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HIPOTESIS Y OBJETIVOS
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virulencia de Y. enferocolitica O:8. Por consiguiente, nos planteamos los siguientes
objetivos:
- Analizar las alteraciones del LPS que activan el sistema Cpx.
- Estudiar el papel de Cpx en la expresion de los principales sistemas
reguladores.
- Evaluar el papel del Cpx en la regulacion de los factores de virulencia y en la

resistencia a PAs.
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El plasmido pKNOCK-IntWzzpstb se electropord a la cepa Y. pseudotuberculosis
(O1B) y por recombinacion homologa se obtuvo el mutante wzzpstb.

Los mutantes se seleccionaron por su resistencia a Kanamicina. A continuacion, se
extrajo el LPS y se analizé mediante un gel SDS-PAGE seguido de tincion con el kit
comercial Pro-Q° Emerald 300 Lipopolysaccharide Gel Stain Kit (P20495) de
INVITROGEN siguiendo las instrucciones del fabricante para visualizar el efecto de

la mutacion.

3.2. Construccion de los mutantes YeO8AYscP y YeO8AwzzAYscP mediante

mutagénesis dirigida por doble recombinacion homoéloga.

3.2.1. Construccion del vector suicida pKNG101AYscP.

En primer lugar, se amplificaron mediante PCR los fragmentos correspondientes a
ambos extremos del gen a mutar, utilizando como molde el ADN de Y. enterocolitica
0:8 8081, la polimerasa Golaq® Flexi y las parejas de cebadores denominadas
YeO8YscPUPF1/ YeO8YscPUPR1 y YeO8YscPDPoWNF1/ YeO8YscPDONWRI
(Anexo I, Tabla 5). Los cebadores DownF y UpR incluyen en su extremo 5" la diana
de restriccion para el enzima de restriccion BamHI. Los dos fragmentos de PCR
obtenidos para la construccidén del mutante, son complementarios en sus extremos 5
gracias a esta diana.

A continuacidn, se purificaron ambos fragmentos a partir de un gel de agarosa y se
realizo una PCR de polimerizacion empleando la polimerasa Go7aq® Flexi para unir
ambos fragmentos, sin los cebadores. El fragmento de ADN obtenido a partir de la
reaccion de polimerizacion se usé6 como molde para una reaccion de PCR empleando
la polimerasa GoTag® Flexi 'y los cebadores YeO8YscPUPF1 vy
YeO8YscPDONWRI. El fragmento de PCR obtenido, de un tamafio de 1719 pb, se
clono en el vector pGEM-T® Easy (Promega), generandose pGEMTAYscP.

El plasmido pGEMTAYscP se digirid con Pvull y el fragmento, de 2171 pb, se
purifico de un gel de agarosa. Este fragmento se clono en el vector suicida pKING101
digerido con Smal obteniéndose pPKNG101AYscP. Dicho vector se transformo en F.
coli CC118-Apir.
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hasta alcanzar una densidad 6ptica DO540 de 1.2. Las células se recogieron mediante
centrifugacion (2.000 x g, 20 min, 15°C) y se resuspendieron en PBS a una DOsy4o de
0.6. Se transfirieron 800 ul de esta suspension a una cubeta de fluorescencia de 1 cm.
La fluorescencia se midi6 con un fluorimetro LS-50 (Perkin-Elmer Ltd.,
Beaconsfield, Inglaterra) en el modo “Read” con una longitud de onda de excitacion
de 485 nm, de emision de 528 nm y una ancho de rendija de 5 nm en ambos casos.
Los resultados se expresaron como unidades relativas de fluorescencia (URF). Las
medidas se realizaron por quintuplicado en tres ocasiones independientes. Las URFs
de las cepas conteniendo el plasmido pPROBE’-gfp[LVA]Tp se sustrajeron a las

medidas obtenidas con los plasmidos que contenian las fusiones transcripcionales.

5. Ensayos de resistencia frente a péptidos antimicrobianos.

5.1 Ensayos de supervivencia.

Para los ensayos de supervivencia las bacterias se cultivaron a 21°C en un caldo de 5
ml de LB durante toda la noche. Al dia siguiente los cultivos se diluyeron 1:10 y se
incubaron (a 21°C o0 a 37°C) y se recogieron por centrifugacion (2000 x g, 20 min, 24
°C) tras alcanzar su fase de crecimiento exponencial (ODs4 0.8). Las células se
lavaron una vez con PBS y se preparé una suspension bacteriana de 1x10° ufc/ml en
PBS 10 mM (pH 6.5), 1 % TSB (Oxoid), y NaCl 100 mM.

Se prepar6 una bateria de tubos tipo Eppendorf® con 25 pl de diferentes
concentraciones (2,5 pg/ml, 5 pg/ml, 10 pg/ml, 20 pg/ml, 40 pg/ml, 80 pg/ml) de
péptido antimicrobiano, polimixina B y se afiadieron a cada uno de los tubos 5 ul de
la suspension bacteriana anteriormente preparada. En todos los casos el volumen final
fue de 30 ul. Los tubos se incubaron durante 1 h a la temperatura de crecimiento de
las bacterias y, transcurrido este tiempo, se plaqued todo el contenido de los tubos en
placas de LB agar que se incubaron a temperatura ambiente. A los dos dias se
contaron las colonias y los resultados fueron expresados como porcentajes con
respecto al numero de colonias de las bacterias no expuestas al agente antimicrobiano.
El 50 % de la concentracidn inhibitoria de cada péptido antimicrobiano (ICsq) fue
definido como la concentracidon que producia una reduccion del 50 % del nimero de

colonias, comparando siempre con las bacterias no expuestas al péptido. Los
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Tras 16 h a 4°C, los precipitados se recogieron por centrifugacién (2000 x g, 30 min,
4°C) y se lavaron con 1,5 ml de agua d.o.i. Finalmente las proteinas se
resuspendieron en tampon de carga 1X (10 % glicerol, 2,5 % B-mercaptoetanol, 1 %
SDS, 0,01 % azul de bromofenol en 62,5 mM Tris-HCI [pH 6,8]). La cantidad de
tampdn de carga empleada vario entre 50 y 80 ul y se normalizd entre muestras segin
el numero de ufc por ml. Las muestras se congelaron a -20°C hasta su analisis

mediante SDS-PAGE seguido de tincion con Azul de Coomassie.

Para el analisis electroforético de proteinas en geles desnaturalizantes de
poliacrilamida con SDS se utiliz6 el equipo MINI-PROTEAN IITM de Bio-Rad. Se
empled un gel de poliacrilamida desnaturalizante con SDS con un gradiente del 4 %
(gel de compactacion) al 12 % (gel de resolucion). Se cargaron 20 ul por pocillo de
las muestras previamente hervidas durante 5-10 min a 100°C, para su
desnaturalizacion. La electroforesis se realizé en tampon de carrera 1X (Tampon 10X:
0,25 M Trizma base, 1,9 M glicina, 1 % SDS) aplicando un voltaje de 70 V hasta el
alineamiento de las muestras en la fase de compactacion, momento en que se aumento

el voltaje a 140 V hasta el final de la electroforesis.

Tras la electroforesis, el gel se tifio durante 1 h en agitacioén con una solucion Azul de
Coomassie (0,25 % Azul de Coomassie, 50 % metanol, 10 % acido acético glacial). A
continuacién, el gel se lavd en agitacion durante 1-4 h con una solucidén de 10 %
metanol y 10 % acido acético. Transcurrido este tiempo el gel se mantuvo en agua

d.o.i.

8. Expresion de la proteina YadA.

Las bacterias se cultivaron en 2 ml de RPMI sin el indicador de pH rojo fenol (PAA
Laboratories) a 37°C sin agitacion durante toda la noche. A continuacién, se midio la
DOs49 alcanzada por los cultivos y se realizaron diluciones seriadas para determinar el
numero de ufc por ml. En un tubo tipo Eppendorf®, se centrifugdé 1 ml de cultivo
(16000 x g, 10 min, 4°C)y las bacterias se resuspendieron en 200 pl de solucidon de

carga 1X (10 % glicerol, 2,5 % B-mercaptoetanol, 1 % SDS, 0,01 % azul de
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bromofenol en 62,5 mM Tris-HCI [pH 6,8]). Las muestras se incubaron durante 4
horas a 37°C y, posteriormente, se congelaron a -20°C hasta su andlisis mediante
SDS-PAGE seguido de tincién con Azul de Coomassie. Se siguid el protocolo

descrito en el apartado 7, aunque las muestras no se hirvieron.

9. Citotoxicidad en células A549.

Para realizar el ensayo de citotoxicidad en células A549, éstas se cultivaron en placa
de 24 pocillos (Sarstedt, Inc.) con cubreobjetos y con medio RPMI 1640 (LabClinics)
complementado con 1 % de HEPES y 10 % de STF. Al alcanzar una confluencia del
70%, las células se infectaron con diferentes cepas de Y. enmterocolitica y de Y.
pseudotuberculosis con una multiplicidad de infeccion 25:1 durante 1 h. A
continuacion, las células se lavaron dos veces con 500 ul de PBS y se afiadieron 300
ul de una solucion de PFA para fijar las células. Tras una incubacion de 20 min a
temperatura ambiente, se lavo con 500 ul de PBS tres veces. A continuacion, se
afiadié 1 ml de PBS con 14 pl de NH4Cl a 4°C durante 16 horas para neutralizar los
aldehidos libres.

