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RESUMEN

La funcion de las hemoglobinas_no_ simbidticas. (ans) en las. plantas se. desconoce. El
estudio de la regulacion de la expresion de Ios genes hbns es importante para entender la funcién
de -las Hbns.  Por ello, el objetivo de estatesis fue analizar la. expresion de los genes hbns del
arroz. . El analisis por “western- blot”:-mostré=que las: Hbns se sintetizan en los o6rganos
embrionarios y en las hojas y raices de plantas de arroz de 2 a |14 semanas de edad. La deteccién
de-Hbns en plantas estresadas mostré que la abundancia relativa de las Hbns aumenta cuando la
planta crece en condiciones de estrés energético o hipoxia. aunque la abundancia de las Hbns no
varié en plantas que se sometieron a estrés oxidativo, nitrosativo u hormonal. Estos resultados
muestran que las Hbns se sintetizan en numerosos 6rganos del arroz y durante el desarrollo de la
planta, y que la sintesis de Hbns se modula por tipos especificos de estrés. El analisis del genoma
del arroz mostré que en esta planta existe una familia de genes hbns, hbns/ a 4. La regién 5' no
codificante de los genes hbns contiene secuencias que son similares a los promotores de los genes
de globinas animales y genes que se regulan por hormonas vegetales o que codifican para
proteinas de defensa. Estas observaciones sugieren que los genes hbns se regulan por separado, y
que las Hbns del arroz realizan diversas funciones en la planta. probablemente al regular el
metabolismo de la célula vegetal.

ABSTRACT

Non-symbiotic hemoglobins (nsHbs) are widely distributed in the plant kingdom, however
their function in plant organs is not known. Studying the regulation of the nshb gene expression
is important to understand the function of nsHbs in plants. Thus, the objective of this thesis was
to analyze the expression of rice nshb genes. Western blot analysis showed that rice nsHbs are
localized in embryonic organs and in roots and leaves from 2 to 14 weeks old plants. Also,
detection of nsHbs in stressed rice showed that the relative abundance of these proteins increases
in plants subjected to enercetic stress and hypoxia. The relative abundance of nsHbs did not
change in plants subjected to oxidative, nitrosative and hormonal stresses. The above results
showed that nsHbs are synthesized in -everal plant organs and during plant development, and
that the synthesis of nsHbs is modulated by specific (but not general) stress conditions. Analysis
of a rice genome database showed that a family of nshb genes (nshbl to 4) exists in this plant.
and that the 5’-upstream non-coding sequences to each nshb gene contains promoter sequences
that are similar to promoters from animai globins. genes that are regulated by plant hormones
and genes that code for defense proteins. These observations suggest that nshb genes are
regulated independently from each other. and that nsHbs with different functions exist in rice
organs. Results from this thesis suggest that nsHbs function in plant organs and during plant
development probably by regulating the cell metabolism.




Capitulo I. INTRODUCCION.

Articulo:
K. Lfra Ruén. E. Aréchaga Ocampo, M. Ramirez Yafiez, M. Sanchez Sén;hez'y
R. Arredondo Pet>er.'“2‘60"0_ﬁ.
LAS HEMOGLOBINAS NO SIMBIOTICAS DE LAS PLANTAS.
Bol. Educ. Bioq. 19: 87-94.
Articulo:
E.J.H. Ross, V. Lira-Ruan, R. Arredondo-Peter, R.V. Klucas and
G. Sarath. 2002.
RECENT INSIGHTS INTO PLANT HEMOGLOBINS.

Rev. Plant Biochemn. Biotechnol. 1: 173-189.

]




BEB /Y2): 87-04

87
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RESUMNEN
Las hemoglobinas (Hbs) son proteinas que trans-
s eXis-

portan el O, enlos organismos. En las plantas
ten dos tipos de Hbs: las Hbs no simbidticas (del
Tipo ). y las Hbs simbioticas (del Tipo 2). La
mayoria de las Hbs simbidticas se sintetizan exclu-
sivamente en los nddulos de las plantas fijadoras
de N, en donde funcionan como transportador
de O los bacteroides. Las Hbs no simbiGticas se
distribuyen ampliamente en el reino vegetal. desde
las plantas terrestres mis printitivas hasta las espe-
cies dicotileddneuas ¥y monocotiledéneas miis evo-
Tucionadas. en donde se sintetizan en diversos oér-
ganos de la planta, La funcién de las Hbs no sim-
bidticus se desconoce. sin embargo. con base en
algunuas caracteristicas bioquimicas. como su ele-
vada afinidad por el Oy el patron de expresion
de Tos genes 16 en las plantas se ha sugerido que
eNtits proteimas tienen tunciones distintas al trans-
porte de O, El aniilisis de l.| cstructura de los genes
/1) vegetales sugicre que las Hbs simbioticas po-
driun ser el resultado de La especiatizacion de algu-
nas Hbs no simbidticas. y que las FHbs vegerales
rrvdicron a partir del mismo ancestro.

descee

PALABRAS CLAVE: Estrds, evolucidn.
facion de nitrogeno. hemoglobina, oxigeno. sim-

biosis,

ABSTRACT

Hemoglobins «Hbs) are hemeproteins that trans-
misins. In plants. iswo classes o1 Hbs
the non syvmbiotic (Cliss 1)
and symbrotic «Class 29 Hbso Most of symibaotic
Hbs are sy nthesized only an nodules of nitrogen-
rining plants, and tunction by facilitating the
diftussion of Q- to the bacteraids. Non symibiotic
H*h are widely dismmbuted in the plant Kingdom.
dre froam brayaphytes o the most ey oived di-
and they are synthesized in dit-

Pt O in o
has e been described:

andd Honocois.

ferent plant organs. The function of non sy mbiotic
Hbs is not known. however based on their bio-
chemical properties. such us the very high affinity
tor O, und the /tH gene expression pattern in
plants, it has been suggested that the non symbi-
otic Hbs have different or additional functions to
O, transport. Structure analysis of plant /1) genes
suggests thut symbiotic Hbs evolved as a special-
ization ot non symbiotic /1> genes. and that symbi-
otic and non symbiotic Hbs evolved trom a com-

mon ancestor.

KEY WORDS: Evolution. hemoglobin. nitro-
gen fixation. oxygen. stress, sy mbiosis.

GENERALIDADES

Las hemoglobinas (Hbs) son proteinas que perte-
necen al grupo de las globinas v qgue conticnen
hemo como grupo prostético. el cual permite la
union reversible del oxigeno (0:) vy otros ligandos
gaseosos, Las Hbs se han detectado en todos los
grupos de organismos, desde las bacterias husta
los vertebrados, en donde su tuncisdn principal se
relaciona con ol transporte » slmacdn de O Las
Hb< ~on proteinas ubicuas en Las plantas. yva que se
localizan on los nadualos de L\l‘lg‘g]g\ legtuminosas y
actnorrizias que fijun el nirdgeno, Ny en diver -
sos Organos de especies no fijadoras de N Elani-
lisis compuarativ o entre las secucncias de residuos
de uminodcidos sugiere que on las plantas existen
dos tiposde Hbs que se relacionan estrechamente:
las Hbs del Tipo oo Hbs no simbidticas. s Tas Hibs
del Tipo 20 o Hbs simbuoticas (e Ty oy Las
b~ no simbroticas se descubrieron recrentemente
Vooonsttuyen un grupo de proteinas con caracte
risticias bioguimicas particufares, cuya funcidn en
Por su parte. las Hbs

las pluantas s desconoce.
~umbroticas que ~e stntetizan on los nddulos se han
varactertzado conderalles s se eree que su funcion

e~

es transportar e O hasta tos bacterordes rjador
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Figura 1 () Fenograma que muestea la similitud entre s
secuenciis de residuos de aminoiicidos de Lis Hbhs vegetiles
gue sealinean en (Bi sy que se obtuvo al utilizar ba rating
PILEUP del programa GCG.

11hs no simbidt

dc N (2) En esta revision se discuten aspectos

encrales sobre las Hbs simbidticus v. con mayor
dkl.l”g. s caracteristicas de las Hbs no simbio-
ticas en relacion con th) su runcion en los tejidos
vegetales, (i Ta relacion que tienen estis protei-
nas con lus Hbs simbidticas. y (i) la evolucion de
lis Hbs en las plantas.

HEMOGI.OBINAS SIMBIOTICAS

[Las Hbs stmibioticas se descubricron en 1939 ¢en
fos nadalos de plantas feguminosas ¢3), por lo que
~e des Jhama leghemoglobinas (hbsy . Desde enton-
cus estas proteitas se han esudiado en diversas
espectes de Jegummosas, tal como el trijol ¢ hea-
sedeey veelearis s la sosa 0 Giveine maxy, la altulta
(Meedicago sarivanr. el wébol «Tritolitmg repensy v
el lupino Clapinas hurcusy as Hbs simbiaticas son
fa~ proteimas nuis abundantes en los nodulos, en
e representan hasta ol 30 de as protemnas

Cproceso de Fijacion de N

Lira Ruan K » cols

solubles. Estas proteinas tienen una afinidad alta
porcl O, debido a que Ta constante de asociacion,
“konT.ese IL\ ada 3 a que fa constante de disocia-
cidn. “k off™. es moderadimente h: ja. Por lo tan-
to. se cree que fas Hbs simbioticas contribuyen al
al facilitar la ditusion del
O. hasta los bacteroides para mantencer la respira-
cion ¥ la produccion de energia en la forma de ATP.
Las Lbs se sintetizan ¢ \pgunc.lmuu«_ en los nédu-
fos. v no se les ha detectado en otros Grganos de la

planta (2).

Ademis de las Lbs. también se ha estudiado una
Hb que se localiza en los nédulos de Pa.casponia
andersonii (4). Esta planta pertenece a la tamilia
Ulmaceae. v es la dnica especie no leguminosa
conocida que es nodulada por Rhizobitm. La Hb
de Paraspornia ¢s una protcm.l homodlmtnc.n con
masa molecular de ~ 33 kDa., ¥ cuya afinidad por
el O; es similar a la afinidad que tienen lus Lbs por
este elemento. Por lo tanto. se cree que la funcién
de Ia Hb en los nédulos de Parasponia es trans-
portur el O hacia los bacteroides. No obstante, a
diterencia de los genes b, el gen ltb de Parasponia
se expresit en tejidos diferentes a los nédulos: sin
embargo. la funcidn de la Hb de Parasponia en
esos tejidos se desconnce.

Las Hbs simbioticas se han detectado en otras
especies de plantas dicotiledoneas. En Arabidop-
sis thaliana se detectaron dos genes b, ahb ! v
ahh2. La ~similitud entre la secuencia de residuos
de aminoicidos de aHbl sy aHb2 es del 699, ~in
crnbargo. abbt y alIb2 tienen masor similitud
con las Hbs no simbidticas v simbidticas, respec-
asamente. por lo que alibl se considera como
una Hb no simbiotica y alHb2 como una Hb sim-
biotica tFig 1), Los genes ih de Arabidopsis se
expresan en las rosctas y radces cuando la planta
crece encaondiciones normuades c Dy BEn Ciclioricnm
seaslo un AIDNCe que coditica para una Hb, Esta
Hbhesun péptido de 161 residuos de aminaodcidos
Mouna masa o molecolar de 18 KDao Nediante fa
comparacion de las secuencias de residuos de ami-
noiacidos se determing que la Hb Jde Ciclroritm
vene may or similitud con las Hbs simbidticas (Fig
EAO B gen iy de Cicliorimm se expresa durante
ebincio de fu cinthriogdnesis somitica de tas ho-

ol tuncion de ke I en esos tejidos se des-

ras.

ol 1N
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HEMOGLOBINAS NO SIMBIOTICAS

a) Hemoglobinas no simbioticas de plantas di-
coriledoneays

Lu clonacion del gen il de Parasponia permitid la
deteccion de los genes fih en otras especies dicoti-
ledancas. 7remea tomentosa s una planta quce por-
tenece a la familia Ulmaceae. pero que no nodula,
v porlo tanto tampoco fija N.. Mediante el uso del
ven Milyde Parasponia como sonda molecular, tue
posible aislar el gen il de Trema el cual codifica
para una Hb monomérica que se sintetiza on bajas
concentraciones en las raices de {a planta (6). En
la soya. existen al menos dos genes 1H no simbié-
ticos. los cuales se regulan independicntemente a
lox genes /6. Los transcritos. ARNm. de la Hb no
simbidtica de la soya se detectaron en cotiledones
nodulos. rafces. tallos ¥ hojas de plantas maduras
(7). Aunque el nivel de expresion del gen 46 no
simbidtico es semejuante en las rafces v los nodulos
de las plantas de soya. la expresion de estos genes
no simbidticos difiere considerablemente del pa-
trén de expresion de los genes /5. el cuul es muy
alto » exclusivo de los nddulos.

b) Hemoglobinas no simbiiticas de plantas
monocotiledioneas

Los genes v transcritos de Hbs no simbiaticas
s¢ hun detectado en las plantas monocotiledoncas.,
Taylor et al (8) clonaron el ADNc de la Hb de Ia
cebada. Hordewnt vidgare. Al comparar lu secuen-
ciu de Hos residuos de aminodcidos de Ta b de la
cebada con La Hb de Parasponia se encontro que
ambas proteinas tienen una similitad del 719, 8
gue Lo Hb de la cebada contiene fos residuos de
amrnoicidos que estin altamente consers ados en
las Hibs vegetales, il como tas histidinas distal v
proximal (Fig 1B). que son los aminoicidos que
coordinun al rfierro (Fe) del grupo hemo en la ma-
yvoria de las Hbs, Al parecer. en lu cebada existe
i sola copta del gen b que coditica para una Hb
homodimdérica de 37 KDa la cual se locadiza on fas
rafces v semillas de La planta. el artor, e20vme
vailcia exIsten por loomenos ges copias del osen
dirsde Las cusles dos son tuncronales, es decir, gue
se transcriben en ARNm. La compuaracion de las
sevuencias de residuos de aminodcidos entre Hb
» Hb2 del arrors muestra que ambas proteinces son
~qmlares enoun U370y entre O8 v N270 Cour otras
Hbsnosimbioticas. Las gene~ ] v hiis2 se expre-
~anoditerencialmente en plantas maduras de arroz:

89

fih ] se expresa en las hojas v rafces, y 122 se expre-
sa solo en las hojas, 1o que indica que los genes Ll
del arroz se regulun por diferentes promotores (9).

