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INTRODUCCION

El glutati®n, un compuestoc de natura-
leza peptidica, ha demostrade ser una mo-
lécula extremadamente versatil, desempe--
fando una gran variedad de funciones de
vital importancia para el metabolismo ce-
lular. Dentro de dichas funciones desta--
can aquellas involucradas en la protec--—-
cién contra radiaciones ionizantes (1,2},
eliminacifén de agentes electrofilicos no-
civos a la c€lula (3), transporte de meta
bolitos a través de membrana (4,5), asf
como el mantenimiento de un estado redox
adecuade para el buen funcicnamiento de
la cBiula (3).

En todos estos procesos, es quizi el
sulfhidrilo del glutatién la parte mis ac
tivamente inveolucrada en elleos (principal
mente a través de intercambios tiol-disul
furo con otras moléculas), a tal grado
que 8l glutatibn reducido(GSH) es sustra-
to de un gran niimeroc de enzimas (Gluta---
ti6n peroxidasa, Glutatibn-S-transferasas,
Glutatisn-insulina transhidrogenasa, etc.).
phora bien, como resultadc de estas reac-
ciones, el glutatién sufre una oxidacién
en la cual se convierte en su forma disul
fure (GSSG). Pareceria entonces, de acuer
do con lo mencionado hasta ahora, que en
aupencia de un sistema regenerador de GSH,
la acumulacidn de su forma oxidada condu-
cirfa eventualmente a la total paraliza--
clén de las actividades celulares. De es-
te modo, la necesidad de tal sistema suge
rirfa, en principio, su distribucidn uni-
versal en todos los seres vivos.

En 1952, partiende de extractos de te
jidos animales, Rall y Lehninger (6} fue-
ron capaces de obtener una actividad re--
ductora del GSSG ~dependiente de NADPH-
que desde entonces ha sido denominada Glu
tatibn reductasa (NADPH:GS5SG oxidorreduc-
tasa E.C.1,6.4.2.). A la fecha, esta enzi
m2 se ha reportado y purificado a partir
de un gran nimero de organismos, que van
desde procariotes (7-10), hongos (11,12),
plantas (13-15), invertebrados (16,17}
hasta mamiferos (18-22},

En la Table I se resumen las propieda
des da esta enzima en aquellos organismos
donde ha sido caracterizada con detalle.
Se incluyen también algunas fuentes en don
de, sl bien incompletamente purificadas -
y/o caracterizadas, exhiben ciertas prople
dades que pueden considerarse poco usuales
para esta enzima. El anilisis culdadoso de
estos datos revela una notable similitud
tanto en propisdades estructurales como ci

néticas independientemente de la fuente de
extraccién. Asf, en la gran mayorfa de los
casos, la enzima es un dfmero constituido
por subunidades idénticas - tanto en tama-
fio como en composicifn - con un peso mole-
cular aproximadeo de 100 000. El pH Sptimo,
aunque varia en un rango amplio, oscila al
rededor del wvalor neutro, y la presencia

de FAD como grupo prostético le confiere a
la enzima un espectro de absorcidn en el

rango visible tipico de una flavoprotelna.

Sin embargo, es evidente que en algunos
casos la enzima muestra propledades que se
desvian notablemente de los valores usuales.
Asf, en el caso de los procarictes estudia~
dos, Rhodospirillum rubrum (10) parece po=--—
seer una glutatidén reductasa monom&rica, ya
que el pesoc moelecular reportado para el oli
gbmero (63 000}, cae en el range cbservado
para el protdmero de la enzima en otras
fuentes. Desafortunadamente no se conoce la
compogicién de subunidades de la misma y la
preparacifn obtenida no se purificd hasta
homogeneidad. Chromatium vinosum (8), por
otra parte, presenta una enzima con afini--
dad anormalmente baja por GSSG, ya gque la
¥m obtenida para dicho sustrato cae en el
rango milimolar y no micromeolar como es
usual para la misma.

En el caso de los eucariotes la enzima
parece ser, en general, mis homogénea cque
en los procariotes, si bien es posible ob--
servar algunas situaciones particulares.
Oogus y Tezcan (26) reportan que en los leu
cocitos humanos la glutatidn reductasa exis
te como un hexdmero constituido por subuni-
dades de 19 000, mientras que en cloroplas-—
tos de espinaca (13) la enzima, auncque de
naturaleza dimérica, presenta subunidades
con un peso molecular mucho mayor de lo es-
perado.

De particular interés, por otra parte,
ha sido el estudio de la especificidad de
esta enzima hacia el disulfuro, ya que si
bien el GSSG es claramente el sustrato prin
cipal, existen evidencias de que la gluta--
tiSn reductasa es tamblén capaz de reducir
otros compuestos, que incluyen a los disul-
furos mixtos de glutatidn y cisteina, gluta
tidén y pantetina, asi como el sulfonato de
glutatién, cistina e incluso DTNB (32). A
pesar de que la actividad relativa hacia es
tas sustancias es notablemente inferijor
cuando se le compara con aquella correspon-
diente al GSS5G, es evidente que la enzima
tieneg el potencial de reconocer y reducir
otros disulfuros con estructuras radicalmen
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te distintas al G55G(como es el caso del
DTNB), Dentro de la serie de compuestos en
sayados, destaca el disulfuro mixtoc de
Coenzima A y glutatidn (CoASSG), ya que a
pesar de ser un sustrato secundario para
la enzima, los niveles da actividad exhi-
bidos por esta filtima hacia el CoASSG son
notablemente mayores que con respecto a
cualquier otro disulfuro probade (32).

En relacifn con esto Gltimo, se ha prp
puesto que la actividad responsable de la
reduccién del CoASSG radica en una protef
na fisicamente distinta de la glutatidn
reductasa. Asf, Ondarza et al (33) han re
portado que en la levadura Saccharomyceas
cerevisige las dos actividades son resuel
tas mediante la técnica de electroenfocue,
presentando puntos isoeléctricos claramen
te distintos, Sin embargo, estas observa-
ciones han sido refutadas por Carlberg et
al (34}, guienes sugleren que es la misma
glutatién reductasa la responzsable de ra- -
ducir al CoASSG, ya que el coclente de ag
tividades permanece constante durante to-
do el proceso de purificacisn, afirmando
ademis la imposibilidad de separar ambas
actividades enh base a puntos isocelé&ctri--
cuos. Por otra parte, en extractos de higa
do de rata ambas actividades muestran el
mismo punto isoeléctrico {35). Desafortu-~-
nadamente no se dispone de informacidn pa
recida en ningfin procariote, sl bien los
datos disponibles mencicnados li{neas arri
ba permiten plantear un modelo en el cual
ambas actividades residfan originalmente
en protefnas diferentes (y por ende codi-
ficadas por genes independientes} que en
el transcurso del progesc avolutivo se fu
sionaron en una protefna comfin.

De acuerdo con lo anterior se postula
la siguiente hipStesis: si en tejidos de
mamIfero las dos reductasas parecen mostrar
una proporcifn similar de residucs EScidos
y bisicos, imposibilitando asf su separa--
cifn, mientras que en levadura - un euca=--

riote primitivo -se cbservan puntos isceléc

tricos diatintos, parecerfa entonces que

mientras mis primitivo sea el organismo, de

berin existir mayores diferencias entre am-
bas enzimas {de acuerdo a lo sefialado en el
pirrafo anterior) y por consiguiente su se-
paracién fisica debe facilitarse.

Asi, durante la primera fase del traba~
jo, se procedif a rastrear la existencia
de una actividad reductora del CoASSG en di
versos procariotes a fin de disponer de una
fuente adecuada de enzima con cbjeto de po-
ner a prueba la hipétesis anterior. Fué pre
cisamente en esta etapa cuando comenzé a ob
servarse que en algunos organismos era prag
ticamente imposible detectar, no ya la acti
vidad de CoASSG reductasa, sino incluso la
misma GSSG reductasa, enzima que supuestamen
te debfa tener una distribucidén universal.
Adem&s, durante el proceso de purificacién
y caracterizacién de la enzima extrafda de
la ciancbacteria Spimlinag marima, se puso
de manifiesto qua presentaba algunas propie
dades poco comunes. De acuerdo con ello, fué
necesario trabajar con dos hipdtesis adicio
nales durante el desarrollo del presente tra
bajo: N

a) 5i la glutatidn reductasa es una enzima
cuya distribucién depende de las particula-
ridades metabSlicas y/o ambientales de los
distintos organismos, entonces, dependiendo
de cudl sea la fuente de extraccidn, la acti
vidad enzimdtica mencionada deberd estar &
no presente. -

b) 5i las propiedades estructurales y ciné
ticas de la enzima obtenida de procariotes,
difieren en alqin aspecto de aquellas de la
enzima correspondiente a eucariotes, enton-
ces, la enzima de Spimling maxima deberad
exhibir alguna caracterfistica inusual.

