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RESUMEN

Los genes que codifican para fas subumdades It (cox2) y Il (cox3) de la citocromo
c oxidasa estan presentes en el DNA mitocondrial de la gran mayoria de los organismos
eucariotes descritos a la fecha Estas proteinas hidrofobicas se sintetizan en la matriz y se
integran en la membrana interna mitocondrial Un caso de interés son las algas de ia
familia de tas Chlamydomonadaceas. en que el genoma mitocondrial carece de los genes
cox2 y cox3 Esto puede sugernr que las proteinas no forman parte de ia citocromo ¢
oxidasa y que los genes no existen. O alternativamente, que las proteinas si estan
presentes en el compliejo. pero los genes que las codifcan han sido transferidos al ntclieo
En este trabajo se purifico ala citocromo ¢ oxidasa del alga incolora Polytomella spp . y se
demostro gque ambas subunidades estan presentes en el complejo enzimatico

La suburnidad Il se identifico mediante e! uso de un anticucrpo monoclional contra
la subumidad Il de Saccharomvces cercd:asne Se estimo una masa molecular de 29 6
secuencia de su extremo ammo terminal A

KDa para esta proteina y se obtuvo la
continuacion. se obtuvo la secuencia genomica y de cDNA del gen cox3 de FPolytornella

spp. De igual manera. se clono el gen cox3 de C remntiardti. otro miembro de la familia de
las Chilamydomonadaceas Se demostro que el gen cox3 de ambas algas es nuclear. Este
gen predice la existencia de una presecuencia gue podria dingir a la proteina desde el
citoso! a la mitocondria De igual manera el gen predice una proteina con 7 cruces
transmembranales. con una estructura muy similar a la encontrada para la subumidad it
en la estructura cristalina de la citocromo « oxidasa de bovino Se predice que la preteina
posee una hidrofobicidad general disminuida que. junto con una posible presecuencia
mitocondrial, podrian ser factores ymportantes para [1a integracion exitosa de la subunidad

ilt en la citocromo ¢ oxidasa de estas algas

Por otro lado la subunidad [l de ia citocroma «~ oxidasa d2 Fos, tormelia spp. se
identificdO mediante la secuencia del extremo anmuno ternunal y mediante una secuencia
interma de la proteina La banda identficada como fa subunidad il migra en geles de
poliacrilamida con una masa molecular de 18 6 KDa. la cual es menor a la esperada para
la mayoria de las subumdades H (29- 30 KDa) Se demostro que tanto en Folytornella spp
como en C. reinhardtii esta subunidad esta codificada por dos genes en vez de uno, y que
ambos genes tienen una localizacion nuclear E! gen cox2a codifica para ta region amino
terminal y los dos cruces transmembranales de la proteina. y predice la existencia de una
presecuencia mitocondnal Adicionalmente el gen predice una extension de 20
aminoacidos en el extremo carboxilo terminal de la proteina que posee una gran cantidad
de residuos cargados y que no esta presente en rminguna otra subumdad 1. El gen cox2b
codifica para la region soiuble del extremo carboxilo terminal y para el sitio de unidn a
cobre. Este gen predice una extension de 44 ammnoacidos Nno conservados. en el extremo
amino terminal de la proteina Esta extension no tiene caracteristicas de presecuencia
mitocondrial que se procesa por peptidasas de matriz mitocondna!l Es una regidon con
muchos aminodacidos cargados que permanece en la proteina madura No fue posible
detectar un transcrito maduro. producto de un procesantento alternatvo que contenga al
gen cox2a y al gen cox2b Nuesiros resultados sugieren que ambos genes se transcriben
por separado y se traducen en dos proteinas diferentes una codificada por el gen cox2a y
la otra por el gen cox2b. Las extensiones predichas por cada gen podrian mediar una
interaccion electrostatica para conformar a ia subunidad Il activa en el complejo maduro

de la citocromo ¢ oxidasa mitocondnal



ABSTRACT

The genes encoding subumits It (cox2) and Il (cox3) of the cytochrome ¢ oxidase
are present in the mitochondrial DNA of the vast majority of the eukariotic organisms
described to date. This hydrophobic proteins are synthesized in the matrix and assembled
in the mitochondrial inner membrane. An interesting example are the algae of the
Chlamydomonad famiiy, in which the mitochondrial genome lack the genes cox2 and cox3
This can suggest that the proteins are not present at all in the cytochrome ¢ oxidase
complex and that the corresponding genes don't exist, or alternatively. that this proteins
are present in the complex. but the genes encoding them have been transferred to the
nucleus. In this work. the cytochrome ¢ oxidase from the colorless algae Polytomella spp
was purnfied. it was shown that both subunits COXIil and COXIIL are present 1in the mature
enzymatic complex

Subunit Il was dentified with  monoclonal  antibodies  directed  agamnst
Saccharomyces cerevisiae subunmit Il A molecular mass of 26 6 KDa was caiculated for
this protein. an its armuno termmnal sequence was obtaned. The genonuc and the cDNA
sequences of the Folviomella spp cox3 gene were obtaned The complete cox3 gene
from C. reinhardty. another member of the Chlamydomonad algae. was also cloned It was
shown that the cox3 gene in both algae 1s nuclear This gene predicts a preseguence that
could target the proten to the mitochondna It predicts a protein with seven
transmembrane segments. simular to the three-dimensional crystal structure of the subunit
Il from the bovine cytochrome c oxidase obtamnmed by X-ray crystalography The gene
predicts a protein with dinunished hydrophobicity that. along with a putative mitochondrial
targeting sequence. could be essential for the successful assembly of the suburit L in the
mature cytochrome c oxidase from these algae

The cytochrome ¢ oxidase subunit |l from Polyvtomella spp was dentified by the
amino terminal and internal sequence of the protemn The band dentfied as subunit Il
migrates as a 18.6 KDa protein in SDS-PAGE This size 1s smaller than the observed one
for all the subunits 1l characterized to date (29- 30KDa) It was shown that in Polytomella
spp. and in C. reinhardti. this subumit 1s encoded by two different genes, and that both
genes are nuclear-locahzed. The cox2a gene encodes for the ammino terminai region and
the two transmembrane stretches of the protemn. and predicts a mitochondrnal targeting
sequence with high similarity to thylaco:d transit peptides Additionally. the gene predicts a
20 residues extension at the carboxy end of the protein This extension 1s highly charged
and is not found in any other suburit I} The cox2bL gene encodes for the carboxy soluble
end of the protein and for the copper binding site. The gene predicts a non conserved 44
residues extension in the amino termunal end of the protein This extension has no
processed mitochondrial targeting sequence characteristics It 1s a highly charged region
that is present in the mature protein No trans-spliced product. which could mnclude cox2a
and cox2b messengers. was detected. Our data suggest that these genes are transcribed
independently and translated mto two different proteins: one encoded by the cox2a gene.
and the other by the cox2b gene. The predicted extensions from both genes couid have a
central role in a electrostatic interaction between the two proteins to assemble the mature
subunit Il in the cytochrome ¢ oxidase
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ABREVIATURAS

gen que codifica para la subunidad Il de la citocromo ¢ oxidasa.

gen que codifica para la region transmembranal de la subunidad Il de la
citocromo ¢ oxidasa

gen que codifca para la region carboxilo terminal de la subunidad Il de la
citocromo ¢ oxidasa

subunidad lla de la citocromo ¢ oxidasa

subunidad lib de la citocromo ¢ oxidasa

subunidad It de ia citocromo ¢ oxidasa de Chlamydomonas reinhardtii.
DNA DataBank of Japan / European Molecular Biology Laboratory , bases
de datos internacionales para secuencias de nuciedtidos.

dietil-aminoetil-

dietil-pirocarbonato

acido desoxirrnbonucléico.

desoxinucleotidos de tnfosfato

hidrofobicidad maxima

hidrofobicidacd promedio de un segmento en una secuencia.

isopropil tio-{i-,-galactosido. siglas en inglés.

medio de cultivo Luna-Bertam

Espectrometria de masas (matrnx-assisted laser desorption ionization—time
of flight)

mesochidrofobicidad

momento hidrofobico

DNA mitocondnal

mitochondrial targeting sequence. sigias en inglés de presecuencia
mitocondrial

polymerase chain reaction, siglas en inglés de reaccion en cadena de la
polimerasa

discriminant function for mitochondrial proteins, siglas en inglés de funcidon
discriminante para proteinas mitocondriales.

fluoruro de feniimettsulforiio

subunidad Ili de la citocromo ¢ oxidasa de Paolytormella spp.

rapid amphfication of cDNA ends siglas en inglés de amplificacion rapida
de extremos de cDNA

reverse phase-high precision hgud chromatography, siglas en inglés de
cromatografia liquida de alta precision en fase reversa.



RNA
RT
SDS-PAGE

TLCK
TMPD
x-Gal

acido ribonucléico.

reverse transcriptase. siglas en inglés de transcriptasa reversa.

sodium dodecyl sulfate polyacrylamide gel electrophoresis. siglas en inglés
de electroforesis en geles de poliacrilamida-dodecil suifato de sodio.
Na-p-tosil-L-lisin-cloro-metil cetona, siglas en inglés

N,N.N" N'-tetrametil-p-fenilén-diamina, siglas en inglés
5-Bromo-4-cloro-3-indolil-[3--galactosido, siglas en inglés.



INTRODUCCION



1. La mitocondria.

En este organelo se genera la mayor parte de la energia de la ceélula eucariote.
Esto ocurre mediante el proceso conocido como fosforilacidn oxidativa. en el cual los
electrones son transfendos a través de una sene de complejos enzimaticos que
conforman a la cadena respiratona. Estos electrones son donados por el NADH o
succinato, que provienen de la oxidacion de nutrimentos como la glucosa. y son
transferidos a través de los complejos respiratorios hasta el oxigeno molecular. su aceptor
final. La cadena respiratoria convierte |la energia hbre de las reacciones redox a un
gradiente electroquimico de protones que se establece a través de la membrana interna
mitocondrial. Este gradiente contiene ia energia necesaria para procesos como la sintesis
de ATP, el transporte de substratos o ta mowvilidad de la célula

La cadena respiratoria esta formada por cuatro complejos enzimaticos presentes
en la membrana interna mitocondrial con una ornentacion especifica. Los complejos de la
cadena respiratoria incluyen a la NADH deshidrogenasa o complejo | y a la succinato
deshidrogenasa o complejo Il. ambos reciben electrones de substratos reducidos y los
transfieren a una poza de qumonas que se encuentra en la membrana De esta poza
recibe electrones el complejo bec. o complejo il el cual los transfiere via citocromo ¢
soluble a ia citocromo ¢ oxidasa o conmiplejo IV Este ultimo complejo contiene al sitio que
cataliza la reduccién de O. a H.O (Capaldi. 1991, Trumpower y Gennis, 1994: Saraste,
1999). De especial interés para este trabajo es la citocromo ¢ oxtdasa o complejo 1V

2. La citocromo ¢ oxidasa

Esta enzima constituye la parte final de la cadena respiratornia de mitocondrias y de
muchas bactertas. Se encarga de reductr al oxigeno molecular y transformarlo en agua a
partir de los electrones que recibe del citocromo ¢ soluble presernte en el espacio
intermembranal. Acoplada a esta reaccion hay una transiocacion de protones desde la
matriz mitocondrial hasta el espacio intermembranal (Calboun y col . 1994) La reaccién

puede expresarse como
4 Cit. Cuegy + O + BH imans, » 4 Ct Croey + 2H2O + dH hicheo mtermembranar

La composicion de subunidades de la oxidasa es variable. aunque en todos los
organismos aerobios se ha visto que la composicion mimima es de 3 subunidades:
subunidad | (COX !), subunidad Ht (COX [I) y subunidad lll (COX [ll). Se ha reportado que
en mamiferos hay 13 subunidades (Kadenbach y col., 1983). en levadura hay 9 (Poyton y
col., 1995) y en Paracoccus denitrificans hay 4 (lwata y col.. 1985).



En la mayoria de los organismos. COX I, COX Il y COX Il estan codificadas en el
DNA mitocondrial Las subunidades supernumerarias. que No son Muy conservadas y
tienen un cruce transmembranal o ninguno. estan codificadas en el DNA nuclear, se
sintetizan en el citoso! y se importan a la mitocondria (Capaldi. 1990; Grossman, y LLomaz,
1997). En la actualidad se conocen las estructuras cristalinas a 2 8 A de resolucidon de la
citocromo ¢ oxidasa de Paracoccus derutrificans (lwata y col. 1995) y de bovino
(Tsukihara y col.. 1996) En estas estructuras se observa que las 3 subunidades basicas
de la enzima tienen un arreglo topologico muy similar entre ambos organismos Podemos
decir que tanto las secuencias como las estructuras de las subunidades COXI, COXIl y
COXIlll estan conservadas a lo largo de la escala filogenetica En la figura 1 se muestran
las estructuras cristalinas de estas subunidades en la citocromo ¢ oxidasa de P.
denitrificans (lwata y c2! - 19385y

COX I: Es una subunidad altamente hidrofobica. con 12 cruces transmembranales.
y se encuentra muy conservada entre las especies AqQui se encuentran los centros
metalicos que se encargan de reducirr al oxigeno molecutar Tiene un hemo a que no
interactua directamente con el oxigeno. pero que transfiere los electrones provenientes de
la subunidad li a un centro binuciear con hemo a- y cobre (Cux) Esta subunidad esta
también 1nvolucrada en e! bombeo de protones a través de la membrana interna
mitocondrial que contribuye a la formacion del gradiente electroquimico de protones
{Michel, 1998; Yoshikawa. 1999 Verkhovsky y col.. 19899)

COX lI: Es una proteina compuesta por tres segmentos una region pequena
amino terminal que se localiza en et espacio intermembranal. dos hélices
transmembranales y una regidon en el extremo C-termmnal que es hidrofilica y que se
localiza en el espacio intermembranal Esta ultima seccidn contiene a los residuos que
unen al centro bimetalico de cobre conocido como Cu. el cual recibe a los electrones
provenientes del citocromo ¢ reducido. Se ha reportado que existe una region aromatica
altamente conservada después del segundo cruce transmembranal. cuya funcién es
importante para la actividad de la enzima (Overholtzer y col  1996) Esta region participa
en la transferencia de electrones desde el citocromo ¢ hasta los centros metalicos de la
subunidad |. Witt y col (1998) demostraron que unoc de los triptofanos presentes en esta
region es el aceptor inicial de los electrones provenientes del citocromo ¢ reducido. Tanto
la hélice I como ciertas regiones del extremo C-terminal trenen un alto grado de
conservaciéon (Holm y col . 1987)

COX IHl: Es una proteina altamente hidrofobica, con 7 cruces transmembranales.
De las 3 subunidades. esta es la menos conservada. siendo la hélhce |l y parte de la Vi
las que presentan mayor conservacion. No se conoce con certeza la funcidon de esta
subunidad. ya que no posee grupos metalicos que pudieran participar en {as reacciones
redox.



Hay evidencias que sugleren que no es mmportante en el bombeo de protones.
pero que si participa en ia biogénesis del complejo (Halha y col. 189917) y en el transporte
de! oxigeno molecular hasta el sitio catalitico en la subumdad | (Rustama y col . 1996)

COXt

o owdasa de P

Figura 1. Estructura cnistalina d2 las

denitrificans (lwata y col | 1995)

3. El genoma mitocondrial.

De acuerdo a la teoria del endosimbionte, ila mitocondria se origind de ancestros
bacterianos cercanos a la familia de las Rickettsias (Andersson y col. 1998). que se
incorporaron a una celula huésped. En la actualidad fa mitocondna es un organelo
semiautdénomo, porque tiene su propio genoma que se replica y expresa. pero es incapaz
de tener existencia independiente ya que a lo largo de ia evolucidn parte de su genoma ha

sido exportado e integrado al DNA nuclear



Los genes que aun estan en la mutocondria representan mformacidén genética
retenida desde el endosimbionte original (Gray. 198%a, Gray. 1989b. Leblanc y col ,
1997). A lo largo de la evolucidon, casi toda la informacion genética del ancestro
mitocondrial se ha transferido al genoma nuclear y en la actualidad hay evidencia de que
este proceso de transferencia aun continua. ya que en algunas plantas y hongos existen
ejemplos de intermediarios de este evento (Brennicke y col . 1993 Adams y col . 1889,
Figueroa y col.. 1999 Kubo y col | 1999)

E! DNA mitocondnal tene una gran diversidad en cuanto a estructura. contenido y
organizacion de genes asi como diferentes modos de expresion y rephcacién en
diferentes orgarmismos En mamiferos es una genoma compacto, entre 16 y 20 Kb, y sin
intrones. mientras que en plantas puede ser de 10 a 100 veces mas grande con una
mayor cantidad de genes retenidos y con muchas regiones intergenicas e intrones
(Attardi, 1988; Schuster y Brennicke 13894)

Es importante hacer notar que los genes que codifican para proteinas muy
hidrofobicas con varios cruces transmembranales como el citocromo b del complejo bc., o
COX I, COX Il y COX Il de la ctocromo c¢ oxidasa han permanecido en el genoma
mitocondrial de la gran mayoria de los organismos eucariotes descritos a la fecha (Unseld
y col, 1997, Gray y col . 1998, Gray y col.. 1999).

4. Importacion de proteinas a 1a mitocondria.

Como se mencionod con anteriondad. la mayoria de las proteinas de la mitocondna
se codifican en el genoma nuclear, se sintetizan en el citosol y se importan a la
mitocondria. Estas proteinas contienen sefales que las dirigen a la mitocondria. Estas
senales pueden ser extensiones en el extremo amino terminal de fa proteina precursora o
pueden ser secuencias de aminoacidos presentes en el interior de la proteina madura
Las extensiones amino terminal. conocidas como presecuencias. son regularmente
eliminadas mediante proteasas mitocondriales De esta manera se produce una proteina
madura. Ei proceso de importacién de proteinas a la mitocondria requiere una magquinaria
proteica compuesta de por lo menos tres complejos. Uno se localiza en la membrana
exterma y otros dos en la membrana intermna mitocondnal. Estos compiejos de
translocacion actian en conjunto con proteinas solubles del citoso! espacio
intermembranal y matriz mitccondnal. La translocacion de precursores que contienen
presecuencia se lleva a cabo mediante Interacciones electrostaticas de la presecuencia
con los componentes del aparato de importacicn La transiocacion de estas proteinas a
través de la membrana interna utihza el gradiente electroquimico de protones y ATP. En 1a
matriz mitocondrial se localizan chaperonas y proteasas que permiten que la proteina se
dirija a su localizacion final en ia nmitocondrna (Veoos y col.. 1999)



Por otro lado, las proteinas de membrana interna que forman parte de la famitia de
acarreadores de metabolitos (como la transiocasa de adenin nucledtidos), interactuan con
otro complejo de espacio intermembranal y se insertan directamente en la membrana

interna con la ayuda de un segundo complejo de translocacion de proteinas (Endres y

col.,, 1999). Una caracteristica importante de las presecuencias del primer grupo de

proteinas que se importan a la nutocondna s que, a pesar de gue eéstas no contienen
secuencias de aminoacidos conservados. ia estructura secundaria es muy importante
para su funcion. Estas suelen tener «:-hélices anfifiicas con varios aminoacidos cargados

positivamente en el extremo anino terminal (von Heyne y col., 1989)

5. El alga verde Chlamydomonas reinhardtii.

Chilamydomaonas rembardin es un alga verde unicelular biflagelada que pertenece
Se conoce la secuencia completa del genoma

a la familia de tas Crlarmivdiornonadiaceac
A diferencia del genoma

mitocondrial de este organismo (Michaels y col. 1990)
mitocondrial de plantas superiores. que es circular y grande (200-2400 Kb). el DNA
mitocondrial de C. reinhiardtn es hineal y muy compacto, de solamente 158 Kb Tiene

regiones no codificantes muy pequanas y no contiene intrones. Codifica para ocho
a COX | de la citocromo ¢ oxidasa.

una transcriptasa reversa que no
hongos. mamiferos ni plantas
transcriptasa reversa. En este
la mayoria

proteinas que incluyen ai citocromo b del complejo be.
ta NADH deshidrogenasa vy

cinco subunidades de
mtocondrial de

presenta homologia con nmngun gen
superiores. No se conoce la funcion de esta posible
genoma se codifican unicamente tres RNAs de transferencia. mientras gue en
de las especies descritas estan presentes alrededor de 20 tRNAs (Unseld y col ., 1887) .
Codifica también para dos RNA nbosomales que se encuentran fragmentados y dispersos
en una region del genoma mutocondnal (Nedelcu y col . 1996)

La cantidad de genes que codifican para proteinas de la cadena respiratornia en
este genoma es muy reducida E£stan ausentes todos los genes que codifican para la
ATPasa. incluyendo a aquellos que normalmente se encuentran presentes en €l genoma
mitocondrial de fa mayoria de las especies. como es el caso de los genes que codifican
para ATP6 y ATP8. De :gual manera. estan ausentes varios genes que codifican para
subunidades hidrofobicas del complejo | como NAD3 y NAD4L

De particular interés para el presente trabajo es el hecho de que los genes que
codifican para las subundades COXI] (cox2) y COXIl (cox3) de la citocromo ¢ oxidasa no
estan presentes en e! DNA mitocondrial de C remnhardty
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6. El alga incolora Polytomella spp.

interesa es Polytomella spp. Es un alga unicelular,

El segundo organismo que nos
pertenece a la familia de las

incolora y sin pared celultar que también
Chlamydomonadaceas (Melkonian, 1990) . A pesar de que carece de aparato fotosintético

Polytomella comparte una gran cantidad de caracteristicas a nivel

y pared celular,
1976, Mattox y

morfoldgico, bioquimico y molecular con C. remhardti (Brown y col.,
Stewart, 1984; Conner y col., 1989, Melkonian y Surek, 1995; Antaramian y col.,, 1996;
Nedelcu y col., 1996, Atteia y col ., 1997; Antaramian y col . 1998, el presente trabajo). De
acuerdo a la hipotesis de Round. (1980). Polytomella y Chlamydomonas compartieron el
mismo evento endosimbidtico que dio origen a ila mitocondna La pérdida de pared celular
y cloroplastos en Folytornelia fue un evento secundario mas reciente en la evoluciéon.
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Como se dijo con anterioridad, del conocimiento de la secuencia completa del
DNA mitocondrial de C reinhardtii es claro que los genes que codifican para COX It y
COX lll de la citocromo ¢ oxidasa estan ausentes. Debido a que ambas son proteinas
muy hidrofobicas. de acuerdo a von Hene (1986) seria de esperarse que, al igual que en
los organismos descritos actuaimente, estos genes se hubieran

la gran mayoria Jde
Mas aun. se sabe que de igual manera.

quedado retenidos en el genoma mitocondnal
estos genes se encuentran ausentes de los genomas mitocondriales de otros muembros

de la familia de las Chlamydomonadaceas, como es el caso de Chlamydomonas
moewusii (Lee, 1991). Chlorogornium  elongaturnr (Kroymann y Zetsche, 1998) y
Chlamydomonas euganietos (Denovan-Wright y col. 1998) Estos resultados sugieren que
{a ausencia de Jos genes cox2 y cox3 del genoma mitocondnal es una caracteristica que
comparten todos !os membros de la famidia de las Chlamydomonadaceas. incluyendo a

aquellos miembros incoloros como FPolytaomella spp

En este trabajo se pretende demostrar que las proteinas COXH y COXIIl de ia

citocromo ¢ oxidasa de C reinhardti y Pohvtomella spp forman parte del complejo

mitocondnal activo. y que los genes que las codifican han sido transferidos de!l DNA

mitocondrial al nuclear

Hasta el momento ha sido muy dificd llevar a cabo ia purificacion y caractenzacion
de los complejos mitocondriales de C rembarcdtin debido a que las preparaciones
mitocondriales presentan serios problemas de contaminacion por proteinas del cloroplasto
(Atteia y col., 1992 Attera 1994) Por otro lado Polytomella spp presenta mitocondrias
que pueden aisiarse faciimente debido a la ausencia de pared celular y de proteinas del!
cloropiasto. De este orgamismo ha sido posible punficar al complejo bc. (Gutierrez-Cirios y
col., 1994) y a ia ATPasa (Atteta y col . 1997) En este trabajo. se presenta la purificacion
de la citocromo ¢ oxidasa de Polytomella spp y se demuestra que las subunidades |t y il
de este complejo si estan presentes. A partir de la secuencia polipeptidica obtenida de las
subunidades purificadas se aislaron los genes que las codifican tanto en Polytomella spp.
como en C. reinhardti, y se demostro su locahzacion nuclear

13
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1.

Demostrar que las proteinas COXIl y COXIil forman parte de la citocromo
¢ oxidasa mitocondrial de Polytomella spp. Para ello. se purificara a la
citocromo c oxidasa de Polytornella spp y se identificaran a las subunidades 11
y lIl. Para ello se emplearan anticuerpos generados contra las subunidades Hl y
11l de levadura y se obtendra la secuencia de aminoacidos de tos extremos
amino terminales de estas subunidades

Demostrar que los genes que codifican para COXIIl de Polytomella spp. y
C. reinhardtii son nucleares y no mitocondriales. Para ello, se clonara el
gen cox3 de Polvtornella spp.. empleando la secuencia del extremo amino
termina!l de la proteina para disenar desoxiohgonucieotidos degenerados. E!
gen cox3 de Folytomella spp sera empleado como sonda para obtener el gen
cox3 de C remhardtn de una biblhioteca de cDNA

Demostrar que los genes que codifican para COXIl de Polytomella spp. y
C. reinhardtii son nucleares y no mitocondriales. Para ello se clonara el gen
cox2 de Polytomella spp. Se empleara la secuencia amino terminal obtenida de
la proteina para disenar desoxioligonucledtidos degenerados. Una vez que se
tenga clonado e! gen completo de Polvtomella spp . éste se empleara como
sonda para clonar el gen cox2 de C remhbardtn

Analizar Ias adaptaciones que sufrieron estos genes para una
transferencia exitosa al nucleo. Se anahzaran algunas caracteristicas como
el cambio en uso de codones, la adquisicidn de sefales de poliadenilacién y de
posibles presecuancias mitocondriales. Adicionalmente se analhzaran las
propiedades de hidropatia de las proteinas predichas por los genes cox2 y
cox3.
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El capitulo § presenta el articulo "Unusual location of a mitochondrial gene.
Subunit I of cytochrome ¢ oxidase is encoded in the nucleus of chlamydomonad
algae”. En este trabajo se demuestra que la subunidad Il de la citocromo ¢ oxidasa del
alga incolora RPolytormella spp. si esta presente en el complejo enzimatico. Se obtuvo Iia
secuencia de cDNA del gen cox3 que codifica para esta proteina al igual que el gen cox3
de C. reinhardtii Se demostrd que cox3 esta codificado en el DNA nuclear y no en el
mitocondrial, y se analizaron algunas de ilas modificaciones que este gen sufrié al
exportarse al nucleo y que deben contribuir a faciitar ta importacion de la proteina a la
mitocondria. En este trabajo se cubre parte de los objetivos 1. 2y 4

En el capitulo 6 se presenta el articulo en proceso "Structure of the nuclear cox3
genes in green and colorless chlamydomonad algae”. En este trabajo se analiza la
estructura genomica del gen cox3 de Polytomella spp y C. reinhardtii. Las caracteristicas
de los genes reportados apoyan la localizacion nuclear en estas algas. El analisis sugiere
que la transferencia del gen cox3 al nucleo. asi como la adquisicion de una presecuencia
mitocondrial se llevaron a cabo en el ancestro comun de Polytomella spp.y C. reinhardtii.
En este trabajo se cubre parte de los objetivos 2 y 4

En el capitulo 7 se presenta el articulo en proceso “Subunit Il of cytochrome ¢
oxidase in chlamydomonad algae is a heterodimer encoded by two independent
nuclear genes”. En este capitulo se demuestra que la subumdad Il de la citocromo ¢
oxidasa del alga Pol/vtomella spp si esta presente en el compiejo enzimatico. En este
trabajo se clonaron los genes que codifican para la subunidad Il tanto en FPolytornella spp
como en C. refinhardtii. Se demostré que en estas algas, la subunidad Il esta formada por
dos proteinas diferentes, COXlla y COXlib. que se codifican por dos genes con una
localizacién nuclear. Se analizaron algunas de las modificaciones que estos genes
sufrieron al integrarse a este genoma. En este trabajo se cubre una parte de los objetivos
1.y 4y se cubre el objetivo 3.
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F1G 1. Visible spectra of oytochrome ¢ oxidnse from Folvt

mella spp. The cytochrome ¢ oxidase was diluted i 50 ma Trs O]
(pH 8 0) contasming 1 mist M5S0, and O 1 mg/mi of fLaury! mndtosed
Broken lines, axidized sample. as obtained  Contingons line, e tochrom
€ oxidase fully reduced 1 the presence of a =mall amount of dithonite
Insct, enlargement of the o absorphion bands of the oxidized and e
duced samples

Isolation and Characterization of she Cvtochronae o O asdase
Complex from Polvtomella spp -~ Cytochrome o
purified from the colorl,
catalyzed electrun transfer from horse heart evtochrome ¢ to
oxygen with a specific activity of 2.5 ;omel O mygr of protemn/
min, an activity that was completely abolished by evanide or
azide tdata not shown) Absorption spectris of the exvtochromes
of the complex are shown in Fig 1 The oxadized complex
displayed o major absorbance peak in the Soret regon s
nm; after reduction with dithionite, there was an ineres
intensity and hift of its maximal absorbance to 445 nm
a-absorption peak exhibited a maximum at 605 nm in its re-
duced form. shifted 4-5 nm toward the red when compared
with the abrorption spectrum of extochrome ¢ oxidase tvpe aa,
from other spocics. A red-shifted a-ab=orption peak at 606 nm
was also deseribed for reduced ovtochrome o of
reinhardrii (340 From the difference spectra (reduced with
dithionite minus arr-oxidizedis a heme content of 3.03 nmol of
heme a/myg of protemn for the exadase of Flolyv e
mella spp. was calculated.

The extochrome ¢ oxidase of £olysormella spp exbibited s
polypeptides with moleculor minsses ¢ LU E A |
13.4, 10.8, and 9.6 kDo (Fig. 240 The 20.6-kDa band w
identified as subunit Hi of extochrome ¢ oxidase (see belows
Cwo additional bands were present an this preparation, with
apparent molecular masses of 80.0 and 41 8 kD, These bands
were considered contaminants and were not further explored.

In immunoblots, the 29 6-kDa polypeptide of Pols tomn-tle

Hx1

w

< ala Polvearelin spp The comph-

oxidaze

tochrone

Transfer of the cox3 Gene to the Nucleus

spp. eytochrome ¢ oxidase exhibited cross reactivity with an
antibody raised agamst € DI of Saccharumyees cerevisioe
(Fig. 28, fgne 3) This band had a molecular mass similar ta
that of the corresponding subunit 111 of eyvtochronie ¢ oxidase
fram yve (Fig 203, lane 1. The 29 G6-kDa polypeptide of Poly-
turaelta spp wirs excined from the gel and extracted The puri-
fied polypeptide still showed crons reactivity with the anti-
yeast antibody (Fig 283, tane 2 Accordingly, it was subjected to
Naernunal srequencing, The Noternmuanal obtained
(SSDAGHHISPRERY LV ~howed v similarity with any other
COX HI an the N2 fata boinks

Charecier wrer fror Polstomella spp. and
the coad 1IN nhardea - Two degenerate deoxyoli-
gonucleatides woere designed based on the Notermmal sequence
of COX MU trom Solstomella spp tF=-COX D and on a highly
rnal sequence of CONX 1 present in different
organi=ms  With these ohigonucleotide primers. o PCR ampli-
fication product of
DNA tfrom £/
obtained from the
COX T poaores aed Lo destin primers for
usean S oand SRACE st cUINA made from Polsromella
spp total RNA (270 The overlepping ¢DNA clones thus ob-
tuned were sequenced and a0 tull lengmh cDNA L sequence
DDRIEMBLGenBank ™ number AR H14) was
obtiuncd The amplificd genomic fragment was also used as
probe to screen a At 1O cDINA Lbrary from € rernherdtii, and
eight positive plaques wereidentified, isolated, and sequenced
Thee clone contamngg the longe-t CHDNA was dentified by PCR
spuenced, confirmung the e DNA s encoding COX I The

sequence

conserved int

RO nucleotide s was ohtinned using total
The DNA ~cquence

a ternpd

TN
unplificd prodact was predicted to encode a
This =i e »

Accession

sened =

overlapung raons of the genomie and ¢DNA sequences were
whentieal The scquence of the covd CDNA trom O reinfiardtic is
not ~hown but

avarlable i DDBJZEMBIZGenBank™™ with
SN0 B}
¢DIN

e sidues watly

seruences predicts o mature pro-
molevular nees of 20972 I for
P--CON I o foe ot roesidues (29,0967
D tor ats clo~e relative O rernhzrdes o COX T, Compar-
CON I woath CroCOX 1M andicated that thee first 17
the mature COX HY sequences are highly conserved
1 F i toeelig spp and O resschardeir but are not pres.
entan the COX HY sequence of the chlurophyte aliga Prototheca
The algnment of the overall amino acid se-
quences of P COM T and Cr-COXO T o Fig 340 revealed an
aned o sinnlarity of T8990 The similarity
between the tw o subunits H of the eytochrome e oxidase is very
hysh and tirnida over the complete proteimn sequences.