EXPRESION DE LOS GENES /1h NO SIM-
BIOTICOS EN PLANTAS QUE CRECEN EN
CONDICIONES DE ESTRES

La funcion de las Hbs no simbidticas se descono-
ce. Sin embuargo, el andilisis de la expresion de los
genes ih es una herramienta dtil para entender la
funcion de estits proteinas. Se ha abservado que Ta
expresion de los genes /il no simbidticos se modi-
tica cuando la planta crece en condiciones de es-
trés. o que sugicre que [a funcién de las Hbs no
simbidticas se relaciona con larespuesta de la plan-
ta ul estrés. El gen ahh ! de Arabidopsis se expresa
en las rafces de plantas que crecen en condiciones
normales. ¥y se sobreexpresa en las hojas y rafces
cuando las plantas se cncuentran en condiciones
de hipoxia. Por su parte. el gen «/1£2 de la misma
especie se expresa en las hojas de plantas que cre-
cen en condiciones normales. ¥ se sobreexpresa
cuando las plantas se someten & bajus temperatu-
ras (1), La expresién del gen /i de la cebada se
incrementa cuando las plantas s¢ someten a condi-
ciones de microaerobiosis (8 y cuando se bloguea
L sintesis de ATP (en 10y En condiciones dJe
microacrobiosis el gen /i de la coebuada se expresa
en niveles que son comparables a L expresion de
los genes ldin vy adli, que coditican para Lis enzimas
lactato deshidrogenasa (LD H) » alcohol deshidro-
genasa CADH) respectivamente. tas cuades son
marcadores del metabolismo anacrobio celucoii-
trcon, Mo~ aune al transtormuar edlulas de muaiz con
el goen i de la cebada el nivel encrgduco de estas
cdludis no se altera cuando el gen 1h ~e exproesa

constitutin amente bajo condiciones de hipoxia: en
cambio. en las células de muaiz no transtormadas
descendid el nivel energdtico ceuantiticado como
lua concentracion de ATP) bago Tas mismas condi-
ciones. Estos resultados sugreren gue Lis Hbhs no
~tmbidncas podrian tuncionar en el metabolismo
Srivorde tas edélulas vegetales « 100

CH

CARACTERISTICAS BIOQUINICAS DE LAS
HEMOGLOBINAS NO SINIBIOTICAS

Para estudiar las caracteristicas bioguimicis de las
protemnas o~ necesario obtener cantidades consi-
derables Jdo la proweinag de mnterds, Laa concentra-
cran de fes Hbs noosimbioticas endos tendos de las

5
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plantas es muy baja. aproximadamente
100 nM (2). por ello el aislamiento de
las proteinas nativas a partir de los teji-
dos fue un obsticulo para su estudio, Sin
embargo. ol problema se resolvio al clo-
en Mscliericliia coli los
as Hh\' no simbidticas.
or cantidades sufi-

nar v CNXPrasitr
ADNc de diver

lu cual permitic obte
entes de proteinas recombinantes para
su estudio. Los andlisis previos a esos
las

estudios permitieron comprobur que
> se afshan a partir

Lbs recombinantes. que
de £, coli. v las nativas. (que se aislan a
partir de los nédulos. tienen caracteris-
s bioguimicas idénticax (11. 12). Por
se¢ ha utilizado el sistema de

en £ coli para obtener canti-
:ntes de Fbs no simbidticas

sabo andlisis bioquimicos.

tice
lo tanto.

expresion
dades suticie
parallevara ¢

Las Hbs no simbidticas tienen carac-
son stmilares al resto de
unen reversiblemente
también ditieren en
La estructura tercia-
tiles. incluvendo a las

teristicas que
las globinas yu que
¢l O. xin embuargo.
ulgun.n\ iaspectos.
riu de tas Hbs vege

Figura 1 (Br Ahncanuento de las sccuenctas

caviduos de aminoicidos de las Fbs no sim-

de e

hidticas v algunas Hbs sanbionicas. ElL alinea-
miento ~e realizo al utilezar Lo orutinag PHLEUTD
del prosrama CGOC Las porciones que torman
parte de fas hebices alta sendican con tos le-
tras A\ ol B Tas Hbs veserades carecen de da
helice 1y ~o calvalaron con base en L estrue-

2y Losestduos de
LR ST B Y
ritas. Loos re-

tuta Jde b b de o sosa
histrdona distal s prosummal cHasN,
PECHIVIIONTC T SC MUCSITa ¢ ney
siduos de annmnodicrdos gque estin absolutamen-
e conseryados e muestran con astertscos. v s

res-

tlechas yverticales scitalan 1a postcion de los
itrones Los numeros de acceso de cada se-
cucndia e el Danco de datos GonBBank son Jos
srewentes o cenierec flae BHED NE2ESOd
rrs s HIBLOU T30 00,0 - B2 (AN Y VAN
oot T, U ar 12280 Parasprnira Hb U277 103,
Tresna b, YOO26 Casucirenrer D2 NS3950;
Giverne Hb, US71430 Avadadopsiy abibl,
LUO39US Wrasadopnesy alIn2 U939990 Credier-
reorns HIND NIOOTSOT  Cuvinanna FIRD TL2NS2060,
Yecoer TBEL U S32007 0 ifviane Lo, POIZA
A7 s e TR NSTTRR0 AL sariva
Lo NS0 so g Th 2 PEISES
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Hbs no simbidticas. s similar a laestructura de las
Hbs de diversos organismos. yu que todas presen-
tan ¢l plegamicnto del tipo globina. el cual com-
prende de 7 a 8 hélices alfa que se denominan con
Las Tetras A o la H. Lo hendidura para el hemo es
on conservada v se forma entre las hélices
In estu region se Jocalizan las histidinas
respectivamente.
dtomo de Fe tam-

unu re
Ey I
distal » proximal, His E7 y FF
que coordinan al Fe del hemo.
bién estit coordinado por los cuatro anillos pirré-
licos del hemo. Por lo tanto. se dice que el Fe esti
pentacoordinado cuando establece un enlace elec-
trostitico con los cuatro pirroles del hemo y el imi-
dazol de la histidina proximal (Fig 2A): en estas
circunstancias el dtomo de Fe puede unir ligandos
en la sexta posicion.

El estado de oxido-reduccidén de las Hbs. la
coordinacion del Fe y la unién de ligandos se pue-
de estudiar mediante et uso de técnicas
espectrofotométricas. En la figura 2A se (A)
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mente buaja (Tabla D, Ex decir bajo las condiciones
de estudio estas Hbs no liberan ¢l O; unua vez que
se une al Fe del hemo. Se ha sugerido que 1a cer
cania de Lo histidina distad estabitiza al O, en L ses
ta posicion. lo que resulta en una atinidad muy alw
par este elemento, la nids alta que se conoce den-
o del grupo de las globinas. Por ejemplo. la afini-
dad de Hb | del arroz por el O:es 78 & 1384 veces
mayor que la Lha de la soya y la mioglobina (NMb)
del esperma de ballena. respectivamente (Tabla ).
Laaltaafinidad de las Hbs no simbidticus porel O,
ha illevado a pensar que la funcién de estas protei-
nus en los tejidos de las plantas es distinta al trans-
porte de O, (9. 13).

FUNCION DE LAS HEMOGLOBINAS NO
SIMBIOTICAS
El estudio de las caracteristicas bioquimicas de las
s. ¥ la expresion de los genes que

Hbs no simbidticas

muestran los espectros de absorcion de
una Hb simbidtica en las formas reduci- 150
da (Fe’-). oxigenada (FeO.). v oxidada
tFe). En las Hbs en general. en donde
el Fe se encuentra pentacoordinado (en
la forma Fe’ . o reducida desoxigenada).

Absorbencia (mM)

age

(£ [SEATE
S promimat, reie

s~ observa un pico amplio con un miixi- 0]

mo de absorctéon a 337 nm, v otro en Ia

region S_ret con un miiximo a 427 nn. o
3

Sin embuargo, las Hbs no simbidticas del
arroz v la cebada ticnen miiximos de ab-
sorcrn a 35360 v 5326 nm cuando se on- (B)
cuentran on i torma reducida desoxi-
senada (Fig 280 Jo cund indica que la

1 Fe=-pentacoordinodo

(mn cwey 183}

~2ate posicion det Foe oesti coordinada
por algun ligando. Mediante el uso de
mutagdnesis dirigida. Arredondo-Peter
et ul 1Y) demostraron que el sexto ligan-
dov del Fe's en la Hbl no simbictica del
arros es lu histiding distal. Por to wanto.
vtius condiciones ¢l Fe de Hbl se

e

Comen

€50 Too Eoes rnn i, mete 128

ntra hexacoordinado (Fig 2By 1o
~una caracterisuca inica en el gru-

P de las globinas.

Longtua de onca (nm} Fe-nexacoordinado

2 Especiros de absorcion de (A0 una Hb simbiatiea. la LLbha de fa

Otra caracreristica distintiva de Jas
soy a2 (B de una Hb no simbionea, Ja Hbh b det arroz 199 en las tormas

tada
rda

™ noosimbioticas es que tienen una afi- ons
muy alta por el O o que se debe
sla K ot del O s extraordinario-

noferross desonigzenada )M térrica t LN N Y

Los eapectros se muestra of estado de coordimacion del fe

cuando lu s se encuentra en o torma desovigenada

TESIS

FALLA D
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TABLAL

CONSTANTES D2 AFINIDAD DE ALGUNAS Hbs VEGETALES POR O
PROTEINA hoon Kot K-
(RINT S "y i~ [FURY B
Hbs no_simbidticas
Hb1 del arroz 6N 0038 1.800)
Hb de Ia cebada 2.4 0,028 SO
AaHb L de Avabidopais 74 012 617
bx sigbidiigas
Lba de la soya 130 5.0 23
AaHBL2 de Arabidopsis 1 [E ) 7
bs_animales
Mb del e
de ballena 14 v 1.3

Tomado de 13, Las cons

k ons. constante de asociacion atinidad con la cual el O: se une al Fe?
finidad (K on/k ot

cual el Fe'  libera el O:: K. constante de

1as codifican. han permitido sugerir cual es lu fun-
cion de estas proteinas en las plantas (10, 13). En
la Figura 3 se presenta un esquema general que
ilustra las posibles funciones de lus Hbs no simbio-
ticus. las cuales se describen a continuacion.

(i) Las Hbs no simbidticas podrian actuar como
sensores de la concentracion de O. en las célutas
de la planta, de tal manera que las Hbs no ~im-
hidticas ~se encontrarian ¢n la forma desoxigenada
al disminuir la concentracion de O. en la cdlula, 1o
que constituiria una seaal para iniciar la respuesta
anuaerdbica. Sin embargo. dudas las constantes de
disociacion de luas Hbs no simbidticas. las cuales
son extraordimnariamente bajas (Tuabla Do la b po-
dria estar oxigenada aun cuando la presion de O
seansuticiente. M asimantener la respiracion acerao-

Biaca obige 30 ot D

1 Las Hbs no simbidticas funcionan como
transportadores de O, en los tejidos en donde se
stritetizan. Sin embargo. para que las Hbs puedan
actuar como vansportadores de O se requicre que
Ie concentracion de Hb exceda la concentracion

Jdo O en La Céluta. Por cjemiplo. en los nadulos de

MMb del esperma de ballena (13) e tnclur eron comuo reterencian

[ Fa;

DKoottt constante de disociacion (atinidad con la

Parasponia la concentracion de Hb ex 100 uMt y
1 concentracidon de O, ex 100 nNI (2), e~ decir.
que laconcentracion de Hb excede en tres ordenes
de magnitud a la concentracion de O. En camibao.
cnlos tejidos vegetales lu concentracion de las FHbs
no simbidticas es muy baja. del orden de 1O0O N
mientras que la concentracion de O: en la raiz es
aproxtmadamente de T4 uNL o2y Por lo tanto, o
poco probable que on estos tejidos las Hbs no
stmbioticas tuncionen como acarrcadores de O-.
Sin embargo. en el wallo de plantas de sosa se de-
tecturon concentraciones elevadas de transcritos
pura Hbs no simbioticas (7). En esos tejidos el
mictabolismo es especialmente activo debido al
transporte de metabolitos v, por lo anto, el O ¢
consitime ripidamente. Por ello se ha propucsto
que. bajo esas condicrones. la Hb no stmbiotica de
Lesosa podriatransportar el O hacia las mitocon-
drias para mantencer ¢f metabolismo acrobio v la
sintesis de AT (g 30 ruta 1),

i) L expresion de los genes /il aumenta en la
aleurona de las sennllas de la cebada cuando Tos
tepdos se souneten a condiciones de hiposia (8 A\
deestas evidencias se sugirio que fus Hbs no

[ANTRSH
F“N"h&‘

b . c -
1 I - ’ 8
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simbidticas jucgan un papel importante
en la respuesta de la planta a condicio-
nes de microacrobiosis. De manera si-
milar, I expresion de /i/> se incrementa
cuando la sintesis de ATP se inactiva. lo
que condujo a sugerir que Jas Hbs no
simbiaticas podrian participar en el mun-
tenimiento del nivel encrgdético de las
células. Es decir. cuando las ¢dlulas se
cencuentran en condiciones anacrdabicas
Ia Hb oxida el NADH y genera NAD-: . el
cual es necesuario para mantener la glu-
cOlisis y los niveles adecuados de ATP
(10) (Fig 3. ruta D).

(iv) Recientemente se obtuvieron evi-
dencias que sugieren que las Hbs de di-
versos organismos tienen tfunciones adi-
cionales al transporte de O.. tales como:
a) el transporte de oxido nitrico. NO, v
mondéxido de carbono, CO (Fig 3. ruta
IV): b) la interaccion con otras moldécu-
las. lo que resultaria en la modificacion
de las constantes de afinidad por los
ligandos. lo que afectaria directamente
su funcion (Fig 3. ruta V) v ¢) debido a su alta
atinidad por el O lus Hbs no simbidticas podriun
canservar algunas funciones primigenias. como el
transporte de electrones v el secuestro ("scaveng-
ing ) del O; (Fig 3. ruta V1), lo cual pudo suceder
previo al advenimiento de la atmostera oxidante
en la Tierra primitiva.

Figurs

EVOLUCION DE LLAS HEMOGLOBINAS VE-
GETALES

Lo existencia de Hbs en plantas primitivas, como
es el caso de La briofita Phvscomirrella parens. v
en especies monocatiledoneas v dicotiledone
(Fig 4). indica que las Hbs se distribuyen amplia-
mente on el reino Plantae, lo cual sugiere gue las
Hbs vegetales evolucionaron a partic de un ances-
tro connin. Con basc en el ancilisis de la estrucura
sendtica v la estructura terciaria de las b~ se ha

propucsto que el orrgen de oestas proternas se re-
encia enure

mienta a un periodo anterior a la dive
los antmiales y las plantas ¢ 15, Las unidades mono-
mdricas de diversas Hbsoinclusendo it las Flbsve-
setales v animales. s¢ plicgan on la estructura del
po clobina. Ta cual est altamente consers ada.
Nas adng se conoce Lo secuencia de los venes i)

Hipoxia

Hb no simbldiics

Esquema que muestra los posibles runciones de las Hbs no
simbioticas en las células vegetales tmodificado de 13 En el texto se
explica con detalle cada ruta del modelo.

de diversas especies mono v dicotiledoneas. Los
genes Aih de plantas tienen tres intrones. 1VS-1.
IVS-IT e IVS-IIL. que se localizan en posiciones
muy conservadas, lo cual sugiere que el gen /i)
ancestral de las angiospermas tenia la estructura <4
exones/3 intrones: los intrones IVS-1 ¢ IVS-IIT de
los genes ib vegetales se localizan on la misma po-
sicion que Tos intrones det gen de ta Mb del esper-
made ballena. Estas evidencias sugieren gque las Fihs
rvegetales y animales ey oluctonaron a partir de un an-
cestro comitin huce miis de L5300 mitlones de anos.

Las Hbs no simbidticas estin ampliamente dis-
tribuidas en las plantas, en tinto que muchas Hbs
simbidticas esuin restringidas a los nodulos de fas
plantas fijadoras de Ny existen solamente en Jos
upos nuis evolucionados de las plantas dicotile-

doneas o g 4 AL parccer las Hibs stmibioticas de

los nodalos de Tas plantas tadoras de N surgie-
ron a partic de la duplicacion de un gen /2t no
stmbidtico. en donde una de las copias fue secues-
truda para Hevar a cabo una funcion especitica en
los néddulos (21, A partir de ese momento los dos
stiles evolucionaron independien-

tposde Hbsve
rernente con tuncirones diferentes

| ORI




Figura 4. Distribucion de lus Hbs simbidticas y no simbid-
ticas en las plantas terrestres.
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| ints (1<) o e wat ibly bind Oy, They are widespread in nanse and have been
ukentificd 10 basicria. fun profozoans, plant and animalx. Hbs are predominantly a-hclical and arc
chamcterizald hy the globin u atently bouad heme, tanctioaally, all Hbs

can mad amall gascous hgnnds and unall cellular molccutes. Althaugh 1ine extracicd fnom soyhean
Fowd Aguukes. 3 b m.-..-c aptarens that all planis contun b which are divided in thice iypes: ihe

Hbw, The Hbx arc lucalized in the ~ of
alpac, ot sir <ubecliutar latizsiion i higher plank is new known. They ase composed of a wmaller
t2-helicl plobin fold than thut of the symbioiic and Bomyiphiatic Hb. have 3 lawer Oz-afMinily than

thwe y ic Hhs, are b roet and shoot tisuc and have no axsigned funcnun.
Symbiosic Hbx are prexent in nigogen-Gizing nodules and the di of O, 10 the
cadnsymbiotic bactena This type of plant Hbs i< well ized ically. and recent <tudies
have :ocu«.u on ihe eviiular mechanisms that controd iheir lissue specifis and their struch
The ic Hba are cxhibit very high affinity for Oy, and

are synthesized dunng seed germination and ia plant vegotalive argans, ar wall as in rexponse Wy
siress,  Bawd on tissue eapression profilkes. Kinchic propertics and ccllutar Hb tevels, £
sugpesicd 1hal ponsymEiosic | {bs may play a role in regulating the moabolism of specific plam cotls,
such as the akcuroac and dilicreniiating xylem.

Key werds: h J bi boti i

—

Hueinoglobins (Hbs) are proteins that reversibly bind Os, They are ubiquilous und have been
identified in bacteria, fungi. pe planis and animals (1-3). The existence of Hbs in
such a wide range of organisins suggests that there was a gene that coded for 2 common
uncestrul Hb, which might have existed about 1.8 billion years ago (4). Hbs can bind severul

FTus review i Sedin ey ke the @watwy of D, Raseor V. Khesos
swrcspuriion - _.n-n Jermul: prwiah) @ untcde

4D 2, Idd. GUS, Hu, h, k n: Mb,
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gaccous ligands such us Oy CO and NO, as well as ather simall organic molecules. Ligand
binding occurs specificully 10 an iron atom coordinated within the tetrupyrrole protoporphysin
I1X. The Fe-protoporphyrin 1X (heme) prosthetic group is found in all Hbs in a2 one 10 one
molar rutio within the globin backbone. The iron atom of the heme can undergo redox chemisry
and will bind Oz only in the ferrous (Fe*?) state. Maost Hbs studied, with the exceprion of the
truncited Hbs, fold inlo the same 3-over-3 a-helical three-dimensional structure. also knawn
us the “globin fold™ (S5).

