I
—e=
7

UNIVERSITAT bs

BARCELONA

Molecular studies of two methylerythritol 4-phosphate
pathway enzymes of isoprenoid biosynthesis:
the 4-diphosphocytidyl-2C-methyl-D-erythritol kinase
and the 1-deoxy-D-xylulose 5-phosphate synthase

Estudios moleculares de dos enzimas de la ruta del
metileritritol 4-fosfato de biosintesis de isoprenoides:
la 4-difosfocitidil-2C-metil-D-eritritol quinasa
y la 1-dexosi-D-xilulosa 5-fosfato sintasa

Victor Giménez Oya

@O0

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- Compartiqual 4.0. Espanya
de Creative Commons.

Esta tesis doctoral estd sujeta a la licencia _Reconocimiento - Compartiriqual 4.0. Espafia de
Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution-ShareAlike 4.0. Spain
License.




Molecular studies of two methylerythritol 4-phosphate pathway
enzymes of isoprenoid biosynthesis:  the 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase and the 1-deoxy-D-xylulose 5-
phosphate synthase

Estudios moleculares de dos enzimas de la ruta del metileritritol
4-fosfato de biosintesis de isoprenoides: la 4-difosfocitidil-2C-

metil-D-eritritol quinasa y la 1-desoxi-D-xilulosa 5-fosfato sintasa

Victor Giménez Oya

Barcelona, 2009






©

] UNIVERSITAT DE BARCELONA

®

Molecular studies of two methylerythritol 4-phosphate pathway
enzymes of isoprenoid biosynthesis:  the 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase and the 1-deoxy-D-xylulose 5-
phosphate synthase

Estudios moleculares de dos enzimas de la ruta del metileritritol
4-fosfato de biosintesis de isoprenoides: la 4-difosfocitidil-2C-

metil-D-eritritol quinasa y la 1-desoxi-D-xilulosa 5-fosfato sintasa

Memoria presentada por Victor Giménez Oya, licenciado en Biologia por la

Universidad de Girona, para optar al grado de doctor por la Universidad de Barcelona.

Los estudios de tercer ciclo necesarios para tal efecto se han enmarcado en el programa
de doctorado de Biotecnologia, bienio 2004-2006, de la Universidad de Barcelona; y el proyecto
de tesis doctoral se encuentra inscrito en el Departamento de Bioquimica y Biologia
Molecular de la facultad de Biologia de la Universidad de Barcelona. El trabajo experimental y
la redaccion de la memoria que se presentan han sido dirigidos por el doctor Santiago Imperial

Rodenas.

Barcelona, septiembre de 2009

El director de la tesis: El doctorando:

Dr. Santiago Imperial Rédenas Victor Giménez Oya






A mis padres y a mi hermano,

A mi compariera por, entre otras muchas razones, querer asemejarme a lo que veo en sus
0jos cuando me mira,

A todo aquel que se haya sentido implicado en este viaje,

Y, por supuesto, para los que no.

Avenida Rivadavia interseccion con calle Ayacucho
Buenos Aires

Argentina






CONTENIDO

1. INTRODUCCION GENERAL 3
1.1 Los isoprenoides 3
1.1.1La ruta del mevalonato o ruta clasica 6
1.1.2 La ruta del metileritritol 4-fosfato (MEP) o ruta alternativa 7
1.1.3 Distribucion de las rutas del MVA 'y del MEP 8
1.1.4 Origen evolutivo de las rutas 9
1.1.5 La ruta del MEP representa una atractiva diana para la basqueda de antibiéticos, antimalaricos
y herbicidas 10
1.2 BUsqueda de nuevos compuestos. Introduccion al disefio racional de nuevos farmacos 11
1.2.1 Mecénica molecular 11
1.2.1.1 Parametrizacion de la energia: Campos de fuerza 11
1.2.1.2 Métodos de optimizacion 12
1.2.1.3 Dinamica molecular 12
1.2.1.3.1 Solvatacidn del sistema 13
1.2.1.3.2 Contraiones 13
1.2.1.3.3 Calculo de propiedades 13
1.2.2 Busqueda en bases de datos 3D 13
1.2.2.1 Hipétesis farmacofoérica 14
1.2.2.2 Anclaje de los compuestos (o Docking) 14
1.2.2.3 Ordenacién de los compuestos 15
1.2.2.4 Regla del 5 de Lipinski 15
1.2.3 Uso de péptidos 15
1.2.4 Técnicas empiricas de caracterizacion de la interaccion ligando-receptor 16
1.2.4.1 Disminucion de la intensidad por laser de deonizacidn/ionizacion asistido por matriz-
tiempo de vuelo (Intensity-fading MALDI-TOF MS) 16
1.2.4.2 Resonancia del plasmon en superficie 16
1.3 La 4-difosfocitidil-2C-metil-D-eritritol quinasa (CMK) 17
1.3.1 La superfamilia GHMP 18
1.4 La 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS) 19
1.4.1 Informacion estructural de la DXS 20
1.5 Protedlisis 21
1.5.1 Estabilidad del enlace peptidico 21
1.5.2 Mecanismos de autoprotedlisis intermolecular 22
1.5.3 Mecanismos de autoprotedlisis intramolecular 22
1.5.3.1 Reorganizacion de los grupos acilo N-O o N-S 23
1.5.3.1.1 Enzimas piruvoil 24
1.5.3.1.2 Ntn hidrolasas, nucleoporinas y proteinas con el dominio SEA 25
1.5.3.1.3 Proteinas Hedgehog 27
1.5.3.1.4 Splicing proteico 28
1.5.3.1.4.1 Bacterial intein-like’s (BIL) 29
1.5.3.2 Formacion de succinimidas (imidas ciclicas) 30
1.5.3.2.1 La deamidacio6n y la formacion de isoaspartatos en proteinas 30
2. OBJETIVOS 35
INFORME FACTOR DE IMPACTO DE LOS ARTICULOS PUBLICADOS 37
3. RESUMEN GENERAL: RESULTADOS; DISCUSION Y CONCLUSIONES
3.1 RESULTADOS 41

3.1.1 Imitando interacciones directas proteina-proteina e interacciones mediadas por solvente en el
homodimero CDP-ME quinasa: Una aproximacion de busqueda virtual dirigida a través de
farmacoforo. 42
3.1.2 Disefio de una molécula pequefia y un péptido ciclico natural como ligandos de la CDP-
metileritritol quinasa imitando interacciones proteina-proteina e interacciones mediadas por
solvente. 43
3.1.3 Anélisis del estado oligomérico de la CDP-metileritritol quinasa: la formacion del



homodimero no es necesaria para la actividad enzimatica. 45
3.1.4 Clonacién molecular y caracterizacion de la 1-desoxi-D-xilulosa 5-fosfato de la bacteria

termofilica Thermotoga maritima 46
3.1.5 Procesamiento autoproteolitico de la 1-desoxi-D-xilulosa 5-fosfato sintasa 47
3.2 DISCUSION 50
3.3 CONCLUSIONES 57
4. BIBLIOGRAFIA 61
5. PUBLICACIONES 67
Capitulo 1

Imitando interacciones directas proteina-proteina e interacciones mediadas por solvente en el homodimero

CDP-metileritritol quinasa: Una aproximacion de bUsqueda virtual dirigida a través de farmacéforo. 69

Mimicking direct protein-protein and solvent-mediated interactions in the CDP-methylerythritol kinase

homodimer : A pharmacophore-directed virtual screening approach. 71

Capitulo 2
Disefio de una molécula pequefia y un péptido ciclico natural como ligandos de la CDP-metileritritol quinasa

imitando interacciones proteina-proteina e interacciones mediadas por solvente. 91

Design of a small molecule and a natural cyclic peptide as ligands of CDP-methylerythritol kinase by

mimicking direct protein-protein and solvent-mediated interactions 93

Capitulo 3
Anélisis del estado oligomérico de la CDP-ME quinasa de E.coli: la formacién del homodimero no es

necesaria para la actividad enzimatica 115

Analysis of the oligomeric state of E.coli CDP-ME kinase: Homodimer formation is not necessary for enzyme
activity 117

Capitulo 4
Clonacion molecular y caracterizacion de la 1-desoxi-D-xilulosa 5-fosfato de la bacteria termofilica

Thermotoga maritima 135

Molecular cloning and Characterization of 1-deoxy-D-xylulose 5-phosphate synthase from the thermophilic

bacterium Thermotoga maritima 137

Capitulo 5

Procesamiento autoproteolitico de la 1-desoxi-D-xilulosa 5-fosfato sintasa 153

Autoproteolytic processing of 1-deoxy-D-xylulose 5-phosphate synthase 155

ANEXO1 173
Moléculas y efecto sobre la actividad enzimatica de CMK 175
Hipotesis farmacoforica de 5 puntos 175
Hipotesis farmacoforica de 7 puntos 179

ANEXO2 181



INTRODUCCION GENERAL







Introduccién general

1. INTRODUCCION GENERAL

1.1 Los isoprenoides

Los isoprenoides son una de las familias de compuestos mas extensas que se conocen en la naturaleza con mas
de 30000 compuestos naturales descritos, con una muy diversa estructura y funcion (Sacchettini and Poulter
1997). Los isoprenoides estan presentes en todos los reinos de la vida y participan en un amplio abanico de
funciones que van desde procesos indispensables para las células, hasta productos del metabolismo secundario,
éstos ultimos de gran importancia en las plantas. Es en este grupo precisamente, las plantas, en el que los
isoprenoides alcanzan una mayor complejidad estructural y funcional (Chapman and Hill 2000). A pesar de su
gran diversidad de funciones y estructuras todos los isoprenoides se sintetizan a partir de dos precursores
comunes, de 5 atomos de C, el isopentenil difosfato (IPP) y su isomero estructural el dimetilalil difosfato

(DMAPP)(Fig.1).

Dimetilalil difosfato Isopentenil difosfato
O—II:’—O—II:’—O O—II:’—O—II:’—O
o O o O

Fig. 1. Imagen de los isomeros isopentenil difosfato (IPP) y dimetilalil difosfato (DMAPP), precursores universales de los

isoprenoides.

La sintesis de la mayor parte de los isoprenoides se realiza mediante la condensacion secuencial de moléculas de
IPP sobre una molécula de su isomero, el DMAPP (Fig.2). Como resultado se obtienen compuestos isoprenoides
con un numero creciente de atomos de carbono y multiplo de 5 llamados prenildifosfatos. A continuacion se
llevan a cabo otras reacciones para obtener isoprenoides de mayor tamaio como la condensacion de dos
moléculas de farnesil difosfato para formar escualeno (C;y) o de dos moléculas de geranilgeranil difosfato para
formar fitoeno (Cg4) catalizadas respectivamente por las enzimas escualeno sintasa y fitoeno sintasa.
Seguidamente los prenildifosfatos obtenidos experimentan una serie de reacciones (hidroxilacion, metilacion,
isomerizacion, desmetilacion, reduccion...) para dar lugar al amplio abanico de compuestos isoprenoides
presentes en los distintos organismos.

Los isoprenoides se han clasificado historicamente segun el niimero de atomos que contienen y en base a los
monoterpenos (Cig) que fueron los primeros isoprenoides identificados. Segin esta nomenclatura tenemos
hemiterpenos (Cs), monoterpenos (Cjy), sesquiterpenos (C;s), diterpenos (Cy), sesterpenos (Css), triterpenos

(Cyp), tetraterpenos (Cyg) y politerpenos.
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Fig. 2. Esquema del proceso de condensacion secuencial de moléculas de IPP sobre una molécula de DMAPP en la sintesis de los

compuestos isoprenoides.

Los isoprenoides incluyen compuestos bacterianos interesantes como los hopanos, componentes importantes
para la pared bacteriana, las ubiquinonas que participan en la cadena de transporte electronico y las
menaquinonas, vitaminas liposolubles (vitamina K2) normalmente sintetizadas por la flora bacteriana y que no
pueden ser sintetizadas por el ser humano. En las plantas se encuentran compuestos isoprenoides esenciales
como la ubiquinona y la plastoquinona que intervienen en la cadena de transporte electronico mitocondrial y
fotosintética, respectivamente asi como la cadena lateral de las clorofilas. También contienen moléculas como
las citoquininas, los brasinosteroides, los esteroles, el dcido abcisico y las giberelinas implicadas en la regulacion
del crecimiento y del desarrollo; las proteinas preniladas que son importantes para la sefializacion y la regulacion
del ciclo celular y los carotenoides que actian como protectores de la maquinaria fotosintética (Chappell 1995;
McGarvey and Croteau 1995; Lange, Wildung et al. 1998; Harker and Bramley 1999). En los animals cabe
destacar también las quinonas, los dolicoles, los esteroides y los retinoides (McGarvey and Croteau 1995) (véase

ejemplos de compuestos isoprenoides en la tabla 1).
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Distribucion en los

Terpenos Ejemplos Funciones )
organismos
. isopentenil-tRNA traduccion proteica todos los organismos
Cs | Hemiterpenos - — -
citoquininas hormona vegetal plantas superiores
comunicacion entre
esencias de flores/plantas | plantas/actividad .
Cio |Monoterpenos o ) plantas superiores y algas
(mentol) antimicrobiana
aromas, perfumes
' . . plantas superiores,
. aceites micotoxinas/actividad .
Ci5 Sesquiterpenos . . hepaticas, musgos,
antimicrobiana
hongos, algas
fitoalexinas (capsidiol)
fitol, grupo lateral dela
clorofila cadenas de transporte .
. plantas superiores y algas
grupo lateral del tocoferol electrénico
c Di y filoquinonas
iterpenos
20 P . . actividad
fitoalexinas o .
antimicrobiana .
- - plantas superiores,hongos
giberelinas hormona vegetal
taxol antitumoral
fluideza delas ,
esteroles todos los organismos
membranas
Cso | Triterpenos brasinoesteroides hormona vegetal
otros triterpenos interaccién con el plantas superiores
(saponina) entorno
protectores del
Cyo |Tetraterpenos carotenoides aparato fotosintético plantas superiores
pigmentos, vitamina A
ubiquinona cadenas de transporte
. lastoquinona electrénico .
Gy | Politerpenos P 1 e todos los organismos
. glicosilacién de
dolicol

proteinas

Tabla 1. Tabla con ejemplos de compuestos isoprenoides y su distribucion, clasificados segun el niimero de 4tomos de carbono que

contienen.