Se realizo la tincion de las células con Hoechst 33342 (Invitrogen) para visualizar el
nucleo de la célula y Faloidina verde para el citoesqueleto. Las tinciones se realizaron
en un volumen de 40 ul de PBS con 10 % de suero de caballo, 0,1 % de saponina,
Hoechst 1:2500 y Faloidina verde 1:100. Los cubreobjetos se lavaron dos veces con
PBS-saponina 0,1 %, una vez con PBS y se incubaron en una camara humeda en
oscuridad 30 minutos. A continuacion, los cubreobjetos se lavaron dos veces con
PBS-saponina 0,1 %, una vez con PBS y otra con agua. Se secaron cuidadosamente
los cubreobjetos y se fijaron con una gota de Prolong Gold antifade mounting gel

(Invitrogen) en el porta.
Se observaron los cubres mediante microscopia de fluorescencia y se realizaron fotos

de varios campos representativos. El experimento se realizo por triplicado en tres

ocasiones independientes.
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10. Adhesion e invasion a células A549.

Para realizar estos ensayos, las células A549 se cultivaron en placa de 24 pocillos
(Sarstedt, Inc.) en medio RPMI 1640 (LabClinics) complementado con 1 % de
HEPES y 10 % de STF. Al alcanzar una confluencia del 70 %, las células se
infectaron con diferentes cepas de Y. enterocolitica y de Y. pseudotuberculosis con

una multiplicidad de infeccién 25:1 durante 1 h.

Adhesion, las células se lavaron 5 veces con 500 ul de PBS y se afiadieron 300 pl de
una solucion de saponina 0,5 % para lisar las células. Tras una incubacion de 5 min a

temperatura ambiente, se plaquearon las diluciones en placas de LB agar.

Invasién, las células se lavaron 2 veces con 500 ul de PBS y se afiadieron 500 ul de
medio RPMI 1640 con Gentamicina 100 pg/ml durante 90 minutos de incubacion
adicionales. A continuacion, las células se lavaron 2 veces con PBS y se afiadio una
solucion de saponina 0,5 % para lisarlas. Tras una incubacion de 5 min a temperatura

ambiente, se plaquearon diluciones seriadas en placas de LB agar.

El experimento se realizo tres veces por triplicado.

11. Translocacion de la proteina YopkE al citosol de las células A549.

Para analizar la translocacion de la proteina YopE al citosol de células A549, éstas se
cultivaron en placa de 12 pocillos (Sarstedt, Inc.) en medio RPMI 1640 (LabClinics)
complementado con 1 % de HEPES y 10 % de STF. Al alcanzar una confluencia del
80%, las células se infectaron con diferentes cepas de Y. enmferocolitica y de Y.
pseudotuberculosis con una multiplicidad de infeccion 25:1. Se centrifugd la placa

(200 x g durante 5 minutos) y se incubd durante 1 hora.
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polvo desnatada en una solucion 0.1% Tween-20 en TBS 1x). A continuacion, se
incubd la membrana durante 18 h a 4°C y agitacion con el anticuerpo primario. Para la
deteccion de YopE se uséd un anticuerpo policlonal de conejo anti-YopE (donado por
el Dr. Holger Riissmann), diluido 1:2000 en tampon de bloqueo. Tras la eliminacidn
del anticuerpo no unido mediante dos lavados de 15 min con el tampdn de lavado, la
membrana se incubo con el anticuerpo secundario (1 h, temperatura ambiente, en
agitacion). Para la deteccion de YopE, la membrana se incubo con el anticuerpo
secundario anti-IgG de conejo conjugado con fosfatasa alcalina (Stabilized Goat Anti-
Rabbit HRP-Conjugated, PIERCE), diluido 1:1000 en tampon de bloqueo (1 h,
temperatura ambiente, en agitacion). Antes del revelado, la membrana se lavo dos
veces con tampon de lavado (15 min, temperatura ambiente, en agitacion). El
revelado se realiz6 incubando la membrana con el reactivo del kit SuperSignal West-
Dura de PIERCE siguiendo las instrucciones del fabricante. Las bandas
inmunoreactivas se visualizaron y procesaron con el sistema de andlisis de

quimioluminiscencia GeneGenome HR de Syngene.

12. Adhesion a colageno humano.

El dia anterior al experimento, se prepararon placas de 24 pocillos con cubreobjetos a
las que se les afiadio 100 ul de solucion de colageno (10 ug/ml) en PBS, y se
mantuvieron a 4°C. En paralelo, se pusieron los cultivos bacterianos en 5 ml de LB
durante 16 horas a 37°C.

El dia del experimento, se lavaron las placas con TBS (NaCl 150 mM, Tris-HCI 20
mM, pH 7,5) y se bloquearon con 150 pL de una solucién al 2% de BSA en TBS
durante 1 hora a 4°C. Posteriormente, se lavaron con 500 ul de TBS 3 veces.

Ademas, los cultivos bacterianos se diluyeron 1:10 en 5 ml de LB durante 2,5 horas a
37°C. Posteriormente, se centrifugaron y se ajustaron a 10° bacterias/ml en PBS. Las
placas de colageno se inocularon con 100 pl de bacterias durante 1h a 37°C. Se usaron
100 wl de PBS como control sin infeccion. Transcurrido este tiempo, se lavaron las
placas 3 veces con 500 pl de TBS y se fijaron con 300 ul de solucion al 4 % de

Paraformaldehido. Tras una incubacién de 20 min a temperatura ambiente, se lavaron
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las placas con 500 ul de PBS tres veces. A continuacion, se afiadio 1 ml de PBS con

14 ul de NH4Cl a 4°C durante 16 horas para neutralizar los aldehidos libres.

Se realiz6 la tincion de las células con Hoechst 33342 (Invitrogen) para visualizar el
ADN de las bacterias. Las tinciones se realizaron en un volumen de 40 ul de PBS con
10 % de suero de caballo, 0,1 % de saponina, Hoechst 1:2500. Los cubreobjetos se
sumergieron dos veces en una solucién de PBS-saponina 0.1 %, una vez en PBS y se
incubaron en una camara humeda en oscuridad 30 minutos. A continuacién, los
cubreobjetos se sumergieron dos veces en PBS-saponina 0.1 %, una vez en PBS y
otra en agua. Se secaron cuidadosamente los cubreobjetos y se fijaron con una gota de

Prolong Gold antifade mounting gel (Invitrogen) en el portaobjetos.

Se observaron los cubreobjetos mediante microscopia de fluorescencia y se realizaron
fotografias de cuatro campos representativos. Para la cuantificacion se contaron las
bacterias adheridas de los 4 campos representativos a 100 aumentos y se hizo el
sumatorio, obteniendo un valor total para cada cubreobjetos. El 100 % de adhesién se
considerd que era la media del sumatorio de cuatro cubreobjetos de la cepa silvestre.
Las otras cepas se representaron en funcidon del % de adhesion respecto a la cepa

silvestre. El experimento se realizo por triplicado.

13. Adhesion a macrofagos THP-1.

Para realizar el ensayo de adhesion a macrofagos THP-1, éstos se cultivaron en placa
de 24 pocillos (Sarstedt, Inc.) en medio RPMI 1640 (LabClinics) complementado con
1 % de HEPES y 10 % de STF. Para diferenciar los monocitos a macrofagos se
afiadieron 10 ng/ml de PMA al medio 16 h antes del experimento.

Al dia siguiente, los cultivos bacterianos se diluyeron 1:10 en Sml de LB durante 2,5
horas (1.5 h a 21°C y 1 h a 37°C para fomentar la produccion de las proteinas
efectoras). Posteriormente, se centrifugaron y se ajustaron a 10°® bacterias/ml en PBS
y las células se infectaron con diferentes cepas de Y. enterocolitica y de Y.
pseudotuberculosis con una multiplicidad de infeccion 20:1, se centrifugd (200 x g, 5

min) y se incubaron durante 30 minutos.
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6,8]). Posteriormente, se congelaron a -20°C hasta su analisis mediante SDS-PAGE y

western blot. Se sigui6 el protocolo descrito en el apartado 7.

Para la deteccion del epitopo FLAG se utilizo un anticuerpo de raton anti-flag
comercial (Sigma), diluido 1:2000. Para la deteccién del epitopo FLAG, se utilizo el
anticuerpo secundario anti-IgG de raton conjugado con fosfatasa alcalina (Stabilized
Goat Anti-Mouse IgG, (H+L), Thermo Scientific), diluido 1:1000 en tampon de
bloqueo (4 % de leche en polvo desnatada en una solucion 0,1 % Tween-20 en TBS

1x). Segun el protocolo descrito en el apartado 11.1.

18. Estadistica.

Los resultados se expresan como la media + la desviacion estandar. La igualdad de los
resultados se contrastd a partir de un analisis de la varianza (ANOVA) de una cola o
el test 7 de Student de dos colas, empleando el programa informatico GraphPad Prism
version 4. Las diferencias se consideraron estadisticamente significativas si el valor

de P fue inferior a 0,05.
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Antigeno O . .
Nicleo - . . -
Lipido A - ' -

Cepa 08 08 Awzz  Awzz  WzzYe WzzYe WzzYp WzzYp WzzH3 WzzH3
Temp.°C 21 37 21 37 21 37 21 37 21 37

Figura 12. Caracteristicas del LPS de las cepas de Y. enterocolitica O:8 utilizadas en el estudio.
Las bacterias se cultivaron en LB a 21°C y a 37°C, y fueron procesadas para la extraccion del LPS y
analizadas en el gel SDS-PAGE seguido de tincion con el kit comercial kit comercial Pro-Q" Emerald
300 Lipopolysaccharide Gel Satin Kit (P20495) de INVITROGEN siguiendo las instrucciones del

fabricante. Los resultados son representativos de tres experimentos independientes.

