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RESUMEN.

Las secuencias primarias de la enzima homodimérica, triosafosfato isomerasa de ios
parasitos Trypanosoma brucei (TbTIM) y Trypanosoma cruzi (TcTIM) son muy similares
{70 % de identidad). Sus estructuras tridimensionales son virtualmente idénticas Ambas
enzimas presentan en su region de interfase un asa 3 que sobresale de cada subunidad para
insertarse en la otra. El asa 3 ademas rodea a una cisteina colocada en la posicién 14 en
ambas enzimas (Cys14). La Cys14 de TcTIM es casi dos ordenes de magnitud mds reactiva
que su homologa en TbTIM al agente derivatizante de grupos -SH metilmetano tiosulfonato
(MMTS). Para conocer los principios que gobiernan la diferente reactividad de la Cys de
interfase, se midio la velocidad de reaccion de TbTIM y TeTIM con el MMTS determinando
la constante de segundo orden de inactivacion {k;) en distintas condiciones. A pH 7.4 1a &,
de TcTIM es 70 veces mayor cue en ThTIM. Una triple mutacion de T¢TIM donde se
sustituyeron 2 residuos del asa 3 y uno al inicio del a-hélice 3 por los que naturalmente se
encuentran en TbTIM induce que la diferencia de 70 veces disminuya a 30. Ei pKa aparente
{pKa™) del grupo -SH de la Cys14 de ToTIM y su triple mutante fueron 0 7 unidades de pH
menor que en ThTIM. Estas diferencias en pKa podran explicar la distinta susceptibilidad a
los agentes sulfhidrilo. Por tanto, se evalud la &, al mismo grado de ionizacion de las Cys14.
Los resultados mostraron que el cociente entre fas > de TcTIM y ThbTIM fie de 8, mientras
que entre la triple mutante de TcTIM y la TbTIM fue de solo 1.5 Un analogo de sustrato, €l
fosfoglicolato (PG) no perturbd el pKa® del grupo ~SH de la Cysl14 en ninguna de las dos
enzimas Sin embargo, el PG disminuyd la k2. Asimismo, en presencia de PG y evaluando la
inactivacion al mismo grado de protonacion, el cociente entre la 4y de TcTIM y TbTIM
disminuy6 a 6 5 Bajo estas mismas condiciones la & entre la triple mutante y ThTTM fue de
08 Con este tipo de andlisis se logro definir los factores que intervienen en Ia reactividad de
la Cysl4 en ambas enzimas

Por otra parte, se exploraron algunas caracteristicas estructurales de ambas enzimas
comparando su susceptibilidad a la digestion limitada por subtilisina. A pesar de que los
cortes iniciales que presentaron TbTIM y TeTIM fueron muy similares, esta (1ltima mostrd
ser significativamente mas susceptible a la hidrolisis, La inactivacion de T¢TIM y ThbTIM
correlaciond con el incremento en la protedhisis de sus estructuras. Para TeTIM los sitios de
corte fueron entre Thr130-Asnl31 y GIn181-182, mientras que en TbTIM los cortes fueron
entre Thr139-Alal40 y GInl81-GIn182 Estos sitios se encuentran en [a a-hélice 5 y en el
extremo -NH de la hélice 6. La T¢TIM no pudo estudiarse cinética o estructuralmente
debido a su répida inactivacidn y extensiva hidrolisis, por o que tales estudios se realizaron
enla TETIM La ThTIM hidrolizada en un 50 % v la nativa presentaron el mismo patron de
retencion en cromatografia de exclusion molecular en HPLC y un patrén de migracion en
geles nativos similar En este ditimo sistema, la enzima cortada mostro una banda de menor
rigracion, La integridad del sitio activo de la TbTIM cortada se evalud determinando sus
constantes cinéticas para el gliceraldehido 3-fosfato. Las Km de Ja ToTIM nativa y cortada
son muy sirmilares, sin embargo, la £.. de la enzima truncada disminuyd a la mitad La
fluorescencia intrinseca de la Th'FIM truncada presentd un comimiento hacia el rojo y una
disminucion de su intensidad de fluorescencia del 5% Para evaluzr si 1a proteohsis perturbé
las interacciones de la interfase en ThTIM se realizaron experimentos de dilucion Las K,
aparentes entre los mononieros de la TOTIM cortada y nativa fueron muy similares En
conjunto, los resultados de la digestion limitada sugieren lo siguiente 1} la estructura de



[eTIM es mas flexible y por tanto, mejor sustrato para la proteasa que TbTIM, 2) la gran
lexibilidad en TcTIM podria aumentar la exposicion al solvente de regiones aparentemente
yeultas, por ejemplo, la interfase entre sus dos mondmercs, 3) el corte en el extrerno NH de
a hélice 6 parece ser el responsable de la inactivacion en TeTIM y TbTIM, 4) La TbTIM
varcialmente hidrolizada presenta una estructura tridimensional similar a la nativa; los
-ambios son sutiles y localizados, 5) La TIM de 7. brucei proteolizada en un 50 % parece
ser una enzima con solo une de los monémeros cortado; esto sugiere que hay asimetria entre
as dos subunidades.



ABSTRACT.

The primary sequences and three-dimensional structure of the homodimer triosephosphate
1somerase from Trypanosoma brucer (TbTIM) and Trypanosoma cruzi (TcTIM) are very
similar. In the interface of the trypanosomal TIM's, loop 3 of each of its two subunits
protrudes into the other subunit. Loop 3 of each monomer also surrounds the side chain of
the residue at position 14 of the other monomer. In ToTIM and TeTIM, residue 14 is
cysteine {Cysl4). Cysl4 of TcTIM is almost two orders of magnitude more sensitive than
that of TbTIM to the thiol agent methylmethane thiosulfonate (MMTS). In order to explore
the causes of this difference, we evaluated the second-order rate constant of inactivation by
MMTS (%2) of TbTIM and TcTIM under various experimental conditions At pH 7.4 the k>
of TcTIM was 70 times higher than in TbTIM. The substitution in TcTIM of two residues
from loop 3 and one residue at the beginning of a-helix 3 for those present in ThTIM
diminished to 30 the ratio in ; between the two enzyme. The apparent pKa (pKa™) of the
—SH of Cys14 of T¢TIM and that of the triple mutant were 0.7 pH units lower than that of
Cysl4 of TbTIM. To explore if this difference accounts for the different reactivity of
MMTS, we evaluated the % at the same ionization ievel of Cys14 The data show that the
ratio between T¢TIM and THbTIM was & times, whereas the ratio between triple mutant
TeTIM and ThTIM was only 1.5 times The substrate analog, phosphoglycolate (PG) did
not change the pKa™ of —-SH for Cys14 in the two enzymes. However, PG decreased the >

In the presence of PG and at the same level of ionization of the -SH group of Cys14, the
ratio of k; between T¢TIM and TbTIM was 6.5 times; the ratio between the triple muiant
TcTIM and TbTIM was 0.8 times. Thus, we were able to characterize the factors that
contro! the interface region

Additional characteristics of TeTIM and TbTIM were determined by assessing their
susceptibifity 1o subtilisin. Notwithstanding that the initial nicks of both enzymes were very
similar, TcTIM was more vulnerable to hydrolysis. Hydrolysis accompanied loss of catalytic
activity The sites of nicking in TcTIM were between Thr130-Asnl31 and GIn181-Glni82,
whereas in ThTIM the sites were Thr139-Alal40 and GIn181-GInl82. These are localized at
o-helix 5 and at NH termini of helix 6. Because TcTIM exhibits fast inactivation and
extensive hydrolysis it was not possible to study kinetically or structurally the proteolyzed
enzyme However, the charactenstics of TbTIM nicked to an extent of 50 % could be
determined and compared to those of native TbTIM. The two enzymes exhibit the same
retention pattern in size exclusion HPLC and a similar electrophoretic pattern in native gels
However, TbTIM exposed to subtilisin showed another band with a lower electrophoretic
mobility The catalytic constants for glyceraldehyde 3-phosphate of nicked and native
TbTiM were determined In nicked and native form the Km values were similar, however,
the k.. of truncated THTIM was about 50 % of that native ThbTIM. Nicking induced a red
shift of the intrinsic fluorescence and a decrease of fluorescence intensity of 5 % Hydrolysis
did not change the interactions between the interface residues, since the apparent K, from
nicked and native TbTIM was almost the same.

The results of limited proteolysis suggest that 1) TcTIM s more flexible and
consequently a better substrate for subtilisin than ThTIM, 2) The grea: flexibility of T¢TIM
may inercase the solvent exposition of the apparent occult regions, such as the interface, 3)
Interruption of peptede bond at the NI termnt of helix 6, may account for eniyme
mactivation i THTIM and TeTIM 4) Partally hydrolyzed ThTIM has a native like three



mensional structure, and 5) Limited proteclysis of TbTIM to a level of 50 % yields an
tzyme with the molecular mass of the native dimer in which only one of the monomers is
eaved; this suggests asymmetry between subunits.



INTRODUCCION

Un nimero considerable de proteinas se unen a otras proteinas para inducir funciones
biologicas definidas, tales como la transmisién de sefiales celulares o la union entre antigeno
y anticuerpo. También son findamentales en la regulacidn enzimatica entre distintas
subunidades proteicas. Al sitio de contacto entre proteina-proteina se le conoce como
interfase Se sabe que las interfases se generan a través de interacciones no covalentes
También se sabe que los residuos de aminodcidos que formar las interfases son
relativamente poco conservados, incluso entre proteinas con la misma funcion catalitica
(Valdar y Thorten, 2001). Uno de nuestros cbjetivos en este trabajo fue examinar las
diferencias que existen en las interfases de enzimas homologas de distintas especies Esto
con el fin de explorar la posibilidad de disefiar moléculas que inactiven especificamente a las
enzimas de orgamsmos indeseables

Parza estos estudios utilizamos a la enzima triosafosfato 1somerasa (T1M) cuya estabilidad
y actividad. como en muchas otras proteinas, dependen de los contactos en la interfase De
hecho, en la TIM de practicamente todas las especies, solo la forma dimérica es activa
{(Waley, 1973, Casal et al, 1987) Los datos existentes indican ademds. que en las TIM
existe un residuo en fa zona de interfase que es absolutamente necesario para la asociacion
entre subumdades Este se encuentra en la posicidon 14 En algunos parasitos, como los
tripanosomatidos. el residuo que se localiza en dicha posicion es una cisteina {Cysl4) (en
¢ste proyecto se emplea la numeracién de la sccuencia de la TIM de Trypanasoma brucer)
Sin embargo, en otras especies el residua que ocupa la posicidn 14 es diferente En los
mamiferos, por eremplo Homo sagiens, e residue localizado en la posicion 14 de la TIM es

una metiomna Endande, et al | 199.4)

|
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La TIM pertenece a la via glicolitica que es la principal proveedora de recursos
nergéticos a los parasitos como T. brucei, Entamoeba histolynica o Grardia lamblia
“studios previos sobre la modificacidén quimica de la Cysl4 demostraron su ¥nportancia en
a estabilidad v actividad en la TIM de 7. bruce:, T. cruzi, y Leishmania mexicana (Gémez-
?uyou., et al., 1995, Ostoa-Saloma er al., 1997, Garza-Ramos et al , 1998) Ademas, se
bservaron diferencias importantes en la reactividad de la Cys 14 por agentes derrvatizantes
sntre las TIM de 7. brucer, T. cruzi y L. mexicana. La TIM de 7. cruzi es casi 100 veces
mas sensible que la enzima de T. brucei y I. mexicana. Esto se observa a pesar de que existe
una identidad del 8G % en la secuencia primaria de la region de interfase entre 7. brucer y T.
cruzi y que el arreglo espacial de los residuos que rodean a la Cys14 en ambas enzimas es
muy similar

Con estos antecedentes procedimos a2 caracterizar los posibles factores que regulan la
reactividad a les agentes derivatizantes de la Cysl4 de la TIM de 7. hrwcer y I cruz Los
resultados indican que tanto ¢l medio ambiente inmediato a la Cys 14 como mteracciones a
distancia de la interfase controlan esta reactividad

Junto con el estudio de los factores que controlan la reactividad de la cisteina 14 en la
regién de la interfase de TIM. fue también de interés estudiar la contribucion de las uniones
covalentes periféricas sobre el resto de las umones a la estabididad estructural Un gjemplo de
las diferencias cn estas mteracciones es que ¢l tiempo de permanencia que tiene cada enzima
dentro de una céiula es distinto En este sentido, uno de los agentes desestabilizantes y de
degradacion i veve de tas proteinas es su hidrolisis por efecto de fas proteasas Por lo tanto,
s¢ prensa que fa vida media de cada proteina s¢ relaciona con las caraclensncas ininnsecas

que se presentan locahmente en la estructuia {Kidokoro, ¢t al - 1990) En esta forma. tas



enzimas hidrolizadas por proteasas muestran diferentes grados de alteracion estructural. Sin
embargo, existen ejemplos en fos que la estructura tridimensional de una proteina permanece
relativamente intacta después de hidrolizarse algunos de sus enlaces peptidicos (Hofsteenge,
et al., 1988, Siddiqui, et al, 1993; Pollegioni, et al., 1995, Gupta, et al, 1995; Juul, et al,
1995, Huang, et al, 1997) En relacién con esto Gltimo, los trabajos realizados sobre
hidrdlisis limitada en las TIM de conejo, levadura y Plasmodium falciparum mostraron que
los cortes no modifican significativamente la estructura, presentando valores de actividad
enzimatica similares a sus formas nativas (Vogel y Chmielewski, 1994; Sun et al , 1992; Sun,
et al , 1993, Ray, et al., 1999) Por todo esto, las TIM de 7. cruzi v 7. brucer con su gran
similitud estructural parecen ser un buen medelo para estudiar el efecto de la protedlisis
limitada sobre tas uniones no covalentes que contribuyen a la estabilidad de la conformacion
protéica

Por lo anterior, se realizd un estudio comparativo sobre la sensibilidad a la proteolisis
lieitada de ias TIM de 7. brucer y 7 cruzi Los resultados muestran marcadas diferencias en
la susceptibitidad a la proteglisis En TbTIM se destaca ademas la cinética y las propiedades

13

de la enzima truncada. sugiriendo que su estructura hidrolizada es mas “rigida” que la
cnzima de 7 ¢runzr Estos resultados contrastan con el hecho de que la identidad entre sus
secucncias primarias es del 70 % (Ostoa-Saloma, et al . 1997} y de que ademas sus
estructuras tndimensionales son muy similares En esta forma se demuesira que existe una

gran diferencia en estabilidad que se presenta con el mismo patron topologico de las TIM

conocide como "Barnl- TIM™ ¢ “Bairles alfa-beta
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BARRILES ALFA-BETA

Dentro de la diversidad estructural en las proteinas, existe un patrén de plegamiento que
es comun en muchas de ellas Este plegamiento se conoce como dominic barril ¢/p o barril
TIM La triosafosfato isomerasa pertenece a una familia de enzimas con dommie barril o/
Se sabe que cerca del 10 % de las enzimas que se conocen presentan este patron tepelogico
como estructura principzl, o contienen a este dominio incorporado en alguna de sus regiones
(Farber y Petsko, 1990, Nagano, et al., 199%). En general, la estructura de los barriles ¢/f se
forma por ocho hebras B en el interior de la proteina, rodeadas de ocho heélices a.
Normahmente se encuentra una hélice « entre 2 hebras § vecinas (Reardon y Farber 1995)
Las hélices o v las hebras [ se unen mediante asas Ocasionalmente se presenta una asa
dentro de una hélice La secuencia giobal de la estructura secundaria es por tanio un
dominio («/B)8 (Fig 1) En las distintas proteinas la longitud del dominio estructural varia
desde un barril de 250 aminoéacidos (TIM) hasta barriles con 327 aminodcides, como en ¢l
dominio a/f3 de la xilosa isomerasa (Reardon y Farber 1995)

Los dominios o/B pusden presentar otras estructuras topologicas adicionales en (as asas
que conectan a las hebras 8 con las hélices @ Sus posiciones dentro del barril, junto con la
forma misma de! dominia c/B se han clasificado y dividen a los barriles &/ en seis fanulias

Estas se describen brevemente en la Tabla 1 (Farber y Petsko. 1990, Reardon y Farber.

