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1. RESUMENES

1.1 Resumen

Los tripanosomatidos son protozoarios flagelados que causan diversas enfermedades
humanas que se transmiten por diferentes insectos vectores. A este grupo pertenecen los protozoarios
del género Leishmania, agentes causales de la leishmaniasis, una enfermedad con diversas
manifestaciones clinicas distribuida mundialmente en 98 paises. Ademas de su importancia médica,
estos parasitos poseen caracteristicas de expresidn génica unicas, que difieren de otros eucariontes,
entre las que se encuentran la transcripcién policistronica por la RNA Polimerasa Il (RNA Pol 1) y la
maduraciéon de los mMRNAs por trans-splicing, proceso que afiade una secuencia de 39 nucledétidos

(denominada miniexdn) al extremo 5’ de todos los mRNAs.

Nuestro grupo de trabajo esta interesado en el estudio de la transcripcion por la RNA
Polimerasa Il (RNA Pol Ill) en L. major. La RNA Pol Il sintetiza diversas moléculas de RNA no
codjificantes esenciales para la supervivencia celular, como los RNAs de transferencia (tRNAs), el RNA
ribosomal (fRNA) 5S y los RNA pequefios nucleares (ShRNAs). En eucariontes, los tRNAs contienen dos
elementos promotores internos, las cajas A y B. Una excepcion es el tRNA de selenocisteina (tRNA-
Sec), cuya transcripcion en vertebrados esta dirigida por elementos extragénicos y una caja interna
B. El tRNA-Sec participa en la incorporacion de selenocisteina, el aminoacido nimero 21, en un grupo
de proteinas esenciales llamadas selenoproteinas. En este trabajo reportamos el andlisis
transcripcional del tRNA-Sec en L. major. En este organismo, el tRNA-Sec esta codificado por un gen
de copia Unica insertado en una unidad policistronica del cromosoma 6, a diferencia de la mayoria
de los tRNAs, que en L. major estan agrupados en las fronteras de las unidades policistrénicas. De
manera interesante, experimentos de 5 -RACE y RT-PCR mostraron la presencia de transcritos del
tRNA-Sec que contienen el miniexén en el extremo 5’ y una cola de poliadeninas en el 3’, lo que es
caracteristico de los mRNAs, pero no de los tRNAs. Estos resultados indicaron que este tRNA es
transcrito por la RNA Pol || debido a que se encuentra insertado en una unidad policistrénica vy,
posteriormente, es procesado por trans-splicing y poliadenilacion. Resultados similares fueron
reportados en otro tripanosomatido, el parasito Trypanosoma brucei. Sin embargo, ensayos de run-on
nuclear con inhibidores de las RNA Polimerasas, asi como con células irradiadas con luz UV nos
indicaron que, de manera sorprendente, la RNA Pol Il también esta involucrada en la transcripcion
del tRNA-Sec. Asi, este es el primer reporte de una molécula de RNA transcrita por dos RNA
Polimerasas diferentes en tripanosomatidos. Nuestros resultados indican que, contrario a lo que se

pensaba, la especificidad de las RNA Polimerasas no es absoluta in vivo en Leishmania.



1.2 Abstract

The trypanosomatids are flagellated protozoan that cause devastating human diseases that
are transmitted by different insect vectors. This group includes the parasites of the genus Leishmania,
causative agent of the leishmaniasis, a disease with diverse clinical manifestations that extends to 98
countries worldwide. In addition to their medical importance, these protozoan parasites show unique
mechanisms of gene expression, different from those found in higher eukaryotes, such as the RNA
Polymerase Il (RNA Pol II) polycistronic transcription and maturation of mRNAs by trans-splicing, a

process that attaches a 39-nucleotide miniexon to the 5° end of all the mRNAs.

Our group is interested in the study of the RNA Polymerase lll (RNA Pol lll) transcription in L.
major. RNA Pol lll synthetizes diverse non-coding RNAs that are essential for cell survival, such as
transfer RNAs (tRNAs), 5S ribosomal RNA (fRNA) and small nuclear RNAs (shRNAs). In eukaryotes, tRNAs
have two internal promoter elements which directs their transcription, the A and B boxes. The
Selenocysteine tRNA (tRNA-Sec) constitutes an exception since its transcription is directed by an
internal B box and three extragenic sequences in vertebrates. The tRNA-Sec carries selenocysteine,
the 21st amino acid, to the biosynthesis of selenoproteins. Here we report the transcriptional analysis of
the tRNA-Sec in the protozoan parasite L. major. In this organism, the tRNA-Sec is encoded by a single
gene inserted into a RNA Pol Il polycistronic unit, in contrast to most tRNAs, which are clustered at the

boundaries of polycistronic units.

Interestingly, 5"-RACE and RT-PCR experiments showed that tRNA-Sec transcripts contain the
miniexon at the 5° end and a poly-A tail at the 3” end, similar to what occurs to mRNAs. Thus, these
results indicated that this tRNA is transcribed by RNA Pol Il as part of a polycistronic unit and then
processed by trans-splicing and polyadenylation, as it has been previously described in the related
organism Trypanosoma brucei. However, nuclear run-on assays with RNA polymerase inhibitors, and
with cells that were previously UV irradiated, showed that the tRNA-Sec gene in L. major is also
transcribed by Pol lll. To our knowledge, this is the first report of a gene transcribed by more than one
RNA polymerase in trypanosomatids, namely RNA Pol Il and RNA Pol lll. Thus, our results indicate that
RNA polymerase specificity in Leishmania is not absolute in vivo, as has been recently found in other

eukaryotes.



2. INTRODUCCION

Leishmania major es un parasito que pertenece a la famila Trypanosomatidae, la cual
también incluye a otros parasitos como Trypanosoma brucei, Trypanosoma cruzi y otras especies del
género Leishmania, todos ellos causantes de graves enfermedades humanas. Estos parasitos poseen
una organizacibn genémica y estructuras celulares similares y todos sufren cambios morfolégicos
durante sus ciclos de vida y son transmitidos a sus hospederos mamiferos por diferentes insectos
vectores. T. brucei causa la enfermedad del suefio en Africa, T. cruzi la enfermedad de Chagas en el
continente Americano y los parasitos del género Leishmania causan diferentes variantes de la
leishmaniasis alrededor del mundo. Ademas de la importancia médica, estos parasitos muestran
numerosas particularidades metabdlicas y estructurales que resultan de alto interés cientifico (Stuart,
K. et al., 2008).

2.1 Generalidades sobre los parasitos del género Leishmania

Los protozoarios parasitos del género Leishmania causan la leishmaniasis, una enfermedad
que presenta diferentes manifestaciones clinicas, dependiendo de la especie de Leishmania
infectante. A la fecha se han reportado alrededor de 20 especies diferentes de Leishmania
patégenas. El parasito es transmitido al hombre por un insecto vector, la mosca de la arena, del
género Phlebotomus en el Viejo Mundo o Lutzomyia en el continente Americano. Existen alrededor
de 30 especies de insectos vectores que pueden diseminar la enfermedad. Las principales
manifestaciones clinicas de la enfermedad son: leishmaniasis cutanea (LC), leishmaniasis
mucocutanea (LMC) y leishmaniasis visceral (LV), segun la especie de Leishmania infectante (Tabla
1). La leishmaniasis visceral es generalmente fatal de no seguir un tratamiento, mientras que las
formas mucocutanea y cutanea generan lesiones mutilantes de tipo discapacitante que afectan el
desenvolvimiento social del enfermo (Antinori, S., et al, 2012; Kaye, P. y Scott, P., 2011;

www.who.int/topics/leishmaniasis/es/).



Tabla 1. Principales especies de Leishmania que infectan humanos

(Padilla-Mejia, N.E., et al., 2013)

Variante de la leishmaniasis Especie infectante
Viejo Mundo subgen. Leishmania
Leishmaniasis visceral L. donovani, Leishmania infantum
Leishmaniasis cutanea L. major, L. tropica, L. aethiopica
Nuevo Mundo subgen. Leishmania
Leishmaniasis visceral L. infantum
Leishmaniasis cutanea L. infantum, L. mexicana, L. pifanoi, L. amazonensis
Nuevo Mundo subgen. Viannia
Leishmaniasis cutanea L. braziliensis, L. guyanensis, L. panamensis, L. peruviana
Leishmaniasis mucocutanea L. braziliensis, L. panamensis

La leishmaniasis es considerada la novena enfermedad infecciosa més difundida a nivel
mundial, con presencia en 98 paises alrededor del mundo (Alvar, J., et al., 2012) (Figura 1). En
América Latina, incluido México, se han reportado las tres formas ya mencionadas de la
enfermedad. Al afio, se presentan ~3700 casos de LV (7 casos/afio en México), ~67,000 casos de LC

(811 en México) (Alvar, J. et al., 2012).

En México, los casos de LV se han reportado principalmente en el estado de Chiapas (92% de
los casos nacionales), existiendo también reportes en los estados de Guerrero, Puebla y Morelos
(Figura 2A). La incidencia estimada de LV en el continente americano es de 4500 a 6800 casos
anuales. En México, la forma cutanea se ha reportado en los estados de Veracruz, Tabasco, Oaxaca,
Chiapas, Nayarit, Yucatan, Quintana Roo, Campeche, Coahuila, Jalisco, Sinaloa y Puebla (Figura 2B).
Se ha estimado que la incidencia anual de LC en el continente americano es de 187,200 a 307,800.
Sobre la LMC existen pocos reportes en México, provenientes principalmente de los estados de

Chiapas y Veracruz, Tabasco y Oaxaca (Figura 2C) (Alvar, J., et al., 2012; www.indre.salud.gob.mx).
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Figura 1. Mapas de zonas endémicas de leishmaniasis alrededor del mundo. Casos nuevos al 2012. A)
Leishmaniasis cutanea; B) leishmaniasis visceral. (Tomado de World Health Organization, Global Health
Observatory www.who.int/gho/neglected_diseases/leishmaniasis/en/).
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2.2 Ciclo de vida

Los parasitos del género Leishmania son transmitidos por moscas de la arena hembras de los
géneros Lutzomyia y Phlebotomus, previamente infectadas con estos protozoarios. Durante la ingesta
de sangre, las moscas regurgitan en el hospedero mamifero (humano u otros reservorios)
promastigotes metaciclicos, la forma infecciosa del parasito. Los promastigotes metaciclicos son
fagocitados por diferentes células fagociticas del ambiente tisular local. Una vez dentro de las
células, los promastigotes metaciclicos se diferencian a amastigotes, la forma mas pequefia y
redondeada del parasito. Los amastigotes se replican dentro de la célula, rompiéndolay liberandose,
lo que permite la reinfeccidn de fagocitos locales y expandiendo la invasibn a otros tejidos del
mamifero. Otras moscas de la arena toman macrofagos infectados durante la ingesta de sangre. En
el intestino de las moscas los amastigotes se transforman a promastigotes prociclicos, una forma no
infectiva y altamente replicativa del parasito. Estas formas se unen a la pared del intestiho medio
para luego liberarse y migrar al aparato bucal de la mosca, diferenciandose a promastigotes
metaciclicos no replicativos que son transmitidos por el insecto al mamifero durante otra nueva

ingesta de sangre (Figura 3) (Kaye, P.y Scott, P., 2011).

2.3 Organizacion gendmica

El genoma de los organismos del género Leishmania estd organizado en unidades
policistrénicas, que son grupos de genes codificadores de proteinas sin una funcidn comuin
localizados consecutivamente en la misma cadena de DNA. Esta organizacidon tan particular fue
primeramente observada en el cromosoma 1 de L. major Friedlin, el cual contiene 85 genes
organizados en dos unidades policistronicas divergentes. Los primeros 32 genes se encuentran
agrupados en la cadena inferior, mientras que los 53 genes restantes se encuentran en la cadena
superior (Myler, P.J., et al., 1999). La publicacion de la secuenciacion del genoma completo de L.
major Friendlin reveld que los genes de todos los cromosomas estAn organizados en unidades

policistrénicas (Ilvens, A.C., et al., 2005).
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Figura 3: Ciclo de vida de Leishmania spp. Ver texto para detalles (Tomado de Kaye, P. y Scott, P., 2011)

Posteriormente, la secuenciacion de los genomas de otras especies de Leishmania reveld la
misma organizacion gendémica, tal es el caso de L. infantum (cepa JPCM5), L. braziliensis (M2904), L.
mexicana (U1103) y L. donovani (BPK282/0c14) (Peacock, C.S,, et al., 2007; Rogers, M.B., et al., 2011,
Downing, T., et al., 2011). Este tipo de organizacion gendmica es comun a otros tripanosomatidos de
importancia médica, como T. brucei (Berriman, M., et al., 2005) y T. cruzi (El-Sayed, N., et al., 2005). En
la Tabla 2 se enumeran las principales caracteristicas de los genomas de diferentes especies de

Leishmania spp. y Trypanosoma spp. (Padilla-Mejia, N.E., et al., 2013).



a)
b)
c)
d)

Tabla 2. Resumen de los principales caracteristicas de los genomas de Leishmania spp., T. brucei y T. cruzi

(Tomado de Padilla-Mejia, N.E., et al., 2013).

L. major L. infantum | L. braziliensis L. mexicana L. donovani T. brucei T. cruzi
NUmero de cromosomas 36 36 35 34 36 11@ a1
Tamafo del genoma
(pb) 32,855,089 | 32,101,728 31,997,773 32,108,741 32,44,998 | 26,075,396 | 60,372,297
Contenido general de
G+C (%) 59.7 59.3 57.8 59.7 NR 46.4 51
Contenido G+C de los
genes codificantes (%) 62.5 62.45 60.38 NR NR 50.9 53.4
Genes codificantes de
proteinas (prediccion) 8,412 8,241 8,357 8,250 NR 9,068 21,133
Pseudogenes 97 41 161 99 13 904 3,590
Longitud media de las
[Sg')ons Intergenicas 2,045 2,049 1,976 NR NR 1,279 1,024
Densidad génica
(genes/Mb) 252 235 258 NR NR 317 385

®)

Genes de tRNA 83 77 75 84 76 66 120 @

S6lo Megacromosomas

Estos numeros corresponden a lo reportado en GeneDB mas una busqueda personal utilizando tRNAScan-SE

NR: no reportado
Por genoma diploide.




Sobre los RNA de transferencia (tRNA), un analisis in siico del genoma de L. major reveld la
presencia de 83 genes de tRNA distribuidos en 31 loci, en 19 cromosomas diferentes (Padilla-Mejia,
N.E., et al., 2009). La mayoria de los genes estan organizados en grupos de 2-10 genes, los cuales
pueden también contener otros genes transcritos por la RNA Polimerasa lll, tales como el RNA
ribosomal (rRNA) 5S o RNAs pequefios nucleares (SNRNA). Asimismo, también se identificé un tRNA de
selenocisteina (tRNA-Sec) en el genoma de L. major (Padila-Mejia, N.E., et al. 2009). Las
particularidades de este tRNA se retomaran mas adelante. Otras especies de Leishmania también
poseen una distribucion y niumero de genes de tRNA similar a L. major (Tabla 2), de tal manera que la
mayoria de los grupos de tRNA son altamente sinténicos entre diferentes especies de Leishmania

(Tabla 2) (Padilla-Mejia, N.E., et al., 2013).

2.4 Expresion génica

Una caracteristica importante de la familia Trypanosomatidae, incluido el género Leishmania,
es la transcripcion policistréonica de los genes transcritos por la RNA Polimerasa Il, es decir, la
transcripcién inicia Unicamente rio arriba del primer gen de cada unidad policistrénica, generandose
transcritos policistrénicos que contienen varios pre-RNA mensajeros. Este transcrito policistronico es
procesado posteriormente para generar RNA mensajeros (mMRNA) maduros. El extremo 5’ de cada
pre-mRNA se procesa por trans-splicing, proceso que consiste en la adiciéon de una secuencia de 39
nucledtidos al extremo 5’ de cada mRNA. Esta secuencia es conocida como miniexédn o RNA spliced-
leader (SL-RNA) (Van der Ploeg, L. H., 1986). Las secuencias requeridas para este procesamiento
estan conservadas y consisten en un dinucledétido AG en el sitio de adicidon del miniexdn asi como
una region rica en pirimidinas localizada rio arriba (Benz, C., et al., 2005; Siegel, T.N., et al., 2005). El

extremo 3’ de los MRNA se genera afiadiendo un tracto de adeninas (Figura 4).

Todos los genes que son parte de la misma unidad policistrénica se transcriben al mismo nivel,
como consecuencia de la transcripcion policistrénica. Ya que los mRNA maduros de los genes
adyacentes pueden diferir en sus niveles de expresion, se ha observado que la expresidon génica en
tripanosomatidos es regulada principalmente de manera post-transcripcional, a nivel de
procesamiento y estabilidad de los mRNA. Las secuencias 3’ no traducidas (3’-UTR) de los mRNA son
importantes en dicha regulacién post-transcripcional, un ejemplo de esto es la regién 3’-UTR del
mMRNA de amastina en L. infantum, la cual tiene una region de 450 pb que es importante para

incrementar la traduccién del mRNA durante el estadio de amastigote (Boucher, N., et al., 2002).
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Figura 4: Generacion y procesamiento de los transcritos policistronicos por trans-splicing. Ver detalles en el texto

En tripanosomatidos, no se ha demostrado auln la existencia de secuencias especificas que
actuen como promotores de la transcripcion por la RNA Pol Il, sin embargo, un analisis transcripcional
del cromosoma 1 de L. major mostré que la transcripcién inicia en la regidn de cambio de hebra
(strand switch regién) que se encuentra entre las dos unidades policistrénicas divergentes, de tal
manera que una sola region parece dirigir la transcripcion de todo el cromosoma, a diferencia de
eucariontes superiores que poseen un promotor por cada gen de proteinas. Una vez iniciada la
transcripcion, esta procede bidireccionalmente hasta la region telomérica. En este trabajo se
mapearon varios sitios de inicio de la transcripcion dentro de una regiéon <100 pb que contiene largos
segmentos de G/C, sin que se hayan identificado cajas TATA u otro elemento promotor tipico de la

transcripcion por la RNA Polimerasa Il en eucariontes superiores (Martinez-Calvillo, S., et al., 2003).
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2.5 Transcripcion por la RNA Polimerasa lll

La transcripcidn de genes en eucariontes esta a cargo de tres RNA Polimerasas (RNA Pol): la
RNA Pol | sintetiza los RNAs ribosomales (rRNA) 18S, 285 y 5.85; RNA Pol Il sintetiza los mRNA
codificantes de proteinas y RNAs no codificadores (hncRNA) como los RNAs pequefios nucleares
(snRNAs), RNAs pequefios nucleolares (snoRNAs) y microRNA (miRNA). La RNA Pol Il transcribe una
gran variedad de RNAs pequefios no codificantes, entre los que se encuentran el rRNA 5S, los RNA de
transferencia (tRNA), el snRNA U6 y el RNA 7SL (Schramm, L. y Hernandez, N., 2002; Paule, M. y White,
R., 2000).

En levadura, la RNA Pol Il contiene 12 subunidades, mientras que la RNA Pol | contiene 14
subunidades y la RNA Pol Il posee 17. La presencia de las tres RNA Polimerasas ya ha sido
demostrada en tripanosomatidos: en T. brucei, mediante cromatografia de intercambio aniénico y
experimentos de run-on nuclear con los inhibidores de las Polimerasas o-amanitina y O-fenantrolina
(Grondal, E. J., et al., 1989). En L. major ya se han identificado varias subunidades de las RNA
Polimerasas mediante purificacion por afinidad en tdandem y la subsecuente espectrometria de
masas, asi como por andlisis in silico realizados con las bases de datos del genoma de este organismo
(Martinez-Calvillo, S., et al., 2007).

2.5.1 Genes transcritos por la RNA Polimerasa Il y sus Elementos Promotores

Como se menciond anteriormente, la RNA Pol lll transcribe una gran variedad de ncRNA,
siendo los mas significativos el rRNA 5S, los tRNA, el RNA 7SL. El rRNA 5S es un componente estructural
ribosomal, los tRNAs descifran los codones de los mMRNA y acarrean sus aminoacidos correspondientes
a la cadena polipeptidica en crecimiento durante la sintesis de proteinas. Por su parte, el RNA 7SL es
un componente de la particula de reconocimiento del péptido sefal para reticulo endoplasmico y
el snRNA U6 forma parte del complejo del splicesosoma (Dieci, G., et al. 2007). Otros RNAs transcritos

por la RNA Pol lll se enlistan en la Tabla 3.
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Tabla 3. Algunos RNAs sintetizados por la RNA Polimerasa lll (Dieci, G., et al. 2007)

Tipo de RNA Funciones y caracteristicas Promotores
RNA H1 Componente de la RNAsa P, una endorribonucleasa En Saccharomyces cerevisiae, €l
gue procesa el extremo 5' de |os pre-tRNA promotor es una secuencia tipo
tRNA (tRNA-like). En vertebrados es
un promotor con elementos
PSE/TATA
RNA MRP Componente de la RNAsa MRP (RNAsa mitocondrial Su promotor posee elementos TATA,
de procesamiento de RNA) que procesa cebadores PSEy DSE
de RNA para la replicacion del DNA mitocondrial.
Esta RNasa también participa en nucléolo
procesando pre-rRNA
RNA Vault Constituyentes de  ribonucleoproteinas (RNP) Promotor con elementos internos y
(VA RNA) citoplasmicas implicados en resistencia de tumores externos
a farmacos, ensamblaje y/o transporte
macromolecular
RNA'Y Componente de la RNP Ro Promotor con elementos DSE, PSE y
caja TATA
RNA 7SK Identificado s6lo en vertebrados hasta la fecha, son Promotor con elementos DSE, PSE y
represores de la elongacion por la RNA Pol Il al unirse  caja TATA
al factor P-TEFb
RNABC1ly Son especificos de raton y primates, Promotor con elementos internos y
BC200 respectivamente, y se expresan ambos en células externos
neuronales. Son parte de una RNP citoplasméatica
con una posible funciéon en la traducciéon de mRNA
de dendritas. Se ha demostrado que BCL1l tiene
relacion con la espermatogénesis
RNAs VA-l y Provenientes de adenovirus, inhiben la protein- Promotorinterno con elementos Ay
VA-II cinasa activada por RNA (PKR) que se activa en B

respuesta a infecciones virales,
traduccion de mRNA adenovirales

permitiendo la

SINEs (Short

Retrotransposones no auténomos originados por

Mantienen parcialmente los

interspersed genes transcritos por RNA Pol lll. Parecen regular la elementos promotores internos (caja
repeated DNA expresibn génica a nivel post transcripcional, Ay B)
elements - modular la traduccién de proteinas o apagar su
encoded expresion (RNA Alu). Existen mas de un milén de
RNASs) SINEs en el genoma humano, la mayoria inactivos
microRNAs Regulacion de la expresion génica. Algunos Elementos promotores internos, tipo

microRNAs son transcritos por RNA Pol |l

tRNA (tRNA-like)

Los elementos promotores encargados de dirigir la transcripcion de los genes por la RNA Pol Il

se han catalogado en tres tipos:

a) Tipo 1: el rRNA 5S es el prototipo de este promotor, constituido por tres elementos internos: una
caja A, una caja C y un Elemento Intermedio (El) (Figura 5A). La caja A esta localizada entre

los nucleoétidos +50 al +60, el El entre el +67 al +72 y la caja C del +80 al +90. La caja C es un
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elemento altamente conservado entre especies. Este promotor fue descrito primeramente en

Xenopus laevis (Schramm, L. y Hernandez, N., 2002; Paule, M. y White, R., 2000).

b) Tipo 2: se encuentran en los genes de tRNA, y se componen de las cajas Ay B, las cuales son
secuencias altamente conservadas (Figura 5A). La caja A se localiza cerca del sitio de inicio
de transcripcion, de la posicion +8 a +19, mientras que la caja B se localiza en la segunda
mitad del gen, frecuentemente en las posiciones +52 a +62; sin embargo, ésta tiene una
localizacion variable debido a que algunos tRNA poseen un intrédn que se localiza antes de la

caja B (Schramm, L. y Hernandez, N., 2002; Paule, M. y White, R., 2000).

c) Tipo 3: El ejemplo mas representativo de este tipo de promotor es el de los genes del snRNA U6
en humano (Figura 5A), formado por elementos extragénicos localizados rio arriba del gen.
Este promotor consta de una caja TATA (localizada aproximadamente en la posicion -30), una
secuencia proximal (proximal sequence element o PSE) que va de -65 a -48 pb respecto al
nucledétido +1 del gen. Otro elemento, la secuencia distal (distal sequence element o DSE)
gue se va aproximadamente de -240 a -215 ayuda a maximizar la tasa transcripcional. Este
tipo de promotor se encuentra también en los genes del RNA 7SK y el RNA H1 (componente

de la RNAsa P) (Schramm, L. y Hernandez, N., 2002; Paule, M. y White, R., 2000)

Los ejemplos arriba mencionados constituyen los puntos de referencia para cada tipo de
promotor (Figura 5A), pero se ha observado que hay promotores diferentes que no pueden
agruparse exclusivamente dentro de alguno de estos tres tipos. Por ejemplo, en los genes del rRNA 5S
de Saccharomyces cerevisiae sOlo se requiere la caja C para activar la transcripcion, mientras que
en Schizosaccharomyces pombe se encuentra una caja TATA rio arriba del gen rRNA 5S, la cual es
esencial para la transcripcion (Hamada, M., et al., 2001). En Acanthamoeba castellanii, los elementos
internos estandar del rRNA 5S son esenciales para la transcripcion, pero ademas se identificé un
elemento que se localiza exactamente después del sitio de inicio de la transcripcidn y que es
también esencial para la expresidon del gen (+1 a +22 pb) (Peng, Z. y Bateman, E., 2004). En S.
cerevisiae, el gen del snRNA U6 posee una caja TATA en la region extragénica 5’, una caja A interna
y una caja B rio abajo del gen, elementos que constituyen un promotor hibrido. Otro ejemplo de esto

son los tRNA de plantas, levadura y el gusano de la seda, que ademas de poseer las cajas Ay B
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también cuentan con una caja TATA en el extremo 5’ que contribuye significativamente a la

eficiencia de la transcripcion (Schramm, L. y Hernandez, N., 2002).

A
Tipo I: rRNA 58
Tipo II: tRNA

DSE PSE TATA

Tipo lll: snRNA U6

~-200 ~-60 ~-30

snRNA UG
| I~

Inr

Figura 5. Promotores de la RNA Pol lll. A) Constitucion de los tres tipos de promotores clasicos de la RNA
Polimerasa Il caracterizados en eucariontes, B) Asociacion entre un tRNA y el snRNA U6 en tripanosomatidos, el
tRNA esta localizado rio arriba del snRNA y orientado divergentemente.

En tripanosomatidos, la RNA Poal lll sintetiza todos los SnRNA, ademas del rRNA 5S, el RNA 7SL y
los tRNAs. Los promotores de los genes de tRNA en estos organismos contienen los elementos
intragénicos clasicos caracterizados en eucariontes superiores: las cajas A y B (Padilla-Megjia, N.E., et
al., 2009; Campbell, D.A, et al., 1989). Las secuencias promotoras de los snRNA U6, U3 y el del RNA 7SL
ya han sido caracterizados en T. brucei (Nakaar, V., et al. 1994). Rio arriba de estos genes (~95 pb),
reside un gen de tRNA orientado en direccidon contraria, cuyas cajas A y B son esenciales para la
expresion de los snRNAs y del RNA 7SL (Figura 5B). El sShnRNA U6 ademas requiere de una region
intragénica situada de +2 - +11 para su transcripciéon (elemento iniciador, Inr) (Nakaar, V., et al. 1994).
Cabe mencionar que los snRNA en tripanosomatidos carecen de los elementos promotores que se

han identificado en vertebrados como los responsables de dirigir su transcripcion, tales como la caja
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TATA, el PSE y el DSE (Figura 5B). Asi, las cajas Ay B del tRNA poseen un rol dual en tripanosomatidos:
son elementos promotores clasicos para el propio tRNA y ademas se requieren para la expresion de
otros genes transcritos por la RNA Pol Il (Palenchar, J. y Bellofatto, V., 2006). La asociacion entre los
sNRNAs y los tRNAs para la expresibn génica de los primeros se encuentra difundida entre los
organismos de la famila Trypanosomatidae, incluyendo especies de los géneros Leishmania,
Leptomonas y Crithidia. Es importante recalcar que, mientras que en vertebrados los SnRNA U1-U5 son
transcritos por la RNA Pol I, en tripanosomatidos dichos snRNAs son transcritos por la RNA Pol i,
utilizando como promotores las cajas Ay B de las secuencias de tRNA (o tipo tRNA) situados rio arriba.
La transcripcion de todos los snRNA por RNA Pol Il en tripanosomatidos constituye otra de sus

particularidades de expresién génica (Palenchar, J. y Bellofatto, V., 2006).

El rRNA 5S en tripanosomatidos contiene las cajas A, C y el El (Hernandez-Rivas, R., et al. 1992;
Lenardo, M.J., et al. 1985), elementos promotores que se han identificado en eucariontes superiores,
sin embargo, hasta la fecha dichas secuencias no han sido caracterizadas funcionalmente en estos

organismaos.

2.5.2 Factores de transcripcion asociados a la RNA Polimerasa lll

El factor TFIIIB es un factor de transcripcion comun para todos los promotores de la RNA Pol IIl.
En S. cerevisiae, TFIlIB es un complejo proteico constituido por tres polipéptidos: TBP (TATA Binding
Protein), B”’ (Bdpl en humanos) y Brf (TFlIB-related factor). En los promotores tipo 2, el factor TFIIC
reconoce las cajas A y B, esta union DNA-proteinas permite posteriormente el reclutamiento del
factor TFIIIB. Al parecer la caja B es el determinante principal para la unién de dicho factor, aunque
la caja A es también contactada. A su vez, la unidn de TFIIIB al promotor favorece el reclutamiento
de la RNA Pol lll (Figura 6) (Schramm, L. y Hernandez, N., 2002).

En los promotores tipo 1, las cajas A, C y el elemento intermedio son reconocidos por el factor
TFIIA, proteina con nueve dedos de zinc. La caja C es reconocida por tres dedos del extremo N-
terminal, mientras que los dedos 7-9 contactan la caja A. El complejo TFIIIA-DNA dirige a TFIIC hacia

el promotor del rRNA 5S. Tras la unidn de TFIIIC, la via de reclutamiento de la polimerasa es similar a la
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gue ocurre con los promotores tipo 2, con el reclutamiento de TFIIIB y RNA Pol Il (Figura 6) (Schramm,
L.y Hernandez, N., 2002).

En los promotores tipo 3, el PSE es reconocido por el complejo multiproteico SNAPc (ShRNA
activating protein complex, complejo activador de snRNA). Por su parte la caja TATA es reconocida
por TFIIB. El DSE posee un octamero en su secuencia, sitio de unién para la proteina OCT1 y una
secuencia SPH (Sphl postoctamer homology) que recluta Staf (también conocido como ZNF o SBF).
Las interacciones DNA-proteina son reforzadas por interacciones proteina-proteina entre SNAPc y TBP.
La uniébn de SNAPc y el factor TFIIIB conducen al reclutamiento de la RNA Pol lll, probablemente a
través de contactos proteina-proteina con los factores mencionados (Figura 6). Los promotores tipo 3
reclutan TFIIB, sin embargo usan una forma alternativa de la subunidad Brfl, a la que se denomina

Brf2 (Schramm, L. y Hernandez, N., 2002; Paule, M. y White, R., 2000).

Tipo 1: rRNA 53

7~ _TFlB
( BDP Tgp BRE1. TFIIIC TEMA

CajaA El CajacC

Tipo 2: {RNA

- TFIB,
( G

CajaA

CajaB

Tipo 3: snRNA Ué

Figura 6. Factores de transcripcion relacionados con la RNA Polimerasa lll. Se muestran los tres tipos de
promotores y los factores reclutados en cada uno de ellos (Tomado de Oler, A., et al.,, 2011). Ver texto para
detalles.
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En tripanosomatidos se han caracterizado pocos factores de transcripcion. En T. brucei ya
existen reportes sobre proteinas nucleares de unién especifica a los genes de tRNA, lo cual se
determind utilizando ensayos de retardamiento de movilidad electroforética. Ademas, mediante
ensayos de footprinting se mostré el posicionamiento de complejos proteicos sobre las cajas Ay B
(Bell, S.D. y Barry, J.D., 1995). Asimismo, en T. brucei se caracterizdé posteriormente el factor TRF4 (TBP-
related factor 4), un factor esencial para la transcripcion de las tres RNA Pol, el cual es reclutado a los
genes snRNA U2, U6 y el RNA 7SL, transcritos por la RNA Pol lll (Ruan, J.P., et al., 2004). Por otra parte,
en estos parasitos, se han detectado dos subunidades del factor de transcripcion TFIIB, Brfl y B”
(Berriman, M., et al., 2005; El-Sayed, N., et al., 2005; Ivens, A.C., et al., 2005; Schimanski, B., et al., 2005).
Estas proteinas poseen ortélogos presentes en varias especies de los géneros Leishmania y
Trypanosoma (www.genedb.org y www.tritrypdb.org). Sin embargo, no se han localizado los
ortélogos de TFIIIA ni TFIIIC. Mediante ensayos ChiIP-on-chip se ha observado que el factor TRF4 y el
factor SNAP50 se unen a grupos de genes que incluyen tRNAs, snRNAs y rRNA 55 en L. major (Thomas,
S., et al. 2009, www.tritrypsdb.org).

2.6 Selenocisteina y Selenoproteinas

Las selenoproteinas son proteinas caracterizadas por poseer el residuo de selenocisteina (Sec),
un aminoacido ya reconocido como el aminoacido numero 21, el cual es un analogo de la cisteina
con un atomo de selenio reemplazando el grupo tiol (Labunskyy, V.M., et al. 2014). Las caracteristicas
nucleofilicas/cataliticas del residuo Sec lo hacen excelente para reacciones de 6xido-reduccion y se
encuentra frecuentemente formando parte del centro activo de enzimas redox. En humano, se han
identificado a la fecha 25 selenoproteinas y 24 en raton. En este Ultimo organismo se ha demostrado
que son esenciales durante el desarrollo. Ademas de su actividad catalitica en reacciones de 6xido-
reduccion, las selenoproteinas estan involucradas en otras funciones como defensa contra el estrés
antioxidante, transporte de selenio, biosintesis de fosfolipidos y algunas de ellas se han relacionado a
desérdenes cardiacos, enddécrinos y neurolégicos en humanos (Reeves, M.A. y Hoffmann, P.R. 2009).

En la Tabla 4 se enlistan las selenoproteinas caracterizadas hasta el momento en mamiferos.
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Tabla 4. Selenoproteinas caracterizadas en mamiferos

Selenoproteinas

Caracteristicas estructurales y funcionales

Tiorredoxina reductasas
(TrxR)

Tres TrxR en mamiferos:

TrxR1 (citosoélica/nuclear)

TrxR2 (mitocondrial, también
llamada TrxR3)
Tiorredoxina-glutation reductasa
(testicular)

TrxR posee dominios de unién a FAD y NADPH. El C-terminal posee una
secuencia conservada G-C-U-G-OH.

Las TrxR catalizan la reduccion de la tiorredoxina, que a su vez regula el
estatus redox celular. Estas selenoproteinas participan en sintesis de
acidos nucleicos, reducciéon de peroéxidos, regulacion de apoptosis, etc.
La actividad disminuida de TrxR esta relacionada con desordenes en la
proliferacion celular (carcinogénesis y enfermedades inmunolégicas).
TrxR1 es esencial para la embriogénesis y TrxR2 para la hematopoyesis y el
desarrollo y funcién correctos del corazén 2 b,

Glutation peroxidasas
(GPx)

Cinco Gpx en humano:

GPx1 (citosolica)

GPx2 (gastrointestinal)

GPx3 (plasma, extracelular)
GPx4 (se encuentra en testiculos)
GPx6 (especifica de embridony
epitelio olfatorio)

Principales componentes de las defensas humanas antioxidantes, actdan
como mecanismos de defensa celulares. Las GPx reducen hidroperoxidos
usando glutation como cofactor. Las GPx poseen una triada catalitica
conservada U-Q-W.

GPx1 actia como antioxidante, pues ratones knock-out GPx1 son mas
susceptibles al dafio oxidativo. Ratones doble knock-out GPx1/GPx2
desarrollaron progresivamente cancer intestinal. Un alelo de GPx2
insertado de nuevo confirid proteccidon anticancerigena, por lo que GPx2
podria servir como barrera contra hidroperéxidos intestinales.

GPx3 es un eficiente antioxidante, importante para la proteccion
cardiovascular.

GPx4 reduce fosfolipidos e hidroperdxidos de colesterol; funciona en
embriogénesis y es componente estructural de la capsula mitocondrial
del espermatozoide maduro 2

lodotironina desiodinasas
(DIO)

DIO1
DIO2
DIO3

DIO1 y DIO3 se localizan en membrana plasmatica y DIO2 en la
membrana de reticulo endoplasmico 2

Estan involucradas en la activacion e inactivacion de la hormona
tiroidea. DIO1 y DIO2 catalizan la conversion de la prohormona T4
(tiroxina) a la hormona activa 3,5,3’-triyodotironina (T3).

DIO3 es la principal ruta de inactivacion que termina la accion de T3 y
previene la activacion de la prohormona T4 (18), revirtiendo T4 en T3 y
posteriormente T3 a 3, 3-diyodotironina. DIO1 y DIO2 también pueden
modificar T3 en 3,3-diyodotironina

Sepl5y Sel M

Debido a su homologia con enzimas disulfuro-isomerasas, se piensa que
estas dos selenoproteinas funcionan como oxidorreductasas tiol-disulfuro.
Sepl5 y Sel M poseen motivos C-X-U y C-X-X-U, respectivamente y se
localizan en reticulo endoplasmico. Ambas proteinas se han asociado al
control de calidad del plegamiento proteico en dicho organelo b .
Ratones knock-out de SelM exhiben incremento de peso, una masa
elevada del tejido adiposo, por lo que se ha sugerido que SelM juega un
papel importante en la regulacion del peso corporal y el metabolismo
energético’

Selenoproteina H
(SELH)

Posee un motivo C-X-X-U. En D. melanogaster es esencial para la
viabilidad y defensa antioxidante. Se localiza en ndcleo y podria ser una
proteina de unidn a DNA que responde a cambios redox, regulando la
expresion de genes involucrados en la sintesis de novo de glutation y en
la respuesta destoxificante al estatus redox. Se expresa muy activamente
en etapas tempranas del desarrollo embrionario P.c

Selenoproteina |
(SEL I, hEPT1)

Proteina tipo etanolamina-fosfotransferasas que actian durante la
biosintesis de fosfolipidos. Se han encontrado 7 hélices transmembranales
pero no hay evidencia experimental sobre su localizacion celular b.

Selenoproteina K
(SelK)

Se localiza en membrana de reticulo endoplasmico y posiblemente en
membrana plasmatica. Su sobreexpresion en cardiomiocitos murinos
disminuye los niveles de ROS, sin embargo, en D. melanogaster SelK se
localiza en citoplasma y no posee actividad antioxidante, por lo que su
funcién permanece desconocida’.

19



Selenoproteina N
(SelN,SEPN1, SepN)

Se conocen dos isoformas:
SelN-1 (transcrito del gen
completo) y SelN-2 (transcrito sin
el exén 3)

Selenoproteina O
(SelO)

Proteina transmembranal de reticulo endoplasmico. Esta relacionada a
ciertos desordenes musculares conocidos como miopatias relacionadas
con SEPN-1 (clinicamente caracterizados por fuerza muscular axial,
escoliosis, debilidad en el cuello y grados variables de espina rigida). Ya
que se expresa en tejido fetal y células en proliferacion podria participar
en la formacion muscular temprana. SelN podria regular el canal de
Ca?*/receptor de rianodina(RyR) en reticulo endoplasmico, que al
activarse aumenta el Ca?* libre b

Contiene un motivo C-X-X-U. Ha sido localizada en mitocondria y
expresada en células humanas HEK 293T y diversos tejidos de ratdn. Se ha
demostrado que SelO interacciona con una proteina blanco de manera
redox, que dicha interaccién es reversible y que depende de la
presencia de peréxido de hidrégeno, lo cual es una propiedad tipica de
una oxido-reduccién tiol-dependiente @

Selenoproteina P
(SelP)

Contiene 8-10 residuos Sec en mamiferos, 16-18 en peces y anfibios y 28
en erizos de mar.

