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RESUMEN

Como parte del mecanismo concentrador de orina, las células de la médula
renal estan expuestas a un ambiente hiperosmético, conteniendo altas
concentraciones de iones inorganicos y urea. La sintesis glicina betaina (GB)
es crucial para el ajuste osmotico de las células renales. Para que esta sintesis
se lleve a cabo, la betaina aldeihldo deshidrogenasa (BADH) debe de
mantener su actividad y estabilidad bajo dichas condiciones ambientales. Se
encontré que la BADH se inactiva completamente a 45°C, formando agregados
de muy alto peso molecular. La fuerza iénica dada por cationes monovalentes
(K+), incrementa la termoestabilidad de la enzima. La desnaturalizacion
térmica de la enzima analizada mediante fluorescencia indica que ésta se lleva
a cabo en dos etapas. El K+ estabiliza significativamente a la enzima durante
la brimera etapa de transicion, no asi en la segunda, donde la temperatura es
extrema para la BADH. Altas concentraciones de urea inducen la agregacion
de la BADH, siendo ésta revertida a fuerza iénica fisioldgica y alta, lo que
significa que bajo condiciones fisioldgicas renales, la BADH puede mantener
su estabilidad y por tanto, su actividad bajo condiciones de alta concentracion
de urea. Concentraciones fisiologicas de urea inhiben de manera competitiva a
la BADH con respecto a NAD+, y no-competitiva con respecto a BA, bajo
condiciones saturantes de los sustratos. Las constantes de afinidad aparentes
para NAD+ se ven poco afectadas por urea; sin embargo para BA, se
incrementan un orden de magnitud bajo estas condiciones. A condiciones
subsaturantes, la inhibicion por urea es mixta con respecto a NAD+, y no-
competitiva con respecto a BA. El efecto de la urea sobre la KmBA se

incrementa 3 veces, es menos drastico bajo estas condiciones.



condiciones subsaturantes de sustratos, la inhibicion por urea es mixta con
rnspecto a NAD', y noscompetltiva con respecto a BA El efecto de la urea
sobre la KmlA se Incrementa 3 veccls, es menos drastico bajo estas

condicloni s.

El disulfram es wun farmaco que Inhibe a las aldellldo
deshldrogenasas y es usado en el tratamiento del alcoholismo. A pH 7.0 y
bajo condiciones de pseudo prirner orden, concentraciones por debajo de 30
1M de DSF inhiben a la 13ADH de rifion de cerdo. Concentraciones
fisiologicas de betrilna alde1-1ldo y glicina betalna protegen parcialmente a la
enzima contra la Inactivacion, mientras que las de NAD" y NADH la pl'()teglm
compkitmnente. Este rfecto protector de NAD' es dependiente de la
concentracion y los datos obtenidos sugieren que la coenzima induce
cambios conforn1acionales que protegen i b BADH de la inactivacion por
disulfirarn.

La regulacion d( la actividad de la I3ADH renal estd directamente
influenciada por el medio ambiente en el cual se encuentra. La fuerza iénica
y las concentraciones de NAD" dese111peflan papelts irportanl.es en dicha

rc;gulacion.



SINOPSIS

Aldehldo deshidronenasas

La betalna aldehido deshidrogenasa (EC 1.2.1.8 betaina aldehldo:
NAD' oxidorreductasa) cataliza la reaccion de oxidacion de la betalna
aldehido a glicina betaina y pertenece a la super familia de las aldehido

deshidrogenasas (ALDHY (Yoshida f al,, 1998).

ta BADH ha sido purificada a homogeneidad a partir de animales,
plantas y microorganiamos. En plantas se ha purificado a partir de Spinacia
oferacea, Amaranthus hypochondriacus, Amaranthus palmier (Weretitnyk v
Hanson, 1989, Valenzuela-30lo vy Mufioz-Clares, 1994; Figueroa-Soto vy
Valenzuela-Soto, 2001). Esludios filogengticos muestran que la BADH de
animales y algunas de baclerias perenecen a la familia de las ALDHY,

mientras que las de plantas a [a ALDM1O (Vasiliou ef &/, 19989),

Localizacion de la BADH

Plantas. En plantas de espinaca, la enzima estd localizada en las hojas,
mayoritariamente en log cloroplastos vy en mucha menor cantidad en e
citoplasma (Weigel of al, 1R86) Por otro lado, se bha demostrado la
ocalizacion de Ja BADH en los peroxisomas de las hojas de plantas de arroz

(Makamura ef af., 1997).



Animales. En mamiferos, se ha reportado gue la BADH estd presente an el
hgado, el cerebro, fa glandula adrenal, el pancreas, el misculo esquelético,
gl musculo cardiaco y el rifion (Chern y Pietruszko, 1995, Pietruszko ef al,
1996, |zaguirre of a/, 1997, Guazmén-Padida y Valenzuela-Soto, 1998). En
rfon de cerdo la BADH esta localizada en la coreza y la médula (Figueroa-
Soto ef al, 19809), En la médula interna, fa BADH se pncuentra
aspecificamente en las celulas que rodean fos tubulos (Figusroa-Soto ef af,
1988). Chern y Pietruszgko (1999) demaosiraron que la BADH de higado de

rata estd localizada en la matriz mitocondrial,

Laracteristicas cinglicas de {a BADH

Especificidad por substratos., L[a BADH de mamiferos pusde usar
aldehidos  alifaticos o aromaticos  como  sustratos, por  ejemplo. el
aminobutiraldehido, el y-trimetilaminobuliraldehlido, el  acetaldehido, el
gliceraldehido, ¢l benzaldehida, v la NN ~ dimetilglicing; sin embargo, |a
enzima muesira una marcada preferencia por ta belaina aldehido (BA). Las
BADH de plantas tienen una mayor especificidad por BA.

Por otra parte, se ha visto que la BADH puede usar como coenzima,
tanto al NAD" como al NADP' dependiendo de ta fuente de ta enzima. Fn
ganeral, todas las BADH estudiadas prefieren al NAD' como coenzima, en
contraste, algunas olras, comao la de P aeruginpsa, prefieren ulilizar al

NADP',



Mecanismo cinético. Aun cuando la BADH se ha purificado de varias
fuentes, y su gene ha sido clonade y secuenciade de varios organismos,
axisten escasos estudios cinatico sobre esta enzima. Se han reporado tres
mecanismos cinéticos para fa BADH dependiendo de 1a fuente de donde fue
aislada. La enzima de £, coli sigue un mecanismo Ping Pong (Falkenberg ef
al, 1980), mientras que en P aeruginosa presenta un mecanismo al azar
con prefarencia para NAD' como el primer sustrato que se une a la enxima
(Velasco-Garcia ef al., 2000}, en amaranto y en rifion &l mecanismo es Iso Bi
Bi Ordenado (Valenzuela-Soto y Mufoz-Clares, 1993; Figueroa-Soto vy

Valenzusla-Soto, 2000),

Caracleristicas estruclurales de la BADH

La BADH se puede encontrar como homotetramero presentando
masas moleculares de 213-219 kiDa en bacterias y animales (Falkenberg y
Strom, 1890, Guzman-Partida y Valenzuela-Boto, 1998, Velazco-Garcla ¢f
al, 1999} En plantas se encuentra como dimero de 125 kDr (Valenzuela-
Soto vy Mufoz-Clares, 1994) Cada subunidad de BADH tiene tres distintos
cantros: un centro de unidn de ta coenzima, un centro catalltico y un centro

de ofigomerizacion (Johansson sf al., 1988),



Regulacitn de la Belaling Aldehldo Deshidrogenasa

Cationes mono y divalentes. Varias enzimas requleren cationes para su
maxima actividad, pues afectan las constantes cindlicas de la reaccion y/o
tisnen un papel en ta estabilizacion de la conformacion activa de la enzima
(Ahmad el al, 1995, McQuenneay y Markham, 1995},

Se ha propuesto que la BADH de £ coli hojas de amaranto, Baoillus
subutilis, rifdn de cerdo y cangrejo son activadas en algiin grado por K
(Falkenberg vy Strom, 18990, Dragolovich vy Pierce, 1994, Valenzuela-Soto y
Munoz-Clares, 1994, Boch ef al., 1997, Guzman-Partida y Valenzuela-Soto,

1998).

En plantas de amaranto, el K" a baja concentracion (50 mM) aumentd
100% 1a aclividad de la BADRDH, mientras que Una concentracién de 150 mM
aumentd la actividad un 150% a concentraciones subsaturantes de sustrato,
Altas concentraciones de KCI (0.4 M) no afectaron de manera importante 1a

aclividad de la enzima, (Valenzuala-Soto y Munoz-Clarss, 1994)

La BADH de rifidn de cerdo tiene tolerancia hacia Na' y K'
mameniends cerca del 0% o mas de la aclividad méxima a una
concentracion de 0.4 M de estos cationes a concentraciones saturantes o
subsaturantes de substratos,  E! NM,CEH y el Mg™ a concentraciones
saturantes de sustratos Inhiben mas det 80% de la aclividad de la enzima

(Guzman-Panida y Valenzuela-Soto, 1998),

Recientemenie se encontro que la BADH de P asruginoss requiere

estrictamente jones K para el mantenimignto de su conformacion activa; no



obstante, 1a ldentificacion del mecanismo por &l cual estos ones pueden
regular a la enzima atn permanece sin estudiar (Valenzuela-Solo &f af,,
2003). Por otra parte, se ha encontrado que la BADH renal requiere de cierta
fuerza ionica (dada por cationes monovalentes) para mardener su estructura

tetramérica (Valenzuela-Soto ef al., 2003).