1995)




Tabla 1 Clastficacién del dominio barril /B
FAMILIA | CARACTERISTICAS PRINCIPALES ENZIMAS

A 1 Barriles casi circulares Flavocitocromo b2, glioxilato oxidasa,
ribulosa-1-, 5-bisfosfato
carboxilasa/oxidasa (RUBISCQ)
2 La presencia de una pequefia hélice | Flavocitocromo b2, glioxilate oxidasa,
entre la hebra 8 vy la hélice 8 trimetilamina deshidrogenasa
B Subformiia 4. Barril eliptico con el eje | Cloromuconato cicloisomerasa,
mayor cercano a la hebra B1. Carecen | mandelato racemasa.
de la hélice o final del barril. Este
espacio se ocupa por dos domunios
Subfamilia B. Mismas caracteristicas | Ciclodextrin glucosiltransferasa, la o~

que la subfamila “A” excepto que el amilasa y fa piruvato cinasa
€spacic se ocupa por tres 0 mas
dominios
C Un solo dominio, el ¢je mayor de su N-(5'-fosforribosti} antranilato
barn] esta cercano a la hebraf3 y isomerasa (PRAI), indol-3-glicerol
contienen una pequefia hélice ¢ entre la | fosfato sintasa (IGPS), subunidad o de
hebra B8 v la hélice a8 la triptofano sintasa (TS),
Triosafosfato isomerasa. narbonina
D Presentan una hélice ot que precede al | Fructosa bisfosfato aldolasa, 2-
barril dehidro-3deoxifosfogluconato
aldolasa, N-acetilneuraminato liasa
E E! barril tiene ¢l eje mayor cerca de la | Aldosa reductasa, 3o-hidroxi-
hebra 31 Presentan asas muy largas esteroide deshidrogenasa e histidina
después de las hebras B4 v 7 sintasa
F El barrii es estrecho, diferente a todos | Adenosin desaminasa , fosfotriesterasa

los de las demas familias descritas
Presentan un grupo de heélices o entre ja

hebra Bt y la hélice ol Las hélices 1y
4 son muy largas

Algunas fasmhas comparten también algunos aspectos quirnicos Tedos los barnles que
requicien mononucleotido de lavina como colactor pertenceen a la fanmba A Esceplo
RUBISCO. 1odas las ensimas que requeren metales divalentes para su catalisss perteneeen a

fa familia B dla proovato anasa tambicn uitliza K O) Las enzimas de la faosha B unen NAD

ae



GENERALIDADES DE LA TRIOSAFOSFATO ISOMERASA

La triosafosfato isomerasa (TIM o TPI, EC 53 1 1) es un homodimero En las TIM de
distintas especies las subunidades tienen una masa molecular que varia entre 22 a 34 kDa
Las subunidades muestran el prototipo del barril o/B, o “TIM barrel”. La enzima cataliza Ja
mterconversién de los productos que provienen de ia catélisis de ia aldolasa en la via de la
glucdlisis, la dihidroxiacetona fosfato (DHAP) y el (R)-ghceraldehido 3-fosfaio (GAP) La
reaccidn estd presente en todos los organismos y se piensa que la TIM existia antes de la
divisidon entre archaebacteria-procarionte-eucanonte (Marchionni y Gitbert, 1986). Solo el
GAP puede continuar en el camino de la glucolisis hasta el piruvato La TIM también
participa en el maximo aprovechamiento de la degradacién de los acidos grasos para obtener
energia Después de la transformacion del glicerol de los triacilglicéridos en DHAP, éste se
isomerisa nuevamente a GAP por la TIM

Se conoce la secuencia de aminoacidos de aproximadamente 80 especies y la estructura
tridimensional de 12 de elias (Tabla 2) Ademas. se sabe la estructura de algunas enzimas
modificadas genéticamente (Borchert, et al , 1993b, Gopal, et al, 1999, Alvarez, et al,
1999, Zhang, et al | 1999, Williams, et al . 1999, Norledge. et al, 2001), en presencia de
diversos analogos de sustrato (Lolis y Petsko, 1990, Noble, et al , 1991, Wierenga y Noble.
1992, Noble, et al . 1993, Delboni, et al , 1995, Alvarez, et al , 1998, 1999, Williams, et al .

1999, Zhang, et al | 1999), ¢ incluso en presencia de solventes orgameos {(Gao. et al . 1999)
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labla 2 Enzimas TIM cuya estructura ha sido resuelia a escala atdmica

Organismo Tipo de orgamsmo Resolucién (A) Referencia
Saccharomyces Levadura 19 Lolis et al, 1990
“erevIsiae
Trypanosoma brucei | Protoctista parasito 1.83 Wierenga et al., 1991

del hombre
Fscherichia colr Procarionte mesofilo 26 Noble et al, 1993
Gaifus gallus Ave 18 Zhang et al | 1994
Homo sapiens Mamifero 2.8 Mande et ai , 1994
Leishmama mexicana | Protoctista parasito 183 Williams et al., 1999
del hombre
Bacillus Procarionte 28 Delboni et al | 1995
stearothermophiins | hiperterméfilo
Plasmodiiom Protoctista parasito 22 Velanker et al |, 1997
falciparirm del hombre
Fibrio marnis Procarionte psicréfilo 27 Alvarez et al | 1998
[rypanosoma cruzi | Protoctista parasito 1.83 Maldonado et al ,
del hombre 1998
Thermotoga Procarionte 285 Maes et al, 1999
marima hipertermofilo
lontamocha Protoctista parasito 16 No publicado
hstealviice del hombre

PROPIEDADES CATALITICAS Y ESTRUCTURALES

Acexcepcion de la TIM de Hhermoroga marrmea. que es un dimero de dimeros fustonado
con fa ensima fosfogheerato emasa (Maces, o al . 1999}, ast como de Prroccocns woesr v

Viethaneddvernns forvidne que son homotettameras {(Kohlhott, er al . 1996) ¢f seste de las
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TIM conocidas son homodiméricas Se sabe muy bien el mecanismo de ja reacciéon de
isomerizacion que cataliza ia TIM Esta enzima es un¢ de los catalizadores mas eficientes
estudiados, ya que aumenta la velocidad de la reaccidn 107 veces (Richard, 1984) Su
velocidad catalitica esta limitada por la difusion, por lo que esta enzima se ha definido como
un “catalizader perfecto”™ (Albery v Knowles, 1976, Knowies y Albery, 1977, Knowles,
1991) Ademds de la TIM, existen otros ejemplos de enzimas cuya catalisis se encuentra
también limitada por difusidn Tal es el caso de la catalasa, ia acetilcolinesterasa, la
fumarasa, la anhidrasa carbOnica y fa diaciiglicerol cinasa. Existen owros gjempios menos
conocidos de enzimas cuya caralisis se limita por difusion como es ei caso de ja clastasa dei
teucocito hurnano (Jackson, et al, 1993), la cinecina de la Drosophila {Huang y Hackney,
1994}, y a peroxidasa equina {(Dunford v Cotton, 1975)

Mecanisticamente, la funcién biologica de la TIM consiste en disminuir las barreras
energéticas que limitan ia velocidad de protonacion y desprotonacion dei GAP y ia DHAP
La reaccion procede a través de la formacion de un intermediano cis-enediol (Rose y
O Conngdl, 1961, Fersht, 1985) (Mg 2) El anillo imidazol de la His 95 ey un catalizador

clectrofiice que polariza el grupo carbonilo del sustrato {Nickbarg vy Knowles, 1998,

v

Nickbaig et al . 1985, Lodi y Knowies, 19913, permitiendo su enciizacidn (Knowies

1991

] »

Konuves et al, 1991, Harris et al |, 1998) Asi. en el mecanismo “clasico” ¢f Glu 167 cataliza

T tansferencla intramolecular de un proten entre C1 y €2, mientias la His 95 cataliza Ia

transferencia del protén entre O1 y Q2 (Fig 2} (Konuves et al . 1991, Harns et al | 1998)
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His-G5 His-85 His-85

DHAP Enediol GAP

Figura 2: Mecanismo de reaccion catalizada por la TIM para la interconversién
entre la dihidroxiacetona fosfato (DHAP) y el gliceraldehido 3-fosfato (GAP) a
través del mtermediario enediol.

La estabilidad estructural y la composicién de aminoécidos de fas TIM difieren de especie
a especie; sin embargo, sus caracteristicas ¢inéticas son muy similares (Tabla 3). La TIM
presenta una cinética que sigue un modelo estricto tipo Michaelis-Menten. No obstante,
recientemente Harris y colaboradores (1998) describieron que puede haber comunicacion
cntre los monémeros y que ésta puede modular la transferencia intramolecular del proton
entre C1 y C2.

La TIM puede formar metilglioxal y fosfato inorganico que son subproductos de la
descomposicion del intermediario enediol (Webb ct al, 1977; Richard, 1984; Richard,
1991). Esta reaccién de climinacion es lenta comnparada con la reaceién de isomerizacion
{Webb ¢t al., 1977; Richard, 1984; Sun y Sampson, 1999). Los valores de la relacidn
keo/ K para las reacciones de isomerizacion y efiminacién son de 10° a 10° M's' y 2 a 14

M's", respectivamente (Richard, 1991; Komives et al., 1991; Sun y Sampson, 1999).
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Tabla 3. Parametros Cinéticos de la Triosafosfato isomerasa de distintos organismos.

Km (GAP)|Km (DHAP)| k... (GAP) | keo: (DHAP) Referencias
TIM (mM) (mM)  [(min'x16%)] (min’x10%)
Levadura 036 36 i7 66 [Komives et al , 1991
039 14 Sun et al , 1993
127 123 10 49 [Krietsch et al 1970
| 13 48 Sampson et al, 1992
j bo62 14 Sun et al, 1992
1. brucer | 025 12 37 6.5 Lambeir et al , 1987
I 019 11 36 60 Borchert et al., 1993
066 35 Garza-Ramos et al |, 1998
6o 3z Ostoa-Saloma et af , 1997
G3 30 Gomez-Puyou et al |, 1995
E. colt 1.03 54 |Alvarez et al , 1998
G. gallus 047 097 26 26 Putman et al , 1972
039 157 26 29 Plaut et al., 1972
o 042 ) 065 | 30 36 [Zhang et al ,1999
H. saprens 043 0R2 o Sawyer et al , 1975
049 27 Mainfroid et al | 1996
I mexicana 0 41i 056 23 17 Williams et al , 1999
03 I3 25 z8 Kohl et al |, 1994
09 | 63 Ostoa-Saloma et al |, 1997
Coneyo 039 062 54 Richard, 1991
043 186 Sunetal, 1992
0,08 52 (Garza-Ramoes et al , 1996
039 63 Lambeir et al .1987
032 1253 51 52 Krietsch et al , 1970
032-04 ) 062087 I aitinan of al , 1974
Voomurinns [ 9 i 472 i Alvarez et al , 1998
P cruzi 0 66 53 | Garza-Ramos ef al | 199§
0o 40 Ostoa-Saloma et al |, 1997
1 048 26 Reyes-Vivas et al. 2001
Ehswolyrea [ 0ol | 24 Landa et al , 1997

Los sesduos del siw active se encueniian en Jos extiemos NIT de las asas 1, 4. v 6 que

concetan fus hicbras [ con las siguientes hélices aoy pertenceen a la estiuctuia primatia de

Cadd Mundielo e esa Tonna, wdos ios 1esidues estan en e mondmero Snembaigo, da
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TIM es activa solo como dimero en donde cada mondmero tene un sitio activo (Waley,
1973, Casal e1 al., 1987) Se han identificados 3 residuos, el acido glutamico 167 {Glu 167,
la histidina 95 (His 93) que participan directamente en la reaccion (Fersht, 1985, Lolis et al ,
199G, Knowles, 1991) y la lisina 13 (Lys 13). Este altimo residuo tiene la funcién de
neutralizar las cargas de los sustratos para que se unan correctamente al sitio activo (Lodi et

al., 1994, Joseph-vicCarthy, et al,, 1994)

ESTRUCTURA ¥ FUNCION DE LA TRIOSAFOSFATO ISOMERASA

Como se menciond anteriormente, s conoce un numero considerable de secuencias
primarias de ia TIM de distintas especies, asi como las estruciuras tridimensionaies de las
TIM de varios organismos (Tabla 2) La estructura conformacional es ademés altamente
conservada (Alber et al., 1981, Nickbarg y Knowles, 1988)
Asa catalitica La TIM posee un asa 6 upo €3 cerca del sitio activo vy se localica entre Jos
restduos 108 a 178 (Fig 1) Ei asa se caraclertza pot preseniar un movimienio como un
cuerpo rigido en forma “tapadera™ Este movinuento se produce por cambios en el angulo de
tnsién de ia cadena primaria de algunos residuos que [funcionan como “bisagra™(Sun y
Sampson, 1998) Se conoce que el asa aisla al sitio activo del solvente, estableciendo un
puente de Mdrogeno entie la Gly172 del asa 0 y el grupo fosfalo del sustraio Esia siluacion
promueve ademas la confoninaaion planar del intenmediario enediol Todo esto favorece la
iransformacion eficiente del sustraio gue se acompaia de una disminucion en laicaccion de
climnacidn del grupo fosfate del intermediano, previniendo ia formacidn de metilghoxal

(Pomphiano er al L 1990, Joseph et al , 1990, Richard, 1984 1991, Knowles, 1941)




El asa 6 ¢ cataiitica presenta un movimiento de 7 A desde una posicion “abierta” hacia
una “cerrada’” que se revela en 12s esitucturas tridimensionales de ia TIM de pollo, levadura,
Trypanosoma, Plasmodium, humano, Eschericha coli) y Bacdlius srearothermophilus (Lolis
et ai, 1590, Loits y Petsko, 1990, Noble et al , 1991, 1993; Wierenga et a1, 1991; Mande et
al., 1994, Zhang et al, 1994, Delboni et al, 1995; Velanker et al, 1997) La posicion
cerrada se observo en presencia de analogos de sustrato o fosfato, mientras que ia posicion
abierta se observa en ausencia de jigando.

Evidencias por espectroscopia de NMR muesiran que la union del sustrato o saiida det
preducto #o inducen el movimienio del asa 6. Sin embargo, el movimiento de esta asa se
encuentra a escala de niempo con el recambio catalitico (Williams y McDenmott, 1995) Se
ha demosirado ademas que la posicion ablerta predomina en ausencia de ligando por ser
termodinamicamente mas estable Por el contrano, en presencia de ligande la conformacion
cerrada es ia especie predominante y mas estzble (Williams y MeDermotr, 1995) Asi, los
datos sobre el asa catalitica sugieren que la union del sustrato desplaza ef equilibrio hacia ia
forma “cerrada™ de ia enzima. en tanto que ia ausencia del sustrato despiaza el equilibrio
hacia Ja torma “abterta™
Inferfase Una poicidn consideiable del homodimero lo forma fa region de la interfase
Dicho contacto entre las dos suburudades de fa 11M se cstablece a traves del asa 3 formada
por los residuos 67 a 79 El asa 3 de cada una de las subumdades penetra en una hendidura
que se iocaliza cerca del sino active del oiro monomero (Lolis et al | 1990) lo que da por
resultado gue los sitios aclivos v fa inder{ase esten en ceicama Por greniplo, se conoce que ¢l
Glu %7, que se encuentra cercany al sitto acino establece un puenie de hidrogeno con ia

amda de o M 75 de e subwmdad seama (Schnackers vy Graev, 1991) Oue ¢emplo es la
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.ys en la posicion equivaiente a la 16 de la TIM de B. stearvthermophilus Alvarez y
olaboradores (1999) sugieren que este residuo contribuye de manera importanie a la
stabifidad det homodimere Mas aun, en la TIM de este procanonte hipertermofifico su Lys
6 parece presentar una funcion de adaptacion para iz enzima a altas temperaturas (Alvarez
i al , 1999). Trabajos recientes demuestran la presencia de otros residuos centrales para la
stabilidad de la enzima Un ejemplo extremo lo reportd Williams y colaboradores (1999} al
sustituir el Glu 65 de la TiM de L. mexicona por una Gin la termoestabiiidad de ja enzima
wmentd 23°C

Existen otros datos que muestran la importancia del asa 3 (de interfase) en la estabilidad
¢ actividad de fa enzima En la TIM de levadura el reempiazo de la Asn 77 por Asp
ncrementd ia velocidad de inactivacion térmica, disminuyd la A v Ia desnamrahzacion
nducida por giicion {Ahern et al, 1987) Otros estudios muestran que alteraciones en el
1sa 3 disnmnuyen drasticamente [as constantes de asociacion entre las subunidades (Borchert
>t al.. 1994, Schitebs et ai | 1997, Casal et ai , 1987)

Otra peculiaridad de la interfase es que el asa 3 de una subunidad rodea la cadena lateral
del residuo de fa poswcion i4 del otro monomero Cstudios de mutagénesis dirigida y de
nodificacién  quimica  demuestran  que el Tesiduo  de  esta poswcion  coninbuye
significativamente a fa estabifidad del dimero de TiM (Gomez-Puyou et al | 1993, Mamfroid
=t al, 1996, Guiza-Ramwos et al, 1998, Pérez-Montfort et al, 1999), Las TiM de los
pardsios patdgenos 1. cuz (Ostoa-Saloma, et al, 1997), 7. drucer (Wierenga, et al,
1991y, L mevicema (Khol, et al L 1994}, £ fufaparnmn (Velanker, et al | 1997), Grurdia

oo ]

famdiia (Mowait, et al 0 1993 v /L fwsrof nca {Landa, et ai

15

Y97} poseen una Cys en
powicion o one lado. un gran nunies o <de espeeies tenen wiresiduo <distmto ai de Cys
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en dicha posicién En el humano, esta pasicion ia ocupa un residuo de Met, mientras gue en
levadura es una Leu Ademas, el asa 3 de la TIM de humano tiene un residuo méas gue en las
TiM de 7 drucei (TOTIVD, 1. cruzr (TeTIM) y L. mexicana {LmTIiM). Las diferencias en
la interfase de fos tripanoscmatidos y el humano tienen un interés adicional al consideraria
come un posibie sitio pata el disefio de farmacos. Sin embargo, antes de sugerir a fa TiM

para el desarrollo de antitripanosomaiidos, es imporianie comentar los esfuerzos de otros

grupos para el combate de ia tripanosomiasis

QUIMOTERAPIA CONTRA LA TRIPANOSOMIASIS.

