- 05 S

S

”_d" ﬁ\)
| UNIVERSIDAD NACIONAL  AUTONOMA ,{9

DE MEXICO

o - CARACTERIZACION CINETICA DE LA BETAINA ALDEHIDO DESHIDROGENASA

%“@ o DE HOJAS DE AMARANTO SOMETIDAS A DEFICIT DE AGUA

- TESTIS
PARA OBTENER EL GRADO DE
DOCTOR EN CIENCIAS QUIMICAS

) | OGN ¢
- ¢ BPRESEN’;‘A&\ CA)

= I, 5 i o A S R s ST P B

M. en C. ELISA MIRIAM VALENZUELA SOTO

1994

. | A8 COX

o FALIA 8 ORIGEN |

|

%
i
| v 7

:ATESH;CQN¥“':‘-~ o S e B %7 - R ”,;_wﬁ,QrJ,\jQi

* FALLA DE ORIGEN

S e < i




e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

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

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

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

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



e b o g e e A e T

g ity

i—

T T I R e Ay

[

= B
&
3.—.\.».-»«"

[ —

i =

%M;;

1
o

Jurado asignado

Presidente: Dr. Mario Calcagno
Primer vocal: Dr. Rogelio Rodriguez
Segundo vocal: Dra. Adriana Ortiz

Tercer vocal: Dra. Alejandra Covarrubias
Secretario: Dr. Edgardo Escamilla
Primer suplente: Dr. Juan Pablo Pardo

Segundo suplente: Dr. Gabriel I urriaga

El presente trabajo se realizd en el Departamento de
Bioquimica de 1la Divisién de Estudios de Posgrado de la
Facultad de Quimica bajo la direccidén de la Dra. Rosario A.

Mufioz Clares.

. ~ e . p e s v Sy L()
Asesor: Dra. Rosario A. Mufioz Clares Jmer Bty TARAT T e

T e ——

i , - j
Sustentante: Elisa Miriam Valenzuela Soto E‘IISCK M U(L{G,’SO&L'{/&L S

TR o e e A g T T

i i

[ ——

T ST



A

Ity

Vi

e

i

£

T R S Bt P 4 8 Al A PR g B A ke g a2 B et e+ o

AGRADECIMIENTOS
Este trabajo ha recibido los siguientes apoyos:.
Beca para estudios de Doctorado CONACYT (CONACYT-53280)y
beca de la Direccidn General de Apoyo al Personal Académico
(DGAPA) .

Donativos: Programa de Apoyo a las Divisiones de Estudios

~de Posgrado de la UNAM (PADEP-DFQ-9141 y PADEP-DFQ-92 ) vy

CONACYT (1713-N9209).

Agradezco al Instituto Nacional de ,Invéstigaciénes
Forestales y Agropecuarias (INIFAP) por proveernos de semilla
de amaranto (Amaranthus hypochondriacus, tipo mercado) durante

todo este trabajo.

R T




o o e et e AR
: PR

sl
j§:t0

Lt

~ Dedico esta tesis al Dr. Ezequiel Murillo Garcia

T eyt

RV v— Y




ad D
;

< S

Ceay

“nyd

N T

e

S

e

ey

Rl

e

Para

Lydia y Gilberto

ke




;
T

,-mur’

o

—

&
T e

De manera especial quiero agradecer a
Dra. &iza Jambsr 1 Suen YA Que Sin sU apoyo, regaiios y ayuda en tantos

aspectos durante estos aios, no sé si hubiera logrado sobrevivir a la maestria y

doctorado.

L.8. dina Jylhdiia Geiiga Upda todo lo que me dié durante estos ocho afios y

por permitirme ser parte de su familia.

Dr. Jvmands Onlegs, Lspy y familia por tratarme siempre como a uno mas de la

familia.

Dra. ®ssavic "wis; Civ. por haberme recibido en su laboratorio, por el
apoyo que me brind6 para lograr llegar a este punto y por soportar mi manera de

trabajar y de no trabajar.

A todos y cada uno de mis compafieros de laboratorio, sobre todo al Biol.

-

Uaris Thyico, Jimiray por toda su ayuda técnica en la realizacion de varios de los

experimentos que forman esta tesis.

De manera especial al Dr. /il ,?‘,fu.fff:s.rl.-,.-_.;;x /; ya que sin su apoyo estoy

segura que no hubiera logrado llegar a este punto. De igual manera me ayudaron a

lograrlo mis queridos companieros /buwi, v 4 v,

R,




e e e A vy

| INDICE
- Contenido pag.
%,_ I.- Introduccién | 1
| IT.- Antecedentes

. 1.- Agua 3

| | 2.- Solutos compatibles - 4
Mé | '~ 3,- Glicina betaina 4
:; 4,~ Reaccidn catalizada por la betaina
. aldehido dehidrogenasa 6
w0 5.- Aldehido deshidrogenasas | T
% | - 6.- Amaranto - 8
IIT.- Objet.ivos | 10
- IvV.- Materiales y Metodos . e A
ME ,* V.- Resultados 14
-y VI.- Discusidn 26
= VII.- Conclusiones Yy perspectivas ; 33
. VIII.- Bibliografia 35
-
-
-
-
e




iy

ABREVIATURAS

ALDH Aldehido deshidrogenasa

BA Betaina aldehido

BADH Betaina aldehido deshidrogenasa
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RESUMEN

En el presente trabajo se muestra un estudio de la enzima
betaina aldehido deshidrogenasa de hojas de amaranto sometidas
a pérdida de agua, que incluye su purificacidn,
caracterizacidn cinética y la identificacidén de algunos de los
aminodcidos esenciales para la actividad de esta enzima.

La actividad de la enzima betaina aldehido deshidrogenasa
(BADH, EC 1.2.1.8) se incrementa después de 4 horas de
tratamiento de pérdida de agua con polietilén glicol. Se
purificé la enzima a homogeneidad y se encontrdé por
cromatografia de filtracidn molecular y por electroforesis en
geles de poliacrilamida en presencia de SDS que tiene una masa
molecular nativa de 125 kDa y una por subunidad de 63 kDa. La
enzima es altamente especifica para betaina aldehido; sin
embargo, puede usar NAD' o NADP* como nucledtido. La reaccidn
es irreversible aun a altas concentraciones de glicina
betaina. La dependencia de la velocidad con respecto al pH
indicé la existencia de dos grupos ionizables con valores de

pK de 6.78 y 9.38 involucrados en la catdlisis y/o en la unién_

de los gustratos. La temperatura o6ptima fué de 50°C con una
energia de activacidn de la reaccidn entre 25 y 50°C de 61.8
KJ/mol., Estudios de modificacién quimica sugieren la presencia
de residuos de cisteina(s), histidina(s) y arginina(s) en el
centro activo de la enzima. La BADH se activa por
concentraciones relativamente bajas de K+, sacarosa y prolina,
mientras que es inhibida por NH,*, Nat y altas concentraciones
de glicina “betaina. Los iones divalentes no tuvieron ningun
efecto sobre esta actividad enzimatica.

Se . analizd el mecanismo c¢inético de la reaccidn
catalizada por 1la betaina aldehido deshidrogenasa mediante
estudios de velocidad inicial en estado estacionario,
inhibicién por producto a bajas y altas concentraciones de
sustratos e inhibicidén sin salida . De los dos productos de la
reaccién s6lo el NADH produjo inhibicidén. Los resultados son
consistentes con un mecanismo Iso Ordenado Bi Bi, en el cual
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NADY es el primer sustrato que se une la enzima y NADH el
tiltimo producto en disociarse de ella. Este mecanismo ya habia
sido descrito tedricamente por Cleland (1963), pero no habia
sido encontrado en ninguna enzima; este es el primer trabajo
publicado sobre dicho mecanismo basado en estudios de
inhibicién por producto, _

La enzima es inhibida por altas concentraciones del
sustrato betaina aldehido. Estudios de inhibicidén midltiple
mostraron que la betaina aldehido se une de manera "sin
salida" al complejo enzima-NADH. La inhibicidén por betaina
aldehido es parcial, indicando que el NADH se puede disociar
en.algun grado del complejo enzima-NADH-BA. Los resultados de
inhibicién por producto a altas concentraciones de betaina
aldehido muestran que el mecanismo sigue siendo 1Iso Bi Bi
Ordenado. |
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SUMMARY |

This work is a study about the enzyme Betaine Aldehyde
Dehydrogenase (BADH, EC 1.2.1.8) from amaranth leaves
subjected to water deficit. Purification, kinetic
characterization and identification of some essential amino
acid residues are described.

The activity of the BADH increased after 4 h of water
loss treatment with polyethyleneglycol. This enzyme was
purified to apparent homogeneity by two chromatographic steps.
It has a native and subunit molecular mass of 125 kDa and 63
kDa respectively. The reaction is highly specific for betaine
aldehyde, but can use NAD* or NADP* as nucleotide. The pH

dependence of the velocity indicated the existence of two
ionizable groups of macroscopic pK values of 6.78 and 9.38

involved in the catalysis and/or binding of the substrates.
Chemical modification studies suggested the presence of
essential cisteine(s), histidine(s), and arginine(s) residues.,
The enzyme was activated by relatively low concentrations of
K*, sucrose , and proline, while it was inhibited by NH,™,
Nat, and high concentrations of glycine betaine. Divalents
ions did not have any effect on the activity.

The kinetic mechanism of the reaction catalyzed by BADH
was analyzed by steady state initial velocity, product
inhibition, and dead-end inhibition studies. Only one product,
NADH, gives inhibition. The results are consigtent with an Iso
Ordered Bi Bi Steady State mechanism in which NAD* is the
first substrate to bind at the enzyme and NADH is the last
product to dissociate from it. To our knowledge, this is the
first time that an Iso mechanism has been demostrated by
product inhibition studies, as predicted by Cleland (1963).

High betaine aldehyde concentrations inhibit the enzyme.
Multiple ‘inhibition studies showed that betaine aldehyde binds
to enzyme-NADH complex in a dead-end fashion. The product
inhibition at high betaine aldehyde concentrations showed that
the mechanism is still Iso Ordered Bi Bi.
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I.- INTRODUCCION

La disponibilidad de agua es usualmente la limitante més

importante del crecimiento y supervivencia de una planta. En

ocasiones una planta morird o detendrd su crecimiento debido a
un déficit en la cantidad de agua disponible, ya sea por falta
de riego o por grandes cantidades de sales disueltas en el
suelo.

A lo largo del desarrollo evolutivo, las plantas han
desarrollado una gran cantidad de estrategias adaptativas para
sobrevivir en escasez de agua, lo cual ha traido como
consecuencia que muchas especies vegetales regulen su
metabolismo y fisiologia de diversas maneras en funcidén de la
cantidad de agua disponible (Kramer, 1969).

Se ha propuesto que las plantas al perder agua, sufren un
cambio en su potencial hidrico (éste se vuelve mas negativo) y
como consecuencia a dicho cambio disparan una serie de
mecanismos que le permiten evitar la pérdida de agua. Entre
los mecanismos que se han propuesto estdn la acumulacidn de
iones tales como K*, Nat y Cl- asi como la sintesis vy
acumulacidén de solutos orgdnicos, entre ellos glicina betaina,
prolina, p-alanina, sorbitol, manitol, glicerol y azlcares.
Con estas estrategias la célula aumenta su potencial osmético
(lo hace mis negativo) lo cual impide mayor pérdida de agua
(Hanson y Hitz, 1982; Wyn Jones y Gorham, 1983). Recientemente
se ha encontrado un grupo de proteinas que son sintetizadas en
respuesta a estrés llamadas proteinas LEA, se han propuesto

diversas funciones para ellas como por ejemplo mantener la

. estructura cuaternaria de las proteinas, secuestro de iones

hacia la vacuola y unidén de moléculas de agua a su superficie
para evitar la pérdida de mAs agua durante el estrés hidrico
(Bray, 1993).

La glicina betaina es uno de 1los principales solutos
compatibles que se acumula bajo estrés salino o hidrico en
plantas superiores, bacterias, algas y animales marinos (Wyn
Jones y Storey, 1981l; Yancey et al., 1982; Imohff y Valera,
1984; Rhodes y Hanson, 1993). El paso final en la sintesis de
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glicina betaina a partir de colina es catalizado por la

enzima betaina aldehido deshidrogenasa (EC 1.2.1.8) (Hanson
et al., 1985), de acuerdo a la siguiente secuencia de
reacciones

Colina -@MQ---» Dbetaina aldehido -BARH---. glicina betaina

En plantas esta secuencia de recciones se lleva a cabo
mayoritariamente en el cloroplasto (Weigel et al., 1986).

Debido a la gran cantidad de organismos que sintetizan o
acumulan glicina betaina en respuesta ya sea a la pérdida de
agua o© a altas concentraciones de sales, 1las enzimas
involucradas en esta ruta han sido recientemente muy
estudiadas. La betaina aldehido deshidrogenasa ha sido

‘purificada a homogeneidad a partir de microorganismos

(Nagasawa'et?al., 1976; Falkenberg y Strom, 1990; Mori et al.,
1992), de hoja de espinaca (Arakawa et al., 1987, Pan, 1988;
Weretilnyk y Hanson, 1989) y de soya (Lee y Cho, 1992}). En
hoja de espinaca y cebada sometida a estrés salino se encontrd
un' aumento en la actividad de la enzima que se correlacionaba
con un aumento en los niveles de su RNAm (Weretilnyk y Hanson,
1989; Arakawa et al., 1992),

Sin embargo, son escasos los estudios cinéticos sobre
esta enzima y se desconocen los mecanismos por los cuales se
regula su actividad, asi como la composicidén del sitio activo.
Por otra parte, dado que el amaranto es una planta gue acumula
glicina betaina en respuesta a la pérdida de agua (Gamboa, et
al., 1991) nos interesamos en estudiar el efecto que sobre la
actividad de BADH tuviera la pérdida de agua y en purificar vy
caracterizar a esta enzima a partir de de hojas de amaranto
sometidas a pérdida de agua.
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II.- ANTECEDENTES
IT.1 AGUA

La disponibilidad de agua es uno de los principales
factores que controlan la distribucidén de la vegetacidén y el
tipo o especie de ésta. Debido a ello, la relacidén entre la
planta y el agua ha sido de gran interés para muchos
cientificos durante generaciones. El agua constituye el 80-90%
del peso fresco de una planta; una disminucién en el contenido
de agua de una planta casi siempre causa una disminucién en la
actividad fisioldbgica. A lo largo del desarrollc evolutivo las
plantas han desarrollado una serie de estrategias adaptativas
para sobrevivir en escasez de agua (Kramexr, 1969}); entre las
cuales se han descrito estrategias morfoldgicas, anatdmicas,

figioldgicas y bioquimicas (Wyn Jones y Gorham, 1983; Morgan,

1 1984; Turner, 1986).

