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. RESUMEN DE LA TESIS

Los resultados de este trabajo nmuestran que los reactivos
para tieol inhiben a la DHS al modificar un residuo de cisteina
localizado en la regidén del sitio activo. A pesar de que este
residuc tiene un valor de pKa anormalmente bajo muy probablemente
no participe en el mecanismo catalitico. Sin embargo, al ser
modificado, induce una conformaciédn inactiva, la cual, esta
acompafiada de una disminucidén en la interacecidn dipolar entre los
centros S-1 y S-2. Asumiendo que este acoplamiento magnético entre
centros es importante para la actividad, estos resultados
brindarian, por primera vez, evidencia experimental directa en
favor de un posible papel para el centro S-2. As{ mismo,
mostrarian el tipo de cambios que inducen los reactivos para tiol.
Estos datos son consistentes con el modelo de transferencia de
electrones propuesto por Cammack en 1986.

La tesis consta de las siguientes secciones:

I. INTRODUCCION Y ANTECEDENTES
'II. OBJETIVOS

ITI. DISCUSION

IV. CONCLUSIONES

V. PERSPECTIVAS

VI. APENDICE

VII. REFERENCIAS ) > :
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ABSTRACT OF THE THESIS

The results of this work show that the 1inhibition of
succinate dehidrogenase activity by thiol binding reagents is the
consequence of the modification of an -SH group located in the
active site of the enzyme. This group has an abnormally low pKa
value. However, it is not involved in the catallytic mechanism. On
the other hand, its modification results in an alteration of the
dipolar interaction between clusters S-1 and S-2. This constilutes
direct evidence for a role of centér S-2 Iin the oxidation of
sucinate. This conclusions are consistent with the electron
transfer model proposed by Cammack in 1986.

The work consists of the following sections:

I. INTRODUCTION AND ANTECEDENTS
II. OBJETIVES

IIT. DISCUSSION

IV. CONCLUSIONS

V. PERSPECTI VES

VI. APPENDIX
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I. INTRODUCCION Y ANTECEDENTES

La deshidrogsmasa zuccinica (D) [z inato: (aceptar)

o Ldar reduct

-
gt
1]
4]
m

oo1,3.99,11 e= uma =nzima menbranal o oque en
Zélulaz asrdbicas cataliza la oxidaciér del zuccinato a fumarato
la cual ez=td acoplada a la reduscidn de la ubigquinona
conztituyendo (Juntas con otrazs doz proteinazs hdrofdbicas de
arnzlaje) la unidad furmcional, derominada por Hatefi, complsjo II.
Er orgarizmosz sdcariontez e ercuentra localizada e 21 lado de la
maktriz de la membrana interna mitocondrial mientraz que  2n

bactarias aerdhicaz s=td e 21 lado citoplazmica Jde  la membrana

A. Composicién y estructura.

La parts catalitica de la enzima estd compuesta por dos

i

polipéptidoz, who de 720,000 Jdaltornez (Fp) que contiste flavin
adenin dimw-ledtido urido covalentemente al reszidus de histidina
44 (1 mal de Sa-I(N(D)-kMistidill-FAD/moal de  enzina) (Walker, et
al., 1972) y otro de 27,000 daltores (Ip) que  conbtisrne figreo vy
azufre (Davis atwd Hatefi, 1971). El anmillo de i=zoaloxazima del FADR
pgeds sxistir en trezs formas redox: dea forma oxidada o quirnaba,
uma forma =emirreducida o zsemiquinotia y o ouna forma oonpletamamte

azentarn loz  Lres

b d

Feodieicga o hideroguiraorna, Etv la enzima sz

n

sstadoz. =Ziendo 2l =2lectrdn dezaparceado de la zsemiqguiteona =21 que
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(RPE): presenta ur valor de g izotrédpico alrededor de 2, tipico de
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W radical libere (ObRmizshi. et al., 19831: Jay, et al., 19390a y Jay,
et al., 1931t). El fierro v azufre de la shizima,. por otero lado, ze

erpzuetitran orgdanizadozs an tees centroz Fe-S diztinto

i

(Sirpaer ard

W

S . - -y 2,1 . !
Jobrzorn, 1985 un centro binuclear [ZFwe-28] Cdernomitiadgs S-1

Gz dorde 1oz sobreindicez indicarn las valenciaz funcionales de2l
cemrtro considerando la del S = -2) del tipo de las  ferredoxinas,
pairo cot Ul potencial redox medio (Em 2 0 mV) nucho mas positivo
aue &l de éztaz (alredsdor de 400 mV): un cenbro tetranu;lear

[4F=-45] de bajo poterncial (Em & -260 V) denominado S-2 v un
centro trimuclear [(3Fe-4S5 ]1” , centro S-3 de alto poterncial (Em =X
&0 m\V). La determinacidn de la estructura de estos nucleos, aslt

como suw posible  papel en la  transferencia de electrones son

aspectoz  gue  han  £ido  abordadoz  de  marera intensa con la
espectroscopia de RFE. Unha revieidn de =ctoz temas asi como de los

corceptos bazicoz de la tecria de RPE ezt4d dada en Jay et at.,
1992h. Ernt =szte tfrabajo s6lo =2 mernciconaran  las resultados
relevanéez para la Jdizcusidn.

Actualmerte =2 coroce la zecusrcia de los gemes de la DHS vy
de la fumarato reductaza (FRID de E. coli’ y de la DHS de B,

‘lizolm amd Guest, 1924 v FPhillips.

ow)

subtilis (Cole, et al., 1932

-

&
et al., 1987). También s ha determinado la secusncia parcial del

DNA, de la subunidad mercor (Ig), erm ‘varias egpeciss (Gould, et

al., 1929 y Lauterbach, et al., 19z0), incluyends N, saptens
(lita, et al., 1990 . v la eztructura primaria de ezta  subunidad

i) 1a'prote1na aiclada de corazdénmn de rez (Yao, et al., 1986) . La
FRD da E. colt == uma =nzima muy <=imilar a la DHS pero gue

cataliza la Fedidocidn Jde2l fumarato a =uccinmato Jurante el



SESECImIEnto arastrabhico, La ocomparacidn de la Tl a o |

amirm&azidos de la Ip de eszstaz 2tizinazs ba revelads tres Juaons e
rezidieos de ciesteina @ poz=icidrn conEsatrvada 1oz cuales, =

Zi4Q1rid, aram loz ligatidos de loz  trecs etibtros. Fea-% (Cammack,

1983 Dhnishi, 1927: Maguire and Hederstadt, 1989), por eja2mplo:
CEsquema ID
Comparacién del arreglo de cisteinas en la subunidad wmenor entre

la FRD de E. coli y la DHS de corazon de res

E., coli FRD(Ig) 26 SCRMAICGSCGMMYNNVRELAL

?
g

II:
n

w
o

corazdn de o LHS (Ip) &3 SCREGICGSCAMNINGGENTLAL

(Ftimet Qrups)

&
Y

E. colt FRD(Ip) 147 GCINCGLCOYAADFRF 1

—_
~
hJ

cCorazdr de »r

0
n

DHS (IF) 154 ECILCACLS T SCFSY

(Seaundo arupo)

E. colt FRD(IR) 203 SCTFVG--YOSEVCE 217

cotrazdtr e

it
|

DHS (IF) 213 RCHTIM--NCTETCP 22

(Tercer arupo)

For obro lado, Jobrmzon, et la., '(1923), arializarnds cornn RPE
swttractos celulares de FRDD de £, colt uobtemido=z da célulasz
rormales o de célulazs con FRD mutada por =supresidn =n fraamemtos

ezl ficos de lazs subunidades, etcontraron que el cemtero S-1 mszté

il
oy
it
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T

coordinado por 1 migteinas &y 783 por otro lado, =e

i
ul

Zzontrd que 2]l zsequndo grupo de reziducs de cizteima s posicidn
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corrsarvada e pusds conshitulr 1oz iqardos

Cetrariclear por 1o ooue e conslderd guee sl caentyr

la =zubwridad mayor o etlazado =imul tansamer

ziburmidades. Finalmente, =2 eztablecid gque el ce
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la zuburmidad menor vy &
conrdinacidn: wuno invplucra a lag cisteirnas 205,
okre a laz cistefnas 149, 155 y 215,

I protlena oot oesta inbterpretacidn es
eaplicacidn la cuestion del albo potencial redox

(=79 mV e FRD de E. coll) 21 conFparacidn

Farradoxinas de cloroplastn (de -350 a -450 V) ./ A

=1 armadlizice de mutathtes de FRD de E. coli en laz
dz 1oz cuatro regiduces de cistelina 58, 63, 66 vy
imdividualmente por uno de serina mostrd una coo

de cizteinmas para =1 centra S-1: laz cigteln

W
iﬂ

coardirnadas al Fe(II) =2n el centro reducido
—iztelirna 72 s=taba 2 la posicidn de valerncia 1o

For  obteo lado, =2z detaermind qgque  la cistel

]

directamente ligada al nuclen Fae-S =i oo

molécula de aqua cuya sushi tuciéﬂ puadde cambiar
la anizotropla del temszor g para este centro.
mixta explicarfa =21 valar arormalmente alto de g
et S-1 (Werth, et al., 1990 y Bertrand and (G
Etri 1o gue = tefierse a la compozicidn de
formaty =1 €itio active de la DHS y de la  FRD,
dzfinida. Estudicaz de modifica

ol st amente

moastradoe la prezercia de wun grupoe -SH mnuay reactd

{0

dzl  oentro S5-1
con =1 de las
este raspecto,
cWales cada uno
78 fué cambiado
rdirmacidén  parcial
57 y &2 estaban
mientras qQue la
calizada Fe(III).
nra €5 no estaba
ot-dimada  <Comlm una
=4l ligeramente

E=zta coordinacidén

1)

otencial redox del
ayda, 1973).
aminoacidos que
é=zta nNno ha gido
cidn  guimica  han

vo, localizado en

[T

“sper

e o
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la zubumidad mayor vy oaue pusds ser proteaido por =l sustrato vy o los

irtitiideres competitivos (Kerrmey, 1937%: Vipoaradov, et al., 19760

.j_l
e
[y
i1
i
il

Jay. 19313 Jay. et al,. 1991la y Jay, et al., 195 EEORLIED
e ezte tiol estaba directamente  irvoluorado en 2l mecanizmo
catalitico comno donor/aceptor Jde  protones (Vimogradaov, et al.,
1976 v Virmoaradov, 1986) y tambidn que participaba en  la  fuerte
Midr del oxaloacetato mediamte la  formacidn de  un aefilace
tiohemicetal (Vircaradov, et «l., 1972) . Conmsiderado esencial,
stz tiol ha =ido azignado a la cizheina 247 de la suwbunidad mayor
de la FRD de ;. colil, la cual correspornde a la dnica cizsteina en
pozicion conservada que aparace 2 la mayoria de laz DHS y  FRD
ztudiadaz haszta la fechat
CEsquema II)D
Secuencia de aminoacidos que se plensa contribuyen al sitio activo
de la FRD y de la DHS
l

. coll FRDx Z229-VOYHPTGLRPGSEI--LMTEGCRGEGHIL-254

vul FRDD  229-VAYHPTRLPRSGEI--LLTEGCRGDERGIL-2354

succe FRD  Z53-VOFHPTFLFRFSEI-~LLTEGCRGDGEETL -2

. colt DHS 238-WEIFHRPTGIAGAGV--LVTEGCREEREYL ~

m m T VoM

sub. DHS 232-I0IHFTAIFPGDDELRLMSESARGEGERV-261

La Grica excepcidt 2 la DHS de B, subtilis sn la cual t.

o

i
n

rezidgn de cisteina st reenplazado por wutn de gxlanina. E=ztudio

U

Fecistbes ban mostrado,. =it emnbaran, guse ssta sustitucidn mo L

m
m

Miraar efects sobre la unidn del oxaloacstats ni la  acktividad,

uricamemnte evita la irhibicidr por treactivozs Fara Liole=s

l{'
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(Hzdey zted arnd Hedér, 19579
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Auds =1 papsl zozcial del tiol inmcluzs oen las enzimas Juse 24 1

Eraecomtat, A asShe e sees o, SohirSder, et al. , (1991, S A

eztudico em =1 que la cisteina 247 de la FRD de  E. coll fué
suskituida por cerirna o por alanmina, comfirmaron gue =1 tiol  es
rezsponzable de la imhibicidén cauzada por N-gtilmaleimida pero ho
25  peso=zario  para la  actividad catalf{tica ni ’la urmidn  del
sacetato., De ezta marmera loz cambiogs originados emn la enzima
por los reackivoz para sulfhidrilo gque provocar la  inhibicidn  de
la actividad catalitica FoErmariz e =in A1 completamsnte
ehtemdidos. Ezta 2z urma de las cuesstiones que =2 abordan en el
prezente eztudio.

Ademazs del tinl, estudics de inactivacidén de la DHS por
distilpirocarbonates v la dependerca cpussta con respecto al pH  de
laz actividadesz de IHS y FRD ll=zvaron a Vik vy Hatefi (1981) a
proporzr que el grupe inidazol de un residuc esencial de histidina

a

o
(o]

[}
furr—iomaba 2n uma reaccidén de catdlisis asner ido/baz=s. En la

4
e
fn

oxidazidn del  succirmato, la  forma no  prohbonada del imidazol
Furciornaria acsptands un protdrn Jde uno de log metilenos de 1

s

m

trato, mismtras el seaundo protdr zeria transferido d=l  obtro
et lene hacia 1 FAD en forma de kRidewro (H ). For debajo de su
valor de pEae, la hiztidina actuaria dormando un protdn al fumarato

diarants sy reduccidn 2m la reascidn inverza a la descrita artiba.

iD
w

Eri e=te proceso =1 FAHHZ dorarf{a wun  hidrura al fumarato pata
rardir e carbaridn gue serfa sntornces protonado potr =1 imidazol

o digosiados:

10
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CEsquema IIID
Modelo del sitio activo para la FRD y la
i NH A3

/N
H_N NH2
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Ezte modaln o2 ha visto apovado  por sshudios
miitaadmaezizs dirigida en FRD de E. coltl, s donde la ziyshiticidm de
la Biztidina 232 (2 po=icidt comservada an la =zubunidad mayor,

ma II), rezultd 2n un patrdn ode  inhibicidn =imilar &l

4]

Wl =k

0

indusics por dietilpirocarbonato (Schrdder, et at., 1991).
Finalmante, con base en estudios de modificacidn <auimica

(Ketlyar and Vincaradov, 1984) vy mutagérncs=zis dirigida hacia la

atraitina 248 (Schrdder, et al., 1991), la cual ==ta en posicién‘

corssrvada 2n la Fp de la FRD de E,. colil (ver sz=quena II), =2 ha_

propuestm aue el arupo auanidinoe de ecste tresiduc vy posiblemantz el
de  otra arginina  también, estén en el =zitio catalitico y
patrticipzn an la unidn del sustrato y da otros dicarboxilatos

(e=z=quema III).

S i e




IT. OBJETIVOS

A. Objetivos generales.
El propésita del presente estudio fué 21 Jde abendar, mediants
la modificacidn guimica vy la aplicacidn de la Fesornarzlia

paramnagnética electrdénica, = 2l mecanizmno por 2l cual los

i
|1

ctivos para thicol inkhibern la  actividad de tranmsfersncia Jde
=lectrores utilizar aeste enfogus para  obterer informacidn  dal

papel de 1oz arupozs prostéticoz en la DHS.

B. Objetivos especiticos.
a) Mediamte la cinética de irhibicidn eztablecer el sitio de
inhibicidén de lo=s diztinmtoz reactivos.

B) Determinar =l =fecto de la modificacidén quimica zobre  las

"

=Ralez paramaqatébicaz de loz grupoz  transportadorez de

lectromes en la DHS.

m
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III. DISCUSION

[w=ed

i
i

Fiaose mucho Blenen =2 =abe gue la DHS 2= nuy sensibkle &

Feartivoz para sulfhiderilo (Hopkins and Morgan, 1938: Hopkinz, et

al., 1933). A a2=z=ta re

n
w

pacto 22 ha prezentado evidencia que indica
aue la imhibicién de la enzima por este tipo de agentes resulta de
la modificacidn de  wum arupo -SH =ituado en 2]l =zitio activo
(Kemtvzy, 1975: Vipoaradov, et al 19763 Kaotlyar ard Vinogaradov,
1'954: Flillips, et al., 19873 Jay, 19913 Jay, et al., 19%9la v Jay,
et al., 1991z). La preszencia del  =sulfhidrilo en la residn del
zitio activo ha sido, zin embargo, cusstionada por varios autore?}
AsL, Sanborn, et al (1971) observaron una inhibicidn compleja ae
la enzima soluble por agentes alauilantes y proteccidn parcial por
malorato. Resultadoz =zimilarez fueron publicados  por Felberg vy
Hollocher en 1972, Lemuac, et al., (1581) observaron inhibicidn
ki fazica per N-ztilmaleimida y derivadoz =sustituidos de zta en
preparaéiones membrarales de DHS. E= posible que las cinéticas
complejas de inkibicidén g2 hallan debido al hecho de gque 0o todos
1oz auteores ban utilizado preparacionez completamente activadas,

libras de owaloacetato. El oxaloacsetato protese conpletamente al

citim  ac=tivo conbra reactivoz  oque =2 Combinan ]| tinlez

(Virpmaradav, et al., 1976 y Jay, 1931) y la velocidad de

Jizmciacidt del oxaloacetats 2z mnuy lenta (Kotlyar atvd Vimoaradov,

o

1'354) ., D =zta  mateta, == factible ezperar Jgue  cuando la

]|

cotncehhracidn de reackivos para tiol  e=

de  peeudo primer orden

0
L
I
1
a
i
-t
2
o
o
o
il
‘d.
o

para tmapndir velocid

mayotrss que lazs de dizociacidn del oxalnacetato, =2 obzarve dna

14
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etz Bl FAzZ1ea oo s zaturacidn  aparante de

1

itmtyiblci1dn aparant

la veaeloridad de inbibicidrn al 1rroramertatr la cotvcentracidén e

reactive alauilarte, [vee =zt M2 &, = E P = 4t il iAo
preparaciorss conpletanente activadaz  =e obtienen inhibiciotzs

zimplezs de pseuwds primer orden ool agaentezs para sulfhidrilo vy
proteccidn total & hiperbdlica  por ligardo=z =l =itio achtivo
(Viroaradov, et al., 1976: Kotlyar arnd Viroaradov, 1984: Jay, 1971
y Jay., et al., 15939ia).

