Memoria de investigación presentada por Daniel Muñoz Espín para optar al grado de Doctor en
Ciencias por la Universidad Autónoma de Madrid.
El trabajo recogido en esta memoria ha sido llevado a cabo en el Centro de Biología Molecular “Severo Ochoa” (UAM/CSIC), bajo la dirección del Dr. Wilhelmus J. J. Meijer y la tutoria de la Profesora
Margarita Salas Falgueras. Parte de la investigación se desarrolló en el laboratorio del Profesor
Jeffery Errington, en el Centro “Sir William Dunn School of Pathology” (Universidad de Oxford).
Para su realización se contó con una beca aportada por el “Fondo de Investigación Sanitaria” (FIS).

A mi madre,
por ser la persona que más quiero en el mundo, la
más buena y generosa que he conocido. Gracias por
luchar tanto por mí y por no fallarme nunca.

“The most incomprehensible thing about the world
is that it is at all comprehensible”.
Albert Einstein

“Boy, if you want to follow in my footsteps, you’ll
have to work hard”
Arthur Kornberg (advising me after a conference,
Madrid, 18th September, 2000)

AGRADECIMIENTOS / ACKNOWLEDGEMENTS
De todas las páginas que constituyen mi tesis doctoral esta es sin duda la de más compleja redacción. Resulta imposible, desde unas simples líneas, agradecer como se merecen a las numerosas personas que han
contribuido a esta tesis doctoral. A pesar de ello, espero que me sea otorgada la virtud de hacer justicia, y
será la falta de memoria, que no la de gratitud, la culpable de cualquier omisión en mis agradecimientos.
Me gustaría comenzar expresando mi más sincero agradecimiento a Margarita Salas por haberme dado
la oportunidad de formar parte de su equipo de investigación, una escuela privilegiada. Resulta admirable
y digna de elogio la dedicación que tiene por su trabajo. Gracias por la cantidad de valores que de ti he
aprendido. Para mí será siempre un orgullo el haber sido uno más de tus discípulos.
De manera especial, deseo agradecer a mi director de tesis, Wilfried Meijer, la buena formación cientíﬁca
que me ha dado y los innumerables momentos que hemos pasado discutiendo y planiﬁcando los experimentos. Gracias por tu inestimable ayuda en esta tesis y por la conﬁanza que siempre depositaste en mí.
De mis compañeros de laboratorio, quisiera destacar la amistad recibida por parte de Elisa. Muchas gracias por tus sonrisas, y por escucharme siempre en los malos momentos. A Patricia me gustaría agradecerle
su humor y su simpatía conmigo. A Miguel por todos esos cafés que nos hemos tomado juntos. A Virginia
por todos los favores recibidos. A Víctor y a Martín, por aquellos días en Santa Fe. A David por ser siempre
tan amable y por compartir conmigo la aﬁción por la naturaleza. A José Miguel por compartir conmigo el
buen gusto por el cine y la música, además de la ciencia. Al resto de compañeros de laboratorio; Irene, Laura, Ana y Gemma, por todas esas pequeñas cosas del día a día. De todos vosotros he aprendido algo.
No me puedo olvidar de Laurentino y de Josemari. Gracias a ambos por todas las puriﬁcaciones de proteínas. Laurentino, siempre recordaré los buenos momentos que hemos pasado juntos, y también nuestras
apasionadas discusiones de fútbol. Gracias también por ser el vecino que siempre me dejaba la “sal”. Josemari, gracias por todos esos “inventos” e ideas que han contribuido a hacer todo más fácil. Tampoco puedo
olvidarme de Mariangeles, nuestra secretaria “resuelvelotodo”.
De entre los que ya no están en el laboratorio, me siento en especial deuda con Alex. No tengo palabras
para agradecerle mis inicios en el CV-102, y sobre todo, por la gran cantidad de favores que me ha hecho.
Siempre tendrás en mí a un amigo. Tampoco me olvido de Cristina, por su peculiar risa y por su alegría.
Gracias también a los antiguos compañeros de mis inicios en el CBM; a Vega, a Pedro, a Armando, a Pablo,
a Marta Vaz y a Quique. De todos ellos guardo recuerdos imborrables. De otros laboratorios quiero destacar
a Luis Blanco, por sus consejos y a Paula, por nuestras conversaciones de comedor.
Quisiera dar las gracias a todos los Servicios del CBM, porque de una manera u otra me han facilitado
enormemente el trabajo. En especial me gustaría destacar la ayuda de Diego Díaz, por ayudarme en la maquetación de la tesis y de José Antonio Pérez, por diseñarme la portada. A Dionisio por un sin ﬁn de favores
y de fermentadores. A Marijose por ser tan simpática y por no enfadarse cada vez que piso el suelo recién
fregado.
Esta tesis hubiese sido imposible sin la colaboración de otros laboratorios. Todos ellos han realizado una
inestimable aportación, y han contribuido a darme una formación experimental más amplia. Es por ello
que debo agradecer a Mauricio García su especial interés por mi tema de trabajo, así como sus consejos e
impecable calidad cientíﬁca. A Juan Luis Asensio por sus experimentos de RMN, y también por su entu-

siasmo. No olvidaré que por delante del cientíﬁco hay una buena persona. A Armando Albert por su trabajo
de cristalografía. Gracias por tu amabilidad resolviendo mis dudas y por realizar un trabajo tan serio y tan
bien elaborado. A Germán Rivas por sus estudios de ultracentrifugación. Espero que disculpes lo pesado
que he sido bajo la presión de las circunstancias, gracias por tu paciencia. A Miguel Ángel Fuertes, por sus
experimentos de dicroismo circular.
I will never forget the days I spent in Sir William Dunn School of Pathology (University of Oxford).
Now, I really feel nostalgic remembering those amazing days. I will always bring to my mind the fantastic
people I met there. I am very grateful to Jeff Errington. Thank you for giving me the opportunity of doing
research in your lab because it was a dream come true. In addition, it was for me a pleasure being a direct
witness of your high scientiﬁc quality. Apart from that, I won’t forget our football matches. Thank you
Richard for supervising my work and for being so patient with me. Thanks in addition for your friendship.
I am also very grateful to Ian, thanks for your company and your technical work; to Ida Porcelli, thank you
for our friendly connection and for your help at the beginning in the lab; to Mark Leaver, because of your
assistance with the microscope. I won’t forget our friendly relationship and our talks about music; to Alex
Formstone, thanks for your help with the transformations and your protocols; to Marc Bramkamp, for your
help with the Western blots and for the amusing running day; to Ling Juan Wu, thanks for being so friendly; to Heath, thanks for your continuous ﬂow of ideas and questions, to Jennifer, your house party was
so funny!; to Leendert Hamoen, thanks for our talks about science; to Alison Hunt, for the beers we drunk
at the University Club; to Meizhu, Dennis and Ying Li, thanks for your kindness. Je n’oublierai pas Jean
Christophe Meile, pour sa camaraderie et pour ses faveurs. Merci beaucoup. Gràcies Rut per la teva ajuda
a Oxford, per les nostres discussions cientíﬁques i per voler formar part del tribunal de la meva tesi. Por
último, tengo que hacer una mención especial a Ana Rondón. Muchas gracias por la compañía, los favores
y la amistad que me regalaste. Siempre te recordaré con mucho cariño.
No quisiera dejar pasar la oportunidad de mostrar mi eterna gratitud a la doctora Remedios Frutos. Gracias por sacarme del abismo y por regalarme de nuevo mi vida.
En lo personal quisiera mencionar especialmente a las personas que siempre me han dado su apoyo emocional, sin el cual nada de esto hubiera sido posible. Estoy orgulloso de tener tantos amigos y una familia
tan unida.
En primer lugar a mi primo Miguel, gracias por ser tan buena persona y por haber estado siempre a mi
lado, siempre serás mi mejor amigo. No me puedo olvidar de Xavi, eres un amigo estupendo, gracias por
no fallarme nunca. A David, por una amistad para toda la vida, por las cosas que tenemos en común y por
nuestra pasión por Pinilla. A Isaac, por haberte convertido en uno de mis mejores amigos, gracias por poder
contar constantemente contigo y por tu humor. No me puedo olvidar tampoco de mi mejor amiga, Yolanda,
¡qué buenos momentos hemos pasado juntos en Pinilla y en Barcelona! A Enrique, por ser siempre tan cariñoso. A Nacho, por los viejos tiempos. A Iván Pascual, por todo lo que hemos convivido. A Iván Muñoz, por
lo entrañable que siempre ha sido y por las historias tan increíbles que le acontecen. A Carlos, simplemente
por ser un genio. A Álvaro, por ser tan peculiar e imaginativo. Einstein decía que la imaginación es más
importante que el conocimiento.
Quisiera, asimismo, mostrar mi gratitud a todos mis tíos y primos. En especial a mi tía Lola, por haber
vivido siempre con nosotros y haber sido una segunda madre, y a Miguel Ángel y Maravillas, por ser tan
bondadosos. De mis primos quiero destacar la buenísima relación que tengo con Diego y con Luis, os considero como mis propios hermanos.

Quiero dedicar un pedacito de esta tesis a la memoria de mis abuelos, Florentino e Isabel. Nunca olvidaré
los momentos que pasé con vosotros; mientras yo esté vivo habrá siempre alguien que os recuerde. De
vosotros aprendí a ser humilde. También quiero destacar el apoyo de mi hermana Celia, siempre e incondicionalmente se puede contar con ella y de mi hermano Jesús, que estoy orgulloso de él y vale muchísimo
más de lo que él mismo se imagina. Finalmente, todos los honores para la ﬁgura de mis padres, Daniel y
María Eugenia. Nunca podré devolveros todo lo que me habéis dado a mí y a mis hermanos. Habéis sido
los mejores profesores que hemos tenido, de vosotros hemos aprendido a ser generosos, pero sobre todo,
hemos aprendido a ser personas.
Por último, quiero dar las gracias a la persona más importante de mi vida. Gracias Marta por tu implicación en las correcciones ortotipográﬁcas de esta tesis. Gracias por haberme dado tanto cariño durante todos
estos años y por todo lo que hemos compartido. Pero sobre todo, gracias por haberme hecho tantas veces
feliz.

INDEX
Abbreviations ....................................................................................................................................

v

A. Abstract / Sinopsis .......................................................................................................................
I. Abstract ................................................................................................................................
II. Sinopsis ..............................................................................................................................

1
3
3

B. Resumen de la tesis ......................................................................................................................
I. Introducción .........................................................................................................................
I.1- Visión histórica de la replicación del ADN ...........................................................
I.2- Organización de la replicación del ADN en B. subtilis .........................................
I.3- Organización de la replicación del ADN del bacteriófago Φ29 ............................
I.4- La proteína p16.7 ...................................................................................................
II. Objetivos..............................................................................................................................
III. Resultados...........................................................................................................................
III.1- p16.7 es una proteína modular ............................................................................
III.2- Estructura de p16.7 .............................................................................................
III.3- Mutantes de dimerización de p16.7C .................................................................
III.4- Estructura del complejo p16.7C/ADN de cadena doble .....................................
III.5- Replicación in vivo del ADN del fago Φ29 ........................................................
IV. Discusión ...........................................................................................................................
V. Conclusiones .......................................................................................................................

5
7
7
8
10
11
12
13
13
14
15
15
16
17
21

1. Introduction ..................................................................................................................................
1.1- General introduction ........................................................................................................
1.2- Historical overview of DNA replication ..........................................................................
1.2.1- Immobile DNA polymerase ...............................................................................
1.2.2- DNA replication in eukaryotic organisms .........................................................
1.2.2.1- Replication of eukaryotic chromosomes .............................................
1.2.2.2- Replication of viral DNA ....................................................................
1.2.3- Replication in prokaryotic organisms ................................................................
1.2.3.1- Replication of prokaryotic chromosomes ...........................................
1.2.3.2- Replication of resident plasmids .........................................................
1.2.3.3- Replication of bacteriophages .............................................................
1.2.4- Conserved features of in vivo DNA replication .................................................
1.3- General features of B. subtilis ..........................................................................................
1.4- Organization of the DNA replication in B. subtilis ..........................................................
1.4.1- Localization of B. subtilis replication proteins ..................................................
1.4.2- Localization of the B. subtilis oriC and terC regions ........................................
1.4.3- Involvement of Spo0J in segregation ................................................................
1.4.4- MreB cytoskeltal family of proteins are involved in B. subtilis
segregation .........................................................................................................
1.5- Φ29 family of phages .......................................................................................................
1.5.1- In vitro Φ29 DNA replication ............................................................................
1.5.2- In vivo Φ29 DNA replication .............................................................................
1.6- Protein p1 .........................................................................................................................

23
25
26
26
27
27
28
29
29
30
30
31
31
32
32
33
34

i

35
37
38
39
40

1.7- Protein p16.7 ....................................................................................................................
1.7.1- Protein p16.7 is early and abundantly expressed in Φ29-infected cells.............
1.7.2- Protein p16.7 is a membrane protein .................................................................
1.7.3- Protein p16.7 is required for optimal Φ29 DNA replication in vivo by
efﬁciently distributing Φ29 DNA replication from its initial to additiosites at the membrane..........................................................................................
1.7.4- Protein p16.7 has single-stranded and double-stranded DNA-binding
activity and can interact with the Φ29 terminal protein .....................................
1.7.5- Protein p16.7A forms dimers in solution and p16.7A dimers multimerize upon DNA-binding .....................................................................................
1.7.6- Proposed role of p16.7 during membrane-associated Φ29 DNA replication ..................................................................................................................

41
42
42
43
43
44
44

2. Objectives ...................................................................................................................................... 47
2.1- Objectives ........................................................................................................................ 49
3. Materials and methods .................................................................................................................
3.1- Bacterial strains and growth conditions ...........................................................................
3.2- DNA techniques ...............................................................................................................
3.3- Plasmid construction ........................................................................................................
3.4- Overexpression and puriﬁcation of p16.7A and its derivatives and of TP .......................
3.5- Protein concentration .......................................................................................................
3.6- In vitro crosslinking .........................................................................................................
3.7- Gel mobility shitft assays .................................................................................................
3.8- Nuclease digestion assays ...............................................................................................
3.9- Circular dichroism (CD) spectroscopy and dissociation/unfolding equilibrium
analyses ............................................................................................................................
3.10- Analyses of spectroscopic data ......................................................................................
3.11- Analytical size-exclusion chromatography ....................................................................
3.12- Analytical ultracentrifugation assays .............................................................................
3.13- Partial proteolytic digestion of p16.7A ..........................................................................
3.14- Mass spectrometry analyses ...........................................................................................
3.15- Molecular modelling and computer analyses ................................................................
3.16- NMR experiments ..........................................................................................................
3.17- Protein crystallization and data collection .....................................................................
3.18- X-ray structure determination and reﬁnement ...............................................................
3.19- Phage plaque assays .......................................................................................................
3.20- Immunoblotting ..............................................................................................................
3.21- Immunoﬂuorescence microscopy ..................................................................................
3.22- Epiﬂuorescence microscopy ..........................................................................................
3.23- Image acquisition and image analysis ...........................................................................
3.24- Real-time PCR ...............................................................................................................
4. p16.7 modular protein ..................................................................................................................
4.1- The p16.7 region spanning residues 21 to 68 is able to dimerize as a low-afﬁnity
coiled-coil .........................................................................................................................
4.2- Protein p16.7C forms high-afﬁnity homodimers .............................................................
4.3- The coiled-coil is formed in the context of p16.7A .........................................................

ii

51
53
54
55
56
56
57
57
57
57
58
58
58
59
59
59
60
60
61
62
62
62
62
62
63
65
67
69
70

4.4- The coiled-coil and the C-terminal region are separated by a proteasesensitive linker .................................................................................................................
4.5- The C-terminal region constitutes the functional domain of protein p16.7 .....................
4.6- The functional domain of protein p16.7 can form multimers ..........................................
4.7- The functional domain of protein p16.7 has a helical structure and may be
evolutionarily related to eukaryotic homeodomains ........................................................

70
72
73
73

5. p16.7C structure ...........................................................................................................................
5.1- Structure determination of p16.7C dimer ........................................................................
5.2- Architecture of the dimer .................................................................................................
5.3- Structural basis for p16.7C oligomerization ....................................................................
5.4- The interdimeric contacts observed in the p16.7C crystal are not essential for DNAbinding induced multimerization .....................................................................................
5.5- Determination of the p16.7C surface involved in oligomerization by NMR ..................

77
79
79
81

6. p16.7C dimerization mutants ......................................................................................................
6.1- Rationale of mutants constructed ....................................................................................
6.2- CD spectroscopy and thermal-induced transition of p16.7C ..........................................
6.3- CD spectroscopy and thermal-induced unfolding transition of p16.7C derivatives .......
6.4- Dimerization is strongly affected in p16.7CΔ9 and pW116A, and moderately
affected in pN120W .........................................................................................................
6.5- Characterization of dimerization and oligomerization properties of p16.7C and
mutants by analytical ultracentrifugation ........................................................................
6.6- p16.7C mutants are severaly afected in their dsDNA-binding capacities .......................

87
89
90
91

82
83

92
93
95

7. p16.7C-dsDNA structure .............................................................................................................. 97
7.1- Determination of the structure of p16.7C in complex with dsDNA ................................ 99
8. In vivo Φ29 DNA replication ....................................................................................................... 103
8.1- General conditions ........................................................................................................... 105
8.2- Φ29 membrane protein p16.7 localizes as helical ﬁlaments at the membrane ................ 105
8.3- Double-stranded Φ29 DNA localizes as helical ﬁlaments at the membrane of
infected cells; an efﬁcient dsDNA helical distribution depends on p16.7 ........................ 106
8.4- Φ29 DNA polymerase localizes in a helical pattern at the membrane of infected
cells during Φ29 DNA replication that depends on p16.7 ................................................ 108
8.5- The efﬁciency of Φ29 DNA replication is severely affected in B. subtilis
cytoskeleton mutants ........................................................................................................ 110
8.6- Proper membrane-associated localization of components of the Φ29 replication
machinery requires an intact cytoskeleton ....................................................................... 111
8.7- Localization of c-Myc-MreB and p16.7 in infected cells ................................................ 114
8.8- Evidence that protein p16.7 is not functional in cytoskeleton mutant strains ................. 114
9. Discussion ...................................................................................................................................... 117
9.1- Modular organization of Φ29 membrane protein p16.7 .................................................. 119
9.2- Structure of the functional dimeric domain of Φ29 p16.7 protein ................................... 120
9.3- p16.7C dimerization mutants ........................................................................................... 123
9.4- Organization of in vivo Φ29 DNA replication ................................................................. 126

iii

10. Conclusions ................................................................................................................................. 131
10.1- Conclusions .................................................................................................................... 133
11. Supplementary material ............................................................................................................. 135
12. References ................................................................................................................................... 147
12.1- Published or in preparation articles during this thesis ................................................... 149
12.2- Reference list .................................................................................................................. 149

iv

ABBREVIATIONS
2D
3D
Å
BSA
BrdU
bp
CD
Da
DNA
dsDNA
DSS
DTT
EDTA
ESI-IT
FITC
FPLC
GFP
Hepes
HPLC
HpUra
HSQC
IF
IPTG
Kb
KDa
LB
MALDI-TOF
MOI
Ni2+-NTA
NMR
NOESY
NMRSD
OD
PAA
PBS
PCR
RP-LC
RP-LC/MS
SDS
SDS-PAGE
ssDNA
TP
Tris-HCl
UV
wt

bidimensional
threedimensional
Armstrong
Bovine serum albumine
Bromodeoxyuridine
Base pair
Circular dichroism
Dalton
Deoxyribonucleic acid
Double-stranded deoxyribonucleic acid
Dioctyl sodium sulfosuccinate
Dithiothreitol
Ethylenediaminetetraacetic acid
Electrospray ionization-ion trap
Fluorescein isothiocyanate
Fast protein liquid chromatography
Green ﬂuorescent protein
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
High performance liquid chromatography
6 (p-Hydroxyphenylazo)-Uracil
Heteronuclear single quantum correlation
Immunoﬂuorescence
Isopropyl-beta-D-thiogalactopyranoside
Kilobase
Kilodalton
Luria-Bertani
Matrix-assisted laser desorption/ionization-time of ﬂight
Multiplicity of infection
Ni2+-nitrilotriacetic acid
Nuclear magnetic resonance
Nuclear overhauser enhancement spectroscopy
Normalized mean root square deviations
Optical density
Polyacrylamide
Phosphate buffered saline
Polymerase chain reaction
Reverse phase-liquid chromatography
Reverse phase-liquid chromatography coupled to mass spectrometry
Sodium dodecyl sulphate
SDS polyacrylamide gel electrophoresis
Single-stranded deoxyribonucleic acid
Terminal protein
Trihydroxymethyl aminomethane hydrochloride
Ultraviolet
Wild type

v

A

Abstract / Sinopsis

A. Abstract / Sinopsis

I. Abstract
Remarkably little is known about the in vivo organization of membrane-associated prokaryotic DNA
replication or the proteins involved. In the present
thesis, this fundamental process has been studied
using the Bacillus subtilis phage Φ29 as a model
system. The Φ29-encoded membrane protein p16.7
is one of the few proteins known to be involved in
prokaryotic membrane-associated DNA replication.
The results obtained showed that p16.7 is a modular
protein composed of three independent domains; an
N-terminal transmembrane domain, an intermediate coiled-coil domain and a functional C-terminal
domain responsible for dimerization, oligomerization as well as DNA and TP-binding. Although
the secondary structure of the functional domain of
p16.7, p16.7C, is very similar to that of eukaryotic
DNA-binding homeodomains, their tertiary structures are fundamentally different. Resolution of
the threedimensional structure of p16.7C by NMR
and X-ray approaches revealed a novel dimeric
six-helical fold. Moreover, the crystal structure of
p16.7C in complex with dsDNA revealed the DNAbinding and oligomerization mode of the protein,
providing insights in the organization of the phage
genome at the membrane of the infected cell. Thus,
a functional dsDNA binding unit is formed by three
p16.7C dimers that are arranged side by side such
that they form a deep dsDNA binding cavity. The
available p16.7C structure allowed the identiﬁcation of residues and regions likely to be involved in
p16.7C dimerization and functionality. Analysis of
site-directed and deletion mutants was used to test
these predictions. These studies showed that both
Trp-116 and the C-terminal tail (residues 122-130)
are crucial for dimerization and functionality of
p16.7C. Residue Trp-116 forms part of a novel aromatic cage dimerization motif which we call “Procage”. Whereas residue Asn-120 plays a minor role
in p16.7C dimerization, it is critical for oligomerization and DNA-binding, providing evidence that
DNA-binding and oligomerization of p16.7C are
coupled processes. Finally, the in vivo localization
of various components of the phage Φ29 replication
machinery was studied by ﬂuorescence microscopy.
Protein p16.7, Φ29 genomic DNA and Φ29 DNA
polymerase were found to have a helical distribution in infected B. subtilis cells. Interestingly, the

helical distribution of p16.7, Φ29 genomic DNA
and Φ29 DNA polymerase depended on the B. subtilis cytoskeleton proteins MreB, Mbl and MreBH,
and Φ29 DNA replication was severely affected in
mutant cytoskeleton cells. Altogether, these results strongly indicate that the bacterial cytoskeleton
functions as a scaffold fot the organization of membrane-associated phage Φ29 DNA replication. Moreover, the results are compatible with a model in
which p16.7 forms part of a complex that connects
Φ29 DNA to the bacterial cytoskeleton.
II. Sinopsis
Se conoce poco sobre la organización in vivo de
la replicación del ADN procariótico asociada a la
membrana. En la presente tesis, se ha estudiado este
proceso fundamental utilizando el fago Φ29 (cuyo
hospedador es Bacillus subtilis) como sistema modelo. La proteína de membrana p16.7, codiﬁcada
por el fago Φ29, es una de las pocas proteínas conocidas que está implicada en la asociación de la replicación del ADN en la membrana. Los resultados
obtenidos mostraron que p16.7 es una proteína modular compuesta por tres dominios independientes;
un dominio transmembrana N-terminal, un dominio
intermedio “coiled-coil” y un dominio funcional
C-terminal que es responsable de la dimerización,
de la oligomerización y de la unión al ADN y a la
proteína terminal por parte de la proteína. Aunque
la estructura secundaria del domino funcional de
p16.7, p16.7C, es muy similar a la de los homeodominios eucarióticos de unión al ADN, sus estructuras terciarias son fundamentalmente diferentes. La
resolución de la estructura tridimensional de p16.7C
por medio de técnicas de RMN y de rayos-X reveló
que p16.7C forma un nuevo tipo de plegamiento dimérico de seis hélices. Además, la estructura cristalina de p16.7C en complejo con el ADN de cadena
doble determinó los modos de oligomerización y de
unión al ADN, proporcionando un mayor conocimiento en la organización del genoma del fago en la
membrana de la célula infectada. Así, tres dímeros
de p16.7C se ordenan cara a cara formando una cavidad profunda en la que se une el ADN. Este ordenamiento constituye una unidad funcional de unión
al ADN. La estructura de p16.7C permitió la identiﬁcación de residuos y de regiones susceptibles de
estar implicadas en la dimerización de p16.7C y en
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la funcionalidad. Se utilizaron mutantes puntuales y
de deleción para poder determinar estas predicciones. Estos estudios mostraron que tanto el Trp-116
como la extensión C-terminal (residuos 122-130) de
p16.7C son cruciales para su dimerización y funcionalidad. El aminoácido Trp-116 forma parte de un
nuevo tipo de caja aromática de dimerización que
hemos denominado “caja de prolinas”. Mientras
que el residuo Asn-120 juega un papel minoritario
en la dimerización de p16.7C, resulta esencial para
la oligomerización y la unión al ADN, proporcionando así una evidencia de que la oligomerización
y la unión al ADN por parte de p16.7C son procesos
que están acoplados. Finalmente, se estudió la localización in vivo de varios componentes de la maquinaria de replicación del fago Φ29 por medio de
técnicas de microscopía de ﬂuorescencia. De esta
forma, se determinó que p16.7, el ADN genómico y
la ADN polimerasa de Φ29 tienen una distribución
helicoidal en células infectadas de B. subtilis. Interesantemente, la distribuición helicoidal de p16.7,
el ADN genómico y la ADN polimerasa de Φ29 es
dependiente de las proteínas citoesqueléticas MreB,
Mbl y MreBH de B. subtilis. Además, la replicación
del ADN del fago Φ29 se vió severamente afectada en células mutantes para estas proteínas del citoesqueleto. En conjunto, estos resultados indican
fuertemente que el citoesqueleto bacteriano sirve
de andamio para la organización de la replicación
del fago Φ29 asociada a la membrana. Además, los
resultados son compatibles con un modelo en el que
p16.7 forma parte de un complejo que conecta el
ADN de Φ29 con el citoesqueleto bacteriano.
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I. Introducción
Muchos aspectos de la Biología comparten características comunes en la mayoría o incluso en todos
los organismos. De esta forma, los principios biológicos fundamentales parecen estar conservados a lo
largo de la evolución. Los organismos modelo son
clave para poder comprender sistemas biológicos
complejos y, con frecuencia, se emplean en el estudio de procesos biológicos fundamentales. Bacillus subtilis es uno de los organismos procarióticos
mejor caracterizado a nivel genético, bioquímico y
ﬁsiológico. Así, B. subtilis se ha convertido en un
organismo atractivo en el estudio de numerosos
procesos fundamentales tales como la esporulación
(un ejemplo simpliﬁcado de diferenciación celular),
la replicación del ADN, la segregación, la división
celular y la secreción proteica.
Asimismo, los virus bacterianos (bacteriófagos o
fagos) son útiles para comprender numerosos procesos fundamentales, como la replicación del ADN,
la regulación transcripcional, la morfogénesis viral
o el empaquetamiento del ADN viral. De entre todos ellos, el bacteriófago Φ29 es uno de los más
estudiados como sistema de replicación modelo.
La replicación de un genoma es uno de los procesos más importantes del ciclo celular y parece que
tanto en procariotas como en eucariotas se organiza
en compartimentos especíﬁcos del interior de la célula. Adquirir un conocimiento completo de las proteínas que constituyen la maquinaria de replicación,
y de cómo se organizan dentro de la célula, es uno
de los retos de la investigación actual.

una importante herramienta para el estudio de la
organización de la replicación. La visualización
directa de los sitios de replicación ha proporcionado evidencias convincentes de que las ADN polimerasas permanecen inmóviles y se ha demostrado
que la replicación del ADN en células eucarióticas
tiene lugar en numerosas localizaciones dentro del
núcleo. De esta forma, se ha podido determinar que
las factorías de replicación están ancladas al citoesqueleto nuclear. En una célula humana en fase S
pueden visualizarse decenas de focos, que constituirían horquillas de replicación activa. Cada uno de
estos focos constituiría una factoría de replicación,
que estaría formada por muchas ADN polimerasas
trabajando sobre diferentes moldes y organizadas
en complejos multiproteicos (replisomas). Recientemente, se ha demostrado que las factorías de
replicación, pese a su localización discreta dentro
de la célula, tienen un comportamiento dinámico,
y que las horquillas de replicación de un mismo
origen están asociadas entre sí durante el proceso
replicativo.
También la replicación de la mayoría de virus de
ADN tiene lugar dentro del núcleo celular. Al igual
que los genomas eucarióticos, las factorías de replicación de ADN viral parecen estar ancladas a subestructuras nucleares. En lugar de la matriz nuclear,
la replicación de virus de ARN de cadena positiva
tiene lugar en asociación con membranas intracelulares de diverso origen, pertenecientes al retículo
endoplasmático, a lisosomas o a cloroplastos. En el
proceso infectivo estos virus son capaces además de
inducir la proliferación y la reorganización de estas
estructuras membranosas. Además, se ha propuesto
que la membrana citoplasmática puede funcionar
como punto de anclaje de formaciones bidimensionales de ARN polimerasas virales, constituyendo
un paralelismo con el “modelo de replicación estacionario” de las ADN polimerasas. De esta forma,
las membranas, además de compartimentalizar la
replicación viral, también tienen un papel central en
la organización y función de la maquinaria replicativa.
En los años 60 se publicó la “teoría del replicón”
que postulaba que los orígenes de replicación de
cromosomas hermanos en organismos procarióticos
se aﬁanzan en la membrana en una posición central
de la célula. La elongación celular mediante la in-

I.1- Visión histórica de la replicación del ADN
Tradicionalmente, los modelos de replicación presentan a las ADN polimerasas desplazándose activamente a lo largo del molde de ADN. Sin embargo, evidencias recientes apoyan más un “modelo
replicativo estacionario”, en el que las ADN polimerasas permanecerían inmóviles en “factorías de
replicación” ancladas a subestructuras celulares
mientras que el ADN de nueva síntesis sería desplazado. Los datos experimentales que constituyen
la base del “modelo replicativo estacionario” se han
obtenido tanto para organismos procarióticos como
para organismos eucarióticos.
Durante las últimas décadas, el desarrollo de técnicas de microscopía de ﬂuorescencia ha supuesto

7

Organization of Φ29 DNA replication: protein p16.7

co y su organización in vivo. En los experimentos
que se describen en esta tesis se utiliza el fago Φ29
(cuyo hospedador natural es B. subtilis) como sistema modelo para estudiar la replicación del ADN.
Se piensa que los fagos han coevolucionado con
sus hospedadores y de esta forma, han aprendido
a explotar los substratos (por ejemplo nucleótidos),
proteínas (por ejemplo la ARN polimerasa) o subestructuras celulares (ribosomas, membranas,..) del
hospedador. Por lo tanto, hay facetas de la replicación del ADN del fago Φ29 en cuanto a su organización o compartimentalización que están estrechamente interrelacionadas con los procesos celulares
de B. subtilis. Así, un conocimiento amplio de B.
subtilis resulta esencial para profundizar en los mecanismos replicativos del fago Φ29.

serción de nuevo material de membrana entre los
lugares de anclaje de los dos cromosomas proporcionaría el “motor” para segregar los cromosomas
dentro de los compartimentos de cada célula hija.
Así, y de acuerdo con este modelo, la segregación
sería un proceso esencialmente pasivo y por lo tanto
diferente a los organismos eucarióticos, en los que
existe un mecanismo activo mediante el huso mitótico.
Posteriormente, la llegada de las técnicas de microscopía de ﬂuorescencia permitió estudiar la localización en el tiempo y en el espacio de proteínas
y del ADN dentro de la célula. Esto proporcionó
una fuerte evidencia de que la membrana bacteria
constituye un “andamio” sobre el que los factores
de replicación y el ADN pueden unirse e interaccionar. Además, estas técnicas permitieron profundizar
en otros procesos del ciclo celular como la segregación. Así, se ha demostrado que la maquinaria de
replicación se localiza en posiciones centrales (relativamente estáticas) de la membrana celular, lo que
ha llevado al modelo de factoría de replicación en
procariotas. Sin embargo, y al contrario de lo postulado en la “teoría del replicón”, la segregación de
cromosomas en procariotas parece ser un proceso
activo, en el que están implicadas diversos tipos de
proteínas (ver más abajo). Esto ha llevado a la comunidad cientíﬁca a hablar de un “aparato mitótico” ancestral en procariotas.
Al igual que los cromosomas bacterianos, también la replicación de plásmidos en bacterias parece
estar asociada a estructuras subcelulares como la
membrana. Este es el caso de los plásmidos RK2,
F y P1 de Escherichia coli. Además, la replicación
de genomas virales también parece localizarse en
subestructuras intracelulares especíﬁcas en organismos procarióticos. Varias líneas de evidencia apoyan que la replicación del ADN de fagos se localiza
en la membrana bacteriana. Por ejemplo, la proteína
gp69 del fago T4 tiene homología con el factor de
iniciación replicativo DnaA de E. coli y está asociada a la membrana de la bacteria. Adicionalmente,
las proteínas p1 y p16.7 del fago Φ29 están asimismo implicadas en la asociación del ADN viral en la
membrana.
A pesar de todo este conjunto de evidencias estamos aún lejos de un conocimiento completo sobre
los mecanismos de replicación del material genéti-

I.2- Organización de la replicación del ADN en
B. subtilis
B. subtilis es una bacteria Gram-positiva con forma
alargada (del tipo “rod-shaped”) que se encuentra
comúnmente en el suelo o en material vegetal en
descomposición. B. subtilis tiene la capacidad de
esporular en condiciones medioambientales extremas y tradicionalmente se ha clasiﬁcado como
un aeróbico obligado. Aparte de ser utilizado con
ﬁnes industriales en procesos de fermentación, de
producción de amilasas, proteasas y antibióticos,
constituye un organismo modelo para una amplia
variedad de mecanismos fundamentales de la célula. Entre ellos cabe destacar la conjugación, los
estados de competencia natural, la esporulación, la
replicación del ADN, la segregación cromosomal y
la división celular.
La replicación del cromosoma de B. subtilis tiene
lugar, como probablemente sea el caso de todos los
genomas procarióticos, en asociación con la membrana. B. subtilis contiene un cromosoma circular
que se replica bidireccionalmente desde un solo origen denominado oriC. La iniciación de la replicación del ADN comienza por la unión de la proteína
de iniciación DnaA a numerosos sitios, denominados cajas de DnaA, localizados en el oriC. La unión
de DnaA al oriC permite el ensamblaje de una maquinaria multiproteica de replicación del ADN, el
replisoma. La replicación bidireccional implica que
haya ADN polimerasas especíﬁcas para la replicación de la hebra adelantada (PolC) y para la hebra
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retrasada (DnaE).
Mediante experimentos de microscopia de ﬂuorescencia se ha determinado que durante el crecimiento exponencial la ADN polimerasa localiza
predominantemente en el centro de la célula, distribuida a lo largo del nucleoide. En condiciones de
crecimiento rápido la distribución es más compleja
debido a las numerosas horquillas de replicación.
En estos casos la ADN polimerasa se localiza en
posiciones de un cuarto y tres cuartos dentro de la
célula. Se ha propuesto que la ADN polimerasa situada en el centro de la célula representa la localización de horquillas de replicación activa, indicando que los moldes de ADN se mueven a través de
las polimerasas estáticas. Así, la ADN polimerasa
contribuiría a la segregación y este modelo ha sido
denominado como el mecanismo de “captura-extrusión”. Sin embargo, otros estudios de localización
de proteínas fundamentales para la iniciación de la
replicación (como DnaB y DnaI) sugieren que el replisoma es reclutado por el oriC en el extremo del
nucleoide para poder iniciar la replicación del cromosoma de B. subtilis.
DnaB y DnaI son, por tanto, proteínas primosomales que juegan un papel crucial durante la iniciación de la replicación. Ambas proteínas interaccionan con la helicasa DnaC, facilitando su liberación
en el oriC. Además, la proteína DnaB está implicada en el anclaje del oriC en la membrana, apoyando
la idea de que la replicación bacteriana se localiza
en la membrana.
Aparte del oriC, también se ha estudiado la localización de la región terminadora de la replicación
o terC del cromosoma de B. subtilis. Durante el desarrollo vegetativo, las regiones terC permanecen
predominantemente cerca del centro de la célula.
Por el contrario, los oriC recién replicados o nacientes muestran un movimiento abrupto hacia los
polos, situándose en las posiciones de un cuarto y
tres cuartos. Este desplazamiento es independiente
del crecimiento de la pared bacteriana, lo que sugiere la existencia de un aparato “mitótico” para dirigir
de forma eﬁciente el movimiento de los orígenes de
replicación. Así, la segregación parece ser un proceso activo, al contrario de lo postulado en los años 60
en la “teoría del replicón”.
En los últimos años se han intentado identiﬁcar
factores implicados en la localización del oriC, y

uno de los candidatos más estudiados ha sido el factor de iniciación de la esporulación Spo0J. Spo0J
tiene aﬁnidad por secuencias especíﬁcas denominadas parS, que se encuentran cercanas a la región
del oriC. Se ha propuesto que Spo0J se requiere,
además de en el proceso de esporulación, para una
segregación cromosomal normal durante el crecimiento vegetativo. Sin embargo, Spo0J no parece
ser el único sistema de segregación en B. subtilis,
ya que la ausencia de Spo0J tiene tan solo un efecto
muy moderado sobre la segregación cromosomal,
afectando más el particionamiento celular. Además,
spo0J no es un gen esencial en B. subtilis.
Entonces, ¿qué otros mecanismos podrían estar
implicados en la segregación activa del cromosoma de B. subtilis? Como se ha mencionado ya, la
extrusión del ADN naciente desde el replisoma estacionario podría contribuir a la segregación cromosomal. También se ha propuesto que dos secuencias
dentro del oriC (una constituye la región 3’ del gen
dnaA y la otra se superpone con la región rica en
“AT” situada “downstream” del gen dnaA) están
implicadas en la segregación y el correcto posicionamiento de los orígenes de replicación dentro de la
célula. A pesar de ello, se desconoce el mecanismo
completo por el que se rige la segregación. Sin embargo, en los últimos años se ha propuesto que el
citoesqueleto podría estar implicado en la segregación cromosomal.
La familia de proteínas MreB son homólogas a
las actinas de organismos eucarióticos y están implicadas en una amplia variedad de procesos. B.
subtilis consta de tres isoformas de MreB: MreB,
Mbl y MreBH. Estas proteínas forman ﬁlamentos
asociados a la membrana de la bacteria que siguen
un patrón helicoidal, determinando así su forma.
Además, controlan procesos de morfogénesis dirigiendo la biosínteis de la pared celular bacteriana.
Se ha demostrado que MreB, Mbl y MreBH colocalizan en células vivas de B. subtilis y se ha propuesto que controlan la elongación de la bacteria
coordinando la síntesis y la hidrólisis de la pared
siguiendo un patrón asimismo helicoidal.
Además de estas funciones, se ha observado que
la ausencia de la isoforma MreB origina defectos en
la segregación de cromosomas en B. subtilis. Esto,
junto con la observación de que estas proteínas forman ﬁlamentos dinámicos que se mueven desde
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posiciones centrales hacia los polos de la célula,
indica que la familia MreB podría formar parte de
una maquinaria “mitótica” implicada en segregación. Sin embargo, recientemente se han publicado
evidencias de que al menos la isoforma MreB no
parece jugar un papel importante en la segregación
cromosomal. No se descarta, sin embargo, que las
otras isoformas (Mbl y/o MreBH) jueguen un papel
signiﬁcativo en este proceso.
No obstante, recientemente, se han publicado evidencias convincentes de que en C. crescentus el mecanismo de segregación cromosomal es altamente
dependiente de las proteínas MreB y se ha demostrado que MreB se asocia a regiones cromosomales
muy cercanas al origen de replicación, pudiendo
hacer la función de un “centrómero” bacteriano.
Por otro lado, se han presentado evidencias de que
la inactivación de MreB inhibe la segregación en
E. coli. Además, los experimentos han demostrado
que la ARN polimerasa de E. coli interacciona con
MreB y se ha propuesto la posibilidad de que la interacción entre MreB y la ARN polimerasa juegue
un papel en la segregación cromosomal.
La situación en B. subtilis puede ser básicamente
diferente, pero se necesitan más estudios para poder llegar a conclusiones deﬁnitivas que revelen los
mecanismos de segregación bacterianos.

y proteínas requeridas para la lisis bacteriana. En el
operón temprano situado a la izquierda se encuentran los genes 1, 2, 3, 4, 5 y 6. El gen 1 codiﬁca a la
proteína p1 (ver más abajo), el gen 2 codiﬁca a la
ADN polimerasa del fago, el gen 3 codiﬁca a la TP,
el gen 4 codiﬁca el regulador transcripcional p4, el
gen 5 codiﬁca a la proteína de unión a ADN de banda simple p5 y el gen 6 codiﬁca a la proteína tipo
histona p6, de unión a ADN de banda doble. En el
operón temprano situado a la derecha se encuentran
los genes 16.7 (que codiﬁca a la proteína p16.7, ver
más abajo) y 17 (que codiﬁca a la proteína p17, implicada en la inyección del material genético en la
célula), y las ORFs (secuencias de lectura abierta)
16.5, 16.6, 16.8 y 16.9.
La replicación del ADN del fago Φ29 ocurre a
través de un mecanismo que utiliza proteína terminal como cebadora. La iniciación comienza con el
reconocimiento de los orígenes de replicación (situados a ambos extremos del genoma del fago) por
un heterodímero formado por la TP y la ADN polimerasa. La unión de p6 a ambos extremos origina
un complejo nucleoproteico que activa la iniciación
abriendo el ADN. Después, la ADN polimerasa
cataliza la unión del primer nucleótido (dAMP) al
grupo hidroxilo de la serina-232 de la TP por medio
de un enlace fosfoester. Tras un paso de transición,
la ADN polimerasa se disocia de la TP y comienza a copiar la cadena molde de una manera muy
procesiva al mismo tiempo que desplaza la cadena
complementaria. Esto da lugar a la generación de
intermedios replicativos tipo I, que están formados
por moléculas de ADN de doble banda de tamaño
unidad con una o más ramiﬁcaciones de banda sencilla de diversos tamaños. Los fragmentos de banda
sencilla son sustrato para la unión de la proteína p5.
Cuando dos polimerasas convergentes se encuentran, el intermedio tipo I es separado en dos intermedios tipo II. Cada uno de ellos consiste en una
molécula de ADN de tamaño unidad que consta de
una porción de banda doble y otra porción de banda
simple. La continua elongación por la ADN polimerasa completa la replicación de la cadena parental
de banda sencilla.
El fago Φ29 es un modelo muy atractivo para estudiar la replicación del ADN asociada a la membrana. Esto se debe a que Φ29 codiﬁca la mayoría
de las proteínas requeridas para la replicación de su

I.3- Organización de la replicación del ADN del
bacteriófago Φ29
A lo largo de los años, se han aislado una amplia
variedad de fagos que infectan a B. subtilis. Estos
fagos contienen ADN de doble hebra como material
genético, constan de una cápsida icosaédrica y de
una cola de la que surge una placa y ﬁbras caudales.
El fago Φ29 pertenece a una familia de fagos relacionados entre los que se encuentran los fagos PZA,
Φ15, BS32, B103, M2Y (M2), Nf y GA-1. Estos
fagos forman parte de la familia Podoviridae.
El genoma de Φ29 ha sido secuenciado por completo y consiste en una molécula de ADN de 19
kilobases que tiene una proteína unida covalentemente a cada extremo 5’, la proteína terminal o TP.
El genoma se divide en dos operones de expresión
temprana situados en los extremos y un operón de
expresión tardía situado en posición central. Los genes del operón tardío codiﬁcan a proteínas estructurales del fago, proteínas implicadas en morfogénesis
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I.4- La proteína p16.7
p16.7 es una proteína de 130 aminoácidos que
se expresa a tiempos tempranos del ciclo infectivo
(desde aproximadamente el minuto 6) incrementando su acumulación de una forma muy rápida hasta
alrededor del minuto 15. A partir de aquí los niveles
de p16.7 permanecen constantes a lo largo de todo
el ciclo replicativo (unos 50 minutos hasta la lisis
bacteriana). Se calcula que la cantidad de moléculas
de p16.7 presentes en una célula a partir del minuto
15 de infección ronda entre las 65000 y 130000.
Mediante experimentos de fraccionamiento celular y de microscopia de ﬂuorescencia se ha demostrado que p16.7 es una proteína de membrana.
La región N-terminal (aminoácidos 1-22) de p16.7
tiene un carácter marcadamente hidrofóbico y constituye un dominio transmembrana.
La construcción de un fago mutante para la proteína p16.7 permitió estudiar in vivo las cinéticas de
acumulación del ADN replicado de Φ29 en presencia y en ausencia de p16.7. Así, y pese a que p16.7
resultó ser no esencial para el fago, se determinó
que su ausencia tenía como consecuencia una importante disminución en la acumulación de ADN de
Φ29 a lo largo de todo el ciclo infectivo. De esta
forma se estimó que la replicación estaba retrasada
unos 20 minutos en comparación con la situación en
la que p16.7 es producida.
Para profundizar en la función de p16.7 in vivo
se utilizaron técnicas de inmunoﬂuorescencia para
analizar la localización del ADN del fago durante el
ciclo infectivo. Utilizando una cepa de Φ29 considerada como “salvaje” se observó que el ADN del
fago a tiempos de replicación tempranos se localiza
como un foco hacia un extremo del nucleoide de B.
subtilis. Después, el ADN es rápidamente redistribuido a múltiples sitios en la periferia del nucleoide, adyacentes a la membrana celular. Sin embargo, cuando se utilizó el fago mutante para p16.7, el
ADN permaneció localizado como un foco hacia un
extremo del nucleoide, sin ser redistribuido durante tiempos muy prolongados. Esto demuestra que
la proteína p16.7 se requiere para una distribución
eﬁciente de la replicación del ADN de Φ29 desde
sitios iniciales a sitios adicionales en la membrana
y explica el retraso en los niveles de replicación en
ausencia de p16.7.
La proteína p16.7A es una variante de p16.7 en la

genoma. Además, se conoce con gran detalle la replicación del genoma de Φ29 por ensayos in vitro.
Por último, la replicación se sincroniza bien en ensayos in vivo y se producen grandes cantidades de
proteínas implicadas en este proceso.
Desde los años 70, se han obtenido evidencias
convincentes de que la replicación del ADN del
fago Φ29 se localiza asociada a la membrana. Posteriormente, se ha sugerido que las proteínas de
membrana p1 y p16.7 están implicadas en la organización de la replicación del ADN del fago en la
membrana celular.
La primera evidencia que se obtuvo fue que la replicación del ADN de Φ29 está afectada en células
infectadas con fagos mutantes para la proteína p1.
Así, la presencia de la proteína p1 (85 aminoácidos)
parece ser importante para una replicación del ADN
eﬁciente. La proteína p1 se asocia a la membrana
bacteriana tanto en células infectadas con el fago
Φ29 como en células en las que p1 se expresa desde
un plásmido. Esto demuestra que la interacción de
p1 con la membrana no requiere otros componentes
virales. Se ha calculado que células infectadas contienen entre 10000 y 100000 copias de p1 a tiempos
tempranos y tardíos, respectivamente. La región Cterminal de p1 (residuos 68-84) es altamente hidrofóbica lo que sugiere que en esta región reside la
capacidad para asociarse con la membrana.
Además de ser una proteína de membrana, se han
descrito otras tres características importantes para
p1. Mediante experimentos in vivo e in vitro se ha
demostrado que tiene la capacidad de multimerizar;
de hecho, la región que abarca los aminoácidos 3766 tiene una alta probabilidad de formar un motivo
“coiled-coil”. Se ha determinado que p1 puede interaccionar con la TP de Φ29, lo que ha llevado a
proponer una posible función de anclaje del ADN
viral en la membrana durante el ciclo replicativo.
Por último, se ha determinado que p1 puede interaccionar también con el ARN mensajero del fago,
y podría regular la síntesis de proteínas del operón
izquierdo de Φ29, como la ADN polimerasa. Ambas propiedades no son necesariamente excluyentes
entre sí, pero se necesita aún profundizar más en el
estudio de esta proteína para poder obtener resultados concluyentes.
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que se sustituyeron los 20 primeros residuos N-terminales (pertenecientes al dominio transmembrana)
por una cola de histidinas. Esto permitió solubilizar
la proteína para poder realizar ensayos in vitro que
permitieran profundizar en el conocimiento de su
estructura y función. El hecho de que p16.7 sea requerida para una distribución eﬁciente del ADN del
fago y la observación de que su región C-terminal
tiene homología con homeodominios de unión al
ADN de eucariotas llevó a analizar si p16.7A posee
aﬁnidad por ADN. De esta forma, y por medio de
técnicas de retraso en gel, se demostró que p16.7A
puede unirse tanto a ADN de cadena sencilla como
de cadena doble y de una forma inespecíﬁca de secuencia.
Basados en el papel de p16.7 en la replicación in
vivo del genoma del fago era razonable pensar que
podía tener aﬁnidad por una o más proteínas virales
implicadas en este proceso. Así, por medio de experimentos de entrecruzamiento in vitro y de gradientes de glicerol se determinó que p16.7A posee la
capacidad de interaccionar con la TP de Φ29. Estos
ensayos mostraron también que p16.7A forma dímeros en solución, detectándose incluso cantidades
relevantes de multímeros. Utilizando programas
informáticos de predicción de motivos estructurales se estimó que la región comprendida por los
aminoácidos 19-60 posee una alta probabilidad de
formar un “coiled-coil”, que podría ser reponsable
de la dimerización y/o multimerización proteica.
Experimentos de entrecruzamiento in vivo seguido de “Western blot” demostraron ﬁnalmente que
p16.7 es una proteína con la propiedad de dimerizar
y de multimerizar.
Adicionalmente, los siguientes resultados proporcionaron evidencias de que los dímeros de p16.7A
pueden interaccionar entre sí y que esta interacción
está favorecida por la unión al ADN. En primer lugar, los complejos nucleoproteicos formados en presencia de p16.7A permanecen en el pocillo en geles
de retraso, lo que indica que tienen un alto peso
molecular. En segundo lugar, ensayos de “footprinting” mostraron que tanto los fragmentos de ADN
de cadena sencilla como los de cadena doble son
protegidos por completo de la degradación por nucleasas a altas concentraciones de p16.7A. En tercer
lugar, ensayos de microscopia electrónica revelaron
que p16.7A puede unirse a fragmentos pequeños de