El manganeso también inhibe la actividad de la BADH renal (Rulz-

Lapez ef af,, 2006),

Con base anla revision de [a literatura disponible sobre esta enzimas,

en este trabajo se planted la sigiiente hipdtesis;

La estructura y/o contormacion de ia BADH renal se modifica en
funcion de la fuerza idnica, asl como en presencia de otros efectores

fisiolbgicos, Estos en conjunto afectan su actividad catalltica.

Fara contrastarla, se propuso coms obijetivo general el determinar las
caracteristicas  cineticas vy estructurales de la  betaina  aldehido
deshidrogenasa de rifdon bajo condiciones de fuerza ionica fisiologica y en
presencia de olros efectores fisioldgicos, como son fa urea, la temperatura,
el pH y los reactivas especificos con grupos sulfhidrilos,

Er priveera instancia, se abordd el estudio sobve el requerimiento de
fuerza idnica fisiologica dada por un cation monovalente, &l cual se presenta

en el capltulo 1. Mediante ensayos de inactivacion por temperatura se



comprobd que &l ion K protege a la enzima hasta 40°C. Adicionatmente, se
determind la importancia del K para el mantenimiento de {a conformacion
acliva de la enzima. Bl efecto protector del K 6 de los cationes
monovalentes es especifico, dado que esto no se observd al adicionar Mg™”.
El andlisis de fluprescencia Intrinseca del triptofano permitio evidenciar que

gl K" aumenta la afinidad de la enzima por la cognzima.

En animales, el producto mas abundante del catabolismo de las
proteinas es el nitrogeno, el cual as excretado en la orina en fonma de wrea.
La concentracion de urea en la orina puede ser de 20 a 100 veces mayor
gue et la sangre de humanos (5-10 mM) (Yang vy Bankir, 2005). La
acumulacién pasiva o acliva de la urea en el fluido intersticial de la médula
renal aumenta al maximeo la concentracion de orina gue puede formar el
ifton (Levinsky y Berlinder, 195%), Un numero significativo de estudios han
demostrado gue la urea es un desesiabilizador de macromoléculas e
inhibidor de funciones, tales como la unidn de ligandos (Yancey, 2008) Sin
embargo, existen pocos estudios cinégticos sobre el efecto de la urea en

gnzimas,

En e capitilo 2, se presentan los resultados sobre el efecto de urea
sobre la actividad v estabilldad de la BADH, y como aste efecto varia con la
fuerza ionica. Los estudios sobre el efecto de la urea en la aclividad de la
BADH mostraron gue a concentraciones fisioldgicas de wrea (entre 0.3 v 1
M}, no existen cambios en su actividad, mientras que a concentraciones

mayores a 1 M de urea, se observa un efecto inhibitorio marcado, La enzima



ga Inactiva al adicionar 1 M de urea, a 37°C y la presencia de fuerza idnica
fisiolégica evita que la enzima sea inaclivada por {at concentracidn de urea.
Se enconlrd que la urea ejerce su efeclo sobve la agregacion de las
subunidades de la BADHM, disminuyendo {a concentracion del tetrdmero, que
es la conformacion activa de esta enzima, No obstante, esta agregacion

puedea ser revertida por 1a preésencia de fuerza idnica fisiologica.

Pocos estudios de investigacion se han enfocado al estudio cingtico
del efecto de concentraciones bmjas de urea en las proteinas, Esta
infarmacion es de relevancia, pues proporcionaria informacién de lo que
podria estar pasando in vive, Dade que las células del rifidn da los
mamliferos normalmente se encuentran bajo condiciones hipertdnicas debido
al  mecanismo  concentradar  de  orina, en gl cual se  elevan  las
concentraciones extra e intracelulares de urea (Beck of, al, 1488), en el
capltulo 3 se analizo el efecto de concentraciones hajas de urea sobre jos

parametros cinéticos de la BADH,

La urea tiens un efeclo menor en la Vmax de la enzlima cuando las
concantraciones de los sustratos son saturantes, Sin embargo, cuando
dichas concentraciones son subsaturantes ta Vimay dismindye mas de G0%,
El fipo de inhibicidn provocade por urea fug competitvo con respeclo a
NALY, bajo condiciones saturantes y subsaturantes de BA. Con respecto a
BA, la inhibicidn fue no-competitva bajo  condiclongs  saturantes vy

subsaturantes de NAD' Los datos de inhibicion por urea concuerdan con el



mecanismo ordenado seguido por la BADMH, donde NAD' es el primer

susiralo que se une a la enzima.

El disulfiram (DSF) es un farmaco utitizado desde hace mas de 50
afios en el tratamiento del alcoholismo, El efecto farmacoldgico se debe a la
inhibicién irreversible de la acelaldehide deshidrogenasa heptica (ALDH),
provocando {a elevacion de Jos niveles de acetaldehido sl ingerir algohot,
que da lugar a una sena de respuestas fisicas caracterizadas por nausea,

vomito, taguicardia e hipertension (Huffman ef al, 2003, Mirsal of al., 2005).

Existen reportes en la literatura que proponen que e mecanismo de
inhibicidn por DSF sobre las aldehido deshidrogenasas (ALDH's) e & traves
de la formacion de un puente disulfuro intermolecutar entre la cisteinag y el
DSF (Kitson, 1983, Kitson, 1987, Veverka ef o/, 1997). En contraste, otros
autores proponen la formacion de un puente disulfuro intramolecular entre
cisteinas vecinates (Shen ef al, 2000; Lipsky ef &/, 2001). Se ha encontrado
gue el DSF inacliva a la BADM de I asruginesa y de A, hypochondriacus ..
(Velasco-Garcla et al, 20023), El disulfiram provoca gue la BADH de P
asruginosa se disocie o forme agregados cuando  los  ensayos de
imactivacion se realizan a 23°C o a 37°C, regpectivamente (Velasco-Garcla

of al., 2008).

tr el capitulo 4, se estudid el efecto del DSF sobre la BADH de rifdn,
Los estudios fueron realizados a pH 7.0 y fuerza idnica fisioldgica, La enzima
se inactivd totalmente en presencia de 30 pM D3F. La inaclivacion por DSF

sigue un proceso bifdsice, lo cual puede apuntar a la comunicacidn entre dos

Ry



sitios de la enzima, en donde la cistelna catalitica perderia la reactividad.
Esta inactivacion fue revertida por RDRT y 2-mercaptoetlanc!; por su parle, el
giutation reducido (GSH) no fue capaz de revertir dicha inactivacian, 1o que
resulla importante ya que GSH es el agente reductor fisiolagico, Esta falla de
gfecto se puede deber a la incapacidad o inhabilidad para alcanzar el sitio
activo debido a las dimensiones de ta molécula de DSF, lo cual provoca que
GSH no pueda reducir & puente disulfuro formado en el sitio activo de |a
enzima, Al estudiar el efecto de ios ligandos en la inactivacton provocada por
disulfiram, se encontré que el NAL' y NADH son los gque mayor proleccion
ofrecen a la enzima. Dicha proteccion fue dependients de la concentracion
de ligando, La proteccion ejercida a bajas concentraciones de NAD' tiene
importancia fisiologica, ya que el mecanismo cinédtico de la enzima es |so Bi
Bi Ordenado en e cual gl NAD' es el primer substrato gue se une a |a
enzima, Estos resultados indican gue la BADH puede estar protegida por

NAD® contra ta inactivacion por DSF in vivo,



CONCLUSIONES

Las condiciones ambientales presentes en las células de la medula
renal  tienen influancia en la actividad v estabilidad de BADH. La fuerza
iohica dada por K" aumenta la termoeestabilidad y regula el efecto de altas
concentracionas de urea en la aclividad y estabilidad de la enzima. Las
concentraciones de urea en el nifidn en condiciones de antidiuresis inhibien a
la enzima, atacando directamente el sltio de union de la coenzima, sin
embargo, en condiciones fisiolbgicas este sitio esta saturado por NAL', por
o tanto =e podrd sintetizar glicina betaina y llevarse a cabo la
psmorregulacion.

La cisteina del sitio activo es esencial para la oxidacion de
betaina aldehido a glicing betaina, aslta puede ser modificada por farmacos
que Henen especificidad por grupos sulfhidrilos causando 1a inaclivacion de
la enzima. La presencia de NAD" y fuerza idnica fisioldgica provoca cambios
conformacionates en el sitio activo protegiéndelo contra dicha inactivacion,
Bajo estas condiciones reactivos especlficos de grupos sulthidritos del tpo

de disubiram no impiden gue se lleve a cabo la sintesis de glicina betaina,
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Abstract

I renal cells, the synthests of glycine betaing, in o
reetion catadyzed by betaine aldehyds dehydroge-
nase (BADHY, plays g impartant mle b osmonic
regatation. In this work we have studiesd the effeat
ol menovalent, 1K, and divalent, Mg, eations ay
eliloride salts of woual ionic strongth, on the thermal
stability of porcine kidney BADH, The eatent vl en-
pymie nactivation @ A0°C was naueh less i the
presence of 150 mM KCThan it was cisher in the
presenee of 50 ms MpCl, or da the alsence of
sivlig. Alsa, heal inactivation at A5°C was tlly re-
versible only i 1K° fons were present, Activityleme
peratie curves, oltained by assaying the remaining
BALM petivity after | S-oun incubations of the en-
2yme in temperabures raging from 3w 60"
pave the highest apparent T, value Jor the enzyme
in the presence of K dons, while in the preseice of
Wi®* Jon this value was even fower thas that of e
enzyme al low tonke strength, The enzyme st low

ionic strenpth formed agprepates of very hiph mo-
fecutar weight ot temperatures above 39°C. AL both
Tow and nenr physiological ionic strangth given by
FA0 mM KEL changes in tryplophan flusreseence
mrensily indicated vwo thermal-induced wansitions
in the eneyme K eotons significantly stabitized
the enryme during the fiest transition but nat during
the second, The pure enzyne preparation has
NADH bound, which dissociated by dialysis aeninst
Ui Do donie steaagh bufter devoid af K* bt re-
mitined tightly bound inthe presence of this cation,
even o) GOMCL In summary, our cesults suppon the
requirement of physiolopical ionic strenpth, given
by » monovalent eation, for maxinum thermostabil-
iy ol kidoey BARDH and suggest e panieipaion of
K in the binding of the coenzyime.