Paralelamente, se construyeron cepas con Wzz heterdlogas en un mutante wzz de
Yersinia pseudotuberculosis O:1B. La cepa silvestre posee una Wzz que confiere

cadenas O largas.

En la Figura 13., observamos que la expresion de la cadena O en la cepa silvestre de
Yersinia pseudotuberculosis O:1B era mayor a 21°C (A) que a 37°C (B). Ademads, la
longitud de la cadena O era también mayor a 21°C (A) que a 37°C (B). En el caso del
mutante en el gen wzz observamos cadenas O de longitud muy corta tanto a 21°C

como a 37°C (C, D).

Al igual que con las cepas de Yersinia enterocolitica, se observd que la
sobreexpresion de WzzYe en un mutante wzz de Y. pseudotuberculosis O:1B confiere
a 21°C y a 37°C una longitud de cadena O similar a la expresa que expresa la cepa
silvestre de Y. enterocolitica a 21°C (Figura 12A). Por tanto, pierden la regulacion

por la temperatura (E, F) y confieren cadenas O de longitud “corta” respecto a su
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cepa silvestre. En cambio, si se expresa WzzYp tanto a 21°C como a 37°C (G, H)
observamos cadenas de longitud igual a la de su cepa silvestre a 21°C, , a las que
llamaremos de longitud “intermedia”. Al expresar Wzz de Aeromonas observamos
cadenas O de longitud mas larga a las anteriores tanto a 21°C como a 37°C (I, J), a las

que llamaremos de longitud “larga”.

Antigeno O

Nucleo

Lipido A

Cepa O1B OI1B Awzz  Awzz WzzYe WzzYe WzzYp WzzYp WzzH3 WzzH3
Temp.°C 21 37 21 37 21 37 21 37 21 37

Figura 13. Caracteristicas del LPS de las cepas de Y. pseudotuberculosis O:1B utilizadas en el
estudio. Las bacterias se cultivaron en LB a 21°C y a 37°C, y fueron procesadas para la extraccion del
LPS y analizadas en el gel SDS-PAGE seguido de tincion con el kit comercial kit comercial Pro-Q"
Emerald 300 Lipopolysaccharide Gel Satin Kit (P20495) de INVITROGEN siguiendo las

instrucciones del fabricante. Los resultados son representativos de tres experimentos independientes.

1.2. Efecto de la longitud de la cadena O en la citotoxicidad en células A549

Un efecto dependiente del STTS es la citotoxicidad en células epiteliales. Se sabe que
esta causada por la inyecciéon de YopE al citosol de la célula. La citotoxicidad se
detecta por la contraccion de las fibras del citoesqueleto y el redondeamiento de las
células, causado por la disrupcion y condensacion de la estructura de los filamentos

de actina de las células (Rosqvist et al., 1991). Por consiguiente, nos planteamos si la
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Al poner todos los resultados de fagocitosis de las cepas de Yersinia enterocolitica
O:8 juntos (Figura 27), los resultados muestran que los mutantes simples wzz eran
fagocitados con mayor eficiencia que los mutantes dobles wzz-yscP. La cantidad de
bacterias internalizadas en la cepa silvestre era baja.

No se observaron diferencias en el nimero de UFC fagocitadas entre los mutantes
simple (YeO8Awzz) y del mutante doble sin complementar con Wzz
(YeO8AwzzYscP/pLM21) que daban un valor similar en ambos casos (Figura 27).

En cambio, en los mutantes dobles wzz-yscP y cadenas O largas (WzzYe, WzzYp y
Wzz de Aeromonas) las bacterias eran fagocitadas con menor eficiencia que en el
caso de los mutantes simples wzz complementados con cadenas O largas (WzzYe,

WzzYp y Wzz de Aeromonas) (Figura 27).
En conjunto, los resultados sugieren que una mayor longitud de la aguja del

inyectiosoma favorece la translocacion y disminuye la cantidad de bacterias

internalizadas por macréfagos en las cepas de Y. enferocolitica con cadenas O largas.
1%107=

8x106-
6x106 _‘ —‘

4x10°=

Fagocitosis (UFC)

2x106+

0=

Figura 27. Efecto de la longitude de de la cadena O y de la aguja en la fagocitosis en macréfagos
THP-1. Crecimiento de diferentes cepas de Yersinia en LB induciendo con arabinosa 0.2% la tltima

hora y posterior infeccién a los macréfagos THP-1 durante 30 minutos. Las bacterias intracelulares se
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Figura 41. Analisis de la expresion de YadA en el mutante cpxR. (A) Analisis mediante SDS-PAGE
y posterior tincion con azul de Coomassie de las bacterias lisadas crecidas a 37°C en RPMI1640. La
proteina YadA se indica con una flecha. (B) Analisis grafico de la adhesion a colageno humano de la
cepa YeO8 y GHY102 a 37°C. Resultados expresados en % de bacterias adheridas. Los datos
expuestos representan la media y la desviacion estandar de tres experimentos independientes. *, indica
una diferencia estadisticamente significativa (P < 0,05, ¢ Student de dos colas) con respecto a la cepa

silvestre crecida a la misma temperatura.

Todos estos datos sugieren que el sistema Cpx actia de sensor de las alteraciones en
el LPS y la membrana externa. Como respuesta regula la expresion de los genes
relacionados con las modificaciones del LPS y de los factores de virulencia

codificados tanto en el plasmido pYV como en el cromosoma.
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1. Mediante Wzz heterologas creamos cepas con cadenas O de longitud variable,

perdiendo la regulacion por la temperatura tipica de la cepa silvestre al ser inducidas

con arabinosa.

2. A mayor longitud de la cadena O menor es el efecto citotoxico

3. Lalongitud de la cadena O no afecta a la secrecion de proteinas Yop in vitro.

4. La longitud de la cadena O no afecta a la adhesion e invasion del epitelio.

5. Lalongitud de la cadena O no afecta a la adhesién a coldgeno humano.

6. La cantidad de proteina YopE translocada al citosol de las células epiteliales se ve

reducida en cadenas O largas.

7. La cantidad de bacterias internalizadas en los macrofagos se ve aumentada en las

cepas de cadenas O largas.

8. La citotoxicidad en macréfagos se ve disminuida en cadenas O largas.

9. La longitud de la cadena O no afecta a la expresion de virF'y yopE.

10. Mediante YscP heterdlogas creamos cepas con inyectiosoma mas largo al de Y.

enterocolitica O:8. Estudiamos en ¢éstas el efecto de la longitud de la cadena O.

11. Al expresar inyectiosoma largo, hay un aumento de la citotoxicidad en cadenas O

largas.

12. Al expresar inyectiosoma largo, hay una reduccion en la secrecion de proteinas

Yop in vitro.

13. Al expresar inyectiosoma largo y la longitud de la cadena O no afectan a la

adhesion e invasion del epitelio.
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14. Al expresar inyectiosoma largo, hay un aumento de la cantidad de proteina YopE

translocada al citosol de las células epiteliales en cadenas O largas.

15. Al expresar inyectiosoma largo, la cantidad de bacterias internalizadas en los

macrofagos se ve reducida en cadenas O largas.

16. Mediante YscP procedente de Y. enterocolitica O:8 creamos cepas con su propio
inyectiosoma (Y. enterocolitica O:8) y cadenas O de longitud variable. En éstas cepas
el efecto de la longitud de la cadena O es igual al del mutante simple wzz

complementado con Wzz heterologas.

17. El sistema Cpx es sensible a las modificaciones en el lipido A, de la cadena O y
del flagelo. También es sensible a alteraciones en los sistemas reguladores

PhoP/PhoQ, PmrA/PmrB y RovA.

18. CpxR actia como de represor o activador de la expresion de los genes

relacionados con las modificaciones del lipido A.

19. CpxR actua como regulador negativo a 37°C para el gen fThDC, 1o que se traduce
en un aumento de la cantidad de flagelina producida por la bacteria y en un aumento

de la movilidad de la bacteria.

20. CpxR actia como regulador positivo para los genes clpXP, rovA y inv. Lo que se
traduce en una reduccion en la invasion a las células epiteliales A549 en el mutante

cpxR.

21. CpxR juega un papel en la resistencia frente a los péptidos antimicrobianos.

22. Kl sistema Cpx tiene un papel en la virulencia de Y. enferocolitica O:8. Un
mutante cpxR tiene aumentada la secrecion de Yops in vifo, también la cantidad de
proteina YadA en su membrana, lo que se traduce en un aumento de la adhesion a

colageno.
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Tabla 5. Cebadores utilizados en el estudio.