Non-plant Hemoglobins

Becuuse of space limitation this review will only describe some charucteristics of non-plant
Hbs. however the reader is referred 1o an excellent review by Weber and Vinogrudov (3} on
this subject. Vertebrutes contain four types of Hbs. The most abundant is the Os-carrying
heterotetramer Hb found in the red blood cells, which in adulis is composed of twoa a- and two
B-globin polypeptides. The @ and B subunits exhibit cooperativity in the binding of O that is
pH dependent. Vertebrutles also in a Hb 3 inyogiobin (Mb). which is a monomer
found in muscle and cauthiac tissues and is involved in Oa storage and transport (6). Recently,
a Hb from beuin tissue was discovered and was named neuroglobin (7). There is no known
function of neuroglobins. however based on sequence bomology and kinetic properties, which
e similar to other Hbs, it has been postulated that neuroglobin folds and functions in a
manner similar to Mb. The fourth Hb, named histoglobin has just been described (8).

{nvertebrates contain somewhat different Hbs as compared ta the vertebrate Hbs. Pesce
et al (9) have reported ¢rystal structures of a new class of Hbs. the truncated Hbs (trHbs)
from the cilinted praotozsian Paramecinm candatum and green uni lar algac Chilaniyed
engeneroxs. These proteins display medium to high Oa-affinity und have substantial delctions
insunino-tenminal and CI-D a-helical regions of the vertebrate ~lobin fold. They told ina 2-
aver-2 a-helical sandwich, which is atypical of tnost other known Hb structures. Other major
differences between trhib and animal Hbs are the E7 residuc (helix E, residue 7): in most Hbs,
E7 typicully is a His residue (distal His), involved in stubilizing the heme boundt ligand theough
H-bonding. The equivalent residue in known trHbs is a Gln,

Bacieria contuin two types of Hbs, 2 Hb that is similar in protein sequence to plant Hbs
and u flavohemoglobin (avolb). The first type of bacicrial Hb was identitied in Virreoscilla
(10). and the second type. the flavoHbs, was identificd in Alcaligenes cutrophus (11) and
Escherichia coli (12, 13). Addilionally, yeasts such ax Saccharomyees cerevisiae (14) and
Cunelicdu norvegensis (15) contain flavoHbs. In contrast 1o the Vitreoscilla-like Hbs, flavoHbs
consist of an amina-teriminal Hb globin domain, bul also a carboxy-tesminal flavin domain
containing a FAD- and NADP*-binding sites. These proleins are reluted 1o proteins in the
ferredoxin-NADP~ rediuctase family (12). The fuaction of bacterial Virreascilla-like Hbs is
still under investigation. hawever it has been argued that these proteins function in O storage
and diffusion (16, 17). It seems unlikely that the NavoHbs function in this manner based on
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the ability of the protein 1o nndergo oxidation and reduction reactions from the flavin domain
(181, - I1 has been proposed that the flavoHbs serve as NO dioxygenases [for examplc see
Poale ef af {19). Liu er al (20) and Gardner e# af (21}]. Flavolibs have been also cloned and
characterized from the slime mold Dichvosteluun discoidenn: and apparently they are involved
in NO signaling (22)

Plant Hemoglobins

Hbx are widely distributed £ the plant kingd ranging from primitive non-vascular
plunts to angiosperms. The reader is also referred to Appleby (23), Arredondo-Peler ¢t al
(243, Hill (25) and Watts ef «f (26) for imare details and discussion on plant Hbs. Based un
anulysis of exprescion patterns and kinctics the plant Hbs can be separated into symbiotic
{symHb) and nonrymbiotic (nsHb) types. Based on analysis of gene sequences and protein
structures the nstibs can be separated further into class | and class 2 (33). and the newly-
recognized truncated Hbs (26). 1t is thought that the genes for most symHbs (e.g. the legume
Lbs and Cusnarina Bb 1) were recruited from nsHb class 1 gaenes and the gene for Paraspornia
syinHb froma asHb clasa 2 peie (33). [thas been known since 1939 (27) that plants forming
nitrogen-fixing symbioses contxin a Hb that is present in the nodules of legumes and nonlegumes.
hencetorth relerred ta as sy mHbs because they have notr been detected in plant organs other
than nodules. These proteins are often named leghemaoglobins (1.bs) based on their original
identification within the legume root nodules. For many years it was assumed thut Lbs were
the unly types of Hbs present in plunts. However. a Hb that was identified in root nodules
ated that Hbs tnay be more widely distribuled in plam

dulating

from Purasponia andersomi (28) i
orpans. Subsequently, a1 nsHb was identified in rools of Trema .5¢1 I8 NON-
close relative of Parasponic (29). Since then nskbx have been identificd and ctoned from a
number of land plants. “TrHbLs are a new class of plant FHbs that were originally identified in
the chlaroplast of Chicmydomonas eugametos (30). and subsequently in organs from
Arabidopsis and other highor plants (26).

Based on the analysis of protein sequences il is evident that symHbs and nsHbs are
closely related to one another. Both types of plant #5 genes contain three introns and four
exuvns, whercous veriebraie Hbs contain two introns (6). The two introns of the vertebrine /16>
genes ure in the same positions as the first and third introns of the plant Ab genes, These data
indicate that the xymlbs and nsHbs are related to vertebrale Hbs und evolved from a common
ancestor. Bused on o wider distribution in land plants. it would uppear that the nsHbs are
ancestral 1o the «<ymHbs, thmt may have evolved to specifically fi ion in jules of ni
fixing plants. TrHbs exhibii a differen: gene structure (26), and thus it is likely that phm
trithx evolved separately from the ancestor of nsHbs and symHbs (see below).

The overul) biochemical features ot plant Hbs are similar to those of non-plnm Hb;.
although some of these proteins exhihit differences in the globin-heme linkage ax ix evident

from deoxyferrous UV/Vis sp Deoxyf symHbs, oni Hbs and Mbs display . a .
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pentacoordination of tac heme, resulting in s broad peak centered a1 556 nm (23). The nsHbs
exhibit twa peaks in the deoxyferious state ot 526 and 556 nm. respectively, indicating that
the heme is hexacoordinated (32-34). This absorption spectrum is similar to other
hexacoordinated hemneproteins such as cytochrotne & (35, 36). Recent spectroscopic analysis
showed thal a number of other Hbs are also hexacoordinate, including trHbs (26, 37).
Svnechocystis PCCH6803 Hb (38), human neuroglobin (7. 39), and human histoglobin t8).
The physiological significance of hexacoordination in these Hbs is not known, but is cumently
under investigation. Initia) studies suggest that heaacoordination could be involved in
determining the function ot the protein in vivo (34, 39, 30).

PPlant trHbs

Truncated hemoglobins (irHbs). found in prokaryotes. protozoa and algae have an unknown
tunction. They fold in & 2-over-2 a-helical pattern. The amino-terminal A helix ix almost
completely deleted and the CD-D region only consists of approximitely 3 amino acid residues
in length. TrHbs are not simply atruncated version of the typical globin fold., but are a unique
structure biised on residue deletions and substitutions that give it conformational stability
1.

A gene inArabidopsis, glbh3, was identified that cades tor a protein that is approximately
48% similar to bacterial, protist, and algul 2-over-2 trHbs (26). Arabidopsis GLB3 shaves
approximalely 25% sequence identity with nsfibl and nsHb2 of the same organism. Northern
blot unalysis indicated that Arabidopsis gib3 is expressed 4-fold higher in root tissue as
comparedd to shoot tissue. In addition, levels of GLB3 mRNA arc not dramatically effected
after addition of 2,4-1, cytokinins or abscisic acid. but is upregulated upon auxin treatment
us obscrved by microwray aralysis. Expression of g/b3 decreuases under hypoxic growith
canditions (26), which ix distinct from the regulation ol Arubideogsis nshb i and ashh2 indicating
differential repulation of these genes. Analysis of recombinant Arabidopsis GLB3A indic:
that this protein fornmis dimers when the concentration is higher than 3-30 uM. and it is presumed
to be hexacoordinated in the deoxyferTous stute, bused on the Soret absorbunce at 411 nm.
which is similar 1o the nsHbs. The Os:-binding rate for Arabid, ix GLB3 is 150-
und 10-fold higher than Arabidopsis nsHbl and nsHb2, respectively. but onty slightly higher
than trHbs of Paraniecium (42) and Chlaniydomaonas (43)

Expressed sequence tags containing a high similarity to A rabidopsis GLB3 were identified
in a pumber of monovots, including barley and rice, and dicots, including soybean, cotton,
and tomato (26). These data indicate that it is likely that trHbs are ubiquitous in higher
planis. The physiological relevance of the 1rHbs is ol yet undi d. In Chiamydl
1rhib is induced in response to active photosynthesis and localizes 10 the thylakoid membrine
of the chloroplust (30). In Nostoc connmune, s trhb gene (formerly named as cyanoglobin) is
coexpresscd with gencs coding for nitrogen fixution (44). Nestoc irHb is also localized on the
cytoplasinic side of the cell membrune, but anly under bi {TH (45). Additi {]
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there is u trHb thar is thougihit 1o be involved in the protection of bucilli against NO during
inlection of Afycobacterium niberculosis in humans (21,46, 47). NO-scavenging could occur
by promoting decoxygenation, as obscrved in oxyHb oxyMb, and flavoHbs, which converts
NO to nitrate (21). In planis, analysis of r Arabidop GLB3 indicates that this
protein is involved in functions other than O) storage or transport (26).

The ¢/b3 gene contains three intrans. with the first being located in a similar position as
the 3-over-3 Hbs (symHb, nsHb. vericbrate Hb, and Mb). ‘The second and third introns are in
diflerent positions as compiued to the other plant Hbs. Additionally. none of ¢/b3's introns
arce in similar positions as the rrhb genes from Parameciwm or Chlamydomonas (30. 48).
Differences in the tertiary struciure and position of second and third introns suggest that plant
trHbs and syimHbs and nsHbs evol ved from different ancestors.

Symbiotic plant hemoglobins

The symHbs were first identified in soybean sool nodules (27), and since then they huve been
studied und characterized from a number of leguminous [reviewed by Appleby (23)) and
nonleguminous species (28,49-51). SymHbs ase primarily involved in the facilitation of O>-
diflusion to the acrobicully respiring bacierial symbiont in the infected tissues of nitrogen-
fixing nodules of legumes and umes (23). Its pr is ial for nitrrogen fixation
in higher plants. SymMbs are found in high concentrations, up 1o 3 mM in soybean nodules.
a ave a high affinity for Oa coupled to a fast O,-dissociation rate, allowing for the facilitated
dillusion of Os to actively nitrogen-fixing bacteroids. The most studied symHbs ure the Lbs.

Regulation of syinhb genes — The siructural and functional properties of symhb gene promoters
nay e been extensively studicd. primarily by Marcker and collecugues, however they are not
entirely undenstood yet. All known symhb gene promolers contain a two-motif nodulin
cansensus element: AAAGAT and CTCTT (52). with a conserved 6-9 nucleotide distance
beiween the two of themn (53). These motits are essential for high level nodule specific
expression ol symhb genes (53). The 831 bpp of the legh globin | (/57) gene from
hepin contisins pone of the nodulin-like motits as a perfect match. but /b7 expression is similar
as in other systems (55). The /b/ prosmoter is unlike all of the symhb promoters siudied thus
far. Therefore, the lupin /27 gene promoter was analyzed for functionalily by fusion to the
reporter pene guy and transformed inlo Letius comiculatus and tobacco ¢(55). GUS activity
waus detected at the highest levels in root nodules. and in uninfecied roots of L. corriciletses.
Intobacco, GUS activity was localized to roots and lcaves, as well as in cultured cells. These
re<ults indicate that the lupin Ib] promoter is not fully nodule specific in trunsgenic plants.
This corroborates pervious findings of the Sesbania mstrura gib3 promoter (56) in which
activity af the pr was in nodules, stem and leaves of transformed L. cornrictlatus.
Therelfure. the uctivily of ib promaters in organs other than nodules xuggests that p ibly tb
prumoters may have functional \lmlhnly onshkh genes. Nevertheless, despite the delecllorl of
the uctivity of th pr 5. no Lb p; and ipts huve becn detected in plant organs
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other than cffective (nivogen-fixing) nodules, which indicates that Lbs are specifically
synthesized for ihe process of syinbiotic nitrogen fixation.

In lecgumes, the /bs are usually pan of a multigene family, and as of yet the specific
role(s) of each Lb is not known (23). Lba and LblV are the major Lbs in mature soybeao und
pea nodules, respectively, and have alightly but not significantly higher Ox-binding affinities
than the other major Lbs (Lbe and Lbl, respectively) (57). Although, the ralios of the different
L.bs (Lba/l.bc for soybean and LblV/Lbl for peea) change during root nodule development, the
underlying physiological consequences on root nodule function are unclear. Kawashimaer af
(58) characterized 1wo cDNA clones from pea: PsNS, a PsLbA type or LLbIV-like Lb, and
PsN120, a PsLbB type or Lbl-like Lb. Following analysis of O,-binding affinity. these authors
found that recombinant ?sN5 had a higher O,-affinity than recombinant PsN 120, which was
consistent with previous findings (59. 60). In addition, the two /b genes were differentially
regulated. with expression of psiS in the central tissue of cffective nodules, and psn /20
expression restricted 1o the region from the infection zone [l 10 the distal part of the nitrogen
fixution zone 111 (58). These results indicate that the PSLbA type protein. having a higher O;-
affinity. likely plays s thajor tole in nitrogen fixation and in the Qa-consumption of the bacieroids
us compared to the PsLbB type protein

Little is known about the trans-acting factors that regulate /b penes, however work has
begun on identitying proteins that function as transcriptiona) regulators of Lbs. A novel type
of DNA-binding protein. CPP1, has been identified ta interact with the prototer of a soybean
b gene, gmibe3 (61). CPPI is npucleur localized and contains two cysteine-rich regions wilth
9 und 10 cysteines, respectively. The cpp/ gene is expressed in the distal portion of the
<entral infected tissue cluring a late phase of nodule development. Transcripts of gml/bed are
not detected in this region of the nodule. but only in the central infected region. This supports
the hypothesis that CPP] is cither a repressor of gmlbed gene expression or maintains a
repressed stute of the Ib genes in these cells. Analysis of the expression of the symbiotic
bacterial genes in Phasenlus vulgaris nodules showed that the cells at the periphery of the
infected zone contain bacteria that have not differentiated into mature nitrogen-fixing cells
(62). This suggests lh.u the periphzral cells of the nodule are at o duffcrem devclopmcmal
stage than the § d cells. Similarly, di ofgmnd.r. o he b cne.
that the xoybean nodule has a zone iniag less difTe ] cells (53) It is therefore
poxsible thut genes such ascppl are exprcsscd in less differentiated cells and are responsible
for the negative regulntion of /b genes.

Structural properties of symHbs - The crysta! structures of lupin Lb (64) and wild 1ype and
mutant soybean Lbg (65) have been published. Both sets of crystal structure data indicale
similar overall folds as observed for other Hbs. The Lbs contain seven a-helices ina 3-over-
3 fold, which enclose un Fe-protoporphyrin 1X prosthetic group. They have a distal His in
close-proximity 10 the ligand binding site found in & similar location to the one found in
vertebrale Mb and Hbs. This His residue plays a less impartant sole in ligand regulation as
compared to Mb and Hbs of vertebrates (65). Lbs arc less stable thun venebrate Hbs as a
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result of higher levels of hermne dissociation and autooxidation (65). While the structural basis
far this is not known, it is possible that the distal His is needed to maintain the heme within the
globin and thereby influcnces ligand interactions. This His is conserved among the symHbs
(66). It has been demonsirnted that soybean Lba, but not animal Mb or Hb. is able to bind
large ligands. such as long-chain isocyanides. imidazole and nicotinate (67-69). It is thought
that the binding of bulky groups is the result of the free movement of the distal His. Lbsalso
contain a proximal His (F8) residuc that interacts with the heme group, resulting in a
pueniacoordinate high-spin UV/#Vis spectra. Harutyunyan es al (64) reported that this His residuc
in lupin Lb is free to rotate and move toward the heme plane as compared to Mb. This is
similar in soybean Lbea (65) and could expluin the structural basis for the high degree of
reactivity of Lbs, which is a characteristic important to their function as an Oz-carrier in root
nadules.