De este modo, aunque el objetivo inicial
de oste trabajo tenia como meta el dilucidar
la posible existencia de una reductasa del
CohSSG , fisicamente independiente de la glu
tatisn reductasa, se considerS interesante
evaluar, simultfneamente, las dos hip&tesis
anteriores.
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with the exception of the two strict anacrobes Clostri-
dium tartarivorum and Desulfovibrio vuigaris, and the
two primitive Archaebacteria Methanosarcina barkeri
and Halobacrerium halobium.

CoASSG-reductase was found In some eukaryotes and
prokaryotes, but showed no clear pattem of distribution
other than its absence whenever GSSG-reductase was not
present.

The absence of GSSG-reductase activity in organisms
lacking GSH, confirms that glutathicne metabolism is
not universal and suggests that this eneyme might be
useful as a marker in classifying organisms. The data
suggest that glutathione-reductase occurs as a result of
the change from a reducing to a oxidizing atmosphere in
the primitive Earth.
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Tntroduction

It is a generally accepted idea that the primitive Earth
possessed a reducing atmosphere that slowly changed to
on oxidizing one due to the oxigenie activity of the
first photosynthetic organisms (Miller and Orgel 1974:
Broda 1975). If we accept this hypothesis, it is of
interest to consider the effect produced by this change
an the equilibria between thiols and disulfides, which is
dependent on the partial pressure of hydrogen. This
value was calculated by Urey 1952 and Miller and Orgel
1974 for the primitive atmosphere to be appruximalcly
10°3 atm and has since decreased to about 5 x 10°7 atm
in the present atmosphere. Because of the instability
and relatively facile reactivity of thiols towards oxygen,
the accumulation of oxygen in the atmosphere must
have had adverse consequences for the thiol dependent
components of cells in particutar for sulfhydryl enzymes
(Fahey 1977). One of the mechanisms which may have
played zn important role to maintain a reduced state
within cells adapting to more aerobic environments Is
the activity of the enzyme glutathione reductase which,
in gram negative bacteria and various other prokaryotes
and eukaryotes, maintains a high GSH/GSSG ratio
through the following reaction:

1) GSSG + NADPH + H' = 2 GSH + NADP*.

Another potentially important system involves

CoASSG reductase wich catalyzes the reaction:
b) CoASSG + NADPH + HY = CoASH +GSH+NADP*
This enzyme and its mixed disulfide substrate have

been the subject of a variety of studies in our laboratory
(Ondarza at al. 1965, 1969, 1970 and 1974).



It was recently reported that various aerobic and
anaeroblc gram positive bacteria and some anaerobic
gram negative bacteria lack glutathione, whereas facul-
tative and aerobic gram negative bacteria do produce this
thiol (Fahey et al. 1978). These findings suggest that
glutathione metabolism evolved after the divergence of
gram positive and gram negative bacteria. Coenzyme A,
on the other hand, as far as it is presently known, is a
universal constituent of cells. Organisms lacking GSH
should also fack glutathione reductase and CoASSG-
reductase, but might exhibit disuifide reductase activity
for other disulfides. To test this we undertook a survey
of GSSG reductase and CoASSG reductase in a phylo-
genetically diverse group of organisms. The results of
this survey are the subject of this paper.

i

Experimental Section

Organismr and Growth Caonditions
Saccharomyces ¢ islae  Aztec, provided by Dr. Antonio
Pefia was cultivated In our laboraiory as previously described
by Ondarza ot al. 1969 and harvesied during the logarithmic
stage; Spinacee oleracea (Spinach) was purchased at the local
super-market (only the green leaves wern utilized); Agave four
croydes {Henoquen) which grows in the cullivated fields in
Yucatan (Mexico), was kindly provided as a juice by Dr. Luis
del Castillo-Mora; Chlgmydomonas reinherdtit from the asexual
logasithmic growth phase was kindly furnished by Dr. Manuel
Robert; the marine diatoms, Cylindrotheca fusiformis (photo-
synthetic) and Nitzschia alba (non photosynthetic) werc grown
and collected from the logarithmic stage and kindly provided
by Prof. Benjamin Valcani; Dumaliella tertiolecta grown in local
wa water, sterilized by filtration and harvested at late expo-
nential stage, was prepared thiough the collaboration of Prof.
James A. Mathewson; Codium sp. was locally collected from the
coast af Catifornia and kindly provided by Dr. Francis Knowles;
Raodospirillum rubrum supplled by Dr. Heliodoro Cells, was
grown in our laboratory according io Cohen-Bazire and Sistrom
1957 and harvested during the logarithmic stages Rhodospirfitum
salexigens, an cbligatory halophllic synthetlc organism was
grown according to Golecki and Drews 1980 in a mineral acetate
glutamic scid medium supplemented with 8% NaCl at easly
logarithmic stage and kindly supplied by Dr. T.E. Meyer; Spirs-
{ing maxima a blue-green bacteria which gtows under alealine
conditlons, was collected with a nytal nylon net £rom the open
cufture of the Sosa Texcoco Company at Lake Texcoco (Me-
aico)was kindly provided by Dr. Catlos Gomez-Lojero; Desulfo-
vibelo vulgeris (chemosynthetic, strict anacrobic) and Clostr-
dium fariarivorum, (fermentative, strict anaerobe, thermephile
at 559 C) were grawn in easly statlopary and kindly prepared by
Dr. Robert Bartch; Methanosarcing barkerl strain Fusaro (strict
anatrobe} was obtalned during the Jogarithmic phase under
liophilized form and kindly prepared by Dr. Claude Hatchiklan;
Halobacterium haloblum, supplied by Dr. Walter Stockenlus
and D7, Batbam Javor, was grown In our laboratory and at
Sctipps Institution of Qceanography at La Jolla, in the medium
described by Brown 1963 with 1% peptone oxold In the basal
salt solution by Seghal and Gibbons (1960) and harvested during
the statlonary stage; Escherichic coll strains (X888 and KK1004)
used in this study were abtained thanks to the courtesy of Dr.
James A. Fuchs, and grown to the statlonary stage, In liquid
medium a3 described by Davis and Mingioll (1950).

Extraction frocedures

All microorganismis such as Saccharomyces cerevistae, Chlamy-
domonas relnhardiil, Rhodospiriflum nubrum, Rhodospirtlium
salexigens, Spiriling maxima, Desulfovibrio vulgaris, Clostridium
tartarivoriint, Methanasareing barkerl and Escherlehia colf, were
troken In the cold by the Ribi cell fractionator at 16,000 psi in
phosphate buffer 0.07 (pil 6.8) with a minute amount of DNAse
whth MEgClL,. Cylindrarhara fusiformis and Nitzschia alba wese
broken with the Yeda cell press at 3,500 psi.

The extractlon procedure for Halobacterium halobium was
done with the Fretch Press (we are indebted to Dr. Lewin for
the use of this} in an approximately isotonic solution of 20 mM
TRIS-NC! (pH 7.5) containing 3 M KCl, 1.26 M NaCl, 61 mM
MgSOy. 7 HyQ. Dunalislla tertiolecra was bioken by osmotic
shock. Spinacea oleracea and the Algae Codlum sp. were minced
in a Waring blendor. Agave fourcroydes was received as o cold
Jjuice from the Industry. .

All extracts (excepl as indicated) were fractlonated with
ammonium sulfate between 40 to 60% saturatlon and dialyzed in
buffer TRIS-HCI (pH 7.5) 1 mM EDTA, belore use. Cylindro-
theca fusiformis, Nitzschia alba, Clostridium farfarivorum and
Desulfovibrio vilgaris extracts were measured in the crude form
but previously dlalyzed, Escherichls coli X88 and XK1004
were fractionated wlth amunonium sulphate between 60-100%,
and dialyzed.

Enzymatie Assays

G55G- and CoASSG-gluinthiene reducing activites were mea-
sured a3 reported by Ondarza 1970,

GSS5G. A solution of GSSG (Sigma, free acld, grada I11) 16 mM
adjusted with 0.3 M NaOH {(pH ?7.0)). was utilized for the estima-
tion of GSSG-reductase activity.

CaASSG. A solutlon of CoASSG (Slgma, mixed disulllde sodium
salt) (ptl 5.5) 16 mM was utilized for the estimation of CoASSG
reductase actlvity,

Menadione, (2-methyl-1, 4-NAPHTHOQUINONE) was a gif
provided by Dr. James Mathewsan.

GSSG-Reduetasze, It was measured In 0.3 M phosphate buffer
{pEl 7) with 1 mM EDTA and 150 p moles of NADFH in a final
volume of 1200 ul. The final concentration of GSSG In the
cuvette was approximately 0,8 mM. The reactions were followed
at 340 nm in a Pye Unicam SP 1B00 spectrophotometer at
room lemperalure.

