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Resum en 

El nucléolo es el sitio donde se lleva a cabo la síntesis y maduración del pre-rRNA en 

células eucariontes. La mayor parte de la información sobre la organización funcional del 

nucléolo es a partir de células de mamíferos y plantas. si n embargo no se sabe casi nada 

acerca de esto en protistas. Giardio lamblia es un protista parásito que comparte varias 

características con procariontes. Esto ha propiciado considerar a G. fomblia como un 

eucarionte de divergencia temprana. Respecto a esto, también hay reportes con relación a la 

falta de mitocondrias, peroxisomas y nucléolo en este organismo. No obstante, la condición 

evolutiva de G. lomb/ia está en debate ya que se sabe que en vez de motocondrias posee 

mitosomas y que hay genes mitocondriales transferidos a núcleo celular. En este sentido, el 

hecho de presentar fibrilarina, UI4 snoRNA, y genes de rDNA organizados en !andem, 

destaca la importancia de la organización morfológica de estas moléculas el núcleo celular 

de G. lamblia. El objetivo de este trabajo fue analizar la distribución in sifll de las 

moléculas involucradas en el procesamiento del pre-rRNA en los núcleos de G. {omblia. De 

manera adicional, se anal izaron dos moléculas no relacionadas directamente con el 

procesamiento del pre-rRNA (gen del U6 snRNA y la enzima triosafosfato isomerasa), pero 

que se usaron como complemento para entender las características evolutivas de G. 

{omblia. Por otra parte, se estudio y caracterizó el nucléolo de TrypanosQma cruzi, tomando 

en cuenta las similitudes de su nucléolo con el de los eucariontes de divergencia tardía, y su 

cercanía filogenética con G. ¡amblia. Los resultados mostraron que los núcleos de G. 

{amb/ia presentan una estructura morfológicamente bien definida, la cual excluye al DNA 

pero contiene fibrilari na, proteínas nucleolares. y rRNA. Esta estructura representa a un 

nucléolo con componente granular y fibrilar. La reconstrucción 3D reveló la posición del 

nucléolo con respecto al micleo entero. Se clonó un fragmento conservado del gen del U6 

snRNA en G. ¡amblia. La triosafosfato isomerasa de este organismo también fue 

caracterizada. En el caso de T. cr llzi . el nucléolo se caracterizó ultraestructuralmente y la 

subcompartamentaJización de las moléculas relacionadas con la maduraciÓn del rRNA se 

reporta por primera vez. La reconstrucción 3D mostró un nucléolo por cada núcleo de los 

epimastigotes de T cruzi, los cuales presentaron una intrincada red COmpuesta por un 

componente fibrilar y otro granular. 



Abstract 

Nucleolus is the site where the synthesis and maturation of the pre.rRNA takes place in 

eukaryotic cells. The bulk of information about functional organization of Ihe nucleolus 

comes fmm mammalian and plant cells, but almost llothing is known in pmtisls. Giardia 

lamblia is a parasitic protist that shares several fcatures with prokaryotes. This has 

propitiated to consider G. /amblia as an early diverging eukaryole. 1I has proposed too Ihat 

G. /amblia lacks milochondria, peroxisomes and nucleolus. Nonetheless, Ihe presence of 

mitosomes instead of mitochondria and mitochonddal genes transferred to Ihe nudcus, 

changed the poinl of view over Ihe evolulionary status of G. lamblia. The presence of 

fibrilladn, Ul4 snoRNA like, and tandem rDNA genes. underlines Ihe importance ofthe 

morphologic organizalion of Ihese molecules in the G. lamblia nucleus. The aim of Ihis 

work was lO analyze the in si/u distribution of molecules involved in Ihe rRNA processing 

in ¡he nudei ofG. lamblia and lO identify Ihe structures related with them. Additionally, we 

analyzed t\Vo other molecules not related with Ihe rRNA processing (U6 snRNA gene and 

triosephosphate isomerase) bul used Ihem as a complement to understand the evolutionary 

features ofG. lamblio. On Ihe other hand, Ihe nucleolus of Trypanosoma cruzi was studied 

and characterized taking into accOunl ils similarities wilh Ihe nucleoli of lhe most 

evolutionary derived organisms, and its phylogenetic closeness to G. lamblia. The results 

showed Ihat Ihe nudei of G. lamb/io present a structure morphologically defined which 

excludes DNA and contains fibrillarin, nucleolar proleins, and rRNA. This structure 

represents a nucleolus showing granular and fibrillar components 3D reconstructions 

showed the pesition of the nucleolus of G. /amblia relative 10 the emire nucleus. A 

conserved fragmcnt fmm U6 snRNA gene was cloned from G. lamblia. The 

triosephosphate isomerase was also was characlerized. For T. cruzi, Ihe nucleolus was 

ultraslruclurally characterized. Molecular and morphological subcompartmentalization 

related wilh rRNA metabolism were described. 3D reconstruetion showed a single 

nucleolus pcr nucleus of T. cruti epimastigotes with an inlricale net composed by fibrillar 

and granular components. 
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Abreviaturas 

ATP. Trifosfato de adenosina. 

ddATP, ddTTP, ddCTP, ddGTP. Didesoxiadenosina, didesoxitimidina, didesoxicitidina, 

y didcsoxiguanosina, respectivamente. 

DHAP. Dihidroxiacetona fosfato. 

ONA. Ácido desoxiribonucleíco. 

ETS. Espaciador transcrito externo. 

FIGE. Electroforesis de campo invenido. 

GAP. Gliceraldehido 3 fosfato . 

gONA. DNA genómico 

GITIM. Triosafosfato ¡somera de Giardia lamblia. 

ITS. Espaciador transcrito interno. 

TIM . Triosafosfato isomerasa 

LSRNA. Subunidad grande de RNA ribosomal 

Mb. Mega bases. 

nI. NucleÓtidos. 

NTS. Espaciador no transcrito. 

pb. Pares de bases. 

PCR. Reacción en cadena de la polimerasa. 

polI. Polimerasa J. 

pre-rRNA . rRNA precursor. 

rDNA. Genes ribosomales. 

RNA. Ácido ribonucleico. 

rRNA. RNA ribosomaL 

snRNA. RNA pequeño nuclear. 

snoRNA . RNA pequeño nucleolar 

SSRNA. Subunidad pequeña de RNA ribosomal. 

RTPCR. Reverso transcripción seguida de PCR 

UI, UZ, U4, US, U6. RNAs pequeños nucleares ricos en uracilo. 

U3, U14. RNAs pequeños nucleolares ricos en uracilo. 
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1. Introducción 

1.1. Gen es ríbosomales versus complejidad del genoma 

Todos los organismos vivos sin excepción requieren de la síntesis de RNA 

ribosomal (rRNA) para la rormación de los ribosomas, que a su vez serán el substrato 

morrológico para la síntesis proteica. 

El genoma dc las mitocondrias de humano contiene solo una copia de los gcnes 12S 

y 16S ribosomaJcs. Al parecer esto t;:S suficiente para traducir las trece proteínas codificadas 

por los genes de este organelo. Los mkoplasmas, reconocidos como los procariontes más 

pequeños ( hllsta el descubrimiento de NanO(lrchaellm eqllilalls) , contiencn dos juegos de 

genes ribosomales. El genoma de Escherichia coli es de 4 a S veces más grande que el de 

Mycopkmlla capricolllm y solo contiene siete juegos de genes ribosomales. En levaduras el 

número de genes ribosomales es de aproximadamente 140, en humano 300 copias y en el 

maíz es de entre 3000 a 9000 copias. Analizando estos datos y los presentados en la tabla 1, 

se puede sugerir una correlación entre el tamaño del genoma y el número de genes 

ribosomalcs (..:on algunas excepciones como en el maíz y el ciliada Tetrahymena). 

Se han propuesto dos posibles razones para explicar esta correlación. Una es que 

simplemente un genoma grande requiere de grandes cantidades de RNA. }" la otra es que el 

número mayor de genes es por simple consecuencia del aumento en el tamaño del genoma 

y, por consiguiente, de eventos sucesivos de duplicación de genes (en Graur y Li, 2000). 

1.2. Formación del nucléolo 

La síntesis y maduración del rRNA requieren de una compleja red de interacciones 

entre proteínas - proteínas y proteínas - ácidos nucleicos. El sitio en el que se llevan a cabo 

estos procesos en las células eucariontes es el nucléolo. A pesar de que existen evidencias 

múltiples de la presencia de dominios funcionales en el nuc1eolo, se sabe muy poco con 

relación a las condiciones mínimas necesarias para mantener ensamblados a los factores 

moleculan::s que intervienen en los procesos nucleolares. Se ha sugerido que la formación 

del nucléolo es dirigida por el proceso de formación de ribosornas, lo cual implica quc los 

procesos de síntesis, ensamblaje y procesamiento dan como resultado final la aparición de 

un organelo completo. La rorma regular de un nucléolo parece ser consecuencia de la 
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transcripción activa de genes dependiente de la RNA poi 1. Por lo tanto, la inhibición con 

actinomicina D bloquea la formación del nucléolo (lordan, et al., 1996). 

Genoma 

Mitocondria de humano 
Cloroplasto de Nicolania 
labacum 

Número de copias de 
genes ribosomales 

1 
2 

Tamaño aproximado 
del genoma (pb) 

Nanoarchaeum equilans -1 5 x 105 

Mycoplasma capricolwn 2 1 x 106 

Escherichia coli 7 4 x 106 

Melhanococcus jannaschii 2 1. 7 x 106 

Giardia lamblia 60 - 300 1.2 x 107 

Trypanosoma cruzi -100 8.7 x 107 

Neurospora crassa -100 2 x 107 

Saccharomyces cerevisiae -140 5 x 107 

Caenorhabdilis elegans -55 8 x 107 

Telrahymena lermophila 2 x 108 

Drosophila melanogasler 120-240 2 x 108 

Gadus morhua -50 3 x 108 

Physarul/1 polycephalum 80-280 5 x 108 

Euglena gracilis 800-1000 2 x 109 

Homo sapiens 300 3 x 109 

Raltus norvergicus 150-170 3 x 109 

Zea mays 3000-9000 3 x 109 

Xenopus laevis 500-760 8 x 109 

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

También se ha observado la fragmentación del nucléolo cuando los genes 

ribosomales se redujeron a una sola copia, sugiriendo que la baja eficiencia en la síntesis de 

rRNA o la organización de los genes de rDNA deben influenciar fuertemente la formación 

del nucléolo (Oakes, et al., 1998). La identificación de una proteína parecida a la 

espectrina en nucléolos de anfibios también hace pensar en la posibilidad de que proteínas 

de citoesqueleto estuvieran participando en la organización y mantenimiento estructural del 

nucléolo dándole forma y soporte (Carotenuto, et al., 1997). 

Experimentos en los que se privó a células de levaduras de los genes cromosomales de 

rDNA y se les insertó plásmido con una copia de rDNA, mostraron la formación de 

pequeños "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 organización en tandem de los 

genes ribosomales, ni la localización cromosomal de los genes e incluso tampoco la 

formación de un núcleolo como se presenta en eucariontes superiores, es indispensable para 
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llevar a cabo la función nucleolar. Esto se corrobora al observar que en procariontes no hay 

nucléolo; no obstante la síntesis y maduración del rRNA tiene lugar en estas células. 

