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I. RESUMEN

Las quinolonas son una familia de antibioticos sintéticos utilizados principalmente en el
tratamiento de infecciones causadas por enterobacterias. Su mecanismo de accion consiste
en la inhibicion de las topoisomerasas tipo I1A: la DNA girasa y la topoisomerasa IV. No
obstante, ciprofloxacina, la quinolona de mayor prescripcion en el mundo, también presenta
actividad contra Pseudomonas aeruginosa. El uso y abuso de las quinolonas ha contribuido
a la seleccion de bacterias resistentes a su accion y actualmente, los sistemas de resistencia a
estos antibidticos se encuentran ampliamente distribuidos y se pueden dividir en dos grupos:
I) Sistemas codificados por genes cromosémicos: Incluyen las mutaciones en los genes que
codifican a las proteinas blanco de las quinolonas y los sistemas de expulsion; y 11) Sistemas
codificados por genes presentes en plasmidos: Comprenden a las proteinas Qnr, los sistemas
de expulsion QepA y OgxAB, y la enzima aminoglucésido acetiltransferasa modificada
(AAC(6)-1b-cr).

Recientemente, nuestro grupo de trabajo identificé que el plasmido pUM505 de P.
aeruginosa contiene el orf131 que codifica una proteina de 65 aminodacidos. Esta proteina
presenta un 18% de identidad y 26% de similitud con la aminoglucésido fosfotransferasa I1b
(APH-11b) de P. aeruginosa M18. El orf131 al ser transferido a Escherichia coli confirio
resistencia a ciprofloxacina. Por lo anterior, el objetivo del presente trabajo consistio en
caracterizar el mecanismo mediante el cual la proteina codificada por el orf131 confiere
resistencia a ciprofloxacina, ademas de analizar su distribucion en aislamientos de origen
clinico.

El orf131, renombrado como crpP (Proteina de resistencia a ciprofloxacina codificada en un

plasmido) se clond en el vector pTrcHISC y se transfirio a la cepa E. coli BL21 con el



objetivo de realizar la sobreexpresion del gen y purificar la proteina CrpP. La proteina
purificada se emple6 para realizar ensayos de actividad enzimatica mediante la reaccion
acoplada PK-LDH vy se determind que CrpP presenta actividad dependiente de ATP. Para
confirmar el tipo de modificacion que sufre ciprofloxacina se emple6 HPLC-MS vy se
determind que la molécula se fosforila en el grupo hidroxilo de la posicion tres.

Con el objetivo de determinar la distribucion de crpP en aislados de origen clinico, se
analizaron 77 aislados y 68 cepas transconjugantes colectadas de hospitales de México desde
1988 hasta 2012. El gen crpP fue identificado en cuatro (5.19%) de los aislados y en cinco
(7.35%) de las transconjugantes. Se encontrd que los genes identificados codifican probables
proteinas de tamarios similares a CrpP (63-70 aa) y una identidad entre 10.1-43.7%. Se
transfirieron los genes homologos a E. coli y se determind que confieren resistencia a
ciprofloxacina por lo que se concluye que el determinante se encuentra distribuido y que
confiere resistencia mediante la probable modificacion del antibiético.

Con el objetivo de identificar los residuos de la proteina CrpP asociados con la resistencia a
ciprofloxacina se generaron mutaciones independientes en los codones que codifican para
los residuos conservados de las posiciones G7, D9, 126, K33 y C40 para sustituirlos por
alanina. Se encontr6 que la modificacion del residuo C40 abate la actividad completamente;
mutaciones en los residuos G7, D9 y K33 disminuyen la actividad casi diez veces con
respecto del control y la mutacién en el residuo 126 disminuye la actividad 1.8 veces.
Finalmente, las pruebas de susceptibilidad correlacionan con los resultados enzimaticos, ya
que la susceptibilidad disminuye en cada una de las mutantes, por lo que los residuos
modificados estan relacionados con la actividad enzimatica de CrpP.

Palabras clave: Pseudomonas aeruginosa, ciprofloxacina, enzima, fosforilacién y

proteinas homélogas.



Il. ABSTRACT

Quinolones are a family of synthetic antibiotics used primarily in the treatment of infections
caused by enterobacteria. Its mechanism of action consists in the inhibition of topoisomerase
type 1lA: DNA gyrase and topoisomerase V. However, ciprofloxacin, the most prescribed
quinolone in the world, also has activity against Pseudomonas aeruginosa. The use and abuse
of quinolones has contributed to the selections of bacteria resistant to its action. Currently,
resistance systems to these antibiotics are widely distributed and can be divided into two
groups: 1) Systems encoded by chromosomal genes: They include mutations in the genes
encoding the quinolone target proteins and, efflux systems; and 1) Systems encoded by genes
present in plasmids: They comprise the Qnr proteins, the QepA and OgxAB efflux systems,
and the modified aminoglycoside acetyltransferase enzyme (AAC (6°)-1b-cr).

Recently, our work group identified that plasmid pUM505 from P. aeruginosa contains the
orf131 that encodes a 65 amino acid protein. This protein has identity of 18% and 26% of
similarity to the aminoglycoside phosphotransferase Ilb (APH-1Ib) of Pseudomonas
aeruginosa M18. When we transferred orf131 to an Escherichia coli strain it conferred
resistant to ciprofloxacin. Therefore, the objective of this work was to characterizes the
mechanism by which the protein encoded by orfl131 confers resistance to ciprofloxacin, in
addition to analyze its distribution into clinical origin isolates.

The orfl31, were renamed as crpP (ciprofloxacin resistance protein plasmid encoded) was
cloned into the pTrcHISC vector and transferred to E. coli strain BL21 in order to
overexpressed the gene and purify the CrpP protein. The purified protein was used to perform
enzymatic activity assays by the PK-LDH coupled reaction and it was determined that CrpP

exhibits ATP-dependent activity. To confirm the type of modifications that ciprofloxacin



undergoes, HPLC-MS was used and int was determined that the molecule is phosphorylated
in the hydroxyl group at position three.

In order to determine the distribution of crpP in isolates of clinical origin, 77 isolates and 68
transconjugants strains isolated from hospitals in Mexico collected from 1988 to 2012, were
analyzed. The crpP genes was identified in four (5.19%) of the isolates and in five (7.35%)
of the transconjugants. The identified genes were found to encoded probable CrpP-like
proteins (63-70 aa) and an identity between 10.1-43.7 %. Homologous genes were transferred
to E. coli and it was determined that they confer resistance to ciprofloxacin so it is concluded
that the determinant is distributed and that confers resistance through the probable
modification of the antibiotic.

In order to identify the CrpP protein residues associated with ciprofloxacin resistance,
independent mutations were generated in the codons for the conserved residues of position
G7, D9, 126, K33 and C40 to exchange them for alanine. It was found that the modification
of residue C40 completely depletes enzymatic activity. Mutation in residues G7, D9 and K33
decrease activity almost tenfold with respect to the control and mutation in residue 126
decreases activity 1.8 times, Finally, susceptibility test correlate with enzymatic results, since
susceptibility decreases in each of the mutants, so the modified residues are related to the
enzymatic activity of CrpP.

Key words: Pseudomonas aeruginosa, ciprofloxacin, enzyme, phosphorylation, homologue

proteins.



. INTRODUCCION

Las quinolonas son un grupo de antimicrobianos sintéticos con gran relevancia clinica, siendo
uno de los agentes mas prescritos en el mundo. Inicialmente, las quinolonas se empleaban
para el tratamiento de infecciones de vias urinarias causadas por bacterias Gram (-), sin
embargo, han sido modificadas para mejorar sus propiedades farmacocinéticas y extender su
espectro antibacteriano y hoy en dias las quinolonas son efectivas contra una gran variedad

de bacterias patdgenas tanto Gram (-) como Gram (+) (Redgrave y col., 2014).

La historia de las quinolonas inicié cuando Lesher y colaboradores descubrieron de forma
accidental el &cido nalidixico (1,8-naftiridina) como un subproducto de la sintesis de la
cloroguina, compuesto utilizado en el tratamiento de la malaria (Lesher y col., 1962).
Posteriormente, en 1967 la introduccién del acido nalidixico para uso clinico en el
tratamiento de infecciones urinarias causadas por bacterias Gram (-) marco el inicio de méas
de cinco décadas de desarrollo y uso de las quinolonas (Bisacchi y Mancherter. 2015). No
obstante, las quinolonas permanecieron como un grupo de antibiéticos de poca relevancia
clinica hasta la aparicién de las fluoroquinolonas en los 70°s, las cuales surgieron al afiadir
un flior a la posicién 6 de la molécula base (Figura 1) (Ezelarab y col., 2018). La
modificacion mejor6 su efectividad frente a bacterias Gram (-) y enterobacterias resistentes
al 4cido nalidixico, ademas de proveer actividad frente a bacterias Gram (+) (Bisacchi y
Mancherter. 2015). Hoy en dia, ciprofloxacina, patentada en 1981, es la fluoroquinolona méas
empleada en el tratamiento contra bacterias Gram (-); es activa contra Pseudomonas
aeruginosa y Acinetobacter spp, sin embargo, a pesar de los excelentes resultados en muchas
infecciones respiratorias, se reporto el fallo en el tratamiento de infecciones neumocacicas,

limitando su uso en esta area (Redgrave y col., 2014).
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Figura 1. Estructura base de las quinolonas y funciones de cada sustituyente. Se marcan
con grupos R las posiciones mas comunmente sustituidas. X puede ser un atomo de carbono
en el caso de quinolonas o un 4&tomo de nitrégeno en el caso de naftiridinas. Se indican los
principales procesos en los que participan las modificaciones en cada posicién (Modificado

de Ezelarab y col., 2018).



Al introducir distintas modificaciones, se ha logrado obtener una serie de nuevas quinolonas,
sin embargo, ante la aparicion de severos efectos adversos, algunas de ellas han sido retiradas
inmediatamente del mercado, como la temofloxacina por su toxicidad renal y hematoldgica,
la trovafloxacina, que presenta hepatotoxicidad y la grepafloxacina que genera toxicidad
cardiaca (Zhang y col., 2018). La actividad contra Streptococcus pneumoniae ha sido un gran
logro en el grupo de nuevas quinolonas, reemplazando la escasa 0 moderada actividad contra
dicho patdégeno de sus predecesores. Ademas, muestran buena actividad in vitro sobre
patdgenos respiratorios como: Haemophilus influenzae, Moraxella catarrhalis, Legionella

pneumophila y Mycoplasma pneumoniae (Zhang y col., 2018).

1. Clasificacion de las quinolonas

Las quinolonas se pueden clasificar con base en su actividad antimicrobiana y en sus

parametros farmacocinéticos en cuatro generaciones:

1.1 Primera generacion

Las quinolonas de la primera generacién presentan actividad contra bacterias aerobias y
Gram (-). En esta generacion se encuentran el &cido nalidixico y el &cido oxolinico (Figura
2A), ambas son utilizadas en el tratamiento de infecciones de vias urinarias producidas por
microorganismos Gram (-), incluyendo especies de Proteus, Klebsiella, Enterobacter y

Escherichia coli (Brighty y Gootz, 2000).

1.2 Segunda generacion

La segunda generacion de quinolonas fue introducida en la década de los 80°s. Las
principales caracteristicas de esta generacion fue la actividad contra bacterias aerobias Gram

(+) y el incremento en la actividad contra las Gram (-), generando un enorme avance en el
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Figura 2. Primera y segunda generacion de quinolonas. (A) Se muestran moléculas de la
primera generacion: (1) acido nalidixico y (2) acido oxolinico; y (B) de la segunda

generacion: (3) norfloxacinay (4) ciprofloxacina.



tratamiento de importantes infecciones clinicas, como pielonefritis, prostatitis y osteomielitis
(Ball y col., 1998). Entre ellas se encuentran norfloxacina y ciprofloxacina (Figura 2B); la
primera es utilizada principalmente en el tratamiento de infecciones urinarias y la segunda se
emplea en el tratamiento de infecciones del tracto urinario, osteomielitis causada por
enterobacterias, infecciones de oido, infecciones gonocdcicas y prostatitis cronica bacteriana,

siendo asi una de las quinolonas mas utilizadas (Redgrave y col., 2014).

1.3 Tercera generacion

Las quinolonas pertenecientes a la tercera generacion incluyen a gatifloxacina (Figura 3A),
utilizada en el tratamiento de gonorrea, infecciones pulmonares, infecciones de piel y del
tracto urinario, y levofloxacina (Figura 3A), la cual se indica para el tratamiento de
neumonia, bronquitis cronica, infecciones urinarias, infecciones renales y de la prostata. Las
moléculas de esta generacion presentan una mayor actividad contra bacterias Gram (+),
particularmente contra neumococos; ademdas, son capaces de actuar contra bacterias

anaerobias (Ezelarab y col., 2018).

1.4 Cuarta generacion

Las quinolonas de cuarta generacion presentan actividad contra bacterias anaerobias y un
incremento de actividad contra neumococos, entre ellas se encuentran moxifloxacina y
gemifloxacina (Figura 3B), que son utilizadas en el tratamiento de neumonia, bronquitis e

infecciones de los senos paranasales (Brighty y Gootz, 2000).

Actualmente, la demanda por quinolonas con mayor actividad y menor resistencia
microbiana ha impulsado el desarrollo de nuevos compuestos, como en el caso de los hibridos

1,2,3-triazol (Figura 4) que han demostrado mayor actividad contra bacterias Gram (+) (S.
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Figura 3. Tercera y cuarta generacion de quinolonas. (A) Se muestran moléculas de la
tercera generacion: (1) gatifloxacina y (2) levofloxacina; y (B) de la cuarta generacion: (3)

gemifloxacina y (4) moxifloxacina.



OH
N—n N N
@IN/\/K/ O
= N
o) o)
F
OH
N—n N N
@,N/\/K/ O
ON, = N
o o
N OH

Figura 4. Nuevas moléculas derivadas de quinolonas. Hibridos de triazol con actividad

prometedora contra bacterias Gram (+) y Gram (-). (Tomado de Ezelarab y col., 2018).



aureus y Streptococcus pyogenes) que las quinolonas que se encuentran actualmente en el

mercado.
2. Relacion entre la estructuray el espectro de accién de las quinolonas

La clave en la evolucidn de las quinolonas fue la modificacion de su estructura base (Figura
1) a través de la adicion de diferentes sustituyentes en las posiciones 1, 6 y 7 (Zhang y col.,
2018) Dichas modificaciones afectan la actividad antibacteriana y las propiedades

farmacocinéticas de las quinolonas. Algunas de las sustituciones clave son:

» Laadicion de un grupo ciclopropil en la posicion 1 (Figura 1), incrementa la
actividad antibacteriana (Zhang y col., 2018).

» Laadicién de un atomo de fltor en la posicion 6 (Figura 1) incrementdé mas de 10
veces su potencia y se cree que estabiliza la union con su sitio blanco al influir en la
distribucion de cargas de la molécula (Laponogov y col., 2009).

» Laadicion de un grupo de piperazina en la posicion 7 (Figura 1) provee una mayor
actividad frente a bacterias Gram (-) aerobias y aumenta la actividad frente a
Staphylococcus y Pseudomonas; ademas se sugiriere que juega un papel importante
en lainhibicién de los sistemas de expulsion, mejorando asi la potencia del antibiotico
(Zhang y col., 2018).

» Laalquilacién de la posicién 7 (Figura 1) incrementa la actividad frente a bacterias
Gram (+) aerobias y aumenta la vida media (Zhang y col., 2018).

» Laadicién de un grupo metilo al nitrégeno del anillo de piperazina en la posicion 7

(Figura 1) incrementa la vida media y la biodisponibilidad (Zhang y col., 2018).



A pesar de que ciertos sustituyentes, como los mencionados anteriormente, pueden producir
importantes cambios en la actividad bioldgica de las quinolonas, las caracteristicas finales de

la molécula derivan de la interaccion entre cada uno de los radicales (Zhang y col., 2018).

3. Mecanismo de accion de las quinolonas

Las quinolonas son antibidticos con una gran capacidad para eliminar diversos tipos de
bacterias de forma rapida (Redgrave y col., 2014), por lo cual era importante determinar su
mecanismo de accion. Fue en 1976 cuando se observo que el acido nalidixico causaba una
acumulacién anormal de precursores de DNA monocatenario cuando los dominios
cromosomicos se presentaban superenrollados; ademas, la concentracion de DNA
monocatenario disminuia por la accion de una enzima que era especificamente inhibida por
la quinolona (Crumplin y Smith, 1976). Estas primeras observaciones ayudaron a explicar el

mecanismo de accion de las quinolonas que se describira a continuacion.

Los blancos de las quinolonas son dos enzimas esenciales en los procesos celulares de
replicacion, transcripcion y reparacion del DNA; la DNA girasa y la topoisomerasa IV
(Figura5). Dichas enzimas estan encargadas del superenrollamiento del DNA que le permite
mantenerse de forma compacta dentro de la célula (Forterre y col., 2007). Ambas enzimas
pertenecen a la familia de las topoisomerasas tipo IIA y estdn compuestas de dos
subunidades; GyrA de 97 kilodaltones (kDa) y GyrB de 90 kDa correspondientes a la DNA
girasa y ParC de 75 kDa y ParE de 70 kDa correspondientes a la topoisomerasa 1V

(Champoux, 2001).

Las topoisomerasas presentan una accion homoéloga con pequefias diferencias; ambas

enzimas acttan reduciendo la tension molecular causada por el superenrollamiento
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las bacterias (Modificado de Redgrave y col., 2014).
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realizando cortes a la doble cadena de DNA. La DNA girasa remueve superenrollamientos
positivos y avanza delante de la horquilla de replicacion, mientras que la topoisomerasa 1V
introduce superenrrollamientos positivos avanzando detrds de la horquilla de replicacion,
ademas de ser responsable de la segregacion de los cromosomas al final de la replicacion

(Drlicay col., 2009) (Figura 5).

Durante su mecanismo de accion, las topoisomerasas tipo I1A introducen un par de cortes en
la cadena sencilla de DNA y se unen de forma covalente al extremo 5° formando un complejo
DNA-topoisomerasa, relajando el superenrollamiento del DNA (Mizuuchi y col., 1980). Las
quinolonas se unen rapidamente al complejo, probablemente antes de que la ruptura del DNA
ocurra, mediante la regién GyrA de la DNA girasa y la region ParC de la topoisomerasa 1V,
generando el complejo terciario DNA-Topoisomerasa-Quinolona que bloguea el movimiento
de la horquilla de replicacion y de los complejos transcripcionales, inhibiendo asi el
crecimiento bacteriano (Figura 6). Sin embargo, se ha observado que los efectos son
reversibles si se remueve la quinolona, ya sea por la adicion del agente quelante EDTA o por
un tratamiento térmico (Leo y col., 2005). En los sistemas in vitro, cuando la DNA girasa es
el blanco, la inhibicién ocurre en minutos mientras que si el blanco es la topoisomerasa IV
la inhibicidon ocurre méas lentamente (Khodursky y col., 1995). Al ser la formacion del
complejo terciario un proceso reversible es el punto crucial en el mecanismo de accion de las
quinolonas. Puede tomar dos cursos irreversibles que concluyen en la muerte celular; la ruta
dependiente de la sintesis de proteinas en condiciones aerobicas y la ruta independiente de la
sintesis de proteina, la cual se lleva a cabo en condiciones de anaerobiosis, caracteristica de
la primera generacion de quinolonas; sin embargo, ambas rutas tienen como objetivo la

fragmentacion cromosomica y finalmente la muerte celular (Figura 6). Adicional a estas

11
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Figura 6. Representacion esquematica de la accion de las quinolonas. (a) Union de la
topoisomerasa con el DNA y formacion del complejo DNA-Topoisomerasa; (b) unién de la
quinolona y formacion del complejo DNA-Topoisomerasa-Quinolona; (c) inhibicion de la
replicacion que conduce a la induccién del sistema SOS y a la filamentacion celular; (d);
fragmentacion letal del cromosoma que requiere sintesis de proteinas, que puede inhibirse
con cloranfenicol (Cm) y condiciones aerdbicas; (e) fragmentacion letal del cromosoma que
requiere sintesis de proteinas pero no condiciones aerdbicas; (f) fragmentacion letal del
cromosoma que no requiere sintesis de proteinas o condiciones aerobicas (modificado de

Drlicay col., 2009).
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rutas, la reversibilidad del blogueo de la replicacion del DNA activa la respuesta del sistema
SOS, que inhibe la division celular y propicia la formacion de estructuras celulares
filamentosas contribuyendo a una muerte celular lenta que no ha sido estudiada a profundidad

(Piddock y col., 1990).
4. Sistemas de resistencia a quinolonas

En pocas decadas las quinolonas pasaron de ser un grupo pequefio de antibioticos utilizados
para el tratamiento de infecciones urinarias a formar parte del grupo de antibidticos mas
prescritos para el tratamiento de una gran variedad de infecciones; desafortunadamente su
uso excesivo ha provocado la seleccidon de bacterias resistentes (Aldred y col., 2014). La
resistencia bacteriana es hoy en dia uno de los principales problemas clinicos al limitar la

capacidad de tratamiento de un gran nimero de infecciones bacterianas (Aldred y col., 2014).

Debido a que las quinolonas son antibidticos completamente sintéticos, se propuso que los
unicos sistemas de resistencia que las bacterias podian adquirir de manera inmediata serian
las mutaciones en los genes que codifican las proteinas blanco, las topoisomerasas tipo I1A,
y la expulsion de quinolonas mediada por los transportadores de membrana (Martinez. 2009).
En cuanto a la adquisicion de resistencia mediante la transferencia horizontal de genes,
aquella que ocurre cuando una bacteria que ya posee los genes de resistencia los transfiere a
otra que no es su descendiente, para el caso de las quinolonas se pensd que esto no seria
posible, ya que el origen de los genes de resistencia a antibiético de origen bioldgico son los
propios organismos productores (Hernandez y col., 2011). Actualmente, podemos clasificar
los sistemas de resistencia en dos grupos (Figura 7): A) Sistemas codificados por genes
cromosomicos, como lo son las modificaciones de los sitios blanco y los sistemas de
expulsion, y B) Sistemas codificados por genes plasmidicos, tales como proteinas Qnr,
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(b) Reduccion de la permeabilidad de la membrana

(b2) Modificar la organizacion de la membrana
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DNA girasa ‘ ompa
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Figura 7. Mecanismos de resistencia a quinolonas. (a) mutaciones de los genes que
codifican a los blancos de las quinolonas. (b) reduccion de la permeabilidad mediante (b1)
modificaciones en la expresion de porinas o (b2) la alteracion de la organizacion de la
membrana. (c) incrementar la expulsion de quinolonas mediante la sobreexpresion de los
sistemas de expulsion. (d) los plasmidos que confieren resistencia a quinolonas contienen
determinantes que pueden (d1) proteger al sitio blanco como las proteinas gnr, (d2) modificar
quinolonas como la aac (6”)-lb-cr y (d3) disminuir la concentracién intracelular de las
quinolonas como los sistemas de expulsion QepA y OgxAB (Modificado de Correia y col.,

2017).
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sistemas de expulsion y la enzima aminoglucoésido acetil transferasa modificada (aac(6”)-1b-

cr) (Aldred y col., 2014).
4.1. Sistemas de resistencia codificados por genes cromosdmicos
4.1.1. Modificaciones de los sitios blanco

El mecanismo de resistencia mas comun esta dado por la mutacion en los genes que codifican
a las topoisomerasas 1A (gyrAy gyrB de la DNA girasa y, parC y parE de la topoisomerasa
IV), sitios blanco de las quinolonas (Figura 7). Las regiones donde se presentan dichas
mutaciones son pequefias secuencias de DNA denominadas “regiones determinantes de
resistencia a quinolonas”, mejor conocidas como QRDR, por sus siglas en inglés (Yoshida y

col., 1990).

Las mutaciones dan como resultado la sustitucion de amino&cidos, las cuales generan
alteraciones en la estructura de la enzima, principalmente la region de unién con la molécula
de DNA, afectando la formacién del complejo DNA-topoisomerasa y como consecuencia su
union a la quinolona, favoreciendo asi la resistencia al antibiotico (Friedman y col., 2001).
La mutacion mas frecuente es la sustitucion de la serina 83 por un triptéfano (Redgrave y
col., 2014), regidn cercana al sitio activo, ademas de estar cerca de la tirosina 122, residuo

donde se forma el enlace de fosfotirosina entre la enzima y el DNA (Shen y Pernet. 1985).

Aislados clinicos de cepas resistentes a quinolonas han mostrado mutaciones en la region C-
terminal de la subunidad GyrB, sustituciones del acido aspartico 426 por asparagina, generan
resistencia a quinolonas acidas y anfoteras y la sustitucion de lisina 442 por acido glutamico,

ha mostrado conferir resistencia a drogas acidas (Yamagishi y col., 1986).

4.1.2. Sistemas de expulsiéon
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La inespecificidad de los sistemas de expulsion los hace capaces de eliminar activamente
diversos tipos de compuestos, como lo son antibioticos, antisépticos, detergentes e incluso
salicilatos de sodio siendo estas sales de gran tamafio (Alekshun y Levy. 1999). Por lo tanto,
al ser capaces de reducir la concentracion intracelular de las quinolonas confieren resistencia

(Figura 7) (Redgrave y col., 2014).

Los sistemas de transporte se agrupan en superfamilias que incluyen facilitadores mayores
(MFS), sistemas que unen ATP (ABC), sistemas de resistencia, division celular y nodulacion
(RND), proteinas pequefias de resistencia a multidrogas (SMR) y sistemas de expulsion de
multidrogas y compuestos toxicos (MATE) (Martinez y col., 2009). Estos sistemas son los
responsables de la resistencia intrinseca de algunas bacterias como P. aeruginosa a las

fluoroquinolonas y a otros tipos de drogas (Piddock. 2006).

En otras bacterias como S. aureus, la resistencia a quinolonas esta asociada con el gen norA,
que codifica un transportador de amplio espectro. Ademas, en E. coli la bomba de expulsion

AcrAB-TolC tiene el papel principal en la resistencia a quinolonas (Wang y col., 2001).

4.2. Sistemas de resistencia codificados por genes plasmidicos

4.2.1. Proteinas Qnr

Las proteinas Qnr se identificaron por primera vez en 1998 en el plasmido multirresistente
pMG252, aislado de una cepa de Klebsiella pneumoniae resistente a ciprofloxacina (Martinez

y col., 1998).