Se estima que por cada farmaco que apruebe ia “Food and Drug Administration”™ de
EUA se simetizan 6200 compuestos y solo tres logran pasar ia fase de pruebas clinicas El
proceso toma alrededor de 13 afios con un costo cercano a 350 millones de dolares (Petsko,
1996) Recieatemente Keiser v cols {2001) revisaron el avance farmacologico contra la
tripanosomiasts afnicana (Fig 3) Cste se divide en tres etapas desarroiio de firmacos (en el
cual la investigacion basica es findamentad), desarrollo preclinico y desarrolio chnico
Primero se comentard ia parte del desarrolio y posteriormente ja de investigacion ai finai de
este apartado

En el Desarrolio preclinico se realizan trabajos de toxicidad., tarmacocinética,
dosificacion, carcinogénesis, y muiagemcidad Mas del 80 % de los compuesios evaluados
se rechazan por su foxicdad y péidida de eficacia (Spence, 1999} Cjenmplo de elic es un
derivade de tnasma (SIPTY uuhzado comtra 77 evewnst (Zhou, ¢ al, [990). [ druce:

thodesiense y gambiense gue no tivo enito en modeios con infeccion en ¢l sistema nerviose

centnal (Giclha et al, 1999 Qnes crempios son el megasol, un muamidazol s un miibdor

s




e la S-adenosilmetionina (CGP 40215) que 1o fueron eficaces en modelos cronicos o de
1se terminal (Bouteille et al., 1995; Keiser et al., 2001)

E} Desarroiio clinico se divide en cuatro fases (1 2 IV, Fig 3) v su costo suele ser mayor
ue el preclinico. En cada fase se realizan estudios que comprenden desde conocer el
wetabolismo que sigue un compuesto en el organismo, hasta su vida media de
Imacenamiento. Es importante informar que NO existen compuestos antitripanosomatidos
n la fase I a III dei desarrolio clinico
yesarrolio de firmacos Esta ectapa comprende dos tipos de andlisis: los estudios de
ensayo y error” y los estudios de “disefio de firmacos basados en estructura”. El primero
lene una ruta empirica de sintesis y ensayo que ofrece resultados rapides Normalmente se
tilizan cantidades pequefias del compuesto y no se requiere informacion de su estructura
uimica o del “blanco™ potencial Sin embargo, la probabiiidad de descubrir un compuesto
Xitos0 es muy baja y requiere analizar un enorme numero de compuestos El métode no
ontempla el papet del sistema inmune, la farmacocinética o el metabolismo No obstante, la
nitad de los 20 firmacos mas vendidos en el mundo se descubrieron de esta manera,
artiende de recursos naturales (Keiser et al, 2001) Por 1anto, este enfoque es digne de
omarse¢ en consideracion  Ejemple de esto son algunas plantas con actividad
ntiiripanosomal 1 vive Como Cannabis sattva y Allrm scnvim (Nok. et al , 1996, Nok et
1, 1994, ), e mowiro como Sewrellaria barcalensis G . Coprs gapoinca ™M 1a curcunima,
Inonopsas buchtiennr vy el acido gatico {(Yabu ot al | 1998, Nose, ct al | 1998, Wacchter et
L 1999, Kowde et al L 1998)

Ouos giomplos de compuesios antitiipanosomales obtemdos por estudios de ensavo y

ol que se ubican en etapa de pivestigacion son anafogos de puing como el s-[HPAVPA
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utilizado contra el 7. & rhodesiense (Kamsnsky, et al, 1996}, inhibidores de la enzima
farnesiltransferasa empleados contra 7. b. brucei (All, et al, 1999}, y analogos de
aminoacidos aplicados también contra el 7. 5. brucer {Zweygarth v Kaminsky, 1991).

El metodo de disefie de drogas basado er estructura (Verlinde y Hol, 1994; Blundell,
1996, Hunter, 1997) se basa en disefiar farmacos utilizando la estructura tridimensional de
proteinas blanco Actualmente la técnica tiene un gran impulso debido a que se ha resuelto la
estructura de unas 15,600 proteinas (pagina del PDB, http //www.rcsb org). La esirategia
consiste en buscar sisteméaticamente moléculas capaces de unirse con alta especificidad a la
proteina blanco. Ello se realiza mediante simulaciones virtuales y blsqueda en bases de
datos, como el Cambridge Structure Database Después de seleccionar ios compuestos, por
medios computacionales se intenta aumentar la especificidad de union El siguiente paso es
sintetizarle & adquirirlo comercialmente v probarlo 2 viro La técnica ha sido efectiva en el
desarrolle de antipertensivos, anticancerigenos, antiartriticos (Blundell, 1996). asi como
inhibidores de proteasas del HIV (Wlodawer y Vondrasek, 1998)

Se han resuelto algunas estructuras de proteinas de tripanosomatidos y a continuacién se
presentan ¢jemples del disefio racional de inhibidores para enzumas de estos parasitos La
tripanotion reductasa (Jacoby et al . 1996, Zhang et al | 1996) es una enzima queé no se
encuentra en ¢l hombre Se construyd un compuesto que inlube # visro a la enzima de 1
cruzt (Bonnet et al . 1997) Sin embargo, en cultivos cetulares la mhibicion de la actividad de
hasta un 83 % ne disminuyo la velocidad de repreduccion ni matd al parésito (Tovar y
Fanlamb, 1996) Recientemente sc describio und tnpanotidon perosidasa en Chlrrilidia
feserendune que podna servie como Dlance alternativo (Flohe, 1998) Los compuestos que

mhiben Ta sentesis de pebammas per mactivacion de la ormnng descarboxilasa v espetmdima
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sintetasa mostraron un efecto moderado in vivo (Loiseau, et al | 1958) Recientemente se
disefié un compuesto contra la gliceraldehido 3-fosfato deshidrogenasa tripanosomal, fa N°-
(1-naftalenemetil)-2°-(3-clorobenzamido)adenosina. El compuesto ¢s prometedor m vifro, y
logrd eliminar a los parasitos en un cultivo de fibroblastos infectados (Aronov, et al., 1999)
Ademas de la enzima de la via glucolitica, gliceraldehido 3-fosfato deshidrogenasa, se
conoce también [a estructura y funcidn de la triosafosfato isomerasa de tripanosomas Esta
enzima homodimérica presenta propiedades particulares en la regidn de contacto entre sus
subunidades, que podrian aprovecharse para el disefic racional de farmacos especie-
especificos (Gomez-Puyou, et al, 1995, Ostoa-Salome, et al, 1997, Maldonado, et al,
1997, Maldonado, 1998) A continuacién se expone una serie de antecedentes que apoyan

tal propuesta.

LA TRIOSAFOSFATO ISOMERASA COMO BLANCO PARA EL DISENO DE
FARMACOS

Baker y cols (1997) asi como Eisenthal y Cornish-Bowden (1998} modelaron la
inhibicién de las enzimas glucoliticas de 7. brucer para determinar si podrian ser blancos
adecuados para disefiar firmacos Estos anilisis tedricos concluyen gue ningin inhibidor
compettivo seria exitosn  También indicaron que solo ta inhibicion acompetitiva del
tansportador de pituvato seria buen candidato, En cambio, un mactivador irreversible que
no compitiera con ¢l sitio activo. y con una cficiencta del 100 % para cualquier enzima de la
via glucolitica del parasito tendria mayores posibiidades de €xito

Existen estudios en donde se propone o la TIM como un blanco potencial para ¢l disefio

de diogds contra parasitos patogenes (Noble et al . 1991 Willson ef al . 1093, Verlinde i
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., 1994; Ray, et al, 1999} Estos trebajos se centran principalmente en el sitio catalitico
ome posible region de ataque de la TIM. Sin embargo, se sabe que una de las zonas de las
nzimas mas conservadas son los sitios cataliticos (Bajaj y Blundell, 1984). Un punto
nportante a considerar respecto a fa funmcion de fa TIM, es que solo el dimero es
ataliticamente activo (Waley et al , 1973, Zabori et al , 1980, Garza-Ramos et al , 1992)
)¢ hecho, los mondmeros que se han construide por mutagénesis exhiben una actividad
atalitica mil veces menor que Ja enzima nativa {Borchert et al., 1994, Borchert et a1 , 1993,
chliebs et al., 1996, 1997)

Nuestro grupo hz trabajado bajo la hipotesis de que los ressduos no conservados que son
entrales para la estabilidad y catélisis de una enzima son excelentes sitios para el disefio de
irmacos especie-especificos (Gomez-Puyou et al, 1995, Garza-Ramos et al., 1998). Ei
esiduo de la posicidn 14 es un aminoacido NO c¢enservado, pero en todas las TIM forma
arte del asa | que se encuentra entre la primera hebra 3 v la primera hélice o (Fig 1)
‘oMo se menclond anteriormente, se ¢onocen sels parasitos que presentan un residuo de
ys en la posicidn 14, mientras que el humano tiene una Met en dicha posicion Asi, esta
coion de la interfase aparece come buen candidato para el disefio de fanmacos La estrategia
eria afectar la asociacién entre los mondmeros de fa TIM de los parasitos.

La THTIM. TeTIM y LmTIM presentan una Cys de mterfase por monémero En las tres
nmas, su modificacion quinnez por reactivos sulfhidhilo induce alteraciones esiructurales
rreversibles y la pérdida de la actividad (Garza-Ramos ot al | 1998, Pércz-Montfort et al |
999 Reyes-Vivas et al _ 2001) Sm embargo, los rgactives que promueven alteraciones en

i TIM de los tipanosomatidos afectan poco o nada a las enzimas que presentan un residus



distinto a a Cys en la posicién 14 Lo anterior incluye también a la TIM de humano (Mande
et al, 1994)
Respecto a la sensibilidad que presentan las TIM de estos tres pardsitos a los reactivos
suifludrifo, es de interés sefialar que la Cys 14 de TcTIM es cerca de dos ordenes de
magnitud mas reactiva que la ThTIM y LmTIM (Ostoa-Saloma et al., 1997, Garza-Ramos
et al, 1998, Pérez-Montfort et al., 1999, Reyes-Vivas et al. 2001) En relacién con la
estabilidad entre estas enzimas, recientemente se comenzé a evaluar la desnaturalizacion por
Indrocloruro de guanidina en TeTIM y ToTIM Datos preliminares mostraron que a pesar de
que la sensibiidad a la inactivacion por guanidina es similar entre las dos enzimas, existen
diferencias muy significativas en el patrén de desnaturalizacién (Vazquez-Contreras y
Chanez-Cardenas, comuaicacién personal) Estos datos contrasian con a circunsiancia de
que la identidad de la estructura primaria entre TeTIM, TbTIM y LmTIM es
aproximadamente del 70 %. v que la wdentidad de los residuos de interfase entre TeTIM vy
ThTIM es del 82 % Mas aun. sus areas ocultas al solvente son casi 1dénticas (Ostoa-Saloma
et al . 1997, Maidonado et al , 1958) Finalmente, la geometria de los residuos del asa 3 que
rodean a la Cvs 14 es muy similar en ambas proteinas

Todos estos datos sugieren que diferencias minimas entre las interfases de las TIM de los
tripanosomatides inflayen significativamente en la sensibilidad a agentes derivatizanies de
cisteinas Sin embargo. también es posible yue las diferencias en las interfases de estas tres
enzimas s¢ regulen por nteracciones diferentes v lejanas a dicha region Tales interacciones
podrian Hevarse a cabo mediante intrincadas 1edes de uniones no covalentes a lo largo de la

proteina



En este sentido, es apropiade sefialar los estudios realizados en familias de proteinas
ligoméricas (Clackson y Wells, 1995; Bogan v Thorn, 1998). En estos estudios se examind
cada residuo de la interfase para evaluar su aportacion en la estabilidad Los resultados
emostraron que los residuos m4s importantes se distribuian en zonas discretas, en vez de
»ealizarse a lo largo de la mterfase Ademas, existen evidencias que indican gue residuos
istantes a ésta region pueden jugar un papel importante en estabilizar interacciones
roteina-proteina (Hedstrom, 1996) Se cree que tales residuos se encuentran acoplados
nergéticamente con aquellos directamente envueltos en la umion, por lo que la energia de
nion entre las subunidades de proteinas se propaga a través de la estructura tridimensional
| ockiess y Ranganathan, 1999).

Una tercera posibilidad es que entre las TIM de los tripanosomatidos existan diferencias
nportantes en las denomunadas vibraciones atomcas (Anderson. et al 1997) En este
entido, es posible que la T¢TIM presente gran moviidad atdémica en su estructura,
ermitiendo que moléculas como los agentes dervatizantes penetren con mayor velocidad
acia la cisteina de interfase Asi. la TIM de 7. ¢ruzs presentaria una estructura ¢on mayor
exibilidad molecular que la TbTIM

La impertancia sobre las diferencias en flexibilidad estructural entre ambas enzimas se
xplord mediante el estudio de una propiedad distinta Esto se discutira en el siguiente
partado

Con estas observaciones. se sugiere que la regon de la interfase es un buen sito pata
lisefiar moleculas que perturben especificamente a fas TiM de fus pardsitos Ademas. un
specto que contribuina en el disena de moleculas contra dicha region es comprender las

opredades gque modulan Ta reacosdad de sus residuos, comae fa osteng 1

PRE



SUSCEPTIBILIDAD A LA PROTEOLISIS LIMITADA DE LA TRIOSAFOSFATO
ISOMERASA

La protedlisis de proteinas tiene una importancia bioldgica ya que las proteinas se
degradan a distintas velocidades m vivo por proteasas (Kidokoro, et al, 1990) La vida
media i wivo de una proteina se ha definido como la “estabilidad biologica™ A pesar de que
una proteina tiene muchas zonas potencialmente hidrolizables, solo algunas se cortan por
proteasas. En otras palabras, cada sitio probable de corte tiene distinta susceptibilidad a la
proteolisis, io que indica que en la susceptibilidad a proteasas no solo es importante la
secuencia primaria local, sino que otras propiedades de las proteinas afectan el mecanismo
de digestion

Se han propuesto diversos factores que tienen un papel importante en la selectividad a la
hidrolisis Une de estos es la exposicion al solvente {Richards, 1977, Richmond, 1984.
Shrake v Rupley, 1973,), de hecho, se conoce que areas expuestas al solvente como los
“bordes” o “bisagras” de proteinas son realtivamente susceptibles a ser hidrelizados (
Neurath, 1980, 1986, Benett y Huber, 1984) La hidrofobicidad {Sun, et al ., 1993, Rose, ¢t
al . 1985, Eisenberg y McLachlan, 1986), y los factores de temperatura, conecidos tambén
come flexibilidad molecular {Petsko v Ringe, 1984, Fontana et al | 1986} son de 1gual forma
propiedades importantes paia fa proteolisis. Sin embargo. no cxiste una regla general acerca
de cual es el faclor principal que determina la susceptibilidad a la proieclisis

Existen estudios de digestion parcial por subtilisina de la triosafosfato isomerasa de
coneje (Sun, et al . 1993, Vopel y Chmiclewsky, 1994), levadura (Sun, et al, 1992}, y
Plasmodhum folciparum (Rav. ot al L 1999) Tadas las TIM sufticion cortes, pero en sitios

dilerentes Smoembargo, en todos Tos casos se encontro que tas enzmmas Tadeolizadis

7




conservaban su actividad catalitica y no mostraban grandes cambios estructurales. Tal
comportamiento no es frecuente y demuestra la robusta naturaleza que confiere el

plegamiento de barril alfa-beta en estas enzimas

OBJETIVOS Y ESTRATEGIAS
El presente trabaje tiene dos principales objetives El primero es determinar los factores

que contribuven a las diferencias en reactividad de la Cys 14 de la triosafosfato isomerasa de

7. brucer (TbTIM) v T. cruzi (TcTIM) a agentes quimicos que modifican cisteinas Este

objetivo se cumplio de acuerdo a los siguientes experimentos.

1 -Debido a que existen diferencias en la composicién de aminecdcidos en ¢l asa 3 de TbTIM
y TcTIM, el primer factor que se evalud fue el ambiente inmediato que rodea ala Cys 14
Por tanto, se llevo a cabo la sustitucion sistematica en TcTIM de residuos de la interfase
y del asa 3. por los que se encuentran en TbTIM Las enzimas mutantes se expusieron al
agente sulfhidrilo metilmetanotiosulfonato (MMTS) para evaluar los cambios del
ambiente inmediato a la Cys 14 sobre su reactividad

2 - Una vez que se establecio la contribucion de los residuos de interfase, se determiné si las
Cys {4 de TcTIM vy TbTIM presentaban diferencias en ¢l grado de onizacion (pKa™)
Este aspecto es importante debido a que el MMTS solo reacciona con la especie tiolato
de la Cys14 Lo antenor se llevo a cabo titulando la reactividad por MMTS a distinto pH

3 - A continuacion se evaluo la coninibucion del pKa™ de la Cys14 a la reactividad Esto se
realizd exponiendo a las TIM de 7 Arucer, [ cruzi v osus mutantes al MMTS en

condiciones donde el estado de tonizacion de la Cys 14 fuera ¢l mismo
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conservaban su actividad catalitica y no mostraban grandes cambios estructurales Tal
comportamiento no es frecuente y demuestra la robusta naturaleza que confiere el

plegamiento de barrii alfa-beta en estas enzimas

OBIETIVOS Y ESTRATEGIAS
El presente trabajo tiene dos principales objetivos El primero es determinar los factores

que contribuyen a las diferencias en reactividad de la Cys 14 de la triosafosfato isomerasa de

T brucei (TbTIM) y T cruzi (TcTIM) a agentes quimicos que modifican cisteinas Este

objetivo se cumplié de acuerdo a los siguientes experimentos

1 -Debido a que existen diferencias en la composicion de aminoacidos en el asa 3 de TbTIM
y TeTIM, €l primer factor que se evalud fue el ambiente inmediato que rodea 2 1a Cys 14
Por tanto, se llevd a cabo la sustitucion sistematica en TcTIM de residuos de 1a interfase
y del asa 3, por los que se encuentran en ThTIM Las enzimas mutantes se expusieron al
agente sulfhudrilo metilmetanotiosulfonato (MMTS) para evaluar los cambios del
ambiente inmediato a la Cys 14 sobre su reactividad
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condwiones donde el estado de tomsacion de ln Cyvs 14 [eera ¢l mismo



El segundo objetivo fue el de explorar si existen diferencias en susceptibilidad a la proteélisis

limitada por subtilisina en TbTIM y TcTIM. Este objetivo se cumpld de acuerdo a los

siguientes experimentos

1 -Se compar0 Ja susceptibilidad a la hidrolisis en ambas enzimas determinando la
inactivacion de las TIM a diferentes concentraciones de subtilisina. Posteriormente, se
compard la cinética de hidrolisis en ambas enzimas evaluando la inactivacion de las TIM
y valorando la hdrélisis mediante la determinacion del mondmero que queda ain sin
cortar por densitometria optica en geles desnaturalizantes de poliacrilamida

2 -Para explorar si las diferencias en velocidad de hidrélisis se debian a distinto namero vy
sitio de cortes, se secuenciaron los NH-terminales de los péptides que se obtienen por
hidroélisis En TeTIM se utilizd ademas espectrometria de masas

3 -Postenormente se determinaron los cambios estructurales que Ja subtilisina ocasiond en
TbTIM y TeTIM Esto se deterrund por cromatografia de exclusion molecular en HPLC
y por su patron de migracion en geles no desnaturalizantes

4 -Asimismo. se determiné por fluorescencia intrinseca si la hidrdlisis tenia efecto sobre ci
ambiente local de los residuos de triptofano de las TIM Ademas, se evalud la funcién del
sitie active mediante la obtencion de las constantes cinéticas para el sustrato
agliceraldchido 3-fosfatc Finalmente se obtuvo informacidn sobre si la subulisina
modificaba las constantes de asociacidn entre los monomeros, ensayando la estabilidad de

la TIM de 7 bricer a distintas concentraciones de proteina



AATERIAL Y METODOS
.as técnicas y métodos que se utilizaron en cada trabajo, se detallan en la publicacion y

nanuscrito que se adjuntan.