Los resultados de nuestro trabajo indican que incluso en los eucariontes de divergencia más 

temprana existen factores que propician la conformación de un nucléolo, aunque este no 

tenga la estructura caracteristica de los nucléolos descritos con anterioridad. 

1.3. Giardia lamblia se ha considerado un euca rion le de divergencia temprana 

Giardia lomblio (sinónimo de G. infeslinalis, y G. duodenalis) es un protista 

parásito anaerobio que no posee mitocondrias ni cinetoplastos, pero presenta dos núcleos, 

flagelos y una estructura única denominada cuerpo medio o parabasal (en Edlind and 

Chakraborty, 1987; Upcroft and Upcroft, 1998). Pertenece a la clase Zoomastigophora y al 

orden Diplomonadida y es el agente causal de severos cuadros diarreicos en humano (en 

Boothroyd, et al., 1987) que afectan principalmente a los niños (Borehanl, 199\). 

Con base en sus características bioquímicas y metabólicas, asi como por estudios 

comparativos de sus secuencias de SSRNA, U14, fibrilarina y ATPasas, se ha considerado 

como el eucarionte viviente más "antiguo", esto es que, el linaje de G. lamb/ia se ramificó 

tempranamente en la evolución de los eucariontes (Upcroft, et aL , 1987; Edlind and 

Chakraborty, 1987; Sogin, et al. 1989; Narcisi , el al., 1998; Hilario and Gogarten, 1998). 

Recientemente se presentó una nueva hipótesis basada, entre otras cosas, en la existencia de 

eucariontes ult ra pequeños, la cual sitúa al linaje de los opisthokontes como uno de los que 

divergió más tempranamente junto con el linaje de los excavates (Baldauf, 2003). Al primer 

linaje pertenecen las plantas y los animales, al segundo pertenecen protistas como los 

diplomonadida y los parabasalia (Baldauf, 2003). Esta nueva hipótesis debe ser tomada en 

cuenta cuando se propone a organismos como G. lamblio de divergencia temprana pero que 

al mismo tiempo presenta características de los grupos que se consideraban como de mayor 

derivación. 

Los rRNAs que presentan los ribosomas de G. lamblia han sido motivo de gran 

número de estudios debido a su inusual tamaño; son más pequeños que en eucariontes y 

bacterias (Tabla 2). Debido a estas diferencias, las subunidades se denominan "parecidas" 

("'Iike") o SSRNA (small subunit RNA) y LSRNA (Iarge subunit RNA). 
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Comparación del tamaño 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 
S.8S 127-140 nt 160 nt 
LSRNA 2300 nt 3392 nt 2904 nt 3400 nt 

Tabla 2 

La unidad de transcripción (rON A) 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 S.6kb repetida en tandem con un número de copias entre 63 y 300, Y 

otras copias que pueden estar dispersas (Boothroyd, et al., 1987; Edlind and Chakraborty, 

1987). Su organización en sentido 5'-3' presenta un ETS (al parecer no presenta NTS), 

SSRNA (16S like), lIS, S.8S like, ITS y LSRNA (23S like) (figura 1) (Boothroyd, et al., 

1987). 

El análisis por FIGE (field inversion gel electrophoresis) muestra que G. lamblia 

tiene 5 diferentes cromosomas de tamaños aproximados de 1.6 Mb (cromosomas l y 2), 2.3 

Mb (cromosoma 4) y 3.8 Mb (cromosoma 5) (Bernander, et al., 2001). Los genes de rRNA 

no están confinados a un cromosoma en particular, sino que su distribución varía dentro de 

las diferentes especies y cepas (Upcroft, et al. 1987). 

Datos recientes han demostrado que G. lamblia presenta mito somas, organelos 

equivalentes a las mitocondrias, pero que no llevan a cabo fosforilación oxidativa (Tovar, et 

al., 2003). A pesar de que varios trabajos niegan la existencia de un nucléolo morfológica 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 subcompartamelización nuclear de las moléculas que 

intervienen en la síntesis y procesamiento del rRNA (Eukaryotic rnRNA processing 

meeting, 1999). 

TESIS CON 
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Comparación del tamaño 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 
5.8S 127-140 nt 160 nt 
LSRNA 2300 nt 3392 nt 2904 nt 3400 nt 

Tabla 2 

La unidad de transcripción (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 número de copias entre 63 y 300, Y 

otras copias que pueden estar dispersas (Boothroyd, et al., 1987; Edlind and Chakraborty, 

1987). Su organización en sentido 5'-3' presenta un ETS (al parecer no presenta NTS), 

SSRNA (l6S like), ITS, 5.8S like, ITS y LSRNA (23S like) (figura 1) (Boothroyd, et al., 

1987): 

El análisis por FIGE (field inversion gel electrophoresis) muestra que G. lamblia 

tiene 5 diferentes cromosomas de tamaños 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 están confinados a un cromosoma en particular, sino que su distribución varía 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 fosforilación oxidativa (Tovar, et 

al., 2003). A pesar de que varios trabajos niegan la existencia de un nucléolo morfológica 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 subcompartamelización nuclear de las moléculas que 

intervienen en la síntesis y procesamiento del rRNA (Eukaryotic mRNA processing 

meeting, 1999). 
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1.4. El U6 snRNA participa en el corte de intrones y esta vinculado con el nucléolo 

En el nucléolo se llevan a cabo modificaciones postranscripcionales como la 

metilación y la pseudouridinación. Tales procesos no solo son realizados sobre los rRNAs, 

sino que también se efectúan sobre RNAs de bajo peso molecular, como es el caso del U3 y 

el U6. Se sabe que los factores necesarios para la metilación y pseudouridinación del U6 

snRNA se encuentran en el nucleólo y se propone que es en este sitio donde se lleva a cabo 

tal proceso (Ganot, et al., 1999). 

El U6 snRNA es, evolutivamente, el más conservado (tanto en tamaño como en 

secuencia) de los snRNAs implicados en la formación del spliceosoma (UI , U2, U4, US y 

U6) (Brow y Guthrie, 1988). A diferencia del resto de los snRNAs de splicing (corte de 

¡ntrones y empalme de exones), el U6 es transcrito por la RNA poi 111 (Reddy, et al. , 1987) 

y presenta en el extremo S' un cap y-monometil fosfato (Singn y Reddy, 1989). Se propone 

que el U6 snRNA está implicado directamente en la reacción para escindir los intrones de 

los pre-rnRNAs (Newman, 1994). Tomando en cuenta que recientemente se reportó en G. 

lamblia la presencia de un gen parecido al de la ferredoxina conteniendo un ¡ntrón y que 

también se encontraron genes que codi fican para proteínas conservadas del spliceosoma 

(Nixon, et al., 2002), es probable que una molécula tan conservada como el U6 pudiera 

estar presente en G. lamblia. El intrón descrito en G. lamblia es inusualmente pequeño 

(35nt) y presenta en el extremo 5' el dinucleótido CT en lugar del GT conservado en 

imrones de metazoarios. Sin embargo, hasta el momento no se na reportado la presencia de 

ninguno de los genes que codifican para los snRNAs del splicing en esta especie. Si las 

funciones extras a la maduración del pre-rRNA se conservan en el nucléolo de este 

parásito, es posible que el U6 snRNA esté presente, y su descripción contribuya al 

entendimiento de los procesos que se realizan en el nucléolo de G lamblia. 

1.5. La triosafosfa to isomerasa es una enzima ubicua de la glucólisis y esta presente en 

todos los seres vivos 

El gen de la triosafosfato isomerasa (TIM o TPI) ha sido usado como marcador 

molecular para distinguir diferencias intraespecíficas de G. lamblia. Debido al debate que 

se ha generado con respecto a la posición filogenética de G. lamblia dentro de los 
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eucariontes, la caracterización de una molécula tan conservada como la TIM, podría servir 

para la discusión de los datos generados con respecto al nucléolo de este parásito. 

La TIM es una enzima homodimérica que lleva a cabo la interconversión del gliceraldehido 

3 fosfato (GAP) y la dihidroxiacetona fosfato (DHAP). El extenso conocimiento que se 

tiene de esta enzima facilila su estudio y la interpretación de los datos que se generen 

acerca de ella. A este respecto se conoce la secuencia de aminoácidos de la TIM de 

aproximadamente 80 especies y la estructura tridimensional de catorce de ellas. Además, se 

conoce la estructura de algunas de estas enzimas modificadas genéticamente (Borchert, el 

al., 1993; Gopal, el al., 1999; Alvarez, el al., 1999; Zhang, el al., 1999; Williams, el al. , 

1999; Norledge, et al .• 2001), en presencia de diversos análogos de sustrato (Lolis y Petsko, 

1990; Noble, el al., 1991; Wierenga y Noble, 1992; Noble, el al., 1993; Delboni, el al., 

1995; Alvarez, el al., 1998; 1999; Williams, el al., 1999; Zhang, el al., 1999), e incluso en 

presencia de solventes orgánicos (Gao, el al., 1999). 

En adición a los conocimientos que hay sobre su estructura, se tiene bien 

caracterizado su mecanismo de catálisis. Esta enzima es uno de los catalizadores más 

eficientes que se conocen, aumentando la velocidad de la reacción 109 veces (Richard, 

1984). 

Con respecto a la TIM de G. lamblia (GITIM), solo se conoce la secuencia del gen 

(Mowan el al., 1994), pero nada se ha descrito con respecto a las características de la 

enzima. De hecho, este gen ha sido ampliamente utilizado para distinguir entre diferentes 

cepas de la misma especie (Lí, et al.. 2000). Es de hacer notar que si bien se dice que el gen 

de TIM de G. lambfia es de origen de alfa-proteobacterias (Keeling and Doolittle, 1997), 

nuestros resultados con respecto a la enzima muestran que tiene características peculiares, 

presentes algunas en eubacterias, y otras en arqueobacterias. Esta molécula también puede 

dar datos con respecto a las características que presenta G. lamb/ia con respecto a 

eucariontes y/o procariontes. 

1.6. Trypanosoma cruz;: un modelo pa ra el estudio del nucléolo en eucariontes 

Basados en la secuencia de la subunidad pequeña del rRNA, los kynetoplastida se 

ubican como un linaje de derivación temprana, solo precedidos por los diplomonadida y los 

parabasalía (Sogin, el al., 1989). Es de hacer notar que en este grupo se presenla un 
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nucléolo de forma esferoidal y con componentes fibrilares y granulares que se asemejan al 

de los eucariontes de derivación más tardía. Hasta el momento no existía una descripción 

ultraestructural detallada del nucléolo de este parásito, no obstante dc ser la estructura más 

conspicua dcl núcleo de T. cruzi. 
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Figura 1. Arreglo de la unidad de transcripción del rONA de A: Giordio lomblio, B: TryponOSQmo crllti, C: mamlferos. 
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11. Objetivos 

II.I. Aportar datos que muestren la existencia del nucléolo en G. lamblia y que apoyen la 

presencia de esta estructura como una característica diagnóstica de los eucariontes. 

11 .1 .1 Analizar los elementos moleculares y morfológicos que permitan reconocer e! 

nucléolo de G. lamblia. Así mismo, analizar dos moléculas evolutivamente 

conservadas (gen de! U6 snRNA y TIM) Y caracterizar las propiedades mínimas que 

requieren para conservar su función. 