Las estrategias bioguimicas consisten en 1la acumulacidn
de iones tales como K*, Na*, NO3~ y Cl-, en la acumulacidn de
solutos organicos, también llamados solutos compatibles, entre
ellos prolina, sacarosa, glicerol, glicina betaina, betaina
alanina, polioles y acidos organicos (Hanson y Hitz, 1982;
Yancey et al., 1982; Rhodes y Hanson, 1993) y en la sintesis
de proteinas (proteinas LEA) (Bray, 1993). Los iones son
acumulados principalmente en la wvacuola, en donde pueden
alcanzar altas concentraciones sin afectar actividades
enzimaticas (Wyn Jones, 1983) y en el cloroplasto, en el caso
particular del K*. Los solutos compatibles se acumulan
principalmente en el citoplasma y en sus compartimentos
(Hanson y Hitz, 1982; Rhodes y Hanson, 1993). Las proteinas
LEA son un grupo de proteinas que se sintetizan en respuesta a
diferentes tipos de estrés y que presentan diversas funciones,
entre ellas secuestro de iones hacia la vacuola, proteccidn de
la estructura de proteinas y membranas y gran capacidad para
unir moléculas de agua (Bray, 1993). |

La funcidén de estos iones y compuestos es la de

proporcionar a la vacuola vegetal un aumento en su potencial
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osmdtico para evitar la pérdida de agua y, de esta manera,
poder sobrevivir durante el periodo de escasez de agua.

II.2 SOLUTOS COMPATIBLES

El término de solutos compatibles fue introducido por
Borowitzka y Brown (1974) para describir sustancias no
inhibitorias y con funcidn metabdlica que se acumulan cuando
la planta estd sometida a bajos potenciales de agua. En
algunos casos se ha propuesto que los solutos compatibles no
contribuyen de manera sustancial al incremento en el potencial
osmbtico y que probablemente su funcidn se ejerza a nivel de
compatibilidad de estos solutos con la estructura y funcién de
las macromoléculas (Wyn Jones et al., 1977; Wyn Jones, 1984).
Esta compatibilidad de los osmolitos resulta primeramente de
la ausencia de efectos perturbadores sobre las interacciones
macromolécula-solvente (Yancey et al., 1982), vya que estos

b Bl e i

solutos son excluidos de la superficie de la proteina y su

esfera de hidratacién inmediata, por lo tanto estabilizan las
estructuras de plegamiento de la proteina (Rhodes y Hanson,
1993)., También se ha propuesto que los solutos compatibles,
incluyendo a la glicina betaina, pueden alterar las
propiedades termodinamicas de las membranas (Rudolph et al.,
1986) .
IT.3 GLICINA BETAINA

El soluto compatible glicina betaina (N,N,N-trimetil
glicina)

T
CH3— N+ — CH, — COOH
|
CHs

es un compuesto cuaternario de amonio que se acumula en una
amplia variedad de plantas superiores, bacterias,
cianobacterias y algas en respuesta a estrés de agua vy/o
salino (Wyn Jones y Storey, 1981; Yancey, 1982; Imhoff vy
Valera, 1984; Reed ét al., 1984; Gamboa et al., 1991; Rhodes vy




A ey Ry

SLFEL

D

= .
iwnum

Hanson, 1993). Se ha propuesto que este compuesto actla como
un osmdético no toédxico, localizado preferencialmente en el
citoplasma y en el cloroplasto de las células vegetales
(Robinson y Jones, 1986; Schroppel-Meier vy Kaiser, 1988). Se
han descrito una gran cantidad de posibles funciones para este
compuesto, entre las que se pueden enumerar las siguientes:
(1) protecciédn parcial de enzimas aisladas de plantas
superiores y cianobacterias halofilicas contra la inhibicidn
causada por NaCl y KCl (Wyn Jones y Storey, 1981; Manetas et
al.,, 1986; Rhodes y Hanson, 1993), (2) compartamentalizacidn
de iones (Ahmad et al., 1988), (3) estabilizacidén de membranas
(Jolivet et al., 1983; Rudolph et al., 1986), (4) replicacién
del DNA a nivel bacteriano (Meury, 1988), (5) proteccidén de
lags membranas de los tilacoides contra el estrés por

| congelamiento (Coughlan y Heber, 1982), (6) proteccidén de

cloroplastos aislados, evitando la pérdida de actividad
fotosintética durante el almacenamiento (Rhodes vy Hanson,
1993). Dado que se han descrito muchas funciones para la
glicina betaina, se han realizado varios estudios sobre las
condiciones en las cuales se acumula y qué papel puede tenerx
en el modelo de estudio. Su sintesis ha sido menos estudiada,
pero hasta la fecha existen algunos estudios sobre las dos
Ultimas enzimas involucradas en la via de sintesis de la
glicina betaina.

Por estudios in vivo con trazadores radiactivos se ha
encontrado que la glicina betaina se sintetiza por dos pasos
de oxidacién de 1la colina, via el intermediario betaina
aldehido (Weigel et al., 1986)

colina --®MO-.5 betaina aldehido --BADH.. glicina betaina

El primer paso es catalizado por una colina monooxigenasa

dependiente de ferredoxina (CMO), enzima soluble localizada en
el estroma del cloroplasto (Lerma et al., 1988; Brouquisse et
al., 1989). Esta enzima convierte a la colina en el aldehido,

el cual es la forma dominante en solucion acuosa
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(CH,); N ~CH, -CH, OH ------ > (CH,); N-CH,-CHO

El segundo paso en la sintesis de la glicina betaina es
catalizado por la betaina aldehido deshidrogenasa dependiente
de piridin nucledtido (Weretilnyk y Hanson, 1989; Arakawa et
al., 1990; Falkenberg y Strom, 1991).

iI .4 REACCION CATALIZADA POR LA BETAINA ALDEHIDO
DESHIDROGENASA |
Esta enzima (BADH, EC 1.2.1.8 betaina aldehido:NAD*
oxidorreductasa) cataliza el dltimo paso en la oxidacidén de 1la
colina en la ruta biosintética del soluto compatible glicina
betaina, de acuerdo a la siguiente reaccidn (Hanson et al.,
1985) :

betaina aldehido + NAD* ------ > glicina betaina + NADH

Egsta reaccidn se lleva a cabo mayoritariamente en el
cloroplasto, pero en espinaca se ha encontrado también una
isoforma citoplasmatica (Weigel et al., 1986; Pan, 1988), la
cual contribuye muy poco a la concentracién final de glicina
betaina formada. Esta enzima ha sido purificada a homogeneidad
en plantas (Arakawa,et al., 1987; Pan, 1988; Weretilnyk vy
Hanson, 1989; Lee y Cho, 1992), en bacterias (Nagasawa et al.,
1976; Falkenberg y Strom, 1990; Mori et al., 1992) y en hongos
(Mori et al., 1980). En espinaca y en cebada se encontrd que
bajo condiciones de estrés salino aumenta el RNAm de esta
proteina (Weretilnyk y Hanson, 1989; Arakawa et al., 1992). Se
ha reportado que la BADH eg altamente especifica para betaina
aldehido (BA) (Weretilnyk y Hanson, 1989; Falkenberg y Strom,
1990), no siendo igual para el nucledtido, ya que puede usar
tanto NAD* como NADP*, aun cuando presenta mayor afinidad por
NAD*. En espinaca se encontrd que la enzima activa es un
dimero con una masa molecular de 120 kDa aproximadamente
(Weretilnyk y Hanson, 1990); en bacterias la BADH activa es un

6
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tetrdmero de aproximadamente 216 kDa (Falkenberg y Strom,
1990) .

A partir del cDNA se dedujo la secuencia aminodcida de la
enzima de hoja de espinaca (Weretilnyk y Hanson, 1989), de E.
coli (Boyd et al., 1991) y de betabel (McCue y Hanson, 1992).
Se encontréd una regidén de diez aminocicidos altamente
congervada entre las aldehido deshidrogenasas que se
compararon, Val-Thr-Leu-Glu-Leu-Gly-Gly-Lys-Ser-Pro, asi como
también un residuo de.cisteina localizado a 34 residuos del
decapéptido (Weretilnyk y Hanson, 1990) por lo cual se postula
que estos residuos forman parte del sitio activo de esta
proteina.

Sin embargo, en el momento de iniciar este trabajo
existia muy poca informacidén acerca de las caracteristicas
cinéticas y de regulacidn de esta enzima. Se ha reportado que
la BADH de microorganismos sigue un mecanismo cinético Ping
Pong ‘(Mo'ri et al., 1980; Falkenberg y Strom, 1990). Este
mecanismo  difiere del que siguen otras aldehido
deshidrogenasas estudiadas, en las cuales el wmecanismo
cinético es secuencial.

IT.5 ALDEHIDO DESHIDROGENASAS

Las aldehido deshidrogenasas dependientes de NAD* son
enzimas con poca especificidad de sustrato y que se encuentran
ampliamente distribuidas en tejidos animales. Ellas han sido
extensivamente estudiadas principalmente poxr su papel en el
metabolismo del etanol y se han llevado a cabo muchas
investigaciones en higado de mamiferos, principalmente en rata
( Lindahl y Evces, 1984; Simpson et al., 1985). La aldehido
deshidrogenasa ha sido parcial o totalmente purificadas a
partir de diversas fuentes: higado de caballo (Tu-G-C vy
Weiner, 1988), de oveja (Hart y Dickinson, 1985; Kitson et
al., 1991) y ratdn ( Algar y Holmes, 1985), de cerebro de rata
(Nilsson y Tottmar, 1985) y humano (Ryzlak y Pietruzko, 1987)
asi como de testiculos de rata (Bedino et al., 1990).
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Estas enzimas estan usualmente presentes €11 la
mitocondria y el citoplasma bajo diferentes formas y pueden
ser divididas en dos clases, una con alta Km para el
acetaldehido (en el orden milimolar) y la otra con baja Km
para el acetaldehido (en el orden micromolar). Las ALDH tienen
una amplia especificidad de sustrato y pueden utilizar tanto
NAD* como NADP+ como coenzima. En la mayoria de los casos la
enzima es tetramérica.

"El mecanismo cinético de varias aldehido deshidrogenasas
estudiadas es secuencial ordenado, siendo NAD* el primer
sustrato que se une a la enzima y NADH el dltimo en liberarse
( Hart y Dickinson, 1982; Dickinson, 1989). Se ha propuesto
que existe un residuo de cisteina en el sitio activo de la
enzima esencial para la actividad y que este grupo SH es el
respongable de la oxidacién del aldehido (Tu-G-C y Weiner,
1988 a y b; Kitson, 1965; Kitson et al., 1991).

En plantas superiores se han aislado pocas aldehido
deshidrogenasas, en comparacidén a las ALDH de mamiferos, y por
tanto es poco lo que se conoce sobre estas enzimas en plantas.

La ALDH de mitocondrias de papa y chicharo son muy semejantes

en sus caracteristicas a la de mamiferos ( Asker y Davies,
1985) .,

I1.6 AMARANTO |

El amaranto es un cultivo muy antiguo, su presencia en
México data desde el afio 4000 AC en Tehuacédn, Puebla, por lo
que es uno de los cultivos para alimento maés antiguo que se
conoce. Este grano fue un importante nutriente para las
civilizaciones azteca, maya e inca. Se usd para preparar un
pan especial utilizado en las ceremonias religiosas y por esta
razén su cultivo £fue prohibido por los espafioles cuando
llegaron a América (Teutonico y Morton, 1985).

El amaranto es una planta C, que acumula glicina betaina
en las hojas maduras, como una primera respuesta al déficit
hidrico (Gamboa et al., 1991). Cuando la planta de amaranto se

somete a periodos de estrés hidrico no muy severos es decir un

e A 1y i e S o A,




ey

e v, s a3t 5 e b

contenido relativo de agua (CRA) del 60% (¥= 1 MPa), es capaz
de producir semilla. Ademas, esta planta presenta una répida
recuperacién de la turgencia (15 minutos aproximadamente en
plantas de invernadero) después del tratamiento de pérdida de
agua. Cuando el déficit hidrico es muy grande es decir un CRA
de menos del 50%, la planta deja de sintetizar glicina betaina
y acumula prolina (Gamboa et al., 1991).

El amaranto es de importancia agronémica ya que tanto la
gemilla como la hoja contienen una alta concentracién de
proteina de alta calidad, superior a la de soya y pescado,
debido.especialmente a su alto contenido en lisina (Downtown,
1973) y en aminodcidos con azufre (Segura et al., 1992),.

‘Debido a ello este cultivo ha recibido considerable atencién
‘como un suplémento de cereales y legumbres para evitar la

desnutricidn proteica (Valades-Rodriguez et al., 1993) .,
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ITI.- OBJETIVO

Este trabajo tuvo como objetivo general caracterizar el
comportamiento cinético e identificar residuos aminodcidos que
participen en la catédlisis de 1la enzima betaina aldehido
deshidrogenasa de hojas de amaranto sometidas a pérdida de
agua.

Para lograr este objetivo general se propusieroﬁ los
siguientes objetivos particulares:
1.- Purificar a homogeneidad la betaina aldehido
deshidrogenasa de hojas de amaranto sometidas a pérdida de
agua.
2.- Investigar el mecanismo cinético de estado estacionario de
eéta enzima.

3.- Estudiar la regulacién de la actividad enzimatica por r

diferentes iones vy metabolitos.

4.~ Identificar algunos de los residuos aminodcidos del sitio
activo que participen en la catadlisis. |

5.- Investigar los posibles cambios en la actividad de 1la

enzima en respuesta al déficit de agua.
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III.- MATERIALES Y METODOS

La mayoria de los métodos que se utilizaron en este
trabajo estédn descritos en los articulos publicados; aqui
sélo se describen aquellos que no estdn contenidos en los
articulos.
plantas.- Se utilizaron hojas maduras de  Amaranthus
hypochondriacus L. sometidas a pérdida de agua. Las plantas
se cultivaron en macetas bajo condiciones de invernadero tal
como se describe en el articulo nimero 1. Durante este
trabajo se utilizaron semillas de Amaranthus hypochondriacus

L. donadas por el Instituo Nacional de Investigaciones

Forestales y Agropecuarias (INIFAP).