ADN formando largos ﬁlamentos nucleoproteicos.
Finalmente, la adición de ADN aumentó la formación de oligómeros de p16.7A en experimentos de
entrecruzamiento in vitro.
En resumen, los resultados obtenidos antes del
comienzo de esta tesis doctoral, indicaban que un
dímero de p16.7 podía diseccionarse en 3 dominios:
un dominio transmembrana N-terminal, un dominio
putativo de “coiled-coil” y un dominio putativo de
unión al ADN situado en la región C-terminal. De
esta forma, p16.7 se uniría al ADN viral y a la TP
y ejercería la función de redistribuirlo a sitios adicionales en la membrana, compartimentalizando así
el proceso replicativo. Sin embargo, se desconocía
si proteínas codiﬁcadas por la bacteria podían ser
importantes en este proceso.
II. Objetivos
A pesar de los hallazgos obtenidos en estos estudios previos, había varias preguntas fundamentales
sobre la estructura y la función de p16.7 y sobre
el organización de la replicación del ADN de Φ29
in vivo que permanecían sin contestación, constituyendo los principales objetivos de esta tesis:
1. Determinar si la región de p16.7 que abarca
aproximadamente los residuos 30-60 forma un
“coiled-coil” y sus implicaciones en la dimerización de p16.7.
2. Determinar el dominio funcional de p16.7 en el
que residen las capacidades de unión al ADN y a
la TP.
3. Resolver la estructura del dominio funcional de
p16.7 en solución y por métodos cristalográﬁcos.
4. Determinar la estructura del dominio funcional
de p16.7 en complejo con ADN de cadena doble.
5. Analizar los residuos o las regiones de p16.7 implicadas en dimerización y en oligomerización y
sus efectos en la unión al ADN.
6. Localizar por medio de técnicas de microscopia
de ﬂuorescencia las proteínas p16.7 y ADN polimerasa de Φ29 y su ADN replicativo en células infectadas.
7. Determinar proteínas codiﬁcadas por B. subtilis
que estén relacionadas con la localización in vivo
del ADN replicativo en la membrana.
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III. Resultados
III.1- p16.7 es una proteína modular
Para determinar la región responsable de la dimerización de p16.7A se construyó un mutante
que comprendía los aminoácidos 21-68 (p16.7N).
p16.7N abarca toda la región de “coiled-coil” putativa de p16.7A. También se construyó un mutante
de p16.7N que contenía cuatro substituciones de
leucina por arginina que teóricamente desorganizarían la cara hidrofóbica de la hélice α del “coiledcoil” putativo. Mediante experimentos de entrecruzamiento in vitro se observó que p16.7N posee la
capacidad de dimerizar. Por el contrario, p16.7N4
no fue capaz de formar dímeros. Posteriores análisis por técnicas de dicroismo circular demostraron
que p16.7N tiene un contenido fundamentalmente
helicoidal a altas concentraciones y a 4ºC mientras
que la estructura secundaria de p16.7N4 era fundamentalmente “random-coil”. Así, los resultados son
consistentes con la formación de un “coiled-coil” de
baja aﬁnidad y de alrededor de 30 residuos de longitud, que se formaría en un proceso de asociación
acoplado al plegamiento. Este “coiled-coil” de baja
aﬁnidad se formaría en el contexto de p16.7A, ya
que el mutante p16.7A4 (que contiene las mismas
sustituciones de leucina por arginina que p16.7N4)
sufrió una reducción de su contenido helicoidal proporcional al tamaño que abarcaría la región “coiledcoil”.
Experimentos de entrecruzamiento in vitro con el
mutante p16.7A4 permitieron observar que, pese a
tener desorganizada su región de “coiled-coil”, era
capaz de formar dímeros en la misma proporción
que p16.7A. Además, experimentos de ﬁltración en
gel permitieron determinar que además de ser proteínas con una alta aﬁnidad de dimerización, p16.7A
y p16.7A4 no presentaron diferencias signiﬁcativas
en sus constantes de disociación.
Estos resultados en conjunto constituían una fuerte evidencia de que la región responsable de la alta
aﬁnidad de dimerización de p16.7A no es la región
de “coiled-coil”. Para estudiar si la mitad C-terminal de p16.7 constituía el principal dominio de dimerización se puriﬁcó la proteína p16.7C (residuos
63-130). Experimentos de entrecruzamiento in vitro
demostraron que p16.7C forma dímeros en solución. Además, los análisis de ﬁltración en gel deter-
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minaron que la constante de disociación de p16.7C
está en el mismo orden que la de p16.7A.
Se realizaron experimentos de proteolisis de la
proteína p16.7A con proteinasa K, lo que generó
dos productos principales que correspondían a la
región N-terminal (abarcando el “coiled-coil”) y a
la región C-terminal (abarcando el dominio de alta
aﬁnidad de dimerización). Esto demostró que ambos forman dos módulos estructurales independientes que están conectados por un “linker” sensible a
proteinasa K.
Para determinar si el dominio C-terminal de p16.7
constituye el dominio funcional de la proteína se
realizaron experimentos de entrecruzamiento in vitro entre p16.7Cb (p16.7C con la cola de histidinas
delecionada) y la TP seguidos de “Western blot”.
Estos análisis revelaron que el dominio C-terminal
de p16.7 es suﬁciente para interaccionar con la TP.
Por otro lado, estudios de retraso en gel demostraron que p16.7Cb tiene aﬁnidad tanto por ADN de
cadena sencilla como por ADN de cadena doble.
La capacidad de p16.7Cb de unir ADN resultó ser
similar a la de p16.7A. Además de esto, se realizaron experimentos de entrecruzamiento in vitro con
p16.7Cb en presencia de ADN de cadena doble. Así,
se obtuvo una importante evidencia de que el dominio C-terminal de p16.7Cb puede formar multímeros. Ensayos de “footprinting” con ADN de cadena
sencilla y de cadena doble conﬁrmaron la capacidad de multimerizar de p16.7Cb, protegiendo por
completo el ADN de la digestión por nucleasas. En
conjunto, estos resultados demostraron que las propiedades funcionales básicas de p16.7, la capacidad
de unir ADN y de interaccionar con la TP, residen
en la región C-terminal de la proteína, constituyendo un dominio aislado.
Asimismo, y basados en alineamientos por homología de secuencia, en predicciones informáticas
de estructura secundaria y en análisis espectroscópicos, se sugirió que p16.7C podía estar evolutivamente relacionada con los homeodominios de unión
a ADN, presentes en muchas familias de reguladores transcripcionales eucarióticos. De esta forma
la estructura secundaria de p16.7C estaría formada
por tres hélices α conectadas por “loops” cuya posición y longitud corresponden básicamente con las
presentes en homeodominios. Así, se aportó un modelo tentativo para la estructura terciaria de p16.7C
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basada en el homeodominio de la proteína humana
Pbx1, que resultó ser la más homóloga de todo el
banco de datos.

la superﬁcie de interacción con el ADN y así la aﬁnidad por éste, lo que encaja con el aparente efecto
cooperativo de p16.7C al unirse con el ADN.
Los análisis de RMN y de cristalografía de rayos
X también aportaron datos sobre la multimerización
de p16.7C. Los cristales obtenidos están formados
por unidades de tres dímeros de p16.7C que forman
una ﬁbra alrededor de un eje. Las interacciones entre dos dímeros de p16.7C implicaban dos puentes
salinos (Glu-72a/Arg-98b y Glu-72b/Arg98a). Se
construyeron dos mutantes de p16.7C, pE72A (se
sustituye el glutámico 72 por una alanina) y pR98W
(se sustituye la arginina 98 por un triptófano), con
la intención de romper estos puentes salinos. Experimentos de entrecruzamiento in vitro, de retraso
en gel y de “footprinting” establecieron que ambos
mutantes retienen su capacidad de formar multímeros, por lo que los residuos Glu-72 y Arg-98 no son
esenciales para el proceso de multimerización de
p16.7C.
Por otro lado, la RMN también permitió profundizar en el proceso de oligomerización de p16.7C.
Se realizaron espectros a las concentraciones de 350
µM y 3500 µM obteniéndose señales a la máxima
concentración que no aparecían a la concentración
menor. De esta forma, se estimaron una serie de residuos que estarían implicados en oligomerización
y que están localizados en la misma superﬁcie extendida de las caras laterales del dímero, formando una superﬁcie de oligomerización diferente a la
obtenida en el cristal. El alto número de residuos
involucrados hizo imposible abordar el estudio con
mutantes de p16.7C, pero se realizó un modelo extendiendo este modo de oligomerización en ambas
direcciones del espacio. Este modelo era consistente tan solo para oligómeros de hasta cuatro dímeros
de p16.7C.
Además, se añadió ADN de cadena doble a muestras de p16.7C a concentración 350 µM y se produjo un espectro de similares características que a una
concentración de 3500 µM. Esto sugiere, junto con
experimentos citados anteriormente, que el ADN
induce la multimerización de p16.7C y que ambos
son procesos acoplados.

III.2- Estructura de p16.7C
Para profundizar en la estructura tridimensional de
p16.7C se realizaron experimentos tanto de resonancia magnética nuclear (RMN) como de cristalografía de rayos X. Estos ensayos permitieron validar
los análisis de predicción de estructura secundaria
empleados con p16.7C. Así, cada cadena polipeptídica de un dímero de p16.7C contiene tres hélices
α que se corresponden con los residuos 72-81 (H1),
88-95 (H2) y 103-121 (H3). Las hélices H1 y H2
están conectadas por un “loop” (82-87, loop 1) y
están orientadas de una forma antiparalela con un
ángulo de unos 160º. La hélice H3 se conecta con la
hélice H2 por un “loop” de siete residuos (96-102,
loop 2) y empaqueta con las hélices H1 y H2 con
ángulos de cruce de 54º y de 139º, respectivamente. La región C-terminal (residuos 122-128) adopta
una estructura extendida. Finalmente, los residuos
63-66 y 129-130 están desordenados. La estructura
secundaria y terciaria de cada monómero se estabiliza por la formación de un núcleo hidrofóbico que
resulta del empaquetamiento de las tres hélices.
A pesar de que la estructura secundaria es similar a la de los homeodominios, la estructura terciaria resultó ser marcadamente diferente. De hecho,
p16.7C forma un dímero simétrico que deﬁne un
nuevo motivo de plegamiento o “fold” de seis hélices. La interfase de dimerización primaria está formada por las hélices H3a/H3b y la región C-terminal extendida de ambos monómeros. De esta forma,
la región C-terminal de cada monómero empaqueta
contra las hélices H1 y H3 del otro mediante interacciones hidrofóbicas y polares.
La estructura tridimensional de p16.7C permitió
identiﬁcar el sitio putativo de unión a ADN. En la
superﬁcie deﬁnida por las hélices H1/H2 residen
aminoácidos cargados negativamente. Por el contrario, la cara opuesta del dímero exhibe un moderado potencial electrostático positivo. De hecho, esta
región, que está deﬁnida por las hélices H3a/H3b
más la región C-terminal extendida, contiene ocho
cargas positivas. El número de cargas positivas parece algo bajo para interacciones proteína-ADN,
pero la multimerización de p16.7C puede aumentar
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III.3- Mutantes de dimerización de p16.7C
Las estructuras en solución y cristalina de p16.7C
permitieron diseñar mutantes para analizar la importancia estructural de residuos localizados en la
interfase de dimerización y para estudiar si la dimerización se requiere para la funcionalidad de la
proteína. Dentro de la región central de la interfase
de dimerización, los residuos Trp-116 y Asn-120
eran susceptibles de estar implicados en la dimerización de p16.7C. Por un lado las cadenas laterales
del residuo Pro-87 de cada monómero quedan encapsuladas por los anillos aromáticos del Trp-116,
formando un nuevo motivo de dimerización muy
estable que hemos denominado como “caja de prolinas”. Por otro lado, el residuo Asn-120 forma tres
puentes de hidrógeno que a priori estabilizarían el
dímero.
Las regiones laterales de la interfase de dimerización también parecían importantes para la estabilidad de la misma. De esta forma, la extensión C-terminal de cada monómero (últimos 9 aminoácidos)
empaqueta contra las hélices H1 y H3 del otro monómero mediante numerosas interacciones polares
e hidrofóbicas. Se diseñaron los mutantes pW116A
(en el que el Trp-116 fue sustituido por una Ala),
pN120W (en el que la Asn-120 fue sustituida por
un Trp) y p16.7CΔ9 (en el que se delecionaron los
últimos 9 aminoácidos C-terminales de p16.7C).
En primer lugar se hizo un estudio termodinámico
de p16.7C. Por medio de técnicas espectroscópicas
de dicroismo circular se estudiaron los cambios de
p16.7C inducidos por temperatura, lo que determinó que la desnaturalización térmica es un proceso
reversible para p16.7C. Además, la Tm (temperatura de “melting”) variaba con la concentración, lo
que es consistente con la formación de dímeros. El
conjunto de experimentos de dicroismo circular y
de espectros de ﬂuorescencia por emisión de triptófano demostraron que la transición de dímeros
plegados a monómeros desnaturalizados tiene lugar
sin intermedios estables y que este proceso de plegamiento-dimerización está acoplado. Además, el
proceso de desnaturalización de p16.7C tiene lugar
en un estrecho margen de temperatura, demostrando que el proceso de plegamiento-dimerización es
un proceso cooperativo.
Asimismo, se realizaron experimentos de dicroismo circular con los mutantes pW116A, pN120W
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y p16.7CΔ9, que conﬁrmaron que las mutaciones
introducidas no afectaban considerablemente la estructura secundaria de la proteína, indicando que
contienen cantidades signiﬁcativas de hélice α. Estudios de transición térmica inducida determinaron
que las Tm de los tres mutantes disminuían considerablemente. A pesar de ello, el mutante pN120W
tiene una cooperatividad en el proceso de desnaturalización que es muy similar a p16.7C. Por el contrario, los mutantes pW116A y p16.7CΔ9 muestran
un proceso de desnaturalización no cooperativo.
Así, los residuos Trp-116 y la extensión C-terminal
de p16.7 son muy importantes para la estabilidad
termodinámica de p16.7C.
Posteriormente, p16.7C y sus mutantes fueron
sometidos a experimentos de entrecruzamiento
in vitro. En comparación con p16.7C, se obtuvieron la misma cantidad de dímeros con la proteína
pN120W. Sin embargo, se obtuvo una importante
disminución de dímeros entrecruzados con las proteínas pW116A y p16.7CΔ9, por lo que el Trp-116 y
la extensión C-terminal de p16.7C parecen ser residuos importantes en la dimerización de la proteína.
Se realizaron estudios de ultracentrifugación
analítica para caracterizar las propiedades de dimerización y de oligomerización de p16.7C y sus
mutantes. Los resultados demostraron que la proteína pN120W es dimérica, incluso a la menor
concentración ensayada (5 µM). Sin embargo, y al
contrario que p16.7C, su capacidad de oligomerizar
está afectada. En el caso de los mutantes pW116A
y p16.7CΔ9, los estudios de sedimentación demostraron que sus propiedades de dimerización están
severamente afectadas. Consecuentemente, no se
observaron oligómeros de mayor orden en todo el
rango de concentraciones usadas.
Por último, experimentos de retraso en gel, de
“footprinting” y de equilibrio de sedimentación demostraron que los mutantes pW116A, pN120W y
p16.7CΔ9 están severamente afectados en su capacidad para unirse al ADN.
III.4- Estructura del complejo p16.7C/ADN de
cadena doble
Para profundizar en los modos de oligomerización y de unión a ADN de p16.7C, y en su función
molecular, se determinó la estructura cristalina de
p16.7C en complejo con ADN de cadena doble.
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Tres dímeros de p16.7C se ordenaron cara a cara
deﬁniendo una profunda cavidad de unión al ADN.
De esta forma, tres dímeros de p16.7C forman una
unidad funcional de unión a ADN de cadena doble.
El modo de oligomerización de una unidad tridimérica está de acuerdo básicamente con la propuesta
por RMN. Así, los contactos interdiméricos de una
unidad funcional están mediados por una superﬁcie
grande localizada en las caras laterales de un dímero de p16.7C.
Solamente hay pequeñas diferencias estructurales entre dímeros de p16.7C no unidos y unidos a
ADN, que están principalmente localizadas en las
extensiones C-terminales. Estas extensiones, que se
encuentran desordenadas en la forma “apo”, se ordenan en presencia de ADN debido a contactos intermoleculares entre dímeros de p16.7C. Por lo tanto, la organización especíﬁca de dímeros de p16.7C
en la unidad funcional se debe probablemente a su
forma de complementarse tan particular.
El ADN de cadena doble se adapta muy bien en
la cavidad cóncava formada por los tres dímeros de
p16.7C. Además, esta superﬁcie cóncava, que tiene
un fuerte potencial electrostático positivo, no presenta bordes o elementos estructurales que puedan
penetrar en los surcos del ADN. Esto indica que la
unión del ADN está puramente dirigida por fuerzas
electrostáticas, lo que está de acuerdo con la forma
inespecíﬁca de p16.7C de unirse al ADN.
El mapa de densidad electrónica fue lo suﬁcientemente bueno para localizar el esqueleto de fosfatos
pero no para determinar con claridad la posición de
las bases, probablemente como consecuencia de la
unión inespecíﬁca de p16.7C al ADN. A pesar de
ello, la densidad electrónica permitió modelar un
ADN de 9-mer en la cavidad cóncava de un tridímero funcional. Además, se determinó que solamente
hay cinco interacciones directas entre p16.7C y el
ADN; el resto están mediadas por fuerzas electrostáticas o polares de larga distancia.

de inmunoﬂuorescencia usando la incorporación
del análogo de timidina BrdU determinaron que la
distribución in vivo del ADN de cadena doble del
fago Φ29 sigue un patrón helicoidal parecido al de
la proteína p16.7. La superposición de imágenes de
inmunoﬂuorescencia y de contraste de fase permitió
ver que el ADN de cadena doble de Φ29 localiza
cerca de la superﬁcie celular. Cuando se infectan
células de B. subtilis con un fago mutante para la
proteína p16.7 solamente se observa una distribución helicoidal del ADN viral en fases muy tardías
del ciclo infectivo de Φ29. Por lo tanto, la eﬁciencia
de la distribución helicoidal del material genético
de Φ29 depende de la proteína p16.7.
Las técnicas de inmunoﬂuorescencia requieren la
ﬁjación y el posterior procesamiento con anticuerpos de las células bacterianas. Este tratamiento podría afectar la localización o la interpretación de los
datos sobre la distribución de la proteína p16.7 y del
ADN del fago. Por ello, se construyó una fusión del
gen 16.7 con el gen gfp que se integró en el locus
amyE del cromosoma bacteriano bajo un promotor
inducible de xylosa, lo que conﬁrmó un patrón de
distribución helicoidal de p16.7-GFP tanto en células infectadas como en no infectadas. Además, se
construyeron dos fusiones de la ADN polimerasa de
Φ29 con GFP (una C-terminal y otra N-terminal) que
resultaron ser funcionales in vivo, comportándose
de un modo similar. La fusión GFP-p2 se distribuye
homogéneamente por todo el citoplasma en bacterias no infectadas. Sin embargo, cuando se infectan
células que expresan GFP-p2 con fagos mutantes
para la ADN polimerasa se produce una reorganización de la señal ﬂuorescente. Así, a los 10 minutos
del ciclo infectivo, la GFP-p2 pasa a distribuirse en
la región central de la célula (alrededor del nucleoide) como una señal difusa. Más tarde, a partir de los
20 minutos la GFP-p2 se reorganiza formando un
patrón claramente helicoidal en la membrana celular o cerca de ella. En general, la ADN polimerasa
fusionada a la GFP tiende a ocupar la región central
de la bacteria, sin llegar a los polos.
Cuando se infectan células de B. subtilis que producen la fusión GFP-p2 bajo un promotor de xylosa
con un fago mutante para el gen 3 (que codiﬁca la
proteína terminal del fago) se obtiene el mismo fenotipo que con células no infectadas, la GFP-p2 localiza de forma homogénea a lo largo de todo el ci-

III.5- Replicación in vivo del ADN del fago Φ29
Mediante técnicas de inmunoﬂuorescencia se demostró que p16.7 se localiza en la membrana celular de B. subtilis formando estructuras helicoidales.
Este patrón helicoidal tiene una gran similitud con
el de las proteínas del citoesqueleto de la familia
MreB de B. subtilis. De la misma forma, estudios
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IV. Discusión
Los resultados presentados demuestran que la proteína p16.7N, que comprende la región de p16.7
para la que se predijo por métodos informáticos
que contenía un “coiled-coil”, forma de hecho un
“coiled-coil” cuya aﬁnidad es baja, indicando que
no es el principal dominio de dimerización de la
proteína p16.7. La baja aﬁnidad de dimerización
del dominio “coiled-coil” es probablemente consecuencia de la presencia de dos residuos de arginina enfrentados en la interfase de dimerización, que
originarían una repulsión mutua. De acuerdo con
esto, experimentos posteriores conﬁrmaron que el
principal dominio de dimerización de p16.7 reside
en su región C-terminal. Además, se ha determinado que el “coiled-coil” se forma en p16.7A, lo que
permite especular con la posibilidad de que la fuerte aﬁnidad de dimerización de la región C-terminal
y la restricción estructural de la región transmembrana de p16.7 limiten la movilidad relativa y la
orientación de la cadena polipeptídica, desplazando
el equilibrio así hacia la formación de un “coiledcoil”. Aunque el dominio “coiled-coil” no es la región principal de dimerización en p16.7, puede ser
estructuralmente relevante. En primer lugar, puede
ser importante para posicionar el dominio funcional
C-terminal a una determinada distancia de la membrana bacteriana. En sengundo lugar, este dominio
podría interaccionar con otras proteínas del fago o
de la bacteria tales como MreB.
Por otro lado, se ha demostrado que las principales propiedades funcionales de p16.7, dimerización,
multimerización, unión al ADN y a la proteína terminal, residen en su región C-terminal. Además, se
ha demostrado que la región coiled-coil y el dominio funcional están conectados por un “linker” sensible a proteinasa K, lo que indica que constituyen
dos dominios independientes.
En resumen, estos resultados indican fuertemente
que la proteína p16.7 está compuesta por 3 dominios independientes: un dominio transmembrana
N-terminal, un dominio “coiled-coil” intermedio y
un dominio funcional C-terminal cuyo papel sería
organizar la replicación del ADN del fago Φ29 en
la membrana.
Una vez se identiﬁcó el dominio C-terminal como
el dominio funcional de p16.7 se llevaron a cabo
estudios para determinar su estructura tridimensio-

tosol bacteriano. Esto sugiere que la formación del
heterocomplejo proteína terminal-ADN polimerasa
es esencial para la distribución de la ADN polimerasa de Φ29. Además, cuando se infectan estas mismas
células con fagos mutantes para la proteína p16.7 se
observa que el patrón helicoidal de la GFP-p2 se
deshace formando agregados, aunque a tiempos de
infección muy tardíos se restaura con frecuencia la
distribución helicoidal de GFP-p2. Estos resultados
encajan bien con los obtenidos para la localización
del ADN del fago en ausencia de p16.7.
En resumen, el conjunto de resultados obtenidos
determinaba que la replicación del ADN del fago
Φ29 sigue una distribución helicoidal en la membrana bacteriana. A lo largo de los últimos años se
ha demostrado que las proteínas del citoesqueleto de
B. subtilis, MreB, Mbl y MreBH, forman estructuras helicoidales dinámicas asociadas a la membrana
celular. Por lo tanto, se hicieron experimentos bajo
la hipótesis de que el citoesqueleto bacteriano podía
servir de anclaje para la organización de la replicación del ADN del fago asociada a la membrana. De
esta forma se determinó que el fago Φ29 es capaz
de infectar y de formar placas de lisis en células mutantes para mreB, mbl o mreBH. Sin embargo, estas
placas eran mucho más pequeñas que las resultantes
de infectar células salvajes de B. subtilis.
Para cuantiﬁcar la replicación intracelular del
ADN viral se realizaron experimentos de PCR a
tiempo real que demostraron que la eﬁciencia de
la replicación in vivo del ADN de Φ29 está severamente afectada en ausencia de cualquiera de las tres
proteínas del citoesqueleto de la bacteria. De hecho,
estudios de microscopía de ﬂuorescencia revelaron
que la localización helicoidal de la proteína p16.7,
del ADN del fago, y de la fusión de GFP-p2, se
perdía en bacterias mutantes para cualquiera de las
proteínas del citoesqueleto; MreB, Mbl o MreBH.
Además, se determinó que: (i) la fusión GFP-p2 no
localizaba de forma helicoidal en bacterias tratadas
con el agente químico A22, cuya propiedad es disgregar el citoesqueleto bacteriano, y (ii) la proteína
p16.7 no es funcional en bacterias mutantes en proteínas del citoesqueleto. De esta forma, se requiere
un citoesqueleto bacteriano intacto para un desarrollo óptimo del fago Φ29.
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nal. En primer lugar se realizó un estudio basado en
homología con otras proteínas mediante una base
de datos. Así, la secuencia primaria de p16.7 tiene
homología con los homeodominios eucarióticos.
Además, experimentos de dicroismo circular y análisis informáticos de estructura secundaria sugerían
que p16.7C poseía un contenido helicoidal y un
número de hélices α similar al de los homeodominios. A pesar de estas similitudes había importantes diferencias entre p16.7C y los homeodominios
en cuanto a su función y estado oligomérico. Los
homeodominios son factores transcripcionales y, a
diferencia de p16.7C, unen el ADN de forma especíﬁca. Además, p16.7C es un homodímero estable
en solución, mientras que los homeodominios suelen unir el ADN como heterodímeros.
La resolución de la estructura de p16.7C por medio de técnicas de RMN y de cristalografía permitió
conﬁrmar que su estructura secundaria es muy similar a la de los homeodominios. Sin embargo, la organización espacial de las tres hélices α de p16.7C
es diferente a la de los homeodominios, deﬁniendo un nuevo tipo de plegamiento dímerico de seis
hélices. Así, el “loop” que separa las hélices I y II
parece ser importante para la estructura terciaria de
p16.7C.
Por otro lado, se estudió si los contactos interdiméricos observados en el cristal podían reﬂejar el
modo de multimerización de p16.7C, pero mutantes
de p16.7C en los aminoácidos E72 y R98 fueron
aún capaces de multimerizar, por lo que parecen ser
residuos no esenciales en este proceso. Por medio
de estudios de RMN en presencia y en ausencia de
ADN se determinó sin embargo que la interfase de
oligomerización estaba formada por grandes superﬁcies localizadas en las caras laterales del dímero
de p16.7C. Además, se determinó que la más probable región de unión al ADN (debido a su potencial
electrostático) era la comprendida por las hélices
3 de cada monómero y su correspondiente extensión C-terminal. Esta región consta de un número
moderado de residuos básicos, lo que explicaría el
requerimiento de multimerizar para una eﬁciente
unión al ADN, y además, es una región sin protuberancias que puedan penetrar en el surco mayor o en
el menor, lo que diferencia a p16.7C de los motivos
hélice-giro-hélice y de los homeodominios.
Sin embargo, por técnicas de RMN no se pudo

obtener una visión detallada de la interfase de oligomerización y del modo de unión a ADN de la proteína p16.7C. Para profundizar en estas cuestiones
se determinó la estructura de p16.7C en complejo
con ADN de cadena doble por técnicas cristalográﬁcas. De esta forma, se vio que la unidad funcional
de p16.7C está formada por tres dímeros que se ordenan cara a cara formando una profunda cavidad
en la que se une el ADN. Así, se conﬁrmó que la
interfase de oligomerización implica grandes superﬁcies localizadas en las caras laterales del dímero
de p16.7C, tal y como apuntaban los experimentos de RMN. Además, se determinó que la unión a
ADN está dirigida por fuerzas puramente electrostáticas y sin elementos estructurales que penetren
en los surcos del ADN, lo que está de acuerdo con
la inespeciﬁcidad de unión de p16.7C al ADN. Este
tipo de características son compartidas por algunos
dominios de unión inespecíﬁcos al ADN de enzimas que son capaces de abrazar y deslizarse por
el ADN, como factores de procesividad o “sliding
clamps”. La cavidad de unión al ADN formada por
un tridímero de p16.7C consta de cadenas laterales
donadoras de puentes de hidrógeno que restringirían la difusión trasnlacional del ADN, pero podrían
permitir el desplazamiento de la doble hélice como
un tornillo, manteniendo el “backbone” en posiciones ﬁjas. De acuerdo con esto el mapa de densidad
electrónica es suﬁcientemente bueno como para localizar el “backbone” de fosfatos, pero no así para
determinar la posición precisa de las bases.
Teniendo en cuenta que p16.7 está anclada en la
membrana bacteriana, la única interfase de multimerización sería la perpendicular al recorrido del
ADN. De hecho, tanto en su forma libre como en el
complejo con el ADN, los cristales de p16.7C están
conectados por medio de esta interfase. El área cubierta en esta interfase de multimerización es mayor
que la esperada por simples ordenamientos cristalinos. Además, la dependencia de la concentración
en la unión al ADN indica fuertemente que p16.7C
une ADN de una manera cooperativa, lo que se da
en la mayoría de las proteínas que actúan de manera
transitoria durante la replicación del ADN.
En resumen, los datos estructurales han proporcionado un conocimiento mayor sobre el modo en
el que p16.7 ancla el ADN en la membrana bacteriana durante el proceso replicativo del fago.
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Además, las estructuras cristalinas y en solución
de p16.7C han proporcionado un conocimiento en
detalle de la interfase de dimerización, lo que posteriormente ha permitido diseñar proteínas mutantes
para estudiar la contribución estructural de residuos
especíﬁcos y su importancia en la funcionalidad de
la proteína. Así, los residuos Trp-116 y Asn-120,
localizados en el centro de la interfase de dimerización, y la extensión C-terminal (aminoácidos 122130) eran importantes candidatos para contribuir a
la alta aﬁnidad de dimerización de p16.7C.
La estructura de p16.7C mostró que las cadenas
laterales de la Pro-87 de cada monómero están empaquetadas por los anillos aromáticos del Trp-116
del monómero opuesto, en un ordenamiento que
hemos denominado “jaula de prolinas”. La substitución del Trp-116 por un residuo de alanina desorganizaría por tanto este ordenamiento. Consistentemente, los análisis demostraron que la proteína
pW116A está severamente afectada en las capacidades de dimerizar, oligomerizar y de unirse al ADN,
por lo que el residuo Trp-116 juega un papel crucial
en estas propiedades.
Esta distribución especíﬁca de los aminoácidos
Pro-87 y Trp-116 recuerda las denominadas “jaulas
de triptófano”, en las que la cadena lateral de un
triptófano queda bloqueada por cadenas laterales de
residuos de prolina. La estabilidad de este plegamiento se debe al núcleo hidrofóbico formado por
los residuos aromáticos. Las “jaulas de triptófano”
son frecuentes estabilizadores intramoleculares del
plegamiento de pequeños péptidos monoméricos.
Por el contrario, la “jaula de prolinas” deﬁnida en
p16.7C juega un papel crucial en la estabilización
de un plegamiento dimérico.
Los resultados obtenidos con el mutante pW116A
diﬁeren de los obtenidos con el mutante pN120W,
en el que se previene la formación de tres puentes
de hidrógeno interdiméricos en el centro de la interfase de dimerización de p16.7C. Así, el mutante pN120W apenas se vio afectado en su aﬁnidad
dimérica. Sin embargo, el mutante pN120W fue
incapaz de oligomerizar a altas concentraciones de
proteína y también fue incapaz de unirse al ADN.
Esto indica fuertemente que se requiere la oligomerización de p16.7C para la unión al ADN, y
que ambos procesos parecen estar acoplados. Esta
conclusión está además basada en que la oligome-
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rización de p16.7C y la unión al ADN se observó
a similares concentraciones proteicas. La substitución de la Asn-120 por un triptófano podría introducir pequeños cambios estructurales en la interfase
de dimerización que causarían efectos drásticos en
la oligomerización, aunque no podemos excluir totalmente la posibilidad de que esta mutación afecte
independientemente la oligomerización y la capacidad de unir ADN de p16.7C.
Por último, la extensión C-terminal de cada monómero de p16.7C (aminoácidos 122-130) forma
una estructura extendida que permite múltiples
interacciones intermoleculares con las hélices I y
III del otro monómero. La importancia de la extensión C-terminal se estudió diseñando un mutante de deleción de los 9 últimos residuos C-terminales (p16.7CΔ9). Básicamente, la ausencia de
la extensión C-terminal en el mutante p16.7CΔ9
causó similares efectos a los observados en el mutante pW116A, viéndose severamente afectado en
las capacidades de dimerización, oligomerización
y de unión al ADN. En el caso de p16.7CΔ9, no
es sorprendente la incapacidad de unirse al ADN,
ya que este parece ser un proceso acoplado con la
oligomerización, para la que está altamente afectado. Adicionalmente, además de la incapacidad de
oligomerizar de p16.7CΔ9, los defectos en la unión
al ADN podrían deberse a la pérdida de dos de los
tres residuos que establecen contactos directos con
el “backbone” de fosfatos.
Asimismo, merece la pena mencionar que los dímeros de p16.7C pueden formar dos tipos de oligómeros. Por un lado, tres dímeros se ordenarían
formando una cavidad semicircular estableciendo
una unidad funcional de unión al ADN. Por otro
lado, parece que múltiples unidades tridiméricas
de p16.7C se unen cooperativamente entre sí en un
proceso acoplado a la unión al ADN.
La resolución de la estructura tridimensional de
p16.7C permitió profundizar en sus modos de oligomerización y de unión al ADN. Sin embargo, el
conocimiento de la organización in vivo de la replicación del ADN de Φ29 y del papel de p16.7 en
este proceso era pobre. De esta forma, se utilizaron
técnicas de inmunoﬂuorescencia para determinar la
localización in vivo de la proteína p16.7 y del ADN
de Φ29, lo que reveló que siguen una distribución
helicoidal en la membrana bacteriana. Además, se
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fusionó la ADN polimerasa (p2) del fago con GFP,
lo que permitió seguir su localización en células vivas y a tiempo real. La fusión GFP-p2 se distribuyó
a lo largo de todo el citosol en células no infectadas.
Sin embargo, en células infectadas forma estructuras helicoidales parecidas a las de p16.7 y el ADN
del fago. Esta disposición helicoidal no se da en
células infectadas con un fago mutante para la proteína terminal, lo que sugiere que la formación del
heterocomplejo ADN polimerasa-proteína terminal
es necesaria para la redistribución de la ADN polimerasa viral.
Estas estructuras helicoidales guardan cierta similitud con las adoptadas por las proteínas del citoesqueleto de B. subtilis, MreB, Mbl y MreBH.
Esto nos llevó a analizar la posibilidad de que el
citoesqueleto bacteriano pudiese tener un papel en
la organización de la replicación del ADN del fago
Φ29. De hecho, análisis de PCR cuantitativa y de
formación de placas de lisis determinaron que la
eﬁciencia de la replicación de Φ29 está fuertemente
afectada en cualquiera de las tres cepas bacterianas
mutantes en el citoesqueleto. Este resultado no es
fruto de un efecto colateral por las variaciones en
la pared celular de estas estirpes mutantes. Por un
lado, los experimentos se hicieron en presencia de
25 mM MgSO4, concentración a la que está descrito que estas estirpes mutantes tienen una forma y
crecimiento próximos a la estirpe salvaje. Por otro
lado, se observaron el mismo número de placas
de lisis infectando la estirpe salvaje y las estirpes
mutantes. Finalmente, se ha demostrado que en las
estirpes mutantes hay tan solo un leve efecto en la
inyección del ADN del fago.
La conclusión de que se necesita un citoesqueleto
intacto para que la replicación del ADN de Φ29 asociada a la membrana sea eﬁciente se basa además en
la observación de que la distribución helicoidal de
p16.7, del ADN del fago, y de la fusión GFP-p2 resultó muy afectada en cualquiera de las estirpes mutantes en el citoesqueleto. En consonancia con esta
conclusión, los experimentos indican que p16.7 no
es funcional en estirpes mutantes en el citoesqueleto. Los resultados mostraron incluso que la ausencia
de p16.7 afectó de una manera menos drástica la
eﬁciencia de la replicación del fago que la ausencia de cualquiera de las proteínas citoesqueléticas
de la bacteria. Además, la fusión GFP-p2 no adop-

tó una conformación helicoidal en estirpes salvajes
tratadas con A22, un compuesto para el que se ha
descrito la propiedad de disgregar el citoesqueleto
bacteriano.
Esta conclusión sería aún más contundente si se
demostrase una colocalización de p16.7, del ADN
del fago, de la fusión GFP-p2 o de cualquier otra
proteína viral implicada en la replicación con componentes del citoesqueleto bacteriano. Estos experimentos de colocalización se han planteado para
realizar en un futuro cercano.
Dado que las tres proteínas del citoesqueleto de B.
subtilis, MreB, Mbl y MreBH están implicadas en
diferentes aspectos en morfogénesis y en el control
del tamaño celular resulta sorprendente que la replicación del ADN del fago Φ29 se vea severamente
afectada en ausencia de cualquiera de estas proteínas. Sin embargo, este resultado no es difícil de
comprender si tenemos en cuenta que recientemente se ha publicado que las tres isoformas de MreB
colocalizan dentro de la bacteria. A día de hoy, no
se sabe como están organizadas, si son ﬁlamentos
independientes que interaccionan lateralmente, si
forman ﬁlamentos mixtos o cualquier otro tipo de
disposición.
Los resultados obtenidos indican que el citoesqueleto bacteriano funciona como un andamio
para organizar la replicación del ADN viral en la
membrana, incrementando así las concentraciones
locales de los componentes necesarios para este
proceso, lo que aumentaría su eﬁciencia. Este aumento de eﬁciencia se podría deber a un aumento en
la estimulación del proceso replicativo permitiendo
que se diese simultáneamente en diferentes lugares
y sobre diferentes substratos. Así, el citoesqueleto
podría servir como un camino sobre el que el ADN
viral recién sintetizado se moviese para ocupar lugares adicionales. Otra posibilidad interesante es
que el ADN se distribuyera por el camino helicoidal
del citoesqueleto como consecuencia de su comportamiento dinámico intrínseco. Sobre el movimiento
dinámico del citoesqueleto de B. subtilis se han publicado resultados contradictorios, por lo que se requieren estudios adicionales para profundizar en el
conocimiento de este mecanismo. No hay datos por
lo tanto que demuestren de forma irrefutable si hay
una polaridad global o no en la formación de estos
ﬁlamentos. De cualquier forma, independientemen-
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te de la polaridad de estas estructuras dinámicas, la
unión directa o indirecta del ADN del fago Φ29 al
citoesqueleto podría ser el motor para extender el
material genético viral a lo largo de la membrana
bacteriana.
Resulta posible pensar que la proteína p16.7 sea
el nexo de unión del ADN viral con el citoesqueleto. A favor de esta hipótesis estaría en primer
lugar el argumento de que se trata de una proteína
localizada en la membrana con aﬁnidad por ADN
de cadena doble. En segundo lugar, p16.7 es una
proteína capaz de multimerizar y adopta una disposición helicoidal que requiere un citoesqueleto
intacto. Finalmente, la redistribución del ADN viral
y de la fusión GFP-p2 están severamente retrasadas
en ausencia de p16.7. A este respecto, resulta tentador especular con la posibilidad de que el dominio
“coiled-coil” interaccione con el citoesqueleto bacteriano.
En resumen, los resultados obtenidos en esta
tesis son compatibles con un modelo en el que el
citoesqueleto serviría de andamio para organizar la
replicación del ADN de Φ29 en la membrana bacteriana, proceso en el que también estaría implicada
la proteína p16.7.

ble a proteinasa K.
5. A pesar de marcadas similitudes en la estructura
secundaria, las estructuras terciarias de los homeodominios de unión a ADN y de p16.7C son fundamentalmente diferentes. De hecho, p16.7C es una
molécula dimérica elongada que está constituida
por un eje simétrico que deﬁne un nuevo tipo de
plegamiento de seis hélices.
6. La oligomerización de p16.7C está mediada por
grandes superﬁcies localizadas en las caras laterales del dímero de p16.7C y está caracterizada por
una estrecha complementaridad consigo misma. La
unión de p16.7C al ADN induce el mismo proceso
oligomérico que se obtiene a alta concentración de
proteína y en ausencia de ADN. Esto sugiere fuertemente que la oligomerización y la unión al ADN
son procesos acoplados.
7. El residuo Trp-116 está implicado en la formación de un nuevo motivo de caja de dimerización
aromática que hemos denominado caja de prolinas.
En este motivo están implicados dos Trp-116 y dos
Pro-87 que de forma conjunta forman un bolsillo
hidrofóbico intermolecular como consecuencia del
encapsulamiento de las cadenas laterales de residuos de prolina por una cubierta de anillos aromáticos de triptófano.
8. El residuo Trp-116 y la extensión C-terminal (residuos 122-130) son importantes para la alta aﬁnidad
de dimerización y para la funcionalidad de p16.7C.
9. El residuo Asn-120 juega un papel minoritario
en la dimerización de p16.7C pero es esencial para
la oligomerización y para la unión al ADN, lo que
constituye una evidencia de que la oligomerización
y la unión al ADN son procesos acoplados, es decir,
la funcionalidad de p16.7C requiere la formación
de oligómeros.
10. La estructura cristalina de p16.7C en complejo
con ADN de cadena doble reveló el modo de oligomerización de la proteína y su sitio de unión al
ADN. Así, tres dímeros de p16.7C forman una unidad funcional de unión al ADN de cadena doble,
ordenándose cara a cara para deﬁnir una cavidad
profunda de unión al ADN.
11. La cavidad de unión al ADN de cadena doble
de p16.7C tiene un fuerte potencial electrostático
positivo y no presenta elementos estructurales que
puedan penetrar en los surcos del ADN. La cavidad
está deﬁnida en su superﬁcie por un patrón discon-

V. Conclusiones
1. p16.7 tiene una organización modular y está
compuesta por los siguientes dominios: (i) un dominio transmembrana N-terminal de 20 aminoácidos que sirve de anclaje para su localización en la
membrana; (ii) un dominio “coiled-coil” intermedio, de unos 30 aminoácidos; y (iii) un dominio funcional C-terminal que permite a p16.7 contribuir en
la organización de la replicación del ADN de Φ29
y que podría estar evolutivamente relacionado con
homeodominios.
2. La región de p16.7 que comprende los aminoácidos 21-68 (p16.7N) tiene la capacidad de dimerizar
como un “coiled-coil” de baja aﬁnidad.
3. La región C-terminal de p16.7 que comprende los
aminoácidos 63-130 (p16.7C) forma homodímeros
de alta aﬁnidad y constituye el dominio funcional
de la proteína p16.7, ya que se une al ADN y a la
proteína terminal y además tiene la capacidad de
multimerizar.
4. El “coiled-coil” y el dominio funcional C-terminal de p16.7 están conectados por un “linker” sensi-
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tinuo de cadenas laterales cargadas positivamente y
donadoras de puentes de hidrógeno encima de las
cuales reposa el “backbone” de fosfatos del ADN.
De hecho, p16.7C solamente establece contactos
con el “backbone” de fosfatos.
12. La organización de la replicación del ADN de
Φ29 en la membrana bacteriana sigue un patrón helicoidal. Así, la proteína p16.7, el ADN de Φ29 y
la ADN polimerasa de Φ29 tienen una distribución
helicoidal en células de B. subtilis infectadas con
Φ29.
13. Fusiones funcionales de ADN polimerasa y de
GFP tanto en la región C-terminal como en la Nterminal mostratron que, en células no infectadas,
la ADN polimerasa se localizaba de una manera homogénea a lo largo de toda la célula. Cuando las células fueron infectadas, la ADN polimerasa se redistribuyó en un patrón helicoidal en la periferia de la
célula. La proteína terminal de Φ29 es esencial para
redistribuir la ADN polimerasa en la membrana.
14. La distribución helicoidal de p16.7, del ADN
de Φ29 y de la ADN polimerasa de Φ29 es dependiente de las proteínas citoesqueléticas de B. subtilis MreB, Mbl y MreBH, y la replicación del ADN
de Φ29 está severamente afectada en células mutantes en el citoesqueleto. Las proteínas de la familia
MreB de B. subtilis funcionan como un andamio
para la replicación del ADN de Φ29.

22

1

Introduction

1. Introduction

1.1- General introduction
Many aspects of biology have common features in
most or all organisms and fundamental biological
principles appear to be conserved through evolution.
The more we learn about any particular species, the
more attractive it becomes as an object for further
study. Each discovery raises new questions and may
provide new basis with which to answer them in the
context of the chosen organism. For this reason, large
communities of biologists have studied different
aspects of certain model organisms, with the
expectation that the discoveries made will provide
insights into the workings of more complex species.
Thus, model organisms are the key to understand
sophisticated biological systems and are often used
to study fundamental biological processes. Model
organisms are generally selected on the basis of
the following characteristics: rapid development
with short life cycles, easy growth, harmless for
humans and availability of techniques for genetic
manipulation to generate directed mutants.
There are different types of model organisms. In
the case of eukaryotes, several yeasts, particularly
Saccharomyces cerevisiae (“baker’s” yeast), are
widely studied. They are especially useful in cell
cycle studies because of their easy culturing, but,
as a eukaryote, they share the complex internal
cell structure of plants and animals, and the
cell cycle is regulated by homologous proteins.
The fruit ﬂy Drosophila melanogaster is also a
valuable organism, particularly in genetics and
developmental biology. Part of the reason people
study them is historical (so much is already known
about it) and part of it is practical: it is a small
animal, with a short life cycle of just two weeks,
and is cheap and easy to keep in large numbers. In
addition, mutant ﬂies, with defects in any of several
thousand genes are available, and the entire genome
has recently been sequenced. The roundworm
Caenorhabditis elegans is studied because it has
very deﬁned development patterns involving ﬁxed
numbers of cells, which can be rapidly screened
for abnormalities. C. elegans has been especially
useful for studying cellular differentiation, and
was the ﬁrst multicellular organism to have its

genome completely sequenced. Mus musculus, the
common house mouse, is also extensively used as
a model system in biology and medicine. Mice are
convenient in research because their physiology is
similar to that of humans and their relative short life
cycle makes breeding easy. They are mainly used as
model systems to study certain human diseases in
order to develop and test the safety of new drugs.
In the case of prokaryotes, one of the ﬁrst systems
used for molecular biology was the Gram-negative
bacterium Escherichia coli, a common constituent
of the human digestive system. Some strains of E.
coli can be the causative agent of several intestinal
and other infections such as meningitis, peritonitis,
mastitis, septicemia, urinary tract infections or
Gram-negative pneumonia. Consequently, E. coli
is frequently studied in medicine and is the current
“workhorse” in molecular biology. Bacterial
conjugation was ﬁrst discovered in E. coli,
remaining the primary model to study it. E. coli
also plays an important role in modern biological
engineering and it is often used as cell “factories”
to produce large amounts of DNA and/or proteins.
One of the ﬁrst useful applications of recombinant
DNA technology was the manipulation of E. coli to
produce human insulin.
Another important prokaryotic model organism
is Bacillus subtilis, which has proven highly
amenable to genetic manipulation, and has therefore
become an attractive organism to study various
fundamental processes including sporulation, which
is a simpliﬁed example of cellular differentiation,
DNA replication and segregation, cellular division
and protein secretion. In terms of popularity as a
laboratory model organism, B. subtilis is often used
as the Gram-positive equivalent to E. coli. Thus,
B. subtilis and E. coli are the best-characterized
prokaryotic organisms at the genetic, biochemical
and physiological level.
Several bacterial viruses (bacteriophages or
phages) have also been proven useful to understand
various fundamental processes such as DNA
replication, transcriptional regulation, phage
morphogenesis and phage DNA packaging. For
instance, E. coli- infecting phages λ and T4 have
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been very useful to understand basic natural
processes. Similarly, B. subtilis is the natural host
of a group of related phages, which form part of the
Podoviridae family, from which Φ29 is one the best
studied as a replication model system.
Replication of a genome is one of the key processes
during the cell cycle and has been extensively
studied using different model systems. It becomes
now apparent that both prokaryotic and eukaryotic
DNA replication takes place at speciﬁc intracellular
locations. Having a detailed knowledge of the
proteins that constitute the replicative machinery and
how they are organized inside the cell, is one of the
challenges of current science. A detailed knowledge
of DNA replication probably will open important
avenues in several ﬁelds such as the development
of new generations of antibiotics and antiviral drugs
and new or improved treatments for cancer.