11.1.2 Caracterizar ultraestructuralmente al nucléolo de Trypanosoma cruzi para 

comparar con los datos obtenidos con G. lamblia. 

111 Material y métodos (no presentados en los manuscritos finales) 

111.1. Aislamiento de DNA genómico. Se partió de aproximadamente 106 trofozoitos de 

un cultivo de 72 h en medio lYI-S-)3, de la cepa WB de G. lamblia. Las células fueron 

lavadas con PBS para su posterior lisis con proteinasa K-SOS y e! DNA fue extraído con 

fenol-cloroformo como se ha descrito con anterioridad (Upcroft y Healey, 1987), con 

modificaciones (López-Ve!ázquez, et al. , 1998). La concentración se midió por absorbencia 

a 260nm ( 1002/,0'" 501lg/mL DNA doble cadena) y la integridad se verificó por geles de 

¡¡garasa 0.7%. 

111.2. Aislamiento de RNA total de G. lamblia. El aislamiento de RNA se hizo utilizando 

e! reactivo TRIZOL (Gibco-BRL). Se partió de aproximadamente 106 de trofozoitos de un 

cultivo de 72h en medio lYI-S-33 , de la cepa WB de G. /amblia. Las células fueron 

lavadas con PBS para su posterior resuspensión en ImL de lRlZOL a 4 "c y se 

homogeneizó con micropipeta. Se incubó 5 min a temperatura ambiente para promover el 

desensamblaje de las riboproteínas. Se adicionaron 2 mL de una mezcla 49: 1 de 

cloroformo: alcohol isoamílico frío. Se agitó con vortex durante 2 min y se centrifugó a 

lO, 000 rpml4 "C/ 15 mino Se recuperó la fase superior y se añadió un volumen igual de 

isopropanol frío. Se agitó suavemente por inversión del tubo y se incubó a temperatura 

ambiente durante 5 mino Posteriormente la muestra se centrifugó a 10,000 rpml4 "C1l5 

mino Se decantó el sobrenadante y se adicionó al botón 1 mL de etanol 75% frío. Se 
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resuspendió con vortex y centrifugó a 10, 000 rpm/4 °C/15 mino Se decantó el sobrenadante 

y el botón se secó a 37 oC para su posterior re suspensión en 200 IlL de buffer TE. La 

concentración de RNA se calculó por espectofotometría midiendo absorbencia a 260 nm, 

asumiendo que l D0260 = 40 IlgRNA/mL. La integridad del RNA se verificó mediante 

geles de agarosa desnaturalizantes (fig. 2). 

2as 

lsRNA 

18S 
SsRNA 

1 2 

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

111.3. Inmunoprecipitación de RNA. 10 Ilg de RNA total se disolvieron en 50 IlL de 

buffer IPP (500mM NaCl, lOmM Tris-HCl, pH 8.0, 0.1 % Nonident P-40) y se incubaron 

por 15 min en hielo con lOO Ilg de anticuerpo (anti-mGP .ó anti-TMG). Se adicionaron 

100llg de Proteina A-microesferas y se incubó 15 min en hielo para precipitar los 

anticuerpos y sus epitopes unidos. Se centrifugó 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 botón se mezcló con 200 IlL de agua y 200 IlL de 

fenol:cloroforrno:alcohol isoarnílico ( 25 :24: 1 v/v) para separar el RNA de las microesferas 

y los anticuerpos. Posteriormente se precipitó a -70°C con NaCl 1M y etanol 100%. Se 

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

111.4. RTPCR. Se siguieron dos diferentes estrategias para la amplificación del transcrito 

del U6 snRNA. En la primera se utilizó como molde el RNA producto de la precipitación 

ya sea con antimGP o con antiTMG. En la segunda se utilizó directamente el RNA total. En 

ambos casos se utilizaron los siguientes oligonucleótidos, los cuales fueron diseñados a 

partir de la secuencia conservada del U6 de diferentes especies descritas con anterioridad. 
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5'-CAAAlTOAAACGATACAGAG-'3 sentido 

5'-TCATCCTIOTOCAOOOOCCA-3' antisentido 

Las condiciones para la amplificación fueron como las descritas por el distribuidor del 

sistema de RTPCR en un solo paso (TITAN Roche). La temperatura de alineamiento fue de 

42°C como se reportó para Enlamoeba hislolytica (Miranda, et al. , 1996). 

50 

Figura 3. RTPCR a panir de RNA total de G. lomblia 

111.5. PCR. Para amplificar la región conservada del gen para el U6 snRNA se usó como 

molde DNA genómico de trofozoitos de G. lamblia. Los oligonucleótidos fueron los 

mismos que los empleados para el RTPCR. 

M ¡ 2 

50pb 

Figul1l 4. Gel de aguosa 2%. PCR utiliundo como molde 1) dona de 
U6 de humano y 2) DNA genómico de trofowitos de G. lamblia. M: 
marcador de peso molecular ladder 50pb. 
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111 .6. Clonación. Los fragmentos de amplificación por PCR fuero n purificados a partir de 

geles de agarosa 1 %. Después de purificar, fueron clonados directamente al vector pCRl.I 

(novagen) mediante incubación a 16°C, toda una noche con una mezcla de enzima T4 DNA 

ligasa y buffer de ligación IX en presencia de ATP (New England Biolabs). La mezcla de 

ligación se usó para transformar células competentes E. coli DHa.5 por choque térmico 

(Imin/400C). Las células fueron cultivadas en placas de agar-LB suplementadas con 

50IJglmL de ampicilina. Se eligieron las colonias de color blanco y se resembraron en 

medio LB líquido para la posterior purificación del plásmido conteniendo el inserto de 

50pb. Para corroborar la presencia del inserto, los plásmidos se sometieron a digestión 

enzimática con la enzima de restricción EcoRI que reeonoce los sitios que fl anquean la 

región de multi-inserción de pCRl.I. 

111.7. SecuenciaciÓn. La secuenciación se llevó a cabo de forma manual por el método 

enzimático de Sanger y cols. (1977). A partir de aproximadamente 300ng de plásmido, se 

llevó a cabo un proceso de desnaturalización usando NaOH 2N y EDT A loolJM en un 

volumen final de 20 IJL ajustado con agua desionizada. Esta mezcla se incubó a 37°C por 

30 min y se precipitó con 2IJL de NaOAC (acetato de sodio) 3M, pH 5.2, 100IJ L EtOH 

100%. Se incubó durante 30 min a _70°e. Se centrifugó a 14, 000 rpm para obtener un 

botón que posteriormente se resuspendió en 7IJL de agua desionizada. El oligonucleótido 

(M 13 reverse ó MI3 forward para el extremo 3' y 5' respectivanlente) se alineó incubando 

a 65°C durante 7 min y 30 min a 37°C. La síntesis de la cadena de DNA se hizo con la 

enzima Thermo Sequenase (8 unidades) (USB Corp.) y adicionando dATP con 32p. Para 

detener la síntesis, la mezcla se incubó 15 min a 37°C en 4 tubos diferentes con ddGTP, 

ddTIP. ddCTP y ddA TP respectivamente. La reacción se detiene usando EDT A e 

incubando 2 min a 80°e. Las muestras se corrieron en un gel de secuenciación de 

acrilamida 16%. Después de correr el gel durante aproximadamente 2h, se secó por vacío, y 

se puso una placa fotográfica expuesta al mismo durante toda la noche a - 70°C. La placa se 

reveló y se procedió a la lectura manual de la secuencia (figura 5). 

111.8. Alinea miento y comparación de secuencias. Se comparó la secuencia encontrada 

en el gONA contra los datos recopilados en el proyecto del genoma de Giardia lamblia y 
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se identificó una región parecida al gen del U6. Para alineamientos globales de secuencias 

se utilizó el Clustal W (Combet, et al., 2000). Para alineamientos locales se utilizó 

F AST A3 (Pearson, et al. , 1988). 

IV. Resultados y Discusión (no presentados en los manuscritos para publicación) 

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 oligonucleótidos diseñados a partir de la región conservada de SO 

nt del gen de U6, se logró amplificar un fragmento equivalente en tamaño, 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 nucleotídica de este fragmento 

correspondió a la región conservada del U6 snRNA (figura S), la cual es la más conservada 

en todas las especies y se le atribuye la actividad nucleolítica del U6 en el spliceosoma 

(Brow y Guthrie, 1988). Al comparar la secuencia nucleotídica 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 comparación 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, podría considerarse como una característica diagnostica de los 

eucariontes. 

Secuencia consenso de Secuencia en G. lamblia 
elementos conservados del 
U6snRNA 
AGATTAGCATGG AGATTAGCAG 
ACAGAGA ACAGAGA 
AGC AGC 

Tabla 3. Regiones conservadas del gen de U6 snRNA de G. lamblia 
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-. -- .-.~---
-GATC 

S' TCATCCTTGTGCAGGGGCCATGCTA 
ATCTTCTCTGTATCGTTTCAATTTG3' 

Figura 5. Secuencia de la región conservada 
del gen de U6 snRNA de G. [amblia. 

Cabe señalar que esta región conservada no pudo ser amplificada a partir de los ensayos de 

inrnunoprecipitación contra la región de cap, lo cual hace suponer que el transcrito del U6 

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

IV.2. El spliceosoma en G. lamblia podría 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.edulGiardia).se 

obtuvo la secuencia Nn094_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 U6atac, 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 están relacionados con el 

procesamiento de intrones de secuencias diferentes a la mayoría (Wieben, et al., 1991; 

Tiche1aar et al., 1998) . 

Tomando en cuenta que el U6atac 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 comparación. 
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El alineamiento local reconoce de 3 a 5 sitios conservados al comparar contra las 

secuencias del gen de U6 de Thermus thermophila, Trypanosoma brucei, Entamoeba 

histo/ytica, Caenorabdilis elegans, Schizosacharomices pombe, Sacharomices cerellisiae, 

Drosophila melanogaster y humano (constitutivo, 87U6 y U6atac), El genoma de G. 

lamblia presenta 23nt de los 34nt que en el gen de U6 de humano participan en la 

fonnación del asa 1 y 11; regiones que se sabe interactúan con el U4. G. lamblia también 

presenta la región ACA de interacción con los intrones del splicing mayor, a diferencia de 

la secuencia AAGGA de interacción con los intrones tipo AT·AC. Nuestros datos tienden a 

sugerir la presencia de una maquinaria de splicing parecida a la que se presenta en el 

splicing mayor. No obstante hasta no tener la secuencia completa del gen aislado 

directamente del genoma de G. lamblio y de realizar ensayos de complementación con este 

gen, no podremos confinnar tales aseveraciones. También es factible que existiera más de 

una secuencia codificante para variantes del gen de U6, como sucede en humano, por lo 

que debemos seguir estos estudios para detenninar si esto es cierto. Dado que la secuencia 

encontrada en el genoma de G. lomb/ia no esta completa y que no se encontraron las 

regiones correspondientes al consenso para el extremo 3' y 5' del gen de U6, no se puede 

asegurar aún que este sea el U6. Es muy probable que el proyecto del genoma de Giardia 

tenninado y depurado nos pennita identificar de manera correcta la región que contiene 

este gen. 
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Nucleolus is present in Giardia Jamblia 

Abstract 

The nucloolus is the major nuclear ribonucleoprolein struclUre. and is Ihe sile where 
synthesis and processing of pre-rRNA and ribosome assembly take place. To see if Ihis 
organelle was already presenl in Ihe firsl eukaryoles, we used eleclron microscopy 10 
analyze Ihe nuclei of Ihe protist Giardia lamblia, a human parasite Iha! causes diarrhea and 
is considered one of the earlies! eukaryote. Both nuclei in cultured tTophozoites of G. 
lamblia display a peripheral fibro-granular struclure thal is aIro presenl in cysls. This 
structure is composed of ribonucleoproteins and contains nucleolar organizer silver slaining 
proleins, Ihe nucleolar proteln fibrillarin and ribosomal RNA. We concJuded thal nucleoli 
are presenl in G. lamblia and suggest Ihal ribosome biogenesis took place in an inlranuclear 
compartrnent in earliesl eukaryoles. 