SelP contiene del 40-50% del selenio circulante en plasma, atribuyendo su
funcioén principal al transporte del mismo. Los ratones knock-out para SelP
muestran problemas neurolégicos y esterilidad. Otras funciones atribuidas
son: quelante de metales pesados y mitigante del estrés oxidativo en
cancer b.

Selenoproteina S
(SEPS1, SELS, SELENQOS, VIMP, Tanis)

Proteina transmembranal localizada en reticulo endoplasmico y
membranas plasmaticas. Podria participar en la remocién de proteinas
mal plegadas del lumen del reticulo endoplasmico; en la proteccion
celular contra el dafio oxidativo; en la apoptosis inducida por el estrés de
RE y parece favorecer la produccion de citocinas inflamatorias. Se ha
asociado a enfermedades cardiacas, apoplejia, preeclampsia, artritis
reumatoide, etc. P

Selenoproteina T
(SelT)

Localizada en reticulo endoplasmico, junto con SelH, SelV y SelW, posee
un motivo C-X-X-U.

Posiblemente involucrada en fenédmenos relacionados con el estrés, un
estudio reciente la ha vinculado con la movilizacién celular de calcio. En
rata, SelT se expresa en la mayoria de los tejidos a través del desarrollo
embrionario y en individuos adultos P ¢

Selenoproteina V
(Selv)

Posee un motivo C-X-X-U. Parece estar restringida a testiculo y, por su
estructura, podria tener una funcion redox. SelV se expresa en rata
durante las etapas de espermatogénesis tardia, la pubertad vy los
periodos reproductivos €. Su funcidén exacta es desconocida

Selenoproteina W
(SEPW, SELW)

Contiene un motivo C-X-X-U. Aunque su funcién exacta es aun
desconocida, se le atribuye un papel antioxidante (por su capacidad de
union al glutation y la protecciéon celular contra H202) y posiblemente
intervenga en la defensa celular contra el cadmio. Por su alta expresion
en mioblastos proliferantes, SelW podria funcionar en el crecimiento y
diferenciacion musculares, protegiendo dichas células del estrés
oxidativo b ¢

Selenoproteina R

SelR, MsrB1 (metionin-R-sulféxido
reductasa)

Cataliza la reduccion de los residuos metionina (Met) oxidados (sulfoxidos
de metionina) por ROS, dicha oxidacién ocurre bajo estrés oxidativo y
puede conducir a dafio proteico. MsrB1 actla sobre el epimero R del
sulfoxido de Met y se encuentra en vertebrados.

Ratones knock-out de SelR aumentan su susceptibilidad al dafio oxidativo
en proteinas, especialmente en higado y rifién. Otras funciones incluyen
protecciéon contra la neurodegeneracion y el dafio oxidativo durante el
envejecimiento &b

SPS2
Selenofosfato sintetasa 2

Esta selenoproteina esta involucrada en la via de sintesis de Sec sobre su
tRNA correspondiente &b

a) Lu,J.yHolmgren, A, 2009.
c) Dikiy, A et al., 2007.
e) Varlamova, E.G,, et al., 2011

b) Reeves, M.A. y Hoffmann, P.R. 2009.
d) Han, S.J, et al., 2014
f) Pitts, M.W., et al., 2013.
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La maquinaria de sintesis de selenoproteinas contiene varios aspectos inusuales: a) el
aminoacido Sec se sintetiza sobre su tRNA especifico (tRNA-Sec) a partir del residuo de serina, b) el
tRNA-Sec es el tRNA mas largo conocido y posee particularidades estructurales que difieren de los
tRNA canonicos, c) el tRNA-Sec posee elementos promotores que difieren de los tRNA clasicos, d) la
incorporacién de Sec a las proteinas se lleva a cabo en respuesta a un codén UGA, cuya funcién
normal es como un coddn de paro, €) la presencia del elemento SECIS (Selenocysteine Insertion
Sequence) en la regiéon 3’-UTR de los mRNA, el cual es esencial para la traduccion, f) la existencia del
eEFSec, un factor de traduccién especializado en la sintesis de selenoproteinas (Labunskyy, V.M., et
al. 2014). A continuacion se describen las moléculas participantes mas relevantes en la incorporacion
de Sec a las selenoproteinas. Las caracteristicas del tRNA-Sec se discuten mas adelante en la seccién

2.9.

2.7 Elementos esenciales para la insercién de Sec en las selenoproteinas

2.7.1 Elemento SECIS (Selenocysteine Insertion Sequence)

El elemento SECIS es una estructura de tallo-asa que se localiza en la regién 3’-UTR de los
MRNA de las selenoproteinas. Los elementos SECIS estan altamente conservados a nivel de estructura
secundaria (aunque no a nivel de secuencia), la cual consiste en un asa apical y dos hélices
separadas por un asa interna (Figura 7A). En la hélice I, junto al asa interna se encuentra un
dinucledtido AG:GA conservado, esencial para el funcionamiento del SECIS y su interaccion con la
proteina SBP2 (descrita mas adelante). En algunos elementos SECIS el asa apical forma un minitallo-
asa adicional, el cual es utilizado para clasificar a los elementos SECIS en dos tipos: aquellos cuya asa
apical carece del minitallo (Tipo 1) y aquellos que si lo poseen (Tipo 2) (Figura 7A). En el asa apical se
encuentra el trinucledtido RAA, también requerido para la incorporacion de Sec a las
selenoproteinas (Walczak, R., et al., 1998). El elemento SECIS posee un motivo de RNA conocido
como “kink-turn”, que es un sitio importante para la interaccidn y reconocimiento entre RNA y
proteinas. En el caso de SECIS, este motivo podria ser un puente molecular entre el ribosoma y la
maquinaria de sintesis de selenoproteinas, favoreciendo la unién del eEFSec al ribosoma o el

acomodo del tRNA-Sec (Allmang, C. y Krol, A., 2006b).

Los elementos SECIS son particulares para cada mRNA en cada especie, es decir, homdélogos
de la misma selenoproteina en diferentes organismos pueden poseer diferentes elementos SECIS. Por

ejemplo, el mRNA de la selenoproteina SelM en mamiferos posee un RNA SECIS tipo 2, mientras que el
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MRNA de SelM en el pez cebra posee un elemento tipo 1 (Allmang, C. y Krol, A., 2006b). El elemento
SECIS interacciona con diversas proteinas incluyendo eEFSec, SBP2 y L30 para regular la adicién de

selenocisteina a las selenoproteinas (Labunskyy, V.M., et al. 2014).

2.7.2 eEFSec

eEFSec es un factor de elongacion de la traduccion especializado en la sintesis de
selenoproteinas y su funcion es posicionar al tRNA-Sec en el sitio A ribosomal para la incorporacion de
Sec a las proteinas nacientes (Figura 7B). Su dominio N-terminal tiene alta similitud con el factor de
elongacién candnico EF1A y, al igual que éste, posee actividad de GTPasa. A diferencia de EF1A,
eEFSec posee alta afinidad por el tRNA-Sec aminoacilado, pero no se une a otros tRNAs. Por ensayos
de co-inmunoprecipitacién se ha demostrado que eEFSec, a través de su extremo C-terminal,
interactia con la proteina SBP2, requiriéndose al tRNA-Sec para la formacion de este complejo
(Allmang, C. 2009 y 2006a).

A A ical
=d apika Minitallo
R
An
Hélice Il
Dinucledtido e:g é:ﬁ
AGGA .U AU P
Hélice | H
Tipo 1 Tipo 2

Ribosoma

Figura 7. Maquinaria de insercion de selenocisteina. A) Estructura secundaria del elemento SECIS. Se muestran los
dos tipos de elementos SECIS identificados, B) Maquinaria esencial para la insercion de Sec en las
selenoproteinas. El elemento SECIS se localiza en la regiéon 3’ no traducida (3’-UTR) del mRNA. Sec se inserta en
respuesta al codon UGA. Se muestran los factores requeridos para la incorporacion de Sec: tRNA-Sec, el factor
eEFSec, y las proteinas SBP2 y L30 (Tomado de Labunskyy, V.M., et al., 2014). E, sitio de salida; P, sitio peptidil; A,
sitio aminoacil.
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2.7.3 Proteina SBP2 (SECIS binding protein 2)

SBP2 posee tres dominios: el dominio N-terminal, cuya funcion a la fecha se desconoce, un
dominio de incorporacién a Sec, y un dominio C-terminal de unién a RNA (conocido como RBD). El
RBD pertenece a una familia de proteinas de unién a RNAs con motivos kink-turn (como el rRNA 28S y
el elemento SECIS). A través de este dominio, se ha detectado una interaccion con el ribosoma,
especificamente con la subunidad 60S a través del rRNA 28S. La funcién de SBP2 es la union al
elemento SECIS y estimular la incorporacién de Sec a las selenoproteinas al reclutar al complejo
eEFSec/tRNA-Sec al ribosoma, a través de su dominio de unidén a eEFSec (Figura 7B). Aunque SBP2
puede unirse al rRNA 28S y al elemento SECIS, no puede hacerlo al mismo tiempo, por lo que se ha
propuesto un modelo competitivo en el que SBP2 se une s6lo a uno de ellos en un momento
determinado (Labunskyy, V.M., et al., 2014).

SBP2 es también parte de los mecanismos de regulacion de la sintesis de selenoproteinas,
pues se une al elemento SECIS de los mRNA de selenoproteinas de manera diferencial, o cual

repercute en una traduccién diferencial de las mismas (Allmang, C., et al., 2009).

2.7.4 Proteina ribosomal L30

La proteina ribosomal L30 es un componente de la subunidad mayor ribosomal (60S), e
interacciona con el elemento SECIS (Figura 7B). L30 compite con SBP2 por dicho elemento, es decir,
el elemento SECIS puede unirse a L30 o a SBP2 pero no a las dos al mismo tiempo. Se ha observado
gue las sales de magnesio (las cuales inducen la conformacion kink-turn en SECIS) favorecen la
estabilidad del complejo L30/SECIS y disminuyen la de SBP2/SECIS, lo que sugiere que estas proteinas
tienen diferentes especificidades de unién a SECIS (Gonzalez-Flores, J., et al., 2013). L30 interactua
con SECIS con mucha mayor afinidad cuando esta asociada a los ribosomas, en comparacién con
la proteina L30 libre, lo cual sugiere que L30 adopta una conformacion mas favorable para la union a
SECIS cuando esta formando parte del ribosoma. Se ha sugerido que L30 desplaza transitoriamente a

SBP2 para llevar al elemento SECIS a la proximidad del sitio A del ribosoma (Allmang, C., et al., 2009).
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2.8 Modelos de inserciéon de Selenocisteina a las Selenoproteinas

Se ha propuesto un par de modelos para explicar la insercibn de Sec en respuesta al codén
UGA. En el primer modelo, la proteina SBP2 esta unida permanentemente a un grupo de ribosomas
que participaran en la biosintesis de selenoproteinas. Estos ribosomas se posicionan sobre el codon
UGA al tiempo que el elemento SECIS se repliega hacia el ribosoma, lo que provoca la separacion de
SBP2 del ribosoma y su unibn al elemento SECIS. Estos movimientos favorecen un cambio
conformacional en el sitio A del ribosoma, permitiendo la entrada del complejo eEFSec/tRNA-Sec.
Posteriormente, la proteina ribosomal L30 desplaza a SBP2 del elemento SECIS, lo que permite el

regreso de SBP2 al ribosoma (Figura 8) (Allmang, C. y Krol, A., 2006a; Kossinova, O., et al., 2013).

En el segundo modelo, SBP2 se une directamente al elemento SECIS, lo cual siive como
plataforma para reclutar al complejo eEFSec/tRNA-Sec, el cual ingresa al sitio A del ribosoma.
Posteriormente, la proteina L30 desplaza a SBP2 del SECIS, causando cambios conformacionales en
este Ultimo elemento que inducen la liberacion del complejo eEFSec/tRNA-Sec/GTP del ribosoma
(Figura 8). La funcién de la proteina L30 aun no esta del todo clara, pero podria funcionar como un
puente entre el ribosoma y el elemento SECIS, o bien, L30 podria desplazar a SBP2 y permanecer
unida al elemento SECIS. Este ultimo movimiento favoreceria la liberacion del tRNA-Sec y la hidrolisis

de GTP (Allmang, C. y Krol, A., 2006a; Kossinova, O., et al. 2013).

Recientemente se ha observado que, en reticulocitos de conejo, el elemento SECIS ya se
encuentra asociado a SBP2 antes de la formacion del complejo de inicio de la traduccion 48S,
evidencia que apoyaria el segundo modelo (Kossinova, O., et al., 2013). Asimismo, se observé que
SBP2 permanece unida al ribosoma tras el acomodo del tRNA-Sec al sitio A ribosomal y se disocia
durante el paso de transpeptidacion; y finalmente, que el elemento SECIS contacta a la subunidad
ribosomal 60S después del acomodo del tRNA en el sitio A. Se propone que la incorporacion del
residuo Sec en la cadena polipeptidica esta gobernada por rearreglos conformacionales tanto en el
SECIS como en el rRNA 28S (Kossinova, O., et al., 2013).
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Figura 8. Modelos de insercion de selenocisteina a las selenoproteinas. En el primer modelo (A), SBP2 esta unida a
ribosomas y posteriormente se une al elemento SECIS (pero no a ambos). En el segundo modelo (B) SBP2 se une
directamente al elemento SECIS desde el inicio. Ver texto para detalles (Tomada de Allmang, C. y Krol, A,
2006a).

2.9 tRNA de Selenocisteina

El tRNA-Sec es el encargado de transportar el residuo Sec hasta el ribosoma durante la sintesis
de proteinas. Este tRNA difiere en algunos aspectos respecto a los tRNA convencionales: a nivel de
secuencia, el tRNA-Sec es mas largo (88-100 nucledtidos) que los tRNA clasicos (73-83 nucledtidos),
pues posee los brazos D, Ty variable mas extensos (Figura 9). Asimismo, el brazo variable es mas largo
que en el resto de los tRNA. Como resultado, el tRNA-Sec posee una estructura secundaria
denominada 9/4, ya que el brazo aceptor tiene 9 nt y el brazo T tiene 4 nt. En contraste, los tRNA
convencionales tienen una estructura 7/5. El brazo D del tRNA-Sec estd compuesto por un tallo de 6
nt y un asa de 4 nt, mientras que otros tRNA, el tallo tiene 4 nty el asa 8 nt. El tRNA-Sec posee el
anticodén UCA, complementario al coddn UGA, que codifica para selenocisteina (Figura 9) (Hatfield,

D.y Gladishev, V., 2002). Otra caracteristica inusual del tRNA-Sec es que su transcripcibn comienza en
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el primer nucledtido de su secuencia codificante (Lee, B.J., et al., 1987) mientras que en los tRNA
candnicos, ésta empieza varios nucleétidos rio arriba, generando una secuencia 5’ que
posteriormente sera procesada y eliminada (Orioli, A., et al., 2012). En la mayoria de los eucariontes
en los que se ha identificado el tRNA-Sec se encuentra una sola copia del gen, excepto en el pez

cebra, organismos que posee dos copias (Labunskyy, V.M., et al., 2014).

Los tRNA poseen diversas modificaciones post-transcripcionales a lo largo de su estructura, las
cuales ya han sido ampliamente estudiadas en una gran variedad de organismos. En eucariontes, un
tRNA convencional tiene entre 7 y 17 nucledétidos modificados (Phizicky, E.M. y Alfonzo, J.D., 2010). Por
su parte, el tRNA-Sec contiene solo 4 bases modificadas: una 1-metiladenosina en la posicion 58
(mA58), una pseudouridina en la posicién 55 (P55), una Né-isopenteniladenosina en posicion 37
(ifA37) y una 5-metilcarboximetiluridina (mcmb>U) en posicidn 34 (Figura 9) (Itoh, Y., et al., 2009; Kim,
L.K., et al., 2000). Este nimero bajo de modificaciones post-transcripcionales en comparacion con los

tRNA convencionales es otra caracteristica atipica del tRNA-Sec (Allmang, C. y Krol, A., 2006a).

En células humanas y de ratdn, se han detectado una isoforma del tRNA-Sec que posee un
grupo 2’-O-metil unido a la ribosa de la mcmsU en la posicion 34 (5-metilcarboximetiluridina-2’-O-
metilribosa, mcm>Um). De manera interesante, la formacion de mcm3Um esta en funcién de la
ingesta de selenio en ratas (Diamond, A.M., et al., 1993). Asimismo, se ha demostrado que esta
metilacion de la ribosa en la mcmsU influye en la estabilidad de las estructuras secundaria y terciaria
del tRNA-Sec. Ademas, aunque las formas metilada y no metilada de la mcm>sU coexisten en la
célula, sus niveles intracelulares varian entre diferentes tejidos y lineas celulares (Hatfield, D. y
Gladishev, V., 2002; Kim, L.K., et al., 2000). De hecho, ya se ha demostrado que estas isoformas
modulan la expresion de diferentes selenoproteinas (Carlson, B.A., et al., 2005). Aquellas
selenoproteinas relacionadas con el estrés celular, como la glutation peroxidasa (GPx) 1y 3, SelR, SelT
y SelW se sintetizan por el tRNA-Sec que posee mcmsUm. Por su parte, la presencia de mcmsU
favorece la expresidon de selenoproteinas cuyas funciones son esenciales para la supervivencia
celular, por ejemplo, la tiorredoxina reductasa (TrxR) 1 y 3. Sin embargo, existen selenoproteinas,
como GPx4 y SelP, que parecen ser sintetizadas por ambas isoformas del tRNA-Sec (Carlson, B.A., et
al., 2007 y 2005).
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Figura 9. Particularidades estructurales del tRNA-Sec. Comparacion de estructura secundaria de un tRNA
convencional y el tRNA-Sec. A, brazo del aminoacido; D, brazo D; AC, brazo del anticodén; T, brazo T. 7/5 y 9/4
indican el nUmero de pares de bases que van del brazo del aminoacido al brazo T. El brazo V en el tRNA clasico
(inea punteada) es de longitud variable (3-4 nt), mientras que en el tRNA-Sec siempre es largo (~ 7 nt). En el
tRNA-Sec se sefialan las modificaciones post-transcripcionales posibles(Tomado de Allmang, C. y Krol, A., 2006).

2.10 Transcripcion y regiones promotoras del tRNA-Sec

En Xenopus laevis se observd que el tRNA-Sec es transcrito por la RNA Pol I, lo cual se
determiné mediante ensayos de transcripcion en presencia de o-amanitina (Park, J.M., et al., 1996;
Lee, B.J., et al., 1989). Asimismo, en células HelLa (células humanas de adenocarcinoma de cérvix) se
ha comprobado mediante ensayos de inmunoprecipitacion de la cromatina, la presencia de la RNA

Polimerasa lll y el factor Brf2 en el locus del tRNA-Sec (Faresse, N.J., et al., 2012).

La region promotora del tRNA-Sec posee elementos intragénicos y extragénicos, por lo que es
considerado como un promotor hibrido entre los promotores tipo 2 (que poseen so6lo elementos
intragénicos) y los tipo 3 (que poseen Unicamente elementos extragénicos) (Figura 10). Asi, rio arriba
del gen de tRNA-Sec se localizan 3 elementos: un Elemento Proximal (PSE, Proximal Sequence
Element), una caja TATA y un Elemento Activador (AE, Activator Element). Dentro de la secuencia
codificante, la caja B parece ser la Unica que participa en la transcripcion (Hatfield, D. y Gladishev,
V., 2002).
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Por experimentos de transcripcion in vitro e in vivo realizados en X. laevis se demostré que las
cajas Ay B por si mismas no activan la transcripcién y que son los elementos PSE y TATA los que mas
contribuyen a esta actividad, pues al mutar una de estas secuencias la transcripcion disminuye
considerablemente y si son eliminadas, la transcripcion se abate por completo. El elemento PSE se
encontrd en la posiciéon -72 a -48 y la caja TATA de -32 a -25 (Figura 10). Asimismo, se observé que la
caja B tiene un papel activo en la transcripcion del tRNA-Sec, pues la sustituciones en la secuencia
conlleva a una reduccién de ~5 veces en el nivel de transcripcion, resultado que sugiere que la caja
B coopera con los elementos PSE y TATA para maximizar la transcripcion. La eliminacion completa de
la caja B resulta en la obtencion de transcritos de diferentes tamafios. La caja B del tRNA-Sec de X.

laevis si tiene una secuencia consenso (Carbon, P. y Krol, A. 1991; Lee, B.J., et al., 1989).

Como se ha mencionado anteriormente, la caja A es uno de los elementos promotores
intragénicos que dirigen la transcripcion en los tRNA clasicos. En el tRNA-Sec de X. laevis se encontro
gue la secuencia de la caja A estd modificada respecto a la secuencia consenso (altamente
conservada) por la insercion de dos nucledtidos. Mediante ensayos de mutagénesis y transcripcion in
vitro, se observod que la eliminacidn completa de la caja A no altera el nivel de transcripcion, el cual
permanece similar a la tasa de transcripcidn con las construcciones que poseen la secuencia silvestre

del tRNA-Sec (Lee, B. J., et al., 1989).

El elemento AE fue mapeado por mutagénesis y transcripcion in vivo en X. laevis y fue
localizado de -209 a -195 respecto al sitio de inicio de la transcripcion. En el modelo del snRNA U6, el
elemento equivalente es el DSE (Figura 10) el cual funciona como un elemento activador que posee
convencionalmente una secuencia octamérica ATGCAAAT. Sin embargo, una caracteristica del AE
es la ausencia de dicho octamero, o que lo hace diferente a los DSE clasicos. Este elemento AE
contiene un motivo conocido como SPH (Sphl Postoctamer Homology) con la secuencia GCATGC, la
cual también se encuentra tipicamente en los DSE de los snRNA. Al introducir mutaciones en el AE la
transcripcion disminuye considerablemente, aunque no se abate del todo, por lo que se ha

considerado que el AE sirve para maximizar la expresion del tRNA-Sec (Myslinski, E., et al., 1991).

En raton, este elemento si se ha encontrado como un DSE clasico, el cual posee el motivo SPH
y el octamero. Por estudios de transfeccidn en células NIH 373 (fibroblastos embrionarios de ratén) se

observo que la expresion del tRNA-Sec disminuia hasta en un 38% al mutar o eliminar la secuencia del
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DSE (Kelly, V.P., et al., 2005). Por otra parte, en dicho estudio se reportdé también que la introduccioén
de un fragmento de 3.2 kb entre los elementos DSE y PSE en células madre embrionarias es letal en
organismos homocigotos debido a la perdida de la transcripcion del tRNA-Sec. En individuos
heterocigotos, los niveles del tRNA-Sec disminuyeron diferencialmente en varios tejidos: su expresion
en células de rifidn bajo 50% respecto a los ratones silvestres, mientras que en células de corazén no
hubo disminucion. Estas observaciones sugirieron que el DSE regula la transcripcion del tRNA-Sec de
manera tejido-especifica y que su actividad es vital para la produccién de dicho tRNA durante la

embriogénesis de ratén (Kelly, V.P., et al., 2005).

tRNA-Sec
AE PSE TATA A B
tRNA -::_j-— TTTT
A B
SnRNA U6 TTTT
DSE PSE TATA

Figura 10. Particularidades del promotor del tRNA-Sec. Elementos promotores de tRNA-Sec (elementos
intragénicos y extragénicos) caracterizados en vertebrados en comparacion con los tRNA canodnicos (elementos
intragénicos) y el snRNA U6 (elementos extragénicos).

2.11 Selenoproteinas en Tripanosomatidos

A la fecha ya se reportd la presencia de selenoproteinas y su maquinaria de biosintesis en
tripanosomatidos (Cassago, A., et al., 2006; Lobanov, A., et al., 2006). El gen de tRNA-Sec en estos
organismos se identificd originalmente por busquedas en bases de datos, y posteriormente se
confirmd su expresidn por ensayos de RT-PCR en T. brucei, lo que fue el primer indicio de que la
maquinaria de biosintesis de selenoproteinas esta activa en estos parasitos (Lobanov, A, et al., 2006).
En T. brucei, el tRNA-Sec se expresa en parasitos prociclicos y sanguineos, lo cual sugiere que este

tRNA esta activo durante todo el ciclo de vida (Cassago, A., et al., 2006). En varias especies de
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Leishmania, incluyendo L. major, existe una copia génica del tRNA-Sec en el cromosoma 6, mientras
qgue T. brucei y T. cruzi poseen 2 copias en los cromosomas 9 y 33, respectivamente (Padilla-Mejia,
N.E., et al, 2009). Esto es similar a otros eucariontes, que poseen generalmente 1 copia de este tRNA

en su genoma.

De las selenoproteinas identificadas en vertebrados (Tabla 4), los ortélogos de SelK y SelT se
identificaron en tripanosomatidos. En los genomas de varias especies de Leishmania y Trypanosoma
se identificd una selenoproteina de probable localizacion mitocondrial, SelTryp. Por experimentos de
incorporacion in vivo de 75Se a proteinas, se observaron tres diferentes proteinas con selenio
incorporado en T. cruzi, presumiblemente SelK, SelT y SelTryp (Lobanov, A., et al.,, 2006). Segun
predicciones computacionales, en esas tres selenoproteinas los residuos Sec se localizan dentro de
motivos redox. También mediante herramientas bioinformaticas, se identificaron las selenoproteinas
LmSell y LinSell, en L. major y L. infantum, respectivamente, cuya expresion se comprobd por RT-PCR
(Cassago, A, et al., 2006), asi como SelX, selenoproteina putativa exclusiva de T. brucei (Lobanov, A.,
et al., 2006). En los mRNA de estas selenoproteinas se han identificado los elementos SECIS
respectivos, los cuales poseen caracteristicas similares a las reportadas en otros eucariontes: una
estructura en tallo-asa, la presencia del dinucledtido AG:GA y un par AA en el asa apical (Figura 7A)
(Cassago, A, et al., 2006; Lobanov, A., et al., 2006).

Otros componentes de la maquinaria de sintesis de selenoproteinas han sido identificados en
estos parasitos: SPS, PSTK, SerRS (proteinas involucradas en la sintesis de Sec sobre el tRNA-Sec),
Secp43 (proteina involucrada en la traduccion de las selenoproteinas) y el factor de elongacion
especifico eEFSec (Cassago, A. et al., 2006; Lobanov, A., et al., 2006). La participacidon de eEFSec
como factor activo en la sintesis de selenoproteinas en tripanosomatidos se demostré por ensayos de
RNA de interferencia (RNAi) en T. brucei: al activar el sistema de RNAiI para eEFSec, las
selenoproteinas SelK, SelT y SelTryp dejaron de expresarse gradualmente. Este efecto fue también
observado al inducir el sistema de RNAI de SPS2 (Aeby, E., et al., 2009). Mediante experimentos de
RNAIi también se demostré que SerRS es esencial para el crecimiento normal de T. brucei. Esta enzima
posee un dominio especifico de tripanosomatidos que no se encuentra en SerRS de otros eucariontes
(Geslain, R., et al.,, 2006). En L. major, la proteina SPS ya ha sido clonada y caracterizada. Se
comprobé que ésta se expresa a lo largo de todo el ciclo de vida y que participa en la biosintesis de
Sec a partir de fosfatos inorganicos y de selenio, al igual que en otros eucariontes (Sculaccio, S.A., et
al., 2008).
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3. ANTECEDENTES

La transcripcidn en pardsitos tripanosomatidos muestra variaciones respecto a lo que ocurre
en la mayoria de los eucariontes superiores. Entre estos procesos atipicos se encuentran la
transcripcion policistronica; la carencia de promotores clasicos de la RNA Pol Il y la funcién de genes

de tRNA como promotores de los snRNA, entre otros (Martinez-Calvillo, S., et al. 2010).

En un trabajo previo publicado por nuestro grupo de trabajo (Padilla-Mejia, N.E., et al., 2009)
se reportd que existe una copia Unica del gen del tRNA-Sec en el cromosoma 6 de L. major y que
este gen se localiza dentro de una unidad policistrénica, flanqueado por los genes de proteinas
LmjF.06.0210 y LmjF.06.0200 (Figura 11A), cuyos productos estan identificados como proteinas
hipotéticas en GeneDB. El andlisis in siico de las secuencias promotoras del tRNA-Sec, las cajas
tipicas de los tRNA A y B, revel6é que la caja A contiene una base extra en comparaciéon a la
secuencia consenso de tripanosomatidos (Figura 11B y C) (Padilla-Mejia, N.E., et al., 2009). En otros
eucariontes se ha reportado la insercion de dos bases respecto a la secuencia consenso de
vertebrados (Lee, B. J., et al., 1989). Por su parte, la caja B, la cual no muestra variaciones respecto a
la secuencia consenso en otros eucariontes, en L. major si difiere en la primera y Ultima posicién de la
secuencia (Figura 11D y E). Ya que ambas cajas promotoras poseen cambios respecto a la
secuencia consenso tipica de los tRNA, se consideré6 que secuencias externas al gen podrian
participar en dirigir su transcripcion (Padilla-Mejia, N.E., et al., 2009), tal y como ocurre para los SnRNAs
o0 el RNA 7SL en tripanosomatidos. En T. brucei, ha sido reportado que el tRNA-Sec es transcrito por la
RNA Polimerasa Il (Aeby, E., et al., 2010). En dicho trabajo se reporté que el tRNA-Sec sufre la adicion
del miniexdn (o RNA Spliced-Leader, SL-RNA) en la regidn 5, lo cual se determiné a partir de
bibliotecas de cDNA poliadenilados. Esto sugiri6 que el tRNA-Sec es transcrito como parte de un
precursor policistronico y que, posteriormente, es procesado por trans-splicing y poliadenilacion, tal

como ocurre con los mRNA.

Nuestro laboratorio esta interesado en el estudio de los mecanismos de transcripcion por la
RNA Pol lll en L. major. A la fecha no se sabe cudl es la RNA Pol que transcribe el tRNA-Sec en este
organismo, ¢este tRNA es transcrito por la RNA Pol Il como en T. brucei?, ¢ 0 es transcrito por la RNA Pol
Il como ocurre con los tRNA-Sec en eucariontes superiores?, ¢existen mecanismos de transcripcion
atipicos relacionados con el tRNA-Sec en L. major? Estos cuestionamientos constituyen las principales

preguntas del presente trabajo.
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Figura 11. Particularidades del gen de tRNA-Sec en L. major. A) Localizacidon gendmica del tRNA-Sec, se ubica en
el cromosoma 6 de L. major, entre dos genes codificadores de proteinas: LmjF.06.0210 y LmjF.06.0200; B)
Secuencia consenso de la caja A de los tRNA en L. major; C) Secuencia de la caja A del tRNA-Sec, se sefiala
con una flecha la base extra respecto a la secuencia consenso; D) Secuencia consenso de la caja B de los tRNA
en L. major; E) Secuencia de la caja B del tRNA-Sec, las bases que varian respecto a la secuencia consenso se
seflalan con una barra superpuesta ( Padila-Mejia, N.E., et al., 2009). En B y D, la altura de la base indica que tan
conservado esta esa base, cuando dos bases ocupan una misma posicion, su altura representa la frecuencia

dentro de esa posicion (Crooks, G.E., et al. 2004).
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4. OBJETIVOS

4.1 Objetivo General

Identificar cual es la RNA Polimerasa que transcribe el gen de tRNA de selenocisteina en L. major

4.2 Objetivos Particulares

e Conocer el contexto genémico del tRNA-Sec y determinar si este gen se encuentra

conservado entre especies de Leishmania y Trypanosoma.

¢ I|dentificar los transcritos del tRNA-Sec y determinar sus sitios de procesamiento en L. major vy

T. cruzi.

e Evaluarsi el gen de tRNA-Sec de L. major es transcrito como parte de un policistrén.

e Evaluar si la tasa transcripcional del tRNA-Sec de L. major es similar a la de genes transcritos

por la RNA Pol Il o a la de los transcritos por la RNA Pol il

e Evaluarsi el gen de tRNA-Sec de L. major posee su propia region promotora

e Determinar si la transcripcion del gen de tRNA-Sec es sensible a la a-amanitina y a la

tagetitoxina

o Determinar sila RNA Polimerasa Il o la RNA Polimerasa lll sintetizan el tRNA-Sec en L. major
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5. METODOLOGIA

5.1. Analisis in silico

Los analisis bioinformaticos se realizaron utilizando las bases de datos de los genomas de las
especies de Leishmania (L. major, L. donovani, L. infantum, L. braziliensis, L. mexicana y L. tarentolae) y
Trypanosoma (T. cruzi, T. brucei, T. vivax y T. congolense) disponibles en linea en los sitios de
www.genedb.org y www.tritrypdb.org (version 8.1). Las comparaciones de secuencias se llevaron a

cabo con el programa ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html).

5.2. Cultivos de L. major y T. cruzi

Los promastigotes de L. major MHOM/IL/81/Friedlin (LSB-132.1) se crecieron a 26°C en medio
BM (medio M199 pH 7.2 suplementado con suero fetal bovino 10%, infusibn de cerebro - corazon
0.25%, Hepes 40 mM, hemina 0.01 mg/ml, biotina 0.0002 %, penicilina 100 IU/ml / estreptomicina 100

ug/ml y L-glutamina 1x). Los cultivos se recuperaban en fase media logaritmica.

Epimastigotes de T. cruzi CL Brener se mantuvieron a 28°C en medio LIT (liver infusion-tryptose)
suplementado con suero fetal bovino 10%, penicilina 50 IU/ml / estreptomicina 50 pg/ml y hemina

0.025 mg/ml (Florencio-Martinez, L.E., et al., 2010)

5.3. Andlisis 5"-RACE (5" Rapid Amplification of cDNA Ends)

Para el ensayo 5’-RACE se utiliz6 un kit de Life Technologies (18374-058) con 5 ug de RNA total

de L. major o T. cruzi. Las secuencias de los oligonucledétidos empleados se enlistan en la Tabla 5.
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El cDNA fue amplificado utilizando los oligonucledtidos tRNA-SECgspl (L. major) y Tb-tRNASec-
GSP1 (T. cruzi). Posteriormente, el cDNA proveniente de los genes de L. major se sometid a una
amplificacion por PCR, utilizando los oligonucledtidos tRNA-SECgsp2 y el Abridged Anchor Primer
(AAP). Para el gen de tRNA-Sec de T. cruzi, se realizaron dos amplificaciones por PCR. La primera
amplificacién se realizé con los oligonucledétidos ME23 y Tb-tRNASec-GSP1, mientras que la segunda
se realizé utilizando el producto de la primer PCR como molde y utilizando los oligonucleoétidos Tc-

tRNASec-GSP2 y ME23.

Para el gen de tRNA-Asp de L. major, el cDNA se sintetizd6 con el oligonucledtido Lm24Asp-
GSP1 y las amplificaciones por PCR se realizaron con el Lm24Asp-GSP2 y el AAP. Para el gen tRNA-Pro
de L. major, el cDNA se sintetizdé con el oligonucledtido Lmc24-ProGSP1 y las amplificaciones por PCR

se realizaron con los oligonucledétidos Lmc24-ProGSP2 y el AAP.

En todos los casos los productos de PCR se clonaron en el vector pGEM-T Easy (Promega) y se

secuenciaron.

5.4. Mapeo de los sitios de poliadenilacion y los sitios de adicion del miniexén

Se realizaron ensayos de RT-PCR para mapear los sitios de poliadenilacion para los tRNA-Sec
de L. majory T. cruzi, asi como del gen LmjF.06.0210 de L. major, utilizando un cDNA preparado con el
oligonucledtido Nested(dT) (Tabla 5). Para el gen de tRNA-Sec de L. major y T. cruzi se realizd6 primero
una PCR con los oligonucledtidos Lm-Secl y Bl. La segunda PCR se realizé con los oligonucledtidos
Lm-Sec2 y B2. Para el gen LmjF.06.0210, la primer PCR se realiz6 con los oligonucledtidos
Lmj06.0210PAl y B1, y la segunda PCR con los oligonucledtidos Lmj06.0210PA2 y B2.

El sitio de adicidn del miniexdn para el gen LmjF.06.0200 de L. major se localiz6 también por RT-
PCR. El cDNA se sintetiz6 con el oligonucleétido Lmj06.0200.ME1. Para la reaccion de PCR se utilizaron
los oligonucleo6tidos Lmj06.0200.ME2 y Miniexdn. En todos los casos los productos de PCR se clonaron

en el vector pGEM-T Easy (Promega) y se secuenciaron.
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Tabla 5. Oligonucledtidos utilizados en los ensayos de 5’-, 3' - RACE y Northern blot

Nombre del oligonucleétido

Secuencia del oligonucleétido

AAP
(Abridged Anchor Primer)

5’-GGCCACGCGTCGACTAGTACGGGIIGGGIGGGIIG

B1

5"-CCTCTGAAGGTICACGGAT

B2

5’-CACGGATCCACATCTAGAT

Lm24Asp-GSP1

5"-CCGGCCGGGAATTGAAC

Lm24Asp-GSP2

5"-GGGTCACCCGCGTGACAGGC

Lmc24-ProGSP1

5-GGGCCGCTAGGGGAATIGAA

Lmc24-ProGSP2

5"-TGACCTCCCGCACCCGAAG

Lm-Secl

5"-AGCCGCGATGAGCTCAGCT

Lm-Sec2

5 -TGGGTGCGGGCTICAAA

Lmj06.0200.ME1

5- AGAGCGACACCCGTGACTIC

Lmj06.0200ME2

5"- ACGGAACCCAGAACGCAGGA

Lmj06.0210PAl

5- AGCCGACTCATACTGCGGCT

Lmj06.0210PA2

5- CTCATGCACTITAAGCTGTA

5"-AACGCTATATAAGTATCAGTT

Miniexén
ME23 5 -CGCTATTATTGATACAGTITCTG
Nested dT 5 CCTCTGAAGGTICACGGATCCACATCTAGATTTTTTTTTTTTTTTTITVN

Tb-tRNASec-GSP1

5"-CACCACAAAGGCCGA

Tc-tRNASec-GSP2

5’-AACGGCTGCGAGTCCAAC

tRNA-SECgsp1l

5"-TGGCACGCCACGAAG

tRNA-SECgsp2

5"-ATCGAACGGCTGTGAGAGCA

TRNA-Lysc03-GSP1

5’-GCGCACTCCGTGGGG

V=GCA
N=ACG,T

| =Inosina
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5.5. Ensayo de Northern-blot

El RNA total se aislé utilizando el reactivo TRI (Sigma), bajo las instrucciones del fabricante.
Después, 12 ug de RNA se corrieron en un gel de poliacrilamida 10%/urea 8 M en TBE 1x a 120 V. Tras
la electroforesis, los acidos nucleicos se transfiieron a membranas Hybond N+ (Amersham) utilizando
el sistema Trans-Blot Semy Dry System (Biorad) a 25V por 1 hora. Tras la transferencia se fij6 el RNA con

luz UV en el equipo Stratalinker.

Para el tRNA-Sec: las membranas se hibridaron con fragmentos de DNA marcados con [a-
32P1dCTP con el kit High Prime DNA Labeling (Roche). La sonda correspondié a un fragmento de 190
pb proveniente del vector pRACE225, el cual incluye la secuencia gendémica del tRNA-Sec de 88 pb
mas 86 pb de la region 5’. El fragmento que contiene el tRNA-Sec se liberdé del vector pGEM-T Easy
utilizando la enzima de restriccién EcoR |, y la banda correspondiente se purificéd por el kit NucleoSpin
Gel Extraction (Macherey-Nagel) siguiendo las instrucciones del fabricante. Para la reaccion de
marcaje se utilizaron 100 ng de DNA, el cual se desnaturalizé6 calentandolo a ebullicion por 10 minutos
(min) y se enfrio r&pidamente en hielo. Se centrifugd la muestra y se agregaron 4 ul de mezcla de
High Prime 5x (que contiene 4U de Polimerasa Klenow y Buffer de reacciéon 5x), 1 ul de dATP, 1 ul de
dGTP, 1 yl de dTTP (0.5 mM) y 5 pl [a-32P]dATP (3000 Ci/mmol, 10 uCi/ul). El volumen total de la
reaccién fue de 20 pl. La reaccién se incubd a 37°C, 10 min y se detuvo agregando 2 ul de EDTA 0.2
M (pH 8.0) y calentando a 65°C por 10 min. La sonda se purificd con las columnas de sefadex G-50

(GE Healthcare) siguiendo las instrucciones del fabricante.