Actualmente se conocen dos rutas metabolicas para la biosintesis de IPP y DMAPP: la ruta del mevalonato
(MVA) y la ruta de metileritritol 4-fosfato (MEP). En la década de los 50, se identifico la ruta del MVA de
sintesis de IPP en levaduras y animales (Rodriguez-Concepcion and Boronat 2002) y se extrapolo su presencia a
todos los organismos. No obstante, con el tiempo, se observd que la sintesis de algunos terpenos no se podia
explicar considerando Unicamente esta ruta metabdlica (Lichtenthaler 1997; Eisenreich, Schwarz et al. 1998;
Lange, Wildung et al. 1998; Lichtenthaler 1999; Rohmer 1999; Rodriguez-Concepcion and Boronat 2002). En la
década de los 90, a partir de experimentos de marcaje llevados a cabo en plantas y bacterias se pudo identificar

una ruta alternativa de sintesis de IPP y DMAPP, la cual se denomind como ruta alternativa y, posteriormente,

ruta del MEP.
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1.1.1La ruta del mevalonato o ruta clasica

La ruta del MVA de sintesis de IPP fue la primera descubierta, por lo que también se denomina ruta clasica.
Bloch y Rittemberg establecieron las bases experimentales para el descubrimiento de la ruta al confirmar la
formacion de esteroles a partir de acetil-CoA (Rawn 1989). La ruta del mevalonato empieza con la condensacion
secuencial de tres moléculas de acetil-coA en dos pasos enzimaticos para formar 3-hidroxi-3-metilglutaril-coA
(HMG-CoA). En la etapa siguiente la enzima HMG-CoA reductasa, cataliza la reduccion de HMG-CoA a
mevalonato en la primera reaccion irreversible de la ruta. A esta enzima se le ha atribuido el papel de catalizar la
etapa limitante de la ruta. Por ello, y por ser el mevalonato el primer compuesto especifico de la ruta, se la
denomino ruta del mevalonato. A partir del mevalonato y mediante dos fosforilaciones, dependientes de ATP,
seguidas de una descarboxilacion se forma el IPP (Fig. 3). Estas etapas estan catalizadas respectivamente por las
enzimas mevalonato quinasa (MVK), fosfomevalonato quinasa (PMK) y fosfomevalonato decarboxilasa (PMD o
MDD). Es interesante comentar que las dos primeras pertenecen a la superfamilia Galactoquinasa, Homoserina
quinasa, Mevalonato quinasa y Fosfomevalonato quinasa (0 GHMP, véase apartado 1.3.1). Finalmente, el IPP es

transformado a DMAPP por accion de la enzima isopentenil difosfato isomerasa.

Acetil-CoA Acetil-CoA

o]
)\-COA XS-COA
CoASI AACT
[e]
AAC M
-CoA

[0
Acetil-CoA X
scon  HMGS

CoAS|

HMG-CoA Hooc\)(/?.\
-CoA
2NADPH
mmf;:i HMGR
H »OH
WaW.ON
OH
ATP

ADP MVK
OH
MVA-P Hoo ?
\X/\o—ggog
ATP
PMK

ADP

MVA-PP 00c OH ¢
?
\X/\o_or;o_gg_og

ATP
ADP% PMD
co,
IDI
| O — PR
A/\o_c‘;o_(i;g0 )\/\o—ggo—orgo
IPP DMAPP

Fig. 3. Esquema de la ruta clasica o del MVA de sintesis de IPP y DMAPP. AAC, acetoacetil-CoA, HMG-CoA, 3-hidroxi-3-
metilglutaril-CoA, MVA, mevalonato, MVA-P, MVA 5-fosfato, MVA-PP, MV A 5-difosfato, IPP, isopentenil difosfato, DMAPP,
dimetilalil difosfato, AACT, ACC tiolasa, HMGS, HMG-CoA sintasa, HMGR, HMG-CoA reductasa, MVK, MVA quinasa, PMK,
MVA-P quinasa, PMD, MVA-PP descarboxilasa, IDI, IPP-DMAPP isomerasa
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1.1.2 La ruta del metileritritol 4-fosfato (MEP) o ruta alternativa

Los experimentos de Rohmer y colaboradores en los que estudiaron la incorporacion de distintos precursores
marcados con C (Glucosa, acetato, eritrosa y piruvato) en hopanoides de diferentes eubacterias permitio
proponer un ruta de sintesis de IPP a partir de triosas fosfato (Rohmer 1999). Estos experimentos se basaron en
observaciones anteriores (Pandian 1981) segun las cuales el marcaje radiométrico en las cadenas laterales de la
ubiquinona en distintos organismos procariotas no se ajustaba al patron esperable si la biosintesis tuviera lugar
mediante la ruta del mevalonato. La hip6tesis de Rohmer fue corroborada posteriormente mediante experimentos
realizados con cepas de E.coli defectivas en enzimas de la ruta glucolitica, consiguiéndo definir exactamente el
origen de todos los atomos de C presentes en la molécula de IPP.

Se propuso que la primera reaccion de la ruta debia ser similar a la descrita para las transcetolasas, donde la
condensacion de la hidroxietiltiamina, derivada del piruvato, con el grupo aldehido del gliceraldehido 3-fosfato
(Rohmer 1999) formaria desoxixilulosa 5-fosfato (DXP). Esta hipotesis corroboraba el marcaje preferencial de
los carbonos 1y 5 en los experimentos de marcaje de IPP y que resultaba incompatible con la hipotesis de la ruta
del MV A seglin la cual se esperaria un marcaje preferencial de los carbonos 2, 3 y 4. A la enzima que cataliza
esta reaccion se la denominé como 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS) (Sprenger, Schorken et al. 1997;
Lois, Campos et al. 1998). En la etapa siguiente se produce un reordenamiento intramolecular de la pentosa
fosfato (DXP), a través de un proceso dependiente de NADPH para formar 2-C metileritritol 4-fosfato (MEP).
Este metabolito proviene de una reaccion irreversible y es el primer compuesto especifico de la ruta
independiente de MV A de sintesis de IPP, por lo que por analogia con la ruta del MVA se la paso a denominar la
ruta del MEP. La reaccion esta catalizada por la enzima 1-desoxi-D-xilulosa 5-fosfato reductoisomerasa (DXR)
(Kuzuyama, Shimizu et al. 1998; Kuzuyama, Takahashi et al. 2000). En la etapa siguiente el MEP es
transformado en 4-difosfocitidil-2C-metil-D-eritritol (CDP-ME) en una reaccion dependiente de citidin trifosfato
(CTP) que cataliza la enzima 4-difosfocitidil-2C-metil-D-eritritol sintasa (Rohdich, Wungsintaweekul et al.
1999). A continuacion, el CDP-ME es fosforilado por la enzima 4-difosfocitidil-2C-metil-D-eritritol quinasa
(Rohdich, Wungsintaweekul et al. 2000). Esta quinasa pertenece a la superfamilia de quinasas GHMP. A
continuaciéon el CDP-MEP se transforma en 2-C-metil-D-eritritol 2,4-ciclodifosfato y citidin monofosfato (CMP)
por accion de la enzima 2-C-metil-D-eritritol 2,4-ciclodifosfato sintasa (MCS). En el siguiente paso enzimatico
se produce la apertura del anillo del 2-C-metil-D-eritritol 2.4-ciclodifosfato en un paso de reduccion
produciéndose 1-hidroxi-2-metil-2(E)butenil difosfato mediante una reaccion catalizada por la enzima 1-hidroxi-
2-metil-2(E)butenil difosfato sintasa (HDS) (Querol, Rodriguez-Concepcion et al. 2001; Seemann, Campos et al.
2002). Por ultimo, se obtienen los productos finales de la ruta del MEP: IPP y DMAPP en una proporcion de 5:1
(Jomaa, Wiesner et al. 1999; Adam, Hecht et al. 2002; Rohdich, Hecht et al. 2002) por accién de la enzima 1-
hidroxi-2-metil-2(E)butenil difosfato reductasa (HDR) (Fig.4).
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Fig. 4. Esquema de la ruta alternativa o del MEP de sintesis de IPP y DMAPP. GAP, gliceraldehido 3-fosfato, DXP, 1-desoxi-D-
xilulosa 5-fosfato, MEP, 2-C-metil-D-eritritol 4-fosfato, CDP-ME, 4-difosfocitidil-2-C-metil-D-eritritol ,CDP-MEP, CDP-ME 2-
fosfato, ME-CPP, 2-C-metil-D-eritritol 2,4-ciclodifosfato, HMBPP, hidroximetilbutenil 4-difosfato, IPP, isopentenil difosfato,
DMAPP, dimetilalil difosfato, DXS, DXP sintasa, DXR, DXP reductoisomerasa, CMS, CDP-ME sintasa, CMK, CDP-ME quinasa,
MCS, ME-cPP sintasa, HDS, HMBPP sintasa, HDR, HMBPP reductasa. También se incluyen las nomenclaturas bacterianas y de

E.coli para las enzimas.

1.1.3 Distribucion de las rutas del MVA y del MEP

El descubrimiento de la ruta del MEP obligo6 a revisar la biosintesis de los isoprenoides en todos los organismos.
Los esfuerzos de secuenciacion genémica que se han ido produciendo en estos ultimos tiempos han permitido la
localizacion de las diferentes rutas de sintesis de IPP. Actualmente se sabe que la ruta del MV A esta presente en
exclusividad en arqueobacterias, en algunos protozoos, en hongos y en animales. La mayoria de las eubacterias,
por el contrario, sintetiza el IPP y DMAPP a partir de la ruta del MEP, aunque algunas de ellas los sintetizan a

partir de la ruta del MVA. Ejemplo de eubacterias con la ruta del MEP son E. coli y las cianobacterias, los
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antecesores de los plastos (Lichtenthaler 1997; Lichtenthaler 1999; Lichtenthaler 2000; Eisenreich, Rohdich et
al. 2001). La ruta del MEP también esta presente en las algas verdes y en protozoos como el parasito de la
malaria Plasmodium falciparum (Lichtenthaler 1997; Lichtenthaler 1999; Lichtenthaler 2000; Eisenreich,
Rohdich et al. 2001).

Finalmente, cabe destacar como muy interesante el hecho de que algunas algas, musgos, helechos y plantas
superiores compartan ambas rutas de sintesis de los precursores de isoprenoides. Esta coexistencia se produce en
compartimentos celulares separados (Lichtenthaler 1997; Lichtenthaler, Rohmer et al. 1997; Lange, Wildung et
al. 1998; Lichtenthaler 2000; Eisenreich, Rohdich et al. 2001), ya que mientras la ruta del MVA se encuentra en
el citosol y el reticulo endoplasmatico, la ruta del MEP se localiza en los plastos (Lange and Croteau 1999)
(Fig.5). La ruta del MVA acaba produciendo los compuestos isoprenoides citosolicos y proporciona IPP para la
biosintesis de compuestos isoprenoides mitocondriales; mientras que la ruta del MEP aporta el IPP necesario
para la biosintesis de los compuestos isoprenoides de origen plastidico. En los ultimos afios se ha puesto mucho
interés en intentar determinar la existencia de un posible trasvase de los precursores entre ambas rutas asi como

de una posible comunicacion entre ellas.

citosol-RE
Acetil-CoA piruvato + GAP plastos
RUTA MVA RUTA MEP
{
IPP DMAPP— citoquininas IPP DMAPP— citoquininas
3X 3
2X GGPP| prenilacion de 3x\ | GPP——» monoterpenos
proteinas
FPP. giberelinas
* sesquiterpenos +——GGPP . fitoeno -+ licopeno
politerpenos prenilPP +
dolicol carotenoides
escualeno plastoquinona fitilPP \
prenilPP ., ABA
triterpenos l Y filoquinonas clorofilas
esteroles ubiquinona tocoferol
brasinoesteroides mitocondria

Fig. 5. Esquema de la sintesis de isoprenoides derivados de la ruta del MVA y de la ruta del MEP.

1.1.4 Origen evolutivo de las rutas del MVA y del MEP

Debido a que los compuestos isoprenoides son uno de los productos naturales mas antiguos conocidos, ademas
de tener una interesante complejidad generada a partir de una molécula comun, el IPP, ha hecho del estudio de su
historia evolutiva un punto importante. Se ha sugerido que las plantas superiores habrian adquirido la ruta del
MEP a partir de ancestros procariotas fotosintéticos, de acuerdo con la teoria endosimbiontica (Margulis 1975;
Strassburger 1988). Este hecho viene sugerido por la presencia de la ruta del MEP en cianobacterias.
Paralelamente, la célula huésped eucariota mantendria la ruta del MVA presente en animales y levaduras, que
muy probablemente, provendria de las arqueobacterias. La diversidad observada en la presencia de las rutas en

eubacterias se explicaria por procesos de transferencia horizontal de genes (Boucher and Doolittle 2000).
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1.1.5 La ruta del MEP representa una atractiva diana para la busqueda de antibidticos,

antimalaricos y herbicidas

La ruta del MEP esta presente en muchos patégenos incluidos los agentes causales de algunas meningitis
bacterianas, de la lepra, de trastornos gastrointestinales, de enfermedades de transmision sexual, de la
tuberculosis y de ciertos tipos de neumonia, e incluso en el protozoo causante de la malaria, Plasmodium
falciparum. Por otro lado, la ruta del MEP esta ausente en animales, y dado el caracter esencial de los
compuestos isoprenoides, la ruta del MEP se presenta como una diana para la basqueda de nuevos compuestos
antibioticos, antimalaricos y herbicidas (Kuzuyama, Shimizu et al. 1998; Jomaa, Wiesner et al. 1999; Rohmer
1999; Lichtenthaler 2000).

Desde el descubrimiento de los primeros antibidticos y su uso masificado, el problema de la aparicion de la
resistencia a multiples drogas (MDR, siglas en inglés de multidrug resistance) en organismos patdégenos ha
obligado a la busqueda incesante de nuevas dianas terapéuticas. Las caracteristicas ya comentadas de la ruta del
MEP la hacen una prometedora diana para desarrollar nuevos compuestos que permitan combatir el problema de
la MDR.

