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Editorial*

Trayectoria y situacion actual de la investigacion
biomédica en Argentina

Lainvestigacién biomédica en Argentina tiene una larga tradicién, que se vio fortalecida con la
creacion en 1958 del Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET). En
el nacimiento de este organismo tuvo un papel esencial un hombre de extraordinarios conocimientos,
que supo aplicarlos tanto en la investigaciéon que é1 mismo desarrollé como en la planificacién y
organizacién de la ciencia. Fue Bernardo A. Houssay, fisiélogo que, sin ninguna duda, impulsé el
auge de la biologia no sélo en Argentina sino en los otros paises de América Latina.

Al abrigo de la nueva organizacién se crea la carrera de investigador, que va a permitir a los
cientificos la dedicacién exclusiva a la investigacion, compartiendo esa actividad solamente con la
ensefianza universitaria. La nueva situacion supone una mejora con respecto a la anterior, y es mucho
mas adecuada para el desarrollo del trabajo cientifico y para el establecimiento de proyectos de
colaboracién. CONICET no incluye sélo la investigacién biomédica, sino también las otras ramas
de la ciencia y de la técnica. Se establece un sistema de becas para los jévenes licenciados
universitarios, que les permita iniciarse en las tareas de investigacién y, una vez demostrados méritos
y capacidad, incorporarse como investigadores. En lineas generales, se sigue el mismo sistema de
la mayoria de paises avanzados. Por esa misma época también se establece la figura del docente—
investigador, con dedicacién exclusiva al 4mbito universitario.

En el pais existen otras instituciones, como la Comisién Nacional de Energia Atémica (CNEA)
y el Instituto Nacional de Tecnologia Agropecuaria (INTA), dedicadas, fundamentalmente, al
desarrollo tecnolégico. Pero, sin ninguna duda, la creacién del CONICET y la posibilidad de ejercer
una dedicacién exclusivaen las universidades, conforman las condiciones que permiten al licenciado
universitario pensar en la investigacidn cientifica como una opcién profesional. En ese periodo se
inicia una actividad académica floreciente y es precisamente en el drea biomédica donde se alcanza
el mayor grado de desarrollo.

*Microbiologia SEM prosigue en este nimero la serie de editoriales dedicados al analisis de la situacién de la ciencia
en América Latina. (Véanse los niimeros 12[1-4] y 13[1 y 2].) En esta ocasién, el estudio realizado por la Prof. Stella M.
Gonzilez Cappa se centra en la investigacién biomédica en Argentina.
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Es en esta rama de la ciencia en la que surgen dos premios Nobel. Bernardo Houssay obtiene en
1947 el de Medicina o Fisiologia por sus trabajos sobre la accién de la hormona hipofisiaria sobre
el metabolismo del aziicar. Lo comparte con los bioquimicos norteamericanos, de origen checo, Carl
Ferdinand Cori y Gerty T. Cori, que habian centrado sus trabajos en el metabolismo catalitico del
glicégeno. Luis F. Leloir es premiado con el Nobel de Quimica en 1970 por sus estudios sobre la
biosintesis de carbohidratos y el descubrimiento de los nucleétidos de aziicar. La labor experimental,
los descubrimientos cientificos, en definitiva, por los que ambos investigadores, Houssay y Leloir,
alcanzan el galardén, fueron realizados en Argentina. Ambos, también, dieronorigen a escuelas de
gran peso en nuestra vida académica e investigadora, con especial énfasis en la formacién cientifica
de los jovenes, en la colaboracidn y establecimiento de intercambios, y en la proyeccién exterior. Los
trabajos y la propia figura de Bernardo Houssay ejercieron una notable influencia sobre el desarrollo
de la fisiologia en todo el mundo y mantuvo una especial relacién de trabajo y de amistad con
cientificos espafioles que, a su vez, alcanzarian gran prestigio. El mismo Severo Ochoa, en sus
memorias, evoca la impresién que le produjo cuando, siendo estudiante en la Facultad de Medicina,
asisti6 a una de las conferencias que Houssay pronuncié durante su visita a Madrid, en el afio 1924.

Otros cientificos argentinos, sin alcanzar el premio Nobel, logran notoriedad internacional; baste
mencionar, entre otros, a Eduardo De Robertis, quien a su muerte, en 1989, se encontraba entre los
mil autores contemporaneos mas citados en el contexto total de las disciplinas cientificas. César
Milstein, otro premio Nobel de nacionalidad argentina, alcanza ese galardon en 1984 en Fisiologia
o Medicina por sus trabajos sobre la obtencién de los anticuerpos monoclonales. Nacido y formado
en Argentina, obtuvo su primer doctorado en la Universidad de Buenos Aires en 1957. Los trabajos
que le aportaron notoriedad y prestigio los realiz6 en Inglaterra. Esto no es casual, ya que en la década
de 1970 comienza un periodo de decadencia, marcado por vaivenes, interrupciones de la vida
democriética, crisis econémicas y ajustes indiscriminados e irracionales, ausencia de politicas
cientificas y diferente grado de interés genuino de los gobiernos de turno hacia la ciencia y la
tecnologia.

En esa década, se produce una gran emigracién de ciudadanos argentinos de muy diversas
profesiones que, por razones de distinta indole, buscan otros horizontes. Muchos de ellos ocupan hoy
posiciones destacadas fuera de Argentina. El pais pierde de este modo una parte importante de su
capital humano y esto, en determinados campos del conocimiento, genera brechas casi imposibles
de reparar. Algunos otros, como Leloir y De Robertis, continuaron trabajando en el pais o regresaron
aél apesar de lainestabilidad politica e institucional y de la falta de apoyo econémico sostenido que,
obviamente, dificultaba la realizacién de proyectos. Sin embargo, esta persistencia obstinada de
quienes permanecieron y continuaron trabajando evit6 la desaparicién total de lugares y grupos de
trabajo establecidos.

El regreso en 1983 a la vida democrética mejora la situacién, aunque el apoyo a la cienciay a la
tecnologia es insuficiente y a veces s6lo declamatorio y aparente, como se refleja en la distribucién
del presupuesto nacional. Argentina dedica para la finalidad Cienciay Técnica sélo el 0,31% del PBI,
mientras que Chile utiliza el 0,78% para el mismo propésito, Canada el 1,52% y Estados Unidos el
2,40% (datos de 1995). Ademads, de acuerdo a los datos publicados en The World Competitiveness
Report, también en 1995, sobre el gasto de crecimiento real en Ciencia y Técnica entre 1989 y 1993,
nuestro pais figura con un decrecimiento del 76%. Esto contrasta con el ascenso que para esta



Vou. 13, 1997 EDITORIAL 269

finalidad se registra en paises desarrollados y aun en algunos otros de América Latina, como por
ejemplo Brasil. Bernardo Houssay decia que “el grado de desarrollo de la investigacién es un indice
seguro de la jerarquia y la posicién de un pais entre las naciones del mundo moderno. Se puede medir
lailustracién y la clarividencia de los gobernantes por la importancia que acuerdan a la investigacion
cientifica fundamental, por lo que realmente hacen para ayudarla y por el apoyo y respeto que
dispensan a los auténticos hombres de ciencia”. Son palabras que tendrian que hacer pensar a los
responsables en la necesidad de potenciar ese desarrollo cientifico, cuyo beneficio alcanza a toda la
sociedad.

En el caso especifico de CONICET, entre 1994 y 1996 el presupuesto se redujo en un 20%. En
este dltimo afio esta institucion utilizaba el 81% de su presupuesto en salarios y sé6lo el 2% en
subsidios, cuando en 1984 empleaba el 48% en salarios y el 30% en subsidios. Por otra parte, la
distribucién del presupuesto no siempre ha seguido los criterios méas razonables. Como ejemplo
podemos mencionar la atribucién de cantidades muy elevadas, en diferentes periodos, para realizar
construcciones, la mayoria de las veces innecesarias o, por lo menos, no prioritarias. También en este
aspecto es oportuno recordar la palabras de Bernardo Houssay cuando decia que “algunos creen que
es muy facil investigar, que basta erigir un bonito edificio, comprar aparatos costosos, tener mucho
personal improvisado... (...) no debe olvidarse que la investigacion depende ante todo de la calidad
de los hombres que la hagan y no de los edificios”. Finalmente, creemos que tampoco hay que olvidar
el sacrificio personal de los hombres y mujeres dedicados a la investigacién, supliendo con su
esfuerzo y dedicacién, en muchos casos, la escasez de medios con que realizan su trabajo.

Se estima que en Argentina existen actualmente algo mas de 18.000 cientificos, de los cuales cerca
de 5000 son becarios. Alrededor de 1900 becarios y 3500 investigadores dependen del CONICET,
con dedicacién exclusiva, y de ellos, aproximadamente un 50% desarrollan su investigacién en
universidades. Un porcentaje importante del resto trabaja en institutos propios de CONICET, como
el de Biologia y Medicina Experimental, el de Investigaciones Bioquimicas, el Instituto Mercedes
y Martin Ferreyra, el de Quimica y Fisicoquimica Bioldgicas, y otros. Algunos de estos institutos
funcionan en estrecha relacién con las universidades.

Enel 4mbito universitario, el nimero de investigadores y becarios supera los 15.000, pero de ellos
s6lo alrededor de 5500 tienen una dedicacidn a la investigacién y docencia equivalente a jornada
completa. El resto de los cientificos desarrollan su tarea en instituciones como la CNEA y el INTA,
yamencionados, o bien en el Instituto Nacional de Tecnologia Industrial, en los Institutos Nacionales
de Salud, o en la Academia de Medicina.

A pesar de los problemas que se han expuesto, existen todavia en Argentina grupos competitivos
a escala internacional, lo que nos hace mantener esperanzas de poder revertir la situacién actual.
Muchos de nuestros cientificos cuentan con el apoyo de agencias extranjeras o desarrollan proyectos
en colaboracién con investigadores europeos, de Estados Unidos, Canadd y de otros paises de
América Latina, especialmente Brasil y Chile. En el 4mbito nacional, algunas universidades vienen
desarrollando programas de ciencia y tecnologia que permiten, mediante becas, la formacién de
recursos humanos y apoyan con pequeiios subsidios proyectos de investigacion. También existen
algunas fundaciones sin fines de lucro que contribuyen al mantenimiento de la vida académica y
cientifica. Sin embargo, todos estos recursos resultan insuficientes si queremos ser realmente una
nacién competitiva y es éste el motivo por el que la comunidad cientifica reclama un justo aumento
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de presupuesto destinado a la finalidad Ciencia y Técnica, al mismo tiempo que mayor difusién y
transparencia en su ejecucion. Se considera necesario, ya que sus efectos redundarian en nuevas y
mejores oportunidades, especialmente para los jovenes, pues si ellos no tienen cabida para acceder
y trabajar de forma competitiva en el &mbito cientifico el futuro de la ciencia en Argentina corre el
riesgo de detener su marcha. Y en la situacién actual a escala mundial esto es sumamente peligroso
para el progreso y frustrante para quienes se dedican con vocacion a la ciencia.

Sin ninguna duda, el CONICET es la institucién fundamental vinculada al desarrollo de la ciencia
en Argentina. En la presente década la institucién estuvo presidida hasta muy recientemente por el
Secretario de Ciencia y Técnica. Se trataba de un cargo carente de la independencia necesaria para
evitar los vaivenes politicos que generan un clima de intranquilidad, ajeno a la estabilidad que se
requiere para trabajar en ciencia. En fecha reciente, y después de un periodo de intervencién, la
direccién del CONICET ha sido normalizada, separdndose la figura del Secretario de Ciencia y
Técnica de la del presidente del CONICET y, aunque se cuestion6 el procedimiento, culminé con
la designacién como presidente de un cientifico de prestigio internacional, Enrico Stefani, formado
en la Argentina pero residente en Estados Unidos hasta hace unos meses. Ademds, cuatro de los ocho
miembros del consejo director fueron elegidos por el poder ejecutivo teniendo en cuenta ternas
sugeridas por los cientificos. Esto parece que indica un cambio, que esperamos prosiga.*

Stella M. Gonzalez Cappa
Universidad de Buenos Aires

* Los datos para la realizacién de este estudio provienen de las siguientes referencias:

Pichael, R. H. (1991). Desarrollo sin ciencia: otra fantasia argentina. Propuesta para un didlogo. Fundacién
Favaloro. Departamento de Investigacién y Docencia. Coleccién Investigacién y Docencia. Torres Aguero
(ed.). Buenos Aires.

Sonnino, S., Novick, M., Bianchi, E. (1993). La investigacién en salud en la Argentina. Publicacién nim.36.
Organizacién Panamericana de la Salud.

Secretarfa de Ciencia y Tecnologia. Ministerio de Cultura y Educacién (1996). Bases para la discusién de una
politica de ciencia y tecnologia.

Editorial de Ciencia Hoy (1997). ;La dltima oportunidad? Vol. 7, ndim. 37.

Editorial de Ciencia Hoy (1997). La necesaria reforma del CONICET. Vol. 7, nim. 40.

Stella M. Gonzélez Cappa es Investigadora Principal del CONICET y Profesora titular del Departamento
de Microbiologfia, Parasitologia e Inmunologia de la Facultad de Medicina de la Universidad de Buenos Aires.
Actualmente es directora de dicho Departamento y Presidenta de la Asociacién Argentina de Microbiologia.
Posee una larga experiencia en investigacién biomédica y un profundo conocimiento de la problemdtica
general de la ciencia en su pais.
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FRONTIERS IN ANTIMICROBIAL RESISTANCE

Foreword

Microorganisms are the most adaptable forms of life, they can respond to a wide variety of
stimuli. At the same time, bacteria produce disease in humans and animals, and their role in
infectology has been the origin of a human activity focused on the research, discovery, development
and application of molecules known as antibiotics able to kill bacteria. The extensive use of
antibiotics provides new selective conditions that lead to the rapid evolution of bacteria and to the
emergence of resistant strains. Then, at present, we can consider that research and bacterial evolution
are involved in a cycle. When humans act on a pathogen by using an antibiotic, the emergence of a
new pathogen (which has an enriched genetic background with a new gene encoding for antibiotic
resistance) is promoted. This emergence is a stimulus for researchers to search for new antibiotics.

At the beginning of the antibiotic era no resistances were detected, but they appeared very
early.Their number and sophistication have been increasing during the last few years in which
extensive (and sometimes abusive) use of antibiotics has occurred.

Traditionally, mechanisms of microbial resistance to antimicrobial agents were known as
enzymatic functions derived from the presence and expression of genes in plasmids and/or in the
bacterial chromosome. In the last few years a great scientific adventure that led to the present
knowledge about channels, carriers and pumps took place. Many of these mechanisms had been
merely hypothetical until recent years. Today they have been isolated, and found to be proteins,
whose genes have been cloned and sequenced. In most cases, even the structures of the proteins have
been described in detail. The current state of knowledge in this topic includes plasmid, efflux pumps,
outer membrane proteins, and alternative mechanisms of resistance.

This special issue includes contributions from different authors working in laboratories special-
ized in the topic. Efflux pumps in Pseudomonas aeruginosa and other Gram-negative bacteria
constitutes the main topic of the minireview authored by Taiji Nakae. P. aeruginosa is characterized
by its intrinsic resistance to a large variety of antimicrobial agents. The contribution of Nakae
summarizes the state of knowledge on the antibiotic machinery extrusion in this species. The second
minireview included in this issue is authored by Marshall and Piddock and it deals with the main
topics related to extrusion in both Gram-positive and Gram-negative bacteria. Also a view on
specific efflux systems is reported. A paper on the efflux systems in Haemophilus influenzae
(Sénchez et al.) is also included in the issue. The recent publication of the complete chromosome
sequence of Haemophilus led to the discovery of a region with a high degree of homology with the
acrRAB of Escherichia coli. Surprisingly, the efflux system in Haemophilus does not seem to play
any role in antibiotic resistance in this species. Outer membrane permeability of Gram-negative
bacteria has been described as a major cause of antimicrobial resistance in many species. An article
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paper on the outer membrane of Serratia marcescens a describes the role of the outer membrane in
this intrinsically multiresistant enterobacterial species. Methicillin-resistance in Staphylococcus
aureus (MRSA) is a cause of major concern in hospital infectology. Dominguez et al. authored a
contribution of this special issue which reviews the molecular mechanisms of such a resistance. The
laboratory of Biotechnology of the Biozentrum at the University of Wiirzburg has contributed a
research paper on an outer membrane protein from Vibrio cholerae and their measurement by
reconstitution experiments in planar bilayer. In the last few years the incidence of moderate
resistance to penicillin in Neisseria meningitidis has been increasing in several countries and
especially in Spain. Sdez Nieto and Vazquez authored a work concerning this penicillin-resistance.
Segura and Salvadé reported the state of knowledge on B-lactamases in Mycobacterium, which
constitutes a reactivated field of interest due to the emergence of multiresistant mycobacteria.
Finally a contribution concerning the drug-resistance in viruses is included.

I must thank all the authors for their positive answer when I asked them to prepare a contribution
for this issue. I am especially thankful to all the people involved in the editing of Microbiologia SEM.
I am indebted to the Editor-in-chief Prof. Ricard Guerrero, who encouraged all of us and played a
central role in the preparation of this special issue.

Miquel Viiias Ciordia

Microbiologia

Institut Universitari de Salut Piblica. Bellvitge
Universitat de Barcelona
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Multiantibiotic resistance caused by active drug
extrusion in Pseudomonas aeruginosa and other
Gram-negative bacteria

Taiji Nakae

Department of Molecular Life Science, Tokai University School of Medicine, Isehara, Japan

Summary

All living drganisms have been exposed to noxious compounds throughout their long evolution-
ary history and those surviving have evolved to fabricate devices that detoxicate and extrude these
life threatening substances. It is likely, therefore, that all viable organisms, from bacteria to
mammals, are equipped with active extrusion machinery. When bacteria are attacked by antibiotics,
they use these tactics to combat the drugs and to develop resistance. Drugs extrusion machinery in
Gram-negative bacteria is complex, consisting of the inner membrane transporter which acts as an
energy-dependent extrusion pump; a binding protein which presumably connect both membranes;
and the outer membrane exit channel. The extrusion pump assemblies are often encoded by
chromosomal genes and might be expressed by mutation(s) or induced in the presence of drug(s).

Key words: Pseudomonas, drug resistance, diffusion, efflux, regulation

Resumen

Todos los organismos vivos se han visto expuestos a compuestos nocivos a lo largo de su larga
historia evolutiva. Los que han sobrevivido han evolucionado creando dispositivos para destoxificar
y expulsar al exterior estos compuestos. En consecuencia, es razonable pensar que todos los
organismos viables, desde las bacterias a los mamiferos, estén equipados con maquinaria especializada
en la extrusién. Cuando una bacteria es atacada por antibidticos usa esta tactica para combatir las
drogas y desarrollar resistencia. La. maquinaria de extrusién de drogas en las bacterias Gram
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negativas es compleja; consiste en un transportador de membrana interna que actia como una bomba
de reflujo dependiente de energia, una proteina de unién, que presumiblemente establece contacto
entre las dos membranas, y una proteina que constituye un canal de salida en la membrana externa.

Las bombas de reflujo estdn frecuentemente codificadas por genes cromosémicos y pueden ser

expresadas por mutacién o inducidas en presencia de farmacos.

Introduction

Infections of low-virulence bacteria in im-
munocompromised patients with cancers or
burns, or subject to dialysis, transplantations,
etc., are a major concern. Bacteria such as Sta-
phylococcus aureus, Pseudomonas aeruginosa,
Enterococcus, Streptococcus spp., found com-
monly in hospitals, often have low or no viru-
lence effects in healthy persons whose immune
activity has been firmly established. Infections
by these bacteria can often be treated success-
fully with antibiotics. A major drawback of the
widespread use of antibiotics is the selection of
antibiotic resistant strains that can cause noso-
comial infections. Antibiotic resistance may be
caused by different mechanisms consisting of
alteration of the drug target, enzymatic inactiva-
tion of the drugs, low drug penetration across the
cell envelope, and active extrusion of drugs
across the cell envelope. P. aeruginosa has a
natural resistance to structurally and function-
ally different antibiotics; this resistance may be
attributed to low outer membrane permeability
and active extrusion of antibiotics. Among these
resistance factors, low antibiotic permeability
and antibiotic extrusion are broad and low stereo-
specific antibiotic resistance mechanisms. Al-
though low antibiotic perrﬁeability across the
outer membranes usually confers intrinsic resis-
tance, the antibiotic extrusion systems contrib-
ute to both intrinsic and acquired resistance to
many structurally unrelated antibiotics. This ar-
ticle reviews the role of drug extrusion proteins
in the multiantibiotic resistance of P. aeruginosa

and other Gram-negative bacteria. The terms
antibiotics, drugs and chemotherapeutic agents
are used as synonyms, including both natural
and synthetic compounds. For comprehensive
reviews of antibiotic extrusion in a wide range of
bacteria, refer to references 21 and 32.

Multiple drug resistance in P. aeruginosa

Rella and Haas (37) isolated a P. aeruginosa
strain that was moderately resistant to nalidixic
acid and showed cross-resistance to B-lactams
and noboviocin, but was susceptible to tetracy-
cline, rifampin, polymyxin B and aminoglyco-
side antibiotics (Table 1). The gene nalB that
confers the resistance was located at 20 min of
the chromosomal map of P. aeruginosa. Several
investigators have reported nalB-type mutants
that showed a high level of resistance to me-
ropenem, B-lactam antibiotics including penicil-
lins and cephalosporins, fluoroquinolones, tetra-
cycline, and chloramphenicol (38, 39) (Table 1).
These mutants overproduced an outer membrane
protein designated as OprM (24), with an appar-
ent molecular weight of about 50 kDa (9). Lei et
al. (16) reported other mutants resistant to
fluoroquinolones, chloramphenicol, tetracycline,
and minocycline, yet susceptible to most B-lactam
antibiotics (Table 1).

Fukuda et al. (7) and Hirai et al. (12) isolated
a mutant resistant to fluoroquinolones and chlo-
ramphenicol, but with wild strains susceptible to
tetracycline and chloramphenicol. This muta-
tion, designated as nfxB, conferred higher sus-
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TABLE 1. Antibiotic resistance profiles of the multidrug resistant mutants of Pseudomonas aeruginosa

Mutant Antibiotics

IPM MPM PCs CSs CPR/CZOP TC Cp QLs  AGs NAL Ref.
nalB R R S R S R 37
nalB-type S R R R R R R R SS 24
nalB-type S S S R R R SS 16
nfxB S SS SS S S R SS R 7,12
nfxB-type S S S R R R R S 27
nfxB-type A S S SS SS R S S R SS 13
nfxB-type B SS S SS SS R R R R SS 13
nfxC R SS SS S R R SS 7
nfxC-type R R S S/R R R R SS 27

Abbreviations: R, resistant; S, sensitive as the parent; SS, more sensitive than the parent.
Drug abrreviations: IPM, imipenem; MPM, meropenem; PCs, penicillin derivatives; CSs, cephalosporin derivatives;
CPR, cefpirome; CZOP, cefzopram; TC, tetracycline; CP, chloramphenicol; QLs, quinolone derivatives; AGs,

aminoglycosides; NAL, nalidixilic acid.

ceptibility to B-lactam antibiotics and ami-
noglycosides than the wild type strain, and was
mapped at O min of the chromosomal map of
P. aeruginosa (7, 12). The nfxB mutant, which
was later designated as OprJ, overexpressed the
outer membrane protein with an apparent mo-
lecular weight of 54 kDa (26). A similar mutant,
cfxB, isolated independently, was identified to
be the same mutation as nfxB (38). Masuda et al.
(25) isolated two types of nfxB mutants. One
type showed four to eight times higher resistance
to ofloxacin, erythromycin and the new zwitte-
rionic cephems, cefpirome/cefzopram; unchan-
ged susceptibility to chloramphenicol and tetra-
cycline; and increased susceptibility to the clas-
sic B-lactams. Another type of mutant showed
resistance to tetracycline, chloramphenicol, oflo-
xacin erythromycin and cefpirome/cefzopram
and increased susceptibility to the classic B-lac-
tams (Table 1). Outer membrane protein analy-
ses demonstrate an overproduction of OprJ in
the second group of mutants, whereas the in-
crease in the first group was not so significant.
OprJ protein was undetectable (13, 40) in the

wild type strain as tested by immunoblotting
technique using the monoclonal antibody raised
against OprJ. This suggest that the nfxB-type
extrusion pump may not be produced under nor-
mal growth conditions (13). Neither the natural
inducer nor the conditions that express this ef-
flux system are known.

Susceptibility to antibiotics of the mutant
isolated by Fukuda et al. (7) that carries the nfxC
mutation is intriguing, since the mutant exhi-
bited 8 to 32, 2, and 8 times fold resistance to
fluoroquinolones, to chloramphenicol and to
imipenem, respectively. The mutant showed more
susceptibility towards most B-lactam antibiotics
(except for imipenem) and aminoglycoside an-
tibiotics. Two significant symptoms were no-
ticed in the outer membrane protein profile. One
was the lower expression of the OprD porin,
which has been well characterized as the
imipenem-permeable channel protein; another

“was the high expression of a novel 50 kDa

protein, OprN (7, 26). Imipenem resistance of
this mutant may be explained by the decreased
permeation of imipenem due to the lack of the
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imipenem-specific OprD channel. The mutation
was located at 45 min of the P. aeruginosa
chromosomal map (7), which suggests that the
mutation is distinct from nalB and nfxB.

Since nalB, nfxB and nfxC mutants became
cross-resistant to unselected antibiotics, and all
these mutants expressed new outer membrane
proteins (26), researchers initially tried to ex-
plain multiple drug resistance in terms of in-
creased barrier function. However, more recent
explanations are based on the increasing ability
of mutants to extrude antibiotics.

Antibiotic uptake experiments

Celesk and Robillard (4) reported that the
nalB (cfxB) mutant accumulated 2 to 4-fold less
drug than the wild type strain, and stated that
ciprofloxacin accumulation in P. aeruginosa is
a complex phenomenon that may be affected by
both energy-dependent efflux of drug and the
composition of the outer envelope. Fukuda et al.
(7)and Hiraietal. (12) measured fluoroquinolone
accumulation in nfxB and nfxC mutants, respec-
tively, and found that both mutants accumulated
low level of norfloxacin compared with the level
in the respective parent strains.

The endogenous extrusion of energy-depend-
ent fluoroquinolone was reported by Lei et al.
(16) and McCaffrey et al. (27), who found that
their mutants accumulated low level of fluoro-
quinolone, which increased to high levels of
accumulation in the presence of proton ionophore,
carbonylcyanide m-chlorophenylhydrazone
(CCCP) or 2,4-dinitrophenol.

More recently, Li et al. (17, 18) demons-
trated that tetracycline, chloramphenicol and
B-lactam antibiotics are also the substrates of
the nalB-type extrusion system. They inferred
that fluoroquinolones, tetracycline, chloramphe-
nicol and B-lactams are the substrates of the

efflux machinery powered by a proton motive
force.

The MexA-MexB-OprM efflux system

Poole et al. (33, 35) cloned an operon that
overcomes growth deficiency in the mutant that
lacks the ferri-pyoverdin receptor in the presen-
ce of the non-metabolizable iron-chelator,
2,2'-dipyridyl. The cloned DNA fragment con-
tained three open reading frames, ORFA, ORFB
and ORFC, encoding the 41, 112 and 50 kDa
proteins corresponding to late designation MexA,
MexB and OprM, respectively (8, 35). The prod-
ucts of mexA and mexB were found to be very
similar to the EnvC and EnvD proteins of Esche-
richia coli.

The mexB was similar to membrane-associ-
ated efflux protein in other bacteria. The expres-
sion of the operon was associated with enhanced
resistance to 2,2'-dipyridyl, streptonigrin, cipro-
floxacin, nalidixic acid, chloramphenicol and
tetracycline, suggesting that this operon may
encode the machinery for the antibiotic extrusion.
Mutants in which mexA, mexB or oprM were
destroyed, became more susceptible to these
compounds than the parent strain, suggesting
that even the wild type strains might express the
mexA/B-oprM operon and possibly extrude anti-
biotics (33).

Independent from this study, Morshed et al.
(28) cloned genes that confer multiantibiotic
resistance. The nucleotide sequencing of cloned
genes revealed that the genes were identical to
mexA/B-oprM. The strain harboring the plasmid
encoding MexA/B-OprM showed nalB-type an-
tibiotic resistance. To test whether high antibi-
otic resistance is attributable to the high expres-
sion of the mexA/B-oprM operon, Morshed et al.
(28) determined the level of the mRNA that
hybridizes with the cloned gene, and found that
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the mex genes were highly expressed in nalB,
and nalB-type mutants. Antibiotic susceptible
wild-type strains also expressed low levels of
mRNA corresponding to the mex genes, which is
consistent with the observation that the mutants
whose mex genes were destroyed become more
susceptible to many antibiotics than the wild-
type strains (33). The nfxB and nfxC mutants
expressed a level of mex mRNA similar to that of
the wild type strain.

If the nalB-type mutants and the strain harbo-
ring the plasmid carrying the mexA/B-oprM
operon had a high rate of transcription of the
mex genes, high expression of the corresponding
membrane proteins would be expected. The ap-
pearance of anovel outer membrane protein with
a molecular weight of 50 kDa was recognized in
the nalB-type mutant (9, 26, 28) and the strains
harboring the plasmid carrying the mexA/B-oprM
operon (28, 33). This protein was located in the
outer membrane as determined by the immu-
noblotting method in purified outer membrane
(9). This outer membrane protein was desig-
nated as OprM (24) and was identical to the
product of former oprK gene by transposon
mutagenesis and immunoblotting (8).

The mexA/B-oprM operon encodes two inner
membrane proteins, MexA and MexB, with an
apparent molecular weight of 41 and 112 kDa,
respectively. Those proteins probably assemble
an efflux machinery that extrudes antibiotics
across the inner membrane. The amino acids
similarity between MexB and the Czca protein
of Alcaligenes eutrophus, a cytoplasmic protein,
suggested that MexB might function as an efflux
pump itself (29). This protein probably belongs
to a family of membrane proteins called Resist-
ant Nodulator Division (RND) proteins. It was
predicted that MexA protein anchored in the
cytoplasmic membrane protruded to the peri-
plasmic space, since MexA seems to lack the
membrane spanning domain and is very similar

to the protein involved in the formation of the
septum, EnvC, of E. coli (22, 23). The expres-
sion of Mex A with an apparent molecular weight
of 41 kDa was confirmed in the nalB-type multi-
antibiotic resistant mutant and in the strains
harboring the plasmid that carries the mexA/B-
oprM operon (28, 33). The MexB protein with a
molecular weight of 112 kDa was difficult to
visualize on the electrophoretogram as the sam-
ple was heated, but it was resolved in unheated
samples (35).

The expression of the mexA/B-oprM operon
seemed to be regulated by the nalB gene, since
nalB and nalB-like mutants overproduce MexA,
MexB and OprM. Poole et al. (34) sequenced the
mexR gene from immediately upstream of the
mexA/B-oprM operon, encoding a small protein
with a molecular weight of 16,964. This protein
was similar to MarR in E. coli, the repressor of the
MarA-dependent multidrug efflux transporter.

The cloned mexR lowered expression of the
mex reporter gene, suggesting that mexR might
repress the expression of the mex genes (Fig. 1).
The mexR knockout mutant was more resistant
to several antibiotics. Interestingly, introduction
of the mexR knockout gene into the nalB-type
multidrug resistant mutant suppressed the in-
creased expression of the mexA/B-oprM operon-
encoded genes, and rendered the mutant suscep-
tible to structurally diverse antibiotics (34). These
results suggest that the expression of the mexA/
B-oprM operon might be negatively regulated by
MexR, of whose expression was regulated by the
upper regulator, the nalB gene product. The nalB
gene was not cloned, and its product remains to
be identified.

The MexC-MexD-OprJ efflux system

The region of the gene coding for OprJ was
cloned and the nucleotide sequence analysis re-
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FIG. 1. Highly schematic representation of the mex operon organization. The mexA/B-oprM operon overexpresses in
either nalB or mexR mutation. Distances between genes and the size do not correspond to physical sizes.

vealed the presence of two additional coding
regions upstream of oprJ (36). These genes were
designated as mexC and mexD and were similar
(43-46% identity) with mexA and mexB, respec-
tively. Molecular weights of MexC, MexD and
Opr] were predicted to be 40, 112 and 51 kDa,
respectively. The nfxB gene was located up-
stream of the mexC/D-Opr] operon and was
transcribed divergently (36).

The nfxB gene was cloned from both wild
type and antibiotic resistant strains (31). Nu-
cleotide sequencing of the cloned gene predicted
that the gene encodes two proteins with a molec-
ular weight of 21 and 23 kDa. Amino acid se-
quencing suggested that the 21 kDa NfxB might
be the DNA binding protein because it contains

a helix-turn helix motif of E. coli. A point muta-
tion in the coding region at 21 kDa protein was
found in the nfxB gene of the antibiotic resistant
strain. It is likely, therefore, that the NfxB pro-
tein regulates the expression of the genes encod-
ing the operon containing the oprJ gene. This
prediction was substantiated by the demonstra-
tion of direct binding of the NfxB protein
(21 kDa) to upstream of the nfxB coding region
by the gel retardation assay (40).

The expression of the nfxB-reporter gene in
the presence of the nfxB gene product was unde-
tectable as examined by the immunoblotting
method whereas it is detectable in the antibiotic
resistant nfxB mutant. This suggests that NfxB
might auto-regulate negatively the expression of
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nfxB itself, as in the auto-regulation of the marR
gene expression in E. coli.

These results suggest the regulation of the
gene coding for the MexC-MexD-Opr]J efflux
pump as follows: nfxB located upstream of the
mexC/D-oprJ operon is transcribed in the op-
posite direction to the mexC/D-oprJ operon
and produces NfxB repressor protein that binds
to the regulatory region of the mexC/D-oprJ
operon. -

The antibiotic resistant nfxB mutant produces
a defective repressor that results in the uncon-
trolled expression of the mexC/D-oprJ operon
and, therefore, overproduction of the MexC,
MexD, and Opr]J proteins.

MexE-MexF-OprN efflux system

An operon encoding OprN was cloned and
sequenced (15). The operon consisted of three
open reading frames that encoded MexE (45
kDa), MexF (115 kDa) and OprN (51 kDa) and
were likely to play arole in the linkage formation
between inner and outer membranes, the efflux
pump at the inner membrane, and the exit chan-
nel at the outer membrane, respectively. MexE,
MexF and OprN showed high similarity to MexA,
MexB and OprM, respectively.

Overexpression of the operon resulted in
lower accumulation of sparfloxacin than the wild
type strain. Upstream of this operon there is an
open reading frame similar to LysR transcrip-
tional activator. Overexpression of this frag-
ment on the vector raised the levels of antibiotic
resistance in the wild type strain. This indicated
that the gene positively regulates the MexE/D-
OprM efflux system, which would confirm the
induction of OprN and reduced expression of
OprD. It was suggested that this efflux machin-
ery is involved in the excretion of intermediates
for the biosynthesis of pyocyanin.

Model for the antibiotic extrusion machinery

On the basis of the available data, Li et al.
(17) proposed a model of the MexA-MexB-
OprM pump. The function of this machinery
stems from the fact that MexB plays arole as the
antibiotic extrusion pump loosely recognizing
antibiotics and taking up the substrate antibi-
otics from the inner surface of the inner membra-
ne and the lipid domain of the inner membrane
(Fig.2). This assumption is based on the sequen-
ce similarity of MexB to the CzcA, a metal
transporter of A. eutrophus (19, 29), NolG, NolH
and Noll of the oligosaccharide transporter of
Rhizobium meliloti (1), and EnvC of E. coli (14).
Those are collectively called the RND family. It
was assumed that the MexA subunit of the Mex
pump machinery forms an extension bridge or a
linker between inner and outer membranes asso-
ciated with the MexB, and OprM, respectively
(Fig. 2). This assumption is also based on the
sequence similarity of MexA to the EnvC
polypeptide of E. coli involved in septum forma-
tion (14). These proteins were referred to as
members of Membrane Fusion Protein (MFP)
together with AcrA of E. coli, CzcB of Alca-
ligenes, MtrA of Neisseria, etc. The OprM pro-
tein associated with the outer membrane was
assumed to play a role in the antibiotic exit
channel (Fig. 2).

