1 rep gene. This 

location of dso corresponds to that of plasmid pSRl , but ditfers from dso 

locations on other RC plasmids. Our result further supports classification of 

plasmids pGA 1 and pSR 1 into a new group of RC plasmids. 

1 Sonnen et al. , Gene 107:69-74 (1991) 
2 Ne5vera et al., J. Bacteriol. 179:1525-1532 (1997) 
3 Zechner et al.. Proc. Natl. Acad. Sci. 94: 7435-7440 (1997) 
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Exonuclease Activity of the DNA Polymerase 1 of Streptococcus pneu.moniae 
Mónica Amblar and Paloma López 

Centro de Investigaciones Biológicas (CSIC), Velazquez 144, 28006 Madrid, Spain 

The DNA polymernse I of Streptococc:us pneumoniae (Spn Poli) encoded by its po/A gene is a 
member of the type 1-like bacteria! polymerases. This family of proteins is represented by the 
Escherichia coli DNA polymerase I (Eco PoU) and includes, among other members, the 
Tñermus aquaticus polymerase (Taq Poi)- Spn Poli posesses two enzymatic activities in the 
same polypeptide: (i) 5'-73' exonuclease activity, locatcd at ~he N-terminal region of the 
protcin, and (ü) DNA polymernse activity, located at the C-terminal region. Both enzymatic 
activities are involved in chromosomal replication and DNA repair processes, and are able to 
substitute in vivo for their counterparts in E coli. Moreover, the polymerase activíty of Spn 
Poli functions in the establishment and replication by the rolling circle mecharúsm of the 
promiscuous plasrrúd pLS L 
The pneurnococcal polA. gene was cloned and its DNA sequence determined. Aligment of six 
5'-73' c:xonuclease N-terminal regions from bacterial polymerases and four relatcd 
bacteriophage e:xonucleases, indicate the possible existence of six highly conserved sequence 
motifs containing invariant amín o acids. Ten of these residues are acidic, suggesting that this 
activity requires the coordination of divalent metal íons at the catalytic site. Nme out of the ten 
carboxylate residues appear to be irnportant for the exonuclease reaction, since inroduction of 
mutations at these residues in E. coli DNA polymerase 1 and DNA polymerase I from 
Mycobacterium tuberculosis resulted in a decrease ofthe 5'-73' exonuclease activity ofthese 
enzyrnes. However, the nature of the reduced activity of the mutants was not further 
investigated. 
To get more insight in the 5'73' c:xonuclease activity of the Spn Poli, two rnutations, DlOA 
and Dl90A, have been introduced at two ofthe invariant residues. Both rnutations resulted in 
a decrease of the 5'-73' c:xonuclease activity. The two altered polypeptides (Spn Pol.IDIOA 
and Spn Po!ID190A) have been ovcrexpressed in E coli and purified to homogeneity. 
Characterization of the Dl90A mutant revealed that it retains the polymerase activity ofthe 
wild type enzyme, and displaycd the strand displacement activi.ty of its polymerase domam. 
However, the i.ntroduction of the Dl90A mutation resulted in a 2500 fold rcduction of the 
5'-73' exonuclease catalytic rate present in the wild type enzyme. The rnutation at the Dl90 
residue of the pneumococcal polymccase, affected the dependency on metal activation of its 
exonuclease activity. These results provide experimental support for a direct involvement of 
this aspartic residue in a metal-assisted 5'73' exonucleolytic reaction. The role of the D 1 O 
residue on the S· -7 3' exonuclease activity of Spn Po[ is currently under investigation. 
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The gene 40 protein of the BaciUus subtilis bacteriophage SPPl is a DnaG associated 

hexameric helicase 

Silvia Ayoral, Frank Weisel, 2, Uwe Langer2, and Juan C. Alonsol.lcentro Nacional de 

Biotecnología, CSIC, Campus Universidad Autónoma de Madrid, Cantoblanco, 28049 

Madrid, Spain, 2Max-Planck-Institutfiir molekulare Genetik, Ihnestrasse 73, 14195 Berlin, 

Federal Republic of Germany 

The Bacillus subtilis bacteriophage SPPl gene 40 product (G40P) is essential for SPPl 

replication. We ha ve purified this protein to homogeneity in three steps and showed that the 

NH2-terminal sequence is consistent with the deduced amino acid sequence of gene 40. G40P 

(predicted molecular mass 49.8 kDa) has a native molecular mass of 300 leDa (G40P6) . 