ESULTADOS

.0 siguiente es un resumen de los datos que se describen en los dos trabajos que se adjuntan
it esta tesis. Uno esta publicado (Reyes-Vivas, et al , 2001) y el otro se envid a evaluacion
yara su posible publicacion.

) Los factores que regulan la reactividad de la cisteina de interfase en la triosafosfato
somerasa de Trypanosoma brucei y Trypanosoma cruzi La identidad entre las secuencias
orimarias de la enzima homodimeérica trosafosfato isomerasa de los parédsitos patdgenos,
Trypanosoma brucer {TbTIM) v Trypanosoma crizi (TeTIM) es de 70 % Sus estructuras
ridimensionales son también muy similares En las dos TIM, la cadena lateral de la Cys 14
de cada subunidad se inserta en el asa 3 de la otra subunidad Sin embargo, la Cys 14 de
T¢TIM es cerca de cien veces mas susceptible al agente sulfhidrilo metilmetanctiosulfonato
(MMTS) que la de TbTIM Las causas de estas diferencias se exploraron midiendo la
constante de segundo orden de nactivaciéon por MMTS (4;) bajo distintas condiciones
Primero se estudid si la distinta susceptibihdad al MMTS se debia al ambiente smmediato de
la Cysl4 Al micio del extremo -NH del asa 3 de TeTIM s¢ encuentran la Thre9 v la Arg70,
nuentras que al pringipio del extremo -NH de la hélice 3 se encuentra la GIn81 En estas
posiciones 1z ThTIM fiene Ala, [ys y Pro respectivamente Asi, se sustituyeron en TcTIM
svestre Jos residuos naturalmente presentes en THTIM A pll 7 4 la & en TeFIM ¢s 70

veees muvor gue en ThHIM Lo niple mutacion en TCTIN disininuvo la difvrencia en A+ a 30
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ESULTADOS

0 siguiente es un resumen de los datos que se describen en los dos trabajos que se adjuntan
n esta tesis. Uno esta publicado {Reyes-Vivas, et al, 2001) y el otro se envid a evaluacidn
ara su posible publicacién

) Los factores que regulan la reactividad de la cisteina de interfase ¢n la triosafosfato
somerasa de Trypanosoma brucei y Trypanosoma cruzi La identidad entre las secuencias
rimarias de la enzima homodimérica tnosafosfato isomerasa de los parasitos patogenos,
rypanosoma brucer (TOTIM)Y v Trypanosoma cruzi (TeTIM) es de 70 % Sus estructuras
ridimensionales son también muy similares En las dos TIM, la cadena laterat de la Cys 14
fe cada subunidad se inserta en el asa 3 de la otra subunidad Sin embargo, la Cys 14 de
FcTIM es cerca de cien veces mas susceptible al agente sulthudnlo metilmetanotiosulfonate
MMTS) que la de TbTIM Las causas de estas diferencias se exploraron midiendo la
onstante de segundo orden de inactivacién por MMTS (k) bajo distintas condiciones
Primero se estudio si la distinta susceptitilidad al MMTS se debia al ambiente mmediato de
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L cces mavor que en IB 1IN Lo trple mutacion e e PN disminuvo L dilerenenn en k-6 30

e

<.



veces. Estos resuftados moestraron que el ambiente inmediato gue rodea la Cysi4 contribuye
a la distinta reactividad entre TbTIM y TcTIM Sin embargo, la diferencia de 30 veces es
aun muy significativa y sugiere la existencia de otros posibles factores que asisten también al
controf de Ja reactividad de la Cysl4 Por lo que se procedid a caracterizar una propiedad
mas de este residuo de interfase

A continuacion se determiné s1 las diferencias se debian al distinto grado de ionizacidn
del grupo —SH de la Cysl4 Debido a que el MMTS solo reacciona con la especie tiolato,
fue posible determinar el pKa del grupo —SH de la Cysl4 midiendo la #: a distintos pHs.
Los valores de pKa aparente {pKa™) de la Cys 14 de TeTIM vy su triple mutante fueron 0.7
unidades de pH menores que en TbTIM Para determinar la contribucién del pKa™ de la Cys
14 en las diferencias en sensibilidad al MMTS, se evalud la reactividad de TeTIM y TbTIM
bajo el mismo grado de protonacién En tal condicion, la diferencia entre la &; de TcTIM y
THTIM fue sdlo de 8 veces Empleando la tniple mutanme de TcTIM, la coniribucion de tos
residuos del asa 3 se evaluo en condiciones de mismo grado de tonizacion de la Cys14 Asi,
la k; en ésta mutante fue solo 15 veces mayor que ThTIM Debide a que en estudios
previos se demastrd que el andlogo de sustrato, fosfoglicolato (PG) disminuia a la mitad la
k> en TcTIM, en este trabajo se examind su posible efecto en el pKa™ de la Cysi4 Los
datos mostraron gue el PG no modifico el pKa™ del tiol de la Cys14, a pesar de dismunuir la
k> Cuando el efecto del analogo se ensayd ¢n condiciones de musmo grado de jonizacion de
la Cysl4, se encontrd que la diferencia en k- entie T¢TIM v ThTIM fue de 15 veces, y de
0 8 veces entre la tniple mutante v ThTIM  En esta forma. la ocupacion de sitio activo por ¢l
analogo de sustiazo tansiite un cambne conformacional a la mteifase disminuyendo la

reactivadad de o Cvs ! s alterar sy pha™ Lo posble forma de mduen esie cambio
I I



conformacional desde el sitio activo hacia la interfase se discutir mas adelante Todos estos
resultados indican que la reactividad de la Cys14 depende de distintes factores.
I} Diferencias en susceptibilidad a la protedlisis limitada en la triosafosfato isomerasa
de Trypanosoma brucei y Trypanosoma cruzi Como se menciond, la triosafosfato
isomerasa de los parasitos patdgenos Trypanosoma brucei (ToTIMY} v Trypanosoma cruzi
(TcTIM) son enzimas homodiméricas v muestran un 70 % de identidad en su secuencia
primaria Con la intencion de estudiar la flexibilidad de sus estructuras se evalud su
susceptibilidad a la hidrélisis limitada por subtilisma de Carlsberg. Para eflo, se midié la
resistencia de ambas enzimas a distintas concentraciones de subtilisina. TcTIM mosird la
perdida de su actividad a concentracicnes de proteasa menores que en TbTIM Para
determinar la dependencia entre inactivacion e hidrolisis, la digestion parcial se evalud en
cursos temporales a una relacién molar de una subtilisina por cada 4 TIM’s En tal
condicion, TeTIM mostrd una inactivacion exponencizl (0 11 h'') que fue simultanea con el
porcentaje de hidrolisis En este tipo de expenmentos tambien se cbservo que a pesar de que
la enzima se hidrolizd completamente, no fue posible detectar fragmentos proteicos Por
otro lado, en la digestion de ThTIM por subtilisina se encontraron una fase rapida y una
lenta en su inactivacion y porcentaje de hidrdlisis Ajustando la fase rapida a un decainuento
exponencial sencillo, fa velocidad de mactivacion fue de 0 027 h™', siendo 4 veces menor que
en TeTIM  La preparacidon de TbTIM mostro ademas {ragmentos de proteina que se
incrementaron ¢on el tiempo de incubacién

Se exploro si el origen de las diferencias en hidrolisis entie ambas enamas se debia 4
distintes sitios de corte §b TN presento un corte en cof extremo N de ta segunda parte de

Ly w-hehiee S (13970 130) v otro en of extremo N de da helice 6 (QUBTA)182) TelIM



mostrd un corte en el extremo -NH de la hélice 5 (T130-N131) y uno mas, al exiremo ~-NH
de la hélice 6 (Q181/Q182). Como la TcTIM no se logro estudiar cinéticamente debido a su
rapida inactivacion e hidrdlisis, se estudié la conducta cinética y estructural de la THhTIM
Asi, se decidi6 analizar muestras de TbTIM que alcanzaron Ia fase lenta de hidrolisis y que
exhiben un 50 % de actividad residual. Por lo que se deterrund el perfil cromatografico por
exclusién molecular de la TETIM expuesta a subtilisina durante 36 hrs. Los resultados
mostraron que el tiempo de retencion entre esta preparacion y la enzima nativa fueron los
mismos. Para corroborar si fa hidrolisis afectaba la estructura tridimensional de TbTIM, se
determind en un curso temporal sus propiedades electroforéticas en condiciones no
desnaturalizantes L.os datos mostraron que en la ThTIM la banda de la enzima nativa
desaparece gradualmente al tiempo que aparece una de menor movilidad TcTIM también se
evalud bajo estas condiciones, la proteina desaparece completamente sin mostrar otra banda
Asimismo se determind la flucrescencia intrinseca de la TbTIM expuesta a subtilisina
durante 36 hrs La enzima truncada mostrd un corrimiento hacia el rojo de 5 nm y una
disminucion en su emision de un 5 % Se sabe que en la TIM de levadura existe un residuo
de Trp que se localiza en el extremo —NH del asa ¢ (Trpl70), v que es el principal
contribuyente a la fluorescencia mtrinseca de esta enzima (Sampon y Knowles, 1992) La
TbTIM también presenta el Trpl 70, por fa que es posible que la perturbacion en el espectro
de enusion de la enzima hidrolizada sea un reflejo de alteraciones en su asa 6 La Km para el
eliceraldehido 3-fosfato de la Th 1M nativa v cortada fue similar, pera en la enzima cortada
la k. dismunuyo a ta mitad, sugiiendo que sole un sitio es cataliicamente activo

LD tratamiente con subhilisma podria tambien alectar las mtetacciones en la interfase,

tenendo como consecuencia la alteracion de Ly afimidad entre tos monomeros Por tanto, s¢



valud la estabilidad a 1a dilucién de ta ThbTIM expuesta a subtilisina. Las Kp aparentes entre
os mondmeros de las formas nativa y truncada de ToTIM fueron muy similares (3x10°M y
 8x10™°M respectivamente) sugiriendo que los cortes no perturbaron la asociacion entre los
NONOMEros

En conjunto, los resultados de la digestion limitada muestran que en TcTIM los
rimeros eventos de hidrélisis facilitan acciones posteriores v extensivas de protedlisis,
nduciendo fa pérdida completa de su actividad y estructura Por el contrario, la TbTIM
rarcialmente digerida mantiene una estructura similar 2 la nativa. Ademas, la hidrélisis de

FbTIM parece ser asimétrica, cortandose primero una subunidad y después la otra.



DISCUSION
Elementos que afectan la reactividad de la Cys de interfase en ThTIM yTcTIM.

Como en general el nimere de residuos conservados es menor en la interfase de
proteinas homdlogas que en su sitio activo, pero mayor gue en el resto de la proteina. La
diferencia en composicion de residuos en fa interfase podria conferir propiedades
individuales a las enzimas de cada especie Ademis hay que recordar que existe una
compleja red de interacciones no covalentes, locales y a distancia, que también modulan las
propiedades de dicka region Las diferencias en susceptibilidad a agentes perturbantes de la
Cys 14 entre THTIM y TcTIM es un ejemplo muy ilustrative de como tates propiedades
afectan radicalmente a la reactividad de un residuo de interfase

Sustituyendo sisteméticamente algunos residuos mediante mutagénesis dirigida y
evaluando la derivatizacién de la cisteina de interfase a distintos pH, encontramos que es
posible determinar los factores que gobiernan la distinta susceptibifidad de este residuo a
reactivos de grupo sulfhidrilo en TbTIM y TeTIM Los datos demuestran que existen
contribuciones locales y comnbuciones que pueden calificarse como distantes Los residuos
vecinos a la Cyslt4 en TbTIM parecen formar una mejor barrera esténca contra fa
accesibilidad al agente derivatizante que en TeTIM En tanto que las diferencias en el pKa™
det -SH de 1a Cys 14 inducen una mayor poblacion de la especie reactiva (tiolato) en TeTIM
(Bednar, 1990, Bula), et al., [998) Las mteracciones gue inducen las diferencias en el grado
de iomracion de la Cys 14 entre ThTIM v TcTIM parecen localizarse a distancia de cste
tesiduo ¢oncluso. fuera de la regidn de fa mtertase

kn este senndo. resulta oportuno comentar las ebservaciones de Lockless v Ranganathan

(E209) sobie une famdha de ensanas donde se estudiaren sus contactos proteina-protema

,)}:)



llos observaron que los miembros de esta familia contienen residuos fuera de la interfase
ue son importantes para la estabilidad Estos residuos trasmiten su energia de union a
ravés de la estructura tridimensional Con respecto al controi de la reactividad a distancia de
na regidn, recientemente se analizo tal efecto en la activacion alostérica de la enzima
lucosamina 6 fosfato desaminasa, en términos de la flexibilidad molecular (Rudifio-Pifiera,
t ab. en prensa). En este sistema se encontrd que los cambios conformacionales entre €l
istado “T” v el estado “R” pueden llevarse a cabo a través de vibraciones atomicas La
mportancia de Ta flexibilidad molecular en este sistema no solo se observa sobre la
egulacidn alostérica, sino también sobre el proceso de unidn con el sustrate, induciendo un
neremento en afinidad por el sustrato Los estudios con fa TIM de levadura y tripanosoma
sonfirman la existencia de relaciones a distancia entre centros cataliticos e interfase (Sun, et
l, ]9§2, Pérez-Montfort, et al, 1999, Reyes-Vivas, et al 2001) y entre centro catalitico y
entro catalitico (Harris, et al , 1998) Por tanto, la posibilidad de que el grado de ionizacién
de Ja Cys 14 se regule por residuos acoplados fuera de la interfase resulta atractiva Esto
iltimo origina la siguiente pregunta Cuéles son las relaciones distantes que controlan la
onizacion de la cisteina de interfase? En éste sentido los resuliados sobre el efecto de la
subtilisina en TcTIM y TbTIM son interesantes
Hidrolisis limitada de la triosafosfaio isomerasa

Se ha observado que de un gran nimero de posibles sitios de hidrolisis en una proteina.
las proteasas aciuan sobre unos cuantos lugares Esta preferencia parece estar sujeta a las
sropedades locales del sitio de corte tales como exposicion al solvente, flexibilidad ¢
ludropatia Pat tante, of metodo de digestion lmmtada permute hacer algunas inferencias

sobre centas ropedades de as protemas

Ly
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En este trabajo se presenta el analisis comparativo de la sensibilidad a la digestion
limitada por subtilisina de ThTIM y TcTIM Ambas enzimas presentan caracteristicas
estructurales muy similares (Fig 1) Sin embargo, se observaron diferencias significativas en
la sensibilidad a la hidrolisis entre las dos enzimas TeTIM es mas susceptible a la hidrélisis
que TbTIM a pesar de que los sitios de corte entre ambas enzimas son similares Uno de
ellos se encuentra exactamente en el mismo sitio, en el extremo NH de la a-héhice & El otro
sitio de corte fue en distintas partes de la a-hélice 5 Esta hélice se divide por una pequefia
asa, en TcTIM el sitio de corte se encuentra al inicio de Ja primera parte de la hélice,
mientras que en ThTIM el corte se encuentra al inicio de fa segunda parte (ver figura 3 de
segundo manuscrito)