Cebadores Secuencia 5°-3° Uso
IntWzzpstbF AATCACAAATCTGACC | Construccion del mutante
GTGCTTG wzz en Ypstb O1B
IntWzzpstbF TCACTAATGGCTGAGC | Construccion del mutante
CATTGC wzz en Ypstb O1B
YeO8YscPUPF1 ACC CAA TGA GCC | Construccion del mutante
GCC TG yscP en YeO8
YeO8YscPUPR1 CGG ATC CGT TGG | Construccion del mutante
TAG ACA CTT CGG |yscP en YeO8
CAAG
YeO8YscPDPoWNF1 CGG ATC AGC TGC | Construccion del mutante
ATG TAG AAC TGA | yscP en YeO8
TCG CCA G
YeO8YscPDONWRI1 AAG ATT TGC CGC | Construccion del mutante
CCC ACT TC yscP en YeO8
PcpxPF GGAATTCCCAGACCCA | Amplificar la region
GAACCCGATCC promotora del gen cpxP
para construir cepas
indicadoras.
PcpxPR GGGTACCCGGTCTTAT | Amplificar la region
CAGCGGCGAAG promotora del gen cpxP
para construir cepas
indicadoras.
ProYemgtAF GGAATTCCCATTGTTT | Amplificar la region
AATACCCGTGAAACG | promotora del gen mgtA
para construir cepas
indicadoras.
ProYemgtAR GCCACTATTCAGGCGA | Amplificar la region
ATAGC promotora del gen mgrA
para construir cepas
indicadoras.
ProlnvF ACTTCCTGATTTGCCG | Amplificar la region
CGTC promotora del gen inv
para construir cepas
indicadoras.
ProlnvR GGAATTCCCGCTGTAT | Amplificar la region
GTCTC promotora del gen inv
para construir cepas
indicadoras.
ProClpPF CCAGAAACAGCATTTG | Amplificar la region
CGCTG promotora del operon
clpXP para construir cepas
indicadoras.
ProClpPR GGAATTCCAAAAGCCC | Amplificar la region
GTAGCCCTATGG promotora del operon

clpXP para construir cepas
indicadoras.
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The LPS contains a molecular pattern recognized by the innate
immune system thereby arousing several host defence responses.
On one hand, CAMPs target this LPS pattern to bind to the
bacterial surface, which is necessary for their microbicidal action.
On the other hand, recognition of the LPS by the LPS receptor
complex triggers the activation of host defence responses, chiefly
the production of inflammatory markers. Not surprisingly, the
modification of the LPS pattern is a virulence strategy of several
pathogens to evade the mnnate immune system, and 1. enterocolitica
is not an exception. Recently, we have demonstrated that the
temperature-dependent lipid A modifications with aminoarabi-
nose and palmitate help 1. enterocolitica to avoid the bactericidal
action of CAMPs [15]. In this context, it was not totally
unexpected to find out that the /pxR mutant was as susceptible
as the wild type to polymyxin B, a model CAMP, since the mass
spectrometry analysis indicated that the aforementioned lipid A
modifications were not affected in the xR mutant background.
Concerning the activation of inflammatory responses, several
studies highlight the critical role of pYV-encoded Yops, chiefly
YopP, to prevent the activation of inflammatory responses in a
variety of cells, including macrophages. Nevertheless, Rebeil and
co-workers [12] conclusively demonstrated that purified LPS from
Y. enterocolitca grown at 37°C s less inflammatory than that purified
from bacteria grown at 21°C. This is in agreement with the
concept that underacylated LPSs are less inflammatory than hexa-
acylated ones [52]. Therefore, it was plausible to speculate that the
LpxR-dependent deacylation of LPS at 37°C was responsible for
the reduced stimulatory potential of the LPS described by Rebeil
and co-workers. To confirm this speculation we chose to challenge
macrophages with alive bacteria instead of using purified LPS
since there might be differences between the cellular recognition of
purified LPS and the LPS expressed in the complex lipid
environment of the bacterial outer membrane. To our initial
surprise, we observed that the /pxR mutant elicited similar
inflammatory response than the wild type when both strains were
grown at 37°Cl. The fact that these responses were significantly
lower than those elicited by bacteria grown at 21°C suggested that
pYV-encoded factors were attenuating the inflammatory response.
Therefore, we hypothesized that the arsenal of Yops injected to the
cell were efficiently counteracting the activation of inflammatory
responses evoked by the pxR mutant LPS. In fact, our data
demonstrated that the production and function of the pYV-
encoded virulence factors were not affected in the pxR mutant.
Giving support to our hypothesis, the inflammatory response
elicited by the /pxR mutant cured of the pYV virulence plasmid
grown at 37°C was significantly higher than that induced by the
virulence plasmid negative wild-type strain. Moreover, our
findings suggest that, among all Yops, YopP plays a major role
in counteracting the inflammation elicited by the /xR mutant
since the TNFu levels induced by the /pxR mutant cured of the
pYV virulence plasmid grown at 37°C were not different than
those triggered by YeO8-ApopP-AlpxR. On the whole, our results
and those reported by Rebeil and co-workers [12] are consistent
with a model m which the characteristic low inflammatory
response associated to . enterocolitica infections might be the sum of
the ant-inflammatory action exerted by YopP and the reduced
activation of the LPS receptor complex due to the expression of a
LpxR-dependent deacylated LPS. In this scenario, the latency of
LpxR may facilitate a quick bacterial response upon entering the
host to reduce the initial recognition of the pathogen by the LPS
receptor complex. This will allow the pathogen to activate other
host countermeasures, among others the pYV-encoded type III
secretion system, which is a time consuming process.
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Materials and Methods

Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. Unless otherwise indicated, Yersinia strains were grown in
lysogeny broth (LB) medium at either 21°Cl or 37°C. When
appropriate, antibiotics were added to the growth medium at the
following concentrations: ampicillin (Amp), 100 pg/ml for 7.
enterocolitica and 50 png/ml for E. coli; kanamycin (Km), 100 pg/ml
in agar plates for Y. enterocolitica, 50 pg/ml in agar plates for F. colz,
and 20 pg/ml in broth; chloramphenicol (Cm), 20 pg/ml;
trimethoprim (Tp), 100 ug/ml; tetracycline (Tet) 12.5 pg/ml;
and streptomycin (Str), 100 pg/ml.

Y. enterocolitica mutant construction

In silico analysis led to the identification of Y. enterocolitica 8081
homologue of {pxR (YE3039), yopP (YEP0083) and yopE (YEP0053)
[accession number AM286415; [20]]. To obtain the [pxR, yopP,
and yopE mutants two sets of primers (T'able S1) were used for each
gene to amplify two different fragments from each gene, LpxRUP
and LpxRDOWN, YopPUP and YopPDOWN, YopEUP and
YopEDOWN,; respectively. Both fragments were BamHI-digested,
purified, ligated, amplified as a single PCR fragment using a
mixture of GoTag Flexi polymerase (2.5 units/reaction; Promega)
and Vent polymerse (2.5 units/reaction; New England Biolabs), gel
purified and cloned into pGEMT-Easy (Promega) to obtamn
PGEMTApxR, pGEMT AyopP, and pGEMTAyopE respectively. A
kanamycin resistance cassette flanked by FRT recombination sites
was obtained as a BamHI fragment from pGEMTFRTKm and it
was cloned into BamHI-digested pGEMTApxR and pGEMT-
AyopP to generate pGEMTApxRKm and pGEMTAyepPKm
respectively. AlpxR:Km, and AygpP:Km alleles were amplified
using Vent polymerase (New England Biolabs) and cloned into
Smal-digested pKNG10l to obtain pKNGA/pxRKm and
PKNGAyopPKm, respectively. ApopE allele was obtained by
Pvull-digestion of pGEMTAygpE, gel purified and cloned into
Smal-digested pPKNG101 to obtain pKNGAyopE. pKNG101 is a
suicide vector that carries the defective pirnegative origin of
replication of R6K, the RK2 origin of transfer, and an Str
resistance marker [62]. It also carries the sacBR genes that mediate
sucrose sensitivity as a positive selection marker for the excision of
the vector after double crossover [62]. Plasmids were introduced
into E. coli CC118-Apir from which they were mobilized into V.
enterocolitica 8081 by triparental conjugation using the helper strain
E. coli HB101/pRK2013. Bacteria were diluted and aliquots
spread on ZYersima selective agar medium plates (Oxoid) supple-
mented with Str. Bacteria from 5 mdividual colonies were pooled
and allowed to grow in LB without any antibiotic overnight at RT.
Bacterial cultures were serially diluted and aliquots spread in LB
without NaCl containing 10% sucrose and plates were incubated
at RT. The recombinants that survived 10% sucrose were checked
for their antibiotic resistance. The appropriate replacement of the
wild-type alleles by the mutant ones was confirmed by PCR and
Southern blot (data not shown). In the case of YeO8-AlpxRKm
and YeO8-Ayop PKm mutants, the kanamycin cassette was excised
by Flp-mediated recombination [63] using plasmid pFLP2Tp.
This plasmid 1s a derivative from pFLP2 constructed by cloning a
trimethoprim resistance cassette, obtained by Smal digestion of
p34S-Tp [64], into Scal-digested pFLP2. The generated mutants
were named YeO8-AlpxR and YeO8-AyopP, respectively. YeO8-
AyopP-AlpxRKm  and YeO8-ApmrF-AlpxRKm double mutants
were obtained mobilizing the pKNGAHxRKm plasmid into
YeO8-AyopP and YeO8-ApmrF, respectively. The replacement of
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the wild-type alleles by the mutant ones was done as described
above and confirmed by PCR (data not shown).