Keywords: botnine aldehyde debydrspgense, gly-
cine betaing, renal osmoregulation; monovalent ol
iona; enryme Utersnostability

Introduction

Kidney meddnlla cels are exposed i wivde chasges
in e onic it osmiotie compesition of their envi-
pnment during divresis and antidioresis, When
concentrated urine i caereted, the extrcelular
MACT eoneentrations may veach ol evels, cauy-
i reduction of cell valume, as a conseguende of
water §ous rom the cells, and inersased inteseelhlar
eohcenlrations of Na‘, K and C17ions, Recovery of
s eell valupie involves ina st step the im-
port of Na® and C1 fons viw speciliv trapsport sys-
beamis, wehich feada toon hiph inteocellutar No® cone
centeation, B3ub this increase is ansitory ay most of

Mat ong eotering the rensl medulia ccts Gos e
plaved by K" fows due w the aetivation of the Ma'/
B AT e, D lore, duningg st depuisation ihe
intravellinlor concentrationy of No* fons moderately
ipersame while shose of K jons rise signilienntly
(Bock et al, 19985 Batalihough this mechanism
feady o complete cell volume restoration, the resull-
frg Bigh treencetlular fonic streppih would linve del-
cterioug effeets on cell Punction, Because of that, in
the second amd much slower stagge, tie renab cells
mdjust asmotically by peasrmulsting Targe mmouns
of small orpanic esmolyles, such as plycing betobne,
plycerophiosphorylcholine, sorhitol, inosiwl, aid
taurine (Burg, Y95, which not only alow normal

urespoiding Author Teb: 515556225070 fus: 520550205829, cinail; clares @ servidorammnms,
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cell volume but also normnl electrolyle concenten-
thoms (Csonka and Hanzon, 1990, The acewmula-
tion of compatible esmalyies is thus coucial for the
vinbility of renst medubla cells,

Cilyeing betaine s aynthesized from beloime al-
diekyde in an oxidation reaction catalyzed by b
taitie aldebyde dehydrogenase (BADM, EC L2 1LE),
Porcine kidney 3ART has been parilied (Guzmibn-
Partida nind Valenzsbela-Sote, 1998 and kinetically
charnelerized (Figueroa-Soto snd Valenzueln-Soto,
HIGOY, This enayme, as olher known animal
AN (Chern and Picterazko, 1999 Johansaon o
ale, [998), 5 wetramerte (Valenzoeln-Sote o of,
2003 and shows a macked preference for NALFY
pyver MALDP (Chuzmin-Parida and Valenzuela-Sota,
JODRY. Previows works showed that porcine kidaey
HADH vetpiny 509 or mose of its maximum aciiv.
iy ar concemirtions of 1.0 M Ma® or K* jons o the
asway mediven (Cuzmdn-Pantida and Valenzaela-
Sester, 1998, Additiona) studies indicated that it -
quires monavalent cations at near physiciogicsl
concetrations o moeinlain it etrameric native
stenetitre {Videngnelis-Sato el ak, 2003). These re-
sitlts caprelpte with the physiolopy of renal lssue,
where BALYH st be active snder high ionie
steenptl conditions,

A pyeine betaine synthesis is crucin) 1o renat
cell osmatic adjostorent, we weee interested in cha
petetizitg the ion seaguirements of kidney BADH for
iy stability, Also, we wanted tw know if divalim
cations have the same cfloets ns monsvolent cationy
i the eevme, With this aim, in this work we pups
sied she characterization of the mammal kidoey
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BAINE by analyzing its tieemal stability inthe ab-
sence amd prasence of either monovatent, K, or di-
vilent, My, cations, both as ehioride salts of near
physiological lonte surength,

Methods

Enzyme purification and assay

BALML was purificd oo porcine kidoey and s ne-
tivity assayed at 307 O by carlier veported proce.
dures (Guzmin-Panida and Valenzockae-Sow, 1998),
The pure eneyme was stored at =240 Oy oy 10 mbg
potassiem phosphute bulfer, pbi 7.0, oM EDTA,
1y M J-mercaptoethans], 200 mM KO and 1%
[vivd glyverol, Previows to the thermal yeanments,
BAI (013 mp/mb) was dindyeed overnigln at

A Chagainat 1 oM HEPES-MNa balfer, pld 7.0,
mh ERTA LD M Lmercapiocthanal (uffer A,
npninst nafTer A winly the adiition of 150 mM K4
(hulfer B, or against bufler A with the addition of
S M Ml Onedler O,

Kinetics of inactivation by temperature
Domediately atter dinlyses, BAZHT (0008 mphml.)
wid ingubited at 40" Cand iy remaining aeivity
determined by the stambard ossoy v indicated dmes,
The Kinetics of reactivation were studied in eoeyme
sanmples which were partally inactivided by o Fh.
min incobadion gl A5 O amd then covled to 307
Fhe yecovery of notivity was ToHowed o ancaddis
eyl Q40 min period, The Gmecoorses ol
inactivarion and readtividion were analyzed by none

Haean Fi ol the wxparbnentad dab o n oo e
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Fipure 1, ETect of ow noad pshystologiend ionle steength on thermat tnpctivation snd reactivation kinetics of

poreing kidaey AR, (AY Inactivation wt 40°

in budTer A (B8Y, uffier 13 (@) o hufter 0 (&) O03) Recovery of

wtivity wh 300 Cof enayme o e 1 previowsly inactivated ot 43 O T 13 min,

I Aldehyrde Dvahydrogenase
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Table L EMect of cuthons on the Kinetics of inactyvition at 407 ol kidoey BADIL

Activity lost!
(% indtkal)

Condition

Avtivity ol u:.;uilihrimh'

o (2 10!

(% initinl) (min’*y

BiG £ 24
ML 1D
P39 1.6

Lo donie strength
FAO mM KAL)
M MpCl,

RIS
280 s 04
2,30+ 0.)1

P20 205
724 % 10
ha 1.8

P The kinetic pottmedters are the estimates vesalting from a0 of the dats io Fig. 1ro nsingle expunontial decay

capinkion = the 5.0 oF thie ssthmtes,

ol doway ond growth equmions, respectively. The
Migrowid Origin progeam for non-linear regression
Tirting, wis uged in adl anslysis of these and the rest
af the experimental dadn,

Thermal stability
[ these sxperiments, samples of BALDH (015 mp/

k3 i the three butfers were incubated Dt a series of

15 i perinds o) indicated lenperatures in o range
from 28 o 61" € The residus) activity, the turbidim.
eury, indivoted by absarbance ot 600 nm, and the in-
trangie profein fuorescence spedtran of the samyrles
wera imepsured alter incubation at esch femperature,
Fluoreseenoe speetra were recorded using nn excita.
tion waveiength of 29 nm and emission waveleatgth
of 300450 nm (5.anny bandwidth). The spectrs were
corrected by sublretion of the solvent spectrum ab-
tatbesl andey Sdentical vonditions, Changes in Do
regeense crission intensity at a sinple wavelength
wer sed 1 calenlate the fraction of unfolded -
tedn ol inersasimg lemperanres (4 seconding 19 the
fisdlowing, eguation,

qu - (_|‘H "“I") i |~H__..|‘|“)

where 18 the observed Quoreseence inlensity af o
piven temperaiure, 1y, the floomescenee intesity
when the protein is completaly wnfoblod, b the
Mooreseenee sty of e noateee poateby, o e
sudting dima were plothed peesay swmpsniang ad -
tedd ter  donble sipmnidal sguation. Apparens 1, is
defined as the tempernure afb the midpoint ol the in
activition or upfolding transition.

