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Resumen

El nucléolo ¢s el sitio donde se lleva a cabo la sintesis ¥ maduracién del pre-rRNA en
células eucariontes. La mayor parie de ln informacidn sobre ln organizacion funcional del
nuclédo es a partir de cflolas de mamiferos v planias, sin embargo no se sabe casi nada
acercn de esto en protistas. Gigrdia famblia es un protista pardsito que comparie varias
caracteristicas con procariontes. Esto ha propicindo considerar & G famibiio como un
cucarionie de divergencia iemprana. Respocio a esio, iambidn hay repories con relaciin a la
falta de mitocondrias, peroxisomas v necléolbo en este organismo. Mo ohstante, ln condicion
evolutiva de (& lamblia esti en debale va que se sabe que en ver de molocopdrias posce
mitosomas v que hay penes mitocondriales iransferidos a miclen celular, En este sentida, o
hecho de presentar fibrladna, U4 moBRMNA, v geres de fDMA organizados en @mndem,
destica I imporiancia de o organizacitn morfeldgica de estas moléculas el nicles celubar
de 0 lamblie. El objetivo de esie tmbajo fue anpalizar 1a distribocidn in site de los
maléculas involucradas en el procesamiento del pre-rfNA en bos nlcleos de 7 lpmblia. De
manera adicional, s= omalizaron dos moldculas no relocionndas direciamente con el
procesamicnte del pre-rRNA (gen del Ub snRNA v a enzima irosafostale isomerasn), pero
que s¢ usaron como complemento para enender lns caracieristicas evolutivas de &
lamtfie. Por otra parie, se sstwdbo ¥ caractenizd el aucléolo de Trpanoatmone crezd, lomando
en cuema Ins similitudes de su nucléodo can ¢l de bos eucariones de divergencia tandia, v su
cercanta filogendtica con G faarblia, Los resultodos mostraron que los niclecs de O
famblin presentan una estructura morfoldgicamente bien definida, la cual excluye al DA
pero contiene fibrilaring, proteinns nucleolares, v tRENA. Esta estructurn represents & un
nuckéclo con componendie gramudar ¥ fibrilar. La reconstruccion 30 reveld In posicion del
nucléels eon respect al ndeleo entero, Se clond un fragmento conservado del pen del Ug
anfMA en (7 lomblia. Lo irdosafosfabo isormeracs de este ofgatismo también fue
caracterizada En el case de T crci, el nucléslo se corscterizd ultraestructuralmente v |a
sshcompartamentalizascikin de las moléculos relocionadas con la maduraciom del rRNA e
reporta por primers vez, La recopstruceidn 30 mostrd un nucléolo por cada micleo de los
epimastigotes de T eruzd, los cunles presentaron una intrincada red compuesta por un
compmnente fibrilar y otro gramular



Abstract

Mucleolus is the site where the synithesis and maturation of the pre-rRNA takes place in
eukaryatic cells. The bulk of information abowt funciional organization of the nuclealus
comes from mammalian and plant cells, but almost nothing 15 keown m protists. Cigeadi
lomblin is n parasitic protist  that shares several features with prokarvotes. This has
progitinted to consider G haenbils as an carly diverping cukaryote. 1 has propased oo that
7, famblia lacks mitochondrin, peroxisomes and nucleclus. Monetheless, the presence of
mitosomes instead of milochondna and milochondrial genes transferred te the mucleus,
changed the poiat of view over the evolulionary simus of G lombiia. The presence of
fibrillarin, 1114 snoRMA fike, and tandem rOMA penes. underlines the imporance of the
morphologic organtzstion of these molecubes in the G lowblin mecleus, The mm of this
work was to analyze the in sitg distribution of molecules involved in the rRNA processing
in the nuclel of (7, {eoehiia and 10 dentify the struciures related with them., Additionally, we
analyzed two other molecules not related with the rtRMA processing (L6 snBNA gene and
tnosephesphate isomerase) bui used them as a complement to undersiand the evolutionary
features of (7. famblin. On the other hand, the nucleclus of Trepamosoms crasi was studed
and charocterized toking into account iis similanties with the nuclecli of the most
evolulionary dermved prganiems, and 13 phylogenetic closerness 10 ¢ Jamblia. The resulis
showed that the nueled of & Loshifa present o structure morphologically defined which
excludes DNA and comains fibrillann, nucleclar protemns, and tRMNA. This structune
represents @ nucleolus showing granulor and  fibrillar componenis . 30 reconsiructions
showed the position of ithe ascleols of 6 lesthlis  relative to the entire nuches. A
comserved [rapment from U6 snRNA pene was clomsd from G fambfio. The
triosephosphate isomerase was also was chamcienized. For 70 cruzi, the nucleohss was
ultrastrucurnlly characterized. Moleculsr and morphological subcompartmentalization
related with rRMA metabolism were described. 30 reconstruction showed & single
mucleolus per mucleus of T crugl epimastigotes with an intricate net composed by fibrillar
and pramular components.



Abreviaiuras

ATP. Trifosfaio de sdenosing.

ddATF, ddTTF, ddCTF, ddGTP, Didesoxisdenosing, didesoxitimiding, didesoxicitidina,
¥ didesoxiguanosing, respectivamente.

DHAF. Dihidroxiacetonn fosfato,

DNA. Acido desoxiribonucleice.
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FIGE. Electrofosesis de campo inveriido,

GAP. Gliceraldehido 3 fosfato,

gDNA. DMNA geadmico

GITIM. Triosafostato isomern de (iprein lambiio.

ITS. Espaciador ranscrilo inbermo.

TIM. Triosafosfato iscmierasa

LSRNA. Subunidad grande de RNA ribosomal

Mib. Mepa bases.

ni, Muckedtidos,

NTS. Espaciador no transcriio,

ph. Pares de bases.

PCR. Reaccidon en cadena de la polimerasa.

pol 1. Polimerasa |,

pre-rRNA. rRMNA precursor,

rN A, Cienes ribosomales.

RNA. Acido ribonucleico,

rRNA. BMA ribosomal.

snRNA. RNA pequefio nuckear.

snolMA EMNA pequedio nucleolor

SSRNA. Subunidad pequefia de RMNA fibesomal.

RTPCR. Reverso transcripeitn seguida de PCR.

U1, UZ, U4, US, Ub. RNAs pequedios nucleares ricos en uracilo.

U3, Ul4. BN As pequefios nucleolares rices en uracilo.



L Introduccidn
L1, Genes ribosomales versus complejidad del genoma

Todos los organismos vives sin excepcion requieren de la sintesis de RNA
nbosomal (FRMNA) para la formacidn de los nbosomas, que 8 su ver semin el subsiraio
morfobigicn parm |a sinbesis proteica,

El penoma de s mitocondrias de humnno contiene sobo una copia de bos genes 125

¥ 165 nbosomales. Al parecer esio es suficiente para traducir las trece proteinas codificadas
por los penes de este organelo. Los micoplasmas, reconocidos como los procanionbes mis
peguefios | hasta el descubrimiento de Nemowrohoeum eguitiues), contienen dos juegos de
genes ribosomales. Bl genomn de Escherichin coli e de 4 a 5 veoes mis grande que el de
Mycoplavi copricelum ¥ solo contiene siele juegos de gencs Abosomales. En levaduras el
nimern de genes ribosomales s de aproximadaments 140, en humano 34 copias ¥ en el
i s de entre 3000 o 9000 copias. Analizanido edos datos v log presemtados en la mbla 1,
s puede sugerir una correlncidn entre ¢l tamafo del penoma v el nimero de genes
ribosomalbes (von algunas excepoiones como en ¢l malz y el cihade Tetrafymena),
Se han propucsio dos posibles rezones para explicar esta correlacidn, Una es gue
simplementc un genoma grande requisre de grandes candidades de BNA, v [a otra g5 que ¢l
nimeers minyor de genes &3 por simple consecuencia del aumento en el tamaiio del genoma
¥. pidt eonsiguente, de evenios sucesivos de duplicacidn de geres (en Craur y Li, 20000,

LL Formuciin del nucléolo

La sintesis ¥ maduracion del tRMNA requieren de unn compleja red de inlemccioness
eiilfe privleinag - probeinns v probelnas - deidos nuckeicos. El sitio en el gue se levan o cabo
estos procesas en lns células eusariontes es el nocléelo. A pesar de que existen evidencias
maltiples de la presencia de dominios funcicnales en el nuckéoln, se sabe muy poco con
relacién o las condickones minimas necesnrins porn mantener ensamblados & los factores
meleculpres que intervienen en los procesos nucleolares, B¢ ha sugerido que la formacidn
del nucléobs e dirigida por el process de formacion de ribosomas, lo cual implica que los
procesos de sintesis, ensamblaje y procesamiento dan como resuliado final s aparicidn de
un organelo complete. La forma regular de un nucléole parece ser consscuencia de la



transcripcion activa de genes dependiente de la RNA pol I. Por lo tanto, la inhibicién con

actinomicina D bloquea la formacion del nucléolo (Jordan, et al., 1996).

Genoma Numero de copias de  Tamafio aproximado
genes ribosomales del genoma (pb)
Mitocondria de humano 1 2x10°
Cloroplasto de Nicotania 2 2x10°
tabacum
Nanoarchaeum equitans ~1 5x10°
Mycoplasma capricolum 2 1x10°
Escherichia coli 7 4x10°
Methanococcus jannaschii 2 1.7x 10°
Giardia lamblia 60 - 300 1.2x 107
Trypanosoma cruzi ~100 8.7x 10
Neurospora crassa ~100 2x 10
Saccharomyces cerevisiae ~140 5x 10
Caenorhabditis elegans ~55 8x 10
Tetrahymena termophila 1 2x10°
Drosophila melanogaster 120-240 2x10°
Gadus morhua ~50 3x10°
Physarum polycephalum 80-280 5x 10
Euglena gracilis 800-1000 2x10°
Homo sapiens 300 3x10°
Rattus norvergicus 150-170 3x10°
Zea mays 3000-9000 3x10°
Xenopus laevis 500-760 8x 10’

Datos tomados de Adam, 2000; Le Blancq y Adam, 1998; Graur y Li, 2000; Huber, et al., 2002.

También se ha observado la fragmentacion del nucléolo cuando los genes
ribosomales se redujeron a una sola copia, sugiriendo que la baja eficiencia en la sintesis de
rRNA o la organizacién de los genes de rDNA deben influenciar fuertemente la formacion
del nucléolo (Oakes, et al., 1998). La identificacion de una proteina parecida a la
espectrina en nucléolos de anfibios también hace pensar en la posibilidad de que proteinas
de citoesqueleto estuvieran participando en la organizacion y mantenimiento estructural del
nucléolo dandole forma y soporte (Carotenuto, et al., 1997).

