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RESUMEN
 
El cotransportador de Na+:Cl- sensible a tiazidas (CST), es una proteína de membrana que 
constituye la principal vía de reabsorción de sal en el túbulo distal de la nefrona. El CST es el 
sitio de acción de los diuréticos tipo tiazida, fármacos ampliamente utilizados en la práctica 
clínica por su utilidad en el tratamiento de la hipertensión arterial. Mutaciones inactivantes sobre 
el gen del CST ocasionan el síndrome de Gitelman, una enfermedad autosómica recesiva 
caracterizada clínicamente por hipotensión arterial, hipocalemia, alcalosis metabólica e 
hipocalciuria.  
 
Trabajos previos en donde se analizaron las características funcionales del CST de rata (CSTr) 
y del CST del pez lenguado de invierno (CSTfl), reportaron diferencias importantes desde el 
punto de vista cinético, farmacológico y de regulación. Análisis cinéticos mostraron que el CSTr 
y el CSTfl presentan diferente afinidad por los iones que transportan, así como distinto perfil de 
inhibición por tiazidas y respuesta ante la osmolaridad extracelular. El CSTr y el CSTfl guardan 
un porcentaje de homología de ~ 60%.  

En este trabajo estudiamos proteínas quiméricas entre el CSTr y el CSTfl, con la finalidad de 
encontrar dominios estructurales involucrados en el transporte de Na+ y Cl-, así como dominios 
involucrados en la afinidad por tiazidas. Simultáneamente analizamos el papel de la N-
glucosilación sobre las propiedades funcionales del CSTfl, ya que previamente fue reportado, 
que la ausencia de este evento, determina la expresión del CSTr sobre la superficie celular, así 
como la afinidad del transportador por las tiazidas. Sumado a estos resultados, reportamos 
aminoácidos específicos involucrados en la regulación de la expresión y/o función del CST.  

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

En un segundo paso, construimos proteínas quiméricas entre el CSTr y el CSTfl. La 
nomenclatura para las quimeras generadas, constó de cinco letras, en donde cada letra 
corresponde a uno de los 5 fragmentos en los que se dividió la proteína. Estos son: NH2 (1), 
TM1-7 (2), asa conectora TM7-8 (3), TM8-12 (4) y región COOH- (5); siendo utilizadas las letras 
R o F para determinar si el fragmento pertenecía al CSTr o al CSTfl. Fueron construidas 18 
proteínas quiméricas. Se realizaron análisis cinéticos para el transporte de Na+, Cl- 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 CSTfl tuvieron un comportamiento cinético similar al del transportador 
nativo. Por ejemplo, en la quimera FRRRR se observó una Km para el transporte de Na+ de 8.1 
± 1.1 mM; mientras que la quimera RRFRR presentó un Km para el transporte del mismo ión 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 únicamente se intercambiaron los segmentos TM 1-7 y TM 
8-12 (RFRRR, FRFFF, RRRFR y FFFRF), de las cuales FRFFF no mostró actividad. Los 
análisis 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 IC50 para metolazona observado en las quimeras RFRRR y FFFRF (0.4 ± 0.002 y 0.6 ± 0.006 
µM respectivamente) fue similar al de CSTr nativo (0.3 ± 0.005 µM) y diferente al que fue 
observado en CSTfl (12.5 ± 1.8 µM). Mientras que el IC50 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 análisis 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 presentaron los transportadores nativos: CSTfl Km de 30 ± 6.0 
mM y CSTr 5.5 ± 1.0 mM. 
Las cinéticas de transporte para Cl-, 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 mostró 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 Cl- está 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 nucleótidos individuales 
(SNPs) en el CST. El SNP G264A esta localizado en la cuarta región TM del transportador; a 
diferencia de otros SNPs reportados, la sustitución del residuo glicina por un residuo alanina, se 
lleva a cabo en un aminoácido altamente conservado en todos los miembros de la familia 
SLC12.  
Los análisis cinéticos para la afinidad por el transporte de Cl-, mostraron que el SNP G264A 
incrementa drásticamente la Km para este ión cuando se compara con el CST nativo -(Km 0.89 
± 0.2 vs 6.3 ± 1.1 mM). Este polimorfismo no afectó la afinidad para Na+ ni la afinidad por 
tiazidas. Sumado a esto, en la región 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 aminoácidos por residuos con características estructurales similares mostraron, que 
cuando se sustituye la asparagina 258 por un residuo de glutamina, el CST aumenta 
significativamente la afinidad por el Cl- (3.2 ± 0.7 mM ) en comparación 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 Cl- en el CST está determinada por los dominios TM 1-7, en 
donde la región TM-4 juega un papel importante. 

Así mismo realizamos un estudio de mutaciones tipo Gitelman (G627V, R935Q, V995M, G610S 
y A585V; ninguna interfiere en la glucosilación de la proteína), que nos permitió detectar 
aminoácidos puntuales involucrados en el tráfico del CST a la membrana celular. Análisis 
funcional en ovocitos de X.laevis, mostró que las 5 mutaciones son capaces de disminuir 
significativamente la función del CST. A través de microscopia confocal se pudo establecer que 
la baja en la función del CST, esta asociada con menor expresión de la proteína sobre la 
superficie celular. Con este estudio se pudo observar que no solo es necesaria la adecuada 
glucosilación del CST sino la presencia de aminoácidos específicos que permiten la llegada del 
transportador a la membrana celular para su adecuada función. 

Finalmente reportamos aminoácidos puntuales involucrados en la fosforilación del CST y por lo 
tanto su regulación.   



II. INTRODUCCIÓN
 
 
El riñón juega un papel esencial en el mantenimiento del volumen y de la 

composición del líquido corporal.1 Estas funciones las realiza por la combinación 

de los mecanismos de filtración glomerular y de reabsorción tubular. El primer 

mecanismo depende de la integridad anatómica del glomérulo y de la presión de 

perfusión renal. La función tubular por su parte, es un proceso mas activo, con 

alto consumo de energía, 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 túbulos renales, que permiten que 

diariamente el epitelio tubular reabsorba 180 litros de agua y 1.3 Kg de cloruro 

de sodio así como otras moléculas y excrete diariamente de 1-2 litros de agua 

con pequeñas cantidades de sal (50-130 meq). De esta manera se evita la 

perdida de nutrimentos importantes para el organismo como glucosa, 

aminoácidos y proteínas.2,3

El mecanismo general por el cual los túbulos reabsorben el NaCl del filtrado 

glomerular es el siguiente: 

• En el epitelio de los túbulos renales, la bomba sodio-potasio se expresa 

en forma polarizada en la membrana basolateral de las células, 

• esto genera la formación de un gradiente electroquímico, que permite el 

transporte vectorial de sodio, de la luz tubular hacia el intersticio renal; 

• en la membrana apical el sodio puede transportarse por difusión facilitada 

a través de canales conductivos, lo cual sucede en la parte final de la 

nefrona (túbulo 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 proteínas que realizan esta última función se les conoce como 

cotransportadores secundarios. Existen varios tipos de transportadores 

secundarios y su distribución en la membrana apical del epitelio de la nefrona, 

es la que determina, al menos en parte, las funciones particulares de cada 
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segmento tubular. Además de este mecanismo general, existen proteínas 

transportadoras para iones específicos, entre ellos Ca2+, Mg2+, HCO3- y K+.4

 

A. MECANISMOS DE REABSORCION DE SAL EN EL TÚBULO RENAL 
 
TÚBULO RENAL 
El túbulo renal está formado por un epitelio simple, en donde las sustancias que 

se reabsorben deben atravesar a las células por vía transcelular o por vía 

paracelular.  

En la reabsorción transcelular, las sustancias atraviesan dos membranas 

diferentes, primero la apical o luminal, que es la membrana que ve hacia la luz 

del túbulo y después la membrana basolateral, que ve hacia el intersticio renal. 

En la reabsorción paracelular, los iones o moléculas deben atravesar sólo el sitio 

de unión paracelular, para encontrarse en el intersticio renal. 

El túbulo renal tiene la capacidad de reabsorber agua y diferentes solutos de 

forma heterogénea, debido a que está formado por diferentes tipos de células. 

La organización y localización de éstas, divide al túbulo renal en varias 

porciones que presentan morfología y funciones diferentes. 

Para fines prácticos el túbulo renal se divide en cuatro partes: 1) túbulo 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) 

túbulo distal y 4) túbulo colector.5

Diversas proteínas para el transporte NaCl han sido identificadas en los 

diferentes segmentos tubulares. A continuación se describen algunos 

mecanismos de reabsorción de sal en la nefrona. 
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TÚBULO 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 aminoácidos. 

El epitelio del túbulo proximal tiene una enorme capacidad de reabsorción, 

debido a varios factores, entre los que destacan: sus células grandes que 

poseen un número importante de mitocondrias y en consecuencia hay gran 

producción 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 absorción.4

La intensa reabsorción en este segmento del túbulo renal, se debe también a la 

abundante expresión de la Na+-K+-ATPasa en la membrana basolateral de las 

células, lo cual genera el gradiente de concentración para el transporte de Na+, 

que 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 

túbulo proximal.6,7,8 En la primera mitad del túbulo, la mayor parte de Na+ se 

reabsorbe junto con glucosa, aminoácidos, fosfato y lactato, por medio de los 

cotransportadores de Na+:glucosa, Na+:aminoácidos, Na+:Pi y Na+:lactato.9                           

En la segunda mitad del túbulo, prácticamente ha desaparecido la glucosa y los 

aminoácidos. Por lo tanto, la reabsorción de Na+ se realiza junto con Cl-, por 

mecanismos que incluyen la operación simultánea del intercambiador de Na+-H+ 

y del cotransportador de Cl-HCO3. 

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 Cl-HCO3- intercambia iones Cl- por HCO3-. El Cl- es llevado de la 

luz, hacia el interior de la célula, mientras que el HCO3- es transportado del 

interior hacia la luz tubular. El HCO3- al combinarse con el H+ forma ácido 

carbónico que es deshidratado a CO2 por medio de la enzima anhidrasa 

carbónica. 10

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 función del 

asa es crítica para diluir o concentrar la orina, ya que la reabsorción de sal en la 

porción 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.1  

Como ya se mencionó el transporte de NaCl se lleva a cabo en el asa 

ascendente gruesa, a través del cotransportador Na+:K+:2Cl- sensible a 

bumetanida (CSB1 o NKCC2). 39   

El CSB1 introduce iones Na+ a la célula, que posteriormente son sacados a 

través de la Na+-K+-ATPasa, mientras que Cl- introducido a la célula por CSB1 es 

llevado al insterticio renal por canales localizados en la membrana basolateral 

denominados CIC-Kb.13 El K+ que ingresa a la célula junto con el Na+ y Cl-, es 

reciclado hacia la membrana luminar a través de los canales de potasio 
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conocidos como ROMK, produciendo un voltaje luminar positivo que favorece la 

reabsorción de Na+ por vía paracelular.11,12,14

Se han identificado dos genes distintos para el cotransportador Na+:K+:2Cl-, el 

CSB1/NKCC2 que codifica para una proteína específica del riñón, y 

CSB2/NKCC1, el cual se expresa en la membrana basolateral en diferentes 

tipos celulares incluyendo el riñón mamífero.37,19 

 
 
TÚBULO DISTAL 
  
El túbulo distal es la región comprendida entre la mácula densa y el conducto 

colector; en este segmento se reabsorbe del 5 al 7% del filtrado glomerular.15

Este segmento tubular está formado por un epitelio cuboidal alto homogéneo, 

con membrana plasmática basolateral extensa, intercalada con mitocondrias 

arregladas verticalmente, un núcleo en posición apical y microproyecciones de la 

membrana plasmática apical abundantes. 17

En el túbulo distal el transporte de NaCl se lleva a cabo por dos mecanismos: 

por transporte electroneutro de NaCl y por transporte electrogénico de Na+; este 

último se observa predominante en la porción final del túbulo y se debe a la 

presencia de canales de sodio sensibles a amilorida.16

El transporte electroneutro esta dado por el cotransportador de Na+:Cl- (CST) 

que es el sitio de acción de los diuréticos tipo tiazida  (metolazona, politiazida, 

bendroflumetiazida, triclorometiazida y clortalidona) y constituye la principal vía 

de reabsorción de sal en este segmento de la nefrona.15 

 

TÚBULO COLECTOR 
 
En este segmento se reabsorbe alrededor del 3% del filtrado glomerular. En el 

túbulo colector se reabsorben iones, moléculas o agua antes de drenar a la orina 

final.   

Anatómicamente el túbulo colector es muy parecido al túbulo distal; ambos están 

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 
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secretan iones potasio. Las células intercaladas reabsorben iones potasio y 

secretan iones hidrógeno 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. FISIOLOGÍA MOLECULAR DE LAS CÉLULAS DEL TÚBULO DISTAL 
     EL COTRANSPORTADOR DE SODIO-CLORO SENSIBLE A TIAZIDAS (CST). 
 

Como se menciono, el CST constituye la principal vía de reabsorción de NaCl en 

el túbulo distal de la nefrona. Se localiza en la membrana apical de las células 

en donde transporta sodio y cloro al interior con una estequiometría 1:1.  

En la figura 2, se puede observar la fisiología molecular de las células del túbulo 

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 Cl- que ingresa a la célula 

acoplado al Na+, sale por canales de Cl- situados en la membrana basolateral 

hacia el intersticio renal. El K+ que fue intercambiado por Na+ vía la 

Na+:K+ATPasa, es secretado hacia la luz tubular por canales conductivos 

específicos.15

La función de este transportador puede ser inhibida con diuréticos tipo tiazida; se 

ha observado que cuando esto sucede, la reabsorción de Ca2+ aumenta 

significativamente.26  Hasta el momento no se ha determinado con precisión el 

mecanismo por el cual la reabsorción de Ca2+ se ve favorecida. Friedman y 

col.27, han sugerido que las tiazidas bloquean la entrada de Na+ y Cl- en la 

membrana apical; ante esto, el Na+ continúa saliendo en forma activa vía la 

Na+:K+-ATPasa en la membrana basolateral, lo que resulta en hiperpolarización 

de la célula tubular distal, que tiene como consecuencia la apertura de canales 

catiónicos en la membrana apical, de los cuales los más abundantes son los de 

Ca2+. De esta forma, los diuréticos tiazida, producen aumento en la reabsorción 

de Ca2+, con disminución en su excreción urinaria, siendo este el fundamento 

clínico por el cual las tiazidas son utilizadas en el tratamiento de la osteoporosis. 
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Los pacientes tratados con tiazidas, muestran un efecto benéfico en su masa 

ósea. 28 La tiazidas han sido fármacos utilizados desde 1957, en el tratamiento 

del edema, la insuficiencia renal y hepática entre otras enfermedades. Pero sin 

duda, el mayor beneficio que ha traído el uso de estos compuestos, ha sido en el 

tratamiento de la hipertensión arterial.  

En el 2003 la Asociación Médica Americana, publicó un algoritmo que se debe 

seguir para el tratamiento del paciente hipertenso. Esta asociación señala que 

ante un paciente con hipertensión arterial se debe modificar su estilo de vida, en 

donde una dieta adecuada y el ejercicio continuo son parte del tratamiento. Pero 

cuando la presión arterial no mejora, es decir el paciente mantiene cifras de 

presión arterial mayores a 140/90 mm Hg o tiene enfermedad renal crónica o 

diabetes, entonces se debe comenzar el tratamiento farmacológico. Ante una 

hipertensión arterial sin complicaciones, el fármaco de primera elección es un 

diurético tipo tiazida. Si la presión arterial no mejora, el tratamiento de elección 

es la combinación de fármacos, 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 fármaco es una potente herramienta para el tratamiento de distintas 

enfermedades.34 
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Figura 2. Fisiología del transporte de Na+  en el túbulo distal. 
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REGULACIÓN DE LA REABSORCIÓN DE NaCl EN EL TÚBULO 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 túbulo distal. Sin embargo, 

existen múltiples mecanismos involucrados en el control de la reabsorción de sal 

y/o en la abundancia del CST. Como se mencionó anteriormente, en el túbulo 

distal se reabsorbe el 5% del filtrado glomerular y los primeros estudios 

sugirieron que tanto la carga tubular de sal, así como la tasa del flujo que llegan 

a éste, controlan directamente la reabsorción de sodio en este punto de la 

nefrona. 112 También se ha observado que la furosemida (inhibidor del transporte 

de NaCl en el asa de Henle) 98 y el aumento de Na+ en la dieta 15  incrementan la 

carga de NaCl e inducen hipertrofia e hiperplasia del túbulo distal, con 

proliferación de la membrana basolateral, aumento en el volumen de las 

mitocondrias, 96 así como en la actividad de la Na+:K+-ATPasa basolateral 95 y en 

el número de receptores para tiazida en la membrana apical, 94  lo que 

incrementa la capacidad de reabsorción de Na+. 99 

 
EFECTO HORMONAL SOBRE LA REGULACIÓN LA REABSORCIÓN DE NaCl EN EL 
TUBULO DISTAL. 

Diversos estudios han demostrado la participación de distintas hormonas en la 

regulación de la reabsorción de NaCl en el túbulo distal; brevemente 

describiremos algunos de ellos. 

Es conocido que la hormona aldosterona regula la excreción de Na+ del 

organismo al incrementar la reabsorción de este ión. En un principio se describió 

que el sitio de acción para aldosterona eran los canales de sodio sensibles a 

amilorida en el conducto colector. Sin embargo ahora conocemos la 

participación de la aldosterona sobre la regulación de la reabsorción de Na+ en 

el túbulo distal. Trabajos de Chen y col. 93 demostraron que la adrenalectomía en 

ratas disminuye la densidad del CST y observaron un incremento en la unión a 

[3H]metolazona en homogenados de riñón después de aplicar aldosterona 

exógena. En 1996 Velázquez y col.89 observaron que la baja actividad en el 

transporte electroneutro de sodio, medida in vivo en el túbulo distal de ratas 

adrenalectomizadas, puede ser recuperada a niveles normales e incluso 
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incrementada con la administración de aldosterona y/o altas dosis de 

glucorticoides. En 1998 Kim y col.25 demostraron con estudios de inmunoblot e 

inmunohistoquímica, que el aumento en las concentraciones séricas de 

mineralocorticoides y la dieta baja en sal, aumentan la expresión 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 11β-hidroxiesteroidea en el túbulo contorneado 

distal de rata, conejo y humano, 88 necesarios para que las hormonas 

esteroideas pueden llevar a cabo su función.  

No solo se ha demostrado la presencia de receptores para mineralocorticoides 

en el túbulo distal, sino también se ha demostrado indirectamente la presencia 

de receptores para hormonas peptídicas como la calcitonina, la PTH y el 

isoproterenol. Trabajos de Blakely y col., 85 reportaron un aumento en la unión a 

[3H]metolazona en homogenados de riñón de ratas tratadas con calcitonina.  

Otra hormona involucrada en la reabsorción de Na+ a nivel tubular distal es la 

hormona Angiotensina II, la cual es un potente vasoconstrictor que juega un 

papel importante en la reabsorción de sodio y en la regulación de la presión 

sanguínea. Diversos trabajos han tratado de determinar el mecanismo por el 

cual la Angiotensina II regula la expresión del CST.  Desde 1997 se reportó la 

presencia de receptores de Angiotensina II (AT1) en la membrana apical de las 

células del túbulo distal, lo que hizo suponer que esta enzima estaba involucrada 

directamente en la regulación de Na+ a este nivel.82 Recientemente Sandberg y 

col. demostraron que Angiotensina II está involucrada en regular el tráfico del 

CST a la membrana apical de las células, provocando internalización del CST en 

vesículas subapicales. 55  

Como se puede apreciar, distintos factores están involucrados en la regulación 

de la función del CST, en los que podemos incluir eventos de 

fosforilación/defosforilación del transportador, mutaciones puntuales y 

polimorfismos de nucleótidos individuales (SNPs), estos factores serán 

discutidos más adelante. 
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C. IDENTIFICACION MOLECULAR  Y ESTUDIO DEL CST 
La identificación molecular del CST 29 fue posible por el descubrimiento de un 

sistema similar descrito en la vejiga urinaria del pez lenguado de invierno “Winter 

flounder”.20

En la década de los años 60´s, se observo que ciertos peces (teleósteos) tienen 

la capacidad de concentrar o diluir la orina en la vejiga urinaria 30,31 También se 

observó que este órgano en los peces, es embriológicamente una prolongación 

del mesonefro renal, por lo tanto las características epiteliales de la vejiga 

urinaria de estos peces, son similares a las características epiteliales del túbulo 

distal y del túbulo colector del riñón mamífero.32

Renfro 20,21 observó que en la vejiga urinaria del lenguado de invierno, la 

reabsorción de Na+ y Cl- mostraba interdependencia y que para llevarse a cabo, 

era necesaria la presencia de la Na+:K+-ATPasa en la membrana basolateral. 

Stokes y col. 22 demostraron que la reabsorción de Na+ en la vejiga urinaria de 

estos peces, era sensible a los diuréticos tipo tiazida. Kunau y col. 23 en 1975, 

fueron los primeros en sugerir que las tiazidas ejercen su efecto diurético 

inhibiendo la reabsorción de sal en el túbulo distal. Posteriormente, Ellison 15 

describió que la reabsorción de NaCl sensible a tiazidas se llevaba a cabo en la 

primera porción del túbulo distal. 

Beaumont y col. 24 en 1988, realizaron estudios de afinidad de metolazona, un 

diurético tipo tiazida marcado radioactivamente con tritio ([3H]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 correspondería al cotransportador de Na+:Cl-. La unión de 

[3H]metolazona puede ser alterada únicamente con otras tiazidas, y no con 

cualquier otro tipo de droga. 

En 1990 Tran y col. 33 observaron que al incrementar la concentración 

extracelular de sodio (50 mM en forma de Na2SO4) se aumentaba la afinidad de 

la metolazona tritiada 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 disminuía ~ 2.6 veces.  
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La figura 3 muestra el modelo propuesto de unión de iones y diuréticos. Este 

modelo propone que el CST cuenta con dos sitios de unión, uno que es selectivo 

para sodio y el otro capaz de reconocer al cloro y a la tiazida, originando 

competencia entre estos dos últimos por el sitio de unión. 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 Cl-, 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. 
 
 

 

 

 

 

 

 

 

 

 Figura 3.  Modelo de unión de iones y tiazidas al CST. 

 

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 expresión funcional en ovocitos de Xenopus laevis.  

Fue obtenido un ARNm de 3.7 kb, cuya secuenciación reveló un marco abierto 

de lectura de 3,069 pb, en la que se obtuvo una proteína de 1,023 

aminoácidos.29 

El análisis de hidropatía de esta secuencia mediante el método de Kyte and  

Doolitle 35, reveló un patrón hidrofóbico central, con doce posibles segmentos 

transmembrana (TM) y una larga asa extracelular entre los segmentos TM 7 y 8 

con sitios potenciales para N-glucosilación. Los segmentos TM están 
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flanqueados por dos asas de localización intracelular que corresponderían a los 

dominios aminoterminal (NH2) y carboxiterminal (COOH-) de la proteína, siendo 

mas largo el extremo COOH-, que esta compuesto aproximadamente de 450 

aminoácidos. La figura 4 muestra la topología propuesta para el CST.  
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 Figura 4. Topología básica del cotransportador de Na+:Cl- sensible a tiazidas. 

 

La identificación molecular del CSTfl dio la pauta para la identificación y 

aislamiento de otros transportadores de NaCl en diferentes especies animales, 

con metodologías basadas en la homología de secuencias. De esta manera 

Gamba y col. sintetizaron una sonda del CSTfl marcada con 32P del DNAc para 

analizar una genoteca de RNAc del riñón 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+:2Cl- sensible a bumetanida de la membrana apical de 

rata (CSBr).37 

La secuenciación del CSTr reveló una proteína similar a la del pez lenguado de 

invierno, con un segmento codificante de 3006 pb, que predice una proteína de 

1002 aminoácidos. El análisis de hidropatía de esta secuencia mediante el 

método de Kyte and  Doolitle 35, reveló un patrón semejante al del CSTfl.  

En 1996 se reportó la identificación molecular del CST de humano (CSTh) por 

dos grupos de investigadores. Mastroianni y col. 40 reportaron la clonación, 
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secuenciación y localización cromosómica del CST de humano (CSTh). El 

análisis de esta secuencia revelo una proteína de 1021 aminoácidos con un 

peso de de 112 kDa. La topología del CSTh fué similar a la descrita para el CSTr 

y el CSTfl. Análisis de FISH demostraron que el gen del CST se localiza en la 

región cromosómica 16q13, mientras que en la rata se localiza en el cromosoma 

2.  Simon y col. 41 identificaron la secuencia primaria del CSTh con la finalidad de 

establecer la relación que existe entre este gen y el Síndrome de Gitelman. 

Análisis de ligamiento y mutaciones puntuales revelaron que el CST está 

involucrado en una enfermedad conocida como Síndrome de Gitelman, que será 

descrita más adelante. 41, 43 

En 1998 Velazquez y col. clonaron al CST de la corteza renal de conejo. En ese 

mismo año, Schultheis y col. reportaron la secuencia del CST de ratón (CSTm); 

mediante análisis de alineación de secuencia mostraron que existe 92% de 

identidad entre el CSTh y el CSTm.39 

Mediante estudios de Northern blot se mostró que transcritos de RNAm del CST 

se localizaban en tejidos renales.37 Con hibridación in situ, utilizando una sonda 

del CST marcada radiactivamente con 35S-UTP, se mostró que el RNAm del 

CST se expresa predominantemente en el túbulo distal. La identificación 

molecular del CST ha permitido desarrollar estrategias metodológicas que han 

facilitado su estudio. En 1998 Knepper sintetizó y caracterizó anticuerpos 

policlonales de conejo que son capaces de reconocer al CST. El péptido 

sintetizado corresponde a 24 aminoácidos de la región aminoterminal de la 

proteína. Estudios de inmunoblot e inmunohistoquímica permitieron detectar y 

localizar al CST. 25  

Actualmente diversas técnicas de biología molecular permiten el estudio del 

CST, tal es el caso de la fusión de proteínas al CST (proteína verde-

fluorescente-EGFP) 78 que permiten detectar la expresión de la proteína en la 

superficie celular así como su cuantificación y la unión de epítopes al CST 

(FLAG) que permiten la detección 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-

catiónicos denominada SLC12 según la Human Genome Organization 

(HUGO).36 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 catión acoplado al transporte de cloro, mientras que 

los otros cuatro utilizan potasio como el único catión acoplado al cloro.  

La figura 5 muestra un árbol filogenético de los diferentes integrantes de la 

familia, así como el porcentaje de identidad que existe entre ellos.  

En el árbol 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 función de estas 

proteínas aún 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 aminoácidos; 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 número y el tipo de iones que transportan, su localización en la 

membrana (cara apical o basolateral), así como la sensibilidad a los diuréticos. 

Todos los miembros de la familia presentan sitios potenciales para N-

glucosilación y altos pesos moleculares en los análisis de Western blots, 

realizados con anticuerpos específicos para cada transportador, lo que sugiere 

que todos los transportadores son proteínas glucosiladas. 92-94 
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  Figura 5. Árbol  filogenético de la familia de cotransportadores cloro-catiónicos SLC12. 

 
 
D. CARACTERIZACIÓN FUNCIONAL DEL CST
La clonación del CST ha permitido determinar y estudiar las propiedades 

funcionales de este transportador. El sistema de expresión heterólogo 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 túbulo distal de 

riñones mamíferos.29,37,44,45 

La caracterización funcional del CST se inició con los estudios de Renfro y 

Stokes, 20-22 en los cuales se describió que el transporte de Na+ y Cl- es 

interdependiente e inhibido específicamente con diuréticos tipo tiazida. 

Hace algunos años, trabajos realizados en nuestro laboratorio por Monroy y col. 

permitieron determinar las propiedades funcionales del CST de rata (CSTr) 

mediante análisis funcional en ovocitos de X. laevis.44 Brevemente describiremos 

los resultados más relevantes de este estudio. 

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

transportador endógeno de Na-Cl sensible a tiazidas 29, 37 y como se puede 

apreciar en la figura 6, la inyección de ovocitos con el RNAc del CSTr 
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incrementó significativamente de la captación de Na+, la cuál fue dependiente de 

Cl- y sensible a las tiazidas.  

 

 

 
Figura 6. Expresión funcional del CSTr (RNAc) en ovocitos de X. laevis

Para determinar la cinética de transporte de iones, Monroy y col. realizaron 

experimentos en los cuáles se mantuvieron concentraciones fijas de Na+ o Cl- 

(40 mM), con modificaciones en las concentraciones del contra-ión (0 a 40 mM). 

La figura 7 muestra los análisis cinéticos de captación de Na+ en ovocitos 

inyectados con el RNAc del CSTr. En la gráfica A se muestra la dependencia de 

Na+ de la captación de 22Na+ y la gráfica B se muestra la dependencia de Cl- de 

la captación de 22Na+. La Km calculada para la concentración de Na+ extracelular 

fue de 7.29 ± 2.1 mM, mientras que la Km calculada para la concentración de Cl- 

extracelular fue de 6.48 ± 1.54 mM.   
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 Figura 7. Expresión funcional del CSTr (RNAc) en ovocitos de X. laevis

 

Con respecto a la función inhibitoria que desempeñan las tiazidas sobre el CSTr, 

se demostró que el transportador interrumpe su función ante los diferentes tipos 

de tiazidas (politiazida, metolazona, bendroflumetiazida, hidroclorotiazida, 

clortalidona y triclorometiazida) y que la función de éste no se ve afectada por la 

furosemida o la acetazolamina.  

Como se describió previamente, Tran y col. 33 observaron que la unión de [3H] 

metolazona a su receptor se inhibía al incrementar la concentración de Cl- 

extracelular y se estimulaba por el aumento en la concentración de Na+, 

sugiriendo que las tiazidas y el Cl- compiten por el sitio de unión. En el trabajo de 

Monroy y col. se evaluó el efecto de la concentración del Cl- extracelular sobre la 

cinética de inhibición de diferentes tiazidas; en estos experimentos se utilizaron 

concentraciones de 2 o 100 mM de Cl- extracelular. Los resultados de estos 

estudios se muestran en la figura 8, en donde  diferentes tipos de tiazidas 

desplazaron la curva de inhibición hacia la izquierda  en presencia de 

concentraciones bajas de Cl- extracelular, indicando que el Cl- afecta la unión de 

tiazidas al CSTr.  
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Figura 8. Cinéticas de inhibición del CSTr por diferentes tiazidas en presencia de • 100 mM ó ੦ 2 
mM de ClP-P extracelular. 
 

También fue evaluado el efecto de la concentración de Na+ extracelular sobre la 

inhibición del CSTr por metolazona; en estos experimentos utilizaron 

concentraciones de 2 o 100 

mM de Na+. La figura 9 

muestra que el IC50 de 

metolazona fue desplazado 

hacia la izquierda en 

presencia de concentraciones   

bajas de Na+. Con estos 

resultados demostraron que 

la concentración de Na+ 

extracelular tiene influencia 

Figura 9. Cinéticas de inhibición del CSTr por metolazona en presencia de • 100 mM ó ੦ 2 mM de 

NaP+P extracelular. 
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en la inhibición del CSTr por metolazona. 

Para determinar la influencia de los iones sobre la inhibición del CSTr por 

tiazidas, se midió el efecto que produce el incremento en la concentración 

extracelular de Na+ o Cl- sobre el efecto inhibitorio de metolazona a 

concentraciones de 5 X 10-7 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 correlación negativa entre la concentración de Na+ o Cl- extracelular con 

respecto al porcentaje de inhibición del CSTr.  

 
Figura 10. Correlación entre • Na+ ó ੦ ClP-P extracelular con respecto al % de inhibición del 

CSTr por metolazona ( 5 X 10 P-7P M) 
 

 

 

Con base en estos resultados los autores propusieron que la unión de los iones 

al transportador se realiza en forma aleatoria y que la afinidad que muestra el 

CSTr para Na+ o para Cl- depende de la concentración del contra-ión presente 

en el medio extracelular, mientras que la unión del diurético al CST se ve 

afectada por la concentración de iones Na+ y Cl- presentes en el medio 

extracelular. 

En el 2002 se reportó la caracterización funcional del CST del pez lenguado de 

invierno (CSTfl); este estudio fue realizado en nuestro laboratorio por Vázquez y 

col., 45 en el cuál también se describe un análisis detallado de las propiedades 

funcionales tanto del CSTfl como del CSTr; este estudio permitió establecer 
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características semejantes y diferencias importantes entre estos dos 

transportadores que a continuación se describen y se resumen en la tabla 1.  

Vázquez y col. realizaron análisis cinéticos para determinar el transporte de 

iones en CSTfl, los cuáles revelaron que este transportador tiene un Km para 

Na+ de 58.2 ± 7.1 mM y un Km para Cl- de 22.1 ± 4.2 mM. Como puede 

observarse, el CSTfl mostró menor afinidad por los iones que transporta, en 

comparación con el CSTr (Km para Na+ de 7.29 ± 2.1 y una Km para Cl- 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 Cl-.   

Con respecto a la inhibición que presenta el CSTfl ante las diferentes tiazidas, se 

observó un efecto inhibitorio bifásico en este transportador, es decir, bajas 

concentraciones del fármaco incrementaron la captación de Na+ (10-6 a 10-9M), 

mientras que altas concentraciones del fármaco (10-6 a 10-4M) reducen su 

función. Este efecto no se observó sobre el CSTr. Se piensa que este 

comportamiento inhibitorio, puede deberse a la activación de alguna vía de 

señalización que afecta únicamente al CSTfl. 46 Comparativamente, el CSTr y el 

CSTfl presentan distinta respuesta que ante los diuréticos tipo tiazida. 

Concentraciones de 10-4 M de clortalidona o triclorometiazida son suficientes 

para inhibir el 95% de la función del  CSTr, mientras que esta concentración de 

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

respectivamente). 

 

 

 

 

 

 

 

 Figura 11. Cinética de inhibición por metolazona en el CSTr y en el CSTfl. 
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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 

inhibición por metolazona en ambos transportadores. 

Una característica semejante observada en el CSTr y en el CSTfl, es que ambos 

son inhibidos con Hg2+. A mediados del siglo veinte el Hg2+ fue usado como un 

potente diurético en la medicina clínica, pero años mas tarde fue descontinuado 

por la toxicidad que originaba en los pacientes; aunado a esto se comenzaron a 

desarrollar nuevos fármacos con mayor eficacia y menor toxicidad.47 Es 

conocido que el sitio de acción del Hg2+, es el asa de Henle y en el túbulo distal, 

aunque no se ha determinado con precisión el mecanismo por el que actúa.48 El 

efecto inhibitorio del Hg2+ sobre el CST ya había sido observado por Wilkinson y 

col.49 en la vejiga urinaria del pez lenguado de invierno. Jacoby y col.50 también 

observaron efectos de inhibitorios del Hg2+ 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 función del CSTr disminuyó 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 función del transportador sin que ésta fuera afectada por la 

hipotonicidad o isotonicidad. 

 

 

 

 Na+ (mM) Cl- (mM) BFTZ IC50 (µM) HgCl2 Resp. A Tonicidad

CSTr 7.2± 2.1 6.4 ± 1.5 1 ↓↓ ↓ en 
hipotonicidad 

CSTfl 58.2 ± 7.1 22.1 ± 4.2 10 ↓ ↓ en 
hipertonicidad 

Tabla 1. Diferencias funcionales entre el CSTr y el CSTfl. 
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Ante estos hallazgos, Vázquez y col. analizaron la estructura primaria del CSTr y 

del CSTfl, en donde se observó que estos transportadores guardan un 62% de 

homología en su estructura primaria. En la figura 12, se puede observar el 

porcentaje de identidad que existe entre los distintos segmentos de la proteína 

en ambos transportadores. Las regiones TM muestran un 80% de homología, es 

decir son las regiones mas parecidas entre ellos. El porcentaje de identidad en la 

región NH2 y COOH- es menor, en el extremo NH2 presentan 20% de identidad 

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

Tres sitios potenciales para N-glucosilación se encontraron en la estructura del 

CSTfl, mientras que en el CSTr solo se observaron dos sitios. También fueron 

descritos distintos sitios potenciales para fosforilación vía proteína cinasa A o C 

en estas estructuras. En la figura 12 se pueden observar en círculo verde los 

sitios potenciales para fosforilación vía PKC que exclusivamente se presentan 

en la estructura del CSTfl, mientras que en círculo rojo los sitios que pueden ser 

activados por esta misma vía en el CSTr. Con símbolos de + y – en color verde y 

en color rojo se representaron aminoácidos con carga presentes únicamente en 

la estructura del CSTfl o del CSTr. 45 

En este trabajo los autores concluyeron que las diferencias funcionales, 

farmacológicas y de regulación encontradas entre el CST de rata y del pez, 

posiblemente se debían a cambios estructurales presentes en la secuencia de 

estos transportadores. 
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Figura 12. Diferencias estructurales entre el  CSTr y el CSTfl. 

 

E. RELACIÓN ESTRUCTURA FUNCIÓN EN LA FAMILIA DE 
TRANSPORTADORES CLORO-CATIÓNICOS 

La identificación molecular y la caracterización funcional de los transportadores 

cloro-catiónicos, han permitido la realización de estudios de relación estructura-

función, en donde el principal objetivo es encontrar dominios estructurales 

involucrados en determinar las propiedades funcionales de estos 

transportadores. A continuación se describen diferentes estudios de relación 

estructura-función realizados en algunos miembros esta familia. 

 
RELACIÓN ESTRUCTURA FUNCIÓN EN EL CSB2/NKCC1.

En el 2001 se publicaron los primeros estudios de relación estructura función en 

esta familia de transportadores cloro-catiónicos. Estos reportes fueron hechos 

por Insenring y Forbush en el cotransportador basolateral Na:K:2Cl (CSB2 o 

NKCC1).51  
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Desde la clonación del CSB2/NKCC1 de humano y de tiburón, se describieron 

diferencias importantes entre ellos. El CSB2/NKCC1 de humano presenta mayor 

afinidad a los iones que transporta en comparación con el CSB2/NKCC1 de 

tiburón, así como mayor inhibición por el diurético (bumetanida).52  

Al analizar la estructura primaria de estos transportadores se encontró que 

guardan un 74% de homología entre ellos.  

Con la construcción de proteínas quiméricas y la mutagénesis puntual como 

estrategias metodológicas, en un primer estudio los autores analizaron el papel 

que desempeñan la región NH2, TM y COOH- sobre las propiedades funcionales 

del transportador.  

Las construcciones quiméricas entre el CSB2/NKCC1 de humano y de tiburón, 

fueron posibles al introducir sitios de restricción silenciosos (no modifican la 

secuencia de aminoácidos), que les permitieron intercambiar regiones de la 

proteína.  

Como se puede observar en la figura 13, se obtuvieron seis quimeras, dos en las 

que únicamente se intercambió la región NH2, dos quimeras en las que se 

intercambió en extremo COOH- y dos en donde las regiones TM del 

CSB2/NKCC1 de humano estaban flanqueadas por las regiones NH2 y COOH- 

del CSB2/NKCC1 de tiburón y viceversa. Tanto los cDNAs de las quimeras 

como los de los transportadores nativos, fueron transfectados en células HEK 

para su estudio.51 En la figura 13 se pueden observar esquemáticamente, las 

construcciones quiméricas entre el CSB2/NKCC1 de humano y de tiburón. 

 

 
 

Figura 13. Quimeras obtenidas entre el CSB2/NKCC1 de humano y tiburón. 
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La figura 14 muestra las constantes de afinidad obtenidas para Na+, K+ y Cl- así 

como la inhibición 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 inhibición 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 región NH2, COOH- e incluso en ambas regiones, de la 

proteína contraria. En este estudio se demostró que las regiones TM están 

involucradas en la afinidad a iones y en la sensibilidad a la bumetanida en el 

CSB2/NKCC1. 51 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 14. Constantes de afinidad para Na+, K+, Cl- y bumetanida en el CSB2/NKCC1 y en las 
diferentes quimeras. 

En un siguiente estudio, estos mismos autores realizaron un análisis 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 

tiburón son idénticas. El análisis de la región TM2 reveló cambios estructurales 

entre estos transportadores. Por lo tanto, decidieron construir dos nuevas 

quimeras en las que se intercambio la región TM2 entre el CSB2/NKCC1 de 

humano y de tiburón, con la finalidad de evaluar el papel que desempeña esta 

región sobre las propiedades del CSB2/NKCC1. Los análisis funcionales en 
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células HEK mostraron cambios de afinidad para Na+ y K+ sin encontrar cambios 

en la afinidad a Cl-, sugiriendo que esta región esta involucrada con el transporte 

de los cationes.53 

Con la quimera formada por la región TM2 del tiburón en el CSB2/NKCC1 de 

humano, se observo una constante de afinidad a bumetanida semejante a la 

observada en el CSB2/NKCC1 de tiburón, lo que sugirió que la bumetanida se 

une a la región TM2 y que posiblemente lo realice en un sitio diferente al Cl- 

Un nuevo análisis estructural fue realizado sobre la región TM2. Como se puede 

observar en la figura 15, la región TM2 de CSB2/NKCC1 de humano y de 

tiburón, muestra 4 aminoácidos diferentes entre estos transportadores.  

Los aminoácidos Alanina (A), Leucina (L), Glicina (G) y Treonina (T) presentes 

en la secuencia del CSB2/NKCC1 de tiburón fueron sustituidos por los 

aminoácidos Serina (S), Valina (V) y Metionina (M) del CSB2/NKCC1 de 

humano. Los análisis cinéticos realizados para evaluar el papel que 

desempeñan estos residuos, mostraron que los aminoácidos A y L de la región 

TM2 del CSB2/NKCC1 de tiburón y los aminoácidos S y V de la región TM2 de 

CSB2/NKCC1 de humano son los que están involucrados en el transporte de 

Na+, mientras que los residuos G y T del CSB2/NKCC1 de tiburón y las 2 

Metioninas del CSB2/NKCC1 de humano están involucrados en el transporte de 

K+. 53 

 
 
 

Figura15. Aminoácidos de la región TM2 en CSB2/NKCC1 de humano y tiburón. 

En estudios posteriores de este mismo grupo de investigación, se reportaron las 

construcciones de otras proteínas quiméricas entre el CSB2/NKCC1 de humano 

y de tiburón. 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 

región TM7, estas mostraron cambios en la constante de afinidad para Na+, K+ y 

Cl- con valores intermedios entre el CSB2/NKCC1 de humano y de tiburón.  

Simultáneamente realizaron un análisis estructural entre las regiones TM4 y TM5 

de estos transportadores. Se encontraron algunos aminoácidos diferentes entre 

ambas secuencias, los cuales fueron intercambiados a través de mutagénesis 

puntual. Estos aminoácidos no mostraron cambios en las constantes de afinidad 

para de Na+, K+ y Cl-  

En resumen, los autores determinaron diferentes regiones TM involucradas en la 

translocación de iones en el CSB2/NKCC1. 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 Cl-. Se consideró que el diurético se une 

al transportador en la región TM2. En la figura 16 se muestran 

esquemáticamente estos resultados.54 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figura 16. Representación esquemática de las regiones TM del CSB2/NKCC1 involucradas 
en el transporte de Na+, K+ y Cl-. 
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RELACIÓN ESTRUCTURA FUNCIÓN EN EL CSB1/NKCC2. 

Estudios de relación estructura-función también han sido realizados en la 

isoforma apical del cotransportador Na+:K+:2Cl- (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. 56 mostraron cambios en la cinética de transporte para iones y 

sensibilidad al diurético en estas tres proteínas. Los análisis de las propiedades 

funcionales se realizaron en ovocitos de X. laevis, mediante la captación de 
86Rb+ dependiente de bumetanida. En estos estudios se observó 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 expresión de las tres isoformas en la membrana plasmática de 

los ovocitos fue similar, la captación de 86 Rb+ fue significativamente mayor en la 

isoforma A, lo cuál sugiere que esta proteína tienen una mayor capacidad de 

transporte. La isoforma B mostró alta afinidad por los iones pero baja capacidad 

de transporte, mientras que la isoforma F mostró ser un cotransportador de baja 

afinidad y baja capacidad de transporte. Por otro lado la isoforma B mostró 

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 región TM2 y para el asa que conecta 

a las regiones TM2-TM3.57 

Los análisis estructurales realizados sobre las isoformas A, B y F revelaron 

cambios mínimos en la secuencia de los aminoácidos que forman la región 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 aminoácidos diferentes en las tres secuencias. En color naranja, se marcan 

a los aminoácidos únicos en la isoforma A; en color azul, se marcan a los 
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residuos únicos en la isoforma B y en color verde, se marcan a los residuos 

exclusivos de la isoforma F.57 

 

 

 

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

Gagnon y col. reportaron la construcción de proteínas 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 región TM2 de la 

isoforma A y con la región conectora TM2-3 de la isoforma F, mientras que la 

quimera F/A fue construida con los segmentos contrarios a los de la quimera A/F  

Los análisis 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 Cl-, la quimera F/A mostró una Km similar a la de la 

isoforma A, mientras que la quimera A/F mostró 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 59 reportaron residuos específicos de la 

región TM2 involucrados en la translocación de iones Cl- en el CSB1/NKCC2. A 

través de mutagénesis puntual, sustituyeron los diferentes aminoácidos de la 

isoforma B por los aminoácidos de la isoforma F; igualmente fueron sustituidos 

las aminoácidos diferentes de la isoforma B por los aminoácidos de la isoforma 

A. Los análisis cinéticos realizados para las diferentes sustituciones revelaron 
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que las Treoninas 240 y 249 de la isoforma B, localizadas en la TM2, son de 

gran importancia para el transporte de Cl-. Como se puede observar estos 

resultados difieren a los observados por Gagnon y col. 58 quienes propusieron 

que eran los residuos del asa conectora TM2-3 los que estaban involucrados en 

el transporte de este ión. 