Las proteinas Qnr pertenecen a la familia de pentapéptidos repetidos (PRP, por sus siglas en
inglés), llamadas asi porque sus miembros contienen un motivo recurrente de cinco

aminoéacidos en tdndem [Ser, Thr, Ala o Val] [Asp 0 Asn] [Leu o Phe] [Ser, Thr o Arg] [Gly];
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hasta la fecha se han descrito cinco familias de proteinas Qnr; QnrA, QnrB, QnrS, QnrC y
QnrD (Vetting y col., 2006). Estas proteinas han mostrado tener participacién en la
resistencia a ciprofloxacina al unirse al complejo DNA-Topoisomerasa, impidiendo la union
de las quinolonas, aunque no se conoce con detalle su mecanismo de accion (Figura 7) (Tran
y col., 2005). Por si mismas dichas proteinas proveen una baja resistencia a ciprofloxacina
en cepas de E. coli, sin embargo, adquieren importancia clinica cuando se asocian con otros

mecanismos de resistencia al antibidtico (Tran y Jacoby, 2002).
4.2.2. Modificacion enzimatica

Debido al origen sintético de las quinolonas no se esperaba que, de una forma tan rapida, las
bacterias desarrollaran la capacidad de modificar el farmaco; la degradacién de quinolonas
se habia descrito Unicamente en hongos (Wetztein y col., 1997). Sin embargo, en 2006 se
identificd en cepas de E. coli resistentes a ciprofloxacina el plasmido pHSH10-2, que posee
el gen gnrA, el cual al ser transferido a la cepa Rec” E. coli DH10B, una cepa que presenta
sensibilidad a ciprofloxacina si se compara con las cepas E. coli Rec™, conferia cuatro veces
mayor resistencia al antibiético que lo reportado anteriormente para los genes gnr (Robicsek
y col., 2006). Mediante mutagénesis por transposicion, se identificd al gen aac(6")-Ib
presente en el plasmido pHSH10-2, el cual codifica una enzima aminoglucésido
acetiltransferasa que confiere resistencia a algunos antibidticos del grupo de los
aminoglucosidos: kanamicina, amikacina y tobramicina (Robicsek y col., 2006). El analisis
in silico del gen aac(6’)-1b revel6 que se encuentra modificado en los codones 102 (Trp
—2>Arg) y 179 (Asp 2> Tyr) y se demostrd que en ausencia de dichas mutaciones, el gen no se
asociaria con la resistencia a quinolonas (Robicsek y col., 2006). El mecanismo de accion de

la enzima aac(6")-Ib-cr (llamada asi por que confiere resistencia a ciprofloxacina), se
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determind mediante ensayos de acetilacion, utilizando kanamicina y ciprofloxacina como
sustratos. Se demostré que la enzima puede introducir un grupo acetilo en el nitrogeno del
grupo piperazil que poseen ciprofloxacina y norfloxacina en la posicion 7, reduciendo la

afinidad del antibiotico por las topoisomerasas (Figura 7) (Robicsek y col., 2006).
4.2.3. Sistemas de expulsion

Los sistemas de expulsién confieren resistencia a quinolonas al disminuir la concentracion
intracelular del farmaco, y hasta la fecha se han identificado dos sistemas de expulsion

codificados en plasmidos provenientes de cepas de E. coli (Poirel y col., 2012).

El plasmido pHPA, aislado de la cepa clinica de E. coli C316, contiene el gen gepA el cual
codifica la proteina de membrana interna QepA, con 14 segmentos transmembranales, que
se agrupa en la superfamilia de transportadores facilitadores mayores (MFS, por sus siglas
en inglés). La proteina confiere resistencia mediante la expulsion del citoplasma de

quinolonas hidrofilicas como ciprofloxacina y norfloxacina (YYamane y col., 2007).

Por otra parte, el plasmido pOLA52 proveniente de una cepa de E. coli aislada de estiércol
de cerdo, contiene el gen ogxA que codifica una proteina de membrana interna de 391
aminoacidos (aa), perteneciente a la familia RND, y el gen ogxB que codifica una proteina
de periplasma de 1,050 aa; ademas, se encontrd6 que ambos forman parte de un operén
(Hansen y col., 2004). Las proteinas OgxAB confieren resistencia a acido nalidixico y
ciprofloxacina; ademas, son capaces de expulsar bromuro de etidio, lo que sugiere que la
resistencia a quinolonas también estd dada por su expulsion del citoplasma (Figura 7)
(Hansen y col., 2004). Ademas, se determind que OgxA y OgxB necesitan de una proteina

de membrana externa para cumplir su funcion, como TolC de E. coli, funcionando como un
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complejo tripartita de expulsion similar a los codificados por genes cromosomicos de

bacterias Gram (-) (Hansen y col., 2004).
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Il. ANTECEDENTES

El compuesto sintético ciprofloxacina es actualmente uno de los antibidticos de mayor
prescripcion en el mundo (Redgrave y col., 2014). Se usa principalmente en el tratamiento
de infecciones causadas por enterobacterias (Emmerson y Jones. 2003); sin embargo,
también presenta actividad contra P. aeruginosa (Hoiby. 2011). El extenso uso de
ciprofloxacina ha generado la aparicion de bacterias resistentes a su accion (Hernandez y
col., 2011). Actualmente, los sistemas de resistencia a este antibidtico se encuentran
ampliamente distribuidos y podemos dividirlos en dos grupos (Aldred y col., 2014), aunque
dichos sistemas no son excluyentes entre si y pueden combinarse para conferir mayor
resistencia.

I) Sistemas codificados por genes cromosémicos. Se incluyen las mutaciones en los
genes que codifican a las proteinas blanco de las quinolonas, que son las
topoisomerasas de la familia I1A (DNA girasa (Cambau y col., 1995) y topoisomerasa
IV (Khodursky y col., 1998)) y los sistemas de expulsion, como MexAB-OprM de P.
aeruginosa (Martinez y col., 2009).

I1) Sistemas codificados por genes presentes en plasmidos. Comprenden a las proteinas
Qnr (Tran y Jacoby, 2002), que bloguean la unién del antibidtico con su sitio blanco
(Xiong y col., 2011), los sistemas de expulsion QepA (Yamaney col., 2007) y OgxAB
(Hansen y col., 2004) y la enzima aminoglucodsido acetiltransferasa (AAC(6”)-1b-cr)
capaz de acetilar y como consecuencia inactivar a ciprofloxacina (Robicsek y col.,
2006).

El hallazgo de la enzima AAC(6’)-1b-cr capaz de modificar ciprofloxacina (Robicsek y col.,
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2006) representd un nuevo sistema de resistencia que funciona para dos familias distintas de
antibidticos, los aminoglucésidos y las quinolonas. Aungue la enzima confiere un bajo nivel
de resistencia a ciprofloxacina, puede actuar de manera conjunta al menos con el sistema de
resistencia mediado por el gen gnrA (Robicsek y col., 2006) incrementando la resistencia.
Ademas, se encontrd que AAC(6")-1b-cr facilita la seleccion de mutantes resistentes a
ciprofloxacina entre poblaciones bacterianas expuestas a este antibidtico (Robicsek y col.,
2006), lo que representa una ventaja adaptativa adicional al hecho de encontrarse codificada
en un plasmido.

Recientemente, nuestro grupo de trabajo determind que la proteina de 65 aminoacidos
codificada por el orf131 del plasmido pUM505, un plasmido conjugativo aislado de P.
aeruginosa que confiere resistencia a ciprofloxacina (Ramirez-Diaz y col., 2011), presenta
18% de identidad y 26% de similitud con la aminoglucésido fosfotransferasa (APH-11b) de
P. aeruginosa M18 (Figura 8), enzima relacionada con la resistencia a aminoglucésidos.
Debido a que se realizaba la busqueda de los genes responsables de la resistencia a
ciprofloxacina, a la homologia que presenta con la enzima APH-I1b y al antecedente de la
enzima aminoglucosido acetil transferasa, se clond el orf131 en el vector pUCP20 vy el
plasmido recombinante se transfirié a E. coli J53-2. Mediante pruebas de susceptibilidad a
ciprofloxacina se observé un mayor crecimiento en concentraciones altas del antibidtico en
la cepa que contiene el orf131 en comparacion con el control (Figura 9). Se concluy6 que la
proteina codificada por el orf131, que en adelante llamaremos ORF131, confiere resistencia
a ciprofloxacina y debido a la homologia que presenta con la enzima APH-1lb, que esta
resistencia puede deberse a la fosforilacion del antibidtico (Chavez-Jacobo. 2015). Debido a
lo anterior, resulta de interés determinar el mecanismo de accién de la proteina codificada

por el orf131 del plasmido pUM505.
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Figura 8. Alineamiento de la secuencia de la proteina codificada por el orf131 con la

enzima APH-11b de P. aeruginosa M18. Se muestran con asteriscos los residuos cataliticos

en la APH-1Ib. En recuadros se muestran los residuos cataliticos conservados en la proteina

codificada por el orf131 (Chavez- Jacobo, 2015).
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Figura 9. Resistencia a ciprofloxacina conferida por el orfl31 del plasmido pUMS505.
Los cultivos se crecieron en caldo M9 por 24 h a 37°C con agitacion constante a las
concentraciones de ciprofloxacina indicadas. Posteriormente se midio la absorbencia a 590

nm. Se muestran barras de error estandar de la media, n=6 (Chavez- Jacobo, 2015).
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susceptibilidad a ciprofloxacina se observo un mayor crecimiento en concentraciones altas
del antibiotico en la cepa que contiene el orf131 en comparacion con el control (Figura 2).
Se concluyo que la proteina codificada por el orf131, que en adelante Ilamaremos ORF131,
confiere resistencia a ciprofloxacina y debido a la homologia que presenta con la enzima
APH-11b, que esta resistencia puede deberse a la fosforilacion del antibidtico (Chavez-
Jacobo, 2015). Debido a lo anterior, resulta de interés determinar el mecanismo de accion de

la proteina codificada por el orf131 del plasmido pUM505.
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I11. JUSTIFICACION
El orf131 confiere resistencia a ciprofloxacina cuando se transfiere a Escherichia coli. En un
analisis in silico se determind que la proteina ORF131, codificada en el plasmido pUM505,
muestra similitud con la enzima aminoglucosido fosfotransferasa Ilb de P. aeruginosa M18.
Debido a que las enzimas capaces de modificar antibioticos han coevolucionado con sus
sustratos y generalmente son especificas para una sola familia de antibioticos, resulta de
interés caracterizar el mecanismo de accion de la proteina ORF131 que confiere resistencia

a un antibiotico sintético, asi como determinar su distribucion.

IV. HIPOTESIS
La proteina ORF131, que se encuentra ampliamente distribuida, confiere resistencia a

ciprofloxacina mediante la fosforilacion del antibidtico.
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V. OBJETIVOS
A) Objetivo general
Caracterizar el mecanismo mediante el cual la proteina ORF131 del plasmido pUM505

confiere resistencia a ciprofloxacina y determinar su distribucion.

B) Objetivos especificos
1. Determinar el mecanismo molecular y enzimatico mediante el cual la proteina
ORF131 fosforila a la molécula de ciprofloxacina.
2. Analizar la distribucion del orf131 en aislados clinicos.
3. Identificar los residuos de la proteina ORF131 asociados con la resistencia a

ciprofloxacina.
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VI. RESULTADOS

Los principales resultados obtenidos durante la realizacion del presente proyecto se presentan
en los capitulos I, 11y I1l. El capitulo I corresponde a un articulo publicado en una revista
internacional (Antimicrobial Agents and Chemotherapy, American society for
microbiology), el capitulo Il corresponde a un articulo publicado en una revista internacional
(Journal of Antimicrobial Chemotherapy, Oxford Academic) y el capitulo 111 corresponde a
un manuscrito publicado en la revista internacional (Microbiology, Microbiology Society).
Finalmente los capitulos IV y V corresponden a dos articulos de revison publicados en una
revista indexada en el indice CONACyT (TIP, Revista Especializada en Ciencias Quimico-

Bioldgicas, FES Zaragoza).
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MECHAMISMS OF RESISTAMCE
s

CrpP Is a Novel Ciprofloxacin-Modifying Enzyme Encoded by
the Pseudomonas aeruginosa pUM505 Plasmid

Victor M. Chivez-Jacobo,® Karen C. Hemandez-Ramirez,* Pamela Romo-Rodriguezt Rocio Virdiana Pérez-Gallardo, -
(@ Jesiis Campos-Garcia,® J. Félix Gutiérrez-Corona,® Juan Pablo Garcia-Merinos,* 2'Wictor Meza-Carmen,®

Jesis Silva-Sdnchez d Martha L. Ramirez-Diaze

Anstitube de irvesigaciones Quimico-Biclogicas, Urwversidad Michoacana de San Nicolas de Hidaigo, Morsliz,
Michoacdn, Mexico

enartaments de Bilogiy, DCRE, Universidad de Guanajaota, Guanajuata, Meoco

"‘Labortona de inocuidad Juimica, {entm de innosanon y Desarollo Agraalimentano de Michoacan, AL,
Morsdia, Michoacan, Mexico

“Cenro de mvestigacion sobee Enfermedades Infecciosas, Instituio Nadioral de Salod Pibfica, Cuernavaca,
Marsos, Mesico

ABSTRACT The pUMSOS plasmid, isolsted from a clinical Pseudomonas cemiginasa
isolate, confers resistance to ciprofloxacin (CIP} when transferred into the standard P.
geruginosa strain PAQY. CIF is an antibictic of the quinolone family that is used to
treat P, geruginosa infections. in silico analysis, performed to identify CIP resistance
genes, revealed that the 65-amino-acid product encoded by the ofi31 gene in
pUMS0S displays 40% amino acid identity to the Mycobocrerium smegmatis amino-
glycoside phosphotransferase (an enzyme that phosphorylates and inactivates amin-
oglycoside antibiotics). We cloned orf131 (renamed opf, for dprofloxacin resistance
protein, plasmid encoded) into the pUCP20 shuttle wector. The resulting recombi-
nant plasmid, pUC-crpP, conferred resistance to CIP on Escherichia colf strain 153-3,
suggesting that this gene encodes 2 protein invohved in OIP resistance. Using cou-
pled enzymatic analysis, we determined that the activity of CrpF on CIF is ATP de-
pendent, while [itte activity against norfloxacin was detected, suggesting that CIP
may undergo phosphonylation. Using a recombinant His-tagged CrpP protein and
[iquid chromatography-tandem mass spectrometry, we also showed that CIP was
phaosphorylated prior to its degradation. Thus, our findings demonstrate that CrpP,
encoded on the pUMS0S plasmid, represents a new mechanism of CIP resistance in
P. meruginosa, which involwes phosphonyiation of the antibiotic.

KEYWORDS Pseudomonas aeruginosa, ciproflonacin, enzyme, phasphorylation,
plasmid-mediated resistance, quinolones

uincdones are synthetic antibiotics that constitute an important class of biologically
active, broad-spectrum antibacterizl drugs (1) These antibictics are used in humians to
treat a variety of bactenial infections and represent one of the most commanky prescribed
classes of antibacterial drugs in the world (2}, Ciprefloxacn (0P, a flucroguinclone, was the
first quinclons to display considerable activity outside the urinary tract {3). Due to the
phasmacological characteristics of CF, as well as its potency, activity spectrum, ol bio-
availability, and good safety profile, this antibiotic has been extensively used clinically
worldwide i4). Importantly, CIP & the most active quinclone against Psevdomonas serugi-
nosa and is used to treat infections generated by this bacterium. OIF is ako used to treat
infections with varous Gram-negative and Gram-positive bacteria and & the most com-
minly prescribed antihacterial drug to date according to guidefines {4, 5).
The mechanism of action of quinolone antibiotics consists of the inhibition of DMA
gyrase and topoisomerase IV (Topo V), enzymes that modulate the topological state of
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Chawer-Jacobo et al

TABLE 1 Results of susceptibility tests

Artimicrobial Agents and Chemotherspy

MIC (pgimi) for:

P. geruginosa E coll
Antibiotic ATCC 27853  PADI[PUCF20] PADYpUC opP)  PADWpDUMSDS] ATCC 25922 153-3(pUCP20) J53-HpUC_crpd)
Clprofioxacin 05 as 05 20 Don4 0008 006
Levoflowscin 05 1.0 10 L& Do0a 0.008 0008
Morfloxacin 05 a5 05 i D03 003 003
Moxifloeacin 1o 20 20 8.0 Qo008 003 o3
Malidiac acid =156 =255 =258 =255 20 8.0 B0
Kanamycin =156 n 32 32 40 4.0 20

80 & 40 a0 ED &0 4.0
Amilkacin 10 05 05 05 0 LK 1.0
Gantamicin 05 a5 D5 o5 10 a5 05

the DMA and are essential for transcription, DNA replication, and the repair/recombi-
nation of ONA (1). These two enzymes display structural and functional similasities;
howewver, their specific mechanizms of action during DNA replication differ (). The
guinolones stabifize the desvage complexes by binding the enzyme-DMA interface in
the cleavage-ligation active site, resulting in the inhibition of DNA ligation {1). There-
fore, the intercalation of quinolones into DMA results in increased cell death (1),

Resistance to guinolones can involve chromeosomal gene mutations or may be
plasmid mediated. & comelation between CIP resistance and the number of resistance-
associated alterations in GyrA, Gyrd subunits of topoisomerase I, and ParC and ParE
subunits of topoisomerase IV in P. geruginoss isolates has been reported previously (7).
In Escherichia coli. mutations in man? {2 mard repressor) lead to the MarA-mediated
activation of genes encoding the AcrAB-TolC efflux pump, which piays a major role in
quinclone efflux. The marf mutations also decrease the translation of ompF, 2 gene
encoding the OmpF outer membrane porin, thus decreasing gquinolone influx (41
Plasmid-medisted quinolone resistance (PMOR) confers decreased susceptibility o
thess antibiotics. Some examples of PMOR systems include the Gnr protein, which
prevents quinclone binding to target proteins, and Qepd, an efflux pump that de-
creases susceptibility to CIP and norfloxacin (MOR] (4, 6). Moreover, mutations in the
gene encoding the aminoglycoside N-6"-acetyitransferase [AACIE' Hb] enzyme, which
confars resistance to aminoglycoside antibiotics, results in 2 variant [AAC(6")-tb-cr] that
promotes CIP and MOR resistance (BL

pUMEDS is 3 self-conjugating 123-kbp plasmid solated from a clinical Pseudomonas
geruginosa isolate {9). This plasmid carries several adaptive genes, incleding the umuD
gene (encoding & transcriptional regulstor of the 05 response) (10), genes invoheed in
Pseudomaonas virulence {11, 12}, and genes that increase plasmid stability (12). The aim
of this work was 1o identify and study the product of the on13] irenamed cpP} gens
on pUMSDS, which confers resistance to CIP. We show that the mechanism underiying
this resistance to CIF involves CIF phosphorylation.

RESULTS

Quineclone resistance is conferred by the pUMS505 plasmid. The pUMS05 plas-
mid, originally isolated from a clinical isolate of P. aeuginosa (9), confers resistance o
CIP when wansferred into P, geruginosa strain PUZY. This cbservation suggested that
plIMS505 encodes a factor involved in susceptibility to this antibiotic (13). To determing
whiether pUMS0S confers resistance to other guinalones, the pUMS0S plasmid was
transferred into P. geruginosa strain PADT, and the antimicrobizl susceptibilities te CIP,
HOR, lewofloxacin (LVE), moxifloxacin (MXF], and nalidixic acid (NAL) were investigated.
Our results showed that CIF, NOR, and MXF displayed 4-fold higher MICs for P
geruginosa PAOT{plUMEDS) than for the P. geruginosg receptor strain PAOT. In addition,
the MIC values for strain PADT were similar to those measured for the P oenuginoss
reference strain, ATCC 27853 (Table 1) Thess findings indicated that the pUMSOS
plasmid encodes a protein involved in quinolone resistance.
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A)
Mycobacterium smegmatis

Pseudomonas aeruginosa M1E

- e

FiG 1 Comparison af Crpf to amineghycoside phosphotransteraseas. (K] The coding regeons 2nd transcriptional directions of the oph,
upﬂ.uuiuphﬂ']-ffbgm-:frmnll.mrgmﬂﬁb,ﬂu pUMESDS plasmid, and P. serginosa MTE, mp:tth-dp.mhldicat:dhpnpcﬂarm
with the sizes of predicted pobypeptides {in amino acids} indicated. Percentages of amino acid identity/similanty for the proteins
companed are given in parentheses stippled an=zs of the ook gene from M smegmati were not conssdered for the alipnments. Shaded
arrows represent adjacent genes, and the locations of the putative promoters’ sequences ane marked by bent arows. (8] Aignment
of the putative protein encoded by the aopP gens with the APH{3)-Ib pratein from P. gerugincsa M1E. Asterisks denote consered

i residues in the APH{IHID gene fram P geruginosa MEEL Filled squares indicate conserved catadytic residues identified in the
protein enooded by the opf gene.

Identification of the crpP gene. [n silico analysis of pUME0S fziled to identify a
PMOR element {13). Moreover, a BLAST analysis revealed that the protein encoded by
the orf131 gene {RefSeq accession number NC_016138; region, nuclectides 119072 to
119268; renamed cpP, for dprofloxacin resistance protein, plasmid encoded) shares
#0% identity with a 42-amino-acid (42-aa) region of the aminoglycoside phasphotrans-
ferase (APH) from Mycobacterium smegmatis (Fig. 1AL The crpf gene possesses a3
putative sigma-70 promoter in the 5" region and is predicted 1o encode a 65-2a protein
{Fig. 1A; see also Fig. 51A in the supplemental material). In contrast, the APH protein
from M. smegmuTtis contains 225 a3 and i much longer than the protein encoded by
orpP; however, several members of this protein family are smaller. For example, the
T9-az aminoghycoside phosphotransferase [APH{3HIb] from P. ceruginoss M18 confers
kanamycin {KAN], gentamicin (GEN], and streptomycin {5TH} resistance (14). CrpP and
APHI3}-Iib display a low degree of identity [18%] and 26% similarity (Fig. TAL; however,
CrpP contains two residues conserved in APH enzymies, 7-Gly (involved in catalysis) and
26-fle {inwolved in ATP binding) (Fig. 1B). Hence, these analyses suggest the product
encoded by the orpf gene may confer resistance to antibiotics.

The protein encoded by crpP confers resistance to CIP. To test whether opf,
imchuding the 5° putative regulatory region, is invobved in resistance to (IP, the regions
were amplified by PCR and were cloned into the high-copy-number vector pUCP20. The
pUC_crpP recombinant plasmid was transferred into P. aeruginosa strain PADT, and
susceptibifity to CIP was determined. Our results showed that P aeruginosa strain PAO1
expressing the pUC_cpP plasmid had & level of susceptibility to CIF similar to that
coserved with strain PAOT (Table 1). These results suggest that the cpf product does
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not confer significant resistance to quinolones in the genetic background of P. gerugi-
nosa PAD1, a strain known for its intrinsic high resistance to many antibiotics {151
However, another explanation may be that in PAD1, the crpf gene is not expressed
under the control of its own promoter in the pUC20 vector. To distinguish between
thess possibilities, crpP gene expression in cuftures of P, oerugingsa PAOT contzining
thi recombinant pUC-opP plasmid was determined by quantitative reverse transcription-
PCR [AT-gPCR) assays. The results showed that the opP gene was expressed in P
gerugingsa strain PAQY [Fig. S1B in the supplemental materiafl. This finding sugoested
that this gene is functional in this strzin. To determing whether orpf confers suscepti-
bility to quinalones, the more-susceptible £ coli 153-3 bacterial backoround was used.
MIC asszys with £ coli 153-3{pUC_opf) showed a 7.5-fold decrease in susceptibility to
CIP, while susceptibilities to the other four quinclones tested (LVX, NOR, MXF, and NAL)
did not differ from those of E colf strain 153-3 (Table 1) Additionally, RT-gPCR analysis
of expression showed that the crpP gens was expressed in this strzin [Fig. S1B). These
results indicated that opf encodes a protein that confers decreased susceptibility o
CIP on E ooli. In addition, the susceptibilities of E coli J53-3(pUC_oapf) to KAN, 5TR,
amikacin (AME]}, and GEN were similar to those of the E coli control strain (Table 1),
suggesting that the crpP gene does not confer resistance to these aminoglycosides.
These results indicated that the opF gene on the pUMSDS plasmid encodes a protein
that confers selective resistance to CIF alone.

Enzymatic activity of the CrpP protein. Because our sequence analysis suggested
that crpF encodes a protein that is similar to APH antibictic-modifying enzymes, we
next determined the in vitro activity of the purified CrpP enzyme. To purify CrpP, the
coding region of crpP was cloned into an owerexpression vector, and a recombinant
His-tagged CrpP protein was isolated, as described in Materials and Methods. We first
tested whether the recombinant His-CrpP protein was active in cells in vivo. To this end,
we used isopropyl B-o-1-thiogalactopymnoside (IPTG) to induce averexpression of the
His-CrpP protein in £ coli BL21{pTrcHis-crpP) grown in the presence or absence of CIP.
Upon His-CrpP induction, this strain grew better than the noninduced strain in the
presence of CIP (see Fig. 52 in the supplemental material). This finding suggested that
the N-terminal &2 His tag did not alter the activity of the enzyme, and therefore the His
tag was retained as part of the recombinant protein for all subsequent experiments,

To determine the activity of CrpP on CIF, we used a coupled enzymatic assay
involving NADH oxidation (16). In the presence of CrpP, NADH oxidation increases
proportionally with the reaction time (Fig. 2A). Moreover, NADH coddation also in-
creased proportionally with the amount of protein in the assay (see Fig. 53 in the
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FiG 3 Michaels-Menten plot of His-CrpP activity an ATP. AT was incubated at the indicated concen-
trations im the presence of 5 pgfml His-CrpP protein at 37°C for 15 min, as desoribed in Materials and
Methods. The Michesks-Menten plot shows the data for NADH owidation, which was measured spectro-
photometrically 3t 350 nm. Dt ane means and standard errors from four independent duplicats assays.

supplemental materiafl, indicating that CIP is a substrate of CrpP. Additionally, we
determined the activity of CrpP on CIP following heat-induced CrpP denaturation. This
resulted in 2 reduced level of CrpP activity from that of the native protein at the same
concentration (Fig. 53), suggesting that the activity was specific to CrpP and that the
comrect structure of the protein i required for its function. Additicnally, we analyzed the
effects of pH and Mg®* concentration on CrpP activity. The optimal pH was 7.0, and
optimal CrpF activity was observed when 10 mM MaCl, was used (see Fig. 54 in the
supplemental material).

The MICs indicated that cpP confers resistance to CIP only, suggesting an enzymatic
activity that i specific to this antibiotic; thus, we analyzed the catalytic activity of CrpP
against NORA, LV, MXF, and NAL We cbserved a lower level of CrpP activity when MOR was
used &t & substrate than when CIP was used (Fig. 241, and no activity against LVX, MXF, or
MAL was observed (see Fig. 55 in the supplemental material]. These results are consistent
with the susceptibity to quinolones ohserved by measuring MICs (Table 1) and suggest
that the low level of CrpP activity on NOR does not enable detection of a decreased
susceptibdity to this antibiotic in £ cofl Moseover, CrpP cannot use aminoghycosides, such
a5 KAN and STR, as substrates, suggesting that CrpP is specific for CIP and MOR (Fig. 551

We also estimated the apparent kinetic constants of CrpP for OIF and NOR {Fig. 281
We detected a K, of 05483 = 02762 mM and a Vv, of 2071 = 0.3745 pmolimin for
CPandak_of 04192 = 02208 mM and a V__ of 02989 = 0.4955 pmal/min for NOR.
The ¥_ /K, ratio was approximately 5-fold higher for CIF than for MOR (377 for CIP
versus 0.713 for NOR). These in vitro results demonstrated that CrpP is less efficient at
utilizing MOR than it & at utilizing CIP 2 a substrate. In addition, when ATP was used
as the variable cosubstrate, CrpP activity changed as a function of the ATP concentra-
tion (Fig. 3], indicating that the activity of CrpP was ATP dependent This fusther
suggested that the mechanism underlying CrpP function involves phosphorylation,
considering that APHs catalyze the transfer of 2 phosphate group to the aminoglyco-
side molecule, and several of these enzymes use ATF as the phosphate donor group
{171 Taken together, these results indicated that CrpP confers 2 selective resistance to
CiP, probably through a mechanism imeohving phospharylation.