G40P6 binds DNA in a sequence-independent manner with a 20-fold higher efficiency for 

ssDNA G40P6 binds ssDNA under the allosteric influence of ATP or A1PyS, while it binds 

dsDNA in the absence of any cofactor. G40P6 contains ATPase activity that is enhanced in 

the presence of ssDNA and, to a minor extent, in presence of dsDNA and RNA. The Km 

value ofG40P6 A1P hydrolysis is 440 JlM in presence of ssDNA ATP hydrolysis occurs in 

the presence of Mg2+, to less extent in presence of Mn2+ and ea2+, but not in the presence 

of Ni2+ or zn2+. G40P6 is a DNA helicase capable of unwinding DNA with a 5' to 3' 

polarity in a concentration dependent manner, being the hexameric form of the protein the 

active species. We have also purified the DnaG primase of B. subtilis. NH2-terminal 

sequence of the purified protein was consistent with the deduced sequence of the dnaG gene. 

DnaG, which behaves as a monomer in solution, physically interacts with G40P6 of SPPL 

The presence of DnaG increased about 4-fold the helicase activity, but not the A1Pase 

activity, ofG40P6. 
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The mode of replication of an Erwinia citreus plasmid pPZGSOO 

Maja Bilit Neiit and Vladimir Delit 
PLIV A - Research institute, Prilaz b. Filipovita 25, lO 000 Zagreb, Croatia 

A multiple-copy plasmid pPZG.SOO (3661 bp) was isolated from a phytophatogenic 
ba.cterium Erwinia citreus ATCC 31623. This is the smallest plasmid so far isolated from 
the genus Erwinia. Since the curing of pPZG.SOO did not cause any phenotypic change, this 
plasmid is not essential for the bacterial survival. 

Minimal regions required for replication (ori) and plasmid segregation stability (par), 
which had been defined in our previous work, were sequenced by the fluorescent dideoxy 
method on the apparntus ABI PRISM 377. Sequencing of the 1256 bp EcoRV /Bgni DNA 
fragment responsible for the plasmid replication, identified -10 and -35 promoter regions 
for RNAI (115 bp) and RNAII (ca 700 bp) molealles which are necessary for the initiation 
and regulation of the replication. In addition, an AAAAAT oriV oligonucleotide was 
observed at the position of 177 bp, near the end of the RNAII transcription. Secondruy 
structures of RNAI and RNAII molecules were proposed by the software RnaDraw (0. 
Matyura andA. Wennborg, 1995), on the basis of their ~G values at 28 °C - the optimal 
growth temperaturefor Erwinia citreus. In the RNAII sequence there were 17 bp a (loop 
III) and p (loop V) imperfect indirect repeats whose pairing rnight form another hairpin 
loop which unables RNAI to pair with RNAII and inhibits plasmid replication. This a-P 
pairing allows elongation of RNAII through the oriV and initiation of the leading strand 
synthesis. Downstream from the oriV, 126 bp apart, were identified three short indirect 
repeats that could also bend the plasmid DNA. In the middle of these indirect repeats there 
is a putative DnaA binding box (TTTT AACA), indicating the possibility that plasmid 
pPZG.SOO has <I>Xl74-type of primosome assembly that could be replaced with ABC-type 
if necessary. Acoording to these data we propose 8 type of replication for the plasmid 
pPZG.SOO. 

Sequencing of the 653 bp BgniiEcoRI DNA fragment that is responsable for the 
plasmid segregation stability, identified an orf of 629 bp (208 aa). This amino acid 
sequence was compared to the SwissProt protein data bank and the results indicated 
significant homology to the ?l.-integrase farnily. These proteins have highly conserved 
region with tyrosine residue within the active site of the molecule. They are capable to 
resol ve the catanene plasmid dimmers, which are consequence of 8 type replication, prior to 
plasmid segregation to the daughter cells, therefore ensuring the correct plasmid inheritance. 

Replication of the pPZG.SOO replicon is dependent u pon DNA polymerase l. This is an 
additional supporting evidence that the predicted 8 type of replication is correct for that 
plasmid. 
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BACTERIOPHAGE 029 EARLY PROTEIN pl7 IS REQUIRED FOR 

THE FIRST ROUNDS OF VIRAL DNA REPLICA TION. 