Experimentos en los que se privé a células de levaduras de los genes cromosomales de
rDNA y se les insertd plasmido con una copia de rDNA, mostraron la formacién de
pequefios “mininucléolos” en lugar de un solo nucléolo bien formado (Oakes, et al., 1998).
El hecho de que estas células sean viables, sugiere que ni la organizacién en tandem de los
genes ribosomales, ni la localizacion cromosomal de los genes e incluso tampoco la

formacion de un nticleolo como se presenta en eucariontes superiores, es indispensable para



lNevar & cabo la funcion nucleolar. Esto se corroborm al ohservar que en procarionses no hoy
nuckénlo; no obstante lo sintesis ¥ maduraciton del fRNA tene lugar en estas células,

Los resultados de muestro trabajo indscan que incluso en los eucariontes de divergencia mis
lemrprana exisien [oclores que propician bn conformacién de un muclédobo, aungoee este no
tengn ln estroctura caraeteristica de los mucléolos descritos con anteriondad,

13, Giwraia fembiin sc bs considerndo un cucarionic de divergencia temprana

Glardly lomblla (sindnime de G dnesrinlis, ¥ 0 duodencliz) es un protistn

pankiito anasrobso que no poses mitocondrias ni cinetoplasios, pero presentn dos pleleos,
flageboa ¥ una estfuctura Unlca denominads cuerpo medio o parabasal (en Edlind and
Chakraborty, 1987, Upcrofi and Upcroft, [998). Pertenece a la clase Zoomastigophora v ol
orden Diplomonsdsda ¥ es el agente causal de severos cuadros diasreicos en humans (en
Boathroyd, et al., 1987) que afectan principalmente a los nifios (Boreham, 1991)
Con base en sus comcieristicos bioguimicns vy metabdlicas, asd como por estodios
camparatived de sus secuencias de SSRMA, U4, Gbrilaring v ATPass s ha considerada
camo 2| eucanonte viviente més “antiguwe”, esio o5 que, ¢ linnje de . fambfia se mmifico
empranamente én |8 evolucion de log eucanontes (Upcroft, et al, 1987, Edlind and
Chakraborty, 1987, Sogin, et al 1989, Marcisi, of af, 1998, Hilario and Gogarten, 1998)
Recientemente se presentd uno nuseva hipoiesis basada, enire oiras cosas, en b existencia de
eucariontes ultra pequefios, la cual sitia al linaje de |os opisthokontes como uno de los que
divergid mis temprapamente junto con el lingje de los excavates (Baldnsf, 2003). Al primes
linaje pertenecen las plantas ¥ los animales, al segundo perbenecen probisias como los
diplomonadida ¥ los parabasalia (Baldauf, 2003). Esta nueva hipdiesis debe ser tomada en
cuenta cuando se propene 8 organismos como & fambfa de divergencia temprana pere que
al mismo tiempo presenia caracieristicas de los grepos que se considernban come de mayor
derivacion.

Los rRNAs que presemton los ribosomas de G fmnblio han sido motive de gran
namer de estudios debido a su inusual tamafio; son mds pequels que en eucarionlss y
bacterias (Tabla 2} Debido a estas diferencias, lus subunidades s denominan “parecidas™
(“1ike™) o S5RMA (small subunii RMNA) v LSERMA (large subunit BRA).



Comparacion del tamafio de las subunidades de rRNA en diferentes organismos

Subunidad G. lamblia Levaduras E. coli Eucariontes gral.
SSRNA 1300 nt 1799 nt 1542 nt 1800 nt

5.85 127-140 nt 160 nt

LSRNA 2300 nt 3392 nt 2904 nt 3400 nt

Tabla 2

La unidad de transcripcion (rDNA) ya ha sido secuenciada en su totalidad para la
cepa WB de G. lamblia (Healey, et al., 1990). Se sabe que es una unidad de
aproximadamente 5.6kb repetida en tandem con un nimero de copias entre 63 y 300, y
otras copias que pueden estar dispersas (Boothroyd, et al., 1987; Edlind and Chakraborty,
1987). Su organizacion en sentido 5°-3” presenta un ETS (al parecer no presenta NTS),
SSRNA (16S like), ITS, 5.8S like, ITS y LSRNA (23S like) (figura 1) (Boothroyd, et al.,
1987).

El andlisis por FIGE (field inversion gel electrophoresis) muestra que G. lamblia
tiene 3 diferentes cromosomas de tamafios aproximados de 1.6 Mb (cromosomas 1 y 2), 2.3
Mb (cromosoma 4) y 3.8 Mb (cromosoma 5) (Bernander, et al., 2001). Los genes de rRNA
no estan confinados a un cromosoma en particular, sino que su distribucion varia dentro de
las diferentes especies y cepas (Upcroft, et al. 1987).

Datos recientes han demostrado que G. lamblia presenta mitosomas, organelos
equivalentes a las mitocondrias, pero que no llevan a cabo fosforilacion oxidativa (Tovar, et
al., 2003). A pesar de que varios trabajos niegan la existencia de un nucléolo morfolégica y
molecularmente organizado en G. lamblia (Narcisi, et al., 1998; Upcroft and Upcroft,
1998; Adam, 2000; Jonson, 2002), los datos generados por nuestro grupo de trabajo
sugieren la existencia de una subcompartamelizacion nuclear de las moléculas que
intervienen en la sintesis y procesamiento del rRNA (Eukaryotic mRNA processing

meeting, 1999).
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L4. El U6 snRNA participn en el corte de intrones ¥ esta vineulado con el nucléale

En el nxléolo s llevan a cabo modificaciones postranscripeionales como |a
metilacion ¥ la pseudouridinacion. Tales procesos no sodo son realizados sobre los rRNAs,
sine que tambidn se efectian sobre RNAs de bajo peso molecular, comoe es el caso del L3
el L Se sabe que los Factores necesarios para la metilacidn v peendouridinacion del Us
smBNA se encuentran en el nucledlo ¥ se propone que es en este sitio donde se lleva a cabo
tal proceso (Ganod, et al., 199%).

El U6 snRMA es, evolutivamenie, e mis conservado (tanio en tamafio como en
secuencin} de los snEMAs implicados en ba formacidn del spliceosoma (171, U2, U4, US v
Us) (Brow y Guthrie, 1988). A diferencia del resto de los snRNAs de splicing (corie de
intrones y empalme de exones), el LS es transcrito por la RNA pol 111 (Reddy, et al., 1987)
¥ presenta en el extremoe 37 uncap y-monometil fosfato (Singh y Reddy, 1989), Se propone
que el U6 snRNA esta implicado directamente en la reaccidn para escindir los intrones de
los pre-mBRMAs (Mewman, [994). Tomando en cuenta quee recienlemente s reporid en (&,
lambiia la presencia de un gen parecido all de la ferredoxing conteniendo un inirdn ¥ que
lambién se encondraron gencs que codifican pam profeines conservadas del spliccosoma
{Mixon, et al, 2002}, e probable que una moldeuls tan conservada como el U6 pudsera
estar presenle en O domblin. Bl mirds desenito en {7 fambiio &3 inusualmente pequeiio
{350t} v presenta en el extremo 3 el dinucladtide CT en lugar del GT comservado en
inimones de metazoarios, Sin embargs, hasta el momento po s ha reportado [a presencia de
ninguno de bos genes que codifican para los snRNAs del splicing en esta especie. 5i las
funciones extras o In maduracién del pre-rRNA se conservan en el nucléolo de este
parisito, es posible que el U6 snRNA esté presemte, v su descripcion comiribuya al
entendimiacnto de los procesos que se realizan en el mucléols de ¢ lamblia

L5, La triosafosfate isomerass o5 una cazima ubbeua de ba gluedlisis v esta presente en
todos los seres vivos

El pen de la triosafosfato isomerasa (TIM o TPI) ha sido usado como marcador
malecular para distinguir diferencias inrsespecificas de 7 lomblin, Debido al debate que
gt hn penerado con respecto a la posicidn filogendtica de & lomblia dentro de Jos



eucanonies, la carscienzacion de una molécula tan conservada como ln TIM, podria servir
para ln discusion de los dates gencrados con respecto &l nachéolo de este pardsito,

La TIM ¢35 uno enzima hemoediméricn que [leva o cabo la interconversidn del gliceraldehido
¥ fosfate (GAP) v la dihidroxiacetona fosfato (DHAP), El extenso conocimiento que se
tiene de edta enzimo feeilia su esiudio ¥ la inlerprelacion de los datos que e generen
geerca de ella. A esle respecto se concee la secuencia de aminohcidos de [a TIM de
aproximadamentes B0 especies ¥ la estrictur tridimensional de catorce de ellas, Ademas, se
conace |a estruciura de algunas de esias enoimas modificadas genéticamente {Barchert, of
al., 1993; Gopal, er ol 1999, Alvarez, ef al, 19%0); Zhang, e al,, |99%;, Williams, e al.,
1999; Morledge, ef al,, 2001}, en presencia de diversos andlogos de sustrato (Lolis v Petsko,
1990; Moble, et al, 199; Wierenga v Noble, [992; Noble, er al., 1993; Delboni, er af,
1595; Alvarez, ef al,, 1998, 19949 Williams, et al., 1999; Zhang, ef al, 1999), & incluso en
presencin de solventes orginicos (Gao, ef al., 1%99),

En adicidn a les conocimientos que hay sobre su estroctura, se tiens bien
caricierizado su mecanismo de catilisis. Esia enzima e uno de los canlizsdores mis
eficientes que s conocen, sumeniundo lo velocidad de la reaccién 10* veces (Richard,
1984).

Con respecto a bn TIM de & lsavhiia (GITIM), solo se conoce In secuencia del gen
{Mowatt @f @, 19794), pero nada se ha descrite con respecte a las caracteristicas de la
enzima. De hecho, este gen ha side amplismente utilizade para distinguir entre diferentes
cepas de |a misma especie (Li, ¢t al,, 2000}, Es de hacer notar que si bien s dice que <l gen
de TIM de & famblia &5 de onigen de alfa-proteobacterias (Keeling and Doalittle, 1997),
nuestros resuliados con respecio a la enzima muesiran que tene caracterfstbcas peculiares,
presenies algunas en cubacierias, ¥ oirms en arquecbacterias. Eata molécula ambidn pusde
dor dawes con respecio & las caracieristicas gue presenia . lambila con respecto a
Eucaronbes ¥ procanonles

Lb. Fripamatome cruzi: un models para  estudio del nucléalo en sucariontes

Basados en b secuencia de la subunidad pequedia del rRMNA, los kynctoplastida se
ubican como un lingje de derivacidn wemprana, slo precedidas por los diplomanadida v los
parabasalia (Sogin, ¢ al, 198%). Es de hacer notar que en este grupo se presents un



mucléolo de forma esferosdal ¥ con componentes fibrilares v granulares que se asemejan al
ide los cucariontes de derivackin mds tardia. Hasta el momento no existia una descnipeidn
ultrnestruciuml detallada del nuckéolo de este parisito, no obstande de ser la estructum mis
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IL Ohjetivos
IL1. Aporiar datos que mucsiren la existencia del nucléolo en & fowblio v que opoven la
presencin de esin estructura coma uma carmcteristicn diagndstsca de los sucarionles.