To elucidate the mechanism of resistance to CIF, metabolite anakysis was performed
i witro using liquid chromatography-tandem mass specirometry (LC-M5-M5]. When
CIP was incubated with the His-CrpP protein, three peaks of interest, with retention
times.of 0.7, 218, and 2.84 min, were cbserved. These peaks were naot observed in the
chromatogram of the reaction in the absence of His-CrpP or ATP (Fig. 4A and B),
suggesting a modification of the CIF molecule. Analysis of the peak with a retention

kme 18 Volume 62 lmsee i 0262917

Artimicrobial Agents and Chemotherapy

sacasmorg 5

32



Ohiwver-la:cbo ot ol Antmicrohial Agertts and Chamotherapy

Rellive Urds )
g :

June 18 Volure 61 lsuwed «O2623-17 2cawmog 6

33



Cprofloxacr-Modifying Ereyme from P asuginosg

time of 0.7 min clearly indicated the presence of a molecular jon corresponding to
CIP-ATP {myz 820) (Fig. 4C). In addition, several intermediary molecular icns were also
identified, such as those with méz 507, m/z 427, m/z 411, mdz 347, and mvz 331; the fast
ion comesponds to the CIP molecule (Fig. 401 To better understand the mechanism of
CIP inactivation, we analyzed the peaks showing retention times of 218 and 3.34 min
{Fig. 4A). We detected mass fons corresponding to metabolites produced following
fragmentation of the molecule. We propose that CIP is first activated by the binding of
the ATF molecule (m/z 820), followed by phosphorylztion of the moleculs, confirmed
by the presence of CIP monophosphate (méz 411) (Fig. 4EL In addition, infrared
spectroscopy assays showed that His-CrpP induced changes in the intensities of the
characteristic absorption bands of the carboxyl group in the 2 500-t0-3300 cm—7,
1,200-to-1420 cm—7, and 1,781 cm—" regions, as well as in the 1675 cm—" absorption
band, which comesponds to the vibration of the ketone carbonyl group at C-3 of the CIP
mobecule (see Fig. 56 in the supplemental material), This result agrees with the modification
of CIP determined by LC-MS-MS, suggesting that CIF is phosphorylated on the carbowyl
group. Additionally, these results suggest that the entire structure of CIP is importznt for
CrpP function, since the carbowyl growp is pant of the central ring system in the quinciones,
but CrpP did not show activity against other quinolones. A probable explanation for these
results is that LV and MXF contain omygenated groups at position 8 of the central ring
systerm in the quinolones, which can provide activation on the aromatic moiety, resulting
in @ higher electronic density in this part of the maolecule. Meamwhile, the ethyl group of
position 1 of the central ring of the quinolones in NOR could inject less electron density on
the mitrogen atom than the oyclopropyl group present in O, producing, as a result, greater
reactivity on the carboxyi group in CIF than in the other quinclones. In addition, metabolite
analysis when CIP was incubated with crude extrects of an £ coif strain overexpressing the
His-CrpP protein and ATP showed peaks comesponding o several degradation intermedi-
aries of the phosphonyated OP (CIP-P) molecule. These included molecular jons such
those with m/z 305, myz 290, m/z 265, m/z 244, m/z 229, miz 203, and m/z 131 [Fig. 4E; see
ako Fig. 57 in the supplemental mateniall, suogesting that after CIF phosphondation, the
molecule s degraded.

DISCUSSION

The pUMEDS plasmid i a conjugative plasmid solated from a clinical isolate of P
geruginosa (9). pUMS0S carries different genes, which encode proteins imvolved in
metal resistance, DMA repair, vinulence, and plasmid stability {10-13) Additionally,
pUMSDE conferred CIF resistance on P. geruginosa PU2T {13), suggesting that plUM505
contains genes responsible for gquinolone resistance. Because in silico analysis of the
pUMS0S genes did naot initially identify genes previously implicated in guinclone
resistance (13), these data suggested that the CIP resistance transferred by pUMS05
could be conferred by ogenes not previously reponed. The bacterial resistance to
guinclones reparted to date may involve chromosomal gene mutations or may be
plasmid mediated (4, &L In addition, these systems could provide resistance against
several guinolones. For example, the QepA efflux pump decreases susceptibility to CIF
and NOR (4, 6). For this reason, we determined whether pUMS0S could confer resis-
tance to other quinolones. The results showed that pUMSDS confers decreased sus-
ceptibility to the fluaroguinolones OIF, NOR, and MXF in P. aerugincsa strain PADT. To

FIG 4 LC-ME-MS analy=s of metabolites following CIP insctivation. (A and B} Representstive chromato-
grams correspond to reaction miktures contaning the His-OrpP protein in the presence of CIP and ATP
[A) orin the absenc= of ATP (Bl The reactions were condweced 25 desoribed in Materals and Methods.
Armows indicaie peaks showing OF structures {retention times of L7 min, .18 min, 3.0 min, and 354
min). [C) Repres=ntative mass fragmentation profile comesponding to the peak with a 0.7-min retention
tme. Capital fetlers abows the peaks indicate the molecuar dons that comespond 1o fragmented
mcdecules derved from the dprofipuacin-ATP molecule. Pask A [mdz B30 comespands 1o the CrpP-ATP
medecular jon. (O} Structure analysis of the mam fragmentation profile from paned T (E} Reactian
miechanism of CIP inactivation/fragmentatsan by the Hie-CrpP protein. The structures and mer ratios wers
subtracted frosm the mass fragmentation prafiles of peaks with retention times aof 07, .18, and 384 min
shiown in panel A, Mass fragmentation profiles are ghown in Fig. 57 in the supplemental material
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elucidats the molecular elements involved in fluoroquinolone resistance by pUMEDS, &
new in silico analysis of the genes carried by this plasmid was conducted. We identified
the 65-aa protein encoded by the crpf gene as a unigue protein that shares sequence
similasity with other proteins involved in resistance to antibiotics. CrpP displayed low
identity (18%]} to the APH-Ib enzyme from P. aeruginosa M18. The APH-IIb enmyme
confers KAN, GEM, and 5TR resisance by transferring the phosphond group of ATF to
the 3-hydroxyl groups of these antibiotics (14, 18). However, while APH anzymes share
low (20 to 40%) sequence identity (18], they contain important conserved maotifs,
particularly at the C terminus, which is primarify responsible for catalysis and amin-
oglycoside binding. In addition, the ATP-binding domain & mainly located at the N
terminus {18). The CrpP protein does not possess the catalytic motifs reported for APH
enzymes, although it contains two conserved catalytic residues, 7-Gly (invohved in
catalysis) and 26-lie (involved in ATF bindingl. in addition, it has been reported that the
sequences of the catalytic and ATP-binding domains differ between individual APH
enzymes - and betwesen APH subfamilies (181 Thus, the CrpP protein may confer
resistance to antibiotics, whilea variability in the protein sequence (relative to those of
APH enzymes) may promote the recognition of specific substrates.

The presence of the opf gene did not decrease the quinolone susceptibility of P
aruginosa strain FAQT, possibly because this strain has intrinsic high resistance to
many antibiotics (15). However, the transfer of pUMS05 to P. ceruginoss PADT was able
to confer decreased susceptibifity to CIP, NOR, and MXF. These results suggested that
plIMS505 might encode, in addition to the crpP gene, several mechanisms of resistance
that, together, could increase Psevdomonas resistance to guinolones. 1t has been
reported that PMOR elements [Onr proteins; the AACIE"-b-cr enzyme, or the OgxAB,
DepAl, and QepAl eflux pump proteins] could confer reduced susceptibility to
guinolones; for example, the AACIE')-lb-cr enzyme increased MIC kevels against E cofi
4-fold (19). However, PMOR systems are not mutuzlly exclusive and together can confer
lower levels of susceptibility to quinolones (1) Transferring cpP to E colf 1533
decreased the susceptibility of this strain to CIF, but not to NOR, MXF, LVX, NAL, or the
aminoghycosides KAN, 5TR, AMK, and GEM. These results indicare that opf encodes &
protein that selectively confers resistance to CP on £ coli The capacity to confer
selective resistance to an antibiotic i not uncommon; it is well known that APH
enzymes from the same family dispiay variable aminoglycoside resistance profiles {181
AFHI3") enzymes phosphorylate KAN and neomycin, bur they tend to differ in their
specificities for other aminoglycosides (18). Furthermaore, AACS") enzymes differ in
their activities against AMK and GEN C1 (17},

The in vitro activity of the purified CrpP enzyme on CIF was determined in order to
understand the mechanistic involvement of this enzyme in CIF resistance. CrpP showed
enzymatic activity toward CIP and NOR when they were used as substrates. Mo activity
toward LW, MXF, NAL, or the aminoglycosides KAN and STR was observed, suggesting
that CrpP is specific for CIP and NOR. Determination of kinetic parameters indicated
that the ¥, values for CIP and MOR were similar, although the V., for CIP was =7 times
higher than that for MOR The V__ /& rstio was approximately 5-fold higher for CIP
than for MOR, which could expiain why E coli ransformed with the P. geruginosa orpP
gene did not show decreased NOR suscaptibility. The APH family includes several
members that are differentiated based on their substrate specificities or resistance
phenotypes. Thus, members of this family confer resistance to specific antibiotics (0L
Similar results were obtained by using the AACIE")-Hb-cr enzyme, which was more
afficient at modifying KAN than CIF, suggesting its different specificities for different
antibiotics (8). Moreower, CrpP used ATF 2= 2 variable cosubstrate, indicating that the
activity of CrpP was ATF dependent. This further suggested that the mechanism
underlying Crpf function invohves phosphoryiation, since APHs catalyze the transfer of
a phosphate group to the aminoglycoside moleculs, and several of these enzymes use
ATP as the donor of the phosphate group {171

In addition, in wiro CIF metabolite analysis using LC-MS-MS suggested that a
modification of the CIF moleculs occurred, in agreement with the infrared spectroscopy
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results. Our analysis revealed the presence of a mofecular ion comesponding to CIP-ATP
(m/z B20) and seweral intermediaries of the fragmentad COIP-ATP molecule. These
anafyses enable us to propose that CIF is first activated by binding to the ATF moleculs,
followed by phosphorylation and degradation. The AAC{E")-lb-cr protein from E. coli is
the only CIF-modifying enzyme described to date. This enzyme iz a variant of the
aminogiycoside acetyltransferase emmyme AACIE')-Ib, an scetyitransferase that confers
resistance to aminoglycosides such as KAN, AME, and tobramycin (BL The AACIE")-lb-cr
protein confers reduced susceptibility to CIP by decreasing the activity of this antibiotic
wig M-acetylation at the aminc nitrogen on its piperazinyl substituent (8). Therefore,
CrpP may represent a novel protein with specific enzymatic activity against CIP.

In summary, our results show that opf encodes a novel protein capable of specif-
ically conferring resistance to CIF in E. colf through an ATP-dependent mechanism that
imvobves phosphorylation of the antibiotic.

MATERIALS AND METHODS

Bacterial strains and cuiture media. P, ceruginoss strain FADT (21) and E coli strains JM 107 [23) and
1533 [F~ Met” Proo Rif) (23) were used as recipient strains for recombinant plasmids or susceptshility
tests. The P aeruginosslpUMSOS) strain, expressing the pUMSIS plasmid (Hg' Or) (24), was used fo
evaluate quinolone resistance, as well as representing a DNA donor of pUMS505. The £ coff BL2T-
CodonPlus{DEEHAP strain (Stratagene, San Diego, CA, USA) was used for protein averexpression. The
following culture media were used: nutrent broth (NE), Luria-Bertand (L8) broth [for solid media, 15%
agar was added) (5], and M minimal salts medum (Sigma, 5t Louis, MO, USA} sopplemented with 20
mM glucose, 0.1 mbd CaTh 20 mM Mg50, and (1% casein peptone. When necessary, amipicillin (AMP}
[100 jeq'ml} or carbenicillin ({CAR) (800 pgfml) was added to agar plates.

Bacterial growth and susceptibiity tests. Bactesial cuftunes were obtained by diluting owvermight
cultures 150 in tubes comtaining 4 mi of Fesh medism The MICs for O, LVX, NOR, MXF, and
aminoghyoosides were obtained by broth micodilutian in Mueller-Hinton medium accoeding 1o the (LS
recommendations {26). The P. geruginose ATCOC 27853 and E coff ATCC 25537 strains were used as
reference strams for antibiotic susceptibility 1=sting.

Choning of orpP. The opf gene was POA amplified from the pUMS0S plasmid using the following
cligonucieotides: forward, 5" -CAANCATGATGAATICTACOGGAAAC-T') reverse, 5 -GAGARATGAAGCTTZOG
TIGIT-2" [designed with Ecofll and Hindlll endonuci=ase sites [underlined]. respectively). The PCR
frgment was pudfied, daned inta the plET1. 2/ bhunt vector (Thermo Fsher Scentfic, Waltham, MA, USA), and
tansfered to £ ol strain IM101 by electroporation; the transformants were sebscied on LB agar plates
containing AMP. The DNA Fagment conteining cpP was obtained by digestion with Eoofl and Hindlll and
was subcloned into the comesponding sftes of the pUCPD shuttle vector (27). The resulting recombinamt
pUC_crpP plasmid was transfered to the P seruginoss PAO1 and E coli 153-3 strins by efectroporotion, and
transiormants were siacted on LB agar plabes using CAR or AMP, mapectively.

AT-QPCR as5aYs. Todal ANA from bacterial cells grown in LB mediem was isolated by wiiliong the Tn
reagent {Molecular Research Center, Inc, Cncinnati; OH, USA). After treatment with ROT RMase-free
DMase (Promega, Madson, Wi, USA), RNA war guantshied b!.l spectrophatometnic a:naF!lsi: at 360 nm.
Oiigonuclentide primers and hydmlyss probes far RTqPCH of the opP gene and the 165 fANA reference
genes {listed in Table 51 in the supplemeantal materiall were designed emplaying Biosearch Technologies
software and were purchased from Biosearch Technologies (Mowato, CA, USA). The crpP and 165 rAMNA
genes were ampified wsing the 3" sxonuclease probe AT-gPCR method. FAT-qPCR was pedormed with
total-ANA sampies (500 ng) and the SuperScrpt Bl Platinum One-Step AT-gPCR reagent kit (Therma
Fisher Scentific, Waltham, MA, U5A] on the LightCycler 480 11 system [Roche Molecular Diagnostics,
Fieasanton, CA, USAL Amplfication signal curves were analyzed at absorplion wavelengths of 530 nm.
Appropriase positive 2nd nontemplate controls were included in each test nune The mdative expression
of the orpP gene was nommalized to expression values cbained from 165 RNA genes from P. geruginosa
[Gendank acoession number AEDBMO0ST; region, nucleotides 722096 to 723E63T) or E colf [Genllank
nocession Aumber A G051 15). Redative gene expression was estimated wvia the dassical calibration dilution
curve and slope calculation. & 5-fold dilution series {500 ta §.05 ng total RNA} was prepared and was
utilized ax samples in the RTgPCR. Efcency {E) was obtained from standard curves utilidng the formula
E = {1 V= — T w0 100, Belative expression levels wers determined with the efficency comection
method, which takes into acoount ampiification efficencies between target and r=ference genes (281

Genetic techniques and sequence analysls. General molecslar genetics techniques were wsed
acconding bo standard protoools (251 The doning process was werified by DNA s=guencing and wes
conducted at Elim Bsophamaceuticals, Inc. (Haywerd, CA, USA) Pratein sequences wens aligried using
thee ChustalW? package [hitpuiwaweebiasc ol Tools msa'clustalw ). Sequence similarties in protein and
CHA datobases were seanched using the blastp and biastk programs (ktipy/blast.nchinlimonih.gow/Blest
sgil. Potential promoter sequences wene seanched wsing Newsal Netwark Promaber Prediction softaane
hitp e fruitfly orgfseq_toolsipromoterhiml)L

and purtiication of OrpP. The opP codirg region was PCR amplfied wsing pUMS0S
plasmid DMA 2z o template and the 5" -ACGAGGGATCCTGTGTCAAMG-T" forward and 5°-AGOGGEATCA
AGCTTAAATCGA-3 reverse oligonucientides, designed with BamHl and Hindlll erdorucleass sites
[underfired], rexpectively. The amplified fragments were cloned into the pRETT.blurt wector, and the
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recombinant pasmeds were tansfermed by electroporation into E colf strain JMT0T; transformants wene
selected on LB agar plates using AMP. The opf coding regson was obtained by digestion with the BamHI
and Hindlll enrymes, purified, and subdared into the comesponding restriction sites of the plincHisC
vectar (Thermo Fsher Scientific). The recombinant pTrcHis-opP plasmid encodes the His-CrpP recom-
tanant protein of =11 kla, possessing o &3 His tag at the M terminus. The dones were validated by
sequencng with the pTreHis formard primer (Therma Fisher Scientificl. The recombanant plasmids were
transfemad by elecroporation into the E coll BL21-CodonPlus(DEIHAP strain, and transformants were
selected on LB agar pltes using ampicillin. Owermnight cultures of £, cofi BL2 1{pTrcHis-op® were diluted
at a 1:50 mtio imto 250 mil of fresh NE mediem and were cubtured at 37°C with shaking unbil the optical
density =t 590 nm (00,0 reached 05, Owerexprasson of the His-CrpP protein was induced with 05 mM
IPTG, and the cotture was incubated for & additional hours. Cels were harvested by centrifugation, and
the pelfiels were suspended in 2 loading buffer composed of 25 mM Tris (hydromymethyll amino
methane-HCl (pH 68), 1% wodivm dedecyl sulfate (SD5), 025 mM g-mercaptoethanal, 125% gheeerml,
and 0DD5% bromophenol blue, after which they were heated for 3 min at 95 His-DrpP overenpression
wans werified on a 17% S05-PAGE gel 1sing a Tris-glycine buffer.

His-ZrpP protein was purified a5 described by Watanabe and Takada (79). Cells were disrupted by
sonication unts the solution wes darified, and the debris was remowed by centrifugation. The supsma-
tznt was loaded onto a nicket-nitrilotracetic acid (NTA] resin [Qiagen, Venlo, The Netherdands) and was
packed inba o column. His-Crpf was recovered by elution with 200 mM imidarole, a5 desoribed by Aranda
et al (30 The purification was monitored by 17% S05-PAGE.

Phospharylation assays. Phosphorylation of quinclones {0R, NOR, LVE, MIF, and NAL] or amin-
ogfyoosides (KAN and 5TR] by Crpf! was monitored with 2 coupled assay using pynnvate kinass-lactate
dehydrogenase, as described by Krzmer and Matsumura (18], with the following modifications. We
incubated 0.25, 0.5, 075, 1.0, 15, or 20 m# quinoleoe with 50 pgfml of His-DpP protsin in a total
volume of 1 mi of assay buffer (50 mM Tris [pH 78], 40 mM KCL 10 mM MgCl;, 025 mg/iml NADH, 25
mM phosphoenolpgnnate; and 10 mM ATF} and 5.0 pl of pyruvate kinas=Hactate dehydrogenase 600
to 1000 pmdml pyruvate kinase or 900 to 1,400 pmiml lactate dehydogenass [Sigmall in a quartz
cuvette {catalog nio. 14-3B5-014A4; Thermo Fisher) The mixtwnes were incubsted at 37°C for 15 min. The
owidatian of NADH was determined by monitcring the absorbance at 340 nm owith an Amersham
Binsciences Ultmspec 4200 pro UW/wsible spectraphotomester [Amersham, UKL In this coupled assay
systern, the amaount of ADP refeased i monitored at 340 nm throwgh coupling with NADH coadation. The
data were plotted w=ing nonlinear regression, the Michaelis-Memten model, end the least-squanes
method. Graphfad Prism saftware, version 500 for Windaws, was wsed. Additionally, the activity of the
Hiz-Crpf? proten on CIP was anafyzed after its denatumtion by heating at 35°C for 15 min, and the
coidation of MADH was determinsd as described above. To determine the optimal pH for CrpP actiity,
the pH of the reaction mixture was adjusted 1o 6.0, 65, 7.0, ?j,urﬂﬂ.hlm'mw,inana}yuﬂrecﬁrtt
of the Mg?* concentration on CrpP. activity, the Mg, concentration in the reaction mixture was
modified to 5.0, TO0, or 150 mbl. Mexz, 05 mM fiuoroquinolone was incubated with 5.0 pgfml of
Hiz-Crp# protein m a total volume of 1 mil for sach reaction micture, and the axidstion of NADH was
debermined. Soc independent assays with two replicates per sxperiment were conducted.

Analytical methods. To determine whesher (P is modified by Crp?!, LC-ME-MS analyis was conducted.
Thus, 5.0 mM TP was ncubaeed with 5.0 pofml of He-CrpP protein for 1 b at 37°C, in the presence or absenos
of 1.0 mM Mg-ATP [Sigral, in buffer A 50 mM HEPES [pH 700, 40 mM KO, 10 mM Mg} in a total volume
of 1 mi. Mewt, the samples wers centrifuged at 13,700 = g and were filteresd using 2 0.2-pm Milipore (Biflerica
MA, U5A) membrane. The LC-M5 M5 system consisted of an Acquity Wieperiomence liquid chromatogr-
piny (UPLO) column and a Mevo TOHS mstrument (Waters, Milford, MA, USA).

LC-M5-M5 mensusement was camied out 25 follows. One mioofiter of the standard solution or previousty
filtered =amples was npscted into a reversed-phase LT column {Aoquity UPLE BEH Ty, columng partide: size,
1.7 jam; inside dameter, .1 mm; length, 50 mm). TP was elubed from the oolumin i=ing the following
canditions: water containing 0% formic acd (&) and 1009 acetonittie (8], Btion was begun with 100%
A~ 08 B folowed by a linear gradient to S0%: A~ 109 B {urtil 025 min), followed by 409 A-50% B {uneil 350
i), and finally by T00% A- 0% B (until 4.50 min} phes 1 min for equilbation. A flow mate of B4 mifimin wes
ussd. A column temperature of 40°C was maintained, while the temperature of the =smples in the autossm-
pierwas 10 For detection, a Xewo TOH5 instrument was used in the stan and multiple-r=action maoni#toring
[MAM] mndes. Scarming was cmied ot from 30 e 1,000 md with a .25 san time, a 40-W cone voitage, in
the positive-ionizaton made. For the MAM mods;, the specific pammeters for the M5-MS fansition wee s
foflowys. For CIP transition, there was a precursor son of mdz 3322 and product jons of me 2452, 7883, and
314.2 with oollision energies of 25, 15, and 20V, respectaedy. The cone voltage (W) was 5 V, and the dwell time
vt (000 = AN three transitions ware measuned using 2 capillang voltage of 220 iV, 2 desohation tempsratuns
of 3007, o despiwation gas fow [N;) of B00 litersh, & cone gas flow of 30 lites'h, and a nebulzer g flow
of 710 = 10* Pa, The calculations wene pedommed uwsng the ratios of the peak areas of the quantified tanstion
componems of CIP.

Additionally, samples obtained under the onditions descibed abowe were analyred by infrared
spectroscopy, and the spectra were recorded wsing a Micolet i510 spectrophotometer (Thermo Scientific)
and the attenuated total reflection [ATH techmigue (37}

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at htrpsy/dolong/ 10,1 128/AAC
02629-17.
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Objectives: The study investigeated the presenae afthe erpP gene, which encades an enzymatic redcha i m of
antibiatie phasphondetian that decreases d proflazacin susoeptinlity, in ESBL-praducing ol ncal molates and its
effedt in transanjugants

Methods A calectian of 77 ESHL praducing linigal solates of Enterobactenaceas and 68 ESBL- pradudneg trans-
canjugarts that had adaquired plasmids fraem clinicd solates fram hasphals in Mexio abtained fram 1988 ta
2012 wrers ermplayed. The epP haralaque genes wene dentified iy dat-blat and PCR assays frve of tham wene
sequeanded and an in st anayss wes conducted. Expresion af OrpP protéins was dete mhined by wesbem bkat
ey g antibadies against TpP fram plaserd pUMSTS. Three erpP hormalague genes weane daned and
transfe med 1 Esche el ol 153 -3 ax redipent strain.

Results The erpf gene was dentified in faur (5. 19%+ ESBL- praducing sakrtes and five [7.35%b ESBLpaduting
transsanjugants with phasmids fram dinkd isaktes. Anakes of the deduded aminag acid (oah sequence af the
CpP praten hamakgues rveded that they ol amespanded ta small rateins (63 - 70oak with an dentiy of
10.1%-43.7% with rmiped ta the pUMSEs CmP sequence [ addition, dl orpP-pasitee transod mpodea ks
expremed o CrpP pratein. Finally, transfer af ep@ harmatogues aon e med lower cipraflaxadn susceptility ta
E_cedi,

Conclusions These findings indiaite the presanags af apP genes amang ESBL- praducing molebes Fram Magican
hasp ek and poirt  wides pread epPdype genes inald Entermbacbenaosne clincal solates [Fraor 19940 OrpP

[ ret by by et iar s s tearvces oy rrveiniss @ F the phaspha ndetan afeipra faxasin.

Introduction

Cpea flaxacin, an antibitie o the luamdquindkane famity, © the
st actiog Guinalane adaires tPoe addrrenos oo ginosa Thes arnti-
bt & widshy used ta treat infectiam coused by the bacteanur !
[n oddiban, ciproflasacin B used ta treat sewend G- negat e
and Granm- pasitiee bocteral infecbans, and s the rmast cormrmaily
premzibed arntibacterd drog ta date The st senous inbectia
eaused y Grarm- negative bacte na aaeur in dinkal settings and are
carmanly coused by enteroboctena [mazty Kiebsisda pred o
nioel, Acine toheeter and P. aenginosa * The emergence and dis-
sarmination af resstart boctena heave been shawn ta be dinecthy
rektted ta antibiote consumptian® [n additian, it hes been

raparted that harizonta transfar of phs mids cantaining antibiatic
resstance qenes & an exential mechansm for the demermindgt ion
afantimicrabid resistnas ® Thene are three mechan s af resst-
ance ta quindlones: (i reduting quinalane acaumutation thraugh
ehanges inexpremian o efflue pumps o pann channeks (ifatier-
ingar prebecting the artieabie tengets imelving rrotertions in ge nes
enaading target ennyes; and (b e rzyratic antibiotic madi iea-
tian mediated by pasmids S The fint erzymetie recha nim
demeribed a5 con bemng resistanae ta cipraflagacin and narflazosin
& rediated iy the AAC G- h-cr enzyme through awariant of the
gene enaiding aminaghyes ide acetdbransherese ARCIT p-[hT

C1The Author =4 2019, Published By O.xfiord Uinfver sity Frees on behalf of the British Sodety for Antimicrbial Chemathempy. At dghts resenied
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Recently, ourgroup reported that the CrpPensyme, encoded by
the pLIM505 plosmid, mokoted from a P cerugnoesa ciinical sojate,
confers degeosed suscaptibility Lo ciprofloxacin when trans farned
ta the Escherichio cal 153-3 strain® CrpP possesses ATP-
depandent phosphotransferase odivity for aproflaxocin and it is
suggestad thatwhenciproflowoan is phasphondoted the antibiotic
ts degmded

The aim of this study was to onalyse the presence of CrpP
homolagues in o collection of dinical solates of ESBL-producing
Erterabacteroceae and in plasmids @ntaming ESBLs of nasooo-
mial angin, inan initial attermpt toquantify the spread of the opp
gene and Lo undarstand the foctars that favour the prevalence of
this gene in bacteria frorm hospitol settings.

Materials and methods

Bacterial strains and culture media

Seventy-saven ESEL-producing cinral moiatss of Enteronocteniocess and
B8 trarsconjugents of the £ codi 153-2 strain contairing peasrmads encodng
E5SH#s obtmned frorn cliniood iscdotes from hospitois in Mexico between
TS8E ond 201 2 were induded in this study (Tables 51 and 52, avaloble os
Suppismentary dota ot JAC Onfine). The dindood solotes and tonsconju-
gonts are port of the coliection of the Centro de [mestignoones Schre:
Enfermedodes Infecdicens, Instituto Nocono! de Sdud Pobloa [CISEL
IS, Cusmonoems, Mexica. The clncal Endotes were prayinussy chonsohes-
ired by thekr redstance tomuitiple antibiotics® and they induded the fd-
fowing spedes: £ coll I4); & pneumonioe (25 Entembacter docoe (4);
Enieroboder oeragenss (1); Enterohocter aggbmemns (1) Kisbsiello onyo-
creacens (1); ond Servotio spp (11 Trensconjugonts contoined of least one
jphzarmid horbowrning on ES8L enzymme tronsfamed from £, colf (34), K. prewu-
manize (33} and Klehsigho oxptoon {1) clinioal imolotes.