Results and Discussion

Kinetics of thermal-induced Inactivation and
reactivation

BAL from poreine kidney way inactivated when
incubated ol 90% Cat low or of physiological ionic

strength given by cither 8020 or MpCL (Fig, TA), Fi-

ryme inactivation way & fiest-onder, monophasic pro-

cexy, and repched o plaleau indicative of the estab-
Jishwnent of s equilibrinm botween ipactive and ae-
tive forms of the enzyme. The kitetic parameters of
imavtivalion estimated under the three conditony are
piven in Tabde FoThe rate of inactivation was
slightly slowed dawn by K* but nol by Mp®™ lons,
The main effecs of K ions was t sipgnificantly in-
cronse e amou of eizyme that ramained active at
0" L Alse, heal inactivition at 43" Cin the pres-
ence of K ions was tly reversible by conling the
samples 1w 300 C (g, 1), whereas the ey ot
[ fonic strenpth only recoversd & siall percentage
(T of s oviging) sctvity,

Thermal inactivation

The K7 ions stabilizing effoeis were also observed
when porcine kidooy BAIIT was incabaled for 13
INEIOTEE 30 3 dempermne range bulween 25w 61* 0,
The thermal inactivation profles of the cozyme
soplew i the e condither: s shews in U0 2A
ad e ey paaent U valoes i b L T I
presee of WCH e apparent 1, wos 37 O higher
than that o Jow fande steengts, bt in e peesenee of

Ml e entimated valus s even Delow the Tatler,

slneh cordinmed that divalens casions cannet repluce

mgavalent eatiens forenzyme shdnbization,
I;I

it

Tl v bd e alf the someles i

el

and TR sl bk

a1

AL
RIgUL siinplus, vespasctively (Ul 280 40 Jow unie
strenpth the increase by adsarbinee ol 600 nn was
sty miost Nkuely due e precipitation of protein
apgrepabes of very ligh malecular weipht, In faet,
the soluble protein concentnation of the heated
sy, determined after o brie centrifugation, pro-
gressively and stpmGicantly decreased in the Jow
sonie strength sanples, while remaining constant af
high fenie steength (Fip, 200,

Thermal denaturation

The BAL thermnl-induced untolding transithons
were inonitored bath al low fonie strenpth thisdler A)

Erngymotagy and Molecular Biology of Cabond Metabolism 13
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Figure 2. Thermal Inaetivation of porcine kidney BADEL (A) Activity versuy wmperature profiles at low iosic
strength (bulTer A) (M) or al phiysiologlenl ionic strength given by KCI (buffer 13) (@) or by MgCl, (buffer C) (M),
(135 Tarbishity andd (£ soduble protein concenttation of enzyme samples in buffer A (M), 13 (8, or C (A},

and at physiological fonic strength in the presence
of 150 mM KCI (butfer 1) by flowing the
changes in uorescence emission intensily st 334
min after an excilaiion ol 296 nm. Intrinsic protein
flaoreycence speatrs are shown in Fig, 3. The en-
ey nalive state ot 25° C was characterized by
maximinn emission at 335.2 and 336.7 noy for the
enzyme in the absence and the presence of 150 mM

KCH respectively, The denaturntion provess wits ac-
cotipanied by both o decrense in fluorescence inlen-
ity nnd a red shift of the masinum gmission wave-

4] Firmpm barm

[
o

SETRITAERE

e béd b M A0 A MO MD
Wasplnngih in)

tergth, which indicates an increased exposure of the
iryprophan vesidues 10 the aqueous solvenl,

At femiperatutes above 407 © 4 secomd emis-
sion peak at 430-440 om was observed in the en-
zyme in the presence of 150 mM KC1 bat ool in the
enzyme at low ionic steengih (Fig, 4), This peak
clearly arose from Huarescence resonance energy
wansfer from the excited wypopdan residuc(s) o
protein bound NADH as the emission wavelenpgih
of iryprophan overlap with the absorption spectrum
of the eoenzyme. 1n the enzyme in the presence of

ALIT TR
vy

LRV S TR [TV T I N 1 B LT
Wavelngil fab)

Figare 3, Temporature-induced changes in Intrinsic protedn finorescence of poreine kidney DADI, (A}
Trypophan emission spectra of enzyme at low ionic strength and (B) ot physiological ionic sirength in the presence
of 150 100 KO weee tecorded an the indicated wperatures after a 15-min incubation peciod.,

I: Aldehyde Dehydrogenase
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Figore 4, Tempersiare-indueed unfolding tronsitions of porchoe Kidoey BADLL (A Poryme a blow fonie
strength and (1) st lugh ionic strenpth in the presence of 150 mM KCL Changes in iryptophiun Muorescenom
einission nl 434 nm were used o enfeulate the faction of unfolded protein, as describod in Melhods,

KA, no Huorescence due e WAL wos olserved
in the whole temperatuee range studied (Fig, 4B},
even wiion using sn excitation wavelength of 340
st (et shownd, These Tindings indicate that the
pure gy me contained Bound NALH, which disso-
ciated by dialysis mainst the low ionie strangsh
bufter Seyverid of K* inng but remained tightly bound
in the prescoce of this ¢ation cven bl lermpertres
whove 60" O T addition to s stabilizing effects, K
ions uppears by play g pole in the binding of the co-
enzyme to kidney BAIDH consistent with previously

Fuble 2, KHects of K amd 8" fons on apparem 1,
of kidney BADN,

Chondition Cappl,
Lattfonfstiengil
By activity 4.4 ER VI,

00
AR3 w04

st fransithan
2 Lransitinn

By Nuorcsvence’

L50.M KC
iy nclivity? Ad. ERI
Tt i
20 ransitiom

7

A 4 02

o R

. _— , .
By Mimosuenoe

40,4 % 0.

[ Apparent T, vishues ope the estimales Tow s it ol
data i Bip. o orin Fig, 4 toa single or donlie
sigimoidal wqunrion, respectively, = the 50 of the
catiates,

T The thermal-induced transition wis imoeilored by
deferminiig enzyine aerivities alter 13 min ol
ireulyntion ar the femperatares ndicated i Fig. 2,

3, The thepwab-induced trangitions were mnanitred ry
e ing intrinsic favreseence specira aller 15 min of
incubabion wn che senpeeatures indicnted i Fig, d.

observed synergy bebween B2 lons and oxidized co-
engyme in preventing enzyme inaclivation hy diju-
tion {Valenzueln-Sor e al., 2000 Porcine kidney
BADM might hind o monovalent cation in the vicin-
ity of the nucleotide binding site similarly o bamaon
e AL (Perca-Miller ot ab, 20033, It pemains
bz b detertnined i other monovalent cations, soeh
i Ma which woy the emion observed in the crystal
structure af ALEHD, alwe incresse the aflinity of the
enzyme for e cognzyme,

The abserved incrsases in guastu yield of
MNAD ax the tempersture incressed (Fig, A8 might
e due b higher cfficieney of enerpy tvansler as o
conseguienes of premter protein fesibility at bieh
senperihiees which permibts vyl esidoe(n) o
aepraneh e baond MADED moteente andbap it
SALH

ety

I‘-\ (R AT Hr i ::J'."}‘,l "‘R'I‘!l‘-ijﬁi‘ii- FHE
besnd i pn elongited fadhicn, o
gpsenetiing by contacl of e sdesiog ad the i es.

cont restinanide ding (Labecion, 10007

i

The enerpy ranafer between protein feypdertom
peeefifiees npd pevbein eed ST e tte b

cetresl et o e e e

Jrtatiet o HN i [ h .
PAmhd KOG Therelore, we huoose o uae e (-
vescenca ob 334 vm, nowavelength ot swhich chanpes
ape well shserved, to monter the thermal-indueesd
transition. However, i hag G be kept inmind that
the engrgy transfer phenommnon may produce b
prortant mierationg in e fhaosreseonce emission ol

this wavelenpth and therefore, the conciusions
drawn from the flucrescence experiments reportad
here, particulatly those of the enzyme i the pres-
enea of KO vend future conlimation in studies in
which an eneyme devoid of MADH is used,

The thermal-indused unfolding of BALDN A
bty Tow and neay physialogical ionic steength in

Engymalogy and Molecala Binfogy of Carbanyt Metabolism 12
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the presence of ] jens cearly showsd o wins-
tons (Fig. 4), with apparent T values given in
‘Fable 2. The firss transition of the enzyme al fow
fosie strength ended ar 32.6° C and that of the en-
pymi ol physiologieat fonde steength ot 40,7
Aldro, the fist wansition midpoint, apporent 15, wis
(.5°  lower in the absence of K than in its pres.
enee, 1o the secomd transition, we did net find sip-
nificant ditferences berween samples at Jow and
Higlt ionie stoenpty in ey me stabilby as assessed
By npparent 7, vajues. The molecular cvents undoer-
fying the first thermal induesd transition ar ool yel
clezar W us sinee the ctzyme activity was conserved
in the tempernture vange involved in tiis transition,

Under onr experimental conditions, thermal de-

natrsiion of porcine kidoey BAIDH wis nol revers-
thle once the second transiton is complete, There-
fore, e unfolding curves and parameters prosepted
in Figs, A and A, und Takde 2, vespectively, repre-
gent non-equilibrium condiions, snd wo did not &1-
et e obatain thermody nimie parvimeters from
these dnto,

I semmary, i this wark we have confirmed
that manovitdent cativny are important for mainie-
nagee of the active confonmastion of pomrine kidney
WALDH, and found that their stalbslizing effects ure
jmportant at mederats eniporatunzs (helow 40" C)

hut pot al high temperstures, The effecrs of K orof

A G E s, G E e D e e bl
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Abstract

As part of the wrinary consenirating mschanis,
renad odita cells pre sxposed w 8 hy perosmatic
gnvirsiinent containing high soncemrations

al inorganie lons and apes, Medulary celly
synthesize and accumulmie vrganic osmalyies such
as plyeine betaine, glycerophospharyleholine,
surbital, and inositol to eounteraet these streasful
congditions, Glycine hetaing is syuthesiaed from
betming nldebyde in o resction catpdyzed by bewine
aldehyde delydrogenase (BA D) Previous

work witl swine kidney BAEY bag shown that
thiz crzyme sequires physiologial lonie strength
t malniain its native tetemserie straciure

and, speoilicatly, the ionjc strength ghven by @
monevalenl eation for maximum thermastability,
Iy thiis study, we examined e effisct of uren

e

Al physivlopical and highdoris o

IR R R IOT '

it nars)