Paola Crucitú, José M. Lázaro, Vladimir Benes, Luis Blanco and Margarita Salas. 

Centro de Biologfa Molecular Severo Ochoa. Universidad Autónoma, Cantoblanco, 

28049 Madrid. 

Gene 17 of the Bacillus subtilis phage ¡;l29 is known to be involved in viral 

DNA replication in vivo (Moreno et al., 1974; Carrascosa et al., 1976). The nonsense 

¡;l29 sus17(112) mutant, when infecúng a non suppressor B. subtilis strain, shows a 

"leaky" phenotype, characterized by the late appearence of very úny lysis plaques, 

suggesúng that protein p17 can be partially dispensable (Mellado et al., 1976). In our 

study, analysis of both phage producúon and DNA synthesis indicated that the presence 

of protein p 17 is required when phage infecúon occurs at low mulúplicity of infection 

(moi), which are probably the natural conditions for infection, but is dispensable at high 

moi. Analysis of protein p 17 accumulaúon during ¡;l29 infecúon indicates that gene 17 is 
rapidly expressed, yielding its maxirnallevel (30000 molecules per infected cell) 10 min 

post-infecúon, when the other replicative proteins have not yet reached their optimal 

concentraúon. This suggests that protein pl7 plays its role at an early stage of viral 

DNA amplification. Gene 17 was cloned and protein pl7 was overproduced in the E. 

coli BL21 (DE3) pLysS strain upon IPTG induction, represenúng 15% of the total 

protein. Pure protein pl7 was able to stimulate four-fold the in vitro ¡;l29 DNA 

amplification, when using a limiúng amount of viral template DNA, but had a null effect 

under conditions of DNA excess. We propase that protein pl7 is required at the very 

beginning of the phage DNA amplification, in condiúons of low number of viral DNA 

molecules entering the host cell, possibly by recruiúng the limiúng initiaúon proteins ar 

the replication origins. Once the infection process is established and the other replicaúon 

proteins reach optimal concentration, the presence of protein p 17 would become 

dispensable. 

l. Moreno, F., Camacho, A., Viñuela, E. and Salas, M. (1974). Suppressor-sensitive 

mutants and genetic map of Bacillus subtilis bacteriophage ¡;l29. Virology 62, 1-

16. 

2. Carrascosa, J. L., Camacho, A., Moreno, F., Jiménez, F., Mellado, R .P., Yiñuela, 

E. and Salas, M. (1976). The Bacillus subtilis phage ¡;l29: charac terization of gene 

products and functions. Eur. l . Biochem 66, 229-241 . 

3. Mellado, R. P., Moreno, F. , Yiñuela. E. and Salas , M., Reilly, B. E. and 

Anderson, D. L. (1976). Genetic analysis of bacteriophagc ¡;l29 of Bacillus 

subtilis : integration and mapping of reference mutan ts of two collections. J. 

Viro/. 19, 495-500. 
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Kid, the killer protein of the parO stability system of R1, interacts 
with the DnaB protein and inhibits its helicase activity 
Guillermo de la Cueva 1, Bidyut Mohanty2, Rafael Giraldo 1, Deepak Bastia2 and Ramón Díaz 
Orejas1 . 

1. Departament of Molecular Microbiology. Centro de Investigaciones Biológicas. C/ Velázquez, 
144. 28006 Madrid (SPAIN). 
2. Department of Microbiology. Duke University Medical Center, Durflam, North Carolina 27710 
(USA) 

ParO is a killer stability system of the antibiotyc resistance factor R1, that is 
compase by two genes, kis and kid, codifying for the Kis (Ki.lling ~upressor} 
and Kid (Killing .d.eterminant} proteins (1 }. The coordinate action of both 
proteins allows the efficient and specific counterselection of plasmid-free 
segregants (2}. This toxic effect is exerted at the level of DNA replication and it 
has been shown both 'in vivo" and "in vitro" that, if it is not neutralized by Kis, a 
much more unstable protein than Kid, the later inhibits DnaB dependent 
replication (3}. We have now demonstrated that Kid inhibits DnaB helicase 
activity "in vitro" ., and that this inhibition is also neutralize in presence of Kis. In 
contrast, this protein is not able to inhibit the activity of other Escherichia coli 
helicases (Helicases 1 and 11), implicated in DNA repair. Several experiments 
are now in course to characterize the mechanism of action that account for this 
inhibition. DnaB, but not Helicase 1 or Helicase 11, interacts with Kid, and this 
interaction is not possible in presence of Kis, a result that suggests that 
physical interaction between Kid and DnaB may be responsible for 
inhibitionof the helicase activity of the later. Current work is focused in the 
possible inhibition of the other replicative helicase of E. coli, PriA, in the 
possible existence of an specific sequence at the origin of replication of E. coli 
to which Kid could be bound to increase its contrahelicase activity and in the 
identification of the interaction regions between Kid and DnaB. 