[L.1.1 Analizar los elemenios moleculares ¥ morfoldgicos que permitan reconocer el
nucléolo de @ lomblic Asi mismo, snalizar dos moeléculss evolutivamente
conservadas (gen del Us snRMNA ¥ TIM) ¥ corsclerizar las propiedades minimas que
requienen para conservar su funckdan.

[1.1.2 Coracterizar ultracstnacturalmente al nucléelo de Troyponosomo cruzi para
comparnr oon los datos obtenidos con &, lamblia,

111 Material ¥y méladas (no presentados en los manuserifes finales)

L1 Aislamiente de DNA gendmico. Se panié de aproximadamente 10° mofozoitos de
un cultive de 72 b en medio TY[-5-33, de [a cepn WB de & fomiblie  Las oflulas fueron
lnvadas con PBS parn su posterior lisis con proteinasa K-505 y ¢l DNA fue extraido con
fenol-clorofarmo coma 22 ha descrito con anterioridsd (Uperaft v Healey, 19871, coq
madificaciones (Liper-Velizguer, et al, 19%8). La concentracidn se midid por absorbencia
 260nm [ 1D0wy= 50pg'ml DNA doble cadena) ¥ la integridad se verificd por geles de
agarasa 0. 7%,

IIL2. Abslamienio de RNA fotal de @, farhiin. E] aislamiento de BNA se hizo wilizanda
el reactivo TRIZOL (Gibco-BRL). Se partié de aproximadamente 10° de trofozoitos de un
cultive de 72h en medio TY1-3-33, de lo cepa WB de & lambiia  Las células fueron
lavadss con PBS para su posterior resuspensiin en |lmL de TRIZOL a 4 °C y se
hivmegeneszd con micropipeta. Se incebd 3 min a temperaturn ambienle para promover el
desensamblaje de las nboproteinas. Se adicionaron 2 ml de una mescla 491 de
cloroforma: aleokol isoamilico frio. Se agitd con vertex duramte 2 min v e centrifugh a
10, 000 rpmdd “CY |5 min, Se recupert [a fase supenor v se afiadio un volumen igual de
isopropancl frie. Se agitd suavemente por inversidn del tubo v s¢ incubd a temperatara
ambiente durante § min, Posteriormente la muestra se centrifugd o 10, 000 pmdd *C15
min. Se decanit ¢l sobrenadanie v se adiciond al botén 1 mL de eianol 75% frio. Se

It



resuspendi6 con vortex y centrifugé a 10, 000 rpm/4 °C/15 min. Se decantd el sobrenadante
y el botén se secé a 37 °C para su posterior resuspension en 200 pL de buffer TE. La
concentracion de RNA se calculd por espectofotometria midiendo absorbencia a 260 nm,
asumiendo que 1 DOy = 40 pgRNA/mL. La integridad del RNA se verificd mediante

geles de agarosa desnaturalizantes (fig. 2).

1 2
285 .n
LSRNA | e,
188 -
SsRNA Rkl

Figura 2. Gel desnaturalizante de agarosa para RNA. El carril 1 muestra el rRNA de
trofozoitos de G. lamblia y el carril 2 muestra el rRNA de fibroblastos de humano.

I11.3. Inmunoprecipitacion de RNA. 10 pg de RNA total se disolvieron en 50 pL de
buffer IPP (500mM NaCl, 10mM Tris-HCI, pH 8.0, 0.1% Nonident P-40) y se incubaron
por 15 min en hielo con 100 pg de anticuerpo (anti-mGP .6 anti-TMG). Se adicionaron
100ug de Proteina A-microesferas y se incubd 15 min en hielo para precipitar los
anticuerpos y sus epitopes unidos. Se centrifugé a 13, 000 rpm/2 min y se tomaron las
microesferas. Se hicieron 10 lavados con buffer NET2 (150 mM NaCl, 50 mM Tris-HCI,
pH 7.4, 0.05% Nonident P-40). El boton se mezclé con 200 uL de agua y 200 pL de
fenol:cloroformo:alcohol isoamilico ( 25:24:1 v/v) para separar el RNA de las microesferas
y los anticuerpos. Posteriormente se precipité a —70°C con NaCl 1M y etanol 100%. Se

resuspendi6 en agua desionizada y pretratada con DEPC 0.1% (dietil pirocarbonato).

I11.4. RTPCR. Se siguieron dos diferentes estrategias para la amplificacion del transcrito
del U6 snRNA. En la primera se utilizo como molde el RNA producto de la precipitacién
ya sea con antimGP o con antiTMG. En la segunda se utilizo directamente el RNA total. En
ambos casos se utilizaron los siguientes oligonucleétidos, los cuales fueron disefiados a

partir de la secuencia conservada del U6 de diferentes especies descritas con anterioridad.



S-CAAATTGAAACGATACAGAG-] sentida

S TCATCCT TG TG AGLGGUU A=Y antisentido

Las condictones para |la amplificacion fueron como las deseritas por el distnbuidor del
sestema de RTTCR en un solo paso [ TTTAN Roche), Lo temperatura die alineamiento fue de

47°C como se peporid para Enfamoebo bistolpéics (Miranda, er ol | 1996)

Figuma 3. RTRCH & partor de RNA iotal de (3 lowdia

1A, PCR. Para asplificar lo region conservadn del gen para el L6 anHMA se ush coma
mabde DINA g:nfm:i:.':l de troforoiios de O Lesvbila, Los n|||e:|-:'|||-¢||:r'||:i|_1|:|; fueron bos

mismios que los empleados para el RTPCH.

M l 2

Figara 4. Gel de agarmes %%, PCR a@ilizando oo molde 1) clona de
LM de hamans v 1) DNA pendmeco de rofoenios de . fembdio. M
marcados de pesd modsrulnr [ndder Lt



L&, Clonacién. Los fragmentos de amplificacidn por PCR fueron purificados a partir de
geles de agarcsa 1%, Después de purificar, fueron clonados directamente al vector pCR2. 1
{novagen) mediante incubscidn a 16°C, ioda una noche con una mezela de enzima T4 DNA
Iigasa ¥ builer de hgacitn 1X en presencia de ATP (Mew England Biolabs). La mezcla de
ligncidn se usd parn transformar células competentes £ coll DHS por choque térmico
{Imin40°C), Las células fueron cultivadas en placas de agar-LB suplementadas con
SOpgiml de ampiciling. Se eligicron las colonias de color Manea ¥ w2 resembraron en
medio LB liquido pam ks posterior purificackn del plismido conteniendo el inserio de
50pb. Para corroborar la presencia del insero, bos plismidos se sometieron a digestsin
enzimdlica con ln enzima de restriccién Ecofl que reconoce los sitios que flanguean lo
regidn de muli-msercion de pCR2.1.

HLT. Secuenciacién. La secuenciacion se llevd a cabo de forma manual por el méodo
enzimatics de Sanger ¥ cols. (1977). A partir de aproximadamenie 300ng de plismido, se
llevit & cabo un proceso de desnaturalizacidn usando NaOH IN y EDTA 100uM en un
volumen final de 20 pl. sjustado con agus desionizads Ests mezela se incubd a 37C par
30 min y se precipitd con 2pl de NaOAL (acetnto de sodio) IM, pH 5.2, 100ul EiOH
100%%, S meubd durante 30 min a —70°C. S¢ centrifiagd & 14, 000 pm para obiener un
botin que posterionmente 5= resuspendit en Tpl de ngua desionizada. El oligonmacleitido
(M3 reverse & M3 forward para ¢l extreme 37 v 5 respeclivamente) se alined incubando
a 65*C durante T min ¥ 30 min a 37°C. La sintesis de |a cadena de DNA se hizo con la
enzima Thermo Sequenase (8 unidades) (USE Corp.) y adicionando dATP con P, Para
dezener la aintesis, la mezcla se incubd 15 min 8 37°C en 4 wbos diferenes con ddGTP,
ddTTE, ddCTF y ddATP respectivamente. La reaccadn s dethene usamdo EDTA e
incubando 2 min a B0°C. Las muestras s¢ comieron en un gel de secwenciaciin de
scrilamida 16%. Deapuds de correr el pel durante aproximadamente Xh, se sech por vacio, v
s¢ puso unn ploca fologrifica expuesta al mismo durante toda la noche a =70°C. La placa se
reveld ¥ 52 procedid a la lectura manual de la sscwencin (figur 5)

LY. Alineamiento ¥ comparacidn de secuencizs. Se compard |3 seceencia encontrada
en el gDNA contra los datos recopilados en el proyecio del genomn o Ciaraia Tamblia v



se identificé una region parecida al gen del U6. Para alineamientos globales de secuencias
se utilizo el Clustal W (Combet, et al., 2000). Para alineamientos locales se utilizé

FASTA3 (Pearson, et al., 1988).

IV. Resultados y Discusion (no presentados en los manuscritos para publicacion)

IV.1. El genoma de G. lamblia presenta regiones conservadas del gen del U6 snRNA.

El gen de U6 snRNA tiene una longitud de entre 100 a 120 nt, dependiendo de la
especie. Con el uso de los oligonucledtidos disefiados a partir de la regién conservada de 50
nt del gen de U6, se logré amplificar un fragmento equivalente en tamaiio, tanto a partir de
gDNA como de RNA total (figuras 3 y 4). De acuerdo con trabajos previos, estos
resultados son un indicio de la presencia del gen y su transcrito en el organismo (Tani y
Ohshima, 1991; Miranda, et al., 1996). La secuencia nucleotidica de este fragmento
correspondi6 a la region conservada del U6 snRNA (figura 5), la cual es la mas conservada
en todas las especies y se le atribuye la actividad nucleolitica del U6 en el spliceosoma
(Brow y Guthrie , 1988). Al comparar la secuencia nucleotidica contra el genoma de G.
lamblia, se obtuvo una secuencia ( NJ3094_A.r) que presenta 3 de las regiones altamente
conservadas en el gen de U6 . La tabla 3 muestra estas regiones y su comparacién con las
secuencias consenso. Los datos sugieren la presencia del gen del U6 snRNA en el genoma
de G. lamblia . Esto nos da la pauta para sugerir que la maquinaria de splicing, o al menos

algunos elementos de ella, podria considerarse como una caracteristica diagnostica de los

eucariontes.