Thie Terosic il spp o oenxd cDNA contains an vpen reading
frome of 1113 base parrs, ouradentification of the N terminus of
the miatuze protemn as ammo acid 99, allows us to predict
o acid nutochandrmal targeting scquence (MTS In
reeniirridtar th reading frame of
1146 base pairs Assuming that the N-termina! sequence of the
mature protein corresponds to that of Palveariella spp., three
diftferent AT codons could correspond to the imitiation of the
MT

polvin-pe

wicherhiare

1ty of 4 A0

un

O8-any

cod cIINA contiins an ope

The upstream methionmine predicts i pre-cquence of 109

amino aords, the second mcthionme predicts a0 51 residues
AES. and thae prodicts s presequence of 40

< omeguence surrounding start
eitioeney o Slation, an O rernhardtn
there is o consensus of (ACIAA U HAVCINTGHG/CHICICIG) for
the start According to these data, the upstream
methiomne that priedict MTS of 110 amino i
prate for transtation initiation site

The alipnment of the prescquences of Ps-COX TH and Cr-
COXN TH reveated 40 470 identity and 0 50057 <amilarity, This

2

amano aends I

condun atfects thee

codon 136
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i 2
Mr 1 2 3
F1a. 2. Subunit ﬂlmpoultion and im- {KDo)

lysin of t! 80.0 —o | ww—ry
< oxid lox from F I u. T
«pp. A, the cytochromae ¢ oxidase prepa- e |
ration was analyzed on 8 16% acrylamide 54.6 — sl I
gel stained with Coomansie Brilliant Hlue
{23) and compared with the bovine en- 41.8 —= - —
zyme. Lane 1, cytochrome ¢ oxidase from - -
Polytomeila wpp. (20 ug of protn). Lane 29.6 —o -~ |le— O+ e
2, cytochrome ¢ oxidase from beof-heart
mitochondrin (30 ug of protein); its four
major subunits nre indicated. The appar- 18.6 —e e e | «— T
ent molecular masses are shown 1n kDa. .
8. blot immunostained with antibodies 14.5 —o rna e
raised ngainst COX 11 from 5. cerevisiae. 13.4 —o ———
Lane 1, yeast cytochrome ¢ oxidase (20 ug 10.8 —e
of protein per lnne). Lane 2, purified COX - [~
M1 from Folvtor:ella spp. Lane 3, wolated 9.6 —
cytochrome ¢ oxidase from Polytomella
8DP. (20 ug of protein/lane) )

el
e

values are much higher when the first 17 residues MRSQLI(K/
RIALTRAPAGFS are compared or when the 8-residues region
ALAAILPPR just before the mature protein is compared. These
sequences must play an important role in the processing of the
MTS or in the impert of COX 11l in these algae. Immediately

upstream of the N terminus of the mature protein (as deter-
mined by protein sequencing of Polytomella spp. COX I1I) in
both algae there is a methionine that could have been retained
from the ancestral mitochondrial copy.

A cladogram was generated with COX Il sequences from
different organisms (Fig. 38). The result obtained showed that
Ps-COX 11I clearly afTiliates with Cr-COX I!I, but surprisingly,
these chlamydomonad COX 111 sequences appear close to yeast
COX 111 sequences and relatively far away from the mitochon-
drial COX 11I sequences from other algae and from plants.

The pattern of coden utilization for the cox3 gene of Polyto-
mella spp. was compared with the pattern of codon usage of
known nuclear and mitochondrial genes of this alga (Table I).
As in other nuclear-localized genes, there is a significant bias in
each codon family; this is because triplets that end in A are rare
in the nuclear genome of this alga (14). The codon usage of the
cox3 gene of Polytomella spp. is typically nuclear and different
from mitochondrial codon usage. A similar analysis was carried
out for the cox3 cDNA from C. reinhardtii. The codon usage
pattern was similar to nuclear codon usage and differed from
codon usage in the mitochondrial genome. In addition, the
polyadenilation signals TGTAA (35) were found at the end of
the cDNA sequences.

DNA blot analysis was carried out to ascertain that the cox3
genes were encoded by the nuclear genome. Total DNA isolated
from Polytomella spp. was electrophoresed through agarose.
The mtDNA separated as a discrete band running below the
major band representing nuclear DNA. The DNA from these
gels was transferred to nylon membranes and subjected to
hybridization analysis with a battery of probes from mitochon-
drial and nuclear origins. The smaller band hybridized with
three different mitochondrial probea (Fig. 44) cobl, encoding
cytochrome & from Polytomella spp. (36); nad+, encoding aub-
unit 4 of NADH-ubiquinone oxidoreductase from Polytomella

*; and cox/!, encoding subunit I of cytochrome c oxidase
from Polytomella spp. t15). In contrast, nuclear DNA hybrid-
ized with the following nuclear probes: Cytcl, a partial se-
quence of the gene encoding cytochrome ¢, (18), and TubB1, the
gene encoding S-tubulin from Polytomella agilis {(now renamed
Polytomella parva) (141 The coxd gene hybridized with the
major DNA fraction and not with the mtDNA band, confirming
its nuclear localization. A similar analysis was carried out with
total DNA from C. reinhardtii (Fig. 48). The smaller band
hybridized with three different mitochondrial probes from C.
reinhardtii, cobl, nad2, and cox1 (5). In contrast, nuclear DNA
hybridized with the following nuclear probes from C. rein-
hardtii: the gene Cyc encoding cytochrome ¢ (37), the gene Fesl
encoding the Rieske iron-sulfur protein (38), the gene AtpB
encoding the @ subunit of the ATP synthase (28), and the cox3
gene obtained in this study.

Hydrophobicity and Importability of the Nuclear-encoded
Subunit 1l of Cytochkrome ¢ Oxidase from Chlamydomonad
Algae—Import studies suggest that the highest average hydro-
phobicity over 60-80 amino acids of a polypeptide chain
(termed mesohydrophobicity), aloeng with the maximum hydro-
phobicity of likely transmembrane segments, are useful indi-
cators of the likelihood that a protein could be imported into the
mitochondrion (19). The predicted Ps-COX II and Cr-COX III
subunits were tested for their physical characteristics in silico.
The computational analyses suggested that both proteins con-
tain a bipartite MTS. The first 25 amino acids are predicted to
be a MTS, whereas the segment up to residue 50 is predicted to
be 2 mitochondrial inner membrane signal that should direct
the peptide to its final location (Fig. 5. Bath COX III polypep-
tides were compared with those encoded by other complete cox3
genes in the data base; all are located at mitochondrial ge-
nomes. Fig. 64 shows a mesoH versus maximal local hydropho-
bicity (<H>) plot for dxﬂ'eren! COX I11 sequences. In compar-
ison with all their mi drial parts, Ps-COX III and
Cr-COX III display both decreased local hydrophobicity and

Bpp.

lez-Halphen,

2 8. Funes, A. Antaramian, and D. G
results.
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z-Halphen, unpubbished results) Alhitochon-

Antaramian, and Gonzalez
drin! gene sequences from FPofstomelia spp were curd (150, cobl (36),
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mesohydrophobicity. This strengthens the observation that mi-
tochondrial imported proteins have diminished physical con-
H>= and mesoH ) when compared with polypeptides
encoded by mitochondrial genes. The figure presents the re-
sults using the scale PRIFT 325 but similar results were
obtained with the scale GES and wath other sed ased on
physicochemi anuno icid preperties QNP or K1) (39 (re
sults nout shown) It s noteworthy that all CONIH proteins that
are encaded 1n the mitochondral genome have higher hydro-
phobicity values and are grouped an the upper right corner of
the graph
Hydropathy profile
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Transfer of the cox3 Gene to the Nucleus

F1G. 4. The gene cox3 is nucleardocalized in Polytomeila spp.
and in C. reinhardtii. A, 30 ug of wotal DNA from Polytomella spp.
was run in a 0.7% agaroae gul. The gel transferred to 8 nylon membrane
and hybridized with different nuclear and mitochondnal probes de-
scribed in the text. Arrows indicate the positions of nuclear DNA and
mtDNA. B, 30 ug of total DNA from C. reinhardfii were run in a 0.7%
agarvee gel. Hybridization analysis was carried out with different nu-
clear and mitochondrial probes as indicated (sce toxt).

.. MROOLLAAL TRASAGY SACQS FRALRSGALYFETDS - - - VERPOAKRESLFFSPRAVPET 37
TIIA e FIIgesttn 4 e Pt
vy TEASACY T sLircam 3w
. sa  Ta.-w AALPPE - wvun 107
ot T R ER '
ere e aLrs 1w
crearr 3 & 12
Cxras 3 TcTrLE o
1 ded mito-

Fi6. 5. Comparison of p in
chondrial proteins in Polytomella wpp. and C. reinhardtii. lden-
tical and similar residues are der.oted with straight vertical lines and
double dots, respectively. Only the sequences from Polytnmella app. (Ps)
and C. reinhardtii (Cr) are compared. These sequences exhibited 45.4%
identity and 50.5% similarity. The arrow indicatea the site where pre-
sequences are by the mitochondrial pr ing protease. The
N-terminal sequences of the mature proteina are shown in bold char-
acters. The data shown for the a subunit of ATP synthase (CraA7P) and
the Rieske iron sulfur protein (CrFeS) of C. reinhardtii were tnken from
Nurani; and Franzén (63) and from Atteia and Franzén (38). respec-
tively. The box indicates conserved residues before and after the cleav-
age site according to the consensus sequence R(A/S/TXM/F) { (A/s/

GIS(DVH)A (45).

x-ray crystallography for the bacterial and mammalian COX
III subunits (2, 3). As an initial approach to gain insights on its
topological arrangement, Ps-COX IIl was modelled over the
three-dimensional structure of the bovine COX III (3). The
predicted structure of Ps-COX II! shows an overall topology
similar to the bovine COX III but exhibiting shorter or incom-
plete transmembrane stretches as compared with the bovine
counterpart (results not shown). Altogether, these observations
suggest that the cytoplasmic-synthesized COX III polypeptides
from chlamydomonad algae are imported into mitochondria
and assembled in the inner mitochondrial membrane, with a
topology similar but not identical to that of its mitochondrial-
synthesized counterparts in other organismas.
DISCUSSION

Su.bunxt nr ls a Bona Fide Constituent of Cytochrome ¢

O from Pol: lla spp —Cytochrome c oxidase from C.

30149

reinhardtii has been purified and partially characterized (34,
40). In those works, the presence of Cr-COX 111 was not ascer-
tained. In our hands, Pa-COX 1lil was present in the intact
cytochrome c oxidase of Polytomelia spp. and was shown to be
a bona fide constituent of this complex by immunochomical
analysis. Therefore, we suggest that this subunit must exist in
the mitochondrial complexes of algae of the family Chlamydo-
monadacese, Moreover, because the corresponding gene is ab-
sent in the mitochondrial genomes of these algae (Refs. 5-9 and
this work), it is likely that it was transferred to the nucleus
early in evolution but previous to speciation.

COX HI Is Nuclear-encoded in the Algae of the Family
Chlamydomonadaceae—This work also describes the cloning
and complete sequencing of two new members of the cox3 gene
family from two chlamydomonad algae. Up until now the genes
that encode COX HI have been found only in mitochondrial
genomes. The gene cox3 is found even in the most reduced
mitochondrial genome known to date, of Plasmodium fal-
ciparum (11). The existence of a nuclear-encoded cox3 gene was
proposed for the lycopod Selaginella, because it was not present
in the mitochondrial genome (42). However there is no evidence
for its presence in the nuclear genome. Here we show that the
cox3 gene is nuclear-localized in the algae of the family
Chlamydomonadaceae, as shown by Southern blot hybridiza-
tion (Fig. 4), the presence of a biased codon usage typical of
nuclear-localized genes in chlamydomonad algae (Table 1), the
presence of a polyadenylation signal TGTAA usually found in
the nuclear-localized genes of these algae, the existence of a
sequence encoding a putative bipartite MTS (Fig. 5), a dimin-
ished <H> nnd mesolH of the predicted protein product (Fig.
64), and the presence of introns in the corresponding cox3
genomic sequences.” The cox3 gene is expressed as demon-
atrated by Northern blot hybridization (data not shown). In
addition, the corresponding subunit is present in the mnturc
and isolated cytochrome ¢ oxidase 1 from Pol.
8pp., as shown by N-terminal sequencing and immunochemical
analysis. To our knowledge, this is the first report of a nuclear-
localized and active cox3? gene. Some portions of the cox3 gene
of C. reinhardtii described in this work are similar two three
cDNA sequences (AV3B6752, AV391757, and AV393074) re-
cently deposited in the expressed sequence tags data base (43).

Other organisms that lack the cox3 gene in their mitochon-
drial genomes are the chlorophyte alga Pedinomonas minor
and the ciliates Paramecium aurelia and Tetrahymena pyrifor-
mis (44). It is possible that these organisms may have also
transferred their cox3d genes to the nucleus control.

Nucleotide sequences encoding putative MTS were identified
in the cox3 genes of Polytomella spp. and C. reinhardtii. The
MTS of Ps-COX III and Cr-COX III show some similarities with
the mitochondrial targeting sequence of the Rieske iron-sulfur
protein from C. reinkardtii (Fig. 5). The MTS sequences from
chlamydomonad algae are rich in alanines, prolines, and
charged amino acids. These sequences predict an amphiphilic
a-helix structure in the N-terminal region. In addition, they
share a similar site for cleavage for the mitochondrial process-
ing peptidase, which seems to recognize the consensus se-
quence R(A/S/THM/F} | (A/S/G)S(D/H)A (45).

Characteristics of Gene Transfer from the Mitochondria to
the Nucleus in the Algae of the Family Chlamydomonadaceae~—
The theory of the origin of mitochondria proposes that there
was a gradual transfer of genes from the origina] bacterial
endosymbiont to the nucleus (46). This transfer is an ungmng
process. as exemplified by the pr of genes

-

E. Davidson, M. P. King, and
d observations.

X Pénz Mnrunax s. Fune-
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Fic. 6. Mesohydrophobicity and hy-
drophobicity plots of cytochrome o
oxidase subunit 111 from different or-

Al hydrophobicity versus
maximal local hydrophobiaty plot for ev-
tochrome ¢ oxiduse subunit 11 from daif-
ferent organisms using the PRIFT scale.
Proteins are distributed on the abcessa
according to their maximum hyd rophobic-
1ty value and an the ondsnate acording to
the hydrophobicity of the most hydropho-
bic segment. The boundary was caleu-
Iated us _in Clares 7 al «19). The
GenBank ™ accession numbers of the
nuclenr COX I sequences used to
construct this graph were. A, Acgifops co
dumnaris (U46765), H. Candida paraps:-
fosis Chondrus crispis
Heleanthus annas

3

crandiflora
(Z6B127), F. Zea miays X 3. Oero-
thera twrteriana (X047 lavella

litroralis (7. L. P wackerhamai
(QIATER0Y, J. Gracriaria leme
(AF118119). K, Oy

Schizosaceharomy

5044); £, C retnhardin o
this  work) @, Polstormella  spp
(AF233514. thus work ) and £, Homo sa
prens, human (PU0S13s. A, hydropathy
plots companng the deduced CON 111 se-
Quences of Polytormelia spp M) and
C. retnharde (A) with the ones of the
bovine eazyme (UD) and I'. dendrificans
(C) are shown. Block bHores with roman
numerals indicate the positions of certain
transmembrane stretches bused on the
erystallographic structure of bovine COX
1. Gray boxes indicate calculitest trans-
membrane stretches.
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Transfer of the cox3 Gene to the Nucleus

both the mitochondrinl and the nuclenr genomes, ie. AT syn
thase subunit 9 of Neurospora crassa (473, and COX I of some
leguminosae (482 In several species, the process of moving
mitochondrial genes to the nucleus may have a selective ad-
vantage, because nuclear genes exhabit o lower mutation rau
and the aucleus seems to have a more sophisticated DNA
repair system than mitochondria (489, Gene transfer from or-
ganelles te the nucleus is also thought to iner e its rate of
recombination and reduce accumulation of deleterious muta-
tions (500,

The cord gene transferred from the
nucleus in the chlimydomonad algae Satisfies many of the
ary for o pene that has been transiocated from

matochondria to the

Criterin necess
the mitochondrial to the nuclear genome, as proposed by Bren-
nicke o7 al. 142 and by Claros o2 af. t13 Tt acguired a prese-
quence for targeting into autochondri, changed 1its codon us
age. acquired o polyvadenylation snal, and dimimshed the
- and mesol] of its protein product. In addition, the corre
sponding mitochondrial copy that presumably exrsted has come
pletely disappeared, sugoesting that thas ransfer occurred

early in evolution
The bigh sequence stmitarity found betaween a regnon of the
putative MTS encoded by the cow? genes from € regnbardin
and Polyromella spp. (Fig. 340 suggests that the transfer of thas
peae from the mitochondria to the nucleus and the correspond:
“d before the Folvto

ing acquisition of the presequence, occur
mella colorless genus diverged from the marn Chlamydomaor
photosynthetic neage. Otherwise o conservotion of the pre
would be expected The drastic change i codon

1S

sequenc
usage, which i= more remarkable in these algoe because of its
highly biased nuclear codon usage (14, alse sugprests that the

transfer of the coxd gene 'n these ongamisms occurred carly in
L masstve transter of penes trom the
Thix process mught
65 or more

vvolution, when there w
protomitochondrion to the nocleus -t
Tretacenus

ery

have nccurred before the Post
million years agos when the nonphotossnthetic algae are
Lineages €113 The

thought to have derrved trom the green
phylogenctic analysis carmed out with thee predicted COX I
sequences (Fyr 383 shows sinular result= to those obtinned
with classical mitochondrid proteins Lhe CQX 1155 or oyto-
chrome A (361 Sequences from the abae of the genera 22afvo-
melln and Chlamydomonas tend to stronely aftfiliate m these
phylogenetic analyses

Impaortabdity of N ended St
dria: Subuni: 11T Exhubits Duninisied 1
ished mesol{~—~Why have some penes remained 1n the mito-
chondrial DNA” One explanation has beren the varnation of the
genetic code in mitochondria, where the triplet UGA encodes
tryptophan instead of o polypeptide chain termmation signal
{51). Another explanation sugrests that organclle genome
have persisted by encoding structural proteins that mantiaon
redox balance within the bicenergete membranes if Iter-
natively, 1t has been proposcd that the penes that remanned
localized in the mitochondrial penome are those that encode
highly hydrophebic palytopic proteins, cont VO Or mor
helices that span the membrane u~e the pres
ence of o Larger number of hydrophobic segments in a polypep-
nntochondri (58 ar eatse

nto Mitochon
- and Domn

Lrrits

lecarer:

wal -

intng

[EEREENE ST

tide could impar its amport nto
mistargeting ta the endoplasnuce retculum (58) Morcover, the
synthesis of hydrophoehic polypeptides inside the mitochondria
may ensure thewr proper insertion n the aanner membrasee aod
the correct topolomeal arrangement requared for vectonal pro
Two elassic examples are the eytochrome 4
tretoh

IR EN

ssovusted helices

ton translocation
pene icobls which
polypeptide 1500 and the o
which encodes . prote

S transmembrane

chicesdes an

avadase suburat I

12 membran

30151

12, 31 Both gences are present in ol mitochondrial genonue
charactorized to date. Other genes that encode highly hyrdro-
phobic polvpeptides are alse present in the majority of mtDNAS
(561, e atp fencoding 5 transmembirane helices), atpS tencod
Lonadl tencoding B9 transmem:
14 trun~membrane helices),
nadd (encoding
transmem-

tng 2 transmembrane helic
brane helicess, nad? aencoding 13

transmembrane helicess,

nad 3 tencoding 4
1314 transmembrane helices), nad 2l iencoding
(encoding 15 16 transmembrane helices),

cov2 fencoding U

brane hehices), nad!
nade cencoding 5 transmoembrane helices
transmembirane helices), and coad rencoding 7 transmembrane

helices)

In yNeast, i ociea
constructs of varable lengths of apocvtochrome O showed that
e werth micre than

gth oy tophonoadly svnthestzed

Stanties

e mmitechondria, the import of polepep
three ur four transmembrane helices s strongly hindered (103
ar-encoded and mntochondr-

Analvsis of sequences from nucl
slenvaded matochondrial proteins supested that low values of
sobtand - H - aremore useful soheators than the numbser of
transmembirane whether o protein
could be pmiported ainto the mato that
mitochondria readily import pro AR mMem-
brane stretchies, tur example the
Ho-and low srmesoblo3on

determining
hondrmon T s
s swath several t
adenie nucleatide transjoen-
Howsver, the

regons an

known

tar, af they prosses low -
mnport pathway of the translocator Jditfers rreat!y froem the
~ortingr pathwas” in whach

“conservative ntramatochondriat
polvpeptides are transferred to the matochondrial matrin space
sorted to ats final membrane desanation (570 W
that the latter may be the mechani=m for the
sriesrs of the COX I proteans desoribeed oo this work

rianstfer of penes from organelles to the nucleus involves
several steps 32 g the export of the nudlere acid molecule as
DINA or HNA 355 G mntegration 1oto the nucleus by nonho-
mologous recombination (A8 or by o cotrznen sndgoning mech-
by dupiication of

and then .

hypothesa

by

s BYL QD acquisition of 4 preeegquenc
Sy sagmals 00 GV acqriasti
polvadenyiation
on of the nuckeotide
Yol

A promoter, a

eXISTInL tary
riboscme andingr site,
channes an cendon tsage IO v modatie:
encode for g polypeptide with o
1~ and diminished srecod which mas al
= mnto nutochondria 19
and v step.

and Spgnal 20 v

trvinistued

Seguenes to
hydrophobeity «-
low the amport of the protemn prodase
vt rnactivation of the matochondeial gene vco;
loss of the matochondrial gene 1610

~upport the hypothesas that the g
= and hagh reso have remaned in the

wise

Our d
protesns wath high - 1
mitachondrial genome, whereas those penes that encode pro-
teins with low values of - H - and sneaob have been exported to
priosdicts amported back inte

nes that encode

the nucleus, and their protemn
mitochondria (19 The steategy used by the algae of the faamily
Chle sdomonadaceae secms to anvolve the acequisitin of o

Jargze and possibly bipartite MTS and a lowerngg of - Ho - and
rresol D the COX HI polypeptides, which are reguirements for

mitechondnal inner
step in gene

the proper insertion of the proteimaanto th
We hypothestze that the hinnting

nuesnbrone
trans=H-r from organeiles to the nuclens has not been the differ.
e venctic corje but hundrances 1o the amport into the

mitochondrial inner membrane polyvtopie proteans whose mem

brane fopology s a cnitical requirennent tor s catalyvtic activity

‘torial proton pumpingt

Hydropathy anadyses of Ce-COX T and Ps.cCOX )
ne stretehes

e

howed

thr prescnce of seven putative transmembrg Thae
hydrophobicity of these seven helices seems to e lower in the
RIS ISTRIVINN

ehtamydomoniad alizae when compared with the £
or the bovine ~ubumits (R GH) This s more evadent an the
thiree dinensional mode! for P2 CON T baidt upon the ervstat-
i In our mode!

tphac coordinates of it bovine counterpart (1)

&
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tdata not shown), shorter trunsmembrane stretches are ob- Hore. S and M S LGB S Bud Chem 23K, 1G5 - L0
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ished hydrophobicity of COX 11 is stronger 1a those regions of

the protein that seem not ta be mvolved in subunit-sabnnit ~ 2in, a0 3

w7,
}nm.mm MCA it ,\l(m..x- E

: sren Ll G and Falk, s Flant Mot Head 19, 771 Thu
interactions. us J L Haeterl B -.u.e Renittoes, €6 (Qwsds Nigdeos Acde Res 12,
T
Ackmincledgments-—\We thank Dr 3 d’Alayer (nstitut Pasteurs for A0 Thompean. I D, Gabson, T d - Plewriak, FLodeanmomnn, Foaod Hignons.
A~

expert help in sequencing peptides, Dra A noand R Cona
dnstituto de Fisioloma Cetular FCT Universidnd Nucional Autanoma
de Mexico (UNAM Mexicod tor participation in the amitial stages of this
project. De. L -G. Franzen (Goteborg Universaty: tar the kind jntt ot the
CDNA hbrary of € rernhardza, Des Lo Omiav, M Sosu, and G Cadis
(Unidad de Biolog Molecubar, IFCUUNAM for the sviithesis of various

4, ANTG ARND
<

Land ven Hege T Cure Cpun Steure, Hud

and vun Hen

,,,1 o, L0, BRG- 646G
o Pestach, M 23
1t ¢

2 EE uide des Protesns Jr tac /..,..., Horprseatotee
Virte Chlumvidomenas eeonbandtie Dh D

oligonucleotides, 1 1.0 Frochiska (Wright State Univer ot o sas, Plaonersity wf Pars ‘-'H_ P “we
corrying itial immunobiot analvas with the battery of anteCOX HE ah Salow, O 11990 The Maliecacsr Banfo we Chloroplasts and Masichondoia n
antibodies, J Ranmure: for helpimg usn the construction of the s COX Chiamae I, Galda hmisdt Clermor and

LM
Bublober s Dordiecht, The

Rleachant,
Netherlands
r\ntnrxnn 2y

Fiiwr Avadern,

11l crystallographic model, D1 Y 24 Zhang Molecuiar Probes: o
5 - . . monuocle BN s o
ealling our attention to the monuclunal unti-COX L veant antibodics, N Funes 5. Vasguer v edn M. Atter R—
und several colleagues and researchers who kindly provided us with e e o e ot By S, B
DNA probes that were used in this work Des. TO D0 Fox oCornell Armat BT ot Clermort, M | Waltace, © J . and Rochais.
University), L -G Franzen (Goteborg Unaversitys, A Garcia-Horsman L1ORE S Aol

tUniversity of Hhnom). BB Geomes (Unaversity of Hhinais', AN Gald I8 Attt AL and Franeen, LG 1w Eue F Huahem. 237, 7
schmidt-Clermont (University of Genevar, H Harms ¢huke U v K Crins, M and Degly Exprosty, V1 h Trends Hoxhem Soe 16, 114

mity), G, Iturnags ddnstituto de Botecnolona, NAMNMD, L J Prochaska 1 Hennd e Y D and Deloame BI85 Prea Nar! Acod
(Wright State Universatyi, B Schafer (ltheimisch-wW Tech i

stfalische

nische Hochschule, Ancheni, and C D Sidflaw (University of Minnesotar 4 1 e, B Gardner, M3 Sllemen. 1L and Waison,

We nrv also indebtid to Drs A Attent, F Bastarrachew, M Gavilanes, nai Ry acten Auads Heo 20,07 . . .
1. B 42 Breonosake A L anae. Lo, Hieaci, K. Knemp, V. and Schuster, W o iouTs

A Gomez-Puyen (L'NAM) and D W Krogmann Fardue Univessits - for R ey
helpful discussions and eritical reviess of the manusenpt i3 Asanuzu Nakamura, V. Nate, S0 Folteava, 1L and Tabate, § 1usg
ey i ‘ )

REFERENCES [T} LMW e ety LGadang, GO B Nankoff,
3 ‘_.p,.m._ R ,\ (1990 Anr Rew i Aern 38, f608 Hied CTarniel M. Hrossard, D Latthenibin, anua .
2 . Ostermueier, Liviswrg, 6. nees Mo hel 811900 S e 276, B Samt b Thio Yo 26,

»b()—b«\ﬂ
3 Taubshara, T. Aavama. B, Yamash
Shinsuwa ttoh, K. Nahashoma, R
Seeence 272, 11362113

RS mTR

A% Nutaea GooERNT S on r frare amd Hioge

L N e R N

in ot Memibrane o
O EL DY thess, Uny

ke TN snaan
T, o Yoshik umo

ine froes o

Sersts of Stk otm
Grav, MW Haroe 0 v

Sowree IR, 1376

Cimer 20, 67 e
@ Marting Woe1oot 7

Annu
Herrmann, B G, oa

5242-5250
Froymann. J . and Zetarhe, K (190m 0 A

nd< Genet. 15,

Cnl 47, 431-330

4 Lt ar Tewvian, MO T Foadiies B pas uta 1352,

174~ 12 . v, Sund Apstenboe. b TUSD Nuture 298,
5 Michaelis, G Vahrenhole, © . and Prage, B (1030 AL Cherer 220, te

211-216 4% Adama K L T N LN Donte,J LoLand Padmer,
€ Colleaux, L. Michel Wolwurts, MM Matagne, KOF L anit Do, Bt o SO0 e P Aadd A Gt

Mal Gen Gener 220, 2n2 an arlmann, N Lo KL Wade, 4 Wallaee, [ Citun?
T Denovan Wrights AL, Neateli A M art Lo, 8 W 1m0 Plans Mot fla Proe Nuid A mz N U ~

36, 285 50 Martin, W sty B Goremabon, v n‘mm...m. 5. Masegawa, ML oand
B Turmel, M. Mereser, J P and Cote, 81 0 00995 Nuclao Acifr Bes 22, Kermall. K R 12
9
o

10, Metkoman, V1E01 it Handlamk of Procos foaze ODlaniuhis, Lo Carliae, J O

AMethonan, M, and Chapman. D.J | eds) pp 608- 616, Johes and Bartiett, - o) V19nG FEBS Tt 198, 13

Boston. MA s and Atte xsnu» n Membrane Prosan Structuee
11. Round. F_E _11980: Binavstems 12, 61 64 F:, rymen il EVIaN L Ohaturd Unsversaty T'reas Looddon
12 Mattox. K. R, a et KD 18S i Svaematies of The s Al s Naw DL Yu, A Rt Vil Zhang 1. Y b, and

> E.G . and.dohn. L Acadeime Prese, London lu snenhoter, T, w0

12 M. and Sarek, 31 s 120, 191204 a6 Burn e LK M and Gras, MW unc g Mol B
14 Conner T W . Thompeon M. 1), an T ONY Gene CARing 1 RY, 2 7

n22 53
Voos. W, Martin

Adra 1422, 21
Sen, C W Joasse

W DPlanner, Nl B hon Hiophae

Antaramian, A, Cona, R, Ramirez,

Brchem. Biophan Asta 1273, 1un dol

16 Nedulou, A, Spencsr, D F L Derovan Wrght, E ML and Lee, BOW . B

Phycol 32, 103111 Hlarcbard, J L. and Schinadt, G W Aol Ruod i A,

1T Attera. AL Drestos, G.oand Gonzades- Halphon, 10 (19970 Box bon B 60 Kadowah, K. Kobo, ¥ Ocven, K.oamd Hiro, A (1
Acta 1320, 275 254 BEAL- GGG

wnd Gonzaler-Halpben,

A7 HaA
AtBO U 15,

18, Gutidrrez Cirlos, L Antaramion. AL Varquez A L Couma. R.and A1 Grobmann, L. Breonicke, a0t Sehster, Woo1on2 s Nuclen: Acnds Hes 20,
Gonzales l"alphrn, 0 e nmf Chem 51 f21- 566

19 Clurua. MG, Peren. J . Shu. Y. ¥ 1. and Jaen. © 62 WOUT, G Plant Kok 17 wnd Burger, G i19940.0 Mol Hiol
19851 Ear o Hoahem 22k, T 237, 35 i

20 SCapabfi A L anet lavaohe 1 KN 61 Nurand Gloan e Flone Mod L a1 1165116

27



RESULTADOS IlI:

Articulo en proceso.



STRUCTURE OF THE NUCLEAR cox3 GENES IN GREEN AND COLORLESS

CHLAMYDOMONAD ALGAE,

Xochitl Pérez-Martinez!, Soledad Funes', E. dzzar Davidson®, Michael P, I\’iﬂg" and Diego

Gnn::ilc:-llulp/lcu/ )

(1) Departamentao de Genérica Molecular, Instituio de Fisiologia Celular, Universidad Nacional

Awonoma de México, Apartado Postal 70-243, Mixico 04310, D.F. (Mexico) Tel: (32) 3622-5620;

FAN: (52) 5622-5611 or (52) 5548-0387. FE-mail: dhclphenii:ifisiol uncam. mx

(2) Depariment of Biochentistry: and Moleculur Pharmacology. Thomas Jefferson Universiry.,

Plilcdelptiic. Pt (USA.

(*) To whom proofs are to be addressed.

Running heads: Genomic cox3 sequences of chiamydomonad algac.

Este articulo se enviard a la revista "Gene".

29



ABSTRACT

The chiorophyte alg

tc ot the family Chlamydomonadaceae share

as a4 common feature the

lack of the coxvd gene. encoding subunit HE of exytochrome ¢ oxidase. in their mitochondrial genomes,

V Polyiomella spp. I this work,

Recently, it was shown that the covd gene is nuclear encoded in two miembers of this family: the

photosy nthetic alga Chlamydomarnas reinfiardeii and the coloriess aly
the genomic sequences of the covd genes of these two closely related atgac are reported
reinfrardei and Polveomella spp. contain b antrons in the region encoding the

genes of both

I'he covs

putative mitochondrial targeting sequences. These -1 introns show {ow identitios bat their locations

were conserved 1 both covd genes. The covd gene of ¢

rewhiardns has 5 additional introns i the

with two stretches of nucleotides

region encoding the mature poly peptide of subunit HE ot ey tochrome ¢ oxidase. Scequence analysis of

intron 6 of the covd gene of ¢

present in introns of sevceral noeclear genes from this green alga
sequences. these mwernal consernved scequoences are Tocated near the 3

remfrardrn revealed similarity

majoriy of the explored

in the
. near the 53" end of the

end o

introns, Based on these data. we propose that the coloriess genus Polivromelii separated from the

main photosynthetic lincage of Cllamvdontonas atter the covs

ne wis transferred to the nucleus.,

The data also support the evolutionary by pothesis of a recent acquisition of introns in O peinfiardrii,

Keywords: Chlamydomonas reinfrardrii / evolution of colorless algace /

targeting signals / Polvtornclla spp.

NTRODUCTION

family
several
genera

Chlorophyte  algace  of  the
Chiamydomonadaceac include
photosynthetic organisms of  the
Chlamydomeanas, Chilorogonivum, Cliloromaona.

Brachiononas, and
and two pgencra of colorfess
and Pofviomcella (Melkonian,
phylogenctic relationship
Clilernmvdononias and

Lobomaonas.,
Spermatozopsis,
algae. lolvionna
1990). The close
between  the  gencera
Polviomella is supported

morphologic. genctic, and biochemical
evidence (Mattox and Steswart, 1O843: Conner o7
al.. 1989: Mcelhonian., 1990 Ncelhkonian and
Surck. 1993 Antaramian er /.. 1990 Nedeleu
er el 1996: Atteia of af (1997 PPéres-NMartines
er af.. 2000y The coloriess alga is thought to
derive trom the main Cllamvdeomenias lincage
by o sccondary oevolutionary process in which
the photosynthetic apparatus was lost (Round.
1980).

by a largce body of

introns / mitochondrial

The mitochondrial genomes of all the
members of the Chlamys domonadaceae family
that have been characterized to date ek some
of the genes that are commonly found in the
mitochondriatl  genome  of the magority of
cukarsotes. The missing genes include cov?,
covI. tpO. rpN nad3 oand nad4d (Giray oand
Bocor, TOSS: NMichaclis o7 /7 0 1900, Colleaus ¢
/.. 1990 Turme) er o/ TO930 Denovan-Wright
er ol 10980 Kroymann and Zoische, (O98).
Recently. we hanve shown that in the green alga
colorless alga
boen

O rehiardr: and i the
Palvrapiella sppo the covs wcene had
transterred rrom the mnochondrm o the
nucleus (Péres-Nlartines o7 /0 20000 We first
contirmued (AN protein puritication and
sequencin that the COX 1T protein was
proesent in the extochrome ¢ oxidase complex of
spp. We  then claned and
CONX I and

Lenes were

ol vioniella
seguenced CIINAN
showed that the
nuclear-locatized.
nuclear localized covd genes
with the different stages ol gene transfer from

cricoding
corresponding
I'he  characteristics ot the
ire in accordance
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the mitochondrion o the nucleus proposed by
Brennickhe or /. (1993), Claros ez al  (19935),
and Martin and  Hermmann (1998): i) they
acquired a nucleotide scquence encoding a
putative mitochondrial  turgcting  scquence
(MTS), i) they exhibit a codon usage pattern
which is typicalls nuclear. 742) they acquired
polyadeny lation
chlamydomonad nuclear genes that ditter trom
the consensus i other cukary otes, and #v) their
deduced protein products oxhibit an overall
diminished moesohydrophobicits when
compared with their counterparts encoded in
the mitochondrial penome (Poeres-NMartines o
@l 2000,

signals

In this work, we descnibe the cloning
and characterization of the genomic sequences
of the covd genes from O rewddiardii and
Polviomelia spp. This is the first report of the
genpontic  scequences of covd ogenes that are
localized in the coll nucleus

MATERIALS AND METHODS
SNrrcain creed culinre ceorrdirrons -
Polviomelfa spp. (19880, 11.Go Pringsheim)
from the Sammlung von Algenhulturen
(Gottingen. Grermany ). was gprown as previously
described (Guticrres-Cirlos ¢r ol 1993).
reatierdnl (w1 CCL2S mits )y was obtained trom
the Chilamydomonas Genetic Center (Duke
University 1 oand was grovn as reported by
Rochuaix ¢r ol (19881

Nuclewe acads preparation - Total DNA
was obtained tfrom broken cells of Polveomella
spp. and . reinbardrii as described  (Pérez-
Martines 7 al.. 2000, Al other standard
molecutar biology techniques were as reported
in Sambrook 7 /. (1989), and nuclecotide
sequengein was  pertormed by the Kimmel
Cancer Center DINA L Scguencing Facility .,
Thomuas Jefterson Uiniversity .