La fosmidomicina es un ejemplo paradigmatico de esta nueva clase de compuestos terapéuticos. La
fosmidomicina es un antibidtico natural extraido de la actinobacteria Streptomyces lavendulae. Este compuesto
inhibe la enzima que cataliza la segunda etapa de la ruta del MEP, la desoxixilulosa 5-fosfato reductoisomerasa
(DXR), tiene una estructura similar al substrato y actiia como un inhibidor competitivo. Se ha comprobado que la
fosmidomicina y sus derivados inhiben el crecimiento bacteriano y son eficaces en el tratamiento de las
infecciones causadas por Plasmodium (Jomaa, Wiesner et al. 1999; Borrmann, Issifou et al. 2004). Una terapia
combinada de fosmidomicina y clindamicina, un compuesto quimico que inhibe la maquinaria de traduccion
proteica procariota en los apicoplastos de Plasmodium falciparum, se ha mostrado eficaz contra la malaria en un
tratamiento de 3 dias con una tasa de éxito del 95% (Borrmann, Issifou et al. 2004).

Otro ejemplo de inhibidor es el clomazon. Este herbicida conocido desde los afios 80, actia de forma indirecta,
ya que son sus productos de degradacion los que inhiben la desoxixilulosa 5-fosfato sintasa (DXS) (Jomaa,
Wiesner et al. 1999; Mueller, Schwender et al. 2000), y dan lugar a un bloqueo en la acumulacion de los

isoprenoides plastidicos (Lange and Croteau 1999).
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1.2 Busqueda de nuevos compuestos. Introduccion al diseiio racional de nuevos

farmacos

Historicamente, el descubrimiento de nuevos compuestos activos se realizaba a través de la observacion
fenotipica de sus efectos. Con el descubrimiento y avance de la ciencia, se potenciaron procesos de criba de
infinidad de productos naturales sobre una determinada diana terapéutica. Y aunque estos métodos han permitido
el descubrimiento de innumerables compuestos terapéuticos hasta el dia de hoy, son procesos largos y costosos.
La determinacion de la estructura atdmica de las proteinas mediante técnicas de difraccion de rayos X, cuyo
primer exponente fue la mioglobina, junto con avances informaticos que mediante complejos métodos
computacionales unidos a la quimica teérica han permitido estudios tedricos y el tratamiento de grandes
cantidades de datos han conducido al desarrollo de una nueva disciplina, la modelizacion molecular. La
modelizacion molecular se erige en una eficaz, practica y util herramienta para el descubrimiento de nuevos
farmacos, ya que, en parte, disminuye los costosos procesos de busqueda.

La modelizacion molecular se podria definir como una disciplina que utiliza técnicas computacionales basadas
en quimica-fisica tedrica (quimica cuantica, mecanica molecular), resultados experimentales (estructuras de
cristalizacion, experimentos de calculo de constantes de disociacion...) y algoritmos rapidos de visualizacion de
estructuras para estudiar estructuras moleculares e interacciones de los complejos formados. Una de las
aplicaciones mas utilizada de la modelizacion molecular es el disefio de farmacos asistido por ordenador. Esta
estrategia, en condiciones Optimas, utiliza la informacion estructural obtenida previamente de un complejo
receptor-fAirmaco, aunque en la mayoria de los casos se parte solo de informacion estructural del receptor. En
estos ultimos casos hay que tener presente que la conformacién que se obtenga puede que no sea la
conformacion bioactiva. Finalmente, también se pueden llegar a hacer modelos teodricos sin tener informacion

estructural ni del receptor ni del compuesto.

1.2.1 Mecanica molecular

Debido al gran numero de atomos que contienen la mayoria de las biomoléculas, la aproximacion viable al
estudio de este tipo de complejos es por mecanica molecular. La mecanica molecular parametriza la energia
potencial del sistema, permitiendo un calculo rapido y la realizacion de minimizaciones de energia y dinamicas.
La mecanica molecular tiene la restriccion de no poder estudiar reacciones ni cualquier proceso en que haya un
cambio de estado electronico debido a que se basa en las Leyes de Newton. Aun asi, para estos estudios, no se
descarta el uso de las parametrizaciones de pequefias moléculas organicas (sustratos, cofactores...) por quimica

cuantica con métodos semiempiricos.
1.2.1.1 Parametrizacion de la energia: Campos de fuerza
La funcion energia potencial parametrizada en funcion de las coordenadas de los atomos de la biomolécula se

conoce como campo de fuerza. Existen varios campos de fuerza, pero los utilizados en este trabajo han sido los

parametrizados bajo el paquete de programas AMBER (AMBER?7) (Case, Cheatham et al. 2005). El campo de
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fuerza es un potencial cldsico que corresponde al sumatorio de diferentes propiedades estructurales y fisicas. El
campo de fuerza se divide en potenciales de enlace (Vy), de angulo (Vane), de diedro (Vy), impropios (V,,), de

van der Waals (Vyqw) y electroestatico (V).

V:ZVr+EVang+EV®+EV®+EVVdW+EVel

Los potenciales de enlace y de angulo son funciones parabolicas dependientes de la distancia interatdbmica
obtenidas a partir de datos estructurales. La energia aumenta rapidamente al aumentar la distancia entre los
atomos, por lo que no se pueden estudiar sistemas en los que este enlace se rompa (la distancia se haga lo
suficientemente grande). Para el potencial de dngulo el tratamiento es similar pero con tres &tomos para definirlo.
El potencial de diedro intenta describir todo el perfil energético que se produce por la rotacion de los diedros. El
potencial de diedros impropios se utiliza para los casos en los que los cuatro atomos no formen fisicamente un
angulo diedro, siendo muy util en la parametrizacion de moléculas organicas. El potencial de van der Waals
intenta reproducir la repulsion electronica a distancias muy cortas y las interacciones atractivas de London
cuando los atomos se alejan. Finalmente, cuando la distancia se hace grande ambas fuerzas se acercan a 0. El
potencial de energia electroestatica se describe mediante el potencial de Coulomb, siendo interacciones muy
fuertes. Los potenciales de van der Waals y de energia electroestatica no se aplican a pares de atomos separados

por uno o dos enlaces, y por tres se aplican con restricciones.
1.2.1.2 Métodos de optimizacion

Existen varios métodos de optimizacion estructural que dependen de su precision y su coste computacional. Los
pasos previos de optimizacion son necesarios tanto para estudios estructurales como para posteriores procesos de
dinamica molecular. Existe la posibilidad de que coordenadas de ciertos a&tomos no estén determinadas o incluso,
como en el caso de difraccion de rayos X, la técnica empirica no es capaz de determinar la posicion de los
atomos de hidrogeno. En estos casos, se tiene que completar el sistema con su consecuente tensionamiento, y su
alejamiento del minimo energético. Estos métodos libran de tension al sistema, partiendo de un grado de

minimizacion energética, obteniéndose estructuras mas coherentes con los datos experimentales.
1.2.1.3 Dindmica molecular

Una vez minimizado el sistema, la mecanica molecular permite el calculo de trayectorias dindmicas ya que se
dispone de la energia potencial y las coordenadas iniciales de los atomos. La informacién que se obtiene es de
gran utilidad, debido a que la informacion empirica, proveniente de difraccion de rayos X, da poca informacion
sobre la dinamica a temperatura ambiente. El proceso de obtencion cristalografica se produce a temperaturas
bajas por lo que se obtiene una informacion de un sistema aparentemente congelado, en cambio la dinamica
molecular permite afadir bafios térmicos para obtener informacion a la temperatura deseada. Paralelamente, la
dindmica molecular permite calcular la trayectoria en un sistema acuoso, obteniendo informacién mas parecida
al sistema natural de la proteina. El estudio de las interacciones de un complejo a lo largo del tiempo permite ver

la estabilidad de los mismos de forma cuantitativa. Otra de las ventajas de la dindmica molecular es que permite
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discernir entre interacciones producidas por el empaquetamiento cristalino. Para las dindmicas moleculares se
suele utilizar como paso de integracion 1/10 del tiempo de vibracion mas rapido, que corresponderia al enlace C-
H con 10fs. Como se ha comentado, la dindmica molecular se puede llevar a cabo teniendo un equilibrio térmico

con el entorno anadiendo un bafio térmico a través del algoritmo de Berendsen (Berendsen, Postma et al. 1984).

1.2.1.3.1 Solvatacion del sistema

El agua posee un rol esencial en todos los procesos bioldgicos y evidentemente su presencia determina la
estructura de las proteinas mediante su relacion con los grupos hidrofilicos e hidrofébicos. Normalmente en los
estudios de dinamica molecular se solvata el sistema. En los estudios realizados se ha utilizado una caja de aguas
TIP3P (Jorgensen, Chandrasekhar et al. 1983), que simula el agua pura a temperatura ambiente, lo
suficientemente grande para que solvate toda la proteina. Posteriormente, con el paquete de programas AMBER
v7 (Case, Cheatam et al. 2005) se duplicaron las cajas para la simulacion mejor del solvente e impedir artefactos
debidos a la finalizacion abrupta de 4tomos.

Las simulaciones se pueden realizar a volumen constante o a presion constante. En los primeros pasos de la
dinamica se aumenta la temperatura hasta la deseada a volumen constante, después se ajusta la presion a la
deseada y se realizan simulaciones a volumen y temperatura constante. Una vez llegado al equilibrio se empieza
a quitar restricciones. Finalmente, a partir de un minimo de energia convergido se realiza el tiempo de

produccion dindmica que se usa para el estudio de las propiedades del sistema.

1.2.1.3.2 Contraiones
Las biomoléculas pueden tener una carga neta por lo que en ocasiones se puede necesitar la inclusion de

contraiones al sistema para poder realizar las dinAmicas moleculares estables. Estos iones pueden ser Na'" y CI".

1.2.1.3.3 Célculo de propiedades
Una vez realizada la produccién dindmica se pueden calcular las interacciones no enlazantes y las energias libres

de formacion de los complejos, que son especialmente utiles en el disefio de farmacos.

1.2.2 Busqueda en bases de datos 3D

Cada vez existen mas bases de datos de organizaciones publicas y privadas en las que se muestran sus
compuestos quimicos. Estas bases de datos proveen la estructura tridimensional de los compuestos y
normalmente contienen rapidos algoritmos para la busqueda de la mejor conformacion. A partir de estas bases de
datos se permite hacer un cribado masivo de compuestos que cumplan los requisitos conformacionales y las
restricciones a los grupos quimicos impuestos por nuestra hipotesis farmacoforica. Durante nuestro estudio se ha
utilizado la base de datos Catalyst™ (Accelrys Inc.) cribando los compuestos de las siguientes instituciones:
Available Chemical Directory (ACD), Derwen World Drug Index, Nat diverse, IBS 2004, Aurora, National
Cancer Institute, Maybridge, SPECS y ChemDiv New Chemistry.
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1.2.2.1 Hipotesis farmacoforica

A partir de los datos geométricos obtenidos en la produccién dindmica, se puede disefiar la hipdtesis
farmacoforica. La definicion del farmacoforo seria un conjunto de caracteristicas estéricas y electronicas que son
necesarias para asegurar las interacciones supramoleculares con una diana bioldgica especifica y que permiten o
bloquean su respuesta biologica. Esta hipotesis farmacoforica, una vez escogida la diana, contiene unos ciertos
tipos de atomo o grupos con caracteristicas quimicas (como grupos acidos y basicos, aromaticos, hidrofobicos,
aceptores y donadores de protones...) a los que se denomina puntos farmacoforicos. Los farmacoforos también
se definen por las distancias, angulos y planos entre los puntos farmacoforicos, los cuales, para obtener una

mayor precision, se obtienen a partir de la dindmica molecular (véase como ejemplo la fig. 6).

Fig.6. Farmacoforo de antagonistas del receptor de dopamina (Ursu 2006).

1.2.2.2 Anclaje de los compuestos (o Docking)

Una vez encontradas conformaciones de moléculas en las bases de datos, se procede a realizar el anclaje al
receptor. Existen diferentes metodologias para realizar este anclaje basadas en informacion de dinamica
molecular, algoritmos genéticos o basados en informacion de la flexibilidad del receptor. En nuestros estudios el
programa utilizado fue Dock-dyn (Rubio-Martinez, Pinto et al. 2005). En un primer paso, este programa
recomprueba los compuestos que satisfacen la hipotesis farmacofoérica de referencia. Los puntos farmacoféricos
son definidos como hidrofobicos, carga positiva, carga negativa, aceptor de protones, donador de protones y
anillo aromatico. Estos puntos estan determinados en un intervalo de coordenadas con un maximo y un minimo
extraido durante la dindmica molecular. El programa busca todas las posibles combinaciones de las
conformaciones con la hipétesis farmacoforica y calcula las distancias. Para las combinaciones que cumplan las
distancias, finalmente, realiza una superposicion de los puntos de la molécula con los de la hipdtesis
farmacoforica extraida de la dindmica molecular y se determina el RMSD (desviacién de la raiz cuadrada de las
medias). En un segundo paso, las conformaciones que tengan un RMSD por debajo de un valor estimado se
superponen al farmacoforo de referencia con el receptor. En este paso se evalia el reconocimiento molecular y
se descartan moléculas que conlleven algiin impedimento estérico. El descarte se hace en funcion de que la
distancia entre atomos de la molécula y el receptor sea menor a un porcentaje del radio de van der Waals de la

molécula y del receptor.
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1.2.2.3 Ordenacion de los compuestos

Una vez las diferentes conformaciones son aceptadas en el proceso de anclaje, los compuestos pueden ser
ordenados mediante diferentes programas. En este estudio utilizamos tanto el XSCORE (Wang and Lai, et al.
2002) como el mismo RMSD para ordenar las diferentes conformaciones obtenidas. El programa XSCORE
calcula la energia libre de unién del complejo ligando-receptor, permitiendo un calculo rapido debido a su
parametrizacion. Una vez ordenados los compuestos, se hace una ultima criba visual, en donde se escogen
moléculas de familias diferentes de compuestos, que no tengan grupos quimicos problematicos... Una norma
comunmente aceptada en la bisqueda de nuevos farmacos es la regla del 5 de Lipinski. Una vez escogidos los
compuestos se realizan los ensayos empiricos para comprobar la interaccion ligando-receptor y calcular las

constantes de disociacion del complejo.
1.2.2.4 Regla del 5 de Lipinski

Lipinski a través del tratamiento estadistico de drogas comerciales describié una norma sencilla (Lipinski,
Lombardo et al. 2001) que tendrian que cumplir las moléculas para, a priori, poder tener una mejor penetracion a
través de la bicapa lipidica y tener una mejor absorcion y/o permeabilidad celular. Esta regla se basa en: a) un
peso menor de 500 ua b) menos de 5 donadores de protones ¢) menos de 10 (5x2) aceptores de protones y d)

tener un logP (octanol/agua) menor de 5.

