UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO

INSTITUTO DE INVESTIGACIONES BIOMEDICAS

DOCTORADO EN CIENCIAS BIOMEDICAS

RELACION ESTRUCTURA FUNCION EN EL
COTRANSPORTADOR Na*:Cl" SENSIBLE A TIAZIDAS

T E S I S

QUE PARA OBTENER EL GRADO DE
DOCTORA EN CIENCIAS PRESENTA:

REYNA ERIKA MORENO MARTINEZ

DIRECTOR DE TESIS: DR. GERARDO GAMBA AYALA.

MEXICO, D.F. 2007



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



“RELACION ESTRUCTURA FUNCION EN EL COTRANSPORTADOR DE
Na":Cl" SENSIBLE A TIAZIDAS”

El presente trabajo se realizdé bajo la direccién del Dr. Gerardo Gamba
Ayala, en la Unidad de Fisiologia Molecular del Instituto de
Investigaciones Biomédicas de la UNAM, localizada en el Departamento
de Nefrologia y Metabolismo Mineral del Instituto Nacional de Ciencias
Médicas y Nutricion Salvador Zubiran.



RECONOCIMIENTOS

Al comité tutoral que asesor6 el desarrollo de esta tesis, el cual estuvo formado
por:

Dr. Gerardo Gamba Ayala Instituto de Investigaciones Biomédicas, UNAM.
Dr. Armando Tovar Palacio Facultad de Medicina, UNAM.
Dra. Laura Escobar Pérez Facultad de Medicina, UNAM.

A la Dra. Norma Bobadilla, por su asesoria, conocimientos y apoyo.

A la Quimica Norma Hilda Vazquez, por su valiosa colaboracion en la
realizacion de este trabajo.

A mis comparieros del laboratorio que trabajaron de cerca en este proyecto,
Dra. Claudia Tovar, Pedro y Rodolfo.

Durante los estudios de Doctorado recibi una beca otorgada por el CONACYT
con numero de registro 170026 y por la DGEP-UNAM para la realizacion de la
presente tesis.

A la Fundacion Telmex, por la beca otorgada.

Al Consejo Estatal de Ciencia y Tecnologia del Estado de Hidalgo, por
otorgarme el “Premio Hidalgo de Ciencia y Tecnologia 2006”.

Al jurado de Examen de Doctorado, por sus comentarios y sugerencias, el cudl
estuvo formado por:

Presidente: Dra. Herminia Pasantes Ordofiez.
Secretario: Dr. Gerardo Gamba Ayala.

Vocal: Dr. Ataulfo Martinez Torres.

Vocal: Dra. Norma Araceli Bobadilla Sandoval.
Vocal: Dra. Lorenza Gonzalez Mariscal.
Suplente: Dr. Luis Alfonso Vaca Dominguez.

Suplente: Dr. Armando Roberto Tovar Palacio.



AGRADECIMIENTOS

A mi mama
Por impulsar mis deseos de superacion, por alentarme y quererme
...daria todo por que estuvieras conmigo, te amo.

A mis Luises

Por amarme, por creer en mi y apoyarme, por alegrar mis dias

y hacer de mi la persona mas afortunada del mundo.

A ustedes dedico este trabajo, el cual representa un esfuerzo de equipo.
Los amo...

A mi Papa, Tio, Yola, Chuchin, Marthay Lic. Gutiérrez
Por estar conmigo siempre, por su carifio
y apoyo incondicional, pero sobre todo por hacer feliz mi vida.

A las familias Cano Moreno y Mejia Moreno
Por compartir conmigo grandes momentos.



A mi tutor

Dr. Gerardo Gamba

A quién agradezco el permitirme ser parte de su laboratorio, por sus
ensefianzas y amistad, pero sobre todo por su invaluable apoyo.

A la Dra. Norma Bobadilla
Por sus ensefianzas, consejos y amistad.

A Norma Vazquez
Por ensefiarme el trabajo en el laboratorio y por su amistad.

A mis compafieros y amigos del laboratorio

Seria muy dificil mencionar a cada uno de ustedes, pero a todos les
agradezco el compartir conmigo este tiempo, su amistad y

todas las sugerencias realizadas a esta tesis.

A Jose, Blanquita, Vero, Zenaida, Chela y Estelita.
Gracias por facilitarme todo, por su ayuda y su paciencia.



A la Universidad Auténoma del Estado del Estado de Hidalgo

Al Instituto de Ciencias de la Salud

Al Area Académica de Medicina

Al Dr. Humberto Veras Godoy

Por permitirme ser parte de la Universidad y darme todas las facilidades para

concluir mis estudios.

A la Universidad Nacional Autbnoma de México
Al Programa del Doctorado en Ciencias Biomédicas



INDICE

Pagina
l. RESUMEN
Il. INTRODUCCION 1
A. MECANISMOS DE REABSORCION DE SAL EN EL
TUBULO RENAL. 2
e TUBULO RENAL 2
e TUBULO PROXIMAL 3
e ASA DE HENLE 4
e TUBULO DISTAL 5
e TUBULO COLECTOR 5
B. FISIOLOGIA MOLECULAR DE LAS CELULAS DEL
TUBULO DISTAL 6
e REGULACION EN LA REABSORCION DE NaCl
EN EL TUBULO DISTAL 8
C. IDENTIFICACION MOLECULAR Y ESTUDIO DEL CST 10
e CST PERTENECE A UNA FAMILIA DE TRANSPOR-
TADORES CLORO-CATIONICOS 14
D. CARACTERIZACION FUNCIONAL DEL CST 15
E. RELACION ESTRUCTURA-FUNCION EN LA FAMILIA
DE TRANSPORTADORES CLORO-CATIONICOS 23
e RELACION ESTRUCTURA FUNCION EN CSB2/
NKCC1 23
e RELACION ESTRUCTURA FUNCION EN CSB1/
NKCC2 28
e RELACION ESTRUCTURA FUNCION EN CST 30
F. EFECTO DE LA GLUCOSILACION SOBRE LAS PRO-
PIEDADES FUNCIONALES DEL CST 30

G. EFECTO DE MUTACIONES GITELMAN SOBRE LA
FUNCION DEL CST 32



VI.

VII.

VIII.

H. DEFINIENDO DOMINIOS ESTRUCTURALES
INVOLUCRADOS EN EL TRANSPORTE DE
IONES Y DIURETICOS AL CST

HIPOTESIS

OBJETIVOS

METODOLOGIA Y RESULTADOS

ARTICULOS PUBLICADOS

DISCUSION

AMINOACIDOS PUNTUALES INVOLUCRADOS EN
LA REGULACION DE LA FUNCION DEL CST

BIBLIOGRAFIA

34

37

38

40

41

42

52

59



RESUMEN

El cotransportador de Na':Cl" sensible a tiazidas (CST), es una proteina de membrana que
constituye la principal via de reabsorcion de sal en el tibulo distal de la nefrona. EI CST es el
sitio de accién de los diuréticos tipo tiazida, farmacos ampliamente utilizados en la practica
clinica por su utilidad en el tratamiento de la hipertension arterial. Mutaciones inactivantes sobre
el gen del CST ocasionan el sindrome de Gitelman, una enfermedad autosémica recesiva
caracterizada clinicamente por hipotensién arterial, hipocalemia, alcalosis metabdlica e
hipocalciuria.

Trabajos previos en donde se analizaron las caracteristicas funcionales del CST de rata (CSTr)
y del CST del pez lenguado de invierno (CSTfl), reportaron diferencias importantes desde el
punto de vista cinético, farmacologico y de regulacion. Andlisis cinéticos mostraron que el CSTr
y el CSTfl presentan diferente afinidad por los iones que transportan, asi como distinto perfil de
inhibicién por tiazidas y respuesta ante la osmolaridad extracelular. EI CSTr y el CSTfl guardan
un porcentaje de homologia de ~ 60%.

En este trabajo estudiamos proteinas quiméricas entre el CSTr y el CSTHl, con la finalidad de
encontrar dominios estructurales involucrados en el transporte de Na* y CI, asi como dominios
involucrados en la afinidad por tiazidas. Simultaneamente analizamos el papel de la N-
glucosilacion sobre las propiedades funcionales del CSTfl, ya que previamente fue reportado,
gque la ausencia de este evento, determina la expresion del CSTr sobre la superficie celular, asi
como la afinidad del transportador por las tiazidas. Sumado a estos resultados, reportamos
aminoacidos especificos involucrados en la regulacion de la expresion y/o funcion del CST.

Mediante mutagénesis puntual fueron eliminados los tres sitios potenciales para N-glucosilacién
del CSTfl. Se generaron mutantes simples, donde fue eliminado solo un sitio, mutantes dobles y
una mutante triple que carecia de los tres sitios; diversos analisis cinéticos mostraron que la N-
glucosilacion no es un evento involucrado en la afinidad por los iones ni tiazidas en el CSTHl.

En un segundo paso, construimos proteinas quiméricas entre el CSTr y el CSTil. La
nomenclatura para las quimeras generadas, constdé de cinco letras, en donde cada letra
corresponde a uno de los 5 fragmentos en los que se dividi6 la proteina. Estos son: NH; (1),
TM1-7 (2), asa conectora TM7-8 (3), TM8-12 (4) y region COOH’ (5); siendo utilizadas las letras
R o F para determinar si el fragmento pertenecia al CSTr o al CSTfl. Fueron construidas 18
proteinas quiméricas. Se realizaron analisis cinéticos para el transporte de Na*, CI" y de afinidad
por tiazidas, en cada una de las construcciones quiméricas.

Los primeros resultados mostraron que las regiones TM del CST son las que determinan el
transporte de iones y afinidad por las tiazidas. Las quimeras que conservaron las regiones TM
tanto del CSTr como del CSTHl tuvieron un comportamiento cinético similar al del transportador
nativo. Por ejemplo, en la quimera FRRRR se observé una Km para el transporte de Na* de 8.1
+ 1.1 mM; mientras que la quimera RRFRR presenté un Km para el transporte del mismo i6n de
5.0 £ 0.6 mM. (CSTr Km Na" de 5.5 + 1.0 mM). Un comportamiento similar mostraron las
quimeras formadas por las regiones TM de CSTfl, en donde las quimeras RFFFR y FFRFF
presentaron una Km para Na* de 28 + 6.0 y de 87 + 45 mM respectivamente, la cual es similar
al del CSTfl nativo (30 + 6.0 mM). La afinidad por el diurético fue similar entre los
transportadores nativos y las quimeras en las cuales los dominios TM no fueron modificados.
Para evaluar el papel de las regiones TM sobre las propiedades funcionales del CST, se
estudiaron las quimeras, en las que Unicamente se intercambiaron los segmentos TM 1-7 y TM
8-12 (RFRRR, FRFFF, RRRFR y FFFRF), de las cuales FRFFF no mostré actividad. Los
analisis funcionales de las quimeras RFRRR, RRRFR y FFFRF realizados en ovocitos de X.



laevis, permitieron determinar dominios involucrados en la afinidad para iones y tiazidas en el
CST.

El ICso para metolazona observado en las quimeras RFRRR y FFFRF (0.4 £ 0.002 y 0.6 + 0.006
UM respectivamente) fue similar al de CSTr nativo (0.3 £ 0.005 puM) y diferente al que fue
observado en CSTfl (12.5 + 1.8 uM). Mientras que el ICso observado en la quimera RRRFR fue
semejante al del CSTfl nativo. Estos resultados sugieren que la afinidad para el diurético esta
determinada por las regiones TM8-12 del CST.

Los andlisis cinéticos realizados para determinar la afinidad por Na* en las quimeras RFRRR,
RRRFR y FFFRF (Km de 22 + 2.8, 145 £ 0.7 y 43 = 12.6 mM respectivamente), mostraron
valores intermedios a los que presentaron los transportadores nativos: CSTfl Km de 30 £ 6.0
mMy CSTr5.5+ 1.0 mM.

Las cinéticas de transporte para CI, revelaron que las quimeras RFRRR y FFFRF (Km de 17 +
4.6y 12.8 £ 3.0 mM) presentan un comportamiento similar al del CSTfl nativo (Km de 15 + 2.0
mM); mientras que la quimera RRRFR mostr6 un Km similar al de CSTr nativo (2.4 £ 0.7 vs 2.6
= 0.6 mM respectivamente). Estos resultados sugieren que la afinidad que muestra el CST por
el ClI' esta determinada por las regiones TM1-7, mientras que la afinidad al Na® esta
determinada tanto por las regiones TM1-7como por las TM8-12.

En este trabajo también reportamos el estudio de polimorfismos de nucleétidos individuales
(SNPs) en el CST. El SNP G264A esta localizado en la cuarta regién TM del transportador; a
diferencia de otros SNPs reportados, la sustitucién del residuo glicina por un residuo alanina, se
lleva a cabo en un aminoacido altamente conservado en todos los miembros de la familia
SLC12.

Los analisis cinéticos para la afinidad por el transporte de CI', mostraron que el SNP G264A
incrementa drasticamente la Km para este i6n cuando se compara con el CST nativo '(Km 0.89
+ 0.2 vs 6.3 = 1.1 mM). Este polimorfismo no afectd la afinidad para Na* ni la afinidad por
tiazidas. Sumado a esto, en la regibn TM4 del CST, se encontraron tres residuos altamente
conservados en todos los miembros de esta familia de transportadores adicionales al G264,
estos residuos corresponden a la asparagina 258, arginina 261 y glicina 278. Las sustituciones
de estos aminodacidos por residuos con caracteristicas estructurales similares mostraron, que
cuando se sustituye la asparagina 258 por un residuo de glutamina, el CST aumenta
significativamente la afinidad por el CI" (3.2 £ 0.7 mM ) en comparacion con el CST nativo (6.3 £
1.1 mM). Con el estudio del polimorfismo G264A y del residuo asparagina 258 nuevamente
mostramos que la afinidad para el CI" en el CST est& determinada por los dominios TM 1-7, en
donde la regién TM-4 juega un papel importante.

Asi mismo realizamos un estudio de mutaciones tipo Gitelman (G627V, R935Q, V995M, G610S
y A585V; ninguna interfiere en la glucosilacion de la proteina), que nos permitié detectar
aminoacidos puntuales involucrados en el trafico del CST a la membrana celular. Analisis
funcional en ovocitos de X.laevis, mostr6 que las 5 mutaciones son capaces de disminuir
significativamente la funcion del CST. A través de microscopia confocal se pudo establecer que
la baja en la funcién del CST, esta asociada con menor expresion de la proteina sobre la
superficie celular. Con este estudio se pudo observar que no solo es necesaria la adecuada
glucosilacion del CST sino la presencia de aminoacidos especificos que permiten la llegada del
transportador a la membrana celular para su adecuada funcion.

Finalmente reportamos aminoacidos puntuales involucrados en la fosforilacion del CST y por lo
tanto su regulacién.



Il. INTRODUCCION

El rindn juega un papel esencial en el mantenimiento del volumen y de la
composicion del liquido corporal.® Estas funciones las realiza por la combinacién
de los mecanismos de filtracion glomerular y de reabsorcion tubular. El primer
mecanismo depende de la integridad anatomica del glomérulo y de la presion de
perfusién renal. La funcion tubular por su parte, es un proceso mas activo, con
alto consumo de energia, el cual depende de los mecanismos de transporte de
iones y moléculas a través del epitelio tubular.
Varios mecanismos suceden a lo largo de los tubulos renales, que permiten que
diariamente el epitelio tubular reabsorba 180 litros de agua y 1.3 Kg de cloruro
de sodio asi como otras moléculas y excrete diariamente de 1-2 litros de agua
con pequefas cantidades de sal (50-130 meq). De esta manera se evita la
perdida de nutrimentos importantes para el organismo como glucosa,
aminoécidos y proteinas.??
El mecanismo general por el cual los tubulos reabsorben el NaCl del filtrado
glomerular es el siguiente:
e En el epitelio de los tabulos renales, la bomba sodio-potasio se expresa
en forma polarizada en la membrana basolateral de las células,
e esto genera la formacion de un gradiente electroquimico, que permite el
transporte vectorial de sodio, de la luz tubular hacia el intersticio renal;
e enla membrana apical el sodio puede transportarse por difusion facilitada
a través de canales conductivos, lo cual sucede en la parte final de la
nefrona (tubulo colector), o se ve favorecido por el gradiente generado
para el sodio con el fin de transportar otros iones o moléculas en contra
de su gradiente.
A las proteinas que realizan esta Ultima funcibn se les conoce como
cotransportadores secundarios. Existen varios tipos de transportadores
secundarios y su distribucion en la membrana apical del epitelio de la nefrona,

es la que determina, al menos en parte, las funciones particulares de cada



segmento tubular. Ademas de este mecanismo general, existen proteinas

transportadoras para iones especificos, entre ellos Ca**, Mg?*, HCO* y K**

A. MECANISMOS DE REABSORCION DE SAL EN EL TUBULO RENAL

TUBULO RENAL

El tabulo renal esta formado por un epitelio simple, en donde las sustancias que
se reabsorben deben atravesar a las células por via transcelular o por via
paracelular.

En la reabsorcion transcelular, las sustancias atraviesan dos membranas
diferentes, primero la apical o luminal, que es la membrana que ve hacia la luz
del tabulo y después la membrana basolateral, que ve hacia el intersticio renal.
En la reabsorcion paracelular, los iones o moléculas deben atravesar solo el sitio
de union paracelular, para encontrarse en el intersticio renal.

El tubulo renal tiene la capacidad de reabsorber agua y diferentes solutos de
forma heterogénea, debido a que esta formado por diferentes tipos de células.
La organizacién y localizacion de éstas, divide al tubulo renal en varias
porciones que presentan morfologia y funciones diferentes.

Para fines practicos el tubulo renal se divide en cuatro partes: 1) tabulo proximal;
2) asa de Henle, que a su vez se subdivide en tres secciones a) asa
descendente delgada, b) asa ascendente delgada, c) asa ascendente gruesa; 3)
tibulo distal y 4) tabulo colector.’

Diversas proteinas para el transporte NaCl han sido identificadas en los
diferentes segmentos tubulares. A continuacion se describen algunos

mecanismos de reabsorcién de sal en la nefrona.



TUBULO PROXIMAL

Es el sitio de la nefrona donde se reabsorbe alrededor del 65% del filtrado
glomerular. En este segmento se reabsorben los iones o moléculas que no
deben perderse en la orina como la glucosa y los aminoécidos.

El epitelio del tabulo proximal tiene una enorme capacidad de reabsorcion,
debido a varios factores, entre los que destacan: sus células grandes que
poseen un numero importante de mitocondrias y en consecuencia hay gran
produccion de ATP, por lo tanto el metabolismo es muy alto, sumado a esto la
membrana apical de las células es del tipo de borde en cepillo, lo cual
incrementa en forma importante la superficie de absorcion.*

La intensa reabsorcion en este segmento del tubulo renal, se debe también a la
abundante expresion de la Na'-K*-ATPasa en la membrana basolateral de las
células, lo cual genera el gradiente de concentracion para el transporte de Na’,
gue a la vez es aprovechado en la membrana apical para hacer recircular a este
ion.

Diferentes mecanismos para el transporte de sodio pueden observarse en el
tibulo proximal.®”® En la primera mitad del tdbulo, la mayor parte de Na* se
reabsorbe junto con glucosa, aminoacidos, fosfato y lactato, por medio de los
cotransportadores de Na':glucosa, Na':aminoacidos, Na":Pi y Na':lactato.’
En la segunda mitad del tubulo, practicamente ha desaparecido la glucosa y los
aminoéacidos. Por lo tanto, la reabsorcion de Na* se realiza junto con CI', por
mecanismos que incluyen la operacion simultanea del intercambiador de Na*-H*
y del cotransportador de CIHCO?.

El intercambiador de Na*-H", esta ubicado en la cara apical de las células, en
donde extrae H® del interior e introduce iones Na’. Mientras que el
intercambiador C'HCO?- intercambia iones CI" por HCO®-. El CI' es llevado de la
luz, hacia el interior de la célula, mientras que el HCO®- es transportado del
interior hacia la luz tubular. EIl HCO® al combinarse con el H* forma é&cido
carbonico que es deshidratado a CO, por medio de la enzima anhidrasa
carbénica. *°

La figura 1 muestra los distintos segmentos tubulares de la nefrona.
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Figura 1. Segmentos tubulares renales.

ASA DE HENLE

En el asa de Henle se reabsorbe aproximadamente el 20% del filtrado
glomerular.

Se divide en tres partes para su estudio: 1) asa descendente delgada, 2) asa
ascendente delgada, 3) asa ascendente gruesa.

El asa de Henle tiene la capacidad de reabsorber grandes cantidades de sal y
solamente el asa delgada, muestra gran permeabilidad al agua. La funcién del
asa es critica para diluir o concentrar la orina, ya que la reabsorcion de sal en la
porcion ascendente gruesa es la responsable de mantener la hipertonicidad de
la médula renal, gracias a la cual, en presencia de la hormona antidiurética se
puede reabsorber agua en el conducto colector.

Como ya se menciond el transporte de NaCl se lleva a cabo en el asa
ascendente gruesa, a través del cotransportador Na":K":2ClI" sensible a
bumetanida (CSB1 o NKCC2). **

El CSB1 introduce iones Na* a la célula, que posteriormente son sacados a
través de la Na'-K*-ATPasa, mientras que ClI introducido a la célula por CSB1 es
llevado al insterticio renal por canales localizados en la membrana basolateral
denominados CIC-Kb.'® El K* que ingresa a la célula junto con el Na*y CI', es

reciclado hacia la membrana luminar a través de los canales de potasio



conocidos como ROMK, produciendo un voltaje luminar positivo que favorece la
reabsorcién de Na* por via paracelular.***#14

Se han identificado dos genes distintos para el cotransportador Na":K*:2CI", el
CSB1/NKCC2 que codifica para una proteina especifica del rifién, vy
CSB2/NKCC1, el cual se expresa en la membrana basolateral en diferentes

tipos celulares incluyendo el rifién mamifero.3"*°

TUBULO DISTAL

El tdbulo distal es la region comprendida entre la macula densa y el conducto
colector; en este segmento se reabsorbe del 5 al 7% del filtrado glomerular.*
Este segmento tubular esta formado por un epitelio cuboidal alto homogéneo,
con membrana plasmatica basolateral extensa, intercalada con mitocondrias
arregladas verticalmente, un nucleo en posicidn apical y microproyecciones de la
membrana plasmaética apical abundantes. *’

En el tabulo distal el transporte de NaCl se lleva a cabo por dos mecanismos:
por transporte electroneutro de NaCl y por transporte electrogénico de Na'; este
ultimo se observa predominante en la porcion final del tdbulo y se debe a la
presencia de canales de sodio sensibles a amilorida.®

El transporte electroneutro esta dado por el cotransportador de Na':ClI" (CST)
que es el sitio de accion de los diuréticos tipo tiazida (metolazona, politiazida,
bendroflumetiazida, triclorometiazida y clortalidona) y constituye la principal via

de reabsorcion de sal en este segmento de la nefrona.'®

TUBULO COLECTOR

En este segmento se reabsorbe alrededor del 3% del filtrado glomerular. En el
tubulo colector se reabsorben iones, moléculas o agua antes de drenar a la orina
final.

Anatomicamente el tibulo colector es muy parecido al tubulo distal; ambos estan
formados por dos clases distintas de células, las células principales y las células

intercaladas. Las células principales reabsorben sodio y agua de la luz tubular y



secretan iones potasio. Las células intercaladas reabsorben iones potasio y
secretan iones hidroégeno hacia la luz tubular.

En este segmento el transporte de Na* se realiza a través de canales de sodio
sensibles a amilorida, mientras que el agua se reabsorbe por canales de agua
(acuaporina-2). 3

B. FISIOLOGIA MOLECULAR DE LAS CELULAS DEL TUBULO DISTAL
EL COTRANSPORTADOR DE SODIO-CLORO SENSIBLE A TIAZIDAS (CST).

Como se menciono, el CST constituye la principal via de reabsorcion de NaCl en
el tabulo distal de la nefrona. Se localiza en la membrana apical de las células
en donde transporta sodio y cloro al interior con una estequiometria 1:1.

En la figura 2, se puede observar la fisiologia molecular de las células del tubulo
distal. El CST introduce Na' a la célula, el cual es intercambiado por K" en la
cara basolateral, a través de la Na":K*-ATPasa. El CI" que ingresa a la célula
acoplado al Na*, sale por canales de CI" situados en la membrana basolateral
hacia el intersticio renal. EI K' que fue intercambiado por Na' via la
Na":K'ATPasa, es secretado hacia la luz tubular por canales conductivos
especificos.™

La funcion de este transportador puede ser inhibida con diuréticos tipo tiazida; se
ha observado que cuando esto sucede, la reabsorcion de Ca?* aumenta
significativamente.”® Hasta el momento no se ha determinado con precision el
mecanismo por el cual la reabsorcién de Ca** se ve favorecida. Friedman y
col.?’, han sugerido que las tiazidas bloguean la entrada de Na*y CI en la
membrana apical, ante esto, el Na* continda saliendo en forma activa via la
Na":K*-ATPasa en la membrana basolateral, o que resulta en hiperpolarizacién
de la célula tubular distal, que tiene como consecuencia la apertura de canales
cationicos en la membrana apical, de los cuales los mas abundantes son los de
Ca?*. De esta forma, los diuréticos tiazida, producen aumento en la reabsorcién
de Ca?*, con disminucién en su excrecién urinaria, siendo este el fundamento

clinico por el cual las tiazidas son utilizadas en el tratamiento de la osteoporosis.



Los pacientes tratados con tiazidas, muestran un efecto benéfico en su masa
6sea. % La tiazidas han sido farmacos utilizados desde 1957, en el tratamiento
del edema, la insuficiencia renal y hepéatica entre otras enfermedades. Pero sin
duda, el mayor beneficio que ha traido el uso de estos compuestos, ha sido en el
tratamiento de la hipertensién arterial.

En el 2003 la Asociacion Médica Americana, publicé un algoritmo que se debe
seqguir para el tratamiento del paciente hipertenso. Esta asociacion sefiala que
ante un paciente con hipertension arterial se debe modificar su estilo de vida, en
donde una dieta adecuada y el ejercicio continuo son parte del tratamiento. Pero
cuando la presion arterial no mejora, es decir el paciente mantiene cifras de
presidon arterial mayores a 140/90 mm Hg o tiene enfermedad renal crénica o
diabetes, entonces se debe comenzar el tratamiento farmacoldgico. Ante una
hipertension arterial sin complicaciones, el farmaco de primera eleccion es un
diurético tipo tiazida. Si la presion arterial no mejora, el tratamiento de eleccién
es la combinacién de farmacos, donde usualmente se mantiene el diurético
tiazida y se combina con otros diuréticos, inhibidores de la enzima convertidora
de angiotensina o beta-bloqueadores. Como se puede apreciar la utilidad de
este farmaco es una potente herramienta para el tratamiento de distintas

enfermedades.®*
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Figura 2. Fisiologia del transporte de Na* en el tibulo distal.



REGULACION DE LA REABSORCION DE NaCl EN EL TUBULO DISTAL.

Los cambios en la carga de sal y la velocidad del flujo parecen ser factores
suficientes para regular el transporte de sal en el tibulo distal. Sin embargo,
existen multiples mecanismos involucrados en el control de la reabsorcion de sal
y/o en la abundancia del CST. Como se mencioné anteriormente, en el tibulo
distal se reabsorbe el 5% del filtrado glomerular y los primeros estudios
sugirieron que tanto la carga tubular de sal, asi como la tasa del flujo que llegan
a éste, controlan directamente la reabsorcion de sodio en este punto de la
nefrona. **?> También se ha observado que la furosemida (inhibidor del transporte
de NaCl en el asa de Henle) *® y el aumento de Na* en la dieta * incrementan la
carga de NaCl e inducen hipertrofia e hiperplasia del tabulo distal, con
proliferacion de la membrana basolateral, aumento en el volumen de las

mitocondrias, °® asi como en la actividad de la Na™:K*-ATPasa basolateral *°
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y en

el niamero de receptores para tiazida en la membrana apical,

incrementa la capacidad de reabsorcion de Na*. %

lo que

EFECTO HORMONAL SOBRE LA REGULACION LA REABSORCION DE NaCl EN EL
TUBULO DISTAL.

Diversos estudios han demostrado la participacion de distintas hormonas en la
regulacion de la reabsorcion de NaCl en el tubulo distal; brevemente
describiremos algunos de ellos.

Es conocido que la hormona aldosterona regula la excreciéon de Na® del
organismo al incrementar la reabsorcion de este idn. En un principio se describio
gue el sitio de accién para aldosterona eran los canales de sodio sensibles a
amilorida en el conducto colector. Sin embargo ahora conocemos la
participacion de la aldosterona sobre la regulacion de la reabsorcién de Na* en
el tabulo distal. Trabajos de Chen y col. * demostraron que la adrenalectomia en
ratas disminuye la densidad del CST y observaron un incremento en la unién a
[*H]metolazona en homogenados de rifion después de aplicar aldosterona

exdégena. En 1996 Velazquez y col.®®

observaron que la baja actividad en el
transporte electroneutro de sodio, medida in vivo en el tdbulo distal de ratas

adrenalectomizadas, puede ser recuperada a niveles normales e incluso



incrementada con la administracion de aldosterona y/o altas dosis de
glucorticoides. En 1998 Kim y col.>® demostraron con estudios de inmunoblot e
inmunohistoquimica, que el aumento en las concentraciones séricas de
mineralocorticoides y la dieta baja en sal, aumentan la expresién del CST. Por lo
tanto este transportador es un blanco importante para la aldosterona.

Estos resultados son consistentes con la presencia de receptores para
mineralocorticoides y la enzima 11B-hidroxiesteroidea en el tibulo contorneado

distal de rata, conejo y humano, %8

necesarios para que las hormonas
esteroideas pueden llevar a cabo su funcion.

No solo se ha demostrado la presencia de receptores para mineralocorticoides
en el tabulo distal, sino también se ha demostrado indirectamente la presencia
de receptores para hormonas peptidicas como la calcitonina, la PTH y el
isoproterenol. Trabajos de Blakely y col., ® reportaron un aumento en la unién a
[*H]metolazona en homogenados de rifién de ratas tratadas con calcitonina.

Otra hormona involucrada en la reabsorcion de Na* a nivel tubular distal es la
hormona Angiotensina Il, la cual es un potente vasoconstrictor que juega un
papel importante en la reabsorcion de sodio y en la regulacion de la presion
sanguinea. Diversos trabajos han tratado de determinar el mecanismo por el
cual la Angiotensina Il regula la expresion del CST. Desde 1997 se reporto la
presencia de receptores de Angiotensina Il (AT1) en la membrana apical de las
células del tabulo distal, lo que hizo suponer que esta enzima estaba involucrada

directamente en la regulacién de Na* a este nivel.®

Recientemente Sandberg y
col. demostraron que Angiotensina Il esta involucrada en regular el trafico del
CST ala membrana apical de las células, provocando internalizacion del CST en
vesiculas subapicales. >°

Como se puede apreciar, distintos factores estan involucrados en la regulacion
de la funcion del CST, en los que podemos incluir eventos de
fosforilacion/defosforilacion del transportador, mutaciones puntuales vy
polimorfismos de nucleétidos individuales (SNPs), estos factores seran

discutidos mas adelante.



C. IDENTIFICACION MOLECULAR Y ESTUDIO DEL CST

La identificacién molecular del CST 2° fue posible por el descubrimiento de un

sistema similar descrito en la vejiga urinaria del pez lenguado de invierno “Winter
flounder”.®

En la década de los afios 60°s, se observo que ciertos peces (teledsteos) tienen
la capacidad de concentrar o diluir la orina en la vejiga urinaria **3! También se
observd que este drgano en los peces, es embrioldgicamente una prolongacién
del mesonefro renal, por lo tanto las caracteristicas epiteliales de la vejiga
urinaria de estos peces, son similares a las caracteristicas epiteliales del tabulo
distal y del tubulo colector del rifién mamifero.*

Renfro 202

observd que en la vejiga urinaria del lenguado de invierno, la
reabsorcion de Na* y CI" mostraba interdependencia y que para llevarse a cabo,
era necesaria la presencia de la Na":K*-ATPasa en la membrana basolateral.
Stokes y col. > demostraron que la reabsorcién de Na* en la vejiga urinaria de
estos peces, era sensible a los diuréticos tipo tiazida. Kunau y col. 2 en 1975,
fueron los primeros en sugerir que las tiazidas ejercen su efecto diurético
inhibiendo la reabsorcién de sal en el tGbulo distal. Posteriormente, Ellison *
describié que la reabsorcion de NaCl sensible a tiazidas se llevaba a cabo en la
primera porcion del tubulo distal.

l. > en 1988, realizaron estudios de afinidad de metolazona, un

Beaumont y co
diurético tipo tiazida marcado radioactivamente con tritio ([*H]metolazona), en
corteza renal de rata y demostraron que este compuesto se fija en dos sitios,
uno de alta afinidad (Kd= 4.27 nM) y otro de baja afinidad (Kd=289 nM). El sitio
de alta afinidad corresponderia al cotransportador de Na':Cl. La union de
[*H]metolazona puede ser alterada Unicamente con otras tiazidas, y no con
cualquier otro tipo de droga.

En 1990 Tran y col. * observaron que al incrementar la concentracién
extracelular de sodio (50 mM en forma de Na,SO,) se aumentaba la afinidad de
la metolazona trittada unida a membranas de corteza renal de rata
aproximadamente 2.6 veces, mientras que al aumentar de las concentraciones

extracelulares de cloro (50 Mm de NaCl) la afinidad disminuia ~ 2.6 veces.
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La figura 3 muestra el modelo propuesto de union de iones y diuréticos. Este
modelo propone que el CST cuenta con dos sitios de unién, uno que es selectivo
para sodio y el otro capaz de reconocer al cloro y a la tiazida, originando
competencia entre estos dos ultimos por el sitio de unién. Cuando el sodio se
une a uno de los dos sitios, la afinidad del segundo sitio aumenta por cloro o
metolazona. Normalmente con el transporte de Na* del fluido tubular a la célula,
se incrementa la afinidad del CST por el CI, transportando ambos iones al
interior de la célula. Por otro lado, en este modelo se propone que cuando se
administra cualquier tipo de tiazida, este diurético compite con el cloro y al unirse

al transportador, impide el transporte de NaCl a la célula.
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En 1993 Gamba y col. identificaron molecularmente y clonaron al CST a partir de
la vejiga urinaria del pez lenguado de invierno (CSTfl), mediante una estrategia
de expresioén funcional en ovocitos de Xenopus laevis.

Fue obtenido un ARNm de 3.7 kb, cuya secuenciacién revelé un marco abierto
de lectura de 3,069 pb, en la que se obtuvo una proteina de 1,023
aminoacidos.?

El andlisis de hidropatia de esta secuencia mediante el método de Kyte and
Doolitle *, revel6 un patrén hidrofébico central, con doce posibles segmentos
transmembrana (TM) y una larga asa extracelular entre los segmentos TM 7 y 8

con sitios potenciales para N-glucosilacion. Los segmentos TM estan
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flanqueados por dos asas de localizacion intracelular que corresponderian a los
dominios aminoterminal (NH>) y carboxiterminal (COOH) de la proteina, siendo
mas largo el extremo COOH’, que esta compuesto aproximadamente de 450

aminodcidos. La figura 4 muestra la topologia propuesta para el CST.

F’ N -glucosil

Figura 4. Topologia basica del cotransportador de Na":Cl sensible a tiazidas.

La identificacion molecular del CSTfl dio la pauta para la identificacion vy
aislamiento de otros transportadores de NaCl en diferentes especies animales,
con metodologias basadas en la homologia de secuencias. De esta manera
Gamba y col. sintetizaron una sonda del CSTfl marcada con **P del DNAc para
analizar una genoteca de RNAc del rifién de rata, del cual aislaron dos clonas,
una de ~4.4 Kb que codifica para el cotransportador Na*:Cl" sensible a tiazidas
de la corteza renal de rata (CSTr) y otra de ~4.7 Kb que codifica para el
cotransportador Na":K":2CI" sensible a bumetanida de la membrana apical de
rata (CSBr).%

La secuenciacion del CSTr revelé una proteina similar a la del pez lenguado de
invierno, con un segmento codificante de 3006 pb, que predice una proteina de
1002 aminoéacidos. El andlisis de hidropatia de esta secuencia mediante el
método de Kyte and Doolitle *°, revel un patrén semejante al del CSTHl.

En 1996 se report6 la identificacion molecular del CST de humano (CSTh) por

40

dos grupos de investigadores. Mastroianni y col. reportaron la clonacion,
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secuenciacion y localizacion cromosémica del CST de humano (CSTh). El
analisis de esta secuencia revelo una proteina de 1021 aminoacidos con un
peso de de 112 kDa. La topologia del CSTh fué similar a la descrita para el CSTr
y el CSTil. Andlisis de FISH demostraron que el gen del CST se localiza en la
region cromosémica 16913, mientras que en la rata se localiza en el cromosoma

2. Simony col.

identificaron la secuencia primaria del CSTh con la finalidad de
establecer la relacion que existe entre este gen y el Sindrome de Gitelman.
Andlisis de ligamiento y mutaciones puntuales revelaron que el CST esta
involucrado en una enfermedad conocida como Sindrome de Gitelman, que sera
descrita mas adelante. ***3

En 1998 Velazquez y col. clonaron al CST de la corteza renal de conejo. En ese
mismo afo, Schultheis y col. reportaron la secuencia del CST de ratén (CSTm);
mediante andlisis de alineacion de secuencia mostraron que existe 92% de
identidad entre el CSThy el CSTm.*

Mediante estudios de Northern blot se mostré que transcritos de RNAm del CST
se localizaban en tejidos renales.®” Con hibridacion in situ, utilizando una sonda
del CST marcada radiactivamente con **S-UTP, se mostré6 que el RNAm del
CST se expresa predominantemente en el tdbulo distal. La identificacion
molecular del CST ha permitido desarrollar estrategias metodolégicas que han
facilitado su estudio. En 1998 Knepper sintetizé y caracterizd6 anticuerpos
policlonales de conejo que son capaces de reconocer al CST. El péptido
sintetizado corresponde a 24 aminoacidos de la region aminoterminal de la
proteina. Estudios de inmunoblot e inmunohistoquimica permitieron detectar y
localizar al CST. #°

Actualmente diversas técnicas de biologia molecular permiten el estudio del
CST, tal es el caso de la fusion de proteinas al CST (proteina verde-
fluorescente-EGFP) "® que permiten detectar la expresién de la proteina en la
superficie celular asi como su cuantificacion y la union de epitopes al CST

(FLAG) que permiten la deteccién de este transportador.
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CST PERTENECE A UNA FAMILIA DE COTRANSPORTADORES CLORO-
CATIONICOS.

El CST pertenece a una familia de transportadores electroneutros cloro-
cationicos denominada SLC12 segun la Human Genome Organization
(HUGO).*® Esta compuesta por nueve genes claramente identificados que
codifican para transportadores de membrana, de los cuales tres utilizan sodio
(con o sin potasio), como el catién acoplado al transporte de cloro, mientras que
los otros cuatro utilizan potasio como el Unico cation acoplado al cloro.

La figura 5 muestra un arbol filogenético de los diferentes integrantes de la
familia, asi como el porcentaje de identidad que existe entre ellos.

En el arbol se observan 2 ramas principales: una de los transportadores que
acoplan Na" (CST, CSB1, CSB2) y otra rama de los que acoplan K" (KCC1,
KCC2, KCC3 y KCC4). 20% de identidad existe entre los miembros de estas 2
ramas.

Dos integrantes de esta familia, CIP y CCC9, guardan 20% de identidad con
respecto a los transportadores que acoplan Na® y K, la funcién de estas
proteinas aun no ha sido determinada.