Laz cauza=s qus inducern la  perdida Jde actividad cuarndo =l

1]

arupo -SH del sitio activio 2s modifilcado no zon del todo —latraz=s.
Viroaradov, et al., (197) y Vimoaradov, (139386€) propusieron quea 21l
tiol podia eztar dirsectaments  involucrado  en =] me:ahizmo
cataliticn comn donador/acesrtor de protores. Se ehcontrd que el
valor de pkEa para este  arupo 2ra aroermalmente bajo (& 7.0
(Vinoaradov, et al., 1976 v Jay, et al., 1931a) lo cual =uzsria
que 2l sul fhidrilo eztaba activado, pozibklensmte por la proximidad
e una faraa pozitiva (guizas =21 rezidugo de arginina 242 en FRD de

E. colt Y =T =T A= W T T I1- W ootro arups de piatuuraleza )

zstablaecida, Schrdder, at al., 1991) ., Sith ambarao, Comno =

f

metn=iand arteriorments, estudiczs de mutagérnezis diriagida an FRDV d=

B. subtilis v et [HS de L. colt har mozstrado guese 21 tiol =1

L

oz icidn Comzervada, responsable, de 1la =zznzibil idad
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(Jay.et al., 1990a).
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zlectrones. Puesto aue loz centroz S-1 vy 5-3 pueden sar raducidos

por 21 sustrato, muy probablasmente de

u'l

amnpefRenn un papel  Como
acarreadores de slectrones. Sin enbaran, um papel cimilar para el

catbron S5-2 Ma sido questionado (para una revizidn vear Jay, et al.,

]

19908) ya que =u potercial redox (Em entre 260 y  -360 en DHS
mitocondrial) =< baztarte meror que =1 del Fpar succinato/ fumarato
Er 1956 Cammack. et al., propuUdsieron un modelo no lineal de

srancia de electromss gQue involucra a lozs centros redox  de

tr
o
0
—h

alto v bajo potencial. Enm =ste  esgquema  log centros S-1 y  §-2
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citocroms B odel complejo IT vy de abkf a la ubiguinomas
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Modelo no lineal de transferencia de electrones en la DHS

Bajo potencgial
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Potenciales medios C(en mV) de los centros redox en la DHS y la FRD

de distintas especies

DHS Quirona Fa-5 Fa-S Fa-S5 cit b
usada®  S-1 5-2 5-3 €. II
corazdéhn de reg U@ 0 -261 &0 -186
A. maculatum e -7 -240 S0 -30
E. coli uQ 10 -175 65
M. luteus M2 70 -295 10
B. subtilis MG S0 -240 -25
R. rubrdm LG 50 -160
FRD
E. coli M -2U - 320 -70
-20 -285 ~-30Q
W. zuccimoasrzs M -12 . =301 =130 =230
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IV. CONCLUSIONES

trabajo musztratt que laz

]

Etv corzluzidn 1oz re=zultados de ==t

‘maztivos para tial inhkiber a la DHS al modificar un reziduo de

-

cizteina localizado am la regidn del =itio activo., A pazar de que
2zhte residuo tiene un valor de pKa anormalmente bajo midy
probablemente o participe en el mecaniz=mo catalitico. Sim
embarao, al £er modificads, induce urma conformacidn inactiva, la

cdal, e2staA acompafada de una dizminucidn en la interaccidén dipolar

N

emtre los centros S-1 v -2 sumierndo Jue ezte acoplamiento

magnéticzo entre centros es importante para la actividad, estos

rezultados brindarian, por  primera  vesz, evidenciafﬁexperi@entgl

direzta an favor de urn pocible papel para el centro 8-2; Ase
mismd, mostrarian 21 tipo de cambios Aque inducen los reactivos
pata tiol. Estog datos cson consictentez con =1 modelo de

transferencia Jde electrones propuesto por Cammack en 1926.
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V. PERSPECTIVAS

Se preterdes: abondar e 21 papsel eeEpecifico d=: 1oz arupos
proztético=s. El arndli=sizs datallado (corn espectroscopia de RPE
aperardo 2 bandas diztintazs que la  ¥) de las interaccidhas

magnéticaz entre centroz contribuird a e=te objativo,

Tambhiéh, == ittenta extender el estudic de modificacidn
Quimica de la DHS hacisnds wzo de reactivoes especificos  para
diztinmtoz re=ziduaos. For sismplo, la modificacidn guimica de

carboxi los auramaetite darda irnformacidén zobre la importancia de

n
]

los acidogs glutdmicos zituados en posicionez conzervadas en la

zidbunidad mayaor (Ver e=zgusma II1).

Finalmente, el conociminto adauirido con la aplicacidn de las

té-rnicas =mpleadas 2 ecste estudio, facilitard incursionhar =2n

campazs de irnveztigacidédn relacionado=s. For  ejemplo, Con la

eezpaectrozcopia de RPE ha zido posible profundizar amn los

me-—amiznos de Freaccidn de radicales libres (Jay, et al., 1991h).
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ELECTRON PARAMAGNETIC RESONANCE
OF THE MITOCHONDRIAL RESPIRATORY CHAIN
IN THE PRESENCE OF PHENAZINE METHOSULFATE

DAVID JAY", RAFAEL ZAMORANO?, EDUARDO MUNOZ},
ROBERTO GLEASON?, JOSE LUIS BOLDU? '

! Depanamento de Bioquimica, Instituto Nacional de Cardiologia Ignacio Chdvez. México, D. F. 14080.
? Departamento de Fisica, Escuela Superior de Fisica y Matemdticas, 1.PN,, México, D. F. 07738,
3 Instituto de Fisica, Universidad Nacional Auiénoma de México. México, D. F. 04510.

Summary

The EPR specira of phenazine methosulfate (PMS} generated under different conditions, as reduc-
tion or excitation with light were studied. In addition, resuits show the EPR spectra of reduced-sub-
mitochondrial panicles and reduced-submitochondrial panticles in the presence of PMS. Combined
systems of this last type have been repeatedly utilized in EPR studies. This work proves that such
systems give rise 1o characieristic signals around g = 2, which behaviour reflects the presence of par-
ticular prosthetic groups of the respiratory chain combined with the reduced dye. The consequences
of these findings are discussed, (Bol. Estud. Méd. Biol. Méx. 1990; J8: 16-21)

KEY WORDS: EPR, phenazine methosulfate, mitochondria, mitochondrial electron-carriers, succinate dehydrogenase, semiquino-
ne radical.

Resunmen

En este trabajo se llevé a cabo la caracterizacion de los espectros de Resonancia Paramagnética del
Electron (RPE) del colorante metasulfato de fenazina (MSF) generado bajo diferentes condiciones,
tales como reduccion o excitacién con luz. Asimismo se muestran los espectros de RPE de particulas
submitocondriales reducidas y partfculas submitocondriales reducidas en presencia del colorante
MSF. Sistemas combinados de este tipo se han empleado con frecuencia en estudios de RPE. En este
trabajo se muestra que tales sistemas dan lugar a senales caracteristicas alrededor de g = 2 cuyo
comportamiento refleja la presencia de grupos prostéticos panticulares de la cadena respiratoria
junto con senales del colorante reducido. Se discuten algunas implicaciones de estos resultados.
(Bol. Estud. Méd. Biol. Méx. 1990; 38: 16-21) |

INTRODUCTION 30° C and pH 70. Its chemical formula is
CuHuN,0,S and its chemical structure is":
The N-Methylphenazonium Methosulfate (PMS) '
is a dye of mol.wt. of 306.34 D that crystallizes as .
Author 10 whom correspondance should be addressed: Departamento

flat yellow to brown parallelepipeds. It has an oXi- 4, Bjoquimica, Insiituto Naciona! de Cardiologia Ignacio Chivez, Juan
dation reduction potential of Eh = +0.080 Volts at Badiano No. |, México, D.F. 14080.

PR ST kT




EPR STUDY ON MITOCHONDRIA PLUS PHENAZINE METHOSULFATE

N
. CH;SOI

+
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PMS is typically used as mediator in redox reac-
tions. This dye has proved to be useful in the assay
of many respiratory chain-linked dehydrogenases,
such as: succinic, choline, a-glycerophosphate,
galactono-y-lactono dehydrogenases, and many
related flavoproteins and as a catalyst for photo-
synthetic phosphorilation?, Particularly it provides
an assay method for succinic dehydrogenase in
soluble as well as particulate preparations'4,

In addition, the dye has been used as electron
carrierin EPR studies of flavin dehydrogenases. As
early as 1969, Dervartanian, et al % using PMS as
mediator were able to redox titrate the enzyme suc-
cinate dihydrogenase (SDH) according to the meth-
od described by Van Gelder, et. al ®.

In Dervartanian’s work the observed “heights” of
the EPR signals were taken to be proportional to
the concentrations of the components present in
the sample. Subsequent EPR studies on SDH have
continued using the PMS either as mediator in
redox titration experiments or general chemical
oxidation reagent’®,

Given the electron-carrier nature of the dye it is
not very venturesome to suppose that it could be a
thermodynamic equilibnum among the different
oxidation states of the dye. In such a case, at least
one oxidation form of the dye (in the form of a free
radical) could give rise to an EPR signal. So it
seems worthwhile to study the paramagnetic nature
of PMS in systems where it is widely used.

In this work we report and characterize the EPR
signals of the PMS under varying conditions of
concentration and nature of the electron donors.
Results show that by reduction, the dye generates
an EPR signal with g = 2,0030. This signal is very
close to the signals araising from organic free radi-
cals presentin mithochondria such as flavin semi-
quinone of SDH*¥,
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MATERIALS AND METHODS

Sample preparation: Mitochondria from bovine
heart were prepared by the polytron method as
reported before®, Bovine heart mitochondria were
used for the preparation of submitochondnal parti-
cles (ETPH) according to the method described by

‘ Lee and Emster”. Protein concentration was deter-

mined according to the method of Lowry, et al®s,
The PMS dye, unless otherwise specified, was
carefully protected from light by keeping it in
amber tubes covered with aluminjum foil. In addi-
tion the integrity of the dye was checked by mea-
suring its capacity to react normally with succinate
dehydrogenase according to the method in*5.

Reagents: Phenazine methdsulphate and NADH
were purchased from SIGMA. Ferricyanide so-
dium hydrosulfite were from Fisher Scientific Co.
All the reactants were analytical grade guarantied
by the suppliers.

EPR measurements; EPR spectra were recorded in
an X-band Varian E 112. With a Varian microwave
rectangular cavity TE 102, with modulation ampli-
tude of 100 KHz. Typical microwave frecuencies
were 9.2312 GHz, the temperature of the EPR sam-
ples was controlled and monitored by the Varian
Temperature Controller V4540. In this Spectrome-
ter g-values were measured with nuclear resonance
probes. The proton-NMR signal was processed
through a Magnion gaussmeter and the frequency
was displayed in a Hewlett-Packard counter. In
order to obtain minimum uncertainty in the mea-
surements both the EPR and the NMR signals were
observed simultaneously in a dual beam oscillo-
scope. The microwave frequency was also display-
ed in a digital counter. All the spectra in this work
are presented as the first derivative of the microwave
absorption lines. All the samples and solutions for
the EPR experiments were made anaerobic by
repeated evacuation and flushing with nitrogen.
The samples were prepared and put into EPR
quartz tubes and then frozen in liquid nitrogen
immediately before their spectra were recorded. All
EPR quartz tubes did not give rise to any signal at
any detectable level at the magnetic field values
and temperatures used in this work.
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RESULTS

EPR spectra at 80 K of reduced or illuminated PMS,
Figures la and 1b show X-band EPR spectra of
PMS reduced with NADH and dithionite respecti-
vely. Both are singlets with g values of 2.0030 and
line width of 8 Gauss. None of these singlets show
signs of hyperfine splitting. In organic molecules
structureless EPR singlets with g values close to the
g value of the free clectron are typical of organic
free radicals, having an unpaired electron with
highly delocalized spin density®. The intensity of
the signals depends on the amount and potential of
reducing agent present (figs. Ia and Ib).

Solutions with an excess of NADH or dithionite
alone or in the presence of ferricianide did not elicit
any signal at any detectable level. Hence we consi-
der the singlet as arising from a free radical of
PMS.

It is important to emphasize that spectra l.a and
L.Lb were obtained on light-protected dye samples.
When dye solutions are exposed to light, an EPR
singlet appears at g = 2.0030 and line width of 19
Gauss. The light-induced PMS signal is proportio-
nal to the exposure time and intensity of the source.
The fact that the line width of the light-induced sig-
nal is about 2.4 times the line width of the reduc-
tion-induced signal of the dye strongly suggests that
these signals belong to different radical species as
shown in figures 1b and lc. The study of the power
saturation of both signals (not shown) confirmed
the above statement. In order to avoid complex
interpretations of EPR spectra of sample systems
containing PMS, all samples were.carefully protected
from light as described in Materials and Methods.

EPR spectra of succinate-reduced submitochondrial
particles. In figure 2a the EPR spectrum of submi-
tochondrial particles reduced with succinate is
shown. The spectrum is mainly composed of sig-
nals at: g = 2.0236, g = 2.0030, g = 1.9350, g = 1.9171.
These signals have been previously characterized
as arising from prosthetic groups of reduced com-
plex [IBax,

The set of three lines at g = 2.0236, g = 1.9350,
g = 19171, are typically assigned to a reduced binu-
clear Fe-S cluster consisting of two iron atoms anti-
ferromagnetically coupled showing an effective

Fig. 1. EPR spectra of PMS reduced with NADH or with dithionite res
pectively and the spectrum of Jight-perturbed PMS. 5 mM PMS in
HEPES bulTer. (pH 7.4) was reduced with | mM NADH (a) or an excess
of dithionite (b). Both samples were carelully protected from light. In (<)
the sample was exposed 10 min 10 while light. All samples were frozen in
liguid nitrogen and lheir spectra recorded. EPR conditions were as
follows: microwave frequency 9213 GHz. modulation amplitud, 2 Gauss,
time constant 10 msec.; scanning rate 125 Gausy/min.; sample tempera-
ture, 80 K; microwave power 6.7 mW.

spin of S = 1/2 in a rhombic distorted crystal field*
3. This cluster, usually called center Sl, is of the

~ ferrodoxin type?253,

The other important signal with g = 2.0030 has

been asigned to a free radical of flavin semiquinone

of covalenty-bound FAD in SDH®. For compari-
son in figure 2b the spectrum of NADH-reduced
PMS signal is shown. The g values of the FAD-free
radical and the reduced PMS radical are the same
(g = 20030) and their line widths are similar.
However, the microwave power saturation behavior
of the two signals is quite different as shown in figu-
re 3. This diverging power saturation behavior
allows a clear distinction between them.
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Fig. 2. EPR spectrs of submitochondris! particles reduced with succinate
and of PMS reduced with NADH. 7.2 mg of prokein from submitochon-
dria} particles were incubated for 2 min in 0.2 ml of 8 axdium containing
200 mM sucrose; 20 mM HEPES, pH 7.4, 1| mM KCN; 10 g rotenone; 10
ug antimicyne A; and 50 mM succinate (a). In (b) the same spectrum of
figure 1.2 is shown. EPR conditions as in fugure | except that in (a) the
gain was increased a factor of 250.

" 19

It is clear from figure 3 that the FAD signal
decreases with increasing microwave power, accord-
ing to previous reports“?’ and saturates at or above
6 mW at 80 K. In contrast, the reduced PMS signal
increases with increasing microwave powers up to
80 mW and yet not showing signs of saturation.

If we prepare a system consisting of SDH, PMS .

and a reductant, we could expect a spectrum with a
composed signal at g = 2.0030 and a power satura-
tion behavior in which one component will tend to
counterbalance the other one depending on the
relative concentration of both paramagnetic cen-
ters, as long as these centers do not interact,

Therefore, we decided to carry out experiments
on a system consisting of membrane-bound SDH
plus PMS and an appropriate substrate. The sam-
ples prepared in this part have been used in pre-
vious EPR studies®. Figure 4 shows the power satu-
ration sequence of spectra taken on this system. As
it can be seen the height of the EPR line at g = 2.0030
in this sequence remains essentially constant at
varying microwave powers from 6.7 mW to 80 mW
and this dependence is different from the one
obtained for reduced PMS or succinate-reduced
SDH by themselves. For a clearer comparison, figu-
re 5 shows the graphical representation of the
results described in figures 3 and 4.