Antes o una vez obtenidos resultados empiricos positivos, se puede continuar con estudios de dinamica
molecular para caracterizar las interacciones del complejo, estudiar la energia libre de formacién del complejo e

incluso mejorar la unién mediante modificaciones en la molécula dirigidas por los estudios de la interaccion.

1.2.3 Uso de péptidos

La utilizacion de pequefios péptidos, que ya bien por interaccion con la diana escogida, o por mimetismo con la
misma proteina, puede activar o bloquear el proceso bioldgico es otra estrategia para la busqueda de compuestos
con capacidades terapéuticas. Incluso, los hace interesantes para el estudio de interacciones proteina-proteina y
en la busqueda de interferir estas interacciones. Los péptidos pueden sufrir protedlisis y para solucionar este
problema, e incluso para reducir la libertad conformacional en solucion del péptido, se utilizan péptidos ciclicos.
Esta mayor rigidez puede reducir su entropia perdida en la unién obteniéndose una ganancia en los valores de
afinidad del péptido. Esta ganancia de afinidad de los péptidos ciclados en referencia a los respectivos péptidos
no ciclados esta bien descrita en la literatura (Bach II, Eyermann et al. 1994; Morgan, Holland et al. 1994; Zang,
Yu et al. 1998; Dumez, Snaith et al. 2002; Andrews, Mclnnes et al. 2004; Nam, Ye et al. 2004; Chang and Chu
2005).
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1.2.4 Técnicas empiricas de caracterizacion de la interaccion ligando-receptor

Con el avance de la ciencia, y de la protedmica en particular, se han ido desarrollando cada vez mas técnicas de
caracterizacion de interacciones proteina-proteina, proteina-ADN, proteina-ligando, etc. Dentro de esta gran
amalgama de técnicas se incluyen desde técnicas cualitativas como la difraccion de rayos X, hasta métodos
cuantitativos que permiten la determinacion de las constantes del complejo como la calorimetria de titracion
isotérmica, ensayos de immunoabsorcion ligado a enzimas (ELISA), ensayos radioimmunes (RIA), ensayos
basados en espectrometria de masas, resonancia del plasmén en superficie, etc.

Durante nuestro estudio, la interaccion ligando-receptor de las moléculas obtenidas durante la criba guiada por
farmacoforo se estudio mediante las técnicas de disminucion de la intensidad con laser de desorcion/ionizacion
asistido por matriz — tiempo de vuelo (Intensity-fading MALDI-TOF MS) y de resonancia del plasmén en

superficie.

1.2.4.1 Disminucién de la intensidad por laser de desorcién/ionizacién asistido por matriz-

tiempo de vuelo (Intensity-fading MALDI-TOF MS)

Esta técnica, descrita por Yanes y Villanueva, se basa en el uso de las intensidades ionicas de la técnica MALDI
de espectrometria de masas, para detectar complejos unidos por interacciones no covalentes entre moléculas
(proteina-proteina, proteina-ADN, proteina-molécula pequefia) no inmovilizadas (Villanueva, Yanes et al. 2003;
Yanes, Nazabal et al. 2006). En esta técnica una de las moléculas tiene que ser de naturaleza proteica. El
complejo es detectado por la disminucion de la intensidad i6nica del compuesto al afiadirle el interactor en
diferentes concentraciones a la muestra. La disminucion de la intensidad idnica de la molécula observada es
directamente asociada a la formacion del complejo. Esta técnica puede aplicarse a nivel cualitativo o

semicuantitativo afiadiendo un patrén interno con el cual comparar la disminucién de la intensidad ionica.

1.2.4.2 Resonancia del plasmon en superficie

La tecnologia de la resonancia del plasmén en superficie se ha mostrado como una herramienta eficaz en el
analisis cualitativo y cuantitativo de las interacciones de un complejo. Esta tecnologia permite la parametrizacion
en tiempo real de la formacion del complejo sin necesidad de utilizar afiadidos u otros interaccionadores. Se basa
en la inmovilizacién del receptor a un chip y se mide la unién directa del ligando. La formacion del complejo se
estudia por cambios en la resonancia del plasmén en superficie, que estan directamente asociados a cambios en
el indice de refraccion de la solucion proxima al receptor inmovilizado. El indice de refraccion esta directamente
asociado a la concentracion en la capa de la superficie del chip. Por tanto, este indice de refraccion aumenta

cuando el complejo entre el ligando y el receptor se forma.
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1.3 La 4-difosfocitidil-2C-metil-D-eritritol quinasa (CMK)

La 4-difosfocitidil-2C-metil-D-eritritol quinasa (CMK) es la enzima que cataliza el cuarto paso enzimatico de la
ruta del MEP. En este paso se fosforila el hidroxilo del C2 del CDP-ME para dar CDP-MEP en una reaccion
dependiente de ATP y magnesio (Kuzuyama, Takahashi et al. 2000; Luttgen, Rohdich et al. 2000; Rohdich,
Wungsintaweekul et al. 2000). Hasta la fecha se ha determinado la estructura cristalina de la CMK de
Escherichia coli (Miallau, Alphey et al. 2003), Thermus thermophilus (Wada, Kuzuyama et al. 2003) y Aquifex
aeolicus (Sgraja, Alphey et al. 2008). La estructura cristalina de la CMK de E.coli (Miallau, Alphey et al. 2003)
muestra una organizacion dimérica, en la que la unidad asimétrica consta de dos subunidades, A y B, con una
masa total aproximada de 62 kDa, las cuales se ensamblan en una simetria C2. Esta estructura dimérica fue
corroborada mediante experimentos de exclusion molecular, espectrometria de masas (Miallau, Alphey et al.
2003) y ultracentrifugacion diferencial (Gabrielsen, Bond et al. 2004). Es interesante destacar que tan solo el 4%
de la superficie de la proteina interviene en la formacion del dimero (Fig.7). La estructura cristalina muestra que
la formacion del dimero se sustenta mediante interacciones electroestaticas entre el residuo Arg®' y el Asp® del
otro mondmero, puentes de hidrogeno entre la amida del residuo Gly*’ y el carbonilo del residuo Ala®,
interacciones hidrofobicas entre las cadenas laterales de la Tyr® y la Lys’® del otro monémero y una serie de
puentes de hidrogeno mediados por solvente (Miallau, Alphey et al. 2003).

En la primera parte de la tesis se realiza un estudio estructural por dindmica molecular utilizando como base
empirica la estructura cristalina de E.coli (PDB=10j4). El estudio se centrara en la poca superficie de la proteina
implicada en las interacciones importantes para la formacion del dimero.

Esta pequefia quinasa pertenece a la superfamilia GHMP (llamada asi por las enzimas galactoquinasa,
homoserina quinasa, mevalonato quinasa y fosfomevalonato quinasa) (Bork, Sander et al. 1993; Lange and

Croteau 1999; Bonanno, Edo et al. 2001; Wada, Kuzuyama et al. 2003).

Fig. 7. Representacion de la estructura de la CMK de E.coli (PDB=10j4, (Miallau, Alphey et al. 2003)) realizada con el programa de
visualizacion VMD (Humphrey, Dalke et al. 1996).
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1.3.1 La superfamilia GHMP

La CMK forma parte de la superfamilia GHMP de quinasas. A esta familia pertenecen también tres enzimas de
la ruta del MVA como son la MVK, la PMK y la MDD. Las enzimas de esta familia catalizan la transferencia de
un grupo y-fosforilo a un receptor particular, con la excepcion de la proteina no enzimatica Xol-1 que interviene
en procesos de regulacion del desarrollo (Luz, Hassig et al. 2003). Aunque la similitud de secuencia entre las

proteinas de esta superfamilia es relativamente baja (10-20%), todas ellas conservan una estructura muy parecida

(un intervalo de RMSD entre 2.6 y 4 A entre los Ca). Esta superfamilia presenta un plegamiento caracteristico de

dos dominios a+p, con el centro catalitico inmerso en una hendidura entre ellos (Cheek, Zhang et al. 2002). La
parte aminoterminal de estas proteinas se caracteriza por tener dos laminas 8 y cuatro hélices a, mientras que la
parte carboxiterminal de estas proteinas tiene un centro parecido a ferredoxina y cuatro hélices a adicionales.
Todas las proteinas de esta superfamilia también contienen tres motivos conservados. El motivo I se encuentra
localizado en el extremo aminoterminal de la proteina, con siete aminoacidos muy conservados. El motivo II
(llamado rizo P) tiene la secuencia conservada PXXXGSSAA y se caracteriza por ser el motivo de unién al
nucledtido. Este motivo es estructuralmente diferente al motivo clasico de union a nucleétidos llamado motivo
“Walker A” disponiendo a la molécula de ATP en una orientacion diferente. Finalmente, el motivo III es un rizo
rico en glicinas encargado de la union al sustrato que tiene que ser fosforilado (Andreassi and Leyh 2004). Este
elevado contenido en glicinas se considera importante debido a la alta libertad de rotacion del aminoacido, lo que
permitiria un mejor ensamblaje de la proteina al sustrato.

El hecho de que todas las proteinas de esta superfamilia tengan un esqueleto muy parecido parece indicar un

mismo origen evolutivo, proviniendo de una pequefia proteina con actividad quinasa (véase fig 8).

Fig. 8. Representacion de la estructura monomérica de diferentes enzimas de la superfamilia galactoquinasa, mevalonato quinasa,
homoserina quinasa y fosfomevalonato quinasa realizadas con el programa de visualizacion VMD (Humphrey, Dalke et al. 1996). A.
Mevalonato quinasa de Streptococcus pneumoniae (20i2). B. Fosfomevalonato quinasa de Streptococcus pneumoniae (1k47). C.
Difosfomevalonato decarboxilasa de Sacharomyces cerevisiae (1fi4). D. Galactoquinasa de Saccharomyces cerevisiae (2aj4). E.

Homoserina quinasa de Methanococcus jannaschii (1h72). F. Xol-1 de Caenorhabditis elegans (1mg7).
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1.4 La 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS)

La segunda parte de esta tesis se ha centrado en el estudio de la primera enzima de la ruta del MEP. La enzima
DXS cataliza la condensacion de piruvato y gliceraldehido 3-fosfato para formar 1-desoxi-D-xilulosa 5-fosfato
(DXP) (Lange and Croteau 1999). Esta reaccion del tipo transcetolasa es dependiente de pirofosfato de tiamina
(TPP). La DXP es un precursor de la ruta del MEP de sintesis de IPP y DMAPP y se ha caracterizado a la DXS
como una de las enzimas reguladoras de la ruta del MEP (Estevez, Cantero et al. 2001). Es interesante sefialar
que, la DXP también es el precursor de las coenzimas tiamina (Sprenger 1997) y del piridoxol en un pequeiio
grupo de y-proteobacterias (Fig. 9). Ambas coenzimas son muy importantes ya que son necesarias para la
actividad catalitica de muchas enzimas. La DXP entra en la ruta de sintesis de TPP en la formacion del anillo de
hidroxietiltiazol (Frank, Leeper et al. 2007). Es interesante remarcar el hecho de que la DXS sea a su vez
dependiente de TPP, ya que podria sugerir un tipo de regulacion de retroalimentacion positiva dentro de una ruta
con una regulacion de por si muy interesante y complicada (Frank, Leeper et al. 2007). También se descubrid
que E.coli condensaba 4-(fosfohidroxi)-L-threonina y DXP para formar la vitamina Bs (piridoxal 5-fosfato)
(Cane D.E 1998), y en un principio se postulé como la ruta de sintesis de la vitamina Bs, Posteriormente se
descubri6 que existe una ruta de sintesis independiente de DXP en Saccharomyces cerevisiae (Bean, Dvorachek
et al. 2001), Cercospora nicotinidae (Ehrenshaft, Bilski et al. 1999; Osmani, May et al. 1999) y Arabidopsis
thaliana (Titiz, Tambasco-Studart et al. 2006; Wagner, Bernhardt et al. 2006); y que la anterior solo esta

presente en un pequefio grupo de y-proteobacterias.
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Fig. 9. A. Representacion esquematica de las rutas de sintesis de la ruta del MEP y las rutas de sintesis de tiamina y de piridoxol

dependiente de DXP. B. Representacion esquematica de la ruta de sintesis de piridoxol independiente de DXP.
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Hasta la fecha, se han caracterizado homoélogos de la DXS a partir un gran nimero de organismos presentandose,
incluso, como una familia multigénica dentro del grupo de las plantas. A pesar del gran nimero de DXS
estudiadas, no se ha descrito hasta el momento ninguna caracterizacion de una DXS de un organismo
termofilico.

Durante largo tiempo, la bisqueda de la estructura de la DXS mediante técnicas de cristalografia de proteinas y
difraccion de rayos X habia sido un hito para muchos laboratorios, entre ellos el nuestro, debido al caracter
crucial de la enzima. En el afio 2006, Xiang y sus colaboradores pudieron finalmente presentar la estructura de
las DXS de Escherichia coli y Deinococcus radiodurans (Xiang, Usunow et al. 2007). No obstante, para dar idea
de la complejidad del estudio es importante sefialar que la estructura descrita corresponde no a la enzima
completa sino a una forma truncada. Esta forma truncada se habia obtenido mediante protedlisis debida a la
contaminacion por un hongo de las soluciones utilizadas en la busqueda de condiciones de cristalizacion (Xiang,

Usunow et al. 2007).