Figure 1. Models for replication by (A) tracking and (B)
immobile polymerases (ovals). Small circles mark origins or
promoters and arrows show movement of the polymerase (pol)
or template. Blue lines denote parental strands and green lines
denote daughter strands. (A) A tetramer containing four DNA
polymerases splits, and the two halves (each with a polymerase
on a leading and lagging strand) move apart. (B) A ﬁxed complex
contains four DNA polymerases. Daughter strands are extruded
in loops as the parental duplex slides in from the sides through
the ﬁxed sites. The origin is shown as detaching from the complex after initiation, but it may remain attached throughout.

detach most DNA from the substructure. Labeled
(de novo synthesized) DNA remained bound to the
substructure, which in bacteria is the cell membrane
(Ogden et al., 1988; Landoulsi et al., 1990), or
nuclear remnants like “matrices” or “nucleoid
cages” in the case of eukaryotes (Berezney and
Coffey, 1975; McCready et al., 1980; Pardoll et al.,
1980).
The following results indicate that DNA
polymerases are immobilized. During replication a
helicase unwinds duplex DNA in an ATP-dependent
reaction to provide single stranded substrates for
a DNA polymerase. In simian virus 40, the large
tumor antigen (T-antigen) forms a hexamer that
works as a DNA helicase at replication forks. An
electron microscopy study revealed that unwound
DNA from the viral replication origin forms two
single-strand loops, both of which were pinched by
the same pair of associated T-antigen (Wessel et al.,
1992). Because the helicase dictates the geometry
of the two replication forks, the four polymerases
acting there must adopt the same geometry (and
immobility).
Another line of evidence is that adjacent origins
of replication in a mammalian chromosome often
ﬁre simultaneously (Huberman and Riggs, 1968;
Jackson and Pombo, 1998). Thus, the stretches
initiate and elongate synchronously, presumably

1.2- Historical overview of DNA replication
1.2.1- Immobile DNA polymerases
Models for replication traditionally display DNA
polymerases that track like locomotives along DNA
templates. However, recent evidences support a
“stationary replisome model” in which DNA is
immobilized by attachment to larger structures,
where they reel in their templates and extrude
newly made nucleic acids (Figure 1) (for review see
Cook, 1999). Thus, experimental data supporting
a stationary replisome model have been provided
for eukaryotic and prokaryotic organisms (Hozak
et al., 1993; Newport and Yan, 1996; Lemon and
Grossman, 1998; Lemon and Grossman, 2001a;
Jensen and Shapiro, 2001; Lau et al., 2003;
Kitamura et al., 2006). Immobilization of DNA
polymerases in factories could be achieved by
ﬁxing the two partners in a dimeric complex to each
other as in helicases (West, 1997) or by attaching
the polymerase to the cell membrane (Lemon and
Grossman, 1998), or internal skeleton (Hozak et
al., 1993). Evidence supporting this new perception
has its origin in experiments in which cells that
were exposed brieﬂy to a labeled DNA precursor
were broken open, and treated with a nuclease to
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through the coordinate action of adjacent
polymerases. In addition, nascent DNA resists
detachment, even when physiological conditions
are used during cell lysis and analysis (Jackson
and Cook, 1986). If polymerases tracked along
the template, most polymerizing activity and
newly made DNA should be removed with the
electroeluted chromatin. However, most remained
with the eloctroeluted chromatin, suggesting that
the newly made DNA was held by polymerases
attached to the substructure. Finally, various other
proteins involved in DNA replication colocalyze
with replication factories (Okano et al., 1999).

remain when most chromatin is removed (Nakayasu
and Berezney, 1989; Hozak et al., 1993), implying
that newly made DNA is attached to an underlying
substructure. In addition, using electron microscopy
techniques Hozak et al. (1993) showed that the
replication factories are ﬁxed to a “nucleoskeleton”.
With time, replicated DNA is extruded from these
structures into adjacent regions.
Calculations imply that each early S phase focus
in a human cell contains ~40 active forks. This
resulted in the notion that each focus was a “factory”
containing many polymerizing machines working on
different templates (Figure 2, B through E) (Hozak
et al., 1993). These factories are probably the in
situ counterparts of isolated “megacomplexes” that
contain many polymerases (Tubo and Berezney,
1987).
Recently, Kitamura et al. (2006) studied the
localization of DNA loci and proteins involved in
DNA replication in individual S. cerevisiae cells
using fusions of the green ﬂuorescent protein
(or derivatives emitting yellow or cyan colours
upon excitation) to various proteins. Contrary to
immunoﬂuorescence techniques, this approach
allows analyses of the temporal and spatial dynamics
of DNA replication in living cells by time lapse
microscopy. Using this technique these authors
not only conﬁrmed the existence of replication
factories where the bulk of DNA synthesis occurs,
but also made several additional discoveries of
great importance. First, they demonstrated that the
formation of replication factories is a consequence
of replication itself. Second, they showed signiﬁcant
changes in the shape and location of the POL1
DNA polymerase fused to GFP in time, strongly
indicating that replication factories have a dynamic
behaviour. Finally, they present for the ﬁrst time
conclusive evidence that sister replication forks
generated from the same origin stay associated with
each other within a replication factory while the
entire replicon is replicated (see also Meister et al.,
2006).

1.2.2- DNA replication in eukaryotic organisms
1.2.2.1- Replication of eukaryotic chromosomes
Over the last decades, the development of
immunoﬂuorescence techniques has provided
a powerful tool to study the organization of
replication. For example, nascent DNA can be
labeled by incubating cells with DNA precursors
such as BrdU to label nascent DNA. Subsequently,
the sites of incorporation can be visualized with
ﬂuorescently labeled antibodies directed against
BrdU. Using this technique, it was shown that the
sites of BrdU incorporation, i.e. replication sites,
were not diffusely spread throughout nuclei but
concentrated in ~150 foci in rat ﬁbroblasts in S phase
(the cell cycle phase in which DNA is replicated)
(Nakamura et al., 1986). The direct visualization of
replication sites provides convincing evidence that
DNA polymerases are immobilized, demonstrating
that chromosomal DNA replication in eukaryotic
cells occurs at numerous locations within the
nucleus. Similar foci have been seen using a
wide range of cells and precursors (Figure 2A).
Early during S phase, foci are small and discrete,
but later, when heterocromatin is replicated, they
become larger and less numerous (Nakayasu and
Berezney, 1989; Newport and Yan, 1996). Double
immunolabeling shows that these foci contain the
necessary replication factors like DNA polymerase
α, proliferating cell nuclear antigen, cyclin A, cdk2
and RPA70 (Newport and Yan, 1996). The foci
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Figure 2. Visualizing newly made DNA in HeLa cells (Cook, 1999). (A) Replication foci. A cell in mid-S phase was grown for 5 min
in 150 µM BrdU and ﬁxed; then, Br-DNA was indirectly immunolabeled with ﬂuorochrome (Cγ3), and a ﬂuorescent image of the center of the cell was collected with a confocal microscope. Newly made DNA appears as discrete white foci in the nucleus (black “holes”
are nucleoli). Scale bar, 2.5 µM. (B through E) Model showing the organization of the DNA duplex (shown as a single blue line) in a
replication focus. Origins (small circles) in three chromatin loops attach to polymerizing sites (small ovals) in the factory (large oval).
Replication occurs as daughter duplexes (single green lines), containing one parental strand and one newly made strand, are extruded
in loops as the parental duplex slides through the ﬁxed sites; during this process, parental loops shrink, and daughter loops grow.

1.2.2.2- Replication of viral DNA
Also replication of most DNA viruses occurs within
the cell nucleus. Like eukaryotic genomes, viral
DNA replication factories seem to be attached
to certain nuclear substructures (Lamond and
Earnshaw, 1988). Replication of adenovirus, which
contains a linear DNA genome with a terminal
protein bound to the ends, takes place at different
subnuclear sites on the nuclear matrix (Pombo et
al., 1994).
Instead of the nuclear matrix, replication of
positive-strand RNA viruses occurs in close
association with intracellular membranes of diverse
origin (e.g. endoplasmic reticulum, lysosome,
chloroplast). Upon infection these viruses are
also able to induce proliferation or reorganization
of membranous structures (Buck, 1996). Thus,

membranes function not just as a compartmentalizing
virus RNA replication, but also have a central role
in the organization and function of the replication
machinery. In the case of hepatitis C virus, evidence
has been obtained that the endoplasmic reticulum
or an endoplasmic reticulum-derived compartment
provides a site for hepatitis C RNA replication
(Pietschmann et al., 2001; Mottola et al., 2002).
Another interesting example is the infection of
mammalian cells with poliovirus, which results
in the proliferation of membranous vesicles in the
cytoplasm. Analysis of the membranous vesicles
isolated from poliovirus-infected cells revealed that
they contain all viral proteins required for RNA
replication (Egger et al., 1996) and it has been
shown that poliovirus RNA replication complexes
assemble on the surface of these vesicles, which
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derive from the endoplasmic reticulum (Suhy et
al., 2000; Rust et al., 2001). The poliovirus RNA
polymerase, not being a membrane protein, binds
speciﬁcally to another viral protein, 3AB, which
associates with intracellular membranes (Lama et
al., 1994; Hope et al., 1997; Lyle et al., 2002b).
The X-ray structure of the poliovirus polymerase
was determined at 2.6 Å resolution (Hansen et
al., 2002), and extensive regions of polymerasepolymerase interactions were observed, suggesting
an unusual higher order structure which is likely
to be important for polymerase function. Further
electron microscopy studies revealed that poliovirus
RNA-dependent RNA polymerase forms large twodimensional sheets and tubes in solution (Lyle et
al., 2002a). Formation of these large assemblies
seems to be critical for cooperative RNA-binding
and, therefore, for RNA elongation. Furthermore,
membranous vesicles isolated from poliovirusinfected cells contain structures consistent with the
presence of two-dimensional polymerase arrays
on their surfaces (Lyle et al., 2002a). Thus, Lyle
et al. (2002a) have proposed that host cytoplasmic
membranes may function as physical foundations
for two-dimensional polymerase arrays, conferring
the advantages of surface catalysis to viral RNA
replication. These results, obtained for a viral RNA
polymerase, constitute an interesting parallelism
with previous results obtained with eukaryotic
and prokaryotic DNA polymerases (see above),
supporting the “stationary replisome model” in
which a polymerase is immobilized by attachment
to larger structures.
1.2.3- Replication in prokaryotic organisms
1.2.3.1- Replication of prokaryotic chromosomes
The ﬁrst experimental evidences supporting the
view that prokaryotic DNA replication, including
that of bacterial chromosomes, plasmids and viral
genomes, occurs at the cytosolic membrane were
presented in the 1960s (for review see, Siegel and
Schaechter, 1973). Jacob and co-workers (1963)
published their “replicon” theory, which postulated
that the origins of the sister chromosomes are
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anchored to the cell membrane at a central position
of the cell. Cell elongation and insertion of new
cell membrane between the attachment sites of
the two chromosomes would provide the motive
force to segregate the chromosomes into the
daughter cell compartments. Thus, according to the
“replicon” model, chromosome segregation would
be essentially a passive process, and therefore being
fundamentally different from that of eukaryotes.
In eukaryotes, the mitotic spindle apparatus,
which consist of microtubule ﬁbres anchored via
kinetochores to the centromeres, pulls the sister
chromatids towards opposite cell poles (for review
see Nasmyth, 2002).
Cell fractionation techniques, carried out in
the 1960-1970s, showed that newly replicated
prokaryotic DNA molecules and replication
proteins were recovered in membrane fractions,
and complementary studies using genetic and
biochemical approaches added evidence that
prokaryotic DNA replication is associated to the
membrane (reviewed in e.g., Siegel and Schaechter,
1973; Firshein, 1989; Sueoka, 1998). Thus, it is
generally believed that the bacterial membrane
provides a framework on which replication
factors and DNA can bind and interact. The
inherent compartmentalization of DNA replication
associated to the membrane would also enhance
the efﬁciency of the replication process via surface
catalysis. General aspects of compartmentalization
of prokaryotic DNA replication via membrane
association has been reviewed elsewhere (Bravo et
al., 2005).
Studies in this ﬁeld were boosted upon the
introduction of ﬂuorescence microscopy methods in
prokaryotic research, which allows the localization
of proteins and/or DNA regions in time and space
within single cells (for review see, Jensen and
Shapiro, 2000). For example, the use of GFP
has made it possible to visualize the position of
replication proteins in living cells. Besides adding
further evidence that prokaryotic replication occurs
at or near the membrane, these techniques revealed
important insights in various cellular processes
including those directly related with DNA replication
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such as, for example, chromosomal segregation.
One hallmark of these studies was the discovery
that the DNA replication machinery is located at
relatively static mid-cell positions within the cell,
presumably via attachment to the membrane, leading
to the factory model of replication in prokaryotes
(see below and Figure 3) (Lemon and Grossman,
1998). There is currently a strong body of evidence
that, at least in E. coli, the bacterial membrane
plays an important role in the control of initiation
of chromosomal DNA replication (for review see
Boeneman and Crooke, 2005). In addition, contrary
of being a passive process proposed in the replicon
model, prokaryotic chromosome segregation
appears to be an active process involving several
proteins (see below). Nevertheless, despite these
novel insights, our knowledge about the organization
of membrane-associated DNA replication and the
proteins involved in this fundamental process is still
rather poor.

After duplication, RK2 foci separate and migrate
with rapid kinetics to the quarter cell positions.
Recent localization studies established that
segregation of at least some bacterial plasmids
takes place in an active and directed fashion at
particular subcellular sites (Hiraga, 2000; Gordon
and Wright, 2000; Pogliano, 2002). E. coli plasmids
F and P1, which are present at one or two copies per
chromosome equivalent, are actively partitioned
into daughter cells by the plasmid-encoded sopABC
and parABS systems, respectively (Hiraga, 2000;
Gordon and Wright, 2000; Draper and Gober,
2002). In newborn cells, plasmids F and P1 are
localized to the cell midpoint. Upon duplication at
such a position, plasmid DNA molecules migrate
to the ¼ and ¾ cell positions, which become the
midpoints of the nascent daughter cells, ensuring
that each daughter cell will receive at least one
plasmid molecule (Gordon et al., 1997).
Interestingly, despite their similar distribution
pattern, plasmids F, P1 and RK2 are targeted
separately to different positions in the vicinity
of the cell midpoints or cell quarters (Ho et al.,
2001). Moreover, these plasmids are not only
spatially separated in the cell, but they segregate
at different times. These results support a model in
which compatible plasmids interact with different
subcellular structures.

1.2.3.2- Replication of resident plasmids
Like bacterial chromosomes, also replication of
bacterial plasmids appears to be associated to the
membrane. In E. coli, replication of the broad-hostrange plasmid RK2 initiates at a unique sequence,
named oriV, and requires the plasmid-encoded
initiation protein TrfA. Cell fractionation studies
showed that TrfA was tightly bound to the inner
membrane (Kostyal et al., 1989). In addition, it
was shown that TrfA-dependent initiation of RK2
DNA replication was associated primarily with the
inner membrane fraction (Michaels et al., 1994).
Furthermore, a membrane subfraction representing
less than 10% of the total membrane supported
TrfA-dependent initation of RK2 DNA synthesis
(Kim and Firshein, 2000). Together, these studies
show that replication of plasmid RK2 takes place at
the bacterial membrane.
Similarly, the subcellular location of the broadhost-range plamid RK2 has been studied using
FISH techniques (Pogliano et al., 2001). Many
copies of RK2 seem to be replicated and partitioned
in clusters targeted to speciﬁc subcellular locations.
In newborn cells, RK2 is localized near midcell.

1.2.3.3- Replication of bacteriophages
Also replication of viral genomes seems to occur
at speciﬁc intracellular locations in prokaryotes.
Several lines of evidence support that replication of
phage DNA takes place in the bacterial membrane
(Siegel and Schaechter, 1973; Liebowitz and
Schaechter, 1975; Firshein, 1989). For example, the
phage T4 gp69 protein was found to be associated
with membrane fractions in E. coli (Mosig and
Macdonald, 1986; Mosig, 1987). Protein gp69
shares a patch of homology with a segment of the
DnaA initiation protein. The patchy homology of
DnaA protein and gp69 suggests that they may
serve some similar functions, such as interactions
with the same E. coli components in bacterial and
viral DNA replication. Moreover, gene 69 spans
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an origin of T4 DNA replication, and this origin is
preferentially associated with membrane fractions.
Thus, Mosig et al. (1986) proposed that gp69 is
involved in the attachment of this origin to the
bacterial envelope (Mosig and Macdonald, 1986).
Additionally, p1 and p16.7 phage Φ29-encoded
proteins are involved in the membrane-association
of phage DNA replication (see below).
1.2.4- Conserved features of in vivo DNA
replication
As outlined above, fundamental biological principles
such as DNA replication appear to be conserved
between eukaryotic and prokaryotic organisms
through evolution. Experiments strongly indicate
that prokaryotic and eukaryotic DNA replication
takes place at speciﬁc intracellular locations.
Furthermore, at least for all the systems analyzed
so far, the available evidences support a model
in which DNA polymerases are immobilized by
attachment to larger structures, membranes in case of
bacteria, phages, and some viruses, and the nuclear
matrix in eukaryotic organisms and most viruses.
Accordingly, most, if not all, DNA polymerases are
organized in multiprotein complexes (replisomes)
forming discrete (although dynamic) replication
factories and are not free to track along their
templates. Instead, the DNA templates are reeled in
the stationary DNA polymerases.
Despite these novel insights our knowledge of in
vivo DNA replication is far from complete. In the
experiments described in this thesis the B. subtilis
phage Φ29 was used as a model system to study
DNA replication. Phages are generally believed to
have coevolved with their host and exploit various
host-encoded proteins, substrates or structures
(for instance RNA polymerase, nucleotides,
ribosomes, membranes, etc). Facets of phage
Φ29 DNA replication such as the organization or
compartmentalization are likely to be intertwined
with cellular processes of the host. Hence,
understanding of in vivo membrane-associated Φ29
DNA replication also requires an understanding
of the principal features of B. subtilis, which are
outlined below.

31

1.3- General features of B. subtilis
B. subtilis is a Gram-positive, rod-shaped bacterium
commonly found in soil or decaying plant material
(Madigan and Martinko, 2005). B. subtilis has
the ability to form a tough, protective endospore,
allowing the organism to survive extreme
environmental conditions. It has historically been
classiﬁed as an obligate aerobe, though research
has demonstrated that this is not strictly correct
(Nakano and Zuber, 1998).
Several features make B. subtilis (and other bacilli)
important organisms for scientiﬁc and applied
purposes. For instance, some B. subtilis strains (e.g.
B. subtilis var. natto) are used in the fermentation of
steamed soybeans and the product, natto, is a regular
food component, especially in South-East Asia.
Under suboptimal growth conditions, B. subtilis
possesses the ability to develop various differential
processes. These differentiation processes include
synthesis and secretion of industrially important
products such as antibiotics, amylases and proteases.
The high protein-secretion capacity together with
the fact that B. subtilis can grow in cheap media,
has led to its use in the industry for the production
of homologous and heterologous proteins.
Recently, it has been demonstrated that several
bacilli, including B. subtilis, form part of the
gastrointestinal tract microﬂora of animals and
humans (Tam et al., 2006). Besides being a likely
probiotic, currently the possibility is investigated
to use B. subtilis spores as oral heat-stable vaccine
delivery vehicles (Uyen et al., 2006).
Apart from being used for industrial purposes,
B. subtilis also constitutes the best studied Grampositive organism at a genetic, biochemical and
physiological level, and it is used as a model
organism to study various fundamental biological
questions. An extensive overview of the knowledge
of B. subtilis has been published (Sonenshein et al.,
1993; Sonenshein et al., 2002).
In addition to several genetic transfer systems
like conjugation, transduction, electroporation
and protoplast transformation, B. subtilis can
develop a state of natural competence by which
DNA can actively be taken up from the external
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To gain insight in the organization of in vivo B.
subtilis DNA replication, the cellular localization
of various proteins involved in the initiation of
DNA replication have been studied by cytological
approaches. Thus, the DNA polymerase of B. subtilis
has been visualized in living cells using a fusion
protein consisting of the catalytic subunit PolC
attached in-frame to GFP (Lemon and Grossman,
1998). During exponential growth, the DNA
polymerase was localized at discrete intracellular
positions, predominantly at or near midcell, rather
than being randomly distributed along the nucleoid
mass. The pattern of PolC-GFP localization was
more complex at faster growth rates because of
multifork replication. Under these conditions, foci
are located at the cell one-quarter and three quarter
positions. Also, the δ´ and τ components of the DNA
polymerase III holoenzyme, fused independently to
GFP, displayed similar patterns to those of PolCGFP. Other studies showed that the stationary,
centrally positioned DNA polymerase represents
the location of active replication forks (Lemon and
Grossman, 2001a), strongly indicating that the DNA
template moves through the static polymerases.
Thus, the DNA polymerase can be regarded as a
motor in which newly replicated DNA is expulsed
from the DNA polymerase towards opposite sides
of the cell. Therefore, the DNA polymerase may
contribute to chromosome segregation and this
model has been named as the “extrusion-capture”
mechanism for chromosome segregation (Figure
3)(Lemon and Grossman, 2001b).
The B. subtilis DnaB and DnaI are primosomal
proteins that play a crucial role during replication
initiation. Both proteins interact physically with
the replicative helicase, DnaC, and evidence has
been presented that they mediate the delivery of
DnaC on oriC (Noirot-Gros et al., 2002). Using
immunoﬂuorescence techniques, DnaB and DnaI,
but not the replication initiation protein DnaA, were
detected as foci during the cell-division cycle (Imai
et al., 2000). Although the foci were not always
colocalized with oriC, they seemed to be localized
near the outer or inner edges of the nucleoids at
initiation of replication. Moreover, DnaX-GFP

media after which it becomes integrated into the
bacterial genome via homologous recombination,
resulting in a permanent change of the cell’s
genotype. Amenability to be genetically altered has
contributed importantly to choose B. subtilis as a
model organism.
B. subtilis is also a paradigm to study cell
differentiation because of its natural property to
sporulate in adverse conditions. Spore formation in
B. subtilis poses a number of biological problems of
fundamental signiﬁcance. Asymmetric cell division
at the onset of sporulation is a powerful model
for studying basic cell-cycle problems, including
chromosome segregation and septum formation.
Fascinating problems posed by sporulation include
the temporal and spatial control of gene expression,
intercellular communication and various aspects of
cell morphogenesis. Thus, sporulation is one of the
best understood examples of cellular development
and differentiation. In addition, cell division and
DNA replication processes during vegetative
growth have been also widely studied.
1.4- Organization of the DNA replication in B.
subtilis
1.4.1- Localization of B. subtilis replication
proteins
Replication of the single chromosome of B. subtilis
occurs, as probably for all prokaryotic genomes,
associated to the membrane (see above) (for review
see Sueoka, 1998). As most bacteria, B. subtilis
contains a circular chromosome which is replicated
bidirectionally from a single origin named oriC
(Yoshikawa and Wake, 1993). Initiation of B. subtilis
DNA replication starts by binding of the replication
initiation protein DnaA to numerous cognate
binding sites, named DnaA boxes, located at oriC.
The DnaA binding leads to a localized unwinding
of oriC, allowing assembly of a large multiprotein
DNA replication machine, the replisome (Moriya
et al., 1999). The bidirectional replication fork
contains DNA polymerases involved speciﬁcally
in the replication of the leading strand (PolC) and
lagging strand (Dna E) (Dervyn et al., 2001).
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Figure 3. A simpliﬁed model of the bacterial cell cycle. DNA (dark gray lines), origin (oriC, red circles), terminus (terC, green
square), replisome (overlapping blue and yellow triangles, one for each replication fork), cytokinetic ring (dashed line). In this model,
DNA replication initiates at or near mid cell. The sister origins rapidly separate from each other and become anchored on opposite
halves of the cell. DNA replication continues followed closely by refolding of newly replicated DNA until there are two complete and
separated chromosomes. Finally, the cell divides medially. The model is simpliﬁed to ignore multifork replication.

1.4.2- Localization of the B. subtilis oriC and terC
regions
In another approach, insight into the organization
of DNA replication was obtained by analyzing
the intracellular position of speciﬁc regions
of the B. subtilis chromosome such as oriC or
the region where replication terminates (terC)
during vegetative growth and sporulation. During
vegetative growth, the terC regions remained
predominantly near the center of the cell during
most of the cell cycle (Webb et al., 1998). On the
contrary, newly replicated oriC regions displayed
an abrupt movement from the midcell towards the
cell poles (¼ and ¾ cell positions) (Webb et al.,
1997). The rapid movement was independent of
cell wall growth indicating that the oriC regions
migrated via an active mechanism and suggested
the existence of a mitotic-like apparatus for rapid
and directed origin movement (Webb et al., 1998).
Thus, B. subtilis chromosome segregation, contrary
to the Jacob “replicon model” (see above), is an

(DnaX is a component of DNA polymerase III)
foci were detected near either of the edges of the
nucleoids at the onset of replication. These results
suggest that the replisome is recruited onto oriC near
either edge of the nucleoids to initiate chromosome
replication in B. subtilis. These results differ from
the observations reported by Lemon and Grossman
(1998).
The DnaB protein is involved in the binding of
oriC to the membrane of the bacteria (Winston
and Sueoka, 1980; Hoshino et al., 1987). DnaB,
which contains a predicted transmembrane domain,
interacts with the chemotaxis proteins McpA and
YvaQ (Noirot-Gros et al., 2002), that form large
pole cluster at the membrane in B. subtilis, which
probably explain the polar localization of DnaB
reported by Imai et al. (2000). The interaction of
DnaB with membrane-associated protein complexes
support the idea that bacterial DNA replication is
localized at the membrane.
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active process. During sporulation, the oriC regions
localized at or near each cell pole such that about
30% of the oriC containing region becomes trapped
into the early prespore compartment.

proximal region (Lin and Grossman, 1998). In wild
type cells, Spo0J-GFP localizes as distinct compact
foci that coincide with the oriC region. Binding
of Spo0J to the various parS sites spreaded over
a ~1 Mbp region around oriC, resulting therefore
in compaction of these parS sites containing oriC
region. In addition, the high focal Spo0J-GFP
pattern is lost in a soj mutant indicating that Soj
has a role in the organization and/or compaction of
the Spo0J-parS complexes (Marston and Errington,
1999).
Altogether, these results provide strong evidence that
the soj-spo0J-parS loci constitute a chromosomal
segregation system of B. subtilis. Further supports
for this conclusion are the observations that (i) the
presence of a single parS site stabilizes an otherwise
low-copy plasmid in B. subtilis (Lin and Grossman,
1998) and that (ii) the soj-spo0J-parS loci are
sufﬁcient to stabilize plasmids in E. coli (Yamaichi
and Niki, 2000).
The following indicate however that the sojspo0J-parS loci is not the only segregation system
in B. subtilis. Contrary to the soj-spo0J homologues
in, for example, Caulobacter crescentus (Mohl
and Gober, 1997), soj and spo0J are not essential
genes in B. subtilis. In fact, only a minor effect
on chromosome segregation was observed in the
absence of spo0J (Ireton et al., 1994). Moreover, (i)
it has been described that the oriC regions appeared
to segregate normally in vegetative cells of a sojspo0J deletion mutant (Webb et al., 1998) and (ii)
that Spo0J is not sufﬁcient to recruit chromosomal
parS sites to the cell quarters (Lee et al., 2003).
What other mechanisms could be involved in
(active) chromosome segregation in B. subtilis?
As mentioned above, extrusion of newly replicated
DNA from the replicative DNA might contribute to
chromosome segregation (Lemon and Grossman,
2001a; Lemon and Grossman, 2001b). However,
this would not explain the rapid movement of the
oriC regions during a relative small time window
in the cell cycle. It has also been suggested
that two sequences within the oriC region (one
constituting the 3’ region of the dnaA gene and
the other overlapping with the “AT” rich region

1.4.3- Involvement of Spo0J in segregation
Several investigations have been focused on the
identiﬁcation of factors involved in the precise
subcellular localization of the oriC. An attractive
candidate was Spo0J. Sequence analysis of the
chromosomal region containing spo0J showed
that it forms part of a dicistronic operon. The other
gene, soj (suppressor of spo0J) is located upstream
of spo0J. In addition, it was found that Soj and
Spo0J are related to the family of ParA and ParB
proteins, respectively (Ogasawara and Yoshikawa,
1992). Dicistronic operons encoding ParA and
ParB proteins had been identiﬁed on various lowcopy plasmids and were shown to be required for
segregational stability of these plasmids.
The recognition of these similarities indicated that
Soj and Spo0J could be involved in chromosomal
segregation. In addition to be required for the
initiation of sporulation (Errington and Jones, 1987),
Spo0J indeed was shown to be required for efﬁcient
chromosomal DNA segregation during vegetative
growth (Ireton et al., 1994) as well as during
sporulation (Sharpe and Errington, 1996), although
the absence of Spo0J only affects partitioning.
Spo0J forms generally two to four foci that are
located at the midcell positions on the outer edge of
the nucleoid, indicating that Spo0J binds near the
oriC region. Evidence supporting this view is that
the localization dynamics of Spo0J were similar
to those of oriC (Glaser et al., 1997; Lin et al.,
1997; Webb et al., 1997). Indeed, Spo0J foci were
found to colocalize with oriC regions (Lewis and
Errington, 1997; Teleman et al., 1997) and it was
subsequently found that Spo0J binds preferentially
to a 16 bp inverted repeated sequence, called parS,
located in the spo0J coding sequence, which is close
to oriC (Lin and Grossman, 1998). The genome
contains 7 additional functional parS sites whose
sequences are almost identical to the spo0J parS
site and which are all located in the ~20% origin
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downstream of the dnaA gene) are involved in
proper segregation by correctly position of the
replication origin regions within the cell (Kadoya
et al., 2002). However, the underlying mechanism
for this remains unknown. Finally, as described in
detail below, recent reports indicate that one or more
components of the cytoskeleton may be involved in
chromosome segregation.
1.4.4- MreB cytoskeletal family of proteins are
involved in B. subtilis segregation
Additional factors must determine the speciﬁc
positioning of the oriC region in vegetative cells.
Recently, several research groups have provided
convincing evidence that, in bacteria, DNA
segregation is accomplished by the MreB family
of proteins (Sherrat, 2003; Gerdes, 2004). MreB
proteins are bacterial actin homologues involved
in cell morphogenesis and various other processes
(Van den Ent et al., 2001). MreB homologues are
widespread and well conserved in bacteria. Whereas
Gram-negative organisms, for example E. coli,
have only a single copy of mreB, many bacteria,
particularly Gram-positives, have more than one
MreB isoform. However, mreB genes are absent
from most bacteria displaying coccoid (spherical)
shapes.
B. subtilis, which has a rod-like shape, has three
mreB-like genes: mreB, mbl (mreB-like) and mreBH.
The B. subtilis proteins MreB and Mbl self-assemble
into dynamic ﬁlaments that typically follow a
helical or ring-like path around the periphery of
the cell (just under the cytoplasmic membrane, see
Figure 4) and therefore actively determine shapes
(Jones et al., 2001). Moreover, MreB cytoskeletal
scaffold controls morphogenesis by directing cell
wall biosynthesis over the lateral walls as a means
of controlling both cell width and extension of a
cylindrical cell wall architecture (Jones et al., 2001;
Carballido-López and Errington, 2003b). Daniel
et al. (2003) showed that the insertion of new wall
material in the B. subtilis cylinder occurs in a helical
manner dependent on Mbl. The helical pattern was
reminiscent of the helical cables formed by MreB
and Mbl (Daniel and Errington, 2003).
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It is now evident that MreB proteins actively
determine bacterial cell morphogenesis by directing
the localization of proteins that synthesize and
modify the cell wall (Carballido-López et al.,
2006). Recently, Carballido-López et al. (2006)
have analyzed the function of MreBH. They show
that MreBH has a role in the control of autolytic
activity over the lateral cell wall, and that it carries
out this function by governing the localization of
a cell wall hydrolase, LytE. MreBH can physically
interact with LytE and is required for this helical
pattern of extracellular location. Moreover, lytE
and mreBH mutants exhibit similar cell wall-related
defects. They also found that MreBH, MreB and
Mbl colocalize in live B. subtilis cells (Figure 4),
potentially explaining how synthesis and turnover
of the cell wall can be coordinated. Thus, they
propose that controlled elongation of B. subtilis
depends on the coordination of cell wall synthesis
and hydrolysis in helical tracts deﬁned by MreB
proteins.
In addition to the role of MreB in cell shape
determination and cell morphogenesis, several
chromosome defects were observed in mutant forms
of E. coli MreB (Kruse et al., 2003). Consistently,
depletion of MreB in both B. subtilis and C.
crescentus leads to a rapid defect in chromosome
segregation, where replication origins fail to
localize in a regular bipolar fashion (Soufo and
Graumann, 2003; Gitai et al., 2004). Together with
the observation that MreB forms dynamic ﬁlaments
that move away from the mid-cell towards opposite
cell poles in B. subtilis, these results indicate that
MreB could be part of a mitotic machinery involved
in chromosome segregation (Gerdes, 2004; Defeu
Soufo and Graumann, 2004). Nevertheless, in sharp
contrast with the results obtained by Soufo and
Graumann (2003), Formstone and Errington (2005)
have recently reported that MreB probably does not
have a signiﬁcant role in chromosome segregation
in B. subtilis. However, it remains a possibility that
one of the other actin homologues, Mbl or MreBH
(Carballido-López and Errington, 2003a), helps to
support chromosome segregation in this organism.
Recently, Gitai et al. (2005) have presented
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Figure 4. Colocalization of all three MreB isoforms in B. subtilis. (A, B and C) Colocalization of MreB, MreBH and Mbl in strains
expressing two fusions as indicated. Each set of images shows a typical group of cells imaged by (left to right): phase contrast; separate
CFP (green) and YFP (red) channels, with the images displaced to lie side by side; CFP and YFP signals merged. Scale bar: 5 µM.
Images provided by Rut Carballido-López.

kb away from the origin. Thus, MreB binds to the
origin-proximal region and, as such, might function
as a bacterial centromere. In addition, Kruse et al.
(2006) have presented evidence that inactivation
of MreB inhibits chromosome segregation in E.
coli. They identiﬁed by coimmunoprecipitation
combined with mass spectrometry RNA polymerase
(RNAP) as an MreB interaction partner. The
interaction was conﬁrmed using in vitro puriﬁed
components. Inactivation of RNAP by rifampicin
or by temperature-sensitive alleles also inhibited
chromosome segregation. Thus, MreB is required
for origin and bulk segregation, whereas RNAP is
required for bulk DNA, terminus, and possibly also
for origin segregation. The striking similarity of the
chromosome distribution patterns of MreB-depleted
cells and of cells with an inactivated RNAP raises
the possibility that the interaction between MreB

evidence that supports a direct role for MreB in the
segregation of a speciﬁc region of the chromosome
in the Gram-negative C. crescentus. They used a
small molecule, A22, which speciﬁcally, rapidly,
and reversibly perturbs MreB function. By
administering the MreB-perturbing compound
at different stages of the C. crescentus cell cycle
they showed that origin-proximal loci segregate
through an MreB-dependent mechanism, and that
the rest of the chromosome follows the origin via
an MreB-independent mechanism. The ability of
A22 to block DNA segregation without affecting
DNA replication also demonstrates that the
process of replication is not sufﬁcient to separate
chromosomes (see above). Consistenly, chromatin
immunoprecipitation assays demonstrated that
MreB associates with chromosomal regions very
close to the origin but not to sites more than ~50
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as Bacillus amylolyquefaciens, Bacillus pumilus,
and Bacillus licheniformis. Phages of this genus
have been subclassiﬁed into three groups based on
serological properties, DNA physical maps, peptide
maps and partial or complete DNA sequences
(Yoshikawa et al., 1985; Yoshikawa et al., 1986;
Pecenkova and Paces, 1999). The ﬁrst group
includes phages Φ29, PZA, Φ15 and BS32, and
the second group includes B103, Nf and M2Y. The
most distantly related phage of this family, GA-1, is
unable to infect the standard B. subtilis strain 168
(Arwert and Venema, 1974) and has been placed in
a third group. Sequence-analysis of the 16S-rRNA
of the host strain of GA-1, G1R, showed that it is
most closely related to B. pumilus (Horcajadas,
2000).
The genome of the Φ29-like phages consists
of a linear double-stranded (ds) DNA molecule
of about 19 kb that has a phage-encoded protein,
named terminal protein, covalently attached at each
5’ DNA end. The DNA sequences of the complete
genomes of Φ29 (19,285 bp) and PZA (19,366 bp)
belonging to group I (Yoshikawa and Ito, 1982;
Garvey et al., 1985; Vlcek and Paces, 1986; Paces
et al., 1986), that of B103 (18,630 bp) belonging
to group II (Pecenkova et al., 1997), and that of
GA-1 (21,129 bp) belonging to group III (Meijer
et al., 2001a) have been determined. The genetic
and transcriptional maps of the genomes of Φ29
(group I), B103 (group II) and GA-1 (group III)
are presented in Figure 5. This ﬁgure shows that, in
most aspects, these genomes are similarly organized.
In all three genomes the genes and ORFs are
organized in operons. Depending on the time when
they are ﬁrst expressed during the infection cycle,
these can be divided in early and late operons. In
all three genomes the early-expressed operons are
transcribed leftwards and the single late-expressed
operon is transcribed rightwards. The genes present
in the late operon (genes 7 through 16), which is
located in the central part of the genome, encode
phage structural proteins, proteins involved in
phage morphogenesis, and proteins required for
lysis of the infected host. All three genomes contain
an early-expressed operon that is divergently

and RNAP plays an important role in chromosome
segregation. Most probably the situation is basically
different in B. subtilis. Anyway, more work is
required to elucidate the molecular mechanisms
involved in bacterial chromosome segregation and
the possible role of the MreB family of proteins in
this key process of the cell cycle.
1.5- Φ29 family of phages
A large variety of bacteriophages that infect B.
subtilis have been isolated. All of these phages
share some common features. First, they contain
double-stranded (ds) DNA as genetic material,
and second, the virions have prolate icoshohedral
heads and are tailed. The order of tailed phages,
named Caudovirales, is classiﬁed into three
families: Myoviridae (phages with contractile
tails), Podoviridae (phages with short tails), and
Siphoviridae (phages with long noncontractile
tails). For a general review on tailed bacteriophages
see Ackermann (1998). In addition to taxonomy
based on properties of the virion and its nucleic
acid, phages can be divided into three groups based
on their infection cycle. The ﬁrst group contains
lytic phages that complete their life cycle within a
well-deﬁned period of time after infection and are
unable to lysogenize their host. The second group is
formed by the so-called pseudo-temperate phages.
These are virulent phages with an extended and
irregular latent period. Although this stage mimics
lysogeny, it does not involve a stable prophage. The
third group is constituted by the temperate phages.
The genomes of these phages are able to integrate
into the host genome and can be maintained in this
lysogenic stage for many generations. Generally,
during this stage, the cells are immune to infection
with the same phage.
Phage Φ29 belongs to a family of related phages
which includes, in addition to Φ29, phages PZA,
Φ15, BS32, B103, M2Y (M2), Nf and GA-1. These
phages, which form part of the Podoviridae family,
are the smallest Bacillus phages isolated so far and
are among the smallest known phages containing
dsDNA. Most of these phages infect B. subtilis,
but often they also infect other related species such
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Figure 5. Genetic and transcriptional maps of Φ29 (group I, 19,285 bp), B103 (group II, 18,630 bp), and GA-1 (group III,
21,129 bp). The maps are aligned according to the A2b, A2c, A3 promoter region. The direction of transcription and length of the
transcripts are indicated by arrows. The transcripts of late and early-expressed operons and the late and early promoters (boxed) are
shown below and above the map, respectively. Positions of the various genes and ORFs are indicated between the two DNA strands.
Genes are indicated with numbers, ORFs with letters (lowercase for B103 and uppercase for Φ29 and GA-1). Recently, it has been
demonstrated that Φ29 ORF A (56 codons, located in the left-side early operon downstream of gene 1) constitutes a gene and that the
encoded protein, p56, is an inhibitor of the host-encoded uracil DNA glycosylase (Serrano-Heras et al., 2006). The position of genes
encoding proteins p17 and p16.7, that are conserved in all three phage genomes, located in the right early operon, are indicated. The
positions of the Φ29 ORFs 16.9, 16.8, 16.6 and 16.5, and the B103 ORF 16.5, located at the right side of their genomes, are indicated
with the numbers .9, .8, .6 and .5. Transcriptional terminators are indicated with hairpin structures. A light grey box indicates the DNA
region encoding the pRNA, and a black box indicates the region spanning the early A2b, A2c and late A3 promoters. Adapted from
Meijer et al. (2001a).

of phage DNA. The genome of GA-1 is about 1.8
and 2.5 kb larger than those of Φ29 and B103,
respectively. Although the structural organization
of the GA-1 genome is similar to that of Φ29 and
B103, it contains additional sequences, located
at both genome ends, that may encode several
proteins, counterparts of which are not present in
the genomes of Φ29 and B103.

transcribed with respect to the late operon. Genes
6, 5, 3 and 2 of this operon encode the four main
proteins required for in vitro Φ29 DNA replication
(see below). It also contains gene 4 that encodes
the transcriptional regulator protein. In addition to
its role in phage DNA replication, protein p6 also
has a role in transcriptional regulation (Whiteley
et al., 1986; Barthelemy et al., 1989; Elías-Arnanz
and Salas, 1999; Camacho and Salas, 2000). Note
that this early left-side located operon of GA-1 is
smaller than the corresponding ones of Φ29 and
B103. Another early-expressed operon is located
at the right side of the phage genomes. Only two
genes of this operon, 17 and 16.7, are conserved in
all three phage genomes. Finally, another feature
shared by all three phages is the presence of a region
located in the left part of the genome that encodes
an RNA (pRNA), which is required for packaging

1.5.1- In vitro Φ29 DNA replication
Genes 6, 5, 3 and 2, located in the left-side earlyexpressed operon (see Figure 5), are indispensable
for in vivo phage Φ29 DNA replication (Mellado et
al., 1976). Gene 2 encodes the DNA polymerase,
gene 3 the terminal protein, gene 5 the singlestranded DNA binding (SSB) protein, and gene 6 the
double-stranded DNA binding protein. An in vitro
Φ29 DNA replication system, based on these four
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puriﬁed proteins, has been established (Blanco et al.,
1994). The availability of this system has allowed a
detailed analysis of the in vitro Φ29 DNA replication
mechanism and functional analysis of these four
main replication proteins. DNA replication of Φ29
and that of the related phage genomes occurs via a
so-called protein-primed mechanism. A schematic
representation of the in vitro Φ29 DNA replication
mechanism is shown in Figure 6. Initiation of
Φ29 DNA replication starts with recognition of
the origins of replication, i.e. the terminal proteincontaining DNA ends, by a terminal protein/DNA
polymerase heterodimer. Binding of the viralencoded protein p6 to the DNA end regions results
in a nucleoprotein complex that activates initiation
of DNA replication probably by opening the DNA
ends (Serrano et al., 1994) thereby stimulating the
formation of a covalent linkage, catalyzed by the
Φ29 DNA polymerase, between the ﬁrst nucleotide
(dAMP) via a phosphoester bond to the hydroxyl
group of Ser-232 of the terminal protein (Blanco
and Salas, 1984; Hermoso et al., 1985; Blanco et al.,
1992). The formation of this ﬁrst terminal proteindAMP covalent complex is directed by the second
nucleotide at the 3'-end of the template; then the
terminal protein-dAMP complex slides-back one
nucleotide to recover the information of the terminal
nucleotide (Méndez et al., 1992). Next, the Φ29
DNA polymerase synthesizes a short elongation
product before dissociating from the terminal protein
(Méndez et al., 1997). Replication, which starts
at both DNA ends, proceeds in a very processive
way and is coupled to strand-displacement (Blanco
et al., 1989). This results in the generation of socalled type I replication intermediates consisting
of full-length double-stranded (ds) Φ29 DNA
molecules with one or more single-stranded (ss)
DNA branches of varying lengths. The ssDNA
stretches generated are bound by the SSB protein
p5. When the two converging DNA polymerases
merge, a type I replication intermediate becomes
physically separated into two type II replication
intermediates. Each of these consists of a full-length
Φ29 DNA molecule in which a portion of the DNA,
starting from one end, is double-stranded and the

39

portion spanning to the other end is single-stranded
(Inciarte et al., 1980; Sogo et al., 1982; Gutiérrez et
al., 1991). Continuous elongation by the Φ29 DNA
polymerase completes replication of the parental
strand (see Figure 6).
1.5.2- In vivo Φ29 DNA replication
The B. subtilis phage Φ29 is an attractive model to
study membrane-associated DNA replication for
several reasons. First, it encodes most of the proteins
required for replication of its genome. Secondly,
detailed knowledge is available on in vitro Φ29 DNA
replication. Thirdly, DNA replication is relatively
well synchronized upon infection and results in
high levels of the proteins involved in this process.
Convincing evidence that replication of Φ29 DNA
occurs at the membrane was ﬁrst provided by
Ivarie and Pène (1973). Using ultracentrifugation
techniques, these authors found that the membrane
fractions of infected cells contained parental Φ29
DNA and were enriched for newly synthesized phage
DNA. Phage DNA-membrane complexes were
detected near the onset of Φ29 DNA replication.
Importantly, recovery of parental Φ29 DNA in the
membrane fractions required the synthesis of early
phage proteins, strongly indicating that membraneassociation is mediated by phage-encoded proteins.
The observation that Φ29 DNA was not associated
at the membrane in cells that were infected at the
restrictive temperature with temperature-sensitive
mutant phages in genes encoding the DNA
polymerase or the terminal protein furthermore
indicated that Φ29 DNA replication occurs at the
membrane (McGuire et al., 1977).
Membrane proteins p1 and p16.7, encoded by
the Φ29 genes 1 and 16.7, which are present in
the early-expressed operons located at the left and
right-side of the Φ29 genome, respectively (see
Figure 5), have been suggested to be involved in
the organization of membrane-associated Φ29 DNA
replication. Known aspects of these two proteins
are discussed below.
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Figure 6. Schematic overview of in vitro Φ29 DNA replication. Replication starts by recognition of the p6-nucleoprotein complexed
origins of replication by a terminal protein/DNA polymerase heterodimer. The DNA polymerase then catalyses the addition of the
ﬁrst dAMP to the terminal protein present in the heterodimer complex. Next, after a transition step (not shown), these two proteins
dissociate and the DNA polymerase continues processive elongation until replication of the nascent DNA strand is completed. Replication is coupled to strand displacement. The Φ29-encoded SSB protein p5 binds to the displaced ssDNA and is removed by the DNA
polymerase during later stages in the replication process. Continuous polymerization results in the generation of two fully replicated
Φ29 genomes. Green circles, parental terminal protein; black circles, priming terminal protein; blue structure, DNA polymerase; red
circles, replication initiator protein p6; yellow ovals, SSB protein p5.