Existen estudios previos sobre fa susceptibilidad a la hidrélisis Himitada de la TIM de
otras especies (Sun, et al . 1993, Vogel y Chmiclewski, 1994: Ray et al., 1999) Todas elias
se hidrolizaron con subtilisina de Carlsberg vy de su analisis se observd que los sitios de corte
se encuentran en distintas regiones de la proteina Los autores también muestran que estas
enzimas presentan actividades y propiedades estructurales similares a sus enzimas nativas
Por tanto, la posibilidad de que las diferencias en susceptibilidad a la subtilisina entre TeTIM
y TbTIM se deban al distinto sitio de corte dentro de fa o-héhce 5 resulta remota La otra
posibilidad es que las diferencias en susceptibilidad a la hidrolisis se deban al grade de
movilidad o “flexibihdad™ de las enzimas En este sentido, pensamos que TeTIM tiene una
alta flexibsfidad v esto la hace un mejor sustrato para la subtilisina  Las difercncias en
flesibilidad podnian exphear otras diferencias entre TeTIM v THTIM A pesar de gue la Ky
entie fos monomeros de TV v TCTIM es sinulan, es posibie que una mavor Qexinhdad

en laoestiuctng de oosta ulhima tambien mdusea con maver frecacnei la exposicion at
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olvente de zonas ocultas como por ejemplo, lz interfase y su Cys14 Como consecuencia, €}
rrado de ionizacion de la Cysl4 se incrementaria y aumentaria su reactividad. En este punto,
esulta adecuado comentar una revision de Petsko (1996a). El autor sefiala que existen
tgunos ¢jemplos en donde moléculas organicas grandes son capaces de unirse a cavidades
rofundas e inaccesibles de proteinas Tal es el caso de las fenilhidrazidas o el
riyodomercurio que penetran a un sitio oculto al solvente de la mioglobina La explicacion
e esto es que dichos ligandos deben difundir a través de la protema mediante
tesplazamientos sutiles de los dtomos v grupos Asi, la estructura tridimensional de una
roteina es en realidad un promedio de las distintas conformaciones que puede adoptar
Petsko, 1996a; Luque y Freire, 2000)

La otra cbservacion importante es que la enzima de 7. brucer tratada con subtilisina
NOStré caracteristicas muy particulares TbTIM parece presentar una hidrélisis asimétrica
ina subunidad se hidroliza e inactiva primero y después se hidroliza la otra subumidad. Se
1an prepuesto dos posibles explicaciones para tal asimetria a) uno de los monomeros es
ntrinsecamente mas susceptible a la hidrélisis que el otro, b) la hidrolisis de uno de los
nonomeros induce en la otra subumnidad cambios conformacionales que la vuelven maés
‘esistente a la accidn de la subtilisina a proteolizar Aunque en este momento no somos
zapaces de saber cual de las 2 propuestas es correcta. es importanie sefialar Ia existenoa de
sbservacienes a favor de ambas explicaciones Por gjemplo. la asimetria entie los dos
nonomeros sambién se observo en varias estructuras cristalograficas La mavoria de las TIM
nuestran un asa ¢ {catalitica) en posicion cerrada, mientras que el asa del otro monomero se
ancuentia en posicion abierta, incluso en estructunas de TIM ausentes de hgande La 1eiIM

arstalizada en prescncia de solvente orsamen (Gao, et al, 1999) presento dos molecubis de

s
D



hexano en la mterfase y una molécula fuera de esta region. Esta dltima molécula de hexano
solo se observd en una de las subunidades. Resulta ademas interesante que este ultimo
hexano se presenta muy cerca de la a-hélice 5, que es la region del segundo corte de TcTIM
y TbTIM. Estos datos apoyarian la posibilidad de que la ThTIM presenta asimetria
intrinseca

Como se menciond en la primera parte de la discusidon, existen antecedentes que
muesiran comunicacion entre sitio activo e interfase (Sun, et al., 1992; Pérez-Montfort, et
al., 1999; Reyes-Vivas, et al. 2001) asi como entre los sitios activos (Harris, et al,, 1998).
De esta forma, es posible que aquello que altere a una subunidad podria afectar a la otra
subumdad, por lo que la asimetria podria ser un efecto inducido por un agente perturbante o
un ligando

Una conclusion general del analisis de ambos trabajos es que, las diferencias observadas
entre TcTIM y TbTIM parecen manifestar disimulitudes en una misma propiedad la
existencia de distinto grado de flexibilidad estructural entre las dos enzimas En este sentido,
es interesante observar que TcTIM parece presentar mayor movilidad atémica que ThTIM,
no obstante que estas enzimas comparten un 70 % de idennidad en sus secuencias y sus
estructuras tridimensionales son muy similares Esta idea parece contraponerse ademas con
la obscrvacion de que los factores de temperatura entre TeTIM y TbTEM no muestran
diferencras significativas, que son una medida del grado de {lexibididad estructural Sin
cmbargo. debe advertirse que estos valores a menudo se obtienen de un refinamiento de
datos de diffaccién que no estima suficentemente bien Jas diferencias en movilidad
estructural b oeste senudo, sena provechose comparar la estructna de TeFIM con la de

alpuna TIM obtenida a may alta resolucion {la de 2 Auscodvaca por cemplo) seadizando un

_
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1alisis similar al expuesto para la regulacion alostérica de la glucosamina 6 fosfato
zsaminasa (Rudifio-Pifiera et al , en prensa). El objetivo seria revaluar la posible diferencia
ue exista en vibraciones atomicas y conocer los residuos directamente involucrados en tales
iferencias. Esta informacién serd de gran utilidad cuando se definan las propiedades que
>quiere un compuesto para desestabilizar especificamente las interacciones de la interfase

e fa TIM del parasito, sin alterar la del hospedero.
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ABSTRACT: The amino acid sequences and X-ray structures of homodimenc triosephosphate 1somerase
from the pathogenic parasites Trypangsoma bruce: (TbTIM) and Trypanosoma cruzi {T¢TIM) are markedly
similar. In the two TIMs, the side chamn of the only interface cysteine {Cys14) of one subunit docks mto
loop 3 of the other subunit This portion of the interface i5 also markedly similar in the two enzymes

Nonetheless, Cysl4 of TcTIM is nearly 2 orders of magnitude more susceptible to the thiol reagent
methylmethane thiosulfonate (MMTS) than Cysid of TbTIM. The causes of this difference were explored
by measuring the second-order rate constant of inactivation by MMTS (&) under various conditions. At
pH 7.4, k2 in T¢TIM 15 70 times higher than 1n ToTTM The difference decreases 1o 30 when the amino
acid sequence of loop 3 and adjoining residues of TbTIM are conferred to TeTIM (triple mutant). The
pK, values of the thiol group of the interface cysteine of TcTIM and the triple mutant were 0.7 pH unit
fower than in TbTIM Because this difference could account for the different sensitivity of the enzymes
to thiol reagents, we determined the 4 of inactivation at equal levels of ionization of their interface cysteines.
Under these conditions, the difference in £; between TeTIM and TbTIM became 8-fold, whereas that of
the triple mutant to ThTIM was 1.5 times. The substrate analogue phosphoglycolate did not medify the
pK, of the thiol group of the interface, albeit 1t diminished the rate of its derivatizatton by MMTS In the
presence of phosphoglycolate. under conditions 1n which the interface cystemes of the enzymes had equal
levels of protomation, the difference in k> of TeTIM and TbTIM became smaller, whereas k; of the triple
mutant was almost equal 1o that of TbTEM Thus, from measurements of the reactivity of the interface
cysteine in various conditions, 1t was possible to obtain information on the factors that control the dynamucs

of a portion of the dimer witerface.

Tnesephasphate isorerase (TIM)! 18 & glycolyuc enzyme
that catalyzes the interconversion between glyceraldehyde
3-phosphate and dihydroxyacetone phosphate, The cryvstal
structures of TIMs from a wade vaniety of specics have been
determuned (/=703 Cxeepl for TIM from Thermotoga
martiama which 18 g tetramer (/. ali TiMs so for described
are formed by two wdentical monomers which have a central
core formed by B-strands surrounded by a-helices The eight
f-strands and e-helices are joned by loops numbered 1—8
The eatalytic residues in cach monomer belong 1o the same
polypeptide cham: however, only in us dimenc form s TIM
catalytically active {//—73). In this respect, 1t has bueen
advanced that the asgociauon of the two monoemers brings

* Thin wark was supported by CONAC YT Grant No 627551M and
DGAPA-UNAM Gran Mo IN206297 1R <V the reaipieni of o
Icdlewship from € ONACYT

* To whom correspondence shoull be addreswcd Tel {5253
GI7S629 Fax (52516225030 | -mad apuyeugmilistol unum my

U ersd Nacwnal Aulonona de Mexico

¥ Insttuta Nacoal de Pediatria

TPresent address lnanitne Nocend de Pedeatry Mexico, 131
Mevieo

UAbhrovianens MM S mgthvinethne thiositonate, PCRL polve
menise chun reacnon, TIM Inosephospliate isamerase 114G maprops|
#5 trtbnapysbacopymnonde, THTIM i TeTEM ereplosiy e samierise
fromn Boupasosoma hiicet and Dpinosemia cre o seapeginely

10 LG Wibo2e19 (00 S2uoh

.

about the proper enentanon of the residues (f4—18)
However, there are reports that suagest that the dimer
wterface plays a dynamie role w catalysis (J9)

A large portion of the ensyme 1s formed by the dimer
interlace. A conspicupus region of the interface 15 formed
by loop 3 The residues of loop 3 of cach of the two subunits
submerge o the other subunit. Another relevant feature
of Toop 3 15 that, in cach monomer, the residucs of loop 3
surreund the side cham of residuc 14 of the other subunil
(the numbering system of TIM {from Trypaaosoma brucer
will be used) Sne-directed mutazeness studies of eyidue
14 or loop 3 (16~ 18, 70) have shown that this portion of
the nterface 15 central m dimer stability  Eikewise, 1 has
been shown that chenucal perturbation of Cys14 of TIMs
trom trypanosomatides provehes stractural allerations and
abohtion of catalysis (9. 20-25)

The porion of the mierface formed by loop 3 and residue
14 has an addinonal mterest, TIMs from the pathogenie
parasies Tranosoma cruze (23), Trvpanasama bricer (3),
Lendunama mevcana (26), Plasmodmm falciparum (7).
taardid embhia (20, and Entwmochae histoh ea (28)
pogsSas W uysteme i an equivalent positon Tn TIMs from
many other species, position 14 1s oceupied by a delleren
rescdue, Tor example, m mammaban TEM, 1L 1s 1 methionine

20001 Amenean henuacal Sooty

Publiched vin Wek {32 13081



1¢ Interface Cysteine of Triosephesphate Isomerase

d 10 yeast a leucine In addition, loop 3 of human TIM 15
e residue longer than those of TIMs from T Aruce:
BTIM), 70 cruzi (TeTIM), and L mexicana Thus, this

gien of the interface appears to be a good target for the

:sign of maolecules that affect the association between

onomers 1 TIM frorn parasites. This 15 of importance,
nce millions of people are infected by the aforementioned
rasites,

The mierfaces of ToTIM, TcTIM, and leishmanial TIM
1ve one cysteine per monomer n the dumer mterface, and
s derivatization with thiol reagemts causes ureversible
ructural alterations and total inactivation of the three
1zymes (24). The thiol reagents that nactivate TIMs from
ypanosomatids exert a small effect or have no effect at ali
1 TiMs that Jack a cysteine in position 14, the latter
weluding human TIM (5). Thercfore, these observations
1zgest that 1t 15 :ndeed possible to desmgn molecules that
srturh specifically the :nterface of TIMs from the trypanc-
ymatids.

In studies on the inactivating effect of thiol reagents on
IMs from parastes, 1t was observed that the interface
ystemne of T¢TIM 1s about 2 orders of magnitude more
msiive 10 Inol rezgenis than that of THTIM and L
texicana (23, 24). This 1s somewhat remarkable, since the
mino acid sequences of the three TTMs have an dentity of
8% and their X-ray structures are strikingly similar (9, 24).
he picture becomes more intnguing 1f 1t 15 considered that
1 1dentity of the residues that form the dimer interface 1s
2% and that the buried surface arces of the cysteines of
BYIM and TeThv are aimost wdentical (see Table ) 1 ref
). The packing of the sulfur of Cysl14 by the residucs of
>op 3 1n TbTIM and TeTIM 15 also markedly sunilar.

Because of the mmpertance of this portion of the interface
1 the design of molgcules that induce destabilization of TIMs
rom parasites, we carmed out a systematc analysis (o
scertam why very stmilar enyymes exhibit such marked
sfferences n regions that appear o be nearly 1dentical. This
nvolved a stepwise approach in which, imitially, the amino
cid sequence of ToTIM was conferred o TeTIM This was
ollowed by studies in which the reacuviugs of the tuol
roups of the mterface cysteines were compared at (he same
rolonation state. The results tustrate that the local environ-
went and events thal are distant o the mterface cysteine
ffoet 1is reactivity with a ol reagent The data also show
nat as cach of these factors 1s cqualized, the difference in
sactvity of the interface cysteine of THTIM and TeTIM
ccomes progressively smaller

TATERIAL AND METHODS

Enzvmes Recombmamt TIM from 7 cruze, I mexicuana.
T rruees, and the Cysl48er mutant of THTIM were punificd
s desenbed clsewhere (M, 23, 29) The inutant ensymies of
TIM deseribed below were punlicd following the meth-
dology desenbed for wild-type TUTIM All enzymes were
toted as suspensions At 490 w100 MM nethannlimne,
O mM PDTA, | mM dithusthrerol, 1 mM sodiem enide,
H S0 and 70% savranon ammonuam sultue  Por the
apenments, the ensynies were dily ced agaimst 100 mM
nethanolamime and 1 mM DA, pH 74

The GlulSGin, Glas e, and Phiog ALy Are JOT o
dnd i Pre BOTIMG were propuared s polsiwcrase chinn
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reachon {PCR) using the Expand High Fidelny PCR System
{Boehringer). The mutagenic olhigonucieotides were
§-CAACGGCTCCCAGAGTTTGCT-3" (Glul8Gln Fw),
5-AGCAAACTCTGGGAGCCGTTG-3" (GlulsGln Rv),
5 -CTCTCTGCCGATCCTCAAGG-3  (GIn81Pro  Fw),
5-CCTTGAGGATCGGCAGAGAG-3" {GIn8lPro Rv),
5-GAACGCGATCGCSAARTCGGGCGCT-3' {Thré9Ala/
Arg70Lys Fw), and 5~ AGCGCCCGAYTTTSGCGATCGC-
GTTC-3" (Thre9Ala/Arg70Lys Rv) {where R = G/A, S =
G/C, Y = C/T). The PCR products were ligated to the pCR
2.1 vector (Invitrogen) and sequenced. Once the genes with
the approprate mutations were 1dentufied, they were se-
quenced completely, subcloned into pET3a, and mtroduced
by transformation inte BL21{DE3)pLys ceils (Novagen). For
expression of the mutant enzymes, cells were grown as
described by Borchert et al. and induced with IPTG (29).

Assav of AcHvity Activity in the direction of gly ceralde-
hyde 3-phosphate to dihydroxyacetone phosphate was mea-
sured at 25 °C as described elsewhere (27). The l-mi
rezction mixture at pH 7.4 contained 100 mM methanol-
aming, 10 mM EDTA, | mM substrate {except when the
catalytic consiants were determuned), 0 9 U ¢-glycerophes-
phate dehydrogenase, 0.2 mM NADH, and 5 ng of TIM
Acuvity was calculated from the decrease m absorbance at
340 nm

Effect of MMTS The standard condions for measuring
the rate of chemucal modification by MMTS were as follows.
The enzymes were incubated at 25 "C at a concentration of
5 pg/mL of 160 mM toethanolamine and 10 mM EDTA
that had the wndicated pH and MMTS concentrations
Aliquots were withdrawn penodically and diluted with the
same buffer that had pH 7 4 in order to measure the residual
activity The pscudo-first-order &) was deterrmned from plots
of percent of activity versus time. The sceond-order kietic
constant k2 was then caleulated from plots of the first-order
rate constant versus MMTS concentranon.

Deternunanon of the pK, of tie Interface Cysternes Tao
determine the pK, of the cystene, the ensymes were
incubated at a concentration of 5 g/l n 100 mM
tricthanolamine and 1¢ md CDTA adjusted 1o the desired
pH, MMTS gt the concentranons indieated under Results
was also included. The ionic strength of mixtures was
mamntained constant by nclusion of the appropriate amounts
of MaCl At dilferent tunes aliquots were withdrawn, diluted
with buffer pH 7.4 and activity measured as desenbed above,
The apparent pX, of the weterlace of the vanous TIMs was
determuned from plots of In of percent remaining activity
versus pHo Data were fitied to 2 model derved from the
Henderson—Hasselbaleh equation

¥, b 1) % 1o o

) =
In(% activity} RPVT

(n

where hyoand he represeat the imital and 1ingl actvities,
respectively

In the expermients the meubatton of MMTS and the
madeated TN was Tess than 1 oun Thes was because w
relatpeely alhahme pH, MM TS anderooes spontancous de-
compasiton o bactoat pi a7 he Tiphest pHoassayad, the
decomposition of MMIN g about 80 w1 ann s rate

vanstint of decomponition v 31N 0 6 0 Thus, at tug
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Table 1- Kinenc Constants of Wild-Tvpe and Mutant T¢TiMs?

Table 2 Second-Order Rate Constants for the Reacnion of MMT$
with the Interface Cysteine of Vanous TIMs at pH 7 4"

K Fog kel Ko
™M (mM) fmin™'y  {mn~'mM™'} TIM b (M7'57Y)
TeTIM 048+0G01 26 % 10° 54 x 167 TbTiM ¢ 6+ 005
F18Q TcTIM 862+£006 18x10° 29 x 10° TcTIM 40 £ 28
Q81P TeTIM 072£005 29 x10° 4% 10° E18Q TeTIM 90+36
mple mutant of TeTIM 056 £ 005 22 x 107 39x 107 QRIP 32+&2
TeTIM triple mutant I8 %3

* Achwiry was determned with vanous concenwahions of glyceral-
dehyde 3-phosphate (0 05—4 mM} as descnibed under Matenats and
Methods K (=SEM} and ke were calealated from nonlinear regression
plois

particular pH, the rate constant of nactivation of THTIM
{see data m Figure 2) was calculated taking into account the
rate constant of decomposition of MMTS as descnbed by
Gomu and Fujicka (38). In the rest of the expenmentzl points,
the correction was not made, since the MMTS breakdown
was less than 6% in 1 min. In addition, 1t is noted that at pH
10, the enzymes undergo rapid wmactivation, This prectuded
the determination of the effect of MMTS at pH 10 or higher.
At pH 9.7 the enzymes were stable for at least 10 mn,

Protein concentration of the enzymes was deteomined from
their absorbance at 280 nn using the melecular extinction
coefficients () of 34950 M~' em™? for TbTIM and
Cysl48cr THTIM (25), 33 460 M™! em~! for TeTIM and
mutant T¢TIM, and 36 440 M™' cm™! for TIM from L
mexicana (23).