Es interesante notar que entre las secuencias de los diferentes integrantes de
cada grupo de cotransportadores el porcentaje de identidad es elevado. Por
ejemplo, entre el CST, el CSB1 y el CSB2 existe 50% de identidad en la
secuencia de aminoacidos; mientras que en los KCCs el porcentaje de identidad
es mayor del 65%.

Por otro lado, las diferencias que se pueden observar entre los miembros de la
familia son: el numero y el tipo de iones que transportan, su localizacion en la
membrana (cara apical o basolateral), asi como la sensibilidad a los diuréticos.
Todos los miembros de la familia presentan sitios potenciales para N-
glucosilacién y altos pesos moleculares en los analisis de Western blots,
realizados con anticuerpos especificos para cada transportador, lo que sugiere

que todos los transportadores son proteinas glucosiladas. %2°*
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Figura 5. Arbol filogenético de la familia de cotransportadores cloro-cationicos SLC12.

D. CARACTERIZACION FUNCIONAL DEL CST
La clonacion del CST ha permitido determinar y estudiar las propiedades

funcionales de este transportador. El sistema de expresion heterélogo de
ovocitos de Xenopus laevis ha mostrado ser de gran utilidad en estos estudios,
ya que hasta el momento se carece de cultivos de células de tabulo distal de

rifiones mamiferos,2%37444%

La caracterizacion funcional del CST se inicié con los estudios de Renfro y
Stokes, 2°?? en los cuales se describi6 que el transporte de Na* y CI es
interdependiente e inhibido especificamente con diuréticos tipo tiazida.

Hace algunos afos, trabajos realizados en nuestro laboratorio por Monroy y col.
permitieron determinar las propiedades funcionales del CST de rata (CSTr)
mediante andlisis funcional en ovocitos de X. laevis.* Brevemente describiremos
los resultados mas relevantes de este estudio.

Previamente se habia demostrado que los ovocitos de X. laevis no expresan un

29, 37

transportador endégeno de Na-Cl sensible a tiazidas y como se puede

apreciar en la figura 6, la inyeccion de ovocitos con el RNAc del CSTr
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incrementd significativamente de la captacion de Na”*, la cuél fue dependiente de

Cl'y sensible a las tiazidas.
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Figura 6. Expresién funcional del CSTr (RNAc) en ovocitos de X. laevis

Para determinar la cinética de transporte de iones, Monroy y col. realizaron
experimentos en los cuéles se mantuvieron concentraciones fijas de Na* o CI°
(40 mM), con modificaciones en las concentraciones del contra-ion (0 a 40 mM).
La figura 7 muestra los andlisis cinéticos de captacion de Na® en ovocitos
inyectados con el RNAc del CSTr. En la grafica A se muestra la dependencia de
Na® de la captacién de *’Na’ y la grafica B se muestra la dependencia de CI" de
la captacion de ??Na*. La Km calculada para la concentracién de Na* extracelular
fue de 7.29 £ 2.1 mM, mientras que la Km calculada para la concentracion de CI
extracelular fue de 6.48 £ 1.54 mM.
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Figura 7. Expresion funcional del CSTr (RNAc) en ovocitos de X. laevis

Con respecto a la funcion inhibitoria que desempefian las tiazidas sobre el CSTr,
se demostré que el transportador interrumpe su funcién ante los diferentes tipos
de tiazidas (politiazida, metolazona, bendroflumetiazida, hidroclorotiazida,
clortalidona y triclorometiazida) y que la funcién de éste no se ve afectada por la
furosemida o la acetazolamina.

Como se describi6 previamente, Tran y col. ** observaron que la unién de [°H]
metolazona a su receptor se inhibia al incrementar la concentracion de CI
extracelular y se estimulaba por el aumento en la concentracion de Na',
sugiriendo que las tiazidas y el CI" compiten por el sitio de union. En el trabajo de
Monroy y col. se evalué el efecto de la concentracion del CI” extracelular sobre la
cinética de inhibicién de diferentes tiazidas; en estos experimentos se utilizaron
concentraciones de 2 o 100 mM de CI extracelular. Los resultados de estos
estudios se muestran en la figura 8, en donde diferentes tipos de tiazidas
desplazaron la curva de inhibicion hacia la izquierda en presencia de
concentraciones bajas de CI" extracelular, indicando que el CI" afecta la unién de
tiazidas al CSTr.
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Figura 8. Cinéticas de inhibicién del CSTr por diferentes tiazidas en presencia de ¢ 100 MM 6 © 2

mM de CIP* extracelular.
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Figura 9. Cinéticas de inhibicion del CSTr por metolazona en presencia de ¢ 100 mM 6 © 2 mM de

NaP*" extracelular.
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en la inhibicion del CSTr por metolazona.

Para determinar la influencia de los iones sobre la inhibicion del CSTr por
tiazidas, se midi6 el efecto que produce el incremento en la concentracion
extracelular de Na® o CI sobre el efecto inhibitorio de metolazona a
concentraciones de 5 X 107 M, la cual es el IC50 de este diurético. El resultado
de estos experimentos se muestra en la figura 10, en donde se puede apreciar
una correlacién negativa entre la concentracion de Na* o CI' extracelular con

respecto al porcentaje de inhibicién del CSTr.
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Figura 10. Correlacion entre « Na* 6 © CIP™ extracelular con respecto al % de inhibicién del
CSTr por metolazona (5 X 10 P77 M)

Con base en estos resultados los autores propusieron que la unién de los iones
al transportador se realiza en forma aleatoria y que la afinidad que muestra el
CSTr para Na" o para CI depende de la concentracion del contra-ién presente
en el medio extracelular, mientras que la unién del diurético al CST se ve
afectada por la concentracion de iones Na“ y CI presentes en el medio
extracelular.

En el 2002 se reporto la caracterizacion funcional del CST del pez lenguado de
invierno (CSTfl); este estudio fue realizado en nuestro laboratorio por Vazquez y
col., ° en el cudl también se describe un anélisis detallado de las propiedades

funcionales tanto del CSTfl como del CSTr; este estudio permitio establecer
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caracteristicas semejantes y diferencias importantes entre estos dos
transportadores que a continuacion se describen y se resumen en la tabla 1.

Vazquez y col. realizaron analisis cinéticos para determinar el transporte de
iones en CSTfl, los cuales revelaron que este transportador tiene un Km para
Na® de 58.2 + 7.1 mM y un Km para ClI" de 22.1 + 4.2 mM. Como puede
observarse, el CSTfl mostr6 menor afinidad por los iones que transporta, en
comparacion con el CSTr (Km para Na* de 7.29 + 2.1 y una Km para ClI" de 6.48
+ 1.54 mM). También puede notarse que los valores en el CSTr son similares
para ambos iones, mientras que en el CSTfl existe mayor afinidad por el CI".

Con respecto a la inhibicion que presenta el CSTfl ante las diferentes tiazidas, se
observd un efecto inhibitorio bifasico en este transportador, es decir, bajas
concentraciones del farmaco incrementaron la captacién de Na* (10° a 10°M),
mientras que altas concentraciones del farmaco (10° a 10“M) reducen su
funcion. Este efecto no se observdé sobre el CSTr. Se piensa que este
comportamiento inhibitorio, puede deberse a la activacion de alguna via de
sefializacién que afecta Gnicamente al CSTfl. “® Comparativamente, el CSTry el
CSTfl presentan distinta respuesta que ante los diuréticos tipo tiazida.
Concentraciones de 10”* M de clortalidona o triclorometiazida son suficientes
para inhibir el 95% de la funcion del CSTr, mientras que esta concentracion de

diurético solo reduce parcialmente la funcion del CSTfl (68 y 46%

respectivamente).

150

100 =
£
1]
=
=
:
q B0 --———— - A A
B
&
“ 1] Rat TsC

() Flounder TSG
04

0.01 0.1 1.0 10 100
Melolazone (uM)

Figura 11. Cinética de inhibicién por metolazona en el CSTry en el CSTHl.
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Un ejemplo de la diferente respuesta que presentan el CSTr y el CSTfl a las
tiazidas, lo muestra la figura 11, en donde se puede apreciar el perfil de

inhibicién por metolazona en ambos transportadores.

Una caracteristica semejante observada en el CSTr y en el CSTfl, es que ambos
son inhibidos con Hg?*. A mediados del siglo veinte el Hg** fue usado como un
potente diurético en la medicina clinica, pero aflos mas tarde fue descontinuado
por la toxicidad que originaba en los pacientes; aunado a esto se comenzaron a
desarrollar nuevos farmacos con mayor eficacia y menor toxicidad.”’ Es
conocido que el sitio de accién del Hg?*, es el asa de Henle y en el tibulo distal,
aunque no se ha determinado con precisién el mecanismo por el que acttia.*® El
efecto inhibitorio del Hg®* sobre el CST ya habia sido observado por Wilkinson y
col.*® en la vejiga urinaria del pez lenguado de invierno. Jacoby y col.® también
observaron efectos de inhibitorios del Hg** sobre la isoforma basolateral del
cotransportador Na-K-2Cl y efectos similares fueron observados por Plata y col.

en la isoforma apical del mismo (datos no publicados).

Una diferencia importante observada entre estos transportadores, es su
sensibilidad al volumen celular. La funcién del CSTr disminuyo parcialmente por
la hipotonicidad del medio extracelular, sin ser afectada por la hipertonicidad. Un
efecto contrario se observo en el CSTfl, en donde la hipertonicidad redujo
significativamente la funcién del transportador sin que ésta fuera afectada por la

hipotonicidad o isotonicidad.

Na® (mM) | CI" (mM) |BFTZ IC50 (uM)| HgCl, |Resp. A Tonicidad
CSTr | 7.2+21 |6.4%15 1 W _ Yen
hipotonicidad
CSTfl |58.2+7.1(22.1+4.2 10 ¢ ~ den
hipertonicidad

Tabla 1. Diferencias funcionales entre el CSTry el CSTIl.
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Ante estos hallazgos, Vazquez y col. analizaron la estructura primaria del CSTry
del CSTfl, en donde se observd que estos transportadores guardan un 62% de
homologia en su estructura primaria. En la figura 12, se puede observar el
porcentaje de identidad que existe entre los distintos segmentos de la proteina
en ambos transportadores. Las regiones TM muestran un 80% de homologia, es
decir son las regiones mas parecidas entre ellos. El porcentaje de identidad en la
region NH, y COOH’ es menor, en el extremo NH; presentan 20% de identidad

mientras que el COOH™ muestra un 55% de identidad.

Tres sitios potenciales para N-glucosilacion se encontraron en la estructura del
CSTIfl, mientras que en el CSTr solo se observaron dos sitios. También fueron
descritos distintos sitios potenciales para fosforilacién via proteina cinasa A o C
en estas estructuras. En la figura 12 se pueden observar en circulo verde los
sitios potenciales para fosforilacion via PKC que exclusivamente se presentan
en la estructura del CSTfl, mientras que en circulo rojo los sitios que pueden ser
activados por esta misma via en el CSTr. Con simbolos de + y — en color verde y
en color rojo se representaron aminoacidos con carga presentes Unicamente en
la estructura del CSTfl o del CSTr. *°

En este trabajo los autores concluyeron que las diferencias funcionales,
farmacologicas y de regulacién encontradas entre el CST de rata y del pez,
posiblemente se debian a cambios estructurales presentes en la secuencia de

estos transportadores.
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Figura 12. Diferencias estructurales entre el CSTry el CSTHl.

E. RELACION ESTRUCTURA FUNCION EN LA FAMILIA DE
TRANSPORTADORES CLORO-CATIONICOS

La identificacion molecular y la caracterizacién funcional de los transportadores
cloro-catiénicos, han permitido la realizacion de estudios de relacién estructura-
funcion, en donde el principal objetivo es encontrar dominios estructurales
involucrados en determinar las propiedades funcionales de estos
transportadores. A continuacion se describen diferentes estudios de relacion

estructura-funcion realizados en algunos miembros esta familia.

RELACION ESTRUCTURA FUNCION EN EL CSB2/NKCC1.
En el 2001 se publicaron los primeros estudios de relacion estructura funcion en

esta familia de transportadores cloro-cationicos. Estos reportes fueron hechos
por Insenring y Forbush en el cotransportador basolateral Na:K:2Cl (CSB2 o
NKCC1).>
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Desde la clonacién del CSB2/NKCC1 de humano y de tiburén, se describieron
diferencias importantes entre ellos. EI| CSB2/NKCC1 de humano presenta mayor
afinidad a los iones que transporta en comparacion con el CSB2/NKCC1 de
tiburén, asi como mayor inhibicién por el diurético (bumetanida).>?

Al analizar la estructura primaria de estos transportadores se encontré que
guardan un 74% de homologia entre ellos.

Con la construccién de proteinas quiméricas y la mutagénesis puntual como
estrategias metodoldgicas, en un primer estudio los autores analizaron el papel
gue desempefian la region NH,, TM y COOH™ sobre las propiedades funcionales
del transportador.

Las construcciones quimeéricas entre el CSB2/NKCC1 de humano y de tiburdn,
fueron posibles al introducir sitios de restriccion silenciosos (no modifican la
secuencia de aminoacidos), que les permitieron intercambiar regiones de la
proteina.

Como se puede observar en la figura 13, se obtuvieron seis quimeras, dos en las
gue Unicamente se intercambid la regidbn NH,, dos quimeras en las que se
intercambié en extremo COOH y dos en donde las regiones TM del
CSB2/NKCC1 de humano estaban flanqueadas por las regiones NH, y COOH’
del CSB2/NKCC1 de tiburdén y viceversa. Tanto los cDNAs de las quimeras
como los de los transportadores nativos, fueron transfectados en células HEK
para su estudio.”® En la figura 13 se pueden observar esquematicamente, las
construcciones quiméricas entre el CSB2/NKCC1 de humano y de tiburdn.

RNKCC shil.9 hs1k1 shs0.2/13.1
AT | — VNN iy VEVUVHLV T iy R VVVEET T
. = T
5‘“51‘%" ' 2 =8
:_;:' Q-H.}_"":.
sMKCCH shid.1 hshil 53,1

Figura 13. Quimeras obtenidas entre el CSB2/NKCC1 de humano y tiburén.
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La figura 14 muestra las constantes de afinidad obtenidas para Na*, K" y CI" asi
como la inhibicion por bumetanida tanto para los transportadores nativos como
para las quimeras. Se puede observar como el CSB2/NKCC1 de humano
presenta mayor afinidad a los iones y muestra gran inhibicién por el diurético.
Las quimeras mostraron un comportamiento similar a los CSB2/NKCC1 nativos,
es decir en ambos casos, las Kms para iones y diuréticos no se vieron afectadas
en caso de tener la region NH,, COOH" e incluso en ambas regiones, de la
proteina contraria. En este estudio se demostr6 que las regiones TM estan
involucradas en la afinidad a iones y en la sensibilidad a la bumetanida en el
CSB2/NKCC1. >

.im o Eu-
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"'§1228833 @ ::2238%%

Figura 14. Constantes de afinidad para Na*, K*, CI' y bumetanida en el CSB2/NKCC1 y en las
diferentes quimeras.

En un siguiente estudio, estos mismos autores realizaron un analisis detallado
sobre la estructura de las regiones TM en este mismo transportador.

Observaron que las regiones TM 1 y TM3 del CSB2/NKCC1 de humano y de
tiburén son idénticas. El analisis de la region TM2 revel6é cambios estructurales
entre estos transportadores. Por lo tanto, decidieron construir dos nuevas
quimeras en las que se intercambio la regién TM2 entre el CSB2/NKCC1 de
humano y de tiburén, con la finalidad de evaluar el papel que desempefia esta

region sobre las propiedades del CSB2/NKCC1. Los analisis funcionales en
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células HEK mostraron cambios de afinidad para Na* y K* sin encontrar cambios
en la afinidad a CI', sugiriendo que esta region esta involucrada con el transporte
de los cationes.

Con la quimera formada por la region TM2 del tiburon en el CSB2/NKCC1 de
humano, se observo una constante de afinidad a bumetanida semejante a la
observada en el CSB2/NKCC1 de tiburdn, lo que sugirié que la bumetanida se
une a la region TM2 y que posiblemente lo realice en un sitio diferente al CI

Un nuevo analisis estructural fue realizado sobre la region TM2. Como se puede
observar en la figura 15, la region TM2 de CSB2/NKCC1 de humano y de
tiburén, muestra 4 aminoacidos diferentes entre estos transportadores.

Los aminoacidos Alanina (A), Leucina (L), Glicina (G) y Treonina (T) presentes
en la secuencia del CSB2/NKCC1 de tiburén fueron sustituidos por los
aminoécidos Serina (S), Valina (V) y Metionina (M) del CSB2/NKCC1 de
humano. Los andlisis cinéticos realizados para evaluar el papel que
desemperfian estos residuos, mostraron que los aminoacidos A y L de la regién
TM2 del CSB2/NKCCL1 de tiburén y los aminoacidos Sy V de la region TM2 de
CSB2/NKCC1 de humano son los que estan involucrados en el transporte de
Na®, mientras que los residuos G y T del CSB2/NKCCL1 de tiburdn y las 2
Metioninas del CSB2/NKCC1 de humano estan involucrados en el transporte de

K+ 53

cDNAs and
mutants Transmembrane domain 2

sNKCC1 A vV G TATNVYV
S

G I G L L L I T TI TG
hNKCC1 G I G L VLVIMMATVVTTTITG
Figural5. Aminoécidos de la region TM2 en CSB2/NKCC1 de humano vy tiburdn.

En estudios posteriores de este mismo grupo de investigacion, se reportaron las
construcciones de otras proteinas quiméricas entre el CSB2/NKCC1 de humano

y de tiburén. Fueron generadas nuevas quimeras en las que se intercambiaron
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las regiones TM 8 a 12, en las cuales no se observaron cambios con respecto a
los transportadores nativos.

También generaron quimeras en las que se intercambio exclusivamente la
region TM7, estas mostraron cambios en la constante de afinidad para Na*, K y
CI" con valores intermedios entre el CSB2/NKCC1 de humano y de tiburon.
Simultaneamente realizaron un analisis estructural entre las regiones TM4 y TM5
de estos transportadores. Se encontraron algunos aminoacidos diferentes entre
ambas secuencias, los cuales fueron intercambiados a través de mutagénesis
puntual. Estos amino&cidos no mostraron cambios en las constantes de afinidad
para de Na*, K"y CI

En resumen, los autores determinaron diferentes regiones TM involucradas en la
translocacion de iones en el CSB2/NKCCL1. Las regiones TM2 y TM7 en el
transporte de Na*; las regiones TM2, TM4 y TM7 en el transporte de K* y las
regiones TM4 y TM7 en el transporte de CI'. Se consideré que el diurético se une
al transportador en la region TM2. En la figura 16 se muestran

esquematicamente estos resultados.>*

o858

Fractional change In afinity
Relative to sNKCC1{%}
TIT
?

[ N N N T R
1 2 3 4 § B8 7T & 8% 101 12

Trangmambrana domaing

Figura 16. Representacion esquematica de las regiones TM del CSB2/NKCCL1 involucradas
en el transporte de Na*, K"y CI".
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RELACION ESTRUCTURA FUNCION EN EL CSB1/NKCC?2.
Estudios de relacion estructura-funcion también han sido realizados en la
isoforma apical del cotransportador Na':K":2CI" (CSB1/NKCC2). El gen

SLC12A1 codifica para este transportador generando por empalme alternativo

tres isoformas denominadas A, B y F. Trabajos realizados en nuestro laboratorio
por Plata y col. ®® mostraron cambios en la cinética de transporte para iones y
sensibilidad al diurético en estas tres proteinas. Los analisis de las propiedades
funcionales se realizaron en ovocitos de X. laevis, mediante la captacion de
%Rb* dependiente de bumetanida. En estos estudios se observé que las
isoformas A y B tienen propiedades cinéticas similares, que difieren a las de la
isoforma F. La isoforma F tiene la menor afinidad por los iones transportados. A
pesar de que la expresion de las tres isoformas en la membrana plasméatica de
los ovocitos fue similar, la captacién de % Rb* fue significativamente mayor en la
isoforma A, lo cual sugiere que esta proteina tienen una mayor capacidad de
transporte. La isoforma B mostro alta afinidad por los iones pero baja capacidad
de transporte, mientras que la isoforma F mostrd ser un cotransportador de baja
afinidad y baja capacidad de transporte. Por otro lado la isoforma B mostré
mayor sensibilidad la bumetanida.

Previamente se reporto la existencia de tres casetes de exones mutuamente
excluyentes en el CSB1/NKCC2 como los responsables de generar estas tres
isoformas. Estos casetes codifican para la region TM2 y para el asa que conecta
a las regiones TM2-TM3.%’

Los analisis estructurales realizados sobre las isoformas A, B y F revelaron
cambios minimos en la secuencia de los aminoacidos que forman la regién TM2
y en el asa conectora de la TM2-TM3, por lo que se considero que estos
residuos fueran los responsables de generar las diferencias funcionales
encontradas en las tres isoformas . La figura 17 muestra las diferencias de
residuos entre las tres isoformas. En el esquema, las cajas de color rojo resaltan
a los aminoéacidos diferentes en las tres secuencias. En color naranja, se marcan

a los aminoacidos unicos en la isoforma A; en color azul, se marcan a los
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residuos Unicos en la isoforma B y en color verde, se marcan a los residuos

exclusivos de la isoforma F.°’

mBSC1l-A LGVIIIL
mBSC1-B LGVIIIG
mBSC1-F LGVIIIGLS

Transmembrane
domain 2

ITGLSTSAIATN RG
ITGLSTSAIATN RG

GilslisSA I[ETN RG

Figura 17. Aminoacidos de la region TM2 y del asa conectora que une a la TM2-3, en las tres
isoformas del CSB1/NKCC2

Gagnon y col. reportaron la construccion de proteinas quiméricas entre la
isoforma A y la isoforma F del CSB1/NKCC2. Generaron dos quimeras
denominadas A/F y F/A. La quimera A/F, fue formada con la regién TM2 de la
isoforma A y con la regidon conectora TM2-3 de la isoforma F, mientras que la
guimera F/A fue construida con los segmentos contrarios a los de la quimera A/F
Los analisis cinéticos demostraron que tanto la TM2 como el asa conectora entre
la TM2-3 son importantes para definir la alta o baja afinidad que tienen estas
isoformas a los cationes.

En cuanto a la afinidad por CI', la quimera F/A mostré una Km similar a la de la
isoforma A, mientras que la quimera A/F mostré valores similares a los de la
isoforma F, sugiriendo que los residuos del asa conectora TM2-3 son los
responsables de determinar la afinidad por Cl- en las diferentes isoformas del
CSB1/NKCC2.

Recientemente Giménez y Forbush *° reportaron residuos especificos de la
region TM2 involucrados en la translocacion de iones CI" en el CSB1/NKCC2. A
través de mutagénesis puntual, sustituyeron los diferentes aminoacidos de la
isoforma B por los aminoacidos de la isoforma F; igualmente fueron sustituidos
las aminoacidos diferentes de la isoforma B por los aminoacidos de la isoforma

A. Los analisis cinéticos realizados para las diferentes sustituciones revelaron
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gue las Treoninas 240 y 249 de la isoforma B, localizadas en la TM2, son de
gran importancia para el transporte de CI. Como se puede observar estos
resultados difieren a los observados por Gagnon y col. *® quienes propusieron
gue eran los residuos del asa conectora TM2-3 los que estaban involucrados en
el transporte de este ion.

Tovar—Palacio y col.?® realizaron estudios de relacién estructura funcién entre
dos miembros de la familia de transportadores cloro-cationicos, el CSB1/NKCC2
y el CST. Con la construccion de proteinas quiméricas entre el CSB1/NKCC2 y
el CST ( ver figura 19) , asi como la realizacion de diversos analisis cinéticos en
ovocitos de Xenopus laevis, mostraron que las regiones TM de CSB1/NKCC2
presentan un comportamiento similar al del CSB1/NKCC2 nativo, asi como
sensibilidad a la bumetanida y resistencia al diurético tiazida, con lo que
demostrd que son las regiones TM las involucradas en el transporte de iones y
en la sensibilidad al diurético en el CSB1/NKCC2.

RELACION ESTRUCTURA FUNCION EN EL CST

Pocos estudios de relacion estructura-funcion se han realizado sobre el CST;

algunos de estos estan basados en determinar unicamente el papel que juegan
aminoacidos especificos. A continuacion se describen algunos trabajos de
investigacion donde el principal objetivo fue determinar el efecto de algunos
residuos sobre la funcion de este transportador.

F. EFECTO DE LA GLUCOSILACION SOBRE LAS PROPIEDADES
FUNCIONALES DEL CST.

Como ya se menciond anteriormente, se ha considerado que todos los
miembros de la familia de transportadores cloro-cationicos se encuentran
glucosilados ya que en la secuencia de estos, se presentan sitios potenciales

para N-glucosilacion; ademas, diversos andlisis de Western blots realizados con
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anticuerpos especificos para cada transportador revelan pesos moleculares altos
en estas proteinas. %%

Una diferencia estructural importante encontrada en dos CSTs de esta familia (el
CSTr y el CSTfl), es que presentan diferentes sitios consenso para la N-
glucosilacién en su estructura primaria. Se ha considerado de gran interés
evaluar el papel que juegan los aminoacidos involucrados en este evento ya que

podrian determinar algunas de las propiedades funcionales del transportador.

Previamente, se reportaron dos sitios potenciales para N-glucosilacion en la
secuencia del CSTr y tres en la secuencia del CSTfl, desconociéndose si esta
diferencia estructural estaba involucrada en determinar las propiedades

funcionales de estos transportadores. *°

La N-glucosilacion se describe como un evento co-transduccional, en el cual una
cadena de oligosacaridos es transferida a un polipéptido naciente en un residuo
Asparagina, el residuo Asparagina debe estar localizado dentro de una

secuencia consenso especifica (Asn-Xaa-Ser/Thr,Xaa#Pro). '’

En un estudio realizado en nuestro laboratorio por Hoover y col.”® se report6 el
efecto de la glucosilacion sobre las propiedades funcionales del CSTr. Se realizd
un analisis estructural detallado sobre la secuencia de este transportador,
encontrando seis sitios consenso para N-Glucosilacion, pero solo dos de ellos
susceptibles de glucosilacion in vivo. Los sitios de glucosilacion en el CSTr
reportados fueron: N404 y N424. Estos sitios estan localizados en el asa
extracelular que une a la region TM7 a la TM8.

Mediante mutagénesis puntual, los aminoacidos Asparagina fueron sustituidos
por residuos de Glutamina en cada una de las secuencias consenso, con el
objetivo de prevenir la glucosilaciébn. Se obtuvieron tres proteinas mutadas
N404Q, N424Q y una proteina con los dos sitios mutados, la N404-424Q.

A través de ensayos de expresion de proteinas en ovocitos de X. laevis, se
encontré que la funcién del CSTr disminuyo hasta un 50% cuando se elimino
alguno de los dos sitios, mientras que la funcién disminuyo hasta un 95% en

ausencia de los dos sitios. La afinidad por Na* y CI' no se vio afectada, sin
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embargo, se encontré una tendencia hacia velocidades maximas menores para
ambos iones entre el CSTr nativo y las mutantes de glucosilacion. En cuanto a la
sensibilidad a tiazidas, las mutantes de glucosilacién aumentaron la afinidad del
CSTr por el diurético (CSTr (2x10° M), N404 (7X107 M), N424 (9X10® M) y
N404-424 (1X10® M)). La expresion sobre la superficie celular fue cuantificada a
través de microscopia confocal, la proteina verde fluorescente (EGFP) fue unida
al CSTr y a las tres mutantes. El andlisis reveld que la ausencia de la

glucosilacién disminuye la expresiéon del CST sobre la superficie celular.

Estos estudios demostraron que la eliminacion de los sitios de glucosilacion,
previenen este evento, ocasionando disminucion en la expresion del CSTr sobre

la superficie celular y aumentando su sensibilidad por el diurético.

El efecto de la glucosilaciéon solo ha sido estudiado en el CSTr. No se conocen
los efectos de este evento sobre la funcion en otros miembros de la familia, por
lo que no ha sido posible determinar si estos residuos estan involucrados sobre

la funcién del transportador.

G. EFECTO DE MUTACIONES-GITELMAN SOBRE LA FUNCION DEL CST

En los Ultimos afos se han descrito diversas mutaciones en el gen que codifica

para el CST; cuando éstas suceden producen una enfermedad conocida como
Sindrome de Gitelman (SG).

El SG es un trastorno autosémico recesivo, descrito por primera vez en 1966 por
Gitelman, Graham y Welt, ®* que se caracteriza clinicamente por hipotension
arterial, hipocalemia, alcalosis metabdlica e hipocalciuria y que se presenta
usualmente en la segunda década de la vida.*! %% 3

Mas de 100 mutaciones gque suceden en el gen que codifica para el CST han
sido reportadas hasta el momento; éstas se encuentran disponibles en la base
de datos de mutaciones del genoma humano.'’®®* Mas del 70% son
mutaciones sin sentido (en las que se sustituye una base por otra) 0 no
codificantes (estas introducen un codon de paro produciéndose una proteina

truncada). Este tipo de mutaciones suelen ocurrir en aminoécidos conservados.
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Aproximadamente el 10% de las mutaciones en este gen, corresponden a
pequefias deleciones y menos del 7%, ocurren en sitios de empalme de la
proteina en donde suceden inserciones o deleciones de codones.

Algunas mutaciones-Gitelman dan como resultado un bloqueo total de la funcion
del CST:**" en este caso, el papel que juegan los amino4cidos mutados sobre
la funcién del transportador no puede ser evaluado, ya que se ha observado que
las proteinas mutadas no se sintetizan adecuadamente y por lo tanto no se
expresan sobre la superficie celular

Se han descrito mutaciones-Gitelman que dan como resultado un transportador
parcialmente funcional *° Se considera de gran importancia el estudio de estos
residuos ya que pueden estar involucrados en determinar las propiedades
funcionales del CST.

Kunchaparty y col.*® analizaron varias mutaciones reportadas en pacientes con
SG; éstas al ser expresadas en ovocitos de X. laevis, no mostraron
funcionalidad. Para entender estas observaciones, los autores realizaron varios
estudios sobre las proteinas mutadas, encontrando que estas se sintetizaban
adecuadamente pero no se glucosilaban, lo que eliminaba su expresion sobre la
superficie celular. Estos estudios hacen sentido con los trabajos de Hoover y
col.”® que se describieron anteriormente, en donde se demostr6 que la
eliminacién de la glucosilacion disminuye la expresion del CST de la superficie
celular.

1.”® estudiaron el efecto de cuatro mutaciones sin sentido

De Jong y co
reportadas en pacientes con SG, encontraron que estas proteinas no presentan
anomalias en su glucosilacién. Con analisis inmunocitoquimicos detectaron la
presencia de las proteinas mutadas tanto en el citoplasma como en la
membrana plasmatica. Los autores no estudiaron las propiedades funcionales
de éstas mutantes, por lo que no se precisO si el efecto que causaban era
debido a su inapropiada insercion en la membrana plasmatica o a defectos que
modificaran las propiedades funcionales del transportador.

Se considera que el estudio de mutaciones-Gitelman es de gran ayuda para

entender aspectos de relacion estructura-funcion en el CST, ya que algunos de
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los residuos mutados podrian estar involucrados sobre las propiedades

funcionales de este transportador.

H. DEFINIENDO DOMINIOS ESTRUCTURALES INVOLUCRADOS EN EL
TRASNPORTE DE IONES Y DIURETICOS AL CST

En el 2004, trabajos realizados en nuestro laboratorio por Tovar—Palacio y col.®®

reportaron la construccion de proteinas quiméricas entre el CST y el
CSB1/NKCC2; estos transportadores guardan un 52% de homologia. Como se
puede observar en la figura 18, distintos porcentajes de identidad fueron
observados entre los diferentes segmentos de la proteina. >85% de homologia
mostraron las regiones TM 1, 2, 3, 6, 8 y 10, las regiones TM 4 y 9 presentaron
del 55 al 75% de homologia, asi como un porcentaje <50% se encontré entre las
regiones TM 5, 7, 11y 12. La region NH, de estos transportadores presentaron
un porcentaje menor al 15% de identidad, mientras que las regiones COOH"

presentaron un porcentaje entre el 55y 75% de identidad.

Degree of identity
Ml -85%

I 55t075%
Il 30te50%
B <i5%

NH,
COOH

Figura 18. Porcentaje de identidad entre el CST y el CSB1/NKCC2.

Mediante la generacion de sitios de restriccion silenciosos se intercambiaron
regiones de la proteina entre el CST y el CSB1/NKCC2. Como se puede
observar en la figura 19, se obtuvieron seis quimeras, dos en las que se
intercambio la region NH,, dos quimeras en las que se intercambio el extremo

COOH' y dos en donde las regiones TM del CST estaban flanqueadas por las
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regiones NH, y COOH" del CSB1/NKCC2 y viceversa .Tanto los cRNAs de las
guimeras como los de los transportadores nativos, fueron microinyectados en
ovocitos de X. laevis para su estudio. Para la nomenclatura de las quimeras se
utilizaron las letras T (CST) y B (CSB1/NKCC2 ) para identificar el fragmento de
la proteina que habia sido utilizado para la construccién de las nuevas proteinas.
En la figura 19 también se pueden notar motivos de color negro, estos
representan el sitio donde se realiza el emplame alternativo en CSB1/NKCC2 ,
asi como ~70 aminoacidos que se presentan exclusivamente en la region COOH
de este transportador.

BSC1 TSC

BET - TTH

Figura 19. Representacién esqueméatica de proteinas quiméricas entre el CST y el
CSB1/NKCC2.

La expresion funcional de las tres quimeras en las cuales las regiones NH, y/o
COOH de CSB1/NKCC2 estaban fusionadas con las regiones TM del CST, solo
la quimera BTT mostré actividad.

La figura 20 muestra la captacién de *Na* en ovocitos inyectados con el RNAc
de BTT, donde se aprecia el aumento significativo en la captacion de Na* la cual
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es dependiente de CI', sensible a metolazona, independiente de K* y resistente a

la bumetanida.

| —

TN

=]

12,04
w £ BOA
2
B85
=N
s = 404
=5
| 5
2.0+
0 I I

H,0

BTT

Figura 20. Captacion de *’Na* en ovocitos inyectados con el RNAc de la quimera BTT. La barra
blanca representa condiciones de ausencia de K* extracelular, la barra gris indica ausencia de
CI extracelular, la barrra llena y la barra rayada horizontalmente indican concentraciones de

10" M de bumetanida y metolazona respectivamente.

Con estos resultados Tovar-Palacio y col. sugirieron que son las regiones TM del

CST en donde se lleva a cabo en el transporte de iones asi como sensibilidad al

diurético. Sin embargo es necesario realizar estudios que determinen dominios

estructurales involucrados con las propiedades funcionales del CST.

El trabajo que reportamos en esta tesis, tiene como objetivo principal determinar

dominios estructurales y/o aminoacidos puntuales en el CST involucrados en el

transporte de iones y en la sensibilidad a los diuréticos tipo tiazida.

Hemos descrito que proteinas estructuralmente parecidas como el CSTr y el

CSTfl, en donde se observan diferentes propiedades funcionales, constituyen un

excelente modelo de estudio para establecer las propiedades de transporte e

inhibicion de esta proteina.
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. HIPOTESIS

Si las diferencias en la cinética de transporte y en la interaccion entre
iones y tiazidas entre el CSTr y el CSTfl estan determinadas por dominios
especificos en la secuencia en las regiones transmembrana, entonces la
construccion proteinas quiméricas y/o mutaciones puntuales revelaran
dominios involucrados en la funcion del CST.

Si la N-glucosilacion del CSTfl es un evento que interfiere con la union del
diurético al transportador, entonces la eliminacion de esta aumentara la
inhibicion del CSTil por las tiazidas.

Si algunas mutaciones tipo-Gitelman resultan en un transportador
parcialmente funcional, entonces el estudio de éstas podra revelar
aminoacidos importantes para la funcion del CST.
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IV. OBJETIVO GENERAL

Determinar dominios estructurales y/o aminoacidos puntuales en el
cotransportador de Na™:Cl sensible a tiazidas involucrados en el
transporte de iones y en la sensibilidad a los diuréticos tipo tiazida.

OBJETIVOS ESPECIFICOS

1.- Conocer el efecto de la N-glucosilacién sobre las propiedades
funcionales del CSTIl.

1.a. Eliminar los tres sitios consenso para N-glucosilacion en el CSTHl.

1.b. Determinar las propiedades funcionales de las clonas construidas en el
punto 1.a.

2.- Definir el papel de los dominios aminoterminal, hidrofébico central y
carboxiterminal del CSTr y del CSTfl sobre las diversas propiedades
funcionales.

2.a. Generar quimeras entre el CSTr y el CSTfl en las que se intercambien los
dominios NH,, TM y COOH'.

2.b. Determinar las propiedades funcionales de las quimeras y compararlas con
el CSTry el CSTfl nativos.

3.- Guiados en los resultados del objetivo 2, determinar el papel de
dominios méas pequefios y/o aminoacidos puntuales sobre las propiedades
funcionales del CST.

3.a. Disefar y generar la construccion de nuevas quimeras y/o de mutaciones
puntuales.

3.b. Determinar las propiedades funcionales de las clonas construidas en el
punto 3.a.

4.- Identificar Polimorfismos de Nucleétidos Individuales (SNPs) en el CST
y determinar su participacion sobre las propiedades funcionales del CST.
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5.- Estudiar el efecto que causan mutaciones-Gitelman sobre la funcién del
CST.

5.a. Generar las mutaciones G627V, R935Q, V995M, G610S, A585V sobre la
secuencia nativa del CST.

5.b. Determinar las propiedades funcionales de las clonas construidas en el
punto 5.a.
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METODOLOGIA Y RESULTADOS.