Clonre cand sequenciary of  genomic
cox3 grom Polvtomelia sppa- Fhe genomic
3 gene of PPolviomella spp.

segquence ot the ce

1y pical ot

was obtained by PCR amplification using Hot
Start Taqg Polymerase (OIAGEN). and primers
designed to hybridize on the start and ending
regions of the coding sequence of the cox3
CcIONAL The forward pruner was 5°-CGT TTT
1°¢ TCA AGTH TGA AA-30 and the reverse
primoer swas S5-GOT CAT GTUA ACT ATG CCA
CAA GAC-37 Total DNA was denatured for 5
min. at 91 7C, and subjected to 30 eyeles of 45
sec. denaturstion at 94 °C, 1 min. annealing ot
20 “CL and 2.5 mianl extension at 72 °C. Five
ditterent single-bund PCR products were ¢cloned
mto pGENET casy Vedctor System from

Promeea and sequoniced

Clenainge  arnd sequencing of  genonic
renthiardiie - 0 reandiardtii cox3
uenomic sequence Mwas obtained by
amplitication o three  overlapping PCR
products.  usir Hor Swrt Tag Polymerase
(QIAGEN). The scts of primers used were:
Foarnward 11 S7-AGC GOGE ACC GGT GAA
ACC AG-370 Reverse 1 37-TGG AAG GGG
TG CGE PTG CUG-370 Forward 2 -CCA
AGG AGT TOCT ACA TGG AGC
Reverse 2:837-0CC T 1TGGOCOCA CON TG O

COrl GG Forvward 30 272G G GOG CTG
CAG ATG CAG TGG CA370 Reverse 3
CTGOCCA CAC ACA COC GUC ATA CG-37.

COVI froan

o

Total DNA was denatured tor S min. at
93 “C. and subjected 1o 30 ozeles of 1 omin
denaturation at 0.3 C0 b min, annealing at 60
T and 2085 man. estension at T2 7CL0 PCR
products were cloned into pGEN-T casy Vector
System trom Promega

The genomic sequences of the covd genes of
Polviomcllia spp. and C reinhardrii are not
shown, Bt are available in the
DODBIENBE GenBank data bank under
accession numbers AF286057 and AF286058
respoectively s and tor reterees in Figures A and
B of additivnal material.
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ULTS AND DISCUSSION

The  coxd  genomic
chtamvdomoncd algae contam several introns.
Based on the sequences of the oovd cINA
clones trom Polviomella spp. and . reinhiardtii
(Pérez-NMartines ot al . 2000).
deonyoliponucteotide  primars were designed
and  used  tor PCR amplification of the
corresponding genomic coding regions (data
not shown). When olvtomelia spp. cDNA was
used as template for amplitication. the predicted
1.2 kb product was ohtained. In contrast, when
total genomic DNA was used as temiplate. o
larger 2.0 kb product was obtaimed. When ¢
reinhiardeis CIINA S was ased o wemplate to
amplify  the complete codmye region with 3
different prisier pairs, an estimated size ot 1.2
kb for the mRNA was obtained. while o
DNA gave rise to 3 amplicons retlecting
size of 3.2 Kb for the genomic sequence.
results suggested the presence ot jntrons in
these genes. The POR tragments obtained from
amplification using penomic DNA were cloned
and scquenced. A comparison ot the sequences

cnomie
a total

These

with the covd cINA sequences previonshy
obtainced (Péres-Nlarines el 2000
confirmed that they represented cox3 gones and
alloswed identification of introns in the genotie
sequence. Figure 1 show s the overall genomie
organization of the two covs cenes

The  postion  o!  some purons are
conserved in the two clidanivdonmand covd
genes.- The intron boundaries, phases and sizes
tor both cov? genes are shown in Fable 1. The
cox3 wene of LDolviomella spp. shows the
prescence of tour introns. numbered 1 oto s that
rangc in size trom T oo L nocteotides: alf are
located in the region encoding the presequence
that functions as a NS, that i~ thought to
dircet and  inscrt subunit COX L into the
mitochondrial inner membane Ihis
presequence is not present in the mature COXN
HI protein of Polviconclla spp tPéres-Nartines
eral.. Z000) In contrast. the genonmue sequenee
of the coxsd ot O remtfiardnd is interrupted by 9
introns. numbered 1 to 9. ranging in size from

sequences of

133 to 323 nucleotides. The tirst -4 introns are
also jocated in the region encoding the NMTS of
L oreinhardtii COX HI polyvpeptide. Introns

the ¢
S 1w 9 are distributed along the nucleotide
scquence that cncodes the muature COX )
subunit.

Figu 2 shows an ahonment ot the
AT Ss encoded by both covd genes to indicate
the positions of introns between these regions.
The location and the phiases ot inttons 1, 3, and

. <hos that these introns have been conserved
between the two species. Intron 2 has also a
conseryed phase. but its position is displaced by
thtee nocleotides. This sugeests that all these
mrons weve acquired atter the covd pene was
transterred  to the nucleuns i the common
ancestor, but betore Pofviomefla diverged trom
the main ¢ Alamyvdomeonas lincage. In contrast
o the conserved location of the introns in the
AMTUS  encodin nucleotide
sequences are poorly conserved between these
alpae dless than 38y adentity ). Thisas Likely due
o the tapid rate of nuclcotnde substitutions in
mtrons, whose nucleobide substitution rate s
oexttmated to be ten-told higher than that in
exons (Lass cr a0 19971 1 is bebieved that the
cvolutionary

region, their

separation ol the Lenus
Polbvromello trom the wwan Chlamivddomaonias
Hocace occurred about 03 million »cars ago
Rownd, T980). W e estimate that this pertod of
tine i~ sutticient to account tor the divergence
ot sequence similarity betsween the covd introns
ot Podvtomedia and Chlannvdaononas,

[ e presence of similar mtron positions
and ~imilar MIS cencoding regions in the two
cones of chlamydomonad algace, strongly
supports the hypothesis that the covd genes
were transterred from the mitochondria 1o the
nucleus betore the genus PPofviomella diverged

cen s

trom the main CAlamvdomaonas hneage. The
two o3 gpenes ot these chlamydomonad al
must have acguired the region encoding the
NMIUS  and  their introns betore
spectation, and before the separation of the
coloriess
tineapc.

respoective

cenus from the  phatosyothetic
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The presence of 3 extra introns in the
Chlamydomonas coxd gone sugpests that these
introns originated during the period that ocarred
after the divergence ot these two spedies.
Alternatively. but less likely, they were present
in the common ancestor and then fost trom the
cox3d gene of lolviomella spp. One peneral
feature of Chlamivdononas genes is that introns
are often small. with an avcrage size of 219 bp
and ranging from 37 bp to 1318 bp (Silflow,
1998). The Chlamydomearnias introns in the covs
gene range from 133 10 323 bp.

The vast majority . ot the mtONA-
cncoded coxvd genes reported o date lack
introns. We  examined the locations of the
introns in the exceptions to determine ot there
was any evidence of conseryation with the wites
of the Chiamydomonad introns. Fhe bryophytes
Pellia cpipindla (Maleh cr gl 1996) and
Marchantia  polvmorpha (Oda o oal.o 1owzy
contain one and two introns respectively an the
mitochondrial covd gene. These introns are
present in difterent positions from those in the
Chlamivdomeornas and Polviomelia nuclear covs
genes. Other  examples are the plant
Lycopodium squarrosum (Hicscl croaf o 199.1)
and the SU Yarrovera Jipodviica (Natsuoka of
al.. 1991) covd genes. which contain o single
intron in positions not consernved between them
nor with the Cllanivdonionas and Polviomedla
genes. The overall data suggzest that mtrons
were tnserted in the nuclear encoded covd genes
atter the divergence of the chiorophyte
from the evolutionars line ot plants

Splicing Jroactians cnd irrteronal
conserved sequences e the coxs gene pirons, -
AN the introns in chlamydomonad coxvd genes
show orthodox splice sites, exhibiting GV at the
5 end and AG at the 37 end (Table . The
splice junction also confurms e the classical
sequences AG/GT at the 37 end. and AGGC ot
the 37 end desc
cukarvotes tlee o7 al. 19910 LeDdizet and
Piperno. 1993 In Clldanndomonas, consensus
conserved sequences surrounding the splicing
sites have been identiticed:

(C/ANA/OIGLGTGEAMC)G for the 5 splice

bed  tor the  majority - of

site. and (CAA)CAGL(G/A) for the 3" splice site
(Silflow, 1098). The splice junctions of the
introns ot the covd gene o O reinhardiin atso
conform 10 these  consensus  conserved
seqquences. The sequences surrounding splicing
sites in the covs pene of Polviomella spp. show
some  difterences with the 0 reinduwardeii
consensus splicing sites, and contorm more to
the sites (ATTGLGTAA tor the § splice site
and  TAGIG A) for the 37 splice site.
Additional genomic sequences ot Polviomeella
spp. zenes are needed o establish canonical
splicing sites in this organism.

Pins o~ the dirst description ot nuciear

scnomic sequences of cond

ites. In the case
ot Polviomelia spp o it is also the tiest nuclear
sequence reported tor this coloriess aleae. €
romiardrir 1 known o contain a high intron
duensity it noclear penome: an estimate of
30 1002 introns per hboof penomic sequence
his been caleulated (Silflow, 1998 Funke of
al B9y A value of 2.9 mitrons per kb tor the
¢ rembardtii coxd pene was observed. In
contrast,  the mitochendrial
Chlamydomonad  algac

senones of
usually are not
nterrupted by introns, with the exception of the
cobouene O st cColleaus e al L 1900
o s neads0 and cob snes in (0 clongatinn
(Rroymann and Zetsche. 1WU8Yy cov/. nadl.
iend 3 coboand nibosomal RNA coding regions
of O crvaonctos (Denovan Wright er ol
1098 and o degencrate group 11 intron in the
introndess

mitochondrial senome ot
remdiordi: Onedeleu and Leeo 1998y The
partial sequence of the mtDNA ot Solviomella
Spp.oalso indicates the absence of introns in this
alun tFunes o7 /o unpublished results.

Introns 5 w0 9 tound in the covd gene of
¢ reinfrodne are distibuted along the
sequenee mature COX I
polypeptide  (Figure 1) Except for intron
number 6, these introns do not show s

cncoding  the

cnificant

sequenice similarity with other introns in the

database

sure 3). Intron o, the largest one in
the O reptlicrdns covd gene, shows twointernal
s (ICS) tound in several

consernved  sequeng
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introns o C. reinfiardeii and of members ot the
genus Pofvox (Table I and Table T, In the
jority of” these Chlamyvdonionas and Polvox

nes, these 1CS are located near the 3° splicing
Junctions (ICS 1), or near the 3 splicing
Jjunctions (ICS 2). ICS 2 was previously
observed by Funke o /o0 (1999 swhen
comparing an intron from the gene cacoding
accetolactate synthase (ALS) with an intron ot
the gene encoding carbonic anhydrase (CARLG )Y,
These anthors proposed that this nucleotide
stretch might represent i sequence
encompassine a branch site ot these introns
Othersise, it muy represent o sional ot vot
unhnown  importance o the RNA splicing
process or in the eapression of genes in O
reinhcerdrii. The TCSs reported  in this work
difter troam another 1CS previousiy observed in
that they Iack the consensus sequence NCTAG
tocated 15-31 bp upstream ot the 37 splice site
in 56 nuclear introns of Chlanndomaoras (e
er . 1991y . These 1S seemn to be present in
the larger introns of a gene ar inoantrons not
smaller that 212 bpo This observation s
consistent with the tact that these two 1CS are
present ondy inintron 6 of the CAdanmnvdonianas
cctie, which is the lrgest intron (323 bpy
It is important to note that the redatve position
ot IOCS T awathin the intron is usually consenved.
being near the 37 end. In some examples in
Table I the sequence of the 1CS s inverted
with respect 10 the covd mtron 6 scequence. In
these cases, the relative position of the [CS ]
within the intron is also inverted and s tound

near the 3° end of the intron

The same is observed tor [CS 2 (Table
I11). In this case. the sequence is preterentially

tound ncar the 37 end ot the intron. When the
sequence of the 1CS 2 s inverted compared to
the cox3 intron 6 sequence. the position within
the intron is also inverted and it is present near
the 37 end of the inuon. These 1CS are not
present i all Chdamnddomonas introns, but they
important  role  tor  intron
e enpression. The presence
Iso it commaon feature in
introns  are

may  play an

processing and g
o ICS in introns is
yeast. Although  relatively  tew
present  in the  fullv-sequenced  penome  of

Sacclcmomyees corevisiae (Ares et al., 1999),
the great majority of them (214 out of 231)
contain a 7-nucleotide 1CS, with the consensus
sequence TACTAAC (Fouser and  Friesen,
1O86: Spingala cral., 1999),

A model  for the separation of
Dolvtomedia tromy the main Chlamydonioncas
photosyatheric lineage and the late acquisition
ob introns in the C/lanivdonrontas coxd gene is
shown in Figure 4. Although it is impossible to

rin an intron-loss against an intron-gain

aseer
eryolutionary sceenario for chlamydomonad coxd
est a late mntron

cones. the data stronguly

SCequrnee adduisition " rembhardnn that
occurred atter the separation ot the colorless
Lenus Prolviomella froan the main

Clilanivdomeonas photossathetie lineage. The
data are in agrecment with the sugeestion of’ a
Late occurence  off multiple intron insertion
crvents in the evolution of cukaryotic penes
(Palmer and Logsdon 1990 and adso swith the
proposal of Tunke er o (1999) for the late
acquisition ot mtrons in acetolactate sy nthase
wenes i O remmhardns and its mualticellular
relative FolZvov carteri. The presence of intronic
seguences may be required tor the adequate
cnprression ol some genes ino« reirtbirdinr
(b umbreras o7 /., 1998 T he comparison of
venn s sequences of Slolveemella sppoand O
roeatiiedii alse suggests that mtron acquisition
W remthardrin ocurred relatively recentiy in
oy olation,
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Figure legends:
einhardeii (Cr) and

Table 1. Sizes. phases, and flanking scquences of 53° and 3 splice sites for C

Polviomella spp. (Ps) cox3 introns.

Internal conserved sequence (1CS 1) tound in € reinhiardii cox3 intron 6 that is present in

Table I1.
reinfiardnis nuclear genes

other chlorophyte introns. GeneBank aceesion numbers and references of ¢
used o construct this Table: 47047439 [ reinhiardtin acetolactate sy nthase (A5LS) gene. Funhe er af.
1997a). AFISI9]6 | C reinfrcardn sariable tagelbar number protein, (VELDY Tam and Lefebare, 1993
AF2IZSI0NC reinhiardndi (Y ED2)Y gene, Roberts.DGW Lamb MR Dicckmann CLo 2000, anpublished}:
L6S060 [ reinliardiii actin-related protein (ACT2Y gene. e eraf . 1997)0 AP 235574 [ Falvoy carreri
argininosuccinate Iyvase (VASL) gene. Heinrich O and Mages W 2000, unpubhished]: ¢ 129 | olvoy
spermrosphaera UTENX 2273 GEPase Yptip oy ptd)y cencoantron 6. iss cral - 1997

Table L internal conserved sequuenve OS2y tound s ¢ reniardin covd intron 6 that is present in
other O roinfurrden introns, GenceBank accesion numibers and relerences ot ¢ remdrardin nuclear ws
used to construct this Tuble: 42729438 1O remhiardin Class 11 DNA photoly ase (PHR2) gene. Petersen
er al. . 1999], L'wT6n3 (O repthardi: phosphatidy Hnositol 3-Rinase gene. Molendsjh and Trvine, 1998,
AFOJ7439 [C repdnerdol accetolactite synthase ¢ ALS) gene, Funke or /0 199Taf0 73856 (F
reinhardrii carbonic anhydrase. alpha type CALNIR gene. Funhe et al., 1997b) N70679 (O reinluardtii
ARG7 gene tor argininosuccinate hhvase. Pxebuchy ot all 1989 AF205035 (0 rembhardtii nitrate
reductasce. NITT gene. Zhang Do T aVore NMPO Christenson S0 Letfebyre PAL 19990 unpublished),

ABOVIING (Coremthiarding 7yt gene, Uchida cra/ (1093

mtrons an Slofveomcella sppoand O remhierdin covd coding

Figure 1. Overall organization ot exons amd
the

gene. Rectangles show exons and Hines represent introns. Gray rectangles show the region encoding
Rectangles marked swoth dotss squares. hotizoatal Hines and dashed hines represent
mutochondrial tarcceting sequence found in both algae. Black

mature protein.
homologous conserved exons o the
triangles indicate methionines positions in the prescequences

2. Amino ackd sequence alignment of NUES ot Z2olhviomella spp.and O reinfenrdin cox3d and

Figure 2.
comparison of intron positions  The arrows indicate positions of mntrons 1 to 4 in the corresponding gene
of each alga. It the artosn is over one mnmino acid. 11 means that the mtren is not i phase with the o/

Ounly intron 3 is an phase wath the orr Bold characters indicate mmino acids that are highly conserved
between the tw o sequences

reinhardris. 1CS land ICS 2 are

Figure 3. Nucleotide scequence of intron 6 of the covs gene of €
indicated 10 the boxed regions. TCS 1 is present near the 37 oend ot the intron and 1CS 2 s located near the

3'end ot the intron.

Figurce 4. NModel sugeesting the transter of the covd gene from the mitochondrion 1o the nocleus and its
refationship with speciation. Intron positions are indicated by arrons. 1T Transter of the coxd gene from
Acquisition of a nucleotide sequence encoding a MTS (<haded box). 5.

and 3 may hove ocurred

mitochondria to the nucleus. 2.
Acquisition of introns in the nucleotide sequence encoding the NES (steps
the volorless genus Z'olviomelic trom the green Chlanndomonas
wrhardng. Nucleotide

simultancously). 3. Scparation of
lincage. Znd acquisition ot additional itrons carrow ) in the covy gene ot ¢
additions, deletions and substitutions mayx have occurred inintvons 1-4. which changed their sequence
and size. while retainmg their original positions. S Loss ot the mitochondrial covsd gene cops .
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The inactivation of the original mitochondrial
once the nuclear covd pene copy bocame actin
(nu) are shown out of the cetl context.

gene and its subsecuent dissapearance must have ocurred
c. IF nplicity. the mitochondrion (sm) and the nucleus
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Table 1.

]I size, bp

3° splice site

PHASE 5* splice site
intron s Cr s Cr s Cr I’ : Cr
167 267 i
2 d 2 71 133
3 o L] 85 1390 L
4 - > RER 256 E
5 - 1 f 290 ;
6 - 2 i
i 7 - o i 159
‘8 - 2 180
i9 - 2 ! 204
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mitron 6

Table

2132 G¥Pase Yptdp gene, intron
* The sequence is inverted with respect 1o cov!

1L

Table 11

ICS 1: GGGAGGGGGGAGAGG - e -
Intron/ Gene name focation in the
Size(bp) e . e . intron -
6/ 323 C resnhardtic cox 3 - 31 bp trom 5°
8/343 C_reinhardeid 3 s LALS) R e Jobptrom s
14/ 288 C. reinfrardtic variable flagellar number protein - 16 bp trom §°
27283 Cremthardnt EYED pene from §°
2>/ 228 C_rewth actin-related pr
5*/ 454 Lolvox carter: argininosuce _ ~

7 748 Volvox spermatosphicra UTE B

ICS 2: ATCATGAATGTAACCCC

B

Intron’ Gene name L.ocation in the intron
Size(bp) e e _

6323 Cretnthare 25 bp trom 3° ;
374393 . reinhardiic ¢l — 177 bp from 3° i
8/694 C reinhardiii class 11 DN . - 117 bp ftrom

2 7480 1 C reiniardns phosphatidyi e 21 bp trom

5%/ 500 Cremnhardii acetolactate svathase (A _ 2 bp from 35

9 /582 C repdliardiin acetolactate sy nthase (;‘\LS) 34 bp tfrom

4287 C_reohardis carbonic anhydrase (CATL I 26 bp trom

8=7390 C 27 bp trom S

8,212 [ [

24 bp from

{27281

reonfiardtn 2y s 113

* The scquence is inverted with res

3
3

32 bp from
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Polytomella spp.

200 bp
-
=)
Chlamydomonas reinhardtii
v 1 2 4 v 5 6 7 8 9
8 H—E—ZA — I 1
Figure 1.
\
Polytomella MRSQLLKALTRAPAGFSAQISFHAL 3
R A I I B B
Chlamydomonas MRSQLLRE‘LTRAPAAGFS ~QESLOALER, 5%
Polytormelia 58
Chlamydomonas 110

Figure 2
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GTGAG'I‘!\CGGCAGCGTGCGCTAGGF.GCGAAIGGGAGGGGGGAGAGEIAGGG'I‘GGTCCTGAGG
TGGATTGAGAAGAGCTGCGGCAGCAC

AAGGTCAGGCACCAACGCCGTGCGGGATGGAGT
CGATACCGATACTAGGTTGCATAGC M GGG CTGGTGCACAAACCATCATTC
CTTGTGACCTCCTTCTTGOCCT

CCCCTGCATCCCTGTGTCTTGC
TCTCCCCCAAGATTGCTTACCGTAT TICCATTTCTTGGETARATCATGAATGTAACCCOTC

CCCTTTCCGCCTCGCCTCOGCAG
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Polytomella Chlamydomonas

Figurce 4
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TRACT

Al

The mitochondrial genomes of chilamydomonad algiae lack the genes cov? and cox3d that

encode essential constituents of extochrone ¢ oxidase (subunits COX I and CON ). Recently. it
was shown that the covd gene has been transterred to the nucleus in tawo species of these alg

e In

this work, the partial primarsy, structure of COX D of S'olviomella spp. was obtained by amino-
terminal sequencinge and internid sequence analy sis after proteols sis. The partial sequences enabled

I in Polviomelia spp.

and llcomvcdomienias reinbiardiii.

us to clone the genes encoding COX
i these chlamydomonad algac the con’ genes are independent and

Evidence is provided that
localized in the nucleus. The conZla gene

cytochrome ¢ onidase (COXN HA) and the covZh gene encodes the carboxy terminal e
protein (CON [B). The covie and cov2h genes are independently transcribed into messenger RNAS

and  translated  into separare
independent proweins assemble non-covatently

mature CON [ subun.
/

Keywords: Clilamydomaonas  reinhardoii

cncades the amino terminal

pols poeptides. Direct
the inner

mesohydrophobicity 7/

portion of subunit 1l of
ion of this

suggests that these two

protein sequencing
the

mitochondrial membrane o torm

mitochondrial targeting

signals / Polyvtometla spp. 7 transfer of mitochondriad geaes to the nucleus /

INTRODUCTION
Mitochondria  are  thought 10 be
descended  from free-living  w-protobacteria
(Gray cr af.. 1998). After the endosymbiotic
event there was a massive transter of penes
from the prowmitochondrion 1o the noecleus
(Gray. 1902). Fow senes resnain in
mitochondrial genomes. Those that remaing
encode essential components of the protein
svnthesis  machinery  and  a himited set of
polypeptide subunits of proron rranslocati
complexes in oxidative phosphory lation
(Attardi and  Schats. 1988). Lhese highls
hydrophobic polytopic proteins contitin two ot
more  transmembrane  stretches (voen Heigne.
1986. Popot and de Vitrn, 1990 Fhe classic
set ot genes cicading oardative
phosphorylation componcents that exist in the
mitochondrial genomes include cod (encoding
cytochrome A of the be. compleny, con /. coxl’
crnted cov3d (encoding subunits COX 1L COX (]
and COX [ of crxtochrome ¢ oxidase). w6
and a5 (encoding subunits a and A6l of the
Fe portion of ATP synthase)y and wad70 nad?2.
nad3. madd, nadS. nadd and ad6 cencoding

Fo20 30440 31, 5 and 6 of NADH:

subunits
ubiquinone oxidoreductase).

I'he transter of mitochondrial genes to
the nucleus s an ongoing process (Palmer,
1991) as exempliticd by the presence of genes
the mitochondrial and the
such as subunit 9 of ATP
den

encoded  in both
l]“\_‘,L‘Jll‘ Lenome

CHPONOrG Crassa (van

saynthiase  trom
Boogaart o7 ol 1982, or COX H in the family
lesuminosae (Covello and Giray. 19920 Adams

ol O TOROy,

ihe algace of the tamily
lack in their

Chbuny domonadaceae
some of the classical

mitochondrial genome
wvenes that encode  essential
ovidative phosphory lation: aad 3. nadd! . covl.
covd. wpn, and arpN (NLichaelis cr af0 1990:
Denovan-W er al 1998 Kroymann and
Zersehe, T998) In twoamembers ol this family.
O repiliaerdiis and FPolviomell spp it has been
T oeene was transferred to the

components of

shown that the cov,
nucleus (Pdres-Nartines or «f .. 2000). and that
muochondrial copy had been

the corntespondi

last.
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Several mitochondrial complexes hunve
been  isolated and  characterized  from  the
cotorless alga Polviomella spp..a close relative
of Chlcmvdomaonas (Guticrrez-Cirlos «r al
1994; Atteia ¢f /.. 1997). Roecentdy, an active,
cyanide-sensitive cytochrome o oxidase
preparation  was  obtained  trom  Pofviametia
spp. {Péresz-Nartinez ¢r af.0 200001 T this work,
the prescnce of CON I in this comples was
establishoed by N-terminal  and mternal
sequence analysis. BEvidence is provided that in
both Polviomella spp.and ¢ reinnlidoin. COX
H is encoded by o ditterent and separ:

nuctear genes, which swere named con 2o and
cox2h. mdependently
locatized  in the
encoding a protein cquivalent 1o the amino
terminal portion of’ subunit 11 ot extochrome o
oxidase (COXN 1A and conlh encoding o
protein  cquivalent 1o the  carboxy  terminal
region ot the same subunit (CONXN IT3). We
hypothiesize that these separate, independent,
and active genes give rise o an heterodimeric
COX Il subunit that results trom the non-
coavalent assembly of the COX HA and CON
13 polvpeptides in the inner mitochondrial
membrane.

I'hese genes are

nuclear  genome. covda

RESULTS

Swehunit 1 is presems prothe cviochrome
¢ axidase complex from PPolyviomelloa spp. and
exhibits i loveer apparcent molectdar niass than
is COUNICrparts i ather OrQUIIsnIIs. -
Cytochrome ¢ oxidase trom Poflviomella spp.
was isolated as previously described (Péres-
Nartinez v al.. 2000 The tour largest
polypeptides with apparcnt molecular masses
of 54.6, 29.6, 18.6 and 1-3.5 KDa swere subjected
to Edman degradation (Figure 1) The 34.6
kDa polypeptide was identitied as subunit |
because its apparent molecular mass s close to
predicted  trom the

the molecular  mass
mitochondrial cov/ sene sequence (540781 Day
(Antaramian  ¢7 /.. 1996 Subuanit 1 of
Polviomella spp. (Ps-COXD) exhibited  a
blocked N-terminus, not susceptible o Edman

geie froevn Dodytorncllon spp annd

adation. The Noterminal sequence of the
29.6 kDa polypeptide has been  previowasly
identificd as subunit 11 (Ps-COXN LD (Péres-
Nlartines  or . Z00M The  N-terminal
sequence of te 1-8S KDa pols peptide was also
determined. but did not show samilarity with
other sequences trom ovtochrome ¢ ostdase in
the data bank,

The N-terminal sequence of the 18.6
Kbxa  polypepride 1T APV AWOLGEQDSATS
QAQA was nunrked!y similar 1o COX I from
thus, the I8 6 KDa polypeptide
was adenuticd s sabranit Dot Catochrome
ontdase (PS-CON T adthough it exhibited a
smater apparent molecabar mass than COX I
tfrom mammals and seast, which have apparent
molecular masses ot 29230 kba, For the same
IS 6 KD polspoeptide. a0 second  sequence
NMDAITPGRIR T yNOQINW L TINREG was
determiined in the wone reaction of Edman

other species

degradation. Fhis scquence represented less
than 30%, of the protarn present in the 18.6 kDa
band. It also showed o grear similariny swith a
seqguence of other CONX L poly peptides near the
~site It was thus
tdenuined as ananternal fragment of PS-COX L
We thoeretore concladed that P<s-CON T was
adation.

consensus copper baindin

partially cicaved donme Bdiman de

Clomtinne connd soquencing of e cox
reolardrd,

- O the basis of the amuno aad sequences of
Pa-COXN 1. e degenerate
ohtgodeoxy nuclectides were designed. A PCR-
amplification prodoct of 300 bp was obtained
using total DN trom Pofvromella spp. as a
temiplate. The backward oligodeoxynucleotide
B, desizned basced on the mternal sequence
NIDAIPGOR T3 NQ, hy bridized with the
corresponding region of the gene. In contrast,
the torward deossolizonucieotide 1910 based on
the  N-terminal EAPVAWOLGE
hy bridized unspeciticaliy with an unexpected
< 1o a 300
tacking the

segquence

regron ot the sanwe
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region that encodes the N-terminal sequence of
Ps-CON I determined by Edman degradation.
The amplificd tragment was used as a
probe to screen a minilibeary ot toal DNA of
Polviomella spp. constructed ttom 2arl digests
of the appropiate size. A Kb posi
was identitied. isolated. and scquenced. The
penomic sequence obtained encodes a partial
Ps-COX 1L comprisimg 133
residues of the carboxy terminal portion ot this
subunit. The overall organization ot the gene,
named cov2h is shown in Figure 20 The N-
terminal scquence ot the Ps-0 ONX I determumned
by Edman degradation ssas ot tound i the
deduced protein sequence
predicted  protein contains the
sequence GOQOUSE E)HCG, known o be the
binucicar capper binding  site of COX 1]
(Tsukilara of /0 1996)

ive clone

sequence ot

Nevertheless, the

consensus

Using primers based on the genomic
clone sequenced  above o frazment of the
corresponding ¢cDNA was ampliticd from total
RNA from Zolveometla spp. using R1T-PCR
The remainder of the ¢DINA - sequence was
obtained STRACE Fhe CcIDNA
obtained was So8-bp long and contained
deduced reading trame of 133 amino acids. The
fast 110 residues showed homology with the
carboxy ! ternmiing of many CON 1 proteins, In
contrast. the 43 residues ot the amino terminal
region  Iacked  homology 0 CON 1L but
residues Qo to 114 were identical 1o the minor
sequence NDAITPGRR THINOQEWL TINRECG
obtained trom dircet protein sequencing. Fhe
cDDNA contirmed  the
sequence obtained tor the cov’h

tollown

nomic

sequence

cne. and

indicated the absence offintrons in this gene.

The POR amplificd fragment of the
coxZh gene ot Polviomella spp. was also used
1o screen a o zatfo CIINA library ot «
reithardi: mad HO positive plagques were
identificd. isolated. and sceguenced. This ¢cDNA
covlh scequence exhibited 8370 identity and
92% sumilarity  with the one obtained from

Polviomella spp.. and represents a gene
cncading the C-terminal portion of COX 11
trom . rembuardind (Cr-COXN THB). A scheme of
the structuie of the covlh CDONA trom
rewtharding s shown in Figure 2. In addition,
the covIh CONA tvom 0 rerhardrin was used
o sereen a BAC penoaniie Bibrary ot this green
alga. Phree positive clones were identified. and
one of them was scequenced. The genomic
sequence of the cenlh pgene of 0 roeinliardrii
showed the prescence of one intron ot 187 bp.
which is focated ar 21 nuclcotides upstreiasm ot
the  ~top Alhtogether,
rested that the cov? cone had been split into
wo o goenes in Dolviomella spp. and in O

codon. these  data

suy

remtduirdin, and  thesctore that another gene,

encoding tor the N-rermunus of the protein.
remained to be found.

Clonme and segquencing of the
conla o gene trom Polyiomelia sppo oand
rewthardn - In order to clone the gene that
encaded the N-termina! region of Ps-COX 1L
nested PR amplitication was carried out with
primers based on the N-terminal sequence ot
the pratein, QDSATSOAOA (F3 primer) and
onoan ommtanal conserved sequence in o several
CON H pobypeptides. PSEATTD Y S B30 primer).
Using CDNA of Polviomclia spp.as a template,
a 230 bp PCR product was obtained: it encodes
a osequoencee swhich extubits hangh simalarity with
other cov> genes (results not showny Using 3°
and 37 -RACE, the complete scequence ot the
correspomding cDNA was obtaimed This ¢DNA

N-terminal
deternmuned ba

encodded the sequence
APV AWOLGFE Fdman
Jdegradation tor the 18,6 KDa palypeptide. This
cDNA contatnned a full readinge frame. with o
stop codon and o putatne pobvadenylation
his ¢1DNA was named covZa, since it
cncoded the Nererminal poition of the Ps-COX
H protem (Ps-COX 1) Wl
organization  is shown  in Fisure 20 The

its ove

predicted mature protein envoded by the covla
gene  contains two o putative  transmembrane
stretches from residue 28 to 48 and (rom 69 1o
9. and  the  highly  consersed  sequence

50



GROWYWSY present in all sequences of COX
11 subunits known 1o date.

The Polvtomella spp. cDNA  of the

cox2a gene contains an open reading frame of

816 bp. predicted 1o encode a prowcin of 271
amino acids. Qur identification of the amino
terminus of the mature protein as amino acid
131, allows us to predict the presence of o

MTS.