References 

1. Bravo, A., de Torrontegui, G. and Díaz, R. (1987}. Mol. Gen. Genet., 
210:101-110: 
2. Bravo, A., de Torrontegui, G. and Díaz, R. (1988}. Mol. Gen. Genet., 
215:146-151. 
3. Ruiz-Echevarría, M. J., Giménez Gallego, G., Sabariegos Jareño, R. 
and Díaz orejas, R. (1995}. J. Mol. Biol., 247:568-577. 
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Structure-function analysis of the ff29 terminal protein 

Belén Diana, Ángel Zaballos, Luis Blanco and Margarita Salas 

Centro de Biologfa Molecular "Severo Ochoa" (CSIC-UAM) 
Universidad Autónoma, Canto Blanco, 28049, Madrid, Spain 

E-mail: billana @trasto.cbm.uam.es 

Bacteriophage ~29 DNA replication starts at both DNA ends by a specific protein
priming mechanism in which ~29 DNA polymerase forms a heterodimeric complex with a 
molecule of the viral terminal protein (TP) that recognizes the replication origin, probably 
through the interaction between the TP in the complex and the parental TP attached to the 
DNA. Once the complex is located at the origin, the DNA polymerase catalyzes the linkage 
of dAMP to the TP, which acts as a primer, in a reaction directed by the second (3'
terminal) template nucleotide (Méndez et al., 1992). After initiation, the same DNA 
polymerase completes replication of each parental strand. 

Deletion mutagenesis studies in ~29 TP allowed to identify a DNA binding domain at 
the N-terminus (positions 13-71) and two DNA polymerase domains, one at the C
terminus (positions 242-262) and the other atan intemal region (positions 72-80) near the 
N-terminus (Zaballos and Salas, 1989). We have shown that deletions from 10 to 54 arnino 
acids at the amino end of the TP decreased the capacity to interact with the DNA 
polymerase. The presence of the viral protein p6 (origin-binding protein) partially restored 
the activity of these deletion mutants, suggesting that protein p6 mediates or favours the 
formation of the TP/DNA polymerase complex. 

The RGD (Arg-Gly-Asp) motif is known to be responsible for protein-protein 
interaction in important biological reactions. A RGD sequence is present at the C-tenninal 
region of ~91P and in the 1P of other B. subtilis phages. It has been proposed that the 
primer 1P takes the DNA polymerase to the initiation si te by interacting with the parental 
TP (bound to DNA) through its RGD sequence (Kobayashi et al., 1989). To elucidate the 
role of the RGD sequence of the ~29 TP, seven modified TPs were generated by site
directed mutagenesis. Ours results demonstrate that the RGD sequence of ~29 TP is 
in volved in the interaction with the ~29 DNA polymerase, but an additional role in primer
parental TP recognition cannot be ruled out 

Several TPs of B. subtilis andE. coli bacteriophages were aligned to identify 1P 
residues as relevant candidates for its priming (and/or parental) function. Based on this 
alignment, we have constructed eight point mutants in five residues highly conserved in a 
region near the N-terminus of the ~29 TP. Biochemical analysis of these mutant TPs in an 
in vitro replication system showed that these residues are not critical for the priming activity 
ofTP. However, when the mutants were analyzed in an amplification assay, in which the 
mutant TPs must act also as parental TPs in the next replication round, two residues, 
Asn80 and Tyr82, were shown to be needed for parentalTP recognition function. 

Kobayashi, H., Matsumoto, K., Misawa, S., Miura, K. and Hirokawa, H. (1989). An inhibitory effect of 
RGD peptide on protein priming reaction of bacteriophage S'l29 and M2. Mol. Gen. Genet. 220, 8-11. 