Para el tRNA-Lys: como sonda se utilizd el oligonucle6tido TRNA-Lysc03-GSP1 (Tabla 5), el cual
se marco en su extremo 5’ con [y-32P]dATP con la enzima T4 cinasa. Para la reaccion de marcaje se
utilizaron 50 pmoles del oligonucledtido mencionado, buffer de cinasa 1x, 5 ul de [y-32P]dATP (3000
Ci/mmol, 10 pCi/ul), 20 U de T4 cinasa (Promega). La reaccidon se incubd a 37°C por 10 min y se
detuvo agregando 2 ul de EDTA 0.5 M. Se recuperd la fase acuosa y la sonda se purificé utilizando

columnas de sefadex G-50 (GE Healthcare) siguiendo las instrucciones del fabricante.
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Las hibridaciones se realizaron en solucién SSPE 6x (Na2HPO4 60 mM, NaCl 0.9 M y EDTA 6 mM),
solucion Denhardt 5x y SDS 1% a 42°C por 18 horas con 5 x 108 cpm de la sonda ya mencionada. Los
lavados se llevaron a cabo en SSPE 2x/SDS 0.5% a 55°C. Las imagenes se revelaron en un equipo Fuji-
Phosphoimager FLA 5000. Composicién de la solucidn Denhardt 50x: Ficoll 1%, Polivinilpirrolidona

(PVP) 1%, Albumina Sérica Bovina (BSA)1%.

5.6. Clonacion de fragmentos en pGEM-T Easy

Varios fragmentos de DNA del cromosoma 6 de L. major se amplificaron por PCR y se clonaron
en el vector pGEM-T Easy (Promega) (Apéndice Il). La secuencia de cada oligonucledétido empleado
se encuentra en la Tabla 6. El gen LmjF.06.0370 se amplificé con los oligonucledtidos Lm06-0370-5" y
Lm06-0370-3’; el gen LmjF.06.0360 con los oligonucledtidos Lm06-0360-5 y Lm06-0360-3°. El gen
LmjF.06.0350 se amplificé con los oligonucledtidos Lm06-0350-5" y LmO06-0350-3’; y el gen LmjF.06.0340
con Lm06-0340-5" y Lm06-0340-3°. El gen LmjF.06.0260 fue amplificado con los oligonucle6tidos LmO06-
0260-5’ y Lm06-0260-3’ y el gen LmjF.06.0210 con los oligonucleétidos Lm06-0210-5" y Lm06-0210-3”. El
gen LmjF.06.0200 fue amplificado con Lm06-0200-5’ y Lm06-0200-3’; y el gen LmjF.06.0110 con LmO6-
0110-5" y Lm06-0110-3’. El gen de tRNA-Sec fue amplificado con los oligonucledtidos Lm-TRNASEC524-
5’ y Lm-TRNASEC524-3’ y el gen de tRNA-Asp con los Lm24-TRNAASP-5" y Lm24-TRNAASP-3’. El tRNA-
Phe fue amplificado con los oligonucledtidos Lm09-TRNAPHE-5" y Lm09-TRNAPHE-3’; el gen de tRNA-
Pro con Lm24-TRNAPRO-5" y Lm24-TRNAPRO-3’. EI gen de tRNA-Tyr fue amplificado con los
oligonucledtidos Lm36-TRNATYR-5" y Lm36-TRNATYR-3’; y el gen de rRNA 55 con Lm15-rRNA5S-5" y
Lm15-rRNA5S-3’. El gen de rRNA 18S fue amplificado con los oligonucleétidos Lm-rRNA18S-5" y Lm-
rRNA18S-3’.

Una vez amplificados y purificados los fragmentos, estos se ligaron en el vector pGEM-T Easy
utilizando T4 DNA Ligasa (Promega). En la reaccidn de ligacién se agregaron é ul de buffer 2x,, 50 ng
de pGEM-T Easy (1 pl), los productos amplificados de cada gen mencionado en el parrafo anterior, y
1 yl de T4 Ligasa (3 Unidades Weiss/ ul). El volumen final de las reacciones fue de 12 pl, ajustando las
relaciones inserto:vector a cada caso. Las reacciones de ligacion se incubaron de 12-16 horas a 4°C.
Posteriormente, las construcciones fueron utilizadas para transformar células competentes Escherichia
coli IM109.
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Tabla 6. Oligonucledtidos utilizados para la clonacidn de genes en el vector pGEM-T Easy

Nombre del oligonucleétido

Secuencia del oligonucledétido

LmO06-0370-5’ 5- GAAGCGATGGACTGTICTGG
Lm06-0370-3’ 5"-CGGTCCTTGCTGCGAATATC
LmO06-0360-5’ 5-CTCCTCTTICTGGACATITGCT
LmO06-0360-3’ 5- TTCCCTCCACTIGCAACATAG
LmO06-0350-5’ 5"-CGGTTCAACGGTAGTCTCTTIC
LmO06-0350-3’ 5"-TAGAGGAACCAGAACGGGTAG
Lm06-0340-5’ 5°- CCTCGCATACACCCITITCGG
Lm06-0340-3° 5"- CGCGAATGTACACCACACGG
Lm06-0260-5’ 5- CCTGCTIGCTGTCGATGGTG
LmO06-0260-3’ 5"-TCGCCTCATCCTCCTCTIGC
LmO06-0210-5’ 5'- GCCGGAGACATITGCGTAC
Lm06-0210-3’ 5- CTATGGCGACGGGATCATC
Lm06-0200-5’ 5"- CCATCCCATGACAAGAGC
Lm06-0200-3’ 5"-TGTAGTCGCTGTACTCGC
Lm06-0110-5’ 5"-TTCACTACCGCGATAGGGTTIG
LmO06-0110-3’ 5’- CCATATCCAGATCCTGCATCC

Lm-TRNASEC524-5’

5"-CCGGCTGCCTTICATCAACTC

Lm-TRNASEC524-3’

5-GCGCATACGTTTCGGAGTCC

Lm24-TRNAASP-5’

5"-GAATGCGCTGCTGAGTCTCT

Lm24-TRNAASP-3’

5 -GCGGTATGCGTGTIGGTGTA

LmO9-TRNAPHE-5’

5"-TTCATCCGCGCAAAGAGG

LmO9-TRNAPHE-3’

5"-GGCCTICCACGTATITICG

Lm24-TRNAPRO-5’

5"-GCGATCTCGTGGCTCTGGAG

Lm24-TRNAPRO-3’

5- ACAGCTCATCCAACGGGCGC

Lm36-TRNATYR-5’

5"-AGTGCCGAGAAGTICGACG

Lm36-TRNATYR-3’

5"-TCGTCTCCGTTICCTGTIGC

Lm15-rRNA5S-5’

5"-GAAAGCATCTCTGTGGGTICGA

Lm15-rRNA5S-3’

5-CCCGGGGTCCTGCAAATG
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Lm-rRNA18S-5’ 5"-CGGCCTCTAGGAATGAAGG

Lm-rRNA18S-3" 5"-CCCCTGAGACTGTAACCTC

5.7. Transformacion de células competentes E. coli IM109

Las células competentes E. coli IM109 fueron transformadas con el DNA de plasmido de las
construcciones mencionadas en la seccién anterior. Las reacciones de ligacién se colocaron en
tubos de polipropileno y se agregaron 200 ul de E. coli IM109 competentes caseras (o 50 ul de células
competentes de alta eficiencia). Se incubd en hielo por 30 min y se dio un choque térmico a 42°C e
inmediatamente se regresé el tubo a hielo por 2 min mds. Se anadieron 900 pl de medio SOC a los
tubos y se incubaron por 1.5 horas a 37°C en agitacion (200 rpm). Al término de la incubacion se
transfirié el medio a un tubo de 1.5 ml estéril y se centrifugd 1 min a 11,000 rpm, se retiré el medio y se
resuspendiod la pastilla de bacterias en 100 pl de medio SOC, los cuales se plaguearon en cajas Petri
con LB agar suplementado con ampicilina, IPTG (isopropil R-D-1-tiogalactopiranosido) y X-gal (5-
bromo-4-cloro-3-indolil-p-D-galactésido). Las cajas Petri se incubaron de 16-18 horas a 37°C y se

observé el crecimiento de colonias azules y blancas.

Composicién del medio SOC: triptona 2%, extracto de levadura 0.5%, NaCl 10 mM, KCI 2.5
mM. Esterilizar por autoclave y posteriormente agregar MgCl. 10 mM y glucosa 20 mM. Compaosicion
del medio LB agar - ampicilina: triptona 1%, extracto de levadura 0.5%, NaCl 0.5%, agar
bacteriolégico 1.5%. Esterilizar por autoclave, dejar enfriar a ~50°C y agregar ampiciina a
concentracién final de 100 pg/ml. Verter en cajas Petri y dejar solidificar. Para medio suplementado
con IPTG y X-gal, agregar al medio solidificado 100 pl de IPTG 100 mM y 20 ul de X-gal 50 mg/ml y

esparcirlos sobre la superficie.

5.8. Obtencién de DNA de plasmido

Las colonias que hayan incorporado el vector pGEM-T Easy adquiriran la resistencia a
ampicilina. Este vector también permite el desarrollo de colonias azules y blancas, segun se haya

insertado el fragmento de interés o no. El vector pGEM-T Easy codifica para la enzima pB-
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galactosidasa, la cual hidroliza el compuesto X-gal para producir un pigmento azul, por lo que las
colonias con plasmido no recombinante apareceran de color azul. El sitio de clonacién multiple del
vector se localiza dentro de la secuencia de RB-galactosidasa, por lo que si se inserta un fragmento de
DNA en este sitio no se produce una enzima funcional y por lo tanto, la colonia bacteriana

aparecera de color blanco (www.sigmaaldrich.com).

Asi, una vez transformadas las células competentes E. coli JM109 con el DNA de las
construcciones de interés, se seleccionaron las colonias blancas (que potencialmente habian
incorporado el vector ligado al inserto de interés) y se aisl6 el DNA de plasmido mediante el kit
NucleoSpin Plasmid (Macherey-Nagel) siguiendo las instrucciones del fabricante. Para identificar
clonas que se ligaron con los insertos se realizaron digestiones con enzimas de restriccion.
Posteriormente, la identidad de cada inserto fue confimada secuencidndolos con los

oligonucledtidos T7 y/o SP6.

5.9. Clonacién en los vectores M13mpl18 y M13mp19

Los vectores M13mp18 y M13mp19 (Apéndice lll) fueron donados amablemente por el Dr.
Roberto Hernandez Fernandez (Instituto de Investigaciones Biomédicas, UNAM). Varios genes fueron
clonados en los vectores M13mp18 y mpl9 para generar DNA de cadena sencilla (ssDNA): tRNA-Sec,
tRNA-Tyr, tRNA-Pro, rRNA 5S, LmjF.06.0200, LmjF.06.0210, rRNA 18S y a-tubulina. Para esto, los insertos
fueron liberados de sus respectivas construcciones en pGEM-T Easy por enzimas de restriccion y
clonados en los mismos sitios en la forma replicativa de los vectores M13. Las secuencias del tRNA-Sec
y de o-tubulina fueron clonadas en los sitios Sal | y Sph | de los vectores M13. El resto de las secuencias

mencionadas fueron clonadas en los sitios Sac | 'y Sph I.

Una vez liberados y purificados, los fragmentos se ligaron en los vectores M13mp18 y M13mp19
utilizando una T4 DNA Ligasa (Promega). En la reaccién de ligacién se utilizaron de 150 — 300 ng del
vector linearizado, 1 uyl de Buffer 10x, los productos amplificados de cada gen mencionado en el
pdrrafo anterior, y 1 ul de T4 Ligasa (3 Unidades Weiss/ ). El volumen final de las reacciones fue de 10
ul, ajustando las relaciones inserto:vector a cada caso. Las reacciones de ligacion se incubaron de
12-16 horas a 4°C. Posteriormente, las construcciones fueron utilizadas para transformar células

competentes E. coli IM109.

41



5.10. Transformacién de E. coli JIM109 con construcciones M13mp18 y M13mp19

Los métodos para la transformaciéon de células competentes con los vectores M13, asi como
la generacion de ssDNA fueron amablemente proporcionados por la Dra. Rosaura Hernandez Rivas

(Departamento de Biomedicina Molecular, CINVESTAV).

Se colocaron 5 ml de medio LB en un tubo de vidrio estéril y se inocularon con células E. coli
JM109 previamente crecidas en placas de agar LB. Se incub6 a 37°C toda la noche (Tubo 1). Al
siguiente dia, se colocaron 150 ng de la construccidon en un tubo estéril (Tubo 2) previamente
enfriado en hielo y se afiadieron 50 ul de células competentes E. coli IM109 (Promega). Se incubaron
los tubos en hielo por 30 min. Mientras transcurrié este tiempo, se prepararon tubos con 3 ml de top

agar (LB, suplementado con MgCl2 5 mM) y se mantuvieron en bafio maria a 52°C.

Una vez terminada la incubacion de 30 min de las células competentes con la construccion
(Tubo 2), se dio un choque térmico en bafio maria a 42°C por 45 seg y rapidamente se transfiriéo a
hielo por 2 min. A este tubo se agregaron: 3 ml de top agar, 200 ul del cultivo de toda la noche (Tubo
1), 24 ul de X-gal (50 mg/ml) y 34 ul de IPTG (100 mM). Esta mezcla se vortexed rdpidamente y se
vertié en placas de agar YT 2x previamente calentadas a 37°C. Se dejaron reposar por 15 min para
gue el top agar solidificara y se incubaron toda la noche a 37°C. Se debe observar el crecimiento de
placas liticas incoloras si la ligacion inserto — M13 ha sido exitosa, un vector vacio M13 desarrollaria

una placa color azul (Sambrook, J. y Russell, D., 2001).

Composicion del top agar LB: triptona 1%, extracto de levadura 0.5%, NaCl 0.5%, agar
bacteriolégico 0.6%. El medio se esterilizd por autoclave. Composicion del medio YT 2x: triptona 1.6%,
extracto de levadura 1%, NaCl 0.5%. Para YT 2x agregar agar bacteriolégico al 1.5%. El medio se

esterilizd por autoclave y se suplementé con MgClz a concentracion final de 5 mM.
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5.11. Induccion del DNA de cadena sencilla (ssDNA)

Para la produccién de ssDNA, se colocé LB (5 ml) en un tubo de vidrio estéril y se inoculé con
células E. coli IM109 previamente crecidas en placas de agar LB. Se incubé a 37°C toda la noche. Al
dia siguiente, se tomaron 100 pul de cultivo y se colocaron en 5 ml de medio YT 2x (diluir 1:50) fresco
suplementado con MgCl2: 5 mM (Tubo 1). Este tubo se incub6 2 horas a 37°C con agitacion vigorosa
(250 - 275 rpm). Mientras transcurridé este tiempo, se tomoé 1 ml de medio YT 2x fresco y se coloco en
tubos de 1.5 ml, se tomo6 una placa litica incolora y coloco en este medio. Los tubos de 1.5 ml se
incubaron a temperatura ambiente para difundir el fago. Por otra parte, se preparé un matraz con 8
ml de medio YT 2x (suplementado con MgCl2 a concentracion final 5 mM) por cada placa que se
queria difundir. Se agregé 1 ml del cultivo de 2 horas (Tubo 1) mas 1 ml de medio que contiene la
placa litica difundiéndose. Se incubd 5 horas a 37°C con agitaciéon 200 - 220 rpm (Sambrook, J. y
Russell, D., 2001). Transcurrida la incubacién, se centrifugd el medio a 5000 rpm, 15 min a 4°C. Se
recupero el sobrenadante en un tubo nuevo y se extrajo el ssDNA utilizando columnas QIAprep Spin

M13 (Qiagen) siguiendo las instrucciones del fabricante.

5.12. Preparacion de filtros para ensayos de run-on nuclear

Los filtros se prepararon utilizando el aparato Bio-Dot (Biorad) y membranas de nylon Hybond
N* (GE Healthcare). La membrana y tres hojas de papel Whatman se prehumedecieron en agua
destilada. Se ensambla el aparato Bio-Dot colocando las hojas de papel Whatman y sobre ellas la
membrana de nylon. Una vez ensamblado el aparato Bio-Dot, éste se conectd al vacio. Los pozos
donde se colocaron las muestras de DNA se hidrataron con 500 ul de agua destilada. Se aplicd el
DNA desnaturalizado (ver abajo la preparacién de las muestras) en un volumen de 200 pl. La muestra
se filtré utilizando vacio suave. Una vez filtfrada la muestra, los pozos se enjuagan con 500 ul de NaOH
0.4 M (para DNA de pléasmido) o con 500 pyl de NaOH 10 mM / EDTA 1 mM (para ssDNA) y se aplico
nuevamente vacio para pasar la solucion a través del filtro. Posteriormente, se desensambl6 el
aparato Bio-Dot y se enjuagaron los filtros en solucién SSC 2x por 10 min. Se dejaron secar al aire y se
realizé un cross-linking con luz UV utilizando un aparato Stratalinker (Stratagene). Para tal proposito, el
aparato se programo en el modo Autocrosslink, procedimiento durante el cual se aplicéd a los filtros

una energia de 120 mJoules/cm? para fijar el DNA.
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Para los filfros con DNA de doble cadena, se utilizaron 2 ug de DNA, se colocaron en un tubo
de 1.5 mly se agregaron NaOH y EDTA a concentraciones finales de 0.4 My 10 mM, respectivamente.
La muestra se calenté a 100°C por 10 minutos y se paso rapidamente a hielo por 5 min. Tras este

tiempo, el DNA se aplicé al aparato Bio-Dot ensamblado con las membranas de nylon.

Para los filtros con ssDNA, se utilizaron 2 ug de DNA, se colocaron en un tubo de 1.5 ml y se
agregaron NaOH y EDTA a concentraciones finales de 10 mM y 1 mM, respectivamente. La muestra
se calent6 a 55°C por 5 min y se paso rapidamente a hielo por 2 min. Tras este tiempo, el DNA se

aplicé al aparato Bio-Dot ensamblado con las membranas de nylon.

Composicion de la solucién SSC 20x: NaCl 3 M, citrato de sodio 0.3 M. Se ajusté a pHde 7.0y

se esterilizé por autoclave.

5.13. Ensayos de run-on nuclear

Para el aislamiento de nucleos de los ensayos de run-on nuclear se utilizaron 2.5 x 108 células,
las cuales se lavaron dos veces en PBS-G (NaCl 137 mM, KCI 2.7 mM, NazHPO4 8 mM, KH2PO4 1.5 mM
mas glucosa 2%) y se resuspendieron en 4 mL de buffer de lisis (Tris-HCI pH 7.5 10 mM, CaCl. 3mM,
MgCl. 2mM) pre-enfriado en hielo y se agregd NP-40 a una concentracion final de 0.5%. Las células
se transfirieron a un homogenizador Dounce y se rompieron manualmente. Una alicuota de estas
células se verific6 al microscopio para constatar la ruptura de las células y la liberacidbn de los
ndcleos. A continuacion, los nucleos se colectaron por centrifugacion (1,400 g) y se lavaron una vez
mas con buffer de lisis. Los nucleos se resuspendieron en 100 ul de mezcla de run-on (run-on mix): Tris-
HCI (pH 7.5) 100 mM, glicerol 25%, espermina 0.15 mM, espermidina 0.5 mM, DTT 2 mM, RNasin 40U
(Promega), MgCl2 2 mM, MnCl2 4 mM, NaCl 50 mM, KCI 50 mM, rATP 2 mM, rGTP 2 mM, rUTP 2 mM,
rCTP 10uM y 250 nCi de [a-32P]-CTP (3000 Ci/mmol, Amersham).

Los nucleos resuspendidos en la mezcla de run-on se incubaron por 6 min a 26°C para permitir
la elongacién de los transcritos nacientes. Tras esta incubaciéon se agregaron 10 U de DNAsa | y se
continud la incubacién por 5 min a 37°C, y posteriormente se detuvo la reacciéon con la adicion de
100 ul de buffer de paro (TrissHCI 10 mM, pH 7.5, EDTA 10 mM, SDS 1% y proteinasa K 100 ug/ml),
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incubando 15 min a 37°C. Posteriormente, el RNA se obtuvo mediante una extraccion con 200 pul de
fenol:cloroformo:isoamilico, una vez extraida la fase acuosa, se agregaron 100 ul de Tris 10 mM a la
fase organica, recuperandose la segunda fase acuosa. Para separar los nucledtidos radiactivos

libres, se utilizaron columnas de sefadex G-50 (GE Healthcare).

El RNA naciente marcado se hibridé con filtros (Amersham) que contenian puntos (dots) con 2
ug de DNA de plasmido (clonado en pGEM-T Easy) o de DNA de cadena sencilla (clonado en
vectores M13). Las hibridaciones se realizaron durante 48 horas a 50°C en solucion de hibridacion
(formamida 50%, SSC 5x, SDS 0.2%, solucidn Denhardt 4x y DNA de esperma de salmdn 100 ug/ml). Los
lavados se llevaron a cabo en SSC 0.1x y SDS 0.1% a 65°C. Las membranas se expusieron en Imaging

Plates y se escanearon en un equipo Fuji FLA-3000.

Las densitometrias de todos los ensayos de run-on se realizaron utilizando el programa Multi-
Gauge 3.0 (Fujifilm). El analisis estadistico de los datos se realiz6 utilizando Microsoft Excel y para la
realizacion de la prueba de ANOVA de una via se utiliz6 el programa Sigma Stat incluido en el

programa SigmaPlot (12.0).

5.14. Ensayos de run-on nuclear con luz UV

Para los ensayos en presencia de luz UV, los promastigotes se colocaron en una caja Petri (en
un volumen de 15 ml) y se irradiaron con luz UV, en agitacién, en un aparato Stratalinker UV cross-
linker (Stratagene). Las dosis de luz UV utilizadas fueron 1.25, 2.5 y 5.0 kJ/m2. Tras la irradiacion, las
células se incubaron por una hora y media a 28°C para permitir la elongacion por las RNA
Polimerasas reclutadas o posicionadas antes de la irradiacién. El resto del ensayo de run-on nuclear
se realiz6 tal como se describe en el apartado anterior. La hibridacion se realizé utilizando los filtros

con DNA plasmidico fijado como se describié previamente.
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5.15. Ensayos de run-on nuclear con inhibidores de la RNA Polimerasa

La elongacion del RNA naciente en la presencia de inhibidores de la transcripcion se realizé
incubando los nucleos (tras la lisis de células) por 15 min en 100 ul de Buffer de Lisis con diferentes
concentraciones de o-amanitina (Roche Molecular Biochemicals) o tagetitoxina (Epicentre). Los
nucleos se centrifugaron a 4000 rpm por 10 min y se resuspendieron en mezcla de run-on mas a-
amanitina (100, 200 y 400 ug/ml) o tagetitoxina (160 uM). A continuacion se permitio la elongacion de
RNA naciente incubando la reacciéon por 6 min a 26°C. El resto del ensayo de run-on nuclear se
realiz6 como se describid en la seccion 5.13. Para el run-on con a-amanitina, se utilizaron membranas

con DNA de cadena sencilla (ssDNA).
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6. RESULTADOS

6.1. Localizacion gendmica del gen de tRNA-Sec en L. major y otros tripanosomatidos

La mayoria de los genes de tRNA en L. major estan agrupados junto con otros genes de tRNA
u otro tipo de genes transcritos por la RNA Pol lll (lvens, A.C., et al., 2005; Padilla-Mejia, N.E., et al.,
2009). Estos agrupamientos se localizan frecuentemente en los limites de las unidades policistronicas,
las cuales son transcritas por la RNA Pol Il. El gen de tRNA-Sec se encuentra insertado en la unidad
policistrénica mas larga del cromosoma 6 de L. major (Figura 12A) sin la compafia de otros tRNA
(Padilla-Mejia, N.E., et al., 2009).

Se analizé el contexto genémico de los genes de tRNA-Sec en varias especies de Leishmania:
L. infantum (strain JPCM5), L. braziliensis (M2904), L. mexicana (U1103), L. donovani (BPK282/0cl4) y L.
tarentolae (Parrot-Tarll) (Peacock, C., et al., 2007; Rogers, M.B., et al., 2011; Downing, T., et al., 2011).
Se encontré que en todas estas especies de Leishmania el tRNA-Sec es un gen de copia Unica que
esta dentro de la misma unidad policistronica en el cromosoma 6 (Figura 12A). Asi, el locus de tRNA-

Sec es sinténico entre especies de Leishmania.

En T. brucei existen dos copias del tRNA-Sec localizadas en el cromosoma 9 (Padila-Mejia,
N.E., et al., 2009). El andlisis de las bases de datos de los genomas de T. cruzi (CL Brener)(El-Sayed,
N.M., et al., 2005), T. vivax (Y486) y T. congolense (IL3000), mostré que la presencia de dos genes de
tRNA-Sec esta conservada en este género (Figura 12B). Aunque el locus del tRNA-Sec es sinténico en
estas especies, el gen de una Ser/Thr protein - cinasa (gen C en la Figura 12B) esta duplicado en T.

cruzi.
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Figura 12. Sintenia del locus del tRNA-Sec en Tripanosomatidos. Pie de figura en pagina siguiente
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Figura 12. Sintenia del locus del tRNA-Sec en Tripanosomatidos. Se muestra el contexto genémico del tRNA-Sec
en los genomas de L. major (Lmaj), L. donovani (Ldon), L. infantum (Linf), L. braziliensis (Lbra), L. mexicana (Lmex)
y L. tarentolae (panel A); y para T. cruzi (Tcru), T. brucei (Tbru), T. vivax (Tviv) y T. congolense (Tcon) (panel B). Los
genes ortélogos se unen mediante barras grises. Se muestra una ampliaciéon en la escala de los tRNA-Sec
respectivos en L. major y T. cruzi, indicando |os sitios de adicion del miniexén (AG) y el de poliadenilacion (PA). En
T. cruzi, la secuencia codificante del tRNA-Sec asi como de sus regiones flanqueantes son idénticas. Se muestra
la localizacion de los AG y de PA de s6lo uno de los genes del esquema. En L. major, se indican la posicion de PA
para el gen A, y el sitio AG para el gen B. Los genes A corresponden al LmjF.06.0210 (Lmaj), LdBPK_060210.1
(Ldon), LinJ.06.0210 (Linf), LbrM.06.0190 (Lbra), LmxM.06.0210 (Lmex) y LtaP06.0180 (Ltar), todos ortélogos. Los
genes B corresponden a LmjF.06.0200, LABPK_06200.1, LinJ.06.0200, LbrM.06.0180, LmxM.06.0200 y LtaP06.0170. Los
genes C corresponden a TcCLB.506467.50 y TcCLB.506467.40 (Tcru), Th927.9.2350 (Tbru), TvY486_0900740 (Tviv)
and TclL3000_0_10490 (Tcon). Los genes D corresponden a TcCLB.506467.29, Tb927.9.2320 y TvY486_0900730. El
gen E corresponde a Tbh927.9.2390 y TclIL3000_0_10500. El gen F corresponde a TclL3000_0 10480 y el gen G a
TvY486_0900750.

6.2. En L. major, algunos precursores del tRNA-Sec contienen el miniexdbn y una cola de

poliadeninas

La presencia de cajas A y B atipicas en el gen de tRNA-Sec en L. major, asi como su
localizacion dentro de una unidad policistrénica, nos sugiri® que los mecanismos que regulan la
transcripcion de este gen podrian ser diferentes a los que regulan otros genes de tRNA. Para analizar
esta posibilidad, se procedid a mapear los sitios de inicio de transcripcion del gen de tRNA-Sec
mediante experimentos de 5’-RACE. De las amplificaciones de estos ensayos se obtuvieron tres
bandas de DNA de 300, 225 y 150 pares de bases (pb) aproximadamente (Figura 13A), las cuales

fueron clonadas en el vector pGEM-T Easy (Promega) y secuenciadas.

El analisis de varias de las clonas de la banda mas grande (~300 pb) evidencié la presencia
del miniexédn en el extremo 5°, a 150 pb rio arriba de la secuencia del tRNA-Sec (Figura 13C). Este
resultado fue inesperado ya que la adicion del miniexdn se creia exclusivo de los mRNA, lo cual nos
sugirié que el gen de tRNA-Sec podria ser transcrito por la RNA Pol |l, tal y como ha sido demostrado
en T. brucei (Aeby, E., et al., 2010).

El analisis de la secuencia de las clonas de la banda de ~225 pb mostré transcritos sin el
miniexén conteniendo 68 y 86 pb rio arriba del gen de tRNA-Sec. Finalmente, las clonas de la banda
de ~150 pb contenian secuencias que se extendian 5y 9 pb hacia el extremo 5’ del gen del tRNA-
Sec, asi como transcritos que iniciaban en el nucleétido +1 del gen (Figura 13C). Ya se ha descrito
que los transcritos primarios de los tRNA clasicos, transcritos por la RNA Pol lll, inician entre 5-12

nucledtidos rio arriba del gen (Orioli, A., et al.,, 2012), aunque también se ha reportado que en
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Xenopus, el tRNA-Sec, a diferencia de los tRNA candnicos, comienza su transcripcion en el primer
nucleoétido del gen (Lee, B.J., et al., 1987). Asi, de manera interesante, estos Ultimos transcritos podrian
ser sintetizados por la RNA Polimerasa lll. Sin embargo, también existe la posibiidad de que los
transcritos que comienzan en el nucleétido +1 correspondan a tRNAs maduros a los que ya se les ha
eliminado toda secuencia de su extremo 5’, independientemente de la RNA Polimerasa involucrada

en su transcripcion.

A B

pb
b
400 — P pb
300 — — 300 250 pb
- — 225 200
200 ~180
— 150 150
- ~130
100 100
CCTTCTCCTG CCGGCTGCCT TCATCAACTC GTACTCGTTC GACCCCCCCC CCCACACACA — -181
8
CACACACGCA CACAAACGTC TTCTTCACAG CCCTGCGGAG TCAGTGTGCC CGAGGTGCAC — -121
¥ i
ACTGATACTG ATGCCGCGGT AGCATATCCG GATGCTGGCT GCAACGGATG CGCCTTTCGA - 61
1 *l
CCCAGATTGG GTCGCGGGTT CGATTCCCGC GCTGAGGTGA TTTGTTTGAG AAAAGCGAGA - 1
+ 5
GCCGCGATGA GCTCAGCTGG TGCTGGGTGC GGGCTTCAAA CCCGTAGGTG AGTTGCTCTC 60
A (!AEL l** l*l 1
ACAGCCGTTC GATTCGGCCT TCGTGGCGTG CCATTTTCCT TTTCGCTCCG AACCCACGCT 120
B 1
ATCTCCGCGT GCGTCGCTAC GTAGGTGAAT CGCAéCCCTC CCCCTCCAAC GGCCCAGGGG 180

Figura 13. Resultados del 5" y 3’-RACE del tRNA-Sec en L. major. (A) Gel de agarosa al 1.5% donde se muestran
los productos finales del experimento de 5-RACE del gen de tRNA-Sec (carri 1). M, marcador de 1 kb
(Invitrogen). (B) Gel de agarosa al 2% donde se muestran los productos finales del experimento de 3’-RACE del
gen de tRNA-Sec (carril 1). M, marcador de 100 pb. (C) Secuencia del tRNA-Sec y sus secuencias flanqueantes.
Con sombra gris se identifica la secuencia codificadora del tRNA-Sec, rio arriba (150 pb) se encuentra el
dinucléotido AG (en negritas), sitio de adicion de miniexdn. También se sefialan los extremos 5’ de los productos
mas pequerfios del 5’-RACE, asi como los sitios de poliadenilacion rio abajo del tRNA-Sec (nucledtidos en
negritas). El namero de clonas de cada uno de los productos del 5’ y 3’-RACE se marca con una flecha. La
region rica en pirimidinas localizada rio arriba del tRNA-Sec se muestra subrayada.
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Como se ha mencionado, las secuencias requeridas para el trans-splicing constan de un
dinucléotido AG que constituye el sitio de adicibn de miniexén asi como una regidon rica en
pirimidinas localizada rio arriba (Benz, C., et al., 2005; Siegel, T.N., et al., 2005). En el caso del tRNA-Sec,
se localizoé el dinucléotido AG asi como un tracto de pirimidinas rio arriba (Figura 13C), por lo que el

trans-splicing del tRNA-Sec cumple con las sefiales candnicas caracterizadas en tripanosomatidos.

Ya que se observd que los transcritos del tRNA-Sec poseian la secuencia del miniexén, nos
preguntamos si también estaban poliadenilados en el extremo 3’. Para determinar esto, se realizé un
ensayo de 3’-RACE. Las bandas resultantes, de ~130 y ~180 pb se clonaron igualmente en pGEM-T
Easy para ser secuenciadas (Figura 13B). El analisis del secuencia de ambas bandas demostré que el
tRNA-Sec efectivamente poseen una cola de poliadeninas en el extremo 3’ (Figura 13C). Se
encontraron clonas con diferentes sitios de poliadenilacion: de 22 a 67 bases rio abajo del transcrito
de tRNA-Sec (Figura 13C). Asi, estos resultados muestran que los precursores del tRNA-Sec en L. major
contienen el miniexdn en el extremo 5’ y un tracto de poliadeninas en el extremo 3’. Estos datos
sugieren que el tRNA-Sec es transcrito por la RNA Pol II como parte de un policistron y procesado por
trans-splicing y poliadenilacion. Posteriormente, este transcrito necesitaria ser adicionalmente

procesado para generar un tRNA maduro.

6.3. EItRNA-Sec en T. cruzi sufre trans-splicing y poliadenilacién

Los resultados anteriores sugieren fuertemente la participacion de la RNA Pol Il en la sintesis del
tRNA-Sec en L. major, de manera similar a lo que se reporté para T. brucei (Aeby, E., et al., 2010), por
lo que este fendbmeno podria representar una caracteristica general de la expresibn génica en
tripanosomatidos. Asi, se quiso determinar si en T. cruzi, el tRNA-Sec también se somete a los procesos

de adicion del miniexén y poliadenilacion.

Para esto, se realizaron ensayos de 5’ y 3’-RACE, por los cuales se demostro la presencia del
miniexdn 95 bases rio arriba del tRNA-Sec, asi como la presencia del tracto de poliadeninas a 36-39
bases rio abajo del tRNA-Sec (Figura 12B y 14). Asi, la participacién de RNA Pol Il en la transcripcion

del gen de tRNA-Sec parece una caracteristica de la expresion génica en tripanosomatidos.
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De manera similar a lo previamente reportado para T. brucei (Aeby, E., et al.,, 2010) y a
nuestros hallazgos en L. major, para el tRNA-Sec de T. cruzi se encontraron los elementos candnicos
requeridos para el trans-splicing: un dinucledtido AG como sitio de adicidon del miniexdn y una regién
de polipirimidinas rio arriba (Figura 14). Cabe mencionar que las secuencias codificantes de las dos
copias del tRNA-Sec en T. cruzi son idénticas, al igual que las regiones intergénicas 5’ y 3’ (Figura 12B),
por lo que en los resultados del 5° y 3’ — RACE es imposible distinguir de cual de las dos copias del

tRNA-Sec se trata.

TTGGATCCCT CACCATGTTC GAACGCCCCC ACGCGTCATG CCGCAACCAT TCCCTTTGTT -121
GTTTCTATTC TTTGCTTGTC GCTAGAQGTGA TAGGGCTTAG TGTAGCCAAT GATGGTGCTG - 61
GAGCGCCCTG GGCCCATCTT TGCGGCGCTG AGAAGGAGGC GGAGGTGTGG AGTGGAGTGT - 1
GCCACGATGA GCTCAGCTGG TGCTGGGTGC GGGCTTCAAA CCCGTAGGCG AGTTGGACTC 60
GCAGCCGTTC GA';TCGGCCT TTGTGGTGTT TTTTTTTTTC GGCGAACTGC AGTCCGTCTT 120
TTT?}UF&;TTB TGTCCGTTGT GTTGTGCTGT AAGGCGTATG TATTTTTTAT TTTTATTTTT 180

Figura 14. Resultados de los ensayos 5’ y 3’ RACE en T. cruzi. Secuencia del tRNA-Sec y sus regiones flanqueantes.
Las secuencias correspondientes al tRNA-Sec se marcan en sombreado gris. Las cajas A y B intragénicas se
muestran en negritas y subrayadas. El sitio aceptor de miniexén (AG, rio arriba del tRNA-Sec) y las regiones de
poliadenilaciéon (rio abajo del tRNA-Sec) se muestran en negritas. El nUmero de clonas de cada uno de los
productos del se marca con una flecha. La regién rica en pirimidinas localizada rio arriba del tRNA-Sec se
muestra subrayada.

6.4. EI tRNA-Sec de L. major esta presente en transcritos de diferentes tamafios

Para demostrar la presencia de los diferentes transcritos que contienen el tRNA-Sec se realizd
un ensayo de Northern blot. Para este experimento, RNA total de L. major se hibridé con una sonda
gue contiene el tRNA-Sec. Se identificaron 4 bandas de diferentes tamarios: 80, 400, 600 y 1000 bases
(Figura 15A). La banda de ~80 nucledtidos corresponde al tRNA-Sec maduro (el gen es de 88 pb),
mientras que la banda de ~400 nucledtidos podria corresponder al transcrito que posee el miniexdén y
la cola de poliadenilacion. Las bandas mas grandes representarian RNAs precursores antes de ser

procesados.

Se realiz6 otro experimento de Northern blot, hibridando esta vez RNA total con una sonda

que correspondia a la secuencia del tRNA de lisina (tRNA-Lys), y se observé Gnicamente una banda
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con un tamafo correspondiente a un tRNA maduro (Figura 15B). Esto nos indicé que la presencia de
precursores largos de tRNA no es una caracteristica general de los transcritos de dichos RNAs en L.

major.

s | — 80 ‘—73

Figura 15. El tRNA-Sec de L. major esta presente en transcritos de diferentes tamafios. (A) Ensayo de Northern blot
del tRNA-Sec. Se observan 4 bandas de diferentes tamafios: ~80, 400, 600 y 1000 bases. (B) Ensayo de Northern
blot del tRNA-Lys. Se observa una Unica banda de ~73 bases.

6.5. En L. major, el trans-splicing y la poliadenilacion del tRNA-Sec ocurren en las sefales

gendmicas candnicas para estos mecanismos

Como se menciond anteriormente, se localizé un dinucleétido AG como sitio de adicion del
miniexdn del tRNA-Sec de L. major (Figura 13C). Para estudiar si existian otras sefiales de
procesamiento canodnicas en el transcrito policistronico, se realizaron experimentos de RT-PCR para
identificar el sitio de poliadenilacién del gen LmjF.06.0210, localizado rio arriba del tRNA-Sec, asi como

el sitio de adiciéon del miniexén del gen LmjF.06.0200, localizado rio abajo (Figura 12A).

El tracto de poliadeninas del mRNA del gen LmjF.06.0210 se encontré a 383 bases rio abajo del
codon de paro. Por otra parte, el sitio de adicion de miniexén del mRNA del gen LmjF.06.0200 se
localizé 203 bases rio arriba del coddén de inicio (Figura 12A). Asimismo, también se localizaron

regiones ricas de pirimidinas en las regiones intergénicas, las cuales se requieren para el trans-splicing
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del gen rio abajo asi como para la poliadenilacidn del gen rio arriba. Una de estas regiones ricas en
pirimidinas se localiz6 entre el sitio de poliadenilacion del LmjF.06.0210 y el sitio de adicion del
miniexén del tRNA-Sec, asi como entre la regidon de poliadenilacion del tRNA-Sec y el sitio de adicion
del miniexén del LmjF.06.0200. Asimismo, 35 pares de bases rio arriba del dinucledtido AG se localizd
un tracto de polipirimidinas (11 citosinas consecutivas) (Figura 13C). Tanto el dinucleétido AG como el
tracto de polipirimidinas constituyen las sefiales candnicas del trans-splicing en tripanosomatidos. Por
lo tanto, nuestros resultados indican que las sefiales candnicas regulan el procesamiento del

transcrito policistrénico del tRNA-Sec en L. major.