La metodologia utilizada en este trabajo y los resultados obtenidos estan

descritos en los articulos publicados.
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Affinity-defining Domains in the Na-Cl Cotransporter
A DIFFERENT LOCATION FOR CI~ AND THIAZIDE BINDING®
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Thue rhiazid Ltive Ma* -Cl ™ ¢

P {MCC) s the majot

logical tseatment of hypertension, either as the unique drug in patients

pathway [or szl reabsorption in the distal convoluted tubule, serves  with stape § hyy vr in combination with other anti-hyp

asa receptor for thiazide-type diuzetics, and intnvolved In inhesited s agents for g with stage 1t hyp (2). The fund: |
diseases associated with abrormal blood pressure, Litte is knows  role lor MCC in preserving the exteacellular Auid volume and bood
regarding the functi Tationzhip in this cotransy aare h in has beun firmly establishod by the idenufication

Previous studies from our group reveal thal mamemlizn NCC
exhibits higher affinity for {ons and thiazides than teleost NCC and
suggest s vole for glycosyletion upon thiazide affinity, Mere we have
constrocted aseries of chimericand mutant cDINAs between rat and
flounder NCC to define the sole of glycosvlatien status, (he 2mino-
inal domain, the carboxyl in, the i
glycosylated loop, and the transmembrane segments upon affiaty
for Nat, €7, and metolazone. Nenopis Irevis oocytes were used as
the heterologous expressicen system. We cbserved that elimination
of glycosylation siles in fiounder NCC did not affect the affiaily of

seol o,
mirzal

the colransp for bt Also, swapping the amino-t

nal d the carboxyl inaj d the plycosylation sites,

or the enir Hular glycosylation loop betby rat ard Boua-
affinity. in

der NCC had no effect upon lons or 1

gl b gions between rat sod flounder
WCC revealed that adfinity-modifying zesidues for chinside are
locazed with!n the lransmembrane 1-7 region wnd for thiazidesare
jpeated within the transmembrane 8 —12 region, whereay beth seg-
ments <eem o be implicated in defining sodiom affinity. These
observations strongly suggest that binding sites for chloride and
thizzide in NCC are dilferent.

interch

In the mammalian kidnwy, the agical thisside- seavitive Na ™ -CE
catramspartet (NCC) s the major pathway for sah reabsorpeion in the
lumminat membrane of the diste) convoluted tubule (1, 3} NCC alse
serves as the target for the whizzide-type diuretics that are currently
re ded by the joint National C Lot the dewection, oval-
wekion, and treatment of high blood pressure as the first line plasmao-

* Thig woul was supported by Natona lastitutes of Health Grant DE-G4633 and Vel
comeT | ). Thi [* 4 Ethe 2005
Supdrientria) Biotogy meetivg Wy S#n Dkgo, CA and arthe 2005 Reaxi Week of the
Aperican, Society of Bephrokogy, Fhdadelphia, PA The camts af publicanon ol this
artiche h ct ke prart by Chee f page charges. This articie mwst theve-
tore be heretry mackot “advertisament” it soordance Wik 18 US.C Section 1734
salely b ndscats thi fact,

E These 2uthors contrtiuted squziy o this work

7 Towhom denca should be adkd siclogy L, Vaso de
Quiroga Na. 15, Thatran 74000, Mexkoo iy, Moo, Tel: 5253-55)3-3864; Fax 5155
3555-034% Emai. g A anam. i o Gacn S i

5 The abbrevialiom wted are NOC, Na ™ L1~ cotransporter; i, ot M2 <1~ celrans-
poten BREL, Roundir Na® L1~ HRECY, i ithee Ma” -
Ly ¥ 1 NKECZ, sernitien Ba " R -2EE cotranmpones

TN, TraCet SOTHITE T, Waaembeane; COLY, exiraceliufar domain 4 ik not

Agrificant,
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what Gitctnnan disgase (4= 6§ fan inherited disocder feataring artecial
hypotension, renal sl wasting. hypokaderi bolic alkalosi
fypucaluinurta, and Bypomagnesemic) i coosed by mactivating matz-
tiohs o the SLCH 243 gene that encodes NCC. In addizion, a loss of the
negative elfeet of the serinefthreaning kinases WHKT and WNX4 pon
NGO activity has heun implicated in the pathogenesis of 2 sali-depend-
et Foron of human Lyp ign known as pseadohypoald i
type 1147, 83 which fealnres & clinital picture that & a mirror image of
Gitelan dissase {94 with stk senzitiviby to hydrochiorothazide.

NCC belungs Lo the elecironeieal cation CU7- voupledcnteansporter
geae tamaly (solote carrier family 12 (S2CL3) (10) and exhibits ~50%
idengity with the Ma - -2CH cutranspuriers NKOCT and NKCC2
and ~25% pdentity wikh the KOUcvimansperters KCCE to KO0 {for
revicw sey Bel, 113, Mammiabian NCC s 2 proten of LU02 amine avid
cenducs featuring a contral hydeoptwbae domain. which is flanked by a
skl simino- dod @ kg carboxyl lermbiat hydrophilic loaps lacated
it thue cell P2 B L) 10 1Ry svnteal bydroplede domain, there are
twelve prkatve frasamuinbrone-pannig segimeats (Ve 1- 12} inter-
runected by s extzaccllutar and free intracedlelae hydrophibic leops,
The ewwracclubar foop 3 (ECLAY i the lungest one and exhibits two
putative N-linked ghoosyiation sites. 'Fhe propused topulogy shown in
big. 1 has been egeriovitaliy confienwed for MRCCT (13, and glycosy-
Tathum of the BCLA Ras beon conticmed Tor rae NOC (14 and rag WYROC2
15).

Littfc: 1 kauwn aboul the stenctural reguirements for ion transloca-
tion and thiazide binding i MCC. Tovsr-Paiacks 2 af {16} provude
peidence that the eritical domains and/or residugs that define th -
ificity Woe i translocativn and thgide inbibition reside withirt the
venteal hydrophotie domain. Hoover 22 al (14} have ubserved that
ENCC glycasylation status madkedly affected NOC activity and the
attinicy for merokizony. Elimination of the ECL4 ghyeosylation sites
reduce the cotransporter activity by $9% and increase the affinity far
metolazone, interestingly, MOC from foundet urinary bladder (fNCC)
containg three putative N-linked ghrcosylation sites in ECL4 instead of
1w, and camgared with rNCC, exhibits lower affinity for thiazide, as
well as Tor both Na ™ and Cl7 fons (17}

The mojur gual of the present study was to determing the eole of
glycosylation sites and the dfferont duniains of the renal-specilic apical
sodinm-chloride coupled cotransporter in defining the affinity of the
transport process 2nd diretic inleraciion. We capleited the fack that
FNEC and HNCC pxhibl distinL( aflinities for the transporied fans and
Thiagide diuretics with protein wq imilariti
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and diffevences. Accordingly, we constructed several point-rautated
cloncs as welf as chimerle proteing between fNCC and ANCC. Fhe
functional propecties of the Itant protei A by futic-
tional expression in Xemopus faevis aocytes Ctug results show that affin.
[ty-defining regions for CI™ and thizeides are ditlerent, suggesting that
Ci™ and thiazide may bind to different regions of the colrerspurter.

weTe

EXPERIMENTAL PROCEDURES

Autzgenes’s and Construction of Chimeric Cotransporiess—For the
presant stiudy, we used the rat and Hounder NCC cDMAs that we pre-
vigusly cloned from tat kidbey (rNCCH {12} and founder urinary blad-
der (BNCC) (18], respectively. The wild-type rNCC ¢DINA contains a
unique Ml site on the base pairs 444 - 4% that eacodey pesldues
locabed at the middle of the first 134 segmient Ta exchange regions or
domains between INCC and ANCC, we have engineered both «DNAs
by introdducing several silent restriction siles in exactly the tame loca-
riare Ln SO, 3 stlene Msil site was intreduced al the middle of the fire
Tat sugment, and in bath tNCC and BMNCC, silent Munl, Sacil, snd
Fipal sites were createsd, Mund and Sachl at the beginning and at the end
af ECL4, respectively, 1nd Hpal at the beginning of the carbaxyl-termi-
nal domain. Themafier, the unique EcoRl (in the 5 side of the
polylinker} and Motl {in the 3" side of the polylinkes} topether with the

Structure-functional Analysis of Renal NCC

the cotytes were incubated 46 days in ND9%6 with sodium pyTuvate
and gentamicin that waz chonged every 24 b The night befote the
uptake experiments weee performed, the oocytes were incubated in
Ci-free ND®6 ({in ms) 96 Na * isethionate, 2 K ' -gluconate, 1 8 Ca**
gluconate, 1.0 Mg * -gluronate, 5 mui Hepes, 2.5 sodium pyruvate. and
% g W ml pentamicin, pH 7.4} (18).

Trarsport Assays— Uhe funetion of the Ma™-Cl” coteansporter was
dutermined by sssussing tracer iNa” uptake (PerkinEimer Life Sci-
encest i groups of 105 eocyles following sur pfotocoi{?l)} of 3min
of incubaliun in 2 Cl7- ree ND96 medi ¥l bain, 0.1
mu amitoride, and G0 my bumetanide followed by 2 60-min uptake
peciod in a K *-free, NaCl nwdiam ({in mm) 44 NaCl, 56 sodium-glu-
conate, 4.0 CaCt, 1.0 Mg, and 5.0 Hepes/Tris, pH 7.4) containing
ouabain, amiloride, bumetanide, 3nd T wCi of Tida ™ fmi, We have pre-
vitwsly dumonstrated that X lacvis cocytes do not eapress a thiazide-
sefsitive Ma ' -C1 cotsznspotter {18, 20). Thus, inall experiments along
the study, only ane group of water-injectud oocytes was included ta
deterntine the basad, umpcctﬁc teacer Nz uptake, l}ncsensnnvuyand
kinetics for } Wk | by exposing groups of
cRMA-injreted oocytes W metolizane at concentrations varying fom
107 to 10" M. For these experiments, the desired concentration of the
d:uletlc wat presunl in buth the incubation and wptake periods. All

dence carves were zssessed bwice for cach clone. To

urique Msil, Munt, Sachh, and Hpai sites wereused to exchange o
between eNCC and BNCC by gel purification and ligation of the appro-
priate cDMA bands. in additlon, site-directed mutagenesis was used (o
adil andfar eliminate N-giycosylation sites from tNCC ANCC, 2nd et
mesic clones {see "Resufts™}). The double mutant tNCC cBNA used in

determing lhe i bransport kinetics of the wild-type, mutant, or chi-
T QulrEAsparier, We pul.crmed experimens varying the C\mccnm

tions uf Na® and Ci . Ta farity and ionic th, gla-
conate was usedas 101 substitute and A-methyl-p- qucaminensa [
bt ‘o mimmize vartations alung the study due to ion concen-

this study, it which both M-glycosplation sites were climtnated, was
previously described (1), For DNCC. the oligenucleatides 5"-CFCEG-
STGAGTTGCAAGACACCCTGTICTEAC 3, 5" CTCATCCAGCG-
AGCAATGTTCGGBATTAGCTTIG-3, and 5'"CGAGTGTATAAAG-
CAAAACACATGCAAACAC.Y, were usad to mutata the asparagines
at pasitions 402 (N40A0, 414 (N4 1400, and 432 {N4320), respectively.
1o piutamine. Thereaftee, double or tripie mutants were consteoited
using the same p upen the previsusly d clones. Finally, by
means af double-step PCR, the epitope FLAG sequence DYKRDDRK

was added in-fi 1o ANCE following the first hi L Al tleat
o site-divectad were intnduced wsing the QuikChange site-
direeted is system {Stral ) following the facturers

recommendations. Restriction analysis and autonmatic DNA sequencing
way used by carrob all ol the ard in the switching place
of exch chimera, All primers used for mutagenesis wen: custam made
[Sigma).

I Vitro cRNA Trandation —1'o prepare cRMA for microirjociion, each
wild-type. mutart, o chimeric (DA was digested at the 3" erd using Noll
from New England Biolsbs (Carlsbad, CAL and cRNA was transcribed
invitrg wing the TF RMA polymerite mMESSAGE mdACHIME'™
{Ambion} tenscrption swtern cRN.r\ product integrity was eenlicrned an
agarase gels and cone was g d by absorbance reading o
266 nm (DU 640, Beckanan Insteuments). ¢RINA was stored frozen in ali-
quets at =80 °C until nad.

X lacvis Oocyle Preparation—10ocytes were harvested by surgery
leorn adult female X, faevds frogs {Masco} under 0.17% teivaine anesihe-
sz and incubated in frog Ringer NDS6 ((in met) 96 NaCl, 2 KC)L 18
Call,, I Mgl and 5 HepesSTris, ph 7.4) in the presence of coltag

trations. bwasets ol sol for tva* Janetic analysis and twe
ety for 17 teansport kavtic analysis were made. Thereafter, afl clones
were subjucted 1o at least two ditferent jon transport kinetic experi-
ments with vach set of soluton.

all uptakes woere peelormed at 32 'C. ALthe end of the uptake period,
gucytes were washed five times in jee-cold uptake sofution without
iotope Ly remave extracellalar fivid racer. Adter the oocytes were dis-
solved in L5 sodium dedeey] subfate. tracer setivity was determined for
vach oucyte by B scmbillation caunting.

Western Blnsmg— Westeen blot analysis was used o analyze wild-
type or M-glycosylation-mutant FEAG-ANCC proteins in correspond-
g cRMNA-injected unt yios loflowing vur standard protocol {213 Flrst,
proteins cxtracted fram St oo ;.-u-\ were :mmunrvpmcipllated using the
FLAG-tagyed plutem s kit folluwing the fac-
TaTet’s T4 Subsequently, proteins from 10 oocpresflany
were beated i saraple bufler containing 6% 505, 15% glycerol 0.3%
bromnphencd blue, 150 ma Vs, pit 76, and 3% f-mercapbosthannd,
resabved by Laemmli SUS-polyacrylamide {7.5%) gel electmphomsss
and teansterred tv a polyvinglideny ditiuende b
teclion was performed using an anii-FLAG monoclenal antibody
(sigmaj. Mumnbeanes were exposed o the anti- FLAG aotibody over-
night at 4 °C, washed, incubated for 6Ly min at room temperztune with
alkaline phosphatase-conjugated secondary fanti-mouse) antibody
{BI0-RALY difuted 12000 in bleckiog bufler, 2nd then washed again.
Bands were detected by using the lmmun-5tar chemiluminescent pro-
tein dutes fiun system (Bio-Rad).

B (2 mg/ml) for 1 k. The cocytes were washed four times in NDSG,
defolicuiated, znd incubated overnipht at 18 °C in NI supplemented

Data Anafysiz—All resulls p d are based on 2 minimum of
two different experiments with 2t least 12 oocytesigronp in each
experiment. The sigaificance of the diffetences between groups was

with 2.7 ma sodium pyruvate and 3 mef 100 mi of ge in, Meat day,
mature oocytes (15} were injected with 50 b of water alone or contain-
ing cRNA a1 0.2- 0.75 up/psl {10-37.5 ng of cRMNAGocyte). Thereafter,
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RESULTS

Tepalagy and Putative N- Site Comparisan in the Na * -
O Cubansporter—Yig. 14 depicts the proposed topology of the
Na* -Ci™ cotransporter in which a gray-black scale is used to high-
light similactties and differcnces between rat and flonnder NCC. The
identity of the TMs -1, -3, -5, -6, -7, -8, and -10 is >80%, whereas
TMs -3, -4, -9, -11, and -12 are shown in bfeck and the carboayl-
terminal domain identity degree is between 80 and 80%. The moe
divergent segments are the aming-terminal domain and the extra.
celiular connecting segments ECE3 and ECLA, Bighlighted in pray
(Fig. 1}. Because Hoover ot i {14) suggest that the glycosylation
status of the ECL4 affects abfinity for metofazone in eNCC, we stud-
ied ECL4 in greater derail. Fig. IR shows an alignment of ECEA
among species from which NCC cDNA has been cloned and

d o1 ded “b'y, i lysis, 1o all Jian NCCs,

lwc M-glycosylati 5 ace preseht {Amn-Xaa-
[Ser{Thr) Xaz # Pro (22]} We have previgusly shown in rNCC thal
both sites are glycosylated {14). In conirast, using the same alge-
rithen, theee N-glycasylation motifs can be found m ANCC ECLA.
The [irst site, Asn-403, was canserved among all NCCs, The second
site, Asn-414, was present only in INCC. This second site in ANCC
i unigue among all known NCC sequences. The third ¥-glyeasyla.
tion site in ANCC, Asn-432, was abseat in afl mammalian NCCs tat
present in the deduced zebrafish NCC sequence. Interestingly, the
second site of mammalian NCCs (WFT) (shown by an asterick in Fig.
1) chat was zbsent in @NCC was present in zebrabish. Thus, the
teleast NGO sequences known 5o G fflounder or zebrabish) exbib-
ited three potential H-glycosylation sites in the leop, although only
two of them were conserved,
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Extracsllulac loop

Marunatan and Fluunder NCC Exhibit Differeme Affimity for
tetul We have pr Ty shuwn that atfinity for ions and thia-
ides 15 higher i rNCC than in TNCC (17, 20). Howevor, these trans-
poit affinity snabyses and thiazide inhibition cueves were abtained from
independent cxperiments m which fNCC and SNCC were expressed
separately. Thus, for the peesent stiedy, we fiest confirmed that differ.
ences in the atfinity for ions and thiazide dintetles between Rammaban
and fish MCC were reproducible in simauliancous experiments in which
X, fawvis wocyles where microinjected with BNCC or INCC cRNA, and
4 days laker, the 1o transport kinetics and metolzzone doss-responses
wete detepmined using Hie sane uptake solutions and metoloceae dilo-
tivgs, Therelore, the only dificeence Between the (NCC and (INCC
proups was Ui njected CRNA, The combined resulis of three dilferent
ion transport klaete analyses ond five curves for thiazide alfinity are
shown in Fig, 2, The K value for Na© transpoct i rdCC was 5.5 2 1.0
mad, wheneas s AINCC it was 30 T 6,0 it {p < 0.05). Similarly, the C17
transport kinetie anadysis shewed that apparent O17 &, for fNCC was
2.6 = 06 mm, whereas for ANCC it wax 12 £ 20 oM (p < 005). A
simifar sittation was observed for thacide altinity, As shown in Fig 20,
the calcutated IC.., for meratzzone inhibition in FNCC was§.3 * 0005
ums, whereas in INCC (8 was 40 = 008 i £ < 0.08). Thus, confirm.
Ing our previaus proposal, resalts in Fig. 2 show that sNCE exhibits a
signilicantly higher allinity for ons as well a5 for metolazone than
NG,

Effece of Hliminairon of N-Glycosylation Sites in fINCC—We have
previously shown that chiminstion of the N-plycosylation sites in mal
MCC i5 wvociated with o dramatis invreses in alfinity for metolaeune
{i4) and a smalter, although significant, increase in C17 alfinity. Because
INCC cahibits lower aftmity Tor metolucone and contains three
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N-linked glycosyl sites, we d thatthep e of three sites
in INCC could be responsible, ar least in part, for the difference in

J afintty b dtzn and telegst NCC. Thus, to
defllne the effect of N-glycosylation on the Hounder Ma ' -C17 cotrans-
porter functional properties, single, double, and triple N-giycosylation

g a et
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]
e, mik
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% of THa® Uptake

T I T A T (T
Metolazona (M)

FIGURE L Functional properties of rat and flownder NCC wing the

Structure-functional Analysis of Renal NCC
rutants were constructed by site-di | genisls The §
were performed upon the FLAG-INCC cDNA to allow immunodetec-
tion of the cotransparter in proteins extracted from injected cocytes
using pwnociuna! ant-FLAG antibodies (Sigmz). Oocytes were
injected with water or with sitsilar 2mounts of wild-type FLAG-NCC
CRMA, FLAG-HNCC ¢RNA, or with ¢RNA from vack of the single,
donlie, and triple FLAG-INCC N-plycosylation mutznts. Proteins were
extracted from oncyles and immunopsccipitated by means of anti-
FLAG antibodies, Asshowe in Fig. 34, INCC and ANCC resulted in the
expression Of a thick band of ~ 110 kDa with a broad smear abowe it
‘Phis band Is aot present in pruleins extracted from water-injected
avyyles. The smear was nat changed o was slightly reduced by the
climinaion of ene or twe N-plycosylution sites. However, the triple
mutation m which the asparagines 403, 414, and 432 werz changed to
gluiamine resulted in a clear reduction of the smear. These obsevations
suggest it in ANCC, a5 cucurred with TNCC (14) and rat NKCC2 (15
eliminatinn of ot of the ECLE N-glycosylation shtes is required to aﬂ'ect
Jativa of the protein, Fig. 383h te effoct of the elimi of
ane, bwd, o the three N-glycosylation sites upon the activity of ANCC,
X larvis pacyres were injected with simtlar amounts of cRMA from eack
clone. Four days later, the tracer “Ma” uptake wag agsessed in groups
injocivd with water, wiltd-type ANCC cRNA, or with sny of the single,
double, or triple mutant cRNAs. Elimination of one or twe N-glycosy-
lation sites had no cifeet upen the Bounder cotmnsporter activity. In
conteast, aithough “Na* uprake in wild-type HNCC-imjected pocytes
was LL731 = 1.29% pmelfoacytesb, “Na” aptake in the triple mutant-
injecied oocyles was 6576+ 919 pmalfoacytefh (g < 001} Thus, olim-
Iatiun of the three A-glyeosylaton sites seselted in asignificant redue-
tivn of MNCC activity. We have shown previvusty that climination of
ECL4 glycosylativa sites in rNCC or rNKCCT results in the reduction of
the coteensporter avtivity by 90 and 3%, respectively, whereas the

glye

wuprassion system of X karvls cocytes. A, Na* -dependent Na* uptahe, Gawm ol
Sogytes veive Wnlected writh rHCC cRMA (white Oircles and confinupus nel o with BRCC
CRNA, [block chiches and dathed Me). 4, G‘-aepemen: *THa " uptake. €, metclazone

o - InA and & each = 5F of0-3 Fn
il i, themedn x 3£ of 59 - 60.000vtes
Inom B it & 1 :

Pad Priama sofiwane. (o o8 single sapevimants, Bt 6CC- Jr\d’MCdNR :npcled
eoeytes weere stodled simultaregusly using Hthe wame solutons andiar merolazone
dilutions.

FIGURE 3. ERgct of Negh ik sl al
don Ly FLAG-ANCE wpon wuosy:-uon wd
wotivieg. A,

ann-FLAG antlbocdles of promr\s extepcrd Mo
oorytes miected with each clone CRNA 2t maed.
The prateins were Iramianoprecipitated wih the
AnEFLAG Imimnopedphation sysem

uptake in groops of cocytes njected with CRHA
from witd-type AMCC of matanis, a5 daed
Cocytes: weee Mjtcled with {he s3m amouns of
<RNA frpim the comespending done (10 ngloo-
oyte). Uptake in waterdnjected oooyles wos
245 = 31 pmel M Each bar the
mean * 5£ of 15 oocytes from a dngle experi.
mant. Uplake wat disessed for ol guoups the
sl clay, uging the Sa Ll ions. ¥, p < AT
wirsus Contoot IHROC.

Thiazide-eensitive 2Ha' Uptaks
{pmoloocyteh)
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ubserved reductivn in 1 attivity of the triple mutant INCC was
-=50%. Thus, Athoush the eifect is qualitatively similar to our previous
reauits, with sMOC (i4) ar eNKCC2 (15), the effect is quantitatively
diffezent.

Ag discussed above, the elimination of N-glycosylation shtes in tNCC
Tesuited o3 significant increase in } alfimity (14} wh n
rar, NKCC2Z resulted in a slight decrease in buretantde affinlry {253,

ﬁ;{%"} f

WrmRg-
FLAG-NCL

20060 ~ B

NHGE R493G K4 140 NAYIO NAGDY, H4Td, HAGY, HEDY,
4140 432G 4330 $td,
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A

% of BHa® Uptake

% of ZHa* Uptaie

[1]

% of EHw* Uptaie

Metolazons (M}
FIGURE 4. Bffwct of) ation sh

InKEE

farona Metolazons domespotse amrpls was assesved In aH Grocps the same d.ly.

five ketters, The First corresponds to the amin 1, the second to
the I segment 1=7, the third to ECL4, the fowrth to the T™ segment
# -12, and the fifth to the entire cacboxyl inal domain, In addlti
coforis used 1o denote the: origin ofmch fragamant. Thus, the letter Rand
blue color denote when the domain belongs ta the RAT NCC, and the
letter £and red color dencte when domains belong to founder NCC,
The nomenchatuce of the studied constructs is as follows (see Fig. 5% ()
(HEC withuut ghycusyhation sites {RG7) and INCC without glycosyla-
\ion sitex {FG ™), (if} six chimeras in which the amino-terminal, the
carboxyl-terminal, or both dumains were interchanged between tNCC
and BNCC {ERREK, RHERE, FRRKE, REFFY, FFEFR, and REFFR), (i)
futie chitaures in whivh ECLA was swappod butween tNCC and INCC,
with or without glycosylation sites (RRFRR, FFRFE, RRERRIG™, and
FFREFIGT) (v} NCC o g the three fiounder glycosylation sites
(THCC-0-G-1tke) and ANCC ¢ g the wo ra? glycosyl Sites
(HHHCC-T-G ke, [v) RRERR with the rat glycosylation site (RRERR-1-
G-like}, (vi) FERFY with the flounder glycosylation site (FrR¥F-01-G-
tike}, 2nd {vil) four chimeras in which the LM scgmaents 1-7 or 8-12
were swapped b tat and floundes NCC [RRRFR, RERRR, FRFFF,
and FEFRF).

Effect of Glyosylation Sites upont Thiazide Affinity—The results of
several enperiments in which Lhe activity and the metolezone ffinity
weere asyeused in XL frevis pocyles micreinpected with cRNA, tanscribed
frenn the dilferent clanes descibed above, are depcted in Figs. fand 7.
Must o tive constracts deseribed In I'q, 5 exhibited #nough activity tv

talng the s aned uptake sofvth aftow us to perform consi i upves and
=y R 4 ared 4 a0 =

Kb " wangles "g" “N‘MQN‘"Q fn port kinetic Iy The ¢xeeprions were RRFRR/G™,
B s Curves drwild-tyne ACC i ? d rkaed Jaddow  RRERE-7-G-[ke, RERRE. FRRRF, and FRFEE, which were conyidered

Db rrerants ROV N1, REOIOAAGNE and BAT4GMM320 raniieous Anes and
thtosad chrcien, riongles, and invered frianghes, rewpectively]. O dosere iponse CUESin
w&wmcmmsmwmmwms:mummemm:mw

“Ths, it was of interest to define the metslazone dose- response behay-
tor in the wild-type and mutant GNCC The i

dase-response for ONCC single mukants qu N3G, and N43ZQ
are shown in Fig. 44, for the NCC double mutants N4O3QINATAQ,
NADIC NI and N414QUNSI2G, Fip. 4, 3nd for Lhe riple mutant,
Fig. 4C. Yor comparison purposes, in alf graphs, the dosy-response
nbscrved Sor the wild-type INCC is included. (n striking contrast ke aur
previows shservations in fNCC, dimination ol one, twi, of 1l three
Moglycosylation sites resulted in oo sgnificant changes m the TINCC
affinity for metolazane. Thae, the effect of dimination of ECLA M-gly-
cosylation sites upon diuretic 2finity in ANCC resembles what was
ohserved in mamemzlian NKCCZ (15) rather than in mammalian NCC
{14). T'his observation indicated that the difference in glycosytatlon sites

roR-fupctionat,

Fig. & shows the metolazene dose curves of sach functional consruct.
For vomparison purpuses, in alh cases, the average dose- response curves.
for NCC (1€, = 02 £ 0005 pm) and ONCC 1C,, =135 = 1.8 pay)
are shimvn in blue and red, respectively, The ebserved curve for cach
comstenct is shown in bfauk. The graphs in Fig. 6, A-D, depict the dase-
Tesprase curve in four constructs baved upun INCC backbone, whereas
Fig. 6, £=4, shows thy curves it constrauls based opon INCC When
compared with tNCC, the 1., for metalazang was shifted ta the fzft in.
the ¢lones RRERR and RG ™ {1y, = 0.0} = Q0008 and 0.03 = €.003
M, cuspectively) and was not changed in clenes (NCCHT-G-like and
ERRRE (1T, = 028 * 0003 and 03 + 0005 uw, respactively). This
shservation in the RGT clone conflirmed our previnus report of
ncreased afmity for metolazone when both §-glycosylation sites of
FNCC were elicninated §14) and suggested that REFRR protein i prob-
ably not propecly glycosylated, When d with INCC. ne change

canmit explain the diffecences inatfinity for wasar ]
#NCE and INCC.

Because rzt and flaunder exhibit such strikingly different effvcis of
ghrosylation upon thiazide affinity, together with the fact that the lueg
extracetiular loop ks one of the mast divergent domains between these
proteins (Fig. 18), we decided to construct and analyze the [unclionad
propecties of several mutant and chamedic proteins between rat and
flounder NCC to explore the role of ECL4, the amina. and carbuxyl-
terminal domains, TM regions, and plycosylation sites upon NCC activ.
ity and metolazone affinity.

Mi cl and Lo of Mutaml and Chimeric Proteins—
We used the sileat restziction sites described under "Experimuental Pro-
Cedures” 1o cut the cotransperters into five different pieces, the amino-
terminal domain. TM segment 37, the ECLA, TM segmonts 8- 12 and
the carboxyl-terminal domain. Thugeafter, ¢ONA fragments wers
ligated to abtain several chimeric proteins. All chimeras are denoted by

17270 JOURMAL OF BKOLOGICAL CHERISTRY

in 1 I, was nbserved tn LEFER, FFREF, FFREF-0-G-Hike.
and FG (0, = 125220, 126 =19, 20+ 042, and 20 2 04 s,
wespugtively), and 3 small shifl Lo sight was observed in FYRFF/G™ and
FINCC-r-G-like [1C., = 25 * 4.9and 50 % 2.9 jim, regpectively). Fig. 7
shwws buth the activity and mean 1€, observed ik cach construct. The
groups aze ordered from the construct that exhibited the highest to the
one with the towest affimty {from fuft to right). The level of uptake
ohserved in wild-type (NCC and ANCC wes 18873 2722 and
15826 * 1171 prunliancyiefh, respectively, Mst of the mutantand chi-
meche proteins were functivnal and cxhibited activity that was at feast
5% of that shown in the corcesponding witd type. The consttucks that
induced the fowest digree of activity weee G and REFRR, with uptake
values o 2177 # WIand 2710 + 45 pmol/vocytefh. respectively. Thiv
ievel of uptske was ~10-fold higher than the uptake observed In watets
injected vocytes (204 = 31 pmolioocyleihip < .01}, Because the {evel
of atuwity W e studied clones varied from 2I77 2393 w

AR VOLUME 2B1+-NUMBER 25+ JUNE 23, 2006

2002 "Z ANy U0 A BI0-KIl M LIDY PIRROIUMAC)



The Jov

R “3" R FRRRR
Flounder NCC

F
FESr RFFFE

o

F

RRRFR

; Wy g

Structure-functional Analysis of Renal NCC

RRFRR/G" NCC-fi-G-like RRFRR-r-G-like
FFRFFIG" fINCC-r-G-jike FFRFF-fl-G-like

—_—

RRRRF FRRRF RRFRR
& *
=)
FFFFR RFFFR FFRFF
L2 " r 5 :
RFRRR FFFRF FRFFF

FYGURE 5. Fopologiaal modats of th 1okt :

The loft Ik

wild-type rar NCCin Slue and Bowrdes MCC in red. The rastriction sikes used 1o make the

constiacts are dep.fued in Black over the rNCC sequence. These sflent rastriction sites weve 2lso intToduced inte ANCC at the same locations. Subsequerntly, "out and paste” of cONA
fragments was used to construct the chimeras showm in the right pars!. Blus fragments ace frane rat NCC and red from Alounder NCC N-glycosylarion sites were artded o eliminated

by site-directad metag

ervesis, a5 stated. G~ = “glycosyiation minws,” that is, wien glycesylation sites were eliminated from rat MCC (ARG ), fleunder NCC (RG] chimera RRFRR

{RRFARAS ), and chirmeea FERFF IAFRFF/G™ ). BHG-ike, glycosylation sites as in the flounder sequence: R-Gike, giycosyfation sites as in the rat sequepce.

31052 1+ 1,021 pmulfoocyte/h, we wanted to know whether the meto-
tazone 1., could he affected by the level of expression observed in each
clone. 1n 2 single experiment, several groups of X faewis oocyies were
injectod with incrcased concentrations of FNCC cRNA that sre known
to increase INCC activity. either atone or together with cRNA in vitri-
transcribed from the serine/threonine kinase WNK3 {23). Subse-
quently, a metalazone dose- response curve for rach group was assessed.
As expected and shown in Fig. 84, the mare eNCC cRNA injected, the
greater the thiazide-sensitive tracer “Na™ uptake. The activity in ali
groups was increased by the presence of WINEK 3. However. as shown in
Fig. 88, dose-response catves to metolazone were similar among ait
graups. in additian, we have previously shawn, in rNCC-injected
corvies. metotazone 1C,, of ~1 M with “Ma” uptakes of ~3,000
pmadfoccyte/h {203, similar to that shown for RGT or RRFRR in the
present study. Thus, the matolazone 1, was not affected by different
Teveds of activity, seggesting, that differences observed in metolazung
atfiniry in chimeric and mutant constructs are not duc o be different
degree ol achvity.

HUNE 23, 2006-VOLUME 281 - NUMBER 79 ,&“ﬂ‘l-‘:‘v

Robe of Amine- or Carboxyl-terminal Domain and ECL4 apon lon
and Metolazone Afaity--Fig 9 shows the &£, values for sodivm and
chloride of the chimeras FRRRR, RRERR, RFEFR, and FERFF. The K,
values for Ma™ in the chirerss coniaining the central hvdrophobic
domatn from rNCC were 8.1 * 1.1 and 50 2 0.6 mx for FRRRR and
RRFRR, respectividy, whereas in the chimeras containing the contral
hydraphabic domain from ANCC, the K, values for Na ™ wore 28 + 6.0
and 87 = 45 ma for RFFFR and FFRFF, respectively {(Fig. 94). The
apparent CI7 K, values In the same chimers were 2.1 * 11,18 2 05,
E7 = 28, and 11 4.1 musi. cespectively {Fig. @8). Thus, ion transport
kinetics in these chimeras followed the central hydrophobic domain.
Taken together, the resndts chown in Fige. 69 strangly sugpest thaf on
transport kinetics and metolazone affinity-modifving residues are not
located in the amina-termiral domain, the carboxy)- terminal domain,
orin ECL4.

Rrefiz oif Troemsancrbrane Segrrronts - Fand 8— 12 in fon gnd Metofazone
Affinity—We then constracted four chimeric prateins i which the Tyl
V-7 or ThM 813 regions were swapped between TNCC and ANCC to
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o of 3Na* Uplaka

% of WNa* Uptake

FIGURE 6 Kineti analyses of inhibition of

fumction by " fach
geaph shows the doseresponse curves of the
mutant or chimeric protein in Back, as statacd
£acth point represents the mean — 5E of 20
oocytes from owo different experiments. For com-
parison purposes, in all panels, the resufts of INCC
and fINCC zre shorwn in biue and red lines, respec-
tively. For MICC and fINCE, each poinl represents.
themean ! 5£ of ~ 50 cocytes from five diffevert

% of 22Na* Uptake

EXpETImENES.

% of %Na* Uptake

% of ¥Na* Uptake

create the chimeras RERRR, RRRFR, FFERE, and FRFFF (Fig. 6, fower

panel). As shown in Fig, 104, microinjection of X faeviy oocytes with 25ng
pEcRNA from wild-type TNCC, INCC, or each chimera revealvd transport
activity in the first three chimeras. FRFFF chimera was not functional. Fig.
108 shows the metolazone dose-response curves obtained simultancousty
in groups of eounes injected with each construct. The ICy, values in chi-
meras RERRR and FEERF were 0.4 = G002 and 0.6 = 0.000 pn, respoy

tively. These values are simdar ta that of 'NCC {6.3 = 0.005; 7 = N5} but
different from ANCC {125 * 18 jin; p < 0485). in contrast, the RRRFR
1, was 40 + .08 pens. This vatue was different trom that shenen in eNCC
1 p < 0.05) but similar to ANCC (p = NS). Thus, metolazonc affinity in
chimeras contaiping the rNCC TM 812 reglon was simifar to tNCC,

17272 JOURNAL OF BIOLOGICAL CHEMISTRY

g 8 7 & 5 4 9 &8 *? & 5 4

Metolzzone {- log M) Metolazone (- log M}
whereas the chimera with the same region fram TNCC behaved as fiNCC
These sbservations suggest that the metolazone affinity modifier residues
are tocated within the Tivd 8 —12 region.

The restts of ™ and €l transport kinetic analysis of these chime-
ras are shown in Fig. 10, Cand D, respectively, The X, values for Ne™
transport were {in man) 22 £ 280 RFRRR, 145X 07 in BRRFR, and
423 % 146 in FTFRY, Fhuse whoes sre significantly different from the
Na’ X, value of 3.5 = 1.0 mM abserved in iNCC { p < 0.00) but similar
toihe £, vatue of 30 2 6.0 ms BNCC (p = NS5). A differond situation
occurred for €1 transport Kinetics. The apparent K, valse for Cl
trapsport was 17 4.6 mat in BFRER and 128 > 2101 ma in FFERF,
These values are significantly different from rNCC K, valnes for (7
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FIGURE 7. Activity and metofazone affinity in
wrilch-type rCC and FRCC, a5 weell a5 b martant
and/or chimeric cotransporiers, as stabed. The
Tevel of activity of eadh clone is shown in the green
bars and expressod as thiazide-sensitive 7"Ma
uptake in pmolfoocytelh in the jeft y-anes. The
affinity for metolamone is shown in the yellow bors
and expeested a5 I, in i e right y-axes. The
uptake in cANA-injectad cocytes is ordered from
the done with higher metofazone affinity (REFRRY
e that with thae lowest affmity (GNCC-r-G-Uke),

Thiszidu-sansitive 2Ha* Liptake
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FIGURE 9. Ky volues for Ha* (A)and <1~ (8] obserred in ovoytes injected with oiNA

from chitnerac FRRRR. RAFRR. RFFEA. and FFRFF. ac statad ¥ lasic nacytes wien
infected with 25 ngfoccyte of each chimera cANA, ard 4 -6 days later, the Ma "~ and
1 -depeadent “2Na™ uptakes werse assessed in groups of 10 docytes/point. All evped
AL voere done in duplicate: Curves wese firted by nosdingar sogression using Graph-
Part Pricena eoftwars.
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FIGURE 8. Ab of relxtiomsity b

wikd-type rRCC activity and memlmw affin-
ty. A, “’Na’” uptake in groups of oocytes injected
withyNCC CRNAAE 2T, 12,6, and A ngfoooytein the
ahsence [—) or presence () of 5 ngfooote of
WHES chNA Uptakes wete performed in the
absence {open Bars} or presence (docked bars) of
100 wetolarnne. Each bar represents Hhe
mean * 58 of 13 owcyes/proap. Bpake in
water-injected oocytes was 272 = 27 pmaolfoo-
cytah_B, retic analyses of the inhibition of each
PO group by metolazone tNCC groups are
depicred by cominuoes lineg and NCC -+ WKS
groups by dashed lines All dose-response furves
were performed the same day using the same
uptake solutions and rmetolazone dinmions, There
was o correlation between the level of activity

€1 15 10 a0 andthe I, values (7 = 0.04),

transport (2.6 = 07w p <2 0005) but similar to ANCC {15 = 20 ma;
» = N8} Incontrast, the apparent €17 K, value in RRRFRwas 2.4 = 4.7
mn. This valoe was simidar to tNOCC (26 ¢ 0.6 msg p = M5) but differ-
enl from INCC {15 * 20mm; p > 0051 Thus, CI™ affinity in chimeras
containing the AANCC M 17 region was similar 1o ANCC, whereas the
chimera with the same region from tNCC behaved as r™NCC, These
abservations suggest that chlgride affiniiv-modifying residues are
located within the Thi 1-7 region.