Primers were designed on the 3 and 37
ends  of the coxZa cDINA
Polviomella spp.. and used w0 amphty  the
corresponding gene using total DN A o1 ¢cDNA
from the cotorless alga as a wemplate. The

corresponding genomic PCR product ot 158
bp was cloned and sequenced The genomic
coxla gene contained 6 introns,

The 1047 bp PCR ampliticd ¢DNA
fragment of the covla gene of Polviomclla spp.
was also used o screen a 2pth0 cDNN Hibrars
of C. reinhardiii. The largest positive plague
was subcloned into pBluescript, and sequenced
The complete scquence was obtained by 5°-
RACE. The ¢ reinfrardtii ¢cDONA conla
encodes  the Cr-CON LA pols peptide
predicted amino acid scquence eahibits 33 9,
identity  with the scquence predicted tor the
COX 1A prowin from Dolveiomclloa ~pp. The
overall organization ot the cov2ae ¢INA from
C oreinfiardrii s shown in Figure 20 The
reinhrardiin CHDINA O the covZa gene contains
an open reading trame of 8
protein of 284 residues. The open reading

che

s

bp. encoding a

trame predicts 3 methionine residues that could
correspond to the initiation of the MTS. When
the third methionine was considered to be the
first translated residuce. the protein exhibited o
possible mitochondrial localization
{p(DFN)=0.77)]. and also predicted a bipartite
NTS.

sequence ol

covla  and  cox2h o genes of
I’ srned] spp. and O prerdbiardid are
ruclear-localized single-copy genes, that are

Sunctionally expressed - Southern blot analysis

was carried ot to ascertam that the cov2a and
sure 3,
shows one Lime of an agarose gel where totai
DNA isolated dvom Polvromedla spp. was run.
The mitDNA readily separated as a discrete
band running Pelow the major band
representi nuclear DNA (PPeres-Martines e
al. 2000 The mtochondeial band hybridized
with o oo/ cene probe o Antaramian er /.
1996, swhile the nuclear DN A by bridized with

sene ot petubali trom Seddvromedia agiis

coxvhopenes were nuclear encoded.

the o
(Conner ¢r «f 0 1980 The cenla and coxvlh
venes of Polviomedla spp hy bridized with the
major DNA traction and not wath the mudNA
band. contirming it~ nuclear localization. A
stmilar analy~sis was carried oot with total DNA

trom 7 reinhardne (Figuee 3AL0 right pancl).
fhe smaller band habnidized with the cox/
mitochondrial probe ttom o remhardiin (Gray
and Boor, 1088y In contrast, nuclear DNA
hybridized swith the
ol O rembiardins CAMATE e gl 1988, and the
coenla oand oo 2h osenes of the same algas We

cene encoding oytochrome

conclude that the conlo and cov’h genes are
nuclear encoded in hoth Poiviomella spp. and
Coreindiarden

Fo determune it the covla and coxlh
genes wore present as single copies i the
genomes ol Dofveonictta spp. and [
reindrardrin, addivional southern hiot analy sis
was pertormed. Totad DNA of Polveonella spp.
and of € remdduardiii were digested with a
battery ot different restriction enzymes and
transferred o nylon membranes. The southern
blot  membranes were probed with the
radicactively labelled covla and cox2h PCR
fragments of cach alga., The results obtained are
shown  in Figure 30 Panel B, Single
hybridization  bands  were obtained  tor the
coxla amd the cox2h genes of Polviomella spp.
and of € repihiardiin. This suggested that both
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genes were present as single copy penes in
these chlamydomonad algae.

To examine the expression of the coxZa
and covlh genes of Polviomella spp. and
refnhardrii, 1otal RNA was extracted trom both
algae and subjected 1o northern by bridization.
The coxla and covlh genes of both algace
generated transcripts of the size predicted by
the corresponding ¢cDNA sequences (Figure 3,
Panel C). It was not possible 1o detect any
trans-spliced MRNA produced by the
processing of conla and covZh messengers by
northern blot analysis or by RE-POR (resalis
not showm. 1he coxZh gene ot Pofviomella
spp. exhibited a double band. 11 s hikely that
those  bands  correspond 1o twoe mRNAS
popuiations with polyadenine chains tocated in
two ditterent positions. In thct. the genontic
sequence ot this cov2h gene exhibited three
passtble putative polyaden
non-coding region,

lation sites in the 3

An additional evidence tor the nuclear
localization and expression ot the conZa and
cox2h penes is deduced trom their patterns of
codon utifization. which  arc iypical of nucicar
genes trom these alpac. There is a signiticant
bias in cach codon family: this s because
triplets that end in A are scarcely present in
these genera of algac (Conner o af0 1989y in
addition, the consersed poly adeny lation signals
TGTAA (Silflow. 1998). present in the vast

majority of nuctlear genes in the
chlamydomonad family. sere tound towards

the 37 end of the ¢ INA sequences ot cov2a and
cox2h.

Primary strnctures of CONXN {1
amd CQX 1B polvpeprides cncoded by the
coxle and cox2h genes of Prolveomella spp. cond
C. reinhardrii -

Translation ot the DNA scquences of
the coxZa gences from both algae predict a
mature COXN  11A protein of 141 residues
(16.223 Da for Polviamella spp. and 16,543 Da

tor " reinharden). The alicnment of these two
predicted amino acid sequences  revealed an
tdentity ot 72% and a simifarity of 81%,
(Figure 4). Both sequences also exhibit highest
stmizlarity with the Netermunal portion of the
COX-11 poly peptide cncoded by the
mitochondrial cov? gene trom the chlaorophyte
aly Drototheca wickerhinmi (WollY e al.,
1994 (~ee Figure 4). The 20 residue-stretches
located at the C-termint of Ps-COX 1A and Cr-
CON AL haghly enriched in charged residues,
exhibited high simijarity. hetween them, but no
similarity. with CON 11 sequences trom P
wickorframar b

erna umgicudata or from other
organisims. Therctore, this highls-charged C-
terminal extension of 20 residues in these COX
1A prowein. seems 1o be
chlamy domaonad alpae.

unigque  to

Both ¢conlh penes have open reading
trames that predict CONX B proteins of’ 153
restdues  tor both algac (17.259 Da for
'olviomella <pp. and 172300 Do tor O
roeiierdiin Phe  alisnment of these two

predicted amine aeid sequences revealed an
identiny ot 83%4 and o stlarity of 9296, Both
sequences exhibit highest similacity swith the C-
terminal i nent of CON 1 encoded by the
mitochondrial conv? pene trom the chlorophyte
alga P wickerfiannr (WO or al.l 1993
(Figure 43 1 bhe predicted Ps-CON HI3 and Cr-
CON R contain the cight invariant residues
GOQOUSII)HCG that are known to be the
Hgands o the  binuclear copper center
( Usukihara of af 0 1993 In contrast, the 1irst 43

residucs of the predicted proweins. highly
cnriched i charged vesidues, exhibited high
simittarity between the twae chilamy domonad
sequences, but no simatarity with COX I
sequenses from other organisms. This highly-
charged N-terminal extension of -3 residues in
Ps-CON HB and Cr-CON HB scems alse 1o be
unique 1o LPolviomella spp. and O redndiirdtii.,
neyerthetess, 1t doesn’t scoem o contorm to a
comventional N US (see below ).
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We had  previously obuained  protein
sequence  data {rom the  region of 2
polyvacrylamide ge) corresponding to a stained
protein with a molecular weight ot
approximately 18.6  KDa. This  sequence
corresponded  to the  predicted amino acid
sequences from both conZa and cox2l genes
from Polviomella spp. Given that the predicted
molecular weights ot the mature COX 1A
subunit s 16,223 Da and that ot the tull length
COX HB is 17.219 Dal itis Likely that the band
we analysed  previously contained  both
subunits, Due to the prescnee of new sequences
in CONX LA and COX B that are not present
in other CON H subunits trom other orgamsims,

It was necessany to ascertiun which sequences
predicted trom both cova and cen’h genes
were present in the mature CON A and CON
1B proteins. The 18.6 KDa band was puaritficed
from polyacn lamide  gels and subjected to
trypsin digestion and HPLO separation. Vhe
tryptic products were loaded  onte §HPL O
columns, and several of the resulting tractions
were subjected  to amino terminal scquence
analysis (see Niatenials and NMethodsy
Sequences for both PxcCONXN A and Ps-CON
1B were tound. indicating the comipration ot
these two proteins i the 186 kDa band. The
data obtained i~ summnurized in Figare 5 The
purificd 186 kDo PS-COX I polypeptide was
also subjected o endoly<in-U digestion and
SDS-PAGE. The digestion pattern gave rise to
7 palypeptides. with apparent molecular masses
of 16.0. 13,0, 13.2. 9.0, 6.0, 2.0 and 4.3 KDg
tdata not shown) Al polspepudes were
subjected o Edman  degradation Ne-terminal
sequences  could  be obtained  tor all the
cndolysin C-derived tragments, ¢

pt tor the
16.0 KDa polvpetide. sshich exhibited a blocked
N-terminus

Several  overlapping scequences
were obtained for the traptic products and tor
the endoly=in-C fragments of the protein, The
overall data is sumumarized in Figure S0 A totwal
ot 153 residues out ot the 2941

residues
predicted by the coxlo and conlh penes were
identified  in the 186 KkiDa Ps-COX 11
polypeptide by dircet amino acid  sequence

analys

No ditterence was found between the
predicted

sequences and  the

sequences
abtained by Fdmann de

adation. We theretore
propose that the covla and cov?h penes encode
tor two different regions ot the COX T subunit,
COX HA, o N-terminal part ot 16223 Da, and
COX HB, o C-terminal part ot 17.219 Da.
Fhese two polyvpeptides are unresolved by
SDS-PAGE, and run together as o band with an
apparent  molecular mass ot 186 kba in
denaturing gels. In addition. the COXN 1IB
poly peptide encoded by the coelp
have o blockaed  N-tetmimus (MSADRDOL),
sinve  only the  maper Naacemional sequence
FAPNVAWOLGE of CON Y was detected by
Jirect aanine terminal seguence anals sis of the
I8 0 KDa polypeptnide transterred  to PVDE
membranes, The N-acnminal

gene must

sequence ot the
Ps-CON HB was never detected. must probably
Jue to the prosence o o blocked Neterminus.,
Since the Ps-CON B scequence was obtained
starting at amino acid AspR of one ot the tryptic
tragments, D-0Q-1-K, this indicates that the Ps-
CON B protein does not e a0 cleavable
NS

Lo continm that
constituted by

PL-CON B s
o independent poly peptides,
the puriticd cyvtochrome ¢ exidase comples of
Palviomella  spp. was sobjected to HIPLLC
separation. A7 KDa pols peptide was selected
and subjected o wnypsintzation and
spaetrometry

mass
try painized
tragments exhibited maolectlar masses that are
almost adentical to the theoretical molecular
nusses expected for PS-CONX 1B as shown in
‘Table 1.

analy sis, Phe

The overal data predict [ESEV)
polypeptides of 131 and 133 residues, which
would assemble together The normal COX 1|
stubunit eshiibits tswo transmembrane stretches.
and a hydrophylic re
copper  binding st

on with the consensus

tixdropathy profite
analysis, carried  out with the PopPtred 1
algarithm and with ditterent scales, predicted
two

classical ransmembrance stretches for the
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COX 1A polyvpeptides trom both algace (data
not shown). This suppests a structure similar to
the one determined by X-ray crystallo
the bacterial and mammalian COX 1T subunits
(Iwata ez af., 1995, Tsukibara o7 g/ 1996) W
hypothesize that the unique carboxy -terminal
extension of COX LA may nteract with the
unigue N-terminal extension ot the CON TR
protein. This interaction may give rise o the
proper assembly ot the twe CON L subunit
regions in the mitochondoal mner membrance.
A model based on this hy pothesis s shown in
Figure 6. Accordimg to this modell the extra
Ioop tormed by the doteraction ot the N-
terminal  and  C-terminal
described betore for any ~ubunit 11 ot other
cukaryotic  or anisms, s
topologically distant trom the ~ite of interaction
of soluble cytochrome ¢ with the COX T
subunit, and i< theretore thought not toantertere
with the activity ot the oytochrome ¢ onidase
complex.

[SAN TG YRR TN not

prokaryotic ory

Inipartabilin CARIPOCIGrINTION
nuclear-encoded subconr 10 or cvtocinronne o
oxidase  prom cldoonnvdonsonad adeae - The
predicted Ps-CON TAL Ps-CON HBL Cre-¢COIN
HA. and Cr-CON HI proteins were tested tor
their hydrophobic characteristios and tor their
possible importability into mitochondria, Both
Ps-Cox A and  Cr-COX 1A protems.
containing o putatine ransmcembrane
stretche exhibited mesohsdrophobicity
patterns similar 1o other COX UL polypeptides
from other organisms that are ssnthesized in
mitochondria (data not showny

Ps-COX I3 and Ce-COX N3 tha
contain no transmembrane stretehe eahibited
very low <l and sresobl values, and were
predicted to be i ported readily into
mitochondria (data not showny Nevertheless.,
the existence of numerous neg
amino acids did not allow o clear predicton ot
a mitochondrial targeting sequence. Fhis s
because  they  do not tellow  the muain
characteristics of M I'Ss: the paucity ot acidic

atively charged

raphy ot

residues and  abundance  of  basic residues
(Claros et al.. 1997) However, trom position
19 to 43, the N-terminal region of Ps-COX 1IB
posseses a0 positivels  charged  amphiphilic
atpha-helin swiath a hieh hydrophobic moment
(kb trom SO8 1o T12) and a very hydrophobic
fice (from 355 1o 6 35 1o a ~simitar way, the
Ne-terminal region of Cr-CONX I3 posseses a

putative maphiphilic hehis from residues 14 10

32 wath p ranging from 793 o 8.92 and a

hy drophobic tace ifrom 370 to 6.44). The
amphiphilicity is essential for the tunction of
these sequences s M ES (Roise or af .. 1988).

DISCUSSTION.

Cvrachrome ¢ oxidase subionr 11 is
prosent as (wo proteas i the isolated complex
from Polviomelic spp. - Vhe existence of COX
11 in the oytochrome ¢ oxidase complex tfrom
Prolviomella spp. was evidenced by N-terminal
and internr

al sequencing of a0 region of a
polyacey lamide gel corresponding to a mass of
IS 6 kDo This it~ o notably Jower apparent
molecular mass as judeed by SDS-PAGE as
comparced o 29300 KPa in yeast and
manumalian cnsymes We showed that the
tunction ot CON T in thys orzanism is taken by
two protems Ps-COXN HA and Ps-CON B of
~imilar  apparent . molecubar masses  in S1DDS-
PAGE. COX s conserved in eytochrome o
oxidases  throughout the  phylogenctic scate:
along with COX 1 and CONX UL it constitutes
the  main structural core ot the complex.
Crtochrome ¢ osidase tooan € reinhardtii has
been  puritied  and partally characterized
AU 1993 Boennoun o7 af 0 10930 In those
sorks. it T35 KDa band an this preparation was
identitied immunochemically as CONX UL and
N-terminal segoence was obtained. The farge
differences  reported tor COX [ subunits
thetveen BES and 180 KDa) exemplify  the

ditTerences in mobilitn . of these subunits in
ditterent SDS-PAGE systems. in addition, the
data sugeest that the omimum unit of
extochrome ¢ onidase, el the comples tormed
by COX 1. COX 1L and COX L is conserved
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all along the phy logenctic scale (Saraste. 1990).
including those organisms that do not contain
the cox2 and coxd genes in their mtDNAs.

CON I is nuclear encoded in
the alyae of the family: Chlamydomonadeaceae
This work describes the sequences of -1 new
genes of the coxl tamily. belonging 1o o
chlamydomonad alpac. The genes covla and
cox2h trom Polviomella spp.and O reinhardii
were  found  to be  nuclear-localized. ax
evidenced by southern blot hybridization
(Figurce 3). a4 biased codon usage 1y pical ot
nuclear-localized  genes  in chlianydomonad

algac and the prescnce of a polyadeny kaion
signal TGTAA uvsually found in the nuclear-
localized genes of these algae (Figure 2)
Several partial overlapping sequences of the
coxZa and c¢oxZb penes from O remiharde:
reported  in this work have  been recentls
deposited in the Expressed Tageced Scguences
data base (Asamizu cr <l 19990 Grossman, AL
Davies, 1., Federspiel, N Harris, B UL etebyre.
P Silflon C0 Stern. Do and Sursvcehic R
unpublished results).

Other  examples of functional  zene
transter of cov’ gcenes to the nucleus have been
reported in several members ot the leeuminosace
family (Adams. 1999) Other orgamisms whose
mitochondrial genomes have been complerely

gene. e the
Dlasmiodigg
1062y and  the
N o

sequenced and lack the cov
apicomplexan protoezoan
Jalciparum  (Feagin o1l
chloraphyte alga Pediromonas pror (Gir
al.. 1998 1t is likely that these orcanians may
have transferred  their cov? genes o nuclear
control.

COX ] is encoded by nweo distnct and
separare  genes ino e algae o the family
Chlamydomonadaceae - The COX 1 subunits
ot both Polviomella spp. and C reinlurdi
were found to be encoded by two distinet and
scparate genes: covla encodes the N-terminal
part of the subanit, including two  putative
transmembrane  stretches and the highls

COnS: d aromatic region GROWYWSY | gnd
coxZh encodes the C-terminal part of the same
polypeptide and the highiy conserved
GQUSE(IA)CG signature that constitutes the
consensus binding site ot the binuclear copper
center in CONX I (sukthara ¢r «f.. 1995) The
deduced primany sequences of Ps-CONX A and
Cr-COX HAD and of P5-CON N2 and Cr-COX
B, were tound 10 be homologous. No
evidence for the presence of higher  length
mRNAs was tound, that could suggest a
ving rise to a larger-

transplicing smechanism
size nutture MRNA that would be transceribed
into o tull-terath CON I sabunit, We conclude
that the con 2o and con 2 cenes encode separate
regions ot the  chlamdomonad COX L
Fheretore. we sugeest that in these alzae, the
CONX I subumt s encoded by two genes.
ssathestzed as two independent poly peptides.
imported into mitochondrias and assembled in
the mitochondrial mner membrane. The COX
HA protein of chlamydomonad algac contains a

20 residuc extension towards  the carboxy-
terminus that exhibits a hagh density of charged
amino acids and  that sceemis 1o be unigue 10
these alpac. The COXN B poly peptide contains
a 43 restduc extension in the amino werminus
that also exhibits o igh density of charged
amino acids and that s also unique 1o these
hy pothesize that these o
extensions are maintain an
interaction between the COXN LA and the COX
B polypeptides in the inner mitachondrial

afgac W
frecessary 1o

membrane,

Phe presconce ot o gene divided into
two independently transcribed reading frames.
has also been deseribed for the mitochondrial
nadl!  genes of Teralyvmena pyriformis and
Parameoecium aurcelia (Edgvist er af.0 2000), and
for the rapesced mitochondrial gene encoding a
homologue of the bacterial protein Cell (Handa

et al. 1996y This data has  led us to
hy pothesize that two idependent coxZa and
conh senes already Nisted in the

mitochondrial genome of the commuon ancestor
n

<
Teac, and that these genes

of chlamydomonad
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were transferred trom the nitochondria to the
nucleus betore the separation of the colorless
generay of  Solveomella from the  muain
photasynthetic lincage  of Chlann domornas
Recently. the mitochondrial genome of the
chlorophy cean alpa Scencdesmis obluguns wis

completely sequenced (Nedeleu et il 2000)
The gene content and the tragmoentation patiern
of the ribosomal RNA genes sugeested that this
an intermediate st

genome reprosents

between the Prororfieca-hike preen algae amd
the (llamydontornas-like green aleac the
genes cov/, cov? and covdl encading the three

major  crtochrome ¢ oxidase subunits were

proescnt m this
tound e be

tound 1o be cenoime,

Nevertheless, the coxl gene was
truncated,  and  thought 1o
pscudogence. This truncated zene
similarity with the  covia
Polviomella spp. and O reot/ierde. and s
protein product  also contains o

represent a
exhibits haeh
Lenes troun

predicted
unique C-terminal extension sanibar 1o the ones
in  this work.,  Nost Likely. the

described
b lngeeiy iy

mitochondrial cox> vene trom S
be an active gene. while the other Tracment ot
the gene may have been transterred to the
nucleus.  This  scenario may represent and
intermediate stage of  wereen alpal oy elution i
which the covldh gene (encodimg tor a hirehiy
hydrophyilic poly peptider has been ransterred
to the nucleus. while the covla pone cencoding
a more hydrophobic poly peptide) i~ retained in

the mitochondrial genome.

The peprides coded Byvocov2a
and cox2b have been adapred 1o beormported
into mitochondria. - Since the cov amd covlh
genes are nuclear-localized. they would be
expected to encode NMTSs that direct the import
proteing products o

of the corresponding
mitochondria. Putative presequences hune been
identitied in the nuclear-encoded conZ genes
from cowpea (Nugent and Pabmer. 1991) and
sox bean (Covcello and Gray. 1992) The open
reading  frame  of the o
Dolviomella spp. predicts tour A TG codons
that could correspond o the initiation of the

D gence trom

NIUS. The upstream  methionine  predicts a
130 aminoacids, the second

presequence ot
. the

methionine predicts o 113 residues N
third onc predicts a 07 aminoacids MUS, and
the downstreimm one predicts o presequence of
T4 aminoacids. In addition, the -1 possible
proscquences end with the three residucs ASAL
winch are consensus tor the peptidases in the
mtermembrane space (Pérez-
1 he four possible ATS

mtochondrial
Nunnes er al. 2000)
were analyzed using the program NiteProt 11
Fhe 130 anuno acid NES renders o pols peptide
that o~ not predicted  to be mitochondrial
PpeDENDY 0 O30 abthouneh the presence of an
ammphiphalic aipha-helin from residues 10 o 30
could explan its mitochondrial  localization.
W fen considering MNMTIS™S of TE3 or 107 amine

predicted protein cannot be
mitocondrial at all [pCDEND: 0.09
Howeser, if the tourth Met

acids, the
vonsidered
tae both proteins|
1~ considered the first rranslated aminoacid. the
protem s considered  clearty mitochondrial
(peDHIEND 076 and predicts o tvpical MTS
wath two amplaphilic alpha-helices, one from
residucs O ta 230 and another trom residues 19
o 20 Do additton, a oy pacal cleas ag
3 In such a

v osite is

paodicted boetsween positrons 23 and
~ttuatien. the hypothetical hydrophobire domuain
tanoing fronm o S3 ta T residues can be
consideraed g signal pepride that redirects the
trom the mitochondrial matrix to the

protein
Ihis suggusts

mitochondrial inner membranc,
that the predicted Ps-COX TIA - prowein may
contain g bipartite prescequence. The predicted
presequences of the Ps-CON LA and Cr-COX
some similarities with the MTSs of

A Sshow
other nuclear-encoded mitochondrial subunits
trown 0 readdrdiin (Peres-Nlartines  er o al,

2000y The AUPSs from chiamy domonad algae
are rich in alanines, prolines. and  charged
anuno acids. In contrast, the coxZh genes do not
seem 1o encode i canonical MTS, nevertheless,
they encode short stretches that exhibit a high
negative  charged

density off positive and

residues
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The first 43 residucs in the predicted
Ps-COXN 1IB and Cr-COX 3 encoded by the
conlh gones, although exhibiting hivh
similarity between them, show no similarity
with other hknown COX H sequences: theretore
they  seem 1o be unique to the chlamydomaonad
alpac.  Atthouph  the amino ackd
composition is  not approprite for oao clear
prediction of a MUS, i1 is possible that the 43
stretch may function as a non-cleavable NTS,
which remains as an integral part of the mature
COX U subunit after import and asscembiy o oas
was shown trom  direct sequoence of tniptic
W hiypothesize

overall

fragments ot the Ps-CONIL
that the COX B polvpeptides may  be
imported  directly into the  mtochondrial
intermembrane spave. s described tor sotuble
cytochrome ¢

Fhe present work suggests a0 novel
w that

strategy utilized by chlamydomonad aly
allowed functional transtor of a mitochondrial

genes to the nucleus. Itinsolves the division ot

the original gene into two new and  separiate
genes that encaode two independent proteins
The low hydrophobicity parameters exhibited
by the protein encoded by the coelh cone may
greatly facititate thesr buport into muochondria.
In addition. the presence ot unigue and hnghly -
charged scequences in the C-terminus of the
polypeptide encoded by the covla gene and in
the N-terminus of the pols peptide encoded by
the cox2d gene. supports the hiy pothesis of an

interaction of these two heterodimeric proteins
in the mner mitochondrial membrane that give
rise to a tully-functional COX I subunit

MATERIALS AND METHODS

conditions -
3. Pringsheim)
Algenkulturen

crown as

Strain amnd  culnere
Polviomella spp. (198.80,
from the Sammlung von
(Gottingen, Germany b Was
previously described (Guticrrez-Cirlos o7 af .
199.49).

Purification of cveochrome o oxidase
cored  prorein determination. -Cytochrome ¢
axidase from Dofveomella spp. was obtained as
previousiy deseribed (Péres-Martinez er al.
2000). Protein was determined as described by
Narhwell erafl |, (1978).

Polvacryviamide el clectrophoresis.-
Polyacry lamide eol clectrophoresis wits
pertormed as an Schigper of /. (1986), using
1.2 mm thick stab gels (1026 acry lamide). Gels
were fined and stained as described in the same
work Apparent . molecubar masses . were
valeulated  based  on the reponted  apparent
molecubar masses of bovine  ovtochrome ¢
onidase (Capaldy 7wl 1988). For tryptic
digestion  analysis, gels were stained  with
Amido Black and the polypepride ot interest
-1

wirs excised from the

Scegueencire  of  subwiras by Edman
ddegradation - Phe isolation ot poly peptides for
N-ternnnal sequencing was done as previously
described tGatidrres-Charfos of .. 1994), N-
terminal  sequencing was carried our on an
Scguencer at the
re des Protéines,

Applicd Biosystems
I.aboratoite doe Nlicrosdqueny

Institut Pasteur, Paris (bFrances

Lrvpsinodlvses annd sequence analvsis of
prelvpepindes ACI86 KDa polvpeptide was
purificd trom pobvacry lamide  gels and
subjected  to tryptic Jdigestion. The  tryptic
products were Toaded into two ditterent HPLC
columns: DEAB-C14 and DEALB-CI8. From
the DEALBR-CIS HPLC column 32 main peaks
weoere resehved. Peaks 40 7090 100 1T 130 14017
2. 220 230 240 2u0 31 oand 32 (numbered

progressively in the order ol clution) were
subjuected 1o amino terminal sequence analysis.
From the DEABE-CI4 HPLC column 18 peaks
were resolved, Two try ptic fragments, peaks 13
and 194, were selected for N-terminad sequence

analysis

Nucleic acids preparation - Total DNA
and otal RNA from lolvromella spp. and C.
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retthardtii were obtained  as previously
described  (Pdres-Martines  er wl. 2000)
Scquencing was carried out by the Kimmel
Cancer Center DNA Scequencing Facilbity
Thomas Jefferson University and at the Unidad
de Biojogia Molecular, {nstituto de Fisiologia
Celular, UNANM, Moexico

Clorning arnd scquencorse of the cov2h
Lene  prom Dolyromelia s - Gienonic
LPolviomella spp. cox2h tramment was amplitied
by PCR using [ £S5 Jenencerate
deoxyoligonucleotides. The tirst one was bascd
on  the internat sequence ot the proten
QDSATSOAQA (T 1y S5 CACA ) GAe - 1y
AGICH+T)Y  GCC -1 ACCA-TY AU - 1)y
CAG+AY GO 1) CACA=GY G =37 The

sccond one was basced on the internal sequence

of the protwin MDAIPGRENOQ (831) 537-TG
(G+ATT (CHIAN (A GICG (A OO
(A+IGG (ATGIAT (A GYGO (A GYTO

CAT-3". For PCR amphification. total DNA
was denatured tor 3 mn ar 90 Coand subjected
1o 35 cyveles of T omin denaturation at Q1°C,
min anncaling at SO C. and | nmin extension at
725C. The resulting 300 bp product contining

the coxlh gene was cloned o pNTOS bluce- |
(Amersham). Southern hlot analy~sis with totad
DNA from Z"olvroniella spp. digested swath 27
was carried out and @ 2 Kb band swas sdentiticd
after  probing  with  the 300 bhp tragment
Polvtomella IINA was digested with Pst ] and.
after agarose gel clectrophoresis, fragmoents of
approximately 2hb were puriticd and cloned
into pBluescript vector. This sized library was
probed with the 300 bp tragmoent o identity
cne. Al standard

clones containing the cov’h
molecular biology techniques were as described
(Sambrook ¢t al.. 1989)

Clommnge and sequencing of the coxlh
cDNC from Polvionietla spp - The cov2h cDNA
sequence from Plolvicmella spp owas obtained
with 37 RACE-PCR (I'roliman, 19935 using
primers based  on the  genomic sequence
abtained above. First strand ¢cDNA temiplates
were prepared from -2 pg of totad RNA with

M-MLV reverse transcriptase trom Promega, A
poly dT wil was added 1o the 37 end of the
chHINA  with o terminal transterase from
Bochringer. Forward  praner was  oligo
dladapter: 3-GAC TCG AGT CAT
CGA TTE e rry riv oy and
reverse primer (B2 was ST-AGU TGT TTA
AGA CCA TGA CITE =370 A 350 mt PCR
product was obtained and cloned into pGEM-T

casy (Promeygay

Clomring: and  sequencing of '
DN cnd cenonne seqgquences of Polvieometlc
spp. - Phe CDNA sequence of the Polveomella
spps conla osene awvas o obtiined by PCR
amplification.  First <trand  ¢DNA 1emplates
were prepared from 1-2 pe of total RNA with

supersceript 11 resverse transcriptase from Gibeo
BRI and by using ohgo dUDadapter as the tirst
strand cDNA pomer v covZa fragment was
ampliticd usmg Two degenerate
deonyohigonucleotides. 1 he tirst one was based
o the ammno teominal sequence ot the protein
FAPNYAWOLD G (F2)y 370G A Geer -y
COcler Gilel <O e -0y TGG CAG
Tl -G GG-37 The second one was based on
the mternal sequence
EOANTCTOWNY W (B3 5700 (AT COA
Cla NG TG AN s oo AN GOATE
CACCnGLT C =37 Nestaed POR was done with

Conserved

Jdeoenerate pramcers bascd on the amino terminal
segquence of the protein QDSATSOAQA (F3):
ST-UAG CiaAe -0 1T - GOCET-CY
A= T O CAGGCETT - O CAG G-37
internal  conserved  sequence
PSEALLYS (B SGACAN G TTACAGH
AGEA -G AGIACG) GUEA G AACAG)
GACA ) GG For PCR amplitication.
sampies were denatured for S anin at 934°C. and

amdt on the

subjected o 30 eyeles of a3 sec denaturation at
93 ¢, 1 min anncaling at SO0°C, and 2 min

LA 230 product containing
a tragment of the covZo cene was obtained and
cloned inte pGEN-T o cass (Promega). The
complete ¢cDNA sequence trom the Polveormella

sne was obtained with S7or 3

-

eNtension ot

spp. con’a g
RACE-PCR (Frohman. 1993) using primers
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ainted aboyve.

based on the cIDNA scquence ob
For 3° end ¢cDNA cloning. ohpo dradapter and
primer F3: 37-TCC TOD ACC ACA TOG COA
CC-3" were used. For nested PORL adapter (3°-
GAC TCG AGT CGA Al CGA -3 and
primer F5: 37-ACT ACA CITA AGOC AANG OTC
TCC CTG-37 were used. A 000 nr PCR product

o the 37 cnd of the covlo cDNA was
send cloning, a poly (A tail was
end with terminal ransterase
amphification

containir
obtained. For
auached to 3
from Bochringer.  or POR
primers B30 3°.TCA GGG AGA GO L TG
TTrA GTG TAG-37 with oligo dadapter and
B6. 53" 1UTG GG GCue N TG POt TG A=
3% with adapter tor nested PCR were ased . A
750 nt PCR product was obtiymed. Both RACE
products  were cloned  into pGENLT casy
(Promega). Primers Foo S7-AA D GUT OGO
CCA GCG AT C-37 and BT 37-AAN OO
TCA CAC ACC CAT AGG C-37 were used to
amplify the complete DN ot the crnla gene
For PCR amplification. samples were denatured

for 3 min at 947°C, and subjected to 30 exeles of

A5 see denaturation at @l OO D min anncealing af
30°C. and 2.3 muin extension at T2 O A RS0

PCR product was obtiined.

Fhe aonemie sCequenoy ot the
LPolveomella spp. covCa
PCR amplitication with the smnce primers and
conditions uscd above 1o obuun the complete
coxla ¢cDNA zene. A o Kb POR product was
obtained. Both ¢DN A and cenomic sequences
ot the complete covle venc trom PPolveomelia
PNTOS blue-I

zone was obtained by

spp. were cloned nto
(Amersham).

Clormirass cond sequencingg of the IINCT of
reanthicrdtii - The CIDNA

the ¢on Qe of O
sequence from the cov?h gene was obtained by
reinhiardiii CDNA Tibrary in

and Falk, 1902 ), I'he
product

screening a CC

z.2t10 (Fransén
Polviomella  spp 300 bp  PCR
corresponding  to a portion ot the genomic
cox2h gene was used as probe Ten positive
clones were obtained  trom 5 N 107 piu
screencd. Two deoayoligonucleotides based on

2110 sequences were used 1o identity the
fongest positive clones (fomvard: 5°- AGC AAG
L AGC CTG VT AAG T -3 and reverse:
S CTTATG AGT AT TCT TCC AGG GTA
-3, Phage DNA from the clone containing the
fargest cPDNA was isolated with the QIAGEN

Lambda Mimi Kit

A BAC genamic dibrary from
rednbardeii (Letebyre and SiltTow . 1999) was
sereencd it Genome Systems gsing as probe the
cov2h cDNA sequence obtained
positives clones were obtained

' remiardin
above. Three
and  plasmid - DNA was used for direct
fhe primers

sequencing of one ot the clones.

used tor direet sequenct )
CAT CCA GAC CTGGIHT OAG G370 5
CIE GAG CTC AGE ACG GAA CG-370 57-
COA GOCA GOA GOA GAGEA T GG H
LCTA CAT GO T CAC GGA GG GOA GC-

s
KRN CTD GO TTO AGOC ATT CTF CAT
GG and ST-TCT GGA CAGE GAG AGC

AGC G GTC-57

nencnre of coxla

[ oand
N and o gerromi SCQHONCCS of o
roembardrii o A C remthiardrni CDDNA librars in

sl (Fransdén and Falk, 1992) was screened
using the Zofveomella spp 830 bp PCR product
corresponding to the cDNA Covla gene. Seven
positive clones were obtained trom S8 16° ptu
sereened. Pwo deoxyohivonucleotides based on
28110 sequences were used to adentify the
Tongest positive clones (torward: 3“AGC AAG
ITTC AGC CTG G AAG T-3" and reverse:
SCTT ATG ANGE AT T 100 AGG GTA-
3. Phage DNA from the clone containing the
larcest cDNA was isolated swith the QIAGEN
Tambda Ning Kt The covla gene was
subcloned  into pBluceseript. The 3 end of
cDNA  was completed by RACE PCR (the
primers used were oligo dTVadapter and 5
CANTCA TGG COT GAG CAG TGG -3 For
nested PCR the adapter primer and the primer
L TGG TGO TN GGU COA GAG C-3' were

used.
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Scquence  analyvsis - NMitochondrial
targeting  scquences  were  analyzed  and
predicted using NMuoProt 11 (Claros, 1993),
including calculations of hydrophobic momoent
(pH). The same program was used to calculare
the segments with high local hydrophobicity
(<H>) in o distance comprising 13 o0 17
residues, and  the mesoll was estimated by
sequence 1or g masimuom

scanning  cach
average hydrophobicity mcasured in windoss
trom 60 to 80 residuces and av eraging the values
(Claros and Vincens, 1496) Nore
hydrophobicits scales were included to reduce
the possibility of bias. Proteimn transmembrane
stretches were predicted  using the program
TodPred N (Claros and yon flegjne, 199
Three dimensional  structure modelling was
carried out using SWISS-NODEL (Guex and
Peitsch. 1997).