Giardia lamblia is a diplomonad prolisl Ihal causes diarrhea in humans and olher 
vertebrales (Adam, 1991; Boreham, 1991). In addition to this inherenl importance in human 
health, Ihis microorganism has attracled attenlion ofbiologisls be<:ause molecular analyses 
shows a very early separalion from the main branch of eukaryote evolution (Sogin, el al. 
1989, Belhadri, 1995). Comparalive analyses from ribosomal genes sequence, nucleolar 
proleins as fibrillarin and ATPases, indicale Ihal G. lamblia belongs to a very early branch 
during eukaryole evolulion (Sogin, et al. 1989; Narcisi, el al. 1998 ; Hilario and Gogarten, 
1998). Since ils firs! descriplion in 1681, G. lamblia has been Ihe subject of numerous 
slUdies conlributing 10 ilS biology (Adam, 1991). Recently, mosl sludies are devoled to 
understand its cell and molecular biology (Seshadri, el al., 2003; Vanacova, el al., 2003). 
As a result, G. lamblia is considered lo be an early diverging organism Ihal represenls one 
of Ihe deepesl branches of eukarya. The presence of a nuclear slruclure defines G. lamblia 
as an eukaryole, although prokaryote biochemical and molecular characteristics are aIro 
observed (Mowatt el al. , 1994). At the cel!ular leve! Ihis unicellular protisl has Iwo identical 
nucJei where 5 chromosomes have been described. A nOI well defined endomembrane 
syslem of protein modification, soning and transpon is also observed containing slruclures 
resembling endoplasmic relicullum and vesicules. Cytoskeleton elements are presenl as a 
flagellar apparatus and a ventral adhesive disco On the other hand, no mitochondria, bUI 
IJÚtosomes lacking oxidative phosphorilation, peroxisomes, glycosomes or 
hydrogenosomes have been described (Tovar, et al., 2003). 

G. lamblia have two nuclei with identical DNA amount and both are 
transcriptionally active (Kabnick and Peattie, 1990). The nuclear envelope does nOI break 
doWJI during ce)) division. In addition to the absence of many organelles, G. lamb/ia has 
been also considered not lo have nucleoli (Adam, 2000; Narcisi el al., 1998), the main sile 
in Ihe eukaryote cell were synthesis and processing of pre-rRNA and ribosome assembly 
takes place (Carmo-Fonseca, et aL, 2000). Many nucleolar materials have been found in G. 
lamblia, but light microscopy cytochemistry as irnmunofluorescence and in silu 
hybridizatíon have failed to demonstrate the presence of a nuclwlus (Kabnick and Peattie, 



1990). Because the small size of G. lamblia nuclei (mean size is about 2 ~m 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 
~m by 0.8 ~m 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 (Vázquez-Nin and 
Echeverría, 2000) . Figure I .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. LB). 
Ultrastructural silver staining was then used to test the nucleolar proteins in this structure. 
A peripheral zone in both nuclei was al so highly impregnated (Fig. 1.C) which is negative 
for DNA (Fig. I .D) as seen wi!h irnmunoelectron microscopy us ing primary monoclonal 
antibodies followed by secondary antibodies coupled to colloidal gold particles. A 
peripheral zone was also intensively labeled after irnmunoelectron microscopy using 
antibodies to nucleolar protein fibrillarin (Fig. I.E) and after ultras!ructural in situ 
hybridization using pro bes to detect rRNA (Fig. I.F) . Taken together our results strongly 
support the presence of a 0.3 to 0.5 ~m intranuclear ribonucleoprotein peripheral 
fibrogranular structure enriched on silver staining proteins, fibrillarin and rRNA tha! 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 tha! 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 ofthe nucleolar organizer region (NOR). 
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ABSTRACT Recombinant triosephosphate iso-
merase from the parasite Giarrlia lamblio. (GITIM} was 
cbaracterized and immunolocalized. The enzyme is di&
tributed uniformly tbroughout the cytoplasm. Size excIu· 
sion chromatograpby oC the purified enzyme showed 
two peaks with molecular weigbts of 108 and 55 kDa. 
Underreducing conditions, only the 55-kDa protein was 
detected. In denaturing gel electropboresis without di
tbiothreitol, the enzyme showed two banda with molecu
lar weigbts oC28 and 50 kDa; with ditbiotretitol, only the 
28-kDa protein was observed. These data indicate that 
GIT1M may exist as a tetramer or a dimer and that, in the 
former, the two dimers are covalentIy linked by disu). 

fide bonds. The kinetics oC the dimer were similar to 
thOlle oC other TlMs. The tetramer exhibited balf oC the 
k_ oftbe dimer without changes in the Km. Studies on 
the thermal stability and the apparent association con· 
stants between monomers showed that the tetramer 
was s1igbtIy more stable than the dimer, This finding 
suggests tbe oligomerization is not related to enzyme 
thermostability as in T""rmotoga maritima. lnstead, it 
could be tbat oligomerization is related to the regula. 
tion oC cata1ytic activity in dift'erent states oC the Iife 
cycle oC tbis mesopbilic parasite, Proteins 2004;55: 
824-834. e 2004 Wiley·LiBo, Ine. 
e 2004 Wtley·LiBo, Jnc. 

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 Iineages of eukaryotes. ,-6 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 children6 

Although metronidazole is effective in giardiasis,7 it exerts 
strong side effects in the host,8 and there is c\ear evidence 
that strains of G. lamblia resistant to metronidazole are 
now existent9 This finding underlines the need for devel· 

e 2004 WlLEY·LlSS, lNe. 

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.'o Thus, in G. lamblia, the main souree of ATP is the 
glycolytic pathway." This finding suggests that the en· 
zymes of glycolysis could be potential targets for drug 
designo The nuc\eotide sequence of the triosephosphate 
isomerase gene from G. lamblia has been previously 
reported.'2 However, there are no data on the kinetics and 
structure of triosephosphate isomerase from G. lamblia. 
Therefore, because of its importance in the evolutionary 
processes and its poten ti al as a target for drug design, we 
characterized triosephosphate isomerase from G. lamblit;l 
(GlTIM) 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,'3-'6 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 
alJ3·barrel and belong to the same main·ehain. Most TIMs 
so far described are homodimers in which each of the two 
monomers exhibits an alJ3·barrel structure. However, sorne 
TIMs from hyperthermophilic organisms have a different 
quaternary structure, which apparently is related to their 
thermal stability. For example, TIMs from Pyrococeus 
woesei '7 ,'8 andMethanothermus {ervidus'· are tetrameric 
enzyrnes. In Thermotoga neapolitana and T. maritima, the 
enzyme is a tetramer fused with a phosphoglycerate 
kinase20

.
21 TIM from T. maritima was separated from 

phosphoglycerate kinase and crystallized.21 The modified 
TIM was a tetramer in which two dimers were in close 
contact through hydrophobic and polar residues. However, 
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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 described22 Cultures were grown 
at 37·C for 72 h to semiconfluence and washed with 
phosphate buffered saline (PBS), pH 7.3. 

Amplification ofTriosepbospbate Isomerase Gene 
From Giardia lamblia 

Genomic DNA from G. lamblia trophozoites (WB strain) 
was purified by the phenol-chloroform method with slight 
modifications. 23 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 ofgDNA, 1.5 
mM MgCI2 , 0.8 mM of dNTP, 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 tbe GlTIM 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 TOPlO competent cells were transformed for clon
ing. The cloned fragment was subcloned into the pET3a 
vector after digestion with NdeI and BamHI enzymes and 
used to transform E. coli TOPlO 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 ofwild-type recombinant GlTIM. 

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 poI needed 
for expression of the recombinant enzyme. The trans
formed cells were grown in Luria-Bertani medium with 
100 flog/mL a mpicillin at 37·C to an A..OOnm of 0.2-0.5. To 
induce overexpression, 0.4 mM isopropyl ~-D-thiogalacto
pyranoside was added, and growth was continued over
night at 30·C. 

Purification of Recombinant GlTIM 

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

TABLE l. Puriflcation ofRecombinant Triosephosphate 
Isomerase From G. Iamblia t 

Tota! Tota! activity 
protein (flomolGAP Specific activity 

SteE (m¡¡) min- l )" (fLIDol min - I m¡( ') 
Homogenate 

(sonicated) 336 559,440 1794 
G-75column 60 457,523 3305 
Q-Sepharose 

coIumn 20 76,000 3800 

'Tbe enzyme was purified as described in Materials and Methods, 
starting from } ·L culture. 
· GAP. glyceTaldehyde 3-phosphate. 

0.2 mM phenylmethylsulfonyl fluoride, pH 7.9. The cells 
were disrupted by sonication at 4 ·C, six cycJes 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 mino The pellet was discarded, 
and the concentration ofammonium 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 NaN3 , pH 8, 
and filtered (0.45-flom pore diameter). The dissolved pro
tein was applied to a G-75 Sephadex (2.5 x 100 cm) column 
equilibrated with the same buffer. The proteins were 
eluted at a flow rate of 1 mUmin. Fractions of2.5 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 cm) 
column equilibrated and washed with the same buffer. 
GlTIM was eluted with a gradient of 30-100 mM NaCI. 
Fractions with activity were pooled and concentrated. 

To increase the purity ofthe enzyme, GlTIM was applied 
to a SW300 (7.5 X 300 mm ) column equilibrated with a 
buffer containing 50 mM triethanolanrine hydrochloride , 
10 mM EDTA, 150 mM NaCI, 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% pureo This protocol was followed several times, and 
the enzyme yield ranged between 18 and 23 mg!L of 
culture. Table 1 summarizes the purification ofGITIM. 