Secuencia consenso de Secuencia en G. lamblia
elementos conservados del

U6 snRNA

AGATTAGCATGG AGATTAGCAG
ACAGAGA ACAGAGA

AGC . AGC

Tabla 3. Regiones conservadas del gen de U6 snRNA de G. lamblia
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Cabe sefialar que esta region conservada no pudo ser amplificada a partir de los ensayos de
inmunoprecipitacion contra la regién de cap, lo cual hace suponer que el transcrito del U6

en G. lamblia no presenta una region cap como las descritas para otros U6 en el extremo 5°.

1V.2. El spliceosoma en G. lamblia podria ser similar al splicing mayor.

Al confrontar mediante BLASTN (ver. 2.2.2) la secuencia obtenida en este trabajo
contra la base de datos del proyecto del genoma de G. lamblia (www.mbl.edw/Giardia ), se
obtuvo la secuencia NJ3094 A.r (Stephen, et al., 1997). La secuencia del genoma de G.
lamblia presenta un porcentaje de identidad de 38.71 % contra el gen de U6 de T. brucei,
37.77 % contra el de humano, 38.92 % contra el Ubatac, y de 37.3 % contra el 87U6.
Existen formas alternativas de genes de U6 en humano (U6atac, 87U6) que se propone
intervienen de forma alternativa en el splicing, o que estan relacionados con el
procesamiento de intrones de secuencias diferentes a la mayoria (Wieben, et al., 1991;
Tichelaar et al., 1998).

Tomando en cuenta que el Ubatac exhibe un 40% de identidad con el U6 de humano
(Woan-Yuh y Steitz, 1996), nuestros datos sugieren que la secuencia encontrada en G.

lamblia se encuentra dentro de este intervalo con respecto a las secuencias de comparacion.



El alineamiento Jocal recomoce de 3 a 5 sitios conservados ol comparar contra [as
secuencias del gen de UG de Thermuo thermophila, Tripasosomia bruced, Enfamoeha
histolwica, Cornorahditis elegans, Schizosackaromices pombe, Sacharomices cereviziae,
Drozophile melmaogasier ¥ humane (constitutiva, BTUS y Usaise). El genoma de &
fwrbiia presenta 25nt de los 34ni que en el gen de U6 de humano participan en |a
formacidn del asa 1 ¥ II; regiones que se sabe interactian con ¢l U4, & Jamblia también
presenta la regibn ACA de inferaccion con los inromes del splicing mayor, a dilerencia de
In secuencin AAGGA de mieraccion con ko intrones ipo AT-AC. Nuesiros datos tienden a
sugerir la presencia de una maquinaria de splicing parecida a la que se presenta en el
splicing mayor. Mo obstanle hasia pe tener lo secuencia completa del gen aislado
directamente del gencmn de & lambiia ¥ de realizar ensayos de complementacion con esle
gen, no podremos confirmar tabes aseveraciones. Tambidn es factible que existiera mis de
una secuencia codificants parm vaniantes del gen de U6, como sucede en humano, por lo
que debernos seguir estos estudios para determinar si esto e3 cieno. Dado que la secuencia
encondrada en el penomn de G famibfiz o estn completa ¥ que no se encontraron bas
regiones correspandientes al consenso pare el extremo 3° y 5 del pen de U6, no se puede
asegurar adn que este sed el Ub. E3 muy probable gue el proyecio del genoma de Glaralis
terminado ¥ depursdo nos permitn ilentificar de manera comecia la reghdn gue contiens
este gen
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Nucleolus is present in Giardia lamblia
Ahsiract

The nisclsalus is the major nuelear Abonuclesprotein straciure, and & the sile where
symthesis and processing of pre-rRNA and ribosome assembly take place. To see if this
arganclle was already present in the first cularyoles, we used electran microscopy W
analyee the nuclei of the profis) Grardic lambiio, a human parasite that causes diarchea amd
iz considersd one of the earliest euksryote. Hoth nueclei in culteed trophocaites of G
Lowaliion display a peripheral fibro-gramdar structure that g also present in cysts. This
stnactune is compesed of ribosucleopreteins and contams nucksalar arpanizer silver staining
prossing, the nuebsolar protedn fibrillarin and ribosomal RMA. We concluded that nucleoli
are present in (7. famblia and suggest that ribosome hiogenesis ook plece 0 an Isirasuclear
caimpariment in ekl lesl eakaryoies

Cragrdtia lambiia 15 a diplomanad protisd that causes dishea in bumans and oiber
veriehmtes (Adam, 15991; Boreham, 1991} In addstion to this isherent importance in hisnan
bealih, thes microofganism has sitrscied anlestion of bialogisis becanse molecular analvses
shows o wery early separstson fram the main branch of eukaryode evalalson [Sogin, et &l
1989, Belbadd, 199%). Comparative analyses from nbosomal genes ssgquence, muclealas
proteins &5 fibrillanin and ATPaszes, indicage that {7, lowbils belongs 1o o very carly branch
during eukaryole evelution (Sogin, et al. 198%; Marcisi, et al. 1998 ; Hilario and Goganen,
19%98). Since its first descripiion in |681, &, lambiis has been the subject of oumerous
wudies contrihuting o ils odogy (Adam, 1991). Recently , most studies are devoted o
umilerstand its cell and molscualar biology (Seshadri, et al., 2003, Vanscova, et al, 2003).
As a resull, & lamhlio i3 consadered 1 be an carly diverging onganism that represenis one
of the despest branches of eukaryn, The presence of a puclear strochare defines @ loweblie
s an eukarvate, although prokaryote biochemical and molecular characteristics ane also
observed {howai et al., 1994} At the cellular level this unicellular protist has two identical
noclel where § chramosomes have been described. A pot well defiosd endomembrane
svaiem of prowein modification, somting and transpor is alse phserved containing structures
resembling endoplasmbe peticullam and vesicules. Cytoskeleton elements are present 48 &
flagellar apparias and & wentrsl adbssive dise, On the other hend, Bo mdlochondria, But
mitasomes  lacking  oaddstive  phosphorlation, peroxisomes,  glycosomes  of
hydrogenosomes have been described (Towvar, et al, 2003 )

7 Jombily have two pocles with sdesdical DMA amousd and baoth are
transcriptionally sctive (Kabmick amd Peatiee, 1999), The nuclkear envelope dises not beeak
down daring cell division. In addition 1o the shsence of many onganelles, O lamblis has
heen also considered pat 1o have meclecdi (Adam, 2000; Mercisi et al., [998), ihe main siie
in the eukcaryote ozl were synibests and processing of pre-fRNA and rbosome asembly
takes place {Carmo-Fonseca, & al., 2000), Mamy nucleolar materials hawe been found in G
lamtblia, but light microscopy  cylochemisiry as immunefluorescence amd im  fifw
bybridizarion have failed jo demonstrate the presence of & mcleoluss (Kabnick snd Peatide,



1990). Because the small size of G. lamblia nuclei (mean size is about 2 pm long) (Adam,
1991), it is not possible to visualize intranunclear structures with the resolution of light
microscopy. Therefore, we used several electron microscopy techniques to visualize
nucleolar material. First we performed silver staining for NOR at the light microscopy
(Goodpasture and Bloom, 1975). Highly impregnated peripheral dots measuring about 0.3
pum by 0.8 pm within the nuclei of a culture of G. lamblia trophozoites were observed
(morphometric). Then we analyze nuclear structure with standard electron microscopy and
by using cryofixation and cryosubstitution to better preserve fine details (Vazquez-Nin and
Echeverria, 2000). Figure 1.A illustrates samples after this procedure, where two nuclei
display an irregular peripheral fibrogranular dense zone. A preferential method (Bernhard,
1969) supports the ribonucleoprotein (RNP) composition of this zone (Fig. 1.B).
Ultrastructural silver staining was then used to test the nucleolar proteins in this structure.
A peripheral zone in both nuclei was also highly impregnated (Fig. 1.C) which is negative
for DNA (Fig. 1.D) as seen with immunoelectron microscopy using primary monoclonal
antibodies followed by secondary antibodies coupled to colloidal gold particles. A
peripheral zone was also intensively labeled after immunoelectron microscopy using
antibodies to nucleolar protein fibrillarin (Fig. 1.E) and after ultrastructural in situ
hybridization using probes to detect IRNA (Fig. 1.F). Taken together our results strongly
support the presence of a 0.3 to 0.5 pm intranuclear ribonucleoprotein peripheral
fibrogranular structure enriched on silver staining proteins, fibrillarin and rRNA that we
identified as authentic nucleoli within both nuclei of G. lamblia trophozoites. 3D
computational assisted reconstruction showed the disposition of this structure in one of the
nuclei from G. lamblia trophozoite (Fig. 2). Because of molecular studies indicating that G.
lamblia belongs to one of the deepest branches of eukaryote evolution, we suggest that a
feature of earliest eukaryotes on earth was the segregation and compartmentalization of
ribosome biogenesis machinery within a nuclear territory containing the basic elements of a
nucleolus. Ribosomal genes in G. lamblia therefore, although having a prokaryote-like
organization, should then have the capability to organize a nucleolus. G. lamblia may be a
good model to search for the basic elements of the nucleolar organizer region (NOR).
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ABSTRACT R binant tri hosphat

memsehmthepanmteGmrd:alambﬁa(GtIﬂDm
characterized and immunolocalized. The enzyme is dis-
tributed uniformly throughout the cytoplasm. Size excha-
sion chromatography of the purified enzyme showed
two peaks with molecular weights of 108 and 55 kDa.
Under reducing conditions, only the 55-kDa protein was
detected. In denaturing gel electrophoresis without di-
lar weights of 28 and 50 kDa; with dithiotretitol, only the
28-kDa protein was observed. These data indicate that
GITIM may exist as a tetramer or a dimer and that, in the
former, the two dimers are covalently linked by disul-
fide bonds. The kinetics of the dimer were similar to
those of other TIMs. The tetramer exhibited half of the
k.. of the dimer without changes in the Km. Studies on
the thermal stability and the apparent association con-
stants between monomers showed that the tetramer
was slightly more stable than the dimer. This finding
suggests the olig ization is not related to enzyme
thermostability as in Thermotoga maritima. Instead, it
could be that oligomerization is related to the regula-
tion of catalytic activity in different states of the life
cycle of this mesophilic parasite. Proteins 2004;55:
824-834. ©2004 Wiley-Liss, Inc.

©2004 Wiley-Liss, Inc.