Dtz base acoession numbers - The
nucleotide sequences discussed in this paper
wWill appear in the DDBIEMBIL 'Genel3ank
nucleotide  scequence  database under  the
aceession  numbers AF302078, AF3I03079,
AF3035080. AF303340 AF3I03341, AF303542,
and AFR03343.
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LEGENDS TO FIGURES

FIGURE 1, Nererminal sequoences of subiatits of cviochrome o ovidase from Polyion,
spp.~- N-terminal sequences of the 29.6 kDa, 18.6 KDa, and 14.5 KDDa  polypeptides. The minor
internal sequence obtained tor the 18.6 KiDa polypeptide is also indicated.

FIGURE 2. Gene organization of the coxXa and cox2h genes of chilanivdomonad algae. A)
Overall structure of the covla cDNA trom Polviomella spp. and . reinhardniic 3y Overall structure
of the cox2h cDNA trom Polviomella spp. and O resderdiii. The introns found in the
corresponding genomic sequence of cach ¢DNA are shown as arrows, Putatise polyadenylation
signals are indicated as black bars, and putative NTIS as striped boxes. Highly charged sequences
unique to the chlamydomonad o2 genes are mdicated as dotted bars. The highly conserved regions
GROWYWSY for coviorand GOUSNEOL T 0 Gotor con A are shown,

FIGURE 3. 7l conlaand con 2k conces ar e soede copy, e lear-localized and puancrionally
exproessed in chluanvdoproed alae Panel AL 30 pg of wotal DNA trom Polviomclla spp. and ¢
reinfardrii were run ina 0.7

arose gel DNA blotanalysis of the <ame gel transterred to a nylon
membrane and  hy bridized with ditferent noclear and mitochondrial probes indicated (see text).
Panel B, total DNA trom Polviomcllo: spp. and trom O reinfrardris swere digested with restriction
engzymes, and DNA blor analy sis swas carvicd onr awith the radioactive probes covla and cox2b The
restriction enzymes used were: ZcoRN (ke and Pordd ddane 2) for Polvromelia covla;, EcoRY
(lancl) and EcoRI (lane 2y tor Polvtoniclia cov2 i Kpel (lane D) and Yool danc2y for O reinbaardii
cox2a; Kpnt (lane Dy and £/700Jd10 dane 2y 1o O reathiardig conZh Panel ) northern blot analysis of
the transcription products ot the covlo and con2h

snes trom Polviomella spp.oand O remfrardnd.

FIGURE 3. Scguence compeoasenr of phie CON U cand O TIR poh pepriddes of
Polveomella spp cond ' reptdigddin iy phe O subvanin or PO ackeriener cond UV norssuicndaia
Numbecers indicate the first and last re~idue tor cach fragment. Asterishs denote adentical residues,
and two dots indicate ~shmilar residues. Abbroviations ased: Cr (O remhiardoey, s (Dobveamella
Spp.). Paw (P wickerdimane Vo 3 wuncarcedans atative imsmoembrane siretches e indicated as
gray boxes. The middle black bar imdicares the ~separation of the CON LA protein predicted by the
coxZa gene. from the COXN B proten predicted by the coxZh gene. The black triangle indicates
mature protein N-terminal scquence  determimed for Ps-COXNTHEL The nuahiy conserved
GRAEDOWY WSY for covlon and GOO SE oL Eoca tor cov’h are underbimed.

FIGURE S, Scqguence anafvsis of the v rvpic pragmienis devived teon the CONX LA and
CON B polvpeptrdes of Polvtomella spyy Boscd region: regions identiticd by N-terminal sequence
analysis of the 18.6 KDa polypeptide of oxtochrome ¢ onidase. Bold-italic characters: residues
tdentified by N-terminal sequence anals sis.

FIGURE 6. Mode! suggeesting « possible mmode of interaction of CON A4 wiahh CONX TIB 1o
conform the mature CONX o suborit op chtanicdomeonad aigac. This model. designed on the bovine
three dimensional structure of the CON L from the bovine enzyme using the Polvromelia spp.
sequence. shows a posible interaction between the two COXN I fragnments that constitute the mature
COX 1] subunit in the inner nutochondrial membaance.
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TABLE L AMass spectrometry: wrnalvsis of the major trypsin pragments for the C-terminal poprrion of
the COX I subwnir. Experimental values obtained are compared with the molecular masses for the

trypsin fragments predicted trom the cox2h pene.
22 Bet

SEQUENCE OF THE
TRYPTIC PEPTIDE

CMOLECULAR MASS (Da)

THEORETICAL

EXPERIMENTAL
MOLECULAR MASS (Da)
970448

AFLTEYVK

|

970.12

LVLPTNTLVR

1125.649

ILNQIWITINR
LLVTASDYV

1270.702

2123.172

VIASQPIQ.....DVQPGOLR
EGVFYGQC.....VVEAISPR

2854.383
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Mr
(KDa)

54.6 —>

29.6 —»

18.6 —>

14.5 —»
13.4 —»

10.8 —*>
9.6 —*

<+— Blocked

<+— SSDAGHHLSPRERYLV

EAPVAWQLGFQDSATSQAQA

MDAIPGR (R/L ) NQIWLTINREG
<+— DANSSELVLEPTRKYKAGLATRELW

Figure 1
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Polytomella spp.

C. reinhardtii

Polytomella spp.
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A Polytomella spp. C. reinhardtii
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N-terminal region of the Ps-COX II subunit (encoded by the cox2a gene):

EAPVAWQLGFQDSATSQAQAAFDLHHDIFFFLLNTVVL

VEYFLYHIATK'FHYTK'QALPEK' L THHTAIEVIWTVIPTII
VVLIAIPSLTLVYAIDSHNDK!PGLTVKVIGR'QWYWSYE

MHDHLQHK'LLDADR. VAIAEK!TITK

C-terminal region of the Ps-COX I subunit (encoded by the cox2h pened:

MSADK'DQLK'EQLK'ASPSFRAELKIDK'LK'AALLSK'VPA

SQPIQYNFDSYMVTDVQPGQLR MLEVDERLVLPTNTL

VR'WILVTASDVIHSWAVPSLGIK'MDAIPGR'LNQIWLTIN

RIEGVFYGQCSEICGANHSFMPIVVEAISPR'AFLTEYV

KK'wria

Figure s
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1. Las subunidades Ul y lIl de la citocromo ¢ oxidasa de Polytomella spp.
estan presentes en el complejo enzimatico.

En este trabajo se obtuvo una preparacion de citocromo ¢ oxidasa del alga incolora
Polytomella spp. Esta enzima tiene un espectro UV-visible caracteristico de una citocromo
Cc oxidasa tipo aa; Presenta tanto actividad de TMPD-ascorbato oxidasa como de
citocromo ¢ oxidasa, y esta actividad es abatida totalmente por los inhibidores clasicos
cianuro de potasio y azida de sodio En esta preparacion es posible identificar al menos 7
subunidades como constituyentes de la citocromo c¢ oxidasa con masas moleculares
aparentes de 54.6, 29.6. 186, 145 134, 108 y 9.6 kDa Adicionalmente se obtuvieron
dos bandas de 80.0 y 41.8 kDa que se consideraron contanunantes de la preparacion, ya
que estan presentes en todas las fracciones obtemdas de la columna de intercambio
idbnico. Estas bandas no se estudraron mas. La banda de 54 6 kDa corresponde a la masa
molecular de la subunidad | deducida de la secuencia de! gen (Antaraman y col . 1893). y
en geles de poliacrilamida tiene una migracion simiar a la que presenta la subunidad | de

bovino.

La subunidad !l se identifico como una banda que migra con una masa molecular
de 18.6 KDa cuando se corre en geles desnaturalizantes de poliacrilamida Este tamario
es mucho menor al esperado para otras subunidades il (29-30 kDa) La identidad de esta
banda se confirmd mediante la obtencion de la secuencia de su extremo amino ternmunat
Asi mismo, fue posible obtener la secuencia de ammnoacidos de un fragmento interno de
la proteina. Se sugiere gque l[a menor masa molecular observada para esta banda se debe
a gue en reahdad son dos las proteinas que conforman a la subunidad I COXlia vy
COXIllb. De ia secuencia deducida de ambas proteinas a partir de los genes que ias
codifican, se espera que la masa molecular de COXlla sea de 16,241 Da, y la de COXIllIb
sea de 16. 756 Da Esto sugiere que !a resolucidn en los geles desnaturalizantes de
poliacritamida no es suficiente. y que ambas proteinas migran como una sola banda

Por otro lado. la subumdad 1l de la citocromo ¢ oxidasa de Polytormella spp se
identifico como una proteina de 296 kDa a través de una reaccion cruzada con un
anticuerpo monoclonal contra COX!I de Saccharomyces cerevisiae En este caso, la
masa molecular estimada corresponde a lo observado para otras COXIll. A continuacion
se obtuvo la secuencia del extremo amiino terminal de la proteina. Esta secuencia no
mostro similitud con ninguna otra COXIil cuando se comparo en una base de datos.
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2. Los genes que codifican para las subunidades Il y Il de la citocromo ¢
oxidasa se transfirieron al nacleo en Polytomella spp. y C. reinhardtii.

Muchas de las proteinas de !a mitocondna provienen del ancestro endosimbionte
bacteriano, pero ahora los genes que las codifican residen en los cromosomas nucleares
y no en el DNA mitocondrial. La transferencia de genes mitocondriales al nucleo tiene una
velocidad diferente entre las famihas de eucariotes. En el protista Reclinomas americana
atn permanecen 97 genes codificados en el DNA mitocondrial (Land y col., 1997).
mientras que en Plasmodium falciparum solo permanecen 5 (Feagin y col,, 1992). En
algunos miembros de las algas Chlamydomonadaceas se ha caractenzado su genoma
mitocondrial (Michaelis y col . 1990 Denovan-VWnght y col, 1998 Kroymann y Zetsche.
1998 ). Una caracteristica que presentan en comun es e! pequefo tamano de sus
genomas, entre 16 y 23 kb Estos genomas codifican para solo 8 proteinas de !a cadena
respiratoria. Los genes que codifican para las subumdades Il y Ill de la citocromo ¢
oxidasa son algunos de los genes que no estan presentes en el DNA mitocondrial,
mientras que en la mayoria de los organismos estudiados a la fecha. estos genes
permanecen en el genoma mitocondrial

En este trabajo se ha demostrado que las proteinas COXIl y COXIIl se encuentran
presentes en la citocromo ¢ oxidasa de un miembro de la famiha de las
Chlamydomonadaceas. FPolytomella spp También se demostré que tanto en este
organismo como en C. reinhardtn tos genes que las codifican han sido transferidos al
genoma nuclear. Algunas de las caracteristicas que indican esta localizacion son:

(1) Uso de codones nuclear. no mitocondrial

(ii) Adquisicidn de posibles presecuencias que guian a las proteinas de regreso a
la mitocondria

(iit) Adquisicion de senales de pohadenilacion "TGTAA", presentes en la gran
mayoria de los genes nucleares de las algas Chlamydomonadaceas (Silflow,
1998).

(iv) Presencia de intrones de tipo nuclear

(v) Es posible en Polytomella spp. o C. reinhardtii separar electroforéticamente al
DNA mitocondnal del nuclear en geles de agarosa. Cuando se hace un analisis
tipo southern de estos geles. los genes que codifican para ias subunidades 1l y 1l
de la citocromo c oxidasa dan sefal exclusivamente con el DNA nuclear

El gen que codifica para COXIIIl en FPiiyiomella spp. y C. reinhardtii predice una
proteina madura de 272 residuos, con 7 cruces transmembranales y una estructura similar
a la observada para la COXIIl de bovino (Tsukihara. 1996) como se muestra en 1a figura
2.
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El gen cox3 predice la existencia de una presecuencia de importacion de proteinas
a la mitocondria. Adicionalmente, predice una proteina cuyas caracteristicas hidrofobicas
han disminuido cuando se comparan con otras COXIll codificadas en el DNA mitocondrial.
Esta caracteristica, asi como la adquisicion de una posible presecuencia. suglere que son
modificaciones que los genes sufrieron para poder transferirse exitosamente al nidcleo, y
para que las proteinas sintetizadas en el citosol pudieran mportarse e integrarse
correctamente en fa membrana interna mitocondrial

Por otro lado. se encontro que la subunidad I de Polytomella spp. y
Chlamydomonas reinhardtii esta codificada por dos genes nucleares. Nuestros resultados
sugieren que estos genes se transcriben por separado y se traducen en dos proteinas
diferentes. E! gen cox2a codifica para el extremo ammno termmal. los dos cruces
transmembranales y la regidon aromatica conservada entre las COX{i. Adicionalmente,
este gen predice una posible presecuencia para dingir a la proteina hacia ia mitocondria.
También predice una peguena extension de 20 aminocacidos en el extremo carboxilo
terminal. Esta es una region que no se encuentra en otras COXIl y que presenta una gran
cantidad de residuos acidos y basicos Por otra parte. el gen cox2b codifica para la region
hidrofilica de! extremo carboxilo terminal. asi como para los residuos que unen al Cu,
Este gen no predice una presecuencia caracteristica, pero predice una extensidon muy
polar de 43 residuos en el extremo amno terminal Es una regiéon que no se ha
encontrado en ninguna otra COXII reportada a la fecha. y que no se procesa como una
presecuencia, sino que permanece en la proteina madura. La subunidad H puede estar
formada por dos proteinas, en que COXlia se localiza en la membrana interna
mitocondrial, mientras que COXIib se localiza en e! espacio intermembranal. Ambas
proteinas podrian tener una interaccion mediante las extensiones de aminoacidos

predichas por cada gen
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Figura 2. Modelo de la estructura ce |a subumdad Il de la citocromo ¢ oxidasa de Polytomella spp.
{B) comparada con la estructura cristahina de la subumidad il de ta critocromo ¢ oxidasa de bovino
{A). Los cruces transmembranates de la COXI de Polytomella spp que presentan diferencias
importantes con bovino se indican con numeros Se empled e! programa Swiss-Model (Guex y
Peitsch, 1997) para elaborar este modelo
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La transferencia exitosa de genes mitocondriales al nicleo es un proceso activo
que requiere de diversas etapas que se describen a continuacion (Brennicke y col., 1993):

Salida de material genético de la mitocondria.

La informacion genetica contenida en la mitocondria puede transferirse en la forma
de DNA o RNA. Cuando se identifican en el DNA transferndo regiones intergenicas.
intrones de tipo mitocondrial o regiones no transcritas, se asume que el intermediario de la
transferencia fue DNA (Sun y Callis, 1993, Blanchard y Schmidt, 1995 Blanchard y
Schmidt, 1996). Por otro lado. en ciertos casos. se sugiere que la transferencia se llevo a
intermediano de RNA, cuando el gen nuclear se parece mas al RNA

cabo con un
(Grohmann y col 1992

mitocondrial editado que a la copia del gen en la mitocondna
Covello y Gray. 1992) En este caso es necesarna una transcripcion reversa que podria
llevarse a cabo dentro de la mitocondria o en el citosol El tamano de los fragmentos
transferidos al nucleo va desde 31 bp (Blanchard y Schmidt. 1996) hasta 270 Kb Este
ultimo se identificd en el cromosoma 2 de Arabidopsis thaliana, y representa el 73% de su
genoma miutocondral (Lin y cof 1999. Unseld y col. 1997) No se conocen los
mecanismos de escape del RNA o DNA de las mitocondnias, sin embargo, estudios en
levadura indican que la frecuencia de escape de DNA depende de las condiciones de
crecimiento de las células como temperatura y fuentes de carbono. que pueden afectar la
integndad y fluidez de las membranas mitocondriales ( Thorsness y Fox. 1990. Shafer y
col.. 1999) Se hanidentificado proteinas localizadas en la membrana interna mitocondrial
cuya disfuncion estimula el escape de DNA de ia mitocondria. probablemente al afectar ia
funcion e integridad de esta (Thorsness y Fox 1993, Campbell y Thorsness. 1988) Un
ejemplo es la proteina mitocondnal de 82 kUa Ymelp Esta presenta similtud con I3
proteina FtsH de Eschencina colr . la cual participa en tla formacion del septum durante ia
division celular bacteriana (Thorness. PE y col . 1€93) Esta similitud sugiere que Yme1p
podria participar en la fusidn y/o en la division nutocondrial

En el caso de los genes cox2a. cox2b y cox3 de Polytornella spp. y C reinhardti,
no es posible precisar si fue DNA o RNA el intermedsaric de la transferencia. No se ha
demostrado que el gen mitocondrial que codifica para una posible transcriptasa reversa
que unicamente esta presente en C. remhardtn sea activo. Esto sugtere que
probablemente no participd en la transferencia de estos genes en el ancestro comun de
las Chlamydomonas y Polyvtomella spp. En Chlamydomonas no se ha demostrado la
existencia de edicion mitocondnial de RNA observado comunmente en plantas . en gque se
cambia una C por U (Steinhauser y col. 1999) Por otro lado, la fragmentacion del gen
cox2 en estas algas pudo haberse llevado a cabo en el DNA de la mitocondna,
previamente a su transferencia al nucleo
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Esto se apoya en la siguiente evidencia: se encontro que el genoma mitocondrial
del alga clorofita Scendesmus obliquus codifica inicamente para el gen cox2a, mientras
que el gen cox2b esta ausente (Nedelcu y col.,, 2000). La proteina predicha por cox2a de
S. obliquus presenta un alto grado de conservacion con COXlla de Polytornella spp. y C.
reinhardtii. Este gen tambiéen predice una extension en el extremo carboxilo terminal,
similar a la observada en las COXlla de Polytomella spp. y C. reinharcdtii, aunque es mas
pequena y tiene menos residuos cargados Estos datos sugieren que esta extension
proviene det gen nutocondnal original Por otro tado estos resultados indican que, muy
probablemente. primero se transfind el gen cov2h al nucleo y postertormente se transfirio
el gen cox2a Es posible que el gen cox2b se transfinera con mayor facilidad, ya que la
proteina que codifica es altamente tidrofilica. sin ningun cruce transmembranal. mentras
que cox2a codifica para una proteina hidrofobica. con dos cruces transmembranales. La
fragmentacion de un gen dentro de Ila mitocondria as: como la transcrnipcion
independiente de cada fragmento. ha sido reportada previamente €n Otros organismaos,
adicionalmente a los genes cox2a y cox2b de estas algas En colza se encontro que un
analogo del gen bacteriano que codifica para la proteina Ccl1 se encuentra dividido en
dos fragmentos separados por 45 Kb que se transcriben independientemente (Handa y
col., 1996). Por otro lado, Edgwvist y col (2000) encontraron que la proteina nadil de
Tetrahymena pyriforrmus y Paramecium aurelia se encuentra codificada por dos genes que
se transcriben independientemente. sin gue se detecte un transcrito maduro mediante un
procesamiento alternativo que incluya a ambos genes

Integracion del DNA en los cromosomas.

Una vez que el matenal genético ha salido de la mitocondria e ingresado al nucleo,
éste puede ser ntegrado en algun cromosoma. Estas secuencias se localizan
generalmente en regiones no codificantes. como regiones intergénicas, intrones y
telomeros. Sun y Calhis (1993) proponen que la integracion de DNA mitocondrial en el
nucleo se lleva a cabo mediante recombinacion no homologa. sin que haya
compiementariedad entre los extremos del DNA mitocondrial integrado y el cromosomal.
Por otro iado. Ricchetti y col (1899) proponen un mecanismo por el cual los fragmentos
de DNA mitocondrial pueden transferrse a los cromosomas de levadura durante ia
reparacion de rupturas de doble hebra mediante recombinacion por complementariedad
de bases muy limitada (1-4 nt). Esta observaciéon también fue hecha por Blanchard vy
Schmidt (1996)
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Activacion del gen transferido.

A continuacidon es importante que el gen mitocondrial pueda adquirir las
caracteristicas necesarias para su correcta expresidon y regulacion en su nueva
localizacidn. Entre otras cosas,. el gen integrado debe cambiar su uso de codones, adquirir
regiones promotoras. seRales de pohadenilacidon y sitios de unidn a nbosomas

Adicionalmente. la proteina debe adquirir tanto una presecuencia que la guie de
regreso a la mitocondria. asi como las caracteristicas polares necesarias para que pueda

adquirir ta conformacion adecuada durante su transiocacion a través de las membranas
mitocondriales

La adquisicion de presecuencias nutocondriales pudo ocurnr con la participacion
conjunta de varios mecanmnsmos (i) Las MTS pueden generarse mediante la acumulacion
de mutaciones puntuales en la region S’ no traducida del gen transtferido. o incluso, en la
region que codifica para e! extremo amino terminal de la proteina madura. Vassarotti y col.
(1987) demostraron que la subumidad |} de la F--ATPasa de levadura puede restaurar su
importacién a la mitocondria mediante mutaciones puntuales en su
terminal cuando se ha eliminado artificiaimente su presecuencia
presecuencias pueden deberse al recambio de exones.

extremo amino
(ii) El origen de las

se suglere que en algunas
ocasiones los intrones pueden funcionar como silios de recombinacion ilegittma. dando

lugar a genes nuevos formados por exones provenientes de otros genes (Stoitzfus y col.,
1894). Un ejemplo es el apocitocromo ¢; de papa. en el que se encontro que la parte de la
presecuencia que dirige a la proteina a la nmiutocondria proviene de los tres primeros
exones de la gliceraldehido 3 fosfato deshidrogenasa citosolica (Long y col . 1996) Otro
ejemplo es ta COXIl de algunas leguminosas. en la que se observa que fa presecuencia
adquirida se separa de la proteina madura por un intron (Nugent v Palmer., 1991, Coveillo
y Gray. 1992). (iii) Las presecuencias mitocondrniales pueden adquirirse por duplicacion o
utilizacion de presecuencias ya existentes En arroz y maiz. los genes que codifican para
la proteina ribosomal RPS14 y SDHB (subunidad B de la succinate deshidrogenasa) se
encuentran en un Mismo transcnto Mediante procesamiento alternativo. cada gen usa la
misma presecuencia mitocondnal { Kubo y col.. 1989; Figueroa y col.. 1999). Los autores
proponen gue primero se transfind el gen sdhB al nucleo. y adquirio las caracteristicas
para poderse expresar, ncluyendo una presecuencia y un intron. Posteriormente el gen
rps14 se transfirico al nucleo y se insertd en el intron del gen sdhB. Finalmente, el gen de
rps14 pudo ser reconocido como un exon durante el procesamiento alternativo. Por otro
lado. Kadowaki y col. (1896) encontraron que el gen gue codifica para la proteina
ribosomal RPS11 de arroz adquind una presecuencia muy similar a la de la {1ATPasa de
plantas. indicando que ambas presecuencias tienen un origen comun Ademas. existe una
segunda copia del gen rpsT7 en el nucleo. pero esta copia inactiva adquirid una
presecuencia muy similar a la de la subunidad Vb de la citocromo ¢ oxidasa.
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Las presecuencias predichas para las proteinas COXlla y COXIll de Polytomella
spp. ¥ C. reinhardtii pudieron adquinrse de acuerdo al modelo del recambio de exones.
Debido a que la frecuencra de mutaciones en los nuevos genes obtenidos mediante este
mecanismo es muy alta (Long y Langley. 1993, Ohta. 1994). es dificil deducir l1a
procedencia de los exones que conforman las presecuencias de COXlla y COXIH

Cuando se comparan las presecuencias de COXlla de Polytomella spp. y C.
reinhardtii contra la base de datos de Chlorophyta. se observa que la region de la
presecuencia que dinge de la matriz mitocondnial a ta membrana interna. posee gran
similitud con algunos peéptidos de transito del cloroplasto Probablemente. una parte de la
presecuencia de COXlla proviene de la duplicacion de peptidos senal del tilacoide o
estroma de cloroplasto Se ha reportado que los peptidos senal que dingen a las proteinas
al estroma en cloroplastos de chicharo pueden fosforilarse 1 vitro, y qQue este proceso no
se observa para proteinas de cloroplasto maduras o presecuencias mitocondriales
(Waegemann y Soll, 1986) No se ha observado el fendmeno de fosforilacion de péptidos
sefal en cloroptastos de Chlamydornonas. sin embargo esta fosforilacidon selectiva podria
evitar que COXlla se dinja incorrectamente al cloroplasto a pesar de tener una
presecuencia con algunas caracteristicas compartidas con los péptidos senal de
cloroplastos en Chlamydomonas Por otro lado. cuando se compara fa presecuencia de
COXlll de ambas algas contra la nusma base de datos. se observa similitud con la
presecuencia de la oxidasa alterna nmutocondrial de Chlamydomonas reinhardtii (Dinant,
M., Laraki., M., Coosemans.N.. Jons B and Matagne., R F sin publicar, No. Acceso
AFQ047832) Es posible que estas presecuencias se hayan adquindo a partir de
presecuencias ya existentes. como en !os ejemplos reportados por Kadowaki (1996).

Pérdida de la copia mitocondrial

En el proceso de transferencia de genes mitocondriales al nucieo debe existir un
momento en que tanto la copia mitocondnal como 1a nuclear sean activas. El unico
ejemplo identificado de esta etapa de transferencia ha sido descrito para el gen cox2 de
algunas leguminosas (Adams y col.. 1998) En estas plantas han existido eventos de
inactivacion de una u otra copia con una frecuencia similar. Esto sugiere que, al menos en
estos ejemplos, no existe una preferencia aparente por conservar una u otra copia activa
despueés de!l evento de transferencia

Tanto en Polytomella spp. como en C remhardi, se demostrdo que los genes
mitocondriales que codifican para las subumdades i y il de la ctocromo ¢ oxidasa han
sido transferidos exitosamente al nucleoc como copia unica. Ademas de contar con la
secuencia completa del genoma mitocondrial de C ramhardti. se conoce la secuencia
completa de los genomas mutocondriales de otros miembros de la familla, como son
Chlamydomonas eugarmetos (Denovan-Wright y col, 1988 ). yv Chlorogonium elongatum
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(Kroymann y Zetsche, 1998) Adicionalmente, Turmel y col. (1999) secuenciaron por
completo el genoma mitocondnat de otra alga clorofita, Pedinornonas minor. Todas estas
algas carecen de los genes que codifican para COXll y COXIll. Es de esperar que, al igual
que en Polytomelia spp y C. reinhardti, los genes se hayan transferido exitosamente al
nucleo y la copia mitocondrial se haya desactivado y desaparecido de este organelo

Disminucion de la hidrofobicidad de las proteinas imitocondriales
sintetizadas en el citosol.

La mayoria de las proteinas que han permanecido codificadas en la mitocondria
son aquellas que presentan vanos cruces transmembranales, mientras que fas proteinas
mitocondriales que se sintetizan en el citosol y se importan a la mitocondria son aquellas
solubles o con pocos cruces transmembranales (von Heyne, 1986. Popot y de Vitry
1990). Adicionaimente. los cruces transmembranales de proteinas sintetizadas en el
citosol presentan una menor hidrofobicidad que los cruces transmembranales de
proteinas codificadas en !a mutocondrnia Dos parametros que nos permiten estimar la
dificultad de una proteina para ser importada a la mitocondria desde el citosol son la
mesohidrofobicidad (mesoH) y fa hidrofobicidad local <H=> (Claros y col. 1895) La
mesohidrofobicidad es el promedio de la hidrofobicidad en una region extendida de la
proteina, entre 60 y 80 aminoactdos, y <H> es el promedio de la hidrofobicidad local. en
una ventana de 13 a 17 amincacidos Cuando una proteina tiene bajas mesokH y <H>.
ésta puede ser sintetizada en el citosol y ser importada a la mitocondna. Esto sucede para
todas aquellas proteinas cuyos genes son nucleares, incluyendo al acarreador de
ATP/ADP. Cuando una proteina tiene valores altos de mesoH y de <H>, {a proteina
permanece codificada en el DNA mitocondrial. como es el caso del apocitocromo b y
COXI. Lo mismo se observa para los genes que codifican para COXIl y COXIiH en la
mayoria de las especies

Se encontré que las proteinas predichas por los genes cox3 Yy cox2b de
Polytomella spp y C. reinhardti presentan valores de mesoH y de <H> disminuidos
cuando se comparan con los valores para otras COXIil y COXill codificadas en el DNA
mitocondrial Estas adaptacicnes pusden contnibuir a disminuir los problemas de
importacion post-traduccional debtdo al reconocimiento inadecuado de sefales de término
de transferencia. o a la formacidon de estructuras hidrofébicas muy estables que impidan
que la proteina adquiera la conformacion adecuada durante su importaciéon. La proteina
codificada por cox2a presenta valores de mesoH y <H> similares a los observados para
algunas COXIl codificadas en el DNA mitocondrial, y para COXII de caupi y soya. cuyos
genes se locallzan en el nucleo (Figura 3). Esto indica que la hidrofobicidad general de
esta proteina no es determinante para que e! gen permanezca retenido en e! DNA
mitocondrial.
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Por otro lado, los genes que codifican para COXlla y COXIll, predicen
presecuencias cuya longitud es mayor a lo esperado para otras presecuencias (Von
Heijne y col., 1989). Se ha visto que cuando se duplica una presecuencia mitocondnai, la
importacion de proteinas hidrofébicas puede mejorar (Galanis y col., 1991; Claros y col.,
1995). Esta longitud puede contribuir a mantener una conformacion adecuada de la
proteina durante la importacion.
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Figura 3. Valores de meschidrofobicidad contra hidrofobicidad maxima local Para COXlla de
Polytomella spp. y C. reinhardtii Comparacién con los valores de MesoH y <H> de la subunidad |l
de la citocromo c oxidasa de otros organismos. Esta grafica se elabord con el programa MitoProti!
por Claros y col. (1995). A=Arabidopsis thatiana, B= Brassica napus. C=Cyanidium caldarium,
D=Prototheca wickerhamii, E=Raphus sativus., F= Trnticum aestivum, G= Beta vuigars,
H=Chondrus crispus, J=Zea mays. K=Marchantia polymorpha, L=0Oenothera berteriana, M=0Orysa
sativa, N=Pisum sativurm, O=mit. Glycine max, Q=nuc Glycine max, R=Vigna unguiculata, S=C.
reinhardtii, T=Polytomella spp
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Los genomas mitocondriales de las algas Chlorophyta han evolucionado de
maneras diferentes.