CoASSG-Reducsase. Similar conditions as for GSSG reductase
were used but with 5 mM sodium phosphate buffer (pH 5.5)
and 1 mM EDTA, CoASSG was approximately 0.5 mM.

NADH-Reductase, Was measured according to Lanyi 1969, In
the case of Deswlfovibrio vulgaris, Closgridium tartarivorum,
Merhonosarcing barkert and  Escherichia coll, werc used me-
nadione as sn electron acceptor, in 0.05 M TRIS-maleate buffer
{pH B) ln the presence of KCN {2 u moles/ml) and NADH
(0.2 4 moles/ml),

Halobacterium halobtumn oxtracts were mensured In the same
conditions but with 4 M NaCl.

The inftial velocitles of the reactions were measured and
caleulated inunlts according te Webb 1964,



Protein Measurements

The protein content of the various fractions was estimated by
the method of Lowry et al. 1951, using bovine serum albumin as
standard.

Results and Discussion

Tables 1 and 2 show that Glutathione.-reductase is pres-
ent in meaningful amounts in all eukaryotes and pro-
karyotes, except in the strict anaerobes and the archze-
bacteria Halobacterium halobium and Methanosarcina
barkeri. CoASSG is absent In some eukaryotes and
prokaryotes, but we do not know up to now if this is
due to the stage of growth, since In the case of Rhodos-
pirithum  rubrum we have found changes during cell
growth in CoASSG-reductase which has the maximum
activity at the logasithmic stage.

However, In accordance with our hypothesis, prim-
itive organisms such as the extreme halophilic Halo-
bacterium haglobium or the methanogen Methanosarci-
na barkeri and the strict anaerobes such as Clostridium
tartarivarum  (thermophile 55° C) and Desulfovibrio
vialgaris shouid lack the two disulfide-reductases. (See
Table 2).

In order to ruls out the possibility that the activities
were not detectable due to unfavorable conditions
during the extraction and measurement, we made
extract of Halobacterium halobium, at different NaCl
molarities, different pH's and used NADH as a cofactor,
but in all cases, we were unable to detect any disulfide-
reductase sctivities. As a control, we measured NADH-
reductase activity using menadione as an electron ac-
ceptor, which has been nlready established in Malo-
bacterium cutirubrum by Lanyi 1969, As can be seen in
Table 2, the two strict anacrobes, and the two archae-
bacteria, liave appreciable amounts of this enzyme.

The absence of the enzyme Glutathione-reductase in
some organisms like the cnes described above, Is not
surprising since other authors (Fuchs and Warner 1975;
Apontoweil and Berends 1975) have found Escherichia
coli glutathione-deficient mutants which can grow
normally. As it has been mentioned, Fahey et al. 1978
also established the fact that some gram positive bacteria
and strict anaercbes lack glutathione.

In the relation to this, Loewen 1981 has studled
some of the EHscherichia coli glutathione-deficient
mutants, with a very low level of glutathione synthase
(EC6.3.23) and of 7 Glutamyl-cysteine synthase
{EC 6.3.2.2) and found that these mutanls cannot form
CoASSG but instead produce respectively a mixed di-
sulfide formed by Coenzyme A and -y glutamyl cystelnil
dipeptide and, in the second case, produces only a CoA
dimer.

In order 1o sec i these mutants alsa should lack
GSS8G-reductase and CoASSG-reductase, we decided to
study one of these mutants. As can be seen in Table 2,
the mutant X88 which cannot synthetize glutathione
because it lacks glutathione synthase, has very low
activity of Glutathione-reductase and CoASSG-reductase
Is not present, although NADH-reductase (measured as
control) appears in a good amount. The other mutant,
the KK 1004, with nommal content of glutathione syn-
thase hase very high Glutathione-reductase and presents
CoASSG-reductase and NADH-reductase actlvities.

With the above results we can conclude that neither
the substrate GSSG, nor the enzyme GSSG-reductase,
are any longer universal as it has been claimed, since
some organisms can survive without these molecules,
and may have some other systems in order to maintain
the reduced state within the cell.

It is worthwhile ta mention that Arscott et al. (1982)
have found extensive homology between nine tryplic
peptides obtained from pig heart lipoamide dehydro-
genase and the sequence of human erythrocyte gluta-

Table 1. 555G reductase and CoASSG-reductase activities from varfous Eukaryotes -

Souce G5SG-reductase CoASSG-reductase
mU/mg mU/my

Rat liver (Ondarza ot of. 1974) 3.36 0.77

Saccharomyces cerevisiae (ATCC) 117 0.384

(Ondarza ¢t i, 1969}

Saccharamyces cerevisiae {(Aztec) 5.0 12.0

Spingced aleracea (Spinach) 10.0 Na activity deiecled

Agave fourcroydes (Henequen) 23.5 B.BS

Chiamydomuonas reinhardtii 104.5 LY N

Cylindratheca fusiformis (photosynthetic 15.8 No activity detected

marine diatom)

Nitzickia alba {inon photosynihetlc 77.4 No actlvity detected

marine diatom)

Dunalielia reriiolecta (green algae 262.0 15.0

modetate halophylic)

Codtum sp. (marine green olgae)} 41.6

No activity detected




Tabie 2, G85G-reductase, CoASSG-reductase and NADH-1educiase [rom Prokatyotes

Source GS5G-reductase CoASSG-reductase NADH-reductase

mU/mg mUjmg mU/fmg
Escherichia coli x 88 4.6 Measured but no 68

activity detected

Escherichia coli KK, 1004 113 6.0 94,2
Escherichia colf 1145 1.6 Not measured
(Lozwen 1977)
Rhodospirilium rubrum
(photosynthetic, purple 10.8 1.9 Not measured
bacteria, facultative anaerabic)
Rhodotpirillum salexigens
{photosynthetle, purple
bacteria, facuitative angerobic 120 No activity detecled Not measured
moderate halophilic)
Spirsiling maxima

{photasynthetic, blue-green
bacteria, moderate hatophllic)
Desulfovibrio vulgaris
(chemosynthetic,

strict anacrobe)

Clostridium tartarivorum
{thermophilic $5°C,
strict ansetobe, fermentative)

158.2 {crude)

No activity delected

No nctivity detected

Methanosarcing barkeri

(strict snacrobe) No activity detected
Halobacrerium halobium

(photosynthetic, No activity detected

extreme halophille)

Noa activity delected Not measured

No activity delecled 34
No nctivity detected 163
No activity detected 5.5
No activity detected 1.8

thione reductase; the average homology found is 40%,
One of the lipoamide dehydrogenase peptides is homol-
ogous not only with Glutathione-reductase but also with
the functional regions of the thioredoxin reductase,
the aminoacid oxidase, the p-hydroxybenzoate hy droxyl-
ase and the lactate dehydrogenase family. Thelr findings
offer strong evidence for an evolutionary relationship
between lipoamide dehydrogenase and glutathione-
reductase. They also suggest that glutathiene reductase
presumably diverged from lipoamide dehydrogenase
during the oxygen build-up period.

According to our hypothesis, we think that disulfide
reductases can serve as evolutionary markers, since the
presence of glutathione-reductase in eukaryotes ond
aerobic prokaryotes indicate that these organisms could
survive in the oxidizing atmosphere by synthesizing
disulfide reductases. The absence of Glutathione-re-
ductaste and CoASSG-reductsse in  Archacbacteria,
(2 new kingdom proposed by Woese et al. 1978; which
include methanogens, thermoacidophiles and extreme
halophiles), so as in strict anacrobes, means that these
organisms became adapted to microenvironments which
resemble primitive Earth conditions.
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Glutathione reductase [NAD(P)H:GSSG oxidoreductase EC 1.6.4.2] from cyancbaec-
terium Spiruling maxinma was purified 1300-fold to homogeneity by a simple three-step
procedure involving ammonium sulfate fractionation, ion exchange chromatography on
DEAE-cellulose, and affinity chromatography on 2',5-ADP-Sepharose 4B. Optimum pH
was 7.0 and enzymatic activity was notably increased when the phosphate ion coneen-
tration was increased. The enzyme gave an absorption spectrum that was typical for a
flavoprotein in that it had' three peaks with maximal absorbance at 271, 370, and 460
nm and a EL} of 23.3, K, values were 120 + 12 uM and 3.5 * 0.9 gMm for GSSG and
NADPH, respectively, Mixed disulfide of CoA and GSH was nlso reduced by the enzyme
under assay conditions, but the enzyme had a very low alffinity (K,, 3.3 mm) for this
substrate. The enzyme was specific for NADPH, The isoelectric point of the native
enzyme at 4°C was 4.35 and the nmino acid composition was very similar to that pre-
viously reported from other sourees. The molecular weight of a subunit under denaturing
conditions was 47,000 + 1200. Analyses of pure enzyme by a variety of techniques for
molecular weight determination revealed that, at pH 7.0, the enzyme cxisted predom-
inantly as a tetrameric species in equilibrium with & miner dimer fraction. Dissociation
into dimers was achieved at alkaline pH (9.5} or in 8 M urea. However, the equilibrium
at neutral pH was not altered by NADPH or by disulfide reducing reagents. The Af, and
#ag. Of the oligomeric enzyme were estimated to be 177,000 + 14,000 and 8.49 % 0.5; for
the dimer, 99,800 1+ 7000 und 5.96 + 0.4, respectively. Low concentrations of urea increased
the enzymatic activity, but this inerease was not due to changes in the proportions of

both formns, © iss Acadamic Press, Inc.

netic properties. In reporta where the sub-

Glutathione reductase [NAD({P)H:GSSG
unit compotgition of different GR was given,

oxidoreductase, EC 1.6.4.2], an enzyme

widely distributed in nature, has been de-
seribed in eubacteria (1-3), fungi (4, 5),
plants (6, 7), and animnals (1, 8-12). Despite
its apparent ubiquity, we reported its ab-
sence in archacbacteria (13). GR® isolated
from a variety of sources has shown re-
markable similarity in molecular and ki-

" 1'o whom correspondence ahould be addressed.