ABSH S

el s o LV L e

migiy (Reck et al, FORY, The passive aceumulation
of wrea in e ooedullacy interstivial uid invreases
the maximem yrine eoncentrations which can noee
ger i the Kidney, therefore vrea bag g ynique rale
i the urine concentrating mechanism [Levinsky
and Ferlinder 1939 Daring antidivresis urea con-
centrations reach Tevels greater than 1000 mmed 1
(Yancey 1948}

10 i skl knonen that uren hgs an anfolding ef-
feel on proteins, and tal it does so by both diveet
apd indirect mechanisms, EXrect urea lnteractbong

10 vistain pliysiologieal and high fonic strengtl,
urea was tested tnoa 0 fe 7 M orange; the agsiys were
carvied out al 30 amd 379 Physinlogical concen-
frationg of wreas (0.3-1 M) had no effect on BADE
activilty at 30 or 377C under physiological ionie
strength and phi 7.0, BATIH activity s inhibited
S0% at 3.6 M apen and 30°C, O the other hand,
the enzyme incubated with wrea | M wag totally in.
activated at 370, wherens tetramer it way partially
inactivated at 30 °C. Inavtiviion wis presvented by
005 or 3 bR dnns nt two temperalures. Native-
PAGE showed Ui higher foric stronpth preservis
the tetvameric conformation of BATH ap 1 v

ursa nl 30 or 3A7°C, At physiclogical temperature
apd pH, the BATHL inpctivation effecs of urea is
regulated by ionje strength.

Keyyvordy: betaine nldehyde delpdmnera e,
ol

v Lt foando pppept e Bl

P N L LI T Y
R S T T

oo
v b

orarend e

[ T A T I .
and Laeilitates the expersurms ol b Leadvaplolings ven
vestdues (Bennion aomd Daggert 2000

Glycing betaing (GI3) 8 one of the major non.
pertyrbing ostnolytes that secnmulaes By sy
celts exposed (o by pertoricity (Yancey ot al, [982).
Koidney medutha cells accanudate glycine betaine,
glycernphasphorylehobine, sovbdtol, amd inosito)
(Burg 1995, CH3 iy synthesized from betpine aldes
hydie oncdation b o cencdion catalyzed by bataine
wldehyde dehydvepenpse (BADH EC 120 8

in renal eelly GI3 is synthesized from choline
(Moeckel arud Lien 19979, Porcine hiduey BADH

~Corrsgponding Author, Tel 482 (622) IRG-2400; fax: 52 (672) TRO-0058, email: elispieasenbuelcivdng
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s been puritied (Cozman-Partide und Valen-
anela=Hoto 1998) and Kinetleally characterized
{Fipgueroa-Sotw and Valenzuela-Suto 2000). Iy
molecutor ond kinetic properties closely resomble
those of other AL (Cuzman-Partidn ungd Y-
lenguela-Sotn 1998; Chern and Pletryszho 1999
Figueroa-Soto aod Valenzuela-Solo 2000; Vaz el
sl 2000} The quatervary steactuve of renal RADH
is o homotetramer with a moleculbar mass of 232
K {Valenzuely-Sota ef al, 2003),

The ey me vequires fonie sireogth to main-
b s tetrameris confonmation; af low ionig
strength the enzyme dissociates, Srming dimers
that are inaetive and very stabde { Valenzueta-Soto
et dl. 2003, Furthermore, renal BATIH under baw
jonic strenpth is innctivaied by femperature with
an apgPon = 48200 while under physinlogical jonic
strength plven by 015 b KO e enzyme shows
an app b e 4a 300 (Valenzoeln-Soto ot al, 2008),
Eyivalent cativns tested at the sane ione strength
rre unable to protect the enryme activily ov stabib
ity Trom thermal inacthvalion { Valenosela-Solo ¢l
ab, 20058,

Studies of wrep’s effect on he enzymes ine
vulved in osmolyle synthesis are seacce. 1t hag been
demunstrated that b M urea inhibits resad aldise
seductnse (Borg 1997, Moo, see investipate the eft

e b0 R i ot Kide Vb s b0

i ;‘-.,.'..-..ui! [N SRR LN

The effect of urea on enzyme activity

and stabiifty

The notivity of BATHI wag assaymd p 0,5, 2, 5,
3,08, 6amd 7 b e, in the pregence and absenco
of 05 M KCE The stability assnys were varriesd
oub by ieubating the enzyme ot 1 M oures for 120
min st 30 e 37 °C i the presence of 8, 015 or
0,30 M KOL An aliguet wos nken ot different time
intervils and activity assmyed. Fluorescence speeirm
were recorded with a PTT-840 Huoreseence spec-
trophotonietar, using an excitntion wavelegh of

266 nm and emnission wavelength of 308450 nm,

Fluorescence speeirad centery of mass (intensitys

weiphted averopge emissing wavelengths, &) were

caleulated aceording to the olbawing soumtivn;
Ao AL BT ()

where & is the emisaion wavelength snd f(0) repre-

sends he Fuorescence inteusivy st wavelsngih &,

Gl electraphoresis

Mative-PAGE was corried ot in n Phast system
i A-15% potyacrytamide gradient gel, following
the manufacture's instructions, The enzyme

was incubated at i Urea, o 18 urea plus 015
MOKEEor L I uren plus 0.3 M KO at 3090 or
3P Tor F20 min. Freotein was identified by silver
sloining,

Kinutic analysis

Activity dats were palyzed by nontipear regross
slon using the progeam Microesl Origin {Ovigindab
Corpuration),

Results and Discussion

fn 1 M urea, at 309 and [ow fonie strengh the
chzyme maintaing 9% of s activity, wherens o
7T the vetiviy seorepgnd 100 (i bV ey

B e Y TR S SNTT I O

enzyme, Intringic fuorescence cinissjon stadics
ware eilvied oot o BADN o investigade whether
drea produces changes in the protein sertinry
strusture. Lirea-induced enfokfing curves for 10 40
are shawn in Vi, 2T he colewlated denaviration
midpoints (00,0 for BALM glus 1M wren, BADH-
e phog OUES M RO and 5.3 M OO were 4.3 50,2
MyAR G Moand d.40 0.3 M, respectively. This
indicates that the decredse in eneyme activity was
not catsed by protein denabaration; wren inhibited
erayme activity at concentrations alive 1.0 M.
This effeet 5 corrently bedng studiedd,

Enzymology and Molscuiar Binkagy of Carbonyl Metabolism 13
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& w0, 0.6
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wl,
20. 02
0 0.0 4
o ) v ¥ T A d
0 1 P 3 4 4] { i
{Lrea] M
- Fipare 2. Urensinduced untolding curve of retnl BALH,
100 i Eiyme plus ¥ M urea aider fus fonic strength () and
physiolegicnl fonie strength equivaleot to 0315 M KO
B - 1) or phus 030 MR A&).
150 -
T oan. JA), When freihated at 3070, 90% of the eneyme
B e ’-‘«\ wag inastivated nfter 60 min (Pig A While under
20, N physiological and high ionic strength, the eneyine
" vetalned 40% and S8%, reapeotively, ol its activity
0- (g, A

frord Lo oL
Tl b b a0

sYILLY b P Ly Wi

P T A T A '

v |' o L ! . . .
R N S T T L R T A e l R T R TN R PR TR PR PYR RIS

nal BADI i active without the gty
i the setivity assoy, The results indicate that repad anrenad BADTE a0 3700 however tns i feet was

s ekl prowszs b Lo dapeadent, Liren sl o stobg ot

RBA DT s folly active and herefore plyeine Iwtaing reducad by ionic sirengih The kinetie parameters
is available to carry out osmorgyulition ad ceun- ol isaetiviation are given in Talle V. Baayne
terpet the hapmial effeet of ures on ather enzy nies fnactivation conld be e resalt of denntaralion
wy thee eells of the medutly, catsed by uren and 1o explore thiy possibility,
The efTect of physivloglant and junic strength intrinsis Muoresoence enission studies were done,
e eotcentrations on BADIF stability way The intringic Quereseence emvission annlyses
avalyred, BADH way insctivited al 1M ueeaonl 30 of A invubiated in presenve and absenee of
"Cand 3P0 (Fig, S, Eneyme inactivation swis bi- A Gres, or deen T phas 005 M KCT or urea
phagic with o first-order Rineties and resched wqui- WA plus O30 MR were carried out at different
librivn after 120 min of incubation at 3020 (Vi thne dntervals wr 30°C and 3770, Small chanpes

L Aldebydes Delydrogensses
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Figare 3. BAR inocvivanion kinetics o 30 °CHAY and 37 *CHEBY. Encyme fncubated at M uren (e} | M area plus

B2 005 M omd and B M uren plus KOO 3 W LAY

Tabte {, Effect of fonie strenpih on the kisetics of inactivation o0 1A urea of renal BALH,

Condition Amplitude 1 Amplitnde 2 Kuhy 1 Kol 2
(%0 initial) % initiad) (min-') {min-'y
Lo fonic stiength
15t At K A1k 1A AR TR NI S

i AT

e hiyh dnde sreengtheohad oo o 25 ) T
Fespeetively (i, A7), We can conclude that ne
sipgnificant hmges in the tertiary structiee of
the protein were provoked by [ M e s e
emperatures teated in this stody,

The decrease i enzyme aetivity coukd
be o consequence of chonges o its teteameric
conlivrmation. To explore this possibility, o
native-PACE wiy cacried oul with the enzyme
meuboted for 00 min, For penal BADH, native-