RESULTS i

Effect of MMTS on the GIui8Gln Mutant of TcTIM
Although the structures of THTIM and TeTIM are markedly
similar, the cnzymes differ in the portion of the interface
formed by loop T of one monomer and hehix 3 of the other
subumit (9) At the end of loop |, ThTIM has glutamine n
posiion 18, Its amide group 15 H-bonded to the pepuide
oxyuen between Agp85 and Phe86 of helix 3 of the other
subumit. At vanance with TBTIM, TeTIM has glutamic zeid
i posiion £8 and its side chain points toward the solvent,
Thus, i the respecuve three-dimensional structures this
portion of the mierface 15 more open i TeTIM than o
ToTIM To test1f this difference s related to the accessibility
of tmol reagents to Cysl4, we constructed a mutant of TeTIM
i which its glutamic acid was exchanged for a glutamine.
The ensyme was punfied and charactenzed. The K of the
mutant ensyme for glyceraldehyde 3-phosphate was sumlar
o that of wild-type TeTIM, uts &, was about 30% lower
(Table 1) The sccond-order rte constant of the wnibwon
(h2) nduced by MMTS was dewermingd from plots of the
pseudo-first-order rate constants (£, al vanous concentrations
of MMTS and compared to those i TeTIM and ThTIM
{Table 2) The smutant ensyme cxhibited a stightly higher
sensiivily 10 MIMTS  Henee, 11 would appear that the
eamstence of a glutanue actd or glutamunge m position 18 does
not aceount for the marked differences m sensitaty w tnol
rearents between ThTIM and le 1M

Praperenes of the GInSIPro Misant of Te 1IN and o Mutant
of TeHIM sl iy Loop 3 fdonneal o Tlhae of ThTIM TiM
ftont £ mecvecana alse has 3 cysieme mposaron 14 and s
stde chun s sutounded by the residpes of loop Vol the
othier subumt C30) The denvatzaton ol s evaleine by
AMAMIS e ather tnal seapents ¢rases 1 mactivdion (24

L mexicana 0160005

4 The enzymes were mcubated m the standard conditzons atpH 74
with MMTS, and at vanous times aliquots were withdrawn, diluted
and their aguvity measured. From the data. psendo-first-order rates
constants were determmed from plots of percent actvity versus ume
fitted by nonlinear regression analysis. The second-order rate consiants
Ez (-=SEM) for the reacthon were calculated as described under Materials
and Mcthods. The concentrations of MMTS used wath the vanous TiMs
were for E18Q TcTIM, 20, 30, 40, and 50 «M MMTS, for Q817
TeTIM, 30, 40, and 50 M MMTS, for the mple mutant of TeTIM. 5.
10, 15, apd 20 uM MMTS, for TIM from L. mevcena, 04, 0.8, 1.2,
and 16 mM MMTS #Data from Pérez-Montfort et al. (25)

At pH 7.4, the k; of mactivaton by MMTS of leishmanial
TIM was about 3 times lower than n TbTIM and about 250
umes lower than 1 TeTIM (Table 2). To understand the
causes of the sigmficantly lugher sensitavaty of TeTIM when
compared to TBTIM and leishmanial TIM, their amino acid
sequences were examined, particularly 1n loop 3 and 1 the
ncighboring residues (Figure 1). At the end of leop 3, THTIM
and leishmamal TIM have proling m poswmien 31, the
corresponding amino acid n T¢TIM is glutamine Another
relevant feature of the sequences s that the ammo acud
compositiens of Joop 3 of TbTIM and leishmaral TIM are
wdentical and differ from TeTIM in residues 69 and 70. The
former two TIMs have alanne and lysine 1n these pesiions,
whereas 1 TeTIM the residues are threomne and argimine,
respectively.

To determine 1f these differences account for the high
susceptibility of TeTIM to thiol reagents, we prepared 1wo
mutants of TCTIM In one of them, GInl was exchanged
for proline This Glng1TPro TeTIM was used io congtruct
another mutant m which is Thee? and Arg70 were replaced
by the residues that exist in ThTIM and laishmamal TIM
This Thro9ATa/Arg7OLy</Gin81Pr0 TeTIM will be referred
througheut as the tnple mutant. The enzymes were pun ficd
to homegeneity and charactenised. The kineuics of these two
mutanis did net differ sigmficantly from those of wild-type
TcTIM (Table 1). However, in GIng1Pro TeTIM, the second-
order rate constant of mhibiuon by MMTS was about 30%
lower than in the wild-type Te¢TIM (Table 2). In the trple
mutnt. the sceond-order rate constant of wactivanon by
MMTS was even lower (Table 2) These findings indicate
that the anune acid sequenees of loop 3 and adjacent resiiues
vontribute partially to the suscepuibility of the mlertace
cysteine 0 thiol teagents  Nonctheless, 1t 1 somewhat
renzarhable it the tnple mutant, which has loep 3 dentical
to that of THTIM and lershmamal TIM, has a sensitivaty 10
MMTS that 1s 31 and 114 umes bigher than that of THTIM
and feshmanal TIM, respectively

fonmzation of the literfas e Cvsterne of ThFIM and Te TIM
Ihe X-ray structures of ToTIM and ThTIM show that then
et lace cyslemes are oot exposed 1o the solvent (91 This
1s i accord with data that mdeate that the denvanzation ol
the ewsteine v relatively slaw {0 2% Ninee the transler ol
wnzed 2roups from the sabvent o the mtent of pretems s
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60

-MSKPQPIAA ANWKCNGSQQ SLSELIDLFN STSINHDVQC VVASTFVHLA MTKERLSHPK
MASKPOPIAA ANWKCHNGSES LLVPLIETLN AATFDHDVQC WWAPTFLHIP MTKARLTHNEK

L. mexicana MSAKPQPIAA ANWKCNGTTA SIEKLVQVEN EHTISHDVQC VVAPTFVHIP LVQAKLRNPK

* * *
T. brucei

T. cruzi

120

FVIAAQNATA KSGAFTGEVE LPILKDFGVE WIVLGHSERR AYYGETNELV ADKVARAVAS
FQIAAQNAIT RSGAFTGEVS LOILKDYGIS WVWVLGHSERR LYYGETNEIV AEKVAQACAA

L. mexicana YVISAENATA KSGAFTGEVS MPILKDIGVH WVILGHSERR TYYGETDEIV AQKVSEACKD

T. brucei

T. cruzi

180

GFMVIACIGE TLQERESGRT AVVVLTQIAA IAKKLKKADW AKVVIAYEPV WALGTGKVAT
GFHVIVCVGE TNEBREAGRT AAVVLTQLAA VAQKLSKEAW SRVVIAYEPV WAIGTGKVAT

L. mexicana GFMVIACIGE TLQQREANQT AKVVLSQTSA IAAKLTKDAW NQVVLAYERYV WAIGTGKVAT

T. cruzi

T. brucei

240

POOMIEVHEL LRRWVRSKLG TDIAAQRLRIL YGGSVTAKNA RTLYQMRDIN GELVGGASLK
PQRAQFAHAL IRSWVSSKIG ADVRGELRIL YGGSVNGEKNA RTLYQORDVN GFLVGGASLX

L. mexicana PEQAQEVHLL LREKWVSENIG TDVAAKLRIL YGGSVNAANA ATLYAKPDIN GFLVGGASLK

250
PEFVEIIEAT K

PEFVDIIKAT Q
L. mexicana PEFRDIIDAT R

T. cruzai

T. brucei

TGURE 1. Sequence alignment of ToTIM, TeTIM, and L, mexicana TIM The residues that form loop 3 are in bold. The residues of TeTIM

1at were substituted arc marked with an asterzsk (*).

nergetically unfavorable, bured acidic groups ealubit a
clatively high p&, (31, 32) [tis also well-documented that
ulfhydryl agents react almost exclusively with the thiolate
orm of eystemne {33—37). To explore 1f the different
ensitivity of ThTIM and TeTIM 1o sulthydryl reagents 1s
clated to differences in the protonation level of the interface
ysteines, the apparent pK, of thewr thiol groups was
letermuned THTIM and TeTIM were meubated with MMTS
it various pH, and aliquots were withdrawn 10 measure the
enaning activity under standard condittons at pH 7 4 The
csults showed that ag the pH of the media was mereased.
he mactivaung ctlcet of MMTS increased (Fizure 2). From
lots of the remaiming activity at vanous pH. the pK, of the
nierface cysteines was calculated (Table 3) Regarding the
esult at pH 9.7, 1t 15 noted that at this pH, there 15 an
mportant spontancous decay of MMTS with 2 rate constant
Wad M s b Therefore, the rate of inactivation of ThTIM
vas caleulated tahing into account the rate of decomposition
[ MMTS (e ref 38 and Matenals and Mcthods). The
orrection wats not made for the rest of the powts i Figure
!, because the loss of MMTS was less than 6%, 1 the course
of the experiments

The experniments on the effect of MMTS at varous pH
neluded another controb o addinon te the interface eysteine,
B EIN has cystemes Al posttions 40 and 126, and Te TIM
s three at positions 40, 117, and 126 Although at pH 7 4,
nactovaten ol the taa ensymes vy MM LS cesults from the
mual dernatizanon of ther mtertace eyvsteine (9) there
das e possibilis that e telainoely lueh pElmactnation
nONMNMIS was doe w denvanicanon of ossetaes, ether than
Sebb o Thorchime, we desermined the eltear of MM TS on

w

Ln(% ACTIVITY)
2 -l £

TO T35 80 35 90 ¢5 100

La(% ACTIVITY)
- e W &

70 7.5 80 85 90 951090
pH

Ficuxe 2 pH dependence of the effeet of MMTS on the achvity
of (A) TeTIM and (B} wild-type ThTIM (@) and Cys14Ser TbTIM
() The enzymes were meubated at a concentration of 5 pg/ml.
in & mixture of 100 mM tricthanolanune and 10 mM EDTA at the
indicated pH The concentration of MMTS used was 10 «M (A)
and 88 uM {B), After 1 nun of incubation, an ahquot was withdrawn
and diluted 1in order to measure activaty, the latigr was measured at
a concentraion of 5 ng/ml. {see Materzals and Methods) The results
are expressed as In% activity) i which 100% was 3000, 29086,
and 3000 umol men ' omg ' for TeTIM, TBTIM, and Cys!148er
muiant ThTIM, respectively The hines are fitted according to eq
|

e actvity ol 0 mwtant of ThTIM i owhich 1ts interiace
cysteine was repliced by sening AUl pil, the Litter mutant
wanotasenstinne e MMTS (Froure 2B) Thus, inaciniiion
by MMTS of tevpanosormal TIMs o due to ks lugen ol ther
sl ey seme
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Table 3 Apparent p&, of the Inmterface Cysteine of Wild-Type
TcTIM and Its Triple Mutant and ToTIM w the Absence {—} or
Presence (+) of Phosphoglycolates

TIM — phosphoglycolate  + phosphoglycolate
TeTIM 928 +0.07 933+002
TeTIM rriple mutant 933 +0.04 944+ 003
THTIM 1008 1 g.63 101£904

“The pK, were calculated 25 described under Matenals and Methods.
For calculation of the pK, of the mterface cysteme of TeTIM and
THTIM i the absence of phosphoglycolate the datz of Figure 2 were
used The same protocol with 10 4M WMIMTS was used for determination
of the pK, of the interface cysteme i the triple mutamt of TeTIM Where
indicated, the pK, was caleulated wih 5 mM phospboglycolate and
MMTS at a concenrrauon of 5. 10, and 30 M for TeTIM. the mple
muiant, and TbTIM, respectively.

Table 4 Second-Order Rate Constants for the Reactien of the
Interface Cysteme with MMTS When 33% of the Interface
Cystemes Were 1n the Thiolale Form  Effect of Phosphoglycolate”

(M7 s
TIM — phosphoglycolate -+ phosphoglycolate
TcTIM 3380 & 212 1695 18
TeThM tnple mutant 654 1 30 218 £23
TbTIM 420 + 16 266 £2

° The expenmental conditions and caleulation of the rate constant
for imactivation (£SEM) werc as in Table 2., except that the pH of the
meubaton mixtures was 9 6 for TeTIM and uts mple mutant and 9 7
for THTIM Tor the expenmenis the followmg concentrancns of MMTS
were uwsed  TeTIM without phosphoglycolate, 4. 6, 8, and 10 aM,
TeTIM wih phosphoglycolate. 8, 12, 16 and 20 4™, mple mutant
without phasphoglycolzie. 6. 8, 10, and 12 xM, tmple mutant with
phesphoglycolate, 8, 12, 16, and 20 g\, ThTIM withou phosphogly-
colate, 25, 50. 75, and 160 #M. ThTIM with phosphoglycolate, 37,
75,112, and 150 oM

The pK, of the thiol group of Cys14 of ToTIM and TeTIM
was cdleulaled (Table 3) and was higher 1n both cascs than
the reported value for cystemng in aqueous solutions, which
15 § 588 The p&, of the interface cysteine of TeTIM was
about G 7 umit lower than thay of THTIM

The pK, of cystemes may be affected by the properues of
neighbormg residugs, 1 parcular lysines and armmnes (39).
As there are differences i the amino acid sequence of loop
3 of TeTIM and TbTIM, we alsa doterrmined the pK, of the
mterface cysteme of the inpie mutant. Iis p&, did not differ
sigmficantly from that of the wild-type TeTIM (Table 3)

Inacuranon Rare Constant by MMTS of ThTIM, TeTIM,
and the Triple Mutant at the Same lonzanon Level of the
Thiol Groups of Thewr Imterfetee Cystemne The lower pK, of
the mterface eysteine of TeTIM in comparison 10 that of
TbTIM could account for 1tg hagher sensitvity 10 thio
reagents i media with a pH lower than the pK, of the
cysteme For exnumple. s pih 7.4, Az s abest 70 umes Yarger
n TeTIM than in THTIM (Table 2) 11 the Jatter difference
were selely due to the difTerences e the pK, of ther
cystemes, i would be expected that the three ensymes would
extubit the same inaetvanon rate constant al egual rnos of
tuel 1o thiolate wroups r'\CL‘n((ilny.ly. the rate constant ol
mactviahon by MMTR in the three onsvimes was deternnned
o mediy that Bad a plln which 3395 of the mtedace
evsetes e i e tholate fomn Under these vunditions,
e A Lo MM S w0 e T was sl sielicmt by hgher than
m P TIM Eable -0 Bothe trple mutamt howeser, the 4ot
the rewton was only shents yehor than o Thils

Reyes-Vivas et al

Effect of Phosphoglycolaie on the Action of MMTS on
TcTIM and THTIM. The latter results indicate that cifferences
urthe 1omzanon level of the interface cysteine gnd the aming
actd sequence of loop 3 are central m the sensiivity of
trvpanosomal TIMs to thiol reagents. However, 1t has been
shown (25) that the occupancy of the catalytic site by the
substrate analogue phosphoglycolate affeets the reactivity of
the mterface cystemne with thiol reagents. Therefore, we
examned 1f this effect of phosphoglycolate 15 accompanted
by changes 1n the pK, of the mterface cysteine. The tesulis
showed that m the three enzymes, phosphoglycolate did not
modify the pK. of interface cystemes (Table 3). We also
determined &z 1n the pregence of phosphoglycolate under
condittons 1 which the interface cystemnes of the three
enzymes had the same 1omzanon level. Phosphoglycolate
dumimshed the &y of the inactivation reacthon by MMTS in
the three enzymes (Table 4) However, in wild-type TeTIM
and 1ts tnple mutant, the decrease of & induced by phos-
phoglycolatc was about 2 times, whereas in THTIM, the
deercase was rather modest In consequence, the difference
inrate constants of inactivation between TeTIM and its triple
mutant with ToTIM became smaller, In fact, & in the tnpie
mutant of TeTIM was slightly lower than in THTIM.

DISCUSSION

TIMs from T cruz and 7 brucer ate markedly sumler in
amino acid sequence and three-dimensional structure. None-
theless, TeTIM is many tumes more sensitive to agents that
denvatize the interface cystene (9, 22—25). The purpose of
this werk was to determing the cause(s) of these differences
Because n the trypanosomal TIM the side chain of the
miterface cysteine 15 closely packed by the amino acids of
leop 3 of the other monomer, the studics could also provide
wformation on the factors that contral the wicractions
between subumits 1 thal region of the dimer interface In
this respeet 1t is noted that the K., of TIM moenomers has
been reported 1o range between 107 and 107 M (2, 16)
In cur experiments on the efMeet of MMTS on TIM, the
concentratton of the ensyime was O | M, thus, the effect of
the thiel reagent was determined under conditions 1 wingh
TIM was m s dimenic form.