The role of MexC, MexD and OprJ proteins
of the nfxB-regulated extrusion machinery and
that of the putative MexE, MexF and OprN
proteins of the nfxC regulated machinery were
assumed to be similar to the role of MexA, MexB
and OprM of the nalB-regulated machinery, re-
spectively. However,the proposed model is to-
tally hypothetical and based on the similarity of
the subunit proteins to the protein assemblies of
RND and MFP in other bacteria. To assign the
roles of these subunit proteins, many questions
have to be answered: (i) The topological loca-
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FIG. 2. Highly schematic representation of the antibiotic
extrusion machinery assembly in Gram-negative bacteria.
The organization of the inner membrane extrusion pump,
the periplasmic linker protein and the outer membrane exit
channel is purely hypothetical. The size and number of
subunits do not correspond to the physical assembly. Lower
part of the figure represents deduced transmembrane
segments of the MexB protein, adopted from ref. 32.

lization of the subunit proteins. (ii) Interaction
of the subunit proteins from each other. (iii)
Localization of the site from which antibiotics
are taken up or absorbed: Are the antibiotics
taken up from the cytoplasm, periplasm or the
lipid domain of the membranes? (iv) How is
cellular energy transmitted to the transport pro-
teins to drive the extrusion efficiently and which
subunit transmits energy? Does the outer mem-
brane protein, OprM, require cellular energy to
be functional? (v) Does the outer membrane
OprM protein form the channel?

Multiantibiotic extrusion systems in other
Gram-negative bacteria

Chromosomal mutation acr conferring
hypersusceptibility to acriflavine renders E. coli
more susceptible to hydrophobic dyes and sev-
eral antibiotics. Cloning and sequencing of the
gene responsible for this change revealed that
the acr operon contained two coding regions,
designated as acrA and acrB, that coded for 397
and 1049 amino acid residues, respectively (21,
22). This suggests that the AcrA and AcrB pro-
teins are likely to be located in the periplasmic
space and the inner membrane, respectively,
both anchoring at the inner membrane. Two
other operons encoding similar proteins to AcrA
and AcrB were discovered by the DNA
sequencing study and were designated as AcrC/
D and AcrE/F. The molecular nature of these
gene products is not known.

Studies on the susceptibility of AcrC/D and
AcrE/F mutants to dyes, surfactant and anti-
biotic showed functional or overlapping simi-
larity with the susceptibility of AcrA/B. This
functional overlapping is somewhat analogous
to that caused by the presence of Mex A/B-OprM,
MexC/D-OprJ and MexE/F-OptN in P. aerugi-
nosa. Unlike the Mex efflux machineries in
P. aeruginosa, the Acr systems do not appear
to encode the outer membrane protein. The
function of OprM, OprJ and OprN of P. aerugi-
nosa may be taken placed by the E. coli TolC
protein located at the outer membrane (6). TolC
was originally reported to be a component of
the protein export machinery at the outer mem-
brane.

Another multiantibiotic transport system in
E. coli containing two membrane proteins is a
single operon encoded EmrA and EmrB with a
molecular weight of 43 and 56 kDa (19). Induc-
tion of this transport system by drugs renders
E. coli resistant to several antibiotics and iono-
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TABLE 2. Antibiotic extrusion machinery

Inner Membrane Transporter Outer Membrane Protein Fusion Protein Bacterial species Ref.
(AA residues/mol. wt) (AA residues/mol. wt) (AA residues/mol. wt)
Resistant Nodulator Division-Membrane Fusion Protein type
AcrB (1049 aa) AcrA (397 aa) TolC E. coli 21,22
AcrF (1034 aa) AcrE (384 aa) TolC? E. coli 21,22
MexB (112 kDa) MexA (41 kDa) OprM (50 kDa) P. aeruginosa 16,35
MexD (112 kDa) MexC (40 kDa) OprJ (51 kDa) P. aeruginosa 36
MexE (45 kDa) MexF (115 kDa) OprN (51 kDa) P. aeruginosa 15
Major Facilitator type
EmrB (56.2 kDa) EmrA (42.7) ? E. coli 20
Cmr (411) E. coli 30
MtrC (44 kDa) N. gonorrhoeae 10,11
CzcA (116 kDa) CzcB/C (54/37 kDa)  A. eutrophus 29
CnrA (115 kDa) CnrB/C (40/44 kDa) A. eutrophus 19
SMR type
EmrE (12 kDa) E. coli 41
Other transporters (detailed properties are to be investigated)
CmlA (44 kDa) P. aeruginosa 2
55 kDa, 39 kDa C. jejuni 5
OpcM (51kDa) B. cepacia 3

phores. This operon does not encode outer mem-
brane protein either (Table 2).

A single membrane protein that functions as
an efflux transporter of cationic noxious com-
pounds exchanged with protons in E. coli is
EmrE (41), with a molecular weight of 12 kDa.
This small multidrug transporter was purified,
reconstituted into liposome membrane and shown
to catalyze H*/cation antiport. This suggested
that the transporter may not require any other
associated protein. This protein spans the mem-
brane only 4 times, and forms the extrusion
pump probably by forming an oligomeric aggre-
gate. Thus, it is analogous to the Qac and Ebr
exporters of other bacteria.

The soil bacteria A. eutrophus harbors a plas-
mid that confers resistance to metal ions, such as
cobalt, zinc and cadmium (19, 29). Nucleotide
sequencing of a putative operon revealed four

open reading frames, czcA, B, C and D that enco-
ded four membrane protein of 116, 54.5, 37.3
and 21.2 kDa, respectively. Another plasmid en-
codes CnrA, B, C which is involved in the heavy
metal export much like CzcA, B, C (Table 2).

Neisseria gonorrhoeae became resistant to
hydrophobic agents, including detergent-like
fatty acids, bile acid, and surfactant (10, 11). The
genetic organization of the resistance determi-
nant, the mir genes, encode a transcriptional
regulator, mtrR and tandemly arranged genes
termed mtrC, D, E similar to mexA/B-oprM of
P. aeruginosa and envC, D of E. coli. The inac-
tivation of mitrC renders gonococci hyper-
susceptible to hydrophobic agents, suggesting
the significance of this operon for the efflux of
the hydrophobic agents (Table 2).

The E. coli chromosome at 18.8 min encodes
a protein consisting of 411 amino acid residues
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that mediate resistance to chloramphenicol when
expressing from the multicopy vector (30). Cells
expressing this gene accumulate significantly
lower levels of chloramphenicol like the wild
type strain in the presence of CCCP (Table 2).

An integron of transposon 1696 of P. aeru-
ginosa is a DNA element that confers non-
enzymatic chloramphenicol resistance (2). The
nucleotide sequencing of the cmlA gene showed
sequence similarity to the bacterial efflux sys-
tem. The expression of CmlA in E. coli promotes
a reduction in the content of the major outer
membrane proteins, OmpA and OmpF. Resist-
ance conferred by the expression of this gene is
limited to chloramphenicol (Table 2).

A mutant strain of Campylobacter jejuni ex-
pressed two outer membrane proteins with the
molecular weights of 55 and 39 kDa, and became
resistant to fluoroquinolones, B-lactams, eryth-
romycin, chloramphenicol, and tetracycline (5).
The mutants accumulated a significantly low
level of fluoroquinolones and minocycline and
this low level of antibiotic accumulation was
abolished in the presence of CCCP. The nature
of the inner membrane transporter remains un-
known.

Burkholderia (Pseudomonas) cepacia, which
is resistant to trimethoprim and ciprofloxacin,
was isolated, and the resistant determinant gene
was sequenced (3). The sequence data revealed
that the region of the chromosome contained two
open reading frames highly similar to mexA/B-
oprM of P. aeruginosa. The outer membrane
protein, OpcM, was labeled with [*H]-palmitate,
which suggests that OpcM is most likely the
lipoprotein.
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Antibacterial efflux systems
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Summary

Drug efflux, unidirectional pumping of cytotoxic drugs, is a major mechanism of antimicrobial
multiresistance in bacteria. Although these efflux systems are usually chromosomally encoded,
some are present on plasmids. Some of the efflux pumps are relatively well known: Emr and Acr
system in Escherichia coli, whose outer membrane protein seems to be the multifunctional TolC;
the mex efflux system described in Pseudomonas aeruginosa and ABC-type in Gram-negative
bacteria. Also the role of efflux in Gram-positive bacteria are reviewed including Bacillus,
Staphylococcus and Streptomyces.

Key words: efflux, multidrug resistance, diffusion, outer membrane, cytotoxic drugs

Resumen

El reflujo de drogas, el bombeo unidireccional de drogas citotéxicas, constituye uno de los
principales mecanismos que conducen a la multirresistencia bacteriana a antibiéticos. Generalmente
estos sistemas de reflujo son codificados por el cromosoma, aunque algunos se encuentran en
plasmidos. Algunas de las bombas de reflujo son relativamente bien conocidas; tal es el caso de Emr
y Acr de Escherichia coli, cuya proteina de membrana externa parece ser la multifuncional TolC o
el sistema mex de Pseudomonas aeruginosa y el tipo ABC de bacterias Gram negativas. A lo largo
de este trabajo también se revisa el papel de las bombas de reflujo en bacterias Gram positivas
incluyendo Bacillus, Staphylococcus 'y Streptomyces.
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Introduction

The aim of this review is to acquaint the
reader with the multiplicity of bacterial efflux
systems, their structural organization, proposed
mechanisms and regulation, similarities and dif-
ferences between them, and their role in resist-
ance to antibacterial agents. Although this area
has been reviewed extensively, developments
are rapid and unification of accepted dogma is
pertinent. Earlier reviews include Levy (34),
Lewis (35), Ma et al. (47), Ouellette et al. (71),
Poole (77), George (17), Nikaido (67, 68), Miller
and Sulavik (57) and Paulsen et al. (75, 76).

Definition of drug efflux and its role in
bacterial resistance phenotypes

Drug efflux is the active, unidirectional pump-
ing of cytotoxic drugs from the bacterial cyto-
plasm into the external medium. Transport is
protein-mediated and performed either by a
uniport mechanism coupled to ATP hydrolysis
or, more commonly, by an antiport mechanism
in which drug efflux is linked to proton influx
i.e. energized by the proton motive force (pmf).
Net efflux of any molecules is the balance be-
tween influx (by simple diffusion in the case of
most antibiotics) and the gross efflux achieved
by these systems. Accordingly, net efflux may
drastically underestimate the specific transport
activity of an efflux system.

The structure of the cell envelopes in
Gram-positive bacteria, requires that their efflux
systems be able to transport molecules across
both the cytoplasmic and the outer membrane.
Efflux simply across the cytoplasmic membrane
would be futile. Gram-positive bacteria merely
have to ensure that molecules are transported
across the cytoplasmic membrane. Therefore,
the efflux systems of Gram-negative bacteria

tend to have a more complex arrangement com-
prising a cytoplasmic membrane-located trans-
locase, a periplasmic-located accessory mem-
brane fusion protein (MFP) and an outer mem-
brane protein. This arrangement ensures the ef-
ficient efflux of molecules from the cytoplasm
across the entire cell envelope. However, there
are exceptions to this rule (see Emr system in
E. coli), and the identity of some MFP and outer
membrane proteins remain to be identified for
some efflux systems.

The intrinsic resistance of Gram-negative
bacteria such as Pseudomonas aeruginosa to a
variety of antibacterial agents has often been at-
tributed to low outer membrane permeability.
The loss or reduction of outer membrane porins
can be sufficient to explain the resistance of
some strains towards some antibiotics. How-
ever, since the discovery of the first drug efflux
system [the tetracycline efflux system, fetA (7,
56)], it is clear that the reduced influx of an
antibacterial agent does not always correlate
with the resistance levels observed, and that
active efflux must also be considered. Besides,
there is also some debate as to whether efflux
alone is sufficient to render a given strain resist-
ant to a given antibiotic and, even in strains with
greatly reduced outer membrane permeability, it
is unclear whether clinically significant levels of
resistance (i.e. the MIC of an agent is above the
recommended breakpoint concentration) are
achieved by efflux alone.

Despite rapid progress in the identification of
a variety of efflux systems in different organ-
isms, a number of questions are yet to be satis-
factorily resolved. In general, the systems de-
scribed to date are able to efflux a diverse range
of seemingly, structurally unrelated molecules,
e.g. dyes, detergents and antibiotics. The fact
that many systems be able to efflux antibiotics
seems to be fortuitous for the bacterium, and the
true, physiological substrates still need to be
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determined. For Gram-negative systems, many
putative outer membrane components in particu-
lar have still to be unambiguously identified.
Several species of bacteria e.g. Escherichia coli,
P. aeruginosa and Stap}iylococcus aureus con-
tain more than one efflux system with overlap-
ping specificities. The ecological advantage to
the bacterium is that mutational loss of one
system will not render the bacterium susceptible
to cytotoxic agents.

Efflux systems with broad substrate speci-
ficities that efflux molecules also transported
by specific efflux systems can be seen as an
energetic advantage in that synthesis of a spe-
cific system renders resistance to only a single
agent. Indeed, there are parallels with bacterial
solute uptake systems whereby both specific
amino acid permeases and peptide permeases
coexist (4, 26).

Families of bacterial efflux systems

Although most systems are chromosomally
encoded, some are present on plasmids, notably
in the Gram-positive organism S. aureus. The
cytoplasmic membrane-located translocases of
bacterial efflux systems can be grouped into one
of four families based upon sequence homology,
mechanism and supramolecular assembly:

(i) ATP Binding Cassette (ABC) Transport-
ers (Traffic ATPases)

(ii) Staphylococcal (or Small) Multidrug Re-
sistance (SMR)

(iii) Resistance-Nodulation-Division (RND)

(iv) Major Facilitator (MF)

The ABC transporters are energized by ATP
hydrolysis and contain two transmembrane do-
mains (each containing 6 transmembrane o.-heli-
ces) and two ATP-binding/hydrolysing domains
(13, 71). Substrates effluxed by these systems
include duanorobucin, tylosin and some macro-

lides. In contrast, the remaining three families
consist of a single cytoplasmic protein that func-
tions as a proton-antiporter.

SMR translocases are small proteins
(104-115 amino acyl residues) predicted from
hydropathy plots to contain four transmembrane
o-helices (75). Because of their small size, it has
been suggested that SMR translocases are or-
ganized as homotrimers within the cytoplasmic
membrane to give the “classical” 12 transmem-
brane a-helical functional unit. The usual subs-
trates of these systems appear to be lipophilic
cations such as ethidium.

RND translocases are much larger proteins
(>100 kDa) containing 12 transmembrane
o-helices and, hence, are believed to act as mono-
mers (88). Transporters of this family seem to be
restricted to Gram-negative bacteria and, in con-
trast to the MF-proteins, they contain two large
(about 300 residues) domains projecting into the
periplasm. The substrates effluxed by these sys-
tems are very diverse and include basic dyes,
detergents and antibiotics.

Most Gram-positive bacterial efflux systems
belong to the MF-family (20, 35, 51). These are
intermediate-sized proteins (about 400 residues)
containing 12-14 transmembrane -helices (51).
These systems efflux either specific substrates
such as tetracycline or various substrates as
described for the RND-family above.

Major Gram-negative bacterial efflux sys-
tems

Gram-negative bacterial efflux systems tend
to require the presence of three protein compo-
nents to permit efficient transfer of toxic moie-
ties from the cytoplasm to the external medium
(Fig. 1). The membrane fusion proteins (11) are
envisaged to form the “link” between the cyto-
plasmic membrane-located transporter and the



288 MARSHALL, PIDDOCK

MicrosioLoGia SEM

Gram-positive Efflux

Gram-negative Efflux System

ouTt
0

MFP PM
C

Transporter

SMR
MF
ABC

Transporter
SMR
MF
RND

FIG. 1. Molecular architecture of bacterial drug efflux systems.

outer membrane protein. That some Gram-nega-
tive systems appear to be able to function with-
out all three components should not be taken as
proof that the above generalization is unsound. It
remains quite feasible that currently “missing”
or “absent” components will be described to subs-
tantiate this generalized model. The transporters
of the multidrug efflux systems belong mainly to
the RND-family of transporters, although there
are examples of the SMR- and MF-families.

Emr systemin E. coli. The E. coli emr (E. coli
multidrug resistance) locus defines three dis-
tinct efflux systems, emrE, emrD and emrRAB
(43, 60, 95).

EmrE is a small (12 kDa), highly hydropho-
bic protein of the SMR-family which effluxes
toxic cations such as ethidium, methyl viologen
and tetraphenylphosphonium (TPP*) (5, 32).

Although the transport activity of EmrE may
depend upon the protein forming homo-oligomers
(96), Lebendiker and Schuldiner (32) have iden-
tified residues involved in the efflux of substrates
and they have found that even a decrease in
activity by 80% does not correlate with a more
susceptible phenotype.

The second system, encoded by emrD, is
quite poorly characterized (60). EmrD has 397
amino acid residues, shares low homology with
EmrB (22% identity), and contains 12 transmem-
brane o-helices. It is a member of the MF-family
of transporters, and is thus energized by the
proton motive force. The limited data suggest
that it effluxes a restricted range of EmrAB
substrates,, e.g. carbonyl cyanide m-chlorophe-
nylhydrazone (CCCP) and phenylmercury
acetate.
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The third system, encoded by emrRAB, was
the first report of a multidrug efflux system in a
Gram-negative bacterium (43). The emrRAB lo-
cus (mapping to 57.5 min) comprises a local
repressor (EmrR, formerly known as mprA)(44),
a membrane fusion protein (EmrA) and an
MF-type translocase (EmrB) (43). The EmrAB
complex interacts with TolC to form the complete
efflux machinery. EmrB has 513 residues and
contains 14 transmembrane o-helices. EmrA is
smaller with 390 amino acids but, it contains a
hydrophobic region of 24 residues near the
N-terminus that could tether the protein to the
cytoplasmic membrane by traversing it once. The
substances actively expelled by this system in-
clude CCCP, nalidixic acid and thiolactomycin
(16, 84) as well as a number of substrates, e.g.
CCCP and nalidixic acid have been found to en-
hance expression of emrAB, presumably by bind-
ing to EmrR to inhibit its repressor activity (44).

Acr system in E. coli. The origins of the
identification of the E. coli Acr efflux system
dates back some 30 years to the original descrip-
tion of E. coli mutants that were resistant to the
basic dye, acridine. This locus was designated
acr (acridine resistance) (58, 59).

In 1993, two teams cloned and sequenced
independently the acr locus from E. coli, and
found it to contain at least two genes, acrA and
acrB (formerly called acrE) (46). Xu and their
colleagues also described in 1993 the cloning
and sequencing of a second, unlinked but ho-
mologous operon they designated acrEF which
was feund to be identical to a previously charac-
terized operon, envCD (29).

Two other unlinked loci were subsequently
identified, orfRAB (now designated yhiUV) (68)
and acrD (47). OrfR, upstream of orfAB, was
hypothesized to be a putative regulator of tran-
scription, as were the upstream genes acrR and
acrS of the acrAB and acrEF operons, respec-
tively. The polypeptides AcrB, AcrF and YhiV

(OrfB) contain between 1034 and 1049 amino
acid residues, sharing 60-75% sequence iden-
tity, and have 12 putative transmembrane o-
helices. They belong to the RND-family of trans-
porters. AcrA, AcrE and YhiU (OrfA) are smaller
peptides (384-397 residues), sharing 45-60%
sequence identity, and are membrane fusion pro-
teins (11). A membrane fusion protein for AcrD,
presumably AcrC to maintain nomenclature, has
yet to be identified. Similarly, the outer mem-
brane protein components of the transporter com-
plexes are yet to be unambiguously identified.
The three proposed regulatory proteins, AcrR,
AcrS and OrfR, show the lowest sequence iden-
tity (10-20%) and contain 215-242 residues.
The accumulated data so far indicates that these
systems efflux a very broad range of substrates
including antibiotics, dyes and detergents
(Table 1).

The most intensively studied Acr system is
AcrRAB. Pan and Spratt (72), when discussing
the mtrRCDE system in Neisseria gonorrhoeae,
hypothesized that AcrR could be a transcriptio-
nal regulator of acrAB expression. Further to
this, Ma et al. (48) showed that expression of
acrAB was increased under conditions of stress,
e.g. stationary-phase growth or growth in 4%
ethanol, 0.5 M NaCl or 5 mM decanoate. Ma et
al. (49) further demonstrated that MarA, part of
a global stress-responsive regulon (marRABC),
repressed acrAB expression and that the role of
the local repressor, AcrR, was to “fine tune” the
expression of acrAB to prevent wasteful synthe-
sis of AcrAB.

Evidence is mounting that TolC may well be
the outer membrane protein associated with
AcrAB, as first suggested by Thanassi et al. (93).
Fralick (14) has presented further corrobora-
ting evidence in support of this proposal, al-
though a physical interaction between AcrA and
TolC has yet to be shown. Koronakis et al. (31)
have recently obtained 2-D crystals of TolC;
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TABLE 1. Efflux systems in Gram-negative bacteria

Locus Transporter =~ Membrane  Outer Organism Substrates Reference
Fusion Membrane
Protein Channel
SMR Family
emrE EmrE - - E. coli MeV, Et, Tet, 81, 95
TPP*, Ery,
sulfadiazine
qgacE QacE - - K. aerogenes QAC, basic dyes 73
MF Family
emrRAB EmrB EmrA TolC E. coli CCCP, Nal, TLM, 44
CPH, PMA
RND Family
acrRAB AcrB AcrA TolC? E. coli Tet, Chlor, FQ 46, 49
Nov, Ery, Fus,
Rif, Et, Acr,
CrV, SDS, DOC,
Pen G, Mit C,
Amp
acrSEF AcrF AcrE TolC? E. coli acrRAB 47
yhiUV YhiVv YhiU ? E. coli acrRAB 47
acrD AcrD ? ? E. coli acrRAB 47
mexAB-oprM  MexB MexA OprtM P. aeruginosa Tet, Chlor, FQ, 36-38, 78
B-lactams, Nov, Ery,
Fus, Rif, Et, Acr,
CrV, SDS, DOC
mexCD-oprJ  MexD MexC OprJ P. aeruginosa Tet, Chlor, FQ, 25,54,55,79
B-lactams
(except carbapenems),
Nov, Ery, Fus,
Rif
mexEF-oprN  MexF MexE OprN P. aeruginosa Chlor, FQ, 30, 54

carbapenems (but
not conventional
B-lactams or 4th
generation cephems)

Abbreviations: Acr, Acridine; Amp, Ampicillin; CCCP, Carbonyl cyanide m-chlorophenylhydrazine; CPH,
Chlorophenylhydrazine; CrV, Crystal Violet; DOC, Deoxycholate; Ery, Erythromycin; Et, Ethidium; FQ, Fluoroquinolones;
Fus, Fusidic Acid; MeV, Methyl Viologen; MitC, Mitomycin C; Nal, Nalidixic acid; Nov, Novobiocin; Pen G, Penicillin
G; PMA, Phenylmercury Acetate; QAC, Quaternary Ammonium Compounds; Rif, Rifampicin; SDS, Sodium dodecyl
sulphate; Tet, Tetracycline; TLM, Thiolactomycin; TPP*, Tetraphenylphosphonium.

TolC appears to exist as trimers within the outer
membrane, an identical organization to the OmpC
and OmpF porins. Each TolC monomer (mo-
lecular weight of about 51.5 kDa) is predicted to

contain 18 B-strands forming a transmembrane
B-barrel and a C-terminal, 7 kDa domain that is
envisaged to form an interaction with a mem-
brane fusion protein such as HlyD or AcrA.
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P. aeruginosa mex efflux systems. Earlier
work on multidrug resistance in P. aeruginosa
identified three classes of mutants (nalB, nfxB
and nfxC) that displayed cross-resistance pheno-
types. These mutants overexpressed outer mem-
brane proteins with a molecular weight of about
50 kDa (54): nalB mutants (53, 82) overex-
pressed OprM [formerly called OprK by Poole et
al. (78)]; nfxB mutants, OprJ (55); and nfxC
mutants, OprN (15, 54). However, increased
synthesis of outer membrane proteins as a mecha-
nism for resistance appeared to be illogical as
accepted dogma suggested that this would lead
to an increase, rather than to a decrease, in outer
membrane permeability. This anomaly was re-
solved when OprM was found to be part of an
earlier described efflux operon, mexAB-oprM
(19, 36-38, 78).

The first described P. aeruginosa multiple
drug efflux operon, mexAB-oprM, is known to
have at least two other homologues encoded by
mexCD-oprJ (25, 79) and mexEF-oprN (30).
The translocases (MexB, MexD and MexF) all
belong to the RND family of transporters; MexA,
MexC and MexE are the proposed membrane
fusion proteins; OprM, OprJ and OprN are the
associated outer membrane proteins which com-
plete the efflux complexes. The three genes en-
coding each efflux system are co-transcribed as
single operons. Upstream of mexAB-oprM is
another divergently transcribed ORF called
mexR which negatively regulates mexAB-oprM
expression (79). nalB mutations leading to
overexpression of mexAB-oprM are located
within mexR. Similarly, the transcriptional
repressor of mexCD-oprJ, nfxB (70), also lies
upstream and is transcribed in the opposite di-
rection from mexCD-oprJ (80). In contrast,
mexEF-oprN is positively regulated by an up-
stream regulator, presumably NfxC, which is
transcribed convergently and shows homology
with LysR (30).

The three systems have overlapping spe-
cificities for the substrates that they are able to
efflux (Table 1). MexAB-OprM appears to be
the major efflux system and to efflux the widest
range of substrates. MexCD-OprJ effluxes ares-
tricted sub-set of MexAB-OprM substrates,
whilst MexEF-OprN has the tightest specificity,
although it is able to expel carbapenems such as
imipenem and also the protonophore, CCCP.
That the mex systems are able to efflux B-lactams
is the cause of some debate. It has been specula-
ted that the B-lactams either enter the efflux
system at the level of the outer membrane pro-
tein or that they partially partition within the
cytoplasmic membrane and get “funnelled” into
the efflux process through this route. These me-
chanistic details and also the identity of the
“natural” mex substrates await further clarifica-
tion (68).

Kohler et al. (30) state that MexAB shares
greater sequence similarity with E. coli AcrAB
and AcrEF than with MexCD and MexEF, and
speculate as to whether E. coli “acquired” its
efflux systems from P. aeruginosa via a gene
transfer event.

ABC-type efflux systems. Bacterial efflux
systems containing an ABC-type transporter have
been reviewed by Fath and Kolter (13) and
Ouellette et al. (71). In Gram-negative bacteria
they are responsible for the efflux of proteins
rather than antibacterial agents. Examples of
ABC-mediated efflux include hemolysin export
in E. coli performed by the HlyBD-TolC system,
alkaline protease export in P. aeruginosa by the
AprDEF system, and Proteases A and B by the
PrtDEF system in Erwinia chrysanthemi (47, 68).

However, it would be unwise to speculate
that all Gram-negative efflux systems are driven
solely by the proton motive force. Firstly, many
nutrients uptake systems, e.g. the histidine- and
oligopeptide permeases, exist that use ATP hy-
drolysis to drive influx of histidine and oligo-
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peptides, respectively (4, 26). Secondly, a re-
cently described Gram-positive antibiotic efflux
system from Streptomyces peucetius, drrAB, was
expressed in a functional form in E. coli to give
resistance to the “antibiotics” doxorubicin and
daunorubicin (28).

Other Gram-negative efflux systems. Ef-
flux systems have also been described in Gram-
negative species other than the well-studied or-
ganisms E. coli and P. aeruginosa (Table 2). Of
particular relevance are the efflux systems found
in the clinically important organisms N. gonor-
rhoeae, Klebsiella aerogenes and Campylobacter
jejuni. Although these systems have not been
well characterized, their very existence should
be taken as a clear warning that other efflux
systems undoubtedly exist in pathogenic bacte-

- ria. Furthermore, their ability to efflux a wide
range of antibacterial agents should also be con-
sidered.

Gram-positive efflux systems

Systems in Gram-positive bacteria, because
of their lack of an outer membrane, are com-
posed of only a single, cytoplasmic membrane-
located transporters of the SMR, MF or ABC
families (Fig. 1).

S. aureus norA efflux system. A norA muta-
tion that led to a decrease in susceptibility to
hydrophilic fluoroquinolones was identified

and originally deemed to be an allele of gyrA
(94). However, further characterization revea-
led that norA encoded for a protein of the MF
family involved in active drug efflux (69, 97).
NorA is, in fact, a homologue of Bmr from
Bacillus subtilis (44% amino acid identity) (62)
and similar to tetracycline efflux proteins (34).
Although Ohshita et al. (69) reported that a point
mutation in the norA structural gene resulted in
increasing the affinity of the efflux system and,
hence, decreasing the susceptibility of S. aureus
to fluoroquinolones, Kaatz et al. (27) showed
that this effect was due to the enhanced expres-
sion of norA due to increased transcription. This
was attributed to either an unidentified change in
a putative regulator or to a point mutation that
had been found in the norA promoter. Besides,
Ng et al. (65) showed that this same, single
nucleotide change was present in the norA pro-
moter of an flgB mutant and could lead to in-
creased expression of norA. However, gene am-
plification of norA as a mechanism of resistance
has not been excluded. Using Southern hybri-
dization analysis, norA homologues were found
tobe presentin S. epidermidisbutnotinE. coli,
K. pneumoniae or Enterococcus faecalis (27).
NorA effluxes basic dyes, TPP* and some antibi-
otics (Table 3).

Bacillus bmr and blt systems. The B. subtilis
bmr efflux system was identified in a systematic
manner by selecting for step-wise resistance to
the cationic dye rhodamine 6G (63). This selec-

TABLE 2. Additional Gram-negative efflux systems

Organism Locus Substrates Effluxed Reference
Neisseria gonorrhoeae mtrRCDE Antibiotics, detergents, dyes 24, 50
Alcaligenes eutrophus czcABC Co*, Zn*, Cd* 66
Alcaligenes eutrophus cnrABC Co*, Ni* 39
Klebsiella aerogenes qacEAI Ethidium 73,90
Campylobacter jejuni cje Antibiotics 8
Rhizobium melitoti nolGHIF Nodulation signals 6
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TABLE 3. Efflux systems in Gram-positive bacteria
Locus Transporter Organism Substrates Reference
SMR Family
smr (qacC) Smr S. aureus QAC 40, 45
MF Family
norA NorA S. aureus Enox, Nor, Cip, Nal 97
Oxl1, Spar
bmrR-bmr-bmrU Bmr B. subtilis Et, Chlor, Puro 1,2,63
TPP*, CTAB, Nor, Acr
Dox
bItR-blt-bltD Blt B. subtilis As for Bmr 3
gacA QacA S. aureus Et, proflavine, CrV, Rho 41, 45
BiG, diamidines, CTAB etc.,
chlorhexidine
gacB QacB S. aureus Similar to QacA with 41

reduced efflux of
diamidines and
chlorhexidine

Abbreviations: Acr, Acridine; BiG, Biguanidine; Chlor, Chloramphenicol; Cip, Ciprofloxacin; CrV, Crystal Violet;
CTAB, Hexadecyltrimethylammonium bromide; Dox, Doxorubicin; Enox, Enoxacin; Et, Ethidium; Nal, Nalidixic Acid;
Nor, Norfloxacin; Oxo, Oxolinic Acid; Pur, Puromycin; QAC, Quaternary Ammonium Compound; Rhod, Rhodamine; Spar,

Sparfloxacin.

tion procedure led to the overexpression of bmr,
amember of the MF family, by the mechanism of
gene amplification, also seen in some mamma-
lian MDR systems. Bmr contains 389 residues
and has two similar, hydrophobic domains each
predicted to contain six, transmembrane o-heli-
ces, placing it in the MF-family of transporters.
It is a structural and functional homologue of
S. aureus NorA with which it shares 44% sequen-
ce identity at the amino acid level (51% at the
nucleotide level) (62, 97). It effluxes a similar
range of substrates to NorA (Table 3) and is also
inhibited by a lower concentration of reserpine
(62, 64). Ahmed et al. (1) found that the sensitiv-
ity of Bmr to reserpine could be altered by
mutating Val-286 of the putative -helix IX of
the Bmr protein.

Another operon, bit, which shares about 50%
sequence identity with bmr has also been found
in B. subtilis (3). The Blt protein is slightly

larger than Bmr with 400 amino acid residues.
Although the proteins efflux similar substrates,
their expression levels are different and bl¢ is not
normally detectable in wild type bacteria (3).
Upstream of the bmr and blt operons are regula-
tory genes, bmrR and bltR, respectively, that
function as activators, rather than repressors, of
their respective operons (2, 3). BmrR (245
residues) appears to bind to its target promoter
(the bmr promoter) as a dimer to enhance bmr
expression (2, 52). Although BmrR and BItR
display homology at their N-termini, they are
completely dissimilar at their C-termini and BItR,
in contrast to BmrR, does not bind rhodamine, a
known enhancer of bmr expression.

A gene co-transcribed with bmr, bmrU, shares
homology with mammalian myosin but has no
known function. In contrast, bitD, which is co-
transcribed with blr has a putative acetylation
role (3). Both systems efflux similar substrates
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which tend to be lipophilic cations (Table 3)
although they are expressed differently. Inte-
restingly, norfloxacin (zwitterion, no net char-
ge) is also transported by these two systems
but not tetracycline, despite homology of Blt
and Bmr with the Tet efflux proteins TetA, B
and C (63).

Plasmid-encoded efflux systems of
S. aureus. S. aureus contains three plasmid-
encoded pumps that belong to two different trans-
porter families yet efflux quite similar substrates
(Table 3) (45). These are the guaternary ammo-
nium compound efflux systems (gac).

QacA and QacB belong to the MF-family of
transporters but are unusual in that they contain
14 rather than the usual 12 transmembrane
a-helices (18, 45, 74, 87, 92). The proteins are
virtually identical although QacA (514 residues,
55 kDa) is translated from the less usual start
codon, CUG, instead of AUG (87). The efflux
systems encoded by gacA or gacB are both sen-
sitive to the protonophore, CCCP, indicating
that they function as proton antiporters (41, 74).

Smr (formerly QacC or Ebr) is a much smaller
protein containing 107 amino acid residues and
only four putative transmembrane a-helices (40,
89) and is the archetypal member of the SMR
family of transporters (22, 75). Another gene,
gacD, is now considered to be identical to smr
(except that gacD resides on larger, conjugative
plasmids) (40, 92). Smr has been reconstituted
into proteoliposomes and was found to use the
proton motive force to drive drug efflux (21).
The C-terminus of Smr appears to be critical for
its function because removal of the final 19
residues causes complete loss of function (40).
Because of their small size, Smr and its E. coli
homologue (EmrE) have stimulated much inter-
est and debate concerning the minimal func-
tional unit of a transporter, the seeming ubiquity
of the 12 o-helical model, and also their evolu-
tionary origins.

Despite the structural differences described
above, these systems efflux similar substances.
QacA has the broadest specificity of all, QacB
effluxes the same substrates with a reduced af-
finity for diamidines and chlorhexidine, and Smr
usually restricted to quaternary ammonium com-
pounds. Plasmids containing gacA(B) or smr
sequences have also been found in a variety of
S. aureus clinical isolates and other staphylo-
cocci, indicating genetic spread of the system
(33, 41).