Méndez, J., Blanco. L., Esteban, J. A., Bemad. A., and Salas, M (1992). lnitiation of S'l29 DNA 
replication occurs al the second 3' nucleotide of the linear template: a sliding-back mechanism for 
protein primed DNA replication. Proc. Natl. Acad. Sci. USA 89, 9579-9583. 

Zaballos, A. and Salas, M. (1989). Functional domains in the bacteriophage S'l29 terminal protein for 
intcraction with the S'l29 DNA polymerase and with DNA. Nucleic Acids Res., 24, 10353-10366. 
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Requirements for Staphylococcal pTlBI Replication. Ruzhong Jin,. él?d Richard 
Novick. Skirball Institute of Biomolecular Medicine, NYU Medica! Center, 540 First 
Avenue, NY, NY 10016 
Small staphylococcal plasmids replicate vía an asymmetric rolling circle 
mechanism, initiated by a plasmid encoded protein that introduces a site specific 
nick in its double-strand replication origin (OSO). OSOs of the plasmids in ;>Tl81 
family consist two adjacent inverted repeat elements (IRII and IRIII), wlúch are 
involved in origin recognition by the initiator (Rep) proteins. The conserved core 
element, IRll, can form a cruciform wlúch contains the nick site at the tip ót the 
structure. The divergent element, lRill constitutes the determÍ!lant of origtn 
recogrútion specificity. lt has been shown in pT181 that the distal arm of tht: IRill is 
not required for sequence-specific recognition, whereas the proximal arm étrtd the 
central region of lRIII are absolutely required (Wang, et al. 1993). pT181 irtiltiator 
RepC/C binds to IRlll and induces the melting and subsequently cruciform 
extrusion of the IRII (Noirot, et al., 1990; Jin, et al., 1996), wlúch exposes the nick site 
for RepC/C to attack and initiate replication. Although initiators ~re specifu: for 
their binding sites on the plasmids, cross complementation between different 
initiators and OSOs in pT181 family has been observed both in vitro (Thornas, et al., 
1989) and in vivo, when the initiator proteins were present ata highly ele"Vated 
level. Superhelical tension of the plasmids has also been demonstrated to be 
essential for the initiators to melt the DNA and enhance the cruciform formation of 
IRll. No DNA melting at the DSO could be detected upon RepC/C binding .on linear 
pT181 plasmid DNA Qin, el al., 1996). Cross complementation was also eli..rninated 
on topoisomerase relaxed plasmid DNA {Thomas, et al., 1989). In this repoN, we 
show that the cmciform structure of IRII in DSO is not absolutely required For the 
leading strand replication. Eliminating the potential cruciform structure of lRli by 
substituting its left arm with other sequences non-complementaty to its rigJht arm 
did not show any detectable defect in pT181 normal replication, namely, it did not 
change the copy number of the plasmids, neither did it affact the competitivity of . 
the mutant plasmids with the wild type pTI81. However, the ffill defective DSO lost 
its complementarity with RepD, the initiator of plasmid pC221 in the same farnily. 
Furthermore, the cruciform structure became indispensible when the RepCVC 
binding site (IRIIT) on plasmid is suboptimal. Based ón the above observation, we 
conclude that there is a very subtle interaction between initiator protein and its 
plasmid DSO. DNA superhelical tension, IRII cruciform structure, and optimal IRill 
initiator binding site are the three factors on DNA that are directly involveO. in the 
initiator induced replication initiation. The plasmid has a fail-safe system to ensure 
the inititaiton of replication when one of these factors is defective. The syst~m is 
defeated when two of the three factors are defective. 



Instituto Juan March (Madrid)

91 

The Initiation of Replication of the Broad Host Range Plasmid RK2: 

Requirement of DnaA boxes 

Kelly S. Doran*, Donald R. Helinski* and Igor Konieczny*t 

*Department of Biowgy, University of California. San Diego, La folla, CA 92093-

0634 

tDepartment of Molecular Biology, University of Gdansk, 24 Kladki PL-80 822 

Gdansk, Polarul 

Many prokaryotic replication origins contain one or more essential binding sites 

(DnaA boxes) for the DnaA protein. During the initiation of replication of the chromosorne 

of Escherichia coli the DnaA protein binds to DnaA boxes and this results in the 

destabilization of duplex DNA at the A+ T rich region and open complex formation. During 

the initiation of the broad host range plasmid RK2, it was previously demonstrated that the 