9220030 ¢ r2.0030
6.7 mw 1
a ) Q' &Smw
+60
28 mw 1
[_/V 20 mW
80mw
C c' 1 ” mw
x60
b o a—
20 Gauss . 80 Gouss
‘ Fig. 3. Microwave power saturation behaviour of succinate-reduced submitochondrial parti-

cles and NADH-reduced PMS. The EPR conditions were similar to those described in figure2
except for the microwave power which is as indicated.
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B mW OAIN 12,500
0 9
E GAIN 5,000 =
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E S QAIN 20
[ ]
b V‘/\/\azfmw R
B
<
- 2
3]
&k
80 Gouns J | 11 1 1 .1 i 1 1 | |
[ |
&1 8 20 38 80 \0Omw
MICROWAVE POWER
Fig. 5. Graphical representation of the data from figures 3and 4. Here the
100 mw height of the different signals vs. the microwave power is represented. (o)
signal of semiquinone from FAD. (o) signal of NADH-reduced PMS.
c II:’«:nh as in figure 3. (A) signal of & combined sample, FAD plus PMS a3 in
igure 4,

¢*2.0030

Fig 4. EPR spectrum of succinate-reduced submitochondrial panticles in
the presence of PMS. Protein concentration and medium were as describ-
ed in figure 2. 0.15 mM PMS was sdded 1o this medium and afier | min of
incubation time the sample was frozen and the spectrum recorded. EPR
conditions as in figure 2.

DISCUSSION

In this work the EPR measurements show undoubt-
edly that the reduced form of the PMS dye by itself
generates a structureless EPR singlet at g = 2.0030
(fig. 1). EPR signals with no hyperfine structure and
g values close to that of the free electron (g value =
2.0023) are typical of organic free radicals having
the unpaired electron spin density delocalized on a
large fraction of the molecule®®, The lack of an
observable hyperfine splitting prevents a more
detailed characterization of the chemical structure
of the radical. Nevertheless, we can propose its che-
mical structure as:

¢ CH,SO3;

Given that the reduced form of the dye generates
an EPR singlet by itself, from the point of view of
the EPR spectroscopy, a system composed of the
dye and an enzyme able to reduce it, will render a
spectrum containing the signal of the reduced dye
in addition to any possible signal elicited by the
enzyme. Moreover, if ‘the enzymes in such systems
give rise to signals at around g = 2.0030, then the
spectrum will be a composed one for which the
interpretation is at least complex and necessitates
spectra manipulation. This issue has already been
addresed by Ohnishi, ef al.* who used dyes which
undergo redox changes in processes involving the
transference of 2 electrons.

It should be emphasized that the signal of the
dye was detected even at concentrations as low as
50 uM in the reduced PMS samples. Such concen-
trations are commonly used in titration experi-
ments. ‘

The results of the present report indicate that
whenever a combined system is under study, as the
one described in this work, complex signals around
g = 2 could be present. When the signals of this
region are of interest, a microwave power saturation
study could be useful in order to determine to what
extent the signal of each component contributes to
the total spectrum.
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RESUMEN

En este articulo examinaremos la informacién més relevante cn
¢l drea de los centros fierro-azufre de la cadena respiratoria
mitocondrial, Debido a que mucho del avance en este campo
s¢ ha dado por la aplicacidn de la espectroscopia de resonancia
paramagnética electrénica, se hard una breve mencion de los
conceplos bésicos de la teoria de esta 1€écnica.
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INTRODUCCION

L as mitocondrias, organclos presentes en
la gran mayoria de los tejidos animales
y vegetales, contienen fierro no hematico en
abundancia. Mucho de este fierro se encuen-
tra asociado con azufre, formando centros
fierro-azufre (I'e-S) capaces de transportar
electrones. La union de estos centros a la
cadena polipeptidica estd mediada, general-
mente, por residuos de cisteina que establecen
lazos con los dtomos de fierro,

Las propiedades de las proteinas que con-
tienen centros Fe-S han sido estudiadas me-
diante varias técnicas. Enire éstas, la es-
pectrocospia de resonancia paramagnética
electrénica (RPE) ha mostrado ser de mucha
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utilidad debido a que, en varios aspectos, es
insustituible en el estudio de centros para-
magnéticos, como los Fe-S. Avances recientes
en la espectrocospia de RPE han permitido el
deseubrimiento y caracterizacidn de muchos
centros fierro-azufre mitocondriales y de sis-
temas fotosintéticos.

Actualmente se dispone de bastante infor-
macién en cada una de las dreas de la biologia
en donde se ha podido aplicar la RPE. Asi,
hay volimenes enteros (Jron-Sulfur Proteins)
dedicados exclusivamente al tema de los cen-
tros Fe-S. Lamentablemente, mucha de esta
informacién (indispensable en el campo de la
bioenergética) pasa inadvertida para algunos
de los investigadores bioquimicos mexicanos.
Esto se debe, en parte, al grado de compli-
cacion de la técnica y a su alto costo. Otra
razon es que la teoria de la RPE es compleja y
constituye una rama de especializacién dentro
de la fisica. Sin embargo, con la revision de
algunos aspectos fundamentales de la teorfa,
se¢ puede hacer una lectura critica de mucha
de la informacion disponible.

En este articulo se mencionan los conceptos
basicos de la teorfa de la RPL de utilidad para
interpretar de los fendmenos biolégicos, se da
particular atencion a la descripcion de los
avances mas importantes y a los puntos que
han suscitado discusion sobre los centros Fe-S
mitocondriales. Los lectores interesados pue-
den consultar excelentes libros introductorios
sobre el tema (Carrington y McLachlan, 1967;
Wertz y Bolton, 1972; Feher, 1969; Squires,
1964; entre otros).

I. PRINCIPIOS BASICOS DE LA RPE

L a Resonancia Paramagnética Electrénica
(RPE) es una téenica espectroscopica
basada en la absorcion de microondas por
una sustancia paramagnética colocada en
un campo magnético intenso. IJl paramagne-
tismo es la propiedad de ciertas sustancias
de magnetizarse en presencia de un campo
magnético en magnitud proporcional a éste.
Dic&f.’la. propiedad se asocia con los electrones
no aparcados de un material, de tal manera
que sus monientos magnéticos (ji) no estdn
cancelados, Ejemplos de estas sustancias son
los radicales libres orginicos y los formados
por irradiacion de cristales. Los iones de
transicion también presentan el fenomeno de
paramagnetismo debido a que pueden tener
electrones desaparcados en la capa electronica
d, que se encuentra incompleta.,
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Para ilustrar este fenémeno consideremos
una molécula con un solo electrén desapa-
reado; en este caso su espin S es igual a
1/2. En ausencia de campo magnético todos
los electrones desapareados de la muestra
tienen la misma energia. Al aplicar un campo
magnético I, la energia de interaccion entre ji
y i {(—~p-IT) es de tal forma que los espines se
cuantifican tomando los dos valores posibles
ms = 1/2y my = —1/2. Estos dos estados no
tienen ahora la misma energia y su diferencia
crece proporcionalmente al campo magnético
(Fig 1). La energd correspondiente para cada
uno de estos estados esta dada por:

Ef = Ey+ 398H, my;=1/2,

y (1)
E..on—%gﬂH, m3=—1/2,

en donde 3 es el magnetén de Bohr (f =
9.274078 x 10~?! ergiogauss™!) y g es igual a
2.0023 para el electrén libre. De esta manera,

la diferencia de energia entre los dos estados
(AE = FE, — E_) sera:

AE = g8H. (2)

Es posible inducir transiciones entre los
dos niveles por la aplicacion de un campo
electromagnético de frecuencia (v) adecuada,
es decir, tal que hv = AFE, en donde h
es la constante de Planck (h = 6.6256 x
10~*" ergs™!). En el caso de un electron libre
en un campo magnético de =~ 3200 gauss, esta
condicion se satisfard para microondas con
una frecuencia de 9000 MHz. Este proceso de

E A
+1/296H
Al
1))
Eo 9RH
M.
s “IN‘
-1/2 g3H
0 H

Figura 1. Efecto de un campo magndético sobre la energia de un
clectrén desaparcado.
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absorcién selectiva de fotones de la energia
dada por la ecuacidn (2}, se denomina reso-
nancia paramagnética electrénica.

A. Saturacion y procesos de relajacidn

Las transiciones entre los dos estados de espin
de una sustancia paramagnética dan lugar
a procesos de absorcion y de emisidon de
energia. Lo que se observa, usualmente, es
una absorcién neta de energia. Esto se debe
a que en condiciones de equilibrio térmico
el nimero de espines en el nivel inferior es
mayor que el nimero de espines en el nivel
superior en una proporcion dada por el factor
de Boltzmann:

N o re ‘
_j.v_l:exp(nAL/I\‘]), - 3)

en donde N1 y N; son las poblaciones del
nivel superior y del nivel inferior, respec-
tivamente, y K es la constante de DBoltz-
mann, igual a 1.380662 x 107 1% ergio kelvin™!,
A temperatura ambiente y en un campo
magnético de 3000 gauss N1/N| = 1.001,
en consecuencia, el niimero de electrones que
pueden absorber energia predomina, ligera-
mente, sobre el nimero de electrones que
pueden emitirla. En esta diferencia se basa
la espectrocospia de RPIC.

Se podria suponer que la absorcion neta
de microondas por el sistema, tenderfa a
igualar las poblaciones en los dos niveles,
eliminando, de esta manera, la absorcion de
energia. Esta tendencia en realidad existe.
Cuando una muestra es sometida a un campo
electromagnético intenso (mds fotones), la
diferencia entre las poblaciones tiende a cero.
En espectrocospia de RPE se denomina a
esta condicidén saturacion por microondas, y
puede evitarse al disminuir la potencia de
las microondas. La saturacion de un espectro
tiene el efecto de disminuir la amplitud de las
lineas. Se pueden cometer errores importantes
cuando se intenta estimar el nimero de cen-
tros paramagnéticos bajo condiciones de satu-
racion. Sin embargo, bajo ciertas condiciones,
no se observa el fenémeno de saturacion; esto
se da cuando los espines estdan en contacto con
el medio (reservorio térmico), ¢l cual tiende a
restablecer el factor de Boltzmann mediante
los diversos procesos de relajacion.

Existen dos mecanismos principales me-
diante los cuales los espines del nivel superior

| ]
<
=1

regresan al inferior sin emitir radiacion: rela-
jacidn longitudinal o espin-red, y relajacién
transversal o por interaccion dipolo-dipolo.
En el primer caso, los espines promovidos al
nivel superior tienden a devolver parte de su
energia al medio en forma de calor. La energia
emitida simplemente aumenta la amplitud
de la vibracidn térmica, lo cual corresponde
a un aumento mindsculo de la tempertura
de la muestra. La relajacidn longitudinal no
ocurre de manera inmediata sino que esti
caracterizada por un tiempo de relajacién
11, que aumenta al disminuir la temperatura.
El segundo mecanismo de relajacion se debe
a la presencia de micleos magnéticos en la
muestra, La interaccidn del espin electrénico
con los momentos magnéticos de los nicleos
reduce ¢l tiempo de relajacién, Una situacion
semejante ocurre en muestras muy concen-
tradas en donde la interaccion entre espi-
nes electrénicos proporciona un mecanismo
de relajacion. (Istos efectos generalmente
se¢ reunen y describen para un tiempo de
relajacion 15.) En general, la reduccién de los
tiempos de relajacion tiende a ensanchar las

lineas de RPE.

B. Niveles de energia y distribuciéon de
electrones en el atomo de fierro

En la cadena respiratoria mitocondrial el
flujo electrénico desde los sustratos al oxigeno
es la fuente de energia que. se utiliza para
sintetizar ATP. La transferencia de electrones
se realiza por una serie de reacciones acopla-
das de éxido-reduccién en las que infervie-
nen atomos de fierro, ya sea como grupos
prostéticos de citocromos (grupos hemo), o
como centros fierro-azufre. Las propiedades
del fierro, incluyendo las espectrales, asi
como su capacidad de transportar electrones
estan determinadas en gran medida por su
estructura electronica, que es funcion del
ambiente en que se encuentra. En los centros
fierro—azufre dos o mas atomos de fierro se
encuentran acoplados funcionando como una
unidad. En estas condiciones no se pueden
distinguir muchas de las propiedades indivi-
duales de los atomos de fierro. Sin embargo,
conocer algunas de estas propiedades es itil
cuando se estudian sistemas mds complejos.
En ¢l dtomo de fierro los electrones de
valencia que estan involucrados en las reac-
ciones de éxido-reduccion son los del nivel
3d. En los iones de transicion la capa d esta
incompleta. En el caso del Fe hay cinco (Fe*)
o seis (Fe*t) electrones distribuidos en los



268

cinco orbitales (o funciones angulares) d: dzy,
dzz, dyz, dz* y dz? — 4. En el ion libre la
energia de los cinco arbitales es la misma.
Sin embargo, en el 4&tomo de I'e no aislado, la
interaccion diferente de los ligandos con cada
uno de los orbitales d hard que las energias
de estos ultimos ya no sean necesariamente
iguales.

En la mayoria de los iones de transicion
la coordinacion es octaédrica. En cada uno
de los vértices del octaedro se encuentra una
carga negativa perteneciente al ligando. Si
el octaedro es regular, el ion tiene simetria
cubica. Las distorsiones del octaedro dan
lugar a simetrias mas bajas. Es frecuente
encontrar cuatro tipos bdsicos de simetria:
clibica, tetragonal, rombica y trigonal. De-
pendiendo de la simetria del ambiente en que
se encuentre el ion de fierro, los orbitales d
tendran diferentes energias, mismas que se
resumen en la figura 2. A este desdoblamiento
de niveles de energia en ausencia de campo
magnético se le denomina “desdoblamiento a
campo cero” y determina en gran medida la
forma de los espectros de RPE de los metales
de transicion, como se vera mas adelante,

La forma en que los electrones ocupen
los orbitales dependera de las diferencias de
energia que existan entre ellos. Es decir, de
la magnitud de la distorcidn provocada por el
campo de los ligandos o eampo cristalino. Las
distribuciones que requieran menor energfa
seran favorecidas. Dependiendo de estas con-
sideraciones, hay varios estados gosibles de
espin para los iones Fe?t y TFe3% segin se
muestra en la tabla I.

C. Sistemas acoplados. Centros
fierro—azufre

Los centros fierro—-azufre de la cadena res-
piratoria estan formados por dos o mds
atomos de fierro unidos mediante dtomos
de azufre. Los espectros de RPE de estos
centros no se pueden entender ficilmente
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Figura 2. Niveles de energia de orbitales d en diferentes campos
cristalinos,
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Tabla [
Posibles valores de espin del Fe*t y del
Fe3t,

Alto espin  |Espin inlermedic] Bajo espin

Cinco $:5/2| — s:3/2| — — a2
electrones d + + 4+

Fe*” o o1 VR e of VU

Seis s=2 | LYY S 1.1
elec!ru;fsd + -+ +

. Ho+ oy 5 s

Los valores de bajo y alto espin ocurren generalmente en
campos cristalinos cibicos mientras que los valores de espfn
intermedio se dan en simelrias mas bajas.

en términos de atomos de Fe individuales.
Actualmente se reconoce que la resonancia
asociada a éstos es indicativa de sistemas
acoplados en donde el centro paramagnético
contiene, como minimo, un ion de Fe3t de
alto espin (§ = 5/2) y un ion de Fe®t
también de alto espin (S = 4/2) (tabla I).
Si el centro contiene mas de dos atomos de
fierro, estos también presentan alto espin.
El acoplamiento entre los espines de los
atomos de Fe se da mediante un mecanismo
de intercambio antiferromagnético segin se
describe adelante,

Las interacciones espin—espin entre centros
paramagnéticos ocurren mediante dos me-
canismos distintos (Cammack y col, 1985):
a) interaccién dipolo-dipolo, la cual es un
fenomeno magnético y b) la interaccién de
intercambio, que es una consecuencia del

principio de exclusién de Pauli y se puede

considerar esencialmente como electrostitica.
El tipo de interacciones entre espines de-
pende de la distancia entre ellos. Cuando
los centros estin separados por distancias
relativamente grandes, de aproximadamente
1.5 a 2 nm, la interaccion espin-espin (dipolo-
dipolo) se manifiesta como una disminucién
en el tiempo de relajacidn, T, lo que se
acompafia de un ensanchamiento de linea,
segin se vié en el inciso A de la seccion 1.
Cuando el espin electrénico estd separado
de un nicleo magnético (espin nuclear = I)
por distancias de uno, dos o tres enlaces
quimicos, se da la interaccion superhiperfina,
que desdobla cada linea espectral en 2/ + 1
componentes, Cuando el micleo magnético se
encuentra en el mismo dtomo que el electrén
desapareado, la interacciéon se denomina hi-
perfina. El desdoblamiento de las lineas es-
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pectrales que provocan ambas interacciones
se conoce como la estructura hiperfina del
espectro. El estudio de esta multiplicidad de
lineas brinda informacién muy util sobre la

“naturaleza y la localizacion de los atomos

vecinos,

Por dltimo, los acoplamientos antiferro-
magnético y ferromagnético ocurren cuando
dos centros paramagnéticos estan suficiente-
mente cerca para que sus orbitales se tras-
lapen (dando lugar a integrales de traslape,
de intercambio y de Coulomb, diferentes
de cero) (Ginsberg, 1971). Esta interaccion
de intercambio se da con frecuencia cuando
dos centros paramagnéticos estan unidos me-
diante un puente de uno o dos ligandos, y
su signo y magnitud son fuertemente depen-
dientes de la longitud y dngulo de los enlaces
involucrados. Los dos centros, acoplados por
la interaccion de intercambio, se comportan
como un sistema de espin nico.

Los centros Fe-S son sistemas de Fe de alto
espin acoplados antiferromagnéticamente, La
aplicacion de un campo magnético a un
sistema de dos dtomos de Il'e no acopla-
dos causaria normalmente que los electrones
desaparcados de ambos fierros se orienta-
ran independientemente con el campo. Sin
embargo, cuando los dos dtomos de fierro
estdn acoplados antiferromagnéticamente, los
espines en uno de los dtomos estan obligados
a adoptar una posicion antiparalela con res-
pecto a los del otro. Sélo el espin resultante
s¢ alineard con el campo. El acoplamiento de
un Fe S = 5/2 con otro Fe § = 4/2 producird
un estado basal resultante con un espin total
de § = 1/2 (Gibson y col, 1966).