E. ool B4101™ and J53-3 (F~, met™, pro™, Rif'}" werne utiized s redipi-
ent smins for plasmids o in antibictt susceptbdity tests. E ool 153-2
[pUC_ocroPhand E. oo 153-3 (pUC_oph™ were induded s o positive controd
for PR ossays ond o evolugte guinoione susceptibility, respectively.
Hutriant broth and LB beoth™ wese wsed os ouiture medin (for aoiid medio,
1.5% oo weas oddad), ond were supplameanted with arnpecilin {190 mafL)
whennecsssny.

Identification of crpP gene homologues

Hybndizziion ossays

[E581 -prodiuding dinioa] isolotes ware inonusated into LB broth ond, after
overmight growth ot 370, totol DNA wos obtained by heat shack, hoding
twed oF thifee cosores resipendad in 1000 of distifled wotar for 5 min
Samphes were cooted on ke fior Smim, Boded ooon, ond cenrtifooed ot
100X rpien fiwr 2 onidne, Thee supsannatont wias recovened and stored ot — 2070
il vise. The DA [100-150 ng contained in 10 pd wos photed onbo nitro-
cefiutose membranes (Hyband-h+; Amersham) and fixed by UV bght ex-
oz, Thee coeding regicn of the pLMSOS oplP gene wias aomiplied fromn E
codl J53-3 [plC opPl by POR wsing forword dibonudeotide 10 (5-
CEAGCTOOTGTTECTGOTOCT 6G-37 and reverse ofigonudiectide 18 [5-
CEACTEATACCGACAMGTTEGAE- 3. To wse os o probe for the apfgene, the:
PR jproduct saes purified with the Wirand 5V and PCR Oeon-up System
[Prormegnl ond inhelisd with the Gene Imooges APhos Disct Lobelling lat
[Arrersham) Conditions for lobeling, hybrdizotion and signol detection
wier those recamimnended by the momufiod wer ot high stringenoy (63C)

PCR assays

Totas! D Froen traner onj upants with plosmids froem ESEL-prodicing o Bnic-
o isodotes was obtoined as desonbed abowe This DA wie used to identify

P gene hormoicgues by POR using cigonudedtides 10 and TR DA from
E_ coli £53 -2 (pUCP0) and E. coll 153-2 (plL_cpP) was used as o negative
and poeitive contrd, respectively. MR wae parfonmed o= follows: Sonin ot
95°C [t oyde), 30s 0t 95°C, 30z ot &4°C, I0s ot T2°C @5 cydes)and 5 min
at 7250 PR products wers wsuclized after slectrophaoreds in 00M% ogmase
gelsin TAE baffer ™

Bacteriol growth and susceptibility tests

Bacterin wane mutinely grown by difuting 1:50 ovesnight cultures in tubes
with &l of fresh mediem: Aftar inouboting for 18 h ot 31=C under con-
shont shoding, growt hi e monitened as O o 590 nim with o spectrephs-
tommeter [Spactronic 21, Mitton Foy).

Antirmicrobicd auscepiibdity of di modotes ond onsconjupants was ini-
tinfly detemnined with the. MiroSoon (Dade} aystem wsing the Comibo 14
panel Subsaguently, MICs of dprofioxsdn for E. ol J153-3 transoonjegants
with orpf gene homologues were detenmined . by microdiiuton in Mosker
Hirton beoth foSowing LS| recommendations.™ E coli ATCC 25922 was
usedas areference siroin,

Plasmid isolation and conjugation experiments
Maotings were parformed o desoribed by Miller™ pang £ ool B3-3 F,
R, NAL%), o moresusceptile E ool hooterid badkgroind, as recipient
strain. Trones onjugonts werne seiected on Luna ooar piotss supplemented
with & i (100maL) ond cefotaxione (Lmgfil) ond were desgnoted
TT2982, TT1235, TT2624, TT2918 and TT5816. DMA was extrocted from
crpiupesitive transconjugant s from E_coli 153~ imwpﬁusmm
g ESBL genes, ooconding to the method desonibed by Kisseo™™ DNA was
wisucized ofter electrophonesic in 1% oporose gels stolned with ethidium
fbrornide.

Production and purification of antibodies directed
against CrpP

Pl yoionall ontibodies were produced using the Cnpf protein purifed as
desoribed by Chivez-focoboetal® Tworabbits weare inocu oted utfizing the
Fikkoineg inoudation schemz On day 1, T il of nobbat béood wos cofected
o cibdoin pee-immimune sesum, ofter which the robits wess inoouboted with
500wy of UrpP protein. After 3 weeks the robbits were noouloted witha se-
oond dase of OrpP protein. Find by, ofter Sweslz, the rabbits wene bied and
serum wis cofected (immune erumlb. The ontbodies were then purfied
vy precipitortioe with 408 armmonium suiphate.

Western blot analysis

Cwemight cuftumes of E codfl 1533 tranar onjugoints with péasmids fromm
ESEL-prosucing clnionl Enbates were disnumted by soniootion to chorky, and
debis wasremoved by centrifugution ot 15000 npr in o Dynomecn Weocity
1R centrifuge. Profein quantificotion of the sampass was perfommed by the
Lowery mathod. Totol proteins (100 pgl from the ol ysotes wene bodled ot
G5°C in Duffer (B0 b MoH PO, pH 7.5 300mM Hod, 10md EDTA) and
seporated wsng 16% S05-PAGE. Then, the proteins wene siectrotransfered
onta nitrocefulnse  membnanes  (Hybond-£C1:  Ameshom,  Adington
Helghts, L, UEA) The meambranas were hincked for ot l=o 1 h ot room
tennperatune in Tes-nuffened sofine- 0. 1% Twean-20 (TBS-T) containing 5%
non-fiat dry mik and then incuboted with TES-T containing the anti-Cpd
iy artinody ot the diutions indicoted. After thiee washes of 15min
eachin TES-T,the rembrones were incubded withperosides-conjugated
ainti-nondit anbodies for 1 b After three waehes of 15 min with T8 T, EQ
[Arrershom] detection was parformed and hybridization on the mmem-
branes wos determnined wsing o Cheamlioe MP [moging System (Bio-Rod,
ICA LIS )

2of 7

40



arpP and decrensed ciproficwncin susceptibility

JAC

Genetic techniquer and requence analysis

Generalma eoar ganetics e hinipies wenearmploged aocording to Sard-
ad protecos ? Sedquending of ool gene homologoss, was oumied ot at
Elim Barphvammace tieas, Ine [Hemywemrd | CA4, LA Te ot the ot gens
serenoes, a pait il sequenoe of om b ol gane was first cetaned sing
oligon e lantides 10 and 1R [which amplify an ntemnal region] and total
e fiom eadh transconjogant o= FOA termplate. Once the partial DA
serpenioes hod bean citoaned, they werne wsed to decion o poi of olgar.d-
dentiches, o eadh S gane o allovy' @ Seoord DA oy ending By inverss
amplificat b v=ing the total DA, fram eadh trrcconjgant o tamplate.
Acoaczion rmicers [Sorfank] of the opd geres from #1135, Alala,
RIG1E, REED and X5E1E mancoonjogants ane MEOSIGT, MBOSIGE,
SRS T Gy M T B e BT 551 pecspectifved sy, Frot Sin oo e align-
et wee ol ated with the O =tal el podkange [’ s orioc ok
Tonlafmeai cEtalw 2] Potantil poormoter sequenoes were somebed for
WEng Hewndl Metaork Fromoter Fredietion  [Hpaeests i fly ovglog
tonlpremotarhiterl] . Secondkary poobedn st o une wis detedrraned sing
the o INHC [Marmicyane piotdin [denifi catiot withOU expliat dee of -
diopetty peofiles ond aliprmants] peegeam [httpeiemannog £ dmcongd].
The moomcanant ooreioactions ware vadified By DA Sodpiending ommied
ont ot Elim Bophanmae a tioal=.

Coning of crpP gene homolagues

S gane hormeloges ware ootaned by FORE oSng plasmi DA from
TTd42a, TTI515 and TTIG8D E ool 153- EI trarscanjugants. The o gene
froen TT 26 24 (147 eyp] wiE amplified wEng elgonodeaides TT-24.0 600
[?—GGTG‘LG#GC&.CTGGATMTTA.G—B‘ forward] ard TT-2o.04-0Ey [5-
GTOCAMGTT TEOGGGIOCAT Ta- 37 mverse] desagned with BarmH [and Hind[
erdondance sites [undedlined), pecpectively. The cf gane fioem TTiG14
[185ep] won omplified a3ng ol T TT- X 1%-IME  [5-
GAGAAG AMGGATCOCAG LA CT-37; forwawd]  and TT-291840E0  [5-
CTCCT T A AAG T TEAAGTAA- 3 reverae] designed 'with BamH[ and
Hiredl[[[ arvdewsod erpze sibes, [urcdorlaned], recpactivaly. The opd gene from
TTaG960 [0 e wos ampified w=ing clgorodeoctides, TT-2906 DR [5-
TEGGATCOGTACTTCAMGCG-3  forward and  TT-240G2-0EY [5-
CAAGTEAAASCTT TOCOOTTTE-37; weverze] decignad with BarnH [and Hind[ I
erpdor.lanse stes [undedinad)], respec ey FOR frogements wiane pyified
s desmieed previesly and wene doved dnte the plET1 2isbant wector
[Thewrmo Fisher Soeniific, wotthaem, 44 L5 A)L and recormicanant placmeds
wowe warcfemed ante the M1l E ocoff stioin By elechopongtion
TrarcFormmnits wiene sabated oo LB agar plabes with armpsaillan Tos e o
S gane bermcodgaes nte the pUCE 20 shrttle vwactnd, peoomisnent plas
ks Trown pUET dieviv atives, wore digeestod with pestiction orzwmes BamH [
o] Hared [, eared D8 fremcrmanits, woanes Ligeabed iritey e conmesponcding =ibe-
of PR30 Recrwmisinant plasrmids, wane tronefiomed oy siecioponation to
E ool 153-3 and the e fonrment = were spiected By Ot il o LB agar

Results

Identification of crpP-homalogaus gane s
Ta investigate the distributian afthe o pP gene in dirkcal sakates, a
collectian of 77 ESBL-praducing dinical molabes af entena bactena
Susking resaat i irfedtiong in Me:id wasused [Tabke S1h epP
harakagues fror the ESAL-praduting makrbéns we e assayped by
dat-hiat by ndized i using & PCR prabe afthe orpf gene abtained
frawtithe pUC P plem i The résutts revealed o pasitiee hybnd-
it el in faur dlnical makrtes (10221, 94 -24 2, 01-1288, 41
1293} attained during the peam 200811 (Rgune 514 and Tabke
Sk, indicerting the postesian afacpf harakidue

The presance of eqpP homalagues in these isolabes wes Go-
firrraad by PER e rmplificertion using alganudedtides 10 and 1R The

results shewred & band af the s expected (177 bpb fae the omp
gene fram pUM SIS when DWA fram £ ool 1532 [ pUC_erpPh wes
used as a terrpkte but nat when DHA frarmE. eol 1532 (pUCP20p
wrers wsed. [n andd tion, the four sdlates dentified dis pleed asham
DA, beried  F e 2080 b, €0 mess pe el i) by 2P [ Fequre S 1B, earfi -
ingy thert epw harmalogues ana présent in the dlinea sakmbes and
indierting that the gene o present in bachere frar baspiabs
Cipea fleasacin susde phibl ity of cpP-pitheg sakobes s déta mhined
by Mirasoan showed that three 10221, $4-242 and O1-12BE}
wiere e stantta this antitkatic (Tabke 511 These data suggest that
epf harmalagues could be res pares ible far changes in cipraflazacin
susceptibilty.

With the pupase af detemmining whether cpP gene homar
logues might be located an mobie elements, o cdllectian af 58
EsBL-produding trarsaanpgants with phasrids From clinicd  so-
Nerbes Froem hom prials in Meoon was emiplayed. [dentifcation of opP
harmakagues was perfamed by PER emplaying abganuckenat des
10 ard 1R The results showed a band of the size expeded
(177 bt for the erpP gene fram pUMSES when DNA fram £ ool
J53-2 [pUE _er pPhwrars used as o terrpkate but nat when DNA fram
E. eod 1532 [pUCP20b wen wed [n odditan, the retts showed
that five af the trnsconugants (EZEEZ, X123 5, 324 24, X 2918 and
X5E16Fdmplayed a sham DA band af ~200 bp, cames panding ta
epf (Fgure 524, indiceting that orpf genes ane presert in phs rids
from clinicdl molates  Addtionaly, ciproflazasin suseeptiiity
Micrasean tests af the cpPpasitive trarmsanjugants demon-
strated that all were resstant 0 the antibatie (Tabke 521 Thee
resutts indicrte that the P gene is present in dinicd sokates on
can jugatioe plesrmids, suggesting thet spread of thsgene ta ather
béxtesr i in the clin kel & rvira rerent & pass ible

Saquence analysis of crpP hamalagaes

I silien anabysis af the mudeatide sequence af eqp? haralagues
from plasrrids af ESEL- pradueing sakies revealed a putatie con -
served pramater reqion of the Al [ of-type (Firure 1abat the
end, siribar ta that of the opP gene fram the pUMSDS plmid,
sudepesting that these genes ame funetianal and that they bave
sirkar requlation. The proteins enaded by these cpf homa-
logues wene all sroall, with 5 izes ranging between 63 and 70 o,
simiar ta the length af the pUMSIS CmP protein of 65400
(Fiqure bk With the exception af the CmP sequence enaided by
the transsanugant X291E which exhibited 10.1% dentity and
1EE% simikarty with the pUMSES TP wotein, the other CpP
sedquendes shawed 33 3%-4 3 T dentity and 4 3.8%- 53.5% Sirmi-
lanty (Tabke 1), sugaesting thet these putaties pratéing repese it
CmpP harakagues and that they probably sonber decmased sus-
e bl ity ta cipraflasaein by the same mechansm as that of the
pLMSDS . The CrpP prateins ane e sonse rved in the N-ter-
rimal neeyian, A pleying +0%-6 5 79 identity with the firt 35a0af
CpP frar pUMSas, with the exseptan af the CmP pratein fram
N291E, wheeh edhibbed 17.6% entity. Howeosr, the C-téemmina
negart @ Fibe Crp P prevbe e mpikenped & Dewer idesn bty (5. 7%0- 10.5%
with the kst 30aa af CpP Frar pUMSES, sugaesting thet the M-
temminal regan coubd pesens residues irmpartant for their
functian. [n addiien, it oaes faund that all & the putatee CmpP
harakgues posteed the Gy resdos at pasiban 7, which b
been previaushy suggested ta be imabeed in protein Fometian®
Resdue (e at pastion 27 o OrpP fam pUM D5, which wes aka
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suggested bo be important far ATP binding® was consenved in
three of five of the CrpP homologues (X2982, X1235 and 25816}
the CrpP protain from X 2424 showed o chonge to leocine ot pas-
ition 27, suggesting that the essential residue could be changad by
miutation for o similar oo (Fgure 1h). Additionally, the alignrmeant
shows that the residues Thrl, Aspd, Lys33, Gly3% and Cys40 are
conserved in ofl the proteins, suggesting that these residues could
hirve a ralein CroP adivity. Howewver, on exended andbysis of the
rode of Lthese residues in TP eneymatic funcbion & required. To ex-
plare whether the CrpP proteins possess mobifs that codd be
reloted to its function, o sacondary-structure onalysis was con-
ductad The results revealed that the pUMSOS CpP protamn pos-
sexses g predicted secondary strudum cmposed of thee «
helices (21 from residues 21-25, 42 from residues 28-32 and 43
from residues £6-63) (Figure 1c). This structure was not conserved
in the CrpP homologues; however, proteins from transcanjugants
X2982, X2e24 and X5816 exhibited o similar 41 hefix and part of
the a3 haliy wheneas K26 24, in oddibon Lo 21 and 23 helices, pos-
sezsad the o2 heal, These analyses suggest that CrpP homalogues
donot possess a conserved secondany structure; however, it could
mean thal mnsened residues may play an important rale in CpP
fenction.

Determination of CrpP protein homologue expre ssion
With the pumpese of detarmining whether crpP gene homalogues
fram ESBL-producing isolates produce CrpP-type proteins, plas-
roids frarm erpP-positive tramsmnjugants wera tramsfarad to the
E_ coli 153-3 strain and western blot assays were performed wsing
a polycional anlibody against pLUMB0S CrpP. The results showed
only ene band corresponding Lo the CrpP pratein in Lhe transconju-
gants tested (Figure 7). These results dearty indicote that the opP
genas are expressad in the diniol Bolates and their products as
remgnized by the antibodyagainst CrpP protein, sugges ting simisar
conformation features among therm,

Determination of CrpP protein homologue functionality
In order to demonstrate the functiondity of Crpf homalogues
frarm the plasmids of ESBL-producing solates, the opP genes fram
the TT2424, TT2918 and TT2982 transconjugants wera cloned into
the pUCPZO wedor and transfered to E coll 153-3, The resulls
showed that the three opP genes wara abla to inoease the MICs
af ciprofloxacin in £ coli 153-3 (Table 2). Transformants with the
crpP gene from TT2 &2 4 and TT2918 exhibited similar MIGs tothase
confermed by pUMS05 epP, whereas apP transformants from
TT298 2 incremead the MIC 2-fold with respad Lo the pUMS0S opP
gane (Toble 2). Furthermane, s previowsly described, the transcaon-
jugants that encde the CrpP-homologous proteins showed resist-
onee to dprafloxocin (Table 52), suggesting thot the plasmids
contoined in these strains, in addibon to possessing apf, contain
ather genes that encode addibonal quinoione-resstance mecha:
nisms. These results indicate thot plasmid-bome croP genes ae
spread amang clnicd solates and suggest that they aould partice-
pate in decrensing susceptibility to ciproflowacin, maost likely
thraugh the phesphondation of the entibiotic, 0 madhanism
described for the GrpP protein af the pUMS0S plasmid, together
with ather mechanisme of plosrmid-encoded resistanca.

Discussion

Cuingtones have bean extensvely used to treat o large number of
boctarial infections and aprofloxocin is the most octive antibiotic
ufthﬂ. ?nup utilized o treat infections generated by P osnig-
However, it is known that quinoloneresistance in n-rfecL

mg n‘ru:rmrgnnw can be associated with therapeutic falune'®
Inaddition tothe quinalone resistance mediated by chromosomal
gena mutations (gwd, parl), resslonce mn be atbributed to
pimsmid-medioted quinolone resistonce (PMOR) genes suchas gnr,
geph, oguAB, ooclF - lh-cr and opP 58 Several studies hava bean
canducted to identify the presence of PMOR genes, as well as gnr
and aoc{F plb-cr, in ertarobacterdal isolotes from burmans, and-
rmats and food, and the results showed that the avernge prewvalen
ces of ancd, anrB, grrs and aoc(B)-lb-cr ina compled databass
were L5%, &.6%, 2.4% and 10.8%, respectivaly '3

The opP gena, obtained from the pUMS0S plasmid solated
froma P aeruginosa cinical molote, wos identified in 1986 and fully
sequencadin 2011.7%™ Recently, our group reported that the app
geneencodes o novel mechanism that decreases susceptibility to
cipraflamacin by means of the ensymatic phosphandaton of the
antibiotic® however, there are no sludies daseribing the presencs
af this gene in dinico! solates. To investigate whether this gena
could be spreading in other groups of Grom-negative boctena, a
collection of ESBL-producing enterchoctenal clincal 1solates and
transconjugants containing plosmids encoding ESBL genes was
amlysad cmpP gene homalogues were identified in these solotes
with o frequency of 5.1%%, indicoting that this gene is moderately
spread in boderia cowsing infections in haspitals. In geneml, the
prevalene of the opf gene was higher among E coll solotes
(75%), followed by those af K. preumaniae (25%). Comparing the
prevalance of ather PMOR alements rapoartad in previous studies?
with thase found in the dinical solates studied here, we found the
crpf gene at a lower frequency than the gnr [21%) and aocid J- -
o (43%) genes. The reducad susceptibiity to ciproflaadn of these
crpf-positive isolotes suggests that the opP gene could play arole
ir susceptibility Lo this antibiotic

Bacouse quinolone resisbanoe usually resides on plosmids, wath
the purpose of determining whether opP gense homologues could
balocotad on mobile slements, we also analysed o mlledion of 68
transconjugants with plasiid-borne ESBL genes obitoined from
clindcal solates from hospitoks in Mexica, The results showed that
7.35% ol the transcanjugants possess o opf gene, indicating that
the opf gene is moderately spread in pasmids frem dineal so-
lotes, and suggest thal this gene muld be mabilized by horizontd
gene trarsfer and mntribute to the prevalence of diniml bacteria
with decrensed suscantibility ta ciprofloxocin.

Cr,[i"hﬂ‘ﬁuhg.l-ﬁdlspiﬁyedu putat ve Mgl (o - hype consenved
promater, suggesling similar reguiation, AlgU is the P. geruginosa
orthologue of £ colfand Salmenella 5%, analtemative sigrma foctor
that directs the tramsoiption of genss in resporse to exremsa
shress mnditions™ however, more analys s of their effedt on aoP
genes is required. In general, opf genes encode small proleins,
similar in sire to OrpP From pUMS05, and are more conserved in
the N-terminal region than in the C-terming region, wath low oo
sequence identity to CroP of pUMSDS. This suggests that CrpP-type
proteins could be a group of proteins nol consered in primany
structire but possessing the same function. It has been reportad
that the arminoglymside O-phosphotransferases (APH), o farmidy of
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Flgure 1. Aralyic of peguatory region and oo paicon of prodoc t= from <ol hormelogoe genes. 1] Algrment of the puotatve AlgU prosmoteds and
the conzerea s AlU [of]-type prormeter. Corcerved nuclentides, are shewm in copital letters, wihile less~coveanyed mdeotides, ane shown in loweronss.
The — 160 ard — 35 regeors of the oorsere s Sepenos oo inclioated in eold ond e ondedined. The patative BES eanding ke £ indioated in italics, and
the stewt codon i baghlighited in oold. Modeotides consanved in provmaters from oeP-homologue ganes, ane undedlined. [s] s tiphe sodpienoe aligr-
ment of Crpf-hormolospoe protain = Akgrmernits inclode sedpenoes, of Cipl from pid 505 and potative Cpl-hormoiogoe probedns, encoded by plasmed
Eolates frowm ESBL- prodhocine troawn:scon jogants. Flled squoes indEate oorcenved ootalytic recidoes identified in the Orpfprotedne. Asteics danobe po-
ttive corsenwed catalytic mecidoes in the OpfF protesn fom pUs 505 (] Frediction of secondan-stnoch e damants w=ang the MIMMOU peogiom
acconding to Opf pooteire, froen pLsd 505 and mareosnjugants e aheat The line at the tog shows thenumssr s of aa of the pootains Bama = oomes

pond to . betic s, aned aimerwes e foahioats

Table 1 Smi ity and sdertity of the deduced oo sequences of Crpl
ool g plotedne, wadss s Cpf froen pUsiGos

[ty =i Lty (%]
Gpf RJBI R1JIS RJGJG MJGLB AGALE

Gpf LO1O0 340438 133484 4317515 101/1AB 34 1GT1
H260) 160100 STLETL Je.MA4) ITMALL E5 LG
#1235 LEG1O0 JBAI1G ITSGAS 381D
Al 166100 1417225 22.5/35.2
A2 LEEVIED 386l 4
ABELE 1660180

erimyrris thet oo fer resstanss ta aminaghys s, shans law sé-
quence dentity (20%-40% but contain important o rsened
rratifs, partedarky at the C-temmina region, which s pamanly ne-
sponsible for etebeses and aminoghpoesde binding, wheredss the
ATP-binling darraiin & ity lacerted in the W-teminel regian S
Ak, the sequendss afthe catehytic and ATP-binding darmains wany
between irdividud APH enzywres and arrsing APH subfarsi i 7
TheCrpP proteirs shov dif enenoes in their sea ndary strochre, but
severa aa esidues present in CrpP frarm pLUM 505 arecansered in
ol af the EmP harrotogues, oo well o Qy7, Thig, Aupd, Lys3 s,
Ay Macted at the Mtemmina regonk and Cysd, suaggesting
that theme residues aaud be impartant in the probain's unctan
Thus, the CpP prateins may confer resstanas ta cipa flaxacin
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Figure 2. Expression of Cpd protein homoingues from trensonn]ugant
55 prodiscing isplates. (o) Autorodiography of the expressicn of Crpd-
ool agows protedne from trensconjogoents of £ oofl 153-3 with plosmids
encoding ESHEl s An antibody ogainst Opd was utiized or the westem
béot onetysis. Totol protedn (250pg) from extnacts of cultures of the indi-
roted j 5 o 0U05 pig of His-Crpd pu ified protein and £. coli
153-3 (pliC ovpF) wiere wsad. The 153-3 (plMP20) strain wias induded os
a negative control. () Poncea red stoining of the westenm bliot mem-
beane fior Opd proteln: detection. Dota are reponted o5 representotive
resuits from two indenendent exparimants.

Table 2. Ciproficxarin susceptiniity fests

E_ coli strain Chpmofhonemssn MIC fmmigiL)
ATCE 35922 000

1533 000

153-3 [pliC._e7pht 0.08

1533 [pliC_apflddn} 006

J53-3 (pUC_opd918) 006

J53-3 {pliC_orpPIaRd) 0125

CLST MIC berenkponts for oprofiokodn are <10mail [susceptibia]
200ma (Entermediota} end 6.0 oL (resistont).

while variablity inthe protein saquance may promiote the recogni-
tion af specific substrates. A dee par shudy of the partiapation of the
residues conserved amang the CrpP proteins could help us under-
stand their roke in dproflmeoan susceptibl by,

Expression of CrpP in the tromsmnjugants tested suggests that
thesa pratains could particinate in conferring cipraflowaan resst-
ance. Mareaver, transfer of crpP homologues from the plasmids
af transconjugants confemed on £ coli 153-3 0 demeose in

susceptibiity to ciprofloracin, indicating that the opP genes en-
code g funciona protein that confers decreased suscaptibiity to
the antibiotic, probably by the mechanism of phosphondation of
ciproflaxacin, similar to thot employed by the CrpP pratain from
pUM505 5 Additiondly, the abilty of the CroP -ham ; protein
from TT 2918, which showed the lowest identity (10.1%) with CrpP
of pLUIM505, ta ayrfer decramsed suscentiblty to cipraflowocin in E.
colf strengthens the idea thaot mrsened resdues could be impart-
art it the function of OrpP proters irstead of o smidar secondary
strudure. OrpP proteins deorease susceptidity to dprofloxacin,
increasing MIC values with respact to £ cali 153-3; however, these
changes are nat enough to be mmsidened as esslona: acarnding
to the breakpaint value {=4mg/L) reparted for this intemretation
by the CLAL Nevertheless, opPis not the first gene descoribed that
ancodes a mechamsm that confers o low level of reastance 1o
ciprafloxacin, in that it has been reported that PMOR genes can
canfer low-level resstance while fodlitoting 1:he selection of
mutants witha higher leval of quindlone resistance ™’

Additionally, the trarsonjugants that encode the CrpP-hom:-
ologous proteins showed resistance Lo ciprofloxacin, suggesting
that the plasmids contoined in these strains mntoin other genes
(in addition to oof) that encode odditional quinolone resistance
mechanismes, which toge ther could be resporsible for the resstant
phenotypeobsened.