To cure the pYV plasmid from YeO8-AlpxRKm, bacteria were
grown at 37°C in Congo Red Magnesium oxalate agar plates [65].
Colony size and lack of uptake of Congo Red were used to detect
loss of the virulence plasmid. This was further confirmed by testing
the YadA-dependent autoagglutination ability [66].

Construction of IpxR::lucFF reporter fusion

A 443 bp DNA fragment containing the promoter region of jpxR
was amplified by PCR using Vent polymerase (see Table S1 for
primers used), EcoRI digested, gel purified and cloned into EcoRI-
Smal digested pGPLO1Tp suicide vector [15]. This vector contains
a promoterless firefly luciferase gene (luclF) and a R6K origin of
replication. A plasmid in which lucFF was under the control of the
{pxR promoter was identified by restriction digestion analysis and
named pGPLO1TpYelpxR. This plasmid was introduced into E. coli
DH5a-,pir from which it was mobilized into Y. enterocolitica by
triparental conjugation using the helper strain E. coli HB101/
pRK2013. Strains in which the suicide vectors were integrated mto
the genome by homologous recombination were selected. This was
confirmed by PCR (data not shown).

Complementation of /JpxR mutant

To complement the /pxR mutant, a DNA fragment of 1.5 kb
was PCR-amplified using TaKaRa polymerase (see Table S1 for
primers used) gel purified, and cloned into pGEMT-Easy
(Promega) to obtain pGEMTCom/pxR. A fragment, containing
the putative promoter and coding region of the deacylase, was
obtained by Pvull digestion of pGEMTCom/{pxR, gel purified and
cloned into the Scal site of the medium copy plasmid pTM100
[40] to obtain pTMLpxR. For the construction of plasmid
pTMLpxRFLAG, the /pxR coding region with its own promoter
and a FLAG epitope sequence right before the stop codon was
PCR amplified using Vent polymerase, primers LpxRtagging and
LpxrFLAG (Table S1) and genomic DNA as template. The
fragment was phosphorylated, gel purified and cloned into Scal-
digested pTM100. pTMLpxR and pTMLpxRFLAG were intro-
duced into E. coi DH50-Apir and then mobilized into V.
enterocolitica strains by triparental conjugation using the helper

strain £. colt HB101/pRK2013.

Isolation and analysis of lipidA

Lipid As were extracted using an ammonium hydroxide/
1sobutyric acid method and subjected to negative ion matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry analysis [14,67]. Analyses were performed on a Bruker
Autoflex II MALDI-TOF mass spectrometer (Bruker Daltonics,
Incorporated) in negative reflective mode with delayed extraction.
Each spectrum was an average of 300 shots. The ion-accelerating
voltage was set at 20 kV. Dihydroxybenzoic acid (Sigma Chemical
Co., St. Louts, MO) was used as a matrix. Further calibration for
lipid A analysis was performed externally using lipid A extracted
from E. coli strain MG1655 grown in LB at 37°C. Interpretation of
the negative-ion spectra is based on earlier studies showing that ions
with masses higher than 1000 gave signals proportional to the
corresponding lipid A species present in the preparation
[9,12,17,68]. Important theoretical masses for the interpretation of
peaks found in this study are: lipid IV, 1405; C)o, 182, Cy4, 210;
Ci6.1, 236.2; aminoarabmose (AraNH), 131.1; C,¢, 239.

Site-directed mutagenesis
Site-directed mutagenesis of the lpxR gene was performed by
PCR [69]. Plasmid pTMLpxR, obtained with a minipreparation kit
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(Macherey-Nagel), was used as template and the desired mutations
were introduced by the primer pairs described in Table S1.
Amplifications were carried out in 50 pl reaction mixture using Vent
DNA polymerase (New England BioLabs.). The PCR was started
with initial 70 sec incubation at 95°C and then steps (95°C 50 sec,
60°C 75 sec and 72°C 6 min) were repeated 20 times followed by a
10 min extension time at 72°C. The obtained PCR products were
gel purified, phosphorylated with T4 polynucleotide kinase, ligated,
and digested with Dpnl to break down any remaining template
plasmid. The ligated PCR-product was transformed into F. coli
C600. Plasmid DINA was 1solated from transformants and the {pxR
gene was completely sequenced to confirm the generated mutations
and to ensure that no other changes were introduced. The name of
each mutant construct includes the wild-type residue (single-letter
amino acid designation) followed by the codon number and mutant
residue (typically alanine).

For the construction of plasmids pTMLpxR(INSAFLAG and
pITMLpxR(S34AFLAG, the /xR  alleles encoded into
pTMLpxR(N9A) and pTMLpxR(S34A) were PCR amplified using
Vent polymerase, and primers LpxRtagging and LpxtFLAG (Table
S1). The fragments were phosphorylated, gel purified and cloned into
Scal-digested pTM100 [40]. Plasmids were introduced mto E. colt
DHb50-Apir and then mobilized into Y. enterocolitica strains by triparental
conjugation using the helper strain £. coi HB101/pRK2013.

Purification of membrane proteins and Western blot
analysis of LpxR FLAG tagged levels

Overnight 5-ml cultures of Y. enterocolitica strains were diluted
1:21 into 100 ml of LB in a 250-ml flask. Cultures were incubated
with aeration at 21°C or 37°C until ODgyg 0.8. Bacteria were
recovered by centrifugation (6500 xg; 10 min, RT) and they were
resuspended in 2 ml of 10 mM Tris/HCI (pH 7.4)-5 mM MgSO4
containing 2% Triton X-100 (v/v). Cells were broken by
sonication (Branson digital sonifier; microtip 1/8” diameter,
amplitude 10%) for 15X1 min cycles, each cycle comprised
1 min sonication step separated by 1 min intervals. Unbroken cells
were eliminated by centrifugation (2000xg, 20 min), and cell
envelopes were recovered by ultracentrifugation (Beckman 70.1 Ti
rotor; 45 000xg; 1 h, 4°C). The cell envelopes were resuspended
m 500 pl of distilled water. The protein concentration was
determined using the BCA Protein Assay Kit (Thermo Scientifc).

80 ng of proteins were separated on 4-12% SDS-PAGE, and
semi-dry electrotransferred onto a nitrocellulose membrane using as
transfer bufter SDS-PAGE-urea lysis bufter [a freshly prepared 1:1
mix of 1 X SDS running buffer (12 mM Tris, 96 mM glycine, 0.1%
SDS] and urea lysis buffer (10 mM NayHPO,, 1% B-mercapto-
ethanol, 1%SDS, 6 M urea)] [70]. Membrane was blocked with 4%
skim milk in PBS. Membranes were stained using anti-Flag antibody
(1:2000; Sigma) following the instructions of the supplier.

Structural modeling of Yersinia enterocolitica LpxR

A homology model of YeLpxR was constructed based on the
crystal structure of StLpxR (PDB code 3FID; [21]. The YeLpxR
sequence was used as bait to search Protein Data Bank with the
Basic Local Alignment Search Tool (BLAST) at NCBI (http://
blast.ncbinlm.nih.gov/). A pairwise sequence alignment was made
using the program MALIGN ([71] i the BODIL modeling
environment [72], and a picture of the alignment was created
using ESPript [73]. The essential water molecule and the zinc 1on
in the StLpxR crystal structure were also included in the YeLpxR
model. A set of ten models was created with the program
MODELLER [74], from which the model with the lowest value of
the MODELLER objective function was analyzed and compared
to the crystal structure of StLpxR by superimposing with the
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program VERTAA (Johnson & Lehtonen, 2004) in BODIL.
Different rotamers for D10 and D31 were searched with the
program Jackal (http://wiki.c2b2.columbia.edu/honiglab_public/
index.php/Software;Jackal). D10 was changed to the same
rotamer as in the crystal structure of StLpxR, while the rotamer
used for D31 was the one with the lowest energy according to
Jackal. SURFNET [75] was used to detect surface cavities, while
PyMOL (Version 1.4, Schrodinger, LLC) was used for preparing
pictures. For the SURFNET calculations, the minimum radius for
gap spheres was set to 1.5 A and the maximum radius was 4.0 A,

For the docking studies, a Kdoo-lipid A, both with and without
aminoarabinose, was modified from the coordinates for the LPS
molecule in the crystal structure of FhuA [76]. The fatty acyl
chains were removed from the Kdos-lipid A molecule in order to
reduce the number of rotatable bonds and make the docking more
reliable. Aminoarabinose was added to the modified Kdoo-lipid A
molecule with SYBYL (Version 8.0, Tripos Associates, Inc., St
Louis, MO, USA), and the structure was minimized with the
conjugate gradient method and Tripos force field. The modified
Kdos-lipid A, both with and without aminoarabinose, was docked
to the YeLpxR model and the StLpxR crystal structure (PDB code
3FID) with GOLD via Discovery Studio (GSC IT Center for
Science Ltd, Espoo, Finland), with default docking parameters and
the receptor cavity defined to D10, Q16, T/S34, K67, and Y130.