T. brucei and T. cruzi recombinant TIMs were purified 
as previously described.24

•
2 5 Protein concentration of pure 

TIM was determined spectrometrically at 280 nm. The 
molar extinction coefficients at 280 nm of TcTIM and 
TbTIM were 36440 and 34950, respectively.25 The molar 
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'"111 -----MrsTG 100000SIC!'(;IfG S\'TGCVSA.E I ,uOUlIEI'VI IGII~r IIftDotIJVR!J( 112 
TbTllf ----PII fVIA -"'1""5-(; J\n'Q;VSLPI urorcvwrv 1GHSUAATT G~IVAOk ll. 
TcTllI ----PI<rou. AQIIAITJ.$ .... AfT(¡EVSL(l1 LJWIGISVW LGHSEaUn ~IVAKJ( 110 
...... 111 ----fUll ltLG A(JIIYn1:D()C ArTGElSPLIO 1,.Qe1C\<t.,." VGHSEAAR¡r ~nJfJUt 113 
Hufl" ----i'1I lJIVA A(JIC'I'l(VTNC ArTCEISIQ! llfOCGAnrvv LGIISI:MIf'IF GESOCLIGOI< ¡ 12 

• 
GITIII Al<AALDGIIt vI~TLD ERIWIR'nIF;Y NIAQl.V.l.CI< ELC!:SIIHLIIIf ¡VVIAY!:""" 11l 
EIITIII Vl<:YIUDN:;lJ( VI IIoCIG&nA (lIl1~ YAAQutAIMII AU--ll.AIIII NII!.o.JEPVII In 
p nlN I.(),O,SUIlOIIU< "YVCf'Gl\$!JI: {lI<I:(Jn<TII;Y ITI<QVl(ArvD L1 D----II1'D NVIIATt:PLII 161 
TbtlM VAMVASCnI VlACloaTLO El\ESCl\T¡WY VLTOlAAIU IUJC--AAVilA I(WIAYEPYW 170 
TCTI M VAOOoCMGflL YIYCYG&nn: Eu:AG>lTAAY YJ..TOlMYo,o "t.S-- ~r.MIS ~VV IATt:PYW 168 
'l'aTI M VIUIVt.UIlMT 'U.CYCETU: UEXGI.TFCY VEl(OY!Wln GLO-- Q;EAJ( RVVIAYEPYW 171 
IluTIII YAJIo\lJoEGLG VIAClllI:IU.D o:uAGlTI;KV VfWJ'I(VllO.D NV----KDIIS I(W!.ATEPYW 161 

GITIII 5lGT<;YVATP EQIIEEYllYGL UIITIIEINCA B(¡AQHIRIIl ~SlO3 ~LGOCPIIIJ)C 2ll 
EJlTI" AlG"I'Q<TATP DQi\OEVMO'lI l\OMI'ElU'", ~J.,U,T'O:IOT GGSVlOPAHC>I EI.AIOU\DIOG 2n 
P"IM AIGTGnAn EQi'IOLVHKEI IU(JVJ(1lTCGl: I«)NOOIRILT GCSYI<nIOCS SLIOQEDltIC 228 
TbTI" AlGTGIIVAT' o;)IIQEII.IIII.l R$OrVS'EICII. go,'lI.GI.UlILY GGSVlICIQIII.II UYOQLO.DYNG no 
TeTI" AIGTGo:VA1" 0QII00&Y1lf.t.l. IUtllVJl.SlQ.(;T OIII.II.\ILltIJ..T GGSV'T.t.IOlII.II UY","-OING 128 
'l'aTJII AIGTCIO;VATP ~n Ro:I.I..SDfT[)E UAGlllRILY G(lSIKPDlin GI.IV(J(DIDO n i 
Hu1'I" AlGTGnAT' ~~J.. IlGOILI<liHYSO AY.l()STIlIIY GGSVT(lII.TCI< E!.II.SQ'DV[)G 128 

GITI" nvaoll.SU:' -EnmlI DIL TKTllT 257 
EJlTIM nVGGII.SLDA AABTII"$Y s ur- 261 
'"1M nVQo.>.SLIIE _S I'\IDIIJ<SA M __ __ 201 

TbTIM nVOOASU:p -UVOJlItAT 0---- 250 
TCTI M nVOOASl.II:p - El'\Il!illf.ll.T 0:---- 2U 
r.TIH GLVOOASIn -sr llt.\aIM P.GVIS 25~ 

HuTIM FLVOOASl.II:P - EFVOII NII.Il 0---- 248 

Fig. l . Sequence ~ "'GmM .... _nMs. l"n._'" EhnM, P!l1M. lbTlM, TenM. 
TmnM. _ HuTIM .... """"'. Tho _ ... ' __ .. e m¡oJlled n 

exti nruon coefficient of GITIM wu 26600. calculate<! 
aooordingto Pace et al." 

0.9 U .. -glycel'Ol ·3-phOllphate dehydrogMase. I mM GAP 
(ucept when tatalytio ~tanL4 were determinedl. and 10 
ng TIM per mL. The kinetic COMtants wl!re calculate<! 
{roro in;tial velocitieB (v,) obta,ne<! a t different aublltra te 
oonoentrationll_ 

To llMlI!rt.ain the best a,>nditioM for l !Orage of GITIM. 
the purifie<! en'yme w .... incubated in buffen with differ· 
ent pH. maintaining a COtIItant ",níe oJitength . Alter thi • . 
aliquoUl were taken Ind diluted in I buffer oontaining 100 
mM triethanolamine. 10 mM EDTA at pH 1 .•. The activi
li" ofall eampleo! were me .... ured a t thia pH_ The aetivity 
u a funetion of pH showe<! a bell-. haped curve, alter il w .... 
inoubate<! for 2 h. with a maximum aetiv;ty between pH 
6.5-.. 9,0. The activity dropped aignificantlJr oUL4ide o{this 
pH rnnge. At pH 1.4. the aetivity of the enzrme was 
unaffecte<! for at lean 2 weeu. 

Activity Asaaya 

Enzyme aruvity in the direction of GAP \O DHAP WDa 

mellaum at 2S"C by following the deca,y in abeorbano:e at 
340 nm of I mL reaetion mixture a t pH 1 .• that oontaine<! 
100 mM triethanolamine. 10 mM EDTA. 0,2 mM NAOH. 

For the determination of Km. k ..... and K, valuea for 
2-phOllphoglycolate (PGl. the ooncentration ofGAP ranged 
betw .... n 0.5 and 4 mM, The determination of tatalytic 
oonstants in the direotion of DHAP 10 GAP weni' deter
mine<! at 25' C in 100 mM triethanolamine, 10 mM EIYrA. 
1 mM NAO. 4 mM .,.,..,nate. 120 ¡.LM dithiothreitol. 1 U 
glyoeraldellyde 3 -phOllphate dehydrogenue per mL, 100 
ng G1TlM per mL. and 0_3-10 mM DHAP. 

Polyclonal Anti-OrrlM Antibodiea 

Chickena (!&.w .... k..,ld Delkab--Warnn) were immu_ 
ni,e<! aubcutaneou. ly with 240 1'&' o{ highly purified GI
TIM disaolved in complete Freund'. adjuvant. The im mu
niulion dOlll! WWI repeated two limes at interva ls of I 
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(-) 2-mercaptoethanol A 
Dimer 

t 

Tetramer 

.j. 

.. " .. 
(+) 2-mercaptoethanol 

B 

" " .. 
Time (min) 

,0-111. 2. Si.e t xclusion c:tvtwn.!0SI<~ 01 GIlIM. The ~ ~unGe<nonreGucing (A) a .... 
~ (B) c:ondí!Iono ..... pe~~ by .,.r.g. SW300_ ~tedwl\tl t..Il .. ~ SO""" lIIeI""_. IOmMEDT .... 150mM NaQ 3O'X. 1jIIycoord. pH7.5. The~(25 .. 0) ..... _ ...... le 
_ <JI 1 mLJmin. FOO'~. lile I~ """""",,", weignI ma"'"" ..... UM<l 1I'IyfogIotIuIn, -.. 
~."""""""~ ......... myogIODin . ............. B, .. 

week. AfteT the final boost. egp were eolle<:ted da ily and 
pro<:es'led individuall),. Chieken polyclonaJ antibodies OgY) 
were purified fmm lhe egg yolk by l15ing the methocl 
descrihed by Potson et al."' The IgY protein.s weredialy~ed 
extensív .. ])' agaínst PBS buffer and .pplied to • "iu 
""clulion column equilibrated wilh the "ame buffer. The 
fractionll ennche<! with ¡gY were pooled andtoncent.rated. 
W .... tem blot anal)'ai. was u.se<I lo evaluate antibody 
s pecificity. 

Light .. n d Electr<>n Mi.,...,ocopy 

Fo. [ight microscopy, celLs wl!re grown Over g lass COv"r
alips lnto si".well tell culture clustenl (Costar ). Yo. elec
tron mitroacopy, pelleu of G. loml>lkl trophozoites ..,ith 
- 10· cells weU obtailled by celltrifugation and emhedded 
ill "cryHe U3in Lowicryl K4M. Samp!es were fi~ed by using 
freshly preJ>!lred ' 'lo pllnformaldehyde in PBS. 

lmmunoeytoeh emistry 

COVe .... liptl wilb a monola~r of tropho:witea were inou. 
bateo:!. in 0.5% Triton X·loo fOl" 5 min at ' oC 10 permute 
celts. Samples "'ere rill3ed with PBS alld incubated on 
TBS buffer (20 mM Tm, pH 7.6. ISO mM NaCl, 20 mM 
NaN~, 1'11> Tw~n 20, 5'11 BSA, 5'11 normal goat serom] for 
1 h. Sampl ... wen incubated wiU. anti·GlTIM IgY diluteo:!. 
1:4000 in PBS at ' oC ovemight, rinsed wiU. PBS. and 
incubated ..,ith rabbit anti.chieken IgG at 1:500 in PBS fo. 
2 h at room temperatuu. Anti-rabbit IgG OOIIpled 10 
fluoreseein iaothiocyanata diluted 1:500 in PBS Wll.ll used . 
Nuclfl were stained by using DAPI <4".6-diamidino-2-
phenylindole) for specific DNA localization. Mounted 
!IIImpl ... ..,ere photographed with a tluo",-"",nce micro. 
scope {Ariovert 200; Carl Zei.5S ). 

lfltrathin sectioll3 (- 70 IIID ..,ide) were plll.ced on nickel 
grids. Grids were 008ted on TBS buffer for l h and 
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incubated at 40C ovemight wilb a 1:4000 solution of 
ant.i·GITIM antibody. Grida were rinsed w¡lb PBS and 
incubated for 1.5 h w[th a aerondary antibody againat IgY 
(Ja.d:80n Immunoresearth) at 1:200 in PB$. Anti-rabbit 
IgG coupled to IO-nrn colloidal gold partid« (leN) diluted 
1:100 WQ, added and incubated ro. 2 h. Sample3 "'ere 
stained with 0.5% uranyl a~lltte and lead citrale for I min 
each. Photograpba Were taleen in a tranomiasion electron 
microerope (EM 109: Catl Zeia). 

