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RESUMEN

La catalasa es una enzima antioxidante fundamental que esta presente en la mayoria
de los organismos. Cataliza la dismutacion del peroxido de hidrogeno en agua y dioxigeno.
Las catalasas estan relacionadas con la diferenciacion en varios organismos (1-5). Durante
la formacién de las esporas asexuales (conidios) de Neurospora crassa hay un incremento
en la actividad de la catalasa. Los conidios tienen 60 veces mas actividad de catalasa que
las hifas creciendo en un medio liquido (6-7).

La mayoria de las catalasas son homotetrameros con un grupo hemo en cada
subunidad. Algunas catalasas tienen subunidades pequefias (masa molecular = 60 kDa) y
otras grandes (masa molecular ~ 80 kDa). Entre estos dos tipos de catalasas existen
diferencias estructurales y funcionales importantes.

L.a catalasa-1 (CAT-1) es una de las dos catalasas monofuncionales de N. crassa
que tiene subunidades grandes. Esta asociada con células que no crecen y se acumula en las
esporas asexuales. La CAT-1 purificada se oxida en el hemo por el oxigeno singulete,
originando enzimas activas con una diferente movilidad electroforética (8). La CAT-1 se
modifica durante la diferenciacion celular y en condiciones de tension metabolica,
condiciones en las que se genera oxigeno en singulete.

En esta tesis presento la caracterizacion molecular y cinética de la CAT-1, la
comparacion estructural y funcional de la CAT-la (no oxidada) con la CAT-le
(completamente oxidada) y la estructura cristalografica de la CAT-1.

La CAT-1 se purifico 170 veces a partir de cultivos conidiantes con un rendimiento
del 48%. La CAT-1 es un homotetramero con monomeros de 88 kDa que estan glicosilados
con a-glucosa y/o a-manosa. Esta enzima es mas resistente que otras catalasas a la
inactivacion por calor, por una alta concentracion de sal y por varios desnaturalizantes. Esta
enzima es activa en un intervalo de pH de 4 a 12. La CAT-1 es resistente a concentraciones
molares de sustrato y tiene una cinética compleja. La CAT-1 se inactiva con 3-amino-1,2 4-
triazol, con azida y con hidroxilamina, y se inhibe competitivamente con cianuro. La
cinética de saturacion de la CAT-1 se ajusto a un modelo de dos componentes. Uno de los
componentes estd presente en bajas concentraciones de sustrato (<100 mM) y el otro se
manifiesta en concentraciones altas de sustrato (>250 mM). Ambos componentes podrian

presentar cooperatividad, con una cooperatividad mayor en el segundo componente.



Comparada con la CAT-1a, la CAT-le presenté un valor mayor en sus Sps. Sin
embargo, el valor de las Vi, 1as ke y 12 eficiencia catalitica fueron similares en ambas
enzimas. La CAT-le es mas sensible a la inhibicion con cianuro que la CAT-1a. Otros
inhibidores no mostraron diferencias significativas entre estas enzimas. La CAT-le es
menos activa en un pH extremo y menos estable en pH acido que la CAT-1a. La CAT-1a
resultd mas estable que la CAT-1e a la inactivacion por calor, a concentraciones molares de
clorhidrato de guanidina y a la degradacion proteolitica con subtilisina. Los espectros de
emision de fluorescencia del hemo sugieren que hay un cambio estructural local cuando la
CAT-1 se modifica por el oxigeno. No se encontraron grandes diferencias
conformacionales entre las enzimas analizadas con el dicroismo circular y la fluorescencia
de la proteina. La CAT-1a y la CAT-le no presentaron diferencias en sus energias de
activacion para la catalisis, lo cual indica que estas enzimas tienen una catalisis similar. De
acuerdo con las evidencias anteriores, la CAT-la y la CAT-le tienen diferencias
estructurales y cinéticas, pero las diferencias solo se detectaron en condiciones extremas.
En condiciones fisioldgicas, ambas enzimas son funcionalmente equivalentes.

El cristal de la CAT-1 pertenece al grupo espacial C2 con un dimero en la unidad
asimétrica. La estructura de la CAT-1 se determin6 a 1.75 A de resolucién. Los valores de
Reyst ¥ Rpee fueron de 18.3 y de 20.6, respectivamente. La secuencia del extremo N-
terminal de la CAT-1 no contiene los primeros 21 aminoacidos y en el cristal no se
observan los siguientes 17. Las mayores diferencias entre la CAT-1 y las otras dos
estructuras de catalasas grandes se encuentran en el dominio C-terminal.

Se propone un mecanismo que abre la parte estrecha del canal principal solo cuando
hay suficiente peroxido de hidrégeno en la cavidad pequefia antes de la parte estrecha. Este
mecanismo de puerta explicaria el aumento en la actividad catalitica cuando se incrementa
la concentracién de sustrato. El hemo de la CAT-1 es una mezcla del Fe-protoporfirina IX
(hemo b) con un hemo oxidado que tiene un cis-hidroxilo y una y-espirolactona en el anillo
pirrolico III, denominado hemo d. La proporcion encontrada en el cristal de hemo b es de
57% y de hemo d de 43%. El oxigeno en singulete podria hidroxilar el C5 y el C6 del anillo
pirrolico III y formar el hemo 4. El sitio de modificacion en las catalasas depende
probablemente del camino que sigue el dioxigeno para salir de la proteina. en las catalasas

grandes principalmente a través del canal central, mientras que en las catalasas pequefias a



través del canal principal. La CAT-1 presenta un enlace covalente inusual entre el azufre de
la Cys356 y el CP de la Tyr379 que coordina el Fe del hemo. Dicho enlace se confirmé por
un analisis de espectrometria de masas de los péptidos de la CAT-1 obtenidos con tripsina.
También se propone un mecanismo para la formacion del enlace covalente Cys-Tyr. Una
posible funcion del enlace covalente podria ser el evitar la formacion de los compuestos
inactivos, denominados compuesto 1l y compuesto III, que se producen en las catalasas

pequefias y explican la inhibicién e inactivacién con el sustrato en estas enzimas.



SUMMARY

Catalase, a fundamental antioxidant enzyme present in most organisms, dismutates
hydrogen peroxide into water and oxygen. Catalases are related to development in various
organisms (1-5). During the formation of spores (conidia) in the Neurospora crassa asexual
life cycle there is a step-wise increase of catalase activity. Conidia have 60 times more
catalase activity than hyphae growing in a liquid culture (6-7).

Most catalases are homotetramers with one heme group per subunit. They are
composed of either small subunits (molecular mass ~ 60 kDa) or large subunits (molecular
mass ~ 80 kDa). There are important structural and functional differences between small
and large catalases.

Catalase-1 (CAT-1) is one of the two large monofunctional catalases of N. crassa.
CAT-1 is associated with non-growing cells and accumulates in asexual spores. Purified
CAT-1 1s oxidized at the heme by singlet oxygen giving rise to active catalase enzymes
with different electrophoretic mobility (8). CAT-1 is modified during cell differentiation
and under stress conditions, in which singlet oxygen is generated.

In this thesis, 1 present a molecular and kinetic characterization of CAT-1, a
comparison of structural and functional features in CAT-1a (non-oxidized), and CAT-le
(fully oxidized) and the crystallographic structure of CAT-1.

CAT-1 was purified 170-fold from conidiating cultures with a yield of 48%. CAT-1
is a homotetramer with 88 kDa monomers that are glycosylated with a-glucose and/or a-
mannose. CAT-1 is more resistant than other catalases to heat inactivation, to high
concentrations of salt and denaturants. It is fully active over a pH range betwen 4 and 12.
CAT-1 is resistant to molar concentrations of substrate and has complex kinetics. It is
inactivated by 3-amino-1,2 4-triazole, azide and hydroxylamine, and is competitively
inhibited by cyanide. CAT-1 Kinetics fits to a two-component model in which one
component is present at low concentrations of substrate (<100 mM) and the other at high
concentrations of substrate (>250 mM). Both components could be cooperative with a
higher coperativity for the second component.

Compared with CAT-1a, CAT-1e had a higher value of its Sy s. However, Viax, Keat
and catalytic efficiency were similar in both enzymes. CAT-le was more sensitive than

CAT-la to inhibition by cyanide. Other inhibitors assayed showed no significant



differences between these enzymes. CAT-le was less active than CAT-1a at extreme pH
and less stable in the acid pH. CAT-1a was more resistant than CAT-1e to heat inactivation,
molar concentrations of guanidine hydrochloride and proteolysis with subtilisin. Heme
fluorescence spectra suggest that there is a local structural change when CAT-1 is modified
by oxygen. No significant conformational differences between enzymes were detected by
circular dicroism and protein fluorescence. CAT-1a and CAT-1e had no differences on its
activation energy for catalysis, indicating that these enzymes have a similar catalysis.
Evidences presented indicate that CAT-le is functionally and structurally different than
CAT-1a, but these differences were only detected under extreme conditions. Under
physiological conditions, both CAT-1 enzymes are functionally equivalent.

CAT-1 crystal belongs to the space group C2 with a dimer in the asymmetric unit.
CAT-1 structure was determined at 1.75 A resolution. The final Reryst and Rgee were 18.3
and 20.6, respectively. The N-terminal end sequence does not have the first 21 residues and
in the crystal the next 17 residues were not observed. Main differences between CAT-1 and
other two large catalase structures were observed in the C-terminal domain.

A mechanism is proposed in which the narrow part of the channel opens only when
there is sufficient hydrogen peroxide in the small cavity before a gate. This mechanism
would explain the increase in catalytic velocity when the substrate rises. CAT-1 structure
has a mixture of Fe-protoporphyrin IX (heme b) (57%) and an oxidized heme (43%) with a
cis-hydroxy y-spirolactone in pyrrole ring Ill, denominated heme 4. Singlet oxygen may
hydroxylate C5 and C6 of this pyrrole ring to form heme d. The modification site probably
depends on the way dioxygen exits the protein, which we propose to be through the central
channel in large catalases. In contrast, in small catalases the main O, exit is through the
main channel. CAT-1 has an unusual covalent bond between the Cys356 sulfur and the
Tyr379 CpB, the tyrosine that coordinates the iron of the heme. This covalent bond was
confirmed by mass spectrometry analysis of CAT-1 trypsin peptides. A mechanism for the
origin of the covalent bond is proposed. A possible function of this bond could be related to
a reduced formation of the so-called compound II and I1I, which lead to an inactive enzyme

in the catalase reaction.



ABREVIATURAS
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INTRODUCCION
Las especies de oxigeno reactivas

Las especies de oxigeno reactivas se derivan del oxigeno y son mas reactivas que el
dioxigeno (O,) en su estado basal. Las principales especies de oxigeno reactivas son: el
oxigeno atémico (O) y el ozono (Os), que se producen por la accion de la luz ultravioleta o
las descargas eléctricas sobre el O,; el oxigeno en singulete ('0,), que es el oxigeno en una
forma excitada; el superoxido (O;"), que es el O, que ha captado un electron; el peroxido
de hidrogeno (H,0»), que se forma cuando el superéxido capta otro electron y se protona; el
radical hidroxilo (HO"), que se genera cuando el H,O, se rompe al captar un electron y que
tiene un electrén menos que el otro producto, el i6n hidroxilo; el radical nitrosilo (NO®),
que se forma por la accion de la oxido nitrico sintasa sobre el grupo guanidino de la
arginina y, finalmente, el peroxinitrito (OONO’), que es el producto de la reaccion

espontanea del radical nitrosilo con el superdxido (Fig. 1).
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manera espontanea. Av = energia de radiacion. Esquema tomado de la Fig. 1 de la referencia 12.



Las especies de oxigeno reactivas pueden dafiar las proteinas, los lipidos y los
acidos nucleicos, por lo que se requieren sistemas antioxidantes eficientes, entre los que se
incluyen las enzimas antioxidantes y los compuestos antioxidantes. lLas superoxido
dismutasas (SOD), las peroxirredoxinas, las peroxidasas y las catalasas son ejemplos de
enzimas antioxidantes. El glutation, el ascorbato (vitamina C), el a-tocoferol (vitamina E),
el B-caroteno y el urato son los principales compuestos antioxidantes. Sin embargo, las
especies de oxigeno reactivas no solo son agentes de dafio sino que también se utilizan
como segundos mensajeros en las células para regular la proliferacion, la diferenciacion y
la muerte celular (8-11).

La mayor parte del peroxido de hidrogeno se forma con la dismutacion del radical
superoxido (O,"") espontanea o por las superoxido dismutasas, y también como producto de

la reaccion de algunas oxidasas, sobre todo la NADPH oxidasa y la xantina oxidasa.

Enzimas que desechan el peréxido de hidrégeno

Hay varias enzimas capaces de degradar el peroxido de hidrogeno: las
peroxirredoxinas, las peroxidasas y las catalasas. Las peroxirredoxinas desechan el
peroxido de hidrogeno a través de un sistema de oxido/reduccion de grupos tioles. Las
peroxidasas requieren un sustrato reducido para desechar el peroxido de hidrogeno. La
glutation peroxidasa reduce los hidroperoxidos utilizando glutation como agente reductor.
Las hemoperoxidasas se pueden dividir en la superfamilia de los animales y la superfamilia
de plantas, hongos y procariontes. Estas enzimas difieren entre si en su estructura primaria,
secundaria y terciaria por lo que se piensa que representan familias de genes diferentes. Las
hemoperoxidasas de animales son proteinas mayores a 700 aminoacidos, tienen el hemo
unido covalentemente y sitios para unir Ca’’. Las hemoperoxidasas de plantas, hongos y
procariontes no unen covalentemente el hemo y difieren de las hemoproteinas de animales
en que éstas son proteinas de 300 aminodacidos. Las peroxidasas de hongos y las de plantas
tienen dos calcios estructurales. Estos calcios estan colocados axial y distalmente al grupo
hemo. Estos son responsables de la estabilidad de la proteina y se pierden cuando se
inactiva por temperatura. Esta superfamilia se divide en tres clases. La clase I incluye la
citocromo ¢ peroxidasa de Saccharomyces cerevisiae, las ascorbato peroxidasas de

cianobacterias, las algas y las plantas, y las catalasas/peroxidasas. La clase Il comprende las



peroxidasas extracelulares de los hongos, como las lignino peroxidasas y las manganeso
peroxidasas. La clase III incluye las peroxidasas de secrecion de las plantas, como la
peroxidasa del rabano blanco.

Las enzimas menos eficientes son las peroxirredoxinas (10° - 10° M s™) y las mas
eficientes son las catalasas (10° - 10° M s). Las primeras funcionan a concentraciones
muy bajas de H,O, (<0.06 mM) y las segundas a concentraciones muy altas (20 - 600 mM).
Las peroxidasas tienen una eficiencia intermedia y funcionan a concentraciones intermedias
de HzOg (]2—] 4).

Hay tres grupos de enzimas con actividad de catalasa: 1) las catalasas
monofuncionales que son homotetrameros, contienen hemo y estan presentes tanto en los
organismos procariontes como en los eucariontes, ii) las Mn-catalasas, que son enzimas
hexaméricas que tienen Mn en el sitio activo y s6lo estan presentes en algunos organismos
procariontes anaerobios y iii) las catalasas-peroxidasas, que son dimeros que contienen un
hemo por subunidad, tienen actividad de catalasa y de peroxidasa y solo estan presentes en

las bacterias y en los hongos (15).

Importancia de las catalasas monofuncionales

La eliminacion del H,O, evita que se forme el radical hidroxilo y el oxigeno
singulete, especies de oxigeno que son muy reactivas. La mayoria de dafios en las proteinas
son ocasionados por el hidroxilo. El hidroxilo reacciona con cualquier aminoacido en el
sitio donde se forma, que generalmente son sitios en donde se encuentra un metal de
transicion. Asi, la glutamina sintetasa de Neurospora crassa y la glutamato deshidrogenasa
dependiente de NADPH se inactivan cuando se oxidan por el hidroxilo. El oxigeno
singulete es mas selectivo y reacciona particularmente con los aminoacidos triptofano,
tirosina, histidina, lisina, metionina y cisteina. El grado de oxidacion de las proteinas de una
célula se puede medir detectando los carbonilos en la proteina total. Los carbonilos se
forman por la oxidacion de la prolina y la arginina en semialdehido de glutamato y por
rupturas de la cadena peptidica. Los dafios producidos por el hidroxilo y el oxigeno
singulete son irreversibles y en términos generales marcan las proteinas para su
degradacion. En los eucariontes, la mayoria de las proteinas oxidadas se degradan en el

citosol y solo algunas en los lisosomas. El reconocimiento de los sitios oxidados o



halogenados o la exposicion de regiones hidrofobicas determinan la ubiquitinacion de las
proteinas y su degradacion en el proteasoma (12).

La mayoria de los organismos aerobios tienen catalasas monofuncionales, aunque
algunos pocos no tienen, como las bacterias Bacillus popilliae, Mycoplasma pneumoniae, la
cianobacteria Gloeocapsa, el protista Euglena y varios helmintos parasitos (13).

En el hombre, la catalasa protege a la hemoglobina del peroxido de hidrogeno que
se genera en los eritrocitos (16). También tiene un papel de proteccion en la inflamacion
(17), en la prevencion de mutaciones (18), retrasa el envejecimiento prematuro y cierto tipo
de cancer (19). Las mutaciones en el gen de la catalasa resultan en la enfermedad
hereditaria denominada acatalasemia que, entre otros sintomas, se reconoce por un
incremento en la incidencia de ulceraciones bucales (13).

Muchas bacterias, hongos y plantas tienen varias catalasas que estdn reguladas de
manera diferente (1, 20-24). Es interesante que las catalasas estén relacionadas con la
diferenciacion en varios organismos (1-5).

La catalasa se ha estudiado por mas de un siglo. Sin embargo, hay muchas
preguntas sobre la funcion y la estructura de las catalasas atn sin responder, como se vera
mas adelante. Por ejemplo, la funcién de la union del NADPH en algunas catalasas
pequefias no esta totalmente entendida. Las catalasas grandes, presentes unicamente en los
hongos y las bacterias no unen NADPH, pero tienen un dominio en el extremo C-terminal
semejante a la flavodoxina cuya funcion se desconoce. Las catalasas grandes son mas
resistentes a la inhibicion e inactivacion con el sustrato que las catalasas pequefias y atin no
se sabe el por qué de esta resistencia. Tampoco se tiene informacion de la funcion del
enlace covalente His-Tyr de la catalasa HPIl de FEscherichia coli ni de la diferente

orientacion del hemo en las catalasas grandes.

Mecanismo de reaccion de las catalasas

La catalasa monofuncional (EC 1.11.1.6) degrada dos moléculas de peroxido de
hidrégeno en dos moléculas de agua y una de dioxigeno como se resume en la reaccion
total (Reaccion 1). En esta reaccion ocurre la transferencia de dos electrones entre dos
moléculas de peroxido de hidréogeno, una funciona como donador y otra como aceptor de

electrones. El mecanismo de reaccion se lleva a cabo en dos pasos. En el primero, la
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catalasa se oxida por una molécula de peroxido de hidréogeno formando un intermediario
llamado compuesto 1. El compuesto | se caracteriza por tener un grupo ferroxilo (FelV=0)
y un radical catiénico de porfirina. En el primer paso de la reaccion se produce una
molécula de agua (Reaccion I de la Fig. 2). En el segundo paso de la reaccion, el compuesto
I es reducido por otra molécula de perdxido de hidrogeno regresando la catalasa a su estado

inicial y produciendo una molécula de dioxigeno y otra de agua (Reaccion 1l de la Fig. 2).

2H,0, — 2H,0 + O, 1

En ciertas condiciones el compuesto I puede captar un electron proveniente de otra
molécula reducida originando el compuesto II. En el compuesto 11, el caracter del radical
cationico de porfirina se pierde (Reaccion I1I de la Fig.2). Este intermediario, al reaccionar
con una molécula de H,0,, forma el compuesto III (Reaccion IV de la Fig. 2) o,
alternativamente, reacciona otra vez con un donador de un electréon regresando la enzima a
su estado inicial (Reaccion V de la Fig. 2). El compuesto II y el compuesto III son
inefectivos para la reaccion de catalasa. En cambio, el compuesto II es un intermediario

catalitico de las peroxidasas (25).

~ pe” > FH actividad
€ < —re— de catalasa
| TR I
estado inicial H,0 + 0, n H,0, compuesto |
(porfirina-Fe'") (porfirina'*-Fe'V=0)
. , actlwdad AH
A& +H '\ de peroxidasa ﬂ
A"
O -
AH I A"+ H
— Fe e
[ .
compuesto 11 e *  compuesto 111
e FalV v ina-Felll.()_*
(porfirina-Fe'V=0) H,0, H,0 (porfirina-Fe™-0,")

Fig. 2.- Esquema del ciclo catalitico de las catalasas y las peroxidasas. Esquema tomado de la Fig. 1
de la referencia 25.
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La catalasa también puede utilizar algunos sustratos pequefios en reacciones de
peroxidasa, aunque lo hace con una eficiencia mucho menor (1000 veces menor) que la
reaccion de catalasa. En la reaccion de peroxidasa de la catalasa, el compuesto I oxida
sustratos como el metanol, el etanol, el formato o el nitrato (26). En el cerebro, la reaccion
de la catalasa con el etanol forma acetaldehido, que es toxico y explica algunos de los

efectos neurologicos de la intoxicacion alcohdlica en humanos (27).

Diferencias entre las catalasas

Las catalasas monofuncionales unen un grupo hemo por subunidad y se caracterizan
por presentar actividad en un intervalo amplio de pH (5.0 a 10.5). Son enzimas muy
estables, resistentes a multiples agentes desnaturalizantes y disolventes. Se inactivan
especificamente con el 3-amino-1,2 4-triazol (CgH,;N;0O,). Como hemoproteinas, las
catalasas se inactivan con la azida y la hidroxilamina, y se inhiben con cianuro. La mayoria
de las catalasas son homotetrameros, aunque también se han reportado dimeros e inclusive
trimeros (12, 14), aunque es probable que estas estructuras se produzcan como artificios
durante la purificacion de las enzimas.

Las catalasas monofuncionales son de dos tipos: las catalasas con subunidades

pequefias (masa molecular = 60 kDa) (Fig. 3A) y las catalasas con subunidades grandes

(masa molecular = 80 kDa) (Fig. 3B).

Un analisis filogenético de 256 catalasas monofuncionales sugiere que la enzima ha
evolucionado a través de por lo menos dos eventos de duplicacion génica produciendo tres
clados principales. El clado' 1 contiene las catalasas de subunidades pequefias de las
plantas y un subgrupo de las bacterias; el clado 2 contiene las catalasas de subunidades
grandes de los hongos y un segundo subgrupo de bacterias; y el clado 3 contiene las
catalasas de subunidades pequeiias de bacterias, hongos, protistas, animales y plantas (Fig.

4) (29-30).

' Clado.- Es un grupo de especies cuyos integrantes descienden de una misma especie troncal. También se le
conoce como grupo monofilético.
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NADPH

Fig. 3.- La estructura de las catalasas. A. El mondmero de la catalasa de eritrocitos humanos (HEC),
una catalasa pequefa (clado 3). B. El monémero de la catalasa HPII de £. coli, una catalasa grande
(clado 2). El dominio I corresponde al extremo N-terminal, I1 es el barril B, I1I es el asa envolvente,
IV es el dominio de hélices y V es el dominio del extremo C-terminal con topologia semejante a la
flavodoxina. También se muestra la molécula de NADPH unida a la catalasa pequefia. Las
imagenes se generaron con el programa Ribbons (28) con los archivos PDB: 1DGF y 1GGE,

respectivamente.

Las catalasas del clado 3 unen NADPH (Fig. 3A), son menos resistentes a la
desnaturalizacion, tienen Fe-protoporfirina IX (hemo b) (Fig. SA) y se inhiben e inactivan
con el sustrato (Fig. 6A). La union del NADPH probablemente evita la formacion del
compuesto Il y 11l (26-27). Las catalasas del clado 2 no unen NADPH, tienen un dominio
en el extremo C-terminal semejante a la flavodoxina (Fig. 3B), son muy resistentes a la
desnaturalizacion, tienen hemo d (con un cis-hidroxilo y una y-espirolactona en el anillo
pirrélico III) (Fig. 5B) y son resistentes al H,O, (Fig. 6B) (32-33). Los pocos reportes sobre
las catalasas del clado 1 indican que éstas no unen NADPH, pues no tienen los aminoacidos
requeridos para la union del dinucledtido. De manera similar a las catalasas del clado 3, las
catalasas del clado 1 son menos resistentes a la desnaturalizacion y también se inhiben e

inactivan con ¢l sustrato (14, 34).
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Fig. 4.- Analisis filogenético de las catalasas monofuncionales. El arbol filogenético se obtuvo a
partir de un alineamiento multiple de las secuencias de las catalasas. En la imagen estan los tres
clados y las catalasas de hongos estan marcadas en letras negritas para resaltar su ubicacion. Imagen

tomada de la figura 3 de la referencia 31.

La HPII es mas resistente a altas temperaturas que la catalasa del higado de bovino
(Bovine liver catalase). Asi, la BLC se inactiva completamente al incubarla por 30 min a
64°C, mientras que la HPII lo hace en 20 min a 86°C. La HPII también es resistente a
detergentes (1% SDS) y agentes desnaturalizantes como urea (7.0 M) o clorhidrato de
guanidina (4.0 M). En cambio, en estas condiciones la BLC se inactiva completamente
(35).



Fig.5.- La estructura del hemo en las catalasas. A. El hemo b en la catalasa humana (HEC). B. El

hemo d de la catalasa HPIl. En esta ultima se muestra el cis-hidroxilo y el anillo de la y-
espirolactona en el anillo pirrélico III. El hemo d tiene una rotacion de 180° respecto al hemo b de

la HEC. Las imagenes se generaron con los archivos PDB: 1DGF y 1GGE respectivamente.

La cinética de la reaccion de catalasa

La catalasa BLC, que es una catalasa pequeiia del clado 3, se inactiva con 200 mM
de H,O,, mientras que la CatR de Aspergillus niger, que es una catalasa grande (clado 2),
no muestra inhibicion ni inactivacion con 5.0 M de sustrato. El compuesto II es responsable
de la inhibicion reversible de la BLC en altas concentraciones de sustrato (26). Otra
catalasa grande que no se inhibe ni se inactiva con altas concentraciones de H,O; (5.0 M)
es la HPII de Z. coli (Fig. 6B) (14). Ademas de su resistencia al H,O,, la CatR y la HPII
tienen una cinética compleja que no se ajusta bien al modelo de Michaelis-Menten (Fig.
6B). En cambio, las catalasas pequefias reportadas en la literatura presentan inhibicion en

concentraciones altas de sustrato (Fig. 6A) (14).
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Fig. 6. Cinética de saturacion de la catalasa. La linea continua representa los datos observados y la
linea cortada representa la curva tedrica de Michaelis-Menten. A. La enzima de Bacillus fragilis,
una catalasa de subunidades pequeiias. B. La HPII, una catalasa de subunidaes grandes. En B se
incluye la grafica de dobles reciprocos que ilustra la divergencia de los datos observados respecto a

la cinética de Michaelis-Menten. La imagen se tomo de la Fig. 2 de la referencia 14.

Estructura tridimensional de las catalasas

Para poder entender estas diferencias funcionales es importante conocer la
estructura tridimensional de las distintas catalasas y establecer correlaciones estructura-
funcion.

Se ha determinado la estructura tridimensional de ocho catalasas. Cuatro de éstas
son de los procariontes: Micrococcus lysodeikticus (MLC) (15, 36), Proteus mirabilis
(PMC) (37), E. coli (HPII) (38-39) y Pseudomonas syringae (CatF) (30), y cinco catalasas
son de los eucariontes: bovino (BLC) (40-41), Penicillium vitale (PVC) (42), S. cerevisiae
(SCCA) (10) y entrocitos humanos (HEC) (27) (Tabla I). Las catalasas anteriores son
pequefias, excepto la HPII y la PVC. La mayoria de las estructuras de catalasas
determinadas son del clado 3. La PVC y HPII pertenecen al clado 2 y unicamente la CatF
pertenece al clado 1 (29-30). Estas catalasas son homotetrameros, tienen un grupo hemo
por subunidad y una simetria molecular 222. La simetria molecular 222 se caracteriza por

tener tres ejes de rotacion de orden dos (180°), que son perpendiculares entre si. Esta
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simetria describe un tetramero de subunidades idénticas. Cuando a una subunidad se le
aplica una rotacion de 180° en el eje X, otra de 180° en el Y y otra de 180° en el Z se genera
el tetramero. Lo anterior indica que las catalasas son tetrameros con subunidades idénticas
(42). En la Iiteratura sobre catalasas, los ejes X, Y, y Z corresponden a los ejes P, R y Q
segun se describieron en la BLC (40).

Las catalasas monofuncionales estin formadas por los siguientes dominios: 1) el
extremo amino terminal, 2) un barril 3, 3) el asa envolvente, 4) un dominio de hélices (Fig.
3A) y, en el caso de las catalasas grandes, el dominio tipo flavodoxina del extremo
carboxilo terminal (Fig. 3B) (40, 42-43).

La principal diferencia estructural entre las catalasas pequeiias y las grandes es la
presencia en estas dltimas de un dominio extra de aproximadamente 150 aminoacidos en el
extremo carboxilo terminal. Este es un dominio del tipo o/f formado por cuatro hélices alfa
y ocho hebras 3, cuya topologia es semejante a la flavodoxina (Fig. 3B) (43). Se desconoce
la funcion de este dominio y no hay evidencia expenmental de que pueda unir un

nucleétido.