1.6- Protein p1
Phage DNA replication is affected in non-suppressor
cells infected with mutant sus1(629) implying
a role for protein p1 (85 residues) in in vivo Φ29
DNA replication (Carrascosa et al., 1976; Prieto
et al., 1989; Bravo and Salas, 1997). Its presence
appears to be critical for efﬁcient in vivo Φ29 DNA
replication when bacteria are growing at 37 °C
(Bravo and Salas, 1998). Protein p1, which has an
amphiphilic nature, was found to be associated to
the membrane in cells infected with Φ29 as well as
in cells in which p1 was expressed from a plasmid.
These results indicate that protein p1 interacts

directly with the membrane and that this interaction
does not require other viral components (Bravo and
Salas, 1997; Serrano-Heras et al., 2003). In addition,
plasmid-expressed protein p1 supported efﬁcient
Φ29 DNA replication in non-suppressor B. subtilis
cells infected with phage sus1(629) (Serrano-Heras
et al., 2003). Phage Φ29-infected cells contain about
10,000 and 100,000 copies of protein p1 at early
and late infection times, respectively (Bravo and
Salas, 1997). The C-terminal region of p1 (residues
68-84) is highly hydrophobic suggesting that this
region is involved in membrane association (Bravo
and Salas, 1997).
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Besides being a membrane protein, three other
features have been described for p1. Using different
in vivo and in vitro approaches p1 has been
demonstrated to form multimers. In addition, it was
shown that p1 can interact in vitro with the Φ29
terminal protein (Bravo et al., 2000) and with RNA
(Takeuchi et al., 1998a).
The ﬁrst evidence that p1 forms multimers was
the observation that a fusion protein of native p1 to
maltose binding protein E (MalE-p1) formed long
ﬁlamentous structures and that a puriﬁed variant
of p1 lacking its N-terminal 33 residues (p1ΔN33)
assembled into long protoﬁlaments that associated
in a highly ordered, parallel array forming large
two dimensional sheets (Bravo and Salas, 1998).
Chemical cross-linking combined with cell
fractionation techniques showed that native protein
p1 also assembled into large multimeric structures
at the membrane in vivo (Serrano-Heras et al.,
2003). Inspection of the p1 sequence revealed that
the regions spanning residues 31 to 36 and 37 to
66 have a low and high probability of forming a
coiled-coil structure, respectively. The extended
putative coiled-coil region and the hydrophobic Cterminal region (residues 68-84) have been shown
to be both involved in multimerization (Bravo et al.,
2000; Bravo et al., 2001; Hashiyama et al., 2005a;
Hashiyama et al., 2005b; Takeuchi et al., 2005).
In vitro chemical cross-linking studies showed
that p1ΔC43 interacts with the Φ29 terminal
protein. In addition, truncated p1 proteins having
retained their N-terminal 42 residues interfere with
the terminal protein-primed replication initiation
reaction when present in excess (Bravo et al., 2000).
These observations, together with the fact that p1
associates with the bacterial membrane (Bravo and
Salas, 1997), led to propose that protein p1 is a
component of a viral-encoded membrane-associated
structure which would provide an anchoring site for
the viral DNA replication machinery (Bravo and
Salas, 1997; Bravo and Salas, 1998; Bravo et al.,
2000).
Another function, which is not necessarily
mutually exclusive with the anchoring model, has
been attributed to Φ29 protein p1 by Takeuchi and
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coworkers (Takeuchi et al., 1995; Takeuchi et al.,
1998b). They found that protein p1 might downregulate the synthesis of the DNA polymerase. The
observation that protein p1 was able to bind mRNA
of genes 1-4 suggested that the observed repression
might be at the translational level (Takeuchi et
al., 1998a). Additional studies indicated that
multimerization is important for the RNA-binding
and translational repression activities of protein p1
(Hashiyama et al., 2005a).
1.7- Protein p16.7
A genetic map of Φ29 was constructed by mapping
two collections of Φ29 reference mutants that had
been obtained after different mutagenic treatments
(Mellado et al., 1976). All the suppressor- and
temperature-sensitive mutants could be assigned to
17 genes which were numbered sequentially from
left to right (1 to 17) according to their relative
map position. However, none of the mutants
mapped to a ~ 2 kb region located between late
gene 16 and early gene 17 at the right side of the
Φ29 genome. Sequence analysis revealed that this
region includes the major part of the right-side
early-expressed operon that, in addition to gene
17 (166 codons), contains ﬁve additional open
reading frames (ORFs) (Garvey et al., 1985). These
ORFs were named (from right to left) 16.9 (108
codons), 16.8 (105 codons), 16.7 (130 codons),
16.6 (54 codons) and 16.5 (37 codons) (see Figure
5). Analyses of the deduced protein sequences
revealed that the putative protein encoded by ORF
16.7 displayed some interesting features, which,
together with the fact that the ORF is present in an
early-expressed operon, suggested that this putative
protein might be involved in membrane-associated
phage DNA replication (Meijer et al., 2001b).
First, its N-terminal region (residues 1 to 22) has
a very hydrophobic character and may constitute
a transmembrane spanning domain. Membrane
topology predictions indicated that the putative
p16.7 protein may be a membrane protein with its
N- and C-regions at the outside and inside of the
cell, respectively. And second, the C-terminal part
of the putative p16.7 protein sequence (residues 70
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Figure 7. Comparison of the deduced p16.7 protein sequences encoded by Φ29 (group I), B103 (group II), and GA-1 (group
III). Amino acid residues are given on the right. Black and grey boxes enclose residues that are conserved in all three or in two of the
three sequences, respectively. The following amino acids were considered conservative: L, I, V, M, and A; F, Y, and W; K and R; D
and E; Q and N; and S and T. The transmembrane, coiled-coil, and putative DNA-binding domains are indicated above the protein
sequence. Note that the p16.7 sequences of Φ29 and B103 have a high level of homology throughout their entire protein sequences
but that only the putative DNA-binding domain is conserved in all three p16.7 protein sequences. An alignment of the deduced p16.7
protein sequences from Φ29 (group I) and B103 (group II), together with those of the group I phages Φ15, PZA, and BS32, has been
published previously (Meijer et al., 2001b). The percent identities between the deduced p16.7 protein sequence of Φ29 and those of
Φ15, PZA, and BS32 are 91, 89 and 87%, respectively.

to 130) shows limited similarity to homeodomains
which are typical DNA-binding domains present in a
large family of eukaryotic transcriptional regulators
(Gehring et al., 1994). In addition, it was found that
the region spanning amino acids 19 to 60 has a high
probability to form an α-helical coiled-coil structure
(more than 90% according the algorithm of Lupas et
al. (1991)), suggesting that this region may function
as a protein di- or multimerization domain. Thus,
these data suggested that ORF 16.7 might encode
a di- or multimeric membrane protein with DNAbinding activity. In addition, ORF 16.7 is conserved
in all Φ29-related phages known to date (Figure 7)
(Meijer et al., 2001a).

and fourth gene of the right-side early operon,
respectively. Simultaneous determination of the
amount of p16.7 and p17 showed that they were
expressed at very similar levels throughout the
infection cycle in a 1:1 ratio. The right-side early
operon of Φ29, which contains genes 17 and 16.7,
is strongly repressed by protein p6 about 10-15 min
after infection (Whiteley et al., 1986; Camacho
and Salas, 2000). This repression most probably
explains the sudden halt in p16.7 accumulation
15 min after infection, which is further supported
by the observation that p16.7 levels continued to
increase in cells infected with a sus6 mutant phage
Φ29 (Alcorlo, M., unpublished results). It also
implies that p16.7 (and p17) is stable throughout
the infection cycle, which is also supported by
immunoﬂuorescence studies (Meijer et al., 2000).

1.7.1- Protein p16.7 is early and abundantly
expressed in Φ29-infected cells
Western blot analysis showed that p16.7 is
synthesized in Φ29-infected cells, demonstrating
that ORF 16.7 constitutes a gene. Quantitative
immunoblotting of samples taken at different times
after infection revealed that p16.7 was detected 6
min after infection, that the protein level increased
rapidly until 12-15 min post-infection and that
these levels remained constant during the rest of the
infection cycle (Meijer et al., 2001b). The amount
of protein p16.7 present 15 min after infection was
calculated between 65,000 – 130,000 molecules
per infected cell. Genes 17 and 16.7 are the ﬁrst

1.7.2- Protein p16.7 is a membrane protein
Different approaches veriﬁed that p16.7 is a
membrane protein and that its predicted N-terminal
membrane spanning domain is responsible for
membrane
localization.
Immunoﬂuorescence
microscopy of Φ29-infected cells showed that
p16.7 localized in an irregular punctuate pattern at
the periphery of the cell, presumably the membrane
(Meijer et al., 2000). Also an ectopically expressed
p16.7 protein fused to the green ﬂuorescent protein
(p16.7-GFP) localized throughout the periphery
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of the B. subtilis cells in a pattern similar to that
of cells stained with the membrane dye FM-64
(Meijer et al., 2001b). Moreover, cell fractionation
studies of Φ29-infected cells showed that p16.7 was
exclusively found in the membrane fraction (Meijer
et al., 2001b).
Cell fractionation studies also demonstrated
that the predicted N-terminal membrane spanning
domain is responsible for membrane localization
of p16.7. Thus, protein p16.7A, a variant of p16.7
in which the ﬁrst 20 residues were replaced by a
His(6)-tag, expressed in B. subtilis from a plasmid,
was recovered mainly in the cytosolic fraction. As
expected, control experiments showed that another
variant, p16.7B having a C-terminal His(6)-tag, was
exclusively recovered in the membrane fraction
(Meijer et al., 2001b).
1.7.3- Protein p16.7 is required for optimal Φ29
DNA replication in vivo by efﬁciently distributing
Φ29 DNA replication from its initial to additional
sites at the membrane
To study if p16.7 is involved in in vivo Φ29 DNA
replication a Φ29 mutant containing a suppressible
mutation in gene 16.7 (codon 48; CAA to TAA)
was constructed. Genomic sus14(1242) Φ29 DNA
was used as starting material. The resulting double
mutant phage was named sus16.7(48)/sus14(1242)
(Meijer et al., 2001b). Due to the mutation in gene
14, which encodes the holin protein that is required
for lysis of the cell at the end of the infection cycle,
in vivo Φ29 DNA replication can be analyzed at late
infection times. Possible effects of p16.7 on in vivo
Φ29 DNA replication was studied by comparing
the kinetics of accumulation of intracellular phage
DNA in the absence or presence of p16.7. The
absence of p16.7 resulted in accumulation of lower
amounts of Φ29 DNA at all infection times and the
time required to detect the ﬁrst replicated Φ29 DNA
molecules was delayed by about 20 min compared
to the situation in which p16.7 is produced (Meijer
et al., 2001b). These results showed that, although
p16.7 is not essential under the laboratory conditions
tested, its absence clearly affects efﬁcient in vivo
Φ29 DNA replication.
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To gain further insight on the role of p16.7, the in
vivo localization of Φ29 DNA during the infection
cycle was analyzed in the presence and absence of
p16.7 using immunoﬂuorescence techniques (Meijer
et al., 2000). These experiments were performed by
adding the thymine analogue 5-bromodeoxy-uridine
(BrdU) to Φ29-infected cultures and subsequent
detection of BrdU incorporated in phage DNA by
immunoﬂuorescence. To prevent incorporation
of BrdU into the host cell chromosome these
experiments were carried out in the presence of
6-(p-hydroxyphenylazo)-uracil (HpUra), which
is a selective inhibitor of DNA polymerase III
holoenzyme in Gram-positive bacteria (Brown,
1970). In the wild-type situation, phage DNA
replication at early infection times localized to a
single focus within the cell, nearly always towards
one end of the host cell nucleoid. From then on,
Φ29 DNA replication became rapidly distributed
to multiple sites at the periphery of the nucleoid,
just under the cell membrane. A highly similar
pattern of the initial rounds of Φ29 DNA replication
was observed in the absence of p16.7. However,
under these conditions Φ29 DNA replication
remained localized to the initial replication sites for
prolonged times during the infection cycle. These
results showed that p16.7 is required for efﬁcient
distribution of Φ29 DNA replication from its initial
to additional sites at the membrane (Meijer et al.,
2000). Impairment of this distribution, which
permits phage Φ29 DNA replication to occur
simultaneously at different sites at the membrane,
explains the decreased efﬁciency of in vivo Φ29
DNA replication in the absence of p16.7.
1.7.4- Protein p16.7 has single-stranded and
double-stranded DNA-binding activity and can
interact with the Φ29 terminal protein
Since the N-terminal membrane anchor prevented
puriﬁcation of native p16.7, biochemical and
structural properties of p16.7 were studied using
variants lacking the membrane spanning domain.
In one of these variants, p16.7A, the ﬁrst 20
amino acids of p16.7 were replaced by a His(6)tag. The observation that the C-terminal half of
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p16.7 has limited homology with DNA-binding
homeodomains present in many eukaryotic
transcriptional regulators prompted to analyze
whether p16.7 had DNA-binding activity. Gel
retardation studies demonstrated that p16.7A
can bind to both single-stranded (ss) and doublestranded (ds) DNA in an apparent non-speciﬁc way
(Meijer et al., 2001b; Serna-Rico et al., 2002).
Based on its role in in vivo Φ29 DNA replication it
was plausible that p16.7 might have afﬁnity for one
or more proteins that are directly involved in this
process. In vitro cross-linking as well as glycerol
gradient analyses indicated that p16.7A can interact
with the Φ29 terminal protein. Moreover, the fact
that p16.7A-terminal protein complexes were
observed at 50 but not at 500 mM salt concentration
indicated that their afﬁnity is based on electrostatic
interactions (Serna-Rico et al., 2003).

Figure 8. Schematic presentation of the modular organization of p16.7. The membrane bilayer and a dimer of protein
p16.7 are illustrated. The N-terminal membrane anchor and the
putative coilel-coil domain are shown as green and blue bars,
respectively. The putative DNA-binding domain is shown as red
ovals.

long nucleoprotein ﬁlaments. And fourth, addition
of DNA prior to in vitro cross-linking enhanced the
formation of p16.7A multimers.

1.7.5- Protein p16.7A forms dimers in solution and
p16.7A dimers multimerize upon DNA-binding
Glycerol gradient analysis showed that p16.7A
forms dimers in solution. Moreover, in addition to
dimers, minor amounts of higher-order multimers
were detected after in vitro p16.7A cross-linking
(Meijer et al., 2001b; Serna-Rico et al., 2003).
Cross-linking combined with Western blot analysis
also revealed that p16.7 forms dimers and multimers
in vivo (Meijer et al., 2001b). The following results
provided evidence that p16.7A dimers can interact
with each other and that this interaction is favoured
upon DNA-binding (Serna-Rico et al., 2002; SernaRico et al., 2003). First, the nucleoprotein complexes
formed in the presence of high levels of p16.7A did
not enter the gels in retardation assays indicating
that the complexes formed under these conditions
are of high molecular weight. Second, analysis of
DNA-binding by footprinting showed that DNA
fragments, either ds- or ssDNA, became fully
protected from nuclease digestion in the presence of
high p16.7A concentrations, suggesting that under
these conditions the DNA fragments are covered
by a continuous array of p16.7A molecules. Third,
electron microscopy analysis showed that p16.7A
can join individual short DNA fragments forming

1.7.6- Proposed role of p16.7 during membraneassociated Φ29 DNA replication
The results obtained before the start of this thesis
indicated that the dimeric p16.7 protein can be
dissected into three distinct domains (Figure 8).
Thus, residues 1-22 constitute an N-terminal
membrane anchor (green bars)(Meijer et al., 2001b).
The region spanning residues 30-60 is likely to
constitute a coiled-coil and therefore this region
was likely to be involved in p16.7 dimerization
(blue bars) (Meijer et al., 2001b). Finally, the Cterminal region (residues 60-130) was predicted to
contain the DNA-binding domain, and could also
be involved in multimerization (red ovals) (SernaRico et al., 2003).
Therefore, results obtained previously to the
start of this thesis showed that p16.7 localized to
the membrane of the infected cell by its N-terminal
membrane anchor, where it would exert its function
in the distribution of phage DNA replication from
its initial to additional sites at the membrane by
binding to phage DNA and the terminal protein
attached to the phage DNA ends. Inherently, p16.7
would also contribute to compartmentalization of
Φ29 DNA replication at the membrane. However,
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involvement of host-encoded proteins might be
important for membrane associated phage Φ29
DNA replication.
Despite the insights obtained by these studies,
various important questions remained unanswered,
which constituted the main objectives for the work
described in this thesis (see next chapter).
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2.1- Objectives
3. Resolution of the crystal and solution structures
of the functional domain of p16.7.

Despite insights obtained by former studies on
p16.7 various important questions regarding the
structure and function of p16.7 and the organization
of phage Φ29 DNA replication in vivo remained
unanswered.
The following main objectives summarize the
guidelines for the work presented in this thesis,
whose principle aim was to improve the understanding of the role of p16.7 in membrane-associated
DNA replication:

4. Determination of the structure of the functional
domain of p16.7 complexed with dsDNA.
5. Analysis of p16.7 residues or regions involved
in di- and oligomerization of the protein and their
effects on DNA-binding.
6. Localization of p16.7, Φ29 DNA polymerase and
replicating phage Φ29 DNA in infected cells using
ﬂuorescence imaging techniques.

1. To determine whether the p16.7 region spanning
residues ~30-60 forms a coiled-coil and its implications for p16.7 dimerization.

7. Determination of host-encoded proteins important for the organization of membrane-associated
phage Φ29 DNA replication.

2. Determination of the minimal functional (e.g.
DNA and terminal protein binding) domain of protein p16.7.
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3.1- Bacterial strains and growth conditions
Bacterial strains used are listed in Table I. E. coli
strains JM109 and BL21(DE3)pLysS, used for cloning and overexpression of proteins, respectively,
were grown in Luria Bertani (LB) rich medium.
When appropriate, chloramphenicol, kanamycin
and ampicillin were added to cultures and plates at

ﬁnal concentrations of 10, 20 and 100 μg/ml, respectively. Overexpression of proteins was induced
by addition of 1 mM IPTG.
B. subtilis strains were grown LB rich medium
containing 5 mM MgSO4 at 37 ºC and supplemented
with appropiate antibiotics: kanamycin (5 µg/ml),
chloramphenicol (5 µg/ml), erythromycin (1 µg/

Table I. Strains used
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ml), lincomycin (25 µg/ml) and/or spectinomycin
(50 µg/ml). When indicated, MgSO4 concentrations
were increased until 25 mM. Expression of inducible gfp fusions was induced by addition of 0.5%
xylose. Generally, overnight cultures were diluted
1/50 in fresh medium and incubated for 2-3 hr to reestablish exponential growth prior to manipulation.
B. subtilis strains were transformed according
to the method of Anagnostopoulos and Spizizen
(1961) as modiﬁed by Jenkinson (1983). The preparation of DNA to transform competent cells was
done according to the method described by Ward
and Zahler (1973). Selection for B. subtilis transformants was carried out on nutrient agar (Oxoid)
plates, supplemented with appropriate antibiotics
and 0.5% xylose and/or 25 mM MgSO4 when ne-

cessary.
In DNA labelling experiments, the thymine analogue BrdU (Sigma) was added to the growth medium
at a ﬁnal concentration of 150 µM. Incorporation
of BrdU into chromosomal DNA of B. subtilis was
inhibited by adding 75 µM HpUra (Brown, 1970) to
the growth medium 2 min before BrdU addition.
3.2- DNA techniques
All DNA manipulations were carried out according
to Sambrook et al. (1989). [γ32P]ATP (3000 Ci/
mmol) was obtained from Amersham International
plc. Cloning of entire or partial gene regions were
performed by amplifying the desired region by
PCR using appropriate primers (listed in Table II)
and template DNA. These PCR reactions were done

Table II. Oligonucleotides used

54

3. Materials and methods

using proofreading-proﬁcient Vent DNA polymerase (New England Biolabs, Beverly, Ma, USA). The
puriﬁed PCR products were digested with appropriate restriction enzymes and cloned into plasmid
vectors digested with the same enzymes. DNA fragments were isolated from gels using the Qiaquick
Gel Extraction Kit (Qiagen Inc., Chatsworth, USA).
Plasmid DNA was isolated using Wizard® Plus
DNA puriﬁcation kit (Promega, Madison, USA).
Restriction enzymes were used as indicated by
the suppliers. Site-directed mutants were obtained
using the QuikChange™ Site-D Mutagenesis Kit
(Stratagene). The correctness of all constructs was
veriﬁed by DNA sequencing using the Sequenase
sequencing kit (United States Biochemicals sequencing kit).

into the pET-28b(+) expression vector digested
with the same enzymes. A similar strategy was used
to construct pET-16.7C. In this case the C-terminal
region of gene 16.7 encoding resiudes 63-130 was
ampliﬁed using primers 16.7C_U and 16.7C_L.
Mutant gene 16.7A4 was constructed by stepwise
introduction of mutations changing four Leu (Leu36, Leu-39, Leu-50 and Leu-53) into Arg codons
using the QuikChange Site-D Mutagenesis Kit and
plasmid pUSH16.7A as starting template. Thus,
vector pUSH16.7A4 was constructed in two steps
using primer sets 16.7A4_U1 & 16.7A4_L1 and
16.7A4_U2 & 16.7A4_L2.
Expression vector pET-16.7N4 was constructed
as pET-16.7N (see above) using pUSH16.7A4 as
template DNA.
Expression vectors pET-E72Q, pET-R98W, pETW116A, pET-N120W and pET-16.7CΔ9 were constructed using the QuikChange Site-D Mutagenesis
method. Thus, primer sets E72Q_U & E72Q_L,
R98W_U & R98W_L, W116A_U & W116A_L,
N120W_U & N120W_L and 16.7CΔ9_U & 16.
7CΔ9_L were used in combination with pET-16.7C
template.
Construction of 16.7-gfpmut1 fusion construction

3.3- Plasmid construction
Plasmids are listed in Table III. To construct the
expression vector pET-16.7N, the N-terminal region of gene 16.7 encoding-p16.7 residues 21-68
was ampliﬁed by PCR using primers 16.7N_U
and 16.7N_L and plasmid pUSH16.7A as template
DNA (Meijer et al., 2001). The puriﬁed PCR product was digested with NdeI and NotI and cloned
Table III. Plasmids used
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15000xg and the supernatant was subsequently passed twice over a Ni2+-NTA resin column equilibrated in buffer B. The column was then washed with
10 column-volumes of buffer B containing increasing concentrations of imidazole (20-45 mM). The
recombinant protein was eluted with 5 ml buffer B
containing 200 mM imidazole. Next, the eluate was
dialyzed against buffer A containing 200 mM NaCl
and 50% glycerol and the protein was stored at -70
°C in aliquots.
Protein p16.7Cb was obtained by digestion of
protein p16.7C with thrombin using the Thrombin
Cleavage Capture Kit (Novagen, Merck Biosciences, Darmstadt, Germany). Complete cleavage of
p16.7C with thrombin, carried out according to the
kit’s manual, was conﬁrmed by SDS-PAGE. Cleavage at the expected site by thrombin was veriﬁed
by MALDI-TOF (see 3.14 for details). The biotinylated thrombin used to cleave p16.7C was then removed from the sample using the streptavidine-agarose column provided with the kit, and SDS-PAGE
was used to verify the removal of thrombin. Next,
the sample was passed over a Ni2+-NTA resin column to remove the cleaved histidine-tag and possible trace amounts of undigested p16.7C. Finally, the
sample containing puriﬁed p16.7Cb was dialyzed
against buffer A containing 200 mM NaCl and 50%
glycerol and was stored at -70 °C in aliquots.
To obtain 15N and 13C/15N-labelled p16.7C proteins, E. coli cells harbouring plasmid pET-16.7C
were grown in U-15N and U-13C/15N and Bio-express medium, respectively (Cambridge Isotope Laboratories, Andover, MA, USA). The non-labelled
p16.7C protein was induced and puriﬁed as described above.
Wild-type TP was puriﬁed from B. subtilis
110NA cells harbouring the TP-expression plasmid
pPR54w3 (Bravo et al., 1994) essentially as described before (Zaballos et al., 1989).

(pSGW1) has been described before (Meijer et al.,
2001).
The N-terminal and C-terminal gfp fusions of Φ29
gene 2, encoding the DNA polymerase, were constructed as follows. The gene 2 encompassing region
was ampliﬁed by PCR using primer sets P2GFP_U
& P2GFP_L (C-terminal GFP fusion) or GFPP2_
U & GFPP2_L (N-terminal GFP fusion) and Φ29
DNA as template. The obtained PCR products were
digested with KpnI & HindIII and SalI & EcoRI,
and cloned into plasmids pSG1154 and pSG1729
digested with the same enzymes, respectively. As
a result, gene 2 fused in frame to the gfpmut1 gene
(Cormack et al., 1996) at its N-terminus (pSGDM1)
and C-terminus (pSGDM2) were located behind the
xylose-inducible Pxyl promoter. Next, pSGDM1 and
pSGDM2 were used to transform competent 168
B. subtilis cells. Spectinomycin resistant transformants were tested for their ability to degrade starch
to select for double-crossover transformants.
3.4- Overexpression and puriﬁcation of p16.7A
and its derivatives and of TP
Protein p16.7A, and all its derivatives, except
p16.7Cb, contain an N-terminal His(6)-tag (see Figure 9A) and were puriﬁed from the corresponding
E. coli strains in which they were overexpressed
using Ni2+-NTA resin columns. Thus, overnight cultures of E. coli harbouring the appropriate plasmid
were diluted 100-fold in fresh prewarmed LB-medium and grown to an OD600 of 0.6 to 0.7. Protein
expression, induced upon IPTG addition to a ﬁnal
concentration of 1 mM, was allowed for 2 hours.
Cells were harvested by centrifugation and stored at
-70 °C until further use. Frozen cells were thawed
at 4 °C and ground with twice their weight of alumina powder (Merck) for 20 min. The slurry was
resuspended in buffer A (50 mM Tris-HCl, pH7.5,
0.5 M NaCl, 1 mM EDTA, 5% (v/v) glycerol and 7
mM β-mercaptoethanol) using 4 volumes per gram
of cells. To remove the alumina and intact cells the
mixture was centrifuged at 2500xg. The pellet was
resuspended in 2 volumes of buffer A and centrifuged again as before. The pooled supernatants were
next centrifuged for 15 min at 15000xg to pellet
insoluble proteins. After dialyzing the soluble fraction against buffer B (50 mM NaPO4 buffer, pH 7.8)
the cell extract was centrifuged again for 15 min at

3.5- Protein concentration
The protein (monomer) concentration of p16.7A
and derivatives was determined by UV spectrophotometry, measuring the absorbance at 280 nm.
The extinction coefﬁcients ε280 (in native conditions) of p16.7A, p16.7A4, p16.7N, p16.7N4, p16.7C,
pE72Q, pR98W, pW116A, pN120W, p16.7CΔ9
and p16.7Cb are, 12840, 12840, 1480, 1480, 11360,
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11360, 16800, 5920, 16800, 9880 and 11360 M1
•cm-1, respectively.

protein. The mixtures were incubated for 10 min
at 4 ºC. Next, unless stated otherwise, 0.5 mUnits
of micrococcus nuclease (USB Corporation, Cleveland, Ohio, USA) were added and digestion was
allowed for 10 min at 4 ºC. The reaction was stopped upon addition of EDTA to a ﬁnal concentration
of 20 mM.
DNase I reactions contained, in 20 μl, besides
the end-labelled dsDNA fragment and the indicated
amount of protein, 25 mM Tris-HCl (pH 7.5) and
10 mM MgCl2. Binding reactions were incubated
for 10 min at 37 °C before 0.05 U of DNase I (Promega, Madison, USA) was added. Digestion was
allowed to proceed for 2 min at 37 °C after which
the reaction was stopped upon EDTA addition to a
ﬁnal concentration of 20 mM.
For both, the micrococcal nuclease and DNase
I digestions, a phenol/chloroform extraction step
was performed before the DNA was precipitated
with ethanol in the presence of 15 μg linear polyacrylamide as carrier (Gaillard and Strauss, 1990).
Finally, the fragments were fractionated through 8
M urea containing polyacrylamide gels (6%) after
which the gel was dried and subjected to autoradiography. Similar protein/DNA ratios as those in the
gel retardation assays were used.

3.6- In vitro cross-linking
Cross-linking reactions contained, in a total volume
of 100 µl, 50 mM Hepes-Na, pH 7.4, and concentrations of 10 µM protein. After 15 min at 37 °C,
disuccinimidyl suberate (DSS) (Sigma) was added
to a ﬁnal concentration of 3 mM, and the mixtures
were incubated for 20 min at 4 °C. The cross-linking reaction was stopped by addition of 250 mM
glycine, and additional incubation at 4 °C for 10
min. Proteins were precipitated upon addition of
1 volume ice-cold 20% (w/v) trichloroacetic acid
and, after resuspension, were analyzed by PAGE in
the presence of SDS. The proteins were visualized
by Coomassie blue-staining or by Western blotting.
3.7- Gel mobility shift assays
Labelled DNA fragments were obtained by PCR
ampliﬁcation of the 298 bp right-end of the Φ29 genome with primers R-25 and R-OUT SUPER. R-25
was labelled by treatment with polynucleotide kinase (Biolabs) and [γ32P]ATP for 1 hour at 37 ºC prior
to ampliﬁcation. Non-incorporated [γ32P]ATP was
removed through Sephadex G-50 columns.
Incubation mixtures contained, in a ﬁnal volume
of 20 μl, 25 mM Hepes, pH 7.5, 4% ﬁcoll 400, 1
mM EDTA, 0.1 mg/ml BSA, 10 mM dithiothreitol, the indicated labelled DNA fragment, and the
indicated amount of protein. After incubation for
10 min at 4 ºC, the samples were subjected to electrophoresis in 4% non-denaturing polyacrylamide
(80:1) gels containing 12 mM Tris-acetate, pH 7.5
and 1 mM EDTA, and run at 4 ºC using a running
buffer containing 12 mM Tris-acetate, pH 7.5 and 1
mM EDTA at 70 V for 6 hours. To study the effect
of salt, 100 mM NaCl was used in the binding buffer, gel and running buffer.

3.9- Circular dichroism (CD) spectroscopy and
dissociation/unfolding equilibrium analyses
CD measurements were carried out using a Jasco
spectropolarimeter, model 600 (JASCO Europe
SLR) equipped with a NESLAB RTE-100 temperature control unit interfaced to a computer. The
recorded far-UV spectra were the average of three
to ﬁve scans obtained at a rate of 50 nm/minute, a
response time of two seconds and a bandwidth of
1 nm. Wavelength scans from 198 to 260 nm were
performed using 1.0 or 0.1-cm path-length cells
(Thermal Syndicate Ltd Wallsend Northunberland).
Samples were allowed to reach thermodynamic
equilibrium.
Samples of p16.7A, p16.7A4, p16.7N, p16.7N4
and p16.7C were prepared in 50 mM phosphate buffer (pH 7.5) and 250 mM NaCl, at the indicated
concentrations. The temperature was kept constant
at 25, 15 or 4 ºC.
Samples of p16.7C, pW116A, pN120W and
p16.7CΔ9 were prepared in 50 mM Tris-HCl buffer

3.8- Nuclease digestion assays
Micrococcus nuclease digestion assays were performed using heat-denatured end-labelled 297 bp
DNA fragments corresponding to the Φ29 right end
genome. Reaction volumes of 20 μl contained, besides the labelled DNA, 25 mM Hepes (pH 7.5), 1
mM EDTA, 0.1 mg/ml BSA, 10 mM dithiothreitol,
3 mM CaCl2 and the indicated amount of NaCl and
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(pH 7.5), 250 mM NaCl, 0.2 mM DTT, at protein
concentrations of 2 or 20 μM. The temperature was
kept constant at 25 ºC.
Chemical denaturation equilibrium experiments
were carried out by measuring the ellipticity at 222
nm of p16.7N solutions at 548 μM in 23 mM phosphate buffer (pH 7.5) and 117 mM NaCl, containing different concentrations of guanidium chloride
(GdmHCl; from 0 to 3.5 M), and using 0.1 mm pathlength cells. The temperature was kept constant
at 4 ºC and each sample was allowed to reach chemical and thermal equilibrium. The data were ﬁtted
to a folded dimer-to-unfolded monomer, two-state
transition. The equations described in Mateu (2002)
and the program Kaleidagraph (Abelbeck Software)
were used.
Thermal denaturation experiments were carried
out increasing the temperature from 4 to 90 ºC at
a scanning rate of 0.75 ºC/min and monitoring the
ellipticity measured at 222 nm. The buffer, cuvettes and protein concentrations used were as in the
wavelength scans. The reversibility of the thermal
transition for p16.7C was checked by comparing
the spectra obtained by denaturation of the native
sample with that obtained by denaturation of the
cooled denatured sample.

mean-square deviation (NRMSD) parameter (Mao
et al., 1982) was calculated for all of the analyses.
NRMSD is deﬁned by the expression NRMSD =
∑√(θexp-θcal)2/θ2exp summed over all wavelengths and
where θexp and θcal are, respectively, the experimental ellipticities and the ellipticities of the back-calculated spectra for the derived structure. NRMSD
values < 0.1 mean that the back-calculated and experimental spectra are in close agreement (Brahms
and Brahms, 1980).
For p16.7A, p16.7A4, p16.7N, p16.7N4 and
p16.7C, the percent helicity was calculated using
the following equation (Chen et al., 1974): % helicity = θR / [θRH(1-k/n)], where θR is the molar ellipticity per residue at 222 nm, θRH is the molar ellipticity
per residue at 222 nm for a 100% α-helical protein,
taken as -34500 deg.cm2/dmol, k is a constant factor (k=2.57 for λ=222 nm) and n is the number of
peptide bonds in the protein.
3.11- Analytical size-exclusion chromatography
A calibrated Superdex 75 HR 10/30 FPLC column
(Pharmacia) was used. The chromatographic process was carried out at constant room temperature
(23 ºC) in 50 mM Tris-HCl buffer (pH 7.5), 300
mM NaCl, 1 mM EDTA and 1 mM DTT at 1 ml/
minute. For an estimation of dissociation constants,
analytical gel ﬁltration experiments were carried
out as described (Darling et al., 2000; Valdes and
Ackers, 1979).

3.10- Analyses of spectroscopic data
Most of the secondary structural analyses were
performed using DICHROWEB (http://www.cryst.
bbk.ac.uk/cdweb), an interactive Web server (Lobley and Wallace, 2001; Lobley et al., 2002) that
permits the secondary structure analyses via the
software package CDPro (Sreerema and Woody,
1993). Protein CD spectra were analyzed for percentages of secondary structure using CDPro software
as CONTINLL (Provencher and Glockner, 1981),
SELCON3 (Sreerema et al., 1999), and CDSSTR
(Johnson, 1999b) with a wide range of protein spectral databases derived from soluble and membrane
proteins (Sreerema and Woody, 1993; Sreerema
and Woody, 2000). Thus, SELCON3, CONTINLL
and CDSSTR programs were used for comparing
variations in the amount of secondary structure
observed in mutant proteins p16.7CΔ9, pW116A
and pN120W relative to that observed with p16.7C
protein. As a means of comparison of the goodness
of ﬁt of the various methods, the normalized root-

3.12- Analytical ultracentrifugation assays
Sedimentation equilibrium was performed to determine the state of association of p16.7C and protein
mutants as well as their DNA-binding capacity. The
following conditions were used in the absence of
DNA. The experiments, done over a broad range
of protein concentrations (5 to 700 μM), were carried out at 20 ºC using different speeds (15000 and
20000 rpm) and wavelengths (230, 250, 280 and
290 nm) with short-columns (80-100 μl) in an XLA analytical ultracentrifuge (Beckman-Coulter Inc.)
equipped with a UV-VIS optics detection system,
using an An60Ti rotor and 12 mm double-sector or
six-hole Epon-charcoal centerpieces. All samples
were in 50 mM Tris-HCl, pH7.5, 150 mM NaCl,
1 mM DTT, 1 mM EDTA buffer. After the equilibrium scans, a high-speed centrifugation run (40000
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rpm) was done to estimate the corresponding baseline offsets. Weight-average buoyant molar masses
of the proteins were determined by ﬁtting data to a
single species model using either a MATLAB program (kindly provided by Dr. Allen Minton, NIH)
based on the conservation of signal algorithm (Minton, 1994) or the HeteroAnalysis program (Cole,
2004). Both analyses gave essentially the same results. The corresponding protein molar masses were
determined from the experimental buoyant masses
using 0.734 ml/g as the partial speciﬁc volume of
p16.7C, which is calculated from the amino acid
composition using the SEDNTERP program (Laue
et al., 1992).
Tracer sedimentation equilibrium (Rivas and
Minton, 2003; Rivas and Minton, 2004) was used
to determine the DNA-binding capacity of p16.7C
and its derivatives. In brief, a constant concentration (5 μM) of ﬂuorescent end-labelled 12-mer oligonucleotide, alone or in the presence of increasing
concentrations of the indicated protein, were subjected to sedimentation equilibrium under the same
conditions described above, except that the solute
gradients were obtained at a wavelength (495 nm)
in which only the ﬂuorescently labelled DNA was
detectable. The buoyant signal-average molar masses, and hence the DNA-binding capacity, of the
different samples were determined by analyzing the
gradients as previously described.

Bruker Daltonic (Bremen, Germany) equipped with
a reﬂector and employing DHB (2,5-dihydroxybenzoic acid) as matrix and an Anchor-Chip surface
target (Bruker Daltonic, Bremen, Germany). The
experimentally obtained tryptic peptide maps were
assigned by comparing their masses with the calculated ones obtained after theoretical tryptic digestion. The assignation was veriﬁed by analyzing the
various peptides by RP-LC/MS. For this, an ESI-IT
mass spectrometer (model Deca-XP; Thermo-Finnigan, San José, California, USA) and a ThermoHypersil (0.18 x 150 mm) C18 column was used.
The digests were dried in a speedvac and resuspended in 0.5% acetic acid (dissolved in water) before
they were supplied to LC/RP-MS and subjected to
an organic gradient. The solvents used were: 0.5%
acetic acid in water (aqueous solvent) and 80% acetonitrile in water (organic solvent) at a ﬂow rate of
1.5 μl per min using a micro-spray “metal needlekit” (Thermo-Finnigan, San José, California, USA)
interface. The analyzer was programmed to isolate
and fragment the masses of interest. The obtained
MS/MS spectra from each of the peptides were
analyzed by assigning the fragments to each of the
candidate sequence after calculating the series of
theoretical fragmentation according to the nomenclature of the ion series described before (Roepstorff and Fohlman, 1984).
MALDI-TOF mass spectrometry analyses of the
intact protein p16.7Cb gave a single peak corresponding to 8461.6 Da (average molecular weight),
which ﬁts well with the calculated molecular weight of 8457.6 Da if thrombine had cleaved p16.7C at
its expected site indicated in Figure 9A. Moreover,
the peptide map obtained after in-gel tryptic digestion of p16.7Cb contained a fragment with a molecular weight of 674.3 Da, which matches the calculated molecular weight of the “GSHMDK” peptide
corresponding to the expected N-terminal tryptic
fragment. Finally, the sequence of this peptide was
conﬁrmed by RP-LC/ESI-IT mass spectrometry
analysis.

3.13- Partial proteolytic digestion of p16.7A
Proteolytic digestion was performed in a ﬁnal volume of 25 μl, containing 50 mM Tris-HCl (pH 7.5),
1 mM dithiothreitol, 10% (v/v) glycerol, 9 μg of puriﬁed p16.7A protein and the indicated amount (ng)
of proteinase K. After incubation for one minute at
30 °C, proteolysis was stopped by addition of 4x
loading buffer after which the samples were subjected to SDS-PAGE and Coomassie blue staining.
3.14- Mass spectrometry analyses
Protein bands were cut from Coomassie-blue stained
SDS-PAA gels, minimizing the amount of PAA-gel.
Each band was digested “in situ” with trypsin as
described before (Shevchenko et al., 1996). A small aliquot of the trypsin-digestion supernatant (0.5
μl) was analyzed directly by MALDI-TOF-type
of mass spectrometry using an Autoﬂex model of

3.15- Molecular modelling and computer analysis
The secondary structure of p16.7C was predicted
using different programs including SAM-T02, PredictProtein, Psi-Pred and Jpred. Identities of p16.7C
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with other DNA-binding proteins were screened
against the protein database using the 3D-PSSM
program (URL, sbg.bio.ic.ac.uk/3dpssm/). The
three-dimensional model of p16.7C was carried out
by the Swiss-Model program (URL, expasy.org/
swissmod/SWISS-MODEL.html) (Schwede et al.,
2003; Guex and Peitsch, 1997; Peitsch, 1995).

force ﬁeld.
Protein oligomerization was detected employing
DOSY (Johnson, 1999a) experiments. The average diffusion coeﬁcients of the protein were determined at two different protein concentrations (350
μM and 3500 μM) and two different pH values (pH
5.0 and pH 7.0) in 200 mM NaCl, 10 mM sodium
phosphate buffer. In order to get structural information about the protein oligomers 2D-NOESY experiments were also carried out with these samples.
In addition, 13C-HSQC and 15N-HSQC spectra were
recorded at high and low protein concentration. The
high protein concentration sample was prepared
by mixing unlabelled with 13C/15N double-labelled
protein (4:1 ratio) to a ﬁnal protein concentration
of 3500 μM. Finally 2D-NOESY, 13C-selected-12Cﬁltered experiments were performed on this sample
to analyze the interprotein contacts responsible for
oligomerization.

3.16- NMR experiments
1
H-NMR spectra were recorded in 85:15 1H2O:2H2O
on Bruker Avance 800, Bruker AMX-600 and Varian Unity 500 MHz spectrometers. Protein concentrations for the structural analysis of the protein
dimer were in the 400-800 μM range in 200 mM
NaCl, 10 mM sodium phosphate buffer and 4 mM
DTT at pH 5.0. Protein assignments were obtained
using a set of 2D- and 3D- homo- and heteronuclear
NMR experiments performed on the unlabelled,
15
N-labelled and 13C/15N double-labelled molecules. Thus, HNCA, HNCO and HN(CO)CA spectra
were employed for backbone assignment. The sidechain assignments were completed with 3D HCCHTOCSY experiments. NOE distance restraints were
obtained from 15N- or 13C- edited 3D-NOESY spectra. In addition, 2D-NOESY, 13C-selected-12C-ﬁltered experiments were performed on a heterolabelled dimer to analyze the interprotein contacts. This
protein sample was generated by mixing equimolar
amounts of unlabelled and 13C/15N double-labelled
protein to a global protein concentration of 100 μM
in 200 mM NaCl, 1 mM DTT, 10 mM phosphate
buffer at pH 5.0. The sample was incubated at 40 °C
for 24h and then concentrated for the NMR analysis.
Upper limits for proton-proton distances were obtained from NOESY cross-peak intensities at three
mixing times, 50, 75, and 150 ms. Cross-peaks
were classiﬁed as strong, medium, and weak corresponding to upper limits of 2.5, 3.5, and 5.0 Å.
The lower limit for proton/proton distances was set
as the sum of the van der Waals radii of the protons. Structure calculations were performed using
the program DYANA (Guntert et al., 1997). A set
of 2180 constraints (204 interprotein) were used
in the ﬁnal round of calculations. The thirty best
DYANA structures in terms of target function were
subjected to a simulated annealing protocol with the
AMBER 5.0 package with the Cornell et al. (1995)

3.17- Protein crystallization and data collection
Crystallyzation experiments were carried out with
a p16.7C solution at 10 mg/ml containing 50 mM
phosphate buffer, pH 7.5, 200 mM NaCl. Protein
crystallization was achieved by dialysis of the protein solution against a solution containing 5 mM
phosphate buffer, pH 7.5, 75 mM NaCl. Prismatic
crystals (0.05x0.05x0.2 mm) appeared after two
or three days of incubation at 4º C. Crystals were
successively transferred to a series of solutions with
increased percentage of glycerol (from 5% to 35%)
and mounted in a ﬁber loop and frozen at 100 K in
a nitrogen stream. X-ray diffraction data were collected in a CCD detector using the European Synchrotron Radiation Facility Grenoble synchrotron
radiation source at wavelength 0.92 at the BM16
beam-line. Diffraction data (Table VI) were processed using MOSFLM (Leslie, 1987).
To determine the structure of p16.7C in complex
with DNA, crystallization experiments were carried
out with a p16.7C solution at 10 mg/ml containing
50 mM phosphate buffer, pH 7.5, 200 mM NaCl.
Protein crystallization was achieved by microbatch
techniques under oil. 1 microliter of the protein solution was mixed with a solution containing a 1 mM
16-mer annealed complementary oligonucleotide
with the sequence 5’-CCGGTGGATCCACCGG-3’.
DNA constructs of different lengths with or without
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cohesive ends were also tried for crystallization.
However, DNA fragments above 16 base pairs produced amorphous solids or severe twined crystals
and DNA fragments below 14 base pairs precluded
crystallization. Prismatic crystals (0.1x0.1x0.2 mm)
appeared after two or three days of incubation at 20º
C. Crystals were transferred to a solution containing
30% glycerol and mounted in a ﬁbre loop and frozen at 100 K in a nitrogen stream. X-ray diffraction data were collected in a CCD detector using
the ESRF Grenoble synchrotron radiation source at
wavelength 0.91 at the BM16 beam-line. Diffraction data were processed using MOSFLM (Leslie,
1987).

Å using the coordinates of the X-ray structure of
the unbound p16.7C (AMoRe (Navaza, 1994)). The
electron density map calculated with the phases of
this model was good enough to manually reﬁne
the residues of the six asymmetric peptidic chains
(protein p16.7 residues 66 to 129). This model was
then reﬁned using the simulated annealing routine
of CNS (Brunger and Adams, 1998). Several cycles
of restrained reﬁnement with REFMAC5 (Murshudov et al., 1997) and iterative model building with
O (Jones et al., 1991) were carried out. The electron
density map for the DNA was poor but allowed the
model of the asymmetric moiety of the oligonucleotide used in the crystallization experiments. DNA
structure was ﬁrst considered as a rigid body and reﬁned manually on a graphic station and, afterwards,
was included in a restrained reﬁnement. Although
both the R and Rfree dropped by the inclusion of the
DNA model on the reﬁnement, only slight improvement of the electron density is observed after the
reﬁnement.
In all X-ray structures, calculations were performed using CCP4 programs (Bailey, 1994). The ﬁnal
model was reﬁned by iterative maximum likelihood
positional and traslation, libration and screw rotation displacement (TLS) reﬁnement (Merritt and
Murphy, 1994). The stereochemistry of the model
was veriﬁed with PROCHECK (Laskowski et al.,
1993). Ribbon ﬁgures were produced using MOLSCRIPT (Kraulis, 1991) and RASTER (Merritt and
Murphy, 1994). The accessible surface area of
p16.7C dimer and protomer was calculated with the
program “naccess” from LIGPLOT package (Wallace et al., 1995).

3.18- X-ray structure determination and reﬁnement
The X-ray structure of p16.7C was solved by molecular replacement using the coordinates of an ensemble of 10 preliminary NMR models (AMoRe,
(Navaza, 1994)). The preliminary electron density
map was improved by a density average protocol
performed with DM (Cowtan and Main, 1998). The
averaged density map was good enough to manually reﬁne the NMR model from residues 66a to 86b.
This model was then reﬁned using the simulated
annealing routine of CNS (Brunger and Adams,
1998). Several cycles of restrained reﬁnement with
REFMAC5 (Murshudov et al., 1997) and iterative
model building with O (Jones et al., 1991) were carried out. Tight non-crystallographic restraints between different protein chains were applied throughout the reﬁnement but they were loosened in the
last cycle of reﬁnement. Water structure was also
modelled.
The X-ray structure of p16.7C in complex with
DNA was solved by molecular replacement at 2.9
Table IV. Φ29 phages
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3.19- Phage plaque assays
Phages used are listed in Table IV. Appropiate B.
subtilis strains were cultured at 37 ºC in LB medium supplemented with 25 mM MgSO4. At an
OD600 of 0.3-0.6, 100 µl of the culture was supplemented with 0.5% of xylose, mixed with dilution
series of the appropiate Φ29 phage and then mixed
in a tube containing 2.5 mL of liquid topagar (LB
+ 0.7% agar) kept at 50 ºC. The mixed topagar was
spread onto an LB plate containing 25 mM MgSO4
and placed at 37 ºC overnight. Control experiments
in which xylose and/or phages were omitted were
also performed. Phage stocks were diluted in DF
buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl and
10 mM MgCl).

were used at 1:1000 dilution and incubations were
carried out overnight at 4 ºC. Polyclonal antibodies
were centrifuged for 10 min at 14000 g at 4 ºC before use to precipitate possible antibody aggregates.
Monoclonal antibodies mouse anti-BrdU (Caltag)
and mouse anti-c-Myc (Sigma) were used at 1/100
and 1/50 dilutions, respectively, and incubated at 4
ºC overnight. FITC-conjugated anti-rabbit, anti-rat
and anti-mouse antibodies (Sigma) were used at a
dilution of 1:1000 and incubated for 2-4 hours at
room temperature. Cγ3-conjugated anti-rabbit and
anti-rat antibodies (Sigma) were used at a dilution of 1:2000 and incubated for 2 hours at room
temperature in the dark. All subsequent steps were
performed with minimal exposure of the samples
to light. For the immunodetection of BrdU, cells
were ﬁrst incubated with 4 M HCl for 15 min at
room temperature, and then washed six times with
phosphate-buffered saline (PBS) prior to incubation
with anti-BrdU antibodies. To detect double-stranded DNA an additional step was performed before
incubation with anti-BrdU antibodies to digest the
single-stranded DNA. Thus, S1 nuclease (Sigma)
was added at a ﬁnal dilution of 1/75 for 30 min at
37ºC. All samples were mounted for epiﬂuorescence microscopy (see 3.22) in multispot microscope
slides (C.A. Hendley ,Essex, LTD) supplemented
with 0.2 µg/ml DAPI.

3.20- Immunoblotting
Cells (strains DM-010, DM-011, DM-012 and DM013) from an overnight culture were diluted into
LB medium containing 25 mM MgSO4 and grown
to early exponential phase at 37 ºC. At an OD600 =
0.3-0.6, cells were infected with appropiate sus2 or
sus16.7/sus14 phage at a multiplicity of infection
(MOI) of 5. No xylose was added to avoid Φ29 DNA
replication. At different times culture samples (1.5
ml) were centrifuged and the cell pellets were kept
on ice. Immediately, 200 µl of loading SDS-PAGE
buffer (with proteinase inhibitor) was added to the
tubes and the cells were sonicated (two pulses of
10 µm amplitude for 12 s). The samples were then
heated to 95 ºC for 3 min, and loaded onto a 10-20%
gradient SDS-PAGE. Proteins were subsequently
transferred to Immobilon-P membranes (Millipore)
by Western blotting as described previously (Meijer
et al., 2001). Rabbit polyclonal antibodies against
p6, p16.7 and p17 were used at a 1:2000 dilution.
Antigen-antibody complexes were detected using
anti-rabbit horseradish peroxidase-conjugated antibodies and ECL Western blotting detection reagents
(Amersham, UK).

3.22- Epiﬂuorescence microscopy
For ﬂuorescence microscopy, cells from an overnight culture were diluted into LB medium containing
25 mM MgSO4 and grown to early exponential phase at 37 ºC. At an OD600 = 0.3-0.6, cells were infected at a MOI = 5 with appropriate Φ29 phage (Table
IV) and supplemented with 0.5% of xylose. For live
cell imaging, cells were mounted on microscope slides covered with a thin ﬁlm of 1% agarose in water,
essentially as described previously (Glaser et al.,
1997).