En la cadena respiratoria hay centros Fe-§

formados por dos, tres o cuatro dtomos

de Fe. Si bajo determinadas condiciones de
oxidacion o reduccion (presencia o ausencia
de sustratos) el centro Fe-S es diamagnético
(y por tanto no muestra espectro de RPE),
por la aceptaciéon o donacion de un electron
se volverd paramagnético. Por ejemplo, un
centro binuclear (2Fe) serd diamagnético en el
estado oxidado (1Feb/2 + 1Fe5/2 — Sioial =
0), y por la aceptacion de un electrén se
volvera paramagnético (1Fe5/2 4 1Fed/2 —
Stotal = 1/2). Se ha visto que en el es-
tado paramagnético el espin resultante de
los centros Fe-S mitocondriales es de 1/2;
independientemente del niimero de dtomos de
fierro de que estén constituidos (Guigliarelli
y col, 1986a y b).

Finalmente, es necesario considerar otro
aspecto antes de comenzar con la descripcidén
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de los centros Fe-S mitocondriales. Muchos
de los centros fierro-azufre muestran seiiales
de RPE con varios valores de g (ver ecuacién
2). Esto se debe a que el factor ¢ es en
realidad un tensor (§). En el caso de cristales,
esto implicard que el valor obtenido para
g dependerda de la orientacién que tenga la
muestra con respecto al campo magnético. Si
cada una de las tres direcciones principales
del cristal se orienta paralelamente al campo,
s¢ pueden obtener los tres valores principales
correspondientes de g: g, 9y ¥ 9.

La mayoria de las muestras bioldgicas que
se estudian con RPE no son cristales sino
soluciones congeladas de enzimas purificadas
o de preparaciones membranales. La orien-
tacion al azar de los centros paramagnéticos
y la falta de movimientos que caracterizan al
estado liquido hace posible, en muchos casos,
que se puedan obtener todos los valores de g
en un solo espectro, llamado espectro de polvo
policristalino.

El nitmero de valores que muestre g depen-
dera de la simetria del niicroambiente (campo
cristalino) en que se encuentre el espin to-
tal del centro Fe-S. Existen tres situaciones
bdsicas (Palmer, 1985), que se resumen en la
figura 3: |

1} El caso isotrdpico en el cual los tres
valores de g son iguales, Sélo se observa una
linea simétrica de absorcién. o

2) Ll caso axial en el cual un valor de g es
diferente al de los otros dos. Al valor 1inico se
le nombra g y a los otros dos g . El valor de
g puede ser mayor o menor que el de g, .

3) El caso rombico en el cual los tres valores
de g son diferentes.

II. CENTROS Fe-S DE LA CADENA
RESPIRATORIA MITOCONDRIAL

T;) n las mitocondrias, los procesos de pro-
X7 duccién y almacenamiento de energia (en
forma de ATP) son realizados por una serie
de sistemas multienzimaticos localizados en
la. membrana interna del organelo. Se ha
visto que sistemas similares de conservacion
de energia operan en células vegetales y
de procariontes. Actualmente se reconoce la
presencia de cinco complejos funcionales de
proteinas y lipidos que dan lugar al sistema
de fosforilacidon oxidativa (para una revisién
véase Hatefi, 1985). Tres de estos complejos
tienen centros Fe-S que participan en la
transferencia de electrones:

A) NADH: ubiquinona oxidorreductasa o
complejo I,
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Figura 3. Representacion esquemdtica del tensor g anisotrépico

y de los correspondicntes especiros de RPE. En a) las figuras

muestran las formas geométricas asociadas con los momentos
magnéticos isotropico, axial (prolato u oblato) y rémbico. En b)
se muestran las curvas de absorcion (en primera derivada) que se
obtendrian de un cristal orientando sus ejes principales paralela-
mente al campo magnético (Hyg). Ein ¢} se muestran las curvas de
absorcion gue se obiendrian de una muestra liquida congelada
“polvo policristalino™ y en ) sc mucstran fas curvas corres-
pondientes de absorcidn en primera derivada, que es como
normalmente se oblicnen,

B) Succinato: ubiquinona oxidorreductasa
o complejo 11.

C) Ubiquinol: ferricitocromo ¢ oxidorre-
ductasa o complejo 111.

La transferencia de electrones mediada por
proteinas Fe-S se da en la region de potencial
redox mas baja de la cadena respiratoria (en
las deshidrogenasas o cerca de la coenzima
(2). Las proteinas con grupos hemdticos y
cobre operan en la zona de alto potencial
redox.

Fn las proximas secciones examinareuos
la informacion referente a los centros Fe-S
con que contamos. Prestaremos particular
atencion a los aspectos estructurales y termo-
dinamicos que son importantes para la reali-
zacion de la funcion bioldgica. Centraremos
la revision sobre los Fe-S§ mitocondriales; sin
embargo, en donde sea il para Ja discusion,
describiremos los resultados obtenidos con
oLros organismos.

D Jay y col

A. NADH: ubiquinona oxidorreductasa

Actualmente se reconoce la presencia de seis
0 quiza siete centros I'e-S en el complejo
I (Beinert, 1978 y 1982; Hatefi, 1985). Sus
espectros de RPI se muestran en la figura 4.
A continuacion describimos cada uno de estos
grupos.

Centro 1. Beinert y Sands (1960) obser-
varon por primera vez la sefial de RPE de
este grupo. Posteriormente se propuso que
la senal correspondia a un centro binuclear?
[2Fe-2S]'t (en donde el superindice indica
la valencia total del grupo, considerando la
del S = —2) con un espin efectivo de 1/2
en un campo con simetria rémbica (gzy - =

. 45 K
l Binuclear
-~ /S\ -
/Fe Fe
\S/ ~
FMN *
N-2\ 16K | Tetranucleares
9, J1OX Fe
S .
Fe
Fe
S
10K . 10K
i X 10X
10K ]
10X Neg (
- N-3(g. )}
(g,) oo
N-4(9,)
2.1 204 1,98 192 1,86 1,8
1 i ]
T T T T 1
2,07 2.0t (9% 4,89 (.B3

Figura 4. Espectros de RPE (en primera derivada) y esquemas
de la estructura de los centros Fe-S del complejo 1 mitocondrial.

! Es convenienle mencionar que la asignacién definitiva de
las estructuras de los centros Fe-S se hace por comparacion entre
los espectros de RPE obtenidos en mitocondria y los obienidos
en bacterias, en donde Ia estructura tridimensional de fos centros
se ha determinado por difraccién de rayos X.

gt o
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1.923,1.938,2.022) (Orme-Johnson y col, 1971
y 1974). Sin embargo, Albracht y col (1977),
en un intento por simular en la computadora
la seital de este grupo, llegaron a la conclusién
de que el mejor ajuste se daba considerando
que la senal estaba formada por la superpo-
sicién de dos componentes axiales (dos gru-
pos). Ohnishi y col (1981) pudiceron simular
la sefial considerando un solo componente con
simetria rémbica. Esta dltima interpretacion
es la mds aceptada actualmente (Hearshen y
col, 1982).

La sefial del centro 1 se puede observar
en el complejo I o en particulas submitocon-
driales (PSM) reducidas con NADH. Tiene
un potencial estindar de oxido-reduccién
(F§) = —240mV. Debido a sus propie-
dades de relajacion (tiempo de relajacion
relativamente grande), se puede observar a
temperaturas “altas” (nitrégeno liquido =~
80 K). La concentracién de este centro en el
complejo I es de 0.50/centro 2 o 'MN. Debido
a esto han surgido preguntas con relacion a la
unidad minima que cataliza la reduccion de
la ubiquinena por NADH. Se ha postulado la
participacion de un dimero estructural en la
deshidrogenacién del NADI (Albracht y col,
1979).

Por otro lado, en 1981, Ohnishi y col
observaron en PSM de paloma y de corazén
de res una seial no inducible por NADH
muy proxima a la del centro 1 (g4, =
1.91,1.95,2.03). A esta seiial la nombraron
N — la y ala del primer centro N - 1.
El potencial redox de este grupo es muy
bajo (< —380mV) y sdlo puede ser reducido
con ditionita en presencia de benzil o metil
violdgeno como mediadores. La presencia de
este centro ha sido cuestionada pues no todos
los grupos de trabajo la han podido observar
(Orme-Johnson y col, 1971 y 1974).

Centro 2. La senal de este centro fue
detectada por Ohnishi y col en 1970. La
senal ha sido asignada a un centro tetranu-
clear [4Fe-4S]'* con simetria axial (gz,y,: =
1.92,1.92,2.05) y puede ser observada en
complejo I reducido por NADH a temperatu-
ras menores o iguales a 30 K (helio liquido). El
potencial redox varia mucho de preparacion
a preparacién () = —-20mV a —-140mV) y
depende del potcncml de fosfato (Ingledew y
Ohnishi, 1980). La mitad del drea, a campo
bajo, de la sefial de g: (2.05) se utiliza
generalmente para evaluar la concentracion
de este centro (Albracht y col, 1979). El
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centro 2 se encuentra a una concentraciéon de
~ 0.9/FMN (Albracht y Subramanian, 1977).

Centros 3 y 4. Tres senales mds de RPE se
pueden obse[\m (T" < 30K) en el complejo
1 reducido con NADIH. Por sus valores de q
(2.1,1.88 y 1.86) son fdcilmente distinguibles
de los centros N — 1 y N = 2. Originalmente
se pensd que estas schales correspondian a
dos grupos diferentes con el mismo valor
de g. a 2.1 (Orme-Johnson y col, 1971 y
1974). Observaciones posteriores de Albracht
y Subramanian (1977) a temperaturas mads
bajas (7" < 15K) mostraron que la sefial a
g = 2.1 era parte de [a senal a ¢ = 1.88 junto
con parte de la sefial a ¢ = 1.93 del centro 1.
A este grupo (gey- = 1.88,1.93 y 2.1) se le
nombré centro 3 (segin la nomenclatura de
Ohnishi es el N —4). El N — 4 corresponde a
un centro tetranuclear con un I = =240 mV
(Salerno y ¢ol, 1977).

Por otro lado, Albracht y Subramanian
(1977) observaron por primera vez una seial
a g = 2.037. Experimentos de saturacion
por microondas (véase el inciso A de la
seccion 1) a 9.3 K mostraron que las senales
a g = 2037 y g = 1.86 se saturaban de
manera paralela (ver el principio del parralo
anterior). Esto indica su pertenencia al mismo
grupo (centro 4 segin Albracht, centro NV ~3
segin la nomenclatura de Ohnlshl) (Ohnishi
y col, 1976). Titulaciones redox muestran
que la amplitud de la sefial de este grupo
disminuye cuando se equilibra a potenciales
redox menores que ~240mV. Sin embargo,
al alcanzar un potencial de -340mV la
amplitud de la seiial vuelve a crecer. Esto se
ha interpretado como una disminucién en el
tiempo de relajacion del centro N —3 causada
por la interaccién dipoto-dipolo con un centro
pmanmg:,netm que aparece a un potencial
mas bajo (=340 mV). Se ha sugerido una
interaccion espin-espin entre el centro N — 3
y la forma semirreducida del FMN (ver mis
adelante y los incisos A y C de la seccion
I) (Salerno y col, 1977). Las intensidades de
las seiales combinadas de los eentros N — ¢
y N — 4 corresponden a una concentracién
de 1.8/FMN (Orme-Johnson y col, 1974).
Al parecer el centro N — 3 se encuentra en
relacion L1:1 con ¢ FMN mientras que el
centro N — 4 esta presente en una relacion un
poco menor (Albracht y Subramanian, 1977).

Centro 5. Se ha observado una seiial adi-
cional en el complejo Iy en PSM de corazon
de res y de paloma. Jista seiial (g,. =
1.89,1.92,2.06) aparcce rdpidamente por re-
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duccién con NADH (E) = -270). Sin em-
bargo, parece estar a una concentraciéon mu-
cho menor que la del FMN (6-25%) (Salerno
y col, 1977). Debido a sus propiedades de
relajacion (tiempo de relajacion muy corto),
s6lo ha sido observada por algunos autores
a bajas temperaturas y con alta potencia de
microondas (Ingledew y Ohnishi, 1980). La
sefal no fue observada en C utilis (Albracht
y col, 1977) por lo que se cuestiona su
participacién como componente funcional del
complejo I.

No se ha establecido la secuencia en el
paso de electrones a través de los distintos
centros Fe-S del complejo 1. La reduccién
con NADH induce la aparicién simultinea
dentro del tiempo de resolucién alcanzado)
e todas las sefales de RPE bien establecidas
(Orme-Johnson y col, 1971). Recientemente,
Krishnamoorthy y Hinkle (1988), en un estu-
dio de RPE sobre el efecto de diversos inhibi-
dores en los grupos prostéticos del complejo
I, sugirieron una distribucién topografica y
una ruta en e} paso de electrones acoplada al
transporte vectorial de protones. El esquema
sugerido es muy similar al “ciclo b” del com-
plejo IIT mitocondrial, con el FMN y algunos
Fe-S actuando en lugar de la coenzima @) y
de los citocromos b, respectivamente. De esta
manera, el FMNH, donaria un electréon al
centro N — 2 (de alto potencial = -20mV)
y éste a su vez lo donaria a la coenzima
@ (actuando de manera andloga al Fe-S del
‘complejo III que dona un eiectron al cito-
cromo c¢;). El FMN™ resultante donaria su
electrén desapareado al conjunto Fe-S de bajo
- potencial (N -1, N — 2, N - 3) que actuaria
de manera andloga al conjunto de citocromos
b. En esta transferencia el centro N — 3 seria el
aceptor primario, en concordancia con la in-
teraccion espin-espin propuesta cntre ambos
centros, La oxidacion de FMNH, se acopla
al transporte vectorial de protones (con una
estequiometria de H* /e~ = 2 hacia el lado
citosdlico mitocondrial. En este esquema el
FMN actia como un “transformador” entre
un acarreador de dos electrones, el NADH, y
acarreadores de un electron.

B. Succinato: ubiquinona oxidorreductasa

En el complejo II mitocondrial todos los
centros Fe-S estan en la enzima deshidro-
genasa succinica (DHS) (EC 1, 3, 99, 1).
Esta enzima tiene dos tipos de subunidades,
una de 70 000 daltones y otra de 30 000.

D Jay y col

La subunidad mayor tiene un FAD unido
covalentemente al sitio de unién del sustrato
(Davis y Hatefi, 1971). Ambas subunidades
tienen fierro y azufre. El contenido total de
estos elementos en la enzima varia (4-8 de
I'e y §) dependiendo de la preparacién (Davis
y Hatefi, 1971; Ackrell y col, 1977; Singer y
col, 1956 y 1957; Wang y col, 1956; Lusty y
col, 1965; Baginsky y Hatefi, 1969; Singer y
Ramsay, 1985). En las preparaciones en donde
se considera que la enzima estd mds intacta, el
fierro, el azufre y el FAD estdn en proporcidn
de 8:8: 1.

La primera senial observada de esta enzima
(" =~ S0K) fue la de un centro binuclear
[2Fe-2S}'* con simetria rémbica (gzy. =
2.030,1.935,1.910) (Beinert y Sands, 1960;
Sands y DBeinert, 1960). Esta seial {§ — 1
seglin la nomenclatura de Olinishi) se obtiene
al reducir a la enzima con succinato (£} =~
0mYV). Posteriormente, cuando se dispuso de
técnicas de obtencidon de espectros a mas
hajas temperaturas, se observd una sefal casi
isotrépica (gz,,-. = 2.015,2.014,1.990) en la
enzima oxidada (E§ = +65mV), Muchas de
las caracteristicas de esta sefial (.S — 3) son
similares a las observadas en los centros Fe-S
de alto potencial de las ferredoxinas (HIPIP),
por lo que en un principio se pensd que su
estructura correspondia a la de un centro
tetranuclear paramagnético [4Fe-4S]3t en el
estado de oxidacion 3+ (Ruzicka y Beinert,
1974; Beinert y col, 1974; Ohnishi y col, 1974a
y b). En preparaciones de la enzima ligada a
la membrana, la intensidad de esta senal es
similar a la del centro 5 — 1 y ambas estdn
presentes con una concentracion cercana a
la del FAD (Albracht, 1980; Beinert y col,
1975). En la enzima soluble, sin embargo, la
intensidad del centro S — 3 es muy pequeiia
o incluso estd ausente; esto se debe a la ines-
tabilidad del grupo en presencia de oxigeno.
Al destruirse este centro la enzima pierde la
capacidad de reconstituirse en membrana y
la actividad de ferricianuro reductasa de baja
K, (Vinogradov y col, 1975), -

Por otro lado, Ohnishi y col (1973, 1974b
y 1976) observaron, a bajas temperaturas
(< 30K), que la reduccién de la enzima
soluble con ditionita produce un incremento
de intensidad del centro § — 1 de aproxi-
madamente el doble (1.6-1.75 espines/FAD).
Iiste aumento en la senal sélo aparece cuando
el potencial redox disminuye a —-400mV.
La interpretacion de estos resultados por
Ohnishi es que la seiial extra se debe a
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la presencia de un centro binuclear similar
al § — 1, en cantidades similares a las del
FAD, pero de potencial mucho mas bajo
(centro S ~2). Observaciones similares fueron
publicadas por Beinert y col (1974, 1975
y 1977). Sin embargo, estos investigadores
nunca encontraron concentraciones mayores
que 1.5 espines/FAD.

Ademis de aumentar la sefial del centro
5 —~ 1, la reduccién con ditionita modifica
sus propiedades de relajacion. A bajas tem-
peraturas (< 30 K), la seiial del centro S -1
inducida por succinato se satura ficilmente al
aumentar la potencia de las microondas. La
reduccién con ditionita evita la saturacién de
esta seiial. Ohnishi y col (1973, 1974b y 1976)
han interpretado esto como un aumenta en la
velocidad de relajacion del centro §—1 debido
a una interaccion espin—-espin con el centro
S —2 que en estas condiciones (reduccidn por
ditionita) seria paramagnético.