Tabla I.- Las catalasas monofuncionales cuya estructura cristalografica ha sido determinada.

i Codigo | Grupo | Resolucion

Especie Nombre PDB e A) Clado
e PVC | 4CAT| P321| 300 2
vitale
o BLC | 8CAT| P321| 25 3
raurus
Micrococcus
Asolelktis MLC | IGWE| Pa22| 088 3
F L HPIL | 1GGE | P2, 189 | 2
coli
From PMC | 1M85 | P6,22 | 200 3
mirabilis
Saccharomyces|  gooa | 1a4E | P62 2.40 3
cerevisiae
Hom HEC | IDGF| P22,2,| 1.50 3
sapiens
Fsendomoncs CatF | 1M7S | P2, 1.80 1
syringae
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Las catalasas pequeiias que pertenecen al clado 3 (SCCA, BLC, MLC, PMC y
HEC) unen una molécula de NADPH. En las catalasas grandes (PVC y HPII), los
aminoacidos entre el dominio de las hélices y el extremo C-terminal impiden la union del
NADPH. El sitio de union para el NADPH esta localizado a 19 A del Fe del hemo. El
NADPH se une a las catalasas con un plegamiento unico entre las oxidorreductasas. Los
aminoacidos de la cavidad que une el NADPH estan muy conservados en las catalasas del
clado 3 (27, 37).

Los resultados bioquimicos muestran que el NADPH esta implicado en una
reaccion redox con el hemo. Las catalasas podrian utilizar el NADPH como una molécula
donadora de electrones para evitar la formacion de los compuestos II y III que son
inactivos. Se han propuesto rutas probables para los electrones que van del NADPH al sitio
activo de la enzima. Las catalasas grandes no unen al NADPH pero tampoco tienden a
formar los compuestos I1 y I1I. No se conoce la razon por la cual las catalasas grandes no se
inactivan con el sustrato.

En las catalasas de los tres clados los dimeros se forman por el enganche mutuo de
dos monémeros. El extremo amino terminal de un monomero se entrelaza como un gancho
con el asa envolvente del monémero relacionado en el eje Q (Fig. 7A). El tetramero es un
dimero de dimeros, que tiene una estructura compacta con dimensiones de 150 x 100 x 80
A en las catalasas grandes (Fig 7B) (43).

La alta resistencia de las catalasas al calor y los desnaturalizantes se debe en parte al
entrelazamiento de los mondémeros para formar los dimeros activos. Los monémeros de las
catalasas no son activos. El dominio del extremo C-terminal en las catalasas grandes y la
glicosilacion reportada para algunas catalasas de hongos podrian contribuir también a su
estabilidad (39).

En la estructura cristalografica de la catalasa HPII se encontré un enlace covalente
inusual entre la His392 y la Tyr415 que se coordina con el Fe del hemo (39). El enlace es
entre el N& del imidazol de la His y el CP de la Tyr. La distancia de este enlace es de 1.6 A
y esta conservado en las cuatro subunidades de la HPIL. Los mapas de densidad electronica
y un analisis de espectrometria de masas de los péptidos obtenidos de una digestion con
tripsina confirman la existencia del enlace covalente (44). Se ha propuesto que tanto la

modificacion del hemo » como la formacion del enlace covalente His-Tyr en la HPII
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necesitan de la actividad catalitica. Asimismo, se propone que el compuesto 1 actia como
iniciador de estas reacciones (33). No se conoce la funcion del enlace covalente en la HPII

y no hay reportes de enlaces covalentes inusuales en las catalasas pequefias.

Fig. 7.- La
dimerizacion en
las catalasas. A.
El dimero de una
catalasa  grande
(HPII). Se
muestra como
estan entrelazados
los monomeros en
el dimero. B. Una

representacion

esquematica del
tetramero de la
HPII, donde se resalta la dimerizacion de los monomeros entrelazados. La figura A se gener6 con el
programa Ribbons (28) con el archivo PDB 1GGE de la HPII y el esquema B se tomo de la

referencia 39.

El grupo hemo y su funcion

La localizacion del hemo y su ambiente estdn muy conservados en las catalasas. El
hemo no esta unido covalentemente y se encuentra enterrado entre el barril 8 y dos hélices
(04 y a12). La distancia del hemo a la superficie del tetramero es de aproximadamente 20
A. Los grupos propionato del hemo estan enterrados y estabilizados por puentes salinos con
tres argininas conservadas (42-43, 45).

En la PVC, la HPII y la CatF el hemo tiene una orientacion diferente al hemo de las
catalasas del clado 3 (BLC, PMC, MLC, SCCA y HEC) (Fig. 5A). Entre estos dos grupos
de catalasas, el hemo esta girado 180° en el eje a-y-meso-carbono de tal manera que los

grupos metilo y vinilo de los anillos I y II cambian sus posiciones (Fig. 5SB) (30, 38-39, 42).
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La CatF de P. syringae es hasta ahora la unica catalasa pequefia en donde ¢l hemo esta
invertido con respecto a las demas catalasas pequefias. Otra manera de descrbir la
orientacion del hemo en las catalasas considera la histidina esencial del sitio activo. La
orientacion del hemo de las catalasas pequefas del clado 3 se denomina His-111, ya que el
anillo III del hemo esta cercano a la histidina esencial y, en las catalasas del clado 1 y 2 se
denomina His-IV, ya que en este caso es el anillo IV del hemo el que esta cercano a la
histidina esencial (30). La inversion del hemo se ha descrito en otras hemoproteinas como
la mioglobina y el citocromo b5, generalmente como un equilibrio dindmico entre las dos
orientaciones del hemo (45). Se desconoce si la orientacion del hemo en las catalasas tiene
un efecto funcional. .

El hemo divide en dos la cavidad donde se encuentra: la parte proximal estd mas
cerca de los ejes de simetria de la molécula y la distal mas alejada del centro y mas proxima
a la superficie. Hay tres aminodacidos esenciales involucrados en la catalisis: una histidina y
una asparagina en el lado distal y una tirosina en ¢l lado proximal del hemo. El oxigeno de
la tirosina esencial se coordina con el Felll del hemo. El lado distal de la cavidad del hemo
es muy hidrofébico y tiene vanas fenilalaninas conservadas (42-43). En la cavidad distal
"del hemo de todas las estructuras de catalasas hay moléculas de agua que estan
relativamente fijas (15, 30). El sustrato llega al sitio activo a través de un canal hidrofobico
de aproximadamente 25 A de largo que esta lleno de moléculas de agua.

Las catalasas BLC, PMC, MLC, SCCA, HEC y CatF tienen como grupo prostético
un hemo b (Fig. SA). En cambio las catalasas PVC y HPII tienen la configuracion de un
hemo modificado, llamado hemo d, con un cis-hidroxilo y una y-espirolactona en el anillo
pirrolico II1 (Fig. 5B). Se propone que el hemo d es el resultado de una dihidroxilacion en
el anillo I1I del hemo b, donde uno de los hidroxilos forma el ciclo de la lactona con uno de
los propionatos. No hay cambios importantes en el volumen entre las estructuras del hemo
by d (43, 45). La PVC y la HPII tienen casi exclusivamente hemo d y en ciertos casos una
pequefia fraccion de hemo b». La BLC nativa aislada tiene 50% de su hemo como
biliverdina y bilirrubina, que son productos de la degradacion oxidativa del hemo (45).
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La tension oxidativa y su relacion con la diferenciacion celular en N. crassa

En N. crassa la formacion de esporas asexuales o conidios se inicia de manera
sincronizada cuando un cultivo liquido se filtra y la masa micelial se expone al aire (46-47).
Los filamentos (hifas) en contacto directo con el aire se adhieren durante los primeros 40
min, el micelio adherido inicia el crecimiento de hifas aéreas después de 2 h y, finalmente,
se forman los conidios en las puntas de las hifas aéreas ramificadas 9 h después de la
exposicion al aire. La formacion de los conidios a partir de hifas en crecimiento involucra
tres transiciones morfogénicas: i) de las hifas en crecimiento al micelio adherido, i) del
micelio adherido a las hifas aéreas y iii) de las hifas aéreas a los conidios. Al inicio de cada
transicion morfogénica se desarrolla un estado hiperoxidante (48-52). El estado
hiperoxidante se define como un estado inestable, en el cual las especies de oxigeno
reactivas sobrepasan la capacidad antioxidante de la célula. El estrés oxidativo también se
desarrolla al inicio de la germinacion de los conidios (53). Con base en estos resultados, se
ha propuesto que la diferenciacion celular se da como una respuesta a un estado

hiperoxidante (6, 11).

Las catalasas de N. crassa

N. crassa tiene cuatro catalasas, la catalasa-1 (CAT-1), la catalasa-2 (CAT-2), la
catalasa-3 (CAT-3) y la catalasa-4 (CAT-4). Dos catalasas monofuncionales grandes: la
CAT-1, presente en células que no crecen, como los conidios, y la CAT-3, una catalasa
inducible presente en células en crecimiento, como el micelio (54). La CAT-2 es una
catalasa-peroxidasa presente en las células que se lisian (55). La CAT-4 probablemente sea
una catalasa peroxisomal que pertenece al clado 3 (29).

Los genes de la CAT-1 y la CAT-3 se han clonado, secuenciado y caracterizado
(54). La mutante sin car-3 presenta un incremento en el desarrollo asexual, comparada con
la cepa silvestre, debido a una tension oxidativa (56). La secuencia del extremo N-terminal
de la CAT-3 indica que la enzima se procesa y secreta (54). Las actividades de la CAT-1y
CAT-3 estan presentes durante el ciclo asexual de N. crassa y se expresan de manera
diferente (54). Se ha observado una induccion escalonada de la actividad especifica de
catalasa durante la formacion de los conidios. Los conidios tienen 60 veces mas actividad

que las hifas creciendo en medio liquido (6-7, 54). Este aumento en la actividad de la
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catalasa se debe a la sintesis de la CAT-1 durante la formacion y la maduracion de los
conidios (54).

La CAT-1 se modifica en el hemo por el oxigeno singulete (8). La oxidacion
también ocurre durante la diferenciacion del hongo y en condiciones de tension metabdlica,
condiciones en las que se genera oxigeno en singulete (8). El hemo de la CAT-1 totalmente
modificada (CAT-1e), analizado en una cromatografia en fase reversa con una columna
hidrofobica, da un pico ligeramente mas hidrofoébico que el de la CAT-1 no modificada
(CAT-1a) (8). El espectro de absorcion del hemo de la CAT-1e es mas asimétrico que el de
la CAT-1a. La modificacion hace que el pl de la CAT-1 cambie. La CAT-1a tiene un pl de
5.45 y la CAT-1e tiene un pl de 5.25. La CAT-1 en presencia de una atmosfera de argon
analizada en geles de actividad disminuye su modificacion. Los desactivadores del oxigeno
en singulete como la histidina, el triptofano, la tirosina y el acido 5-amino-salicilico evitan
que ocurra la modificacion de la CAT-la. No se sabe exactamente en qué consiste la
modificacion de la CAT-1 por el oxigeno.

Ademas de la CAT-1, la CAT-2 y la CAT-3 se modifican por el oxigeno singulete
(8). Finalmente, otras catalasas también se modifican (8).

Considerando la informacion anterior nos preguntamos: 1) si existen diferencias
estructurales y funcionales entre la CAT-1 no modificada y la totalmente modificada por el
oxigeno y 2) en qué consiste la modificacion del hemo por el oxigeno en la CAT-1. Para

contestar estas preguntas se plantearon los siguientes objetivos.

OBJETIVOS

Objetivos generales

El presente trabajo tiene tres objetivos principales. El primero es caracterizar la
CAT-1 desde el punto de vista molecular y cinético. El segundo es explorar si existen
diferencias estructurales y funcionales entre la CAT-la y la CAT-le. El tercero es
determinar la estructura cristalografica de la CAT-1 y relacionar la estructura con la

funcion. Estos objetivos se cumplieron de acuerdo a los siguientes objetivos particulares.

Objetivos particulares

1. Caracteristicas moleculares de la CAT-1
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a)

b)

d)

d)

a)

b)

Determinar la estructura oligomérica de la CAT-1, su estado de glicosilacién y su
estabilidad en diferentes temperaturas y agentes desnaturalizantes.

Determinar la estabilidad de la CAT-1a y la CAT-le al calor, el clorhidrato de
guanidina y la proteélisis con subtilisina.

Evaluar la estructura secundaria de la CAT-la y la CAT-le con espectros de
dicroismo circular.

Conocer la emision de la fluorescencia de la CAT-1a y la CAT-le, tanto de la

proteina como de los grupos hemo.

Caracteristicas cinéticas de la CAT-1

Determinar la cinética de la CAT-1a y la CAT-le tanto en bajas como en altas
concentraciones de sustrato.

Comparar la actividad de la CAT-l1a y la CAT-le en diferente pH, asi como su
estabilidad en pH 4cido.

Determinar la inhibicion con cianuro de la CAT-1a y la CAT-le, asi como su
inactivacion con el 3-amino-1,2,4-triazol, la azida y la hidroxilamina.

Estimar la energia de activacion para la catalisic de la CAT-1ay la CAT-le.

~aracteristicas estructurales de la CAT-1

Cristalizar la CAT-1 y con los cristles colectar datos de difraccion de rayos X para
determinar la estructura cristalografica de la enzima.

Determinar si el hemo presenta alguna oxidacion.

Comparar la estructura de la CAT-1 con las otras estructuras de catalasas.
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MATERIALES Y METODOS
MATERIALES

Los reactivos utilizados en esta tesis se obtuvieron de Sigma y los que son distintos

se indican en el texto.

METODOS
Cepas y condiciones de cultivo

La cepa silvestre de N. crassa, 74-OR23-1A del Fungal Genetic Stock Center, se
cultivé en medio solido Vogel con sacarosa 1.5% en matraces de 500 ml. Se inocularon 1 x
10° conidios por matraz. Los cultivos se crecieron tres dias en oscuridad a 30°C y dos dias

en luz a 25°C.

Purificacion de la CAT-1

La CAT-1 se purifico de acuerdo al método descrito en el primer trabajo (Apéndice
A, pagina 1324). En pocas palabras, el micelio aéreo conidiado se cosechd directamente en
acetona. Los polvos de acetona se homogeneizaron en un amortiguador que contenia
inhibidores de proteasas y antioxidantes. El extracto se sometié a dos ciclos de
congelacion/descongelacion y después a una centrifugacion. El sobrenadante se precipito
con acetona. La muestra se centrifugo y las pastillas se resuspendieron y centrifugaron. El
sobrenadante resultante se precipité con sulfato de amonio 35% y después se centrifugo. La
pastilla disuelta se pasoé por una columna de fenil-sefarosa (Phenyl-Sepharose CL-4B de
Pharmacia) y se eluyo con amortiguador de fosfatos 10 mM, pH 7.8. Las fracciones con
mayor actividad se mezclaron y se concentraron por centrifugacion con las unidades

Ultrafree-CL cellulose (5 000 NMWL) de Millipore.

Determinacion de la concentracién de proteina

La concentracion de proteina de las fracciones se determiné por el método de
Bradford (Bio-Rad). La concentracion de la CAT-1 pura se determindé midiendo la
absorbencia a 280 nm y utilizando un coeficiente de extincion de 88 810 M™' cm™ estimado

a partir de su secuencia de aminoacidos (57).
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Entrecruzamiento con glutaraldehido y la determinacion de la glicosilacion de

la proteina
El entrecruzamiento con glutaraldehido y la determinacion de la glicosilacion de la

CAT-1 se describen en el primer trabajo (Apéndice A, pagina 1324).

Modificacion de la CAT-1a en CAT-1e
La modificacion de la catalasa se promovio por almacenamiento en congelacion

(-20°C) durante ocho semanas en amortiguador de fosfatos 50 mM, pH 7.8.

Ensayos enzimaticos

La actividad de la catalasa se determind por oximetria (58). La reaccion se inicio
inyectando la catalasa (generalmente 0.2 pg en 5 pl 0 0.04 pg en 1 pl) en una camara
sellada que contenia 2 ml de amortiguador de fosfatos 50 mM, pH 7.8 y una concentracion
conocida de H,O,. La concentracion de H,O, se determind midiendo su absorbencia a 240
nm, considerando un coeficiente de extincion de 35.76 M ecm”. Una unidad se definié
como las umolas de H,O; consumidas por minuto a 22°C. Los datos de las reacciones
enzimaticas se analizaron con el programa Microcal Origin 6.0 (Microcal Software, Inc.
Northampton, MA, USA).

En el ensayo de actividad en diferentes valores de pH se elaboré una mezcla de los
amortiguadores MES, HEPES, CHES y CAPS 50 mM ajustando el pH deseado con 0.5 M
de HCI o NaOH. La actividad de la catalasa se midio con 10 mM de H,0,.

La estabilidad en pH acido se determino incubando la CAT-1 durante 5 min a
temperatura ambiente en amortiguador de acetatos 50 mM a un determinado pH (3.0 a 6.0).
Como control se us6 amortiguador de fosfatos 50 mM, pH 7.8. La actividad residual se
midio por oximetria en HO; 10 mM.

La inactivacion de la CAT-1 con 3-amino-1,2 4-triazol se determin6 incubando 20
pg de la enzima a 37°C en 1 ml de amortiguador de fosfatos 50 mM, pH 7.8, conteniendo
3-amino-1,2 4-triazol 20 mM, ascorbato 4 mM y H>O, 4 mM. Cada 5 min se tomaron
muestras (50 pl) de la mezcla y se midio la actividad residual. La inactivacion con azida e
hidroxilamina se realizé incubando la enzima (1 pug en 2 ml de amortiguador de fosfatos 50

mM, pH 7.8) a 37°C durante un min en una concentracion diferente del inactivador y la
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actividad residual se midié adicionando 10 mM de H,0,; a la mezcla. La inhibicion de la
CAT-1 (0.2 pug en 5 pl) con cianuro (Merck, México) se midio a diferentes concentraciones
del inhibidor (0.4 a 1.0 uM) y diferentes concentraciones de H>O, (8 a 60 mM).

La energia de activacion para la catalisis de la CAT-1 se determiné a partir de las
graficas de Arrhenius (In kg, vs. 1/K) obtenidas midiendo la actividad de la catalasa (0.04
ug en 1 pl) entre 20 y 700 mM de H,O, en las temperaturas de 15, 20, 25 30 y 35°C.

Ensayos de estabilidad

Los ensayos de estabilidad de la catalasa al calor, KCI, SDS (Bio-Rad) y clorhidrato
de guanidina (Boehringer Mannheim) se describen en el primer trabajo (Apéndice A,
pagina 1325).

La estabilidad de la CAT-1a y la CAT-l1e en condiciones de diferente temperatura y
diferentes concentraciones de clorhidrato de guanidina se describen en el segundo trabajo

(Apéndice B, pagina 8).

Electroforesis en geles de poliacrilamida

La catalasa se separo por electroforesis en geles de poliacrilamida (PAGE) al 10%
en condiciones desnaturalizantes. La actividad y la proteina de la catalasa también se
analizaron por electroforesis en geles de poliacrilamida al 8% en condiciones no

desnaturalizantes.

Tratamiento con subtilisina

La concentracion de subtilisina se determiné por su absorbencia a 280 nm con un
coeficiente de extincion de 24 870 M em™ (Horacio Reyes Vivas comunicacion personal).
La CAT-1 se incubd con subtilisina en una relacion de 7:1 a 30°C durante 28 h en
amortiguador de fosfatos 50 mM, pH 7.8. En los diferentes tiempos la reaccion se detuvo
adicionando 1.5 pl de PMSF 1 M en DMSO vy la actividad se midio por oximetria y la

proteina se analizé por SDS-PAGE y PAGE en condiciones no desnaturalizantes (59).

Dicroismo circular
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Los espectros de dicroismo circular se realizaron con 200 pg/ml de CAT-1 en
amortiguador de fosfatos 50 mM, pH 7.8, de 185 a 250 nm y se expresaron en elipticidad
molar (®) (grados cm” dmol™). La cantidad de estructura secundaria se determiné con el

programa Prosec (AVIV Instruments).

Fluorescencia de la proteina y del hemo

Los espectros de la emision de fluorescencia de la proteina se registraron con 150
pg/ml de CAT-1 en amortiguador de fosfatos 50 mM, pH 7.8, excitando a 280 nm. La
emision de la fluorescencia se registro de 300 a 400 nm a 25°C.

Los espectros de la emision de fluorescencia del hemo se registraron con 5 mg/ml
de CAT-1 en amortiguador de fosfatos 50 mM, pH 7.8, excitando a 400 nm. La emision de

la fluorescencia se registro en el intervalo de 420 a 700 nm a 25°C.

Cristalizacion y colecta de datos

La CAT-1 (9 mg/ml) en amortiguador de fosfatos 50 mM, pH 7.8, se cristalizo por
el método de la gota colgante, en sulfato de amonio 2.0 M (condiciéon # 32 del Kit I de
Hampton Research), a 18°C. Se formaron gotas con 5 ul de proteina mas 5 ul de agente
precipitante y en el pozo se pusieron 750 pl de agente precipitante.

Los cristales de la CAT-1 aparecieron a los cuatro dias formando hexagonos
irregulares de color verde, que alcanzan su tamafio maximo en aproximadamente un mes.

Un cristal con dimensiones 0.36 x 0.20 x 0.02 mm se difracto en la linea 9-1 del
sincrotron de Stanford (Stanford Synchrotron Radiation Laboratory SSRL), enfriandolo con
nitrogeno liquido. La solucion de crioproteccion fue glicerol 31% con sulfato de amonio
2.0 M. Las reflexiones de 119 imagenes se integraron con el programa DENZO (60) y se

escalaron con programas de CCP4 (Collaborative Computational Project, No. 4) (61).

Determinacion de la estructura y afinamiento

La estructura de la CAT-1 se determiné a 1.75 A por el método del reemplazo
molecular, usando las coordenadas de la catalasa HPII de E. coli (39) (con 45% de
identidad en secuencia con la CAT-1) como modelo inicial. La rotacion y la translacion se

realizaron con el programa CNS (Crystallography and NMR system) (62).
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El afinamiento se llevo a cabo usando los protocolos estandar de CNS (62). Los
mapas de densidad electronica 2fo-fc y fo-fc se revisaron con el programa O (63) para
hacer el afinamiento manual y la construccion de algunas partes del modelo. Se reservo el
10% de los datos, escogidos de manera aleatoria, para calcular el Rge. El afinamiento
consistio en alternar ciclos de afinamiento manual y automatico. Se empled la simetria no
cristalografica estricta, pero, al final se genero el dimero que es la unidad asimétrica. Los
ultimos mapas de densidad electronica se revisaron con una lista de picos elaborada con el
programa DDQ (Difference density quality) (64) para corregir la posicion de algunos
atomos en el modelo. Para el afinamiento del grupo hemo, se hicieron algunos modelos de
hemo con el programa O (63), cuyos archivos de topologia y parametros se crearon con
HIC-Up (Hetero-compound Information Centre-Uppsala). La adicion de las moléculas de

agua en el modelo se genero automaticamente con CNS (62).

Secuenciacion del extremo N-terminal

Se cargaron 15 pg de CAT-1 en tres camnles (5 pg por carril) de un SDS-PAGE al
10% y se transfirieron por 2.5 h a una membrana de PVDF (polivinildifluorobenceno)
usando como amortiguador de transferencia CAPS 10 mM y metanol al 10%, pH 8.0 a 4°C.
La membrana de PVDF se tifié con azul brillante de Coomassie R-250 0.1% en metanol
50% y se destifié con metanol al 50% y acido acético al 10%. La membrana seca se envio
al Instituto Pasteur (Département des Biotechnologies) para la determinacion de la

secuencia del extremo amino terminal.

Espectrometria de masas

La muestra de la CAT-1 para la espectrometria de masas se prepar6 de acuerdo con
los protocolos de W. M. Keck Facility de la Universidad de Yale. 2 pug de CAT-1 se
cargaron en un SDS-PAGE al 10%. El gel se tiiié con azul brillante de Coomassie R250
0.1% en acido acético 10% y metanol al 50%, y se destifié por 3 h en acido acético 10% y
metanol 50% con agitacion.

La banda de la proteina se cortd y se envio a W. M. Keck Facility de la Universidad
de Yale para hacer una digestion con tripsina en el gel y la espectrometria de masas de los

péptidos resultantes.
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RESULTADOS Y DISCUSION

Los resultados de esta tesis estan descritos en tres trabajos. El primer trabajo
describe la caracterizacion molecular y cinética de la CAT-1 y fue publicado en la revista
Free Radical Biology and Medicine (Anexo A). El segundo trabajo versa sobre las
diferencias en la estructura y en la funcion entre la CAT-1a y la CAT-le. Estos datos se
encuentran en el manuscrito del anexo B que se sometid para su publicacion a la revista
Free Radical Biology and Medicine. El tercer trabajo consistio en determinar la estructura
cristalografica de la CAT-1. El manuscrito se encuentra en el anexo C y esta aceptado para
su publicacion en la revista Journal of Molecular Biology.

A continuacion se resumen los resultados y la discusion de los primeros dos

trabajos.

I. Caracterizacién molecular y cinética de la CAT-1
a) Caracterizacion molecular

La CAT-1 se acumula particularmente en los conidios, constituyendo el 0.6% de la
proteina total, indicando su funcion en la germinacion. El método de purificacion aumento
170 veces la actividad especifica y tuvo un rendimiento del 48%. A partir de 2 g de polvos
de acetona de micelio aéreo y conidios se obtuvieron 1.5 mg de enzima pura. La CAT-1
purificada, separada por electroforesis en un gel de poliacrilamida en condiciones
desnaturalizantes, muestra una banda mayoritaria de aproximadamente 88 kDa y algunas
bandas contaminantes en muy baja concentracion (Fig. 8). La pureza de la CAT-1 fue
mayor al 95%. Tanto la pureza como la cantidad de la CAT-1 permitieron hacer la
caracterizacion molecular y cinética, asi como obtener cristales para determinar la
estructura cristalografica de esta enzima.

Los resultados del entrecruzamiento de la CAT-1 con glutaraldehido apoyan que
esta enzima es un homotetramero, como la mayor parte de las catalasas monofuncionales
descritas.

La CAT-1 se tifid con el reactivo de Schiff's, mostrando que la enzima esta
glicosilada. Ademas, la CAT-1 se unio a la lectina Concanavalina A, indicando que las
hexosas son probablemente a-glucosa y/o a-manosa (Fig. 9). La glicosilacion también se

ha reportado en otras catalasas de hongos como la CatR de A. Niger, que tiene
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principalmente manosas (65). La CatB de Aspergillus nidulans tiene cuatro sitios diferentes

de N-glicosilacion (Asn-118, 446, 549 y 610) (66), tres de los cuales estan conservados en

las secuencias de la Catl de Aspergillus fumigatus (67), la catalasa de Histoplasma

capasulatum (68) y la CAT-3 de N. crassa, que son enzimas homologas. En la CAT-1 sélo

se conserva el altimo sitio de N-glicosilacion, aunque existen otros tres sitios probables. La

enzima homologa a la CAT-1 es la CatA de 4. nidulans (1).

Fig. 8.- Purificacion de la CAT-1. SDS-
PAGE al 10% tefiido con azul brillante de
Coomassie con las fracciones principales
(10 ug) de la purificacion. Los carriles
son, respectivamente, extracto total (ET),
fraccion soluble (FS), extracto después de
dos ciclos de congelacion y
descongelacion (CD), precipitacion con
acetona (A), precipitacion con sulfato de

amonio (SA), y la elucion de una columna

ET

FS CD A SA F

e

PM 08

115

49.5

34.8
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de fenil-sefarosa CL-4C (F). El dltimo carril corresponde a los estandares de masa molecular (PM).
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Fig. 9.- Union de la CAT-1 a la Concanavalina-A. La CAT-
1 purificada separada por PAGE se transfiri0 a una
membrana de nitrocelulosa. las tiras de nitrocelulosa
después de la incubacion con a-lgG de conejo unido a
peroxidasa se tifieron por peroxidasa. Linea 1, amortiguador
salino de fosfatos; linea 2, incubada con Concanavalina-A
(100 pg/ml) y o-lgG de conejo-peroxidasa; linea 3,

Concanavalina-A; linea 4, a-1gG de conejo-peroxidasa.
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b) Caracterizacion cinética

La CAT-1 perdio el 50% de su actividad al incubarla por 70 min a 93°C. La enzima
no se inactivo en presencia de SDS 0.4 M (incubada 30 min a temperatura ambiente) y
concentraciones molares de KCl (4.0 M) (incubada 24 h a temperatura ambiente). Con urea
9.0 M perdi6 solo el 27% de su actividad pero la recuperd cuando se dializo la enzima y se
inactivo con clorhidrato de guanidina solo en concentraciones mayores a 4.5 M (incubada
48 h a temperatura ambiente). Estos datos documentan la gran resistencia de la CAT-1 a la
desnaturalizacion. La CAT-1 es mas resistente a 1a desnaturalizacion que la mayoria de las
enzimas y que otras catalasas. La CAT-1, la CatB de A. nidulans y la HPII también son
resistentes a la desnaturalizacion con detergentes (1% SDS) y con agentes desnaturalizantes
como la urea (9.0 M) o el clorhidrato de guanidina (4.0 M). En cambio, en estas
condiciones la BLC se inactiva completamente (35, 66).

La CAT-1 presento una meseta de actividad en un intervalo de pH de 4.0 a 12.0. La
enzima se mactivo con 20 mM de 3-amino-1,2,4-triazol (constante de inactivacion de
pseudo-primer orden k de 0.054 + 0.001 min"') (Fig. 10A) y fue resistente a los disolventes
organicos acetona, hexano, cloroformo y etanol. Los resultados anteriores apoyan que la
CAT-1 es una catalasa monofuncional. Asimismo, la CAT-1 se inactivd con la azida
(constante de inactivacion de segundo orden & de 2.11 + 0.03 mM™' min) (Fig. 10B) y la
hidroxilamina (constante de inactivacion de segundo orden k de 3.54 + 0.07 pM™' min™)
(Fig. 10C), y se inhibié competitivamente con cianuro (constante de inhibicion K; de 0.76 +
0.05 uM). Comparada con las catalasas grandes, CatR y HPII, la CAT-1 resulté ser mas
sensible al cianuro que la CatR y menos sensible que la HPIl y también menos sensible a la
azida. En cambio, la CAT-1 se inactivé con la hidroxilamina de manera similar a otras
catalasas (14). La estructura cristalografica de varios complejos de catalasas con
inactivadores e inhibidores muestra claramente como interactian éstos con el sitio activo.
La estructura de la catalasa humana determinada con 3-amino-1,2,4-triazol muestra que
este inactivador esta unido covalentemente a la His75 esencial, impidiendo que se lleve a
cabo la catilisis. Se sabe que la reaccion de inactivacion de la catalasa con el 3-amino-
1,2,4-triazol es con el compuesto 1 (27). La estructura de la SCCA determinada con azida
unida y de la HEC con cianuro unido indican que estos inactivadores estan coordinados con

el Fe del hemo, bloqueando de esta manera el acceso al sitio activo (10, 27).
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Fig. 10.- Inactivacion de la CAT-1. A. Curso temporal de inactivacion de la CAT-1 después de la

incubacion con 3-amino-1,2.4-triazol (3-AT) 20 mM. B. Inactivacion de la CAT-1 con diferentes

concentraciones de azida. C. Inactivacion de la CAT-1 con diferentes concentraciones de

hidroxilamina.