3.21- Immunoﬂuorescence microscopy
Samples were ﬁxed after the indicated times of
infection and processed essentially as described
(Lewis and Errington, 1997) with the following
modiﬁcations. Blocking buffer contained 0.5% (w/
v) casein (Sigma Chemical co.). Afﬁnity-puriﬁed
rat and rabbit polyclonal antibodies against p16.7

3.23- Image acquisition and image analysis
Imaging acquisition was performed as described
previously (Lewis and Errington, 1997) using a
Sony CoolSnap HQ cooled CCD camera (Roper
Scientiﬁc) attached to a Zeiss Axiovert 200M microscope. The digital images were acquired and
analyzed with METAMORPH version 6 software.
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Images of ﬂuorescent samples were deconvolved
within METAMORPH and assembled in Adobe
PHOTOSHOP version 7. Image manipulation was
kept to a minimum. For general purposes images
were scaled and then saved as 8-bit images.
3.24- Real-time PCR
Cells corresponding to 1 ml aliquots of B. subtilis
cultures, withdrawn at different times after infection, were harvested, processed and analyzed by
real-time PCR in a Light-Cycler (Roche). Primers
used for ampliﬁcation of the 298 bp right end of
the Φ29 genome were R-OUT-SUPER and R-25.
The data obtained for samples were interpolated to
a standard curve constructed with known amounts
of puriﬁed, full-length Φ29 DNA. The results were
expressed as picograms (ng) of DNA per ml of
culture. Binding values are expressed as IC (=[immunoprecipitated DNA/total DNA]×106). Speciﬁc
ampliﬁcation of DNA regions by each primer set
was checked by PCR reactions using the following
puriﬁed DNAs as template: full-length Φ29, Φ29infected and non-infected cells. Moreover, a melting analysis was performed at the end of each PCR
by continuous ﬂuorescence measurement from 65
to 95 ºC to ensure that a single product was ampliﬁed.
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4.1- The p16.7 region spanning residues 21 to 68
is able to dimerize as a low-afﬁnity coiled-coil
The protein p16.7 variant, in which the N-terminal
transmembrane domain has been replaced by a histidine-tag (p16.7A, Figure 9A) is a dimer in solution (Meijer et al., 2001). Analyses of the p16.7A
sequence revealed that the region spanning approximately amino acid residues 25 to 60 (residue numbering is referred to the complete p16.7 sequence)
has a high probability to form a coiled-coil (Meijer
et al., 2001). A coiled-coil consists of at least two
amphipathic α helices that are wound into a superhelix having a hydrophobic interface (Lupas, 1996).
The protein sequences of coiled-coils are characterized by a heptad repeat of amino acids, denoted
a-g. Residues at positions “a” and “d”, which locate at the same face of the helix, are predominantly
hydrophobic and form the helix-helix interphase. A
helical wheel showing the amphipathic character of
this p16.7 region is presented in Figure 9B. The following reasons made this region of p16.7 the prime
candidate to be responsible for p16.7 dimerization.
First, coiled-coils are ubiquitous dimerization domains found in a wide range of structural and regulatory proteins and, second, no other region was
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detected by analyses of the p16.7 protein sequence
that a priori would hint to a possible involvement in
dimerization. To test the possibility that the putative
coiled-coil region is responsible for p16.7 dimerization, plasmids pET-16.7N and pET-16.7N4 were
constructed and used to purify proteins p16.7N and
p16.7N4 (Figure 9A). Protein p16.7N encompasses the wild type sequence of the predicted p16.7
coiled-coil region. Protein p16.7N4 contains the
same region but includes four Leu (Leu-36, Leu-39,
Leu-50 and Leu-53) to Arg substitutions that would
completely disrupt the hydrophobic face of the putative α-helix (Figure 9B) and therefore would be
unable to form a coiled-coil-mediated dimer.
To determine their oligomeric state in solution,
proteins p16.7N and p16.7N4 were subjected to in
vitro cross-linking (Figure 10A). Whereas a band
with a molecular weight corresponding to a dimer
was observed in the case of the wild-type p16.7N
protein after disuccinimidyl suberate (DSS) treatment, no cross-linked species were observed for the
mutant p16.7N4 protein. These results indicate that
the wild-type protein p16.7N is able to dimerize in
solution, contrary to mutant protein p16.7N4. Figures 10B and C are explained below.
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characteristic of a random-coil at high concentration (590 μM), even at 4 ºC (Fig. 11A). The estimated helical content of the proteins at the various
conditions tested are given in Table V. A maximum
helical content of 44% was obtained for p16.7N at
590 μM and 4 °C. Since p16.7N is 72 amino acids
long, about 31 amino acids must be contained in
a helical structure under these conditions, which is
consistent with the sequence-based prediction of a
coiled-coil spanning residues 29 to 57 of p16.7 (see
above and Figure 9).
The equilibrium between an essentially nonstructured state and a partly helical conformation
of p16.7N, and its dependence on protein concentration indicate that the transition corresponds to a
coupled folding-dimerization process. Dimerization
of p16.7N is a very low afﬁnity process, though, since the dimeric form is favoured only at high protein
concentration and low temperature. Moreover, the
presence of an isodichroic point for the CD spectra
obtained at different temperatures is consistent with
a two-state transition between unfolded monomer
and folded dimer, with no stable intermediates (Engel et al., 1991; Krylov et al., 1994). Finally, the
observation that mutant p16.7N4 was unstructured
under all conditions tested further supports that dimerization of p16.7N proceeds through formation
of a coiled-coil.
The dissociation/unfolding equilibrium of p16.7N
was quantitated in chemical dissociation/denatura-

Figure 10. In vitro DSS cross-linking analyses of p16.7A and
its isolated domains. Cross-linked samples were subjected to
SDS-PAGE and Coomassie blue staining. The position of monomers and cross-linked dimers are indicated. Samples of p16.7A
and p16.7A4 shown in B were loaded onto the same gel but separated by various slots. In all cases, only a single protein band
was observed for non-treated DSS samples (not shown). (A),
N, p16.7N; N4, p16.7N4. (B), A, p16.7A; A4, p16.7A4. (C), A,
p16.7A; C, p16.7C. Proteins p16.7A and p16.7C contain one Cys
residue. The possibility that the observed dimers are due to a
disulﬁde bridge was ruled out by analysis in non-denaturing PAA
gels (not shown).

The secondary structure of the wild-type and mutant proteins was analyzed by far-UV circular dichroism (CD) spectroscopy. The CD spectrum of
p16.7N and p16.7N4 at low and intermediate concentrations (15 μM and 75 μM) at 25 ºC was characteristic of a random-coil (not shown). However, the
spectrum of protein p16.7N obtained at high concentration (590 μM) revealed a substantial helical
content at 25 ºC, which increased progressively at
lower temperatures (Figure 11A). In sharp contrast,
the CD spectrum of the mutant p16.7N4 remained

Figure 11. Circular dichroism analyses of p16.7N, p16.7N4, p16.7A, p16.7A4 and p16.7C. (A), Far-UV CD spectra of protein
p16.7N (solid, dashed and dotted lines) and p16.7N4 (dot-dashed lines) at high protein concentration (590 μM) and different temperatures: 4 ºC (solid and single dot-dashed lines), 15 ºC (dashed line) and 25 ºC (dotted and double dot-dashed lines). Far-UV spectra
of p16.7N and p16.7N4 at low (15 μM) or intermediate (75 μM) concentrations at 25 ºC were highly similar to those of the p16.7N4
spectra (not shown). The spectra, as well as those shown in C, are truncated at a low wavelength where the measurement became unreliable. The background has been subtracted, and the spectra have been normalized. (B), GdmHCl-induced dissociation/denaturation
of p16.7N at 4 ºC and 548 μM protein (monomer) concentration followed by ellipticity measurements at 222 nm. The curve was ﬁtted
to a native dimer-to-unfolded monomer transition (see Experimental Procedures). (C), Far-UV CD spectra of protein p16.7A (solid
line), p16.7A4 (dashed line) and p16.7C (dotted line). The total protein concentration was 15 μM (25 ºC).
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Table V. α-Helical content of p16.7A and its derivatives.

tion experiments. Samples of p16.7N (548 μM) were
treated with increasing concentrations of GdmHCl,
and the ellipticity of the samples at 222 nm was obtained from the corresponding CD spectra (Figure
11B). Because of the very low dimerization afﬁnity,
the equilibrium was studied at 4 ºC. The data ﬁtted
well a two-state monomer-dimer equilibrium with a
free energy difference in the absence of denaturant
ΔGuH2O = 5.7 ± 0.6 kCal/mol in the standard (1
M) state at 4 ºC, and an m-value (the increase in
ΔGu upon increasing the denaturant concentration
by 1 M) m= (-2.7) ± 0.7 kcal/mol.M. The value of
ΔGuH2O corresponds to an equilibrium dissociation/unfolding constant Ku = 33 μM at 4 ºC.
In summary, the results clearly indicate that an
isolated protein containing amino acid residues 2168 of p16.7 is able to form, albeit with low afﬁnity,
a dimeric coiled-coil of about 30 residues in length,
in a coupled folding and association process. Figure
11C is described below.

Figure 12. Dissociation curve of p16.7A obtained by zonal
analytical gel ﬁltration. σ is the weight average partition coefﬁcient at each protein concentration (Valdes and Ackers, 1979;
Darling et al., 2000). The curve was ﬁtted to a dimer-monomer
equilibrium as described (Darling et al., 2000).

4.2- Protein p16.7C forms high-afﬁnity homodimers
To study whether the coiled-coil of p16.7A is the
main dimerization determinant, a mutant 16.7A
gene was constructed encoding a protein, p16.7A4,
that contains the same four Leu to Arg substitutions present in p16.7N4 (Figure 9A). In vitro DSS
cross-linking analysis of p16.7A and p16.7A4 (Figure 10B) revealed two interesting features. First,
the amount of cross-linked dimer species was much
higher for these proteins as compared to that obtained with p16.7N at the same protein concentration,
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which suggests that p16.7A and p16.7A4 dimerize
much more readily than p16.7N. Second, similar
amounts of dimers were obtained for p16.7A and
p16.7A4 after DSS cross-linking, indicating that the
mutant protein p16.7A4 does form dimers in solution, despite having a disrupted coiled-coil region
(see also below).
The oligomerization state of p16.7A (14.5 kDa)
and p16.7A4 (14.65 kDa) was conﬁrmed by analytical gel ﬁltration. Both proteins behaved essentially as dimers, even at low concentrations. Their respective apparent molecular weights were 35.5 kDa
and 36.3 kDa, close to the calculated values (29.0
and 29.3 kDa, respectively). Analytical gel ﬁltration
was also used to estimate the order of magnitude
of the dissociation constant. The elution volumes at
the extremely low protein concentrations where the
monomeric form would predominate could not be
determined because of the very low signal-to-noise ratio. Thus, only the ﬁnal part of the association
curve could be traced. Nevertheless, a very good ﬁtting to a dimer-monomer equilibrium was obtained
(Figure 12). Also, the ﬁtting for p16.7A yielded an
apparent molecular weight of 13.5 kDa for the monomeric form, which is very close to the calculated
value (14.5 kDa). The dissociation constant thus
obtained for p16.7A was about 20 nM. The actual
value could be even lower, because of the possible
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rature, and is more than 3 orders of magnitude lower than the dissociation constant of p16.7N, even
though the latter value was determined at a lower
temperature (4 °C).

Table VI. Analytical gel ﬁltration of p16.7C

4.3- The coiled-coil is formed in the context of
p16.7A
The results described above show that the coiledcoil-mediated dimerization of p16.7N is a very
low afﬁnity process. High-afﬁnity dimerization of
p16.7A through the C-terminal halves of the protein
will restrict the mobility and orientation of the two
N-terminal regions, which would increase the frequency of productive collisions and thereby shifting
the equilibrium of the N-terminal regions towards
association in a parallel coiled-coil structure. As a
consequence, the coiled-coil might be formed at
lower concentrations and higher temperature in the
complete p16.7A protein as compared to that observed in its isolated form present in p16.7N. To
test this possibility, the helical content of p16.7A
and p16.7A4 was estimated by CD. The calculated
helical content of p16.7A and p16.7A4 (at 15 μM
and 25 ºC) were 59% and 27%, respectively (Figure
11C and Table V). The reduction in helical content
in p16.7A4 (~ 39 residues) corresponds roughly
to the size of the coiled-coil region that would be
disrupted by the mutations introduced. Thus, the
N-terminal coiled-coil is formed in the context of
p16.7A, even at a low concentration and at 25 °C.

dilution of the sample in small-zone elution experiments (Valdes and Ackers, 1979). Interestingly,
the dissociation constant of p16.7A4 was also in the
nanomolar range. These results can be summarized
as follows: ﬁrst, the dissociation constant obtained
for p16.7A was more than 3 orders of magnitude lower than that of p16.7N, and second, no signiﬁcant
reduction in the dissociation constant was observed
for p16.7A4 with respect to p16.7A, despite the
fact that this variant could not dimerize through the
coiled-coil domain. This constitutes strong evidence that a region other than the coiled-coil is responsible for the high p16.7A dimerization afﬁnity.
To study whether the isolated C-terminal half of
p16.7 is able to dimerize, plasmid pET-16.7C was
constructed and used to purify protein p16.7C (Figure 9A). In vitro cross-linking analyses (Figure
10C) and analytical gel ﬁltration studies (Table VI)
demonstrated that p16.7C forms dimers in solution.
The values obtained for the weight average partition
coefﬁcient corresponded very well with that calculated for the dimeric form (Table VI), and remained
constant over the protein concentration range tested
(from 50 μM down to 0.1 μM). As no signiﬁcant
amount of the monomeric form could be detected at
concentrations as low as 100 nM, the dissociation
constant cannot be higher than about 10 nM (at 25
°C). This value is in the same order of magnitude
as that of p16.7A and p16.7A4 at the same tempe-

4.4- The coiled-coil and the C-terminal region
are separated by a protease-sensitive linker
The results described above show that the isolated
p16.7 regions spanning residues 21 to 68 (present in
p16.7N), and 63 to 130 (present in p16.7C) contain
a low- and high-afﬁnity dimerization domain, respectively, and indicate that each region constitutes
a separate domain. To verify this latter assumption
and to study whether a protease sensitive linker
connects these two domains, p16.7A was subjected
to partial proteolysis using the non-speciﬁc cleavage site protease, proteinase K (see Materials and
Methods). Partial digestion of p16.7A gave two major proteolytic fragments with apparent molecular
weights of ~7.5 and ~7 kDa (Figure 13A), which,
for simplicity, will be referred to as protK-fragment
A and B, respectively. To gain insight in their natu-
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Figure 13. Protein p16.7A contains two structurally separate domains as assessed by partial proteolysis. (A), Coomassie-stained
SDS-PAGE of proteolytic fragments resulting from digestion of p16.7A (9 μg) for one minute at 30 °C with the indicated amounts of
proteinase K (see Materials and Methods). C, protein standards; 0, undigested protein p16.7A (14.5 kDa). The two major proteolytic
fragments of ~7.5 and ~7 kDa are indicated as fragment A and B, respectively. (B), Schematic overview of MALDI-TOF-type mass
spectrometry analysis of the “in gel” trypsin-digestion generated products of intact p16.7A and those of the proteinase K generated
proteolytic fragments A and B. The positions of the theoretical trypsin cleavage sites and those that were actually cleaved by trypsin
are indicated with black and red arrows, respectively, below p16.7A, which is depicted as a thick black bar. The eight tryptic fragments (numbered 1 to 8), detected by analysis of intact trypsin-digested p16.7A and their position with respect to the protein p16.7A
sequence, are indicated with thin bars. The experimentally obtained molecular weight of all fragments deviated less than 0.5 Da from
the calculated one and their expected sequence was veriﬁed by RP-LC/ESI-IT mass spectrometry analysis (not shown). The following
small tryptic fragments were not detected: KKQEAR (located between fragments 1 and 2), VVQR (located between fragments 2 and
3), and KLYRGSLK (extreme C-terminal fragment). The tryptic fragments corresponding to the N- and C-terminal part of p16.7 A are
shown in red and blue, respectively. Although trace amounts of the C-terminal tryptic fragments were detected in the sample containing fragment A and, vice versa, N-terminal tryptic fragments in the fragment B sample, there was at least a 10-fold difference in the
relative level of the respective peptides between both samples. Due to their similar molecular weights minor amounts of one fragment
might have contaminated the other one during excision of the gel. Fragment 4, shown in black, was only detected in the intact p16.7A
processed sample. The SIDK sequence located between the N-terminal fragment 3 and C-terminal fragment 5 is shown enlarged at the
top. The p16.7 coiled-coil (red) and the C-terminal containing region (blue), present in proteins p16.7N and p16.7C respectively, are
indicated above the bar representing p16.7A.

re, the tryptic peptide maps of these two proteolytic fragments were compared to the tryptic map of
proteinase K-untreated p16.7A. Thus, the two proteolytic p16.7A fragments as well as the complete
p16.7A protein were digested “in situ” with trypsin
and the resulting peptides were subsequently analyzed by MALDI-TOF-type mass spectrometry. The
results of these analyses are schematically presented in Figure 13B. Comparison of the experimentally obtained peptide masses for p16.7A with the
theoretically predicted ones after trypsin digestion
of p16.7A, allowed to assign unambiguously eight
tryptic peptides which together covered almost the

entire p16.7A protein. Only three regions, ranging
between four and eight residues, were not detected.
The expected peptide sequence of the tryptic fragments was veriﬁed by RP-LC/ESI-IT mass spectrometry (not shown). Interestingly, high levels of the
tryptic fragments 5, 6, and 7, which allocate to the
C-terminal region (down to p16.7 residue 65), were
detected in protK-fragment B. Reciprocally, high
levels of the N-terminally located tryptic fragments
2 and 3 (up to p16.7 residue 60) were detected in
protK-fragment A. Thus, partial proteolysis of protein p16.7A with proteinase K generated two main
products corresponding to the N-terminal region en-
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Figure 14. The C-terminal half of p16.7 constitutes the functional domain. (A), Protein p16.7C was digested with thrombin and
the resulting p16.7Cb protein was puriﬁed as described in Experimental Procedures. Puriﬁed p16.7C and p16.7Cb were subjected to
SDS-PAGE and Coomassie blue staining. The calculated molecular masses of p16.7C and p16.7Cb are 10.3 and 8.4 kDa, respectively.
(B), Protein p16.7Cb interacts with the TP as assessed by in vitro cross-linking. Samples containing TP (2.5 μM) with or without
protein p16.7Cb (2.5 μM) were treated with DSS after which they were subjected to SDS-PAGE followed by Western blotting using
antibodies against TP. The monomer and dimer position of TP, and that of the heterodimer, are indicated. (C) and (D), Protein p16.7Cb
is able to bind both ss and dsDNA. Gel mobility assays were used to study the p16.7Cb binding activity to dsDNA (C) and ssDNA
(D). Protein p16.7A was included as internal control. The 297 bp Φ29 right fragment, labelled at its 5’ end, was incubated directly (C)
or after heat-denaturation (D) in the absence or presence of increasing amounts (0.37, 0.75, 1.5, 3 or 6 μM) of the indicated protein.
After non-denaturing PAGE, the mobility of the nucleoprotein complexes was detected by autoradiography. -, negative control lane
of free ssDNA or dsDNA.

compassing the coiled-coil region, and the C-terminal region containing the high afﬁnity dimerization
domain, demonstrating that these are two separate
structural modules which are connected by a short
proteinase K-sensitive linker region. The inference
that proteinase K cleaved preferentially in the p16.7
region spanning residues 61 to 65 (corresponding to
the protein sequence “SIDK”) is further supported
by the observation that fragment 4 was only detected in the proteinase K untreated p16.7A sample.
Together, these results demonstrate that the proteins
p16.7N and p16.7C encompass the complete coiledcoil and C-terminal domain, respectively.

4.5- The C-terminal region constitutes the functional domain of protein p16.7
Protein p16.7A can bind both ssDNA and dsDNA,
and has afﬁnity for the Φ29-encoded TP (SernaRico et al., 2002; Serna-Rico et al., 2003). We have
tested whether these functional properties are speciﬁcally associated with the p16.7 C-terminal region.
To exclude the possibility that the positively charged histidine-tag of p16.7C (Figure 9A) might be
(partly) responsible for DNA binding or for the interaction with TP, protein p16.7C was cleaved with
thrombin and the resulting puriﬁed protein, p16.7Cb
(Figures 9A and 14A), was used. Mass spectrome-

72

4. p16.7 modular protein

try analyses of p16.7Cb conﬁrmed that cleavage of
the histidine-tag had occurred at the correct place
(see Materials and Methods for details).
In vitro DSS cross-linking experiments were performed to determine whether p16.7Cb (8.5 kDa)
has afﬁnity for TP (31 kDa). The cross-linked samples were subjected to SDS-PAGE followed by
Western blot analysis using polyclonal antibodies
against TP (Figure 14B). Similar to results obtained with p16.7A (Serna-Rico et al., 2003), besides
signals corresponding to TP monomers and dimers,
an additional signal was detected when the sample
contained both TP and p16.7Cb. This band, which
has an apparent molecular weight corresponding to
a p16.7Cb/TP heterodimer (~ 40 kDa), was also detected when the blot was stripped and re-used with
antibodies against p16.7, conﬁrming that it contains
both TP and p16.7Cb (not shown). Thus, the C-terminal half of p16.7 is sufﬁcient to interact with TP.
Gel retardation studies were performed to determine whether p16.7Cb has ssDNA and dsDNA
binding capacity. Thus, the 297-base pair right end
fragment of the Φ29 genome was end-labelled and
used directly or after heat-denaturation in gel mobility shift assays. The results (Figures 14C and D)
show that p16.7Cb and p16.7A have similar DNAbinding capacities. Together, these results demonstrate that the basic functional properties of p16.7,
binding to DNA and to Φ29 TP, reside in the C-terminal region of the protein.
4.6- The functional domain of protein p16.7 can
form multimers
Gel retardation studies demonstrated that the Cterminal half of protein p16.7, p16.7C, has ss and
dsDNA binding activities (Muñoz-Espín et al.,
2004). Although these experiments unequivocally
demonstrated DNA-binding capacity, they did not
provide insight in the ability of p16.7Cb to form
multimers or the mode of DNA-binding, which can
be deduced by nuclease digestion analyses of the
nucleoprotein complexes. Therefore, increasing
amounts of p16.7Cb were incubated with 5’-labelled ss or dsDNA probes. Next, the nucleoprotein
complexes formed with ss and dsDNA were challenged to micrococcal nuclease and DNase I digestion,
respectively, after which the fragments were fractionated through denaturing polyacrylamide gels

(see Figures 15A and B). In the absence of p16.7Cb
nearly all the end-labelled ssDNA fragment was
degraded into small oligonucleotides (Figure 15A,
lane 6). In the presence of p16.7Cb, in the range of
5-20 μM, however, the amount of small oligonucleotides decreased giving rise to a variety of larger
ssDNA digestion products (Figure 15A, lanes 1-3).
At higher p16.7Cb concentrations, hardly any degradation products were observed (lanes 4-5) indicating that the ssDNA was (almost) completely protected from micrococcal nuclease attack. Together,
these results conﬁrm that p16.7Cb binds to ssDNA
and, importantly, provide strong evidence that, at
elevated concentrations, p16.7Cb forms multimers
upon ssDNA binding leading to the generation of
a continuous array of protein protecting the entire
DNA fragment from micrococcal nuclease attack.
Similar results were obtained when dsDNA was
used (Figure 15B). Thus, whereas a typical Dnase
I digestion pattern was observed in the absence or
in the presence of low amount (5 μM) of p16.7Cb
(lanes 1 and 2, respectively), full protection of the
dsDNA fragment was seen at higher p16.7Cb concentrations (lanes 3 and 4). Contrary to the analyses
with ssDNA, though, no intermediate levels of nuclease protection were observed with dsDNA. This
might indicate that multimer formation of p16.7Cb
is enhanced upon binding to dsDNA, although this
difference may also be due to different digestion
characteristics of Dnase I versus micrococcal nuclease. In vitro cross-linking carried out in the presence of dsDNA followed by Western blot analyses
conﬁrmed the ability of p16.7Cb to form multimers
(Figure 15C). Similar results were obtained using ss
instead of dsDNA or using p16.7C (not shown).
4.7- The functional domain of protein p16.7 has
a helical structure and may be evolutionarily related to eukaryotic homeodomains
A sequence-based homology search was carried out
for the functional domain of p16.7. Interestingly,
the sequences with the highest similarity (around 20
and 40% of identity and similarity, respectively) corresponded to DNA-binding homeodomains, which
are present in a large family of eukaryotic transcription factors (Gehring, 1987; Kaufman et al.,
1990). Homeodomains contain about 60 amino acid
residues, and are composed of three α-helices that
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Figure 15. The functional domain of p16.7 can form multimers. (A and B) Nuclease digestion assays. The labelled probes were
preincubated either in the absence or presence of increasing amounts of p16.7Cb. After complex formation, samples were treated
with micrococcus nuclease (A) or DNase I (B) as described in Materials and Methods, and the DNA products fractionated through
polyacrylamide gels under denaturing conditions. The digestion pattern observed in (A) is the consequence of preferential cleavage
by micrococcal nuclease at AT-rich regions (Santelli and Richmond, 2000; Serna-Rico et al., 2003). Digestion of the ssDNA fragment
without protein during a shorter period of time or using lower micrococcus nuclease concentrations gave patterns highly similar to
those obtained in the presence of limited amounts of p16.7Cb. Protein p16.7Cb concentrations used in (A) were 5, 10, 20, 40 and 80
μM; those in (B) were 5, 10 and 20 μM. (C) Protein p16.7Cb was cross-linked in vitro in the presence of dsDNA using the cross-linking agent DSS. After cross-linking, the sample was subjected to SDS-PAGE and Western blot analyses using polyclonal antibodies
against p16.7.

apolar homeodomain residue Phe-49 corresponds
to p16.7 residue isoleucine 109. Moreover, the invariant homeodomain residue Leu-16 is conserved
in p16.7 (corresponding to Leu-76). In addition to
sequence similarity, p16.7C and homeodomains are
also similar in their secondary structure, as deduced from the following observations. First, various
secondary structure prediction programs invariably
predicted three α-helical segments within the C-terminal domain of p16.7, the position and length of
which corresponded neatly to those present in homeodomains (Figure 16). Second, the CD spectrum
of p16.7C indicated a helical content of about 40%
(Fig. 3C and Table V), very similar to that derived

are folded into a tight globular structure (Gehring
et al., 1994). An alignment between the C-terminal
region of protein p16.7 and a consensus sequence
based on 346 homeodomain sequences (Figure 16)
shows that various residues highly conserved in
most homeodomains, and critical for either structure or function, are also conserved in the functional
domain of p16.7. For instance, homeodomains contain four highly conserved residues (Trp-48, Phe49, Asn-51 and Arg-53) in their DNA recognition
helix III. Of these, Arg-53 is conserved in p16.7
(corresponding to Arg-113). In addition, the aromatic homeodomain residue Trp-48 corresponds to
the aromatic tyrosine residue 108 in p16.7, and the
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Figure 16. Alignment of p16.7C with a consensus homeodomain sequence and with the human Pbx1 homeodomain. The consensus homeodomain sequence (HD consensus) is based on 346 homeodomain sequences (Bürglin, 1994). Numbers between slashes
indicate the amino acid position from the N-terminus of the proteins. The three amino acid insertion at the C-terminus of homeodomain helix I of the Pbx1 homeodomain (residues LSN) is numbered “abc”. Residues of the C-terminal half of p16.7 or the Pbx1
homeodomain are indicated with an asterisk when identical to one of the six most frequent amino acids occupying the corresponding
homeodomain residue. Vertical bars and colons indicate residues that are identical or conserved, respectively, with the consensus
homeodomain sequence. The yellow-boxed regions indicate α helices. For Pbx1 homeodomain the α helices are based on the threedimensional structure (Piper et al., 1999; LaRonde-LeBlanc and Wolberger, 2003). The indicated α helices in the consensus sequence
are a composite derived from the structures of the Antp, en and MATα2 homeodomains (Bürglin, 1994). The indicated α helices for
p16.7C are based on the Sam-t02-dssp-ehl secondary structure prediction algorithm and agree with NMR data (see chapter 5). Residues enclosed in blue reﬂect hydrophobic residues that are important for formation of the hydrophobic core of homeodomains, and
thus largely responsible for its tertiary structure.

mated by CD and the predicted positions of the helical segments in the sequence of p16.7C (see Chapter
5). The homeodomain of the human Pbx1 protein,
for which the three dimensional structure has been
solved (Piper et al., 1999; LaRonde-LeBlanc and
Wolberger, 2003), is amongst the homeodomains
sharing the highest level of similarity with the Cterminal region of p16.7 (Figure 16). Based on the
structure of the Pbx1 homeodomain, a tentative homology-based model for the tertiary structure of the
functional domain of p16.7 was constructed (Figure
17).
In summary, the results presented in this chapter show that p16.7 contains a coiled-coil of about
30 residues in length. In an isolated peptide the
coiled coil is formed with low afﬁnity and is not
the main dimerization domain responsible for the
high afﬁnity dimers in p16.7A. Rather, the results
show that the main dimerization domain is located
in the C-terminal half of p16.7 (p16.7C). The coiled
coil region is linked to the C-terminal domain by a
proteinase K-sensitive linker. The results also show
that the functional properties, TP and DNA binding
activities, reside in dimeric p16.7C. Finally, p16.7C
shows limited homology with DNA-binding homeodomains

Figure 17. Homology-based model for the tertiary structure
of p16.7C. The model is based on the tertiary structure of the
homeodomain of the human Pbx1 protein (Piper et al., 1999).
The prediction was done using the Swiss-Model program of the
Expasy Molecular Biology Server. The C-terminal domain of
p16.7 and the Pbx1 homeodomain are illustrated in yellow and
violet, respectively. The model superimposed very well with the
Pbx1 homeodomain structure, except in the loop between helices
I and II, where the Pbx1 has a three amino acid insertion. The Ramachandran plot of the model showed only two residues in a forbidden region, and the number of steric clashes between atoms
was limited. The polar-apolar distribution was found reasonable,
except that two polar side chains, especially arginine 36, were
predicted to be buried. However, arginine 36 could form a buried
salt bridge with glutamic 10 in the model.

from the secondary structure predictions, and also
similar to that found in homeodomains. And third,
analyses by NMR spectroscopy and X-ray diffraction essentially conﬁrmed the helical content esti-
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5.1- Structure determination of p16.7C dimer
The foregoing chapter showed that the C-terminal
half of protein p16.7 present in p16.7C forms highafﬁnity homodimers in solution. In addition, p16.7C
has DNA-binding activity and can interact with Φ29
TP. Finally, in addition to dimers, p16.7C can form
higher-order multimers especially in the presence
of DNA. To gain insight in the multiple features
and functions of p16.7C, studies were performed to
determine its solution and crystal structures.
Analytical
ultracentrifugation
experiments
showed that p16.7C was mainly in its dimeric
form at the temperature (30-40 ºC), pH (5-7), ionic-strength (200 mM NaCl) and concentration
(0.4-0.8 mM) conditions employed for the NMR
studies described below (not shown). Full backbone
and side-chain assignment for p16.7C (supplementary Table I) was obtained using standard 2D and
3D NMR techniques on 15N and 13C/15N labelled
samples. In order to distinguish intra- from intermolecular NOEs, half-ﬁltered NOESY experiments
(Figure 18A) were carried out on a heterolabelled
dimer obtained by mixing equivalent amounts of
unlabelled and 13C/15N labelled protein. A summary
of the experimental constraints employed and the
characterization of the ﬁnal NMR ensemble are
shown in Table VII.

In the course of the NMR studies, diffraction
quality crystals of the protein were obtained in a
dialysis membrane. These conditions were then
used as starting point for crystallographic studies.
A preliminary NMR-derived ensemble of ten models was initially employed in the X-ray structural
determination of p16.7C by molecular replacement
at 2.9 Å resolution (see Table VIII and Materials
and Methods). The R.M.S.D. values for superimposition show that the NMR and crystal structures of
p16.7C dimer are very similar (0.87 and 1.04 Å for
the monomer and dimer backbone superimposition,
respectively, in ordered regions; i.e. residues 68125). The combined NMR and X-ray structures not
only provide validation of one another but also give
a more complete picture of the structure and dynamics of p16.7C than either structure alone. The atomic coordinates and structure factors (codes 1ZAE
and 2BNK) have been deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ
(http://wwww.rcsb.org/).
5.2- Architecture of the dimer
The solution and crystallographic 3D structures of
p16.7C dimer are shown in Figures 18B and C, respectively. Each polypeptide chain (green and red)

Figure 18.- Solution and crystal structure of p16.7C. (A) Double-ﬁltered (left) and half-ﬁltered (right) NOESY experiments corresponding to p16.7C at 35 °C, pH 5.0, 200 mM NaCl and 10 mM sodium phosphate. Interprotein NOEs involving the methyl group of
L124 are clearly observable in the half-ﬁltered spectrum. (B) Backbone atoms (N,CA,C) of 25 superimposed NMR-derived structures
of p16.7C dimer. Two different views corresponding to a 90o rotation around y axis are shown. (C) Stereo ribbon representation of
p16.7C crystal structure
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Table VII. Characterization of the 25 NMR structures of the
p16.7C dimer retained for structural analysis.

Table VIII. X-ray data collection and reﬁnement statistics

contains three α helices (corresponding to p16.7 residues 72-81 [H1], 88-95 [H2], and 103-121 [H3]).
Helices H1 and H2, connected by a six-residue loop
(82-87; loop 1), are oriented in an antiparallel fashion with a crossing angle of ~160o. Helix H3 is
connected to H2 by a seven-residue loop (96-102;
loop 2) and packs against both helix H1 and H2
with crossing angles of 54o and 139o, respectively.
The C-terminal region (residues 122-128) adopts an
extended structure. Finally, residues 63-66 and 129130 are disordered (supplementary Figure 1). The
secondary and ternary structure of each monomer is
stabilized by formation of a hydrophobic core resulting from the packing of the three helices.
According to both NMR and X-ray data, p16.7C
forms a symmetric dimer that corresponds to a novel six-helical fold. Indeed, none of the proteins
present in the Brookhaven Protein Data Bank exhibits high structural homology with p16.7C according to DALI (Holm and Sander, 1998) and SCOP
(Murzin et al., 1995). The two monomers, related

by a non-crystallographic two-fold symmetry, are
held together by a combination of extensive hydrogen bonding, and hydrophobic and electrostatic interactions. In the following description of the main
intermolecular contacts, letters a and b will be employed to specify the polypeptide chain only when
essential to avoid ambiguities.
The primary dimer interface is formed by helices H3a/H3b and the extended C-terminal region of
both monomers, which are oriented in an antiparallel fashion. Thus, the extended C-terminal region of
each protein packs against helices H1 and H3 of the
other, being involved in both hydrophobic and polar
intermolecular contacts. Especially relevant for the
dimer stability seems the role of Leu-124 of each
monomer, which is totally buried in a hydrophobic
patch formed by Tyr-79, Leu-78, and Leu-106 of the
other protein monomer. In addition, there are polar
intermolecular contacts between Arg-113/Lys-122,
Ser-88a/Ser-88b and Arg-85/Tyr-115. Recent studies have highlighted the inﬂuence of CH-π inte-
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Figure 19. Location of the putative p16.7C DNA-binding site. Molecular surface representations of p16.7C showing the electrostatic potential (blue is positive and red is negative). Both views (A and B) are related by a 90o rotation around x axis. The probable
orientation of the coiled-coil and transmembrane domains in full length p16.7 is schematically represented (not at scale).

ractions involving proline and aromatic side-chains
on protein stability (Neidigh et al., 2002). In p16.7C
the Pro-87a and Pro-87b side-chains, 4 Å apart at
the dimer interface, pack against Trp-116 indol ring
of both polypeptides (Trp-116a and Trp-116b, supplementary Figure 2). This particular arrangement
is likely to make a signiﬁcant contribution to the
stability of the complex (see Chapter 6).
It has been shown that nonspeciﬁc binding of
proteins to polyelectrolytes such as DNA is purely electrostatic, and can be quantitatively explained in terms of competitive condensed counterion
displacement from DNA by polycationic regions
of the protein (Record et al., 1976). In this sense,
the distribution of basic residues on the surface of
a protein can provide important clues regarding nucleic acid binding sites. Thus, the surface electrostatic distribution of the p16.7C dimer was calculated to determine the most probable DNA-binding
site location. Figure 19 shows that the negatively
charged resides are clustered at the surface deﬁned
by helices H1/H2. In contrast, the opposite side of
the dimer exhibits a moderate positive potential and
therefore constitutes the most likely DNA-binding
site. Indeed, this protein region, deﬁned by helices
H3a/H3b plus the C-terminal regions (residues 122-

130), contains several basic residues (Lys-122a/
Lys-122b, Lys-123a/Lys-123b, Arg-126a/Arg-126b
and Lys-130a/Lys-130b). The eight positive charges
available for protein-DNA interactions seem low in
comparison with those observed in other nonspeciﬁc DNA-binding proteins (Kalodimos et al., 2004).
Nevertheless, it is important to mention that protein
oligomerization may multiply the DNA recognition
surface and therefore enhance DNA-binding. This
view agrees with the apparent cooperative binding
observed for p16.7C (see Figure 15).
5.3- Structural basis for p16.7C oligomerization
Protein p16.7 multimerization is a prominent feature
in its DNA-binding mode (Serna-Rico et al., 2003).
The results presented in chapter 4 demonstrate that
p16.7C retains the capacity to form multimers, implying that the C-terminal half of p16.7 contains a
region(s) responsible for p16.7C dimer-dimer interaction. In the crystals obtained, p16.7C dimers
form a ﬁbre around a crystallographic three-fold
screw axis (Figure 20A). This structural organization may reﬂect the multimerization mode required
for efﬁcient DNA-binding and therefore studies on
the protein surface involved in DNA-binding induced multimerization were initiated by examining
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Figure 20. p16.7C forms a protein ﬁbre in the crystals obtained. (A). A representation of the p16.7C ﬁbre structure observed in
the crystallographic study. The three fold screw axis relating p16.7C dimers is displayed as a black line. (B). A detail of the interdimer
interface within the ﬁbre. Interatomic distances below 3.2 Å are joined with a dashed line.

for a polar residue. Probably, the poor solvation of
Glu-72 confers extra stability to its interaction with
Arg-98. Consequently, the two salt-bridges seem to
be especially relevant for the stability of the complex.
To study whether the interdimeric p16.7C contacts observed in the crystal reﬂect the multimerization mode involved in efﬁcient DNA binding we
have constructed and puriﬁed two p16.7C mutants,
pE72Q and pR98W, and analyzed their features. In
E72Q, the salt-bridges observed in the wild-type
protein would be replaced by simple polar interactions between a charged and a neutral side-chain. In
R98W, the interaction between residues 72 and 98
would be totally absent. In addition, the large steric
volume of the tryptophan side-chain is expected to

the interdimeric p16.7C contacts observed in the
crystal.
5.4- The interdimeric contacts observed in the
p16.7C crystal are not essential for DNA-binding
induced multimerization
The interactions between two neighbouring p16.7C
dimers in the crystal (see Figure 20B) involve two
salt bridges (Glu-72a/Arg-98b and the symmetry
related pair) and six hydrogen bonds (Arg-98a/Val95b, Asn-67a/Asn-96b, Cys-71a/Gln-100b and the
symmetry related pairs) and cover 881 Å2 of the
dimer surface (11% of the total solvent accessible
area). Interestingly, the Glu-72 side-chain is buried
into the hydrophobic interface formed by helices
H1, H2 and H3, being a rather unusual orientation
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Figure 21 Protein p16.7C mutants E72Q and R98W are not affected in their dimerization or multimerization abilities. In vitro
DSS cross-linking was carried out in the absence (A) or presence (B) of dsDNA as described in Materials and Methods. After crosslinking, the samples were either subjected to SDS-PAGE and Coomassie blue staining (A) or to Western blot analyses using polyclonal
antibodies against p16.7 (B). The calculated molecular mass of p16.7C and the mutant pE72Q is 10.3 kDa and that of mutant pR98W
is 10.4 kDa. The positions of the denatured monomers and cross-linked dimeric and multimeric species are indicated.

and 7.0). Signiﬁcant differences in the diffusion coefﬁcient of the protein were detected between the
high and low protein concentration NMR samples
(Δlog D= 0.17 at pH 7 and 0.1 at pH 5.0), indicating
a clear difference in the oligomeric state of p16.7C.
Second, 2D NOESY and N15/C13 HSQC NMR
spectra were carried out with the 350 and 3500 μM
protein NMR samples. Interestingly, despite the expected general broadening of the resonances at high
protein concentration due to the limited oligomerization occurring under these conditions, clear sequence-dependent differences were detected (these
were more evident at pH 5.0, when the extent of
oligomerization is lower, according to the diffusion
coefﬁcient). Thus, several proton signals in Asn83, Tyr-108, Tyr-115 and Gln-112 were extremely
affected by line broadening and almost disappeared
(some examples are shown in supplementary Figures 3 and 4B). Moreover, chemical shift changes (>
0.025 ppm) between the high and low concentration
samples were measured for some aliphatic proton
signals in residues Asn-83, Arg-85, Gln-97, Tyr108, Gln-112, Tyr-115, Glu-119, Lys-123 and Tyr125 (some examples are shown in supplementary
Figures 4A and 4B). Interestingly, they are located
at the same extended surface of the protein dimer
(see Figure 22A and supplementary Figure 5). Fi-

completely disrupt most of the polar interactions
detected at this multimerization interface. To assure
that the mutations introduced do not affect dimerization, these mutants were subjected in parallel with
p16.7C to in vitro cross-linking analysis using the
bifunctional cross-linking agent DSS. The results,
presented in Figure 21A, show that similar amounts
of cross-linked dimers were obtained for each protein demonstrating that the mutations do not have
major effects on dimerization. Gel retardation and
footprinting assays showed that the DNA-binding
characteristics of both mutants was similar to that of
p16.7C (not shown). Finally, Western blot analysis
of in vitro DSS cross-linked samples in the presence
of DNA conclusively showed that both mutants retained their ability to form multimers (Figure 21B).
Together, these results indicate that residues E72
and R98 are not crucial for the DNA-binding induced multimerization of p16.7C.
5.5- Determination of the p16.7C surface involved in oligomerization by NMR
Solution studies were then undertaken to get information about the p16.7C multimerization mode.
First, DOSY (Johnson, 1999) experiments were
performed at low (350 μM) and high (3500 μM)
protein concentration and two pH values (pH 5.0
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Figure 22. NMR analysis of the multimerization interface in solution. (A) The location of those residues signiﬁcantly affected by
line-broadening and/or chemical shift changes (>0.025 ppm), on the p16.7C surface, is shown (in green). (B) Schematic representation
of the main interprotein contacts between p16.7C dimers deduced from the analysis of 2D-NMR spectra at high protein concentration.

nally, close inspection of conventional NOESY and
half-ﬁltered NOESY spectra performed at high protein concentration (3500 μM) resulted in the unambiguous identiﬁcation of 15 intermolecular NOEs
that are non-compatible with the 3D structure of the
dimer (some examples are shown in supplementary Figure 6). All these contacts (shown in Figure
22B and listed in supplementary Table II) were in
agreement with the pattern of concentration dependent line broadening and chemical shift changes
described above. For example, the Tyr-125 aromatic side-chain shows clear NOEs with the methyl
group of Thr-111. Both residues are more than 21
Å apart in the dimer structure and were not detected
in the diluted protein sample. Similarly, clear intermolecular contacts were observed between Asn-83/
Tyr-115, Leu-99/Tyr-125, and Tyr-125/Tyr-108. Interestingly, all the identiﬁed residues involved in interdimeric contacts fall at either side of the p16.7C
dimer. Altogether, these data indicate the existence
of a multimerization interface that is different from
the one detected by X-ray crystallography and which involves larger surface areas.
Most interestingly, the addition of dsDNA
(A14T14) to a low p167.C concentration sample (350

μM) at pH 7.0 produced remarkably similar changes on the 15N.HSQC spectrum as those observed
at high p16.7C concentration (3500 μM) in the absence of DNA. According to cross-link and bandshift experiments, DNA-binding promotes protein
oligomerization. Thus, the observed line-broadening of p16.7C signals in the presence of dsDNA, is
likely to result from a combination of two different
association processes, DNA-binding and protein
oligomerization. Figure 23 shows a comparison
between two regions of a p16.7C 15N-HSQC spectrum under three different conditions; low (middle
frames) and high (lower frames) protein concentration without dsDNA and low protein concentration
in the presence of stochiometric amounts of dsDNA
(upper frames). It can be observed that the NH-signals that are most affected by increasing the p16.7C
concentration (as Tyr-115, Tyr-108, Gln-112 or Asn83 side-chain) are also the ones most altered at low
protein concentration in the presence of DNA. In
contrast, several residues involved in the interdimer
contacts observed in the crystallographic ﬁbre, as
the side chain of Gln-100 or Asn-67, remain totally
unaffected in both cases. These results strongly suggest that DNA-binding promotes the same multime-
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Figure 23. DNA-binding induces the same oligomerization process detected at high p16.7C concentration in the absence of
DNA. Comparison between two regions of a p16.7C 15N-HSQC spectrum under three different conditions; 350 μM protein concentration in the presence of stochiometric amounts of dsDNA (upper panels) and 350 and 3500 μM protein concentration without dsDNA
(middle and lower panels, respectively). The most affected residues are shown in red. Residues involved in interdimeric contacts
observed in the X-ray protein ﬁbre are shown in blue.

rization process detected in solution without DNA
at much higher p16.7C concentration.
An NMR-based model of a p16.7C tetramer was
calculated by employing the experimental sets previously measured for the dimeric species and 30
additional interprotein NOE-derived constraints to
deﬁne the relative orientation of both p16.7C dimers
within the complex (see Figure 24A and supplementary Figure 7). A particularly striking feature of
this model is the self-complementary shape of the
p16.7C dimer. It can be observed that the two most
internal helices H3 plus the extended 122-127 regions belonging to separate p16.7C dimers are aligned
in an antiparallel fashion (crossing angle of 0o). The
overall orientation of the two protein dimers within
the tetramer differs by 35o. Various experimentally detected interdimeric interactions are apparent
from the model. Thus, (i) the aromatic side-chain
of Tyr-125 presents hydrophobic contacts with Tyr-
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108 and the methyl group of Thr-111, (ii) helix H3
and loop 1 would participate in a number of polar
interprotein interactions involving residues Asn-83,
Arg-85, Glu-119 and Tyr-115, and (iii) the helix H2
solvent-exposed surface might present several polar
contacts with helix H1.
A model for a larger multimer was obtained by
simply extending this oligomerization mode in
both directions (Figure 24B). Due to the 35o twist
present at each step, the protein oligomer would
deﬁne a large helical structure with 10 dimers per
turn. The inner part of the helix is characterized
by a positive electrostatic potential and its shape
and charge complementarity with dsDNA surface
strongly suggests that this region of the supramolecular complex participates in DNA recognition.
This organization implies that the coiled-coil and
transmembrane domains, present in the full-length
p16.7 protein, would be exposed to the outer face
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Figure 24. Structural features of p16.7C oligomers. (A) Ribbon representation of an NMR-derived model for the p16.7C tetramer.
Two different views related by a 90o rotation around x axis are shown. (B) Model for a larger protein multimer based on the NMR
data. The two views are related by a 90° rotation around the x axis.

of the helix. It seems clear that such a conﬁguration
would be compatible with attachment to the membrane only for protein oligomers of limited size (up
to four p16.7 dimers).
In summary, the results presented in this chapter show that, although the secondary structure of
p16.7C is remarkably similar to that of the DNA
binding homeodomain, the tertiary structures of
p16.7C and homeodomains are fundamentally different. In fact, p16.7C deﬁnes a novel dimeric
six-helical fold. Moreover, a combination of NMR
and X-ray approaches, combined with functional
analyses of mutants, revealed that oligomerization
of p16.7C dimers is mediated by a large protein
surface that is characterized by a striking self-com-

plementarity. Finally, the structural analyses of the
p16.7C dimer and oligomers provide important
clues about how protein multimerization and DNAbinding are coupled.
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6.1- Rationale of mutants constructed
Resolution of the solution and crystal structures of
the p16.7C dimer revealed that the primary dimer
interface is formed by the third α helix and its following extended C-terminal region of each monomer,
which are oriented in an antiparallel fashion and
that pack against helices H1 and H3 of the other
monomer (see previous chapter). To gain insight in
the role of residues that locate in the main dimerization interface, to analyze their relative importance
for dimerization, and to study whether dimerization
is required for functionality of the protein three a
priori p16.7C dimerization mutants were designed.

The intermolecular interactions present in the primary dimer interface involve multiple hydrophobic
and polar contacts. Based on their position within
the interface, these contacts can be grouped as central and lateral (Figure 25C). Whereas residues that
locate in the central part of the dimeric interface
confer to the C-terminal region of the third α helices, the extended C-terminal region of each monomer following this third α helix constitute the lateral
intermolecular contacts.
Within the central region of the dimeric interface,
residues Trp-116 and Asn-120 were likely to be involved in p16.7C dimerization (Figure 25A and C).

Figure 25. Relevant features of protein p16.7 and its derivatives. (A) Protein sequence of p16.7, p16.7C and p16.7C derivatives
used in this study. Residue numbering of the derivatives is according to that of native p16.7. The structural domains of p16.7 are
indicated at the top. TM, transmembrane. Residues constituting p16.7C helices H1, H2 and H3 are boxed and residues forming the
C-terminal tail are indicated (C-term tail). The p16.7C residues subjected to mutagenesis are underlined, in boldface and coloured.
Pro-87, which forms part of the Pro-cage, is coloured in orange. (B) Full-size and extended view of the Pro-cage dimerization motif.
Trp-116 and Pro-87 side chains are coloured in red an orange, respectively. (C) Two different views of the crystal structure of p16.7C
corresponding to a 90º rotation around the x-axis. The monomers are illustrated in yellow and blue. Trp-116, Asn-120 and the last 9
amino acids (C-terminal tail) are coloured red, green and violet, respectively, consistent with the colouring scheme of these residues/
region presented in A. Central and lateral parts of the main dimerization interface are indicated. The atomic coordinates and structure
factors were obtained from the Protein Data Bank (code 1ZAE). The presentation was done using the PyMOL visualization system
(http://pymol.sourceforge.net/).
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Trp in mutant pN120W would break all three hydrogen bonds. Finally, the deletion mutant p16.7CΔ9
will lack all intermolecular interactions mediated
by the extended C-terminal tail. After introducing
the desired mutations, the corresponding DNA fragments were cloned in a pET-28b expression plasmid
and the three mutant proteins were overexpressed
and puriﬁed to homogeneity (see Materials and Methods).