Luciferase activity

The reporter strains were grown at 21°C or at 37°C on an
orbital incubator shaker (180 r.p.m.) until ODs4p 1.6. The cultures
were harvested (2500 xg, 20 min, 24°C) and resuspended to an
ODs4p of 1.0 1n PBS. A 100 pl aliquot of the bacterial suspension
was mixed with 100 pl of luciferase assay reagent (1 mM D-
luciferin [Synchem] in 100 mM citrate buffer pH 5). Lumines-
cence was immediately measured with a Luminometer LB9507
(Berthold) and expressed as relative light units (RLU). All
measurements were carried out in quintuplicate on at least three
separate occasions.

Analysis of motility and flhDC expression

Phenotypic assays for swimming motility were initiated by
stabbing 2 pl of an overnight culture at the centre of agar plates
containing 0.3% agar and 1% tryptone [25,26]. Plates were
analyzed after 24 h of incubation at R'T and the diameters of the
halos migrated by the strain from the inoculation point were
compared. Experiments were run in quadruplicate in three
independent occasions.

To measure fIkDC expression, plasmid pRSFIWDCO08 [26]
encoding the transcriptional fusion flhDC::lucFF was integrated
into the genomes of the strains by homologous recombination.
This was confirmed by Southern blot (data not shown).
Luminescence was determined as previously described.

B-galactosidase and alkaline phosphatase activities

B-galactosidase activity was determined as previously described
with bacteria grown in 1% tryptone at RT [77]. Alkaline
phosphatase activity was determined in permeabilized cells and
the results are expressed in enzyme units per ODggg as previously
described [78]. Experiments were run in duplicate in three
independent occasions.

Real time-quantitative PCR (RT-¢PCR)

Bacteria were grown at 21°C or at 37°C in 5 ml of LB medium
on an orbital incubator shaker (180 r.p.m.) until an ODggp of 0.3.
0.5 ml of ice-cold solution EtOH/phenol [19:1 v/v (pH 4.3)] were
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added to the culture and the mixture was incubated on ice for
30 min to prevent RNA degradation. Total RNA was extracted
using a commercial NucleoSpin RNA II kit as recommended by
the manufacturer (Macherey-Nagel).

c¢DNA was obtained by retrotranscription of 2 pg of total RNA
using a commercial M-MLV Reverse Transcriptase (Sigma), and
random primers mixture (SABiosciences, Quiagen). 50 ng of
cDNA were used as a template in a 25-pl reaction. RT-PCR
analyses were performed with a Smart Cycler real-time PCR
instrument (Cepheid, Sunnyvale, CA) and using a KapaSYBR
Fast gPCR Kit as recommended by the manufacturer (Cultek).
The thermocycling protocol was as follows; 95°C for 3 min for
hot-start polymerase activation, followed by 45 cycles of 95°C for
155, and 60°C for 30s. SYBR green dye fluorescence was
measured at 521 nm.

c¢DNAs were obtained from three independent extractions of
mRNA and each one amplified by RT-qPCR in two independent
occasions. Relative quantities of jpxR mRINAs were obtained using
the comparative threshold cycle (44Ct) method by normalizing to
rpoB and tonB genes (Table S1).

Analysis of Yop secretion

Overnight cultures of 1. enterocolitica strains were diluted 1:50
into 25 ml of TSB supplemented with 20 mM MgCl,; and 20 mM
sodium oxalate in a 100-ml flask. Cultures were incubated with
aeration at 21°C for 2.5 h, and then transferred at 37°C for 3 h.
The optical density at 540 nm of the culture was measured and the
bacterial cells were collected by centrifugation at 1500xg for
30 min. Ammonium sulphate (final concentration 47.5% w/v) was
used to precipitate proteins from 20 ml of the supernatant. After
overnight incubation at 4°C, proteins were collected by centrifu-
gation (3000xg, 30 min, 4°C) and washed twice with 1.5 ml of
water. Dried protein pellets were resuspended i 50 to 80 ul of
sample buffer and normalized according to the cell count. Samples
were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 12% polyacrylamide gels and
proteins visualized by Coomassie brilliant blue staining.

Control experiments revealed that the secretion of Yops was not
affected n yopF and yopP mutants except that each mutant did not
produce either YopE or YopP, respectively (data not shown).

Analysis of YadA production

Bacteria were grown overnight in 2 ml RPMI 1640 medium
lacking phenol red at 37°C without shaking. The ODsyq of the
culture was measured and CFUs were determined by plating serial
dilutions. Bacteria from 1-ml aliquot were recovered by centrifu-
gation (16 000xg, 10 min, 4°C) and resuspended in 200 pl of
SDS-sample buffer. Samples were incubated for 4 h at 37°C and
kept frozen at —20°C. Samples were analyzed by SDS-PAGE
using 10% polyacrylamide gels and proteins visualized by
Coomassie brilliant blue staining. Samples were normalized
according to the cell count and they were not boiled before
loading the gel.

Binding assay to collagen-coated slides

Overnight cultures of Y. enterocolitica strains grown at 37°C were
diluted 1:10 into 5 ml of LB and grown with aeration at 37°C for
2.5 h. bacterta were pelleted, washed once with PBS and
resuspended to an ODsg4g of 0.3 in PBS.

12 mm circular coverslips in 24-well tissue culture plates were
coated overnight at 4°C with 10 pg/ml human collagen type I
(Sigma) in PBS (final volume 100 plj. Coverslips were washed
three times with TBS and later they were blocked for 1 h at 4°C
with 2% BSA in TBS. Finally, coverslips were washed three times
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and were incubated at 37°C with 100 pl of the bacterial
suspension. After 1 h incubation, the coverslips were washed
three times with PBS and then bacteria fixed with 3.7%
paraformaldehyde (PFA) in PBS pH 7.4 for 20 min at room
temperature. PFA fixed cells were incubated with PBS containing
0.1% saponin, 10% horse serum and Hoechst 33342 (1:25000) for
30 min in a wet dark chamber. Fmally, coverslips were washed
twice In 0.1% saponin in PBS, once in PBS and once in H5O,
mounted on Aqua Poly/Mount (Polysciences) and analysed with a
Leica CTR6000 fluorescence microscope. Bacteria were counted
in images from three randomly selected fields of view obtained at a
magnification of X100 taken with a Leica DFC350FX camera.
Wild-type adhesion was set to 100%.

Actin disruption by Yersinia infection

Carcinomic human alveolar basal epithelial cells (A549, ATTC
CCL-185) were maintained in RPMI 1640 tissue culture medium
supplemented with 1% HEPES, 10% heat mactivated foetal calf
serum (FCS) and antibiotics (penicillin and streptomycin) in
25 em? tissue culture flasks at 37°C in a humidified 5% CO,
atmosphere as previously described [79]. For infections, A549 cells
were seeded on 12 mm circular coverslips in 24-well tissue culture
plates to 70% confluence. Cells were serum starved 16 h before
infection. Overnight cultures of Y. enterocolitica strains grown at
21°C were diluted 1:10 into 5 ml of LB and grown with aeration
at 21°C for 1.5 h and then 1 h at 37°C. Bacteria were pelleted,
washed once with PBS and resuspended to an ODggr=1
(approximately 10° CFU/ml) in PBS. Cells were infected with
this suspension to get a multiplicity of infection of 25:1. After 1 h
incubation, the coverslips were washed three times with PBS and
then cells fixed with 3.7% PFA in PBS pH 7.4 for 20 min at room
temperature. PFA fixed cells were incubated with PBS containing
0.1% saponin, 10% horse serum, Hoechst 33342 (1:2500), and
OregonGreen 514-phalloidin (1:100) (Invitrogen) for 30 min in a
wet dark chamber. Finally, coverslips were washed twice in 0.1%
saponin in PBS, once in PBS and once in HyO, mounted on Aqua
Poly/Mount (Polysciences) and analysed with a Leica CTR6000
fluorescence microscope. Images were taken with a Leica
DFC350FX camera.

YopE translocation

YopE translocation into A549 cells was done as previously
described [38]. Briefly, A549 cells were seeded in 12-well tissue
culture plates to 80% confluence. Cells were serum starved 16 h
before infection. Overnight cultures of 1. enterocolitica strains grown
at 21°C were diluted 1:10 into 5 ml of LB and grown with
aeration at 21°C for 1.5 h and then 1 h at 37°C. Bacteria were
pelleted, washed once with PBS and resuspended to an ODggp =1
(approximately 10° CFU/ml) in PBS, Cells were infected with this
suspension to get a multiplicity of infection of 25:1. To synchronize
infection, plates were centrifuged at 200 Xg during 5 min. After 1 h
mnfection, cells were washed twice with PBS and resuspended in
400 ul of PBS with the help of a rubber policeman. Cell
suspensions were transferred to a 1.5 ml microcentrifuge tube
and cells pelleted (16 000xg; 12 sec). Supernatant was carefully
removed and cells were resuspended 1n 100 pl of 1% digitonin (w/
v) in PBS supplemented with a cocktail of protease inhibitors (Halt
protease inhibitor single-use cocktail EDTA-free; Thermo). After
2-min incubation at RT, samples were centrifuged (16 000Xg;
10 min, 4°C). 80 pl of the supernatant, containing cytosolic
proteins, were collected to whom 20 pl of 5x SDS sample buffer
were added. The pellet, containing intact bacteria and cell
membranes, was resuspended in 100 pl 1x SDS sample buffer.
Aliquots corresponding to approximately 6x10* infected A549
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cells were analysed by SDS-polyacrylamide gel electrophoresis and
Western blotting using rabbit polyclonal antiserum raised against
YopE (1:2000 dilution).