Nonsymbiotic plant hemoglobins

The finding of a Hb in uninfected tissues of Trema tomentosa was the first suggestion that all
plants might comain nsHbs. Since that time, nsHbs have been identified from a number of
monocots such as maize. vye, and wheat (71), and cloned from the monocots barley (71), rice
(31). maize and teosinte (72), and dicots such as soybean (73). Armbadopsis (33). chicory
(74), tomato (75) (Garvin ¢f al, personal communication). cotton, citrus, and sugar beet (75).
and alfulfa (76). NsHbs have also been identified in primitive {and plants, such as mosses (77)
and liverworts (75), indicating that nslibs are widespread in lund plants.

Nshb gene families — Most plants have at least two known nrsizh genes, except for barley in
which only one nshb gene has been identified (71). Recently, Lira-Ruan ef al (78) reported
the existence of a rice nshh gene family in which four nshb sequences were identified. This
fumily is clustered in two regions: the first contains Ab /., #63 and hb4 and the second contains
only hb2. All four genes code for the highly conserved amino acids of plant Hbs (66), including
the dista]l and proximal Hix, as well as residues located at the dimer interface of rice Hb1
(V50.553,E123. V124, F)127, and A128) as described by Hargrove er a/ (79). This observation
suggested that potential homo and/or heterodimers from nsHb . 2,3 and 4 could assembile in
rice tissues. Two of the rice nshb genes, hh] and hb2, have been cl d and their respective
recombinant proteins were characterized in detail (31, 79; Ross e7 al, in preparation). The
existence of different promotess upstream of the rice nshb genes (78) suggests that cach nshb
gene is regulated by scparute mechanisms. and is expressed in different organs and/or under
dil'ferent growth conditions. The potential for understanding the differeniia) regulation of rice
na/th genes and the presence of novel ¢is and truns-acting elements can now be elucidated.

Expression of nshb genex ~ Ina ber of sy s nshb pr rs have been analyzed.
For example, the activity of nshb promoters of Parasponia andersonii and Trema romentosa
wax localized 1o the root meristemn and vascular cylinder of transgenic tobacco, using gus
as a reporter genc (80). Despite these findings, the-ce is no substantial evidence that nsHb




180 Ross er ad

proteins ire found in Purusporntia roots. Jacobhsen-l.yon 7 a/ (81) reported that when the
Casuarina glanca hb 2ene was fused to gus and transformed into L. corniculatns, GUS
expression was found in the meristem of the root lips, the vascular stele of roots, and the
parcnchyma internal to the endodermis. These observations showed that nshb genes express
in diverse plant organs.

Transcripts for nnHbs have primarily been identified in 4 number of plant organs,
including tissues that are metabolically active, such as the stems of soybean (73), suggesting
that these proteins are involved during the normal growth of the plani. In monocots. the
earlicst expression of ushbs is observed in gepiminating seeds. In barley, nsHb transcripis
and protcing were detected predominantly in the alcurone cells (71). The presence of
nsHbs was also reported in excised barley embryos (82), embryo-contuining and embryo-
less half sceds, and aleurone tissue using immunoblotting methods (82, 83). Arredondo-
Peter 7 al (31) showed 1hat under normal growth conditions, b/ and /152 are expressed
in rice feaves, but that only AL 7 is expressed in roots, suggesting differential regulution of
this gene fumily duri. plant development. Using immunological detection, Aréchaga-
Ocumpo e wf (72) identified a nslb in maize embryos. root und Jecaf tissues and teosinle

root and leaf tisaues.

Other studies suggest that nsHbs are stress-ceated proteins, For exumple. uader hypoxic
condilions the ns/2/> gene is expressed in genminating barley aleurane (25. 71, 84). Nic 1 «l
(85) found induction of the barley /tf> gene under jow O; tension, high levels of CO in aleurone
tissue, as well as in the presence of 10 mM nitrate. Two /1b genes exist in Arubidopsis which
are expressed in plant rusetic lcaves and roots under normal condilions, however when grown
undcr stress conditions, such as microacrobisis or low tempenvture both Arabidopsis nshbs
e overexpressed as compared to normal growth (33). Arabidopsis nshib? und nshb2 were
fused togus 1o determine promoter tissue specificity (75). Thenshih 1:2gus fusion wis expressed
during germination in the hypocotyl and cotyledons, and ishD2:: gus activity was not found in
young plants but in the bolt stem. rosetic leaves and roots of mature flowering plants. During
un analysis of hormane induction. Arabidopsis nshbi ::gus is expressed under hypoxia (5%
Os). whercas nshbh2::gns is expressed under cytakinin induction ¢75). Similarly. rice ns/ib2
praomoter was fused 1o pus and exhibited induction by cytokinias, and is expressed in similar
plant organs as Arabidopsis nshibdoigus and nshb2::gus (Roxx er al. unpublished resulis).
Lirm-Ruan &7 al (86) reparted that nsHb levels in rice increase in leaves and roots from planis
subjecied to darkneas and flooding. However, nsHb levels did nor chunge when plants were
subjecied 1o oxidative (H:03), gitrasative (SNP) and horinonat (2,4-D) stresses, suggesting
thut nsHhbs do not participate in u generalized plant respanse to stress, but rather 10 specilic
stress conditions. Analysis of the expression of two tornato nsith genes indicates thut ib7
responds to nitrate resupply, addition of phosphate. potassium und iron, whereas 462 is not
~ignificantly induced. suggesting that nsHbs may be involved in the responses to nutricn
stress, perhaps by purticipating in signaling tnechanisms (Garvinef o/, USDA-ARS, University
af Mi personal comm ication).

TESIS C.,
FALLA DB ¢

»

A5

- e




Plant Hemoglobins 181

Orran and tissue localization of nskbs — Scregélyes er al (76) provided the first
immunocytolocalization of the atfalfa nsHb protein. Using cell suspension cultures they were
able 10 detect alfalfa nsHb in the nucleus of cells cultivated under hypoxia. The c of o
nuclear localization signal on the amino-terminus in any of the known nsHbs questions this
pretiminary data. However. there is a pos ility that under particular environmentil conditions
nsktbs are able 10 transjociie from the cytoplasm ta the nucleus. At this time. there is very
limited information on the potential partitioning of nsHbs to different cetiular compartments.
Recently. Ross ¢f af ¢(83) and Lira-Ruan er af (86) investigated the immunolocalization ot
nsHbs in rice tisstes and the synthesis of nsHbs during the development of rice plants,
respectively. These authot~ showed that nsHbs are synthesized tn organs from young and
mature rice and are localized in the cytoplasm af differentiating cells of the roat cap.
schlerenchyma. aleurone. and in the vasculature. principally in the differentiating sylem (Fig.
1). The detection of nsHb proteins in vascular regions is consistent with carlicr studies (7.
H0O. 3 1) that have documented ashh promaoter-dris en gy expression in the vascular stele. The
existence of nstbs interminally differentiating tissue, such as the alevrane, and in teeminally
difterentiating cells. such as the trucheary elements, is particularly interesting. All of these
cell types undergo some fonm of programmed cell death (87, 88) and exhihit tissue-specific
metabolism suggesting a potential role for nvHb in these specific cellular environments.
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Structural properties vf nskfbs — The first crystal structure of a nsHb, rice Hbl, was reported
by Hargrove et al (79). Rice recombi Hbhlisa tralion dependent dimer, as observed
by FPLC analysis (40), and crystallizes as such. Rice Hbl has twe same overall structure as
other Hbs, the globin fold, and the heme pocket for ferric Hb | contains a proximal and distal His
residue. The unusually high O ~affinity (Kp = 1 nM) of this protein has been explained by the
combined effect of the close proximity of the diste]l His to Fe and the posidoning of the Phed4O
residue. This latter amino acid is found atypically close to the Cyproximal His as compared to
vertebrate and symHbs. ‘This is a highly conserved residue in plant nstIbs and it is likely that it
is functionalty significunt. The unfavorable steric interaction between Phe40 and His73 (diswual
His) may promote dissociation of the distal Flis from the Fe atom and permit O,-binding. A
rnutation of Phce40 to Leu results in a His73 dissociation rate decrease of ~10-fold from ~1900
s'1in wild type Hbl to 200 s*! in the mutant (Hargrove and Goodman, unpublished).

Kinetic analysis of ligand binding for the nsHbs shows that this type of Hb has unusually
high affinity for O,. The Os-association constant for recombinant rice Hbl (31), rice Hb2
{(Ross 7 al, unpublished). barley Hb (32) and Arabidopsis nsHb] (33) (Table 1) is similar to
other Oa transport and storuge proteins, such as soybean Lbu. However, the extremely high
O,-affinity for many of these proteins is the result of a very low dissociation rate. These rate
constants indicate that the unigue reactivity is the result of the positioning of amino acids and
O; within the heme pocket of the protein (79). What is interesting is that the Arabidopsiy
nsHb2 protein has oxygen binding characteristics more similar to those of the symHbs (Table
1). The functional consequences of differences in ligand-binding kinctics are not known al
present. However, the biochemical propersties of nsHbs specifically the high affinity for Oa..
raises interesting questions about the function(s) of these pruteins in plant organs. Some of
these possibilities are discussed below.

Table 1. Rate and cquilibaum constantx for the reaction of O, from some plant Hbs

Protein kKO, ®O, KO, Reference
(uM"s") (=) (M)

SymHbs

Soybean Lb 120 56 - -1 94

Lupin Lbl 540 20 ) : . 27 94

Lupin Lbl) 320 25 . T 12,8 94

NsHbs : R g g

Rice Hb) 68 ‘1800 31

Rice Hb2 50 1316 - Ross et al

Burley Hh 2.4 86 327

Arabidopsis Hb1 74 617 33

Arabidopsis Hb2 ] .7 E 33

TrHbs

Arabidopsis GLB3 0.2 0.66 26

k'O, 35 the O;-associalivg constant kO, is the ox-mssodnion constant; KO, (k'O InO..) i the O,-
affinity constant.
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Potential functions of ns#{bs — \While data on the locnhuuon. kinctics, regulation and structure
ol the nsHbs have begun ta a their physiological function still eludes us. Bused on
their presence under hoth normal and stressed growth conditions, it is conceivable that these
proteins maintain a ‘housekeeping’ function as well as potential cell-specific functions. The
very tight binding of Oz by recombinant nsHbs does not readily support an O,-sensor or O>-
ransport role for these proteins. Appleby er af (89) postulated that under normal acrobic
arowth conditions, nstibs would be oxygenated. bowever under micraacrobic or anacrobic
conditions nsHbs would be deoxygenated and would trigger an anaerobic response making
these proteins involved in Ox-sensing. Andersson ez ol {73) questioned this hypothesis by
suggesting that these proicins could function as Os-carriers in metabolically active tissues.
such as the stems of soybean, which contain high Icvels of nstib transcripts. However, no
evidence on nsHb protcin levels nor their ligand binding properties were reported for the
saybean Hb to eritically evaluate this hypothesis.

NsHbs have been implicated as Ox-scavengers or in Ox-signaling (23). However, as
compared 1o symHbs, which are found in cellular concentrations of 1 to 3 mM (90). nsHbs
are found in nM concentrations (25, 83). 1n addition, given the in vivo tissue localization of
nsHbs in metabolically active tissues [¢.g. root cap cells and differentiating xylem (83) and
alevrone (71. 83)] and the very low Os-dissociatian constant of several recombinant nsHbs
{Table 1), i1 is unlikely that they function as O»-scavengers or directly in O,-signaling (24,
25). These proteins may has c u number of other functions, including binding und/or transporting
ligands, such as CO or NO. and/or may interuct with organic molecules and/or proteins under
specific conditions (24).

Both, Arredondo-Peter ¢7 af (24) and Hill (25) have suggested that plant nsHbs cauld
act as NO-scavengers, in a similar manner to those of the baclerial and ycast flavoHbs,
dou ed o p NO dioxyg properties (21, 91, 92). Recently, Wang €7 al (93)
found that a ashb gene from Arabidopsis is wransicntly induced upon addition of 250 M
nitrate, and sustuined induction occurs upon addition of 5-10 mM nitrate, using microarray
and gel blot analysis. Additi ly. Hb1 is ind ] under nitrate resupply (Garvin
et al, personnl communication). These data suggest that the nstHbs have o possible role in
nutrient signaling. and particularly in nitrogen signaling.

Based on studics in barley cells (71) and from over and under-expressing barley Hb in
maize cells (84) it has been postulated that barley nsHb is involved in ATP metabolism in
stressed ti Maize i cells containing antisense barley nsHb ¢cDNA have
considerably lower Jevels of ATP and total adenylates when grown in hypoxic conditions as
compared 1o the controls or cells that were engineered to overproduce barley nsHb prolein.
‘These rexults have been interpreted as an indication that nsHbs maintain a direct involvement
with cellular energy status under O,-limniting conditions. Hill (25) has suggested that barley
nsHb fi i as an oxy by oxidizing NADH in association with other proteins, such
as u flavoprotein. He also suggested that barley nsHb is involved in maintaining a proper
redox state under hy poxic/anoxic conditions by directly interacting with pyruvate. Localization
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data presented by Ross er af (83) shows that rice nsHbs are synthesized in differentiating
cclls. Metabolism of these cells are in flux and metabolic redirection occurs in response 10

* specific differentiation signals. onc of which is likely to be a change in the cell’s redox state,
NsHbs could be involved in redox signaling, especially if the redox state of the heme is
functionally important (79; Hargrove, pessonal communication). Thus, nsHbs may function
to sense/or Maintain a particuslur redox environment that promotes cell viability in response to
differentiation or environmental cues,

Conclusions

Hbs arc very ancicnt protcins. Apparcntly their evolution occurred in many directions, with
the numerous types of Hbs that have been identified throughout the kingdoms of life: trHb,
flavoHb, symHb, nsHb. vertebrute Hb, Mb. ncuroglobin, and histoglobin. The biochemical
and regulatory properiies of Hbs suggest that these proteins may function in organisms
according to the metabolic stalus in the cell, such as a response to changes in pH and/or
availability of inleracting metabolites. [tis very likely that Hbs do not play a single but many
roles in different compurtments of the cell under particular physiological conditions.

The plunt trHbs and symHbs and nsHbs are likely to have evolved independently and
funclion differently in planis today. As discussed above. the symHbs are involved in the
facilitation of O,-diffusion in actively nitrogen-fixing organisms (23). However, the
physiological functions of the nsHbs and trHbs are siill pot known, Lnllc information is
available about plant trldbs, and thus it is still too p e 1o prop a fi i for this
group of proteins in plants. In contrast, progress has been mude in the analysis of nsHbs and
functions for nskHbs in plant orguns have been already proposed (24, 25). However. the precise
funciion(s) of nsHbx is still not undenstood. An intriguing question that may help to understund
the current function of nxHbs and their evolutionary relationships is: what was the function of
the ancestul nsiib of land plants? An analysis of the nsHbs from the mosses Phivscomitrella
patens und Ceratodon purpureus (77) (Arredondo-Peter ¢! al, unpublished observations)
aids in answering this question. Sequence alignments of moss Hbs and a number of symHbs
und nsHbs, indicate that 1he size of the Hb polypepiide has decreased over time. This reduction
has resulted in the Joss of amino acids in the amino-terminal portion of the polypeptide.,
principally in the pre-A helix region (Fig. 2A). Thus, did this pre-A helix have a function in
the past? An interesting possibility is that the pre-A helix functioned as a leader peptide. For
example, the mass nsHbs contain a predi 1 leader peptid site at position 20 1o 25 of the
pre-A helix. Additionally, the amino-terminal puortion of the moss nsHb has physicochemical
propertics of a leader peptide, similar 1o those existing in the Chlamydomonas trHb (Fig. 2B).
which is translocated from the cell cytoplasm to chloroplusts (30). However, il ix not known
il the pre-A helix from moss nsHbs is an authentic leader peptide. Al other higher plant
nsHbs appear to be locuhzed in the cy lus Doex this indi that the of plnnl
nsHbs was originally J to lurorg lex, such ax the mi iria or chl St
and that nsHbs becume cytoplasmic during evolunon" An answer to the above possxbllnnes
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may he obtained from the analysis of Hbs from the algal ancestor ta land plants, i.c. by
determining whether cytoplasmic or organelle nsHbs-like exist in Chlorophyta species,
Whatever the function of ancestral nslibs was, it Was probably important for the adaptation
of first plants to a land environment. Moreover, after 360 million ycars of plant evolution the
function of nsiibs is apparently sti)l important to the adaptation and survival of a large diversity
of present land plants.