DISCUSSION

In the present study, chimeric profeins between rNCC and ANCC
were used to define lons and diuretic affinity-modifving regions. A sim-
itar approach haz been successhilly used by lscnring ot al (24-26) (for a
roview, soe Ref. 27) between the human and shark basolateral isoform of
the Na™ -K7-2017 cotranspurter NKCCLL

Honwver ef &€ {14) make the sTiking obsenation that elimination of
N-plycosylation sites in 1he rat Na'-Ci7 cotransporter is assoriated
with increased affinily for thiszide-type divretics. rMNCC contains two
N-ghecosvlation sites in ECL4. Elimination of one site only (Asn 404
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% 20060 s
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g 15000 a2
FIGURE 10. Funciiona! properties of the chime- & ]
ras RFRAR, RRAFR, anct FEERF in which the TM 3 18080 -
1-7 and 8-12 regions wers 1 i b
FNCC and aNCC. X foevis pnoytes were injected 3 sope L *
with 25 ng/eocyte of each chimera CRNA, and 4—6 f- E
days later, the furmtional propentes were deter- A o-
mined. A, tevel of activity is shown as 2Ma” H0 e e .
uptake in the absence {open bars) or presence :
tdashed bars) of metolazone in water, wild-npe
INCC (), ANCE (red], or chifmeric protein-ine 10-
jected oooytes, as shown. 8, kinetic anafyses of BT - o
inhibition of **Na~ uptake by metolaznne in
oocytss injected with wild-type mMCC cRNA (B, 0 -
fINCC cRMA {redh, and chimeric cotransporters 3 F3 204
<FIA {Biack fines and chimeric drown, a3 shawn. £ £
Cand B, mean = S.E of the K, values for the Na~ £ a0 S
and 0" Eanspoct kinetic anaysis, respectvely, of x -
wild-type rNCC, ANCC, and chimaric elones RFRRR, g 2 o
RRARFR, and FFERF, as stated. 2z »n 2

o o

FIGURE 11, Affinity-modifying domain: in the thiaddesensitive Ma*-0b”
COLFanSParter.

or -424) redoced the activity of the cotranspurter by —50% and
increased the affinity for metofazone in one order of magnitude frem
1C.; ~1 to ~100 ni. Flimination of buth sites reduces the activity by
40 - 95% and increases the affinity for metolazone to an 1., of ~ 18 uas
Caonfucal image anahsis of an enbanced green fluorescent protein-
tagged NCC has revealed that most of the reduction in fNCC activity.
when both A-ghcosylation sites were ehiminated, is because aof
decreased surface expression of the cotransporter. In the present study,
however, we observed that the consequences of N-plvcosylation site
elémination from ANCC were ot similar o tNCC {14). Elimination of
vne or two N-glycosylation sites had oo effect on RNCC activity, and
dlimination of the Lhree sifes reduced the activity of the cotransporter
but orly by —50% (Fig. 3). Thiazide affinity was not affected in single,
double, or tripte ANCT mutanis [Fig. 4). Theref:
the N-glycosvatiun site clisnination are different between rNCC and
ANCC, In eNCC, the activity was critically reduced, and the affinity for
thiazides was increased, whereas in ANCC, the activity was mildly
reduced and the affinity for thizzide was not affected. Tn addition, any
change of BCLL4 in INCC had no critical fanctional effects (Fig. 6. Thus,
increased affinity for thiazides in eMCC, when the N-glycosylation sites
are climinated, is a unique featurc of rNCC, The mechanism is not clear
and will need further studies to be clarified.

In the present study, we also showed (Figs. 6 and 7] that swapping the

the conscgucnces of

amino- or carboxyl-terminal domains also had no cffect upon thiazide
affinity. In this regard, we have previously shown that imerchanging
these dumainy belween MKUCZ and NOC had ng effect opon bumel-
anide or thizzide sensitdvity {16). All of these dara together sugpest that
affinity-modifying residues for thiazide are unlikely tnhe locared within

17274 JOURNAT OF BION QGICAL CHERISTRY

™M

‘_‘_l

MEC  UHCC RFARAR RRAFR FFERF

ENCE RFRRR ARRFR T FFRF

W - .Y_"_,_i_ . s :‘ {,‘"'; .

EC14 or the intracelfular amino- or carboxyl-terming! domain, Instead,
thess vesidoes must be located within the TA segments. The same
canclusion can be reached for ion transport affinity-defining domais
foltowing our observatians, shown in Fig. 9, that interchanging ECL4 ot
the zmine- or carboxyl-terminal domains between rNCC and ANCC
had no significant effect upon the K, values for Na' or Q17 transport.

Folowing our observations in Lhe present study, we propose the
model shown in Fig. 11. There is na role for amino-terminal, carboxyl-
terrainal, and ECL4 in defining fons or thiazide affinity constants. The
affinity-modifying regions for 1 are probably lncated within TW seg-
ments 1-7, whereas for thiazides, within TM segments §-12, Both
regians contain affinity-medifying residues for Ma ' These conclusions
are inconsistent with a previous proposal by Tran et al (28) that thiazide
and chtoride tons may bind (o the serme site on the cotransporter, These
investizators abserved in membrane preparations from rat renal cortex
that increased concentrations of chloride in the extracelhdar medivm
decreased the affinity binding for {*H]metolazone. In  study in which
the functional properties of tNCC expressed in X dgevis oovytes were
analyzed with certain detail (204, we have also ghserved a relationship
behween ian concentrations and thiazide affinity, not orly for chloride
ions, but alsa for sodium ions. We observed that the lower the sedium ot
chilpride cuncentration in the pptake mediaon, the higher the affinies for
metolzzone. Thus, it is possible that ion binding to the cotrmansponer
way induce a conformational change on the protein that reduces the
affinity for thiazides. This, however, does not imply that ions and diwvet-
s share the same binding site.

In the basolatersl isoform of the Na’-K'-2C!” cotransporter
MNKCLT, isenring ¢f 2 (27) took advantage of the kinetic differences in
apparend affinicy for jons and bumetanide between the shark and buman
isofurms to reveat that the TM™M 17 scgment was the only segment
defining ion transport kinetics and bumetianide affinity. Wo role was
obsorved for the TM % -172 region. Specifically, thoy abserved thar Th 2
is implicated in Na ™, K ', and bumetanide affinity {24. 25}, TM 4in K*
and C17 affinity {26), and T™M 7 in Na ™, K7, and <™ affinity {26). The
role of t™ 2 in definine kinetic properties has also been studied in
NKCCZ Theer aiternative spliced variants known as A, B, and T, which
differ in the sequence of TA$ 2 and the inferconnecting segment
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between TMs 2 and 3 exhibit different kinetic properties lor Na™, K~
and €™, as well as affinfty for b ide [29-31}. Therelore, no role
for € or humetanide affinity was obsverved in T™M 2 from NKCCL,
whzreas 3 clear role was shserved in NKOCZ, Here we have shown, for
thia thfazide-sensitive Ma™ -0 cotransporter, that C17 affinity- modify-
ing residues reside only in the T 1-7 region, whereas Ma® atlinity-
maodifying resldues reside in both the TM 1-7 and 812 nugions, Sup-
porting this contlusion, we have previcusly shown that a single
ruclectide polymorphism changing the glycine residue 264 within the

=

Structure-functional Analysis of Renal NCC

Wilson, £, H. Kahic, KT, Sabadl E. Laliot, M. 0 Rapsos, A K. Hoovr, B 5.
Hebert, 5, € Camba, G, and Lifton, B P {2003 Prac Nl doad Sel 125 A 100,
BB 684

Yang C. L. Angelk o Muchell K. and Elhwen, 0. H (2003 § Glin frveat LLE,
1047 - 1045

L wupan, H, Yorod 1, dtousthom, 2. Tz Witkan, k. Pasznee, Raownd Fackl 2

(2002) ) i Emadoerind Mrenl 87, 32447254
eiamba, £, [(2000) Curr. Cipbe Neghnd Hyporbers T 575540

. Gamba 5. (70063 Pirnict. Bov, 95, 423=493
. Gamba, G. Miganethiea A, Lumbardl, M. Lytton, ). Loe, WS, Hediges, M. A and

Heberk 5 {1994 L Bind Chem 269, 177 13=15722
Aalkhan, Tz Tumes, & L 2000) £ ok Chon 275, 40477 - 4477

fourth TM segment far anine affected the affinity of the ¢ f
far C1 but nat far Ma® teanapoet (32). Thus, it is Ekely that, among
WCC, NKCCH, and NKCC2, the aflinity-modifying domains are differ-
ent. Further experlments will help to define shorter [mgments or indi-
vidual residues involved it defining NCC kinetic praperties.

In saomemary, the present study shows thai, in rat and Sounder NCC,
the aming-lerminal domain, the carboxyl-termingl domain, and the
tong glycosylated loop (ECLA] are not involved in defining affinity lor
ians and thizzides, Adiinity-modifying reiducs for chluride ane focated
within TM segrents 1-7 and for thizzides within TM segments 812,
whereas both segments seem to be implicated tn defining sodium
affinity,
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The thiazide-sensitive Na*:Cl™ cotransporter is the
major salt transport pathway in the distal Tt

pathway in the epical membrane of the mammalian distal

tubule of the kdney, and a role of this cotransporter in
bloud pressure homeostasis has been defined by physi-
ologieal studies on pressure natriuresis and by its in-
volv t in genic di that feature arterial
hypotension or hypertension. Data base analysia re-
vealed that 135 single nucleotide polymorphisms along
the buman SLCI2A3 gene that encodes the Na*:€l™ co-

d tubule and the teleqst urinary bladder {3-7). The
fundamental role of the Na*:Cl™ cotransporter encoded by the
SLCI2A3 gene in presarving the extracellular fluid velume and
divalent cation homeostasis has been finmly established by the
identification of inactivating mutations of this gene as the
cause of Gitelman's disease (8-10), sn inherited disorder feo-
turing erterial hypotensinn, hypokalemie metabolic alkalosis

COFY

tad

trangporier have been reporied. Eight are I
within the coding Tegion, and one resulis in a single
amino acid change; the restdue glycine at the position
264 is changed to alanine (G264A). This residue is lo-
cated within the fourth tr brane d in of the
predicted structure. Because Gly-264 iz a highiy con-
served residue, we studied the functional properties of
this polymorphism by using in vitro mutagenasls and
the heterolegous expressmn iy 5t in X

oocytes G264A resulited in a significant and reproducl-

with hypocalchuria, hyr and renzl salt wasting.
TSC alse serves as the ta.rget for the thiazide-type diuretics
that are currently recommended as the drug of choice for treaz-
ment of hypertension (11). Finally, a defect in TSC regulation
by the WNK1 and WNK4 kinases has been implicated in the
is of a sait-d form of human hypertension
known a8 pseudohyopaldosteronism type 11 (12, 13}, whick
features marked sensitivity to hydrochlorothiazide and a clin-
ieal picture that is 2 mirror image of Gitelman's diseuze (hy-
pertension, hypetkalemia, and metabolic acidesis) (14). Taken

path
P g

ble veduction (~30%} in **Na* upiake when pared
with the wild Eype cotransporter. The affinity for extra-
tellular C1~ and for thiazide diuretics was increased in
G264A. Western blot analysis showed similar §

active bands between the wild type and the G2644 co-
transporters, and confocal images of cocytes injected
with enhanced green flucrescent protein-tagged wild
type and G264A cotransporter showed no differences in
the protein surface expression level. These observations
suggest that the G264A polymorphism is associated with
reduction in the substrate translocation rate of the co-
transporter, due to & decrease in the intrinsic activity.
Qur study also reveals a role of the transmembrane seg-
ment 4 in defining the affinity for extracellular C1~ and
thiazide dinretics.

together, all these observations suggest that TSC molecular
variants, resulting from single nuocleotide polymorphisnis
{SNPs), could contribute to the normal variastiens in blood
pressure in the population at large, to the inherited predispo-
sition toward essentinl hypertension, andfor to the differential
response to diuretic therapy.

Despita the important role of TSC in cardiovascular physi-
ology, pharmacvlogy, and pathophysiclogy, little is currently
kntown about the structure-function relationships in this co-
transporter. By using FHimetolazone binding to membrane
preparations from rat renal cortex, Tran et af. {15} propused
that thiazides and Cl~ share the same binding site. Recent
studies in which the functional properties of the cloned cotrans-
porter were determined, however, provided evidence that me-

The thiazide-sensitive Na™:Cl™ cotransporter (TSC,! gene
symbol, SLCI2A3; locus 1D 6558) is the major NaCl transport

petes with both Na* and Ci™ ions (16), suggesting
that the thiazide-binding site may be shared by both jons and
not only hy €™, as suggested by Tran et af. {15). In addition,
nothing is known regarding domaias or aming acid residues

* This work was supperted by Mexican Council of Science und Tech-
nology Research Graot CONACYT 36124 (to 3. (), The Wellcome
Trugt Grant GROTOLEIMA (to G. G. and D. R.}, the Consorcio BVME-
CEN ito G, G.), snd FIS Grant 311151 tte E P} The costs of publica-
tion of this artivle were det’rayed in pari by the payment of page
chargey. This article must th be hareby kod Yadverfizerment”
it accorcdance with 18 U.S.C. Section 1734 seleiy to indicate this fuet.

[ To whom correspond ghould be add g: Molecular Physiology
Unit, Vases de Quiroge Ne, 15, Thalpan 14000, Méxien City, Mexios. Tel
5255002133066, Fux: 5255-0605-0302; E-muth gambu@sni SORAGYE IS

TThe abbroviations used are: TEC, thiazide-sensitive MNa'0i™ ee-
% : EGFP, ent 1 green it ent protein; SNPs, single
nuclegtide poiymorphmma, WT, wild type.

This paper is available on line at httpfwww.jbe.org

defining the TSC ton transport kinetics or thiazide affinity. So
far, within the family of electroneutral cotransporters, some
aspects of the structure-function relationships have been in-
vestigated only in the two isoforms of the Na™K":2C1” co-
transporter, BSCYNKCG2 and BSC2MNKCCL. Results be-
tween both ispforms, hewever, have shown important
differences suggesting that conclusions reached in one member
of the family cannot be extended to the other members. For
cxample, in BSC2/NKCC!, Isenring et of. {17, 18) have imph-
eated transmembrane dormains 4 and 7 in defining Gl trans-
port affinity, whereas recent studies (19-21} in BECYNKCCZ
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clearly showed that ¢r brane domain 2 contains affinity
modifier residues for extracellular Cl™.

In the present study we show that an SNP that changes one
amino acid residue in TSC results in a dramatic decrease in
TSC function, apparently secondary to & decrease in the intrin-
sic activity of the cotransporter, and reveals a role of trans-
reembrane serment 4 in TSC affinity for extracellutar C17 and
fur thiagide diuretics,

MATERIALS AND METHODRS

Af extensive search of genome data basea lipgws ool nib.goviegi-bin/
CGeneViewer-ogh; nebi.nim nih gowSHE) was performed to find the SNFPs
that have beed informed within the SLCI2AT gene. The SHFs within
the coding regions thet were constdersd as potentially important were
incorporated into the rat TSC ¢DINA by using the QuickChange site-
divestad mutagenesls system {Stratagene} following the manufacturer's

ie DINA se ing was used to corroborate
ali the mutations. All primers used for mumgenuls ware custom-made
(Sigma).

Ganotyping of the G2644 Polymorphism—A restriction fragment

length polymorphism method was created for the G264A polymorphisma

Renal Na-CI Cotransporter SNPs

Fig. 1. Topological model of the thinzide-sensitive Na*:CI™ co-
transporter and the localization of the eight SNPs located
within the coding region.

wlth EGFP ANT-TSC or EGFP-mutant.TSC cBNA. After 4 days of in-

yien ware . for EGFP fiuammnce in the oocytes
surface using a Zeivy lager i P (ab_pecuve lens
x10, Mikon}. Excr and lengths used ta visuali

EGFP fluorescence were 488 and 515-566 nm, ‘;especuve]y. We have
shown previgusly that EGFP-TSC £ in the rtes surface
lizes with the F-404 specific plasma membrape dye and that

ta confirm it and to simplify its detection In 200 normal Total
genomic DNA was extracted from whele blood according to standard
precedures. PCR wag condicked nsing 125 ng of genomic BIVA using the
primer pair sense B-AGACCGTGCGRGACCTGCTC-3 und autizense
5 -COTCOTCCATGGUCTCCTCACCTT.S . PCR was conducted for 34
cyeles with denaturation st 36 °C for 30 5, annoealing at 80 °C for 30 =,
and extension at 72 °C for 30 5, with a final extension step at 73.°C for
5 min. The G2564A veriant was recognized by restriction fragment
length polymorphise by using Btgl (Mew England Biolabs}, and the
restriction fragrments were scparated on 7.5% PAGE, and visualized
under uitrav Fght sfter g with ethidium bromide. The poly-
morphizm wes confirmed by automatic sequencing LAbIPrism®) in alt
positive cases.
Asseyament of the No*:Ci~ Cotrunsporter Function—Dotytes were
hanrest.ed from anesthetized adult female Xenopus leevis frogs, defol-
Jated, nnd prepared for microinjection folb E vur dard pro-
cedure (15, 19). The next day ves were injected with S0 nl of
water or ¢BNA transcribed ie vitro, using the T7 RNA polymerase
mMESSAGE kit (Ambion), 2t a concentration of (.8 pgfpl. Goeytes ware
then Tncubated for 3 days in NDS6 with sodium pyruvate and g

ootyten injected with EGFP-TSC exhibit significant thiazide-sensitive
=N uptake, indicating the EGFP-TEC Aucrescence is loeated in the
plesma reembrane (241, For densitometry analystz, the plasma mem-
brane Muorescence was quantified by determining the pixel intenwty
around the entire oocytes civcumference using SigmaScan Pro image
analysis software.

Statistical Anelyséisi—Statiatical signifienace is defined ag two-tailed
£ < 0,05, and the results are presented as mean * 5.E. The significance
of the differepces botween means was tested with the Student's ¢ test.

RESULTS
Single Nucleotide Polymorpfisms in the SLCI2A3 Gene—Up
to 135 SNPs have been informed within the SLCI2AT gene. 127
SNPs are located within intronic sequences and only eight are
within exenic sequenees. Fig. 1 depicts the proposed T5C to-
pology (25} and the localization of the eight SNPs within the
coding sequence. Six SNPs result in no change of the amino

ieie and 1 day in C1™-free MDDE (i6). The funetion of the Na*:Cl™
cotransporter was determined by assessing tracer “Na* wptake
siurkinEimer Life Sciencas) in groups of at least 15 cocytes fullowing
our standard protocol (16): 30 min of ineubation in & €17 -free NDSG
medivm containing 1 mM ovabain, ¢.1 mm amileride, and 0.1 ma
bumetanide, followed by a 60-min uptake pericd in a K'-free, NaCl
medium containing the same drugw. plus 2 uCi of ®Na™ per ml. Clues-
nake was used as a Cl™ sub and MW-methyl-n-gl as & Ma®
substitute. At the end of the uptahe perisd tracer activity was deter-
mined for each dissolved cocyte by fueintillation counting.

Western Bfnrrmg—\‘-’esbern blat analysu. was used to campare WT
with mutent protein in cRMNA-1 e 3! g our standard
pmt.oco! 22} In bnef groups of 15 oocytes uuected with water or cRNA
were h ized in 2 p of b ization buffer and cantri-
fuged twme et 100 X g for 16 min at 4 *C, and the supernatact was
collocted. Protein extracta from oocybes (four oocytes per lang) were
heated in sample buffer containing 6% 508, 15% glyuerol 0 3% brom
phenat blue, 150 myr Tris, pH 7.6, and 2% §-
by Laemmii SDS- 7.5% PAGE, and t ferred to a polyviny

A

acid seq Thase are the SNPs A122A, T485T, 36205,
AT144, G8§750, and 110171 corresponding to the NCA! SNP
cluster 105 rs2304479, 5801, raG5802, rs5803, ra5804, and
152289113, respectively. Two SNPs result in & single amine
acid change. Oae is the RS63K SNP (cluster 1D rs8066046) that
was considered as frrelevant becsuse this SNP located within
the carboxyl-terminal domain results in a conserved subafitu-
tion of the positively charged amipo acid arginine, which is
present in the humen cotransporter (8), for the positively
charged residue lysine, which is present in the TSC from Tab-
bit, rat, mouse, snd fish (2, 25-27). In contrast, the other SNP
that alter the primary sequence of boman TSC (D number
51520927} predicts a change of the nonpolar amino acid gly-
cine at the position 264 for the residue alanine. The residue
glycine i5 located within the fourth transmembrane demain
and is a conserved amino acid residue, not oniy in the available
TSC from rat (25), mouge (27), rabbit {26), human

diffucride b Fori dat, we used a rabbit polycional
aoti-rat ‘TSC antibody (generously provided by Dr. Mark Knepper,
Mational Institutes of Health), dilated 1:1000 (23). The membrane was
exposed 1o anti-TSC antibody diluted in blocking buffer (TTES, 0.2%
Tween 20) {wem:ght at 4 *C, subsequently washed in TTBS ﬂnd e
pated for 60 min at room persture with gikali

canjugated second&ry{anti-rabhit) antibody {Bio-Kad} diluted 1:2000 in

Sgcking buffer and washed again, I tive spocisa were de-
tectod using L Star Chemil t Protein Datection Sys-
tems (Rio-Rad).

Assesameat of the TSC Expression ot the Oocytes Plasma Mem-
#rane—The surface expression of wild type or mutant TS (set below)
was determined by the flusrescence in the X secyles
ustog 6 TSC fusion construct thet we have previously validated (12, 24)
n this construct, the EGFP waa fused to the amino-terminal domain of
TSC. Xenopus cocyies were then micrvinjected with water as contral or

{8}, and ﬂounder (2), but alsg in all members of SLC12 family
that include two genes encoding Na " ¥*:2C1™ cotransporters
(25, 28} and four genes encoding K™:Cl™ cotransporters (28—
31). Thus, the G264A SNP was considered as potentially im-
portant and therefore was introduced into TSC by in witre
mutagenesis.

allele Frequency of the G264A Polymorphism—A restriction
fragment lengih polymorphism strategy was used to assess the
presence of G26¢4 SNP by PCR. The PCR product (510 bp)
contained a constant Btgl restriction site, and therefore, when
digested, two bands of 461 and 49 bp, respectively, are observed
in GG genotype (encoding glycine at pesition 264 in both alle-
lest In contrast, in GA genotype heterozygotes (that is one
allele enceding glycine and the other encoding alanine at posi-



Eenal Na-Ct Cotransporter SNFs

tion 264}, a new specific Btgl restriction sife was used, and
then four bands of 461, 390, T}, and 49 bp were observed. To
test the aflele frequency of the G264A polymorphism, 200 Cau-
casian subjects were genctyped. The sample included 119
males and 8! females with the following characteristics
tmean * 5.D.): age 52 + 16 years, systolic bloed pressure 117 =
11 mmHpg, diastolic blood pressure 63 * 7 mmHg, and body
mass index of 24 + 4 kg/m® None of the subjects had present or
past cardiovascnlar conditions including hypertension, core-
nary heart disease, stroke, or diabetes. The frequency of the GA
genotype was 2% in the sample studied. No subjects with AA
phenctype were detected (that is b gotes encoding al
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Pii. 2. 4, example of 3 genolyping ceault for the Gle-264 — Ala
{G264A) polymorphism. The polymoerphism consists in a G to C trans.
version at codon 264 that chanped the glycine-encoding codon GGC to
the alanine-encoding eodon, SCC. The PCR products were digested
with Bigl and resalved on SDS-PAGE: lane !, motecular weight
marker, {ore 2. GA heterozypous (codon GECY; fene 3, GG homozygous
{eodon GGO), and lane 4 {undigested PUR produrti, B, sequence of wild
ivpe angd £, polymorphic variant G264A PCR prodoets were excigad
from ihe gel and fully sequenced.
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Fiz. 3. Funrctinnal expression of WE
and G2E4A cotransporters in X Ieevis
oacytes. A, “Na' uptake in oocytes that
were injected with water, with 25 ng of
cRMNA frem WT, or from G2644. Uptake
was assessed in control conditions (open
Barsl in the abscnee of extracellular 1
{hatched bars), or in the presence of 1074
x of the inhibitor metolazone (eloced
bargl. The absence of endogenous thiz-
zide-inhibitable *Na™ uplake in X luevis
ooeyles has been shewn befare (2, 16, 25).
*, p = 001 versus WT cRNA oocytes in
control conditions. . = 20 oocytea per har.
B, ethidium bromide-stained agaroee gel
showing 2 ol of 0.5 ugfud of WT and
U254 oBNA as stated. C, autoradio-
grams of Western blot analysis of proteing
extracted from WT or G2644 ¢RNA-in-
jecied cocyies. as sisted. The anslyris was
performed using rabbit polyrlonal ani-
TSC antibodies, Camparable i
activitivs are observed io both lanes,

2000

1800

Z:Na* Uptake {(pmoloocyte/h)

18565

at position 264 in both atlelos). Shown in Fig, 24 is a repre-
sentative ge! containing the Bigt-digested PCR fragment from
a nermal subject and one heterczygous for the GA genotype.
Fig. 2, B and , illvstrates sequencing of this region in & GG
and & GA phenotype icodons GGC and GCC, respectively).
Thus, our results suggest that G264A 15 & true SNP.
Functional Consequences of the TSC G264A Palymerphism—
The fzactivnal sonsequences of the G264A BNP were assessed
wsing a heterologous expression system in Xl leevis cocytes.
Thiz expression system has been shown fo be an excellent tool
for a robust and reproducible expression of TSC in our hands
(2, 12, 16, 24, 25, 32) and also in other laboratories {13, 27, 33,
34} In contrast, TSC expression in transfected enkaryotic cells
tas not been successfil in meny leboratories, including our
own. The best expression so far obzerved in siably transfected
eukaryotic cells (MDCE cells) with human TSC eDNA consists
of small ineresse {~25%} aver background (39). Thus, X loevis
oayies were microinjected with ¢cRINA transcribed from wild
type TSC (WT) or from TSC harboring the G264A SNP
(G264A). As shown I Fig 3, WT or (32644 cRNA injection
induead a significan! increase in **Na™ uptake in X leesis
oocytes. However, the inerease in G264A-injected oocvies was
of a gignificantly lower magnitude than the increase ohserved
in WT pocytes. Uptake in WT-injected cocytes was 3448 + 234
pmot gocyte ™! hT, whereas in G264A-injected cocyles was
1712 = 386 pmot coeyte > b~ (p < 0.01, # — 20). Ay shown in
Fig. 3, the uptake was due to the TSC activity because a
complete inhibition of uptake was observed in the absence of
extracellular ehloride or in the presence of the thiavide-type
diuretic, metolazone. A reduction of a similar magnitude in the
G284A activity was consistently observed in every single ex-
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Fiz. 4. Surface and functional ex-
preasion of EGFP-WT and EGFP-
G264A porters. A, ethidi K
bromide-ag; gel showing 2 pt of 0.5
peipl of EGFP-WT and EGFP-G264A 75 =
cRNAs as stated. B, autsradicgraphy of a Al —-
23 =

EGFP-TSC
EGFP-G2

Western blot analysis of proteing ex-
iracted from EGFP-WT or EGFP-G264A
cRNA-injected oocytes, as stated. € and
D, representative examples of surface fu-
orescence in X laesiz o0eytes CXPressing
EGFEWT or RGFPLG264A, as stated. F,
mean : S.E. of the surfave expression
anplysis in arbitrary unil of cocytes in-
jected with EGFP-WT cRNA or BOFP-
G264A cRNA, as stated fx — 3D oncytes
por bar), F, 4 b after the eonfocal micros-
copy apalysis was performed, the ©Ng'
uptake was aseeszsed uming the same oo-
eytes from £, in the absener fopen bars)or
presence Hutched bars of 107 u metela-
zone. Thus, each bar represents the
mean = S.E. of 15 oocytes. Uplake in the
water cantrol group was 152 * 21 pmel
occyte ' h V¥, p < 005 persus uptake in
EGFP-WT in coniral conditions.

200 1

Fluorescence [AL)

EGFP-
wT

periment. in order to ensure that the reduction in *Na™ up-
take was not due to differences in the amount of cRNA injected
or in the transcription rate of the profein, cRNA concentration
was determined by densitemetry of the corresponding bands in
the ethidivm bromide stained agarose gel, and the transcribed
protein was assessed by Western blot analysis of the injected
oocytes. No differences were found between WT and G264A in
the amount of cBNA iniecied (Fig. 3B}, as well as in the TSC
protein preduced by the oocytes {Fig. 3C).

Surface Expression Analysis in BEGFP-WT or EGFP-(G264A—
Because X, faevix oocytes injected with WT or (G264A exhibited
similar immunoreactive proteins in the Western blot, we rea-
soned that potential explanations for the reduection in fune-
tional expression of the TSC containing the G264A codd be a
decrease in the amount of the transporter that reaches the
plasma membrane, a decresse in the affinity for the cetrans-
ported iuns, or a decrense in the intrinsic activity of the co-
transporter. To study the first pozsibility, we assessed the
surfiace expression of the WT and ((264A preteins by injecting
X Imevis oocytes with the cRNA encoding the WT or G264A
cotransporters that had been tagged previously with the EGFP.
To perform these experiments, we used the EGFP-tagged TSC
construct that we have characterized previcusly (24) in which
the EGFP was fused to the amino-terminal dormain of TSC
Then the EGFP cIINA was subeloned into the G264A TSC. The
¢RNA encoding the EGFP-WT or EGFP-G264A was injected
inta X. leevis cocytes. As shown in Fig. 44, densitometry of the
corresponding ¢RNA bands in an ethidinm bromide-agarose ge
eneurad that gimifar amonnts of cRINA wara injected. Four
daye after injection, the surface expression wns assepseed by
monitoring the EGFP Huorescence with a sonfoeal mieroscope.
Aftor ooeytar were analveed in the microscope, half of them
wara nsad for protein extraction to assess the KGFP-tagged
prateing by Weetorn blot, using 2 rabhit polyclonsat antibady
apgmst TSRO, and the other half was ueed I 3 functional
expression assay to determine the lhiazide-sensitive *Na'
uptake. Weastarn biot revealed simitar upmunureactive bands
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i proteins extracted fram EGFP-WT- or EGFP-G264A-injected
oocytes {Fig. 48), and surface expression apaiysis revealed
imitar fuor i y at the surface of cocytes injected
with EGFP-WT or BGFP-02644, respectively {representative
irages sre shown in Fig 4, C and D). Pig. 4, E and F, Dus-
trates the plasma membrane fluorescence intensity analysis in
30 EGFP-WE- or 30 EGFP-G264A-injected oocytes, and the
functiona! activity was expressed as *?Na* uptake in the same
vocytes, respectively, Although the surface expression of both
clones waz comparable, the **Na uptake was reduced in
(064A-injected oocytes. Thus, the GRE4A substitution results
in & reduction in the cotransporter activity, which does not
appear to be due to a decrease in the surface expression rate
fon Trensport Kinetics—One potential source of reduction in
the functional activity of 2 membrane transporter is & reduc-
tion of the aftinity for the transported ions or molecules, pre-
venting the cotransporter from reaching maximal transport
eapacity when incubated in regular uptake solutions. Thus, we
assessed the Na™ and C1™ transport kinetics in X Inevis vo-
cytes injected with WT or G2644 cRNA. Shown in Fig. 6, 4 and
€, are the Na' transpert kinetics snalyses in WT and GES4A,
respectively, The K, values for Na™ transport kinetics were
7.6 * 1.6 and 5.7 = 1.1 mM in WT and G264A, respectively,
with no sipnificant difference between them. Shown in Fig. 5, F
and £, are the Cl  transport kinelic analyses, The apparent K,
value for extracellnlar 17 uptake in WT (Fig. 58 was 6.3 +
1.1 m#. This value is similar to that reported previously for the
witd type TSC {18). In contrast, the apparent K, value in
GIO4A-niected oocyles was 0.89 * D2, (p < 500 n = 3.
We repeated the sane annlysis in friplicate psing three differ-
ent batches of vocytes, and the residts were similar. Thus, the
G264A resuited in a significast increase in Gl affinity on the
cotransporter. This increase in ion transport affinity, however,
does not explain the reduction in the cotransporter activity,
Dhuretic Inkibitory Kinetics—Studies in which the Kinetic
anaiyses of [*fimetolazone Lo renal cortex plasma membranes
were assessed suggested that chloride and thiszides muy cor-
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Fic. 5. Rinetic analysis of ®Na* up- & g ‘om
take in oocytes injected with cRNA 2 4q09 2
from WT (4 and B} or G264A (Cand 2 2 2000
D). A aod C, Na~ dependence of “Na” b= a
upteke, B aod D, CI° dependence of ™
et uptake. Uptekes were performed 0 - S
with Na* or C1™ fixed at 95 mm, varying [ 10 30 I
the concentration of the appropriate coun- M
terion from 0 ta 40 mw, a8 indicated. Up- N2, m
takes were alsp measured in water-in-
jected cocytes (data not shown), and the 200

mean values for the corresponding water c
groups were sabtracted to analyze ooly

{prmolfovocitoh)

the #ila* upteke due o each injected £ 1sm
cotransporter. Curve fitting was per- &
formed using the Michaelis-Menten equa- §‘

tion, Data are expressed as uptakes in 2 1000
pmol oocyte™! h™Y, sach point represents 2
the mean of at lensk 13 oncyies. =]
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pate for the same site in the cotransporter {15). By supporting
this possibility we have shown that thiazide affinity in TSC is
increased when cocytes are incubated in uptake sclotions con-
taining low €1~ concentration {16}, Because an inerease in C1™
affinity in the G2644 eotransporter was cbeerved, we assessed
the dosgr Iy on TSC and G264A for the
thinzide-type diuretic metolazone in order to determine the
thiazide affinity cn each cotransporter. As shown in Fig. §,
when uptakes were performed in 96 mw NaCl {elosed symbols
and sofid lines), the ICg, value for metolazone-induced reduc-
tion in 2*Na * uptake was similar between WT and G2644A. The
IC,; value in both was ~1 X 107% a1, which is similar to the IC5,
value that we have reported previcusly for rat TSC {18). How-
ever, because the K, for extracellular C17 in W1 TSC is below
10 mu and in G264 below 1 mi, it is possible that competition
between chloride and thiazides does not become apparent by
using ‘96 my of extracellular C17. Thus, we performed the

1ol dose-Tesp inhibitory curve in the same exper-
iment, hut using another group of voeytes in which uptake was
done using an extracellular C17 tration around the K
values for this ion, that is ~6 mM for TSC and 1 m for G264A
iapen symbols and dushed lines). As we have shown before (185),
the metolazone IC,, vaiue in the cocytes injected with WT-TSC
changed from —1 X 107% to ~3 X 1077 x, suggesting that
metolazone binding to the cofransporter is enbanced when
extracelluiar chloride is lower. In gocytes injected with G284A
cHNA, the shift to the left was move dramatic than in WT-TSC
because metolazone IC, changed from ~8 X 1077 M in the
presence of 96 mys Cl to ~1 % 107% & when extracellular C1
concentration was 1 mm. To test the possibility that the G265A
SNP not cnly affects the affinity for thiaszides, but also the
diuretic inhibitory profile, we also assessed the dose-response
to several thiazides, This experiment was performed simulta-
neously in WT and G264A-injected oocytes. Therefora, cach of
the thiazide difutions that were uzsed was the same for both WT
and G2644 cocytes. Aa shown in Fig. 7, the thiszide inhibitory

r-3 R, 1 thiszide = trichl

p of polythiazid > Db kg
ide = chlortalid

5 W+
simult

ne-

e
bl

% of Thiszide-sensitive
N Uptake
g "

&

Melnixzone {-log W0

itiss

i, 6. © tor i of WT (squam}
and G264A (circles) hy metoiazone. Grnup& of 15 0ocytes mictein-
jected with WT or G264A were ations ol

in the preincubation and upr.ake medigins, em 107 to
167% m. Uptakes were performed in the presence of 96 my of extracel-
lular CF in both WT and G2644 {selid faes and elosed symbols) or in
the presence of 6 mu of extracellular €17 for WY {open squares and
dashed tines), or 1 my of extraceiluter 17 for G264A topen circles snd
deached tae), Data were nor ized as the per ge of influx, taking
1604 as the value observed in vocytes in which uptake wes performed
i the absence of metolazone. Each point represents the mean = 8B, of
at least 15 oocytes.

the cotransporter for thiazides but does net affect the inhibi-
tory profile.

Bole of the Conserved Residues in the Tr brane Seg-
ment 4—As shown in Fig. 8, the alignment analysis of the
tranamembrane domain 4 in the electroneutral cotransporter
farnily members reveated that Gly-264 is not the oniy residue
that iz congerved in all cotransporters. In addition to Gly-264,
the rogidues Asn-258, Arg-261, and Gly-278 are alsp conserved

thiszide = benzthiagide > hyd.mchxun‘f i

was gimilar between WT and (3264A TSC cotransporters, sug-
gesting that the G264A substitution increases the affinity of

n afl hers of the family. Thus we performed similar sub-
stitutions of these residues and analyzed the effects upon the
functional properties of the cotranspoerter. As shown in Fig. 8,
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Fic. 7. Kinetic analyses of the inhibition of WT (4) or G544
(B) function by several thiazide-type diuretics. All Na* uptakes
were preformed during 60 min with thiazides tested at concentrations
From 107 to 10°% M in uptake solution containing 46 m Na” and 86
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ity is reduced. Finally, the ion transport kineties analysis re-
vaaled that in TSC harbering the N258& and R261L substitu-
tions, the K, valuss for extracellular Na~ were 7.3 * 0.7 and
8.9 = 2.3 mw, respectively, and for extracellular C1™ were 3.2 =
0.7(p < (.05, » = 4} and 3.2 = L6 mM {p = not significant, n =
4}, respectively. Thus, no change was observed in the affinity
for extracellular Na*, whereas 2 slight increase wazs ohserved
in the affinity for C1°.

DISCUSSION

One hundred and thirty five SWPs have been informed along
the SLOJEAZ pene that encodes the thizzide-sensitive Na™:C1™
cotransporter of the renal distal convoluted tubnle. Only sight
ofthe 135 BNPs are located within exonic sequences, and one of
them, the SNP (G264A, results in a significant change of a
single aminc acid residue. We showed that in cur population
the distribution of this SNF is $8% homozygous for (264G and
2% for heterceysous G264A. This frequency is different from
that shown previousty by Melander ef al. (36) to be ~51% for
homozygous G264G, ~B8% for heterozypous G2644A, and ~1%
for homozygous A284A. When expressed in the heterologous
system of X Inevis cocytes, G264A exhibited a reduced maxi-
mal transport capacity to about 50% that shown in simoltane-
ous experiments with WT-TSC. As shown by Westem blot
analysis, the lower activity of the TSC harboring the G2644
substitution dees net appesar to be due to reduced transiation of
the protein because densitometric analysis demonstrated ne
differences in the amount of TSC protein produced with or
withaut the G264A substitution. The surface image analysis
that was zssessed by confocal microscopy in X. leewis oocytes
injected with ECFP-tagged WT or G264A ¢RNA revealed that
reduced tranelocation of the cotransporter to the cell surface is
notr ible for the lower activity in G2644A, because surface

it £17. Each point represents the mean = S5.E. of at least 15
Fhe inhibitory profile pelythiazide {¥) > metol 1ot shown) =
bendroflumethiazide (O} = trichior hizzide 01 = bepzthiazid
"7 = hydrochlarothiazide () = chiortatidene (£} is stmilar between

wTr :md] G264A

I
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i
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Fi. 8. Alignment of the amine acid residues that in the elec-
troneutral cation-chloride cotransporters correspond to the
transmembrane domain 4, ascording with the topology aonalysis
that has been performed for BSC2 {33). Amino acid numbers eor-
respond to the TSC sequence.

substitution of these residues resulted in different magnitudes
of reduction in the TS activity. The effect was similar between
G2644 and N253% (~50% reduction). Further reduction in the
activity was observed in the R263L transporter, whereas the
G27BA substitution resulted in a compiete block of the cotrans-
porter activity. To find out if the decrease in activity was
associated or not with a decrease in the surface expression of

P in the pl brane was parable between
EGFP-WT and EGFP-G2644, whereas the **Na” uptake ex-
periments performed with the EGFP-WT- or EGFP-(264A-
injected cocytes revealed a significant reduction in TSC activity
in the presence of the G264A substitution. Thas, by taking olf
these data together; we propose that the lower activity in TSC
harbering the G264A subsatitution is due to a reduced ion trans-
ocation rate; f.e. due to a decrense in the intringic activity of
the cotransporter. A similar nepative effect on the intrinsic
activity or on the receptor signaling capacity has been doco-
mented for the SNP 189V and the SNP S268P that occur in the
human high affinity choline transporter (37) and in the humasn
u-opipid receptor 138}, respectively.