Invasion to Hela cells

Strains were grown aerobically for 16 h at RT, pelleted and
resuspended to an ODsyg of 0.3 in PBS. Bacteria suspensions were
added to subconfluent Hela cells at a multiplicity of infection of
~25:1. After a 30 min infection, monolayers were washed twice
with PBS and then incubated for an additional 90 min in medium
containing gentamicin (100 pg/ml) to kill extracellular bacteria.
This treatment was long enough to kill all extracellular bacteria.
After this period, cells were washed three times with PBS and lysed
with 0.5% saponin in PBS and bacteria were plated. Experiments
were carried out in triplicate on three independent occasions.
Invasion 1s expressed as CFUs per monolayer.

Polymyxin B susceptibility assay

Bacteria were grown either at 21°C or 37°C in 5 ml LB in a 15-
ml Falcon tube with shaking (180 rpm), and harvested (2500 xg,
20 min, 24°C) in the exponential growth phase (ODs4 0.8).
Bacteria were washed once with PBS and a suspension containing
approximately 1x10° CFU/ml was prepared in 10 mM PBS
(pH 6.5), 1% Tryptone Soya Broth (T'SB; Oxoid), and 100 mM
NaCl. Aliquots (5 pl) of this suspension were mixed in 1.5 ml
microcentrifuge tubes with various concentrations of polymyxin B
(Sigma). In all cases the final volume was 30 pl. After 1 h incubation
at the bacterial growth temperature, the contents of the tubes were
plated on LB agar. Colony counts were determined and results were
expressed as percentages of the colony count of bacteria not exposed
to antibacterial agents. All experiments were done with duplicate
samples on at least four independent occasions.

Macrophage culture and TNFa ELISA

Murine macrophages RAW264.7 (ATCC, TIB71) were grown on
DMEM tissue culture medium supplemented with 10% heat-
inactivated foetal calf serum (FCS) and Hepes 10 mM at 37°C in
an humidified 5% COy atmosphere. For bacterial infection, cells
were seeded m 24-well tissue culture plates 15 h before the
experiment at a density of 7x10° cells per well. Overnight cultures
of . enterocolifica strains grown at 21°C were diluted 1:10 into 5 ml of
LB and grown with aeration at 37°C or 21°C for 3 h. Bacteria were
pelleted, washed once with PBS and resuspended to an ODggy =1
(approximately 10° CFU/ml) in PBS. Cells were infected with this
suspension to get a multiplicity of infection of 25:1. To synchronize
mfection, plates were centrifuged at 200xg during 5 min. After a
30 min infection, cells were washed twice with PBS and then
incubated for an additional 180 min in medium containing
gentamicin (100 pg/ml). Supernatants were removed from the wells,
cell debris removed by centrifugation, and samples were frozen at
—80°C. TNFo present in supernatants of culture cells was
determined by ELISA (Bender MedSystems) with a sensitivity
<4 pg/ml.

Statistical analysis

The results were analyzed by the one-sample ¢ test using
GraphPad Prism software (GraphPad Software Inc.). Results are
given as means = SD. A P value of <0.05 was considered to be
statistically significant.

Supporting Information

Figure S1 Sequence alignment of StLpxR and YeLpxR.
Conserved residues are shown with black background. The amino
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acids that were mutated in this study are highlighted with grey
background, with the two biggest differences, G/D31 and A/Q35,
indicated by grey stars. The secondary structure for StLpxR 1s
shown on top of the alignment.

(TTF)

Figure $2 Analysis of the expression of Y. enterocolitica
IpxR. Analysis of lpxR mRINA levels assessed by RT-qPCR. Total
RINA was extracted from YeO8 (white bar), and mutants (grays
bars) YeO8-AphoPQ (AphoPQ), YeOB8-ApmrAB (ApmrABand YeO8-
AphoPQ-ApmrAB  (AphoPQ-pmrAB), Yvmn927 (Aropd), Yvm927-
AphoPQ-ApmrAB (ArovAAphoPQ-ApmrAB). (A) Bacteria were grown
at 21°C. Wild-type bacteria (YeO8) expression levels were set to 1.
(B) Bacteria were grown at 37°C. Wild-type bacteria (YeOS8)
expression levels were set to 1.

(TTF)

Figure 83 Analysis of LpxR levels. Cell envelopes were
purified from YeO8-AlpxRKm mutant (YeO8-AlpxR) carrying
plasmids pTMLpxRFLAG, pTMLpxR(N9AFLAG or
pTMLpxR(S34A)FLAG. Strains were grown at 21°C. 80 pg of
proteins were run in SDS-12% polyacrylamide gel, electrotrans-
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ferred onto a nitrocellulose membrane, and developed by using
anti-Flag antibodies.

(TIF)

Table 81 Primers used in this study.
(DOC)

Acknowledgments

We are grateful members of Bengoechea lab for helpful discussions. We are
indebted to Virginia Miller for providing the 7oz4 mutant and to Holger
Riissmann for sending us the anti-YopE antiserum. Professor Mark
Johnson is acknowledged for the excellent facilities at the Structural
Bioinformatics Laboratory at the Department of Biosciences at Abo
Akademi University. Use of Biocenter Finland infrastructure at Abo
Akademi (bioinformatics, structural biology, and translational activities) is
also acknowledged.

Author Contributions

Conceived and designed the experiments: TAS JAB. Performed the
experiments: MR EL KMD CPG CML NT. Analyzed the data: MR EL
KMD CPG CML NT TAS JAB. Wrote the paper: MR EL KMD TAS
JAB.

20. Thomson NR, Howard S, Wren BW, Holden MT, Crossman L, et al. (2006)
The complete genome sequence and comparative genome analysis of the high
pathogenicity Yersinia enterocolitica strain 8081. PLoS Genet 2: ¢206.

21. Rutten L, Mannie JP, Stead CM, Raetz CR, Reynolds CM, et al. (2009) Active-
site architecture and catalytic mechanism of the lipid A deacylase LpxR of
Salmonella typhimurium. Proc Natl Acad Sci U S A 106: 1960-1964.

22. Cathelyn JS, Ellison DW, Hinchliffe ST, Wren BW, Miller VL (2007) The RovA
regulons of Yersinia enterocolitica and Yersinia pestis are distinct: evidence that many
RovA-regulated genes were acquired more recently than the core genome. Mol
Microbiol 66: 189-205.

23. Ellison DW, Miller VL (2006} H-NS represses @y transcription in Yersinia
enterocolitica through competition with RovA and interaction with YmoA.
J Bacteriol 188: 5101-5112.

24. Young GM, Schmiel DH, Miller VL (1999} A new pathway for the secretion of
virulence factors by bacteria: the flagellar export apparatus functions as a
protein-secretion system. Proc Natl Acad Sci U S A 96: 6456-6461.

25. Young GM, Smith MJ, Minnich SA, Miller VL (1999) The Yersinia enterocolitica
motility master regulatory operon, fADC, is required for flagellin production,
swimming motility, and swarming motility. J Bacteriol 181: 2823-2833.

26. Bengoechea JA, Najdenski H, Skurnik M (2004} Lipopolysaccharide O antigen
status of Yersinia enterocolitica O:8 i3 essential for virulence and absence of O
antigen affects the expression of other Yersinia virulence factors. Mol Microbiol
52: 451469,

27. Schmiel DH, Wagar E, Karamanou L, Weeks D, Miller VL (1998)
Phospholipase A of Yersinia enterocolitica contributes to pathogenesis in a mouse
model. Infect Immun 66: 3941-51.

28. Young BM, Young GM (2002} YplA is exported by the Ysc, Ysa, and flagellar
type III secretion systems of Yersinia enterocolitica. ] Bacteriol 184: 1324-1334.

29. Schmiel DH, Young GM, Miller VL (2000} The ZYersinia enterocolitica
phospholipase gene ypld is part of the flagellar regulon. J Bacteriol 182: 2314~
2320.

30. Miller VL, Falkow 8 {1988} Evidence for two genetic loci in Yersinia enterocolitica
that can promote invasion of epithelial cells. Infect Immun 56: 1242-1248.

31. Pepe JC, Miller VL (1993) Yersinta enterocolitica invasin: A primary role in the
initiation of infection. Proc Natl Acad Sci USA 90: 64736477,

32. Pepe JC, Badger JL, Miller VL (1994} Growth phase and low pH affect the
thermal regulation of the Yersinia enterocolitica inv gene. Mol Microbiol 11: 123—
135.

33. Revell PA, Miller VL (2000} A chromosomally encoded regulator is required for
expression of the Yersinia enterocolitica inv gene and for virulence. Mol Microbiol
35: 677-685.

34. Cornelis GR (2006} The type III secretion injectisome. Nat Rev Microbiol 4:
811-825.

35. Trosky JE, Liverman AD, Orth K (2008} ¥ersinia outer proteins: Yops. Cell
Microbiol 10: 557-565.

36. Viboud GI, Bliska JB (2005} Yersinia outer proteins: role in modulation of host
cell signaling responses and pathogenesis. Annu Rev Microbiol 59: 69-89.

37. Augustin DK, Song Y, Back MS, Sawa Y, Singh G, et al. (2007) Presence or
absence of lipopolysaccharide O antigens affects type III secretion by Pseudomonas
aeruginosa. ] Bacteriol 189: 2203-2209.