Acknowledgements

Work in the authors’ luboratories has been funded by the National Science Foundation (grant
no. OSR-92552255) und the United States Department of Agriculture (grant no. 95-37305-
2441) 10 RVK/GS:; Ceater for Biotechnologzy-UNL. funded through The Nebraska Research
Initiative to GS: Conscjo Nacianal de Ciencia y Tecnologia (grant no. 25229N) and Direccion
Generul de Asuntos de Personul Académico-UNAM (grant no. IN202399), México. 10 RA-P
VL-R is a PhD fellow from Conscjo Nacional de Ciencia y Teenologia, México (reg. nao.
143896). This work is published as Joumnal Scries No. 13742 from the Agriculiure Research
Division, University of Nebrasha.

REFERENCES

1. Riggs, AF (1991). Anier Zont. 31:535-54S.

2. Vinogradov SN, DA. Pohajdak B, Muens L, Knpp OH, Suzuki T & Trotman CAN (1992),
Casnp Biochem Physsof. 106Bz1-26.

3. Weber R & Vinogradow SN (2001}, Physied Rev. 81:569.628.

4. Hurdison R {19981, J Ecp Biol. 200310991117, BN

5. Dickerson RE & CGels 3 (1983). #, totin: Sir v, £ lon, and Puath s, The

o,

7

Benjamin/Cuminings Puhy Co.. Inc.. ‘Menlo Pui« Calll’orma
+ Hardison RC (1996). Prmc Nail Acad Sci. USA. 93:5675-5679. .
. Burmester T, Weich B, Reighardt $ & Hankein T (2000). Narurr 407:520-523,

B, ‘Trentill JT & Hargrove MS (2002). J 8io¢! Chem. In pross, g

9. Pesce A, Comture M, Dewilde S. Guertio M, Yamauchl K, Ascenxl P, Mnclu L & Bologn\<l M
{2000}, EMBO 4. 19:2424 2434

10. H& DA (1986). Nomre 322:481-483.

1. Cramm R, Wdiqul RA & Friedrich B (1993). J Hiol Chem. 269:7349-7354.

12. Andrewna SC, Shipley D, Keen IN. Findlay JB, Harrison PM & Guest JR ¢ 1992). FEBS Lent. 302:247-
282, N

13. tosnnidis N, Cooper CE & Peale RK (1992). Biochem J. 28R:649-655.

14. Zhso XJ. Raitt DV. Burke P, Clewedl AS, Kwast KE & Poytoa RO 11996). 7 Bwl Chrm. "7!.1511 [
25138,

15, Shikama K, Matweska A & twaasa I (1995). Inr 2+ Blochem Cell Blnl. 271 m7

(6. Bocrman S & Welsier DA (1982). J Gew Appi Microbiol, 28:3

17. Dikshit RF, Dikshit KL, Liu ¥ & Wehster DA (1992). Arch Bsorhcm Bl'opln't. 293 24!-245.

18, Cooper CE, Ioannidis N, D'mecilo R & Peste RK (19949). Ziocheint Soc Truns. 22.709-711

19. Poole RK & Huphes MN (2000). Mol AMicrotiol, 34:775-783,

20. Liu LM, Zeng M. H. A, Hel Jas JS (2000). PmchallArndSn. USA. 97.467"
4676.

24



22.
23.
24,

43,

Q.
as.

46.

. Weiss H & Ziganke B (1978). AMcthods Entymology $3:212.221.
DL,

Plant Hemoglobins ~ 187

Gardner PR, Gardner AM, Martin LA & Satrman AL (1998). Proc Nail Acad Sf:l. USsA. 95xl0378- .

10383, -
1ijima M, Shimizo H, Tunaks Y & Uruhihars H (2000). Cedl Struce Funcs. 25'47-55.
Appieby CA (1992). Sci Progress 76:365-398.
Arredonde-Peter R, Hurgrove MS, Moran JF, Sersth G & Klucas RV (1998)," Flnn' Pln.rlol
118:1121-1126.

. Il RD (1998). Can J Microbiol. 76:707-712.
. Watts RA, Huat PW, Hvitved AN, Harprove MS. Peacock WJ & Dennis ES (2001). P'I’c Nall Auul

Sci. USA. 98:10119-10124,

Kube H (1939). Actu Pliytochin. (TM)n, 11:19%-200.

App‘l&by CA, Tiepkcina JD & Trinick MJ (1983). Science 220:951-95).

Bogusz D, Applcby CA, Landsmann J, Denais ES, Trinick MJ & Ptam
331:178-180.

Couture M, Chamberiand H, St-Fierre B, Lafontaine J & Guertin M (l994
243:185-197.

Arredondo-Prier R, Hurgrove MS, Sarath G, Moran JF, Lahrman J. Olsou S & Klueu RV
(1997). Plant Phyviol. 115:1259-1266,

Duft SMG, Witicoberg JB & Hill RD (1997). J Biol Chem, 272:16746-16752,

‘Trevaskis BB, Watls RA,. Andersson SR, Liewellya DJ, Hargrove MS, Olson jg. Dcnnh FES &

Peacock W.J (1997). I*roc Nail Acud Sci, USA- 94:12230-12234.
Hurzrove MS (2000). 8inphvs J. 79:2733-2738.
Smith L (1978). Methods Enzymology $3:202-212.

Das TK, Couturc M, Lec HC, Prisach J,
M (1999), Biochemisny 38:15360-15368.

R BA, Wi % B & Guertin

H. Coutvre M, Das T, Kavard P, Ouellet ¥V, Wittenberz J, Wilitenberg B, Rosscaa D & Guertia M

(2000). Eur ) Bim:hem. 267:4770-4780.
Hvlived AN, Trentill JT. Premer SA & Nargrove MS (2001). J 8Biof Chem, 276:34714-34723,

. (‘oodm-n MD & ] .Igrnve MS (2(!11) J Biot Chein. 276:6834-6839,

% JB, ® BA & Guertin M (200"). s Blol em. 277:871-874.
Dl! TR, “’ebtr RE, i z JB, W Yi K, i t ML,
Moens L. & R Dl (20(!]). Bioch > 39: l433(‘kl4‘\40

Couturc M, Dus TK, Ler HC, J. R DL, Wi % BA, 2JB & Guertin
M (1999). 2 8iol Chein. 273:6898-6910.

Potis M, Angelonl SV, Ebel R & Bassam D (1992). Science 256:1690.1692.

Hill DR, Belbin TJ. Thorsteinmson MV, Bassam D, Brass S, Ernst A, Hoger P. Pucrl H, Mulligan
ME & Potis M (19961, J Bacteriol. 178:6387-6598.

Elch RF, Li T. Leruoa DU, Doherty DH, Custy SR, Aitken JF, Mathews AJ, Johnson KA, Smith
RD, Philtips Jr GN & Oson JS (1996). Biochemisiry 35:6976-6983.

Herold S, Exner M & Naaser T (2001). 8iochesmistry 40:33185.3395.

Yamouch! K, O(hhi T & Usuld [(1992). H‘O(‘hl’" Biophys Acra 1171:83.87.

Fleming AL, Wi zJB, W BA, WF & Appleby CA (1987). Biachim Biophys
Acra 911:209-220.

Pathirana SM & Ticpkema ID (1995). Plans Physiol. 107:827.831,

- Suharjo UKJ & Tiepkema JD (1993). Physiol Plant. 95:247-252.

Stougsard J, Jorgemen J. Christcsen T, Kilhie A & Marcker KA (1990), Mo Gen Gener, 220:153-
360.

Rumiov KB, Laurtea N8, Stougaard J & Marker KA (1993) Plans J. 4:377-3R0.

She QX, Lavridsen P, Siovgaard J & Marker KA (1993). Prant Mot Binl. 22:945-956.

Strozyckl PM, Karfowski WM, Dessanx Y, Petit A & “egackl AB (2000). Mol Gen Genet, 263:173-
182,

W.l (IQRS). anltrr

pl Grn Gr:ltl.

|

ey

25



188

56.
57.

58.
59.

60.
61,

73.
74,
7s.
76.

77.
78,

79.
RO.
81.

B2,
83,

a4,
85,
86.
87.
88,
R9.

. Jorgerien JE,

. Hargrove MS,

Ross o1 al

Szabados L, Rutct P, Grunenberg B & deBruija FJ (1990). Plans Celt 2:973-086.

Maurtin KD, Ssart L, Guang-Xta W, Wang T, Parkburst LJ & Klucas RV (1990)../ Biol Chem.
265: 19588-19593%

Kawashima K, Suganuma N, Tamaski M & Kouochi H (2001). Plaws Plysiol. 125: Ml-bﬁl

Uheda F. & Syvna K (1982). Plant & Cell Physiol. 23:85-50.

Uheda E & Syono K (1982). Plant & Cell Physiol. 23:75-84.

Cvitanich C, Pallisguard N, Niehen KA, Hansen AC, Larsen K, Plhakaski-Maunsbach K, Marker
KA & Jensen EO (2000). Proc Mottt Acad Sci, USA. 97:8163-8168.

. Pairiarca JE. Tate R, Fedorova F. Ricio A, Defrz R & Inccocine M (19961 Mot Plami-Microbe

2-33-2n 0.
Grunjund M, Paltisgaard N, Larasen K. Msarker KA & Jensen EOQ (1999). Plam
Aol Biol. 30:65-77.

dnterac

. Harutyunyan EH, Safonova TN, Kuranova IP. Pupav AN, Teplyakov AV, Obmolova GV, Rusakov

AA, Valnshtein BK, Dodson GG, Wilson JC & Perutz MF (1995) J Mol Biol. 251:103-115_

arry JK. Brucker EA, Berry MBE, Phlilips GN, Olson IS, Arrcdoodo-Peter R,
Dean SM. Khicas RV & Sarmah G (1997) J Mol Biol. 267:1032-1042.

AT Puter R & E. illa E (1991). Flant Mat Biol Rep. 9:195.207.

. Stetzkowskl F, Cassoly R & Banerjee R (1979). J Biol Chemn. 284:11351-11356.
. Kong SB, Cutnell J1> & Mar GLL (1983). J 8iol Chem. 258:3843-38419,

. Mims MP, Porras
. Wittenberg JB, Wittenberg BA. Gibson QH, Trinick MJ & Appleby CA (1986). J 8inl Chem.

€i, Olson .J5, Noble RW & Prterson JA (1983). 7 Biol Chem. 25%:14219-14232,

261:13624-13631.

. Taylor ER, Nic XZ, MacCGregor AW & HUI RD (19%4). Plant Mol Biol. 24:853-862.
. Aréchagn-Ocampo E, Sienz-Rivers J, Sarath, G, Klucas RV & Arrvdoado-Preter R (2001). Siochint

Biophys Acta 152211

Andcrsson CR, Jensen
LISA. 93:5682-5hK7.

Hendriks T, Scheer L Quillict MC, Rendonx B, Deibrell B, Vasseur 1 & Hilbert JL (1998). Biochim
Biophyx Acta 1433:193-197.

Huat PW, Watts RA. Trevaskls R, Llewelyn DJ, Burnell J, Deonis ES & Peacock W] (2001), Pluns
Mol Biol. 37:677-692.

Seregélyes C, Muslirdy L, Aysydin F, Suss L, Kovics L, Endre G, Lukécs N, Kovics 1, Vass [,
Kiss GB, Horviith GV & Dudits D (2000). FEBS Lerr. 482:125-130.

Arredondo-Peler R. Ramirex M, Sarath G & Klucas RV (2000). Plant Physiol. 122:1457.

Lirs-Ruan V., Rass E, Soruth G, Kiuocas RV & Arredoodo-Peter R (2002). Plant Ph_uml Biochent.
40:199.202.

Hargrove M, Brucker EA, Stec B, Sarsth G, Artrdondo-Peter R, Klucas RY. Olson JS & mup..n—.
GN (2000). Strrucnire 8:1005-1014.

Bogusk D, Licwellyn DJ. Craig S. Denais ES. Appleby CA & Peacock WJ (1990). Plant Cell 2.6\‘-
64,

Jucobscen-Lyon K, Jensea EO, Jorgensen J, Marcker KA, Peacock WJI & Dennl: (-‘.s (l995) Flum
Cetl 7:213-223,

DufT SMG, Guy PA, Nie X, Durain DC & Hil) RD (1998). Sced Sci Res. ll' \1—!36. el

Ross EJH, Shearman L, Mathlescn M, Zbouw J, Arredondo-Poter R, Sarath G & Klum RV QDOI).
Proplasma 218:125-132,

Sowa AW, Dulf SMC:, Guy PA & HHRI RD (1998). #roc Nad Acad Sci, USA. ”‘IO‘I7—ID\21

Nie X & HUl RD (1997). Plomr PAysiol. 114:835-840. v i

Lirs-Rusa V, Saraih G, Kluces RY & Arredonde-Peter R (2001). Plant Scl 1 12279 "37

Radl SH & Mseds E (1987). Jon J Crop Scl. 56:73-84.

Fukudas H (1996). Annu Rev Plant Physiol Plant Mol Blol. 47:299-325. B

App CA, Bog A\ ES & F WJ (1988). Plant Cell Exniron. ll.JS9-367.

. Llewellyn DJ, Deanis ES & Pencock W (1996). F'roc Nul Acad Sci.,

26




Plant Hemoglabins 189

Amc:ican Elscvier

9. Appleby CA (1974). 1n The Biology of Nitrogen Fixation (A Quispel. Editor
Publishing Co.. New York. NY, pp 521-554,
,')l -Gardner AM, Martin LA; Gardner PR, Douw Y & Olson JSs Pooo) "J Bial Chﬂu 275:!"58! 12589
V2. Gardner PR, Gardner AM, Martin LA, Dou Y, LI TS, Obn. 8, Lhn H & Riges AF (2000). 7 8iot
Chem. 275:31581-31587,
93, Waog R, Guegler K, LaBrie ST & Cﬂ\v'or‘ﬂ NM (2001). Plnl" Ctll 12:1491-1509.
V4. Gibson QIE, Wittenherp 1B, ¥ BA, B CA (1989). 4 Rinl Chens, 263: 100

107,

| FALLA DI CRICEN

27



- Capitulo Il. JUSTIFICACION Y OBJETIVOS.




El estudio de las Hbns se inicid hace casi 20 afos, cuando se descrlbleron las 'Hbns de

: Desde

Parasponia - andersoni of (Appleby et al..

I983 Bogusz et. aI 1988).

ans funcronen como_ transportadores eO,' (Arredondo Peter et al., 1997a, 1998). Por o(ro lado. se

Las Hbns del arroz se han estudiado_con detalle. El analisis por “Southern blot” mostré que en

29




esta planta existen al me'nos tres copias de los genes hbns. de las cuales hbns/ y hbns2 se expresan

diferencialmen een Ias hcuas y Ias ra : de plantas madu as (Arredondo Peter et al., 1997a) "Aderhés. )

el analisis cmellco de Hbl recombmame del arroz moslro que eslaiprole a tiene una afnldad muy alta

Analiz”arr a“sint

crecen en condu:uones de estr

. ldentnﬁcar y: anallzar los’ promotores de los genes hbns del arroz.’
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Capitulo llla. RESULTADOS.
ANALISIS DE LA SINTESIS DE LAS Hbns EN EL ARROZ.

Articulo :

V. Lira-Ruan. G. Sarath, R.V. Klucas and R. Arredondo-Peter. 2001 .

SYNTHESIS OF HEMOGLOBINS IN RICE (Oryza sativa var. Jackson) PLANTS
GROWING IN NORMAL AND STRESS CONDITIONS.

Plant Sci. 161:279-287.
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Synthesis of hemoglobins in rice (Oryza sativa var. Jackson) pldnts
growing in normal and stress conditions
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Abstract

In fice (Ory:za sativa var. Jackson) at least three copies of hemoglobin (&) gene exist. Rice Abt and hb2 genes are differentially
expressed in roots and leaves from mature plants. We used polyclonal antibodies ratsed to recombinant rice Hbl and Western
blotting to analyze the synthesis of Hbs n rice plants growing under normal or stress conditions. Results showed that rice Hbs
are synlhcsiz;d in coleoptiles, seminal roots and embryos from sceds germinated for 6 days, and also in leaves and roots from
plants 2— 14 weeks after permination. Analysis of Hb synthesis in stressed nice showed that: (¢) level of Fbs was higher in etiolated
than control plants, (1) level of Hbs increased in roots from flooded nice, and (ni) level of Hbs did not change under oxidative
(H.O0). mitrosative (SNP) and hormonal (2.3-1D) stresses. These results suggest that the effect of hght withdrawal in etiolated
leaves and Oz-himiting conditions in flooded roots, but not oxadative, mitrosative and hormonal stresses, modulate the synthesis
of rice Hbs. © 2001 Elsevier Science Ireland Lad. All nghts reserved.