6.6. Otros genes de tRNA no poseen el miniexdn en su extremo 5’

Como se menciond antes, el tRNA-Sec esta situado dentro de una unidad policistronica de
genes codificantes de proteinas. Sin embargo, este no es el tnico gen de tRNA que esta insertado en
grupos de genes transcritos por RNA Pol Il, pues el gen de tRNA-Asp (LmjF.24.TRNAASP.01) y el tRNA-
Pro (LmjF.24.TRNAPRO.01) se localizan dentro de dos diferentes unidades policistrénicas en el

cromosoma 24, como genes Unicos de la RNA Pol lll (Padilla-Mejia, N.E., et al., 2009).

Nosotros nos preguntamos si estos tRNA también son transcritos por la RNA Pol Il y sufren la
adicion del miniexdn en su extremo 5°. Para determinar esto se realizaron ensayos de 5’-RACE. Se
secuenciaron aproximadamente dos decenas de clonas de ambos tRNA sin que se encontrara el
miniexdn rio arriba de estos tRNA. La mayoria de las clonas comenzaron en el extremo 5’ del tRNA
maduro. De manera interesante, varias de ellas comenzaron 4-5 bases rio arriba del gen de tRNA,

posiciones que podrian corresponder a sitios de inicio de la transcripcion de la RNA Pol Ill.

Asi estos resultados sugieren que los tRNA-Asp y tRNA-Pro residentes en el cromosoma 24 no
son transcritos por la RNA Pol Il, por lo que la localizacién dentro de una unidad policistrénica de
genes codificadores de proteinas no parece ser el Unico requisito para que un tRNA sea transcrito

como parte del policistron por la RNA Pol Il
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6.7. Clonacion de fragmentos en pGEM-T Easy para ensayos de run-on nuclear

Para seguir con el andlisis de la transcripcién del gen de tRNA-Sec en L. major, se decidio
realizar ensayos de run-on nuclear. Para realizar los ensayos de run-on se utilizaron diversas secuencias
de DNA de genes transcritos por las tres RNA Polimerasas: los genes codificadores de proteinas del
cromosoma 6 (Figura 18A) transcritos por la RNA Pol Il, diversos tRNA y el rRNA 5S (transcritos por la
RNA Pol IlIl), asi como el rRNA 18S (transcrito por la RNA Pol ). Los fragmentos de interés para estos
ensayos fueron amplificados por PCR a partir de DNA gendmico de L. major, y posteriormente
clonados en el vector pGEM-T Easy mediante los procedimientos descritos en la seccién de
Materiales y Métodos. Para comprobar que, efectivamente, las construcciones contenian los insertos
del tamafo apropiado, éstos se liberaron mediante enzimas de restriccion y se visualizaron en geles

de agarosa.

En la Figura 16 se muestran los geles de agarosa de las digestiones realizadas a las
construcciones. En la mayoria de los casos las construcciones fueron digeridas con la enzima EcoR |,
ya que pGEM-T Easy posee dos sitios ECOR | que flanquean el sitio de insercion del fragmento en el
vector (Apéndice Il). Para la construccién que contiene el fragmento 0350 se realizé6 una digestidn
doble Sph | / Sac |, debido a que este inserto posee un sitio ECoR | dentro de su secuencia. La
identidad de todas las clonas se verificd por andlisis con enzimas de restriccion y mediante

secuenciacion.

6.8. Clonacion de fragmentos en M13mpl18 y M13mp1l9 para la generacién de ssDNA para los

ensayos de run-on nuclear

A partir de las construcciones en pGEM-T Easy, algunos de los fragmentos se subclonaron en
los vectores M13mp18 y M13mp19 para la generacion ssDNA, entre ellos tRNA-Sec, tRNA-Tyr, tRNA-
Pro, rRNA 5S, LmjF.06.0200, LmjF.06.0210, rRNA 18S y a-tubulina. Como se mencioné anteriormente, las
secuencias del tRNA-Sec y de a-tubulina fueron clonadas en los sitios Sal | y Sph | de los vectores M13
(Apéndice ). El resto de las secuencias mencionadas fueron clonadas en los sitios Sac | y Sph |. Para
comprobar la inserciéon de los fragmentos en los vectores M13, se realizaron reacciones de digestion
con diferentes enzimas de restriccion y/o PCR y los resultados se visualizaron en geles de agarosa. Las
clonas positivas se mandaron secuenciar para verificar la identidad de los insertos. Como ejemplo de
estas subclonaciones se muestran los resultados de la insercion del tRNA-Sec en los vectores

M13mp18 (M18-Sec) y M13mp19 (M19-Sec) (Figura 17).
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Figura 16. Clonacion de fragmentos en pGEM-T Easy. Geles de agarosa al 2%, donde se muestran las reacciones
de digestion de las construcciones pGEM-T Easy con los insertos de interés para los ensayos de run-on nuclear.
M, marcador de 1 kb (Invitrogen), los tamafos de las bandas del marcador se muestran del lado izquierdo, en el
caso del tRNA-Pro, el marcador corresponde al de 50 pb (Fermentas). En la parte superior se identifica el inserto
correspondiente: tRNA-Phe (Phe), tRNA-Tyr (Tyr), tRNA-Asp (Asp), tRNA-Sec (Sec), tRNA-Pro (Pro), rRNA 5S (5S),
rRNA 18S (18S), las secuencias de los genes codificadores de proteinas LmjF.06.0200 (0200), LmjF.06.0210 (0210),
LmjF.06.0110 (0110), LmjF.06.0260 (0260), LmjF.06.0340 (0340), LmjF.06.0360 (0360), LmjF.06.0370 (0370), LmjF.06.0350
(0350). El tamafio de cada inserto se indica en la parte inferior de cada carril. Es importante mencionar que, tras

la digestion los insertos acarrean al menos 20 pb de la secuencia del vector. Con una flecha se indica la
posicién de pGEM-T Easy (3015 pb).
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Figura 17. Subclonacion del tRNA-Sec en los vectores M13. Geles de agarosa al 1.2%, donde se muestran las
reacciones de digestion de las construcciones M18-Sec y M19-Sec, asi como PCR realizados a partir de las
mismas para verificar la insercion de tRNA-Sec. M1, marcador de 1 kb (Invitrogen), los tamafios de las bandas
del marcador se muestran del lado izquierdo, M2, marcador 1kb Plus (Invitrogen). Carril 1) M18-Sec, 2) M19-Sec,
digestiones dobles con las enzimas Sph | / Sac |, que liberan el inserto tRNA-Sec (524 pb), la banda de ~ 7000 pb
corresponde a los vectores M13. Carriles 3) M18-Sec y 6) M19-Sec no digeridos, 4) M18-Sec y 7) M19-Sec digeridos
con la enzima Nco I; 5) M18-Sec y 8) M19-Sec digeridos con la enzima Spe |. Las digestiones con Nco | y Spe |
linearizarian la construccion sélo si el inserto esta presente, pues los vectores no poseen estos sitios. En los carriles
4,5, 7y 8 se aprecia la construccion linearizada (7778 pb). La presencia del tRNA-Sec también se verificd por
PCR, amplificando dicho fragmento a partir del 9) M18-Sec y 10) M19-Sec. Se aprecia la banda de 524 pb. La
presencia del resto de los insertos en los vectores M13 se comprobé mediante estrategias similares: analisis por
enzimas de restriccion y amplificacion por PCR.

6.9. Ensayo de run-on nuclear, analisis del locus del tRNA-Sec

Para seguir con el andlisis de la transcripcion del gen de tRNA-Sec se realizaron ensayos de
run-on nuclear. Ademas de este gen, también se analizaron varios genes codificadores de proteinas
(transcritos por la RNA Pol II) de la misma unidad policistronica que el tRNA-Sec: LmjF.06.0360,
LmjF.06.0350, LmjF.06.0340, LmjF.06.0260, LmjF.06.0210, LmjF.06.0200 and LmjF.06.0110. También se

incluy6 el primer gen de la unidad policistrénica adyacente: LmjF.06.0370 (Figura 18A).

Se incluyeron también varios genes transcritos por la RNA Pol lll: tRNA-Asp

(LMjF.24.TRNAASP.01), tRNA-Phe (LmjF.09.TRNAPHE.01), tRNA-Pro (LmjF.24.TRNAPRO.01), tRNA-Tyr
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(LmjF.36.TRNATYR.01) y el rRNA 5S (LmjF.15.5SrRNA.01). El rRNA 18S (LmjF.27.rRNA.01) se incluyé como
gen representante de la transcripcion por RNA Pol |. Para este ensayo, los nlcleos se aislaron y se
incubaron en presencia de [a-32P]-CTP, de tal manera que el nucledtido radiactivo se incorporé en
los transcritos nacientes. Posteriormente, el RNA naciente marcado radiactivamente se purificod y se
hibridé con los genes de interés fijados previamente en membranas de nylon. Como se muestra en la
Figura 18B, la intensidad de la sefal obtenida por el tRNA-Sec es mayor en comparacion con los
genes codificadores de proteinas de la misma unidad policistrénica, siendo similar a la sefal

observada con otros tRNA 'y el RNA 5S, que son genes transcritos por la RNA Pol IIl.

El run-on nuclear se repiti6 5 veces, obteniendo resultados muy similares (Figura 18C). Se
cuantificaron por densitometria las sefiales del tRNA-Sec y la de los genes codificadores de proteinas
que lo flanquean, LmjF.06.0210 y LmjF.06.0200, los cuales forman parte de la misma unidad
policistrénica. Para graficar estos datos la sefial de LmjF.06.0210 se consider6 como el 100%. En
promedio, la sefial del tRNA-Sec fue ~3.5 veces mas alta que la sefal obtenida con los otros dos
genes (Figura 18D), y una prueba estadistica de ANOVA de una via (F2=13.7, p<0.0001) nos indico
qgue el comportamiento transcripcional del tRNA-Sec es diferente al de los genes flanqueantes de
proteinas, por lo que este ensayo de run-on nuclear nos sugirid que el tRNA-Sec tiene un aporte

transcripcional adicional ademas del de la RNA Pol Il, muy probablemente, por la RNA Pol lll.
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Figura 18. Ensayo de run-on nuclear del locus del gen tRNA-Sec. (A) Mapa gendmico de la unidad policistronica
donde reside el tRNA-Sec en el cromosoma 6 de L. major. Los genes mostrados en el mapa fueron utilizados para
el ensayo de run-on nuclear: LmjF.06.0370 (0370), LmjF.06.0360 (0360), LmjF.06.0350 (0350), LmjF.06.0340 (0340),
LmjF.06.0260 (0260), LmjF.06.0210 (0210), LmjF.06.0200 (0200) y LmjF.06.0110 (0110). (B) Ensayo de run-on nuclear,
en el que el RNA naciente marcado de L. major fue hibridado con DNA de doble cadena (2 ng) clonado en
PGEM-T Easy. Ademas de los genes sefialados en el panel en A, también se analizaron varios genes transcritos
por RNA Pol Il (tRNA-Asp, tRNA-Phe, tRNA-Pro, tRNA-Tyr y rRNA 5S) asi como el gen rRNA 18S, transcrito por RNA
Pol I. Como control se incluyd el vector pGEM-T Easy vacio (pG). (C) Sefial de hibridacion del LmjF.06.0210, tRNA-
Sec y LmjF.06.0200 proveniente de cinco experimentos independientes. (D) Promedio de los porcentajes de
transcripcion de la figura C obtenidos mediante densitometria. La sefial del LmjF.06.0210 se consider6 como
100%. Se realizd una ANOVA de una via (F2=13.7, p<0.0001; comparaciones multiples por el método de Holm-
Sidak nos indicaron que los valores son significativamente diferentes entre el tRNA-Sec y LmjF.06.0200 (t=4.46,
P=0.002) y entre el tRNA-Sec y LmjF.06.0210 (t=4.60 y P=0.002).
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6.10. Ensayos de run-on con células irradiadas con luz UV

Anteriormente se habia determinado que el gen del tRNAt-Sec de L. major posee secuencias
promotoras internas similares a las encontradas en los tRNA-Sec de otras especies (Figura 10, Padilla-
Mejia, N.E., et al., 2009), las cuales dirigen la transcripcién por la RNA Pol lll. La transcripcion dirigida
por esta polimerasa comienza muy cerca del sitio de inicio de la transcripcién, por lo que se quiso
evaluar si la transcripcion del tRNA-Sec inicia cerca de su secuencia codificante. Para este propasito,
se realiz6 un ensayo de run-on nuclear con parasitos irradiados con luz UV. En este ensayo, la
iradiacion de células con luz UV detiene la elongacién del RNA durante la transcripcion al producir
dimeros de pirimidinas en el DNA. La inactivacion por la radiacion UV de la transcripcion de un gen
esta en funcion de a) la distancia entre dicha secuencia y su region promotora y b) la dosis de luz UV,
pues la irradiacion de células con dosis crecientes de luz UV resulta en una disminucién progresiva de
los transcritos nacientes. En tripanosomatidos, la irradiacion con dosis bajas con luz UV inhibe el
procesamiento de RNA, causando una acumulacion de transcritos de las secuencias que estan
situadas adyacentes o muy cerca de sus regiones promotoras (Martinez-Calvillo, S., et al.,, 2003 y
2004).

Para este experimento, se utilizaron los mismos fragmentos de DNA que para el ensayo de run-
on nuclear anterior (Figura 18 Ay B), las sefiales de hibridaciéon fueron cuantificadas por densitometria
y se grafico la disminucién de la sefial de hibridacién de cada gen respecto a la dosis de luz UV, para
lo cual se consideraron los valores de la membrana control (sin luz UV) como 100%. Este experimento
fue realizado por duplicado, obteniendo resultados reproducibles. El duplicado de este experimento

se muestra en el Apéndice IV.

Tal y como se esperaba, la sefial de los genes transcritos por la RNA Pol Il, asi como la del rRNA
18S se redujo considerablemente a medida que se incrementd la dosis de luz UV. Por otra parte, la
sefial de los genes transcritos por la RNA Pol lll se observé mas resistente a las irradiaciones crecientes
con luz UV. El patrén de reduccion en la intensidad de la sefial del tRNA-Sec fue similar a la de otros
tRNA y al rRNA 5S y difirié del de los genes codificantes de proteinas localizados en la misma unidad
policistrénica (Figura 19A). Por ejemplo, a la dosis de luz UV de 2.5 kJ/m2, la sefial de hibridacion del
LmjF.06.0210 y LmjF.06.0200 se redujo en un 54% y 66%, respectivamente (en base a la membrana
control). Por su parte, la sefial del tRNA-Sec mostré una reduccién del 15% a la misma dosis, similar a

los genes transcritos por la RNA Pol lll, cuyas disminuciones en la sefial van del 10%-34% (Figura 19B).
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Este resultado sugiere que la secuencia promotora que dirige la transcripcidon del tRNA-Sec se

localiza cerca o dentro de la secuencia codificante.
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Figura 19. Ensayo de run-on nuclear con células irradiadas con luz UV. (A) Ensayo de run-on nuclear utilizando
ndcleos aislados de promastigotes irradiados con dosis crecientes de luz UV (1.25, 2.5 y 5 kJ/m?). Los genes
analizados son los mismos que en la Figura 16 (B) Resultados del panel A cuantificados por densitometria. Las
sefiales de cada gen obtenidas en la membrana sin luz UV se consideraron como 100%, las cuales se grafican en
funciéon de la dosis de luz UV. Los valores de la grafica corresponden al promedio de dos experimentos
independientes.
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6.11. Ensayos de run-on nuclear con a-amanitina

La transcripciéon por las RNA Pol que existen en eucariontes puede ser inhibida al exponer a la
célula a diferentes drogas, entre ellas la a-amanitina, la cual actia como un inhibidor selectivo pues
las tres RNA Pol (I, Il y lll) poseen diferentes sensibilidades a dicho compuesto. Tipicamente, la RNA
Pol | es insensible a la a-amanitina, la RNA Pol Il es altamente sensible y la RNA Pol lll muestra una
sensibilidad intermedia entre las dos primeras, es decir, bajas concentraciones de la droga inhiben la
transcripcion por la RNA Pol Il, pero tienen poco efecto en la transcripcion de RNA Pol lll (Nguyen,
V.T., et al, 1996). En T. brucei la RNA Pol | es resistente a 1 mg/ml de a-amanitina, la RNA Pol Il tiene
una IDsp = 2-10 ug/ml, y la RNA Pol lll muestra un nivel intermedio de resistencia entre las dos primeras
con IDso = 150 pg/ml (Campbell, D.A., et al., 2003). Esta diferencia en la sensibilidad de las RNA Pol a
la a-amanitina es aprovechada para estudiar la transcripcidon de los genes por las diferentes

polimerasas (Nguyen, V.T., et al., 1996).

Para evaluar si la inhibicion de la transcripcion de la RNA Polimerasa Il disminuye la
transcripcion del tRNA-Sec, se evaluo el efecto de diferentes concentraciones de a-amanitina en la
transcripcion del tRNA-Sec. Dicho efecto se determind mediante un ensayo de run-on nuclear. Ya
gue en tripanosomatidos existe cierto nivel de transcripcion inespecifica de la cadena no
codificante, para el ensayo de run-on nuclear se utiliz6 DNA de cadena sencilla clonado y producido
en los vectores M13. Similar al experimento de run-on de la seccidn anterior, las sefiales de
hibridacién fueron cuantificadas por densitometria y se graficaron en funcién de la dosis de a-
amanitina. Los valores de la membrana control (sin droga) se consideraron el 100%. Este experimento
fue realizado por duplicado, obteniendo resultados reproducibles. El duplicado de este experimento

se muestra en el Apéndice V.

La concentracidn mas baja de a-amanitina (100 ug/ml) redujo la transcripcion mediada por
la RNA Pol Il de LmjF.06.0210 en un 63% y de LmjF.06.0200 en un 65% respecto al control (sin o-
amanitina) (Figura 20 Ay B). Sin embargo, la sefial de hibridacién del tRNA-Sec se redujo sélo en un
25%. La transcripcion de los genes transcritos por la RNA Pol I, tRNA-Tyr, tRNA-Pro y rRNA 5S, se redujo

en un 31, 27 y 28%, respectivamente.

En general, la curva de inhibicion del tRNA-Sec indica que la transcripcion de este gen es

mas resistente a la a-amanitina que los genes flanqueantes codificantes de proteinas (LmjF.06.0210 y
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LmjF.06.0200) y que posee una sensibilidad similar a la de otros genes transcritos por la RNA Pol lll.
Estos resultados aportan evidencia adicional de que la RNA Pol lll participa en la transcripcion del
tRNA-Sec en L. major. Como se esperaba, la sefial de hibridacién de todos los genes se vio
altamente reducida con la concentracién mas alta de o-amanitina (400 pug/ml), con excepcién del
rRNA 18S (transcrito por la RNA Pol I) (Figura 20 A y B). Similar a lo que ya ha sido reportado en L.
major (Martinez-Calvillo, S., et al., 2004), el gen de a-tubulina, con 12 copias en el cromosoma 13, es
mas resistente a la a—amanitina en comparacion con genes codificantes de proteinas de copia

Unica.

Asimismo, con este experimento se detectd una fuerte sefial de la transcripcion antisentido
(Figura 20A), lo cual fue consistente con lo que ya se ha reportado previamente para los genes

transcritos por la RNA Pol Il y lll (Martinez-Calvillo, S., et al., 2004 y 2003).

6.12. Ensayos de run-on nuclear con tagetitoxina

La tagetitoxina es un inhibidor selectivo de la RNA Pol Ill, el cual no posee efecto sobre las
otras dos RNA Pol. Estos efectos han sido previamente observados en diversos eucariontes incluyendo
vertebrados, insectos, levaduras (Steinberg, T.H., et al., 1990) y tripanosomatidos (Gunzl, A., et al.,
1997; Fantoni, A., et al., 1994).

Para confirmar si la RNA Pol Ill esta involucrada en la transcripcion del tRNA-Sec, se realizaron
experimentos de run-on nuclear con tagetitoxina. La sefial de hibridacion del tRNA-Sec se redujo en
un 70% (Figura 21). Esta reduccién es de nuevo similar a la reduccién de la sefial de otros genes
transcritos por la RNA Pol llIl: los tRNA de prolina y aspartato asi como el rRNA 5S, los cuales se
redujeron en un 66, 76 y 85%, respectivamente. Los genes transcritos por la RNA Pol Il, Lmjr.06.0200 y
LmjF.06.0210, redujeron su sefial con la tagetitoxina en un 31y 17%. Este experimento fue realizado por
duplicado, obteniendo resultados reproducibles. La repeticion del mismo se muestra en el Apéndice
VI. Estos resultados nos aportan una evidencia experimental adicional de que la RNA Pol lll esta

involucrada en la transcripcion del tRNA-Sec en L. major.
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Figura 20. Sensibilidad de la transcripcion del tRNA-Sec a la a-amanitina. (A) Experimento de run-on nuclear. Se
permitid la elongacioén de los transcritos nacientes en presencia de diferentes dosis de a-amanitina (0, 100, 200 y
400 pg/ml) y se hibridaron con membranas en las que se fij6 previamente DNA de cadena sencilla clonado en
los vectores M13. Se incluyeron los DNAs correspondientes a: tRNA-Sec, LmjF.06.0210 y LmjF.06.0200. Los genes
usados como control fueron: tRNA-Tyr, tRNA-Pro, rRNA 5S (transcritos por la RNA Pol Ill); a-tubulina (RNA Pol II);
rRNA 18S (Pol I). Se incluyé también el vector M13mp18 vacio sin inserto (M13). S: DNA complementario a la
cadena sentido, A: DNA complementario a la cadena antisentido. B) Cuantificacion por densitometria de las
sefiales de hibridacién con la cadena sentido. Las sefiales de cada gen obtenidas en la membrana sin a-
amanitina se consideraron como 100%. Este porcentaje se grafica contra la dosis del inhibidor. Todos las sefiales

estan normalizadas respecto a la del RNAr 18S. Los valores de la grafica corresponden al promedio de dos
experimentos independientes.

64



120.0
I
100.0 —

T
o
2
0200 » %
== 80.0 — -
cp
0210 G £
38 60.0 — .- = .- -
SEc @ . G
c 40.0 N I I .
o
PRO @ ® =
5 20.0 -
AsP B » l
0.0 1 T T T T T
L3y » 0200 0210 Sec Pro Asp 5%
pG Control B 140 uM
Control Tagetitoxina

160 mM

Figura 21. Efecto de la tagetitoxina en la transcripcion del tRNA-Sec. (A) Experimento de run-on nuclear. Se
permitié la elongacion de los transcritos nacientes en presencia de Tagetitoxina (160 uM) y se hibridaron con
membranas en las que se fijaron 2 ug de DNA clonado en pGEM-T Easy. Se incluyeron los DNAs correspondientes
al tRNA-Sec, LmjF.06.0210 y LmjF.06.0200, ademas de varios genes transcritos por RNA Pol lll (tRNA-Pro, tRNA-Asp y
rRNA 5S) y por la RNA Pol | (rRNA 18S). Se incluy6é también el vector pGEM-T Easy sin inserto (pG) como control.
(B) Resultados del panel A cuantificados por densitometria. Las sefiales de cada gen obtenidas en la membrana
control sin tagetitoxina se consideraron como 100%, las barras mas oscuras muestran la reduccion de la
transcripcion para cada gen. Todas las sefiales estan normalizadas con la sefal del rRNA 18S. Los valores
mostrados corresponden al promedio de dos experimentos independientes.
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6.13. Una caja tipo Ay una caja B se localizan rio arriba del tRNA-Sec en L. major

En tripanosomatidos, ciertos genes transcritos por la RNA Pol Il (los snRNA o el RNA 7SL) utilizan
como secuencias promotoras las cajas A y B intragénicas de un tRNA o tRNA-like situado rio arriba
(Palenchar, J. y Bellofatto, V., 2006). Se realiz6 una busqueda informatica para determinar si existian
secuencias similares rio arriba del tRNA-Sec de L. major. De manera interesante, se localizé una caja B

clasica y una secuencia tipo caja A (A-like) rio arriba del tRNA-Sec (Figura 22C).

La caja B clasica (GGTTICGATTCC) se localizé de -44 a -34 respecto a la secuencia codificante
del tRNA-Sec, mientras que la caja tipo A (TGGCTGCAACGG) se localizé de -85 a -74. Estas cajas son
similares a las que se encuentran rio arriba de los snRNA. Estos hallazgos constituyen un indicio mas de
la participacion de la RNA Pol lll en la transcripcion del tRNA-Sec. Cabe mencionar que secuencias

similares no fueron localizadas rio arriba del tRNA-Sec en T. cruzi (Figura 14) ni en T. brucei.

ACTGATACTG ATGCCGCGGT AGCATATCCG GATGCTGGCT GCRACGGATG CGCCTTTCGA - 61
CCCAGATTGG GTCGCGGGTT CGATTCCCGC GCTGAGGTG;:L;']{TGTGTTTGAG ARAMAGCGAGA - 1
GCCGCGATGA GCTCAGCTGG "TZ'GCTGGGTGC GGGCTTCAARA CCCGTAGGTG AGTTGCTCTC 60
ACAGCCGTITC GAT;CGGCCT TCGTGGCGTG CCATTTTCCT TTTCGCTCCG AACCCACGCT 120

B

Figura 22. Una caja B y una caja tipo A se localizaron rio arriba del tRNA-Sec de L. major. Secuencia del tRNA-
Sec y sus secuencias flanqueantes. Con sombra gris se identifica la secuencia codificadora del tRNA-Sec, rio
arriba se encontraron una caja B (B) y una caja tipo A (A-like), las cuales se muestran en negritas y subrayadas.
También se sefialan las cajas internas Ay B, subrayadas y en negritas.
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7. DISCUSION

En este trabajo hemos analizado la transcripcion del gen de tRNA-Sec en L. major. En
eucariontes superiores, como Xenopus, ratéon y humano, este gen es transcrito por la RNA Pol I,
aunqgue las secuencias promotoras que dirigen su transcripcion son inusuales en comparacion con el
resto de los tRNA (Kelly, V.P., et al., 2005; Carbon, P. y Krol, A., 1991; Myslinski, E., et al., 1991; Lee, B.J.,
et al., 1989). En L. major, este gen también posee caracteristicas atipicas en sus elementos
promotores y nuestros resultados indican que tanto la RNA Pol Il como la RNA Pol Il estan

involucradas en su sintesis.

Nosotros hemos encontrado que el tRNA-Sec de L. major, localizado dentro de una unidad
policistrénica del cromosoma 6 (Figura 11A, 18A), es transcrito junto con los genes codificadores de
proteinas de ese policistron y procesado mediante la adicion del miniexdn en su extremo 5’ y de una
cola de poliadeninas en el extremo 3’, a semejanza de los mMRNA en estos parasitos. Asimismo,
identificamos las sefiales de procesamiento de dicho transcrito relacionadas con el trans-splicing, las
cuales consisten tipicamente en un dinucléotido AG en el sitio aceptor del miniexén precedido por
un tracto de polipirimidinas (Figura 13C). Estos datos nos sugieren que la RNA Pol Il esta involucrada
en la transcripcion del tRNA-Sec, tal y como ya se reporté en T. brucei (Aeby, E., et al., 2010). También
demostramos que el tRNA-Sec en T. cruzi sufre la adicién del miniexdbn en el extremo 5’ y la
poliadenilacion en 3’, por lo que el involucramiento de la RNA Pol Il en la transcripcion del tRNA-Sec

parece ser una caracteristica de la expresion génica en tripanosomatidos.

Durante mucho tiempo se creyd que en tripanosomatidos la adiciéon del miniexdn por trans-
splicing y la poliadenilacién eran fendbmenos exclusivos del procesamiento de los pre-mRNA. Sin
embargo, recientemente se ha encontrado que otros tipos de RNA no codificantes sufren este tipo
de modificaciones en estos organismos. Por ejemplo, en T. cruzi, organismo en el que se ha
demostrado que el precursor del rRNA 18S y su regiéon 5°-ETS (5’-External Transcribed Spacer) forman
un transcrito que sufre la adicion del miniexdn en la regidon 5’ y la poliadenilacion en la 3° (Mayer,
M.G., et al., 2012). Esto ocurre antes de que el rRNA 18S sea separado de la secuencia 5’-ETS para
generar un rRNA maduro. El trans-splicing de este precursor ribosomal también se observé en T.
brucei, L. amazonensis y Crithidia fasciculata (Mayer, M.G., et al.,, 2012). Otro ejemplo de RNAs
procesados por trans-splicing y poliadenilacion, lo constituyen un tipo de ncRNA estadio-especificos
en amastigotes de L. infantum (Dumas, C., et al., 2006). Estos ncRNAs largos de entre 300 y 600

nucledtidos sufren la adicidn del miniexén en 5’ y la poliadenilacién en 3’, aunque no se sabe si sufren
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procesamientos adicionales. Estos ncRNAs largos se encontraron formando parte de un complejo
ribonucleoproteico en el citosol de los parasitos, sin embargo, se desconoce su funcién. Estos
hallazgos indican que el fendbmeno de trans-splicing y la poliadenilacion son modificaciones que
cubren un rango amplio de RNAs en tripanosomatidos y que no es exclusivo de los mensajeros
codificadores de proteinas. AUn no se sabe si estos procesamientos son importantes para la
estabilidad y/o el transporte de RNAs no codificantes tal como lo son para los mRNA. En el alga
Chlamydomonas reinhardtii (Komine, Y., et al., 2000) y en la bacteria E. coli (Mohanty, B.K., et al.,
2012) se ha reportado la existencia de tRNAs poliadenilados en su extremo 3’, modificacién que
afecta la estabilidad del transcrito. Tomando en cuenta estos hallazgos, se requeriian mas
investigaciones para determinar si el miniexdn y la tracto de poliadeninas regulan la estabilidad del
tRNA-Sec en tripanosomatidos, o si en L. major existe una estabilidad diferencial entre el tRNA-Sec

poliadenilado y con miniexdn y el tRNA-Sec que carece de estas modificaciones.

Por otra parte, dado que el tRNA-Sec se encuentra localizado dentro de una unidad
policistrébnica, nos preguntamos si la localizacion gendmica de este tRNA determinaba su
transcripcidon por la RNA Pol Il. Para responder esto, se seleccionaron dos tRNA, el tRNA de asparto
(tRNA-Asp, LmjrF.24.TRNAASP.01) y el de prolina (tRNA-Pro, LmjF.24.TRNAPRO.01) que, de manera
similar al tRNA-Sec, se encuentran ubicados dentro de sus unidades policistronicas respectivas en el
cromosoma 24 de L. major y se investigd si poseian el miniexdn y si estaban poliadenilados. Se
encontré que los transcritos del tRNA-Asp y el tRNA-Pro no sufren ni la adicion del miniexén ni la
poliadenilacion, lo que sugiere que la ubicacion gendmica del tRNA-Sec dentro de una unidad
policistrénica no es el Unico requisito para que éste sea transcrito por la RNA Pol Il. A la fecha, no se
ha reportado otro tRNA en tripanosoméatidos que sufra modificaciones similares a las descritas aqui

para el tRNA-Sec, sin embargo, esta posibilidad no puede descartarse.

Los tRNA candnicos son transcritos por la RNA Pol lll y sus transcritos iniciales comienzan entre 5
-12 nucledtidos rio arriba del gen (Orioli, A., et al. 2012). Como ya se ha mencionado, se identificaron
transcritos del tRNA-Sec que comenzaban 5-9 nucleétidos rio arriba del gen, asi como varios que
comenzaban en el nucleétido +1 (Figura 13C), por o que pensamos que éstos pudieran
corresponder a transcritos sintetizados por la RNA Pol lll. Para investigar si la RNA Pol Il tenia alguna
participacion en la transcripcion del tRNA-Sec se realizaron ensayos de run-on nuclear. Si todos los
transcritos del tRNA-Sec eran sintetizados por la RNA Pol II, el nivel de transcripcion de este tRNA seria
similar al nivel de sus genes flanqueantes de proteinas (LmjF.06.0200 y LmjF.06.0210), mientras que, de

haber un aporte transcripcional por la RNA Pol Il a la sintesis del tRNA-Sec seria posible identificar un
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nivel mayor de transcritos del tRNA-Sec reflejado en una sefial de hibridacibn mas alta en
comparacion con los genes de proteinas de la misma unidad policistronica. El primer ensayo de run-
on nuclear (Figura 18) nos sugiri6 que el tRNA-Sec poseia un aporte transcripcional extra en
comparacion con los genes de proteinas flanqueantes, muy posiblemente por la RNA Pol lll. Ademas,
en este ensayo, la sefial de hibridacién del tRNA-Sec fue muy similar a la de otros genes transcritos

por la RNA Pol lll (por ejemplo, otros tRNAs y el rRNA 5S) (Figura 18).

Como se ha comentado, la transcripcion dirigida por la RNA Pol lll comienza muy cerca del
sitio de inicio de transcripcion y, en genes con regiones promotoras internas, cerca de las mismas. Por
otra parte, la irradiacidn con dosis bajas de luz UV causa una acumulacién de transcritos de los
genes que poseen promotores internos como los tRNA (Martinez-Calvillo, S., et al., 2004), por lo que se
decidioé realizar ensayos de run-on con células iradiadas con luz UV para evaluar si la transcripcion
del tRNA-Sec comienza cerca de su region codificante, de ser asi, esto aportaria otro indicio de la
participacion de la RNA Pol lll en la transcripcion de dicho gen. De manera interesante, la sefial del
tRNA-Sec se mantiene alta ante las dosis crecientes de luz UV, tal cual ocurre con otros genes de
tRNA y el rRNA 5S, lo que indica que la regién promotora y el sitio de inicio de la transcripcion del
tRNA-Sec se encuentran cerca de su region codificante, una caracteristica de las secuencias
transcritas por la RNA Pol lll. En contraste, la sefial de los genes de proteinas flanqueantes disminuyen
considerablemente con las dosis crecientes de luz UV, tal y como se esperaba para regiones alejadas

de su sitio de inicio de la transcripcion (Figura 19A).

Para obtener mas evidencia de la participacion de la RNA Pol Il en la transcripcion del tRNA-
Sec se realizaron ensayos de run-on con inhibidores especificos de la transcripcion por las RNA
Polimerasas: a-amanitina y tagetitoxina. La RNA Pol Il es altamente sensible a la a-amanitina, mientras
qgue la RNA Pol Il muestra una sensibilidad intermedia. Asi, en los ensayos de run-on con a-amanitina
la sefial de la transcripcion de un gen transcrito por la RNA Pol lll es mas resistente a la droga que los
genes transcritos por la RNA Pol Il (Martinez-Calvillo, S., et al., 2004 y 2003). Los ensayos de run-on con
a-amanitina nos mostraron que, a las concentraciones de 100 y 200 ug/ml, la transcripcion del tRNA-
Sec fue mas resistente a la droga que con los genes flanqueantes (LmjF.06.0200 y LmjF.06.0210), los
cuales son transcritos por la RNA Pol II. La resistencia del tRNA-Sec a esta droga fue muy similar a la de
otros tRNA y a la del rRNA 5S. Esto representd una evidencia mas de que en L. major, el tRNA-Sec es
transcrito por la RNA Pol lll. La resistencia de la transcripcion del tRNA-Sec a la a-amanitina fue

reportada originalmente en Xenopus (Lee, B.J., et al., 1989). Sin embargo, en T. brucei el tRNA-Sec es
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una secuencia altamente sensible a dicha droga, incluso mas que el SL-RNA, indicando que en dicho

organismo, la RNA Pol Il dirige la transcripcion del tRNA-Sec (Aeby, E., et al., 2010).

Los resultados de los ensayos de run-on con tagetitoxina son congruentes con los resultados
encontrados en los ensayos de a-amanitina. Cabe recordar que la tagetitoxina es un inhibidor
especifico de la RNA Pol Il sin efecto sobre las otras dos RNA polimerasas (Steinberg, T.H., et al., 1990).
Asi, en los ensayos de run-on con tagetitoxina la sefial de la transcripcién de un gen transcrito por la
RNA Pol lll disminuye ante la presencia de la droga, mientras que los genes transcritos por la RNA Pol ||
no ven afectada su transcripcion. Los resultados de los run-on con esta droga nos mostraron que la
transcripcion del tRNA-Sec fue mas sensible a esta droga que sus genes flanqueantes de proteinas,
los cuales se vieron menos afectados por la tagetitoxina. La sensibilidad del tRNA-Sec a esta droga
fue muy similar a la de otros tRNA y a la del rRNA 5S, indicando que el tRNA-Sec es transcrito por la
RNA Pol lll. Como se esperaba para un gen transcrito por la RNA Pol |, el rRNA 18S fue resistente a la
tagetitoxina. La sensibiidad de los tRNAs y el rRNA 5S ante la tagetitoxina ya ha sido ampliamente
estudiada en tripanosomatidos (Martinez-Calvillo, S., et al., 2004; Crenshaw-Williams, K. y Bellofatto, V.,

1999; Fantoni, A., et al., 1994).

En eucariontes superiores, el tRNA-Sec posee un promotor hibrido pues las secuencias
encargadas de dirigir la transcripcidn consisten en un elemento intragénico (caja B tipica de los
tRNA) y tres elementos extragénicos (tipicos de los snRNA) (Hatfield, D. y Gladishev, V., 2002). En
tripanosomatidos, los snRNA utilizan como secuencias promotoras las cajas A y B intragénicas de un
tRNA o tRNA-like situado rio arriba (Palenchar, J. y Bellofatto, V., 2006). Un analisis mas profundo de las
secuencias flanqueantes del tRNA-Sec nos indico la existencia de una secuencia tipo caja A y de
una caja B clasica rio arriba del tRNA-Sec (Figura 22), hallazgos que sugeririan que secuencias tipo
tRNA (tRNA-like) podrian estar involucradas en la transcripcion del tRNA-Sec por la RNA Pol Ill, tal y
como ocurre con los snRNAs y el RNA 7SL en estos organismos, aspecto que seria interesante abordar
experimentalmente. Estas cajas no se localizaron en las secuencias flanqueantes del tRNA-Sec en T.
brucei (Aeby, E., et al., 2010), organismo en el que el tRNA-Sec es transcrito sélo porla RNAPolll. EnT.
cruzi tampoco localizamos ninguna caja A o B rio arriba del tRNA-Sec. Es posible que la ausencia de
la caja tipo Ay la caja B extragénicas situadas rio arriba del tRNA-Sec de T. brucei explique por qué

este tRNA no es transcrito por la RNA Pol Il en este organismo.
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Como se ha mencionado, la mayoria de los genes de tRNA en tripanosomatidos estan
agrupados junto con otros genes transcritos por la RNA Pol lll, principalmente otros tRNA (Padilla-
Mejia, N.E., et al. 2009). En el género Leishmania el locus del tRNA-Sec es completamente sinténico
entre varias especies (Figura 12A), incluyendo las regiones intergénicas entre el tRNA-Sec y sus genes
flanqueantes, por lo que es probable que la transcripcién del tRNA-Sec ocurra también por ambas
RNA Polimerasas en otras especies de Leishmania. En las bases de datos del genoma de
cinetoplastidos (TriTrypDB, www.tritrypdb.org) se encuentran disponibles los datos de microarreglos
hibridados con DNA proveniente de ensayos de inmunoprecipitacién de la cromatina (ChlP-on-chip)
para la proteina TBP (TATA-Binding Protein), subunidad del factor de la transcripcion TFIIIB (parte de la
maquinaria de la RNA Pol Ill) (Oler, A., et al., 2011). Estos datos muestran que en el locus del tRNA-Sec
en L. major hay un pico de enriquecimiento de TBP que no esta presente en el resto de los genes
codificadores de proteinas en la misma unidad policistronica, lo cual nuevamente sugiere la
presencia de la RNA Pol Il en el tRNA-Sec. La unién de TBP también se observd en los loci de otros

genes de tRNA.