Frgure 3 summanzes part of the results of this work. Tt
shows the ratos of the second-order rate constant of
mactivaion by MMTS (k) of TeTIM and that of the wiple
mutant to the Ay 10 ToTIM The difference 1o the ratios in
the vanous ¢xperimental Conditions can be used to cstimage
the extent o which cach of 1he explored factors contribuges
to the reactvity of the eysteine At pH 7 4, the rato m the
sensitivity of TeTIM to ThTIM to MMTS 15 around 70 A
thrs pll, the ratio decredses W about 30 when the tesidyss
ol loop 3 of TeTIM are made wentieal o those of ThTIM
Because the pK, of the cystemes ol the trniple mutant and
the wild-type TeTIM are almost the same (Table 3), the
decrease from 70 10 3 reflects manly the contribution g
the 1esidues mn the vicimty of the sullur ol the interfuce
cyalemne

When the sensitivities ol the ensvimes o MMTS a1
comprared ot wipal fevels of protonation o thew amtertnge
steme e tatios of Ay ol wild tvpe TelIM o IBTIM dropy
o 70 0 3 and thar ol the teple matant 1 ThHIM om
Whao 15 The et bt o o Tesg s of umzaion of the
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IGURE 3° Rabo of the second-order rate constant (k) of inactiva-
on by MMT$ between TcTEM TbTIM (closed bars) and the riple
utant of TeTiM:TbTIM (open bars}. The ratios were calculated
om the data i Tables 2 and 4: {A) ratios at pH 7.4; (B) ratios 1n
nditions in which 33% of the interface cysteine 1s n ttuolate form,
°) the lztter conditions 11 the presence of $ mM phospheglysolate.

nol groups the ratios are lower than at pH 7 4 indicates
12t at the latter pH, the lindrances imposed by the lomzation
vel of the cystewe are mgher m ThTIM than i TeTIM
ad 1ts tniple mutant

It has been shown that the occupancy of the catalytic site
v phesphoglycolate affects the reactivity of the nterface
ysteme 1o MMTS (25) Wub respect to this acton of
hosphoglycolate, 1t 1s mechanistically mmporant that al-
1ough phosphoglycolate docs not modify the pX, of the
terface cysicine (Table 3), 1 nonetheless dimiushes the
» of mactivation in the three enzymes. 1t 15 also relevam
1t at cqual levels of romization of the interface cysteing,
hesphoglycolate diminished the difference of & between
<TIM and TbTIM and that in these conditong, & m the
iple mutant becarmne lower than that of ThTIM. albent
lightly. The changes in the &; ratios mduced by phospho-
lycolate also illustrate that 1 very sumlar enszymes, the
ceupaney of the catalyte site does not affect to the same
xient the peactvity of the cysteine In summary, the overall
ata show that the reactivity of the nterface cysteine s
ontrolled by several factors' 1¢ ., the structure of leop 3,
e pK, of the cystene, and the occupancy of the catalyuc
ite. In addition, the data show that the difTerence between
1¢ twO trypanosemal TiMs s & consequence of differences
n lecal factors and events or interactions that are far from
he mterface resrdue

From a breader pmnt of view, there are two addimonal
omments This work tllustrates that by probing & property
[ a parteular amuno sctd residue under diflerent vondtbions,
L1s possible to ascertan the factors that govem the belavaor

[ the restdue The other pomt congerns the properties of

caions of ensymes with wdenteal ammo aaid sequences In
s elassical wark, Anfinsen (<8 showed that the stractare
b oprotes s determuned by thewr amme pend sequence
donetheless athas been observed that a protemn nuy wquire
drasticaily ditierent structure (443 depending on the iiure
1 the solvent Tihewise, moan analvats of 3420 prowans,
widatsanan (423 Toond tha the s une i Jdod sequence
oald vt mosever d dateront sroctotal conformatons in
s contestothe dvacterntie o the taple mutan: of Toiis

Biochemustry, Vol. 40, No. 10, 20601 3139

and ThTIM 1llustzate an aspect of the relationship between
structure and function that, as far as we know, has not been
described before. We found that two enzymes with identical
ammo acid compositions in the region that surrounds the
interface cysteing cxhibit sigmficant differences m the pK,
of the cysteine. Tius suggests that in proteins, the same amino
acid sequence 1n homologous enzymes may exhibii distinet
charactensucs that, apparently, are the consequence of distant
events or interactions.
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LIMITED PROTECLYSIS OF TRIOSEPHOSPHATE ISOMERASE FROM

Trypanosoma brucer AND Trypanosoma eruzr



Abstract

We studied the susceptibility to subtilisin of homodimeric triosephosphate
isomerase from the pathogenic parasites Trypanosoma brucei (ToTIM) and Trypanosoma
cruzi (TCTIM). The enzymes are markedly similar in amino sequence and three-
dimensional structure In 36 hours of incubation at a molar ratio of 4 TIM per subtilisin,
TcTIM underwent extensive hydrolysis, complete loss of activity and large alterations of
its tertiary and quatermnary structures In contrast in TbTIM only about 50 % of the
monomers were cleaved between Gin1831 and GInl82, and Thr139 and Alal40 Cleaved
TbTIM had the mass of the intact dimer With glyceraldehyde 3-phosphate, it exhibited a
ke that was about 50 % of that of native ThbTIM with no significant change in Km.
Compared with the native enzyme, the peak of mtrinsic fluorescence emission of TbTIM
was red shifted by 5 nm In nicked TbTIM the association between subunits was not
affected Since the starting preparation was homogeneous, the results indicate that
cleaved THTIM is formed by an intact catalytically competent monomer attached to an
mactive monemer, that had undergone cleavage in two of s peptide bonds The high
sensitivity of T¢TIM to subtilisin is probably due to its high intrinsic flexibility The data
with ThbTIM suggest that there are structural differences in the two monomers, or that
alterations of one subunit change the characteristics of the other subumt In comparison
to the reported action of subtilsin on TIMs trom other specics, 1t would appear that the

trypanosomal cnzymes have unique characteristics



Introduction

Anfinsen showed in 1973 that the structure of a native protein depends on its
amino-acid sequence Now it is also clear that the structure of the protein is stabilized by
numerous and precise non-covalent interactions between its constituent amino acids,
oligomeric proteins are also stabilized by the formation of non-covalent bonds between
interface residues In view of the importance of non-covalent interactions in protein
structure, severa! laboratories have addressed the question of how the splitiing of a
limited number of peptide bonds affects the overall structure of proteins. So far, it has
been documented that in several proteins the cleavage of a few peptide bonds does not
mnduce large structural modifications and loss of function (Hofsteenge et al, 1988,
Suddiqui et al , 1993, Pollegioni et al., 1995; Gupta et al , 1995, Juul et al , 1995; Huang
et al, 1997) This suggests that Intrinsic non-covalent interactions resist, at least to a
large extert, the sphiting of some peptide bonds Nonetheless, it can be asked if this is
the general rule. or if this only applies to proteins that have particular, but still not clearly
defined intrinsic properties that stabilize their tertiary and quaternary structures In this
context, 1t is noteworthy that Luque and Freire (2000} have recently described that the
Gibbs frce energy of protein stabilization is not uniformly distnbuted throughout its
overall structure, nstead, there are regions of high and low stability constants Thus, the
stability or lack of stability of nicked cnzymes can be a reflection of the forces that
maintain their three-dimensional structure

Here, we examined the susceptibihty 1o a proteolytic enzyme (subtihsin) of two
homologous homodimene enzvmes from organmsms that are close m the evolutionary

scale The purpose was 1o assess it the changes that have taken place m then anuno acid



sequence affect their stability after limited proteolysis, but have not affected their
catalytic properties and stability 1o an important extent The enzymes were
tnosephosphate isomerase from Trypanosoma cruzi (TeTIM) and Trypanosoma brucer
(TbTIM) These parasites are the causative agents of Chagas disease and sleeping
sickness that affect millions of people in the Amcrica and Africa, respectively The
identity of their amino acid sequence is 68 %, The crystal structure of the two enzymes
has also been described and the RMS of their a C traces is 0 96 A

The two trypanosomal TIMs, as well as many other TIMs, are homodimeric
enzymes that catalyze the intercomversion between glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate through well characterized mechanisms (Albery and
Knowles 1976, Alber, et al., 1981, Nickbarg and Knowles 1988, Knowles 1991). They
belong to the family of the a-B barrels proteins The crystal structure of TIMs from
several species has been determined at good resolution levels {Delboni et al, 1995,
Noble et al . 1993, Wierenga et al , 1991, Velanker et al , 1997, Lols et al . 1990, Banner
et al. 1975, Mande et al . 1994, Alvarez et al ., 1998 Maldonado et al, 1998) In all
TIMs, the 8 B-strands are surrounded by 8 o-helices, joined by loops An additional
characteristic of TIM is that, only in s dimeric state, is the enzyme catalytically active
Regarding this work, 1t is important to note that the eftect of limited proteolysis by
subtiisin on TIMs from rabbit (Vogel and Chmeelewski 1994, Sun et al | 1992), yeast
(Sun et al | 1993), and Plasmodium falciparwm (Ray ot al , 1999) has been previously
described  Thus, it was instructive to compare the impact of hmited protealysis on the
trypanosomal TIMs with that on TIMs from other speaies This 1eveated thai, although

all the ensvmes have the same basic strncture  the itypanosomal FIMs exlubit some



unigue features Moreover, the data with the two trypanosomal TIMs showed that they
differ markedly in their sensitivity to subtilisin

Material and Methods

Enzymes. Recombinant TIMs from T. brucer and T. cruzi were expressed and purified as
described elsewhere (Borchert et al , 1993; Garza-Ramos et al., 1998) The enzymes were
stored 4° C as suspensions in 70 % saturation ammenium suifate that had 100 mM
triethanofarine, 10 mM EDTA, 1 mM dithiothreitol, and 1 mM sodium azde, pH 8 0
For the experments, the enzymes were dialyzed in 100 mM triethanolamine and 10 mM
EDTA, pH 7.4

Assay of Activity Activity in the direction of glyceraldehyde 3-phosphate to
dibydroxyacetone phosphate was measured at 25°C as desciibed elsewhere (Garza-
Ramos et al, 1996) The reaction mixture at pH 74 (1 ml) contained 100 mM
trictharolarmine, 10 mM EDTA, 1 mM substrate (except when the catalytic constants
were determined), 09 U a-glycerophosphate debydrogenase, 02 mM NADH, and 5 ng
of TIM Activity was calculated from the decrease in absorbance at 340 nm

Proteolytic Digestion The trypanosomal TIMs at a concentration of | mg/mL were
incubated with Carlsherg subtilisin (Sigma) at the indicated molar ratios in 100 mM
tricthanolamine, 10 mM EDTA pIHt 74 at 30°C Similar data were obtamed in the
absence of 10 mM EDTA In all expeniments, preteolysis of Te I'lM was arrested by the
additon of PMSF (2-3 mM final econcentration) In the controls, nauve TiMs were
supplemented with PMSE, PMSF did not have any citect on native TIMs
Elcctrophoresis. The enzymes were analvsed im0 SDS PAGL that had 16 %% acrylanude

according 10 Schagger and van Jagow (L987) The gels were stawed with Coomasic



brillant blue G and the intemsity of the bands was evaluated densitometrically The
enzymes were also analyzed in non-denaturing polyacrylamide slab gel electrophoresis
{in 83 X 74 X 1 5 mm gels with 10 % acrylamide) according to McLellan {1982) using
16 mM imidazol and 40 mM HEPES pH 7 Due 1o the high p/ of TbTIM, the cathode
was at the bottom of the gel. Gels were run for 165 min at 4°C and stained with
Coomassie brillant blue G

NH,-terminal analysis of electrgblotted proteins. Fragments of digested TIMs were
electroblotted from SDS-PAGE (16 %) onto polyvinyldifluorobenzene membranes
{(Problott) Transfer was performed according to Yuen et al (1988) in 10 mM 3-
(cyclohexylamino)- I-propane-sulfonic acid, pH 11. 10 % methanol at 3 mA/em? for 3 h
at 4°C The transferred proteins were stained with 0 1 % Coomassie brillant blue G in 50
% methanol. The N-terminal sequence was determined by automated Edman degradation
on a gas-phase protein sequencer (LF 3000, Beckman Instruments) equipped with an on
line Beckman System Gold high performance liquid chromatography system The HPLC
equipment included a modet 126 pump and a diode array detector set at 268 y 293 nm for
signal and rcference. respectively The HPLC column was a Beckman Spherogel Micro
PTH (2 x 150 mm} Standard Beckman sequencing reagents were used

Size-exclusion gel chromatography. Zonai size exclusion chromatography of both the
native and nicked protein was performed using a Beckman high performance liguid
chromatography (HPLC) system with a 75 X 300 mm Ulra-Spherogel-SEC 3000
column, pore size of 230 A (Mrrange 5 X 10°t0 7 X 10" The mobile phase contained |

mM EDTA, 150 mM NaCl, and 100 mM sodium phosphate (ptl 7 ) The column was




equilibrated and eluted at room temperature at a flux rate of 1 m¥min Elutron profiles
were determined by recording the absorbance of the eluted samples at 280 nm
Mass spectrometry. The molecular masses of the fragments obtained from PVDF
membranes were sent to SynPep Corporation service (Dublin, CA) for electrospray mass
spectroscopy analysis SDS-PAGE and trans-blotiing were performed several times to
accumulate sufficient protein
Protein concentration. Protein concentration of the enzymes was determined from their
absorbance at 280 nm. The molecular extinction coefficients of the enzymes (€120} were
calculated according to Pace et al (1995), 34950 M'cm’™ for TbTIM (Pérez-Montfort et
al., 1999), 33460 M cm™ for T¢TIM, and 24870 M” ¢m™! for Carlsberg subtilisin
Results

The effect of subtilisin on the activity of TbTIM and TcTIM was studted at a temperature
of 30 °C In the experiments of Figure 1, the concentration of the TIMs was maintained constant,
while that of subtilisin was varied in the molar ratios of subtifisin  TIM that ranged from 0 019
to 1 After 36 hours, the activity of the enzymes was measured, and it was found that as the
concentration of subtilisin increased, the zctivities of the trypanosomal enzymes decreased
However, TcTIM and TbTIM differed 1n their sensitivity to subthsin TeTIM extibited a
progressive decay of activity and at a ranio of 1 subtihsin T¢TIM, (s activity was almost
completely abolished The decrease in activity of ThTIM was tess marked, and abohtion of
catatytic activity required much higher concentrations of subtilisin

In order to determine how changes in activity relate to proteolysis, we carned out a nme
course of the action ot wubtdisin on the two enrvmes The ensvmes were meubated at a molar

ratio of | osubtilism per 1 1IMs, at differem times samples were quenched with PMVSE and the



activity of TIM and its electrophoretic profile in SDS gels were determined (Fig 2). In TcTIM,
there was a progressive diminution of the 27 kDa band that corresponds to the TeTIM monomer;
this was accompanied by loss of catalybic activity (Fig 2, A). Under the conditions of the
experiment, log plots of remaining activity versus time were linear; the pseudo-first-order rate
constant of the inactivation process was 011 £ 0004 h”'. Because the half-times for loss of
catalytic activity and disappearance of the 27 kDa band were in the same range (6.2 and 8.4
hours, respectively), it would appear that the two processes were closely related

The effect of subtilisin on TbTIM was markedly different In the first 16 hours of
incubation there was a progressive loss of the 27 kDa band However, between 16 and 36 hours
of incubation, the level of the protein band remained at a level that was around 40 to 50 % of the
control (Fig. 2, B) The activity of TbTIM exposed 10 subtilisin alse decayed by about 50 % in
the first 16 hours of incubation, but after that time, the activity remained rather constant for
another 20 hours (Fig 2, B) After this time, activity decayed and after 60 hours of incubation
activity was fully abolished, and the 27 kDa band had completely disappeared (the latter data are
not shown}

Another difference between the two trypanosomal enzymes may be observed in Figure 2
The SDS PAGE electrophoretic patiern of TbTIM expoased 1o subtilisin, showed three clearly
evident fragments of 13, 78 and 59 kDa and a faint band of 11 8 kDa Apparently, subtilisin
hydrolyzed some specific pepuide bonds of ThTiM yielding fragments that were inaccessible 10
further action of subtihsin On the other hand, m TeTIM the progressive disappearance of the 27
kDa was not accémpamcd by a concomitant appearance of lower molecular protein bands This
very likely indicates that the fragments that arose fiom the mitial action of subtilisin underwent

further degradanon



Determination of the sites of proteolysis in ThTIM and TcTIM.

The enzymes were incubated with subtilisin for 36 hours in the conditions of Figure 2,
subsequently the proteclytic fragments were isolated from SDS PAGE gels. The 13, 78 and 5.9
kDa fragments derived from TbTIM were sequenced by Edman degradation. The largest
fragment had the sequence MSKPQPIAA which corresponds to the amino terminal region of
TbTIM. The amino acid sequence of the 7.8 kDa fragment was QAQEAHALIRSWVSS,
whereas that of the 5 9 kDa fragment was AVVVLTQIA. Thus, the peptide bonds of TbTIM that
were cleaved by subtilisin were those between Thr139 and Alal40, and GInl81 and Ginl82
According to their amino acid composition, the three fragments have molecular weights of 15,
7.4 and 4 4 kDa, which is in consonance with the masses of the fragments calculated from their
migration in SDS PAGE.