1.4.1 Informacion estructural de la DXS

La DXS aparece con una organizacion homodimérica tanto en los analisis cristalograficos (Xiang, Usunow et al.
2007) (Fig.10) como en experimentos de dispersion de luz y electroforesis en geles nativos de poliacrilamida
(Kuzuyama, Takahashi et al. 2000; Hahn, Eubanks et al. 2001). La interaccion del dimero presenta un caracter
fuertemente hidrofobico y los mondmeros se presentan con una distribucion paralela, en la que cada dominio de
un monoémero estd en contacto con el mismo dominio del otro monémero. Cada mondmero presenta tres
dominios con un plegamiento tipico o/p. El dominio I (aminoécidos del 1 al 319) contiene 5 laminas B paralelas,
el dominio II (aminoacidos del 320 al 495) presenta 6 laminas P paralelas y el dominio III (residuos del 496 al
629) contiene 5 laminas P paralelas y una antiparalela. Todas las laminas 3 se presentan rodeadas por hélices a.
Cabe destacar que debido al proceso de protedlisis de origen fungico, en la estructura de la DXS de E.coli las
zonas correspondientes a los aminoacidos 183-238 y 292-317 no presentaban densidad electronica (Xiang,
Usunow et al. 2007). La primera zona esta cerca del centro catalitico y la segunda se ubicaria en la zona de union
entre el dominio I y el dominio II. Durante el estudio de cristalizacion consiguieron rellenar estos vacios
partiendo de la estructura de la DXS de D. radiodurans, la cual no sufria el proceso de prote6lisis. Cuando la
estructuras obtenidas se compararon con las depositadas en las bases de datos se observé que eran similares a las
descritas para las transcetolasas, la subunidad El1 de la piruvato deshidrogenasa y la 2-oxoisovalerato
deshidrogenasa, como ya se habia predicho en funcion de la actividad de la enzima (Rohmer 1999). A diferencia
de éstas, no obstante, el dominio I de un mondémero esta situado por encima de los dominios 11 y III del mismo

mondmero, lo que da lugar a la formacion del centro catalitico dentro de una misma cadena polipeptidica.
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Fig. 10. Representacion de la estructura de la DXS de E.coli (PDB=201s, (Xiang, Usunow et al. 2007)) realizada con el programa de
visualizacion VMD (Humphrey, Dalke et al. 1996).

1.5 Proteolisis

1.5.1 Estabilidad del enlace peptidico

El enlace amida formado entre el grupo a-carboxilo de un aminoacido y el grupo a-amino de otro aminoacido,
denominado enlace peptidico, se caracteriza por ser un enlace metaestable (Mathews 2003). La metaestabilidad
es debida a que, aunque la reaccion esta favorecida termodindmicamente hacia la hidrélisis del enlace (cambio
de energia libre >10kJ mol™), esta reaccion es extremadamente lenta a pH y temperatura fisiologicos. La
reaccion de hidrolisis se puede acelerar mediante catalizadores o condiciones extremas de temperatura y pH.
Entre los catalizadores biologicos mas estudiados se encuentran las enzimas proteoliticas o proteasas. Las
enzimas proteoliticas las podriamos definir como proteinas capaces de catalizar la hidrdlisis de un enlace
peptidico de otra molécula proteica. Estas proteasas se pueden tipificar a través de su mecanismo de actividad
(metalo-, cistein-, serin- proteasas, etc). Las proteasas intervienen en infinidad de procesos celulares, que van
desde sistemas de reciclaje (como la ubiquitinaciéon o el sistema lisosdmico), apoptosis celular (caspasas),
angiogénesis, remodelacion de la matriz, iniciacion de cascadas de sefializacion hasta la regulacion enzimatica
de rutas metabolicas. La importancia de estas enzimas proteoliticas se refleja en el hecho de que el genoma
humano codifica para mas de 500 proteasas diferentes (Puente, Sanchez et al. 2005).

A pesar de todo ello, cada vez se estan identificando mas procesos en los que la hidrdlisis del enlace peptidico se
produce sin la mediacion de una proteina externa (o proteasa). Estos procesos tienen funciones biologicas
importantes, ya sea desde el procesamiento de la preproteina hasta su forma funcional, la sefializacion celular o
procesos de transferencia genética horizontal (Paulus 2000).

Existen mecanismos de autoprotedlisis intermolecular y procesos de autoproteélisis intramolecular. La principal
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diferencia entre ellos es la presencia de la enzima catalizadora de la hidrdlisis del enlace peptidico en el primer
mecanismo y su ausencia en la segundo. En una primera aproximacion podriamos definir como mecanismos en
trans los primeros y en cis los segundos. Aunque, como se describira a continuacion, se han descrito algunas
excepciones de mecanismos autoproteoliticos intramoleculares en trans (véase seccion 1.5.3.4, splicing

proteico).

1.5.2 Mecanismos de autoproteodlisis intermolecular

Los mecanismos de autoprotedlisis intermolecular se caracterizan por el hecho que una molécula de la proteina
ejerce de catalizador de la segmentacion del enlace peptidico a otra molécula de su misma especie. Los procesos
intermoleculares se caracterizan por que la aparicion de los productos de la protedlisis estd directamente
relacionada en segundo grado con la cantidad de proteina, es decir, a mayor concentracion de proteina inicial se
produce un incremento exponencial de la lisis (Rosenblum and Blobel 1999; Ingram, Orth et al. 2006). Esto es
debido a que la proteina a la vez es sustrato y catalizador. Esta caracteristica difiere de los mecanismos
intramoleculares en los que la protedlisis es directamente proporcional en primer grado en un amplio espectro de
concentraciones.

Un ejemplo de este tipo de mecanismos es el caso de TACE o ADAM17, una metaloproteasa que procesa el
factor necrotico tumoral a para que la célula sea capaz de liberarlo (Utsumi, Levitan et al. 1993) y, a su vez,
1353

sufre un proceso de autoproteolisis intermolecular en el cual el enlace peptidico entre los residuos Tyr’>? y Va

es hidrolizado (Ingram, Orth et al. 2006).

1.5.3 Mecanismos de autoproteodlisis intramolecular

Los procesos de autoprotedlisis intramolecular se caracterizan por dar lugar a una modificacion post-traduccional
de la proteina que concluye con la segmentacion del enlace peptidico. Para poder producirse la segmentacion del
enlace peptidico, éste necesita modificarse previamente a un enlace con menor estabilidad, o producirse una
reorganizacion de la cadena lateral del aminoacido anterior para, finalmente, romperse mediante diferentes
mecanismos. La estructura terciaria de la proteina proporciona las condiciones necesarias para que se produzcan
las reorganizaciones de los enlaces. Para esta introduccion se han clasificado los procesos segiin esta
reorganizacion inicial y nos centraremos en dos: mecanismos que parten de una reorganizacion de los grupos

acilo N-O o N-S y de mecanismos relacionados con el enlace Asx(Asp y Asn)-Aa.
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1.5.3.1 Reorganizacién de los grupos acilo N-O o N-S

Existen varios procesos autoproteoliticos que tienen en comun un primer paso en el que se produce la
reorganizacion de grupos acilo N-O o N-S, cuya consecuencia es el cambio de un enlace peptidico por un enlace
(tio)éster entre los aminodcidos. Para que se produzca esta reorganizacion es necesaria la presencia de residuos
aminoacidicos de Ser, Cys o Thr en la parte carboxiterminal del enlace. Las cadenas laterales de estos residuos
aminoacidicos llevan a cabo un ataque nucleofilico sobre el carbono del carboxilo del enlace peptidico
precedente, para formar un enlace de tipo éster (en caso de que el aminoacido sea una serina o treonina) o
tioéster (en el caso de que sea una cisteina) (Paulus 2000). Se ha postulado que estos ataques nucleofilicos se
producen a través de la formacion previa de un intermediario oxioxazolidino u oxitiozolidino (Fig.11). El enlace
éster formado entre los aminoécidos es menos estable que el enlace amida y puede reaccionar frente a un ataque
nucleofilico produciéndose la segmentacion. La reorganizacion de los grupos acilo N-O o N-S no tiene lugar
espontaneamente en condiciones normales de pH (Iwai and Ando 1967), pero puede producirse en condiciones
acidicas.

La estructura de la proteina es importante para estabilizar el nuevo enlace (tio)éster producido debido a que el
equilibrio de la reaccion estd desplazado hacia a la reorganizacién inversa de los grupos acilo O-N o S-N,
formandose de nuevo el enlace peptidico. El plegamiento mediante interacciones electroestaticas y de van der
Waals, mantiene una conformacion que permite el ataque nucleofilico, la formacion del enlace y su

estabilizacion. Las proteinas desnaturalizadas son incapaces de formar el enlace (tio)éster.
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Fig. 11. Representacion del ataque nucleofilico, reorganizacion de los grupos acilo N-S y la formacion del enlace tioéster, a través de
un intermediario oxitiozolidino, de la proteina GyrA de M. Xenopi. Representacion modificada a partir de la esquematizada por

Paulus (Klabunde, Sharma et al. 1998; Paulus 2000).

Cabe destacar que el proceso de formacion del enlace (tio)éster presenta aspectos similares al descrito para las
serinproteasas; incluso llegando a revisarse estos mecanismos autoproteoliticos en cierta literatura como

serinproteasas no convencionales (Ekici, Paetzel et al. 2008).
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El enlace (tio)éster puede sufrir diferentes reacciones y acabar rompiéndose o modificandose de la manera
descrita en los diferentes mecanismos. En las enzimas en las que se forman derivados de piruvoilo, denominadas
a partir de este momento como enzimas piruvoiladas, se produce la modificacion del aminoacido carboxiterminal
del enlace peptidico inicial; en las aminoterminal nucleodfilo hidrolasas (Ntn hidrolasas), un ataque nucleofilico
del solvente hidroliza el enlace; en las proteinas “erizo” (Hedgehog en inglés), se produce una transesterificacion
intermolecular con el colesterol y en el empalme de proteinas (protein splicing en inglés), la transesterificacion

tiene lugar dentro de la misma molécula (Fig.12).
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Fig. 12. Representacion de los principales mecanismos de autoproteolisis intramolecular descritos a partir de la reorganizacion de los
grupos acilo N-S o N-O y la formacion del enlace (tio)éster. Modificacion de la representacion esquematizada por Paulus (Paulus
2000). La X en el esquema representa los atomos O o S. Ntn hidrolasas (aminoterminal nucleéfilo hidrolasas), PIDD (proteina

inducida por p53 con dominio de muerte)(Tinel, Janssens et al. 2007).

1.5.3.1.1 Enzimas piruvoiladas

Las enzimas piruvoiladas participan en la formacién de aminas a partir del metabolismo catabolico de los
aminodcidos en animales, plantas y microorganismos (revisado en (Recsei and Snell 1984; van Poelje and Snell
1990)). Estos pasos enzimaticos de formacion de aminas incluyen descarboxilaciones y reducciones que utilizan
el piridoxol como cofactor necesario para la reaccion. En 1953 Rodwell postulé que la histidina decarboxilasa
del organismo Lactobacillus 30a era independiente de piridoxol 5-fosfato (Rodwell 1953). A partir de este

trabajo se fue identificando un grupo de enzimas del catabolismo de aminoacidos independiente del piridoxol 5-
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P. Estas enzimas se caracterizan por tener un grupo piruvoilo unido a la proteina. El grupo prostético es capaz de
formar una base de Schiff con el sustrato y permite la descarboxilacion de éste, de una manera similar al cofactor
piridoxol 5-fosfato. Estas enzimas se traducen como una cadena simple (7) y a partir de la formacion del enlace
éster, mediante la reorganizacion intramolecular entre dos serinas contiguas, y una eliminacion B se produce la
segmentacion del enlace anterior (Fig.13). A partir de la eliminacion B se obtienen dos cadenas polipeptidicas,
una larga (o) y una mas corta (). Finalmente, se produce una transformacion de la Ser de la cadena a a un grupo
piruvoilo. La mayoria de estas enzimas presentan una oligomerizacion heterohexamérica en la que participan
ambas subunidades (Recsei and Snell 1984), aunque existen algunos ejemplos en los que la oligomerizacion
funcional se basa en la subunidad o Gnicamente. Se ha observado que mutaciones en los residuos implicados en
el proceso de autocatalisis de la proteina inhiben la actividad de la enzima.

Ejemplos de las enzimas piruvoiladas son la histidina descarboxilasa, la S-adenosilmetionina descarboxilasa, la
fosfatidilserina descarboxilasa, la a-aspartato descarboxilasa y la prolina reductasa. Los dos mecanismos de
catalisis de aminoacidos (piruvoilo y piridoxol 5-fosfato) se distribuyen filogenéticamente, como por ejemplo en
el caso de la histidina descarboxilasa que es de tipo enzima piruvoilo en bacterias gram positivas pero es

piridoxol 5-fosfato dependiente en animales y bacterias gram negativas (Recsei and Snell 1984).
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Fig. 13. Representacion del ataque nucleofilico, formacion del grupo éster, la eliminacion B y la formacion del grupo piruvoilo

descrita para las enzimas piruvoiladas. Este esquema es una modificacion del descrito por Xiong (Xiong, Stanley et al. 1997).

1.5.3.1.2 Ntn hidrolasas, nucleoporinas y proteinas con el dominio SEA

En 1995 Branningan y colaboradores (Brannigan, Dodson et al. 1995) definieron una nueva superfamilia de
estructura de proteinas y la llamaron Ntn-hidrolasas (aminoterminal nucleofilo hidrolasas). Estas proteinas
presentan un niicleo con una estructura afjfa, en el cual dos ldminas f antiparalelas empaquetadas entre ellas se
encuentran rodeadas por hélices a antiparalelas (Artymiuk 1995; Brannigan, Dodson et al. 1995). Todas las Ntn
hidrolasas conocidas se procesan mediante un mecanismo autocatalitico post-traduccional. A pesar de que su
estructura es similar, las Ntn hidrolasas no tienen similitud de secuencia entre ellas, tan solo conservandose los
residuos implicados en este proceso. Dentro de las Ntn hidrolasas se encuentran diferentes tipos de enzima como

las penicilina G acilasas (Brannigan, Dodson et al. 1995; McDonough, Klei et al. 1999), las penicilina V acilasas
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(Suresh, Pundle et al. 1999), los proteasomas (Bochtler, Ditzel et al. 1997; Groll, Ditzel et al. 1997), la
glucosamina 6-fosfato sintasa (Isupov, Obmolova et al. 1996), la aspartilglucosaminidasa (Oinonen, Tikkanen et
al. 1995), etc.