El presente trabajo contribuye a ampliar el conocimiento sobre la transcripciéon del tRNA-Sec
en tripanosomatidos. Como ya se ha mencionado, un trabajo previo con T. brucei demostré la
participacion de la RNA Pol Il en la transcripcion del tRNA-Sec (Aeby, E., et al., 2010). Estos autores
observan la adicién de miniexén al extremo 5’ del tRNA-Sec y la poliadenilacién del 3’ y demuestran
que el tRNA-Sec forma parte de un policistron. Nuestros hallazgos indican que estos procesamientos
ocurren también para el tRNA-Sec en L. major, indicaAndonos la participacion de la RNA Pol Il en su
transcripcidon. En T. brucei se observé que la transcripcion del tRNA-Sec es sensible a bajas
concentraciones de a-amanitina y que la reduccidén de la actividad transcripcional de la RNA Pol I
mediante RNAIi disminuye la presencia del transcrito de tRNA-Sec, lo que no ocurre al bloquear la
actividad de la RNA Pol lll por RNAI, evidencias que sugieren que la RNA Pol Il es la Gnica encargada
de la transcripcion del tRNA-Sec en dicho organismo (Aeby, E., et al, 2010). Las evidencias
presentadas en este trabajo muestran que, a diferencia de lo que ocurre en T. brucei, la RNA Pol lll sf
participa en la transcripcion del tRNA-Sec en L. major. Asi, en este organismo, ambas RNA Pol, Il y Il

transcriben el tRNA-Sec.

Varias preguntas surgen a partir de nuestros resultados; por ejemplo, si en L. major el tRNA-Sec
que posee el miniexén y el tracto de poliadeninas, ¢es procesado para generar un transcrito maduro
0 no?; ¢cual esla RNA Pol que transcribe el tRNA-Sec en T. cruzi?, ¢ es transcrito por la RNA Pol Il como

enT. brucei? ¢o por ambas RNA Pol, Il y lll, como en L. major?; o si en L. major, ¢las cajas extragénicas
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situadas rio arriba del tRNA-Sec son funcionales y, efectivamente, dirigen la transcripcidn por la RNA
Pol IlI?. También seria interesante evaluar cuanto del tRNA-Sec celular es transcrito por la RNA Pol Il y

cuanto por la RNA Pol Il

El presente trabajo representa el primer reporte de un gen transcrito por dos RNA Pol en L.
major y otros tripanosomatidos. De hecho, hay muy pocos reportes que indiquen la participacion de
mas de una RNA Pol en la sintesis de algin RNA en otros organismos. Por ejemplo, se ha reportado
que el gen del RNA H1 (componente de la RNAsa P), tipicamente un gen transcrito por la RNA Pol lll,
puede ser transcrito tanto por la RNA Pol Il como por la RNA Pol lll en células de humano (Faresse,
N.J., et al., 2012). Esto fue demostrado por ensayos de ChIP-seq, mediante los cuales se observo la
presencia de la maquinaria de ambas polimerasas, de la RNA Pol lll (Brf2 y una subunidad de la
polimerasa) y de la RNA Pol Il (el factor de transcripcion GTF2B y una subunidad de la polimerasa) en
el locus del tRNA-Sec. El transcrito de la RNA H1 termina en los residuos de T localizados rio abajo del
gen, como ocurre con otros genes de RNA Pol lll, sin embargo, también se identificé una caja 3’,
secuencia relacionada con la terminacion de la transcripcion en genes de snRNA, los cuales son
transcritos por la RNA Pol Il en vertebrados. Un segundo ejemplo se encuentra en levadura,
organismo en el que la RNA Pol Il transcribe dos secuencias localizadas en los extremos 5’ y 3’ del
rRNA 35S. Esta transcripcion se superpone con la de la RNA Pol |, la cual transcribe el precursor del
rRNA 35S. Ademas, la inhibicion de la transcripcidon de la RNA Pol Il disminuye la del rRNA 5S, transcrito
por la RNA Pol lll (Mayan, M., 2013). Por otra parte, en Arabidopsis se ha reportado que la RNA Pol ||
coordina el reclutamiento de otras polimerasas necesarias para la biogenésis de siRNAs reguladores
de la expresion génica (Zheng, B., et al., 2009). Los ejemplos anteriores indican que la interacciéon
entre las diferentes RNA Pol es mas compleja de lo que se creia anteriormente. De hecho, en afios
recientes, se han realizado varios trabajos en células de humano que muestran la presencia de la
RNA Pol Il en loci de genes transcritos por la RNA Pol lll, lo cual sugiere que la RNA Pol Il podria
influenciar la expresion de los genes de RNA Pol Il (Oler, A, et al., 2011; Raha, D., et al., 2010;
Listerman, |., et al., 2007). Estos hallazgos sugieren que, las RNA Pol, mas que actuar de manera
individual, parecen estar coordinadas para regular la expresidn génica y es posible que este tipo de

coordinacién exista también en L. major y en otros tripanosomatidos.
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8. CONCLUSIONES

El locus del tRNA-Sec es sinténico entre las diferentes especies de Leishmania y parcialmente

sinténico entre las diferentes especies de Trypanosoma.

En las secuencias rio arriba del gen del tRNA-Sec en L. major fueron identificadas una caja B
canodnica y una secuencia similar a una caja A, las cuales podrian participar en el reclutamiento

de la RNA Pol lll.

En L. major y T. cruzi, el tRNA-Sec sufre la adicidon del miniexén en su extremo 5’ y la
poliadenilacidon de su extremo 3’. Estos hallazgos sugieren que la RNA Pol Il participa en la

transcripcion del tRNA-Sec en estos organismos.

En L. major, existen transcritos del tRNA-Sec que comienzan 5-9 bases rio arriba del gen o en el

primer nucledtido del mismo. Estos transcritos podrian ser sintetizados por la RNA Pol Il

En L. major, el tRNA-Sec esta presente en transcritos de diferente peso molecular, lo que sugiere
que este tRNA se transcribe como parte de la unidad policistréonica mas grande del cromosoma
6 de este organismo. Esto nuevamente sugiere la participacion de la RNA Pol Il en la

transcripcion del tRNA-Sec.

En L. major, el tRNA-Sec se transcribe aproximadamente 3.5 veces mas que los genes de
proteinas que lo flanquean. Dicha transcripcidon adicional comienza en una regién promotora
localizada muy cerca o dentro de su secuencia codificante, tal y como ocurre con los genes

transcritos por la RNA Pol il
La transcripcion del tRNA-Sec es resistente a la a-amanitina y sensible a la tagetitoxina en una
manera similar a la de otros tRNA y el rRNA 5S. Estas evidencias sugieren fuertemente que la RNA

Pol lll esta involucrada también en la transcripcion del gen de tRNA-Sec.

Dos RNA Polimerasas, RNA Pol Il y RNA Pol lll, son capaces de transcribir el tRNA-Sec en L. major.
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Eukaryotic tRNAs, transcribed by RNA polymerase III (Pol III), contain boxes A and B as internal promoter elements. One ex-
ception is the selenocysteine (Sec) tRNA (tRNA-Sec), whose transcription is directed by an internal box B and three extragenic
sequences in vertebrates. Here we report on the transcriptional analysis of the tRNA-Sec gene in the protozoan parasite Leishma-
nia major. This organism has unusual mechanisms of gene expression, including Pol II polycistronic transcription and matura-
tion of mRNAs by trans splicing, a process that attaches a 39-nucleotide miniexon to the 5’ end of all the mRNAs. In L. major,
tRNA-Sec is encoded by a single gene inserted into a Pol II polycistronic unit, in contrast to most tRNAs, which are clustered at
the boundaries of polycistronic units. 5’ rapid amplification of cDNA ends and reverse transcription-PCR experiments showed
that some tRNA-Sec transcripts contain the miniexon at the 5" end and a poly(A) tail at the 3’ end, indicating that the tRNA-Sec
gene is polycistronically transcribed by Pol II and processed by trans splicing and polyadenylation, as was recently reported for
the tRNA-Sec genes in the related parasite Trypanosoma brucei. However, nuclear run-on assays with RNA polymerase inhibi-
tors and with cells that were previously UV irradiated showed that the tRNA-Sec gene in L. major is also transcribed by Pol III.
Thus, our results indicate that RNA polymerase specificity in Leishmania is not absolute in vivo, as has recently been found in

other eukaryotes.

Eukaryotic cells use three different RNA polymerases (desig-
nated Pol I, Pol II, and Pol III) to transcribe their nuclear
genome. Each of the three RNA polymerases transcribes specific
classes of genes. Pol I synthesizes the large rRNA precursor, while
Pol I produces mRNAs, most snRNAs, and snoRNAs (1, 2). Pol
III synthesizes tRNAs, 55 rRNA, U6 snRNA, and several other
small RNA molecules (3).

Leishmania and other trypanosomatids, such as Trypanosoma
cruzi and Trypanosoma brucei, possess the three typical RNA poly-
merases (4, 5). However, these protozoan parasites present un-
usual mechanisms of gene expression, including Pol II polycis-
tronic transcription (6, 7). The genomes of these organisms are
organized into large polycistronic gene clusters (PGCs), i.e., 10s to
100s of protein-coding genes arranged sequentially on the same
strand of DNA. Most chromosomes contain at least two PGCs,
which can be either divergently transcribed (toward the telo-
meres) or convergently transcribed (away from the telomeres).
Pol II transcription of an entire PGC initiates at a single region
located upstream of the first gene of the cluster (8—10), and mature
nuclear mRNAs are generated from primary transcripts by trans
splicing and polyadenylation (11). trans Splicing is a process that
adjoins a capped 39-nucleotide miniexon or spliced leader (SL) to
the 5’ termini of all the mRNAs (12, 13). The most conserved
sequences needed for this process are an AG dinucleotide at the 3’
splice site and an upstream pyrimidine-rich region (14-17). The
trans splicing and polyadenylation of contiguous genes are linked,
as the selection of a splice site for a gene influences the choice of a
polyadenylation site for the upstream gene (18).

Pol III transcription in trypanosomatids is also atypical, as this
enzyme transcribes all snRNA genes (not only U6 snRNA) in these
organisms (19). In Leishmania major, most tRNA genes are orga-
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nized into clusters of 2 to 10 genes that may contain other Pol
III-transcribed genes, and the majority of the clusters are located
at the boundaries of PGCs (20, 21). However, some tRNA genes
are single genes that are not part of a cluster, and some of them are
located inside PGCs. One such gene is the selenocysteine (Sec)
tRNA (tRNA-Sec) gene, which is embedded into a large cluster of
protein-coding genes on chromosome 6.

Selenocysteine, the 21st amino acid, is present in a group of
proteins known as selenoproteins in bacteria, archaea, and eu-
karya (22). The presence of selenoproteins and all the machinery
required for its synthesis has been demonstrated in L. major and
other trypanosomatids (23, 24). Sec insertion is directed by a UGA
codon, which is usually a stop codon, assisted by a specific struc-
tural signal located in the 3’ untranslated region of the mRNA
(25). A special tRNA species, tRNA-Sec, inserts Sec into nascent
selenoproteins. Like other eukaryotic tRNA genes, tRNA-Sec is
transcribed by Pol III in vertebrates. One of the typical character-
istics of most tRNA genes is that their promoter sequences are
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internal and consist of two conserved elements: boxes A and B
(26). Nevertheless, in Xenopus laevis and other vertebrates, tran-
scription of tRNA-Sec genes is directed by an internal box B and
three extragenic domains: a TATA box, a proximal sequence ele-
ment, and an activator element (27, 28).

The consensus sequences of trypanosomatid tRNA promoter
elements were determined by analyzing the sequences of all tRNA
genes in L. major, T. brucei, and T. cruzi and comparing them to
the sequences of boxes A and B from Saccharomyces cerevisiae (21,
29). Analysis of the promoter sequences from tRNA-Sec genes in
trypanosomatids indicated that box A contains an additional A
residue between bases 2 and 3 (TGAGCTCAGCTGG, in which the
additional A residue is underlined) compared with the consensus
sequence (TGGCTCAGCTGG) (21). A similar insertion was pre-
viously reported in tRNA-Sec genes from other organisms (30).
Regarding box B, tRNA-Sec genes from trypanosomatids present
two changes (CGTTCGATTCG, in which the two changes are
underlined) compared to the highly conserved consensus se-
quence (GGTTCGANTCC): a C (instead of a G) at position 1 and
a G (in place of a C) at position 11. In other species, the sequence
of box B from tRNA-Sec is identical to the corresponding consen-
sus sequence. Since the sequences of both internal control ele-
ments from tRNA-Sec genes in trypanosomatids differ from the
corresponding consensus sequences, it was hypothesized that the
synthesis of tRNA-Sec is regulated by external elements in these
organisms (21). In fact, it was demonstrated that the tRNA-Sec
gene in T. brucei is transcribed by Pol II (31).

In the work described here, we performed a transcriptional
analysis of the tRNA-Sec gene in L. major. Our data show that,
similar to the findings for T. brucei, the L. major tRNA-Sec gene is
polycistronically transcribed by Pol II, generating transcripts that
contain the miniexon and a poly(A) tail. The same result was
observed in T. cruzi, indicating that the participation of Pol II in
the transcription of the tRNA-Sec gene might represent a hall-
mark of trypanosomatids. Interestingly, nuclear run-on data show
that Pol III also transcribes the tRNA-Sec gene in L. major. Thus,
our results indicate that RNA polymerase specificity in Leishmania
is not absolute in vivo and reveal that the relationship between Pol
II and Pol III is more complex than was previously believed.

MATERIALS AND METHODS

In silico analysis. Information for sequence analysis and synteny maps of
species of Leishmania (L. major, L. donovani, L. infantum, L. braziliensis, L.
mexicana, and L. tarentolae) and Trypanosoma (T. cruzi, T. brucei, T. vivax
and T. congolense) was obtained from the TriTrypDB databases (version 8.1;
http://tritrypdb.org/tritrypdb/). Sequence comparisons were performed us-
ing the ClustalW2 program (http://www.ebi.ac.uk/Tools/clustalw2/index
html).

Culture of L. major and T. cruzi. Promastigotes from L. major
MHOMY/IL/81/Friedlin (LSB-132.1) were grown in BM medium (1X
M199 medium, pH 7.2, containing 10% heat-inactivated fetal bovine se-
rum, 0.25X brain heart infusion, 40 mM HEPES, 0.01 mg/ml hemin,
0.0002% biotin, 100 IU/ml penicillin, 100 pg/ml streptomycin, 1X r-glu-
tamine) at 26°C and harvested in the mid-log phase. Epimastigotes of T.
cruzi CL Brener were maintained in liver infusion-tryptose (LIT) medium
containing 10% heat-inactivated fetal bovine serum, 50 IU/ml penicillin,
50 wg/ml streptomycin, and 0.025 mg/ml hemin at 28°C, as previously
described (32).

5'-RACE analysis. 5’ rapid amplification of cDNA ends (5'-RACE)
experiments were performed with 5 pg of total RNA from L. major or T.
cruzi with a kit from Life Technologies, Inc. For the L. major tRNA-Sec
gene, the first-strand cDNA was synthesized with primer tRNA-SECgsp1
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(5'-TGGCACGCCACGAAG) and the PCR amplifications were per-
formed with the nested primer tRNA-SECgsp2 (5'-ATCGAACGGCTGT
GAGAGCA) and the nested abridged anchor primer (AAP; 5'-GGCCAC
GCGTCGACTAGTACGGGIIGGGIIGGGIIG). For the L. major tRNA-
Asp gene (LmjF.24. TRNAASP.01), the first-strand cDNA was synthesized
with primer Lm24Asp-GSP1 (5'-CCGGCCGGGAATTGAAC) and the
PCR amplifications were carried out with primer Lm24Asp-GSP2 (5'-G
GGTCACCCGCGTGACAGGC) and the nested AAP. For the tRNA-Pro
gene (LmjF.24. TRNAPRO.0I) from L. major, the cDNA was produced
with primer Lmc24-ProGSP1 (5'-GGGCCGCTAGGGGAATTGAA) and
the PCR amplifications were performed with primer Lmc24-ProGSP2
(5"-TGACCTCCCGCACCCGAAG) and AAP. For the T. cruzi tRNA-Sec
gene, the first-strand cDNA was synthesized with primer Nested(dT) (5'-
CCTCTGAAGGTTCACGGATCCACATCTAGATTTTTTTTTTTTTTT
TTTVN) and two PCR amplifications were performed. The first PCR was
performed with primers ME23 (5'-CGCTATTATTGATACAGTTTCTG)
and Tb-tRNASec-GSP1 (5'-CACCACAAAGGCCGA). The second PCR
amplification was performed using the first PCR product as the template
and primers Tc-tRNASec-GSP2 (5'-AACGGCTGCGAGTCCAAC) and
ME23. The nested PCR products were cloned into the pGEM-T Easy
vector (Promega) and sequenced.

RT-PCR assays. To map polyadenylation sites for the tRNA-Sec genes
from L. major and T. cruzi and for the LmjF.06.0210 gene from L. major,
reverse transcription-PCR (RT-PCR) experiments were performed using
cDNA prepared with oligonucleotide Nested(dT). For the L. major and T.
cruzi tRNA-Sec genes, the first PCR was carried out with primers Lm-Secl
(5"-AGCCGCGATGAGCTCAGCT) and B1 (5'-CCTCTGAAGGTTCAC
GGAT) and the second PCR was done with primers Lm-Sec2 (5'-TGGG
TGCGGGCTTCAAA) and B2 (5'-CACGGATCCACATCTAGAT). For
the LmjF.06.0210 gene, the first PCR was performed with primers
Lmj06.0210PA1 (5'-AGCCGACTCATACTGCGGCT) and Bl and the
second PCR was done with primers Lmj06.0210PA2 (5'-CTCATGCACT
TTAAGCTGTA) and B2. The miniexon addition site for the LmjF.06.0200
gene from L. major was also located by RT-PCR. The cDNA was prepared
with oligonucleotide Lmj06.0200.ME1 (5'-AGAGCGACACCCGTGACT
TC), and PCR was performed with primers Lmj06.0200ME2 (5'-ACGG
AACCCAGAACGCAGGA) and miniexon (5'-AACGCTATATAAGTAT
CAGTT). The final PCR products were cloned into the pGEM-T Easy
vector (Promega) and sequenced. Pol III transcription termination sites
were mapped by poly(A) tailing of total RNA. For this purpose, 2 pg of
total RNA was mixed with 1 pl of 25 mM ATP, 2 pl of 5X poly(A)
polymerase reaction buffer (USB), and 1,200 units of S. cerevisiae yeast
poly(A) polymerase (USB) in a final volume of 20 pl. The mixture was
incubated for 20 min at 37°C, and the reaction was terminated by heating
at 65°C for 10 min. The cDNA was prepared with oligonucleotide Nest-
ed(dT). The first PCR was done with primers LmSecl (5'-AGCCGCGAT
GAGCTCAGCT) and B1, and the second PCR was done with primers
LmSec2 (5'-TGGGTGCGGGCTTCAAA) and B2.

Northern blot analysis. Total RNA was isolated using the TRI Reagent
(Sigma), as specified by the supplier. RNA (12 pg) was separated on 10%
polyacrylamide—8% urea gels. After electrophoresis, nucleic acids were
transferred to Hybond N+ membranes (Amersham) by electroblotting
using a Trans-Blot semidry system. The tRNA-Sec probe corresponds to a
190-bp fragment that includes the 88 bp of the tRNA-Sec gene plus 86 bp
of the 5" upstream region, and that was labeled with [«-**P]dCTP usinga
High Prime labeling system (Amersham). For tRNA-Lys, primer TRNA-
Lysc03-GSP1 (5'-GCGCACTCCGTGGGG) was labeled with [y-**P]ATP
by T4 kinase. Hybridizations were performed in 6X SSPE (60 mM
Na,HPO,, 0.9 M NaCl, 6 mM EDTA), 5X Denhardt’s reagent, and 1%
SDS at 42°C. Washing was carried out at 55°Cin 0.2X SSC (1 X SSCis 0.15
M NaCl plus 0.015 M sodium citrate) and 0.1% SDS.

Molecular cloning into pGEM-T Easy. DNA fragments from L. major
chromosome 6 were amplified by PCR and cloned into the pPGEM-T Easy
vector. LmjF.06.0370 (521 bp) was amplified with oligonucleotides Lm06-
0370-5' (5'-GAAGCGATGGACTGTTCTGG) and Lm06-0370-3" (5'-CGG
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TCCTTGCTGCGAATATC), and LmjF.06.0360 (539 bp) was amplified with
primers Lm06-0360-5" (5'-CTCCTCTTCTGGACATTTGCT) and Lm06-
0360-3' (5'-TTCCCTCCACTTGCAACATAG). LmjF.06.0350 (500 bp) was
amplified with oligonucleotides Lm06-0350-5" (5'-CGGTTCAACGG
TAGTCTCTTC) and Lm06-0350-3" (5'-TAGAGGAACCAGAACGG
GTAG), and LmjF.06.0340 (503 bp) was amplified with oligonucleo-
tides Lm06-0340-5" (5'-CCTCGCATACACCCTTTCGG) and Lm06-
0340-3" (5'-CGCGAATGTACACCACACGG). LmjF.06.0260 (500 bp)
was amplified with oligonucleotides Lm06-0260-5" (5'-CCTGCTTGC
TGTCGATGGTG) and Lm06-0260-3" (5'-TCGCCTCATCCTCCTCT
TGC), and LmjF.06.0210 (503 bp) was amplified with oligonucleo-
tides Lm06-0210-5" (5'-GCCGGAGACATTTGCGTAC) and Lm06-
0210-3" (5'-CTATGGCGACGGGATCATC). LmjF.06.0200 (547 bp)
was amplified with oloigonucleotides Lm06-0200-5" (5'-CCATCCCATGAC
AAGAGC) and Lm06-0200-3" (5'-TGTAGTCGCTGTACTCGC), and
LmjF.06.0110 (554 bp) was amplified with oligonucleotides Lm06-
0110-5' (5'-TTCACTACCGCGATAGGGTTG) and Lm06-0110-3" (5'-C
CATATCCAGATCCTGCATCC). The tRNA-Sec gene (524 bp) was am-
plified with oligonucleotides Lm-TRNASEC524-5" (5'-CCGGCTGCCTT
CATCAACTC) and Lm-TRNASEC524-3" (5'-GCGCATACGTTTCGGA
GTCC), and the tRNA-Asp gene (369 bp) was amplified with
oligonucleotides Lm24-TRNAASP-5" (5'-GAATGCGCTGCTGAGTC
TCT) and Lm24-TRNAASP-3" (5'-GCGGTATGCGTGTTGGTGTA).
The tRNA-Phe gene (LmjF.09.TRNAPHE.O1; 338 bp) was amplified with
oligonucleotides Lm09-TRNAPHE-5" (5'-TTCATCCGCGCAAAGAGG)
and Lm09-TRNAPHE-3’ (5'-GGCCTTCCACGTATTTCG), and the tRNA-
Pro gene (352 bp) was amplified with oligonucleotides Lm24-TRNAPRO-5
(5'-GCGATCTCGTGGCTCTGGAG) and Lm24-TRNAPRO-3' (5'-ACAG
CTCATCCAACGGGCGC). The tRNA-Tyr gene (LmjF.36. TRNATYR.0I;
316 bp) was amplified with oligonucleotides Lm36-TRNATYR-5" (5'-AGT
GCCGAGAAGTTCGACG) and Lm36-TRNATYR-3' (5'-TCGTCTCCGTT
CCTGTTGC), and the 55 rRNA gene (LmjF.15.55rRNA.01; 344 bp) was am-
plified with oligonucleotides Lm15-rRNA5S-5' (5'-GAAAGCATCTCTGTG
GGTTCGA) and Lml5-rRNA5S-3" (5'-CCCGGGGTCCTGCAAATG).
The 18S rRNA gene (LmjF.27.rRNA.01; 370 bp) was amplified with oligonu-
cleotides Lm-rRNA18S-5" (5'-CGGCCTCTAGGAATGAAGG) and Lm-
rRNA18S-3" (5'-CCCCTGAGACTGTAACCTC). The a-tubulin gene (338
bp) was amplified with primers alfa-tub-5" (5'-AGAAGTCCAAGCTCGGC
TACAC) and alfa-tub-3" (5'-GTAGTTGATGCCGCACTTGAAG). After
transformation of JM109 competent cells, plasmid DNA was purified from
colorless colonies with NucleoSpin plasmid columns (Macherey-Nagel) as
specified by the supplier. The identity of each insert was confirmed by se-
quencing using the T7 and SP6 primers.

Molecular cloning into M13 and preparation of single-stranded
DNA. DNA fragments from tRNA-Sec, tRNA-Tyr, tRNA-Pro, 5S rRNA,
LmjF.06.0200, LmjF.06.0210, 18S rRNA, and a-tubulin were excised from
their respective constructs in pGEM-T Easy and cloned into M13mp18
and M13mp19 replicative-form DNA. The tRNA-Tyr, tRNA-Pro, 5S
rRNA, LmjF.06.0200, LmjF.06.0210, and 18S rRNA sequences were cloned
into M13 Sacl and Sphl sites. The tRNA-Sec and a-tubulin sequences
were cloned into M13 Sall and Sphl sites. After transformation of Esche-
richia coli JM109 cells (Promega), single-stranded DNA was purified from
colorless plaques with QIAprep Spin M13 columns (Qiagen) as specified
by the supplier.

Nuclear run-on assays. Nuclei were isolated from 2.5 X 10° L. major
promastigotes by washing twice in phosphate-buffered saline (PBS), re-
suspending the cells in 4 ml ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5,
3 mM CaCl,, 2 mM MgCl, ), and adding NP-40 to a final concentration of
0.5%. Cells were transferred to a Dounce homogenizer and broken with
40 strokes; the nuclei were collected by centrifugation (1,400 X g) and
washed once with lysis buffer. RNA elongation was performed as de-
scribed elsewhere (8, 33). Briefly, nuclei were resuspended in 100 pl of
run-on mix: 100 mM Tris-HCI (pH 7.5), 25% glycerol, 0.15 mM sperm-
ine, 0.5 mM spermidine, 2 mM dithiothreitol, 40 U RNasin (Promega), 2
mM MgCl,, 4 mM MnCl,, 50 mM NaCl, 50 mM KCl, 2 mM ATP, 2 mM
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GTP, 2 mM UTP, 10 pM CTP, and 250 uCi of [a-**P]CTP (3,000 Ci/
mmol; Amersham). The incubation was carried out for 6 min at 26°C,
after which DNase I (10 U) was added. Incubation was continued for 5
min at 37°C and then stopped by the addition of 100 pl of 10 mM Tris-
HCI (pH 7.5), 10 mM EDTA, 1% SDS, and 100 p.g/ml proteinase K. After
15 min incubation at 37°C, RNA was extracted with phenol-chloroform
and separated from free nucleotides by G-50 Sephadex chromatography.
Labeled nascent RNA was hybridized to Hybond filters (Amersham) con-
taining dots of 2 pg of plasmid DNA (for the experiments whose results
are shown in Fig. 3, 4, and 6) or single-stranded M 13 DNA (for the exper-
iments whose results are shown in Fig. 5). Hybridization was performed
for 48 h at 50°C in 50% formamide, 5X SSC, 0.2% SDS, 4X Denhardt’s
reagent, and 100 pg/ml salmon sperm DNA. Posthybridization washes
were carried out in 0.1X SSC and 0.1% SDS at 65°C. In the assays carried
outin the presence of UV light, promastigotes (in a total volume of 15 ml)
were irradiated in petri dishes, with agitation, in a Stratalinker UV cross-
linker (Stratagene). After irradiation, cells were incubated for atleast 1.5 h
at 28°C to allow the clearing of RNA polymerases engaged prior to irradi-
ation. Elongation of nascent RNA in the presence of transcription inhib-
itors was performed by preincubating the nuclei with a-amanitin (Roche
Molecular Biochemicals) or tagetitoxin (Tagetin; Epicentre Biotechnolo-
gies) for 15 min on ice in lysis buffer. The nuclei were next pelleted and
resuspended in elongation buffer in the presence of the drugs.

RESULTS

Genomic location of the tRNA-Sec gene in L. major and other
trypanosomatids. The majority of tRNA genes in L. major are
clustered with other tRNA genes or other genes transcribed by Pol
II1 (20, 21). These clusters are frequently located at the boundaries
of PGCs, which are transcribed by Pol II. However, the tRNA-Sec
gene is a single gene that is inserted into the largest PGC of chro-
mosome 6 (Fig. 1A). In order to examine the genomic context of the
tRNA-Sec genes in other species of Leishmania, we analyzed the
genomic databases of several species recently sequenced: L. infan-
tum (strain JPCM5), L. braziliensis (M2904) (34, 35), L. mexicana
(U1103) (35), L. donovani (BPK282/0cl4) (36), and L. tarentolae
(Parrot-Tarll) (37). We found that in all the Leishmania species
the tRNA-Sec gene is a single-copy gene embedded into the same
PGC of chromosome 6 (data not shown). Thus, synteny of the
tRNA-Sec locus is observed among Leishmania species.

In T. brucei there are two copies of the tRNA-Sec gene located
on chromosome 9 (21, 38). Analyses of the genomic databases of
T. cruzi (CL Brener) (39), T. vivax (Y486), and T. congolense (IL-
3000) (40) showed that the presence of two tRNA-Sec genes is
conserved across the genus Trypanosoma (Fig. 1B). Although the
tRNA-Sec locus is syntenic in these species, several differences
were observed; for instance, the Ser/Thr protein kinase gene (gene
A in Fig. 1B) is duplicated in T. cruzi.

tRNA-Sec transcripts contain the miniexon and a poly(A)
tail in L. major and T. cruzi. The presence of atypical boxes A and
B in the tRNA-Sec gene in L. major and its location inside a cluster
of protein-coding genes suggest that the mechanisms that regulate
the transcription of this gene might be different from those that
regulate the transcription of other tRNA-Sec genes. To explore
this possibility, we performed 5'-RACE experiments in order to
map the transcription start sites of the tRNA-Sec gene. From this
assay, we obtained two DNA bands of approximately 300 and 225
bp and a smaller and fainter band of about 150 bp contained
within a smear (Fig. 2A). These bands were cloned and sequenced.
Interestingly, analysis of several clones from the largest DNA band
showed the presence of the miniexon sequence at the 5" end, lo-
cated 150 bp upstream of the tRNA-Sec gene (Fig. 2B), which
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FIG 1 Synteny of the tRNA-Sec loci in trypanosomatids. The genomic context of the tRNA-Sec genes is shown for L. major (Lmaj) (A) and for T. cruzi (Tcru),
T. brucei (Tbru), T. vivax (Tviv), and T. congolense (Tcon) (B). Orthologous genes are joined by gray lines. Enlargements of the tRNA-Sec gene in L. major and
one of the tRNA-Sec genes in T. cruzi are shown, indicating the miniexon addition site (AG) and the poly(A) region (PA) of the tRNA-Sec genes. In L. major, the
positions of the poly(A) region for LmjF.06.0210 and AG for LmjF.06.0200 are indicated. The positions of the primers used to map processing signals are also
denoted with arrows. In panel B, genes A correspond to TcCLB.506467.50 and TcCLB.506467.40 (T. cruzi), Tb927.9.2350 (T. brucei), TvY486_0900740 (T. vivax),
and TcIL3000_0_10490 (T. congolense). Genes B correspond to TcCLB.506467.29, Tb927.9.2320, and TvY486_0900730. Genes C correspond to 7b927.9.2390 and
TcIL3000_0_10500. Gene D corresponds to TvY486_0900750, and gene E corresponds to TcIL3000_0_10480. b, number of bases.

suggested that the tRNA-Sec gene might be transcribed by Pol II,
as if it were a protein-coding gene. Indeed, it was reported that the
tRNA-Sec gene in the related parasite T. brucei is transcribed by
PolII (31).

Sequence analysis of clones from the 225-bp band showed
non-trans-spliced transcripts whose sequences extended 68 or 86
bases upstream of the tRNA-Sec gene. These clones might repre-
sent intermediates between the miniexon-containing transcripts
and the mature tRNA-Sec. Finally, sequence analysis of clones
obtained from the 150-bp band revealed RNA molecules with a 5’
end that corresponded to the mature tRNA-Sec, as well as some
smaller molecules. Interestingly, the sequences of two of the
clones extended 5 and 9 bp upstream of the mature tRNA’s 5" end
(see below) (Fig. 2B).

Since the tRNA-Sec transcripts were found to bear the mi-
niexon sequence, we wondered if they also possessed a poly(A)
tail. To determine if the tRNA-Sec transcripts in L. major are poly-
adenylated, an RT-PCR assay was performed. Only one band was
identified and cloned. Analysis of the cloned sequences demon-
strated that some tRNA-Sec molecules indeed contain a poly(A)
tail, which was added at different positions between 4 and 67 bases
downstream of the tRNA-Sec gene (Fig. 2B). Thus, our results
show that some of the tRNA-Sec transcripts in L. major contain
the miniexon at the 5" end and a poly(A) tail at the 3" end. Con-
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sequently, the data suggest that the tRNA-Sec gene is polycistroni-
cally transcribed by Pol II and processed by trans splicing and
polyadenylation.

If the tRNA-Sec is indeed polycistronically transcribed, it
should be possible to demonstrate the presence of precursor tran-
scripts. To examine this possibility, total RNA was hybridized with
a tRNA-Sec probe. As shown in Fig. 2C, RNAs of approximately
80, 400, 650, and 1,000 bases were observed. The ~80-base band
represents the mature tRNA-Sec gene, while the ~400-base RNA
most likely corresponds to the transcript that contains the miniexon
and a poly(A) tail of about 130 nucleotides. The larger bands repre-
sent longer RNA precursors. To demonstrate that the presence of
large precursors was not a general feature of tRNA transcripts in
Leishmania, a similar experiment was performed to detect tran-
scripts using a tRNA-Lys-specific probe (transcribed by Pol III),
finding only the mature tRNA and not any larger bands (Fig. 2D).

A typical AG sequence was identified as the miniexon attach-
ment site in the transcript of the L. major tRNA-Sec gene (Fig. 2B).
To gain insight into other processing signals in the polycistronic
transcript, RT-PCR experiments were performed to localize the
polyadenylation site of the gene (LmjF.06.0210) located upstream
of the tRNA-Sec gene and the miniexon addition site of the down-
stream gene (LmjF.06.0200). The poly(A) tail of LmjF.06.0210 was
found 383 bases downstream of its stop codon, and the miniexon
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FIG 2 Mapping of processing sites and Northern blot analysis of the tRNA-Sec gene in L. major. (A) The final products of a 5'-RACE experiment of the tRNA-Sec
gene were analyzed on a 1.5% agarose gel (lane 1). The size marker corresponds to a 1-kb ladder (Invitrogen) (lane M). The sequences of the tRNA-Sec gene and
flanking regions for L. major (B) and T. cruzi (E) are shown. In both cases, the tRNA-Sec gene is highlighted in gray. Upstream of the genes, the miniexon acceptor
sites (AG) and the position of all clones found in the 5'-RACE analyses are shown in bold type and marked with an arrow with a number that indicates the total
number of clones with the indicated sequences found at that position. Pyrimidine-rich regions found upstream of the miniexon acceptor sites are underlined.
Polyadenylation sites found downstream of the tRNA-Sec genes are shown in bold type and marked with an arrow with a number that indicates the total number
of clones with the indicated sequences found at that position. The clusters of T residues located downstream from the tRNA-Sec genes are shown in bold type.
Internal boxes A and B are labeled and shown in bold type and underlined. For L. major, upstream boxes B and A-like are also labeled and shown in bold type and
underlined. (C and D) Hybridization of RNA with a tRNA-Sec-specific probe (C) and a tRNA-Lys-specific probe (D).

addition site of LmjF.06.0200 was located 203 bases upstream of
the start codon of the gene (Fig. 1A). Both sites correspond to
processing sites reported on the TriTrypDB web page. However,
the LmjF.06.0210 poly(A) site that we found is not reported to
be the dominant one, which was located 1,942 bases downstream
of the stop codon. This clone might actually represent a dicistronic
precursor that contains both LmjF.06.0210 and the tRNA-Sec
gene, taking into consideration the fact that the tRNA-Sec gene is
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located 920 bases downstream of the LmjF.06.0210 stop codon.
Pyrimidine-rich regions, which are required for both trans splic-
ing and polyadenylation, were located between the polyadenyla-
tion region of LmjF.06.0210 and the miniexon addition site of the
tRNA-Sec gene and between the polyadenylation region of the
tRNA-Sec gene and the miniexon addition site of Lm;jF.06.0200.
Therefore, canonical signals seem to regulate the processing of the
polycistronic transcript of the tRNA-Sec gene in L. major.
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Our results showed the participation of Pol II in the synthesis
of the tRNA-Sec gene in L. major, similar to what has been re-
ported in T. brucei (31). Therefore, it is likely that this might rep-
resent a more generalized feature of gene expression in trypano-
somatid species. We thus determined if the tRNA-Sec gene of T.
cruzi is also trans spliced and polyadenylated. As predicted, se-
quence analysis of several clones obtained by 5'-RACE and RT-
PCR assays demonstrated the presence of the miniexon 95 bases
upstream of the tRNA-Sec gene and the presence of a poly(A) tail
between 36 and 39 bases downstream of the tRNA-Sec gene (Fig.
1B and 2E). Thus, the participation of Pol Il in transcription of the
tRNA-Sec genes seems to be a hallmark of trypanosomatids.

The results of the experiments described above demonstrate
the participation of Pol Il in transcription of the tRNA-Sec gene in
L. major. However, they do not exclude the possibility that the
tRNA-Sec gene can be also transcribed by Pol I, considering that
putative Pol III internal promoter elements are present in this
gene. As mentioned above, two clones obtained in the 5'-RACE
assay contained sequences that extended 5 and 9 bases upstream of
the tRNA-Sec; since Pol III transcription of tRNAs usually starts a
few nucleotides upstream of the tRNA gene, it is possible that
these clones represent Pol III transcription start sites. Moreover,
sequence analysis of the downstream region of tRNA-Sec showed
the presence of two runs of 4 T residues separated by a CC se-
quence (Fig. 2B), a typical sequence that is associated with the
termination of transcription by Pol III. Thus, to determine the
presence of clones that end within the runs of T residues located
downstream of the tRNA-Sec gene, RT-PCR was performed with
total RNA that was poly(A) tailed in vitro. Interestingly, some
clones were found to end within the first run of T residues (data
not shown), suggesting the participation of Pol Il in transcription
of the tRNA-Sec gene in L. major. Transcription of tRNA-Sec
genes in vertebrates is regulated by three sequence elements lo-
cated upstream of the gene: a TATA box at about position —30, a
proximal sequence element located at about position —70, and an
activator element located at position —200 (28). These promoter
elements are not contained in the upstream region of the tRNA-
Sec gene in L. major. However, we found a consensus box B (GG
TTCGATTCC) located 34 bases upstream of the tRNA-Sec gene
and a box A-like sequence (TGGCTGCAACGG) located 74 bases
upstream of the gene (Fig. 2B). These sequence elements are not
present in the tRNA-Sec genes from T. brucei and T. cruzi (Fig. 2E
and data not shown).

Nuclear run-on analysis of the tRNA-Sec locus. In order to
analyze nascent transcripts from the tRNA-Sec gene and several
protein-coding genes from the same polycistronic unit on chromo-
some 6, a nuclear run-on assay was carried out (Fig. 3A). The Pol II
genes analyzed were LmjF.06.0360, LmjF.06.0350, LmjF.06.0340,
LmjF.06.0260, LmjF.06.0210, LmjF.06.0200, and LmjF.06.0110.
The LmjF.06.0370 gene, from the adjacent PGC, was also analyzed.
As controls, several Pol III genes (tRNA-Asp, tRNA-Phe, tRNA-
Pro, tRNA-Tyr, and 5S rRNA), as well as the 18S rRNA gene,
which is transcribed by Pol I, were included.