Neywords: Function; Hemoglobin: Non-symbiotic: Oryza; Stress; Synthesis

otic Fbs are widely distributed in land plants, and
have been found in non-vascular [8] and vascular
[5] plants. The function of non-symbiotic Hbs is

1. Introduction

Hemoglobins (FHbs) are hemeproteins that re-

versibly bind O, and other gaseous ligands. Hbs not known.
are widely distributed in organisms as they have Non-symbiotic Hbs have been detected in or-
been detected in  bacteria, protozoans., fungi, gans of a number of dicot plants. For example, in
plants and animals [1.2]. In plants two types of soybean at least two copies of the non-symbiotic
Hbs exist: non-symbiotic (type I) and symbiotic hb gence exist, which are regulated independently
(type 1I) Hbs [3-3]. Symbiotic IHbs are specifically from the symbiotic soybean /45 genes [9]. Tran-
synthesized in the root nodules of nitrogen-fixing scripts of non-symbiotic lIlbs were detected in
plants, and they function to lacilitate the diffusion cotyledons, root nodules, roots, stems and leaves
of O to the respiring bacteroids [6,7). Non-symbi- of mature soybean plants. In drabidopsis thaliana
two hb genes exist, ahbl and ahb2, which are
Abbreviations.  BCIP.  bromuo-chlore-aindolyl  phosphate;  BSA, expressed in roseties and roots of plants growing
bovine senic albunun; 2.a-dichlorophenoniacee aaid; Hb, in normal conditions. Arabi(/up.\‘ix ahbl and ahb2

hemoglobun; LI, frogenase; NHT, mitroblue tetra-
nitnic otede: rhenylmethylsulfoxide fuoride:
. denaturing polvacrylanide gel clectrophoresis: SNP,

overexpress when the plants grow under stress
conditions, such as microaerobiosis or low temper-

sadium mitreprusside atures {3}, In monocats, non-sy: iotic Abh eSS
* Corresponding author  Tel o 827 129180148, fax « ST U7 X 131 s. non ')nfh" vc ab genes
<snt have been cloned and analyzed from barley and
Eomasd address tauuin unam my (R Arredondo-Peter ), rice. In barley, a single copy of the non-symbiotic

UI6%-9452.01,% - sce front mutter © 2001 Elsevier Science treland Lid. All rights reserved.
Pl S0168.0342(01)00311-1
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It gene exists, which is expressed in barley sceds
and roots, but overexpresses when the plants grow
cither under microacrobiosis [10] or when the syn-
thesis off ATP is blocked [11].

In rice at Jeast three copies of the 4ih gene exist.
Rice b1 and /1h2 genes are difterentially expressed
in rice organs, as Hbl and Hb2 transcripts were
detected in leaves and only 11bl transcripts were
detected in roots of mature (6 weeks old) plants.
This suggested that rice b1 and 71h2 genes are
regulated by different promoters [12]0 A rice Hbl
has been generated in Esclierichia coli and  the
recombinant protecin was Kinctically characterized
[12]. Results showed that recombinant rice Hbl!
has a very high aflinity for O: becuuse of an
extremely low dissociation constant (A,). which
suggested that rice Hbl remains oxygenated even
at low concentrations of O;. Thus. based on the
gene expression pattern in plant organs and bio-
chemical properties of recombinant rice Hbl [12])
and other non-symbiotic Hlbs [3.13] it was pro-
posed that the function of non-symbiotic Hbs is
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other than the transport of O, i.e. they may
play specialized rather than general roles depend-
ing on the tssues, developmental stage or plant
growth conditions [4.5].

Recently, Ross et al. (submitted) used confocal
microscopy to immunolocalize rice non-symbiotic
Hbs. Results from  these authors showed that
Hbs arc synthesized in specitic sucs. such as
the root cap. sced alcuronce and scutellum, ldeafl
sclerenchyma sheath  and  differentiating  xylem.
and suggested that Hbs may play specilic roles
in rice tissues. In this work we have analyzed the
synthesis of Hbs in rice embryonic and vegeu
tive organs, during plunt development and in
plants prown under stress conditions using anti-
rice Hbl antibodies and Western blotting.

2. Materials and methods

2.1 Plant groweh

Rice (Oryza sativa var. Jackson) seeds were
germinated for 6 days on paper towels imbibed
with water. Germinated sceds were planted in
pots containing a 1:1 Mmisture ol soil:vermiculite,
Plants were grown in a greenhouse at 27°C, d
were watered with tap water every day and with
a4 nutrient solution [14] every 3rd dJay. Unless
indicated otherwise. planis were grown for 14
weeks and leaves and roots were collected at 2-
week intervals, For detection ot Flbs in embry-
onic  organs.  coleoptiles,  seminal  roots and
embryos  were collected  from sceds  germinated
for 6 days. Plant organs were washed with wp
water,  collected  in liquid N> and stored  at
— R0°C until uscd.

2.2, Isolation of total soluble proteins from plant

organs

Total soluble proteins were obtained by grind-
ing | g of rice organs in 1 ml! ol the extraction
bulter {20 mM Tris-HC1 (pH 8)/1 mM PMSF].
The resulting solution was cleared by centrifuga-
uon it 153000 x g for 30 min. Concentration of
soluble protwcins was quantitated by a dye bind-
ing assay (Protcin Dye Reagent, Sigma) using
BSA as u standard.

atmen e e
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2.3, Purification of reconthinant rice b1 and sgen-
eration of anti-rice Hb T antibodices

Recombinant rice Hbl was purified from 25 g
of reccombinant £, coli pEMBLIS " rilbl cells [12]
using standard protwocols [15]. Briclly. recombinant
cells were broken by sonication and then incu-
buted with lysozyme overnight at 4°C with gentle
agitation. The resulting solution was cleared by
centrifugation at 20000 » g tor 30 min, and the
supermitant was fractionated with solid ammo-

© (1) Detection of Hbs Grrosw s by AWestern blot using the snti-rwe b1 antibodies. Aliguots (10 pg) of total soluble proteins
d Western blatted. Asros h
oot and Was constructed Irom the densitometse anitlysis of the mambrane sirip shown in (B). Data

1 shows the recombinuint consral 1B () Flistogram that shows the

and YO% (w/v) saturii-

nium sulphate between 50
ton. Fractionated proteins were chromuatographed
over a Phenyl Sepharose (Pharmacia Amersham)
and DEAE Celiulose (IDES2. Whatman) resins,
FFractions containing rice 11bl were spectroscopi-
cally detected at 410 nm [16]. concentrated by
wtratiliration using Amicon concentrators (Ami-
con). and Hbl was purilicd 1o homogenceity by
using a4 Mono-Q resin on a BioCad Worksuition
tApplicd Biosystems)., The concentration ol Hbl
was quantitated on the heme basis using the pyri-
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dine—-hemochrome method [17]. Purification of
Hb! was verilicd by SDS-PAGIE [18]. Purc recom-
binant rice Hbl wias used to gencrate polyclonal
anti-rice. Hb1l antibodics in rabbits at the Mono-
clonal Antibody FFacility of the University of® Ne-
braska-Lincoln, USA.

2.4, Detection of Hbs in organs from vice plams
growing in normal conditions

Western blot analysis was performed tollowing
standard protocols [19]. Briefly, duplicatc samples
consisting of” 40 pg of towal proteins isolated trom
plant organs (10 pg for flooded roots) were clee-
trophoresed in two 1 (w.v) SDS-PAGE gcls.
Afller clectrophoresis one gel was stained  with
Coomuassic blue to visualize proteins and a sccond
zel was used o ransfer proteins o a nitrocellulose
membranc (Hybond C ' eatra. Amersham). As
positive control 2 ug (on heme basis) ot recombi-
nant rice Hbl was used. Proteins were transterred
o membranes using an clectroblotting apparatus

ence 161 (KN} 279 -287 253
(Bio-Rad) and transter buffer [25 miM Tris - HCI
(pH 8)/200 mM glycine/20% (v/v) methanol] at
4°C overnight. Fibs were detected in membranes
using a 1:3000 diluion of the anti-rice bl anti-
bodies. and a 1:3000 dilution ol the sccondary
anti-1gG-alkaline phosphutasc conjugate
(Bochringer -Roche).  Signals  were  detected  in
membranes  using the chromogenic mix NBT/
BCIP (Bochringer-Roche). Relative abundance ol
tHibs in plant organs was calculated using the NI1H
fmage 1.6.1 program (hup:/rsb.into.nih.gov/nih-
image).

2.5, Detection of Hbs in organs from rice plants

growing under stress conditions

2.5.1. Edolared rice

olated  plants  were  obtained  from  rice
secedlings grown at 24°C for 2 weeks in darkness.
Etiolated leaves were collected in ligquid Na and
stored at — 80°C until used. Soluble protein ex-
tracts were obtained. quantitiited and  Western

Coleopties
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blotted as described above, using lcaves from
plants grown in normal conditions (light/dark pe-
riods of 12/12 h) as controls. To estimate the
extent of light exposure, chlorophyll was extracted
from ctiolated and control lecaves with 80% (v v)
acetone and quuntitated using the chlorophyll
Feawz=127.7 mM ~' cm ! [20]. Estimations werce
performed by triplicate.

2.5.2. Flooded rice

Rice sceds were germinated and grown for 4
weeks as described above. Pots with plants were
transferred to large containers and then flooded
for 60 h with tap water. Roots from flooded plants
were collected  at  difTerent times and  soluble
protein extracts were obtained for Western blot-
ting and determination of enzyme activity. LIDH
activity was determined as described by Hanson
and Jacobsen [21): 133 ul of protein extracts were
mixed with 330 ul of 0.5 M Tris—HCI (pll 8), 133
ug of NADIH (Sigma) and 30 umol! Na pyruvate
(Sigma) in a final volume of 1 ml Samples were
incubated for 10 min at room temperature and
LDH activity was quantitated by following the
oxidation of NADEH, using the WADI1 E;, = 6.3
mM —*! em ~! [21]. Determinations were performed
in triplicate.

2.5.3. Oxidative, nitrosative and hormonal stresses

Rice seeds were imbibed in water for 1 h with
vigorous agitation, and then transferred to Petri
dishes containing filter paper imbibed with stress-
inducing solutions. For oxidative, nitrosative and
hormonal stresses, rice sceds were germinated in
10 mM H;O: (22]). 100 uM SNP [23) and 2.3 uM
2,4-D [24], respectively. Control sceds were germi-
nated in filter paper imbibed with distilled water.
Sceds were germinated Tor 7 days, and solutions
were renewed every day. Coleoptiles, seminal roots
and embryos from plant scedlings that were ac-
tively growing were collected in liquid N; and
stored at — 80°C until used. Soluble proteins from
embryonic organs were isolated and b levels
were estimated by Western blot using  anti-rice
bl antibodies and the NIH Image 1.6.1 program
as deseribed above.

To verity that the stress solutions had affected
germinating seeds, lots of 20 sceds were pernii-
nated in the above stress solutions tor 7 days and
lengths of coleoptiles and seminad roots were nea-
sured and compared with lengths in control

Pt Scrence 161 (2001) 279~ 287

secdlings (germinated in water). Total peroxXidase
activity was evaluated in extracts from embryonic
organs of scedlings germinated in 10 mM H:O. by
rollowing the oxidation of guaiacol [25]. Reuction
mixtures (1 ml) contained 1 pl of protein extract.
12 mM H.0O; and 7.2 mM guaiacol (Stgma) in 50
mM Na phosphate buffer (pH 5.8). Samples were
incubated at room temperature for | min, and the
activity was calculated in triplicate using Fiqp =
26.6 mM ~ ' cm~! for tetraguaiacol [25,26].

3. Results and discussion

3.1, Analysis of Hb synthesis in rice embryonic
and vegetative organs

In rice at least three copies of the 4b gene exist,
of which Ab1 and Ab2 are cxpressed differentially
in roots and leaves of maturc plants [12). How-
ever, not much is known about the svnthesis of
Hbs during development of plant organs. In this
work we used Western blotting and polyclonal
anti-rice Hbl antibodies to analyze the synthesis
of Hbs in embryonic and vegctative organs and
during development of rice plants growing in nor-
mal or stress conditions. Ross et al. (submitted)
showed that the anti-rice lHbl antibodies react
cqually to recombinant Hbl and Hb2 and thus
can be used to detect total Hb levels in tissues or
tissue extracts.

To analyze levels of Fibs in rice organs, extracts
containing equal amounts of total soluble proteins
were scparated by SDS-PAGE. Signals corre-
sponding to proteins that co-migrated with the
control recombinant rice FIbl were detected in rice
organs by Western blot (lower pancls in Figs.
1-3). Few weak signals corresponding to non-spe-
cific interaction between anti-rice Hbl antibodics
and abundant proteins of large molecular weight
(> 60 KDa) were only observed in overexposed
membranes, indicating that the recaction of anti-
rice bl antibodies with Fbs from rice organs was
highly specific.

Hbs were detected in embryonic organs from
seads germinated for 6 days (Fig. 1). Qualitatively,
the abundance of Ibs varied among cmbryonic
organs as shown by higher levels of Hbs in em-
bryos than in coleoptiles and seminal roots. In
addition to b signals, signals corresponding to
lower molecular weight peptides that migrated be-

( TESIS C..id
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low the [lbs were detected in seminal roots and
embryos. It is likely that these peptides resulted
from proteolytic degradation of Hbs in seminal
root and embryo extracts.

Rice wvariety Jackson flowers approximately 16
weeks after germination [27). To analyze the syn-
thesis of Hbs in rice vegetative organs, rice leaves
and roots were collected every 2 weeks for 13
weeks, and protein extracts were processed by
Western blotting, The results showed that FHibs are
synthesized in rice leaves and roots from 2 to 14
weeks after germination (Figs. 2 and 3). In rice
leaves, the highest level of Fibs occurred in plants
8 weeks after germination (Fig. 2). In rice roots,
the level of lHbs was approximately the same in
plants of different ages (Fig. 3).

These results showed that Hbs are synthesized
in ditferent rice organs and during plant develop-
ment. Although the tunction of non-symbiotic
Hbs is not known, the expression pattern of /&b
genes and biochemical properties ol recombinant
non-symbiotic IIbs suggest that this group of
proteins have lunctions other than transport of Oy
[4.5]. It has been postulated that the synthesis of
11bs is modulated by the metabolic sranes of plant
1i es [7.9.11]. Rice Fbs are primarily detected in
differentiating tissues (Ross et al., submitted), thus
it is possible that FHbs have tissue-specific func-
tions which are related to metabolism or metabolic
status of a particular organ.

3.2. Analysis of Hb synthesis in rice plants
growing under stress conditions

Expression of non-symbiotic Ab genes is up-reg-
ulated in plants growing under stress conditions
[3.10,11), which suggests that non-symbiotic Hbs
function in the plant response to stress. Our results
presented so far and those from Ross et al. (sub-
mitted) suggest that rice Hbs have specific func-
tions during normal (non-stressed) plant
development. To learn more about the regulation
of rice Ab genes, we decided 1o evaluate the effect
of stress conditions in the synthesis of rice Hbs.

T'he effect of shutting down photosynthesis on
the levels of Hbs was evaluated in etiolated plants.
Fig. 4 shows that levels of Hbs increased 2.4-fold
in ctioluted leaves compared to control plants
grown under a4 normal light/dark regimen, show-
ing that the synthesis of Hbs is up-regulated as the
extent of light exposure (evialuated by the content

Neience Leed (200373 I 387 InF

of chlorophyll) decreased (Fig. 4B). The ef
withdrawing light trom a plunt is a4 decrease in
chemical e¢nergy (ATP) and reducing power
(NAIDII), which reduces levels of carbon fixation.
The increase of Hb levels in etiolated rice is consis-
tent with earlier reports that suggest that non-sym-
biotic Hbs maintain the energy srares of plant cells
[28].

Taylor et al. [10] and Trevaskis et al. |3} showed
that A4 genes overexpress in barley and drabidop-
sis growing in microucrobic conditions. such as
flooding. Rice is a flooding-resistant crop and an
intercsting model to analyze the effect of microaer-
obiosis in the synthesis of libs. In this work. the
effect of O,-limiting conditions in the synthesis of
Hbs was evaluated in tlooded rice. Glycolysi
(evaluated by LIDF activity [29]) increased in rice
roots with flooding time (Fig. 5A). indicating that
the plant roots were becoming microaerobic. Un-
der these conditions levels ol Fbs increased in
roots from flooded plants (Fig. 3B and Q). indicat-
ing that the synthesis of rice libs increases under
O,-limiting conditions. These observations are
consistent with carlier reports on the effect of
microacrobiosis on the expression of Ab genes in
other monocot [10] and dicot [3] species.