In cenclusion, our results showed that enpf homalogues are
found in plasmids of enteroboctenal solotes of nosocomial origin
and suggest that the opP genes may be tromsfered among hos-
pital boctera owing to their location within genetic mobie ele-
mants, probably co-seledted by antibiotic exposune.
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CAPITULO I

MICROBIOLOGY RESEARCH ARTICLE
Chavez-tacobo ef al, Microbiology

D01 1050994 mic1.000887

M SicRqPIoLosY

Identification of Essential Residues for Ciprofloxacin Resistance
of Ciprofloxacin-Modifying Enzyme (CrpP) of pUM505

Wictor M. Chavez-Jlacobo: Juan Pable Garcla Merinos, Yliana Lépez, Victor Mez a-Carmen and Martha | Ramirez-Diaz*

Abstract

The ciproflox acin-resistance crpP gene, encoded by the pUMBDE plasmid, isolated from a F aeruginosa clinical isolste, confers
an enzymatic mechanism of antibiotic phasphorylation, which is ATP-dependent. that decreases ciproflazacin susceptibiliny.
Homofogows crpP genes are distributed across extended spectrem beta-lactamase (ESHL)} producing isolates obtained from
Mexecan hospitals and which confer decreased susceptbility to CIF. The analysis of sequences of the CrpF of proteins showed
that the residues Gly7. ThrB, A=p?, Lys33 and Gly34 (located at the N-terminal region) and Cys40 (located at the C-terminal
regicn} are coanserved in 2ll proteins. swggesting that these residees could be essential for CrpP function. The aim of this study
was to investigate the amino acids essential to ciprofloxacin resistance, which is conferred by the CrpP protein of pUMEDS
piasmid. Mitations in the codons encoding Giy 7, Asp?, Lys33 and Cy=40 of CrpP protein from pUMS05 were generated by PCR
fusion. The results showed that sil mutations generated in CrpP proteins increased ciprofloxacin susceptibility in Escherichiaz
cdi. In addition, the CrpP modified proteins were purified and their enzymatic activity on ciprofloxacin was assayed, showing
that these maodified proteins do not exert catalytic activity on ciprofloxacine Moreowver, by infrared assays it was determined that
the modified proteins were are not able to modify the ciprofioxacin moiecule. Our findings are the first report that indicate that
the amino acids, namely Gy T, Asp, Lys33 and Cys&0, which are conserved in the CrpP proteins, possess an essential role for
the anzymatic mechanism that confers ciprofloxacin resistance.

INTRODUCTION

Quinolones are synthetic antibiotics thal constitute an

topological state of DNA [1]. The quinolones stabilize the
cleavage complexes by binding the enzyme-DNA interface

important class of biologically active, broad-spectrum
antibacterial drugs. Ciprofloxacin (CIP) [1], an antibiotic
of the fluoroquinolone family, is the most active quinolone
against Psendomonas aeruginosa. CIP is used to treat several
Ciram-negative and Gram-positive bacterial infections, and
is the most commonly prescribed antibacterial agent until
date [2]. The pharmacological characteristics of CIP as well
as its potency, activity spectrum, oral bivavailability, and good
safety profile allow extensive clinical utilization of thiz anti-
biotic worldwide [3]. The mechanism of action of quinolone
antibiotics involves inhibition of two enzymes essential for
DMNA replication: DINA gyrase and topoisomerase [V (Topo
IV). These proteins penerate double-stranded breaks in the
bacterial chromogome and enable one double-stranded
DNA molecule to pass through the other, which is followed
by re-ligation of the original strand; thus, they modulate the

in the cleavage-ligation active site, resulting in the inhibi-
tion of DNA ligation [1]. Most serious infections caused by
Gram-negative bacteria occur in clinical settings and are
commonly caused by Enterobacteria (mostly Klebsislia preu-
moniae), Acimetobacier, and P aeruginosa [4, 5]. Emergence
and dissemination of resistant bacteria has been directly
related to inappropriate antibiotic consumption [5]. Resist-
ance to quinolones can imvolve chromosomal gene mutations
or may be plasmid-mediated and may be conferred in three
ways: i} by reducing quinolone accumulation through altered
expression of efflux pumps or porin channels; i) by altering
or protecting antibiotic targets involving mutations in genes
encoding targel enxymes. and iii} by enzymatic antibiokic
muodification {6—8]. Chromosomal mutations in the gyrA and
Par( genes, encoding gyrase and topoisomerase [V subunits,
respectively, are associated with high-level fluoroquinolone
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resistance in the clinical isolates of Staphplococous epidermidis
[9].

The CrpP enzyme, encoded by the pUMS05 plasmid, isclated
from a P geruginoza dinical isolate, confers decreased suscep-
tibility to CIP when transferred to the E coli 153-3 strain [8].
CrpP exerts ATP-dependent phosphotransferase activity
on CIF and it is suggested that the antibiotic is degraded
on phosphorylation of CIP [8]. Homologous crpP genes
are distributed across extended spectrum bete-lactamase
(ESBL}-producing isolates obtained from Mexican hospitals
and confer decreased susceptibility to C1P when transferred
to the E. colf [53-3 strain as well as crpP gene from pUM3505.
All CrpP homologous proteins identified from clinical isolates
correspond to small proteins (63-70 amino acids] with an
identity of 1.1—43.7% with respect to the pUM305 CrpP
sequence [10]. In general, CrpP homologous proteins are
muore conserved in the N-terminal region, showing 40-65.7
% identity with respect to the CrpP of pUM3505. However, the
C-terminal region displayed low identity (5.7-10.5%) with the
last 30 amino acids of CrpF, suggesting that the N-terminal
region could consist of some residues impaortant for CrpP
enzymatic activity [10]. In addition, alignment of CrpP
homologues and CrpP protein of pUMS05 showed that some
residues are conserved in all proteins, such as Gly7, Thrg,
Aspd, Ly=33 and Gly34 (located at the N-terminal region)
and Cys40 {located at the C-terminal region), suggesting
that theze residues could be essential for Crpf function. The
aim of this study was to identify the residues involved in the
enzymatic activity of CrpF, which confers CIP resistance. In
this study, we discuss conserved residues that are essential
for CrpP function.

METHODS
Bacterial strains and culture media

E. coli IM101 [11] strain was used as the recipient strain for
recombinant plasmids [10]. E cofi BL21 (pTreHisC_crpP)
strain was used as the DNA donor of corpP gene as well az
a positive control in susceptibility testing and to obtain
His-CrpP wild-type (wt} purified protein for enzymatic
and infrared assays [8]. E. coli BL21-CodonPlus {DE3)-RP
strain (Stratagene, 5an Dhego, USA) was used as a recipient
for recombinant plasmids and protein overexpression. The
following culture media were used: nutrient broth (NB)
{Bioxon) and Luria-Bertani broth {LB) [1% Na(Cl (1. T. Baker),
1% peptone of casein (Bioxon) and 0.05% of yeast extract
{Bioxon) per one liter of H,0) distillated] {solid media, 1.5%
agar) [12]. If necessary, ampicillin (100 pg ml-*) was also
added.

Genetic techniques and sequence analysis of
mutants

Muolecular genetics procedures were carried out by following
standard methods [12]. Cloning processes and the mutations
generated were verified by DNA sequencing conducted by
Elim Biopharmaceuticals, Inc. (Hayward, CA, USA) The
sequences of mutant corpP genes were analysed by the BioEdit

Table 1. Primars used in this study

Mutation  Primer Sequence (5-37)
o CACACCTTATCATCOCACTGCACCE TGREAIT
ol CATETAADCCACTCCTOCACDCAACTCATE

GTA FwriiTh GLOACCOCTACCCACAAGCTCOACAGACEA
Revl7 A CICGCTAGCLGCTORCTTICTTTGACACAGG
ACCGETACCGOCAALCTEE ACAACEAC AL
RevDad CICCACCTTCELOETACCCGTCOCTTICTT
COGGCTECTOCTCCTGAGGOOOOCCCGA AR

Revizah ACCACCACCACODCC TACAC TOORGTERGE

K3ad Ferfaan GUOCCCCOOECAGGCCTACGCOTUTICGAL
Revkazd  COCTAGOCODCTOCROGOECCCTTAG CACC

Cand FerCaid . GICTIUCACGCCOOCTACAD TCATCCTGOG
RevCand ACTCTACCOGOGOOTOCAACACCOETACCIDC

Tha site of mutation in the primer ssquencis is shows undarlinged.

Sequence Alignment Editor Software ver. 7.2.5.0 compared
to the crpP wild-type gene sequence to determine that the
migtation was generated.

Site-directed mutagenesis of crpP gene

The amino acids Gly7, Asp®, Nle26, Lys33 and Cysd0 of the
CrpP protein of pUMS05 were changed to alanine by site-
directed mutagenesis of the crpP gene, by fusion PCR. For
mutagencsis, we designed a pair of oliponudeotides that
contains in their DNA sequences the respective nucleotide
changes to modify the codon sequence for the amino acid
changes (Table 1). For each mutation, three PCR fragments
were amplified: (1) 2 PCR fragmeni was obtained using the
oligonucleotide QDN (forward } and a specific oligonucleotide
for mutagenesis (reverse ). (2} the second PCR fragment was
obtained using a direct specific oligonucleatide for mutagen-
esis and the oligopnucleotide OR1, and (3) 2 PCR fragment,
containing the encoding region of the crpP gene, was obtained
using the oligonucleotides OD1 and ORI, and the frag-
ments 1 and 2 as template. Each amplified omutant gene was
cloned into the p]ET1.2/blunt vector, and the recombinant
plasmids were transferred by clectroporation into the E. coli
IM101 strain; transformants were selected on LB agar plates
containing ampicillin. To overexpress and purify modified
CrpP proteins for further assays, crpP coding regions with
different mutations were obtained by digestion with BamHI
and Hindlll enzymes, and purified and subcloned into the
corresponding restriction sites of pTrcHisC vector (Thermo
Fisher Scientific). The recombinant pTrcHis-crpP plasmids
encode His-CrpP recombinant modified proteins, possessing
& 6¢-His tag at the N-terminus. The recombinant plasmids
were transferred by electroporation into the E coli BL2E-
CodonPlus (DE3)-EP strain, and the transformants were
selected on LB agar plates containing ampicillin.

47



Chavez-Jacobo & al, Micobiology 2024

Bacterial growth and susceptibility testing

Bacterial strains were routinely grown, by preparing 1:50
dilution of overnight cultures in tubes containing 4ml of
fresh medium. After incubating for 18h at 37 %C with constant
shaking, growth was recorded as the optical density at 390nm
{0D_,) by using a spectrophotometer {Spectronic 21, Milton
Ray).

CIP susceptibility of wt and mutant strains was determined by
minimum inhibitory concentration (MIC) method using the
broth microdilution assay in Moeller-Hinton broth, following
CL5! recommendations. To induce the expression of crpP
mutant genes, 0.5 mM PTG was added to the medium at the
beginning of the calture period. E cofi ATCC 25922 was used

as the reference strain.

Growth kinetics

Owernight culture suspensions of E coli BL21 carrying
recombinant plasmids containing wi or mutant genes were
diluted at a ratio of 1:50, in 250 ml of fresh LB medium, and
subjected to three different types of treatments: 1} supplemen-
tation with 0.5mM [PTG, 2} supplementation with CIP (0.2
mg ml™'), and 3} supplementation with both IPTG and CIP.
The compounds were added at the beginning of the growth
period; the suspension was incubated at 37°C with constant
shaking, and growth was monitored by measuring 0D,
using a spectrophotometer {Spectronic 21, Milton Roy) at
&h time intervals.

Western blot analysis

Crwernight culture suspensions of E colf BLI1 transformants
carrying recombinant plasmids were grown in NE containing
0.5 mM IPTG and disrupted by sonic oscillation until a clear
suspension was ohtained; debris was removed by centrifuga-
tion at 15 000 np.m. in a Dlynamica Velocity 14R centrifuge.
Protein content of the samples was measured by Lowry
method. Total proteins (100pg) from the cell lysates were
boiled at 95°C in buffer (50mM NaH PO, pH 7.5, 300 mM
NaCl, 10mM EDTA) and separated by 14% SDS-PAGE.
Then, the proteins were electrotransferred onto nitrocellulose
membranes {Hybond-ECL; Amersham, Arlington Heights,
1L, USA). The membranes weré blocked for a minimum of 1h
al room temperature in Tris-buffered zaline-0.1% Tween-20
{TBS5-T) containing 5% non-fat dry milk, and then incubated
with TBS-T containing anti-CrpP* primary antibody at the
dilutions indicated previously [10].

Overexpression and purification of modified CrpP
proteins

Owernight culture suspensions of £ coli BLZ1 carrying
recombinant plasmids containing the wi and mutant genes
were diluted 1:50 in 250 ml of fresh LB and cultured at 37°C
with shaking. until an 0D, of 0.5 was reached. Owverex-
pression of His-CrpP proteins was induced with 0.5 mM
IPTG, and the cultures were incubated for additional 6h.
The cells were harvested by centrifugation, and the pellets
were suspended in loading buffer containing 25 mM Tris

(hydroxymethyl} amino methane-HCI {pH 6.8), 1% SDS,
035 mM P-mercaptoethanol, 12.5% glycerol, and 0.005%
bromophenol blue, after which they were heated for 5min
at 95°C. His-CrpP proteins overexpression was verified on
17% SD5-PAGE gel by using Tris-glycine buffer. Purification
of His-CrpF wt and moedified CrpP proteinz was performed
as described by Chaver-lacobo ef al. [8] which was verified
by 17% SD5-PAGE. To conduce these cells were disrupted by
sonication until the solution was clarified, and the debris was
removed by centrifugation. The supernatant was loaded onto
a mickel-nitrilotriacetic acid (WTA) resin (Qiagen, Venlo,
The Netherlands) and was packed into a column. His-CrpP
proteins were recovered by elution with 200 mM imidazole.
Eventually the His-CrpF proteins were obtained by elution
from polyacrylamide gel according to Thermo Scientific
Tech tip #51 with a few modifications according the protocol
described by Burgess [13]. To conduce this, the His-CrpP
overexpressed proteins were separated by electrophoresis at
17% SD5-PAGE and once identified the band corresponding
to the overexpressed proteins there were excised and placed
in a microcentrifuge tube. The gol excised fragments were
immersed in elution butfer (50 mM Tris-HCl pH 7.5, 150mM
MaCl and 0.1 mM EDTA pH 7.5) end crushed using a clean
pestle and incubated in a rotary shaker at 30°C overnight.
To collect the eluted proteins the samples were centrifuged
at 10000 g for 10min and supernatant were carefully trans-
ferred to a new clean tube. This procedure was repeated at
least once. Finally, the supernatants were analysed by 17%
SDS-PAGE.

Phosphorylation assays

Phosphorylation of CIP by CrpP proteins was studied by a
coupled assay using pyruvate kinase/lactate dehydrogenase,
as described by Chaves-Jacobo [8]. To conduct this we
proceeded to incubate 0.25, 0.5, 075, 1.0, L5 and 2.0mM of
Cp with 10 pg mi' of His-CrpP modifying proteins and 1 mM
ATP in a total volume of 1 ml of mix of reaction Jassay buffer
(50mM Tris pH 7.6, 40mM KL, 10mM MgCl, 0.25mgml-!
NADH, 2.5 mM phosphoenolpyruvate} and 5pl of pyruvate
kinaseflaciate dehydrogenase (600-1000 uml™" of pyruvate
kinase (PE), 900-1400uml- of and lactate dehydrogenase
(LDH} (Sigma}] in & quartz cuvetie (Fisher #14-385-914A )
The mixtures were incubated at 37%C for 15min. The oxida-
tion of NADH was determined by the absorbance at 340nm
with an Amersham Biosciences Ultrospec 4300 pro UVY
visible Spectrophotometer (Amersham, UK]). In this coupled
assay system, the amount of ADP released is monitored at
340 nm by coupling it to the oxidation of NADH. In addition,
it was determined the His-CrpP protein activity on CIF when
ATP was used as the variable co-substrate, to conduct this
we proceeded to incubate 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0mM
of ATP with 10pgml™' of His-CrpP modifying proteins in a
total ¥olume of 1 ml of mix of reaction contained 1 mM of CIP
Data were graphed using a Nonlinear Regression, Michaelis-
Menten model, Least squares method using GraphPad Prism
version 501 for Windows. Six independent assays, with four
replicates per experiment, were conducted.
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Analytical methods

To determine whether CIF was modified by wt and modified
CrpP, infrared spectroscopy was performed. CIP (5.0mM)
was incubated with or without 5.0 pg mi-! His-CrpP modified
proteins for 1h at 37°C, in the presence of 2.0mM Mg-ATP
{Sigma), in buffer R [50mM HEPES {pH 7.0}, 40mM KCL
WmM MgCL| in a total volume of lml Samples were
vacuum-dried, and the infrared specira were recorded using
a Micolet iS10 spectrophotometer { Thermo Scientific) by the
attenuated total reflection (ATR} method.

RESULTS

Role of the conserved residues of CrpP proteins in
CIP resistance

The CrpP homologous proteins identified from the clinical
isolates as well as the CrpF protein of pUMS05 contain some
conserved residues such as Gly7, Thrd, Asp9, Lys33 and
Gly34 {located at the N-terminal region) and Cys40 (located
at the C-terminal region) [10], suggesting that these could
be eszential for the functioning of CrpP. For identifving the
imvolvement of these residues in CIP susceptibility, site-
specific mutations of nucleotides were generated to change
the codon sequence of Gly7, Asp®, Lys33 and Cys40 to Ala
in the pUM3505 crpP gene by fusion PCR. Because the mutant
genes were cloned in an inducible vector without their own
promotor, with the aim Lo purify CrpP modified proteins
for further assays, the E. coli BL.Z1 strains possessing a crpP
gene mutant were grown with or without PTG andfor CIE
It was found that in absence of IPTG and presence of CIF,
the growth of these strains was inhibited (Fig. 51, available
in the online version of this articlel. As expected, the growth
af E. coli B121 (pTrcHis_crpP_) (that possesses the crpP wt
gene) increased by the addition of IPTG, indicating that the
overexpression of His-CrpP'_ recombinant protein decreases
the susceptibility to the antibiotic. However, the E. coli BL21
strains containing the crpP mutant gene were not able to
increase their growth by IPTG sddition (Fig. 51}, suggesting
the production of nonfunctional proteins,

To determine if the changes in the crpP gene affect protein
expression, Western blotting was performed to detect His-
CrpF modified proteins. A band was observed with anti-CrpP
antibody in cases of the cell extracts of all mutants and E
eodi BL21 (pTiHisC_crpP ) (Fig. 52}, indicating that CrpP
proteins are produced in all sirains, suggesting that the muta-
tions affected the CrpP protein function. Once it was verified
that the mutations in the orpP gene do not modify the produc-
tion of these proteins, CIP susceptibility was evaluated by
microdilution assay. The resulis showed that all changes in the
CrpP protein decrease the MIC values {0.002 pg mH') with
respect to the MIC with CrpP_ (0,125 pg mI™') (Table 1). In
addition, the MIC values observed for the E. coli strains with
mutated crpP gene were the same as those ohserved for E
caii BI.21 (pTrcHisC} strain, which do not possess crpP gense
{Table 2. These results indicate that the mutated residues in
CrpP increase bacterial susceptibility to CIP and are related
to CrpP function.

Table 2. Ciprofimeacin susceptibility tesis ol wide type and mutant
sirains

EE. coli strain Ciproflazacin MIC (g ml)
ATCE 25802 o004
LTI {pTreHisC) Qo
BEZI {pTrcEusl]_crph,) 0
BLI {pTreHhsC_erpl | Qi
BLZY (pTrcHisl_apl,) an
BLI! (pTrcHist_arpiy,) noe
BLI (pTrcHisC_ap?, ) 0o
BLIE (pTrcHisC_apf__,) o

Because all changes 1o the CrpP protein occurred in the
conserved residues, we evaluated the participation of lle26 of
CrpP protein, a semiconserved residue in the CrpP homaolo-
gous proteins. Tha change in e26 to Ala was generated by
PCR fusion. The resulls showed that this change does not
modify protein production (because of the detection of the
band corresponding to CrpP protein by Western blotting)
(Fig. 52). Incubation of E. coli BLZ1 strain carrying the [26
mutation {crpP,, ) in the prezence of CIP and IPTG showed
a slight increase in the extent of growth, compared to the
growth observed without IPTG (Fig. 52). Although the MIC
value for CIF (0.06 pg ml ) was lower than the M1C value for
CrpP_ (0.125 pg ml™'). it was higher than the MIC observed
for E coli BL21 {pTrcHisC) sirain (0,002 pg ml™") (Table 1)
This suggests that [le26 is related to the functioning of CrpR,
and & change in this residue could atfect the level of resist-
ance to the antibiotic, but is not essential to #ts role in CIP
resistance,

Enzymatic activity of CrpP modified proteins

CrpP protein is capable of conferring resistance to CIP in
E. coli, through an ATP-dependent mechanism that involves
phosphorylation of the antibiotic [8]. As the resuits of MIC
assay showed that the crpP mutations negatively affect CIP
susceptibility of E. colf transformant strains, we next deter-
mined the in vitro activity of the purified CrpP modified
enzymes, To purify these CrpP modified proteins, the coding
region of cach crpP mutant gene was cloned into an overax-

pression vector, and recombinant His-tagged CrpP modified
proteins were isolated, as described previously [B].

To determine the effect of CrpP modified proteins on CIF,
a coupled enzymatic assay involving MADH oxidation was
used [&, 14]. As expected, the enzymatic activity qurpF'“
increased proportionally with CIP concentration {Fig. 1a). In
addition, we observed a reduced level of CrpP activity on CIP
when CrpP,,, CrpPp.,. and CrpP,;, modified proteins were
used, compared to the activity observed in case of CrpP_. No
effect on CIP was observed when the His-CrpP - modified
protein was used (Fig. 1a). However, we did observe an etfect
on CIP when CrpP | modified protein was used (Fig. 1a)
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Fig. 1. Enzymatic activity af CrpF and modified CrpP protains CIF (al or ATP sbl, at he indicaled cancentrations, were incubaled with
Spaml "His-CrpP_ (|, His-CrpP_, da), His-CrpF, o, (c) His-CrpP,, (m), His-CrpF_, (<], and His-CrpP, (] proleins, at 37 °C far 15min,
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Table 3. Kinatic paramatars ol the wild-rypa and modified CrpP proteins

Protein Ciprafloxacin ATP
Km {mM]} Vimax ol min "} VmawKm Km imM] Vimax (pmod min™y ¥maxKm

CrpP LB 270 20714037 T 701 306 LA0H:0.429 3476
CrpP,, 1310400635 D424 0108 0335 1.BT1.40.704 LA3T L0087 02134
CrpP,, 1. 24501071 [ 3B54 0450 ] L3517 1L.403£0.072 0247
CrpP,_, 138340381 1TE0L 0281 L9295 L 265441314 23050109 LET
CrpPy., 1.352-440.606 00840095 0 145240732 ML6R5E0.13T 0I7e
CrpP, HE R KL NI Hn ]

mi, ot detarmined.

‘These results are consistent with those obtained for MIC assay
{Table 2}, indicating that the increase in CIP susceptibility in
these mutants can be attributed to the decrease in or the lack
of CrpP activity on CEP, which suggests that these residues are
important for the recognition and binding of the antibiotic.

In addition, to evaluate if the modified residues of CrpP are
involved in the activity on ATE, we determined the enzymatic
activity of the CrpP-modificd proteins by using ATP as the
variable co-substrate. When AT was used CrpP,. CrpP,,.
CrpP, ,, and CrpP . showed slow or null CrpP activity
{Fig. 1h}, indicating that their respective mutations affected
the activity of CrpP on ATE. The His-CrpP | protein showed
adecrease in the activity on ATP compared to CrpP | activity,
however, this enzymatic activity was higher compared o
the rest of the modified CrpP proteins (Fig. 1b), thereby
confirming that the 126 residue in CrpP protein can be altered
without loss of activity.

The estimated apparent kinetic constants of CrpP proteins
to CIP showed an imcrease, at the least twice that of the
Km values of CepP_,. CrpP .. CrpP .. and CrpP .,
versus the Km value of CrpP_ (Table 3). The Vmax value of
CrpP,. CrpPy,,; and CrpPy,, to CIP is around 4-5-times
that of the Ymax value of CrpP_; whereas that of CrpB,,,
{2.760+0.281 pmol min-') was similar to the Vmax value of
CrpP_ {2071+0.374 pmol min~') {Table 3}, However, the Km
and Vmax values of CrpP 10 CIP conld not be determined
because no eifect was observed on CIP or ATE The Vmax/Km
ratio for CIP was ~10-fold lower in case of CrpP,, (0.335),
CrpPry, (0,309}, and CrpPpy,, (0.294) proteins compared to
that in case of CrpP_ (3.777); and the Vmax/Km ratio for
CrpP ,,, was one-fold lower than CrpP_ (1.995). The in vitro
results showed that the conserved residues Gly7, Aspg, Lys33,
and Cys40 of CrpP are essential for the enzymatic activity,
whereas [le26, although related to the functioning of CrpF is

not an essentizl residue.

Conserved residues of CrpP are important to CIP
modification

To elucidate if the decrease in the enzymatic activity of the
CrpP mutant proteins is related to the inability of these

enzymas to modify CIF, we proceeded to confirm the modi-
fication on the C2 of CIP molecule by infrared spectroscopy:
First, CIP was incubated in presence of CrpP_ protein, and as
expected, a significant decrease was noted in the intense N-H
and O-H stretching absorptions, in the 3366 and 018 cm!
regions, giving an evidence of the classical dimeric cleavage of
carboxylic acid (Fig. 2a). In addition, the C=( stretching band
previously noted at 1784cm-' was considerably less intense
and appeared at a lower frequency (1781 cm-!), confirming
maodification of the carboxylic function by CrpP_ activity,
whereas the characteristic strong C=0 stretching absorption
band at 1674cm ™' corresponding to the conjugated ketone
remained unmodified (Fig, 2a). In addition, the presence of
shsorption bands in the region from 1050 to 700cm - provided
information ghout P=0 and P-C stretching vibrations, which
were assigned as follows: For P-OH, 1042-908 cm™ (strongh
P-0-P, 1000-870cm ™' (strong) and 721 cm™ {weak); P-0-C
(aliph), 1042984 cm™" (strong) and 836-761cm™!' (strong)
(Fig. 2a), indicating the phosphorylation of CIP by CrpPF_.
Phosphorus compounds are known to show absorption bands
for P-0-H around 3000-2800cm-! and 24002200 cm!, for
P=0{OH) (single OH), 2800-2700 cm ™, 2400-2300 cm ', and
1750- 1600 cm~ broad band [15, 16]. At exception of muta-
tion in [26, mutations in Gly7, Asp9, Lys33, and Cy=40 in
CrpP affect negatively the protein ability to modify the CIP
molecule, since the infrared results showed that the -OH and
C=C¥stretching bands remains in the same region at 3100—
3000cm ™ and 1784 cm™' showing a similar pattern to the CIP
withow CrpP incubation, (Fig. 2b, d and &), confirming that
these residues are essential to CrpP to modify the carboxylic

group of CIR

DISCUSSION

Chuinolones have been extensively used to treat many bacterial
infections, and CIF is the most active antibiotic of this group
used to treat infections caused by P aeruginosa. The orpP
gene of the pUM365 plasmid isclated from a P aeruginosa
clinical isolate encodes a novel mechanism that decreases the
susceptibility to CIP by enzymatic phosphorylation of the
antibiotic [8]. Destruction or modification of the antibiotic
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Fig. 2. Infrared spectroscopy of the CIP modificatien effected by CrpP_ ard modified CrpP predeins Representative speciroscopy of CIF
alter its incubatian without CrpP protein jgray) orwith 5.0 pg mi-" His-CrpP_ (back) or His-CrpP_, &k His-CrpP (b, His-TrpP, {C)
His-TrpP,,,, [y and His-CrpP_, {el proteins {dosted) in & reaction mixiure containing 20 mM Mg-ATE. a5 dascribed in Methods.

structure is one of the most common resistance-conferring
mechanisms involving the action of enzymes [17]. One of the
best examples of resistance via modification of antibiotics is
the covalent modification of the hydroxyl or amino groups
of the aminoglycoside molecule by the aminoglycoside-
modifying enzymes. [18]. The crpP gene was identified in
the clinical isolates (and their plasmids) obtained from
the hospitals in Mexico, at a frequency of 5.19 and 7.35%,
respectively, indicating that this gene is moderately spread
across bacteria causing infections in hospitals, compared to
the gnr (21%) or aac{6’)-Ib-cr (43%) genes, which suggested
that this gene conld be mobilized by horizental gene transfer
and can contribute to the prevalence of dlinical bacteria with
decreased susceptibility to ciprofloxacin [10].