E. coli DnaA protein binds to four DnaA boxes localized upstream of the iteron sequences 

within the RK2 origin. AJthough the binding of the DnaA protein does not by itself 

produce an RK2 open complex, it does enhance and/or stabilize the initiation protein (frfA) 

mediated strand opening. It has also been demonstrated that the DnaA protein directs the 

DnaB-DnaC complex to the RK2 plasmid replication origin. In this study we investigated 

the structural requirernent for DnaA protein binding and the effects of this binding on the 

initiation of RK2 replication, specifically strand opening and helicase unwinding. Using 

PCR, mutations were introduced in the minimal origin to eliminate DnaA binding to each of 

the four DnaA boxes. A mutation in DnaA box 4 which is located immediately adjacent to 

the iteron sequences, complete! y abolished RK2 replication in E. coli in vivo and in vitro. 

Surprisingly, a plasmid with this mutant origin was functional in Pseudomonas aerugi.rwsa. 

A plasmid with the deletion of all four DnaA boxes within the origin sequence was also 

unable to replicate in E. coli, and PseuiÚJmonas putida, but was able to replicate in 

Pseudomonas aerugi.rwsa and to sorne extent in Azotobacter vineúmdii. These results 

suggest that RK2 exhibits different structural requirements for the initiation of replication in 

different bacteria! hosts. Interestingly, replication of RK2 plasmid derivatives which 

contain a detective DnaA box or a deletion of al! four boxes can be restored for activity in 

vitro by higher concentrations of the E.coli DnaA protein. It is possible that the mode of 

replication initiation is somewhat dependent on the concentration of DnaA protein in the 

host cell and the specific affinity of the host DnaA protein to a particular DnaA box 

localized within the RK2 origin. These results are consistent with a degree of plasticity and 

adaptability of the RK2 origin with respect to structural requirements for replication in 

different bacteria! hosts. 
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Replication initiators involved in plasmid host range. 

B. Maestro, J.M. Sanz, R. Diaz-Orejas and E.F. Tresguerres 

Centro de lnvestigacioens Biológicas (CSIC) 

Cl Velázquez. 144. 28006-Madrid (Spain). 

Efficient communication between plasmid and bacteria replication systems is al the basis of plasmid 
host range. In the initial stages of the replication process molecular interactions between plasmid and 
bacteria! proteins should lead to the formation of a productive initiation complex. This most probably 
determines the ability of a plasmid to colonize a bacterium. 

We are studying the molecular interactions which determine !he host range of pPS1 O, a plasmid 
isolated from Pseudomonas syringae pv .savastanoi which minimal replican has been characterized 
(Nieto et al., 1 992). This 1823 bp replican possesses one origin of replication, onV, and a sequence, 
repA, that codes for the plasmid specific replication protein, RepA. In the origin of replication there 
are four 22 bp-long direct repeats (iterons) flan leed by a dnaA box and an A+ T-rich regían. This onV 
structure is typical of iteron-containing plasmids. Upstream of repA gene there are sequences with 

homology to the -35 and -10 boxes of the cr70 promotors and an overtapping reQion with sequences 
that show partlal homology to the iterons. RepA shows, in its C-terminus, an HTH DNA binding motif 
and, in its N-terminal sequence, a leucine zipper motif which is involved In proteln dimer1zallon. The 
interaction ot the protein monomers with the origin lterons leads lo initiation of the plasmid replication, 
whereas the binding of dimers to the promotor regulates transcription of the repA gene (Garcia de 
Viedma el al. . 1996). 

pPS10 can be established erriciently in Pseudomonas aeruginosa and Pseudomonas putida. However 
this plasmid shows an inefficienl establishment in Escherichia co/i al Jo•c which becomes 
undetectable at 37"C and temperatures above (Femández-Tresguerres et al., 1995). 
Thenmosensitiv"ity of pPS10 in E. coli provides a direct selection method to isolate mutants wilh 
increased host rangc. After hydroxy1amine treatment of wild type pPS10, plasmid mutants able lo 
transtorm E. coli at 37"C were selected. Mapping of the mutations showed that they belong lo five 
groups alllocated within the repA gene. This identifies RepA protein as a plasmidic host range factor. 

The phenotype of all isolated mutants is very similar: their copy number in Pseudomonas and E. co/i 
is similar. they display an equivalen! transformalion efficiency and are equally stable in both strains. 
Moreaver. in electroporalion experiments all !he mutants show the same ability to transform ditferen t 
Proteo bacteria . 