T Athreviationa used: GR, glutathjone reductase (EC
1.6.4.2}; 8DS, sodlum dodecyl sulfate; CoASSG, the
mixed disulfide of coenzyme A and glutathione,

the active form of the enzyme was always
found to be & dimer of identical polypeptide
chains (B, 10, 12), Nevertheless, several au-
thors have reported the existence of a mi-
nor fraction of tetrameric protein aa a con-
sequence of the formation of interchain di-
sulfide bonds (9, 14). Worthington and
Rosemeyer (15) demonstrated that the in-
hibition of this enzyme from human eryth-
rocytes by high NADPH concentrations
can be explained by the aggregation of the
dimer into a less active tetramer. Ii and

0003-088L /86 $3.00
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Sakai (16) reported that GR fram cleaving
sea urchin eggs becomes inactive after mo-
lecular aggregation. Serrano of ol (17) re-
cently described the purification and prop-
erties of GR from a cyanobacterium of the
genus Anabaena. The enzyme from this
source is also a dimer, but diplays some
unusnal properties, mainly a very low iso-
electric pH and an absolute apecificity for
NADPH,

In the course of our previacus studies of
GR from different seuvces (13), we observed
that the enzyme from the cyanabacterium
Spiruline maxima presents sore distine-
tive properties, especially a high molecnlar
welght. In this paper, we report the puri-
- fieation and characterization of GR from
8 maximo and we demonstrate that this
enzyme exists mainly as a stable tetramer
that seems to be its active physiological
form,

MATERIALS AND METHODS

Malerials. All biochemileals were obtained from
Sigma Chemical Company, Electrofocusing ampho-
Tytes (Pharmalytes) weee products of Pharmacia Bio-
technology, Sweden, All other chemieals were of an-
aiytical grade, Spiruling maxima, fram an open eul-
ture taken from Lake Texecoco, México, wns u gift of
SBasa Texcoeo Company, México. The harvested colls
were thoroughly washed with distilled water in & 65-
»#m nylon net {Nytal, Switzerland) and stored frozen
at -40"C, Micruscople examination revealed that this
materind was free of other miergorganiama,

Azsny af enrymatic netivity. The aetivity of GIt was
determined apectropholometrieatly in & double-beam
recording spectrophatameter (Pye Unienm SP-1804),
A {ypica) renction mixture vontalned 0.14 mm NADPH
and 1.2 ma GSSG in 0.1 o sodium phosphate buffer
(pH 7.0) contuining 1 mM EDTA (Nnal volumn of 8.5
tml) The decrense in absorbance at 340 nm was re-
corded for 1 or 2min 3n Lhe absence of GSSG; there-
after, this substrate was ndded to start the reaction.
A unlt of enzyme activity was defined as the amount
ol enzyme required to oxydize L ptuel of NADPH per
min at pH 7.0 and 25°C. CoASSG reductase netivity
was measured under the sume conditions by using
varied amounts of CoASSG as subatrate, Kinetle dnta
were fitted to the Michaelis-Menten equation by using
Clelund’a Hyper program (18], Specific aetivities re-
ported were calculated from true maximal veloeitles.

Protein ussaya Proteln was determined by the
method of Lowry (19) or by the Coomaasle G dye-
binding technique of Bradford {20), with bovine serum
albumin used as standard. The concentrations of the

pure entyme solutions were calculated from absore
baner ot 271 nm in a 5¢ my Tris-HCl huiler (pH 1.5)
contnining ! mm EDTA.

Polyacrylnide gel electrophoreser. Electrophareses
under nondenaturing conditlons were performed in
80 X B X 2.7-mnm gel alaba with o linear pore grodient
obtained by varying the concentration of the mano-
riers from 4 to 30%, with u congtant crosslinkage of
4% (213 Samples of aix proteins with molecular
weights from 20,000 to 240,000 were run simuita-
neausly as standards. Electraphoreses were performed
at 5°C either tn 90 mM Tris~-80 mu boric acid balfer
(pl1 8.35) or in (1.1 & sodium phosphate buffer (pH 7.0}
a6 125V for 14 10 16 b, Blectraphoreses in the presenee
of BDS were carcied oul in 160 X 160 X 0.75-mm ge)
#labs in phosphate-SOS buffer according to Weber
and Oshern (22). Five proteins, from AL, 17,000 to
68,000, were rin w8 molecular weight mnarkers.

Isnciectric focusing. The lsoelectric point of GR was
determined by preparntive Isoelectric focusing in a
suerose density wradient in a 110-ml LKB colama
containing ampholytes, vither pH range 3 1o 10 or 4
tn 6, hoth ot & cancentration of 2.2 g/ 100 m) gecording
to Winter snd Karlasan [27). Analytical {socloetric
focusing wna carried out in polyaerylamide gol (7%
= §%,0 =« 2%}or in IEF-axarose in 125 ¥ 125 ¥ 2~
mm gel slabs in o Muttipher apparatus (LK, Sweden)
with ¢t 3 to 9 ar 4 Lo 6 ampholytes at 2 fins) dilution
of 1115,

Ultracentrifugation studica. Sedimentation coefll~
cients, as well ns molecular weights, were determined
by uitracentrifugation in linear sucrose density gra-
dients In a 15-65 Beckman preparative ultracentrifuge
(SW 501 rator). Sucrosa density gradicnts contalnlng
the nolyueryinmide menomers were alsa prepared ac-
carding 1o the proceduro described by Jolley of al. (24,
These gradients were polymerized and ateined by
standard methoda. Malecular weights were estimated
a8 described vlsewhere (25); sedimenlation coeficlenta,
necording to Martin and Ames (26).

Amino acid anafyses. Amlno acid annlyres were
carried out in a Durrum [-600 amino acld analyzer,
Samples from tweo different cnzyme preparations were
dinlyzed 12 b agninst 500 vol of purified water, and
hydrolyzed 0t 130°C in G 1 HCI in vacium-sealed tubes
for 20, 4%, or 72 h, Cysteine and half-cyatine were do-
termined as eysteic acid by oxidation of the different
enzyme gamples with performie acid (27) and hydra-
lyala for 20 h at 110°C In € u HCI contalning 0.5%
phenol. Tryptophan was determined by hydrolysis
with 2-mercaptoethanesulfonic acid, sccording to
Yenke b nl (28). All resulis reported ste averagen
from Lwp Independent analyses.

RESULTS

GR purification. All operations described
in this section were performed at 4°C,
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The frozen cells were suspended in 0.1 m
sodium phosphate buffer (pH 7.0) contain-
ing 1 mM EDTA (buffer A) in a ratio of 2
ml per gram of wet bacterial cells. The sus-
pension was subjected to ultrasonic oseil-
lations and centrifuged at 25,000 for 15
min, and the precipitate was discarded,
Solid ammonium sulfate was added to the
supernatant (pH 6.8) to reach a 50% sat-
uration. The mixture was stirred 30 min
and centrifuged at 20,0005 for 20 min. The
precipitate was discarded and solid am-
monium sulfate was added to the super-
natant with continuous stirring to give 90%
saturation. After centrifugation, the pre-
cipitate was dissolved in 8 minimal volume
of 256 mM Tris-HCI buffer (pH 7.5) contain-
ing 1 mM EDTA (buffer B) and was dialyzed
two times (6 h each) against 200 vol of the
same buffer.

The dialyzed enzyme was applied to a
DEAE-8ephacel column (2.6 X 30 cm for a
preparation starting from 500 g bacterin)
previously equilibrated with buffer B. After
the column was washed, the enzyme was
eluted by means of a linear NaCl concen-
tration gradient (0 to 0.3 M) prepared in
buffer B. The enzyme was recovered in a
single peak of activity at .15 M NaCl. The
pooled fractions contalning the enzyme
were dialyzed against buffer A (250 vol for
12 h) and applied to a column packed with
adenosine 2',5-bisphosphate Scpharose-iB
{2.6 X 3cm) equilibrated in the sume buffer.