As shown in Fig. 3A, the intensity of the signal obtained with
the tRNA-Sec gene was stronger than that obtained with the pro-
tein-coding genes that form part of the same polycistronic unit.
Moreover, the tRNA-Sec signal was very similar to that observed
with other tRNAs and 5S rRNA. The experiment was repeated five
more times, and the results obtained each time were very similar.
On average, the signal of the tRNA-Sec gene was ~3.1 times
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higher than that of the genes that are located directly upstream
and downstream of the tRNA-Sec gene and that are part of the
same polycistronic unit (Fig. 3B and C). Although the lengths of
the three probes analyzed in the experiment whose results are
presented in Fig. 3B and C were very similar (524, 547, and 503 bp
for tRNA-Sec, LmjF.06.0200, and LmjF.06.0210, respectively), the
hybridization signals were divided by the probe length. The G+C
contents of the three fragments were also very similar: 60.6, 68.1,
and 63.2% for tRNA-Sec, LmjF.06.0200, and LmjF.06.0210, re-
spectively. Thus, these results suggest that tRNA-Sec has another
source of transcription, most likely Pol III.

As the promoter sequences for Pol III are located within the
coding region, with or without some upstream elements, we
wanted to assess if the transcription of tRNA-Sec is initiated at or
near its locus. Therefore, we irradiated cells with different UV
doses in order to arrest transcription elongation by producing
pyrimidine dimers in the DNA (41). Irradiation of cells with in-
cremental doses of UV light resulted in a progressive decrease of
nascent transcripts, as assessed by nuclear run-on analysis. As ex-
pected, the signals of the protein-coding genes and the18S rRNA
gene were progressively reduced as the UV dose was increased,
while the transcription of Pol III-dependent genes was relatively
conserved. Interestingly, the pattern of reduction in the signal
intensity of the tRNA-Sec gene was very similar to that observed
with other tRNA genes and 5S rRNA and different from the pat-
tern seen with the protein-coding genes from the same polycis-
tronic unit (Fig. 4). For example, at a UV dose of 2.5 kJ/m?, the
hybridization signals for L1jF.06.0210 and LmjF.06.0200 were re-
duced by 54% and 66% of the value for the control, respectively,
while that for the tRNA-Sec gene was reduced by only 15%, which
is similar to the 10 to 34% reduction observed with the Pol III
genes. Therefore, this result indicates that part of the transcription
of the tRNA-Sec gene originates from a promoter region located
very close to (or within) the tRNA-Sec gene.

It has been reported that Pol I and Pol I1I show different sen-
sitivities to a-amanitin, since low concentrations of the drug in-
hibit Pol II transcription but have little impact on Pol III tran-
scription (42, 43). Thus, to further examine the participation of
Pol II and Pol III in the transcription of the tRNA-Sec gene, nu-
clear run-on experiments were carried out with different concen-
trations of a-amanitin. As in trypanosomatids the noncoding
strands are transcribed at different levels, these experiments
were performed using single-stranded M13 DNA to analyze the
transcription of both strands of the tRNA-Sec gene indepen-
dently. As shown in Fig. 5A and B, the lowest concentration of
a-amanitin (100 pg/ml) reduced Pol II-mediated transcription of
LmjF.06.0210 and LmjF.06.0200 by 63 and 65% of the value for the
control, respectively. In contrast, the hybridization signal for the
tRNA-Sec gene was reduced by only 25%. The transcription of
tRNA-Pro, 5S rRNA, and tRNA-Tyr was reduced by 27, 28, and
31%, respectively. Overall, the inhibition curve obtained with the
tRNA-Sec gene indicates that the transcription of this gene is a
little more sensitive to a-amanitin than the transcription of Pol I1I
genes are but not as sensitive as the transcription of LmjF.06.0210
and LmjF.06.0200. Therefore, these results add further evidence to
support the participation of Pol III in the transcription of tRNA-
Sec in L. major. As expected, the hybridization signal was severely
reduced with the highest concentration of a-amanitin (400 g/
ml) for all genes analyzed, with the exception of the 18S rRNA
gene. As reported before in L. major (9), the transcription of a-tu-
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FIG 3 Nuclear run-on analysis of the tRNA-Sec gene. A) (Top) Labeled nascent RNA from nuclei isolated from L. major promastigotes was hybridized to
dot blots of double-stranded DNAs (2 ug) cloned into the pGEM-T Easy vector. (Bottom) A genomic map of the protein-coding genes and the tRNA-Sec gene
from L. major chromosome 6 is shown. The locations and sizes of the DNA fragments used in the nuclear run-on assays are indicated by the lines below the map.
The Pol II genes analyzed were LmjF.06.0370, LmjF.06.0360, LmjF.06.0350, LmjF.06.0340, LmjF.06.0260, LmjF.06.0210, LmjF.06.0200, and LmjF.06.0110. Also,
several genes transcribed by Pol III (tRNA-Asp, tRNA-Phe, tRNA-Pro, tRNA-Tyr, and 55 rRNA), as well as the 18S rRNA gene (transcribed by Pol I), were
included. As a control, an empty vector (pG) was also analyzed. (B) Hybridization signals for LmjF.06.0210, LmjF.06.0200, and tRNA-Sec from five independent
nuclear run-on experiments. (C) Relative rates of transcription for LmjF.06.0210, LmjF.06.0200, and tRNA-Sec. The dots shown in panel B were quantified and
plotted, with the signal obtained with Lm;jF.06.0210 considered to be 100%. Hybridization signals were divided by the probe length. One-way analysis of variance
was performed with the data (F, = 13.7; P < 0.001); multiple comparisons by the Holm-Sidak method indicated that the values are significantly different between
tRNA-Sec and LmjF.06.0200 (¢t = 4.46; P = 0.002) and between tRNA-Sec and LmjF.06.0210 (¢ = 4.60; P = 0.002).

bulin, which is encoded by 12 genes in this organism, was not as  76%, respectively. A similar reduction was reported for tRNA
sensitive to a-amanitin as the transcription of single-copy pro-  genes from chromosomes 3 and 27 in L. major (9). 5S rRNA tran-
tein-coding genes. Consistent with previous findings (9), strong  scription was more sensitive to tagetitoxin, as it was reduced by
antisense transcription was detected for Pol III-transcribed 85%. Under the conditions used, the transcription of LmjF.
genes, the tRNA-Sec gene, and the 18S rRNA gene (Fig. 5A). It 06.0210 and LmjF.06.0200 was slightly reduced by 31 and 379%,
is worth noting that the antisense signals for LmjF.06.0210 and  respectively, while the transcription of the 18S rRNA was not af-
LmjF.06.0200 were higher than those observed for most pro-  fected. Therefore, these results confirm that Pol ITI, in addition to
tein-coding genes on chromosomes 1, 3, and 27 (8, 9, 44). PolII, transcribes the tRNA-Sec gene in L. major.
However, the signal obtained with the empty vector control Are any other tRNA genes transcribed by Pol II in L. major?
was unusually high in these experiments. In addition to tRNA-Sec, the L. major genome contains two tRNA
To confirm the involvement of Pol III in the transcription of  genes that are independent genes not associated with other Pol
the tRNA-Sec gene, nuclear run-on experiments were performed  III-transcribed genes and that are inserted into clusters of protein-
with tagetitoxin, a Pol III-specific inhibitor (Fig. 6). The hybrid- coding genes. The first one is a tRNA-Asp gene (LmjF.24.
ization signal for the tRNA-Sec gene was reduced by 70%, while  TRNAASP.0I), and the second one is a tRNA-Pro gene (LmjFE.
the signals for tRNA-Pro and tRNA-Asp were reduced by 66 and  24. TRNAPRO.01); these are located on different PGCs of
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FIG 4 Effect of UV irradiation on transcription of the tRNA-Sec locus. (A) Results of nuclear run-on assays carried out with nuclei isolated from promastigotes
that were irradiated with UV light at three different intensities (1.25, 2.5 and 5 kJ/m?, as indicated below each panel). After irradiation, cells were incubated for
1.5 h at 28°C to allow the clearing of RNA polymerases engaged prior to irradiation. The genes analyzed were the same ones indicated in the legend to Fig. 3A. (B)
The results shown in panel A and from an independent experiment were quantified, and the transcription signal for each gene relative to that for the nonirradiated
control was plotted against UV dose. Values represent the means of two experiments.

chromosome 24 (21). To explore the possibility that these two
tRNA genes are transcribed by Pol II as part of polycistronic clus-
ters, 5'-RACE assays were performed under conditions similar to
those used for the tRNA-Sec genes from L. major and T. cruzi.
Sequencing of dozens of clones showed that none of them con-
tained the miniexon. The majority of the clones started at the 5’
end of the mature tRNA, but some of them were shorter. A note-
worthy finding was that some of them contained sequences that
extended 4 to 5 bases upstream of the tRNA gene, which may
represent Pol III transcription start sites. The experiment was re-
peated several times using different conditions, but the results
obtained were the same. Therefore, these results suggest that the
single tRNA-Asp and tRNA-Pro genes located on chromosome 24
of L. major are not transcribed by Pol II. Consequently, the fact
that a single tRNA gene is inserted into a PGC does not seem to be
the only requirement for the participation of Pol Il in its synthesis.
Nevertheless, we cannot rule out the possibility that these two
tRNA genes are transcribed by Pol II and that miniexon-contain-
ing transcripts are processed very rapidly, so that we were not able
to detect them. Alternatively, it is also possible that other uniden-
tified genes transcribed by Pol I1I are located in the proximities of
the tRNA-Asp and tRNA-Pro genes, so that they are not actually
single genes but part of clusters of Pol III genes. The intergenic
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regions that flank these genes are large enough to contain other
PolIII genes (3,212 and 654 bp for the tRNA-Pro gene and 390 and
1,642 bp for the tRNA-Asp gene).

DISCUSSION

It has been shown that the transcription of tRNA-Sec genes is
different from the transcription of other tRNA genes in several
species analyzed. L. major is not the exception, since the data pre-
sented here show that the tRNA-Sec gene in this protozoan para-
site is transcribed by both Pol IT and Pol III. The tRNA-Sec gene is
located inside a polycistronic unit on chromosome 6, and Pol II
transcribes it as if it were a protein-coding gene. Consequently,
some transcripts of the tRNA-Sec gene contain the miniexon at
the 5" end and a poly(A) tail at the 3" end, just like the mRNAs
synthesized from the protein-coding genes that flank the tRNA-
Sec gene. A characteristic AG dinucleotide was recognized as the
miniexon addition site in the tRNA-Sec transcript from L. major
(Fig. 2B), and pyrimidine-rich regions were located between the
polyadenylation region of LmjF.06.0210 and the miniexon addi-
tion site of tRNA-Sec and between the polyadenylation region of
tRNA-Sec and the miniexon addition site of Lm;jF.06.0200, indi-
cating that typical signals regulate the processing of the polycis-
tronic transcript of the L. major tRNA-Sec gene. In T. cruzi, the
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FIG5 a-Amanitin sensitivity of tRNA-Sec gene transcription. (A) Nuclear run-on RNA was radiolabeled in the presence of different doses of a-amanitin (0, 100,
200, and 400 pg/ml) and hybridized to filters containing single-stranded DNAs of tRNA-Sec, LmjF.06.0210, and LmjF.06.0200. The genes used as controls were
tRNA-Tyr, tRNA-Pro, 55 rRNA (Pol III), a-tubulin (TUB; Pol II), 18S rRNA (Pol I), and the mp18 vector with no insert (M13). Lanes S, DNA complementary
to the sense strand; lanes A, DNA complementary to the antisense strand. (B) Signals obtained with DNA complementary to the sense strand in panel A and from
an independent experiment were quantified relative to the signal for the control (a-amanitin dose, 0 mg/ml) and plotted against the a-amanitin dose. Values
represent the means from two experiments. All RNA levels were normalized to the level of 18S rRNA.

tRNA-Sec genes are also inserted into a Pol II polycistronic unit,
and our data show that their transcripts are processed by trans
splicing and polyadenylation, as has been reported for the tRNA-
Sec genes in T. brucei (31). Hence, the involvement of Pol II in
the transcription of tRNA-Sec genes seems to be a hallmark of
trypanosomatids.

Several lines of evidence indicate that Pol III, in addition to Pol
II, participates in transcription of the tRNA-Sec gene in L. major:
(i) 5'-RACE and RT-PCR analysis showed the presence of tran-
scripts whose sequences extended 5 to 9 bases upstream of the
tRNA-Sec gene and transcripts that terminated in the T-residue
tract located immediately downstream of the gene; these tran-
scripts correspond to typical tRNA initiation and termination
sites, respectively; (ii) in nuclear run-on analysis, the intensity of
the signal observed with the tRNA-Sec gene was stronger than that
obtained with the protein-coding genes that form part of the same
polycistronic unit, and the signal of the tRNA-Sec gene was very
similar to that observed with other tRNAs and 5S rRNA; (iii) nu-
clear run-on experiments with UV-irradiated cells showed that
part of the transcription of the tRNA-Sec gene originates from a
promoter region located very close to (or within) the tRNA-Sec
gene; (iv) the a-amanitin inhibition curve for the tRNA-Sec gene
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is more similar to the one observed for Pol ITI genes than to the one
observed for Pol II genes; (v) nuclear run-on experiments with
tagetitoxin demonstrated that hybridization signals for the tRNA-
Sec gene and other tRNA genes were decreased to similar levels (66
to 76%), while transcription of LmjF.06.0210 and LmjF.06.0200
was slightly affected; and (vi) previously reported data obtained by
chromatin immunoprecipitation with microarray technology
showed the presence of a TATA-binding protein (TBP) enrich-
ment peak in the tRNA-Sec region (45); TBP peaks were present
on all Pol I1I-transcribed genes but not on snoRNA genes, which
are polycistronically transcribed by Pol II with the neighboring
protein-coding genes (45); although the TBP signal peak found in
the region of the tRNA-Sec gene is not as high as the signals found
in tRNA gene clusters, it clearly shows the binding of TBP to the
tRNA-Sec gene. In T. brucei it has been shown that TBP (TRF4) is
part of Pol III transcription factor TFIIIB (as well as a Pol II tran-
scription factor complex that includes SNAPc and TFIIA) (46).
It has been suggested that the signal observed in a nuclear
run-on assay partially represents RNA abundance, as well as the
transcription rate, reflecting the rapid rate of processing in Leish-
mania, and that factors such as the size and the G+C content of
the fragment and the secondary structure within the RNA may
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FIG 6 Effect of tagetitoxin on tRNA-Sec gene transcription. (A) Nuclear
run-on RNA was radiolabeled in the presence of tagetitoxin at 160 uM and
hybridized to dot blots of double-stranded DNAs (2 wg) cloned into the
pGEM-T Easy vector. The genes analyzed were tRNA-Sec, Lm;jF.06.0210, and
LmjF.06.0200. Several genes transcribed by Pol III (tRNA-Pro, tRNA-Asp, and
5S rRNA), as well as the 18S rRNA gene (transcribed by Pol I), were also
included. Asa control, an empty vector (pG) was also analyzed. (B) The results
shown in panel A and from an independent experiment were quantified, and
the transcription signal for each gene relative to that for the control was plot-
ted. Values represent the means from two experiments. All RNA levels were
normalized to the level of 185 rRNA.

also contribute to the observed differences in hybridization signals
between fragments (8). However, the fact that the signals obtained
with the tRNA-Sec gene were reproducibly higher than those ob-
tained with other genes from the same polycistronic unit and the
observation that the signals obtained with Pol III genes and tRNA-
Sec gene are comparable (Fig. 3) strongly indicate that Pol III is
also involved in transcription of the tRNA-Sec gene in L. major.

In T. brucei, tRNA-Sec precursors that contain the miniexon
and a poly(A) tail require further processing to create the mature
tRNA-Sec (31). At present, we do not know whether the tRNA-Sec
transcripts that contain the miniexon and a poly(A) tail in L. major
are additionally processed to originate mature tRNA-Sec, as in T.
brucei, or whether they are degraded. The question of why in T.
brucei the tRNA-Sec gene is transcribed only by Pol II while in L.
major it is transcribed by both Pol IT and Pol I1I then arises. As T.
brucei contains two tRNA genes, it is possible that Pol II transcrip-
tion of these genes generates the levels of tRNA-Sec that the cell
requires, while L. major, which has a single tRNA-Sec gene, might
need the additional participation of Pol III to obtain higher levels
of tRNA-Sec. Since the tRNA-Sec genes in both species contain
identical internal boxes A and B and they contain a T-residue tract
atthe 3’ end of the genes, it is possible that the upstream box B and
box A-like elements, which are not found in T. brucei, help recruit
Pol III to the tRNA-Sec gene in L. major.

To our knowledge, this is the first report of a gene transcribed
by more than one RNA polymerase in trypanosomatids. Only a
few examples have been reported in other organisms. A recent
study of human cells by chromatin immunoprecipitation se-
quencing revealed that the gene encoding the H1 RNA (a compo-
nent of RNase P), which is considered a type 3 Pol III gene, can be
transcribed by either Pol III or Pol II in vivo (47). This gene con-
tains a T-residue tract, which is the typical Pol III termination
signal, and a 3’ box, a Pol II termination signal present on
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snRNAs. Most transcripts that were detected ended at the T-resi-
due tract, suggesting that the RNA transcribed by Pol II is highly
unstable. Another example is the human c-myc promoter, which
is transcribed by Pol IT and Pol I11 in vitro and in vivo (48). Also, it
was recently reported in human that Pol III is able to accurately
initiate transcription from Pol II core promoters in in vitro tran-
scription assays (49). The ratio of DNA template to nuclear extract
determines whether Pol II, Pol III, or both enzymes start tran-
scription from the Pol II promoter, indicating that polymerase
specificity is not constant but instead depends on transcription
conditions (49). Another study in S. cerevisiae yeast showed that
Pol II transcribes two sequences found in the promoter and the
terminator regions of the rRNA genes that overlap the sequences
of the 35S rRNA precursor transcribed by Pol I (50). Inhibition of
Pol IT transcription decreases Pol III transcription of the 55 rRNA
gene. Thus, these findings reveal a complex relationship among all
three RNA polymerases in the rRNA loci from yeast (50).

Together, our data support the conclusion that the tRNA-Sec
gene in L. major is transcribed by Pol IT and by Pol I1I. It would be
interesting to measure the ratio of Pol Il and Pol III transcripts and
to explore if such a ratio changes in different stages of L. major
growth or under different growth conditions. Our results suggest
that the tRNA-Sec gene in T. cruzi is transcribed by Pol II. It
remains to be investigated whether it is also transcribed by Pol III,
as in L. major, or if it is transcribed only by Pol II, as in 7. brucei.
Similar to the situation in other organisms, the relationship be-
tween Pol II and Pol III in trypanosomatids seems to be more
complex than was originally estimated. Further investigations are
required to gain insight into this very important area of gene ex-
pression.
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Abstract

Background: The protozoan pathogens Leishmania major, Trypanosoma brucei and Trypanosoma cruzi (the
Tritryps) are parasites that produce devastating human diseases. These organisms show very unusual mechanisms
of gene expression, such as polycistronic transcription. We are interested in the study of tRNA genes, which are
transcribed by RNA polymerase Il (Pol Ill). To analyze the sequences and genomic organization of tRNA genes
and other Pol lll-transcribed genes, we have performed an in silico analysis of the Tritryps genome sequences.

Results: Our analysis indicated the presence of 83, 66 and 120 genes in L. major, T. brucei and T. cruzi, respectively.
These numbers include several previously unannotated selenocysteine (Sec) tRNA genes. Most tRNA genes are
organized into clusters of 2 to 10 genes that may contain other Pol lll-transcribed genes. The distribution of genes
in the L. major genome does not seem to be totally random, like in most organisms. While the majority of the
tRNA clusters do not show synteny (conservation of gene order) between the Tritryps, a cluster of 13 Pol lll
genes that is highly syntenic was identified. We have determined consensus sequences for the putative promoter
regions (Boxes A and B) of the Tritryps tRNA genes, and specific changes were found in tRNA-Sec genes. Analysis
of transcription termination signals of the tRNAs (clusters of Ts) showed differences between T. cruzi and the
other two species. We have also identified several tRNA isodecoder genes (having the same anticodon, but
different sequences elsewhere in the tRNA body) in the Tritryps.

Conclusion: A low number of tRNA genes is present in Tritryps. The overall weak synteny that they show
indicates a reduced importance of genome location of Pol Il genes compared to protein-coding genes. The fact
that some of the differences between isodecoder genes occur in the internal promoter elements suggests that
differential control of the expression of some isoacceptor tRNA genes in Tritryps is possible. The special
characteristics found in Boxes A and B from tRNA-Sec genes from Tritryps indicate that the mechanisms that
regulate their transcription might be different from those of other tRNA genes.
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Background

The parasites Leishmania major, Trypanosoma brucei and
Trypanosoma cruzi, referred together as Tritryps, are
trypanosomatid protozoa that cause deadly human dis-
eases known as leishmaniasis, African sleeping sickness
and Chagas disease, respectively. Collectively, these path-
ogens cause millions of deaths in developing countries in
tropical and subtropical regions of the world. Analyses of
the recently reported genomic sequences of the Tritryps
revealed a striking feature: their genomes are organized
into large directional gene clusters, i.e. tens-to-hundreds
of protein-coding genes arranged sequentially on the
same strand of DNA [1-3]. Transcription of the gene clus-
ters is polycistronic, and mature mRNAs are generated
from long precursors by trans-splicing and polyadenyla-
tion [4,5]. Most chromosomes contain at least two poly-
cistronic gene clusters (PGCs), which can be either
divergently transcribed (towards the telomeres) or conver-
gently transcribed (away from the telomeres). Chromo-
some 3 from L. major contains two convergent PGCs (of
67 and 45 genes) that are separated by a tRNA gene. Inter-
estingly, Pol Il-transcription of both PGCs terminates
within the tRNA-gene region [6]. The L. major nuclear
genome is distributed among 36 relatively small chromo-
somes that range from 0.28 to 2.8 Mb. T. cruzi possesses
~28 medium-sized chromosomes, while T. brucei has 11
large chromosomes. Regardless of having diverged more
than 200 million years ago, the genomes of trypanosoma-
tids show a remarkable conservation of gene order (syn-

teny) [7].

We are interested in the study of transcription by RNA
polymerase III (Pol III), which produces small essential
RNA molecules, such as tRNA [8]. All tRNAs have
sequences of 74-95 bases that fold into a characteristic
cloverleaf secondary structure with four constant arms.
The acceptor arm binds to a particular amino acid, speci-
fied by the anticodon triplet located in the anticodon arm.
The anticodon is complementary to an mRNA codon, spe-
cific for the amino acid carried by the tRNA. Therefore,
tRNAs serve as adaptor molecules that mediate the trans-
fer of information from nucleic acid to protein [9]. Organ-
isms must have at least one tRNA for each of the 20 amino
acids. Because different types of relaxed base pairings are
allowed at the "wobble" position of the anticodon, certain
tRNAs (known as isoacceptors) can read two or more syn-
onymous codons differing by the third base. Conse-
quently, cells do not carry tRNAs with anticodons
complementary to all of the 61 possible codons in the
genetic code. Interestingly, several organisms contain a
large proportion of tRNA genes that have the same antico-
don sequence, but differences elsewhere in the tRNA body
[10]. The number of these tRNA genes, called isodecoders,
varies from very low (10 in yeast) to very high (225-246)

http://www.biomedcentral.com/1471-2164/10/232

in chimp and human. Thus, the diversity of tRNA genes is
higher than originally thought [10].

Most organisms usually contain several hundred tRNA
genes distributed randomly over their entire genome. One
of the distinctive features of most genes transcribed by Pol
I1I is that their promoter sequences are located within the
transcribed region. In the case of tRNA genes, the pro-
moter consists of two conserved elements: Boxes A and B.
While Box A is normally positioned close to the transcrip-
tion start site, the location of Box B is variable, partly
because some tRNAs have short introns within the coding
region [8,11].

Here we report the in silico analysis of tRNA genes in
trypanosomatids. We found that, unlike in most other
organisms, the distribution of genes in the genomes of L.
major and T. brucei does not seem to be totally random,
being confined to a subset of chromosomes. In addition,
14 out of 39 convergent strand-switch regions found in L.
major contain at least one tRNA gene, which suggests that
the use of tRNA genes as signals for termination of tran-
scription of PGCs might be a common process in this par-
asite. Our analysis also indicated that the majority of the
tRNA clusters do not show conservation of gene order
among Tritryps. Analysis of the putative transcription ter-
mination signals in all the tRNA genes showed an average
of 5 Ts (+/- 1) in L. major and T. brucei, and 6 Ts (+/- 2) in
T. cruzi. Also, special features were found in promoter ele-
ments from tRNA-Sec genes from Tritryps. Finally, we
have identified several tRNA isodecoder genes in the Trit-

ryps.

Results and discussion

Number of tRNA genes

Analysis of the GeneDB databases from L. major, T. brucei
and T. cruzi (Tritryps) revealed the presence of 82, 65 and
115 tRNA genes, respectively (see Table 1 and Additional
File 1). By using the tRNAscan-SE program, we confirmed
the identity of all the annotated tRNA genes in L. major
(Fig. 1). However, we found a few discrepancies in the T.
brucei and T. cruzi annotated genomes. In the case of T.
brucei, it was observed that the tRNA-Sec (Tb04_tRNA-
SeC1) gene annotated on chromosome 4 actually corre-
sponds to the sRNA76 (see cluster chr04-V in Fig. 2),
which is a tRNA-like molecule that associates to the 7SL
RNA in trypanosomatids [12]. By doing a search of the T.
brucei genome with the tRNA-Sec gene sequence reported
previously [13], we located two copies of the genuine gene
on chromosome 9 (see clusters chr09-II-1II in Fig. 2). One
of these tRNA genes is located within an open reading
frame (ORF), annotated as a "hypothetical protein,
unlikely" (Tb09.160.1080). We also identified one tRNA-
Sec gene in L. major (see cluster chr06 in Fig. 1). Interest-
ingly, eight tRNA-Sec genes were found in the T. cruzi
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Organization of tRNA genes in L. major. The 83 tRNA genes found in the genome of the parasite are shown in orange.
The predicted anticodons are indicated in parentheses. 5S rRNA, snRNA and 7SL genes are shown in green, purple and gray,
respectively. Genes are drawn to scale, and the sizes of intergenic regions are indicated (in base pairs). Protein-coding genes
that flank Pol lll-transcribed genes are shown in blue (not to scale). The tRNA-Sec gene on chromosome 6 is located at posi-
tions 69,586 to 69,673, in the complement strand. Putative pseudogenes are not shown. For practical purposes, we regarded
protein-coding genes as the limits of a particular Pol lll locus. For that reason, we considered cluster chr09-Il, Il as two inde-

pendent Pol Il loci. More of such cases are shown in Fig. 2.

genome (see Additional File 1); they all are organized as
independent genes, not clustered with other Pol III genes
(data not shown). The tRNA-Sec is a component of a
translational mechanism that reads UGA (normally a stop
codon) as a selenocysteine codon in selected mRNAs that
contain a specific cis-acting RNA regulatory sequence in
their 3' untranslated regions (3'-UTRs) [14]. The presence
of selenoproteins, and all the machinery required for its
synthesis, has been demonstrated in L. major and T. cruzi
[13,15].

In T. cruzi, it was found that three tRNA genes annotated
as Val-CAC (Tc00.1047053457717.10, Tc00.1047053483
321.10 and Tc00.1047053506321.220) do not seem to
correspond to the assigned amino acid (or to any other).

They showed only 61% identity with
Tc00.1047053506459.249, which we consider is the
"real" tRNA-Val-CAC gene, since it is 100% identical to
the tRNA-Val-CAC gene from T. brucei (and shows 98%
identity to its orthologue in L. major). Interestingly, we
observed that they show 75% identity to the SRNA76 from
T. brucei (data not shown), which suggests that they might
actually encode the orthologue of this gene in T. cruzi.
Alternatively, they may correspond to tRNAs with unde-
termined or unknown type. tRNA genes with undeter-
mined type have been found in several species, including
Caenorhabditis elegans, yeast and human, and their func-
tion is unknown. Additionally, Tc00.1047053507579.16,
annotated as an Ile-TAT gene, seems to be a pseudogene
(or an undetermined tRNA); since it shows only 22%
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Organization of tRNA genes in T. brucei. The 66 tRNA genes, distributed into 23 loci, are indicated in orange. The pre-
dicted anticodons are shown in parentheses. snRNA and 7SL genes are shown in purple and gray, respectively. The sSRNA76
(misannotated in GeneDB as a tRNA-Sec gene) is shown as a stripped box in locus chr04-V. The two tRNA-Sec genes that we
found are located in loci chr09-Il, 1l (at positions 505,606 to 505,693 and 509,443 to 509,530 of chromosome 9). The gene
from locus chr09-1l overlaps a putative Pol Il gene (Tb09.160.1080, dotted blue box), annotated as hypothetical protein
(unlikely). Also, the tRNA-Gly from locus chr09-I1 overlaps a putative Pol Il gene (Tb09.211.4080, dotted blue box), annotated
as hypothetical protein (unlikely). The U5 snRNA gene (locus chr10-Il) also overlaps a Pol Il gene (Tb10.6k15.2990, sequence
orphan), but located on the opposite strand. Genes are drawn to scale, and the sizes of intergenic regions are indicated (in
base pairs). Protein-coding genes that flank Pol llI-transcribed genes are shown in blue (not to scale). In locus chr08-V, the Leu-
TAA gene (Tb_08_TRNA_Leu_2) and the first GIn-CTG gene (Tb_08_TRNA_GIn_2) are annotated in the wrong (opposite)

strand in GeneDB. Maps of an incomplete repertoire of tRNA genes from T. brucei were previously reported [16].

identity to the other two annotated Ile-TAT genes in T.
cruzi (Tc00.1047053504427.231 and
Tc00.1047053508043.11) (data not shown). Also, we
identified an extra copy of tRNA-Ala-TGC on contig 8001
(see Additional File 1).

Thus, our analysis indicates the presence of 120 tRNA
genes in T. cruzi, excluding four genes that might be unde-
termined tRNAs or encode orthologues of the sSRNA76,
and including the eight tRNA-Sec genes and the tRNA-Ala-
TGC gene (Table 1 and Additional File 1). In T. brucei the
number of identified tRNA genes is 66, including the two
newly identified tRNA-Sec genes and excluding the gene
of the sSRNA76 orthologue (Fig. 2 and Table 1). In L. major
there are 83 tRNA genes (Fig. 1 and Table 1), in addition
to a pseudogene that we do not include in our analyses.
The number of tRNA genes in trypanosomatids is rela-
tively low, considering that eukaryotic organisms usually
contain several hundred tRNA genes. For instance, C. ele-

gans has 568 tRNA genes, Homo sapiens presents 497 tRNA
genes and Saccharomyces cerevisiae contain 271 tRNA genes
[9,10]. In an extreme case, Danio rerio (zebra fish) has
~6000 predicted tRNA genes. On the other hand, the
microsporidian parasite Encephalitozoon cuniculi has only
44 tRNA genes. Bacterial genomes usually have between
29 and 167 tRNA genes in their genomes [9,10].

tRNA genes from eukaryotes typically contain introns,
which are usually located between bases 37 and 38 of the
anticodon loop. Archaeal tRNA genes also have introns
that can be found at the same location of the anticodon
loop or in other regions of the tRNA gene. The size of
introns is variable, ranging from 7 to 121 bases [9]. In bac-
terial genomes, a very small number of tRNA-gene introns
have been reported, but they correspond to self-splicing
introns (group I autocatalytic introns). Analysis of the
tRNA genes in Tritryps indicated that only the tRNA-Tyr
genes contain an intron; which was previously reported in
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Table I: Repertoire of tRNA genes and codon usage in Tritryps.
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Amino acid Codon tDNA L. major gene  T.bruceigene T. cruzigene Anticodon? L. major T. brucei T. cruzi
anticodon  copy number copy number copy number Codonusage Codonusage Codonusage
% % %
Ala GCT AGC 2 2 2(98%) ! IGC 1.83 2.08 1.6l
GCC GGC 0 0 0 3.6l 1.82 1.62
GCA TGC | | 2 (97%)! UGC 2.02 2.32 2.16
GCG CGC 2 2 (97%) ! 2 CGC 3.62 2.07 2.36
Arg CGT ACG 4 3 4 (98%) ! ICG 1.05 1.59 1.60
CGC GCG 0 0 0 3.18 |.45 1.75
CGA TCG | | 2 UCG 0.73 0.9 1.58
CGG CCG | | 2 CCG 1.38 1.21 1.85
AGA TCT | | 2 ucu 0.27 0.68 1.56
AGG CCT | | 2 CcCu 0.55 | 1.86
Asn AAT ATT 0 0 0 GUU 0.53 1.82 1.37
AAC GTT 3 2 4 2.07 1.92 |.45
Asp GAC GTC 3 2 2 GUC 3.42 227 1.60
GAT ATC 0 0 0 1.44 2.8 1.57
Cys TGT ACA 0 0 0 GCA 0.42 1.09 1.78
TGC GCA [ 2 2 1.46 1.13 2.34
Gin CAA TTG | | 2 UuUG 0.76 1.69 1.66
CAG CTG 3 2 4 CUG 3.32 2.1 1.8
Glu GAA TTC | | | uuC I.14 3.17 2.17
GAG CTC 2 2 4 (95%) ! CcucC 3.32 3.8l 221
Gly GGT ACC 0 0 0 GCC 1.25 227 1.51
GGC GCC 4 3 4 3.36 1.49 1.95
GGA TCC | | 2 (Vele 0.64 1.56 2.16
GGG CCC | | 2 CCC .19 1.39 |.64
His CAT ATG 0 0 0 GUG 0.65 .13 1.37
CAC GTG 2 | 4 (98%) ! 2.04 1.3 1.64
lle ATT AAT 3 2 4 1AU 0.82 1.9 1.42
ATC GAT 0 0 0 1.88 I.16 I.10
ATA TAT | | UAU 0.27 | 0.75
Leu TTA TAA | | 2 UAA 0.16 0.98 0.89
TTG CAA | | 2 CAA 1.1 1.96 233
CTT AAG 3 | 4 IAG I.11 223 1.59
CTC GAG 0 0 0 2.5 1.56 1.27
CTA TAG | | 2 UAG 0.47 0.82 0.54
CTG CAG 2 | 2 CAG 3.83 1.85 1.95
Lys AAA TTT | | 2 uuu 0.54 2.06 1.94
AAG CTT 3 3 4 Cuu 2.78 2.66 1.88
Met ATG CAT 4 3 6 CAU 225 2.34 2.12
Phe TTT AAA 0 0 0 GAA 1.04 2.05 2.17
TTC GAA 2 2 4 1.91 1.59 1.49
Pro CCT AGG 2 | 2 IGG 0.86 I.11 1.05
CCC GGG 0 0 0 1.24 I.11 1.03
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Table I: Repertoire of tRNA genes and codon usage in Tritryps. (Continued)

CCA TGG | | 2 UGG T.05 739 144
CCG CGG 2 | 2 CGG 261 118 .57
Ser TCT AGA | | 2 IGA 1.02 1.26 137
TCC GGA 0 0 0 1.69 1.25 1.24
TCA TGA [ | 2 (98%) ! UGA 0.73 1.35 .41
TCG CGA | [ 2 CGA 2.17 116 1.2
AGT ACT 0 0 0 GCuU 0.73 1.5 1.21
AGC GCT 2 (98%) ! 2 2 26 1.35 .60
Thr ACT AGT 3 | 2 IGU 0.68 13 113
ACC GGT 0 0 0 1.77 1.21 118
ACA TGT [ | 2 uGU 1.04 1.74 1.74
ACG CGT 2 | 2 CGU 248 .48 1.98
Trp TGG CCA | | 2 CCA 1.07 1.09 233
Tyr TAT ATA 0 0 0 GUA 0.4 113 0.84
TAC GTA 3 | 2 1.99 .41 1.04
Val GTT AAC 2 2 2 IAC 0.86 2.29 .49
GTC GAC 0 0 0 1.92 .14 1.26
GTA TAC [ | 2 UAC 0.54 1.26 0.83
GTG CAC 2 | | CAC 382 2.87 2.65

SeC TGA TCA | 2 8

TOTAL 83 66 120

I One isodecoder tRNA was identified in L. major, one in T. brucei and six in T. cruzi. The percentage of identity between isodecoders is shown
between parentheses. The rest of the genes with the same anticodon are 100% identical.

2Underlined anticodons are those that recognize more than one codon; for exemple, the Tyr anticodon GUA recognizes two codons, TAT and
TAC, since anticodon Tyr-AUA is missing in trypanosomatids. Al of the anticodon is modified to inosine (l).

T. brucei [16]. The intron is 11 bases long in L. major and
T. brucei, and 13 bases long in T. cruzi; and as in other
organisms, it is located between bases 37 and 38 (data not
shown). Thus, introns are very rare in Tritryps, not only in
protein-coding genes, but also in tRNA genes.

Isoacceptor tRNA species

Analyses of the anticodon sequences of the tRNA genes in
Tritryps showed the presence of 46 isoacceptor types in
each of the three species (Table 1) [17]. These 46 isoaccep-
tor types are able to read the 61 codons that specify the
canonical amino acids, in addition to Sec, the 21st amino
acid. The number of isoacceptor species found in Tritryps
is similar to that found in other organisms (from 41 to 55
isoacceptors) [10]. It is important to mention that the two
methionine isoacceptors, the initiator and elongator, have
been identified (see below), but for practical purposes
these two isoacceptors will be considered as one.

Sixteen anticodons were not found in the tRNA genes of
trypanosomatids, even though their corresponding
codons are present in the protein-coding genes of these
organisms [17]. For example, the tRNA with anticodon
Ile-GAU is not present in the genome of trypanosomatids,

but the codon AUC is present in their protein sequences
(Table 1). As mention above, this is possible because
some tRNAs are able to recognize more than one codon
by allowing flexible base-pairing between the first nucle-
otide of the anticodon and the third position of the codon
(tRNA wobble recognition). Analysis of the data shown in
Table 1 indicates that C3 or U3 in the codon are recog-
nized by G1 or Al of the anticodon (A is converted to the
nucleotide inosine in the mature tRNA, which can pair
with U3 or C3 in the codon). Thus, trypanosomatids use
the Al- or Gl-sparing strategy as a decoding mode [9].
This anticodon-choice pattern is similar to that of other
eukaryotes such as C. elegans, H. sapiens and A. thaliana.
Other eukaryotic organisms, like yeast and D. mela-
nogaster, use the Al- or G1 and C1-sparing strategy [9]. As
observed previously [17], the spared anticodons are used
equally, since 50% (8/16) of the U3 and C3 codons are
read by Al (or I1) and the remaining 50% are read by G1.
In most four-fold degenerate codon families (i.e. Leu, Val,
Ser, Pro, Thr, Ala and Arg, but not Gly) Al reads the
codons containing U3 and C3, since the corresponding
tRNAs with G1 are not present in the Tritryps. We found
the same for the Ile family, which contains three codons.
On the other hand, all the two-fold degenerate families
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use G1 to read U3 or C3, given that the tRNAs with A1 are
missing. The families that use this strategy are: Asn, Asp,
Cys, Gly (although it is fourfold-degenerated), His, Phe,
Ser (AGU and AGC codons) and Tyr.

The genomes of L. major, T. brucei and T. cruzi contain
four, three and six tRNA-Met genes, respectively [16,17].
Further analysis of these genes indicated that in L. major
two of them (LmjF09. TRNAMET.01 and
LmjF36.TRNAMET.01) correspond to initiator tRNAs
(iMet) and two  (LmjF11.TRNAMET.01  and
LmjF34.TRNA.01) correspond to the elongator form
(eMet) (Fig. 3). In T. brucei one iMet
(Tb10_tRNA_Met_1) and two eMet genes
(TbO4_tRNA_Met_1, Tb04_tRNA_Met_2) were found,
although only one of each type was previously reported
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(Tc00.1047053504055.87, Tc00.1047053504055.91,
Tc00.1047053506435.327 and
Tc00.1047053506435.345) were located in T. cruzi. As
shown in Fig. 3, the two types of tRNA-Met possess spe-
cific features, and most of them were found in the genes
from the Tritryps. One of the main characteristics is the
highly conserved A:T base pair that is present in all tRNA-
iMet in eukaryotes at position A1:U72 (A1:U71 in Tritr-
yps), whereas a G:C pair is found in tRNA-eMet [9]. In
yeast, it has been reported that the A1:U72 base pair is the
most important determinant for a tRNA-Met to play the
role of iMet, since it is necessary for binding to Initiation
Factor 2 (elF2) [18]. When this sequence is mutated, the
tRNA-iMet is able to bind to Elongation Factor Tu (EF-Tu)
and participates in translation elongation. It is likely that
this base pair has a similar function in trypanosomatids.