Circular dichroism studies of the wild-type and mutan! RepA proteins show that the mutations do not 
induce significan! confotrnational changes in th e secondary structure or in the stability of the proteins . 
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These data suggest that !he mutalions affect to quatemary-type interactions of RepA, either with the 

DNA or with host factors . 

we have studied the interactions of the RepA protein with the DNA sequences corresponding lo !he 

origin of pPS10 and lo !he prometer of !he repA gene. The bandshift experiments demonstrate lhal 

sorne of the RepA mutants show a better interadion both with !he origin and the prometer sequen ces, 

whereas in others the interactions are similar to that showed by wild type protein. This indicales that 

an inc:tease in the efficiency of binding of RepA to the origin of replication is not sufficient lo allow 

pPS1 O replication in E. coli. 

The results from the CD and bandshift experiments suggest that the increase in host range of our 

pPS10 mutants could be dueto modifications in quatemary type interadions of RepA with other host 

replication proteins. We favour DnaA and/or DnaB proteinls as presumptive partner/s of RepA in 

host-plasmid interadions modulated by the mutation, since all of them ad in the initial stages of DNA 

replication which must be crucial lo define the establishment of the plasmid. To confirm this 

hypothesis, we are presently trying to isolate chromosomal mutants that allow replicalion of wt pPS1 O 

in E. coli at 37•c. 
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IHF INHIBITS DNA RELAXATION DURING R388 CONJUGATION 

Gabriel Moncalián and Fernando de la Cruz 

Departamento de Biologia Molecular. C/ Herrera Oria s/n. 39011 Santander. Spain 

E. coli integration host factor (IHF) is a dimeric protein that binds to speci.fic sites in 

DNA resulting in bending. lt plays roles in severa! biological processes, like site speci.fic 

recombination, DNA replication and regulation of gene expression (Friedman, 1988). Of 

particular interest to our work, IHF binding to the origin oftransfer (ori1) ofF-Iike plasmids 

stimulates the relaxase catalyzed nicking at oriT(Nelson el al., 1995). 

We have analyzed the role of IHF in R388 conjugation. In R388, three 

plasmid-encoded proteins (TrwA, TrwB and TrwC) are involved in DNA processing for 

conjuga! transfer (llosa el al., 1994). TrwC is the relaxase protein (Llosa el al., 1995) and it 

has also DNA helicase activity (Grandoso el al., 1994). TrwA stimulates TrwC nicking 

activity and represses the transcription of trwABC operon (Moncalián el al., 1997). 

DNAse 1 footprinting analysis identified two IHF binding sites within R388 oriT DNA 

TrwC was found to bind to scDNA containing oriT but not linear DNA IHF was found to 

inhibit directly TrwC relaxase activity in vitro, although it did not act by inhibiting TrwC 

binding. TrwC alone did not nick linearized DNA and IHF with or witbout TrwA did not help 

it (as in F plasmid do). However, no differences in the frequency of conjugation were found in 

between II-IF and IHF strains. In spite of the lack of an effect on conjugative rates an in vivo 

effect could be observed: R388 relaxed forrns were more abundant in lliF strains. Thus, IHF 

could have an inhibitory role in the nicking reaction only in "resting" cells. When conjugatioo 

is activated via the mating signa) this inhibition should be released. 

A model will be proposed to explain the different role IHF seems to have in R388 

conjugation with regard to F conjugation. 
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R.egula.tion ofinitiation of"theta" and "sigma" mode ofA. DNA rcplication in 
Esckrickia eou · 

Syiwia. Srutkowska, Grzegorz W~n 

Departmenr of Molecular Biology. University ofGdcúzsk, Kladld 24, 80-822 Gdañsk, Poland 