Estudios de modificacidén quimica.- La enzima pura se dializd

frente a un amortiguador de fosfatos 10 mM pH 8.0, bajo
atmdésfera de nitrdgeno durante toda la noche; se separaron
alicuotas también bajo atmdésfera de nitrdégeno y se congelaron
a =-70°C. Alicuotas de la enzima (5 ug) se incubaron con

diferentes concentraciones de DTNB, tal como se muestra en

~cada figura, durante 8 minutos, y se tomaron muestras a los.

0.5, 1, 2, 4 y 8 minutos, La reaccidén de inactivacidn se

detuvo por dilucidn (1:25) en el medio de ensayo.

Estudios de protecciodon por sustratos y productos.- Proteccidn
por NAD* y NADH. A la mezcla de inactivacidn ([DTNB]= 600 uM)
se le adicionaron diferentes concentraciones de NAD* y NADH,
tal como se muestra en las figuras, tomandose alicuctas cada
0.5, 1, 2 y 4 minutos, a las que se les mididé la actividad
remanente,

Proteccidn por BA y GB. La enzimq se incubé con las
diferentes concentraciones de BA y GB, asi como las mezclas
de BA+NADY, BA+NADH, GB+NADY y GR+NADH durante 1 minuto,
posteriormente se le afiadidé DTNB para una concentracidn final
de 600 MM y se incubd por 5 minutos a 30°C y enseguida se
midid la actividad remanente a cada uno de los tratamientos.
Inhibicidén por sustrato.- Se utilizaron concentraciones
subsaturantes de NAD+ (20-100 uM) vy concentraciones de BA

H
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saturantes para el sitio activo e inhibitorias Jde 1la
actividad (0.2-50 mh). El experimento se hizo manteniendo
fija la concentracidédn de unoc de los sustratos y variando la
del otro.

Inhibicién miltiple.- Se mantuvo constante y subsaturante 1la
concentracidén de NAD+* (40 uM), variable la concentracidédn de BA
(0.75-6 mM) y fija variable la concentracidén de NADH (0-100
pM) .

Andlisis de datos.- La constantes de inactivacidn aparente de
pseudo primer orden fueron calculadas por un ajuste de
regresidén no lineal de los datos experimentales a una
ecuacidén exponencial sencilla (ecuacidén 1), usando el
programa de regresiodn no lineal escrito por R.J.
Leatherbarrow (Enzfitter, Elsevier-BIOSOFT).

E/Eo= et (1)

donde E es la actividad remanente de BADH al tiempo t, Eo es

la actividad inicial, y k es la constante de inactivacidn de
pseudo-primer oxden.

Los datos de proteccién fueron analizados por graficas
de k versus la concentracién de ligando de acuerdo a
Renosto, et al. (1987). Los datos fueron ajustados por

regresidn no lineal a la ecuacidn 2

AK = AXKmax (L] 2
Kp + [L]
donde AK= (k en ausencia del ligando) - (k en presencia de
una concentracién experimental de ligando); Akmax= (K en
ausencia de ligando) - (k en presencia de concentracidn

saturante de ligando), L es NAD* o NADH vy Kp es la constante
de disociacidn del ligando del complejo E-NAD* o E-NADH.

Los datos de velocidad inicial e inhibicidn por
producto obtenidos a concentraciones altas de BA vy bhajas

concentraciones de NAD* fueron analizados como se indica en el
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articulo 1 para el caso de estudios cinétricos @ a
concentracicnes subsaturantes de BA.

A partir de los datos de los experimentos de doble
inhipicidén se calculd el factor de interaccidn P entre NADH y
BA usando la ecuacidén descrita por Cleland (Northrop vy
Cleland, 1974)

1/ve= (1/ve) (1-8) (3)
donde 1/vx es la coordenada vertical del punto en el que se
cruzan las lineas en la grafica de 1/v versus 1/[inhibidor
variable] y vo es la velocidad inicial en ausencia de

inhibidores.
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1V.- RESULTADOCS

Al igual gque en el caso de Materiales y Métodos en esta

parte del trabajo sdlo se muestran los resultados que no
fueron incluidos en los articulos,

Modificacidén quimica.- La BADH de hojas de amaranto es
inactivada por incubacién con DTNB, indicando la posibilidad
de gue un grupo sulfhidrilo esté involucrado en la unidn de
los sustratos o en la catdlisis. Con el fin de caracterizar
esta inactivacidén se 1llevaron a c¢abo experimentos de
modificacidén a diferentes concentraciones de DTNB.

[DTNB] 1M

Ln % actividad residual

.
]
14 |
| 800 600
1
Y T T T T k T ' | '
0 2 4 6 8
Tiempo (min)

fig. 1. Efecto de la concentracion de DTNB sohre ta actividad
de la BADH con respecto al tiempo.

La enzima pura (5 pg) se incubd con DTNB en un intervalo
de concentracién de 0-800puM durante 8 minutos y se tomaron
alicuotas a diferentes tiempos. La grafica del logaritmo
natural del porciento de actividad remanente vs tiempo

muestra que la reaccidn de inactivacidn es dependiente de la
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concentracidén de DTNB y del tiempo (Fig. 1). En ausencia de
DTNB no hay pérdida de la actividad durante el tiempo de

incubacién (Fig. 1). La reaccidn de inactivacidén de la BADH

de hoja de amaranto por DTNB sigue una cinética de pseudo

primer orden. Una grédfica de los reciprocos de la constante

10 4
5 4
4
]
s
Q L T T " T T T 7 T
0 5 10 15 20
1[DTNB} mM

Fig. 2. Dobles reciprocos de K aparente, determinada de la
pendiente de las lineas de inactivacion, y[DTNB).

de inactivacion de pseudo primex oxrden contra la
concentracidon del inactivador es lineal y pasa a través del
origen (Fig. 2), consistente con una reaccidn que ocurre al
colisionar el inactivador con la enzima. El mecanismo de
inactivacion es por tanto |

E + DINB --K--» E-DTNE

-

donde E es la enzima libre, E-DTNB eg el complejo covalente
inactivo y k es la constante de inactivacién de segundo

orden. DPado que la [DTNB] es mucho mds grande que la
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concentracidén de enzima, se puede considerar . gque la

concentracidén de DTNB no cambia a lo largo del tiempo en que

204 ' 4

25 /'

2.0-1' /
5 /~

1.0 4 /

054 /
00 / N T ¥
00 05 10 1.5 20 25 30

log {DTNB] 1M

log Kap (103 min™)

Fig. 3. Logaritmo de K aparente, calculada de la pendiente
de las lineas de inactivacion versuslog [DTNB].

ge estd midiendo la reaccidn. La constante de velocidad de

inactivaciodn (kap) es, en efecto, una constarite de

inactivacidén de pseudo-primer orden. Se calculd una constante
de velocidad de segundo orden de 18.33 4 0.03 M! g-! (Fig.
2). Una grafica del logaritmo de la constante de inactivacién
de pseudo primer orden contra el logaritmo de la [DTNB] es
lineal con una pendiente de 1.00 * 0.06, consistente con un

mecanismo de reaccidn de primer orden para DTNB (Fig. 3).

Con el fin de determinar si 1la inactivacidn por

‘reactivos especificos para grupos sulfhidrilo es realmente el

resultado de modificacidn quimica de grupos tiol, la enzima

~se inactivd con DTNB y después se tratd con DITT (5 mM) por 30

minutos. La pérdida de actividad causada por DTNE pudo ser
revertida por la adicidn de DTT.
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Fig. 4. Proteccién de la actividad de BADH por NAD' contra
la inactivacion por DTNB.

Proteccidén de la inactivacién por reactantes.- Con el fin de
determinar si ese grupo(s) sulfhidrilo(s) estd en o cerca del
sitio activo de la enzima se realizaron experimentos de
proteccion por sustratos 'y productos, En presencia de
diferentes concentraciones de NAD*, incluidas en el medio de
preincubacidén con enzima y DINB (600 uM), la velocidad de
inactivacidén decrece como resultado de un proceso de
protecciodon (Fig. 4). La proteccidn es completa a 200 puM NAD'.
La grafica de la constante aparente de velocidad de
inactivacidn contra la concentracién de NAD' muestra que el

proceso de proteccién exhibe una dependencia hiperbdlica de
la concentracidén de NAD' (Fig. 5). A partir de estos datos se
calculo la constante de disociacidén del complejo E-NAD', tal y
como se indica en Materiales y Métodos, la cual es de 28.4 4

2.6 uM. Bste valor es muy cercano al valor de Kia calculado a
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Fig. 5. Dependencia de! efecto protector con respecto a la
concentracién de NAD+. Inserto dobles reciprocos
de laKapy la[NAD+].

partir de estudios de velocidad inicial en estado
estacionario, que fue de 40.1 + 6.1 uM (articulo 2).

Cuando se llevaron a cabo los experimentos de proteccidn
en presencia de concentraciones variables de NADH, la
proteceidn fue completa a 360 puM NADH (Fig. 6). La velocidad
de inactivacidn mostrd también una dependencia hiperbdlica
con respecto a la concentracidén de NADH (Fig. 7).

La constante de disociaciédn para el complejo E-NADH
calculada a partir de estos datos es 230.1 + 26 uM. Este
valor no esta muy cercano al valor de la Kig (50.7 + 6.3 uM)
calculada por estudics de inhibicidn por producto (articulo
2) . Esta discrepancia se debe principalmente al mecanismo I[so
que sigue la reaccion y que afecta los valores de Kia y Kiq.

La presencia de betaina aldehido (200 M) o glicina

betaina (200 M) proporcionaron una proteccidn parcial del
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31.3%. Sin embargo, la presencia de 50 uM NAD* y 200 uM BA
proporcionaron una proteccidn completa, la cual no se observa
con 50 uM de NADH y 200 pgM o 2 mM de glicina betaina.

 Ln % actividad residual

4.0 4

3.5 4

0.5 4

0.0

50
}) 350
4‘5 ::\.’LQE S, O - e et v e fy et
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Fig. 6. Cinélica de proteccion de la actividad de BADH por

NADH conira la inactivacion por DTNB.
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» Estudios de inhibicidén por sustrato.- La BADH de hojas de
J amaranto sigue una cinética Michaeliana; sin embargo, estd
v sujeta a inhibicidén por su sustrato betaina aldehido (BA), la
i cual es dependiente de la concentracién del otro sustrato
- NAD* (articulo 1). Se decidié hacer un estudio méas completo

de la inhibicién por BA, con el objeto de profundizar en el
e - mecanismo cinético de esta enzima.

Con el uso de concentraciones fijas de BA saturantes en

s su papel como sustrato (0.6 a 50 mM de BA, al menos 10 veces
; | la Kmwpwn estimada por los estudios de velocidad inicial
llevados a cabo a concentraciones subinhibitorias de BA), vy
" concentraciones variables de NAD* en un intervalo de 20 a 100
M, se observé un patrédn de inhibicidn paralelo (Fig. 8),
et
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primer sustrato gue se une a la enzima (articuleo 2), este
resultado excluye los modelos de inhibicién por sustrato en
los cuales BA se une a la enzima libre en competencia directa
con NAD*. La inhibicién observada es parcial, como se indica
por la falta de linearidad en el regrafico de intersectos
(Fig. 8) y por la curvatura en la grdfica de Dixon de los
mismos datos (Fig.9).

Inhibicidén doble.- El patrdén de inhibicidén observado, para el
sustrato, puede ser explicado por la combinacidén de BA con el
complejo E-NADH para formar el complejo E-NADH-BA o con los
complejos centrales, de tal manera que inhiba ya sea la

catdlisis o la liberacién de productos. Para aclarar este

punto, se investigd 1la inhibicidén por altas concentraciones

de BA en presencia de NADH como producto inhibidor, con el
fin de probar la formacién de un complejo inhibitorio "sin
salida" E-NADH-BA. Si BA provoca inhibicién por unidén al
complejo E-NADH, la adicién de NADH debe incrementar los
niveles de este complejo y por 1lo tanto acentuar la
inhibicién por sustrato.

Los experimentos se llevaron a cabo a concentraciones
fijas de NADt (100 uM) vy concentraciones variables e
inhibitorias de BA (0,75-6.0 mM). El1 NADH, como producto
inhibidor, se varidé de 0 a 100 puM. Las graficas de 1/v versus
[BA] a concentraciones fijas variables de NADH (Fig. 10) vy
las graficas de 1/v versus I[NADH] a concentracioness fijas
variables de BA (Fig.ll) muestran un patrdén intersectante. El
punto de interseccidn se encuentra por encima del eje
horizontal y a la izquierda del eje 1/v. NADH produce el
incremento esperado en la inhibicién por el sustrato BA. El
valor de £, coeficiente de interaccidn entre los dos
inhibidores, calculado a partir de esos datos fue de 0.98
0.06. Este dato es congruente con un mecanismo ordenado, vya
que en este caso el valor de £ no debe exceder de 1
(Northtrop y Cleland, 1974). Ademds, el patrdén observado y el
valor de £ indican que la inhibicidén de BADH por BA y NADH es

sinérgica y los inhibidores no son mutuamente excluyentes,
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Fig. 10 Cinética de doble inhibicidn por BA y NADH de la reaccion
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BA y NADH fueron lineales en ambos casos.
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Inhibicidn por producto,- La inhibicidn parcial por BRA podria
explicarse por la liberacidén de NADH del complejo E*-NADH-BA
que daria lugar a una ruta alterna de reaccidn al unixr NAD*,
En este caso, el pﬁSO de isomerizacidn entre E* y E no sge
daria entre formas libres de la enzima, por lo gque no se debe
reflejar en la ecuacién de velocidad en presencia de
productos y el mecanismo cinético de la reaccidn no
apareceria como Iso. En otras palabras, la inhibicién de NADH
con respecto a NADT seria competitiva. Con el fin de
determinar si la enzima sigue exhibiendo un mecanismo Iso
bajo estas condiciones, se estudid el patrén de inhibicién
por NADH a diferentes concentraciones de NAD* (25-200 uM) vy a
altas concentraciones fijas inhibitorias de BA (0.6 mM) .