Durante algin tiempo se pensd que en la
enzima habfa dos centros binucleares ﬂ.S‘ -1
y § — 2) y uno tetranuclear (§ — 3), lo que
correspondfa bien a una estequiometria de Ie,
S y FAD de 8:8:1. Sin embargo, Albracht
(1980), no pudo reproducir en PSM el in-
cremento en la sefial inducido por ditionita
y concluyd que el centro § — 2 no existia.
Para racionalizar esta explicacion, Albracht
supuso que el centro § — 3 estaba en la
subunidad mayor mientras el centro § — 1
estaba en la subunidad menor de la enzima.
Ademds asumidé que en las preparaciones
de enzima soluble analizadas la subunidad
menor estaba presente en una estequiometria
de 2:1 con relacién a la subunidad mayor; lo
cual ya habia sido observado antes en algunas
preparaciones (Coles y col, 1972a y b). Esto
indicaba que el contenido real de Fe, Sy FAD
de la enzima ecra de 6:6:1. Albracht pensé
que el cambio en las propiedades de relajacion
del centro § — 1 se debia a una modificacion
en la estructura de la enzima inducida por la
ditionita.

Estudios posteriores con técnicas mds com-
plicadas derivadas de la RPE (el llamado
efecto lineal del campo eléctrico? en el espec-
tro de RPE) mostraron seiiales en la enzima

2 El efecto lineal de campo eléctrico se observa en espectros
de RPE cuando una muestra con iones paramagnéticos en sitios
no-centro-simétricos se sujeta simultineamente a un campo
eléctrico y a uno magnélico. Mims y Peisach (1976), Peisach y
Mims (1977), han obscrvado este efecto en ferredoxinas [2Fe-
28] y en otras protefnas fierro-nzufre. Ef efecto se manifiesta
como un corrimiento en_g proporcional al campo eléctrico
aplicado (del orden de 107 Volts/metro).

273

oxidada muy similares a las producidas por
proteinas que contienen centros trinucleares
[3Fe-z5] (en donde z puede ser 3 0 4) (Ackrell
y col, 1984). Estos centros se caracterizan por
ser paramagnéticos en el estado de oxidacién
34, en el cual dan una seiial de RPE casi
isatrépica centrada en g = 2.01, por lo que
sugirieron que el centro 5 — 3 era de este tipo.
En estos centros, la reduccién por ditionita
(a un potencial bajo & -130mV) induce
un estado paramagnético de S = 2 que es
silencioso en RPE. Beinert y Albracht (1982)
habian sugerido antes que, de estar presente
en la DHS, este estado podia ser el que
modificaba las propiedades de relajacion del
centro S — 1, lo cual implicaba que el centro
S — 2 en realidad no existia.

En 1985 Johnson y col, haciendo uso del
dicrofsmo circular magnético a bajas tempe-
raturas, encontraron, por comparacion con
observaciones hechas en bacterias, senales
correspondientes a tres centros Fe-S diferen-
tes. Una correspondia a un centro binuclear
[2Fe-25)'* (centro § — 1), otra correspondia
a un centro tetranuclear de bajo potencial
pa,rama%nético en estado de oxidacion 14,
[4Fe-4S]'t (centro S ~ 2) y la tercera co-
rrespondia a un centro trinuclear [3Fe-z28)'*
(centro § — 3).

Hasta entonces, por tanto, no se habia
observado la senal de RPE del centro § ~ 2,
[4Fe-4S])'*. En 1985 Maguire y col detectaron
por primera vez la sefial de RPE del centro
S — 2. Sus observaciones en el complejo II
mitocondrial y en enzima soluble mostraban
la aparicién de un centro [4Fe-4S)'* en prepa-
raciones reducidas con ditionita. La titulacidn
redox, seguida con RPE, indicaba que este
centro aparecia al mismo potencial redox
en que se modificaban las propiedades de
relajacion del centro 5 — 1. Esto constituia
evidencia directa de la interaccion espin~espin
entre ambos grupos. Ademas, el centro .5 — 2
reducido no exhibfa una seiial rombica simple
asociada a un sistema aislado de espin 1/2.
Su espectro (¢ = 2.270,2.064,1.992,1.874 y
1.630) se extendia en una amplia zona de

~campo magnético (= 1500 gauss). Espectros

igualmente complejos se han observado en fe-

‘rredoxinas con 8 I'e completamente reducidas

(Mathews y col, 1974). En estos espectros
se ha probado que el espectro deriva de
una interaccion espin-espin entre dos centros
[4Fe-4S)'*, cada uno con un espin de 1/2,
dando lugar a un espin efectivo intercentros
diferente de 1/2. De esta manera, el espectro
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del centro §—2 se puede entender suponiendo
una interacciéon espin—espin entre este cen-
tro y alguno de los centros paramagnéticos
restantes. Una interaccion dipolar entre los
centros S - 1y 5 — 2 no es suficiente para
explicar la multiplicidad de lineas del nuevo
espectro ya que la senal del centro S - 1
no se desdobla por reduccion con ditionita.
Es posible que el centro § — 2 también
interaccione, por intercambio, con el centro
S — 3 [En su estado base paramagnético,
pero silencioso en RPE (5 = 2 reducido por
ditionita), como se mencioné antes.] Las in-
teracciones entre centros tri y tetranucleares
han sido estudiadas en ferrodoxinas con 7 Fe
(Hagan y col, 1985). Desde que se encontrd
en mitocondrias, el centro S — 2 también ha
sido observado en otros organismos y sistemas
enzimdaticos homdlogos, como la fumarato
reductasa de E coli (Cammack y col, 1986).
Los espectros de RPE de los tres centros
Fe-S de la deshidrogenasa succinica que se
muestran en la figura 5 corresponden a los
grupos: [2F¢-2S]H*, (S — 1); [dFe-4S)P+, (5 ~
2); y [3Fe-zS]'*, (5 - 3). Cabe mencionar
que estudios de difraccion de rayos X de alta
resolucion, para determinar las estructuras
de los centros trinucleares de las ferredoxinas
de A wvinelanddi (Stout y col, 1988; Stout,
1988), mostraron que la incertidumbre en el
numero de azufres del centro, normalmente
indicada como 25 es de 4. Como la asignacidn
de la estructura de estos centros en las
mitocondrias se habia liecho por comparacion
de los espectros de RPE de bacterias, la
estructura del centro 5—3 de la DHS quedaria
como [3Fe-4S]. Suponiendo que éstas son las
estructuras de los centros Fe-S en la DHS, la
relacion final de Te, S y FAD en la enzima
seria. de 9:9-10:1. En nuestra opinién hay
que reconsiderar los valores de Fe y S dados
por analisis quimico antes de reconocer las
estructuras de estos centros como definitivas.
La razon porla cual la DHS tiene tres cen-
tros I'e-S diferentes no es clara. Puesto que los
centros S —1y §—3 pueden ser reducidos por
succinato, muy probablemente desempeiian
un papel como acarrcadores de electrones.
Sin embargo, un papel similar para el centro
S — 2 parece improbable, ya que su potencial
redox ( £}, entre ~260 y —360 mV) es bastante
menor que el del par succinato/fumarato. Un
estudio mas detallado de las interacciones
espin-espin entre estos grupos ayudard a
esclarecer sus funciones, De la misma manera,
se necesita informacion estructural de cémo
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Figura S, Espectros de RPE (en primera derivada) y esquemas
de la estructura de los centros Fe-S del complejo 1T mitocondrial.

estan arreglados los centros Fe-S y el FAD
en la enzima. A este respecto Alvarsson y
Hederstedt (1988), mostraron que el centro
S — 1 estaba en la subunidad menor de la
DHS de B subtilis, asimismo Johnson y col
(1988), mostraran que los centros § — 1y

S ~ 3 estaban en la subunidad menor de

la fumarato reductasa de FE coli, y que el
centro S — 2 estaba en la subunidad mayor o
enlazado entre las dos subunidades. Estudios
de nuestro laboratorio han mostrado que el
centro S — 1 interactda con algunos residuos
de cisteinas del sitio activo de la enzima.

C. Ubliquinol: ferricitocromo c
oxidorreductasa

El centro Ie-S de esta parte de la cadena res-
piratoria ha sido muy estudiado; existe vasta
informacion en revisiones previas (Beinert,
1977 y 1978; Trumpower, 1981; Rich, 1984;
Hatefi, 1985). Actualmente se reconoce que
la proteina l'e-S del complejo III se requiere
para la transferencia de electrones desde el
ubiquinol hacia e] citocromo ¢y, y para la
oxidacion de los citocromos b por el citocromo
¢ y la citocromo ¢ oxidasa. En muestras
tratadas con antimicina, la remocién del Fe-S
evita la reduccién de los citocromos & por
el ubiquinol, Asimismo, el Fe-S es necesario
para la reduccién de los citocromos b por
agentes oxidantes en presencia de antimicina
(Trumpower, 1981). Estos hechos se han
reunido en un esquema de transferencia de
electrones no lineal que involucra un ciclo Q
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de bombeo de protones similar al descrito por
Mitchel en 1976 (para una revisidn del ciclo
() ver Hatefi, 1985).

El Fe-§ de este complejo muestra una senal
con caracteristicas rémbicas (g = 2.03, 1.90,
1.77) tipicas de un centro binuclear reducido
similar al de las ferredoxinas, [2Fe-2S})'t. En
un cstudio de RPE de este grupo, De Vries
y col (1979), se llegd a la conclusion, que la
forma de linca de esta senal podia ser sinmu-
lada al superponer dos senales rémbicas con
distinto valor de g. También se observé que la
forma de linea de una de estas senales (centro
1) se modificaba en funcidon del potencial
redox, lo cual sugeria que la forma oxidada
de la coenzima @ estaba en la vecindad de
gste centro Fe-S.

Mds ecvidencia de la existencia de dos
especies distintas de centros Fe-S en el com-
piejo 111 fue aportada por De Vries y col
(1982]), quienes encontraron que la velocidad
de reduccion de sélo la mitad de los Fe-§ del
complejo HI era afectada por ta presencia de
antimicina.

Sin embargo, no todos los autores estan
de acuerdo con la existencia de dos centros
Fe-S localizados en distintos lugares y parti-
cipando en funciones diferentes en el complejo
II1. Hearshen y col {1982) propusieron que
cuando el centro Fe-S se reduce, el electrdn
tiene Ja misma probabilidad de dirigirse a
cualquiera de los dos Ie3*. Sin embargo, el
ambiente que ve cada uno de estos fierros
no es igual, resultando asf una mezcla 1: 1 de
centros paramagnéticos ligeramente distintos
espectroscopicamente. Con estas considera-
ciones llearshen y col (1982) pudicron simular
la senal del centro Fe-S del complejo 111 de S
lividus,
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ABSTRACT

In this paper we will examine the most relevant information
available to us in the field of the mitochondrial iron-sulfur
centers. Since many of the experimental advances in this area
have been made by the application of electron paramagnetic
resonance spectroscopy, we will provide a brief description of
the theoretical basis undertying this technigue.
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The purpose of this study was to use a direct method,
that of electron spin resonance spectroscopy, to evaluate
the ability of captopril, an angiotensin-converting en-
zyme inhibitor, to prevent the superoxide-mediated for-
mation of phenyl! radicals. Results indicate that, under
certain conditions, captopril is a potent inhibitor of the
generation of phenyl radicals, produced by the autoxi-
dation of phenylhydrazine. The inhibitory effect of cap-
topril, however, was better understood as a direct inter-
action of the drug with the metals that catalyze the
autoxidation process rather than as a reaction of capto-
pril with the free radicals generated. This last conclusion
was supported by the finding that captopril was not able
to inhibit the superoxide anion-mediated reduction of ni-
troblue tetrazolium, © 1891 Acudemic Press, Inc.

Captopril (CAP)? is an orally active compound that
was specifically designed to bind to the active site of an-
giotensin-converting enzyme (1). One of the most impor-
tant characteristics of CAP, which forms the basis of its
high affinity for angiotensin-converting enzyme (ACE),
is the presence of a sulthydryl group that complexes the
zinc ion of the enzyme. The competitive inhibition of ACE
by CAP resulted in a reduction of hypertension (2). More
recently, CAP has been found to provide protection
against reperfusion-induced arrhythmias (3-5). However,
this last property is not shared by other ACE inhibitors
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Bioguimica, Instituto Nacional de Cardiologia, lgnacio Chavez, Juan
Badiano No. 1 Mexico, D.F, 14080, México. Fax: (526) 573-0926,
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* Abbreviations used: CAP, captopril; ACE, angiotensin-converting
enzyme; phhy, phenylhydrazine; PBN, a-phenyi-N-t-buty! nitrone;
DETAPAC, diethylenetriaminepentancetic acid; NBTZ, nitroblue tet-
razolium,

0003-98G1/91 $3.00
Copyright © 1991 by Academic Press, Ine,
All rights of reproduction in any form reserved.

such as enalaprilat or teprotide (4, 5), which lack the active
thiol, indicating that this process is independent of an
action on ACE. Recent studies have provided evidence
that postischemic myocardial dysfunction is mediated, at
least in part, by the generation of free radicals derived
from oxygen (6-13). In this regard, CAP and other thiol-
containing drugs such as penicillamine, SQ 14,534, N-
acetyleysteine, and N-(2-mercaptopropionyl)-glycine were
found, by chemical means, to inhibit reactions mediated
by the superoxide anion or other reactive oxygen species
(5, 12, 14-16). Thus, it was proposed that their beneficial
effects could be related to an ability to scavenge free rad-
icals (5, 10, 12, 14-16).

The experiments described in the present study were
conducted to gain further insight into the mechanism by
which CAP inhibits reactions mediated by the superoxide
anion.

MATERIALS AND METHODS

Materials. All reagents were of the highest quality commercially
available. The hydrochloride salt of phenylhydrazine (phhy) was obtained
from Eastman Chemicals and was recrystallized twice from ethanol.
Captopril was a kind gift of Dr. Diego Gonzalez of E. R. Squibb and
Sons de México S.A. de C.V, The spin trap a-phenyl-N-t-butyl nitrone
(PBN), diethylenetriaminepentaacetic acid (DETAPAC), superoxide
dismutase from bovine erythrocytes, and bovine hemoglobin were sup-
plied by Sigma Chemical Co. Oxyhemoglobin was prepared, immediately
prior to use, as in (17). Briefly, hemoglobin was reduced with dithionite,
flushed with oxygen, and then purified on a Sephadex G-25M gel filtra-
tion chromatograph. The concentration of oxyhemoglobin was estimated
on the basis of a molar extinction of 15,3 X 10* M~! em™ at 540 nm (18).
At the concentrations utilized in this study, CAP did not induce any
change in the oxyhemoglobin spectrum.

Oxidation of phenylhydrazine. 'The aerobic autoxidation of pheny!-
hydrazine was initinted by Cu?* or by oxyhemoglobin {18, 19). Reaction
media contained 3 mM PBN, 1 mM phhy, 10 uM CuCl, or 10.4 uM oxy-
hemoglobin in 25 mM sodium borate/sodium hydroxide buffer at pH
10.2, final volume 1 ml. The borate buffer was passed through a Chelex-
100 column. The pheny! radical spin adducts produced in these reactions
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FIG. 1. Eflect of captopril on the ESR signal of the phenyl radical
spin adduct generated during the copper-initiated autoxidation of phen-
ylhydrazine. The reaction mixtures contained: (A) 3 mM PBN, 1 mM
phhy, 10 g™ CuCl; in 25 mM sodium borate/sodium hydroxide buffer
at pH 10.2; final volume 1 ml. In (B) 50 gM captopril was also added.
Incubation conditions are indicated under Materials and Methods. The
instrumental details were: field set 3339 G, field scan 100 G, modulation
frequency 100 kHz, modulation amplitude 0.63 G, receiver gain 2 < 103,
time constant 0.250 s, scan time 240 s, microwave frequency 9.4265,
microwave power 10 mW,

were monitored 4 min after the start of each experiment. The temper-
ature was 20°C.

Spin trapping. 'The ESR spectra of the nitroxide spin adducts were
recorded using an X-band Varian E 112 with a Varian microwave rec-
tangular cavity TE 102,

Aerobic reduction of nitroblue tetrazolium. ‘The reaction mixtures
contained, in a total volume of 2,0 mnl, 25 mM Tris-HCI, pH 8.3, 108 uM
nitroblue tetrazolium (NBTZ), and 200 uM NADH, The reaction was
initiated by adding 32 uM phenazine methosulfate and production of
formazan was followed at 560 nm at 20°C (20). We checked that CAP,
without NADH added, did not reduce NB'T'Z in the presence or absence
of phenazine methosulfate. Neither was there observed any reduction
of NBTZ by NADH in the absence of phenazine methosulfate.

Light absorption spectra.  Diflference spectra were recorded using an
UV-Vis Aminco spectrophotometer.

RESULTS

The autoxidation of phhy in buffered aqueous solutions
is a complex process involving several intermediates (18).
Hill and Thornalley (17, 19, 21) demonstrated that, in
the presence of a spin trap, the reaction produced nitrox-
ide spin adducts derived from phenyl radicals, providing
a way to follow the reaction by means of ESR spectros-
copy.

This reaction can be initiated by metal cations, such
as Cu*', in which case chelating agents act as inhibitors
(18). Figure 1A shows the ESR spectra generated when
the reaction was started by 10 uM CuCl,. The spin adduct

is characterized by the ESR parameters g = 2.0054, ay
= 16.2 G, and ay = 4.3 G, which are identical to those
reported for the pheny! spin adduct of PBN (17). In the
absence of Cu®* or in the presence of Cu** without phhy,
no ESR signal was observed.