A possible chromosomal homologue of QacA
has been identified in the mycobacterial species
Mycobacterium smegmatis (91). This gene, IrfA
(low-level resistance to fluoroquinolones), en-
codes for a protein of 504 residues with shows
35% sequence identity to S. aureus QacA. Itis a
member of the MF-family of transporters with
14 predicted a-helices. This putative efflux sys-
tem is sensitive to CCCP and raises the MIC of
hydrophilic quinolones such as ciprofloxacin and
ofloxacin, but not their more hydrophobic coun-
terparts such as sparfloxacin or nalidixic acid
(42, 91). Southern hybridization analysis with
cloned /rfA has shown that LrfA homologues
also exist in M. tuberculosis and M. avium (12).

Gram-positive ABC-mediated efflux sys-
tems. Gram-positive bacteria of the genera
Streptomyces are especially well known for their
ability to synthesize antibiotics. Neal and Chater
(61) showed that Streptomyces coelicolor was
able to protect itself from the antibiotic it pro-
duces, methylenomycin, by expelling it actively
after synthesis. Subsequently, several antibiotic-
producing species of Streptomyces have been
found that contain efflux systems for their re-
spective antibiotics. These efflux systems be-
long to either the MF or ABC families and tend
to be specific for one or two substances.

Fath and Kolter (13) and Ouellette et al. (71)
have reviewed microbial ABC efflux systems
and three examples are discussed below. A plas-
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mid-encoded system, msrA, found in S. epider-
midis (85), effluxes 14- and 15-membered macro-
lides, e.g. erythromycin. It is unusual because
msrA only codes for an ABC protein which must
interact with channel-forming proteins, possibly
of another pre-existing system to form a com-
plete transport complex. The chromosomally-
encoded drrAB operon from Streptomyces peuci-
tius effluxes the “antibiotics” daunorubicin and
doxoribucin (23, 28). The transport complex is
hypothesized to comprise two copies of DsrA
(the ABC protein) and two copies of DsrB (the
channel-forming proteins containing six o-heli-
ces). Finally, Streptomyces fradiae contains a
chromosomal gene, #/rC, that is responsible for
expelling the antibiotic tylosin (86). This system
may also require the presence of a second pro-
tein, TlrB, to form the functional transport com-
plex.

Specific antibiotic efflux systems - The tet-
racycline efflux system

Efflux of antibiotics as a resistance mecha-
nism was first demonstrated in 1980 for the
antibiotic tetracycline (7, 56). Since this initial
finding, much work has been performed upon
tetracycline efflux in particular (9, 34) and has
led to the discovery of many closely related
tetracycline efflux systems and, more recently,
to the discovery of the multidrug efflux pumps
described above.

Several tetracycline resistance determinants
(tet) have been described from both Gram-nega-
tive and Gram-positive bacteria (10, 83). Al-
though these may be chromosomally encoded,
they are more frequently present on extrachro-
mosomal elements, e.g. plasmids and trans-
posons. The determinants are categorized into
various classes on the basis of DNA-DNA hy-
bridization experiments (34). Although some tet

resistance determinants are expressed consti-
tutively, many of them are regulated and dere-
pressed by nanomolar concentrations of tetra-
cycline.

Tetracycline is a bacteriostatic antibiotic
whose primary site of action is the 30S subunit of
the bacterial ribosome and thus it inhibits pro-
tein synthesis. The resistance determinants con-
fer resistance by one of three mechanisms, the
third mechanism being of particular relevance;
(i) protection of the ribosome, (ii) enzymatic
inactivation of tetracycline, (iii) active efflux of
tetracycline. Protection of the ribosome from the
action of tetracycline involves the synthesis of
proteins of molecular weight about 72.5 kDa
which show sequence similarity to the elonga-
tion factors Tu and G (83). Enzymatic modifica-
tion of tetracycline appears to be performed by a
44 kDa protein which is an NADPH-requiring
oxidoreductase, although its significance in vivo
is questioned (83).

So far, ten resistance determinants encoding
efflux systems have been described, three in
Gram-positive species [tetK, tetL and tetA(P)],
and seven in Gram-negative species (tefA, tetB,
tetC, tetD, tetE, tetG, tetH) (83). The tet efflux
proteins belong to the MF-family of transporters
(20, 51). They are all of a similar molecular
weight (about 41-51 kDa) with the Gram-nega-
tive proteins hypothesized to contain 12 trans-
membrane o-helices and the Gram-positive mem-
bers 14, the N- and C-termini of both proteins
residing in the cytoplasm. The proteins appear to
be split into two functional domains (o and )
which correspond to the N- and C-termini of the
protein respectively, separated by a hydrophilic
loop which is predicted to project into the cyto-
plasm (10). Mutations in either domain result in
the loss of tetracycline resistance mediated by
that particular protein. The Gram-negative Tet
efflux proteins appear to belong to two geneti-
cally distinct sub-families based on comple-
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mentation studies comprising TetA, TetC and
TetG as the first, and TetB, TetD, TetE and TetF
as the second. Hence, wild-type tetA can com-
plement for a mutation in fetC and restore partial
resistance to tetracycline, but not for a mutation
in tetB, for example (34). This raises the pos-
sibility that fer efflux proteins are organized as
oligomers within the cytoplasmic membrane.
The tet efflux proteins function as tetracycli-
ne/proton antiporters and are thus driven by the
proton motive force (sensitive to uncouplers
such as CCCP or 2,4-dinitrophenol). Tetracycli-
ne is effluxed as a complex with chelated, diva-
lent cations, e.g. Mg*, so that the transmembra-
ne potential is unaltered. Because fer determi-
nants are often present on genetically mobile
elements, they have been found in a variety of
bacterial species and the emergence of tetracy-
cline resistance is particularly widespread and
common (83). The sequence similarity between
S. aureus NorA and B. subtilis Bmr and the tet
efflux systems, despite substrate differences,
may indicate that multidrug exporters have arisen
by a series of mutational events that removed the
unique specificity of a specific transporter.

Concluding remarks and future prospects

As a consequence of both their short genera-
tion times and genetic transfer mechanisms, bac-
teria have developed different antibiotic resist-
ance mechanisms. Even with the current increas-
ing' knowledge and experimental sophistication,
it is not surprising that bacteria have developed
another antibiotic resistance mechanism: efflux
systems. Their broad specificity, mechanistic
diversity and seeming ubiquity is a serious con-
cern; all efforts to produce agents of increased
target potency are fruitless if the bacterium can
easily expel the drug. The fact that some efflux
systems in Gram-negative bacteria share a com-

mon outer membrane component (e.g. TolC for
the HlyBD, AcrAB and EmrAB efflux systems)
inhibiting either the expression or the function
of such a protein may prove to be a useful way of
eliminating efflux-mediated multidrug resist-
ance. Much progress has already been made in
the identification and characterization of such
systems. However, more research is still needed
if these systems are to be fully understood and
counteracted in the design of future antimicro-
bial agents.
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Molecular mechanisms of methicillin resistance in
Staphylococcus aureus

M. Angeles Dominguez, Josefina Lifiares, Rogelio Martin*

Servei de Microbiologia, Hospital de Bellvitge, Ciutat Sanitaria i Universitaria de
Bellvitge, L'Hospitalet de Llobregat, Barcelona, Spain

Summary

Methicillin-resistant Staphylococcus aureus (MRSA) strains are among the most common
nosocomial pathogens. The most significant mechanism of resistance to methicillin in this species
is the acquisition of a genetic determinant (mecA gene). However, resistance seems to have a more
complex molecular basis, since additional chromosomal material is involved in such resistance.
Besides, overproduction of penicillinase and/or alterations in the PBPs can contribute to the
formation of resistance phenotypes. Genetic and environmental factors leading to MRSA are
reviewed.

Key words: Staphylococcus aureus, methicillin-resistance, mecA gene, nosocomial pathogens,
heteroresistance

Resumen

Las cepas de Staphylococcus aureus meticilin-resistentes (MRSA) constituyen uno de los
patégenos nosocomiales més frecuentes. El mecanismo més destacado que conduce a la resistencia
a la meticilina en esta especie bacteriana es la adquisicién de un elemento genético (mecA). Sin
embargo, la resistencia parece tener un origen mas complejo, dado que hay material cromosémico
adicional que interviene en dicha resistencia. Por otra parte la superproduccién de penicilinasa o las
alteraciones en las proteinas fijadoras de penicilina pueden también contribuir a la aparicién de
fenotipos resistentes. Se revisan los aspectos genéticos y ambientales que han conducido a la
aparicién de MRSA.
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Introduction

Methicillin, the first of the penicillinase-re-
sistant semisynthetic penicillins, was introduced
into clinical practice in 1960. One year later, the
first methicillin-resistant Staphylococcus aureus
(MRSA) strains were reported in England (22).
Since then, numerous medical centers, first in
Europe in the 1960’s (4, 21) and then in the
United States in the 1970’s (10, 29), have re-
ported outbreaks of nosocomial infections caused
by MRSA. Nowadays, MRS A remains as one of
the most common nosocomial pathogens, espe-
cially in large tertiary hospitals and in critical
care units, where colonized and infected patients
are a significant source of infection spreading to
other patients (16, 30).

The most significant mechanism of methi-
cillin resistance among S. aureus is associated
with the-acquisition of a genetic determinant,
the mecA gene, which is included on a 30 to
50 kb DNA element of non-staphylococcal ori-
gin (2, 3).

However, methicillin resistance seems to be
a more complex mechanism. Several additional
chromosomal sites have been identified recently,
outside the mecA determinant, which contribute
to the phenotypic expression of methicillin re-
sistance (7, 11, 13, 35). In addition, borderline
methicillin resistance can be achieved by high
penicillinase production (6, 25) or by alterations
in the penicillin-binding proteins (PBPs) (34).

Resistance to methicillin often implies not
only resistance to the penicillinase-resistant
penicillins but also to all beta-lactam antibiotics
by poor binding to the altered PBPs (8, 11).
Furthermore, and for reasons not fully under-
stood, MRSA strains have also become resistant
to almost all commonly used antibiotics with the
exception of glycopeptides (11), which remain
the only antimicrobial agents available for treat-
ing serious infections.

The mecA gene and its genetic regulation

All MRSA isolates examined so far contain
the mecA gene, a 2 kb piece of foreign DNA, that
appears to be of non-staphylococcal origin (2, 3,
23). The mecA gene codes foranovel PBP termed
PBP 2A or PBP 2’ which has low binding affin-
ity for beta-lactam antibiotics (18). It is gener-
ally assumed that this protein acts as a secondary
enzyme to catalyze the synthesis of peptidoglycan
under conditions when normal staphylococcal
PBPs are inactivated by the antibiotic in the
medium (11). The mecA gene is found in practi-
cally all methicillin-resistant staphylococci, both
S. aureus and coagulase-negative staphylococci,
and it is absent in methicillin-susceptible
S. aureus strains (20). The detection of the mecA
gene has been considered to be the gold standard
for the correct identification of MRSA. Accord-
ingly, several PCR and hybridization detection
methods of mecA have been developed for this
purpose (1, 27).

The mecA gene was found as a component of
alarge DNA fragment of 30 to 50 kb (mec DNA)
that integrates into a specific site in the chromo-
some of S. aureus (Fig. 1) (2, 19). The junction
between mec DNA and S. aureus chromosome is
bound by incomplete inverted repeats of about
20 bases (indicated by asterisks in Fig. 1) sug-

mecA mecl

LW

FIG. 1. Schematic representation of mec DNA and
mecA regulation. Open reading frames are indicated by
arrow heads. The incomplete inverted repeats flanking mec
DNA at the junction site of chromosomal integration are
indicated by asterisks.
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gesting some site specificity for the mec DNA
location (2, 19).

The length of mec DNA is highly variable in
S. aureus, depending on the number of insertion
and deletion events that have occurred (5). In
some strains, the mecA upstream region contains
two regulatory genes (20, 32) that were named
mecR1 and mecl based on their strong homology
to the blaregulatory genes (blaR 1 and blal) which
control the inducible production of S. aureus
penicillinase. The products of mecRI and mecl
genes are a putative transmembrane-signaling pro-
tein—MecR1—and a putative represso—Mecl—,
respectively (19). These elements are expected
to regulate mecA gene transcription just as bla
regulators do on blaZ gene (36). Although there
has been no direct evidence, the mecRI product
might act as a transmembrane beta-lactam sens-
ing protein. MecR1 might detect the presence of
beta-lactam antibiotics outside the cytoplasmic
membrane, and induce the derepression of mecA
by releasing the Mecl repressor protein bound to
the operator region of the mecA gene (5, 32).
When uninduced, i.e. in absence of beta-lactam
antibiotics, mecA transcription is strongly repres-
sed and methicillin resistance cannot be expres-
sed. Methicillin is a poor inducer of this system,
so these strains may appear phenotypically sus-
ceptible in routine resistance test (5). However,
many clinical S. aureus isolates have mutations or
deletions that inactivate the mecl repressor gene,
expressing ahigh level methicillin-resistance. Fur-
thermore, many MRSA lack the mecl gene and
have Jeletions reaching into mecRI, thus pro-
ducing PBP 2A constitutively (5, 20).

Penicillin binding protein 2A and its role in
methicillin resistance

PBPs are enzymes that catalyze the cross-
linking reactions between peptidoglycan poly-

mers, one of the final steps in bacterial cell wall
assembly (5). Beta-lactam antibiotics bind
covalently to the active sites of PBPs, leading to
a defective, poorly crosslinked cell wall, and
finally to cell death and lysis (9). Susceptible
strains of S. aureus produce at least four PBPs.
The enzymatic activities which can be devel-
oped by PBPs (as transpeptidases, endopepti-
dases and carboxypeptidases), have not been
defined completely (8, 17). PBPs 2 and 3 have
been found to be essential for cell growth and
survival (17).

Methicillin resistance is associated with the
production of an additional 78 kD PBP, termed
PBP 2A or PBP 2’. PBP 2A is encoded by the
genetic determinant mecA, it has-a ‘transpepti-
dase activity and, characteristically, has low
binding affinity for beta-lactam antibiotics (9).
In contrast to the normal staphylococcal PBPs
which usually bind beta-lactams at low concen-
trations, PBP 2A binds beta-lactams only at high
concentrations. Affinity studies between
methicillin and PBPs have shown that methicillin
concentrations over 250 ug/ml were capable of
saturating only half of the PBP 2A enzymatic
activity (9).

When the methicillin level begins to increase
in the environment of the bacteria, and the nor-
mal set of staphylococcal PBPs become inactiva-
ted, it is assumed that PBP 2A takes over the task
of cell wall synthesis (10). However, some
changes were found in the composition of the
peptidoglycan produced under these conditions.
De Jonge et al. (14, 15) analyzed the cell wall
composition from MRSA strains grown both in
drug-free and in methicillin-containing media.
Purified peptidoglycan was digested with a
muramidase, and the muropeptides obtained were
separated by high-pressure liquid chromatogra-
phy (15). In the wall of cells growing normally ,
over 60% of the muropeptides were composed of
trimers or higher oligomers species (14). In the
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peptidoglycan of cells grown in the presence of
methicillin (>5 pg/ml), this complex structure
was replaced by a simple one in which the pro-
portions of oligomers had been reduced to about
15% and it consisted of monomeric and dimeric
units (14). These observations suggest that MRS A
may have a second enzymatic system available
for peptidoglycan synthesis when methicillin
concentration reaches certain level. Under these
conditions, PBP 2A may develop a particular
transpeptidase activity which would only link
two monomers together, thus generating a more
simple cell wall structure (11).

Phenotypic expression of methicillin resist-
ance. Heteroresistance

The phenotypic expression of methicillin-
resistance presents several interesting features.
In spite of the presence of the mecA gene and its
product PBP 2A, the resistance levels to me-
thicillin and other beta-lactams may vary widely
from one strain to another, expressing minimal
inhibitory concentration (MIC) values as low as
2 ug/ml, to over 800 pug/ml (33). Some strains
exhibit a “heterogeneous” type of resistance:
most of the cells in a population show a basal
resistance to methicillin, along with a minor
subpopulation of cells capable of growing in the
presence of higher methicillin concentrations
(12,31, 33). The basal resistance corresponds to
the MIC of the strain. For the clinical micro-
biologist, heterogeneity of MRS A was primarily
a problem, making it difficult the identification
of MRSA by conventional methods. In addition,
methicillin resistance expression was shown to
be strongly influenced by external factors such
as inoculum, temperature, osmolarity and pH (8,
33). The expression of methicillin resistance is
enhanced by antibiotic passage eliminating the
susceptible cells and selecting the highly resist-

ant subpopulation. The homogeneous pattern
persists in these antibiotic selected cells in the
absence of the antibiotic, but it is unstable. By
repeated subculturing in a drug-free medium,
the culture reverts to its former heterogeneous
pattern of heteroresistance (33).

Tomasz et al. (33) classified MRSA clinical
strains into four classes depending to the level
of basal resistance and the proportion of the
highly resistant subpopulation (Table 1): classes
I, II and IIT were heterogeneous strains whose
major subpopulations had 1.5-3, 6-12 and
50-200 pg/ml methicillin MICs, respectively,
and class IV included homogeneous strains
(MIC >800 pg/ml) (12). Classes I and II are
methicillin-susceptible according to the Nation-
al Comittee for Clinical Laboratory Standards
(NCCLS) criteria (28). However, methicillin-
resistant variants can emerge, capable of grow-
ing in the presence of, at least, 100 pg/ml, with
frequencies between 108 and 10-5. These prop-
erties (frequency and resistance level) are strain-
specific, and highly reproducible under experi-
mental conditions (12, 33).

The genetic and/or physiological basis of this
drug-resistance diversity has not been fully un-
derstood. One hypothesis suggests that the highly
resistant minority consists of mutants that are
selected by methicillin pressure (5, 31). Al-
though mecA has to be present in the cell popu-
lation to obtain such mutants, intrinsinc resist-
ance seems to involve other genetic determi-
nants in the mec carrier strains. The presence of
intrinsic low-level resistance in the background
of MRSA was first suggested by De Lencastre
etal. (12); following selective inactivation of the
mecA in both, homogeneous and heterogeneous
isolates, a decrease in methicillin MIC was de-
tected. However, the residual methicillin MIC
for these inactivated MRS As was higher than the
MIC expected for a truly susceptible strain. Re-
cently, Ryffel et al. (31) suggested that high-
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TABLE 1. Expression classes of methicillin-resistant staphylococci

Expression class MIC (png/mL) for Frequency of highly Phenotypic
cell majority’ resistant cells? expression
Class 1 1.5-3 107-10"® Heterogeneous
Class II 6-12 10--10-¢ Heterogeneous
Class III 50-200 102-1073 Heterogeneous
Class IV > 800 Homogeneous

! Methicillin MIC that inhibits the growth of 99% of cells.
2 Frequency of cells capable of growing in the presence of

level methicillin resistance could be due to the
presence of chromosomal mutation(s) in unde-
termined site(s) (chr*). These chr* mutation
wouls have no effect on susceptible strains and
would become apparent only in the presence of
mecA (5, 31).

Other genes that affect methicillin resist-
ance levels

The level (MIC) and mode of expression
(homogeneous vs. heterogeneous) of methicillin
resistance can be very variable among MRSA
isolates carrying the mecA gene and producing
comparable amounts of PBP 2A. This fact sug-
gested that other factors of an unknown nature,
other than mecA gene product, also played an
important role in the phenotypic expression of
beta-lactam resistance (7, 35).

The role of other genetic determinants in
methicillin resistance expression have been de-
scribed following insertional inactivation stud-
ies (6, 7, 13, 35). Transposition experiments
were performed on a highly and homogeneously
resistant MRSA background using Tn5517; and
the mutants obtained were screened for reduced
levels of methicillin resistance (13). Tn55/ in-
sertions in the chromosome of the parental strain
led to the identification of at least five different
loci named fem (factor essential for the expres-
sion of methicillin resistance) (6, 7) or aux (aux-

100 mg/mL of methicillin.

iliary) (35) located outside the mecA determi-
nant; they belong to the normal set of S. aureus
chromosomal DNA genes and their inactivation
lead to a decrease in the level of methicillin
resistant and/or a change in its phenotypic ex-
pression (6, 7).

The exact role of the auxiliary genes (fem A,
B, C, D, or E) is still unknown; they are involved
in cell wall metabolism and in the synthesis of
cell wall precursors. For example, the femAB
operon isinvolved in the production of the penta-
glycine interpeptide bridge (6) by catalyzing the
addition of glycines in positions 2, 3 (femA), 4
and 5 (fem B). The femAB operon is also invol-
ved in the cell division process and in the forma-
tion of cell septa, and their inactivation results in
poorly crosslinked peptidoglycan and reduced
cell-wall turnover (5, 6).

Itis not clear how many auxiliary genes exist
and how these genes collaborate exactly with the
mecA determinant in maintaining a high-level
beta-lactam resistance. De Lencastre et al. (11)
proposed a model to explain how these two mo-
dels could work together. In the presence of
methicillin, the normal set of staphylococcal
PBPs become inactivated and the low affinity
PBP 2A takes over the task of cell wall synthesis;
under these conditions, the complex staphy-
lococcal wall structure is replaced by a simple
one. However, the effective functioning of
PBP 2A also requires the abundant supply of
structurally correct cell wall building blocks
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which then successfully compete with the
methicillin molecules for the active site of PBP
2A. Altered cell wall precursors (e.g. in fem
mutants) compete less effectively with the anti-
biotic molecule, thus the level of methicillin
resistance decreases (11).

Borderline resistance and non mec-depen-
dant resistance to methicillin

Although the most significant and prevalent
mechanism of methicillinresistance in S. aureus
is associated with the acquisition of the addi-
tional mecA gene and its product PBP 2A, strains
with reduced susceptibility or borderline
methicillin resistance (MIC 8-16 pg/ml), lack-
ing this genetic determinant, are commonly found
among clinical isolates. Two categories of bio-
logical mechanisms could be responsible for
borderline methicillin resistance: one depending
on beta-lactamase activity; the other relating to
alterations of PBPs.

According to an earlier hypothesis (26), the
production of large amounts of penicillinase
may show borderline resistance to penicillinase-
resistant penicillins by partial hydrolysis. How-
ever, the assistance of a novel beta-lactamase
seems to be essential in the expression of this
low level resistance. Massidda et al. (24) have
described a methicillin-hydrolyzing beta-lacta-
mase (methicillinase). This plasmid-encoded
methicillinase was shown to be produced in
addition to the classical penicillinase, and to be
necessary for the expression of borderline resist-
ance (25).

Other mechanisms involved in borderline
resistance expression are based on PBPs modifi-
cations, either by decreasing the affinity of the
normally produced staphylococcal PBPs for bind-

ing beta-lactam antibiotics, or by changes in the | 3

amount of PBP produced. The molecular expla-

nation for that could be the accumulation of
multiple mutations on PBP genes (5), which
would lead either to structural PBP’s modifica-
tions (reducing the binding affinity of existing
PBPs), or to PBP overproduction, as was shown
for PBP 4 (34).

Methicillin-resistant S. aureus that do not
contain mecA are difficult to differentiate by
standard procedures from low level resistant
true MRSA (carrying the mecA gene). The dif-
ferentiation is important since MRS A, even when
of heteroresistance or low level resistance, are
able to produce highly resistant subpopulations,
which will survive beta-lactam therapy (5).

Conclusions

Methicillin resistance expression is a com-
plex process in which multiple genetic and envi-
ronmental factors are involved. The acquisition
of mecA gene provides the prerequisite for re-
sistance, while the genetic background of the
strain determines the mode and level of resist-
ance expressed (5, 11).

Intensive genetic, biochemical studies are in
progress to better understand the molecular ba-
sis of methicillin resistance, which will be of
great help to find new targets and to design new
antibiotics.
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Summary

Strains of the facultative anaerobe Haemophilus influenzae, both type b and non typable strains,
are frequently multiresistant. The measurement of the antibiotic permeability of Haemophilus
influenzae outer membrane (OM) shows that antibiotics can cross through the OM easily. Thus,
enzymatic activity or efflux pumps could be responsible for multiresistance. An efflux system
closely related to AcrAB of Escherichia coli is present in Haemophilus influenzae. However, their
role in multiresistance seems irrelevant. Classical mechanisms such as plasmid exchange seems to

be playing a major role in the multidrug resistance in Haemophilus influenzae.

Key words: Haemophilus, outer membrane, efflux pump, multidrug resistance, plasmid ex-
change

Resumen

Las cepas del anaerobio facultativo Haemophilus influenzae, tanto las de tipo b como las no
tipables, son con frecuencia multirresistentes. Se ha medido la permeabilidad de la membrana
externa de Haemophilus influenzae y los resuitados demuestran que los antibidticos pasan facilmente
a través de esta membrana. En consecuencia, cabe pensar que la actividad enzimética o las bombas
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dereflujo serian responsables de la multirresistencia. Un sistema de reflujo, estrechamente relacionado

con AcrAB de Escherichia coli se encuentra activo en las cepas de Haemophilus influenzae. Sin

embargo, su papel en la multirresistencia parece irrelevante. Son los mecanismos cldsicos, tales

como el intercambio de plasmidos los que parecen la principal causa de multirresistencia en

Haemophilus influenzae.

Introduction

The facultative anaerobe Haemophilus
influenzae includes obligate parasites character-
istic of human and other mammalian mucosal
surfaces. Most strains can be classified in 7
distinct biotypes on the basis of simple bio-
chemical tests. The species includes both capsu-
lated and unencapsulated strains, and whereas
the former exhibit prominent virulence, the lat-
ter have been related to several kinds of disease
(27). Diseases associated with H. influenzae in-
clude meningitis, pneumonia, epiglotitis, arthri-
tis, cellulitis, pericarditis, neonatal infections,
among others (13).

Several studies reporting antimicrobial re-
sistance in Haemophilus have been published.
Geographically, major differences can be detec-
ted when comparing data from the US and Eu-
rope. Spanish data account for the highest per-
centages of multiple resistance. In the US, 20%
of the strains were ampicillin-resistant, most of
them owing to the production of -lactamase
(9). Although in the rest of Europe the fraction of
ampicillin-resistant strains is only 10.9%, in
Spain 63.3% of b-type and 25.8% of non-b strains
are ampicillin-resistant (6). Chloramphenicol re-
sistance shows data quite similar : 0.5% of strains
inUS (9),4.7% in Europe (18), and 45% in Spain
(4). Similar situations can be described concern-
ing other antibiotics (4). Multiple resistance to
ampicillin and chloramphenicol was described
associated to meningitis. In Spain, such a type of
multiple resistance can be detected in approxi-
mately 45% of strains (5).

The emergence of resistant bacteria is the
result of selective pressure exerted by the con-
tinuous presence of antibiotics in the hospital
environment. Furthermore, well known patho-
genic species which initially were highly sus-
ceptible to antibiotics suffered a selection due to
the conditions provided by the indiscriminate
use of antibiotics in extrahospital media. Then,
these strains acquired plasmids and/or trans-
posons encoding for resistance, or some muta-
tions leading to antimicrobial resistance took
place.

Despite differences in the susceptibilities to
antimicrobial agents, genetic diversity in this
species is really low. In a study of a collection
of H. influenzae strains isolated in a single
Spanish hospital by using many biochemical
tests, a genetic diversity among non typable
strains was as low as H = 0.04. However, if data
concerning antimicrobial resistance were used
to calculate diversity, a value of 0.28 would be
obtained.

The high degree of homogeneity among
strains makes the study of the genetic structure
of H. influenzae populations difficult. The same
collection was used to study the clonality by
investigating 15 structural loci. The study also
included several susceptible strains isolated in
the same hospital. All enzymes were polymor-
phic, and the analysis revealed many electro-
phoretic types.

When the multilocus linkage disequilibrium
was measured, a strong association between al-
leles was detected, suggesting an unlikely ge-
netic mixing (11).
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Outer membrane permeability

As antibiotic resistance has become a major
concern, especially in Spain, and outer mem-
brane permeability is frequently a cause of mul-
tiple resistance, the knowledge of outer mem-
brane composition is a matter of great interest.
The various components of the external leaflet
of the species have been studied by several
research groups. It is a well-established fact that
in certain species lipopolysaccharide (LPS) is an
important encoding factor for microbial viru-
lence (7, 19). The LPS of typable H. influenzae
has been studied by electrophoresis mostly in
type b strains (29). Data obtained from the elec-
trophoresis of purified LPS of non-typable strains
demonstrated no differences with the LPS obtai-
ned from type b or other typable serogroups.
In all cases, the LPS had only short O-side
chains. Similarly, electrophoretic profiles ex-
hibited no major differences between the LPS of
different non-typable strains (Sdnchez, submit-
ted). This remarkable similarity in LPS content
suggests that no differences in outer membrane
permeability between strains are due to this com-
ponent.

Until recently, little was known about the
role of the outer membrane in antibiotic resist-
ancein H. influenzae. Over the last few years our
group has been carrying out a series of studies in
which the outer membrane of H. influenzae has
been examined. Outer membrane proteins
(OMPs) of non-typable H. influenzae have pre-
viously been studied by electrophoresis by
Barenkamp and co-workers (1, 2) using a wide
collection of strains different sources. Initially,
the interest focused on the identification of cer-
tain molecular structures presumably useful in
vaccine design, but later attempts were made to
provide an epidemiological marker for
Haemophilus. According to Barenkamp and co-
workers (1,2), the electrophoretic profiles of

OMP were highly diverse; the same happened
when strains were obtained in a single hospital.
A total of nine major proteins have been de-
scribed. Among the OMPs from H. influenzae,
only Omp?2 has been reported to be a true porin
(3). Studies in vitro by using artificial bilayer
and measuring pore conductance have demon-
strated that Omp2 is one of the largest pores
known in nature. The pore has an exclusion limit
of 1.4kDa (8, 28), which is in agreement with the
high in vivo permeability of the outer membrane
to some [3-lactams obtained in experiments per-
formed using the Zimmermann and Rosselet
technique (25, 30). Initially the major differences
in OMP profiles suggested variations in outer
membrane permeability to antibiotics in non-
typable strains. When the Zimmermann and
Rosselet technique was applied to such strains,
the values were as high as those presented in
Table 1. The calculation of these permeability
values was accurate, since no addition of any
inducer was necessary and the enzymatic param-
eters of B-lactamase were low enough to allow
good measurements. The addition of inducer in
B-lactamase expression tends to damage the bac-
terial envelopes, and the values of permeability
coefficients might be overestimated because of
enzyme leakage. P values reported by Sdnchez et
al. (26) can be regarded as being very high,
especially when compared with those obtained
in other species. To sum up, antibiotics enter the
periplasmic space of H. influenzae following

TABLE 1. P coefficients and TAI values of five
isolates of Haemophilus influenzae

Strain P (10 cm/sec) TAI Al Al

peri oM
1208 0.37 0.48 1.45 0.33
1373 0.51 0.52 1.16 0.45
1253 0.93 0.42 0.51 0.82
1276 0.6 1.37 2.55 0.54
1220 0.92 0.69 0.84 0.81
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kinetics, which is only very slightly affected by
the permeability barrier of the outer membrane
of H. influenzae. In fact, high permeability val-
ues are characteristic of this species. When alter-
native methods, such as Target Index Determi-
nation (TAI) (the probability of B-lactam reach-
ing the Penicillin Binding Proteins) (20), were
used, very high values were once again obtained.
TAI values are determined by two factors: outer
membrane permeability and enzymatic activity
in the periplasmic space (Al and AIperi respec-
tively). We having obtained both values, it be-
came apparent that enzymatic activity is highly
“responsible” for antimicrobial resistance of
H. influenzae (26). If antibiotics entered the cell
with such ease, this would suggest the presence
of a highly active efflux mechanism that could
pump much of the antibiotic out. We, therefore,
developed further studies to assess the possible
role of efflux pumps in the antibiotic resistance
of H. influenzae.

Antimicrobial efflux

For many years, the intrinsic resistance to
antimicrobial agents was attributed to the pres-
ence of the external leaflet, that is the outer
membrane, and its narrow pores, which were
thought to limit the diffusion of solutes. In recent
years, several studies have argued that the mem-
brane barrier cannot fully explain the intrinsic
resistance (21, 22). The active efflux of drugs,
dyes and detergents seems also to contribute
efficiently to the resistance. Two kinds of efflux
pump have been described: the “classical” pump,
able to secrete only one class of drugs (12); and
the multidrug efflux pump, which can secrete a
large variety of compounds (16, 22, 23). Among
multidrug efflux pumps described, MexAB-
OprM in Pseudomonas aeruginosa (14, 24) and
acrRAB in Escherichia coli (15, 17) are the most

fully characterized. Homologous of these sys-
tems have been described in many Gram-nega-
tive species.

In 1995, Fleischmann et al. (10) published
the complete sequence of the H. influenzae Rd
chromosome. Three of the sequenced genes ex-
hibited a high degree of homology with those of
acrRAB system in E. coli. A 2.8 kb fragment
containing whole acrR and acrA and part of
acrB H. influenzae homologous genes was pre-
pared using PCR. This fragment was used to
perform insertional mutations in acrA and acrB
genes by using a kanamycin cartridge, and muta-
tions were introduced into Rd wild-type strain
by homologous recombination (25). When the
susceptibilities to different antimicrobials in the
wild-type strain and the mutants were compared,
the results were agreed with those obtained in
E. coli by Ma et al. (15) for their description of
acrAB system in E. coli. This means that the
disruption of any of the acrA or acrB genes
makes the mutants hypersusceptible to various
agents. Uptake experiments of erythromycin
supported these conclusions. However, and pos-
sibly due to the high outer membrane permea-
bility of H. influenzae, no differences were ob-
served in the MIC levels of ampicillin, tetra-
cycline, chloramphenicol and ciprofloxacine.

Concluding remarks

The role of outer membrane and efflux mecha-
nisms in antimicrobial resistance in H. influenzae
seems to be negligible, since the high permeabil-
ity suggest the idea.of a vicious circle in which
antibiotics pass very efficiently through the outer
membrane. This would allow to reach high anti-
biotic concentration in the periplasmic and cyto-
plasmic spaces. However, the efflux pump
(acrRAB) would work properly pumping the
antibiotic molecules out. Then, a vicious cycle
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of entry and exit of antibiotic molecules would
be established.

From a populational point of view, antimi-
crobial resistance in H. influenzae, like in other
species, could be regarded as a result of genetic
exchange. However, populational studies and
analysis of linkage disequilibrium suggested low
possibility of chromosomal genetic mixing. This
is in agreement with the results observed when
unselected characters (like chromosomal encoded
enzymes or biochemical trends) are studied (11).
The high diversity observed in antimicrobial
susceptibility profiles (a strongly selected char-
acter) suggest that resistance characters have
their origin in genetic exchange between micro-
organisms. On the other hand, values for outer
membrane permeability (high) were not related
with the differences in the outer membrane pro-
tein or LPS profiles. Efflux pump resulted also
with a poor role in determining antimicrobial
resistance. Both outer membrane permeability
and efflux pumps are chromosomally encoded
and submitted to a low selective pressure when
bacteria lives in constant habitats. Habitats like
vertebrate mucosal surfaces should be regarded
as very constant and then, it is feasible that no
strong selective pressure acts on the microbiota.
The wild-type level expression of one efflux
pump was shown to be important in the baseline
resistance to erythromycin, novobiocin and
rifampicin, but had little effect in the suscepti-
bility to fluoroquinolones, chloranphenicol, tet-
racycline, and ampicillin. However, it is still
possible that overexpression of the pump, either
mediated through the putative repressor AcrR or
through mutations, could produce low levels of
resistance to various agents, so that the bacteria
can survive while accumulatting more specific
and more effective mechanisms of plasmid-coded
resistance. In the final stages, the “classical”
mechanisms such as plasmid exchange seems to
be playing a predominant role in the multidrug

resistance in H. influenzae, at least at the present
moment.
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Summary

Three different porins from Serratia marcescens were described. They were named Omp1, Omp2
and Omp3 and their molecular weights were 42, 40 and 39 kDa respectively. Omp2 and Omp3
showed osmoregulation and thermoregulation in a similar way to OmpC and OmpF of Escherichia
coli. Permeability coefficients of the outer membrane of this species were calculated following the
Zimmermann and Rosselet method. P values were similar to those obtained in Escherichia coli,
which suggests that the chromosomal B-lactamase would play a major role in the resistance of
Serratia marcescens to B-lactam antibiotics. Both MIC values and permeabilities were modified by
salycilates and acetylsalycilate. Synergism between the outer membrane and the -lactamase was
also evaluated. When bacteria grew in the presence of a f-lactam in the medium, the B-lactamase
accounted for most of the resistance.