Tovar–Palacio y col.60 realizaron estudios de relación estructura función entre 

dos miembros de la familia de transportadores cloro-catiónicos, el CSB1/NKCC2 

y el CST. Con la construcción de proteínas quiméricas entre el CSB1/NKCC2 y 

el CST ( ver figura 19) , así como la realización de diversos análisis cinéticos en 

ovocitos de Xenopus laevis, mostraron que las regiones TM de CSB1/NKCC2 

presentan un comportamiento similar al del CSB1/NKCC2 nativo, así como 

sensibilidad a la bumetanida y resistencia al diurético tiazida, con lo que 

demostró que son las regiones TM las involucradas en el transporte de iones y 

en la sensibilidad al diurético en el CSB1/NKCC2. 

 

 
RELACIÓN ESTRUCTURA FUNCIÓN EN EL CST 
Pocos estudios de relación estructura-función se han realizado sobre el CST; 

algunos de estos están basados en determinar únicamente el papel que juegan 

aminoácidos específicos. A continuación se describen algunos trabajos de 

investigación donde el principal objetivo fue determinar el efecto de algunos 

residuos sobre la función de este transportador. 

 

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

Como ya se mencionó anteriormente, se ha considerado que todos los 

miembros de la familia de transportadores cloro-catiónicos se encuentran 

glucosilados ya que en la secuencia de estos, se presentan sitios potenciales 

para N-glucosilación; además, diversos análisis de Western blots realizados con 
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anticuerpos específicos para cada transportador revelan pesos moleculares altos 

en estas proteínas. 92-94 

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-

glucosilación en su estructura primaria. Se ha considerado de gran interés 

evaluar el papel que juegan los aminoácidos involucrados en este evento ya que 

podrían determinar algunas de las propiedades funcionales del transportador.  

Previamente, se reportaron dos sitios potenciales para N-glucosilación 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. 45  

La N-glucosilación se describe como un evento co-transduccional, en el cuál 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 específica (Asn-Xaa-Ser/Thr,Xaa≠Pro). 77  

En un estudio realizado en nuestro laboratorio por Hoover y col.78 se reportó el 

efecto de la glucosilación sobre las propiedades funcionales del CSTr. Se realizó 

un análisis estructural detallado sobre la secuencia de este transportador, 

encontrando seis sitios consenso para N-Glucosilación, pero solo dos de ellos 

susceptibles de glucosilación in vivo. Los sitios de glucosilación en el CSTr 

reportados fueron: N404 y N424. Estos sitios están localizados en el asa 

extracelular que une a la región TM7 a la TM8.  

Mediante mutagénesis puntual, los aminoácidos Asparagina fueron sustituidos 

por residuos de Glutamina en cada una de las secuencias consenso, con el 

objetivo de prevenir la glucosilación. Se obtuvieron tres proteínas mutadas 

N404Q, N424Q y una proteína con los dos sitios mutados, la N404-424Q.  

A través de ensayos de expresión de proteínas en ovocitos de X. laevis,  se 

encontró que la función del CSTr disminuyo hasta un 50% cuando se elimino 

alguno de los dos sitios, mientras que la función disminuyo hasta un 95% en 

ausencia de los dos sitios. La afinidad por Na+ y Cl- no se vio afectada, sin 
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embargo, se encontró una tendencia hacia velocidades máximas menores para 

ambos iones entre el CSTr nativo y las mutantes de glucosilación. En cuanto a la 

sensibilidad a tiazidas, las mutantes de glucosilación aumentaron la afinidad del 

CSTr por el diurético (CSTr (2x10-6 M), N404 (7X10-7 M), N424 (9X10-8 M) y 

N404-424 (1X10-8 M)). La expresión sobre la superficie celular fue cuantificada a 

través de microscopía confocal, la proteína verde fluorescente (EGFP) fue unida 

al CSTr y a las tres mutantes. El análisis reveló que la ausencia de la 

glucosilación disminuye la expresión del CST sobre la superficie celular.  

Estos estudios demostraron que la eliminación de los sitios de glucosilación, 

previenen este evento, ocasionando disminución en la expresión del CSTr sobre 

la superficie celular y aumentando su sensibilidad por el diurético. 

El efecto de la glucosilación solo ha sido estudiado en el CSTr. No se conocen 

los efectos de este evento sobre la función en otros miembros de la familia, por 

lo que no ha sido posible determinar si estos residuos están involucrados sobre 

la función del transportador. 

 

G. EFECTO DE MUTACIONES-GITELMAN SOBRE LA FUNCION DEL CST 
En los últimos años se han descrito diversas mutaciones en el gen que codifica 

para el CST; cuando éstas suceden producen una enfermedad conocida como 

Síndrome de Gitelman (SG). 

El SG es un trastorno autosómico recesivo, descrito por primera vez en 1966 por 

Gitelman, Graham y Welt, 61 que se caracteriza clínicamente por hipotensión 

arterial, hipocalemia, alcalosis metabólica e hipocalciuria y que se presenta 

usualmente en la segunda década de la vida.41, 62, 63 

Más de 100 mutaciones que 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.18,62-74 Mas del 70% son 

mutaciones sin sentido (en las que se sustituye una base por otra) o no 

codificantes (estas introducen un codon de paro produciéndose una proteína 

truncada). Este tipo de mutaciones suelen ocurrir en aminoácidos conservados. 
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Aproximadamente el 10% de las mutaciones en este gen, corresponden a 

pequeñas deleciones y menos del 7%, ocurren en sitios de empalme de la 

proteína en donde suceden inserciones o deleciones de codones. 

Algunas mutaciones-Gitelman dan como resultado un bloqueo total de la función 

del CST;39,75 en este caso, el papel que juegan los aminoácidos mutados sobre 

la función del transportador no puede ser evaluado, ya que se ha observado que 

las proteínas 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 39 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.39 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 proteínas mutadas, encontrando que estas se sintetizaban 

adecuadamente pero no se glucosilaban, lo que eliminaba su expresión sobre la 

superficie celular. Estos estudios hacen sentido con los trabajos de Hoover y 

col.78 que se describieron anteriormente, en donde se demostró que la 

eliminación de la glucosilación disminuye la expresión del CST de la superficie 

celular. 

De Jong y col.76 estudiaron el efecto de cuatro mutaciones sin sentido 

reportadas en pacientes con SG, encontraron que estas proteínas no presentan 

anomalías en su glucosilación. Con análisis inmunocitoquímicos detectaron la 

presencia de las proteínas mutadas tanto en el citoplasma como en la 

membrana plasmática. Los autores no estudiaron las propiedades funcionales 

de éstas mutantes, por lo que no se precisó si el efecto que causaban era 

debido a su inapropiada inserción en la membrana plasmática 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 relación estructura-función en el CST, ya que algunos de 
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los residuos mutados podrían estar involucrados sobre las propiedades 

funcionales de este transportador. 

 

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

En el 2004, trabajos realizados en nuestro laboratorio por Tovar–Palacio y col.60 

reportaron la construcción de proteínas quiméricas entre el CST y el 

CSB1/NKCC2; estos transportadores guardan un 52% de homología. Como se 

puede observar en la figura 18, distintos porcentajes de identidad fueron 

observados entre los diferentes segmentos de la proteína. >85% de homología 

mostraron las regiones TM 1, 2, 3, 6, 8 y 10, las regiones TM 4 y 9 presentaron 

del 55 al 75% de homología, así como un porcentaje <50% se encontró entre las 

regiones TM 5, 7, 11 y 12. La región NH2  de estos transportadores presentaron 

un porcentaje menor al 15% de identidad, mientras que las regiones COOH-

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

 

 

 

 

 

 

 

 

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

 

Mediante la generación de sitios de restricción silenciosos se intercambiaron 

regiones de la proteína 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 región NH2, 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 NH2 y COOH- del CSB1/NKCC2 y viceversa .Tanto los cRNAs de las 

quimeras 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 proteína que había sido utilizado para la construcción de las nuevas proteínas. 

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 , 

así como ~70 aminoácidos que se presentan exclusivamente en la región COOH 

de este transportador. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 19. Representación esquemática  de proteínas quiméricas entre el CST y el 
CSB1/NKCC2. 
 

La expresión funcional de las tres quimeras en las cuales las regiones NH2 y/o 

COOH de CSB1/NKCC2 estaban fusionadas con las regiones TM del CST, solo 

la quimera BTT mostró actividad. 

La figura 20 muestra la captación de 22Na+ en ovocitos inyectados con el RNAc 

de BTT, donde se aprecia el aumento significativo en la captación de Na+ la cuál 
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es dependiente de Cl-, sensible a metolazona, independiente de K+ y resistente a 

la bumetanida. 

 
 

 

 

 

 

 

 

 
Figura 20. Captación de 22Na+ 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 
Cl- extracelular, la barrra llena y  la barra rayada horizontalmente indican concentraciones de 
10-4 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 así 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 aminoácidos puntuales en el CST involucrados en el 

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

Hemos descrito que proteínas 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 

inhibición de esta proteína.  
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III. HIPÓTESIS 
 

• Si Ias diferencias en la cinética de transporte y en la interacción entre 
iones y tiazidas entre el CSTr y el CSTfl están determinadas por dominios 
específicos en la secuencia en las regiones transmembrana, entonces la 
construcción proteínas quiméricas y/o mutaciones puntuales revelaran 
dominios involucrados en la función del CST. 

 
• Si la N-glucosilación del CSTfl es un evento que interfiere con la unión del 

diurético al transportador, entonces la eliminación de esta aumentará la 
inhibición del CSTfl por las tiazidas. 

 
• Si algunas mutaciones tipo-Gitelman resultan en un transportador 

parcialmente funcional, entonces el estudio de éstas podrá revelar 
aminoácidos importantes para la función del CST. 
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IV.  OBJETIVO GENERAL 
 

Determinar dominios estructurales y/o aminoácidos 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 ESPECÍFICOS 

 
1.- Conocer el efecto de la N-glucosilación sobre las propiedades 
funcionales del CSTfl. 
1.a. Eliminar los tres sitios consenso para N-glucosilación en el CSTfl. 
1.b. Determinar las propiedades funcionales de las clonas construidas en el 
punto 1.a. 
 
2.- Definir el papel de los dominios aminoterminal, hidrofóbico 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 NH2, TM y COOH-.  
2.b. Determinar las propiedades funcionales de las quimeras y compararlas con 
el CSTr y el CSTfl nativos. 
 
3.- Guiados en los resultados del objetivo 2, determinar el papel de 
dominios más pequeños y/o aminoácidos puntuales sobre las propiedades 
funcionales del CST. 
3.a. Diseñar y generar la construcción 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 Nucleótidos Individuales (SNPs) en el CST 
y determinar su participación sobre las propiedades funcionales del CST. 
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5.- Estudiar el efecto que causan mutaciones-Gitelman sobre la función 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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METODOLOGÌA Y RESULTADOS. 
 
La metodología utilizada en este trabajo y los resultados obtenidos están 

descritos en los artículos publicados.  
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The thiazide-sensltive Na + -CI- cotransporter (NCC) is the major 
pathway Col saltreabsorptian in the distal convoluted tubuJe, serves 
as a receptor lor thiazlde~type dluretíca, and i. involved in inhe.ti.ted 
roseases associated with abnonnal blood pressure. Little is known 
regilcding the structure~function relatlonship in this- cotransporter. 
Previou, studies- from our group reveal that mammalian NCC 
exhibits higher .ffinity for Ion. and rhiazld .. rhan teleost NCC and 
suggest a role CM glycosylation upon tbiazide affinity. Mere we llave 
coi\.Structeda series of chimeric'and mutant cDNAs between [at and 
flounder NCC to define the role oí glycosylation status, the amino· 

terminal domaln, the carboxyl-terminal domain, the extracelluJar 
glycosylated loop, and the transmembnmc segments upon affinity 
fOI Na +1 Cl-. and metolazone. XetlOpUS Úl.evu oaeytes were used as 
the heterologous expression system. We observed thal elimination 
of glyco.ylaúon siles in flounder NCC did nol affectthe affiníty oC 
the cotransporler tOl' metolazone. Also, swapping fue amíno-termi­
nal domain, the cuboxjI-terminal domain, thc glycosylation siles. 
or the entír.e extracellular glycosylation loop between ral and floun~ 
uer NCC had no effect upon ions or metolazone affinity.ln contrast~ 
interdla~ging transmembrane regions between ral and flounder 
NCC revealed that affmity~modifying residues Cor chloride are 
locatcd mtmn the tnnsmembrane 1-7 region and fur thiazidcs aTe 
located within the trans-membrane 8 -12 region, whercas bom seg. 
menu seem lO be implicated in defining SOdiUDl afflnity. These 
oDservations slrongly suggest that binding sites lor chloride and 
thiazide in NCC are different. 

In thc mammalian kidncy. the apit:al thiaúdc-sl.."nsitivl' Na' -0-

cotrar;:;porter {NCCli i. .. the major pathway fOI" ~lt re.\bsorption in tn..: 

luminal membrane oC the distal convoluted tubule (1, 2-). ~CC also 
s.:-rves as the target for the thiazíde-type diuretics that are currently 
recommended by the Joint National CommiHee for thedetcclIun. cval· 
uatton, a.od treatment o{ high blood pressure as the first Jin~ pharmaco-

* Thi"S WOlk was supponed by Nationallnstitutes of Health Graot OK-6461S and Well· 
comeTruuGrantGR0701S9MA(toG. G.). This sludywas presentedmpart3t the2005 
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.JThe abbreviatlom used are: NCC, Na+ .(1- c.olransporter; rNCC. rat: Na+ <1- c.otraru.­
poner. flNCC, f10under Na"'"..o- eotran~porter; NKCC1. bume!anide-s.ensitive Na·· 
K·' -Z"- "nritrn~fler lj NK'C;Z, I;¡o"'m~~ilni~-~c:mltive Na··K· ·2CI- <::otnmsporte1 
2: ólóINa ~. tracer sodlum: TM. transmembrane; ECL4. exUac:eUular dDmain 4; NS, no~ 
sígnifkant. 
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logical treatment oí hypertt!nsion. either as the unique drug in patients 
with 5tage 1 hypertension Uf in combination with other anti-hypetten~ 
sive agents for patients with stage H hypertension (3). The fundamental 
rol!;' for NCC in preserving tht;,> p.xtrilcecllular !luid volume and blood 
pn_~ .... un: homl..'osta'ií .. ha:;: becn firmly c-'itabti'ihcd by the ldentification 
that Gitelman discase (4- 6) tan inherited disorder featuring arterial 
hypotension. renal .o;alt waMing. hypokah::mic metaboUc aIkalosi.t¡,. 
hypUI.:aldnurta. and hypumagnL':">t!mia) ü; ~au"'t.-d by inat.tiV"oIting mU[a" 
tlonsofthc SLC12A311cnc that encodcs NCC.ln additiun. a Joss ofthc 
ncgativc cffcct of thc :'\Crinc/thrconinc kina. .. cs WNK 1 and WNK4 upon 
NCC Jctivtt)· has becn implicated in tile pathogene~is of a salt·depend. 
cnt form of human hypertens.ion known as pscudohypoaldosteronism 
type II (7, 8), which fcalmes .l dinicaJ plcture that is a mirror ¡mage oC 
Gitelman dise-a5c {9}. with striking sensitivity to hydrochlorotruazide. 

NCC bc10ngs le th~ e!eClroncutral cation Cl-- '-.uupled (;otransport~t 
gene t.mily (.olule "",rior Comily 12 (SLCl2) (lO) and exhibits -50l6 
idcntity wtth thc Na~-K"'-·2C1- cotranspurlcrs NKCCl and NKCC2 
and -2.5% identity with tht- KCl t:otr-.:lr1.'>porlt,:-p;. KCCl to KCC4 (fur 
I'L'V1cW se!.! He!. 11). MammaHan NCC is a prutein uf l.IJ02 amino acid 
residucs ft.>¡)turing a tcntral hydwphubi-c domain. which L .. flankcd by a 
... hnrt amino- and a long carbaxyi-tcnninorl hydrophilic loops located 
withm the t:dl(12)(Hg. 1). in thl.· t.L'lltroll hytlrophl1bil: domain. !herc are 
twclw putatiw trumi.mcmbranc·spamüng: scgmenl'i (TM 1-12) ¡nter· 
conn~cted by six extra(."~Uular and fivl' intracellular hydrophlUc loops. 
1'114.' t'xtrac.:dlular loop 4 (i::.CL'1) is the tong~t one and exhibits MO 

putativc N·¡inked glycosylation ~-it('s. Tht.· propusl'd topology shown in 
l-ig. 1 has becn cxperim~ntany confirmcd for NKCCl (13), and glycosy­
latíon ofthe ¡':CL4 has becn cuntirnh.'d for rat NCC (14) and ral NKCC2 
(15). 

Littlc is known abuul lhc- slruclural rcquiremcnts fOf ion transloca­
Hun and thiazidc bind¡ng in NCC. Tovar-Palacio. el al. (16) prov¡de 
lvidem:c that thl' critica! domains andJor residut!s that define th_c­
ifu.:ity tor ¡un translrx.:atinn and tluu1.idc inh¡bituUl reside withiirthc 
o.:ntml hyuwphobi(.." domain. !-tUOI¡Cl" el al. {l4} have observed that 
rNCC glycosytatíon ~talU~ markedly affected NCC activity and the 
attlnity for metomzone. Eliminatíon of tht> ECL4 glycosylatien sites 
reduce the cotransporter activity by 90% and increase the affinity {or 
metolaLOne.lnterestingly, NCC frorn tlounder urinary bladder(flNCC) 
conlains three putative N-linked glycosylation sites in ECL4 instead of 
two, and compared with rNCC. exhibits lower affinit)' foc thiazide. as 
well as for bolh Na· and 0- ions (17), 

The major goal uf th~ present study was to determine the role of 
glycosylation sites and the diffen . .'nt domains ofthe renal-spedfic apical 
sodium-chloride couplcd colranSpoltcr in defining the affinity ofthe 
transport process and diuretic interaction. We exploited the fact that 
rNCC and ONCC rxlubil dislinll aflinili<:i for lne lr.n.porttd ion •• ml 
thlazide diureLics together with Cx.lcns¡ve pt"Qtdn scql,lem:e simiJacitles 
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and differences. Accordingly. we constructed severa} point~mutatt'd 
clones as wcll as chimcric protcin.'i bctwccn rNCC and flNCC. The 
functiona! properties ofthe resultant proteins were determined by fune· 
llana! expression in Xenopus laevu oocytes. Que results show that amn· 
ity.cfennlng region.'i for Cl- and thiaz.ides are dinecent. suggcsting that 
a- and thiazide may bind to different regions uf the colnmsporter. 

EXPERIMENTAL PROCEOURES 

Mutagenesis ami Construction 01 Chimeric Cotransporters-for the 
present study. we used the rat and flounder NCC cDNAs that we pre· 
viously cloned Crom rat kidoey (rNCe) (12) and Hounder urinary blad­
der (ONCC) (18), respectively. The wild-type rNCC cDNA contains a 
unique Nsil site DO the base pairs 444-449 that encooes rcsidues 
lo..a-ted at the middle oí the ftrst 1'M segmenl. To exchange regions oc 
domains between rNCC and ONCC, we have engineered bolh cDNAs 
by introducing severa! silent restriction sites in exactly the same loca· 
tion. ln fiNCC. a silent Nsil site was introduced at the middle of the first 
TM segmento and in both rNCC and flNCC. sUcnt Mun!. Sadl. and 
Hpa1 sites were created. MunI and Sacll at the beginning and at the end 
ofECL4. respectively. and Hpal at the beginning ofthe carboxyl-term¡­
nal domain. Thereafter, the unique EcoRl (in lhe 5' side oC lhe 
polylinker) .nd Notl (in the~' side of lhe polylinke,) toge!he, with !he 
uniquC' Nsil. Munt. 5acll. and Hpal sitcs were uscd to cxchangé domains 
between rNCC and flNCC by gel purification and ligation of the appro· 
priate cDNA bands. In addition. site·directed mutagenesis Wa5 used to 
add and!or eliminateN.glycosylation sites from rNCC. flNCC.and chi­
mene dones (see "Results'1. The double mutant rNCC cDNA used ín 
th¡s study~ in which both N-glyco.sylation sitcs wcrc climínatcd. was 
previously desc,ibed (14). for flNCC, the oligonudeotides S' ·CTCTG­
GTGAGTTGCAAGACACCCTGTCTTAC-3', S'CTCATCCAGCG· 
AGCAATGTTCGGGATTAGCTTG-3', and 5'CGAGTGl'ATAAAG· 
CAft.AACACATGCAAACAC-3', were u.,ed to mutate the a'paragincs 
at pn'ition.,403 (N403Q), 414 (N414Q), .nd432 (N432Q), rc.pcctivcly, 
lo glutamine. Thereafter. double oc triple mutants were constructed 
using the same primers upon the prevlously mutated dones. FinaUy, by 
means of double-step PCR, the epitopc fLAG scquencc DYKDDDDK 
wa." added m-frame to flNCC foUowing the first methionint.>. AH sHent 
o( sitc-dircctcd mutations wcrc introduccd ll<iing thc QuikChangc sitc­
dirccted mutagenesis s-ystem (Stratagene) foUowing the manufacturer's 
recommendations. Restriction analysis and automatic DNA scquencing 
was used to corroborate all of the mutations and in the switching plan> 
of each chimera. AU primers used for mutagenesis were custom made 
(Sigma). 

in Vitro cR1vA Translativn-1'0 prepare cRNA for microinjection. each 
wild~type. mutant. oc chimeric cONA was digf..'Sted at the 3' ~end usmg Notl 
!fom New England Biolabs (Carlsbad, CA), and cRNA was transcribed 
in vílro using !he 17 RNA polymerase rnMESSAGE mMACHINE I"M 

(Ambion)transcription system. cRNA product integrity was contlrmed on 
agarose gels and concentration was determined by absorbance reading at 
260 nm (DU 640, Beckman Instruments). cRNA was stored Crolen in ali­
quots al -SO'C until """d. 

X laevis Oocyte Preparatíon-Oocytes were harvested by surgery 
from adult female X. laevis frogs (Nasco) under 0.17% tric:aine anesthc· 
sia and incubated in frog Ringe, ND96 «(in mM) 96 NaCl, 2 KCI, LB 
CaCl" 1 MgCl, .od 5 Hepos/Tris. pH 7.4) in !he presence of collagenase 
B (2 mg/ml) for 1 h. The oocyles were washed four times in ND96, 
defolliculated, and incubated overnight at 18 'C in ND96 supplemented 
with 2.5 mM .odium pyruvate and 5 mg/I OQ mi of gentamicin, Ncxt day, 
marure OOCytc5 (19) were injcctcd with 50 nI oí water alonc or contain­
iog <RNA al 0.2-0.75 "g/"I (10-37.5 og of cRNA/oocyte). l"heceaftcc, 
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the oocytes were incubated 4-6 days in ND96 with sodíum pyruvate 
and gentamicin tba, was changed every 24 h. The nigllt before !he 
uptake ellperiments were performed. the oocytes were incubated in 
a-.free N096 ((in mM) % Na' isetbionate.2 K l.gluconate.l.8Ca:li 

gluconate. 1.0 Mtf+ ·gluconale. 5 mM Hepes. 25 sadium pyruvate. and 
5 mg/loo mi gcntamicin, pH 7.4) (18). 

Tramport Assays-Thc function of!he Na + ·0- cotransporter was 
dcterrnincd by as.scssing tracee 22Na· uptake (PerkinElmer tife Sei· 
ences) in groups of 10-15 oocyt .. folJowing our protocol (20) of30 min 
of íncubation in a a--free ND96 memum containing 1 mMouabain. 0.1 
mM amiloride. and 0.1 mM bumetanide followed by a 60-min uptake 
period in a K + - free, NaCl medium ((in mM) 40 NaCI, 56 sodium-giu­
conate, 4.0 CaCl,. 1.0 MgCI,. and 5.0 Hopos/Tris, pH 7.4) containlng 
ouabain. amiloride~ bumetanide~ and 2 JLCi oC 21Na -¡mI, We have pr~ 
viously demonslrated that X. laevis oocytes do nol express a thíazkie­
sensltive Na ' -Cl- cotransporter (18, 20). Thus, in an experiments aJong 
the study. only one group af water-injected oocytes was included to 
determine thc basal. unspcciJk traccr 22Na ... uptakc. Thc scnsitivity and 
kinetics for metolazone diuretics was a'i.'iessed by exposing groups oC 
cRNA·¡njected oocytcs to metolazone at concentrations varying froID 
10-' to 10-'1 M. Forthese experiments. the desired concentration ofilie 
diuretic was present in both the inc:ubation and uptake periods. All 
melolaz.one dependence <;urves werc assessed twice for each done. 1'0 
determine the ion transpmt kinetics oí the wild·type. mutant oc- chi­
mcrit.: cutran\-portcr. wt! pcrformed t!xpt!riment .. varying the concentra­
tions of Na'" and C¡--. T o maintain osmolarity and iamc strength, glu­
tonate was usedas~ 0- substilute andN-methyt·o·glucamineasaNa + 

substitutc. '1'0 minirniz.e variations along the study due to ion concen~ 
tr-cltions. two sCts of.omlutions for Na + trall."iport kinetic anaIysis and two 
~ets tar a- transpon kinl.'tic: analysis were made. Thereafter. aU clone.:; 
were subjected to al least two diffcrent ion transport kinetic experí. 
ments with each set of solution. 

All uptakes Wt're pcrforfficd at 32 oc. At the end oC the uptake periodo 
oocytes wcrc washed tlVt' times in ice-cold uptake soJution without 
isotope to remove extracellular fluid tracer. After the oocytes were dis· 
solvcd in 10% sodium dodccyl sulfate. traccr activity was determinedfor 
Nteh oocytc by #i-... cintilJat1on counting. 

WesteflJ BlOltíng-We.<itern blot analysis was used to analyze wild­
type or N-gly(osyJation-mutant fLAG·t1NCC proteins in correspond­
ing cRNA-injcctcd ooqtl.'S foUowlng our standard protocol (21). first. 
protcins cx.tractt.-d fmm 5U oocytcs were immunoprecipitated using the 
FLAG·taggcd prutt!in immunopredpítation kit folIowing tile manufac­
turer's rl'comm.endations_ Subsequcntly. proteins from 1000cytes/lane 
werc hcated in sample buffer conlaining 6% SOS. 15% glycerol. 0.3% 
bromphenoJ bJuc, 150 mM Tri.<.~ pH 7.6. and 2% #-mcrcaptocthanol. 
resolved by Laernmli SDS·polyacrylamide (7.5%) gel electrophoresis. 
o.nd transferred tu a polYVlnylidene difiuoride membrane. lmmunode­
tt'Ction was pertormed using an antí·fLAG monoclonal antibody 
(Sigma). Membranes were exposed to the anti-fLAG antibody over· 
night at 4 ·C. wa'ihed. incubated for 60 min at room temperature with 
alkaline phosphatase·conjugated secondary (anti-mouse) antíbody 
(BIO-MD) dilutod 1:2000 in blocking buffer, and !hen washed again. 
Bands were detected by using the lmmun· Star chemiluminescent pro­

te¡n dctl .. 'ttiun systcm (Bio·Rad). 
Data Analysis-Ail rcsults presented are based on a minimum of 

two different expt::riments with at least 12 oocytes/group in each 
experiment. The significance of the differences between groups was 
cvaluiltcd by onc~wí.\y í.\n\\lysis oC variam:c, with multiplc campad­
sons using Dunnett or Bonferroni correction as required. Results are 

presented as mean == S.E. 
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FIGURE t. Topology and aUgnment analysfs 
betwHn mammanan and ftounder NCC. A. 
NCC-proposed \opo!ogy of a central hydrophobk 
domaln contalning 12 putatlw ttammembrane 
segments with a latge extracellular gtymsylated 
loop between TM segments 1 and 8. NiIInbers of 
someresKtuesareshownbyon'OWS.Acomparison 
between mamma1lan ané ftoundet NCC reveats 
Identitydegtee >80% in the whir~ TM segments.;. 
between SOand 8D% In bldckTM segme:nts. most 
or the tnterconnecting segments. and me carbox­
yl~.rmlnal domaIn; and beIow SO'IOinlhe regions 
in 910'/. Putative gtycosytallon sileS are shown In 
ECL4. R anO F denote sltes present in rat andIor 
ftounder. respectIveIy. B. sequence allgnment of 
the ECL4 from all known NCC sequences, as 
stated. The N-gtycosylation sites (hat fulm. the 
algorithm NX(SIT). X '" Pro are highftghred In 
boxes.. 1he first site. correspondlng to Asn-401 of 
flNCC isconservedamongaltNCCsequence$-. The 
second $lt~. Asn-414 is unIQue lo flNCC. lhe thi,d 
site in lINCe. corresponding 10 Asn-432. is present 
only in teleost NCC (fIounder and zebraffsh,. 
Finally. a second sitein marnmalian NCClsabsent 
In ftNee but ptesent ln aH other NeCs, induding 
zebf'afish. • denotes second site of mammalian 
NCCs(Nf1) 
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--------------------------
RESUlTS 

Topology and Putalive N~G/ycosylatitm Site Comparison in the Na • -
cr Culnmsporrer-fig. lA depicts the proposed tcfpology ol the 
Na ¡ -0- cotransporter in which a gmy-black $cale is used to high­
light similarlties and difCerences between rat and Clounder NCC. The 
identity oC the TMs -l. -3. -5. -6. -7. -8. and -10 is >80'.l6. whereas 
TM!j.. -2. -4, -9. -11. and -12 are shown in black and th~ carboxyl­
terminal domain idcntity dcgrcc is bctwccn 60 and SO%. The more 
divergent segments are the amino-terminal dornain and the extra­
cellular connecting segments fCL3 and ECL4. highlighted in gray 
(Fig. 1). Becaus. Hoove, <1 al (14) suggest th.t the glycosylation 
status of the ECL4 affects affinity for metolazone in rNCC. we stud­
ied ECL4 in greater detail. Fig. lB shows an a¡¡gnment of ECV¡' 
among species from which NCC cDNA has beeo cloned and 
scqucnced oc dcduccd by genomic analysis.ln a1l mammalian NCCs. 
two N-glycosylation consensus sequences are present (Asn-Xaa­
(Sern*hr). Xaa '* Pro (22»). We have previously shown in rNCC lhal 
both sites are glycosylated (14). In contrasto using the same algo­
rithm. three N4g1ycosylation motifs can be found in ONCe f.CL4. 
The first site. Asn·403. was conserved amQng a1l NCCs. The second 
site. Asn-414, was pcesent only in ONCe This second site in ONCC 
is unique among aH known NCC sequences. The third N-glyeosyla­
tian site in ONCe. Asn·432. was abscnt in all mammalian NCCs but 
present in the deduced zebrafish NCC sequence. lnterestingly. the 
second site oC mamrnalian NCCs (NFT) (shown by an asterisk in fig. 

lB) Ihal w", absenl in UNCC w>s presem in zebrafi,h. Thus. Ihe 
leleOS! NCC sequences known so rar (Uounder or zebrafi.ll) exllio­
i!ed tbree pOlential N-glycosyl.tion sites in the loop, although only 
two oC them were cQo:>erved. 
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Mammalian and Fluundt:r NCC Exhibit Different Affinity lar 
Metuiaz.ont:-Wc ha ve previously shown that affinity for ioos and thia­
z.idcs is higher in rNCC than in tlNCC (17. 20). However. these trans­
port affinity anaJyses and thiaz.ide inhibitiol1 curves were obtained from 
independc-nt cxpt.:rimcnts in which rNCC and UNCe were ex.pressed 
scparately. Thus. for thc prcsent study. we first confirmed that differ­
coces in the affinity for iuns and thiazide diureti~s between mammahan 
and Hsh NCC wcrc rcprodudblc in simulLancous experimenlS in whích 
X. IQevis oocytes wherc mkroinjeclcd with rNCC oc ONCe cRNA, and 
4 days- latero the ion tcanspurt kinetks and metolazone dose-responses 
wcrc dctcrmincd usíng thl~~mt..· uptake solutions and metolazonc dilu· 
tions. Thercforc. the only diftCrcn~c betwccn the rNCC and UNCe 
gmups wa. .. lhe injt'cted cRNA. The l:ombined results of three dHJerent 
ion transport kincttc analyscs and (¡ve curves for thiazide affinity are 
shownin fig.l.. The Km value fur Na' transportin rNCCwas5.5 :t 1.0 
mM, whereas in flNCC ít was 30 :t 6.0 mM (p < 0.05). Similarly. theCl­
transport k¡netic an.liysis showt'd that apparent Cl- K ... Cor rNCC wa.'i 
2.6 :t 0.6 mM, whercJs fOf tlNCC it was 15 :t 2.0 mM (p < 0.05). A 

similar situation was t)bs~rvcd fur thiaúde atllnity. As shown in Fig. 2C. 
the caJculated lC,." for mctolazone inhibition io rNCC was 0.3 :t 0.005 
J.LM. whereas in flNCe it was 4.0 ~ 0.08 JLM (p < 0.01). Thus. confirm­
ing our previous proposal. rt:>sults in Fig. 2 show that rNCC exhibits a 
significantly higher affinity for ions as well as for metolazone than 

llNCe 
EjJect oI EliminaUon oI N·Glycosylalion Siles in jlNCC-We have 

prcviou,ly ,hown Ihat dimination of the N-glyco,ylation 'ile> in ral 
NCC; ~ a.5:io,"i"t~d with a dr"mi;\ti~ im;re~e in "mnity {or meto'\\¡,on~ 
(11) and a smaller. althuugh significant. increase in C.1- affinity. Because 
lINCe e,¡¡;hibits )ower affinity {or melolazone and contains three 
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N-linked glycosylation sites. we reasoned that fue presence ol three sites 
in flNCC eould be responsible. at least in parto eor !he difeerenee in 
metolazone affinity belween manunalian and teleost NCC. Thus. to 
define !he effect of N-glycosylation on !he fiounder Na • -0- cotrans­
porter fundiona! properties. single~ double. and triple- N-giycofoiylation 

-'
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FIGURE 2. Functfonal properties of r.t iilnd ftounder NCC using !he heterologous 
expression S)'stem 01 Jt.1G"Js oocytes. A., Na + -dependent :UNa+ uptake. Group~ 01 
oocytes. were In,lected with rNCC cRNA (whiteciTclH and continuou.s line) or with flNee 
cRNA (otack (irc/e$ and dmhed liM). 8. 0--dependent :UNa· uptake. e, metofazone 
dose-response.ln A and 8. each point replesents the mean:::!: 5.E. of 20-24 oocytes from 
two different experiments.ln C. each point represents the mean:: S.E. of 50 - 60 oocytes 
1rom five different experlments. Curves were fitted by nonlinear regression using Gr aph­
Pad Pri5ma software. In aU single experlments, both rNCC· and nNCC-cRNA injected 
oocytes were studIed simultaneously uslng che same solutlons andIor merolazone 
dihJtions. 

FIGURE 3. Effed o, N-glycosylation site eIlmina­
tlon In FLAG-flNCC upon glycosyliltlon and 
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mutants were constructed by site·directed mutagenesis. The mutations 
were perlorme<! upon the FLAG-flNCe cONA to allow immunodetec· 
tion oí me cotransporter ln protein.'i extracted from injected oocytes 
using monodonal anti-fLAG antlbodies (Sigma)_ Oocytos were 
injeded with water ur with similar amounts of wUd.type FLAG·rNCC 
cRNA. fLAG-IINCC cRNA. Of with cRNA frum eaeh of !he single. 
doublc. and triple fLAG· HNCCN·glycosylation mutants. Protcin.o;¡ wcrc 

cxtractcd from orn:ytC5 and immunoprccipítatcd by rncano; of anti· 
fLAG antibodies. A •• hown in Hg,:IA. rNCe and ONCe resulte<! in the 
e-xpression of a thick band 01' .... 110 kDa with a broad smear aboYe it. 
This band is nol presenl lO proteins extracted lrom water-injected 

oocyu.'S. Thc smeilT was nol changed or was slightly reduced by the 

climination of one or lwo N·glycosylation siles. However. the triple 
mutation in which lhe asparagines 403. 414. and 432 were changed to 
glutamine resulted in a dear reduction of the smear. These observations 
sugge .. !hat in fiNCC. as occurred with rNCC (14) and ral NKCC2 (15). 
elimination of all of lhe ECL4 N-glyeosylaüon sites is required 10 affect 
glycosylation ofilie protein.fig. 3B shows the effect ofthe elimination of 
one. two. or the three N-glycosylation sites upon the activity of flNCC. 
X laevis oocytes were injectedwith similar amounts of cRNA from each 
done. four days later. the tracee ::!~Na .... uptake was assessed in groups 

inJech,.'<i with water. wiJd-type flNCC cRNA. or with any ol the single, 

double. or triple mutant cRNAs. Eliminabon of one or two N.gIycosy­
lation sitcs had no effcer upon the flounder cotransporter activity. In 

contrasto although UNa t uptakc in wild-type llNCC-injected oocytes 

was 11.73&!: 1.293 pmoUoocyrc/h. l'lNa"- uptakc intne triple mutant· 

in;cctcd oocytcs \\'a!'i6576 :t: 919 pmol/oocytc/h (p < 0.01). Thus. clim­
It\atiun of thl' thn."C N-glyt:osylatiun sitt.'s rcsultcd ln a significant reduc· 

tion uf UNCe adlvity. Wc havl' .,>hown pn..'Vlously that c1imination uf 
ECL4 g.lycosylatiun s¡t~s in rNCC or rNKCC2 results in the reduction of 
thc cotran.'>portcr activity by 90 and 80%. rcspectivety, whereas the 

obser\'cd reduction in transpon activity oC the tliple mutant flNCC was 
-50%. Thus. although the (>ffect L'i qualitatively similar to Qur previous 

r.,u[ts. with fNCC (14) or rNKCC2 (15). the effeel ¡. quantitatively 
diffcrent. 

A!» discussed aboye. the elimination ol N-glycosylation sítes in rNCC 
rcsultt:d in a significant increase in metolazone affinity (14), whereas in 
rato NKCC2 resulted in a slight decrease in bumetanide affinity (15). 

A 

Immuno-
FLAG-NCC 

adivlty.A. Westem blotanalysiswithmonodonal 
anti·FtAG antibodles of proleins extracted from 
oocytes injected with each done cRNA as stated. 
The protelns were lmmunopteclpitated with the 
antl·Fl.AG Immunoprecipitation system. (Sigma). 
resotved in polyacr}'tamide geIs. transferred into 
poIyv;nylldene dHluoride _ and p<_ 

20000 B 

with anti-FLAG antibody.S. thiazide.sensitive :Z~Na'" 
uptake in groups of oocytes injected with cRNA 
from wild-type flNCe 01 mutants. as Slated. 
Oocyt.es were Injected with the same amount of 
cRNA from the corresponding done (lO ngloo­
cyte), Uptake in water-injected oocytes was 
245 ~ 31 pmoVoocyte/h. Each bar represents the 
mean:t S.E. of 15 oocytes from a single experi. 
mento Uptake was auessed. for all groups ¡he 
S3ll\@daY.usingthe same roIuUons .• ," < 0.0001 
versus Conhol {\NCC. 
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FKiURE 4. Effect of N-glycosylatfon sIles elimirwlon In flNce upon .ffinityfor meto­
(azone. MetoIazone dose-response analysls was assessed In a" groups me same day, 
usfng the ~ metolRone dilutions- and uptake solutlons. A. dose-response curves in 
wikl-typeftHCC(conrinuous liM anddosedsquoresl andsingle mutants N403Q. N414Q. 
and N432Q (doJheclllnfl and ctosed elrdes. rriangles.. and inverted mangles. respectively). 
B. dose-responsecurves in Wl1d-type flNCe (COTltfnuous fine and drued squarn) ami dou­
ble muuntsN403QlN414Q, N403OIN43lO. and N414Q/N432Q (conrinuous fines and 
clo5ed clreles. triongles. and lnverred triangles. respectively). C. dose-re5potl~(urves in 
wikHype- flNeC (canrmuous fine an<l dosed sqUOle5) and the triple mutant N40301 
N414QlN4320 (doshed Ilnes and open 5qUCJIes), 

Thus. it w.tS of íntcrcst tu dcfmc thc mctolawnc dase. response bchav­
lar in the wild.type and mutant tlNCC cotransporters. Thc metolazone 
dose-response for fiNCC single mutants N403Q. N414Q. and N432Q 
are shown in flg. 4A. for the fiNCC double mutants N403Q/N414Q. 
N403Q/N432Q. and N414Q/N432Q. fig. 4B. and lor lhe triple mutanl. 
Pig. 4C. for comparison purposes. in all graphs. the dose-response 
obscrvcd mr thc wild-typc liNCe is indudcd.ln striking. contrast to our 
previous obst!'rvations in rNCC. elimination uf one. two. 01' aH thrc-c 
N-glycosyIation sites resulted in no signilkant changes in the ONCe 
affmity for metoJazone. Thus. tne effect oC elimination of ECL4 N-g1y· 
cosylation mes upan diuretic affinity in ONCe re~embles what was 
observe<! in mammalian NKCC2 (15j rarher than in mammalian NCC 
(14). Thisobservation indicated that the difference in glycosylation sites 
(.-annot explain thc difTcrcnccs in affinity for ¡nns ur mctola1.one bctwccn 
rNCC .nd ONCC. 

Because rat and flounder exhibit such strikingly different effects oC 
glycosyl.tion upon lhiazide affinily. togelher wilh lhe tael lhat the long 
extrace1lular loop is one oC the most divergenl domaios between these 
proteins (Hg. lB). we decided to conslrucl and anaJyze th!! functianaJ 
properties oC severa! mutant and crumeric protein.'i between rat and 
llounder NCC lo explore !he role of ~CL4. the .mino- and carboxyl. 
terminal domains. TM regioos. and glycosylation sites upon NCC activ­
ity and metolarone affmity. 

Nomenclature and Construction 01 Mutant and Chimeric Proteins­
We used the silent restrictfon sítes described under -Experimental Pro· 
,edure$" lo cut the (;Qtl'im:tPQrte~ intQ five different pie<:e:¡;, the amino­
terminal domain. TM scgmcnt 1-7. thc J::CL4. TM segmenb; g -12. and 
the. carboxyi-terminal domain. Thereafter. cDNA fragments were 
Hgated to obtain ~veral chimeric proteins. AH chimera'S are denoted by 
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five letters. The first eorresponeis lo the amino·terminal, the second to 
the TM segmenl 1-7. the third to ECL4. Ihe fourth lo Ihe TM segment 
8 -12. and thc fiCth to thc cntire carboxylAerminal domain.ln addition. 
color is used to denote the origin of each fragmento Thu."i. the tener R and 
blue <olor denole when the domain belongs to the AA T NCC. and !he 
letter F and red color denote when dornains belong to flounder NCC. 
The nomenclature oC the studied eonstructs is as follows. (see fig. 5): ti) 
rNCC withoul glycosylation sites (RG-) and fiNCC wilhout glyeosyla· 
tion sites (fG-). (H) six chimeras in which tbe amino-terminal, the 
carboxyl~lermin31. or bolh domains were interehanged between rNCC 
and fiNCe (fRRRR. RRRRf. fRRRf. Rffff. ffffR. and RfffR). (üi) 
foUf chimcras in which t:CL4 was swappcd betwcen rNCC and tlNCC. 
wilh or without glyeosylation sites (RRfRR. FFRFF. RRfRR/G-•• nd 
ffRff/G-). (iv) rNCC eontaining the three Oouader glycosyl.tion sites 

írNCC-fl-G-like) and fiNCC eont.ining the two rat glyeosylation sites 
(llNCC-r-G·like). (v) RRfRR with the rat glycosylation site (RRFRR·r­
G-Iike). (vi) ffRff wilh the Oounder glyco.ylatlon site (ffRff·II-G· 
likc). and (vii) four chimcra'i in which thc TM scgmcnts 1-7 or 8-12 
were swapped between rat and Oounder NCC (RRRfR. RfRRR. FRfFF . 
• nd FffRf). 