When the reaction was started in the presence of 50
uM CAP, the ESR signal was completely abolished (Fig.
1B). This effect of CAP cannot be ascribed to a modifi-
cation of PBN for several reasons: (a) PBN was in great
excess over CAP, (b) PBN in the presence of CAP alone
did not give rise to any ESR signal, (c) the addition of
CAP, after the signal of the pheny! adduct of PBN was
formed, had no effect on it, and (d) the phenyl radical
spin adduct of PBN could be formed under other condi-
tions even in the presence of CAP (see below).

Since the intensities of the ESR peaks observed are
directly proportional to the free radical concentration,
the height of the third line of each spectrum was taken
to evaluate the effect of increasing concentrations of CAP
on the free radical production. Figure 2 (@) shows that
CAP suppressed the formation of the spin adduct in a
dose-dependent manner. The concentrations of CAP re-
quired to inhibit the reaction (IC;; ~ 30 uM) were similar
to those required to inhibit other reactions mediated by
the superoxide anion (5, 15, 16).
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FIG. 2. Eflect of increasing concentrations of captopril on the copper
or oxyhemoglobin-initinted auioxidation of phenylhydrazine. The aerobic
autoxidation of phenylhydrazine was initiated by 10 gM Cu?* (@) or by
10.4 uM oxyhemoglobin () in a medium similar to that described in
the legend to Fig. 1. Incubation conditions are detailed under Materinls
and Methods. The eflect of increasing concentrations of captopril or
SOD (inset) is shown.
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The inhibition of the reaction by superoxide dismutase
(SOD) (Fig. 2, inset, ®) showed the generation of 0% in
our system as it has been demonstrated by kinetic studies
(18, 22, 23). Since the reaction can also be prevented by
chelating ligands (18) (we ohserved 96% inhibition in the
presence of 1 mM DETAPAC), CAP could have acted by
means of either mechanism, to scavenge any of the rad-
icals which are intermediates in the autoxidation of
phenylhydrazine or by forming an inactive complex with
the catalytic metal.

In order to clarify this point the reaction was initiated
with oxyhemoglobin. It has been reported that oxyhe-
moglobin can also initiate the autoxidation of phhy (18);
in this case chelating agents do not interfere (we did not
observe any modification of the ESR signal by 1 mM DE-
TAPAC). Experiments identical to those described above
with the exception that oxyhemoglobin replaced Cu** give
rise to the same PBN adduct, trapped in approximately
the same yield. Figure 2 ((J) shows that under these con-
ditions CAP (25-200 uM) did not have any effect on the
ESR signal, yet the reaction could be inhibited by SOD
(Fig. 2 inset, [0). In the presence of 50 um CAP, 40 ug
SOD/ml equally prevented the reaction (656% inhibition)
(data not shown). All these results suggest that CAP could
inhibit the formation of phenyl radicals by a direct in-
teraction with the catalytic metal ions present and not
by scavenging the free radicals that propagate the reac-
tion.

Considering the above conclusion, we predicted that
CAP would not be able to inhibit other superoxide-me-
diated reactions in which metal ions were not required as
catalytic agents.

It has been reported that a mixture of NADH and
phenazine methosulfate induces reduction of NBTZ in a
superoxide-mediated manner which is inhibitable by SOD
(20). Figure 3 (@) shows the eflect of increasing concen-
trations of SO (0.1-0.5 pug/ml) on the rate of formazan
production. At the same time, Fig. 3 ([J) shows that CAP
(10-200 uM) had no effect on the reaction; a similar result
was observed after adding 1 mM DETAPAC. In the pres-
ence of 100 uM CAP, 1 pg SOD/ml almost completely
inhibited the reaction (data not shown).

Finally, Fig. 4 shows the difterence spectra, obtained
at the pH values of 7.4 and 10.2, of captopril, copper, and
captopril-copper complex. It is evident from these data
that the interaction of CAP with copper produces a com-
plex with spectral characteristics fairly different {rom
those of CAP or copper alone, This constitutes direct ev-
idence for the interaction of both reagents, Using di-
thiobis(2-nitrobenzoic acid) to determine the initial rate
of loss of ~-SH groups in the presence of different concen-
trations of copper (12, 24), the value of the dissociation
constant (Kp; pH 7.0 and 25°C) of this complex was es-
timated to be 3.0 uM.
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FIG. 3. Effect of captopril and SOD on reduction of nitroblue tet-
razolium by O3, Assays were carried out as described under Materials
and Methods. Where indicated, increasing concentrations of SOD (@)
or captopril (O) were added.

DISCUSSION

There is a growing interest in the use of antioxidant
drugs inasmuch as numerous studies have provided evi-
dence that free radicals might be involved in various hu-
man disease processes (25). Many substances have been
proposed to act as antioxidants in vitro and in vivo. How-
ever, not all of these compounds have been definitively
proven to support antioxidant activity against the bio-
logically relevant reactive oxygen species (26).

In this regard, Cuperus et al. (14) found that antiar-
thritic drugs containing thiol groups scavenged hypo-
chlorite produced by myeloperoxidase. Likewise, Bagchi
et al. (15) found CAP to be a potent free radical scavenger
of superoxide anion, hydroxyl radical, and hypoclorite.
Similar results were obtained by Mak et al. (16) utilizing
sulfhydryl-containing ACE inhibitors. In addition, Wes-
tlin and Mullane (5) reported that CAP and other thiol-
containing drugs scavenged superoxide anions generated
by diflerent methods.

In accordance with these data our in vitro analysis
showed that CAP, at concentrations similar to those uti-
lized in other works (5, 12, 16), suppressed the superoxide
anion-mediated production of pheny! spin adducts when
the autoxidation of phhy was initiated by Cu**. However,
it seems much more likely that this interference of CAP
was not by scavenging, but by acting on the transition
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FIG, 4.

Diflerence spectra of captopril, copper, and eaptopril-copper complex at pH 7.4 and pH 10.2, Spectra were recorded in 25 mM Tris-

HCI bufler at pH 7.4 (A) or in 25 mM sodium borate/sodium hydroxide buffer at pH 10.2 (B); final volume, 2,6 ml. Where indicated, buffer was
added 1o the sample and reference cuvettes und the haselines were obtained, then 10 uM CAP () or 10 uM CuCl, (- --) was added to the sample
cuvette and the difference spectra were recorded. (- - -+ ) Baselines were obtained with a buffer solution containing 10 um copper, and then 10 uM
CAP wns added to the sumple cuvette and the ditlerence spectra were recorded.

metal ions needed for {ree radical formation. Indeed, CAP
had no effect on free radical production when metal ions
were not needed for the reaction (Figs. 2, (0 and 3, ().
This lack of an inhibitory effect of CAP, found by us and
in contrast to that reported in the literature, could be
rationalized by considering that, in many of the systems
studied, traces of transition metals present were needed
to initiate the reactions.

Here it is worthwhile to mention that thiols can react
with O3, but the rate constants for these reactions are
low, usually <10* M™' 57! (12, 26-28). Thus very high thiol
concentrations, in the millimolar range, would be required
to achieve significant scavenging.

An implication of these results can be seen in relation
to the protective effect of CAP found in the reperfusion-
induced myocardial injury (3-5) since, as mentioned
above, many studies have provided evidence that the
postischemic dysfunction is caused by {ree radicals derived
from Q.. Although the molecular sources of these radicals
remain to be fully established (29), it has been proposed
that transition metal ions, as iron and copper, could play
a relevant role in the oxidative damage (10, 30-32). Thus,
it is possible that CAP could exert a beneficial action at
this point by preventing a metal-catalyzed (33) generation
of active oxygen species.

In conelusion, the present results do not provide evi-
dence for a reaction of CAP with O3 radicals. In contrast,
our in vitro analysis strongly suggests that an interaction
of CAP with the metal ions present is the central mech-
anism whereby CAP interfered with the superoxide-me-

diated process studied. This mechanism could be of bio-
logical relevance.
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Abstract

The effect of disulfiram on succinate oxidase and succinate dehydrogenase.
activities of beel heart submitochondrial particles was studied. Results show
that disultiram inhibits both functions. Suecinate and malonate suppress the
inhibitory aiction of disulfiram when succinate dehydrogenase is stubilized in
an active contormation. Disulfiram is not able (o inhibit the enzyme when
succinate debydrogenase is inactivated by oxaloacetate. The inhibitory eflect
of disultiram is reverted by the addition of dithiothreitol. From these results,
it is proposed that disulfiim inhibits the utilization of succinate by o direct
modification of an =S group Jocated in the catalytically active site of
succinate dehydrogenase.

Key Words: Disulfirant; antabuse; heart mitochondria: submitochondrial
particles; suceinate dehydrogenase; sulthydryl groups.

Introduction

Disulfiram is an orally active compound that has long been used in the
treatment of alcoholism. Since the introduction of disulfiram (Dis) in the
management of the alcoholic illness, many in vivo and in vitro studies have
been carried out with the intention of clarifying the mechanism of the
disulfiram-cthanol reaction. In this regard, evidence has been provided which
indicates that the drug interferes with many important enzyme systems such
as liver aldehyde dehydrogenase (Graham, 1951), xanthine oxidase (Richert
et al., 1950), and dopamine-f-hydroxylase (Goldstein et «l., 1964). Disul-
firam also inhibits NAD*-dependent mitochondrial oxygen consumption
and oxidative phosphorylation in rat liver mitochondria (Hassinen, 1966). It
has been proposed that the inhibitory action of Dis is related to its ability

"Departaniento de bioguimica, Institmto Nacional de Cardiologia, fgnacio Chivez, Juan
Badiano No, | Mexico, D.F. 14080, Mexico,
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to react with the sulfhydryl groups of proteins to form mixed disulfides
(Encanya er af., 1981; Kelner and Alexander, 1986).

Recently, studies in our laboratory have shown that Dis interferes
directly with the elements that establish the mitochondnal calcium balance
(Chavez er al., 1989). In order 1o further characterize the eflect of disulfiram
on the mitochondrial homeostasis, we studied the influence of the drug on the
activities of suceinate oxidase and succinate dehydrogenase. The results are
discussed in terms of the participation of an -SH group. located in the active
site of SDH, in the binding of the inhibitor disulfiram.

Materials and Methods

Mitochondria from bovine heart were prepared by the polytron techni-
que as reported before (Jurkovitz et al.. 1974). Bovine-heart mitochondria
were used for the preparation of submitochondrial particles (ETPy) as
indicated by Lee and Ernster {1966). As obtained, membrane-bound SDH
contained tightly bound oxaloacetate which inactivates the enzyme (Wojtezak,
et al., 1969). In order to remove oxaloacetate from the enzyme, the precipitated
particles were suspended in a solution containing 200mM sucrose, SmM
malonate-Tris (pH 7.3), and 25mM Hepes, pH 7.3 (Smg protein per ml).
The mixture was incubated tor 1 h at 30°C, cooled on ice, and centrifuged.
Then, in order to achicve complete removal of malonate, which is a powerful
compelitive inhibitor of the enzyme, the ETP), were washed twice in 200 mM
sucrose, 25 mM HEPES (pH 7.3) and 500 mM NaBr. Finally the ETP,, were
wished with the same bufler without NaBr, since the anion (Br ) itsclt is
inhibitory at high concentrations (Ackrell ¢f al., 1978). The level of activity
reached by the malonate-activated ETP,, was not modified by a subsequent
incubation with succinate, indicating that the enzyme was fully activated
without any bound oxaloacetate (Kearney, 1957, Kearney er af., 1974), Also,
the catalytic activity (phenuzine methosulfate) measured at 3°C did not show
a lag period, indicating that the preparation did not contain malonate (Coies
and Singer, 1977).

Analysis of the respiratory rate was carried out polarographically
with a Clark-type clectrode in a medium containing 200 mM sucrose/25 mM
Tris-HCl (pH 7.35). Succinate dehydrogenase activity was  measured
spectrophotometrically (Mowery et al., 1977) at 25°C in a mixture com-
prising 200 mM sucrose, 25mM Tris-HC! (pH 7.35), 5mM succinate (or
the amount needed to complete this concentration in the case of medium
already having succinate), | mM NaCN, 50 uM dichloroindophenol (DC1P),
and L4mM phenazine methosuifate (PMS). The reaction was started
by the addition of an appropriste amount (41.7ug/ml) of the ETP),
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preparation. Protein was determined according to the method of Lowry et ol

(1951).

Results

As demonstrated by the experiment in Fig. a, the incubation of ETP,
with 60 uM disulfiram in sucrose medium at pH 7.35 resulted in a time-
dependent loss of succinate oxidase activity. This inhibition could be the
consequence of the binding of disulfiram at multiple sites of the respiratory
chain. In order to evaluate a direct interaction between disulfiram and SDH,
the efiect of the incubition of ETP,, with disulliram on the SDH activity was
measured. As observed in Fig. 2. increasing concentrations of disulfiram
(10-100 pM) added to the ETP,, incubation mixture induce a progressive
increment on the rate of inactivation of SDH activity.

The inactivation of membrane-bound SDH by disulfiram doces not
directly imply that a specific residue is being modilied nor that such residue

Suce. Succ.
[ L] [
._.!
a
32 b
204\ 125 g1 N\ %
T
100 nA O 230
|
0 0 7
T U W T ? L{/_.l
t(min}

t {min)

4
Fig. 1.

consumed per minute per midligram of protein. Temperature 25°C,

Effeet of disulfiram on the acrobic oxidation of succimte. (i) Protein (0.5 mg) from
ETP,, was preincubated for different times in u medium (final volume 2ml) as deseribed in
Materials and Methods, which also contained 60 uM disulfiram, After the preincubition. SmM
suecinate-Tris, pH 7.35 (1), was added 1o the mixture in order to determine the remaming rale
ol oxygen consumption. The activity without added disulfiram was constant during the expeni-
mient. (b) The respiratory rate of the control, after preincubation for 7min in the same medium
without added disulliram, is shown. The numbers indicate the number of atoms of oxygen
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Fig. 2. Inactivaion of membrane-bound SDH by disulfiram. Submitochondrial particles
(A3 pp/mi) were incubated inoa mixture contaning 200 mM  sucrose, 25mM - Tris-HCH
(plt 7.35), 1 mM NaCNand the indicated concentritions of disulfiram. At the times indicaled
on the abscissa, the appropriate amount of the E'TP,, was withdrawn-and their succinate
dehydrogenase setivity was assayed as described in Materials and Methods. The activity without
addued disulfiran was constant during the experiment (0.75 pM suceimate oxidized per min per
nig protein).

lies at the catalyucally active site. However, protection of an enzyme by
substrate or by competitive inhibitor would suggest that the amino acid
residues that are protected belong to the active site. Figure 3 shows that
increasing concentrations of succinate (50-400 4M) progressively diminish
the rate of enzyme inactivation by disulfiram (50 uM). Similar results with
malonate (2.5-20 uM) are shown in IFig. 4. Thus, succinate and malonate
protect membrane-bound SDH against mhibition by disulfiram.

The experiments described so far were carried out with ETP, in which
SDH had been previously activated with malonate (see Matcerials and
Methods), However, in mitochondria, succinate dehydrogenase is subjected
to a complicated regulatory mechanism (Singer ef al., 1973). The enzyme can
exist under two forms: an inactive state stabilized by the binding of oxalo-
acctate and other negative modulators (Wojtezak et al., 1969; Chavez et al.,
1986) and an active state stable in the presence of different positive modula-
tors such as succinate or malonate (Kearney, 1957; Kearney et al., 1974;
Gutman, 1977).

The question arises whether the inactive form of SDH is also able to
readily react with disulfiram to inhibit the enzyme activity. Figure 5 shows
that when ETP,, were incubated for 20min in the presence of oxaloacetate

Jay
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Fip, 3.  Effect of succinate on tle inactivation of membrane-bound SDH by disulfiram. ETP,),
were modified by disulfiram (50 M) as described in Fig. 2 but in the presence of the indicated

concentritions of succinate. In the absence of disulfiram, the enzyme was perfectly stable in the
presence or absence ol succinate,
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Fig, 4. Effect of malonate on the inactivation of membrane-bound SDH by disulfiram. ETP,,
were modified by disulliram (50 uM) as described in Fig. 2 but in the presence of the indicated
concentrations of malonate, In the absence of disulfiram, the enzyme was perfectly stable in the
presence or absence of malonate,

and then spun down, the specific activity ol the enzyme was very low,
indicating that SDH was stabilized under the inactive form (Fig. 5, solid bar,
Ox). Under these conditions, reactivation of the enzyme could be achieved by
further incubation with succinate (Fig. 5, hatched bar, Ox). When disulfiram
wis added to oxaloacetate-treated ETP, and the suspension was centrifuged,
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Fig, 5, Comparative inhibition of membrane-bound succinite dehydrogenase by disulfiram
measured with activated or deactivated enzyme. Membrane-bound SDH (0.5 mg/ml) was
activated with malonate as indicated in Materials and Methods or deactivated by incubation for
20 min with 1.0 mM oxaloacetate (Ox). Then, where indicated, 60 M disulfiram (Dis) was added
and the suspensions were allowed to react for 10min at 25°C. All the samples were cooled on
ice. centrifuged, and their activities measured without (solid bars) or with further activation
(hatched bars) for 20min at 25°C in a medium containing 200mM sucrose, 25 mM Tris-HCl
(pH 7.35), 20 mM succinate, and TmM NaCN. Values are mean £ standard deviation of three
experiments.

the recovered activity was also low (Fig. 5, solid bar, Ox — Dis). How-
ever, when succinate was added to activate this last preparation, it was
observed thut the catalytic activity of the reactivated SDH was not inhibited
by disulfiram (Fig. 5, hatehed bar, Ox — Dis), indicating that the group
which is modified by Dis in the active enzyme (Fig. 5, solid bar, Dis
and hatched bar, Dis), became uncreactive in the oxaloacetate-inactivated
SDH.