Key words: glycolysis; giardiasis; protein purifica-
tion; oligomerization state; disulfides

INTRODUCTION

The protozoan parasite Giardia lamblia merits exten-
sive studies for several reasons. From the evolutionary
point of view, G. lamblia has been considered a rather
remarkable organism because its morphological, meta-
bolic, and molecular features correspond to those of one of
the earliest branching lineages of eukaryotes.™ Indeed,
the G+C content, gene complementation, and rRNA sub-
units of G. lamblia are markedly similar to those of
prokaryotic organisms. In addition, the parasite is the
causative agent of human giardiasis, a worldwide disease
that affects millions of people, in particular children.®
Although metronidazole is effective in giardiasis,’ it exerts
strong side effects in the host,® and there is clear evidence
that strains of G. lamblia resistant to metronidazole are
now existent.? This finding underlines the need for devel-

© 2004 WILEY-LISS, INC.

oping drugs that are effective against giardiasis. In this
regard, it is noted that an additional feature of G. lamblia
is that it lacks mitochondria and oxidative phosphoryla-
tion.'® Thus, in G. lamblia, the main source of ATP is the
glycolytic pathway.'’ This finding suggests that the en-
zymes of glycolysis could be potential targets for drug
design. The nucleotide sequence of the triosephosphate
isomerase gene from G. lamblia has been previously
reported.'? However, there are no data on the kinetics and
structure of triosephosphate i from G. lamblia.
Therefore, because of lta importance in the evolutionary
processes and its potential as a target for drug design, we
characterized triosephosphate i ase from G. lamblig
(GITIM) and also determined its distribution within the
parasite.

TIM is a ubiquitous glycolytic enzyme that catalyzes the
reversible isomerization between (R)-glyceraldehyde
3-phosphate (GAP) and dihydroxyacetone phosphate
(DHAP). The kinetics and energetics of the catalytic
reaction are well established,’®'® and the three-dimen-
sional (3D) structure of the enzyme from 13 different
species has been determined. The active site residues of all
known TIMs are located in the central region of the
a/B-barrel and belong to the same main-chain. Most TIMs
so far described are homodimers in which each of the two
monomers exhibits an o/B-barrel structure. However, some
TIMs from hyperthermophilic organisms have a different
quaternary structure, which apparently is related to their
thermal stability. For example, TIMs from Pyrococcus
woesei'™'® and Methanothermus fervidus'® are tetrameric
enzymes. In Thermotoga neapolitana and T. maritima, the
enzyme is a tetramer fused with a phosphoglycerate
kinase.?>?! TIM from T. maritima was separated from
phosphoglycerate kinase and crystallized.?! The modified
TIM was a tetramer in which two dimers were in close
contact through hydrophobic and polar residues. However,
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TRIOSEPHOSPHATE ISOMERASE OF GIARDIA LAMBLIA

it is relevant to this work that the dimers of T. maritima
were joined through two disulfide bridges, between Cys
142 of each monomer. Our studies on GITIM show that it is
an enzyme with characteristics different from those of
TIMs from other mesophilic organisms.

MATERIALS AND METHODS
Parasites

Trophozoites of G. lamblia WB strain were cultured in
TYI-S-33 as previously described.”® Cultures were grown

at 37°C for 72 h to iconfl and hed with
phosphate buffered saline (PBS), pH 7.3.
Amplification of Triosephosphate I ase Gene

From Giardia lamblia

Genomic DNA from G. lamblia trophozoites (WB strain)
was purified by the phenol-chloroform method with slight
modifications.*® The polymerase chain reaction (PCR)
conditions were those described by Gibco-BRL (Taq poly-
merase supplier) using the following oligonucleotides:
sense 5'-AATAACATATGCCTGCTCGTC-3' and anti-
sense 5'-CCAGGATCCTATGTACGGG-3', which contain
Ndel and BamHI restriction sites at the 5° end, respec-
tively. The reaction mixture contained 400 ng of gDNA, 1.5
mM MgCl,, 0.8 mM of ANTP, and 2.5 units of Taq
Polymerase (Gibco-BRL). Amplification was performed by
using 30 cycles of 1 min at 94°C, 1 min at 57°C, and 1 min
at 72°C.

Cloning of the GITIM Gene and Sequence Analysis

The amplified DNA fragment was purified by electro-
phoresis using an extraction kit (Concert; Gibco-BRL) and
cloned into the pCR2.1 vector, as recommended (Novagen).
E. coli TOP10 competent cells were transformed for clon-
ing. The cloned fragment was subcloned into the pET3a
vector after digestion with Ndel and BamHI enzymes and
used to transform E. coli TOP10 competent cells. Enzyme
restriction assays and electrophoresis were performed to
confirm the correct fragment insertion into the vector.

The plasmid from positive clones was purified by using
an extraction plasmid kit (Concert; Gibco-BRL) and se-
quenced by the enzymatic method with an automatic
sequencer. A clone named 13* showed the correct sequence
and orientation of the gene of G. lamblia TIM. This was
used for the production of wild-type recombinant GITIM.

Overexpression of GITIM in E. coli

The plasmid from clone 13* was extracted and used to
transform competent E. coli BL21(DE3)pLys cells. BL21
cells contain the gene codifying for the T7 RNA pol needed
for expression of the recombinant enzyme. The trans-
formed cells were grown in Luria-Bertani medium with
100 pg/mL ampicillin at 37°C to an Agygn., of 0.2-0.5. To
induce overexpression, 0.4 mM isopropyl B-D-thiogalacto-
pyranoside was added, and growth was continued over-
night at 30°C.

Purification of Recombinant GITIM

Transformed bacteria from 1 L culture were suspended
in 80 mL of a buffer containing 25 mM Tris, 1 mM EDTA,

825

TABLE L Purifi of R bi Triosephosphat
L ase From G. lamblia®
Total Total activity
protein (umol GAP Specific activity
Step (mg) min”'f* (pmol min~ ' mg ")
Homogenate
(sonicated) 336 559,440 1794
G-75 eolumn 60 457,523 3305
Q-Sepharose
l 20 76,000 3800

"The enzyme was purified as described in Materials and Methods,
starting from 1-L culture.
"GAP, glyceraldehyde 3-phosphate.

0.2 mM phenylmethylsulfonyl fluoride, pH 7.9. The cells
were disrupted by sonication at 4°C, six cycles of 45 s with
75 s of resting intervals. The sonicate was centrifuged at
45,000 rpm for 1 h, and the supernatant was taken to 45%
saturation ammonium sulfate. The suspension was al-
lowed to stand for 3 h at 4°C and thereafter was centri-
fuged at 10,000 rpm for 30 min. The pellet was discarded,
and the concentration of ammonium sulfate in the superna-
tant was increased to 75% saturation. The suspension was
incubated at 4°C overnight. It was then centrifuged at
10,000 rpm for 30 min, and the supernatant was dis-
carded. The pellet was suspended in 5 mL of a buffer
containing 25 mM Tris, 1 mM EDTA, 1 mM NaN,, pH 8,
and filtered (0.45-um pore diameter). The dissolved pro-
tein was applied to a G-75 Sephadex (2.5 % 100 cm) column
equilibrated with the same buffer. The proteins were
eluted at a flow rate of 1 mL/min. Fractions of 2.5 mL were
collected. GITIM eluted after 140 mL had passed through
the column. The fractions with TIM activity were pooled
and concentrated in Amicon filters (YM 10) to a volume of
10 mL. The protein was dialyzed against 0.6 L of a buffer
containing 10 mM Tris, 1 mM EDTA, pH 8.7. The enzyme
was then applied to a Q-Sepharose FF (1.5 x 12 em)
column equilibrated and washed with the same buffer.
GITIM was eluted with a gradient of 30-100 mM NaCl.
Fractions with activity were pooled and concentrated.

To increase the purity of the enzyme, GITIM was applied
to a SW300 (7.5 X 300 mm) column equilibrated with a
buffer containing 50 mM triethanolamine hydrochloride,
10 mM EDTA, 150 mM NaCl, 30% glycerol, pH 7.5.
Fractions with activity were pooled, concentrated, and
stored at 4°C as a 50% glycerol solution in the same buffer.
For the studies, the enzyme was dialyzed against a buffer
containing 100 mM triethanolamine hydrochloride, 10
mM EDTA, pH 7.4. Densitometric analysis in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions showed that GITIM was
>95% pure. This protocol was followed several times, and
the enzyme yield ranged between 18 and 23 mg/L of
culture. Table I summarizes the purification of GITIM.

T. brucei and T. eruzi recombinant TIMs were purified
as previously described.>*2° Protein concentration of pure
TIM was determined spectrometrically at 280 nm. The
molar extinction coefficients at 280 nm of T¢TIM and
TbTIM were 36440 and 34950, respectively.?® The molar
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Lt the goss of (ITIM is loemid by 774 pb wilh &
prodiciesl segeence of 28T aming acid meEldoe and &
melecsiar mass of 37903 D, Figure 1 shows Uhe sequence
alipmment of TIMs fram . fambdho (GITIML Endenosba
histalyrica (EWTIM, Flasnodium fnlelparum (PFITIMIL, T
Broeoes THTTM), T, cracsi (TeTIM), T. masiima (TmTiM3,
mrad humesn (HuTIs). The identity of OITIM with tha
enaymes (Fun iBese srganisms ls 42, 40, 44, 40, 42, and
5%, respectively. From the amiso scid sequence of G-
m-ﬂﬂ?.ﬁ-hﬂhﬂnl.ﬂmnnmﬂlu
higher than the pl of TIM from £ coli (5.38). This allessd
the prparwtion of the twa srcymes by on eechange cheoma-
ingraphy fsen Maierialn asd Methodsl (ITIM has Bve
ryetemay por monomer; humasn TIM has the sxss aumber
off cpsteines, bt in different positions. The sther snzymes
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surraunding loog 3 of 1he othes subiunil has bean descritesd
&a u petential target for drog design ™

Hydrodynamic Parsmoters nnd SDE-PAGE of
GITIN

To sxplary the olipomerizalan sbids of GITIM. the
enpyme was morsbaied overnighd with or without the
thick-reduring agent Z-mercaptevthansl and thes spplied
toam amalylical SEC ealumn iFig. 21 The chevmategy ipie
profds of s ensyme incubabed wiiboui 2. e e
el showed a misor peak with the Stokes radiue of &
protein with & mokeenler mass of 108 &Da and & major
peak of 36 klm. The eneyme thal had been sxpased i
Fmeraptosibancl showed only the $36-kDa protein. The
ik thil correspendnd te the 55 ks was larger Sor the
angyme trowled with T-marcaptsethansl The sime data
ware obiaized when GITTV was incuhased with dilbasthre-
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To further exsmins the satire of the 55 wnd 108kl
progsing, cher in desaturing gel

wig delermiied b= the sternce of redecing agenis (Fig. 33
In EING-FADE, tha pretsin that hsd & mass of 55 kDs in
sizm mxclusice chrommtographs eadibitial 8 muin band of
atowut 3 klla and & mines band of about 55 ks (Fig 3,
lmne B3, whick i B enteminstion with the
18-kl pretain. The 108-kle protein showed two bands
of Bbw of abasul 65 kla ssd 26 ke, Under roduceg
conditiens (dithunhrein] sdded, the bigh and low mokecn-
laar wmight. proimra eshibited o single band of 26 kTa (Fig
3, lanes 3 a=d 41 Beth the 108 and 55-kDa prolsine
sxhibted cazalytin activiny (s bedoe .