Key words: Serratia marcescens, intrinsic resistance, porins, synergism, -lactam

Resumen

Se han descrito tres porinas de Serratia marcescens denominadas Omp1l, Omp2 y Omp3, con
unos pesos moleculares de 42, 40 y 39 kDa respectivamente. Dos de estas porinas (Omp2 y Omp3)
muestran osmorregulacién y termorregulacion, al igual que ocurre con OmpC y OmpF de Escherichia
coli. Se han calculado los coeficientes de permeabilidad de la membrana externa de esta especie y,
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siguiendo la metodologia de Zimmermann y Rosselet, los valores de P son muy similares a los de

Escherichia coli. Esto indica que la B-lactamasa cromosémica tiene un papel destacado en la

resistencia de Serratia marcescens alos B-lactdmicos. La presencia de salicilatos y dcido acetilsalicilico

en el medio de cultivo modifica los valores de CMI asi como la permeabilidad de la membrana. Se

ha evaluado también el sinergismo entre la membrana externa y la B-lactamasa, mostrando que

cuando la bacteria crece en presencia de una [3-lactama, la B-lactamasa es la principal responsable

de la resistencia.

Introduction

The enterobacterium Serratia marcescens had
been long considered a harmless microbe; so
much, that experiments using pigmented strains
were performed even to demonstrate the ascent
of bacteria around Foley catheters. However,
this bacterium is now considered to be a major
nosocomial pathogen. Its ability to act as an op-
portunistic pathogen and to produce a large va-
riety of infectious diseases, including urinary
tract infections, bacteremia, endocarditis, soft
tissue infections, arthritis, osteomyelitis, ocular
infections, meningitis, abscesses and others, have
altered radically the status of the species (23).
Moreover, several pathogenicity factors in the
species have been described (3, 10, 12, 17, 18).

The fact that S. marcescens was not con-
sidered a major pathogen until only recently,
means there are relatively few data concerning
the antimicrobial susceptibility of the bacterium
in the past. However, a number of studies were
published in the 1960’s in which almost all
strains exhibited resistance to tetracycline,
ampicillin, nitrofurantoin, polymyxin B and
cephalothin, even if almost 50% of the strains
were resistant to streptomycin and chloram-
phenicol. The species is now considered intrin-
sically resistant to a large variety of antimicro-
bial agents. Additionally, most, if not all, strains
of S. marcescens elaborate chromosomally en-
coded B-lactamase. Besides, the transfer of R
factors from Serratiaisolates to Escherichia coli

was first described in 1969 and in a number of
subsequent studies (4).

The intrinsic resistance of Serratia to
B-lactams and to a large number of other antibio-
tics suggested that some general resistance me-
chanisms should be constitutively active in the
species. Serratia, like all Gram-negative bacte-
ria, is surrounded by an outer membrane which
forms a semi permeable barrier to many com-
pounds. The diffusion of hydrophilic nutrients,
waste products, antibiotics, etc. through this
outer membrane is carried out by means of small
trimeric proteins called porins. Several studies
have been published dealing with the outer mem-
brane proteins of Serratia (7, 8, 11, 21, 22).

Outer membrane proteins of Serratia

Malouin et al. (11) reported, in 1990, the
presence of a single porin of Serratia (strain
UOC6H9, aclinical isolate) with a molecular mass
of 41 kDa. Their polyacrylamide gel electro-
phoresis analysis showed the presence of a unique
protein in the porin region together with an
OmpA-like protein. However, these authors, in
the final sentences of their report, were reluctant
to conclude that S. marcescens had a unique
porin. Puig et al. (21), two years later, reported
an electrophoretic study dealing with the outer
membrane porins of Serratia. Two alternative
polyacrylamide gel electrophoresis methods were
used; one based on Laemmli (9) and the other
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using a very similar method but involving the
addition of 4 M urea to the separating gel. In this
conditions the 41 kDa porin was resolved into
three separate bands, where the molecular mas-
ses of the major outer membrane proteins were
42,40,39 and 37 kDa. These were named Omp1,
Omp2, Omp3 and OmpA, since the 37 kDa
protein accomplished the typical feature of OmpA
protein (i.e. heat modifiability). Neither osmo-
regulation nor thermoregulation had previously
been demonstrated for the 41 or 40 kDa “porins”.
However, when Ompl, 2 and 3 were tested for
osmoregulation, it was demonstrated that in the
absence of added NaCl, Omp1, 2 and 3 could be
clearly distinguished. Omp2 and Omp3 seemed
to be present at very similar concentrations,
whereas Omp1 was the most clearly expressed
protein. When the bacteria were incubated in a
medium with 600 mM NaCl, Omp3 almost dis-
appeared, while the concentration of Omp2 in-
creased. However, in all cases, the overall con-
centration of both proteins seemed to remain
constant, since when one of them increased, the
other decreased; in some cases Omp3 could be
hardly detected. Similar results were obtained
when glucose concentrations were assayed. A
comparison of the thermoregulation revealed no
differences in porin expression were detected
between 30 and 37°C. However, when lower
temperatures were assayed, certain differences
appeared, including a decrease in the amount of
Omp?2 present. This suggested that E. coli porins
and S. marcescens porins behaved differently
due to the varying optimal temperature of both
species (21, 22). S. marcescens optimal tempe-
rature is much lower than that of E. coli. There-
fore, the comparison of their expressions at dif-
ferent temperatures needs to be established at
temperatures ranging from 18°C to 30°C.
Hutsul and Worobec (7) and Hutsul et al. (8)
undertook the cloning and molecular characteri-
zation of a protein of 40 kDa. In at work, a 11 kb

EcoRI fragment was subcloned and introduced
into E. coli. The examination for expression
demonstrated that the product was a 40 kDa
protein similar in sequence to some E. coli porins.
However, the physiological behaviour of that
protein differed markedly from that of E. coli
porins, since no osmoregulation or thermoregu-
lation could be demonstrated. The general con-
clusion reached by the authors was that the
40 kDa protein was a porin similar to the E. coli
OmpC porin.

Outer membrane permeability

Several attempts to calculate the permeabil-
ity of the outer membrane of S. marcescens to
B-lactams have been made (5, 6, 8, 11, 19, 20,
22). An initial hypothesis might be that the
multidrug intrinsic resistance to antibiotics in
the species is due to the low permeability of its
outer membrane. Malouin et al. (11) reported
that the 41 kDa protein behaved in a similar way
to that of non-selective porin in experiments
using black planar lipid bilayer. A pore size of
1.1 nm was estimated for such porin (1.62 nS in
1.0 M KCI). However, the histogram of the
single channel conductance values could be inter-
preted in two ways, (i) where only one porin is
acting as a channel or (ii) where several proteins
(the mixture of all porins) are being assayed (no
major differences in distribution can be expec-
ted). The authors reported values of P coeffi-
cient for cephaloridine using the Zimmermann
and Rosselet technique (24). Values calculated
for Preached 30 X 10-° cm s~!, which were higher
than values detected in porin mutants of E. coli
expressing only OmpC, but smaller than values
detected when OmpF alone or both OmpF and
OmpC were expressed.

We performed measurements in other strains
of S. marcescens (Table 1). The values reported
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TABLE 1. Values of P (10-° cm s™) coefficients in
strains of Serratia marcescens

Antibiotic NIMA NRI1 NR2 2170
Cephalothin 4.8 4.3 5.4 7.0
Cephaloridine 29.4 6.3 28 11

are in the same range as those obtained in E. coli
(Nikaido, personal communication). These re-
sults suggest that the two dominant factors in
B-lactamase resistance in this species are the
outer membrane and the [B-lactamase. It has
often been assumed that a low permeability va-
lue for the outer membrane of Serratia might
explain its intrinsic resistance (13). However,
results obtained in our laboratory, and partially
reported here, show that B-lactamase (inducible)
is responsible for differences between the MIC
values of Serratia and Escherichia.

The effect of salycilates or acetylsalycilate
(aspirin) on the outer membrane permeability
has been described in various studies.The effec-
tiveness of B-lactamic antibiotics on Gram-nega-
tive bacteria depends upon their efficiency in
passing through the outer membrane. The increa-
sed resistance of bacteria to antibiotics, particu-
larly B-lactams, may occur as a result of decrea-
sed outer membrane permeability. Sodium saly-
cilates, as well as aspirin, have been described as
inducing a phenotypicresistance in several Gram-
negative bacteria such as E. coli (2) or Pseudo-
monas (1). It was demonstrated that this increas-
ed resistance was due to a decrease in the outer
membrane permeability, that it was reversible,
and that it required protein synthesis, which
affects the outer membrane expression. Similar
effects have been described in Serratia (20). The
MICs of ampicillin, cefotaxime, cefoxitin, chlo-
ramphenicol, kanamycin, cephalothin and ce-
phaloridine when bacteria were cultured in the
presence of salycilate or acetylsalycilate were

modified and quite considerably in some cases
(e.g. MIC of cefotaxime increased 20-fold in the
presence of therapeutic concentrations of
salycilate). In other cases the modification was
almost negligible or even undetectable. How-
ever, when salycilates were used at therapeutic
concentrations outer membrane electrophoretic
profiles failed to show any noticeable differen-
ces. These data suggest that extreme caution
should be exercised when using analgesics and
antibiotics simultaneously. When permeability
coefficients were calculated in the presence of
salycilates a good correlation between the de-
crease of permeabilities and the increase in re-
sistance was found.

The chromosomal B-lactamase of Serratia

S. marcescens produces a chromosomally-
encoded P-lactamase (6) which has been cha-
racterized by isoelectrofocusing and shown to be
a single inducible B-lactamase (Class C) with a
pl 8. The kinetic parameters of the enzyme for
cephalothin and cephaloridine were calculated
and the results are presented in Table 2. Calcu-
lations were made following the methods de-
scribed by Nikaido and Gehring (16). This al-
lows the estimation of the synergism between
the outer membrane and P-lactamase activity.
As can be seen, the activity of B-lactamase in-
creased markedly when a B-lactam was present
during cell growth (Table 2). If we consider the
synergism between the outer membrane and the
enzyme, in the presence of an inducer (maximal
B-lactamase expression), the target access in-
dexes for cephalothin and cephaloridine were
lower in S. marcescens (Table 2) than indexes
found in E. coli, which is in agreement with the
higher MICs of Serratia. The two half indexes
indicate that when bacteria grow with a -lactam
in the medium, the B-lactamase accounts for
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TABLE 2. Variables related to the interplay
between the two barriers in Serratia marcescens

Cephalothin Cephaloridine

Induced Uninduced Induced Uninduced

MIC 10,000 312.5

Vmax 0.72 0.0051 0.995 0.0103
AL, 161 1.61 299 299

AL, 5.1x10* 4.0x10? 4.6 x10%5.6 x107
TAI 84x10* 6.5x10? 1.4x10716.8x10?

MIC: susceptibility in pg/ml. Vmax: nmol x pg
prot™ x 57" AL, and Al : access indexes that reflect the
probability of crossing the outer membrane (Al,,) and of
diffusing though the periplasm (AI ). TAI: Target access
index.

peri

most of the resistance. In conclusion, although
low susceptibility needs to be explained on the
basis of both restricted outer membrane perme-
ability and chromosomal inducible B-lactamase,
the differences observed between the MICs val-
ues of Serratia and those of certain other
enterobacteria should be regarded as a conse-
quence of the differences between the enzymatic
parameters of chromosomally encoded B-lac-
tamase. However, certain aspects of the bacte-
rial resistance remain unknown. In the recent
years, mechanisms of antibiotic efflux in bacte-
ria have been described. In this way, bacteria
pump out antibiotic molecules, thereby reducing
the concentration of the antimicrobial agent in
the cytoplasmic and periplasmic spaces (14, 15).
Work is currently being carried out in our labo-
ratory to determine the efficiency of the efflux
mechanisms in this species.
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Purification of OmpU from Vibrio cholerae classical
strain 569B: evidence for the formation of large cation-
selective ion-permeable channels by OmpU
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Summary

The outer membrane of the classical Vibrio cholerae strain 569B was isolated by sucrose density
centrifugation. The simple treatment of the isolated outer membrane or the cell envelopes with
different detergents allowed the purification of two outer membrane proteins, the 38 kDa OmpU and
the 25 kDa OmpV. Furthermore, a 35 kDa outer membrane protein (probably the 35 kDa OmpA-like
protein) was purified by two-fold treatment of the cell envelope with 2% SDS solution. A subsequent
wash of the SDS-pellet with 2% Genapol buffer yielded in the 38 kDa OmpU protein, which formed
SDS-resistant oligomers (66 kDa). The Genapol pellet contained OmpV. Reconstitution experi-
ments with lipid bilayer membranes demonstrated that OmpU was a channel-forming component,
whereas OmpV had a small channel-forming ability if any. The OmpU channels appeared to be large
and water-filled and had a single-channel conductance of about 2 nS in 1 M KCI for the monomer

in a trimer, which means that they have a larger cross-section than enterobacterial porins. The
channels showed rapid switching between open and closed configuration. They were slightly cation-
selective, which suggests that they contain an excess of negatively charged amino groups.

Key words: Vibrio cholerae classical strain, porin, outer membrane, OmpU, lipid bilayer
membrane
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Resumen

Se ha aislado la membrana externa de la cepa clasica 569B de Vibrio cholerae mediante
centrifugacién en gradiente de sacarosa. Un sencillo tratamiento de la membrana externa aislada o
de las envueltas celulares con distintos detergentes, permiti6 la purificacién de dos proteinas de
membrana externa de 38 kDa (OmpU) y de 25 kDa (OmpV). Ademads, mediante tratamiento de las
envueltas celulares con 2% de SDS por duplicado, se aisl6 una proteina de 35 kDa (probablemente
la proteina homdloga a OmpA). Lavados subsiguientes con Genapol al 2% permitieron recuperar
OmpU (38 kDa), que forma oligémeros resistentes al SDS (66 kDa). El sedimento obtenido a partir
del Genapol contenia la proteina OmpV. Los experimentos de reconstitucién con bicapas lipidicas
demostraron que OmpU era un componente formador de poros. En cambio, OmpV tiene, en el mejor
de los casos, una débil actividad formadora de poros. Los canales de OmpU son de gran tamaifio, estan
rellenos de agua y presentan una conductancia, para cada monémero en el trimero, de 2nS en KCI
IM. Esto significa que presenta una seccién mucho mas ancha que las porinas de las enterobacterias.
Los canales muestran una tendencia al cambio rdpido entre la.configuracién abierta y cerrada.
Finalmente, presentan una escasa selectividad catidnica, lo que sugiere que contienen un exceso de

grupos amino cargados negativamente.

Introduction

The outer membrane of Gram-negative bac-
 teria contains a small number of major proteins,
which are present in high copy number (3, 20).
Some of these proteins, termed porins, form
channels in the outer membrane that are res-
ponsible for the uptake of nutrients. Other pro-
teins such as OmpA of Escherichia coli and the
35 kDa outer membrane protein of Vibrio
cholerae do not form channels but are responsi-
ble for outer membrane stability and adherence
to the peptidoglycan layer (1, 3). Porins can be
divided in two groups: the general diffusion
porins that form water-filled channels, and the
specific porins that are specific channels for one
class of solutes (3, 20). The structural analysis of
porins shows that they are formed by 16-18
stranded antiparallel B-barrel cylinders as the
main structural motif of these membrane pro-
teins (25, 29). Porins usually consist of three
identical subunits each containing one channel,
and are very stable towards denaturing condi-
tions like heat and detergents.

The Gram-negative V. cholerae is an intesti-
nal pathogen that is non-invasive and adheres to
the apical side of the small intestine (2, 24). The
epidemic qualities of this pathogen have re-
cently been dramatically underscore by the reap-
pearance of cholera in the Western Hemisphere
after more than 100 years and by the emergence
of a new strain, the V. cholerae O-139 Bengal
strain, that appeared in India and spread rapidly
to countries surrounding the Indian Ocean (15).
To establish an infection, V. cholerae colonizes
the intestinal surface and releases cholera toxin
composed of two subunits (12, 23). The binding
component (5 B subunits) binds to the surface
and facilitates the entry of the A subunit into the
epithelial cells. The A subunit effects an in-
crease of the intracellular level of cyclic AMP.
The high level of intracellular AMP stimulates
the secretion of chloride and bicarbonate out of
the cell and leads to a diarrhoea because of the
severe loss of isotonic body fluid (2, 24).

The outer membrane of V. cholerae contains
five to six major proteins. One of them, OmpS
(45 kDa) is induced upon growth on maltose and
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has a similar function as LamB of E. coli and
Salmonella typhimurium (16). OmpV (25 kDa)
is resistant to trypsin and is associated with the
peptidoglycan layer (27). A 35 kDa outer mem-
brane protein resembles probably the function of
OmpA in E. coli (1). Two other major outer
membrane proteins, OmpT and OmpU appear to
be osmoregulated, and it has been suggested that
they could form outer membrane channels simi-
lar to the osmoregulated OmpF and OmpC chan-
nels of certain enteric bacteria (17, 18, 19).
Recently, it has been demonstrated that the
38 kDa OmpU and the 40 kDa OmpT proteins,
possess channel-forming ability in proteo-
liposomes (10). Here we describe a simple method
for the isolation and purification of OmpU and
OmpV from a V. cholerae classic strain (569B).
Furthermore, we purified a 35 kDa outer mem-
brane protein to homogeneity. The trimeric pro-
tein OmpU but not OmpV or the 35 kDa protein
formed ion-permeable channels with a moderate
cation-selectivity when reconstituted into lipid
bilayer membranes. The high single-channel con-
ductance in 1 M KCl suggested that the channels
formed by OmpU are large and water-filled.

Materials and methods

Bacterial strains and growth conditions.
The classical strain 569B (Atox S) of V. cholerae
(22) (biotype classical; serotype, Inaba) was
grown overnight at 37°C in DYT media, with
shaking.

Isolation of bacterial cell envelopes. The
cells were harvested by centrifugation (1000 x g,
10 min), washed once with a 50 mM tris-hidro-
xy-aminomethane HCI (Tris-HCI) solution pH
7.2, and resuspended in the same buffer. The
suspension was passed three times through a
French pressure cell (900 psi), unbroken cells
were removed by centrifugation (1000 X g,

10 min), and the supernatant was centrifuged
(100,000 x g, 60 min).

Preparation of the outer membrane. The
envelope fraction was layered on top of a five
step sucrose gradient (35, 40, 45, 50 and 55%;
each 2.3 ml volume). The gradient was cen-
trifuged for 36 h in a SW 41 rotor (Beckman) at
36,000 rpm. The gradient was divided in frac-
tions of 500 pl and their content was checked by
sodium dodecylsulfate-polyacrylamide-gelelec-
trophoresis (SDS-PAGE). The bottom fractions
(fraction 1 to 4) of the gradient contained the
outer membrane, which was pelleted by cen-
trifugation (100,000 X g, 60 min). The inner
membrane was present in fractions 11 to 13.

Preparation of the peptidoglycan associ-
ated proteins and SDS-PAGE. The cell enve-
lopes or the outer membranes were resuspended
in a buffer containing 2% SDS, 10 mM Tris-HCl
pH 8 and 2 mM MgSO,. The peptidoglycan layer
and the associated proteins were centrifuged at
100,000 x g for 30 min. The different steps were
checked on a 12% SDS-PAGE stained with
Coomassie Brilliant Blue.

Purification of a 35 kDa outer membrane
protein and OmpU. The final pellet (either
outer membranes or peptidoglycan-associated
proteins) was subjected to a second SDS wash.
The supernatant of this wash contained a pure
outer membrane protein when cell envelopes
were used (see Results section). The pellet was
suspended in a buffer containing 2% Genapol,
10 mM Tris-HC1 pH 8 and 2 mM ethylenediamine
tetraacetic acid (EDTA). The supernatant of the
subsequent centrifugation (100,000 X g, 30 min)
contained pure OmpU porin as judged from 12%
SDS-PAGE stained with Coomassie Brilliant
Blue. The pellet contained OmpV.

Proteolytic digest and peptide sequencing.
Purified 35 kDa outer membrane protein or OmpU
was precipitated using trichloroacetic acid to
remove the detergent. Then 100 pg of the protein
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was digested with 2.5 pg trypsin at 37°C for 8 h.
After addition of another 2.5 pg trypsin the
digestion was continued for 12 h. Proteolytic
peptides were separated by reversed phase high-
performance liquid chromatography (HPLC)
using a 250 x4 mm Vydac 2181P column equili-
brated with 0.12% trifluoroacetic acid. The
peptides were eluted over 90 min by a linear
gradient of 0-35% acetonitrile containing 0.1%
trifluoroacetic acid (flow rate 0.7 ml/min). The
effluent was monitored at 215 nm. The amino
acid sequence of two peptides of interest was
determined by the Edman degradation method
using a gas phase sequenator (470A, Applied
Biosystems) with on-line detection of the amino
acids.

Membrane experiments. The methods used
for black lipid bilayer experiments have been
described previously (4). The instrumentation
consisted of a Teflon chamber with two compart-
ments separated by a thin wall. The membranes
were formed from a 1% (w/v) solution of diphy-
tanoyl phosphatidylcholine (Avanti Biochemi-
cals, Birmingham, AL) in n-decane. The protein
was added from the concentrated protein solu-
tions (concentration 1 mg/ml) either immediate-
ly before membrane formation or after the mem-
brane had turned black. The single-channel con-
ductance of the pores was measured after appli-
cation of a fixed membrane potential with a pair
of calomel electrodes with salt bridges inserted
into the aqueous solutions on both sides of the
membrane.

The zero-current membrane potentials were
measured as previously described (5). The mem-
branes were formed in a 10 mM KClI solution
containing a predetermined protein concentra-
tion so that the membrane conductance increased
about 100- to 1000-fold within 10 to 20 min after
membrane formation. At this time the ins-
trumentation was switched to the measurements
of the zero-current potentials and the salt con-

centration on one side of the membrane was
raised by adding small amounts of concentrated
salt solutions. The zero-current membrane po-
tential reached its final value within 2 to 5 min.

Results

Purification of a 35 kDa outer membrane
protein and OmpU. Fig. 1 shows the protocol of
the purification of a 35 kDa outer membrane
protein and OmpU. Lane 1 corresponds to the
marker enzymes and lane 2 to the inner mem-
brane (fraction 12) obtained from the sucrose
density gradient. Lanes 3 and 4 show the compo-
sition of the outer membrane (fraction 2 of the
sucrose density gradient centrifugation) and of
the cell envelope, respectively. Proteins from
the outer membrane or the cell envelope were
isolated and purified in a two step procedure.
Firstall SDS-soluble material was removed from
either the outer membranes or the cell envelope
by a SDS-wash (lane 5, first SDS-supernatant).
Then this SDS-wash was repeated once. The
composition of the supernatant contains only
one protein when outer membranes were used
(data not shown) or in the case of the cell envelo-
pes (lane 6), which had the same mobility when
it was not heated (data not shown). In a following
step, part of the peptidoglycan-associated pro-
teins was removed by treatment with Genapol in
the presence of EDTA. This procedure was very
efficient, yielding in pure oligomeric OmpU as
judged from SDS-PAGE (66 kDa;lane 8), which
dissociated in monomers when the protein was
heated (38 kDa; lane 7). The pellet of the Genapol
treatment contained only small traces of OmpU,
if any. It was enriched in OmpV (25 kDa, data
not shown). OmpT, which has probably also
channel function, was not detected under our
growth conditions as checked by SDS-PAGE
containing urea. It is only expressed in large
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FIG. 1. 12% SDS-PAGE of different steps of the
purification of OmpU from Vibrio cholerae strain 569B
AtoxS stained with Coomassie blue. Lane 1: Molecular mass
markers 66, 45, 36, 29, 24, 20 and 14 kDa. Lane 2: Inner
membrane (fraction 12 of the sucrose density gradient),
100 pl were precipitated and solubilized at 100°C in sample
buffer. Lane 3: Outer membrane (fraction 2 of the sucrose
density gradient), 100 pul were precipitated and solubilized
at 100°C in sample buffer. Lane 4: 15 pul of the cell envelope,
solubilized at 100°C in sample buffer. Lane 5: 15 pl of the
supernatant of the first SDS-wash of the cell envelope,
solubilized at 100°C in sample buffer. Lane 6: 20 ul of the
supernatant of the second SDS-wash of the cell envelope,
solubilized at 100°C in sample buffer. Lane 7: 20 pl of the
supernatant of the first Genapol-wash, solubilized at 100°C
in sample buffer. Lane 8: 20 pl of the supernatant of the first
Genapol-wash, solubilized at 20°C in sample buffer.

quantities, when V. cholerae is grown in high
osmolarity media (10, 18).

Reconstitution of V. cholerae proteins in
lipid bilayer membranes. We checked the chan-
nel-forming ability of the different proteins in
experiments with lipid bilayer membranes. When
OmpU from V. cholerae was added in small
concentrations (around 100 ng/ml) to the aque-

ous phase bathing a black lipid bilayer mem-
brane from diphytanoyl phosphatidylcholine/n-
decane, the specific membrane conductance in-
creased several orders of magnitude. The time
course was similar to that described earlier for
bacterial porins from E. coli and Rhodobacter
capsulatus (7, 8). After an initial rapid increase
for 15 to 20 min, the membrane conductance
increased at a much slower rate. The addition of
the detergent alone at the same concentrations
did not lead to any significant increase of the
membrane conductance. The result of these ex-
periments defined OmpU as a channel-forming
protein. We made a second set of similar experi-
ments with the 35 kDa outer membrane protein.
After its addition in a concentration of 100 ng/ml
to the aqueous phase we observed only a in-
crease of the membrane conductance lower than
2% of the increase with OmpU. When we added
protein to the lipid bilayer membranes that con-
tained essentially OmpV (from the pellet of the
Genapol treatment), the conductance increase
was even lower (less than 0.2% of that observed
with OmpU).

Single-channel analysis of channel formed
by OmpU. The addition of small amounts of
OmpU porin to lipid bilayer membranes allowed
the resolution of single-channel. Fig. 2 shows a
single-channel record observed with 10 ng/ml of
OmpU using a diphytanoyl phosphatidylcholine
membrane in the presence of 1 M KCl. A few
min after the addition of the protein we observed
steps of about 6 nS. It is noteworthy that these
channels were very noisy (A). This was caused
by the rapid opening and closing of the channels
(see inset in A). In fact, the channels formed by
OmpU showed rapid opening and closing as
indicated in Fig. 2B. The lifetime of the open
state was only about 100 ms. Otherwise the
conductance fluctuations were fairly homogene-
ous as derived from histograms (data not shown).
Only a few channels were observed that had
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FIG. 2. Single-channel recording of a membrane made
of diphytanoylphosphoglycerocholine/n-decane after the
addition of 10 ng/ml OmpU from Vibrio cholerae strain
5698 to the aqueous 1 M KCl solution. The applied potential
was 20mV; T =25°C. Panel A shows the insertion of OmpU
oligomers in a membrane at low time resolution. Note the
high current noise due to rapid opening and closing of single
conductive units in an oligomer (see inset, which represents
a tenfold magnification of the time axe). Panel B shows the
rapid opening and closing of the OmpU channels at high
time and current resolution.

twice the conductance of 2.1 nS indicating the
opening of two channels at the same time, which
could not be separated at the time resolution of
our instrumentation. It is noteworthy that the
2.1 nS fluctuations corresponded to conductan-
ce of a monomeric channel in a trimer, i.e. the
trimers had a single-channel conductance of
about 6 nS.

OmpU from V. cholerae was permeable to
a variety of different ions. Table 1 shows the

average single-channel conductance, G, as a
function of different salt solutions. The single-
channel conductance was a linear function of the
KCI concentration of the aqueous phase. This
may be explained by the assumption that the ions
move inside the pore in a manner similar to the
way they move in an aqueous environment, i.e.
the OmpU channel is wide and water-filled.
Nevertheless, the OmpU channels exhibit a cer-
tain specificity for charged solutes, because the
single-channel conductance was larger in potas-
sium acetate than it was in LiCl. Both salts have
the same specific conductivity in the aqueous
phase, which suggests that the channels have a
limited selectivity for cations (6, 9). Experi-
ments at different voltages suggested that OmpU
was voltage-dependent in a slightly asymmetric
manner, when it was added to one side of the
membrane only. Starting with about 80 mV, the
channels began to close, when the voltage was
negative at the cis-side, the side of addition of
protein. For positive voltages at the cis-side, the
channels remained open until 150 mV.
Channel formation by the 35 kDa outer
membrane protein and OmpV. The 35 kDa
outer membrane protein had a very limited chan-
nel-forming activity in multi-channel experi-
ments (less than 2% as compared to that of
OmpU under otherwise identical conditions). To
check whether they form also single channels in
lipid bilayer membranes, we performed recons-
titution experiments. At small concentrations of
the 35 kDa outer membrane protein (10 ng/ml),
we observed no current fluctuations. When we
increased the protein concentration in the aque-
ous phase to more than 500 ng/ml we noticed the
same channels than those measured with OmpU,
indicating that it contained very small impurities
of OmpU that could not be detected on SDS-
PAGE. These results make it questionable that
the 35 kDa outer membrane protein be a channel-
forming component. It has been suggested that
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TABLE 1. Average single-channel conductance, G,
of OmpU of Vibrio cholerae strain 569 AtoxS in
different salt solutions of concentration ¢

Salt c (M) G (nS)

KC1 0.03 0.090
0.1 0.20
0.3 0.80
1.0 2.1
3.0 45

KCH,COO 1.0 1.3

LiCl 1.0 0.90

The aqueous salt solutions contained about 10 ng/ml
OmpU; the pH was between 6.0 and 7.0. The membranes
were made from diphytanoylphosphoglycerocholine/n-
decane; t = 25°C; V_ = 20 mV. G was determined by
recording at least 100 conductance steps and averaging over
the distribution of the values.

OmpV could be a porin (27). Experiments with
high concentrations of OmpV (1 pg/ml protein
from the Genapol pellet) did not show any chan-
nel-forming ability of this protein. Only occa-
sionally did we observe OmpU-like current fluc-
tuations under these conditions.

Selectivity of OmpU. Further information
about the structure of OmpU was obtained by
zero-current membrane measurements in the
presence of salt gradients. Table 2 shows the
results of the measurements for ten-fold gradi-
ents of KCl, 1.iCl, and potassium acetate. The
potential was found to be positive on the more
dilute side of the membrane for all salts, indicat-
ing that OmpU was cation-selective. The poten-
tials varied for the different salts indicating that
they are influenced by the aqueous mobility of
the ions. They were analyzed using the Goldman-
Hodgkin-Katz equation (5). The ratio of the
cation permeability, P_. divided by the anion
mion SUEEested that potassium a
five-fold higher permeability than chloride in-
side the pore despite the same mobility of both
ions in the aqueous phase (9); we conclude that

cation

permeability P

the net charge inside the pore is negative at
neutral pH. The selectivity of the other two salts
is consistent with the mobility sequences of the
cations and the anions in the aqueous phase.

Partial sequencing of the 35 kDa outer
membrane protein and OmpU. We subjected
both proteins to partial sequencing following
tryptic digestion and HPLC-purification. We exa-
mined several peptides with similar retention
times. A tryptic peptide of the 35 kDa outer mem-
brane protein had the sequence FVTDVTETXIP
(X unidentified amino acid). In the case of OmpU
we obtained two partial sequences NSGDMY VR
and YVYEADSFWVK.

Discussion

Purification of a 35 kDa outer membrane
protein and OmpU. In this study we developed
a simple method for the isolation and purifica-
tion of OmpU of V. cholerae. This method con-
sisted in two-fold SDS-wash of the cell envelope
fraction or of the outer membranes followed by
Genapol treatment of the final SDS-pellet. The
supernatant of the second SDS-wash yieldedin a
pure 35 kDa outer membrane protein, which is
probably identical to the OmpA-like protein of
V. cholerae (1), because it is not heat-modifi-
able. Similar to OmpA of E. coli it is no channel-
forming component as judged from single-chan-
nel experiments (3). OmpU was also obtained in
pure form by treatment of the second SDS-pellet
with the detergent Genapol. There was no indi-
cation that OmpT was obtained together with
OmpU, probably because we used a growth me-
dium with relatively low osmolarity and OmpT
is only expressed in large quantities when the
growth media were supplemented with 0.4 M
NaCl (10, 18). OmpU formed SDS-resistant oli-
gomers on SDS-PAGE, which are probably tri-
mers in analogy to the formation of trimers of
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TABLE 2. Zero-current membrane potentials, V_,
measured with membranes containing OmpU of
strain 569B AltoxS in the presence of a ten-fold

concentration gradient of different salts

Salt V_(mV) P/P,
KCl 30£2.5 5.0+ 1.0
LiCl 155+ 1.8 22%0.5
KCH,COO 48+ 1.5 15£2.0

The permeability ratio, P /P, was calculated from the
Goldman-Hodgkin-Katz equation (11). V_is the electrical
potential on the dilute side minus the potential of the
concentrated side. The membranes were formed from di-
phytanoylphosphoglycerocholine/n-decane. The values
represent the mean SD obtained from at least three
membranes. The aqueous salt solutions were unbuffered
and had a pH between 6 and 7.

most known bacterial porins. Upon heating, the
oligomers dissociated into monomers that were
inactive in the lipid bilayer assay. We performed
partial sequencing of the 35 kDa outer mem-
brane protein and of OmpU, and obtained one
partial sequence for the 35 kDa protein and two
sequences for OmpU. The partial sequences did
not show major identity to known proteins, which
means that both proteins have not been sequenced
to date.

OmpU forms larger channels than ente-
robacterial porins. Lipid bilayer experiments
define OmpU as a channel-forming protein in
agreement to a previous study (10). The channel
shows rapid fluctuations between the open and
the closed state. The initial onset of the channel
was about 6 to 7 nS in 1 M KCI. It subsequently

switched to substates of multiples with about
2 nS, indicating that the channel-forming unit
was not stable and the single-channel in a trimer
closed and opened again separately for unknown
reasons at low voltages, at which enterobacterial
porins normally form open channel with long
lifetimes (4, 7). It is noteworthy that protein II
(31.5 kDa) from the related Aeromonas hydro-
phila showed a similar behavior with steps of
830 pS in 1 M NaCl, which represents probably
also monomeric channels of trimers (13). The
monomeric steps of enterobacterial porins are
about 500 pS in 1 M KCl, one third of the 1.5 nS
single-channel conductance of porin trimers
(Table 3). It is even larger than that of R. capsu-
latus, which have on average a single-channel
conductance of about 1.2 nS, one third of 3.5 nS
(6, 8). This means that proteobacterial porins
have an effective diameter larger than that of
enterobacterial porins as judged from the lipo-
some-swelling assay (21, 28). This result agrees
with the 3D-structure of porins as derived from
X-ray analysis of porin crystals, indeed has
demonstrated that the diameter of porins from
R. capsulatus (29) and R. blastica (14) is some-
what larger than that of OmpF and PhoE of
E. coliK12 (11). This means also that the diame-
ter of OmpU porin channels is larger than that of
enterobacterial and proteobacterial porins. A lar-
ger pore diameter allows a higher influx of nutri-
ents in general and also under starving condi-
tions, typically found in the biotope of most
Vibrio species. Many of these bacteria live in

TABLE 3. Average single-channel conductance G, of different porins and from OmpU of Vibrio Cholerae
in 1 M KCl solution

Porin G/nS (trimer) G/ns (monomer) Reference
OmpC, Escherichia coli K12 1.5 0.5 6
Rhodobacter capsulatus 3.5 1.2 8
Vibrio cholerae OmpU 6.0 2.1 this study
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aqueous environments and do not have to cope
with bile salts and proteases, like e.g. the Ente-
robacteriaceae. It is noteworthy that these consi-
derations agree well with recent results of lipo-
some swelling experiments with OmpU, which
have demonstrated that raffinose and stachyose
permeate reasonably well through OmpU (10)
but thus suggesting that not through OmpF
of E. coli (21) the diameter of OmpU is larger
than that of OmpF, which is consistent with
the observation that V. cholerae is more suscep-
tible towards certain antibiotics than enteric bac-
teria (26).
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Summary

Re-emergence of infectious diseases caused by mycobacteria as well as the emergence of
multiresistant strains of Mycobacterium has promoted the research on the use of B-lactames in the
treatment of such diseases. Mycobacteria produce B-lactamases: M. tuberculosis produces a wide-
spectrum P-lactamase whose behaviour mimicks those of Gram-negative bacteria. M. kansasii
produces also B-lactamase which can be inhibited by clavulanic acid. An overview on B-lactamases
from both species is reported.