Las algas verdes y las plantas tienen un origen monofilético cuya caracteristica es
la presencia de cloroplastos rodeados de dos membranas, con tilacoides apiados y
clorofilas tipo a y b. Generalmente se reconocen cinco clases de algas verdes (aigas
Chiorophyta): Charophyceae. Chlorophyceae. Trebouxiophyceae. Ulvophyceae vy
Prasinophyceae (Melkonian y col . 1995; Bhattacharya y Medlin, 1998) Actualmente se
conoce la secuencia completa del genoma mitocondrial de cuatro algas Chiorophyta de la
clase Chlorophyceae C remhbardty (Michaehis y co! . 1990). C ewugarmetos (Denovan-
Wright y col., 1998 ), C. efongaturm (Kroymann y Zetsche, 1998) vy S oblhiquus (Nedelcu y
col, 2000. Kuck y col . 2000). una de la clase Trebouxiophyceae Frotothacea wickerhamis
(Wolff y col ., 1994), una de la ciase Prasinophyceae Noepliroselninus ohvacea, y una cuya
posicidon exacta entre las Chiocrophyceae. Prasinophyceae o Ulvophyceae se desconoce
Pedinomonas minor (Turmel. y col . 1999)

Se ha observado que los genomas mitocondriales de las Chlorophyta difieren en
sus estructuras. y se pueden dividir en dos grupos (i) Los genomas mitocondriales de P
wickerhamii y N. olivacea comparten muchas caracteristicas con los genomas
mitocondriales de las plantas (Oda y col.. 1992, Unseid y co! 1997 Kubo y col . 2000) y
con sus ancestros procariotes Son circulares. tienen una gran cantidad de genes que
codifican para proteinas de la cadena respiratoria y para proteinas ribosomales. asi como
para el 58 rRNA Adicionaimente. presentan una mayor cantidad de RNAs de
transferencia y regiones que codifican para las subumdades grande y chica del RNA
ribosomal con una estructura convencional (ii) Por otro lado el resto de las Chlorophyta
estudiadas han retenido pocas caracteristicas de su ancestro Son genonias circulares o
lineales, el DNA mitocondrial se ha reducido de manera /mportante. tanto en capacidad
codificante como en tamano. Han perdido muchos genes que codtfican para proteinas de
la cadena respiratona y carecen de genes para proteinas nbosomales o para e! 5SS rRNA
Presentan una menor cantidad de tRNAs, y sus RNA rnbosomales se encuentran
fragmentados y dispersos. Estas Chlorophyta pertenecen en su mayoria a la clase
Chlorophyceae. Los representantes con genomas mitocondrnales mas compactos se
encuentran en la familia de las Chlamydomonadaceae. como es el caso de C. eugarnetos,
C. elongatum. C reinhardtiy Polytornelia spp

Se desconocen los factcres v mecanismos que dieron lugar a estos dos tipos de
genoma mitocondrial entre las Chiorophyta. Nedelcu y Lee (1998) proponen que la
reduccién del contenido de genes entre las Chlorophyceae se debe a eventos de
recombinacidon entre secuencias directas repetidas pequenas
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Se observd que en las Chiorophyceae como C. reinhardti, C. eugametos, C

elongatum. Polytormella spp y S oblquus. existen secuencias repetitivas directas ricas en
GC que P. wickerharnii no posee

De igual manera, N ofivacea carece de estas secuencias pequefnas, mientras que
estan presentes en el genoma nutocondrial de P nunor ( Turmel y col.. 1999) . Por otro
lado. proponen que la fragmentacion y dispersion de los RNAs nbosomales observada en
estas algas se puede deber a eventos de recombinacion entre secuencias pequenas
repetidas e invertidas Este pudo ser un mecamnismo mediante el cual, previamente a la
transferencia del gen cox2 al nucleo, este se fragmentara en dos genes independientes,
cox2a y cox2b. dentro de el genoma mitocondrial de las Chlamydomonadaceas y de S.

obliquus

En la tabla | se muestra el contenido de genes en el genoma mitocondrial de las
algas Chlorophyta conocidos a la fecha Los tiempos de transferencia de genes
mitocondriales entre el grupo con DNA mutocondnal reducido pudo lievarse a cabo de ia
siguiente manera Los primeros eventos de reduccién del gencma nitocondrial pudieron
llevarse a cabo en el ancestrc comun de R riinor y las otras Chloropyceae. Sin embargo,

la reduccion posterior de los genomas mitocondriales, asi como las caracteristicas que
fa actualdad. pudieron ser eventos

fugar a estos genomas nuntocondriales en
que P munor se separdo de las

dieron
llevaron a cabo una vez

independientes que se
Chlorophyceae estudiadas Los datos que sugieren esto son {os siguientes

(i) El patron de fragmentacion de los RNA nbosomales entre 2 nwoor y las otras
Chloropyceae es diferente. La gran mayoria de los sitios de fragmentacion de los RNA

ribosomales de las Chlamydomonadaceas y S obliquus estan conservados. mientras que
n P. minor el unico sitio de fragmentacion de la subunidad grande del RNA nbosomal no

esta conservado (Nedelcu, 1997)

(ii) Si P. minor compartiera el evento de transferencia de genes al nuicleo con el resto de

las Chlorophyceae. seria de esperarse que el gen a/p8 estuviera ausente de su genoma

mitocondrial. como sucede en las Chlorophyceae estudiadas La ausenc:a del gen alp8 se

observa incluso en el genoma mitocondrial de S obh/iquus a pesar de que este genoma

es mas grande

(iii) La transferencia de parte de los tRNAs mitocondnales al nucleo pudo ser un evento

independiente entre P. rrunor y las Chloropyceae Si éstas compartieran el ancestro

comun, seria de esperarse que los tres tRNAs codificados en el genoma mitocondrial de
CORNA YTy tRNAT ) también estuvieran presentes en

las Chlamydomonadaceas (tRNA"
A pesar de que la primera posee 27

el genoma mitocondnal de S ochiiquus y P rrunor
tRNAs en su genoma mitocondrial y la Ultima posee solo 8, S obliquus comparte con las

Chlamydomonadaceas estos 3 tRNAs. mientras que en 2 rmunor los tRNA para triptofano
(UGG) y metionina (AUG) estan ausentes
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Estas observaciones sugieren que S obliquus comparte una mayor cantidad de
eventos de reduccion de contenido de genes. asi como de fragmentacion de los RNA
ribosomales, con tas Chlamydomonadaceas que con F. minor. En esta reducciéon comun
se incluye la transferencia de los genes cox2 y cox3 En la figura 4 se muestra un arbol
derivado de un analisis filogenético de genes mitocondriales entre las algas Chlorophyta.
De acuerdo a esto. en el ancestro comun entre S. obliquus y las Chiamydomonadaceas.
el primer gen de la citocromo ¢ oxidasa que se transfirid al nucleo, pudo ser cox2b, ya que
este gen no esta presente en ninguna de estas algas. La transferencia de cox2ay cox3 al
nucleo, se llevo a cabo una vez que S obhquus y las Chlamydomonadaceas se
separaron, pero antes de que C efongaturm se separara de C. reinhardtii, C. eugametos y
Polytomella spp. Esto se debe a que los genes cox2a y cox3 aun estan codificados en el
genoma mitocondrial de S obliquus. pero ya no estan presentes en las
Chlamydomonadaceas Para poder establecer con mayor seguridad la historia evolutiva
de estos genomas sera necesario caracterizar mas genomas mitocondriales de algas
Chlorophyta, asi como a los genes nutocondriales que se han transferido al nucleo.

Transferencia de cox2a y cox3

Transferencia de cox2b

\ ’00100 C. eugametos
Genomas mxtocondria!es\ 100 C. ?J/ﬁé’%?fi“m
reducidos 7 S obliquus

P. mmnor
P. wickerhamui

N. olivacea

A thahana

100-M. polymorpha

C. chnspus

100 P purpurea

— Allomyces

0.1 substitutciones / sitio

Figura 4. Analisis filogenético empleando 7 secuencias mitocondriales presentes en todas las
algas Chlorophyta secuenciadas a la fecha. Basado en: Nedelcu y col. (2000).

86



Tabla I. Contenido de genes en el genoma mitocondrial de las Chiorophyta estudiadas a fa

fecha.
Genes P. wi N. ol P. mi S. ob C. re C. eu C. el
COMPLEJO |
nad1 + + + + + + +
nad2 + + + “+ + -+ +
nad3 + + + + - - .
nad4 + + + + + + +
nadilL + + + + - - -
nads + -+ + + + + +
nadé + + + + + + +
nad7 + + - - - - -
nads - + - - - - -
nad9 + + - - - -
COMPLEJO NI e
Cob + + + + + + +
COMPLEJO IV
cox1 + + + + + + +
cox2 + + - + (cox2a) - - -
cox3 + - + - - -
! |
+ + i - H - - - -
+ + H + + - - -
“+ + ; -+ - - - -
-+ + - + - - -
RNA ribosomal T o
nl + + P+ (2) +(4) +(8) + (6) +(6)
rns + * i + +1(2) (@) (P +(3)
58 + + - - - ' - -
TRNA 26 26 8 IR 3 3
No. de genes 13 19 i 18 ! ) 27§ 65 69
P. wi= Prototheca wickerhamis, N. ol=Nephroselmis olivacea, P. nu= Pedinormonas minor,

S. Ob=

Scenedesmus obliquus. C

re=

Chiamydomonas reinhardly,

C. eu=

Chiamydomonas

eugametos, C. el= Chlorogonium elongatum. Los numeros entre parentesis indican {a cantidad de

fragmentos de 1os RNA ribosomales encontrados
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Por qué unos genes mitocondriales son transferidos al nucleo y otros no?

Una de las caracteristicas de ta evolucion de ia mitocondria ha sido la reduccion de
su genoma después del evento endosimbidtico Esta reduccion ocurnd en parte a través
de ta transferencia de una gran cantidad de genes hacia el nucleo. de hecho, muy pocos
genes han quedado retenidos en el DNA mitocondnal Puede ser un conjunto de factores
lo que ha determinado la distribucidon de genes entre la mitocondna y el nucleo entre las
diferentes especies

La transferencia de genes mitocondnales al nucleo se puede favorecer porque la
integridad de éstos en el nucleo se mantiene mejor que en la mitocondria (Blanchard y
Lynch, 2000, Wallace y col . 1987). Esto se puede deber a una alta concentracion local de
radicales libres en la mitocondrna que puede danar al DNA y que favorece que la mayoria
de los genes mitocondriales se transfieran al ndcleo (Allen y Raven, 1996). También
puede deberse a la falta de recombinacion sexual en la mitocondria, que repara y
mantiene la integrnidad de los genes nucleares y los protege de las mutaciones dafiinas
que inevitablemente se acumulan en el DNA ( Lynch. 1996 Martin y Herrmann. 1998). Sin
embargo. la frecuencia de mutaciones en el DNA mitocondrial de plantas es menor que en
el DNA nuciear (Wolfe y col.. 1987) Probablemente esto refleja la menor velocidad con
que los genes mitocondriaies de las plantas se transfieren al niacieo

Se propone que los pocos genes que aun permanecen en el ONA mitocondnai,
son generalmente aquellos que codifican para proteinas muy hidrofobicas. Su expresiéon
citosolica podria ocasionar una relocalizacion celular errénea (von Heyne. 1986)
Adicionaimente. algunas de estas proteinas pueden ser demasiado hidrofobicas para ser
importadas a través de fa doble membrana mitocondnal Sin embargo. en este trabajo se
demostro que los genes cox2a y cov3 que codifican para proteinas muy hidrofdbicas.
tienen una localzacion nuclear Estos genes predicen una posble presecuencia
mitocondrial gque podria contribuir a la localizacion correcta de las proteinas y
posteriormente puede facilitar la importacion de estas hasta la membrana interna
mitocondrial Por otro lado. Allen y Raven (1898) propcnen que la razon por la que
algunos genes han permanecido en el DNA mitocondnal. es que sus productos son en
general componentes importantes de la cadena respiratona y la fosforilacion oxidativa. Se
requiere un control directo de la expresidon de estos genes por cambios en el estado redox
de la mitocondna. y de esta manera minimizar la produccién de radicales libres de
oxigeno que puedan existir en altas concentraciones dentro de la mitocondria. Este puede
ser un factor importante por et cual tos genes cox2 y cox3 que codifican para las
subunidades 1l y 1l de la citocromo ¢ oxidasa han permanecido en el DNA mitocondrial de
fa gran mayoria de los eucariotes
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COXIll participa directamente en la transferencia de electrones entre el citocromo ¢
soluble y la subunidad | de la citocromo ¢ oxidasa, mientras que COXIil puede jugar un
papel importante, no solo a nivel estructural. sino también en ia canalzacion del oxigeno
hacia el sitio activo de la subunidad | (Rustama y col., 1996). Sin embargo. este modelo no
explica la localizacion nuclear de los genes cox?

y cox3 de Polytomella spp. y
Chlamydomonas reinhardtii. Probablemente. en

las algas Chlamydomonadaceas la
expresion de estos genes no depende drrectamente detl estado redox de la mitocondria,
sinO que su expresidOn podria ser constitutiva. de tal manera que ia concentracion en

estado estacionario de estas proteinas compensa la que fuera una regulacion redox

directa si estos genes hubieran permanecido en la mitocondria. Se ha observado que en
ceélulas de humano. la regulacidon de la sintesis de las subunidades nuclieares y
mitocondnales de la citocromo ¢ oxidasa no esta intimamente hgada. Sin embargo, ia
velocidad de degradacion de las subunidades nucleares aumenta cuando se inhibe la

sintesis de proteinas mitocondriales (Nijtmans y col., 1995) o cuando se emplean células
carentes de DNA mitocondnal, en las cuales

ia citocromo ¢ oxidasa no se ensambla
(Taanman y col., 1996).
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1. Las subunidades 1l y Il de la citocromo ¢ oxidasa del alga incolora
Polytomella spp. estan presentes en el complejo enzimatico. La subunidad |l se
identificd en geles de acrilamida como una banda con una masa molecular aparente de
18.6 kDa. Esta subunidad se caractenzo mediante una secuencia interna y del extremo
amino terminal. La subunidad Il se identificé como una proteina de 29.6 KDa mediante
una reaccion cruzada con anticuerpos contra COXIll de levadura y mediante la secuencia
de su extremo amino terminal

2. El gen que codifica para la subunidad Il en Polytomella spp. Yy
Chlamydomonas reinhardtii es nuclear. Este gen presenta un uso de codones nuclear
y una senal de pohadentlacion caracteristica de genes nucleares en las
Chlamydomonadaceas. Adicionalmente. presenta mntrones de tipo nuclear y predice una
posible presecuencia mitocondrnial

3. La subunidad !l de la citocromo ¢ oxidasa esta codificada por dos genes
nucleares. El gen cox2a codifica para la regiéon amino terminal y los dos cruces
transmembranales Ademas. codifica para una posible presecuencia mitocondrial y para
una extension de aminoacidos no conservada. presente en el extremo carboxilo terminal.
El gen cox2b codifica para la region carboxilo hidrofilica de la subunidad Il. e incluye al
sitio de unidn de cobre (Cu.)} Ademas. codifica para una extension amino terminal no
conservada en otras COXIl. que no presenta caracteristicas de presecuencia y que
permanece en la proteina madura

4. Los genes cox2a y cox2b en Polytomella spp. se transcriben y traducen por
separado para conformar a la subunidad 1l como un heterodimero. En este trabajo
no fue posible detectar un transcrnto maduro que incluyera los mRNA provenientes de
cox2a y cox2b, ni por analisis tipo northern, ni por RT-PCR. La masa molecular disminuida
que se observo para COXIil de Polytomella spp. puede deberse a que ambas proteinas,
COXlila y COXilb presentan una masa molecular deducida muy similar, y en geles de
acrilamida migran como una banda unica Posiblemente sucede algo similar en C.
reinhardtii.

5. Los genes que codifican para las subunidades Il y il de la citocromo c¢
oxidasa de Polytomella spp. y C. reinhardtii predicen proteinas con propiedades
fisicas que facilitarian su integracion en el complejo IV activo. Los genes cox3 y
cox2b predicen una proteinas con una hidrofobicidad general disminuida respecto a sus
equivalentes sintetizadas en la mitocondrna Ademas. los genes predicen presecuencias
mitocondriales para COXlla y COXIil Ambas caracteristicas podrian ser importantes para
facilitar la importacion correcta de estas proteinas con 2 y 7 cruces transmembranales
respectivamente
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1. Tratamiento de enfermedades mitocondriales mediante terapia génica.

Existen muchas enfermedades mitocondriales debidas a mutaciones en el DNA
mitocondrial. La mitocondria tiene un papel muy importante en la viabilidad de la célula,
por lo cual no es sorprendente que las mutaciones patogénicas en este genoma tengan
consecuencias devastadoras Los tipos de mutaciones que puede sufrir el DNA
mitocondrial se clasifican en tres grupos: (1) rearreglos del mtDNA. como duplicaciones y
ablaciones; (2) mutaciones puntuales en genes involucrados en la traduccién, como rRNA
y tRNA; (3) mutaciones puntuales en genes que codifican para proteinas de la cadena
respiratoria (Grossman y Shoubridge 1996. Schon y col . 1997; Moraes. 1998: Waliace,

1999).

la citocromo ¢ oxidasa se han asociado a

Algunos defectos parciales en
Normalmente,

mutaciones puntuales en tRNAs y a ablaciones en &) DNA mitocondnal
estos defectos se acompanan de anormahdades en otros componentes de la fosforilacién
oxidativa (revisado en Moraes, 1988). Sin embargo. existen algunos casos reportados en
que una enfermedad mitocondrial se debe a mutaciones puntuales en el gen cox2
(Rahman y col . 1999, Clark y col. 1998) o cox3 (Manfredi y col . 1995, Hanrna y col.,
1998). Se ha reportado un caso de enfermedad nutocondrial debido a una pequena
ablacion de 15 nucleotidos en el gen cox3 ( Keightiey y col . 1996). En este caso ha sido
posible crear lineas celulares transmitocondnales en que se fusionan ceélulas humanas
que carecen de DNA mitocondnal (celulas King y Attardi, 1989) con fracciones
celulares de! paciente El efecto de esta ablacion en la funcion de la citocromo ¢ oxidasa
en estas lineas celulares se caracterizo por Hoffbuhr y col (2000)

A pesar de los avances en los diagnostucos y la caracterizacion de las
enfermedades mitocondnales. actualmente no existe un tratamiento satisfactorio para la
gran mayoria de estos desordenes. Se ha visto que el tratamiento de pacientes con
cofactores de la fosforilacion oxidativa y sustratos oxidables, puede mejorar las
condiciones del paciente, sin embrago, las enfermedades mitocondriales comunmente
progresan con efectos devastadores. Las terapias geénicas surgen como una estrategia
alternativa con efectos mas permanentes en el tratamiento cde enfermedades

mitocondriales.

Una estrategia consiste en dirigir directamente material genético a la mitocondria
{Vestweber y Schatz. 1989. Seibel y col . 1895) Otra estrategia consiste en introducir al
nucleo una copia correcta del gen mitocondrnial afectado. Este gen se traducird en el
citoplasma de la céeilula. y la proteina se translocara a la mitocondria para remplazar a la
proteina mitocondrial defectuosa
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Para ello, es necesario realizar modificaciones en los genes mitocondriales que
incluyen la adaptacion del uso de codones y la fusion artificial de una presecuencia
mitocondrial que dirija a la proteina hacia este organelo. Este tipo de expresidon alotdpica
se ha llevado a cabo con éxito en S cerevisiae para reemplazar la deficiencia debida a
una mutacién en el gen atp8 (Gray y col., 1998). A diferencia de lo que ocurre en humano,
los genes que codifican para COXIl y COXI en Polytornella spp. v C reinhardtii son de
origen nuclear Esto abre la posibilidad de la expresién alotopica de estos genes en
células de humano que contengan mutaciones en el DNA mitocondrial

2. Estudio de los mecanismos de importacion de las subunidades Il y i1l de la
citocromo c oxidasa de las algas Chlamydomonadaceas.

En este trabajo se ha demostrado que los genes que codifican para las
subunidades Il y |tl de la citocromo ¢ oxtdasa de FPolvtornella spp y C rembardty se han
transferido exitosamente al nucleo Ahora continua el estudio de los mecanismos de
importaciéon de las proteinas codificadas por estos genes a la mitocondria. y algunas de
las preguntas a resolver son:

- Las presecuencias mitocondriales predichas por los genes cox2a y cox3 ¢ison
funcionales en reahdad?

- ¢Qué parte de las secuencias de cox3 y de cox2a que predicen presecuencias
mitocondriales son importantes para la importacion de las proteinas®

- ¢Que parte de !la extension anmuno ternunal no conservada que predice el gen
cox2b es importante para la importacion de la proteina COXIIb a la nitocondria?

- ¢Que parte de ias extensiones no conservadas del extremo carboxilo terminal
predicho por el gen cox2a y del extremo amino terminal predicho por cox2b son

importantes para el funcionamiento adecuado de la subunidad 17?

- cUtilizan tas proteinas COXila, COXIlb y COXIH el mecanismo de importacion a
la mitocondria que emplean la mayoria de las proteinas sintetizadas en el citosol?
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Polytamella spp. is a colorless alga of the family
Chlamydomonadncceane that lacks chloroplasts and cell
wall. A highly active ubiquinol-cytochrome ¢ oxi-
doreductase (bc, complex), sensitive to antimycin and
myxothiazol, has been purified and characterized
from this alga (Gutiérrez-Cirlos et al., 19914, J. Biol
Chem. 269, 9147-9154). Both in mitochondrial mem-
branes and in the isolated complex, the visible spece-
trum of cytochrome & from Polvtomella spp. exhibits
an atypical aband with 1 maximum at 567 nm. This
maximum is shifted 3-4 nm to the red when compared
with b-type cytochromes from other organisms. Anal-
»=is of the b hemes of the b¢c, complex by high perfor-
mance liquid chromatography revealed no differences
in the retention time and in the absorption spectra of
the b-type hemes from Polyvtomella spp. and hemin,
indicating that the prosthetic group in this alga is
protoheme and thus ruling out the po bility that the
red-shift could be due to different chemical substitu-
tions in the porphyrin rings of the &, or b;, hemes. The
two & hemes were characterized by electrochemical
redox titration: nt pH 7.8-8.0, the midpoint potential
for b; was —143 mV and for b, +25 mV. The spectra of
the two b-type hemes were recorded in the presence of
different reductants, at selected electrochemical po-
tentials, and in the presence of antimycin A, to distin-
muish between the contribution of &; and b, to the
visible spectrum. Both hemes &, and b&,; of the algal
cytochrome b contribute to the observed bathochro-
mic absorption maximum in the a-band of the spec-
trum. The data also show that the low potential &,
heme from Polytomella spp. is spectroscopically simi-
far to that of other organisms, with two transitions in

! To whom correspondence should be addressed. Fax: (525) 622-
5611 or 1525) 518-0387. E-mail: dhalphen@ifesunl.ifisiol.unam.mx.
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the a-penk at 558.7 and 568.4 nm. The high-potential
heme b,; also exhibits n spectrum with two transitions
at 557.2 and 568.9 nm, which surprisingly differs from
the spectra of cytochrome b, of mammals, plants,
yensts, and bacteria, which all exhibit a single transi-
tion centered around 560 nm.  © 1¥9n Academic Press

Kes Words: Polyvtomella; Chlamydomonas; mitochon-
drian; bc, complex: eytochrome #; Chlorophyceae.

Ubiquinol—cytochrome ¢ oxidoreductase, or bcy com-
plex (EC 1.10.2.2), iz an ahigomeric membrance enzyme
with three redox polypeptides, namely a bihemic cyto-
chrome b, a cytochrome ¢,, and a Ricske-type iron—
sulfur protein. It also contains a variable set of sub-
units which do not bind prosthetic groups (1), The
ubiquinol-cytochrome ¢ oxidoreductase activity occurs
through a Q-cycle mechanism (2-4) that involves two
redox catalytic units. One unit is formed by the Q, site.
the low potential heme (b3, and the Rieske iron sulfur
protein; the other unit is composed of the Q, site and
the high potential heme (b (5). Cytochrome & is the
most hydrophobic protein of the 6c¢, complex (6, 7).
Based on sequencing data, inhibitor sensitivities, mu-
tagenesis, and topological studies, models for the dis-
position of eigght putative transmembrane a-helices (A
to H) of cytochrome & have been proposed (8, 9). Four
conserved histidines, two in helix B and two in helix D,
at positions 82, 96, 183, and 197 '‘bovine numbering
coordinate the by and b hemes (10-12). X-ray data of
the bovine be, complex have confirmed the eight-heli-
ces structure of eytochrome & and shown that the two &
hemes are 21 A apart from ecach other (13, 14,

All known mitochondrial cytochromes & exhibit an
a-peak close to 560 nm when fully reduced with dithio-
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Copyright © 1998 by
All fighta of reproductiun 0 any Orm re<ers ea

19

1O% S35 00




AN ATYPICAL CYTOCHROME &, IN Polvtomella

nite (8). Electrochemical and high resolution spectral
analysis of the mouse bcy complex indicated that the by,
heme is characterized by a single a-band peak, while
the 6, heme exhibited an overlapped, double a-band
absorption peak (5).

A highly active, antimycin A-sensitive, ubiquinol—
cytochrome ¢ oxidoreductase tbe, complex) has been
previously purified from Polvtormella spp., a colorless
alga closely related to the photosvnthetic Chlarmvdo-
monas lineage (15). The cytochrome b from Pulytormella
spp.. both in mitochondrial membranes and in the pu-
rified be, complex, shows a maximum in the a-band
shifted toward the red, at 367 nm. In this work the
b-type hemes from the alpgal be, complex were charace-
terized spectroscopically, clectrochemically, and by
HPLC analysis. Our results indicate that the &; and &,
hemes of cytochrome 6 from FPolytomella spp. are pro-
tohemes, that both contribute to the observed red-
shifted a-band, and that the high potential heme &y of
this coloriess alga has a split u-band different from the
one aobtained with mammalian, plant, veast, or bacte-
rial &c, complexes.

MATERIALS AND METHODS

Stre:ns.  The colorless alga Polvtamella spp. 1 195 50, E.G. Pring.-
sheim . ongmnally obtamed from the alpae collection at the Unaver-
fity of Gottingen (Germany , was mumntmned at the Microbjologieal
Collection of the Department of Biotechnology (CINVESTAV del
Mexicor under the regaster number CDBB-O51 The alizae we
grown and harvested as previously described 1159

Purifications of be, comple and aerer ey musasurerients . The b
complex from Polvtomella spp. wis purificd as desanbed by Guticrrez.
Cirlos et @l. 115). Beef heart nutochondrial b complex was prepared as
described by Ljungdahl ot aZ. (16). All complexes were kept - T0
unt! used. Cytochrome b, cxtochrome ¢, and horxe heart evinchrome ¢
were quantificd spectrophotometmcally 6 Ulbiquinol-- evtochrome ¢
oxidoreductase activity was measuntd as deserbed previously 17
Protewn concentrations were determined according to Lowry er al. - 15
with the modifications of Markwell ¢ af. «19)

High performance liquid chromatography (HPLCL?  Runs were
performed using two Beckman pumps and an automated gradient
controller. Prior to HPLC, samples were centrifuged in an Eppendorf
table-top centnfuge and the insoluble matenal discarded. Proteins
were Inaded on a Supelco C-4 enlumn (250 ~ 4 6 mms with a Rhen-
dyne injector and a 500-ul leop, and eluted at u constant low rate of
1.5 mVmin Two buffer systems were prepared: buffer A contiuned
0.1 TFA 1n water, while bufler B contained 0.1 TFA 1n a 2:1
acetonitnleasopropanol mixture. The column was vquilibrated in the
presence of 65% buffer A and 35% buffer B, and the s
eluted with the following protile: an initial wash with 65% butfer A
and 35% buffer B (4 min), an upward linear gradient to 355 butfer A
and 63% bufler B (40 mini followed by a second upward hnear
gradient to 1907 butfer B 16 mint a downward hinear gradient to
85% buffer A and 35% buffer B (7 min), and a final wash with 653
buffer A and 35% buffer B (2 min). Sy trie were recorded from 250
to 700 nm at 4-s intervals with a Waters 966 photodiode array
detector. Data were processed in a 486 PC NEC Power Mate 330
wath the chromatographic software Millenium 2010,

* Abbreviations used: DBH, dimethoxy-s-methyl-6-decyi-1,4.
benzoquinone; HPLC. high performance hquid chromatography:
TFA. triftuornacetic acid.
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Differenee spectrea of the be, comples. Spectra were recorded us-
ing: a bey complex concentration of 2.0-50 ud of cytochrome &
tra tanken in the presence of inhibitor were carried out as follows
seline way made by reducing be, complex wath dithwnite in
both reference and sample cuvets; then, 06 oM antimvyven A was
added to the sample cuvet. Other ditference spectra woere made using

ains of dithinonite, or 20 mM of ascarbate. pH 7.0, or 55 40
dded from an ethuanohie stock solution. Ieconvaolutuon of the
e NpPOCLEd WS carr vut with the Microeal Origin programm,
iMicrocal Software, [ne.r Spectra were obtiatned with a
“15 SLM-Aminen spectrophotometer moditied waith the
OS5 DW2 Conversion and OLIS software «On-line Instrument Sy
tem Ineo Bilateral curved slits with o specteal bandpass of 3 am
were used and 1 scanning speed of 5.0 nnvs. The medium response of
the phatemultiplier was of 1845 ms Waveleniith calibration was made
with i holmum oxade seandird

' The fey complex was present i a concentriation
ronpge from 20 e 4 0 uM rbased on evtochrome o, concentration
Re-dox mediators and butlfer constitions were as described by Howell
and Robertson 5, Electrochemenl titrations were carrned out in a
butter contianing 50 mM Tros< Cl opl S 6.0 30 mM NaCl 1 mM
M, 06 mer‘m) of Fauryt madtoside, and 105 plveerol in the pres.
of the following mixture of redox-mediator dyess 15 M 2.hy.
v-ld-napthoquinone, 75 uM duroquinone, 50 M 2 -tetras
methyi-p-phenylencdiamine, 30 oM 1.2 napthoquinone. 25 u)M N
methyldibenzopyrazine methosulfate, 40 43 14-benzoguinone, and
40 1M 1Ld-naphtoguinone. and an annerobic atmosphere was man-
tained under a stream of argon, These mediators were added from
stock solutions made in dunethyl sulfoxide The titration was started
by adding 0.5 mM ascorbate, foliowed by inereasing concentrations
up to 4.5 mM, and then fresh dithionite solution Inancreasing con-
centrations. At cach £, ue. absoarbance data were acguired bes
tween SN0 and 600 nm oand analveed ustne the software package
developed by QLIS After cach addition of redaeingg apent, & 10-man
mcubition tirue was allowed for electrochemical cquibibration. Titra-
tions were carmed out an both the redunctive and the oxadative direc-
tions Samples were placed tn g bottom-sirred redox cuvet and redox
potentiils were meassured with o Radiometer Model 7101 plattnum
clectrode and a Ag/AgUL r The slectrodes woere
standarized with commercial harse heart cvtochrome ¢ (Sigmas, con-
sdermng an £, of <220 mV The ratios of absorbance units of the
tochromes were plotted aptnnst redox potential, and best-fitting
1stian curves wers drawn throcgeh the resalting pomts

N

o1 trtrations.

erence electrods.

RESULTS

Spectral characterization of the Polvtomella spp. be,
complex.  The reduced minus oxidized difference spec-
tra of the bey complex of Polyvtornella spp.. both in
mitochondrial membranes (Figg. 1A or in its purified
form ¢ exhibited absorption maxima in  their
«r-peaks at 553 nm for eyvtochrome ¢, and at 567 nm for
eytochrome &. This gave rise to a double peak spectrum
in the a-band region of the bc, complex, where the
absorption maximum of cytochrome ¢, is completely
resolved from that of evtochrome 4 at room tempera-
ture, & spectroscapic feature not seen in be, complexes
from other organisms, where the absorption spectra of
cytochrome ¢ appears as a shoulder of the cytochrome
b spectrum. The atypical spectrum of the dithionite-
reduced bey complex frozen with liquid nitrogen in a
Deoewar flask, and in contact with a cold finger with
liquid nitrogen. is shown in Fig. 1B. This spectrum
exhibits a-bands with absorption maxima at 553 nm
for cytochrome ¢; and at 566 nm for cytochrome b,
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FIG. 1.
fraction treduced with dithionite minus oxidized?
cvtochrome & and cytochrome ¢ oxidase.

The

respectively;
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524 529 l | 0.05
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Visible spectra of the ¢, complex from Polvetometla spp. and C. reinhardtii. (A) Difference spectrum of Polytomella mitochondrial
ibsorption peaks shown are all of cvtochromes: 432 and 446 nm gamma peaks of
3 nin. a-peak of cytochrome ¢;: 567 nm a-peak of eytochrome 6 and 609 nm a-peak

of eytochrome ¢ oxidase. (B Ditf¥erence spectrum of the e complex from Polviomella spp. (reduced wath dithionite minus oxidized) frozenan

liqu:d nitrogen.

Thus, the b-type hemes from Polyvromella spp. uniquely
exhibit a red-shift of 3—-4 nm in the a-band, with re-
spect to other bc, complexes.

Characterization of the hemes from the be, complex of

Polvtomella spp. The possibility that the bH-type
hemes from Polxytomella spp. could be structurally dif-
ferent from the ones found in the bey complexes of other
organisms was explored. The bey, complex from the alga
was denatured by urea and subjected to HPLC in a C,
column:; the resulting fractions were identificed by com-
paring their retention times and spectra with those
obtained from purified components. The reverse-phase
HPLC profile of the bc,; complex from Polvtomella \pp
exhibited three peaks absorbing at 400 nm «Fig,
Peak 1. with a retention time of 182 min (Fig, 270, hnd
a maximum absorption peak at 398 nm. und two sce-
ondary broad peaks at 199 and 623 nm. but no defined
peak at 280 nm (Fig. 3A). Thix peak exhibited the same
retention time of hemin (chloroprotoporphyrin IX iron
(11D, Aldrich Chemical Co.s (Fig. 2B). The spectrum of
pure hemin showed maxima at 393, 499, and 623 nm
(data not shown), identical to those of the b-type heme
fraction shown in Fig. 3A. When a mixture of Polxto-
mella spp. bc, complex with pure hemin was loaded on
the HPLC column, a single peak with a retention time
of 18.2 min was obtained (Fig. 2C). The HPLC profiles
confirmed the comigration of peak 1 with hemin and

allowed its unambigous identification as a b-type
heme. Peak 2 (retention time of 33.1 min) (Fig, 2A0,

was assigned to the covalent!ly bound heme ¢ on the
basis of its spectra, which exhibits an absorption m:
itmum at 278 with three additional absorbance peaks at
398, 459, and 622 nm (Fig. 3B). When horse heart
cytochrome c was applied to the column and run under
the same HPLC conditions, it exhibited a peak with a
retention time of 12 min, and its visible spectrum was
identical to the one obtained for cytochrome ¢, tdowa

x-

not shown). Differences were observed in the absor-
bance ratios A g/Au:s. Which had a value of 8.4 for
horse heart cytochrome ¢ and 1.9 for eytochrome c,.

These values are in agreement with the molecular
mass of the polypeptides covalently bound to the c-type
hemes. Peak 3. a minor signal with a retention time of
38.3 min (Fig. 24 had an absorption maximum at 407
nm with an «-peak at 547 nm. This component exhib-
ited the same retention time as hemes of purified bo-
vine eyvtochrome ¢ oxidase Fig. . Pue to its longer
retention time. this last peak was identified as heme a
of Polvtomelia spp.. and attributed to the residual pres-
ence of cytochrome ¢ oxidase aa, in some bco, complex
preparations. The results of HPLC analysis thus con-
firm that cytochrome & of Paolvtomella spp. bears pro-
tohemes identical to those of other bey, complexes.
Therefore. the observed red-shift in the dithionite-re-
duced spectrum of Polvtomella spp. be, complex could
not be attributed to the presence of different chemical
substituents in the tetrapyrrole rings of the b-type
hemes.