The ohservation in the present study of one SNE in the renal
Ma*:03~ cotransporter that results in reduction of the cotrans-
porter intrinsic activity suggests a numbser of testable hypoth-
eses, ¥or example, this ST may be probably less prevalent in
hypertensive patients than in normal subjects, or individuals
harboring this SNP probably are less sensitive to treatment
with thiazide drugs. In addition, i is well known that TSC
activity inversely correlates with calcium reabsorption in the
distal tubule (38) and that chronde thiazide treatment is asso-
ciated with inereased bone demsity (40}, which is 2 protective
factor against osteoporosis (41, 42), Therefore, another hypoth-
esis could be that SNP G264A is less prevalent in patients with

the cotransporters, X, laguis oocytes were injected with simil

amounts of ¢RNA transcribed from the EGFP-tagged wild type
TSG or the EGFP-tapped TS0 containing the sebstitutions,
and confocal micrescopy analysis of the oocytes was performed
4 days later for ing the fluog intensity at the
surface. Most interesiing, as shown in Fig. 10, there were no
significant differences among ail groups. Thus, mutetions in
TEC on any of the conserved resi in the trar brane

segment 4 produce cotransporters in which the intrinsic activ-

teoporosis than the general population.

One study addressed the genotype frequency distribution on
this G264A SNP in 264 normal and 252 hypertensive subjects
from Bwoeden (36), and no difference was ohesrved bebween
aormotensive and hypertensive subjects. it is possible, how-
ever, that more hypertensive patients will need to be atudied in
order to reveal the iation hetween hyper ion and cer-
tain SNPs. For example, Baker et al. (43) have shown that the
T5G4M mutation in the g-subunit of the epithelial sodium
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The structural mechanisms by whieh glycine substitution in

40C0 +
g I
000 -
iz, 9. Functional expreasion of WT 'E»
and TSC harharing the substituti a
G2644A, N258Q, R26IL, or G2T8A The g
Na' uptake was determined in groups [=]
of cocytes that were injected with water or E_ &
with 25 ng of cRNA from the WT or sub- 2000 4 ™
stituted mutants (a4 stated), Uptake was _&
d in control ditiona (open bara} -]
or in the presence of 171 3 of the inhib- k-5
itor metolnzone {closed bars). *, p < .01 2 x
versus WT cRINA oocytes in control condi- - 00 |
trions. & = 20 cocytes per bar. 5
- ]
RE =1L 1K1 § ui
HO WETSC GI64A NS R16iL G2IRA
820 cotransporter (18, 45) indicated that tr brane helix 4
contains affinity-modifying residues for €17 translocation. In
=00 addition to Gly-264, there are three other residues within the
transmembrane domain 4 that are conserved among afl mem-
3 bers of the SLC12 family (Fig. 8i. We observed that substitu-
LAk tion of cach of these residues resulted in Ma™:Cl™ cotransport-
@ ers with reduced intrinsic activity, and cne of them alse
§ 260 4 exhibited increased affinity for extracellular CI7. Thus, as has
= been suggested by Isenring ef al. (18) in the Na™:{™2C1°
5 cotransporter BSCZMNKCL, it is possible that transmembrane
E 200 segment 4 in TSC also pleys a role in defining the affinity for
extracellular chloride, The G278A substitution resuited in a
1 1 non-funetional protein, without affecting the surface expres-
sion rate, suggesting that this glycine iy completely necessary
a for the cotransporter to reach its functional eonformation stote.
RISFL GI7RA

wi-Tsg G2EAA M0

¥FiG. 1. Surface abundance of EGFP-tagged WT or EGFP-
tagged TSC harboring the substitutions G284A, N258Q, R261L,
or G278A, as stated. Oocytes were injected with corresponding cBMA,
and preen fluorescence was assessed by confocal microscopy as de-
seribed under “Matertals and Methods.” The mesn and standard error
of fluorescance is shown for each set of eight. pocytes per injection in
arbitrary units.

ehannel correlates with the development of hypertension only
in bilack patients with low remin hypertension, and Zhue 2 el
{44} ohserved that i white patients, but net in hlack hyperten-
sive subjects, there is a significant association between the
jntron 2 conversign zliele of the aldosterone synthase gene and
the development of essential hypertension.

Regardless of the potential role in the disease discussed
above, the G2644 SNP reveals a role of the transmembrane
domain 4 in the affinity for extraceitular {17 and also for
thiazides. We observed that TSC harboring the (2644 exhibits
an intrease in the affinity for extracellular Ci7, b the
apparent K,, value for extzacellular C1” in G264A was admost
10 times wer than in WT, This increase in affinity for C17 was
specific for this fon because no change was observed in the
affinity for extracellular Na*. Qlycine is » non-hydrophobic
residue at positon 264, which is predicted te be located in the
TSC putative wansmembrane domain 4 and is conserved in all
species in which TSC has been sequenced, including heman (8},
rat {25}, mouse (27}, rabbit (26}, and flounder (2), as well as
amnong all members of the SLCI2 family ineluding TSEC, two
Na™:K*:2C1™, and four K":ClI™ cotransporter iscforms. Previ-
ous studier in the basolateral isoform of the Na™ K20

the TSC fourth transmembrane domain produces the observed
changes in its functional properties are not clear, but some
hypotheses can be propesed. Glycine is an amino acid residue
that plays an important structural role, betause this residue
allows unusua) main chain conformations in proteins. This is
probably why plyeine is one of the amino acid residues that
show high proportion of copservation ameng homologeus pro-
tetn sequences {46). Although not yet studied in cotransporters,
it has been shown in several enzymes that some glycine resi-
dues can be important to define the protein flexibility because
this residue can be part of a hinge (47-500, and the extent of
rigidity or flexibility in a given hinge has beea proposed to play
a role int the athinity of the protein for its ligand (51} Thus, one
pussibility iz that the presence of glyeine at position 264 pro-
vides certain fexibility that in TSC might affect both rates of
transport and anion binding. Alternatively, because the four
residues that we studied, conserved among all members of the
SLC12 family, are hydrophilic ttwe glycines, one ssparagine
and one arginine), it is possible that these amino acids mainly
face the putative translocation pocket in the cotransporter, and
the conformational cluange that results when these residues
were cnbstitnted could render the putative transiocation
pocket more accessible to C17 ipns but with reduced rates of
transport. Forther studies will be necessary to clarify these
izsues .

Previens studies using the binding of tracer {"Himetolazone
suggested that CI~ ions and thiazide diuretics compete for the
same site on the colransporter (15). Supporting this hyputhe-
sis, we have shown that in TSC the higher affinity for chlonde
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is accompamied by a higher affinity for thiazide diuretics. On
one hand, the affinity for thiazides is shifted to the left when
dose-response curves are performed in low extracelluiar C17
comcentrations (16, 32), and on the other hand, the prevention
of glyeesylation in rat TSC incresses the affinity for both ex-
tracelular ! and thiazides {24). In the present study, we
ohserved that G264A substitution produces a dramatic in-
crease i CI~ affinity, together with an increase in the affinity
for the thiazide-type diuretic metolazone. This cbservation also
supports the hyputhesis that in TSC, the affinity-medifying
residues for Ci~ may also be involved in defining thiszide
affinity, increasing the data supporting that anjons and diuret-
ics compete for the same site on the cotransporter. Most inter-
esting, while a similar type of competence between (1™ and
Joop diuretics was proposed for the Na* :K":2C1" cotransporter
based on studies using PHjbumetanide (52), the functional
analysis of chimeras between the sharl and hurean basclateral
BSCONKCC! revealed that changes in Cl™ transport kinetics
are not accompanied by simitar changes in bumetanide affinity
(45).
In summary, we report here the functionsl characterization
of a zingle nuclectide polymorphism in the SLCI2AS gene that
des the thiazid: itive Na':Cl~ cotransporter. This
inembrane protein has been implicated in human di such
as arterial hypertension and osteoporesis, and the pharmace-
Togica) modulations of its function are currently used for treat-
ing or preventing these disorders. The studied SWP is a sub-
stitution of a glyeine for alaning in the fourth transmembrane
domain, which caused a significent reduction in the Na':Ci™
transport rate, suggesting that people with this SNP could
have an allele with reduced function of the cotransperter. In
addition to the effect of the SNP upon the TSC activity, the
(G2644A substitution produced an increase in the affinity of the
cotransporser for extracellular C1°, but not for Na”, that was
accompanied by an increase in the affinity for thiazide diuret-
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ics. Thas, our study represents the frst detailed ination of
genetic polymorphism in the SLCT2A3 gene and reveals a role
of the TSC transmembrane segment 4 in anton and thiazide
affinity.
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Activity of the renal Na*-K™-2Cl™ cotransporter is reduced by mutagenesis
of N-glycosylation sites: role for protein surface charge in CI™ transport
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Paredes, Anshi, Consuelo Plata, Bbanoel Rivera, Erika
Marene, Norma V' , Rosaric Muficz-Clares, Steven C. He-
hert, and Gerardo Gamba. Activity of the rerat Na™-K"-2Ci™
cotranspodter is redoced by mulagenesis of M-glycosylation sites: role
for protein serface cherge in O™ wanspori. Am J Phvsiol Renal
Physiot 290: Fi084-F1102, 2006. First published November 15,
2005 doi:10 {4 5¥aiprenat. 00071 2005, ~The renal-specific Na'-
K" -200 cotransporter NEK.CC2 belongs wr the SLC12 pene Family: it
is the wrgel for loop diuretics and the couse of iype [ Banter's
syndrome. Because the NKOC? sequence contains two piiative N-
Huked ghycosylation sites, one of which is conserved with the renal
Ma*-Cl~ cotransponter ia which glycosylation affects thiadide affin-
ity, we assessed the role of giycosylation on NKCC? Functionsl
praperties. One (N442Q or N452Q} or both (N442,452Q) M-glyco-
sylation sites were eliminated by site-directed mutagenesis. Wild-type
NKCC? and mutant clones wire expressed in Xenopus laevis oocyles
and amatyzed by **Rb* influx, Wesiern blotiing, and confocal micros-
copy. Inhibition of glycosylation with twnicamycin in wild-1ype
NKCC2-injected oocytes resulted in an B0% reduction of NKCC2
activity. immuncblot of injected oocytes reveated that glycosylation
of NKCC2 was cumpletely prevented in N442 4320-injected oocyles.
Functional sctivity was redeced by 50% in N3420- and NA32Q-
injected oocytes and by 80% in vocyles injected with Nd42,4352Q,
whereas confoeal microscopy of cooytes injected with wild-type or
mutant ephanced green fluorescent protein-fagged NKCC2 clongs
revesled that surface fluorescence intensity was reduced ~20% in
single mutants and 30% in the double mutart. Ton iransport kinctic
anivses reveolod no changes in cation affinity and 2 smzll increase in
Ci™ abfinity by M442(} and Nd42 4520, However, o slight decrease in
bumetanide aflinity was observed. Our data demonstrale that NKCC?
is glycosylated and suggest thal prevention of glycosylation reduces
its funcrionaf expression by affecting tnsertion inta the plasma men-
brare and Whe intansic activity of the cotmnsporier.

bumetanide; thick ascending imb; isoforms; sali reabsorption

THE APICAL BUMETANIDE-SENSITIVE Na'-K'-2C17 cotransporier
is the most knportant salt transport pathway in the mammalian
thick ascending limb of Henle's joop {TALH). This cotrans-
porter is critical for salt reabsorption, countercurrent multiph-
cation, acid-base repulation, and divalent mineral cation me-
tabolism (10). The Na*-K*-2C1™ cotransporier pratein in the
TALH is the main pharmacological target of loop diuretics
{14}, which gre extensively usad in the tresimant of adematous
states, In addition, inactivating mutations of the Na™-K. "-2€1™

cotrensporier gene in humans (36) and targeted disruption in
mice {19) produce severe renal salt wasting or Baruer's syn-
drome, an autosomal recessive disease that is characierized by
metabotic alkalosis, hypokalemta, hypercalciuzia, and severe
volume depletion accompanied by reduction in arteriai blood
[TEsSRIE,

The primary struciure of the kidney-specific, bumetanide-
sensitive Na“-K*-2CI™ cotransporier, knows as BSCL or
NKCC2, was elucidated by cloning conesponding eDiNAs
fram rat (i 3), rabbit (323, mouse {21}, and human kidrey (36},
NKCC2 belongs to the superfamily of electroneuiral catiun-
coupled CI™ cotransporiers (SLC124), for which & genes have
been identified, two of which encode for Na™-K*-2C1 co-
transporters: NKCC2 15 the kidney-specific cotransporter that
is expressed only at the apical membrane of the TALH, and
NKCC! is expressed in alt fissues, either at the basolateral
membrane of epithelial cells or in nonepithetial ceils (13, 123
The degree of identity between both Na*-K*-2C1” cotrans-
porter genes is ~B0 and 50% berween these genes and the
thiazide-sensitive Na*t-Ci™ cotransporier (NCC), the other
Na*-coupled-to-C1~ transporter of the SLCI2 family. The
basic topology of the Na*-K*-2C1~ and Na "-C1™ cotransport-
ers has been deduced from hydropathy analysis and features o
ceniral hydrophobic domain containing 12 transmembrane
{TM}-spanning regions that are Ranked by short NH;- and long
COOH-terminal domains, presumably located within the cell.
A Jong loop between TM segments 7 and & faces the extracel-
lutar side of the protein. This topology has been experinientally
confirmed only in NKCCI {15).

NKCC1 and NKCC2 form dimers, aithough each suonomer
is thought to be fully functional (28, 38). The predicied core
molecaiar size of the NKCC2 monomer is ~ 120 kDa, whereas
Wastern blot analysis of proteins exiracted from rat kidncy has
shown an apparent molecutar size of ~160 kDa {1, 6, 23, 24).
Is vilro rranslation experiments of rat NKCC2 protein revealed
an increase in apparent molecular size in the presence of canine
pancreatic microsomes, which are known (o express functional
ofigosaccharyl transferase activity, and this effect was pre-
vented by addition of the deglycosylating enzyme endoglyco-
sidase H (13). Thus in vivo and in vitro obscrvations suggest
that the bumetanide-sensitive cotransponier BSCINKCCZ is a
glyeosylated protein, In addition, we recently showed that the
rat NCC protein is glycosylated at two sites and that elimina-

Adibress for repeint reg and other d G. Gamba, Mofee-
ubir Physiology Unit, V.!_t.cu de Quirags No. 15, TLllp.m 14000, México City,
Mexioe [C-mui: ganb Ji 1NN,

The casts of publivatinn of this uricle were detfruyed in part by Yhe puyment
of pope churpes. The anicte et eunefore Be fereby marked “adverizemen”

28, UTIFLATIA 0T 2 y

Filld

0363-6127/06 55,00 Copyrighl © 2006 the Antcricn Physiolovical Socicty

[LEEsE with 18 U.S.C. Section 1734 solely to indicate this fuct.

epcifecwew ajprenal.org



MUTAGENESIS OF N GLYCO&YLATION SITE&- N RFNAL NKLCC2

tion of the ¥-glycosylation sites produced f) a decrease in
sctivity of the cotransporter secondary o a decrease in suface
expression, 2} a slight increase in affinity for extraceHular Ci™,
and ) a large increase in affinity for the thiazide-like divretic
metolarone {20}. One of the sites at which NCC is glycosylated
is conserved in NKCC2. Thus the present study was carried out
to elucidate the specific glycosylation sites in the reral-specific
Mat-K*-2C1" comansporier NKCC2 and to determine the
effects of giycosylation on transporter function.

METAODS

Extraction of cride membranes from rvenal bidnev and Xenopus
Iuevis oucytes. Totd proteins were extracted from pooted ral senal
raedullas by homogenization using 2 Polywon homogenizer (Kine-
maiica} in four volumes of lysis buffer {200 mid sucrose, 0 5 mhl

F1095

Na52

Fig. 1. NKCC2 topology and lovation of consensus N-glyoosylation mtifs in
vat orthologe, First and 3th motifs {N395 and NST9) e prodicied to be oeated

EDTA, 5 mM Tris+HCL, pH 7.0, and compl
cockuail). The homogenmes were centrifoged a1 3,600 g tor 4 min at
4°C 1o remove tissuc debris without precipitating plasma membrane
fragments. For M-giycosidase F digestion, 100 pg (20 pi} of protein
from kidney membranes were depatvred in 0.5% SDS, 56 mM
B-mercaproethiancd. 0.55 M Tris- HCY (pH 8.6), and | mM EDTA for
1-2 &t 4°C and diluted with Noaider P-40 1o a tinal concentration of
1.5% in the presence of 1 pghiml teupeptin and 8.2 i PMSF. After
the sxmptes were sphit io two aliguots, 2 U of N-glycanase or water
{comrol: were added and the samples were intebmed for 12-15 hoat
37°C. For analysis of proteins foom oocytes {see below), gruups of 15
oncyies injected with water or cRINA from wild-type or mulant clones
were homogenized in homogenization buffer at 2 pWeocyte and
contrifizgad twice at 100 g for 0 min ok 4°C, the supermatant was
collected znd coptrituped agaie ot 14,000 pm for 20 min, and the
petlel was resuspended in loading butfer (6% SDS, 15% giycerol. 150
wM Tris, 3% browpheno! bluz, and 54 B-meccaptoethanck. pH 7.6).
Frotein com i were § in duplicste wsing the DC
protein assay (Bio-Rad, Hercules CA}.

tmunobloiting. For Westem blot analysis, 30 pg of medulla
pralein or protein extracis {fTom =190 oucyies, with or withowt &-
glycosidase F or endoglycosidase digestion, were diluted in 20 ul of
Icoding buffer and subsequently denatwred by boiling for 3 min
Predeins were sesolved by SDS-PAGE and then transterred w poly-
vinylidene difiueride membranes {Amersham Pharmacia Bioiech: 2 h
at 408 mA). Presiained Rainbow markers (Amcrsham} were used as
moleeutor size standards. Nonspeeitic binding sites were blocked for
&0 min at 37°C in 500 mdM NaCl-20 mM Trs-buffered saline
containing 0.4% nonfar dry milk. Thereatler, membranes were incu-
bawed with 21,000 ditutions of the specHic rabbit pelyclons! antibady
1.320 dituted in blocking bulter (Tris-buffered saline + 0.1% Tween
20) overnight at 4°C. L320 amibody, which was ruised against a
peptide comesponding to residucs 33-55 of the NHa-tenninal domiain
of rat NKCC2, was generously provided by Muark Knepper {24) and
Javier Alvarez-Leefmans. Membranes were subsequently wushed
three times in Tris-buffered satine + 0.1% Tween 20 for 10 min and
incubated for 60 min 21 room temperature with alkaline phosphatase-
conjugated secondary (anti-rabbit} antibody (Bio-Rad) diluted 112,000
in blocking buffer and washed again. 1 Teactive species were
detected using J Sear chemil protein detection 5ys-
tems (Bio-Radj.

Site-divected muagenesis. chucncc anglysis of the rat MECC2
proicin |Lasargenc p 2] ted six residues that @3t
the fo-: an M.ply .,sylnlion mollf' Asnr-Xaz-Serf
ThrXaa # Pro (F!g 17 (29). Only two (N442 and N452} were
considered pulative N-glycosylation sitcs, because they are localod
within an extraceliulor teop of the protoin that bas been showa to bo
glycosylated 1 NCC (203, The consensus sites N395 and NS79 are
iocated within TM domatns, and the sites NBER and N75
are lacated within the cytoptasmic COOH-terminal domair. One OF

ASP-Reral Physted - vl 390~

within tranemembrng domuaine 6 ond A0, respectively. Twa distal mntife
[NB6E gt METT) arc predicted o be in cyteplesnic DOOH-termingd dumain.
Oty N442 amet M432 are hocated within a peative eatroeilolar lop and. thos,
ure powential N-glycosy ltion siies, N492 is o comservnd sile thinl 1s proseat in
afl orihloses thut have beer isolacd Enan thiagide-sensiive Ma”-0F co-
(runspurier anit both genes encoding NuT-KT-I0T colrmsportets, SECCT
and NKCCZ {14). Gray-shaded region i lovation of muomally exclisive
cassette exons A, B, and F.

both #-giycosylation siles located at the extravetiukar loop was elim-
inated by sh-dicected genesis  (Quickehange, Siratagene)
accerding to the manufiiurer's vec fations. The ¢ ntacde
(Sigma) oligonucicotides 5 -CACTGGGAGCATOCAAGACACT-
GTCOTTTCTG-3 and 5'-GGGATGAATTGCCAAGGGTCCG-
CACCCTGCG-3 were used to mutaie e asparagine o positions 442
{4420 and 452 (N452Q), respectively, to glutnine i wild-type aid
enhanced green Huorcicent proiein {EGFP)-tagped NKCC2 clones. The
faster primer was al50 used © create double mutanis (N 45200,
Awonmaic DMNA sequencing wis ascd 10 corroborate all mutattons.

Heierologous expression in X, daevis opevies. Siage V-V oocytes
were harvested trom adelt femaie X, feeviy {Nasco, Fore Atkinson.
ML) by surgery onder apesthesia with 4. 17% tricatne. All protocols
were approved by the Institutionat Animal Care and Lse Committee.
Cocytes weie incebuted for 1 h in [rog Ringer ND96 iin mM- 96
NaCl, 2 KCi, 1.6 CaCl. | Mglle. and 3 HEPES-Tris, pH 7.4} in the
presence of collagenase B (2 mg/mi), washed four times in NDO&,
mianualfy detollicutated, and incubated vvemnight at 18°C in (he sume
wedium suppicmented with 2.5 mM sodium pyruvaie and gemamicin
5 mg/i0 ml). Qacytes (3} wers injeered with 50 at of waler (control}
or cRNA from wild-lype oF mutai clores o 8.3 pg/pe! {25 ag cRMNA
per cocyte), cRMA was i vitro transcribed from comesponding clones
using e T7 RNA polymerase mMESSAGE kit (Ambion} After
injection, opcyles were incubated for 3—4 days in ND96 with sodium
pynuvale and gentamicin. The incubation medium was changed ¢very
24 h. On the night hefore the uptake experimaenls were pcrfnrmcd
apeytes were incubated in CI™-froe ND96 (in miv: 96 sodium iscthio-
nate, 2 potassium gluconate, 1.8 calcium gluconate, 1.0 magnesium
gluconate, 5 mM HEPES, 2.5 sodium pyruvate, and 5 mgf100 mi
gentamicin, pH 7.4) (14}

Assessmient of Na*-K+-2C1 cotransporter funciion. The function
of the Na"-K*-2Ci~ colransporter was assessed by measurament of
tracer 2Rb ™ uptake (New England Nuclear) in groups of =15 oocyies
talowing our gencral protocel (27, 33, 343 30 min of incubation in
isutonie K- and O™ -Froe medivm {raM: 96 sodivm gliconate, 6.0
calcium gluconate, 1.0 magaesium gluconate, and 5 HEPES-Tris, pht
7.4) with | mM suabain followed by 2 80-min uptake period in lhe
presence of Na', K', and Ci™, For most experiments, the isotanic
madium contamed (mM)% NaCl 10 KCIL, 08 CaCla, | Mglh. and
5 HEPES, pH 7.4. and was supplemented with | mbv cuabain and 2.0
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Fig 2. Western blot analysis of prowins From liver and ot reaal medulla und
effect of cmeymanc deglycosylation. Membrune profeins exiracted from liver
antd 73t renal medulla were isobited and exposcd to M-plycosidwe F (025 1)
digestion. Proteing were sepnrated by SDG PAGE (6% potyacrylamide pet).

frreed to poly 1 bated with pulyctonet anli-
NKCC? wibody | §:1.00G ditution). Lane ! liver uslrcated proteing, Lame 2
renat meduik: vnireated proteins, Lane J, remal medullz proteins treated with
Weglyeanase for 15 hoat 379C. Molevular size markers (in kDa} are shown by
arrows al fef: caloidated mass of MCC2 proteins with or wittrouwt N-plycanine
treatment are shown by Grrows o rghe,

wih of *Rb™. Becuuse X lnevis oocyles express op cndogenus
NKCCype Na*-K*-2C1" couansporter (13} every experiment
inciuded contmol water-injected eocyies.

To analyze the ion transport kinetics of the wild-type NKCC2 or
elycosylation mutants, the concentrations of each fon were varied: for
Na* kinelics, the extracelivfar K* and €I~ concentrations wers fixcd
at 10 and 90 mdM, respectively: for K* kinetics, Na* and (1™
concentrations were fixed at 90 mM: and for Ci™ kinetics, Na' and
K* concentrations were fixed at 90 and 10 md, respectively. lonic

b waved 4 ity were moi 1 by substitution of M-methyl-
p-glucamine for Na* aad K™ and substitution of gluconate for {17,
The transport kinetics for a single ion (Na*, K*. or CI7) for
water-injected controd, wild-type NKCC2, N442(3, N4520, and dou-
ble-mulant groups were assessed at the same ime with the same balch
of pocyies and solutions. dean valugs for the water-injecled graups
wore subtracted From values for the comesponding wild-type NKCC2
or mutant grougs to analyze *Rb* uptake due 1o the injected cRMA,
The sersitiviiy and kinetics for bumetanide were assessod by exposure
of groups of wild-type MKOCZ or mutane cRNA-injected gocyles to
HITY-1071 M bumetanide. The loop divretic was present in the
ingubiation and uptake periods,

Al uptake studies were performed a1 32°C. Atthe end of the uptake
period, cocyies were washed fve times in ice-cold vptake solution
without isolope and dissolved in 10% SDS, and wraver activity was
dewrmined for each cocyte by B-scintillation count'iug.

Assessment of NRCC2 exp in pucyie f . The
su:fau: cxpress;on of wild- YpE and mutant NKCC2 in the cocyte

wils d by Ruorescence microscopy using
EGFP—I.ag,od NEKCC2 fusion constructs, o5 we prevmusly descnbed
{27, 34). Briefly, N-glycosylation sites were eliminated in the EGFP-
tagged NKCC2/pSPORT1 ¢DNA as described above, zrd cRNA from
EGFP-tagged wild-type and mutont NKCC2 was trapscribed in vitro
and microinjected inta X. lzevis cocytes 125 nofoocyie). Afler 2 days
of incubation in regular ND%6, EGFP Auorescence in oocyiles was
monitored using a Zeiss loser seanning confocal microvcope (X 10
objective lens, Nikon). Light of excitation wavelength at 438 nm and
emission at 515-565 nm was used to visualize EGFP 4
Plasina membrany fluprescence was quantificd by determination of
the pixel mtensity arownd the entire oocyte circumference uging
SigmaScen Pra image anafysis software. We previousty demonstrated
that this methodology can be used to guantify green fludrescent
proteins i the plasma membrane of X. feevis cocytes (20, 27. 30

Statistice! angfvsis, The sigaificance of the diffcrences between
eroups was iested by one-way ANOYA or Kruskel-Wallis one-way

MUTAGENESIS OF N (;LYCOGYLATEON SITES 1 RE.NAL NKCC‘z

ANOWVA on ranks, with Dunn’s method for mulliple compartson
pracedures as needed. Values are mears * SE.

RESULTS

Western blot analysis of proteins extracted from renal we-
dutla, Immunodetection of rat NKCC2 protein from renal
meduila membrane proteins revealed a broad band at ~ 160
kDa, similar to our previous observations and those of others
with anti-NKCC2 antibodies raised against different epitopes
in the NHa- or COOH-terminal domain (Fig. 2) (1, 6, 23). After
enzymaidc deglycosylation with N-glycosidase F, the broad
band was reduced 10 a lower band of ~120 kDa, which
sepresents the expecied core molecular size of rat NKCC2.
Thus the rat renal-specifie Na®-X "-2C1™ cotransporter is an
N-glycosylated protein.

Effect of tunicomycin on glycosylation and functional ex-
pression of NKCC2. To begin to define the role of giycosyla-
tion on Na*-K7-2Cl™ cotransporter function, NKCC2 cRNA-
microinjected X. Jaevis oocytes were coinjected with vehicle or
the W-glycasylation inhibitor wmicamyein (50 pg/mi) (3. 7).
After 4 days, (he glycosylation statws and functional expression
were assessed by immunoblotting and *Rb* upiake, respec-
tively, and the results are depicied in Fip. 3. As we showed
previously {13, 27, 34), microinjection of X. fuevis cocytes
with 25 ng of NKCC2 cRNA resulted in a significant increase
in "*Rb' uptake over that of water-injected cocytes (14,336 £

18MU-|
Tunicamyzin - + -
= 15000+ l
& 160 kDa —
o
2 120004 105 kDa —
2
[
g a0
Z
o EO0gH
=]
*
a
o
& 3000 ﬂ
LU 0 T
Bumetanide - L +* - o+ -
Tunfcamycin - - + o+ - - > o+

NKCC2 H0

Fip. 3, Effect of wnicomycin op rh NKOC2 capression snd sciivity in
oocyles, Xenopes foevis oocyics were injected with water or NKCCY tRNA
nlom: ur coinjected with umicemyein (dissulved in DMSO) Au 4 days sfter
bution, functionul expression was d b by wssessaent of *RibT
uptake in the sbsence (open burs) or preseace (xolid bars) of 077 M
blumetanide in groups of 15 eecyies cach, *F < 001 v absence of tunic
myein, ser: reselts from W woeytes wsed for protein exteaction und tmmu-
anblot with anti-NKCC? antibodies. Lane 1, protein from WACCT-injtoied
control oocyles: ~ 120-kDs buwd, which represents mulecelar cove size of
NRCCD protein. and =-180-kDu bund, which represents glycosylated fraction
of NKCC2 protein. Lane 7. predein from tenicsmycin-coimiecied oucyies in
which urly 120-kDa bund was exprosscd. Lame 3. protein from water-injected
controf oocytes,
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910 vs. 1,528 % 44 pmel-oocyte™H-h!, P < 0.01), and the
increased ®Rb* uptake was completely inhibited by 107% M
bumetanide. Coinjection of wricamycin resulted in an 80%
reduction in ®Rb™ uptake 1o 3,125 £ 367 pmol-oocyte ~1-h™!
{P < 0.01 vs. NKCC2 alone). The reduction in #Rb' uptake
by tunicamycin was associated with prevention of NKCC2
MN-ghycosylation (Fig. 3, insef). Thus exposure of NKCC2-
injected oocytes to the N-glycosylation inhibitor tunicamycin
resuited in prevention of NKCC2 glycosylation, together with
reduction of the NKCC2 functional expression, indicating that
glycosylation is important for full transparter activity andfor
plasma membrane expression of the remal Nat-K*-2CI1™ co-
ArEnsporner.

Charecterization of wild-type and mutant NKCC2 giveosyl-
arion. To confirm that NKCC2 expressed in cocytes Is also
glycosylated, proteins were extracted from oocytes injected
with wild-type NKCCZ cBENA and trezted with M-glycosidase
F. Similar to observations with renal medulia proteins (Fig, 23,
the upper broad band observed in the absence of M-glycanase
was reduced (o a lower band of ~120 kDa, wiich correspond
with NKCC2 core molecular size {Fig 44) Thus NKCC2
expressed in cocytes is also glycosylated. As shown in Fig. 3,
treatment of NKCC2-injected cncytes with tunicamycin not
anly prevented the N-giycosylation of the cotmmsporier but
also decreased the core molecular size by ~3-3 kDa. This
slight decrease was also observed after N-glycanase treatment
of proteins extracted from NKCC2-injected oocytes {Fig. 44).
The reduction in the molecular size with tunicamycin treatment
suggested that the lower band may represent a high-mannose
giycaprotein. It is known that N-glycosidase F removes core
and N-oligosaccharide side chains of high-mannose and com-
plex glycoproteins, wherezs endoglycosidase H hydrolyres
only the high-monnose glycoproteins. Therefore to confinn
that the lower band is indeed a high-mannoese glycoprotein, we
exposed NKCC2-imjected cocyle proteing o endoglycosidase
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H. Endoglycosidase treatment resulted in o similar small de-
crease in the size of the lower band without a change in the
vpper band (Fig. 48), confirming that the upper band is a
complex glycoprotein and the lower band is a high-monnose
glycoprotetn.

Because A-glycosylation on cne site ¢an account for 4-20
kDa {25), the 40-kDe reduction in NKCQC2 migration with
degiycosylation {Figs. 2 and 3) requires participation of at least
wwo different glycosylation sites. Of the six asparagines in
NKCC2 that are contained within & glycosyiation motif {Fig.
1), only N442 and N452 fit the requitements known to be
assoctated with uue glycosylation; i.e., the motif is Jocated in
a loop longer than 30 amino aci residues and is exposed o the
extracellular side of the protein. To determine the effects of
these two predicted glycosylarion sites, N442 and N4532 were
mutated to glutamine, and the effects of these mutations on
NKCC2 protein abundunce and glycosyiation in X feevis
oocytes were assessed by Western biotting. Qocytes were
injected with similar amounts of wild-type NKCC2 ¢RNA or
with cRNA from N442Q or N3520 mumnts or the double
mulant N442,4520 cRNA. Mutsion of N442 or N452 resulied
in expression of only the lower 120-kDa band, with a faint
broad band midway between the two bands shown for wiid-
type NKCC2 {Fig. 4C). Elimination of N442 and N452 re-
sulted in complete loss of the upper band, with only the lower
120-kDa band remaining. No difference was observed in the
amount of NKCC2 protein among the four groups. Thus
elimination of both sites located in the exiracellular loop
between TM segments 7 und § {(Fig. 1) completely prevented
glycosylation of the NKCC2 protein. apparently withour af-
facting the synthesis or degracation rate of the protein, sug-
gesting that the other M-glycosylation siics observed in the
computational anadysis of NKCC2 (N395, N579, NR68, and
NB73) are not functionnl giycosylation sites. Because in the
present study we analyzed the cell surface expression of the

Fig. 4, Western bl amabysis ol membyuncs
Treven erag yiess injected with witer, will-type
{WT) NRCCZ oRNA. N2 oRNa.
MS52C cRNA, oF NAAZNIS 20 cRNA, with
or witheu enhanved green Ruoreseent pro-
tein {EGFP) tag, Ovuytes weres injevied with
water or 23 ng of cRMA in vilto tanseribed
from vegutar o EGFP-tagged  wild-iype
MERCCZ wod mutai cDNA, AL S days obier
injection, proteins were isalaed and sepu-
ruteel by BDS-PAGE (1% pobracrylimide
pel). mumslerred to polyvieylidens mem-
branes, and incubated with 2anti-NKCC? im-
mune serten 1300 difution). and immaene-
reactive bands were visualized, A: effect of
M-glycosidase B (PNG-F} treatment of pro-
wins extracted from coCyies injecied with
wild-type NKCC2. 8. ¢lfect of eadoglycosi-
dige (Endo H) vcatment of proising ex-
tracied From oorytes infroted with wild-type
MKCC2. € immunoblot of prowios gx-
tracted fram ovcytes injected with wild-type
or metmmi NKCC2 CRNA. D. immunoblot of
prowcins eatracted from Govyies injecicd
with EGFP-lagped wilthtype or mmlam
NHCC2 cRNA.

H,0 WT-NKGGC2

EGFP-N442Q
EGFP-N452Q
EGFP-N442,4520Q

» HO
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EGFP-1agged wild-type and mutant NKCC2 proteins (see
below), we also assessed whether the amount of EGFP-tagged

MUTAGENESIS OF N-GLYCOSYLATION SITES IN RENAE NECC?

Tahle 1. fon transport and bumelanide-inhibitory kinetic
analysis in wild-type NKCC2Z and glycesylation mutants

proteins was also similar among the wild-type and
constructs. After injection of similar conceniraiions of EGFP-
tagged wild-type and mutant NKCC2 cRNA, we detected
simtlar amoonts of proteins by Western blot of cocyte proteins
using the anti-NKCC2 antibedy {Fig. 4D) or the anti-EGEFP
monocional antibody (data not shown).

To define the effect of M-glycosylation on Na*-K*-2Ci™
corransporter funciional properties, we assessed **Rb* upiake
in X. Jaevis oocytes microinjected with wild-type NKCC2
cRNA or with N442, N452Q, or Nad2 452( cRNA. Wiid-
type NKCCZ-injected oocyies exhibited the expected 13-fold
increase in "®Rb* uptake over water-injected ococyies:
17,314 * 814 pmol-oocyre~!+h™' (Fig. 5). Whereas bumet-
anide-sensitive **Rb* uptake was also observed in gocyles
injected with cRNA from each mutant clone, transport activity
was significantly lower than in wild-type NKCC2: uptake was
7,294 + 308, 8,140 = 331, and 3,777 = 150 pmoi-oocyle™ '
B {all P << 0.01) in N442Q-, N452Q-, and double muiant-
injected oocytes, vespectively. The reduction in ™Rb " uptake
in mutant clones was 58%, 53%. and 80%, respectively. Figure
3 depicts the resulis of o representaiive expermment; however.
sinvilas observations were obtained in =10 different experi-
ments mvolving different bawches of oocytes. in all expesi-
ments. activity of cach single mutant and activity of the double
mutant were ~50 and 20%, respectively, of that shown for the
wild-type NECC2-injected oocytes. Thus elimination of the
N-ghycosylation sites in NKCC2 cDNA results in a reduction
of the Ma*-K*-2C1™ cotransporter activity.

Rote of glveosylation in kinetic properties of NKCC2, One
mechanism for the reduction m NKCU?2 functional activity in
muiank clones is the effect of elimination of A-glycosylation
sites on offinity for the cotransported tons. In a previous siudy,
we pbserved that elimination of one of the N-glycoesylaion
sites i the renal thiazide-sensitive Na'-Cl™ cotransporier
resuited in 5 slight, but significant, increase in affinity tor CI7
(20}, suggesting & role for glycosylation in C17 tamspent
kinetics. Thus we assessed the kinctic propertics of Na*, K"
and €17 wunspon simultaneously i witd-type NKCC2 and
mutant clones. The renal Na*-K*-2Ct cotransporier gene

WT-NKCT N0 MN452g M
Koo M
Ma* 16.5%3 8 EZNE ] e JLixad
¥ 19=08 23rid 13203 372096
ci- b s I5Lig* 4718 Erh Rl
1 0, b
Bumetanide 07x03 LEx0.4* 0902 19203

Values ure means 2 SE W, wilil type: DM, double mutant. *2 < .05 vs,
WT-NKCC2.

encodes for three alternatively spliced variants (A, B, and F},
exhibiting different affinities for the three ions (34). Because
the F isoform has the lowest CI™ affinity, we used this isoform
to siudy the effects of glycosylation on ion affinities. Resuls
from two different experiments are shown in Table 1. The K,
values for Na* and K* eplakes in oocytes injected with mutant
clones were not aftered. Thus a reduced affinity for these ions
canmot explain the reduced zetivity of the colransporiers in
which the V-glycosylation sites were eliminated. Interestingly.
however, the K, for C17 signiticantly decrcased when the
N442 siie was elininated by itseif or in the context of the
double mutant (Table 1). In contrast, elimination of the second
N-glycosylation site, N452, had no effect on Cl™ affinity. This
finding is similar to cur observation of the thiazide-sensitive
Na™-Cl™ cotransporter {20, in which efimination of the first
M-glycosylation site ulso marginally increased the affinity for
extracelular Ci~. Thus changes in ion affinitics cannot account
for the reduction in transport activity of the N-glycosylation
mutants.