El procesamiento autocatalitico del enlace peptidico se produce a través de un residuo Thr, Ser o Cys
carboxiterminal, siendo la reactividad de éste modulada por el tipo de residuo aminoterminal del enlace. El
enlace éster entre los residuos es estabilizado por la formaciéon de un intermediario covalente, a través de un
estado de transicion, gracias a residuos del denominado hoyo oxianion (oxyanion hole, del inglés) (Oinonen and
Rouvinen 2000). Finalmente, el ataque nucleofilico de una molécula de agua permite la segmentacion del enlace
obteniéndose dos cadenas polipeptidicas (Fig.14). Cabe destacar el hecho que estos residuos de Thr, Ser o Cys
son importantes tanto en el autoprocesamiento como en la actividad enzimatica de la proteina.

Como en las enzimas piruvoiladas, estas proteinas pueden presentar una oligomerizacion con heterémeros de las
dos cadenas recién segmentadas (Boanca, Sand et al. 2006) y el procesamiento de la preproteina se presenta

indispensable para la actividad enzimatica.
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Fig. 14. Mecanismo de autoproteélisis propuesto por Saarela y colaboradores para la aspartilglucosaminidasa humana (Saarela,

Oinonen et al. 2004).

Aunque hemos denominado a este grupo de procesos con el nombre de las familias de proteinas, hubiera sido
mas apropiado destacar la importancia del solvente en el proceso final de segmentacion del enlace. Esto es
debido a que en los ultimos tiempos estan apareciendo cada vez mas proteinas en las que el agua acaba
produciendo el ataque nucleofilico catalizador de la segmentacion. Otros ejemplos de la importancia del solvente
serian las nucleoporinas (Rosenblum and Blobel 1999) y las proteinas con el dominio SEA (Levitin, Stern et al.
2005; Johansson, Macao et al. 2008).

Las nucleoporinas tienen importancia en el transporte de ARN y proteinas entre el nucleo y el citosol
(Rosenblum and Blobel 1999). Hasta la fecha se ha caracterizado el mecanismo de autoprotedlisis intramolecular
en la nucleoporina 98 de mamiferos (Rosenblum and Blobel 1999) y la nucleoporina 145 de Saccharomyces

cerevisiae (Emtage, Bucci et al. 1997). El mecanismo es similar al descrito en las Ntn hidrolasas, en las cuales el
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agua realiza el ataque nucleofilico que permite la segmentacion del enlace éster creado entre la Phe
de la nucleoporina 98 (Rosenblum and Blobel 1999). Esta segmentacion se produce a 6 kDa del extremo
carboxiterminal de la proteina. Se ha demostrado la importancia de la estructura para la realizacion del proceso,
corroborando la necesidad de la creacion de un intermediario capaz de estabilizar el enlace éster. El proceso de
autoproteolisis se ha caracterizado esencial para el ensamblaje del complejo del poro nuclear.

MUCI, una proteina transmembrana altamente expresada en varios tipos de carcinomas (Hilkens, Buijs et al.
1984), también sufre un mecanismo de autoprotedlisis en el dominio SEA (se descubrid en una proteina del
esperma, en una enteroquinasa y en la agrina) (Cohen and Parry 1986; Lillehoj, Han et al. 2003; Levitin, Stern et
al. 2005). El mecanismo es similar al descrito para las Ntn hidrolasas y las nucleoporinas, donde el enlace éster
es segmentado finalmente por el ataque nucleofilico del agua (Levitin, Stern et al. 2005). El procesamiento
autocatalitico se produce entre los residuos Gly** y Ser®, siendo erradicado cuando el residuo serina es mutado a
cualquier aminoacido con excepcion de la cisteina o la treonina (Levitin, Stern et al. 2005).

El dominio SEA contiene alrededor de 120 aminoacidos conservados que se ha sugerido que contiene la
estructura para hacer posible el mecanismo autoproteolitico (Levitin, Stern et al. 2005). Otras proteinas que
contienen este dominio, como MUC3 (Khatri, Wang et al. 2003) y IgHepta (Abe, Fukuzawa et al. 2002),
también sufren la autoprotedlisis. La region citoplasmatica de MUC1 puede ser fosforilada iniciando varias
cascadas de sefializacion y, con ello, modificando el comportamiento celular. El mecanismo autoproteolitico
podria permitir cambios alostéricos alterando el patron de fosforilacion e, incluso, la interaccion entre las
subunidades o y B podria constituir un mecanismo de interaccion del tipo ligando-receptor (Levitin, Stern et al.

2005).

1.5.3.1.3 Proteinas Hedgehog

A partir de este grupo los procesos adquieren una mayor complejidad porque el enlace éster formado acaba
dando con una nueva unién ya sea a si misma o a otra molécula.

La familia de proteinas hedgehog realiza una funcion de ruta de sefializacion importante en el desarrollo
embrionario de diferentes especies de animales (Hao, Johnsen et al. 2006). Esta ruta de sefializacion es
importante en la guia del desarrollo embrionario de los organismos multicelulares (Lee, von Kessler et al. 1992;
Echelard, Epstein et al. 1993) y regula la especificacion del destino, la proliferacion y la supervivencia celulares.
El precursor proteico de estas proteinas contiene un dominio aminoterminal de sefializacion (Hh-N) y un
dominio carboxiterminal responsable del mecanismo de autoproteodlisis (Hh-C). La reorganizacion
intramolecular se produce mediante una cisteina completamente conservada, que lleva a cabo el ataque
nucleofilico al residuo aminoacidico anterior, formandose el enlace tioéster. Posteriormente, se produce el ataque
nucleofilico del enlace tioéster por el hidroxilo 3 de una molécula de colesterol dando lugar a la liberacion del
domino Hh-C y a la formacion de un enlace éster entre el aminoacido carboxiterminal del dominio Hh-N y la
molécula de colesterol (Hall, Porter et al. 1997). El dominio Hh-N sufre diferentes modificaciones para ser
dirigida a la membrana celular y, finalmente, ser liberada al medio extracelular para cumplir su funciéon de
sefializacion mediante la union a receptores de las células diana.

El dominio Hh-C muestra una similitud muy alta con la regién N1 de las inteinas del empalme proteico (protein

splicing, del ingles véase apartado 1.5.3.1.4), lo que sugiere mecanismos de reaccion parecidos (Koonin 1995).
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1.5.3.1.4 Splicing proteico

El mecanismo de splicing proteico es el que responde a una mayor complejidad de todos los mecanismos
expuestos. De forma similar al splicing de ARN, una parte de la cadena preprocesada, la inteina, se escinde y se
produce la union de las exteinas adyacentes para dar lugar a la proteina madura. El descubrimiento del splicing
proteico en 1990 (Hirata, Ohsumk et al. 1990; Kane, Yamashiro et al. 1990) ha abierto un amplio abanico de
posibilidades biotecnologicas en el campo de la protedémica que van desde la purificacién de proteinas nativas
(eliminacion de los afadidos para la purificacion mediante dominios inteina) hasta la produccion de péptidos
ciclicos. Este proceso esta presente en organismos unicelulares de eucariotas, bacterias y arqueas lo que sugiere
la existencia de un antiguo ancestro comun (Paulus 2000). Cabe destacar la presencia de homing endonucleasas
dentro de ciertas inteinas.

Los trabajos de Pietrokovski (Pietrokovski 1994; Pietrokovski 1998) permitieron identificar zonas conservadas,
tanto en las exteinas como en las inteinas, importantes estructuralmente para el proceso de splicing proteico (Fig.

15).

l Endonucleasa
" -
M1 N2 Ko M4 - Lo L -
L~ D D | |
Exteina N Inteina Exteina C

Fig. 15. Elementos conservados de una inteina. Modelo propuesto por Pietrokovski (Pietrokovski 1994; Pietrokovski 1998).
Esquema modificado a partir del presentado por Paulus (Paulus 2000). En gris aparecen las zonas conservadas, las flechas indican

las zonas de empalme. La zona de insercion de la endonucleasa también esta representada.

El proceso de splicing proteico comprende cuatro pasos importantes. En el primer paso se forma el enlace
(tio)éster en la zona de empalme de la zona aminoterminal de la inteina. Este enlace se origina por el ataque
nucleofilico del residuo aminoterminal de la inteina al carboxilo del enlace peptidico que la precede. A
continuacion se produce un segundo enlace (tio)éster en la zona carboxiterminal de la inteina. En un segundo
paso se produce una transesterificacion intramolecular a causa del ataque nucleofilico del segundo enlace
(tio)éster sobre el primero. A consecuencia de este paso se obtiene un polipéptido ramificado, en el que las
exteinas ya estdn unidas por un enlace éster y la inteina estd unida por su extremo carboxiterminal. En el
siguiente paso, la amida B del residuo asparagina situado en la zona carboxiterminal de la inteina lleva a cabo un
ataque nucleofilico sobre el grupo carbonilo del enlace peptidico produciéndose la liberacion de la inteina y la
ciclacion de la asparagina para formar un intermediario aminosuccinimida. Finalmente, en el ultimo paso la
aminosuccinimida se hidroliza para dar lugar de nuevo a un residuo asparagina dentro de la inteina y el enlace
éster entre las exteinas se transforma en un enlace amida, estabilizandose la estructura (Paulus 2000).

Es importante sefialar que las proteinas que sufren splicing proteico no tienen una funciéon comin y entre ellas

existen proteasas como ClpP (Wang and Liu 1997), polimerasas como la DNA polimerasa de Pyrococcus sp.
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(Shao, Xu et al. 1995), subunidades de ATPasas como la subunidad VMA de Saccharomyces cerevisiae
(Kawasaki, Makino et al. 1996; Kawasaki, Satow et al. 1997), etc.

En los tltimos tiempos se han descubierto procesos de splicing proteico mas complejos. Un ejemplo son los
identificados en organismos que obtienen proteinas maduras a partir de varios genes, codificando cada gen para
una exteina y parte de la inteina (Dassa, London et al. 2009). Al encontrarse las dos preproteinas se produce el
splicing, dando lugar a una proteina madura. Otro de ellos seria el que presentan las proteinas bacterianas

parecidas a inteina (bacterial intein-like’s del inglés).

1.5.3.1.4.1 Bacterial intein-like’s (BIL)

Este tipo de proteinas son muy parecidas a las Hedgehog/inteinas (Hall, Porter et al. 1997; Pietrokovski 1998)
pero a diferencia de las inteinas éstas presentan motivos de secuencia Unicos, no estan integrados en zonas muy
conservadas de proteinas esenciales y no tienen el dominio endonucleasa. A diferencia de las hedgehog, estas se
encuentran en bacterias y no tienen los dominios especificos implicados en la actividad sefializadora. Los
motivos especificos de las proteinas BIL pueden presentar residuos de acido aspartico, acido glutdmico,
asparagina, tirosina o alanina en las posiciones que intervienen en los ataques nucleofilicos de las inteinas o bien
otros residuos en la asparagina que interviene en la formacion del intermediario succinimida (Amitai, Belenkiy
et al. 2003). Este hecho da a lugar splicings alternativos dependiendo de los aminoacidos y el paso implicados,
que puede conducir a varios mecanismos de maduracion diferentes (Fig. 16).

El hecho de encontrar tantas similitudes estructurales en los procesos de autoproteélisis entre las proteinas
hedgehog y las inteinas ha provocado que se las acabe agrupando dentro de la misma familia, las proteinas HINT

(hog y inteinas).

- .
Splicing proteico
Fa?%“ ,
4
T Proteinas hedgehog
BIL

. @
Segmentacion
\ carboxiterminal
C&> 0 Splicing proteico
D Segmentacion
aminoterminal

Ligacién [_—) Segmentacion
carboxiterminal
y aminoterminal

ojygajonu

Fig. 16. Modificacion del modelo de autoprocesamiento de las proteinas Hint presentado por Amitai (Amitai, Belenkiy et al. 2003).
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Es interesante destacar el proceso evolutivo que han seguido las proteinas Hint. Ambos tipos de mecanismos,
splicing proteico y proteinas hedgehog, tienen un origen comtn indudable pero en términos de funcién han
seguido una curiosa dicotomia. El splicing proteico estd presente en organismos unicelulares y tiene su centro de
actuacion como elemento genético parasitico debido a la presencia de las homing endonucleasas. Estas homing
endonucleasas podrian tener la capacidad de esparcir las inteinas mediante transferencia genética horizontal
incluso entre especies. En cambio, las proteinas hedgehog estdn presentes en organismos multicelulares,

especificamente en animales, en los que desarrollan una funcion de sefializacion (Paulus 2000).

1.5.3.2 Mecanismos relacionados con el enlace peptidico Asx-Aa

De manera similar al capitulo anterior, donde se describian diferentes procesos con un nexo comun de union que
partia de la formacion de un enlace (tio)éster, en este grupo se describen los procesos que parten de la formacion
de intermediarios ciclicos en el enlace entre un Asp o una Asn y otro aminoacido (Asx-aa). Estos intermediarios
son los anhidridos ciclicos y las imidas ciclicas, y, aunque la relacion entre los anhidridos ciclicos y la
segmentacion del enlace peptidico es directa esta relacion es mas difusa entre las imidas ciclicas y la
segmentacion del enlace peptidico. Aunque el mecanismo difiera entre ambas, se ha descrito que la energia libre
de activacion para estos dos intermediarios es similar (<lkcal mol-1) (Catak, Monard et al. 2008). Cabe destacar

que se han descrito casos en que los residuos implicados en la produccion de estos intermediarios son el Glu y la
Gin.