Since disulliram binds to protein sullhydryl groups (LEncanya et al.,
1981: Kelner and Alexander, 1986), the ability of the reducing agent dithio-
threitho! (IDTT) 1o revert the inhibitory action of Dis was tested. Figure 6
(hatched bar, Dis = DTT) shows that the addition of 1miM DTT restored
76% of the activity in the ETP,; that had been previously treated with
disulfiram.

AN,
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Fig. 6. Reversal by dithiothreito) of disulfiram inhibition of succinate dehydrogenase activity.
ETP,, (0.5mg/ml) were incubated in 200 mM sucrose and 25 mM Tris-HCI (pH 7.35). Where
indicated, membrane-bound ST was allowed to react for 10 min a1 25°C with 60 uM disulfiram
(Dis). Then, where indicated, 1mM dithiothreito! was added (DTT) and the reaction allowed to
proceed for 4min more, All the samples were cooled on ice, centrifuged, and their activities
measured. Values are mean + standard deviation of four experiments,

Discussion

The evidence presented in this study shows that disulfiram inhibits the
oxidation of succinate by submitochondrial particles. As has been indicated,
this inhibilory action of Dis parallels the inhibition of the succinate dehydro-
genase activity, In this regard, it was found in an early study by Hassinen
(1966) on the elfect of disulfiram on mitochondrial oxidations that Dis did
not aflect the rate of oxygen consumption by submitochondrial particles
while utilizing succinate as sustrate. Qur present results provide an explana-
tion for this apparent discrepancy since, as indicated in Figs. 3 and 4, the
presence of ligands of the active site. such as succinate or malonate, in the
incubution medium protects the SDH enzyme against the inhibitory action
of disulfiram,
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The protective eflect of succtnate and malonate cannot be ascribed to an
activation of the enzyme since the above expertments were carried out with
fully activated membrane-bound SDH. The results rather suggest that the
ihibition of the activated SDH by Dis is the consequence of the modification
of a group located in the catalytically active site.

Concerning the nature of the group modified by Dis, it has been reported
that disulfiram can react with the protein -SH groups yiclding mixed disul-
fides (Encanya e al., 1981; Kelner and Alexander, 1986). The finding that
dithiothreitol reverts the inhibition induced by Dis strongly suggests that the
binding site of the drug is a sulfhydryl group. For succinate dehydrogenase,
there is well-documented proof for the presence, in the active site, of an -SH
group essential for activity which becomes reactive when the enzyme is

stabilized in the active conformation (Kenney, 1975; Vinogradov ¢r al., 1976;
Kotlyar and Vinogradov, 1984). Ligands of the active site of SDH prevent
the reaction of the -SH group with sulthydryl-binding rcagents, so that it is
possible that the active-site =SH group is modified when disulfiram inhibits
SDH activity. Supporting this proposal is the fact that the essential -SH
group of SDH is not reactive when the enzyme is inactivated by oxaloacetate
(Le-Qudc ez al., 1981; Guiman, 1978; Kenney, 1975; Vinogradov et al., 1976,

- Kotlyar and Vinogradov, 1984). In this regard, it has been suggested that
oxaloacetate reacts with the active-site cysteinyl residue via a thiohemiacetal
formation (Vinogradov et al., 1971, 1972).

The present results produce better understanding as to the action of
disulfiram on the respiratory chain. In addition, they prove the uscfulness of
Dis as a tool for the study of the active site of SDH. On the other hand, it
has 10 be considered that the inhibition of the Krebs cycle by disuifiram, at
the level of SDH, may be one of the important factors contributing to the
manifestation of the disulfiram-ethanol reaction. At this point, one may well
inquire whether disulfiram can inhibit SDH under all metabolic sitnations.
The data presented here indicate that Dis inhibits the utilization of succinate
onty when SDH is present in an active conformation. In mitochondria a
number of normal constituents (succinate, reduced CoQ,,. ATP) act as
positive modulators of succinate dehydrogenase (Singer ¢r af., 1973). It
is at once evident that just when the physiological conditions of the
cell permit accumulation of these mitochondrial metabolites, SDH would
be vulnerable to disulfiram. In this regard, it is noteworthy that full acti-
vation of the enzyme is achieved under conditions of reversed electron flow

(Gutman et al., 1971} in which succinate dehydrogenase plays a basic role.

This process has been found to be implicated in fatty acid chain elongation

(Whereal et al., 1967), a condition otherwise commonly present in the

liver during the carly stages of alcoholic intoxication (Feinman and Licber,
1974).
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Abstract

Cadmiwm ions inhibit membrane-bound succinate dehydrogenase with @
second-order rate constant of 10.42mM - 's T at pH 7.35 and 25°C. Succinate
and malonate protect the enzynie against cadmium ton inhibition. The protee-
tion pattern exeried by succinate and malonate suggests that the group modi-
ficd by cadmium is located at the active site. The pH curve of inactivation by
Cd** indicates the involvement of an amino acid residue with pAa of 7.23,

Key Wurds: Mitochondria; phosphorylating eleciron transport  particles;
succinitte dehydrogenase; heart suecinate dehiydrogenase; respiratory chain;

cadmium; substrile-binding site.

Introduction

It has been known for a long time that succinate dehydrogenase (SDH) (EC
1,3.99.1) is very sensitive to reagents that modify thiol groups (Hopkins and
Morgan, 1938; Hopkins er al., 1938). In this regard, evidence has been
provided on the presence of a highly reactive sulthydryl group at the active
site of the enzyme (Kenney, 1975; Vinogradov er af., 1976; Kotlyar and
Vinogradov, 1984; Phillips et «f., 1987; Jay, 1991), which Vinogradov ef al.
(1972) suggested was involved in the tight binding of the inhibitor oxalo-
acetate. The presence of the sulfhydryl at the active site, however, has been
questioned by some authors, based on the finding that the inhibition of the
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enzyme by thiol-binding reagents follows complex kinetics (Sanborn e¢r al.,
1971; Felberg and Hollocher, 1972; Lé-Quéc et al., 1981).

During the course of experiments involving the effect of Cd** on mito-
chondrial caleium transport, it was found that succinate dehydrogenase was
particularly sensitive to the action of this cation (Chavez er al., 1985). As
cadmium is reported to be a thiol reagent (Valle and Ulmer, 1972; Ochiai,
1977), such findings were consistent with the important role that —=SH groups
play in the enzyme.

In order to gain further insight into the effect of Cd** on succinate
dehydrogenase, we studied the kinetics of inhibition of membrane-bound
enzyme by cadmium. The results indicate that the binding of the metal at the
catalytically active site induces loss of the activity, [nactivation kinetics was
used to obtain the pA, vatue for the group modified by cadmium. The possible
involvement of an -SH group in the binding of Cd** to the active site is
discussed,

Experimental

Beef heart mitochondria were isolated as reported (Jurkovitz er al.,
1974). Submitochondrial particles (ETP,) were prepared as indicated by Lee
and Ernster (1966). Since this membrane preparation contained a significant
amount of tightly bound oxaloacctate, which inactivates SDH (Wojlezak
et al., 1969; Singer er al., 1973), the ETP,; were activated with malonate as
previously described (Jay, 1991). Then, in order to achieve complete removal
of malonate, the ETP,, were washed twice in 200 mM sucrose-25 mM Hepes
(pH 7.3), and 500 mM NaBr. Finally, the ETPy; were washed with the same
bufler without NaBr, since the anion (Br™) itself inhibits at high concentra-
tions (Ackrell ¢f al., 1978). The level of activity reached by the malonate-
activated ETP,; was not modified by a subsequent incubation with succinate,
indicating that the enzyme was fully activated without any bound oxalo-
acetate (Kearney, 1957, Ackrell er al., 1974). Also, the catalytic activity
measured at 3°C did not show a lag period, indicating that the preparation
did not contain malonate (Coles and Singer, 1977). |

The inactivation experiments were carried out at 25°C in a standard
medium containing 200mM sucrose, 25mM Tris (pH 7.35), | mM cyanide,
8.5 M rotenone, and succinate or malonate, at the concentrations indicated
in the figures. The reaction was started by the addition of the ETPy, (42 ug
protein/ml) followed by the addition of CdCl,, the concentrations of which
are indicated in the legends of the figures. Aliquots from these media were
withdrawn at the indicated times and the dehydrogenase activity was
measurcd by adding 5.0mM succinate (or the amount needed to complete
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this concentration in the case of the media already having succinate),
0.064 mM dichloroindophenol (DCIP), and 1.4 mM phenazine methosulfate
(PMS) (final volume 3 mi) (Mowery ¢ al., 1977). For the determination of the
pH dependence of the rate constant of mhlbmon the medium was prepared
with a mixture of 10mM MQOPS plus 10 mM Tris at alt pH values, in order
to avoid the effect of difterent salts at different pH.

All the kinetic constants were determined by fitting the experimental
data, by the least-squares method, to the respective equations, Protein con-
centration was determined by the method of Lowry et al. (1951).

Results

Incubation of the ETPy with cadmium in a sucrose medium at pH 7.35
resulted in a tme-dependent loss of succinite dehydrogenase activity.
Despite the fact that the amount of Cd** needed to inactivate the enzyme is
low, semilog plots of residual enzyme activity versus time yielded straight
lines. Thus, it was not necessary to fit the data to a second-order scheme
characteristic of a bimolecular process (Tian er al., 1985). Figure [a shows
the data obtained from inactivation experiments at different concentrations

-~ a
Q
o 10° K
g Cd uM app
o o o 0
g"on y b
:‘ : - 16""
9'-_-‘-3 - 121
> 7 4
> ]
o
<< 10 4
o
c 0 T 1 T
c 0 05 10 15 20
£ 2
o Cd uM
o

T ) T I
4] 2 4 6 8 10
minutes

Fig. 1. Inactivation of SDH by cadmium. (a) Semilog plot of pcru.nt of remaining activity
versus incubation time. Protein (4";ngml) from ETP,, was incubated with different concentra-
tions of CdCl, in a sucrose medium, pll 7.35, at 25°C. At time intervals, aliquols were removed
for measurement of the residuw) enzyme aclivity (see Experimental). The numbers on the slopes
indicate cadmium concentration (M), (b) Apparent rate constant for inactivation (K, ;) VErsus
cidminum concentration. The &, was evitbuated by multiplying the slopes in {a) by 2 1303,
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of cadmium. The slopes of these plots were lincarly related to the concentra-
tion of the reagent (Fig. Ib), suggesting that there is no reversible complex
formed prior to the inactivation process (Kitz and Wilson, 1962; Jabalquinto
et al., 1983; Mas and Colman, 1983; Dominici er al., 1985). Therclore, the
data can be analyzed using a pscudo-first-order scheme for an irreversible
inhibitor, where the inactivition velocity is given by

diE] _ o (;
- 7 = A.‘mp[Ez] (l)

where [£,] is the concentration of active enzyme at time ¢ and K, (apparent
pseudo-first-order rate constant) = K,[Cd** ], where K, is the second-order
rate constant, which can be obtained from the slope of the plot in Fig. 1b
(ky = 10.42mM s "),

The inactivation of membrane-bound SDH by Cd*' does not directly
imply that a specific residue is being modified nor that such residue is present
at the active site. However, protection ol an enzyme by substrate or by a
competitive inhibitor would suggest that the amino acid residues that are

b
10K, ,p 6
4
© 2-
] a
3 '
o 100 0 1 T 1 T
S 1004 0 200 400 600 800
3 . 102 succinate (pM)
2 . K
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ER e
o -
S L. 60
[ =13
E el
c
'g 30
Q 15+
I~ .
T T 0 T T 1
0 5 10 15 0 200 400 600 800
minutes succinate (uM}

Fig. 2. Eflect of succinate on the inactivation of SDH by cadmium. (a) Semilog plol of percent
of remaining aclivity versus incubation time. The incubation conditions were similur 10 those
described in Fig. Tin the presence of M Cd*' excepr for the presence of succinate, the
concenlrations of which are indicited on the slopes. In the absence of cadmium, the enzyme was
perfectly stable in the presence or absence of succinate, (b) Apparent rite constant for inactiva-
tion (K,,,) versus succinate concentration. (¢) Plot of 1/K,,, versus succinate concemtration.
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protected lic at the active site. The observed pseudo-first-order rate constant
for the enzyme inactivation in the presence ol a ligand of the active site (K;,)
15 given by (Mildvan and Leigh, 1964)

K1l x Kp

K’ 2
( ,lpp) Kl) + A ( )
and in reciprocal form,
| | A
i = » + » 2 (3)
[\upp [l]hl [”hll\l)

where A represents either a substrate or a competitive inhibitor of the
enzyme, K, is its dissociation constant, and the irreversible inhibitor (1) will
only hind to the free enzyme, Equations (2) and (3) predict a rectangular
hyperbola and a straight line when /K[, is plotted against the concentration
of A, thus providing a way to know if' I (Cd**) reacts with the EA complex.
When Eq. (3) applies, K), can be obtained from the extrapolated abscissa
intercept ol the plot. Figures 2 and 3 show the experiments, with succinate
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= . matonate (uM)
—— -1
& ]
T ¢
£ R
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1 1p-
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=
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£ 5~
o
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- r . 0 Y | T 1
0 5 10 15 20 0 5 10 15 20

minutes malonate (uM)

Fig. 3. Effect of mulonate on the inactivition of SDH by cadmium. (a) Semilog plot of percent
of remining activity versus incubation time. The incubation conditions were similar to those
described in Fig. t in the presence of 1M Cd** except for the presence of matonate, the
concentrations of which ure indicated on the slopes. In the absence of cadmium, the enzyme was
perfectly stable in the presence or absence of malonate. (b) Apparent rate constant for inactiva-

tion (K,,,) versus malonate concentration. (¢) Plot ol 1/K,,, versus malonate concentration.
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and malonate respectively, carried out under these considerations. Figure 2a
shows that increasing concentrations of succinate progressively diminish
(initial value 6.9 x 10°* x s7'} the rate of enzyme inactivation by cadmium,
The plot of K, versus [succinate] was hyperbolicaly descending (Fig. 2b)
as predicted by Eq. (2). The plot of I/K,,, versus [succinate] was linear
(Fig. 2¢), in accord with Eq. (3). From this plot a K|, value of 267 uM for
succinate was obtained. Similar results, with malonate, are shown in Fig. 3.
In this case a Ay value of 1.7 uM was found. Similar values of K, for succinate
(300 pM) and mulonate (1.3 uM) have been previously reported (Vinogradov
et al., 1976; Kotlyar and Vinogradov, 1984). Thus, succinate and malonate
completely protect membrane-bound SDH against inactivation by cadmium.

Information on the residues modified by cadmium was derived from the
study of the rate of inactivation us a function of pH. If a cysteine residuc is
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\ 2 .3
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10° K, 5
16
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65 70 15 8.0 85
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Fig. 4. Inactivation of SDH by cadmium as a function of pll. Apparent rate constant for
v . » . ~ §7 .4 - ~ .

inactivation (K. ) versus pt (1 gM Cd** ), In the absence of cadmium, the enzyme was stable
during the assay at all the pH tested. Inset: Plotof /K, versus [H ¥ ). The incubation conditions

are detailed in Experimental.
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required for the binding of cadmium, the rate of inactivation of the enzyme
will depend on the degree of protonation of the -SH group, provided the
unprotonated cysteine is modified at a substantially faster rate than the
protonated cysteine. The pseudo-first-order rate constants for inactivation
were determined at different pH (Fig. 4) and plotted against [H* ] (IFig. 4,
inset) according to the following equation, which is analogous to Eq. (3):
I [H"] + } @)
[{ilﬂp KI]‘I;U Kd R’Iﬂﬂ.\ .
where A, is the maximal rate constant and K, is the ionization constant of
the group involved. A plot of 1/K,,, versus [H™] should thus give a straight
line and allows the determination of the apparent K,. From the data of
Fig. 4b, an apparent pK, value of the inactivation was found to be 7.23. The
fact that there does not eccur any appreciable deviation from linearity at any
pH suggests that just the unprotonated form of the group involved is modi-
fied and that just such a group reacts with cadmium to inactivate the enzyme
(Cardemil, 1987).

Discussion

The evidence presented here indicates that cadmium inhibited succinate
dehydrogenase activity with a pseudo-first-order kinetics (Fig. 1). In addition,
the experiments, with fully activated membrane-bound preparations, showed
that malonate and succinate provide complete and hyperbolic protection
against inhibition by cadmium (Figs. 2 and 3). These results suggest that the
inhibitory action of Cd** was the consequence of the modification of a group
located in the region of the catalytically active site of the enzyme. This
conclusion is in accord with the proposal that thiol-binding reagents inhibit
SDH by a direct interaction with an active-site ~SH group (Kenney, 1975;
Vinogradov et al., 1976; Kotlyar and Vinogradov, 1984; Jay, 1991). [t has
been contended (Kenney, 1975; Kotlyar and Vinogradov, 1984) that the
finding (L&-Quoc er al., 1981; Felberg and Hollocher, 1972; Sanborn et «l.,
1971) of complex kinetics of inhibition by alkylating and mercaptide-forming
thiol reagents could be due in part to the presence of a significant amount of
oxaloacetate in the incompletely activated preparations utilized.

Another question that arose from the use of Cd** was the actual number
of groups that bound cadmium to the active site. 1t is known that cadmium
forms stable compounds with dithiols (Rusheed er al., 1984), but it has also
been reported that it can form one-ligand complexes analogous to the mer-
cury(l) derivatives (Okada er al., 1964; Mundy, 1965). The linear plot of
Fig. 1b suggests a stoichiometry of | Cd** Jenzyme. However, il two or more
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groups simultancously react with one molecule of inhibitor, a similar
stoichiometry would be obtained. At present, therefore, we lack conclusive
evidence regarding the actual number of groups that participate in the
binding of cadmium during the inactivation process.