Effect oi Gly<osylation Siles upon Thiazid. llffinily-The results of 

st:vt!ral éxperiments. in whkh lht! activity and the metolalone affinity 
\Vere assessed inX. latwis oocyles microinjected with cRNA. transcribed 
frmn the difierent dones described aboye. are depicted. in figs. 6-and 7. 
Mus! uf the construds dcsl.:ribt'd in Hg. 5 exhibitcd enough activity tu 
aUow us to perform consistent metolazone dose-response curves and 
ion transport kinetic analy.ses. The exeeptions were RRfRR/G-. 
RRfRR-r-G-like. RRRRF. fRRRf. and fRfFf. whieh were eonsidered 
nnn-functional. 

Hg. 6 shows the- rnetolazone do~ eurves of each funetional constructo 
for comparison purposcs. in aU caseS. lhe average dose-response curves 
for rNCC (lC", = 0.3 ;!: 0.005 ¡J.M) and fiNCC ICso = 12.5 ;!: 1.8 pM) 
are shown in blue and red. rcspcctivcly. Thc obscrvcd curve for cach 
construct L'i shown in black. The graphs in Fig. 6. A-Dt depict the dose­
respon.se curve in {our construets basL>d upon rNCC backbone. whereas 
fig. 6. t.'-¡. shows Ihe curves in constructs based upon tlNCe. When 
compared with rNCC. the ICr;1l for rnctolazonc wa.'i shiftcd to thc ldJt in 
the clones RRfRR and RG - (IC,", = om ;!: 0.0008 and 0.03 :!: 0.003 
J.4M. rcspectivdy) and was oot changcd in clones rNCC-n-G-líke and 
fRRRR (le,." = 0.28 :!: 0.003 and 0.3 ± 0.005 ¡J.M. respeetively). This 
obsl'rvatit)n in thc RG- done confirmcd our prcviou.. .. rcport of 
incrcascd affmity ror mctnlawne whcn both N-glycosylation sites oC 
rNCC were eliminalcd (I J!) and suggcslcd thal RRfRR proteín is prob~ 
ably not properly glycosyJated. \'V'hen contrasted with tlNCC. no change 
in rnetolazonc le;", was obscrvcd in Ré'ffR. ffRFf. ffRff-fl~G-likc. 
and fG- (le" = 12.5 ± 2.0. 12.6:!: 1.9.20:!: 0.42. and 20 ± 0.4 ¡J.M. 
rcspeetively). and a small shiCt to right. was observed in ffRff/G- and 
fLNCC.r-G-like(lC,,, = 25 ± 4.9and50 ± 2.9 ¡J.M.respeetively).fig. 7 
shows buth the activity and mean ICr,H obscrvcd in cach constructo Thc 
groups art> ordered from the eonstruct that exhibited the highest to the 
one wilh the lowest affinity (from leJI to righl). The level of uptake 
observed in wild-type rNCC and fiNCC was 18873 ± 722 and 
15825 :t 1171 pmol/ooeytc/h. rcspcctivcly. Most ofthe mutant andehi­
merie proteins were functional and exhlbited activity that wa'i at lea'it 
50% oC that shown in the corresponding wild type. The constructs that 
índuced the lowestdegree of activity were RG- and RRfRR. with uptake 
\tatUcs. of217i ± 393 and 2710 !: 285 pmo]¡ooeyU'/h. r(.lSpcctivcly. This 

level of upt.ke was -10· raId higher than the uptake abserved in water· 
injeeted oocytes (204 :!: 31 pmol/oocyte/n; p < 0.01). Because the level 
of activity in the studied dones varied from 2.177:= 393 to 
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RG- RRFRRlG- rNCC-fl-G..Jike RRFRR-r-G-like 

RatNCC 
FFRFFIG- fINCC-r-G-like FFRFF-fl-G-like 

FRRRR RRRRF FRRRF RRFRR 

Flounder NCC 

RFFFF FFFFR RFFFR FFRFF 

F F 

RRRFR RFRRR FFFRF FRFFF 

FIGURE s. TopoIogical modelsoffhe mutantandchimeric: constnKts. Theieft panelshO\NS wild-type ral NCC in blueandflounder NCC ¡nred. Theres.triction sites usedto rnake the 
constructs are depided in black over the rNCC sequence."These sílent restriction mes were atso introduced mto flNCC at the same Iocations.Subsequentty, ""cut and paste" of cONA 
fragments was used 10 construct the chimeras shown in the right panel. Blue fragments are from rat NCC and redfrom ftounder NCC N-glycosyfation sftes were added or eliminated 
by site-directed mutagenesis, as stated. G~ = "glycosyl.ation minus,"!hat is,. when glycosyiation sites were eHminated from ral NCC {R(1). floundef NCC {FG-}, rnimera RRFRR 
(RRFRRlG-), and chimera FFRFF (FFRFFIC;-). fl-.G-like, glycosylation snes as in the flounder sequence; R-G-like. glycosylation sites as in the rat sequence. 

31.052 ± 1,021 pmolloocyte/h. we wanted to know whether the meto­
lazone lCso could be affected by the leve! of expression observed in each 

clone. In a single experimento severa! groups of X laevis oocytes were 
injected with inereased eoncentrations of rNCC cRNA that are known 

to ínerease rNCC actívíty. either alone or together with cRNA in vitro­
tralL'icribed from the serine/threonine kinase WNK3 (23). Subse­
quently. a metoJazone dose-response curve for eaeh group was a-;sessed. 

As expected and shown in Hg. SA. the more rNCC cRNA injected. the 
greater the thiazide-sensitíve tracer TINa ~ uptake. The activíty in all 

groups was increased by the presence ofWNK3. However. as shown in 
Fig. 8B. dose-response CUrvL~ to metolazone were similar among aTI 

groups. In addition. we have previously shown. in rNCC-injected 
oocytes. metolazone IC50 of -1 ¡LM ""th llNa + uptakes of -3.000 
pmolloocyte/h (20). similar to that shown for RG- or RRFRR in the 

present study. Thus, the metolazone le,) was not affected by different 

levcls oi activity. suggcsting that differcnccs obscrvcd in m<.-tolazone 
affinity in chimeríc and mutant constructs are nol due lo the different 
degree of activíty. 
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RoLe of Amino- or Carboxyl-terminal Domain and ECL4 UpOl1 Jon 
and Metolilwne Affinity-Fig. 9 shows the Km values for sodium and 
chloride of the chimeras FRRRR. RRFRR. RFFFR, and FFRFF. The Km 
values for Na + in the chímeras containing the central hydrophobic 

domain frorn rNCC were 8.1 ± 1.1 and 5.0 ± 0.6 mM for FRRRR and 

RRFRR. respatively. whereas in the chírneras containing the central 

hydrophobic domain from flNCC, the Km values for Na + were 28 :t 6.0 

and 87 :':: 45 mM for RFFFR aud FFRFF, respectívely (Fig. 9A). The 

apparent Cl- Km ""lues in the same chimeras were 2.1 ± 1.1. 1.8 ± 0.5, 
17 ± 2.8. and 11 :':: 4.1 IILV!, respeetively (Fig. 9B). Thus. ion transport 

kinetícs in these chímeras followed the central hydrophobíc dornain. 
Talcen together. the result!: shown in Figs. 6-9 strongly suggest thar ion 
transport kinetics and metolazone affinity-modifying residues are not 
located in the amino-tcnninal doma in, the carboxyl~terminal domain, 

orín ECL4. 
Roleo{Transmcmhranc SegmeTlc< 1-7 and 8-12 in Ion and Meto{azrme 

Affiníty-We men constructed four chimeric proteins in which me TM 

1-7 or TM 8-12 regíons WerE' swapped between rNCC and flNCC to 
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create Ihe chimeras I<FRRR RRRFR. FFFRF, and FRFFF (Fíg. 6, lower 
panel). As shown in Fíg. lOA, microinjectíon of X laevis oocytes wifu 25 ng 

afcRNA from wild-type rNCC, flNCe. or each cmmera revealed transport 

activity in !he first Ihree cromeras. FRFfF clúmera was nor D.mctional Fíg. 
108 shows fue metolazone dose-response curves obtained simultaneously 

in groups oi oocytes ínjected wílh each construct The !C50 values in cm­

meras RFRRR and FFFRF were 0.4::':: 0.002 and 0.6 ::':: 0,006 I1,M, resper­
tívely. These values are símilar ro titar of rNCC (0.3 ::':: 0.005; p = NS) but 

different from fu'lCC (125 :!: L8 j1.M: P < 0.05). In contrast, Ihe RRRFR 
Ic.., was4.0:!: 0.08/LM. TmS\>aluewas different from tharshown in rNCC 

(p < 0.05) but símilar to flNCC (p = NS). Thus, metolazone affinit)' in 

durneras containing Ihe rNCC TM 8 -12 regíon was similar to rNCC, 
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whereas the chímera wilh Ihe same region from flNCC behaved as ilNCC 

These observatíons suggest!hat the metolazone affiníty modifier residues 

are located within the TM 8 -12 region. 

The results ofNa + and a- !ransport kinehe analysis ofthese ehime­

ras are shown in Fig. 10, e aud D, respectively. The Km values for Na + 

transport were (in mM) 22 ± 2.8 in RFRRR, 14.5 ± 0.7 in RRRFR, and 

42.3 ± 12.6 in FFFRF. TI,ese values are signilicantly different traro the 

Na' Km value of5.5 ::':: 1.0 mM observed in rNCC (p < 0.05) but similar 

to the Km value of 30 :!: 6.0 mM IINCC (p = NS). A different situation 
occurred for a- transport kinetics. The apparent Km value for 0-

transport was 17:t 4.6 mM in RFRRR and 12.8 :t 3.0 mM in FFFRF. 

These values are significantly different from rNCC Km values for Lr 
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FIGURE 7. Activity and _ afIInity in 
wiId-type rNCCand flNCC. as well as in mutant 
andIOI' dúmeric c.otransport .... as stated. The 
leve! of activityof eadl done isshown in the gfl:en 
bars and expressed as thiazide-sensitive 22Na ~ 
uptake in pmoVoocytelh in the Ieft y.axes. lhe 
affinity for metolazone is shown in the yelJow bars 
and expressed as 1C50 in pM in me righty-axes.lhe 
uptake in cRNA-injected oocytes is ordered from 
the done wíth higher metolazone affiníty (RRFIIR) 
'o that wíth the Iowest affinity (flNCC-,-G-like). 
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fIGURE 8. Absence of reIationsItIp between 
wiId-type IftCC activity and _ affin-

+ + 0.001 11.111 8.1 1.0 10 100 

ity.A, nNa ~- uptake in groups of oocytes injected 
wíthrNCCcRNAat25,12.6,and3ngloocyteinthe 
absence (-) or presenc<! (-;-) of 5 ngloocyte of 
WNIG cRNA. Uptakes were perlOrmed in the 
absence (apen OOrs) or presence (da,hed 00,,) of 
100 pM metoIazone. Each bar represents the 
mean 2: S.E. of 15 oocyteslgroup. Uptake in 
water-injected oocytes was 272 :!: 27 pmol/oo­
cyteJh. B, lO_e anal}'SOS af the inhíbitioo of each 
rNCC group by metolazone.. rNCe groups are 
depicted by continuous fines and rNCC + WNIG 
groups by dashed lines. AlI dose-response curves 
were performed the same day u~'ng the sarroe 
uptake soh . .llioos and metolazone dt1utions.. There 
was no correlation between !he level of activity 
and the IC" values VI' ~ 0.04). 

25 12 Z5 12 11 

rNCCcRNA 

Melolazone (11M) 

' ... 25 
B 

20 

FRRRR RRfRR RfFfR FFRff FRRRR RR"FRR Rf-FFR HRFF 

FlGUIlf 9. K,. viii ..... for NiI+ lA) and O-lB) lIboerted in ooo;yteo inje<Wd with <llNA 
""'" dú_ FRRIIII. IIIII'RR. IIFA'R. ancI FRIA', "" stated. X lal'Ví, Meyt'" _~ 
injecred wíth 25 ng/oocyte of each chimera cRNAJ and 4-ó dayslarer, me Na-t-~ and 
a-~ent zZNa + uptake~ were a~se~Séd in groups of 10 oocytes/poínt. AlI experi­
ment5 were dorte in duplicate. Curves were fined by nonHnear regression usíng Graph­
Pad Prisma softwar~_ 
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transport (2.6 ± 0.7 mM;p < 0.05) but similar to flNCC (15 ± 20 mM; 

p = NS).ln contrast, the apparent 0- Km value in RRRFR was 2.4 ± 0.7 
mM. Tlúsvaluewas similarto.NCC (2.6 ± 0.6 mM;p = NS) butdiffer­
ent n-om flNCC (15 ± 2.0 mM; p > 0.05). Thus, 0- affinity in chime.as 
containing lhe flNCC TM 1-7 regíon was similarto f1NCC, whereas the 
chimera with lhe same .egion n-om .NCC behaved as .NCe. These 
abservations Sllggest that chloride affinity-modifying residues are 
located wilhin the TM 1-7 regían. 

DlSCUSSION 

In lhe present study, chimeric proteins between rNCC and flNCC 
were used to define ious and díuretic affinity-modif)'ing regíans. A sim­
ila. approach has been successfully use<! by ¡senring et aL (24-26) (for a 

review, see Ref. 27) between lhe human and shark basolateral isoform of 
lhe Na + -1(+ - 20- cotransporter NKCCL 

Hoover et aL (14) make lhe striking observation that eliminatían of 
N-glycosylation sites in the rat Na; -0- cotransporter ís associated 
with increased affinity for thiazide-type diuretics. rNCC contaius two 
N-glycosylation sites in ELLA Eliminatian of ane site only (Asn-404 
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FIGURE 10-F_ propertIesofthechime­
ras RFRIIII. RRRFII. and FFFRF in which the TM 
1-7 and 8-12 regions were swapped-" 
lINce and rNCC- X laevis oocytes were ínjected 
with 25 ng/oocyteofeadt chímera cRNA, and4-6 
days later, the functional properties were deter­
mined A. leveI of activíty is shown as 22Na~ 
uptake in the absence topen bars) or presence 
{dashed oors} of rnetolazone in water, witd-type 
rNCC {b/ue}. flNCC (redj, or chímeric protein-in­
jected oocytes, as shown. B, kinetic anafyses of 
inhibition of ~a + uptake by metolazone in 
oocytes injected with wild-type rNCC cRNA (b!ue), 
flNCC cRNA {red}, and chímeric cotransporters 
cRNA (block Unes and chimen, drawn, as shown). 
Cand D. mean ::: S.Eofthe Km valuesforthe Na­
and 0- transport kinetic analysis. respectively, of 
wild-type rNCC.- fJNCC.andchimericdones RFRRR, 
RRRFR, and ffFRF, as stated. 
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FIGURE 11. Affinity--modifying domains in the thiazide-sensitive Na+....Q­
cottansporter. 

or -424) reduced the aetivity of the eotransporter by -50% and 
increased the affinity for metolazone in one order of magrritude from 
IC5(J -1 to -100 nM. E1imination of both sites reduces the activity by 
90 -95% and mercases the affiníty for metolazone to an ICs,'l oi -10 nM. 

Confocal image analysis of an enhanced green fiuorescent protein­
tagged NCC has revealed that most of the reduction in rNCC aetivity, 
when both N-glycosylation sites were eliminated, is because of 
deereased surface expression of the cotransporter. In the present study, 
however, we observed that the consequenees of N-glyeosylation ,ite 
elimination from tlNCC were not similar to rNCC (14). E1iminatíon of 
ane or two N·glycosylation sites had no effeet on tlNCC activity, and 
elimination oí the three sites reduced the aetivity oí the cotransporter 
but only by -50% (Fig. 3). Thiazide affinity was not affeeted in single, 
double, or triple liNCC mutant. (Fig. 4). Therefore, the eonsequences of 
the N-glycosylation site eliminatíon are different betwC'eI1 rNCC .nd 
flNCC. In rNCC, the activity was critieally reduced, and the affinity for 
thiazides was increased, whereas in flNCC, the activity was míldly 
redueed and the affinity for thiazide was not affeeted. In addition, any 
ehange ofECL4 in tlNCChad no critica! functional effects (Fig. 6). Thus, 
inereased affinity for thiazides in rNCC, when the N-glycosylation sites 
are eliminated, is a unique feature of rNCC. The meehanism is not clear 
and wili need further studies to be clarified. 

In fue present study, we also showed (figs. 6 and 7) that swapping the 
amino- or carboxyl-terminal domains .Iso had no effect upon thiazide 
affinity. In this regard, we have previousiy shown that interchanging 
these dom.ins between NKCC2 and NCC had no effect upon bumet­
anide or thiazide sensitivity (16). All of these data together suggest th.t 
affinity-modifying residues foc truazide are unlikely to be located within 
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ftNCC RFRRR RRRFR FFFRf' rNCC flNCC RfRRR RRRfR FFFlif 

ECL4 or the intracellular amino- or carboxyl-terminal domain.lnstead, 
these residues must be located \Vith1n the TM segments. The same 
condusion can be reached for ion transport affinity-defining domain. 
follo .... ing our observations, shawn in Fig. 9, that interchanging ECL4 or 
the amino- or carboxl'l-terminal dornains between rNCC and liNCC 
had no significant effect upon the Km values for Na + or 0- transporto 

Following oar observatians in !he present study, we propose the 
model shown in Fig. 11. There is no role fOI" amino-terminal. carboxyl­

terminal, and EO.4 in defining ion. or thiazide affinity constant •. The 
affinity-modifying regioIl.' fur 0- are probably located within TM seg­
ment. 1-7, whereas for thiazides, within TM segments 8-12. Both 
regions contain affiníty-modífying residues for Na +. These conclusions 

are inconsistentwith a previous proposal by Tran et aL (28) th.t thiazide 
and chloride ion. may bind to the same site on the cotransporter. These 
investigators observed in membrane preparations trom rat renal cortex 
that increased coneentrations of chloride in the extracellular medium 
decreased the affinity binding for [3H]metolazone. In a study in which 
the funetional properties of rNCC ex:pressed in X loevis oocytes were 
analyzed with cerrain detail (20). we have also observed a relationship 
between ion eoneentrations and thiazide affinity, not only for chloride 
¡om, but also for sodium ions. We observed thatthe lower the sodium or 
ehloride coneentration in the uptake medium, the higher the affinity for 
metolazone. Thus, ir is possible that ion binding to the cotransporter 
ma}' induce a conformational change on the protein that reduces the 
affinity for thiazides. This, however, does not implythat ion. and diuret­
ies share the same binding síte. 

In the basolateral i.oform of the Na + -K+ -20- cotransporter 
NKCCl, Isenring et al (27) took advantage of the kinetie difterenees in 
apparent affinity for ions and bumetanide between the shark and human 
isoforms ro reveal that the TM 1-7 segment was the only segment 
definíng ion transport kinetics and bumetanide affinity. No role was 
observed for the TM 8 -12 region. SpecificalJy, they obselved that TM 1 
is implicated in Na ~, K+, and bumetarride affinity (24. 25), TM 4 in K+ 
and 0- affinity (26), and TM 7 in Na +, K+, and C\- affinity (26). The 
role of TM 2 in defining kinetic properties has also been studied in 
NKCC2 Three alternative spliced variants known as A. B, and f, which 
differ in the sequence of TM 2 .nd the interconnecting segment 
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between TMs 2 and 3 exhibit different kinetic properties fOf Na .... K .... 
and Cl-. as well as affmily for bumetanide (29-31). Therefore. no role 
(Of 0- Ol bumetanide affinity was observed in TM 2 troro NKCCl. 
whereas a clear role was observed in NKCC2. Here we have shown. fOf 

the thiazide·sensitive Na· -Cl- eotran'porter. Ihat Cl- affmily-modify­
ing residues reside unly in tRe TM 1-7 region. whereas Na'" atllnity· 
modifying residuos reside in both Ihe TM 1-7 and 8-12 regioos. Sup­
porting this conclusion. we hílve previously shown thal a single 
nucleolide polymorphism ehanging the glyeine residue 264 wi!hin Ihe 
foorth l'M segment for alaníne affected the affinity ofthe cotransporter 
fo, CI- bUI not fo, Na· tran,pon (32). Thus. il is likcly lhat. among 
NCC. NKCC1. and NKCC2. !he affinity-modifying domain ... ,e differ· 
enl. further expe,lments will help lo defme shorter fragments or indi­
vidual residu .. involved in defmlng NCC kinetic properties. 

In summary. !he present study shows Ihat. in ral and Ilounder NCC. 
the amincrterminal domain, the carboxyl-terminat domain. and the 
long glyeo'ylaled loop (liCL4) are nol ¡nvolved in dellning affinily for 
ion.,; and thiazides. Affinity-modifying residuei for duoride aro locatcd 
with!n TM segments 1-7 and for !hiazides within TM segment' 8 -¡:2, 
whereas both segments seem to be implicated in defining sodium 
affinity. 
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The tbiazide-sensitive Na+:CI- cotransporter is tbe 
ml\Íor salt transport patbway in the distal convoluted 
tubule of the kidney, and a role of this cotransporter in 
blood pressure homeostasis has been defined by physi­
ological studies on pressure natriuresis and by its in­
volvement in monogenie diseases that feature arterial 
hypotension or hypertension. Data base analysis re­
vealed that 135 single nucleotide polymorphisms along 
the human SLCI2A3 gene that encades the Na+:Cl- co­
transporter have been reportad. Eight are Iocated 
witbin tbe eOding region, and one resulta in a single 
amino acid change; the residue glyeine st the position 
264 is changed to alanine (G264A). Tbis residue is lo­
cated within the fourth transmembrane domain of the 
predieted structure. Beeause Gly-264 ia a highly con­
served reaidue, we studied the funetional properties of 
tbis polymorphism by using in lJitro mutagenesis and 
the heterologous expression aystem in Xenopus laelJis 
oocytes. G264A resulted in a significant and reproduci­
ble reduction (-50%) in '''Na+ uptake when compared 
witb the wild type cotransporter. The affinity for extra­
cellular Cl- and for thiazide diuretics was increased in 
G264A. Western bIot analysis showed similar immunore­
active bands between the wiId type and the G264A eo­
transporters, and eonfocal images of oocytes injected 
with enhanced grecn fluorescent protein-tagged wild 
type and G264A eotransporter showed no differenees in 
the protein surfaee expression level. These observations 
suggest that the G264A polymorphism is associated with 
reduction in the substrate transloeation rate of the co· 
transporter, due to a decrease in tbe intrinsie activity. 
Our study also reveals a role of the transmembrane seg­
ment " in defining the affinity for extracelluIar cr and 
thiazide diureties. 

The thiazide-sensitive Na-:CI- cotransporter (TSC,' gene 
symboI. SLC12A3; locus ID 6559) is the major NaCl transport 
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in accordance with 18 U.S.C. Section 1734 solely to indicat. tbis faet. 
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1 The abbreviations usoo are: TSC thiazide-seJ1sitive Na I ~C¡- co­
transporter; EGFP. enhanced green fluorescent protein; SNPs, single 
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pathway in the apical membrane of the mammalian distal 
convoluted tubule and the teleost urinary bladder (1-7). The 
fundamental role ofthe Na+:CI- cotransporter encoded by the 
SLCl2A3 gene in preserving the extraceIlular fluid volume and 
divalent cation homeostasis has been firmly established by the 
identification of inactivating mutations of this gene as the 
cause of Gitelman's disease (8-lOl, an inherited disorder fea­
turing arterial hypotension, hypokalemic metabolic alkalosis 
with hypocalciuria, hypomagnesemia, and renal salt wasting. 
TSC also serves as the target for the thlazide-type diuretics 
that are currently recommended as the drug of choice for treat­
ment of hypertension (11). FinaIly, a defect in TSC regulation 
by the WNK1 and WNK4 kinases has been implicated in the 
pathogenesis of a salt-dependent form of human hypertension 
known as pseudohyopaldosteronism type II 02, 13). which 
features marked sensitivity to hydrochlorothiazide and a clin­
ical picture that is a mirror image of Gitelman's disease (hy­
pertension, hyperkalemia, and metabolic acidosis) (14). Taken 
together, aII these observations suggest that TSC molecular 
variants, resulting from single nucleotide polymorphisms 
(SNPs), could contribute to the normal variations in hlood 
pressure in the population at large, to the inherited predispo­
sition toward essential hypertension, andlor to the mfferential 
response to muretic therapy. 

Despite the important role of TSC in cardiovascular physi­
ology, pharmacology, and pathophysiology, little is currently 
known about the structure-function relationships in this co­
transporter. By using (3H}metolazone binding to membrane 
preparations from rat renal cortex, Tran et al. (15) proposed 
that thiazides and Cl- share the same binding site. Recent 
stumes in which the functional properties of the cloned cotrans­
porter were determined, however, provided evidence that me­
tolazone competes with both Na + and CI- ions (16), suggesting 
that the thiazide-binding site may be shared by both ions and 
not only by CI-, as suggested by Tran et al. (15)_ In addition, 
nothing is lmown regarding domains or amino acid residues 
defining the TSC ion 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 isoforros of the Na+:K+:2C¡- co­
trnnsporter. BSCIINKCC2 and BSC2INKCCl. ResultB be­
tween both isofonns, however, have shown important 
differences suggesting that conclusions reached in one member 
of the fa!Il11y cannot be extended to the other members. For 
example, in BSC2INKCC1. Isenring el al. (17. 18) have impli­
catad transmembrane domains 4 and 7 in defining Cl- trans­
port affinity. whereas recent studies (19-21) in BSC1INKCC2 
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clearly showed that transmembrane domain 2 contruns affinity 
modifier residues for extracellular Cl-. 

In tbe present study we show that an SNP tbat changes ona 
amino acid residue in TSC results in a dramatic decrease in 
TSC funetion, apparently secondary to a decrease in tbe intrin­
sic activity of tbe cotransporter, and reveals a role of trans­
membrane segment 4 in TSC affinity for extracellular C¡- and 
for tbiazide diuretics. 

MATERIALS AND METHODS 

An extensive search oí genome data bases (\pgw •. nci.nih.gov/cgi-binf 
GeneViewer.cgi; ncbi.nIm.nih.gov/SNP) wa. performed te> tind \he SNPs 
tbst havo been informed withln \he SLCl2A3 gene. The SNPs wi\hin 
the coding regions that were considered as potentíally importanl were 
incorporated inlO \he rat TSC cONA by nsing the QuiekChange .ite­
directed mutagenesis system (Stratagene) following \he manufactC>rer's 
recommendation •. Automatíc ONA sequencing was usad te> corroborate 
all the mutations. AH primera used rOl" mutagenesis were custom~made 
(Sigma). 

Genolyping of !he G264A PoIymorpmsm-A restrietion fragment 
length polymorphism method was created for \he G264A polymorprusm 
te> confirm it and lo simplify its detoction in 200 normal subjects. Total 
genomie DNA was extracted from whole blood according lo standard 
procedures. PCR was conducted using 125 ng of genomic DNA using the 
primer psir sense 5'-AGACCGTGCGGGACCTGCTC-3' and antisense 
5'·CCTCCTCCATGGCCTCCTCACCTT-3'. PCR was conducted for 34 
cycles with denaturation at 96 oC for 3(} s. anneaHng at 60 oC for 30 s, 
and extension at 72 oC fUf 30 s, with a final extension step at 72 oC fur 
5 mino The G264A variant was recognized by restriction fragment 
length polymorphism by using Btg1 (New England Biolabo), and \he 
restriction fragments were separated on 7.5% PAGE, and visualized 
under ultraviolet light alter staining with ethidium bromide. The poly­
morphism was conñrmed by automatic sequencing tAbiPrism®) in all 
positive cases. 

Assessment of the Na + :Cl- Cotmnsporter Function~Oocytes were 
harvested from anesthetized adult female X,nopus laevis frogs, derol· 
licruated,. and prepared for microinjeetion foHowing OUT standard pro­
cedure U&, 19). The next day mature oocytes were injected with 50 nI of 
water or cRNA transeribed in vitro, using the T7 RNA polymerase 
mMESSAGE kit (Ambion), at a concentration ofO.5 "gfp.l. Oocytes were 
then incobated for 3 days in ND9& wi\h sodium pyruvate and gentam­
icin and 1 day in CI--free N09& (16). The funetion of the Na':CI­
cotransporter was determined by assessing tracer 22Na+ uptak.e 
(PerkinE1mer Life Sciences) in groups oí at least 15 oocytes foUowing 
our standard protocol (16): 30 mio of incubation in a cr ~free ND96 
memum containing 1 mM ouabain. 0.1 mM amiloride, and 0.1 mM 
bumatanide, foUowed by a 60-min uptake period in a K' ·free, NaCl 
medium containingthe samedrugs plus- 2 ,...ei of22Na+ per mI. Gluco­
nate was used as a Cl- substitute and N-methyl-n-glucamine as a Na+ 
substitute. At the end of the uptake periad tracer activity was deter­
mined for each dissolved oocyte by Ii--scintiUation countíng. 

Western Blotting-Westem blot analysis was used to compare WT 
witb mutant protein in cRNA-injected oocytes following our standard 
protocol (22). In brief, groups of 15 oocytes injected with water or cRNA 
were homogenized in 2 I4Vooeyte of homogenization buffer and centri­
fuged twice at 100 X g for 10 min at 4 ·C, and the supematant was 
collected. Protein extracts from oocytes (four oocytes per lane) were 
heated in sample buffer containing 6% SDS, 15% glycerol, 0.3% bromo 
phenol blue, 150 mM Tris, pH 7.6, and 2% jI-mercaptoe\hanol, resolved 
by Laemmli SDS- 7.5% PAGE, and transferred lo a polyvinylidene 
difluoride membrane. For immunodetection we used a rabbit polyclonal 
antí-rat TSC antibody (generousJy provided by Dr. Mark Knepper, 
National Institutes ofHealth), diluted 1:1000 (23). The membrane was 
exposed lo anti-TSC antibody diluted in blocking buffer (TTBS, 0.2% 
Tween 20) ovemight at 4 ·C, subsequently washed in TTBS, and ineu· 
bated for 60 min at room temperature with alkaline phosphatase­
conjugated secondary {anti·rabbitl antíbody (Bio·Rad) diluted 1:2000 in 
blocking buffer and wa:ilied again. lmm\1noreactive 3pecies were de­
tectOO using Immun-Star ChemilurninesCént Protein Detection Sys­
tems (Bio-Rad). 

Asse.sment uf the TSC Expressiun al the Oocytes Plasmo Mem· 
brane-The surface expression ofwiId type or mutant TSC (see beIow) 
was determined by assessing the fluorescence in the Xenopus oocytes 
u5ing a TSC fusion construct that we have previously valídated (12, 24). 
In this eonstrucl., the EGFP was fosed to the aminO-terminal domain of 
TSC. Xenopus oocytes were then microinjected with water as control or 

11.,11 

FIG. l. TopologicaJ model ofthe thiazide·sensitive Ns+:C1- co­
transportar and the localization of tbe eigbt SNPs located 
withln the coding region. 

with EGFP·WT-TSC or EGFP·mutant·TSC cRNA. After 4 days of in· 
cubation, oocytes were monitored ror EGFP fluorescence in tbe oocytes 
surface using a Zeiss laser-scanning confocal microscope (objective lens 
xI0, Niko.n). Excitation and emission wavelengths used to visualiza 
EGFP fluorescence were 488 and 515-565 nm, respectively. We have 
shown previously that EGFP-TSC fluorescence in the oocytes surface 
colocalizes wíili \he F-404 specitie plasma membrana dye and that 
oocytes injected with EGFP-TSC exhibit significant thiazide-sensitive 
22Na I uptake. indicating the EGFP-TSC fluorescence is located in the 
plasma membrane (24). For densitometry annlysis, the plasma mem· 
brane fluorescence was quantified by determining the pixel intensity 
around the entire oocytes circumferenee using SigmaScan Pro ¡mage 
anaIysis software. 

Statistical Analysis-Statistical significance is defined as two-tailed 
p < 0.05. and the results are presented as mean.!: S.E. The significan-ce 
of the differences between means was tested with the Student's t test. 

RESULTS 

Single NueZeotide Polymorphisms in the SLC12A3 Gene-Up 
to 135 SNPs have been informed witbin the SLCl2A3 gene. 127 
SNPs are located within intronic sequences and only eight are 
within exonic sequences. Fig. 1 depicts the proposed TSC to­
pology (25) and the loealization of the eight SNPs witbin the 
coding sequence. Six SNPs result in no change of the amino 
acid sequence. These are the 8NPs A122A, T465T, 8628S, 
A714A, G875G, and 11017I corresponding to the NCBI SNP 
cluster IDs rs2304479, r55801, r555802, rs5803, 1's5804, and 
1'52289113, respectively. Two SNPs 1'esult in a single amino 
acid change. One is the R863K SNP (cluster ID r58060046) that 
was considered as irrelevant because this 8NP lacated within 
the carboxyl-terminal domain results in a conserved substitu­
tion of the positively charged amino acid arginine, wmch is 
present in tbe human eotransporter (8), for the positively 
charged residue Iysine, which is present in the TSC from rab­
bit, rat, mouse, and fish (2, 25-27). In contrast, the other SNP 
tbat alter the primary sequenee of human TSC (ID number 
rs1529927) predicts a ehange of the nonpolar amino acid gly­
cine at tbe position 264 for tbe residue alanine. The residue 
glycine is loeated witbin the fourth transmembrane dornain 
and is a conserved amino acid residue, not only in tbe available 
TSC sequences from rat (25), mouse (27), rabbit (26), human 
(B), and flounder (2), but also in al1 members of SLC12 ("mily 
tbat inc\ude two genes encoding Na+:K+:2CI- cotransporters 
(25, 28) and four genes encoding K+:CI- eotransporters (29-
31). Thus, the G264A SNP was considered as potentia\ly im­
portant and therefore was introdueed into TSC by in vitro 
mutagenesis. 

Allele FreqUJmcy ofthe G264A Polymorphism-A restriction 
fragment lengtb polymorphism strategy was used to a5sess the 
presence of G264A 8NP by PCR. The PCR product (510 bp) 
contruned 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 position 264 in both a\le­
les). In contrast, in CA genotype hete1'ozygotes (that is one 
allele encoding glycine and the other encoding alanine at posi-
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tion 264), a new specific Btg1 restrictíon site was used, and 
then four bands of 461, 390, 71, and 49 bp were observed. To 
test the allele frequency of the G264A polymorphism, 200 Cau­
"asian subjects were genotyped. The sample included 119 
males and 81 females with the folIowing characteristics 
(mean:': S.D.); age 52:': 16 years, systolic blood pressure 117 :': 
11 rnrnHg, diastolic blood pressure 69 :': 7 mmHg, and body 
mass index of24 :': 4 kg/m2. None ofthe subjects had present or 
past cardiovascular conditions including hypertension, coro­
nary heart disease, stroke, or diabetes. The frequency of the GA 
genotype was 2% in the sample studied. No subjects with AA 
phenotype were detected (that is homozygotes encoding alanÍlle 
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FIG. 2. A, example of a genotypíng result for the Gly-264 .... Ala 
(G264A) polymorprusm. The polymorprusm consists in a G to C trans­
version at codan 264 that changed the glycine-encoding codon GGC to 
the aIanine-encoding rodon, GCC. The PCR products were digested 
wifu Btgl and resolved on SDS-PAGE: rone 1, molecular weight 
mamer, roTU! 2, GA heterozygous (codon GCCl; rone 3, GG homozygous 
(rodon GGCl, and rone 4 (undigested PCR product). B, sequence ofwild 
type and e, polymorpbic variant G264A PCR products were excised 
from fue gel and fulIy sequenced. 

FIG. 3. FunctionalexpressioD ofwr 
and G264Acotransporiers inX laeuis 
oocytes. A, ""'Na + uptake in oocytes that 
were injected with water. wiili 25 ng of 
c&'<A from wr, or from G264A. Uptoke 
was asses:sed in control conditions (open 
OOn), in the ahsence nf extracellular CI­
(hatched OOrs l, or in fue presence of 10-' 
M of fue inhibitor metolazone (closed 
001'8 l. The absence of endogenous tlúa­
zide-inhibitab\e ""'Na + uptake inX roevis 
oocytes has heen shewn before (2, 16, 25l. 
*, p < 0.01 versus WT cRNA oocytes in 
control conditÚlns. n = 20 oocytes per bar. 
B, ethidium bromide-stained agarose gel 
showing 2 ¡J.! of 0.5 p.gf¡J.! of WT and 
G264A cRNA as stated. e, autoradio­
grams ofWestern blot anaIysis of proteins 
extracted from WT or G264A cRNA-in· 
jected oocytes, as stoted. The anaIysis was 
performed using rabbit polyclonal anti­
TSC antihodies. Comparable inununore­
activitios are observed in both lanos. 

o 

at position 264 in both alleles). Shown in Fig. 2A is a repre­
sentative gel containing the Btg1-digested PCR fragment from 
a normal subject and one heterozygous for the GA genotype. 
Fig. 2, B and C, illustrates sequencing ofthis regíon in a GG 
and a GA phenotype (codons GGC and GCC, respectively). 
Thus, our results suggest that G264A is a true SNP. 

Functional Consequences of the TSC G264A Polymorphism­
The functional consequences of the G264A SNP were assessed 
using a heterologous expression system in X. /aevis oocytes. 
Tbis expression system has been shown to 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 l. In contrast, TSC expression in transfected eukaryotic celIs 
has not been successful in many laboratories, including our 
own. The best expression so far observed in stably transfected 
eukaryotic ceUs (MDCK ceUs) with human TSC cDNA consists 
of small increase (-25%) over background (35). Thus, X. /aevis 
oocytes were microinjected with cRNA transcribed from wild 
type TSC (WT) or from TSC harboring the G264A SNP 
(G264A). As shown in Fig. 3, WT or G264A cRNA injection 
induced a significant increase in ""Na + uptake in X. /aevis 
oocytes. However, the increase in G264A-injeeted oocytes was 
of a significantly lower magnitude than the increase observed 
in WT oocytes. Uptake in WT-injected oocytes was 3448 :': 234 
pmol Oocyte-l h-1, whereas in G264A-injected oocytes was 
1712 ± 366 pmol OOCyte-l h- 1 (p < 0.01, n = 20). As shown in 
Fig. 3, the uptake was due to the TSC activity because a 
complete inhibition of uptake was observed in the absence of 
erlracelIular chloride or in the presence of the thiazide-type 
diuretic, metolazone. A reduction of a similar magnitude in the 
G264A activity was consistently observed in every single ex-
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EGFP-TSC EGFP-G264A 
1(1) 

FlG. 4. Surface and funetionaI ex­
pression of EGFP-WT and EGFP­
G264A. cotransporters. A, ethidium 
bromide-agarose gel sbowíng 2 pl of 0.5 
1411'1 of EGFP-WT and EGFP-G264A 
cRNAs as stated. R, auUJradíography of a 
Western blot analysis of proteins ex­
tracted from EGFP-WT or EGFP-G264A 
cRNA-injected oocytes, as stated. e and 
D, representative examples of surfuce fiu­
orescence in X laevis oocytes expressing 
EGFP-WT or EGFP-G264A, as stated. E, 
mean ~ S.E. of the Burlare expression 
analysis in arbítrary unit of oocytes in­
jected witb EGFP-WT cRNA or EGFP­
G264A cRNA, as stated (n. ~ 30 oocytes 
per bar). F, 4 h after the confoca! micros­
copy analysis was performed, tbe ""Na ' 
uptake was a.ssessed using the same 00-

cytes from E, in the absence (open bars) or 
presence (lwtclred bars) of 10-4 M metola­
wne. Thus. each bar represents the 
mean :;: S.E. of 15 oocytes. Uptake in tbe 
water control group was 189 :;: 21 pmol 
oocyte-1 h-1

• *?p < 0.05 versus uptake in 
EGFP-WT in control conditíons. 
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periment. In oroer to ensure that the reduction in 22Na+ up­
take was not due to differences in the amount of eRNA injected 
or in the transeription rate of the protein, cRNA eoncentration 
was determined by densitometry ofthe eorresponding bands in 
the ethidium bromide-stained agarose gel, and the transcribed 
protein was assessed by Western blot analysis of the injected 
oocvtes. No differences were found between WT and G264A in 
th; amount of eRNA injected (Fig. 3B), as well as in the TSC 
protein produced by too oocytes (Fig. 3C). 

Surface Expression Analysis in EGFp· WT or EGFP-G264A­
BecauseX laevis oocytes injected with WT or G264A exhibited 
similar immunoreactive proteins in the Western blot, we rea­
soned that potential explanations for too reduction in fune­
tional expression of the TSC containing the G264A could be a 
decrease in the amount of the transporter that reaches too 
plasma membrane, a decrease in the affiníty for the eotrans­
ported ions, or a deerease in the intrinsic aetivity of the eo­
transporter. To study the first possibility, we assessed the 
surface expression of the WT and G264A proteins by injecting 
X. laevis 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 eharacterized previously (24) in whieh 
the EGFP was fused to the amino-terminal domaÍn of TSC. 
Then the EGFP eDNA was subcloned into the G264A TSC. The 
cRNA encoding the EGFP-WT or EGFP-G264A was injected 
into X. laevis oocytes. As shown in Fig. 4A, densitometry of the 
corresponding cRNA band" in an ethidium bromide-agarose gel 
"n"uNld th!l.t gimil!ll' llIl10unts of eRNA were injected. Four 
d!l.y!'. !l.fter injection, the surfaee expression was assessed by 
monítoring the EGFP tluorescence with a confocal microscope. 
Altar ooeyt<!s were anglyzed in the microscope, half of them 
Were used fol' protein extraction to assess the EGFP-tagged 
proteins by Western blot, using a rabbit polyclonal antibody 
against TSC, and the other half was used in a functional 
express ion assay to determine the thiazide-sensitive 22Na+ 
uptake. Western blot revealed similar immunoreactive bands 
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in proteins extracted from EGFP-WT - or EGFP-G264A-injected 
ooeytes (Fig. 48), and surface expression analysis revealed 
similar tluorescence intensíty at the surface of oocytes injected 
with EGFP-WT or EGFP-G264A, respectively (representative 
images are shown in Fig. 4, e and D). Fig. 4, E and F, illus­
trates the plasma membrane fluoreseence intensity analysis in 
30 EGFP-WT- or 30 EGFP-G264A-injected oocytes, and the 
funetional activity was expressed as 2"Na + uptake in the same 
oocytes, respectively. Although the surface expressíon of both 
clones was comparable, the 22Na~ uptake was reduced in 
G264A-injected oocytes. Thus, the G264A substitution results 
in a reduction in the cotransporter aetivity, whieh does not 
appear to be due to a decrease in the surfaee expression rate. 

Ion Transport Kinetícs--One potential source ofreduction in 
the functional activity of a membrane transporter is a redue­
tion of the affiníty for the transponed ions or molecules, pre­
venting the eotransporter from reaching maximal transport 
eapacíty when ineubated in regular uptake solutions. Thus, we 
assessed the Na + and CI- transport kinetics in X laevis 00-

cytes injected with WT or G264A eRNA. Shown in Fig. 5, A and 
e, are the Na+ transport kinetics analyses in WT and G264A, 
respectively. The Km values for Na+ transport kinetics were 
7.6 ± 1.6 and 5.7 ± 1.1 mM in WT and G264A, respectively, 
with no significant differenee between them. Shown in Fig. 5, B 
and D, are the CI- transport kinetic analyses. The apparent Km 
value for extracellular Cl- uptake in WT (Fig. 5B) was 6.3 ± 
1.1 mM. This value is similar to that reponed previously for the 
wild type TSC (16). In contrast, the apparent K= value in 
GZ64A.injected oocytes was 0.89 :te O.Z mM (p " 0.001, n "' 3). 
We repeated the same analysis in triplicate using three differ­
ent batches of oocytes, and the results were similar. Thus, the 
G264A resulted in a significant inerease in Cl- affinity on the 
cotransporter. Tlús inerease in ion transport affinity, however, 
does not explain the reduction in the eotransporter aetivity. 