Como se observa en la Fig. 12 se tiene un patrdén de

inhibicién mixto, semejante al observado en estudios
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Fig. 12 Cineticade la inhibicién por producto a altas concentraciones
del sustrato BA. Inserto regrafico de interceptos y pendientes
vs [NADH]. '
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de inhibicidn por producto a bajas concentraciones de
sustrato. Por lo tanto, se puede decir que a altas
concentraciones de sustrato el mecanismo Iso sigue operande y
la inhibicidn parcial por BA se debe a un mecanismo, por el

momento desconocido, diferente al encontrado hasta ahora en

~estos casos de liberacidén del producto del complejo E-

Producto-Sustrato inhibidor.
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V.- DISCUSION

Posible regulacidn fisioldgica de la BADH

Al momento de iniciar este trabajo se habia propuesto
(Pan, 1988) gue 1la BADH de espinaca no incrementaba su
actividad en respuesta al estrés hidrico en hoja de espinaca.
En el caso de la BADH de amaranto se encontrd que la
actividad de 1la enzima se incrementa en respuesta a la
pérdida de agua. Sin embargo, no sabemos si este incremento
en la actividad es resultado de la activacién de la enzima
preexistente o de una sintesis de novo de la proteina., Tanto
en espinaca como en cebada se ha encontrado un aumento en el
RNAm de la proteina como respuesta al estrés salino e hidrico
(Weretilnyk y Hanson, 1989; Arakawa et al., 1992) vy
posiblemente éste sea también el caso de la BADH de amaranto.
Sin embargo, dado que el aumento en la actividad de la BADH
es relativamente rédpido (2 hs.), no se puede descartar la
posibilidad de que haya una activacién de la proteina por
alguna seflal de pérdida de agua, un cambio de volumen celular
o de la concentracién de é&cido abscisico, por ejemplo. No
obstante, mientras el articulo 1 estaba en revisidn para su
publicacidén, se reportdé gque en cebada se observaba un
incremento en la actividad de la enzima en respuesta a la
pérdida de agua (Arakawa, 1992).

La BADH de hoja de amaranto parece ser muy similar a la
enzima de otras plantas, ya que tiene una wmasa molecular muy
semejante a la reportada para espinaca (Weretilnyk y Hanson,
1989). La forma activa es un homodimero con un M de 125 kDa,
pero diferente a la de micrcoorganismos la cual es tetramérica
en su forma activa (Mori et al., 1980; FPFalkenberg y Strom,
1990; Mori et al., 1992).

La betaina aldehido deshidrogenasa de hoja de amaranto
sigue una cinética Michaeliana pero sufre inhibicidn por el
sustrato BA, la cual es dependiente de la concentracidn del
otro sustrato (NAD'). Probablemente esta inhibicidén no tenga

relevancia a nivel fisioldgico, ya que es poco probable que
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se alcancen concentraciones tan altas de BA en el clcoroplasto
como para causar esta inhibicién. Este tipo de inhibicidn
parece ser comin en las aldehido deshidrogenasas (Hart vy
Dickinson, 1982). La enzima es ligeramente activada por K¢
cuando las concentraciones de sustratos son altas, pero de
manera significativa cuando las concentraciones de sustratos
son bajas; esto podria tener significado fisioclbgico, ya que
bajo condiciones de estrés el cloroplasto acumula altas
concentraciones de potasio (Hanson y Hitz, 1982; Schréppel-

Meier y Kailser, 1989), por lo que este idn podria jugar un

papel en la regulacidn de la actividad de la enzima. De igual

manera, prolina y sacarosa son activadores de esta enzima, y
como en el caso del potasio, la activacidén depende de las
concentraciones de sustrato presentes en el ensayo.

Previamente reportamos que bajo condiciones de estrés

hidrico, las hojas de amaranto acumulan prolina (Gamboa et

al. 1991) vy sacarosa (Letechipia y Murillo comunicacidn
personal) . Bajo condiciones de estrés, el potasio, la prolina
Y la sacarosa podrian estar jugando un papel importante en la
regulacidén de la actividad de esta enzima.
Modificacidén quimica de la BADH por DTNB

A pegar de que cuando se inicid este trabajo vya se
conocia la secuencia de aminocdcidos, de la enzima de esgpinaca
deducida a partir del cDNA (Weretilnyk y Hanson, 19%0), no se
tenia informacidén acerca de los residuos de aminodcidos que
podian estar involucrados en la catdalisis y/o en la unidn de
los sustratos, En las diferentes betaina aldehido
deshidrogenasas conocidas existe un residuo de c¢isteina wmuy
conservado (Weretilnyk vy Hanson, 1990; Boyd et al.,1991;
McCue y Hanson, 1992), el cual es un candidato iddneo para
estar en el sitio activo de la BADH. Igualmente en todas las
ALDHs se ha encontrado una cisteina esencial para la
actividad (Feldman y Weiner, 1972; Dickinson, 1989,Hempel, et
al., 1993), la cual se ha propuesto que estd involucrado en
la catalisis formando un tiohemiacetal intermediario con el
aldehido (Jakoby, 1963).
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Por lo tanto, se considerd de interés determinar sl este
aminodcido esté@ involucrado en la actividad catalitica de 1la
BADH de amaranto. El DTNB, un reactivo especifico para grupos
sulfhidrilos, fué capaz de inactivar a la enzima. Esta
L inactivacién fue caracterizada % se encontrd que

; efectivamente la BADH de hojas de amaranto tiene residuos de
o cisteina esenciales para la actividad. Adn mds, el efecto
protector de ambos nucledtidos solos y en combinacidén con el
T otro sustrato o producto apoyan la posibilidad de que estos

} grupos sulfhidrilo estén en/o cerca del sitio activo.

sy La proteccidn que ejercen los sustratos o productosg de
wj una reaccidn catalizada  enzimdticamente frente a la
» inactivacién de la enzima por reactivos especificos de grupo,
P} | se ha utilizado con relativa frecuencia, para determinar en
- forma indirecta, la unidén de estos ligandos al sitio activo

%] de la enzima en cuestion (Renosto et al., 1987). Nosotros
aprovechamos la proteccidén que NADY y NADH ofrecen a BADH

frente a la inactivacidén de la BADH por DTNB para determinar

o la constante de disociacidén de estos compuestos de la enzima
o libre. Dado que el mecanismo cinético es Iso, estas
. constantes de disocacidén no pudieron ser determinadas por

estudios cinéticos.
Cinética de estado estacionario

A pesar del gran interés dque existe en la betaina

aldehido deshidrogenasa por su papel en la sintesis de
glicina betaina, poco es lo que se conoce sobre el mecanismo

, cinético de esta enzima.

it Debido a que la reaccidn catalizada por la BADH de

amaranto es irreversible ain a altas concentraciones de

- glicina betaina, como es el caso para otras aldehido

deshidrogenasas (Mac Gibbon, et al.,1977; Hart y Dickinson,
. 1982; Dickinson, 1989), los estudios cinéticos acerca de esta

enzima estuvieron limitados a estudios de velocidad inicial
5 en la direccidn de formacidn de glicina betaina y NADH, en
gﬁ augsencia y presencia de inhibidores. Ademas sdélo un producto
:j causd inhibicidén (NADH) . Esto complicd el establecimiento del
i?‘
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mecanismo de reaccién. En conjunto los datos de wvelucidad
inicial, inhibicidén por producto e inhibicidén "sin salida"
suglieren que el mecanismo de la BADH de hojas de amaranto es
Iso Bi Bi Ordenado, en el cual NAD* es el primer sustrato que
se une a la enzima y NADH el Gltimo que se disocia de ella,
tal y como se discutid en el articulo 2. En un mecanismo Iso
se tiene una forma estable de la enzima que no une al NAD* y
que requiere convertirse en la forma capaz de unir el
nucledtido; el paso de conversidén de una forma a otra de la
enzima afecta la ecuacidédn de velocidad en presencia de alguno
de los productos. Este mecanismo, aunque vya habia sido
descrito tedricamente por C(Cleland (1963), no habia ‘sido
encontrado en ninguna enzima, asi que el nuestro fue el
primer trabajo publicado sobre este mecanismo basado en
estudios de inhibicidén por producto.

De acuerdo con estos datos se propone un mecanismo
guimico para explicar tanto los datos obtenidos en los
estudios de inhibicidn por producto, sin salida y de
modificacidén quimica de grupos sulfhidrilos (articulo 2).
Este mecanismo requiere la presencia de dos grupos, uno
protonado, posiblemente un grupo SH, el cual lleva a cabo la
protonacibén del oxigeno carbonilo, y otro sin protonar, el
cual lleva a cabo 1la desprotonacién del agua 1litica. En
efecto, la dependencia de la actividad con respecto al pH
mostrd que se requieren de dos grupos, uno protonado y otro
sin protonar, para la actividad de la BADH de hojas de
amaranto (articulo 1). Por tanto, es posible que el estado de
protonacién de estos grupos después de un ciclo catalitico y
liberacidn de los productos difiera del estado en que se
encuentran antes de la adicién de los sustratos, vy que la
conversién a la forma que une los sustratos, o el cambio
conformacional asociado con ello, sea un paso lento de la
reacciodn. |

En los estudios de velocidad inicial a altas
concentraciones de BA, se encontrd que la BA es un inhibidor

capaz de unirse al complejo E-NADH. Esto se determind por los
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patrones de inhibicidén frente al otro sustrato NAD* y por
estudios de inhibicién doble, usando NADH como el segundo
inhibidor. Observamos que BA es un inhibidor acompetitivo con
respecto a NAD* y por otro lado que NADH aumenta el efecto
inhibitorio que BA tiene por si misma, lo cual indica que 1la
inhibicién por sustrato resulta por la combinacidn de BA con
el complejo E-NADH y no por la unidén de BA a la enzima libre
o a los complejos centrales.,

La gradfica de Dixon de los datos obtenidos en los
experimentos de inhibicidén por sustrato muestra que la
inhibicidén por BA es parcial, lo cual indica que NADH puede
liberarse del complejo E-NADH-BA. Si esto es asi, a altas
concentraciones de BA podria establecerse la secuencia de

reacciones que se muestra en el esquema 1.

A ‘ ]l

E E-NAD*BA == E-GB-NADH s=> E“NADH +GB
P P T R T R TR
1 oA
NAD* NADH ‘u
+ +
E-BA s=——=> E-BA s=—=> E"NADH-BA

Mecanismo cinético propuesto en presencia de altas concentraciones de BA

Esquema 1
Es claro que en el caso de la BADH de amaranto a altas
concentraciones de BA, el orden de adicidén de sustratos vy
liberacién de productos corresponde a un mecanismo Ping Pong,

sin embargo el mecanismo cinético difiere en que se sigue

formando un complejo ternario central. Por ello el mecanismo
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sigue siendo de sustitucién simple y no de sustitucidn doble
como corresponderia a un verdadero mecanismo Ping Pong.

Como puede observarse a muy altas concentraciones de BA
se estableceria una ruta alterna con un orden de adicidén de
sustratos vy liberacién de productos correspondiente a un
mecanismo Ping Pong. Esto resulta interesante teniendo en
cuenta que en microorganismos se ha reportado un mecanismo
Ping Pong para esta enzima (Esquema 2) (Moxi et al., 1980;
Falkénberg y Strom, 1990) .

BA GB NAD+ NADH

| P 11

E (EBA===FGB) F (FNAD* === ENADH) E

Mecanismo Ping Pong propuesto para BADH de microorganismos

Esquema 2

Otro dato que refuerza la validez de la hipdtesis de que
se establece esta ruta alterna se obtuvo de los estudios de
doble inhibicidén. En estcs experimentos la inhibicidn sique
siendo mixta por tanto el mecanismo Iso sigue operando, pero
los regraficos de intersecto y pendiente mostraron que en
estas condiciones el componente acompetitivo de la inhibicién
es lineal, mientras que el componente competitivo es
parabdlico como cabria esperar si la enzima sigue el
mecanismo mostrado en el esqueﬁa 1.

Las lineas de la grafica de Dixon cuando BA es el
inhibidor varible son totalmente lineales, indicando que en

presencia de NADH la inhibicidén por BA es total. Esto esg
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congruente con el mecanismo propuesto, que al adicionar NADH
se contrarresta la liberacidn de éste del complejo E-NADH-BA

que era la responsable de la parcialidad de la inhibicién.

Cuando un inhibidor "sin salida" se une con E-NADH en un
mecanismo ordenado el valor de & de la ecuacidn 3, no debe
exceder de 1.0 (Northrop y Cleland, 1974) y en este caso, en
donde NAD* estuvo presente a una concentracidén cercana a su
Km, & tuvo un valor de 0.98 + 0.06, lo cual de nuevo implica
que el mecanismo sigue siendo ordenado y que BA se esta
uniendo al complejo E-NADH.

Los experimentos  de inhibicién por  producto a
concentraciones inhibitorias de BA muestran un patrén mixto,

semejante al observado en los mismos experimentos realizados

a bajas concentraciones de sustratos, lo cual confirma gque
alin a altas concentraciones de BA, el mecanismo Iso sigue
operando. Es probable gue se requieran concentraciones de BA

muy superi¢res:a las probadas en este estudio para que sblo
la ruta alterna (en el recuadro de linea solida del esquema
1) esté operando.
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VI.- CONCLUSIONES Y PERSPECTIVAS

Este trabajo ha permitido dar un pasc mds en la
comprensién a nivel molecular de uno de los fendmenos
fisioldgicos ligado a condiciones ambientales adversas mas
relevantes para la sobrevivencia de una planta, como lo es la
respuesta nmetabdlica a la sequia.

En resumen, podemos enumerar los resultados mas
destacables de este trabajo:
1) La actividad de BADH responde positivamente al déficit de
agua lo que a al déficit de agua, lo que subraya la
importancia de esta enzima en la respuesta metabdlica de la
planta a esta condicidn de estrés.
2) La regulacién de la actividad de la BADH por iones es
congruente con el papel de esta enzima en la sintesis de un
osmolito durante el déficit de agua.
3) La enzima posee un residuo cisteina esencial al igual que
ha sido descrito para otras aldehido deshidrogenasas. Al
'parecer también son importantes para la actividad residuos de
arginina e histidina, que no se han descrito previamente en
este tipo de enzimas. =
4) El mecanismo cinético implica un paso de isomerizacidn de
la enzima libre, relevancia fisiolégica se desconoce por el
momento.,
5) La enzima se inhibe parcialmente por su sustrato aldehido,
inhibicién debida a la formacidn del complejo sin salida E-
NADH-aldehido vy cuya parcialidad probablemente se deba al
establecimiento de una ruta alterna de reaccidn.
6) la demostracién del wmecanismo c¢inético de esta enzima,
diferente al de las otras aldehido deshidrogenasas estudiadas,
Yy que es el uUnico mecanismo iso reportado hasta la fecha. Este
hallazgo es de importancia para la enzimologia en general.