We had afso observed that elimination of the M-glycosylu-
tion sites in the thiazide-sensitive Na"-CI™ cotransporter in-
creased affinity for the thiazide diuretic metolazone {20). Thus
we also assessed the affinity of the wild-type NKCCZ2 and
mutant clones for bumetanide. The experiment was performed
in dupiicate, and the dose response to bumetanide was assessed
simuttaneousiy for al control and experimenta groups to
obtain the kinetics of bumetanide inhibition with use of the

20000

3

]

L% 15H0 4
Fig. 5. Functional expression of wild-type NKCC2 and mutant §
cotramsportees ia X. leevis cocyles. Cocyles were injecicd with 3
25 ng of wild-type NKCC2 ¢RNA, N420Q ¢RNA, NASZQ £
CRINA, or M442 NASZ) eRNA and anulyied for ™Rb* upuke & 10000 4
aleer 4 days of incubarion. Water-injecied oocyies were used as 2 * *
controls, Uptake was assessed in the absence (open barsj of [
presence {sofid bars) of 107 M & ide in uptake =3
Values are means * SE of 13 oocyles. *F < 001 vs, WT- ?
NKCC? and H;0. P *

&
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Fig. 6. Kinetics of bumetanide tuhibition of wild-type NKCC2 and glycosyl-
athon AN iivity of c wk ide was o incd by

exposure of groups of cRNA-injected oucytes to 10741077 M bumetanide.
Briuretic was present in incubation and uplake periods. and a3 groups were
windicd at the same time. Uptake in water control geoup was subiracted at euch
puint From all groups to aralyze only **Ri* uptake due to tnjoeled cRNA. Dute
poimts represeik means of percent chemges @ function, with uplake of cach
clune in the shsence of bemetanide taken ax 100%. Yalues arc mewns = SE of
25 oucytes from 2 diffecent experiments,

same batch of cocytes, solutions, and bumetanide dilitions. As
shown in Fg. 6 and Table 1, the affinity for bumetanide was
not increased but, rather, reduced by elimination of the N-
glycosylation sites.
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Surfuce expression of wild-type and mutant EGEP-NKC C2
constructy in X. laevis oocyies. Another potential mechanism
accounting for a reduction in the NKCC2 activity of M-
glycosylalion site mulants is 2 reduction in the steady-stawe
expression of protein in the plasma membrane. Ths, 1o guan-
titatively compare the plasma membrane expression of wild-
type NKCCZ vs. N442Q, N452Q, and Nd42,4520Q NKCC2
mutants, we assessed NKCC2 surface expression by confocal
fivorescence mmicroscopy using the EGFP-tagged wild-type and
mutant constructs. We previousty showed (273 surface colo-
calization of the EGFP-NKCC?2 fusion construct with plasma
membrane marker FM 4-64 fluorescence in i} rested cocytes,
indicating that the EGFP-NKCC2 fluorescence measured at
equaterial confocal sections in oocytes is indicative of expres-
sior on the plasma membrane. Images from ococytes injected
with wild-lype EGFP-NKCCZ or each of the EGFP-NKCC2
N-glycosylation nueant clones are shown in Fig. 7A. and the
results of densitonetric analyses are shown in Fig. 78. Control
oocytes injected with water or NKCCZ ¢cRNA showed no
significant fluorescence al the emission and excitation wave-
lengths for EGFP {dita not shown). Fluorescence intensity in
the single mutants EGFP-N4420 and EGFP-N452Q was 86
and §1%., mespectively, of that observed in wild-type EGFP-

- NKCC2 oocytes. The ditference, however, was not statistically

significant. In contrast, in the double-mutant-injecied cocyies,
fluorescence intensity was 48%: of that shown for the wild-type
EGFP-NKCC2Z group (P < .05).

DISCUSSION

in the present study, we show that the renal-specific Na'-
K*+-2C1™ coiransporier NKCC2 is a glycosylated prowia in
vivo and that N442 and N452, located in the putative extra-
celiular domain between TM segments 7 and 8, ave vsed as the

Fig. 7. Swlare capressivn of ECGFP-mgped NKCC2
and EGFP-tagged slycusylution mutaals in socytes de-
termined by confocal microscopic Sucrescenve araky-
sis, Cotytes were injeeted with water or 25 mg of
witd-type BEGFF-NRCC2 cRNA. BGFP-NA42G cRNA.
EGFP-NG52Q, o the double mutant EGFP-NI42Q/
N452-EGFP. Fluorescence of oucytes was visuulized
through a laser scanning confocal microscope and med-
sured. Az confocl images of 9 vocyies in euch group. B:

Auurescence intensity, Yabwes are means = SE of 10
aocytes. *F << GOF vs, WT-NKCCL

“(\, .§W‘
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N-giycosylation sites. This observation verifies that the loop
between TM segmenrs 7 and & in NKCC? is indeed extracel-
lalar, as has been observed in NCC {20} and in the basolateral
Na®-K*-2CI™ cowansporter NKCQCI {15). We also demon-
sirate that glycosylation at N442 and N452 in NKCC2 is
essential for normal activity, such that elimination of one site
reduces the actvity of the cowensporter by ~50%, whereas
elimination of both sites reduces activity by 80%. This lowered
cotransporter activity in the mutant constructs was not due to
nonspecific effects of the N ~»  mutations per se, because
prevention of glycosylation with the inhibitor tunicamycin also
decreased the activity of the wild-type NKCC2,

The possible mechanisms to explain a reduction in ®Rb*
uptake in glycosylation mutant clones include 2 change in the
ion affinities, a decrease in the protelir synthesis and/or protein
expression in the plasma membrane, or 2 defect in the tumover
rate of the cotransporter. For example, elimination of glyco-
sylation sites reduced the activity of the GLUT-} ransporier by
increasing the Ko, for glicose (2). However, fon transpor
kinetic analyses of NKCC2 revealed no significant increases in
Ko values for Na*, K*, or C17, suggesting that a decrease in
ion affinity is not responsible for the reduction of activity in
glycosylation mutant proteins. Western blot analysis revealed
that, when constructs with and without EGFP were used,
elimination of the N-glycosylation sites had no effect on the
amount of detected proteins, suggesting that prolein synthesis
and degradation rates were not affected. In contrast, confocal
image analysis of X. faevis cocytes injecied with ¢cRNA tran-
scribed from EGFP-tagged wild-type and mutant clones re-
vealed a decrease in surfaee expression of the Ma*-K*.2C1™
cotransporter only when both M-glycosylation sites were elim-
inated. No significant decrease in plasma membrane fluores-
cence signal was seen for the single N442Q and N452Q
mutanis, nor can the signal account for the 50% reduction in
5%Riy* uptake observed for these mutant constructs. Moreover,
the 50% reduction in surface expression of the double mutant
{N442.452Q)) is less than the 80% decrease in ®Rb™ uptake
{Fig. 5). Thus elimination of glycosylation sites or NKCC2
appears 10 reduce the intrinsic acivity of turnover rate of this
cotransporter. This latier possibility was also suggested for the
Ma*-C1™ cotransporter NCC, because surface expression of the
double mutant was reduced &7%, whereas funciional activity
was decreased 92% (20), In this regard, prevention of glyco-
sylation reduces the activity of the glycine transporter GLYT-{
(31) and the renal NaPi-2 transporter {18} because of 2 defect
in the prolein tarpeting the plasma membrane, whersas de-
crease of the Na*-H* antiporcer (42) and the NaSi-1 (26)
colransporter activily is due solely to reduction of the intrinsic
activity of the transporters, without an effect on the surface
expression. Thus it is possible that, in NKCC2, giycasylation is
required not only for proper folding and intraceilular traffick-
ing of NKCC2, but also for maintaining a fully active cotrans-
poTter.

Kinetc analysis of wild-type NKCC2 and glycosylation
mutants showed that prevention of glycosylation had no effect
oR catior transport kinetics, because no significant changes in
K values of Na* or K* were observed. However, there was
a significant decrease in the apparem K, for CI~ in the single
mutant N442Q) and in the double mutant. This increase in Ci™
affinity with elimination of the N442 siie is specific for Ci-,
because it was not observed for Na* or K* and is consistent

MUTAGENESIS OF A GLYCOSYLATION SITES N RENAL NKCC2

with a similar observation in NCC {29}, in which elimination
of the N404 site was also associated with increased affinity for
Ci™. Interestingly, this N-glycosylation site is conserved in
NKCC2, NKCCI, and NCC. Although reductions in ¥y, can
increase the apparent affinity for transported ions, it seems
untikely that this is the cavse for the ebserved change in Ci~
affinity in NKCOC2 for several reasons: /) We did not see
comparable changes in the affinities for cattons, which would
be expected for an effect related 10 a reduction in V.. 2) The
imerease in CI7 affinity was proportionaily greater than the
reduction in V. 3) Although the N452Q mutant aiso reduced
3Rb* uptake by 50%. there was av effect on the affinities for
cations or anions. Given these arguments, cur resulis suggest
that the C1™ binding site is near or associated with the glyco-
sylation site N442 or that glycosylation partially restricts ihe
access of €I to #ts binding site. Because complex oligosac-
charides can contain sialic acid, ghycosylation can comribute to
the net pegative external surface charge of proteins. For exam-
ple, Cronin et al. (4} recently demonstrated that the shift of the
conductance-voltage curves observed is deslycosylated volt-
age-gated Na® channels uppears o be secondary to a change in
the clectrostatic charge that occurs with loss of a large negarive
charge, rather than a conformational change in the protein.
Thus 2 decrease in the net negative charge at the external face
of NKCC? due to the absence or reduction of Na42 glycosyl-
ation could potentiaily enhance access of CI™ 16 one of its
binding sites.

I the present study, the affinity for the toop diuretic bumet-
anide was decrensed in N4420} and the double mutant
N442,4320). This finding s opposed to our chservations in
NCC, in which a large increase in the affinity for thiazides was
observed {20). In this regard, on the basis of the competition
between Cl™ and tracer [PH]bumesanide or [*Himetolazone in
membrane preparations from renal medutla (17} or renal contex
(41), respectively. it has been proposed that in the electroneu-
tral cotransporters the diuretic binding site could be the same
as, or part of, the Ci™ binding site. Site-directed mutagenesis
used to substitute single amino ncid residucs in NCC w0
eliminate one or two glycosylaion sites {20, to imraduce a
single nucleotide polymorphism that switches glycine 264 to
alanine {29}, or to introduce a partiafly functional Gitelman-
type mutation (35} have shown that an increase in affinity for
C17 was accompanted in all cases by a simulteneous increase
in affinity for metolazone. In contrast, chimera studies between
the human colonic and shark rectal gland NKCCU cotrans-
porter revealed that chimeras exhibiting changes in affinity for
Cl1™ de not exhibit changes in affinity for bumetanide, and vice
versa (22). In the present study, we observed that elimination
of the N442 glycosylation site resuited in an NKCC2 cotrans-
porter with increased affinity for C17, but with decreased
affinity for bumetanide. In other words, elimination of the
N442 glycosylation site has an opposite effect on Ci™ and
bumetanide affinity. Thus functional analyses of native, chi-
meric, or mutant cotransporters m heterclopots expression
systems have provided evidence supponing the hypothesis of
Ci™ and diuretic competition in NCC. but not NKCC! or
NKCC2, cotransporters.

In the present study, the functional characteristies of wild-
type and glycosylation mutant NKCC2 were assessed using the
heterologous expression system in X faevic cocytes, This
expression systern has been shown 10 be an excellent tool for
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a robust and reproducible expression of NKCC2 in our hands
(13, 27, 33, 34, 40} and in other laborateries (8. 9, 16, 37}
Although pharmacology determined in cocytes may not be
completely applicable to proteins in mammalian systerss and
NKCC? functionat analysis in mammalian cells will be pre-
ferred, NKCC2 expression in transfected mammalian celis has
not been successful in any laboratories, including our own.

In summmary, the present stidy demonstrates that the renal
apical bumetanide-sensitive Na*-K*-2C1™  cotransporter
NKCCZ is a glycosylated protein and that N442 and N452,
located in the extraceflular loop between TM segmenrs 7 and 8,
are the sites used for glycosylaton. This finding provides
cempelling evidence that the foop between TM segments 7 and
& in NKCC2 is indeed exsraceliular. (lycosylation appears to
he important for normal surface expression and maximal wm-
over of the transporter. In addition, the change in surface
charge due to glycosylation may modulate Ci~ affinity but
only slightly affect the affimity for bumetanide, Thus our results
provide further evidence of a role for glycosylation in transpont
kinetics.
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Sabath, Ernesto, Pateicia Meade, Jennifer Berkman, Paola de
tos Heros, Erika Moreno, Norma A. Bobadilia, Norma Yizquez,
David H. Eltison, and Gerardo Gamba, Pathophysiology of func-
tional mutations of the thiazide-sensitive Na-Cl cotransporter in Gitel-
man disease. Am J Physiol Renal Physiol 287: F195-F203, 2004, First
published April 6, 2004; 18,11 52/ajprenal 00044 2064 —Most of the
missense mutations thal have been described in the human SLC7243
aene cncoding the lhiazide-sensitive Nu*-Cl™ cotransporter (T3C,
RCC, or NCCTY as the wamse of Gitelman disease, blogk TSC
function by imerfering with normal protein processing and glycosyl-
ation. However, some mutations exhibit considerable activity. To
investipate the pathogenesis of Gitelman disease mediated by such
mutations and (o gaip insights inte structure-function relationships on
tive cotransporter, five lunctional disease mutations were introduced
ino mowse TSC cDMNA, and their expression was deternined in
Xenopuy laevis oucyies. Western blot analysis reveated immunorcae-
uve bands i all muant TSCs that were undistinguishabie from
wild-type TSC. The activity profile was: wild-type TSC {100%) =
G827V (66%) > RY3ISQ (36%4) = VORSM (32%) > GE10S (12%) >
ASEEV (6%} lon vansport kinetics in all mutant clones were similar
to witd-type TSC, except in G627V, in which 2 small but significant
imercasy i allinity for extracellutar Ci™ was observed. Tn addilion,
G627V and G608 exhibited a small increase in metolazonc affinity.
The simface expression of wild-type and mukant TSCs was performed
by laser-scanning confocal microscopy. All mutants exhibited 2 sig-
nificant reduction in surface expression compared with wild-type
TSC, with 2 profle similar to that observed in functional expression
analysis. Our data show that biochemical and funciional propertics of
the mutant TSCs are similar w0 wild-type TSC but that the surface
expression i3 reduced, suggesting thal these mutations impair the
insertion of a functionsl protein into the plasma membrane, The smali
increase in CI™ and thiazide affinity in G5105 and G627V suggests
that the beginning of the COOH-terminal domain could be imphicated
in defining kinetic properties.

distat mbide; salt reabsorplion; stucture, Na-Cl colvansporter; di-
urelics

GITELMAN DISEASE IS AN AUTOSOMAL recessive hereditary disorder
characterized by hypokalemic metabolic atkalosis, hypomag-
nesemia, salt wasting, low blood pressure, and hypocalciuria
{23) (OMIM 600968), which is caused by inactivating muta-
Lions in the SLC1243 pene that encode the thiazide-sensitive
Na':CI™ cotransporter {TSC) {31} Teo dats, >100 different
mutsbions in this gene, mcluding nomsense, splice sits, and
missense mulations, have been described to be linked with

Gitelman diseave {25, 31). One of the major features of
Gitelman discase is a reduction in arterial blood pressure,
resulting, at least in part, from a decrease in extraceltular fluid
volume (8). Cruz ct al. (8) observed in a large family with
Gitelman disease that heterozypotts subjects are able to main-
tain normat blood pressure by increasing dietary salt intake. In
addition, toss of TSC downregulation that is normaliy induced
by WNK! and WNK4 kinascs has been sugpested o be
involved in the pathogenesis of a sall-dependent form of
human hypertension known as pseudoliypoaldosteronism type
11 {39, 40). Thus TSC is one of the genes that are involved in
setting arterial biood pressure levels and, in doing so, is 2
cendidate gene in the genesis of primary hyperiension.

TSC represents the major NaCl fransport pathway in the
apical membrane of the mammalian distal convoluted tubule
(7, 14,21, 29, 37) and also serves as the receplor for thiazide-
type divretics, which are the first line pharmacological therapy
for hypertension (6). Despite the imponant yole of TSC in
cardiovascular and renal physiology, phamnacelogy, and
pathophysiology. little is currently known about the structyre-
function relationships in this cotransporter. in this regard,
nafurally ocewrring mutations in Gitelnzan patients can help o
reveal amino acid residues playing a key role in defiming
functional characteristics. Analysis at the physiological fevel
has demonstrated that most of the point mutations occurring in
patients with Giteiman discase result in o complete block of
cotransporter activity {9, 22). Thus the contribution of thege
aming acid residues to define the functional properties of the
cotransporter cannot be oblained because the protein is not
expressed. During the course of our previous study {22),
however, we noticed that some of the missense mutations
exhibit partial function. De Jong et al. (9) also observed that
some point mutations result in TSC proteins Lhat are giycosy-
tated and exhibit partial activity as metelazone-sensitive 2Na*
uptake. Immunocytochemical analysis revealed that proteins
harboring the functional mutations were equally present in the
cytoplasm and plasma membrane. In the present study, we
have now extended the functional and molecular characteriza-
tion of TSC harboring “functional” mutations by performing 2
quantitative analysis comparing plasma membranc expression
of wild-type and mutant TSC, as well as by defining the
funciional kincte proportics for jon transpon ang Fdaxide
inhibition. Our vbservativns expand the spectum of mecha-
nisms wnderlying Gitelman disease and suggest that the begin-
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ning of the COOH-terminal domain could be implicated in
defining affinity for extracellular Ci~ and thiazides.

METHODS

Xencpus laevis oocyte preparation. Oocytes were surgically har-
vested from anesthetized adult female X. foevis frops under 0.17%
tricaine 2nd incubated for | h under vigorous shaking in frog Ringer-
NDE6 (mM: 96 MaCi, 2 KCI, 1.8 CaCly, 1 Mg, and 5 HEPES Tris,
pH 7.4}, suppi ted with collag B {2 mgfml). Then, cocytes
were manually defolliculated and incubated overnight in NDY6 at
18°C containing 2.5 mM sedium pyruvate and 5 mg/I0 mi of
gerarvicin, The aext day, matere cocytes §13) were injected with 5
ni of water with or without cRNA from wild-type or mutam TSC, at
a concentration of 0.5 pgfpl fle., 25 ng cRNA/octye). After injec-
tion, cocytes were incubated for 4 doys in WD96 with sodium
pyTuvaie and gentamicir, and the day before the upiake experiments
wer: pedformed oecyles were switched to a Cl™-free NDY6 (mi: 96
Na” isethionate, 2 K* glucowate, 1.8 Ca®* gluconate. 1.0
Mg®*gluconate, 3 HEPES, and 2.5 sodivm puruvate as well as §
mg/ 1% ml gentamicin, pH 7.4) {17, I18).

{ vitro rTSC cRNA iranslation. To prepare cRNA, 3l clones were
digesied at the 3'-end wsing Mol (Invilrogen), and ¢RNA was 1mn-
scnibed in vitro using a T7 RNA polymerase mMESSAGE kit (Am-
bion). Transcription preduct integrily was confinned on agaraze gels,
and conceniration was determined by absorbance reading al 260 nm
(DU 640. Beckman, Fullerton, CA) and by densitometric 2nalysis of
the corresponding band in sthidum bromide-stained gels. cCRNA was
stored frozen ia aliquots at —80°C until use.

Assessment of the Na*-Cl™ comansporter function. Functionzi
analysis of the Na'-CI™ cotransporter was determined by assessing
tracer “¥Na* uptake (New England Nuclsar) in groups of a1 least 15
oocytes. Na ' upiake was measured using our usuat proweoel (27); a
38-min incubation period in an isotonic K*- and €17 -free medium
{md: 96 Na* gluconate, 6.0 Ca®* gluconate. 1.0 Mg®* gluconale, §
HEFES/ Trs, pH 7.4) with | miv ouabain, 100 pi bumetanide, and
100 1M amilonde, followed by 2 60-min uptake in a K> -lree isotonic
medium. The isctonic medivn contained {in mMY 40 MNaCl 36
M-melhyl-o-glucamine (NMDGYHCE, 1.8 CaCly, ¥ MpClp, 5 BEPES,
pH T4, and 1 ocuabain as well as 100 M burnctanide, 109 oht
amiloride. and 2.5 uCi 22Nat.

To determine ion transport kinelics, experiments were perlonmed
by varying concentrztions of Ma* and €I~ in the wplake medium
(from O te 20 or 40 mM). To maintain osmoelality and ionic strength,
gluconate was vsed as a Cl1™ substitwte and NMDG as & Na*
substitute. Al kinetic experiments were cobtained in duplicate. The
dose-response for metolazene was assessed by exposing groups of
cRNA-injected oocytes o concentrations varying from 187 o 107
M. The: g of the diurctic was present in both the
incubation and uptake periods,

All uptskes were performed al 32°C. At the end of the uplake
period, opeyles were washed five times in ice-cold uptake solution
without the tsolope to remove extracellutar fluid tracer. After the
oocytes were dissolved in 0% SDS, tracer activity was determined
for cach oocyte by B-scintillation counting.

Western blotting. Westemn blotting was used to compare wild-type
and mutant TSC protein in cRNA-injected cocytes following our
standard protocel (22, 26). In brief, groups of |5 oocytes injected with
water or ¢eRNA were homogenized in 2 ploocyte of hemogenization
buffer, cenlrifaged twice ol 100 2 for 10 min at 4°C, and the
supematant was rocoliecied, GioCyte protein €4 cocyien/lane) was
heated in sample bufler containing 6% SDS. 15% glyceral, 6.3%
bromophenol blue. 150 mi Tos, pH 7.6, and 2% B-mercaptocthanol
and reselved by SDS-PAGE {7.5%}. The protvins were transfurred o
a polyvinylene difiucride membrate (Amershar Phannacia Biotech)
at 100 V for 140 min in a buffer contdining 25 mM Tris, 190 mM
glycine, 0. 1% SB3, and 20% (valvol) metharoi. Prestained Rainbow

FUNCTIONAL MUTATIONS OF T5C

miarkers (Amersham} were used as molecular mass standards, Nos-
specific binding sites were biocked for 1k at room temperture in
TBS (pH = 7.5} containing 6.4% blotting grade blocker nonfat dry
itk {Bio-Rad), exposed overnight at 4°C 1o rabbit polyclonal T5C
primarcy antiody diluted 1:1,000 in blocking buffer, TTBS 02%
[either an antibody previously generated by ourselves (3} or one
kindly provided by Dr. Mark Kaepper (38)). Membranes were washed
for 40 min wilh TTBS changed ¢every 10 min, then incubaied For 60
min ai room temperaturg with alkaline phosphatzse-conjugated sec-
ondary (anti-rabbit) antibody {Bio-Rad) difuted 12,000 in blocking
bulfer and washed again. Bands were detected by using the Immun-
Siar Chemiluminesceni Frotein Delection System (Bio-Rad).
Assessmene of rTSC expression in agowe plasma membrane. The
surface expression of wild-type TSC and mutants was measured by
fluprescence using an cakanced green fuorescent prowin-TSC fusion
constructs {EGFE-TSC)Y following the stralegy thal we have previ-
cusly reported {19, 39} In brief, cocytes were microinfected with
water and TSC ¢RIA as the contrel and with EGFP-TSC witd-type or
EGFP-FSC mulants. After 4 days of incubation, socyles were mon-
itored for EGFP fuorescence using a Zeiss laser-scanning conlocal
microscope (objeclive lens X 18, Mikonk The light from 2 485-nm
exvitation wavelength and 515- to 363-nm cmission was tsed o
visualize GFF 0 ence. Plasma memnb It ENCe was
quantified by determining the pisel intensity around the entive cocvie
circumference using SigmaScan Pro image-analysis soflwire,
Stodisticol analvsis. Stalistical signiticanee is defined as two-ailed
£ < .05, and the results are presented as means = SE. The
significance of the dilferences between groups was testod by one-way
ANOVA with multiple comparisons using the Bonferroni correciion,

RESULTS

Functional expression of wild-type and mwiant TSC, In
preliminary expeniments (2), 25 Gitelman mutations were in-
froduced inte the TSC by site-directed mutagenesis wsing the
Cuick Change kit from Statapene. The products of site-
directed mutagenesis were sequenced 16 contirm that additional
mutations did not occur. As Fig. 1 shows, we observed in a
Western blot fiom cocytes expressing wild-type and mutant
TSCs, nsing a poiyclonal antibody we generated previously
(3). that some of the Gitelman mutants” TSCs produce proteins
that are not fully slycosylated, whereas others generate pro-
teins in which glycesylation patterns appear indistinguishabie
from wild-type (as shown by treating with endoglycosidase F)
When expressed in X faevis cocytes, Na ' uptake rates rehative
to wild-type TSC were very different among the mutant clones.
Five of these mutations were chosen for funher functional

ts
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Fig. 1. Western blot anaiysls of ootytes expressing wild-type {WT) and
muilant proteing, Left: etfects of endoplyeosidace F {Pglyease} in converting
matare  glyeoyylsed  thiaride-aenaitive Ta -CY- TICE  PHTICH
{TSC+gly) to un- or core-giyeosylated protein {TSC — gyl Midile and righe:
proteins that are misprocessed (PI46L, LE2OP. RO4EX, TOYTI, ROKRA} exhibir
faint ot absenr siaturg glycusylated products and rescrublc WT protein ineated
with FMglyease, Furthermore, the sbundunce oF the un- or cone-glycosylared
bind iy increaced anung these midents, fn contrast. A223T, ASSSY, GRIDS.
RB3IC, REPIC, GOV, RI35Q, and VIP5M generme prowing that cxhibi
mature glvcasyisted bands,
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Fig. 3. Proposed TSC topological model that includ a centeat | phobi
domain ining 12 putali t fanked by hydro-

phitic NHrtenninal and COOH-terminal domaing presumably Ipcated within
the cotl There is a kong kydrophilic extsaceilular giycosylaved loop between
transmembrane segments 7 and 8. Amows, reions of he protein in which the
mutations studied are loceted.

analysis. The localization of each mutation within the proposed
TSC topology is shown in Fig. 2. The mutations are located in
the putative intraceliular COOH-terminat domain, except for
A585Y, which is [ocated within transmembrane segmen! 12,
Na* uptake rates relative to wild-type TSC of the nutant
ciones not selected for further study are shown in Table 1 of
supplementat data, Figure 3 shows the results of a representa-
tive uptake experiment in which oocytes from the same frog
were injected with either wild-type TSC or mTSC cRNA of
each of the Fve Gilefman mutants, Tracer 22Na* uplake was
assessed for | b under control conditions and in the presence of
107% M metolazone. We have shown previously that X. laevis
ooeytes do nol exhibit endagenous thiazide-sensitive Na' -CI”
cotransport (17, 18). As shown in Fig. 3, the oceytes injected
with wiid-iyzpe TSC and a TSC nwation had a significant
increase in 2Na* uptake compared with water-injected oo-
eytes, and this effect was significantly reduced by metolazone;
howeves, the activity teve!l varied among muants. As shown i
Table 1, the activity profile was wild-type TSC > G627V >
ROISQ = VUSM > G6I0S > ASBSV. It is worth noting that
the two mutations with the lower activity are those located
within or nrar the last membrane-spanning domain.

To compare 22Ma™ uptake among cocytes injected with
different clones, we ensured that all groups were injected with
25 ng cRNA/oocyte. For this purpose, the cRNA concentration
o ali clones was measured by an absorbance reading at 260 nm
and also by resolving cRNAs in 1% aparose/formaldehyde
gels. The corresponding 4.4-kb band was quantified by densi-

Table L. Functional properties of TSC with or without
Gitefman-type midations
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Fig, 3. Functiona) expression of WT and mutan! mouse TSC i Xenops faevis
soeytes injected with water or with 25 ng of cRNA in viro wruhspribed om
pordding <DNAS, as indicated. In al] groups. **Na* upiake wos wssessed
in the presence of Na- and CI7 (open bars) or in the prescice of 10
mewlezane (flled bars), Fach bar mprusents @ mean of 20 cacyes. PiNg®
uprake wus performed for 60 min. fnses Western blot analysis of proteins
cxtracted from oocyes used for firmetional analysix. Proteins cxtracted from 4
oocytesflane wers used. hmmunoderection was perfored using a rabbit
potyclonal anti-me TSC antibody provided by Dr. Mark Keepper tdilution
1:0,000). Amtigen-anibody complesss were detected by sutorndiography-
enhanced chemileminescence. The whimary units obtwned in the densiomerds
analysis weee 213 for W TSC, S03, for OH2TY, 230 for R93SQ, 243 for
VOISM, 306 for GE10S, and 26.1 for ASSSY. *Significuntty different trom
uptake in the water-injected enntrol group (P < 0.0M) *+Sagnificuntiy
different From uptake in the s ¢BNAsinjected group without metolezons
(P = 081}

tometric analysis. In addition, proteins exiracted FFom the same
baich of injected X, laevis ooeyies shown in Fig. 3 were
subjected to Western biot analysis to compare the TSC proteins
produced between witd-type and mutant TSCs. The imnuino-
blot {Fig. 3, insety shows tha protein produced in pocytes by
witd-type TSC and mutant TSCs was very similar. This West-
e blot analysis was performed using a polyclonal anti-THC
antibody that was previously validated and kindly provided by
Dr. Mark Knepper (38). With the use of this antibody, the
glycosylation band is fess apparent, even in wild-type T8C.
Because the clones used in Fig. 3 are the same usaed in the
immuncblot s Fig. 1, in which clear giycosylation bands were
observed using the other antibody, it is likely that, for some
reason, Dr. Knepper's antibody did not enable s to detect TSC
giycosylation bands in proteins extracted from injected X
laevis oocytes. However, bands in the immunoblot werc sim-
itar, and densitomeric analysis revealed no significant differ-
ence among the TSC protein in the oocyles, while Fig. 3
showed that all clones induced TSC expression tn oocytes.
"Therefore, the lower activity in mutant TSCs compared with
wild-type does Tiot seemn to be associated with a defect in the
production or an increase in the degradation rate,

Kinetics of ion transpert and metolazone inhibition, One of

Ma* K, £i™ Ko Maiotazone
Muiation Activiey mhd M (el
the p
Wild-type 109% 71.23+04 562203 2%
a62Ty Gt 46822 253040 [P i)
RIIEH 3659 1613 T69E33 bR [
VaIsM 32.5% 4.39x23 523432 gt
Goids 12.75% 10.4%8.) 75i%61 71871
Asgsv 6.2% ND NI MO
Values are means ¥ SE. TSC, thiaxid e ™-Cl” ¢

MO, 1ot deteetable. *# = 005 va. wild-ryps TSC.

{ble mechanisms for the reduction of TSC protein
activity in mutant clones is that each particular mutation affects
the affinity for ions or the intrinsic activity of the cotranaporter.
A dramatic reduction of the affinity for one or both ions could
be responsible of & decrease in TSC activity, because the
cotransporter will no lopger he active in the prosence of a 40
mdM concentration of Na” or CI- that we currently gsed in the
assay. Thus we assessed the kinetic properties of Na* and CI7
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transport in all clones that exhibited encugh expression as to
measure uptakes with extracellular ion concentrations that will
be beiow K, values. Resuits from this series of experiments are
shown in Figs. 4 and 5 and Table 1. The ion transport kinetics
observed in witd-type TSC from the mouse are very similar to
those previously observed for rat TSC (27). The Na™ transport
kinetics in Fig. 4 revealed that ZNa* uptake in all clones
exhibited saturation curves shat are compatible with Michaglis-
Menten behavior. In alf cases, a plateau was reached with an
extracellular Na* concentration <20 mM, and we observed no
significant differences in Km values (Table 1). CI7 transport
kinetics are depicted in Fig. 5. All curves reached the plateau
with extracellular C1™ concentrations <10 mM, and K, values
were very similar, except in TSC herboring the G627V muta-
tion, in which K, was decreased t0 2.5 = 1.4 mM, z value
significantly lower than the values of all ether clones, including
wild-type TSC. These observations suggest that the affinity for
the cotransported ians is simitar to wild-type TSC in all clones,
except in G627V, where we observed an increased affinity for
C!™. Thus because there is no decrease in the affirity for ions
in mutant TSCs, a change i the functional properties of the
cotransporter does not explain the reduced **Na* uptake ob-
served in the mutant ¢lones.

FLNCTIONAL MUTATIONS OF TSC

in addition to ton transport kinetic analysis, we also assessed
the dose response to the thiazide-type diuretic metolazone to
determine the effect of functional missense mutations on the
kinstics of thiazide inhibition of the cotransporter. The results
of these experiments are shown in Fig. 6 and Table I. TSC
harboring the R935Q and V995M mutations exhibited an 1Cs0
for metolazone inhibition of Na* uptake that was similar to
that for wild-type TSC. In contrast, TSC with the G615 and
G627V exhibited an ICsp that was shifted fo the left by
one-haif and one order of magnitude, respectively.

Surface expression of wild-type and mutant EGFP-TSC
constructs in X. laevis oocytes. Another potential mechanisra
that can account for a reduction in the activity of mutated
clones is that mutations affect the insertion of normally func-
tional protein into the plasma membrane. Thus, to guantita-
tively compare the plasma membrane expression of wild-lype
vs. mutant TSC, we assessed the surface expression by Ruo-
rescence under a confocal microscope using an EGFP-TSC
fusion construct, identical to the one we have previcusly used
to assess surface expression of rat TSC {19, 39). This analysis
is performed in reai time using live oocytes, and only the
EGFP-TSC present tn the plasma membrane generates Huores-
cence when EGFP proiein is stimulated with fight {19). Figure
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74 depicts a representative example of X Jaewis cocytes
injected with wild-type or mutant EGFP-TSC constructs, and
Fig. 78 shows the results of densitometric analysis of 30
cocytes/group. Control oocytes injected with water showed no
significant flworescence at the emission and excitation wave-
lengths for EGFP. We have previcusly shown {i9} surface
colocalization of the EGFP-TSC fusion construct with the
plasra membrane marker FM 464 fluorescence in alf tesied
oocytes, indicating that EGFP-TSC fluorescence measured at
equatorial confocal sections in oocytes is indicative of expres-
sion in plasma membrane. In addition, we also showed {19}
that odeytes injected with wild-type EGFP-TSC cRNA exhib-
iled an increased uptake of fracer ¥¥MNa* (4,977 = 473
praol-oocyte ™ T+hY) that was reduced by 167 M metolazone
{1.237 * 314 pmol-cocyte™!-h™1, P < 0.001), indicating that
the EGFP-TSC construct is located in the plasma membrane.
As shown in Fig. 7, although 2 similar amount of wild-type and
EGEP-TEC ¢RNA of each mutant was injected {8 npfoocyte),
fluo in cocyte pl membrane was lower in mutant-
injected cocyles, The analysis of 30 cocytes/oroup revealed
that surface expression of the EGFP-TSC construet harboring
mutations was significantly lower vs. the wild-type EGFP-TSC
constsuct, with a profile similar to that observed in the reduc-

% of function

Wetolazone (dog M)

Fig. 6. Dus=-cf=?¢nden! inhibition of MMt uplake by the thuzide-type dt-
aretic metolazone in W znd mutant TS{-injected pocyies. Meiolazone was
tested at concenmations from 1077 1o 107 M. Injocted cRNA was g WT
{2}, VOBSM (s} ROISQ {0), GHIOS (O}, and GEITV {v). Uplake was
performed for 64 inin in uptake solution containing 96 mbd NaCl Uptake
the abicmve of meloinzone was hen as (00%. Each point represents the
mezn * SE of 15 encytes.

ASP-Renal Physiof - VOL 207 + AUGUST 2604 - www.ajprenal org



F200

Fig. 7. Surface exprossion of WT or mutant TSC
profein assessed by mexsuring fluoresoence image
by confocal mi : P

py. A rep |
imagzs of X faevis cocytes injected with WT or
nrifant ¢nhanced gresn Auorescent protein (EGEPY-
TSC cBNA as stated, B: laser-scanning confoca!
microscopy of 3 cocytes fom 2 different frops
imected with WT or mutamt EGFP-TSC cRNA. es
stated, Values are expressed tn arbirary vaits (AUL
*Significantly diffecent from WT EGFE-TSC provp
(P < 4000,

uon of transport activity, except for G6103, where gonfocal
analysis revealed a percentage of surface expression (~50%)
higher than the percentage of functional activity {~ 12%). This
sugpests that, in this particular clone, where the mutation is
located in a residue very near to the end of transmembrane
domain 12, both intrinsic activity and amival to the plasma
membrane are affected.

DHEC LSS0

The present work describes the functional analysis of activ-
ity ion tansport kinetics, diuretic dose-response kinetics, and
quantitative surface expression analysis of the thiazide-sensi-
five Na”-Cl~ cotransporter harboring five different Gitelman-
type muations. The results mvealed that these motations result
tn TSC proteins that are simifar to wild-type TSC by Western
blot analysis and with similar functional transport properties
but that exhibit different degrees of activity and arrival rate to
the plasma membrane.

The functional characteristies of wild-type and mutant TSCs
were assessed using the heterologous expression system in X,
lgevis vocyles. This expression system has shown to be an
excelient rool for a robust and reproducible expression of TSC
1t our hands (17-19, 27, 36, 39) and other Iaboratories (9, 10,
22, 40), whereas TSC expression in tansfected mammalian
cells has not been successful in many laboratories, including
our own. Thus previous swudies using TSC ¢DNA in whick
Gitelman-type mutations were introduced have been performed
using X laevis oocytes {9, 22). Although expression in mam-
malian cells is preferred, the best results that have been
obtained in stably transfected cells (Madin-Darby canine kid-
ney cells) using wild-type TSC ¢<DNA consisted of a small
increase over background that was not >25% (11} This smull
increase in TSC expression would not be useful in determining
the functional propesties of matant clones in whish the activity
is already lower than that vsing the wild-type cotransporter,

Studies by Kunchaparty ¢t al, {22) were the first to analyze
the functional consequences of several missense mutations

FUNCTIONAL MUTATIONS OF TSC
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reported along TSC prolein in kindreds with Gilelman disease.
Al mutations studied were shown to be functionally inactive,
when expressed in X, laevis, owing to defeclive protein pro-
cessing. It was ohserved that proteins were syathesized, but
they were not properly glycosylated and were not expressed at
the piasma membrane, Thus it was concluded that Gitelnan
mutations impair the function of cotransporter protein by
interfering with protein processing. These conclusions are
supported by results from Hoover et al_ (193, who demonstrated
that TSC is & glycoproteinr and that both N-linked glycosylation
residues (N404 and N424; Fig. 2) are required for the adeguate
processing of the cotransporter, because single-giycosylation
TSC mutants N494( or N424Q) exhibited a significant reduc-
tion in functional activity of ~50% compared with wild-type
TSC, whereas the double-mutant N404, 4240 resulted in 2
reduction of expression of ~93%. Most of the reduction in
activity was explained by a decrease in the surface expression
of the cotransporter. Thus as has been shown with other
membrane proteins {1, 15, 24), plycosylation of TSC seems to
be required for the proper folding and trafficking of the
cotransporter to the plasma membrane.

During the course of previous experiments {22), we noticed
that, while most of the Gitelman-type mutations result in
nonglycosylated cotransporters, some missense mutations re-
sulted in proteins that were indistinguishable from wild-type
TSC by Westem biot anafysis. Interestingly, some of these
“glycosylated” TSC mutants were observed in patients exhib-
iting a mild form of disease (Lifton R, personal communica-
tion}, suggesting that the mutant cotransporter could be par-
tially active. De Jong et al. {9} performed a partial character-
ization of four such Tunctionzl missense TSC mutations fron
paticnts with Gitclman discase. They observed thal mulant
proteins were glycosylated in the injected X, faevis oocyles and
that immunocytochemical analysis showed that mutants with
some TSC activity exhibited immunostaining in both cyto-
plasm and the plasma membrane, The functional propesties of
the mutant TSCs, however, were not assessed. Thus they were
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not zble to define whether the studied missense mutaticns
resulted in a defect of TSC insertion into the plasma membrane
or in a defect in the functionat properties of the cotransporter.
I addition, all experiments by De Jong et al. were performed
at rooin lemperature, and thus a protein dysfunction associated
with temperature was not ruled out. In the case of cystic
fibrosis, for instance, the AF508 mutation leads to 2 tempera-
ture-dependent defect. When expressed in cells grown at 18°C,
AF508 matures nomually and is expressed at the plasma mem-
brane. In contrast, when expressed in mammalian cells or in
oocytes grown at higher temperatures, incomplete processing
oF insertion into the plasma membrane occurs {12).