The CrpP proteins identified to date are small in size,
being more conserved in the N-terminal region than in
the C-terminal region, with a low identity in the amino
acid sequence to CrpP of pUM305. The aminoglycoside
O-Phosphotransterases (APH), a family of enzymes that
confers resistance on aminoglycosides, share low sequence
identity { 20-40%} but do contain important conserved motifs,
the C-terminal region being responsible for catalysis and
aminoglycoside binding, whereas in the N-terminal region
the ATP binding domain is mainly located [19]. The CrpP
proteins also differ in their secondary structure, but several

residues are conserved in afl of the CrpP homologues as well
as Gly7, Thr#, Aspg, Lys33, Gly34 (located into the N-terminal
region), and Cys40, suggesting that these residues could be
important to protein function [10]. With the aim to determine
the role of most of these conserved residues in the CrpP func-
tiom, site-directed mustagenesis of the codons enceding these
amino acids from the crpf gene was performed.

Change in nucleotides encoding Gly?, Asp9, and Lys33, to
Alain the corpP gene caused an increase in CIP susceptibility
as observed in E. colf BLZ1 transformants, a phenotype in
which the decrease in the enzymatic activity was related 1o
the inability to modify the antibiotic by the modified CrpP
proteins, compared to CrpP . These data indicated that
Gly7, Asp?, and Lys33 are essential for the functioning of
CrpP, sugpesting that these residues are critical for catalysis,
because the replacement of this amino acid by Ala produces
a pronounced increase (at the least, twice} in the Km value as
well a5 a decrease (~four-times} in the Ymax value. We also
determined the effect of these mutations on the co-subsirate
ATP; similar results were obtained, showing a decrease in
the enrymatic activity, which strengthened the hypothesis
that Gly7, Asp®, and Lyx33 are critical for catalysis. The Gly
residue is unique among these amino acids in that all side
chains are hydrogen atoms:; therefore, it has been suggested
to play a special role in enzyme structure and function by
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providing flexibility for enzyme active sites [20]. Moreover,
it is well known that Gly to Als mutations tend to increase
protein stability [21]. Mutation of Cys40 by the Ala residee
in CrpP increases the extent of CIP susceptibility in E coli
BLZ21, similar to what was observed because of the mutations
in Gly7, Aspd, and Lys33. However, this mutation eliminated
the enzymatic activity of the CrpP protein to both CIF and
ATP. These data suggest that Cys40 is an essential residue
with catalytic activity, thanks to CrpP. Cysteine residnes have
been described as important residues, both at catalytic sites
as well as for regulatory aspects of enzymes, becanse of the
unigque chemistry of the sulfur-containing side chain that
can be strongly influenced by the microenvironment of the
surrounding protein [22]. Finally, change of 1le26 (a semicon-
served residue in Crpf proteins) to Ala caused an increase in
CIP susceptibility in E. coli BL21 and & slight decrease in the
enzymatic activity of CrpP on CIP and ATP; these changes do
not compare to the rest of motated residues, suggesting that
[le26 is not essential for the functioning of CrpF, but is impor-
tant to keep the correct enzymatic activity and not decrease
the level of resistance to the antibiotic. [t has been described
that the mutations, which conserve important residue prop-
erties, are much maore likely to preserve the structure and
function of a protein, than those, which dramatically change
these properties [23].

The results of infrared assays showed that the C=0 stretching
band appeared at a lower frequency (1781 cm '), confirming
CrpP | aclivity-induced modification of the carboxylic
function. Moreover, the absorption bands observed for CIP
incubated in presence of CrpP | were found to be at the same
frequency as known organophosphorus compounds [15, 16},
suggesting that this could be the reason for the few bands that
overlap with CIF, In addition. significant changes such as band
intensity and the appearance of new bands in the region from
1000 to 700 cm* provided evidence about CIP phosphoryla-
tion by Cer_l. Interestingly, CrpP proteins with mutations
in Gly7, Asp9, Lys33, and Cys40 were nol able to modify the
CIP molecule, compared to CrpP_, while 1226 could modify
CIPas wellas CrpP_, confirming that Gly7, Aspd, Lys33, and
Cys40 residues are essential for CrpP activity,

To summarize, our results show that the conserved residues,
namely, Gly7, Asp?, Lys33, and Cys40, in CrpP proteins are
essential for the functioning of CrpP
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RESUMEN

B sistema CRIGPR/Cac es porte de un ssterno inmune adaptotive que los organismos procanstoss desamo-
loron pora defendere de la incoporocion de material genetico exogenc. Este sistema de inmunidad esta
mediado poruna nucleaso especifon gue degrada ol DNA invasor y posteriornente algunos fragmentos de
lo molecula degradoda se olrmacenan paro reconcoer ¥ elirmingr secuencias dmilares en el fotura. Reciente-
nente fue pocicle reprogrannar este sishema parareconcoer coalguier secuencia de DHA y realizor edicicnes
genaticas en una gran cantidad de organksmos de rmonera altamerte especifica. B sisterna CRISPRCos ha
ddo adaptado paro el desorolle de uno estrategia ctamente especifica en a tratamienta de infecciones
producidas por boctedos redstentes o ontimicrobianos. Bn esta revision se descrbe de manera gensral el
oigen bicligico del sistema CRISPR/Cas, el mecanicmo de edicidn gensfica desamdllads con bose en €l,
o aplcacion del sistema en el desarrolle de un matodo especifico pora tratar infecciones bacterdanas v
finclrnente e discutiran adlgunas imitaciones del sicherna.

Palabras Clare: manipulacidén genstea, nucleasa, resistencia a anomicrobanns, sisterna CRISPRAC as, sistema inomuns
adaplative.

The genefic edition system CRISFR/Cas and its use as specific antimecrobial

ABSTRACT

CRISPR/Cas system constitutes a prokanrotic ado plive irnmune systemn againstHine incorporotion of exogenous
genetiz ratenal. This immunity system is medioted by a specific neclease that breaks invasive DA and
loter sorne parlicles of the broken DA are stored to recognize and elirmingte similar sequences in the fubhoee.
Recently, it wos found tnat the oystem could be reprograrnmed to recognize any OMA sequence and it was
pocdbde to introduce highly specific genstic editions in a huge number of ceganisms. Furdhemnore, CRISPES
Cos system has peen adapted for the developmernt of a highly specific strategy im the treotment of infections
caused by anfimicrobiaresishant pocteno. In this review it was descabed in a genena manner the biologi-
cal origin of CRIEPR{Cac system, the mechanism of genetic edifion based on it, the employ of the systerm in
the development of a specific treatrnert method for bacteral infections, and finally sorne limitations of e
cyctermn were discassed.

Key Wordz: genehc manipulabons. ouclease, antmicrobaal resictanee, CRISPRAC as systern, adaphe umrmome system

Hola: aicula recibido el 17 de agoste de 2017 y aceplads
el 02 de diciemhbre de 2017,

54



jalic, 2013

Chaver-Tacobo, VM - CRISPR/C 2 v 50 050 en b pdicion penclica 117

InTRODUCCIGN
1 mstema CRISPR {Clustered Razularly Intersperzed
Shert Palindromic Bepeats), asi como su proteina
asoclada Cas (CRISPE assooated) se encoenbtran
armphaments distnbodes en el mmdo macrebiano,
de hache, ectin precentes en &l 40% de Las ecpacies bactenanac
¥ an el H% de las arqueas reportadas (Mopea st ol 20001 La
impertameia bislégica de eshe sistema radica en qoe se conshbayea
come un dstema inmune adaptatve microbano que recpends
a elementos de DNA wnasores. como pueden ser plasmidos o
virus. Recienternante se lopro adaplar este sicterma come una
berrarmients parala edicién penéhicay sunsose astaextendiendo
rapidaments debtade a o ampbodad v gran precsién {Doudna
dc Charpentiar, 2014,

Dasde el deceubrimionte de la deble hélice del DA por
James Walsen ¥ Franets Cnck en 1953, los investipadores
han contemplado la poabilidad de realizar modibeaciones
sibio especificas en esta molémla pomero con la intenmion
de vestipgar la fimeioo de cada gen ¥ posteniormente con &l
propoato de revertr o preveanr enfamedadas prodomdas por
mutaciones puntuales an el genbma romo 1a distrofia moescular
o |2 filwoa s quistea. San embares, mroducr mutacicnes suo
especibreas a0 &l gemoma de células v orgamismes ha sido una
tarea sumarnents complicada Las estrategias mas exitosas sa
basan en &l emples de las micleasas de dedos de =ne (ZFN)
las mocleasas tipe actadores de transenpeidn (TATEN 5 qua
wthzmn los princimos de reconsamiente del DR A -protemapara
imreducir cortes esperificos en la melécula de DA (Bim S
Kim . 2014). No obstante. dificuliades con el disefio 3 sinbesic
de lasproteinac esperificas necesarias para que ambes sistemas
puedan foncicnar han supuests bameras infrangqueablec an la
adopricn peneralizada de estos dos métotos deediodn gemitica.

Actalmente el aistema CRISFRCas ha side empleade para
genarar dversas raotamones ante en ceélulas de mamiferes
de plantas, asi como de miereorganicmes, con la finalidad de
realizar ectudios gensticos (Charpentier & Marraffimi, 20147,
demostrando ser mna hemramuenta de adicién penéhca moc
eficients que sus predeceseres (los astemas ZFN v TALEN 51

Qrcen pewL sisTEma CRISPR/Cas

Elsisterna CRISPRA as fue decerite por primera vez come una
sene de secustcias directas repetidas cortas. @ wter-scpaciadac
Pporseruencias cortas en el panoma dela bartenia Excharichis cali
{Ichine & al., 1387, Debido a qoe las secoencias espaciadoras
son altamente diversas inclusive eotre cepas estrechamernts
relameonadas, maclalments e utnlizaron con meotvoes de
tLpihcacion, es decir, para diferenciar distintes aiclados, cepas v
espertes hactenanas {(Groenen st al., 1993). Postenormente, se
enconird que el slemento asociado Cas contens dos deminios
clave para su actividad. un deminie de mocleaca (Rusd ) ¥ otro
de belicaca (HINH) de los cuales sehablard mas adelants (Tansen
o al.. 2002, Una obsavanon clave para descifrar la funmion

biclogica del sistemna CRISFRAC as foe reahzada per diversos
prupds de imvestizacion. lo coales epertaron qoe muchas
seruenrias espaciadoras eran sumilares 3 elementes de DA
exdgeno. comd plasmides ¥ vinus ¥ por lo ante pedrian ser
damvados de los muismes (Bolotn af al., 20035; Mojica o 2l
2005; Poarcel ar al.. 2005).

Se propuse que el asterna CRISFECa< actia como un cistema
inmme adaptatnee, que emplea el BN A anhsenhdo codificado
per las secoencias espaciaderas come puia para que la mocleasa
Cas reconczea como blaneo a las molécalas de DNA exdgenn
¥ lo desactnre mediante la mirmdoccion de cortes especticos
{Makareva of al., 2008). Fosteniermente. se decerilio que an
E. coli v Staphplococcns spidarmidis los RMA codificades an
el locns del sistema CRISPE {BMNA) forman un complejo
con la proteina Cas v que diche complejo es capaz de interfenr
con la prolifsracén de Bzos (Broums et al., J0E; Marrafhm &
Sontharmer, 2008). Adimonalments, seectablamo quesl astama
CEISPR/Cas de Strapioceccus thormaphifvs opera come un
sstema immme adaptativo de defensa eentra la myvasien de
fagos litees (Barrangou ar al., 2007,

Actualmenta, &l astema CRISPE/Cac ha cobrade uma gran
ralevancia en diversos campos de myeshpacion, como la
medicing ¥ |a liotemologia, va qoe gracias a la capacidad del
astema para mmbrducir cortas especificos en la melérula de
DM A ha oide pomible adaptarle romouna poderesa herramienta
rara 13 edicion penética. A contimacién se desenben los
compenentes del sistema ¥y su mecanicme de accién como
determunanie sn la urmoridad bactennana v come herramienta
para la mampulacién genetica.

COMPONENTES Y MECANISMO DEL 315TEMA CRISPR/Cas
Hasta 1a fecha se han identifi cade seis tipes distinkos de sictemas
CEISPRACas (I-VT) basados en el mecamusme molecalar qoe
emplean para el reconomrmients del DA v 1a forma en que se
unen al misme (Makarova et gl , H111). Sin embarge, aqui nos
enfocaremos imcaments an deseribir al sistema bipo I1 debido
aque es el masutilizadopara reahizar edicones gensticas {lang
& Mamrafhna 201 5).

El lorus donde se encuentran codificados los elementos del
asterna CRISFRCac conscta de 1ma region prometora, qoe se
encarga de modalar b ranseripeién de todos los elementos.
Postenicrmenta seancoentra la repicn CRISPR. que se compone
de les elernentos repetidos ¥ de los espaciadores, estes almoes
codifican melérulas de BNA cortas (30040 pares de bases)
a las euales se les denormina RMA CRISPR {(erRNAY 3 son
lac encargadas de puiar a la preteina Cas a su sitie Blance.
Fmalmente se snepentran los genes que codifican a lasprotemas
Cas (Fizura 1) (Ihang ar al., 2013).

Elmecanicme mediante sl coal el sistama CRISPRAC as codhfica
un sistema inrmume adaptative precise conlra elementos de
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Figura 1. Fases del sistemo inmune adaplafive boclerono CRISPR/Cas. [o) Fase de inmunizacion. Fragmenfos de matesial
genelico exdcgeno adquirido a kavés de virvs o plasmidos es incorporado en &l locus CRISFR, donde se viilizarg posteriormente
para proteger a lo bacteria de una reinfeccion. [b) Fose de inmunidad. La secuencia espaciadora es franscrita desde la region
promotora y el ranscrto resulfante, crENA intermediarnio, es procesado en vn crRNA maduro. El crRNA es uilizodo pora guiar
a la nucleasa especifica Cas, gue ceenta con los dominios RuvC y HNH, haslo su sifio blanco. Las puntas de flechas, negras
y blancas, indican los sifios de vnion del RNA vy del DNA respeclivamente. Ademas se muesira el sific FAM, necesario pora el
reconocimienio del sifio blanco. modificado de Jiong & sarraffini, 2015. ver lo version a color en inea.

DMNA mmvasores consta de dos fases: I Fase de mmmumizacion:
después de la meorporacion del DIMNA exogeno provemente de
virus o de plasmados, el elemento Cas reconece a la molecnla
extrafia e ntegra un fegments en el locus CRISPE donde se
comvertiya enun nuevo elemento espactador (Figura 1} {Horvath
& Bamangou, 2010). II) Fase de immumdad: el elemento
espzolador moorparado se transcnbe como un crBMNA. que
posternormente sirve de guia paraque la protema Cas aleance su
blanco, que a5 el elemento penetieo mmvasor (Fizura 1) (Horvath
& Barmmangou, 2010). Los dommmios conservados de la proteina
Cassoncruriales para su actividad el dornimiode helieasa (HMNH)
se encargz de abnr la doble bebra dal DMA, v el domuno de
pucleasa (FunviC) le comfiers la capacidad para cortar el DINA en
la remon defimida por los crBNA (Sapranauskas etal | 2011}

Parz el proceso de mmmimidad es necesano un sitio adicional
de reconocinuento compuesto por una secuencia cortade DMNA
{de 3 a 5 pares de bases, que =& encuentra mmediatamente
rio amba de la secuencia blanco v que reconocen tanto a los
crRMA como a la protema Cas (Sashital eral, 2012}, Este itio

36 Conoce como motvo advacente al protoespaciador (PAM)
¥ 28 Cree gue &5 necesano para evitar la autoinmunidad. va
que 5in este elemento de reconccimiento adicional, los erfRNA
TECOnOCeTIAn 51U Proplo gen codifcante ¥ la micleaza podria
miroducir cortes en su propio genoma (Wang of al, 201540
Ademas, las secaencias del elemento PAM difieren entre cada
OIgamsmo, por elemplo, en Streplococcus myogenes SE3T0
la secuencia es MGG (Mojica er al. . 2009), por lo que estas
seruencias s& empleaban parz la ipificacion bacteriana

Como se ha desenito, el mecamameo por el que el sistema
CRISPECas confere mmmumidad parece bastante simple; s
embargo, para que los crB M A s esten histos para cuneplir con s
fimecion es necesane un proceso previo de madwacion, donds
se forma una molécula hitrida (RN A-proteina) entre el exRMNA
v |z proteina Cas. Promero ze produce un pequetio crRMNA que
cuenta con una region complementana a 1a secuencia repetida
del locus CRISPE. que se denomma crfNA transcodicado
(tracrBNA). Laproteina Cas seune al tracrBNA v este complajo
se almea con las secusncias repetidas que son precursoras de
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los crBMA_ Este RMNA de doble hebra (dsEMNA)Y va a ser cortado
por Ia enzima BNasa IT1 ¥ se genera una noeva molecula que
contiens ala proteina Cas cargada conlos tractBN A v el crBNA
guia (Figura 1) (hang & Mamafhn 2015}

Los elementos del sistema CRISPE. se expresan de manera
consthitva, porlo que stempre estan bstos para el momento en
el que ocwra ina mfeceion. Cuando la celuls entra en contacto
con una moleculz de DNA mvasorz, el complejo tacrBMNAY
erBMACas escanea a la molécnla exogena en busca de les
elementos de reconocimeento. [Tna vez localizada una secuencia
de umon, el elemsento Cas corta 3 lamolecula de DA v deesta
miznera desactivaa la potencial amenaza (Gasiunas eral . 2012).

MECANIEMO DE EDICION GENETICA BASADOC EM EL SISTEMA
CRISPR/Cas

El primer paso para cooverfir el sistemna immme bactenano
CRISPEACaz enumatecnolopiz eficaz para s edicion de genes fue
convertir a los fracENA y er BN A envn umico EM A denominade
sgRNA (nek ar al, 2012}, de esta mamera se peede evitar el
paso de maduracion v por lo tanto no es necesana la acciom de

la RNasa Il El sgRNA conserva dos caracteristicas eriticas
para su fimeion: laregion de reconoermiento del extremo 5'que
25 la responsable de la union especifica con el mbo blanco v el
sti1o de umon del elemento Cas en el extremo 37 (Tmek er al.,
2012} La mplementacion de un tmeo sgRMNA cred un sistenna
smmple v eficaz que necesita tmicamente dos componentes
(zgBMN A Cas)para cumplir consu accion. Ademas, lasecoencia
guia del sgRMA se puede modificar para programar el sibo
de corte de manera especifica, por lo que potencizlmente es
posible modificar cualquier molecula de DMNA (Doudna &
Charpentier, 20147}

La miroduccion de cortes precizos en la moleculs de DA,
aungue s un evento crucial es solo en el primer paso para
realizar ima edicion penética matosa. debido a que dependiendo
del tipo de modificacion que se deses realizar e pecesano, por
ejermplo, mnirodncr nuevas pares de bases, o elimmar algunas
otras (mutacion por msercion o por delecion respectvamenta).
Una vez que el complejo sgRNA-Caz? del sistema CRISPRS
Cas ha miroducido el corte en 1a doble helice de DNA v =158
requiere reparare] dafio por ejemplo en celulas sucanotas existen.

Corte en la doble hélice de

ADN producido por Cas

HNV

Mutacion por insercian o delecion

L%

Corte en la doble hélice de ADN

RH
Templado donador

et
}

Edicidn genética precisa

A

Figura 2. Edicidn genéfica medioda por el sistema CRISPR/Cas. La nucleasa Cas infroduce cortes precisos en ka doble hélice
del DNA. Los lesiones gendomicas pueden repararse a fraves de dos vias: El sistemas de reparacion homalogo (RH] oiiliza un
templado adicional como donador para ba recombinacion, reemplazando lo secuencia existenle con la secuencia medificada
de inferés. Lo via de reparccion no homaloga [EMH) vne los exiremaos corodos en un proceso donde pueden inserdarse o
removerse secuencias de DHA. Los penfaos de flecha mdicon los sifics de corfe del DHA. Meodificodo de Jiang & Momoffin,
2015. Ver la version a coler en linea.
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dos sictemas de reparacién de dafio, que sarim los encargados
de insertar laz medificacienes ¥ sen: la recombinacon ne
bomoleza (RMH) v la recombinacién homolega (EH), por
otre lado, muchas bacteriac, inehuyendo a E. colf, aicaments
coertan con el sistema BH {Shuman & Ghickoman | 2007). Para
completar el procese de edicion penética, dorante lareparacien
con el astema RMNH se insartan o se escinden regiomes de varias
pares de bases cercanos al sito del corte, ecte evanto altera el
marca de lectura abierto dal probable gen blanco y por 1o tante
les desactiva {mutamion knewkent) {Figura Y ¢Cong er el . 2013;
DhiCarle et al, 2013; Laaral, 2013). Por obo lade, el sistemna
EHneresita devna melécula de DN A adoional que actie como
templade para la eparacion del corte, astos termplados pueden
estar presantes en el crmosema {enss duplicados) o pueden
ser surninistrados de manera exdzana; por ejemple, a raves da
plizmides. Gracias a que el templado adimional, nececario para
el sicterna R se poede surminastrar de manera exogena, esta
via ha sido empleada para iobreducir secoenmas especibicas
dentro de lac remiones cortadac con el astema CRISPRACas
(Fizura 2). Hasta &l memento. el sistema EH ha 5ide amplaadn
de manera eficiente para realizar modificamiooes espacificas,
comomsercones, delercnes (Gratz aral.. 201 31 v sushiumiones
{Shalem ar af.. 2015; Wang e al., 2013).

BEn contrastecon los sisternas de ediciénque hansideemple ados
a la ferha come al sisterna ZFM v TALENs, que requieren una
cantidad sipnificativa de elementes para modificar a1 DMNA
Fim & Eim , 2014). en &l sisterna CRISFRACas anicamente
se requere modificar los ENA puiac para desactivar un gen v
wna melécula de DNA adicienal qoe sirva comotemplade, para
introdurir medificacienes especificas (Cendna & Charpentier,
H014). Por esta mzon. el aastema CRISPEC < ha 9do adoplade
rapida ¥ amphamente por 1z cormmidad cientibea para editar
ZENOMAs &7 1 ZTan nimmero de cebalas ¥ de crganiomos como
el rase del maiz donde Fue mutado en el gen W), genarando
una rmatanke qoe resents 1n fenctipe con alte conterndo de
amilopectna (Waktz, 2015) o en cerdes la madacién del zen
METN, que codifica 1o regulader pegativo del crecimento
muscular (Wang of al., 20158). Auwqoe el uso del sistemna
CRISFRACax sa me::tm:uilmdn rapida v amphaments, esta
revision secenibrara an descnbir una aplicacién novedosa, como
25 el use del stema en el desarrello de wn antmicrebiame
serpencia ecpecifiea.

Uso o sistema CRISPR/Cas COMO ARTUAICROBIAND
SECUENCIA ESFECIFICA

La resistencia a Jos amhmicroManes representa une de los
mic grandss retos de nusstro Hempoe detnde a que &l use
ivdiscriminade de estes apentes ha perrmutido la selecaién
de bartenias mmultimesistentes per lo que las epaones para
mn tratamients sfechyo han dsmimmds ¥ en alpunes casos
se han apctado (Spizek & Havbesk, 2015). Amnade a esto,
en la actmalidad hay escases en el desamelle de moeves
antmarrobians s, vaquedesde harevarias décadas nohasalide al

mearcadounamesa Emaha de agentes antrrcerobanes fAminey,
201 7). Predicoonec reciontes ashman que de contitmar la mmsma
tendenria parael afie 2050 al pimere de rmoettes prodhuadas per
bacterias mmlbirresistentes alos antmimoanos aleansaran los
10millenas armales. cifra qoe soperaria a las rmertes producidas
por caneer que rendarian los B2} millones armales (O peill,
2018). Per lo antenier se han usecado mevas estrategias para
cembanr a las infecoaones bactenanas v 1ma adaplacisn an el
uso del sisterna CRISRP/C as pedria ofreceruna moeva epeicn
eficiente en el tratamierto de infecciones bactenianas.

El desarmmolle de una moevs ectratepia hasada en el wso del
istema CRISFRACas sargie de 13 obsarvamion de que los cortes
inbrodueidos en &l eromesoma por 2l elemento Cac resultan
letales para almmas bactenias cuando no se Jec sumirnisita un
templadoexdpane pararealizar la reparacién conel sisterna RH,
33 que no cuentan cen el sisterna RNH. por lo qoe e< poable
programar a Joz sgRNA del sistama para mircdoeor cortes de
maneta selertna sobre bactenias de mierés (Figora 3) {(Citonk
af al, 2014). Ademnas, a difsrenria da Jos amhmicrohianos
nmvmumalﬁcuj'aamﬁadseumﬂdmadeamplloﬁpmtm
e dacir, que 5o texees parauna gran canhdad de bacteriac, el
sistema CRISPR Cas puede propramarss de manera aspecifica
quedandomntactas otras poblacienes, comopoer ejemnple. las qoe
cenforman la marrobieta inteshinal bumana (Fimmra 3) (Bakard
af of.. M14: Gomaa e af., H114).

Unedelospninrpales retos en el disefio de e sta meva eshrategia
ha ado 1dear |2 forma de lleyar el o stema CRISPRCas hacta las
celulas blaneo. Una epeion que esta dande buenns recnltados,
es gl use de fapémides, plasmmdes empaquetades dentro de una
cipside vinca 3 los que se Jos han meorporade los penec qoe
codifican 1a micleasa Cas v el spRNA medifieads para atacar a
les ganes de interés (Ciberik o al. | 2014). Un ejemplo del uso
extoso de ecta ectratepia e 8l use del fage flamentose K13,
donde de mameta selectiva foe posible ehminar a wna cepa de
E eoli resictente a antrmicrobiznes. Ademas. se obserss qoe el
tratamaents con los Bpgmidos nerements la supenTrensia de
la polilla de la cera, Gaflaria mellonslla, que ec i models para
ectudhar a E. caliEHEC 0157-H7 capaz de producr infecciones
intestinales (Cronk o el . 2014). Dhro caso exitoso es el nsodel
fage $MM]1, donde los Bgemidos foeron empleados para bratar
una mfeccién cutanea producida per Stapplessoous aurens e
ratones {Yosef af al., 2015). Despoés del tmtamiento algumas
bacterias lograron sebrevivir, sin embarge. oo conotenian los
penes de resistencia a antimicroblanes contra Jos que esiaba
dingzida la mocleaca Cas, por lo que al uso del sistema CRISFRY
Cas permbié la ehminacién de las bactenias qoe poseian el
determinante derecistenria contra el que ectaba dingsde {Yesef
aral, H15)

Hactz &l momento, el uso de esta tacternelegia para el
tratarmento de infarmiones bactenanas ha probade ser muny
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Figura 3. Uso delsstema CRISPR/cas como onfimicrobiano secwencia especifica. {a) En lo mayena de las bacterias con sislemas
de reparocion homaloga ko accion de la nucleasa Cas con bloncos especificos provoca lo muerte celular debido a gue los
corfes en el DNA no pueden ser reparados. Para fransportar al sistema es posible wsar fogemidos o los cuales se les incorporan
los genes que codifican los crRNA v a la proteina Cas. [b) En teona, los fogémidos son especificos paro un gen o secvencia de
inlerés, por ko que al emplearse conkra vna poblacion compleja las bocterios comensales permaneceran intoctas. modificodo

de Fong & Marmaffini. 2015. Ver o version a color en Enea.

eficaz v tiene el potencmal para el disefio de tratamentos
personalizados, ¥a que puede utihzarse tmcaments en las
bacteniaz responsables de la infeccion o adaptarse para
atacar genes de interés que codifican factores de resistencia
a antimicrobianos, comeo las f-lactamasas de espectro
extendido. o factores de virulencia, como los determinantes
en Iz formacion de biofilm.