La CAT-1 no se inhibié en concentraciones molares de H,O,. Los datos, tanto en

bajas como en altas concentraciones de sustrato, con el modelo de Michaelis-Menten,

dieron las siguientes constantes. En concentraciones milimolares de sustrato la CAT-1 tuvo

una K, aparente de 21.7 + 0.5 mM, una V,,,, aparente de 1.67 + 0.16 x 10° U/mg, una ke
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de 89 x 10°s™ y una eficiencia catalitica keo/Kin de 4.11 x 10* M s"'. En concentraciones
molares de sustrato tuvo una K, de 232.6 + 12.7 mM, una V. de 9.49 + 0.13 x 10° U/mg,
una ke de 5.06 x 107 s y una eficiencia catalitica ke/Kin de 2.17 x 10° M 5. Los valores
de las constantes cinéticas son similares a los reportados para otras catalasas (14). La
eficiencia catalitica de esta enzima es enorme, ya que presenta un valor de 10° M s, lo
cual indica que la catalasa debe catalizar una reaccion cada vez que se encuentra con una
molécula de sustrato. La velocidad esta limitada por la difusion del sustrato (10*a 10° M
s), por lo que esta enzima se ha considerado un catalizador perfecto. Otros ejemplos de
enzimas que estan limitadas por la difusion son la triosafosfato isomerasa, la fumarasa, la
acetil colinesterasa, la anhidrasa carbonica y la diacilglicerol cinasa.

L.a CAT-1 presenté una cinética compleja en altas concentraciones de sustrato, ya
que la Vaae v la K, son mayores que en concentraciones bajas (ver mas adelante). Sin
embargo, la eficiencia catalitica no cambido. Se ha reportado que la HPII y la CatR
presentan una actividad mayor en altas concentraciones de sustrato en el ajuste con el
modelo de Michaelis-Menten (14).

El fenémeno de resistencia al sustrato parece ser exclusivo de las catalasas con
subunidades grandes. Ejemplos de ello son la CatR (5.0 M), la HPII (5.0 M) (14, 26, 69-70)
y la CAT-3 (3.0 M) (Valdés, VJ., Diaz, A y Hansberg, W. Resultados sin publicar). En
contraste con lo anterior, la catalasa bovina se inhibe reversiblemente y se inactiva
irreversiblemente a partir de 200 mM de H,0, (26). La catalasa de Bacteroides fragilis y la
de P. mirabilis y otras 12 catalasas con subunidades pequenas también se inhiben a partir
de 200 mM de sustrato (14). La inhibicion reversible de la BLC con el sustrato se debe a
la acumulacion del compuesto Il y la inactivacion a la acumulacion del compuesto 111 (26).
La resistencia a la inhibicion por sustrato en las catalasas grandes esta relacionada con una
baja velocidad de formacion de los compuestos I1 y 111 y una alta velocidad de conversion

del compuesto 111 al estado inicial de la enzima comparada con las catalasas pequenas (26).

II. Comparacion estructural y funcional de 1a CAT-1a con la CAT-1e

a) Comparacién estructural
Con el fin de probar si la CAT-1e presenta diferencias estructurales con la CAT-1a

se realizaron ensayos de actividad y estabilidad en pH extremos. La CAT-1e resulto ser
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menos activa que la CAT-1a en un pH extremo (de 40a4.5yde 11.5a 12.0) (Fig.11A) y
menos estable en un pH acido (de 4.0 a 6.0) (Fig. 11B). Lo anterior indica que hay un
cambio estructural en la CAT-1 modifcada que vuelve a la enzima menos estable en pH

acido.

Fig. 11.- La actividad y la
estabilidad de la CAT-1 en
diferente pH. A. La actividad
especifica de la CAT-la
(Barras claras) y la CAT-le
(barras rayadas) en el pH
indicado. B. La estabilidad de
la CAT-1a (linea negra) y la

CAT-le (linea roja) en un

Actividad especifica x 10° (U/mg)

4 intervalo de pH acido. La
4 6 8 10 12 .y ;
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También se obtuvieron los espectros de emision de la fluorescencia de la CAT-1.
Ambas enzimas tienen un maximo de emision en 334 nm y no presentaron diferencias en
sus espectros. También se registraron los espectros de dicroismo circular y se midio la

proporcion de cada estructura secundaria. lLos resultados no detectaron diferencias
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significativas entre la CAT-1a y la CAT-le, lo cual indica que no hay cambios estructurales
importantes en la proteina.

Debido a la oxidacion por el oxigeno en singulete en el hemo (8), se analizé la
fluorescencia del hemo de la CAT-1. Para ello se utilizaron altas concentraciones de la
enzima (5 mg/ml) pues el Fe tiene una alta absorbencia. Los espectros de la emision de
fluorescencia del hemo se registraron con la CAT-1 recién purificada y después de una y
ocho semanas de almacenamiento. Después de una semana la CAT-1 se oxid6 parcialmente
(CAT-1c) y después de ocho semanas se oxido totalmente (CAT-1e). El hemo de la CAT-1
se excitoé a 400 nm y la emision de fluorescencia se registro en el intervalo de 420 y 700
nm. El espectro de la emision de fluorescencia presento picos en 465, 574-578, 615 y 642-
646 nm con un hombro en 502-510 nm y un minimo en 570, 600 y 630 nm. En la enzima
CAT-1c hubo un incremento en la emision de la fluorescencia de 560 a 700 nm y en la
CAT-1e hubo un incremento de la fluorescencia entre 480 y 520 nm (Fig. 12). Estos
resultados sugieren que hay un cambio estructural local cuando la CAT-1 se modifica por el
oxigeno y que dicho cambio ocurre en mas de un paso. Sin embargo, las diferencias
detectadas en la emision de la fluorescencia del hemo de la CAT-1 son bajas y no hay
diferencias significativas en una region particular de los espectros. Aunque hay dos
resultados reportados que apoyan la existencia de un cambio estructural en el hemo de la
CAT-1e. El primer resultado muestra que el hemo de la CAT-le, aislado y analizado en una
cromatografia de fase reversa con una columna hidrofobica, tiene una movilidad que
sugiere que es ligeramente mas hidrofobico que el hemo de la CAT-1a (los tiempos de
retencion fueron de 31 min y 30.6 min para la CAT-le y la CAT-1a, respectivamente). El
segundo resultado muestra que ¢l espectro de absorcion del hemo de la CAT-1e tiene una
asimetria mayor que el hemo de la CAT-1a. Los espectros de absorcion del hemo de la
CAT-la y de la CAT-le presentaron una longitud de onda de maxima absorcion para el
Soret de 369 nm y 363 nm respectivamente. El pico de Soret de la CAT-la y de la CAT-le
cambia a 408 nm en presencia de imidazol, pero su absorbencia es menor, comparada con
la hemina que cambia de 395 nm a 412 nm con imidazol. La CAT-le en presencia de
imidazol tuvo una absorbencia del pico de Soret menor que la CAT-la. La proporcion de
absorbencia de los picos de Soret (+imidazol/-imidazol) fue de 145 para el hemo de la
CAT-la y de 2.65 para el de la CAT-le, lo cual sugiere que la CAT-1a tiene un hemo
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asimétrico y que la asimetria aumenta en el hemo de la CAT-le (8). Los dos resultados
anteriores apoyan la idea de que existe una modificacion estructural en el hemo de la CAT-

1 cuando interactia con el oxigeno.

465 nm
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160 | CAT-1 [0

N 502-510 nm
140 | Wit l CAT-1e

W 574-578 nm
615 nm
4 1 642-646 nm
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2
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Fig. 12.- Diferencias en la emision de fluorescencia de la CAT-1. La CAT-1 purificada en una
concentracion de 5 mg/ml se excito a 400 nm y la emision de la fluorescencia se registré de 420 a
700 nm (la linea azul es la CAT-1a). La fluorescencia se midi¢ después de una semana (la linea rosa

es la CAT-1c) y después de ocho semanas de almacenarmiento (la linea azul cielo es la CAT-1e).

Para poner en evidencia los cambios estructurales locales, se probaron condiciones
desnaturalizantes como el efecto de la temperatura, el clorhidrato de guanidina y las
proteasas. La CAT-1 incubada una hora en altas temperaturas (80 a 93°C), se separo
mediante electroforesis en un gel de poliacrilamida en condiciones no desnaturalizantes. La
CAT-1e se disocié en mondmeros a partir de los 85°C mientras que la CAT-1a lo hizo a
temperaturas mayores de 90°C, indicando que la CAT-la es mas estable a altas
temperaturas que la CAT-1e (Fig. 13A). La desnaturalizacion por temperatura de la CAT-1
es similar a la HPII, ya que la esta enzima se disocia en mondémeros en temperaturas

mayores a los 95°C si se incuba por 10 min (35).
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La CAT-1a resulto ser mas resistente que la CAT-1e al clorhidrato de guanidina. La
CAT-1a mantuvo su actividad y se disocio solo parcialmente en monomeros después de
incubarla 48 h a una concentracion de 4.0 M de clorhidrato de guanidina. En cambio, la
CAT-le, en las condiciones anteriores, se inactiva y se disocia totalmente en monomeros

(Fig. 13B).

Clorhidrato

B de guanidina (M)
35 40 15 40

R0 BS 90 93 80 &5 90 93 3% 3.75 |32s 1.75

A

Temperatura (°C)

L] T e i B

- ;
L m w L

CAT-l1a  CAl-lc CAT-1a  CAT-le

Fig. 13.- La estabilidad de la CAT-1 en altas temperaturas y concentraciones molares de clorhidrato
de guanidina. A. La CAT-lay la CAT-le se incubaron a diferentes temperaturas y se analizaron en
PAGE nativo. B. La CAT-la y la CAT-le se incubaron 48 h en diferentes concentraciones de
clorhidrato de guanidina y se analizaron en PAGE nativo. d indica el dimero y m indica el

monomero.

La CAT-le es menos estable que la CAT-1a en altas temperaturas y al clorhidrato
de guanidina (4 M). Lo anterior indica que los cambios producidos por la oxidacion hacen a
la enzima menos estable en condiciones extremas.

Como el oxigeno en singulete reacciona muy rapido con los aminoacidos,
particularmente Trp, Tyr, His, Met, Cys y el hemo. También es probable que otros
aminodcidos en la enzima resulten dafiados. El dafio puede ser heterogéneo y presentarse en
un nivel bajo que dificulte su deteccion. Dicho dafio en la enzima puede ser la causa del
aumento en la inestabilidad de la CAT-le.

Para probar si la CAT-1a y la CAT-le presentan diferencias en la susceptibilidad a
proteasas, se hizo un ensayo con subtilisina. La pérdida de la actividad de la CAT-le

mostré una cinética de primer orden y ocurrié mas rapido que con la CAT-l1a. La CAT-le
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perdio el 50% de su actividad en 2.76 h mientras que la CAT-1a lo hizo en 537 h (Fig.
14A). La CAT-1a y la CAT-le, incubadas con subtilisina a diferentes tiempos, se separaron
mediante electroforesis en geles de poliacrilamida con SDS y PAGE nativos. En los geles
se aprecian dos polipéptidos activos principales, uno de aproximadamente 63 kDa y otro de
aproximadamente 49-51 kDa (Fig. 14B). La densitometria de la banda de 63 kDa coincidio
practicamente con la actividad de catalasa, lo cual indica que este polipéptido mantiene su
actividad (Fig. 14C). Los resultados indican que la CAT-le es mas susceptible a la
degradacion con subtilisina que la CAT-1a. Existe la posibilidad de que la oxidacion de la

CAT-1 sea una sefial de inicio para la degradacion de la enzima.

Fig. 14.- Proteolisis de la CAT-1 con subtilisina. La
CAT-1a (linea continua) y la CAT-1e (linea cortada) se
incubaron con subtilisina en diferentes tiempos y
después se midio la actividad residual (A). Las mismas

muestras se analizaron por PAGE nativo (B). Panel

Actividad de catalasa relativa (%)

superior: gel tefiido con azul brillante de Coomassie,

panel inferior: zimograma. (C) La densitometria de la

banda de 63 kDa.
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Una explicacion de por qué la CAT-le es mas susceptible a la degradacion con
subtilisisna que la CAT-1a, si ambas enzimas tienen la misma secuencia de aminoacidos
podria ser la siguiente: la CAT-le modificada por el oxigeno puede tener mayor
flexibilidad que la CAT-1a, de tal manera que la CAT-1e podria exponer mas sitios de corte
para la subtilisina que la CAT-1a. Sin embargo, podria haber otra explicacion para la

sensibilidad de la CAT-1e a la protedlisis con subtilisina.

b) Comparacién funcional

Para conocer si hay diferencias desde ¢l punto de vista funcional entre la CAT-1a y
la CAT-le se probaron inactivadores e inhibidores, se determiné la actividad en un
intervalo amplio de concentraciones de H,O, y se estimo la energia de activacion de la
catalisis.

La CAT-1 mostré una inhibicion competitiva con cianuro. La CAT-1a presento una
constante de inhibicion con cianuro K; de 0.76 + 0.05 uM y la CAT-le una de 0.28 + 0.03
uM (Fig. 15). Los valores de las constantes de inhibicion indican que la CAT-le es
ligeramente mas sensible a la inhibicion con cianuro que la CAT-la. Lo anterior
probablemente esté relacionado con un cambio en el sitio activo en la CAT-le, ya que el
cianuro se coordina con el Fe del hemo (27). En la mutante N201H de la HPII, que contiene
hemo » a menos que se incube con un sistema generador de peréxido de hidrégeno, se
midio la constante de disociacion Ky, con cianuro, los resultados indican que esta mutante
es mas afin al cianuro cuando contiene hemo d que cuando tiene hemo b (71). Los
resultados anteriores indican que los cambios estructurales en el grupo hemo de la CAT-1 y
la HPII pueden modificar su sensibilidad al cianuro.

Otros inactivadores de catalasas, como el 3-amino-1,2 4-triazol, la azida y la
hidroxilamina, no mostraron diferencias significativas entre la CAT-1a y la CAT-le. La
CAT-lay la CAT-1e con el 3-amino-1,2,4-triazol tuvieron una constante de inactivacion de
pseudo-primer orden k de 0.054 + 0.001 min" y de 0.052 + 0.001 min™', respectivamente.
Los valores de las constantes de inactivacion de segundo orden & con la azida fueron de
2.11 +0.03 mM"' min™ para la CAT-la y de 1.83 + 0.04 mM™' min”' para la CAT-1e. Los
valores de las constantes de inactivacion de segundo orden & con la hidroxilamina fueron de

3.54 4+ 0.07 uM min”' parala CAT-1a y de 3.32 40.11 uM min™' para la CAT-le.
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Al igual que la CAT-1a, la CAT-1e no se inhibié en concentraciones molares de
sustrato. Los datos de la actividad de la CAT-1 con H,O, mostraron que tiene una cinética
compleja que hace que los valores de K, y Vmax sean diferentes en concentraciones
milimolares y molares de sustrato. Considerando lo anterior se hizo una nueva cinética con
36 concentraciones de sustrato en un intervalo entre 0.01 y 3.0 M. Los datos de la actividad
de la CAT-1a y de CAT-le, tanto en bajas como en altas concentraciones de sustrato, se
ajustaron bien a un modelo de dos componentes (Fig. 16). El modelo de dos componentes
es el resultado de la suma de dos ecuaciones de Hill: v = {Vm@(;yS“(])f(S'o_s(n"(” + .S‘"{”)} +
{Vm,(z),s"’(z’f(&,_s(g}"m + §")} . Con este modelo se obtuvo un mejor ajuste que con el
modelo de Michaelis-Menten. Uno de los componentes estd presente en bajas
concentraciones de sustrato (<100 mM) y el otro se observa en altas concentraciones de
sustrato (>250 mM). Ambos componentes pueden tener cooperatividad, el primero con una
n=1.2yel segundo conunan=1.7.

La CAT-1le presento valores mayores en sus constantes Sys (0.051 £ 0.006 y 0.81 +
0.054 M) respecto a la CAT-1a (0.021 £ 0.002 y 0.57 + 0.023 M). Sin embargo, los valores
de las Vi, las ke y las eficiencias cataliticas fueron similares (Tabla IT), lo cual indica
que, aunque la CAT-le esté modificada por el oxigeno, mantiene su funcion aun en
concentraciones molares de H,O,. En la catalasa de espinaca se ha observado una
cooperatividad con un numero de Hill de 2.3 (72-73). Esta catalasa presenta dos tipos de

grupos prostéticos, uno es el hemo b y el otro es probablemente una clorina como la
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reportada para una catalasa de N. crassa (74), que posiblemente sea una mezcla de CAT-1
y CAT-3 (54). Una explicacion similar se podria dar para la CAT-1, ya que, como se vera
mas adelante, en la estructura cristalografica de la CAT-1 se encontraron dos tipos de
grupos hemo: hemo b y hemo . Sin embargo, tanto la CAT-1a como la CAT-1e presentan
dos componentes similares, lo cual indica que la oxidacion del hemo no tiene que ver con la
cinética de dos componentes. Otro resultado que podria apoyar la cooperatividad en la
catalasa es la estructura de la HPIl con H;O, En esta estructura hay cambios
conformacionales en algunos aminoacidos que se observan solo en un dimero del
tetramero. Se propone que la ruptura de la simetria del tetramero por la union del H,O;
puede ser la consecuencia de cooperatividad entre las subunidades (33). La HPII y la CatR
también parecen presentar una cinética compleja, ya que sus actividades en altas

concentraciones de sustrato no se ajustan bien al modelo de Michaelis-Menten (14).

Tabla I1.- Constantes cinéricas de la CAT-1ay la CAT-1e.

Enzyme | AT lal CAT-1e
Constant i )
Viax 1 (U/mg) 2.04 x 106+ 2.15x 106+
6.4 x 104 1.1 x10°
So.s (1 (M) 0.021 + 0.051 +
0.002 0.006
Vi (U/mg) | 3.4 x 106+ 3.26 x 106+
6.7 x 10 L1x105
Sos 21 ({\Q | 0.57+0.023| 0.81+0.054
ke & 1.12x 107 1.18 x 107
k. /S
et [1]"0s ) 532 x 108 2.31 x 103
M-s!)
Keag 2y (87) 1.86 x 107 1.78 x 107
Keat rztfso.s 12 326 x 107 2.20 x 107
M- s-1)
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Fig. 16.- Cinética de la CAT-1. A. Cinética
de la CAT-la. B. Cinética de la CAT-le.
Linea continua: ajuste de los datos a la
ecuacion de Hill de dos componentes con
nameros de Hill de 1.2 y 1.7. Linea cortada:

cuevas teoricas para cada componente. Abajo

de cada gréfica estan los residuales del ajuste
de los datos a tres ecuaciones: lineas

continuas, la ecuacion de Hill con dos

componentes con numeros de Hill de 1.2 y

1.7 para el primer y segundo componente,
respectivamente; lineas de puntos, la
ecuacion de los dos componentes sin
cooperatividad; lineas de punto y raya, la

ecuacion de Michaelis-Menten.

Actividad especifica x 10-¢ (U/mg)

log,, H,0, (M)

La energia de activacion de la CAT-1 se estimo haciendo una grafica de Arrhenius.
Los datos de la actividad entre 15 y 35°C se ajustaron al modelo de los dos componentes.
Las energias de activacion de la CAT-1a fueron de Fa; = 19.6 + 1.5y Fa, = 175 £ 6.2
Kcal/mol y para la CAT-1e fueron de Fa; = 16.7 £ 2.3 y Ea, = 21.1 + 3.6 Kcal/mol. Las
energias de activacion de la CAT-1a y la CAT-le no tienen diferencias significativas, lo
cual indica que la oxidacion de la CAT-1 por el oxigeno no modifica su catalisis. No hay
valores de Fua de la catalisis reportados para comparar los valores de Fa de kcat de la CAT-
1. Sin embargo, hay valores reportados de F£a aparente de la union del sustrato. Los dos
valores de Fa aparente de la union del sustrato reportados en catalasas de hongos se

determinaron: 1) a partir de la velocidad inicial obtenida a una sola concentracién de H,O,
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(14 mM) para una catalasa de N. crassa y 2) usando metil hidroperoxido como sustrato para
la CatR de 4. niger (formacién del compuesto 1) (74-75). La CAT-1a tuvo valores de Fa de
union del sustrato de 4.2-6.8 Kcal/mol y la CAT-1e de 4.5-5.5 Kcal/mol. Comparando estos
valores con el reportado para una catalasa de N. crassa (74), la I'a de 7.2 Kcal/mol resulta
similar, y para la CatR de A. niger la Ea de 2.6 Kcal/mol es menor (75).

Las evidencias presentadas indican que la CAT-le es estructural y funcionalmente
diferente a la CAT-la. Sin embargo, las diferencias solo se detectaron en condiciones

extremas. Bajo condiciones fisiologicas ambas enzimas son funcionalmente equivalentes.

A continuacion se resumen los resultados y la discusion del tercer y ultimo trabajo.

I11. La estructura cristalografica de la CAT-1

a) La determinacion de la estructura

La estructura cristalografica de la CAT-1 se determiné por reemplazo molecular con
la catalasa HPII como modelo inicial. La resolucion fue de 1.75 A. Al caracterizar el cristal
se obtuvo como grupo espacial el monoclinico C2 y la unidad asimétrica fue un dimero.
Las dimensiones de la celda fueron las siguientes: a = 130.00 A, b= 18224 A, ¢ =90.36 A
y B = 133.41°. En el modelo final se obtuvieron valores de Ry« ¥ Rgee de 18.3 y de 20.6,
respectivamente. Los parametros cristalograficos y la estadistica del afinamiento se
muestran en la Tabla Iil. La densidad electronica de la CAT-1 en ambos mondmeros esta
bien definida a partir del aminoacido 39. La secuencia de aminoacidos del extremo N-
terminal indica que la proteina se procesa, pues no contiene los primeros 21 aminoacidos.
En el extremo N-terminal no se detecta una secuencia de péptido sefial, como en la CAT-3,
que es una enzima que se secreta (54). Sin embargo, sabemos por inmunodeteccion que la
CAT-1 se localiza parcialmente en la pared celular de los conidios. Es posible que la
secuencia de los 21 aminodcidos contenga una sefial para la exportacion hacia la pared
celular. Los siguientes 17 aminoacidos en el modelo no se observan, probablemente porque
esta region es muy flexible. Algo similar ocurre en la HPII, en la cual no se observan los
primeros 26 aminoacidos (38-39). En la SCCA de S. cerevisiae tampoco se detectan los

primeros 14 aminoacidos en los mapas de densidad electronica (10).
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Tabla II1.- Parametros cristalograficos y estadistica del afinamiento.

A. Parametros

Celda untana

a(A) 130.00

b (A) 182.24
c(A) 90.36

B (deg.) 133.41
Resolucién (A) 150 -1.75(1.86 - 1.75)
Reflexiones unicas 153 020
Totalidad de los datos (%) 89 (89.8)
R, (%0) 59(32.6)
I 86(23)
Multiplicidad 24(2.3)
Mosaicidad 0.9

B. Afinamiento

Limites de resolucion(A) 150-175
Ry (%0) 183

R;. (%) 206
Atomos de la proteina 11050
Atomos del hemo 174
Atomos del solvente 1725
Distancia de enlace (A) 0.008
Angulos de enlace (deg.) 1.40

C. Factores B promedio (A?)

Proteina 1841
Hemo 9.60
Solvente 3861

Casi todos los aminoacidos de la CAT-1 (99.7%) tienen una geometria excelente en
su cadena principal, excepto dos de ellos, la Val238 y la His720, que estan en regiones no
permitidas en la grafica de Ramachandran. La Val238 de la CAT-1 es equivalente
estructuralmente a la Ser216 en la BLC, la Ser202 en la MLC, la Ser217 en la HEC, la
Ser196 en la PMC, la 11e274 en la catalasa HPII, la Val219 en la CatF de P. syringae que
también estan en regiones no permitidas. Lo anterior probablemente se debe a que la
primera parte de la 35 solo hace puentes de hidrogeno con la B4 y la segunda parte de la 35
solo los hace con la B6 y este aminoacido, junto con otros dos cercanos, forman esta
transicion. Ademas, dichos aminoacidos también participan en la orientacion del hemo. La
Val238 forma parte del canal lateral de la CAT-1 (ver mas adelante) pero no se conoce su
funcion. En la PMC la Ser196 se ha propuesto como parte del posible camino de electrones
del NADPH hacia el hemo (43). La His720 de la CAT-1 es equivalente a la His739 de la

HPII, que también esta en regiones no permitidas. La conformacion desfavorable de la
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His720 se puede explicar en parte porque el grupo imidazol de la His720 forma puentes de
hidrogeno con el grupo guanidino de la Arg556, con el carbonilo de la Ser265 y con dos
moléculas de agua. Lo mismo ocurre con la His739 en la HPII (39). No se conoce una
funcion para la His720 pero podria participar en la union de nucleotidos o RNA, ya que

forma parte del dominio del extremo C-terminal que es semejante a la flavodoxina.

b) La estructura de la CAT-1

La CAT-1 como otras catalasas es un tetramero con simetria molecular 222 y como
la HPII y la PVC, no une NADPH. El monomero de la CAT-1 presenta cinco dominios: 1)
el extremo N-terminal (Ser22 a Val91), 2) el barril 3 con ocho hebras 3 antiparalelas
(His92 a Ala354), 3) el asa envolvente (Phe355 a His464), 4) el dominio de las hélices
(Phe465 a Gly523) y 5) el dominio en el extremo C-terminal que es semejante a la
flavodoxina (Ser555 a Tyr736). El asa Glu524 a Lys554 une el dominio de las hélices con
el extremo C-terminal (Fig. 17A).

De las 39 prolinas que tiene la CAT-1, dos estan en conformacion cis: la Pro194 y
la Pro425. La Pro 425, ubicada en la mitad del asa envolvente, estd conservada en
secuencia y conformacion en las estructuras de otras catalasas, excepto en la SCCA. Se
piensa que la Pro 425 desempefia un papel en la organizacion del tetramero (15). La
Prol94, localizada en el asa que une la o3 con la a4 del dominio del barril B, es
equivalente a la Pro230 de la HPII, que también esta en conformacion cis (38-39). La Pro
194 probablemente est€ en conformacion cis para evitar interacciones desfavorables con la
cadena lateral del Asp280 en el tetramero.

El dominio del extremo N-terminal comprende desde el primer aminoacido hasta el
residuo de His92 que es esencial para la catalisis. Esta region tiene 70 aminoacidos y
contiene la hélice a2 (Asp71-His83), que es el primer elemento de estructura secundaria
comun en las catalasas. No sabemos si la CAT-1 presenta la al como, por ejemplo, la
HPII, la HEC y la BLC, ya que los aminoacidos correspondientes no se observan en la
estructura. En las estructuras de la HPII y la SCCA los factores B para los primeros
aminoacidos del extremo N-terminal son mayores a 30 A”, lo cual indica que el N-terminal

es una region flexible.
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El barril 3 con ocho hebras antiparalelas es el dominio mas conservado de las
catalasas. Es una estructura atf3 de 263 aminoacidos. El barril 3 es el dominio del hemo.
Las primeras cuatro hebras (31-4) son consecutivas y estan separadas por tres hélices (a3-
5) del segundo grupo de cuatro hebras (35-8). La primera mitad del barril 3 contiene la
His92 y la Asnl65, que son aminoacidos esenciales del sitio activo. La hebra B5 esta
interrumpida por los tres aminoacidos (Val238, Asn239 y Thr240) que no participan en la
hoja B. Entre las hebras 6 y B7 hay dos hélices (a6 y a7). La ultima hélice, a8, del
dominio del barnl B, cerca de la B8, es una hélice tipo n (Glu345 a Thr350) como ocurre en
la PVC (42) y la BLC (41) y, posiblemente, en todas las otras estructuras de catalasa.

El asa envolvente abarca 110 aminoacidos que unen el barril B con el dominio de
las hélices. Esta region contiene la hélice (a9) con la Tyr379 esencial, que es el aminoacido
que coordina el Fe del hemo. Este dominio, junto con el extremo N-terminal, participa en la
dimerizacion entre dos subunidades relacionadas en el eje Q.

El dominio de las hélices, con 59 aminoacidos, esta formado por cuatro hélices
contiguas (a10-13) como en las demas catalasas. La 10 y la a12 forman el sitio de union
del NADPH en las catalasas pequeiias del clado II1.

El dominio del extremo C-terminal, de 182 aminoacidos, es un dominio del tipo o/
formado por ocho hélices a (a15-19') y nueve hebras B (B9-17) cuya topologia es
semejante a la flavodoxina. En la CAT-1 este dominio es mas grande que en la HPII y la
PVC (28 y 24 aminoacidos mas respectivamente). La diferencia se debe principalmente a
dos "inserciones” de 11 y 14 aminoacidos en la CAT-1. La PVC tiene una insercion de 16
aminoacidos. No se conoce la funcion del dominio del extremo C-terminal y no hay
evidencia experimental de que pueda unir nucleotidos.