Key words: Mycobacterium tuberculosis, Mycobacterium kansasii, B-lactamases, clavulanate,
multiresistance

Resumen

La reaparicién de enfermedades producidas por micobacterias, as{ como la emergencia de cepas
multirresistentes de Mycobacterium, ha revitalizado la investigacién acerca de la utilizacién de
B-lactamas en el tratamiento de las micobacteriosis. Las micobacterias producen [-lactamasas:
M. tuberculosis produce una B-lactamasa de amplio espectro cuyo comportamiento se asemeja al de
las bacterias Gram negativas. M. kansasii produce también -lactamasa que se inhibe por 4cido
clavulanico. Se aporta una revisién sobre las B-lactamasas de ambas especies.
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Introduction

B-lactamases (EC 3.5.2.6), penicillin (or
cephalosporin) and amido-f-lactam hydrolases
hydrolyse the amide bond of the B-lactamic
nucleus (37). This produces a loss of activity of
B-lactamic antibiotics, since they become un-
able to bind their target (penicillin binding pro-
teins or PBPs).

~ B-lactamases constitute a diverse group of
enzymes widely spread among bacteria. More
than 200 B-lactamases have been described, ei-
ther plasmid or chromosomally encoded. They
can act on a wide variety of B-lactamic antibiot-
ics. These can react with B-lactamases either as
substrates or as inhibitors (4). B-lactamase pro-
duction is an efficient mechanism of bacterial
protection against the antimicrobial effect of
B-lactams and this can be considered to be the
most frequent mechanism of resistance in bacte-
ria (24). According to Tipper and Stromminger
(35), B-Lactamases have evolved from the en-
zymes involved in peptidoglycan synthesis. They
may have had an active role in the bacterial
physiology, although they have also been
interpreted as a mechanism of resistance to pro-
tect bacteria against B-lactams produced by other
bacteria (24).

Mycobacteria are slender, curved rods whose
cell wall is unique. It is composed of mycolic
acids, complex waxes and glycolipids. The myco-
bacterial cell wall also includes peptidoglycan.
Penicillinasic activity in mycobacteria was dem-
onstrated early (1949 and 1952), when Iland and
Baines (14) and Soltys (30) reported the hydro-
lytic action in Mycobacterium tuberculosis. Some
years before Abraham et al. (1) reported that this
species was not inhibited by high concentrations
of penicillin in vitro. Furthermore, B-lactamasic
activity in mycobacteria is described not only in
M. tuberculosis (3,19), but also in M. bovis (3,
30), M. kansasii (10, 23), M. phlei (30),

M. smegmatis (18,20, 25, 39), M. butyricum (8),
M. fortuitum (2, 10, 20, 26, 34), M. chelonei (32)
and M. leprae (27). The ability to produce
B-lactamase was interpreted as the cause of
mycobacterial resistance to penicillin. Several
reports deal with the susceptibility of myco-
bacteria to B-lactam antibiotics (5-7, 9, 12, 15,
38, 39). The interest in antimycobacterial activ-
ity of B-lactam antibiotics, B-lactamases, PBPs
and permeability has increased in the last few
years, due in part to the increase of incidence of
infections caused by mycobacteria, particularly
in HIV-infected patients. Moreover, although
the genus has been historically considered to be
resistant to P-lactams, the emergence of
multiresistant isolates of M. tuberculosis has
promoted the research of new therapeutical al-
ternatives and the re-evaluation of “old” antimi-
crobial compounds.

The cell wall of mycobacteria was shown to
be an effective permeability barrier to hydrophilic
compounds. Cell wall proteins from different
mycobacteria have channel-forming activity in
reconstituted lipid bilayers forming water-filled
channels. The permeability properties of these
porin-like proteins are similar to those of some
Gram-negative porins. Negatively charged
B-lactamic antibiotics diffused approximately at
a 20-fold lower rate than zwitterionic B-lacta-
mes. Research on the pore forming activity of
cell-wall proteins from mycobacteria will con-
stitute in the future one of the main fields of
research to supply bases for future therapies.

Mpycobacterium tuberculosis

Infections produced by M. tuberculosis is a
growing problem, and the emergence of multi-
resistant strains is a source of major concern.
Penicillinasic activity in M. tuberculosis was
demonstrated as early as 1949 (14). Further-
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more, when the spectrum of this enzymatic ac- -

tivity was studied, the PB-lactamase from the
tubercle bacilli was also active on cephalosporins.
Activity on cephalosporins was demonstrated
much later in strains isolated before the discov-
ery of this group of antibiotics. Then, B-lactama-
se from M. tuberculosis should be considered as
a wide spectrum [B-lactamase. Its biosynthesis is
_ constitutive. In general B-lactamases from Gram-
positive bacteria are secreted to the external
medium, whereas those from Gram-negative
bacteria remain in the periplasm. Due to the
special features of the mycobacterial cell wall,
B-lactamases produced by these bacteria remain
in inner locations mimicking the behaviour of
Gram-negative bacteria. The study of myco-
bacterial B-lactamases by analytic isoelectro-
focusing demonstrates a high degree of similar-
ity between all strains studied, since their pls
were always 4.9 and 5.1 (23, 29, 40). The genetic
diversity of M. tuberculosis populations has been
studied by bacteriophage typing, multilocus en-
zyme electrophoresis, serological properties,
analysis of DNA fragment polymorphism and
others; in all cases calculated values for genetic
diversity were low (16, 17). This is consistent
with the high homogeneity detected when
B-lactamases were characterized.

The antimycobacterial activity of different
B-lactamic antibiotics and combinations of
B-lactams and B-lactamase inhibitors have
been studied extensively (5-7, 9, 29, 31, 38).
M. tuberculosis is naturally resistant to all
B-lactams but Imipenem. This natural resistance
is probably due to several mechanisms such as
B-lactamase production, low permeability, low
affinity of PBPs for the antibiotic molecules or
a combination of various mechanisms. The use
of compounds able to inhibit B-lactamases is a
strategy to analyse the contribution of the
B-lactamase to antimicrobial resistance. The most
widely used compound among B-lactamase in-

hibitors is clavulanic acid. Clavulanate is a po-
tent inhibitor of a wide variety of B-lactamases
(33), including those of mycobacteria (7, 31),
and its action is non-reversible. Clavulanate has
no antibacterial effect on mycobacteria, since it
has a very low affinity for the PBP3 of
M. tuberculosis, although it binds PBP1 and
PBP2. However, it seems that binding to PBP3 is
necessary for the antimycobacterial effect (7).
When different antibiotics were assayed in the
presence of clavulanic acid, a decrease in anti-
microbial resistance was detected. This was dem-
onstrated for amoxicilin, ampicillin, cephalorid-
ine, ticarcilline, carbenicilline, cefoxitine, cef-
triaxone and cefotaxime. Furthermore, this de-
crease was not a consequence of additive effect
unrelated with B-lactamase activity, since these
compounds bound the mycobacterial PBPs at
therapeutical concentrations (7). On the other
hand the resistance to nafcillin, cefoperazone,
cephalothin and probably azthreonam is due to
the low affinity of these compounds for the
critical mycobacterial PBPs (7, 29). The activity
of B-lactamase of M. tuberculosis is also inhib-
ited by sulbactam (31, 38, 40) and by penicilinase-
resistant penicillins (21, 22). The only com-
pound that shows activity alone is Imipenem.
M. tuberculosis is susceptible to Imipenem, with
MIC values about 4 pg/ml (7). Imipenem is a
B-lactam antibiotic (Carbapenem) with special
molecular features (small size, zwitterionic),
which allow it to penetrate much easier than any
other B-lactam. In addition, Imipenem shows a
high affinity for the mycobacterial PBPs (7), and
is stable to the hydrolysis by penicillinases and
cephalosporinases.

From a molecular point of view, the B-lacta-
mase of M. tuberculosis has been classified in
the class A (13). Its phenotypical resistance, the
ability of clavulanic acid and sulbactam to in-
hibit the enzymatic activity, the qualitative spec-
trum of hydrolysis and the ability of crude ex-
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tracts to hydrolise cefotaxime (Segura et al.
unpublished) suggest that -lactamase produced
by the bacterium should be included in the class
2be (wide spectrum B-lactamase). However fur-
ther studies using purified enzymes will be re-
quired to test this suggestion. Additionally, one
more B-lactamase from the strain H37Ra, a BlaC
(B-lactamase class C gene) enzyme was descri-
bed, although the presence of genes encoding for
this enzyme is inconsistent with phenotypical
characteristics, lack of inducibility, pIs described
(Class C pls are basic and never detected in
M. tuberculosis) and inhibition by clavulanic
acid (13).

Mycobacterium kansasii

M. kansasii. produces infections in which
patients exhibit lower respiratory diseases si-
milar to tuberculosis, or diseminated disease in
persons infected with HIV. Many of non-
tuberculous mycobacteria are resistant to usual
antituberculosis drugs, then, different drugs are
often necessary; additionally, no vaccines are
available. The possible use of B-lactamic anti-
biotics to threat M. kansasii infections has been
evaluated recently, although the presence of
B-lactamase in this species was described in
1966 (10). It has a wide spectrum of activity on
penicillins and cephalosporins (29). Their pl
were 5.2 (23)and 5.1 and 5.6 (29). There are only
a few reports on the activity of B-lactams and
the combination of antibiotics and B-lactamase
inhibitors in this species (36, 38). M. kansasii is
intrinsically resistant to amoxicillin, carbeni-
cillin, ceftriaxone and cefotaxime. The contribu-
tion of the B-lactamase to the amoxicilin resist-
ance has been demonstrated, since significant
reduction in MIC values have been described
when 1-clavulanate is added (29, 36, 38). De-
crease in the carbenicillin and cefotaxime resist-

ance have also been described when inhibitors
are used, although the levels of reduction did not
indicate a relevant role of B-lactamase. In the case
of ceftriaxone, it can be concluded that some me-
chanism other than B-lactamase must be responsi-
ble for resistance, since the addition of B-lactamase
did not modify the susceptibility (29).

Concluding remarks

Multiple-drug-resistance (MDR) has become
a particulary threatening aspect of the current
epidemics of tuberculosis and other mycobac-
terial diseases, particularly in AIDS patients.
Additionally, MDR strains are frequently asso-
ciated with rapid progression and high mortality.
B-Lactamic antibiotics constitute a possible al-
ternative in the treatment of these infectious
diseases, this has estimulated the research on
B-lactamases, as well as on the porin-like pro-
teins of the mycobacterial cell-wall that prevent
the drug access to the target. The knowledge in
this field could supply the basis for a future use
of combinations of antibiotics (including small
molecules, which can pass through the porin-
like molecules and B-lactamase inhibitors), that
can substitute the traditional chemoterapeutical
protocoles used up to now, to threat myco-
bacteriosis.

References

1. Abraham, E. P., Chain, E., Fletcher, C. M., et al.
(1941). Further obervations on penicillin. Lancet
ii, 177.

2. Amicosante, G., Franceschini, N., Segatore, B.,
Oratore, A., Fattorini, L., Orefici, G., Van
Beeeumen, J., Frére, J. M. (1990). Characteri-
zation of a B-lactamase produced in Mycobac-
terium fortuitum DI16. Biochem. J. 271,
729-734.



VoL. 13, 1997

MYCOBACTERIAL B-LACTAMASES

335

10.

11.

12.

13.

14.

15.

Bonicke, R., Dittmar, W. (1957). Uber das
Vorkommen von Cycloamidasenin Mycobacterien.
Zentralbl.. Bakteriol. I. Orig. 170, 366-376.
Bush, K., Jacoby, G. A., Medeiros, A. A. (1995).
A functional classification scheme for B-lactama-
ses and its correlation with molecular structure.
Antimicrob. Agents Chemother. 39, 1211-1233.
Casal, M., Rodriguez, F., Benavente, M. (1986).
In vitro susceptibility of Mycobacterium tuber-
culosis, Mycobacterium fortuitum and Mycobac-
terium chelonei to amoxycillin/clavulanic acid.
Eur. J. Clin. Microbiol. 5, 453-454.

Casal, M., Rodriguez, F., Luna, M. D., Benavente,
M. C. (1987). In vitro susceptibility of Myco-
bacterium tuberculosis, Mycobacterium afri-
canum, Mycobacterium bovis, Mycobacterium
avium, Mycobacterium fortuitum and Myco-
bacterium chelonae to ticarcillin in combination
with clavulanic acid. Antimicrob. Agents Chemo-
ther. 31, 132-133.

Chambers, H. F., Moreau, D., Yajko, D, et. al.
(1995). Can penicillins and other betalactam anti-
biotics be used to tract tuberculosis? Antimicrob.
Agents Chemother. 39, 2620-2624.

Choubey, D., Gopinathan, K. P. (1986). Charac-
terization of P-lactamase from Mycobacterium
butyricum ATCC 19979. Biochem. Int. 12,
207-214.

Cynamon, M. H., Palmer, G. S. (1983). In vitro
activity of amoxycillin in combination with
clavulanic acid against Mycobacterium tuber-
culosis. Antimicrob. Agents Chemother. 24,
429-431.

Durfor, A. P., Knight, R. A., Harris, H. W. (1966).
Am. Rev. Respir. Dis. 94, 965.

Eisenach, K. D., Crawford, J. T., Bates, B. H.
(1986). Genetic relatdness among strains of
Mycobacterium tuberculosis complex. Am. Rev.
Respir. Dis. 133, 1065-1068.

Fattorini, L., Orefici, G., Jin, S. H., et al. (1992).
Resistance to betalactams in Mycobacterium
fortuitum. Antimicrob. Agents Chemother. 36,
1063-1072.

Hackbarth, C.J., Unsal, I., Chambers, H. F. (1997).
Cloning and sequence analysis of a class A
B-lactamase from Mycobacterium tuberculosis
H37Ra. Antimicrob. Agents Chemother. 41,
1182-1185.

Iland, C. N., Baines, S. (1949). The effect of
penicillin on the tubercle bacillus: tubercle
penicillinase. J. Path. Bact. 61, 329-335.
Jarlier, V., Gutmann, L., Nikaido, H. (1991).
Interplay of cell wall barrier and B-lactamase
activity determines high resistance to fB-lactam

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

antibiotics in Mycobacterium chelonae. Anti-
microb. Agents Chemother. 35, 1937-1939.
Jones, W.D., Good, R. C., Thompson, N. J., Kely,
G. D. (1982). Bacteriophage types of Mycobac-
terium tuberculosis in the United States. Am.
Rev. Respir. Dis. 125, 640-643.

Jones, W. D., Kubica, G. P. (1968). Fluorescent
antibody techniques with mycobacteria III.
Investigation of five serologically homogeneous
groups of mycobacteria. Zentralbl. Bakteriol.
(Orig A). 207, 58-62.

Kaneda, S., Yabu, K. (1983). Purification and
some properties of B-lactamase from Mycobacte-
rium smegmatis. Microbiol. Immunol. 27, 191-193.
Kasik, J. E. (1965). The nature of mycobacterial
penicillinase. Am. Rev. Respir. Dis. 91, 117-119.
Kasik, J. E., Peacham, L. (1968). Properties of
betalactamases produced by three species of
mycobacteria. Biochem. J. 107, 675-682.
Kasik, J., Weber, M., Freehill, P. (1967). The
effect of the penicillinase-resistant penicillins and
other chemotherapeutic substances on the peni-
cilinase of the RI1Rv strain of Mycobacterium
tuberculosis. Am. Rev. Respir. Dis. 95, 12-19.
Kasik, J. M., Weber, M., Winberg, E., Barclay,
W. (1966). The synergistic effect of dicloxacillin
and penicillin G on murine tuberculosis. Am.
Rev. Respir. Dis. 94, 260-261.

Kwon, H. H., Tomioka, H., Saito, H. (1995).
Distribution and characterization of betalacta-
mases of mycobacteria and related organisms.
Tub. Lung Dis. 76, 141-148.

Livermore, D. M. (1995). B-Lactamases in labo-
ratory and clinical resistance. Clin. Microbiol.
Rev. 8, 557-584.

Mishra, R. K., Kasik, J. E. (1970). The mecha-
nism of mycobacterial resistance to penicillins
and cephalosporins. Int. J. Clin. Pharmacol. 3,
73-77.

Nash, D. R, Wallace, R. J., Steingrube, V. A. et.
al. (1986). Characterization of betalactamases in
Mycobacterium fortuitumincluding arole in beta-
lactam resistance and evidence of partial indu-
cibility. Am. Rev. Respir. Dis. 134, 1276-1282.
Prabhakaran, K., Harris, E. B., Sanchez, R. M.,
Hastings, R. C. (1987). Betalactamase synthesis
in Mycobacterium leprae. Microbios 49,
183-188.

Romién, M. C., Sicilia, L. M. J. (1984). Prelimi-
nary investigation of Mycobacterium tuberculo-
sis biovars. J. Clin. Microbiol. 20, 1015-1016.
Salvadé, M. (1997). B-lactamasas en el género
Mycobacterium. PhD Thesis. Autonomous Uni-
versity of Barcelona.



336

SEGURA, SALVADO

MicrosioLoGia SEM

30.

31.

32.

33.

34.

35.

Soltys, M. A. (1952). The effect of penicillin on
Mycobacteria in vitro and in vivo. Tubercle 33,
120-125.

Sorg, T. B., Cynamon, M. H. (1987). Comparison
of four betalactamase inhibitors in combination
with ampicillin against Mycobacterium tubercu-
losis. J. Antimicrob. Chemother. 19, 59-64.
Sparks, J.,Ross, G. W. (1981). Isolectric focusing
studies on Mycobacterium chelonei. Tubercle 62,
289-293.

Sutherland, R. (1995). B-Lactam/B-lactamase in-
hibitor combinations: Development, antibacterial
activity and clinical applications. Infection 23,
191-200.

Timm, J., Perilli, M. G.,Duez, C., Trias, J., Orefici,
G., Fattorini, L., Amicosante, G., Oratore, A.,
Joris, B., Frére, J. M., Pugsley, A. P., Gicquel, B.
(1994). Transcription and expression analysis,
using lacZ and phoA gene fusions, of Mycobac-
terium fortuitum P-lactamase genes cloned from a
natural isolate and a high-level B-lactamase pro-
ducer. Mol. Microbiol. 12, 491-504.

Tipper, D. J., Stromminger, J. L. (1965). Mecha-
nisms of action of penicillins; a proposed based

36.

37.

38.

39.

40.

on their structural similary to acyl-p-alanyl-p-
alanine. Proc. Natl. Acad. Sci. USA 54,
1133-1141.

Utrup, L. J., Moore, T. D., Actor, P., Poupard, J.
A.(1995). Susceptibilities of nontuberculosis spe-
cies to amoxicillin-clavulanic acid alone and in
combination with antimycobacterial agents.
Antimicrob. Agents Chemother. 39, 1454-1457.
Webb, E. C. (1984). Enzyme nomenclature. Aca-
demic Press. vol. 1, London, 366-374.

Wong, C. S., Palmer, G. S., Cynamon, M. H.
(1988). In vitro susceptibility of Mycobacterium
tuberculosis, Mycobacterium bovis and M. kan-
sasii to amoxycillin and ticarcillin in combination
with clavulanic acid. J. Antimicrob. Chemother.
22, 863-866.

Yabu, K., Kaneda, S., Ochiai, T. (1985). Relation-
ship between B-lactamase activity and resistance
to B-lactam antibiotics in Mycobacterium
smegmatis. Microbiol. Immunol. 29, 803-809.
Zhang, Y., Steingrube, V., Wallace, R. J. (1992).
Beta-lactamase inhibitors and the inducibility of
the beta-lactamase of Mycobacterium tuberculo-
sis. Am. Rev. Respir. Dis. 145, 657-660.



MICROBIOLOGIA SEM 13 (1997), 337-342

Moderate resistance to penicillin in
Neisseria meningitidis

Juan A. S4ez Nieto,* Julio A. Vazquez

Servicio de Bacteriologia, Centro Nacional de Microbiologia, Instituto de Salud Carlos 111,
Majadahonda, Madrid, Spain

Summary

Meningococcal moderate resistance to penicillin (MICs 0.12 to 1 mg/1) was rarely reported before
the 1980’s in Spain. The frequency of isolation of resistant strains increased from 0.4% in 1985 to
42.6% in 1990. In the last few years, these strains have been reported in several countries, which
suggests a change in the meningococcal response to penicillin. The resistance is due, at least in part,
to a decreased affinity of penicillin binding protein 2 (PBP2) for penicillin. This decreased affinity
has also been found in commensal Neisseriae. Population genetic studies demonstrate that
recombinational events, replacing parts of the PBP2 gene by the corresponding regions of commensal
species, followed by a rapid spread of the clones could be the origin of such resistant strains.

Key words: Neisseria meningitidis, penicillin, moderate resistance, pen’, commensal species

Resumen

Antes de 1a década de 1980 apenas se habia observado resistencia meningocécica moderada a la
penicilina (CMIs de 0,12 a 1 mg/1). Tras la deteccién de la primera cepa en Espaiia, se pasé del 0,4%
en 1985 al 42,6% en 1990. En los ultimos afios estas cepas se han aislado en muchos paises, 1o que
indica un cambio de respuesta del meningococo a la penicilina. La resistencia se debe en parte a la
disminucién de afinidad por la penicilina de la proteina fijadora de penicilina 2 (PBP2). Ese descenso
de afinidad también se encuentra en neisserias saprofitas. Estudios de genética de poblaciones
atribuyen la aparicidn de esas cepas a procesos de recombinacidn que sustituyeron partes del gen de
la PBP2 por las correspondientes regiones del gen de neisserias comensales.
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Introduction

Neisseria meningitidis has been described as
a microbe extremely susceptible to penicillin.
However, in the last few years clinical isolates of
meningocococci with decreased susceptibility
to penicillin have been reported in several coun-
tries (Table 1). Several studies described these
strains (MICs >0.1 mg/1) (13-15, 20, 28, 42, 54).
Cases of meningococcal meningitis that did not
respond to standard penicillin treatment with no
MICs determinations have been also published
(12, 17). The failure treatment was reported in
the United Kingdom, using a low dosage of
penicillin against a strain having a MIC of
0.64 mg/l (47). Other authors have not found
significant differences in the clinical symptoma-
tology and prognostic between the cases pro-
duced by pen’ strains and pen® strains (33, 49).

The mechanism of resistance to penicillin
in meningococci appears to be similar to that
already documented in gonococci. Non-[3-lac-
tamase mediated resistance in gonococci has
gradually increased MIC values up to 500
(or even 1000) fold higher than those for sus-
ceptible strains. Then, it seems likely that fur-
ther increases in the MICs of meningococci and
subsequent treatment failures will occur in the
future.

Penicillin-binding proteins (PBP)

The production of a B-lactamase as a
mechanism of high level penicillin resistance in
N. meningitidis has been reported in only five
isolates (6, 16, 22, 53). Mendelman et al. (29)
showed that the affinity for penicillin of the
63 kD PBP3 (now called PBP2) was reduced in
penicillin-resistant meningococci.

Reduction in the affinity of PBP2 for penicil-
lin was also found in non-beta-lactamase pro-

ducing isolates of gonococci, N. lactamica,
N. polysaccharea (19, 27, 41).

Transformation experiments by using pen’
meningococcal strains as receptors and chromo-
somal DNA obtained from pen’ meningococci or
commensal species yield transformants express-
ing low-affinity forms of PBP2 (27, 32, 40). The
decrease in the affinity of PBP2 for penicillin in
N. gonorrhoeae and N. perflava/sicca produces
a moderate increase in the MIC of penicillin
(6-10-fold)(32). By contrast, gonococci with
high levels of penicillin resistance (MIC >1 mg/
1) produce low-affinity forms of both PBP1 and
PBP2 and outer membranes with decreased per-
meability (19). Unlike pen’ gonococci, no pen’
meningococci with reduction in the affinity of
PBP1 have been isolated. Recently, Ropp and
Nicholas (36) have cloned and sequenced the
ponA (PBP1) gene from N. gonorrhoeae and
N. meningitidis, and a comparison between both
sequences showed a high degree of identity.
Susceptibility studies of pen' strains of menin-
gococci against several cephalosporins showed
significant increases in MIC values against
cephalotin and cefuroxime, like in N. lactamica
and N. polysaccharea (40). These data and the
similarity between resistance mechanisms might
suggest a recruitment of antibiotic resistance in
meningococci.

Genetic basis of low-level resistance to peni-
cillin in meningococci and other Neisseria
species

Sequences of penA (PBP2) genes from
N. gonorrhoeae, N. meningitidis, and most of the
commensal species have been determined. Com-
parison of the penA genes of pen® and pen’
meningococci shows that altered penA genes
were originated by a novel genetic mechanism,
involving the replacement of parts of the gene by
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TABLE 1. Studies on the prevalence of pen’ Neisseria meningitidis strains
Country Year n°® pen'/ MIC (mg/1) Origin*  Year of isolation ~ Ref.
total strains (range)
U.S.A. 1954 15/54 (0.1-0.2) ND 1945-1954 14
U.S.A. 1964 11/27 (0.12-0.18) C ND 28
U.S.A. 1965 7756 (0.1-0.2) P,C 1963-1964 20
U.S.A. 1970 15/40 (0.12-0.5) C 1969 15
U.S.A. 1970 54/225 (0.1-0.4) C 1970 54
U.S.A. 1982 5/30 (0.12-0.25) P 1976-1981 42
France 1984 22/92 (0.12-0.25) P,C ND 13
Spain 1987 10/3432 (0.2-0.4) P 1978-1986 37
South. Africa 1988 171 (0.25) P 1987 6
U. K. 1988 54/3646 (0.16-1.28) P 1983-1987 46
U. K. 1988 65/4157 (0.16-0.64) C 1983-1987 46
Spain . 1988 44/927 (0.1-0.4) P 1985-1987 38
Romania 1990 6/499 >0.1) P,C 1986-1989 18
U. K. 1990 139/5465 (0.16-1.28) P 1985-1989 25
Spain 1990 206/1573 (0.1-0.8) P 1985-1990 39
Canada 1991 17/373 (> 0.25) ND 1989-1990 34
Greece 1992 15/31 >0.1) P 1989-1991 48
Greece 1992 182/519 (>0.1) C 1989-1991 48
Switzerland 1992 1/177 (0.25) P 1988-1990 35
Israel 1993 11/122 (0.12-0.25) P,C 1992 4
Argentina 1993 3/54 (0.12-0.5) P 1991-1992 26
Belgium 1993 1/1 0.5) P 1993 9
Sweden 1993 ND/307 (0.25) P,C 1981-1990 1
Spain 1993 340/986 (0.12-0.5) p 1989-1992 50
U.S.A. 1994 171 0.5) P 1994 10
U.S.A. 1994 3/101 0.12) P,C 1991 24
U.S.A. 1994 1/1 (0.25) P 1992 55
Canada 1995 11/11 (0.12-0.25) p 1993 5
Netherlands 1996 37/125 0.1-1) P 1993-1994 21
Spain 1996 219/859 (0.12-0.5) P 1993-1995 52

* ND, not done; C, carriers; P, patients.

the corresponding regions from the pernA genes
from N. flavescens (44), N. lactamica (27, 45),
and N. cinerea (7, 4 1). The extensive differ-
ences between the sequences of the penA genes
of resistant and sensitive strains result in major
differences in their restriction maps, which can
be readily observed by RFLP (Restriction Frag-
ments Length Polymorphism)(11, 56).

In most cases, parts of the region encoding
the transpeptidase domain of PBP2 have been

replaced by regions from penA gene of
N. flavescens (41,44). The analysis of sequences
of pen' from N. meningitidis, N. gonorrhoeae
and other Neisseria species revealed an insertion
codon in the position 573 (Asp). This insertion
codon does not exist in the sequences from sen-
sitive strains (30, 43, 45). Moreover, this Asp-
573 codon has been found recently in the penA
genes from N. perflava/sicca (31). Transforma-
tion experiments of pen® strains of meningococci
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with DNA from pen* strains of N. perflava/sicca
showed that the insertion codon Asp-573 ap-
pears in the first generation of transformants
(32). These results suggest that the reduction in
the affinity of PBP2 is therefore largely, al-
though not exclusively, due to the insertion of
this codon. This fact, has been also detected in
gonococci with an insertion Asp-345 (45). The
role of this codon in the resistance has been
demonstrated by mutagenesis (8).

Population structure of pen* strains in Spain

The emergence and spread (due to the selec-
tive conditions provided by the selective pres-
sure of penicillin) of pen’ strains in Spain is a
cause of major concern. The analysis of pen”and
pen®strains by multilocus enzyme electrophoresis
(2) showed that the moderate resistant isolates
were not significantly less diverse that those of
the total meningococcal population. In a previ-
ous study, serogroup C was about three times
more common among the pen’ strains than in the
total meningococcal population (41). This
serogroup has been increasing over the last few
years in Spain. However, no clear relationship
between both events can be established, since
the increase of serogroup C took place in the
same proportion among pen* meningococci (3).
No differences in the sero/subtype distribution
have been found, the B:4 P1.15 and C:2b:NT
strains being the major meningococcal lines in
Spain before 1994 (51) both in pen’ and in pen®
isolates.

We conclude that moderate resistance to peni-
cillin did not appear in a new clone distinct from
those already established. It is possible that the
resistance appeared in more than one clone and
further spreading took place by genetic exchange.

The frequency of pen’ strains increased rap-
idly from 0.4% in 1985 to 42.6% in 1990, and it

went down to 23% during 1995 (52). Then, the
incidence increased because most of the menin-
gococcal cases in Spain were produced by a new
C:2b:P1.2,5 epidemic strain which is moder-
ately resistant to penicillin.
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Summary

Long term therapies needed for managing human cytomegalovirus (HCMV) infections in
immunosupressed patients provided the background for the emergence of the resistance to antivirals
active against HCMV. In addition, laboratory selected mutants have also been readily achieved. Both
clinical and laboratory resistant strains share the same determinants of resistance. Ganciclovir
resistance may be due to a few mutations in the HCMV UL97 gene and/or viral DNA pol gene, the
former being responsible for about 70% of clinical resistant isolates. Among them, V464, V594,
S595 and F595 are the most frequent mutations. Because of their less extensive clinical use, much
less is known about resistance to foscarnet and cidofovir (formerly, HPMPC) but, in both cases, it
has been associated to mutations in the DNA pol. Ganciclovir resistant strains showing DNA pol
mutations are cross-resistant to cidofovir and their corresponding IC50 are normally higher than
those from strains harboring only mutations at the UL97 gene. To date, foscarnet resistance seems
to be independent of both ganciclovir and cidofovir resistance.

Key words: cytomegalovirus, antiviral resistance, ganciclovir, foscarnet, cidofovir

Resumen

La larga duracién de los regimenes terapéuticos utilizados para el tratamiento de las infecciones
por el citomegalovirus humano (HCMV) en los pacientes inmunodeprimidos, es el origen de la
aparicién de resistencia a los antiviricos mds comunes. Ademds, ha sido fécil la seleccién de
mutantes de laboratorio. Tanto las cepas resistentes obtenidas en clinica como las seleccionadas in
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vitro comparten los mismos determinantes de resistencia. La resistencia al ganciclovir puede
originarse en unas pocas mutaciones del gen UL97 del HCMYV y/o en el gen de la DNA pol viral,
siendo las primeras los determinantes responsables de la resistencia en alrededor del 70% de las
cepas resistentes aisladas en la clinica. En particular, las mutaciones V464, V594, S595y F595 del
gen UL97 son las mas frecuentes. Debido a su menor uso en la préctica clinica, se conoce bastante
menos sobre la resistencia a foscarnet y cidofovir (antes HPMPC), si bien en ambos casos estd
restringida a mutaciones en el gen de la DNA pol. Las cepas resistentes a ganciclovir que son
portadoras de mutaciones en este dltimo gen muestran laresistencia cruzada.con el cidofovir y suelen
presentar unas CI50 mas elevadas que las cepas cuya resistencia se debe a mutaciones del gen UL97.
Por el momento, la resistencia a foscarnet parece originarse en determinantes diferentes a los del

ganciclovir y del cidofovir.

Introduction

Human cytomegalovirus (HCMV) is a preva-
lent pathogen distributed world-wide. Follow-
ing the initial (primary) infection, the organism
establishes latency, and is capable of reactivat-
ing like the other members of the Herpesviridae
family. Primary infection occurs mostly during
childhood. HCMV is excreted through many
body fluids (blood, urine, saliva, genital secre-
tions, etc.) and is transmitted by close contact,
organ transplantation or, parenterally, with blood
products. As a consequence, a substantial pro-
portion of the population in the adulthood be-
comes infected, as seroepidemiological surveys
show. In normal hosts, the proportion of infected
adults ranges from 50 to 80%, depending on age
and socioeconomic factors (24). However, in
selected groups with high-risk practices for trans-
mission, such as human immunodeficiency virus
(HIV)-infected patients, virtually 100% of them
are seropositive for HCMV, and are at highest
risk for developing active HCMV infections by
reactivating the latent virus.

In a normal population, the vast majority of
active infections (those with viral replication),
either primary or reactivations, are assympto-
matic. In immunosupressed patients, however,
HCMV is a major opportunistic pathogen that

causes a wide variety of clinical syndromesrang-
ing from mild to severe life-threatening infec-
tions. In bone marrow and solid organ transplant
recipients, pneumonitis and hepatitis are the most
serious clinical syndromes caused by HCMV
(23). In AIDS patients, the infection is associ-
ated with retinitis, gastrointestinal disease and
encephalitis. Furthermore, retinitis is the most
common late-stage manifestation of HCMV in
severely CD4+ depressed AIDS patients and is
one of the leading causes of opportunistic infec-
tions in this group of patients (25).

Recent advances in rapid diagnosis and the
availability of active drugs against HCMV have
provided the basis for effective therapies, but
most of these therapeutical strategies are sup-
pressive rather than curative approaches. Conse-
quently, long-time prophylaxis or maintenance
treatments are required for managing clinical
situations such as interstitial pneumonitis in bone-
marrow transplant recipients and retinitis in pa-
tients with AIDS, respectively. In addition, drug
toxicity lead to frequent discontinuation and
suboptimal dosage of the antivirals currently
used against HCMV. Selective pressure in this
context provides the background for the emer-
gence of resistant mutants to antivirals.