Diuretic Inhibitory Kinetics-Studies in which the kinetic 
analyses of ["Hlmetolazone to renal cartex plasma membranes 
were assessed suggested that ehIoride and thiazides may com-
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pete for the same site in the cotransporter (15). By supporting 
this possibility we have shown that thiazide affinity in TSC is 
increased when oocytes are incubated in uptake solutions con­
taining low CI- concentration (6). Because an inerease in CI­
affinity in the G264A cotransporter was observed, we assessed 
the dose-response simultaneously on TSC and G264A for the 
thiazide-type diuretic meloJazone in order lo determine the 
thiazide affinity on each cotransporter. As shown in Fig. 6, 
when uptakes were performed in 96 mM NaCI (closed symbols 
and solid lines), the ICso value for metolazone-induced reduc­
tion in 2"Na + uptake was similar between WT and G264A. The 
ICso value in both was -1 X 10-6 M, which is similar lo the IC50 
value that we have reported previously ror rat TSC (16). How· 
ever, because the Km for extracellular CI- in WT TSC is below 
10 mM and in G264A below 1 mM, it is possible that competition 
between chloride and thiazides does not become apparent by 
using 96 m!>l of extracellular CJ-. Thus, we performed the 
metolazone dose-response inhibitory curve in the Bame exper­
iment, but using another group of oocytes in which uptake was 
done using an extraceIluJar CI- concentration around the K", 
values for this ion, that is -6 mM for TSC and 1 mM for G264A 
(open symbols and dashed lines). As we have shown before (16), 
the melolazone IC50 value in the oocytes injected with WT -TSC 
ehanged from -1 X 10-6 to -3 X 10-7 !>I, suggesting that 
metolazone binding to the eotransporter is enhanced when 
extraceIlular chloride iB lower. In oocytes injected with G264A 
eRNA, the shift lo the left was more dramatic than in WT-TSC 
because metolazone !c.o changed from -8 X 10-7 M in the 
presenee of96 mM CI to -1 X 10-8 M when extraceIlular CI­
concentration was 1 mM. To test the possibility that the G264A 
SNP not onIy affects the affinity for thiazides, but aIso the 
diuretic inhibilory profile, we aJso assessed the dose-response 
to several thiazides. This experiment was performed simulta­
neously in WT and G264A.injected oocytes. Therefore, each of 
the thiazide diJutions that were used was the same for both WT 
and G264A oocytes. As shown in Fig. 7, the thiazide inhibitory 
profile of polythiazide > bendroflumethiazide = trichlorome­
thiazide = benzthiazide > hydrochiorothiazide = chIortaJidone 
was similar between WT and G264A TSC cotransporters, sug­
gesting that the G264A substitution inereases the affinity of 

125 

9 8 1 6 5 4 
Metolazone (-109 M) 

FlG. 6. Concentration~response lor inhibition of WT (squares) 
and G264A (circles) by metolazone. Groups of 15 oocytes microin· 
jected with WT or G264A were exposed to increased concentrations of 
metolazone in the preincubation and uptake mediums, from 10-9 to 
10-4 M. Uptakes were performed in the presence of 96 mM of extracel­
lular CI- in both WT and G264A (solid lines and closed s.ymbals) or in 
the presence of 6 mM of extracellular CI- for WT topen squares and 
dashed lines), or 1 mM of extracellular CI- ror G264A (Opell cire/es and 
dashed line). Data were normalized as the percentage of influx, taking 
100% as fue value observed in oocytes in which uptake was peñormed 
in the absence of metolazone. Each point represents the mean :t S.E. of 
at Ieast 15 oocytes. 

the eotransporter for thiazides but does not affect the inhibi­
tory profile. 

Role of tlze Conserved Residues in the Transmembrane Seg­
ment 4 -As shown in Fig. 8, the alignment analysis of the 
transmembrane domain 4 in the electroneutral cotransporter 
family members revealed that Gly-264 is not the only residue 
that i9 conserved in all cotransporters. In addition lo Gly-264, 
the residues Asn-258, Arg-261, and Gly-278 are also conserved 
in all members ofthe family. Thus we performed similar sub­
stitutions of these residues and anaIyzed the effects upon the 
functional properties of the cotransporter. As shown in Fig. 9, 
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FIG. 8. Alignment of the amino acid residues tbat in the elec­
troneutral cation-chloride cotransporters correspond to the 
transmembrane domain 4, according with the topology analysis 
that has been performed for BSC2 (53). Amíno acid numbers cor­
respond to the TSC sequence. 

substitution oftbese residues resulted in different magnitudes 
ofreduction in tbe TSC activity. The effect was similar between 
G264A and N258Q (-50% reduction). Further reduction in tbe 
activity was oliseTved in tbe R261L transporter, whereas the 
G278A substitution resulted in a complete block ofthe cotrans­
porter activity. To fmd out if tbe decrease in activity was 
associated or not witb a decrease in tbe surface expression of 
tbe cotransporters, X. laevis oocytes were injected witb similar 
amounts of cRNA transcribed from tbe EGFP-tagged wild type 
TSC or the EGFP-tagged TSC containing the substitutions, 
and confocal microscopy analysis of the oocytes was performed 
4 days later for assessing tbe fluorescence intensity at the 
surface. Most interesting, as shown in Fig. lOt there were no 
signíficant differences among all groups. Thus, mutations in 
TSC on any of tbe conserved residues in tbe transmembrane 
segment 4 produce cotransporters in which tbe intrinsic activ-

ity is reduced. Finally, tbe ion transport kinetics analysis re­
vealed that in TSC harboring tbe N258Q and R261L substitu­
tions, tbeKm values for extracellular Na- were 7.3 :!:: 0.7 and 
8.9:!:: 2.3 mM, respectively, and for extracellular CI- were 3.2 :!:: 
0.7 (p < 0.05, n = 4) and 3.2 :!:: 1.6 mM (p = not significant, n = 
4), respectively. Thus, no change was observed in tbe affinity 
for extracellular Na +, whereas a slight increase was observed 
in the affinity for CI-. 

DISCUSSION 

One hundred and thirty five SNPs have been informed along 
the SLC 12A3 gene that encodes the thiazide-sensitive Na - :CI­
cotransporter ofthe renal distal convoluted tubule. Only eight 
ofthe 135 SNPs are located witbin exonic sequences, and one of 
them, the SNP G264A, results in a significant change of a 
single amina acid residue. We showed that in our population 
the distribution of this SNP is 98% homozygous for G264G and 
2% for heterozygous G264A. This frequency is different from 
that shown previously by Melander et al. (36) to be -91% fOf 

ho:m<nygous G264G, -8% for heterozygous G264A, and -1% 
for homozygous A264A. When expressed in the heterologous 
system of X. laevis oocytes. G264A exhibited a reduced maxi­
mal transport capacity to about 50% that shown in simultane­
ous experiments witb WT-TSC. As shown by Westenl blot 
analysis, tbe lower activity of the TSC harboring the G264A 
substitution does not appear to be due to reduced translation of 
the proteín because densitometric analysis demonstrated no 
differences in the amount of TSC protein produced with 01' 
without the G264A substitution. The surface image analysis 
that was assessed by confoca! mic1'oscopy in X. laevis oocytes 
injected with EGFP-tagged WT or G264A cRNA revealed that 
redueed translocation of the cotransporter to the cel! surface is 
not responsible for the lower activity in G264A, because surface 
expression in the plasma membrane was comparable between 
EGFP-WT and EGFP-G264A, whereas the 22Na- uptake ex­
periments performed with the EGFP-WT- or EGFP-G264A­
injectedoocytes revealed a significant reduction in TSC activity 
in tbe presence of the G264A substitution. Thus, by taking all 
these data together; we propose that the lower activity in TSC 
harboring the G264A substitution is due to a 1'educed ion trans­
location rate; i.e. due to a decrease in the intrínsic activity of 
the cotransporter. A similar negative effect on the intrinsic 
activity or on the receptor signaling capacity has been docu­
mented for the SNP 189V and the SNP S268P tbat occur in the 
human high affinity choline transporter (37) and in the human 
wopioid receptor (38). respectively_ 

The observation in the present study of one SNP in the renal 
Na+:CI- cotransporter that results in reduction ofthe cotrans­
porter intrinsic activity suggests a number of testable hypoth­
eses. For example. this SNP may be p1'obably less prevalent in 
hypertensive patients tban in normal subjects. or individuals 
harboring this SNP probably are less sensitive to treatment 
with tbiazide drugs. In addition, it is well known that TSC 
activity inversely correlates with calcium reabsorption in the 
distal tubule (39) and that chronic thiazide treatment is asso­
ciated with increased bone density (40), which is a protective 
factor against osteoporosis (41, 42). Therefore. anotber bypoth­
esis could be that SNP G264A is less prevalent in patients with 
osteoporosis than the general population. 

One study addressed the genotype frequency distribution on 
this G264A SNP in 264 normal and 292 hypértensivé subjects 
fraID Sweden (36), and no différence was observéd between 
normotensive and hyperlensive subjects. It is possible, how­
ever. that more hypertensive patients will need to be studied in 
order to reveal the assoclation between hypertension and cer­
tain SNPs_ For example, Baker et al. (43) have shown that the 
T594M mutation in the Jl-subunit of the epithelial sodium 
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FIG. 9. Functional expression of WT 
and TSC harboring the substitutions 
G264A, N258Q. R261L, or G278A. The 
22Na'¡' uptake was determined in groups 
of oocytes tbat were injected with water or 
witb 25 ng of cRNA from the wr or sub­
stituted mutants (as .tated). Uptake was 
assessed in control eonditions Copen bars) 
or in tbe presence of 10-4 M of th. inhib­
itor metolazone (ctosed bars). " p < 0.01 
versus WT cRNA oocytes in control condi~ 
tions. n = 20 oocytes per bar. 
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FIG. 10. Surface abundance of EGFP·tagged WT or EGFP· 
tagged TSC harboring fue substitutions G264A, N258Q, R261L, 
or G278A, as stated. Oocytes were injected with corresponding cRNA, 
and green fluorescence was assessed by confoea} microscopy as de· 
scribed under "Materials and l\Iethods."" The mean and standard error 
of fluorescence is shown for each set of eight oocytes per injection in 
arbitrary units. 

ehannel correlates with the development of hypertension only 
in black patients with low renin hypertension. and Zhu et al. 
(44) observed that in white patients, but not in blaek hyperten­
sive subjects, there is a significant association between the 
intron 2 conversion a1lele ofthe aldosterone synthase gene and 
the development oí essential hypertension. 

Regardless of the potential role in the disease diseussed 
aboye, the G264A SNP reveal. a role of the transmembrane 
domain 4 in the affinity foi extracellular CI- and a1so for 
thiazides. We observed that TSC harboring the G264A exhibits 
an inerease in the affinity for extracellular CI-, because the 
apparent Km value for extracellular C¡- in G264A was a1most 
10 times lower than in WT. This inerease in affinity for Cl- was 
specific for this ion because no change was observed in the 
affinity for extracellular Na +. Glycine lo a non-hyclrophobic 
residua at position 264, which io predicted to be located in the 
TSC putative transmembrane domain 4 ancl is conserved in a11 
species in which TSC has been sequenced, including human (8), 
rat (25), mouse (27), rabbit (26), :¡nd flounder (2), as well as 
among al! members of the SLC12 family including TSC, two 
Na+:K+:2CI-. and four K+:CI- cotransporter isoforros. Previ­
ous studies in the basolateral isoform of the Na+:K+:2CI-

* 

H,O WT·T$C tnUQ Rlltt G271A 

eotransporter (1S, 45) indieated that transmembrane helix 4 
contains affinity-modifying residues for C¡- translocation. In 
addition to Gly-264, there are three other residues within the 
transmembrane domain 4 that are conserved among al! mem­
bers of the SLC12 family (Fig. S). We observed that substitu­
tion of eaeh of these residues resulted in Na + :Cl- eotransport­
ers with reduced intrinsÍC aetivity, and Qne of them a1so 
exhibited increased affinity for extracellular Cl-. Thus, as has 
been suggested by Isenring el al. (1S) in the Na-:K+:2Cl­
eotransporter BSC2INKCC1, it is possible that transmembrane 
segment 4 in TSC a1s0 plays a role in defining the affinity for 
extraeellular ehloride. The G27SA substitution resulted in a 
non-funetional protein. without affecting the surface expres­
sion rate, suggesting that this glyeine is eompletely necessary 
for the cotransporter to reaeh its functional conformation state. 

The struetural meehanisms by wbich glydne substitution in 
the TSC fourth transmembrane domain produces the observed 
ehanges in its funetional properties are not c1ear, but some 
hypotheses can be proposed. Glyeine is an amino acid residua 
that plays an important structural role, because this residue 
allows unusual main chain eonformations in proteins. This is 
probably why glycine is one of the amino acid residues that 
show high proportion of eonservation among homologous pro­
tein sequences (46). A1though not yet studied in eotransporters, 
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 (47-50). and the extent of 
rigidity or flexibility in a given binge has been proposed to play 
a role in the affinity ofthe protein forits ligand (51). Thus, one 
possibility is that the presenee of glydne at position 264 pro­
vides eertain flexibility that in TSC might affect both rates of 
transport and anion binding. A1ternatively. beeause the four 
residues that we studied, eonserved among a11 members oftbe 
SLC12 family, are hydrophilie (two glycines, one asparagine 
and one arginine), it is possible that these amino adds mainly 
faee the putative translocation pocket in the eotransporter, and 
the conformational changa that results when these residues 
were substituted could render the .putative translocation 
poeket more accessible to CI- ions but witb reduced rates of 
transporto Further studies wiIl be necessary to clariljr these 
issues 

Previous studies using the binding of traeer [3H]metolazone 
suggested that Cl- ions and thiazide diureties compete for the 
same site on the eotransporter (15). Supporting this hypothe­
sis, we have shown that in TSC the higher affinity for chloride 
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is aecompanied by a rugher afimity for thiazide diuretics. On 
one band, the affinity for truazides is shifted to the left when 
dose-response curves are performed in low extracellular Cl­
eoncentrations (16, 32), and on the other hand, the prevention 
of glyeosylation in rat TSC increases the affinity for both ex­
tracellular CI- and thiazides (24)_ In the present study, we 
observed that G264A substitution produces a dramatic in­
crease in C¡- affinity, together with an increase in the affinity 
for the thinzide-type diuretic metolazone. This observation also 
supports the hypothesis that in TSC. the affinity-modifying 
residues fur C¡- may also be involved in defining thiazide 
affinity. increasing the data supporting that anions and diuret­
ies compete for the same site on the eotransporter. Most inter­
esting, while a similar type of competenee between CI- and 
loop diuretics was proposed for the Na' :K' :2CI- eotransporter 
bssed on studies using ¡3H]bumetanide (52). the functional 
analysis of chimeras between the shark and human basolateral 
BSC2INK.CCl revealed that changas in CI- transport kinetics 
are not accompanied by similar changes in bumetanide affinity 
(45). 

1 n summary, we report here the functional characterization 
of a single nucleotide polymorphism in the SLC12A3 gene that 
encodes tbe thiazide-sensitive Na; :CI- cotransporter. This 
membraoe protein has been implicated in human diseases such 
as arterial hypertension and osteoporosis, and the pharmaeo­
logicaJ modulations ofits function are currently used for treat­
ing or preventing these disorders. The studied SNP is a sub­
stitution of a glycine for alanine in the fourth transmembrane 
domain. wruch caused a significant reduction in the Na' :CI­
transport rate, suggesting that people with this SNP could 
have an allele with reduced function of the cotransporter. In 
addition to the effect of the SNP upon the TSC aetivity, the 
G264A substitution produeed an inerease in the affinity of the 
cotraosporter for extracellular CI-, but not for Na+, that was 
accompanied by an inerease in the affmity for thiazide diuret­
ics. Thus, OUT study represents the first detailed examination of 
genetic polymorpbism in the SLCl2A3 gene and reveals a role 
oí the TSC transmembrane segment 4 in anion and thiazide 
affinity. 
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Paredes, Anahi, Consuelo Plata, Mannel Rivera, Erika 
Moreno, Norma V ázquez, Rosario Muñoz-CJares, Steven C. He­
ber!, aud Gerardo Gamba. Activity of Ihe renal Na+-K+··2C1-
cotransporter is reducOO by mUlagenesis of N-glycosylation siles: role 
for proteín surface charge in CJ- transporto Am J Physiof Renal 
Physiol 290: Fi094-FII02, 2006. First published November 15, 
2005; doi: 10.1 I 52/ajprenal.OOO7l.2005.-The renal-specific Na'­
K"" -2CI- cOlransporter NKCC2 belongs !o the SLCI2 gene family; il 
is the tasget for loop diuretics and Ihe cause of type 1 Bamer's 
syndiome. Because Ihe NKCC2 sequenee contains two putative N­
linked glycosylation sites, one of which is conserved wíth the renal 
Na+ -CI- cotransporter in which glyeosylation affeets thiazidc affin­
ity. we assessed the role 01' glycosylalion on NKCC2 funetional 
properties. One (N442Q or N452Q) or both (N442.452Q) N-glyco­
sylation sites were eliminated by site-directOO mUlagenesis. Wild-type 
NKCC2 and mutant clones were expressed in Xenop!ls lael'is oocytes 
and analyzed by .oRb+ in flux, Western blotting. and eonfocal micros­
copy. Inhibition of glycosylation wilh tunicamycin in wild-type 
NKCC2-injected oocytes resulted in an 80% rOOuelÍon of NKCC2 
activity. Immunoblot of ínjectOO oocytes revealOO lbat glycosylation 
of NKCC2 was complelely prevenled in N442,452Q-injected oocytes. 
Functional activity was reduced by 50% in N442Q- and N452Q­
injected oocytes and by 80% in ooeytes injeeted with N442,452Q, 
whereas confocal microscopy of oocytes injected with wild-type Of 

mutan! enhanced green fiuoreseent protein-tagged NKCC2 clones 
revealed thal surface fiuorescence intensity was reducOO -20% in 
single mutant. and 50% in the double mutanl. Ion transport kinetic 
analyses revcaled no changes in cation affinity and a small increase in 
CI- affinity by N442Q and N442.452Q. However, a slight decrease in 
bumetanide affinily was observed. Our data demons!rate lhat NKCC2 
is glycosylated and suggest tha! prevention of glycosylation reduces 
its functional expression by affecting insertion into the plasma mem­
brane and the intrinsie aetivity of the cotransporter. 

bumetanide; thick ascending limb; isoforms; salt reabsorption 

THE APICAL BUMETANIDE-SENSITlVE Na f -K f -2CI- cotransporter 
is the most important salt transport pathway in the mammalian 
thick ascending limb of Henle's loop (TALH). This cotrans­
porter is critical for salt reabsorption, countercurrent multipli­
cation, acid-base regulation, and divalent mineral cation me­
tabolism (10). The Na+ -K+ -2CI- cotransporter protein in the 
T ALH is tbe main pharmacological target of loop diuretics 
(19), which are extensively used in the treMment of edematous 
states. In addition, inactivating mutations of the Na + -K + -2CI-

Address for reprint requesls and other correspondence: G. Gamba, Molec­
lIlar Physiology Uni~ Vasco de Quiroga No: 15. Tlalpan 14000. México City. 
Mexico (e-mail: gamba@biomedic-ds.unam.mxorgambu@quciZill.irm:Sl..mx). 

cotransporter gene in humans (36) and targeted disruption in 
mice (39) produce severe renal salt wasting or Bartter' s syn­
drome, an autosomal recessive disease that is characterized by 
metabolic alkalosis, hypokalemia. hypercalciuria, and severe 
volume depletion accompanied by reduction in arterial blood 
pressure. 

The primary structure of the kidney-specific, bumetanide­
sensitive Na+ -K+ -2CI- cotnmsporter. known as BSCI or 
NKCC2, was elucidated by cloning coo'esponding cDNAs 
from rat (13), rabbit (32), mouse (21), and human kidney (36). 
NKCC2 belongs to the superfamily of electroneutral cation­
coupled Cl- cotransporters (SLCI2A). for which 9 genes have 
been identified, two of which encode for Na+ -K+ -2CI- co­
transporters: NKCC2 is the kidney-specific COlranSpOrter that 
is expressed only al tbe apical membraoe of the TALH, and 
NKCCI is expressed in all tissues, either al the basolateral 
membrane of epithelial cells or in nonepithelial cells (11. 12). 
The degree of identity between both Na"' -K+ -2C1- cotrans­
porter genes is -60 and 50% between these genes and the 
thiazide-sensitive Na+ -Cl- cotransporter (NCC), ¡he other 
Na + -coupled-to-Cl- transporter of the SLC 12 family. The 
basic topology ofthe Na+ -K+ -2C1- and Na+-CI- cotransport­
ers has been deduced from hydropathy analysis and featttres a 
cenlral hydrophobic domaio containing 12 transmembrane 
(TM)-spanning regions that are flanked by shon NH2- and long 
COOH-terminal domains. presumably located within the cell. 
A long loop between TM segments 7 and 8 faces the extracel­
lular side of the protein. This topology has been experimentally 
confirmed only in NKCCI (15). 

NKCCI and NKCC2 foon dimers, although each monomer 
is thought to be fully functional (28. 38). The predicted eore 
molecular size of the NKCC2 monomer is - 120 kDa, whereas 
Western blot analysis of proteins extracted from ral kidney has 
shown an apparent molecular size of -160 kDa (1, 6, 23, 24). 
In vitro translation experiments of rat NKCC2 protein revealed 
an increase in apparent molecular size in tbe presence of canine 
pancreatic microsomes, which are known to express functional 
oligosaccharyl transferase activity, and this effect was pre­
vented by addition of the deglycosylating enzyme endoglyco­
sidase H (13). Thus in vivo and in vitro observations suggest 
thal the bumetanide-sensitive cotransporter BSCIINKCC2 is a 
glycosylated proteín. In addítíon. we recenlly showed thm ¡he 
rat NCC prote¡n is glycosylated at two siles and ¡hat elimina-

The costs of publicution of this articJe were defrayed in part by the payrnent 
of page charges. The anide must therefore be hereby mürk.ed "adl'errisemem" 
in accordance with J 8 U.S.C. Section 1734 solcly to indicatc this faet. 
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tion of the N-glycosylation sites produced J) a decrease in 
activity of!he cotransporter secondary to a decrease in surf.ce 
expression, 2) • slight ¡ncrease in affinity for extracellular CI-, 
and 3) a large increase in affinity fOf the thiazide-Iike diuretic 
metolazone (20)- One ofthe siles at which NCC is glycosylated 
is conserved in NKCC2_ Thus the present study was carried out 
lo elucidate the specific glycosylation sites in !he renal-specific 
Na+ -K> -2CI- cotransporter NKCC2 .nd to determine the 
effects of glycosyl.tiol1 on transporter function. 

METHODS 

EXlrae/ion of crllde membra1les from re1lal kidney ami Xenopus 
/aev;s oocytes. Total proteins were extracled from pooled ral renal 
medull.s by homogenization using a Polylfon homogenizer (Kine­
maticn) in four volumes of Iysis buffer (200 mM suerose, 0.5 mM 
EDTA, 5 rnM Tris' HCJ, pH 7.0 •• nd complete inhibitor prolease 
cocktail). The homogenales were centrifuged al 4,000 g l'or 4 min al 
4'C lO remove lissue debris withoul precipitaling plasma mernbrane 
fntgments_ For N-glyco.idase F digestion, 100 ¡.Lg (20 ",\) of protein 
from kióney membranes were denatured in 0.5% SDS, 50 mM 
j>-mcrcaploelhanol. 0.55 M Tris'HCI (pH 8.6). and I mM EDTA for 
1-2 h al 4'C and diluled wilh Nonidet P-40 lO a final concentration of 
1.5% in Ihe presenee of 1 ¡.Lg/ml leupeptin and 0.2 mM PMSF. Afler 
Ihe samples were splil ¡nto Iwo aliquols, 2 U ol' N-glycanase Of water 
(control) were added and Ihe sampres were incubated for 12-15 h at 
37"C. For analysis of proteins from oocyles (see below), groups of 15 
ooeytes injected wilh waler or cRNA from wild-type or mulanl c10lles 
were homogenized in homogenizatioo buffer al 2 ",lIoocyle and 
cemrifuged Iwice al 100 g for 10 mio al 4°C, Ihe supematant was 
coll.,.~led aud ccntrifuged aga;n al 14,000 rpm for 20 mino "nd lhe 
pellel wasresuspended in loading buffer (6% SDS. 15% glycerol, 150 
mM Tris, 3% bromphenol blue, and 5% ~-mercaptoethanol, pH 7.6). 
Prole;n concenlrations were assessed in duplicale using ¡he DC 
protein assay (Bio-Rad. Hercules CA). 

Immutloblot/ing. For Weslem blol analysis. 50 ",g of medulla 
protein or proteio extracts from 1-10 oocyles. wilh Or wilhoul N­
glyeosidase F or endoglycosidnse digeslion, were diluted in 10 ",1 of 
loading buffer .nd subsequently denalured by boiling for 5 mino 
Proteins were resolved by SDS-PAGE and then transl'erred lo poly­
vinylidene difiuoride membranes (Amersham Pharmacia Biolech: 2 h 
at 400 mAl. Prestained Rainbow rnarkers (Amersham) were used as 
molecular size standards. Nonspecinc bioding siles were bloeKed for 
60 mín al 37°C io 500 mM NaCI-20 mM Tris-buffered saline 
conlainiog 0.4% nonfal dry milk. Thereafter, membranes were iocu­
bated with 1: 1.000 dilulions of the specific rabbil polycJonal antibody 
L320 diluted in blocking bulTer (Tris-buffered saline + 0.1 % Tween 
20) overnight al 4°C. L320 antibody. which was raised againsl a 
peptide corresponding to residues 33-55 of Ihe NH,-tenninal domain 
of ral NKCC2, was generously provided by Mark Knepper (24) .nd 
Javier Alvarez-Leefmans. Mernbranes were subsequently washed 
Ihree tirnes in Tris-buffered saline + 0.1 % Tween 20 for 10 mio aod 
incubal.ed for 60 min al roorn lemperature wilh alkaline phosphatase­
eonjugaled secondary (anli-rabbil) antibody (Bio-Rad) diluted 1:2,000 
in blocking buffer and washed again. ImmunoreaclÍve species were 
delecled using Imrnun-Slar chemiluminescent prolein delection sys­
tem. (Bio-Rad). 

Site-direcled mutagenesis. Sequence analysis of Ihe ral NKCC2 
prolejo (l.;¡sargene protean) revealed six asparagine residues Ihat lil 
Ihe con!.ensug gequence for sn N-glycosylation motif: Asn-Xaa-Serl 
Thr,xaa '" Pro (Fig. 1) (25). Only two (N442 and N452) were 
con,idered putative N-glycosylation sites, because they are located 
wilhin nn extracellular loop of the protein Ihal has hecn shown lo be 
glycosylated in NCC (20). The consensus sites N395 and N579 are 
localed within TM domains, and Ihe consensus siles N868 and N875 
are located within Ihe cyloplasmic COOH-Ierminal doma in. One or 

Fig. 1. NKCC2 lopology and loc3lion of consenslIs N-glycosylation motifs in 
rat orthologe. Fina and 4th mutifs (N395 and N579) aro predictod to be locateó 
within transmembranc (/omains 6 .1lld 10, respe(,:tÍvety. Two. dislal motif!i 
(N868 and N875) are predicted to be in cytoptasmic COOH-terminal dornajo. 
Only N442 and N452 are localed wilhin a putatíve cx.tracellular loop ando thus, 
are pOlential N-glycosylation sites. N442 is a ¡;onserveu }¡,¡t~ [hai is prcscn\ in 
al! orthol02es lhat have becn isolated fmm thiazid~-scl1s¡ti\'c Na .... -0- "O­
transponer .... and both genes encoding Na+-K-t--2CI- cotran~porlas. NKCCl 
and NKCC2 (l4). Gray-shadl!J region i~ IOc~ltíon of mutuully exclu!-.ivc 
cassette ex.uos A. B, and F. 

bOlh N-glycosylalion sites located al the eXlracclllllar loop was elim­
inated by site-directed mutagenesis (Quickchange. Stratagene) 
according to the manufacturer's recommendations. The custom-made 
(Sigm.) oligonucleolides 5' -CACTGGGAGCA TGCAAGACACT­
GTCGTTTCTG-3' and 5'-GGGATGAATTGCCAAGGGTCCG­
CAGCCTGCG-3' \Verc lIsed 10 mutate lhe aspamginc at positions 442 
(N442Q) and 452 (N452Q), respectivcly, to glulullIinc in wild-type a¡¡J 
enhanced green ftuorescent prolein (EGFP}-I"ggcd NKCC2 clones. The 
lulter primer was also used 10 create d"uble mutanls (N442.452Q). 
Automatic DNA sequencing was used lo corroborate all mulation<.;. 

Heterologous expression in X. lael';s oocyles. Stage V-VI oocytcs. 
were harvested from .dult rem.le X. lael'is (Nasco, Fort Atkinson, 
MI) by surgery under aneslhesia with 0.17% tricaine. AH protocols 
were approved by Ihe Institlllional Animal Care and Use Commiucr. 
Oocyles were incubated for 1 h in frog Ringer ND96 (in mM: 96 
NaCl, 2 KCI, 1.8 CaCh. 1 MgCh. and 5 HEPES-Tris, pH 7.4) in the 
pl",sence of eoll.genase B (2 mg/ml). washed four times in ND96, 
manually defollieulated. und incubated ovemighl UI 18°C in lhe sume 
medium supplemenled with 2.5 mM sodium pyruvate and gentamicin 
(5 mg/IOO mI). Oocyles (5) were injeeled with 50 nI ol' water (conlrol) 
or cRNA from wild-type or mulant clones al 0.5 ",g/¡.LI (25 ng cRNA 
per oocyle). cRNA was in vitro transcribed Irom corresponding clones 
using lhe TI RNA polymerase mMESSAGE kil (Ambion). After 
injectioo, ooeytes were incubated for 3-4 days in ND96 with sodium 
pYlUvate and gentamicin. The incuhation medium was changed every 
24 h. On Ihe nighl before Ihe uptake experimenls were performed, 
oocyles were incubaled in Cl--free ND96 (in mM: 96 sodium iselhio­
nate, 2 potassium gluconale, 1.8 ealeium gluconate, 1.0 magnesium 
gluconale, 5 mM HEPES. 2.5 sodium pyruvate, and 5 mgllOO mi 
genlamicin, pH 1.4) (14). 

Assessment of Na + -K+ -2Cl- calmnsporter fUllction. The funelion 
of Ihe Na+ -K+ -2CI- eotransporter was assessed by measurement of 
tracer 86Rb+ uplake (New England Nuclear) in groups of 2: 15 oocyles 
following our general prOlocol (27. 33, 34): 30 min of incub.tion in 
isotonic K' - .nd CI- -free medium (mM: 96 sodium gluconate, 6.0 
calcium gluconale, 1,0 magnesium gluconate, and 5 HEPES-Tris. pH 
7.4) with 1 mM ouab.in followed by • 60-mio uplake period in Ihe 
presence of N. ' , K' , .nd CI-. For mosl experimenls, Ihe iSOlonic 
medium contained (mM) 96 NaCl, 10 KCI, 1.8 CaCho l MgCh, and 
5 HEPES, pH 1.4, and was supplemented with 1 mM ouabain and 2.0 
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Fig. 2. Westem blOf anaJysis of proteins from liver and rat renal meduUa and 
effect of enzymatic deglycosylation. Membrane proteins extracted from liver 
and rat renal meduU. were ¡solaled and exposed to N-glycusidase F (0.25 U) 
digestion. Proteios were separaled by SDS-PAGE (6% polyacrylamide gel). 
transferred to polyvinylideoe membranes. and incubated with polyclonal anti­
NKCC2 antibody (1:1,000 dilutioo). La"e /, liver untrealed proteins. Larre 2. 
renal medulla untreated proteins. fAlle 3. renal meduUa protein5- treated wilh 
N-glycanase fOf 15 h al 37°C. Molecular size markers lin k{},J) are shown by 
arrows at left; calculated mass of NKCC2 proteins with or WiCOOUI N-glyeanase 
treatment are shown by arrows al right. 

fLCi of 86Rb~. Because X. lael'is oocyles express un elldogenous 
NKCCI-lype Na+-K+-2CI- cotransporter (13). every experiment 
included control water-injected oocytes. 

To analyze the ion traosport kínetics of Ihe wild-type NKCC2 or 
glycosylation mutants, the eoncentrations of eaeh íon were varied: for 
Na+ kinelics,the extracellular K+ and Cl- coneenlratíons were fixed 
at 10 and 90 mM, respectively; for K+ kinelics, Na + aud C¡­
concentrations were fixed at 90 mM; and for Cl- kioeties, Na' and 
K+ coocentr.tioos were tíxed at 90 and 10 mM, respectively. Ionic 
strenglh and osmolarily were maintained by subSlitution of N-me!hyl­
D-glucamine for Na + and K + and substitution 01' gluconate for CI-. 
The transpon kinelics for a single ion (Na+, K+. or CI-) for 
waler-iojecled control, wild-type NKCC2. N442Q. N452Q. and dou­
ble-mutant groups were assessed at the same time with the same batch 
of oocytes and solutioos. Mean values for !he water-injected groups 
\Vere subtracted from values for Ihe corresponding wild-type NKCC2 
or mutant groups lo analyze 86Rb+ uptake due lO lhe injected cRNA. 
The sensitivity and kinetics for bumetaoide were assessed by exposure 
of groups of wild-type NKCC2 or mutant eRNA-injected oocytes to 
10-9_10-. M bumctanide. The loop diuretic was preseol io lhe 
incubatioo and uplake periods. 

AlI "pl.ke sludies were performed al 32°C. At !he end 01' lhe uptake 
period, oocytes were washed tíve times in ice-cold uplake solution 
without isotope and dissolved in 10% SOS, and traeer activity was 
delermined for e.eh oocyte by ¡I-scintillation countiog. 

Assessment of NKCC2 expression in ooeyl. plasmo membrane. The 
surface expression of wild-type and mutanl NKCC2 in the oocyte 
plasma membrane was measured by fluorescence rnicroscopy usíng 
EGFP-tagged NKCC2 fusion construcls, as we previously deseribed 
(27,34). BrieOy, N-glycosylation sites were eliminated in the EGFP­
tagged NKCC2/pSPORTl cONA as described aboye, .nd cRNA from 
EGFP-tagged wild-Iype and mutant NKCC2 was lranscribed in vitro 
and microinjected into X. laevis oocytes (25 ngloocyte). After 4 days 
of incubation in regular ND96, EGFP Ouorescence in oocyles was 
monitored using a Zeiss laser scanning confoc.1 microscope (X 10 
objective lens. Nikon). Light of excitation waveleng!h at 488 om and 
emission al 515-565 nm was used to visualize EGFP Ruorescence. 
Pla,ma membrane fluore:¡cence was quantified by determination of 
the pixel intensity around !he enliTe oocyle circumference using 
SigmaScan Pro image analysis software. We previously demonslraled 
thal this methodology cao be used to quaotify greeo fluorescent 
proteins in the plasma membrane of X. laevis oocytes (20, 27, 30). 

Statistical ana/ysis. The significanc'e of !he differences between 
groups was lested by one-way ANOVA or Kruskal-Wallis one-way 

ANOVA 00 ranks, with Dunn's method for multiple comparison 
procedures as needed. Values are means :t SE. 

RESULTS 

Western blot analysis of proteins extracted from renal me­
dulla. Immunodetection of rat NKCC2 protein from renal 
medulla membrane prote¡ns revealed a broad band at -160 
kDa, similar to our previous observations and those of others 
with anti-NKCC2 antibodies raised against different epi topes 
in the NHz- or COOH-terminal domain (Hg. 2) (1, 6, 23). After 
enzymatic deglycosylation with N-glycosidase F, the broad 
band was reduced to a lower band oí' -120 kDa, which 
represents ¡he expected core molecular size of rat NKCC2. 
Thus Ihe rat renal-specific Na+ -K+ -2CI- cotransporter is an 
N-glycosylated protein. 

Effect of tunicamycin on glycosylation alUi func/ional ex­
pression of NKCC2. To begin to define the role of glycosyla­
tion on Na+ -K+ -2CI- cotransporter function, NKCC2 cRNA­
rnicroinjected X. laevis oocytes were coinjected with vehic1e or 
the N-glycosylation inhibitor tunicamycin (50 ¡.o.glrnl) (3, 7). 
After 4 days. the glycosylation status and functional expression 
were assessed by írnmunoblotting and 86Rb+ uptake, respec­
tively, and the resulls are depicted in Fig. 3. As we showed 
previously (13, 27, 34), microínjection of X. laevis oocytes 
with 25 ng of NKCC2 cRNA resulted in a significam increase 
in 86Rb I uptake over that of water-injected oocytes (14,336 ± 
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Fig. 3. Effect of tunicamydll on rolt NKCC2 expression and activity in 
oocytes. Xenopus ¡cle"is oocytes were ¡njected with water Uf NKCC2 cRNA 
alone or coinjected wilh tunicarnycin (dissolved in DMSO). At 4 days after 
incubation. functioDal expression was determined by assessment of MóRb+ 
uptake in the absence (open bars) Uf presence (solid b,trS) of IO-'¡ M 
bumetanide in groups of 15 oocyte; cacho *P < 0.01 vs. absence uf tunica~ 
rnycin. Inset: results frum 10 oocyles. used tor prolein extraction 311d inlmu­
noblot with anti-NKCCl antibodies. Lane /. protein from NKCC2-injecled 
control oocytes: -IZQ-kDa bando which reprel)ents molecular core size of 
NKCC2 protein. ano -l60-kDa bando which represents glycosylated fraction 
of NKCC2 protejo. Lime 1. proteio frum tunicarnycineéoínjected oocyles in 
which only 120~kDa band was expressed. [(me 3. protein from water-injected 
control oocytes. 
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910 vs. 1,528 :!: 44 pmol-oocyte-1'h- 1, P < O.OIl, and the 
increased 86Rb+ uptake was completely inhibited by 10-4 M 
bumetanide. Coinjection of tunicamycin resulted in an 80% 
reduction in 86Rb+ uptake to 3,125 :!: 367 pmol'oocyte-1'h- 1 

(P < 0.01 vs. NKCC2 alone). The reduction in 86Rb+ uptake 
by tunicamycin was associated with prevention of NKCC2 
N-glycosylation (Fig. 3, ¡nset). Thos exposure of NKCC2-
injected oocytes to the N-glycosylation inhibitor ttrnicamycin 
resulted in prevention of NKCC2 glycosylation, togelher wilh 
reduction of lhe NKCC2 functional expression, indicating that 
glycosylation is important for full transporter activity andJor 
plasma membrane expression of lhe renal Na+-K+ -2CI- co­
transporter. 

Characterization ofwild-type ami mulanl NKCC2 glycosyl­
arioll. To confirm lhat NKCC2 expressed in oocytes is also 
glycosylated, proteins were extracted from oocytes injected 
with wild-type NKCC2 cRNA and treated wilh N-glycosidase 
F. Similar to observations with renal medulla proteins (Fig. 2), 
the upper broad band observed in the absence of N-glycanase 
was reduced to a lower band of -120 kDa, which correspond 
with NKCC2 core molecular size (Fig. 4A). Thus NKCC2 
expressed in oocytes is also glycosylated. As shown in Fig. 3, 
treatment of NKCC2-injected oocytes wilh tunicamycin not 
only prevented lhe N-glycosylation of the cotransporter but 
aIso decreased the core molecular size by -1-3 kDa. This 
slight decrease was also observed after N-glycanase trealment 
of proteins extracted from NKCC2-injected oocytes (Fig. 4A). 
The reduction in lhe molecular size wilh tunicamycin treatment 
suggested tha! lhe lower band may represent a high-mannose 
glycoprotein. It is known lhat N-glycosidase F removes core 
and N-oligosaccharide side chains of high-mannose and com­
plex glycoproteins, wherea~ endoglycosidase H hydrolyzes 
only ¡he high-mannose glycoproteins. Therefore to confinn 
lhat the lower band is indeed a high-mannose glycoprotein, we 
exposed NKCC2-injected oocyte proteins to endoglycosidase 
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H. Endoglycosidase treatment resulted in a similar small de­
crease in tbe size of the lower band without a change in the 
upper band (Fig. 4B), confimling that the upper band is a 
complex glycoprotein and the lower band is a high-mannose 
glycoprotein. 

Because N-glycosylation on one site ean aecount for 4-20 
kDa (25), lhe 40-kDa reduetion in NKCC2 migration with 
deglycosylation (Figs. 2 and 3) requires participation of at least 
two different glycosylation sites. Of lhe six asparagines in 
NKCC2 that are eontained within a glycosylation motif (Fig. 
1), only N442 and N452 fit lhe requirements known to be 
associated wilh true glyeosylation; Le., the motif is located in 
a loop longer than 30 amino acid residues and is exposed to the 
extracellular side of the protein. To determine the effeets of 
these two predicted glyeosylation sites, N442 and N452 were 
mutated 10 g1utamine, and the effects of these mutations on 
NKCC2 protein abundanee and glyeosylation in X. !aevis 
oocytes were assessed by Westem blotting. Oocytes were 
injected with similar amounts of wild-type NKCC2 cRNA or 
with cRNA from N442Q or N452Q mutants or the double 
mutant N442,452Q cRNA. Mutation of N442 or N452 reslIlted 
in expression of only the lower 120-kDa band, with a faint 
broad band midway between the two bands shown for wild­
type NKCC2 (Fig. 4C). Elimination of N442 and N452 re­
sulted in complete loss of the upper bando with only the lower 
120-kDa band remaining. No differenee was observed in the 
amount of NKCC2 protein among the four grollps. Thus 
elimination of both si tes located in the extraeellular loop 
between TM segments 7 and 8 (Fig. 1) eompletely prevented 
glycosylation of the NKCC2 protein. apparently without af­
fecting the synthesis or degradation rate of the protein. slIg­
gesting that the other N-glycosylation siles observed in lhe 
computational analysis of NKCC2 (N395. N579, N868. and 
N875) are not functional glyeosylation sites. Because in the 
present study we analyzed lhe cell sllrface expression of the 
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Fig. 4. We!itern blot ilnalysis uf membranes 
fmm oocytes injecled with waler. wild-type 
(WT) NKCC2 cRNA. N442Q cRNA. 
N452Q cRNA. ()r N4421N452Q cRNA. with 
or without ellhmlced green fluorescenl pro­
tein (EGFP) lag. Oocytes were injecled witn 
water Uf 25 ng of cRNA in vitro lranscribed 
from regular 01' EGFP-u\gged wild-type 
NKCC2 and mutalH cDNA. At 4 days after 
injection, pl'Oteins were isolated and sepa­
rated by SDS-PAGE (7% p<>lyacryl .. mide 
gel), tnmsferred to polyvinylidene mem­
branes, and incubated with anti~NKCC2 ¡m­
mune serum (J :500 dilution). and immuno­
reactive bands were visualized. A: effect of 
N-glycosidase F (PNG-F) trealment of pro­
teills extracted froro oocytes injecled with 
wild-type NKCC2. B: effeet of endoglycosi­
dase (Endo H) treatment of proteins ex­
tracted [rom oocytes injected with wild~type 
NKCC2. C: immunoblQt uf proteint) e,.;­
tracteo froln oocytes injected with wild-type 
or mutant NKCC2 cRNA. o: immunoblol of 
protein~ ex.tracted from oocytes illjected 
wilh EGFP-tagged wild-type or mutanl 
NKCC2 cRNA. 
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EGFP-lagged wild-type and mutant NKCC2 proteins (see 
below), we also assessed whetber the amount of EGFP-tagged 
proteins was also similar among tbe wild-type and mutant 
constructs. After injection of similar concentrations of EGFP­
tagged wild-type and mutant NKCC2 cRNA, we detected 
similar amounts of proteins by Westem blot of oocyte proteins 
using the anti-NKCC2 antibody (Fig. 4D) or the anti-EGFP 
monoclonal antibody (data not shown). 

To define tbe effect of N-glycosylation on Na + -K+ -2CI­
cotransporter functional properries, we assessed 8"Rb + uptak.e 
in X. laevis oocytes microinjecled with wild-type NKCC2 
cRNA or with N442Q, N452Q, or N442,452Q cRNA. Wild­
type NKCC2-injected oocytes exhibited the expected l3-fold 
increase in 8bRb+ uptake over water-injected oocytes: 
17,314:': 814 pmo!'oocyte-I'h- I (Fig. S). Whereas bume!­
anide-sensitive ~b + uptake was a1so observed in oocytes 
injected with cRNA from each mutant clone, transport activity 
was signilicantly lower tban in wild-type NKCC2: uptake was 
7,294:': 308,8,140::t 331, and 3,777 :': 150 pmol-oocyte- I. 
h- I (aH P < 0.01) in N442Q-, N452Q-, and double mutant­
injected oocyles, respectively. The reduction in 86Rb+ uptake 
in mutant dones wa< 58%, 53%, and 80%, respectively. Figure 
5 depicts tbe results of a representative experiment: however, 
similar observations were obtained in "" 1 O different experi­
ment& involving different batches of oocytes. In all experi­
ments. activity of each single mutant and activity of the double 
mutant were -50 and 20%, respectively, of that shown for tbe 
wild-type NKCC2-injected oocytes. Thus elimination of the 
N-glycosylation sites in NKCC2 cDNA results in a reduction 
of the Na+ -K+ -2Cr cotransporter activity. 