Dado gue para poder tener una visidn integral ‘de los
mecanismos bioquimicos que operan durante el proceso de
respuesta a la pérdida de agua la purificacién vy

caracterizacion cinética de la enzima hetaina aldehido

-
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deshidrogenasa, 1nvolucrada en la sintesis de un osmolilo, la
glicina betaina constituye un avance importante en esta area.
Sin embargo ain quedan muchas preguntas sin contestar con
respecto a esta enzima muchas de ellas surgidas de 1los
resultados de este trabajo. Por ejemplo resulta imperativa la
preparacidén de anticuerpos anti-BADH para determinar si el

incremento en actividad de esta enzima en respuesta a la

pérdida de agua, se debe a un aumento en la concentracidn de

proteina BADH o a una activacién de la enzima preexistente,
Otro aspecto que también seria importante investigar es si
existe alguna relacidn entre los niveles de Aacido abscisico,
como un probable indicador de pérdida de agua, y la actividad
de la enzima. Adiclonalmente alin queda mucho por hacer para
lograr la caracterizacidn completa del sitio activo de esta
enzima.

Finalmente, desde un punto de vista de ciencia basica,

resulta muy interesante profundizar en el estudio del

mecanismo Iso.
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Introduction

Betaine aldehyde dehydrogenase (BADH, EC 1.2.1.8 be-
taine aldehyde:NAD"*oxidoreductase) catalyzes the final

Purification and Properties of Betaine Aldehyde
Dehydrogenase Extracted from Detached Leaves of

Amaranthus hypochondriacus L. Subjected to Water Deficit
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Summary

The activity of the enzyme betaine aldehyde dehydrogenase (BADH, EC 1.2.1.8) from leaves of Ama-
ranthus hypochondriacus L. rises from undetectable levels to 10~ units/mg protein after 4h of treatment
with 17 % (w/v) polyethyleneglycol to produce a water deficit. This enzyme was purified to apparent ho-
mogeneity in only three consecutive steps: fractional precipitation with ammonium sulfate, ion ex-
change, and affinity chromatography on 5’-AMP Sepharose, A specific activity of 2.6 mol/minkg (pro-
tein) was obtained. The enzyme has a native molecular mass of 125 kDa, estimated by gel filtration chro-
matography, and a subunit molecular mass of 63 kDa, determined by SDS-PAGE. The reaction is highly
specific for betaine aldehyde, which is an inhibitor at high concentrations, but can use NAD* or NADP*
as nucleotide. The estimated Km values at pH 8,0 and 30°C for NAD*, NADP"*, and betaine aldehyde
were 80 uM, 2.5mM, and 69 uM respectively. The reaction could not be reversed even at very high glyc-
ine betaine concentrations. The optimum pH and temperature were 8.0 and 50 °C, respectively. The pH
dependence of the velocity indicated the existence of two ionizable groups of macroscopic pK values of
6.78 + 0,02 and 9.38 + 0.01 involved in catalysis and/or binding of the substrates, Chemical modification
studies suggested the presence of essential cisteine(s), histidine(s), and arginine(s) residues. The enzyme
was activated by relatively low concentrations of K*, sucrose, and proline, while it was inhibited by
NHI, Na*, and high concentrations of glycine betaine. Mg**'up to 150 mM and Ca** up to 50 mM did
not have any effect on the activity,

Key words: Amaranthus hypochondriacus L., betaine aldebyde debydrogenase, purification, water deficit,
compatible solutes, monovalent cations.

Abbreviations: BA = betaine aldehyde; BADH = betaine aldehyde dehydrogenase; DEPC = diethyl
pyrocarbonate; DTNB = 5-5/.dithio-bis(2-nitrobenzoic) acid; EDTA = ethylenediaminetetra-acetic
acid; Hepes = N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; MES = 2{N-morpho-
lino)ethanesulfonic acid; PAGE = polyacrylamide gel electrophoresis; PEG = polyethyleneglycol;
RWC = relative water content; SDS = sodium dodecyl sulfate; Tris = Tris(hydroxymethyl)
aminomethane,

step in the synthesis of glycine betaine from choline by bac-
teria (Nagasawa et al,, 1976; Falkenberg and Strom, 1990)
and plants (Pan et al., 1981; Weretilnyk and Hanson, 1989;
Arakawa et al., 1990). This enzyme has been purified to ho-
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mogeneity from spinach (Arakawa et al,, 1987; Weretilnyk
and Hanson, 1989), Psendomonas (Nagasawa et al,, 1976),

and Escherichia coli (Falkenberg and Strom, 1990),
Under salt stress or water deficit, higher plants accumulate
large amounts of organic solutes inside their cells (FHanson

erol (buffer C). The desalted preparation was applied 10 5’ -AMP-
Sepharose column (1 mL bed volume) equilibrated with buffer C at
room temperature, The enzyme was eluted with 0.125mM AMP in
buffer C, The purified samples thus obtained were stored in buffer
C made 25% (v/v) with glycerol and kept ar -70°C until use. All
the procedure, except the affinity chromatography step, was carried

and Hitz, 1982; Yancey et al., 1982; Wyn Jones and Gorham, % "oc.
1983; Ibarra-Caballero et al,, 1988). Several angiosperm fa-
milies including Chenopodiaceae and Gramineae accumulate

Enzyme assay

glycine betaine in their leaves (Hanson and Scott, 1980; Wyn
Jones and Storey, 1981; Pan et al., 1981; Hanson and Hitz,
1982; Arakawa et al,, 1990). Accordingly, increases in the
leaf levels of BADH have been found in the response to sa-
line stress in spinach (Weretilnyk and Hanson, 1989) and
barley (Arakawa et al., 1990), However, at the time we car-
ried out this work, the effect of water stress on BADH activ-
ity in plants had not been found. In fact, a report by Pan et
al. (1981) indicated that BADH activity does not increase af-
ter water-stressing spinach leaves, Since amaranth leaves sub-
jected to water deficit accumulate glycine betaine (Gamboa
et al,, 1991), we were interested in investigating whether in

Amaranthaceae BADH activity increases when plants are
subjected to water stress, and in characterizing this activity

in this family of plants.
Here we report that the activity levels of amaranth leaf

BADH greatly increased upon subjecting the plants to water
deficit, In addition, we have purified and determined some

properties of this enzyme as a first step in our studies on the
metabolism of plants under water deficit. |

Materials and Methods

Plant Material

Amaranthus bypochondriacus L. plants were grown in a naturally
illuminated greenhouse at temperature between 18-30°C, Plants 6
to 8 weeks old were used for the purification. Detached intact leaves
were water-stressed under daylight by a 4-h immersion of the pe-
tiole in a 17,.2% (w/v) PEG 6000 solution, equivalent to a water po-
tential value of -1.0MPa (Money, 1989). Control leaves were
treated as above, but using water instead of PEG,

~ Enzyme extraction and purification

BADH was assayed spectrophotometrically measuring NAD”
reduction by the increase in extinction at 340 am in a Beckman DU-
65 spectrophotometer. Temperature was maintained at 30°C using
a water bath with the capacity to heat and cool the thermospacers
of the cell compartment, The standard assay system contained, in a
final volume of 0.4 mL, 100 mM Hepes-KOH buffer, pH 8.0, 1 mM
EDTA, 0.5mM BA, and 1.0mM NAD*, The reaction was started

by the addition of enzyme (0.5 ig of pure enzyme). Rates in the ab-
sence of BA were negligible. Each determination was performed at

least in duplicate, The assay was always linear. Enzyme activity is
expressed on a protein basis (units: pmol/min). The pH of the inor-
ganic salts stock solutions was previously adjusted to the pH of the
assay medium, when necessary, using appropriate amounts of so-

dium pyrophosphate,

Protein determination
Protein concentration was determined by the method of Brad-
ford (1976) using bovine serum albumin as standard.

Electropharesis

SDS-PAGE separations were made according to Lacmmli (1970).
Nondenaturing (native) PAGE was carried out in minislb gels
{(Hoefer), The resolving gel contained 8% (w/v) acrylamide and
0.3% (w/v) bisacrylamide. Protein was detected by silver staining
according to the method of Wray et al. (1981). BADH activity in
native-PAGE was detected by incubating the gel at room temper-
ature with 100 mM Hepes-KOH buffer, pH 8.0, containing 0.5 mM
betaine aldehyde, 1.0mM NAD®*, 20mg/L phenazine methosul-
fate, and 300 mg/L nitroblue tetrazolium, in 25 mL of mixture, ac-

cording to Arakawa et al. {19%0).

Molecular weight measurements

Water-stressed leaves were homogenized in a Waring blender in a
1:2 (w/v) ratio in 100 mM sodium pyrophosphate, pH 8.5, 1mM
EDTA, 0.6 M sucrose, and 14 mM f-mercaptoethanol. The brei was
squeczed through six layers of miracloth and centrifuged at
110,000 x g for 30 min, Solid ammonium sulfate was added to the
supernatant to give 35 % saturation and centrifuged at 11,000 x g for
15 min. The supernatant was brought to 75 % saturation with am-
monium sulfate; the precipitated protein was isolated by centrifuga-
tion as above; resuspended in 10mM Hepes-KOH buffer, pH 7.9,
containing 10 % {v/v) glycerol, and 14 mM g-mercaptoethanol (buf-
fer B); and desalted by gel filtration through a Sephadex G-25 col-
umn that was equilibrated and eluted with the same resuspension

buffer, This solution was then applied to a Q-Sepharose Fast Flow
(1.8x6.5cm) column equilibrated with the same buffer. After
washing the column, the enzyme was eluted by a linear gradient
(50~ 300 mM) of potassium chloride in buffer B. Fractions contain-
ing activity were pooled and desalted on a Sephadex G-25 column
equilibrated and eluted with 10mM potassium phosphate buffer,
pH 6.6, containing 14 mM B-mercaptoethanol and 10% (v/v) glyc-

The molecular weight of the native enzyme was estimated by
high performance liquid chromatography (HPLC) using 2 TSKG
4000 SW-LKB column and the following proteins as Mr standards:
B-galactosidase (£. cofi) (465,000), ferritin {440,000), alcoho! dehy-
drogenase (150,000}, fab fragment from IgG (50,000), and myoglo-
bine (17,000). The molecular weight of the subunit of the enzyme
was measured by SDS-PAGE with the following standards proteins:
a-lactalbumin (14,200), trypsinogen (24,000), carbonic anhydrase
(29,000), glyceraldehyde 3-phosphate dehydrogenase (36,000), albu-
min, egg (45,000), and bovine albumin (66,000), by the muthod de-

scribed above,

pH stability determination

To test the pH-stability of the enzyme, purified BADH (0.5 g in
0.4 mL) was kept at 30 °C for the time of the assay (10min) in 0.1 M
Mes (pH 5.5-6.5), phosphate (pH 6.5-8.0), and pyrophosphate
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(8.5~9.5) buffers. The remaining activity was assayed immediately
after these treatments using the standard assay described above,

Data analysis

Apparent Km values were obtained by fitting the initial velocity
data obtained by varying the concentration of one substrate while
keeping constant the concentration of the other to the Michaelis-
Menten equation {eq 1) (Segel, 1975) by nonlinear regression, using
a computer program written by Leatherbarrow (Leatherbarrow,
1987),

__VIS]
V" K+ 5] W

where v is the' experimentally determined initial velocity, V is the
maximum velocity, [S] is the variable substrate concentration, and
Km is the apparent Michaelis constant for this substrate,

The same program was used to analyze the inhibition by BA, and
the pH dependence of the velocity profiles. Data conforming to
substrate inhibition were fitted to eq2:

. V(s] |
U Km + 151+ (S1/Ki @

where Ki is the apparent inhibition constant of the substrate, and all
other terms are as defined above,

Since activity was lost at acid and basic pH values, the pH/activ-
ity profile was drawn by fitting the appropriate data to the expo-
nential form of eq 3 (Cleland, 1979):

v = o (3)
1+ [.}_.{...] + a-l.{.b_.
Ka [H*]

where Ka and Kb are the macroscopic dissociation constants of the
groups that ionize, and ¢ is the pH independent value of the param-
eter % that in this case is the experimentally determined initial velo-

city,

Chemicals and Biochemicals

Betaine aldehyde chloride, NAD*, NADH, NADP*, nitroblue
tetrazolium, AMP, prestained Mr SDS-PAGE standards, glycine be-
taine, DTNB, DEPC, Hepes and Mes were obtained from Sigma,
HPLC Mr standards were from Boehringer Mannheim, Sephadex
G-25, Q-Sepharose Fast Flow and 5/-AMP-Sepharose were from
Pharmacia. Butanedione, and phenazine methosulfate were ob-
tained from Aldrich. All other chemicals of analytical grade were

from standard suppliers,

Resuits and Discussion

Changes in BADH activity induced by water deficit

We could not detect BADH activity in crude extracts of
nonstressed amaranth leaves, even after concentrating the
crude extract by precipitation with ammonium sulfate.
However, when the leaves were subjected to water deficit, as
described under Methods, this activity, expressed on a pro-
tein basis, increased with time as shown in Fig. 1, Control
detached leaves, treated with water instead of PEG, did not
show any increase in BADH activity (not shown), The ob-
served increases in BADH activity paralleled the increases in
the levels of glycine betaine in amaranth leaves subjected to

Amaranth betaine aldehyde dehydrogenase 147

12
— IOO'-O-)-
z lor 8
3]
z? .
s o8 %2
o-o' 3
S ¥
loce z
gE _ 450 ~
=~ E 3
N~ 1 ]
c — 4
Lug E
E, 2% '’
2,
o 0
0 2 4 6 8

Time (hours)

Fig. 1: Changes on amaranth-leaf BADH activity (@} and glycine
betaine content (O) induced by water deficit in amaranth leaves.
The glycine betaine data are taken from Gamboa et al. (1991) with
permission.

the same conditions (Gamboa et al,, 1991), Both responses
showed their maxima after 4h of treatment, which corre-
spond to 60% RWC (Gamboa et al., 1991). After that point,

enzyme activity and content of glycine betaine decreased,

suggesting that the response of the plant to more severe wa-
ter deficit is mediated by a different mechanism, In fact,
from this RWC onwards the levels of proline began to rise
(Gamboa et al., 1991). Therefore, it appears that in amaranth
leaves the synthesis of glycine betaine is an early response to
relatively mild water loss.