RESULTS 
Sequence An.ly.l, 

In OOnoonance w;lb \he daUl ofMowatt el aL," wc found 
tbat lbe gene oí GITIM ia forme<! by 774 pb wilb • 
prWided sequence oí 257 amino acid residuet and a 
molecular masa ofZ7,903 O •. Figure t ahowa the se<¡uence 
alignment of TIMa from G. ¡amb/u. (GlTIM1. Entam<xba 
hirtolytica (Ehl1M ), Plarmodium fakiparum (PITIM ), T. 
bruCfl; (Thl1M), T. cruzi (TcTIM). T. morit;m" (TmTIM), 
and human (HuTIM). Th~ ;dentity of OlTIM wi!h th~ 
enzymea from theBe organi. ma ia 42. 41. 44,46.42, and 
45'1>, "'3pective ly. From the amino acid sequenCfl of 01· 
TlM, a pi of 7.05 wu calculated. This iI acound I unit 
higher !han the pi ofTIM from E. roli (5.89). Thil allowed 
!he &eparation ofthe two enzymes by ion uchange chroma
tography (see MBteriala and Me!hodsl. OlTIM hu five 
cyateinu pe. monomer; human TlM hu !he lJI.IIle numbe. 
of c:ysteinel, bul in different poiIitions. The othe. enzymes 

have s lowe. numbe. of cyateines. It ia noted !hu ""cepl. 
fo. TmTIM and HuTIM, the "'3t of enzymes have a 
oYlteine in thei. interface(Cy. 14 in OITIM). Thi. regionof 
!he interface forme<! by the , ide·chain of Cyll4 and ito 
lurrou nd;ng loop 3 oHhe othe. subunit ha. been dellCribed 
asa potenu.1 target fo. drug design ... ·H 

lIydrodynamie Parameten! and SOS-PAGE af 
GmM 

To uplore the oligomerhation atate of G1TIM. !he 
enzyme wu incubated ovemight witb or without !he 
thiol·reducing agenl 2·mercaptoethanol and then applied 
to an analytical SEC column (Fig. 2). Thechromatographic 
prolile ofthe enzyme incubated without 2.mercapt.oetha
nol .howed • minor peak wi!h !he SlOkea rsdiUl of a 
protein witb a molecular maas of 108 l<Oa and a major 
peak of M Ir.Oa. The enzyme that had been exposed to 
2·mercaptoethanol Ihowed only t .... M·kOa protein. The 
peak !hat co~ponded to !he 55 kOa wu larger for the 
en:<yrne t reate<! with 2.mercaptoethanol. The same date 
were obtained when GlTlM was incubate<! with dithiothre
ital (data not . hown). 

To further eu.mine the n'ture of!he M· ,nd 1000kD. 
proteina, !heir electrophoret.ic profile in denaturinll (1:1'1 
wu determined in the "b..,na ofredudng &gento (Fil. 3). 
In Sos.PAGE, the protein that had ama"" of 55 kOa in 
si ... exclmion chromatography exhibited a main band of 
aOOut 28 kDa and a minor band of aoout 55 l<Oa (Fil. 3. 
lane 1), whiclt ia probably a /XIntaminauon with th~ 
108-!r.Da protein. The l08-kOa protein ahowed two bands 
of Mw oí aOOUt 55 l<Oa and 28 kDa. Under re<!ucinll 
condiuom(dithiothreitoladded), !he high and Iow molecu· 
lar wei(l:ht proteina exhibited a aingle band of 2B kDa (Fil. 
3. lane. 3 and 4). 50th !he lOS- and 55·kOa proteina 
uhibited cata!yt.ic a<:tivity (see below). 

Takeu to(I:ethe., the "'3ulUO in Figurea 2 and 3 indicate 
that reoombinant GITIM may e";at as a tetramer and a 
dime. of ident.ical aubuniUO. Moreov~r, the 1081 of the 
1000kDa peak and the concomitant appearanOl! of the 
55-kDa protein under reducing condiuona ilJuBtrate that 
in the tetra.mer. t wo G1TIM dimera are joine<! by a 
diBu!lide bridll~ Or bridge •. 

Kineti.,. 

The ltineuCII of G1TIM we.e determine<! at different 
enzyme cDnOl!ntrat.ion, (0.1 Or 0.2 nM). Th~ tracea of 
activity verau, ume were linear unul NAOH beo:ame 
limiunll. Tlllla, !he en,yme <lid not di.Mociate into mone.
mera d urinll the """,,y. As expected, the kineuc eonstanuo 
were independent of OITIM concentntion. Lineweaver
Burk plouo of the a<:tivity at different IIlyceraldehyde 
3·ph06phate /XIncentrationa (0.5-4 mM) were lintar. The 
Km and k"" values ofdimeric OlTIM were.imilar 10 those 
reporte<! for TIM from other species (Table 11). The Km 
value of tet1"americ enzyme wu 11.1110 in the range ob&erved 
in othe. TlM.; howeve •. iu k"" was abobt half of that of 
the dimer (Table 11). Uaing dihyd.roxyacetone u substrate 
(0.:l-10 mM), !he kinet.ic con. tanto of the OITIM dimer 
"'ere .1.., similar to Ihoee reporte<! fo. other TIMa. Be· 
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TABLE n. Kinetic Constants ofRecombinant GlTIM Compared Witb TIMFrom T. broce; (TbTlM) and Yeast (YtTIM)' 

T1M Km (GAP) mM kcat(GAP)min- l Km (DHAP) mM kcat(DHAP)min- l Ki(PG)mM 

GlTIMdimer 0.53 :t 0.03 (2.9 :t 0.2) x Uf 2.2 :t0.2 (1.6 :t 0.04) x lO' 0.043 :t 0.005 
G 1 TIM tetramer 0.87 :t 0.07 (1.47 :t 0.04) x 10" n.d. n.d. n.d. 
TbTIMa 0.35 2.6 x 10" 1.9 2.7 x 104 0.024 
ytTIMb 1.27 1 x lO" 1.23 4.9 X 104 0.03 

tActivities were determined with gIyceraldehyde 3·phosphate (GAP) in the range ofO.5-4 mM; concentration ranged between 0.3 and 10 mM for 
dihydroxyacetone phosphate (DHAP); PG i5 2-phosphoglycolate. The conditions of the resetion are described in Matenals and Methods. The 
values are the averages (::!:: SE) ofthree independent expenments. 
"Data from Hemández-Alcántara el 81.29 

bData from Lambeir el al. :ll 
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Fig. 4. Effect of dithiothreitol on the activity 01 the tetramer. The 
activities 01 the dimer (dashed line) and the tetramer (salid line) were 
followed spectrophotometrically at 340 nm. The arrows indicate the 
addition 01 2.5 ng 01 dimer or tetramer to 1 mL reaction mixture (see 
Materials and Methods). The addition 01 0.8 mM dithiothreitol is also 
indicated. 

cause of its sensitivity to reducing agents (see Figs. 2 and 
3), the kinetics ofthe tetramer in the direction ofdihydroxy
acetone to glyceraldehyde 3-phosphate could not be deter
mined. Because the km' of the tetramer was lower than 
that ofthe dimer, we explored ifthe conversion oftetramer 
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 ofthe experiment, arate equal to 

that of the dimer was attained in -15 min after the 
addition of dithiothreito!. 

The inhibition constant (K;) of the transition-state ana
log 2-phosphoglycolate was determined for the dimeric 
enzyme (Table Il). The K; value was close to that reported 
for trypanosomal and yeast TIMs.30 

Stability of GITIM at Different Concentrations 

The interface of dimeric TIM is formed by noncovalent 
interactions between TIM monomers; the association con
stant of the two subunits is in the order of 10- 10 to 10- 16 

M.31
-35 Because in its monomeric state the enzyme is 

catalytically inactive,30.36.37 the loss of the dimeric state 
can be followed by the activity of the enzyme after it has 
been incubated at different concentrations. The apparent 
dissociation constant (K;j'P) between the two monomers 
can be calculated from the data. Therefore, 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 fLg/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 GlTIM were 
sigmoid (Fig. 5), as observed with other TIMs.3 • At low 
protein concentrations, the specific activity of tetramer 
and dimer of GlTIM was low; however, as the concentra
tion of protein was raised, the specific activity of the two 
enzymes increased until it reached a constant leve!. From 
the data, the K;j'P was calculated. As shown in Figure 5, 
the apparent dissociation constant between the monomers 
of dimeric (50.6 :t 12 x 10- 9 M) and tetrameric (9.8 :t 
0.6 X 10- 9 M) GITIM was slightly lower than that of 
TcTIM (44 ::!: 2.3 X 10- 9 M) and TbTIM (43.8 :t 4 X 10- 9 

M). It is also noteworthy that the K;j'P of the dimer and 
tetramer of GITIM was in the same range. These findings 
suggest that the tetramer results from the covalent attach
ment of two dimers that conserve similar association 
constants between their constituent monomers. 

A point that is worth noting is that enzyme concentra
tions ofthe order ofO.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,z· ·39.40 Moreover, in the conditions 
used for Figure 5, loss of activity is a rather slow process. 
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Fig. s. Stability of the dimer and tetramer 01 GITIM al different concentrations. The dimer and tetramer were 
incubated al concentrations lhat ranga 'mm 0.0025 lo 500 ¡.a.glmL al 40"C In a buffer containing 100 mM 
lrielhanolamine, 10 mM EOTA, pH 7.4. Aner 2-h samples were incubaled lor 1 min aI2S' C, subsaquenlly lhe 
residual activity was determined with 10 ng of proteinlmL reaction mixture. The pereent 01 speclfic activity 
versus enzyme concentration is shown; 100% 01 activity was 1700 and 714 "'~ min- 1 mg - 1 for the dimer and 
tetramer, respectively. The apparent Ka ( :!" 5E) of three ¡ndependent experiments were cakulated and fitted 
with nonlinear regression 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. 

pared with those of TcTIM and TbTIM. In all cases, 
inactivation followed a simple exponential decay. Thus, 
the data were expressed as kob. (Table nD. At 45 and 55' C, 
the G1TIM 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 ofthe other 
enzymes tested, a1beit at 45 and 55' C, it was slightly more 
stable than the dimer. 

Stability to Temperature 

The thermostabilities of the dimer and the tetramer of 
G1TIM were determined from measurements of the decay 
of activity at different temperatures. The data were com-
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TABLE DI. First-Order Hate Constants for Inactivation as 
a Function ofTemperature for GITlM, TcTlM, and ThTIM' 

k"",(h - 1) 

TIM 45'e 55'e 6O·C 

G1TIM dimer 1.9:!: 0.1 65:!: 3 173:!: 9 
G 1 TIM tetramer O 43:!: 5.4 169:!: 7.5 
TcTIM (4 :!: 0.37) x 10- 2 36:!: 4.3 198:!: 17 
TbTIM (9 :!: 0.72) x 10- 2 23.04:!: 1.44 120 :!: 2.4 

tThe enzymes were incubated al 100 ~g1mL in lOO mM triethanol
amme,lO mM EDTA buffer (pH 7.4) at the indicated temperstures. At 
difTerent times of incubation, aliquots were withdrawn and activities 
measured al 25°C. The k .. ~ (:!: SE) were calculated &om nonlinesT 
regression plots. 

In Situ Localization of G1TIM 

Fluorescence immunolocalization of cellular GlTIM 
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 
nuelei were not labeled [Fig. 6(A), DAPI panel] . Electron 
microscopy corroborated the homogeneous cellular distri
bution of GlTIM [Fig. 6(B)]; that is, the enzyme is not 
contained in membranous vesieles (as in the glycosomes of 
trypanosomes)41 

DISCUSSION 

The kinetics, the association constant between mono
mers, and the thermostability of GITIM are similar to 
those of other TIMs. Nonetheless, in size exelusion 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
siso 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, beca use reducing agents induce the transforma
tion of tetramers to dimers, it may be concluded that two 
GlTIM 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 
-S-S- 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 of55 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 PITIM and GITIM have different 
positions in the primary sequence. This is beca use 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 PITIM42 

was used to model the accessible solvent area (ASA) ofthe 
five cysteines of GITIM. The predicted ASA of the five 

lateral chains of the cysteines from GlTIM43 showed that 
Cys 202, located in helix 6, could be the residue most 
exposed to solvent (47.1 A2). Alternatively, GITIM pos
sesses a Cys 228 residue, but the residue that PfrIM 
contains at this equivalent position is Gln 223. Conse
quently, Cys 228 ofGITIM would be located on loop 8 with 
al so a highly predicted ASA (26.7 A2). Therefore, it is 
probable that the cysteines involved in the disulfide ofthe 
tetramer were either Cys 202 or Cys 228 from each dimer. 