Role {Jf glycosylalion in kinelic properties of NKCC2. One 
mechanism for the reduction in NKCC2 functional activity in 
mUlan! clones is the effect of elimination of N-glycosylatíon 
sites on aftinity for tbe cotransported ions. In a previolls study, 
we observed that elimination of one of the N-glycosylation 
sites in tbe renal thiazide-sensitive Na I -CI- cotransporter 
resulted in a slight, but significant, increase in affinity for CI­
(20), 5uggesting a role for glycosylation in CI- transport 
kinetics. Thus we assessed the kinetic properties of Na +, K + , 
and CI- transport simultaneously in wild-type NKCC2 and 
mutant clones. The renal Na+ -K+ -2C1- cotransporter gene 

Fig. 5. Fun~üonal expression of wild-type NKCC2 and mutanl 
cotnl.nsporters in X. laevi:r oocytes. Oocyles were injected with 
25 ng of wild-type NKCC2 cRNA, N442Q cRNA, N452Q 
cRNA, or N442.N452Q cRNA anQ analyzed fo, .bRb+ uptake 
afler 4 days of incubation. Water-injecled oocytes were used as 
controls. Uptake was assessed in the absence (open bars) or 
presence (solid bars) of 10-4 M bumetanide in uptake medium. 
Yalues are means :!: SE of 15 oocytc •. 'P < 0.01 v •. WT­
N KCC2 and H.O. 

20000 

Table 1. Ion transport and bumetanide-inhibitory kinetic 
analysis in wild-type NKCC2 and gl)'cosylation mutants 

WT-NKCC2 N442Q N452Q DM 

Km, mM 
Na· 16.5:!:3.8 34. I:!: 12 23.S:!:3.1 31.1:!:6.4 
K' 2.9:!:O.8 2.3:!: 1.1 1.8:!:0.3 3.7:!:0.96 
Cl- 98:t22 35:!:J8* 87:!:J8 37.8:!: 19' 

IC",./LM 
Bumetaníde 0.7:!:O.3 1.8:!:O.4* 0.9:!:0.2 1.9:!:0.3* 

Values are means ~ SE. WT. wild type; DM. double mutant. *p < 0.05 vs. 
WT-NKCC2. 

encodes for three a1tematively spliced variants (A, B, and F), 
exhibiting different aflinities for the tbree ions (34). Because 
¡he F isoform has ¡he lowest CI- affinity, we used this isoform 
to study tbe effects of glycosylation on ion affinities. Results 
from two different experiments are shown in Table J. The Km 
values for Na+ and K+ uptakes in oocytes injected with mutant 
clones were not altered. Thus a reduced affinity for tbese ions 
cannot explain ¡he reduced activity of tbe cotransporters in 
which tbe N-glycosylation sites were eliminated. Interestingly, 
however, the Km for CI- significantly decreased when the 
N442 site was eliminated by ilself or in the context of the 
double mutant (Table 1). In contrast, elimination of the second 
N-glycosylation site, N452, had no effect on ct- affinity. This 
linding is similar to our observation of tbe thiazide-sensitive 
Na + -CI- cotransporter (20), in which elimination of the first 
N-glycosylation si te also marginally increased the aflinity for 
extracellular CI-. Thus changes in ion aflinities canno! account 
for the reduction in transpon activity of lhe N-glycosylation 
mutants. 

We had also observed that elimination of the N-glycosyla­
lion gites in the thiazide-sensitive Na+-Cl- cotransporter in­
creased affinity fOf the thiazide diuretic metolazone (20). Thus 
we also assessed ¡he affinity of the wild-type NKCC2 and 
mulant clones for bumetanide. The experiment was performed 
in duplicate, and the dose response to bumetanide was assessed 
simultaneously for al! control and experimental groups to 
obtain the kinetics of bumetanide inhibition with use of the 

* 
* 

• 

HP WT·NKCC2 N442Q N452Q N442,452Q 
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Fig. 6. Kinetics af bumetanide inhibition of wild-type NKCC2 :..md glycosyl­
ation mutanlS. Sensitivity of cotransporters to bumetanide was detennined by 
exposure of groups of cRNA-injected oocytes to 1O-8_W-..J M bumetanide. 
Diuretic was present in incubation and uptake periods... and all groups Were 
studied at the same time. Uptake in water control group was subtrdctcd al each 
point from all groups to analyze only 86Rb+ uptake due to tnjected cRNA. Dala 
points represent means of perceot changes in function. with uptake of each 
clone in (he absence ofbumetanide taken as 100%. Values are means :!: SE of 
25 oocytes from 2 dífrerent experiments. 

same batch of oocytes, solutions, and bumetanide dilutions. As 
shown in Fig. 6 and Table 1, the affinity for bumetanide was 
not increased but, ralher, reduced by elimination of the N­
glycosylation sites. 
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Surface expression ofwild-type and lIlutant EGFP-NKCC2 
constructs in X. laevis oocytes. Another potential mechanism 
accounting for a reduction in the NKCC2 activity of N­
glycosylation site mutants is a reduction in the steady-state 
expression of protein in the plasma membrane. Thus, to quan­
titatively compare lhe plasma membrane expression of wild­
type NKCC2 vs. N442Q, N452Q, and N442,452Q NKCC2 
mutants, we assessed NKCC2 surface expression by confocal 
Huorescence microscopy using the EGFP-tagged wild-type and 
mutant constructs. We previously showed (27) surface colo­
calization of the EGFP-NKCC2 fusion construct with plasma 
membrane marker FM 4-64 Huorescence in aH tested oocytes, 
indicating that the EGFP-NKCC2 Huorescence measured at 
equatorial confocal sections in oocytes is indicative of expres­
sion on the plasma membrane. Images from oocytes injected 
with wild-type EGFP-NKCC2 or each of lhe EGFP-NKCC2 
N-glycosylation mutant clones are shown in Fíg. 7A, and the 
results of densitometric analyses are shown in Fig. 78. Control 
oocytes injected with water or NKCC2 cRNA showed no 
signilicant Huorescence at the emission and excitatioll wave­
lengths for EGFP (data not shown). Fluorescence intensity in 
the single mutants EGFP-N442Q and EGFP-N452Q was 86 
and 81%, respectively, of tha! observed in wild-type EGFP-

. NKCC2 oocytes. The difference, however, was not statistically 
significan!. In contrast, in the double-mutant-injected oocytes, 
Huorescence intensity was 48% of that shown for the wild-type 
EGFP-NKCC2 group (P < 0.05). 

DlSCUSSION 

In ¡he present study, we show that ¡he renal-specific Na+­
K+ -2Cl- cotransporter NKCC2 is a glycosylated protein in 
vivo and that N442 and N452, located in the putative extra­
cellulardomain between TM segmel/Is 7 and 8, are used as the 

* 

Fig. 7. SUlface expression uf EGFP~tagged NKCC2 
alld EGFP-taggeJ glycosylation mutanls in oocytes de­
termined by confocal microscopic fluorescence analy­
sis. Oocytes were injected with water Of 25 ng uf 
wild-type EGFP-NKCC2 cRNA. EGFP-N442Q cRNA. 
EGFP-N452Q, or the doub1e mutant EGFP-N442Q/ 
N452Q-EGFP. Fluorescel1ce of oocytes was visualized 
through a laser scanning confocal microscope and mea­
sured. A: confocal images of9 oocytes in each group. B: 
fluorescence intensity. Values are means :t SE of 10 
oocytes. *P < 0.05 vs. WT-NKCC2. 

wr -NKCC2 N4420 N4520 N442,4520 
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N-glycosylation sites_ This observation verifies Ihat tbe loop 
between TM segments 7 and 8 in NKCC2 is indeed extracel­
lular, as has been observed in NCC (20) and in the basolateral 
Na+-K+-2CI- cotransporter NKCCI (15). We also demon­
strate tbat glycosylation at N442 and N452 in NKCC2 is 
essential for normal activity, such tbat elimination of one site 
reduces tbe activity of tbe cotransporter by -50%, whereas 
elimination of botb sites reduces activity by 80%. This lowered 
cotransporter activity in tbe mutant constructs was not due to 
nonspecific effects of tbe N -+ Q mutations per se, because 
prevention of glycosylation witb !he inhibitor tunicamycin also 
decreased tbe activity of the wild-type NKCC2. 

The possible mechanisms to explain a reduction in 86Rb + 
uptake in glycosylation mutant clones include a change in tbe 
ion affinities, a decrease in the protein syntbesis amI/oc protein 
expression in tbe plasma membrane, or a defect in the tumover 
rate of tbe cotransporter. For example, elimination of glyco­
sylation sites reduced the activity of the GLUT-I transporter by 
increasing !he Km foc glucose (2). However. ion transport 
kinetic analyses of NKCC2 revealed no significanl ¡ncreases in 
Km values for Na +, K+. or CI-, suggesting tbat a decrease in 
ion affinity is not responsible for tbe reduction of activity in 
glycosylation mutant proteins. Westem blot analysis revealed 
that, when constructs witb and witbout EGFP were used, 
elimination of the N-glycosylation siles had no effect on the 
amount of detected proteins, suggesting that protein synthesis 
and degradation rates were not affected_ In contrast, con focal 
image analysis of X. laevis oocytes injected with cRNA tran­
scribed from EGFP-tagged wild-type and mutant clones re­
vealed a decrease in surface expression of the Na+ -K+ -2C1-
cotransporter only when both N-glycosylation sites were elim­
inated. No significant decrease in plasma membrane fluores­
cence signal was seeo foc the single N442Q and N452Q 
mutants, nor can tbe signal account for ¡he 50% reduction in 
86Rb + 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 86Rb + l1ptake 
(Fig. 5). Thus elimination of glycosylation sites on NKCC2 
appe= to reduce the intrlnsic activity or tumover rate of this 
cotransporter. Tbis latter possibility was also suggested for tbe 
Na + -Cl- cotransporter NCC. because surface expression of the 
double mutant was reduced 67%, whereas functional activity 
was decreased 92% (20). In this regard, prevention of glyco­
sylation reduces tbe aclivity of the glycine transporter GL YT-I 
(31) and the renal NaPi-2 transporter (18) because of a defect 
in the protein targeting tbe plasma membrane, whereas de­
crease of the Na+ -H+ antiporter (42) and tbe NaSi-1 (26) 
cotransporter activity is due solely to reduction of tbe intrinsic 
activity of tbe transporters, witbout an effect on tbe sl1rface 
expression. Thus it is possible tbat, in NKCC2. glycosylation is 
required not only for proper folding and intracellular traffick­
ing of NKCC2, but also for maintaining a fully active cotrans­
portero 

Kinetic analysis of wild-type NKCC2 and glycosylation 
mutants showed tbat prevention of glycosylation had no effect 
on eation transport kineties. beciluse no significam changes in 
Km value:¡ of NiI+ or K+ were observed. However, tbere was 
a significant decrease in the apparem Km for CI- in tbe single 
mutant N442Q and in the double mutant. This increase in CI­
affinity with elimination of the N~2 site is specific for Cl- , 
because it was not observed for Na+ or K+ and is consistent 

with a similar observation in NCC (20), in which elimination 
of tbe N404 site was also associated with increased affinity for 
Cl-. Interestingly, this N-glycosylation site is conserved in 
NKCC2, NKCCI, and NCC. Although reductions in Vmux can 
increase the apparent affinity for transported ions, it seems 
unlikely that this is tbe cause for tbe observed change in CI­
affinity in NKCC2 for severa! reasons: J) We did not see 
comparable changes in tbe affinities for cations, which would 
be expected for an effect related to a reduction in V m ••• 2) The 
increase in Cl- affinity was proportionally greater than tbe 
reduction in V .... x• 3) Although the N452Q mutant also reduced 
86Rb + uptake by 50%, there was no effect on the affinities for 
cations Ol' anions. Gi ven tbese arguments, our results suggest 
that lhe Cl- binding site is near or associated with the glyco­
sylation site N442 or that glycosylation partially restrlcts the 
access of CI- to its binding site. Because complex oligosac­
charides can contain sialic acid, gIycosylation can contribute to 
tbe net negative external surface charge of proteins. For exam­
pie, Cronin et al. (4) recently demonslrated that the shift of ¡he 
conductance-voltage curves observed in deglycosylated volt­
age-gated Na + channels appears to be secondary to a change in 
the electrostatic charge tbat occurs with loss of a large negative 
charge, rather than a conformational change in the protein. 
Thus a decrease in the net negative charge at lhe external face 
of NKCC2 due to the absence or reduction of N442 glycosyl­
ation could potentially enhance access of CI- to one of its 
binding sites. 

In the present study, the affinily for the loop diuretic bumet­
anide was decreased in N442Q and lhe double mUlant 
N442,452Q. This finding is opposed to our observations in 
NCC, in which a ¡arge increase in the affinity for tbiazides was 
observed (20). In this regard, on lhe basis of tbe competition 
between CI- and tracer [3Hlbumetanide or eH]metolazone in 
membrane preparations from renal medulla (17) or renal cortex 
(41), respectively, it has been proposed that in tbe eleclroneu­
tral cotransporters the diuretic binding site could be the same 
as, or par! of, the CI- binding site. Site-directed mutagenesis 
used to sllbstitute single amino acid residues in NCC to 
eliminate one or two glycosylation sites (20), to introduce a 
single nucleotide polymorphism that switches glycine 264 10 
alanine (29), or to introduce a partially fllnctional Gitelman­
type mutation (35) have shown that an increase in affinity for 
CI- was accompanied in all cases by a simultaneous increase 
in affinity for metolazone. In contrast, chimera studies between 
the human colonic and shark rectal gland NKCCI cotrans­
porter revealed tbat chimeras exhibiting changes in affinity for 
CI- do not exhibit changes in affinity for bumetanide. and vice 
versa (22). In the present study, we observed tbat elimination 
of the N442 glycosylation site resulted in an NKCC2 cotrans­
porter with increased affinity for C\-, 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 in heterologous expression 
systems have provided evidence sl1pporting tbe hypothesis of 
CI- and dil1retic competition in NCC, but nO! NKCCI or 
NKCC2, cO!ransporters. 

In the present study, the functional characleristics of wild­
type and glycosylation mutant NKCC2 were assessed lIsing the 
heterologous expression system in X. laevis oocytes. This 
expression system has been shown 10 be an excellent tool for 
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a robust and reproducible expression of NKCC2 in our hands 
(13, 21, 33, 34, 40) and in other laboratories (8, 9, 16, 37)_ 
A1tbougb pharrnacology determined in oocytes may not be 
completely applicable to proteins in mammalian systems and 
NKCC2 functional analysis in mammalian cells will be pre­
ferre<!, NKCC2 expression in transfected mammalian cells has 
not been successful in any laboratories, including our OWll_ 

In surnmary, tbe present study demonstrates tbat tbe renal 
apical humetanide-sensitive Na + -K+ -2CI- cotransporter 
NKCC2 is a glycosylated protein and tbat N442 and N452, 
located in tbe extracellular loop hetween TM segments 7 and 8, 
are lhe siles used for glycosylation. This finding provides 
compelling evidence tbat tbe loop helween TM segments 7 and 
8 in NKCC2 is indeed extracellular. G1ycosylation appears to 
be important for normal surface expression and maximal tum­
over of tbe transporter. In addition, tbe change in surface 
charge due lO glycosylation may modulate Cl- affinity bU! 
only slightly affect the affinity for bumetanide. Tbus our results 
provide further evidence of a role for glycosylation in transport 
kinetics. 

ACKNOWLEDGMENTS 

We are grdteful to members of the Molet.'tdar PhySlQklgy Unil for sugges­
üoos aOO assistance. WC thank Dr. Javier Alvarez-Leefinans. anO Rene Gar­
duño for the donation of the Westem blot in fig. 2. 

GRANTS 

This work was supported by Mexican Council 01' Science "00 T echnoiogy 
lCONACm Gr.m 36124 (lo G. Gamba) and Nalion.llnstilule 01' Diabetes 
and Digestive and Kidney Diseases Gran! ROl DK·36803 (to S. C. HebeI1 and 
G. Gamba). A. Paredes was supported by seholarship granlS from CONACYT 

REFERENCES 

l. AmIaI H and Wllke C. Resistance of mTAL Na + ·dependen' transporten; 
and collecting duc{ aquaporins to dehydrntion in 7-monlh-oid r.tlS. Kitlne:v 
[nI 64: 544-554. 2003. 

2_ AsaDo T, Takala K, Katagiri H, lshihara H, lnukai K, Anal M, Hirano 
H, Y .... 1d Y, and Oka Y. The role of N-glyeosylation in 'be targeting and 
stability of GLUTl glucose lransporter. FEBS Lert 324: 258-261. 1993. 

3. Cbang JV and Korolev VV. Specific toxicily of tunicamycin in inductlon 
of prograrnmed cen dearh of sympathetic neuron:;. E.rp Neurol 137: 
201-211, 1996. 

4. Cnmin NB, O'Reilly A, Dnclohler H, and Wallaee BA. Effects of 
deglycosylation of sodium channels on their struclure and funetion. 
BiocMmistry 44: 441-449. 2005. 

5. Dmnont JN. Oogenesis in Xenopus laevis (Dandin). Stah'CS of OQ(.l'te 
development in lahora'ory·main'ained animals.] Morpho/136: 153-180, 
1970. 

6. Ecelharger CA, Terris J, Hoyer JR, Nielsen A, Wade JB, and Knep­
per MA. LocaIization and regulation of the ral renal Na+ -K+ -2CI­
cooansporter. BSe l. Am J Physiol Renal Fluid ElectTolYfe Phvsiof 271: 
1'619-1'628, 1996. . . 

7. E1bein AD. Inhibi'ors of !he biosyntllesis and processing of N-linked 
oligosaccharide chains. AH/m Rel' Biochem 56: 497-534. 1987. 

8. Gai:noo E, Bergeron MJ, Brune! GM, Daigle ND, Simard CF, and 
lsenring P. Molecular mechanisms of CI lransport I>y 'he renal Na·K-CI 
cotransporter: identification of an intracellular locus that may form part of 
a high affini'y CI·binding site. J 8iol ehem 279: 5648-5654. 2003. 

9. Gagaon E, Forbush B, Flemmer AW, Gimenez 1, Caron L, .nd 
Ismring p~ Funcrional and molecular characterization of the shark renal 
Nil-K·CI cotmnsporter: novel aspects. 11m J flmio/ «ron/ fh\',iol 283; 
1'11l46-I'HISS. 'lOMo _. 

10_ Gamba G. Molecular biology of distal nephron sndium tmnspoI1 mecho 
anisms. Kidlley 1m 56: 1606-1622. 1999. 

11, Gamba O. Eh::l;itroneutrotl chlonde-coupled co-tr .. nsporters. Curr Opin 
Nephrol H'ypertell!l 9! 535-540. 2000. 

12. Gamba G. Molecular pbysiology and patbopbysiology of elec,roneu'ml 
cation-chloride cotransporters. Physio/ Rev SS: 423-493, 2005. 

13. Gamba G, Miyanoshila A, Lombardi M, Lytlon J, Lee Ws, Hediger 
MA, and Hebert se. Molecular cJoning, primary structure and charac­
teriZ'dtion uf two members of the mammalian electroneutnll sodium­
(potassium}-chloride cotransporter family expressed in kidney. J Biol 
ehem 269: 17713-17722, 1994_ 

14. Gamba G, Sall2berg SN, Lombanli M, Mlyanoshita A, LYllon J, 
Hediger MA, Brenner BM, and Hebert se. Primary structure and 
functional expres!tion of a cONA encoding me thiazide·sensitive. electro­
neutral sodium-chloride co'mnsporter. Proc Nltt/ Acad Sci USA 90: 2749-
2753.1993. 

15. Gerelsaikhan T and Turner RJ. Tml1smembrane 'opology of 'he secre· 
tory Na+-K +·20- cotransporter (NKCC 1) studied by in vitro translation. 
J 8iol ellem 215: 40471-40477, 2000. 

16. Gimenez 1, lsenring P, and Forbush B III. Spa'ially dis,ribu'ed alter­
native splice variants of the renal Na-K-CI cotmnsporter exhibit dr<lma[­
icaUy different affinities for the transported ions. J Biol Chem 277: 
8767- 8770. 2002. 

17. Haas M BDd MCl\1anus TJ. Bumetanide illhibits (Na 1 K t el) co-tr.msport 
al a chloride site. Am J Phy,iol eell Physiol245: C235-<-'240. 1983. 

18. Hayes G, Busch A, Lotscl1er M, Waldegger S, Lang F, Verrey F, Biber 
J, and Murer H. Role of N-linked glycosylation in rnt renal NalPi­
eotransport. J Biol ehem 269: 24143-24149, 1994. 

19. Hebert Se. Nephron heterogeneity. In: Handbook l.if Physiology. Renal 
Phy:sio{ogy. Bethesda, MD: Am. Phy};iol. Soc .• 1992. sect. 8. vol. l. chapt. 
20. p. 875-925_ 

20. Hoover RS, Poch E, l\1onroy A, Vazquez N, Nishio 1', Gamba G, and 
Hebert se. N-glycosylation at two sites critically afters thiazide binding 
and actívity of the mt [hiazide~sensitive Na -:CI- cotransporter. J Am So!" 
Nephro/ 14: 211-282, 2003. 

21. 19arashi P, Vanden Heuver GB, P.yne JA, and Forbush B 1I1. 
Cioning~ embryonic exprcssion, and altcl11utive splicíng of a murine 
kidney~specific Na~K-CI cotransporter. Am J Phy.s;ol Rem¡{ Fluid Ele,'­
tro/Vle Phvsio/269: 1'406-1'418, 1995. 

22. Ise~ring P and Forbush B. Ion tr;:\Ilsport and li,ganu binding by the 
Na-K-Cr cotransporter: strllClure-funclioll studies. Comp B;ocltem PhysioJ 
A 130: 487-497. 20lll. 

23. Kaplan MR, Plolkin MD, Lec WS, Xu ZC, Lytton J, aod Hebert SC. 
Apical localizalÍon of [he Na-K-CI cotransporter, rBSel, on rat thick 
ascending limbs, Kid,,,,}' /nt 49: 40-47, 1996. 

24. Kim GH, Ecelbarger CA, Milcllell C, Packer RK, Wade lB, .nd 
Knepper MA. Vasopressin ¡ncreases Na-K-2Ci cotr,lfisporter expression 
in thick asceuding limb of Benle's loop. Am J Phy.\'iol Renal Physio/276: 
F96-FI03. 1999. 

25. Landlot-Marticorena e and Reithmeier RA(í'. Asparagine~linked oli­
gosaccharides are locallzed to single extracytosolic segments in mulli-span 
membmne glycoproteins. Biochem J 302: 253-260. 1994. 

26. Li H and Pajor AM. Mutagencsis of the N-glycosyh\tion sile of hNaSi-1 
reduces transpon ac(ivity. Am J Physiol Cell Physiol285: C1188-CJ 196. 
2003. 

27, Meade P, Hoover RS, Plata e, Vazquez N, BobadiUa NA, Gamba G, 
and Hebert se. cAMP-dependent activation of the renal-specific Na+­
K+ -2CI- cotransporter is mediated by regulation of cotr.msporter traffick­
ing. Am] Physiol Renal Physiol284: 1'1 145-Fl 154. 2003. 

28. Moore--Hoon ML and Turner RJ. Tbe structural unit of the secretory 
Na+ -K+ ~2CI- cotransporler (NKCCl) is a homodimer. Biochemisrry 39: 
3718-3724, 2000_ 

29. Moreno E. Tovar-Palacio e, De Los HP, Guzman B, BobadlIla NA, 
Vazquez N, Riccardi D, Poch E, and Gamba G. A single nucleotide 
polyrnorphism alters the activity of the renal Na+:CI- cotnmsporter and 
reveals a role for tnmsmembrane segment 4 in chloride and thiazide 
affinily.] Bio/ ehem 279: 16553-16560. 2004. 

30. O'Connell AD, Leng Q, Dong K, MacGregor GG, Giebisch G, .nd 
Hebert se. Phosphorylation-regulated endoplasmic reticulum retention 
signa) in \he renal oUler-medullary K + channel (ROM K). Prex: Natl Acad 
Se; USA 102: 9954-9959, 2005. 

31. Olivares L~ Ársgón C~ Chnénez C. and Zafra FX. The role uf N· 
glycosylation in the targeting ¿¡nO ¿¡clivity uf Ihe GLYTI glyeinc Iron.­
poner. J 8iol ehem 270: 9437-9442. 1995. 

32. Payoe JA and Forbush B 1Il. Alternatively spliced isofom» of Ihe 
pmutive renal Na·K·CI cmmnsporter are differentially distributed witbin 
the rabbil kidncy. I'roc Natf lI<"ad Sd USA 91: 4544-4548, 1994. 

33. Plata C, Mount DB, Rubio V, Hebert SC, and Gamba G. Isoforms of 
the Na-K-2CI cotransporter in murine TAL. 11. Functional charac[erizalion 

AJP-RenClI PhY$iol· VOL 290" MAY 2006· www.ajprenul.org 



FI!02 MUTAGENESIS OF N-GLYCGSYLATION SITES IN RENAL NKCC2 

and activation by cAMPo Am J Physiol RelUll Pltysiol 276: F359-F366. 
1999. 

34. Plala C, Meade P, Vazquez N, Heber! SC, and Gamba G. Functional 
properties of Ibe apical NaT ·KT ·2C¡- cotransporter isoformo. J Biol 
ehem 277: 11004-11012, 2002. 

35. Sabalb E, Meade p. BerkmanJ, De Los HP, Moreno E, Bobadilla NA, 
Vazquez N. EIIison DH, and Gamba G. Palbophysiology of functional 
mutations of the thiazide-sensitive Na--O cotraR-sporter in Gitelman dis­
ease. Am J Physiol Renal Physiol287: FI95-F203. 2004. 

36. Simon DB, Karet FE, Hamdan JM, Di Pietro A. Sanjad SA, and 
Liflon RP. Bartte,'s syndrome. hypokalaemic alkalosis witb bypercalci­
uria, is caused by mutanons in Ihe Na·K·2C] colransporter NKCC2. Nal 
Genel 13: 183-188. 1996. 

37. Slarremaus PG. Kersleo FF. Knoers NV. van den Heuvel LP, and 
Bindels RJ. Mutatians in lbe human Na-K·2CI cotransporter (NKCC2) 
identified in Bartter syndrome type J consistently resuit in nonfunctiolUll 
trdllsporters. J Am SO<' Nephroll4: 1419-1426.2003. 

38. Starremans PG, Kersten FF. van den Heuvel LP, Knoers NV, and 
Bindels RJ. Dimeric architecture of {he human bumetanide-sensilive 
N .... K·C1 co--tr.msporter. J Am Soe Nephrol 14: 3039-3046, 2003. 

39. Takahashi N, Chernavvsky DR, Gome. RA,lgarashi p, Giteiman HJ, 
aud Smitbies O. Uncompensated polyuria in a mouse model of Bartter's 
'yOOrome. Proc Natl Acad Sei USA 97: 5434-5439. 2000. 

40. Tovar·PaIaci" e, Bobadilla NA, Cortes P, Plata C. De Los HP, 
Vazquez N, and Gamba G. Ion and d¡uretic specificity of chimeric 
proteins. between apical Na +: K + :2CJ- and Na + :CI- cotrallsporters. Am J 
Physiol Renal Physio/287: F570-F577, 2004. 

41. Tran JM, Farrell MA, and Fanestil DD. Effec! uf ions on bindíng of the 
thiazide-type iliuretic metolazone to- kidney membrane. Am J Physio{ 
Renal Fluid Electro/yle Physiol258: F908-F915, 1990. 

42. Yusuli ANK, Szezepanska·Konkel MX, and Dousa TP. Role of N· 
linkedoligosaccharides in the lrans.port activity ofthe Na+lH+ antiporter 
in rat renal bru,h·border membrdne. J Biol eh.In 263: 13683-13691. 
1988. 

A1P-Rena{ Physial- VOL 290· MA Y 2006 . www.ajprenal.org 





Am J Phvsio/ Renal Plrvsiol 287: F195-F203. 2004. 
First published Ápril6. 2004; íO_1152/ajprenaL000442004_ 

---- -----------------

Pathophysiology of functional mutations of the thiazide-sensitive Na-el 

cotransporter in Gitelman disease 

Ernesto Sabath,' Patricia Meade,' Jennifer Berkman,2 Paola de los Heros,' Erika Moreno,' 
Norma A. Bobadilla,l Norma Vázquez,l David H. EIlison,2 and Gerardo Gamba' 
I Molecular Physiology Unit, Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, Instituto de 
Investigaciones Biomédicas, Universidad Nacional Autónoma de México, Tlalpan 14000. Mexico City, Mexico.- and 'Division 

of Nephrology and Hypertensiol1. Department of Medicine. Oregon Health Sciences University. Portland. OregOI1 97201 

Submitted 9 February 2004; accepted in final fOfm 5 April 2004 

Sabath, Ernesto, Patricia Meade, Jennifer Berkman, Paola de 
los Heros, Erika Moreno, Norma A. Bobadilla, Norma Vázquez, 
David H. Ellison, and Gerardo Gamba. Pathophysiology of func­
lional mutations oflhe lhiazide-sensitive Na-el cotransporler in Gilel­
m3n disease.AmJ Physiol Renal Physiol287: F195-F203, 2004. First 
published April 6, 2004; 10. I I 52/ajprenaL00044.2004.-Most of lhe 
missense mutalions lhat have been described in the human SLC/2A3 
gene encoding the thiazide-sensilive Na + -Cl- eotransporter (TSC. 
NCC, or NCCT). as lhe cause of Gitelman discase, block TSC 
function by interfering wilh normal protein processing and glycosyl­
ation. However, sorne mutations exhibit considerable activily. To 
investigate lhe pathogenesis of Gilelman discase mediated by such 
mutations and to gain insigh!s inlo structure-function relationships on 
the eO!ransporter. five f"Delional disease mu!ations were introduced 
into mouse TSC cDNA, and lheir expression was delermined in 
Xe/10p/lS loevis ooeyles. Weslcm blol analysis revealed immunoreae­
live bands in all mulanl TSCs Ihal were undistinguishable from 
wild-Iype TSC. The ac!ivity profile was: wild-type TSC (100"10) > 
G627V (66%) > R935Q (36%) = V995M (32%) > G610S (12%) > 
A585V (6%). Ion transport kinetics in alJ mutanl clones were similar 
to wild·type TSC, excepl in G627V. in whieh a small but significant 
increase in aflinily for extmeellular CI- was observed_ In addition. 
G627V and G610S exhibited a smal! increase in metolazone aflinity. 
Tbe surface express ion of wild-type and mulant TSCs was performed 
by laser-seanning confocal microscopy. Al! mulanls exhibited a sig­
nifican! reduclion in surface expression compared wilh wild-type 
TSC. wilh a profile similar lo lhat observed in functional expression 
analysis. Our data show that biochemical and funelional properties of 
lhe mulanl TSCs are similar to wild·type TSC bul Ihal lbe surface 
expression is reduced, suggesting thal Ihese mulalions impair the 
insertion of a f"nctional prolein inlo the plasma membrane. The small 
increase in CI- and Ihiazide aflinity in G610S and G627V suggests 
lhal Ihe heginning of the COOH·terminal domain could be implicated 
in defining kinetie properties_ 

distal tubule; sall reabsorplion; slruelure; Na-Cl colransporter; di­
uretics 

GITELMAN DISEASI! 15 AN AlJTOSOMAl recessive hereditary disorder 
characteñzed by hypokalemic metabolic alkalosis, hypomag­
nesemia, salt wasting, low blood pressure, and hypocalciuria 
(23) (OMIM 600968), which is caused by inactivating muta­
tions in Ibe SLC] 2A3 gene Ibat encode Ibe thiazide-sensitive 
Na 1- ,CI- cotransporter (TSC) PI), TII gilll" > 100 díffwrwnl 
mublions in Ihis gene, induding nonswnsw, splíce síte, and 
míssense mutations. have been descríbed to be linked wilh 

Addm;s for reprim rOQueSI' and Olher correspondence: G. Gamba. Molec· 
ular PhysioloSY Unit. Vasco de Quirosa No. t5, 'flalpan 14000, México City, 
Mexico (E·mail: gamba@snLconacytmx)_ 

Gitelman disease (25, 31). One oí' lhe major features of 
Gilelman disease is a reduction in arterial blood pressure, 
resulting, at least in part, from a decrease in extracellular fluid 
volume (8). Cruz el al. (8) observed in a large family with 
Gitelman disease that heterozygous subjects are able to main­
tain normal blood pressure by increasing dietary sal! intake. In 
additíon, loss ofTSC downregulation that is normally induced 
by WNKI and WNK4 kinases has been suggested to be 
involved in the pathogenesis of a salt-dependent form of 
human hypertension known as pseudohypoaldosteronism type 
II (39, 40). Thus TSC is one of the genes that are involved in 
setting arterial blood pressure levels and, in doing so, is a 
candidate gene in the genesis of prímary hypertension. 

TSC represents the major NaCI transporl palhway in the 
apical membrane of the mammalian distal convoluted tubule 
(7, 14,21,29,37) and al so serves as the receptor for thiazide­
type diuretics, which are the firsr line phannacological therapy 
for hypertension (6). Despite the important role of TSC in 
cardiovascular and renal physiology, phammcology, and 
pathophysiology, Ií!tle is currently known aboul the structure­
function relationships in this cotransporter. In this regard, 
naturally occurring mutations in Gitelman patients can help to 
reveal amino acid residues playing a key role in definmg 
functional characteristics_ Analysis at the physiological level 
has demonstrated tha! most ofthe point mulations occun-ing in 
patients with Gitelman disease result in a complete bloek of 
cotransporter activity (9, 22). Thus rhe contribution of these 
amino acid residues to define the funclionaI properties of Ihe 
cotransporter cannot be obtained beca use the protein is no! 
expressed. During the course of our previous study (22), 
however, we notieed that some of the missense mutations 
exhibit partial tiJnction_ De Jong et aL (9) al so observed that 
some poin! mutations result in TSC proteins that are gIycosy­
lated and exhibit partial activity as metolazone-sensitive 22Na + 
uptake. Immunocytochemical analysis revealed that proteins 
harboring Ibe functional mutations were equally present in the 
cytoplasm and plasma membrane. In the present study, we 
have now extended Ihe functional and molecular characteriza­
tion ofTSC harboring "functional" mutations by performing a 
quantitative analysis comparing plasma membrane expression 
of wild-type and mutant TSC. as well as by definíng the 
functionol kincti¡; propmlic5 ror ion tnlllsport and Ihiazide 
inhibition. Our observalÍons expond rhe spectrum 01' mecha· 
nisms underlying Gitelman disease and suggest that the begin-
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ning of the COOH-tenninal dornain could be irnplicated in 
defining affinity for extracellular Cl- and thiazides. 

METHODS 

Xerropus laevis oocyte prepara/ion. Oocytes were surgieally har­
vested from anesthetized adult female X laevis frogs under 0.17% 
trieaine and incubated for 1 h under vigorous shaking in frog Ringer­
ND96 (mM: 96 NaCI, 2 KCI, 1.8 CaCI" I MgCI, and 5 HEPESlTris, 
pH 7.4), supplemented with collagenase B (2 mglml). Then. oocytes 
were manually defollieulated and incubated ovemight in ND96 al 
18°C conlaining 2.5 mM sodium pyruvale and 5 mgllOO mI of 
gentamicin. The nexl day, matuTe ooeytes (13) were injected with 50 
nI of water with or without cRNA from wild-type or mutant TSC, al 
a concenlratian of 0.5 ,.,.gI,.,.1 (i.e., 25 ng eRNAlooctye). After injec­
tion. oocytes were incubated for 4 days in ND96 with sodium 
pyruvate and gentamicin, and the day before the uptake experiments 
were performed oocytes were switched to a CI--free ND96 (mM: 96 
Na+ isethionate. 2 K+ glllconate, 1.8 Ca2+ gluconate. 1.0 
Mg2+gl11conate, 5 HEPES, and 2.5 sodium puruvate as well as 5 
mgllOO m! genlamicin, pH 7.4) (17. 18). 

fll vi/ro rTSC cRNA translalÍon. To prepare cRNA, all clones were 
digesled at lhe 3' -end using Notl (Invilrogen). and cRNA was Iran­
scribed in vilro using a T7 RNA polymerase mMESSAGE kit (Am­
bion). Transcription product integrity was confirmed on agarose gels. 
and concentralion was determined by absorbance reading al 260 nm 
(OU 640. Beckman, Fullerton, CA) and by densitomelric annlysis of 
Ihe eorresponding band in ethidllm bromide-stained gels. eRNA was 
stored frozen in alíquots at -80°C unlil use. 

Assessmenl ol the Na+ -C/- cotl'Gnsporter fimclion. Fllnctional 
analysis of Ihe Na t -C¡- colransporter was determined by assessing 
lracer 22N.+ upt.ke (New England Nuclear) in grollps of al leasl 15 
ooeytes. l2No' upt.ke w.s measured using our usual protocol (27): • 
30-min incubation period in an isotonie K+- and CI--free medium 
(mM: 96 Na+ glueonale, 6.0 Ca2 + glueon.te, 1.0 Mg2+ glueonate. 5 
HEPESlTris, pH 7.4) with I mM ouabain. 100,.,.M bumetanide, and 
100 ,.,.M amiloride, followed by a 60-min uptake in a K + -free ¡sotonic 
medium. The ¡sotonie medium contained (in mM) 40 NaCl. 56 
N-methyl-o-glueamine (NMDG)-CI, 1.8 CaClz, ¡ MgCh, 5 HEPES, 
pH 7.4. and I ouabain as well as 100 ILM bumelanide. 100 ,.,.M 
amiloride. and 2.5 ,.,.Ci 2'Na+. 

To determine ion lransport kineties, experiments were perfonned 
by varying eoncentrations of Na+ and CI- in the uplake medium 
(from O to 20 or 40 mM). To maintain osmolality and ionie strenglh, 
glueonate was used as a CI- substitute and NMOG as a Na+ 
substitute. AlI kinelie experiments were obtained in duplicate. The 
dose-response for melolazone was assessed by exposing groups of 
cRNA-injeeted oocytes to concentrations varying from 10-9 lo 10-4 

M. The desired concenlration of the diuretic was present in both the 
incubation and uptake periods. 

Al! uptakes were performed at 32°C. Al the end of the uptake 
period, oocytes were washed five times in ice-eold uptake solulÍon 
wilhout the isotope lo remove extraeellular fiuid tracer. After the 
oocytes were dissolved in 10"10 SDS." tracer aetivity was determined 
for eaeh oocyte by ~-seintillalion counting. 

Western b/olling. Western bloUing was used to compare wild-type 
and mutant TSC protein in cRNA-injected oocytes following our 
standard prolocol (22, 26). In brief, groups of 15 oocytes injected with 
waler or eRNA were homogenized in 2 ,.,.l/oocyte of homogenization 
buffer, centrifuged twice al \00 g for \O min at 4°C, and Ibe 
sU¡Jemaliml was recoltected. Oocy!e protein (4 oocy!es/lane) was 
heated in sample buffer containing 6% SDS, 15% glycerol, 0.3% 
bromophenol blue, 150 mM Tris, pH 7.6. and 2% ¡3-mercaptoethanol 
and resolved by SDS-PAGE (7.5%). The proteins were transferred to 
a polyvinylene difiuoride membrane (Amersham Phannaeia Bioteeh) 
at \00 V for 140 min in a buffer contáining 25 mM Tris, 190 mM 
glycine, 0.1% SOS, and 20% (vol/vol) methanol. Preslained Rainbow 

markers (Amersham) were used as molecular mass standards. Non­
specific binding sites were blocked for l h at room temperature in 
TBS (pH = 7.5) eontaining 0.4% blotting grade blocker nonfat dry 
milk (Bio-Rad), exposed overnight al 4°C to rabbit polyclonal TSC 
primary antibody diluled 1: 1,000 in blocking buffer, TTBS 0.2% 
[either an anlibody previously generated by ourselves (3) or one 
kindly provided by Dr. Mark Knepper (38)). Membranes were washed 
for 40 min with TTBS changed every \O min, then incubaled fOf 60 
min at room lemperalure with alkaline phosphalase-conjugated sec­
ondary (anti-rabbit) anlibody (Bio-Rad) díluted 1 :2.000 in blocking 
buffer and washed again. Bands were deteeted by using the Immun­
Star Chemiluminescent Protein Oeteetion System (Bio-Rad). 

Assessmenl ofrTSC expressiOtt in oocyte plasma membrane. The 
surface expression of wild-type TSC and mutan!s was measured by 
fiuorescenee using an enhanced green fiuorescent protein-TSC tusion 
constructs (EGFP-TSC) following Úle stralegy that we have previ­
ously reported (19. 39). In brief, oaeytes wefe mieroinjected with 
water and TSC cRNA as the conlrol and wilh EGFP-TSC wild-type or 
EGFP-TSC mutants. After 4 days of inclIbation, oaeytes were mon­
itored for EGFP fiuorescence llsing a Zeis, laser-seanning conlocal 
mieroscope (objeelive lens x 10, Nikon). TIle light from a 488-llIn 
excitation wavelength and 515- to 565-nm cmission was used to 
visualize GFP fluorescence. Plasma membrane fluorescence was 
quanlified by detennining Ihe pixel intensity around the entire oocyle 
circumference using SigmaScan Pro imagc-analysis software. 

Statistical ana(\'sis. Statistical significance ¡s defincd as two-tai1ed 
P < 0.05. and the resulls are prescnted as means :!: SE. The 
significance of Ihe differences belween groups was tested by onc-way 
ANOVA with multiple comparisons using the Bonferroni correction. 

RESULTS 

FlInctional expressio/l o/ wi/d-type amI mlllant TSC. In 
prelimínary experiments (2), 25 Gitelman mutations were in­
troduced into the TSC by site-directed mutagenesis using the 
Quick Change kit trorn Stratagene. The products of site­
directed rnutagenesis were sequenced to confiml that additional 
mutalions did no! occur. As Fig. l shows, we observed in a 
Westem blot trom oocytes expressing wild-type and mutant 
TSCs, using a polyclonal anlibody we generated previously 
(3). tha! sorne ofthe Gitelrnan mutants' TSCs produce proteins 
thal are not fillly glycosylated, whereas others generale pro­
teins in which glycosylation pattems appear indistinguishable 
frorn wild-type (as shown by treating with endoglycosidase F). 
When expressed in X /ael'is oocytes, Na I uptake rates relative 
to wild-type TSC were very different among the mutant clones. 
Five of these mutations were chosen for fllrther functional 

t .ro 

11 zz 
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Fig. 1. Weslem blot .n.lysis of oocytes expressing wild-type (WT) and 
mutant proteins. LeJl: etfects of endoglycosidase F (PNglycru:e) in conwrting 
mi.1t\I~ a1yt;jQ;jylutGd thiilZide-¡;",m;itiYti Nü' -Cl- \:;otran;;poner pron:in 
(TSC+gly) to un- orcore'glycosylated prolein (rSe - gly). Middleand righl; 
proteins lhat are misprocessed (P346L. L830P. R948X. T9971. R989X) exhibit 
faint or absent morure glyeosylated products ond rescmblc WT protein t,.oted 
with PNglycase. Furthermore, the abundance of the un- or core-glyco.syJated 
bond is increased .mang these mUlants. In contrast. A123T. A585V. G610S. 
R832C, R899C, G627V, R935Q, "nd V995M genel1llc proteins rhat exhibit 
mature glycosylated bands. 
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'G627V 

Fig. 2. Proposed TSC Iopological model lhat includes a central hYdrophobic 
domain conta;ning 12 putative trnnsmembrane segments t1anked by hydro­
phil;c NHz-tenninal aod COOH-tenninal domains presumably located within 
Ihe cell There is a long hydrophilic extracellular glycosyIaled loop belWeen 
h-ansmembrnne segments 7 and 8. Arrows. regions of the protein in which the 
mutations studied are located. 

analysis. Tbe localization of each mutation within the proposed 
TSC topology is shown in Fig. 2. The mutations are located in 
the putative intracellular COOH-terminal doma in, except fOf 
A585V, which is located wilhin transmemhrane segment 12. 
Na + lIptake rates relative to wild-type TSC of the mutant 
clones no\ selected for further study are shown in Table 1 of 
s\lpplemental data. Figure 3 shows the results of a representa­
tive uptake experiment in which oocytes from the same frog 
were ínjected with eílher wild-type TSC or mTSC cRNA of 
each of Ihe five Gitelman mutants. Tracer 22Na + lIptake was 
assessed for I h under control condítions and in the presence of 
10-4 M metolazone. We have shown previously thal X. laevis 
oocytes do nOI exhibíl endogenous Ihiazide-sensitive Na I -Cl­
colransport (17, 18). As shown ín Fig. 3, Ihe oocytes injecled 
with wild-type TSC and a TSC mutation had a significant 
increase in 22Na + uptake compared wilh water-injected 00-

cytes, and this effect was siguificantly reduced by metolazone; 
however, the activity leve! varied arnong mutanls. As shown in 
Table 1, the activíty profile was wild-type TSC > G627V > 
R935Q = V995M > 0610S > A585V. It is worth noting Ihat 
Ihe two mutations wilh the lower activity are those located 
wilhin Of near Ihe last membrane-spanníng domain. 