The determination of the sites of cleavage of T¢TIM was more difficult This is because
its degradation by subtilisin was quite extensive, indeed, 1 gels loaded with 8 pg of protein, no
fragments of proteoiysis were detected (Fig 2) However, when 300 ug of protein were applied
to the gels, two fragments with apparent molecular masses of 15 and 8% kDa were clearly
apparent The N-terminal sequence of the low molecular weight fragment was QAQEVHEL,
indicating cleavage between GInl8i and GInl82 According to its ammo acid compositions, the
latter cleavage should mive the carboxyl terminal peptide of 7 7 kDa, which 1s in the range of the
mass of the peptide observed in SDS pels The tatter cleavage should also @ve the fragment
between Metl and GInl81 with a mass of 19 6 kDa However, in SDS PAGE, the apparent mass
of the fragment that had the scquence of the N-terminal region of native T¢TIM (MASKPQP)
was 15 kDDa The relativelv low mass of the latter peptde indicated that thete was another site of

cleavage m the span between Metl and Glal81 T'herefore. the peptide thar had the N-terminag]



region of native TcTIM was analyzed by mass spectrometry. The results showed two main
molecular masses of 14,188 and 14,223 Daltons The latter corresponds to a peptide that ends in
Asnl31, whereas the former ends in Thri30 Thus, the overall results indicate that in TeTIM,
subtilisin hydrolyzes the bonds between Gini181 and Ginl82, and those between Thr130-
Asnl3] and Asnl131-Glu 132

The sites of cieavage by subtilisin of TbTIM and Tc¢TIM and those in other TIMs are
depicted in Figure 3
Molecular mass of nicked ThTIM

TbTIM incubated with subtilisin exhibits an iitial drop of activity that is followed by a
relatively long interval in which activity and the concentration of the 27 kDa protein band
remained at a level of about 50 % of the control (Fig 2} The biphasic pattern in the hydrolysis
of TbTIM could reflect the existence of two enzyme populations However, this possibility
seems unlikely, since the enzyme we used was a recombinant product, and we observed the same
results in three separate preparations That is, in the three preparations, the drop in activity
leveled off at about one half of the onginal activity Perhaps of more sigmficance 1s that native
TbTIM exhibits only one protein in gels run under non-denaturing conditions (see below),
indicating that the population of ThTIM was homogeneous

Therefore, we examined the characteristics of ThTIM that had been hydrolyzed to the
point 1n which it had about half of the starting monomer concentration and about 50 % of the
origmal activity ThTIM n this staie was prepared by incubating the enzyme with subtilisin at a
molar ratio of 4 TbTIM | subtihsin, afler 36 hours, the proteolytic reaction was arrested with
PMSF The clution umes of the resulting ThTIM and natrve THTIM 1 size-exclusion sihca

chromatogiaping were determuned (19g ) Fhe retention nmes of control and subtilisin treated



THTIM were almost identical Samples of the enzyme that eluted at various times (arrows in Fig
4) were examined by SDS PAGE. TbTIM exposed to subtilisin exhibited the band of 27 kDa
pius the other three protein bands that were produced by hydrolysis. Thus, the experiments are
strongly indicative that the proteolytic cleavage of TbTIM was not accompanied by dissociation
of the fragments that result from proteolysis

Electrophoretic mobility of ThTIM and TcTIM exposed to subtilisin.

The electrophoretic maobility of ThTIM that was exposed to subtilisin for various times
was determined in gels run under non-denaturing conditions (Fig 5). In the first 106 hours of
incubation, only one band with an electrophoretic mobility equal to the native enzyme was
observed After that time and up to 35 hours, a band with slower migration became apparent, the
intensity of this second band increased with time These observations indicate that nicked
TbTIM conserves the structure of the native dimer, albeit with time, 1t undergoes progressive
alterations that slow down its migration towards the cathode The change in migration of nicked
TbTIM could reflect oxidation of cysteines or deamidation of asparagines of TbTIM Indeed,
these relatively slow spontaneous reactions have been documented in TIMs from other sources
(Gracy et al |, 1990, Tang et al , 1990, Sun et al . 1992) 1t must be added that at incubatton times
of more than 35 hours, the band of higher mobility gradually disappeared with a concomitant
mcrease in the band of jower mobility, moreover, in those times, a third protein band with an
even lower mobility became discernible (data not shown) In control ThTIM the changes in
clectrophorectic mobility were not observed  Thus, 1t could be that nicking of TbTIM
predisposes it for undergoing alterations of its cysteines or asparagines

[n non-denatuning gels, TeTIM exposed to subblsin extubited a neatly complete absence

of the protem band that corresponds to natnve TeTIM, i the sels, no other protem bands weie



detected This is further confirmation of the extensive proteolysis induced by subtilisin in
TcTIM. The data in Figure 5 also show that the migration of native TcTIM was lower than that
of TbTIM which is a reflection of its lower iso-electric point.

Kinetics and intrinsic fluorescence of nicked ThTIM

The activities of native and nicked TbTIM were measured with different concentrations
of glyceraldehyde 3-phosphate The Lineweaver-Burk plots of the data were linear The Km of
native and nicked enzymes were similar {0 56 and 0.45 mM, respectively) However, the &.. of
nicked TbTIM (1 1 x 10° min’l) was about 50 % lower than that of the native enzyme (2 x 10°
min™").

The emission spectra of the intrinsic fluorescence of nicked TbTIM were recorded after
exciting at 280 and 295 nm. At an excitation wavelength of 295 am, and in comparison to native
THTIM, the fluorescence intensity of the nicked enzyme was about 8 % lower, and its spectral
center of mass was 5 nm higher (Fig 6 and inset) At an excitation wavelength of 280 nm, the
same spectral differences between mative and nicked ThTIM were observed (inset m Fig 6) At
an excitation wavelength of 280 nm. the emission spectra reflects excitation of tyrosines and
trypiophans, whereas at 295 nm. the main coniribution 10 {luorescence derives from excitation of
the five tryptophans of TbTIM Thus, tt would appear that nicking predominantly perturbs the
environment of the tryptophans

The emission fluorescence spectrum of TeTIM that had been exposed to subtilisin was
also determined (Fig 6 and mset) The spectrum showed that subulisin causes profound
alterations in the structure of TeTIM The spectral center of mass was red shifted by 25 nm_ and
its fluoreseence mtensity decreased by 38 % These findings are m consonance with preeedmg

data that show that Te TIN iy lnghly sensitive 1o subnlian action



Stability of nicked THTIM

In addition to ascertaining the kinetics and intrinsic fluorescence of nicked TbTIM, it was
considered relevant to assess if limited proteolysis affects the stability of the quaternary structure
of ThTIM Oligomeric proteins dissociate according to the association constant between
subunits Since in its monomeric form TIM is catalytically inactive (Waley 1973, Zabort et al.,
1980; Garza-Ramos 1992), it is possible to gain insight into the siability of the dimer from
measurements of its specific activity after it has been pre-incubated at different protein
concentrations.

Accordingly, native and nicked TbTIM were pre-incubated for two hours at 36 °C ina
concentration range that varied from 20 to 10,000 ng of enzyme per mL, at that time, activity
was measured. The curves of specific activity versus the concentration of both, the native and
nmcked enzymes in the pre-incubation period were sigmoid (Fig 7) At low protein
concentrations, activity was low and constant This phase was followed by an ascent 1 specific
activity up to a point in which specific activity reached a maximum constant level. The curves
essentially reflect dissociation of the dimer as the concentration of protein is decreased The
curves of the native and nicked TbTIM were markedly similar The apparenr Ky were 10t
and 3 $x10* M for the mative and nicked ThTIM, respectively The marked similarity of the
latter values indicated that limited proteolysis of TbTIM did not perturb to a significant extent,
the association between subunits
Discussion

There are two mam ponts in the results of this work One s that two very sumilar

ensvmes anoamino acid sequence and structure exhibit marked dilferences in sensitivity 1o the



proteolytic action of subtilisin The other is that Emited hydrolysis of TbTIM yields an enzyme
with characteristics that have not been described before
Why is TcTIM more sensitive than ThTIM to the proteolytic action of subtilisin?

In the two enzymes, subilisin hydrolyzes a common peptide bond, that between Ginl81
and GIn182 However, the bonds between Thri30 and Asn 131, and Asn 131 and Glul32 are
hydrolyzed in T¢TIM, but not in ToTIM In TbTIM, the peptide bond that is exclusively
hydrolyzed is between Thr139 and Ala 140 Since different bonds are hydrolyzed in the two
enzymes, it may be reasoned that if the bonds cleaved in TcTIM are central for its stability, their
breakage would facilitate a further action of subtilisin. Hence, it is instructive to examine the
positions of the sites of cleavage in the crystallographic structures of two enzymes In the two
enzymes, helix 5 is divided by a short loop TeTIM was nicked before the beginning of the short
loop, whereas TbTIM was hydrolyzed at the end of the short loop Thus, assuming that the large
differences in sensitvity to subtilsin of T¢TIM and TbTIM result from different sites of
cleavage, it becomes 1ntriguing that hydrolysis of peptide bonds that are in the same region of
the enzyme account for such drastic differences

There could be, however, another explanation for the high sensitivity of TcTIM 1o
subtilistn The effect of subtilisin on TiMs from rabbit {Vogel and Chmielewski, 1994, Sun et
al, 1992), yeast (Sun et al, 1993) and Masmodhum falciparum (Ray et al, 1999) has also been
studied All TiMs were cleaved, but there were marked differences w the positons of the sites of
cleavage (sce Fig 3) Notwithstanding the wade distribution of the sites of hydrolysis, the nicked
TIMs preserved their tertiary and quaternary structures, and cxhibited essentally unimparred
catalvtic funciion This indicaies that the thice TIMs have a tobust structure that resists splitting

of peptide bonds that are located in different postions - Accordingly, TIM fram /* ernz would




seem 10 be rather exceptional Along this line, it is recalled that the accessibility of thiol reagents
to a cysteine that is buried within the interface of trypanosomal enzymes is much higher in
TcTIM than in the other TIMs that have that cysteine, for example TbTIM (Garza-Ramos et al ,
1998, Pérez-Montfort et al., 1999, Reyes-Vivas et al | 2001). Because in TbTIM and TcTIM, the
contacts of the cysteine with the surrounding atoms are markedly similar (Maldonado et al |
1998), it is possible that the higher suscepubility of Te¢TIM to thiol reagents is consequence of a
relatively high intrinsic flexibility This could also be the cause of its high sensitivity to
subtilisin.
Nicked ThTIM

As noted, the exposure of TIMs from rabbit (Vogel and Chmielewsk:, 1994, Sun et al,
1992), veast (Sun et al, 1993), and P. falciparum (Ray et al, 1999) to subtilisin yields mcked
enzymes with catalytic properties similar to those of the native enzymes The SDS gels of these
meked TIMs show the complete absence of the protein band that corresponds to the monomer.
thus, the nicked monomers of the three TIMs are catalytically competent When TbTIM 15
exposed to subtilisin, there is a long interval in which the enzyme has about 50 % of its origmal
concentration of intact monomers (Fig 2) In this state, the enzyme exhibits the mass of the
intact dimer, and a k.. that is approximately 50 % of that of the original enzyme Since the
starting preparation was homogeneous, the logical interpretation of the overall data is that nicked
ThTIM is formed by an intact catalytically competent monomer and a nicked monemer that 1§
unable 1o carry out catalysis It s noteworthy that mcked ThTIM cxhibited a Km for
glyceraldehye 3-phosphate almost equal to that of native TbTIM Thus, the kinetics of the intact
monomer wete not perturbed, alber 1t was attached 1o an inactive micked menomer In a certam

sense, mcked THTIM s silar 1o the dimer formed by an intact monomer and a monomer that



had chloroacetal phosphate covalently bound to its catalytic center (Sun et al , 1992b). This
enzyme exhibited half of the catalytic activity of the mtact dimer without important alterations in
Km.

If other nicked monomers carry out catalysis, why is the nicked monomer of TbTIM
catalytically inert? The reason could be that the peptide bond that was hydrolyzed in TobTIM was
between GInI81 and GInl82, a peptide bond that was not cleaved in the other aforementioned
TIMs. This peptide bond is close to the end of loop 6 (residues 168 to 178) which is a mobile
loop that closes over the catalytic site in order to prevent hydrolysis of the enediol ntermediate
of the catalytic cycle {Sampson and Knowles, 1992} Furthermore, in its closed conformation,
Gly175 of loop 6 places the substrate in a position favorable for proton transfer from substrate to
product The amino acid requirements for the hinge that supports the movement of loop 6
(residues 168, 169 and 170, and 176, 177, 178 in the amino and carboxyl regions, respectively)
have been carefully documented (Sun and Sampson, 1998, Sun and Sampon, 1999, Xiang et al |
2001) Nonetheless, it could be that the mtegrity of the peptide bond between Gin181 and
GIni82 15 necessary for the movement of loop 6 In this context, it may be relevant that the
tluorescence intensity of TbTIM 1s slightly lower than in TbTIM and that its spectral center of
mass is red shifted by 5 nm Because i has been shown that Trpl70 of loop & contributes
strongly to the overail fluorescence of yeast TIM (Sampson and Knowles, 1992} it could be that
the emission spectra of nicked ThTIM may reflect perturbations of loop &

The existence of ThTIM m which only one of ts monomers was cleaved raises a further
question Why was only one of the two monomers of homaodimeric ThTIM cleaved by subulisin?
In principie. there are twao possibilities 1) one of the monomers s imninsicallv more sensitive to

subtibsing or ) the action of subtbsin s random but the eleavage of one monomer induces



resistance to subtilisin in the other monomer At the moment we are unable to distinguish
between the two alternatives. However, it is worth noting that crystals of TeTDM soaked in
hexane showed the presence of three hexane molecules (Gao et al , 1999). Two were at outer
region of the dimer interface: the other was within 4 A distances of Thri39 that is one of the
sites of cleavage by subtilisin in TOTIM. The latter hexane molecule was observed in only one of
the subunits Thus, it ts possible that there is an intrinsic asymmetry between the two subunits
With respect to the possibility that cleavage of one monomer induces resistance to proteolysis in
the other subunit, it is noted that although TIM exhibits classical Michaelis Menten kinetics, it
has been documented that there is cross-talk between the catalytic centers of the two monomers
(Harris et al , 1998). In addition, it was reported that events at the catalytic site are transmitted to
the dimer interface (Sun et al., 1992b, Pérez-Montfort et al , 1999) Thus, it could be that

alterations in one monomer modify the characteristics of the other subumt
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Figure Legends

Figure 1. Effect of different corcentrations of subtilisin on the activity of TeTIM
and ThTIM. TcTEM and THTIM were incubated at 30 °C at concentration of 1 mg / mL of 100
mM triethanolamine and 10 mM EDTA at pH 7.4. The mixture also contained subtilisin in the
indicated molar subtilsin : TIM ratios. After 36 hrs of incubation, proteolysis was arrested by the
addition of 3 mM PMSF and activity was measured as described in the Methods section. The
results are expressed as % residual activity in which 100 % was 2400 and 2900 pmol min™ mg’

! for TbTIM and TcTIM respectively

Figure 2. Time course of the effect of subtilisin on TcTIM (A) and TbTIM (B). The
experimental conditions were as Figure 1 except that the enzymes were incubated with subtilisin
at & molar ratio of 4 TIM 1 subtilisin At the indicated times the reaction was arrested with 3
mM PMSF. The samples (8 pg of protein) were analyzed by SDS/PAGE electrophoresis (upper
sections in A and B). Activity of the samples was also determined The lower part of the Figure
shows the percent residual activity {open circles), and the extent of hydrolysis of the 26.9 kDa
protein band (the protemn that corresponds to the monomer) at the indicated times. The extent of

hydrolysis was determined by densitometric scanning {closed circles)

Figure 3. Sites of cleavage by subtilisin of ThTIM, TeTIM, and TIMs from P.
[falciparum, yeast, and rabbit. The secondary structure depicted on the top of the sequence
belongs to TbTIM and TeTIM The sites of mcking by subtilisin in each of the enzymes arc
boxed The data on r1abbit, yeast and P jfulciparum TIMs were taken from Vogel and

Chnuelewsh (1994), Sun et al (1993), and Ray ct al (1999), respectively



Figure 4. Size-exclusion chromatography of native and nicked TbTIM. Nicked
ThTIM was obtained after incubation of the native enzyme at a molar ratio of 4 TbTIM per
subtilisin for 36 hours At this time the reaction was arrested with 3 mM PMSF Size exclusion
chromatography of native TbTIM (A} and of the nicked enzyme (B) was performed as described
under Methods. Samples at the indicated times of elution (arrows) were analyzed by SDS/PAGE

(C)

Figure 5. Non-denaturing gel electrophoresis of native TbTIM (A) and TeTIM (B)
and after their exposure to subtilisin, The experimental conditions were as in Figure 2, except
that the reaction was arrested at the indicated times with 3 mM PMSF Samples were analyzed in

gels run under non-denaturing conditions as deseribed in the Methods section

Figure 6. Intrinsic fluorescence of ThTIM and TeTIM in their native state and after
their exposure to subtilisin. The experimental conditions were as in Figure 2 After 36 hours of
incubation, the reaction was arrested with 3 mM PMSF and the intrinsic fluorescence emission
spectra of the enzymes were determined at room temperature in media that contained 100 mM
triethanolamine and 10 mM EDTA, pH 74 The concentration of the enzymes was 60 ug/mL.
The spectra shown (FI = fluorescence intensity) were obtained after subtracting the blank (no
enzyme) from the experimental The spectral center of mass at excitation wavelengths of 280 nm

and 295 nm were ¢alculated The data are shown in the lower part of the Figure

Figure 7. Activity of native and nicked THTIM after their incubation at various protein

concentrations. Nicked ThTIM was obtamed as m Figure 2 atter 36 hours of incubation Native



and nicked TbTIM (closed and open circles, respectively) were incubated at 36 ° C at the
indicated protein concentrations in 100 mM triethanolamine and 10 mM EDTA at pH 7.4. After
2 hours of incubation activities were determined. The results are expressed as percent of residual
activity in which 100 % was 2400 and 1200 pmol min” mg” for native and nicked ThTIM,

respectively
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VDGEFLVGGAS 235
VDGFLVGGAS 235
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