We also analyzed the effect of oxidative (Fl.O.).
nitrosative (SNP) and hormonal (2.4-D) stresses
on the synthesis of Hbs during rice seced germina-
tion. After 6 days of germination coleoptiles of
seedlings from H.,O,, SNP and 2,4-D treatments
were 78, 134 and 90% longer than those of control
scedlings germinated in water. Seminal roots were
30% longer and 18% shorter than controls in
seedlings treated with SNP and H,O., respectively,
and no seminal roots developed in seedlings
treated with 2,4-ID. Moreover, total peroxidase
activity in embryos from scedlings treated with
H.O; was 40% higher than controls. These obser-
vations indicated that the above treatments
stressed germinating sceds, but did not cause
seedling death. However, Western blot analysis of
protein extracts showed that Hb levels did not
change between control and stressed seedlings
(Fig. 6). These observations suggest that, under
the conditions tested in this work, rice Hb levels
are apparently not influenced by oxidative, ni-
trosative and hormonal stresses.

Results from this work suggest that rice Hbs are
important for the development of normal rice
tissues, Under conditions ol imposaed stress, in-
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creased b synthesis in rice does noet appear to be
part of a generilized stress response. but may be
contined to tissues stressed for chemical and re-
ductive energy (etiolution) and for oxygen limita-
tion (flooding). llypoxia huas been documented to
enhance Hb synthesis in other plants. Thus. our
results also suggest that rice b promoters may be
responding  differentially  to stress-related  sig-
nalling cascades in the plant.
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Abstract

of four fi

hb copies | ed in BAC inserts OSM11719 and

A hemoglobin (Ab) gene family was in nce,

QSM11676, \thlch contain the gene clusters Abl/hb3ihba and hb2,
from the &4 genes sugg:slmg that these penes are differentially expressed in rice. © 2002
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1. Introduction

Non-symbiotic hemoglobins (Hbs) are widespread pro-
teins that have been detected in organs of lower {3] and
higher [3) plants. Genes coding for non-symbiotic Hbs are
expressed in diverse plant organs, however the function of
non-symbiotic Hbs is still not known |3]. The biochemical
properties and gene expression patterns suggest that non-
symbiotic }Hbs play a number of roles besides transport of
O3, such as sensing or scavenging of O; [2,3.7).

In monocots, non-symbiotic Hbs have been studied in
detail from barley (Hordewm vulgare) and rice (Ornza
sativa). In barley, presumably a single copy of the A5 gene
exists which is expressed in seed and root tissues, and is
over expressed when the plants are grown under microaero-
biosis [11] or when ATP synthesis is blocked [9]. 1n rice at
least three copies of the Ad gene were expected to be
present, of these Ab/7 and 462 are functional genes that are
diflerentially expressed in plant roots and leaves, suggesting

1 artdticial Bp, base par:
e prasr

+42 777-329.7040.

unam mx (R. Arredondo-Peter).

HAC, b

1, temoglobin, Kb, hiob
* Corresponding authorn.

E-mart uddress: adic

© 2002 Edmons sacntifiques o médicates Elsevier SAS. Al nghts rescrved.

PH:S0YX1-932K8(02)01365-7

that rice 467 and hb2 are regulated by different promot-
ers [4]. Using anti-rice Hb1 antibodies and confocal micros-
copy end western blotting, Ross et al. [10]) and Lira-Ruan et
al. [8] showed that Hb proteins are synthesized in special-
ized tissues of rice seeds, roots and leaves, and that
carbon.stress and microacrobiosis up-regulate the synthesis
of Hbs in rice leaves and roots, respectively.

Analysis of recombinant rice Hb1 [4] showed that this
protein has a very high aflinity for O,, because the disso-
ciation constant (k.y) is extraordinarily low. Analysis of
mutant (F771.) rice Hb1 indicated that the distal histidine is
a sixth ligand to Fe and stabilizes bound O,, resulting in an
extremely low &, for O3 [4). Thus, the biochemical prop-
erties of rice IIb1 suggest that the function of this protein in
plant organs is other than transport of ;.

A major goal in the study of non-symbiotic Hbs is to
elucidate their function(s) in plant tissues. Although much is
known about the biochemical properties of recombinant rice
non-symbiotic Hbl, little is known about the structure and
regulation of &6 penes in rice. This information is crucial to
clarity the function of non-symbiotic Hbs in plants. In this
work we repont the detection of a rice 46 gene family,
organiztion of 46 genes in the rice genome and identifica-
tion o b gene promoters.
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of kb genes. 1 in thus figure are dey 410 the Genbank under the numbers AFAAS50:4 and AF335503
Tor the At ihb3 A0 clusser and Ab2 plus - and 3- 2 soq ¥ ly. Map drawn noi to scale.

2. Results and discussion

Previous analysis by Southern blotting showed that at
least three copies of the A5 gene exist in rice, and cloning of
cDNAs for Hbl and Hb2 indicated that 257 and 462 genes
were functional [4]. Little is known about the existence and
properties of 46 copies in rice other than 4467 and Ab2. Also,
analysis by RT-PCR sugpested that the expression of AblJ
and A2 is regulated by ditlferent promoters [4], but nothing
is known about promoter sequences that regulate the expres-
sion of rice &b genes. To detect copies of rice Ab genes and
promoter sequences, we used 4257 and k&2 as probes to
screcen BAC inserts from a rice genome database. The
BLAST results showed that A genes exist in BAC insens
OSM11719 and OSMI11676 (Fig. 1). Rice Ab7 and two
copies namced A4H3 and hb+ were identified in an 8.3 kb
fragment of the ‘minus® strand of OSM11719, and all have
a transcriptional polarity right to JeR. A single copy of rice
Ab, corresponding to 252, was identified in the *plus® strund
of OSM 11676 and has a transcriptional polarity left to right.
No additional copies of 4b genes were identified in the rice
genome, thus a Ab pene family formed by 481, b2, h&3 and
hb< exists in rice.

Table &

Rice Ab pgenes contin three introns located at identical
positions as other plant £b genes [4], and sequence analysis
showed that novel 463 and 444 are functional genes that
code for predicted polypeptides nearly identical to Hbl and
Hb2 (see the following). Sizes of AbI, Ab2 and kb3 are
similar, ranging from 826 to 841 nucleotides in length, but
the size of 264 is 1032 nucleotides in length because intron
I is =220 nucleotides longer than the average length (97
nucleotides) of intron Il in &b2, Ab2 and hb3.

Predicted rice Hb3 and Hb4 arc 87.1% similar to cach
other, and 85.5% and 84.7%, and 79.2% and 82.2% similar
to Hbl and Hb2, respectively. Highly conserved amino acid
residues include the distal and proximal histidines (H77 and
HI112, respectively) as well as residues located at the
monomer-monomer interface of dimeric Hbl (VS0, 853,
E123, V124 and F127) described by Hargrove et al. [6] (Fig.
2A). This observation suggests that Hb1, b2, Hb3 and i1b4
can potentially form homo- or hetero-dimers in vivo.
Moreover, phenetic analysis showed that rice Ilbs are
grouped in two clusters (Fig. 2B): cluster Hb1/Hb2 and
Hb3/Hb4, Topology of the phonogram suggests that the
cluster Hb3/lHIb4 is ancestral because it is closer to the
outgroup Physcomitrella Hb.

of nce Ad genes (Promoter scquences were retricved from

Sclected plant and globin producing
the Eukaryoluc Promoter Database release 45)

EP]) accesmon No. #b upstream location

Ab gene Promoter
Aol Lycoy con esc 1 ycloprop 1 acid 35029 432147
Pisum sarivum Robusco snatl subngut (photoceguluted ) 16011 572 590
Homo sapiens 8.globm 11108 2034-2047
Habicherruy gripier myeglotin 7070 1134-1157
ht2 Zea mayy (waxy) ADP- g 1arch y 13012 553-569
LT Citvane mias peat shock peoten 12 30084 16281643
Aratidopses thalwana btubulin ARTS 28003 163061643
Chirononuey thummi globan VIIR-S 37002 1808 1X2]
Hlodianthies annpes snthe 38047 751-764
Gheme mas ansdulin "lk 11008 1716 1729
At Arabidopts thals hase (acyl 5074 ROX-K26
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Fig. 2. Primary structure and relationahups among fice Hbha A, sequence

of p nice b show the hughest
conserved amno acwd ressdues. Distal (H77) and proxsmat (11112) histidi-
nes are shown in boli Vertical arows show the tntrons pomuon
Alpha-helix regions A to H are those descnbed for mcc iibl [6]. B.
phenogram that shows the sequence relatonship among rnce and other
monocotyledoncous (mawze [Zeu mays ssp. mays]. wosinte [Zea mays ssp.
parviglumis] and barley) Hbs. Moss (Physcomitrella patens) Hb is the
outer group. Ot were using
the PileUp routine of the GCG progr Ge b for
Physcomitrella, maize, teasuite and barley Hbs arc AF218049, AY00SB18,
AF2910%2 and UNM9GE, respectively.

Rice 44 genes contain canonical TATA boxes located
upstream of the start codon at positions - 135, -115, -150
and -163 for AbJ, Ab2, hb3 and kb4, respectively. Sequence
comparison of A 5°-upstream sequences with cukaryotic
promoter sequences deposited in databa showed that a
number of potential promoters exist upstream ot 2 penes,
including those for human d-globhin,  stress-related  and
heat-shock proteins and soybean (Glvcine meay) nodulin 23
(lable I). The existence of diverse promuoters supgests that
rice Ab penes are repulated by ditlerent trans-acting factors.

Frochem 40 ¢2002; 199 202
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3. Conclu

ns

Gene analysis reported in this work shows that & family
of functional 4 genes exist in rice, and that Hb proteins are
highly conserved suggesting that they have similar func-
tions. However, the existence of different promoters up-
stream of these genes supgests that individual Abs are
regulated by separate signals, and could result in the
differential expression of the four 6 genes in the different
organs or under different conditions of” plant growth.

4. Methods

Rice #b1 and Ab2 genes (Genbank accession numbers
U76028 and U76029, respectively) were used as probes to
scan the rice genome from a Monsanto Company datsbase
(hutp//wwiwrice-rescarch.org) using the Blasin routine of
the BLAST program [1]. Partial scquences (~1000 bp in
length) were retrieved by walking up and down from the
wrget sequence, and were proc ed using the following
routines ot the GCG (Genetics Computing Group, Madison,
WI) program: partial sequences were copied as individual
files with Gelkinter, cdited with GelAssemble and displayed
with GelView. Full sequences were obtained trom the
consensus sequence of the GelAssemble routine,

Intron positions were identified by comparing retrieved
Ahb gene sequences with rice 407 and A62. Coding sequences
were translated into predicted proteins and sequence align-
ment and cluster analysis were performed using the Trans-
late and PileUp routines of the GCG program, respectively.
To identify promoters, the 5°-non-coding sequences of rice
hb genes were compared with promoter sequences depos-
ited in the EPD (Eukaryotic Promoter Duatabase at
http://www.epd.isb-sib.ch) database.
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Capitulo IV. DISCUSION GENERAL Y CONCLUSIONES.
LAS Hbns, DEL ANALISIS BIOQUIMICO Y MOLECULAR AL ANALISIS

FUNCIONAL.

TESIS C .4 »
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Las Hbns se han caracterlzado en dlferenles especnes de plamas. desde Ios musgos (Arredondo-

l994 'Andersson et- al.

1nglpqucmas,,(Taylor:_et '1[

tesis, los cuales permnen entender la sintesis y regulacion de las Hbns del arroz. En este capltulo se

mcluyen algunos resulxados preliminares que se obtuvieron durante el desarroilo de este trabajo, los

cuales aporta formacuon que resulta de interés en |a‘dISCuSIOn de las caracteristicas y posibles

funciones de las Hbns del arroz. La d:scusron global de. los resultados que se obtuvieron durante este

trabajo, en conlunto con los resultados publlcados por otros ‘autores, permitié elaborar un modelo que

47
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explica las posibles. funciones de las Hbns en los organos de la planta. el cual se presenta en las

_ conclusiones de este capitulo.. . T e

LAS Hbns SE SINTETIZAN EN NUMEROSOS ORGANOS Y EN TENDOS ESPECIFICOS DEL ARROZ

al., 1994; 'xnde’r's’

microscopia 'electrénica de klran;smisic’m. Este analisis se realizo al utilizar técnicas estandar (ver por

48




ejemplo-a Goodchild y Miller [1997]). Los resultados que se obtuvieron muestran que las. Hbns se

localizan en el citoplasma, particularmente alrededor de. los.oleosomas (Figura.l),.lo:cual sugiere:que

sehales qué éomrolan‘el-proceso,de MCP, y a la vez como agentes citotoxicos (Bethke et al., 1999). Se

ha propuesto que las Hbns participan en el mantenimiento del nivel energético de la célula (Nie y Hill,

1997 :’VSkq"w_ +1998) y,sé ha observado que las Hbs de diversos organismos tienen actividades

pseudbéni ctividad peroxidasa y dioxigenasa en el metabolismo del NO (Wittenberg

y \X/ittenB 2rg. 1990; Gar ner et al., 1998). Por lo tanto, es probable que en la aleurona del arroz las

Hbns realicen diferentes funciones que se relacionan con el mantenimiento del nivel energético. y que

al mismo tiempo pamctpen en el control de las ERO que se generan durante la 8- oxndacnon de los

lipidos y Ia MCP que ‘ocurre en este tejido. La acumulaciéon de las Hbns en los tejidos que se encuentran

en diferenciaci n en~donde se lleva a cabo la MCP. tal como la cofia de la raiz, las células del

protoxllema (Ros4 el al.. 2OOI) y la zona de absicion de las hojas (Ross EJH. 2002. Tesis de

Doctorado Umversudad de Nebraska en Lincoin, EUA), sugiere que las ans podrian desempeiiar una

TESIS CCH ? 49
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Figura |. Micrografia electrénica que muestra la localizacion de las Hbns (puntos negros) en ¢l interior de las células de la

aleurona del arroz. C, Citoplasma: O, oleosomas: V, vacuola.

——
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funcion que se relaciona cqri el metabolismo de las ERO durante el proceso de MCP.

Sowa et al., 1998), ya que r

vegetal indican_que: existe_ una; relacnon sinérgica entre estas dos moléculas, ya que regulan procesos

ﬁsiolégic»osfcjue» r portantes en la planta. Por ejemplo, la respuesta de defensa contra el ataque de

patégeno's‘ gehé a un ekplos on'oxidativa que conduce a la MCP (Durner y Klessig, 1999); asi mismo.

el dano mecamco a los tepdos de la planta promueve la MCP que estd mediada por el incremento de las

ERO (Delledonne el al.. 1998) La alteracion del balance entre la concentracién del H,;O, y NO en las

’I'ESIS
LFALLA DE
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células que se retaron prev:ameme con un patobeno o que sufneron un daifio mecanico, inhibe el inicio

de la MCP lo cual podna comprometer la supervnvenCIa dela planta (Delledonne et al., 2001) ‘Mas

aun, los estudlos sobre el ‘papelique uegan Ias ERO en la’ MCP de Ias celulas vegexales revelo que el

acido gibérélico

al.,”

las cuales modulan la reSpuesta de los - teudos cle Ia plama a dwer:.o; estimulos internos o

mednoamblentales (exlernos)




INTERACCIONES POSIBLES DE LAS ans CON DIVERSAS MOLECULAS Y LAS CONbECUENClAb

FUNCIONALES .DE DICHAS INTERACCIONES

Hbns interactGan




A)

HbA

B) Control Hbl recombinante Exto. de hojas
1 2
Hbl —» ;

Figura 2. Deteccién de Hb1 y Hbns nativas de arroz mediante “western blot™ a partir de geles nativos de poliacrilamida. A)
Deteccién por “western blot™ al utilizar anticuerpos anti-Hb1 del arroz de Hbns en extractos solubles (40 pyg de proteina

total) de coleoptilos {C). hojas (H) y raices (R): Hbl, Hbl recombinante control. La flecha indica la sefial que corresponde a

Hbl recomblnanle. y.la punta de flecha senala a las ans nativas. B) “Western blot™ a pamr de un gel nativo aI IO% que

‘n ‘el panel derecho se mcubo Hbl 1.8 pM con volimenes

crecuentes del extracto soluble de h0|as (l pL del exlracto de‘ho;as contiene 3.2 pg de proteina total): | pL (carril 7), 5 pL

TESIS COH |
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(carril 8), 10 pL (carnl 9) 15 pL (carnl IO)




formacion de los dimeros en Hbl se encuentran conservados en las Hbns del arroz (Fgura 2A Capitulo

Illb) de modo que ' es probable que las” Hbr 3 : ’blen sean capace ‘de- formar'estructuras

cuaternanas Y. comple;os de alto peso molecular; Para ve fcar si' la‘ausencia de Ia senal de las ans en i