At present, we do not know whether the changes in
BADH activity are the result of the activation of preexistent
enzyme or de novo synthesis of protein, although the latter
possibility seems more plausible given the time required to
achieve the activity peak, and by analogy with the known ef-
fect of salt stress on this enzymatic activity in other plants
(Weretilnyk and Hanson, 1989; Arakawa et al.,, 1990). In
fact, while this manuscript was in preparation we become
aware of a wery recent paper by Arakawa et al. (1992) that
showed that increases in BADH protein take place in barley
leaves after three days of treatment of the whole plant with
PEG. This finding is in full agreement with the increases in
BADH activity in response to water stress we report here,

Under our experimental conditions, the response of
BADH activity can be observed as soon as 4 h after the be-
ginning of the treatment, and the whole plant is not neces-
sary to obtain this response. This last result contrasts with
the observation by others that the whole plant has to be wa-
ter-stressed in order to observe changes in the proline con-
tent of the leaf (Ibarra-Caballero et al., 1988; Gamboa et al,,
1991). Therefore, it seems that the mechanism that mediates
the accumulation of glycine betaine and proline in response
to water stress is not the same.

Although there is an earlier report indicating that BADH

activity did not increase after water-stressing spinach leaves

(Pan et al,, 1981), we did find a significant increase in BADH
activity in spinach leaves when subjected to the same treat-
ment as the one we used for water-stressing amaranth leaves
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Fig.2: PAGE of amaranth-leaf BADH. A:
Purified enzyme, SDS-PAGE, silver-stain-
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ing. B: Native PAGE, lane 1, purified en-
zyme, activity-staining; lane 2, purified en-
zyme, silver-staining, C: Estimation of na-
tive molecular weight by HPLC.TSK gel
chromatography. 1, B-galactosidase; 2, ferri-
tin; 3, alcohol dehydrogenase; 4, fab frag-
ment from IgG; 5, myoglobin, D; Estima-
tion of molecular weight of subunit by
SDS-PAGE., (®) protein standards, (O) puri-
fied BADH. 1, albumin bovine; 2, albumin
egg: 3, glyceraldehyde 3-phosphate dehy-

000 020 040

(not shown). The reason for the discrepancies between our
findings and those in the literature is not clear at present.

Enzyme Purification

For the purification we used leaves that had been subjected
to water deficit prior to extraction, in order to increase the
activity of BADH, Even after the water-stress treatment we
could not detect BADH activity in crude extract. Only after
concentrating the crude extract by precipitation with ammo-
nium sulfate could the activity be measured, and because of
that we refer to this step for the calculation of yield and
times of purification, Table 1 summarizes a typical purifica-
tion procedure from 70g of amaranth leaves, The enzyme
was purified after only two chromatographic steps. Since
ammonium ions are inhibitors of the enzyme (see below),
the activity corresponding to the ammonium sulfate precipi-
tation step is the one measured after desalting by Sephadex-

Table 1: Purification of betaine aldehyde dehydrogenase from ama-
ranth leaves subjected to water deficit,

Purification Total Tatal Specific Purific  Yield®
step protein  activity* . activity cation

{mg) {units) (units/mg protein}  {fold) (%)
Crude extracte 21600 N N
Desaked ammonium
sulfate 84.50  0.638 0.002 { 10
Q-Sepharose
eluate - 593 0.585 0.045 2 92
5 - AMP-Sepharose
eluate 0.06 0.159 2.650 1260 27

3 Assays were carried out as described in the text. One unit of enzymatic activity is de-
fined as the amount of enzyme required to catalyse the reaction of | gmol NAD+/
min under the standard assay conditions described under Materials and Methods,

b Caleulated from the ammonium sulfate precipitation step.

¢ Prepared from 70 g of leaf material,

N = negligible

060 080 100
Rt stnogen; 6, a-lactalbumin,

- drogenase; 4, carbonic anhydrase; 5, tryp-

G-25. The Q Sepharose Fast Flow chromatography consist-
ently gave a very good purification without appreciable ac-
tivity loss. The resulting enzyme preparation was judged to
be pure by silver-staining of SDS-PAGE, which showed a
single band (Fig, 2 A). Native gel electrophoresis also gave
one activity-staining band although it gave two silver-stain-

ing bands, (Fig. 2 B) corresponding to the tetrameric and di-

meric forms (see below), The purified BADH can be stored
as described under Materials and Methods at =70 °C for sev-
eral months without appreciable loss of activity, Omission
of glycerol resulted in a total loss of activity upon freezing.
Qur purification scheme is much simpler than the one
used by Arakawa et al. (1987) and by Weretilnyk and Han-
son (1989) for the purification of spinach BADH, and sim-
ilar to the one reported by Falkenberg and Strom (1990) in
the purification of BADH from E. col, although we elimi-
nated the gel filtration step used by these latter authors.

Molecular weight

Two protein peaks were eluted from the HPLC-gel filtra-
tion chromatography, one inactive with an apparent Mr of
250kDa, and the other fully active with an apparent Mr of
125 kDa (Fig, 2 C), When subjected to SDS-PAGE and silver
staining, both peaks gave only the polypeptide correspond-
ing to BADH with an apparent Mr of 63 kDa (Fig. 2 D), in-
dicating that active BADH exists as a dimer and that the tet-
rameric form, likely formed during purification or storage,
is inactive. Therefore amaranth BADH seems to be very
similar in this respect to the enzyme from other plants (We-
retilnyk and Hanson, 1989; Arakawa et al., 1987) and Psendo-
monas (Nagasawa et al., 1976), but different than the enzyme
from E. coli and Cylindrocarpon didymum, which are tetra-
meric in their active form (Falkenberg and Strom, 1990;
Mori et al,, 1980).
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Fig.3: Progress curves of amaranth-leaf BADH in 0.1M sodium
pyrophosphate buffer, pH 8.0, and 0.1M Tris-HCI, pH 8.0, at sub-
strate concentrations 1.0 mM NAD* and 0.5 mM BA.

Effects of buffer composition, pH, and temperature on BADH
activity

Significant buffer effects on BADH activity could be dem-
onstrated with Tris-HCI buffer, as has been reported for
other aldehyde dehydrogenases (Rivetc and Tipton, 1981;
Satya and Nair, 1989). The progress curves of the reaction in
0.1M Tris-HCI buffer and 0.1 M pyrophosphate buffer un-
der identical conditions are compared in Fig, 3. When the as-
say was carried out in Tris-HCI buffer, not only did the rate
decrease rapidly, making it difficult to measure the initial
rate, but it also was much slower than in pyrophosphate buf-
fer, Assays in Hepes 0.1 M gave exactly the same results as in
pyrophosphate buffer (data not shown); this implies that the
observed effects were due to inhibition by Tris and not to ac-
tivation by pyrophosphate. It has been reported that Ttis in-
hibits other aldehyde dehydrogenases, probably due to for-
mation of a complex between Tris and the aldehyde (Ogilvie
and Whitaker, 1976). In view of these results, all the en-
zymatic assays reported here were performed in pyrophos-
phate or Hepes buffers.

The enzyme was stable between pH 5.5 and 9.5 (not
shown). The pH/activity profile of BADH showed an opti-
mum at pH 8.0 and two essential ionizable groups of pK
6.78 + 0.02 and 9.38 £ 0.01 (Fig. 4 A), one of which must be
protonated and the other one deprotonated for catalysis
and/or binding of the substrate. The optimum pH found is
in agreement with the data from other BADHs, in which
this value varies between 7.5 -9.0 (Nagasawa et al., 1976; Pan
et al,, 1981; Weretilnyk and Hanson, 1989; Falkenberg and
Strom, 1990).

The temperature optimum for the purified enzyme was
50°C (Fig. 4 B). Above 55°C the activity decreased mark-
edly, The activation energy of the reaction between 25 and
50 °C was estimated at 61,8 KJ/mol (Fig. 4 C).

Essential amino acid residues of amaranth BADH

Recently the amino acid sequence of spinach BADH has
been published (Weretilnyk and Hanson, 1990), When com-
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Fig, 4: A: Effect of pH on activity of purified amaranth-leaf BADH,
BADH activity was assayed at the indicated pH values in 100 mM
phosphate (pH 7.0-8.0), and pyrophosphate (8.5-9.5) buffers, un-
der otherwise identical conditions to the standard assay described
under Materials and Methods. The points are the experimental data,
'The line is theoretical from the best fit to eq. 3 described under Mate-
rialsand Methods, B; Effect of temperature on the activity of purified
amaranth leaf betaine aldehyde dehydrogenase. BADH activity was
assayed under the standard conditions at indicated temperatures.
The points are the experimental data, the line is hand drawn. C: de-
termination of the energy of activation from the data of figure C,
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pared with other aldehyde dehydrogenases, there is one resi-
due of cysteine highly conserved. Therefore, we considered
it of interest to determine whether this amino acid is in-
volved in catalysis in the amaranth enzyme, With this aim,
we treated the purified enzyme (about 0.5 pg) with DTNB, a
well known specific reagent for sulfhydryl groups (Ellman,

1959), after eliminating the B-mercaptoethanol present in the

enzyme preparation by dialysis under N atmosphere.
BADH was rapidly inactivated after 1 min of preincubation
with 1.0mM DTNB at 30 °C, suggesting the involvement of
cysteine residues in the activity or stability of the enzyme.
We also investigated the role of histidyl and arginyl resi-
dues in the catalytic process by using DEPC, a reagent that
modifies histidine (Melchior and Fahrney, 1970) and butane-

dione, a specific reagent for arginine (Riordan, 1973), Incuba-

tion of the enzyme with 0.5mM DEPC resulted in total
inactivation after 15min, The enzyme was also inactivated
after 30 min preincubation at 30 °C with 15 mM 2,3-butane-
dione in the presence of 30mM borate, which is known to
facilitate inactivation by this reagent by stabilizing the inac-
tive form of enzyme modified with butanedione (Rao et al.,
1987). Borate was also included in the assay mixture in order
to prevent the reversibility of the inactivation. Therefore it

A P i e




sarsig

£ e

150 Erisa M. VaLENZUELA-SOTO and Rosario A. MuRoz-Cranes

appears that histidine and arginine residues may be also es-
sentials for this enzymatic activity,

Kinetic properties

Amaranth BADH was found to be highly specific for BA
as substrate and could not use any of the following alde-
hydes: acetaldehyde, benzaldehyde, butyraldehyde, formal-
dehyde, glyceraldehyde, glyceraldehyde-3-phosphate, gluta-
raldehyde, propionaldehyde, or succinic semialdehyde. All
of these were tested at 0.5mM in standard assay mixtures
containing 1 mM NAD"*. At this NAD* concentration the
apparent Km value for betaine aldehyde was 69 + 0.6 M,
Regarding the nucleotide, the enzyme can use NAD* -and
NADB* as cofactors, although NAD* was preferred. Thus,

the apparent Km values for NAD* and NADP* at 0.5M BA .

were 80 + 0.5uM and 2.5 £ 0.2 mM respectively, These val
ues are in close agreement with those reported for other
plant BADHs (Weretilnyk and Hanson, 1989; Arakawa et
al., 1990).

The oxidation of BA by BADH was found to be irrevers-

“ible, as has been reported for the enzyme from E. coli (Fal-

kenberg and Strom, 1990), P. aeruginosa (Nagasawa et al,,
1976), spinach (Pan et al., 1981; Weretilnyk and Hanson,
1989), and for other aldehyde dehydrogenases (Rivett and
Tipton, 1981; Satya and Nair, 1989). No oxidation of
NADH could be observed with glycine betaine as substrate
at concentrations up to 10 mM. Therefore, according to the
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Fig.5: Effect of betaine aldehyde concentration on initial velocity
of purified amaranth leaf BADH. Assays were carried out at 30°C
in 0.1 M sodium pyrophosphate, pH 8.0, at 0.5 (O) and 0,025 mM
(®) NAD* and several BA concentrations. The points are the ex-
perimental data, the lines are theoretical from the best fit to eq 2 de-
scribed under Materials and Methods,

classification of Jakoby (1963), amaranth-leaf BADH appears
to belong to Class I aldehyde dehydrogenases.

Amaranth BADH follows Michaelian kinetics but is sub-
ject to substrate inhibition by BA, which is dependent on
the concentration of the other substrate, NAD* (Fig. 5). At
a subsaturating NAD* concentration {0.025 mM) the appar-
ent Ki was 1.35 + 0.16mM, while at saturating NAD*
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(0.5mM) the apparent Ki was 2,11 + 0.06 niM. Again, this
property of being inhibited by the substrate aldehyde is
common to several aldehyde dehydrogenases (Rivett and
Tipton, 1981; Satya and Nair, 1989; Falkenberg and Strom,
1990). However it is doubtful that such inhibition has any
physiological significance, since it is very unlikely that the
intrachloroplast levels of BA come close to those at which
inhibition takes place.