Thus, the side chains of residue Pro-87 of each monomer, which are 4 Å apart at the dimer interface,
pack against the indole rings of the Trp-116 residue
of the opposite monomer (Figure 25B). This particular arrangement in which the side chains of two
Proline residues are “locked” in between the indole
rings of two opposing tryptophan residues resembles that of a so-called Trp-cage motif in which the
indole rings of tryptophan residues are locked by
side chains of prolines (Neidigh et al., 2002). Residue Asn-120 forms three interdimeric hydrogen
bonds. One of these is between the side chains of
Asn-120 of each monomer. The other two interdimeric hydrogen bonds are formed between the side
chains of Arg-113 of either monomer with the backbone of Asn-120 of the other monomer.
The lateral regions of the dimeric interface are
formed by the antiparallely oriented extended Cterminal region of each monomer (p16.7 residues
122-130) that pack against helices H1 and H3 of
the other monomer (see Figure 25A and C). Although p16.7 residues 122-130 are not folded into
an α helical or β sheet conformation, this region,
except for the last two residues (129-130), forms a
stable and well-deﬁned extended structure both in
the crystalline and solute form of the p16.7C dimer
(see chapter 5). Most probably, the multiple polar
and hydrophobic intermolecular interactions of residues in this region are responsible for this stable
extended structure.
To validate whether residues Trp-116 and Asn120, and the extended C-terminal region are important for p16.7C dimerization and to analyze
their relative contribution in dimerization, we have
constructed single substitution mutants for residues
Trp-116 (pW116A) and Asn-120 (pN120W), and
constructed another mutant in which the last nine Cterminal residues of p16.7C are deleted (p16.7CΔ9).
In pW116A, the indole ring interacting with the side
chain of Pro-87 of the other monomer is absent and
hence is expected to fully disrupt formation of the
aromatic cage. Mutation of residue Trp-116 was
chosen instead of residue Pro-87, which a priori
would be equally important for formation of the
aromatic cage, because Pro-87 is located in the loop
connecting helices H1 and H2 and mutation of this
residue is predicted to introduce gross effects on the
overall p16.7C structure. The change of Asn-120 to

6.2- CD spectroscopy and thermal-induced transition of p16.7C
Figure 26A shows the FAR-UV CD spectrum of
p16.7C at 25 ºC. The recorded spectrum has two
minima, one at 208 nm and other at 222 nm, typical
of a protein folded mainly in an α-helical structure.
The helical content of p16.7C at 25 ºC as measured by CD-spectroscopy is estimated to be ~40%,
indicating that ~36 residues of p16.7C adopt an
α-helical structure, which corresponds well with
the actual helical content of p16.7C obtained from
crystallographic and NMR studies demonstrating
that 37 residues of p16.7C are in a helical structure
(chapters 4 and 5).
Protein p16.7C forms high-afﬁnity dimers (see
chapter 4). We wished to determine whether dimerization is coupled to the folding of p16.7C or if
the transition of folded dimers to unfolded monomers proceeds via two or more intermediate states.
For this, we ﬁrst monitored the thermal-induced
changes in the mean residue ellipticity of p16.7C at
222 nm. After thermal denaturation of the p16.7C
protein to 90 °C, the native signal was almost fully
recovered upon cooling (Figure 26B) showing that
the transition is a virtually reversible process. The
apparent midpoint-transition temperatures (Tm) of
the unfolding transition curves of p16.7C at 2 and
20 µM were approximately 61 °C and 48 °C, respectively (Figure 26C). The observation that the
apparent Tm increases with the p16.7C concentration is consistent with the formation of dimers and
indicates that the p16.7C self-association process is
at least partially responsible for stabilization of the
dimeric form of protein p16.7C.
The absence of measurable amounts of folded
monomers was conﬁrmed by intrinsic Trp-ﬂuorescence spectroscopy monitoring the thermal-induced
variations in the environment of the single p16.7C
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tryptophan residue (Trp-116). The ﬂuorescence
emission spectra of Trp presented a maximum at 335
nm that is consistent with the burial of this residue
in a nonpolar environment. At increasing temperatures, the emission intensity decreased and shifted
to 350 nm, reﬂecting exposure of the Trp side chain
to solvent as the proteins unfolds (Shao et al., 1997).
As shown in Figure 26D, the transition curves of
p16.7C obtained by CD and by intrinsic Trp-ﬂuorescence perfectly superpose. In consequence, the
melting reaction must start with folded dimers and
end with unfolded monomers. From the results presented in Figure 26 it can be deduced that the folded
monomer is not present at signiﬁcant concentration
to be recorded at equilibrium although this does not
exclude the presence of transiently folded monomers as kinetic intermediates. Together, these results show that the transition of folded dimers into
unfolded monomers occurs without thermodynamic
intermediates conﬁrming that the process proceeds
as a coupled folding-dimerization process.
Finally, the curves shown in Figures 26B-D also
show that the unfolding process of p16.7C takes
place in a narrow temperature range demonstrating
that the coupled folding-dimerization process of
p16.7C is cooperative.
6.3- CD spectroscopy and thermal-induced unfolding transition of p16.7C derivatives
CD spectroscopy is an appropriate method for determining the helical content of proteins and was
therefore used to analyze if the mutations introduced in p16.7C affect the secondary structure. Figure 27A shows the FAR-UV CD spectra of p16.7C
and the mutant proteins p16.7CΔ9, pW116A and
pN120W at 20 µM and 25 ºC. In all cases, the spectra show minima at approximately 208 and 222 nm,
indicating that they contain a signiﬁcant amount of
α-helical structure. Moreover, the values of the estimated α-helical content, presented in Table IX, conFigure 26. Circular dichroism and thermal-induced dissociation/denaturation analyses of protein p16.7C. (A) FAR-UV CD
spectrum of p16.7C at 25 ºC and 20 µM protein concentration. (B) Thermal-induced dissociation/denaturation process of p16.7C at
20 µM protein concentration followed by mean residue ellipticity measurements at 222 nm. The black line represents mean residue
ellipticity data obtained from the thermal unfolding process and the grey line represents mean residue ellipticity data from cooling the
same sample as indicated in the frame. (C) Concentration dependence of the thermal unfolded transitions of p16.7C followed by mean
residue ellipticity measurements at 222 nm. Protein concentrations were 2 and 20 µM as indicated in the frame. (D) Thermal unfolded
transitions of p16.7C followed by FAR-UV CD (grey line) and intrinsic Trp-ﬂuorescence spectroscopy (○). In frames C and D the
ordinate represents the fraction of unfolded protein, Fu.
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Table IX. Alpha-helical contents, melting temperatures (Tm)
and cooperativities of the melting process of p16.7C and its
derivatives

Figure 27. Circular dichroism and thermal-induced dissociation/denaturation analyses of p16.7C and derivatives
pW116A, pN120W and p16.7CΔ9. (A) FAR-UV CD spectra of
proteins p16.7C (1, bold line), pN120W (2), p16.7CΔ9 (3) and
pW116A (4) at 20 μM and 25 ºC in a buffer containing 50 mM
Tris-HCl pH 7.5, 250 mM NaCl and 0.2 mM DTT. (B) Thermal
unfolding transitions of p16.7C (triangles), pN120W (squares),
p16.7CΔ9 (diamonds) and pW116A (circles). The curves were
ﬁtted to a native dimer-to-unfolded monomer transition (1, bold
line). The ordinate represents the fraction of unfolded protein,
Fu.

red thermal stability their mean residue ellipticity at
20 µM was recorded at 222 nm as a function of temperature in parallel with that of p16.7C. The results
of these analyses are plotted in Figure 27B. Compared with p16.7C, all three mutants show a notable
decrease in their midpoint-transition temperatures,
Tm. Thus, whereas the Tm at 20 µM of p16.7C
is about 61 °C, those of p16.7CΔ9, pN120W and
pW116A are 43, 41 and 35 °C, respectively (see Table IX). Interestingly, although the midpoint-transition temperature of pN120W is markedly decreased, the cooperativity of the unfolding process of
this mutant protein is very similar to that of p16.7C.
This situation is different for derivatives pW116A
and p16.7CΔ9 in which the width of the transition
curve is very broad, showing that unfolding of these
two mutant proteins runs as non-cooperative processes (see also Table IX). In other studies it has
been shown that a decrease in cooperativity combined with a diminished Tm implies a decrease in
the thermodynamic stability of a protein (see Pace,
1990). Hence, residue Trp-116 and the C-terminal
extended tail are important for the thermodynamic
stability of protein p16.7C. In summary, whereas
only the midpoint-transition temperature is affected
in mutant pN120W, both the midpoint-transition
temperature and the cooperativity of the unfolding
process are affected in p16.7C derivatives pW116A
and p16.7CΔ9.

ﬁrm that the introduced mutations do not grossly
affect the secondary protein structure.
As described above, thermal-induced transition
of p16.7C corresponds to a cooperative coupled
folding-dimerization process without stable intermediates. To study whether the p16.7C derivatives
pW116A, pN120W and p16.7CΔ9 display an alte-

6.4- Dimerization is strongly affected in
p16.7CΔ9 and pW116A, and moderately affected in pN120W
To obtain a ﬁrst qualitative indication of whether
the p16.7C mutant proteins are affected in their dimerization ability, p16.7C and its derivatives were
subjected to in vitro cross-linking analysis at a con-
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Figure 28. In vitro DSS cross-linking analyses of p16.7C and
its derivatives. Cross-linked samples were subjected to SDSPAGE and Coomassie Blue staining. The protein concentration
used was 10 μM. The position of monomers and cross-linked
dimers are indicated. In all cases, only a single monomeric band
was observed for non-treated DSS samples (not shown). p16.7C
and its derivatives contain one Cys residue. The possibility that
the observed dimers are due to a disulﬁde bridge was ruled out
by analysis in non-denaturing polyacrylamide gels (not shown).

Figure 29. Sedimentation equilibrium analysis of the state of
association of p16.7C and its derivatives. Sedimentation equilibrium absorbance gradients at 5 μM (open circles) and 700 μM
(closed circles) p16.7C, and of pN120W at 650 μM (open inverted triangles) were taken at 20000 rpm. The solid lines are the
best-ﬁt distribution from the single-species sedimentation equilibrium analysis that yielded molar masses of 19500 for pN120W
at 650 μM, and 21200 and 36500 for p16.7C at 5 and 700 μM,
respectively. Low and high concentration scans were taken at
230 and 290 nm, respectively. Inset: dependence of the protein
association state as a function of concentration. p16.7C, solid
circles; pN120W, open circles; pW116A, open inverted triangles; and p16.7Δ9, closed inverted triangles.

centration of 10 µM using the bifunctional crosslinking agent disuccinimidyl suberate (DSS, see
Figure 28). As observed before (chapter 4), a band
with a molecular weight corresponding to a dimer
was obtained for p16.7C after DSS treatment and
SDS-PAGE. Compared to p16.7C, a similar amount
of dimers was observed for pN120W. On the contrary, clearly diminished levels of cross-linked dimers
were obtained for p16.7CΔ9 and pW116A. These
results are an indication that the C-terminal tail and
Trp-116 play a more important role in dimerization
than Asn-120. However, a note of caution should be
made in the case of p16.7CΔ9 since this mutant is
deleted in three lysine residues, the side chains of
which are prefered substrates for cross-linking with
DSS (Kruppa et al., 2003).

the experimental gradient at sedimentation equilibrium (20000 rpm) obtained for p16.7C at 5 μM,
which is close to the lowest possible concentration
that could be assayed with this technique. The corresponding best ﬁt gradient (solid line) yielded a
weight-average molar mass of 21200 ± 800 Da that
essentially corresponds to that of the protein dimer
(21000 Da). These results indicate that the Kd for
the monomer-dimer equilibrium is much lower than
μM. The corresponding best ﬁt gradient of p16.7C
obtained under the same conditions at 700 μM (solid line over ﬁlled circles) yielded a weight average
molar mass of (36500 ± 1100) which is around 3.5
times the monomer value, showing therefore that
p16.7C forms higher order oligomers at 700 μM.
To estimate the concentration at which p16.7C dimers starts to form oligomers sedimentation equilibrium gradients were performed at intermediate
concentrations. The results of these experiments,
summarized in the inset of Figure 29 (solid circles),
show that p16.7C oligomerization started at about
300 μM under these conditions. The p16.7C dime-

6.5- Characterization of dimerization and oligomerization properties of p16.7C and mutants
by analytical ultracentrifugation
To gain further insight into the solution dimerization properties of p16.7C and the mutant proteins as
well as their capacity to form oligomers the proteins
were subjected to sedimentation equilibrium analysis (Figure 29). The open circles in Figure 29 show
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Figure 30. DNA-binding capacities of p16.7C and derivatives. (A and B) Gel mobility assays. The 297-bp Φ29 DNA right fragment, labelled at its 5’ end, was incubated in the absence or presence of increasing amounts (1.87, 3.75, 7.5 and 15 μM) of the indicated
protein. After non-denaturing PAGE, the mobility of the nucleoprotein complexes was detected by autoradiography. Retardations with
p16.7C, used as reference, are included in each gel. The position of free dsDNA is indicated. ―, negative control lane of free dsDNA.
(C) DNase I footprinting analyses of p16.7C and its derivatives. The same end-labelled DNA fragment used in the gel mobility assays
was applied in the DNase I footprinting assays. The labelled probe was preincubated in the absence (negative control, -) or presence
of high amounts (50 μM) of the indicated protein. After complex formation, samples were treated with DNase I as described under
“Materials and Methods”, and the DNA products fractionated through polyacrylamide gels under denaturing conditions. The amount
of DNA used in this assay was about 4-fold higher than that used in the gel mobility shift assays.

rization and oligomerization properties in solution
determined here by analytical ultracentrifugation
are consistent with the in vitro cross-linking results
described above as well as with those obtained before using other techniques (see chapters 4 and 5
and Meijer et al., 2001).
Next, the p16.7C mutant proteins were subjected

to sedimentation equilibrium analyses under the
same conditions (summarized in the inset of Figure
29). These analyses showed that protein pN120W
was also dimeric (molar mass 19500 ± 800) at the
lowest concentration tested (5 μM) (inset Figure 29,
open circles). However, in contrast with p16.7C,
pN120W did not form higher order oligomers at
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high protein concentrations. The open inverted
triangles in Figure 29 show the experimental gradient at sedimentation equilibrium for pN120W at
650 μM. The corresponding best ﬁt gradient (solid
line) yielded a weight-average molar mass of 19500
Da at this concentration. These results demonstrate that the ability of pN120W to form oligomers is
affected.
In the case of mutant protein pW116A and
p16.7Δ9, the sedimentation equilibrium studies
show that their dimerization properties are severely affected. The estimated Kd values of pW116A
and p16.7Δ9 are ~ 40 μM and ~ 2 μM, respectively,
which is several orders of magnitude higher than
the Kd of p16.7C. In addition, no higher order oligomers were observed for either of these two mutant proteins within the concentration range studied
(see open and closed inverted triangles in the inset
of Figure 29).
6.6- p16.7C mutants are severely affected in their
dsDNA-binding capacities
Protein p16.7C was shown to have unspeciﬁc ssDNA and dsDNA binding activity (see chapter 4).
Moreover, p16.7C was able to form multimers and
multimerization was enhanced in the presence of
DNA (see chapters 4 and 5). Three different approaches were used to address the question whether
the DNA-binding properties of the p16.7C mutants
are affected. In the ﬁrst approach, the DNA-binding
capacity of p16.7C and the mutant proteins was
analyzed by gel retardation analyses. For this, the
297-bp right end fragment of the Φ29 genome was
end-labelled and incubated either directly (dsDNA)
or after heat-denaturation (ssDNA) with increasing
amounts of protein after which the samples were subjected to polyacrylamide gel electrophoresis under
native conditions. The results obtained with dsDNA
molecules are presented in Figure 30. As observed
before (chapter 4), part of the DNA molecules and
all DNA molecules became retarded in the presence
of 3.75 μM and 15 µM p16.7C, respectively (Figure 30A and B). However, DNA-binding capacity
of all three p16.7C mutant proteins appeared to be
highly affected; i.e. no and only trace amounts of
DNA molecules were retarded in the presence of the
highest concentration tested (15 µM) for pN120W,
and pW116A and p16.7CΔ9, respectively. Similar
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results were obtained in gel retardation assays using
ss instead of dsDNA (not shown).
In the second approach, binding of p16.7C and
the mutants to dsDNA was studied by DNase I digestion. An advantage of this approach over the gel
retardation assays is that binding of the proteins to
DNA are analyzed in solution. Therefore, the nucleoprotein complexes formed are not subjected to
gel electrophoresis in which relatively weak DNAprotein interactions may become lost during migration in the gel matrix. Thus, 50 µM of p16.7C or
each of the mutant proteins was incubated with endlabelled DNA molecules corresponding to the 297bp right end fragment of the Φ29 genome. Next, the
nucleoprotein complexes were challenged by DNase I digestion, after which the DNA fragments were
fractionated through denaturing polyacrylamide
gels (see Figure 30C). In the absence of protein, a
characteristic DNase I digestion pattern is observed
reﬂecting the ﬂuctuations of inherent susceptibilities of the dsDNA fragment for DNase I digestion
(Figure 30C, lane 1). Similar to previous results
(chapter 4), the entire dsDNA fragment was fully
protected from DNase I digestion in the presence of
50 µM p16.7C (Figure 30C, lane 2), strongly indicating that the nucleoprotein complexes formed under these conditions consist of continuous arrays of
protein covering the entire DNA fragment. However, DNase I digestion patterns highly similar to
that observed in the absence of protein were observed in the presence of 50 µM p16.7CΔ9, pN120W
or pW116A. Similar results were obtained using ssDNA fragments in which nucleoprotein complexes
were challenged with micrococcal nuclease (not
shown). Also the results of this approach indicate
that the DNA-binding capacity of all three p16.7C
mutants is highly affected.
In theory, the nucleases may disrupt weak interactions of the p16.7C mutant proteins with DNA.
To study binding of p16.7C and its derivatives to
DNA directly we performed tracer sedimentation
equilibrium with several protein-DNA ratios. The
dsDNA binding patterns observed at increasing
protein concentrations in retardation and footprinting assays indicate that p16.7C binds the rather
long dsDNA fragments (297 bp) in a cooperative
manner (see chapters 4 and 5). The crystal structure
of p16.7C-dsDNA complex showed that one tridi-
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meric p16.7C unit binds seven to eight bp (chapter
7). To avoid cooperative binding of multiple tridimeric p16.7C units to the same DNA fragment the
tracer sedimentation equilibrium experiments were
performed with 12-bp long 5’-end ﬂuorescently labelled DNA fragments. The open circles in Figure
31 show the experimental gradient at sedimentation
equilibrium (10000 rpm) of 5 μM of this labelled
DNA fragment in absence of protein, that yielded
a best-ﬁt buoyant molar mass of 4500 ± 500 (solid
line) compatible with the molar mass of the fragment. The sedimentation equilibrium gradients of
mixtures of 5 μM fragment and either 50 or 200
μM p16.7C yielded no change (4400 ± 400) or a
small increase (5200 ± 800) in the signal-average
buoyant molar mass of the tracer, respectively (not
shown). However, a steeper gradient was observed
upon increasing the protein p16.7C concentration
to 400 μM (closed circles in Figure 31), yielding a
buoyant molar mass of 15500 ± 1000. This clearly
demonstrates that p16.7C binds DNA at 400 μM.
Interestingly, the concentration at which p16.7C is
able to bind this DNA is similar to the concentration
at which p16.7C showed incipient oligomerization
(see above), strongly indicating that oligomerization and DNA-binding are coupled processes.
Tracer sedimentation equilibrium assays were
also carried out with p16.7C mutants pN120W,
pW116A and p16.7CΔ9. Contrary to p16.7C, the
sedimentation gradients of the 12 bp DNA mixed
with either of these mutant proteins at 400 μM were
almost identical to the one obtained for the 12 bp
fragment alone (Figure 31 shows the results for
pN120W [inverted triangles] and pW116A [open
diamonds]). Thus, buoyant molar masses of 4200
± 400, 4000 ± 600 and 3900±500 were obtained for
pN120W,pW116A and p16.7CΔ9 , respectively. Altogether, these results conclusively show that DNAbinding of the p16.7C mutants is severely affected.
Finally, tracer sedimentation equilibrium assays
were also performed with p16.7C or the mutants in
combination with the 297 bp DNA that was employed in the retardation and footprinting assays. Whereas, as expected, no binding was observed with the
p16.7C mutants, even at 400 μM, binding of p16.7C
to the 297 bp DNA fragment was observed at much
lower concentrations 50 μM supporting the view
that tridimeric p16.7C units bind longer DNA fragments in a cooperative manner (not shown).

Figure 31. Tracer sedimentation equilibrium analysis of the
DNA-binding capacity of p16.7C and its derivatives. Sedimentation equilibrium absorbance gradients of 5 μM ﬂuorescent
12 bp DNA fragment alone (open circles), and in the presence
of 400 μM of either p16.7C (closed circles), pN120W (inverted
triangles) or W116A (open diamonds). The solid lines are the
best-ﬁt distributions from the single species analysis that yielded
buoyant molar masses of 4500 (DNA alone), 15500 (DNA with
p16.7C), 4200 (DNA with pN120W), 4000 (DNA with pW116A)
and 3900 (DNA with p16.7CΔ9). See text for details.
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7.1- Determination of the structure of p16.7C in
complex with dsDNA
The results presented in chapter 5 show that p16.7C
dimer is an elongated molecule that is deﬁned by
a two-fold axis. NMR studies provided evidence
that the main interdimeric interface is formed by
large surface areas located at the lateral sides of the
p16.7C dimer. These areas display a striking selfcomplementary shape.
However, these studies did not allow to determine
the multimerization surfaces at high resolution, nor
did they provide deﬁnitive proof for the DNA-bin-

ding surfaces. Therefore, the DNA-binding mode of
the protein remained unknown.
To gain insights in these latter features, studies
were performed to determine the crystal structure of p16.7C in complex with dsDNA. Using the
conditions outlined in Materials and Methods, the
p16.7C-DNA crystal complex was determined
at 2.9 Å resolution (Table X). Interestingly, three
p16.7C dimers, arranged side by side deﬁning a
deep dsDNA binding cavity, form a functional dsDNA-binding unit (Figure 32A). The oligomerization mode of a tridimeric functional unit agrees in

Figure 32. Crystal structure of the tridimeric p16.7C-DNA complex. (A) Two views of a ribbon representation of the structure
of p16.7C in complex with dsDNA. Individual p16.7C dimers are shown in red, yellow and blue; DNA is shown in green. (B) Superimposition of the Cα traces of the three p16.7C dimers forming the complex with DNA (protomer chains are colored red and green)
onto the structure of the unbound form of p16.7C (gray). α helices are indicated. The maximum root mean squared deviation between
structures for the superimposed C-α atoms is 0.55Å. (C) A section of the 2Fo-Fc electron density map contoured at 1 σ showing the
DNA. The map is calculated using phases from a model that never had a nucleotide included.
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Figure 33. Molecular surface representations of a tridimeric p16.7C unit. (A) Electrostatic potential (blue, positive and red, negative). (B) Positive charged and hydrogen bonding donor side chains are coloured in blue; DNA is schematically displayed. (C and
D) Residues involved in p16.7C-dsDNA interaction. Six monomers of p16.7C forming a tridimeric functional unit are denoted in red
type (A, B, C, D, E and F).

essence with that proposed in chapter 5 by NMR
experiments. In addition, it also agrees with the observation that p16.7C mutants pE72Q and pR98W
are not affected in their multimerization abilities, as
assessed by in vitro crosslinking analyses. Therefore, the interdimeric contacts of a tridimeric functional unit are mediated by large surface areas located
at the lateral sides of the p16.7C dimer.
There are only few structural differences between
the DNA bound and unbound p16.7C dimers, which
are mainly conﬁned to the C-terminal tails (Figure
32B). These tails, which are disordered in the apo
form, become ordered in the p16.7C-DNA complex
due to intermolecular contacts between p16.7C dimers. The speciﬁc organization of the p16.7C di-

mers in the dsDNA-binding unit is therefore probably due to its particular self-complementary shape.
The tridimeric unit formed in the presence of dsDNA most likely displays a high stability because
there is a 20 % decrease of the solvent accessible
area in the central p16.7C dimer of the complex, and
more than 68% of this buried surface area is formed
by non-polar atoms (511 Å2 of a total of 746 Å2).
These values are similar to those observed for the
formation of other non-transient stable oligomers
(Nooren and Thornton, 2003). The electron density map at the central cavity forms as a continuous
envelope running parallel to a crystallographic axis
that allows the localization of the dsDNA (Figure
32C). The dsDNA ﬁts remarkably well in the con-
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Figure 34. Electron density map of DNA in complex with p16.7C.
Table X. Data collection and reﬁnement statistics

cave cavity formed by the three p16.7C dimers. In
addition, this concave surface, which has a strong
positive electrostatic potential (Figure 33A), does
not present edges or structural elements that can penetrate the DNA grooves. This indicates that dsDNA binding is purely driven by electrostatic forces,

which is in agreement with the unspeciﬁc dsDNAbinding capacity observed for p16.7C (see chapter
4) and the putative dsDNA-binding site proposed in
chapter 5. Thus, the cavity is lined by a striped pattern of positively charged and hydrogen bond donor
side chains above which the DNA phosphate backbone lays (Figure 33B). The electron density map
of the DNA was good enough to locate the phosphate backbone but insufﬁcient to determine the
precise position and the chemical nature of the base
pairs, most probably as a consequence of unspeciﬁc
DNA-binding of p16.7C. Despite this difﬁculty, the
electron density allowed to model the DNA into the
concave cavity of a tridimeric functional unit (Figure 34). The interaction between p16.7C and DNA
was weak, having just ﬁve direct contacts corresponding to p16.7C residues Gln D121, Gln F121,
Lys D123, Lys F123 and Arg F126 (see Figures 33C
and D). The rest of interactions between p16.7C and
DNA were mediated by long distance electrostatic
or polar forces involving residues Lys F117, Lys
E117, Lys A117, Lys B117, Lys C117, Lys D117,
Asn E121, Asn A121, Asn B121 and Asn C121 (see
Figure 33C and D).
In summary, the crystal structure of p16.7C in
complex with dsDNA reveals the oligomerization
mode of the protein and the DNA-binding site.
Three p16.7C dimers are arranged side by side deﬁning a deep dsDNA-binding cavity, which constitute a functional dsDNA-binding unit. As it will be
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discussed, these results provide insights in the organization of the phage Φ29 genome at the membrane
of the infected cell.
The atomic coordinates and structure factors (code
2C5R) have been deposited in the Protein Data
Bank, Research Collaboratory for Structural bioinformatics, Rutgers University, New Brunswick, NJ
(http://rcsb.org/).
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8.1- General conditions
Phage Φ29 DNA replication is suppressed by Spo0A
(Meijer et al., 2005; Castilla-Llorente et al., 2006).
To avoid effects of Spo0A on Φ29 DNA replication
and to compare Φ29 development in solid medium
in different genetic backgrounds, the spo0A gene
was deleted in all strains used. Thus, B. subtilis 168
∆spo0A strains are considered wild-type strains in
these studies. Unless stated otherwise, the mutant
phage Φ29 sus14(1242) (Jiménez et al., 1977) was
used. The DNA of this phage contains a suppressorsensitive mutation in gene 14 that encodes the holin protein (Steiner et al., 1993). As a consequence,
cell-lysis is delayed which allows examination of
phage protein and DNA localization at late infection
times. The mutation has no effect on phage DNA
replication or phage morphogenesis. Unless stated
otherwise, mid-logarithmically growing B. subtilis
cultures were infected with Φ29 at a multiplicity of
5 and cell samples were harvested and processed
20-30 min after infection corresponding to the stage

involving rapid ampliﬁcation of the Φ29 genome
(Meijer et al., 2000).
8.2- Φ29 membrane protein p16.7 localizes as
helical ﬁlaments at the membrane
X-ray experiments provided insights in the multimerization and DNA-binding mode of the functional domain of p16.7 (see chapter 7). Nevertheless,
knowledge of the in vivo organization of the membrane-associated viral DNA replication and the role
of p16.7 and possible other proteins in this process
was rather poor. Previous immunoﬂuorescence (IF)
studies showed that the Φ29 p16.7 protein localized
in an apparent punctate pattern at the membrane of
infected cells (Meijer et al., 2000). However, these
distribution patterns were obtained from ﬂat unprocessed images. We have now reassessed the p16.7
localization pattern with IF by collecting stacks of
optical sections and using deconvolution process
to reduce out-of-focus light. Western blot analysis
showed that the afﬁnity-puriﬁed antibodies against

Figure 35. Subcellular localization of p16.7 by immunoﬂuorescence microscopy. (A-I) 168 ∆spo0A strain was grown in LB medium containing 5 mM MgSO4 at 37ºC. At an OD600 of 0.4 the culture was infected with sus14(1242) mutant phage at a multiplicity
of 5. Samples were harvested 20 minutes postinfection. (A) Unprocessed image of typical p16.7 distribution in infected cells. (B) The
same cells are shown after deconvolution of an image stack, as a “max projection”. (C) Phase contrast. (D) Overlay of the deconvolved
and phase contrast images. (E) Staining of DNA with DAPI. (F) Overlay of a deconvolved image and DAPI staining. (G-I) Different
images of 3D reconstructions of p16.7 localization.
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Figure 36. Subcellular localization of Φ29 dsDNA by immunoﬂuorescence microscopy. (A-D) 168 ∆spo0A cells were grown in
LB medium containing 5 mM MgSO4 at 37 ºC. At an OD600 of 0.4 the culture was infected with sus14(1242) phage at a MOI = 5. HpUra and BrdU were added to the culture as described in Materials and Methods. Samples were harvested 20 minutes postinfection. (A)
Overlay image comparing non-infected versus an infected cell. (B) Phase contrast of infected cells. (C) Unprocessed image of typical
cells. (D) The same ﬁlament is shown after deconvolution of an image stack, as a “max projection”. (E) Overlay of deconvolved and
phase contrast images. The ﬂuorescent signals in (A) and (E) are false-coloured red to get a better contrast.

p16.7 did not react with proteins other than p16.7
(not shown). Control immunoﬂuorescence experiments using non-infected B. subtilis cells also
conﬁrmed the antibody speciﬁcity (not shown).
Figures 35A and B show unprocessed and deconvolved stacks of Z sections taken through the Φ29infected cells (20 min postinfection). In agreement
with earlier results (Meijer et al., 2000), superimposition of IF images and phase contrast images
showed that p16.7 localized close to the cell surface
(Figures 35C and D). The deconvolved images presented in Figure 35B show that p16.7 localized as
helical structures that in most cases encircled the
entire length of the infected cell. In addition, a 3D
reconstruction in which stacks of Z sections were
assembled in a movie (avilable on supplementary
CD) deﬁnitively demonstrated that p16.7 forms helical structures at the membrane of the infected cell
(some independent images are shown in Figures
35G-I). Generally, the p16.7 ﬁlaments appeared to
follow one and a half or two full turns in a righthanded way (Figure 35E and F). The localization
pattern of p16.7 has a striking similarity with that
of the B. subtilis cytoskeleton proteins (Jones et al.,
2001; Carballido-López et al., 2006).

8.3- Double-stranded Φ29 DNA localizes as helical ﬁlaments at the membrane of infected cells;
efﬁcient dsDNA helical distribution depends on
p16.7
Protein p16.7 has DNA-binding capacity (Meijer et
al., 2001)(chapters 4, 5 and 7) and the crystal structure of the C-terminal domain of p16.7 (p16.7C; residues 63-130) in complex with DNA revealed that
three p16.7C dimers form a half-circular dsDNAbinding unit (chapter 5). Thus, if p16.7 binds Φ29
dsDNA it is expected that its distribution will be
similar to that of p16.7. Localization of Φ29 DNA
in infected cells was studied previously by IF using
incorporation of the thymine analogue 5-bromodeoxyuridine (BrdU) and simultaneous inhibition
of the B. subtilis DNA polymerase III holoenzyme by 6-(p-hydroxyphenylazo)-uracil (HpUra).
These studies showed that phage DNA located in
apparent ring-like structures near the membrane of
infected cells (Meijer et al., 2000). However, also
in this case the distribution patterns were obtained
from ﬂat unprocessed images. In addition, the infected cells were processed in such a way that both
double-stranded as well as single-stranded phage
DNA was detected. As a consequence of its replica-
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Figure 37. Localization of Φ29 dsDNA in the absence of p16.7. 168 ∆spo0A cells were grown in LB medium containing 5 mM
MgSO4 at 37 ºC. At an OD600 of 0.4 the culture was infected with sus14(1242) and with sus16.7(48)/sus14(1242) phages at a MOI = 5.
HpUra and BrdU were added as described in Materials and Methods. Cells were harvested and processed 25 minutes and 50 minutes
after infection.

tion mechanism, Φ29 replication intermediates contain stretches of displaced ssDNA which can have a
length of more than 10 kb. Structural data indicates
though that the substrate of p16.7 is dsDNA. Therefore, we analyzed the distribution pattern of Φ29
dsDNA in infected cells and deconvolved stacks of
images to improve their quality. Thus, Φ29-infected
cells were harvested and processed as described in
“Materials and methods”. In brief, after ﬁxation, ssDNA was degraded by S1-nuclease treatment and
followed by an acid denaturation step necessary
to visualize BrdU incorporated into dsDNA. Next,
monoclonal antibodies against BrdU were used in
the subsequent IF protocol.
No IF signals were obtained in non-infected cells conﬁrming that the B. subtilis DNA polymerase
was efﬁciently inactivated by HpUra (Figure 36A).
Unprocessed and deconvolved stacks of Z sections

taken through infected cells (20 min postinfection)
of the BrdU signals are shown in Figures 36C and
D, respectively. Superimposition of IF and phase
contrast images (Figure 36B) showed that Φ29 dsDNA localized close to the cell surface. The overlay
image presented in Figure 36E clearly shows that
the double-stranded Φ29 DNA localized as righthanded helicoidal structures, in a pattern similar to
that obtained for p16.7.
Because Φ29 membrane protein p16.7 forms
helical structures at the membrane of the infected
cell it was interesting to test whether p16.7 is required for the helical distribution of the Φ29 dsDNA.
Thus, 168 ∆spo0A cells were infected with Φ29
mutant phage sus16.7(48)/sus14(1242) containing
a suppressible stop codon in gene 16.7 (Meijer et
al., 2001) and subsequently analyzed by immunoﬂuorescence microscopy. Figure 37 shows that a
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Figure 38. Localization of p16.7-GFP. Samples of logarithmically growing B. subtilis DM-004 cells, grown in LB medium
supplemented with 0.1% xylose at 37 ºC, were analyzed by ﬂuorescence microscopy as described in “Materials and methods”.
Cells were harvested 20 minutes after adding 0.1% xylose. (A)
GFP ﬂuorescence of cells expressing p16.7-GFP. (B) The same
cells are shown after image deconvolution. (C) Phase contrast.

helical pattern of dsDNA is observed only at very
late stages in a fraction of the cells infected with
sus16.7(48)/sus14(1242) mutant phage. Thus, efﬁcient phage dsDNA helical distribution depends on
protein p16.7.
8.4- Φ29 DNA polymerase localizes in a helical
pattern at the membrane of infected cells during
Φ29 DNA replication that depends on p16.7
The IF results of the p16.7 and double-stranded
Φ29 DNA localization patterns presented above
strongly indicate that the Φ29 DNA replication machinery localizes as right-handed helical structures
at the membrane of the infected cell. However, it
is possible that ﬁxation and subsequent processing
of the samples for IF analysis affected the localization of p16.7 and/or that of double-stranded phage
DNA. Therefore, experiments were performed to
determine the subcellular pattern of a component
involved in Φ29 DNA replication in live cells. As
a ﬁrst approach, a B. subtilis strain, DM-004, was
constructed in which a fusion of 16.7-gfp under the
control of the xylose inducible Pxyl promoter was
placed at amyE on the B. subtilis chromosome.
The subcellular localization of p16.7-GFP in live
cells without or after infection with Φ29 gave similar results. p16.7-GFP localized uniformly at the
membrane and without any apparent structure when

cultures were supplemented with high concentrations of xylose (≥ 0.5%, not shown) or when cells
were analyzed relatively late after xylose addition
(60 min, not shown). A different pattern was observed when cells were analyzed relatively rapid (< 30
min) after the addition of 0.1% xylose. Although
the quality of the images was generally poor, helical
conﬁgurations of p16.7-GFP were observed under
these conditions (Figure 38). Taking into account
the structure of the p16.7-DNA complex (see chapter 7), it is likely that the p16.7-GFP fusion protein
is not functional.
As a second approach, B. subtilis strains DM-010
and DM-015 were engineered. These strains contain xylose-inducible fusions of gfp with Φ29 gene
2, encoding the DNA polymerase, at its N- and Cterminus, respectively, at amyE on the B. subtilis
chromosome. Western blot analysis using antibodies against GFP or Φ29 DNA polymerase showed
that, for either construct, a single band was detected
with an apparent molecular weight corresponding
to that of the fusion protein (not shown).
The functionality of the N-terminal (GFP-p2)
and the C-terminal (p2-GFP) gfp fusion proteins
was demonstrated as follows (Figure 39C). Limited
numbers of Φ29 mutant phage sus2(513) (Moreno
et al., 1974) containing a suppressible stop codon in
gene 2, were added to B. subtilis cells DM-010 or
DM-015. Next, the samples were mixed with liquid
topagar containing or not 0.5% xylose and subsequently spreaded on LB agar plates. After overnight incubation at 37 °C lysis plaques were observed
only when the topagar had been supplemented with
the inductor, xylose. Figure 39C shows these results
for strain DM-010 (GFP-p2) and for strain DM-015
(p2-GFP), with no difference in the number nor the
size of the plaques. Moreover, similar numbers of
lysis plaques were observed when sus2(513) phage
was used to infect the suppressor strain MO-101-P
(not shown) (Mellado et al., 1976).
Similar results were obtained in Φ29 DNA polymerase localization experiments with strain DM010 and DM-015; only those for strain DM-010
(GFP-p2) are shown. Figure 39A shows that GFPp2 was uniformly present throughout the cytoplasm
in xylose-induced non-infected cells. Such patterns
were also obtained when cells were analyzed shortly after infection with Φ29 sus2(513) (not shown).
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Figure 39. Subcelullar localization of GFP-p2. (A and B) GFP ﬂuorescence of typical cells expressing a xylose-inducible GFP-p2
fusion (strain DM-010). Cells were grown to midexponential phase in LB medium supplemented with 25 mM MgS04. At an OD600
of 0.4 the culture was infected with sus2(513) (A) or sus3(91) (B) phage at a MOI = 5 and supplemented with 0.5% of xylose. Cells
were harvested and analyzed 10, 25, and 50 minutes after infection. (C) Phage plaque assay (see Materials and methods) using strains
DM-010 (GFP-p2) and DM-015 (p2-GFP) infected with phage Φ29 mutant sus2(513).

However, at about 10 min after infection most of
the ﬂuorescent signal relocalized to occupy the central region of the cell as a large single diffuse focus
or an enlarged focus with the shape of a dumb bell
(Figure 39A). Interestingly, at later infection times
(> 20 min) the GFP-p2 changed into clear right handed helical patterns close to or at the membrane of
the infected cell (Figure 39A). In almost all cells,
extended helical GFP-p2 pattern were observed for
most of the cylindrical part of the infected cells but,
generally, no or faint ﬂuorescent signals were obtained near the cell poles, suggesting that the DNA
polymerase tends to occupy the cylindrical part of
the membrane coincident with the nucleoid.

To determine whether the helical GFP-p2 pattern
in infected cells depends on active in vivo phage DNA replication, DM-010 cells were infected
with the replication-negative Φ29 mutant sus3(91),
containing a suppressible stop codon in gene 3 encoding the terminal protein (Moreno et al., 1974)
and analyzed by ﬂuorescence microscopy. Fluorescent GFP-p2 signals remained uniformly dispersed
throughout the cytoplasm at all times after infection
with this mutant phage (Figure 39B).
Results described above show that Φ29 membrane
protein p16.7 forms helical structures at the membrane of the infected cell. It was therefore interesting to test whether protein p16.7 is required for the
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Figure 40. Localization of GFP-p2 in absence of p16.7. (A)
GFP ﬂuorescence of typical cells expressing a xylose-inducible
GFP-p2 fusion (strain DM-010). Cells were grown to midexponential phase in LB medium supplemented with 25 mM MgS04.
At an OD600 of 0.4 the culture was infected with a sus16.7(48)/
sus14(1242) phage at a MOI = 5 and supplemented with 0.5%
of xylose. Cells were harvested 25 after infection. The arrows
indicate GFP-p2 foci (B) Phase contrast.

Figure 41. Efﬁciency of phage Φ29 DNA replication. Real-time
PCR was performed using samples of strain DM-010 infected
with phage sus14(1242) or sus16.7(48)/sus14(1242), and strains DM-011, DM-012 and DM-013 infected with a sus14(1242)
phage at a MOI = 5. Samples were processed as described in
Materials and methods. Data are expressed as nanograms of Φ29
DNA per ml of culture.

helical distribution of GFP-p2 at the cell periphery.
To study this, DM-010 cells were infected with the
Φ29 mutant phage sus16.7(48)/sus14(1242) and
subsequently analyzed by immunoﬂuorescence microscopy. Figure 40 shows that a GFP-p2 focus was
often found (in more than 50% of the cells) at the
cell poles. In these cells, the typical helical conﬁguration of GFP-p2 is not observed. Instead, GFP-p2
forms aggregates at 25 minutes after infection. At
very late infection times however helical GFP-p2
conﬁgurations were often observed. These results
are consistent with those obtained visualizing the
dsDNA localization with a sus16.7(48)/sus14(1242)
mutant phage and indicate that p16.7 is directly or
indirectly important for efﬁcient helical localization
of GFP-p2 at the membrane of the infected cell.

cytoskeletal proteins MreB, Mbl and MreBH form
right-handed helical structures at the membrane that
encircle the cell (e.g. Carballido-López, 2006) (for
review see, Shih and Rothﬁeld, 2006). The possibility existed therefore that one or more of the bacterial
cytoskeleton proteins function as a scaffold for the
organization of membrane-associated Φ29 DNA replication. To study this possibility, the efﬁciency of
in vivo Φ29 DNA replication was studied in mreB,
mbl and mreBH mutant strains and compared to that
in a wild-type background. The mreB gene lies in
an operon immediately upstream of genes mreC
and mreD. To avoid possible polar effects on mreC
and mreD, the effects of mreB were studied using
strain DM-011, which contains the deletion of mreB
described before (Formstone and Errington, 2005).
Although mreB is essential under normal growth
conditions, mreB mutant cells can be propagated
with near wild-type growth and shape characteristics when media or plates are supplemented with
25 mM MgSO4 (Formstone and Errington, 2005).
Therefore, 25 mM MgSO4 was added to media and
plates for all the experiments performed with cytoskeleton mutants including controls carried out with

8.5- The efﬁciency of Φ29 DNA replication is
severely affected in B. subtilis cytoskeleton mutants
The results presented above show that Φ29 DNA
replication occurs in right-handed helical conformations at the membrane of the infected cells. Recently, it has been demonstrated that the B. subtilis
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Figure 42. p16.7 localization in cytoskeleton mutant strains. 168 spo0A-, DM-001, DM-002 and DM-003 strains were grown in LB
medium containing 25 mM MgSO4 at 37ºC. At an OD600 of 0.4 the culture was infected with a sus14(1242) mutant phage at a MOI = 5.
Samples were harvested 20 minutes postinfection and subjected to immunoﬂuorescence analysis using polyclonal antibodies against
p16.7 (see Materials and methods). Cells are shown after deconvolution of an image stack, as a “max projection”.

the wild type B. subtilis strain.
As a ﬁrst approach to study whether one or more
of the bacterial cytoskeleton proteins are important for Φ29 DNA replication, the ability of Φ29 to
form lysis plaques on mreB, mbl and mreBH mutant strains was analyzed. Phage Φ29 was able to
form lysis plaques on all three cytoskeleton mutants
(not shown). In addition, similar numbers of lysis
plaques were obtained for all three mutants and the
wild-type strain. Together, this demonstrates that
none of the three cytoskeleton proteins is essential
for Φ29 to complete its life cycle.
However, the size of the lysis plaques produced
on the wild-type strain is much larger than those
observed on the mutant strains, suggesting that an
intact cytoskeleton is required for optimum Φ29 development.
To quantify the efﬁciency of Φ29 DNA replication in the cytoskeleton mutant strains and the wildtype strain the amount of intracellular Φ29 DNA
was measured by real-time PCR at different times
after infection. The results, presented in Figure 41,
show that the level of intracellular Φ29 DNA started to increase about 20 and 30 min after infection
of the wild-type and mutant strains, respectively.
However, whereas the amounts of intracellular Φ29
DNA increased logarithmically during the next 40
min in wild-type infected cells, only a modest increase of Φ29 DNA was observed during this time
for the cytoskeleton mutants. At 60 min after infection, the amount of Φ29 DNA accumulated in the
cytoskeleton mutants was 12-24 fold lower than
that in the wild-type strain, demonstrating that the

efﬁciency of in vivo Φ29 DNA replication is severely affected in the absence of either of the three
cytoskeleton proteins.
Real-time PCR was also used to quantify the efﬁcency of Φ29 DNA replication in wild-type B. subtilis cells infected with mutant Φ29 phage sus16.7.
The results presented in Figure 41 show that the
efﬁcency of Φ29 DNA replication is affected in the
absence of protein of p16.7. However, these effects
are rather mild when compared to the efﬁciency of
Φ29 DNA replication in either of the cytoskeleton
mutant strains demonstrating that an intact cytoskeleton is more important for efﬁcient Φ29 DNA
replication than p16.7.
8.6- Proper membrane-associated localization of
components of the Φ29 replication machinery
requires an intact cytoskeleton
The ﬁnding that the efﬁciency of Φ29 DNA replication is severely affected in the cytoskeleton mutant
strains prompted us to study the subcellular localization of p16.7, double-stranded phage DNA and
the GFP-DNA polymerase (GFP-p2) fusion protein
in the cytoskeleton mutant strains. The helical conﬁgurations observed in the wild-type strain for p16.7,
double-stranded phage DNA and GFP-p2 were not
detected in the mreB, mbl or mreBH mutant strains
(see Figures 42, 43 and 44).
As in the wild-type strain, the membrane protein
p16.7 localized to the periphery of the cell in all
three cytoskeleton mutant strains. However, instead of a right-handed helical conﬁguration, p16.7
displayed a rather uniform pattern throughout the
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Figure 43. Localization of Φ29 dsDNA in cytoskeleton mutant strains. 168 spo0A-, DM-001, DM-002 and DM-003 cells were
grown in LB medium containing 25 mM MgSO4 at 37 ºC. At an OD600 of 0.4 the culture was infected with a sus14(1242) phage at a
MOI = 5. Cells were harvested 25 minutes after infection and subjected to immunoﬂuorescence phage dsDNA as described in Materials and methods.

cell periphery in strains DM-001 (∆mreB), DM-002
(∆mbl) and DM-003 (∆mreBH)(Figure 42).
Apart from the fact that the Φ29 dsDNA signals
in the cytoskeleton mutant strains at 20 min postinfection were weak compared to those observed in
wild-type infected cells, the double-stranded phage
DNA was dispersedly localized throughout the cell
(Figure 43). Phage dsDNA was also dispersedly
distributed at late infection times.
Finally, also the localization of the GFP-p2 fusion
protein was affected in the cytoskeleton mutants.
Similar to the pattern obtained with the wild-type
strain at 10 minutes postinfection (Figure 39), the
ﬂuorescent GFP-p2 signal relocalized in the mutant
strains to occupy the central region of the cell as a
large single diffuse focus or an enlarged focus with
the shape of a dumb bell at 25 minutes after infec-

tion (Figure 44). However, at later infection times
this pattern disappeared and the signals were found
to localize throughout the cell often with additional
irregular punctate patterns (Figure 44).
The small molecule, A22 (S-(3,4-dichloroben
zyl)isothiourea), has been shown to (i) induce the
formation of anucleate cells in E. coli and affects
its cell morphology in manner reminiscent of mreB
mutants (Iwai et al., 2002), and (ii) to be a direct
speciﬁc target of the C. crescentus MreB protein
(Gitai et al., 2005). It was therefore interesting to
test possible effects of A22 on GFP-p2 localization.
Figure 44 shows that GFP-p2 did not localize into a
helical pattern at the membrane after Φ29 infection
in the presence of A22.
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Figure 44. Localization of GFP-p2 in cytoskeleton affected strains. DM-010, DM-011, DM-012 and DM-013 cells were grown to
midexponential phase in LB medium supplemented with 25 mM MgS04. At an OD600 of 0.4 the culture was infected with a sus2(513)
phage at a MOI = 5 and supplemented with 0.5% of xylose. When indicated A22 (100 μg/ml) was added at the same time of infection.
MeOH (A22 diluent) did not affect cell infection or GFP-p2 localization at this concentration (not shown). Cells were harvested 25
and 50 minutes after infection.
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min after infection were processed for immunoﬂuorescence using antibodies against p16.7 and c-Myc.
The results presented in Figure 45 show that p16.7
and c-Myc-MreB follow the same helical paths at
the periphery of the cell. Although the image in
which the p16.7 and MreB ﬂuorescent signals are
superimposed (Figure 45) show that the position of
both proteins often colocalize, a perfect colocalization of both proteins is not always observed. Whereas this may indicate that p16.7 and MreB do not
always colocalize this may also be caused by the
invasive treatment of the cells. Conclusive evidence
of whether the Φ29 DNA replication machinery colocalizes with the host cytoskeleton would require
the localization of these proteins in live cells.