In the present study, we have extended the analysis of
functional missense mutations to include these possibilities. As
shown in Fig. 8, there are at least five possible mechanisms by
which mutations might reduce or abolish transporter activity. A
mutation coukd /) impair protein synthesis, 2) impair profein
processing, 3} impair the insertion of an otherwise fanctional
pootein into the plasma membrane, ¢) impair the fuactional
properties of the cotransporter, and J) accelerate protein re-
maval or degradation. Although mutations that introduce stop
codons in the initial part of the protein, or those in which
spliciag is abelished resulting in nonsense proteins, have not
been studied at the functional level, it is highly likely that the
mechanism in these mutations relates to the first possiblity
(Fig. 8), by which the synthesis of the complete protein is
impaired (30, 33, 35). Our previous results are examples of
mutations that belong to the second possibitity {Fig. 8) because
they impair protein processing (22). In the present work, we
studied five Gitelman missense mutations that result in partial
“funchional™ proteins. Western blot analysis using ami-TSC
antibody revealed that all proteins were similar 1o wild-type
TSC, suggesting that 2 defect in protein synthesis is not mainly
responsible for the reduced activity in muwtant TSCs. The
functionat anatysis suggests that it is unlikely that a decrease in
ion affinity is the imechenism respensible because Na ' and Ci~
affinities were either normal or increased in mutant clones.
Closeness of fits were reasonable in 2l clones, except in the
one with the lower activity (G610S; Figs. 4E and 5E). In this
clone, the observed Ky, for Na' and CI™ transport was slightly
higher that in wild-type TSC, but the difference did not reach
significance. However, we believe that, even in this clone, our
results suggest that the reduced function of the cotransposter in

2] Dalecis i pnieus processing
Bartler {32). Gilelnng |3, 28

N impaizad prolam nsertion
GHalman 19, present shody)

A lergamad luaclonal peap s,
Barites syrdrpmsBECT 327
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Fig. 8. Molecnl, h for the d I activity of the electroneutral
CORDSpOITS assecined with inherited syadrames.
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mutant TSCs is not due to @ dramatic decrease in affinity for
Na* or Cl~ which prevents the cotansporter from reaching
Fmae when extracellular ions concentrations are >20 mM.
These observations suggested that a reduction in the number of
cotransporter proteins in the plasma membrane or 2 decrease in
the intrinsic activity of the cotransporter could be the reasan for
the reduced activity in mutant TSCs. Thus we assessed the
surface expression of the EGFP-tagged wild-type and mutant
proteins. In this analysis, we tagped the NH1-terminal domain
of wild-type mouse TSC, as well a5 all mutant clones, with
EGFP and assessed surface EGFP-TSC by measuring the
flvorescence emission under the confecal microscope. This
strategy has been successfuliy used by us 10 assess the surface
expression of TSC (1%, 39) and several isoforms of the apicai
renal-specific bumetanide-sensitive Na*-K*-2CI™ cotrans-
porter (28, 28}, as well as by others o assess the swface
expression of membrane proteins in X, faevis oocytes (4, 5, 16).
The surface expression of all mutant proteins was significantly
reduced (Fig. 7). In addition, the surface expression profile was
similar to the functional profile, suggesting that reduction of
transporter activity of mutant proteins is mainly caused by a
decrease in the surface expression of the cotransporter. Thus
our data suggest that mutations studied in the present work
belong to the third possibility (Fig. 8), in which a missense
mutation resulls in a cofransporter with normal functional
properties but insertion into the plasma membrane is partially
impaired. 1 this repard, we have recently shown {39, 40) that
TSC insertion nto the plasma membrane is an important
regulatory control point, because mutations in 2 TSC-negative
regulator, such as the WNK4 kinase in pseudohypoaldosteron-
ism type 1I, result m a loss of inhibition of TSC activity due to
uncontrolied mseron of TSC vesicles ko the plasma mem-
brane. Interestingly, missense mutations of other members of
the glectroneutral cotransporter family, such as the Na'-K'-
2Ct™ cotranspoerter i Bartter syndrome type | {32) and the
KCCY K'-CI™ cotransporter in the penpheral neuropathy
associated with agenesis of the corpus callosum (Anrderman's
syndrormne) {20, behave tike the fourth possibility {Fig. 8},
because the mutated proteins are normally produced and in-
serted into the plasma membrane, implying & defect in the
functional properties or intrinsic activity of the cotransporter.
These data taken together, the first four mechanisms proposed
{Fig. 8} have been shown ro be implicated in the molecular
pathophysiclogy of hereditary syndromes associated with mu-
{ations in members of the SLCI2 family.

The observations in the present study are also imporiant in
terms of the functional characterization of TSC and in provid-
ing some insights into strecture-function relationships. The
present study shows for the first time the analysis of the Kinetic
transport properties of mouse TSC, We have previously re-
ported the major functional properties of the rat (17, 27) and
flounder {28) isoforms of T5C, which exhibit several differ-
ences in n wapsport kinetics and dose-response inhibition to
thiazide divretics. Here, we show that Na* and Ci™ wransport
and metolazone inhibilory kinelics in wild=type mouse TSC
revealed [ and ICsp values that are undistinguishable from
those observed in mat TSC (27) and significantly different from
those of founder TSC (28} in addition. we observed that
missense mbrations G610S and G627V, which are iocated at
the very beginning of the long COOH-terminal domain, in-
crease the affinity for Ci™ andior metolazone. As discussed
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above, this finding does not imply an important role for
increased ton affinity in causing the clinical phenotype of
Gitelman disease, because increased C~ affinity would not be
expected to reduce TSC function in vivo. However, the results
do suggest that this region of the protein is involved in defining
the affinity for CI™ andfor diuretics. Previons studies in whick
the binding of the fracer [*Himetclazone was used to assess the
thiazide receptor suggested that thiazide diuretics and €I~
compete for the same site on the cotransporter {34). In this
regard, we have shown that the affinity for thiazides s shifted
to the left when dose-response curves are performed uwnder
low-extracellular CI™ concentration {27, 36) and the preven-
tior of glycosylation in rat TSC increases the affinity for both
extracellular CI™ and thiazides {19). In the present study, we
observed that the mutation G627V produces a sllght but sig-
nificant increase in CI~ affinity, together with an increase in
the affinity for metolazong, supporting the rotion that affinity-
modifying residue for I~ may also be involved in defining
thiazide affinity. Further studies will be necessary to clarify
this issue, but our results suggest that analysis of the fonctional
properties of naturally oecurring mutations can be useful in
revealing the fincticnal roles of individual amino acid resi-
dues, which will be helpful in beginning to vnderstand the
structure-function relarionships among members of the cation
Cli™ cotransporter gene family.
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DISCUSION

El cotransportador Na'-Cl” sensible a tiazidas (CST) pertenece a la familia de
transportadores cloro-cationicos SLC12 y se localiza en la membrana apical de
las células del tubulo distal de la neurona, en donde constituye la principal via de
reabsorcién de NaCl.*

Este transportador ha sido identificado molecularmente y clonado a partir de
diferentes especies; como el lenguado de invierno ?°, el conejo *, la rata, *" el
ratén * y el humano; “>** lo que ha permitido realizar diversos estudios para
evaluar sus caracteristicas estructurales y funcionales. Se ha comparado la
estructura primaria de estos transportadores, * siendo las especies mamiferas
las que guardan hasta un 90% de homologia entre ellas, es decir, los CSTs de
rata, ratdn, conejo y humano son estructuralmente muy parecidos, mientras que
el CST del lenguado de invierno solo muestra ~60% de homologia cuando es
comparado con los anteriores.

Investigaciones previas, han determinado diversas propiedades funcionales,
farmacoldgicas y de regulacion en el CST.

Vazquez y col. *° analizaron las caracteristicas funcionales del CST, de rata y del
pez lenguado de invierno (CSTr y CSTfl). Los andlisis cinéticos mostraron que
estos transportadores presentan diferencias funcionales importantes, asi como
distinta sensibilidad a los diuréticos tipo tiazida y respuesta ante la osmolaridad
extracelular. Como se mencion6 el CST del lenguado de invierno (CSTfl) es el
gue presenta mayor diferencia en los aminoacidos que forman su estructura
primaria. Las diferencias funcionales encontradas entre el CSTr y el CSTHl,

pueden ser el resultado de estos cambios de aminoacidos en su secuencia.

Actualmente es de gran interés para varios grupos de investigacion, los estudios
de relacion estructura funcion de los diferentes miembros de esta familia de
transportadores cloro-cationicos, donde el principal objetivo es determinar los

dominios estructurales y/o aminoacidos puntuales involucrados en su funcién.

Consideramos que proteinas con estructuras primarias semejantes como el

CSTr y el CSTfl, en donde se observan diferentes propiedades funcionales,



constituyen un excelente modelo de estudio, para investigar aspectos de

relacion estructura-funcion en este transportador.

En el presente trabajo reportamos la construccion de proteinas quiméricas y/o
mutaciones puntuales entre el CSTr y el CSTfl, a través de las cuales se
determinaron dominios involucrados en la union de Na*, CI' y diurético al
transportador.

Simultaneamente se evalu6 el papel que juegan diferentes aminoacidos del CST
sobre las propiedades funcionales del transportador; se estudio el efecto de la N-
glucosilacién sobre el CSTfl y el efecto de diversas mutaciones tipo Gitelman.
OBJETIVO 1

Comenzaremos por analizar el papel que juega la N-glucosilacion sobre la
funcion del CSTHl, con la finalidad de encontrar si este evento estaba involucrado
en las diferencias funcionales encontradas entre este y el CSTr.

Desde la clonacién del CSTil ?°, se describieron tres sitios consenso para N-
glucosilacién, localizados en el asa que une a la regidon transmembrana 7 con la
region transmembrana 8 (TM 7-8). Los residuos asparagina involucrados en este
evento fueron: N403, N414 y N432, siendo el residuo N403, un aminoécido
conservado en los todas las secuencias disponibles del CST (ver figura 1 del articulo
1).

Para determinar el efecto de estos sitios sobre la funcion del CSTfl, fueron
sustituidos los tres residuos de asparagina por glutamina a través de
mutagénesis puntual. Se generaron mutantes simples, donde fue eliminado solo
un sitio, mutantes dobles y una mutante triple que carecia de los tres sitios.
Nuestros resultados mostraron que la eliminacion de un sitio de glucosilacion e
incluso la eliminacion de dos sitios, no interfiere con la actividad del CSTfl. Sin
embargo la eliminacién de los tres sitios dio como resultado, una reduccion
significativa en la funcién del transportador (ver figura 3 del articulo 1). Con respecto
a la sensibilidad al diurético, la eliminacion de los sitios de glucosilaciéon no tuvo

ningln efecto (ver figura 4 del articulo 1). Previamente Hoover y col. '

reportaron el
efecto de la N-glucosilacién sobre la funcién del CSTr. En este estudio, se

reportaron dos sitios consenso para este evento sobre la estructura de este



transportador, en donde la eliminacion de un solo sitio, redujo la funcion y la
expresion sobre la superficie celular hasta un 50% y hasta un 90% con la
eliminacién de los dos sitios. La afinidad por el diurético tiazida se vio favorecida
en estas mutantes de glucosilaciéon del CSTr, en donde la eliminacién de estos
sitios, aumento la sensibilidad del transportador por el diurético.

Como se puede apreciar, el efecto que muestran estos transportadores ante la
glucosilacibn es completamente diferente, mientras que, para el CSTr es
necesaria la glucosilacibn para lograr una adecuada expresion sobre la
superficie celular, para el CSTfl no es necesario este evento. El CSTr aumenta
su sensibilidad por las tiazidas al no estar glucosilado, mientras que el CSTfl no
muestra cambios significativos ante la misma situaciébn. Brevemente
mencionaremos que resultados similares encontramos en el CSB1/NKCC2, en
donde la eliminacibn de los sitios de glucosilacibn no incremento
significativamente la afinidad de este transportador por la bumetanida (ver figura 6

del articulo 3).

OBJETIVO2Y3

Para poder determinar los dominios estructurales involucrados en la funcion del

CST, en un segundo paso generamos proteinas quiméricas entre el CSTr y el
CSTHl.

Fueron generados sitios de restriccion silenciosos para las enzimas Nsil, Hpal,
Munl y Sacll, en la secuencia de ambos transportadores, los que permitieron
intercambiar fragmentos de la proteina (ver figura 5 del articulo 1).

La nomenclatura para las quimeras generadas, consté de cinco letras, en los
gue la posicién de cada letra corresponde a uno de los 5 fragmentos en los que
se dividio la proteina. Estos 5 fragmentos son: NH; (1), TM1-7 (2), asa conectora
TM7-8 (3), TM8-12 (4) y region COOH" (5); siendo utilizadas las letras R o F para
determinar si el fragmento pertenecia al CSTr o al CSTH.

Con la generaciéon de los sitios Nsil y Hpal, se logré la construccién de seis
proteinas quiméricas; dos en las que se intercambio la regién NH, (RFFFFF y

FRRRR), dos quimeras en las que se intercambio el extremo COOH’ (FFFFR y



RRRRF) y dos en donde las regiones TM del CSTr estaban flanqueadas por las
regiones NH, y COOH" del CSTfl y viceversa (FRRRF y RFFFR).

Los sitios de restriccion Munl y Sacll permitieron la construccion de 4 quimeras
adicionales, dos en las que se intercambio el asa conectora TM7-8 (RRFRR y
FFRFF) y dos en las que ademas de intercambiar el asa conectora, también los
sitios consenso para glucosilacion fueron eliminados (RRFRR/G- y FFRFF/G-).
Cuatro cambios mas fueron generados, en dos de ellos, los sitios para N-
glucosilacién presentes en el CSTr, fueron sustituidos por los sitios presentes en
la secuencia del CSTfl y viceversa (CSTr-fl-G-like y CSTfl-r-G-like). Los otros
dos cambios consistieron en construir quimeras en las que se intercambio el asa
conectora TM7-8, permaneciendo las secuencias consenso para N-glucosilacién
del transportador nativo (RRFRR-r-G-like y FFRFF-fl-G-like).

Finalmente se construyeron cuatro quimeras mas, en las cuales los segmentos
TM1-7 y TM8-12 fueron intercambiados (RFRRR, FRFFF, RRRFR y FFFRF).
Los analisis cinéticos para determinar la afinidad del transporte de Na’,
mostraron que las quimeras formadas por las regiones TM del CSTr, guardaban
un comportamiento similar al del transportador nativo (Km de 5.5 + 1.0 mM), Por
ejemplo, en la quimera FRRRR se observo un Km de 8.1 £ 1.1 mM. Mientras
gue la quimera RRFRR presento un Km de 5.0 £ 0.6 mM (ver figura 9 del articulo 1).
Un comportamiento similar mostraron las quimeras formadas por las regiones
TM del CSTIil, en donde las quimeras RFFFR y FFRFF presentaron un Km para
Na® de 28 + 6.0 y de 87 + 45 mM similar al del CSTfl nativo (30 + 6.0 mM). En
cuanto a su afinidad por el CI' estas mismas proteinas quimeéricas mostraron
valores semejantes a los del CSTfl nativo (17 £ 2.8y 11 £+ 41 mM vs 15 + 2.0
respectivamente) (ver figura 6 del articulo 1).

La afinidad por el diurético fue similar entre los transportadores nativos y las
guimeras en las cuales los dominios TM no fueron modificados.

En conclusion, nuestros primeros resultados mostraron que son las regiones TM
las involucradas en la afinidad por los iones y tiazidas; mientras que las regiones

NH,, COOH’, asa conectora TM7-8 y aminoacidos involucrados en la N-



glucosilacién, no estan involucradas en determinar las propiedades funcionales
del CST.

Con base en los resultados mencionados, en un siguiente estudio evaluamos el
papel que desempeian las regiones TM sobre las propiedades funcionales del
CST.

Como se mencion6 anteriormente se construyeron cuatro quimeras en las que
se intercambiaron las regiones TM1-7 y TM8-12 entre el CSTr y el CSTIl
(RFRRR, FRFFF, RRRFR y FFFRF). Una de las cuatro quimeras no mostré
actividad (FRFFF).

Los andlisis funcionales de las quimeras RFRRR, RRRFR y FFFRF realizados
en ovocitos de Xenopus laevis, mostraron datos importantes que permitieron
determinar dominios involucrados en determinar la afinidad para iones vy
metolazona en el CST.

El 1Cso para metolazona observado en las quimeras RFRRR y FFFRF (0.4 *
0.002 y 0.6 + 0.006 uM respectivamente) fue similar al del CSTr nativo (0.3 +
0.005 uM) y diferente al que es observado en el CSTfl (12.5 £ 1.8 pM). Mientras
gue el ICso observado en la quimera RRRFR fue semejante al del CSTfl nativo
(ver figura 10 del articulo 1).

Estos resultados sugieren que la afinidad para el diurético esta determinada por
las regiones TM8-12 del CST.

Los analisis cinéticos realizados para determinar la afinidad por Na*, en las
quimeras RFRRR, RRRFR y FFFRF (Km de 22 + 2.8, 14.5+ 0.7 y 43 + 12.6 mM
respectivamente), mostraron valores intermedios a los que presentan los
transportadores nativos: CSTfl Km de 30 £ 6.0 mM y CSTr 5.5 £ 1.0 mM (ver
figura 10 del articulo 1).

Las cinéticas de transporte para CI, revelaron que las quimeras RFRRR y
FFFRF (Km de 17 + 4.6 y 12.8 + 3.0 mM) presentan un comportamiento similar
al del CSTfl nativo (Km de 15 + 2.0 mM); mientras que la quimera RRRFR
mostré un Km similar al de CSTr nativo (2.4 + 0.7 vs 2.6 =+ 0.6 mM

respectivamente) (ver figura 10 del articulo 1).



Estos resultados sugieren que la afinidad que muestra el CST por el CI" esta
determinada por las regiones TM1-7, mientras que la afinidad al Na* esta
determinada tanto por las regiones TM1-7como por las TM8-12 (ver figura 11 del
articulo 1).

OBJETIVO 4

Paralelamente a la construccion de quimeras, realizamos un estudio de
Polimorfismos de Nucleétidos Individuales (SNPs) en el CST, con el objetivo de
determinar aminoacidos especificos, involucrados en la funcion de este
transportador.

Los SNPs se definen como un cambio en la secuencia de nucleétidos, que se
presenta en al menos el 1% de la poblacibn y no es capaz de producir
enfermedad.

Encontramos que existen reportados mas de 200 SNPs a lo largo del gen
SLC12A3 °°! Solo algunos, estan localizados en regiones exénicas y la
sustitucién no se refleja en un cambio del aminoacido (A122A, T465T, S628S,
A714A, G876G).

En dos SNPs reportados, la sustitucion mostré un aminoéacido diferente; el SNP
R863K y el G264A (ver figura 1 del articulo 2). En este estudio consideramos
irrelevante el andlisis del polimorfismo R863K, ya que es un residuo localizado
en el extremo COOH" de la proteina y como se mostré con la construccion de
quimeras entre el CSTr y el CSTfl, este dominio no esta involucrado en
determinar las propiedades funcionales del transportador; sumado a esto, el
residuo Arginina (R) solamente se observa en la secuencia del CST de humano,
mientras que el residuo Lisina (K), esta presente en todas las secuencias del
CST por lo que se considero un cambio poco significativo.

Con base en lo anterior, enfocamos este estudio en el analisis del SNP G264A.
El aminoacido Glicina 264 esta localizado en la TM4 y es un residuo altamente

293741 ginp en todos los

conservado no solo en las secuencias de CST,
miembros de la familia de transportadores SLC12 *°.
Los analisis en ovocitos de Xenopus laevis, mostraron que este polimorfismo

disminuye la actividad del CST al 50% (ver figura 3 del articulo 2). Para explicar esta



reduccion en la funcion, insertamos la proteina verde fluorescente (EGFP) tanto
al transportador nativo, como en el SNP G264A. A través del andlisis de
microscopia confocal, se observaron cantidades similares de proteina en los
ovocitos inyectados con el EGFP-CST y el EGFP-G264A. Por lo que la
disminucion en la funcion del CST-G264A no fue atribuida a una menor
expresion de la proteina sobre la superficie celular (ver figura 4 del articulo 2).

Los analisis cinéticos para la afinidad por el transporte de CI, mostraron que el
SNP G264A disminuye drasticamente la Km para este ion cuando se compara
con el CST nativo (Km 0.89 £ 0.2 vs 6.3 + 1.1 mM). Este polimorfismo no afecto
la afinidad para Na" en el CST. (Km de 7.6 + 1.6 y 5.7 + 1.1 mM en el CST
nativo y G264A respectivamente) (ver figura 5 del articulo 2).

También se determind la afinidad a metolazona tanto en el CST nativo como en
el SNP G264A. El ICs, para esta tiazida fue similar en ambos transportadores
(1X1O'6 M) (ver figura 6 del articulo 2).

Los datos obtenidos en este estudio, mostraron claramente como un unico
residuo incrementa significativamente la afinidad del transportador por el CI.
Estos resultados concuerdan con los previamente descritos, en donde
concluimos que son las regiones TM1-7 las que determinan la afinidad por ClI" en
el CST; ya que el SNP G264A se localiza en la region TM4. Estos resultados son
semejantes a los reportados por Insenring y Forbush, quienes demostraron que
es la regién TM4 la involucrada en la afinidad a Cl" en el CSB2/NKCC1.%*

En un siguiente andlisis, evaluamos el papel de la region TM4 del CST, con la
finalidad de encontrar otros residuos involucrados en su funcion. Esta region
esta formada por 22 residuos acidicos, de los cuales 3 aminoacidos adicionales
al G264, son altamente conservados en todos los miembros de la familia, estos
residuos corresponden a la Aspargina 258, Arginina 261 y Glicina 278 (ver figura 8
del articulo 2).

Para determinar si estos residuos influyen sobre las propiedades funcionales del
transportador, a través de mutagénesis puntual se realizaron sustituciones de

estos, por aminoacidos con caracteristicas parecidas.



El andlisis funcional en ovocitos de Xenopus laevis, mostré que la sustitucién
N258Q y R261L disminuyen significativamente la funcion del CST (~50%),
mientras que la sustitucion G278A resulta en un transportador no funcional (ver
figura 9 del articulo 2). La reduccion en la funcién del transportador, no fue asociada
con menor expresion de éste sobre la superficie celular, ya que el analisis de
microscopia confocal, no mostr6 cambios significativos entre EGFP-N258Q,
EGFP-R261L y EGFP-CST nativo (ver figura 10 del articulo 2).

Se realizaron analisis cinéticos para determinar si el transporte de iones, se
modificaba ante las sustituciones N258Q y R261L. Sin embargo las cinéticas
para el transporte de Na* fueron similares entre estos cambios y el transportador
nativo.

En cuanto a la afinidad por el CI" extracelular, la sustitucion N258Q, incremento
significativamente la afinidad por este i6n (3.2 £ 0.7 mM) en comparacion con el
CST nativo (6.3 + 1.1 mM). Un ligero aumento en la afinidad a CI" se observo en
la sustitucion R261L, aunque este incremento no fue estadisticamente
significativo (3.2 £ 1.6 mM).

Nuestros resultados concluyen nuevamente que la afinidad para ClI" en el CST
esta determinada por los dominios TM1-7, donde la regién TM4 juega un papel
importante.

OBJETIVO 5
AMINOACIDOS INVOLUCRADOS EN EL TRAFICO DE CST A LA MEMBRANA CELULAR.
Otros aspectos de relacion estructura-funcion en el CST fueron evaluados.

Determinamos amino&cidos puntuales involucrados en el trafico de esta proteina
a la membrana celular y en su regulacion.

El analisis de mutaciones que suceden espontaneamente en el CST, permitio
detectar residuos responsables del trafico de esta proteina a la membrana, una
vez que ha sido sintetizada adecuadamente.

Hasta el momento mas de 100 mutaciones en el gen SLC12A han sido
reportadas, cuando estas suceden, producen una enfermedad conocida como

Sindrome de Gitelman.®!



Un porcentaje considerable de mutaciones-Gitelman, ocasionan bloqueo total de
la funcién del CST, **" por lo tanto, el papel que juegan estos aminoAcidos
sobre la funcién del transportador no puede ser evaluado, debido a la nula
expresion de la proteina sobre la superficie celular. Kunchaparty y col.*
analizaron varias mutaciones-Gitelman, encontrando nula actividad del
transportador mutado, que fue asociado a un estado de glucosilacion deficiente.

1.2 analizaron 25 mutaciones mas, a través de un andlisis de

Berkman y co
Western blot observaron que algunas de ellas, se glucosilaban adecuadamente
originando un transportador funcional. Consideramos que el estudio de estos
residuos es de gran importancia, ya que pueden revelar aminoacidos
involucrados en las propiedades funcionales del CST.

Para el siguiente estudio realizado, elegimos 5 mutaciones-Gitelman que si se
glucosilan; G627V, R935Q, V995M, G610S y A585V; todas ellas localizadas en
el extremo COOH" del CST, excepto A585V, que se encontré en la TM12 (ver
figura 1y 2 del articulo 4).

El andlisis funcional en ovocitos de Xenopus laevis, mostré que las 5 mutaciones
disminuyeron significativamente la funcion del CST. El porcentaje de funcion fue:
CST nativo 100%, G627V 66.5%, R935Q 36.5%, V995M 32.5%, G610S 12.7% y
AB85V 6.21% (ver figura 3 del articulo 4).

Se realizé un nuevo analisis de Western blot para estas mutaciones, donde se
corroboroé la adecuada glucosilacion de las 5 proteinas.

Los andlisis cinéticos para el transporte de Na* y CI” fueron realizados en cada
una de estas mutaciones-Gitelman. Los analisis cinéticos revelaron constantes
de afinidad similares para ambos iones, tanto en las mutantes como en el CST
nativo, excepto G627V que mostré6 mayor afinidad por CI'(Km CI'=5.62 + 0.5y
253 1.4 mM, en CSTy G627V respectivamente) (ver figura 4 y 5 del articulo 4).

En cuanto a la afinidad por la tiazida, esta no se vio alterada en las mutaciones
R935Q y V995M, que mostraron el mismo ICso que el CST nativo (2X10°, 5X10°
y 2X10° M respectivamente). Las mutaciones G610S y G627V aumentaron la
afinidad del transportador por el diurético (7X10”" y 1X10” M respectivamente)

(ver figura 6 del articulo 4).
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Como se puede observar, no se apreciaron marcadas diferencias en cuanto a la
afinidad por iones y/o tiazida entre el CST nativo y las mutantes-Gitelman. Sin
embargo la funcién del CST mutado se redujo drasticamente. Para determinar
esta disminucién en la funcién, se inserto la proteina verde fluorescente (EGFP)
en las 5 mutantes. Las construcciones EGFP-mutante y EGFP-CST la cuél se
menciono anteriormente en el texto, fueron inyectadas en ovocitos de Xenopus
laevis. El andlisis de microscopia confocal revelé6 menor cantidad de proteina en
la membrana de los ovocitos inyectados con las construcciones EGFP-mutantes
(ver figura 7 del articulo 4).

Previos estudios de Hoover y col. "® demostraron que la glucosilacién es un
evento necesario para la adecuada llegada del CSTr a la membrana celular. Asi
mismo, nuestro estudio de las mutaciones-Gitelman reveld que para el adecuado
trdfico del CST a la membrana celular se requiere, tanto de un estado de
glucosilacion adecuado asi como de aminoacidos puntuales que determinen
esta funcion. Concluimos que los aminoacidos G627, R935, V995, G610 y A585

son criticos para el trafico del CST a la membrana celular.
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VIII. AMINOACIDOS PUNTUALES INVOLUCRADOS EN LA REGULACION
DE LA FUNCION DEL CST

Durante la realizacién de mi proyecto doctoral colaboré en otros estudios donde
el principal objetivo fue determinar los mecanismos involucrados en la regulacion
del CST. En este trabajo reportamos la fosforilacion de aminoacidos especificos
gue determinan la funcionalidad de este transportador. De manera muy general
a continuacién describo los antecedentes, objetivos y resultados mas relevantes
de este estudio.

ANTECEDENTES

Numerosos estudios han sugerido que la actividad de los miembros de la familia
SLC12A esta regulada por procesos de fosforilacion y defosforilacion.

Se ha observado que la fosforilacion activa al CSB/NKCC e inhibe a los KCCs,
mientras que la defosforilacién activa a los transportadores de K-Cl e inhibe la
funcién del CSB/NKCC. Con estas observaciones se ha propuesto que estos
transportadores comparten una via de sefializacion comun, ya que los estimulos
gue activan a una rama de la familia inhiben a la otra y viceversa. Por ejemplo la
disminucién del volumen celular, las concentraciones bajas de CI intracelular y
la presencia de inhibidores de las proteinas fosfatasas inhiben a los
transportadores KCCs, estimulando el transporte en los CSB/NKCC. Un efecto
contrario se observa ante el aumento del volumen celular, las concentraciones
intracelulares altas de CI' y la presencia de proteinas fosfatasas. "%

Estudios recientes de relacion estructura-funcién han reportado aminoécidos
especificos involucrados en eventos de fosforilacion/defosforilacion en el
CSB2/NKCC1, estos aminoacidos corresponden a Treoninas localizadas en el
extremo aminoterminal del transportador.

En 1992 Lytle y Forbush 8! realizaron estudios en tubulos de glandulas rectales
de tiburén, mostraron que al agregar AMPc, estas células disminuyen su tamafio
y a través de ensayos de [*H] benzometanida (derivado de la bumetanida

marcado radiactivamente) observaron un incremento en la unién del diurético a
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las membranas celulares, lo que fue asociado como un aumento en la funcién
del transportador. Los analisis de inmunoprecipitacion realizados con
anticuerpos monoclonales dirigidos a CSB2/NKCC1, revelaron que la activaciéon
de este transportador estaba asociada con la fosforilacién del mismo.

En 1994 Xu y col. *° sefialaron que los residuos 184 al 194 localizados en el
extremo aminoterminal del CSB2/NKCC1 (FGHNTIDAVP) estaban involucrados
con la fosforilacién de este transportador. En el 2002 Darman y Forbush
observaron la fosforilacion en tres residuos del CSB2/NKCC1, estas
observaciones fueron hechas después de someter a células de la glandula rectal
del tiburén que expresan a este transportador a una estimulacion maxima con
caliculina A (agente que previene la actividad de la fosfolipasa 1 y en
consecuencia la defosforilacion del transportador). Los residuos involucrados
fueron a las Treoninas 184, 189 y 202 de CSB2/NKCC1, localizadas en el
extremo aminoterminal de la proteina.

Para conocer la relevancia de estos residuos sobre la funcién del transportador,
las treoninas fueron eliminadas a través de mutagénesis puntual y expresadas
en células HEK-293 para su estudio.

Los estudios revelaron que la treonina 189 fue la mas importante para la funcion
de CSB2/NKCC1, ya que al ser sustituida por otro residuo (Alanina), la funcién
del transportador se inhibié completamente, sugiriendo que la fosforilacién en
este residuo es necesaria para alcanzar un estado constitutivamente activo.

La eliminacién de las treoninas 184 y 202 no tuvo efecto sobre la funcién del
transportador. 3

Posteriormente, este mismo grupo de investigacion realizé estudios in vivo de la
fosforilacion del CSB2/NKCCL1. Utilizaron fosfoanticuerpos especificos para este
transportador denominados R5.

Los fosfoanticuerpos R5 fueron dirigidos a un péptido del extremo aminoterminal
gue incluia a las tres Treoninas ya estudiadas. Los resultados mostraron que la
fosforilacién del CSB2/NKCC1 corresponde con la activacién del transportador.
Recientemente se han reportado numerosos estudios que involucran la

asociacion de otras proteinas como SPAK (cinasa rica en prolinas y alaninas
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relacionada con cinasas Ste20) y OSR1 (cinasa de respuesta a estrés oxidativo.

1) en la regulacion del CSB2/NKCC1, asi como en otros miembros de esta

familia de transportadores cloro-catiénicos. 2 &’

OBJETIVOS
1.- Estudiar aminoacidos involucrados en la regulacién del CST.

l.a. Generar las mutaciones T53A, T58A y S71A sobre la secuencia nativa del
CST.

1.b. Determinar las propiedades funcionales de las clonas construidas en el
punto 1.a.

2.a. Determinar el efecto que tiene la concentraciéon de Cloro intracelular [CIT];
sobre la regulacion del CST.

RESULTADOS

Como ya se menciono anteriormente, estudios de relacion estructura-funcion

han reportado aminoacidos especificos involucrados en eventos de
fosforilacion/defosforilacién en algunos miembros de la familia SLC12.

En estos estudios se ha reportado que los aminoacidos T184 y T189 ambos
localizados en el extremo aminoterminal de la proteina, estdn asociados con la
activacion del CSB2/NKCC1. ® Sumado es conocido que el CSB2/NKCCL1 es

regulado por la concentracién de cloro intracelular [CI-]; '

, al parecer la
concentracion de este i6n propicia la fosforilacion de los residuos de treonina
descritos previamente.

Poco se conoce de aminoacidos involucrados en la regulacion del CST, por lo
gue el objetivo de este trabajo, fue estudiar el papel que juegan ciertos residuos
sobre la actividad de este transportador, asi como el papel que juega la
concentracion de Cloro intracelular [Cl); sobre la regulacion de esta proteina.
Durante la realizacion de este estudio en un primer paso determinamos si la
disminucién de [CI]; tenia un efecto sobre la actividad del CST, como
recordaremos, la [CI]; determina la activacién del CSB2/NKCC1.1%

Para la realizacion de este estudio utilizamos dos estrategias experimentales. La
primera consistio en la microinyeccion de ovocitos de X. laevis con el cRNA del

CST y con agua. Los ovocitos fueron incubados por 16 horas en una solucion
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hipoténica libre de CI. El fundamento de este protocolo estuvo basado en
diferentes observaciones de otro grupo de investigacion, en las cuales se ha
demostrado que el estrés hipotonico (170 monwm/kg H,O) induce la disminucién

en la [CI; en distintos tipos de células, %8

ademas se ha observado que el
estrés hipotdnico también origina la abertura de canales de Cl- en los ovocitos
de X. laevis, promoviendo la salida de este i6n de la célula. 1%

La segunda maniobra utilizada consisti6 en microinyectar ovocitos de X. laevis
con el cRNA del CST solo, o junto con el cRNA del cotransportador K*:CI
(KCC2). Se considerd de utilidad el KCC2 ya que es un transportador que
permite la constantemente salida de los iones K" y CI" de la célula, ademas de
gue es el unico de los KCCs que presenta actividad en condiciones isoténicas .
36,101

Los ensayos de expresion funcional realizados en los ovocitos microinyectados
con los diferentes cRNAs y con agua, mostraron que estos ultimos no expresan
actividad de transporte para Na*-CI".

Los ovocitos inyectados con el CST y sometidos a estrés hipotoénico,
aumentaron significativamente su funcion, en comparacion con los ovocitos
inyectados con el CST pero que fueron incubados en condiciones isoténicas.
Resultados similares se observaron en los ovocitos inyectados con CST-KCC2,
estos incrementaron significativamente su funcion en comparacion con los
ovocitos que Unicamente habian sido inyectados con el CST (ver figura 1 y 2 del
articulo 5).

Estos resultados mostraron claramente que la regulacién de la funcion del CST
depende de la [CI];,

Nuestro siguiente objetivo en este trabajo fue determinar si la disminucion de la
[CI)i se relacionaba con la fosforilacion del CST.

Como ya se menciond, en el CSB2/NKCC1, la [CI]; esta involucrada en la
fosforilacion de los residuos Treonina, localizados en el extremo NH, de la
proteina. Previamente se mostré la fosforilacion de CSB2/NKCC1 en los
residuos T184 y T189, a través de fosfo-anticuerpos denominados R5. &
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En el CST, se encuentran sitios consenso para fosforilacion, dentro de los cuéles
las Treoninas T53 y T58 son aminoacidos conservados entre este transportador
y el CSB2/NKCCL1. Por lo que se especul6 que la fosforilacién del CST pudiera

ser en estos residuos.?® 1%

(ver figura 3 A del articulo 5)

Para determinar la fosforilacién del CST, no contamos con fosfo-anticuerpos que
permitan reconocer al transportador fosforilado, por lo que utilizamos los fosfo-
anticuerpos R5.

Inicialmente estos fosfo-anticuerpos no fueron capaces de reconocer al CST
fosforilado, ya que la secuencia de residuos que reconoce el péptido R5 en
CSB2/NKCC1 es diferente a su homologa en el CST.

El péptido R5 reconoce 16 residuos del CSB2/NKCC1. Analizando las
secuencias de estos dos transportadores se encontraron 4 aminoacidos
diferentes entre el CST y el CSB2/NKCC1.

A través de mutagénesis puntual se sustituyo el residuo Tirosina (Tyr 56) por un
residuo Histidina (originando la sustitucion Y56H), el cual es un aminoacido
conservado entre el CST y el CSB2/NKCC1.

Con la sola sustitucion Y56H, el fosfo-anticuerpo fue capaz de reconocer una
banda de 120 kDa que equivale al peso del CST.

Ante este hallazgo se inyectaron ovocitos de Xenopus laevis con el cRNA del
CST y del CST junto con el KCC2. (ver figura 3 B del articulo 5)

El grupo de ovocitos inyectado con el CST fue incubado todo la noche en una
solucién hipotdnica libre en CI', al igual que un grupo de ovocitos inyectados con
CST-KCC2, mientras que un tercer grupo de ovocitos inyectados con CST-KCC2
se mantuvo en condiciones isotdonicas. Andlisis de Western blot mostraron que
los fosfo-anticuerpos R5 incrementaron significativamente la deteccion del CST
en los ovocitos en los cuales la [CI]; habia sido disminuida en comparacion con
los que habian sido mantenidos en condiciones isotonicas. (ver figura 3 C del articulo
5)

Simultdneamente se realizaron 3 sustituciones adicionales a la Y56H en el CST,
es decir se genero un CST mutante en el cual, 4 residuos diferentes en este
transportador fueron cambiados por los residuos del CSB2/NKCC1. Como
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resultado de estas sustituciones se genero una secuencia en el CST idéntica a
la secuencia que reconoce el péptido R5 en el CSB2/NKCC1. Las sustituciones
fueron las siguientes: L49Y, I59M y V61A.

El CST que contenia las 4 sustituciones (CST-4M), también fue detectado por
los fosfo-anticuerpos R5. La deteccion aumento significativamente en ovocitos
en los cuales la [CI];habia sido disminuida. (ver figura 3 D del articulo 5)

Para determinar si la mayor expresion del CST observada en los ovocitos
expuestos a estrés hipotdnico o a la deplecion de CI ocasionada por KCC2, era
producto de una mayor sintesis de proteina, se realizaron analisis de Western
blot con anticuerpos dirigidos contra el CST. En los analisis no se observaron
diferencias de cantidad de proteina entre los ovocitos en los cuales la [CI]; habia
sido disminuida y los ovocitos que habian sido incubados en condiciones
isotonicas.

Nuestros estudios mostraron que la actividad del CST esta asociada con la
fosforilacién de los residuos Thr>® y Thr*®, en donde el nivel de fosforilacién esta
incrementado por la disminucién de la [CI];.

Para analizar el papel que juegan las treoninas T53 y T58 sobre la fosforilacién
del CST, estos residuos fueron sustituidos por residuos de Alanina.

Ademas de las 2 Treoninas involucradas con la fosforilacion del transportador,
se detecto un sitio consenso adicional en el extremo NH, del CST. Este sitio
corresponde a un residuo Serina localizado en la posicion 71, el cual también fue
sustituido por un residuo Alanina para evaluar su posible participacion sobre la
fosforilacion del CST.

Se generaron 3 mutantes simples en las cuales se eliminé un sitio de
fosforilacion en el CST (T53A, T58A y S71A), 3 mutantes dobles, en las cuales
fueron eliminados dos sitios (T53-58A, T58-S71A y T53-S71A) y una mutante
triple que carecia de los tres sitios (T53-T58-S71A).