PAGE showed that M urea induced clanges in
protein mEgregation st UC (R, SA) and ar 3770

Lok TR T g g,

LI I . o

B

R R TEITIR
LS BT PR

‘ H A
!
, . L s
NSRRI [P T

RTINS RTINS
there wepe several protetn bads at 37 7 (g, 513
L 11 Ulrein dewreases tetramear concentralion
and inereases iner and dimnser Tormation
Both teanperatures (Fig, 3A lane 2 and 33 lane 2).
T contyast, e srepgth allows the majority of
e ey e 10 slay i the teteamer condormation
A0A0 IR BA Inne s and 4) bhowever, 0.3 W
KO showed the best of feet on BADI aggregation
canfisrnintion [Fig 84 lane 43, The fonde strength
cifect was fexs deimmatie al 3770, Ing even §o 4
shrong protein band wis observed for the enzyme
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of yyen had an inhibitery cffect an DA acvivity.,
Gy the other Bud, uren had an fmportant ef el

o AT apgregation af physiological convents-
tivey and temperatire, However, the aparagation of
BA DN caused by urea wis reverted or halted by
tonie strength, o addtion, we confirm thal renal
BADM comformarion is stabilized by jonic strenpth,
Drying antidivrests vren pd Nally concenteations
imerease, thies wsmolyte synthesis is necessory o
achieve osmoregulation (Barg, 1995), Lader renal
physiologieal venditions § 8 urea would be exs
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ABSTRACT

Urea econcentrations are  high in renal wedullary  cells, Bewine  aldehyde
dehydrogenase is located in cortex and medulta cells and is therefore exposed 10 high
urea concenbrations. Enzyme activity assays at 0-2 M concentrations of urea were
carried owt st pl 7.0, under saturating and subsaturating substrate concentrations. The
enzyme, at both substrate concentrations, was inhibited by urea in a competitive
manner with respeet to NAD", and in a non-competitive way againgt betaine
aldehyde, Jonte strength had no elfect on the type of inhibition cansed by urea. Under
NAD satyrating and subsaturating concentrations, vilues of X, were 1,924 0.1 M and
1.6 4 00 M, For BA saturnting and subsatursting concentrations, values of K, were
0.33 & 0.05 M and 0.4 £ Q.00 M, Urea inhibits by preferentinl binding 1o the ree
grzyme, forming an -urea complex, At high NAD" concentrations an Deurea-NALY
’ ,

'}'l(:'i \ l,:.iit‘\n‘,\ Phodnaw il

complex i fonmed which is able to bind BA. The e



INTRODUCTION

In mammals, the most abundant protein catbolism waste product is nitrogen,
which is exereted as uren in the urine. Urea concentrntion in the urine exceeds 1 M
during antidiuresis [1]. Vrea plays an important role during the urinary concentrating
mechanism because the passive or active aceumulation of urea in renad medullary
iterstitial Toid increases the maximum urine concentrations that ean ocour in the
kidney [2-4] However, uren can also have deleterious clfects because it destabilizes
many macromolecular structures [5,6]0 In addition, wrea inhibits important protein
functions such as ligand binding {5},

There is ample litersture deseribing the effect of urea on protein denaturation

and strocture ot high concentrations, however there have been Tow kinetic snalyses of

e reversible thibithes o oee s bbb P et e
hinete stadivs bl e o0 Do ocn e b o 0T
As mentioned, renal medutle oot s e f

ar well ag levels of Bypestanicily s esndio o sl vt D L e,

cireulinion, These ool Gl b Ly DD oI St e e
accwnlation of conyaa b i o ! '
' X I 1 v n

MY T T RO T D i A G T e e e s
renal tubule cebls protects against the osmote Torce of nrine a0 becomes
eoncentrated o the distal bules and collecting doets 113] G s synthesized from
belaine aldehyde (BA) o reaction catalyzed by belnine aldehyde dehydrogenase
(BADH, EC 1.2,1,8 betaine aldehyde: NAD' oxidoreductase); which s loeated in the

renal eorlex and maedulls [15].



Porcine kidney BADH belongs to the ALDH superfamily and is clissified as
class 9 {10] This enzyme has been purified |[17) and kinetically characierized [18).
BA follows an iso bi b ordered steady state mechoanism: NAD is the irst
substrate to bind the enzyme tnd NADH the last product 1o be released from it {18).
Active BAIIH is o tetramer with 54 KDa subunits {19},

In a previous study, it was demonstrated that porcine kidney BAIRDH requires
ionie strength o maintain is tetrameric conformation; st Jow tonic strength the
pnzyme dissocintes, forming dimers which are insctive and very stable {19).
Additionally, the enzyme requires the physiofopical jonie strenglh provided by o
manevatent cation for maximum thermostability [20], With the aim of studying the
possible the relationslip between urea amd BADH in kidney, carlier studics by our
research leam demonstrated that urea cancentrtions ahove 3 M had the ofleet of
activating BADH pr oD 70 wad A% aehibrboe e e
B N ST AL P

merpenna fbd s TT AT Y

Materiale and metho o

\ o
Ihvemsiine s ovpp fflmmtdogiy o !

phasphate bulfer, pH 70,00 mb EDTA 10 M Bovercapteathanel, 000 510 KCT G0l
FO% glycernt, The enzyme (OG5 mp/ml) was disdyzed avemight at 4 °C aygains) 10
mM HEPES-KOH bulfer, pt 7.0, 1mM EDRTA, 10 mM {-mercaplosihano) (bulfer A,

o obtain low jonte strength), or apainst bofler A plas 150 mM KCH (buffer 13,



physiological lonic strength). BADM sctivity was measured spectrophotometrically as
reported elsewhere {171,
Inhthition assays

The enzyme was assayved using 100 mM Hepes butfer, ot pH 7.0 and 30 “C w
Jow or physiolopical jonic strength using 10 mM Hepes or 0,13 M KCL respectively,
To reahize the inhibition patterns, the NAD' concentrations were 0025, 0.05, (.01,
(3.25, and 0.5 mM, and the BA concentrations werg 0,05, 0.0, 0.2, 0.4, 0.6 mM., The
urea concentrations tested were 0, 0125, 025, 0,375, 0.5, 1.0, 1.5, 2.0 M. Al) assays
were done of Teast twice and on two ditferent days, with duplicale measurements cach
Ume, using an Ultrospes 4000 spectrophotometer,
Divrer anlyaly

Kinetic dota were anulyzed using the non-linear regression program Gralit
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Dixon competitive inhibition {¥4. 3
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Results
Since BAIM inactivation by urea was dependent on tonie steength [21], the

reversible enzyme inhibition kinetic was analyzed under two donic strength

conditions: low (.01Y and nhyvainlonicenl (0,18

vedocily vy drei veneentaian o shown i Juees T 1Y

When the cngyme was assayed undar phystologiond fonds shangth e
Lineweaver-Burk plots showed that the mhibition type was again competitive {1,

P13, with an apparent My of 0.9 & 0.04 pmobmin/mg and 0 Kywap of 70 4 9.6 pM,

Changes in the initial veloeily  versuy urea concentration showed  competitive



inlibition (avef Fig, 113). The K, calevlated with the competitive Dixon eguation (Eq.
3) did not change under conditions of low jonic strength (Table 1),

Under NAD" saturating concentration (0.5 mM) the Lincweaver-Burk ph
showed o patiern of intersecting lines indicaling non-competitive inhibition with
respect o BA (Fig, 2A). The data points fit the non-competitive equalion best (12q. 2).
Apparent Fu = 154 £ 0.07 pmolfmin/mg and Kppa = 403 £ 30 pM (Table 1), With
the Dixon equation (Bg. ) a Ky of 1.91 £ 0.1 M was eateulated (Table 1) The Dixon
plot ol the inital velocity versus urea concentration data is given in inser Fig, 2A.

The presence of fonie strength provided by KCI (0,15 M) muintained non-
competitive inhibition (Fig. 2B). Tonte strength provoked an increase in the Kypy (982
371 uM), while the apparent Py, value did not change {Table 1), With the Dixon

non=competilive equation (g, 4) a decrease i the K from £9) 2 011 M w 1,20 4

o e . y Yot . e o o [ B ' LN
PO S s e ted ) Do el e e P ‘
' "y '
[ 441 [ENT A d 1Al v r e
i Viarvatiil Vot
T S e T S S I N F R B SR P I L N R I I E T T

LAyl ok piots sadoesd b Tubaabnd O g 200 T s st i e
U (Table 1), Duta were analyzed using the competitive Dixon equation (Bg. 3) and o
Keoof 397 @ 59 mM wos determined (Table 1) A physiological jonic strenpth and

fixed 3A  concentration, the  Lineweaver-Burk plol again showed  competitive



’

inhibition with respect o NADT (Fig, 313), The data paints it the competitive
inhibitton equation best (B, 1), with an apparent Vg of 0,37 4 001 umol/min/mg
and 4 Kpwap of 86 2 10 uM, The Dixon competitive ishibition equation (3. 3)
retirned a A value of 135 & 16 mM (Table 1), Dizon plots of the initial velocity
persuy urea concentrstion showed a competitive inhibition pattern (inser Fip. 3A and
3B

At the fised NAD' (0,025 mM) subsaturating concentration, the Lineweaver-
Burk plot showed non-competitive inhibition with respect to BA (Fig. 4A). The data

points {it the non-competifive equation best (Eq. 2). Urea decreases the Foa, value o