Figure 45. Localization of c-Myc-MreB and p16.7 by immunoﬂuorescence microscopy. Strain 2060 was grown in LB medium containing 5 mM MgSO4 at 37ºC. At an OD600 of 0.4 the
culture was infected with sus14(1242) mutant phage at a MOI =
5. Samples were harvested 20 minutes postinfection. Cells are
shown after deconvolution of an image stack, as a “max projection”. Each set of images shows typical cells composed of
green (c-myc-MreB) and red ﬂuorescent signals (p16.7) which
were displaced to lie side by side. Signals are also presented as
a merged image.

8.7- Localization of c-Myc-MreB and p16.7 in
infected cells
The results presented above show that p16.7 localized as right-handed helicoidal structures at the
membrane of the cell. To study whether p16.7 colocalizes with the host cytoskeleton, the localization of
p16.7 and MreB were determined by immunoﬂuorescence within Φ29-infected cells. For this, B. subtilis strain 2060, which contains a functional c-mycmreB fusion at the amyE locus (Jones et al., 2001),
was infected with Φ29 and samples withdrawn 20

8.8- Evidence that protein p16.7 is not functional
in cytoskeleton mutant strains
The results described above show that the helical
pattern of p16.7 is lost in B. subtilis cytoskeleton
mutants. We pursued the following strategy to determine whether p16.7 is functional in the absence of an intact cytoskeleton. Recently it has been
demonstrated that the Φ29 genome is injected in
two steps with a right to left polarity according to a
so-called push-pull mechanism (González-Huici et
al., 2004). During the ﬁrst push step about 60% of
the right-side of the Φ29 genome is injected at the
expense of the high pressure by which Φ29 DNA is
packaged into the phage head without the need of
proteins or external energy force. Efﬁcient internalization of the remaining 40% left part of the Φ29
genome, the pull step, requires Φ29 proteins p17
(González-Huici et al., 2004) and p16.7 (Alcorlo,
M., unpublished results), whose genes are present
in the right-side early operon that is injected during
the ﬁrst push step. Thus, efﬁcient internalization
of the left part of the phage genome is compromised in cells infected with Φ29 mutant sus16.7(48)/
sus14(1242) causing a mild but signiﬁcant delay in
the synthesis of proteins encoded by the left-side
early operon (Alcorlo, M., unpublished results).
If p16.7 requires an intact cytoskeleton to be
functional it is expected that synthesis of proteins
encoded by the left-side early operon is delayed in
cytoskeleton mutants and that this delay would be
similar to that observed in wild-type cells in the absence of p16.7. As shown in the Western blots pre-
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Figure 46. p16.7 is not functional in cytoskeleton mutants. (A) Strains DM-010, DM-011, DM-012 and DM-013 were grown in LB
to early exponential phase at 37 ºC. At an OD600 = 0.4, cells were infected with a sus2(513) phage at a MOI = 5. At the indicated times
cells were harvested and subjected to SDS-PAGE and Western blotting as described in Materials and methods. (B and C) Strains DM010 (B) and DM-011 (C) were subjected to the same experimental procedures as in (A) but infectied with either both sus2(513) (upper
panel) or sus16.7(48)/sus14(1242) (lower panel) phage: strains DM-012 and DM-013 were not tested at these conditions.

sented in Figure 46A, this is exactly what we found.
The replication deﬁcient Φ29 phage sus2(513) was
used as a control in these experiments to avoid
possible effects on protein expression due to replication. The upper part of Figure 46B shows that
proteins p16.7 and p6, encoded by the right- and
left-side early operons respectively, were detected
10 min after infection of wild-type B. subtilis cells
with sus2(513) phage Φ29. Similar to previous results (Alcorlo, M., unpublished results) the lower
part of Figure 46B shows a delay of 5 min (t=15
postinfection) in the detection of protein p6 when
wild-type cells were infected with mutant phage
sus16.7. Figure 46A shows that a delay of 5 min in
the detection of protein p6 was also observed when

mreB, mbl or mreBH mutant strains were infected
with sus2 phage Φ29. Finally, as shown in Figure
46C, protein p6 was detected 15 min postinfection
in mreB mutant cells infected with either sus2 or
sus16.7 phage. Together these results strongly indicate that p16.7 requires an intact cytoskeleton to
be functional.
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9.1- Modular organization of Φ29 membrane
protein p16.7
Characterization of Φ29 protein p16.7 carried out
before the start of this thesis showed that it presents
a remarkable diversity of activities despite its small
size (130 residues). First, protein p16.7 is an earlyexpressed membrane protein that is involved in the
organization of membrane-associated Φ29 DNA replication (Meijer et al., 2000; Meijer et al., 2001b).
Second, the ﬁrst 20 amino acids of p16.7 constitute a
transmembrane spanning domain that is responsible
for its membrane localization (Meijer et al., 2001b).
Third, a variant of p16.7, p16.7A, lacking its ﬁrst
20-residue long membrane anchor forms dimers
in solution (Meijer et al., 2001b). Fourth, it binds
nonspeciﬁcally to both ss- and dsDNA (Serna-Rico
et al., 2002; Serna-Rico et al., 2003). Fifth, p16.7
can form multimers, both in vitro and in vivo, and it
was shown that multimerization is important for its
DNA-binding mode (Serna-Rico et al., 2003). Finally, p16.7 has afﬁnity for the Φ29 terminal protein
(Serna-Rico et al., 2003). The ﬁrst objectives of this
thesis research were to determine the regions responsible for p16.7A dimerization and to deﬁne the
minimal functional domain of p16.7.
The p16.7 region spanning approximately amino
acids 25-60 was predicted to have a high probability
to form a coiled-coil. Therefore, and because of the
absence of any other conspicuous dimerization domain, this region was initially considered the prime
candidate responsible for dimerization. The results
presented in chapter 4 show that an isolated protein
containing the predicted p16.7 coiled-coil region,
p16.7N, can indeed form a dimeric coiled-coil.
However, the afﬁnity of the isolated coiled-coil is
about 1000-fold lower than that of p16.7A (Figure 11B), indicating that the coiled-coiled is not the
primary dimerization domain. Subsequent experiments showed that the main dimerization domain of
p16.7 is located in its C-terminal half. Conclusive
evidence for this were the observations that both
p16.7C (constituting the C-terminal half of p16.7,
residues 63-130) and p16.7A4 (containing four Leu
to Arg substitutions in the coiled-coil region that fully disrupt its hydrophobic face) form high-afﬁnity
dimers in solution (Figure 10).
Although the dimerization afﬁnity of the isolated coiled-coil (present in p16.7N) is very low, the

coiled-coil is formed in p16.7A. Dimerization of
p16.7A through the C-terminal region will restrict
the mobility and orientation of the two N-terminal
segments, thus increasing the frequency of productive collisions and shifting the equilibrium towards
association in a parallel coiled-coil structure. In
addition, in the native protein p16.7 the membrane anchor domain may restrict the relative mobility
and orientation of the polypeptide chain even more
and, hence, further facilitate formation of a coiledcoil.
Although it is clear that the coiled-coil region
is not the primary dimerization domain, it may be
structurally relevant in several ways. It may be important to position the functional C-terminal domain
at a certain distance of the cell membrane. Alternatively or additionally, the solvent-exposed residues
of the coiled-coil may interact with other proteins
(see below).
The low dimerization afﬁnity of the p16.7 coiledcoil domain is probably a consequence of the presence of both Arg-46 residues that in the dimeric,
parallel coiled-coil are predicted to be located near
each other on the hydrophobic face of each helix
(Figure 9B), and which would cause a mutual electrostatic repulsion. Protein p16.7 homologues are
found in all Φ29 related phages studied so far (Meijer et al., 2001a; Meijer et al., 2001b). All of them
are predicted to have a modular structure similar to
that of p16.7, including a coiled-coil domain that
invariably contains a charged residue at the position
corresponding to Arg-46 of Φ29 p16.7. Thus, it is
tempting to propose that the low dimerization afﬁnity of the p16.7 coiled-coil domain constitutes an
evolutionarily selected trait, perhaps preventing the
coiled-coil from being very rigid.
The following results demonstrated that the main
functional properties of p16.7 reside in its C-terminal region. First, gel retardation studies showed
p16.7C has DNA-binding activity (Figures 14C
and D). Second, Western blot analyses of in vitro
crosslinked samples containing p16.7C and Φ29 TP
showed that these two proteins can interact (Figure 14B). Finally, footprinting assays together with
analyses of crosslinked p16.7Cb in the presence of
DNA showed that p16.7Cb can form multimers (Figure 15). In this respect it is also worth noting that,
especially the C-terminal half of the p16.7 protein is

119

Organization of Φ29 DNA replication: protein p16.7

highly conserved among the p16.7 homologues.
Altogether, these results show that p16.7A contains an N-terminal coiled-coil region and a C-terminal functional domain. Moreover, partial proteolysis of p16.7A demonstrated that the coiled-coil
region and functional domain are connected by a
proteinase K-sensitive linker (Figure 13), further
indicating that they constitute two independent domains.
In summary, the results presented in chapter 4 together with those obtained previously (Meijer et al.,
2000; Meijer et al., 2001b; Serna-Rico et al., 2002;
Serna-Rico et al., 2003) show that the dimeric p16.7
protein is composed of three (clearly distinguishable) domains: An N-terminal transmembrane spanning domain, an intermediate coiled-coil domain,
and a C-terminal dimeric functional domain. The
transmembrane spanning domain localizes p16.7 at
the membrane of the infected cell. The coiled-coil
domain possibly serves to place the functional Cterminal domain at a certain distance of the membrane and, in addition, it might interact with other
protein(s). Finally, the C-terminal dimeric domain
would exercise its role in the organization of membrane-associated Φ29 DNA replication through its
DNA-binding activity and its afﬁnity for the Φ29
terminal protein.
9.2- Structure of the functional dimeric domain
of Φ29 p16.7 protein
Once the functional domain of p16.7 was delineated to its C-terminal half, studies were aimed to get
insights into the structure of this domain with the
expectation that this would provide a better understanding of the role of p16.7 in in vivo Φ29 DNA
replication. Comparison of the primary sequence of
p16.7C to proteins deposited in available databases
revealed that it shares limited homology with homeodomains (~20% identity and ~40% similarity).
Homeodomains are typical eukaryotic DNA-binding domains of about 60 amino acids present in a
large family of so-called hox transcription factors
(Bürglin, 1994). Besides this similarity at the primary sequence level, the following additional observations suggested that p16.7C might be evolutionary
related to homeodomains. First, several conserved
residues that are critical for the structure and/or
function of homeodomains are also conserved in

p16.7C. Second, circular dichroism studies showed
that p16.7C has an α-helical content of about 40%,
which is similar to the helical content found in
homeodomains. And third, computer-assisted predictions of the secondary structure suggested that
p16.7C would contain three α-helices whose position and length were predicted to be similar to the
three α-helices present in homeodomains.
Despite these similarities between p16.7C and
homeodomains there are major striking differences in their function and oligomeric state. Thus,
whereas homeodomain proteins are transcriptional
regulators playing critical roles in eukaryotic development and body plan formation, protein p16.7
is involved in membrane-associated organization
of phage Φ29 DNA replication. In addition, while
nearly all homeodomains bind DNA in a sequencespeciﬁc way, p16.7C is able to bind DNA without
apparent sequence speciﬁcity. Finally, whereas
protein p16.7C is a stable homodimer in solution,
homeodomain proteins usually bind DNA as a heterodimer consisting of two homeodomain containing
proteins (Mann and Chan, 1996).
Resolution of the crystallographic and solution
structures of p16.7C conﬁrmed that the secondary
structure of the p16.7C monomer is very similar to
that of homeodomains. In addition, as in homeodomains, the secondary and tertiary structures of
p16.7C are stabilized by the formation of a well-deﬁned hydrophobic core, resulting from the packing of
the three helices. However, the spatial organization
of the three α-helices in p16.7C is fundamentally
different from that of homeodomains (see chapter
5). Thus, despite its similarities to homeodomains
regarding the primary and secondary structures, the
functional domain of p16.7 deﬁnes a novel dimeric
six-helical fold. In this respect, it is worth noticing
that a homology-based model for the tertiary structure of p16.7C superimposed very well with the
structure of the Pbx1 homeodomain, except in the
loop between helices I and II. The Ramachandram
plot of this model showed two residues, localized
in this loop, to be in forbidden regions. This might
indicate that this loop is important for the tertiary
structure of p16.7C.
In addition to dimers, biochemical analyses
showed that p16.7C, like p16.7A, can form multimers and that multimerization is enhanced in the
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presence of DNA (Figure 15). In the crystal structures obtained in the absence of DNA, p16.7C dimers
were arranged such that they formed a protein ﬁber
(Figure 20A). The interdimeric p16.7C contacts observed in the crystal, could reﬂect the multimerization mode formed upon DNA-binding. This view
was supported by the fact that these interdimeric
interactions were stronger than those generally observed as a consequence of lattice crystal contacts.
However, p16.7C derivatives in which residues
constituting the main interdimeric interactions were
mutated, E72 and R98, were still able to multimerize. Thus, residues E72 and R98 are not essential for
multimerization.
Insights in the multimerization interface were
obtained by NMR studies by comparing low and
high p16.7C concentration samples. These analyses
indicated that the multimerization interface involved large surface areas located at the lateral sides of
the p16.7C dimer (Figure 22). The observation that
the addition of DNA to a low p16.7C concentration
produced remarkably similar changes in the NMR
spectra to those observed at high p16.7C concentration in the absence of DNA, indicated that the lateral sides of the p16.7C dimer also form the multimerization surface upon DNA-binding (Figure 23).
Thus, the NMR analyses of high and low concentration of protein p16.7C in the absence or presence of
DNA provided information of low resolution about
the likely interface involved in multimerization.
Insights in the most likely DNA-binding area
were obtained from the calculation of the surface
electrostatic distribution of the p16.7C dimer. These
calculations showed that the surface area formed by
the helices III and its following extended regions
is positively charged and therefore may constitute the DNA-binding site. This view is supported
by the fact that this putative DNA-binding surface of p16.7 will be directed towards the center of
the cell (Figure 19). Moreover, the moderate number of basic residues located at a p16.7C dimeric
DNA-binding surface would explain why p16.7C
oligomerization is required for efﬁcient dsDNA recognition. The putative p16.7C DNA-binding site
has a smooth surface and no edges or protuberances
that can enter the major or minor groove, indicating
that DNA-binding probably will be fundamentally
different from that of homeodomains or classical

helix-turn-helix DNA binding proteins.
However, a detailed view of the multimerization
surface interface could not be obtained by NMR
techniques. In addition, the DNA-binding site was
not deﬁnitively demonstrated and insights in DNAbinding mode remained unknown. To answer these
questions the crystal structure of p16.7C in complex
with dsDNA was determined (see chapter 7). Interestingly, the functional dsDNA-binding unit is formed by three p16.7 dimers arranged side by side deﬁning a deep dsDNA-binding cavity (Figure 32A).
This novel structural arrangement conﬁrms that
the multimerization interface involves large surface areas located at the lateral sides of the p16.7C
dimer as indicated by the NMR studies. However,
contrary to a continuous array of p16.7C dimers, suggested by modeling the p16.7C dimers according
to the multimerization interface obtained by NMR,
one dsDNA subunit is formed by three p16.7C dimers. The concave dsDNA surface, generated as a
consequence of the arrangement of the three p16.7C
dimers, does not present structural elements that
can penetrate the DNA grooves. Thus, dsDNA-binding is purely driven by electrostatic forces, which
is in agreement with the unspeciﬁc dsDNA-binding
activity observed for p16.7C (see chapters 4 and
5). In fact, the observed structural features at the
protein p16.7C-DNA interface are shared by some
unspeciﬁc dsDNA- binding domains of processive
enzymes that are able to hold and track DNA. In
particular, there is a remarkable similarity between
the DNA-binding surface of p16.7 and that of the
processivity factors or sliding clamps (Navaza,
1994). As the tridimeric p16.7C unit partially does,
these molecules encircle DNA in a central ring
formed by antiparallel alpha helices. Interestingly,
the cavity is lined by a striped pattern of positively
charged and hydrogen bond donor side chains above which the DNA phosphate backbone lays (Figure 33). Whereas these interactions would restrict a
pure translational diffusion of the DNA they may
allow a screw-like displacement of the DNA helix,
maintaining the DNA backbone at rather ﬁxed positions within the complex. In accordance with this
model, the electron density map of the DNA is good
enough to locate the phosphate backbone but insufﬁcient to determine the precise position and the
chemical nature of the base pairs. This is a conse-
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Figure 47. Higher order oligomerization of p16.7C in the presence of dsDNA. (A) Two perpendicular views of a section of the
crystal packing of p16.7C-dsDNA complex. (B) Model of a bidimensional array of p16.7C in complex with DNA. The model is built
applying the transformation indicated in (A) Note that the geometry and nature of the intermolecular interactions are preserved. The
molecular surface representations of the structures are displayed on the right. Interestingly, a bidimensional array of p16.7C hexamers, maintaining the nature and geometry of the observed protein-protein interactions of this region, can be generated by a minor
adjustment of the crystal packing. This supramolecular structure is compatible with the membrane anchorage of the full p16.7C-DNA
complex and can explain the high cooperativity of DNA-binding (see chapter 5 and Figure 48).
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Figure 48. Model of the protein p16.7 anchored to the bacterial membrane. Residues 1 to 20 can be modelled as a single
transmembrane helix (not displayed) and residues 30 to 60 as a
coiled-coil structure.

quence of unspeciﬁc DNA-binding of p16.7C and is
inherent to complexes of proteins that bind DNA at
multiple positions along a DNA fragment (Brunger
and Adams, 1998).
The buried solvent accessible surface area between protein and DNA in the complex is around
300 Å2, which is approximately two times lower
to that found for most other nonsequence speciﬁc DNA-protein complexes (Brunger and Adams,
1998). This relative low value suggests that higher
order oligomerization is required for efﬁcient binding of p16.7C to DNA, which is also supported by
experimental evidence (chapters 4 and 5). Taking
into account that the N-terminal extension present
in native p16.7 is attached to the bacterial membrane, the only interface available for the formation of
larger p16.7C oligomers would be that perpendicular to the DNA duplex and shown in Figure 32A. In
both the free and DNA bound forms, p16.7C dimers
are indeed connected through this interface within
the crystals (Supplementary Figure 8). Moreover,
the ~900 Å2 area that is covered at this oligomerization interface is higher than that expected for
lattice crystal contacts (Leslie, 1987). In addition,
due to extension of the DNA-binding surface in the
protein oligomer the protein-DNA interactions will
be multiplied, which explains the observed non-li-

near increase of in vitro DNA-binding with respect
to protein concentration and the observed DNA-enhanced multimer formation of p16.7C. In fact, the
protein concentration-dependent effects on DNAbinding, observed in gel retardation and nuclease
protection assays, strongly indicate that p16.7C
binds DNA in a cooperative manner. A cooperative
way of DNA-binding is observed for most proteins
that act transiently during DNA replication, and
p16.7 is believed to fall into this class of proteins.
Altogether, the results obtained show that the
lateral sides of the p16.7C dimer constitute the interface used for formation of a tridimeric dsDNAbinding p16.7C unit. In addition, the p16.7C region
perpendicular to the DNA duplex and shown in Figure 32A is the most likely surface area involved
in cooperative formation of an array of tridimeric
p16.7C units. A model of a bidimensional array of
p16.7C in complex with dsDNA through this interface is shown in Figure 47. So far, this view has not
been tested experimentally.
In summary, the structure of the p16.7C-dsDNA
binding unit described in chapter 7 provides insights in the process by which p16.7 anchors dsDNA to
the bacterial membrane. The N-terminal coiled-coil
and transmembrane domains, present in full-length
p16.7 protein, are located opposite to the DNA binding cavity. This conﬁguration is compatible with
the native protein being attached to the membrane
and with its proposed role of anchoring Φ29 DNA
to the membrane of the infected cell (Figure 48).
9.3- p16.7C dimerization mutants
The resolved solution and crystal structures of
p16.7C showed that the primary dimer interface
involves multiple hydrophobic and polar contacts
between the third α-helix and its following extended C-terminal region (p16.7 residues 122-130) of
each monomer, which are oriented in an antiparallel
fashion and that pack against helices H1 and H3 of
the other monomer (see Figure 25). Based on their
position within the interface, these contacts can be
grouped as central and lateral. The multiple intermolecular interactions in the lateral regions (involving p16.7 residues 122-130) and p16.7 residues
Trp-116 and Asn-120 (located at the central region
of the interface), were predicted to contribute to the
high afﬁnity of p16.7C. Besides analyses of some

123

Organization of Φ29 DNA replication: protein p16.7

basic features of the p16.7C dimerization properties, considered the wild type protein in the work
described in chapter 6, the role of Trp-116, Asn-120
and the nine last C-terminal residues (constituting
the C-terminal tail) in protein dimerization was studied. In addition, the effects of these mutations on
oligomerization and functionality of the protein, i.e.
DNA-binding activity, were assessed.
Analyses of the spectroscopic and ﬂuorescence
thermal induced changes showed that the transition
of p16.7C corresponds to a reversible and cooperative coupled folding-dimerization process; i.e. the
reversible transition of folded dimers into unfolded
monomers occurs cooperatively and without stable
thermodynamic intermediates (see Figure 26). The
solution and crystal structures of p16.7C showed
that the side chains of p16.7 residue Pro-87 of each
monomer pack against the indole rings of the Trp116 residue of the other monomer (Figure 25B),
and suggested that this particular arrangement may
be important for the high dimerization afﬁnity of
p16.7C. Substitution of residue Trp-116 by Ala
would fully disrupt this arrangement. It was shown
that dimerization, oligomerization and functionality
of mutant protein pW116A were severely affected.
Thus, (i) the midpoint transition temperature of
pW116A at 20 µM was decreased by 26 °C and the
cooperativety of the transition process was virtually
lost (Figure 27), (ii) in vitro cross-linking and ultracentrifugation studies demonstrated that the dimerization of this mutant was severely affected (Figures
28 and 29), and (iii) various approaches showed that
pW116A was unable to bind DNA (Figures 30 and
31). Together, these results show that p16.7 residue
Trp-116 plays a crucial role for dimerization and,
by extension (see below), for oligomerization and
functionality of the protein.
The speciﬁc arrangement of Trp-116 residues
by keeping the side chain of Pro-87 residues in a
locked state resembles that of the so-called “Trpcage” in which the side chain of a Trp residue is
locked into position by side chains of proline residues. In both arrangements the stability of the
resulting environment is obtained by forming a
hydrophobic patch formed by the side chains of
aromatic residues. We therefore name this speciﬁc
arrangement present in p16.7 a “Pro-cage”. As far
as we know, this is the ﬁrst functional “Pro-cage”

described. The previously described “Trp-cage” results from conﬁguring the cooperative formation of
an intramolecular and hydrophobic local environment that effectively stabilizes the folding of small
monomeric peptides (Neidigh et al., 2002). In fact,
this kind of motif is signiﬁcantly more stable than
any other mini-protein described. The arrangement
of the p16.7 “Pro-cage”, besides constituting a novel functional aromatic cage, differs fundamentally
from the previously described “Trp-cage” in that it
plays a crucial role in stabilization of a folded dimer
instead of stabilizing the folding of a monomer.
The importance of the “Pro-cage” for dimerization of p16.7C may be further emphasized by the
results obtained with mutant pN120W, which, like
the “Pro-cage”, makes intermolecular interactions
at the central region of the primary dimer interface
(Figure 25C). Substitution of Asn-120 by a Trp residue would prevent the three interdimeric hydrogen
bonds made by Asn-120. Nevertheless, this mutation hardly affected the afﬁnity of the dimers as demonstrated by the in vitro cross-linking and ultracentrifagation experiments (see Figures 28 and 29).
Thus, whereas residues Trp-116 and Asn-120 both
locate to the central region of the dimer interface,
mutation of Trp-116 affects dimerization far more
than mutation of Asn-120.
Besides providing insights into dimerization, the
results obtained with pN120W are also important
in the sense that they provide experimental evidence supporting the view that p16.7C oligomerization and DNA-binding are coupled processes. The
results obtained in this thesis show that pN120W,
like p16.7C, forms stable dimers with a dissociation constant lower than 1 µM at 25 °C. Contrary
to p16.7C however, pN120W is unable to form oligomers at high protein concentration (Figure 29)
and it is unable to bind DNA as assessed by various
approaches (Figures 30 and 31). This strongly indicates that p16.7C oligomerization is required for
DNA-binding. The conclusion that p16.7C oligomerization and DNA-binding are coupled processes is
furthermore supported by the tracer sedimentation
equilibrium assays using the 12 bp DNA probe.
Thus, p16.7C oligomerization and DNA-binding
were observed at similar protein concentrations
(400 µM, Figures 29 and 31).
The inability of pN120W to form oligomers may
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be explained as follows. Protein p16.7C dimers
are characterized by a striking self-complementarity (see chapter 5). NMR studies of the apo form
of p16.7C and the crystal structure of the p16.7CDNA complex showed that the interdimeric interface contains multiple contacts dispersed over the
lateral complementary sides of the p16.7C dimers
(see chapters 5 and 6). However, p16.7C oligomerization is only observed at high concentration (> 300
µM, see Figure 29) demonstrating that oligomerization is a low afﬁnity process. Substitution of Asn
for the bulkier Trp residue may introduce (subtle)
structural changes at the interdimeric interface,
which are likely to have drastic effects on p16.7C
oligomerization, although we cannot fully exclude
the possibility that this mutation affects independently both the oligomerization and the DNA-binding capacities of the protein.
Except for the last two residues (129-130), the
C-terminal tail of each p16.7C monomer (residues
122-130) forms a stable and well-deﬁned extended structure that makes multiple intermolecular
interactions with helices H1 and H3 of the other
monomer (see chapter 5). The importance of the
C-terminal tail for p16.7C dimerization, oligomerization and functionality was studied using the deletion variant p16.7CΔ9 lacking the last 9 residues. In
various aspects, the absence of the C-terminal tail
caused similar effects as those observed with mutant pW116A. First, in addition to a notable decrease (18 °C) in the midpoint transition temperature at
20 µM compared with p16.7C the cooperativety of
the transition process was virtually lost (Figure 27).
Second, ultracentrifugation studies demonstrated
that dimerization and oligomerization of p16.7CΔ9
was severely affected (Figure 29). And third, various approaches showed that p16.7CΔ9 was unable to
bind DNA (Figure 30). Together, these results show
that the C-terminal tail of p16.7CΔ9 is crucial for
protein dimerization and oligomerization. Various
lines of evidence show that DNA-binding is coupled
to protein oligomerization (see above) and it was
therefore not surprising to ﬁnd that p16.7CΔ9 was
unable to bind DNA. However, despite the effects
on oligomerization, the defects in DNA-binding observed with p16.7CΔ9 are also likely to be a direct
consequence of the deletion of the C-terminal tail
which includes two out of the three p16.7C residues

(Lys-123 and Arg-126) that make direct contacts
with the dsDNA phosphate backbone (see chapter
7).
Finally, it is worth mentioning that p16.7C dimers
can form two different types of oligomerization.
First, the crystal structure of the p16.7C-dsDNA
complex showed that a single DNA-binding unit is
formed by three p16.7C dimers that are arranged in
such a way that they form a roughly half-circular
positively-charged DNA-binding surface that interacts with the phosphate backbone of dsDNA (see
chapter 7). The sedimentation equilibrium gradients
showed that p16.7C started to form oligomers at a
concentration of about 300 µM (Figure 29) and
the tracer sedimentation equilibrium assays using
the 12 bp DNA probe showed that p16.7C bound
this short DNA probe at about 400 µM (Figure 31).
However, gel retardation, footprinting and tracer
sedimentation equilibrium assays in which longer
DNA fragments were used showed that p16.7C
binds DNA at lower concentrations and that binding
to longer DNA fragments appears to occur cooperatively. Thus, it appears that multiple tridimeric
p16.7C units bind cooperatively to the longer DNA
fragments, which explains the higher DNA-binding
activity of p16.7C for longer DNA fragments. In
the crystal structure of the p16.7C-dsDNA complex
p16.7C dimers belonging to different tridimeric
p16.7C units interact through a relatively large surface area (~ 900Å2) located at the outer edges of
the elongated p16.7C dimer (see chapter 7), suggesting that this constitutes the inter-tridimeric p16.7C
surface important for higher order multimerization
(see also model in Figure 47).
In summary, by structural and functional analyses
of site-directed and deletion mutants of the functional domain of p16.7 we (i) have demonstrated that
residue Trp-116 and the extended C-terminal tail
are crucial for the formation of high-afﬁnity p16.7C
dimers, and (ii) have provided evidence that p16.7C
oligomerization and DNA-binding are coupled processes; i.e. that functionality of p16.7C requires
oligomerization. Another important contribution of
this work is the identiﬁcation of a functional novel
dimerization motif that we call “Pro-cage”. This
motif involves two Trp and two Pro residues that
together form an intermolecular hydrophobic patch
as a consequence of the encapsulation of the side
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chains of Pro-residues of one monomer in a sheath
of aromatic rings of Trp-residues of the other monomer.
9.4- Organization of in vivo Φ29 DNA replication
Phage Φ29 is classiﬁed as a virulent phage and is
optimized to complete its lytic cycle during the logarithmical phase of the infected cell. Indeed, when
infected during this phase, the Φ29 lytic cycle is
completed in about 50 min generating up to 1000
phage progeny. The generation of such high numbers of phage progeny is accomplished by large
amounts of phage DNA replication proteins and it
may be expected that these will be well-organized
to allow phage DNA replication to be highly-efﬁcient. Already more than 30 years ago Ivarie and
Pène (1973) provided conclusive evidence that Φ29
DNA replication occurs at the membrane of the infected cell. However, only limited information was
available about the organization of membrane-associated Φ29 DNA replication. Previously, it was
shown that the efﬁciency of phage DNA replication
is affected in the absence of p16.7 and that p16.7
localized in an apparent punctate pattern throughout the membrane of the infected cell (Meijer et
al., 2000).
This thesis continues the analysis of membraneassociated organization of Φ29 DNA replication
using updated image processing techniques. Analyses of the subcellular distribution of protein p16.7
and Φ29 dsDNA by immunoﬂuorescence techniques revealed that they localized as right handed
helical structures at the membrane of the infected
cell (Figures 35 and 36). The fact that p16.7 also
formed such helical structures when ectopically
expressed showed that its localization does not depend on other Φ29-encoded proteins (Figure 38).
We also constructed functional copies of Φ29 gene
2 encoding the DNA polymerase with gfp allowing
to determine the distribution of these fusion proteins
in live cells. The GFP-p2 protein localized throughout the cytosol in non-infected cells (Figure 39A).
However, like p16.7 and phage dsDNA, it formed
right handed helical structures at the membrane of
infected cells. Moreover, active phage DNA replication was required for the phage DNA polymerase to
localize as helical structures since its pattern remai-

ned dispersedly in cells infected with the replication
deﬁcient mutant sus3 (Figure 39B). Together, these
results show that Φ29 DNA replication machinery
is organized in right-handed helical conformations
at the membrane of the infected B. subtilis cell.
The three actin-related cytoskeletal B. subtilis proteins, MreB, Mbl and MreBH, form helical
structures at the membrane (Jones et al., 2001;
Defeu Soufo and Graumann, 2004). Whereas these proteins were initially reported to form helical
structures with different conﬁgurations, recent data
of the analysis of pairwise combinations of CFP and
YFP fusions strongly indicate that the three MreB
isoforms form single right handed helical structures at the membrane of the cell (Carballido-López,
2006). The striking similarity between the helical
localization of components of the Φ29 DNA replication machinery and that of the cytoskeleton proteins
prompted us to test the possibility that the cytoskeleton is functionally involved in the organization
of membrane-associated Φ29 DNA replication. The
observation that the efﬁciency of Φ29 DNA replication is greatly affected in any of the three cytoskeleton mutant strains strongly supported this view
(Figure 41). The following results show that the
observed strong phage DNA replication defects are
not a consequence of collateral effects of the mutant
strains. First, these experiments were performed in
the presence of 25 mM MgSO4 at which the mutant
strains have near wild-type shape and growth characteristics (Formstone and Errington, 2005). Second, the fact that similar amounts of lysis plaques
were observed on the cytoskeleton mutant strains
compared with the wild-type strain shows that Φ29
is able to infect and complete its lytic life cycle in
the mutant strains. Finally, analysis of the kinetics
of proteins synthesized from the right-side early
operon show that there is only a minor effect on the
pull step of DNA injection in the cytoskeleton mutants (Figure 46).
The conclusion that an intact cytoskeleton is required for proper membrane-associated Φ29 DNA
replication was further supported by the observations that a helical distribution of the Φ29 DNA replication machinery was not observed in any of the
three cytoskeleton mutants. Thus, under these conditions (i) only faint signals of Φ29 dsDNA were
observed that localized rather dispersed throughout
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the cell (Figure 43), (ii) the GFP-Φ29 DNA polymerase fusion protein did not form helical structures at
the membrane (Figure 44), and (iii) the membrane
protein p16.7 localized throughout the membrane
of infected cells without any obvious structural organization (Figure 42). The absence of a proper helical conformation also suggested that protein p16.7
is not functional in any of the three cytoskeleton
mutants. This view was conﬁrmed by the results
showing that similar mild effects on the pull step of
DNA injection were observed in wild-type strains
infected with Φ29 phage sus16.7 and cytoskeleton
mutant strains infected with a sus2 phage Φ29 (Figures 46A and B); and that similar mild defects on
the pull step of injection were observed in the cytoskeleton mutants independent of whether p16.7 was
present or not (Figure 46C). Finally, the conclusion
that an intact cytoskeleton is required for proper
membrane-associated Φ29 DNA replication was
furthermore supported by the observation that the
GFP-Φ29 DNA polymerase fusion protein did not
display a helical conformation when wild-type cells
were infected with Φ29 in the presence of the small
molecule A22 (Figure 44). The A22 molecule has
been demonstrated to be a speciﬁc target of the C.
crescentus MreB protein leading to a rapid delocalization of the MreB protein and eventually affecting
the growth and morphology of C. crescentus (Gitai
et al., 2005). A22 also affects the morphology of E.
coli cells in a manner reminiscent of mreB mutants,
indicating that it also perturbs the function of the
E. coli MreB. The MreB proteins of C. crescentus
and E. coli share a high level of similarity with the
MreB, Mbl and MreBH proteins of B. subtilis. It
is therefore likely that A22 will also perturb the
function of one or more of the B. subtilis cytoskeleton proteins which, consequently, would cause the
observed improper localization of GFP-p2 in the
presence of A22. Altogether, these results strongly
indicate that the B. subtilis cytoskeleton functions
as a scaffold for the organization of membrane-associated Φ29 DNA replication.
This conclusion would be even more substantiated by experiments showing that components of the
Φ29 DNA replication machinery and the cytoskeleton colocalize within the infected cells. The localization of MreB tagged with c-Myc and p16.7
was analyzed within the same Φ29-infected cells

by immunoﬂuorescence. The results showed that
both proteins clearly followed the same path within
the same cell (Figure 45). Superimposition of the
localization pattern of either protein also showed
that they both localized often at nearly identical
positions. However, this technique did not provide
conclusive evidence that both proteins are in close
proximity during most of the time (Figure 45). An
obvious experiment, planned for the near future, is
to study the localization of the Φ29 DNA polymerase and one of the three cytoskeleton proteins in
live cells using functional fusions of these proteins
to CFP and YFP.
Previous studies demonstrated that the Φ29 membrane protein p16.7 is involved in organization of
membrane-associated Φ29 DNA replication. Particularly, efﬁcient spreading of Φ29 DNA at the
membrane of the infected cell was affected in the
absence of p16.7 (Meijer et al., 2000). Real-time
PCR experiments showed, however, that the absence of p16.7 impairs the efﬁciency of in vivo Φ29
DNA replication less drastically than the absence of
any of the three cytoskeleton proteins (Figure 41).
Moreover, helical localizations of Φ29 dsDNA and
GFP-p2 were observed in the absence of p16.7 in
some cells at late infection times. These results suggest that Φ29-encoded proteins other than p16.7 are
involved in cytoskeleton-mediated organization of
membrane-associated Φ29 DNA replication. Possible candidates for this are Φ29 proteins p1, p17,
p16.9 and/or p16.8.
The three MreB isoforms of B. subtilis have been
shown to be involved in different aspects in the control of cell shape. Thus, Mbl was shown to be required for cell elongation by directing the helical insertion of new peptidoglycan into the lateral cell wall
(Jones et al., 2001; Carballido-López and Errington,
2003; Daniel and Errington, 2003), MreB, which is
essential under normal growth conditions, has a role
in the control of cell width (Jones et al., 2001; Formstone and Errington, 2005), and MreBH has a role
in the control of autolytic activity of the lateral cell
wall by governing the localization of the cell wall
hydrolase LytE (Carballido-López, 2006). Based on
these different roles of the MreB isoforms in cell
shape determination, it might seem surprising that
membrane-associated Φ29 DNA replication was
severely affected in any of the three cytoskeleton
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proteins, demonstrating that all three are important
for in vivo Φ29 DNA replication. However, this result is easier to understand by the recently published
data strongly indicating that the three MreB isoforms in B. subtilis form single helical structures in
the cell (Carballido-López, 2006). At present, it is
not known how these single structures are organized; they may be composed of laterally-contacting
MreB, Mbl and MreBH-only ﬁlaments, of ﬁlaments
containing two or three MreB isoforms, or of other
compositions. Anyhow, whatever the composition
of the cytoskeleton proteins, the results obtained
clearly show that an intact cytoskeleton is required
for proper localization and hence optimal membrane-associated Φ29 DNA replication.
Additionaly, the results obtained strongly indicate that the host-encoded cytoskeleton functions as
a scaffold for the organization of membrane-associated Φ29 DNA replication. This inherently results
in compartmentalization of Φ29 DNA replication
and hence in increased local concentrations of the
components involved in Φ29 DNA replication. This
compartmentalization will most likely enhance the
efﬁciency of Φ29 DNA replication. It is tempting
to speculate that the cytoskeleton, in addition, may
enhance the efﬁciency of Φ29 DNA replication
by distributing, directly or indirectly, phage DNA
at the membrane of the infected cell, which would
permit or stimulate phage DNA replication to occur
simultaneously at different sites on different templates. In one possible scenario, the cytoskeleton
could serve as a track on which newly synthesized
Φ29 DNA is somehow moved to occupy additional sites. In another scenario the newly synthesized
DNA may be distributed along the helical track of
the cytoskeleton as a consequence of its intrinsic
dynamic behavior. The B. subtilis cytoskeleton, like
that of other bacteria (for review see, Shih and Rothﬁeld, 2006), undergoes continuous dynamic changes during cell cycle progression (Carballido-López
and Errington, 2003; Defeu Soufo and Graumann,
2004). Probably, the dynamic behavior of the cytoskeleton concerns polymerization and depolymerization of the cytoskeletal proteins involving a process
called treadmilling. Conﬂicting results have been
published on the nature of the dynamic movement
of the B. subtilis cytoskeleton proteins. On the one
hand, the dynamics of a functional GFP-Mbl fusion

protein studied with the ﬂuorescence-after-photobleaching (FRAP) technique indicated that Mbl
remodels along the length of the helical Mbl ﬁlaments with no obvious polarity (Carballido-López
and Errington, 2003). On the other hand, time-lapse microscopy indicated that MreB and Mbl move
through the cell along helical tracks of opposed
polarity. Thus, MreB and Mbl were reported to display poleward and centreward polarity, respectively
(Defeu Soufo and Graumann, 2004). In this respect
it is worth mentioning that the MreB protein of C.
crescentus has been recently reported to undergo
directed motion in individual growing polymers.
However, analyses of the distribution of multiple
MreB ﬁlaments revealed a roughly even distribution of ﬁlaments directed towards either pole (Kim
et al., 2006). Anyhow, independent of whether the
movement of the B. subtilis cytoskeleton displays
overall polarity or not, direct or indirect binding
of Φ29 DNA to the dynamic cytoskeleton may be
the driving force for spreading of Φ29 DNA at the
membrane of the infected cell.
The following results support the view that p16.7
may form part of a bridging complex connecting
Φ29 DNA to the cytoskeleton. First, biochemical
and structural evidence indicates that the substrate
of p16.7 is Φ29 dsDNA (see chapter 4 and 7). Second, the helical localization of p16.7 requires an
intact cytoskeleton. And third, distribution of Φ29
dsDNA is strongly delayed in the absence of p16.7
(Figure 43). In this respect, the modular organization of p16.7 may be relevant. Thus, the N-terminal membrane anchor and the C-terminal dimeric
DNA-binding domain are separated by an ~ 30 residue coiled-coil domain. Although experimental
proof is lacking, we consider it possible that the
coiled-coil domain may interact directly with the B.
subtilis cytoskeleton.
During the last ﬁve years, MreB proteins have
been demonstrated to be important for the determination of cell shape in a wide range of bacteria. In
addition, MreB proteins have been reported in two
other important cellular processes: polar localization of certain proteins (determination of cell polarity) and bacterial chromosome segregation. The
dynamic behavior of the cytoskeleton proteins has
been suggested to be important for its functions (for
review see, Shih and Rothﬁeld, 2006).
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In this thesis, evidence for another function of the
B. subtilis cytoskeleton has been provided: being a
scaffold for the organization of membrane-associated phage Φ29 DNA replication. Moreover, the results obtained are compatible with a model in which
the dynamic behavior of the cytoskeleton may constitute the driving force of distributing the Φ29 DNA
in a helical pattern at the membrane of the infected
cell that would also involve Φ29 protein p16.7.
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10.1- Conclusions
1. p16.7 has a modular organization and is composed of the following three domains: (i) a 20-amino
acid-long N-terminal transmembrane domain that
is required for membrane localization of p16.7; (ii)
an intermediate, ~30-amino acid-long coiled-coil
domain; and (iii) a functional C-terminal domain
that allows p16.7 to contribute to the organization
of Φ29 DNA replication and which may be evolutionarily related to homeodomains.
2. The p16.7 region spanning residues 21-68
(p16.7N) is able to dimerize as a low-afﬁnity coiledcoil.
3. The p16.7 C-terminal region spanning residues
63-130 (p16.7C) forms high afﬁnity homodimers
and constitutes the functional domain of protein
p16.7 as it binds DNA and the Φ29 terminal protein
and is able to form multimers.
4. The coiled-coil and the C-terminal functional domain are connected by a protease-sensitive linker.
5. Despite remarkable similarities in their secondary structures, the tertiary structures of the DNA-binding homeodomains and that of p16.7C are fundamentally different. In fact, p16.7C is an elongated
dimeric molecule that is deﬁned by a two-fold axis
and deﬁnes a novel six-helical fold.
6. Oligomerization of p16.7C is mediated by large
protein surfaces located at the lateral sides of the
p16.7C dimer which are characterized by a striking
self-complementarity. DNA-binding induces the
same oligomeric process detected at high p16.7C
concentratrion in the absence of DNA. This strongly suggests that protein oligomerization and DNAbinding are coupled.
7. Residue Trp-116 is involved in formation of a
novel aromatic cage dimerization motif which we
call “Pro-cage”. This motif involves two Trp-116
and two Pro-87 residues that together form an intermolecular hydrophobic patch as a consequence
of the encapsulation of side chains of the Pro-residues in a sheath of aromatic rings formed by the

Trp-residues.
8. Both, residue Trp-116 and the C-terminal tail
(residues 122-130), are important for high afﬁnity
dimerization and functionality of p16.7C.
9. Residue Asn-120 plays a minor role in p16.7C
dimerization but is critical for both oligomerization
and DNA binding, providing evidence that DNA
binding and oligomerization are coupled processes.
10. The crystal structure of p16.7C in complex with
dsDNA revealed the oligomerization mode of the
protein and the dsDNA-binding site. Thus, a functional dsDNA-binding unit is constituted by three
p16.7C dimers that are arranged side by side forming a deep dsDNA-binding cavity.
11. The p16.7C dsDNA-binding cavity, which has a
strong positive electrostatic potential, does not present edges or structural elements that can penetrate
the DNA grooves. The cavity is lined by a striped
pattern of positively charged and hydrogen bond
donor side chains above which the DNA phosphate backbone lays. Indeed, p16.7C only contacts the
DNA phosphate backbone.
12. The organization of Φ29 DNA replication at the
bacterial membrane follows a helical pattern. Thus,
p16.7, Φ29 DNA and Φ29 DNA polymerase have
a helical distribution at the periphery of infected B.
subtilis cells.
13. Functional fusion proteins of Φ29 DNA polymerase with GFP at its N- and C-terminus showed
that in non-infected cells the DNA polymerase localized in a homogeneous manner throughout the cell.
When cells were infected, the DNA polymerase redistributed into a helical pattern at the periphery of
the cell. The Φ29 terminal protein is essential for a
helical distribution of the DNA polymerase at the
membrane.
14. The helical distribution of p16.7, Φ29 DNA
and Φ29 DNA polymerase is dependent on the B.
subtilis cytoskeleton proteins MreB, Mbl and Mre-
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BH, and Φ29 DNA replication is severely affected
in cells containing mutant cytoskeleton proteins. B.
subtilis cytoskeleton function as a scaffold for Φ29
DNA replication.
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Supplementary Table I. p16.7C backbone and side-chain assignment.
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Supplementary Table II.
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Supplementary Figure 1. (A) Ribbon representation of the crystal structure of p16.7C. Residues are coloured according to their respective average atomic temperature factor (red and blue colours mean high and low temperature factors, respectively). (B) Backbone
{1H}-15N heteronuclear NOEs of p16.7C (lower values correspond to highly mobile regions).

Supplementary Figure 2. Ensemble of 25 NMR structures showing the stacking interaction between P87a/P87b and the W116a/
W116b indol rings at the dimerization interface. Both views are related by a 90o rotation around x axis.
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Supplementary Figure 3. Regions from 13C-HSQC (a) and 15N-HSQC (b) spectra at 350 μM (left) and 3500 μM (right) protein
concentration and pH 5.0. Due to the extreme line broadening associated to the protein oligomerization some signals (highlighted in
red) disappear.

Supplementary Figure 4. Two different regions (a and b) of 2D-NOESY experiments corresponding to p16.7C at 3500 μM (upper
panels) and 350 μM (lower panels). The line broadening and/or chemical shift changes for some proton signals in residues 83, 108
and 112 are indicated.
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Supplementary Figure 5. (A) The location of those residues signiﬁcantly affected by line-broadening and/or chemical shift changes
(>0.025 ppm), on the p16.7C surface, is highlighted in green. (B) Ribbon representation of p16.7C with the same orientation as that
shown in A.
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Supplementary Figure 6. Two different regions (A and B) of 2D-NOESY experiments at 350 μM (left panels) and 3500 μM (middle
panels) p16.7C concentration. The right panels show the same regions (A and B) in a half-ﬁltered NOESY experiment performed at
high protein concentration. Interprotein contacts non-compatible with the structure of the dimer are shown in red. Interprotein contactcs compatible with the structure of the dimer are shown in blue.

Supplementary Figure 7. (A) Schematic representation of the main interprotein contacts between p16.7C dimers deduced from
the analysis of 2D-NMR spectra at high protein concentration. (B) NMR-derived model for the p16.7C tetramer. An ensemble of 15
structures is shown. It is clear from these data that 30 experimental constraints is enough to deﬁne the relative orientation of the two
p16.7C dimers within the supramolecular complex.
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Supplementary Figure 8. General views (left) and details (right) of the crystal packing interactions between p16.7C dimers in crystals of p16.7C complexed with dsDNA (A, chapter 7) or in its apo form (B, chapter 5). The interaction between Glu 72 and Arg 98 is
highlighted (numbering is according to full-length p16.7).
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Supplementary Figure 9. Ribbon representation of p16.7C higher order multimers in the presence of dsDNA. Model of a bidimensional array.
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Supplementary Figure 10. Electrostatic potential representation of p16.7C higher order multimers in the presence of dsDNA. Model
of a bidimensional array.

145

12
References

12. References

12.1- Published or in preparation articles during
this thesis.
Serna-Rico*,A.,
Muñoz-Espín*,D.,
Villar,L.,
Salas,M., and Meijer,W.J.J. (2003). The integral
membrane protein p16.7 organizes in vivo Φ29
DNA replication through interaction with both the
terminal protein and ssDNA. EMBO J. 22, 22972306
*These authors contributed equally to this work.
Muñoz-Espín,D., Mateu,M.G., Villar,L., Marina,A.,
Salas,M., and Meijer,W.J.J. (2004). Phage Φ29
DNA-replication organizer membrane protein
p16.7 contains a coiled-coil and a dimeric, homeodomain-related, functional domain. J. Biol. Chem.
279, 50437-50445.
Asensio*,J.L.,
Albert*,A.,
Muñoz-Espín*,D.,
Gonzalez,C., Hermoso,J., Villar,L., JiménezBarbero,J., Salas,M., and Meijer,W.J.J. (2005).
Structure of the functional domain of Φ29 replication organizer. Insights into oligomerization and
DNA binding. J. Biol. Chem. 280, 20730-20739.
*These authors contributed equally to this work.
Albert,A., Muñoz-Espín,D., Jiménez,M., Asensio,J.
L., Hermoso,J.A., Salas,M., and Meijer,W.J.J.
(2005). Structural basis for membrane anchorage of
viral Φ29 DNA during replication. J. Biol. Chem.
280, 42486-42488.
Castilla-Llorente,V., Muñoz-Espín,D., Villar,L.,
Salas,M., and Meijer,W.J.J. (2006). Spo0A, the key
transcriptional regulator for entrance into sporulation, is an inhibitor of DNA replication. EMBO J.
25, 3890-3899.
Meijer, W.J.J., Muñoz-Espín, D., Castilla-Llorente,
V., and Salas, M. (2006). Phage Φ29: membrane-associated DNA replication and mechanism of alternative infection strategy (Bookchapter). Accepted
for publication in the book entitled “Bacteriophage:
Genetics and Molecular Biology”.
Muñoz-Espín et al. Structural and functional analysis of Φ29 p16.7C dimerization mutants: identiﬁcation of a novel aromatic-cage dimerization motif.