1.5.3.2.1 Formacion de anhidridos ciclicos

En la literatura se ha descrito el proceso de hidrolisis del enlace peptidico en residuos Asp o Asn expuestos al
solvente (Shrier, Kenley et al. 1993; Shahrokh, Eberlein et al. 1994; Brange, Langkjaer et al. 1992; Li, Fort et al.
2009) en péptidos y proteinas. Aunque varios modelos se han presentado para el proceso de segmentacion de
este tipo de enlace, el trabajo de Oliyai et al. (Oliyai, Borchardt 1993) mostrd que la explicacion mas plausible
envuelve a un ataque nucleofilico intramolecular (catalizado por acido) del carboxilo de la cadena lateral del Asp
al carbonilo del enlace peptidico con el residuo n+1. Este ataque nucleofilico produce un intermediario anhidrido
ciclico que puede hidrolizarse (mediante otro ataque nucleofilico) para dar los productos segmentados (Fig 17).
Se ha descrito que el residuo adyacente al Asp afecta fuertemente el ratio de la hidrolisis (Li, Fort et al. 2009)

siendo la Pro la que mayor incrementa la labilidad de este enlace.

30



Introduccién general

Q
L OH
\T/ \\T_O
Chy CH, \
\ Ka \
WA [ —— (N nannanae — A ———— N

H H

H
8]
\ |
o]
N nnnnnne  ARNIdrido ciclico
H

H——nwnannnnne  Fragmento 2

\ L|'[ YOH
CH,
e —— COOH F ragmento 1

H

Fig.17 Modificacion del modelo propuesto por Oliyai (Oliyai, Borchardt 1993) de la segmentacion del enlace peptidico entre

un Asp y otro residuo a través de la formacion de un intermediario anhidrico ciclico.

1.5.3.2.2 Formacion de succinimidas (imidas ciclicas)

La formacion de succinimidas se ha incorporado en esta introduccion en el capitulo de mecanismos
autocataliticos intramoleculares ya que, como hemos visto al describir el splicing proteico, puede estar envuelta
en la segmentacion del enlace peptidico. Como hemos comentado anteriormente, se ha propuesto que la amida 8
puede atacar al carbonilo del enlace peptidico, de manera similar a la formacion del intermediario anhidrido
ciclico, y dar lugar a la segmentacion del enlace (Paulus 2000). Atn asi, la formacion de succinimidas se incluye

en un proceso mas complejo, la desamidacion y la formacion de acido isoaspartico en las proteinas.

1.5.3.2.2.1 La desamidacién y la formacion de acido isoaspartico en las proteinas

En condiciones favorables, se puede producir una reordenacion de los residuos de acido aspartico y asparagina a
succinimidas (Kwong and Harris 1994) mediante la desamidacion de la asparagina o la deshidratacion del
aspartico. La formacion de succinimidas estd favorecida cuando pequefios residuos hidrofilicos (glicina, serina o
treonina) se encuentran adyacentes al aspartico/asparagina (Tyler-Cross and Schirch 1991; Wright 1991) y se
presenta en zonas flexibles de la proteina (Kossiakoff 1988). Normalmente la formacion de succinimidas se
puede deducir a partir de la presencia de residuos de acido isoaspartico (George-Nascimento, Lowenson et al.

1990; Violand, Schlittler et al. 1990; Di Donato, Ciardiello et al. 1993).

31



Introduccién general

La succinimida se forma mediante el ataque nucleofilico de la amida a del enlace peptidico al carboxilo de la
cadena lateral del aspartico/asparagina. Una vez formada la succinimida ésta se hidroliza produciendo un residuo
de isoaspartico en una proporcion de 70-85% y un residuo aspartico en una proporcion de 15-30% (Reissner and
Aswad 2003) (Fig 18.A). El isoaspartico se produce por la formacion del nuevo enlace peptidico con el carboxilo
B de la succinimida, dejando el carboxilo o al descubierto. El isoaspartico se produce en mayor cantidad por la
asimetria de la estructura de la succinimida (Reissner and Aswad 2003). Estos residuos isoasparticos son
selectivamente metilados en el carboxilo a por la proteina carboxil metiltransferasa (PIMT E.C.2.1.1.77)
(Diliberto and Axelrod 1976; O'Connor and Clarke 1985), lo que da lugar a una nueva ciclacion produciéndose
la succinimida (Fig 18.B). La especificidad de esta enzima sugiri6 la existencia de un proceso de reparacion o

extraccion del isoaspartico (Johnson and Murray, et al. 1987).
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Fig. 18. A. Esquema del modelo de desamidacion y formacion del isoaspartico. B. Esquema del modelo de reparacion del acido
isoaspartico por la enzima PIMT. Ambos esquemas son modificaciones del modelo presentado por Reissner y colaboradores
(Reissner 2003).

El proceso de desamidacion y de formacion de residuos del acido isoaspartico, asi como su reciclaje por la
proteina PIMT se ha asociado con un mecanismo relacionado con la edad de la proteina (reloj interno de la
proteina (Robinson and Rudd 1974)) y, por lo tanto con la hipotesis de dafio y reparaciéon de la proteina. Esta
hipotesis se ha corroborado con la calmodulina, ya que al reparar la formacion del residuo isoaspartico se activa
de 18 a 68% la actividad de la calcio/calmodulina proteina quinasa (Johnson, Langmack et al. 1987). Se ha
caracterizado también que la acumulacion de proteinas debido a la formacion del isoaspartico como en la histona
H2B o la sinapsina contribuye a enfermedades autoimmunes como el lupus eritematoso (Mamula, Gee et al.
1999). Paralelamente, también se ha descrito que existe una alta proporcion de residuos isoaspartico en los
péptidos AP acumulados en cerebros afectados de Alzheimer y que ratones deficientes en PIMT en el cerebro
sufren cambios neurodegenerativos progresivos (Shimizu, Matsuoka et al. 2005).

A pesar de todos los ejemplos que sustentan esta hipotesis, en los ltimos tiempos esta apareciendo la duda de si
esta modificacion post-traduccional pueda desempefiar también otras importantes funciones. Una pista que
indica otras posibles funciones es el hecho de que el proceso de la reparacidon/reciclaje es incompleto. En el caso

del Asp la proteina PIMT restablece tanto el esqueleto peptidico normal como la cadena lateral del aminoacido,
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pero en el caso de la desamidacion de la Asn, aunque se restaura el esqueleto peptidico, la cadena lateral se
transforma en un acido aspartico (fig 17.B). Esto indica que podria ser un mecanismo de introduccion de
heterogeneidad en la especie proteica para modificar su comportamiento y/o su distribucion celular (Pepperkok,
Hotz-Wagenblatt et al. 2000). Un ejemplo de ésto ultimo es la mayor concentracion en el nucleo (1,5 a 2,3
veces) de la PKA-C nativa en comparacion con la PKA-C desaminada en la Asn” (Pepperkok, Hotz-Wagenblatt
et al. 2000).

Se ha sugerido también que PIMT (por la restitucion del residuo Asp) tendria la funciéon de asegurar que
proteasas especificas pudieran degradar completamente estas proteinas. Esta hipotesis se sustenta en el hecho de
que los residuos de acido isoaspartico interfieren en el reconocimiento de las proteasas (Dorer, Haley et al. 1968;
Johnson, Murray et al. 1987) y también en los altos niveles de isoasparticos encontrados en enfermedades en las
que hay una acumulacion de proteinas antes citadas. Incluso se contempla la posibilidad de que la formacion de

isoaspartico/aspartico constituya un mecanismo reversible de regulacion de la funcion de estas enzimas.
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. OBJETIVOS

Estudio mediante mecanica molecular de la 4-difosfocitidil-2C-metil-D-eritritol quinasa (CMK) de
Escherichia coli a partir de la estructura cristalina obtenida por difraccion de rayos X ya descrita (PDB
loj4). Obtencion de trayectorias de dinamica molecular para el estudio de las interacciones proteina-proteina

de la formacion del complejo homodimérico.

Realizacion de hipdtesis farmacoforicas para la bisqueda de compuestos que puedan inhibir la formacién
del dimero. Busqueda virtual en bases de compuestos mediante las hipotesis farmacoforicas realizadas.
Caracterizacion mediante métodos empiricos de la unidén de los compuestos obtenidos con la CMK. Estudio
del efecto de los compuestos obtenidos sobre la actividad enzimatica de la CMK.

Caracterizacion del marco abierto de lectura (ORF) TM 1770 como posible homoélogo de la enzima 1-
desoxi-D-xilulosa 5-fosfato sintasa (DXS) en Thermotoga maritima. Caracterizacién bioquimica de la

enzima.

Estudio del mecanismo proteolitico observado en la DXS de Escherichia coli, Thermotoga maritima y

Arabidopsis thaliana.
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INFORME DEL DIRECTOR DEL FACTOR DE IMPACTO DE LOS ARTICULOS
PUBLICADOS

Santiago Imperial Rédenas, Profesor Titular del Departament de Bioquimica i Biologia Molecular de la Universitat
de Barcelona como director de la tesis titulada:

Molecular studies of two methylerythritol 4-phosphate pathway enzymes of isoprenoid biosynthesis: the 4-
diphosphocytidyl-2C-methyl-D-erythritol kinase and the 1-deoxy-D-xylulose 5-phosphate synthase (Estudios
moleculares de dos enzimas de la ruta del metileritritol 4-fosfato de biosintesis de isoprenoides: la 4-

difosfocitidil-2C-metil-D-eritritol quinasa y la 1-desoxi-D-xilulosa 5-fosfato sintasa)
HACE CONSTAR QUE:

Esta Tesis Doctoral se presenta como “Compendio de Publicaciones” vertebrandose en cinco Capitulos de los
cuales el doctorando es primer autor de todos ellos. El Capitulo | ha sido publicado en la revista Journal of Molecular
Modeling (2,018 de indice de impacto, posicion 19 de 94 de su categoria: computer science, interdisciplinary
applications) y corresponde a un estudio realizado mediante mecanica molecular de la 4-difosfocitidil-2C-metil-D-
eritritol quinasa (CMK) de Escherichia coli en el que se han obtenido trayectorias de dinamica molecular para el
estudio de las interacciones proteina-proteina de la formacién del complejo homodimérico de la enzima. El capitulo
Il corresponde a un articulo aceptado con revisiones en Journal of Molecular Recognition (3,160 de indice de
impacto, posicion 19/70 categoria: biophysics). En él se describe la realizacion de hipétesis farmacoféricas para la
blusqueda de compuestos que puedan inhibir la formacién del dimero de la enzima CMK. En el capitulo Il se estudia
el efecto de los compuestos encontrados con capacidad de union a la CMK sobre la actividad enzimatica de ésta.
También se realizan estudios de oligomerizacion de la CMK y se compara con otros miembros de la familia de
quinasas GHMP. Esta previsto que este trabajo sea enviado para su publicacién a la revista Biochimica et
Biophysica Acta, General Subjects con un indice de impacto de 2,713 (posicidon 131/276 categoria: biochemistry and
molecular biology). Los resultados presentados en el capitulo IV se centran en la caracterizacion del marco abierto
de lectura TM_1770 de Thermotoga maritima como homélogo de la enzima desoxixilulosa 5-fosfato sintasa (DXS) de
E. coli. Se describe el caracter termofilico y algunas constantes bioquimicas de la proteina codificada por TM_1770.
Este trabajo se enviara para su publicacion a la revista Extremophiles, con un indice de impacto de 1,782 (posicion
59/91, categoria: microbiology). Por ultimo los resultados resumidos en el capitulo V, describen el mecanismo de
autoproteolisis que experimenta la enzima DXS durante su purificacion que podrian estar asociados a mecanismos
post-traduccionales de la proteina. Esta previsto enviar el manuscrito a la revista FEBS Journal con un indice de

impacto de 3,139 (posicién 105/276, categoria: biochemistry and molecular biology)

Por lo que respecta a la contribucién del doctorando a cada uno de los capitulos, Victor Giménez-Oya fue el
encargado de llevar a cabo el grueso de la investigacion y el desarrollo de los experimentos, exceptuando los
correspondientes al capitulo | en los que comparte la posicion de primer autor. Cabe destacar que el trabajo de

coautoria no se ha presentado en ninguna otra tesis doctoral.

Dr. Santiago IMPERIAL RODENAS

Departament de Bioquimica i Biologia Molecular
Universitat de Barcelona
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3.1 RESULTADOS

La presente Tesis se ha planteado de una forma multidisciplinar. El planteamiento y los resultados ahondan tanto
en campos con posibles aplicaciones finales terapéuticas como en conocimientos de ciencia basica. Abarcando
para ello disciplinas que van desde la quimica computacional hasta la bioquimica de proteinas asistida por
aplicaciones biotecnologicas. Todo ello se ha aplicado a una ruta muy interesante, la ruta del MEP de sintesis de
precursores de compuestos isoprenoides. Destacable es, al fin, la utilizacion de modelos in silico, modelos in
vitro y modelos in vivo.

En el primer capitulo se describe el estudio realizado mediante mecéanica molecular de la CMK de Escherichia
coli. La primera parte del estudio describe las interacciones proteina-proteina del complejo homodimérico y la
importancia del solvente en su formacion. En la segunda parte del estudio se describe la hipdtesis farmacoforica
disenada a partir del analisis de las interacciones con el objetivo de encontrar moléculas capaces de interrumpir
estas interacciones. El capitulo acaba con la caracterizacion de la unién de un compuesto a la CMK segun la
técnica de “disminucion de la intensidad” con laser de desorcion/ionizacion asistido por matriz-tiempo de vuelo
(Intensity fading MALDITOF-MS).

En el segundo capitulo se describe la incorporacion de varios puntos farmacoforicos adicionales mas al
farmacoforo previamente disefiado. La importancia del solvente en la formacion del dimero, descrita en el primer
capitulo, condujo a intentar mejorar la hipotesis farmacoforica. Adicionalmente, se disefid un péptido ciclico que
también imita la zona de interaccion. En el capitulo se describe ademas la caracterizacion empirica mediante
resonancia del plasmon en superficie de la union a CMK de un compuesto obtenido a partir del nuevo
farmacoforo y también del péptido ciclico. Finalmente, se presentan modelos hipotéticos para describir las
uniones observadas mediante dindmica molecular.