Effect of ions and compatible solutes on BADH activity

The effect of several univalent cations on BADH was de-
termined at saturating (0.5mM BA, 1.0mM NAD*) and
subsaturating (0.025mM BA, 0.025mM NAD*) substrate
concentrations (Fig. 6). At saturating concentrations of sub-
strates, KCl had a slight activating effect upon BADH activ-
ity, The maximum effect of this cation was observed at
400 mM where it increased the enzyme activity about 25%
(Fig. 6 A). NaCl up to 150 mM had no effect, while it inhib-
ited at higher concentrations. NH,Cl was inhibitory at all
the concentrations tested. The effect of these ions at subsatu-
rating concentrations of substrates, which more likely are
closer to the in vivo concentrations than the saturating ones,
were more drastic (Fig, 6 B), K* increased the activity 100%
at 50 mM and 50% at 150mM., Even though increasing the
concentration of KCI above 50mM led to activities lower
than those obtained at concentrations below 50 mM, it is in-
teresting that only at very high concentrations of this ion,
400 mM, the activity was 10% lower than in the absence of
added KCl. Under conditions of low substrate concentra-
tions, the inhibitory effect of Na* was observed at all the
concentrations tested. The enzyme was totally inhibited
when 300mM NaCl was included in the assay medium,
NH;} was found to be an even more potent inhibitor of ama-
ranth BADH, total inhibition being observed at 150 mM of
this ion. These results indicate that ionic effects are not due
to ionic strength, rather that specific effects seem to be oper-
ating, although it is difficult to assess the physiological signif-
icance of some of these effects. Since many plant cells ac-
cumulate K* during water stress (Hanson and Hitz, 1982),
this ion may play a significant role in regulating the BADH
activity during water stress in amaranth leaves. It is known
that under nonstressed conditions the K* concentration in-
side spinach chloroplasts is 180mM (Schroppel-Meier and
Kaiser, 1989), and that under water- or salt-stress the concen-
tration of this ion increases (Hanson and Hitz, 1982; Schrop-
pel-Weir and Kaiser, 1989), It is therefore of interest that
amaranth-BADH is activated at the physiological concentra-
tion of this ion and that it has a high tolerance to high K*
even at low substrate concentrations, Regarding the inhib-
itory effects of sodium, one may question any physiological
significance of it given the very low concentrations of Na*
in the chloroplast (7 mM) under non-stress or water- or salt
stress conditions (Schroppel-Meier and Kaiser, 1989). On the
other hand, the concentration of ammonium ions in the
whole leaf rose sharply just after amaranth leaves were sub-
jected to water deficit, but decreased to the normal values
shortly afterwards (Gamboa et al., 1991), Thus, it is possible
that the in vivo degree of inhibition of BADH by this ion is
negligible,
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With respect to bivalent cations, Mg** up to 150 mM and
Ca** up to 50mM had no effect on the BADH activity (data
not shown). Chelating agents, such as EDTA, had no effect
on the enzyme, suggesting that BADH is not a metalloen-
zyme,

The effects of various organic solutes were also investi-
gated using low and high substrate concentrations in the en-
zyme assay. At high substrate concentrations glycine be-
taine, sucrose, and proline had a slight activating effect over

the range of concentrations tested. Mannitol had lictle effect

on the enzyme activity under these conditions (Fig. 6 C).
At low substrate concentrations (Fig, 6 D), sucrose and
mannitol had an activating effect on the enzyme activity giv-

"ing a maximum at 50 mM. Proline was an activator too, but

the maximum of activity occurred at 400mM., Glycine be-
taine activated BADH slightly at 50 mM, while it was inhib-
itory at higher concentrations, It has been observed that
amaranth leaves under water stress accumulated proline and

glycine betaine (Gamboa et al,, 1991). In salt-stressed spinach

leaves the concentration of glycine betaine in the chloroplast

increases up to 300 mM (Robinson and Jones, 1986). There-

fore, if similar concentrations are reached in amaranth
chloroplasts under water deficit, the BADH activity will be
severely inhibited unless there is some mechanism that re-
lieves the enzyme from this inhibition, for instance the in-
trachloroplastic BADH concentration or the presence of
some metabolites or ions, To clarify this point, further work
on the mechanism of inhibition by glycine betaine would be
necessary.
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Betaine-aldehyde Dehydrogenase from Leaves of Amaranthus
hypochondriacus L. Exhibits an Iso Ordered Bi Bi Steady State

Mechanism*
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The kinetics of the oxidation of betaine aldehyde cata-
lyzed by NAD*-betaine-aldehyde dehydrogenase, puri-
fied from amaranth leaves subjected to water deficit,

were analyzed by steady state initial velocity and prod- -

uct and dead-end inhibition studies at low substrate
concentrations. Only one product, NADH, gives inhibi-
tion. The other product of the reaction, glycine betaine,
does not inhibit the enzyme even at concentrations as
high as 10 mm. In dead-end inhibition experiments, AMP
and choline were used as dead-end analogs of NAD* and
betaine aldehyde, respectively, The families of double-
reciprocal plots in the range 0.010-0.500 mm NAD* and
0,025-0.300 mm betaine aldehyde are linear and intersect

at the left of the 1/v axis. NADH is a mixed inhibitor

against NAD* and betaine aldehyde. AMP is competitive
with respect to NAD* and mixed with betaine aldehyde.
Choline is competitive ngainst betaine aldehyde and un.
competitive with respect to NAD*, Our results are con-
sistent with an Iso Ordered Bi Bi steady state mecha-
nism in which NAD* is the first substrate to bind to the
enzyme and NADH is the last product to dissociate from
it. To our knowledge, this is the first time that an Iso
mechanism has been demonstrated by product inhibi.
tion studies, as predicted by Cleland (Cleland, W. W,
(1963) Biochim. Biophys. Acta 87, 104-137).

Glycine betaine (GB)! is a major cytoplasmic osmoticum ac-
cumulated under water or salt stress in higher plants, bacteria,
algne, and marine animals (1-6), The final step in the synthesis
of GB from choline is catalyzed by betaine-aldehyde dehydro-
genase (EC 1.2.1.8) (7), according to the following sequence of
reactions,

CMO BADH
Choline - belaine aldehyde — giycine betaine

(Reaction 1)

Due to the relevant role of betaine-aldehyde dehydrogenase
in the response of organisms to osmotic stress, the enzyme has
been focus of much investigation. Thus, this dehydrogenase has
been purified to homogeneity from Pseudomonas (8), spinach

*This research was partially funded by Consejo Nacional de Ciencia
y Tecnologin Grant CONACYT-1713-N9209 and Universidad Nacional
Auténoma de México Grant PADEP DFQ9260. The costs of publication
of this article were defrnyed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in ac-
cordance with 18 U.S.C. Section 1734 solely to indicate this fact.

t To whom correspondence should be addressed: Dept. de Bioqufmica,
Facultad de Quimica, UNAM, México City, 04510, México. Tel.: 625-
622-5276; Fax: 526-622-5329, :

! The abbreviations used are: GB, glycine betaine; BA, betaine alde-
hyde; CMQ, choline monooxygenase,

leaves (9, 10), Escherichia coli (11), Xanthomonas translucens
(12), and amaranth leaves subjected to water deficit.* More-
over, the primary sequence of spinach leaf betaine-aldehyde
dehydrogenase is known (17).

However, kinetic studies on betaine-aldehyde dehydrogenasc
are scarce. The enzyme from all the sources studied to date has
been found to be highly specific for betaine aldehyde (8, 10-15),
but although the enzyme from plants (10, 14) and bacteria (8,
11, 12) can use NAD* or NADP* as cofactor, the enzyme from
the fungus Cylindrocarpon didymum uses only NAD* (13). Sev-
eral groups of workers have determined apparent K,,, values for
betaine aldehyde (8, 11-14) and for NAD* and NADP* (8, 10~
15), Alsc it has been reported previously that the enzyme from
bacteria (11) and from animals (16) exhibits substrate inhibi-
tion and that the reaction is irreversible (11, 14). ,

To our knowledge the kinetic mechanisms of only the E. coli
(11) and the C. didymum (13) enzymes have been studied to
date and in both cases were found to be a ping-pong mecha-
nism, according to Cleland’s nomenclature (18). The latter is a
surprising finding based on the chemistry of the aldehyde de-
hydrogenases and contrasts with the known sequential kinetic
mechanism of aldehydes dehydrogenases from other sources
(19-22). In view of the discrepancy in mechanism, it is of in-
terest to elucidate the kinetic mechanism for betaine-aldehyde
dehydrogenase from plants as an important step toward the
understanding of this enzyme.

We report here the results of initial velocity and product and
dead-end inhibition studies of amaranth leaf betaine-aldehyde
dehydrogenase; carried out at subinhibitory BA concentrations.
An [so Ordered Bi Bi steady state mechanism is proposed here.

MATERIALS AND METHODS

Chemicals and Biochemicais—Betaine aldehyde chloride, NAD®,
NADH, AMP, glycine betaine, choline chloride, and Hepes were ob-
tained from Sigma. All other chemicals of analytical grade were from
standard suppliers.

Enzyme Preparation—Betaine-aldehyde dehydrogenase from Ama-
ranthus hypochondriacus L. leaves was purified as described else-
where.? The enzyme was homogeneous by the criterion of SDS-poly-
acrylamide gel electrophoresis and silver staining (24) of the gels. The
final specific activity of the enzyme preparation used was 1.2 pmol
min-! mg protein-! assayed at 30 °C using 100 mm Hepes buffer, pH 8.0,
0.6 mm BA and 1.0 mm NAD*,

Enzyme Assay--Betaine-aldehyde dehydrogenase activity was as-
sayed spectrophotometrically measuring NAD* reduction by the in-
crease in extinction at 340 nm in a Beckman DU-65 spectrophotameter.
Assay mixtures contained, in a final volume of 0.4 mil, fixed concentra-
tions of NAD* and increasing concentrations of BA, or vice versa, in 100
m» Hepes buffer, pH 8.0, containing 1 my EDTA, The reaction was
started by the addition of enzyme (0.6 ug). Temperature was main-
tained at 30 °C using a circulating water bath with the capacity to heat

? Valenzuela, E. M., and Munoz-Clares, R, A, (1993) Plant Physio.
(Bethesda), in press.
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Kinetics of Amaranth Leaf Betaine Aldehyde Dehydrogenase

and cool the thermospacers of the cell compartment, The concentrations
of NAD* BA, NADH, and AMP used are specified for each experiment,
Reaction rates were linear over the 5-min assay period. Each determi-
nation was performed in duplicate. Rates in the absence of substrates
were negligible,

Data Analysis—Kinetic data were analyzed in two steps, First, ex-
perimental data at fixed concentration of one substrate and varying
concentration of the second were fitted to the Michaelis-Menten equa-
tion (Equation 1), by using the nonlinear regression analysis program of
R. J. Leatherbarrow (Enzfitter, Elsevier-Biosoft). Next, the apparent
kinetic constants obtained from these plots were fitted using the equa-
tion of a rectangular hyperbola in the case of data conforming to &
sequential bi-bi mechanism to determine K, (Equation 2), X, (Equation
3), K, (Equation 4), and to Equations 6 and 6 to determine the inhibition
constant for the dead-end analogs AMP and choline, respectively (18,
23),

- __V:EB.[‘_.Q.]__. (Eq. 1)

U=
! Ko +[A]

(VIK,)IA)

(VIK, ) sppivn = K. +[A] (Eq.2)
A

Veppin = -K—.VE-__[L] (Eq. 3)

Vi8] (Eq. 4)

Vioppva) = K. +18]

K f,, Kk AMP
k= (1 55+ o)

K, K, holi
KV agpirmy = T,‘b (1 + i’fj)(l + M) (Eq. 6)

I{i(chnlim]

where V is the maximum velocity; A, 8, and I are the concentrations of
the two substrates and inhibitor, respectively; K, and K,, are Michaelis-
Menten constants for the substrates A and B; K, is the dissociation
constant for substrate A; K amp) and Kj,onne are the competitive inhi-
bition constants for AMP and choline, respectively. The nomenclature
used is that of Cleland (18).

The Iso inhibition constants K, and K;, for NADH (@) were deter-
mined by plots of the slopes,, ) and intersectsy ., versus (@], respec-
tively, according to Equations 7 and 8, deduced from the initial velocity
equation for an Ise Ordered Bi Bi steady state mechanism when 4 is the
vurianble substrate and @ is present, shown under “Results and Discus-
sion” (Equation 10).

(K K, K
(Ko Vieppas = ("ﬁl')(l + E_['Bkj)(l + ['i{(%l) (Eq. T

1{ . K
(lmnpp(lMl = 'i.',(l + iﬁhj + %) (Eq. 8)

RESULTS AND DISCUSSION

Initial Velocity Studies—~The reaction catalyzed by betaine-
nldehyde dehydrogenase is experimentally irreversible, and
therefore kinetic analysis is limited to initial velocity studies of
the forward reaction in the absence and presence of inhibitors,
i.c. neither the reverse reaction nor isotopic exchange between
products and substrates can be demonstrated.

The enzyme reaction was analyzed in a systematic manner
from secondary replots as described under “Materials and
Methods,” Initial velocity patterns were obtained by measuring
betaine-aldehyde dehydrogenase activity varying the levels of
NAD* or BA at several fixed concentrations of the other. Since
the enzyme is subjected to substrate inhibition by BA (11, 16),
in these experiments we used concentrations of this substrate
in a subinhibitory range. We found that BA concentrations can
be varied over a reasonably broad range before substrate inhi-
bition complicates the diagnostic initial velocity plots. Plots of
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velocity (v) versus [NAD*] or v versus [BA] in the range 0.01~
0.30 mm BA and 0.05-0.60 mm NAD* followed Michaelis-
Menten kinetics (not shown). The corresponding families of
double-reciprocal plots were linear and gave normal intersect-
ing patterns (Figs. 1 and 2). By this way a ping-pong mecha-
nism is ruled out, and the kinetic mechanism of betaine-alde-
hyde dehydrogenase should be sequential, either a Steady
State Ordered, a Steady State Ordered Theorell-Chance, or a
Rapid Equilibrium Random Bi Bi mechanism (18, 23). These
results also exclude a sequential rapid equilibrium ordered

machanism, since the lines in the reciprocal plots intersect at

the left of the /v axis. The slope and intercept replots were
always linear (inset Figs. 1 and 2), yielding the kinetic con-
stants included in Table 1.

Therefore, the mechanism of the amaranth enzyme differs
from the ping-pong mechanism proposed by others for the bac-
terial (11) and fungal (13) enzymes. These enzymes are tet-
rameric, whereas plant betaine-aldehyde dehydrogenases are
dimeric (9, 10), They also exhibited much higher values for
Kmay Kninap)y, and Vi than those reported here, It is diffi-
cult to attempt to rationalize the differences in the kinetic
mechanism of betaine-aldehyde dehydrogenase from different
sources, but it appears that a generalization regarding the
reaction mechanism of betaine-aldehyde dehydrogenases can-
not be made.

Product Inhibition Studies—1In order to establish the order of
substrate addition and product release and to discriminate be-
tween the possible kinetic mechanisms suggested by the initial
velocity studies, product inhibition studies with NADH were
performed. The other product of the reaction, GB, does not
inhibit at any of the concentrations tested, up to 10 mam. The
family of double-reciprocal plots in which the concentration of
NAD* was varied in the range 0.056-0,20 mu at different levels
of NADH (25~200 pM) and a fixed subinhibitory level of BA (100
pM) is shown in Fig. 3. The inhibition by NADH is mixed with
respect to NAD* which is indicative either of the binding of
NADH to an enzyme form different from the one to which
NAD* is binding or of the existence of a different binding site
for NADH. This pattern of inhibition excludes the Rapid Equi-
librium Random Bi Bi mechanism suggested by the initial ve-
locity studies carried out in the absence of products, since in
this mechanism competitive inhibition by the product with re-
spect to both substrates should be observed (18, 23). Even if a
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Fia. 1, Initial velocity patterns for the betaine.aldehyde dehy-
drogenase reaction at subinhibitory BA concentrations, NAD*
was varied nt the following fixed concentrations of BA: O, 50 um: @, 100
pM; A, 200 pm; A, 250 pm; and OO, 300 pm. Inset, slope and /v axis
intercept versus [BA]. Aasays were carried out in 100 mm Hepes buffer,
pH 8.0, at 30 °C. An enzyme concentration of 1,26 pg ml-* was used for
each assay. In the double-reciprocal plots the points drawn are the
experimentally determined values, whereas the lines drawn through
these points are the calculated from the best fit of these data to Equa-
tion 1.
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Fic. 2. Initial velocity patterns for the betaine-aldehyde dehy-
drogenase reaction at subinhibitory BA concentrations. BA was
varied at the following fixed concentrations of NAD*; O, 50 pm; @, 100
nM; A, 200 pM; A, 250 uv; and O3, 500 pu, Inset, 1/u axis intercept versus
(NAD*]. Other conditions were the same as those described in Fig. 1.