To compare UNa + uplake among oocytes injected wíth 
different clones, we ensured that all groups were injected with 
25 ng cRNAloocyte. For Ihis purpose, the cRNA concentration 
of a1l clones was measured by an absorbance reading at 260 nm 
and also by resolving cRNAs in 1% agarose/fom1aldehyde 
gels. The corresponding 4.4-kb band was quantified by densi-

Table 1. Functíonaf properlies ofTSC wíth or wilhout 
Gitelman-type mutations 

Mutation 

Wild-type 
Gó27Y 
R9J5Q 
V995M 
06 lOS 
AS&SV 

Activity 

tOO% 
óó.j')ó 
36.5% 
32.5% 
12.7')ó 
6.2% 

Na+ Km. 
mM 

7.13:!:0.4 
4.68=2,2 
3.16± 1.5 
4.39:!:2.3 
10.4:!:8.1 

NO 

Cl- Km. 
mM 

j.62:!:0.j 
2.53:!: 1.4" 
7.69:!:3.j 
j.22:!:3.2 
7.51:!:6.1 

NO 

Mctotazonc 
(le,.,) 

2X 10-· 
1l00-1 
jX 10-· 
2xlO-o 

7X 10-7 

NO 

Values are means z SE. TSC. thiazjde·sensitive Na-·0- cotransponer; 
NO, nOI detectable. 'P < 0.05 vs. wild-type TSC. 
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Fig.3_ Functional expression ofWT and mut.mt mouse TSC in Xenopus laev;s 
oocytes injected widt water Or with 25 ng of cRNA in vitro tnmscribed from 
corresponding cDNAs, as indicated. In aU groups. 22Na+ uptake was assessed 
in the presente of Na' and CI- (open bal"S) or in the presence of W-" 
metotazone (fiUed bars). Each bar represents a mean of 20 oocytes. 22Na + 

uptake W'dS perfOlTned for 60 mino /nsel: Westem blot analysis of proteins 
exrracted from oocytes used for functl0nal anaJysis. Proteins extracted from 4 
oocytesllane were used. lmmunodetcctioll W:.t. .. perfomlcd using a rabbü 
polyclonal .nli-ral TSC .nlibody provided by Dr. Mark Knepper (dilution 
1; 1,000). Antigen~antibody complexcs wcre dctccted by automdiography~ 
enhanced chemilumillcscence. The arbirrar)' units obtained in the densitomctric 
analysis were 22.5 tor WT TSC. 30.3. for G627V, 23.0 for R935Q. 24.2 for 
V995M. 30.6 for G610S, and 26.1 tor A585V. 'Significantly diflerent rrom 
upt"dke in the water-injected control group (P < 0.(01). **Significantly 
different from uptake in the sume cRNA-injectt:d gmup without mctolazone 
(P< 0.01). 

tometric analysis. In addition, proteins extracled from Ihe same 
batch of injected X. laevis oocytes shown in Fig. 3 were 
subjecled to Western blo! analysis lo compare the TSC proteíns 
produced between wild-type and mutant TSCs. The immuno­
blot (Fig. 3, il1set) shows that proteín produced in oocytes by 
wild-type TSC and mutant TSCs was very similar. This West­
em blot analysis was performed using a polyclonal anti-TSC 
antibody that was previously validated and kindly provided by 
Dr. Mark Knepper (38). With the use of this antíbody, Ihe 
glycosylation band is less apparent, even ín wild-type TSC. 
Because the clones used in Fig. 3 are the sarne used in the 
immunoblot 111 Fig. 1, in which c1ear glycosylation bands were 
observed using the other antibody, il is likely that, for sorne 
reason, Dr. Knepper's anlibody did not enable us to detecl TSC 
glycosylation bands in proteins extracted from injected X. 
laevis oocytes. However, bands in the immunoblot were sim­
ilar, and densitomeríc analysis revealed no significant differ­
ence arnong Ihe TSC protein in the oocytes, while Fig. 3 
showed Ihat all clones induced TSC express ion in oocytes. 
Therefore, Ihe lower aclivity in mutant TSCs compared wilh 
wild-type does not seem lo be associaled with a defect in the 
produclion or an increase in the degradalion rateo 

Kinetics of ion transport and metolazone inhibirion. One of 
Ihe possible mechanisms for the reduction of TSC protein 
activity in mutant clones is Ihat each particular mulation affects 
lhe affinity for ions or lhe intrinsic aClivity oftbe cotnmsPQrter, 
A dramatic reduction of the affinity tor one or both ions could 
be responsíble of a decrease in TSC activity, because the 
cotransporter will no longer be active in the presence of a 40 
mM concentration ofNa+ or Cl- that we currently used in tbe 
assay. Thus we assessed the kinetic properties ofNa+ and CI-
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transport in aH clones tbat exhibited enough expression as to 
measure uptakes witb extracellular ion concentrations tbat will 
be below Km values. Results from this series of experiments are 
shown in Figs. 4 and 5 and Table l. The ion transport kinetics 
observed in wild-type TSC trom tbe mouse are very similar to 
those previously observed for rat TSC (27). Tbe Na + transport 
kinetics in Fig. 4 revealed tbat 22Na + uptake in aH clones 
exhibited saturation curves tbat are compatible witb Michaelis­
Menten behavior. In aH cases, a plateau was reached with an 
extraceHular Na + concentration <20 mM, and we observed no 
significant dífferences in Km values (Table 1). CI- transport 
kinetics are depicted in Fig. 5. AH curves reached the plateau 
with extraceIlular CI- concentrations <10 mM, and Km values 
were very similar, except in TSC harboring the G627V muta­
tion, in which Km was decreased to 2.5 ± 1.4 mM, a value 
significant1y lower tban the values of aH other clones, including 
wild-type TSC. These observations suggest tbat the affinity for 
tbe cotransported ions is similar to wild-type TSC in all clones, 
except in G627V, where we observed an increased affinity for 
C\-. Thus because tbere is no decrease in the affinity for ions 
in mutant TSCs, a change in the functional properties of tbe 
cotransporter does not explain the reduced 22Na + uptake ob­
served in the mutant clones. 

Fig.4. Kineric analysis ofthe Na+ dependency of22Na j upmk:e 
in WT or mutanl TSC·injecled oocytes. A: WT. 8: G627V. C: 
R935Q. D: V995M. E: G610S. Uptake was performed for 30 
mio witn a fixed concentration of Cl- at 96 mM .. with extracel. 
lular Na+ concentralion ([Na+).}a! O. 1.0,2.0.4.0.6.0.8.0. 10. 
20. andlor 40 mM. Uptake was also assessed in water .. injected 
oocytes (data not shown). and the mean values for water groups 
were subtracted in corresponding cRNA groups. Each poinr 
represents the mean :t SE of 15 oocytes. 
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In addition to ion transport kinetic analysis, we also assessed 
tbe dose response to tbe tbiazide-type diuretic metolazone to 
determine the effect of functional missense mutations on tbe 
kinetics of thiazide inhibition of the cotransporter. The results 
of tbese experiments are shown in Fig. 6 and Table 1. TSC 
harboring the R935Q and V995M mutations exhibited an ICso 
for metolazone inhibition of22Na+ uptake lhat was similar to 
tbat for wild-type TSC. In contrast, TSC witb tbe G610S and 
G627V exhibited an ICso that was shifted to the left by 
one-half and one order of magnitude, respectively. 

Suiface expression of wild-type and mulanf EGFP-TSC 
constnlcfs in X laevis OOcyles. Anotber potential mechanism 
tbat can account for a reduction in the activity of mutated 
clones is tba! mutations affect the insertion of normalIy func­
tional protein into the plasma membrane. Thus, to quantita­
tively compare tbe plasma membrane express ion of wild-type 
vs. mutant TSC, we assessed the surface express ion by fluo­
rescence under a confocal microscope using un EGFP-TSC 
fusion construct, identical to the oue we have previously used 
to assess surface express ion ofrat TSC (19, 39). This analysis 
is pertbrmed in real time using live oocytes, and only the 
EGFP-TSC present in the plasma membrane generates fluores­
cence when EGFP protein is stimulated with light (19). Figure 
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Fig_ 5. Kinelic analysis ofthe CI- dependency of:!2Na+ uptake 
in WT or mutan' TSC-injected oocytes. A: WT. B: G627V. C: 
R935Q. D: V995M. E: G610S. Uptake was perfonned for 30 
min with a fixed concenn"ation of Na- at 96 mM. with extra~ 
cellular CI- concentr4tion ([CI-J.) at O. 2.0. 4.0, 6.0, 8.0. 10, 
20. andlor 40 mM. Uptake was al50 assessed in watef~injected 
oocytes (data 001 shown). and the mean values for water groups 
\Vere subtracted in corresponding cRNA groups. Ench point 
represents the mean::!: SE of 15 oocytes. 
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7 A depicts a representative example of X. laevis oocytes 
injected wíth wild-type or mutant EGFP-TSC constructs, and 
Fig. 7B shows the results of densitometric analysis of 30 
oocyteslgroup. Control oocytes injected with water showed no 
significant fluorescence at the emission and excitation wave­
lengths for EGFP. We have previously shown (19) surface 
colocalization of the EGFP-TSC fusion construct with the 
plasma membrane marker FM 4-64 fluorescence in all tested 
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 oOcytes injected with wild-type EGFP-TSC cRNA exhib­
ited an increased uptake of tracer 22Na+ (4,977 :t 473 
pmol'00cyte-1-h-1) that was reduced by 10-4 M metolazone 
(1,237 :t 314 pmol-oocyte-1'h- l , P < 0.001), indicating that 
the EGFP-TSC construct is located in the plasma membrane. 
As shown in Fig. 7, although a similar amounl of wild-type and 
EGFP-TSC eRNA of eaeh mutant was injeeted (25 ngloocyte), 
ftuorescence in oocyte plasma membrane was lower in mutant­
injected oocytes. The analysis of 30 oocyteslgroup revealed 
tha! surface expression of the EGFP-TSe construct harboring 
mutations was significantly lower vs. the wild-type EGFP-TSC 
construct, wilh a profile similar lo thal observed in !he reduc-

c: 10·0-'1>=-.",..10--- ¡¡: 
° ts 
c: 
.2 
'O 
*' 50 ----t----

7 6 

Metolazone (-Iog M) 
Pis- 6. Dose-dependent inhibition of 22Na+ uptake by the thiazide-type di­
uretic rnetolazone in WT and mutant TSC-injected oocytes. Metolazone wa:;. 
lesled al concentrntions ITom 10-' to 10-4 M. Injected cRNA was ITom WT 
(o), V995M (L». R935Q (o), G610S (o), and G627V ("). Uptake was 
pelformed for 60 min in uptake 50lution containing 96 mM NaCl. Uptake in 
Ihe absence of melolazone was taken as 100%. E.eh point represento the 
mean ± SE of 15 oocytes. 
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A B 

Fig. 7. Surface expression of WT or mutant TSC 
protein assessed by measwing ftuorescence Ímagc 
by confocal microscopy. A: represenrative confocal 
images of X. lae\'is oocytes injected with WT or 
mutant enhanced gre.n tluorescent protein (EGFP)­
TSC cRNA as stated. B: laser·scanning confocal 
microscopy of 30 oocytes ftom 2 ditrerenl ftogs 
inJected with WT or mutan. EGFP· TSC cRNA. as 
stated. V.lues are .xpressed in arbitrary unít. (AU). 
'Significantly dífferent ftom WT EGFP·TSC group 
(P < 0.001). 

wr 

GatOS 

tion of transport activity, except for G6IOS, where confocal 
analysis revealed a percentage of surface expression (-50%) 
higherthan the percentage offunctional activity (-12%). This 
suggests [hat, in this particular clone, whert! the mutalion is 
Iocaled in a residue very near lO Ihe end of transmembrane 
domain ¡ 2, bolh intrinsic activity and arrival to ¡he plasma 
membrane are affected. 

DISCVSSION 

The present work describes the funetional anaIysis of activ­
ity. ion transport kinetics, diuretic dose-response kinetics, and 
quantilative surfaee expression analysis of the thiazide-sensi­
tive Na + -CI- cotransporter harboring five different Gitelman­
type mutations. The results revealed that these mulalions result 
in TSC proteins that are similar lo wild-type TSC by Western 
blot analysis and with similar timetional transport properties 
but that exhibil different degrees of aetivity and arrival rate lo 
Ihe plasma membrane. 

The functionaI charaeteristics of wild-type and mutant TSes 
were assessed using the heterologous expression system in X 
laevis oocytes. This expression system has shown to be an 
exeellent 1001 for a robust and reproducible expressíon ofTSe 
in our hands (17-19, 27, 36, 39) and other laboratorles (9, lO, 
22, 40), whereas TSe expression in transfected marnmalian 
eells has not been suecessful in many laboratories, including 
our own. Thus previous studies using TSe cONA in which 
Gitelman-type mutations were introduced have been performed 
using X laevis ooeytes (9, 22). Although expression in mam­
malian eells is preferred, the best results tha! have been 
obtained in stably transfected cells (Madin-Oarby canine kid­
ney cells) using wild-Iype TSC cONA consisted of a small 
increase over background Ihat was no! >25% (11). This small 
increase in TSC expression would not be useful in determining 
the functional properties of mutan! clones in which the activity 
is already lower Ihan Iha! using the wild-type cotransporter. 

Studies by Kunchaparty el al. (22) were the first to analyze 
the funetional consequences of several missense mutations 
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reported along TSe protein in kindreds with Gitelman disease. 
Al! mutations studied were shown to be functionally inactive, 
when expressed in X. laevis, owing to detective protein pro­
cessing. It was observed that proteins were synthesized, but 
they were not properly glycosylated and were not expressed al 
tbe plasma membrane. Thus it was concluded tbat Gitelman 
mutations impair the rrmetion of cotransporter protein by 
interfering with protein processing. These eonclusions are 
supported by results from Hoover et al. (19), who demonstraled 
that TSe is a glycoprotein and that both N-Iinked glycosylalion 
residues (N404 and N424; Fig. 2) are required for Ihe adequate 
processing of ¡he cotransporter, because single-glycosylation 
TSC mutants N404Q or N424Q exhibiled a significanl reduc­
lion in functional aClivity of -50% eompared wi!h wild·lype 
TSe, whereas the double-mutanl N404, 424Q resulted in a 
reduetion of express ion of -95%. Most of the reduction in 
aetivity was explained by a decrease in the surtlice expression 
of the cotransporter. Thus as has been shown with other 
membrane proteins (1, 15, 24), glycosylation 01' TSe seems lo 
be required lor the proper tolding and trafficking of the 
cotransporter to the plasma membrane. 

During tbe eourse of previous experiments (22), we noticed 
that, while most of tbe Gitelman-type mutations result in 
nonglycosylated eotransporters, sorne missense mutations re­
sulted in proteins Ihat were indistinguishable from wild·type 
TSe by Western blot analysis. Interestingly, sorne of tbese 
"glycosylated" TSe mutants were observed in patients exhib­
iting a mild foml of disease (Lifton R, personal communica­
tion), suggesting that the mutant cotransporter could be par­
tially active. Oe Jong et al. (9) performed a partial character­
ization of four such functional missense TSe mutations trom 
patients with Gitelman disease. They observed Ihal mutant 
proteins were glycosylated in the injected X laevis oocytes and 
tbat irnmunocytochemical analysis showed that mutants with 
sorne TSe activity exhibited immunostaining in both cyto­
plasm and the plasma membrane. The functional properties of 
the mutant TSes, however, were not assessed. Thus they were 
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not able to define whelher Ihe studied missense mulalions 
I resulted in a defect ofTSC insertion into the plasma membrane 

or in a defect in Ihe functional properties of the cotransporter. 
In addition, aU experiments by De Jong et al. were performed 
at room lemperature, and thus a protein dysfunction associated 
wilh temperature was not ruled out. In the case of cystic 
fibrosis, for instance, Ihe ~F508 mutation leads lo a tempera­
ture-dependent defecto When expressed in cells grown at lSoC, 
~F508 matures normaIly and is expressed at the plasma mem­
brane. In contras!, when expressed in mammalian cells or in 
oocytes grown at higher lemperatures, incomplete processing 
or insertion inlo the plasma membrane occurs (12). 

In !he present study, we have extended Ihe analysis of 
functional missense mulations lo include Ihese possibilities. As 
shown in Fig. 8, Ihere are al least five possible mechanisms by 
wbicb mutations might reduce or abolish transporter activity. A 
mutation could I} impair protein synlhesis, 2) ímpair protein 
processing, 3) ¡mpair the ¡nsertíon of an olherwise functional 
protein into tbe plasma membrane, 4) impair Ihe functional 
properties of Ihe cotransporter, and 5) accelerate protein re­
moval or degradation. Although mutations that introduce stop 
codons in Ihe initial part of the proteio, or those in which 
splíeing is abolished resulting in nonsense proteins, have not 
been studied at Ihe functional level, il is highly likely that Ihe 
mechanism in Ihese mutations relates to the firsl possiblity 
(Fig. 8), by which the synlhesis of the complete protein is 
impaired (30, 33, 35). Our previous results are examples of 
mutations Ihat belong to the second possibility (Fig. 8) because 
they ¡mpair protein processing (22). In the present work, we 
studied five Gitelman missense mutalions that result in partial 
"funetional" proteins. Weslem blo! analysis usíng anti-TSC 
antibody revealed lhal all proteins were similar lO wíld-type 
TSC, suggesting Ihat a defect in protein synthesis is not mainly 
responsible for Ihe reduced activity in mutant TSCs. The 
functional analysis suggests Ihat it is unlikely that a decrease in 
ion affinity is Ihe meehanism responsible because Na ' and Cl­
affinities were either normal or increased in mutant clones. 
Closeness of fits were reasonable in al! clones, except in Ihe 
one wilh Ihe lower activity (G61OS; Figs. 4E and 5E). In Ihis 
clone, Ihe observed Km for Na" and Cl - transport was slightly 
higher tha! in wild-type TSC, but the difference did not reach 
significance. However, we believe thal, even in this clone, our 
results suggest that the reduced function of the cotransporter in 

3) Impaired protein insertion 
Gifelman (9.present study) 

4) Impaired funclional propért¡eS 
Bartler syndrome-BSC1 \32) 

Anderman syndrome·KCG3 (201 

Fig. 8. Molecular mechanisms for the decreased activity of the electroneutral 
cotran:sporters associatcd with inherited syndromes. 

mutan! TSCs is not due to a dramatic decrease in affinity for 
Na+ or Cl- which prevents Ihe cotransporter from reaching 
Vmax when extracellular ions concentrations are >20 mM. 
These observations suggested that a reduction in the number of 
colransporter proteins in Ihe plasma membrane or a decrease in 
Ihe intrinsic activity oflhe eotransporter could be Ihe reason for 
Ihe redueed activity in mutant TSCs. Thus we assessed Ihe 
surface expression of the EGFP-tagged wild-type and mutant 
proteins. In this analysis, we tagged Ihe NH2-terminal domain 
of wild-type mouse TSC, as well as all mutant clones, with 
EGFP and assessed surface EGFP-TSC by measuring !he 
fluorescence emíssion under the eonfocal microscope. This 
strategy has been successfully used by us to assess the surface 
expression of TSC (19, 39) and several isoforms of the apical 
renal-specific bumelanide-sensitive Na + -K + -2Cl- cotrans­
porter (26, 28), as well as by others to assess the surface 
expression ofmembrane proteins inX.laevis oocytes (4, 5,16). 
The surface expression ofall mulant proteins was significanlly 
reduced (Fig. 7). In addition, the surface expression profi le was 
similar to the functional profile, suggesting thal reduction of 
transporter aetivity of mutant proteins is mainly caused by a 
decrease in Ihe surface express ion 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 results in a cotransporter with normal functional 
properties but inserlion into the plasma membrane is partially 
impaired. In this regard, we have recently shown (39, 40) that 
TSC insertion into the plasma membrane is an imp0l1ant 
regulatory control point, because mutations in a TSC-negative 
regulator, such as the WNK4 kinase in pseudohypoaldosteron­
ism type !l, result in a loss of inhibitioll 01' TSC activity due to 
uncontrolled inserlion of TSC vesicles into the plasma mem­
brane. lnterestingly, míssense mutatians al' other members of 
the electroneutral cotransporler lamily, such as the Na' -K ' -
2CI- cotransporter in Barlter syndrome type 1 (32) and the 
KCC3 K' -CI- cotransporter in the peripheral neuropalhy 
associaled with agenesis of the corpus callosum (Andennan' s 
syndrome) (20), behave Iike the fourth possibílity (Fig. 8), 
because the mutated proteins are narmally produced and in­
serted into the plasma membrane, implying a defect in Ihe 
funetional properties or intrinsic activity of !he cotransporter. 
These data taken together, the first four mechanisms proposed 
(Fig. 8) have been shawn to be implicated in the molecular 
pathophysiology of heredilary syndromes associated with mu­
tations in members oflhe SLCl2lamily. 

The observations in the present study are also important in 
lerms of the functional characterization 01' TSC and in provid­
ing sorne insights into structure-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 funetional properties of the rat (17, 27) and 
flounder (28) isoforms of TSC, which exhibít several differ­
ences in ion transport kinetics and dose-response inhibition to 
thiazide diuretics. Here, we show that Na + and CI- transpart 
and metolazone inhibitory kinetics in wild-Iype mouse TSC 
revealed Km and leso values Ihat are undislinguishable from 
Ihose observed in rat TSC (27) and significantly different from 
Ihose of flounder TSC (28). In addilion, we observed that 
missense mutatíons G610S and Go27V, which are located at 
the very beginning of the long COOH-terminal domain, in­
crease the affinity for Cl- aml/or metolazone. As discussed 
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aboye, Ihis finding does no! imply an important role for 
increased ion affinity in causing Ihe c1inical phenotype of 
Gitelman disease, because increased CI- affinity would not be 
expected to reduce TSC function in vivo. However, the results 
do suggest Ihat Ihis region oflhe protein is involved in defining 
the affinity for CI- andlor diuretics. Previous studies in which 
the binding of Ihe tracer [lH]metolazone was used to assess the 
Ihiazide receptor suggested Ihat thiazide diuretics and CI­
compete for the same site on Ihe eotransporter (34). In this 
regard, we have shown that Ihe affinity for Ihiazides is shifted 
to the left when dose-response curves are performed under 
low-extracellular CI- concentration (27, 36) and Ihe preven­
tion of glyeosylation in rat TSC inereases Ihe affinity for bolh 
extraeellular CI- and Ihiazides (I9). In Ihe present study, we 
observed that the mutation G627V produces a slight but sig­
nificant inerease in CI- affinity, togelher wilh an ¡ncrease in 
Ihe affinity for metolazone, supporting Ihe notion that affinity­
modil)<ing residue for CI- may also be involved in defining 
thiazide affinity. Further studies will be necessary lo c1aril)< 
this issue, but our results suggest Ihat analysis of Ihe functional 
properties of naturally occurring mutations can be useful in 
revealing the functional roles 01' individual amino acid resi­
dues, whieh will be helpful in beginning to understand Ihe 
stmcture-funetion relationships among members of the eation 
CI - cotransporter gene family. 
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DISCUSIÓN 
 
El cotransportador Na+-Cl- sensible a tiazidas (CST) pertenece a la familia de 

transportadores cloro-catiónicos SLC12 y se localiza en la membrana apical de 

las células del túbulo distal de la neurona, en donde constituye la principal vía de 

reabsorción de NaCl.1

Este transportador ha sido identificado molecularmente y clonado a partir de 

diferentes especies; como el lenguado de invierno 29, el  conejo 38, la rata, 37 el 

ratón 39 y el humano; 40,41 lo que ha permitido realizar diversos estudios para 

evaluar sus características estructurales y funcionales. Se ha comparado la 

estructura primaria de estos transportadores, 36 siendo las especies mamíferas 

las que guardan hasta un 90% de homología entre ellas, es decir, los CSTs de 

rata, ratón, conejo y humano son estructuralmente muy parecidos, mientras que 

el CST del lenguado de invierno solo muestra ~60% de homología cuando es 

comparado con los anteriores.  

Investigaciones previas, han determinado diversas propiedades funcionales, 

farmacológicas y de regulación en el CST.  

Vázquez y col. 45 analizaron las características funcionales del CST, de rata y del 

pez lenguado de invierno (CSTr y CSTfl). Los análisis cinéticos mostraron que 

estos transportadores presentan diferencias funcionales importantes, así como 

distinta sensibilidad a los diuréticos tipo tiazida y respuesta ante la osmolaridad 

extracelular. Como se mencionó el CST del lenguado de invierno (CSTfl) es el 

que presenta mayor diferencia en los aminoácidos que forman su estructura 

primaria. Las diferencias funcionales encontradas entre el CSTr y el CSTfl, 

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

Actualmente es de gran interés para varios grupos de investigación, los estudios 

de relación estructura función de los diferentes miembros de esta familia de 

transportadores cloro-catiónicos, donde el principal objetivo es determinar los 

dominios estructurales y/o aminoácidos puntuales involucrados en su función.  

Consideramos que proteínas con estructuras primarias semejantes como el 

CSTr y el CSTfl, en donde se observan diferentes propiedades funcionales, 
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constituyen un excelente modelo de estudio, para investigar aspectos de 

relación estructura-función en este transportador. 

En el presente trabajo reportamos la construcción de proteínas quiméricas y/o 

mutaciones puntuales entre el CSTr y el CSTfl, a través de las cuáles se 

determinaron dominios involucrados en la unión de Na+, Cl- y diurético al 

transportador.  

Simultáneamente se evaluó el papel que juegan diferentes aminoácidos del CST 

sobre las propiedades funcionales del transportador; se estudió el efecto de la N-

glucosilación sobre el CSTfl y el efecto de diversas mutaciones tipo Gitelman. 

OBJETIVO 1 
Comenzaremos por analizar el papel que juega la N-glucosilación sobre la 

función del CSTfl, con la finalidad de encontrar si este evento estaba involucrado 

en las diferencias funcionales encontradas entre este y el CSTr. 

Desde la clonación del CSTfl 29, se describieron tres sitios consenso para N-

glucosilación, localizados en el asa que une a la región transmembrana 7 con la 

región transmembrana 8 (TM 7-8). Los residuos asparagina involucrados en este 

evento fueron: N403, N414 y N432, siendo el residuo N403, un aminoácido 

conservado en los todas las secuencias disponibles del CST (ver figura 1 del artículo 

1). 

Para determinar el efecto de estos sitios sobre la función 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 carecía de los tres sitios.  

Nuestros resultados mostraron que la eliminación de un sitio de glucosilación e 

incluso la eliminación de dos sitios, no interfiere con la actividad del CSTfl. Sin 

embargo la eliminación de los tres sitios dio como resultado, una reducción 

significativa en la función del transportador (ver figura 3 del artículo 1). Con respecto 

a la sensibilidad al diurético, la eliminación de los sitios de glucosilación no tuvo 

ningún efecto (ver figura 4 del artículo 1). Previamente Hoover y col. 78 reportaron el 

efecto de la N-glucosilación sobre la función del CSTr. En este estudio, se 

reportaron dos sitios consenso para este evento sobre la estructura de este 
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transportador, en donde la eliminación de un solo sitio, redujo la función y la 

expresión sobre la superficie celular hasta un 50% y hasta un 90% con la 

eliminación de los dos sitios. La afinidad por el diurético tiazida se vio favorecida 

en estas mutantes de glucosilación del CSTr, en donde la eliminación de estos 

sitios, aumento la sensibilidad del transportador por el diurético.  

Como se puede apreciar, el efecto que muestran estos transportadores ante la 

glucosilación es completamente diferente, mientras que, para el CSTr es 

necesaria la glucosilación para lograr una adecuada expresión 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 situación. Brevemente 

mencionaremos que resultados similares encontramos en el CSB1/NKCC2, en 

donde la eliminación de los sitios de glucosilación no incrementó 

significativamente la afinidad de este transportador por la bumetanida (ver figura 6 

del artículo 3).   

 

OBJETIVO 2 Y 3 
Para poder determinar los dominios estructurales involucrados en la función del 

CST, en un segundo paso generamos proteínas quiméricas entre el CSTr y el 

CSTfl.  

Fueron generados sitios de restricción silenciosos para las enzimas NsiI, HpaI, 

MunI y SacII, en la secuencia de ambos transportadores, los que permitieron 

intercambiar fragmentos de la proteína (ver figura 5 del artículo 1).  

La nomenclatura para las quimeras generadas, constó de cinco letras, en los 

que la posición de cada letra corresponde a uno de los 5 fragmentos en los que 

se dividió la proteína. Estos 5 fragmentos son: NH2 (1), TM1-7 (2), asa conectora 

TM7-8 (3), TM8-12 (4) y región COOH- (5); siendo utilizadas las letras R o F para 

determinar si el fragmento pertenecía al CSTr o al CSTfl. 

Con la generación de los sitios NsiI y HpaI, se logró la construcción de seis 

proteínas quiméricas; dos en las que se intercambio la región NH2 (RFFFFF y 

FRRRR), dos quimeras en las que se intercambio el extremo COOH- (FFFFR y 
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RRRRF) y dos en donde las regiones TM del CSTr estaban flanqueadas por las 

regiones NH2 y COOH- del CSTfl y viceversa (FRRRF y RFFFR).  

Los sitios de restricción MunI y SacII permitieron la construcción de 4 quimeras 

adicionales, dos en las que se intercambio el asa conectora TM7-8 (RRFRR y 

FFRFF) y dos en las que además de intercambiar el asa conectora, también los 

sitios consenso para glucosilación fueron eliminados (RRFRR/G- y FFRFF/G-). 

Cuatro cambios más fueron generados, en dos de ellos, los sitios para N-

glucosilación 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 intercambió el asa 

conectora TM7-8, permaneciendo las secuencias consenso para N-glucosilación 

del transportador nativo (RRFRR-r-G-like y FFRFF-fl-G-like).  

Finalmente se construyeron cuatro quimeras más, en las cuales los segmentos 

TM1-7 y TM8-12 fueron intercambiados (RFRRR, FRFFF, RRRFR y FFFRF). 

Los análisis 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 

que la quimera RRFRR presento un Km de 5.0 ± 0.6 mM (ver figura 9 del artículo 1).  

Un comportamiento similar mostraron las quimeras formadas por las regiones 

TM del CSTfl, 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 Cl- estas mismas proteínas quiméricas mostraron 

valores semejantes a los del CSTfl nativo (17 ± 2.8 y 11 ± 4.1 mM vs 15 ± 2.0 

respectivamente) (ver figura 6 del artículo 1). 

La afinidad por el diurético fue similar entre los transportadores nativos y las 

quimeras en las cuales los dominios TM no fueron modificados. 

En conclusión, nuestros primeros resultados mostraron que son las regiones TM 

las involucradas en la afinidad por los iones y tiazidas; mientras que las regiones 

NH2, COOH-, asa conectora TM7-8 y aminoácidos involucrados en la N-
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glucosilación, no están involucradas en determinar las propiedades funcionales 

del CST.  

Con base en los resultados mencionados, en un siguiente estudio evaluamos el 

papel que desempeñan las regiones TM sobre las propiedades funcionales del 

CST.  

Como se mencionó anteriormente se construyeron cuatro quimeras en las que 

se intercambiaron las regiones TM1-7 y TM8-12 entre el CSTr y el CSTfl 

(RFRRR, FRFFF, RRRFR y FFFRF). Una de las cuatro quimeras no mostró 

actividad (FRFFF). 

Los análisis 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  y 

metolazona en el CST.  

El IC50 para metolazona observado en las quimeras RFRRR y FFFRF (0.4 ± 

0.002 y 0.6 ± 0.006 µM respectivamente) fue similar al del CSTr nativo (0.3 ± 

0.005 µM) y diferente al que es observado en el  CSTfl (12.5 ± 1.8 µM). Mientras 

que el IC50 observado en la quimera RRRFR fue semejante al del CSTfl nativo 

(ver figura 10 del artículo 1).  

Estos resultados sugieren que la afinidad para el diurético esta determinada por 

las regiones TM8-12 del CST. 

Los análisis 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 artículo 1). 

Las cinéticas de transporte para Cl-, 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 

mostró un Km similar al de CSTr nativo (2.4 ± 0.7 vs 2.6 ± 0.6 mM 

respectivamente) (ver figura 10 del artículo 1).  
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Estos resultados sugieren que la afinidad que muestra el CST por el Cl- está 

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 

artículo 1). 

OBJETIVO 4 
Paralelamente a la construcción de quimeras, realizamos un estudio de 

Polimorfismos de Nucleótidos Individuales (SNPs) en el CST, con el objetivo de 

determinar aminoácidos específicos, involucrados en la función de este 

transportador.  

Los SNPs se definen como un cambio en la secuencia de nucleótidos, que se 

presenta en al menos el 1% de la población y no es capaz de producir 

enfermedad. 

Encontramos que existen reportados más de 200 SNPs a lo largo del gen 

SLC12A3 90,91. Solo algunos, están localizados en regiones exónicas y la 

sustitución no se refleja en un cambio del aminoácido (A122A, T465T, S628S, 

A714A, G876G).  

En dos SNPs reportados, la sustitución mostró un aminoácido diferente; el SNP 

R863K y el G264A (ver figura 1 del artículo 2). En este estudio consideramos 

irrelevante el análisis del polimorfismo R863K, ya que es un residuo localizado 

en el extremo COOH- de la proteína y como se mostró con la construcción 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 análisis del SNP G264A. 

El aminoácido Glicina 264 esta localizado en la TM4 y es un residuo altamente 

conservado no solo en las secuencias de CST,  29,37-41 sino en todos los 

miembros de la familia de transportadores SLC12 36.  

Los análisis en ovocitos de Xenopus laevis, mostraron que este polimorfismo 

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

 7



reducción en la función, insertamos la proteína verde fluorescente (EGFP) tanto 

al transportador nativo, como en el SNP G264A. A través del análisis de 

microscopia confocal, se observaron cantidades similares de proteína en los 

ovocitos inyectados con el EGFP-CST y el EGFP-G264A. Por lo que la 

disminución en la función del CST-G264A no fue atribuida a una menor 

expresión de la proteína sobre la superficie celular (ver figura 4 del artículo 2). 

Los análisis cinéticos para la afinidad por el transporte de Cl-, mostraron que el 

SNP G264A disminuye drásticamente la Km para este ión cuando se compara 

con el CST nativo -(Km 0.89 ± 0.2 vs 6.3 ± 1.1 mM). Este polimorfismo no afectó 

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 artículo 2).  

También se determinó la afinidad a metolazona tanto en el  CST nativo como en 

el SNP G264A. El IC50 para esta tiazida fue similar en ambos transportadores 

(1X10-6 M) (ver figura 6 del artículo 2). 

Los datos obtenidos en este estudio, mostrarón claramente como un único 

residuo incrementa significativamente la afinidad del transportador por el Cl-. 

Estos resultados concuerdan con los previamente descritos, en donde 

concluimos que son las regiones TM1-7 las que determinan la afinidad por Cl- en 

el CST; ya que el SNP G264A se localiza en la región TM4. Estos resultados son 

semejantes a los reportados por Insenring y Forbush, quienes demostraron que 

es la región TM4 la involucrada en la afinidad a Cl- en el CSB2/NKCC1.54

En un siguiente análisis, evaluamos el papel de la región TM4 del CST, con la 

finalidad de encontrar otros residuos involucrados en su función. Esta región 

esta formada por 22 residuos acídicos, de los cuales 3 aminoácidos 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 artículo 2). 

Para determinar si estos residuos influyen sobre las propiedades funcionales del 

transportador, a través de mutagénesis puntual se realizaron sustituciones de 

estos, por aminoácidos con características parecidas. 
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El análisis funcional en ovocitos de Xenopus laevis, mostró que la sustitución 

N258Q y R261L disminuyen significativamente la función del CST (~50%), 

mientras que la sustitución G278A resulta en un transportador no funcional (ver 

figura 9 del artículo 2). La reducción en la función del transportador, no fue asociada 

con menor expresión de éste sobre la superficie celular, ya que el análisis de 

microscopia confocal, no mostró cambios significativos entre EGFP-N258Q, 

EGFP-R261L y EGFP-CST nativo (ver figura 10 del artículo 2). 

Se realizaron análisis 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 Cl- extracelular, la sustitución N258Q, incremento 

significativamente la afinidad por este ión (3.2 ± 0.7 mM) en comparación con el 

CST nativo (6.3 ± 1.1 mM). Un ligero aumento en la afinidad a Cl- se observó en 

la sustitución R261L, aunque este incremento no fue estadísticamente 

significativo (3.2 ± 1.6 mM).  

Nuestros resultados concluyen nuevamente que la afinidad para Cl- en el CST 

esta determinada por los dominios TM1-7, donde la región TM4 juega un papel 

importante.  

OBJETIVO 5 
AMINOÁCIDOS INVOLUCRADOS EN EL TRÁFICO DE CST A LA MEMBRANA CELULAR. 

Otros aspectos de relación estructura-función en el CST fueron evaluados. 

Determinamos aminoácidos puntuales involucrados en el tráfico de esta proteína 

a la membrana celular y en su regulación. 

El análisis de mutaciones que suceden espontáneamente en el CST, permitió 

detectar residuos responsables del tráfico de esta proteína a la membrana, una 

vez que ha sido sintetizada adecuadamente.  

Hasta el momento más de 100 mutaciones en el gen SLC12A han sido 

reportadas, cuando estas suceden, producen una enfermedad conocida como 

Síndrome de Gitelman.61 
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Un porcentaje considerable de mutaciones-Gitelman, ocasionan bloqueo total de 

la función del CST, 39,75 por lo tanto, el papel que juegan estos aminoácidos 

sobre la función del transportador no puede ser evaluado, debido a la nula 

expresión de la proteína sobre la superficie celular. Kunchaparty y col.39 

analizaron varias mutaciones-Gitelman, encontrando nula actividad del 

transportador mutado, que fue asociado a un estado de glucosilación deficiente.  

Berkman y col.92 analizaron 25 mutaciones más, a través de un análisis de 

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 aminoácidos 

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 encontró en la TM12 (ver 

figura 1 y 2 del artículo 4).  

El análisis funcional en ovocitos de Xenopus laevis, mostró que las 5 mutaciones 

disminuyeron significativamente la función del CST. El porcentaje de función fue: 

CST nativo 100%, G627V 66.5%, R935Q 36.5%, V995M 32.5%, G610S 12.7% y 

A585V 6.21% (ver figura 3 del artículo 4). 

Se realizó un nuevo análisis de Western blot para estas mutaciones, donde se 

corroboró la adecuada glucosilación de las 5 proteínas. 

Los análisis cinéticos para el transporte de Na+ y Cl- fueron realizados en cada 

una de estas mutaciones-Gitelman. Los análisis cinéticos revelaron constantes 

de afinidad similares para ambos iones, tanto en las mutantes como en el CST 

nativo, excepto G627V que mostró mayor afinidad por Cl- (Km Cl- = 5.62 ± 0.5 y 

2.53 ± 1.4 mM, en CST y G627V respectivamente) (ver figura 4 y  5 del artículo 4). 

En cuanto a la afinidad por la tiazida, esta no se vio alterada en las mutaciones 

R935Q y V995M, que mostraron el mismo IC50 que el CST nativo (2X10-6, 5X10-6 

y 2X10-6 M respectivamente). Las mutaciones G610S y G627V aumentaron la 

afinidad del transportador por el diurético (7X10-7 y 1X10-7 M respectivamente) 

(ver figura 6 del artículo 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 función del CST mutado se redujo drásticamente. Para determinar 

esta disminución en la función, se insertó la proteína verde fluorescente (EGFP) 

en las 5 mutantes. Las construcciones EGFP-mutante y EGFP-CST la cuál se 

menciono anteriormente en el texto, fueron inyectadas en ovocitos de Xenopus 

laevis. El análisis de microscopia confocal reveló menor cantidad de proteína en 

la membrana de los ovocitos inyectados con las construcciones EGFP-mutantes 

(ver figura 7 del artículo 4).  

Previos estudios de Hoover y col. 78 demostraron que la glucosilación es un 

evento necesario para la adecuada llegada del CSTr a la membrana celular. Así 

mismo, nuestro estudio de las mutaciones-Gitelman reveló que para el adecuado 

tráfico del CST a la membrana celular se requiere, tanto de un estado de 

glucosilación adecuado así como de aminoácidos puntuales que determinen 

esta función. Concluimos que los aminoácidos G627, R935, V995, G610 y A585 

son críticos para el tráfico del  CST a la membrana celular.  
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VIII. AMINOÁCIDOS PUNTUALES INVOLUCRADOS EN LA REGULACIÓN 
DE LA FUNCIÓN DEL CST 
 
Durante la realización de mi proyecto doctoral colaboré en otros estudios donde 

el principal objetivo fue determinar los mecanismos involucrados en la regulación 

del CST. En este trabajo reportamos la fosforilación de aminoácidos específicos 

que determinan la funcionalidad de este transportador. De manera muy general 

a continuación 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 fosforilación y defosforilación.  

Se ha observado que la fosforilación activa al CSB/NKCC e inhibe a los KCCs, 

mientras que la defosforilación activa a los transportadores de K-Cl e inhibe la 

función del CSB/NKCC. Con estas observaciones se ha propuesto que estos 

transportadores comparten una vía de señalización común, ya que los estímulos 

que activan a una rama de la familia inhiben a la otra y viceversa. Por ejemplo la 

disminución del volumen celular, las concentraciones bajas de Cl- intracelular y 

la presencia de inhibidores de las proteínas 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 Cl- y la presencia de proteínas fosfatasas. 79,80

Estudios recientes de relación estructura-función han reportado aminoácidos 

específicos involucrados en eventos de fosforilación/defosforilación en el 

CSB2/NKCC1, estos aminoácidos corresponden a Treoninas localizadas en el 

extremo aminoterminal del transportador.  

En 1992 Lytle y Forbush 81 realizaron estudios en túbulos de glándulas rectales 

de tiburón, mostraron que al agregar AMPc, estas células disminuyen su tamaño 

y a través de ensayos de [3H] benzometanida (derivado de la bumetanida 

marcado radiactivamente) observaron un incremento en la unión del diurético a 
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las membranas celulares, lo que fue asociado como un aumento en la función 

del transportador. Los análisis de inmunoprecipitación realizados con 

anticuerpos monoclonales dirigidos a CSB2/NKCC1, revelaron que la activación 

de este transportador estaba asociada con la fosforilación del mismo.  

En 1994 Xu y col. 19 señalaron que los residuos 184 al 194 localizados en el 

extremo aminoterminal del CSB2/NKCC1 (FGHNTIDAVP) estaban involucrados 

con la fosforilación de este transportador. En el 2002 Darman y Forbush 83 

observaron la fosforilación en tres residuos del CSB2/NKCC1, estas 

observaciones fueron hechas después de someter a células de la glándula rectal 

del tiburón que expresan a este transportador a una estimulación máxima con 

caliculina A (agente que previene la actividad de la fosfolipasa 1 y en 

consecuencia la defosforilación del transportador). Los residuos involucrados 

fueron a las Treoninas 184, 189 y 202 de CSB2/NKCC1, localizadas en el 

extremo aminoterminal de la proteína.  

Para conocer la relevancia de estos residuos sobre la función 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 más importante para la función 

de CSB2/NKCC1, ya que al ser sustituida por otro residuo (Alanina), la función 

del transportador se inhibió completamente, sugiriendo que la fosforilación en 

este residuo es necesaria para alcanzar un estado constitutivamente activo. 

La eliminación de las treoninas 184 y 202 no tuvo efecto sobre la función del 

transportador. 84

Posteriormente, este mismo grupo de investigación realizó estudios in vivo de la 

fosforilación del CSB2/NKCC1. Utilizaron fosfoanticuerpos específicos para este 

transportador denominados R5.  

Los fosfoanticuerpos R5 fueron dirigidos a un péptido del extremo aminoterminal 

que incluía a las tres Treoninas ya estudiadas. Los resultados mostraron que la 

fosforilación del CSB2/NKCC1 corresponde con la activación del transportador. 

Recientemente se han reportado numerosos estudios que involucran la 

asociación de otras proteínas 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 regulación del CSB2/NKCC1, así como en otros miembros de esta 

familia de transportadores cloro-catiónicos. 86, 87 

 

OBJETIVOS 
1.-  Estudiar aminoácidos involucrados en la regulación del CST. 
1.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 concentración de Cloro intracelular [Cl-]i 
sobre la regulación del CST. 
 
RESULTADOS 
Como ya se menciono anteriormente, estudios de relación estructura-función 

han reportado aminoácidos específicos involucrados en eventos de 

fosforilación/defosforilación en algunos miembros de la familia SLC12. 