Drug-resistant strains to the three antivirals
used for treating HCMYV infections (ganciclovir,
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foscarnet and cidofovir) as well as to other
investigational drugs have been readily achieved
in vitro in the laboratory (4, 11, 28, 40;
Cherrington, J. M., Mulato, A. S., Fuller, M.,
Chen, M. S. [1995]. 35" Intersci. Confer.
Antimicrob. Agents Chemother., p. 200). It has
been also possible to select in vivo for resistant
strains associated with therapeutical failures to
antivirals, as it has been demonstrated in clinical
practice (2, 16, 19, 22, 37). In vivo, selected
mutants share mechanisms and determinants of
resistance similar to those described for the la-
boratory strains, thus allowing to characterize
the resistance patterns both phenotypically and
genotypically. In the present article, we revised
the genetics and resistance mechanisms of anti-
virals in HCMYV as well as the clinical signifi-
cance of the emergence of such a resistance.

Resistance to ganciclovir in cytomegalovirus

Ganciclovir, (9-[1-3-dihydroxy-2-propoxy-
methyl] guanine; formerly known as DHPG) is
an acyclic nucleoside analogue that is a potent
inhibitor of the HCMV DNA polymerase (DNA
pol). Although the compound is active also
against other members of the herpes family, its
primary therapeutical interest has been focused
on HCMYV (32). It has a unique activity profile
and ahigher in vitro potency against HCMV than
other nucleoside analogues. The drug inhibits
the viral enzyme by competition with its natural
substrate, deoxy-guanosine (5, 19, 20). Both
ganciclovir and deoxy-guanosine must be con-
verted to their respective triphosphate deriva-
tives for interacting with the viral DNA pol. So,
it shares with other antivirals the general me-
chanism of action (32).

Ganciclovir has also a selective activity for
the viral enzyme in comparison with cellular
polymerases. For instance, ganciclovir tri-

phosphate is able to inhibit the HCMV DNA pol
with a K, of 1.7 uM, while the Ki value for the
corresponding cellular enzymes is about 10 times
higher (20, 30). Nevertheless, this selective ac-
tivity does not fully account for the exceptional
in vitro activity of ganciclovir. In fact, other
nucleoside analogues, such as acyclovir-TP, are
also highly inhibitory for the viral enzyme but
they show a moderate activity against HCMV.
These differences may be explained by the dif-
ferential cellular metabolism of ganciclovir. Stud-
ies on cellular uptake of radiometric ganciclovir
have shown intracellular levels of this drug 10-
fold higher than those of other nucleoside ana-
logues (5,20). In conclusion, the selective action
is enhanced by a favourable metabolism which
leads to the accumulation of ganciclovir
triphosphate in the infected cells. Once phos-
porilated, ganciclovir is incorporated competi-
tively into the DNA chain causing a drastic
supression of its elongation (5, 31, 37). The
inhibitory effect is reversible, and DNA elonga-
tion resumes after the removal of ganciclovir
from the medium (32). As a consequence, gan-
ciclovir appears as a virustatic agent rather than
a viricidal one; thus the need for prolonged
therapies when treating severe infections.

Taking into acount the mechanisms of action
of ganciclovir, there are three theoretical possi-
bilities for the development of resistance: (i) a
viral-mediated blockage of the intracellular up-
take of ganciclovir, (ii) the supression (or lower
efficiency) of ganciclovir phosphorilation, and
(iii) selection for mutants with alterations in the
viral DNA pol. The two later possibilities have
been confirmed by current experience.

It has been difficult to define ganciclovir
resistante in vitro because of the above men-
tioned factors influencing susceptibility assays.
Data from “wild” pretherapy isolates from pa-
tients with HCMYV active infections have shown
IC, ranging from 0.5 to 10 uM (32, 34), depend-
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ing on the type of cell line used for susceptibility
testing. In contrast, IC,; values for isolates ob-
tained from cases of therapy failures are nor-
mally 5 to 10 times higher than their respective
pretherapy viruses (16). Taking into account the
cumulative experience, a concentration above
12 uM is currently accepted as the IC break-
point for resistance (13, 14). Because of the
broad range in susceptibility values of both sus-
ceptible and resistant groups of strains, it is
advisable to assay in parallel reference strains
(such as AD169) and, if available, the corre-
sponding pretherapy isolates when testing clini-
cal strains.

Biochemical, genetic and molecular studies
with both clinical and laboratory-selected resist-
ant strains have provided a remarkable knowl-
edge of the mechanisms of resistance to ganci-
clovir in HCMV. Early investigations on drug
metabolism in resistant strains showed their in-
ability to induce ganciclovir phosphorilation in
HCMV-infected cells systems. In contrast,
pretherapy susceptible strains retained their
phosphorilative activity (37). No differences were
shown when comparing susceptible and resist-
ant strains regarding viral DNA pol activity.
These early results suggested the existence of a
thymidine kinase-defficient phenotype as occur

in herpes simplex virus resistance to acyclovir
(4, 32, 37). However, efforts to detect such an
enzyme were unsuccessful, as were attempts to
identify a viral gene analogous to that coding for
thymidine kinase in herpes simplex viruses. In
addition, there were several indirect evidencies
of the existence of a viral enzyme, not a cellular
one, responsible for ganciclovir phosphorilation
(5,20, 37). Genetic and biochemical approaches
studying a laboratory-selected, phosphorilation-
defective HCMYV strain provided the demonstra-
tion that mutations in the UL97 HCMV gene are
responsible for ganciclovir resistance (27, 40).
These mutations have been detected in a signifi-
cant proportion of laboratory and clinical re-
sistant strains (1, 2, 9, 10, 21, 28, 33, 43). Gene
sequencing has shown point mutations or short
deletions at very specific sites of the UL97 gene,
suggesting the existence of a catalytic pocket
associated to the corresponding amino acid re-
sidues.

Table 1 summarizes the most frequent UL97
gene mutations responsible for ganciclovir re-
sistance. Note that most of these mutants, but not
all, retain an intact DNA pol activity and do not
show any cross resistance with other antivirals,
such as foscarnet and cidofovir, which primarily
inhibit this enzyme. Little is known about the

TABLE 1. Mutations at the UL97 gene conferring resistance to ganciclovir in HCMV

Mutation Codon Result Remarks

ATG—-ATT 460 Methionine**—Isoleucine Clinical and laboratory® strains
ATG->GTG 460 Methionine**—Valine Clincal strains

CAC—CAA 520 Hystidine’**—Valine Clinical strains

GCG—-GTG 594 Alanine®*—Valine Clinical strains

TTG—->TCG 595 Leucine’**—Serine Clinical strains

TTG-TTT 595 Leucine’**—Phenylalanine Clinical strains

3 bp deletion 595 Lost of Leucine>® Clinical strains

12 bp deletion 638-641 Lost of four amino acids Laboratory” strains

12 bp deletion 591-594 Lost of four amino acids Clinical strains

“Double mutants at UL97 and DNA pol genes.
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characteristics of the UL97 gene product, except
for an estimated molecular weight of 78 kDa and
the homology with several naturally-occurring
protein (not nucleotide) kinases (19). This pro-
tein has neither been isolated nor has been its
biological significance ellucidated, although
there is some evidence supporting its relation-
ship with the HCMYV replicative cycle.

As noted above, most of the resistant strains
can be linked to mutations in the UL97 gene
(11, 17). Besides this predominant mechanism,
resistance to ganciclovirin HCMV associated to
mutations in the viral DNA pol gene has been
demonstrated (3, 17, 29, 38); as expected, these
two resistance mechanisms are not mutually ex-
clusive (3, 26, 41). However, there is little in-
formation regarding genetic determinants and
biological functions of DNA pol mutations. Al-
though sequence analysis frequently denotes
many different point mutation in the viral DNA
pol gene of both susceptible and resistant strains,
resistance to ganciclovir seems to be confined
to a few codons located at specific sites of con-
served regions, namely regions II, IV and V
(Table 2) (17, 19, 38). Interestingly, ganciclovir
resistant strains harboring such DNA pol muta-
tions, show cross-resistance to cidofovir, but
not to foscarnet (17). This suggests that the
former has a different active site to that of
ganciclovir and cidofovir, and has evident con-
sequences from the therapeutical point of view.

Regarding the clinical significance of resist-
ant mutants, from the literature, it is clear the
association between resistance and therapy fail-
ures in a significant proportion of cases (16).
Moreover, the detection of UL97 resistant mu-
tants may preceed the emergence of a clinically
apparent disease during maintenance therapy
with ganciclovir (Pérez, J. L, Erice, A., Niubo,
J., Garcia, A., Podzamczer, D., Martin, R. [1996].
VI Congr. Nac. Enferm. Infec. Microbiol. Clin.,
pp. 120). In addition, increasing viral load both
in plasma and leukocytes can be demonstrated
during breaktrough HCMV infections (7), which
offers the possibility of monitoring antiviral tre-
atment with this laboratory marker. However,
the frequency of selecting resistant strains dur-
ing therapy has not been completely defined in
different groups of patients at risk. Drew et al.
(13) described up to 7.8% of resistant strains
among AIDS patients treated for retinitis. The
proportion of resistant strains raised to 38% in
patients subjected to long-term (more than three
months) treatment. Thus, prolonged ganciclovir
therapy appears to be the major risk factor for the
development of clinical and virological re-
sistance. In contrast, intensive and short courses
of therapy, as in the treatment of HCMV infec-
tions in solid organ transplant patients, has not
been associated with the emergence of resistant
strains (6). As it could be expected, most cases
of resistance have been described in AIDS and

TABLE 2. Mutations in the DNA pol gene conferring resistance to ganciclovir

Mutation Codon Result Remarks
TTT — GTT 412 Phenylalanine*'>—Valine Laboratory strains®
GAC— GAA 413 Aspartate**—Glutamate Clinical strains
CTC— ATC 501 Leucine®'—Isoleucine Laboratory strains®
ACG—- GCG 700 Threonine’—Glutamate Clinical strains®
GTG— ATG 715 Valine'*>Methionine Clinical strains®
GCC— GGC 987 Alanine®*’—Glycine Laboratory strains*

“Double mutants at DNA pol and UL97 genes.
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bone marrow transplant patients, whereas only
sporadically virologically-confirmed cases from
solid organ recipients have been reported.

Resistance to foscarnet

Foscarnet is a pyrophosphate analogue with
antiviral in vitro activity against members of
the herpes family and some other viruses inclu-
ding retroviruses (42). It shows a virustatic acti-
vity against HCMYV, as the other drugs used
in the treatment of the infections caused by this
virus. Once again, long-term foscarnet thera-
pies, necessary for managing some of these pa-
tients, could lead to the selection of resistant
mutants. However, due to its limited clinical
use in comparison with ganciclovir, resistant
strains to foscarnet has been less frequently
reported.

Foscarnet is also a potent, but reversible,
inhibitor of the viral DNA pol. Although the
precise mechanism of action has not been yet
fully understood, foscarnet seems to block the
pyrophosphate binding site of the HCMV DNA
pol, thus preventing the pyrophosphate cleav-
age. A complex enzyme-substrate is subseq-
uently formed, leading to the interruption of the
enzymatic activity and, eventually, to stop chain
elongation (42). Foscarnet also interacts with
the cellular enzymes but to a lesser extent than
with the HCMV DNA pol (18).

The less frequent use of foscarnet in the
clinical practice has hampered the real knowl-
edge of the resistance. In addition, technical
factors such as cell type, multiplicity of infec-
tion, and method used for susceptibility testing
have also influenced the consistency of test re-
sults. Nevertheless, by studying reference strains
and pretherapy clinical isolates, a temptative
breakpoint of >400 uM has been proposed for
resistance (14).

The mechanisms and the determinants of
resistance to foscarnet are poorly understood
and some of the current knowledge comes from
a generalization of parallel experiences with
other viral pathogens (e.g. herpes simplex vi-
rus). Foscarnet resistant strains have been se-
lected both in vitro (11, 39), and from clinical
specimens (3, 15, 26, 41). Preliminary data sug-
gest an association of mutations at codons 700
and 715 in a conserved region of the HCMV
DNA pol gene with emergence of foscarnet re-
sistance (3). A more extensive characterization
of the mutations conferring resistance to foscarnet
faces both practical (reduced use) and technical
(lenght of the viral DNA pol gene). Besides, it
could clarify some concerns about cross-resist-
ance with other DNA pol inhibitors. HCMV
strains showing resistance to both ganciclovir
and foscarnet have been isolated from patients
treated sequently and for long periods of time
with these drugs (26, 41). Fortunately, recent
data on ganciclovir and cidofovir resistant mu-
tants of the DNA pol gene have shown no cross-
resistance with foscarnet (17), thus supporting
that these two antiviral do not share the same
binding site of that of foscarnet. In addition, the
good clinical experiences in patients switched
from ganciclovir to foscarnet therapy (and vice
versa) also allows us to be optimistic for the
future.

Resistance to cidofovir

Cidofovir (S-4-[3-hydroxy-2-phospho-
nylmethoxypropyl]cytosine), formerly known as
HPMPC, is an acyclic phosphonate nucleotide
analogue of 2’-deoxyciytidine monophosphate
exhibiting a high in vitro activity against a wide
variety of DNA viruses of different families.
Particularly, it has a potent, long-lasting activity
against HCMV and other herpesviruses (12).
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The compound has also proven to be effective in
vivo in animal models for HCMV infections.
Although promising by its pharmacokinetic and
virological features, there is a limited experi-
ence on clinical use and, consequently, a small
knowledge on the mechanisms and of resistance
significance. Cidofovir-resistant mutants, either
from laboratory or from clinical origin, have
been described (8, 17, 35).

Cidofovir and other phosphonate derivatives
differ from typical nucleoside analogues (e.g.
ganciclovir) in that they present a phosphonate
residue. Thus, they only need for two additional
phosphorilation steps to be active against viral
DNA pol, the ultimate target for the antivirals.
Cellular enzymes are able to phosphorilate cido-
fovir, thus bypassing the requeriment for the
initial phosphorilation associated to the HCM V-
specific UL97 gene product.

Cidofovir is an inhibitor of the viral DNA
pol, but it is also active against cellular poly-
merases. As in other antivirals, the affinity for
the cellular enzymes is much lower than that for
the viral DNA pol. As a consequence, IC,  for
inhibiting viral replication is 1000-fold lower
than for cell proliferation (36). Cidofovir and its
metabolites tend to accumulate in infected cells
for a long period of time, which explains the
long-lasting inhibitory effect on HCMV. Whether
DNA pol inhibition by cidofovir is due to (i) a
competitive inhibition of the natural substrate,
(ii) an alternate substrate acting a chain termina-
tor, or (iii) an alternate substrate being incorpo-
rated to the new DNA chain, remains to be
ellucidated.

As expected because of its mechanism of
action, ganciclovir-resistant mutants harboring
mutations only in the UL97 gene do not show
cross-resistance neither with cidofovir nor with
other phosphonate nucleoside derivatives. Then,
cidofovir resistant mutants should map to the
viral DNA pol gene. In one study with a labora-

tory resistant strain, mutations at codons 412
(conserved region IV) and 501 (between con-
served region IV and A) were associated with
cidofovir and ganciclovir resistance (29). Simi-
larly, mutations at codons 408 and 413 of the
conserved region IV were responsible of resist-
ance to both drugs in clinical strains (17). It
seems that resistance to cidofovir is confined to
a specific region of the HCMV DNA pol gene,
thus suggesting that the corresponding amino
acids are essential components of an active
enzymatic pocket. It has been proposed that the
nucleoside binding site is altered when these
mutations occur. No specific mutations confer-
ring resistance to cidofovir alone have been
described to date, nor has been cross-resistance
between this drug and foscarnet demonstrated.
In addition, no resistance mechanisms other than
that associated to DNA pol mutations have been
described for cidofovir. This is of significance
for the clinical practice, because it confirms the
hypothesis of divergent mechanisms of action in
nucleoside derivatives and pyrophosphate ana-
logues.

As for the significance of the emergence of
cidofovir-resistant strains during therapy for
HCMYV infections, little is known because of the
limited clinical use of this drug. Short treatments
do not select for resistant mutants to cidofovir
(8). However, cidofovir resistance has been as-
sociated to prolonged ganciclovir therapy. In
general, isolates showing high level of resist-
ance to the latter compound (above 30 pM) are
cross-resistant to cidofovir and, as expected,
they harbor point mutations at the DNA pol
gene, no matter the presence of mutations at the
UL97 gene. On the other hand, strains with IC50
for ganciclovir within 12 and 30 uM (low level
resistance) do not normally show cross-resist-
ance to cidofovir and do not harbor mutations at
the DNA pol gene. To sum up, it should be
assumed that resistance to ganciclovir, does not
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Sergei I. Kuznetsov (1900-1987). The founder of
Russian aquatic microbiology

Natalia N. Lyalikova, Vladimir M. Gorlenko*

Russian Academy of Sciences, Moscow State University, Lomonosov, Moscow, Russia

This year is the tenth anniversary of the death
of Professor Sergei Ivanovich Kuznetsov, out-
standing Russian microbiologist and pioneer of
microbial aquatic ecology in Russia. Sergei I.
Kuznetsov was born in Moscow on November 17,
1900. His father, Ivan S. Kuznetsov, was a tal-
ented, well known architect. The buildings he
designed still can be seen in Moscow and in cities
along the Black Sea shoreline.

In 1919 Kuznetsov entered the Physics and
Mathematics Faculty of Moscow University and
in 1923 he graduated in the Department of Biology
of this faculty. Granted a position as Instructor in
the Department of Plant Physiology, he worked
under the guidance of Prof. E. E. Uspensky, who
was to exert a great influence on his scientific
development.

Kuznetsov’s interest in microbiological proc-
esses in aquatic environments began very early
when he was a student, and developed as he worked
as a chemist-bacteriologist at the hydrobiological
station at Deep Lake (Moscow region). These inter-
ests continued throughout his long life. From 1931
to 1941, Kuznetsov headed the microbiological

laboratory of the limnological station in Kosino,
near Moscow. His scientific production from
this period was to be relevant both for him and
for the opening and continuation of a line of
research in the field of limnology and aquatic
ecology.

The major articles he published at that time,
all corresponding to his stay in Kosino, were A
comparative study of nitrogen, phosphorus and
oxygen regime in lakes Glubokoe and Beloe
(1934), The effect of reserves of easily-hydro-
lysed nitrogen in the mud on the overall char-
acter of reduction processes in different lakes
(1937), and Determination of the rate of oxy-
gen uptake from the water mass of a lake at the
expense of bacteriological processes (1939).
Despite of the difficulty had the rest of the
scientific community understanding Russian,
translations (in some cases), communications
and exchange allowed his works to be known
abroad. Researchers could take advantage of
Kuznetsov’s contributions to limnology and
ecology of aquatic microorganisms and to the
knowledge of biogeochemical processes.

* Correspondence to: Vladimir M. Gorlenko. Department of Ecology and Geochemical Activity of
Microorganisms. Institute of Microbiology. Russian Academy of Sciences. Prospect 60-letiya Oktyabrya,
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FIG. 1. Sergei I. Kuznetsov (1900-1987).

At the outbreak of Word War II, Kuznetsov
became head of the Microbiology Laboratory of
wastewater purification plant in Lublino. From
1941 he also chaired the Department of Microbi-
ology of the Department of Biology at Moscow
State University.

He worked at the Institute of Microbiology of
the Soviet Union Academy of Sciences in the
Department of Geological Activities of Micro-
organisms, which had been previously chaired
by the academician B. L. Isachenko—who was
then director of the Institute. Kuznetsov worked
at the Institute of Microbiology for 41 years. In
1953 he created and chaired a microbiology
laboratory at the Institute of Biology of Inland
Waters of the Academy of Sciences. Although
later this laboratory was headed by his disciple
J. Sorokin, and later by V. Romanenko,

Kuznetsov continued to serve as a consultant for
many years.

In 1934, Kuznetsov married Cleopatra
Apushkina. They had four children, but only one
daughter is now alive.

The scientific interests of Kuznetsov were
wide-ranging. Many of his studies were devoted
to the biogeochemical cycles of carbon, sulfur,
nitrogen, iron, manganese, and other elements
present in fresh water. Numerous expeditions to
different lakes of the central parts of the former
USSR—in Siberia, Karelia, Middle Asia, and
other regions—enabled him to make a great
number of observations that were generalized in
his monograph: Role of Microorganisms in
Geochemical Cycles in Lakes, published in 1952.
In 1970, he published Microflora of Lakes and
Its Geochemical Activity, a book without equal
in the microbiological literature. His approach
to microbial phenomena in fresh waters and the
coverage are impressive.

For this book, Kuznetsov was awarded the
Sergei Winogradski Prize, without any doubt, a
much deserved prize. He had always admired
Winogradski, the founder of the ecology of soil
microorganisms. Differently from the classical
methods to study microorganisms, Winogradski
had outlined new approaches and considered
that both the study of ecology and the search for
new organisms needed to be preceded by the
acquaintance with the natural phenomena.
Kuznetsov and his collaborators followed the
same path by studying the ecology of microor-
ganisms in inland waters. The study of aquatic
microbiology is essential for many practical prob-
lems—productivity of reservoirs, prognosis of
hydrochemical and biological regimes, environ-
mental problems.

Kuznetsov was one of the first scientists in
Russia to use modern research techniques, espe-
cially radioactive isotopes, to study natural proc-
esses. The application of such modern tech-
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niques allowed him to quantify and determine
characteristics of the activity of sulfate-reduc-
ing, photosynthetic, methanogenic and other
groups of bacteria, as well as their roles in the
cycles of carbon, sulfur and oxygen in lakes. His
use of electron microscopy for the study of
aquatic microorganisms greatly contributed to
our knowledge about their morphology.

Kuznetsov published a handbook of methods
for aquatic microbiologists, limnologists and
hydrobiologists.

His theoretical investigations in the field of
aquatic microbiology established a basis for fo-
recasting the hydrochemical state and producti-
vity of newly created water reservoirs that found
an application in wastewater treatments. He had
collaborated in the development of methods for
the treatment of industrial wastewaters contain-
ing perchlorates and chromates

His monograph The Ecology of Aquatic Mi-
croorganisms, written in 1977 with his disciples
V. M. Gorlenko and G. A. Dubinina, deals with
the ecology of aquatic microorganisms—their
variety, methods of isolation, and description of
new genera and species. The book is considered
to be a major treatise on aquatic microbiology.
All important microbial reactions of the essen-
tial inorganic and organic compounds were
treated there, and it was established that the
major external factors that affect the ecology of
microorganisms were: the presence of nutrient
elements into the water, light penetration, and
the aerobic state of the water mass. The book
concludes that “...there exists in nature the fin-
est regulation of all biological processes.”

The cycles of organic matter, sulfur, iron,
nitrogen, phosphorus and other elements are
most closely bound with each other, and before
attempting to interfere with the equilibrium ex-
isting in nature, before trying to change nature,
it is essential to assess what it may lead to”. The
last monograph that Kuznetsov published in his

lifetime was Microbiological Processes of Car-
bon and Nitrogen Cycle in Lakes, coauthored
with A. I. Saralov and T. N. Nazina. It is a
quantitative description of the biogeochemical
cycles of carbon and nitrogen.

In the mid 1950’s Kuznetsov began to inves-
tigate, together with his collaborators, the role of
microorganisms in geochemical processes in
sulfur and oil deposits. The study of the role of
sulfate-reducing bacteria in the formation of
hydrogen sulfide in floated oil deposits helped to
develop the methods to prevent metal corrosion
of o0il equipment. Kuznetsov participated in the
development of microbiological techniques for
the prospect of oil deposits and oil recovery.

The significant roles played by microorgan-
isms in both the formation and destruction of
mineral deposits were reflected in a monograph
coauthored with M. V. Ivanov and N. N. Lyali-
kova: Introduction to Geological Microbiology,
published in 1962. During his long, fruitful sci-
entific career, Kuznetsov published more than
160 papers and monographs. All Kuznetsov’s
monographs were translated into foreign lan-
guages in Germany, Japan, the United States and
other countries.

He was a member of the editorial board of
Hydrobiology and the Geomicrobiological Jour-
nal. He was elected an honorary member of the
International Society of Limnologists, and was
awarded the Naumann Gold Medal in 1971. He
received several orders and medals from the
Soviet Government. Kuznetsov was very active
in teaching and in leading scientific investiga-
tions.

His kindness and wide knowledge attracted
many students to science, to whom he devoted
much time and effort. By directing more than 50
master and doctoral dissertations, he created
schools of microbiologists who contributed to
studies of petroleum, mineralogy and aquatic
microbiology in Russia and other countries. His
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students and colleagues held him in great es-
teem. The memory of Sergei I. Kuznetsov is
greatly cherished not only by Russian scientists
but also by foreign microbiologists and
limnologists.

He died in Moscow on February 27, 1987, at
the age of 86.
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PERSPECTIVES

Irreversibility of information and its implications
for living systems

Ramon Margalef

Department of Ecology, University of Barcelona, Barcelona, Spain

The distinguished physicist Erwin Schrodinger,
bornand died in Vienna (1887-1961), was awarded
the 1933 Nobel prize in Physics, shared with the
theoretical physicist Paul Dirac. In part due to
Nazi wickedness, and also because of his love
whims, he enjoyed a most stimulating life. Women
probably felt prone to forgive him, for his em-
phatic statement, that a society without women
was hateful and barbaric. He made other state-
ments about academic life in the same, or even
more strong, style. He also found comfort in po-
etry; Ithink his poems have inspiration and strength.

In 1934 he was invited to visit Spain. He gave
six lectures at the International Summer University
of Santander, which that year was directed by the
Spanish philosopher José Ortega y Gasset. He also
lectured in Madrid. The Santander lectures were
translated into Spanish by Xavier Zubiri, and were
published in 1935 (Cursos de la Universidad
Internacional de Verano en Santander, Signo,
Madrid).

From 1939 to 1956 he stayed in Dublin work-
ing at the Institute for Advanced Studies, created

for him as aresult of the Irish leader de Valera's
mathematical interests. There, in 1943, he de-
livered a series of lectures on the topic “What
is life?”, that were attended by more than 400
people. President De Valera and other authori-
ties from the Irish administration and Catholic
church, as well as representatives of Gaelic
intellectuality—who really appreciated that
Schrédinger had preferred Dublin to Oxford—
were among the audience.

The book produced from the series of lec-
tures and published under the title What is
Life? The physical aspect of the living cell
(Cambridge University Press, 1944) had great
success, and has been translated into many
languages. There are, at least, two independent
translations into Spanish. I wrote an intro-
ductory comment for one of them which was
translated by Ricard Guerrero (Editorial
Avance, Barcelona, 1976). (The other trans-
lation, many years its senior, was published
already in 1947 in Buenos Aires, by Espasa-
Calpe Argentina S. A. Finally, Tusquets Edito-
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res, Barcelona, started in 1983 its well known
series “Metatemas” with R. Guerrero’s trans-
lation.) That comment was signed by a certain
Ramon Margall, pen name for which I was not
responsible, and which came out from an entropic
circumstance. Uponre-reading myselfI still find
the text quite acceptable, although today I see
that youth and hope inspired me to write that “the
book contains an optimistic message, that life
has retained all its potentialities from its begin-
ning”. I also added that man could be more
optimistic than ever before, provided he looked
ahead and not back. Now I suspect that, since
then, almost all of us have tended to look back
more than ahead. This is the best formula for us
to stumble.

It is true that Erwin Schrédinger, who wrote
before the discovery of the DNA double helix
(J. D. Watson and F. H. C. Crick, 1953, “Mole-
cular structure of nucleic acids”, Nature, 171:
737-738), could only vaguely refer to a kind of
periodic crystal as a vehicle for genetic informa-
tion. Linus Pauling wrote a short chapter, entitled
“Schrodinger’s contributions to chemistry and
biology” (pp. 225-233) for a volume published
on the occasion of the centennial of Schrodinger’s
birth (Schrodinger, Centenary Celebration of a
Polymath, ed. by C. W. Kilmister, Cambridge
University Press, 1987). Pauling honored
Schrédinger by strongly critizising him, stating
for example—as far as the ideas he expressed in
What is life is concerned:“When I first read the
book, more than forty years ago, I was disap-
pointed. It was, and still is my opinion, that
Schrodinger made no contribution to our under-
standing of life”. “Schrodinger’s discussion of
thermodynamics is vague and superficial to an
extent that should not be tolerated even in a
popular lecture.” And there is much more along
the same line.

All this serves as an introduction to the things
I would like to say on the irreversibility of

information and its implications for living sys-
tems. Thermodynamics was born at the begin-
ning of the xix century, influenced by the brand
new industrial age. It developed to deal with the
efficiency problems in steam engines, in terms
of pressures, volumes and temperatures. Any
desired local effect forms part of a cycle that can
not be indefinitely repeated, but requests new
energy input that will also be degraded, this is to
say, energy can not be reutilized in the same
way. In fact, the concept of entropy looks as
unreal as phlogiston; so, the double negative of
negative entropy can be criticized. In the best
of the cases, entropies might be added up, as
something that will end up in the basket of the
Universe wastes.

What thermodynamicists did not think about
was that the concept of entropy usually becomes
complementary—although with a regrettable
waste—to a more or less persistant growth of
information. An example of this could be the
wearing of cylinders, or other engine elements
that, even being undesirable accidents in this
case, result in inputs of more persistant infor-
mation and organization, which will affect the
future.

We have all read that Karl Marx sent to
Charles Darwin a copy of Das Kapital. Darwin
never opened the book completely. (At that time,
even later, as we, older generation, remember,
books arrived to us with their pages folded and
tied, uncut, so it was far more difficult to boast
about being an enthusiastic reader.) Marx saw in
the mass production of objects or tools a pro-
gram which actually required energy and thus an
increase in entropy, but which offered the possi-
bility of improving the production’s process.
The most successful tools were taken as a proto-
type to be copied in a completely parallel inter-
pretation to Darwin’s natural selection. The first
edition of Darwin’s On the Origin of the Species
dates from 1859. Karl Marx, who was nine years
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younger than Darwin, to whom he wanted to
dedicate his work, published Das Kapital in the
year 1867.

However, the cost of increasing persistant in-
formation, which can be transmitted and improved,
and in any case reverts in itself, so it multiplicates,
is an increase in a somewhat unreal entity which
simply accumulates as a waste of the universe.

If the concept of entropy had not been so
generalized, that entity would not even deserve
a particular name. However, we can assume that
entropies can add up, whereas it is true that
information can, and usually do, multiply. This
concept might be difficult to understand when
the way of expressing and dealing with in-
formation was discussed by Kolmogoroff, Shan-
non, Ashby, and Chaitin, among others. Nowa-
days, however, this concept is better understood
and can be even considered trivial because of
the treatment imposed on all kind of information.
In fact, the value of the stores of information for
the survival of the systems that handle them is
never as essential as genetic systems are for
organisms.

Actually life’s success in handling informa-
tion depends on the low cost of copy work, more
or less as it happens with photocopying ma-
chines, and on mechanisms that preserve the
probability of keeping some probability of un-
faithful reproductions. This is what has become
popular talking of monkey typists and the chances
of their repeating a given sequence of symbols
already known and especially appreciated, such
as fragments of the Bible, Don Quixote, or works
by Shakespeare.

We must point out that the first version of this
idea comes from Jonathan Swift (1667-1745,
born in Ireland). In his Gulliver’s Travels, he
tells that, at the Great Academy of Lagado,
Gulliver is received by a famous scholar in the
care of a device out of the usual. This is a kind of
board with axes at right angles, around which

about forty youngsters turn the cranks to shake
several wooden dice with words written on each
side. After a while they stop the shaking and
leave the dice alone. As a result of the student’s
movement, a text is produced at random. This
text is copied by quick scribes, in the hope of
joining everything that can be possibly written
and, thus, all possible sciences, both divine and
humane. It was just a matter of patience.

We could say that entropy, if we want to
continue using this apparently empty concept
—speaking about negative entropy would sound
even emptier—in an elementary and rough way,
adds up, whereas information multiplies. If we
establish a connection between entropy and in-
formation, according to the traditional entropy-
information binomial association, and accepting
that both the copy and the generation of new
information must be linked to an increase in
entropy, information always has advantages.
However, catastrophic destruction of accumu-
lated information happens frequently. This is a
satisfactory news about the chances of the uni-
verse to persist; a universe whose essence might
be its ability to create. As Pascal said in one of
his pensées, “L’homme se lassera pliitot
d’imaginer que la nature de creer”.

We know that a computer program, if it is
already complex from the beginning, can be
considerably modified in the form of a supple-
mentary, relatively small amount of informa-
tion. So, it is not uncommon that a difference
which in biological terms can be considerable,
such as that existing between us and the living
primates closest to humans (chimpanzees), could
be attributed to small genetic differences which
act on relatively large amounts of information.

Age makes me point out—more to comfort
myself than to regret it—another fact, which I
think is very significant and unavoidable if in-
formation, as I have already stated, multiplies.
Firstly, it is impossible to obtain all information
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accumulated, and exactly in a way that follows
backwards the order followed as accumulation
has taken place. Obviously, you could find here
the reason, regarding the fact of realizing the
loss of the easiness that usually we had for
recovering “threads” of information, when this
was part of a quicker system. I think this could be
a model of the dificculty of manipulating in the
opposite way the access to information, in an
ordered way, comparable to a way opposite to
that at which the information was generated.
Obviously, as copy systems are so inexpensive
and effective, the problem’s solution to keep on
mantaining the thin skin of life around the world,
with a thermodynamics reasonable cost, is en-

trusted to natural selection. Death must be un-
derstood as an absolutely and necessary event
inside this scheme.

Darwin’s ideas agree with all thermodyna-
mic-information speculation, both in life and in
death. It is actually true that organisms as living
systems can be considered to have self-orga-
nizing power, that is to say, autopoietic in a
sense similar, if not identical, to that proposed
by Chilean researchers Maturana and Varela in
their book Autopoiesis and Cognition: The Re-
alization of the Living (Reidel Publ., Dordrecht,
Holland, 1980; originally published, in part, as
De mdquinas y seres vivos, Editorial Universita-
ria, S.A., Chile, 1972).
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Comments on “Two generations of spore research:
from father to son”*

Simon Silver
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Science is done by people and in a human and
historical setting. Therefore, this memoir by a
leader for many years of microbial spore research
is welcome and valuable. A sad measure of the
rapid progress in our science in the last generation
is that students and younger workers too often are
abit like popular musicians and lack such perspec-
tive.

Harlyn Halvorson’s view covers an unusually
long time, from childhood in the home of an
important microbiology researcher, teacher and
science administrator through a long-and produc-
tive career in these activities himself. I recall the
first, as well as the most recent, time I have talked
with Harlyn, the two some 40 years apart: In the
first exchange he rejected me from registering in
his microbiology course at the University of Michi-
gan, as he judged me as being still wet behind the
ears. I learned then not to turn away young enthu-
siastic students. In the last, he had helped to

organize and run a scientific symposium on
phosphate metabolism (polyphosphates remain
alifelong interest of his) at his favorite institu-
tion, the Marine Biological Laboratory (MBL)
in Woods Hole, at which he has gone from
student to Director. At the end of his time at
MBL, he was not treated very well—for having
done the required job vigourously, people found
faults in his efforts. His enthusiasm for the
MBL remains bright. He taught perspective
and judgement, as always.

One aspect of his virtuosity as scientist,
teacher, organizer, administrator, and educa-
tor that fails to emerge adequately from this
fascinating discussion of his father and his
spores is Harlyn’s wry and remarkable sense of
humor. He laughs, teases and inspires original-
ity by, in the midst of gravely serious issues,
never taking himself or those around him too
seriously.