After the column was washed, the enzyme
was eluted by means of a liner concentra-
tion gradient (0 to 0.1 mm} of NADPH.
Fractions containing the enzyme were
pooled, dinlyzed againat 200 vol of buffer
A for 12 h, and concentrated by immersion
of the dinlysis sack in a concentrated so-
lution of polyethylene glycol compeund (M,
15,000 to 20,000; Sigma). The enzyme was
stored frozen at —=20°C. A typical purifi-
cation procedure is summarized in Table I.

Criteria of purily. The enzyme obtained
was shown Lo be homogeneous by the fol-
lowing procedures: SDS-polyacrylamide
gel clectrophoreais, pore gradient poly-
acrylamide gel eleetrophoresis of the nutive
protein at pH 9.5, etectrofocusing in IEF-
agarose, and density gradient ultracentri-
fugation. Some representative gels are
shown in Fig, 1.

Stubility. The pure enzyme, even at low
concentrations (0.1 mg/ml), was stable up
to one year when stored frozen at —20°C
in buffers A or B; repeated freezing and
thawing had no effect upon the enzyme ac-
tivity. Heating the preparation at 55°C (pH
4.0} for 10 min did not produce any signif-
icant loss of activity, but the enzyme was
readily inactivated at higher temperatures.

Kinetic purameters end substrate specif-
icity. The enzyme reduced GSSG and also
had some activity toward the mixed disul-
fide CoASSG, but neither CoASS nor cys-
tine acted as substrates at all. The K,, for

TABLE I

PURIFICATION PROCEDURE FOR GLUTATH

1IONE REDUCTASE FROM Spiruling maxima

Total Taotal Specifie
volume protein activity® Yield
Procedure (ml) {mg) (units my~") Enrichment %)
Crude extract 932 27,103.0 0183 1.0 100.0
Crude extract (contrifuged) B17 21,468.0 0.245 1.3 1060
Ammanium aulfate 152 G211.0 2.030 138 31.6
DEAE-cellulone 218 166.0 68.430 360 215

Adenosine 2,6 -bisphosphate-

Sephurose 4B 14 6.5% 233.000 1300.0 36.3

Note, Amounts rated for 200 57 of biomasa, wet weoight.
® In vach case, values were calculated from the correaponding Vi
*Proteln in this step was estimated (rom the E} for the pure enzyme.

11
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wiate

A =1 c

Fia. 1. Purity of GR preparation. {A) Polyacryl-
amide gel clectrophioreain of dehotured enzyme
(10 pg} in the presence of SDS (7' = 10%,C = 2.6%),
{B) Ultracentrifugation in acrylamide-contalning su-
crone dengity gradient (" = 8%, = 3.6%). Proteln
samples (15 pR} were subjected to 200,006y for 14 hat
4*C, The gradient material was polymerized end then
atained. {C) Electrofecusing in 2% IEF-agnrose with
Pharmalyies 3 to B (diluted 1:15). Gels were tun ot
5°C for 2500 V h. Ar amount of § ug wera applied, In
all cases, gels were stained by standard methods using
Coomassie briliiant blue R dye,

GSS8G at a high fixed NADPH concentra-
tion in buffer A (20 times K) was 121 =+ 12
uM (SE) at pH 7.0 and 25°C. Under the
same conditions, a K, of 3.3 + 0.9 mMm (SE)
waa calculated for CoASSG. The specific
activities for G85G and for CeASSG, re-
spectively, were 238 = 8 4nd 3.0 + 0.4 pymol
min~! mg™! (8E), giving o Vi ratio of 79,
At a high fixed concentration of GS3SG (20
times K,), the K, for NADPH was 3.5 + 0.9
4 (SE) in the same buffer. NADH couid
not substitute for the reducing subsirate
NADPH. The order in which substrates
were added had no effect on the Initial ve-
locities.

When V.. was studied as a function of
pH, a sharp maximal value was obtained
at pH 7.0 when either GSSG or CoASSG
was used as substrate, V,,, aldo Increased
with increased phosphate buffer concen-

tration; the resulting curve (data not
shown) was hyperbolit; an apparent acti-
vation constant for phosphate was caleu-
lated to be 15 mat.

Arntine acid comporition and spectral
properties. The umine acid composition of
GR from 8 moxima is shown in Table 11,
From these results and according to the
method of McMeckin and Marshall (29), a
partial speclfic volume of 0.734 em® g™ % was
estimated, without taking into account the
flavine coenzyme. The ultraviolet-visible
spectrum of the enzyme in buffer B was
typical for a flavoprotein, with maxima at
271, 370, and 460 nm. From the spectral
data and the mass of the enzyme calculated
from the amino acid analyses, the value of
EY: s pH 7.5 wus estimated to be 23.3, The
molar sbsorptivity coefficient, assuming a
moleeujar weight of 192,000, was 4.46 X 10%
M~ em~', Assuming that the Ravine coen-
zyme ig FAD and taking into account the
molar absorptivity coefficient reported for
protein-bound FAD at 460 nm (30), a ratio
of 1.06 moi fluvine/mol enzyme subunit was
calculated.

lsoplectric point, The isoelectric focusing
of the native enzyme gave an hamogeneous
peak with maximaul activity at pH 4.35 (av-~
erage of two determinations at two differ-
ent pH ranges, 3 to 10 and 3 to 6).

Molecular weight and oligomeric struc-
ture. The subunit moleculur weight, os de-
termined by SD8-polyacrylamide gel elec-
trophoresis, was 47,000 = 1200 (SD). The
molecular weight of the native protein, es-
timated hy pore gradient gel electrophe-
resis was 92,000 £ 5000 (SD) at pH 9.5
(Fig. 3A). Approximately the same value
(05,700 + 9000) was obtained by ultracen-
trifupation of the enzynme in acrylamide-
cantaining sucrose density gradients at pH
values of 5.2, 7.0, and 8.8 which were po-
iymerized apd stained after the run, Sed-
imentation of the enzyme in sucrose den-
sity gradients prepared in 0.1 M Tris~HCl
buffer (pH 9.5) without acrylamide also
gave a single protein peak for which &an Sxw
of 596 + 0.4 {SD) and a molecular weight
of 98,000 x 7000 (SD) were valculated (Fig.
2A). Gel filtration chromatography of the
enzyme in a enlibrated column packed with
Ultrogel AcA 34 (0.1 M Tris-HCL; pH 9.5;
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TABLE 11

AMING ACID COMPOSITION OF GLUTATHIONE REDUCTASE FROM Sprruling maxima

Resldues per subunit of
molecular welght 47,400°

20 h

Amino aeld 48h 72h Avernge® Nearest Integer
Aax 41.54 41.85 41.25 41.5% 42
Thr 29.56 27.90 28,08 3113 31
Ser 27.71 2527 22,62 29.15¢ 29
Glx 46.96 46,85 46,03 4641 47
Pro 172 6.96 6.29 6.99 ki
Gly 4859 41,36 46.76 46.90 47
Ala 44.40 4295 43.8} 43.72 44
Val 22,513 32.26 84.52 83.44 a3
Met 1113 10.38 10.53 10.68 11
Ile 26.98 29.03 20.25 25,09 28
Leu 31.96 34.70 .60 13.76 34
Tyr 785 701 674 T.20 T
Phe 18.76 1831 17.60) 18,82 18
His 10.79 11.37 1147 11.21 11
Lys 2281 2389 24.05 23.68 24
Arg 18.24 18.24 1827 18.28 18
Cya* 640 — - 640 6
Trp* 3.59 - - 2.50 4

Total number of amino acids: 441

* Excluding flavine.
* Unless otherwise indicated.
* Extrapolated to zero time.

*Determined in a separate hydrolysis as cyateic acid, with leucine used as internal reference.
*Determined In a separate hydrolyais with leucine used aa internal reference,

4°C) alsc gave a single symmetrical enzyme
peak with similar molecular weight (data
not shown). However, when the enzyme
was anaiyzed by sedimentation in the ul-
tracentrifuge in sucrose density gradients
at lower pH values, a second sedimenting
zone appeared which had approximately
twice the previously determined molecular
weight. This peak was the predominant
enzyme species at neutral pH (Fig. 2B-D).
The sedimentation coefficient of this
heavier component was estimated to be 8,49
+0.6(8D) and the corresponding molecular
weight to be 177,000 % 14,000 (SD). This
sedimentation pattern was not changed by
the addition of 0.1 ma NADPH, 6 mM 1-
mercaptoethanol, or 2 mM dithiothreitol.
A similar pattern was obtained in pore
gradient polyacrylamide gel electropho-
reses in buffer A (Fig. 3B) and in gel fil-

13

tration chromatography in Ultroge! AcA
34 in the same buffer (data not shown).