Manuscript in preparation.
Muñoz-Espín et al. The Bacillus subtilis cytoskeleton functions as a scaffold for in vivo phage Φ29
DNA replication .
Manuscript in preparation.
12.2- Reference list
Ackermann,H.-W. (1998). Tailed bacteriophages:
the order Caudovirales. Adv. Virus Res. 51, 135201.
Anagnostopoulos,C. and Spiegelman,G.B. (1961).
Requeriments for transformation in Bacillus subtilis. J. Bacteriol. 81, 741-746.
Arwert,F. and Venema,G. (1974). Protease-sensitive
transfection of Bacillus subtilis with bacteriophage
GA-1 DNA: a probable case of heterologous transfection. J. Virol. 13, 584-589.
Bailey,S. (1994). The CCP4 suite. Programs for
protein crystallography. Acta Crystallogr. Sect. D.
50, 760-763.
Barthelemy,I., Mellado,R.P., and Salas,M. (1989).
In vitro transcription of bacteriophage Φ29 DNA:
inhibition of early promoters by the viral replication
protein p6. J. Virol. 63, 460-462.
Berezney,R. and Coffey,D.S. (1975). Nuclear protein matrix: association with newly synthesized
DNA. Science 189, 291-293.
Blanco,L., Bernad,A., Esteban,J.A., and Salas,M.
(1992). DNA-independent deoxynucleotidylation
of the Φ29 terminal protein by the Φ29 DNA polymerase. J. Biol. Chem. 267, 1225-1230.
Blanco,L., Bernad,A., Lázaro,J.M., Martín,G.,
Garmendia,C., and Salas,M. (1989). Highly efﬁcient DNA synthesis by the phage Φ29 DNA polymerase. Symmetrical mode of DNA replication. J.
Biol. Chem. 264, 8935-8940.
Blanco,L., Lázaro,J.M., De Vega,M., Bonnin,A.,
and Salas,M. (1994). Terminal protein-primed

149

Organization of Φ29 DNA replication: protein p16.7

DNA ampliﬁcation. Proc. Natl. Acad. Sci. USA 91,
12198-12202.
Blanco,L. and Salas,M. (1984). Characterization
and puriﬁcation of a phage Φ29-encoded DNA polymerase required for the initiation of replication.
Proc. Natl. Acad. Sci. USA 81, 5325-5329.
Boeneman,K. and Crooke,E. (2005). Chromosomal
replication and the cell membrane. Curr. Opin. Microbiol. 8, 143-148.
Brahms,S. and Brahms,J. (1980). Determination of
protein secondary structure in solution by vacuum
ultraviolet circular dichroism. J. Mol. Biol. 138,
149-178.
Bravo,A., Hermoso,J.M., and Salas,M. (1994). In
vivo functional relationships among terminal proteins of Bacillus subtilis Φ29-related phages. Gene
148, 107-112.
Bravo,A., Illana,B., and Salas,M. (2000). Compartmentalization of phage Φ29 DNA replication: interaction between the primer terminal protein and
the membrane-associated protein p1. EMBO J. 19,
5575-5584.
Bravo,A. and Salas,M. (1997). Initiation of bacteriophage Φ29 DNA replication in vivo: assembly
of a membrane-associated multiprotein complex. J.
Mol. Biol. 269, 102-112.
Bravo,A. and Salas,M. (1998). Polymerization of
bacteriophage Φ29 replication protein p1 into protoﬁlament sheets. EMBO J. 17, 6096-6105.
Bravo,A., Serrano-Heras,G., and Salas,M. (2001).
A single amino acid substitution within a coiledcoil motif changes the assembly of a 53-amino acid
protein from two-dimensional sheets to ﬁlamentous
structures. J. Biol. Chem. 276, 21250-21256.
Bravo,A., Serrano-Heras,G., and Salas,M. (2005).
Compartmentalization of prokaryotic DNA replication. FEMS Microbiol. Rev. 29, 25-47.
Brown,N.C. (1970). 6-(-p-Hydroxyphenylazo)-ura-

cil: a selective inhibitor of host DNA replication in
phage-infected Bacillus subtilis. Proc. Natl. Acad.
Sci. USA 67, 1454-1461.
Brunger,A.T. and Adams,P.D. (1998). Crystallography & NMR system: A new software suite for macromolecular structure determination. Acta Crystallogr. Sect. D 54, 905-921.
Buck,K.W. (1996). Comparison of the replication
of positive-stranded RNA viruses of plants and animals. Adv. Virus Res. 47, 159-251.
Bürglin,T. (1994). A comprehensive classiﬁcation
of homeobox genes. In Guidebook to the homeobox
genes, D.Duboule, ed. (Oxford: Oxford University
press), pp. 25-71.
Camacho,A. and Salas,M. (2000). Pleiotropic effect
of protein p6 on the viral cycle of bacteriophage
Φ29. J. Bacteriol. 182, 6927-6932.
Carballido-López,R. (2006). Orchestrating bacterial
cell morphogenesis. Mol. Microbiol. 60, 815-819.
Carballido-López,R. and Errington,J. (2003a). A
dynamic bacterial cytoskeleton. Trends Cell Biol.
13, 577-583.
Carballido-López,R. and Errington,J. (2003b). The
bacterial cytoskeleton: in vivo dynamics of the actin-like protein Mbl of Bacillus subtilis. Dev. Cell.
4, 19-28.
Carballido-López,R., Formstone,A., Li,Y., Noirot,P.,
and Errington,J. (2006). Actin homolog MreBH governs cell morphogenesis by localization of the cell
wall hydrolase LytE. Dev. Cell. 11, 399-409.
Carrascosa,J.L.,
Camacho,A.,
Moreno,F.,
Jiménez,F., Mellado,R.P., Viñuela,E., and Salas,M.
(1976). Bacillus subtilis phage Φ29; characterization of gene products and functions. Eur. J. Biochem. 66, 229-241.
Castilla-Llorente,V., Muñoz-Espín,D., Villar,L.,
Salas,M., and Meijer,W.J.J. (2006). Spo0A, the key
transcriptional regulator for entrance into sporula-

150

12. References

tion, is an inhibitor of DNA replication. EMBO J.
25, 3890-3899.
Chen,Y., Yang,J.T., and Chau,K.H. (1974). Determination of the helix and beta form of proteins in
aqueous solution by circular dichroism. Biochemistry 13, 3350-3359.
Cole,J.L. (2004). Analysis of heterogeneous interactions. Methods Enzymol. 384, 212-232.
Cook,P.R. (1999). The organization of replication
and transcription. Science 284, 1790-1795.
Cormack,B.P., Valdivia,R.H., and Falkow,S. (1996).
FACS-optimized mutants of the green ﬂuorescent
protein (GFP). Gene 173, 33-38.
Cornell,W.D., Cieplack,P.C., Bayly,I., Gould,I.R.,
Merz,K., Ferguson,D.M., Spellmeyer,D.C., Fox,T.,
Caldwell,J.W., and Kollman,P.A. (1995). A 2nd generation force-ﬁeld for the simulaion of proteins,
nucleic-acids, and organic-molecules. J. Am. Chem.
Soc. 117, 5179.
Cowtan,K. and Main,P. (1998). Miscellaneous algorithms for density modiﬁcation. Acta Crystallogr.
Sect. D 54, 487-493.
Daniel,R.A. and Errington,J. (2003). Control of cell
morphogenesis in bacteria: two distinct ways to
make a rod-shaped cell. Cell 113, 767-776.
Darling,P.J., Holt,J.M., and Ackers,G.K. (2000).
Coupled energetics of lambda Cro repressor selfassembly and site-speciﬁc DNA operator binding.
I: Analysis of Cro dimerization from nanomolar
to micromolar concentrations. Biochemistry 39,
11500-11507.

Draper,G.C. and Gober,J.W. (2002). Bacterial chromosome segregation. Annu. Rev. Microbiol. 56,
567-597.
Egger,D., Pasamontes,L., Bolten,R., Boyko,V., and
Bienz,K. (1996). Reversible dissociation of the poliovirus replication complex: functions and interactions of its components in viral RNA synthesis. J.
Virol. 70, 8675-8683.
Elías-Arnanz,M. and Salas,M. (1999). Functional
interactions between a phage histone-like protein
and a transcriptional factor in regulation of Φ29
early-late transcriptional switch. Genes Dev. 13,
2502-2513.
Engel,M., Williams,R.W., and Erickson,B.W.
(1991). Designed coiled-coil proteins: synthesis
and spectroscopy of two 78-residue a-helical dimers. Biochemistry 30, 3161-3169.
Errington,J. and Jones,D. (1987). Cloning in Bacillus subtilis by transfection with bacteriophage vector phi 105J27: isolation and preliminary characterization of transducing phages for 23 sporulation
loci. J. Gen. Microbiol. 133, 493-502.
Firshein,W. (1989). Role of the DNA/membrane
complex in prokaryotic DNA replication. Annu.
Rev. Microbiol. 43, 89-120.
Formstone,A. and Errington,J. (2005). A magnesium-dependent mreB null mutant: implications
for the role of mreB in Bacillus subtilis. Mol. Microbiol. 55, 1646-1657.
Gaillard,C. and Strauss,F. (1990). Ethanol precipitation of DNA with linear polyacrylamide as carrier.
Nucleic Acids Res. 18, 378.

Defeu Soufo,H.J. and Graumann,P.L. (2004). Dynamic movement of actin-like proteins within bacterial cells. EMBO Rep. 5, 789-794.

Garvey,K.J., Yoshikawa,H., and Ito,J. (1985). The
complete sequence of the Bacillus phage Φ29 right
early region. Gene 40, 301-309.

Dervyn,E., Suski,C., Daniel,R., Bruand,C.,
Chapuis,J., Errington,J., Janniere,L., and Ehrlich,S.
D. (2001). Two essential DNA polymerases at the
bacterial replication fork. Science 294, 1716-1719.

Gehring,W.J. (1987). Homeo boxes in the study of
development. Science 236, 1245-1252.
Gehring,W.J., Affolter,M., and Bürglin,T. (1994).

151

Organization of Φ29 DNA replication: protein p16.7

Homeodomain proteins. Annu. Rev. Biochem. 63,
487-526.
Gerdes,K. (2004). Bacterial mitotic machineries.
Cell 116, 359-366.
Gitai,Z., Dye,N., and Shapiro,L. (2004). An actinlike gene can determine cell polarity in bacteria.
Proc. Natl. Acad. Sci. USA 101, 8643-8648.
Gitai,Z., Dye,N.A., Reisenauer,A., Wachi,M., and
Shapiro,L. (2005). MreB actin-mediated segregation of a speciﬁc region of a bacterial chromosome.
Cell 120, 329-341.
Glaser,P., Sharpe,M.E., Raether,B., Perego,M.,
Ohlsen,K., and Errington,J. (1997). Dynamic, mitotic-like behavior of a bacterial protein required for
accurate chromosome partitioning. Genes Dev. 11,
1160-1168.
González-Huici,V., Salas,M., and Hermoso,J.M.
(2004). The push-pull mechanism of bacteriophage
Φ29 DNA injection. Mol. Microbiol. 52, 529-540.
Gordon,G.S., Sitnikov,D., Webb,C.D., Teleman,A.,
Straight,A., Losick,R., Murray,A.W., and Wright,A.
(1997). Chromosome and low copy plasmid segregation in E.coli: visual evidence for distinct mechanisms. Cell 90, 1113-1121.
Gordon,G.S. and Wright,A. (2000). DNA segregation in bacteria. Ann. Rev. Microbiol. 54, 681-708.
Guex,N. and Peitsch,M.C. (1997). SWISS-MODEL and the Swiss-PDBviewer: an environment
for comparative protein modelling. Electrophoresis
18, 2714-2723.

Hansen,J.L., Long,A.M., and Schultz,S.C. (2002).
Structure of the RNA-dependent RNA polymerase
of poliovirus. Structure 5, 1109-1122.
Hashiyama,K., Takeuchi,A., and Makino,O.
(2005a). A variant protein from Φ29 replication
gene, gene 1, did not form homo-polymer due to a
single amino acid substitution near the carboxyl terminus. Biosci. Biotech. Biochem. 69, 1045-1048.
Hashiyama,K., Takeuchi,A., and Makino,O.
(2005b). Effects of single amino acid substitutions
at the predicted coiled-coil or hydrophobic region
on the self-assembly of Φ29 replication protein,
gp1. Biochem. Biophys. Res. Commun. 331, 13101316.
Hermoso,J.M., Méndez,E., Soriano,F., and Salas,M.
(1985). Location of the serine residue involved in
the linkage between the terminal protein and the
DNA of Φ29. Nucleic Acids Res. 13, 7715-7728.
Hiraga,S. (2000). Dynamic localization of bacterial
and plasmid chromosomes. Ann. Rev. Genet. 34,
21-59.
Ho,T.Q., Zhong,Z., Aung,S., and Pogliano,J.
(2001). Compatible bacterial plasmids are targeted
to independent cellular locations in Escherichia
coli. EMBO J. 21, 1864-1872.
Holm,L. and Sander,C. (1998). Touring protein fold
space with Dali/FSSP. Nucleic. Acids. Res. 26, 316319.
Hope,D.A., Diamond,S.E., and Kirkegaard,K.
(1997). Genetic dissection of interaction between
poliovirus 3D polymerase and viral protein 3AB. J.
Virol. 71, 9490-9498.

Guntert,P., Mumenthaler,C., and Wuthrich,K.
(1997). Torsion angle dynamics for NMR structure
calculation with the new program DYANA. J. Mol.
Biol. 273, 298.

Horcajadas, J. A. Transcriptional control of the Bacillus bacteriophage GA-1. 2000. Universidad Autónoma, Madrid. Thesis/dissertation.

Gutiérrez,C., Sogo,J.M., and Salas,M. (1991).
Analysis of replicative intermediates produced during bacteriophage Φ29 DNA replication in vitro. J.
Mol. Biol. 222, 983-994.

Hoshino,T., McKenzie,T., Schmidt,S., Tanaka,T.,
and Sueoka,N. (1987). Nucleotide sequence of Bacillus subtilis dnaB: A gene essential for DNA replication initiation and membrane attachment. Proc.

152

12. References

Natl. Acad. Sci. USA 84, 653-657.
Hozak,P., Hassan,A.B., Jackson,D.A., and Cook,P.
R. (1993). Visualization of replication factories
attached to the nucleoskeloton. Cell 73, 361-373.
Huberman,J.A. and Riggs,A.D. (1968). On the mechanism of DNA replication in mammalian chromosomes. J. Mol. Biol. 32, 327-341.
Imai,Y., Ogasawara,N., Ishigo-Oka,D., Kadoya,R.,
Daito,T., and Moriya,S. (2000). Subcellular localization of Dna-initiation proteins of Bacillus subtilis: evidence that chromosome replication begins
at either edge of the nucleoids. Mol. Microbiol. 36,
1037-1048.
Inciarte,M.R., Salas,M., and Sogo,J.M. (1980). The
structure of replicating DNA molecules of Bacillus
subtilis phage Φ29. J. Virol. 34, 187-190.
Ireton,K., Gunther,N.W., and Grossman,A.D.
(1994). spo0J is required for normal chromosome
segregation as well as the initiation of sporulation in
Bacillus subtilis. J. Bacteriol. 176, 5320-5329.
Ivarie,R.D. and Pène,J.J. (1973). DNA replication
in bacteriophage Φ29: The requirement of a viralspeciﬁc product for association of Φ29 DNA with
the cell membrane of Bacillus amyloliquefaciens.
Virology 52, 351-362.
Iwai,N., Nagi,K., and Wachi,M. (2002). Novel Sbenzylisothiourea compound that induces spherical
cells in Escherichia coli probably by acting on a
rod-shape-determining protein(s) other than penicillin-binding protein 2. Biosci. Biotech. Biochem.
66, 2658-2662.
Jackson,D.A. and Cook,P.R. (1986). Replication
occurs at a nucleoskeleton. EMBO J. 5, 1403-1410.
Jackson,D.A. and Pombo,A. (1998). Replicon clusters are stable units of chromosome structure: evidence that nuclear organization contributes to the
efﬁcient activation and propagation of S phase in
human cells. J. Cell. Biol. 140, 1285-1295.

Jacob,F., Brenner,S., and Cuzin,F. (1963). On the
regulation of DNA replication in bacteria. Cold
Spring Harbor Symp. Quant. Biol. 28, 329-348.
Jenkinson,H.F. (1983). Altered arrangement of
proteins in the spore coat of a germination mutant
of Bacillus subtilis. J. Gen. Microbiol. 129, 19451958.
Jensen,R.B. and Shapiro,L. (2000). Proteins on the
move: dynamic protein localization in prokaryotes.
Trends Cell Biol. 10, 483-488.
Jensen,R.B. and Shapiro,L. (2001). A moving DNA
replication factory in Caulobacter crescentus.
EMBO J. 20, 4952-4963.
Jimenez,F., Camacho,A., de la Torre,J., Viñuela,E.,
and Salas,M. (1977). Assembly of Bacillus subtilis
phage Φ29. 2 mutants in the cistrons coding for the
non-structural proteins. Eur. J. Biochem. 73, 57-72.
Jiménez,F., Camacho,A., de la Torre,J., Viñuela,E.,
and Salas,M. (1977). Assembly of Bacillus subtilis
phage Φ29. Mutants in the cistrons coding for the
non-structural proteins. Eur. J. Biochem. 73, 57-72.
Johnson,C.S. (1999a). Diffusion ordered nuclear
magnetic resonance spectroscopy: principles and
applications. Prog. NMR Spectrosc. 34, 203-256.
Johnson,W.C. (1999b). Analyzing protein circular
dichroism spectra for accurate secondary structures.
Proteins 35, 307-312.
Jones,L.J., Carballido-López,R., and Errington,J.
(2001). Control of cell shape in bacteria: helical,
actin-like ﬁlaments in Bacillus subtilis. Cell 104,
913-922.
Jones,T.A.,
Zon,J.Y.,
Cowan,S.W.,
and
Kjeldgaard,M. (1991). Improved methods for building protein models in electron density maps and
the location of errors in these models. Acta Crystallogr. Sect. A 47, 110-119.
Kadoya,R.,
Hassan,A.K.,
Kasahara,Y.,
Ogasawara,M., and Moriya,S. (2002). Two separate

153

Organization of Φ29 DNA replication: protein p16.7

DNA sequences within oriC participate in accurate
chromosome segregation in Bacillus subtilis. Mol.
Microbiol. 45, 73-87.
Kalodimos,C.G.,
Biris,N.,
Bonvin,A.M.J.J.,
Levandoski,M.M., Guennuegues,M., Boelens,R.,
and Kaptein,R. (2004). Structure and ﬂexibility
adaptation in nonspeciﬁc and speciﬁc protein-DNA
complexes. Science 305, 386-389.
Kaufman,T.C., Seeger,M.A., and Olsen,G. (1990).
Molecular and genetic organization of the Antennapedia gene complex of Drosophila melanogaster.
Adv. Genet. 27, 309-362.
Kim,P.D. and Firshein,W. (2000). Isolation of an inner membrane-derived subfraction that supports in
vitro replication of a mini-RK2 plasmid in Escherichia coli. J. Bacteriol. 182, 1757-1760.
Kim,S.Y., Gitai,Z., Kinkhabwala,A., Shapiro,L.,
Moerner, W.E. (2006). Single molecules of the bacterial actin MreB undergo directed treadmilling motion in Caulobacter crescentus. Proc. Natl. Acad.
Sci. USA 103, 10929-10934.
Kitamura,E., Blow,J.J., and Tanaka,T.U. (2006).
Live-cell imaging reveals replication of individual
replicons in eukaryotic replication factories. Cell
125, 1297-1308.
Kostyal,D.A., Farrell,M., McCabe,A., Mei,Z., and
Firshein,W. (1989). Replication of an RK2 miniplasmid derivative in vitro by a DNA/membrane
complex extracted from Escherichia coli: involvement of the dnaA but not dnaK host proteins and
association of these and plasmid-encoded proteins
with the inner membrane. Plasmid 21, 226-237.
Kraulis,P.J. (1991). MOLSCRIPT. A program to
produce both detailed and schematic plots of protein structures. J. Appl. Crystallogr. 24, 946-950.
Kruppa,G.H., Schoeniger,J., and Young,M.M.
(2003). A top down approach to protein structural
studies using chemical cross-linking and Fourier
transform mass spectrometry. Rapid. Commun.
Mass. Spectrom. 17, 155-162.

Kruse,T., Blagoev,B., Lobner-Olesen,A., Wachi,M.,
Sasaki,K., Iwai,N., Mann,M., and Gerdes,K. (2006).
Actin homolog MreB and RNA polymerase interact
and are both required for chromosome segregation
in Escherichia coli. Genes Dev. 20, 113-124.
Kruse,T., Moller-Jensen,J., Lobner-Olesen,A.,
and Gerdes,K. (2003). Dysfunctional MreB inhibits chromosome segregation in Escherichia coli.
EMBO J. 22, 5283-5292.
Krylov,D., Mikhailenko,I., and Vinxon,C. (1994). A
thermodynamic scale of leucine zipper stability and
dimerization speciﬁcity: e and g interhelical interactions. EMBO J. 13, 2849-2861.
Lama,J., Paul,A.V., Harris,K.S., and Wimmer,E.
(1994). Properties of puriﬁed recombinant poliovirus protein 3aB as substrate for viral proteinases
and as co-factor for RNA polymerase 3Dpol. J.
Biol. Chem. 269, 66-70.
Lamond,A.I. and Earnshaw,W.C. (1988). Structure
and function in the nucleus. J. Cell. Sci. 90, 11-36.
Landoulsi,A., Malki,A., Kern,R., Kohiyama,M.,
and Hughes,P. (1990). The E. coli cell surface speciﬁcally prevents the initiation of DNA replication
at oriC on hemimethylated DNA templates. Cell 63,
1053-1060.
LaRonde-LeBlanc,N.A. and Wolberger,C. (2003).
Structure of HoxA9 and Pbx1 bound to DNA: Hox
hexapeptide and DNA recognition anterior to posterior. Genes Dev. 17, 2060-2072.
Laskowski,R.A., MacArthur,M.W., Moss,D.S., and
Thornton,J.M. (1993). J. Appl. Crystallogr. 26, 283291.
Lau,I.F., Filipe,S.R., Soballe,B., Okstad,O.A.,
Barre,F.X., and Sherratt,D.J. (2003). Spatial and
temporal organization of replicating Escherichia
coli chromosomes. Mol. Microbiol. 49, 731-743.
Laue,T.M., Shah,B.D., Ridgeway,T.M., and
Pelletier,S.L. (1992). Interpretation of analytical
sedimentation data for proteins. In Analytical ultra-

154

12. References

centrifugation in biochemistry and polymer science, S.E.Harding, A.J.Rowe, and J.C.Horton, eds.
(Cambridge, UK.: Royal Society of Chemistry), pp.
90-125.

Lin,D.C.H., Levin,P.A., and Grossman,A.D. (1997).
Bipolar localization of a chromosome partition protein in Bacillus subtilis. Proc. Natl. Acad. Sci. USA
94, 4721-4726.

Lee,P.S., Lin,D.C.H., Moriya,S., and Grossman,A.
D. (2003). Effects of the chromosome partitioning
protein Spo0J (ParB) on oriC positioning and replication initiation in Bacillus subtilis. J. Bacteriol.
185, 1326-1337.

Lobley,A. and Wallace,B.A. (2001). DICHROWEB:
A Website for the analysis of protein secondary
structure from circular dichroism spectra. Biophys.
J. 80, 373a.

Lemon,K.P. and Grossman,A.D. (1998). Localization of bacterial DNA polymerase: evidence for a
factory model of replication. Science 282, 15161519.
Lemon,K.P. and Grossman,A.D. (2001a). Movement of replicating DNA through a stationary replisome. Mol. Cell 6, 1321-1330.
Lemon,K.P. and Grossman,A.D. (2001b). The extrusion-capture model for chromosome partitioning
in bacteria. Genes Dev. 15, 2031-2041.
Leslie,A.G.W. (1987). In Proceedings of the CCP4
Study Weekend, J.R.Machin and M.Z.Papiz, eds.
(Warrington, UK: SERC Daresbury Laboratory),
pp. 39-50.
Lewis,P.J. and Errington,J. (1997). Direct evidence
for active segregation of oriC regions of the Bacillus subtilis chromosome and co-localization with
the SpoOJ partitioning protein. Mol. Microbiol. 25,
945-954.
Lewis,P.J. and Marston,A.L. (1999). GFP vectors
for controlled expression and dual labelling of
protein fusions in Bacillus subtilis. Gene 227, 101110.
Liebowitz,P.J. and Schaechter,M. (1975). The attachment of the bacterial chromosome to the membrane. Int. Rev. Cytol. 41, 1-28.
Lin,D.C.H. and Grossman,A.D. (1998). Identiﬁcation and characterization of a bacterial chromosome
partitioning site. Cell 92, 675-685.

Lobley,A., Withmore,L., and Wallace,B.A. (2002).
DICHROWEB: an interactive website for the analysis of protein secondary structure from circular dichroism spectra. Bioinformatics 18, 211-212.
Lupas,A. (1996). Coiled coils: new structures and
new functions. Trends. Biochem. Sci. 21, 375-382.
Lupas,A., van Dyke,M., and Stock,J. (1991). Predicting coiled-coils from protein sequences. Science 252, 1162-1164.
Lyle,J.M., Bullit,E., Bienz,K., and Kirkegaard,K.
(2002a). Visualization and functional analysis of
RNA-dependent RNA polymerase lattices. Science
296, 2218-2222.
Lyle,J.M., Clewell,A., Richmond,K., Richards,O.
C., Hope,D.A., Schultz,S.C., and Kirkegaard,K.
(2002b). Similar structural basis for membrane localization and protein priming by an RNA-dependent RNA polymerase. J. Biol. Chem. 277, 1632416331.
Madigan,M. and Martinko,J. (2005). Brock Biology of Microorganisms., M.Madigan and J.Martinko,
eds.
Mann,R.S. and Chan,S.K. (1996). Extra speciﬁcity from extradenticle: the partnership between Hox
and Exd/Pbx proteins. Trends Genet. 12, 258-262.
Mao,D., Wachter,E., and Wallace,B.A. (1982). Folding of the H+-ATPase proteolipid in phospholipid
vesicles. Biochemistry 21, 4968.
Marston,A.L. and Errington,J. (1999). Dynamic
movement o the ParA-like Soj protein of B. subtilis

155

Organization of Φ29 DNA replication: protein p16.7

and its dual role in nucleoid organization and developmental regulation. Mol. Cell 3, 673-682.
Mateu,M.G. (2002). Conformational stability of
dimeric and monomeric forms of the C-terminal
domain of human immunodeﬁciency virus-1 capsid
protein. J. Mol. Biol. 318, 519-531.
McCready,S.J., Godwin,J., Mason,D.W., Brazell,I.
A., and Cook,P.R. (1980). DNA is replicated at the
nuclear cage. J. Cell. Sci. 46, 365-386.
McGuire,J.C., Gilpatrick,M.W., and Pène,J.J.
(1977). DNA replication of bacteriophage Φ29:
Effect of two viral genes on the association of phage chromosomes with the host cell membrane. Virology 78, 234-240.
Meijer,W.J.J.,
Castilla-Llorente,V.,
Villar,L.,
Murray,H., Errington,J., and Salas,M. (2005). Molecular basis for the exploitation of spore formation as survival mechanism by virulent phage Φ29.
EMBO J. 24, 3647-3657.
Meijer,W.J.J., Horcajadas,J.A., and Salas,M.
(2001a). Φ29-family of phages. Microbiol. Mol.
Biol. Rev. 65, 261-287.
Meijer,W.J.J., Lewis,P.J., Errington,J., and Salas,M.
(2000). Dynamic relocalization of phage Φ29 DNA
during replication and the role of the viral protein
p16.7. EMBO J. 19, 4182-4190.
Meijer,W.J.J., Serna-Rico,A., and Salas,M. (2001b).
Characterization of the bacteriophage Φ29-encoded
protein p16.7: a membrane protein involved in phage DNA replication. Mol. Microbiol. 39, 731-746.
Meister,P., Taddei,A., and Gasser,S.M. (2006). In
and out of the replication factory. Cell 125, 12331235.
Mellado,R.P., Moreno,F., Viñuela,E., Salas,M.,
Reilly,B.E., and Anderson,D.L. (1976a). Genetic
analysis of bacteriophage Φ29 of Bacillus subtilis:
Integration and mapping of reference mutants of
two collections. J. Virol. 19, 495-500.

Mellado,R.P., Viñuela,E., and Salas,M. (1976b).
Isolation of a strong suppressor of nonsense mutations in Bacillus subtilis. Eur. J. Biochem. 65, 213223.
Méndez,J., Blanco,L., Esteban,J.A., Bernad,A., and
Salas,M. (1992). Initiation of Φ29 DNA replication
occurs at 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.
Méndez,J., Blanco,L., and Salas,M. (1997). Protein-primed DNA replication: a transition between
two modes of priming by a unique DNA polymerase. EMBO J. 16, 2519-2527.
Merritt,E.A. and Murphy,M.E.P. (1994). Raster3D
Version 2.0. A program for photorealistic molecular
graphics. J. Appl. Crystallogr. 26, 283-291.
Michaels,K., Mei,J., and Firshein,W. (1994). TrfAdependent, inner-membrane-associated plasmid
RK2 DNA synthesis in Escherichia coli maxicells.
Plasmid 32, 19-31.
Minton,A.P. (1994). A new algorithm for the elimination of the reference concentration as an independently variable parameter in the analysis of sedimentation equilibrium. T.M.Schuster and T.M.Laue,
eds. (Birkhauser, boston, MA.): pp. 81-93.
Mohl,D.A. and Gober,J.W. (1997). Cell cycle-dependent polar localization of chromosome partitioning proteins in Caulobacter crescentus. Cell 88,
675-684.
Moreno,F., Camacho,A., Viñuela,E., and Salas,M.
(1974). Suppressor-sensitive mutants and genetic
map of Bacillus subtilis bacteriophage Φ29. Virology 62, 1-16.
Moriya,S.,
Imai,Y.,
Hassan,A.K.M.,
and
Ogasawara,N. (1999). Regulation of initiation of
Bacillus subtilis chromosome replication. Plasmid
41, 17-29.
Mosig,G. (1987). The essential role of recombi-

156

12. References

nation in phage T4 growth. Annu. Rev. Genet. 21,
347-371.

H. (2002). Designing a 20-residue protein. Nat.
Struct. Biol. 9, 425-430.

Mosig,G. and Macdonald,P. (1986). A new membrane-associated DNA replication protein, the gene
69 product of bacteriophage T4, shares a patch of
homology with the Escherichia coli dnaA protein.
J. Mol. Biol. 189, 243-248.

Newport,J. and Yan,H. (1996). Organization of
DNA into foci during replication. Curr. Opin. Cell.
Biol. 8, 365-368.

Mottola,G., Cardinali,G., Ceccacci,A., Trozzi,C.,
Bartholomew,L.,
Torrisi,M.R.,
Pedrazzini,E.,
bonatti,S., and Migliaccio,G. (2002). Hepatitis C
virus nonstructural proteins are localized in a modiﬁed endoplasmic reticulum of cells expressing viral
subgenomic replicons. Virology 293, 31-43.
Murshudov,G.N., Vagin,A.A., and Dodson,E.J.
(1997). Reﬁnement of macromolecular structures
by the maximum-likelihood method. Acta Crystallogr. Sect. D 53, 240-255.
Murzin,A.G., Brenner,S., Hubbard,T., and
Chothia,C. (1995). SCOP: a structural classiﬁcation
of proteins database for the investigation of sequences and structures. J. Mol. Biol. 247, 536-540.
Nakamura,H., Morita,T., and Sato,C. (1986). Structural organizations of replicon domains during
DNA synthetic phase in the mammalian nucleus.
Exp. Cell Res. 165, 291-297.
Nakano,M.M. and Zuber,P. (1998). Anaerobic
growth of a “strict aerobe” (Bacillus subtilis). Ann.
Rev. Microbiol. 52, 190.
Nakayasu,H. and Berezney,R. (1989). Mapping
replicational sites in the eucaryotic cell nucleus. J.
Cell. Biol. 108, 11.
Nasmyth,K. (2002). Segregating sister genomes:
the molecular biology of chromosome separation.
Science 297, 559-565.
Navaza,J. (1994). AMORE. An automated package
for molecular replacement. Acta Crystallogr. Sect.
A 50, 157-163.
Neidigh,J.W., Fesinmeyer,R.M., and Andersen,N.

Niki,H. and Hiraga,S. (1997). Subcellular distribution of actively partitioning F plasmid during the
cell division cycle in E. coli. Cell 90, 951-957.
Noirot-Gros,M.F., Dervyn,E., Wu,L.J., Mervelet,P.,
Errington,J., Ehrlich,S.D., and Noirot,P. (2002). An
expanded view of bacterial DNA replication. Proc.
Natl. Acad. Sci. USA 99, 8342-8347.
Nooren,I.M. and Thornton,J.M. (2003). Diversity
of protein-protein interactions. EMBO J. 22, 34863492.
Ogasawara,N. and Yoshikawa,H. (1992). Genes
and their organization in the replication origin region of the bacterial chromosome. Mol. Microbiol.
6, 629-634.
Ogden,G.B., Pratt,M.J., and Schaechter,M. (1988).
The replicative origin of the E. coli chromosome
binds to cell membranes only when hemimethylated. Cell 54, 127-135.
Okano,K., Mikhilov,V.S., and Maeda,S. (1999).
Colocalization of baculovirus IE-1 and two DNAbinding proteins, DBP and LEF-3, to viral replication factories. J. Virol. 73, 110-119.
Pace,C.N. (1990). Measuring and increasing protein stability. Biochemistry 20, 33-37.
Paces,V., Vlcek,C., Urbanek,P., and Hostomsky,Z.
(1986). Nucleotide sequence of the right early region of Bacillus subtilis phage PZA completes the
19366-bp sequence of PZA genome. Comparison
with the homologous sequence of phage Φ29. Gene
44, 115-120.
Pardoll,D.M., Vogelstein,B., and Coffey,D.S.
(1980). DNA is replicated at the nuclear cage. Cell
19, 527-536.

157

Organization of Φ29 DNA replication: protein p16.7

Pecenkova,T., Benes,V., Paces,J., Vlcek,C., and
Paces,V. (1997). Bacteriophage B103: complete
DNA sequence of its genome and relationship to
other Bacillus phages. Gene 199, 157-163.
Pecenkova,T. and Paces,V. (1999). Molecular
phylogeny of Φ29-like phages and their evolutionary relatedness to other protein-primed replicating
phages and other phages hosted by Gram-positive
bacteria. J. Mol. Evol. 48, 197-208.
Peitsch,M.C. (1995). Protein modeling by E-mail.
Bio/Technology 13, 658-660.
Pietschmann,T.,
Lohmann,V.,
Rutter,G.,
Kurpanek,K., and Bartenschlager,R. (2001). Characterization of cell lines carrying self-replicating
hepatitis C virus RNAs. J. Virol. 75, 1252-1264.
Piper,D.E., Batchelor,A.H., Chang,C., Cleary,M.
L., and Wolberger,C. (1999). Structure of a HoxB1Pbx1 heterodimer bound to DNA: Role of the hexapeptide and a fourth homeodomain helix in complex formation. Cell 96, 587-597.
Pogliano,J. (2002). Dynamic cellular location of
bacterial plasmids. Curr. Opin. Microbiol. 5, 586593.
Pogliano,J., Ho,T.Q., Zhong,Z., and Helinski,D.R.
(2001). Multicopy plasmids are clustered and localized in Escherichia coli. Proc. Natl. Acad. Sci.
USA 98, 4486-4491.
Pombo,A., Ferreira,J., Bridge,E., and CarmoFonseca,M. (1994). Adenovirus replication and
transcription sites are spatially separated in the nucleus of infected cells. EMBO J. 13, 5075-5085.
Prieto,I., Méndez,E., and Salas,M. (1989). Characterization, overproduction and puriﬁcation of the
product of gene 1 of Bacillus subtilis phage Φ29.
Gene 77, 204.
Provencher,S.W. and Glockner,J. (1981). Estimation of globular protein secondary structure from
circular dichroism. Biochemistry 20, 33-37.

Record,M.T., Lohman,M.L., and De Haseth,P.
(1976). Ion effects on ligand-nucleic acid interactions. J. Mol. Biol. 107, 145-158.
Rivas,G. and Minton,A.P. (2003). Tracer sedimentation equilibrium: a powerful tool for the quantitative characterization of macromolecular self- and
hetero-associations in solution. Biochem. Soc.
Trans. 31, 1015-1019.
Rivas,G. and Minton,A.P. (2004). Non-ideal tracer
sedimentation equilibrium: a powerful tool for the
characterization of macromolecular interactions in
crowded solutions. J. Mol. Recognit. 17, 362-367.
Roepstorff,P. and Fohlman,J. (1984). Proposal for
a common nomenclature for sequence ions in mass
spectra of peptides. Biomed. Mass Spectrom. 11,
601.
Rust,R.C., Landmann,L., Gosert,R., Tang,B.L.,
Hong,W., Hauri,H.P., Egger,D., and Bienz,K.
(2001). Cellular COPII proteins are involved in
production of the vesicles that form the poliovirus
replication complex. J. Virol. 75, 9808-9818.
Sambrook,J., Fritsch,E.F., and Maniatis,T. (1989).
Molecular cloning: a laboratory manual. (Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory Press).
Sandman,K., Losick,R., and Youngman,P. (1987).
Genetic analysis of Bacillus subtilis spo mutations
generated by Tn917-mediated insertional mutagenesis. Genetics 117, 603-617.
Santelli,E. and Richmond,T.J. (2000). Crystal structure of MEF2A core bound to DNA at 1.5 Å resolution. J. Mol. Biol. 297, 437-449.
Schwede,T., Kopp,J., Guex,N., and Peitsch,M.C.
(2003). SWISS-MODEL: an automated protein homology-modelling server. Nucleic Acids Res. 31,
3381-3385.
Serna-Rico,A., Muñoz-Espín,D., Villar,L., Salas,M.,
and Meijer,W.J.J. (2003). The integral membrane
protein p16.7 organizes in vivo Φ29 DNA replica-

158

12. References

tion through interaction with both the terminal protein and ssDNA. EMBO J. 22, 2297-2306.

phogenesis of bacteriophages. Annu. Rev. Microbiol. 27, 261-281.

Serna-Rico,A., Salas,M., and Meijer,W.J.J. (2002).
The Bacillus subtilis phage Φ29 protein p16.7, involved in Φ29 DNA replication, is a membranelocalized single-stranded DNA-binding protein. J.
Biol. Chem. 277, 6733-6742.

Sogo,J.M., Inciarte,M.R., Corral,J., Viñuela,E., and
Salas,M. (1982). Structure of protein-containing
replicative intermediates of Bacillus subtilis phage
Φ29 DNA. Virology 116, 1-18.

Serrano,M., Gutiérrez,C., Freire,R., Bravo,A.,
Salas,M., and Hermoso,J.M. (1994). Phage Φ29
protein p6: a viral histone-like protein. Biochimie
76, 981-991.
Serrano-Heras,G., Salas,M., and Bravo,A. (2003).
In vivo assembly of phage Φ29 replication protein
p1 into membrane-associated multimeric structures.
J. Biol. Chem. 278, 40771-40777.
Serrano-Heras,S., Salas,M., and Bravo,A. (2006).
A uracil-DNA glycosylase inhibitor encoded by a
non-uracil containing viral DNA. J. Biol. Chem.
281, 7068-7074.

Sonenshein,A.L., Hoch,J.A., and Losick,R. (2002).
Bacillus subtilis and its closed relatives: From genes to cell. (Wahington, D.C.: American Society for
Microbiology).
Sonenshein,A.L., Hoch,S.A., and Losick,R. (1993).
Bacillus subtilis and other Gram-positive bacteria;
Biochemistry, physiology, and molecular genetics.,
A.L.Sonenshein, J.A.Hoch, and R.Losick, eds.
(Washington, D.C.: American Society for Microbiology), pp. 1-987.
Soufo,H.J. and Graumann,P.L. (2003). Actin-like
proteins MreB and Mbl from Bacillus subtilis are
required for bipolar positioning of replication origins. Curr. Biol. 13, 1916-1920.

Shao,X., Hensley,P., and Matthews,C.R. (1997).
Construction and characterization of monomeric
tryptophan repressor: a model for an early intermediate in teh folding of a dimeric protein. Biochemistry 36, 9941-9949.

Sreerema,N., Venyaminov,S.Y., and Woody,R.W.
(1999). Estimation of the number of helical and
strand segments in proteins using CD spectroscopy.
Protein Sci. 8, 370-380.

Sharpe,M.E. and Errington,J. (1996). The Bacillus
subtilis soj-spoOJ locus is required for a centromere-like function involved in prespore chromosome
partitioning. Mol. Microbiol. 21, 501-509.

Sreerema,N. and Woody,R.W. (1993). A self-consistent method for the analysis of protein secondary
structure from circular dichroism. Analytical Biochemistry 209, 32-44.

Sherrat,D.J. (2003). Bacterial chromosome dynamics. Science 301, 780-785.

Sreerema,N. and Woody,R.W. (2000). Estimation
of protein secondary structure from CD spectra:
Comparison of CONTIN, SELCON and CDSSTR
methods with an expanded reference set. Analytical
Biochemistry 287, 252-260.

Shevchenko,A., Wilm,M., Vorm,O., and Mann,M.
(1996). Mass spectrometric sequencing of proteins
silver-stained polyacrylamide gels. Anal. Chem. 68,
850-858.
Shih,Y. and Rothﬁeld,L. (2006). The bacterial cytoskeleton. Microbiol. Mol. Biol. Rev. 70, 729-754.
Siegel,P.J. and Schaechter,M. (1973). The role of
the host cell membrane in the replication and mor-

Steiner,M., Lubitz,W., and Bläsi,U. (1993). The
missing link in phage lysis of Gram-positive bacteria: Gene 14 of Bacillus subtilis phage Φ29 encodes
the functional homolog of lambda S protein. J. Bacteriol. 175, 1038-1042.
Studier,F.W. and Moffat,B.A. (1986). Use of T7

159

Organization of Φ29 DNA replication: protein p16.7

RNA polymerase to direct selective high-level expression of cloned genes. J. Mol. Biol. 189, 113130.
Sueoka,N. (1998). Cell membrane and chromosome replication in Bacillus subtilis. Prog. Nucl. Acid
Res. Mol. Biol. 59, 35-53.
Suhy,D.A., Giddings,T.H., Jr., and Kirkegaard,K.
(2000). Remodeling the endoplasmic reticulum by
poliovirus infection and by individual viral proteins:
an autophagy-like origin for virus-induced vesicles.
J. Virol. 74, 8965.
Takeuchi,A., Hashiyama,K., Arai,R., and Makino,O.
(2005). Isolation of a series of single missense mutants of a dna gene of phage Φ29, gene 1, utilizing
their inhibitory effect on E. coli growth. Genes Genet Syst 80, 377-383.
Takeuchi,A., Makini,O., and Hirokawa,H. (1998a).
Gene 1, one of the dna genes of bacteriophage
Φ29, represses other dna genes through binding
to mRNA. Biochem. Biophys. Res. Commun. 243,
566-571.
Takeuchi,A., Makino,O., and Hirokawa,H. (1998b).
Gene 1, one of the dna genes of bacteriophage
Φ29, represses other dna genes through binding
to mRNA. Biochem. Biophys. Res. Commun. 243,
566-571.
Takeuchi,A., Makino,O., Matsumoto,K., and
Hirokawa,H. (1995). Inhibition of protein synthesis from DNA replication genes by the product of
gene 1, a dna gene of Bacillus subtilis phage Φ29.
J. Gen. Appl. Microbiol. 41, 516.
Tam,N.K., Uyen,N.Q., Hong,H.A., Ducle,H., Hoa,T.
T., Serra,C.R., Henrique,A.O., and Cutting,S.M.
(2006). The intestinal life cycle of Bacillus subtilis
and close relatives. J. Bacteriol. 188, 2692-2700.
Teleman,A.A.,
Graumann,P.L.,
Lin,D.C.,
Grossman,A.D., and Losick,R. (1997). Chromosome arrangement within a bacterium. Curr. Biol. 8,
1102-1109.

Tubo,R.A. and Berezney,R. (1987). Identiﬁcation
of 100 and 150 S DNA polymerase alpha-primase
megacomplexes solubilized from the nuclear matrix
of regenerating rat liver. J. Biol. Chem. 262, 58575865.
Uyen, N. Q., Hong, H. A., and Cutting, S. M. (2006).
Enhanced immunisation and expression strategies
using bacterial spores as heat-stable vaccine delivery vehicles. Vaccine . Epub ahead of print.
Valdes,R.Jr. and Ackers,G.K. (1979). Study of protein subunit association equilibria by elution gel
chromatography. Methods Enzymol. 61, 125-142.
Van den Ent,F., Amos,L.A., and Lowe,J. (2001).
Prokaryotic origin of the actin cytoskeleton. Nature
413, 39-44.
Vlcek,C. and Paces,V. (1986). Nucleotide sequence
of the late region of Bacillus phage Φ29 completes
the 19285-bp sequence of Φ29. Comparison with
the homologous sequence of phage PZA. Gene 46,
215-225.
Wallace,A.C., Laskowski,R.A., and Thornton,J.M.
(1995). LIGPLOT: a program to generate schematic diagrams of protein-ligand interactions. Protein
Eng. 8, 127-134.
Ward,J.B., Jr. and Zahler,S.A. (1973). Genetic studies of leucine biosynthesis in Bacillus subtilis. J.
Bacteriol. 116, 719-726.
Webb,C.D.,
Graumann,P.L.,
Kahana,J.A.,
Teleman,A.A., Silver,P.A., and Losick,R. (1998).
Use of time-lapse microscopy to visualize rapid
movement of the replication origin region of the
chromosome during the cell cycle in Bacillus subtilis. Mol. Microbiol. 28, 883-892.
Webb,C.D., Teleman,A., Gordon,S., Straight,A.,
Belmont,A.,
Lin,D.C.H.,
Grossman,A.D.,
Wright,A., and Losick,R. (1997). Bipolar localization of the replication origin regions of chromosomes in vegetative and sporulating cells of B.subtilis.
Cell 88, 667-674.

160

12. References

Wessel,R., Schweizer,J., and Stahl,H. (1992). Simian virus 40 T-antigen DNA helicase is a hexamer
which forms a binary complex during bidirectional
unwinding from the viral origin of DNA replication.
J. Virol. 66, 804-815.
West,S.C. (1997). Processing of recombination intermediates by the RuvABC proteins. Annu. Rev.
Genet. 31, 213-244.
Whiteley,H.R., Ramey,W.D., Spiegelman,G.B., and
Holder,R.D. (1986). Modulation of in vivo and in
vitro transcription of bacteriophage Φ29 early genes. Virology 155, 392-401.

and termination of chromosome replication. In
Bacillus subtilis and other Gram-positive bacteria:
biochemistry, physiology, and molecular genetics,
A.L.Sonenshein, J.A.Hoch, and R.Losick, eds.
(Washington D.C.: American Society for Microbiology), pp. 507-528.
Zaballos,A., Lázaro,J.M., Méndez,E., and Salas,M.
(1989). Effects of internal deletions on the priming
activity of the phage Φ29 terminal protein. Gene 83,
187-195.

Winston,S. and Sueoka,N. (1980). DNA membrane
association is necessary for initiation of chromosomal and plasmid replication in Bacillus subtilis.
Proc. Natl. Acad. Sci. USA 77, 2834-2838.
Xu,F., Pierce,L.E., and Yu,P.-L. (1991). Genetic
analysis of a lactococcal plasmid replicon. Mol.
Gen. Genet. 227, 33-39.
Yamaichi,Y. and Niki,H. (2000). Active segregation by the Bacillus subtilis partitioning system in
Escherichia coli. Proc. Natl. Acad. Sci. USA 97,
14656-14661.
Yanish-Perron,C., Vieira,J., and Messing,J. (1985).
Improved M13 phage cloning vectors and host
strains: nucleotide sequence of the M13mp18 and
pUC19 vectors. Gene 33, 103-119.
Yoshikawa,H., Elder,J.H., and Ito,J. (1986). Comparative studies on the small Bacillus bacteriophages. J. Gen. Appl. Microbiol. 33, 39-49.
Yoshikawa,H., Garvey,K.J., and Ito,J. (1985). Nucleotide sequence analysis of DNA replication origins of the small bacteriophages: evolutionary relationships. Gene 37, 125-130.
Yoshikawa,H. and Ito,J. (1982). Nucleotide sequence of the major early region of bacteriophage Φ29.
Gene 17, 323-335.
Yoshikawa,H. and Wake,R.G. (1993). Initiation

161