* See Halvorson, H. O., Microbiologia SEM 13, 131-148 (1997)
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Throughout his career, Professor Halvorson
has been enthusiastic for both science and sci-
ence administration. As he mentions here, he is
proud to be half of (one of only two) father and
son pairs to both be presidents of the American
Society for Microbiology (ASM), an organiza-
tion for which he has worked productively for
many years. Institutions have always been, and
clearly still are, important for Harlyn Halvorson.
At the University of Illinois, H. Orin Halvorson,
the father, mentored young microbiology fac-
ulty (notably Salvador E. Luria, Sol Spiegelman
and Irwin C. Gunsalus) in a golden department at
a golden era for microbiology. Gunther S. Stent
(3), who is also an Urbana product from this
period, has written a different view of this won-
derful time and place, and especially of Harlyn
Halvorson’s research mentor, Sol Spiegelman.
The first class tradition at Urbana has continued
to today with the explosion of science on the
third type of life, the Archaea, associated most
closely with the evolutionary interests of Carl
Woese and the metabolic biochemistry of Ralph
Wolfe. Research enthusiasm transferred from
parent to child continued, for example, with the
sons (both named George) of Z. John Ordal and
Sol Spiegelman (both Urbana microbiology fac-
ulty) still active in the field.

"~ At the University of Wisconsin, Harlyn
Halvorson built and headed the Laboratory of
Molecular Biology, and then he moved to
Brandeis University, Waltham, Massachusetts,
where his administrative responsibilities included
building as well as fund raising for the Rosenstiel
Center. From there he went on to the directorship
of an 100-year old world-class institution, the
MBL. He has long been interested in the rela-
tionship between science, the institutions in
which it happens, and the society that pays the
bills. Halvorson passes lightly over the early

relationship between spores studies and Fort
Dietrich, the military bacteriological warfare
laboratories, and does not mention the early
cooperative and later strained relationship be-
tween ASM and Fort Dietrich. Much more re-
cently, his interest in and encouragement of
science in Cuba, especially microbiology, again
raises the relationship between public policy and
science, a subject that he has developed for years
at Woods Hole in conjunction with Alex Keynan
(from Israel) and Sir Hans Kornberg (from the
U.K.). It is a rich, complex fabric in which
experimental science occurs.

Harlyn Halvorson’s longest span of research
concerned spore germination and yeast develop-
ment. Yet, although there are now twenty ger
(germination) genes in the newest genetic map
for Bacillus (1), germination research seems to
have been reduced to a minor topic, compared
with the continuing highly active research on
Bacillus sporulation (2, 4). Sadly for its strong
North American roots, the current complete DNA
sequencing of the genome of Bacillus subtilis (1)
is basically listed as a European—Japanese coope-
rative effort, with Americans mostly missing!
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Summary

Internet is a vast net of information, services and global communication tool. The main services
available are electronic mail (e-mail), connection to aremote computer (telnet), file transfer protocol
(ftp), seeking (gopher) and the world wide web (www). In microbiology Internet allows to search for
data bases, submitting articles to journals, communication with other scientists, participation in
newsgroups, clinical meetings, multilocus training trials and the acquisition of products and
services. The benefits of Internet grow quickly together with the improvement of scientific and
technical resources in the net and its use is becoming simpler and friendly. It is an important tool at
academic and research level.

Key words: Internet, world wide web, data processing nets, applications data processing,
electronic addresses

Resumen

Internet es una extensa red de fuentes de informacidn y servicios, y una eficaz herramienta de
comunicacién global. Los servicios més importantes en la red son: correo electrénico (e-mail),
conexién remota a otro ordenador (telnet), transferencia de ficheros (ftp), buscadores (gopher) y
world wide web (www). En microbiologia, Internet permite consultar bases de datos, enviar articulos
arevistas, comunicarse con otros cientificos y participar en cursos de formacién, foros de discusién,
reuniones clinicas y ensayos multicéntricos, asi como adquirir productos y servicios. Las ventajas
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de Internet crecen rapidamente a la par que los recursos cientificos y técnicos en la red, su manejo

se hace mds sencillo y amigable, y aumenta su utilidad en docencia y investigacién.

Introduccion

El desarrollo tecnolégico de las comuni-
caciones ha experimentado un crecimiento
exponencial. Con las nuevas tecnologias infor-
madticas, cada dia un mayor nimero de ordena-
dores se comunican entre si, formando un entra-
mado de redes que han venido a denominarse
autopistas de la informacién (8). Internet, la
mayor de estas redes informadticas, fue creada a
finales de la década de 1960 por militares nor-
teamericanos para lograr una comunicacion mas
eficaz en caso de guerra nuclear. Inicialmente
estaba formada por la interconexién de tan sélo
cuatro ordenadores, pero su desarrollo en afios
posteriores fue vertiginoso. Aunque es imposible
conocer el nimero de ordenadores actualmente
conectados alared, se estima que es alrededor de
40 millones y su nimero aumenta anualmente
sobre un 10% (8, 10). Se prevé que en el afio
2000 més de 150 millones de ordenadores estaran
conectados a lared (11).

La conexion a Internet es facil (8,11): basta
un ordenador (PC o Apple Macintosh), un médem
(conectado a la linea telefénica) y el software de
comunicaciones de la red, que suele propor-
cionar el proveedor sin coste alguno (TCP/IP:
Transmission Control Protocol/Internet Proto-
col). Una vez contactado el proveedor de acceso
a la red, éste proporcionard una cuenta de acce-
so. Los distintos proveedores y tarifas en nuestro
pais estdn disponibles en: hppt://www.ole.es/
Paginas/Internet/Proveedores_de_Internet/
Espafia. | _

Dos puntos a tener presente cuando se realiza
la conexién son: seleccionar un proveedor
préximo al domicilio o lugar de trabajo (asi las
llamadas telefénicas se facturan como locales),

y elegir un médem de alta velocidad para recibir
rapidamente la informacion.

Los ordenadores conectados a Internet se
identifican mediante direcciones numeéricas y
alfabéticas. Cada ordenador tiene asignada una
direcciéon IP, tdnica y especifica, de cuatro
nimeros, cada uno de ellos comprendido entre 0
y 255, separados entre si por un punto (5). Su
asignacién estd coordinada por el Centro de
Informacién de Redes (Network Information
Center, NIC). Ahora bien, el manejo de las di-
recciones numéricas IP resultaincémodo, ya que
son dificiles de recordar y se cometen frecuentes
errores al teclearlas. Por ello, se ha establecido
un método de direcciones alternativo basado en
nombres. El nombre del ordenador estd cons-
tituido por varios grupos de caracteres (palabras,
abreviaturas), separados entre si por puntos y
ordenados de izquierda a derecha: ordena-
dor.nombre_subred. nombre_red.dominio.

En la prictica, los ordenadores se comunican
por su direccién IP, de modo que el nombre del
ordenador es transformado automdticamente a
su correspondiente direccién numérica por una
base de datos, denominada sistema de nombres
de dominio (Domain Name System, o DNS), y
que también estd coordinada por el NIC (5).

Las caracteristicas mds importantes de Inte-
rnet son: es rnultinvacional, universal y con
cardcter no lucrativo; es decir, no tiene propietario
y su uso es gratuito para el usuario. Internet es
utilizado por individuos y organizaciones de todo
tipo, privadas y piblicas. En un préximo futuro, el
conocimiento y manejo de esta tecnologia serd
un factor determinante en todos los dmbitos,
particularmente en el campo de la ciencia, debido
alamasivainformacion cientifica existente en la
red y a su rapida actualizacién (2, 8).
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Las posibilidades de Internet se pueden
considerar ilimitadas, dependiendo tnicamente
de la preparacién del usuario y de la utilizacién
que éste le quiera dar. El objetivo del presente
trabajo es describir el funcionamiento y las apli-
caciones de Internet en el 4mbito de la micro-
biologia.

Aplicaciones de Internet

El manejo de Internet se realiza mediante las
herramientas de trabajo en la red, siendo cada
una de ellas un conjunto de programas infor-
madticos y utilidades para una determinada tarea
(11). La Tabla 1 muestra las herramientas
accesibles desde la World Wide Web (WWW, o
W3). Estos servicios funcionan en un modo de
interacciéon entre ordenadores denominada
relacién cliente/servidor (3, 11). En Internet, la
informacién y los servicios se obtienen de otros
ordenadores o equipos denominados servidores;
mientras que los clientes son los ordenadores
que solicitan esa informacién. Para ello, el soft-
ware del ordenador cliente interpreta las
instrucciones del usuario y envia 6rdenes al
ordenador servidor o remoto, donde otro progra-
ma informdtico lleva a cabo las instrucciones
enviadas por el usuario (3). Todas las aplicaciones
de Internet utilizan uno de los servicios bésicos
que se describen a continuacidn.

Correo electrénico (e-mail). Es una de las
aplicaciones mds utilizadas. Permite enviar y
recibir cualquier documento susceptible de ser
transformado en bits (textos, imagenes, sonidos)
de forma instantdnea y fiable (6-8). Todos los
usuarios de Internet tienen una direccién de
correo electrénico especifica. El formato de esta
direccidn es el siguiente: leyendo de derecha a
izquierda, las dos primeras letras corresponden
al pais o dominio, seguidos de la organizacién y
el nodo al cual estd conectado el ordenador.

TABLA 1. Herramientas accesibles desde WWW y
su denominacién en URL

Herramienta Denominacién en URL
Correo electrénico mailto://
File Transfer Protocol ftp://
Gopher gopher://
Newsgroups news://
Telnet telnet://
World Wide Web http://

Debe tenerse cuidado en la utilizacién de las
letras mayusculas y mindsculas, pues no siempre
son equivalentes en las direcciones electrénicas.
Estados Unidos no utiliza c6digo de pais, debido
a que allf se inicid esta red.

El procedimiento (2, 3) es muy sencillo. Se
prepara un mensaje con un procesador de textos
ASCII y se incorpora a la red poniendo en la
cabecera la direccién del destinatario. Se puede
verificar que el mensaje ha sido recibido correc-
tamente; si no es asi, sera devuelto con una
indicacién del motivo (fallo de comunicacion,
usuario y/o destino desconocido, etc.).

El mismo mensaje se puede enviar de manera
automdtica a un grupo de personas distanciadas
entre si mediante las listas de distribucién, previa
suscripcién. Cada lista se mantiene en un orde-
nador central (Listserv) al cual deben remitirse
todos los mensajes que se deseen distribuir.
Estas listas constituyen un foro real de opinién
de temas diversos. Su principal inconveniente es
que, ademds de sobrecargar el trafico de datos en
la red, el buzdn de correos del usuario se satura
rdpidamente en cuanto éste se suscribe a varias
listas. Para evitar este inconveniente se crearon
los noticiarios (“newsgroups”), cuyo funcio-
namiento es similar al de un tablén de anuncios
(2, 8). La informaci6n es depositada en un orde-
nador del nodo de la red transmitiéndose una
sola vez, entonces el usuario debe acceder al
mismo y buscarla, y si le interesa puede importarla
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a su ordenador, imprimirla, etc. Existen més de
5500 noticiarios, que abarcan los més diversos
temas (2).

Junto con los mensajes del correo electrénico,
también se pueden enviar documentos o ficheros
elaborados mediante otros programas informé-
ticos, con la aplicacién anexo (‘“attach”). Para
que el destinatario del correo pueda utilizar estos
ficheros, debe poseer estos programas u otros,
llamados visores, capaces de abrir los ficheros
recibidos, teniendo entonces la posibilidad de
copiarlos y modificarlos o almacenarlos. Para
contestar un mensaje de correo electrénico basta
con utilizar la funcién responder (“reply”) y
escribir el mensaje que se desee.

Conexién remota a otro ordenador. Otra
funcién basica de Internet es la conexién de un
usuario a otro ordenador servidor situado a gran
distancia. Esta utilidad es mas conocida en los
protocolos TCP/IP como Telnet y permite utilizar
otro ordenador como si se estuviese conectado a
un terminal local (2). Cuando se establece una
conexion Telnet, el ordenador remoto solicita al
usuario su nombre (“username” y/o “login”) y
una contrasefia (“password”) para permitirle el
acceso. De esta manera, el usuario puede utilizar
los recursos disponibles en el otro ordenador
segun el grado de acceso permitido por su sistema
de seguridad. Su principal ventiaja, ademas de la
facilidad de uso, es que la velocidad de transmi-
sién es similar a la de un terminal local. Muchas
instituciones cientificas y gubernamentales tienen
cardcter abierto, lo que significa que puede
accederse a sus bases de datos con sélo una
contrasefia genérica.

Transferencia de ficheros. O también
protocolo de transferencia de ficheros, FTP (“File
Transfer Protocol”), es otra de las aplicaciones
bésicas de Internet. Su funcionamiento es pare-
cido al de Telnet, pero en lugar de utilizar los
recursos de otro ordenador, FTP permite nave-
gar entre sus directorios y enviar y/o recibir

ficheros de un ordenador a otro. FTP es el inico
sistema que permite transmitir ficheros binarios
como programas, imagenes, sonido o peliculas
en formato digital (3—8). Como en Telnet, para
acceder a las 4reas de libre utilizacién en otro
ordenador hay que conocer su contraseiia, que
suele ser la palabra “anonymous”, seguida de la
direccién de Internet del usuario (“username’)
que establece la conexién (2, 4).

Buscadores. La gran cantidad de informacién
disponible en Internet ha obligado al disefio de
utilidades para navegar en este océano de infor-
macién, permitiendo busquedas selectivas.
Archie facilita la localizacién de ficheros en
Internet, realizando bisquedas de ordenadores
con FTP anénimo. Su resultado es un listado
desglosado de los ficheros disponibles en cada
sitio y de su contenido, indicando cudles son los
mads adecuados en la solicitud de bisqueda (2, 4).
Gopher es un servicio de obtencién de do-
cumentos a través de mendus interactivos. Permi-
te conectarse aun servidor general e iravanzando
mediante menus desplegables hasta encontrar la
informacién que interesa (3, 11).

World Wide Web (WWW). Desarrollado
en Ginebra por CERN (12), es el método mas
sencillo y potente para proveer y obtener infor-
macién y servicios a través de Internet (8, 11,
12). Facilita el acceso a documentos multimedia
interactivos, en los que la informacidn se puede
presentar en forma de texto, imagenes, sonido y/
o video. Esta basado en la tecnologia hipertexto,
esdecir, paginas en las que determinadas palabras
(o iméagenes), subrayadas y resaltadas en un
color distinto del resto del texto, constituyen un
enlace (“link”) con otras pdginas a las que estdn
relacionadas, con independencia de su localiza-
cién. La extension de una pagina Web es ilimi-
tada y dependera del espacio libre que el ser-
vidor de Internet deje disponible para tal fin (3).

Las paginas WWW estdn disefiadas en un
nuevo lenguaje de programacién denominado
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HyperText Markup Language (HTML), el cual
permite especificar la informacién contenida en
un documento, el modo de presentarla (textos e
imagenes), facilitando también el acceso a otras
direcciones electrénicas (“link”). Ademads, es
capaz de convertir toda la informacién multime-
dia en simples archivos de texto, a los que se
reconoce por su extensién .html (3).

Sin necesidad de conocer las direcciones
electrénicas de cada unade las paginas, e incluso
sin conocimientos especificos de informatica, es
posible navegar de una pégina a otra valiéndose
simplemente de la ayuda del ratén, aunque estén
localizadas en lugares opuestos del planeta (11).
Se accede al WWW por medio de una pagina
propia o por la del servidor y por medio de los
navegadores (“browsers”) como por ejemplo,
Netscape Navegator, Internet Explorer o Mo-
saic. Es posible trasladarse de una péagina a otra
oirdirectamente a una pagina concreta tecleando
su direccién (3-8). La direccion de las paginas
siempre va precedida por la abreviatura http://
(hipertext transfer protocol).

También existen numerosos buscadores de
informacién en la WWW, espafioles o extran-
jeros, con caracteristicas propias, particularmente
en lo referente al tipo de informacién que
catalogan, a la sintaxis del texto que debe espe-
cificarse para llevar a cabo la biisqueda y a la
forma de presentar los resultados de la misma.
No obstante, todos ellos funcionan de manera
semejante, utilizando el sistema de bisqueda por
palabras clave en todala WWW y proporcionan-
dounlistado en forma de hipertexto para localizar
la informacién deseada (11). Los buscadores
mds utilizados, aunque existen muchos mas son
los siguientes:

Altavista http://www.altavista.digital.com/

Lycos http://www.msn.lycos.com/
Magellan http://www.mckinley.com/
Yahoo http://www.yahoo.com/

Otras utilidades de Internet. Internet per-
mite lacomunicacién entre dos usuarios a tiempo
real por escrito, mediante la herramienta IRC
(Internet Relay Chat, charla en tiempo real),
apareciendo la pantalla del ordenador dividida
en dos mitades, una para cada usuario (3, 11). El
sistema de videoconferencia permite la comuni-
cacién atiempo real mediante imdgenes y sonido,
si bien su costo es todavia elevado.

Internet aplicada a la microbiologia

La creciente popularidad de Internet y su
impacto en los centros universitarios y de
investigacion espailoles, se ha traducido en una
importante presencia de investigacién y desarro-
llo (I + D) en la red. En Espafia, este sector
representa mas de 200.000 paginas WWW (1).

Las utilidades de Internet en microbiologia
abarcan desde la microbiologia bésica (taxo-
nomia, bacteriologia, virologia, micologia,
parasitologia, biologia molecular) hastala micro-
biologia aplicada, integrada por microbiologia
clinica (quimioterapia), microbiologia ambiental
y microbiologia industrial (microbiologia de
alimentos, microbiologia farmacéutica, ingenie-
ria genética). Asi pues, esta informacién puede
variar desde la biisqueda, comparacién y andlisis
de cualquier secuencia de DNA o proteinas
mediante bancos de datos genéticos (9), hasta la
consulta de un tratamiento farmacéutico para
combatir una intoxicacién alimentaria, o tratar
una enfermedad infecciosa.

Otras aplicaciones son la consulta y peticién
de cepas microbianas directamente de ciertas
colecciones tipo de microorganismos (ATCC,
CECT, etc.), asi como la posibilidad de enviar y
recibir trabajos a revistas cientificas para su
publicacién, reduciendo de esta manera el tiempo
requerido en estos casos. Generalmente, tanto
las instrucciones para los autores como los
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restimenes de los trabajos publicados (e incluso,
a veces, el articulo en su totalidad) pueden con-
sultarse en las paginas WWW de la revista. Sin
embargo, todavia son pocas (Microbiologia SEM
es una de ellas) que permiten esta via de publi-
cacién, siendo éste un campo que se desarrollara
en los préximos afios (10).

La utilizacién masiva del sistema interactivo
WWW ha permitido un acceso mds rapido y
ordenado a todo tipo de informacién. En micro-
biologia, como en otros campos cientificos, sus
aplicaciones sonilimitadas y permite a través del
correo electrénico una comunicacién rdpida y
sencilla entre cientificos en cualquier parte del
mundo. Asimismo, es posible, por medio de la
conexién remota a otro ordenador, consultar
bases de datos para la bisqueda de bibliografia
cientifica, manuales de protocolos experimen-
tales, lineas de investigacién de grupos cien-
tificos, resultados de ensayos clinicos, etc. La
Tabla 2 proporciona direcciones electrénicas de
servicios de bisqueda bibliogréfica.

Desdelaaparicién de la WWW, lautilizacién
de Internet ha aumentado espectacularmente, asi
como sus distintas aplicaciones. En el ambito
cientifico, y concretamente en microbiologia, es

posible utilizar la WWW con diferentes fines
(3-11): conocer las lineas investigadoras de una
determinada institucién con la que se desea estar
en relacién o visitar; participar en debates,
conferencias y foros de discusién sobre temas
profesionales de actualidad; colaborar en grupos
de trabajo especificos; desarrollar ensayos
clinicos multicéntricos; asistir a cursos y
programas de formacién continuada a distancia
de modo interactivo; participar en seminarios
con apoyo audiovisual o no (“talking”); adquirir
productos comerciales para el laboratorio, libros,
revistas. Todo ello sin necesidad de efectuar
desplazamientos. En la Tabla 3 se incluyen las
direcciones electronicas de revistas y sociedades
cientificas de microbiologia.

Conclusiéon

La WWW es el sistema mds importante y
sencillo de comunicacién de Internet y desde su
aparicién es la razén del gran incremento de
usuarios en los tdltimos afios. Se estima que a
finales de 1996 existian més de 150 millones de
paginas Web (11).

TABLA 2. Direcciones electrdnicas de servicios de bisqueda bibliografica en Internet

Servicio

Direccién electrénica

Grateful Med Medline Journal Article Search
HealthGate Medline

HealthWorld Medline

Infotrieve Medline Service Provider

Medline Database at Community of Science, Inc.
Medscape Medline Search

NlightN Medline Search

OhioLINK

Ovid On Call Medline and Medical Databases
PapérChase Medical Literature Searching
PHP

http://igm.nlm.nih.gov/
http://www.healthgate.com/
http://www.healthy.net/library/search/medline.htm
http://www.infotrieve.com/

http://muscat.gdb.org/repos/medl/

http://www5.medscape.com/home/search/search.mhtml

http://www.nlightn.com/
telnet://cat.ohiolink.edu
http://preview.ovid.com/
http://enterprise.bidmc.harvard.edu/paperchase
http://php2.silverplatter.com/
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TABLA 3. Servidores y direcciones de pdginas WWW de revistas de microbiologia en Internet

Servidor

Direccién electrénica

Annales de I’Institut Pasteur
Antimicrobics and Infectious
Diseases Newsletter
British Medical Journal
Cell
Clinical Microbiology Newsletter
Current Advances in Applied
Microbiology & Biotechnol.
Diagnostic Microbiology
and Infectious Disease
EMBO Journal
FEMS Immunology
and Medical Microbiology
FEMS Microbiology Letters
FEMS Microbiology Reviews
Gene
Genetics
Infection and Immunity
International Journal
of Antimicrobial Agents
International Journal
of Food Microbiology
Journal of Bacteriology
Journal of Clinical Microbiology
Journal of Medical
& Veterinary Mycology
Journal of Microbiological Methods
Microbiologia SEM
Microbiological Reviews
Microbiology: Bacteriol.,
Mpycol. Parasitol. & Virol.
Molecular and Cellular Biology
Molecular Microbiology
Nature Biotechnology
Nature Genetics
Nature Medicine
New England Journal of Medicine
Proceedings of the
National Academy of Sciences
Research in Microbiology
Science
The Lancet
Trends in Biotechnology
Trends in Microbiology
Veterinary Microbiology

http://www.elsevier.nl/inca/publications/store/5/0/5/8/0/7/505807.pub.shtml

http://www.elsevier.nl/inca/publications/store/5/0/5/7/4/8/505748.pub.shtml
http://www.tecc.co.uk/bmj/bmjpubs/

http://207.20.62.102/cell/index.htm
http://www.elsevier.nl/inca/publications/store/5/0/5/7/5/5/505755.pub.shtml

http://www.elsevier.nl/inca/publications/store/7/3/7/737.pub.shtml

http://www.elsevier.nl/inca/publications/store/5/0/5/7/5/9/505759.pub.shtml
http://www.oup.co.uk/embojo/hdb

http://www.elsevier.nl:80/estoc/publications/store/4/09288244/
http://www.elsevier.nl:80/section/life/fems/docs/contents.htm
http://www.elsevier.nl:80/estoc/publications/store/5/01686445/
http://www.elsevier.nl:80/estoc/publications/store/9/03781119
http://www.faseb.org/genetics/gsa/jou-gsa.htm
http://www.at-home.com/ASM/IAI

http://www.elsevier.nl/inca/publications/store/5/0/5/5/2/1/505521.pub.shtml

http://www.elsevier.nl/inca/publications/store/5/0/5/5/1/4/505514.pub.shtml
http://www.at-home.com/ASM/JB
http://www.at-home.com/ASM/ICM

http://www.blackwell-science.com/products/journals/jmvm.htm
http://www.elsevier.nl/inca/publications/store/5/0/6/0/3/4/506034.pub.shtml
http://morgat.udg.es/microbsem

http://www.at-home.com/ASM/MR

http://www.elsevier.nl/inca/publications/store/5/0/5/9/7/3/505973.pub.shtml
http://www.at-home.com/ASM/MCB
http://www.blackwell-science.com/products/journals/mole.htm
http://biotech.nature.com/ )
http://genetics.nature.com/

http://medicine.nature.com/

http://www.nejm.org

http://www.pnas.org

http://www .elsevier.nl/inca/publications/store/5/2/2/4/9/3/522493.pub.shtml
http://science-mag.aaas.org/science/home/contents-by-date-alt.htm
http://www.thelancet.com/
http://www.elsevier.nl/inca/publications/store/4/0/5/9/1/7/405917 .pub.shtml
http://www.elsevier.nl/inca/publications/store/4/2/4/1/0/0/424100.pub.shtml
http://www.elsevier.nl/inca/publications/store/5/0/3/3/2/0/503320.pub.shtm]
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En general, el cientifico tiene una avidez
innata por conocer los dltimos adelantos en su
campo. A través de Internet puede acceder a
resultados de investigaciones incluso antes de su
publicacién en revistas sin la pertinente revisién
(10). Los peligros de difundir ciertos tipos de
informacién (p.e., médica y terapéutica) no con-
trastada a una audiencia potencial de millones de
personas son obvios (7) ya que no siempre puede
el usuario determinar la credibilidad de la fuente
de informacidn.

Muchas de las posibles ventajas de la utiliza-
cién de Internet, como el acceso a bases de datos
y a sociedades cientificas, pueden volverse con-
traproducentes. Cualquier persona sin acredita-
cién alguna puede acceder a la informacién en
todos los campos cientificos pudiendo utilizarla
para fines poco éticos o daiiinos (7, 10). A todos
estos potenciales inconvenientes hay que afiadir
el “miedo a la nueva tecnologia” por parte de
muchos profesionales, debido al analfabetismo
informatico y a su actitud reacia al conocimiento
de esta tecnologia (2).

Esperamos que este trabajo sirva para esti-
mular el interés por el uso potencial de Internet,
y asi ser capaces de incorporar esta revolucién
tecnolégica a nuestro mds inmediato futuro, o
mejor dicho, al més actual presente.

Los autores de este articulo disponen de las
direcciones electrénicas de numerosas ins-
tituciones, centros de investigacién y sociedades
cientificas que pueden ser de interés para micro-
bi6logos cualquiera que sea su especialidad,

que, por razones de espacio no se incluyen en
este trabajo. Los lectores interesados pueden
solicitar esa informacién a la direccién elec-
trénica del autor correspondiente.
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OPINION

Scientific writing: revising basic communication
strategies

Frances Luttikhuizen

Departament de Geoquimica, Petrologia i Prospeccié Geologica, Facultat de Geologia,
Universitat de Barcelona, Barcelona, Spain

Writing is an essential professional skill. Well
done, itis an exciting, rewarding experience; done
poorly, it can be frustrating and disappointing.
Writing is extremely important for moving ahead
in any profession. Scientists spend up to one third
of their time writing reports. Papers are one of the
major products of their research. Nevertheless, all
too frequently the time and effort given to writing
up the results is minimum. By underestimating the
time and effort you put into your writing, you are
in a sense underestimating your research.

Writing is not an easy task, as you will remem-
ber from your school days. Memories of low marks
on writing assignments, together with unsympa-
thetic remarks from demanding teachers, can have
a negative effect on your writing even in later
years. However, writing for scientific purposes is
not the same as writing for academic assessment.
Too often junior scientists think they are still
writing university essays and tend to emphasize
all they know about a topic instead of limiting
their contribution to the essentials.

Assigned essays are written by people who are
“learning” for people who already “know”. It is

the student’s job to “impress” the teacher by
resorting to sophisticated vocabulary, complex
sentence structure and other literary devices
that will best fulfil that purpose. In professio-
nal life, however, both the purpose and audien-
ce are different. Readers of scientific papers do
not read them to assess them, they read them to
learn from them. And because many writers
overlook this basic difference, their writing
can sometimes get out of focus. What is needed
is more simplicity, not more sophistication!"

Communicating vs. writing

One basic assumption to bear in mind is that
writing—making information available on pa-
per—and communicating are not necessarily
synonymous. The main underlying purpose of
a scientific paper is to communicate informa-
tion, not just to put information into written
form. Communication implies “sharing”. Itis a
two-way activity involving both the sender of
the message and the receiver. There is giving
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and taking; transmitting information and receiv-
ing feedback. Feedback refers to the verbal or
visual responses the message elicits.

Communication scientists refer to this two-
way transaction, or “sharing” of information, as
the encoding and the decoding of a given mes-
sage. Encoding involves the process of putting
the information into a code, or means, through
which the message is conveyed. When the mes-
sage is “picked up”, the receiver tries to make
sense out of it. This process of interpreting the
message is known as decoding. The decoder’s
reaction, or response, to the encoder’s message
is known as feedback. Feedback tells the sender
two things: how well the message was received
and how accurately it was interpreted.

In oral communication, this encoding-decod-
ing transaction takes place very rapidly, almost
simultaneously, and may involve a number of
subtleties. Nods, frowns or other facial gestures
rapidly convey agreement, disagreement, com-
prehension, indifference, doubt, etc. A success-
ful speaker relies heavily on non-verbal feed-
back to establish rapport with his/her audience.

In written communication, feedback is much
more difficult to perceive. How can a writer tell
whether a reader has picked up and decoded his/
her message the way it was meant? Immediate
direct feedback allows individuals to modify
their behaviour accordingly. When this type of
feedback is lacking, all we can do is assume that
the message was decoded correctly. But because
breakdowns in communication are so often due
to careless encoding, we cannot stress enough
the importance of clear, concise writing.

Encoding
Proper encoding is essential for effective

results. Business people are very aware of this.
The key to being a good salesperson lies in

knowing how to stimulate and motivate the cus-
tomer. Stimulation and motivation are two key
concepts in communication. In the introduction
of an oral presentation, a good speaker first gets
his/her listeners’ attention (stimulation to listen)
and then shows them how this particular presen-
tation will be of value to them personally (moti-
vation to continue to listen). This, of course,
requires a carefully prepared, well-organized
presentation. The same is true of good writers
and good writing.

Your first “message” to your reader is the
title you choose for your paper (stimulation to
read). Titles have two jobs: they must inform
readers what the research is about, and they must
distinguish your research from other research in
the field. Titles must not only be precise; they
must also be clear. Too many details can confuse
the readers. One useful technique for testing the
necessary words in a title is to underline just
those words that would be used in a keyword
index. Those not underlined may be redundant
or even distracting.

Next comes the summary; it supplies the
details that do not fit in the title and gives the
reader just enough information to know whether
he or she wants to go on reading (motivation to
continue to read). The introduction goes one step
further and gives details about the research that
could not fit in the title or in the summary. A
strong introduction tells the reader why the re-
search is/was important and why it is a real
contribution to the field (motivation to continue
to read to the end).

Because writing is such an important part of
interaction in the scientific community, we must
not forget that in scientific writing language is a
means, not an end. Hopefully, by thinking of our
own irritation as readers, we can learn to be more
professional writers. A paragraph represents a
chain of thought. A well-written paragraph should
contain a topic sentence and several supporting
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sentences. Smooth transitions between the sen-
tences is achieved with the use of connectors, or
conjunctive adverbs (however, therefore, hence,
likewise, furthermore, etc.). Connecting words
are like sign posts on a road map. They link one
thought with another, giving a sense of continu-
ity and cohesion to the text, greatly facilitating
the task of the reader.

Visual devices such as graphs, charts, tables,
etc. can be useful in clarifying complex informa-
tion. Visual presentations have the advantage of
representing three dimensions. Prose restricts
information to a one-dimensional linear se-
quence; visual devices enables you to show ac-
tivities going on in parallel, and movement in
varying directions. Your reader can take in all
these things “at a glance”. It must be remem-
bered, however, that perception and comprehen-
sion are not the same thing. Your reader must not
only perceive your visual presentations, but also
understand them!

Decoding

Efficiency in writing can be measured only in
relation to its purpose. As we have seen earlier,
the purpose of scientific writing is to inform the
scientific community of new developments and
research being carried onin the field. The best way
to make our writing efficient is by making it read-
able. Papers that place'extra barriers and obstacles
between the message and the reader are obviously
inefficient and are defeating their purpose.

Although encoding and decoding may seem
like fairly simple processes, numerous factors
are involved. We all use our own background
and experience to encode messages. ‘Receiv-
ers’, on the other hand, use their own back-
ground and experience to decode those mes-
sages. When this involves the added difficulty of
being expressed in a language not one’s own,

major communication breakdowns are even more
likely to occur. The rate at which information is
received and processed varies according to the
reader. The time of day, stress, attention spans,
the language the message is written in first lan-
guage, second language, third language (L1, L2,
L3), interferences, etc. all affect the decoding
process. Consider your own experience as a
reader. With the huge amounts of written mate-
rial to be dealt with every day, there is little time
to waste on unorganized, wordy messages.

Writers must remain sensitive to their read-
ers and adjust the content, style and format of
their writing accordingly. Even the rate at which
information is “unloaded” must be taken into
consideration. Too fast and you overwhelm our
reader, too slow and you bore him/her. Here a
reasonable dose of repetition can be helpful.
Moreover, repetition of key points can reinforce
the message and can make the reader’s task less
demanding.

Readability is a good barometer for effective
writing. Readability research shows that long
sentences make texts more difficult for readers
to absorb. Nevertheless, many writers feel that
long sentences are inevitable if complex interac-
tions have to be expressed. This is a mistaken
idea. Any subject can be broken up into longer or
shorter items of information. The determining
factor is how much the reader can comfortably
absorb. As we read a sentence, we store the
words in our short-term memory and when we
reach the full stop, we decode the sentence as a
unit. Our short-term memory is limited. A read-
er’s capacity to absorb information can easily be
exceeded. When we reach the end of a long
complex sentence the first words have been for-
gotten. If too many ideas are packed into one
sentence a reader can easily get lost. When this
happens over and over, reading becomes tedious
and frustrations begins to build up, producing
negative reactions in your reader.
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Feedback

One very clear type of feedback that cannot
be ignored occurs when a paper comes back from
an editor with a note saying “re-write” with no
other explanation. What happened? Where did
the message fail? Was it the language? Was it the
organization? As we have stated earlier, great
pains must be taken in conveying your message
with the greatest simplicity and clarity.

~ Generally, the first person to “read” your
paper and form an opinion of it will be a re-
viewer, or referee. Most writers react defen-
sively to the feedback they receive from a ref-
eree. But before taking offence at a referee’s
remarks, turn back to what we have just said
about the many factors involved in decoding
written messages. It might be a good idea to keep
arecord of these comments for future reference.

Paradoxically, people writing in a language
not their own are at an advantage as far as
feedback is concerned. Before being sent on to
the publisher, their paper passes usually through
the hands of a translator or a language specialist.
Although individual writing styles should be
respected, the importance of this early “polish-
ing” stage should not be overlooked. The com-
ments and questions of a language expert can
constitute useful feedback. However, because
most scientists are more interested in content
than form, they tend to ignore the comments of
non-specialist translators. Although this is not
the time or the place to enter upon the complex
topic of translation theory, nevertheless, we
would strongly suggest that writers of scientific
papers try to find translators who adscribe to the
modern reader-centered communicative theo-
ries. The semantic theories, in which the idio-
sincracies of the author are preserved at all costs,
may please the writer, but may hinder the reader.
Whatever the case, writer and the translator must
work in close collaboration.