In order to demonsatrate the reversible
conversion of these two forms of aggre-
gation of the enzyme when the pH was
changed, the following experiment was
performed. A 200-ug sample of enzyme
which had been stored at pH 7.0 was di-
alyzed for 24 h against 200 vol of 0.1 & Tris-
HC! buffer (pH 9.5) containing 1 mM EDTA.
A 100-ug aliquot was then removed and ul-
tracentrifuged at pH 9.5; a sedimentation
pattern was obtained as already described,
the resultant profile being identical to that
of Fig. 2A. The remaining 100 ug of the
dialyzed enzyme sample waa again dialyzed
for 24 h against buffer A (pH 7.0) before
being analyzed by ultracentrifugation by
the same procedure. This sample gave a
two-peak pattern similar to that in Fig. 2D.
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Fta. 2. Sedimentation patterns of GR at various pl
values, Protein samples (90 to 108 pgg) were layered
on b ml of & b to 20'% linear sucrose density gradlent
and ultracentrifuged for 14 h at 200,000g and 4°C,
Then tubes were punctured at the bottom and frac-
tionn of four dropa {about 125 ul) were collected. Mo-
lecular weight markers were run simultaneously and
the protein profile was dotermined by the procedure
of Bradford {20). Siandard proteins were myoglobln
{not shown), ovalbumin {1}, and IgG (2). All gradients
were made In 0,1 M Tris-HCI buffer contuining 1 mm
EDTA, with the exception of D, which wna made in
0.1 M sodiuimn phosphate buffer. The bottom of the tubea
is shown at the right. (A) pH 0.5; (B) pH B.S, (C) pH
7.8 (D) pH 7.0

Effect aof urec. The enzyme activity was
assayed in the presence of different urea
concentrations (Fig. 4A). At 0.4 to 0.6 M
ures, the enzyme activity was nearly dou-
bled. Sedimentation experiments per-
formed at these same urea concentrations
and pH values did not demonstirate changes
in the relative proportions of the two-peak

- pattern shown in Fig. 2D. At higher urea
concentrations, the enzyme was progres-
sively inactivated and was completely in-
activated in 4.0 M urea. Nevertheless, this
inactivation did not correlate with changes
in the sedimentation pattern since, by ul-
tracentrifugation analysis under the same
conditions, the two-peak pattern with the
same molecular weights as already deter-
mined was obtained (Fig. 4B). However, a
alight increase in the fraction of the lighter
component was evidenced, as compared
with the sedimentation profile shown in
Fig. 2D. At intermediate {25 and 3.2 M)

urea concentrations the sedimentation
pattern was almost identical to the one
shown in Fig. 2D in spite of the evident
changes in the observed enzyme activity,
This activity profile did not change after a
24-h period of incubation in the presence
of different urea concentrations. The effect
of 6 M urea was assayed by gel filtration
chromatography in Sephadex G-150 equil-
ibrated with the urea solution prepared in
50 mM Tris~HCl buffer (pH 7.5) containing
1 mM EDTA. Under these conditions, the

Fra. 3, Pore gradient olectrophoreses of GR in poly-
acrylamide and the corresponding densitomatry. (A)
Gel preequilibrated and run in Tris-HCI buffer (pH
8.5) eontaining 1 mu EDTA at 5°C. {B) Gel preequil-
ibrated and run in 0.1 M sodium phosphate buffer (pH
7.0) containing 1 mM EDTA st §°C. In both cases an
amount of 15 pg proteln was applied.



GLUTATHIONE REDUCTASE OF Spiruling marima

2

- v
F] ' !
3
05 &
-
¥ ¥
& =
g ]
2

o . R
0 ] 2 R 20 25
UREA (M) FRACTION HUMBER

Fia. 4. {A) Effect of urea on enzyme activity. The
entyme was Incubated for 1 to 2 min in the presence
of NADPH and buffer A containing urea at the in-
dieated concentrations; the reaction was started by
addition of G55G. The activity is shown as percent-
ages of the value obtained In control experiments
without urea, Other conditions were performed as de-
seribed under Materials and Mothods, Each point
represents the averagoe of four independent assays.
{8) Effect of urea on enzyme dlzaociation. Glutathione
reductase (100 ug) was placed on 5 mi of a § to 30%
sucrose density gradient prepared in 0.1 M sodlum
phosphate buffer (pH 7.0) containing 1 mm EDTA and
4 M uren, Ultracentrifugation was run for 24 h at
290,000 and 4°C. Other conditions and protein ston-
dards were the same s described in Fig, 2.

enzyme eluted 1s a single peak of M, 92,000
(average of two determinations).

DISCUSSION

In this paper, we describe a three-atep
procedure for the total purification of GR
from the cyanobacterium S maxima. The
enzyme was shown to be homogeneous ac-
cording to several criteria of purity and to
have a specific activity of 238 pmo! min™!
mg~L. The enzyme had an absolute specif-
icity for NADPH, in contrast with GR from
other sources that can also oxidize NADH
{5, 6, 10). GR from another cyanobacterium,
Anabaena sp., is alzo absolutely specific for
NADPH (17). The specificity of GR for di-
sulfide substrate has been studied for the
enzyme from baker’s yeast (31, 32) and rat
liver (10, 33). Both enzymes are also able
to reduce CoASSG, a mixed disulfide of un-
known function, the existence of which was
first reported by Ondarza (34). The GSSG/
CoASSG activity ratio for baker’s yeast
was reported to be 9.1 by Carlberg and

Mennervik {31); Ondarza (33) and Carlberg
and Mannervik (10) reported 12.2 and 7.45,
respectively, for the enzyme isolated from
rat liver. For these enzymes, the eptimum
pH for the reduction of CoASSG is more
acidic than ie the corresponding optimum
for reduction of GSSG. In 8. maxima, both
activities were maximal at neutral pH, and
the activity toward CoASSG is minimal,
Throughout the purification, there was no
evidence for the presence of a separate re-
ductase in 8. maxima which was specific
for CoASSG. Unfortunately, since there
are no reports of CoASSG reductase activ-
ity in GR purified from other procaryotes,
we cannot be aure that this low activity is
ageneral characteristic of these organisms,

The aminoe acid composition of our prep-
aration was very similar to those reported
for the enzyme from Anabaena sp. (17),
Escherichia coli (1), yeaat (1), and animal
sources (9, 12). Except for low content of
proline and tyrosine residues (Table 1I),
there were no great variations. The acidie
isoelectric pH (4.35) of the GR from S
mazima is an unusual characteristic that
it shares with GR from Anabaena sp. (4.02),
To date, these values are the leweat re-
ported for any GR. However, the most
striking characteristic of the Spiruline en-
zyme was its oligomeric structure, Al-
though the subunit moelecular weight waa
in the range expected for a glutathione re-
ductase, our results suggest that the oligo-
meric enzyme existed mainly as a tetramer
throughout a wide range of pH. This tet-
ramer seems to be in equilibrium with a
amall dimeric compenent, with the tran-
sition between these aggregation states
sufficiently slow to allow their separation
by different methods, The sedimentation
pattern al pH 7.0 did not change in the
presence of NADPH or thiol reducing re-
agents. This excluded the possibility of
an aggregation of dimers mediated by
NADPH as described by Worthington and
Rosemeyer for GR from human erythro-
cytes (15) and also ruled out the association
of dimers by interchain disulfide bridges
(9, 14).

The tetramer was fairly stable since up
to 6 M urea was needed to completely dis-
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sociate it into dimers. It is worth noting
that the activation of the enzyme at low
urea concentrations did not correlnte with
changes in the quaternary structure of the
protein, suggesting that this effect was
merely conformational, The existence of &
major tetrameric component and a minor
dimeric fraction was observed in ultracen-
trifugation experiments, in gel permeation
chromatography, and in pore gradient gel
electrophoreses. Because the patterns ob-
tained with Lthese different techniques were
quite similar, the posasibility of artifact due
to the well-known dissociating eifect of
proteina by the hydrostatic pressure
(tenths of kilobars) during ultracentrifu-
gation (35) can be discarded. The dissocia-
tion of GR from S. marima was strongly
dependent upon pH, as was detnonstrated
by experiments at different pH values.
These results indicated that charged
groups on the protein may be involved in
the interaction between dimers and that
these groupa may change their protonation
state at pH 8-10,

An unexpected finding was the sedimen-
tation of the enzyme as a single form with
a M, of 95,700 when it was analyzed at pH
7.0 in the presence of acrylamide mono-
mera, However, under standard conditions
at this same pH value, the GR from S
maxima predominantly existed as tetra-
mer (Fig, 2D), suggesting a dissociating ef-
fect of acrylamide upon the enzyme. In ex-
periments perfrrmed in the presence of
acrylamide without polymerizing agents,
a notable increase in the dimer fraction
was observed.