Tekan togeiher. the resulis in Figures 2 aed 3 indicats
that recombisant GITIM ey @ift aa o tebramer and a
dimer af identizal subunits. Merammer, the loss of the
108-km peak &fd the csncosmstant appenrsses of the
B3l prodesn under redecing candibisns (lustraie tha
in the tetramar, twa GITIM dimers o jainml by o
disulfide bridge or bridges
Kineticn

The kinetics of GITIM were determined al differsst
eniyme concasirmlions (00 or 0.2 abl Ths iraces of
sctivity versup Eme were hingar unldl WADH becime
limiting. Thus, the engyme did =0l dasocats into moms-
mers during the nssay. As sxpecisd, the kisstic cnstents
wizn idependent of GITIM concentration. Linewesver-
Burk plots ol the sctwity s dilferent glyeeraldebyde
¥ phaaphate concentrations (054 mM) were linmiz. The
Em and &, values of dimeric OITIN were gimilar to thees
reperied for TIM from other specisa (Table [[1. The K=
walus of letramens secyme sms alen in the rasge nbasrsd
in other TIMs; however, ita b, wns shaut half af that of
b dimer (Tabls 11| Using dihpdmayaoecone as substrais
10.5-10 mbli, the kinstic cestanis of the GTIM dimer
were alsn gimilar to thess reporied fe olber TIMe Be-
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TABLE I Kinetic Constants of R binant G1TIM Compared With TIM From T. brucei (TbTIM) and Yeast (YtTIM)"

TIM Km (GAP) mM keat (GAP) min ™! Km (DHAP) mM keat (DHAP) min ™! Ki (PG)mM
GI1TIM dimer 0.53 = 0.03 (29 +0.2) x 10° 22+02 (1.6 + 0.04) x 10* 0.043 + 0.005
G1TIM tetramer 0.87 + 0.07 (147 = 0.04) x 10° nd. nd. nd.
ThTIM* 0.35 26 x 10° 19 2.7 % 10* 0.024
YeTIM® 127 1% 10° 1.23 49 x 10 0.03
*Activities were determined with gly Idehyde 3-pt } (GAP) in the range of 0.5—-4 mM; ation ranged bet 0.3 and 10 mM for

dihydroxyacetone phosphate (DHAF); PG is 2-phosphoglycolate. The conditions of the reaction are described in Materials and Methods. The

values are the averages (= 5E) of three independent experiments.
*Data from Herndndez-Alcantara et al.*®
"Data from Lambeir et al.™*
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Fig. 4. Effect of dithiothreitol on the activity of the tetramer. The
actwnhss of the dimer (dashed line) and the tetramer (solid line) were
ol ically at 340 nm. The arrows indicate the
addition of 2.5 ng of dimer or tetramer to 1 mL reaction mixture (see

Materials and Methods). The addition of 0.8 mM dithiothreitol is also
indicated.

cause of its sensitivity to reducing agents (see Figs. 2 and
3), the kinetics of the tetramer in the direction of dihydroxy-
acetone to glyceraldehyde 3-phosphate could not be deter-
mined. Because the k_,, of the tetramer was lower than
that of the dimer, we explored if the conversion of tetramer
to dimers brought about an increase in activity. Indeed, we
observed that the addition of dithiothreitol to tetrameric
GITIM undergoing active catalysis induced an increase in
the rate at which the enzyme converts GAP to DHAP (Fig.
4). Under the conditions of the experiment, a rate equal to

that of the dimer was attained in ~15 min after the
addition of dithiothreitol.

The inhibition constant (K;) of the transition-state ana-
log 2-phosphoglycolate was determined for the dimeric
enzyme (Table II). The K; value was close to that reported
for trypanosomal and yeast TIMs.?®

Stability of GITIM at Different Concentrations

The interface of dimeric TIM is formed by nonomralent
interactions between TIM 8; the tion con-
stant of the two subunits is in the order of 107'° to 10~
M.?1-%% Because in its monomeric state the enzyme is
catalytically inactive,®?%37 the loss of the dimeric state
can be followed by the activity of the enzyme after it has
been mcubated at different concentrations. The apparent
di ti tant (Kif'?) bet 1 the two monomers
can be calculated from the data. Therefure, to gain insight
into the dissociation constants between the monomers of
GITIM, the tetramer and the dimer were incubated at
concentrations that ranged from 0.0025 to 500 pg/mL.
After 2 h of incubation, the specific activity of the two
enzymes was determined.

The curves of percent of specific activity versus enzyme
concentration of the dimer and tetramer of GITIM were
sigmoid (Fig. 5), as observed with other TIMs.?® At low
protein concentrations, the specific activity of tetramer
and dimer of GITIM was low; however, as the concentra-
tion of protein was raised, the specific activity of the two
enzymes increased until it reached a constant level. From
the data, the K{f® was calculated. As shown in Figure 5,
the apparent dissociation constant between the monomers
of dimeric (50.6 * 12 X 10°® M) and tetrameric (9.8 =
0.6 X 107° M) GITIM was slightly lower than that of
TcTIM (44 = 2.3 X 107 M) and ThTIM (43.8 = 4 X 10°°
M). It is also noteworthy that the KPP of the dimer and
tetramer of GITIM was in the same range. These findings
suggest that the tetramer results from the cuvalent attach
ment of two dimers that ve 8i tion
constants between their constituent monomers.

A point that is worth noting is that enzyme concentra-
tions of the order of 0.2 nM were used for measurements of
activity. According to the data of Figure 5, it could be
expected that at concentrations of 0.2 nM, there would be
dissociation of the subunits of GITIM. However, it is
recalled that the occupancy of the catalytic site increases
the stability of TIM.2%*%4® Moreover, in the conditions
used for Figure 5, loss of activity is a rather slow process.
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Fig. 5. Stability of the dimer and tetramer of GITIM al different concentrations. The dimer and tetramer were
incubated at concentrations that range from 0.0025 to 500 wg/mL at 40°C in a buffer containing 100 mM
triethanotamine, 10 mM EDTA, pH 7.4, After 2-h samples were incubated for 1 min at 25°C, subsequently the
residual activity was determined with 10 ng of protein/mL reaction mixture. The percent of specific activity
versus enzyme concentration is shown; 100% of activity was 1700 and 714 umol min~" mg ™" for the dimer and

ively. The app: Ky (£SE) of three independent experiments were calculated and fitted

with nonlinear ragnes:f.lon plots.

Thus, in the times in which activity was measured, no
dissociation to monomers took place. Indeed, we always
observed that the activity traces were linear with time.

Stability to Temperature

The thermostabilities of the dimer and the tetramer of
GITIM were determined from measurements of the decay
of activity at different temperatures. The data were com-

pared with those of T¢TIM and ThTIM. In all cases,
inactivation followed a simple exponential decay. Thus,
the data were expressed as k,,, (Table III). At 45 and 55°C,
the GITIM dimer exhibited the highest decay rate. At
60°C, however, the rate of inactivation was similar in the
four enzymes. It is noted that the loss of activity in the
tetramer was not markedly different from that of the other
enzymes tested, albeit at 45 and 55°C, it was slightly more
stable than the dimer.
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TABLE III. First-Order Rate C for Inactivation as
a Function of Temperature for G1TIM, TcTIM, and ThTIM'
k. (h™Y)
TIM 45°C 556°C 60°C
G1TIM dimer 1.9=01 65+ 3 1739
GI1TIM tetramer [1] 43%+54 169%75
TeTIM (4+037 x10°? 36+43 198 + 17
THTIM (9+072)% 1072 2304+ 144 120+ 24

"The enzymes were incubated at 100 pg/mL in 100 mM triethanol-
amine, 10 mM EDTA buffer (pH 7.4) at the indicated temperatures. At
different times of incubation, aliquots were withdrawn and activities
measured at 25°C. The k,,, (*SE) were calculated from nonlinear
regression plots.

In Situ Localization of GITIM

Fluorescence immunolocalization of cellular GITIM
showed that the enzyme was quite abundant in all the
cytoplasm of G. lamblia trophozoites [Fig. 6(A), anti-
GITIM panel]. Its distribution was uniform, albeit the
nuclei were not labeled [Fig. 6(A), DAPI panel]. Electron
microscopy corroborated the homogeneous cellular distri-
bution of GITIM [Fig. 6(B)]; that is, the enzyme is not
contained in membranous vesicles (as in the glycosomes of
trypanosomes).**

DISCUSSION

The kinetics, the association constant between mono-
mers, and the thermostability of GITIM are similar to
those of other TIMs. Nonetheless, in size exclusion chroma-
tography, two catalytically active proteins with molecular
masses of 108 and 55 kDa were clearly evident. The same
results were obtained when the catalytically active pro-
teins were analyzed in nonreducing native gel electrophore-
sis. It is also noteworthy that only the 28-kDa protein was
observed in SDS-PAGE under reducing conditions, whereas
in the absence of reducing agents, two proteins with
molecular masses of 55 and 28 kDa were detected. Taken
together, these findings indicate that TIM from G. lamblia
can exist as a tetramer or a dimer of identical subunits.
Moreover, because reducing agents induce the transforma-
tion of tetramers to dimers, it may be concluded that two
GITIM dimers are covalently linked by disulfide bonds in
the tetramer. In this regard, it is noted that in the
tetramer, the linkage of two dimers must be through an
-5-5- bridge between only one of the monomers of each
dimer; otherwise, the tetrameric form in SDS-PAGE under
nonreducing conditions would have exhibited only the
55-kDa protein; instead, the gel showed bands of 55 and 28
kDa.

GITIM has cysteines at positions 14, 127, 202, 222, and
228. PITIM has cysteines at positions 13, 126, 196, and
217. The cysteines of PfTIM and GITIM have different
positions in the primary sequence. This is because GITIM
has an insertion of seven residues. However, the positions
of the cysteines between both organisms are equivalent
(Fig. 1). Therefore, the crystal structure of the PfTIM*?
was used to model the accessible solvent area (ASA) of the
five cysteines of GITIM. The predicted ASA of the five
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lateral chains of the cysteines from GITIM*® showed that
Cys 202, located in helix 6, could be the residue most
exposed to solvent (47.1 A?). Alternatively, GITIM pos-
sesses a Cys 228 residue, but the residue that PfTIM
contains at this equivalent position is Gln 223. Conse-
quently, Cys 228 of GITIM would be located on loop 8 with
also a highly predicted ASA (26.7 A2). Therefore, it is
probable that the cysteines involved in the disulfide of the
tetramer were either Cys 202 or Cys 228 from each dimer.