Difference spectra of the twwo b-type hiemes from Poly-
tomella spp.  The reduced minus oxidized difference
spectra of the Polvtornella spp. & hemes were compared
to the corresponding spectra of the bovine enzyme. The
optical absorption bands of both 6-type hemes (b plus
by from Polyvtomella spp. were observed in the dithio-
nite-reduced minus ascorbate-reduced spectrum (Fig.
4A). This spectrum shows a maximum at 565.8 nm and
a broad shoulder at 558.8 nm with an AL /A -, ratio of
2.0, the highest absorbance ratio so far obtained for a
cytochirome 6. In contrast, the sume differential spee-
trum obtained for the beef-heart be, complex exhibited
a maximum at 565 nm, with an Ag;/A 54 ratio of only
1.4 (Fig. 14B). The fourth derivative analysis of the
dithionite minus ascorbate differentinl absorption
spectrum of Polvtornella spp. exhibited four compo-
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FIG. 2. High performance liquid chromatography of the urea-de-
natured &c, complex from Polvtomella spp. (A HPLC profile ob-
tained for the bc, complex preparation of Polviomella spp. The peaks
recorded at 400 nm are numbered for heme £ (1), cytochrome ¢, 12),
and heme a (3). (B) HPLC profile of commercinl hemin run under the
same conditions. «C) HPLC of a mixture of the urea-denatured be,
complex from Pofvtomella spp. and the commercial hemin

nents: the first two, at 531 and 539 nm. are character-
istic of the g-band of b-type cytochromes. and the last
two, at 558 and 568 nm. were ascribed to the a-band.
There was no peak at 553 nm which could have indi-
cated a possible contribution of cytochrome ¢, to the
absorption (or distortion) of the b-type cytochromes
spectra (data not shown). The difference spectrum (re-
duced with dithionite minus reduced with DBH) of the
be,y complex from Polvtomella spp. showed two defined
peaks at 568.8 and 558.8 nm; these two transitions
were assigned mainly to the & heme (Fig. 4C) In
contrast, the same difference spectrum obtained with
the bovine bc¢, complex exhibited 2 maximum at 565
nm with a broad shoulder at 558 nm (Fig. 4D). The
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difference spectrum (reduced with DBH minus reduced
with anscorbate), representing the &), heme of Polvto-
mella spp. (Fig. 4E), shows a split a-band with a small
band at 559 nm and a dominant band at 569 nm. The
spectrum of the &y heme from this alga clearly differs
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FIG. 3. Absorption spectra of the HPLC fractions. Dashed lines

show the absorption spectra obtained. Solid lines show amplifiea-
tions of the same spectra, showing the minor peak components. (A)
Absorption spectra of peak 1 from HPLC. identified as heme 6. (B)
Absorption spectrn of peak 2 from HPLC, identified as cytochrome ¢, .
(Ch Absorptiun spectra of heme a of bovine cytochrome ¢ oxidase.
obtained under the same HPLC running conditions.
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F1G. 4. Comparison of difference spectra obtinned with different

reductants for the &c, complexes from Polyromella spp. and from beef
heart. tA} Dithionite-ascorbate difference spectrum of the be, com-
plex from Polvtormnella spp. themes &, ¢+ b0, (B Dithionite—ascorbate
difference spoctrum of the beef heart be, complex  hemes by = by
(C» Dithionite minus DBH difference spectrum of the ée, complex
from Polytornella spp. imainly heme &0 (D) Dithionite munus DEBH
difference spectrum of the beef heart bc, complex 'mainly heme &)
(E) DBH minus ascarbate difference spectrum of the bc, complex
from Polvtomella spp. theme by, (Fr DBH minus ascorbate differ-
ence spectrum of the beef heart be, complex (heme by

from that of the beef heart bc, complex. which exhibits
an almost symetric band with a maximum at 564 nm
(Fig. 4F). This set of spectra clearly shows that the
b-type cytochrome from Polvtomella spp. differ from
those of the beef-heart &c, complex. namely for the 3- to
4-nm red-shift and for the split a-band of heme by;.
Midpoint potentials of the b-type hemes of the be,
complex from Polvtormnella spp. and spectra taken at
selected redox potentials. The electrochemical titra-
tion of the cytochrome & hemes in the be; complex from
Polytomella spp. is shown in Fig. 5. The data indicated
the presence of three species of H-type hemes. The two
major components, representing 39 and 34% of the
population, corresponded to the 6 and &,; hemes, re-
spectively. At pH 7.8 (final measurement after titra-
tion), the midpoint potentials of ; was — 143 mV and
of by; +25 mV. A third fraction, which represented 27%%
of the population. exhibited a very high mid-point po-

GUTIERREZ-CIRLOS ET AL.

tential of +146 mV. This component was identified as
the b,4, species observed by other investigators (5, 20,
21), and that probably comprises the fraction of by-
hemes with a quinone bound at the Q, center (21). An
electrochemical titration of the beef-heart ¢, complex
was carried out in a parallel experiment at pH 6.8
tfinal measurement after titration), yielding midpoint
potentials of -115 mV for &, and <75 mV for b&y.
Noteworthy, the 6,5, species was not detected in this
set of experiments.

The spectra of the &g and &;. hemes were then re-
corded at selected redox potentials, where the absorp-
tion contribution of other component was negligible.
The spectra of the individual hemes, optimized for
maximal resolution at appropiate redox potentials are
shown in Fig. 6. Since redox potentials were chosen to
avoid spectral overlap, the intensities of the illustrated
spectra do not represent the actual concentrations of
the individual components. Heme &, from Polytomella
spp. shows a split «-band with a maximum at 568.4 nm
and a shoulder at 558.7 nm, and heme &y also exhibits
a dual a-band with maxima at 568.9 and 557.2 nm.
However, the ratio 568/558 was found to significantly
differ betwceen these two hemes. Heme b4, also shows
dual a-bands with maxima at 558.8 and 568.8 nm.

The deconvoluted reduced minus oxidized spectra of
the two cytochrome & hemes are shown in Fig. 7. The
optical spectra were fitted with Lorentzian functions;
the reported values are the meuans of five different
measurements. For the a-peak of the &; heme two
Lorentzian components were obtained with maxima at
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F1G. 5. Electrochemical titration of the cytochrome & hemes of the

bec, complex of Polvtomella spp. Data points obtained during titration
in the reductive direction () data points obtained during titration in
the oxidative direction (O). The curve was fitted for cunsldenng

tron s. Three 8 with mid, pntials
of - 14'} - 25, nnd +146 mV were identified, comprising 39 34, and
27% of the total cytochrome b.
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FIG. 6. Difference spectra of the three species of & hemes identified
by electrochemical titration. The difference spectra were recorded at
pH 7.0 and at the following redox potential spans: —367/~75 mV for
heme b; (A). —38/+54 mV for heme &) {B), and +101/+ 157 mV for
b0 IO

558.7 and 568.4, with relative peak areas of 0.15 and
0.85. respectively. The full-width at half-height
(FWHH) of the peaks were 5.96 and 7.82 nm, respec-
tively. Thus, in the b, heme the lower energy transi-
tion is more intense than the higher ¢nergy transition.
Relative peak areas were about 1:5.5, which contrast
with the data obtained for the &4;, heme from mouse,

327

with relative peak arcas of 4:1 t5). Two Lorentzian
functions could also be fitted in the a-peak from the &y
heme, exhibiting maxima at 557.2 and 568.9 nm, with
relative peak areas of 0.33 and 0.67, respectively. The
FWHH of the peaks were 6.63 and 7.80 nm, respec-
tively. Thus, two spectral components of the 6;; heme
from Polytomella spp. were clearly defined, with rela-
tive peak areas of about 1:2, which strongly contrasts
with the single transition for the 6 heme in mamma-
lian preparations (5).

The spectral features described above conform to
those obtained in the presence of reductants (Fig. 4),
which indicates that the &, and by hemes from Poly-
tommella spp. exhibit different midpoint potentials, but
share similar spectroscopic properties, with two tran-
sitions in their a-bands.

FI1G. 7 Difference spectra of the Polytomella spp. b, (A) and by, (B)
hemes. The difference spectra were recorded at pH 7.0 and at the
following redox potential spans: ~367/—75 mV for heme &, and
—38/+54 mV for heme by. The solid lines represent the original
spectra. and the dotted lines the Lorentzian components obtained
after base line correction and deconvolution.
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F1G. 8. Comparison between the red-shift caused by antimycin A
in the spectra of the Polvtomelia spp. be, camplex tAy and the beef be,
complex (B Difference spectra were recorded for the two puntied e,
complexes cdithionite reduced in the presence of antimycmnm A minus
dithionite reduced). The principal peaks and valleys obtiuned in the-
difference spectrit for the two complexes are indicated

The red-shift induced by antimycin A, Antimyein A
is a potent inhibitor of the ubiquinocl—cytochrome ¢
oxidoreductase activity of the bc, complexes (22), in-
cluding the one from Polvtomella spp. (15). This inhib-
itor has been shown to affect the spectroscopic proper-
ties of heme &;; from different organisms (5, 23, 24).
The effect of this inhibitor on the spectroscopic features
of the b-type hemes from Polvtomella spp. was there-
fore investigated. Fig. 8 compares the red-shift induced
by antimycin A on Polvtomella spp. and beef heart b¢,
complexes. The Polvtomella spp. b, complex difference
spectrum (dithionite-reduced in the presence of anti-
mycin A minus dithionite-reduced! cxhibited a red-
shift, with a maximum at 565 nm and a smaller tran-
sition at 556 nm. In contrast, the difference spectrum
of the bovine b¢; complex exhibited a single transition
with a maximum at 566 nm. consistent with the pre-
viously described red-shifts 123, 24). It could thus bhe
concluded that while antimycin A induces o red-shift
on the single «-band transition of the &,; absorption
spectrum of the bovine enzyme. the effect of this inhib-
itor is evident on the two a-band transitions of the &,
heme from Polytomella spp.. in accordance with the
presence of well-defined split a-band of this heme

moiety.

DISCUSSION

The mitochondrial cytochrome b from Polyvtomella
spp. exhibits a red-shifted a-band. When the differ-
ence spectrum of the reduced minus oxidized mitochon-
drial fraction from Polvtomella spp. was recorded. two
clearly resolved a-band peaks, with maxima at 553 and
567 nm, corresponding to cytochromes ¢, and &, respec-
tively, were observed. These two absorption maxima
were also observed in the spectrum of the purified, fully
reduced b, complex from Polyviormella spp., with max-
ima at 553 and 567 nm ut room temperature (15). A
similar two-peak spectrum of the hcp complex was pre-
viously described in mitochondria of Polytomella cavea
(253, with maxima at 549 nm for cyvtochrome ¢, and at
562 nm for cytochrome & at ligquid nitrogen tempera-
ture. The corresponding spectra of other bc¢y complexes
show overlapping bands, in which the absorption band
of eytochrome ¢; appears as a shoulder 2t 553 nm of the
dominant band at 563 nm of the A c¢ytochrome (5, 26,
27). Cytochrome o, from Polvtomeila spp. shows a max-
imum in the e-band at 553 nm and contains the clas-
sical heme-binding consensus sequence CXXCH (15);
thercefore. eytochrome ¢, is simtlar to the corresponding
cytochromes in bacteria, unimals, higher plants. and
fungi. In contrast. the red-shifted o-band maximum of
cvtochrome & from Polviormella <pp. differs from the
one found in all other organisms.

The extochrome b of the be, complex of Polvtomella
spp. contains protohiemes as prosthetic groups.  Struce-
tural homologs of A-type oytochromes with classical
cvtochrome & functions that bind a-type hemes have
been identified in archaebacteria (28). The possibility
that the atypical absorption spectrum of Polytomella
spp. b-type cytochrome was due to differences in the
prosthetic group has been ruled out by HPLC analysis.
Therefore, the unique spectroscopic properties of the
cvtachrome & from Polveomella spp. must be due to the
amino acid environment that surrounds the heme moi-
cties.

The &, heme from Polvtomella spp. exhibits two spec-
troscopic transitions (n the «-band.  With specific re-
ductants the individual spectra of the é-type hemes of
the purified bc,; complex from Polviomella spp., showed
that the & heme is spectroscopically similar to those of
the corresponding eyvtochrome from animals, plants,
yveast, or bacteria, exhibiting two transitions in the
a-region. Nevertheless, the low-energy contribution is
much more important in Polvtornella spp. than in the
murine enzyvme (5. However, it is the & heme that
cxhibits the most striking spectral properties. The high
resolution spectral analyvsis of the &, and &;; hemes
from the éc,; complex from mouse (5} showed that heme
&y, exhibits a split «-band with maxima at 558.1 and
565.2 nm. while heme & has a single band with max-
imum at 561.6 nm. Similar results were obtained in the

ne) and the

spectroscopic characterization of the b, (b,

g
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1 (Bage) hemes from potato tuber mitochondrin (27 In
addition, the difference spectra reported for the b-type
hemes of the b¢; complex from bacteria, also shaw a &
heme with a split a-band, while the & heme moicty
exhibits a single transition (16, 26, 29). The opti
properties of the bc, complexes from diverse spe
have been reported, and generally they show cone
tent features for the split a-band of the & heme: the
limited variation of the o) spectra has been reluted to
the more conserved protein environment predicted to
surround this heme within the cytochrome & structure
(30). However, the spectral differences of Polyvtormella
spp. appear to be unique, particularly because i no
other species a split and red-shifted high potential by,
heme has ever been observed.

The redox titration of both H-type hemes from Pofly
tormella spp.. vielded values of 25 m\ for heme b and
of =143 mV for heme &, gwiving i redox span of 168
mV. This span is higher than 123 m\V obtained by
Howell and Robertson (5) for mousce bc; complex. ie.
£, of ~31 mV for the heme &) and £, of =92 mY\ for
heme by, and for the redox span of 128 mV in potato
be, complex. with £, of — 77 m\V for the heme b and &),
of +51 mV for heme 64 (27). These values indicate that
redox spans between 120 and 168 m\V are compatible
with the presence of fully active &¢, complexes with
turnover rates of 300 s ! or more. Further analvsis of
the residues that surround the hemes remains to be
done. to understand how the protein environment mod-
the midpoint potentials of these prosthetic

ulates
groups.

The electrochemical titration also revealed the pres-
ence of a third 6-type component, identified as é,,,,. a
fraction of Ay hemes with bound quinone at the (Q,
center (21). Surprisingly. the concentration of b, was
relatively high. considering that titrations were car-
ried out at pH 7.8, a condition that apparently does not
favor its formation (3. 21 In contrast, the &, species
was not observed in titrations carried out with the
beef-heart enzyme in the same conditions. In addition.
a relatively high concentration of lauryl maltoxide (2
mg/mg of protein! was required to solubilize the 6c,
complex from Polyvtornella spp. mitochondria (15, Thix
high number of detergent micelles should not favor the
binding of the quinone to the Q, center: an association
that appears to be particularly strong in the ey com-
plex from this alga.

The spectra obtained at different redox spans con-
firmed that the 6 and &) hemes from Polvtornella spp.
exhibit split a-bands with peaks close to 5538 and 568
nm. Smull differences were found when comparing the
a-peak maxima obtained at the midpoint potentials
with those obtained with single reductants. The most
striking result obtained in this study is that the &y
heme shows an «-band splitting at room temperature.
The deconvolution analysis demonstrated the presence
of an important component at 5537.2 nm, that contrib-
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utes with 337 of the total absorption band of the
a-peaks of this heme, and that indicates a strong de-
crease in the x-y degeneracy of the tetrapyrrole ring.

The effect of antimycin on the absorption spectra of
the b-type cyvtochromes from Polvtomella spp.  The spe-
cific by complex inhibitors, myxothiazol and antimy-
cin., are known to cause distartions in the absorbance
spectra of the b, complex. Myxothiazol binds in the
vicinity of the heme & center, while antimycin A binds
in the vicinity of the £ center (5, 31).

Antimyein A caused a red-shift on the bc, complex
spectrum trom Polyvtormella spp. Two transitions at 556
and 568 nm were ohserved. This inhibitor also caused
a red-shift on the gamma peak of the eytochrome (data
not shown). When compared with the beef be, complex,
the =hift in Polyvtaomella spp. was 2 nm more toward the
red. and it exhibited the two transitions not seen in the
beef be; complex. Although long-range effects on the &,
heme huve been deseribed 5, 210, antimycin A exerts
its main effect on the heme &,y moicty of eytochrome 6.
We conclude that the red-shift induced by antimycin A
on the &,;; heme is consistent with the presence of two
spectroscopic transitions in this prosthetic group.
From the data discussed above, we conclude
heme by from Polveomella spp. is different from the
corresponding one from mammals. plants, and bacteria
and that this difference makes an important contribu-
tion. along with heme o, to the observed red-shift of
cvtochrome A Link ¢ al. (325 have modeled a three-
dimensional structure of cyvtoachrome b, Differences
were obtained in the distribution of aromatic residues
in the vicinity of the hemes: two phenylalanines and
one tyrosine were found to be perpendicular to the &y,
porphyrin ring. which allows attractive electrostatic
interactions. In contrast, the &,y heme is surrounded by
three tryptophan residues that form a densely packed
hydrophobic environment. The data obtained from the
crystal structure of cytochrome b from beef heart mi-
tochondria (147 allows us to pinpoint specific residues
that surround the tetrapyrrole rings and that may
contribute to the spectroscopice properties of the hemes.
The &y site is relatively loosely surrounded by a scction
of random coil betfore the beginning of helix A, helix A,
hetix B, the BC luop, helix €, helix D, and a portion of
the DE loop. When comparing differences in the pri-
mary structures of these regions of the bovine enzyme
(33), with the one of Chilam~ydomonas reinfiardeir (3-4) a
close relative of Polvtornella spp. +35), the following
differences were found tnumbered is in accordance
with the bovine sequence. followed by the substitution
in C. retntheardeii in parenthe. W, Srand Fu, (Glin
the random coil betore helix A; L, (A) in helix A C,,,
iViin helix B: Y,z (G)and Fu, (R)Y In the BC loop, T,
(V) in helix C: Ay (S)and Fi,, (A) in helix D; and E,,
(€, Touys (Y, and Ty, (1o in the DE loop. In contrast,
the H; heme pocket is tightly surrounded by helix A,

1<
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the AB loop, helix B, helix C, two portions of the CD
loop, and helix P (14). When the same analvsis was
performed. minor but significant differences between
the beef-heart and C. reinhardtii strucrtures were
found: W (M) in the AB loop: K ;. (N)in the CI2 loop:
and Fig, 1Y) in helix D. Based on these structural
feature we propose that in the case of the &y heme
from Polvitomella spp., a set of residues surrvunding
this prosthetic group alters the x-v degeneracy of the
porphyrin ring and that these changes in protein con-
formation atffect the structural anizotropy of the elec-
tronic environment around this heme. giving rise to a
split ‘'and red-shifted a-band. Differences in residues
that surround heme &, may also contribute to the
presence of a red-shifted o-maximum in its absorption

spectrum.
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1. Crecimiento de Polytomella spp. y C. reinhardtii.

Se empled una cepa de Polytomella spp. (198 80, E. G. Pringsheim) obtenida de la
coleccidn de algas de la Universidad de Gottingen, Alemania (Sammlung von
Algenkulturen, Pflanzenphysiologisches Institut der Universitat Gottingen). Actualmente es
mantenida en la coleccion microbioiogica del Departamento de Biotecnologia del
CINVESTAV, I.LP.N. con el numero de registro CDBB-851. Polytomella spp. se crecio a
temperatura ambiente y sin agitacion en matraces de fondo ancho en un medio con 0.4 %
de acetato de sodio. 0.2 % de extracto de levadura y O 2 % de bactotriptona (Wise, 1959).
Después de esterilizar el medio. se adiciond vitamina B1, 0.057 ng/ml y vitamina 812,
0.025 pg/ml  esterilizadas por filtracion El cultivo se cosechd después de
aproximadamente 48 horas de crecimiento mediante centrifugacion a 5000 rpm en un
rotor GS-3 por 7 minutos. Estas células pueden emplearse inmediatamente o guardarse a

-70°C si se resuspenden en un medio con sacarosa 0.32 M, EDTA-K 4 mMy Tris (pH 7.4)
20 mM.

La cepa de C. reinhardtii empleada fue obtenida en el Chlamydomonas Genetics
Center en la Universidad de Duke. Se crecido en medio TAP que se prepara de acuerdo a
Rochaix y col (1988):

Solucion de Beijerinck 20 X 50 ml
Acido aceético glacial 1 ml
Tris 242 g
Solucion de fosfatos (K)PO., 1M pH 7.0 1T mi
Elementos traza 1T mi

Agua hasta 1 litro.

Soluciéon de Beijerinck 20 X Solucién de fosfatos 1M pH 7.0
NH.CI 8g KHPO, 1M 250 mi
CaCl,.2H.0O 19 KHPO, 1M ~170 mit
MgSO,-7H-0 2g (Agregar hasta tener pH 7.0)

Agua hasta 1 litro.

Elementos traza

EDTA-Na: 50.0g
ZnS O, 7H;O 220g
HaBO, 11449
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FeS0.4-7H.0 499 g

MnCl;-4H-O 5.06 g
CoCl-6H.O 1.61 g
CuS0O.4-5H.O 1.57 g

(NH4)eMo0:O:-4H. O 1.10g

Se disuelven los siguientes compuestos por separado:

H3BO; en 200 m!

ZnSO,s en 100 mi

EDTA en 250 mi

Todos los demas compuestos se disolvieron en 50 ml cada uno.

Se mezclaron todas las soluciones excepto la de EDTA. Aparecié un color violeta.
Se hirvio varios minutos hasta que la solucion se observé verde translicido y
entonces se adiciono la solucidn de EDTA

Se enfrid ligeramente pero sin bajar de 70 C y se ajusto el pH de la solucion a 6.5-
6.8 con KOH at 20% (requiere menos de 100 mi)

La solucidon se diluydo a 1 hitro y se incubd a temperatura ambiente con un tapén de
algodon por aproximadamente 2 semanas hasta que se tornd violeta. Se filtro el
precipitado rojo que se formo y se conservo a temperatura ambiente

Las células se crecieron por 3 o 4 dias con agitacion constante y en presencia de
luz. Posteriormente se cosecharon mediante centrifugacién a 100xg por 10 muinutos.
La cepa se puede crecer en medio sohdo sI se agrega 1 5% de agar al medio TAP.

2. Obtencion y solubilizacion de mitocondrias de Polytomella spp.

Las mitocondrias se obuvieron de acuerdo a Gutierrez-Cirlos y col. (1994). Las
células resuspendidas con 4 volumenes de medio con sacarosa 0 32 M, EDTA-K4 mM y
Tris (pH 7.4) 20 mM. Se rompieron en un homogenizador de vidrno con vastago de teflon
haciéndolas pasar por éste 5 veces ( Lloyd y Chance. 1968). El homogenizado se
centrifugd a 1 000xg 8 m:nutos y el sobrenadante se centnfugo de igual manera. Para
obtener las mitocondrias. este sobrenadante se centrifugd a 10 000-g 15 minutos (12 000
rp.m. en rotor SS34) y el botén de mitocondrias obtenido se lavdo con sacarosa0.32 M,
EDTA-K 4 mM y Tris (pH 7.4) 20 mM. Las mitocondrias se resuspendieron en el mismo
amortiguador.

Las mitocondrias se diuyeron con aproximadamente 80% del volumen necesario

de amortiguador TM (Tns-HC! 50 mM pH 8.0, MgSO. 1 mM, PMSF 1 mM, TLCK 50 pug/m!
en presencia de NaClt 100 mM para tener una concentracion de 10 mg de proteina por mi.
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Por otro lade se adiciond gota a gota a las mitocondrias en hielo y con agitaciéon
suave el resto de amorniguador TM-NaCi 100 mM con lauril maltosido disuelto en una
proporcion de 2g de detergente por 1 g de proteina mitocondrial. Las mitocondrias
solubilizadas se incubaron media hora en hielo con agitacidon suave y posteriormente se
centrifugaron a 80 000-g por 15 minutos (30 000 r.p.m. en un rotor 50 Ti) para separar el
material no solubilizado El sobrenadante se dializd contra 10 volumenes de amortiguador
TM sin NaCl y sin detergente durante 2 horas a4 C

3. Purificacion de la citocromo c oxidasa de Polytomella spp.

Las mitocondrias solubilizadas y dializadas se incubaron 10 nmunutos a 4°C y con
agitacion constante en presencia de colato de sodio al 1 6% vy sulfato de amonio a una
saturacion del 40%. Se centrifugd a 10 000xg 15 minutos y el boton verde, rico en
citocromo ¢ oxidasa se resuspendid en amortiguador TM con NaC! 100 mM y lauril
maitésido al 1.2%. La muestra se centrifugo a 80 000xg 15 minutos y el sobrenadante se
dializé contra 10 volumenes de amortiguador TM. Esta preparacion se cargd en una
columna de intercambio 16nico de DEAE-Biogel A de BioRad previamente equilibrada con
amortiguador TM en presencia de 0.1 mg/ml de lauril maltésido. La columna se lavo con 3
volumenes de este amortiguador Posteriormente se lavo con 2 volumenes del mismo
amortiguador pero con un gradiente de 0 a 100 mM de NaCl

La fraccion rica en citocromo ¢ oxidasa se obtuvo al lavar la columna con el
amortiguador de equilibrio en presencia de 200 mM de NaCl Se colectaron fracciones de
100 gotas por tubo con un colector marca Gilson y se leyo su absorbancra a 280 nm para
detectar proteina y a 415 nm para detectar citocromos en un espectrofotometro
Shimadzu. Las fracciones verdes ricas en citocromo ¢ oxidasa se concentraron en un
ultrafiltro de Amicon de 50 mil con una membrana YM100 de 43 mm. Se determing la
cantidad de proteina en esta preparacion. y se guardo en alicuotas a -70°C hasta su uso.

4. Purificacion de la citocromo ¢ oxidasa de corazén de bovino.

Esta enzima se purificd de acuerdo al metodo de Capaldi y Hayashi (1972) y se
guardd en alicuotas a -70°C.

5. Cuantificacion de proteina.

La concentracion de proteina se determind mediante el método de Lowry y col.
(1951) con la modificacion de Markwell y col. (1878).
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6. Actividad de la citocromo c oxidasa.

La actividad de la citocromo ¢ oxidasa se midid espectroscopicamente de acuerdo
al método de Errede y col. (1978) Se midid la actividad en un volumen final de 3mi de
amortiguador TM con agitacion constante en presencia de lauril maltésido 0.1 mg/mi .
antimicina 20uM y citocromo ¢ de caballo reducido (marca Sigma) 30 M. Para reducir al
citocromo ¢, se prepard una solucion concentrada de éste en un amortiguador de fosfato
de potasio 10 mM pH 7 0 y se redujo con unos granitos de ascorbato hasta que la
solucién adquirid una coloracion rosa Posteriormente se pasd por una columna de 10 mm
x 70 mm de Sefadex G25 equiibrada con el nusmo amortiguador, con la finalidad de

separar al citocromo c reducido del exceso de ascorbato [La concentracion de citocromo ¢
¢1991). tomando como coeficiente de

a 550 nm. La reaccion
la velocidad de

se determino de acuerdo a Gonzalex- Halphen y col
extincién molar para el citocromo ¢ el valor de 18 5 mM ‘cm
comienza al adicionar al medio 20-50 ng de oxidasa y se registra
disminucion de citocromo ¢ reducido al medtir el cambio de absorbancia a 550 nm con el
tiempo. Si se desea observar sensibilidad de la citocromo ¢ oxidasa a cianuro, se adiciona
con microjeringa KCN preparado el nusmo dia a una concentracion finalde 05 a 1 mM.

Tanto las mediciones de actividad de la oxidasa como [a determimnacion de su espectro se
Htevaron a cabo en un espectrofctometro de longitud de onda dual DW-2a Aminco
modificado por ON-Line Instrument System Co Este equipo emplea una paqueteria de

Qutstanding Laboratory Instrument and Software-Rapid Scanning System (OLIS-RSM).

7. Espectro UV-visible de la citocromo c oxidasa.

El espectro UV-visibie se obtuvo a temperatura ambiente a partir de ia citocromo ¢
oxidasa como se obtiene en la preparacién y de la citocromo ¢ oxidasa reducida con unos
granitos de ditionita (Na,S:0,) E! amortiguador empleado fue TM con 0.1 mg/ml de lauril
maltdsido y la concentracién de oxidasa fue de aproximadamente 1.5 mg/ml. La
concentracion de hemos tipo a se determinc mediante el coeficiente de extincién molar
Aggaocosrm) = 16.5 mM cm ' (Griffiths and Wharton, 1961. Ozawa, T .y col., 1975).

8. Gel desnaturalizante de poliacrilamida

Se hicieron geles de placa de 1.2 mm de espesor al 16% de acrilamida en una
camara BRL (Verticai Gel Electrophoresis System) de acuerdo a la técnica de Schagger y

col. (1986)

122



9. Estimacion de masas moleculares de proteinas.

En dos carriles contiguos de un gel de poliacnlamida se cargaron 30 pg de
citocromo ¢ oxidasa de Folytomella spp. y de bovino. Posteriormente el gel se tind con
azul de Coomassie. Se empled el equipo UltroScan XL de LLKB que realizo barridos
densitométricos del gel de poliacrilamida con un haz de laser de helio-nedn. A través del
barrido densitométrico se determind ta distancta de migracion de cada subunidad en el gel
denaturalizante. Como marcador de pesos moleculares se empled a la citocromo ¢
oxidasa de bovino. ya que las masas moleculares de todas sus subunidades se conocen
(Capaldi y col. 1988). Las masas moleculares aparentes de ias subunidades de la
citocromo ¢ oxidasa de Polytornella spp se calcularon a partir la masa molecular de las
subunidades de la citocromo ¢ oxidasa de bovino

10. Inmunorréplicas tipo Western.

Se empled la técnica descrita por Gonzalez-Halphen y col. (1988). Los anticuerpos
contra COXI, COXIl y COXIlil de levadura que se usaron se obtuvieron de Molecular

Probes (Eugene. Oregon)
1. Secuenciacion de proteinas.

11.1. Secuencia del extremo amino terminal por degradacion de Edman.

Se prepararon las proteinas de interés de acuerdo al metodo reportado por
Gutiérrez-Cirlos y col.. 1994 y ia secuenciacion del extremo amino terminal de estas se
llevd a cabo en un secuenciador Applied Biosystems en el Laboratoire de
Microséquencgage des Protéines del Instituto Pasteur en Paris. Francia

11.2. Secuencia interna de proteinas mediante digestiones proteoliticas.

Se corrio un gel de acrilamida desnaturaiizante que contenia aproximadamente
100 ug de oxidasa por carril. Se recomienda que las soluciones para preparar y correr el
gel sean frescas. El gel se fijo 2 veces durante 30 minutos con metanol al 50% y acido
acético al 10%. Postenormente se tifid por vanas horas con amido negro 0.003% en
metanol 45% y acido acético al 10%. Cuando la banda de interes fue visible, ésta se corto
y se lavd con agua desionizada para elimmnar el exceso de metanol. acido acético y
colorante. Finalmente se seco ligeramente por centrifugacion al vacio sin que la banda se

deshidratara por compieto
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Las digestiones de la proteina y la secuenciacién de cada fragmento se llevaron a
cabo por J. D'Alayer en el Laboratoire de Microséquengage des Protéines de! Instituto
Pasteur en Paris, Francia. Se llevaron a cabo incubaciones de la muestra con tripsina y
endolisina. Posteriormente se separaron los productos mediante columnas de HPLC o

mediante geles desnaturalizantes y se analizo la secuencia de sus extremos amino
terminales mediante degradacion de Edman

12. Purificacion de DNA total de Polytomella spp. y C. reinhardtii.

El DNA de Polytomella spp. y C. reinhardlii se obtuvo de igual manera, pero las
células se rompieron por métodos diferentes £n el caso de Polytomella spp.. se empled

un cultivo de 48 horas de 2 ltros de medio Las células se colectarcn mediante
centrifugacion a 5000 rpm en un rotor GS-3 por 7 minutos. Las células se rompieron atl

resuspender en 25 mi de amortiguador QTP (Trns-HCI 10 mM pH 8 0. NaCl 100 mM,
EDTA-Na 10 mM, y SDS 1%.)a4 C

En el caso de C. reinhardtin. se cosecharon 500 m! o 1 litro de cultivo crectdo por 3
o 4 dias en agitacidon constante y con luz Las células se lavaron con 100 mi de Tris 10
mM pH 8.0, EDTA-Na 1mM. Posteriormente, las ceélulas se resuspendieron en 5 mt de
citrato de sodioc 100 mM y se congelaron en nitrogeno liquido. Se adiciond un volumen de
SDS 2% y se incubaron a 60 C 15 minutos

Las células rotas se extrajeron 2 veces con un volumen de fenol-cloroformo (1-1) y
una vez con un volumen de cloroformo. La fase acuosa se precipitd con O 1 volumenes de
acetato de sodio 3M pH 50 y 3 volumenes de etanol y se incubo 15 minutos a -70 C
Posteriormente se centrifugd a 10000-g 10 minutos y el DNA precipitado se !avd con
etanol al 70% Se resuspendio en 4 o 5 mi de agua y el DNA se incubo con 2.5 ug de
RNasa de Boehringuer por 3 horas a 37°C Posteriormente se llevaron a cabo dos

extracciones con un volumen de fenoi-cloroformo (1°1) y finalmente con un volumen de

cloroformo. ElI DNA se precipito y lavo de i1gual manera qQue anteriormente Se

resuspendid en 1 0 2 ml de agua y se guardd a 4°C toda ia noche para completar su
disolucion. Posteriormente se guardo a -207C.

13. Purificacion de RNA total de Polytomella spp. y C. reinhardtii.

El RNA total de estas algas se obtuvo de 80 ml de cultive de Polytomella spp. o 50

m! de cultivo de C. reinhardtii y se empled el sistema de RNeasy de QIAGEN de acuerdo
a las instrucciones del distribuidor.
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La concentracion de RNA se determind midiendo la absorbancia a 280 nm en un
espectrofotdmetro. La pureza y calidad del RNA se determind mediante la relacién
Azeconm/Azsonm @si como con la forma del espectro obtenido en esta region. El RNA obtenido
puede emplearse para correr geles de agaresa o para preparar primera hebra de cDNA.

Cuando se prepara RNA para obtener primera hebra de cDNA a veces es
conveniente hacerle un tratamiento con la DNasa libre de RNasas de QIAGEN durante la
purificacion del RNA, de acuerdo a las instrucciones del proveedor.

14. Geles de formamida-formaldehido para RNA.

El RNA se analizé en geles de agarosa 1 0 1.2% con formamida-formaldehido
0.66 M. Se cargaron entre 15 y 20 ng de RNA por carril. El tratamiento del material de
vidrio y plastico, la preparacion de scluciones. asi como la preparacion de la muestra se
hicieron de acuerdo al método de Sambrook y col. (1989)

1S5, Purificacion de DNA de geles de agarosa.

La banda de DNA que se deseaba purificar de un gel se cornd lo suficiente para
separarla de otras bandas no deseadas. Esta se cortd del gei, se coloco en un tubo de 1.5
ml y se pesd. Para purificar la banda del gel se emplearon dos sistemas diferentes, uno
de Boehringer Mannheim y el otro conocido como QIAEX |l Agarose Gel Extraction
Protocol, de QIAGEN. Las instrucciones de uso de cada sistema se proporcionan por el
proveedor.

16. Marcaje radioactivo de DNA para sondas.

Se empled el sistema de cebadores al azar de Gibco BRL para marcar
aproximadamente 30 ng de DNA usado como sonda con *P-dCTP 10 mCi/m!

17. Analisis tipo Southern.

Se cargaron 30 ng de DNA por carnt de un gel de agarosa al 0.8% o 1%. La
transferencia de DNA de geles de agarosa a membranas de nylon (Hybond de
Amersham) por capilaridad se llevé a cabo de acuerdo a Sambrook y co!l. (1989). Esta se
lleva a cabo toda !a noche, y al dia siguiente la membrana se entrecruzd con luz UV en un
entrecruzador de Stratagene
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18. Analisis tipo Northern.