La dimerizacion en la CAT-1, como en todas las catalasas monofuncionales, es por
el enganche mutuo de dos mondmeros relacionados en el eje Q. El extremo N-terminal de
un mondmero se entrelaza como un gancho con el asa envolvente del otro y viceversa (Fig.
17B). El tetramero es un dimero de dimeros, que tiene una estructura muy compacta con
dimensiones de 145 x 92 x 84 A (Fig. 17C). El entrelazado de dos subunidades en las

catalasas es una caracteristica Unica entre las enzimas que, al parecer, le confiere
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estabilidad y contribuye a que

desnaturalizantes (39).

N-termiral arm
7
T =

¢) El sitio activo y el hemo

las catalasas sean muy resistentes a las condiciones

Fig. 17.- La estructura de la CAT-1 en
estéreo. A. El monomero de la CAT-1
con las hebras B en color verde, las
hélices a en azul, las hélices 3,p en azul
marino y las asas en naranja. El hemo
se muestra en color rojo. B. El dimero
con un monoémero mostrado como en A
y el monémero relacionado en el eje Q
en color azul. C. El tetramero de la
CAT-1 con un dimero mostrado como
en B y el otro con un monémero en

amarillo y el otro en morado.

El hemo se encuentra entre el barril $ y las hélices a3 y a9. Los grupos propionato

del hemo estan enterrados y estabilizados por puentes salinos con tres argininas (Arg89,

Argl29 y Arg386). Se ha propuesto que los puentes salinos de los propionatos del hemo

47



con las tres argininas ayudan a aumentar el potencial redox del compuesto I. Dichas
argininas estan conservadas en las catalasas de bacterias, hongos, plantas y animales (27).

El hemo de la CAT-1, al igual que el de la HPII, la PVC y la CatF, tiene una
orientacion His-IV, es decir, esta rotado 180° respecto al hemo de las catalasas pequefias
del clado III. En la CatF se propone que la Leu350 y la Ala301 pueden determinar la
orientacion del hemo, ya que generan un impedimento estérico con los grupos vinilo y
metilo del anillo I del hemo (30). En la CAT-1 no hay tal impedimento estérico y bien
podria aceptar el hemo con la otra orientacion.

En el sitio activo hay tres aminoacidos esenciales involucrados en la actividad
catalitica: la His92 y la Asnl65 en el lado distal y la Tyr379 en ¢l lado proximal del hemo.
El oxigeno de la Tyr379 esencial se coordina con el Felll del hemo. El Felll esta 0.3 A
fuera del plano del hemo hacia el oxigeno de la Tyr379, el cual esta a 2.0 A del Felll. El
lado distal de la cavidad del hemo es muy hidrofobico y tiene varias fenilalaninas
conservadas (Phel70, Phel78 y también la Phe81 de la subunidad relacionada en R) y los
aminodcidos Val91, Vall33, Leul34, Vall46, Phel71, Ala220 y Phe488 principalmente
(Fig.18A). El aminoacido hidrofobico en el lado distal del hemo que precede a la histidina
esencial, es una valina en la CAT-1, al igual que en PVC, BLC, HPII, SCCA y HEC. En la
PMC el aminoéacido correspondiente es una metionina que esta oxidada en metionina
sulfona, la cual impide el acceso de algunos sustratos grandes al sitio activo (37). En la
SCCA una mutacion en dicha valina (V111A) reduce la actividad de catalasa e incrementa
la actividad de peroxidasa para los sustratos grandes (10).

El hemo de la CAT-1 resulté ser una mezcla del hemo b con el hemo d. La
proporciéon de estos hemos es de 57 y 43% respectivamente. Las dos subunidades de la
CAT-1 presentan la mezcla de los grupos hemo. Los tipos de hemo encontrados en la CAT-
1 sugieren que originalmente la enzima tiene hemo b, el cual se transforma en hemo d (Fig.
18B).

Como el hemo de la CAT-1 se oxida rapidamente por el oxigeno en singulete (8,
53), es probable que el hemo d se forme por una reaccion con el oxigeno en singulete. El
oxigeno en singulete se puede formar ocasionalmente como un producto de la actividad
enzimatica de la catalasa. Las mutantes inactivas de la HPII no forman dioxigeno y el hemo

no se oxida, indicando que el dioxigeno catalitico es el que oxida al hemo (32, 43). Las
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porfirinas se excitan con la luz azul y el oxigeno puede absorber esta energia para formar
oxigeno en singulete. Muchas catalasas pequefias son fotoinactivadas. En contraste, la

CAT-1 es muy resistente a la fotoinactivacion (8).

‘m_- prive le ?, priis

Fig. 18.- El sitio activo de la CAT-1. A. Lado proximal y distal del sitio activo en una vista lateral.

Los aminoacidos y las moléculas de agua conservados estan indicados. B. El hemo de la CAT-1
parcialmente oxidado (hemo b y hemo d) con el mapa de densidad electronica 2fo-fc con un o de

1.6.

Se ha observado la conversion del hemo b en hemo d en presencia del H,O; en la
mutante de la HPII N201H (33). Existen otras mutantes (H128A, HI28N, V169C, H392Q),
H392A, H392D, D181A, D181S, Di81Q y DI1811) de la HPII que tienen hemo 5. Estas
mutantes son inactivas o poco activas (5-15% de actividad respecto a la enzima nativa), lo
cual apoya la idea que es el oxigeno la especie que modifica al hemo. La mutante inactiva
H392E tiene una mezcla de hemo b e isomeros cis y trans de hemo d, lo cual sugiere un
papel para esta histidina en la conversion del hemo. La substitucion de los aminoacidos que
interactian con €l hemo, la GIn419 y la Ser414, también afecta la proporcion cis:trans de la
espirolactona en el hemo d en la HPII (32, 76).
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En las catalasas hay tres moléculas de agua que estan relacionadas con el hemo o
con los aminoacidos del sitio activo (30). Estas moléculas de agua se han denominado W1 a
WIIL En la CAT-1 la WI y la WII interactuan con los propionatos en el lado proximal y
distal, respectivamente y la WIII interactia con los carbonilos de la Vall69 y la Ilel67
(Fig.18A).

d) Un enlace covalente inusual Cys-Tyr

L.a CAT-I1 presenta un enlace covalente inusual Cys-Tyr. El enlace se forma entre el
azufre de la Cys356 y el CP de la Tyr379 que coordina el Fe del hemo (Fig. 19). El enlace
Cys-Tyr esta presente en las cuatro subunidades de la CAT-1. La densidad electronica, la
geometria tetraédrica y la distancia (1.9 A) apoyan la existencia de este enlace covalente
Cys-Tyr.

Para confirmar bioquimicamente dicho enlace en la CAT-1, la enzima se digirié con
tripsina y los péptidos resultantes se analizaron por espectrometria de masas. La masa
teorica de los dos péptidos unidos es de 5,154.4, que corresponde a la masa del péptido con
la Tyr379 (3,778.8) y el de la Cys356 (1,377.6). Se detecto por espectrometria de masas un
péptido con una masa molecular de 5,154, comprobando asi la existencia del enlace

covalente Cys-Tyr (Fig. 20).

Fig. 19.- Un enlace covalente inusual en la estructura de la CAT-1. El anlace covalente es entre el
azufre de la Cys356 y el CB de la Tyr379. Se muestra el mapa de densidad electronica 2fo-fc con un
ode 1.0.
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Un posible mecanismo de formacion del enlace covalente Cys-Tyr es el siguiente.
La Tyr379 dona un electron al compuesto | para formar el compuesto Il y un radical
cationico de tirosina. El radical de tirosina se estabiliza en el anillo por migracion entre los
atomos C2, C4 y C6. La carga positiva parcial en C4 induce la desprotonacion del tiol
vecino de la Cys356 y el radical de tirosina es reducido por el tiol. El radical tiilo formado
induce la desprotonacion del CB de la tirosina y la formacion del enlace covalente. El
radical anionico generado migra a la Fe-porfirina para formar el compuesto II (Fig. 21). Los
dos electrones originados con las dos desprotonaciones son eliminados como superoxido,
liberados por la descomposicion del compuesto III que se forma por la reaccion del
compuesto Il con el H,O; (26).

La Tyr379 unida covalentemente a la Cys356 tendria menor probabilidad de donar
clectrones al compuesto | para formar el compuesto 11 (25). Asi, la enzima dificilmente se
inactivaria por sustrato. Como se ha visto anteriormente, la CAT-1 no se inactiva en

concentraciones molares de H>O,.

El enlace covalente Cys-Tyr de la CAT-1 es equivalente al encontrado en la HPIIL

En este caso, el enlace es entre el N& del imidazol de la His392 y el CB de la Tyr415 que se
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coordina con el Fe del hemo (39, 44). La mutante N201H de la HPII presenta el enlace His-
Tyr y el hemo b, lo que sugiere que la modificacion del hemo y la formacion del enlace
covalente estan desacopladas. Se ha propuesto que el compuesto I actua como iniciador de
estas reacciones (33). Sin embargo, el mecanismo de formacion del enlace covalente His-
Tyr se propone acoplado a la modificacion del hemo. El mecanismo inicia con el
compuesto | y se propone que se forman radicales libres que dan lugar a un reacomodo de

electrones (44).
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Fig. 21.- Mecanismo propuesto para la formacion del enlace covalente Cys-Tyr. Un radical
catidnico de tirosina se reduce por la Cys356 vecina formando un radical tiillo que induce la

desprotonacion del CB de la Tyr379 y la formacion del enlace covalente.

La presencia de los enlaces covalentes inusuales con la tirosina parecen ser
exclusivos de las catalasas grandes, pues no se ha observado en las catalasas pequefas. El
enlace His-Tyr en la HPII no participa en la resistencia de la enzima a la desnaturalizacion,
ya que una mutante sin el enlace covalente es igual de resistente a la desnaturalizacion que

la enzima nativa (35). En la HPII se propone que el enlace podria introducir cierta rigidez
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en el sitio activo y facilitar el movimiento de electrones (44). Como las catalasas grandes
no unen NADPH que tiende a evitar la formacion de los compuestos II y I1I inactivos, el
enlace con la tirosina de la CAT-1 y de la HPIl podria proporcionar un mecanismo
alternativo para evitar la formacion de los compuestos II y I1I. La PVC no presenta un
enlace covalente inusual con la tirosina esencial aunque tiene subunidades grandes. El
aminoacido equivalente a la Cys356 de CAT-1 y la His392 de la HPII es el Glu327 en la
PVC, pero no se sabe si esta enzima forma los compuestos I1 y I1I. La CAT-3 de N. crassa
y la CatR tienen en esa posicion una glutamina y no sabemos si forman un enlace covalente
con la tirosina. La CAT-3 también es resistente a concentraciones altas de peroxido de

hidrégeno (Valdés, VI., Diaz, A y Hansberg, W. Resultados sin publicar).

e) Los canales de la CAT-1 y su posible funciéon

Las catalasas tienen cuatro canales conservados que llegan al sitio activo. El
primero es el canal principal, que en la CAT-1 tiene 31 A de largo (Fig. 22). Este es un
canal hidrofébico por donde llega el sustrato al sitio activo. El canal principal esta formado
por 14 moléculas de agua continuas, 10 son de la misma subunidad y cuatro son de la
subunidad relacionada en el eje R. El oxigeno del hidroxilo de la Ser198 esta orientado
hacia el canal principal y tiene una distancia de 4.8 A con el oxigeno del carbonilo de la
Argl44. Como el H;O, tiene 3.7 A de ancho vy el radio para cada hidroxilo es de 2.3 A, no
hay suficiente espacio para que una molécula de H,O, pase por ese estrecho. La Ser198
podria actuar como una puerta de la parte estrecha del canal que conduce al sitio activo.
Este aminoacido estd conservado o sustituido por una treonina en todas las catalasas
grandes, lo cual indica que el hidroxilo de estos aminoacidos puede tener una funcion
importante.

Los andlisis realizados en la HPII indican que existe una diferencia de potencial
eléctrico en el canal principal. La diferencia de potencial es entre la cadena lateral del
aspartato (o glutamato en algunas mutantes) cargado negativamente en la posicion 181 y el
Fe del hemo cargado positivamente que estin a 12 A de distancia. Se propone que el
potencial eléctrico orienta las moléculas de H,0,, favoreciendo su interaccion con los

aminoacidos del sitio activo, contributendo asi a la catalisis de la enzima (76). El acido
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aspartico es uno de los aminoacidos conservados en el canal principal, de tal manera que la
diferencia de potencial estaria presente en todas las catalasas.

El segundo canal es el canal que llega lateralmente a la parte proximal del hemo
(Fig. 22). Este canal tiene aproximadamente 35 A de largo en la CAT-1 y los aminoacidos
que lo forman son principalmente hidrofobicos. Presenta 12 moléculas de agua continuas
que pertenecen a la misma subunidad. Se ha propuesto que el papel del canal lateral esta
relacionado con el NADPH en la BLC, pero debe tener un papel diferente er las catalasas
con subunidades grandes, las cuales no unen el dinucleétido. En la HPII, el canal lateral se
encuentra interrumpido por la Arg260 que hace un puente salino con el Glu270. Algunos
resultados apoyan que el canal lateral en la HPII puede ser un acceso al sitio activo, ya que
la mutante R260A es mas activa que la enzima silvestre y también es mas sensible a
inhibidores voluminosos (el cianuro, la azida y los derivados de la hidroxilamina) (70). El
agua producida en la reaccion de la catalasa podria salir por el canal lateral.

El tercer canal es el canal que conduce a la cavidad central del tetramero (Fig. 22).
Este canal tiene 15 A de largo y los aminoacidos que lo forman son en su mayoria
hidrofilicos. Tiene seis moléculas de agua continuas, tres son de la misma subunidad y las
otras tres de la subunidad relacionada en el eje R. Debido a la alta eficiencia catalitica de la
CAT-1, en altas concentraciones de sustrato, la gran cantidad de productos (H,0 y O;)
necesitan ser liberados del sitio activo y de la proteina. Lo anterior se puede hacer
parcialmente a través del canal principal, pero este canal es muy estrecho como para
permitir una liberacion eficiente de los productos a esas altas concentraciones de sustrato.
El canal central hidrofilico podria ser la salida del oxigeno producido en el sitio activo. Hay
que resaltar que el canal central inicia en el anillo pirrélico 111, que es el sitio de oxidacion
de las catalasas grandes. Por lo anterior, proponemos que en la CAT-1 y en otras catalasas
grandes el O, (y el O, en singulete) sale principalmente por el canal central.

El cuarto canal es el canal menor, de 51 A de largo, que esta parcialmente
interrumpido. Este canal inicia en el mismo sitio que el lateral y desemboca en el canal
principal. Una posible funcion para este canal podria ser drenar el agua que se produce en
el sitio activo y que sale por el canal principal, evitando asi, la interferencia del agua con el

sustrato que llega por el canal principal.
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La presencia de los cuatro canales en las catalasas sugiere un modelo, en el cual un
canal seria usado para la llegada del sustrato (canal principal) y los otros dos para la salida
de los productos (canal lateral y central). Estos canales evitarian la interferencia del sustrato
y los productos que se requiere cuando el nimero de recambio es elevado de 10° a 10® por

segundo en concentraciones altas de H,O; (39, 70, 77).

P
Fig. 22.- Los canales de la CAT-1. El canal principal (P), el canal lateral (L) y el canal central (C)
en una imagen de la superficie de la CAT-1. Las esferas azules corresponden a las moléculas de

agua, y las esferas rojas y verdes corresponden al hemo b y d, respectivamente.

En un estudio de dindmica molecular con la PMC, resulté que el canal principal es
la Gnica via al sitio activo y que tanto ¢l sustrato como los productos usan este canal. Sin
embargo, el H,O y el O, también se han detectado en la cavidad entre el hemo y la Ser196.
Dicha cavidad puede tener un papel importante durante la reaccion catalitica (77). Otro
estudio de dindmica molecular con la SCCA indica que el canal principal es la ruta
preferente de entrada y salida de los productos, pero también participan los otros canales en
la liberacion de los productos (78). Sin embargo, no hay evidencia experimental de que los

productos de la reaccion puedan salir por el canal lateral o el canal central.
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DISCUSION GENERAL Y PERSPECTIVAS
a) Estabilidad

La CAT-1 es muy resistente en varias condiciones desnaturalizantes (temperatura,
clorhidrato de guanidina, SDS, urea y altas concentraciones de sal). De tal manera que la
CAT-1 resulto ser inclusive mas resistente que otras catalasas grandes como la HPII y las
catalasas de Aspergillus. Se ha propuesto que la alta resistencia al calor y a los
desnaturalizantes de las catalasas se puede deber al entrelazado de sus monomeros, asi
como a la presencia de carbohidratos en algunas de ellas. El dominio en el extremo C-

terminal parece contribuir también a la estabilidad térmica en la HPII (79).

b) La CAT-1ay la CAT-le

L.a comparacion de la CAT-1 no modificada con la enzima totalmente modificada
por el oxigeno muestra que ambas enzimas tienen diferencias estructurales y funcionales.
Las diferencias estructurales se hicieron evidentes con la menor estabilidad de la CAT-le
en altas temperaturas, el clorhidrato de guanidina y la proteolisis. Las diferencias
funcionales con la baja actividad y estabilidad en pH extremos de la CAT-1¢ y el aumento
en la sensibilidad de la CAT-le a la inhibiciéon con cianuro. Sin embargo las diferencias
entre ambas enzimas son sutiles y en condiciones fisiologicas ambas mantienen su funcion.
Al parecer, de acuerdo con la estructura cristalografica, la tinica diferencia entre la CAT-1a
y la CAT-1e es, en esta ultima, la presencia de un hemo oxidado (hemo ). Para confirmar
analiticamente la oxidacion del hemo se podria realizar una espectrometria de masas del
hemo de la CAT-la y de la CAT-le, o alternativamente, tener una evidencia
espectroscopica de los hemos de ambas enzimas. También, dada la posibilidad de
renaturalizar la enzima luego del tratamiento con una alta temperatura o con clorhidrato de
guanidina, se podria reemplazar el hemo de la CAT-1a con un hemo oxidado de la CAT-le
y demostrar que sus propiedades estructurales y funcionales son iguales a las de la CAT-1e

producida por oxidacion del hemo in situ.
¢) Posible funcion del dominio del extremo C-terminal

Se podrian usar proteasas para conocer la funcion del dominio del extremo C-

terminal en la CAT-1. El domino del extremo C-terminal se podria cortar por ejemplo con
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subtilisina y analizar si la enzima sin este dominio presenta diferencias cinéticas o de
estabilidad respecto a la enzima nativa. También se podrian hacer pruebas de union al

dominio C-terminal con diferentes nucleotidos o acidos nucleicos.

d) El enlace covalente Cys-Tyr y su posible relacion con la resistencia al H,0O,

La unién covalente Cys-Tyr de la CAT-1 se explica por un mecanismo de radicales
libres que esta relacionado con la actividad enzimatica (inicia con el compuesto I) y es
independiente del mecanismo de la oxidacion del hemo. Se propone que la union covalente
haria menos frecuente la formacion del compuesto Il y por lo tanto la resistencia a la
inhibicién e inactivacion con sustrato en las catalasas grandes tiene que ver con la union
covalente. Una forma de verificar la posible funcion del enlace covalente Cys-Tyr en la
CAT-1 se puede hacer generando la mutante C356A. La estructura cristalografica de dicha
mutante y su caracterizacion cinética ayudaran para ver la funcion del enlace covalente y si
tiene que ver con la resistencia de la enzima al sustrato.

Para comprobar si es posible que se forme un enlace covalente entre una glutamina
y la tirosina esencial de una catalasa con subumdades grandes se planea determinar la
estructura cristalografica de la CAT-3 de M. crassa, la cual tiene la GIn366 en vez de la
Cys356 de la CAT-1. Actualmente se tienen datos de difraccion de rayos X de la CAT-3 a
2.05 A de resolucion’. En otras catalasas grandes existe una metionina en la posicion de la
Cys356 de la CAT-1. Para comprobar si la metionina puede formar un enlace covalente con
la tirosina esencial se generara una mutante de la CAT-1 y se le determinara su estructura

cristalografica.

e) Cinética compleja

La cinética de saturacion de la CAT-1 es compleja y el mejor ajuste de los datos se
obtuvo con el modelo de dos componentes que pueden tener o no cooperatividad. La
cinética no-hiperbolica de la CAT-la y de la CAT-le se puede deber a diferentes
mecanismos. Esta puede ser el resultado de una cooperatividad negativa entre los sitios

activos en una misma molécula de enzima o por heterogeneidad de sitios activos, debida a

% Victor Julian Valdés obtuvo los cristales de la CAT-3 y Enrique Rudifio-Pifiera colectd los datos de
difraccion de rayos X.
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la asimetria en una molécula de enzima o diferentes formas de la enzima. Sin embargo, no
hay evidencia de la presencia de isoenzimas en la preparacion de la CAT-1, y la enzima
oxidada exhibe la misma cinética no-hiperbolica que la enzima no oxidada. Por lo tanto, la
heterogeneidad de los sitios activos, si esta es la causa de la cinética observada, no se debe
a la oxidacion.

La cinética no-hiperbolica puede tener un origen cinético. La reaccion catalizada
por las catalasas involucra la adicion ordenada de dos moléculas de sustrato, aunque ambas
son H,O,. El mecanismo quimico es consistente con un mecanismo cinético de Ping-Pong
donde el producto liberado en la primera reaccion parcial es H,O y H,O y O; son liberados
en la segunda. En este mecanismo cinético, si uno de los pasos de la liberacion del producto
esta limitado, la “activacion del sustrato” puede presentarse por una liberacion del producto
alternativa y mas rapida que involucra la formacion previa de un complejo abortivo ternario
entre el sustrato y el complejo enzima-producto. Esto daria una cinética no-hiperbdlica
como la observada en la CAT-1. Este mecanismo cinético puede resultar en una inhibicion
por sustrato, si la liberacion del producto del complejo abortivo ternario enzima-producto-
sustrato es mas lento que ¢l del complejo binario enzima-producto, el cual podria estar
relacionado con la inhibicion por sustrato observada en las catalasas pequefias. Sin
embargo, la inhibicion con sustrato en las catalasas pequeiias se explica por la formacion de
los compuestos Il y III inactivos (26). Los resultados no permiten concluir si la cinética
compleja de la CAT-1 se debe a 1) la cooperatividad negativa entre los sitios activos, ii) la
presencia de dos clases de sitios activos, o iil) un origen cinético, con un mecanismo que
involucre una rapida liberacion de los productos inducido por la alta concentracion del
sustrato. Cualquiera que sea la razon de esta cinética compleja, es claro que tanto la CAT-1
como otras catalasas grandes han evolucionado para desarrollar un mecanismo que les
permita catalizar la reaccion en altas concentraciones de sustrato con una eficiencia
catalitica solo un orden de magnitud menos que en bajas concentraciones de sustrato.

La propuesta de una puerta (Ser198) en el canal principal de la CAT-1 podria
explicar la cinética compleja de la CAT-1. La cavidad pequefia antes de la puerta podria
percibir la concentracion del sustrato y regular la apertura de la puerta. En altas
concentraciones de H,O; la puerta se abriria ocasionando el aumento de la actividad en la

CAT-1 y permitiendo una catalisis sin limitaciones. La estructura de la mutante inactiva de
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la HPII H128N, incubada con H;O,, muestra las moléculas de H,O, localizadas en la
cavidad pequena antes de la Ser234 (equivalente a la Ser198 en CAT-1), lo cual apoya que
la serina puede ser una puerta en las catalasas grandes. Una manera de probar que la Ser198
es la responsable de la cinética compleja seria disefiar mutantes de esta serina, por ejemplo
S198A y ver si la mutante pierde o modifica su cinética. La cinética de la mutante SI98A
seria en bajas y altas concentraciones de sustrato (de 0.01 a 3.0 M) para compararla con la
CAT-1 nativa. Si la Ser198 funciona como una puerta y es la responsable de la cinética de
dos componentes en la CAT-1, entonces la mutante SI98A ya no tendria una cinética de
dos componentes y probablemente su cinética se ajuste al modelo de Michaelis-Menten.
Otra manera de probar si la Ser198 funciona como una puerta en la CAT-1 podria ser con
una dinamica molecular. En la CAT-1 nativa se podrian simular bajas concentraciones de
sustrato y analizar como es la trayectoria del sustrato en el canal principal. La anterior
simulacion de la CAT-1 se compararia con una simulacion con altas concentraciones de
sustrato, para analizar si hay diferencias y si hay cambios en la posicion de la Ser198 en

altas concentraciones de sustrato.

f) Canales

En este trabajo se propone que el canal central y el lateral podrian funcionar como
los canales de salida de los productos en las catalasas grandes. El canal central seria la
salida del O, y el lateral la salida del H,O. Para comprobar lo anterior se pueden disefiar
mutaciones en la CAT-1 que obstruyan y otras que hagan mas accesibles los canales. La
caracterizacion cinética y la estructura de dichas mutantes ayudaran para ver si dichos
canales participan en la salida de los productos. Asimismo, los estudios de dinamica
molecular de las mutantes y la enzima nativa ayudardn para conocer la trayectoria del

oxigeno y del agua.

g) Oxidaciéon del hemo

El hemo de la CAT-1 se oxida por el oxigeno en singulete (8, 53) y es probable que
la formacion del hemo d se deba a esta especie de oxigeno reactiva. El hemo d se puede
formar con el oxigeno en singulete a través de la dihidroxilacion en el enlace C5-C6 del

anillo pirrolico III del hemo. El hidroxilo del C5 puede reaccionar después con el grupo
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carbonilo del propionato formando la y-espirolactona. El oxigeno en singulete se puede
formar por la catalisis de la catalasa debido a la alta eficiencia catalitica de la enzima. Otra
fuente de oxigeno en singulete es la luz. Las porfirinas son excitadas por la luz azul y el O,
puede absorber esta energia y formar oxigeno en singulete. Entonces, el O, en el sitio
activo puede formar oxigeno en singulete por fotosensibilizacion.

Una manera de probar que el oxigeno en singulete es la especie que forma el hemo
d seria generar una mutante inactiva de la CAT-1 que tenga exclusivamente hemo b (por
ejemplo, N165H, H92A o H92N). La mutante se expondria a una fuente de oxigeno
singulete y después se analizaria el hemo b para ver si se transformo en hemo d.

El sitio de oxidacion en las catalasas probablemente dependa de por donde sale el
O, de la enzima. La oxidacion del hemo en las catalasas grandes apoya la propuesta que la
salida del O, es por el canal central. En cambio, la metionina sulfona encontrada en la PMC
(37) es una modificacion que probablemente se origina por el oxigeno en singulete en su
salida por el canal principal. Lo mismo podria originar la ruptura del hemo en la BLC y la
PMC. Esto sugiere que en las catalasas pequefias la salida del O, es por el canal principal.
El oxigeno en singulete en el sitio activo podria explicar la fotoinactivacion en las catalasas
pequeiias y las modificaciones en otras hemoproteinas. Muchas catalasas pequefias son
fotoinactivadas, en cambio la CAT-1 es muy resistente a la fotoinactivacion (8). En la
estructura cristalografica de la catalasa-peroxidasa de Burkholderia pseudomallei se
encontré un peroxido unido a un vinilo del hemo y un doble enlace entre Met-Tyr-Trp (80)

que también se podrian originar con el oxigeno en singulete.

h) La funcién biolégica de la CAT-1

La alta resistencia de la CAT-1 a la desnaturalizacion y a las altas concentraciones
de sustrato puede estar relacionada con la germinacion de los conidios. La CAT-1 se
acumula en los conidios, los cuales se forman como respuesta a una tension oxidativa (6,
56). Cuando germina el conidio debe contender con altas concentraciones de H,0,
producido por la NADPH oxidasa de las plantas sobre las cuales crece N. crassa. La alta
concentracion de la CAT-1 en los conidios y su alta resistencia favorecen la germinacion

aun en condiciones adversas.

60



La catalasa es una enzima antioxidante fundamental y, tal vez por eso, por lo menos
en las catalasas grandes, la enzima evolucioné manteniendo su funcion a pesar de la
oxidacion del hemo. La oxidacion del hemo también podria ser una sefial de inicio para la

degradacion de la enzima.
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CONCLUSIONES
Las conclusiones del primer articulo son:
La CAT-1 se une a la lectina Concanavalina-A, lo cual indica que esta enzima esta

glicosilada con a-glucosa y/o a-manosa.

La CAT-1 es mas resistente que otras catalasas a la inactivacion por calor, a una alta
concentracion de sal y por varios desnaturalizantes. Es activa en un intervalo de pH de 4.0 a
12.0, se inactiva con 3-amino-1,24-triazol, azida e hidroxilamina y se inhibe
competitivamente con cianuro. Lo anterior indica que la CAT-1 es una catalasa

monofuncional.

Las conclusiones del segundo articulo son:

La CAT-1 presenté una cinética compleja en altas concentraciones de sustrato, ya que la
Vimax ¥ la K, son mayores que en concentraciones bajas. La cinética de la CAT-1 se ajusté a
un modelo de dos componentes, uno a bajas concentraciones de sustrato (<100 mM) y el
segundo a altas concentraciones de H,O, (>250 mM). Estos componentes pueden presentar
cooperatividad, el primero con una n = 1.2 y el segundo con una n = 1.7. La CAT-le
presento valores mayores en sus Sg s respecto a la CAT-1a. Sin embargo, los valores de las
Viaxs 188 keag y las eficiencias cataliticas fueron similares para la CAT-1a y la CAT-le, lo
cual indica que la CAT-le modificada por ¢l oxigeno mantiene su funcién ain en

concentraciones molares de sustrato.

La CAT-le es mas sensible a la inhibicion con cianuro que la CAT-la. Lo anterior
probablemente esté relacionado con un cambio en el sitio activo en la CAT-le. En cambio,
los inactivadores 3-amino-1,2,4-triazol, la azida y la hidroxilamina no mostraron

diferencias significativas entre la CAT-l1a y la CAT-le.
La CAT-le es menos activa en los pH extremos (acido y basico) y menos estable en pH

acido (4.0 a 6.0) que la CAT-1a, lo anterior apoya la existencia de un cambio estructural en

la CAT-1 cuando se modifica por el oxigeno.
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Las energias de activacion para la catalisis de la CAT-1e respecto a la CAT-1a no tuvieron

diferencias significativas, lo cual indica que ambas enzimas presentan una catalisis similar.