Because the development of communication
strategies is so often related to the business
world and the media, we seldom stop to think of
its implications in the world of science and
technology, and even less in scientific writing
and translation. Being reader-sensitive and know-
ing how to deal with feedback are important
skills to master. They will help you to be more
aware of the writing process and in the end help
you to produce more effective papers. Remem-
ber, good writing needs precision and detail, not
pompousity and verbosity. Because many writ-
ers find it difficult to judge the reactions of a
silent and invisible reader, they protect them-
selves by being over-formal. Pomposity, ver-
bosity and disorganization are barriers to com-
munication.
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Revision de libros

Immunology: The
Making of a Modern

Science

Richard B. Gallagher; Jean Gilder,

G.J.V. Nossal, Gaetano Salvatore (eds.)
Academic Press, London, 1995. 246 pp.
ISBN 0-12-274020-3

Lo que hace importante una obra sobre bio-
logia no es la mera descripcién de hechos y
descubrimientos, o la organizacién de los cono-
cimientos en una exposicion ordenada, aunque
ello sea muy necesario. Es el razonamiento, la
discusién en profundidad de sus bases funda-
mentales, de los procesos —biolégicos, bioqui-
micos o de cualquier otra indole— que intervie-
nen. Y ésta es una aportacién significativa del
libro que comentamos, unida a otras dos que
merece la pena destacar: Por un lado, la re-
flexién filos6fica y, por el otro, la comprensién
del contexto histérico y social donde se enmar-
can los acontecimientos descritos.

En palabras de los coordinadores del libro,
éste intenta comunicar las ideas de algunos de
los cientificos que mds han contribuido al avan-
ce de la inmunologia, y lo hace en forma de
narraciones de las circunstancias que conduje-
ron a los principales descubrimientos de esa
ciencia. Aunque en los tiempos actuales la filo-

sofia e historia de la ciencia no tengan demasia-
dos seguidores, las grandes figuras de la cien-
cia, que en uno u otro campo han contribuido a
situarla en el lugar que hoy ocupa, han sido
también pensadores que han realizado profun-
das reflexiones sobre el desarrollo cientifico.
Nuevamente, la estéril confrontacion entre cien-
cia y humanidades propicia estereotipos, topi-
cos que anulan el interés por lo que parece que
no conoce una relacién directa con el propio
tema de estudio. El estudiante de ciencias no
conoce, habitualmente, el desarrollo histérico y
conceptual de las materias cientificas. En pocas
ocasiones relaciona ese desarrollo con el estu-
dio y la reflexién profunda sobre la ideologia,
orientacién e interés que subyacen en el fondo
de cada actividad humana. En el libro Vemos,
por ejemplo, que la teoria de la formacién de
anticuerpos fue modificada en 1940 por Linus
Pauling, un quimico. Esta modificacién, ademads
de los efectos practicos, suponia una concep-
cién neo-lamarckiana, contrapuesta a las estric-
tamente darwinianas que habian orientado los
presupuestos de Metchnikoff y Ehrlich.

La inmunologia arranca de la microbiologia
para encontrar su lugar como disciplina en los
afios de la I Guerra Mundial. Muchas de las
primeras ideas que la orientaron cayeron en des-
uso por la falta de tecnologia que impedia avan-
zar'y obtener resultados. Esta sigue siendo una
caracteristica comiin de disciplinas estrecha-
mente dependientes de los avances tecnol6gi-
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cos. En cuanto a los transplantes, el rechazo se
habia considerado inicialmente un problema de
base genética y, por tanto, insuperable. Los
fracasos también se habian atribuido a una mala
actuacion quirdrgica. Pero nunca se habia repa-
rado en la extrema precisién del cuerpo para
identificar algo como ajeno.

El libro, que consta de 19 capitulos, se arti-
cula en torno a cuatro ejes basicos de la investi-
gacion y la aplicacién: (i) teorfas de la inmuni-
dad, (ii) bases celulares, (iii) bases moleculares
y (iv) inmunologia y medicina. Puede ser de
extraordinaria utilidad para todas las personas a
quienes interese la inmunologia y tengan curio-
sidad por conocer sus inicios, ya que la sitia en
su contexto histérico y cientifico entre las de-
mds ciencias. También resultard ttil a quienes
se interesen por la base epistemoldgica de las
teorfas cientificas. Subrayaria que, ademds de
instructivo en esos aspectos, resultard ameno y
agradable para quien quiera saber cémo se desa-
rrollaba la vida de los investigadores en un
laboratorio en los afios cincuenta, cOmo eran las
relaciones interpersonales, cdmo se utilizaba un
material determinado, y cdmo se suplian, me-
diante inventiva o ingenios caseros, los instru-
mentos técnicos que tardarian todavia afios en
inventarse o mejorarse.

Hay que destacar, igualmente, que los as-
pectos inmunolégicos considerados en el libro
abarcan hasta su estado actual, ya que también
se discuten los resultados y aplicaciones recien-
tes de esta disciplina, asi como los problemas
que todavia quedan por resolver. La mayoria de
inmunosupresores que se utilizan en cirugia de
transplantes impiden la divisién celular y, en
consecuencia, la respuesta inmunoldgica. En el
caso de los transplantes, los problemas afectan
fundamentalmente a la necesidad de agentes
inmunosupresores que depriman la respuesta
inmunoldgica el tiempo suficiente para que el

paciente supere el periodo en el que se produce
el rechazo.

El libro procede de uno de los cursos de la
Escuela de Ciencias Bioldgicas celebrado en
1992 en la Stazione Zoologica Anton Dohrn, de
Niépoles, que estuvo a cargo de reputados
inmunoélogos e historiadores de la ciencia. To-
dos ellos son profesionales en activo de signifi-
cados centros de Europa y Estados Unidos.

Hay que destacar la labor que a lo largo de
los afios ha desarrollado la Stazione Zoologica
Anton Dohrn, organizando actividades de un
alto nivel cientifico con unos excelentes resul-
tados. En los dltimos afios esa labor se ha debi-
do, en gran parte, a la actuacién dindmica e
incansable de su primero director y después
presidente, Prof. Gaetano Salvatore, cuyo re-
pentino fallecimiento, en junio de este afio, ha
dejado en tantos que le conociamos un triste
vacio. La muerte le sorprend$ cuando, con su
entusiasmo habitual, preparaba la 4th
International Marine Biotechnology Conference
(22 al 29 de septiembre, 1997), que se ha venido
anunciando en las paginas de nuestra revista.

Una caracteristica comin a las personas de
valia, humana y profesional, es su capacidad
para infundir entusiasmo y pasién por el trabajo
bien hecho. Esa cualidad del Prof. Salvatore
(Nino, como queria que le llamasen los amigos)
le llevé arodearse de un eficaz equipo de perso-
nas que pueden seguir adelante con la labor que
su suibita desaparicién dejé sin terminar. Preci-
samente durante una reunién preparatoria de
esa reunidn, fue cuando el Prof. Salvatore me
entrego el libro, de indudable interés. Sirva esta
resefia también como un respetuoso y amigable
homenaje a un médico que tanto ha influido en
el desarrollo de la ciencia bioldgica en Italia.

Ricard Guerrero
Universidad de Barcelona
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Protein Structure

Prediction

A Practical Approach

Michael J. E. Sternberg (ed.)
Oxford University Press, Oxford, 1996. 298 pp.
Precio: £ 27,95. ISBN 0-19-963496-3

En el estudio de las proteinas, la prediccién
de la estructura tridimensional es una cuestién
que bidlogos y bioquimicos consideran funda-
mental para el funcionamiento de las células
vivas, y a la que dedican notables esfuerzos.
Como recuerda el coordinador del libro, autor
de uno de los capitulos, la idea que anima el
dogma central de la prediccién es que lo que
determina la estructura tridimensional de una
proteina es la secuencia y el medio, sin necesi-
dad de atribuir un papel obligatorio a factores
extrinsecos.

El libro se centra en las estrategias para la
traduccién de las secuencias dentro de las estruc-
turas conformacionales, describiendo sus apro-
ximaciones y validez.En el primer capitulo se
resumen los procesos generales de estimacion/
prediccidn de la estructura tridimensional, y se
centra mas adelante en el anélisis y compara-
cién de secuencias para identificar homologias.
Ofrece dos razones para justificar la compara-
cién y alineacidn de las secuencias: (i) obtener
una alineacién precisa, por comparacién con
proteinas de estructura tridemensional conoci-
da, y (ii) recoger los datos de nuevas secuencias
proteicas e identificarlas con posibles funcio-
nes por analogia con proteinas bien caracteri-
zadas.

A lo largo de dos capitulos se revisa la
estructura secundaria y las predicciones topo-
l6gicas para proteinas globulares y transmem-
branales. El principal problema de la prediccién
de la estructura secundaria es el plegamiento de

la proteina general, de modo que pueda
predecirse una conexién estructural y funcional
entre proteinas cuando hay una débil relacién
secuencial. La prediccién a partir de la secuen-
cia de aminodcidos es mas satisfactoria cuando
se conoce la estructura de uno o mas homoélogos.

Estainformacioén estructural puede ser extra-
polada para una nueva secuencia y obtener un
modelo tridimensional. Las caracteristicas es-
tructurales de las regiones variables de los
anticuerpos son objeto de un capitulo, el cual
proporciona la aproximacién metodoldégica al
modelo de regiones determinadas complemen-
tariamente (CDRs). Se describen nuevos méto-
dos para la prediccién de la estructura terciaria
—basados en el reconocimiento de pliegues a
partir de la secuencia de aminodcidos— y se
desarrollan las predicciones de las estructuras
secundaria y terciaria. Estos nuevos métodos
pueden estudiarse mediante calculo de energia,
definido por una representacién de la cadena y
una energia asociada con una conformacién
particular.

En dos capitulos se recoge la aplicacion de
los cédlculos de energia a los modelos de protei-
nas. Se hace por métodos que forman las bases
de los mecanismos moleculares, minimizacién
de energia y dindmica molecular, asi como una
técnica de acoplamiento para acomodar dos
moléculas juntas en configuraciones favora-
bles. Esta obra agrupa hechos y orientaciones en
un campo en expansion continua, y cuyos nue-
vos conocimientos redundan en el avance de
otras materias cientificas. Resulta muy ttil para
los no especialistas que requieren una guia de
identificacion y evaluacién de las estrategias de
aproximacién, y para expertos que requieren
informacién mds especializada sobre la aplica-
cién de técnicas avanzadas.

Antoni Navarrete
Universidad de Barcelona
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Cancer

Genes y nuevas terapias

Alberto Mufioz
Editorial Hélice, Madrid, 1997. 374 pp.
Precio: 4400 PTA. ISBN 84-921124-1-7

;Qué es el cdncer? es la pregunta que enca-
beza la primera seccién de este libro de Alberto
Muiioz, con prélogo de Mariano Barbacid y
presentacion de Rafael Rosell. A la complejidad
de la materia se refiere Barbacid al sefialar que
“abarca mas de cien enfermedades distintas con
mas de mil variedades histopatoldgicas”.

Alberto Muiioz lleva afios dedicandose al
estudio del cancer. Con una s6lida formacién en
uno de nuestros mejores centros y afianzada por
un periodo de investigacién en Heidelberg, en el
European Molecular Biology Laboratory, ha
visto reconocida su labor con el Premio Jaime I
y el Premio Harington-De Visscher de la
European Tyroid Association.

El libro analiza la naturaleza e importancia
del cancer como conjunto de enfermedades,
tipos e incidencias en la poblacién, su origen a
partir de unos genes criticos y los agentes exter-
nos que pueden causarlo. Se discuten los datos
mas recientes sobre factores de riesgo (edad,
tabaco, alcohol, dieta, ambiente, virus y radia-
ciones) y las posibles medidas de prevencion.

En la segunda seccién, La informacion ge-
nética, se estudia la estructura de la célula, su
composicién quimica y la expresién del mate-
rial hereditario, como base para entender las
alteraciones del proceso de divisién celular,
etapainicial del cdncer. Se revisa la importancia
de laadhesion de las células entre si y al substrato,
y el fenémeno de la apoptosis (muerte celular
programada), para concluir con los rasgos
diferenciadores de las células cancerosas res-
pecto a las normales.

Los genes del cdncer,laterceray mas exten-
sa seccidn, trata de los proto-oncogenes que
intervienen en la transduccién de la sefial
mitogénica hasta el nicleo, y de los proto-
oncogenes nucleares, responsables directos del
control de los genes que convertirdn células
normales en cancerosas. Se trata ampliamente
la actividad bioquimica y biolégica de los genes
supresores de tumores (retinoblastoma, p53,
MT51), y de los genes de reparacién de las
lesiones en el DNA, cuya mutacién puede con-
ducir a la aparicién de un tumor inicialmente
benigno, asi como de los cénceres de tipo here-
ditario y de las transformaciones fenotipicas de
las células tumorales.

En la dltima seccién, Terapia actual, se
discuten las causas de la ineficacia de algunos
tratamientos y se describen las modernas tera-
pias anticancerosas en experimentacién, junto
con nuevos enfoques derivados de la biologia
molecular y celular del cancer. No faltan las
novedosas técnicas de terapia génica basadas en
la modificacién del genoma de las propias célu-
las tumorales.

Laobra se completa con un juego de veintiseis
diapositivas, que resultan ttiles como material
docente. Es un libro que puede recomendarse
tanto a profesionales como a estudiantes. La
claridad del tratamiento la hace también asequi-
ble para el ptiblico no especializado, pues apor-
ta una visién de conjunto muy comprensible de
una materia que para todos tiene interés. Se
trata, en definitiva, de un texto cientifico muy
cuidado en la precisién de sus contenidos y en la
eficacia didéctica de su desarrollo, al que son
aplicables las palabras de Georg Christoph
Lichtenberg “Eltnico fallo que tienen los libros
verdaderamente buenos es que suelen dar ori-
gen a muchisimos malos o mediocres”.

Asuncion Peral Socias
1. B. Torras i Bages, Barcelona
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El virus del SIDA

Un desafio pendiente

Luis Carrasco
Editorial Hélice, Madrid, 1996. 252 pp.
ISBN 84-921124-0-9

¢ Otro libro sobre SIDA? Esta es la primera
frase que aparece en el libro El virus del SIDA.
Un desafio pendiente. En realidad, es una pre-
gunta que a buen seguro se plantea mas de un
profesional relacionado con la investigacién, o
con el tratamiento de esta enfermedad, ante una
obra de este tipo. Quiza por eso es también la
pregunta-exclamacién inicial que nos ofrece el
libro.

Desde que en 1983 se aislara y caracterizara
el agente etioldgico de una nueva enfermedad
infecciosa a la que se denomind “sindrome de la
inmunodeficiencia adquirida” (SIDA), han apa-
recido miles de publicaciones en forma de arti-
culos, libros, tratados, informes y resefias. Sin
contar la cantidad de debates y reportajes en los
diversos medios de comunicacién de todo el
mundo.

Es verdad que, en los quince afios desde la
aparicién de este nuevo agente infeccioso (virus
de la inmunodeficiencia humana, VHI), se ha
avanzado en todos los campos del conocimiento
cientifico en general y de aquellos aspectos que
se relacionan con el origen, mecanismos de
actuacion del virus y vias de tratamiento. Pero
también es cierto que han sido enormes los
medios que se han puesto en esta causa, espe-
cialmente desde que sus victimas pertenecen a
la llamada sociedad civilizada, pues es a partir
de ese momento cuando se repara en ella. Desde
entonces ha sido constante el caudal de infor-
macién aparecida en revistas especializadas y
de divulgacidn, tratando de explicar tanto los
dltimos hallazgos que van surgiendo sobre el
propio virus y su relacién con el sistema

hospedador, como los aspectos clinicos y socia-
les de la enfermedad, que transcienden los 4m-
bitos estrictamente cientificos y sanitarios.

Como respuesta quizd a esta situacién, y a
una opinién muy sensibilizada hacia el tema, el
libro esta pensado para un ptblico amplio; per-
sonas con inquietudes y curiosidad sobre los
acontecimientos cientificos. Est4 dirigido tam-
bién a los estudiantes de ciencias de lasaludy a
quienes se interesen por los aspectos globales
de la enfermedad, una perspectiva ésta que cada
dia va ganando mds adeptos. El libro ofrece una
visién amplia de la relacién hospedador (ser
humano)-parasito (VIH), y va todavia mas alla
cuando examina su repercusién en la sociedad y
los cambios que ha producido en muchos com-
portamientos.

El prélogo del libro esté a cargo de Federico
Mayor Zaragoza, Director General de la
UNESCO. Desde su conocimiento y preocupa-
cién por la expansion de la enfermedad, y por
sus condiciones y efectos, que son todavia mu-
cho peores en los paises en desarrollo, destaca
que nadie esta libre del ataque del VIH, cual-
quiera que sea su condicién social. Hay que
reconocer que, a pesar de los cuantiosos esfuer-
zos que se realizan y de haberse obtenidos lo-
gros significativos, la solucién al problema to-
davia estd lejana. Los logros han sido tanto
cientificos, en el conocimiento y tratamiento de
la enfermedad, como sociales, en 1a adopcién de
medidas preventivas y en una mentalidad més
generosa. Pero el SIDA ha adquirido una di-
mensién tan compleja que requiere un gran
esfuerzo colectivo, no s6lo de medios materia-
les sino también de comprensién por parte de
todos los estamentos.

El libro se estructura en cuatro secciones,
cada una dividida en capitulos de progresién
l6gica que permiten una perspectiva general del
problema. Se aporta informacién acerca del
impacto global de la enfermedad, de los recur-
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sos sanitarios que se le destinan, estructura y
caracterizacién genética del virus, relacién con
el sistema inmunitario y, finalmente, sobre me-
didas preventivas. Las ilustraciones que acom-
pafian al texto son de gran calidad, y facilitan la
comprensién de los mecanismos del virus del
SIDA a un ptblico heterogéneo.

“Ante la evidencia”, la primera seccion, in-
troduce algunos aspectos histdricos claves de la
aparicion de la enfermedad y las consecuencias
epidemioldgicas. En el capitulo, “El impacto de
una nueva epidemia”, se abordan los efectos de
la aparicién del SIDA y su impacto social y
sanitario. Se ofrecen algunos apuntes de la his-
toria y descubrimiento del VIH, una visién glo-
bal del curso de la enfermedad, los distintos
métodos de lucha que se han ido ensayando,
resultados y estrategias propuestas. La seccion
concluye con una perspectiva de la enfermedad
en el mundo y con una breve referencia al
posible origen de la epidemia.

En la segunda seccién, “Tras la pista del
VIH”, se intenta llegar al conocimiento del VIH
a través, primero, de una directrices basicas.
“Conocer los virus” es un capitulo introductorio
de conceptos basicos relacionados con la biolo-
gia molecular, ingenieria genética y naturaleza
y diversidad de los virus animales. Incluye una
explicacién conceptual y muy bésica de la téc-
nica de la PCR (reaccién en cadena de la
polimerasa). El capitulo “Sobre los retrovirus”
presenta los conceptos generales, su importan-
cia, naturaleza del virién, ciclo replicativo y
menciona otros virus relacionados. “El virus de
la inmunodeficiencia humana” es un capitulo
dedicado exclusivamente al conocimiento del
VIH, con la estructura detallada de la particula
virica, el ciclo de replicacién y la sintesis y
funcién a nivel molecular de las proteinas codi-
ficadas porel virus. Concluye con la infectividad

de las particulas viricas, las salidas de nuevos
viriones y su efecto sobre las células infectadas.

Latercera seccidn, “Tras la pista del SIDA”,
aborda en tres capitulos los aspectos bésicos del
sistema inmunitario, para llegar a una posterior
comprensién del problema de la relacién VIH-
célula y de su accién devastadora sobre ese
sistema. Se ofrece una revisién bdsica de la
respuesta inmunitaria, con la aparicién de
anticuerpos, su deteccién y evolucién después
de un ataque virico, tanto de anticuerpos como
del RNA virico o proteina p24. De un modo
general se habla de las diferentes fases en que se
cataloga la enfermedad, asi como de las princi-
pales infecciones oportunistas y malignas que
afectan a los enfermos que la padecen.

“Hacia una salida” es la dltima seccién, en la
que en el capitulo dedicado a “Prevenirel SIDA”
se plantea la necesidad del conocimiento de los
factores de riesgo, los problemas que supone
actualmente la vacunacién y los esfuerzos que
se realizan para encontrar una vacuna eficaz. El
segundo capitulo de este apartado, “Combatir el
SIDA”, se centra en la bisqueda y seleccién de
agentes antiviricos y se plantea cudles son las
estrategias adecuadas para combatir la infec-
cién, asi como la problemiética del tratamiento
con la aparicién de resistencias en el VIH.

El libro cumple con los objetivos del autor,
que ha conseguido un texto comprensible para
un publico amplio, con un cierto conocimiento
del virus VIH y de la enfermedad que produce,
y que ofrece una visién general del problema
que se plantea en la sociedad. Enrealidad, en las
actuales circunstancias, el virus del SIDA, es un
desafio pendiente y permanente.

Dolors Xairé
BIOMAT S.A. Grupo Grifols, S.A.
Parets del Valleés (Barcelona)
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Man and Microbes

Disease and Plagues in History

and Modern Times

Arno Karlen
Touchstone, New York, 1995. 266 pp.
Precio: $ 13. ISBN 0-684-82270-9

Arno Karlen, escritor, investigador y
psicoterapeuta, tuvo numerosas dificultades para
encontrar un editor interesado en publicar un
libro sobre enfermedades resurgentes. Recopil
material durante veinte afios y, en 1990, empez6
aescribirlo que después resultaria este interesan-
te libro, con una idea en mente que sorprendia a
muchos. Al explicar Karlen que escribia sobre
nuevas enfermedades y su procedencia, le de-
cian “Te refieres al Sida”. Alguien mencionaba
Lassa, Ebola o las fiebres Marburg. Pero él
pensaba en muchas otras enfermedades. Cuan-
do por fin encontré editor, predijo que antes de
que su libro apareciese publicado al menos dos
o tres enfermedades epidémicas saldrian en
titulares. Asf fue.

Karlen ofrece en este libro un paseo por las
enfermedades que han sacudido a la humani-
dad, preguntdndose el porqué del resurgimiento
con mds fuerza de muchas de ellas. Trata de
concienciarnos de que estamos viviendo una
reaparicién de enfermedades infecciosas, apor-
tando datos concretos que apoyan sus observa-
ciones y presentando un panorama un tanto
dramdtico a lo largo de la historia de las enfer-
medades. El libro contiene trece capitulos, a
través de los cuales documenta ampliamente
sobre la forma, condiciones y morbilidad que
estas enfermedades produjeron y estan produ-
ciendo actualmente, afios o décadas después de
ser descubiertas, o de haber sido aparentemente
erradicadas. Ademds de documentar histérica-
mente las enfermedades que durante diferentes
épocas se han cobrado mds victimas, explora y

reflexiona sobre nuevas plagas, y sobre la su-
pervivencia y adaptacién mitua de la especie
humana con los microorganismos con los que
convive.

Segiin Karlen, los humanos han favorecido
lareaparicion de estas enfermedades al permitir
un elevado nimero de cambios en el medio
ambiente y en su propio comportamiento (res-
pecto a viajes, dietas diferentes, nuevos hébitos
y pautas sexuales, etc.). Los paises en vias de
desarrollo registran el mayor nimero de perso-
nas infectadas, en gran medida debido a las
deficiencias de los servicios de sanidad y a su
situacion. A pesar de que estas enfermedades
afectan mds al Tercer Mundo, también se ex-
tienden por los paises ricos, debido principal-
mente a los siguientes factores, ampliamente
analizados a lo largo del dltimo capitulo: Ia
insuficiencia de medidas de los servicios sanita-
rios, el desarrollo econémico y la explotacién
de los recursos de la tierra, los viajes y comercio
internacionales, la industria y tecnologia, la
demografia y el comportamiento humano, vy,
finalmente, el cambio y la adaptacién
microbianos. El libro finaliza subrayando la
importancia de la adecuada comprensién de la
interaccién y coexistencia entre la especie hu-
mana y los microorganismos, que necesita una
permanente adaptacion.

Es una obra amena, de ficil lectura, adecua-
da para un sector amplio de piblico, tanto es-
tudiantes como especialistas o cualquier perso-
na interesada en conocer el origen, desarrollo y
manera de combatir las enfermedades, asi como
los motivos de su resurgimiento. Una extensa
bibliografia, separada por capitulos y comenta-
da brevemente por el autor, permite ampliar la
informacioén. Lalocalizacién de los temas resul-
ta comoda gracias a un extenso indice.

Arantzazu Gorostiza
Universidad de Barcelona
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Sixty Years of Biology

Essays on Evolution and

Development
John Tyler Bonner

Princeton University Press, Princeton, 1996.
144 pp. ISBN 0-691-02130-9

This collection of five essays by the profes-
sor emeritus of biology at Princeton University
John Tyler Bonner, a major participant in the
development of biology as a experimental sci-
ence. The book is written for the nonspecialist
reader in a language similar to that of an intro-
ductory biology text, but with a more personal,
reflective style.

The first chapter is a discussion of the influ-
ences of genome and the physical properties of
the environment on organismic evolution.
Through various examples, including D’ Arcy
Thompson’s discussion of the skeleton’s of
Haeckel’s radiolarians (their diversity could
not have evolved by natural selection), the au-
thor demonstrates the importance of non-ge-
netic, physico-chemical forces of the environ-
ment in shaping the evolution of organism’s
morphology. The author makes some observa-
tions and commentaries aside his main argu-
ment, such as suggesting that aversion to math-
ematical modelling as a theoretical approach to
science may stem from one’s lack of math-
ematical ability.

Chapter 3 is the most useful chapter in the
book. Gene accumulation, the “Baldwin effect,”
as coined by G. G. Simpson, is “the idea that a
repetition of some somatic process over many
generations could eventually become hardened
into a truly inherited variation”. It is the chance
appearance of genes which will direct a process
that the organism was previously carrying out

without any genetic control. In contrast, gene
silencing is the removal by gene inactivation of
inherited control of a system, making its pheno-
type more flexible and more subject to active
selection. The author argues that gene silencing
is behind the evolution of asexuality in plants
and animals and that both gene accumulation
and gene silencing were involved in the differ-
ences between mosaic development, involving
within-cell signalling, and regulative develop-
ment, involving between-cell signalling.

Chapter 4 is less encouraging. The chapter is
filled with the examples of the volvocalean
green algae, social amoebae (slime molds) and
social insects, but none of these examples is
used to support his sweeping assertion. Volvox
has gonidia, specialized colony-forming repro-
ductive cells, and somatic cells that cannot pro-
duce colonies while in other volvocaleans any
cell in the colony is capable of generating a new
colony, but no evidence is presented to show
that Volvox dominates the waters, driving
Gonium and Pandorina to extinction. Similarly,
the solitary soil amoebae coexist with the slime
molds. Presumably they occupy different niches,
but doesn’t that contradict the author’s thesis?

These essays provide useful discussions of
the evolution of developmental processes. They
are light reading. Some will attract your atten-
tion to important concepts you might other-
wise miss, while others will lead you to orga-
nize your challenges because you disagree with
them so. In any case, experimental and expe-
rienced biologists must discuss biological prob-
lems, many times abandoned to philosophers
of science, to understand and realize the pro-
found meaning of a science which has revolution-
ized human thinking in the second part of this
century.

Michael Dolan
University of Massachusetts, Amherst, MA
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El mundo y sus

demonios
La ciencia como una luz en la
oscuridad

Carl Sagan
Editorial Planeta, Barcelona, 1997. 493 pp.
Precio: 4300 PTA. ISBN 84-08-02043-9

Billions & Billions
Thoughts on Life and Death at
the Brink of the Millenium

Carl Sagan
Random House, New York, 1997. 244 pp.
Precio: $ 24,00. ISBN 0-679-41160-7

El mundo y sus demonios es el tltimo libro
de Carl Sagan (1934-1996) publicado antes de
sumuerte (laimpecable traduccién espafiola, de
Dolors Udina, es de 1997). Billions & Billions,
que escribi6 cuando luchaba ya contra la enfer-
medad, se public6 péstumamente. Los capitulos
de ambos libros, aunque son unidades de infor-
macién independientes, procedentes en algunos
casos de articulos previos o de conferencias
impartidas por el autor, mantienen una cierta
coherencia en su distribucién. Un rasgo comin
a ambos libros es la frecuente referencia auto-
biografica, como una estratagema para acercar-
se el lector, al mostrarle el lado humano del
cientifico. Ese aspecto se hace més patente,
incluso patético, en el dltimo capitulo de Billions
& Billions,“En el valle de las sombras”, donde
describe el desarrollo de su enfermedad y sus
sentimientos frente a la muerte.

El mundo y sus demonios es un libro de
denuncia y alerta, para hacer comprender al
lector que la verdad que ofrece la ciencia puede
ser tan sorprendente como los falsos prodigios

basados en la religion, las supersticiones, los
mitos o la ignorancia; pero mucho mds fiable.
Sagan insiste en la necesidad de poseer unos
conocimientos cientificos bdsicos que permitan
acualquier persona no experta distinguir y com-
batir los “demonios” que nos acechan en mu-
chos frentes, como el de las llamadas paracien-
cias. Intenta estimular el pensamiento critico y
el escepticismo para iluminar la oscuridad, que
es la ignorancia. Buena parte del libro estd
dedicada a desmontar algunos mitos sobre te-
mas que han tenido engafiada a la poblacién,
como la presencia de ovnis y extraterrestres que
practican “abducciones”, seducen a mujeres, y
marcan en los sembrados su paso por la Tierra;
los falsos poderes de curanderos y chamanes y
las supuestas propiedades curativas del magne-
tismo; los presuntos beneficios de 1a meditacion
trascendental y de las doctrinas de 1a Nueva Era;
la aparente base cientifica de la astrologia; la
hipotética presencia de endemoniados, brujas y
espiritus. Tras una reflexién sobre las reaccio-
nes que provocé la publicacién resumida de los
capitulos anteriores, muestra el camino para
aprender a descubrir el complemento pseudo-
cientifico que tiene cada campo de la ciencia.
Discurre sobre las dudas que pueden surgir de la
aplicacién errénea del desarrollo tecnolédgico;
sobre el funcionamiento de la ciencia y el desa-
rrollo del pensamiento cientifico; y sobre la
educaciéon y comunicacién cientifica y la vision
que la sociedad tiene del investigador. Advierte
de la necesidad de superar el analfabetismo
cientifico y propone algunas soluciones para
ello. Indica la conveniencia de adoptar una ac-
titud escéptica también en politica y expresa su
deseo de que los ciudadanos de cualqueir pais se
formen siguiendo el método cientifico y en la
democracia.

Billions & Billions es una coleccidn de ensa-
yos cuyo subtitulo, Pensamientos sobre la vida
y la muerte en el limite del milenio, resume el
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significado de la obra, que consta de tres partes.
Laprimera, “El poder y la belleza de lamedida”,
se inicia con un recorrido por el mundo de las
matemadticas aplicadas a la vida cotidiana. Pone
de manifiesto el analfabetismo numérico
imperante en la sociedad actual, evocandonos
un librito de gran interés Innumeracy (El hom-
bre anumérico en su versién castellana), de
John A. Paulos, y un ensayo de Stephen J. Gould
(“La mediana no es el mensaje”, incluido en
Brontosaurus y la nalga del ministro), que tra-
tan también de la falta de perspectiva numérica,
que dificulta el manejo racional de grandes
cantidades y de conceptos ligados a la matema-
tica, como las probabilidades o las estadisticas.
Eso nos impide alcanzar una visién cuantitativa
del mundo y es una de las causas del apogeo de
las pseudociencias. Como dice Sagan, la medi-
da de un fenémeno es lo que nos permite
adentrarnos en su comprensién. Otros temas
tratados son: el auge del deporte-especticulo
como continuacién de un ritual ancestral; dife-
rentes aspectos de radiaciones que nos parecen
fenémenos muy distintos pero que pueden redu-
cirse, en ultima instancia, a variaciones de on-
dasy frecuencias; consideraciones en relacién a
los mitos sobre los origenes, comentando las
cuestiones en las que ve mds posibilidad de
avanzar el conocimiento (;ha habido alguna vez
vida en Marte?, jes Titdn un laboratorio para
estudiar el origen de la vida?, jhay vida inteli-
gente en algin otro lugar?, jcudles son el origen
y el destino del universo? y ;existen otros siste-
mas planetarios fuera del nuestro?).

En la segunda parte del libro, “; Qué conser-
van los conservacionistas?”, trata algunos de
los problemas ambientales més acuciantes, como
el efecto invernadero, la acumulacién de CFCy
la consiguiente disminucién de la capa de ozo-
no, y destaca la capacidad que tiene el ser
humano de cambiar el ambiente. Somos respon-
sables de las alteraciones que se han producido

o pueden producirse en nuestro planeta y, por
nuestro propio bien, hemos de aprender a man-
tenerlo en las condicioness adecuadas. Consi-
dera posturas encontradas, que recuerdan los
mitos de Creso y Casandra. Por una parte, tene-
mos unos modernos ordculos —los cientifi-
cos— a quienes acuden los politicos. Estos no
suelen entender de ciencia y pueden interpretar
mal las profecias. Por otra parte, como ocurrid
a Casandra, condenada a que nadie creyese sus
profecias, muchas veces las predicciones de la
ciencia tampoco son tomadas en cuenta. Sin
embargo, Sagan se siente optimista respecto al
futuro, y por primera vez cree advertir un acuer-
do entre religién y ciencia en muchos aspectos
relacionados con la conservacién del planeta.

La dltima parte del libro, “Donde el corazén
y lamente chocan”, contiene apreciaciones sub-
jetivas sobre aspectos éticos de diferentes cues-
tiones: la inutilidad de las guerras y los bloques
en un momento de la historia en que los paises
deben cooperar para combatir el enemigo co-
min que podria surgir de un mal uso de los
avances tecnoldgicos; la intolerancia que sue-
len demostrar los grupos pro abortistas y los
autodenominados “defensores de la vida”, aun-
que a veces defiendan el mantenimiento de la
pena de muerte; los c6digos morales imperantes
en las sociedades actuales; el reto de alcanzar un
equilibrio entre los beneficios y las amenazas
debidos al avance cientifico y tecnolégico del
siglo xx; y finalmente la experiencia de un
agnostico frente a la muerte. Ann Druyan, espo-
sa de Sagan y coautora de algunos capitulos de
ambos libros, es también autora de un emotivo
epilogo. Estamos, en fin, frente a dos obras que
muestran, no sélo la habilidad literaria y comu-
nicativa de Carl Sagan, sino también su profun-
do amor por la ciencia y por la humanidad.

Merce Piqueras
Redaccion de Microbiologia SEM
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metodoldgicas de interés. Su redaccién se efectuard ateniéndose a las normas previamente descritas para los
articulos, pero suprimiendo las divisiones con encabezamiento. Los resimenes no serdn superiores a 50
palabras. Sélo incluirdn, como méximo, dos figuras y una tabla, o viceversa.

ARTICULOS DE REVISION. Los articulos de Revisién versardn sobre temas de microbiologia de gran
interés, su redaccién se solicitard a especialistas y se escribirdn siempre en inglés. Sin embargo, si algtin autor
estd interesado en publicar articulos de Revisién, podra enviarlos a la revista. Los originales deberdn
comprender aproximadamente de 12 a 20 paginas (incluidas figuras y tablas), mecanografiadas a doble espacio.

CORRECCION DE PRUEBAS. Los autores recibirdn pruebas de imprenta, que deberan estar de vuelta
en la redaccién en el plazo que se indique. Transcurrido dicho plazo sin devolucién de las pruebas, éstas serdn
publicadas tal como han sido enviadas a los autores. Las correcciones se limitaran a errores tipogréficos,
gramaticales o de datos incorrectos. Modificaciones mds importantes, que impliquen recomposicién del texto,
deberén ser abonadas por los autores. Se enviaran 25 separatas gratuitas por articulo; si se desearan mds, deberd
indicarse cuando se devuelvan la pruebas corregidas. Las separatas adicionales serdn facturadas a precio de coste.

El articulo, original y dos copias en papel, se enviard a la siguiente direccién: Microbiologia SEM.
Apartado 16009, 08080 Barcelona, Espaiia, o a algin miembro del Consejo Editorial de la revista cuya
especialidad esté mds relacionada con el contenido del articulo. Posteriormente, caso de ser aceptado, se pedira
también una versién en disco de ordenador.
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