Although it is known that cadmium can react with several amino acids
in proteins (Perkins, 1961), the stability constants show that the introduction
of sulfur into the ligands leads to much stronger complexes, especially when
the ~SH group is deprotonated (Valle and Ulmer, 1972; Ochiai, 1977,
Percovaro et al., 1984; Sillen, 1964; Smith and Martell, 1974, 1975, 1976).
From the data of Fig. 4, a pK, value of 7.23 was obtained for the residue
modificd by cadmium. The pK, value for this residue is lower than that for
free cysteine. However, it is noteworthy that a similar low pK, (7.0) value for
the active-site sulthydryl of SDH has been reported (Vinogradov et al., 1976).
The increment in the dissociation constant for this group has been taken as
evidence for the involvement of the sulfhydryl in the mechanism of succinate
oxidation (Vinogradov ¢r al., 1976; Vinogradov, 1986). More recently,
however, Hederstadt and Heden (1989) have demonstrated that the aclive-
site cysteine is not essentiad for cither substrate binding or catalysis. The
B. subtilis succinate dehydrogenase binds succinate and oxalacetate normally;
yet it hus alanine replacing cysteine. Thus, the cysteine near the active site can
influence catalytic activity only indirectly, probably by steric hindrance when
a larger group or a charged group, such as cadmium, are attached. On the
other hand, the increment in the dissociation constant for this group provides
a rational explanation for the great aflinity of the enzyme for cadmium,

Further investigation to determine the factors responsible for the ano-
malous pK, value of the active-site thiol and the reasons for this phenomenon
will produce a better understanding of the structural organization of SDH.
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Abstract

b ate-botnd succinate deblydroosnaze wa:z svaluated by means of
EFR zpectrozocopy. NEM-treatmeet did not nodify the spectra of  the
reduced S-1 mor the oxidized S-3 centers. Howesver, cluster S5-1, in
tle NEM-irhibited enzymne, lacked tiwe spin relaxation propertiss

= Freincubatiorn of the

iJi

attributable Lo an adjacent certs

erzyme with oxaloacetate, before the addition of NEM, eraverted

divity armd  tihe  maan=tic

]
ot

the lo=zz of both  the debydrogeraze &

irmteractico betwes cluzters S-1 armd S-2, =uagesting  that the
Charngss origirmated in the enzyme with NEM were the congequenrnce of
the modificatiorn of am -SH aroup located i the region of iz

catalytically active =zite,



Introduction
It taz beasr kaown For many yzarzs that zuccinate debhydroaenasze

(SDHY (EC 1.23,99.1) 1z arm =mzyme very sernsitive to thiol=-zpecific

reaaentes (Hopbinz  artd Moraan, 193&: Hoskine, et al., 193¢2) .,
Substrate ard subztrate amnaloluszz provide protection against such
agaettbes indicatirg that the irmactivation of SDH  rezults  from the

mondification of & cysteirmz residus located mzar thae active <=ite

tﬂ

(Barmmzy,. 197%: Virmogaradov et al. 1976 Fotlyar atid Vipogradov,
1984: Jay, 1991 and Jay et al., 19%1a). Viroaradov =t al., (1976)
arnd Vinoaradov, (1926) proposed that the active-zite =ulphydryl
cotlhd be invelved  in the mecharnizsm of succinate oxidation.
derztedt ard Hadén (1939) and Schirdder et al., (1971)

Howey

4
1
i

r. H

w

foured that the active-site cysteire iz ot eszential  for either
substrate bindina or cataly=sis. The B. subtilis SDhH armd the E.
colt fumarate reductaze (FRD) bind zuwszinate twormallys: yet the
cyshteirne residuss of these snzymezs waz replaced for other  groups.
Thuz, the structural charmaszs which oocursed in the enzyne, wheﬁ SDhH
iz inkibited by thicl -bindirg rezasntszs, remain to bBe completely
zlarified.

SDH 12 an iron-suletuar flavoetzyine withh thres  different

irom-sul fur clust dzziamated az cluzter S-1, [ZFe-25)1:  cluster
S-2, [4Fe-43): ard cluzter S$-3, [3Fe-45]1  (Simger and Johnzon,
1929) . Studies of other iron-zulfur  ernzymes of  fthe respiratory

chair have zhown that a areat deal of information can b2 gairned

inte, e mechkharnisns of  drua  action ard  enzvyvme  catalyzie if
chamical  modificatioe i= fol Laowed with EFR spactroscopy

-

(Brizbhmamoorthy amd Himkles, 1928), The purpose of thizs etudy was




o further charasterize the chemical modification of SDH 1rdidced

by a thiol-zspacific reaqent ubtilizira thiz techriique.
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Materials and Methods

Mitoecboredria From beovirez heart wers prapared by the  polyberon
tachmiauwz  az reporbaed bz for s (harkavitz et al. , 1974),
Bovimz—-heart mitochordria were wzed or the preparation o f
submitoskesndrial particlez (ETPH) az indicated by Lee avd Ernster

(19£6), Sirmce membrare-bowd SDH 12 normally  drnactivatsed by thes

proeseroe of oxaloasetats (Wojhbozak et al., 1769) which is “tiahtly
Eoogpnd o the active =ite, the  2Rnzovine WaE, rlezss  oabherwices
irdicated, achivated with  malonats and  NaBr as praeviagsly

deecribed (Jay, 199%1: Jay et al., 1%371a).

Chezmical medificatioms were carrisd osut by the addition of

NEM (1 mM) teo a suspemsicorn of ETPH (final protein concentration |
ma ml") ir 200 mM sucrose,. 259 mM HEPES, pH 7.4 and itezubation at

ks wete removed by pelletina tha

II«

25°%0 Far 30 mit. Thez amoezs Fe
suspenzior at 105,000 % g for 1 k., and resuspending the PHllut it
200 mM sucross, 25 mM HEPES, eH 7.4, buffer  fo final

. - - . -y .
motmerbrations of 35 to 40 m3 of protein ml . appropriate for EFR

L

ll'l
t
U]

LI emean

i

=&

Frotaection by oxaloacetate zgainzt inhibition of SDH by NEM
Wwaz carried cut az follows. The ETFH (1 ma  probzin ml
iFeubated, for 20 mim at 25 C, inm & buffer  contalmira:d 200 mi
TUSroze, =25 i HE#ES, eH 7.4, arnd 2.5 oM omaloacetate.  Then  the
sigpension was dividaed into LA parﬁz. Qe part waz treated with o
M NEM az irmdicated above. Both fractionzs werse centrifuasd for 1
fro &b 105,000 x a3 armd  the eellets were suspendsd 10 200 M
-uvrhﬁe: 5 mM HEFES, pH 7.0 twffer swupplementad with 5300 mM NaBr
arvd 100 mm semicarbazide-HCLl, for activation for 1 k., at 25 C. The

preparabions wetre centrifugsd omce azain and resuspended (35-40 ma

»

A



protelin ml™ im the sucrose/HEFES buffer  for EPR and activity
mzazuremnzntz,

Fo thnz EFR e a s ements VANT serpsertr atad zoaluble
prapatations ware treated with the  appropriate substratez in a

czll Fluzhed with mitrooen. EFR =pectra werse  obtainmed usimg  an
Yeband Varianm E 112 with a Varianm microwave rectangular cavity TE
102 az previouzly reported (Jay et al,. 1991k) . The temperature of

the zamplae waz controlled by are of & cloze-citrcult  hslium

=
ib

refrigerator armd a Diaital temperaturs  ipdicator/controllese,  Alr
Froductes dizplex 205,

The zuscinate debhydroasrmasze activity waz meazurad with the
phzrazirne methosul fate/dichloraindoptezio aszay = papor tend
(Mowary et al., 1977). PFrotein concentratiorn was determined by thee

method of Lowry et al. (1951).

e e, Wit At




Results
The prezetese of theee different irom-sul fur centerzs in SDH
Maz beern we2ll establizbhed (Sirmasr ared Jobtisorm, 1925), I figurs 1
it

typical EFR zpectra of o reg S-1 atd S-23 are  zhown. Figure  la

|'[l

1l1lustratez the spectrum of the iron-z2ul fur center S-1 pFecordad at
S0 K oin the succimate-reduced ETFH. This iz a rhombic siqgnal with
a valuss (2,026, 1. 935 and 1.312) characterizsti o f &
ferredomin—typé —luster (Bezimert ard Sardz, 1960 arnd Qhnizshi, et
al., 1976za). Irn additiorm, fiaure b prezasntes the spectrum of  the
iran-zul fur center S-3 recorded at 16 K inm the oaxidized menbrans

Prtar S=-3 exkbibite, at

t‘[i

prepatrationz. In the oxidized stats

(]

temperatures < 30 k., atrn EFR  =ianmal fairly izotropic centeread

arcund a = 2,01 (Ohmishi. et al., 13976b).
Iy ot-der to test the effect NEM o on the  above  describesd
sianal=s. the ETFR wetre treated with the reagent (1 mM NEM for 30

mit1) urtil dehydroaenasse activity waz  commpletely lost. iinder

thezse conditiorns dbhe addition of  succimate did nhot elicit the

=1amal of —zttar S-1. Howaver, aduct o with Jithionite
—omplaetely raeversaed the zpectrum (mo chamas in the zshape or  the

int ity of the =ziaral recorded at 20 F wazs obesrved) irdicating

¢
n

7

o+

hat the cluster  itzelf waz rot affected by NEM. A similar
zituatiorn was mbsérved with center S-3. Reactior with NEM did  not
alter the EFR spactrum of the owidized memnbrarez (data not shows) .

T further characterize the irhibition, wes decided to study
the affact of NEM on the powsr saturation  behavior of the a =
1.q3é feature of the S-1 =ziarmal at 16 K. It has besn establishead

that the presehce of cluster S-2 can be inferred from the spin

i

relaxation propertiss of cluzter S-1 (at  temperature < 30) in



i,

preparations redused with Suzcinats  or Jdithionrlte (i =zht, et

added  to

al., 1376b arnd Maauire, et al,, 1325) . Whet suzcinmate 1

W

M

ETFR cluzters S-1 ared S-3 are reduced. hdesr these conditions th
EFR ziqral of center S-1 1 readily saturatsd with the microwaves

powszr az =howm ir fiaure 2 =, However, if clugter S-2 iz reduced

with dithionite, the =pin relaxation rate of cluster S-1 1z
ircreased arnd itz spactrum is rot 20 eazily zaturated (Fig. 20 o).

-
u

Figure = @ shows that NEM-treated ETPR (1 oM 30 min.) when reduced
with dithiormite tad a mush lower =pin Felaxation rate than the

corbral particlaz rozdised with Jithionite indicating &

ift

modificaticn im the magareehic interaction between cluzters

S-2, It waz irtersztita to observe  that  wheErn the —atalytic
avbivity waz protected by 2.5 M oxaloacetate (280-90¢ of activity
waz recovered i the reactivated samplez) az2ainst NEM  inhkibition,

Ll chanas induced withh NEM im the sein relaxation profile waz

read (Fia., 2 A).

i
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Discussion
Sirece the fledira  that SDH waz  zencsitive to sulphydryl

resents (Hopkins and Moraan,. 1933 Hopbkinzs et al.,, 1938 meaty

2= ozarr1iad ot e order o determiree the o =i1te and

n
-+
a
for
il
"
m
<
i
g
ih

mechanizm of inkibition. In this regsard kirstic studies have showe

the involvement of an avtive-site thial in the imactivation

IJ:I

procazs (Kenney, 1975: Vincaradaov et al., 1976 Hotlyaf arnd
Virgaradov, 1994: Jay, 1991 and Jay et al., 1731a) which probably
zorrezspotnds ba o an invariant  cystein found  in the  flavoprotein
subunit of E, colt FRD ard SDH (Cole, 1922 armd Wood et al., 19284),

Thuz thiol of this cyshein was suagasested to be directly i1involved,
az a proton dovor/acceptor, in the catalytic mnechanism (Vinoaradov
et al., 1976&: Vinoaradov, 192€6): arm abrormally low pka  valuwe  for
thiz aroup wazs reported  (Vinocgradov et al., 19763 Vinogradov,
1936: Jay. et al., 1991a), indizatimg that the zsulphydryl is

activated probably by a positively charased aroup lozated cloze  to

the -SH (Virvzaradovy et al., 137¢6). Mors  racently, hrowaver,

zite-directed mutagaresiz stuwdiss o E. coli FRD arnd B. subtilils
SDH have shown that substitution of this cyzs residue resulted in
stizymzs with rnormal catalytical propertiss (Hederztedt  armd  Hedén

1'759s Schréder et al., 1991). Thesze lazt rezults zugaested  that

thpz lack of srzyme zctivity of SDH modifised at £he thicol may be

the conzequence of a bBlockags of =ssential conmformaticonal changazs
in the a2nzyne.
The vrae=ultzs of the presasrmt wnrl ghiow that pFeactiorn with  NEM

irhibits suyccimate delvdrogsmaze activity without any detectable
alter ation of the paramaarmtic zignals of centers S-1 ard S-3. ©On

Ll other kand, the modified enzyme manifezted at 16 K a raeduction
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it the ETRFR reduced with

ot
il
iJr
!
Fo—ry

of the =pin relasation rate of cer
dithiiormite indicatirea a modification of the maxaretic  irnteraction
Eoztwzzn cluzterzs S-1 and S-2, Irn additiaon, rezults indicate that
Fprotection of the catalytically active zite with  omaloacetate

alinzt NEM-imhibiticrm reztored  the magnetic  intsraction. Theza

g af activity anrd the changse i the

0
m
‘as
ar
n
-
I
U]
in
n
ot
ot
ar
ot
T
D
F—)
lﬂ

ma3aretic properties arse phernomnena ozurtinma whenn the  active-zite

thiol iz modifiad.

10

AL thiz point z2ome gueztiorns arize, First, 1t iz hmot  clear
why tbheze modified arzyme exhibits  altered maagrneti propertiss,
Sirce the zigrnal of the center S-1 iz rmot dizturbed by irncubatiaon
with NEM, the bindirmg zite of thle reagent is.probably ot located

i a position whoze chemical modification could directly  chanae

14
n
M
tn
19
&

the propertisz of thizs cluzter. Howszvar, with th
2vidercz, the ame azzunption cam mot be discarded in the caze  of
—etitzr S-2,. Arncther gquestiorn arizsz az to whsther the smsyne

achivity 1z zomebhow related with the irmtagrity irm the  relation

(Ohmizhi, et al., 1973 ‘itz raole in the  enzyme hkazs  been id
ot roversy (Beimert and Albracht, 1982: Maauire, et al., 1925 and
Sivvazr and Johnmson, 192%9) beczau=ss, wurilike cemteres S~-1 and S-3,

thiz cluzter 1= ot reducible by succirnate, e whe  other  bBand,

L

Cammack et al., (1%2£) armd Cammack et al., (1927) proposed a

brirztic mechanizm of 2lectiron bratsfesr in which the low-potential
laectrorn carviers of complex II, i1.e2. camter S-2 and cytoachkrome b,

=gl hava a relavant role. In thiz model center S-1 arud cearmter

S-2 accept the fir=st arnd sscornd electrons'frum‘redu:ed flavinh.

—

In concluzion, the evidence preszented in this study indicates

.

10




that menbrare-boouared SDH, modified at the active-site fthiol by NEM,
exhiitbitz & mormal EFR zpsctra of center S-10 and center S-3. It
aoddit ion, thez  moZ2ifled ancyme marl fezted altezrad maarzt 1o
Frropezt-ties of cenmter S-1 im The dithionite  reduaced preparations.
Tkz mazanina of Lthese results in relation to the role of center 5-2

itn the catalytical activity of SDH zhould be evaluatzd by

m

corgidering the curerant state of 1deae

11



Flgures

Figure 1. EPR spectra of center S-1 and center S-3. To a

TUzFpenzion of activated membrane-bourd SDH (Firmal  protein

compcemtratioan 32 ma ‘ml-l), theare Was eudded 1 rm
Ehezenoyltri flurcacetone and S0 mM succirate (A) or 250 uM
Farricyamide and 11 ¥y phzrnazine methozul fate (R) .

ter a 3-min irncybation at 25 .

_.h

-

Fraeparations waere frozen a
EFR operating conditionzs were: (A) modulation freguency, o0
bH=: modulation amnplituds, 1 gau=sz=: Mmicrowave frequeticy
F. 1432 BHz: time corztant, 0,250 z: field =canm, SO0 G:  =can
timez, = minm: microwave powsr, 2 mW: temnperaturs, S0
o (B) =imilar comditions ware wzed with the exception  of:
microwave frequency, 9.27  GHz: figld =can, 10
tenperature, 16 K. The indicated 3 valuzs are those of
suzcinate Jdebhydrogenaze aroupz.
Figure 2. Microwave power saturation profiles of the S~1 EPR

signal in normal and NEM-modified SDH. Th= 9 = 1.935 =ziaral

Pzigbts (S) of the differant zanples were  mneazured  at  blee
4 microwave powers indicated at 16 K. Scan rate was 3.1 mT/min.
. All otirer EFPR zettitgz were =imilar to thwoee  de=scribed 1t

fia., 1. Where indicated (o), (A) and (@) =zamplezs were raducsd
with emcess ﬁithionite or wWith succirnate () as indicated  in
fig., 1. Samples treated with NEM (@) ar with  oxaloa
followsed by NEM  (A) are alzo  zbown. Ircubation with
oxaloacetate arnd reactivation did ot modify  the =zaturatior
Prqfile (data mot zhown) . Incubaticrm conditions are  detailed

L4
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