Th.ere are two modes of replication ofA. pbage DNA upou inrection of Esheridria coli cclls. 
The circle-to-circle ("theta.") mode is called tbe earlyreplication. and the rolliug-circle 
("sigmaj mode occius later duñng the infCction cycle. lt is not know wbat triggers a switch 
betweal eady and late replication o fA. DNA. We investigated A. DNA replication in densíty 
sbi:ft c:xperiments, BÍtf'l: úrlection of E coli cells growing in a hea.vy medium with 
[3É:]thymidine-umeued lighl phages. In J..-infectcd wild-type =lis. severa! rounds. of "theta." 
replication procec:ds lea.diDg tD sppear.mce of many copies of phage }.. genom.e. Amoog them. 
only t fcw Switrhes t.o the "sigma" mode of replication. Therefore, momtoring the ~ of 
~ pbage DNA ~ obser:ved only a shift from "ligbí-light" to "hea:vy-light" positi.on.ln 
the case ofJ..-infcdcd tfntlA-16 JII1J1ant, we observed significant shift of xadioactivity in the 
clliection of"heavy~ fractions whlcb. indicates that parental pbage DNA molecules, 
mostprobablr. aftcr one rotmd of"theta" replication (pabaps unidirectional), starts replication 
according to tbe "sigma". mode. The same resolts wetc obtained. using otherwise isogenic 
t:fnaA.+ and dnaA-null stlliÍnS.. We demonstraícd previously that dnaA gene product stimular.es 
phage n.promoter wbich is respoDSlole fur tlanscription activating orO.. region. This process, 
called. txanscriptional acti:vation of origin, is ru:cessaiY for tr.msieat denatmation ofDNA at 
oril. and proper im:taDation ofthe replication complex.es. Thercfore, we propase thal: 
ineffic:ic:nt transaiptional adivation of orD. in dnaA mutants (dueto deacased. activity of1he 
PR..pramoter) allows fur installation of only one replication complex. which can cany out only 
unidm:ctional "theta" replication. Sucb. unidiiectional "1heta" replicatio~ ma:y switt:h t.o the 
"sigma• replication. Thus, in wild-type c:dls in:fed.ed with}.. phage. switch from "1heta" to 
"sigma." rqilication may be cansed. by coDSUIIIption (titration) ofDnaA. fimction by extensively 
replica1ing vir.d DNA molecules. In such cooditions, a fCw of vizal DNA molecules might 
start •sigma" mode of replication 81 the 1a:tc s!Bge of infection. To verify the above mentioned 
hypothesis. we ~ated directionality ofDNA replication by two-<limensional gel 
electrophoteSis 8nd using ei.ectron microscopy. As a m.odel we used a plasmid derived from 
bacteñophage A... In accor:dance with our hypothesis, we fuond that in the d1!l1Á mutant A. 
plasmid DNA n:plicatcs ex.clusively unidirectionally, conlialy to the wild-type hoSt in wbich 
bidircdional and unidirectional n:plication may be observed.. There are two pathways of A. 
plasmid replication in E. coli. One is based. on the activity ofthe replication compl.cx inherited 
¡,y·ooe of two daughter p'-!tsmid circles rdk:r ea.ch ~eplication roond, and the second is c:azried 
out by the nc:wly assembled. oomplexes. In certain conditions, ie. duñng the relaxed response 
(i.e. ii¡. amino acid--stmved reZA D1utants) and in the case ofA.a-o(ts)Ptsl plasmid mutant at 
43°C, onlythe fust pafuway can be observcd. We fuund that in these conditions }.. plasmid 
DNA ~eplicatcs unidirectionally_ Therefore, we propase 1ha1 A. plasmid replication canied. out 
by 1he heritable replication complex proc:eeds unidin:cti.onally from orD., and replication 
based.-on 1he nc:wly assembled replication complexes is bidirectianal. 
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63 Workshop on TGF-~ Signalling in 75 1997 Annual Report. 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bemabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers: S. J. Benkovic and A. Ba
llesteros. 

65 Workshop on Signal Transduction in 
Neuronal Development and Recogni
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizar : Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrana Fusion. 
Organizers: V. Malhotra andA. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J . M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers: J. C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J . L. 
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73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J. Gehring. 

74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a private foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March. 

The Centre endeavours to actively and 

sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 

through the organization of Workshops, Lecture 
and Experimental Courses, Seminars, 

Symposia and the Juan March Lectures on Biology. 

From 1989 through 1997, a 
total of 109 meetings and 9 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biological interest, 

were organized within the 
scope of the Centre. 



• 

The lectures swnmarized in this publication 
were presented by their authors at a workshop 
held on the 91/¡ through the ¡¡ rh of February, 1998, 
at the Instituto Juan March. 

All published articles are exact 
reproduction. of author's text. 

There is a limited edition of 450 copies 
of this volurne, available. free of charge. 