The experiments reported here did not
clarify the question about the activity of
the enzyme in each state of agyuregation.
Both forms assayed immediately after
their separation by sedimentation or by gel
filtration chromatography appeared active
in the standard enzyme assays, but it
should benoted that under these conditions
the equilibrium between both apecies may
be distinct. The kinetics of the conversion
between the dimeric and tetrameric forms
of the enzyme should give additicnal in-
formation about this structural transition

and its possible significance on the regu-
lation of GR from 8. mazima.
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DISCUsION

La existencia de una actividad enzimd-
tica asociada con la reduccién del gluta--
tidn fué considerada durante mucho tiempo
como un requisito esencial para el buen
funcionamiento del metabolismo celular. De
hecho, se llegé a pensar que la vida misma
no seria posible sin el mantenimiento de
un cociente elevado GSH/GSSG. Sin embargo,
en 1975 Apontoweil et al {36) reportan el
aiglamiento de mutantes de Escherichia coli
que, a pesar de ser deficientes en la bic-
sintesiz del glutatién, presentan cin&ticas
de crecimiento normales, si bien muestran
una mayer susceptibilidad a ciertos agentes
quinicos. Por otra parte, Fahey et al (37)
analizan el contenido del tripéptido en to-
do un espectro de bacterias Gram-positivas
y Gram-negativas, encontrando diferencias
significativas entre ambos conjuntes, con
el grupo Gram-nagativo exhibiendo las mayeo
res concentraciones. Sin embargo, el anae-
robio Desulfovibric wulgaria, a pesar de
incluirse en la categoria Gram-~negativo,
muestra niveles muy bajos de glutatidn., Es
interesante sefialar que incluso dentro de
una misma especie bacteriana los niveles
de glutatisn parecen variar dependiendo
de las condiciocnes de crecimiento, siendo
mis abundantes durante la aerobiosis. Asf,
en Egcherichia coli la concentracién de glu
tatién se incrementa cuatro veces {(37) al
pasgar de anaeroblosis a aerchiosis (de 7 a
27 Hmol/g, respectivamente)}.

En lo que respecta a los eucariotes,
aungue la participacisn del glutatifn en
una gran variedad de procesos ha guedado
claramente demostrada, se han reportado ca-
sos en donde el tripfptido parece estar com
pletamente ausente del metabolismo. En
Entamoeba hiotolytica, por ejemplo, Fahey
at al (38) han reportado la auvsencia total
del compussto asf como de enzimas relaciona
das, ¥ los autores sugileren gue , debidc a
que este eucariote carece también de mito-
condrias, la adquisicidn de ambos -~ tanto
del metabolismo del glutatiSn como de mito-
condrias « durante el proceso evolutivo se
llevS a cabo posiblemente de manera simultd
nea. En este sentido, Meredith y Reed (39)
reportan que las mitocondrias de hepatocito
de rata son incapaces de scbrevivir a la
deplecisn de la reserva de glutatidn mitocon
drial.

En base a todo lo anterior, los resulta-
dos presentados en nuestro trabajo, acerca

de la ausencia de glutatidn reductasa en el
grupo de bacterias conocide colectivamente

como arquecbacterias (Archaebacteria, Woese
1978 {40)), parecen raforzar la idea de que
la participacifn del GSH en ¢l metabolismo

no es un factor crftico para la sobreviven-—
cia de la célula.

La posibiljdad de que nuestra falla para
detectar actividad de glutatidn reductasa
en astas bacterias se debiera a condicio--
nes de cultivo inadecuadas parece poco pro=
bable, ya que en el caso particular de
Halobaceterium halobiym, los cultivos fueron
crecidos con burbujeo constante de oxigenc
~ condiciones gque deberian favorecer la pre
gsencia de dicha enzima - e incluso la cose-
cha fu€ realizada en diferentes estadfos del
crecimiento.

En este sentido existen evidencias de
aque la enzima neo es inducible, ya que en
aquellos microorganismos en donde se ha medi
do, la glutatidn reductasa parece estar en
todas las fases de crecimiento de un culti-
vo axénico. Loewen {46) ha reportade que en
cultivos de Fecherichia coli crecidos aerdbi
camente, la actividad especf{fica de la enzi-~
ma se incrementa gradualmente hacia la fase
estacionaria, llegando a ser el doble {121.6
mU/mg) gue al inicio da la fase logaritmica
(60.6 mU/mg); sin embargo, a pesar del evi-=
dente incremento en la actividad, la enzima
siempre estd presente. Es interesante mencip
nar que el mismo autor observd que al cambiar
un cultivo de la misma bacteria de condicip
nes aercbias a anaexrcbias, la enzima permang
ce en un nivel constante, aproximadamente
igual al que tenfa al momento del cambio.

Es posible gencralizar, entonces, gque la
presencia de glutatidn reductasa siempre se
verd favorecida en organismos que vivan en
ambientes donde las presiones parciales de
oxfgeno sean apreciables. En el casc de los
tres grupos de arquecbacterias estudiadas
{metandgenas, termoaciddfilas y haldfilas),
podemos afirmar que una caracterf{stica comin
a todas ellas lo es el habitar lugares en
donde dichas presiones parciales son extrema
damente bajas, giendo innecesaria, por lo
tanto, la presencia de dicha enzima,

Ahora bien, aungue en el presente traba-
jo no se evalud el nivel de concentracisn
del glutatidn en ninguna arqueobacteria,
Newton et al (41) han encontrado recienteman
te que dicho compuesgto estd totalmente ausen
te en seis especies de halobacterias; en su



lugax, los autores cncuentran niveles apre
ciables de y glutamil-cisteina, el dipépti
do precursor del glutatifén. Ademfs, en &g-
tas mismas bacterias parece existir una en
zima cuya actividad de reductasa hacia el
dipéptido mencionado es casi ocho veces ma-
yor que la correspondiente actividad scbre
GSSG, reforzando asi los resultados de nuesg
tro trabaio.

Cabe mencionar que los equivalentes re-
ductores utilizados per la enzima durante
el ciclo catalitico son suministradeos por
la via del fosfogluconato bajo la forma de
NADPH. Dicha via ha sido bien caracterizada
en eucarictes heterétrofos y fotosintéticos
funcionando en estos Gltimos en sentido in-
verso durante la fijaci6n de CO3. Desafortu
nadamente no se dispone de informacifn so-
bre la existencla de la via mencionada en
arqueobacterias, ya que serfa interesante
conocer la disponibilidad de poder reductor
en estos procariotes asf como el posible
grade de control ejercido sobre la gluta--
ti6n reductasa.

Dentro de los procariotes, el grupo de
las ciancbacterias constituye un caso par-
ticularmente interesante, ya que son las
{inicas bacterias fotosintéticas cue gene--
ran oxfgeno durante el proceso de fijacién
del CD2 y, por consiguiente, la existencia
de gistemas antioxidantes en estos organis-
mos parece una necesidad. En este sentido,
la presencia de glutatién ha sido reportada
an varias ciancbacterias. En Nostoe rmuscorum,
Karni et al (42) encuentran una concentra--
cién de 0.6 - 0.7 mM, mientras que en
Synechococcus sp. Tel-or et al (43) repor--
tan 3.2 mM.

A pesar de que la presencia del gluta--
ti6én en estos procarictes as un hecho bien
establecido, poco se sabe acerca de las cngi
mas participantes. Karnl et al (42) reportan
la existencia de glutatifn reductasa en cé&lu
lag vegetativas v heterccistos de Nostoc
mseorum, adjudicande propiedades diferentes
a la enzima de ambas estructuras, esencial--
mente en lo que respecta a su afinidad por
GSSG y sensibjlidad a iones 2n 3 sin embax
go, los mismos autores declaran su incapaci-
dad para detectar glutatidn peroxidasa. Por
otra parte Serrano et al (9) han publicado
recientemente la purificacifn y propiedades
de la glutatidn reductasa aislada de la cia-
ncbacteria dnabaena sp.. La enzima compara-
da con aquella de otras fuentes (Vex Tabla
1), no muestra mayores particularidades a
excepcidn de una especificidad absoluta por
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NADPH y un punto isoeléctrlco notablemente
dcido, e

La enzima de szrultna jeima, cuya pu
rificacitn y propiedades se#ﬂeportan en el
presente trabajo, comparte con aquella de
Anabaena las dos caracteristicas seialadas,
aunque definitivamente el rasgo mis inusual
de la glutatidn reductasa de Spirulina
maxima reside en su astructura cuaternaria.
De hecho, durante el trarnscurso de la carac
terizacidn preliminar de la enzima, existie
ron resultados radicalmente opuestos, ya
que mientras el pesoc molec-lar obtenido por
electroforéisis en gradiente de poro sugeria
una estructura dimérica, los experimentos de
filtracién en gel apoyaban la idea de una mo
lécula mis compleja. La imposibilidad de
coinciliar amhos resultados se debid esen—-
cialmente a que la posicién de la enzima en
los cromateogramas Se rastreaba por su acti-
vidad reductora y no por el perfil de pro-—-
tefna, de tal manera que el dimerec, menes
abundante, pasd ilnadvertidc durante mucho
tiempo. Por otro lado, la inexistencia de
tetrfimeroc en los geles de gradiente de poro,
se debis a cque el pH al cull eran corrides
{(alrededor de 9.0) favorece completamente
la aparicifn de la forma dimérica. La coe-
xistencia simultinea de ambos oligémercs se
puso de manifiesto en los cxperimentos de
sedimentacién en gradiente de sacarosa a pH
neutro, en donde, al determinar el perfil da
proteina, fué evidente que la enzima sedimen
taba bajo dos formas de agregacidn diferen-—
tes, giendo m&s abundante la molécula tetra-
mérica.