As noted, TIM from T. maritima is a tetramer fused with
phosphoglycerate kinase.** The crystal structure of the
tetrameric TIM after it was separated from glycerate
kinase by molecular engineering has been reported.?! In
this tetramer, the two dimers are linked through contacts
between hydrophobic and polar residues; however, the
predominant linkages in the tetramer are the two disulfide
bonds that are established between cysteines 142 of each
monomer. In regard to the structural features of TIM from
T. maritima, it has been proposed that through tetramer-
ization, the enzyme acquires a higher thermostability.**
Here, we found that the dimer and tetramer of GITIM do
not exhibit important differences in thermostability nor in
their association constant between monomers. Therefore,
it is possible that in the mesophile G. lamblia, the occur-
rence of tetrameric and dimeric forms serves a different
purpose.

In the latter respect, the comparison of the kinetics of
the GITIM dimer and tetramer may be illustrative. The
data show that although the two enzymes have the same
Km for glyceraldehyde 3-phosphate, the k_, of the tet-
ramer is about half of that of the dimer. This suggests that
the tetramer is an enzyme with only two catalytically
competent sites. In this connection, it is relevant to point
out that TIM dimers, in which one of its two catalytic sites
has been poisoned with a covalently linked inhibitor,
express 50% of its maximal activity without important
changes in Km,***® indicating that the catalytic sites of
two monomers work independently. However, Biemann
and Koshland*” reported that a protein with two potential
binding sites exhibited Michaelis-Menten behavior with a
Hill coefficient of 1 and that, nonetheless, the protein
expressed what they called half of the site reactivity. That
is, the occupancy of one binding site suppressed the
function of the other site. With the present data, it is not
possible to distinguish between the two alternatives. How-
ever, it is noted that the kinetics of the dimer and tetramer
exhibited classical Michaelis-Menten behavior with Hill
coefficients of 1.1 and 1.02, respectively.

In sum, our data on TIM from G. lamblia show that it
has characteristics that set it apart from all the other
TIMs so far reported. Indeed, to our knowledge, GITIM is
the first example of a TIM from a mesophile that may
acquire a tetrameric structure. Likewise, GITIM is also the
only known eukaryotic TIM that can acquire a tetrameric
structure. Along this line, it may not be a coincidence that
G. lamblia is one of the earliest branches of eukaryotes. In
addition, from the point of view of catalytic mechanisms,
GITIM also seems rather unique, because the kinetics of
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ABSTRACT

The nucleolus is the main site for synthesis and processing of ribosomal RNA in eukaryotes. In
mammals, plants, and yeast the nucleolus has been extensively characterized by electron
microscopy, but in the majority of the unicellular eukaryotes no such studies have been
performed. Here we used ultrastructural, cytochemical, and immunocytochemical techniques as
well as 3D reconstruction to analyze the nucleolus of Trypanosoma cruzi which is an early
divergent eukaryote of medical importance. In 7. cruzi epimastigotes the nucleolus is a spherical
intranuclear ribonucleoprotein organelle localized in a relative central position within the
nucleus. Dense fibrillar and granular components but not fibrillar centers were observed. In
addition, nuclear bodies resembling Cajal bodies were observed associated to the nucleolus in
the surrounding nucleoplasm. Our results provide additional morphological data to better
understand the synthesis and processing of the ribosomal RNA in kinetoplastids.

Key Words. Cajal bodies, nucleolus, nucleus, ribosomal RNA, Trypanosoma cruzi.



Introduction

The mammalian cell mscleus is 2 highly compartmentalized and very dymamic organelle
reluted to several steps of RNA metabolism (Spector, 1993, 2001; Lemond and Earmshaw, 1998;
Mitsteli, 2001), The sucleobss is & nbosuchooprodein compamment  where transeription and
processing of pre-rlMA and ribosomse ssembly lake place invelving many modecules as rDMA,
non processed, and matare forms of tRMNA, prolemns, and UsnBNA. These molecules are
arganized in ultrastnactural compartments knoown as fibrillar centers (FCs), dense fibrillar (IDFC),
and granular companent ((C) (see Spector, 1993, Hesch and Smetasa, V97 Jordan amd Cullis,
1982; Risuefto and Medira, 1986; Shaw and Josdan, 1995; Thiry and Goessens, 1996, Scheer and
Hock. 19949 Scwarmcher amd Mospoller, 2000; Hueang, 20021 h is widely aceepied that
nucheolar wransexprion snd carly pre-rRMA processing take place in the fbrillar porson of the
nuclenlus while the Lade steps of processing and fibosaine swembly occur mamlby in the granular
region., Whibs this organization of nuclsolar struchare i well known in mamensals amd slso st in
lesser extent in plands amd yeast, unicelbular ewkaryotes have pot been shadied in detall by electron
mucrascapy, a8 for example members af the irppanosomaisds where molecular baobogy studies
are abumsdond.

Trypanaeama crar, the cawsative agent of Chagas' discase in hamans, afflicts millions of
poople in America and is of a clear medical and economical imporiance {Herwalt, 1999), 1 is
esiimated that 16-18 mullion people may currenily be tnfecied and wp ta [ million may be at
risk of infection in the contiment (WHO, 1597k On the olher hand, trypanosomes are early
divergent anicellular cukaryobes that show severnl atypical mechanisms of pene expression
Polycistronic  runscription uniis and irans-sphcing of measenger BNAS are inberesiing
phenomenn presents in these organisms (Agabuan, 1990). Mevertheless, they also share seveml
charcteristes proper of more evolved eulcaryotes. For example, molecules which participale on
cis-splicing as UL, U2, U4, U5, U6 snMAs, &nd SR probeins had been described {Ismaili et al.,
195 Dyikeng et al, 21}, Ribosomal BEMA (rfRNA), the major tmnscnption prodoc of all
living cells, hns been extensively studied in trypancsomes, mainly at a molecular [evel. As in all
trypanpsomatids amslyzed to date, cytesolic fRMA from T cruzl is atypical in that the large
submnit is composad of tao large and five small indeperdent TRMAs (Hermdader et al., 1998).
These mobecules are encoded as different modubes in a so-called main imnseription wnil.  The
transcription undls are present in about 100 coples per nucleus, sparaied by sequences konger
than (&b, and are encoded in at least o chromosomes (Hemandez 1 al, 1998; Castro et ol
1981, Wagner and 5o, |59} There are several molecules involved in rRMNA synthesis and
maburaiion in trypancsomes, which are shared with higher eulcaryotes. (/1) box small puclealar
EMAs [snofMNAs) like U3 and ciber seoBMNAs involved in tRMA methylation, fibsillanin, and
RMNA pobymersse | have been previously described (Harshome and Agabian, 1993, less &1 al.,
1989, Dunbar et al., 2000). Reocenily, 0 was shawn that nucleolar transeriptbon decreases from
epimastigode 1o trypomastigote stages in T, cruzi, which also correlsied 1o & gradual reducton m
niszdeokar size antil this organelle disappesrs (Eliss of al,, 2001} . Because epimastigates are very
active in immscription, we bhave analyped the nuchoolar ultmsimecture fo sentify nuclenlar
domains nwvolved m rBNA formation. We found that there are nod fibalbar centers m this
parasite. [n addition, nuclenlsr material is present in nuclesr bedies. The ulirstructure analysis
presenied in this paper will complement molecular data on the nisclechus of T e and therefone
will help in undersianding the ribesome bsogeness in this parasise.



Materials and metheds

Parasites. T, eruzi epimastipotes from clone CL Brener were grown at 28" C in liver
infusion trypiose mediam (LIT), supplemented with (0% fetal calf serom.  Parnsites were
harvesied nt medinl phase of logamihmes grow (ten to thirty-five millson cells per mi) and washed
wilth PHS.

Transmission Eleciron Microrcopy.  Pellets of 7. cmzi with around 10° cells were
ohiained by centrifugaton, and processed for slandard tmnsmission electron  macToscopy
{ Wazgues-MNin and Echeverria, 2000 fixed nsing either 2.5% plutasabilehyde in PBS, post-fiaed
in 1% osmium ectroasde and embedded in epoxse resin. Semithan sections of about 250 nm widih
were skximed wi.lhhﬂui.din:lﬂulu!nm'udwhhbliﬁh field microscopy. Thin sections were
imisanted on copper grids and contrasted with urany] scetale and lesd citrute.

Sertal xectioming. Samples embedided in Epon were cut with an altnmicrotome Seres of
B0 sections of =70 nm width each were obiarned snd mounted onta Siéstmnd rings previmesly
coated with a formvar film as described (Wettcein and Grover, 1973} Samples were then stained
wilh uramyl socctmie and lesd citmte.  The secfions comtxining the whole nuchbeolus were
photographed in & transmission electron microscopy a1 a fixved magnification (X235, 000),

{mape procesving.  Images from seral sections were digitized and processed using a
compuating package (Imagenia 500{, Biocom) compatible with [BM PC,  Three dimensional
duspliy and morphological messuremenis wenre camried out using specialized soffware based on
baxels, as previously described (Lipez-Veldrquer et al., 1994),

AgNOR staintey. Parasite pellets fixed in 2.5% plitsmaldebyde were processed iming the
techmigue for nucleolar organizer (AgMOR) (Goodpasiure and Bloom, 1975) with modifications
for postembedding ultrastructuml =nalysis (Spector et al., 1998), Samples were embedded in
epoxy resin and cul a8 deseribed above. Sections were placed onte copper grids and uranyl-lead
stmined.

Ribonwclpoprafniis stainimg. A st of samples fived with 2.5% ghitambdehyds were mot
postfixed with csmium eiroxide, then embedded in epoxy resin ard mousied n copper grids 10

perform the regressive methed preferential for ribonucleopreateans (Bemhard, 1969). Grids were
treabed with 0.5% vmny] acetnte for 10 min, EDTA 0.2 M, pH 7.0 for 45 min, and lesd citrate for
§ min.

Immmmocptochemisry.  Immusodesection was performed acconding & reporied protocols
(Regh, 1986) with modifications, Briefly, samples were flaed in 4% parnformabdebyde and
embedded in Lowicryl resin. Seclions were mounled omto nickel grids. Crids were floated on
THS buffer (20mM Tris, pH 7.6, 150 mM NaCl, 20 mM NaM,, 1% Tween 20, 3% BSA, ¥
WGS) for 1h, washed three times in MBS and incubated at 4°C pver night with a mouse g anti-
(34 antibody. Adter this, prids were washed in PBS and incubaied for 90 min with & secondnry
aniihody coupled o 1215 nm colloidal gobd panticles.