38. Perez-Gutierrez C, Llompart CM, Skurnik M, Bengoechea JA (2007) Expression
of the Yersinia enterocolitica pY V-encoded type III secretion system is modulated by
lipopolysaccharide O-antigen status. Infect Immun 75: 1512-1516.

October 2012 | Volume 8 | Issue 10 | 1002978


http://www.plospathogens.org

39.

40.

41.

42,

43,

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

West NP, Sansonetti P, Mounier J, Exley RM, Parsot C, et al. (2005)
Optimization of virulence functions through glucosylation of Shigella LPS.
Science 307: 1313-1317.

Michiels T, Wattiau P, Brasseur R, Ruysschaert J-M, Cornelis G (1990}
Secretion of Yop proteins by Yersinige. Infect Immun 58: 2840-2349.

Rosquist R, Forsberg A, Wolf:Watz H (1991) Intracellular targeting of the
Yersinia. YopE cytotoxin in mammalian cells induces actin microfilament
disruption. Infect Immun 59: 4562-4569.

Skurnik M, Toivanen P (1992} LerT is the temperature-regulated activator of the
yadA gene of Yersinia enterocolitica and Yersinia pseudotuberculosis. J Bacteriol 174:
2047-2051.

El Tahir Y, Skurnik M (2001} YadA, the multifaceted Yersinia adhesin. Int J Med
Microbiol 291: 209-218.

Brogden KA (2005) Antimicrobial peptides: pore formers or metabolic inhibitors
in bacteria? Nat Rev Microbiol 3: 238-250.

Hancock REW, Chapple DS (1999} Peptide antibiotics. Antimicrob Agents
Chemother 43: 1317-1323.

Nicolas P, Mor A (1995} Peptides as weapons against microorganisms in the
chemical defence system of vertebrates. Annu Rev Microbiol 49: 277-304.
Vaara M (1992} Agents that increase the permeability of the outer membrane.
Microbiol Rev 56: 395411,

Groisman EA (1994} How bacteria resist killing by host-defence peptides. Trends
Microbiol 2: 444449,

Gutsmann T, Hagge SO, David A, Roes S, Bohling A, et al. (2005) Lipid-
mediated resistance of Gram-negative bacteria against various pore-forming
antimicrobial peptides. J Endotoxin Res 11: 167-173.

Nizet V {2006} Antimicrobial peptide resistance mechanisms of human bacterial
pathogens. Curr Issues Mol Biol 8: 11-26.

Wiese A, Gutsmann T, Seydel U (2003} Towards antibacterial strategies: studies
on the mechanisms of interaction between antibacterial peptides and model
membranes. J Endotoxin Res 9: 67-84.

Seydel U, Oikawa M, Fukase K, Kusumoto S, Brandenburg K (2000} Intrinsic
conformation of lipid A is responsible for agonistic and antagonistic activity.
Eur J Biochem 267: 3032-3039.

Thiefes A, Wolf A, Doerrie A, Grassl GA, Matsumoto K, et al. (2006) The
Yersinia enterocolitica effector YopP inhibits host cell signalling by inactivating the
protein kinase TAKI in the IL-1 signalling pathway. EMBO Rep 7: 838-844.
Zhou H, Monack DM, Kayagaki N, Wertz I, Yin J, et al. (2005} Yersinia
virulence factor Yop]J acts as a deubiquitinase to inhibit NF-kappa B activation.
J Exp Med 202: 1327-1332.

Jia W, El ZA, Petruzziello TN, Jayabalasingham B, Seyedirashd 8, et al. (2004}
Lipid trafficking controls endotoxin acylation in outer membranes of Escherichia
coli. J Biol Chem 279: 4496644975,

Kawasaki K, Ernst RK, Miller SI (2005) Inhibition of Salmonella enterica serovar
Typhimurium lipopolysaccharide deacylation by aminoarabinose membrane
modification. J Bacteriol 187: 2448-2457.

Manabe T, Kawasaki K (2008} Extracellular loops of lipid A 3-O-deacylase
Pagl. are involved in recognition of aminocarabinose-based membrane
modifications in Salmonella enterica serovar typhimurium. J Bacteriol 190: 5597—
5606.

Manabe T, Kawano M, Kawasaki K (2010} Mutations in the lipid A deacylase
PagL. which release the enzyme from its latency affect the ability of PagL to
interact with lipopolysaccharide in Salmonella enterica serovar Typhimurium.
Biochem Biophys Res Commun 396: 812-816.

Bishop RE (2008} Structural biology of membrane-intrinsic beta-barrel enzymes:
sentinels of the bacterial outer membrane. Biochim Biophys Acta 1778: 1881—
1896.

Tam C, Missiakas D (2005} Changes in lipopolysaccharide structure induce the
sigma(E}-dependent response of Escherichia coli. Mol Microbiol 55: 1403-1412.

PLOS Pathogens | www.plospathogens.org

21

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8L.

82.

Deacylation of Y. enterocolitica Lipid A

Bengoechea JA, Zhang L, Toivanen P, Skurnik M (2002} Regulatory network of
lipopolysaccharide O-antigen biosynthesis in Yersinia enterocolitica includes cell
envelope-dependent signals. Mol Microbiol 44: 1045-1062.

Kaniga K, Delor I, Cornelis GR (1991} A wide-host-range suicide vector for
improving reverse genetics in gram-negative bacteria - Inactivation of the blad
Gene of Yersinia enterocolitica. Gene 109: 137-141.

Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP (1998) A
broad-host-range Flp-FRT recombination system for site-specific excision of
chromosomally-located DNA sequences: application for isolation of unmarked
Pseudomonas aeruginosa mutants. Gene 212: 77-86.

Dennis JJ, Zylstra GJ (1998} Plasposons: modular self-cloning minitransposon
derivatives for rapid genetic analysis of gram-negative bacterial genomes. Appl
Environ Microbiol 64: 2710-2715.

Riley G, Toma S (1989} Detection of pathogenic Yersinia enterocolitica by using
congo red-magnesium oxalate agar medium. J Clin Microbiol 27: 213-214.
Skurnik M, Bélin I, Heikkinen H, Piha S, Wolf-Watz H (1984} Virulence
plasmid-associated autoagglutination in ¥ersinia spp. J Bacteriol 158: 1033-1036.
El Hamidi A., Tirsoaga A, Novikov A, Hussein A, Caroff M (2005)
Microextraction of bacterial lipid A: easy and rapid method for mass
spectrometric characterization. J Lipid Res 46: 1773-1778.

Lindner B {2000} Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry of lipopolysaccharides. Methods Mol Biol 145: 311-325.

Byrappa 8, Gavin DK, Gupta KC (1995} A highly efficient procedure for site-
specific mutagenesis of full- length plasmids using Vent DNA polymerase.
Genome Res 5: 404-407.

Abeyrathne PD, Lam JS (2007) Conditions that allow for effective transfer of
membrane proteins onto nitrocellulose membrane in Western blots.
Can J Microbiol 53: 526-532.

Johnson MS, May AC, Rodionov MA, Overington JP (1996} Discrimination of
common protein folds: application of protein structure to sequence/structure
comparisons. Methods Enzymol 266: 575-598.

Lehtonen JV, Still DJ, Rantanen VV, Ekholm ], Bjorklund D, et al. (2004}
BODIL: a molecular modeling environment for structure-function analysis and
drug design. J] Comput Aided Mol Des 18: 401-419.

Gouet P, Courcelle E, Stuart DI, Metoz T (1999} ESPript: analysis of multiple
sequence alignments in PostScript. Bioinformatics 15: 305-308.

Sali A, Blundell TL (1993) Comparative protein modelling by satisfaction of
spatial restraints. J Mol Biol 234: 779-815.

Laskowski RA (1995 SURFNET: a program for visualizing molecular surfaces,
cavities, and intermolecular interactions. J Mol Graphics 13: 323-330.
Ferguson AD, Hofmann E, Coulton JW, Diederichs K, Welte W (1998)
Siderophore-mediated iron transport: crystal structure of FhuA with bound
lipopolysaccharide. Science 282: 2215-2220.

Miller JH (1992} A short course in bacterial genetics. A laboratory manual and
handbook for Escherichia coli and related bacteria. New York: Cold Spring
Harbor Laboratory Press.

Manoil C, Beckwith J (1985) Tnphod: A transposon for protein export signals.
Proc Natl Acad Sci USA 82: 8129-8133.

Regueiro V, Campos MA, Pons J, Alberti S, Bengoechea JA (2006} The uptake
of a Rlebsiella prneumoniae capsule polysaccharide mutant triggers an inflammatory
response by human airway epithelial cells. Microbiology 152: 555-566.
Appleyard RK (1954} Segregation of new lysogenic types during growth of
doubly lysogenic strain derived from Escherichia coli K12. Genetics 39: 440-452.
Zhang L, Skurnik M (1994) Isolation of an R~ M" mutant of Yersinia enterocolitica
serotype O:8 and its application in construction of rough mutants utilizing mini-
Tnj derivatives and lipopolysaccharide-specific phage. J Bacteriol 176: 1756~
1760.

Llobet E, Campos MA, Gimenez P, Moranta D, Bengoechea JA (2011} Analysis
of the networks controlling the antimicrobial peptide-dependent induction of
Klebsiella preumoniae virulence factors. Infect Immun 79: 3718-3732.

October 2012 | Volume 8 | Issue 10 | 1002978


http://www.plospathogens.org