Tanre [
Kinetic constants of betaine-aldehyde dehydrogenase from
A hypochondriacus L.
The values given were computed by nonlineal regression fit of the

data presented in the corresponding figures to the equations described
under “Material and Methods,”

Constant Value

Kuinam 39.6 £ 3.6 um

K ' 40.1 £ 6.0 pM

K 56.1 £ 6.1 pu

Vinx 1.97 + 0.01 pmol/min/mg protein
K, 60,7 % 6.3 pM

Kiqg 118.8 + 20.4 pM

K| amMraman) 896 x 60 pM

Ky chatinecimay 4.10 x 0.61 mm

fuo) yu 70

kG0 g 190

[BAj +100 pM
78~

g 100 L ')
[~} .
a 5,0"' 'l i L A
2 50 00 80 100 180 1200
S _ 1 [NADH] ™
g o}
» 25" / 0
- L
s 0
1 1 L ] 1
00 0007 0014 002! s
i/[NAD’] + PM-' i A 1 i
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[ia. 3. The kinetics of inhibition of the betaine-aldechyde de-
hydrogenase reaction by NADH at subinhibitory BA concentra-
tions. v versus 1/[NAD*} at 0.1 mm BA and the following fixed con-
centrations of NADH: 0((0), 25 (A); 60 (A) 100 (@), and 200 pum (O), Inset,
slope and /v axis intercept versus INADH], Other conditions were the
same as those described in the legend to Fig. 1.

dead-end EBQ complex is formed, NADH should be a competi-
tive inhibitor against NAD*, The mixed inhibition of NADH
agninst NAD* can be explained in terms of an ordered mecha-
nism in which NAD* is the second substrate to bind to the
enzyme and NADH the first product released or in terms of an
Iso Ordered Bi Bi Steady State mechanism, with NAD* as the
first substrate and NADH as the last product, and in which
after the release of NADH there is isomerization of a stable
enzyme form (18, 23). This is because the isomerization of tran-
sitory enzyme forms do not affect the rate equation, whereas
the isomerization of a stable form introduces additional terms

Kinetics of Amaranth Leaf Betaine Aldehyde Dehydrogenase

in the denominator of the rate equation when products are
present, giving raise to mixed inhibition of the last product
with respect to the first substrate (18, 23).

An ordered mechanism with formation of a binary complex
between enzyme and aldehyde followed by formation of a ter-
nary complex with NAD* has been found in yeast aldehyde
dehydrogenase (19). In the case of the betaine-aldehyde dehy-
drogenase reaction, the first of the two possibilities pointed out
necessarily imply that the irreversible step would occur after
the release of NADH, since the point of addition of NADH must
be connected by reversible steps with the point of addition of
NAD*, Therefore, NADH must be the first product to leave the
enzyme and the irreversible step would be the release of GB,
which is supported by the failure of this compound to act as
inhibitor of the reaction. However, the oxidation step is thought
to be irreversible in the case of aldehyde dehydrogenases,
which strongly argues against this mechanism, Thus, our re-
sults are most consistent with the Iso mechanism.

The inhibition by NADH was linear, as can be seen in the
replots of the slopes and intercepts from Fig, 3 versus NADH
concentration (inset of Fig. 3), From these replots values for K;,
and Kj;, were calculated (Table I), assuming the Iso Ordered Bi
Bi Steady State mechanism and using Equations 7 and 8 de-
scribed under “Materials and Methods.”

With BA as the variable substrate, in a subinhibitory con-
centration range (0.025-0.200 M), NADH is a mixed type in-
hibitor when NAD* was kept at subsaturating concentrations
(100 pm) (Fig. 4). These results are consistent with any of the
two mechanisms suggested by the product inhibition studies
with NAD* as variable substrate and therefore cannot discrimi-
nate between them. The replots of both the intercepts and

- slopes versus NADH concentration show linear inhibition (inset

of Fig. 4).
Dead-end Inhibition Studies—The product inhibition studies

were inconclusive with respect to the order of addition of sub-

strates, and because of that we tried to resolve this question by
using AMP and choline as dead-end analogs of NAD* and BA,
respectively.

With NAD* as the variable substrate, AMP gave a competi-
tive inhibition pattern (Fig. 5), whereas it was found to be a
mixed inhibitor with respect to BA (Fig, 6). Secondary inter-
cepts and slope replots are linear in both cases (inset Figs. 5
and 6). These results rule out any Ordered Bi Bi mechanism in
which BA is the first substrate to add to the free enzyme, given
that if BA were the first substrate, AMP would be uncompeti-
tive with respect to it. The results are most consistent with the
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Fio. 4, The kinetics of inhibition of the betaine aldehyde de-
hydrogenase reaction by NADH at subinhibitory BA concentra-
tions. 1/v versus [BA] at 0.1 mm NAD* and different fixed concentra-
tions of NADH: 0 ([), 25 (A), 50 (4), 75 (@), and 100 (O) um. Inset, slope
and 1/v axis intercept versus (NADH]. Other conditions were the same
a8 those described in the legend to Fig. 1.
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Fia. 5. The kinetics of inhibition of the betaine-aldehyde de-
hydrogenase reaction by AMP at subinhibitory BA concentra-
tions, 1/v versus [NAD*] at different fixed concentrations of AMP anda
constant concentration of BA (80 um). AMP concentrations were: 0 (A),
0.2 (A}, 0.4 (@), and 0.8 (O) mum, Inset, slope of the two families of
double-reciprocal plots obtained at two fixed BA concentrations (80 and
160 pm) versus [AMP],

Iso Ordered Steady State mechanism in which NAD* binds
first to the enzyme, giving additional support to our conclusion
nbove that the Ordered Steady State mechanism in which
NAD* binds second to the enzyme is not operating, but cannot
distinguish between this ordered mechanism and a rapid equi-
librium mechanism,

AMP at the concentrations used in this study only binds to
the form of the free enzyme that binds NAD* and not to the
form of the free enzyme that binds NADH, as shown by the
competitive inhibition pattern with respect to NAD*,

Choline, the dead-end analog of BA used, was competitive
against BA and uncompetitive against NAD* (Figs. 7 and 8), as
expected for an ordered mechanism in which BA binds after
NAD*, These results unequivocally distinguish between the
ordered and the random mechanism, and confirm our conclu-
gion, derived from the product inhibition studies above, that
the enzyme does not follow a Rapid Equilibrium Random
mechanism,.

Further evidence of the order of addition of substrates was
obtained in additional experiments in which we carried out the
AMP inhibition studies using NAD* as the variable substrate
as before, but at a different BA concentration. The pattern of
the computer-fitted family of double-reciprocal plots was simi-
lar to the one shown in Fig, 5. The corresponding computer-
derived two best fit slopeap replots when drawn against the
respective AMP concentrations intersect in the abscissa to the
left of the 1/u axis, as shown in the inset of Fig, 5. In other
words, we determined K;amp) at two levels of BA, and the
constant values obtained identify the mechanism as Ordered,
since a changing value would be obtained in the case of a Rapid
Equilibrium Random mechanism (18, 23).

The inhibition constants for AMP and choline computed from
Figs. 6 and 8, respectively, are given in Table I.

In conclusion, the simplest model that accounts for the inhi-
bition studies and for the initial velocity patterns reported in
this paper is an Iso Ordered Bi Bi Steady State mechanism,

where NAD* is the first substrate to combine with the enzyme’

and NADH is the last preduct released. Iso mechanisms that
involve the isomerization of stable forms of the enzyme were
postulated by Cleland (18). Fisher et al. (30) proposed that an
isomerization step from the free enzyme that liberates product
to the form that binds substrate occurs in the reaction cata-
lyzed by proline racemase, but, to our knowledge, our work is
the first that gives kinetic evidence of such an Iso mechanism
based on product inhibition studies.

The kinetic model for the Steady State Iso Ordered mecha-
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" nism with its corresponding equations is as follows.

NAD* BA GB NADH
kol l’ k-l ko! 1 k-? kt.’! r k-:l kM t k.,4
k
. E'NAD-BA , R
-5
(MopEew 1)

In the absence of products, the velocity equation for this
mechanism is the same as that of a Steady State Ordered Bi Bx
mechanisin (Equation 9) (18, 23),

V,[A)B]

V= K.K, v KA+ K (B]+ ATE] Eq.9)

but in the presence of NADH (@), the velocity equations in
reciprocal form become the following,

_1__£(1 (Q])(l_'_KmKu) 1 1 (1 K, [Q]) (Eq. 10)

v Vl Kiq K[B] [A] V [B] uq

AN AV K\(,. 1@ 1@

"7 (“w)(“ )[m V(1 tAl)(“ *K)
(Eq. 11)

In an Iso Ordered Bi Bi Steady State mechanism Kj,, is not
the dissociation constant of A, NAD* in this case, from the free
enzyme, but rather a more complex inhibition constant defined
by the following.

kol koﬂ

Also, in this mechanism, the competitive 1nhib1tmn constant
for NADH, K,,, is not the dissociation constant of NADH from
free enzyme, E' in this case. Assuming only one central complex
as before, it can be deduced that it is composed of the following
rate constants.

K= (Eq. 12)

k
Iq,q,-_--,;—:i‘ (1 +%‘?:-) (Eq. 13)

The uncompetitive inhibition constant for NADH when
NAD* is the variable substrate is now an iso inhibition con-
stant, K;;,, which in the case of an Iso Ordered Bi Bi mecha-
nism, is defined by the following rate constants, assuming as
before only a central complex.

kd k-s kcﬁ )
Killq) =E: (1 + "::;) + E‘:"" (Eq. 14)

It is not then possible to estimate the dissociation constant
for the betaine-aldehyde dehydrogenase-NAD* or the betaine-
aldehyde dehydrogenase-NADH complex from kinetic studies,
which makes it difficult to evaluate the roie of NADH on the
regulation of the activity of the enzyme. However, it has been
found in whole wheat leaves subjected to water stress that the
relative content of NAD* increased, whereas that of NADH
decreased (27). If this pattern of evolution is general in plants,
we may speculate that under these conditions the NAD* redox
ratio would favor the synthesis of GB.

The chemical basis of the isomerization step is not known
yet, We may speculate, given the known chemistry of other
aldehyde dehydrogenases, that two groups may be involved in
general acid-general base catalysis, one protonated, which will
perform the protonation of the carbonyl oxygen, and other un-
protonated, which will achieve the deprotonation of the lytic
H,0. In fact, the pH dependence of the velocity showed that two
groups, one protonated and the other unprotonated, is required
for amaranth leaf betaine-aldehyde dehydrogenase activity.?
One of them, the protonated one, may well be the sulfhydryl
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Fia, 6 The kinetics of inhibition of the betaine-aldehyde dehydrogenase reaction by AMP at subinhibitory BA concentrations.
1/v versus 1/[BA) at different fixed concentrations of AMP and a constant concentration of NAD* (100 pM), AMP concentrations were: 0 (A), 0.2
(A), 0.4 (@), and 0.8 (O) mwm. Inset, slope and /v axis intercept versus [AMP)], Other conditions were the same as those described in the legend to

Fig. 1.
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Fia. 7. The kinetics of inhibition of the betaine-aldehyde de-
hydrogenase reaction by choline at subinhibitory BA concen-
trations. v versus [NAD*] at different fixed concentrations of choline
and a constant concentration of BA (100 pm). Choline concentrations
were: 0 (A), 2.6 (A), 6 (@), and 10 (O) mM, Inset, 1/v axis intercept versus
{choline]. Other conditions were the same as those described in the
legend to Fig. 1.
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Fia. 8. The kinetics of inhibition of the betaine-aldehyde de-
hydrogenase reaction by choline at subinhibitory BA concen-
trations. 1/v versus 1/[BA)] at different fixed concentrations of choline
and a constant concentration of NAD*(100 um). Choline concentrations
were: 0 (A), 2.5 (), 6 (@), and 10 (O) mM. Inset, slope versus [choline].
Other conditions were the same as those described in the legend to Fig.
1.
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Scueme 1. Proposed mechanism for amaranth betaine alde-
hyde dehydrogenaso.

group that it is known to form the thichemiacetal intermediate
in other aldehyde dehydrogenases (25, 28, 29). It is then pos-
gible that the protonation state of these groups of the enzyme
after a catalytic cycle and release of products differs from the
one before the addition of the substrates and that conversion to
the form that binds substrates, necessary for the beginning of
a new catalytic cycle, or the conformational change associate
with it, is a slow step of the reaction, This proposed mechanism
for amaranth betaine-aldehyde dehydrogenase is shown in
Scheme 1, Similarly, the Iso mechanism proposed by Fisher et
al. (30) involved protonization and deprotonization of the two
catalytic bases after the release of the product to return to the
form of the enzyme that binds substrate. This possibility is
currently under investigation.

Finally, the lack of inhibition by the acid seems to be a com-
mon property of aldehyde dehydrogenases (19-21, 25), There
are two possibilities for the lack of binding of GB to the complex
E'NADH: first, the release of GB from the enzyme is irrevers-
ible; second, the transitory complex to which GB binds, the
complex £-NADH, may not represent a significant fraction of
the total enzyme in the absence of added NADH. However, we
think that the steady state level of enzyme-NADH available for
combination with the acid to give the enzyme GB:NADH is
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high enough, as suggested by the binding of BA to enzyme-

NADH to give a dead end complex.? Therefore, the firat is the

more likely explanation. The charge of the acid may account for
the incapability of GB to bind to any form of the enzyme. The
fact that GB does not inhibit the forward reaction even at high
concentrations may have physiological relevance, since this
metabolite reached very high intrachloroplastic levels (up to
300 mm) in response to water or salt stress (6, 26).
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_ Crystals of a hammerhead ribozyme. Betain-aldehyde dehydrogenase from leaves of Ama-
ranthus hypochondriacus L. exhibits an iso ordered Bi
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