La transferencia de RNA de geles de formamida-formaldehide a membranas de
nylon por capilaridad se llevo a cabo de acuerdo a Sambrook y col. (1989). Antes de la
transferencia, el ge! se incubd por dos horas en agua tratada con DEPC (dietit
pirocarbonato) con un cambic de agua después de la primera hora. El dispositivo de
transferencia fue igual al de las transferencias tipo Southern, pero se empled como
amortiguador de transferencia SSC 10X tratado con DEPC. La membrana se sometic a
luz UV como en el caso anterior para que el RNA quede protegido de degradacion y fijo a
la membrana

19. Prehibridacion e hibridacion de membranas de Nylon.

Las membranas se prehibridan durante 2 o 3 horas a la temperatura deseada con
el siguiente amortiguador:

SSC 6~

Reactivo de Denhardts 5~

Tris-HCI 20 mM pH 8.0

EDTA-Na2mM pH B8.O

SDS 0.2%

DNA de esperma de arenque 0.1 mg/ml

El DNA de esperma de arenque se incubo en agua en ebullicion 10 minutos e
inmediatamente después se incubd en hieto 10 minutos antes de agregarse al medio de
prehibridacion. Para hibridar la membrana se empledé el mismo amortiguador pero
solamente se adiciond la sonda marcada radioactivamente y se dejé incubar en esta
solucion toda la noche a la temperatura deseada

20. Reaccién en cadena de la polimerasa (PCR)

En general, se prepard la siguiente mezcla de reactivos para un volumen final de
50 pl y por cada tubo de reaccién

- 1 ul de oligodesoxinucledtidos (dATP, dCTP, dGTP, dTTP) 10 mM cada uno.
- 5 ut de amortiguador de polimerasa Taq 10~ marca Gibco BRL.

- 2 1l de MgClt: 50 mM para una concentracion final de Mg”™” de 2 mM.

- 0.5 1l de polimerasa Taq recombinante (5 unidades/ul) de Gibco BRL.
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- (opcional) Cuando se emplea DNA de C. reinhardti, con un alto contenidode G y
C, se recomienda agregar 10 ul de amortiguador Q (QIAGEN).

- Agua para 39 ul

En cada tubo se adicionaron 200 ng o 20 pmoles de cada oligodesoxinucledtido en
5 ul y entre 200 ng a 1 ng de DNA, normalmente conternido en 111, Si el templado es DNA
total, es necesario romperio un poco pipeteando varias veces. Los ciclos empleados en

general fueron:

5 94°C
45" 94°C
1’ 45°C 35 ciclos
2 72°C,
7 72°C

Para analizar los productos de PCR, se corrieron entre 10 y 15 ul de cada uno en
un gel de agarosa al 1% o 1.2%. Las secuencias de todos los desoxioligonucledtidos

empleados en este trabajo se encuentran en el apéndice (|
21. Preparacion de la primera hebra de cDNA.

Las reacciones se llevaron a cabo en un termociclador que usa tubos de paredes
delgadas de 200 ul. Ef@ cDNA obtenido puede ser guardado a -20°C. Se emplearon 4
diferentes sistemas de transcriptasa reversa: Thermo RT'" (Display Systems Biotech), M-
MuLV RT (Promega). Superscript™ll (Gibco BRL) y Omniscript (QIAGEN). En todos los
casos se emplearon 1 © 2 ng de RNA total y 25 umdades de mhibidor de Rnasas
(Boehringer). Para preparar primera hebra de cONA de C. remhardtn, es recomendable
incubar at RNA en agua a 65'C 5 minutos y postenormente en htielo Adicionalmente, se
recomienda agregar amortiguador Q 1. de QIAGEN

Como cebadores de la transcriptasa reversa pueden emplearse

oligodesoxinucledtidos especificos, oligo d(T)/adaptador u ollgo Q: (para consultar las
secuencias de estos oligodesoxinucledtidos. dirigirse al apéndice i)

22. Adicion de colas poli A al extremo 5" de! cDNA.

t.a finalidad de esta reaccion es adicionar al extremo 5 del cDNA una cola de poli
(A) que nos permita amplificar completa esta region del gen de interés. Se empled el
sistema de transferasa terminal de Boehringer Mannheim. La mezcla de reaccion fue la

siguiente:
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2 0 4nl de primera hebra de cDNA.

4 ul de amortiguador para transferasa terminal 5x.
1 W dATP 4 mM

6 ulde CoCl; 2.5 mM.

1 ul transferasa terminal (25 U).

Agua hasta 20 ut.

Se Incubo 8 minutos a 37°C.

Posteriormente se incubd 5 minutos a 65°*C para desactivar a la transferasa
terminal.

El cDNA se guardé a -20°C.

23. Amplificacion rapida del extremo 5’ de cDNA.

Como templado para esta reaccion de PCR se us6 1ul de cDNA con una cola de
poli (A) en el extremo 5 Cuando se emplea esta técnica con cDNA de C. reinhardtii se
recomienda agregar amortiguador Q (QIAGEN). Este PCR se llevd a cabo en dos etapas:

Primer PCR.

Sin Taq, con sodlo 2 pmol de 1) oligo d(T)/adaptador ¢ 2) QT.

5 95°C

6’ 75°C +-4— Se adicionaron 2.5 unidades de polimerasa Taq por tubo.

5 48°C

15’ '|72°C «— Se adicionaron 20 pmol de adaptador + 20 pmol de
R 4 oligodesoxinucledtido especifico.

1 95°C

1 55°C } 40 ciclos

2' 72°C
+

7' 72°C
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Segundo PCR.

Es un PCR anidado en el que se emplea 1 ul del primer PCR diluido 1:20. Las
condiciones de reaccién fueron las siguientes:

Sin Taq. con 20 pmol de adaptador y 20 pmol de cebador especifico anidado.

5' 95°C
6' 75°C -w— Se adicionaron 2.5 unidades de polimerasa Tagq por tubo.

1 95°C
1" §5°C 30 ciclos
2' 72°C
i
7' 72°C

24. Clonacion de productos de PCR.
24.1. Ligacion y transformacion.

Los productos de PCR purificados del ge! de agarosa se ligaron con el sistema de
pMos-blunt Ended Cloning de Amersham'™ ¢ con el sistema de pGem?—T Easy Vector
System de Promega. Las instrucciones para preparar la mezcla de ligacién asi como las
condiciones de transformacion de células competentes de £ co/i se proporcionan por el
proveedor. Las células transformadas se sembraron en cajas de LB con ampicilina 100
1ng/ml agregando directamente a las bactenas transformadas 10 ul de IPTG 800 mM y 40
ul de x-Gal 2%. Se seleccionaron las colonias con inserto por su resistencia a ampicilina y
por la faita de actividad de la {} galactosidasa {colonias blancas).

24.2. Minipreparacion de plasmidos.
Se empled la técnica propuesta por Zhou y col. (1990) para minipreparaciones
rapidas. Aquellas colonias que presentaron el inserto esperado se crecieron en LB liquido
con ampicilina 100 ng/mi para llevar a cabo una preparacidn del plasmido mas limpia y

apropiada para secuenciar.

25. Preparacion de plasmido. Esta se llevo a cabo mediante mids columnas
marca QIAGEN 6 con el sistema Wizard” Plus SV para minipreparaciones de Promega.
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26, Tamizaje de la biblioteca de cDNA en Agt10 de C. reinhardtii.

Para conocer la secuencia de los genes cox2a., cox2b y cox3 de C.reinhardltii se
empled una biblioteca de cDNA preparada en ~gt10 proporcionada por Franzén y Falk
{1992). La busqueda de los genes en esta biblioteca, asi como las soluciones empleadas

se hicieron de acuerdo a Sambrook y col. (1989). La cepa de E. col/i empleada como
receptora del fago fue la C600hfz

26.1. Titulacion de la biblioteca. La finalidad es conocer el numero de
placas liticas por m! de solucion de fagos (pfu/ml). El procedimiento fue et siguiente:

- Se sembrd la cepa bacteriana C600 hff en una caja de LB toda la noche a 37°C
(esta caja se llamo “caja primana’” y se guardo a 4-C). A la manana siguiente se tomo una
colonia y se sembro nuevamente en una caja de LB toda la noche a 37-C. Esta caja fue
empleada para tomar de ahi las bacternas para ser infectadas a lo largo del tamizaje
siempre y cuando no tuvieran mas de 3 semanas a 4 C Si este era el caso se resembro

una colonia de ia caja pnmaria para obtener colonias frescas cuyo crecimiento fuera el
optimo.

- Se tomo una colonia de bacterias de la caja de LB y se crecid en 50 mide LB con
maltosa 0.2% y MgSO. 01 miM toda la noche a 37 C y con buena aereacion. Se
recomienda emplear un matraz de 250 o 500 ml con agitacidon de 250 rp m

- Al dia siguiente se cosecharon las células y se resuspendieron en 1/5 o 1/10 de
su volumen original con amortiguador SM. Las bacterias deben ser guardadas a 4°C, y
pueden permanecer en condiciones optimas hasta tres dias

- Se prepardo una serte de diluciones de la biblioteca original de la siguiente
manera: se tomaron 5 1l de 1a biblioteca orniginal y se diluyeron en 500 nl de amortiguador
SM ( esta dilucion fue de 107) De esta diluciéon se tomaron 100 ul y se llevaron a 1mi con

SM (dilucion 107) . Se prepard 1 mil de una serie de diluciones hasta 107, todas en 1 ml
de SM.

- En un tubo de ensayo o tubo Falcon tapado y estéril se agregaron 100 ul de
bacteria concentrada. 100 ul de SM y 100 1l de una de las diluciones entre 10° y 107, Se
mezcld suavemente. Se recomienda preparar un par de controles para verificar que las

condiciones son ias adecuadas. uno que no contenga fagos, solo et SM y las bacterias, y
otro control con fagos y SM pero sin bacterias.

- Se incubd 30 minutos a 37°C para que el fago infectara a las bacterias.
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- Se agregaron al tubo 7 mi de agar superior completamente fundido y
equilibrado a 45°C en un bafo de temperatura y se mezclaron por inversion.

- Inmediatamente se vacio la mezcla sobre un plato grande (150 mm) de LB con
agar 1.4% y se distrnbuydé completamente en toda la superficie del plato evitando que el
agar superior se fundiera antes de concluir. Se repitio este paso para cada una de las
diluciones y los dos controles. Se permitid que el agar supenor se endureciera a
temperatura ambiente durante aproximadamente 10 minutos y posteriormente se incubd
entre 8 y 12 horas a 37 C Es importante que las cajas de LB estén previamente secas y
equilibradas a 37'C Después de varias horas de incubaciédn comienzaron a aparecer
plaquitas translucidas sobre la cama opaca de bacterias que indicaron las posiciones
donde se estaba efectuando ia lisi1s bacteriana por pane de los fagos

- Cuando las placas liticas alcanzaron un tamano de aproximadamente 1.5 mm de
diametro. se contaron en aquellas cajas en que fueron perfectamente distinguibles unas
de otras y se calcularon los pfu que hay en 1 ml de biblioteca ocnginal

26.2. Plagqueo y biisqueda de clonas positivas.

- Se plaquearon 5 cajas de LB agar 149% con la dilucion que contenia
aproximadamente 10" pfu Para ello se siguieron los mismos pasos que para llevar a cabo
la titulacion. pero soto se empled aquella dilucion que fue la adecuada. Las cajas
sembradas se incubaron a 37 C entre 8 y 12 horas

- Una vez gque las placas lincas crecieron hasta 1.5 mm aproximadamente, éstas
se transfineron a una membrana de nylon del mismo tamano que las cajas. Para una
orientacion posterior de aquellas placas liticas positivas. fue necesaric hacer 3 recortes
triangulares en posiciones asmeétricas en el borde de las membranas y numerarias.
Cuando la membrana se colocd sobre una de las cajas numeradas, fue necesario marcar

con un plumon de color {a forma de los cortes de ia membrana en el reverso de la caja de
LB.
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Membrana

Parte trasera de
< la caja

- Se emplearon membranas de nylon Hybond-N de Amersham. Se coloco
cuidadosamente la membrana sobre el LB agar de una de las cajas. Es importante
comenzar a colocar desde el centro la membrana y permitir gue ésta se vaya adhiriendo a
ta superficie de agar sin que queden burbujas atrapadas Para la primera réplca se incubo
de esta manera 5 minutos y para la segunda 7. Si se desean hacer mas réplicas es
necesario incubar 2 minutos mas cada vez, es decir. 9. 11 minutos. etc.

- La membrana se separd de la caja con pinzas. cuidando de no romper el agar
superior. La membrana se colocd con las placas liticas hacia arriba, sobre un papel
Whatman saturado con una solucion desnaturalizante de NaOH 0 5N y NaCl 1 5M. Se
incubd por 5 minutos

- Después se coloco la membrana sobre un papel absorbente para eliminar el
exceso de solucidon y con pinzas se coloco con las placas liticas hacia arriba sobre un
papel Whatman saturado con solucion neutralizadora de Tris O 1M pH 7.5 y SSC 2«

durante 5 minutos.

- Finalmente. la membrana se transfiric por 5 minutos a un pape! Whatmann

saturado con SSC 2+ para lavar los restos celulares

- Este proceso se repitio para todas las membranas. Si las soluciones de los
papeles Whatman se l[lenan de restos celulares, es necesario cambiar estos papeles y

saturarlos con soluciones frescas
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- El DNA del fago se fijé a la membrana mediante incubacién a 80°C por 2 horas
en un horno de vacio.

- La solucion para prehibridar e hibridar las membranas fue la siguiente:

5x SSC
5x Denhardts
0.5% SDS

- Las membranas se mojaron con un poco de solucion para hibridar y se colocaron
en una bolsa de plastico perfectamente sellada Se agregaron 10 ml de solucion para la
primera membrana y 2 mi{ mas por cada membrana adicionada a la bolsa. Se eliminaron
las burbujas de aire y la bolsa se selld por completo Se prehibridé a 65°C 1 hora en un

hibridizador rotatorio.

- Para colocar la sonda marcada radioactivamente se cortd una de las esquinas de
Al mismo ttempo se agrego DNA de esperma de salmon

la bolsa y se agrego la sonda
Posteriormente |a boisa se sello

desnaturalizado, a una concentracion final de 0.1 mg/mi
completamente. Por seguridad es necesario envolverla en una segunda bolsa de plastico

perfectamente sellada Las membranas se hibridaron a 65 C toda la noche

- Al dia siguiente las membranas se extrajeron de la bolsa de plastico y se
colocaron en un recipiente con 200 mi (para 10 membranas) de una solucidn que contenia
2xSSC y 0.2% de SDS a3 temperatura ambiente En una nueva bolsa de plastico se
hicieron los siguientes lavados
dos lavados

2x SSC + 0.2% SDS 15 minutos a 65 C
un lavado

0.2x SSC + 0.2% SDS 30 minutos a 65-C

Finalmente las membranas se incubaron en una sojucidn 0.1x SSC + 0.1% SDS a
temperatura ambiente para evitar que se secaran mientras estas se colocaban en bolsas
de plastico perfectamente selladas para impedir que se secaran durante su exposicion en

placa fotografica.

26.3. Tamizaje secundario.
De acuerdo a las placas reveladas, a los cortes hechos en el borde de las
membranas y al dibujo de estos trazado en la parte posterior de cada caja, se localizd la

posicion de aquellas placas positivas.
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Es importante verificar que las placas seleccionadas sean positivas en ambas
réplicas, es decir, que su posicion en ambas réplicas sea exactamente la misma.

Debido a que la poblacidén de placas liticas en estas cajas es muy aita, hay una
gran cantidad de placas no positivas que estan estrechamente cercanas a la placa litica
de interés. Por ello es necesario hacer un segundo tamizaje con menos placas liticas por
caja para poder aislar colonias unicas en este paso

- Se cortd con navaja la punta de una micropipeta de 1000 d y se colocd justo
donde se localiza la placa litica posittiva La punta se introdujo en el LB-agar y se atravezo
hasta el fondo de la caja Después se succiod el LB y se incubd en 1 mi de SM a 4°C toda
1a noche para permitir que el fago difundiera hacia fuera de! LB-agar

- Al dia siguiente se tituld la preparacion de fago, para ello se hicieron nuevas
diluciones del fago desde una dilucion de 10 ' hasta una 10° en cajas de LB-agar 1.4% de
100 mm de diametro Se selecciond aquella dilucion en que se contaban
aproximadamente 150 o 200 placas liticas bien separadas Para el caso de cajas de Petri
chicas fue necesario agregar 35 ml de agar supertor fundido en vez de los 7 mi
empleados para cajas grandes

- Se transfineron las placas liticas 2a membranas de nylon de acuerdo a lo indicado
con antenoridad. pero en esta ocasion una membrana grande (para cajas de 150 mm) se
cortd en 4 partes iguales y una de estas partes es la que se empled para la transferencia.
Es importante hacer un corte triangular asimeétrico en el borde de la membrana y marcar
su contorno sobre la parte posterior de !a caja de petri

Y

Membrana

< Parte t!'aser.a de
una caja chica

134



- Una vez que las placas liticas se transfineron y fijaron a la membrana, éstas se
hibridaron con sonda marcada nueva. Las membranas se hibridaron y lavaron en las
mismas condiciones que durante el primer tamizaje

- Una vez que se identificé una colonia positiva completamente aislada. se
succiond el LB-agar con la punta de micropipeta de 200 ul cortada con una navaja y se
incubo en 1 Ml de SM toda la noche a 4" C para permitir que et fago difundiera hacia fuera
det LB-agar.

26.4. Purificacion del DNA de fago. Para purificar el DNA del fago es
necesario sembrar una caja chica de LB- agarosa (en esta etapa. el agar podria inhibir
reacciones enzimaticas, como la hgacion o digestion con enzimas de restriccion). Se
emplearon 50 ul de la solucion de fago (aproximadamente 10° pfu) en el SM sin diluir.
Después de incubar la caja toda la noche a 37°C se deben ver solo placas confluentes

- El lisado de lambda en placas se preparo de acuerdo al protocolo It de Sambrook
y col. (1989). La agarosa superior se raspo suavemente de |la caja de Petri con una pipeta
Pasteur doblada en L y se colocd en un tubo Falcon esténl

- Se agregaron 10 m! de amortiguador SM a la caja y se enjuagaron los restos de
agarosa superior. La caja se incubo con el SM 15 minutos a temperatura ambiente

- Se agregaron los 10 mi de SM junto con fos restos de agarosa al tubo Falcon que
contenia la agarosa superior que se raspo de la caja Se agregaron 100 il de cloroformo vy
se agitdo suavemente por inversion Se incubd 2 horas a temperatura ambiente para
permitir que el fago difundiera hacia fuera de la agarosa

- Se centrifugd a 10.000.-g 10 minutos para separar la agarosa del sobrenadante.
Este se colocd en un tubo Falcon estéril nuevamente y se completd su volumen a 10 mi
con SM. Si la muestra se va a guardar es importante agregar 100 ul de cloroformo y agitar
varias veces por inversicn En este caso la muestra se incuba a 4°C.

Para preparar el DNA del fago se emplean columnas de QIAGEN Lambda Midi Kit
especiales para este tipo de purificacion. Es importante no permitir que el precipitado de
DNA obtenido al final se seque mas de 5 minutos, porque de ser asi, resulta imposible
solubilizarlo posteriormente
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26.5. Amplificacién por PCR del cDNA de C. reinhardtii aislado de la
biblioteca de Agt10.

Una manera rapida de saber si el inserto contenido en el DNA de fago aisiado es
el gen de interés. consiste en amphficar por PCR el inserto mediante el uso de
oligodesoxinucledtidos basados en la secuencia de 7.gt10 que flanquea al inserto de
cDNA de C. reinhardtii. Las secuencias de estos oligodesoxinucledtidos son:

Hacia adelante 5 -AGCAAGTTCAGCCTGGTTAAGT-3
Hacia atras S5 -CTTATGAGTATTTCTTCCAGGGTA-3

El producto de PCR obtemido se clond en el vector pMos-blunt o pGem-T como se
menciono anteriormente o se secuencid directamente con fos mismos
oligodesoxinucledtidos empleados para amplificar este producto de PCR

26.6. Subclonacion del cDNA de C. reinhardtii.
26.6.1. Preparacion del cODNA de C. reinhardtii.

- Se cortd aproximadamente 1 ng de DNA de fago purificado por coiumnas de
QIAGEN con la enzima de restriccion EcoR/ en 200 ul de voiumen final y se incubd
toda la noche a 37 C

- ElI DNA digerido se precipito con 1/10 de volumen de acetato de sodio 3M pH 5.0
+ 3 volumenes de etano! al 100%. Después se cormoé en un gel de agarosa al 1% y
se purificé el inserto Se cornd una décima parte del volumen de inserto puro en un
gel de agarosa para estimar su concentracion

26.6.2. Preparacion del vector pBluescript.

- Se digirieron aproximadamente 15 ug de pBluescript (Stratagene) en 50 ul de
volumen final con EcoR! toda la noche a 37 C

- Se agregaron 6 ul de amortiguador 10- para fosfatasa alcalina (Boehringer) y 1.5
unidades de fosfatasa alcalima de camaron (1.5 ul). Se incubd a 37“C 3 horas.
Posteriormente se desactivo la fosfatasa alcalina al incubar 20 minutos a 65°C.

- El plasmido cortado y desfosforiiado se corno en un gei de agarosa al 1% y se

purificd. Se cornd una decima parte del plasmido puro en un gel de agarosa para
estimar su concentracion.
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26.6.3. Ligacidn, transformacion y purificacion del plasmido.

- Para ia reaccion de ligacion se agregaron aproximadamente 150 ng de vector
digerido y desfosforilado y 20 ng de inserto liberado con EcoRI. La ligacién se llevé a cabo
a 16°C toda la noche con la siguiente mezcla de reaccion:

x 1t de pBluescript

y nl de inserto

0.5 nl ATP 10 mM

0.5 i DTT 100 mM

2.2 ul amortiguador 5. de Gibco BRL
1 ul de T4 igasa de Gibco BRL.
Agua para 12 nl

- La transformacion se llevd a cabo con células competentes DHS5ua. Las células
transformadas se siembran en cajas de LB con ampicilina 100 ng/mi agregando
directamente al tubo 10 1l de IPTG 800 mM y 40 ul de x-Gal 2%. Se incubd toda la noche

a 37°C.
-~ Se hizo una minipreparacion de plasmido de 8 colonias blancas, y aquellas que

tuvieron un plasmido con inserto se crecieron en un mayor volumen. Posteriormente se
hizo una preparacion de plasmido con columnas de QIAGEN o con el sistema Wizard de

Promega.
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Apéndice lli:

Oligodesoxinucledtidos empleados.
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1. OLIGODESOXINUCLEOTIDOS DISENADOS SOBRE cox3.

1.1 Oligodesoxinucledtidos degenerados disefados sobre el extremo amino terminal de
la proteina y sobre regiones conservadas del extremo carboxilo terminal para Polytomella
spp.

Residuos DAGHHLSP

5-TCT GAT GCT GGT CAT CAT CTT TCT CC-3’

Amino
[ C C C C C Cc C
Residuos WH(M/F)VvDVVWL
Carboxilo 5-GG CAC ATG GTC GAT GTC GTC TGG CT-3°
TTC T C T T
1.2 Oligodesoxinucleotidos diserfiados sobre la secuencia gendmica para la amplificacion

rapida de los extremos 3' y 5 del cDNA de cox3 de Polytomella spp.

Residuos EHYLVHTA
PC35'F 5-G CAT TAC CTC GTC CAC ACT GC-3'

Residuos EMGMHTDVN
PC3N1F 5-AG ATG GGC ATG CAT ACC GAT G-3°

Residuos PYGTTFFM
PC3NR 5-CAT GAA GAA GGT GGT ACC GTA GG-3

Residuos CNVFLGL
PC35'NR 5-GAG GCC AAG GAA GAC GTT GC-3°

Residuos QYFHGVA
PC35'R 5-CAG CGA CAC CGT GGA AGT ACT G-3'

Residuos PLLFGSVA
PC35'R4 5-C AAC GGA TCC GAA CAA CAA GG-3'

Residuos EMGMHTDV
PC35'R3 5-C ATC GGT ATG CAT GCC CAT C-3'
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1.3 Oligodesoxinucledtidos disefados sobre los extremos del! cDNA de cox3 de
Polytomella spp. para obtener un producto de PCR de la secuencia genomica © de cDNA
del gen completo.

CO3P.1F 5'-CGTTTTTGGTCAAGTTGAAA-3’

CO3PF1 5-GAGGTCTCAGCTTCTTAAGGCTC-3'

CO3PR1 5-GCTCATGTAACTATGCCACAAGAC-3'

CO3PR2 5'-CGCATAACGCGAAGTCACTAC-3"

1.4 Oligodesoxinucledtidos disefnados para amplificar el extremo &' del cDNA de cox3 de
C. reinhardtii.

cr3g2R 5-GTGCTCCATGTAGAACTCCTTGG-3'

c3cr207R 5-GTTGGGCACCTGAGGCTGC-3'

1.5 Oligodesoxinucledtidos disefados para amplificar Ia secuencia gendmica y de cDNA
completa de cox3 de C. reinhardtii.

c3cri10F 5-AGCGCGACCGGTGAAACCAG-3
c3¢cr40F 5-GGGTCACTTGTCAGGAAGTCTTG-3'
cr3g2F 5-CCAAGGAGTTCTACATGGAGCAC-3’
cg680F 5-GTGGCGCTGCAGATGCAGTGGC-3'
Cg350R 5-TGGAAGGGGTGGCGCTTGCCG-3’
cg785R 5-CCTTGGCCACCATGGCCACGTTGG-3
cr3g3R 5-CTGCCACACACACCCGTCATACG-3'
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2. OLIGODESOXINUCLEOTIDOS DISENADOS SOBRE cox2.

Oligodesoxinucledtidos disefiados sobre el gen cox2b de Polytomella spp.

2.1
Residuos LG IKMDAI

F3Pst 5-CTC GGT ATT AAG ATG GAT GCT ATC-3

Bint 5-AGC TGT TTA AGA CCA TGA CTTC-3'
Residuos LG I KM DA

B1Pst 5-GAT AGC ATC CAT CTT AAT ACC GAG-3'
Residuos LR MLEVDED

B2Pst 5-CTC ATC GAC CTC AAG CAT ACG GAG-3’
Residuos DA KDOLKE

F4Pst 5-GGA TGC TAA GGA CCA GCT CAA GG-3

2.2 Oligodesoxinucledtidos diseftados sobre el extremo amino terminal de la proteina

basados en el uso de codones nuclear de Folytormella spp

Residuoss EAPVAWAQLG
5-GAG GCT CCT GTT GCT TGG CAG CTT GG-3'

Fip
A C C C C G
Residuos QDS ATSQAQA
F2p 5-CAG GAT TCT GCT ACT TCT CAG GCT CAG G-3'
C C C C C C
23 Oligodesoxinucledtidos disefiados en regiones conservadas cercanas a los 2 cruces

transmembranales para encontrar la secuencia del gen cox2a de Polytomella spp.

Residuos KAIGHQWYW
5'-CCA ATA CCA CTG ATG ACC AAT AGC C-3
G G T G G
G

PCO2R1
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Residuos PSFALLYS

PCO2R2 5'-GA ATA AAG AAG AGC AAA AGA AGG-3'
G G G G G G G

Residuos HGTTIE!

PCO2R3 5-AT CTC AAT AGT AGT ACC ATG-3’
G G G T G
G

2.4 Oligodesoxinucledtidos disefados sobre un fragmento del gen cox2a de Polytomella
spp.para amplificar ios extremos 3’ y 5 del cDNA.

Residuos
PCO2R1-5 5-TC AGG GAG AGC TTG CTT AGT GTA G-3

Residuos FLYHIATK
PCO2R2-5" 5-TT GGT GGC GAT GTG GTA GAG G-I

Residuos HYTKQALPE
PCO2F1-3° 5-AC TAC ACT AAG CAA GCT CTC CCT G-3°

. Residuos FLYHIAT
PCO2F2-3° 5-TC CTC TAC CAC ATC GCC ACC-3

2.5 Oligodesoxinucledtidos disenados sobre el gen cox2a de Polytomella spp. para
amplificar un producto que contenga la secuencia genémica o de cDNA completa.

PC2AMF1 5-AAT GCT CGC CCA GCG TAT C-3
PC2AmMR1 5'-AAA CCT TCA CAC ACC CAT AGG C-3

PC2AMR2 5-AGA AAG TCT AAA CCA CGA CTC CG-3°
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Oligodesoxinuciledtidos para amplificar el extremo 5§ del cDNA de cox2a de C.

2.6
reinhardtii.

Crnc2-60 5-TGG TGG TCA GGC CCA GAG C -3

Crnc2-120 5-CAA TCA TGG CCT GAG CAG TGG-3'

Crmc2-180 5-GTG ATC AGG AAG AAG AAG ATG TCG-3'

Crnc2-200 5-TCT GGA ACA TCA TGT AGA ACA CC-3’

143



3. OLIGODESOXINUCLEOTIDOS d{(T) EMPLEADOS EN LA SINTESIS DE PRIMERA
HEBRA DE cDNA Y EN LA AMPLIFICACION RAPIDA DE EXTREMOS 5' Y 3’

3.1 Otligo d(T)/adaptador

5'- GACTCGAGTCGACATCGATTTITTITTITITTTTTITITTIT -3'

Adaptador
5'- GACTCGAGTCGACATCGA -3’ Tm= 52°C

3.2 QT

5'- CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTITITTITITITITITTITTT 3

Qo

5'- CCAGTGAGCAGAGTGACG -3’ Tm= 46.2°C
ADO

5- CCAGTGAGCAGAGTGACGAGG -3’ Tm= 54.7°C
cQ,

5- CGAGGACTCGAGCTCAAGC -3’ Tm= §2.4°C
gacQ,

5'- GACGAGGACTCGAGCTCAAGC -3’ Tm= 55.6°C
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Apéndice 1V:

Secuencias reportadas.
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AGCTTTTTAR

AT TTATATTAATAANGTACT

Intran 4=

GTAAGA
- R

Figura A. Secuencia completa del gen cox3 de Polytomella spp. Las letras negritas indican 1a
regidn amino terminal de la proteina determinada por degradacion de Edman. Las metioninas de la
presecuencia estan encerradas en un recuadro. Los tridngulos negros indican la posicion de los 4
intrones. Las flechas indican la posicion donde se disenaron cligodesoxtnucieoctidos para amplhficar
al gen completo, tanto en su secuencia de cDNA como en la gendmica. La senal de poliadeniiacion
TGTAA esta subrayada. Numero de acceso en la base de datos de DDBJEMBL/GenBank:
AF233514 para la secuencia de cODNA y AF286057 para la secuencia genomica
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Intzon 1«
GTGTGTATAATTGG
AGGTAAATGCGCG
TCATUGTGGAGCGIGET
ACTTGTTTTGAT G
CCGTGGTOGOTCC TS

e
(R4

ICGTASGGr R T
GCGGTATC
TTETSTCCCGTAG

Intzrdn 3=
GTALRGGACTTTA

CTGTATGGGGG

GGCACCT

Figura B. Secuenc:a corr.pleta del gen cox3 de Chiamydomonas remhardti Las letras negritas
indican la regqidn que corresponde a la secuencia amino terminal de la proteina determinada para
Polytomella spp. Las metoninas de la presecuencia estan encerradas en un recuadro. Los
tridnguios negros indican la posicidn de los 9 intrones Las flechas indican la posicién donde se
disenaron cligodesoxinuclestidos para amplificar la secuencia genémica La senal de
pohadenilacion TGTAA esta subrayada. Numero de acceso en la base de datos de
DDBJ/EMBL/GenBank: AF233515 para la secuencia de cDNA y AF288058 para la secuencia
gencmica.
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Intron
GTAAGTACTAIT
ACATAG &6

TOTGUARART AN TANTITTS

Intrén 6.
GSTAARGTAG

TATTGTATA
TTTTCCCAT

ATAATAAGCCANT
AATGGTGTTTTHRACATT

TTTAATT
TCGTAG 1Ze

Figura C. Secuencia completa del gen cox2a de FPolytomella spp. Las letras negritas indican la
regién amino termmal de la proteina determinada por degradacion de Edman. L.as metioninas de la
presecuencia estan encerradas en un recuadro. Los triangulos negros indican la posicion de los 6
intrones. Las flechas indican |a posicidon donde se disefiaron ohigodesoxinuclestidos para amplificar
al gen completo. tanto en su secuencia de cDNA como en la genomica Los posibles cruces
transmembranales se encuentran sombreados La regién aromatica conservada se encuentra
subrayada. a! igual que la sena! de poliadenilacion TGTAA La regidn carboxio terminal no
conservada se encuentra en letras italicas Numero de acceso en la base de datos de
DDBJ/EMBL/GenBank™ AF305078 para la secuencia de cDNA y AF305541 para la secuencia

genomica
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Figura D. Secuencia gendmica del gen co=2h de Polytomella spp. obtemdo por Antaramian, A
(tesis de doctorado, 1998) Las letras negrntas ndican la regidn interna de la proteina determinada
por degradacion de Edman Las flechas indican la secuencia incluida en el cODNA obterida en este
trabajo Ei sitio de unidn a cobre se encuentra subrayado, al igual que las 3 senales de
poliadenilacion TGTAA La region amine terrminal Nno conservada se encuentra en letras italicas.
Numero de acceso en la base de datos de DDBJYEMBL/GenBank AF305079 para la secuencia de
cDNA y AF305542 para la secuencia genomica
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Figura E. Secuencia completa de cDNA del gen cox2a de Chlarmydomonas reinhardtii. Las letras
negritas indican la regidn que corresponde a la secuencia amino termunal de {a proteina
determinada para Polytomella spp Las metioninas de la presecuencia estan encerradas en un
recuadro. Los posibles cruces transmembranales se encuentran sombreados. La regidn aromatica
conservada se encuentra subrayada. al igua!l que la sefa!l de poliadenitacion TGTAA. La region
carboxilo terminal no conservada se encuentra en letras italicas Numero de acceso en la base de
datos de DDBJ/EMBL/GenBank. AF305080
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Intron.

GTGAGTTGCGCAT SARAGCGCGCGTTGGUAAGCACTGATTAATGCGTTAGE
AATGTTGGGGTTTT TGGGCTOGTGGCCOUTGETGCCGUCCACGATGACTGTCGAG
GTGTCGGTGATGGCCAACACAACTAGT T TTCTTCCATGCUTAACCCOGTCGGTTOTGITCT

ATTGCAG i87.

Figura F. Secuencia gendmica del gen cox2b de Chlamydomonas reinhardtu. Las flechas indican

la secuencia incluida en el cDNA obtermida en este trabajo. El sitio de unién a cobre se encuentra
subrayado, al igual que la sefnal de poliademlacion TGTAA. La regién amino terminal no
conservada se encuentra en letras italicas. La posicion del intrén se indica con un triangulo negro.

Numero de acceso en ia base de datos de DDBNI/EMBL/GenBank: AF305540 para la secuencia de
cDNA y AF305543 para la secuencia genomica
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