Lianmaciones pew sistema CRISPR/Cas

Un reqmsvio fundamental de cuzlgmwer sistema de edimom
genefica es la ausencia, o al menos una baja frecuencia, de
mtaciones secundanas accidentales. Para el caso del sistema
CRISPR/Cas la especifimidad esta directamente relacionada con
la caparidad de los sgRMNA para reconecer su blaneo, va que
son los responsables de gmiar a la nucleasa Cas hasta el sho
donde seran miroductdos los cortes en la melecula de DNA

v posteniormente los sistemas de reparacion se encargan de
mireducir o remover fegmentos de DNA (Fizuwrz 2) (lang &
Marafim, 2015). Debide a que e necesita un alneamiento
perfecto entre el 3gBMNA v el DNA blanco para que el elemento
Cas se wna, la probabilidzd de gue se modifique una region
distmiz a la desezda es extremadamente baja. Los spRNA
necesitan de 20 miclectidos para alcanzar su blanco {Jinek =r
al., 2012}, por lo que la probabihdad para alcanzar un stho
equvocado ha sido predicho que s de 420 3 2 {deludo 2 que
la zecuencia de 20 mucledhdos pusde alinear en ambas hebras
del DMA) (Tiang & Maraffini, 201 5). Sinembarge, estudiosen
celulas bactenianas (Jackson st af., 2014) v la caractenzacion
bioquimmica del elemento Cas ((rasiimas et al., 201 2} mostraron
goe no se necesita un alineammento perfiecto entre los pnmeros
5-10 mueleotides del exiremo 5, por lo que la probabalidad da
alcanzar una secuencia no deseada se merementa,
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Ademis de la peneracién de moaciomnes indeceadas, una de
las bmitacienes miac tmpertantes del astemas CEISFRACas
25 la ausenma de métedos ehcares para transportar al sistemna
dentroda lac céhilac de mterés (Magmo & Gongalves, 201 5. La
PIUDETA estratepia para bransportar al sistemna dentro de céhalas
bactenanas es 1a electroporacién (Magmo & Gongalves, 201 5,
donde se miredoce un plasmide qoe conbiene los genes que
codifican para el sistema CRISPFRACa< exponiendo las cébalas
2 pulsos eleciness, decde luego que este sisterna aricamente
podria emplearse ir vitre. Para un modelo mas complejo, como
lo &5 el de na infeccién bactenana, dende esta inrehicrade un
huésped ybactenas comensales a los cnales se desea manbener
intactss, elusode fapémidos paratransportar el sisterma se as00a
conuma pran sfieencia yuna baja otobexicidad comparada cen
eluso de bacteriefapes (Citerik ot af. . 2014). No obstante, este
sstema acta sustanria lmente bmitade debido a que los fagemides
conservan €] misme blanco de mfapmén que los bactanéfagos
del rual derivan por 1o tante, immeaments pueden mfectar a las
baectenas que expresen los recepbores apropiades (Bikard e sl
20143, Ademas, les fagemides son Inmmmepemces, por lo que
podrian desencadenar efertos no deseables en el buésped. Por
otre lado. debide a que el sisterna se dismbmrye en forma de
DNA plasmidico, este podria ser neatralizado per la accidén de
enzimas e restriceitn (Bakard & 4., 2014). Finalments, wna
de lac limatariones mac senas os la necesidad da realizar nna
caractenzamon detallada de la migobiota del pariente a tratar,
con &l ohjetive de que los sgRMA disefiades sean altamenta
esperificos.

CONCLUSIONES

El desarrelln de un métede de edirion genetica basade an el
sicterma CRISP‘EJ'Caeralhlameﬂrﬂncmdelamreshgauun
bioira yaque sus prineipioes sonlos mecandsmos de replicacian
yreparaciéndel DA ademée del mecaniemoe de-defensa contra
la mcerporacion de DA exogens. Una vez que se deceifro el
mecamsmo mediants el cual el sictema CRISFRACa< conflere
inrmornidad contra melérulas de DNA myasoras, fue posibla
Inrerporar esbe sistema comaunaprometedera herramienta para
13 edicion pemética. Actualmente la posibilidad para medificar
gencmas tamo de ofFamsmos MOCENOES ComD encanotas
mediante ecte mistema parece ser Limrtada, lo qoe a su vez,
abre una gran diversidad de posibles aplicacionas médicas ¥
biotecnn]lépicas, miamas que ya se estan explorando. como
@5 8l raso dal disefio de teraplac contra una gran cantidad de
enfarmedadas, meluyends las inferciones barterianas.
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BEsvnEy

Laresistencia a los antinicrobianos es uno de los mas grandes retos de la medicina moderna. Dhrante 1a altima decada,
un grupo de se1s bactenas han probade no solo su capacidad para relativamente “escapar” de los efectos de casi
cualqmer anfvmicrobianc, sino tambien por ser la causa principal de las mfecciones hospitalanas. Estos orgamismos
en conjunto se les conoce come ESKEAPE, siglas que dermvan de la prmerz letra de la categona faxondmica género,
o sea, del nombre clenfifico de cada una de estas bactenas (Entsrococcus spp, Staphplococcus aurews, Klebsiella
prneumoniae, Acinerobacter baumarnmii, Prendomonas asruginosa v Enterobacter spp.). La presente revizion tiens
como objetivo descenbir los principales mecansmos de resistencia asoctados a este grupoe de bactenas v el impacto que
han temideo en &l desarollo de nuevas estrategias antmacrobianas.

Palabras Clave: Bactenas ESEAPE, infecoiones hospitalanas, resistencia mirinseca, resistencia adquinda, selacoon
de la resistencia.

The battle against the superbugs: No more antimicrobials, there iz no ESKAPE

ABsSTRACT

Antimieroal resistance 15 one of the greatest challengzes of modem medioine. Dunng the last decade, a zroup of
s1x bactenia have proven not only thewr ability to relatively “escape™ the effects of almost any antimmicrobaal but also
becanse they are the main cause of hospital infections. These crganisms together are known as ESKAPE, acronyms
derived from the first letter of the geous taxonomic from the scientific name of each bactena (Enterococcus spp,
Sraphylococcnr aureus, Klebsiclla pneumoniae, Acinetobacter baumarnnii, Psendomeonas aevuginesa v Enterobacter
spp.) This review amms to desemibe the main resistance mechamisms associated wath this group of bactena and the
impact they have had on the development of new antimicrobial sthategies.

Key words: ESEAPE bacteria, hospital infections, mmtnmsic resistance, acquired resistance, selaction of resistance.
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InTRODUCCION
esde el descubrinvento de los antmicrobianos a
principaos del s1zlo 300 la medicing ha evolosionado
en mltiples aspectos, salvando vidas gracias al uso
de alguno de estos farmacos v comuriiéndose no
so0lo en uno de los grandes descubnmientos de la medicina
moderna, sino fambien en medicamentos necesanos para el
desarolle de procedinuentos médicos complejos como la
amputzcion quumrgics, el trasplante de drganos v el manejo
de pacientes con cancer, enfre muchos otros (Mumita &
Anas, 2016). Sin mmportar su estruchura o funcon, que se
mencionara mas adelante, los antmmcroblancs representan
un grupe altamente diverso de moléculas que pueden mbibar
el crecmmento (efecto bactenostateo) o provocar la mmerte
(efecto bactenicida), especthcaments de bactenas v han side
empleados durants décadas para confrolar las infecciones en
Immanos, ammales v plantas (Dhugkeren, Schimk, Roberts,
jang & Schwarz., 2018).

Awnque el pnmer antowerobiane que se  produjo
mdustnalmente fue la arsfenamuna, un compuesto smteheo
empleado para tratar la sifibs (Amnov, 2017), hoy en dia la
mavoria de estos farmaces son productos paturales o derivados
de loz musmes, colectados 2 partr de microorganismmos
aizlades del suelo, paricularmente del generc Streprompces
(Wnght, Seple & Myers, 2014). Delndo 2 =u ongen como
productos denvados del metabolizmo secundane bactenane,
mmchos anfimicrobiancs se encuenfran en la natwaleza,
mehismve en la toma previa de mmestras a2 la era del uso
masive de estos (DVCosta et al, 2011} v como resultado
de la ubicmidad en su produccion ambiental es posible
encontrar bactenas gue han desarrollade de manera ancestral
meczmsmes de defensa v por lo tanto de remstencia contra
estos medicamentos (Crofis, Gaspamm & Dantas, 2017). En
los primeros dias de la terapia anfimicrobiana, la resistencia
no era considerada un problema grave, debido 3 que el namers
de bactenas resistentes era muy bajo v se estaban detectands
m gran nimers de anfinncroblanos de diferentes clases
(Tabla I). Desafortunadamente la presion selectiva mmpuesta
por el amplio uso ¥ abuso de estos farmaces desde 1950 hasta
miestros dias, ha acelerado el desamrollo v dismbucion de
bacterias resistentes.

Hov en dia, las infecciones causadas por bactenas resistentes
a mltiples anfimicrobianos, gue llamaremos superbacterias,
son ademas un problema econdmuco muy mmportante, Se estima
que el gobierno de los Estados Umdos gasta alrededor de 20
mul mullones de dolares al afio en [z prevencion v fratamuents
de enfermedades provocadas por estos mICTCOIEAMISMIOS.
Ademas, se considera que para 2050 las muertes prematuras
causadas por bactenas multuresistentes alcanzaran cifras de
10 mallones al afio, muentras que actualmente es de 700,000
(0 Meal, 2016), por lo gue la Qrzamirzacion Mundial de [a
Salud ha decretado a la resistencia antmmeroblana como uno

de los pnncipales problemas del sigle 200 (Tacconell &t al.,
201E). Se pone esperial atencion en un grupo de bacterias
denominadas ESEAPE (Enterococcns spp, Staphyecoccus
aurens, Klebsiella pmenmonias, Acinetobacter baumanmi,
Psendomenas asruginosa v Enterobacter spp.) (Face, 2008)
que seran descritas a traves de la presenfe revision con el
objetrvo de entender los mecanismes de resistencia asociados
a este grupo de bactenas v el mpacto que han temide en el
dezarrollo de nuevas estrategias para combatr 1a resistencia.

BEEsIsTENCIA BACTERLAMA

La resistencia bactenana puede dividose de manera general
en dos grupos: mirinseca v adguirida (Blar, Webber, Baylay,
Ogbolu & Piddock, 2014). Parz comenzar a enfender el
problema de la resistencia, es necesano comprender que las
bacterias han interactuado con los antrmicrobianos de manera
ancestral v por lo tanto han desamollade mecamsmos para
resistir su efecto ¥ sobrevivir o ncluso prosperar en estos
amblentes, Es por elle que estas bacterias se consideran
ininnsecamente resistentes, no obstante, este grupe no es
el principal foco del problema (Mdumta & Anas, 20186).
Por otro lado, la resistencia adgunda se da ecuandeo una
peblacion bactenana que e1a ongmalmente sepsible a algun
antimicroblanc se vuelve resistente mediante la adgquisicion
de mutaciones en genes cruciales o mediante la adgqmsicion
externa de determumantes de resistencia transfendos de
Orgamsmos mfrinsecamente resistentes (Figura 1) (Blar ar
al., 2014). Delado a que no exasten linafes en la canfidad de
determunantes que las bactenas pueden adguinr, han smgide
poblaciones bactenanas altamente resistentes a multples
fapuhzs de aphmuerobianos, que denomuinamos como
superbacterias.

La resistencia puede ser mediada por mmlthples mecamsmos
que se pueden englobar dentro de fres fipos prinecrpales:
Primero, aguellos que reducen la concentracion mtracelular
del fammaco, va sea mmpidiendo la entrada 0 2 treves de la
expulsion: Sepundo, la proteccion del =siho blance mediante
la adguisicion de ptaciones en los genes que codifican para
estos defermunantes o mediante molsculas que nferfieren
con la umon del anfmicrobiano; Tercero, la modificacion del
farmaco mediante idrolizis o la adicion de grupes fincionales
(Figura 2) (Crofts eral, 2017).
Dismprcion DE  La  CONCENTRACION DEL
ANTDMICROBLANO

Reduccion de la permeabilidad

De mamera general, laz bactemas Gram () son menos
permeables gue las bactenias Gram (-} v por lo tanto sus
membranas externas forman wna bamrera impermeable a
muches antmicrobianes (Kojma & MNikaide, 2013). Los
fammaces ndrefilicos pueden atravesar la membrana mediante
difusion a fraves de proteinzs de membrana lamadas ponmas
v las prnepales en Escherichia celi son OmpE v OmpC,

63



e I S P o i e o 1 e T
EMHC IR S S TUNCEEET LAV [LOE I0 Ll

020 Chaver-Jacobo, VAL: Superbacteriaz ESKAPE

Tabla L. Azentes anfimicrobianos.

Clase Agente antimicrobiano Organismo productor Ang dr]e M.SL“.D.RMM
escripeion
Arsfenaminas Salvarsan Sintético 1907
B-Lactamicos Penicilinas Penicillum notanim 1920-1940
Cefalosporinas Cephalosporuim acremonium 1945-1953
Imipenem Strepromyces cafileya 1976
Artreonam Chromobacterium violaceum 1981
Glecopeptidos Vancomicing Anmyeolaptosis erientalis década de los 50
Teicoplanina, ovaparcing Amycolaptosiz coloradensis 1975
Macrolidos Entromicina Streptomyces erythreus 1952
Espiramicina Strepromyces ambofaciens 1935
Limcosamidas Lincomicing Srepfomyces lincolnesis 1953
Estreptograminas Estreptogramina A+B Smeptomyces diastaticus 1953
Virginiamicina A+H Streptomyces virginiae 1955
Tetraciclinas Clottetraciclina Strepromyces aureofaciens 1948
Creitetraciclina SIrEpTaMyces rimosus 1950
Femicoles Cloranfemcol Smepromyces venezueleas 1947
Aminoglecdsidos Estreptomucing Srepromyces griseus 1943
Neomicina Smeptomyces fradiae 1949
Eanamicina Strepromyces kanamyceticus 1957
Gentamicina Micromonospora purpura 1953
Tobramicina Sireptomyces fenebravius 1967
Aminociclitoles Espectinomicina Strepromyces spectabilis 1951
Plenrommutilinas Pleurommitilina. Tiammuling Flaurotus sp., Sintético 1951, 1976
Polipeptidos Polimixma B Bacillus polymyxa 1947
Colistina EB. Polymyxa var. colisiinus 1949
Bacitracina Bacillus licheniformis 1943
Epdmidos Fosfomicina Strepromyces fradiae 1959
Acidos pseudomonicos | Mupirocina Pseudomonas fluorescens 1971
Esteroides Acido fusidico Fusidium coccinsum 1960
Esizeptoiricina Nourseetricina Sireptomyces noursei 1963
Sulfonamida Sulfametoxazol Sintéftico 1935
Tnmetoprima Trimetoprim Sintético 19545
Cminolonas Acido Nalidixico Sintético 1962
Fluoroquinolonas Ciprofloxacina Sintético 1973
O=azolidinonas Linezolida Sintético 1987

Modificade de Caijkeren of al., 2017.
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que achian de maners mespecthca, al fEnsportar desde
nuirientes hasta colorentes, detergentes ¥ anbomcroblanos
(Tran, Williams Fand, Erdemh & Pearlstem, 2013). Debido
2 gue reducw la permeabibidad de la membrana externa
Lotz 13 enfrada del anfimicrobiano a la cslula, las bactenas
pueden dismirur la expresion de los genmes que codifican
parz estas pOTnas v expresar genes que codifican para ofras
ponnas. En Preudomonas aeruginosa, Klebsislla pneumonias
v Acinetobacter bauymannii la reduccion en la expresion de
ponnas coninbuyve de manerz significativa con la resistencia
a B-lactamicos (Pang, Randores, Glick, Lm & Cheng, 2019;
Baroud et al , 2013; Lavigne er al, 2013).

Expulsion del antimicrobiano

Loz =istemas de expulsion bactenancs fransporfan de
manera achva 2 la Zran mayora de los anmboocroblanos
mencionados en la Tabla I v son los principales responsables
de lz resistencia infrimseca Mhentras que almumos sistenmas
de tansporte henen susiratos espectficos, por ejemplo, los
sistemas Tet, que expulsan de maners especifica tetraciclinas,
muchos otros pueden expulzar una gran cantidad de sustancias

con estruchwas totzlmente distintas v a éstos se les conoce
como sistemas de expulsion miltiple (D er ol 2018)
Actualmente, se han identificado seis familias diferentes de
fransportadores bactenanos capaces de confenr resistencea
a los antmicrobianos, uno de ellos son los de umon al ATP
(ABC por sus miglaz en inglés, ATP-binding cassette) que
nhhzan&rechmmeﬂﬂ?mmnﬁmmdemmgmpan
realizar el fransporte, muentras que las obas cinco famahias
de fransportadores funcionan 2z taves del potencial de
membizna v son- faclifadores mayores (MEFS, major facilitat
or superfammby), expulsion de snhmwcroblanos v foxinas
MATE, mmlhdruz and toxn extresion), proteinas pequefias
de resistencia a anhmucrobinos (SME, small pmlhdms
resistance), resistencia, podulacon ¥ odiimon  celular
(END, resistance-modulation-cell dmasion) ¥ los =sstemas
de expulmion da protecbactenias (PACE, protecbactenal
antimicrobial compound efflux) (D ar al., 2018).

Todas las bactenias contienen diversos genes que codifican
sistemas de expulsion omltiples dentro de sus cromoesomas,
algunos pueden ser movilizados a2 traves de plasmudos,

a) Evalucidn vertical

nﬂmrh /

X)

e

b} Evolucion horizontal

Plasmidao

Figura 1. Evolucion de Ia resistencia. La resistencia puede evolucionar a traves de dos mecamismos basicos. Evelucion vertical v horizontal
a) La evolucion vertical representa la gemeracion de una nueva matacion en el gemoma bacterianoe ¥ la subsecnente tramsferenda a su
progenie. Las bacterias azules som sensibles 3 antimicrobianos, mientras que, Ias rojas son resistenfes. b) La adquisicion de gene: de
resistencia de manera horizontal posde ocwrmir mediante transduccon, conjogacion o transformacion. La fransdoccion es &l proceso
mediante el coal un bacteriofage introduce material genético al interior de una célula bacteriana ¥ éste e incorpora a su genoma. La
conjugacion oourre mediante €l contacto directo enire dos celulas bacterianzs, uns donadora ¥ Ia ofra recepiora ¥ media Ia transferencia
de plasmidos conjugatives v mobilizables asi come de elementos integratives. La fransformacion ecurre coando el material genético se
hbera mediante Iz lisis de la cedula denadora v Ia celula receptora lo Incorpora a su genoma. Todos estos procesos median la adquisicion de
gemes gue confieren resistencia. Las celnlas azoles son receptoras, mientras que las rojas son donadoras (Modificado de Scmmer, Muonck,
Toft-Kehler & Andersson, 2017).
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Mecanismos de resistencia a los antimicroblanos

L. r

Fipmra 2. Mecanismos de resistencia a los anfimicrobianes. Los blancos de los antmicrobianes s encospfran conssrvados entre Ias
hmiﬁymmhnmmutEnthmmgmr&ﬂﬁmmmem&
blancos potenciales, el arsenal de antimicrobianos con el que contames ataca prindpalmente al ribosoma, la simbesis de pared celular,
la interTupcion de una via metabolica clave v &l metabolismo del DNA Las celnlas bacterianas cominmenis resisten Ia accion de los
antimicrobianos mediante I inactivacion del anfimicrobians a traves de enzimas que degradan o modifican al firmace. Ofras estrategias
de resistencia som la proteccion, slteracion o sobresxpresion del blanco ¥ una altima estrategia consiste en la expulsion del antimicrobiano
a traves de sistemas de expulsion tanto especificos como inespectficos (Modificade de Crofts edal, 2017

transposones o bactericfagos (Figma 1) por lo que estes
sisfemas estan ampliamente distibmdos ¥ en la actualidad
aproximadamente el B0% de las mmfecciones hospitalaras
severas se atmbuven a bactenas Gram (-) con sistemas de
expulsion multple activos (Viale, (nannella, Tedeschn
& Lewns, 2013). Se conoce, ademas, gque para que estos
sistemas sean ain mas efectivos pueden sobreexpresarse,
&3 decir, aumentar el numero de proteinas transportadoras
prezentes en las celulas v por lo fanfo awmentar ann mas la
expulsion. Desde 1990, se han anslado cepas de P aeruginosa
v 5. aurens capaces de sobresxpresar sistemas de expulsion
(Pombwe & Piddock, 2000; Eosmidis et al, 2012}, por Io
que &l entendimiento de estos sistemas es importanie debido

3 que es muy comin encontrarlo en superbacterias v hoy
en diz es urgente disefiar nuevas estrategias para prevenr la
expulsion de los antmicrobianos.

PROTECCION DEL SITIO BLANCO DEL
MICROBIANO

Mutacion de genes que codifican el sitio blanco
La mayoria de los antmucrobiancs tenen alta afimdad
por su siho blanco ¥ una ver que se unen con éste, henen
la capacidad de desestalnlizar las fimciones normales de un
organelo especifico o una via metabohea findamental para
la eélula bacteriana, por lo que cambios en Iz estructura del
blanco que mmpidan la umion del farmaco pero gue permatzn

ANTI-
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confinuar con su fimclonamento normal, confieren resistencia
2 loz anfmmerobianos (Figura 2). Durante el transcurso de
unz infeccion bacteriana puede ocwrir in fenomeno llamado
seleccion, donde dentro de unza poblacion de bactenias surgen
alpumas que pueden desamollar una omtacion simple que
confiere resistencia v por lo tanto pusden prohferar, a pesar
del anfimierebiano v velver obsoleta la terapia contra ellas.
Para el caso de las superbactarias se reduce sipmificativamente
el numere de farmacos viables, va que pueden zcummlar
multples mutaciones en drversos genes ¥ sobrevivir a una
gran canhdad de anfinicrobianos.

Interferencia con la union del antimicrobians

Lz proteccron del sihio blanco es una manera mmy efsctiva de
protegerse contra el efecto de un anfimmerobiano ¥ basicamente
consiste en sinfetizar una molécula que pueda modihcar al
blanco =in mhitarlo o pueda unirse al antioverobiane v por lo
tanto bloguearle. En los ultmes afos la proteccion de los sifios
blanco se ha voelto de mterés climeo defbedo a la resistencma
conferida confra importantes anfimaerobianos: por ejemplo, la
proteceion mediada por la metilasa del ENA nbosomal 165,
codificada porel gen erm, que previens launion de macrolidos,
hincosanmdas v estreptogramunas (Shore et al_, 2011). Es decwr,
solo un factor de resistencia puede mactvar a tres diferentes
farmlias de antimecrobianos. Oiro ejemplo de inferferencia
son las profemas (Jor que con capaces de bloguear 1a umon
de laz quinclonas con su sitio blanco, las topolsomerasas II v
IV, v de esta manera conferr resistencia (Groto, Kawamura &
Arakawa, 2015).

MoDIFICACION DE LOS ANTIMICROBIANOS
Medificacion mediante hidrolizis

La modificacion enmimatica de los anfumicrobiapos es uno
de los mecamsmo: mas eficientes para imactivarlos v ha
sido un problema desde la miroduccion de los B-lactamicos
en 1940 Actmlmente han side reportadas cientos de
enzmas capaces de degradar o medificar B-lactamicos,
amunoglucosides, femecoles v macrolides. El aumento en
el nimners de antmicrobianos de la misma famuha a los
cuales ze les han miroducide modificaciones para hacerlos
mas efectrves, ha provocado gue las enzmimas capaces de
degradarlos incrementen su espectro de accion v hoy en
dia, tenemos B-lactamaszas de espectro extendido (ESEBEL:z),
enmmas capaces de romper B-lactamicos, que proporcionan
resistencia a todos los antmmerobianes de esta fammba v que
58 encueniran comnmrente aislados de K. preumoniae,
E. coli, P asruginoza v A baumannii (Fossolni, D' Andrea
& Mugnaioh, 2008). En algunos casos el rapido awmento en
la diserminacion de bactenas resistentes a B-lactammcos se ha
tratado de explicar con la capacidad de estos determumantes de
transfenrse a traves de plasmidos. Sea cual sea la explicacion,
el fenomeno de resistencia a B-lactammicos =2 ha expandido
muy rapde v hov ez wno de los pnneompales retos en el
dezamrollo de nuevas estrategias anfiomcrobianas.

MModificacion mediante la adicion de grupos funcionales
La adcmon enmmatica de grupos fmeoionales provoca
resistencia debido a que disminuye la afimdad  del
anfimucroblano por su siio blanco v las enzimas mejor
estudiadas capaces de transfenr estos grupos funcionales son
las aminoghicoside transferasas (Smith & Baker. 2002,

Los ammoglucosides son partcularmente suscephibles a la
adicion de grupos fimeclonales, debido a que suestuetura cuenta
con drversos grupos idroxlo v amino expuestos. Existen tres
clases diferentes de amumoglicosides transferasas: las aml
fransferasas, fosfo transferasas v puclectdi]l transferasas las
cuales confieren altos niveles de resistencia ¥ se encuentran
amphamente distribmdas (Serio, Keepers, Andrews & EKrausa,
2018). Ademas, se han reportado dos enmimas pertenecientes a
las aminoshiconido transferasas que son capaces de medificar
a la ciprofloxacina (un antimecrobiano sintético de la fanmha
de las quinolenas), la AAC-Tb-cr, que es capaz de adicionar
un grupo acilo (Fobicsek et al., 20068} v CrpP. que es capaz de
adicionar wn grupo fosfate (Chavez-JTacobo e al., 2018). Por
lo gue la vision hacia el futuro es muy preocupante, va que la
resistencia, que este gupo de enrimas proporcicnaba ¥ que
parecia zer exclusiva para ammoglucasidos, se ha extendido
hacia un grupe de antimaecrobianes completamente diferente.
Ademas, se ha reportado que CipP, descubierto inicialmente
un plasoudo de P geruginesa, se encuentra distnbuido en
E. coli ven K preumeniae (Chavez-Jacobo er al., 20190,

Superbacterias ESKAPE

El termuno ESEAPE hace referencia a un grupe de seis
bacteriaz responsables de la mavoria de laz mfecciones
nosocomiales gue son capace:s de, relafivamente, escapar
de los efectos de los antimicrobianos. Dentro de este
giupo se Incluven Enterococcws spp, Staphylococcus
aureus, Klebsiclla preumonias, Acinetobacter baumanmii,
Preudomonas v asruginosa Enterobacter spp. (Face, 2008).
Debide a la amplia distmbucion de mfecciones causadas
por este grupe de bactenas el Centro para el Control de
Enfermedades de los Estados Umides (CDC) ha emitido
una alerta pars meenfivar la creacion de muevas estrategias
para el fratammento de mfecciones causadas pnncipalmente
por las siguientes bactenas: 5. aursus resistente a meticilina
(MESA), E. feacium resistente a vancomicina, P gaernginesa
resistente a  fuorcqgunolonas, Entevobacteriaceas
productoras de B-lactamaszas de espectro extendido (ESEL)
v Acinetebacter baumannii resistente a2 carbapensoucos
Makoniecenaz er al., 201%).