A primera vista, la existencia de gluta-
tifén reductasa tetramérica no parece repre=--
sentar un hallazgo inesperado; de hecho, &s-
te ha sido reportado en otros casos. Asf,
Worthington y Rosemeyer (44) Demuestran que
la inhibicifn producida por NADPH sobre la
enzima obtenida de eritrocito humano es de-
bida a la agregacifn de la forma dimérica :
en un tetrimero menos activo, mientras gque :
Boggaram et al (27) reportan la agregacién
de la enzima de eritrocito porcino debido a
la ausencia de tioles en el medic. Un resul
tado similar a este Gltimo es mencionado
por Carlberg et al {(22) para la enzima de ]
higado de ternera. Sin embargo, en el caso
de la glutatién reductasa de Spiruling
maxima, ni la adicién de NADPH ni la presen
cia de ditiotreitol lograron cambiar el per
£il de sedimentacién obtenideo sin estos
agentes, minimizande la posibilidad de que
el tetrimero observade fuese un artefacto.




Ademds, la notable estabilidad de la en~-
zima frente a un agente disociante como
la urea parece reforzar esta Gltima idea,
ya cue se requiere urea 6 M para disociar
el tetrimero en dimeros, mientras gque con
s8lo 4 M la actividad enzimdtica es aboli
da completamente, no habiendo una correla
cidn entre el grado de disociacién y la
pérdida de actividad. En este sentido, ca
be seiialar que la glutatidn reductasa de
Anabaena sp. es disociada a mondmeros en
praesencia de urea 6 M (9), mientras que
Zanetti (22) reporta una inhibicidn de s&
lo el 2% para la enzima de higade de conE
jo en presencia de urea 8 M.

tradas en la Tabla I, conjuntamente con

los resultados del presente trabajo, curig
samente observamos que, a cxcepcidn de
Eacherichia coli, las otras tres bacterias
incluidas - al igual que Spirulina maxrima -
exhiben alguna propiedad que se desvia del
valor "promedio” conocido para esta enzima,
Esta observacifn, aungue aparentemente irre
levante, apoya una de las hipdtesis plantea
das al inicio del trabajo, es declr, que la
glutatién reductasa de procariotes presenta
una mayor variabilidad que su contraparte
eucaridtica, si bien por el momentc somos
incapaces de dar una explicacién a dicho fe
némenc, En principlo, la dnica cosa en co—--

Los resultados reportados demuestran
ademis, que ambas formas son ficilmente
interconvertibles por ajuste al pH adecua
do, sugiriendo que en el fendmenc de aso-
ciacidn-disociacidn estan en juego grupos
ionizables. Queda por esclarecer la natu-
raleza quimica de dichos grupos, sus pK,
asf como su posible dependencia de la tem
peratura, Con relacién a esto iiltimo, es
interesante mencionar el hecho de que los
experimentos de sedimentacién fueron rea-
lizados.a 4°C, mientras que los ensayos
dae actividad se verificaron a temperatura

miin gue presentan estas bacterias es la de
ser fotosintéticas.

Finalwmente, con respecta al reconoci-—-
miento del disulfuro mixto CoASSG por par-
te de la enzima, los resultados reportados
parecen sugerir que la glutatitn reductasa
de Spirulina marima muestra la mayor espe=
cificidad hacia este compuesto en compara-
cidn con la enzima de otras fuentes en las
cuales se ha estudiade esta caracteristica.

Asi, en la levadura Saccharomyces
ecerevigiae, se han reportado coclentes de
actividad G58G reductasa/CoASSG reductasa

ambiente. Seri importante dilucidar el
perfil de sedimentacifn de la enzima en
este (ltimo rango de temperatura, ya que
podria proporcionar informacidn sobre
cudl de los dos coligfmeros es la forma ac

cue van desde tres (33) hasta casl diez(34),
mientras que en higado de rata dicho cocien
te oscila entre 7.5 (18) y 12 (35). Desafor
tunadamente el elevado costoc del CoASSG, au
nado a la baja afinidad de la enzima por el

tiva. Resultados preliminares en este sen
tide permiten sugerir que es el tetramero
la forma mds activa, si bien no excluyen
la posibilidad de que el dfmero participe
también en la reduccién del glutatién.
Ahora bien, aungue ya se menciond la
interconvarsidn reversible de las dos for
mas de la enzima al pasar de un pH neutre
a uno alecalino y viceversa, en el presen-
te trabajo no se muestran evidencias defi
nitivas de que exista un equilibrio entre

mismo (en comparacidn con el GS5G), no han
permitide realizar estudlos de este tipo
utilizando concentraciones saturantes del
disulfuro mixto. En Spirulinag maxima, el
cociente de actividades enzimiticas es tan
alto como 7%, y esto es »articularmente sig
nificativo considerando gque se trata de una
relacifn de velocidades miximas. Pareceria
entonces que en esta ciancbacteria la gluta
tién reductasa es notablemente especifica
por su sustrato. La comparacidén con la en-

zima de otros procariotes en este sentidec
no es pesible, ya gue ademis de que solo

sa ha purificadeo hasta homogeneidad en
Eacherichia coli y Anabaena sp., en ningin
caso se da informacifn respecto a su activi
dad sobre CoASS5G.

Cabe sefialar asimismo, que en Spirulina
marima ambas actividades presentan un mixi-
mo a pH 7.0, contrastando con reportes pre-
vios donde se observé un desfasamiento de
las dos actividades reductoras, de tal mane
ra que mientras el &ptimo para la reductasa
del GSSG es de pH 7.0 ( tanto en Saccharomy
ces cerepistae como en higade de rata ), el
miximo correspondiente a la CoASSG reductasa

ambos oligdSmeros al mismo pH. Sin embargo,
la posibilidad de resolver con bastante
efectividad dimero y tetrimero mediante
experimentos de transperte - sea electro-
forésis 6 sedimentacifin ~ sugiere, en prin
cipio, cue de existir interconversién a un
pH dado, la velocidad con la cuil se lleva
a cabo es baja (45). La cuantificacifn de
la cinética de interconversifn es una meta
importante si se desea esclareccer el pro~-
blema de la actividad de ambas formas y,
por ende, el posible significade fisioldgi
co del fendmeno.

Si analizamos las caracteristicas de
la glutatifn reductasa de procariotes mos-

- 20 -



en estas mismas fuentes oscila alrededor
de pH 5.5 (18,33},

Durante la determinacién del punto
isoeléctrico de la enzima, se rastred la
supuesta CoASSG reductasa independiente.
Sin embargo, con los niveles de sustrato
que se utilizaron, no fué posible ubicar
la ni sigquiera en la zona correspondien-—
te a la GS55G reductasa. Esto dltimo, au-
nado a la ausencia de actividad en extrac
tos crudos, parecen degcartar la hipSte-
gis planteada al comienzo de este traba-
Jjo.

Los resultados anteriores, junte a
la falta de evidencia en faver de una re
ductasa para el CoASSG — independiente
de la GSSG reductasa - sugieren que en
Spirmelina maxima hay una sola protefna
{posiblemente con un dnico sitio activo)
involucrada en la reduccidén de ambos di-

21

sulfures, con una afinidad y eficiencia ca-
talftica notablemente mayor hacia el gluta-
tisfn oxidado, Queda por aclarar la posible
existencia del disulfuro mixto en cianchac-
terias, a fin de esclarecer si la actividad
reductora presente en la glutatidn reductasa
desempeila un papel fisiolSgico 6 es simple-
mente carencia de especificidad absoluta por
el sustrato.

Es interaesante mencionar gue la enzima
aislada a partir de una cé&lula anucleada
como el eritrocito, es incapaz de reconccer
al mencionado disulfuro mixto, siendo que
la enzima de eucariotes es, en promedio, Bé
lo un orden de magnitud mis activa sobre
GSSG respecto a) CoASSG. Esto, aunado a la
poca actividad de CoASSG reductasa del pro-
cariote Spimling marima, plantea una posi-
bilidad interesante, a saber, gque el metabo
lismo de dicho compuesto esté involucrado
en alglin proceso nuclear.
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