La CAT-la fue mas estable que la CAT-le a la inactivacion por temperatura, a
concentraciones molares de clorhidrato de guamidina y a la degradacion proteolitica con
subtilisina, lo cual indica que los cambios producidos por la oxidacion hacen a la enzima
menos estable en condiciones extremas. En cambio, los espectros de dicroismo circular y
de emision de fluorescencia de la proteina, asi como, los espectros de emision de

fluorescencia del hemo, no detectaron diferencias significativas entre la CAT-1a y la CAT-

le.

Existen diferencias cinéticas y estructurales entre la CAT-la y la CAT-le. Sin embargo,
dichas diferencias solo fueron evidentes en condiciones extremas, en condiciones

fisiologicas ambas enzimas deben ser funcionalmente equivalentes.

Las conclusiones del tercer articulo son:
La secuencia del extremo N-terminal de la CAT-1 indica que la enzima se procesa, ya que
no contiene los primeros 21 aminoacidos y en ¢l cristal no se observan los siguientes 17,

por lo cual el modelo de la CAT-1 inicia en el aminoacido numero 39.

La CAT-1 presenta cuatro canales que conducen al sitio activo: el canal principal, el canal
lateral, el canal central y un canal menor. Los tres primeros estan definidos claramente por
moléculas de agua que forman puentes de hidrogeno entre ellas. Probablemente el canal
lateral es la salida del H,O que se produce por la catalisis y el canal central podria ser la

salida del O,.

El hemo de la CAT-1 result6 ser una mezcla del hemo A con un hemo oxidado, que tiene un
hidroxilo y una y-espirolactona en conformacion cis en ¢l anillo pirrdlico 111, denominado
hemo d. La proporcion de hemo b es de 57% y de hemo d de 43%. El oxigeno en singulete

podria ser la especie que oxida al hemo.
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La CAT-1 presenta un enlace covalente inusual Cys-Tyr. El enlace se forma entre el azufre
de la Cys356 y el CB de la Tyr379 que coordina el Fe del hemo. Dicho enlace covalente
probablemente esté relacionado con la resistencia de la enzima a la inactivacion con el

sustrato.
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Abstract—Catalase-1 (Cat-1), one of the two monofunctional catalases of Neurospora crassa, increases during asexual
spore formation to constitute 0.6% of total protein in conidia. Cat-1 was purified 170-fold with a yield of 48% from
conidiating cultures. Like most monofunctional catalases, Cat-1 is a homotetramer, resistant to inactivation by solvents,
fully active over a pH range of 4 -12, and inactivated by 3-amino-1,2,4-triazole. Unlike most monofunctional catalases,
Cat-1 consists of 88 kDa monomers that are glycosylated with a-glucose and/or a-mannose, is unusually stable, and is
not inactivated or inhibited by hydrogen peroxide. Cat-1 was more resistant than other catalases to heat inactivation and
to high concentrations of salt and denaturants. Cat-1 exhibited unusual kinetics: at molar concentrations of hydrogen
peroxide the apparent ¥ was 10 times higher than at millimolar concentrations. Inactivation of Cat-1 activity with azide
and hydroxylamine was according to first order kinetics, while cyanide at micromolar concentrations was a reversible

competitive inhibitor. © 2001 Elsevier Science Inc.

Keywords—Large catalase, Cell differentiation, Asexual spores, Neurospora, Enzyme stability, Free radicals

INTRODUCTION

Although catalases have been studied for decades, there
are many interesting questions still unsolved regarding
catalase function and structure. Mammalian and other
catalases have a binding site for NADPH, whose func-
tion is not understood entirely [1]. Large catalases like
the HPII enzyme from Escherichia coli, present only in
bacteria and fungi [2], do not bind NADPH but have an
extra “flavodoxin-like” domain of unknown function [3].
Mammalian catalases are inhibited by substrate; other
catalases are not affected by molar concentrations of
hydrogen peroxide [4-6]. Many bacteria, fungi, and
plants have several catalases that are differently regu-
lated [7-12]. Most interestingly, catalases arc related to
development in various organisms [10,13-16].

We study the cell-differentiation processes of Neuro-
spora crassa. A synchronous process of asexual spore
(conidia) formation is started when an aerated liquid
culture is filtered and the resulting mycelial mat is ex-
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posed to air [17,18]. Filaments (hyphae) in direct contact
with air adhere to each other within 40 min, adhered
mycelium start growing aerial hyphae after 2 h exposure
to air, and finally conidia are formed at the tips of the
branched aerial hyphae 9 h after exposure to air [17]. The
formation of conidia from growing hyphac involves
threc morphogenetic transitions: (i) growing hyphae to
adhered mycelium, (ii) adhered mycelium to acrial hy-
phae, and (iii) acrial hyphae to conidia. A hyperoxidant
state develops at the start of each of these morphogenectic
transitions [19-23]. Oxidative stress also develops at the
start of germination of conidia [24]. Based on these
results, cell differentiation is considered to be a response
to a hyperoxidant state in which cells become insulated
from environmental dioxygen [25,26].

Adaptation of cellular antioxidant mechanisms during
cell differentiation is an expected consequence. In stud-
ies of the activity of antioxidant enzymes during the
ascxual life cycle of N. crassa, large differences in the
specific activity of catalase were observed. There was a
step-wise increase of catalase activity during the forma-
tion of conidia. In fact, conidia have 60 times more
catalasc activity than hyphat growing in a liquid medium
[26]. In addition to changes in activity, three different
catalases were detected in the V. crassa asexual life cycle
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[9]. The monofunctional catalase-3 activity increases at
the end of exponential growth and during adhesion of
hyphae; the catalase-peroxidase activity, catalase-2, rises
transiently in the aerial hyphae; and the monofunctional
Cat-1 augments many times during formation of conidia.
The main catalase activity in conidia is due to Cat-1
[24,26]. This catalase has a chlorin instead of the ferro-
protoheme IX of other catalases and is oxidized by
singlet oxygen during conidiation and germination of
conidia [24,26,27].

Cat-1 is found in conidia at a very high concentration.
Thus, Cat-1 could have characteristics that are especially
suitable for the spore and its survival. In fact, Cat-1
exhibited an unusual resistance to inactivation by tem-
perature and various denaturants. It was a highly glyco-
sylated enzyme. Cat-1 was not inhibited by molar con-
centrations of hydrogen peroxide and had a different
kinetic behavior at low and high substrate concentra-
tions.

MATERIALS AND METHODS

Materials

Chemicals were from Sigma Chemical (St. Louis,
MO, USA) unless otherwise stated.

Strains and culture conditions

Neurospora crassa wild type strain, 74-OR23-1A
from the Fungal Genetic Stock Center, was grown from
stocks of conidia kept in distilled water at —70°C.
Conidia were inoculated on agar minimal-medium of
Vogel [28], supplemented with 1.5% sucrose. Cultures
were grown for 3 d in the dark at 30°C followed by 2 d
in the light at 25°C.

Purification of Cat-1

Conidiated aerial mycelium was harvested directly in
acctone. Two grams of dried acetone powders in 40 ml
cold buffer H (20 mM mannitol, | mM 5-amino-salisylic
acid, | mM EDTA, 0.5 mM phenylmethyl-sulfonyl fiu-
oride, 0.2 mM dithiothreitol and 2% lithium dodecyl
sulfate, 10 mM KCI, 10 mM borate, pH 8,) with half the
volume of glass beads (7101180 wm) were broken in a
blender at full speed, three times for 20 s each, with 2
min intervals on ice. Cell extract was centrifuged 10 min
at 7,700 X g and 4°C, supemnatant was separated and
kept in the cold while the pellet in 20 ml buffer I (Buffer
H without 5-amino-salisylic acid and lithium dodecyl
sulfate) was homogenized again in the blender as before.
The same operation was repeated once more with 10 ml
buffer I. The joint soluble extracts were centrifuged, the

supernatant was frozen and thawed twice, and the result-
ing supemnatant was precipitated with two volumes of
cold acetone and kept overnight at —20°C. After centri-
fuging, the precipitate was dried and then resuspended in
10 ml of buffer J (20 mM mannitol, 10 mM KCl, 10 mM
borate, pH 8). The pellet was resuspended twice in 10 ml
buffer J and the joint soluble extracts were fractionated
with ammonium sulfate at room temperature by slowly
adding the salt while stirring. After stirring for 1 h, the
35% (w/v) ammonium sulfate precipitate was separated
by centrifugation as before, but at room temperature. The
precipitate was resuspended in 3 ml of 0.5 M ammonium
sulfate in 50 mM phosphate buffer (PB), pH 7.8, and
then 5 ml of Phenyl Sepharose CL-4B, equilibrated in the
same buffer, was added. The resulting sludge was stirred
for 30 min at room temperature, washed with 30 ml of
the same solution, and then loaded on a small column.
The column was washed with 20 ml of 50 mM PB and
the enzyme eluted with 20 ml 10 mM PB. Fractions
having most of the activity were pooled and concentrated
to about 1 ml by centrifugation at 5,000 X g in Ul-
tafree-CL cellulose filters 5000 NMWL (Millipore, Bed-
ford, MA, USA). A second passage through the Phenyl
Scpharose column was carried out to increase the purity
of the catalase.

Analytical methods

Protcin in fractions of purified Cat-1 was determined
by the Bradford method (Bio-Rad Laboratories, Her-
cules. CA, USA).

Cross-linking with glutaraldehyde. Purified Cat-1 (25
ug) was treated with 5, 10, 15, or 20 mM of glutaralde-
hyde (Merck, Darmstadt, Germany) in 150 mM PB, pH
7.0, for 2 min at 15°C. The reaction was stopped by
adding to each sample 10 ul of a mixture containing 5%
(v/v) B-mercaptocthanol and 4% (w/v) SDS. Samples
were boiled for 10 min in a water bath and analyzed by
PAGE in a 4.5% polyacrylamide gel. After electrophore-
sis the gel was stained with Coomassie Brilliant Blue
R-250 (Bio-Rad).

Determination of protein glycosylation. Purified Cat-1
(5, 10, or 15 pg per lane) was separated by PAGE. The
gel was cut in two halves; one half was stained with the
Schiff’s reagent and the other was stained for catalase
activity. To determine glycosylation of Cat-1, protein in
the gel was fixed with 10% (w/v) trichloracetic acid for
I h, washed with water, and treated with 1% periodic
acid (w/v) in 5% acetic acid (v/v) for 2 h. After washing
the gel with water, it was incubated overnight with the
Schiff’s reagent [29]. The gel was then washed with 6%
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(w/v) sodium metabisulfite with a few drops of concen-
trated HCL

Binding of different lectins was assayed to determine
the kind of hexoses bound to Cat-1. Purified Cat-1 was
separated by PAGE and then protein was transferred to a
nitro-cellulose filter. Unspecific binding was avoided by
treating the filter with 0.3% Tween 20 in PB-saline
(PBS), 2 h at RT. After washing the filter with 0.3%
Tween 20 in PBS, three times, 5 min ¢ach and once with
PBS alone, the filter was cut into thin slices. To each
slide in PBS 1 mg/ml of each lectin was added at a
dilution between 1:100 to 1:2800, incubated 1 h at 4°C,
and then washed with PBS. For each lectin, a positive
control of the specific carbohydrates (0.5 ul of a 10
mg/ml solution) was included. Bound Concanavalin A
was detected with an a-l1gG rabbit coupled with horse-
radish peroxidase. We have found that a-lgG rabbit
binds to Concanavaline-A specifically (Fig. 3B). Ban-
deiraea simplicifolia 1-biotin was incubated 1 h with
avidin-horseradish peroxidase diluted 1:500 (Bio-Rad).
The horseradish peroxidase activity from Bandeiraea
simplicifolia 1l and Vicia villosa was revealed by incu-
bation with 0.05% 4-chloronaphtol and 0.02% hydrogen
peroxide in PBS until color appeared, and then washed
with water.

Enzyme assays. Catalase (EC 1.11.1.6 hydrogen peroxi-
de:hydrogen peroxide oxido-reductase) dismutates hy-
drogen peroxide (H,0,) to produce dioxygen (O.) and
water. Catalase activity was measured by determining
the initial rate of dioxygen production with a Clark
electrode [30]. The reaction was started by injecting the
catalase (usually 0.2 pg in 5 pl) into a sealed chamber
filled with 2 ml of a known concentration of H,0, in 50
mM PB, pH 7.8 (adjusted by mixing Na,HPO, and
KH,PO, solutions). The H,0, concentration was deter-
mined spectroscopically at 240 nm considering an ex-
tinction cocfficient of 35.76 M~ ' cm ', Units are de-
fined as umoles of H,0, consumed per min at 22°C. The
results of the enzymatic reactions were analyzed with the
program Microcal Origin 4.10 (OriginLab, Northampton,
MA, USA).

A mixture of 50 mM of each the following buffers
Mes, Hepes, CHES (2-[Cyclohexylamino]ethanesulfonic
acid), and Caps was adjusted to the desired pll with 0.5
M HCI or NaOH. Catalase activity was assayed with 10
mM H,0,.

Inactivation of Cat-1 by 3-amino-1,2,4-triazole was
studied by incubating 20 ug of the enzyme at 37°C in |
ml of 50 mM PB pH 7.8, containing 20 mM 3-amino-
1,2,4-triazole, 4 mM ascorbate and 4 mM H,O, [31].
Samples (50 ul) were withdrawn every 5 min from the
incubation mixture and the remaining activity was as-
sayed as stated above. Cat-1 (1 ug in 2 ml PB, pll 7.8)

was incubated at 37°C for 1 min in the presence of a
different concentration of azide or hydroxylamine and
the remaining activity was measured by adding 10 mM
H,0, to the mixture. Inhibition of Cat-1 (0.2 ug in 5 ul)
by KCN (Merck, Mexico) was measured at different
concentrations of inhibitor (0.4-1.0 uM) and different
concentrations of H,0, (8—60 mM).

Cat-1 stability. For all conditions assayed, Cat-1 was in
50 mM PB, pH 7.8, and activity was determined at 22°C
in 2 ml of the same buffer containing 10 mM H,0,.
Cat-1 (1 pg in 10 ul) was incubated for 15 min at
different temperatures and remaining activity was as-
sayed. Cat-1 (0.1 mg/ml) was incubated in a boiling
water bath, 93°C at Mexico City altitude (2,240 m above
sea level), for different times and activity was assayed
immediately after.

The enzyme (I pg in 10 ul) was incubated with
different concentrations of KCl for 24 h at room temper-
ature and its activity was assayed. Cat-1 (1.5 pg in 500
ul) was incubated for 30 min in different concentrations
of SDS (Bio-Rad) and then enzyme activity was deter-
mined at the same SDS concentration. Cat-1 (3 ug in 300
wl PB) was incubated with different concentrations of
urea or guanidine-HCI (Boechringer Mannheim, Mann-
heim, Germany) for 48 h at room temperature to reach
equilibrium. Activity was assayed by diluting one third
of the incubation mixture directly in 2 ml of 10 mM
H,0, in PB, pH 7.8. The rest of the incubation mixture
was dialyzed by centrifuging the sample in a Centricon
filter YM-30 (Amicon, Bedford, MA, USA) at 5,000 X
g washing three times with 2 ml of PB pH 7.8. Protein
was determined in the recovered enzyme and activity
was assayed as stated previously.

RESULTS

Purification of Cat-1

Because Cat-1 is at a high concentration in conidia,
we purified the enzyme from conidiated aerial mycelium
grown on agar-medium. Purification made use of cata-
lase stability in organic solvents and denaturing agents
and also took advantage of catalase hydrophobicity. A
cell extract from conidiated aerial hyphae was precipi-
tated with acetone and then the Cat-1 was dissolved from
the pellet with a 6-fold increase in specific activity and a
yield of 74% (Table 1). After precipitation with
(NH,),SO, (35% w/v) a chromatography in Phenyl
Sepharose yielded a fraction that had a specific activ-
ity 170 = 3.2 times higher that of the starting material;
the yicld was 48 * 4.6% of the total cell extract
activity (Table 1). From 2 g of acetone powder, 1.5 mg
of purified Cat-1 was obtained. In SDS-PAGE, the
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Table 1. Cat-1 Purificaton from Comdiated Cultures

Total activity Total protein Specific activity Purification Yield
Fraction (U) (mg} (U/mg) (times) (%)
Total extract 4,345,388 526 K261 1.0 100
Soluble 3,953,066 379 10,430 1.3 91
Freeze/thaw (2 times) 3,631,766 231 15,721 1.9 84
Acctone precipitation 3,232.833 68 47,541 5.8 74
35% Ammonium sulfate precipitation 2.402.440 8.2 292,980 355 55
Pheny! Sepharose column 2,107,337 1.5 1,404 891 170.0 48

Mean values of three purifications.

preparation showed a principal band of 88 kDa and
few minor bands (Fig. 1). Minor bands diminished
after a second passage through the Phenyl Sepharose
column without causing a significant increase in spe-
cific activity.

Molecular analysis of Cai-1

When the purified Cat-1 was treated with different con-
centrations of glutaraldehyde and analyzed by SDS-PAGE,
the monomer disappeared and dimers and tetramers werc
found in increasing amount (Fig. 2). From a lincal regres-

TE SF FT A

1 2 3 4

sion plot a mean valuc of 88 kDa for the monomer, 177 kDa
for the dimer, and 354 kDa for the tetramer was obtained.
This result indicates that native Cat-1, like most monofunc-
tional catalases, is a homotetramer.

Using antibodics directed against Cat-1, we observed
that the enzyme was associated principally with the cell
wall of conidia (not shown). Its high molecular mass and
association with cell wall suggested a possible glycosyl-
ation of the enzyme. Indeed, Cat-1 stained heavily with
the Schiff’s reagent, indicating that hexoscs were bound
to the protein (Fig. 3A). It bound Concanavalin-A (Fig.
3B) but not Bandeiraea simplicifolia lectins (BSI, BSII)
or V. villosa lectin, Thus, hexoses are probably «-glucosc

AS PS MW
: ween —208.0

—115.0
— 88.0

— 49.5

— 348
y— 28.3

w— 20.4

5 6 7

Fig. | Cat- | purification from conidiated cultures. Main fractions (10 ug) of the purification procedure were analyzed by SDS PAGE
and the gel was stained with Coomassie brilliant blue. Lanes | w 6 are, respectively: total extract (TE). soluble fraction (SF), extract
after two cycles of freezing and thawing (FT), following acetone precipitation (A), after ammonium sulfate precipitation (AS), and
subsequent elution from a Phenyl Sepharose column (PS). Lane 7 contains molecular weight standards (MW).
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Fig. 2. Cross-linking of Cat-1 monomers with glutaraldehyde. Purified Cat-1 (5 pg) was weated with different concentrations of glutaral-
dehyde and then separated by PAGE in a 4.5% polyacrilamide gel, under denatunng conditions. The gel was stained with Coomassie brilliant
blue. Lanes 1 and 2 are molecular weight standards; lane 3 1s without glutaraldehyde, Cat-1 monomer (M) is seen at the bottom of the lane;
lanes 4, 5, and 6 contain Cat-| treated with increasing concentration of the cross-linking agent. The monomer is no longer observed in these
lanes but instead a dimer (D). mainly in lane 4, and a tetramer (T) is observed, predominantly in lanes § and 6.

and/or «-mannose, but not «-galactose, a-galactosamine,
N-acetyl-glucosamine, or N-acctyl-galactosamine.

Cat-1 stability

Because the large catalases of Aspergilli [32-34] and
the HPII of E. coli [35] exhibited a high resistance to
denaturation, the thermal stability of Cat-1 was deter-
mined. Cat-1 incubated at 85°C for |5 min did not lose
activity. At 93°C, loss of Cat-1 was slow, 50% in 70 min
(Fig. 4A),

Cat-1 was not denatured by acetone, hexane, chlo-
roform, and ethanol, but it was inactivated by iso-
propanol. It was resistant to 2% dodecyl sulfate (used
in the purification procedure) and remained active in
the presence of 0.4 M (11.5%) SDS (Fig. 4B). A 20%
increase in activity was detected at concentrations
lower than 0.2 M SDS. Molar concentrations of KCI
did not affect Cat-1 activity (Fig. 4B). Treatment of
Cat-1 with 9 M urea for 48 h decreased its activity by
27% but full activity was recovered upon dialysis (Fig.
4C). Guanidine-HCI at 3.5 M for 48 h decreased Cat-|
activity by 50%. but activity was fully restored by
dialysis; activity was lost after 48 h in 4.5 M guani-
dine-HCI (Fig. 4C). After dialysis the activity of some
samples increased. Thus, Cat-1 was very resistant to

inactivation by temperature and by molar concentra-
tions of salt and denaturants.

Catalytic properties of Cat-1

Cat-1 activity with increasing 11,0, concentration fol-
lowed Michaclis-Menten kinetics with an apparent K,,, of
21.7 £ 0.5 mM (Fig. 5A). Cat-1 was not inactivated or
inhibited by substrate. as described for other catalases
[4-636]. From the Michaclis-Menten or the Lin-
eweaver-Burk plots an apparent V of 1.67 (* 0.16) X
10¢ U/mg protein was determined. From these data a &,
of 8.9 X 10°s ! and a catalytic efficiency k_,/K,, of
411 x 10°M 's ' was calculated. When assayed at
high H,0, concentrations, up to 3 molar 11,0,, it also
followed Michaelis-Menten kinetics, but with an appar-
ent K, of 232.6 = 12.7 mM and apparent ¥ of 9.49 (=
0.13) x 10° U/mg protein (Fig. 5B). In this casc the
calculated k_,, was 5.06 x 107 s ' and the catalytic
cfficiency & /K, was 2.17 X 10° M 's '

When activity was assayed at different pH values, no
optimal pll was observed, but rather the typical platcau
described for catalase [37]. Cat-1 was stable and simi-
larly active from pH 4 to pH 12 (Fig. 5C).
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Fig. 3. PAS staining and Concanavaline-A binding of Cat-1. (A)
Purified Cat-1 was separated by PAGE and then the gel was cut in two
halves, one was stained with the Schiff’s reagent (PAS) and the other
was developed for catalase activity. Lanes | to 3 contain, respectively,
15, 10, and 5 pg protein in the gel stained with PAS. Protein stained
with PAS corresponds to the main catalase activity (unstained regions
in the gel) and protein (inside the unstained regions) of lanes 4 w 6,
which also contain 15, 10, and 5 pg protein. Because of overloading,
a small amount of another catalase activity is detected (Cal-2). (B)
Purified Cat-1 was separated by PAGE and transferred to a nitrocellu
lose filter. After incubating with «-IgG rabbit-peroxidase, the slides
were stained for peroxidase. Lane |, PBS; lane 2, incubated with
Con-A (100 pg/ml}) and c-1gG rabbit-peroxidase; lane 3, Con-A; lanc
4, a-IgG rabbit-peroxidase.

Inactivation and inhibition of Cat-1 activity

Monofunctional catalases are inactivated by 3-amino-
1,2.4-triazole [31]. Cat-1 was inactivated by 20 mM
3-amino-1,2,4-triazole following first order kinctics
(Eqg X € *); k was 0.054 + 0.001 min ' (Fig. 6A).
Inhibition of 50% of the activity took place in 12.7 min.

1001 A
80
60
40
20|

A [ s —
0 20 40 60 80 100

Time (min)
(M) SDS
0.1 02 03 0.4
120 "~
100
80
60

40

0 1 2 3 4

Relative catalase activity (%)

20 W C

Yr-p-. .
0 2 4 6 8
Denaturant (M)

Fig. 4. Cat-1 stability under heat treatment and in the presence of high
concentrations of denaturants. (A) Purified Cat-1 was heated at 93°C
and activity was then assayed at 22°C. Mean values of two experi-
ments. (B) Cat-1 was incubated 30 min with different concentrations of
SDS and then assayed in the presence of the detergent (O—-O). Mean
values of two experiments. After incubating the enzyme for 24 h in the
presence of different concentrations of KCl the activity was assayed,
diluting the salt 20 times (- M). Mean values of two experiments. (C)
Cat-1 was incubated for 48 h in the presence of different concentrations
of urea (circles) or guanidine-HCI (squares). The activity was assayed,
diluting the denaturant 20 times (open symbols) or after dialysis (closed
symbols). Mean values of four experiments for urea and three experi-
ments for guanidine-HCL.

Azide, an inhibitor of heme-enzymes, was effective
at < | mM. Inactivation was first order with an apparent
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Fig. 5. Cat-1 kinetics in the presence of millimolar or molar concen-
trations of hydrogen peroxide and activity at a different pH. (A)
Specific activity of Cat-1 at less than 100 mM concentration of hydro-
gen peroxide. K, was 22 mM and ¥ 1.7 x 10° U/mg protein. Values
are meaos of four or eight determinations from two experiments. (B)
Cat-1 specific activity with concentrations from 100 mM to 3 M of
hydrogen peroxide. K,, was 233 mM and ¥ 9.5 % 10° U/mg protein.
Values are means of three or six determinations from two experiments.
(C) Cat-1 specific activity assayed at a different pH with 10 mM
hydrogen peroxide (four determinations).

kof 211 = 0.03 mM ! min~' (Fig. 6B). The concen-
tration of azide that caused 50% inactivation, IC,,, was
0.33 mM.

Hydroxylamine has been used as a catalase inhibi-
tor. Hydroxylamine inhibition was measured at differ-
ent concentrations. Cat-1 was sensitive to hydroxyl-
amine in the micromolar range (Fig. 6C). Inactivation
was first order with an apparent k of 3.54 * 0.07

_—
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80-
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00 02 04 06 08 10
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Fig. 6. Inactivation of Cat- in the presence of known inhibitors. (A) Time
course of Cat-1 inactivation after incubation in the presence of 20 mM
3-amino-1,2,4-triazole (3-AT). A k = 0.054 min~' was calculated. (B)
Inactivation of Cat-1 in the presence of different concentrations of azide.
The enzyme was incubated | min with azide and then activity was assayed
with 10 mM H,0, in the presence of azide. An apparent k of 2.11 mM !
min "' and an I, of 330 pM were obtained. (C) Inactivation of Cat-1
incubated | min in the presence of different concentrations of hydroxyl-
amine. The enzyme was incubated | min with hydroxylamine and then
activity was assayed with 10 mM H,0, in the presence of the inhibitor. An
apparent k of 3.54 pM ™' min~" and an 1, were 190 nM were obtained.
Each point was determined three times.

uM ' min ', The ICy, for hydroxylamine was 0.19
nM.

KCN binds to the heme enzymes. It is a noncompet-
itive inhibitor of catalases at low H,0, concentrations
and becomes competitive at high concentrations (> 0.1
M H,0,) [38]. KCN inhibited Cat-1 completely at mil-
limolar concentrations. At micromolar KCN concentra-
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Fig. 7. Inhibition of Cat-1 by cyanide. (A) A double reciprocal (Lin-
eweaver-Burk) plot of Cat-1 activity incubated in the presence of
increasing concentrations of KCN gave a F of 1.35 x 10° U/mg
protein. Each point was determined three times. (B) K,,, was plotted
against KCN concentration to obtain an apparent inhibition constant K,
of 0.76 pM.

tions inhibition was competitive (Fig. 7). An apparent
inhibition constant K; of 0.76 * 0.05 uM and an IC,, of
71 uM were obtained.

DISCUSSION

Purification and molecular analysis of Cat-1

With the data of the purification method described and
assuming a pure enzyme, Cat-1 in conidia is estimated to
be about 0.6% of the total protein. Our method, with
some minor modifications (solvent used and concentra-
tion of salt for precipitation or for elution from the
Phenyl Sepharose column), can be used for the purifica-
tion of other catalases. Milligram quantities of purified
Cat-1 can be obtained from conidia and purification was
sufficient to grow crystals. Crystals of Cat-1 were dif-
fracted successfully in a synchrotron, and the resolution
of its structure at 1.75 A is in course.

A. Diaz et al.

Large catalases (> 80 kDa monomers) have a “fla-
vodoxin-like” domain at the carboxyl end [3]. In the
Cat-1 three-dimensional structure the same domain at the
carboxyl end of the protein was observed. Cross-linking
results are in accordance with a tetrameric structure.
Glycosylation of the enzyme contributes to the high
molecular mass for the tetramer, 354 kDa. From the
sequence of the Cat-/ gene, a molecular mass of 82,268
Da for the subunit was calculated (AY027545). This
value together with the chlorin would give a molecular
mass of 332 kDa. The amount of hexoses bound to the
enzyme and the molecular determination of the chlorin
should give us a definitive molecular mass for the en-
zyme.

Our previous data indicated that the prosthetic group
of Cat-1 was a high-spin asymmetric heme, different
from the ferroprotoheme [X [27]. Mass spectroscopy
experiments and the three-dimensional structure of the
protein will show us the structure of the chlorin. Prelim-
inary data indicate that the chlorin has a higher molecular
mass than protoheme-1X. A chlorin with four carbonyls
was reported for the prosthetic group of a N. crassa
catalase [39,40], which probably corresponds to cata-
lasc-3 because only this catalase is induced by nitrate
([40], unpublished results). It is possible that both N.
crassa monofunctional catalascs have the same chlorin,
A similar chlorin was reported for a spinach catalase
[41].

Cat-1 stability

Cat-1 was more resistant to heat than HPIl of E. coli
[35] and other large catalases of Aspergilli [32,33]. Cat-1
resisted treatment with organic solvents such as acetone,
hexane, chloroform, and ethanol, but was inactivated by
iso-propanol. A “peroxidative” activity with methanol
and ethanol as substrates can be detected with monofunc-
tional catalase [42]. The peroxidative activity with iso-
propanol could cause inhibition of enzyme activity rather
than inactivation due to denaturation, but this has not
been sustained experimentally.