En estos estudios se ha reportado que los aminoácidos T184 y T189 ambos 

localizados en el extremo aminoterminal de la proteína, están asociados con la 

activación del CSB2/NKCC1. 83 Sumado es conocido que el CSB2/NKCC1 es 

regulado por la concentración de cloro intracelular [Cl-]¡ 103, al parecer la 

concentración de este ión propicia la fosforilación de los residuos de treonina 

descritos previamente. 

Poco se conoce de aminoácidos involucrados en la regulación del CST, por lo 

que el objetivo de este trabajo, fue estudiar el papel que juegan ciertos residuos 

sobre la actividad de este transportador, así como el papel que juega la 

concentración de Cloro intracelular [Cl-]i sobre la regulación de esta proteína. 

Durante la realización de este estudio en un primer paso determinamos sí la 

disminución de [Cl-]i tenía un efecto sobre la actividad del CST, como 

recordaremos, la [Cl-]i determina la activación del CSB2/NKCC1.103  

Para la realización de este estudio utilizamos dos estrategias experimentales. La 

primera consistió en la microinyección de ovocitos de X. laevis con el cRNA del 

CST y con agua. Los ovocitos fueron incubados por 16 horas en una solución 
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hipotónica libre de Cl-. El fundamento de este protocolo estuvo basado en 

diferentes observaciones de otro grupo de investigación, en las cuáles se ha 

demostrado que el estrés hipotónico (170 monM/kg H2O) induce la disminución 

en la [Cl-]i en distintos tipos de células, 83,84 además se ha observado que el 

estrés hipotónico también origina la abertura de canales de Cl- en los ovocitos 

de X. laevis, promoviendo la salida de este ión de la célula. 102

La segunda maniobra utilizada consistió en microinyectar ovocitos de X. laevis 

con el cRNA del CST solo, o junto con el cRNA del cotransportador K+:Cl- 

(KCC2). Se consideró de utilidad el KCC2 ya que es un transportador que 

permite la constantemente salida de los iones K+ y Cl- de la célula, además de 

que es el único de los KCCs que presenta actividad en condiciones isotónicas . 
36,101  

Los ensayos de expresión funcional realizados en los ovocitos microinyectados 

con los diferentes cRNAs y con agua, mostraron que estos últimos no expresan 

actividad de transporte para Na+-Cl-. 

Los ovocitos inyectados con el CST y sometidos a estrés hipotónico, 

aumentaron significativamente su función, en comparación con los ovocitos 

inyectados con el CST pero que fueron incubados en condiciones isotónicas.  

Resultados similares se observaron en los ovocitos inyectados con CST-KCC2, 

estos incrementaron significativamente su función en comparación con los 

ovocitos que únicamente habían sido inyectados con el CST (ver figura 1 y 2 del 

artículo 5).  

Estos resultados mostraron claramente que la regulación de la función del CST 

depende de la [Cl-]i. 
Nuestro siguiente objetivo en este trabajo fue determinar si la disminución de la 

[Cl-]i se relacionaba con la fosforilación del CST.  

Como ya se mencionó, en el CSB2/NKCC1, la [Cl-]i está involucrada en la 

fosforilación de los residuos Treonina, localizados en el extremo NH2 de la 

proteína. Previamente se mostró la fosforilación de CSB2/NKCC1 en los 

residuos T184 y T189, a través de fosfo-anticuerpos denominados R5. 84  
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En el CST, se encuentran sitios consenso para fosforilación, dentro de los cuáles 

las Treoninas T53 y T58 son aminoácidos conservados entre este transportador 

y el CSB2/NKCC1. Por lo que se especuló que la fosforilación del CST pudiera 

ser en estos residuos.83, 100 (ver figura 3 A del artículo 5) 

Para determinar la fosforilación 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 aminoácidos 

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 sustitución Y56H), el cuál es un aminoácido 

conservado entre el CST y el CSB2/NKCC1.  

Con la sola sustitución 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 artículo 5) 

El grupo de ovocitos inyectado con el CST fue incubado todo la noche en una 

solución hipotónica libre en Cl-, 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 isotónicas. Análisis de Western blot mostraron que 

los fosfo-anticuerpos R5 incrementaron significativamente la detección del CST 

en los ovocitos en los cuales la [Cl-]i había sido disminuida en comparación con 

los que habían sido mantenidos en condiciones isotónicas. (ver figura 3 C del artículo 

5) 
Simultáneamente se realizaron 3 sustituciones adicionales a la Y56H en el CST, 

es decir se genero un CST mutante en el cuál, 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 contenía las 4 sustituciones (CST-4M), también fue detectado por 

los fosfo-anticuerpos R5. La detección aumento significativamente en ovocitos 

en los cuales la [Cl-]i había sido disminuida. (ver figura 3 D del artículo 5) 

Para determinar si la mayor expresión del CST observada en los ovocitos 

expuestos a estrés hipotónico o a la depleción de Cl- ocasionada por KCC2, era 

producto de una mayor síntesis de proteína, se realizaron análisis de Western 

blot con anticuerpos dirigidos contra el CST. En los análisis no se observaron 

diferencias de cantidad de proteína entre los ovocitos en los cuales la [Cl-]i había 

sido disminuida y los ovocitos que habían sido incubados en condiciones 

isotónicas. 

Nuestros estudios mostraron que la actividad del CST esta asociada con la 

fosforilación de los residuos Thr53 y Thr58, en donde el nivel de fosforilación está 

incrementado por la disminución de la  [Cl-]i .
Para analizar el papel que juegan las treoninas T53 y T58 sobre la fosforilación 

del CST, estos residuos fueron sustituidos por residuos de Alanina.  

Además de las 2 Treoninas involucradas con la fosforilación del transportador, 

se detecto un sitio consenso adicional en el extremo NH2 del CST. Este sitio 

corresponde a un residuo Serina localizado en la posición 71, el cual también fue 

sustituido por un residuo Alanina para evaluar su posible participación sobre la 

fosforilación del CST. 

Se generaron 3 mutantes simples en las cuales se eliminó un sitio de 

fosforilación en el CST (T53A, T58A y S71A), 3 mutantes dobles, en las cuáles 

fueron eliminados dos sitios (T53-58A, T58-S71A y T53-S71A) y una mutante 

triple que carecía 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 fosforilación. A través de análisis de expresión 

funcional, se observó que la mutante triple redujo el 100% la función del CST. 
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Las mutantes simples disminuyeron en diferentes porcentajes la función del 

CST. La mutante T53A disminuyó 27% la función del CST, mientras que la 

mutante S71A disminuyó 75% la función del transportador. La mutante T58A 

redujo el 100% de la función del CST. (ver figura 6 del artículo 5) 

En cuanto al efecto de las dobles mutantes, en los 3 casos la función del CST 

fue significativamente reducida en comparación 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 fosforilación más el KCC2.  

Todos los grupos de ovocitos fueron expuestos a estrés hipotónico.  

A través de análisis de expresión funcional, se observó que la actividad fue 

incrementada significativamente tanto en el CST nativo como en las mutantes 

simples y dobles de fosforilación, sin observarse actividad en la triple mutante. 

(ver figura 7 del artículo 5) Estas observaciones sugieren que la función del CST 

puede ser disminuida e incluso abolida por la ausencia de algún sitio de 

fosforilación en condiciones basales. La función disminuida en las mutantes de 

fosforilación puede ser parcialmente restituida ante condiciones de estrés 

hipotónico. 

En conclusión, en este estudio mostramos que la actividad del CST aumenta 

significativamente cuando se disminuye la [Cl-]i, así como también mostramos 

que los residuos T53, T58 y S71 son aminoácidos específicos involucrados en la 

fosforilación de este transportador. 
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regulation. rNCC belongs to an eJectroneutral cation-cou'" 
pl.d cbI.>rid. eotransporter famlly (SLC12A) that ha. twu 
major branches witb inverse physiological fwu:;tions and reg'" 
u1atlon: sodium-dfiven culnn.porters (NCC and NKCClf2) 
tbat mediate collul .... CI- Influx are actlvated by phosphoryl­
alion, whereu pota .. iom-driven cotransporter. (KCC.) that 
mediate cellular Cl- effiux afe activated by dephospboryla­
lian. A cluster 01 tbree. tbreonine residuH at the amino~ter­
mioa! domaln bas been Implicared in lb" regulolion ,,1 
NKCCl/2 by tntracellulaf clllorlde, ceU volume, va.opressin, 
ami WNKfSTE-20 kinases. Nolhlng is knl>wn, howC'Ver, abou! 
rNCC regulalory meehaníoms. By u,ing rNCC heterologous 
expreaioít in Xenopus Imwis oo<:yte.s,J bere we show tbat twO 

tndependent intmcel1ular cbIóride-depleting strategles m­
erea.ed rNCC activity by a-fold. Tho effect of boslt .trategie. 
""'" synergistic and do.e-dependent. Confocal microscopy of 
enhanced green duoroseenl prol.i .... tagged rNCC snowed no 
changes in rNCC ceU surface expression, whereas imnumobJot 
analysls, ustng!he R5_tl-NKCCl-phosph_tibody, r .. ealed 
ioereased pbosphorylation of rNCC amin .... t.rminal donl.in 
!heeoníne resldue. Tbr'" and l'hr"". EIlmination ol tbe.e 
threonine. together witb sortne residue Ser71 completelr pre­
venled rNCC respo ..... to inlraceUuIar chIorlde depletiolL We 
condude !hat rNCC Os activa te<! by a meebanlsm !hat involve. 
amlnu.termlna! domain pbospborylation. 

·This work was presented In pan at the 2004 Renal Week of the American 
Sodety of Neph,oIogy, SL lou;" MO, and lile 2006 Experimental Biology 
meeting In San Francisco, CA. 11110 work _ suppotted by Nationallnstl­
tute.ofHeaIIll<;,antOK_35 (tI><;. GJandSponí.hMíni"ryofEdllCOtlon 
and _e<;rant BfU04469<lx>l !i.¡. Theco.ts ofpub6callonofthísartide 
weI1! deffayed in part by !he payment of pago char9'~ Thl, artlde must 
Iherero.. be ""'eby marlced -_semen!" in ilCcordence wilh 18 US.C. 
Section 1734 soIeIy lo Indica'" this fa<!. 
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1'hc renal Na + ,Cl- colran.porter (NCC> or TSC, gene 'ym­
bol SLC12A3, locus ldenUlk.lian number 6559) tltat is 
expressed al Ih. apic.1 membrane oC the momm.lian distal con­
voluted tubule represent' the major sall Iransport p.thway in 
tbis segmenl oC tite nepnron (1- 4).115 e .. enti.! role in preserv­
ing the extraeellular fluid volume and blood pressure has been 
eslablí.hed by Ihe identiCiealion oC in.clívaling rnutatlons oC 
lhe SLCl2A3 gene a~ the eau •• of Gilelman's dio.ase (5, 6), an 
inhí.'rited dlsorder featurlng arterial hypolensíon. renal salt 
wasling. hypokalemic metabolle .Ik.losls. hypocalciuria. and 
hypom_gnesemia. In .ddiUon, a deCect in NCC regulatlon by 
serínefthreonine kinases WNKl .nd WNK4 has be.n impU­
e.red in tbe pathogén •• is of a .. lt-dependent form oC human 
hyperten.ion known as p •• udohypoaldosteronism type 1I 
(PHAll) (1. 8), which I •• turcs marked •• nsilivity lo hydrochlo­
rothíazide and a clinica! picture that is a mirror image oC GiI.!­
man'. dí.se .... (9). NCC is the pharmacological target of tlúa­
zide-type diureUcs that are currently recommended by tbe 
Joint National Comrnittee VUCor Ihe detection. evaluaríon. and 
treatment oChigh blood pressure as Ihe ¡¡ .. t line treatment of 
arterial hyperterulion oislter as the unique drug or in combina­
lion witb otlter antihypertensive _gents (10). Desplte the 
importanee oC NCC for c.rdiov.scular and renal physiology, 
pnarm.cology, and patnopnysiology. IiUle ls known about Ihe 
mechanisms by wnich NCC activity i. regulated. 

NCC belongs to the superfamíly oC electroneutral eation­
coupled chloride cotranoporters (SLC12) from which s .. en 
membe .. have becn identífied al both lhe funclional and 
molL'Cular level. NCC, log.ther wilh two isoforms ofthe Na+, 
K' :2C1- cotransporler, NKCCl and NKCC2, compose slte 
sodiwn-driven branch (NKCCs), and four isoforms of the 
K+:C1- cotr.nsporter compose the potassium-driven branch 
(KCCs). 8eeause the .. cotransporter. are involved in Ihe regu­
I.tlon oC ceU volume andlor in c1amping the intraeellular chlo­
ride coneentration ¡CI-J" it has been proposed tllat lheir aetiv­
ity is regul.red by changes in celJ volwne andlor [CI-J, by 
me.AS oC phosphorylaUon/depnosphoryl.tion patltways (Cor 

.. The abbreviattons used are: N(C. Na'" :Ct- cotransponet¡: WN~ with no 
Iysine=potassium; !>HAll. pseudohypoaldo'!eroni.m type 11; NKCC. sodi­
um-{potas$iumKhloride cotfansporter; KCC. potasslum<hJorídecotrans~ 
porte!'; tNCc. rat thiazJde-sensitiVe sodium-chloride cotlansportel; EGFP, 
enhanced gfeefl ftuorescent proteío. 
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Regulation 01 rNCC by Chloride and Phosphorylation 

review. see Reís. 11-15). Severallines of evidence suggest Ibal 
phosphorylation actlvates Nl<CC. and Inhlbito l<CCI cotrans­
porters, whereas dephosphorylatlon inblbito NlCCCI and acti­
vates l<CC. cotransportera. Por Iostanc:e. cel! sbrinbge. low 
Intracellular chloride concentratio", and protein phosphatase 
inhIbitors actívate Nl<CCl. 5tudles in thls las! coIransporter 
led to !he identilkation of three amino-terminal threanine res­
idues that become phosphotylated undersuch stimulatory con­
ditions (16, 17). These threonine residues partidpate aIso In the 
stimulation ofNl<CC1 and Nl<CCl by serinelthreonine kinase 
WNK3 (lS. 19) or WNKI-WNK4fSTE20 kinases pathways 
(20. 21) as weH as Nl<CCl by vasopressin in thiek ascending 
11mb ceUs (22). LittIe is knowll, however. aboutNCC regulation. 
W. llave shown thal rNCC is partially inhlbited by cel!swelling 
(23) or WNl<4 (7) and is remarkably actlvated by WNK3 (19). 
suggesting that, Iike NKCC1 and NlCCCl. NCC could be regu­
lated by ceH volwne. lcn. oc WNK kInases. at leas'! in part 
through phosphorylation of me conserved amino-terminal 
domaln threanine resldues. Here we show lhat rNCC acüvity 
and amino-tetminal dornaln phO$photylation is increased by 
¡CI-L depletion strategies. rMeC activation is completely pre­
vented when lhe amino-termínal domaln Ihreonine residues 
Thr"" and Thr"" and serine resldue Ser,1 are eliminate<!. sug­
gesting lhal mese amino acld residues are ab$Olutely required 
for such regulation. 

EXPERIMENTAL PROCEOURES 

Clones lUId Mullig.,,";'-We used !he rat NCC and human 
KCCl cONAs lhal we c10ned previously !'rom rat kidney and 
human brain. respeclively (24. 25}. t\lI site directed mulations 
were introduced by using me QuíkChange sile directed 
mulagenesis systetn (Stralagene). Automatic DNA sequencing 
was used lo confirm aH mUlations. t\lI primen used for 
mutagenesis were custom made (Sigma)_ 

Ass1:$sment o//h. Na ':cr ClJIranspt>r/er FUllcllon-rNCC 
activily was assessed by functionalexpression in Xellopuslaev¡'¡ 
oocyte5 following our prolocols published previously (23. 26). 
Ooeytes injected with water or rNCC cRNA (10 ngloocyte) 
were exposed lo two different conditions lhat promote a 
decrease in Ibe ¡Cn;:low 0- hypotonic stress and/or coinjec­
tíon with !he 1<+:0- cotransporter KCCl eRNA (10 ng/o<>­
cyte). Alter injection. oocytes were maintained during 4 day. in 
isotonle ND9ó (96 mM Naa 2 mM KCI. 1.8 mM CaO,. 1.0 mM 

MgCJ.. and 5.0 mMHEPESfrri •• pH 7.4). The night befare the 
uptake ..... y. ooeytes were !ncub.ted in two different osmolar 
conditíons: isotonic (ND9ó. -210 moSM/kg H,O) or low CI­
hypotonic suess (79 mM Na' isethlonate. 2 mM 1<+ -gluconale. 
1.8 mMCa'· g!uconate.1.0mMMg"+ -gluconale.S mM HEPES. 
-170 mosMlkg H,O. pH 7.4). Theo. tracer "Na· uptake 
(PerkinElmer ure Seiences) was assessed in oocytes exposed to 
isotonicity using Out usual isolonic uptake solution (40 mM 
N.CI. 56 mM N-methyl-l>-glucamine-clúoride. 1.8 mM CaCI,. 
1.0 mM MgCJ,. 5.0 10M HEPES. pH 7.4. 210 mosM/kg H,O) 
cQntaining 1 10M ouabaln. 0.1 mM amIIoride. and 0.1 mM 

bumetanide plus 2 .,.o oC "'Na + por mlln conuasl. uptake in 
oocytes exposed lo low CI- hypOlonic stress was assessed in a 
similar hypotonic uptske medium (40 10M NaO. 38 mM 
N-methyl-l>-glucamine·clúoride.1.8 mM CaO,.loO mM MgCI,. 
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5.0 mM HEPES. pH 7.4.170 mosMlkgH,O) with the samedrugs 
and tracer "Na + • Thus. "Na + uplake In oocyte.lnjec:ted with 
water. rNCC cRNA alone.rNCC + l<CC2 cRNA. or any rNCC 
mutant wlth or wimoul KCCl cRNA was assessed under bolb 
regular isotonic and CI-..free hypotonic protocols. Tracer 
aclivity was determined for each oocyte dis$Olved in 10% SOS 
by ¡J-scintillalion countíng. 

WestemBlo//ing-We'lem blot was used lo compare Ibe 
amounl of NCC protein in cRNA-injecled oocytes exposed 
10 the intracellular chloride depletion maneuver. descrlbed 
above. Immunoblots were performed uslng a rabbit polyclonal 
anti-NCC antíbody kindly provided by Mark Knepper. 
National lnstitutes oC H •• lth. (27) following our previously 
publlshed protocol (28). In briof. groups of 15 oocytes exposed 
lo e.eh maneuver were homngenízed in 4 ¡L!/oocyte ofhomog­
enízationbuffer.eenlrifuged twice.1100 xgfor 10mina14'C. 
and supernatanl was recollected. Oocyte prolein (equivalent lo 
oneoocyte per lane) was heated in sample buffer containing6" 
SDS.15'16 glycerol. 0.3% bromphenol blue.lSO mM Tris. pH 1.6. 
.nd 2'16 j'l-mercaploethanol. resolved by SD5-PAGE (7.5"). 
Proteins were transforred lO a polyvinylidene difluoride 
membrano .nd exposed overnighl al 4 'C lO Ihe .. bbit poly­
donal anti-NCC antibody diluted 1:1500 in blocking buffer. 
TTBS (2,24 glliler Tris-base. 8 g/Uter NaCI. 0.1% Tween. pH 
7.6) 0.2%. Membranes were washed and incubaled wilh 
horseradish peroxídase-conjugaled secondary (anti-rabbit) 
antibody (Alpha Diagnostíc Intl.) diluled 1:2000 in blocldng 
buffer and washed again. Band. were delecled by using ECL 
plus Weslern blotting deteellon system (Amersham 
Biosciences). 

Assessment o/ the rNCC Expres.sioll (lt /he Oocytes Plasma 
Membran.-Surface expression of wild type or mutant NCC 
(seo below) was determined with confocal microscopy by 
assessing !he surface f1uorescence in Xenopus oocytes using an 
amino lerminus cnhanced green lIuoIcsccnt protein (EGFP)­
NCC fusíon construcllhat we have va!idated previously (7.19. 
28 -30), In Ibis consuuct. lhe EGFP was fuscd in frame lo Ibe 
amino-Ierminal domain of NCC. Xeno,... oocytes were micro­
inje<:ted wílh waler as conlrol or wilh EGFP-wíld type-rNCCor 
EGfP-mulant-rNCC c1tNA. Four days later. oocytes were 
monilored fur EGfP Ouorescenee in Ihe surCace oC the oocytes 
using a Zeiss laserscanningconfocal microscope (obje<:tivelens 
X !O. Nikon). Excilatíon and emis.sion wavelengtbs used lo 
visualize EGfP lIuorcscence wcre 488 and 515-565 nm. respec­
tively. For densitometry analysis. the plasma membrane f1uo­
rescenee was quanlified by delermining me pixel Intensity 
around Ibe entire ootytes circumíerence using SlgmaScan Pro 
image analysis software. Western bln! was performed in pro­
telos extracled €rom me EGFP-NCC-injecledoocyteS ColJowing 
Ibe procedures described aboYe. 

NCC Phospno-a/ltibody Studies-We used the previously 
eharacterized RS antibody (17) that was raised lo detect phO$­
phorylation of residues Thr'12 and Thr"17 in human NlCCC1 
(sharkThr l '" and Thr"'''l. a generous gift from B. Porbush. Yale 
University. RS-antibody is a1s0 useful lo detecl phO$phorylation 
of corresponding residues TIu"" and Thr11>i in ,abbil Nl<CCl 
(31). Through sequence comparison and mutalion analysis (see 
Fig. 3 in "Reswts and Discussion"). we found lhat for rNCC lo 

.. VOLUME28!-NUMBER39·SEI'TEMBER29.2006 



be recognlmble by tbe RS antibody al least Iyrosine al pasitlan 
Si in rat NCC must be converted to the rustidine fOWld in 
NKCOI. TbereCore, using custom primers we constructed an 
rNCC single motant YSóli·NCC or a quadruple mutanl L49Y· 
YSiH·lS9M-V61A, tbis Jatter containing al! significan!. differ· 
ences between NCC and N!CCC2. For functional analysis 
oocyte. injected witlt appropríate cRNA constructs were incu­
bated in the same experimental sol .. tions and for tbe same time 
as tltose describe<! above. At tite end of tite incubatlon period. 4 
oocytes per group were homogenized in 100 ¡.ti of ice-cold anti­
phospltatase soIution (150 IJIM NaC~ 30 111M NaF, 5.0 111M 

EDTA, 15 mM Na,HPO.. 15 mM pyrophosphate, 20 mM 
HEPES, pH 7.2) wilh 1'l6 Triton X-lOO and a protease inhlbitor 
mixture. Then, hornogenate was deared by centrifugation. and 
supernatants wete subjected to Westem bloUing. TIte equiva­
lent 10 6 ¡.ti of Iysate was loaded per lane. TIte analysis WlIS 

tepeated four times, and functional expression was assessed in 
paralIel ior each experimento 

To test fot tbe specificity of RS antibody signal with NCC 
samples, we carried oul alkaline phosphalase treatment of 
oocyte homogenates. Bnefly, after 16--h incubation in ND96 or 
CI--free 501utions, oocytes were Iysed in AlkPhos solution (50 
mM Trís.pH8.0.11J1M EDTA.l00mM NaCL 2 mM MgCl2.1% 
Triton,O.2% 50S) to wruch prote.se inhibitors and calyculin A 
were added 10 avold proteln degradation and PPl-medíated 
dephosphory!alÍon. TIten. homogen.tes were split in two. and 5 
uníts oC phosphatase aIkaline were added to one of tite samples. 
Homogenates were incubated for 1 h al 37 'c. The dephospho­
ryJ.tion reaction was terminated by adding the same volwne of 
2x sample buffer. 12 ¡d of t1Us solullan were loaded per J.ne and 
was iubje<:ted lO SOS- PAGE electrophoresis and W ostem blot­
ting with RS antibody. 

In Vilro clINA Trans/alion-To prepare eRNA for mlcroin­
jection. eaeh of tite wild-type or mutant cONA w.s digested at 
tbe 3' end u.ing Notl or Nhel from New Enghmd Blalab. 
(Carlsbad, CA). and eRNA was lranseribed in vilro u.ing tite 
T7 RNA polymerase mMESSAGE mMACHINE™ (Ambion) 
transcription system. cRNA product inlegrity was conftrmed 
on agarose gels. and concentration was deterlUÍned by absorbo 
ance r .. ding al 260 nm (OU 640, Beckman Couller. fuUerton, 
CA). cRNA was stored fro.en in .liquols al -80 "C Wltil used. 

Dala Analysí.t-A11 re.ults presented are based in a mini­
mum of tltree different experiments with al 10asllO oocyles per 
group in each experiment. St.tistical siguificance is defined as 
two-taUed. with p < 0.05. and the results are presenled as 
mean :t S.E. The .ignifieance of tbe differenees between groups 
was tested by one-way analysis of variance with multiple eom­
pad.oo. using Bonferronl's correction. 