[16]. Finally, two iMet (Tc00.1047053508231.92,
Tc.00.1047053506251.88) and four eMet genes
tRNA iMet tRNA eMet
(class ) (class I)
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Figure 3

Secondary structures of initiator and elongator tRNA-Met in L. major. Important features for iMet and eMet tRNAs
function are indicated. These two molecules correspond to class | tRNAs. The secondary structure of a class Il tRNA (Leu) is
also presented. The names of the different arms are shown. The position of the internal control elements (Boxes A and B) is

also indicated.
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Other determinants for iMet function are: A53, A58 and
A59 in the TyC loop (U54, U59 and C60 in eMet); the
base pair C3:G69 (G3:C70 in eMet); bases A19 and A20
(G19 and C20 in eMet); a D-loop composed of 7 nucle-
otides (8 nt in eMet); and an anticodon loop of 7 nt (9 nt
in eMet) [9,19]. All these features are conserved in the Tri-
tryps (Fig. 3). Another distinctive characteristic of the iMet
tRNA is the presence of three consecutive G:C pairs at the
bottom of the anticodon stem, which is conserved not
only in eukaryotes, but also in eubacteria and archaeobac-
teria. In E. coli, it has been shown that mutations in these
three consecutive G bases reduce the efficiency of initia-
tion of protein synthesis, by affecting the interactions
between the tRNA and the ribosomal P site; thus, these
bases are essential to discriminate between initiator and
elongator tRNA-Met [9,20]. Tritryps iMet tRNAs have
these conserved G:C pairs but, surprisingly, we found
them in the eMet tRNAs as well (Fig. 3). Thus, in the Trit-
ryps these base pairs are not a discriminator between iMet
and eMet tRNAs, and these organisms must use other fea-
tures of the iMet to direct it to the P site of the ribosome.

In several organisms it has been observed that there is a
correlation between tRNA gene copy number and codon
usage [21,22]. Apparently, selection on synonymous
codon positions causes co-adaptation of codon usage and
tRNA content, in order to optimize the effectiveness of
protein synthesis [23]. In Tritryps, it has been reported
that bias in codon usage correlates with tRNA gene copy
number and with protein expression level [17]. This con-
clusion was made after analyzing around 60,000 codons
from highly expressed (tandem duplicated) protein-cod-
ing genes from the three parasites. We conducted a similar
analysis, but including all the 8272 protein coding genes
from L. major (5,249,748 codons), and 5119 randomly
selected genes from T. brucei (2,620,035 codons), as well
as 1779 genes from T. cruzi (986,435 codons). We plotted
codon usage (see Table 1) against the number of tRNA
genes for each isoacceptor, for the three species, and a pos-
sible correlation was evaluated by the Spearman test (Fig-
ure 4, panels A-C). The data indicated a positive
correlation between these variables for L. major (r;= 0.80)
and T. brucei (r, = 0.64), which indicates that, similar to
other organisms, codon usage patterns seem to be co-
adapted with the relative abundance of the corresponding
tRNAs in these parasites. However, in the case of T. cruzi,
the obtained Spearman value (r, = 0.35) indicated a low
degree of correlation between the two variables. This may
reflect the fact that the T. cruzi strain used for the sequenc-
ing project is a hybrid of two strains, and some of their
genes might be duplicated, while others might not be; as
shown in Fig. 4C and Table 1, in T. cruzi the vast majority
of the isoacceptor species are encoded by either two or
four genes (only two isoaceptors have one gene, and none
of them has three genes), whereas in L. major and T. brucei
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a high number of the isoacceptors are encoded by a single
gene. The correlation analysis was repeated, but now plot-
ting the percentage of codon usage versus the number of
tRNA genes per amino acid (Fig. 4, panels D-F). This time,
the Spearman value was high in T. cruzi (r, = 0.78), indi-
cating a strong correlation between both parameters. As
before, strong correlations were found in L. major (1, =
0.84) and T. brucei (r,= 0.85).

Organization of tRNA genes

In L. major, the 83 tRNA genes are distributed among 31
loci, on 19 different chromosomes (Fig. 1 and Additional
File 1). Most tRNA genes are organized into clusters of 2
to 10 genes, on either top or bottom strand, which may
contain other Pol IlI-transcribed genes. For example, in
the locus located on chromosome 23 (chr23 in Fig. 1)
there are 10 tRNA genes, a 5S TRNA gene and the U1 and
U3 snRNA genes. Locus IV on chromosome 36 (chr36-1V)
has four tRNA genes and the U5 snRNA gene. The eleven
5S rRNA genes found in the L. major genome are distrib-
uted in six chromosomes, and are always associated to
tRNA genes (Fig. 1 and Additional File 1). Only eight loci
contain single tRNA genes (chr03, chr06, chr07, chr16,
chr24-1, chr24-11I, chr30 and chr36-1II). In most cases,
intergenic regions that separate Pol IlI-transcribed genes
are short, with an average size of 202 bases (Fig. 1). How-
ever, they can be as small as 35 bases (intergenic region
between tRNA-eMet and tRNA-Leu on cluster chr34-I)
and as long as 5406 bases (intergenic region between
tRNA-Gly and tRNA-Ala on cluster chr11-1). Intergenic
regions between the protein-coding genes that flank the
clusters and the first or last Pol III gene of the cluster are
normally longer than the ones that separate Pol III genes.
The average length of such regions is 1490 bp, with a min-
imum of 238 bp (intergenic region between tRNA-Lys and
the "right" Pol II gene on cluster chr21-II) and a maxi-
mum of 7949 pb (intergenic region between tRNA-Glu
and the "left" Pol II gene on cluster chr09-I1I) (Fig. 1). The
mean length of intergenic regions between protein-coding
genes in the L. major genome is 2045 bp [1].

In T. brucei, the 66 tRNA genes are located on 26 loci, on
eight different chromosomes (Fig. 2 and Additional File
1). As in L. major, in T. brucei the number of tRNA genes
per cluster ranges from 2 to 10. Eleven of the 66 tRNA
genes are single genes in T. brucei (loci chr04-I, chr05-1,
chr05-11, chr07-I, chr07-III, chr07-1V, chr08-1V, chr09-1,
chr09-11, chr09-11I and chr11-I). Similarly to L. major,
intergenic regions that separate Pol III genes in T. brucei
are short in most cases (average length is 327 bp, ranging
from 43 to 3172 bp) (Fig. 2). Regarding intergenic regions
between the protein-coding genes that flank the clusters
and the first or last Pol III gene of the cluster, the mean
size is 2473 bp (showing a range from 34 to 10415 bp).
In the T. brucei genome the average length of intergenic
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number of tRNA genes

number of tRNA genes

Correlation between number of tRNA genes and codon usage in Tritryps. Panels A-C show the correspondence
between codon usage and the number of tRNA genes for each isoacceptor (45 types), for the three species (see Table |). Pan-
els D-F show the correlation between codon usage and the number of tRNA genes per amino acid. Correlation coefficients
were evaluated by performing a Spearman test. r, values are indicated in each panel; p < 0.0001 for panels A, B, D and E; p <

0.02 for panel C; p < 0.0001 for panel F.

regions between protein-coding genes is 1279 bp [2].
Since it has not been possible to assemble fully adjacent
sequences for the chromosomes of T. cruzi, at the present
we are unable to determine the genomic organization of
the tRNA genes in this parasite. In contrast to L. major, the
5S rRNA genes in T. brucei and T. cruzi are organized into
tandem arrays, which are not associated to tRNA genes
[24,25].

In most eukaryotic organisms, tRNA genes seem to be dis-
persed randomly throughout the genome. However, in
human cells the distribution is non-random, since more
than 25% of the tRNA genes are located in a region of only
about 4 Mb on chromosome 6. This region represents
only 0.1% of the human genome, but contains an almost
complete set of tRNA genes. Moreover, 280 out of 497
tRNA genes (more than half) are found on either chromo-

some 1 or chromosome 6 [26]. The distribution of genes
in the L. major genome does not seem to be totally ran-
dom, since half of the chromosomes do not contain even
a single tRNA gene. Additionally, 60 tRNA genes (72%)
are located in only 7 chromosomes (9, 11, 23, 24, 31, 34
and 36), which represent only 26% of the genome (Fig. 1
and Additional File 1). In T. brucei, 40 (61.5%) of the
tRNA genes are found in just 3 chromosomes (4, 7 and 8),
which is only about 24% of the genome (Fig. 2 and Addi-
tional File 1). tRNA genes in S. cerevisiae, though dispersed
in the linear genome, co-localize with 5S rDNA at the
nucleolus. Nucleolar localization requires tRNA gene
transcription, because inactivation of the internal pro-
moter eliminates its nucleolar location [27]. It remains to
be tested whether tRNA genes in trypanosomatids show
such a specific cellular localization.
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In Schizosaccharomyces pombe and C. elegans, tRNA genes
are often clustered in centromeres [28]. These tRNA genes
contribute to centromere function by defining domain
boundaries important for centromere activity [29]. Puta-
tive centromeric regions have been reported in a few chro-
mosomes in T. cruzi and T. brucei [30], where they localize
to strand-switch regions that separate divergent PGCs.
While these regions do not seem to contain tRNA genes,
two clusters of tRNA genes in L. major (chr09-II and
chr10), and one cluster in T. brucei (chr04-1) are located in
divergent strand-switch regions (Figs. 1 and 2), and thus
might be candidates to contain centromeric regions.
Therefore, it is possible that in trypanosomatids, like S.
pombe and C. elegans, some tRNA genes might be impor-
tant for centromeric activity.

Spatial relation between Pol Il and Pol Il genes

We have previously shown that transcription of two con-
vergent PGCs on L. major chromosome 3 terminates on
the convergent strand-switch area, within the tRNA-gene
region [6]. Interestingly, 14 of the 39 convergent strand-
switch regions (35.9%) in the L. major genome contain at
least one tRNA gene (Fig. 1), representing 45.2% of the 31
tRNA loci. A similar situation was found in T. brucei,
where 34.6% of the tRNA loci are located within conver-
gent strand-switch regions (Fig. 2). This suggests that the
use of tRNA genes as signals for termination of transcrip-
tion of convergent clusters of protein-coding genes might
be a common process in trypanosomatids. Indeed, recent
evidence suggest that this is the case for tRNA clusters
located within PGCs, since peaks of acetylated histone H3
are found immediately downstream of the tRNA cluster in
all cases [31]. Acetylated histones are markers for open
chromatin in all eukaryotes and have been found at the 5'
end of all polycistronic gene clusters in L. major.

Synteny of Pol Il genes

It has been found that the genomes of the Tritryps are
highly syntenic, that is to say, they show conservation of
gene order, with the T. brucei and L. major genomes con-
taining 110 blocks of synteny spanning 19.9 and 30.7 Mb,
respectively [7]. Many of these synteny blocks correspond
to intact PGCs, which are transcribed by Pol II. In contrast,
the majority of the tRNA clusters do not show synteny, but
a few of them do show conservation (Fig. 5). Among the
latter, the most remarkable example is a cluster of 13 Pol
I1I genes that is highly syntenic; corresponding to chr23 in
L. major, chr08-1I from T. brucei, and the cluster located on
contig Tc6288 from T. cruzi (Fig. 5A). Surprisingly, the
order of the genes in this cluster is identical between T.
brucei and T. cruzi, although the U1 snRNA, the 7SL RNA
and the tRNA-Leu genes are located on different strands.
Most of the 13 Pol Ill-transcribed genes are present in the
L. major cluster, but their order is not identical to either of
the other two clusters (Fig. 5A). Additionally, a 5S rRNA
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gene replaced a 7SL RNA gene and a tRNA-Trp gene
replaced one of the tRNA-Lys genes. Another Pol III-gene
cluster that exhibits synteny is chr24-1I in L. major, chr08-
Vin T. brucei and contig Tc6223 from T. cruzi (Fig. 5B).
Here, we found tRNA genes for Ile, Leu and GIn that are
syntenic among the three species. A second copy of a
tRNA-Ile is conserved between L. major and T. brucei. One
difference is that the L. major cluster contains an U6
snRNA gene that is replaced by a tRNA-GIn gene in T. bru-
cei. Other syntenic tRNA clusters are chr33-1 from L. major,
chr10-1II from T. brucei and contig Tc8001 from T. cruzi
(Fig. 5C), and chr34-1 from L. major, chr04-I1I from T. bru-
cei and contig Tc4886 from T. cruzi (Fig. 5D). Several of
the protein-coding genes that flank these four syntenic
tRNA-gene clusters are also syntenic among Tritryps (Fig.
5). As in Tritryps, an overall weak synteny of Pol III-tran-
scribed genes has been observed between two species of
the oomycete Phytophthora [32], indicating a reduced
importance of genome location of Pol III genes compared
to protein-coding genes.

Consensus sequences of promoter elements

One of the distinctive features of most genes transcribed
by Pol III is that their promoter sequences are internal,
located within the transcribed region. In the case of tRNA
genes, the promoter consists of two conserved elements:
Boxes A and B [33]. While Box A is normally positioned
close to the transcription start site, the location of Box B is
variable, partly because some tRNAs have short introns
within the coding region. In contrast, tRNA genes in
prokaryotic cells contain promoter elements similar to
those found in protein-coding genes: the start-point (usu-
ally a purine), the -10 sequence (the TATA Box) and the -
35 sequence (the hexamer) [34]. Consensus sequences of
trypanosomatid tRNA promoter elements (Fig. 6A) were
determined by analyzing the sequences of all tRNA genes
in L. major, T. brucei and T. cruzi and comparing them to
the sequences of Boxes A and B from S. cerevisiae [9]. The
tRNAs were divided into two classes, depending on the
size of the variable loop (Fig. 3). Class I tRNAs have a
short variable loop of 4 or 5 nucleotides, whereas class I
tRNAs posses a long variable arm, with a double helical
stem of 3 to 7 base pairs and a loop of 3 to 5 nucleotides
(Fig. 3) [9]. In the Tritryps, 43 genes belong to class II (all
Leu and Ser tRNA genes, but excluding tRNA-Sec genes),
and 215 genes are class 1. Since we observed sequence dif-
ferences between class I and class II tRNA genes, we ana-
lyzed them separately. Half of the bases from the
consensus sequence of Box A (positions 1,2,4,7,10 and
11) are identical between class I and class II genes (and
identical to the S. cerevisiae consensus sequence) (Fig. 6A).
However, position 5 is different between both classes,
since class I genes may have any nucleotide, whereas class
IT genes always have a C. Also, class I tRNA genes present
C or T at position 6, while class I genes always have A or

Page 10 of 18

(page number not for citation purposes)



BMC Genomics 2009, 10:232

http://www.biomedcentral.com/1471-2164/10/232

Leu Thr Arg us Lys Gly Trp
2 L]
Lm23 i — — I —

TbO08-II Lol

I I | — — —
Tc6288 —

lle GIn Val Lys u1 Gly Leu Thr Arg 7SL Lys Arg us

B lle lle Leu GIn ue

Lm24-Il — T S e e T ]

Tb08-V m.-.-.-.-.-.m
Gin

Tc6223

) 0 i}

lle Gin

Leu

C Arg Arg Ala D Ser Leu Met lle Val
R B e s B o B s R s
Tb10-1ll —--—-—-—-—m—m— Tb04-111 .EZI_II!_III_-_-_-_
Tc8001 Tc4886 o O - O | -_-_-_-_-_-_-_
Asn Arg Lys Arg

Figure 5

Leu Ser Met Glu Met Tyr Val

Comparative order of Pol lll-transcribed genes in Tritryps. Clusters that present some degree of synteny among Trit-
ryps are shown. In L. major, they correspond to loci chr23 (panel A), chr24-Il (panel B), chr33-I (panel C) and chr34-| (panel D).
The order of genes in clusters chr24-Il and chr34-I was inverted compared to the maps shown in figure I. The corresponding
orthologous regions in T. brucei and T. cruzi are indicated. Orthologous genes are joined by grey lines. Figure is not to scale.

G. Regarding Box B, position 8 is different between both
classes: an A is always present in class II genes, while class
I genes may have any nucleotide. Around 20% of the class
I tRNA genes in Tritryps have an additional nucleotide in
Box A, between positions 9 and 10 (marked with an aster-
isk in Fig. 6A). These tRNA genes are: eMet-CAT, Asn-GTT,
Ile-AAT, Ile-TAT, Lys-CTT, Phe-GAG and Tyr-GTA. Regard-
ing class II tRNAs, the Leu-TAA genes have a T between
positions 9 and 10 of Box A (Fig. 6A).

A few exceptions to the consensus sequence were found
among Tritryps. For Box A from class I genes, these include
the following: four tRNA-Val genes (LmjF09.VAL.01,
LmjF09.VAL.02, Tb08_tRNA_Val_1 and Tc00.104705350
6459.249) have a C at position 2 (instead of A or G); all
four tRNA-Val-TAC genes (LmjF23.VAL.01,
TbO8_tRNA_Val_1, Tc00.1047053504427.233 and
Tc00.1047053508043.13) present an A at position 3
(instead of G); all six tRNA-Ala-AGC genes (LmjF17. TRNA

ALA.01, LmjF31.TRNAALA.01, Tb07_tRNA_Ala_1,
Tb07_tRNA_Ala_2, Tc00.1047053510057.40 and Tc00.1
047053508909.130) have an extra base (an A) between
positions 8 and 9; and the six tRNA-Val-AAC genes from

Tritryps (LmjF21.TRNAVAL.01, LmjF34.TRNAVAL.01,
Tb_04_tRNA_Val_1, Tb_04_tRNA_Val_2,
Tc00.1047053506435.363 and

Tc00.1047053504055.95) also have an additional base (a
G) between positions 8 and 9.

Concerning class II genes, the exceptions to Box A consen-
sus sequence are the four tRNA-Leu-TAA genes present in
the Tritryps genomes (LmjF24. TRNALEU.O01,
TbO8_tRNA_Leu_2, Tc00.1047053510721.13 and
Tc00.1047053511909.9), which have a T at position 2
(instead of G or A). In regard to Box B, the genes that do
not have the consensus sequence are: LmjF09.TRNA-
HIS.01 and LmjF09.TRNAHIS.02 present a C at position
4; Tb07_tRNA_Ala_3 has a T at position 5;
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Box A
1 2 3 4 5 6 7 8 9 * 10 11
Tritryps class I T G/A G C/T N C/T A G/A C/T C/T
Tritryps class II T G/A G/C C/T C G/A A G T T
S. cerevisiae T G/A G C/T N N A G/A H H
Box B
1 2 3 4 5 6 7 8 9 10 11
Tritryps class I G/A G T T C G/A A N H C C/T
Tritryps class II G G T T C G/A A A C/T C C
S. cerevisiae N G T T C G/A A N C/T C N
B
tRNA-Sec box A
H.sapiens TGATCCTCAGTG GG 13
X.laevis TGACCCTCAGTG GG 13
D.melanogaster TGAACTTCGGTGG 13
C.elegans TGAACCATGGCGG®G 13
P.falciparum TGAGTTAGCATGG 13
Tritryps TGAGCTCAGCTGG®G 13
*x k% * %
Figure 6

Consensus sequences for Box A and Box B from tRNA genes in Tritryps. Sequences from class | and class || tRNA
genes from Tritryps are compared to the S. cerevisiae consensus sequences (panel A). In Box A, some tRNA genes contain an
extra base between positions 9 and 10 (marked with an asterisk) (see text). Conserved positions are shown in bold type. Panel
B shows a comparison of Box A from selenocysteine tRNA genes from the indicated species. Conserved nucleotides are indi-
cated with an asterisk. An A in the third position (in bold and underlined) seems to be specific to Box A from Sec genes. H rep-

resents C, T or A.

Tc00.1047053511241.10 presents an A at position 10;
and tRNA-Ala-AGC and tRNA-iMet genes have an A at
position 3 (data not shown).

Analysis of the promoter sequences from tRNA-Sec genes
in Tritryps indicated that Box A contains an additional A
between bases 2 and 3, compared with the consensus
sequences (see Fig. 6B). This insertion was previously
reported in tRNA-Sec genes from other organisms [35]
(Fig. 6B). Regarding Box B, tRNA-Sec genes from Tritryps
present two changes compared to the highly conserved
consensus sequence: a C at position 1 (instead of a G) and
a G atposition 11 (in lieu of C) (data not shown). In other
species, the sequence of Box B from tRNA-Sec is identical

to the corresponding consensus sequence. In Xenopus lae-
vis, transcription of tRNA-Sec genes is directed by three
extragenic domains (a TATA Box, a proximal sequence ele-
ment and an activator element) and Box B. Apparently,
Box A is not part of the promoter [36,37]. Since both
internal control elements from Sec genes in Tritryps differ
from the corresponding consensus sequences, it is possi-
ble that synthesis of tRNA-Sec is regulated only by external
elements in these parasites. We are currently exploring
this possibility.

tRNA isodecoder genes
Sequence analysis of isoacceptor tRNAs in several organ-
isms indicated the presence of tRNA isodecoder genes
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(tRNA genes having the same anticodon but different
sequences elsewhere in the tRNA body) [10]. In eukaryo-
tes, the number of isodecoder genes ranges from 10
(yveast) to 246 (chimp), while in bacterial genomes the
number of isodecoders varies from 0 to 26 [10]. By com-
paring the sequences of isoacceptor tRNAs in the Tritryps,
one isodecoder gene was found in L. major (tRNA-Ser-
GCT), and one was found in T. brucei (tRNA-Ala-CGC)
(Fig. 7 and Table 1). Since there are only two copies of the
corresponding isoaceptor class in each case, we have arbi-
trarily designated LmtRNA-Ser.01 (LmjF17.TRNASER.01)
and TbtRNA-Ala.01 (Tb07_tRNA_Ala_3) as the isodecod-
ers. Sequence identity between the isodecoder and the
"majority member" is 98% in L. major and 97% in T. bru-
cei. While in L. major the sequence difference locates near
Box A, in T. brucei one of the two observed differences lies
in one of the conserved bases of Box B (Fig. 7). In T. cruzi,
six isodecoder genes were identified: TctRNA-Glu.01
(Tc00.1047053506435.336), TctRNA-Ala.01
(Tc00.1047053510057.40), TctRNA-Ala.03
(Tc00.1047053475029.40), TctRNA-Arg.01
(Tc00.1047053504427.243), TctRNA-His.01
(Tc00.1047053511241.10) and TctRNA-Ser.01
(Tc00.1047053510057.50) (Table 1 and Fig. 7). In four
cases (TctRNA-Glu.01, TctRNA-Ala.03, TctRNA-Arg.01
and TctRNA-His.01), sequence differences were located to
variable nucleotides from Box B (Fig. 7). As in Tritryps,
sequence variations between human tRNA isodecoders
have been located within internal control elements [10].
In such cases, changes were found in variable nucleotides
from Boxes A and B. Thus, the occurrence of changes
within internal control elements in tRNA isodecoder
genes suggests that differential regulation of Pol III tran-
scription is possible in Tritryps; the fact that the highly
conserved C at position 10 of Box B from TbtRNA-Ala.02
is changed to T in the corresponding tRNA isodecoder
(TbtRNA-Ala.01) (Fig. 7) strongly supports this possibil-
ity. Sequence changes in isodecoders are not only
restricted to internal control elements, but they might be
present all along the tRNA body (Fig. 7) [10]. Therefore,
the diversity of tRNA genes is much higher than originally
thought. The functional meaning of such diversity has yet
to be investigated.

Signals for transcription termination

A cluster of several T residues in the coding DNA strand
acts as a signal to terminate Pol III transcription [33]. The
cluster of Ts is usually located within the first 30 bases fol-
lowing the gene. In human and mice, Pol III needs four Ts
to end transcription, and tRNA genes that have five or
more Ts are very rare in these species. On the other hand,
in the genomes of S. pombe and S. cerevisiae the majority
of the tRNA genes have six and seven Ts, respectively
[38,39]. Interestingly, they do not have any single gene
whose termination signal is shorter than five Ts. For a par-

http://www.biomedcentral.com/1471-2164/10/232

ticular species, termination efficiency tends to increase
with the length of the T run. In L. major, it has been shown
that transcription of the tRNA located on chromosome 3
terminates within a tract of four Ts [6]. To gain insight into
Pol III termination signals in trypanosomatids, we
decided to analyze the sequences downstream of all the
tRNA genes. A cluster of Ts of variable length was found
on every single tRNA gene in the Tritryps (see Additional
File 2); the distance between the end of the gene and the
run of Ts varies from zero to seven bases. In L. major, the
mean length of the run of Ts is 4.87 bases, with a mini-
mum of four and a maximum of nine Ts (Fig. 8, panels A
and D). Similar results were obtained in T. brucei, where
the average T-run length is 4.89 bases (ranging from four
to ten Ts) (Fig. 8, panels B and D). In the tRNA genes from
T. cruzi, however, the stretches of Ts are longer, showing a
mean length of 6.56, with two genes presenting a run of
16 consecutive T residues (Fig. 8C and 8D).

The presence of a second stretch of Ts that acts as a poten-
tial "back up" termination signal is a common feature in
tRNA genes from eukaryotes [38]. The second run of Ts is
normally located within the first 30 bp downstream of the
first one. In the case of S. cerevisiae, S. pombe, H. sapiens
and Mus musculus, the percentages of tRNA genes that
have a back up T-run are 44, 53, 31 and 33%, respectively
[38]. Analysis of the sequences downstream of the T-runs
in T. cruzi showed that 58 tRNA genes (48.3%) have a
back up T-run, whose length is between 4 tol5 bases
(Additional File 2). Therefore, the percentage of tRNA
genes with a second run of Ts in T. cruzi is very similar to
that found in S. cerevisiae and S. pombe. Interestingly, only
13 tRNA genes in L. major (15.6%) and 18 genes in T. bru-
cei (27%) present a back up T-track (which is from 4 to 10
bases long) (see Additional File 2); these percentages are
even smaller than those found in mammals. Thus, in L.
major and T. brucei a single and short run of Ts seems to be
sufficient to achieve proper transcription termination in
the majority of the tRNA genes. On the other hand, T.
cruzi seems to require longer T-runs, in addition to a sec-
ond T stretch, to direct transcription termination. This
indicates that the mechanism of Pol III transcription ter-
mination in L. major and T. brucei might be different from
that one in T. cruzi and other eukaryotes. Sequences
downstream and upstream of the run of Ts might contrib-
ute to the strength of the terminator, as observed in some
tRNAs in S. cerevisiae [38].

Although most tRNA genes are clustered in trypanosoma-
tids, the presence of runs of Ts located downstream of all
the tRNA genes suggests that they are transcribed as
monocistrons, which is common among eukaryotes. In
prokaryotic cells genes encoding tRNAs are transcribed in
either a monocistronic or polycistronic manner. In the lat-
ter case, an RNA containing several tRNA precursors in

Page 13 of 18

(page number not for citation purposes)



BMC Genomics 2009, 10:232 http://www.biomedcentral.com/1471-2164/10/232

box A anticodon box B
LmTRNA-SER.O01 GCAAAEGTGGCCGAGTGGTTAAGGCGCCTGCCTGCTAAGCAGGTGTGATCTCACGCGAAGGTTCGAACCCTTCCGTTTGCG 81
LmTRNA-SER.02 GCAAACGTGGCCGAGTGGTTAAGGCGCCTGCCTGCTAAGCAGGTGTGATCTCACGCGAAGGTTCGAACCCTTCCGTTTGCG 81
khkkhkhkkhk Khhkhkkhkhkkhhkhkhkhkkhkhkhkhhhkhhkhhkhkhkhkhkhhkhhkhkhkhkhkhkhhkhhhkhhkhkkhkhkhk kb hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkhx
TbTRNA-ALA.O01 GGGCGTGTAGCTCAGTGGTAGAGCATCCGTTTCGCATACGGAAGGCCTAGGGTTTIGATCCCCTACTCGTCCA 72
TbTRNA-ALA.02 GGGCGTGTAGCTCAGTGGTAGAGCGTCCGTTTCGCATACGGAAGGCCTAGGGTTCGATCCCCTACTCGTCCA 72
hhkhkhhkkhkhkkhkhhkhhkhhhkhhkhkrhhhhdh hhkhhkhrhhhhkhhkkhkhkhkrhhkdhrhhhkhhrhkrhhhkd hhkhkhhkhrhhhhrkhxkxkxx
TcTRNA-GLU.O1 TCCGGTGTGGTATAGTGGTTAGAACAAGCGGCTCTCACCCGCTAGACCCGGGTTCAATTCCCGGCATCGGAA 72
TcTRNA-GLU.02 TCCGGTGTGGTATAGTGGCTAGAACAAGCGGCTCTCACCCGCTAGACCCGGGTTCGATCCCCGGCATCGGAA 72
TcTRNA-GLU.03 TCCGGTGTGGTATAGTGGCTAGAACAAGCGGCTCTCACCCGCTAGACCCGGGTTCGATCCCCGGCATCGGAA 72
TcTRNA-GLU. 04 TCCGGTGTGGTATAGTGGCTAGAACAAGCGGCTCTCACCCGCTAGACCCGGGTTCGATCCCCGGCATCGGAA 72
hhhkhhkkhkhkkhkhkhkhhkhhhkhhkh (hhkhhhhhkhhrhrkhhhhrkhkhdhkhrdrkhhhkhkrhkrhhhkddx *k *,*rkhhrxkhrxkhkxkxrx
TcTRNA-ALA.O1 GGGGATGTAGCTCAGATGGTAGAGTGCCCGCTTAGCATGCGGGAGGTATTGGGATCGATACCCAACTTCTCCA 73
TcTRNA-ALA.02 GGGGATGTAGCTCAGATGGTAGAGCGCCCGCTTAGCATGCGGGAGGTATTGGGATCGATACCCAACTTCTCCA 73

Kok ok ok kkkkkhkhkh Ak khkkhkkkkhkh ok sk ok ok k ok ko k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

f

TCTRNA-ALA.03 GGGCGTGTAGCTCAGTGGTAGAGCGCCTGTTTTGCATACAGGAGGCCTAGGGTTCAAACCCCTACTCGTCCA 72
TCTRNA-ALA. 04 GGGCGTGTAGCTCAGTGGTAGAGCGCCTGTTTTGCATACAGGAGGCCTAGGGTTCGATCCCCTACTCGTCCA 72
Ak hkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhhkhkhAkhkhkhkhhhkhkhhhhkhkhkhhkhkhhhhhkhkhkhkhkhkhkdx * *khkhkrrkrhhkhkhkkkk
t4
TCTRNA-ARG. 01 GTCCGTGTGGCTCAATGGAAGAGCATCTGACTACGGATCAGAGGGTTGCAGGTTCGAGTCCTGTCACGGATG 72
TCTRNA-ARG. 02 GTCCGTGTGGCTCAATGGAAGAGCATCTGACTACGGATCAGAGGGTTGCAGGTTCGAGTCCTGTCACGGATG 72
TCTRNA-ARG. 03 GTCCGTGTGGCTCAATGGAAGAGCATCTGACTACGGATCAGAGGGTTGCAGGTTCGAATCCTGTCACGGATG 72
TCTRNA-ARG. 04 GTCCGTGTGGCTCAATGGAAGAGCATCTGACTACGGATCAGAGGGTTGCAGGTTCGAATCCTGTCACGGATG 72

Sk Sk ke k ks k k kK sk ok ok ok ok ok sk ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok ok kR ok ok ok ok ok ok ok ok ok ok ok ok ok

f

TcTRNA-HIS.O01 GGGAAGATAGTTCAGTGGCAGAACATCAGATTGTGGCTCTGAATACCCGGGTTCGATAACCCGGTCTTCCCT 72
TcTRNA-HIS.O03 GGGAAGATAGTTCAGTGGCAGAACATCAGATTGTGGCTCTGAATACCCGGGTTCGATI-CCCGGTCTTCCCT 71
TcTRNA-HIS.04 GGGAAGATAGTTCAGTGGCAGAACATCAGATTGTGGCTCTGAATACCCGGGTTCGATI-CCCGGTCTTCCCT 71
TcTRNA-HIS.02 GGGAAGATAGTTCAGTGGCAGAACATCAGATTGTGGCTCTGAATACCCGGGTTCGATT-CCCGGTCTTCCCT 71
LR EEE S S S SRS S SRS SRS SRS E SRS EEEEEEREEEEEEEEEEEEEEEEEEEE Kk ok ok ok ok ok ok ok ok ok ok ok ok
t
TcTRNA-SER.O1 GTCGACATACCCAAGTGGTTACGGGGTTTGACTTGAAATCAAATGCGATCTCGCGCGCAGGTTCGAACCCTGCTGTCGACG 81
TcTRNA-SER.02 GTCGGCATACCCAAGTGGTTACGGGGTTITGACTTGAAATCAAATGCGATCTCGCGCGCAGGTTCGAACCCTGCTGTCGACG 81

B R I R R

*

Figure 7

Sequence comparison of tRNA Isodecoder genes in the Tritryps. One isodecoder tRNA gene was found in L. major
(LmTRNA-Ser) and T. brucei (TbTRNA-Ala), and six were found in T. cruzi (TcTRNA-GIu, -Ala.0l, -Ala.03, -Arg, -His and -Ser).
Bases that show variation are indicated in bold and underlined, and marked with an arrow. The position of internal control ele-
ments (Boxes A and B) and the anticodon are indicated. The genes included in this figure are the following (GeneDB names in
parentheses): LnTRNA-SER.OI (LmjF17.TRNASER.O1), LmTRNA-SER.02 (LmjF21. TRNASER.0l), TbTRNA-ALA.OI
(Tb07_tRNA_Ala_3), TbTRNA-ALA.02 (Tbl I_tRNA_Ala_I), TcTRNA-GLU.0I (Tc00.1047053506435.336), TcTRNA-
GLU.02 (Tc00.1047053504055.89), TcTRNA-GLU.03 (Tc00.1047053508999.180), TcTRNA-GLU.04
(Tc00.1047053510959.8), TcTRNA-ALA.01 (Tc00.1047053510057.40), TcTRNA-ALA.02 (Tc00.1047053508909.130),
TcTRNA-ALA.03 (Tc00.1047053475029.40), TcTRNA-ALA.04 (gene located in contig 8001, not annotated in geneDB),
TcTRNA-ARG.0I (Tc00.1047053504427.243), TcTRNA-ARG.02 (Tc00.1047053506619.59), TcTRNA-ARG.03
(Tc00.1047053508043.23), TcTRNA-ARG.04 (Tc00.1047053511191.29), TcTRNA-HIS.0I (Tc00.1047053511241.10),
TcTRNA-HIS.03 (Tc00.1047053508087.5), TcTRNA-HIS.04 (T<c00.1047053508861.10), TcTRNA-HIS.02
(Tc00.1047053506663.10), TcTRNA-SER.0I (Tc00.1047053510057.50), TcTRNA-SER.02 (Tc00.1047053508909.120).

Page 14 of 18

(page number not for citation purposes)



BMC Genomics 2009, 10:232

40- .
L. major

304

Frequency
N
<

3 4 5 6 7 8 9 10
T-run length (nt)

Y
g

T. cruzi

w
<

Frequency
N
<

-
o
1

0_
3 45 6 7 8 9 10111213 14 15 16
T-run length (nt)

Figure 8

http://www.biomedcentral.com/1471-2164/10/232

Y
g

T. brucei

)
g

Frequency
N
<

10-
0_
3 4 5 6 7 8 9 10
T-run length (nt)
D
Lm Tb Tc
Mean 4.87 4.89 6.56
Std. Dev. 1.0 1.06 2.27
Min. 4 4 4
Max. 9 10 16
N 83 66 120

Length distribution of termination signals from tRNA genes in Tritryps. The size of the run of Ts in every tRNA
gene from L. major (panel A), T. brucei (panel B) and T. cruzi (panel C) was plotted against frequency. Statistical data is shown in

panel D.

tandem is processed to yield functional tRNAs [40]. In
plants, dicistronic transcripts containing a tRNA and a
snoRNA have been found [41]. Moreover, the presence of
precursor RNA molecules that contain both a tRNA and a
mRNA has been reported in E. coli [42].

Conclusion

In comparison to most eukaryotic organisms, Tritryps
present a low number of tRNA genes. A total of 46 isoac-
ceptor types were identified, which are able to read the 61
codons that specify the canonical amino acids, in addition
to Sec. Trypanosomatids use the Al- or G1-sparing strat-
egy as a decoding mode, by allowing flexible base pairing
between G1 or Al of the anticodon and C3 or U3 in the
codon. Most tRNA genes in Tritryps are organized into
clusters (from 2-10 genes) that may contain other Pol III
genes. Some of the clusters show a remarkable conserva-
tion of gene order among Tritryps. The distribution of

tRNA genes in the genomes of L. major and T. brucei does
not seem to be totally random. We also found that 14 of
the 39 convergent strand-switch regions present in the L.
major genome are separated by at least one tRNA gene,
which raise the possibility that other tRNA genes (in addi-
tion to the one present on chromosome 3) are involved in
termination of Pol II transcription of convergent PGCs in
this parasite. A run of Ts of variable length was found
downstream of all the 269 tRNA genes present in the Tri-
tryps. In T. cruzi the clusters of Ts are larger than in L. major
and T. brucei (an average of 6 Ts versus 5 Ts, respectively);
moreover, the presence of a back up T run is more com-
mon in T. cruzi than in the other two Tritryps. Analysis of
the internal promoter elements allowed us to establish
consensus sequences for Boxes A and B of class I and class
IT tRNA genes. Interestingly, special characteristics were
found in Boxes A and B from tRNA-Sec genes in Tritryps,
which suggests that the mechanisms that regulate their
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transcription might be different from those of other tRNA
genes. Lastly, we have identified several tRNA isodecoder
genes in the Tritryps, especially in T. cruzi. The fact that in
some cases the sequence differences occur within the
internal promoter elements suggests the possibility of dif-
ferential expression of tRNA genes in these organisms.