Cat-1 was unusually resistant to denaturing agents, It
resisted treatment with 9 M urea; bovine liver catalase
[35] and porcine erythrocyte catalase [43] are inactivated
by 7 M and 4 M urea, respectively. Cat-1 resisted treat-
ment with 3.5 M guanidine-HCI; porcine erythrocyte
catalase was completely dissociated with 2.0 M guani-
dine-HCI [43]. These results make Cat-1 an interesting
enzyme for the study of its activity in relation to its
dissociation and denaturation with guanidine-HC! and
possible renaturation upon dialysis.

High resistance to denaturing by heat or chaotropic
agents is due in part to inter-weaving between monomers
in monofunctional catalases. The amino-terminal arm of
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a monomer slips through the “wrapping domain” of the
Q-related subunit and vice versa giving a tetramer of two
tightly bound dimers [3]. The extra “flavodoxin-like”
domain at the carboxy-terminal may also contribute to
the stability to the large catalases.

Carbohydrates bound to the enzyme have been re-
ported to give stability to 4. niger CatR because oxida-
tion of carbohydrate moieties by periodate lowered sta-
bility [32]. However, periodate oxidation also affects
some amino acid residues and this could alter protein
structure and stability. HPII is also very stable but prob-
ably does not have any carbohydrates bound to its pro-
tein [35]. The hexoses bound to Cat-1 are glucose and/or
mannose. A catalase from A. niger has mainly mannose
bound to it [44].

Unusual kinetics

At concentrations of H,0, below 100 mM, the appar-
ent K, of Cat-1 was 22 mM. However, at molar concen-
trations of H,0, the apparent K, was 10 times higher.
High (129 mM) [38] and low (25-35 mM) [4.45] K,
values have been reported for beef liver catalase as well
as for A. niger CatR (322 mM) [6] and (87 mM) [4]. The
¥ and K, dependence on the initial H,0, concentration
was believed to be due to substrate inhibition and en-
zyme denaturation [45]. Because Cat-1 and CatR are
resistant to molar concentrations of substrate, there must
be another reason to account for this characteristic of
catalases, One explanation for this unusual kinetics is
that Cat-1 has two different heme groups, the protoheme
IX and the characterized chlorin [27], a situation that has
been described for a spinach catalase [41]. However, this
explanation does not hold for animal catalases, where no
chlorin has been described. Further experiments are re-
quired to establish the reason for this kinetic behavior.

Saturation of the active site can only be observed in
catalases such as Cat-1 and CatR, that are resistant to
high H,0, concentrations. Resistance to H,0, inhibition
could be related to a lower formation rate of Compound
II and Compound II1 and a higher rate of conversion of
Compound 111 to the native enzyme compared to bovine
liver catalase [6]. However, in nature the enzyme would
rarcly be exposed to millimolar concentrations of H,0,.

Inactivation and inhibition of Cat-1 activity

Cat-1 showed similar activity at different pH values,
from 4 to 12, which is typical for monofunctional cata-
lases, in contrast to catalase-peroxidases, which have an
optimal pH. This fact together with the insensibility to
some organic solvents and the inactivation by 3-amino-
1,2,4-triazole indicates that Cat-1 is a monofunctional
catalase [36,37].

At high H,0,/azide concentration ratios, as in our
experiments, inhibition of catalase was reported to be
mainly due to formation of compound 11l [46]. At low
concentrations of H,0,, catalase metabolizes azide and
hydroxylamine by a peroxidating activity, producing ni-
tric oxide [46,47]. Nitric oxide at micromolar concentra-
tions inhibits catalase, but O, reverts this effect without
damage to the enzyme [48]. Formation of an azidyl
radical by a onc electron transfer from azide to com-
pound | has been detected [46,49]. The role of the azidyl
radical in catalase inactivation is not clear at the moment.
Cat-1 was 10 times less sensitive to inactivation by azide
than by hydroxylamine. It was also less sensitive to azide
than bovine liver catalase [46]. A low sensitivity to azide
has been found for A. niger CatR [37,50].

KCN inhibited Cat-1 competitively at concentrations
of H,0, below 1 uM. The K obtained for Cat-1 is 2030
times lower than that reported for E. coli HPII [51] and
for beef liver catalase [6,38]. This could be related to the
chlorin in Cat-1; because modification of the heme b into
heme d in the E. coli HPII increased binding of HCN
[S1]. The ICs, for Cat-1 was similar to that one rcported
for Bacillus subtilis spore catalase [14].

Large catalases

In bacteria, the large catalases described arc E. coli
(HPII or KatE), Bacillus subtilis (KatE), Bacillus firmus
(KatE), Mycobacterium avium (KatE), Pseudomonas
putida (CatC), and Xanthomonas oryzae (KatX) [2].
Fungi sometimes have two large catalases: N. crassa
(Cat-1 and Cat-3), Aspergillus nidulans (CatA and CatB)
[10,11], Aspergillus fumigatus (CatA and CatB) [52,53].
A Penicillium vitale catalase [54], the Aspergillus niger
CatR [55], and Claviceps CPCATI [56] are large cata-
lases. They all share high sequence similarity/identity
and have a “flavodoxin-like” domain.

Few of these ecnzymes have been studied from the
molecular and kinetic point of view. Conspicuous fea-
tures of Cat-1 and other large catalases are: withstanding
molar concentrations of H.,O, [6], thermoresistance
(= 70°C) [32,33,35], enhanced resistance to denaturants
[33-35], and lower sensitivity to inactivation by azide
than other catalases [44,46,50]. It remains to be scen
whether these hold true for other large catalases.

Another feature of catalases that merits further re-
search is the effect on stability and activity of the pres-
ence of chlorins and the effect of heme modification by
singlet oxygen. HPII and P. vitale catalase have a cis-
hydroxychlorin +y-spirolactone that probably derives
from protoporphyrin-1X (heme b) [57]. Cat-1 has a dif-
ferent chlorin [27]. This chlorin is modified by singlet
oxygen in vitro [27] and in vivo [24] during cell differ-
entiation and under stress conditions without loosing its
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activity ([27], unpublished results). Catalase-3 also has a
chlorin, possibly the same as Cat-1, and is also modified
by singlet oxygen (unpublished results). However, mod-
ification by singlet oxygen is not exclusive to catalases
with a chlorin moiety; protoheme-IX containing cata-
lases are also modified by singlet oxygen in a similar
way [27,58].
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Abstract—Purified catalase—1 (CAT-1) from asexual spores of Neurospora crassa is
oxidized by singlet oxygen giving rise to active catalase conformers with different
electrophoretic mobility. These enzyme conformers are detected in vivo under stress
conditions and during development at the start of the asexual morphogenetic
transitions. Here we describe structural and functional comparisons of the non-
oxidized (CAT-1a) with the fully oxidized conformers (CAT-1¢). Protein
fluorescence and circular dicroism of the two conformers were nearly identical,
indicating no gross conformational change in CAT—1e. Increased sensitivity to
inhibition by cyanide indicated a local change at the active site in CAT—1e. CAT-le
was less resistant to high temperatures, high guanidine-HCI concentration, and
digestion with subtilisin. CAT—le was also less stable than CAT—1a at an acid pH.
Using a broad H,0, concentration range (0.01-3.0 M), non-hyperbolic saturation
kinetics was found in both conformers, indicating that kinetic complexity does not
arise from oxidation at the heme. The kinetics was consistent with the existence of
two kinds of active sites differing more than 10-times in substrate affinity. Positive
cooperativity for one or both of the saturation curves is possible. Kinetic constants
obtained at 22°C of CAT-le varied slightly and apparent activation energies for the
reaction of both components are not significantly different. The overall data show
that CAT-1e is structurally different from CAT-1a although it conserves most of the
remarkable stability and catalytic efficiency of the non-oxidized enzyme. Because
the enzyme in the cell is inevitably oxidized under physiological conditions,
preservation of functional and structural catalase properties could have evolutionary

and functional implications.

Keywords—heme oxidation, heme d, singlet oxygen, catalase stability, two-

component saturation kinetics, cyanide sensitivity, Neurospora crassa
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INTRODUCTION

Many bacteria, fungi, and plants have more than one catalase (EC 1.11.1.6,
hydrogen peroxide:hydrogen peroxide oxido-reductase). Catalases are differently
regulated and some are related to development [1-13]. Catalase activity during
formation of spores (conidia) increases stepwise in the asexual life cycle of
Neurospora crassa; conidia have 60 times more catalase activity than hyphae
growing in a liquid medium. This large increase in catalase activity is due to CAT-1
synthesis during conidia formation and maturation [10]. The activity of another
catalase, catalase—3, increases at the end of exponential growth and during adhesion
of hyphae [10]. A null mutant strain of catalase—3 increases aerial hyphae and
conidia formation [12]. These results support the hypothesis that cell differentiation
in N. crassa is a response to oxidative stress [14,15] and highlight the importance of
catalases in cell differentiation.

Catalase is one of the most efficient enzymes known. Although extensively
studied, many open questions remain to be answered for an enzyme that catalyzes an
apparently very simple reaction: dismutation of two hydrogen peroxide (H,0,)
molecules into two water and a dioxygen molecules. Small catalases (subunit of =~ 60
kDa) are reversibly inhibited and irreversibly inactivated by substrate. In contrast,
large catalases (subunit of = 80 kDa) resist molar concentrations of H,O, [16,17].
Resistance to substrate inhibition and inactivation in large catalases is due to a low
rate formation of inactive compound 11 and 111 [ 18]. Large catalases are not inhibited
by substrate; instead, their activity augments with increasing concentrations of H,0,
[16-18]. The mechanisms involved are not known.

CAT-1 is a homotetrameric, glycosylated, and large catalase. It is an
enormously efficient enzyme, which is not inhibited by molar concentrations of

H,05. It also exhibits an unusual resistance to denaturation by temperature and
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various denaturants [16]. The activity of purified CAT-1 is stable for months.
However, the enzyme is irreversibly oxidized in the course of few weeks of storage.
This is accompanied by increased enzyme mobility in native PAGE, yet it preserves
its molecular mass and its activity. In a zymogram, five activity bands can be
observed depending on the degree of oxidation. The less acidic band corresponds to
the non-oxidized conformer CAT-1a (pl 5.45), the more acidic band corresponds to
the fully oxidized CAT-1e (pl 5.25); CAT-1b to CAT-1d are intermediate
conformers [19]. A similar oxidation, completed in hours, instead of weeks, is
caused by direct exposure of purified CAT-1a to singlet oxygen. No other reactive
oxygen species generated a similar electrophoretic shift [19].

Catalases assayed from bacterial, fungal, plant, or animal sources are likewise
oxidized by singlet oxygen producing an increase in enzyme electrophoretic
mobility [19]. In N. crassa, the large catalase—3 is similarly oxidized by singlet
oxygen [10] and a catalase-peroxidase, which is a completely different heme-
enzyme, shows a singlet oxygen-induced shift in electrophoretic mobility [19].
However, the electrophoretic shift in these enzymes is much smaller than in CAT-1.

Oxidation of CAT-1 occurs in vivo under conditions in which singlet oxygen
is generated [20]. Human catalase oxidation takes place in cultures of myeloid cell
(U937) when singlet oxygen is generated [21]. In fact, because it is exclusively
generated by singlet oxygen, the change in electrophoretic mobility of catalases can
be used to detect singlet oxygen formation in cells [22].

A site of modification in CAT-1 is heme: UV-visible absorbance spectra of
the heme indicated that modification increased the asymmetry of the heme [19]. The
crystal structure of CAT—1 indicates modification of heme b to a cis-hydroxyl-y—
spirolactone at the porphyrin ring I1I (heme d),T like in the two other large catalases,
Escherichia coli HPII and Penicillium vitale, catalase, whose tri-dimensional

structure is known [23]. Heme b is oxidized to heme d inside the protein; for this
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enzyme, activity is required [24]. Our hypothesis is that singlet oxygen at the active
site reacts with heme b to form heme 4.1 Oxidation of heme per se does not change
protein charge. Modification of one or few charged amino acid residues, or loss of a
charged protein end, could be a reason for the electrophoretic shift, albeit, no
modification of amino acids was observed in the crystal structure of CAT-1.7
However, the N-terminal loose end in this structure is not visible and a modification
at a residue located in this end might have taken place. Another possibility is that
heme modification causes a structural change that modifies the charge of the protein.
To investigate the structural and functional consequences of catalase
oxidation, we compared some structural properties, the stability, and the kinetics of
the non-oxidized enzyme (CAT—1a) with those of the fully oxidized one (CAT-1e).
The results show that CAT—1le is structurally different from CAT—1a. Both
conformers exhibited complex saturation kinetics by H,O, with similar kinetic
constants and activation energies. Although differences in stability between these
conformers were detected under extreme situations, Cat-1e conserves most of the

remarkable stability and catalytic efficiency of the non-oxidized enzyme.
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EXPERIMENTAL PROCEDURES

Strains and culture conditions

N. crassa, wild type strain 74-OR23-1A from the Fungal Genetic Stock
Center, was grown from stocks of conidia kept in distilled water at -70°C. Conidia
were inoculated on agar minimal-medium of Vogel supplemented with 1.5%
sucrose. Cultures were grown for 3 days in the dark at 30°C followed by 2 days in
the light at 25°C.

Purification of CAT-1

CAT-1 was purified from conidiated aerial mycelium as described previously
[16,19]. Briefly, cultures were harvested directly in acetone and collected by
filtering through filter paper. Dried acetone powders were ground with glass beads
in a cold buffer containing protease inhibitors and antioxidants. Cell extract was
frozen and thawed twice and, after centrifugation, the supernatant was precipitated
with cold acetone. The resuspended pellet was centrifuged and the supernatant was
precipitated with 35% (w/v) ammonium sulfate. The dissolved pellet was passed
through a Phenyl Sepharose CL.-4B (Pharmacia) column and eluted with 10 mM
phosphate buffer, pH 7.8 (adjusted by mixing Na,HPO, and KH,PO, solutions). The
purified enzyme gave a yield of 48% of the total cell extract activity and an increase
in catalase specific activity of 170 times. After PAGE with sodium dodecyl sulfate
(SDS) and staining the gel with Coomassie Brilliant Blue, the preparation showed a
principal band of 88 kDa and a few very minor bands [16].

Modification of CAT-1a into CAT-1e
Catalase modification occurred during storage. After eight weeks storage in
50 mM phosphate buffer (adjusted by mixing Na,HPO, and KH,POj, solutions) (PB)
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at -20°C most of the catalase activity is CAT—1e and no further shift in
electrophoretic mobility is observed. Conformers have the same molecular mass but
different electrophoretic mobility. Oxidation of the enzyme can be delayed under an

argon atmosphere [19].

Protein determination

Protein in fractions of purified CAT—1 was determined by its absorbency at
280 nm utilizing an extinction coefficient of 88,810 M ecm™, which was calculated
from the protein sequence [25]. Similarly, an extinction coefficient of 24,870 M!

cm”' was used for subtilisin.

Spectra
Protein fluorescence spectra of CAT—1, 150 pg/ml in PB, at 25°C, were

obtained by exciting protein residues at a wavelength of 280 nm and detecting
emission between 300 and 400 nm.

Heme fluorescence emission spectra were carried out at 25°C using 5 mg of
total catalase protein in PB, by exciting at 400 nm and measuring emission between
420 and 700 nm.

Circular dicroism spectra of CAT—1, 200 pg/ml in PB, were obtained in the
range of 185 to 250 nm using a 0.1 path cuvette at 25°C, and expressed in molar
ellipticity (®) (degrees cm’ dmol™). The amount of structure was determined using

the software Prosec.

Gel electrophoresis
Minigels (8 x 9 cm and 0.75 mm thick, 8% polyacrylamide 0.2% bis—
acrylamide) were used for detection of catalase activity bands. They were made

according to the Laemmli procedure, without boiling the samples, and without B—
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mercapto-ethanol. Gels were run at 150 V for 2.5 h and immediately after
electrophoresis stained for catalase activity.

Catalase activity in polyacrylamide gels was assayed as described [19]. After
electrophoresis the gel was briefly soaked in 5% (v:v) methanol and after rinsing
with tap water, it was incubated for 10 min in 10 mM H,0,. For staining, the gel was
incubated in a 1:1 mixture of freshly prepared 2% (w:v) potassium ferric cyanide
and 2% (w:v) ferric chloride. Blue color developed in the gel except at the zones
where H,O, was decomposed by catalase. Staining was stopped by soaking the gel

in a 10% (v:v) acetic acid and 5% (v:v) methanol solution.

CAT-1 thermal and chemical stabilities

CAT-1 (7 pg in 20 pl PB) was incubated for 1 h at different temperatures and
the remaining activity and protein were analyzed by PAGE (5 pg in each lane) under
non-denaturing conditions as described above. CAT-1 (10 pg in 20 pl PB) was
incubated with different concentrations of guanidine-HCl (Boehringer Mannheim)
for 72 h at room temperature to reach equilibrium. Samples were divided in two and
subjected to PAGE under non-denaturing conditions (5 pg per lane). One gel with
0.3 pg per lane was stained for activity; the other with 5 pg per lane was stained

with Coomassie Brilliant Blue.

Subtilisin treatment

Subtilisin (7.5 pg in 2.5 pl PB) was added to 50 pg of CAT-1 in 20 ul PB and
the mixture incubated at 30°C during 28 h. At the indicated times, 1.5 pl of 1 M
phenyl-methylsulfonyl fluoride in dimethylsulfoxide was added to stop the reaction
and catalase activity was determined by oxymetry, using 2 pg, and by zymograms,
using 1ug of CAT—1. The products of proteolysis of 5 pg of CAT—1 were analyzed
by SDS-PAGE [26].
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Enzyme Assays

Catalase activity was measured at 22°C by determining the initial rate of O,
production with a Clark electrode [27]. Reaction was started by injecting catalase,
either 0.2 pg in 5 pl or 0.04 pg in 1 pl, into a sealed chamber filled with 2 ml of a
known concentration of H,O, in PB. Final concentration of catalase was 1.5 nM.
H,0, concentration was determined spectroscopically at 240 nm considering an
extinction coefficient of 35.76 M~ cm™. One unit of activity is defined as the
amount of enzyme that catalyzed the consumption of 1 pmol H,O, per min under
our experimental conditions.

The reversible inhibition of CAT—1 (0.2 pg in 5 pl PB) by potassium cyanide
(KCN) (Merck) was measured at 22°C using different concentrations of the inhibitor
(0.4-1.0 uM) and different concentrations of H,O, (8-60 mM). Final concentration
of catalase was 1.5 nM. Irreversible inactivation of CAT-1 by 3-amino-1,2,4—
triazole was studied at 37°C by incubating 20 pg of the enzyme in 1 ml PB,
containing 20 mM 3-amino-1,2,4-triazole, 4 mM ascorbate and 4 mM H,0, [28].
Final concentration of catalase was 150 nM. Samples (50 ul) were withdrawn every
5 min from the incubation mixture and the remaining activity was assayed as stated
above. For determination of the concentration of azide or hydroxylamine giving half
maximal inactivation, /s, CAT—1 (1 pg in 2 ml) (3 pM) was incubated at 37°C for 1
min in the presence of several concentrations of the inhibitors and the remaining
activity was measured by adding to the mixture 10 mM H,0,.

For determination of the pH dependence of enzyme activity, a mixture of 50
mM each of the following buffers 2—(N—Morpholino)ethanesulfonic acid (MES), 4—
(2-Hydroxyethyl)piperazine-1—ethanesulfonic acid (HEPES), 2—(N-
Cyclohexylamino)ethanesulfonic acid (CHES) and 3—(Cyclohexylamino)-1—
propanesulfonic acid (CAPS) was adjusted to the desired pIH with 0.5 M HCI or
NaOH, as required. Catalase activity was assayed with 10 mM H,0O,. To measure
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CAT-1 stability in acid, the enzyme was incubated for 5 min at the indicated acidic
pH (acetate buffer 50 mM) and the remaining activity determined at the usual pH
and with 10 mM H,0,. Activity assayed at pH 7.8 in 50 mM phosphate buffer was
taken as 100%.

The activation energy, £,, was determined by measuring the initial velocities
at temperatures between 15 and 35°C, in increments of 5 °C, using for kg

determination a H,O, concentration range between 20 and 700 uM.

Materials

Chemicals were from Sigma unless otherwise stated.
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RESULTS

Singlet oxygen reacts at the active site of CAT-1 and induces the formation of an
active conformer that contains heme d instead of heme b and exhibits a shift in
electrophoretic mobility [19]. The effect of these changes on the structural and

functional properties of CAT—1 was studied.

Structural properties of CAT—1 conformers

To test if there is a gross conformational change in CAT-1e, fluorescence
emission spectra of CAT—la and CAT-1e were recorded. The two enzymes
exhibited an emission maximum at 334 nm. There were no differences between the
two catalase conformers (not shown).

We also recorded the circular dicroism spectra for both enzyme conformers.
We found a slight but not statistically significant decrease in the amount of a—helix
in CAT-1e (16.60+1.96) compared to CAT—1a (18.85+1.89). Determination of 3—
bands in CAT—1e (50.29+3.50) and CAT-1a (46.19+2.87) was not accurate enough
to detect small differences between conformers. Turns in CAT-1e (8.21+0.83) and
CAT-1a (9.18+0.54) and random structure in CAT-1e (24.90+1.58) and CAT-1a
(25.78+1.25) were also similar. Thus, the protein fluorescence and circular dicroism
spectra did not reveal gross conformational differences between the oxidized and the

non-oxidized conformer.

CAT-1 conformers stability

CAT-1 i1s very resistant to heat inactivation [16]. In an attempt to make
evident a likely although minor structural change in CAT-1e, enzyme conformers
were incubated for one hour at a high temperature (80 to 93°C) and then analyzed by

PAGE under non-denaturing conditions. Although a tetrameric conformation is
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detected in CAT—1 with cross-linking agents [16], we detected only the dimeric
form of the enzyme with native PAGE. The dimers were stable and fully active.
CAT-1e monomers were observed at a temperature of 85°C and above, while CAT—
la monomers were observed at 90°C and above (Fig. 1A), indicating a higher
thermal stability of CAT—1a than CAT-1e.

Treating catalase conformers with guanidinium-chloride also revealed CAT-1
high resistance to denaturation [16]. Both enzyme conformers conserved their
activity after 48 h exposure to 3.5 M guanidinium chloride. At 4 M guanidinium
chloride, CAT—-1a still had some active dimers, while the entire CAT—1e was found
as monomers (Fig. 1B) and no activity was detected. Thus, CAT—1a was more
resistant than CAT—1e to dissociation with guanidinium.

CAT-1 conformer sensitivity to proteolysis was tested with subtilisin. Loss of
enzyme activity in CAT—1e followed first order kinetics and occurred significantly
faster (50% loss in 2.76 h) than in CAT-1a (50% loss in 5.37 h) (Fig. 2A). In the
first 30 min, subtilisin treatment of both conformers generated partially digested but
fully active dimers that contained polypeptides of 63 kDa when analyzed with SDS-
PAGE; active polypeptides of even lower molecular mass (49-51 kDa) were
revealed (Fig. 2B). Loss of the 63 kDa polypeptide, determined by densitometry of
the Coomassie stained band, followed first order kinetics and was faster when
derived from CAT—-1e (50% loss in 4.3 h) than from CAT-1a (50% loss in 7.9 h)
(Fig. 2C). Thus, kinetics of both loss of activity and of the 63 kDa polypeptide were
faster when derived from the CAT-1e conformer than from the CAT-1a.

Hence, although there was no gross conformational change in CAT-le, a
more subtle change in the enzyme became evident when exposed to high

temperature, high concentration of guanidine-HCI and proteolysis.

pH effect on conformers' stability
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CAT-le was less active than CAT—1a at the extreme pH values, 4-4.5 and
11.5-12 (Fig. 3A). Stability of the enzyme was assayed in the acid pH range. CAT—
le in the pH range from 4 to 6 was less stable than CAT-1a, while no difference was
found at pH 7.8 (Fig. 3B). This is in accordance with data showing that CAT-1a
remains active after native PAGE with an initial pH of 3.8; CAT—1e was inactivated
under these conditions (not shown). Thus, a structural change in the oxidized CAT-1

turned the enzyme unstable at acidic pH.

Heme fluorescence of CAT-I conformers

Because we detected a site of singlet oxygen oxidation at the heme [19], we
analyzed heme fluorescence in CAT—1a and CAT-le. Due of the very high
absorbency of the iron, a high concentration of protein was used to detect heme
fluorescence. CAT-1 was purified and concentrated to 5 mg/ml and its fluorescence
was obtained immediately after purification, and again after one and eight-week
storage. After one week, CAT-1 was partially oxidized (CAT-1c¢); after eight weeks,
it was fully oxidized (not shown) [19]. CAT-1 heme was excited at 400 nm and its
fluorescence emission was recorded between 420 and 700 nm. Heme fluorescence
exhibited peaks at 465, 574-578, 615 and 642-646 nm with a shoulder at 502-510
nm and minima at 570, 600 and 630 nm (Fig. 4). In the partially oxidized CAT-Ic,
there was an increment in fluorescence in the span of 560 to 700 nm; in the fully
oxidized conformer there was a further increase in fluorescence between 480 and
520 nm. These results may suggest a local change at the active site that occurs in

more than one step [19].

Effect of inhibitors on conformers' activity
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Different catalase activity inhibitors were used to detect differences between
the non-oxidized and the fully oxidized CAT-1 conformers. The irreversible specific
inhibitor of catalases 3—aminotriazole, at 20 mM, inactivated both CAT-1a and
CAT-le following pseudo-first order kinetics. The residual activity data were fitted
by nonlinear regression to a single exponential decay equation:

E,/E, = exp(-kt) (1),
where £, and £, are the enzyme activities at time 7 and zero, respectively, & is the
pseudo-first-order rate constant of inactivation, and ¢ is the time of incubation. The
best fit gave estimated values for & of 0.054 + 0.001 min™' for CAT—1a and 0.052 +
0.001 min™' for CAT—1e. From these values, it was calculated that inhibition of 50%
of the activity took place in 12.7 min for CAT—1a and 13.4 min for CAT-1e; these
values are similar to the reported value for beef liver catalase [28].

Azide, another irreversible inhibitor of heme-enzymes, was effective at
concentrations <1 mM. In this case, kinetics of inactivation was studied by
incubating the enzymes with several concentrations of the inhibitor for a fixed time.
[nactivation also was pseudo-first order and the experimental data (not shown) fitted
very well to equation 2,

E,/Ey = exp(-kIf) (2),
where k" is the second order rate constant of inactivation, and / is the inhibitor
concentration. The estimated values for k" were 2.11 + 0.03 mM ™' min™ for CAT-1a
and of 1.83 + 0.04 mM™' min™' for CAT—1e. The concentration of inhibitor producing
50% of inhibition after 1 min incubation with the enzyme, /55, was 330 uM for
CAT-1a and 380 uM for CAT-le.

Inactivation kinetics by hydroxylamine, another irreversible inhibitor of
catalases, were pseudo-first order (not shown) with second-order rate constant, k£,

values of 3.54 + 0.07 pM™" min™' for CAT—la and 0of 3.32 + 0.11 mM™"' min™" for
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CAT-1e. The /5o for hydroxylamine after 1 min incubation was 0.19 pM for CAT-
la and of 0.20 uM for CAT-le.

Cyanide binds reversibly to heme-proteins. It is a non-competitive inhibitor of
catalases at low H,O, concentrations and competitive at high (>0.1 M) H,0,
concentrations [29]. Inhibition of CAT—1 by KCN at micromolar concentrations was
competitive even at the low H,0, concentrations assayed (8-60 mM) (not shown).
Replots of the apparent Ky values, obtained in the presence of the inhibitor, versus
inhibitor concentration were linear, indicating total inhibition and non-cooperative
binding of cyanide ion to the enzyme. The inhibition constant, K;, was estimated by
a lineal fitting of the apparent K, data in Figure S to equation:

apolim, — Ko (1 +HKS). 3)
CAT-1e was slightly more sensitive to KCN inhibition than CAT-1a: K; = 0.76 +
0.05 and 0.28 + 0.03 uM, respectively. Of the different inhibitors assayed, only
KCN revealed a higher sensitivity in CAT-1e, which might be indicative of a local

change at the active site of the oxidized conformer.

Saturation kinetics of the CAT-1 conformers

Different to small catalases and similar to other large catalases [17], CAT-1 is
resistant to molar concentrations of H,O, [16]. Catalase activity with increasing
H,0, concentration does not follow Michaelis-Menten kinetics [17,18]. Because
they are not inhibited or inactivated by substrate, CAT-1 and other large catalases
are amenable to a careful kinetic analysis extending in a very wide range of substrate
concentration. Saturation kinetics of both conformers of CAT-1 by H,O, was
complex and could be divided into two components. The initial velocity data
obtained in the range of 10 mM to 3 M H,0, concentration gave a good fit to
equation 4, which is the result of adding two Hill equations:

V= VS USos0)"” + "N + (VnaxyS" P So50" + ")} ),



Oxidized catalase: structure and kinetics 16

where v is the initial velocity, Vyaqiy and V) are the maximal velocities of each
component, Sy sy and Sy 52y are the concentrations of substrate producing half
maximal velocity, and n;y and n, are the Hill numbers.

Figure 6 shows the experimental data and the theoretical lines resulting form
the global fit of the 36 activity determinations; the estimated kinetic parameters are
given in Table 1. In order to better depict the goodness of the fit to our data, the log
of substrate concentration is given in the plots of Fig. 6, as we used a very broad
range. The theoretical global curve resulting from the best fit to equation 3, with Hill
numbers of 1.2 and 1.7 for the first and second component of the saturation curve, is
shown as a solid line. Dashed lines are the individual theoretical curves for each
component (Fig. 6A and B). The second best fit for the whole set of data was to a
two-component equation without cooperativity. Residuals (differences between
theoretical and experimental values), given below the activity versus log(H,0,
concentration) plots in Figure 6, show that a two-component equation, either with or
without cooperativity, gave a much better fit to the whole set of data than a single
Michaelis-Menten equation. Thus, the saturation kinetics of CAT-1 by H,0O, appears
to have two components, and are consistent with the existence of two kinds of active
sites, either in the same or in separate enzyme molecules, differing more than 10-
times in substrate affinity. One of the active sites is saturated in a low H,0,
concentration range and the other in a high concentration. Both components appear
to have a positive cooperativity, which is higher in the second component.
Compared to CAT-1a, the kinetics of CAT—1e were slightly different: both Sg 5
values were somewhat higher and both catalytic efficiencies, k. /Sy s, were

consequently lower but not significantly different (Table 1).