M owas determined by the Dixon non-competitive equation {(Eq. 4) (Table 2). e

Fig, 4A shows the initial velocity versuy urea concentration 1ixon plot,

RN Y

Cirein rhivys b Ry Coiv i iy LU i 1l vis i e ]
vk i the B khdowy during aotdioesis, and can cadead &3 desai tosduita
[1,22,23]. For rabbil renal medutlary cells in tissue culture, GB conlent decreased in
the presence of wrea [22-24] Our results provide a the fiest explanation of how urea

alfects GI3 synthesis,



The competitive inhibition patierm shows that wrea is binding 1o free anzyme
{1EUrea) and competing with the coenzyme for the active site, Betaine aldehyde binds
to the enzyme until the complex BADH-NAD" is formed, thus the non-competitive
inhibition detected for BA demonstrates thar urea preferentially binds o the free
enzyine, However, the non-competitive inhibition found in the presence of BA means
that urea can also bind o the ENAID'BA complex, The urea inhibition mechanism is
shown in scheme 1, where wrea binds o free BADH, but under NAD' saturating
concentrations urea can also bind 1o the ENAD complex, producing EUreaMNAD and
this resubting complex  can stll bind  BA, forming an inoctive  complex,
ENAD BAUren,

Urea decreased the Kuuan 30%, o resubl simitar o that found for aldose
redoctase [1),12] which was explained ns the consequence of conformational changes
it the TRATI eopnp o veens 0 M b Ve Bl T it G alued iy
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stability against high urea concentrations 121], i this study the data show that ionig
strength was not playing o key role in the ishibition of BAR by ures. When all the

data are considered, an important guestion that arises reganding how BADH can



funstion adequately under the high wrea conditions present in the renal inner medolla
cells, One explanation could be the saturating NAIY concentrations thal can be found
in the medulla cells since the concentration of NAD' in rat renn! cells has been
estimoted to be 1 mM [28]. At that coenzyime coneentration, the enzyme will be

saturated with NAD® and the impact of vrea inhibition will be reduced.
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Talles

Table L Apparent Kingtic constants for porgine Kidney 13AD al saturating sulistrate
concentrations

Fised

Vartable !

saturating  substrate

stbistrate

" JINES

(pmol/minimg)

Ko
(M)

K,
(M)

Finetic

patiern

3A
BA

AL

NALY

THNAD

NAI + K"

BA

BA + K

0.95 4 0.07
0.9 4 0,03

1.5 4 0.07

154 0,32

A2

W26

403 32

A82 4 71

0,33 40,04

1.91 4: 0,10

1124 008
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. L . e, gy .|
R N A R AN N T AR RS S R TS

A

NAD'

NALY

ML

”‘ 1"‘»

BA 4K

oo L 00

0,350 4 0

0,346 4. 0.02

2AE 41

SES 454

PAT & 000

(0,564 0,04
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Figure Legends

Figure b Competitive inhibition of BADM by uwrea ot fised saturaling BA
concentrations. BA concentration was 0.0 mM, Enzyme nctivity was assayved al low
(A and physiological (13) jonic strenpth. Lineweaver-Burk piots of inilial velocily
versuy viriable NAD concentration (0.5, 0.25, 0.1, 0.05, 0.025 mM) and fixed urea
concentrations of 0(0), 0.5 (@), 1,0 ([}, 1.5 (M) and 2,0 (5 M, fesen Dixon plots,

Piv against [urea), at NAIY 0,025 (7, 0,0505), 0.1 (), 0.25 (49, 0.5 <Dy mM.

Fhgure 2. Non-competitive inhibition of BADH by ured at saturating NAD'
concentrations. NAD' concentration was 0.5 mM, Enzyme activity way nssayed at
tow ionie strength (A) and physiological (3) johic strength. Lineweaver-Burk plots of
nitiad velocity versus variable BA concentration (0.6, 0.4, 0.2, 0,1 .03 mM) and

fixed wrea concentrations of § (O, 0.5 (&), 1.0 (00, L8 ) wod 2.0 G s

Priscapy plotn, BAraeais: oo e

IR ST AN S P

Piiee 3,0 bhmnpeetit o D e

] el verany sl bl U oo L R
and at fixed vres concentrations of O (€23, 008 (@), 10 O, 18 G w20 087 M

Inser: Ehixon plots, at NAL (0.025 (&), 005020, 0.1 (49, 0.25¢( '-"4'-’*}, 0.5 ¢ ﬂ'll‘) nihd,

Figure 4. Non-competitive inhibition of BADH by urea at subsaturating NAD"

concentiations. MALY concentration was 0,025 mM. Enzyme activity was assayed ot



low jonic strengih (A) and physiological {13) fonie strength, Lineweaver-Burk plot of
inittal velocity verswy BA (0.6, 04, 0.2, 01 and 0.05 mM) and at fixed urea
concentrations of § (€3), 0.5 (@), 1O (LD, L5 (M) and 2.0 (L) M, fnser: Dixon plot,
Fv apainst [orea), at BA coneentrations of 0.05 (8, 0.1 {8y, 0.2 (), 0.4 () and

0.6 () mM,

Scheme 1, Proposed mode of uren binding to betaine aldehyde dehydrogennse
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Comples, unusual conformational changes in kidney befaine
aldehyde dehydrogenase revealed by chemical modification

with disulfiram
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Alstract

T NADR -depandent animal betaine aldehyde dehydropenases participate in
the biosynthesis of plycine betone and earniting, as weltl a5 m polyamines satabolism.
We stndied the kmetics of inactivation ol the poscine kidney eneyme (peBATI Ty
the dray diswthram, o thiol-reagent, with e double wim of exploring the enzyne
dynarites and nvestigating whether o could be an i vive target of diseifinmn, Bath
inactivation by disulfirnm and reactivation by redoctanls were biphasic processes with
equal Hmiting amphitudes. Under certain conditions hall of e ensyme activily
beemme resistant 1o disulfivam insctivation, NAD protected ahmsst J00% a0 5 jibd
but only 0% ot 5 mM, and vice versa if e eneyne wis pre-incubated with AL’
before the chemieal msdifioition. WATH, betaine aldehyde, and plysine betiine akso
afforded preater protection sfer pri-incabation with the snzyme than without pre-
wenbadon, Togetier, these fadings supaest bwa Kigde ol acive sles a0
sectningly hosuotetrnw, DO Lo

T T T TR R R PO R PP



Entrustuction

Bewmine  aldehyde  dehydropenase  (BADH,  betalne  aklehyde:  NAD
oridoreductise, 11 218 catalyres the Tast, irveversible step in the synthesis of the
psmoptatestos glycine beiaing the MAIDP)Y -dependent osidation of  betaine
aldehyde, Clysine betaine plays an importast role i keeping the vsmstic balance in
renab eebls [1,2] and s abso a methyt donor for methivning synthesis {3, Animal
BAD M geavhich are part ol the ALY famity of the aldeliyde debiydropenase
(ALY superfamity [4,5)are also involved 1o polyamines eatabalism smd synihesiy
ol yamineburyric acid and camitine [4,6] feviee inhibition of shansl BADHS might
thuy have sovers adverse effects becase of the importunce of the maetabolic prosesses
in which these enzyme dre involved,

One af the bext-koown ALDH fnhilstors s the dpag disullam (D5 S sl

wadely tsed inc Qe mveesion naoabend el ebialeadna L0 o ewian gy pnhibe th

[13] (Schwme T} Several undesimble side effects of the DSF pentent have boen

ever thenh tiols are the ntost reactive ol the protein fonotican o, sod o

resitfues are presest inomast peoteins Tn spite ol 5 relevance, givnt the present and



passibly Tutyee use of DAF as 4 drug, an extensive study of the DSF-nhibiton of
ALY geaehich have o rescddive catolytic oyseineg pegidoe-ois still lacking, We
chiwse the porcine kidoney BADH (pkBADHY w investigate the possibility of
ALIHYs being yargets of this drug, as well as W explore factors that conld af¥eey iy
inhbition.

PRBADH s localized bash i cortex snd medulla cells {17). This enzyme is a
homotetramer 18] with o marked preferetce for MAD over NADPY [19] L
eoleanlar and kinetic peoperties (207 chosely resemble these of otier animeal BALIHY
[6,21,22], eongistent with the finding that animal pensomes have just one gene Tor this
aneyme [4,57 Tts kinetic mechansn 19 steady starg, bt b ordered, whery NADY bindy
to the engynwe priar to the aliehyde J20]. The observed miged inhibition of MADN

ARTiNat MARD was taken ayoan indication of the exivence of @ pati-Tinsiting

'

penmerization step of the T
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Betnne  obdehyde, DT, EDTA phycine  betaine, GSH, HEPEN, &
mrercaptosthanot, WAL tsadivm salt), WADH, and DSF were oltained Trom Sigame
Aldeich BA Je CV, México, All othier chenicals and solveats used in this study wers

of analytical grade,

Prarification apd gerivity assay of phBADH

BALE way pusified from porcing kidneys and s activity assayed at 30 °¢
ferlbewing entlior repored procedures 9] The mslar coneentration of philali way
citbmated By determining the prstein concentration according to Bradtond [24), and
wasuming & molecular wass of 230 kD for the wsmer, Alhouph the proteiy had
urdergone severnd chromatopraplic and diatysis stems Saring is porificstion,