As noted, TIM from T. maritima is a tetramer fused with 
phosphoglycerate kinase4' The crystal structure of the 
tetrameric TIM after it was separated from glycerate 
kinase by molecular engineering has been reported.21 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 ofTIM from 
T. maritima, it has been proposed that through tetramer
ization, the enzyme acquires a higher thermostability4' 
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 meso phi le 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 kea, of the tet
ramer is about half ofthat 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 ofits two catalytic sites 
has been poisoned with a covalently linked inhibitor, 
express 50% of its maximal activity without important 
changes in Km,'5.'S indicating that the catalytic sites of 
two monomers work independently. However, Biemann 
and Koshland47 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 ofthe site reactivity. That 
is, the occupancy of one binding site suppressed the 
function of the otber site. With the present data, it is not 
possible to distinguish between the two alternatives. How
ever, it is noted that the kinetics ofthe 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, GlTlM is also the 
only known eukaryotic TlM that can acquire a tetrameric 
structure. Along this line, it may not be a coincidence that 
G. lamblia is one of tbe earliest branches of eukaryotes. In 
addition, from the point of view of catalytic mechanisms, 
GlTIM also seems rather unique, beca use the kinetics of 



832 C. LOPEZ-VEI.AZQl¡U ET AL. 

A 
Nom""ki O"PI ,,,,,i.C,ilTIM 

B 
't .. 
r '1' • -.' '1- r ~ .. .. r ~ . .,¡¡ 

'" 
.. , . , I.,~ 

., . 
' .. e, 

, . ... ""j . ,. 

r ' $' ' . • .-
ti 

, . .~. 

. l. 

F;g. 6. !Al ~ eI_ GmM anCI (8 ) its distriDulion al"'" oIecIron-mCtosoopoeal_. 
C<:>IoioW gokI paI!k:Ies 1""""" _l.--Ihe loC8Ii<alion 01 GIlIM. ES. .. ,-. spau, VD ..... ral ÑC: 
0,. q'lopIaStn: ti. nucleus. Ba<O.5..,.... 

lhe enoyme showed thal in the ,ctrameronlr two ofita rour 
"Pta.lylic .ite!! are catalytically competent. 

The aforementioned consideraünns ",,¡se the questinn or 
whethc. Ihe charo.ctarisliCII or GlTIM. particulady in its 
abiliw to tetramerhe with 8 wncomit-anl decreue in 
catalytic efficiency, a .... of phy.iologicaJ s ignificante. 1m· 
plicit in ¡hi. qucstion ;8 Ihe poMibility !.ha! tetrameri.a
tion ofG1TtM ¡. au "artifact" oflahoratory manipulations 
during ¡ti! purifica.tion Or storage. Indeed, when we carry 
out the purification proredure w.th 8<>lution8 5uppl ... 

ment.ed with D'IT. we onlyQb$erved GlTlM dimer •. This is 
.. hat "'ould be expected ir the tetrameric 8tructur-e were 
mainuoined by diauHide bound •. Nonethell'$" regardl.,... 
ofwhether tetrameriution ia nfphysiological significance. 
the fsct remaina that dime ... of GITIM are prone !.O 
tetramerization. In fact. we have o~rved that in s few 
hours at room !.emperatur-ea. - 5% of the dime,"" are 
transformed in!.O !.etrame .... Converaely. under red.ucin g 
oonditinns. !.elrame ... are converted inlO dime,.,. with a 
mrre.ponding gain in catalytic activity. Thu8.!he poss¡bil· 
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ity \hat tetrameriution il relevant lO the life of tIle 
parasite ahould be eonaidered. TIle Jife cycle ofG./lJmblilJ 
involves tranaformation of c:yata 'nlO trophowites; there· 
fore. ,t oould be that tIle transition ofGlTlM tetramero 10 
dime ... Or vice ve .... a. ji guided by the intracellular oondi 
~ona in a given phYl iological ltate. TIla tetramer ,",uld be 
a "alOrage conformation," which participates in a trans;· 
tion from a state witll a lo ... metaboli.m toward a higher 
metabolic state. TIm". it """ms olear tIlat the reve .... ible 
reaction between GlTIM dime .... and tetrame .. deserves 
further .tudies. 

Before clo6ing. wc call Mtention 10 two pointa tIlat al"OSe 
from tIle data oftllil work. TIle first il tht . • lthough tIle 
buril. of eulr.aryot.ic genome appean lO shaTe oommon 
ancestry witll .rcllaeobacteria .... ··the phylogenetic anal· 
y.i. of!he TIM gene from several speciu (induding G. 
lamblÚl) IUpporta ~ notion \hat eukaryotic TIM has an 
alpha.proteobacterial origino 00 t'herefore. it ... ould be ínter-
eating 10 determine iftlle different oligomeriution atates 
of GITIM are a ronsequence of psra.oitic adapta~onl or 
whe\her \hey are an an:haebacterial relie. f'inaUy. \he 
data on \he intracellularloealiuotion ofGlTIM sho ... tIlatit 
i$ an en*yme !ha\. is evenly diatributed !hroughout tIle 
c:ytoplasm and separated from \.he e~tl'acellular milieu 
only by \he c:y1oplasmic membrane. Therefore. \.he penetra· 
tian ofdrugll \.hat urget an GlTlM wauld not be hindered 
by internal permeability barríe ..... 
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ABSTRACT 

The nucleolus is the main site for synthesis and processing of ribosomal RN A in eukaryotes. In 
marnmals, 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 irnmunocytochemical techniques as 
well as 3D reconstruction to analyze the nucleolus of Trypanosoma cruzi which is an early 
divergent eukaryote of medical importance. In T. cruz; 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 associaled lO the nucleolus in 
the surrounding nucleoplasm. Our results provide additional morphological dala to better 
understand the synthesis and processing ofthe ribosomal RNA in kinetoplastids. 

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

The mammalian ceH nucleus is a highly compartmentalized and very dynamic organeUe 
relaled 10 several steps of RNA melabolism (Speclor, 1993,2001; Lamond and Eamshaw, 1998; 
Misteli, 2(01). The nucleolus is a ribonucleoprotein compartment where lranscriplion and 
processing of pre-rRNA and ribosome asscmbly take place involving many molecules as rDNA, 
non processed., and mature forms of rRNA, proteins, and UsnRNA. These molecules are 
organized in ultraslruclural compartments known as fibrillar cenlers (FCs), dense fibrillar (DFC), 
and granular component (GC) (see Speclor, 1993; Busch and Smelana, 1970; Jordan and Cullis, 
1982; Risuei'!o and Medina, 1986; Shaw and Jorclan, 1995; Thiry and Goessens, 1996; Scheer and 
Hock, 1999; Scwarzacher and MosgolJer. 2000; Huang, 2(02). It is widely accepted !hal 
nucleolar transcriplion and early pre-rRNA processing take place in the fibrillar portion of Ihe 
nucleolus while Ihe lale steps of processing and ribosome assembly occur mainly in the granular 
region. While Ihis organizalion of nucleolar structure is weJl known in mammals and also bul in 
lesser eXlenl in planls and yeasl, unicellular eukaryoles have not becn studied in detail byelectron 
microscopy, as for ellample members of the trypanosomatids where molecular biology studies 
are abundanl. 

Tryponosoma cmzi, !he causative agent ofChagas' disease in humans, affiicts millions of 
people in America and is of a clear medical and economical importance (Herwalt, 1999). 1I is 
estimated !hal 16-18 million people may currently be infecled and up 10 100 million may be at 
risk of infeclion in Ihe continent (WHO, 1997). On Ihe other hand, Irypanosomes are early 
divergenl unicellular eukaryoles Ihal show several atypical mechanisms of gene ellpression. 
Polycistronic trnnscription units and trans-splicing of messenger RNAs are inleresling 
phenomena presents in !hese organisms (Agabian, 1990). Nevertheless, they also share several 
characleristics proper of more evolved eukaryotes. For ellample, molecules which panicipale on 
cis-splicing as U 1, U2, U4, US, U6 snRNAs, and SR proteins had been described (Ismaili el al., 
1999; Djikeng et al., 2001). Ribosomal RNA (rRNA), \he major transcription prodUCI of all 
living cells, has becn elllensively studied in Irypanosomes, mainly al a molecular leve!. As in a1l 
Irypanosomatids analyzed to dale, cytosolic rRNA from T. cmz; is atypical in Ihal Ihe large 
subunil is composed oflWo large and five small independent rRNAs (Hemández el al., 1998). 
These molecules are encoded as differenl modules in a so-cal1ed main transcription unit. The 
Iranscriplion unils are presenl in about 100 copies per nucleus, separated by sequences longer 
Ihan 20kb, and are encoded in at leasl two chromosomes (Hemández el aL. 1998: Caslro el al., 
1981: Wagner and So, 1990). There are several molecules involved in rRNA synlhesis and 
maturalion in trypanosomes, which are shared wilh higher eukaryotes. CID box small nucleolar 
RNAs (snoRNAs) like U3 and other snoRNAs involved in rRNA methylation, fibrillarin, and 
RNA polymerase I have been previously described (Hanshome and Agabian, 1993; Jess et aL, 
1989; Dunbar el al., 2(00). Recenlly, it was shown \hal nucleolar Iranscriplion decreases from 
epimasligote 10 trypomastigote slages in T. cruzi, which also correlaled 10 a gradual reduclion in 
nucleolar size untillhis organelle disappears (Elias et al., 2001) . Because epimastigoles are very 
active in transcriplion, we have analyzed the nucleolar ultrastruclure 10 idenlify nucleolar 
domains involved in rRNA formalion. We found Ihat Ihere are nol fibrillar centers in this 
parasite. In addition, nucleolar material is prestnl in nuclear bodics. The ultraSlruClure analysis 
presenled in Ihis paper will complement molecular data on Ihe nucleolus of T. cruzi and Iherefore 
will heJp in understanding Ihe ribosomc biogenesis in this parasile. 

3 



Materials and methods 

Parasi/es. T. cruz; epimastigotes from cione eL Brener were grown al 280 e in liver 
infusion tryptose medium (LIl), supplemented with 10% fetal calf serum. Parasitcs were 
harvcsted allficdial phase of logarithmic grow (ten to thirty-five million cells per mi) and washed 
with PBS. 

Trunsmission E/ee/ron Mieroseopy. Pellets of T. cruzi with around 106 cells were 
obtained by cennifugation, and processed for standard trnnsmission electron microscopy 
(Vázquez-Nin and Echeverria, 2000) fiJl:ed using either 2.5% glutaraldehyde in PBS, post-fiJl:ed 
in 1% osmium telrOltide and embedded in epoJl:ic resino Semithin sections of about 250 nm width 
were stained with toluidine blue and observed with bright field microscopy. Thin sections were 
mounted on copper grids and contrasted with uranyl acetate and lead citrate. 