Apparent activation energy of CAT-1 reaction
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The dependence of k., on temperature was determined for the two conformers
using the Arrhenius equation:

Inkey = -Ea/RT + InA (5)
where R 1s the universal gas constant, 7 is the absolute temperature in Kelvin, and
A is the Arrhenius constant. In the temperature range used, all initial velocity data
fitted well to the double Hill equation, equation 4, with Hill numbers of 1.2 and 1.7
for the first and second component, respectively. Arrhenius plots (not shown) were
linear and gave apparent activation energies of 19.6 + 1.5 and 17.5 % 6.2 kcal/mole
for the first and second component, respectively, of CAT-1a, and of 16.7 + 2.3 and
21.1 + 3.6 kcal/mole for CAT—1e. Thus, the local change at the active site
promoted by oxidation did not significantly alter the kinetic constants nor the

apparent activation energies of the reaction catalyzed by CAT-le.
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DISCUSSION

The evidence presented here indicates that the fully oxidized enzyme
conformer, CAT-le, is structurally and functionally different from the non-oxidized
one, CAT-1a. The lower stability of CAT-1e in acidic pH and its lower resistance to
high temperature, guanidine-HCI, and subtilisin treatment indicate structural
differences. Furthermore, the heme fluorescence emission spectra indicated a local
change at the active site. This local change at the active site has functional
consequences as evidenced by an increased sensitive to KCN inhibition and slightly
altered kinetic constants. Other data, such as inactivation by other catalase inhibitors,
circular dicroism measurements, and protein fluorescence spectra did not denote

differences between the non-oxidized and oxidized conformers.

Stability of CAT-1

The stability of CAT— is remarkable. Global structure remains the same after
half an hour at 90°C and 48 h in 3.5 M guanidine-HCl without loss of activity. CAT—
1 is more stable than other « atalases [16]. Stability of CAT-1 is probably related to
the conidium where it accui wulates. Conidia are formed as a response to oxidative
stress [12,14,15]. They also have to contend during germination with a high
concentration of H,O, from plant substrates that can have active NADPH oxidase
and produces large amounts of H,O, [30]. The high concentration of CAT-1 in
conidia (0.6% of total prote n) and its endurance to denaturation and resistance to
high concentration of H,O, >nables the survival and germination of the conidium
under adverse conditions. Ir fact, conidia of an Aspergillus nidulans mutant strain in
the homologous catalase ar¢ sensitive to H,O, [5] and termolabile [31].

CAT-le is less stable 11an CAT-1a at high temperature, at 4 M guanidinium, or

at acidic pH. This indicates hat changes produced by oxidation make the enzyme
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less stable under extreme conditions. These results are in accordance with the lack of
gross alterations of the protein structure as indicated by protein fluorescence and
circular dicroism.

As single oxygen reacts rapidly with amino acid residues, particularly Trp,
Tyr, His, Met Cys, in addition to the heme ring, damage to other residues in the
protein it is probable. This may be heterogeneous and present at low level and
hence be difficult to detect. Such protein damage may be the cause of the enhanced
protein instability.

Because the protein N-terminus is buried in the central part of the tetramer and
is essential for activity and stability of the dimer [32]F, digestion of the N-terminus
by subtilisin without loss of enzyme activity is limited to a loose end, of about 4
kDa. Thus, to give an active 63 kDa polypeptide, proteolysis of the protein has to
occur at the C—terminus. Because the increased instability to subtilisin took place
after the subunits were processed to the active 63 kDa polypeptide, which lacks the
C-terminus, these results suggest that the CAT—le increased instability does not
reside at the C—terminus.

The C—terminal "flavodoxin like" domain has a mass of 19.5 kDa. A truncated
subunit without this domain would give a 62.7 kDa polypeptide, similar in mass to
the one obtained with subtilisin, indicating that the C—terminal domain is
dispensable for enzyme activity. The resulting active enzyme would be similar to the
small catalases with a mass of 60 kDa. Because smaller polypeptides (49-51 kDa)
were also detected in active dimers digested by subtilisin, the helix domain (6.6

kDa) that precedes the C—terminal domain is probably also not essential for activity.

Local change at the heme
Fluorescence of the heme may indicate a localized change at the active site.

During the first week storage, the fluorescence emission increased mainly between
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560 and 700 nm and thereafter between 480 and 520 nm. This is in agreement with
the notion that modification of the heme occurs in sequential steps [19]: singlet
oxygen attack of porphyrin ring 111 at the double bond between C5 and C6 produces
a transient endoperoxide, whose breakage generates two cis-hydroxyl groups at
these carbons, leading to the formation of y-spirolactone between the propionate and
the hydroxyl group at C5 and liberating a water molecule. The first two steps could
be related to the increase in fluorescence emission at the higher wavelengths; the
third step at the lower wavelengths. However, because increase in fluorescence is
small and across a wide range of wavelengths, no solid conclusion can be taken from
these spectra.

CAT-1e 1s more sensitive to cyanide than CAT—-1a. Because cyanide binds to
the heme, these differences indicate a modification at the active site. In an £. coli
HPII mutant enzyme, with a substitution of the active site asparagine (N201) for
alanine or glutamine, only small changes in cyanide affinity were observed.
However, upon modification of heme b to heme d, binding of cyanide to the active
site increases [33]. Thus, oxidation of the porphyrin ring in HPII and in CAT-1 can
affect sensitivity to cyanide.

Compared to other large catalases, Aspergillus niger CatR and E. coli HPII,
CAT-1 sensitivity was less than HPII and more than CatR to cyanide, less to azide,

and similar to hydroxylamine [17].

CAT-1 complex kinetics
A double Hill equation accounts for CAT-1 kinetics in a two orders of
magnitude-range of H,O, concentration. Both, a Hill number of 1 orof 1.2 and 1.7

for the first and second component, respectively, gave good theoretical fits to the

whole set of experimental data of both conformers. The contribution of the second

saturable component to the reaction velocity is negligible at H,O, concentrations
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below 100 mM, but it starts to appreciably contribute at concentrations above 250
mM. Thus if the low substrate concentration range is used, as we did in the KCN-
inhibition experiments, the initial velocity data would not deviate significantly from
a hyperbolic, michaelian, saturation kinetics. Compared to CAT-1a, we found a
small change in the two S, 5 values of CAT—1e, which might be indicative of a local
change at the active site, but the k. of both conformers were similar.

Some kinetic constants for CAT—1 (Table 1) differ from the reported ones for
an inducible N. crassa catalase [34], that is probably a mixture of CAT-1 and CAT-
3 [10]. A K, of 25 mM, similar to our Sy 5(;) value of 21 mM, was obtained using a
single substrate concentration, 14 mM, which is non-saturating for the first H,O,-
saturation component of the CAT—1. However, from the ke/Kr of 4.6 x 10° M 5™
we calculated a k., 0f 0.12 x 10° s'l, which is 97 times less than the k., determined
for the first component of CAT-1a (Table 1). For 4. niger CatR, reported K, values
are 322 mM, using a H,O,-concentration range of 0.1 to 2 M [18] and 465 mM,
using <400 mM concentrations [17], which are comparable to our S 52) value of 570
mM. However, the reported kcu/K. values for CatR are 0.6x 10° M™' s [17] and 7.5
x 10° M 5" [35], which are, respectively, 54 and 70 times smaller than the CAT-1
values (Table 1). The calculated k., value from the reported £.,/K,, and K, [17] 1s
2.79 x 10° 5™, 67 times smaller than our k. ) value. The different kinetic
parameters of these and other reports compared to those obtained for both
conformers of CAT—1 could be due to both the different method used to obtain
them, a non-linear fit to a two-component Hill equation in our case (equation 4) and
the extrapolation of 1/v vs. 1/[H,0;] in the other reports [17,34], and to the H,O,-
concentration range used in the determination of the saturation kinetics.

There are no Ea values reported for the catalytic steps to compare the apparent

Ea values for k., of CAT-1. There are however reports on the apparent £a for H,0,
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binding. Estimated from our Arrhenius plots of In(4../ Sos) versus 1/7, the apparent
Ea for H,0, binding were 4.2-6.8 kcal/mol for CAT—1a and 4.5-5.5 kcal/mol for
CAT-le. Compared to these values, the reported Ea of 7.2 kcal/mol for the above
mentioned N. crassa catalase [34] is similar, and the £a of 2.6 kcal/mol for CatR
[35] is somewhat lower.

The apparent Ea for the k., values for both components of the saturation
kinetics of CAT—le are similar to those of CAT—1a, indicating that the transition
state of the rate-limiting step in the catalyzed reaction, if there is one, is not
importantly destabilized nor stabilized by oxidation of the enzyme. The similar £a
values for 4.,/ So s also indicate no significant differences in the binding of substrate
between the non-oxidized and oxidized conformers of CAT-1. Taken together, the
conformers show no important kinetic differences between them.

Non-hyperbolic kinetics as those found here for both conformers of CAT-1
could arise from different mechanisms. They can result from negative cooperativity
between active sites in the same enzyme molecule or from the existence of active
site heterogeneity, due to either asymmetry in one enzyme molecule or to different
enzyme forms. However, there is no indication of isoenzymes in our enzyme
preparation, and the conformer that result from oxidation exhibits the same non-
hyperbolic kinetics than the reduced enzyme. Therefore, heterogeneity of active
sites, if this is the cause of the observed kinetics, does not arise from oxidation.

Non-hyperbolic kinetics may have a kinetic origin. The reaction catalyzed
by catalases involves the ordered addition of two substrate molecules, although
both are H,0,. The chemical mechanism is consistent with a Ping-Pong kinetic
mechanism where the product released in the first partial reaction is H,O and H,O
and O, are released in the second one. In this kinetic mechanism, if any of the
product-release steps is rate limiting, “substrate activation” can arise by an

alternative and faster product release pathway involving the previous formation of
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an abortive ternary complex between the substrate and the enzyme-product
complex. This would also give non-hyperbolic kinetics as those observed in CAT—
1. This kinetic mechanism can result in substrate inhibition, if the release of the
product from the abortive ternary complex enzyme-product-substrate is slower
than that from the binary complex enzyme-product, which could be related to the
substrate inhibition observed with small catalases. However, substrate inhibition in
small catalases was explained by the formation of inactive compound 1I and 111
[18]. Our results do not allow us to conclude whether the complex H,0, saturation
kinetics of CAT-1, and most likely the similar kinetics exhibited by other large
catalases [17,18], are due to (i) negative cooperativity between interacting active
sites, (ii) the existence of two kinds of active sites, or (ii1) have a kinetic origin, as
a mechanism involving a faster product-release pathway induced by high substrate
concentrations. Whatever the reason for these complex kinetics, it is clear that Cat—
1, and the other large catalases, have evolved a mechanism which enables them to
catalyze the dismutation of very high H,O, concentrations with catalytic
efficiencies only one order of magnitude smaller than those attained at low H,0O,

concentrations.

Physiological and evolutionary implications of heme oxidation

Oxidation of the heme in catalases is probably inevitable. Because of the
extremely high catalytic efficiency of catalases, O, is generated at a rate of millions
of molecules per second when concentrations of H,O, are high. Under these
conditions, catalytic singlet oxygen formation is highly probable. Another source
of singlet oxygen is light. Porphyrins are excited by blue light and O, can absorb
this energy to form singlet oxygen. Thus, O, at the active site could form singlet

oxygen by photosensitization.
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The selectivity of singlet oxygen for the site of attack in the porphyrin could
be related to the exit pathway of dioxygen. Singlet oxygen could also diffuse to the
active site through the channels used to evacuate catalytic O,. This occurs when
cells are under conditions in which singlet oxygen is produced and catalase is
oxidized in vivo [20,21]. It also happens when purified CAT-1 is oxidized by an
external source of singlet oxygen [19].

Under most physiological conditions, CAT-1e would be as efficient as
CAT-la. The differences in enzyme structure could only result in an increased
turnover rate of the oxidized enzyme [20]. Because of its important role as
antioxidant enzymes, and inasmuch as oxidation appears to be unavoidable,
catalase could have been selected through evolution to remain active even when
oxidized at its active site. In fact, preservation of functional and structural catalase

properties in the oxidized form could be important for microbial survival.
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Table 1. Kinetic constants of CAT—1a and CAT-1e

CAT-la CAT-le
Sos 1y (M) 0.021 + 0.002 0.051 +0.006
Vimax (1) (U/mg) 204x10°+6.4x 10° 2.15x10°+1.1x 10°
Sos2) (M) 0.57 +0.023 0.81 +0.054
Vinax () (U/mg) 3.4 % 10°+6.7 x 10* 3.26 x 10°+ 1.1 x 10°
keat(1y (s™) 1.12 x 107 1.18 x 10’
keat 1) /SosyM ' s 5.32x 10° 2.31 x 10°
keat2) (57) 1.86 x 10’ 1.78 x 10’

keat 2)/Sos 2 M s)  3.26 x 10 2.20 x 10’
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Figure Legends

Figure 1. Differences in enzyme stability at high temperatures and in the presence of
molar concentrations of guanidine-HCI. (A) CAT-1a and CAT-1e conformers were
incubated at different temperatures and then analyzed by native PAGE. (B) CAT-1a
and CAT-1e conformers were incubated 48 h at different guanidine-HCl
concentrations and then analyzed by native PAGE. d indicates dimer, m indicates

monomer.

Figure 2. Differences in enzyme stability in the presence of subtilisin. CAT—1a (H
and solid lines) and CAT—-1e (O and dashed lines) conformers were incubated with
subtilisin for different times and the remaining activity measured (A). The same
samples were analyzed by native PAGE (B). Upper panel: Coomassie blue staining,
lower panel: zymogram. Dashed lines and dg; indicate the dimer made by 63 kDa
polypeptides; (C) Densitometry of the Coomassie blue stained 63 kDa band. Results

are the mean + SEM of three separate determinations.

Figure 3. Differences in the pH dependence of enzyme activity and stability. A)
Specific activity of CAT—1a (clear bars) and CAT—1e (striped bars) assayed at the
indicated pH values. B) Stability of CAT—1a (M and solid lines) and CAT-1e (O
and dashed line) at the acidic range of pH. Enzyme activity at pH 7.8 was taken as

100%. Data are the mean + SEM of three separate determinations.

Figure 4. Differences in heme fluorescence of CAT—1 conformers. Purified CAT-1
at a concentration of 5 mg/ml was excited at 400 nm and fluorescence emission was
detected between 420 and 700 nm. Fluorescence was measured immediately after

purification (lower black line) and again after one (intermediate gray line) and after

eight-week (upper light gray line) storage of the same sample. After one week, CAT-
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1 was partially oxidized and there was an increment of fluorescence at the region
from 560 nm to 700. After eight weeks, it was fully oxidized and there was a further

increase between 480 and 520 nm.

Figure 5. Differences in enzyme sensitivity to cyanide inhibition. KCN inhibited
CAT-1 competitively with a K; of 0.76 uM in the case of CAT—1a conformer (B and
solid line) and of 0.28 pM in the case of CAT—le (O and dashed line). Data are the

mean + SEM of three separate determinations.

Figure 6. Differences in enzyme saturation kinetics. A) Kinetics of CAT-1a; B)
Kinetics of CAT-1e. Data are the mean + SEM of three separate determinations.
Solid lines: fits of the data to the two-components Hill equation with Hill numbers of
1.2 and 1.7. Dashed lines: theoretical curves for each component. Shown below each
graph are the residuals from the fit of the data to the three equations considered:

solid lines, two-component equation with Hill numbers of 1.2 and 1.7 for the first
and second component, respectively; dot lines, two-component equation without

cooperativity; dash dot lines: single Michaelis-Menten equation.
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Summary

Catalase—1, one of four catalase activities of Neurospora crassa, is associated with
non-growing cells and accumulates in asexual spores. It is a large, tetrameric,
highly efficient, and durable enzyme that is active even at molar concentrations of
hydrogen peroxide. Catalase—-1 is oxidized at the heme by singlet oxygen without
significant effects on enzyme activity. Here we present the crystal structure of
catalase-1 at 1.75 A resolution. Compared to structures of other catalases of the
large class, main differences were found at the carboxy-terminal domain. Heme
group is rotated 180° around the a-y—meso carbon axis with respect to clade 111
small catalases. There is no co-ordination bond of the ferric iron at the heme distal
side in catalase-1. Catalase—1 structure exhibited partial oxidation of heme b to
heme d. Singlet oxygen, produced catalytically or by photosensitization, may
hydroxylate C5 and C6 of pyrrole ring Il with a subsequent formation of a
y-spirolactone in C6. Singlet oxygen production at the active site explains photo-
inactivation in small catalases and other modifications in catalases and heme
proteins. The modification site in catalases depends on the way dioxygen exits the
protein: mainly through the central channel or the main channel in large and small
catalases, respectively. Catalase—1 structure reveled an unusual covalent bond
between cysteine sulfur and the essential tyrosine of the proximal side of the active
site. A peptide with the predicted theoretical mass of the two bound tryptic
peptides was detected by mass spectrometry. A mechanism for the Cys-Tyr
covalent bond formation is proposed. The tyrosine bound to the cysteine would be
less prone to donate electrons to compound I to form compound II, explaining
catalase-1 resistance to substrate inhibition and inactivation. An apparent

constriction of the main channel at Ser198 lead us to propose a gate that opens the

narrow part of the channel when there is sufficient hydrogen peroxide in the small



cavity before the gate. This mechanism would explain the increase in catalytic

velocity as the hydrogen peroxide concentrations rises.
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Introduction

Catalases are ubiquitous enzymes present in archea, eubacteria, fungi, plants,
and animals. Besides monophyletic monofunctional catalases, "2 other enzymes,
such as catalase-peroxidases, Mn—catalases, peroxidases, and peroxiredoxins,
contribute to hydrogen peroxide (H,0,) disposal. H,O; is inevitably formed in
cells: most of it comes from superoxide (O, ") dismutation and from the activity of
some oxidases. O, arises mainly by electron leakage from respiratory chain and
from activity of few enzymes, mainly NADPH oxidases and xanthine oxidase. O;"
is dismutated to H,O, by superoxide dismutase. H,O, do not react with nucleic
acids, most proteins, or lipids. However, removal of H,0, is vital to the cell
because it gives rise to the more reactive oxygen species, singlet oxygen and
hydroxyl radical.’ Singlet oxygen and hydroxyl radical react close to the site they
are formed and they do so with most cellular compounds. H,0, disposing enzymes
have a Ky for H,O, that differs 4 orders of magnitude: monofunctional catalases
having the highest Ky values (>200 mM);*’ peroxiredoxins the lowest (<0.02
mM).® Differences in Ky indicate that organisms affront large differences in H,0,
concentration to which they respond with a battery of different enzymes.

The Neurospora crassa genome, sequenced by the Whitehead
Institute/l\/HT,7 shows three monofunctional catalases, a catalase-peroxidase,
besides three peroxiredoxins and several peroxidases. We have studied the two
large monofunctional-catalases, CAT-1 and CAT-3, and the catalase-peroxidase,
CAT-2. CAT-1 and CAT-3 are homotetrameric large enzymes (>80 kDa
subunits)“‘8 belonging to clade II, which only includes catalases from bacteria and
fungi.l’2 Most conspicuous difference between small and large catalases is the
presence in large catalases of an extra carboxy-terminal domain, of about 150

residues, that has a "flavodoxin-like" topology.”"’



CAT-1 is associated with non-growing cells and is accumulated particularly
in asexual spores (conidia).*'' CAT-3 is associated with growing cells and is
induced under different stress conditions.” CAT-2 is a typical catalase-peroxidase,

probably of bacterial origin,'z’ * with catalase and peroxidase activities and is

present in cells undergoing autolysis (Peraza & Hansberg, unpublished).

The three enzymes studied are related to cell differentiation: CAT-1 1s
highly accumulated in conidia®®'" and is important for germination, as was shown
for the homologous Aspergillus nidulans CatA,; 1415 CAT-2 is induced during aerial
hyphae and conidia formation;'” and CAT-3 is important to cope with different
stress conditions and is related with the start of conidiation.® A car-3 null mutant
strain is prone to develop oxidative stress and increases conidiation, forming six
times more aerial hyphae and conidia than wild type.'® These data are in
accordance with the hypothesis that cell differentiation in N. crassa occurs as a
response to oxidative stress. '

All catalases tested so far are oxidized giving rise to active conformers with
increased electrophoretic mobility. An oxidation site was traced to the heme group.
Enzyme oxidation occurs spontaneously in purified catalases under storage, but
can be induced rapidly and specifically by singlet oxygen.'® Catalase oxidation
occurs in vivo under oxidative stress conditions, particularly when singlet oxygen

; 19,20
is produced.

Catalases share a highly conserved core structure but have nevertheless great

10,21,22 5,23

functional differences, particularly between large and small catalases.
Catalases in general, but particularly large catalases, resist denaturing conditions
such as organic solvents, high concentration of denaturants, detergents or salt.***
Small catalases are inhibited and inactivated by substrate while some large
catalases are resistant to molar concentrations of H202.4'5’23 To address these

functional differences between catalases, the structure of CAT-1 is compared to



large catalases, HP1I>* and Penicillium vitale (PVC)’"**, and to the structures of

29,30

small catalases from Saccharomyces cerevisiae Catalase-A (SCC-A),””" human

erythrocyte (HEC),”"™* bovine liver (BLC),*** Proteus mirabilis (PMC),**

37,38

Micrococcus lysodeikticus (MLC) """ and Pseudomonas syringae CatF (PSC).39



Results and Discussion

Structure determination and quality

Large but relative thin hexagonal crystals (0.36 x 0.2 x 0.02 mm) were
diffracted at the Stanford Synchrotron Radiation Laboratory, beam line 9.1.
CAT-1 crystal structure was determined in the C2 space group. Crystal packing
and self-rotation results support space group C2. The non-crystallographic
symmetry in C2 is perpendicular to axis b and has a 6° deviation with respect to
axis ¢. Non-crystallographic symmetry formed a tetramer with a strict 222
symmetry. The asymmetric unit was a dimer and cell dimensions were a = 130 A,
b=18224 A and ¢ =90.36 A and B = 133.41°. A data set was obtained with a 1.75
A resolution (Table 1). The final model has an R and R, values of 18.3 and
20.6% in the resolution shell between 1.75 and 15.0 A.

From a Ramachandran plot, we obtained 99.7% of amino acids in the most
favored regions; only Val238 and His720 of each monomer were in a disallowed

region (see below).

Structure of CAT-1

Like all catalases, CAT-1 tetramer has a 222 molecular symmetry. The three
molecular two-fold axes P, Q, R are used here, as described for BLC.” The R axis
coincides with the CAT-1 b crystal axis.

Structural regions of the monomer are very similar to those described for

10,21,34

other catalases: a long amino—terminal arm, an antiparallel eight-stranded

—barrel, a wrapping loop, a four a-helical domain and, in large catalases, a



C-terminal domain with "flavodoxin-like" topology’ joined by a long loop (Fig. 1
and 2a).

The sequence of the amino end of CAT-1, determined by Edman
degradation, indicated processing of the first twenty-one amino acids, although no
signal peptide for processing was evident. The mature enzyme starts at Ser22.
However, another 17 amino acids were not detected in the density and thus Ala39
is the first amino acid in the crystal structure. In the undetected loose end, most
amino acids are charged (5 negative and 5 positive charges). Modifications at the
amino end could be related to the detected changes in electrophoretic mobility. o

The amino-terminal arm starts with two loops, the second one containing
two short B-strands (-1 and -2 in Fig. 1) that are not present in all catalases and
only the first one 1s present in HPIL After a three turn conserved helix (a2) a
straight coil leads to the active site. It is followed by a turn that contains the
essential catalytic His92 of the distal side of the active site. The amino-terminal
arm (Ser22 to Val91) is 70 amino acids long. It participates in the formation of a
reciprocal hook between subunits by entering into a loop of the wrapping domain
of the Q related subunit (Fig. 2b). % 1t also interacts with the R related subunit
partially covering each other's heme pocket (Fig. 2¢).

The eight antiparallel f—strands conforms a sheet that is part of the heme
pocket (263 amino acids, His92 to Ala354) (Fig. 1 and 2a). Three a-helices (a3 -

a5) separate the first four from the following four consecutive p—stands. 2 strand
ends at the essential Ser131 and 4 strand at the essential Asnl165, both are
residues of the distal side of the active site. Because the first part of B5 interacts
solely with 34 and the second part with strand 6 only, B5 strand has three amino
acids that do not participate in the B-sheet. The first one, Val238, has distorted

main chain angles. In other catalases, the residue in this position always is in an



unfavorable positionm. Strands (36 and B7 are separated by two a—helices (a6 and

a7). After a short helix (a7') following 7 strand, a long loop leads to 8, which at
its start is almost perpendicular to 6 strand. Next to 8, a short [T-helix (a8)
seems to be present in all catalase structures but has been recognized as such only
in PVC® and BLC.” A long straight coil running almost parallel to the P axis
closes the heme cavity and ends at Cys356. Cys356 forms a covalent bond with the
essential tyrosine of the proximal side, thus closing the heme pocket with a clip
(see below).

The wrapping loop (Fig. 1 and Fig 2a) has 110 amino acids (Phe355 to
His464). In the first coil, there 1s a short B-strand (B88'). It is continued with an
antiparallel long helix (a9) containing the essential Tyr379. After an adjacent one-
turn helix (a9"), a long coil of low sequence homology and secondary structure
makes contact with the amino-terminal end of the Q related subunit (Fig. 1b). At
the middle of the coil, there is cis-Pro425, which is also present in HPII*® and PVC
(Melik-Adamyan et al., unpublished results). This Pro and other prolines (Pro395,
Pro399, Pro402, Pro433) of the wrapping loop are conserved in most catalases and

are probably important for the interaction between subunits. The long coil ends

with a one-turn helix (a9") close to the a—helical domain.

The a-helical domain contains 59 amino acids (Phe465 to Gly523) forming
four antiparallel contiguous a-helices (a10-a13) (Fig. 1 and 2a). a10 and 12
build the site for NADPH binding in clade I1l small catalases. The four helices are
in close contact with a3-a5 forming a cluster of seven antiparallel helices. The
hydrophilic mobile coil (B value >26 A”) that joins the carboxy-terminal domain
sterically prevents NADPH binding in large catalases. Like in PVC, this loop in
CAT-1 is 31 amino acids long (Glu524 to Lys554), 6 amino acids less than HPII.



Its one turn helix (a14 in Fig.1) starts where the larger equivalent helix in HPII
ends.

The carboxy-terminal domain is highly structured presenting an o/f3
arrangement with mainly parallel B-strands (Fig. 1 and 2a) and hydrophobic
regions alternating hydrophilic and mobile loops (B values >25 A%). In CAT-1 this
domain has 182 amino acids (Ser555 to Tyr736). The first half of the carboxy-

terminal domain starts with two parallel B—sheets (B9 and 10) joined by a long

helix (a15) and followed by a loop containing two antiparallel short f—strands
(B11-B12). It ends with a long loop that has a small B-strand (313) and a one-turn
helix (a15"). The second half of the domain starts with two parallel § strands (B14
and 15) joined by a long and broken helix (a16 and a16"), followed by a17 and
two antiparallel § sheets (16 and B17). It ends in a long loop containing 18 and
two small helices (19 and a19").

His720 at the end of a18 is the second amino acid that is in a non-allowed
region of the Ramachandran plot. The histidine is conserved in many enzymes and
is invariably followed by an arginine or lysine. The imidazole of His720 forms a
hydrogen bond with Arg556 and with the carbonyl group of Ser265 and with two
water molecules. A similar situation is observed in HPIL.® These other two amino
acids are conserved in all CAT-1 sequenced homologues. Because this is a region

just before the entrance to the major channel, it could have the function of routing

H,0;, molecules to the channel.

Comparison of CAT-1 with the HPII and PVC

Main chain structural alignment of CAT-1, HPII and PVC showed extensive

structural conservation (Fig. 3). Major differences are at the N-terminus and at the
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carboxy-terminal domain. HPII has a considerably longer N-terminus than both
CAT-1 and PVC (Fig. 3a). In CAT-1 the second loop of the N-terminus is longer
and has a second B-strand that is not present in the other two catalases (L1 in Fig.
3a).

The carboxy-terminal domain of large catalases has low sequence similarity
but conserved general structure (Fig 3b). There are however important structural
differences in this domain: CAT-1 has 28 and 24 amino acids more than in HPII
and PVC, respectively, due to two "insertions" of 11 and 14 amino acids. The first
one contains a B—strand that is antiparallel to f17 (816 in Fig. 3b) and the second
one is in place of the first turn of a18 in HPII and PVC (L2 in Fig. 3b). At the start
of al5, PVC has one turn more; it lacks B11 and B12 stands, and contains an
"insertion" of 16 amino acids in the middle of a16 (LL in Fig. 3b, main chain
appears broken in the PDB). In PVC the very C—terminal end is six amino acids

shorter and has a different orientation than in CAT-1 and HPII (Fig. 3b).

Cavities and glycosylation sites

The central cavity of the tetramer is at the origin of the PQR molecular
symmetry axes (Fig. 2c). The central channel of the four subunits leads to this
large spherical cavity filled with water molecules (see below). It is the biggest
cavity of the tetrameric structure having a diameter of 6.9 A. To both sides of the
central cavity along the P axes in the dimer, a pair of cavities is formed between
the a-2 helix of one subunit and the a-9 helix of the Q related subunit. These
cavities are about half the diameter of the central one. Unjustified electron density
visible at & sigma 3.0 in a 2fo-fc map in these cavities suggests bonding of

unidentified substances.
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Of the four possible glycosylation sites in CAT—1 no one showed indication
of bound N-acetilglucosamine, although CAT-1 is glycosylated with a-glucose

and/or a-manose.’ Glycosylation could be at the loose undetected N-terminal end.