Enterococens spp. 8s wn género de bactenas Gram (+),
anaerobias facultativas, catalasa negativas ¥ no esporuladas,
que se pusden encontrar dishibmdas extensamente en la
naturalera, tanto en suelo, agua v plantas, pero también
formar parte de |z flora normal del tracto enténico de humanos
v ammales (Fizher & Phalhp=, 2009). Emterococous feacium
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v Emteracoceus feacaliz son los prmcipales patogenos de este
grupo, asoclados con una gran vanedad de enfermedades
como: Infecciones de hendas, bacteremua infecciones de
vias unnanas, infecciones dentales, endocarditis, mmfecciones
abdommales v sepsis neonatal (Fisher & Pholhps, 20097
Ademzs, en Furopa se han aislade Emrsrococous resistentes
a vancomacma, en carme (MMessi, Guemen, Miederhanssern,
Sabia & Bondi, 2006) v en productos lacteos (Ogier & Samor.
2008}, lo cual convierte 3 estos almentos contamumados en un
Zran nesgo samtario.

Tradicionalmente, para las infecciones causadas por E.
Jeacium s empleaban B-lactammcos o glucopeptidos; sin
embarge, la resistencia para los primeros es casi total, por
ejemple, para ampicilng e mmipenem fenia una prevalencia
del 98.8% en Reino Umdo en &l 2006 (Brown er al., 2008)
v hov en dia se espera que la resistencia sea tofal, por lo que
este prupo de anfimecroblancs es completamente it en el
fratammento de mmfecciones causadas por esta bactena. Para
el caso de los glucopeptides, especificamente vancomicina,
existen al menos nueve determinantes de resstencia, vanA,
B,C.D E G L M vyvanl, sitendo vand el mas dismbudo
alrededor del munde v el mas conmmments asocado con la
resistencia de E. feacium (Eang eral, 2014).

Sraphyvlococens anrens es una bacteria Gram (%) con un
crecimients caracterisheo formande lo que se denominz
“racimos de uvaz”. Forma parte de la flora normal de la
piel ¥ =& encuenfra prneipalmente en el tracto nasal ¥ en
el perinec de los mamiferos (Appelbaum, 2007). 5. aureus
cuenta con todo un arsenal de proteinas extracelulares que
emplea durante la infeccion como factores de virulencia:
hemoh=inas, proteasas, hmahwomdazas v colagenaszas que
le ayvudan a la colomzacion v en Iz busqueda de mitnentes
(Boubaker et al. 2004). Nommalmente, las infecciones
causadas por 5. aurens eran fratadas con pemcilina, sin
embargo, el uso ¥ abuso de este tratanuento ha causado que
la resistencia se extienda, por lo que actualmente el 90%
de los aislammentos climeos de 5. awreus son resistentes
a la penicilma ¥ aproximadamente el 80% de éstos son
resistentes a la mehicihina (MESA), que era empleado como
ultima opcion (Sakoulas & Moeellering, 2008).

El tratammento de primerz lnea para las mfecciones causadas
por bacteriaz MESA es la vancomicina, sin embargo, una vez
mas, la fuerte presicn selectiva causada por el extenso uso de
este antmucrobiane ha causade la apancion de dos tipos de
resistencia, infermedia v completa. 5 aurens, con resistencia
mtermedia, ha evelucionado para generar una membrana poco
permeable a la mayoria de los anhimacrobiancs, por lo que
g5 virtualmente mmsensible a la mayonz de los tratamentos
empleados, lo cual, sumado con los factores de virulencia, la
cum.'ierre 80 UmA SHperbacteria que pone en resgo 3 todas
las personas, especialmente a2 las gque fiemen problemas

mmumitanes {(Vestergaard, Frees & Ingmer, 2019). El primer
reporte de resistencia mmtermedia foe emubdo en Japon a
mediades de los afos 90 ¥ se ha vuelto un problema de mteres
global, debido a la cada ver mas frecuente apancion de
cepas con resistencia infermedia en Asia, Furopa v Amérnca
{(Chambers & Deleo, 2009). La resistencia completa as muy
poco comnm ¥ ha swzde debide a la transferencia de genes
infer-especies con Enfsrococcus resistentes a la vancomicina,
va que se han identificade 5. aurens con genes vanA (Gardete
& Tomasz, 2014).

Klebsiells prnewmomige s un muembro de la farmba
Entercbactenizceae, donde fambién se agrupa Escherichia
coli: es wn bacilo Gram (-) v se considera wna bacteria
infrinsecamente vimlenta debide a la presencia de adhesinas v
de uma capsula que actia como un factor antifagocthco (Clagg
& Mmph}' 2016). Se considera wn patogeno np-nrrumsla ¥
se asocla comimments con infecciones de las vias unmnanas
v de las vias respwatonas. K prneumonige es notoria por la
acumulzcion y rapida disemunacion de multiples determinantes
deresistencia alos anfinoerobiancs: vno de los mas importanfes
gz la adgmsicion de wna gran vanedad de B-lactamasas,
enmmas capaces de hdrohzar el amlle B-lactamieo comtm
en todas las pemeolings, cefalospormas v carbapenemacos.
Debado 2 que los carbapeneoucos son los antiomeroblanos de
primers linea en el tratamuents de infecciones causadas por
esta bactena, las opelones de tratarmento son lmmtadas v en
paises como Estados Umdos, K pneumoniae productora de
carbapenemasas (KPC) ha sido el agente causal de infecciones
a gran escala, debide principalments a que el determinante de
resistencia es capaz de tansferirse entre diferentes especies
¥ en Femo Undo es causante del 20% de las bactenemuas
{(Chaeenan & Bush. 2007. Livemmore, Hope, Brick, Lilhe &
Fevnolds, 2008).

El panorama completo es ann mas compheado, va que, en
el laboratonie, cepas altamente virulentas de K preumoniae
zon capaces de formar un bigfilm, una matmz polmeérca
compuesta por pelisacandos v protemas que le confieren
proteccion contra elementos exogenos del medio, como los
antmmerobianos (Clegg & Muwrphy, 2016). En la naturaleza,
son capaces de asoclarse con otras espectes bactenanas gue
comparten wna dismbucion espacial smular por ejemplo,
s han reportade asociaciones con P oasruginosa, Protens
mirabiliz v Candida albicans, entre otros. Mientras que las
Inferacelones se llevan a cabo en estas comumidades
complejas p-almanm&u sin resolver, por el momento solo se
ha podido establecer el hecho de que hdiar con infecciones
de esta naturalera es sumamenfe compheads (Makomeczna
et al., 2019).

Acinetobacter baumanmii es un cocobacillo aercbico, Gram

(-}, no presenta meovilidad v no ez capaz de fermentar
glucosa. Se conmsidera un patogenc oportumista ¥ es el
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responsable del 2-10% de las imfecciones hospitzlanas
causadas por bacterias Gram (-) ¥ se asocla comimmente con
infecciones en la piel, bacteriemia, meningitis, neumonia &
infeccion de hendas (Lee er al., 2017). 4. baumannii puede
mgresar facilmente al cuerpo humaneo a traves de hendas
abiertas, catéteres mtravasculares v ventiladores mecamcos,
debido a su capacidad para crecer en un gran mtervalo de
temperaturas, pH v mveles de nutnentes, pusde sobrevrnr
dentro del cuerpo bumaneo, asi como en diferentes vectores
(Anfunes, Vizca & Towner, 2014). Ademas, 4. baumannii
Poses una ciotoXing, que consiste en una profeina de
membranz externa [lamada Omp38, que es capaz de mduewr
la apoptosis de las eelulas epitehiales bumanas v se considera
m factor de virulencia crucial para las primeras fases de la
nfeceron {Chot et al ., 2005).

Un fenomeno observado desde bhace algunos ates ha side
la asocacion de mfecciones causadas por A, baumarmi
bendas producidas en zonas de confhictos armades; per
gjemplo, en veteranos v soldados que estmieron en Irsk v
Afgamstan se detectaron 85 casos, donde el 35% de las cepas
fueron suscephbles imeamente a una clase de anfimaerobiano
v el 4% fueron resistentes a todos los tratamuentos estandar
(Pelez., Seafert & Paterson, 2008). Emsten evidencias que
mdican que el efecto mmmnosupresor de la morfina puede
incrementar el nesge de contraer una infeccion cansada por
esta bactena: no obstante, es el tratammento habitual despues
de sufrr una henda en combate (Breslow et al., 2011}

La prncipal preocupacion en el caso de 4. baumarmii ha sido
la rapida apancion ¥ propagacion de cepas que contenen
B-lactamasas de espectro extendido, va que éstas muestran
resistencia a colishna e mmipenem. Ademas, la combmacion
con ofros factores de -resistencia infrinsecos, como son la
presencia de sistemas de expulsion, ha provecado que esta
bacteria sea capaz de evadir la accion de |z gran mavoria de
los tratzmentos estamdar que consistian antenorments en el
use de carbapenémucos, B-lactimices v Huoroqumolonas
(Lee et al., 2017).

Psendomenas aeruginose e una bactena Gram (-],
anzeroha facultativa, que puede enconfrarse en ammales,
plantas ¥ suelo v ha sido reconocida como la bactena
patdgena oporfumsta mas asociada a mfecciones hospitalanas
en pacientes gue utlizan ventiladores (Lupo, Haenm &
Madec, 2018). En personas sanas raramente puede llegar a
afectar mn salud, sin embargo, presenta una mortalidad alta
en pacientes con fibrosis quishea v en mdmiducs mmmo-
comprometdos (Pang, Eandoms, Glick, Lin & Cheng, 2019].
E=ta bactenia presenta una resistencia infrinseca a mmlhples
anbimicrobianos: especialmente puede desarrollar resistencia
durantfe el tratamiento con mupensm, que anteriormente era
el trataomento de eleccion, mediante la sobreexpresion o la
modificacion del gen que codifica a la porna AmpC (Pang er

al., 2019}, P asruginesa puede producir tambeén B-lactamasas
de espectro extendido ¥ han swgide aislados capaces de
resistir los efectos de las flucroqumolonas, que llegaron a sar
consideradas como la nueva esperanza en el tratamiento de
mfecciones causadas por esta bactena, mediznte la mutacion
de los genes que codifican los blancos de las fuorequinclonas,
la DNA =iraza v la toposomerasa IV, asi como con el reciente
reporte del determinante de resistencia CrpP codificado en un
plasmmde (Chavez-Jacobo ar al_, 2018).

Darante las primeras etapas de la colomzacion, P asruginoza
se adluere a las celulas gracas a la presencia de flagelos v de
un pili, que es un apendice especial de naturaleza proteimca
que ademas se emplea en la tansferencia de matenal
genetico entre especies. Una vez gue |z adhesion es exitosa,
P asruginoza comienrza a secretar dos colorantes, que uhiliza
como sideroforos, moléculas especializadas en la quelacion
del lnero v como resultado las ceélulas hospederas entran
en estado de privacion de hieme, lo cual activa una via de
respuesta INmune mnata, qQUe en Personas sanas acabaria
rapidamentes con la infeccion, pero que en personas lmmuno-
comprometidas su umea opoon es el uso de farmacos
antimucrobianes (Mikaido, 2003).

Enterobacter spp. un bacilo Gram (-}, anaerobio facultatvo
que se puede encontrar encapsulado v se asocla conmmmente
con mfeceiones de las vias unnanas v del tracto respiratono,
aungue fambién se encnenfra en infecclones sanguineas
en pacientes inmumo-comprometidos (Mezzatesta, Gona
& Stefam, 2012). Emterebacter cleacae v Emterobactsr
asregenes son las bactenas mas representativas de este grupo
v las mas comimmente asociadas con mmlturesistencia a
antimicrobianes. Aungue se han reportado aislados resistentes
a B-lactamicos v fluoroquimolonas, que eran la primera opoion
parz tratar este fipo de infecciones, hasta el momento el
emples de colisima ha dade buenos resultades (Davin-Regh,
Lavigne & Pages, 2019).

Fue en 1989 cuando se reporto el pnmer caso de infecciones
hospitalanas debide a E. eleacas productora de B-lactamasas
de espectro extendido (De Champs er al., 1989). Actualmenta,
mnfe con E. coli v K pmeumoniae representan a las fres
entercbacterias con mayor numere de cases de resistencia a
los antimacrobianos. La resistencia se encuentra amphiamente
distnbmda ¥ para mmapenem se reporta hasta el 0.4% (Lee
et al, 2005). para aminoglucosidos hasta el 51%, ¥ para
flnoroquinolonas del 64 al 100% (Corkill, Ansom & Hart,
2003}, por lo que las oporones para el corrects trafammento de
mfecciones causadas por Enverobacter sp son limmtadas.

C oNCLUSIONES

Actualmente, existe una wgente necesidad de desarrollar
nuevas estrategias para combatir especificamente la
resistencia a los anbhmcrobianos del zupo de bactenas
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ESEAPE. va que este mrupo &= la mavor amenaza a los
sistemas de salud publica en todo el mundo, por le que
es pecesaria una rapida acclon para tratar este problema
fan grave Hasta el momento no ha sido suficients [z
mplementacion de terapias empleando combinaciones de
farmacos v desafortunadamente, no parecen exisor avances
en el desamolle de mweves anfiwcrobianos contra P
aeruginosa ¥ A baumamnii. Se han becho grandes esfuerzos
el desamrollo de nuevos mandores de B-lactamasas v de
sistemas de expulsion; sin embargo, esto no ha sido suficiente
v por el momento es wgente explorar ouevas alternativas,
como podrian ser: terapia con bactenofages acoplados con
la tecnologia CRISPR/Cas (Chavez-JTacobo, 2018) v el uso
de terapia fotodinamica (Nakomecmma et al, 2019). Por el
momento tenemos que poner todas ouestras esperanzas en el
desarrollo v perfeccionamuents de estas nuevas estratemas,
va que signen siendo mestables v resultan toscas para el
pacienfe. Sin embarpe, podnan comvertirse en la mejor
alternativa para tratar infecciones causadas principalmente
por el grupo de bactenas ESKAPE.
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VI. CONCLUSIONES Y DISCUSION

Las quinolonas han sido el centro de un considerable interés tanto cientifico como clinico
desde la sintesis del primer farmaco de este grupo, el &cido nalidixico (Figura 1) (Lesher y
col., 1962). Hoy en dia ciprofloxacina es una de las quinolonas méas empleadas en el
tratamiento contra bacterias Gram (-) como P. aeruginosa (Emmerson y Jones, 2003), a pesar
de que tiene més de tres décadas en uso y del surgimiento de distintos sistemas de resistencia

bacterianos.

En nuestro grupo de trabajo se aislo el plasmido pUM505 de una cepa clinica de P.
aeruginosa (Cervantes y col., 1986; Cervantes y Ohtake. 1988) y se determind que cuando
se transfiere a la cepa estandar de laboratorio P. aeruginosa PAOL confiere resistencia a
ciprofloxacina; sin embargo, cuando el plasmido fue secuenciado y su secuencia analizada,
no se identificd ninguno de los genes de resistencia a quinolonas reportados hasta ese
momento (Ramirez-Diaz y col., 2011), por lo que resulté de interés identificar los genes
responsables de la resistencia a quinolonas. Debido a que los sistemas de resistencia
reportados hasta el momento pueden conferir resistencia a mualtiples quinolonas, por ejemplo,
QepA confiere resistencia a ciprofloxacina y a norfloxacina; se decidié determinar si el
plasmido pUMS505 puede conferir resistencia a otras quinolonas, ademas de a ciprofloxacina.
Nuestros resultados muestran que el plasmido pUM505 puede conferir resistencia a
ciprofloxacina, norfloxacina y moxifloxacina en P. aeruginosa PAOL. Para determinar cual
determinante genético es responsable de la resistencia a quinolonas conferido por el plasmido
pUMS505 se realizé un nuevo andlisis in silico y se encontro que la proteina de 65 aminoacidos
codificada por el orf131 posee similitud con la proteina APH-I1lb, una proteina de la familia

de las aminoglucésido fosfotransferasas (APH) que es capaz de conferir resistencia a
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kanamicina, gentamicina y estreptomicina (Smith y Baker. 2002). La proteina CrpP muestra
identidad baja (18%) con la proteina APH-I1b de P. aeruginosa M18 que es capaz de conferir
resistencia a kanamicina, gentamicinay estreptomicina mediante la transferencia de un grupo
fosfato del ATP a alguno de los grupos hidroxilo que presentan estos antibioticos (Wu'y col.,
2011). Se ha encontrado que para las enzimas de la familia APH los porcentajes de identidad
son del 20-40% y presentan importantes residuos conservados particularmente en el extremo
carboxilo terminal, que se encargan de la catalisis y la unién con los aminoglucoésidos,
mientras que en el extremo amino terminal se encuentran residuos involucrados
principalmente con la union al ATP (Smith y Baker. 2002). La proteina CrpP no posee los
residuos cataliticos reportados para las proteinas APH, sin embargo, presenta dos residuos
conservados, la Gly7 (involucrado en la catalisis) y la lle26 (relacionado con la unién a ATP).
Ademas, ha sido reportado que los residuos de los dominios involucrados en catalisis y en la
unién con el ATP puede variar entre las subfamilias de APH, por lo que, la proteina CrpP
puede conferir resistencia a antibioticos y las variaciones en la secuencia le pueden permitir

el reconocimiento de sustratos diferentes.

La sola presencia del gen crpP no confiere resistencia cuando se transfiere a una cepa de P.
aeruginosa PAOL, sin embargo, esto puede deberse a la resistencia intrinseca que presenta
esta cepa (Hancock. 1998), ya que la transferencia del plasmido pUM505 confiere resistencia
a ciprofloxacina, norfloxacina y moxifloxacina lo que sugiere que el plasmido pUM505
puede contener determinantes de resistencia adicionales a crpP que juntos confieren la
resistencia en P. aeruginosa. El gen crpP fue transferido a la cepa E. coli J53-3 y se encontro
que confiere resistencia a ciprofloxacina, pero no al resto de las quinolonas que se probaron

(&cido nalidixico, norfloxacina, moxifloxacina y levofloxacina), ni a los aminoglucosidos

74



(kanamicina, estreptomicina, gentamicina y amikacina) lo cual indica que la proteina CrpP
confiere resistencia de manera selectiva a ciprofloxacina en E. coli. La capacidad de conferir
resistencia de manera selectiva a un solo antibiotico no es algo inusual y se sabe que las
proteina de la familia APH presentan perfiles de resistencia muy variables, por ejemplo,

APH(3’) tinicamente fosforila kanamicina y neomicina (Smith y Baker. 2002).

La actividad in vitro de la enzima CrpP purificada se determino para entender el mecanismo
de la enzima en la resistencia a ciprofloxacina. CrpP mostrd actividad enzimética a
ciprofloxacina y norfloxacina cuando estos fueron usados como sustratos. Debido a que no
se observo actividad contra las quinolonas: acido nalidixico, moxifloxacina y levofloxacina,
y los aminoglucésidos kanamicina y estreptomicina, se sugiere que la enzima CrpP es
especifica contra ciprofloxacina y norfloxacina. La determinacion de los parametros
cinéticos indica que los valores de Km para ambos antibidticos son similares, mientras que
la Vmax para ciprofloxacina fue siete veces superior que la de norfloxacina. El cociente
calculado Vmax/Km fue 5 veces superior para ciprofloxacina, lo cual puede explicar porque
no se observa un fenotipo de resistencia a norfloxacina cuando se clond el gen crpP en E.
coli J53-3. La familia APH incluye varios miembros que son capaces de conferir patrones de
resistencia diferenciales y especificos, asi que los miembros de esta familia pueden conferir
resistencia a antibioticos especificos (Robicsek y col., 2006). Se obtuvieron resultados
similares cuando se caracterizo la enzima AAC(6’)-Ib-cr, que es mas eficiente modificando
kanamicina que ciprofloxacina, lo que sugiere especificidades diferenciales entres estos dos
antibioticos. Ademas, CrpP utiliza ATP como cosustrato, lo que indica que la actividad es
dependiente del ATP y por lo tanto sugiere que el mecanismo de accion de CrpP puede

consistir en la fosforilacion del antibidtico, debido a que las enzimas APH catalizan la
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transferencia de un grupo fosfato a un aminoglucésido, y muchas de estas enzimas utilizan

ATP como donador del grupo fosfato (Ramirez y Tolmasky. 20).

Adicionalmente, se analizaron los metabolitos derivados de la reaccion de CrpP y
ciprofloxacina mediante cromatografia de liquidos acoplada a espectrometria de masas (LC-
MS-MS) y los resultados sugieren que la molécula de ciprofloxacina sufre una modificacion.
Los resultados revelaron la presencia de un ion molecular que corresponde a ciprofloxacina-
ATP (mz=820), ademas de varios intermediarios de la degradacion de esta molécula. De
manera adicional se verifico la modificacion de la molécula de ciprofloxacina mediante
espectrometria de infrarrojo. Los resultados obtenidos sugieren que la molécula de
ciprofloxacina se activa mediante la union con el ATP, posteriormente se fosforila y
finalmente se degrada. Por lo que crpP codifica una proteina capaz de conferir resistencia a
ciprofloxacina de manera especifica, dependiente de ATP y que involucra la fosforilacion

del antibidtico.

La resistencia a quinolonas es cada vez mas comun de encontrar en infecciones bacterianas
y se han realizado mdltiples estudios para identificar la presencia de determinantes
plasmidicos de resistencia (PMQR por sus siglas en ingles) en enterobacterias aisladas de
humanos, animales y comida; y los resultados encontrados muestran que la prevalencia
promedio de qnrA, gnrB, gnrS y aac(6’)-lb-cr son: 1.5%, 4.6%, 2.4% y 10.8%
respectivamente (Strahilevitz y col., 2009). Por lo que respecta al determinante de resistencia
crpP; el plasmido pUM505 de P. aeruginosa fue aislado desde 1986 y aunque su secuencia
se reportd en 2011 no se habia investigado hasta el momento la presencia del gen crpP en
aislados de origen clinico (Ramirez-Diaz y col., 2011). Para determinar la presencia de crpP

en diferentes grupos de bacterias Gram (-), se analiz6 una coleccion de aislados clinicos de
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enterobacterias productoras de  lactamasas de espectro extendido (ESLB por sus siglas en
ingles). Se identificaron homdlogos a crpP en estos grupos de cepas con una frecuencia de
5.19%, lo que indica que se encuentra moderadamente distribuido y debido a que las cepas
que contiene el gen presentan resistencia a ciprofloxacina, se sugiere que crpP participa en
la resistencia hospitalaria. En general, la prevalencia de crpP fue superior en E. coli (75%),
seguido por K. pneumoniae (25%). Comparando la prevalencia de otros determinantes
reportados previamente, con los resultados obtenidos aqui, se encontré a crpP con una
frecuencia mas baja comparado con los genes gnr (21%) y aac(6’)-lb-cr (43%) (Silva-

Sanchez y col., 2011).

Debido a que la resistencia a quinolonas se asocia comunmente con determinantes
plasmidicos, con el prop6sito de determinar la distribucién de homoélogos a crpP en
elementos moviles se analiz6 también un grupo de 68 transconjugantes con plasmidos de
origen clinico con ESBL aislados de diferentes hospitales de México. Los resultados
muestran que el 7.35% de las transconjugantes posee un gen homologo a crpP, lo que indica
que el gen se encuentra moderadamente distribuido y que puede ser movilizado mediante

transferencia horizontal para contribuir a la resistencia hospitalaria a ciprofloxacina.

Se analiz6 la secuencia de los genes homdlogos a crpP y se encontr6 que todos presentan un
probable promotor AlgU (oF) lo cual indica una probable regulacion similar. EI promotor
AlgU de P. aeruginosa es ort6logo al promotor oF de E. coli, un factor sigma alternativo que
dirige la transcripcion de genes de respuesta a condiciones extrema de estrés, como podria
ser, la presencia de moléculas antibioticas (Firoved y col., 2002). En general, los homdlogos
a crpP codifican proteinas pequefias, similares en tamafio a CrpP de pUMb505 y se encuentran

mas conservadas en la region amino terminal que en el extremo carboxilo. Estos resultados
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nos indican que las proteinas parecidas a CrpP podrian constituir una familia no conservada
en cuanto a su secuencia primaria, pero que poseen la misma funcion. A pesar de las
diferencias entre las estructuras secundarias se observaron aminoacidos conservados en todos
los homologos: Gly7, Thr8, Asp9, Lys33, Gly34 y Cys40, lo que sugiere que estos residuos
podrian ser importantes para la funcion de las proteinas. Debido a las diferencias estructurales
presentadas por las proteinas estos genes homologos fueron clonados y transferidos a E. coli
J53-3 donde se determind que todos los genes confieren resistencia a ciprofloxacina

probablemente mediante el mismo mecanismo de fosforilacion de CrpP de pUM505.

Debido a que se observaron diversos aminoécidos conservados en las proteinas homdélogas
se decidid introducir modificaciones en los codones que codifican estos residuos para
determinar su importancia en la funcion de la proteina CrpP. Los cambios en los residuos
Gly7, Asp9 y Lys33 por un residuo de alanina, provocé que las cepas de E. coli BL21
transformadas con el gen modificado adquirieran un fenotipo de susceptibilidad a
ciprofloxacina con respecto de una cepa que contiene el gen crpP nativo. Se determiné
también la actividad enzimatica de las proteinas modificadas y se confirmé su incapacidad
para modificar ciprofloxacina con respecto de la proteina nativa. Los resultados nos indican
que los residuos de Gly7, Asp9 y Lys33 son esenciales para la funcion de la proteina CrpP,
lo cual sugiere que podrian estar relacionados con la catélisis, debido a que cuando se
reemplazaron estos residuos la Km aumenta al menos dos veces, mientras que la Vmax
disminuye hasta cuatro veces. Cuando se modificaron las concentraciones del cosustrato ATP
se observo un resultado similar, lo cual refuerza la hipotesis de que los residuos Gly7, Asp9

y Lys33 son esenciales para la catélisis.
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La modificacién en el codon que codifica para el residuo Cys40 por un residuo de alanina,
provocd un fenotipo de susceptibilidad a ciprofloxacina, similar al observado con las
modificaciones mencionadas anteriormente, sin embargo, cuando se determind la actividad
enzimatica se observd que estd se encuentra totalmente eliminada, tanto a ciprofloxacina
como a ATP. Estos resultados sugieren que el residuo de cisteina es esencial para la actividad
catalitica de la proteina CrpP, debido a la capacidad de los residuos de cisteina para formar
puentes disulfuro, se cree que puede estar involucrado tanto en la catalisis como en la
regulacién estructural de la proteina CrpP. Finalmente, la modificacion del codon que
codifica el residuo de 1le26 por alanina, provoco un fenotipo susceptibilidad intermedia a
ciprofloxacina, pero solo un ligero decremento en su actividad enzimatica, lo cual sugiere

que el residuo de Ile26 no es esencial para la actividad de la proteina CrpP.

Con los resultados obtenidos en el presente trabajo podemos concluir que el gen crpP
confiere resistencia a ciprofloxacina a través de un sistema de modificacion de fosforilacion
del antibiotico, que emplea ATP como sustrato. Ademas, fue posible determinar que crpP se
encuentra distribuido en aislados de origen clinico de hospitales mexicanos y que los
homdlogos encontrados conservan residuos importantes para la funcion de la proteina CrpP,

como son Gly7, Asp9, Lys33 y Cys40.
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