RESULTS ANO OISCUSSION 

NCCActivily /sIncreased by Intrace//ular Ch/orideDeplelion 
Maneu""",-Because tite regul.tory mechanísms controlllng 
e!ectroneutra! cotransporters in tbeir native tissue. and in 
transfected eells seem lO operate in response to intracellular 
cbloride cancentration or 10 correet changes in intraeellular 
ch!onde eoncentratíon (11), the present .tudy te.ted such 
mechanisms of regulation fOl NCC. We used two different 
experimental .trategies lo induce o depletion oftCl-I.. The firsl 
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FIGURE 1, _oIlnuocellular <hlorkl. de"letl .... proto<oIs uponlNCC 
aclNily.X.lcevisoocytes were i1ljected wilh water or 0,21'91,,10' ¡NCC,RNA 
ale ... 0IlOgether witit 0.2 p.g1,,1 01 KCO _A. as SIO .. d. Alter 4 doy. o, 
incubation in regular N096. oocytes. wete inc;ubated (ex 16 h in either regular 
ND96 t21& mo5Mlt<g H,O) "'. el--f.ee hypQtonic medium (110 mow.II<g 
H,Ol. as .. otod.tnlhe _1 doy "No' optake _ 0_ in the -. 
(opett btm¡ '" p.esonce (elOled belSl o( 100 "'" metal""""" in uptllke media 

~~~:be~(~h·E~~~::~~~~~:,;l)~~~:shV: 
combioed le$U1t$ rfom n ... e different experiments with 1M mean :t S.E. 0150 
__ for """h grO<lp. • •• ignificanlly dlflerent (roro lhe uptake oo"""od ir! 
fue controlgfOUp of rNCC·lnjected oocytes incubated In NOO6. -. signift. 
camty differem f'tom each strategy atone. 

protocol was to compare tbe activity of rNCC in X /aevis 
oocytes ínjected with rNCC cRNA alone or together wilh of 
K+:Cl- cotransporter KCC2cRNA. We ehose !CCO because it 
is tbe !C+ :CI~ cotronsporter ¡soform that is significantly active 
in isotonit: condition. wben expre.sed in X. laevis oocyte. (11, 
25), Ihus maintainingo eonlÍnuous 1< ' :CI- effiuxover tite incu­
bo!Íon days belOre Ihe uptoke assays Were performed. A similar 
.pproaeh was used in HEK-293 eeUs by GiUen and Forbush (32) 
lhat analyzed tite rcgulalion of NKCC 1 aetivíty by intracellular 
ehloride depletion induced by cotransfecting the eells with 
KCCl. The second protocol was tite "Iow cr hypotonie .tress" 
in whieh rNCC-injecled oocyte. were incubated in a a--free. 
s~glltly bypotonic medium (170 masM/kg H,O) for severa! 
hour. before the uplak~ as.oy. Low Cl- hypotouie stre •• is 
known lo induce a decrease in ¡CI-J, in several eeUs (16. 17). 
including oocyte. from Rt<na pipo". (33). In addition, low CI­
hypotonic stress in X. /aevis oocyles induce. tite opening of CI­
ehannels thal promote CI- effiux (34). 

Fig. 1 depicts tite effecl of eaeh protocol separately, or 
togetber. upon tracer "Na + upt.k. in li,0- or rNCC-injected 
oocytes. As we have .hown previously (l. 23.30). 22N. + uptake 
in water-iníected oocytes wa. very smaU and not th!aúd. sen­
.itive. indieating that X Ia.vis oocytes do nOI express endog ... 
nous activily of • Na + :Cl- cotran.porter. A. shown in Fig. l. 
the minimum uptake observed in water-inleeled oocytes was 
nol affeeted by I<CC2 cRNA injection or by low Cl- hypotonie 
stress. 22Na + uptake in rNCC-injected oocytes incubated over­
nightin regular ND96 w •• 2840 :!: 154 pmol ooryte-¡ h-'.In 
contras!. 22N.' uptake in oocyte. coinjected wilh rNCC and 
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FIGURE 2. _.pead_ oIhcI o, KCO _ upon NCC activlly In 
oocytH. 'Ih1a2l<Ie ,enoiUve"No' uptak. inOQC)'tes1njectedwlthrl'lCC cAllA 
exf'O"'dlO regular 1_ <_n, ,,_<ird .. ¡ or 10 low 0- hypotonic 
,u ... (opon circh!s) !he nIght befor. uprake •• perirnonts we<e peñormed. 
Oocytes ""re <oinjected _ In<reased CO"'Gntratlon of ~CC2 cANA os 
rule<!. Theftg¡JreshowscombínedrosulUflomlllreedlllerentexpe_ 
',p <: OJlS """" cor ... pondIng_ 001 coinje<;ted wlth ~C2 cRNA. 

KCC2 caNA and !hat _re incubated in slmil.r lsotonlc con­
dltioM wasll.757 :!: 514 pmol ooeyt.-I h-J (p < 0.00l). In 
ooeyte, that were injected with rNCC a100e but were exposed 
lo !ow CI- hypotonlc suess. "Na + uptake was 12,449 :!: 974 
pmol oocyte- l h- l (p < 0.001). Combinatioo of both experl· 
mental protocols resulted In synergl$tlc effect because "'Na ' 
uptoke in rNCC + KCC2 cRNA.injected oocytes inculJated 
overnlght in the Cl-·free hypotonlc medium was 16.469 :!: 669 
pmol ooeyte- l h-1 (p <0.0(1). Asshownin fig. 2, in oocytes 
ineub.ted ln \solonlc conditlons or exposed to Iow C!- hypo­
lonle stress. Ihe elfect of KCC2 c:RNA coinjeetlon upon rNCC 
activity was dose-dependent, lncreased amounl ofKCC2 cRNA 
lniected wa$ associated with increased activity of rNCC. 
Oocytes exposed lo Iow cr hypotonlc stress exhibited hlgher 
basal aetlvity and reaehed the plaleau phase at lower KCC2 
cRNA coocentratloM. Thus, promotlng intraeeUuIar chloride 
depleUon by two dlfferent sttategies resulted in increased 
"Na+ uptake by the renal Na+:C1- catransporter. The lo· 
creased uptake could be caused by the augmented drivingfurce 
by the intraceUuIar chIoride depletion. Altematively. as has 
beeo shown lo OCCUf wlth NKCCl, NCC can a1so be regulated 
by chloñde-sensilive mechanlsms. ThereCore, we .nalyzed 
whether Ibe intr.celMar chlotlde depleUon maneuvers 
modulate the phosphorylation status oC the consorved NCC 
amino·termin.l domaín threonlnes that in NICCCl have 
been shown to be invo!ved in its regulation by intraceJlul.r 
chloride (1&). 

Effecl uf ¡"lracellular ehlo,id. [)eplelto" Protocols upon 
,NCC Pltosph01)llalíon-Data with kinaseJphosphatase poo· 
macological inhlbitors suggest that members of th. SLC12A 
famUy of cotransporten are regulated by phosphorylalionl 
dcphosphorylatlon pathways. Phosphorylation induced by coU 
shrinkage, low intracellular C¡-. and protein phosphatase 
inhibitors stimulates NKCCs and inhlbits KCCs, whereas de· 
phosphorylation induced by cen sweUlng. hlgh intraceUular 
CI-, and protein phosphatases stimulates KCCs and inhlbits 
NKCCs (11. 13. 14, 33. 34). However. dlrect phosphorylauon 
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hasoo!ybeeodemonslmted solar for NICCCl and NKCC2 (17, 
22. 35). By using RS antlbndy. a phospho·antlbody lbat recog­
nizes the phosphorylauon oCtwo amino-terminal domain thre­
onine residuo, in NICCCl (human sequene •• TI,,"'.1"hr"'¡ 
,OOk. lbr"·. Thr'''l (17l, il has been shown that activalion of 
NKCC1 by Iow CI- bypotonic stress. ceU sbrlnkage. or coex­
presslon with the WNK3 kinase ls associated wilh phosphoryl. 
auon of these conserved Ihreonine residuos (17-19.36. 37). R5 
antibndy recognizes phosphorylatlon ofNKCC1 aaoss species 
(shark !let;fU$ human) or \soforms (NICCC1 and NKCC2 (17, 
22)) despile.malI amibo .cid divergences wilhin the ""lW!nc. 
used to raise the antibody (se. a1ignment in Fig. 311 in which the 
16 amín" acid residuos flom human NKCCl that were used lo 
raise the RS-phosphoantibody (17) are Indicatedl.1n the close 
relalive NCC. the two phosphoacceptor residues correspond­
ing lo Thr" and Th ... • in rNCC are conserved. 8ecause NCC 
retains the potenlial phosphoacceptor sites in Ibis region ofthe 
amino-terminal domain. it was speculated previously that NCC 
eould aIso be regulated by phosphorylatlon of these tbreonines 
(16. 22} •. As shown ln Fig. lB. however. the RS·phosphoantl­
bndy Is oot readíly able t<>detect!he wild·type rNCC under ony 
experimental condilions either because these threolllna are 

. nOI phO$phorylated in rNCC or because the epilope for R5 is 
somewhat altered. reducing lis affmity fur the antlbody. Ibis 
latter exp/anatlon Is fuvored by the fuct lbat in somo instances 
we can observe a very faint band In wild-type NCC under low 
chloride conditions. Thus, We analr¡;ed !he sequence dlver· 
gence among NKCCs and NCC (fig. 311) and introduced muta­
Uons in rNCC accordingly lo render it recogrmable by R5 anU· 
body. W. found (fi¡¡. 3B) Iba! Ibis can be accomplished by 
simply replacing tyrosine Tyr"" by histidlne (rNCC· Y56H In 
fig. 311). whleh Is !he major nonconservalive change between 
NI<CCsandNCC in the RS-16·amino acld residuos peptlde.R5 
recognlzes. band ofI20 kOa correspondlng 10 NCC only in the 
protein bearing lhe YS6H subslitulion, wbich is nOlobserved In 
somples !roro wild·type NCC inJected oocytes. Mote impar. 
tantly. incuhating Ibe ooeytes in CI-·free solutioo overnlght or 
eoinjeeling Y51íH·NCC with I<CC2, conditions that remarka­
ble iocreased transport actlvity (FIgs. land 2l, caused a paraDo! 
sumulatioo of RS signa! in somples flom Y56H·lnjected 
oocytes. We also mode a quadruple mutant bearing an substi· 
tutions corresponding to sequence differences between NCC 
and NKCC2 (Ral NCC·4M in fig. 311: t49Y·Y56H·159M· 
V61A). Asshown ln Fig, lB. the quadruple mutant rNCC-4 M 
was also detecled by R5·anlibody, and the signal was increased 
afier exposlng oocytes lO Intracellular chlorlde depletion 
maneuvers. T o answer the quesllon of whether increased signal 
in oocytes exposed lO CI- hypolonlc stress or coinjected with 
KCC2 was caused by lnereased amaunt of NCC protein, 
extracts flom oo~yt.s were analyzed by Weslem blot with poly­
c10nal anti-NCC antlsera. As shown in Fig. 3C. no dlfference in 
the amount oC NCC was observed in proteins extracted flom 
NCC·injecled ooeytes in control conditions when compared 
wi!h those eÍlher exposed lo CI- hypotonic s!ress Ol coinjected 
with KCC2 or both, In addilion. 10 aMwer the queslion of 
whether what we observed with RS antibody is actual phospho­
rylalion of NCC, we !reated the oocyte Iysates with alkaIlne 
phosphatase, As shown ln Fig. 3D, the RS signal dlsappeared or 
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FlGURe3. Effectcfln1r • ..u ...... dII_ dep/etIonpl'Otocols_n .Nce pbosph"'Ylat!on.A, ""luenc •• ngnm.nt af anamtno-.elmlnaldoma;n fr.glMnt 
of human NKCCt, rabbi. and human NKCQ. human and rat NOC and mu.an. rNCC, as .tate<!. The p'opo>ed phosphorylatlon s; ... are highOghted by 9roy 
bon$.. lhe I'J'\!JtIttd residues in NCC .. YS6H and NCC-4 M ate oortin«l Ít\ bl«k. The QffGWS show the putative' phospho¡yiatíon sites. 8, a represer¡tative 
immunoblo. analy¡l. of J>'G~ns e"'racted from "mM _ injet\ed wlm w •• ." wifd-type INOC cRNA, .he mutan. rNCC-Y56H cRNA. or.he mutant 
rNCC-4M cRNAatO.21'!li1ll using!he RS-phosphoanribody r.lsedagains'!he 16-reslduephcsphorylatedpeptldeofNKCCI .hown inA. The band correspQl1d­
lAg '0 phosphorylo!ed NOC b shown as phospho-NCc. C. a .epresenta,"", Western blot of p.o~n, ..... cted Imm rNCC-Injected oocytes using poIyclonal 
.nti-NCC antibodyU7~ D, a representa,"", _ot anaIysisolprotei!u extracted fromX laeviJ oocyte. Injected wi.h wate', wild-type rNCC dlNII. or.he 
mutan. rNCC-4 M cRNA al O.ll'!lip.! using!he !!5-phosphoantibody. The immunoblot .... pefformed in control condlllons o. alter elCjlOSing proteln. to 
alkallnephosphalase.sdeson'bedundet·EJcpetlmentalProcedures"andis .hown Intheupp<fp4llél. The co"espondingCoomassíe aluolmago is.hownln the 
lower panel. Forimrnunoblot$in8, C. andO. proteinswere atractedfromoocytes 10 control conditions ~nd ,¡lher exposed lo tow chloride hypotornc StreS$Ol 
coinjected witb KCC2 cRNA 01 subjected lO botñ manewers together. Similar results \Vere obsetved in five differem experlmeots. 

was gro.tly reduce<! after lbit¡ treatment. As shown ín fig. 4, 
functional oxpression anaIysis revealed!hat single substitution 
of lbe tyrosíne 56 Ior histidlne (rNCC-Y56H) or the quadruple 
substltutlon (rNCC4M) <lid not arreet eilber the basal activiLy 
oí rNCC or iIs activalion by lb. comjoction wiLh KCO or low 
0- hypotonic >fr_. 

Our results ín lbe presen' study show!hat aclivity ofrNCC in 
basal condltions Is associated with phosphorylation oflbe ami­
no-termínal domaín threonine residuos TIIr" .nd 1'hr"'. The 
phosphorylatlon level was signif\<:andy ínerease<! by íntraceUu· 
lar chIoride depIetlon strategle.s !hat simultaneousIy íncreased 
!he <<>transporter .ctlvity. Tltese obsetvations suggest !hat 
íncreased uplake by NCC is not ooIy a cnnsequence of!he aug­
mented drtving force by lbe mtraceDular chloride depletion. 
Supportíng this condusIon, we bave observed !hat prolem 
phospbatase ínhibltion is <oupIe<! with íncreased adivíty oC 
rNCC.lncubation of rNCC-ínjected X laevis oocytes wilb the 
protein phospbatase 1 and lA Inhibitor calyculín A (100 OM) 
resulted in significant ínerease ín rNCC-mediated nNa' 
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uplake from a value oC 3961 :!: 209 pmol oocyte-' h- t ín lbe 
rNCC control group ín the absence of calyculm A to a value oí 
5888 :!: 310 pmol oocyte- I h- I In 115 presence (If ... 45¡ P < 
0,001). Taken Logelb«, our results demomtrate tha!, as for 
NKCCs. the ,cLivUy ofNCC correlates with phosphorylation oI 
NH,-termmus lbrconinc resldues aL posiLlon 53 and 58. 

Effecl 01 intnuellular ehlo,id. DepleUon Prolocol. upon 
rNee Sur/ace &.pr.wotl-Increased activíty oC rNCC by com­
jection oI KCC2 or low CI~ hypotonie stress could be caused by 
the activation oC cotransporter units tbat are a1ready In lbe 
plasma membrane or by an inerease in the amount oC trans­
porter uruts lbat reaeh Lhe plasma membrane_ To analy.., lbese 
possibílities, we a .. essed in x'laev;s oocytes lbe surfaee expres­
sion oI lbe EGFP-rNCC construct tbat we have validated pre­
vious!y (29). We bave sbown lbat EGFP-rNCC f1uorescence in 
lb. oocytes surface co-Iocalize. wilb lbe f·404 specific plasma 
membrane dye and tbat oocytes injecled wilb EGFP-rNCC 
exhibit significant t"ia:.ide sensitivo nN. + uptake, índícatíng 
the EGFP-NCC fluorescence is located in lbe plasma mem-
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neither functional in basal condltlons nor activated by the 
intraceUular a - depletion strategies. In contrast, as long as 
one of Ibe Ibree phosphorylatíon sites is presento rNCC 
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tepreseflt ~ ... uptake in control aocyte$¡, f!.g. oocytes Injected witn rNCC 
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cDuld be non-functiooal in basal conditioos but stiU be acti­
vated by intraceUular chloride depletion. . 

EJfecI oJReplacing T/¡,,", Till"'. and Ser" "pon EGFp..rNCC 
SurJa,,, fUfd Fun,lional Expr ... ion-Bec.use ellmfnatlDn Df 
th. tnree phosphDrylatlon slt.s In the amlno-terminal 
domain alone or in combinatian resulted in a significant 
reduction oí Ihe eotran.porter basal .ctMty. w. wanted lo. 
know the effect oC these mUlations upon 5urCace expression 
of the eDtransporter. Thus we introduced Ibe triple mutation 
T53-TS8-S71A intD the EGfP-rNCC cONA. X faey/S oocytes 
we,elnjected wilb 25 ng of e.ch clone cRNA. and 4 days later 
the s.:.ñace lluorescence intensity was ...... ed unde< eonfaeal 
micrDscopy. 1'heo, Ibe $Ome oaeyte. were u.sed for funCtiDnal 
analysis by .... ssing tbe thiazlde sensitive 2lN. + uptake. As 
shDwn in fig. 3, Ihe surC.Ct\ expre .. iDn of Ihe triple mutan! 
EGFP-rNCCw.s similar!D wild-type EGfP·rNCC. wbere •• the 
functlonal expression was eompletcly abolished. No • positive 
control. in tbe s.me expcriment a group oC DOCyte. waslnjected 
with 25 ng oí cRNA transcribed from the EGfP-rNCC doubl. 
mutant N404.424Q. in whicb both N-glycosylation sites oC 
EGfP·rNCC were eUminated. As we have reported previously 
(29). elimination of the N-glycosylatiDn sit.s resulte<! in a 
cotransporter in which the surface expr ... ion, and Ibus its 
activity. is ... iously reduced. The Dbservation tbat elimina­
líon of phosphoryl.tion sites resulted in reductlon of th. 
cotransparter .etivtty without afCecting Ibe surface expres­
sion Is consistent with the result, in fig. 5 in which activatian 
of rNCC by intraceUular chlDrlde depletion was nDI a$SDei· 
ated wlth surCaee expression changes. Taken together. Ibe 
results of Ibe present .tud,. show for the first time Ihal Ibe 
renal Na + :CI- cotransporter isregulated by intraceUuIar chlo­
ride concentration through phosphDrylatlon of Ibe amino-termi­
nal domaln and that the mechanism seeros lo be caused by an 
increased turnover rate oC Ibe cotransporter ralb .. !han by ah 

incr .... in lis expression in the plasma membrano. 
ln !he present study we u.sed Ihe heterologous expression 

s!'Stem in X /aeyi; oocytes to asses. the regulation oí NCC by 
intraeellular chloride depletiDn. This expressiDn system ha. 
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ín rig. 3 (l7. 46). In addilion, recenl 
sludles have shown thal eleclroneu­
tral catlon chIoride cotransporters 
are regulaled .Iso through pbos­
pborylaUon of the amino-terminal 
domain by members of two sorinel 

FIGURE a Efft<t of elimlnall .... of ph ... phoryklion sIt •• In tM ._.,minal domoIn 01 EGI'I'·,NCC 
upon IUdoce Ind functlonal_slon. A, !epre<en,.~ve eo"'ocaI .... g. of .. eh 91_ as _..r, 8. ftuo­
rescence tntensity is expressed as mean :t S.E. of 20 oocytes lrom rwo different expedments. C. fvnctjonal 
exp, ... ion ..... sed by "Na' uptalce •• say In .he .""'neo lepen !lar>1 '" presenco idosed bcml o/ 100 !'NI 
metolazone. Oocytes. were Injected with the wild4ype. 01' mutan) fGFP..rNCC dWA a& stated. Funáloolll 
exptessio" 35$0)" wero performed wllh.he ...... o«ytes !ha! wete used 00, /Wotescence anaIysi> in 8. The 
EGFP-#I04,424Q ,Na: mutanr.1n which !he I'NO II-gI)'Cosyl •• ion sil .. have been elinlinoted. w.ss used .ss 
con'roland wa. des<ribecf proviol!$ly (291 ••• slgnifl(Onlly dilh>teA' from ",lId·'y!", EGfI4HCC. 

tbreonlne lúnase famllles known as 
WNK and STE20 (l8-20. 47, 48). 
Firsl il was shown thal STE-2()-re­
laled kinases such as SP Al< or OSRl 
mediate functional activation of 
NKCCl (47, 49) by a process in 
whicll phosphoryl.tlon of the amI­
no-terminai domain tbreonine raí­
duet islmpUcated. Laler. Vitari .ta/. 
(2() observed that WNKl and 
WNK4 seem lo actlvate SPAl< and 
OSRl, whicll in luros pbospboryIa­
ted tha amino-terminal domaln of 
NKCCl. Al Ihe functíonal leveL 
Gagoon et aL (48) also showed 
Ihat WNK4ls abl. lo increase Ihe 
activity of NKCCl only in Ihe 
presence ofSPAK or OSRl. 

shown to be an excellent tooJ fOl a lobust and reproducible 
expression of NCC In Out hands (1. 7. 19, 23. 24.29. 35) and in 
other laboratorios (8, 36-38). In contrast, NCe expression in 
transfected mammali"" cells has nO! been successful in many 
¡aboralod ... including our own. In thls reg;l.fd. however, Ih. 
prediction conducted using X Jaevi. oocyles by two dlfferenl 
groups (7. 8l indicaUn¡¡. tba! WNK4 down-regulates Ihe surface 
expres.lon (and thus activíty) oC Nce has tecenUy been con­
firmed by assessing sun.ce expressíon oC Nec in tenal epithe­
Iial cells transfected with NCC and WNn cONA (39). 

&cause of the ¡¡radient of accompanying calion. Ihe Na • -
couple chloride cotransporters NKCC. mediato CI- inJlux, 
whereas K+ -coupled chlonde eOlransportees KCCs mediato 
CI- effiux. Secause intraceUuIat concenlratíon of Na + and K4 

ate quickly restored by Na+,K+;ATPase. whallhe aclivity of 
elecltoneotral cation chJoride cotransporters seems lo modu­
late is th. [CI-l,. Fotinstance.inmostcells. [CI-J,. and thuscell 
volume, is maintalned by coordinated activily of NKCCl and 
KCCl. Jt has been demonstrated in duck red blood ceUs Ihat 
activity of thet. cotransportero ÍlI regulaled by ¡CI-J, in such a 
way lhat Iow ICI-J, aetivates NKCCl and inhibits KCCl. 
whereas hígh [CI-J, activates KCCl and ínactivates NKCCl 
(40. 41). In neurons. íntracellular chIorlde concenlratíon Is 
defined by tha ratio ofNKCC1JKCC2. and these in turo define 
Ihe type of response to neurotransmltters such as y-aminobu­
Iyrlc acld that acts by opening Cl- channels in postsynaptíc 
membranes. The excitaloryeffect of y-aminobutyrlc add in Ih. 
ptenatal period is caused by an inereased NKCCI/KCC2 tatío. 
whlch results in increased [CI-l. whereas the ínhíbítory effect 
of 'Y-amlnobutyrlc acid in the postoatal period can be explained 
by decreased NKCCI/KCC2 ratio tha! tesults in decreased 
[Cn, (42-45). It has been c1early shown that modulatíon of 
NKCCl by [Cn,1s mediated. at leasl in parto by phosphoryla­
tion of the amIno-tetntloal domain tbteorune residu.s shown 
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Distorted modulatlon ofNCC activity by WNKl and WNK4 
is implicated in the pathophysiology of arterial hypertenslQ/l in 
paUents with PHA.Il (7. 8). WNK4 inhibílS lbe activily of NCC, 
and Ihe PHAIl-type mutations prevent thls inhibiUon. thus 
releasing NCC. which by its increasing activity produces arte­
rial hypertension. This hypothesls can explain the exqulslle 
sensitivity to thlazide-type diuretics in PHAlI patients (9). 
WNKlseemsto produce PHAIl by its ability lo regula te WNK4 
actívity (8. SO. 51). We bave recently shown lhal WNK3. 
anolber member of the WNK family. is a powerful actívalor of 
NCC as well as NKCCI and NKCC2 (18, 19). The aclivation of 
NKCCland NKCC2 induced by WNK3 is also associated with 
increased phosphorylation ofthe amino-lerminal domaln thre­
omne resíduesshown in Fig, 3 (18, 19). In Ihe present studywe 
show that NCC actívity ís modulated by [Cn, and lhal pbos­
phorylation of Ihe amino-terminal domain threonine tesidues 
Thr'" and Tbr"". and ptobably Ser". ís implicated. suggestlng 
thatmodulationofNKCCsby [Cn,and WNKlCould be medí­
ated by a common palhway. Supporting thls possibilíty. ít has 
been suggested ibal actlvity of WNK kinases Is modulaled by 
Intracellular chloríde, Xu et al. (52) identílied WNKl al the 
molecular Ievel and observed lhal íts actívíty was remarkably 
inere.sed in the presenee of NaCl Then. Lenem el aL (51) 
showed that WNKl Is activated by Nael and otlter osrnotíc 
challenge. in a v.tiely of celllines. includlng distal convoluled 
kidney lubule ceUs. although ills not affected by .hort or long 
exposure to sevoral hormones and by agents thal modulale CPl! 
proliferation. suggestíng tltet the major regul.tor of WNK 
kínases is cell ion slrength. volume. andlor intracellulat Ion 
concentratlons. In this regard. Moriguchi et aL (21) have 
reeently shown in HEK-293 eells thal both WNKl and SPAK/ 
OSRl kinases activíty ís increased when ceUs wete exposed lo 
low CI- hypotonic stress. suggesling that WNK1 behavet as an 
aClivator ofSPAK/OSRl in response to a decr.ase in the [0-1,. 
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Supporting!he observalions in Ihe present study, Moríguchl et 
al (21) aIso ob.oerved in HllK-293 eells transfecte<! wilh 
T1-lagged 100 .... NCC tllal !he amíno-termlnal domaín oí 
NCC can be phosphorylated In v¡/ro by !he WNKlISPAK/ 
OSRl pathway and tllat !he phosphorylalion leve! increases 
when cells are íncubaled under low 0- hypotonic stress and 
decreases when!he residues Thr .... Thr"". and Ser" are eUmi­
naled. Thus, takíng dlh.,... observatio/UI tog¡.lher It \s reason· 
able lo speculate !hat ¡O-I, probablr regulates WNKs and 
STE20 kínose actlvlty that in !Urn modulates electroneulral 
cotranspottets functíon. 

In summary. we present evidence tbat rNCC can be activated 
byíntraceHular chloride depletion strategies such as co-expres-­
siOft with theX+:O- cotransporter XCC2 and/or exposure to 
Iow 0- hypotonic stress. The rNCC aclivation is as.sociated 
with iIlcreased phosphorylatíon of Ihe IIv.onine residues 53 
and 58 al th. amino·lerminal domain wltbout changíng !he 
.urface expression 01 !he cotransporter.ln adailion, substituto 
íngThr"", Thr"",andS.r'" residueswi!halanínerendersrNCC 
inaclivein basal condilions ana lnunsiti •• lo intraceUular chlo· 
ride deplelion, indicating thal in addítion lo Tbr"", Thr"".!he 
serine al lhe position 71 is also eritia! for rNCC regulation. 

AclmolVltdg>mmú-We titank "",,,,!len o/ tite Molecular Physio/ogy 
Unir for tlieir wggoslions atrd assistanu. 

REFERENCES 
1. Gamb¡, G .. s.kzberg, S. N .. Lombardí. M. Miya_hlu. le, Lyllo .. 1 .. 

Hedí! .. , M. 11..& ...... ,. 8. M. and Heh ..... S. C (1m) Proc. NaJi. .w.:L 
Sci U. s.;t 90, :1749-:1753 

2. _D.H. Vela,,,, ... H..and Wrigh~ f. S.(l981)Jlm. I.PhYÚol. 253, 
f546-F554 

3. PIoIkín. M.D.Kaplon. M. R., V.rland<r. l. M. la. W.·S.I!rown.D_ Poch. 
~.GulIw.S.lt,andHeb<rt.S.C. (1996) KW""1lnlSO, 174-1113 

4. Costa .... 1.. S. (1985) Am. t Pbysiq/. 248, fS:I7-F535 
5. Simtm. D. B. Nebon· WiIliaIrio. C. ¡.Iuuon·Bla. M. _ 1>. Kirn:t. 

f. ~ Morey-MoIlno. le, V ...... l. Iw .... r .. Ottb,.". H. M .• ¡¡..r ... M. 
Gaina.F.I.G~clma .. H.I.,andLUlon.R. P.(I\1\16) Na. Gmetl2.:H-3il 

6. Mastroian.ni. N ... Betundt'., A-. Bianchetu. M.. Cohwl. G .. de FU!>CO. M.o 
5 ..... , F. BalIabi<>.1e, and c.w:. G. (19%) Jlm. l. Hum. G<mL 5~. 
1019-1026 

,. WíIso .. F. H.l(able. K. T. Sahalh. t..lalíoti. M. 1). Rap"' .. A.K..Hoover. 
R.s. H,ber~S.C.Gamba, G •• nd LUlon. Ro P.(2003)Proc. N.!I. Aud. SeL 
u.s.;t 100,680-684 

8. Yang.C 1..,Ang<u.¡., MU<:b<IL lt.andaUson. D.H. (2003)/, C/iJ, In"",'~ 
111.1039-1045 

9. Majan. H.. VemI. L. Mouallem. M .• Tzadol<· Wílkon. M.. """" .. r. R. •• ",I 
fañel. 1. (20021 /. CIi ... Endoaincl, M.taI>. 87,3248-3254 

10. Chobanian.A. V.8al<ri.s.G.L .• Bl.cl<. H.R,.Cusb .... n. W.C.Gr .... I..A. 
1_1. 1... Ir. 1._ D. w. Materso .. 8.1. Opari/¡ S. Wrjllll. ~ 'f.lr •• nd 
lloc:c.u.. E. l. 12OOl) lAMA 289, l56O-2571 

11. Gamba, G.(2005) Plt]sio/. R...1lS,423-493 
12. Heb<rt. S. C. Mo .... D. B.. and Gamba. G. (2004) _ /. Pbyúnt 447, 

580-593 
13. FIalman, P. w. (2002) IJi<JdoIm. 8iophp. Ada 1566, 140-151 
14 AdooJIM. N. C. fulYio. M. D .• and Lauf. P.I<. (2004)1. M.mbr. Biol.201. 

109-\37 
15. l.auJ: P.IC., and Ad_. N. C. (;lOOO) Cdl Plt]sio/. Bloch,m 10,341-354 
16. Duman. R. B.. .nd Forbush. B. (2002) /. BinL Chem m, 37542-37550 
11. FIernmcr. A. W. Glm ...... I .• Dowd. B. f .• Duma •• R. B •• nd forbush, B. 

(2002) /. Dio/. CIte .... 271, 375.S1~~7S5. 
18. I<ahIe.K. T .• RineIwt. l. D. Los. H. P. Louvi, Ie,M .. <le. P. Vazq ... " N. 

SEPTEMBER 29.2006·VOLUME 281'NUM8ER 39 .., 

H.bert.S. C .• Gamba. G., Gime ..... I,..nd Ulton. Ro P.(2005) Prot:. N •• L 
Aard. Sci U. S. JI. U12. /6783-167118 

19. 1Unelw:t.1 •• K.hIe.1<. T,. o. Lo .. H. P. Va"!u ... N .• M .. <le. 1' .. Wi/son. 
f. H. Heb<rt. So C. Gime .... L, Gamba, G,. and URon. R. P. (2005) Prot:. 
N.Ú..w.:L S<L U. s . .4.102, 16m-16782 

20. Vi"". A. C. Deak. M. Morder. N. A,,3nd Al .... D. R. (2005) _m./. 
391,17-24 

21. MoriJudU. T .• Urushíyama. S .• Hisamoto. N .. !.emura. S .. Uc:hida. S •• 
Natllum~~ 'S: .. Matsumotu, IL.nd Shibuy,,~ K. (20OS1 J. Bwl, ChlS",,280. 
4261!5- 421i93 

22. G_1.. and fOlbush. B. (2003) t HioI. C"" .... 218. 26946-26951 
23. MoMO)'. A .. Plata. C_ Hebo". S. C. and Gamba. G. (2000) Jlm. t Ph,.ioI. 

279, fl61-f169 
24, Gamba. G. Miya"O$hlu, A.. Lombardl. M .• Lyuon.I .. Ia. W. S .• HodiJ!'!'. 

~lle, and Heb<<l. S. C. (1'194) t m .. /. eh_ 269, [7713-17722 
25. Son8- 1... Mercado, A .. Vuq .... N .. Xlo. Q. 0. .... R .. Georgo, A. 1... 

Gamba. G ... nd Moun4 O. B. (2002) Bra¡. Res. 103.91-105 
]h. r ..... c .. M..oc. P. Va"!"",, N .• Hcbert. S. c.. and Gamba, G, (2002) 

tilínt Citen. 1:17. 110<>1-11012 
27. Wang. X. Y .• Masilamani. &. Nit~l$en. J .. Kwon" 1', Ji.. BroaD.- H.. ~ 

Niel.sen. S.3nd _ppe', M. A. (2001) /. 0, .. 1 __ 1& 108. 215-222 
21t, Sabafh. L Meade. P,. &rkman. J" De Los. H. p,. Moreno. Ji .. BobadiTla. 

N. A .• Vuq""'" N .. EIII",,, O. H .• 3nd Gamba. G. (2004) JI ... /. Phy.w/. 
287, fl9S-~'203 

29, HtXJW'f. R. S .• Po<l1..E .• Montor. A .• Vnquel. N .. Nishio. T ... Gamba~G., 
.nd Heh",I.~ C. (2003) /. 11, ... Suc. Mtpltml. 14,271-282 

30. M_ E .• Tova,·p.lacio. C .. O. Lo~ H, P .. Guunan. 8..l!obadllla. N.A.. 
Vuquez. N,. Rkcardf, 1) .• Poch, t., ~nd Gamba. G. (2004) f, m.at CM.m. 
219,1"'''''''I-[6S''' 

31. Gi ........ l..and f.rbw;[" B. (2005) Am, I Pby.ioI. 289, f1341-fl345 
32 GíII .... C. M.and forbwh. H .. U! (lYW) 11m. J. PI.."í<>/. Vii. C328-C336 
33. Kwer, E., and Meech. R. (1991)" I'hysln< (LMd.) 475, 45-57 
34. Ackwnan. M. l .. Wi<;km ... K. D., .nd Claplt ..... D, 1:. !1m) ~ Gl:n. 

PhysíoL 103. 153-179 
35, Va;¡quez;. N .. Monro)'. A.. {)oranLes. E.. MWloz·Clare¡. R. A .. and Gamba. 

& (2002)Jl'1'-" I'hy.iol. 282. f5'J<J-f607 
36. .Kuncbaparl)'. S,~ Palcso. M .• Berkmao.l., Ve1á:tquez. H ... Desír, G. V .• 

Bemslein. P .• N.eHly. R. f .. and EUil.on. O. H. (tW9)Ant J. PhysioL 277, 
F643-f649 

'37. j)elung.,.C. Willems..l)_ H.,Muufcn. f.!"vanck'll Hwvcl.l.. P .. Kfiocrs. 
N. V .• and Biud,m. ~,J. (2003) /. JI«.L CIum 278. 'WIOl-:H3il7 

38. Iklons.l.C. V." o.,r Vlk ... W,A"vanúomH .... .,¡.L P. WiII.nu.P.H.. 
K ...... N. V.andSind.b.R.l· (2002H Am Sm:.Mtpltml.13, 1442-1448 

39. Cai. H..ú.oolafU. v ... Wang.. Y. ti,. ~al1g. X. M .. C,,>bou.ru. L.. Guggínu, 
S . .r. and Guggíno. W. B. (2006) Kid.'Y In. 69, 2162-2170 

.J<l Lfu.., C •• nd furb ... <h. B .• m (1\1'16) Am, /. Ph,.iul. 270, C437-C14lI 
41. Lyd •• e .• and McMa.u~ T (2002) Am. l. Pbysí"L 283, C1422-CI431 
12. Lu. J. Kand,hch. M, and !3dpire, ~. (I""'J) /, N.urobi<,L 39, 558-568 
43. Rivera. e, Voiplo. J.. Payne. J. A .• Ruusuvuori. E .. Lahlinen. H .. Lamsa. K. 

Ptrvola. U .• Saam\3. M .• lIod !<.lila. K, (1999) Nulunf 397, 251-1.'i5 
#. Dl'lpiw. r. (2000) Ncwlj, J'hy;¡üiL Su 15.309-312 
45. Mercado.. Á.; Mflunt. D, M •• and Gamba. G, (2004) Neurochem. R&. 29~ 

17-25 
>16. Darnun. JI. 8 .• flemmcr. A .• and Forbush. B, (2001) /. BioI. CIte", 276. 

34359 -3'1362 
17. [)o"d. S. f •• nd Fo",,,,h. 8. (2003) /.Bial. Cltem.l78. 27347-27353 
48. Ga ... " 1<. B .• ERgland. R. •• nd Delpire. E. (2006) Am. /. l'/,y,irtl. 290, 

CI34-C142 
19. Píecholta. K. Garbarini. N .• England. )l. •• nd D.lplre. 1:. (2003) l. ilú>l. 

Chem. 218, 52841< -52856 
Sil. Subramanya. A. K. Yang. C.I... Zhu. X ... nd Elliso". D. H. (2006) Am. /. 

Plt]siol. 290. f619-F624 
51. l.eneru. L. Y .. be. B. H., Min,. X .. Xu. B. JL Wedin. K., [amest. 5 .. Go1d~ 

""ilh, 1::. j., and Cubb. M. H. (2005) /. /liol. Ch, .... 280. 26653-26658 
52. Xu. B. EnglW>. J. M .. W;J,bacher.l. L.. SlIppe" $ .. Gold$nUlh. L.I. and 

Cobb. M. H. (2000) /. Bi"t Cll<m. 275, 16795-16801 

JOURNAI. OF BIOI.OGICAL CNEMISJRY 28763 



IX. BIBLIOGRAFIA
 
 
1. Gamba G. Biología Molecular de la reabsorción renal de sodio. Rev. Invst. 

Clin. 44, 545-562. 1992. 
 
2. Copen B M and Stanton B A. Renal Physiology. 1997. 
 
3. Guyton A and Hall J. Textbook of Medical Physiology. W B Saunders 

Company. 349-365. 1996. 
 
4. Drucker Colín. Fisiología Médica, Manual Moderno. 193-196, 226-229. 2005. 
 
5. Hebert S C. Handbook of Physiology: Renal Physiology. Windhager E E. 875-

925. 1992. 
 
6. Berry C A and Rector F C. Mechanism of proximal NaCl reabsorption in the 

proximal tubule of the mammalian kidney. Sem Nephrol. 11:86-97. 1991. 
 
7. Rector F C. Sodium, bicarbonate and chloride absorption by proximal tubule. 

Am J Physiol. (Renal Fluid Electrolyte Physiol) 244:F461- F471. 1993. 
 
8. Schafer J A. Mechanism coupling the absorption of solutes and water in the 

proximal tubule. Kidney Int. 25: 708-716. 1984. 
 
9. Berry C A and Rector F C. Renal transport of glucose, aminoacids, sodium, 

chloride and water. The Kidney. Edited by Brenner B M and Rector F J. 
Philadelphia: W.B. Saundres Company. 245-282. 1991. 

 
10.  Biemesderfer D, Rutherford P A, Nagy T, Pizzonia J H, Abu-Alfa A K. 

Monoclonal antibodies for high- resolution localization of NH3 in the adult and 
neonatal rat kidney. Am J Physiol. 273: F289-299.1997. 

 
11. Greger R. Ion mechanism in thick ascending limb of Helen’s loop of 

mammalian nephron. Physiol Rev. 65:760-97. 1985. 
 
12. Gamba G. Electroneutral chloride-coupled co-transporters. Curr Opin.  

Nephrol Hypertens. 9:535-540. 2000. 
13. Reeves W B, Winters C J, Andreoli T E. Chloride channels in the loop of 

Henle. Annu Rev Physiol 63:631-645.  2001. 
 
14. Giebisch G. Physiological roles of renal potassium Channels. Semin Nephrol. 

19:458-471. 1999. 
 
 

 1



15. Ellison D H, Velazquez H, Wright F S. Thiazide-sensitive sodium chloride 
cotransport in early distal tubule. Am J Physiol. 253:F546-F554. 1987. 

 
16. Rose B D.  Diuretics. Kidney Int. 39:336-352. 1991. 
17. Verlander J M; Tran T M; Zhang L; Kaplan M R; Hebert S C. Estradiol 

enhances  thiazide-sensitive NaCl cotransporter density in the apical plasma 
membrane of the distal convoluted tubule in ovariectomized rats. 
J.Clin.invest. 1661-1669. 1998. 

 
18.  htto://archive.uwcm.ac.uk/uwcm/mg/hgmd0.html  
 
19.  Xu J-C; Lytle C; Zhu T T; Payne J A; Benz Jr.E; Forbush III B. Molecular 

cloning and functional expression of the bumetanide-sensitive Na-K-Cl 
cotransporter. Proc Natl Acad Sci USA 91:2201-2205. 1994 

20. Renfro J.L., (1975). Water and ion transport by the urinary bladder of the 
teleost Pseudopleuronectus americanus.  Am.J.Physiol 228, 52-61. 

21. Renfro J L (1978). Interdependence of active Na+ and Cl- transport by the 
isolated urinary bladder of the teleosot, pseudopleronectes americanus.  
J.Exp.Zool. 199, 383-390. 

22. Stokes J B, Lee I, D'Amico M. Sodium Chloride absorption by the urinary 
bladder of the winter flounder. A thiazide-sensitive, electrically neutral 
transport system. J Clin invest 1984; 74:7-16. 1984 

23. Kunau R T, Weller D R, and Webb H L (1975). Clarification of the site of 
action of chlorothiazide in the rat nephron.  J.Clin.invest. 56, 410-407. 

24. Beaumont K, Vaughn D A, and Fanestil D D (1988). Thiazide diuretic 
receptors in rat kidney: Identification with [3H]metolazone.  
Proc.Natl.Acad.Sci.USA 85, 2311-2314. 

25. Kim G-H; Masilamani S; Turner R; Mitchell C; Wade J B; Knepper M. The 
thiazide-sensitive Na-Cl cotransporter is an aldosterone-induced protein. 
Proc.Natl.Acad.Sci.USA. 95:14552-14557.1998 

26. Costanzo L S (1985). Localization of diuretic action in microperfused rat distal 
tubules: Ca and Na transport.  Am.J.Physiol.(Renal Fluid Electrolyte Physiol.) 
248, F527-F535. 

27. Friedman P A and Gesek F A (1993). Mechanism of action of thiazide 
diuretics on sodium and calcium transport by distal convoluted tubules. In 
Diuretics IV: Chemestry, Pharmacology and Clinical Applications. Puschett J 
B and Greenberg A, eds. (New York: Elsevier Scientific Publications), pp. 
319-327. 

 2



28. Feskanich D, Willett W C, Stampfer M J, and Colditz G A (1997). A 
prospective study of thiazide use and fractures in women.  Osteoporosis Int. 
7, 79-84. 

29. Gamba G, Saltzberg SN, Lombardi M, Miyanoshita A, Lytton J, Hediger M A 
et al. Primary structure and functional expression of a cDNA encoding the 
thiazide-sensitive, electroneutral sodium-chloride cotransporter. Proc Natl 
Acad Sci USA 1993; 90:2749-2753. 

30. Lahlou B. Excretion renale chez un poisson euryhalin, le flet (Platichthys 
flesus L.): Caracteristiques de L'urine normale en eau douce et en eau de 
mer et effets des changements de milieu. Comp. Biochem. Physiol. 20 :925-
938.1967. 

31. Lahlou B, Hernderson IW, Saweyer WH. Renal adaptations by Opsanus tau, 
a euryhaline aglomerular teleost, to dilute media. Am. J. Physiol 216:1266-
1272.1969. 

32. Lagler KF. Bardach JE, Miller RR. Icthyology, New York, New York Wiley, 
1962. 

33. Tran JM, Farrel MA, Fanestil DD. Effect of ions on binding of the thiazide-type 
diuretic metolazone to kidney membrane. Am. J. Physiol. 258:F908-F915, 
1990. 

34. The Seventh Repot of the joint National Committee on the Prevention, 
Detection, Evaluation and Treatment of High Blood Pressure. JAMA. 
289:2560-2572.2003. 

 
 
35. Kyte J. and Doollite RF. A simple method for displaying the hidropathic 

character of a protein. J. Mol. Biol. 157:105-132. 1982. 

36. Gamba G. Physiol.Rev. 85:423-429.2005. 

  
37. Gamba G, Miyanoshita A, Lombardi M, Lytton J, Lee WS, Hediger MA et al. 

Molecular cloning, primary structure and characterization of two members of 
the mammalian electroneutral sodium-(potassium)-chloride cotransporter 
family expressed in kidney. J Biol Chem 1994; 296:17713-17722. 

38. Velazquez,H.; Naray-Fejes-Toth,A.; Silva,T.; Andujar,E.; Reilly,R.F.; 
Desir,G.V.; Ellison,D.H.. Rabbit distal convoluted tubule coexpresses NaCl 
cotransporter and 11 beta-hydroxysteroid dehydrogenase II mRNA. Kindney 
Int. 54:464-472, 1998. 

39. Schultheis P J, Lorenz P, Meneton J, Nieman T M,  Riddle M, FlagellaJ, Duffy 
T, Shull G E. Phenotype resembling Gitelman´s syndrome in mice lacking the 

 3



apical Na+Cl- cotransporter of the distal convoluted tubule. J. Biol. Chem. 
273:29150-29155.1998. 

40. Mastroianni N, DeFusco M, Zollo M, Arrigo G, Zuffardi O, Bettinelli A, Ballabio 
A, Casari G. Molecular cloning, expression pattern, and chromosomal 
localization of the human Na-Cl thiazide-sensitive cotransporter (SLC12A3). 
Genomics 35:486-493.1996. 

41. Simon D B, Nelson-Williams C, Johnson-Bia M, Ellison D, Karet F E,  Morey-
Molina A, Vaara I, Iwata F, Cushner H M, Koolen M, Gainza F J, Gitelman H 
J, Lifton R P. Gitelman's variant of Bartter's syndrome, inherited 
hypokalaemic alkalosis, is caused by mutations in the thiazide-sensitive Na-Cl 
cotransporter. Nature Genet. 12:24-30.1996. 

42. Obermuller N; Bernstein P; Velázquez H; Reilly R; Moser D; Ellison D H; 
Bachman S. Expression of the thiazide-sensitive Na-Cl cotransporter in rat 
and human kidney. Am J Physiol. 269: F900-F910.1995. 

43. Gitelman, HJ, Graham JB, Welt LG. A new familial disorder characterized by 
hypokalemia and hypomagnesemia. Trans. Assoc. Am. Phys. 79,221-235. 
1966. 

44. Monroy,A.; Plata,C.; Hebert,S.C.; Gamba,G. Characterization of the thiazide-
sensitive Na(+)-Cl(-) cotransporter: a new model for ions and diuretics 
interaction. Am J Renal Physiol 279:F161-169. 2000. 

45. Vazquez,N.; Monroy,A.; Dorantes,E.; Munoz-Clares,R.A.; Gamba,G. 
Functional differences between flounder and rat thiazide-sensitive Na- Cl 
cotransporter. Am J Renal Physiol 282:F599-F607. 2002. 

46. Rubin A A; Roth F E; Taylor R M; Rosenkilde H. Pharmocology of diazoxide, 
an antihypertensive, nondiuretic benzothiadiazine. J Pharmacol Exp Ther. 
136:344-351. 1962. 

47. Eknoyan G. A history of diuretics. In: Diuretic Agents: Clinical Physiology and 
Pharmacology. Edited by Seldin and Giebish G. San Diego Ca. 
Academic.1997. p3-28. 

48. Zeidel M L. Special diuretics. In: Diuretic Agents: Clinical Physiology and 
Pharmacology. Edited by Seldin and Giebish G. San Diego Ca. 
Academic.1997. p.113-134. 

49. Wilkinson,D.J.; Post,M.A.; Venglarik,C.; Chang,D.; Dawson,D.C. Mercury 
blockade of thiazide-sensitive NaCl cotransport in flounder urinary bladder. 
Toxicol Appl Pharmacol. 123:170-176. 1993. 

 4



50. Jacoby,S.C.; Gagnon,E.; Caron,L.; Chang,J.; Isenring,P. Inhibition of Na(+)-
K(+)-2Cl(-) cotransport by mercury. Am J Physiol Cell Physiol. 277:C684-
C692. 1999. 

51. Isenring P; Forbush III B. on and bumetanide binding by the Na-K-Cl 
cotransporter. Importance of transmembrane domains. J.Biol.Chem. 272: 
24556-24562. 1997. 

52. Payne J A; Xu J-C; Haas M; Lytle C Y; Ward D; Forbush III B. Primary 
structure, functional expression, and chromosomal localization of the 
bumetanide-sensitive Na-K-Cl cotransporter in human colon. J.Biol.Chem. 
270: 17977-17985. 1995. 

53. Isenring P; Jacoby S C; Forbush III B. The role of transmembrane domain 2 
in cation transport by the Na-K-Cl cotransporter. Proc.Natl.Acad.Sci.USA. 95: 
7179-7184, 1998. 

54. Isenring,P.; Forbush,B. on transport and ligand binding by the Na-K-Cl 
cotransporter, structure-function studies. Comp Biochem Physiol A Physiol. 
130: 487-497. 2001. 

55. Sandberg M, Riquier AD, Pihakaski K, McDonough A, Mounsbach A. AGII 
provokes acute trafficking of distal tubule Na+-Cl-cotransporter to apical 
membrane. Am.J. Physiol. Renal Physiol. 293:F662-F669.2007. 

 
 
56. Plata C; Meade P; Hall A E; Welch RC; Vazquez N; Hebert,S.C.; Gamba,G. 

Alternatively spliced isoform of the apical Na-K-Cl cotransporter gene 
encodes a furosemide sensitive Na-Cl cotransporter. Am J Physiol Renal 
Physiol. 280: F574-F582. 2001. 

57. Payne J A; Forbush III B. Alternatively spliced isoforms of the putative renal 
Na-K-Cl cotransporter are differentially distributed within the rabbit kidney. 
Proc.Natl.Acad.Sci.USA. 91:4544-4548, 1994. 

58. Gagnon E, Bergeron MJ, Brunet GM, Daigle ND, Simard CF, Isenring P. 
Molecular Mechanism of Cl transport by the renal Na-K-Cl cotransporter. 
Identification of an intracellular locus that may form part of a high affinity Cl-
binding site. J Biol Chem. 279: 5648-5654. 2003. 

59. Gimenez I, Forbush,B. The residues determinig differences in ion affinities 
among the alternative splice variants F,A, and B of the mammalian renal Na-
K-Cl cotransporter (NKCC2). J Biol Chem. 282: 6540-6547. 2007. 

60. Tovar-Palacio,C.; Bobadilla,N.A.; Cortes,P.; Plata,C.; De Los,Heros P.; 
Vazquez,N.; Gamba,G. on and Diuretic Specificity of Chimeric Proteins 
Between Apical Na+:K+:2Cl- and Na+:Cl- Cotransporters. Am J Physiol Renal 
Physiol. 287: F570-F577.2004. 

 5



61. Gitelman H J; Graham J B; Welt L G. A new family disorder  characterized by 
hypokalemia and hypomagnesemia. Trans Assoc Am Physicians. 79: 221-
235. 1966. 

62. Mastroianni N; Bettinelli A; Bianchetti M; Colussi G; de Fusco M; Sereni F; 
Ballabio A; Casari G. Novel molecular variants of the Na-Cl cotransporter 
gene are responsible for Gitelman síndrome. Am.J.Hum.Genet. 59:1019-
1026. 1996. 

63. Lemmink,H.H.; Knoers,N.V.; Karolyi,L.; van Dijk,H.; Niaudet,P.; Antignac,C.; 
Guay-Woodford,L.M.; Goodyer,P.R.; Carel,J.C.; Hermes,A.; Seyberth,H.W.; 
Monnens,L.A.; van den Heuvel,L.P. Novel mutations in the thiazide-sensitive 
NaCl cotransporter gene in patients with Gitelman syndrome with 
predominant localization to the C-terminal domain. Kidney Int. 54: 720-730. 
1998. 

64. Lin,S.H.; Cheng,N.L.; Hsu,Y.J.; Halperin,M.L. Intrafamilial phenotype 
variability in patients with Gitelman syndrome having the same mutations in 
their thiazide-sensitive sodium/chloride cotransporter. Am J Kidney Dis. 
43:304-312. 2004. 

65. Maki,N.; Komatsuda,A.; Wakui,H.; Ohtani,H.; Kigawa,A.; Aiba,N.; Hamai,K.; 
Motegi,M.; Yamaguchi,A.; Imai,H.; Sawada,K.I. Four novel mutations in the 
thiazide-sensitive Na-Cl co-transporter gene in Japanese patients with 
Gitelman's síndrome.  Nephrol Dial Transplant. 1-6. 2004. 

66. Melander,O.; Orho-Melander,M.; Bengtsson,K.; Lindblad,U.; Rastam,L.; 
Groop,L.; Hulthen,U.L. Genetic variants of thiazide-sensitive NaCl-
cotransporter in Gitelman's syndrome and primary hypertension. 
Hypertension 36: 389-394. 2000. 

67. Monkawa,T.; Kurihara,I.; Kobayashi,K.; Hayashi,M.; Saruta,T. Novel 
mutations in thiazide-sensitive Na-Cl cotransporter gene of patients with 
Gitelman's syndrome. J Am Soc Nephrol 11:65-70. 2000. 

68. Pantanetti,P.; Arnaldi,G.; Balercia,G.; Mantero,F.; Giacchetti,G. Severe 
hypomagnesaemia-induced hypocalcaemia in a patient with Gitelman's 
síndrome. Clin Endocrinol. 56:413-418. 2002. 

69. Reissinger,A.; Ludwig,M.; Utsch,B.; Promse,A.; Baulmann,J.; Weisser,B.; 
Vetter,H.; Kramer,H.J.; Bokemeyer,D. Novel NCCT gene mutations as a 
cause of Gitelman's syndrome and a systematic review of mutant and 
polymorphic NCCT alleles. Kidney Blood Pres Res 25:354-362. 2002. 

70. Syren,M.L.; Tedeschi,S.; Cesareo,L.; Bellantuono,R.; Colussi,G.; 
Procaccio,M.; Ali,A.; Domenici,R.; Malberti,F.; Sprocati,M.; Sacco,M.; 
Miglietti,N.; Edefonti,A.; Sereni,F.; Casari,G.; Coviello,D.A.; Bettinelli,A. 
Identification of fifteen novel mutations in the SLC12A3 gene encoding the 

 6



Na-Cl Co-transporter in Italian patients with Gitelman síndrome. Hum Mutat. 
20:78. 2002. 

71. Tajima,T.; Kobayashi,Y.; Abe,S.; Takahashi,M.; Konno,M.; Nakae,J.; 
Okuhara,K.; Satoh,K.; Ishikawa,T.; Imai,T.; Fujieda,K. Two novel mutations of 
thiazide-sensitive Na-Cl cotrans porter (TSC) gene in two sporadic Japanese 
patients with Gitelman syndrome. Endocr J 49:91-96. 2002. 

72. Takeuchi,K.; Kure,S.; Kato,T.; Taniyama,Y.; Takahashi,N.; Ikeda,Y.; Abe,T.; 
Narisawa,K.; Muramatsu,Y.; Abe,K. Association of a mutation in thiazide-
sensitive Na-Cl cotransporter with familial Gitelman's síndrome. J Clin 
Endocrinol Metab 81:4496-4499. 1996. 

73. Yahata,K.; Tanaka,I.; Kotani,M.; Mukoyama,M.; Ogawa,Y.; Goto,M.; 
Nakagawa,M.; Sugawara,A.; Tanaka,K.; Shimatsu,A.; Nakao,K. Identification 
of a novel R642C mutation in Na/Cl cotransporter with Gitelman's syndrome. 
Am J Kidney Dis. 34:845-853. 1999. 

74. Yoo,T.H.; Lee,S.H.; Yoon,K.; Baek,H.; Chung,J.H.; Lee,T.; Ihm,C.; Kim,M. 
Identification of novel mutations in Na-Cl cotransporter gene in a Korean 
patient with atypical Gitelman's syndrome. Am J Kidney Dis. 42:E11-E-16. 
2003. 

75. De Jong,J.C.; Willems,P.H.; Mooren,F.J.; van den Heuvel,L.P.; Knoers,N.V.; 
Bindels,R.J. The structural unit of the thiazide-sensitive NaCl cotransporter is 
a homodimer. J Biol Chem 278:24302-24307. 2003. 

76. De Jong,J.C.; Willems,P.H.; van den Heuvel,L.P.; Knoers,N.V.; Bindels,R.J. 
Functional Expression of the Human Thiazide-Sensitive NaCl Cotransporter 
in Madin-Darby Canine Kidney Cells. J Am Soc Nephrol. 13:1442-1448. 2002. 

77. Landlot-Marticorena C; Reithmeier R A F. Asparagine-linked oligosaccharides 
are localized to single extracytosolic segments in multi-span membrane 
glycoproteins. Biochem J 302 (Pt I): 253-260. 1994. 

78. Hoover,R.S.; Poch,E.; Monroy,A.; Vazquez,N.; Nishio,T.; Gamba,G.; 
Hebert,S.C. N-Glycosylation at Two Sites Critically Alters Thiazide Binding 
and Activity of the Rat Thiazide-sensitive Na(+):Cl(-) Cotransporter. J Am Soc 
Nephrol. 14:271-282. 2003. 

79. Flatman,P.W. Regulation of Na-K-2Cl cotransport by phosphorylation and 
protein-protein interactions. Biochim Biophys Acta 1566: 140-151.2002.  

80. Lytle C. A volume sensitive protein kinase regulates the Na-K-2Cl 
cotransporter in duck red blood cells. Am J Physiol Cell Physiol. 274:C1002-
C1010. 1998. 

 7



81. Lytle C; Forbush III B. The Na-K-Cl cotransport protein of shark rectal gland. 
II Regulation by direct phosphorylation. J.Biol.Chem. 267: 25438-25443. 
1992. 

82. Harrison-Bernard LM, Navar LG, Ho MM, Vinson GP, el-Dahr SS. 
Inmunohistochemical localization of  AGII AT1 receptor in adult rat kidney 
using a monoclonal antibody. Am.J. Physiol. Renal Physiol. 273:F170-
F177.1997. 

 
 
83. Darman,R.B.; Forbush,B. A regulatory locus of phosphorylation in the N 

terminus of the Na-K-Cl cotransporter, NKCC1. J Biol Chem. 277: 37542-
37550. 2002. 

84. Flemmer,A.W.; Gimenez,I.; Dowd,B.F.; Darman,R.B.; Forbush,B. Activation 
of the Na-K-Cl otransporter NKCC1 detected with a phospho-specific 
antibody. J Biol Chem. 277:37551-37558. 2002. 

85. Blakely P, Vaughn DA, and Fanestil DD. Amylin, calcitonin gene-related 
peptide, and adrenomedullin: effects on thiazide receptor and calcium. Am J 
Physiol Renal Fluid Electrolyte Physiol 272: F410–F415, 1997. 

 
 
86. Ushiro,H.; Tsutsumi,T.; Suzuki,K.; Kayahara,T.; Nakano,K. Molecular cloning 

and characterization of a novel Ste20-related protein kinase enriched in 
neurons and transporting epithelia. Arch Biochem Biophys. 355: 233-
240.1998. 

87. Tamari,M.; Daigo,Y.; Nakamura,Y. solation and characterization of a novel 
serine threonine kinase gene on chromosome 3p22-21.3 J.Hum.Genet. 
44:116-120. 1999. 

88. Farman N.Steroid receptors: distribution along the nephron.  Sem.Nephrol. 
12-17. 1992. 

 
 
89. Velazquez H, Bartiss A, Bernstein P, and Ellison D H. Adrenal steroids 

stimulate thiazide-sensitive NaCl transport by rat renal distal tubules.  
Am.J.Physiol.(Renal Fluid Electrolyte Physiol.) 270, F211-F219. 1996. 

 
 
90. lpgws.nci.nih.gov/cgi-bin. 

91. GeneViewer.cgi;ncbi,nlm.nih.gov/SNP 

 8



92. Berkman J; Reilly RF; Ellison,D.H. Mechanisms of thiazide-sensitive Na-Cl 
cotransporter dysfunction in Gitelman's syndrome. J Am Soc.Nephrol. 
10:1261,1999. 

93. Chen Z, Vaughn D A, Blakley P, and Fanestil D D. (Adrenocortical steroids 
increase renal thiazide diuretic receptor density and response.  
J.Am.Soc.Nephrol. 5, 1361-1368. 1994. 

 
94. Chen Z, Vaughn D A, Beaumont K, and Fanestil D D. Effects of diuretic 

treatment and of dietary sodium on renal binding of 3H-metolazone.  
J.Am.Soc.Nephrol. 1, 91-98.1990. 

 
 
95. Hir M L, Kaissling B, and Dubach U C. Distal tubular segments of the rabbit 

kidney after adaptation to altered Na- and K-intake. II. Changes in Na-K-
ATPase activity.  Cell Tissue Res. 224, 493-504. 1982. 

 
96. Kaissling B and Hir M L. Distal tubular segments of the rabbit kidney after 

adaptation to altered Na- and K-intake. I Structural changes.  Cell Tissue Res. 
224, 469-492.1982. 

 
97. Wilson,F.H.; Disse-Nicodeme,S.; Choate,K.A.; Ishikawa,K.; Nelson-

Williams,C.; Desitter,I.; Gunel,M.; Milford,D.V.; Lipkin,G.W.; Achard,J.M.; 
Feely,M.P.; Dussol,B.; Berland,Y.; Unwin,R.J.; Mayan,H.; Simon,D.B.; 
Farfel,Z.; Jeunemaitre,X.; Lifton,R.P. Human hypertension caused by 
mutations in WNK kinases. Sience. 293:1107-1112. 2001. 

98. Scherzer P, Wald H, and Popovtzer M M . Enhanced glomerular filtration and 
Na+-K+-ATPase with furosemide administration.  Am.J.Physiol.(Renal Fluid 
Electrolyte Physiol.) 252, F910-F915.1987. 

 
 
99. Ellison D H, Velazquez H, and Wright F S. Adaptation of the distal 

convoluted tubule of the rat. Structural and functional effects of dietary salt 
intake and chronic diuretic infusion.  J.Clin.invest. 83, 113-126. 1989 

100. Gimenez,I.; Forbush,B. Short-term stimulation of the renal Na-K-Cl 
cotransporter (NKCC2) by vasopressin involves phosphorylation and 
membrane translocation of the protein. J.Biol.Chem. 278: 26946-26951. 
2003. 

101. Song,L.; Mercado,A.; Vazquez,N.; Xie,Q.; Desai,R.; George,A.L.; 
Gamba,G.; Mount,D.B. Molecular, functional, and genomic characterization of 
human KCC2, the neuronal K-Cl cotransporter. Brain Res. 103:91-105. 2002. 

 9



102. Ackerman M J; Wickman K D; Clapham D E. Hypotonicity activates a 
native chloride current in Xenopus oocytes. J.Gen.Physiol. 103:153-179. 
1994. 

103. Lytle,C.; McManus,T. Coordinate modulation of Na-K-2Cl cotransport and 
K-Cl cotransport by cell volume and chloride. Am.J.Physiol Cell Physiol. 
283:C1422-C1431. 2002. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

   

 

  
 

 

 

 10


	Portada
	Índice
	I. Resumen
	II. Introducción
	III. Hipótesis
	IV. Objetivo General
	V. Metodología y Resultados
	VI. Artículos Publicados
	VII. Discusión
	VIII. Aminoácidos Puntuales Involucrados en la Regulación de la Función del CST
	IX. Bibliografía