Serial seelioning. Samples embedded in Epon were cut with an ultrnmicrotome Series of 
80 scctions of "'70 nm width each were obtained and mounted onlo SjOstrnnd rings previously 
coatcd with a formvar film as clescribed (Wettstein and Graver, 1973). Samples were then slained 
with uranyl acetate and lead citrate. The sections containing Ihe whole nucleolus were 
photographed in a transmíssion electron mieroscopy at a fiJl:ed magnification (X2S , 000). 

¡mage processing. ¡mages from serial sections were digitized and processed using a 
compuling package (lmagenia 5000, Biocom) compatible with IBM PC. Three dimensional 
display and morphological measurements were carried OUI using specialized software based on 
boJl:els. as previously describe<! (López-Velázquez el al. , 19%). 

AgNOR staining. Parasite peUels fiJl:ed in 2.5% gtutaroldehyde weTe processed using the 
lechnique for nucleolar organizer (AgNOR) (Goodpasture and Bloom. 1975) wilh modifications 
for postembedding ultraslrucrural analysis eSpeclor el al., 1998). Samples were embedded in 
epoxy resin and cut as described above. Sections were placed onlo eopper grids and uranyl-lead 
stained. 

Ribonllcleoproteins slaining. A sel of samples fixcd wilh 2.5% glularaldehyde were nOI 
poslfiJl:cd with osmium lelroJl:ide. then embedded in epoJl:y resin and mounted in copper grids 10 
perfonn Ihe regressive method preferentiat for ribonucieoprcoleins (Bernhard, 1969). Grids were 
Irealed with 0.5% uranyl acelale for 10 min, EDTA 0.2 M, pH 7.0 for 45 mino and lead eitrale for 
5 mino 

Immlll1ocylochemistry. Irnmunodeleclion was performed according 10 reported prolocols 
(Roth. 1986) with modifications. Briefly, samples were fixed in 4% parafonnaldehyde and 
embedded in Lowicryl res ino Sections were mountcd onlo nickel grids. Grids were floaled on 
TBS buffer (20mM Tris. pH 7.6, ISO mM Nael, 20 mM NaN), 1% Tween 20, 5% BSA. 5% 
NGS) for I h, washed Ihree times in PBS and incubated al 4°C over nighl with a mouse IgM anlí
DNA antibody. Afier th is, grids were washcd in PBS and incubaled for 90 min with a secondary 
anlibody couplcd lO 12-15 nm eoUoidal gold partic1es. 
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ResuIts 

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 sil ver staining for nucleolar organizer. The results showed intense contrasted 
material in the nuclei of T. cruzi (Figure 1) but not in other cell compartments. 
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Figure 1. Silver staining for nucleolar 
organizer on acrylic-embedded semithin 
sections of T. cruzi . Arrows show a 
single spherical intranuclear body per cell 
intensely labeled. Inset shows a 
magnification of a single cell. Bar: 10 J.lm, 
inset bar: 2 J.lm. 

Transmission electron microscopy of glutaraldehyde fixed parasites was performed to test 
fo r 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 '" II nm in diameter into the nucleoplasm, spatially related to the 
nucleolus was al so 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 lhe body. (Fig. 2c). Another 
structure intensely labeled using this technique was the kinetoplast (data not shown), as must be 
expected. 



figure 2. Ultrastructure of T. crozi inttanuclear material. 
(a) Uranyl-Jead staining, (b) Bemhard's slaining for 
ribonueleoprOleins, (e) immunoJocaJization for DNA. Ch, 
ehromalin; Cy, cylopJasm; F, fibrillar eomponent; G, 
granular componen!: Ne. nuclear envelope; N, nuclcus; Nu, 
nuclC<llus: r, ribosomcs. Bar: SOO nm. 

Funherrnore, we lested whether the ribonucleoprotein fibrogranular body we recognized 
as nucleolus was positive 10 the silver slaining method for nucleolar organizer. AgNOR proleins 
were localized in the fibrillar componen! of the nucleolus (Figure 3). Oistribution of AgNOR 
proteins showed Ihe existence of very discrete nucleolar subcompartments (Fig. 3a, b). 
Additionally, nuclear bodies of "'100 nm in diameter intensely impregnated were found. Such 
bodies are usually in proximity 10 nuclear pores or nex110 the nucleolus (Figs. 3a, b 3.TTOwheads). 
In fact, Ihese bodies can be visua!ized in samples by using conventional slaining methods (Fig. 3c 
aTTowhead). 
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Figure 3. Ultrastruetural silver 
staining of T. cruz;. Ag-NOR 
proteins are observed in the 
fibrogranular material within the 
nuclcus (a-b). Uranyl-lead contrast 
(d). Nu, nucleolus. Bar: 250 nm. 

Serial sections analysis of ¡he whole nucleus shows clumps of compacl chromatin 
surrounding ¡he nucleolus. To see ifthere was DNA penetrating the fibrogranular material, we 
use computer assisted overlapped seelions. 3D reconstruction showed ¡hal chromatin extends to 
Ihe nucleolus presenling SileS of contacl wilh it (Fig. 4a). 3D reconstruction based on boxels 
allowed us 10 display a nuclear region containing the entire nucleolus and 10 perfonn quantitalive 
analyses. This computing sys!em has the capacity 10 make virtual "windows" through the 3D 
display in order to identify spatial relations among different structures (Fig. 4c). Mean volume of 
the nucleoli studied was 0.7 1 ~ml, o<:cupying around 5.7 % ofthe total nuclear volume. Volume 
measuremenls from twenty nuclei studied are shown in Table l. Jn order 10 identify Ihe nucleolar 
components, every single section of the entire nucleoli studied were analyzed. No fibrillar 
centers were found in any of the samples serially seclioned. Granular and fibrillar components 
were labeled using different colors (gray and yellow respectively) and followed Ihrough the 
nucle<llus. 80th components are distributed as a continuos network through ¡he nucleolus 
inleracting between Ihem and with surrounding nucleoplasm (Fig. 4b). 

Figure 4. Computational 
display of T. cruzi nucleus 
and ilS componenls. (a) 
nuclear sc.:tions 
overlapping. (b) nucleolar 
SCClÍons overlapping, (e) 
window through the 
nuclear 3D reconstfUction. 
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Table 1. Morphology measurements of T cruz; nucleoli serially cut and reconstructed 

Sample Nuclear Nucleolar % ofnuclear 
number volume ~m3 volume ~m3 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 
5 8.784 0.288 3.286 
6 16.838 0.860 5.109 
7 19.510 0.998 5.117 
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-García 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 nucleo1ar size, tbere are no data on nucleolar 
compartmentalization using cytochemical methods, which may complement morphological 
information on ribosome biogenesis. 

The nucleolus of T cruz; is compartmentalized. Three different criteria have been taken 
into account to arrive to this conclusion. 1) The electron dense material observed in tbe 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 al so observed in the nucleoplasm. Such 
granules are similar in size and morphology to cytoplasmic ribosomes (Fig. 2b). Although it is 
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possible 10 recogmize portions of dense fibrillar and granular components, no recognizable 
fibrillar cenlers wcre observed in OUT samples. To test ir a three dimensional reconstruClion would 
give us infonnatiOll whether or nOI fibri11ar centers were localized in peripheral areas of the 
nucleouls, we peñormed serial seclioning and compuler 30 reconstruclion of nucleoli. In this 
conditions again, no firbillar centers were observed. This is nol the first repon on me lacking of 
fibrillar centeTS. 1be absence of this nucleolar subcompartment has been noticed in other ce11 
types or differenl organisms (Thiry and Goessens, 1996). The analysis of Ihe nucleolus by serial 
sectioning also rew:aled lhat Ihis organelle is present as a single, spherical and small (0.7).13 
mean volume) structure per each cell. Having one nucleolus per cell is a very common condilion 
in higher eukaryotc:s Ihough Ihe nucleolus number mighl depend on Ihe cellular cycle phase, even 
in the same lissue. 3) Ultraslructural localizalion of AgNOR proleins was shown in Ihis same 
structure, mainly distributed in Ihe fibrillar areas. This \e(;hnique is an accurale cytochemical 
melhod 10 definitivcly identify nucleolar elemenls in Ihe cell nucleus. In addilion 10 Ihe silver 
staining for nucleolar organizer, we observed discrele impregnalion in Ihe surrounding 
nucleoplasm as "" 100 nm in diameler nuclear bodies. 4) Afler high resolulion 
irnmunolocalizatioa of ONA using commercial anlibodies, label was observed in Ihe nucleoplasm 
in areas correspoOOing 10 chromalin, but very few gold granules were seen in Ihe putalive 
nucleolus, similar to otber sySlems including plants (Martín el al., 1998). The amounl of 
nucleolar ONA is very low in comparison to Ihal oflhe entire nucleus. 

Regarding Ihe non-nucleolar intranuclear material positive after AgNOR staining and Ibe 
regressive melhod for RNPs, it is inleresting to menlions Ihal Ihe presence of extranucleolar 
panicles enriched on AgNOR proteins had been reponed previously (Esponda et al., 1983), bUI 
Iheir relevance was nol discussed. On tbe basis of Ihe characterislics shown in this work as 10 

Ihe morphology aDd proximity lo Ihe nucleolus, Iheir ribonucleoprolein compasilion, and tbe 
presence of si lver staining proleins, we suggest Ihat Ihey may correspond to Cajal bodies. Cajal 
bodies are ubiquitous SlruClUres in !he nucleus of eukaryotes tbat are involved in nuclear RNA 
metabolism, although Ihe precise role has nOI been elucidated (Gall, 2000). 

It is lempting to speculate as to !he presence of a nucleolar slructure as Ihat described here 
early in evolution, because T. cruz; is considered lo be a very early divergent prolozoan 
organisms based on lis phylogenelic posilion afier using comparison of ribosomal sequence 
(Sogin et al., 1989). 

Novel aspects of Ihe cell biology of tbe nucleolus in T. cruzi remain lO be sludied as for 
example Ihe nucleologenesis and Ihe number of nucleolar organizer, in order 10 produce a more 
complele morphological counterpan 10 tbal of given by Ihe molecular biology. Also, il would be 
inleresling lO study Ihe causes of Ihe reponed absence of a nucleolus in the infective forms oflhis 
parasile (Elias el aL, 2001). 

On tbe other hand, vertebrales present fibrillar cenleTS as anchoring si les for Ihousands of 
copies of ribosomal genes, separaled for non transcribed spacers (NTS) of around 2.0 kb 
(Enright and SoI1ner-Webb, 1994) . T. cruz; ribosomal genes are presenl in around lOO copies 
(Castro et al. , 1981), but separated by a NTS as long as 20 kb (Hemández el aL, 1988). 
Therefore, fibrillar centers in vertebrales may be Ihe result of a high number of ribosomal genes 
anchored in a close position, and are nOI presenl in organisms with longer spacers as T. cruzi. 
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CONCLUSIONS 
We have shown here that in T. cruz; epimastigotes, an intranuclear and central positioned 
fibrogranu la r, ribonucleoprotein structure is prestnt that contains few amount of DNA but is 
intensely impregnated with silver staining for nucleolar organizer. Therefore, this structure 
correspond to an authentic compartmentalized nucleolus lacking fibrillar centcrs. In addilion 
nuclear bodies containing nucleolar proteins were observed that we suggest correspond to Cajal 
bodies. 
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