The active site

The heme is buried. It lays in-between the B-barrel (82-5), a3, and 9. The
distance between the iron and the molecular center is 23 A and between the iron
and the molecular surface about 20 A. The heme has the propionic acid chains
oriented towards the center of the oligomeric structure (Fig. 2a). Propionic acids
make salt bridges with three conserved arginines (Arg89 in a2, Argl29 in 2 and
Arg386 in a9) (Fig. 4a). Like in HPII and PVC, the heme is rotated 180° around
the a-y-meso carbon axis with respect to small clade 11 catalases.'’ The vinyl
group of pyrrole ring I interacts with Asn239 (85), which in most catalases is a
His, and the methyl group of the ring interacts with the catalytic Asn165 (p4) of
the distal side of the active site. The pyrrole groups of ring II seem to interact with
no amino acid or water molecule. The methyl group of pyrrole ring 1V interacts
with Gly164 ($4).

In the distal side of the active site, the catalytic His92 lays with its imidazole
ring almost parallel to pyrrole ring IV (Fig. 4a, 7a), at a mean distance of 3.6 A. At
the opposite side, the phenyl group of the conserved Phel78 (a3) also lays parallel
to pyrrole ring 11 (Fig. 4a, 7a), at a mean distance of 3.6 A. The hydrophobic
character of this side of the active site is accentuated by Val91 and Phel70 and the
conserved Phe81 from the amino-terminal arm of the R related subunit. Val91 is
close but does not interact with pyrrole ring I1I and the meso carbon-y. Phel70 is

close to pyrrole ring I but does not interact with it. The N of His92 forms a
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hydrogen bond with the essential Ser131 hydroxyl (82); Ne forms a hydrogen bond
with a water molecule (W1). W1 also forms a hydrogen bond with the catalytic
Asnl65. This water molecule is the closest one to the iron. It is located at a mean
distance of 4.64 A from it, indicating that there is no co-ordination of the iron at
the distal side. The conformation of His92 is stabilized by Argl29, which forms a
hydrogen bond with its main chain oxygen and with Thr132; both are totally
conserved amino acids.

In the proximal side of the active site, the Fe(1II) is 0.3 A outside the plane
of the porphyrin towards the deprotonated phenolic oxygen of Tyr379 (a9), which
is at 2 A from the iron (Fig. 4c). The phenolate forms hydrogen bonds with N¢ and
NH; of the conserved Arg375 (9). The NH, of the Arg375 has a salt bridge to the
038, of Asn239 (B5) and to a water molecule. The Ca-oxygen of Vall63 (34)
forms a hydrogen bond with the same water molecule and with the NH; of Arg375.
This net of hydrogen bonds is conserved in all catalases with the only exception
that CAT-1 has Asn239 instead of a histidine.

Three water molecules with low isotropic B values (13-15 A?) are related to
the heme or to amino acids of the active site (WI-WIII) (Fig. 4a): W1 interacts with
the two propionic acids (or spirolactone, see below) at the proximal side; WII
interacts with the propionic acid of ring IV at the distal side and the main chain
carbonyl of Argl129 and Ser131 hydroxyl; and WIII is close to Asnl65 and
interacts with the main chain carbonyls of Vall69 and Ile167. These water

: 39
molecules are probably conserved in all catalases.

Heme oxidation related to singlet oxygen at the active site

Pyrrole ring 111 1s oxidized to a cis-hydroxyl group in C5 and a cis-
y-spirolactone in C6 (heme d) (Fig. 4a, b), like in HPII and PVC.'"* The
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refinement of the heme structure resulted in 57% occupancy of heme b and 43% of
oxidized heme, heme d. Thus, the purified CAT-1 oxidized partially during the
crystallization period. Although both heme groups are present in CAT-1, the
conformation of the nearby Arg386 and GIn383 (a9) corresponds to the wild type

HPII containing heme d and not to the conformation that 1s observed in mutant
enzymes containing heme b."'

Because the heme of CAT-1 is rapidly oxidized by singlet oxygen,"™"" we
think that heme d is formed through a reaction involving singlet oxygen. Singlet
oxygen would attack the double bond between C5 and C6 of ring II1 forming a
transient endoperoxide. Upon breaking, the endoperoxide would generate
cis—hydroxyl groups at these carbon sites. The hydroxyl group in C5 would then
react with the carboxyl group of the propionic acid forming the y—spirolactone and
giving out a water molecule.

Singlet oxygen could be formed occasionally as a product of the enzyme
activity. Because of the extremely high catalytic efficiency of catalases, catalytic
singlet oxygen formation is probably inevitable. In the hydrophobic active site, the
lifetime of singlet oxygen would be long enough to diffuse and react in its way out

ko (singlet

of the protein (see below). In the inactive HPII mutant catalases
oxygen) is not formed and consequently the heme is not oxidized, indicating
catalytic O, as the source of heme oxidation.

Light is another source for singlet oxygen production. Porphyrins are excited
by blue light and O, can absorb this energy to form singlet oxygen. Thus, O, at the
active site could form singlet oxygen by photosensitization. Moreover, many small
catalases from plant, animals and bacteria are photo-inactivated, in contrast to
CAT-1 which is highly resistant to photoinactivation.'® A probable reason for

photo-inactivation of small catalases is singlet oxygen attack at the double bond of
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the B-bridge between ring 11 and II1. In fact, the heme structure in PMC and BLC is
partially broken at the bridge between ring 11 and ) e

The double bond of the vinyl group of the heme is another possible site for
singlet oxygen attack with formation of a vinyl-peroxide. In catalases, vinyl groups
of the heme are probable not accessible to O,. However, in the crystal structure of
Burkholderia pseudomallei catalase-peroxidase, the peroxide bound to a vinyl
group of the heme™ could be originated by singlet oxygen reaction at the vinyl
double bound.

Amino acid residues vicinal to the heme are other oxidation sites for singlet
oxygen. Singlet oxygen reacts preferentially with Trp, Tyr, His, Met, and Cys. The
reported adduct in B. pseudomallei catalase-peroxidase between Met, Tyr, and Trp
might result from a mechanism involving singlet oxygen. Singlet oxygen reacts
with methionine to form methionine sulfone and the methionine sulfone found in
the PMC’® could originate by reaction with singlet oxygen. In CAT-1 and most

catalases there is a valine instead of the oxidized methionine in PMC, which is

adjacent to the essential His and accessible to catalytic O,.

Tyr-Cys covalent bond, a resistance mechanism to H,O,inactivation?

Cys356 sulfuris 1.9 A from the CP of the functional Tyr379. The distance,
electron density, and tetrahedral geometry of the bonds indicated the presence of a
covalent bond between these residues (Fig. 4¢). A similar covalent bond was
described in HPII, although it involved a histidine instead of »::j,fsteine.45

To confirm this covalent bond in CAT-1, a highly purified enzyme was
subjected to trypsin hydrolysis and the resulting peptides were analyzed by mass
spectrometry. The predicted theoretical mass for the bound tryptic peptides is
5,154.4, corresponding to the peptide carrying the Tyr379 (342-375) (MM =
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3,778.8) and the one having the Cys356 (376-386) (MM = 1,377.6). A peptide with
a molecular mass of 5,154 was detected by mass spectrometry (Fig. 5), proving the
existence of the Cys-Tyr covalent bond. Other catalase peptides could be also
identified in the MS analysis.

A possible mechanism for generation of this covalent bond is shown in Fig.
6. Because formation of the covalent bond in HPII requires enzyme activity,
compound I is presumed to be involved in its mechanism.* The proximal Tyr379
gives an electron to compound I to form compound II and a tyrosine cationic
radical. The radical is stabilized in the ring migrating between atoms C2, C4, and
C6. Upon deprotonation of the vicinal Cys356 thiol, the tyrosine radical in C6 1s
reduced by the thiol. The thiyl radical formed induces deprotonation of the tyrosine
B-carbon and formation of the covalent bond. The anionic radical generated
migrates to the Fe-porphyrin to form a compound I1. Compound II reacts with
H,0, to form compound III and compound III liberates superoxide to return to the
ferric state.” Two electrons arising from bound formation are eliminated as
superoxide.

The Tyr379 covalently bonded to the Cys356 would be less prone to donate
electrons to compound I to form compound I1.* This would make the enzyme
resistant to inactivation by substrate. In fact, CAT-1 is not inactivated by molar
concentrations of H202.4 A slow rate of formation of compound II and a higher rate
for decomposition of compound IIl was proposed to explain the absence of
reversible inhibition and inactivation by substrate in Aspergillus niger catalase R.>>

Small catalases have a different way to partially contend with compound II
formation, namely by the ministration of electrons from bound NADPH and
electron tunneling to the heme.*”™ In CAT-1, HPII, PVC (clade II) and also in
CatF (clade I), besides not binding NADPH, the critical Ser196 for electron

tunneling is substituted by a hydrophobic amino acid. In the HEC, a mechanism for
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charge relay is proposed to fine-tune electron density at the active site.”! CAT-1
and other large catalases have an asparagine in place of the His218 involved in the
charge relay in HEC, making this relay improbable in large catalases.

Thus, large catalases by forming a tyrosine adduct and small catalases by
obtaining electrons from bound NADPH can partially reduce the tendency of

compound I to form compound 1I and I11.

Activity regulation by controlling the H,O, flux through the main channel

Three channels can be identified by trains of water molecules. The major
channel is 31.3 A long and goes from the protein surface, near the loop that

connects the a—helical domain with the carboxy-terminal domain (see upon), to the

active site. The major channel is thought to be the entrance of H,0, to the active
site. In fact, H,O, has been detected in the major channel upon incubation of an
inactive HPII crystal with H,0,.*

Because water molecules are numbered from the active site to the protein
surface (Fig. 7a), we will describe the channel starting from the active site. The first
water molecule (W1) is fixed by Ne2 of His92 and N&2 of Asn165 and is
surrounded by Phel70, Phel78 (a3), and Val91, together determining the narrow
entrance to the active site (Fig. 4a, 7a). The second water molecule (W2) in the
channel is 3.86 A away from W1 and interacts with Cel of Phe170. From W2 to W3
there are 2.97 A and this gap is surrounded by hydrophobic amino acids (Val146,
Vall33, Leul34, Phel71, lle182) (Fig. 7a). W3 in the main channel is hydrogen
bonded by 01 of Asp145, which also forms a hydrogen bond with W4. There is a
collateral 51 A-long channel, the minor channel, which starts at W3 and goes along
Vall81 (al1) and Phe203 (a4) and leads to the molecular surface at Asp314, close
to the NADPH binding site in small catalases. W3 and the first water molecule of

17



the minor channel are very mobile (B values >43 Az). The minor channel is
interrupted in CAT—1 at Phel71 and GIn207 (at4), similar to other catalases.”®”' W4
of the main channel interacts with W5 and W6. The main chain oxygen of Argl44
forms hydrogen bonds with W6 and W7, bridging the 4.8 A gap between these
water molecules. Opposite to Argl44 is Ser1 98 whose hydroxyl interacts with Wé
and the main chain oxygen of Alal96 with W7. After this site, the channel broadens
into a small cavity that hosts a small net of interacting water molecules W7-W17.
Most of these water molecules are very mobile (B values 31-56 Az). The nearest
path to the outlet goes from W7 to W15 (Fig. 7a). These water molecules forms salt
bridges with the amido-groups of Ser198 and Alal99 and the Oc2 of Glu489 (a11)
and W16. W16 interacts with W17. The last part of the channel is funnel-shaped and
almost perpendicular to the narrow part (Fig. 7a). W17 forms a hydrogen bond with
Ot1 of GIn197, which also interacts with W18 bridging the 4.34 A gap between
these water molecules. W18 also interacts with main chain oxygen of Alal99, the
NO1 of His492 (al1) and with W19, which is already at the molecular surface and is
associated with the R related subunit together with W20-21.

Because the hydroxyl of Ser198 points towards the channel, the distance
between the carbonyl oxygen of Argl144 and the Oy of Ser198 is 4.76 A.
Considering H,O, to be 3.7 A width and a 2.3 A radius for each hydroxyl group,
there is not enough space for a H,O, molecule to pass the strait. All large catalases
have a hydroxyl group of either Ser/Thr protruding towards the channel, which
could act as a gate to the narrow part of the channel that leads to the active site. In
fact, when the inactive HPII H128N mutant catalase was incubated with hydrogen
peroxide, HO, molecules were found only in the small cavity, before Ser234

(Ser198 in CAT-1), and at the active site.””
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In large catalases, the gate and small cavity is formed by Argl144, Glu489
(numbers of CAT-1), and a loop of four amino acids (Q, A, Q/A, S/T). In small
catalases, the Argl144 equivalent is conserved but lacks the loop of four amino
acids. Proline at the N-side and alanine and histidine at the C-side invariably flank
these four amino acids in twenty-eight large catalases sequenced. Only in PVC
crystal structure the sequence appears P, E, A, A, V, A, H, (Melik-Adamyan ef al.,
unpublished results). However, due to the difficulty to distinguish between Q and
E, and T and V, a probable sequence in PVC is P, Q, A, A, T, A, H. Thus, the
sequence P, Q, A/G, Q/A, S/T, A, H might be considered characteristic for the
major channel in large catalases. In CAT-1, the proline of this sequence is cis—Pro;
also in HPII*® and PVC (Melik-Adamyan et al., unpublished results). This proline
is in close contact with the R related subunit.

In PMC, a gate has been described at the very entrance to the active site,
formed by Met53 (V91), Val95 (V133), and Phel32 (Phel70), and a cavity before
the gate, formed by V146 (G185), K161 (F203), M179 (M221)** (CAT-1 amino
acids in parenthesis), which could have a equivalent function in small catalases.

A gate to the active site could be part of a mechanism to avoid formation of
compound I when H,O, concentration is low, a condition in which compound I
would have increased probabilities to form the inactive compound II. If the small
cavity before the gate senses H,O, concentration, it could regulate gate opening
accordingly. A net of hydrogen bonds between water molecules and amino acid
residues in the cavity would tend to close the gate; H,O, in the cavity would
change hydrogen bonding and trigger the opening of the gate. Cooperativity of
H,O, binding and preferential binding of H,O, over H,O and broadening of the
channel by H,0," can be of relevance for H,0, sensing and opening of the gate.
Such a device would explain the reported increase in catalytic velocity as the

: . ; 523
hydrogen peroxide concentration rises.™
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O, exits through the central channel in large catalases

The central channel goes from the distal side of the active site to the central
cavity of the tetramer. It is 16.8 A long and goes along the coil adjoining the a2
helix and almost parallel to the a9 helix and to the a2 helix of the R related

subunit. It consists of six interrelated water molecules, three associated with one
subunit and three with the R related subunit (Fig. 7b). The water molecule closest
to the heme (W) is 9.5 A from the ferric iron and interacts with the propionic acid
(spirolactone) of pyrrole ring 111, and with the hydroxyl of Thr382 and the main
chain amide of Val90. Wy, interacts with the main chain oxygen of Glu88 and with
Wir. Wy interacts with the hydroxyl group of Ser385 and the main chain oxygen
of Arg85 of the P related subunit, which also interacts with Wy, bridging the gap
between Wiy and Wyy. Wy interacts only with Wy and Wy, and Wy with other
water molecules of the central cavity of the tetramer.

Amino acids of the a2 helix that line the channel, D, H, E, R, I, P, E, R (82-
89 in CAT-1) followed by a hydrophobic amino acid, are strictly conserved in
large catalases, while only isoleucine, proline and the second arginine is conserved
in small catalases. Also, Thr382 in helix a9 is conserved in large catalases but not
in small catalases. These differences could have a functional meaning.

Because of the high catalytic efficiency of CAT--1, under conditions of large
H,0, concentrations® the huge amount of products (H,0 and O,) generated need to
be released from the active site and protein. This can be done partially through the
major channel, but this channel might be too narrow to allow an efficient release of
products. The central channel is mainly hydrophilic and could be a way out for
dioxygen produced in the active site. It stands out that the channel starts at pyrrole
ring III, the site of oxidation in large catalases. The selectivity of singlet oxygen

for the site of attack in the porphyrin could be related to the path that dioxygen
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takes to exit the protein. We propose that, in CAT-1 and other large catalases, O,
(singlet O,) exits mainly through the central channel.

Guided by hydrophobic amino acid residues from the active site to the
channel (Val91, Phe81 of the R related subunit, and Val90), dioxygen would
encounter Thr382 hydroxyl group that together with other hydrophilic amino acid
residues would direct dioxygen through the central channel. The encounter with
Thr382 could be related to the cis-orientation of the hydroxyl groups possibly
formed by a reaction of singlet oxygen with pyrrole ring I11.

Substitutions of amino acids that broaden the major channel in large
catalases might allow dioxygen to exit mainly through this channel. In fact, all
active mutant HPII catalases that have a wider major channel have heme b instead
of heme d,>* indicating that O, (singlet oxygen) now exits preferentially through
the major channel and not the central channel.

Different to CAT-1 and other large catalases, small catalases can only
contend with a low concentration of H,O, due to substrate inhibition and
inactivation. Catalytic efficiency of small catalases’ is generally lower than in
CAT-1* and dioxygen outlet would not be as critical as in CAT-1. The site of
oxidation of the heme in BLC and PMC and the methionine in PMC suggest a
preferential exit of dioxygen through the major channel. In fact, a molecular
dynamic analysis indicates that products leave the active site through the major
channel in PMC, although ten times more water molecules did so than 0,.7 A
second molecular dynamic analysis indicates that products can exit also through
the lateral and central channel, besides the major channel of SCCA. However, in
the Vall11Ala mutant, the major channel is widened and the lateral channel is
blocked and thus the main exit of products is through the main channel.” These

results suggest that O, can exit the enzyme through different channels; although
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main exit in large catalases could be through the central channel and in small

catalases through the main channel.

What is the function of the lateral and minor channel?

The lateral channel goes from the region of the NADPH binding site in small
catalases (a-helical domain) to the proximal side of the active site. It is a
remarkable structural feature that this channel is not made by the interaction of two
subunits like the other channels. It is a long channel of 35.45 A comprising 12
water molecules (Fig. 7c). W is 14.13 A from the ferric iron in a hydrophobic
surrounding, close to the vinyl group of pyrrole ring I. It interacts with the
hydroxyl of Thr240 (85), the 082 of Asp369, and the NC of Lys254 (6), which
also forms a hydrogen bond with Wg and W, bridging the gap of 3.35 A between
W and Wg and the gap of 4.06 A between Wy and Wc. Wp also forms hydrogen
bonds with the main chain oxygen of Asp319 and Lys322 and W¢ interacts with
the main chain carbonyls of Lys322, Val238 (BS5), and Prol168 and with Wp. Wp
interacts with Wi and Wg with the main chain amide of Trp324, the Ot of GIn303
and with Wi, Wi forms hydrogen bond with W and this water molecule with the
main chain carbonyl of Asn540 and the Ot of Glu326, which also forms a
hydrogen bond with Wy. Wy interacts with the N& of His256 (6) and Ne of
GIn234 and with W,. W; forms hydrogen bonds with Oe of Glu326, the hydroxyl
of Tyr333 (B8) and W;. W interacts with W and Wg with Wi

The function of this channel remains uncertain. Because it leads to the
proximal side of the active site, it is difficult to visualize how the substrate would
reach the distal side of the heme or how the products would go from the distal site

to the channel. However, the channel 1s conserved 1n all catalases and has to have a
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function. Otherwise, it would have been closed during evolution. Molecular
dynamics analysis indicates that water can exit the protein through this channel.”
The minor channel is interrupted by Arg260 in HPII, a conserved amino acid
in most catalases (Arg223 in CAT-1). When this amino acid is substituted by Ala,
a 2.5 time increase in specific activity is observed and the mutant enzyme turns
more susceptible for inhibition by azide and DTT.”' This effect could be due to
greater accessibility for substrate and inhibitors and also to an easier withdraw of
reaction products. In CAT-1, the minor channel connects the major channel at the
middle of its narrow lower part. The minor channel could function as a drain of
water molecules from the main channel when displaced by incoming H,O,
molecules. A functional dynamic mechanism might open the minor channel.
There is no doubt that the major channel is the preferred entrance of H,O, to
the active site and has an important role in enzyme kinetics. Most mutations in the
major channel to some extent hamper this ability. However, even when perturbed
by mutations it conveys enough H,O, molecules to the active site for a very
effective catalysis. Mutations that widen the major channel in SCCA decreases
catalytic activity and increase peroxidatic activity by increasing the accessibility to
larger substrates.”' Nevertheless, the enzyme preferences for H,O, over a relative
small substrate like ethanol is still 10°. These results indicate that the major
channel is designed to rapidly bring H,O, molecules to the active site. The lower
part of the channel in large catalases is very narrow, highly hydrophobic, and has
an electrical potential that could orient H,O, molecules at their entrance to the
active site.” The system is so efficient that it can convey H,O, molecules to the
active site at a rate of 10" molecules per second. Resulting products of this
activity have to exit at a similar rate and other channels beside the main channel
could serve this purpose. The hydrophilic central channel could function to rapidly

dispose O, at least in the large catalases; the minor channel could drive the
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displacement of water molecules from the main channel, and the lateral
hydrophobic channel could be used to drain water molecules out of the protein.
Further molecular dynamic analysis and experimental work is needed to analyze

these possibilities.

24



Materials and Methods

Catalase activity and purification

Catalase (hydrogen peroxide:hydrogen peroxide oxido-reductase) (EC
1.11.1.6) activity was measured by determining the initial rate of dioxygen
production with a Clark microelectrode.” Catalase activity in polyacrylamide gels
was determined by zymograms of the gel after electroplu::resis.18 The 74-ORS23-
1A wild type strain from the Fungal Genetics Stock Center was grown in 500 ml
Erlenmeyer flasks containing 100 ml of solid Vogel’s minimal medium
supplemented with sucrose and agar. CAT-1 was purified from conidiated cultures

following the method described previously.*"*

Sequencing of the N-terminus

Purified CAT-1 (15 ug) was separated by SDS-PAGE (10%) and then
electroblotted to polyvinyldifluorobenzene membranes, using 10 mM CAPS pH
11.0 with 10% methanol. Membrane was stained with 0.1% Coomassie brilliant
blue R-250 in 50% methanol and discoloured with 50% methanol and 10% acetic
acid. Sequencing was done at the Département des Biotechnologies, Institut

Pasteur.

Crystallization and diffraction

CAT-1 was concentrated to 9 mg/ml in 50 mM sodium and potassium
phosphate, pH 7.8, in a Centricon-YMS50 (Millipore) and was crystallized using the
hanging drop vapour diffusion method in 2.0 M ammonium sulphate (Hampton

Research) at 18°C. The drops were formed with 5 pl of protein plus 5 ul of
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precipitant solution. CAT-1 crystals appeared after four days and were grown for
about one month. They were hexagonal and had the characteristic green colour of
CAT-1. A crystal 0of 0.36 x 0.20 x 0.02 mm cooled under nitrogen stream at 100K
was diffracted at the 9-1-beam line of the Stanford Synchrotron Radiation
Laboratory. Cryoprotecting solution was 31% glycerol (Sigma) in mother liquor.
Reflections of 119 frames were autoindexed and integrated with denzo® and scaled
with CCP4 suite.”’

Images were processed with denzo and CCP4 suite in two possible space
groups, C2 and 1222. Best statistic parameters were obtained with space group C2
(Table 1). In space group 1222, Rym 6.4%, 1/o (I) 3.9 (All), data redundancy 2.1,
with more than 6% rejected observations; rigid body refinement of the monomer
gave an R-value of 54 (and R free of 57). During molecular replacement, 1222

space group was reconsidered but discarded due to high R-values.

Structure determination and refinement

CAT-1 structure was determined at 1.75 A resolution by the molecular
replacement method using the co-ordinates of HPII catalase of £. coli*® as a
starting model. Amino acid sequence identity between CAT—1 and HPII is 45%.
Rotation and translation were performed with CNS.”® Ten percent of the data were
randomly chosen and reserved to determine Rg... Alternating cycles of automatic
and manual refinement were carried out using the annealing, minimising and
bindividual standard protocols of CNS. O program59 was used to analyse the
electronic density maps 2fo-fc and fo-fc, to build some parts of the CAT-1 model
and for manual refinement. Strict non-crystallographic symmetry was employed at
the beginning and then the dimer was generated by roto-translation. At the end the

electronic density map was analysed repeatedly with the DDQ program.ﬁo Heme
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groups were modelled with O and topology and parameters files were done with
Hetero-compound Information Centre-Uppsala (HIC-Up). The solvent molecules
were generated automatically with CNS. Structural alignments with other catalases
were done with the O progmm.59 Fifty-five catalase sequences from bacteria, fungi,

animals and plants were considered. Figures 1, 2, 3, 4a and 7 were made with the

Ribbons program;®' Figures 4b and 4c with the O program.”

Co-ordinates and the structure factors of native CAT—1 have been deposited
in the RCSB Protein Data Bank and have accession number 1SY7.

MALDI TOF mass spectrometry

Purified CAT-1 (2 pg) was separated in a SDS-PAGE (0.75 mm thick, 10%
(w:v) acrylamide), stained with Coomassie Blue R250 (0.1% (w:v) in 10% (v:v)
acetic acid, 50% (v:v) methanol) for 20 min and destained for 3 h in 10% (v:v)
acetic acid, 50% methanol. CAT-1 protein band was excised from the gel and
digest with 1 pg trypsin at 37° for 18 h. High resolution MALDI-MS was
performed with 5% aliquot of the digest in a Micromass ToffSpec SE MALDI-MS

instrument at the W. M. Keck Facility of Yale University.
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Table I.- Crystallographic parameters
and refinement statistics

A. Parameters

Unit cell

a(A)

b(A)

c(A)

P (deg.)
Resolution (A)
Unique reflections
Completeness (%)
o)

Rym (%)

Data redundancy
Mosaicity

B. Refinement

Resolution limits (A)

Ryt (%0)

R (%)

Protein atoms
Heme atoms
Solvent atoms
Bond lengths (A)
Bond angles (deg.)

C. Average B value (A7)

Protein
Heme
Solvent

130.00
182.24

90.36
133.41
15.0 - 1.75 (1.86 — 1.75)
153 020
89 (89.8)
8.6 (2.3)
5.9 (32.6)
2.4(2.3)
0.9

15.0-1.75
18.3

20.6
11050

174
1723

0.008
1.40

18.41
9.60
38.61
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Figure legends

Figure 1. Alpha helices and f3-strands in the CAT-1 monomer. Alpha helices are
in light blue, 3, helices in dark blue, and B-strands in green. Numbers are used as

in other catalases. Some small helices and -strands are not numbered and

correspond to numbers with primes in the text.

Figure 2. Structure of CAT-1. (a) Stereo view of CAT-1 monomer with B-sheets
in green, a-helices in blue, helices 3,4 in dark blue and coils in orange. View is
from the Q axis and the P and R axes are in plane with the page. The heme (in red)
lies between the B-barrel and the a-helices 3 and 9. (b) Stereo view of a CAT-1
dimer with one subunit as in (a) and the Q related subunit with the a-helices and
coils in dark blue. The N-terminal arm of each subunit interacts with the wrapping
domain of the other subunit. (¢) Stereo view of the CAT-1 tetramer formed by
dimers, one as shown in (b) and the second having the a-helices and coils of one
subunit in yellow and the other subunit in purple. The open face of each subunit 1s

closed and buried upon formation of the tetramer.

Figure 3. Main chain superposition of CAT-1, HPII and PVC. (a) Stereo view of
the CAT—1 monomer. Compared to HPII (green) and PVC (blue), CAT-1 (red) has
an extra sequence at the beginning of the structured part of the amino-terminal arm
(L1) and the coil to the carboxy-terminal domain is smaller. Compared to CAT-1
and PVC, HPII has a much longer amino-terminal end. (b) Stereo view of the
carboxy-terminal domain. CAT-1 has an extra loop (L2) and an additional 3 strand
(B 16) that 1s antiparallel to f17. Compared to CAT-1 and HPII, PVC has an extra
sequence (LL), it lacks B11 and 12 and has a loose and differently oriented

carboxy-terminal end.
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Figure 4. Distal and proximal sides of the CAT-1 active site. (a) Side view.
Conserved amino acids and water molecules are indicated. (b) Top view. 2fo-fc map
with 0=1.6. Heme b 1s partially oxidized to heme d. Heme d possibly arises through
di-hydroxilation by singlet oxygen at the C5-C6 double bond of pyrrole ring III and
a subsequent formation of a cis-y—spirolactone in C6. The C5-C6 double bond also
marks the start of the central channel. (¢) Covalent bond between the sulfur of
Cys356 and the CB of Tyr379. Shown is the electron density in a 2fo-fc map with o

= 1.0. The distance between them the sulfur and the Cp is indicated. A possible

mechanism for the formation of the covalent bond is indicated in Fig. 6.

Figure 5. Mass spectrometry analysis of the CAT-1-trypsin peptides. A peptide
with a mass of 5,154 confirms the bound between the peptide carrying Thy379
(3,778.8) and the peptide having Cys356 (1,377.6).

Figure 6. Proposed mechanism for the origin of the Cys-Tyr covalent bond. A
tyrosine cationic radical is reduced by the vicinal Cys356 forming a thiyl radical

that induces deprotonation of Tyr379 B-carbon and formation of the covalent bond.

Figure 7. Main, central, and lateral channel. (a) Main channel. Shown are the
water molecules and the conserved amino acids that conform the channel. There is
a funnel shaped entrance to a small cavity, a gate at Ser198 and the narrow
hydrophobic inlet to the active site. Water molecules of the channel and the nearest
path to the outlet are in light blue; water molecules of the small cavity are in red.
(b) Central channel and central cavity. The channel is conformed by a9 helix and
the two terminal arms of the R related subunits. It goes from porphyrin ring 111 to

the central cavity. The figure shows the heme group, the water molecules of the
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channel (light blue), the interacting amino acids of the P-related subunit (magenta),
some amino acids of the R-related (yellow) and of the Q-related subunit (blue), and
some water molecules of the central cavity (red). (¢) Lateral channel. It goes from

the proximal side of the active site to the a-helical domain. Water molecules are in

light blue.
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Fig. 1
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Fig. 2
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