;s,erdetectaron por “western blot“. En la figura 2B

mayor que lati nsidad del control que se encuentra en el carril |, ain cuando ambas muestras
contuvieron Hbl ,4 5 pM Del mismo modo. la sefial de Hbns se detecté en el carril 6, pero no en el
carril 2, atn cuando ambas muestras contuvieron Hbl O.6 pM. Estas observaciones sugieren que el
aumento en lé imehsidad de la seiial en los carriles 3 a 6 se debe a las Hbns que existen en el extracto

de las hojas. Por otro lado, en los carriles 7 a 10 de la figura 2B se analizaron muestras de Hb| |.8
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MM las cuales se mcubaron prevtamenle con concemrac:ones crecnenles del extracto. de las hojas de

arroz. El resullado mostro que: Ia |nt ns dad de la senal aumentar conforme se ‘lncremen!a‘,_ la

podrian alojarse ' m léculas organicas o dominios proteinicos. El analisis de la distribucién de cargas en

la superficie de esta cavidad mostré que existe una proporcién alta de aminoacidos con carga positiva

o negativa en esta:region (Figura 3A). Una observacion de especial interés es la localizacién del residuo

de lisina K94, el cual se localiza en el asa que une a las hélices E y F, y que se orienta hacia el centro de
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A) 8)

N- terminal

C- terminal

Figura 3. Analisis de la cavidad que se forma entre Ios extremos N- y C-terminal de Hbl del arroz. asi. como la posucnon del
residuo KS4. A) Modelo de la regién de Hbl del arroz en donde se Iocahza la cavndad entre Ios extremos N y C-lermlnal
La distribucion de cargas en la superficie de Ia protema se muestm con los colores azul RZ ro|o para las reglones con carga
positiva o negativa, respectivamente. B) Modelo que muesuja Ias reglones que‘forman ala cawdad que se localiza entre el
N- y C-terminal en Hbl, asi como la proyeccion de’K9~‘1 hac%a la region central ;:ie dicha cavidad. Pre-hélice A (rojo), hélice E

(amarillo), asa E-F (azul), hélice F (verde), hélice G y C-terminal (lila).
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el centro de la cavndad N/C (Figura 38) Reclemememe se realizé un anahsns snmllar al d‘.Hbl pero

",Macstna en

wbre Ia eslructura de la ans del maiz (HbM) (Saenz Rivera J. 2002 ‘Tesis de Maeslr

vegetales.
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EL COMPORTAMIENTO DE LAS Hbns EN LOS SISTEMAS BIO‘LO'GICOS

produccién de nicotina (Holmberg et al.,©1 997). Estos estudlos permitieron demostrar que in.vivo, VHb

funcnona como_transportador de. O,. En este contexto, fecientemenle en nuestro Iabora:on se evaluo-

al comparar'

el efeclo'que tiene la expresion constitutiva de. dlferemes Hbs recombinantes en I:'.call TBI

las curvas decrecimiento de; la: cepa silvestre:con: as cepas que smtenzan Hbs recombmantes de

dlverso> ort,amsmos ncluyendo a-Hbl y Hb2del: arroz (Alvarez-Salgado E. y Arredondo Peler R..'

comumcacnon personal) Los resullados de este anahsns mdlcan que la sintesis de Hb! y Hb2 tiene un

TIET T ;
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efecto diferente durante el crec:mlento de E. coli recombinante. La curva de crecnmlemo de £ “coli que

obuenen cuando E. co/l smtetlza Hbs que funcnonan como"‘"'

sintetiza Hbl es simila

Las observaciones sobre el efecto que tiene la smte&is de Hbl y Hb2 en el crecimierito’ de E. coli

suglere que en la’célula’vegetal las Hbns’ reahzanfuncnones que son adlc:onales al transporte de O,. En

este senudo. es important ue enrel arroz 'exlste una familia que esta compuesta por cuatro

copias del géh hbns (Figural. Capitulo Hib), de las cuales hb! y hb2 se expresan diferencialmente

(Arredondo-Peter et -al.,=1997a (ver—:’més abajo), de modo que cada Hbns podria llevar a cabo una

funcién especifica, la cual podria depender de las condiciones metabdlicas de la célula.

CARACTERI'STICAS‘ ESTRUCTURALES Y FUNCIONALES DE LA FAMILIA DE GENES hbns DEL ARROZ

Al inicio del estudio de las Hbns del arroz se identificaron al menos tres copias del gen hbns

Tﬂgya:.i ! 60
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mediante hibridacién del tipo “Southern blot”, de las cuales se clonaron y caracterizaron los genes hb/

promotoras,

grupos.:uno

lllb). - Estas




A)

. ATE TGA -
hb1 " ———— e
5 3
hb2 r ———— —— —— 4
5 —_ - 3
hb3 [ — — e _— . . 4
5 — 3
+ ) —
hb4 — —— ——
1 hb3 hb4g
B)
2,000 -
1,600 -
1,093 pb
1.000 - --— 861 pb
500 -

Figura 4. Amplif'cacién y clonacio’n de los genes hb3 y hb4 a partir del DNA total del arroz. A) La comparacion emre‘ Ia

secuencia’ de Ios genes hbns_del arroz. permitié localizar las regiones que presentan. mayores dlferenclas (areas‘

sombreadas) Io que p rm nar iniciadores que reconocen especificamente a hb3 y hb4 Las flechas ‘mdlcan lab

:luslran en (A).

Los lores “del marcador ‘de lamano

iniciadorés quegs’e‘ emplearon fue  la sngutenle: 5'-CCATGGCTGCGAACGGAAGC;3' ‘(Hb3> “srer'uidbo) -3

GCTGCT GCGTAATACGTGTGAATTC-S' (Hb3 anusenndo) CCATGGAGCAGGAACTTGGTAGAT—S (Hb4 ‘sentido) y
5~ TAAGCGTACTGCCTCAGCGAATTC-3° (Hb4 anusenndo) La temperalura de alineamiento que se empled para la

reaccion de PCR fue de 60 y 48°C para hb3 y hb4, respectlvamgn!e.




amplifican especnf'camente a Ios genes hb3 y hb+4. Con base en esta observacién ‘se analizé la

hbl‘ lb’ hb{ y hb4 en los organos embnonanos y: vege!anvos del arroz.

expresion; de lo:

o arriba del inicio de los genes hbn del arroz‘

analusns de la secuencua 5

‘En’v este sentid

mostro que existen secuencias’ que son slmxlar&s a las secuencnas promotoras de dlversos genes hb y

otros genes vegetales (Tabla I Capnulo Hlib), asi como la existencia de cajas que son modu adas por

hormonas vegetales (como las cutocmlnas y el acido absclsn:o) y sefiales de defensa (Ross EHJ 2002

op. cit. ) Exlst um rosas evndenc:as que indican que los genes hbns de diversas especles se expresan

en te]:dos especificos.y. bajo condiciones metabélicas paruculares (Andersson et al., l996 -Trevaskis et

al., lk9’9k7 :Hendriks'et:al., 1998) Recientemente, se analizé la actividad del promotor del gen hb2»

fusionadé,cqn el eportero gus (Ross et al., enviado a publicacion). El analisis de la actividad. de L

Gus en 'discos,

e’ tabaco:mostrd :que el promotor hb2 se regula positivamente por. la 'presenma’de'.‘
especificamente por la benziladenina. Mas atn, en las plantas de A. thaliana transformadas

cntocmmas.

con la fus,on del ‘promoto hbJ. gus'se! ‘déteclé la actividad de GUS en la cofia de la raiz, el' lejido

vascular de las holas. las anteras y las .zonas de abscncuon de las flores, asi como en sitios de la planta




A)

Coleopfilo Embridn Raiz seminal
Hb1 Hb1 Hb1 Hb2

B)
Hoja Raiz
Hb1l Hb2 Hb1 Hb2

Figura 5. Analisis de la expresion de los genes hb/ y hb2 en el arroz. A) Deteccién de los transcritos Hb 1 y Hb2 por RT-
PCR en drganos embrionarios de plantulas después de 7 dias de la germinacién. B) Deteccién de los transcritos Hbi 'y Hb2

por RT-PCR en los organos vegetativos de plantas después de 6 semanas de la germinacion.
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coincide con los resultados reportados para los promotores de los genes Ab de otras plantas, tal como
1996). Ab de

ahb/ y aht2 de A. thaliana (Hunt et al.. 2001), hbns de ia sova (Andersson et al..
Parasponia (Bogusz et al.. 1990) vy /bll de lupino {Strozycki et al., 2000). Estos resultados muestran
que las Hbns de las plantas se regulan por estimuios que son comunes en diterentes especies.

El analisis detallado de los promotores de los genes iibns de arroz y A. thaliana mostro que los
genes hbns tienen elementos cis que responden a sefiales hormonales, como el acido abscisico. etileno
y las citocininas, vy en respuesta al ataque por patogenos (Hunt et al.. 2001: Ross EHJ. 2002 op.cit).
Los genes hbns de la mayoria de las especies que se han estudiado torman tamilias multigenicas. cuvas
copias se regulan diferencialmente en los organos de la planta (Andersson et al.. 1996: Trevaskis et al.,
1997; Aréchaga-Ocampo et al., 2001: Figura 5). Por ortro lado. diversas evidencias sugieren que las
Hbns de la misma especie tienen caracteristicas bioguimicas particulares v, por lo tanto. tunciones

diferentes. El analisis de la expresion de los genes Abns| a 4 del arroz (Figura 5), y los resultados de

otros autores, sugieren que las Hbns se regulan diferencialmente en la planta. lo que les permite realizar

mas de una funcion en los tejidos en respuesta a una variedad de estimulos fisiologicos y

medioambientales. £l avance en el analisis de la actividad de los promotores de los genes hbns del arrox

y otras especies vegetales brindaréd mayor informacion acerca de la regulacion de estos genes vy la

funcion de las Hbns en la planta.
LAS Hbns DURANTE LA HISTORIA DE LAS PLANTAS'

Las Hbs han estado presentes a lo largo de la evolucion de los organismos. desde las primeras

bacterias hasta los animales y plantas superiores actuales. Durante la historia evolutiva de los

Y
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coincide con los resultados reportados para lo; promotores de los genes nb de otras plantas. tal como

1996) b de-- -

ahbl y ahb de A. lhallana (Hunt et al

y otras 5pecnes vegetales bnndara mayor informacion acerca de la regulaclon de estos genes y la

funcién de las ans en la planta.

LAS Hbns DURANTE LA HISTORIA DE LAS PLANTAS

Las Hbs han estado presentes a lo largo de la evolucion de los organismos, desde las primeras

bacterias hasta los animales y : plantas. superiores actuales. Durante la historia evolutiva de los
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diferentes grupos de organismos. las Hbs han conservado las caraczeristicas estructurales y bioquimicas

: !ranspo‘rta‘r' Y. alméée’nar.-,eL,O;.

que Ies permnten llevar a cabo dlversas funcnones por elemplo

hélice A de CerHb muestra que en eaé A:;é'gién existe una secuencia que es similar al sitio de corte por
peptidasas, especificamente aquellas que’eliminan las secuencias lider de las proteinas que atraviesan a
las iiembranas. Esta observacion sugiere que las Hbns primitivas pudieron ser exportadas desde el
citoplasma al interior de un organelo. Las Hbtr del alga Chlamydomonas eugametos tienen un péptido
sefial para ingreso al cloroplasto que se'iklk;‘;céliza en el extremo N-terminal de la proteina. La funcion de
las Hbtr de C. eugametos se desconbce’."sikn' embargo. se ha observado que estas proteinas se localizan
en el cloroplasto y que se regulan posﬁrivbameme por la luz, lo cual sugiere que estas Hbtr funcionan

durante la fotosintesis (Couture et al., 1 994). La comparacion de la pre-hélice A de Ceratodon y
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Physconmre//a con las Hbtr de C. eugamero~ mostro que existe homologla en los aminoacidos que

forman esta reg:on.,y que el caracter quimico de los resnduoside amlnoacndos en_ las ans de los

musgos. partl ula mente en Ceer el mismo que ‘el del peptldqse_nal de !a Hbtr de'C. quameros. es
decur. esta reg
2B en VRossf t

detectar la

oxidativa) ‘durante la“colonizacion’ del medio:terrestre por las plantas (Das et al.. 1999: Neill et al.,



Gln 11

Val 6

Figura 6 Modelamlento in s:hco de la pre-heln:e A de Ceer En el recuadro se muestra la vista frontal del esqueleto

carbonado de la hélice que {orman los ammoécldos 6 a 12 A la derecha se muestra la vista lateral de la misma hélice con la

estructura de cada residuo de ammoa:xdo. En color morado- y magenla se muestra el modelo de listén predicho para esta

region. Los colores de los amlnoaudos Uimica: los aminoacidos no polares se muestran en amarillo, y

los aminoacidos polares en verde. La ‘caracteri cion de la pre-hélice A de CerHb se realizé mediante el uso del programa

SwissPdbViewer (http://www.e}xpasy‘.ch/‘spdb’v/)y -
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la planta y en respuesta a cambios metabolicos y del medio ambiente.

'CONCLUSIONES

presion

El analisis -de:la ‘exp ‘sintesis- delas” Hbns que‘se 11évé a cabo enesta tesis ‘aportd

informacion que es util para entender las posibles funciones de este grupo’de proteinas en la célula

vegetal. Desde el punto de, vista molecular;

genoma

ill, 1998).: Sin embargo,. las

diferencias _que_existen’e t nto ct el /i recombinante cuando sintetizan a

Hbl o Hb2 del,arrboz.‘fs‘ugieren que Hb " actia n vivo como un transportador de O, en tanto que Hb2

69
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acta como un secuestrador de O, (Alvarez -Salgado E. y Arredondo Puer R.. comumcac:or personal)

eviden‘cias' prelim

esta presen e

una cawdad q

al., 2001 H

importan‘tes‘
otras especiés 'Bada Y. Al thaliana, responden positivamente a condiciones de estrés,
1994; Trevaskis et al.. 1997; Sowa et al., |998-

como la h:poxna y el estrés. melabohco (Taylor et al.,

Capitulo llla) Estos resultados sugleren que las Hbns participan en la respuesta de la planta a ciertas

a51S €. :‘.‘_vw‘ 1 70
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condiciones de estres. parucularmente al estrés en ergético.

La e stencua de fam|llas de genes hbns_en el arroz (Capllulo lllb) -maiz- (Saenz Rlvera J: op.

transportadores o.sensores de O,. De este modo, las Hbns podrian contribuir a mantener el nivel

energético cuando Ia celula tiene un metabolismo elevado. como en las células que forman a los tejidos
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] Hbns 3

I
& 2 i
Unién a la molécula X ' TeJldos en dnferencmcug{n:
Estres metabolismo elevado, produccion de
ERO (H202. NO, 0;,0NOG", HO)
Disminucidn en Hipoxia Metabolico
lo ofinidad por  (plantas inundadas) (plantas caquécticas)
- Défict de
Hb¥0, 0, ¢ficit de ATP
Transportador ey ~ 5
>
o sensor de O NP .
ensor de 0 Control del nivel de ERO

L : Hb™
. Glucdlisis NAD" 4‘\ %/) ;’fg; NAD'
1 \ \‘\l/

E A Hby"f( \}> NADH
= :
ﬁg Mantener el | | REGULAR EL
| nivelerergétic S METABOLISMO DE LAS
| e . pseudoenzimdticas
| juaf  (Sinfesisce ATH ERO DURANTE LA
jeos] 3 ’
= REGULAR EL METABOLISMO  pecULAREL DIFERENCIACION
AEROBIO/ANAEROBIO CELULAR
POTENCIAL REDOX
¥ Figura 7. Modelo que lusra las posibles funciones de las Hons en las plantas. La explicacion de las vias propuestas se describe en el texto.



en dlferenclamon al transportar el O, hasta Ias mltocondrlas para la smles:s de ATP Por otro lado. las

Hbns podnan fun lonar en: el S|stema de regulac:o del met bol aeroblo/anaeroblo al detectar los ’




vascular, las zonas de abscicion y los leudos que sufneron dano mecanlco as: como_en rg;puesta ala

presencia de:hormonas vegetales'(Hunt et al.. 2OOI’ Ross EJH 2002 sop.- cut)f Es probable que las

d:ferencuacson celular al regular el metabollsmo de Ias ERO

En resumen. actualmente existen evidencias de que las Hbns son capaces de“,r"ealizar iversas

funciones que son aiternativas al transporte de O,. Probablemente, estas funciones se Ile\)anr cabo de
manera simultanea en diferentes tejidos de la planta, y en respuesta a diversos estimulos f‘snologlcos La
comprensién detallada de la regulaciéon de la expresién de los genes hbns, asi como el avance en el
estudio de las posibles interacciones de las Hbns con otras moléculas, permitiran definir el pabel que

desempeiian las Hbns en la regulacion del metabolismo celular y su funcién en las plantas.
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