Methods

All tRNA genes annotated in the L. major, T. brucei and T.
cruzi genome databases http://www.genedb.org (versions
2.1) were analyzed with the tRNAscan-SE program http://
lowelab.ucsc.edu/tRNAscan-SE/[43] to verify the presence
and identity of the tRNAs. In addition to the examination
of all the features associated to the typical tRNA cloverleaf
structure, we also analyzed the presence of internal pro-
moter elements (Boxes A and B) and T-tracts at the 3' end
of the tRNA gene (which should be present in tRNA genes,
but not necessarily in pseudogenes). Sequence compari-
sons among putative tRNA isoacceptors were performed
using the ClustalW2 program http://www.ebi.ac.uk/
Tools/clustalw2/index.html. Information for the genomic
and synteny maps was obtained from the GeneDB data-
bases. BLAST searches were performed in these databases
to locate the tRNA-Sec genes [13], as well as the SRNA76
[12]. Codon usage data was obtained from the Sanger site
http://www.sanger.ac.uk/ for L. major, and from the
Kazusa web page http://www.kazusa.or.jp/codon/ for T.
brucei. Codon usage data for T. cruzi was calculated by
analyzing coding sequences (obtained from the Sanger
site) in the codon usage page from SMS http://www.bio
informatics.org/sms2/codon_usage.html. The Spearman
correlation analysis and the descriptive statistical analysis
of T-run data were performed with the GraphPad Prism5
program http://www.graphpad.com.
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Additional material

Additional file 1

Table S1. List of tRNA genes in the Tritryps. In L. major and T. brucei,
genes are shown by chromosomal location. Other Pol I11-transcribed genes
that are associated to tRNA genes are also listed. In T. brucei, the names
of the genes correspond to the temporary systematic name. For those genes
that already have a permanent systematic name in the GeneDB database,
it is indicated between parentheses. tRNA genes in T. cruzi are organized
by amino acid.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-232-S1.xls]

Additional file 2

Table S2. tRNA-gene transcription termination signals in Tritryps.
The sequences shown start immediately downstream of the end of the
tRNA genes. Clusters of Ts are shown in bold type. Those genes that
present a second (back up) T-run of 4 or more bases are highlighted in
yellow.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-232-S2.xls]
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ABSTRACT

The parasites of the genus Leisimania are trypanosomatid protozoa that produce a
spectrum of diseases ranging from mild skin or mucosal lesions to fatal wvisceral
letshmaniasis. The genome sequences of five different species of Leishmania have been
reported to date: L. major. L. infantum, L. braziliensis, L. mexicana and L. donovani.
Analyses of the sequences revealed that the genomes of these parasites are organized mnto
large directional gene clusters. ie. tens-to-hundreds of protein-coding genes arranged
sequentially on the same strand of DNA. A remarkable conservation of gene order
(synteny) was observed in the genomes of the different Leisinania species. Interestingly.
an unexpectedly small number of species-specific genes was identified. However. the
analyses showed gene and chromosome copy number differences between species.
mdicating that increased gene copy number may cause changes in gene expression that
mght influence disease tropism. Contrary to what occurs m other eukaryotes.
transcription in Leishmania and other trypanosomatids is polycistronic, and mature
messenger RNAs (mRNAs) are generated from primary transcripts by frans-splicing and
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polyadenylation. Little is known about either the DNA sequences or the proteins that are
mvolved in transcription mnitiation 1 Leishmania. Biomnformatic analyses of the genome
databases of these parasites led to the idenfification of a small number of proteins
imvolved in gene expression However. functional studies have revealed that
trypanosomatids have more general transcription factors than originally estimated.
Analysis of the LZeishmania databases showed the presence of a relatively low number of
transfer RIWA (tRINA) genes. which are orgamzed into clusters of two to 10 genes that
may contain other Pol Ill-transcribed genes. Also. with the exception of L. braziliensis,
the Leishmania genome does not contain active retrotransposons. Interestingly, L.
braziliensis possesses components of an RNA-mediated interference pathway. which 1s
not present in other Leishmania species

1. INTRODUCTION

The members of the Trypanosomatidae famuly (order Kinetoplastida) are flagellated
protozoa of both biological and medical importance. This family includes parasites of the
genus Leishmania and Trypanesoma. which exhibit complex life cycles with several
developmental stages that alternate between vertebrate and invertebrate hosts. Leishmania 1s
the causative agent of leishmamasis. a disease with a wide range of clinical mamifestations
that arise from infections with different species of the parasite [1]. There are three main
climcal forms of leishmaniasis: cutaneous, mucocutaneous and visceral [2; 3] Cutaneous
leishmaniasis 1s the most common form and it typically produces ulcers, which heal
spontaneously, on the face and arms of the infected person. However. ulcers cause serious
disability and leave severe and permanently disfiguring scars. Mucocutaneous leishmaniasis
15 the most disfiguring clinical form of the disease, since 1t causes extensive destruction of the
oral-nasal and pharyngeal cavities with dreadful disfiguring lesions and mutilation of the face.
Visceral leishmaniasis 1s characterized by fever. substantial weight loss and swelling of the
spleen and liver. and it 1s fatal in the absence of treatment [4]. Leishmania parasites are
transmitted to humans and other vertebrates through the bites of infected sandflies of the
genus Lutzomyia (in the New World) and Phiebotomus (in the Old World). The metacyclic
promastigote. the infective form of the parasite. invades the macrophages and differentiates
mnto amastigotes, which are the proliferative forms within the vertebrate host. The parasite
replicates within the insect vector as a non-infective procyclic promastigote [3]. According to
the World Health Organization (WHO). leishmaniasis 15 endemic in 98 countries or territories
in tropical and sub-tropical areas of the world [6]. Approximately 350 mullion people are
considered at risk of contracting leishmaniasis, and some two million new cases occur vearly.
Visceral letshmaniasis causes an estimated over 30.000 deaths annually. a rate surpassed
among parasitic diseases only by malaria. Thus, the Leishmania parasites represent an
important global health problem for which there is no vaccine and few effective medicines.
The recent publication of the genome sequences of several species of Leishmania will not
only help to improve vaccine and drug design. but also to understand diverse molecular
aspects and the evolution of the parasite.

2. DIVERSITY OF LEISHMANI4 SPECIES

In 1903, William Leishman and Charles Donovan independently described Leishmania
parasites, but they were previously observed by David D. Cunmngham mm 1885 and Peter
Borovsky in 1898 [7]. The parasite was first cultivated in 1904 by Leonard Rogers [8]. To
date. more than 30 different species of Leishmania have been described in five different
continents, and at least 20 of them cause disease in human [6]. Molecular methodologies
allow accurate species identification. Isoenzyme electrophoresis s currently the reference
identification techmique, and correlations have been established between clinical forms and
zymodemes (parasite populations with common isoenzyme pattems) for some species.
Kinetoplast DNA (kDNA) digested with restriction enzymes has also helped to idennfy
species and parasite populations (schizodemes). Other DNA technmiques. more sensitive and
easier to use, will probably prevail in the future.

Depending on which parts of the sandfly gut are colonized by the parasite, the genus
Leishmania 1s divided mto three subgenera: Leishmania, Viannia and Sauroleishmania [9-
11]. Species classified within the Leishmania subgenus produce cutaneous and visceral
leishmaniasis m both the New World and the Old World. while species mcluded in the
Viannia subgenus cause cutaneous and mucocutaneous leishmaniasis only m the New World.
Species that belong to the Sauroleishmania subgenus infect reptiles and are not pathogenic to
humans. The three Leishmania subgenera are divided into several complexes that include
different species (figure 1).

Leishmania and the rest of the trypanosomarnds diverged early from the main eukaryotic
lineage. As a consequence, this group of orgamisms shows numerous unusual features at the
genetic, biochemical and cytological level [5: 12: 13]. For example. Leishmania presents a
single branched mitochondrion that extends the whole length of the cell and can fill up 10
12% of the cell volume. The mitochondria contain the kDNA. which is the most unusual
structure in the organelle (see below). Leishmania extensively decodes its mitochondrial
transcripts through ENA editing, a process that involves specific undine insertion and
deletion that can double the size of the primary transcript, and that 15 essential for creation of
translatable open reading frames [14: 15].

Another organelle that is exclusive to Leishmania and other trypanosomatids is the
glycosome, a peroxisome-related structure that contains enzymes mvolved i several
metabolic pathways, including glyeolysis. Glycosomes are bounded by a single membrane
and have a protein-dense matrix [16]. Another unique characteristic of rypanosomatids is the
presence of subpellicular microtubules, which 15 a layer of microtubules that mun
longitudinally underneath the plasma membrane [17]. Remodelling of this cytoskeleton
facilitates the distinct morphologies of the various developmental forms of Leishmania. In
trypanosomatids, the flagellum consists of a 9+2 mucrotubule configuration axoneme and a
paraflagellar rod. a unique lattice-like structure that lies alongside the axoneme. The
flagellum emerges from a flagellar pocket. a small mvagination of the plasma membrane that
constitutes the only site of exocytosis and endocytosis in the cell [18].
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VL, visceral leishmaniasis; CL, cutaneous leishmaniasis; MCL, mucocutaneous leishmaniasis

2 |n the New World, this species is known as L . chagasi

b The taxonomic status of this species is under discussion.

¢ L.amazonensis can cause also MCL

9 L. colombiensis can cause also VL. Species taxonomic status is under discussion

& L. shawi seems to cause only CL
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3. GENOME ORGANIZATION

The Leishmania genome 1s organized mto large directional gene clusters (DGCs). ie
tens-to-hundreds of protem-coding genes arranged sequentially on the same strand of DNA.
Thas striking gene organization was imtially observed on L. major Friedlin chromosome 1.
the first entirely sequenced chromosome in trypanosomatids, which contains 85 genes
organized mto two divergent DGCs, with the first 32 genes clustered on the bottom strand
and the remaming 53 genes grouped on the top strand [19]. The publication of the complete
genome of L. major Friedlin revealed that the genes in all the chromosomes are organized
mto large DGCs [20]. A simuilar gene organization was reported for T. brucei [21] and T. cruzi
[22]. indicating that the presence of DGCs 1s another unusual feature that is present in all
trypanosomatids. Recently. the genome sequences of other four species of Leishmania were
reported: L. infantum (stram JPCMD3), L. braziliensis (M2904), L. mexicana (U1103) and L.
donovani (BPK282/0cl4) [23-25]. These reports provided resources for comparative genonnc
studies. and mformation about the genes that might have a role m the tissue-specific
development of the different species of Leishmania.
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Figure 2. Synteny of protein-coding genes on chromosome 1 from Leisfmania. The first eight genes of
each of the two directional gene clusters present on this chromosome are shown for L. major (Lmaj), L.
donovani (Ldon). L. infantum (Linf), L. mexicana (Lmex), and L. braziliensis (Lbra). The names of the
genes, indicated only for L. major, are abbreviated (for instance, 0250 corresponds to LmyF01.0250).
Orthologous genes are joined by grey lines. In the enlargement of the strand switch region (SSR) from
L. major. the transcription start sites for both DGC's are denoted with arrows.

The genomes of the different species of Leishmania show a noteworthy conservation of
gene order (synteny). despite an estimated divergence of 46 million years [26]. Gene order is
conserved for more than 99% of genes between L. major, L. infantum and L. braziliensis [23].
To exemplify synteny, figure 2 shows a schematic representation of the strand switch region
(SSR) and the first eight genes of the two DGCs present on chromosome | from several
species of Leishmania. As observed, the order of the genes 1s exactly the same in all the
species. The only exception is the orthologue of gene 0260 (LmjF01 0260), jwhich was lost in
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the L. braziliensis genome (figure 2). Sequence conservation of coding regions is high among
different species of Leishmania: for example, the average amino acid identity between L.
major and L. infantum 1s 92%. and the average nucleotide 1dentity 15 94% [23].

Table 1. Summary of Leisimania, T. brucer and T. cruzi genomes.

L major | L. infannm L L mexicana | L. donovani | T. brucei ™ | T cruzi™"
braziliensis = @1

Chromosome 360 i 35T ET 36 e ETReY
number
Genome size 32,855,080 | 32,101,728 [ 31.997773 | 32.108.741 32444008 | 26.073.396 | ~60.000,000
{bp) [ 4] )]
Overall G+C 597 5930 578 587 NE 464 il
content (%)
Coding G+C 625 = 62450 60.38 7T NR* NR 509 334
content (%)
Predicted
proteincoding | 841254 8214 B 8357 8250 NR 9.068 ~12.000
Zenes
Pseud 97 =] 41T 161 =1 99 3 904 3390
Intergenic
regionsmean | 20457 | 204989 | 19767 NR NR 1279 1,024
lengh (bp)
Gene density 25370 BES R 3587 NR TR 317 385
{genesMb)
RNA genes R Ti® T 847 3 661 12011

* Only mega chromosomes

®) These numbers comrespond to the genes annotated in GeneDB (L infanfum. 67 genes. L. braziliensis
66: L. mexicana. 83. L. donovani, 64). plus the genes that we found vsing tRNAScan SE

' NR: not reported

*Reference numbers are shown in brackets

The size of the haploid genomes in the diverse species of Leisimania 1s very similar,
ranging from 31.9 to 32.8 megabases (Mb) in L. braziliensis and L. major. respectively (table
1). These genomes are slightly larger than the one from T. brucei (26 Mb). but smaller than
the one from T. cruzi (~60 Mb). The number of predicted protemn-coding genes 1s 8412 m L.
major. 8241 m L. infantum. 8357 in L. braziliensis and 8250 in L. mexicana [24]. The
estimated number of protein-coding genes is 9068 1n T. brucei [22] and ~12000 1in T. cruzi
[27]. The majonty of the predicted genes (~70%) encode hypothetical protems of unknown
function. These may represent genes that have parasite-specific functions, or which are
sufficiently diverged as to have no sigmificant sequence similarity to their functional
homologs in other species [28].

In the Leishmania genomes. most protem-coding genes are separated by relatively short
intergenic regions (mean length of 2045 bp 1n L. major). The density of protemn-coding genes
in the L. major genome is 252 genes per Mb. which is sinular to what has been found in other
trypanosomatids (317 genes per Mb in I. brucei and 385 genes per Mb mn I. cruzi). but
considerably higher than what has been reported in human (~8 genes per Mb) [29] The
overall G+C content of the genomes of the vanous species of Leishmania (from 57.8 to
39.7%) 15 lugher than G+C content n 7. brucei (46.4%) and T. cruzi (51%). and the G+C
content of the coding regions 1s even higher (62.3% 1n L. major) (table 1). Similarly to other
eukaryotes. the ends of the chromosomes in Leishmania contain the telomeric repeat

h
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GGGTTA. Chromosomes contain short subtelomeric regions composed of variable repetitive
elements that are responsible for a major part of the polymorphisms observed between
homologous chromosomes. In contrast. subtelomeric regions i T. brucei are long and encode
species-specific genes. DNA repeats represent 9-10% of Leishmania genome. Also,
conserved amino acid repeats, which have been hypothesized to have a role in pathogenicity.
are present in 3-4% of the predicted proteins in Leishmania [24]. The vast majority of protein-
coding genes in trypanosomatids lack introns: in fact. cis-splicing has only been demonstrated
for the gene encoding the poly-A polymerase [30].

Trypanosomatids do not seem to contain DNA transposons. However. analysis of the T,
cruzi and T. brucei genomes confirmed the presence of abundant long terminal repeat (LTR)
and non-LTR retrotransposons [21: 31]. They account for ~5% and 2% of the T. cruzi and T.
brucei genomes. respectively. In contrast. L. major and L. infantum do not contain active
retrotransposons. Nevertheless. they have remnants of extinct ingi/L1Te-like retroposons
called DIREs [32]. Recently. two new families of degenerated retrotransposons were
identified in Leishmania: SIDER1 and SIDER2 [33: 34]. These sequences are predominantly
located within the 3"-UTR of Leishmania mENAs. and 1t was shown that SIDER2 acts as an
mstability element, since SIDER2-containing mRNAs are generally expressed at lower levels
compared to the non-SIDER2 mRNAs [33].

Surprismngly. recent findings showed the presence of potentially active SLACS/CZAR
retroposons in the L. braziliensis genome [23: 35] These elements are associated with
tandemly repeated spliced leader genes. showing an arrangement sinular to that of the SLACS
or CZAR elements in T. brucei or T, cruzi. respectively. Moreover. the telomenc regions of L.
brarziliensis contain a family of 20-30 previously unknown transposable elements called
“telomere-associated transposable elements” (TATEs). Each TATE includes putative reverse
transcriptase, phage mtegrase, and DNA and/or RNA polymerase sequences. TATEs are
present on at least 12 chromosomes. inserted in the middle of the GGGTTA telomeric repeats
[36]

4. SPECIES-SPECIFIC GENES AND RNA INTERFERENCE

Sequence comparisons among the different species of Leishmania showed a surprisingly
small number of species-specific genes. in spite of the broad differences in pathogenicity and
immune response [23; 24]. In L. mexicana it was reported the presence of only two unique
genes, which encode predicted proteins of unknown funcuon. Interestingly. one of these
genes is predicted to be a pseudogene in other Leishmania species, but it 15 the orthologue of
an intact gene i T. brucei. L. major possesses 14 specific genes: 13 encode proteins of
unknown function and one encodes a PFPI-like peptidase. In L. braziliensis there are 67
umique genes, of which 54 are predicted to encode protemns of unknown function. Species
from the L. donovani complex (L. donovani and L. infantum) contain 19 specific genes. of
which 15 encode proteins of unknown function: these genes nught play an important role m
the potential for visceralization associated with the L. donovani complex [23]. The location of
the species-specific genes in Leishmania 1s also unexpected. since they are dispersed all over
the genome rather than clustered in subtelomeric regions or breakpoints of DGCs. as reported
in other trypanosomatids [22].
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To determine if species-specific genes are present in different strains of the same species.
second strains of L. major and L. mexicana were sequenced [24]. It was found that the second
stramn of L. mexvicana (M379) contains intact copies of both unique genes identified m L.
mexicana U1103. Similarly. the strain LV39 from L. major contains 13 of the 14 specific
genes found in L. major Friedlin. Moreover, 17 different strams of L. donovani isolated from
patients from India. Nepal and Ethiopia contained the 19 unique genes found in the L.
donovani complex [23]. Thus, specific genes in Leishmania are conserved between strains of
the same species. even when they were isolated from different geographical regions.
However, extensive vanation i gene and chromosome copy number was reported among
different species and strains of Leishmania (see below).

In Leishmania, establishment of pseudogenes and gene loss seem to be the main factors
that nfluence the evolutionary formation of new species. The species specificity of most
genes can be anributed to the deterioration of a gene in the other species. In other words. in
the species that lack the functional gene there is a degenerate sequence (psendogene) in the
corresponding region of synteny [23; 24]. For example. one of the unique genes in L.
infantum. the one that encodes a putative phosphatidylinositol 3-kinase (PI3K). 1s predicted to
encode a pseudogene in the other species of Leishmania. Also, A2 1s one of the L. donovani-
specific genes that has been proposed to be required for parasite survival m visceral organs. L.
ma{'ar and L. mJ{_?fca contain 01].1}:' A2 Eseudog_enes [} '."]J_

RNA mterference (RINA1) 1s a mechanism of gene silencing present m many eukarvotes.
In this process. short double-stranded RNA molecules induce the sequence-specific
degradation of homologous mRINA It is thought that RINA1 1s not only mvelved i the control
of endogenous mRNAs. but also has a defensive role against transposon activity and viruses
[38] Numerous proteins participate in RNA1 including Dicer and Argonaute Several vears
ago a funciional RNA1 pathway was identified in T. brucei [39]. In contrast. T. cruzi. L. major
and L. domovani lack Dicer and Argonaute activities and associated genes [40]. These
findings led to the assumption that T. brucei was the only trypanosomatid with active RN A1
mechanisms. Consequently. it was surprising when genes involved i the RINA1 pathway
were identified i L. braziliensis [23: 35] and other species of the Fiannia subgenus, such as
L. guvanensis and L. panamensis [41]. It was later demonstrated that in fact L. braziliensis
shows strong RNAi activity with reporter and endogenous genes [41]. Functional and
evolutionary studies of RINA1 genes established that RNAi must have been lost twice
independently i trypanosomatids: once in the lineage leading to T. cruzi. and a second time
after the separation of the Fiannia subgenus from the remamning Leishmania species [41]. In
L. braziliensis. the Argonaute gene is located on chromosome 11. Sequence analysis of the
syntenic regions in L. major and L. infantum revealed highlv degenerate Argonaute
pseudogenes. which supports the hypothesis that RINAi-related genes were lost in members of
the Leishmania subgenus [36].

5. GENE AND CHROMOSOME COPY NUMBER VARIATION

Importantly. differences i gene content and chromosome copy number between species
and strains of Leishmania have been recognized as a major source of genomic varation.
Regarding chromosome architecture, L. major. L. donovani and L. imfantum have 36
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chromosomes, whereas L. braziliensis has only 35 chromosomes duve to the fusion of
chromosomes 20 and 34. The genome of L. mexicana is organized into 34 chromosomes. as
the result of two fusion events involving chromosomes 8 and 29. and chromosomes 20 and 36
[42]. Leishmania is generally considered to be diploid. although several chromosomes have
been described as aneuploid [43: 44]. Homologous chromosomes can vary i size. as it has
been described for the homologous copies of chromosome 1 in L. major Friedlin, which differ
in size by approximately ~30 kb [45].

Chromosome copy number has been analyzed for different species of Leishmania by
chromosome Read Depth and other methodologies such as allele frequency distribution plots.
FISH and FACS [24: 25: 46]. Analysis of two L. major stramns. Friedlin and LV39. showed
that most chromosomes 1n this species are disomic, except for chromosome 31 (reported as
tetrasomic), chromosome 1 (tnsomic) and chromosome 34 (reported as supernumerary).
Several trisomic chromosomes have been reported in L. mfanfum JPCMS (nine
chromosomes). L. donovani LV9 (three chromosomes) and L. mexicana U1103 (three
chromosomes). In L. donovani BPK206/0. five chromosomes are trisomic and two
chromosomes are tetrasomuc. In different species, several chromosomes appear to be of
intermediate status. bemng neither disomic nor trisomic. These patterns may result from a
mixture of mndividual cells within a populatton with monosomic. disomic and trisomic
chromosomes. Interestingly. in the strain M2904 of L. braziliensis 30 of 35 chromosomes are
clearly trisomic, three are tretrasomic and one 1s hexasomic (chromosome 31). Thus, in
contrast to other species of Leishmania. L. braziliensis M2904 1s primanly triploid [24]. It is
worth mentiomng that chromosome 31 1s the only one that 15 supernumerary in all the species
and 1solates of Leishmania analyzed. including the homologous chromosome 30 in L.
mexicana. The functional meaning of this finding has yet to be determuned. In conclusion,
Leishmania parasites can contamn disomic, trisomic, tetrasomuc of SUpenMUMErary
chromosomes, depending on the species. and the pattern of aneuploidy seems to be
characteristic for a specific strain.

It 1s also important to mention that multicopy gene arrays are present more frequently m
disome chromosomes than in supernumerary chromosomes i four species of Leishmania
analyzed (L. braziliensis, L. major, L. mexicana and L. infantum). It has been suggested that
these disomic chromosomes may have persisted as non-supernumerary because of fitness
constraints that are gene-dosage related. Since gene-dosage sensitivity i1s known to be
mmportant m selection of copy number changes. in the Leishmania species there may be
selection agamnst whole-chromosome duplications for those chromosomes that have a higher
proportion of dose-sensitive genes [24].

Analysis of allelic variation among different Leishmania species by heterozygous single-
mucleotide polymorphisms (SNPs) showed a remarkably low level of heterozygosity m L.
major (297 SNPs) and L. mfantum (629 SNPs) compared with L. mexicana (12,531 SNPs)
and L braziliensis (44.588 SNPs). This finding could result from a higher degree of
mbreeding within L. major and L. infantum relative to L. braziliensis and L. mexicana. The
high level of heterozygosity observed in L. braziliensis could mn some measure be attributable
to 1ts triploidy and the supernumeracy nature of many of its chromosomes. since redundancy
of essential genes may allow a higher rate of neutral mutation than that of the diploid
genomes of L. major and L. infantum [24].

Among different strains of L. donovani. 3549 SNPs were identified [25]. About 82% of
them were located in non-coding regions, 7% were synonymous mutations in coding regions
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and 11% caused changes at the protein sequence level. Remarkably. some SNPs seem to be
related to resistance to the antimonial drug sodium stibogluconate (SSG). Also. 1t 1s
wmteresting that SSG-resistant parasites contain on average 44% fewer tDNA transcription
units and 77% more mini-exon units than sensitive parasites. Moreover. L. donovani SS5G-
resistant lines show more copies of an episome that contamns the mitogen-activated protein
kinase (MAPK) locus.

6. M AJOR GENE FAMILIES

Another charactenistic feature of the Leishmania genome 1s the presence of tandem arrays
of duplicated genes, wlich facilitate increased protem expression in the absence of the
regulated transcriptional control that 15 found mn other organisms. The number of tandem
arrays differs among species: 132 in L. mexicana U1103, 200 in L. major Friedlin, 207 i L.
infantum JPCMS and 214 m L. braziliensis [24]. The number of genes per tandem array also
varies among Leishmania species.

From the total number of protein-coding genes. only 36 were present as multicopy genes
mn all species of Leishmania [24]. These mclude the amastin genes. which encode small
surface glycoprotems of unknown function that are also present in T. eruzi. The majority of
amastin genes is expressed in intracellular amastigotes. and may contribute to their survival in
the human host. In L, major. amastin genes are distributed on seven different chromosomes.
The largest tandem array. located on chromosome 34. contains 23 amastin genes that alternate
with the highly conserved tuzin genes (that encode proteins of unknown function) [47]. L.
infantum and L. braziliensis have amastin gene arrays at the same locations: however, the
large amastin-tuzin gene array seems to be shorter i L. brazifiensis [23]. The Leishmania
glycoprotein GP63. also known as leishmanolysin or major surface protease (MSP). 1s a
surface metalloprotease mvolved m parasite survival. infectivity and virulence [48]. In L
major. 1t is encoded by a tandem array of seven genes located on chromosome 10.
Interestingly. GP63 tandem artay is composed of ~28 genes in L. braziliensis [23].

PSA. also called PSA-2 or GP46. 1s a Leishmania family of membrane-bound or secreted
protems, whose main signature consists in a specific array of leucine-rich repeats flanked by
conserved cysteine-rich domains. It 1s overexpressed m metacyclic promastigotes, where 1t 15
mnvolved in resistance to complement-mediated lysis. In L. major. 32 PSA genes have been
identified on chromosomes 5. 9, 12, 21 and 31. Simularly, 14 and 8 PSA genes were found on
the same chromosomes in L. infantum and L. braziliensis. respectively. The PSA subfanuly
present on chromosome 12 1s the most complex in L. major and L. infanfum. since it 1s
composed of tandem arrays of 24 genes in the former and seven genes in the latter. In
contrast, m L. braziliensis there is only one PSA gene on this locus [49]. Other multicopy
genes present in the Leishmania genome mnclude alpha- and beta-tubulin, HSP70, HSP83,
kinesins, several translation mitiation and elongation factors, protemn kinases, RNA helicases,
protein phosphatases. amino acid permeases and several hypothetical proteins [20].
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7. GENE EXPRESSION IN LEISHMANI4

Eukaryotic cells usually have three distinct classes of nuclear RINA polymerases (Pol):
Pol I II. and III. Each class of polymerase transcribes a different kind of RNA Pol I
synthesizes 18S, 5.8S and 28S nbosomal RINAs (fRINAs), and Pol II transcribes mRINAs and
most of the small nuclear RINAs (snRNAs). Pol III 1s involved i the production of small
essential RNAs, such as tRNAs. 55 rRNA and some snRNAs.

Contrary to what occurs in other eukaryotes. Pol II transcription m Leishmania and other
trypanosomatids 1s polycistronic [50-32]. Most chromosomes contain at least two PGCs,
which can be etther divergently transcribed (towards the telomeres) or convergently
transcribed (away from the telomeres). Mature nuclear mRNAs are generated from primary
transcripts by frans-splicing and polyadenylation (figure 3) [33: 54]. Trans-splicing 1is a
process that adds a capped 39-nucleotide mimexon or spliced leader (SL) to the 3" termini of
the mRINAs [55: 56]. All the genes that are part of a PGC are transcribed at the same level. as
a consequence of polycistronic transcription. However, the mature mRNAs of adjacent genes
might show very different concentrations and/or stage-specific expression. This is because
gene expression in trypanosomatids 1s mainly regulated posttranscriptionally at the level of
mRNA processing and stability [13; 57]. Sequences in the 3" untranslated region (3'-UTR) of
an mRNA play a key role in gene expression. For example. the 3'-UTR from the amastin
mRNA m L. infanfum has a 450-bp region that confers amastigote-specific gene expression
by a mechanism that increases the mRINA translation [38].

Spliced Leader RNA gene array Directional gene cluster 2
rﬁ =
) =N
Directional gene cluster 1
RNA Fol I RNA Pol 1l
tranaeription transeription
8 B B B pices Lesder va 2 Bl primary wanscript

;. _/
T Trans-splicing and
Polyadenylation

[ — - . I s ‘B . g . i

Mature mANAs

Figure 3. Transcription and processing of mRNAs in Leishmania. Pol II transcription initiates upstream
of the first gene of the DGCs (arrows). generating primary transcripts (shown only for DGC2) that are
processed by frans-splicing and polyadenylation to generate the mature mRNAs. By frans-splicing. a
capped spliced leader RNA is added to the 5° end of every mRNA _ In the spliced leader locus (located
on a different chromosome) each gene possesses a Pol II promoter region (arrows). The cap in the
spliced leader RN A is indicated with an asterisk at the 5° end of the RNA_ The four As located at the 3°
end of the mature mRNAs represent the poly-A tail.




70 N_E. Padilla-Mejia. C. M. Gomez-Hurtado, I. I Sanchez-Santamaria et al.

In trypanosomatids. identification of Pol II promoters for protem-coding genes has
proven to be a difficult goal, complicated by a relatively low Pol II transcriptional activity and
rapid processing of the primary transcripts. Nevertheless. transcriptional analysis of
chromosome 1 from L. major showed that Pol II transcription of the entire chromosome
wmitiates m the strand-switch region (between the two divergent PGCs) and proceeds
bidirectionally towards the telomeres (figure 2) [52]. Several transcription start sites were
mapped for both PGCs within a <100-bp region that contains long G-tracts (or C-tracts). but
do not contain a TATA box or any other typical Pol IT core promoter elements. Thus, while in
most eukaryotes each gene possesses its own promoter. a single region seems to drive the
expression of the entire chromosome 1 i L. wmajor [52]. Similar studies performed on
chromosome 3 from L. major confirmed that Pol II transcription mitiates only upstream of the
first gene of a PGC [39]. Since most genes are organized into large PGC's in trypanosomatids,
the number of regions where transcription of Pol II imtiates in these organisms 1s very low
(only a few per chromosome) compared to other eukaryotes. There is no substantial sequence
homology among the transcription iitiation regions on L. major chromosomes 1 and 3.
Hence. nigorously conserved sequence recognition sites do not appear to be required for Pol IT
transcription miniation m Leishmania. Interestingly. a tecent ChIP-chip study m L. major
showed that H3 histones acetylated at K9/K14, a marker for sites of active transcription
nitiation in other eukaryotes. are found at all divergent strand-switch regions in the parasite
[60]. Moreover. peaks for two transcription factors, TBP and SNAP50, were also associated
with divergent strand-switch regions [60].

In trypanosomatids. the only Pol II promoter that has been extensively charactenized 1s
the one driving the expression of the SL RNA [61-63]. In L. tarenfolae 1t consists of two
domains: the -60 element (from -67 to -38. relative to the TSS) and the -30 element (from -41
to -31). In trypanosomatids, transcription factors could not be identified by standard in silico
analysis because they are extremely divergent [64: 65]. Consequently. their identification
relied on biochemical. structural and functional analyses. Regarding Pol II transcription.
several general transcription factors that participate in SL RINA synthesis have been identified
m T. brucei. These mclude TBP., TFIIB. SNAPc. TFIIA and TFIIH [66-70]. Thus, these
recent findings mdicate that trypanosomatids possess more general transcription factors than
wmitially estimated from in silico studies.

8. GENOMIC ORGANIZATION OF TRANSFER RNA
AND RiBosoMAL RNA GENES

Analysis of the L. major genome databases showed the presence of 83 tRNA genes
distributed among 31 loci, on 19 different chromosomes [20; 71]. Most tRNA genes are
orgamized mto clusters of two to 10 genes. on either top or bottom strand. which may contamn
other Pol Ill-transcribed genes. For example. 1 the locus located on chromosome 23 there are
10 tRNA genes, a 5S rRINA gene and the Ul and U3 snRNA genes (figure 4). In T. brucei. a
total of 66 tRINA genes were located on 26 loci. on eight different chromosomes. As in L.
major. in T. brucei the number of tRINA genes per cluster ranges from two to 10. In T, cruzi.
120 tRINA genes were identified [71]. Thus, the number of tRNA genes in trypanosomatids 1s
relatively low. considering that eukaryotic organisms usually contain several hundred tRINA
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genes. For mstance, C. elegans has 368 tRNA genes and Homo sapiens presents 497 t(RNA
genes [72; 73].

In contrast to protein-coding genes. the majority of the tRINA clusters do not show
synteny in trypanosomatids, but a few of them do show conservation [71]. Among the latter,
the most outstanding example is the cluster of 13 Pol III genes. located on chromosome 23 in
L. major. that 1s lighly syntemic. Interestingly, the order of the gemes m this cluster 1s
identical between 1. brucei and I. cruzi. although three genes are located on different strands
[71] The majority of the 13 genes is present in the L. major cluster. but their order 1s not
identical to either of the other two clusters (figure 4. compare L. major with T. brucer).
Additionally, a 35S fRINA gene replaced a 7SL RINA gene and a tRINA-Trp gene replaced one
of the tRNA-Lys genes.

Lbra

Figure 4. Comparative order of Pol III-transcribed genes in Leishmania and T. brucei. The order of the
13 Pol I-transcribed genes present on ch 23 in Leishmania is shown for L. major (Lmaj), L.
donovani (Ldon). L. infantum (Linf). L. mexicana (Lmex), L. braziliensis (Lbra) and I. drucei (Tbru).
The loci include several tRNA genes (Tle. Val, Gln. Arg, Leu. Thr, Lys, Gly and Trp). a 55 tRNA gene
(35). two snRNA genes (Ul and U3) and a 7SL RNA gene (7SL). All the species of Leishmania show
exactly the same order. I brucei shows some degree of synteny. Orthologous genes are joined by grey
lines (with the exception of Glv” and Arg* from T. brucei. which were not joined to simplify the
figure). Flanking protein-coding genes are shown as diagonally striped boxes (nof to scale).

Many tRNA genes have not been annotated i the genome databases of L. infanfum. L.
braziliensis. L. mexicana and L. donovani. Thus, in order to compare to L. major, we
performed in silico searches of tRINA genes and other Pol Ill-transcribed genes. Our results
showed that the vast majority of tRINA clusters are highly syntenic among Leishmania
species. For example, the order of the Pol IIl-transcribed genes located on chromosome 23 15
identical in all the species of Leishmania (figure 4). However, several differences were
observed. For mstance, a cluster of two tRNA genes and a 55 tRNA gene located on
chromosome 15 seems to be absent in the corresponding syntenic region of L. infannon and L.
donovani. Also. while cluster I on chromosome 11 [71] contains five tRNA genes and two 3S
tRINA genes in L. major and L. mexicana. it contains only three tRINA genes in L. infantum,
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L. donovani and L. braziliensis. Moreover. several other clusters lack at least one tRINA gene
i L. braziliensis.

In most eukaryotic orgamisms. tRINA genes seem to be dispersed randomly throughout
the genome. However, in human cells the distribution is non-random. since more than 23% of
the tRINA genes are located 1n a region of only about 4 Mb on chromosome 6 that represents
only 0.1% of the human genome [29]. The distribution of genes in the L. major genome does
not seem to be totally random, since half of the chromosomes do not contain even a single
tRNA gene. Additionally. 60 tRINA genes (72%) are located on only seven chromosomes (9.
11.23. 24 31. 34 and 36), which represent only 26% of the genome [71].

It was previously shown that transcription of two convergent PGCs on L. major
chromosome 3 termunates on the convergent strand-switch region. within a tRNA-gene region
[59]. Interestingly. 14 of the 39 convergent strand-switch regions (35.9%6) m the L. major
genome contain at least one (RNA gene, representing 45.2% of the 31 (RINA loci. A sumlar
situation was found in T, brucei, where 34 6% of the tRINA loci are located within convergent
strand-switch regions. This suggests that the use of tRINA genes as signals for termination of
transcription of convergent clusters of protem-coding genes nught be a commmon process m
trypanosomatids.

The eleven 35S RNA genes found in the L. major genome are distributed on six
chromosomes. and are always associated to tRNA genes [20]. A simmlar organization is
present 1n other species of Leishmania. In contrast, the 35 tRNA genes m T. brucei and T.
cruzi are organized into tandem arrays that are not associated to tRNA genes [74: 73] In
trypanosomatids, as i other organisms. the coding regions of the 18S, 5.85 and 285 tRNAs

occur as tandem repeats that are clustered at one or several loci. However, a distinctive
property of fRNA genes in trypanosomatids 1s the fragmentation of the 285-like fRINA mto

multiple independent molecules: 24Sa. 24SP. S1. S2. §4 and S6 [76: 77]. Interestingly, m L.
major there are two copies of the S4 gene (also known as LSUg) in the majority of the tRNA
repeats [78]. In the different species of Leishmania. tRINA genes are located on chromosome
27. The number of tRNA repeats vanes among species and stramns, but it seems to be low
(~10). comparing to other eukaryotes (~150) [25: 78; 79].

9. MITOCHONDRIAL GENOME

As mentioned above. Leisimania and other trypanosomatids have only one
mitochondrion. and it contams a single kDNA network that 15 condensed into a disk-shaped
structure, positioned in a specialized region of the mitochondrial matrix near the flagellar
basal body. The kDNA network 1s composed of two classes of catenated circular DNA
molecules, maxicircles and municircles [80]. Each mitochondrion has approximately 30
copies of maxicircles, with a size between 20-40 kb. depending on the species. The number of
minicircles (~2 kb) ranges from 5.000 to 10.000 per organelle [81]. Maxicircles encode 18
protem-coding genes (components of the respiratory chain), two rnibosomal RNAs, and some
guide RNAs (gRNAs). which are small RNA molecules that participate in RNA editing.
These genes are located on both strands of a ~17 kb-long conservative region [82]. The rest of
the maxicircle. known as the divergent region. 1s composed of repeated sequences.
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The mumcircle molecules encode from one to five gRNAs. They contain one to four
conserved regions and an equal number of vanable regions, depending on the species. In L.
farentolae, mimicircles are organized into a ~170 bp conserved region that confains the ongins
of replication for both strands, and a vanable region that defines the specific minmicircle
sequence class [83]. The CSB-3 sequence (GGGGTTGGTGTA) (conserved in minicircles
from all trypanosomarids) provides a relative position and polarity marker for gRNA genes. A
region of bent DNA 1s sitnated immediately adjacent to the conserved region. All gRNA
genes so far identified are localized within the vaniable region.

Maxicircle sequences have been reported for L. farentolae and L. donovani 1S LdBob.
Sequence comparisons showed that the gene order (with the 125 rRINA gene on one side and
the ND3 gene on the other) 1s identical between both species of Leishmania. and identical to
that of other trypanosomatids [82]. As expected. gene sequences are very similar between L.
tarentolae and L. donovani. with nucleotide identity levels close to 90% [84]. Sequence
conservation also included small pre-edited regions of 3 -edited and internally-edited
mitochondrial genes, as well as some regions of extensively-edited genes. However, one
wmnportant difference between both maxicircles 15 a full-length numicircle mnsertion found m
the 3’ region of the ND1 gene of L. donovani 15 LdBob [84]. The insertion is 99.1% identical
to one of the municircles from L. infanfum [85]. The insert has not been observed in other
strains and species of Leishmania. which suggests that it represents a distinctive characteristic
of the strain 15 LdBob of L. donovani.

The mitochondnial genome of Leishmamia 1s transcribed by a nuclear-encoded
mitochondnial RINA polymerase belonging to a fanuly of single-subunit RNA polymerases. as
it occurs in other eukaryotes [86]. Neither mitochondrial promoters nor transcription factors
have been identified in trypanosomatids [87: 88]. In maxicircles. transcription of the top
strand starts ~1.2 kb upstream of the 125 rRINA gene [89]. while initiation sites have not been
located on the bottom strand. Numerous polycistronic transcripts have been detected.
mdicating that maxicircles are transcribed polycistronically. Similarly, polycistromic
transcripts from mimicircles have also been observed [90]. Like maxicircles. no promoters
have been identified for minicircles. However. each gRNA transcription unit 1s flanked by 18-
bp imperfect inverted repeats that have been proposed to function in gRINA expression [88].

CONCLUSION

New technologies have allowed the sequencing of the whole genomes of five different
species of Leishmania. Analyses of the sequences showed that the genomes of these parasites
are organized into large DGCs. Comparisons of the genomic sequences revealed a high
degree of synteny. not only for protem-coding genes. but also for tRINA genes. Polycistronic
transcription of DGCs generates long primary transcripts that are processed by trans-splicing
and polyadenylation to produce mature mRNAs. Although an unexpectedly small number of
species-specific genes was found, gene and chromosome copy number differences were
observed between species. Thus. i the absence of regulated transcriptional activity.
Leishmania seems to raise mRNA abundance by increasing gene-copy number, which can be
achieved wia gene duplications on disomic chromosomes, or through the formation of
supernumerary chromosomes. Changes in gene expression might influence disease tropism.
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The Leishmania genome contains a small number of tRNA and rRINA genes. and do not
contain active retrotransposons (with the exception of L. braciliensis). Interestingly. a
functional RNAi1 pathway was identified only in L. braziliensis and other members of the
Viannia subgenus. The potential to manipulate gene expression by RINAi1 mught be very
useful for gene function studies in Leishmania. Thus. whole-genome sequencing has offered
new data that 1s reshaping research initiatives for leishmaniasis. Further analyses will provide
the basis for more detailed molecular smdies that could help to improve drug and vaccine
design.
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