Codd

RRREI RTINS B B ST L P TR S R A S Do

with oitrogen just beloee aee to provent aiv oxidotion of Ga vy ayaadnes, 507

1
1 i

saaphos al e,

dissedved o ntropen-sniien et wite,

were dneubated witlh S atb indicated concentrations, and aliguots cemoved altar



weverab incubation perods e detertine the residond eneyme netivity, Activity data
were analyaed by nonlinewr vegression fitting b single or double expanential decny
ppantiong (oqs, 1 oand 2, respectively), wsing the Ovigin software (Origintab,
Northampton, MA LAY

Ay s il A Ay (),
Ay At ”ﬁ-ln!ﬁal-f + ’_.‘w-kr:hn‘-r {2,
whare oy, sy and Ay are the enzyme activities an Hme 7, zevo, and infinite, wspectively,
expressed as perediitge of the inivdal astivity; &, B e observed psevdo-firss onder
rate wonstant in monophasic activalion; Ao and de, wad o) aod Ay ame the
observed pseodo-fivst order mte constants and the amplitudes of each of the bwo

phases, respectively, in biphasic insctivation,

Faaetivation ol e IR fesbaen b oo was atiempted with 5 mM DTT,

e .'."1..-‘in.‘-'-f«l‘."t-J.-x‘uni, i
Yokl ‘ oy
Panctivatim of pREAL Dy VSR vlon predo Do o el o)
inoa timee nned afonpodepemn o s S T
prosenee ol 2 Dadv e b e T i e e

were observed (data pos shown). Usbgg o DEF concentration mage 10 40 30 M,



fnsctivition kinedies were biphasic wiath mte constmds differing in one order of

agnitude, and insctivation pasial (Table 1) Vhe vesidusl activity at infinite time, A,.,

Prsiieeavhierens the amplitude of the two inactivation phases, o and Jy, iereased,
gach one reaching nboot 50% of intial sotivivy at 30 ub 5355 (Talile 1) The 1o
preudo-first order rate constants of inactivation, kg ond Ao, inckeased with the
inhisitor concentration (Table 1.

Ty insclivation phases i an wligomeric sozyme, as prBADH, could result
fromn pre-esisting active sites Deterogeneity ib wegard o the reactivity of the catalytic
thiol, or from commutisation belween secbive sites 5o the modilication of the ol ol
one site deeresses the reaciivity of the thiol in another site. In both eases the

smplitude of the two phases shoulid be egual and 1M of the inital eneyme activily

can e et

or Petween B activg siies ol e e i s Lol 3l ulidini Bab bt g

this Tthaly beterogensily i stevctarnt beems, oy the anly three-dimensional stractore



known ol an ALDHS, that of the cod liver enzyme [26], does not show any
differences between nclives sites, 11 may be that the dynamics of the active site lead 1o
sublie rearrbngements in the sovitonment of the catalylic cysteine that do not show up
in the crystal struchure but have functional consespusnees.

Cine nteresting Teabire of the inactivation of phkEALDN by DSV s the pania)
inactivation, which arises Hom part of the sites becoming reststant to inoctivation
during the eourse of the incubation of the enepme with DEF. This was proven by
asldding fresh DR Pt 1S pM, the sume concentration initially sddet-—after 60 min of
tncubation, when tnactivation had apparently stopped. Mo further inactivation wag
abserved even after an additional 6f-rain ineubasion period {dala got shown). This
resalt rules ont the possibilitics of either DEF instabiliny oo protecion afforded by the
tightly bound oucleotide as possible causes of the observed nsedal ipsctivatjon, N

EL I ! L A ETRH AL N R I “‘;I n

vt by sl peyp ey e Lo ol ' '
et s by DSE Ehis perootd be that of e o
! v e

sl o e ot o)

shwe pnctivislion prhie

concettration tested, sines the mmplitude of the phases would depend on haw Tast is



rate of the appearance of actve sites resistand to DSF modification campared 1 the
e af modification of the assential cysteme, and both mtes may differ from one
divier (o the ather o frem one subonit to the other,

DSE activation did oo produce any changey o the oneyme tetrameric
structure ot mont temwpersture, noroat 37 "0 as assessed by gize-exclusion
chrommigpraphy [daty oot shownd, This result differs foom that obtained for the 2
artgimose BADH, which partially dissocigtes into monamers sfior being, modified
by T2SF ot reom terapesatore, and forms apggrepates ol very bigh molecolar weight of

WO

Frryme vecetivation by anenes aied of-thinfy
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apain indicate o overy difTerent envivonment, and therefore reactivity, of the disulide

i he e inds of sctive sires,

Effiects of tignneds on BA D twactivation By DSF

The inalaility of CGSH 1o reverse the DB F-mediated ioasivation of pkIBALTT was

enzyime by BSE We terelore exploved possible mechanisms of protection agsingt
Ihig dsactivation. Protection by Hgands would seem 1o be the most plausible,
In these studies we used 30 DSE o concentration consing alnost folad

inactivition of the enzyme (Fig, 1A) The level of peotection alTorded by NAD, from

ol L T L R L o ! . . '
L T N T B L
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stenchupal evidenve doany AL -t Tatter resulls fadicate fal e el b

indend not sangatsd by 10 M ONAD', for otherwise oo change would hove heen
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obaerved on wressing N I comeenteation. Apain, the st probuhle reason belingd
this firdding 15 the extstence of two kinds of sotive sites, differing it bolh their
caxentiad thiol reactvity and o thear affinity for the nucleotde, 1t would appeat tha
pawhng of WAL o one of theme-that with the higher altty fwe yhe
nugbensticdeprotects the catnlytic cysteine againstinactivition, wheeeas bindg (o the
ather-—-that with the lowest alfioityhas  the opposite effed, e favors the
merdiBeation of s cysteine,

As previously found in the insetivation experiments caricd aut in e absence of
ligntsds, the Timiting residual activity reached at aliout § mM MAD' (inset Fig, 2) did
nat result from protection by the nuelestide bat cather Trons ' of te 1ots) sites
becoming resistin fo IXSF anactivation, as proved by adding fresh DEF aller e

activity plateny was reached (datn ot shown). Thas resubt suggests holf of the gites

[ I

Pttt iy Bt e fy e P e

thes eatymig wis Presineulabad withe e Laciaolide Bor 4 b pravisgy o 0ad it
B i i T T e e o

and plyeine betaine (Fig, 4) Mo change iereactivily towseds DR was obsorved in the



anzymie tngubated foe up o 4 s te modification buffer inthe abience of Hgands
(daty not shown). Fhe chiges in reactivity friggered by the binding of hgands are a
further  indication  of siow conformntionnl  rearrengements i the active  $ile,
signifeamly decreaging the reastivity of the essentiab thiol of this oe of ather active
Sk,

Mecyensed reactivity of the catalynie thiol upon fncubstion with snturating
convettration of ligands and Bphasic kinelies of inactivation woere proviously
observed o studies of other BARMs (27.30,31] and seversl ather wild-type and
mutated ALDH exhibit inter-gabunit communication-—showed aitlier 0w hall of the
diten peactivity [32-35] or us positive coopeativity in nocleotide binding [36.28]. B
w the hest of our knowledpe, the appearance of catnlytie thiols restitant o chemical

modifieation, ag well as the contrasting behavior of low and hish concenwstiong ol

i‘"-‘s".'”}‘ in affording !““-"l"i‘?!“""' ”,‘"1‘;""" Al e e T T e v et
rey f
' ' . . C ' .
N Ty . e . PRARr
" 1 1
LY g sibad b e i TP B e A B R A AR -
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be rendered specific by the alidlity of proleing o pwdolare the reactivity ol their

important restdoes throuph changes in thedr epyvaronment.
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Figure Legends

Hebeme 10 Beaction of IXSE with projein thiod groups, A) Formation of o mixed

sisulBide, B) Fovmation af an intra-moleealir disulfide,

Fig, 1. (A) Kineties of inactivation of pkBADI by DSE T onayme (.65 uld as
tetramersd was incubated in baffer A ot 307 in e presence ol 10 (oieles), 15
auares), B0 (up wangles), 25 (down iriangles), or 30 b DSF (thombs). A
(e trcdicated thmes, aliguers weee witlidiaewm s assayeld S romalning aetivily,
(I3) Kinetes of meactivation ol the DEF-inactivated phBBALL Inastiviation
felosed cireles} was corried vt by incubation with 30 b DSF uinder the ssime
conditions than in panel A After 30 nun of reaction, 5 mM TT (closed

sqnares), [ mbd Lonerenpaadanod fopen sguies), o TR GHIE (e

teiwng ) wace achdod t e Doectiemed aneee, ned sy LD anl b e
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Inset: ependence of the esidual activity ar infinite tme, 4. on NAD

COTGE DAL,

Fig. 3 Eileet ol time of preqineubation with 10 uhd MAD on the kinetics of
inactivation of pkBAIYH by DEF The nuclootide was added e the enaynme ar
(open cireles), T {chosed wireles), 4 {open sgaaves) or 24 h (chosed syumes) prior
t ineabateon with 30 M DEF Other eonditions were as in Fip, 2, The paints
are the wxperinemat dadag the Haes aee the veanfoaf he TE ol e data o o ainghe

exponential decay egpation (e, 1),

Fige A Bifect of lgands on the kinctivs of fnactivation of Al by I8F, The
R PR U PR

ey wag incihsted witls 200N TR Dot preaci e LSO Gl T O

0.5 mbd MALH {1 0.5 mM betaine aldehyde () or 108 mb glveine bataine
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Figure 3
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Figure 4,
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Talsle

fEnetic parmetsrs” of the mactivation of pkBATDT by DSE
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