Se inyectaron ovocitos de X. laevis con los cRNAs tanto del CST nativo como de
cada una de las mutantes de fosforilacion. A través de analisis de expresion
funcional, se observé que la mutante triple redujo el 100% la funcion del CST.
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Las mutantes simples disminuyeron en diferentes porcentajes la funcion del
CST. La mutante T53A disminuyd 27% la funcion del CST, mientras que la
mutante S71A disminuyé 75% la funcion del transportador. La mutante T58A
redujo el 100% de la funcién del CST. (ver figura 6 del articulo 5)

En cuanto al efecto de las dobles mutantes, en los 3 casos la funcion del CST
fue significativamente reducida en comparacion con el CST nativo y con las
mutantes simples T53A y S71A.

Nuevamente se inyectaron ovocitos de X. laevis con los cRNAs del CST nativo y
de cada una de las mutantes de fosforilacion més el KCC2.

Todos los grupos de ovocitos fueron expuestos a estrés hipotdnico.

A través de analisis de expresion funcional, se observé que la actividad fue
incrementada significativamente tanto en el CST nativo como en las mutantes
simples y dobles de fosforilacion, sin observarse actividad en la triple mutante.
(ver figura 7 del articulo 5) Estas observaciones sugieren que la funcion del CST
puede ser disminuida e incluso abolida por la ausencia de algun sitio de
fosforilacion en condiciones basales. La funcion disminuida en las mutantes de
fosforilacion puede ser parcialmente restituida ante condiciones de estrés
hipotoénico.

En conclusion, en este estudio mostramos que la actividad del CST aumenta
significativamente cuando se disminuye la [CI];, asi como también mostramos
gue los residuos T53, T58 y S71 son aminoacidos especificos involucrados en la

fosforilacién de este transportador.
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The renal Na*:Cl™ cotransporter rNCC is mutated in
human disease, is the therapeutic target of thiazide-type
diuretics, and is clearly involved in arterial blood pressure
regulation. INCC belongs to an electroneutral cation-con-
pled chloride cotransporter family (SLC12A) that has two
major branches with inverse physiological functions and reg-
ulation: sodium-driven cotransporters (NCC and NKCC1/2)
that mediate cellular CI” influx are activated by phosphoryi-
ation, whereas potassium-driven cotransporters {KCCs) that
mediate cellular C1™ efflux are activated by dephosphoryla-
tion. A cluster of three threonine residues at the amino-ter-
minal domain has been Implicated in the regulation of
NKCC1/2by L lular chloride, cell vol
and WNK/STE-20 kinases. Nothing is known, hnwever, about
INCC regulatory mechanisms. By using rNCC heterologous
erpresnon in Xenopus laevis oocytes, here we show that two

d intracellular chloride-depleting strategies in-
c.reased NCC activity by 3-fold. The effect of both strategies
was synergistic and d depend Confocal microscopy of

h d green fl p tagged tNCC showed no
changes in rNCC cell surface exp whereas i bl
analysis, using the R5-anti-NKCC1-phosphoantibody, revealed
increased phosphorylation of rNCC amino-terminal domain
threonine residues Thr™ and Thr®, Elimination of these
threonines together with serine residne Ser”! complele.ly pre-

vented INCC resp to intracellular chloride d We
condude that INCC is ncuvated by a mechanism that involves
ook d hosphorylation.
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The renal Na*:C]™ cotransporter (NCC* or TSC, gene sym-
bol SLCI2A3, locus identification number 6559} that is
expressed at the apical membrane of the mammalian distal con-
voluted tubule represents the major salt transport pathway in
this segment of the nephron {1-4). Its essential role in preserv-
ing the extracellular fluid volume and blood pressure has been
established by the identification of inactivating mutations of
the SLC12A3 gene as the cause of Gitelman's disease {5, 6), an
inherited disorder featuring arterial hypotension, renal salt
wasting, hypokalemic metabolic alkalosis, hypocalciuria, and
hypomagnesemia. In addition, a defect in NCC regulation by
serine/threonine kinases WNK1 and WNK4 has been impli-
cated in the pathogenesis of a salt-dependent form of human
hypertension known as pseudohypoaldosteronism type II
{PHALL) (7, 8), which features marked sensitivity to hydrochlo-
rothiazide and a clinical picture that is a mirror image of Gitel-
man’s disease (9). NCC is the pharmacological target of thia-
zide-type diuretics that are currently recomimended by the
Joint National Committee V1 for the detection, evaluation, and
treatment of high blood pressure as the first line treatment of
arterial hypertension either as the unique drug or in combina-
tion with other antihypertensive agents (10). Despite the
importance of NCC for cardiovascular and renal physiology,
pharmacology, and pathophysiology, litlle is known about the
mechanisms by which NCC activity is regulated.

NCC belongs to the superfamily of electroneutral cation-
coupled chloride cotransporters (SLC12) from which seven
members have been identified at both the functional and
molecular level NCC, together with twa isoforms of the Na”:
K':2Cl™ cotransporter, NKCC1 and NKCC2, compose the
sodium-driven branch (NKCCs), and four isoforms of the
K™:Cl™ couansporter compose the potassium-driven branch
(KCCs). Because these cotransporters are involved in the regu-
lation of cell volume and/or in clamping the intracellular chlo-
ride concentration [C17],, it has been proposed that their activ-
ity is regulated by changes in cell volume and/or [CI™]; by
means of phosphorylation/dephosphorylation pathways (for

‘The abbreviatians used are: NCC, Na* 'Cl‘ cotransporter; WNK, with no

Vasco de Quuoga No. 15, Tlalpan 14000, Mexico City, Mexico. Tel.: 5255-
5313-3868; Faxc 5255-5655-0382; E-mail: gamba@biomedicas.unam.mx or
gamba@quetzal.innszmx.
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i ium; PHAIL, pseud type 1l; NKCC, sodi-
um(po\ass-um)—chlonde cotransponter; KCC, potassium-chloride cotrans-
porter; fNCG, rat thiazide-sensitive sodium-chloride cotransporter; EGFP,
enhanced green fluorescent protein.
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review, see Refs. 11-15). Several Jines of evidence suggest that
phosphorylation activates NKCCs and inhibits KCCs cotrans-
porters, whereas dephosphorylation inhibits NKCCs and acti-
vates KCCs ¢ porters. For cell shrinkage, low
intracellular chloride concentration, and protein phosphatase
inhibitors activate NKCC1. Studies in this last cotransporter
led to the identification of three amino-terminal threonine res-
idues that become phosphorylated under such stimulatory con-
ditions (16, 17). These threonine residues participate also in the
stimulation of NKCC1 and NKCC2 by serine/threonine kinase
WNK3 (18, 19) or WNKI-WNKA4/STE20 kinases pathways
(20, 21) as well as NKCC2 by vasopressin in thick ascending
limb cells (22). Little is known, however, about NCC regulation.
We have shown that NCC is partially inhibited by cefi swelling
(23} or WNK4 (7) and is remarkably activated by WNK3 (19),
suggesting that, like NKCC) and NKCC2, NCC could be regu-
lated by cell volume, {C17], or WNK kinases, at least in part
through phosphorylatlon of the conserved amino-terminal

d Here we show that rNCC activity
and amino- termmal domain phosphorylation is mcreased by

5.0 mm HEPES, pH 7.4, 170 mosm/kg H,0) with the same drugs
and tracer *Na*, Thus, *Na* uptake in oocytes injected with
water, INCC cRNA alone, INCC + KCC2 ¢RNA, or any INCC
mutant with or without KCC2 cRNA was assessed under both
regular isotonic and Cl™-free hypotonic protocols. Tracer
activity was determined for each oacyte dissolved in 10% SDS
by B-scintillation counting.

Western Blotting—Western blot was used to compare the
amount of NCC protein in cRNA-injected oocytes exposed
to the intracellular chioride depletion maneuvers described
above. Immuncblots were performed using a rabbit polyclonal
anti-NCC antibody kindly provided by Mark Kunepper,
National Institutes of Health, (27) following our previously
published protocol (28). In brief, groups of 15 oocytes exposed
to each were homogenized in 4 pl/oocyte af homog-
enization buffer, centrifuged twice at 100 X g for 10 minat4"C,
and supernatant was recollected. QOocyte protein (equivalent to
oneoocyte per lane) was heated in sample buffer containing 6%
SDS, 15% glyceral, 0.3% bromphenol blue, 150 mm Tris, pH 7.6,
and 2% B-mercaptoethanol, resolved by SDS-PAGE (7.5%).

P

[CI™], depletion strategies. (NCC acnvanoms pletely pre-
vented when the amino-terminal domai ine resid

P ins were transferred to a polyvinylidene difluoride

The®® and The®® and serine residue Ser”* are eliminated, sug-
gesting that these amino acid residues are absolutely required
for such regulation.

EXPERIMENTAL PROCEDURES

Clones and Mutagenesis—We used the rat NCC and human
KCC2 cDNAs that we cloned previously from rat kidney and
human brain, respectively (24, 25}. All site directed mutations
were mtmduced by using the QuikChange site directed

brane and exposed overnight at 4 °C to the rabbit poly-
clonal anti-NCC antibody diluted 1:1500 in blocking buffer,
TTBS (2.24 g/liter Tris-base, 8 g/liter NaCl, 0.1% Tween, pH
7.6) 0.2%. Membranes were washed and incubated with
horseradish peroxidase-conjugated secondary (anti-rabbit)
antibody (Alpha Diagnostic Intl.) diluted 1:2000 in blocking
buffer and washed again. Bands were detected by using ECL
plus Western blotting detection system (Amersham
Biosciences).
Assessment of the rNCC Expression at the Qocytes Plasma

mul m (Str ) A ic DNA ing
was used to confirm all mutations. All primers used for
mutagenesis were custom made (Sigma).

Assessment of the Na ' :CI~ Cotransporter Function—tNCC
activity was assessed by functional expression in Xenopus laevis
oocytes following our protocols published previously (23, 26).
Qocytes injected with water or INCC cRNA (10 ng/oocyte)
were exposed to two different conditions that promote 2
decrease in the [C17] dlow CI™ hypotonic stress and/or coinjec-
tion with the K*:CI™ cotransporter KCC2 cRNA (10 ng/oo-
cyte). After injection, oocytes were maintained during 4 days in
isotonic ND96 (96 m NaCl, 2 mm KCl, 1.8 mm CaCl,, 1.0 muq
MgCl,, and 5.0 mm HEPES/Tris, pH 7.4). The night before the
uptake assay, oocytes were incubated in two different osmolar
conditions: isotonic (ND96, ~210 mosm/kg H,O) or low CI™
hypotonic stress (79 mm Na* isethi 2mm K*-gl e,
1.8 mm Ca** gluconate, 1.0 mm Mg?*-gluconate, 5 M HEPES,
~170 mosm/kg HyO, pH 7.4). Then, tracer *Na* uptake
(PerkinElmer Life Sciences) was assessed in oocytes exposed to
isotonicity using our usual isotonic uptake solution (40 mm
NaCl, 56 mM N-methyl-b-glucamine-chloride, 1.8 mm CaCl,,
10 mi MgCly, 5.0 mu HEPES, pH 7.4, 210 mosw/kg H,0)

1 mm ouabain, 0.1 mm amiloride, and 0.1 mm
bumetanide plus 2 uCi of Na™ per ml. In contrast, uptake in

Memb Surface expression of wild type or mutant NCC
(see below) was determined with confocal microscopy by
assessing the surface fluorescence in Xenopus oocytes using an
amino terminus enhanced green fuorescent protein (EGFP)-
NCC [usion construct that we have validated previously (7, 19,
28-~30). In this construcl, the EGFP was fused in frame to the
amino-terminal domain of NCC. Xenapus oocytes were micro-
injected with water as control or with EGFP-wild type-rNCC or
EGFP-mutant-rNCC cRNA. Four days later, oocytes were
monitored for EGFP {luorescence in the surface ol the oocytes
using a Zeiss laser scanning confocal microscope (objective lens
%10, Nikon). Excitation and emission wavelengths used to
visualize EGFP fluorescence were 488 and 515~565 nm, respec-
tively. For densi ry analysis, the pl brane fluo-
rescence was quantified by determining the pixel intensity
around the entire oocytes circumference using SigmaScan Pro
image analysis soltware. Western blot was performed in pro-
teins extracted from the EGFP-NCC-injected oocytes following
the procedures described above.

NCC Phospho-antibody Studies—We used the previously
characterized R5 antibody (17) that was raised to detect phos-
phorylation of residues Thr*'? and Thr®!? in human NKCC1
(shark Thr'* and Thr'®"), a generous gift from B. Forbush, Yale
University. R5-antibody is also useful to detect phosphorylation

oocytes exposed to low CI™ hypotonic stress was dina
similar hypotonic uptake medium (40 mm NaCl, 38 mu

N-methyl-p-glucamine-chloride, 1.8 mum CaCl,, 1.0 mm MgCl,,

28756 JOURNAL OF BIOLOGICAL CHEMISTRY

g residues Thr*” and Thr'® in rabbit NKCC2
(31). Through sequence comparison and mutation analysis (see
Fig. 3 in “Results and Discussion”), we found that for INCC to

of corr
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be recognizable by the R5 antibody at least tyrosine at position
56 in rat NCC must be converted to the histidine found in
NKCCs. Therefore, using custom primers we constructed an
tNCC single mutant Y56H-NCC or a quadruple mutant L49Y-
YS56H-159M-V6IA, this latter containing all significant differ-
ences between NCC and NKCC2. For functional analysis
oocytes injected with appropriate cCRNA constructs were incu-
bated in the same experimental solutions and for the same time
as those described above. At the end of the incubation period, 4
oocytes per group were homogenized in 100 ul of jce-cold anti~
phosphatase solution (150 mm NaCl, 30 mm NaF, 50 mm
EDTA, 15 mm Na,HPO, 15 mm pyrophosphate, 20 mm
HEPES, pH 7.2) with 1% Triten X-100 and a protease inhibitor
mixture. Then, homogenate was cleared by centrifugation, and
supernatants were subjected to Western blotting. The equiva-
lent to 6 ul of lysate was loaded per lane. The analysis was
repeated four times, and functionat expression was assessed in
parallel for each experiment.

To test for the specificity of R5 antibody signal with NCC
samples, we carried out alkaline phosphatase treatment of
oocyte homogenates. Briefly, after 16-h incubation in ND96 or
Ci™-free solutions, cocytes were lysed in AlkPhos solution (50
mu Tris, pH 8.0, 1 mm EDTA, 100 ma NaCl, 2 mm MgCl,, 1%
Triton, 0.2% SDS) to which protease inhibitors and calyculin A
were added to avoid protein degradation and PP1-mediated
dephosphorylation. Then, homogenates were split in two, and 5
units of phosphatase alkaline were added to one of the samples.
Homogenates were incubated for 1 hat 37 “C. The dephospho-
rylation reaction was terminated by adding the same volume of
2x sample buffer. 12 p] of this salution were loaded per lane and
was subjected to SDS-PAGE electrophoresis and Western blot-
ting with R5 antibody.

In Vitro cRNA Translation—To prepare cRNA for microin-
jection, each of the wild-type or mutant cDNA. was digested at
the 3" end using Notl or Nhel from New England Biolabs
(Carlsbad, CA}, and cRNA was transcribed in vitro using the
T7 RNA polymerase mMESSAGE mMACHINE™ (Ambion)
transcription system. cRNA product integrity was confirmed
on agarose gels, and concentration was determined by absorb-
ance reading at 260 nm {DU 640, Beckman Coulter, Fullerton,
CA}. cRNA was stored frozen in aliquots at —80 “C until used.

Data Analysis—All results presented are based in a mini-
mum of three different experiments with at least 10 oocytes per
group in each experiment. Statistical significance is defined as
two-tailed, with » < 0.05, and the results are presented as
mean * S.E. The significance of the differences between groups
was tested by one-way analysis of variance with multiple com-
parisons using Bonferroni’s correction.

RESULTS AND DISCUSSION

NCC Activity Is Increased by Intracellular Chloride Depleti
Maneuvers—Because the regulatory mechanisms controlling
electroneutral cotransporters in their native tissues and in
transfected cells seem to operate in response to intracellular
chloride concentration or to correct changes in intracellular
chloride concentration (11), the present study tested such
mechanisms of regulation for NCC. We used two different
experimental strategies to induce a depletion of [C17};. The first

SEPTEMBER 29, 2006+ VOLUME 281 -NUMBER 39
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FIGURE 1. Effect of | pratocols upon INCC
activity. X. laevis oocytes were injected with water or 0.2 ug/pi of INCCCRNA
alone of together with 0.2 pa/ul of KCC2 cANA, as stated. After 4 days of
incubation in regular ND96, oocytes were incubated for 16 hin either regular
NDS6 (210 mosw/kg H,0) ar a Ci™-free hyp i diurn (170 ]
H,0), as stated. In the next day #2Na* uptake was assessed in the absence
{open bars) o¢ presence (closed bars) of 100 s metolazone in uptake media
containing 46 mm NaCl with simifar osmolanty to which oocytes were
exposed the night before (see “Experimental Procedures®). This figure shows
combined results from five different experimerits with the mean = 5.E of 50
cocytes for each group. ¥, significantly different from the uptake observed in
the control group of rNCC-injected oocytes incubated in ND96. **, signifi-
cantly different from each strategy aione.

Hlorid:

protocol was to compare the activity of INCC in X. laevis
oocytes injected with INCC cRNA alone or together with of
K*:Cl™ cotransporter KCC2 cRNA. We chose KCC2 because it
is the K*:Cl™ cotransporter isoform that is significantly active
in isotonic conditions when expressed in X, laevis cocytes (11,
25), thus maintaining a continuous K ' :C1™ efflux over the incu-
bation days before the uptake assays were performed. A similar
approach was used in HEK-293 cells by Gillen and Forbush (32}
that analyzed the regulation of NKCC1 activity by intracellular
chloride depletion induced by cotransfecting the cells with
KCC1.Thesecond protocol was the “low CI™ hypotonic stress”
in which INCC-injected oocytes were incubated in a C1™-free,
slightly hypotonic medium (170 mosm/kg H,0) for several
hours before the uptake assay. Low CI™ hypotonic stress is
known to induce a decrease in [C17), in several cells {16, 17),
including oocyles from Rana pipens (33). In addition, low CI™
hypotonic stress in X. laevis oocytes induces the opening of C1~
channels that promote C1 ™ efflux (34).

Fig. 1 depicts the effect of each protocol separately, or
together, upon tracer **Na* uptake in H;O- or INCC-injected
ococytes. As we have shown previously (1, 23, 30), 22Na* uptake
in water-injected ootytes was very small and not thiazide sen-
sitive, indicating that X. laevis oocytes do not express endoge-
nous activity of a Na*:Cl™ cotransporter. As shown in Fig. I,
the minimum uptake observed in water-injected oocytes was
not affected by KCC2 cRNA injection or by low C1~ hypotonic
stress. *Na™ uptake in INCC-injected oocytes incubated over-
night in regular ND96 was 2840 * 154 pmol cocyte™ h™'. In
contrast, *Na' uptake in oocytes coinjected with rNCC and
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FIGURE 2. Dose-dependent effect of HKCC2 ¢RNA upon NCC activity In
vocytes. Thiazide sensitive Na* uptake in oacytesinjected with rNGC cRNA

exposed to regular isatonic conditions {closed circles) or to low G~ hypotonic
stress {open circles) the night before uptake d were

has only been demonstrated so far for NKCC1 and NKCC2 (17,
22, 35). By using RS antibody, a phospho-antibody that recog-
nizes the phosphorylation of two amino-terminal domain thre-
onine residues in NKCC1 (human sequence, The*'?, The?'%;
shark, The'®, Thr'®®) (17), it has been shown that activation of
NKCC) by fow CI™ hypotonic stress, cell shrinkage, or coex-
pression with the WNK3 kinase is associated with phosphoryl-
ation of these conserved threonine residues (17-19, 36, 37). RS
antibody recognizes phosphorylation of NKCC1 across species
(shark wersus human) or isoforms (NKCC1 and NKCC2 {17,
22)) despite small amino acid divergences within the sequence
used to raise the antibody (see alignment in Fig. 34 in which the
16 amine acid residues from human NKCC) that were used to
raise the R5-phosphoantibody (17) are indicated). In the close
relative NCC, the two phosphoacceptor residues correspand-
ing to Thr™® and Thr® in INCC are conserved. Because NCC
retams the potential phosphoacceptor sites in this region of the

Oocytes were coinjected with increased concentration of KCC2 cANA as
stated. The figure shows combined results from three different experiments.
*, p < 005 versus corresponding group not coinjected with KCC2 cRNA

KCC2 cRNA and that were incubated in similar isotonic con-
ditions was 11,757 £ 514 pmol cacyte™ h™! (p < 0.001). In
oocytes that were injected with INCC alone but were exposed

mind id it was speculated previously that NCC
could alsa be regulated by phosphorylation of these threonines
(16, 22). As shown in Fig. 3B, however, the R5-phosphoanti-
body is not readily able to detect the wild-type INCC under any
experimenta} conditions either because these threonines are

- not phesphorylated in rNCC or because the epitope for R5 is

h

to low C1™ hypotonic stress, 2*Na* uptake was 12,449 * 974
pmol oocyte™ h™* (p < 0.001). Combination of both experi-
mental protocols resulted in synergistic effect because **Na’
uptake in INCC + KCC2 cRNA-injected cocytes incubated
overnight in the C1”-free hypotonic medium was 16,469 * 669
pmol oocyte™ h™! (p < 0.001). As shown in Fig. 2, in oocytes
incubated in isotonic conditions or exposed to fow CI~ hypo-
tonic stress, the effect of KCC2 ¢cRNA coinjection upon rNCC
activity was dose-dependent. Increased t of KCC2cRNA
injected was associated with increased activity of rNCC.
Oocytes exposed to low CI™ hypotonic stress exhibited higher
basal activity and reached the platean phase at lower KCC2
cRNA concentrations. Thus, promoting intracellular chloride
depletion by two different strategies resuited in increased
*2Na* uptake by the renal Na*:Cl~ cotransporter. The in-
creased uptake could be caused by the augmented driving force
by the intracellular chloride depletion. Alternatively, as has
been shown ta occur with NKCC1, NCC can also be regulated
by chloride-sensitive mechanisms. Therefore, we analyzed
whether the intracellular chloride depletion maneuvers
modulate the phosphorylation status of the conserved NCC
amino-terminal domain threonines that in NKCC1 have
been shown to be involved in its regulation by intraceliular
chioride (16).

Effect of Intracellular Chloride Depletion Protocols upon
rNCC Phesphorylation—Data with kinase/phosphatase phat-
macological inhibitors suggest that members of the SLCI24
family of cotransporters are regulated by phosphorylation/
dephosphorylation pathways. Phosphorylation induced by celf
shrinkage, low intracellular CI™, and protein phosphatase
inhibitors stimulates NKCCs and inhibits KCCs, whereas de-
phosphorylation induced by cell swelling, high intracellular
CI™, and protein phosphatases stimulates KCCs and inhibits

NKCCs (11, 13, 14, 33, 34). However, direct phosphorylation

28758 JOURNAL OF BIOLOGICAL CHEMISTRY

sol altered, reducing its affinity for the antibody. This
fatter explanation is favored by the fact that in some instances
we can observe a very faint band in wild-type NCC under low
chioride conditions. Thus, we analyzed the sequeace diver-
gence among NKCCs and NCC (Fig. 34) and introduced muta-
tions in NCC accordingly to render it recognizable by RS anti-
body. We found (Fig. 3B) that this can be accomplished by
simply replacing tyrosine Tyr™ by histidine (fNCC-Y56H in
Fig. 34}, which is the major nonconservative change between
NKCCsand NCC in the R5-16-amino acid residues peptide. RS
recognizes a band of 120 kDa corresponding to NCC only inthe
protein bearing the Y56H substitution, which is not observed in
samples from wild-type NCC injected oocytes. More impor-
tantly, incubating the oocytes in CI™-free sofution overnight or
coinjecting YS6H-NCC with KCC2, conditions that remarka-
ble increased transport activity (Figs. 1 and 2), caused a parallel
stimulation of RS signal in samples from YS56H-injected
oocytes, We also made a quadruple mutant bearing all substi-
tutions corresponding to sequence differences between NCC
and NKCC2 (Rat NCC-4M in Fig. 3A: L49Y-Y56H-159M-~
V61A). As shown in Fig. 3B, the quadruple mutant INCC-4 M
was also detected by RS-antibady, and the signal was increased
after exposing oocytes to intracellular chlorlde depletion
maneuvers. To answer the question of whether increased signal
in oocytes exposed to C1™ hypotonic stress or coinjected with
KCC2 was caused by increased amount of NCC protein,
extracts from oocytes were analyzed by Western blot with poly-
clonal anti-NCC antisera. As shown in Fig. 3C, no difference in
the amount of NCC was observed in proteins extracted from
NCC-injected oocytes in control conditions when compared
with those either exposed to CI™ hyp ic stress or coinj

with KCC2 or both. in addition, to answer the question of
whether what we observed with RS antibody is actual phospho-
rylation of NCC, we treated the oocyte lysates with alkaline
phosphatase. As shown in Fig. 3D, the RS signal disappeared or
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AIRCC-4M cRNA 310.2 g/ using the R5-ph

edagainst the

extracted from X Ium oomes injected with water, wild-type INCC cRNA, the mutant TNCC-Y56H ¢RNA, or the mutant

18-residue phosphorylated peptide of NKCCY shown in A. The band correspond-

ive Western biot of proteins extracted from rNCC-injected oocytes using polycionat

d fromx laevis ococytes injected with water, wild-type rNCC cRNA, of the

ing to phosphorylated NCC Is shown as ph “"C. Ga P

anti-NCC antibady (27). D, ¥ analysis of

muzammcc-«mmmaong/mumgmas hosphoantibody. The b
§ rnncuulvx

d in control conditions or after exposing prateins to

dis showninthe upperpaqe! The corresponding Coomass:e Blueimage is showninthe

and either

lowerpanel For |mmunoblots in 8, C, and D, proteins were extracted

cytes in controt

d to low chloride hypotonic stress or

coinjected with KCC2 cANA or subjected to both maneuvers together, Similar resuits were observed in five different experiments.

was greatly reduced after this treatment. As shown in Fig. 4,
functional expression analysis revealed that single substitution
of the tyrosine 56 for histidine (NCC-Y56H) or the quadruple
substitution (rNCC-4M) did not affect either the basal activily
of tNCC or its activation by the coinjection with KCC2 or low
Ci™ hypotonic stress.

Our results in the present study show that activity of tNCCin
basal conditions Is assoclated with phosphorylation of the ami-
no-terminal domai residues Thr®® and Thr®®. The
phosphorylation level was significantly increased by intracellu-
lar chloride depletion gies that simul yusly increased
the cotransporter activity. These observations suggest that
increased uptake by NCC is not only a consequence of the aug-
mented driving force by the intracellular chloride depletion.
Supporting this conclusion, we have observed that protein
phosphatase inhibition is coupled with increased activity of
rNCC. Incubation of INCC-injected X. laevis oocytes with the
protein phosphatase 1 and 2A inhibitor calyculin A (100 nm)
resulted in significant increase in ENCC-mediated **Na'

1Ne
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uptake from a value of 3961 * 209 pmol cocyte™ h™! in the
1NCC control group in the absence of calyculin A to a value of
5888 * 310 pmo) cocyte™ h™" in its presence (1 = 45; p <
0.001). Taken together, our results demonstrate that, as for
NKCCs, the aclivity of NCC correlates with phosphorylation of
NH,-terminus threonine residues at position 53 and 58.

Effect of Intracellular Chloride Depl Protocols upon
rNCC Surface Expression—Increased activity of INCC by coin-
jection of KCC2 or fow CI™ hypotonic stress could be caused by
the activation of cotransporter units that are already In the
plasma membrane or by an increase in the amount of trans-
porter units that reach the pl b To analyze these
possibilities, we assessed in X. fzevis oocytes the surface expres-
sion of the EGFP-INCC construct that we have validated pre-
viously {29). We have shown that EGFP-rNCC fluorescence in
the oocytes surface co-localizes with the F-404 specific plasma
membrane dye and that oocytes injected with EGFP-rNCC
exhibit significant thiazide sensitive ?Na™ uptake, indicating
the EGFP-NCC fluorescence is located in the plasma mem-
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FIGURE 5. Effect of Huk Is upon EGFP-
¥NCC surface expresslon. Qocytes were mjecxedwith water of 25 ng of wild~
type EGFP-1NCC cRNA with or withaut mnglcocyteofxcu CRNA, Fourdays
{ater ootytes were incubated overnight in either isotonic ND96 or Q™ -free
hypotonic medium. The next day, the surface fluorescence of the oocytes was
visualized through a laset Kanning mnlaca! mscmscope, and activity was
assessed by tracerNa™ uptak y under fro-
ceduus.' Ashows i focall feachgroup, as stated. 8,

Y is P das mean = SE of 30 oocytes from three
different i d ta {open bors) or hypommcxty
[closed bars) ‘with or without coinjection with KCC2 cRNA, as stated. €, ¥*Na~
uptake was assessed in the absence (open bars} or presence lelosed bars) of
100 um in the uptake medium. Each bar the mean £
S.E of 30 oocytes from three different experiments. *, Stgmﬁ(anﬂy different
from: the uptake observed in the EGFPNCC control group.

4000

£

3a* Uptake (pmolloocytelh)
- »N
g 8

]
-]

H0 NCC TSIA TS5A STTA TSOA TS3A T4BA TSIA
STIA TSSA 57th TS8A
STIA
FIGURE 6, Etfect of elimination of Thr™?, Thr*®, and/or Ser™ of riNCC upon
the sNCC basal lum:\bn.”Na uptake in cocytes m}enedwxﬁ\mld-\ypew
mutant iNCC, as stated, in the ab {open bars) or {clased bars) of
100 s metolazone. Each bar shows the mean = S.€, of 25-40 oocytes from
three to five different experiments, %, significantly different from the uptake
observed in wild type tNCC p < 0.01.

neither functional in basal conditions nor activated by the
intracellular C1~ depletion strategies. In contrast, as long as
one of the three phosphorylation sites is present, INCC

Regulation of INCC by Chloride and Phosphorylation

15000

H,0 NCC T53A T38A ST1A T33A T52A TS8A THMA
S7MA TSBA STIA TS8A
ST

F)Gcl.éRE 7. Eﬁl‘to’ elimination of Thr” Thr" andfor Ser”? of sNCC upan

byt bors

represent **Na* uptake in control cocytes, e.g oacytes injected with INCC

€RNA or mutant tNCC cRNA and incubated the night before the uptake assay

in Isowmc N096 Black bau represent NCC or mutant NCC cRNA-Injected

dtolow (1™ h injected with KCC2 cRNA.

A srgmﬂam)y different from the uptake abserved In the corsesponding con-

wol. Each bar represents at least the mean * S.£. of 20 cocytes from three
different frogs.

could be non-functional in basal conditions but still be acti-
vated by intracellular chloride depletion.

Effect of Replacing Thr™, Thr™, and Ser’® upon EGEP-rNCC
Surface and Functional Expression—B iimination of
the three phosphorylation sites in the amino-terminal
domain alone or in combination resulted in a significant
reduction of the cotransporter basal activity, we wanted to
know the effect of these mutations upon surface expression
of the cotransporter. Thus we introduced the triple mutation
T53-T58-S71A into the EGFP-tNCC cDNA. X. laevis oocytes
were injected with 25 ng of each clone cRNA, and 4 days later
the surface fluorescence intensity was assessed under confocal
microscopy. Then, the same oocytes were used for functional
analysis by assessing the thiazide sensitive 2*Na* uptake. As
shown in Fig. 8, the surface expression of the triple mutant
EGFP-rNCC was similar to wild-type EGFP-rNCC, whereas the
functional expression was completely abolished. As a positive
control, in the same experiment a group of cocytes was injected
with 25 ng of cRNA transcribed from the EGFP-rNCC double
mutant N404,424Q, in which both N-glycosylation sites of
EGFP-rNCC were eliminated. As we have reported previously
(29}, elimination of the N-glycosylation sites resulted in a
cotransporter in which the surface expression, and thus its
activity, is seriously reduced. The observation that elimina-
tion of phosphorylation sites resulted in reduction of the
cotransporter activity without affecting the surface expres-
sion is consistent with the results in Fig. 5 in which activation
of INCC by intracellular chloride depletion was not associ-
ated with surface expression changes. Taken together, the
results of the present study show for the first time that the
renal Na™:Cl™ cotransporter is regulated by intracellular chlo-
ride concentration through phosphorylation of the amino-termi-
nal domain and that the mechanism seems to be caused by an
increased turnover rate of the cotransporter rather than by an
increase in its expression in the plasma membrane.

In the present study we used the heterologous expression
system in X. Jaevis aocytes to assess the regulation of NCC by
intracellular chloride depletion. This expression system has
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in Fig. 3 (17, 46). In addition, recent
studies have shown that electroneu-
tral cation chloride cotransporters
are regulated also through phos-
phorylation of the amino-terminal
domain by members of two serine/
threonine kinase families known as
WNK and STE20 (18-20, 47, 48).
First it was shown that STE-20-re-
lated kinases such as SPAK or OSR1
* mediate functional activation of
NKCC1 (47, 49) by a process in
which phosphorylation of the ami-

w00, C
JE
5 5 200
=)
P4
z 2 1000
* “&
L1
HO  HCC TSIA H404Q
TSRA NA24Q
A

FIGURE 8. Effect of elimination of pllosphoryhuon sites in the amino-terminal domain of EGFP-rNCC
confacal image of each group, as stated. &, fluo-
rescence intensity is exptessed 3smean * S E. of 20 oocytes from two different expetiments. C, functional
expression assessed by 2Na’ uptake assay in the absence {open bars) or presence lclosed bars) of 1006 um
metolazone, Qocytes were Injected with the wild-type or mutani EGFP-rNCC cRNA as stated. Functionat
performed with the same ooCytes that were used for fluotescence analysis in 8. The
EGFP-N404.424Q rNCC mutant, in which the two N-glycosylation sites have been eliminated, was used as
contro) and was described previously (29). *, significantly different from wild-type EGFP-rNCC.

upon surface and

expression assays were

shown to be an excellent tool for a robust and reproducible
expressiorn of NCC in our hands (1, 7, 19, 23, 24, 29, 35) and in
other laboratories (8, 36 -38). In contrast, NCC expression in
transfected mammalian cells has not been successful in many
laboratories, including our own. In this regard, however, the
prediction conducted using X. laevis oocytes by two different
groups {7, 8) indicating that WINK4 down-regulates the surface
expression (and thus activity) of NCC has recently been con-
firmed by assessing surface expression of NCC in renal epithe-
Iial cells transfected with NCC and WINK4 cDNA (39).
Because of the gradient of accompanying cation, the Na' -
couple chloride cotransporters NKCCs mediate CI™ influx,
whereas K"-coupled chleride cotransporters KCCs mediate
CI~ efflux. Because intracellular concentration of Na* and K*
are quickly restored by Na*:K*:ATPase, what the activity of
electroneutral cation chloride cotransporters seems to modu-
late is the [Ci™},. For instance, in most cells, [C1™],, and thus cell
volume, is maintained by coordinated activity of NKCC1 and
KCCL. It has been demonstrated in duck red blood cells that
activity of these cotransporters is regulated by {C17},in such a
way that low {Cl7), activates NKCC1 and inhibits KCC1,
whereas high [C17]; activates KCC1 and inactivates NKCCt
(40, 41). In neurons, intracellular chloride concentration is
defined by the ratio of NKCC1/KCC2, and these in turn define
the type of respanse to neurotransmitters such as y-aminobu-
tyric acid that acts by opening C1™ channels in postsynaptic
membranes. The excitatory effect of y-aminobutyricacid in the
prenatal period is caused by an increased NKCC1/KCC2 ratio,
which results in increased [CI7}, whereas the inhibitory effect
of y-aminobutyric acid in the postnatal period can be explained
by decreased NKCC1/KCC2 ratio that results in decreased
[CI7], (42-45). It has been clearly shown that modulation of
NKCC1 by [CI7}; is mediated, at least in past, by phosphoryla-
tion of the amino-terminal domain threonine residues shown

28762 JOURNAL OF BIOLOGICAL CHEMISTRY

no-terminal domain threonine resi-
dues is implicated. Later, Vitari etal,
(20) observed that WNKI1 and
WNK4 seem to activate SPAK and
OSR1, which in turns phosphoryla-
ted the amino-terminal domain of
NKCC1. At the functional leve),
Gagnon et al. (48) also showed
that WINK4 is able to increase the
activity of NKCC1 only in the
presence of SPAK or OSR1.
Distorted modutation of NCC activity by WNK1 and WNK4
is implicated in the pathophysiology of arterial hypertension in
patients with PHAII (7, 8). WNK4 inhibits the activity of NCC,
and the PHAIl-type mutations prevent this inhibition, thus
releasing NCC, which by its increasing activity produces arte-
rial hypertension. This hypothesis can explain the exquisite
sensitivity to thiazide-type diuretics in PHAIl patients (9).
WNK1 seems to produce PHAll by its ability to regulate WNK4
activity (8, 50, 51). We have recently shown that WNK3,
another member of the WNK family, is a powerful activator of
NCC as well as NKCC1 and NKCC2 (18, 19). The activation of
NKCC1 and NKCC2 induced by WNK3 is also associated with
increased phosphorylation of the amino-terminal domain thre-
onine residues shown in Fig. 3 (18, 19). In the present study we
show that NCC activity is modulated by [Cl ], and that phos-
phorylation of the amino-terminal d
Thr* and Thr™, and probably Ser™, is u'nplxcated, suggesting
that modulation of NKCCs by [C17]; and WNKs could be medi-
ated by a common pathway. Supporting this possibility, it has
been suggested that activity of WNK kinases is modulated by
intracellular chloride. Xu et «l. (52) identified WNKI at the
molecular level and observed that its activity was remarkably
increased in the presence of NaCL Then, Lenertz et ak (51)
showed that WNK1 is activated by NaCl and other osmotic
challenges in a variety of cell lines, including distal convoluted
kidney tubule cells, although it is not affected by short or long
exposure to several hormones and by agents that modulate cell
proliferation, suggesting that the major regulator of WNK
kinases is cell ion strength, volume, and/or intracellular ion
concentrations. In this regard, Moriguchi et ak (21) have
recently shown in HEK-293 cells that both WNK1 and SPAK/
OSR1 kinases activity is increased when cells were exposed to
fow Ci™ hypotonic stress, suggesting that WNK1 behaves as an
activator of SPAK/OSR1 in response to a decrease in the [C17);.
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Supporting the observations in the present study, Mosiguchi ez
al. (21} also observed in HEK-293 cells transfected with
T7-tagged mouse NCC that the amino-terminal domain of
NCC can be phosphorylated in vitro by the WNKL/SPAK/
QSR1 pathway and that the phosphorylation leve] increases
when cells are incubated under low C1™ hypotonic stress and
decreases when the residues Thr™, The®8, and Ser”™” are elimi-
nated. Thus, taking all these observations together it is reason-
able to speculate that [CI™], probably regulates WNKs and
STE20 kinase activity that in turn modulates electroneutral
cotransporters function.

In summary, we present evidence that INCC can be activated
by intraceliufar chioride depletion strategies such as co-expres-
sion with the K™:C1~ cotransporter KCC2 and/or exposure to
low CI™ hypotonic stress. The fNCC activation is associated
with inereased phosphorylation of the threonine residues 53
and 58 at the amino-terminal domain without changing the
surface of the cf ter. In addition, substitut-
ing The™®, Thr™, and Ser”! residues with alani ders INCC
inactive in basal conditions and insensitive to intracellufar chio-
ride depletion, indicating that in addition to Thr®*, Thr*, the
serine at the position 71 is also critical for INCC regulation.
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