Results

To test the presence of nucleolar material in T. cruzi detected by light microscopy, we
used bright field microscopy to analyze semithin sections of electron microscopy processed
material after silver staining for nucleolar organizer. The results showed intense contrasted
material in the nuclei of 7. cruzi (Figure 1) but not in other cell compartments.

- Figure 1. Silver staining for nucleolar
- k organizer on acrylic-embedded semithin
& sections of 7. cruzi. Amows show a
- 'S ? o single spherical intranuclear body per cell
4 TS A — intensely labeled. Inset shows a
: ' "k, . | magnification of a single cell. Bar: 10 pm,

¢ " s, | insetbar: 2 pm.

Transmission electron microscopy of glutaraldehyde fixed parasites was performed to test
for nucleolar components. One single rounded fibrogranular body per nucleus, in a central or
somewhat polarized position into the nucleoplasm was observed (Fig. 2a). This body
corresponds to the nucleolus and is surrounded by nuclear particles (granules and fibers) and
clumps of compact chromatin (Fig. 2a). In accordance with other species, the nucleolus was
positive after staining with the regressive methods for ribonucleoproteins (Figure 2b). The
presence of granules of = 11 nm in diameter into the nucleoplasm, spatially related to the
nucleolus was also noted (Fig. 2b, arrowheads). In addition, by using monoclonal antibodies
(see materials and methods), DNA was localized mainly in the chromatin clumps surrounding
the nucleolus. Only a few strands of DNA are localized within the body. (Fig. 2¢). Another
structure intensely labeled using this technique was the kinetoplast (data not shown), as must be
expected.



Figure 1. Ulkmstucture of T, ceuei inireeelear maierial,
(1)} UranyHead sinining . (b) Demband's stimmg for
ribonucleoproteins, (c) immesclooalization for DA, Ch,
chromatin; Cy, eytoplmm; F, Bbrillar componmt; G,
gramslar compoment Me, nuclear envelope; M, nucleus; M,
nuclealis; ¢, nbossmés. Bar: 510 nm

Furthermare, we tested whsether the ibonecleoprotein fibrogranular body we recognized
as nucleobus was positive 1o the silver slaiing methed for nuckealar organizer, AgMNOR proteins
were localized m the Abrillar component of the mucleolus (Figure 1) Distibution of AgMOR
proteins showed ihe existence of wery discrete pucleolar sshcompartments (Fig. 3a, bl
Additionally, nuclear bodies of =100 nm m diameter intersely impregnabed were foend  Such
badies are wsually in proximity to nucbear pores or next to the sucleoius (Fige. Ja, b armowhesds),
I fact (bese bodies can be wisunlized in samples by using conventional staining methods (Fig. 3c
arrowhead).



Flgwre 3. Ulmastructural silver
siinieg  of T enmd  Ag-NOR
prodeind  are  obsérved an  the
fibrogranular mmieral  within  the
nucless {a-b). Ursyl-lead comras
{dk M. mechéolis. Bis: 150 nm.

Serinl sections mnalysis of the whole nuclens shows clumps of compact chromatin
surrcunding the mocleclis. To see if there was DNA penetrating the fibrogranulsr material, we
se eompuber asisted overlapped sections. 10 reconsinection shewed that chromalin extends 1o
the ncloodus presenting sibes of conlact wilh i (Fig. #a). 3D reconstnacion based an boxels
allowed us to dsplay a niclear regeon comtaiming the entire nuclecdus and to perform guantitative
nralyses.  This computing sysiem has the capacity o make virim] “windows™ throagh the 3D
display in order to idestify spatial relations among different struchares (Fig. 4c), Mean volame of
the nucleoli studied was 0.71 um’, occupying sround 5.7 % of the 1eal nuclear volume. Volume
mEasrements. rom iwenly niclel stodsed are shown m Table 1. In order oo weéstifly e nacleolar
components, every singbe section of the entire pucleall studied were analyzed. Mo fibrillar
centers were foand in any of the samples sermlly sectoned, Grapular and fibnllar componenis
wene labeled using different colors (gray and yellow respectively) amd followed through the
muclealus.  Both components are distnbuted a8 a conbinoos network through the nocleolus
mberacting between them and with samounding nucleoplasm (Fig. 4h).

Figwre 4. Compuiaticnal
display of T cruri nucles
and i components, (a)
muclear seClioms
oveslapping, (b} mucleolar
secbons  averlapping. (€]
window  through  the
nicleir 30 eoeonslricion




Table 1. Morphology measurements of T. cruzi nucleoli serially cut and reconstructed

Sample Nuclear Nucleolar % of nuclear
number volume ;.lmJ volume pm®  volume occupied
1 10.771 0.407 3.785
2 9.417 0.589 6.254
3 9.203 1.436 15.612
4 8.379 0.356 4.258
3 8.784 0.288 3.286
6 16.838 0.860 5.109
7 19.510 0.998 3117
8 8.181 0.623 7.622
9 10.771 0.555 5.158
10 20.580 0.589 2.861
11 23.624 0.463 1.960
12 8.379 0.407 4.865
13 8.992 0.248 2.763
14 26.955 1.987 7.374
15 27.834 1.098 3.945
16 14.137 1.204 8.518
17 14.137 1.767 12.500
18 9.855 1.150 11.673
19 12.508 1.150 9.197
20 6.044 0.623 10.317
Mean 12.460 0.712 5.714
Standard 6.606 0.494 3.691
deviation

Discussion

There are few studies that addressed the nuclear structure of trypanosomes (Esponda et
al., 1983; Jiménez-Garcia et al., 1989; Chung et al., 1990; Ogbadoyi et al., 2000) . Ribosomal
biogenesis is an essential event in all living cells and the knowledge of nucleolar structures
related with this process has contributed on the understanding of its regulatory steps. Although a
recent study showed variation in nucleolar size, there are no data on nucleolar
compartmentalization using cytochemical methods, which may complement morphological
information on ribosome biogenesis.

The nucleolus of T. cruzi is compartmentalized. Three different criteria have been taken
into account to arrive to this conclusion. 1) The electron dense material observed in the center of
the nucleus of T. cruzi after standard transmission electron microscopy is composed of
fibrogranular elements. 2) This fibrogranular material was positive after the regressive method
for ribonucleoproteins. It is interesting to note that in addition of nucleolar contrast after the
regressive staining, granules of =11 nm in diameter were also observed in the nucleoplasm. Such
granules are similar in size and morphology to cytoplasmic ribosomes (Fig. 2b). Although it is



possible w0 recognize portions of dense fheillar and granular components, no recognizable
fibrillar centers were ohserved in our samples, To test if o three dimensicnal reconstnaction would
give us information whether or not fibriller cemters were localized in peripberal aress of the
naclecals, we perfarmed serial sectioning &nd compater 30 reconstroction of nocleal, |n this
conditions agsin, no firbillar centers were observed. This i3 not tbe first report on the lacking of
fibirillar centers. The absence of this nucleslar subcompariment hay been noticed in other cell
types of different organisms (Thiny amd Goessens, 1996) The analysis of the nucleslus by nmll
sectioning also revealed that this organelle is present as a single, spherical and small (0.7 p’
miean valume) strectare per each cell. Havimg one nucbeolus per cell s n very common condition
in kigher eukaryoies though the nuelealus nusnber na ghi depend on the celiuler cycle phase, even
hﬁtmﬁm]]lﬂm‘mﬂ !Iul:l.li.nﬁ.l:l:lufﬂg]"l'l]ﬁ protemns was shown in this same
structure, maindy distribubed in the fibrillar areas. This techmique s an sccurnte cyochemical
migthod to definitively identify nocleolar elemens in the c2ll necleus. In sddition to the silver
statming for nueleolar organizer, we ohserved discrete impregmation in the sumousding
nucleoplasm a8 = (00 am in diemeier mcksar bodies. 4) Afier high resolution
immunolocalizstion of DM A using commercial antibodies, Isbel was observed in the nucleoplasm
in areas corresponding 8o chromating bat very few pold granules were seen m the putative
nacleclus, similar i other systems including plants [Martin et al, [958) The amoust of
nmclealar DMA B very bow in comparison to that of the entire rucleus,

Regarding the noo-nucleolsr intrasuclear material positive afler AgMOR siaiming and the
regressive method for RMPs, it is interesting io menticns that the presence of extanucheolar
pamticles enriched on AgMOR proteins had been reposied previcusly (Esponda et al., 1983), but
their rebevance was not discussed. On the basis of the charscleristics shown in thas waork as io
the morphalogy and proximity o the mecleolus, their nh:rlmmrim,mdh
presence of silver slalning proteins, we sggest that they may comesspond to Cajal bodies. Cajal
bodses are whiguitous structures o the nuclews of eakaryoles tha are involved in nuclear BMNA
metabalism, slthough the precise role has pot been elucidated (Gall, 20000

It is tempding 1o speculsie as to the presence of a nucleclar structare s that described here
carly in evolutbon, because T orwef b5 considersd 1o be o very early divergemt protozoan
organisms based on s phylogenstic posiltbon aller using comparison of mbosomal seqeence
(Sogin et al., 1983),

Movel aspects of the cell biclogy of the sucleoliss in T cned nemain 16 be stadied 25 for
example the nuclsslogenesis and the sumber of muclealar organizer, in order o produce o more
compless morphodogical counterpast o that of given by the molecular biology. Also, it would be
intenesting to study the causes ol the reporied sbeence of a nucleobas in the infective forms of this
parasite (Elias et ol 2001}

O the other band, wemebeates present fibrillar centers os anchonng sates for (hoasands of
copies of ribosomal genes, separsted for non franscribed spacers (NT5) of sround 240 kb
{Enright and Sollner-Webb, 1994} . T. cruzi ribosomal genes are present in around 100 copies
(Castro e1 al, 1981}, but separated by a NTS a5 loag as 10 kb (Hemidnder en al., 1988
Therefore, fbnlker ceners in vemebrates may be the result of a high number of nbosomal genes
anchored in & closes position, and are mot present in organisms with longer spacers as T, omei.
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COMCLUSIONS

We have shown here that in T onel epimastigodes, an intranuclesr and eestral possisaned
fibrogranwlar, riboenicleaprotein struchare is presesd that contains few smount of DINA bat is
intensely impregnabed with silver smining for nucleolar orgamizer, Therefore, this structure
correspond 16 an suthemtbe compartmentalired nucleolus kseking fbrillar centers, In addition
mlmhﬁnmﬂhhgnmmmﬂuﬁnﬂimuw:mmtumdmﬂﬂ
bodies.
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