En el tercer capitulo se estudia el efecto de los compuestos encontrados con capacidad de union a la CMK sobre
la actividad enzimatica de ésta. También se analiza el grado de oligomerizacion de la CMK y se compara con el
de otros miembros de la familia de quinasas GHMP.

El cuarto capitulo se centra en la caracterizacion del marco abierto de lectura TM_1770 de Thermotoga maritima
como homologo de la DXS. En este capitulo se describe el caracter termofilico y algunas de las propiedades de
la proteina codificada por TM_1770.

Finalmente, en el ultimo capitulo se describe el proceso proteolitico observado durante la purificacion de las
enzimas DXS de Escherichia coli, Arabidopsis thaliana y Thermotoga maritima. Los resultados sugieren que la
proteina sufre mecanismos de intramoleculares post-traduccionales y se intentan asociar al proceso de
protedlisis.

A continuacion, se exponen los resultados obtenidos en los diferentes capitulos para, posteriormente, proceder a

una discusion de los mismos y a enumerar las conclusiones obtenidas.
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3.1.1 Imitando interacciones directas proteina-proteina e interacciones mediadas por
solvente en el homodimero CDP-ME quinasa: Una aproximacion de bisqueda virtual

dirigida a través de farmacoforo.

Para realizar el estudio por mecanica molecular de la CMK se partido de la estructura tridimensional 10j4
(Miallau, Alphey et al. 2003) obtenida a partir de la base de datos Protein Data Bank

(http://www.rcsb.org/pdb/home/home.do). La estructura cristalina presenta una disposicion homodimérica con

aparente posicion invertida de los mondmeros. La estabilizacion del dimero se produce mediante la interaccion
de dos pequefias zonas de la proteina. En la zona de interaccion A se encuentran las interacciones
intermoleculares del enlace ionico entre la Arg”' y el Asp™ y el puente de hidrogeno entre el carbonilo de la
Ala* y la amida de la Gly®’. En la zona B se encuentran las mismas interacciones, aunque la segunda de ellas se
presenta a través de la mediacion por solvente. Por otro lado, también se observan un gran nimero de
interacciones mediadas por solvente entre los dos monomeros de la estructura cristalina.

A la estructura, una vez incluidos los hidrégenos, se le minimiz6 la energia simulando la constante dieléctrica del
agua. A continuacion se le afiadieron cajas de solvatacion para simular el solvente en el estado natural de la
proteina y se procedio a realizar de nuevo la minimizacion de la energia. A partir de aqui, se fue aumentando la
temperatura del sistema hasta alcanzar los 300°K con una serie de restricciones al volumen y a la presion para
luego ir paulatinamente reduciendo dichas restricciones. Una vez el sistema hubo convergido en un minimo de
energia se llevo a cabo el estudio estructural, para ello se realizaron 1000 ps de trayectoria.

Los estudios de la trayectoria mostraron que, a excepcion del enlace idnico entre la Arg®' y el Asp* de la zona
de interaccion A, las demas interacciones electrostaticas que estabilizan el dimero se muestran como puentes de
hidrégeno mediados por solvente. Debido a la importancia del solvente, se llevo a cabo la caracterizacion de las
aguas que intervenian en las interacciones durante 200 ps. Destacables son las interacciones que se observan de
los residuos Ala** y Asp® de la zona de interaccion A. En el primer caso una molécula de agua actia como
centro de una red de puentes de hidrogeno entre el carbonilo de la Ala** de un mondémero y el esqueleto de los
residuos Gly*’, Pro®, Gly*” y Ser®® del otro monémero. Aunque esta red de interacciones se mantiene estable a lo
largo de la trayectoria, la molécula de agua que actia como centro va variando. En el caso del Asp” éste
establece dos interacciones mediadas por solvente. La cadena lateral establece la interaccion con la cadena
lateral de la Lys’® del otro monémero, mientras que el carbonilo del esqueleto establece una red con el carbonilo
de la Gly* y la cadena lateral de la Arg™.

El estudio de las moléculas de agua mostr6 su gran importancia en la superficie de reconocimiento entre los dos
mondmeros. La superficie de interaccion entre ellos aumenta un 19% (de 355 A % a 422 A ?) cuando se tiene en
cuenta la superficie de las moléculas de agua implicadas en las interacciones mediadas por solvente.

El calculo de las energias de van der Waals permitio inferir la participacion de dos zonas de residuos en la
interaccion de caracter hidrofobica. Estas zonas interaccionan con las respectivas zonas del otro monémero. Al
célcular la energia electroestitica entre los mondmeros se obtuvo un valor de -27 kcal mol”. Este valor tan
pequefio podria venir dado por la carga que tiene la CMK ya que ésta presenta en cada mondmero 36 residuos

con carga negativa y 26 residuos con carga positiva. Cuando se incluyé el solvente en el célculo, el valor
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obtenido aumenté hasta -5.537 kcal mol™. Segiin este resultado el solvente podria estar compensando las cargas
en exceso que tiene la proteina, tal como se observa al calcular las energias electroestaticas de cada uno de los
residuos por separado y al observar que las repulsiones de los aminoacidos cargados negativamente disminuyen
al incluir el solvente en el calculo.

Dada la poca superficie que formaba las zonas de interaccion del dimero y el hecho de que las principales
interacciones se centraban Unicamente en tres residuos, se decidié realizar la hipotesis farmacoférica para
imitarlos. Esta hipotesis farmacoforica se realizo con el objetivo de encontrar pequefias moléculas capaces de
impedir la formacion del dimero. El farmacoforo contiene 5 puntos farmacoforicos de los cuales tres tienen
caracter hidrofobico, uno corresponde a un dador de protones (imitando la cadena lateral de la Arg®") y el Giltimo
un aceptor de protones (imitando la molécula de agua de la interaccion mediada por solvente entre el Asp™ y la
Lys’®). Las coordenadas del farmacoforo se obtuvieron a partir de los méximos y los minimos de los grupos a
imitar obtenidos durante la trayectoria de la dindmica molecular.

Con el programa Catalyst™ se realizo una busqueda de moléculas que cumplieran las restricciones de la
hipotesis farmacoforica en diferentes bases de datos de compuestos. Como resultado se obtuvieron 214
conformaciones de moléculas de ACD, 512 de SPECS y 835 de ChemDiv que cumplian las restricciones de
carga y estéricas definidas en el farmacoforo. Estas conformaciones se anclaron a la proteina y se descartaron
aquellas que pudieran presentar impedimentos estéricos con la CMK. Las conformaciones positivas se ordenaron
mediante el programa X-Score y finalmente, tras una seleccion de los compuestos por el compromiso entre los
valores del X-score y parametros de visualizacion, se compraron 11 compuestos (Anexo 1).

Para comprobar la interaccion de las moléculas seleccionadas con la CMK, y asi corroborar el modelo propuesto,
se realizaron estudios de “disminucion de la intensidad” por MALDI-TOF MS. En este capitulo se describe la
interaccion de forma cualitativa de un compuesto (compuesto 1) con la CMK segun este método. Al realizar los
tiempos de vuelo del compuesto 1 se obtuvieron dos picos de m/z, 508 y 510. El pico de 508 correspondia al
peso molecular de la molécula. Al afiadir la CMK en concentraciones crecientes a la mezcla, se observo que los
picos correspondientes al compuesto 1 iban disminuyendo en intensidad, lo que se puede asociar con la

formacion del complejo compuestol-CMK.

3.1.2 Diseno de una molécula pequefia y un péptido ciclico natural como ligandos de
la CDP-metileritritol quinasa imitando interacciones proteina-proteina e interacciones

mediadas por solvente.

El agua tiene un importante papel en la estabilidad de los complejos bioldgicos y este hecho estd aumentando la
importancia de su papel en el disefio racional de farmacos (Lloyd, Garcia-Sosa et al. 2004; Leroux, Gresh et al.
2006). En consecuencia, se decidié a incrementar los puntos farmacoféricos de la hipotesis farmacoforica
imitando mads interacciones mediadas por solvente. Gracias al estudio de las moléculas de agua importantes para
las interacciones entre los monomeros de la CMK realizado en el capitulo anterior, se identificaron dos nuevas
posiciones. Estas dos posiciones cumplian los requisitos de mediar una interaccion entre los mondémeros y de

estar localizadas proximas a la zona de interaccion imitada en el farmacdoforo del capitulo 1. La primera
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molécula de agua era la que formaba la red de puentes de hidrogeno entre la Ala** de un mondmero y los
residuos Gly*, Pro®, Gly*” y Ser® del otro mondémero de la CMK. La segunda molécula de agua era la que
formaba interacciones entre el carbonilo del Asp? y los residuos Gly* y Arg’ del otro mondmero.

Se implementaron estos puntos al farmacoforo descrito en el capitulo anterior y se volvid a realizar la busqueda
en las bases de compuestos con el programa Catalyst™ (Accelrys). Se obtuvieron 639 conformaciones que
cumplian los requisitos impuestos por el farmacoforo de entre las bases de datos ACD, Mini Maybridge,
ChemDiv databases, Maybridge 2004, SPECS, Nat Diverse, IBS 2004, NCI, Aurora y Derwent.

Las diferentes conformaciones se anclaron a la CMK, como en el capitulo 1, descartando aquellas que pudieran
presentar impedimentos estéricos. Las que superaron este proceso se ordenaron con el programa X-Score y se
compraron 4 compuestos (anexo 1).

Los residuos implicados en la interaccion entre las subunidades de la CMK utilizados en el farmacoforo se
localizaban en un pequeiio rizo situado entre dos laminas B que se inserta en un pequefio hueco entre una helice a
y dos rizos del otro monémero de la CMK. Este rizo esta conservado entre las CMK de diferentes organismos
(Wada, Kuzuyama et al. 2003) con una secuencia consenso de aminoacidos Arg-X-Asp-Gly-Tyr-His-X-Leu-X-
Thr-X-Phe. Con la idea de poder determinar la importancia de este rizo, el cual ya estdbamos intentando imitar
mediante la busqueda de moléculas pequeiias, se sintetizé un péptido ciclico con la secuencia de aminoacidos
correspondiente al rizo de la CMK de Escherichia coli. La ciclacién de péptidos puede producir un incremento
de los valores de afinidad debido al decremento de la perdida de entropia en la union respecto a los péptidos
lineales. Esta ganancia de afinidad ya se ha descrito anteriormente (Bach II, Eyermann et al. 1994; Morgan,
Holland et al. 1994; Zang, Yu et al. 1998; Dumez, Snaith et al. 2002; Andrews, Mclnnes et al. 2004; Nam, Ye et
al. 2004; Chang and Chu 2005).

En este capitulo se estudia el modo de uniéon de una molécula pequenia (derivado de 7H-furo[3,2-g]chromo-7-
ona) y el péptido ciclico a la CMK utilizando el protocolo MMGBSA (Kollman, Massova et al. 2000). En la
ordenacion de las moléculas pequefias nos encontramos con que esta molécula presentaba valores buenos
(relativos a otras moléculas) con dos conformaciones diferentes para la desviacion de la raiz cuadrada de las
medias (RMSD) y para el X-Score. Por ello, se realizaron los estudios estructurales para las dos conformaciones
diferentes. Se realizd una trayectoria de 2ns de dinamica molecular para poder caracterizar las uniones de la
molécula pequeia (2 trayectorias) y del péptido ciclico a la CMK.

Se obtuvo un valor de energia libre de unién del complejo de -20,61 kcal mol™ y -14,94 kcal mol” para las
conformaciones de la molécula pequefia con bajo RMSD y alto valor de X-Score, respectivamente. La energia
libre de union obtenida para el complejo péptido ciclico/CMK fue de -13,21 keal mol™. El protocolo MMGBSA
también permite llevar a cabo el estudio por residuo, por lo que en este capitulo se incluye un modelo de
interaccion para cada caso, describiendo los residuos implicados en las principales interacciones hidrofobicas y
electroestaticas. Para poder predecir la capacidad de los compuestos para competir por la zona de interaccion
entre los monoémeros se calcul6 la energia libre de unién del dimero, y se obtuvo un valor de -11,1 kcal mol™.
Ambos compuestos presentan una estimacion de la energia libre de unién mas favorable que el propio complejo
homodimérico aunque cabe destacar que estos valores son una prediccion en la que no se estima la entropia.

Para poder corroborar los modelos obtenidos se caracterizo la union de estos compuestos a la CMK mediante la
técnica de resonancia del plasmon en superficie. En una primera serie de ensayos se fijo la CMK al chip y se

probaron las moléculas como ligandos. A partir de esta técnica se obtuvo un valor de Kp 2,431x10* M y una
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energia libre de union de -4,93 kcal mol™ para el péptido ciclico, y un valor de K 2,121x10™* M y una energia
libre de unidn de -5,01 kcal mol” para la molécula pequefia. Una forma de corroborar el modelo de union
predicho es mediante la mutacion de los residuos implicados, con este fin se prepararon mutantes de la CMK
(Asp80Ala, Lys76Ala), de los cuales solo se pudo purificar el mutante Asp80Ala. Esta forma mutada se fijo al
chip y se analizé la interacciéon con el péptido ciclico (el residuo Asp®™ no aparecia como importante en el
modelo molécula pequeiia/CMK). El ensayo de resonancia del plasmén en superficie mostro que el péptido
ciclico no interaccionaba con el mutante Asp80Ala. Adicionalmente, se fijo el péptido ciclico en el chip y se
utilizo la CMK como ligando, obtuviendose unos valores de Kp 1,14x10”° M y una energia de libre de union de -

6,74 kcal mol™.

3.1.3 Analisis del estado oligomérico de la CDP-metileritritol quinasa: la formacion

del homodimero no es necesaria para la actividad enzimatica.

La CMK de Escherichia coli habia sido caracterizada como una enzima homodimérica mediante experimentos
de espectrometria de masas de laser de desorcion/ionizacion asistida por matriz-tiempo de vuelo (MALDI-TOF
MS), de cromatografia de exclusion molecular (Miallau, Alphey et al. 2003) y de ultracentrifugacion diferencial
(Gabrielsen, Bond et al. 2004). A pesar de ello, debido a controversias observadas en la oligomerizacion se
procedio, pues, a un analisis detallado de la oligomerizacion de la CMK por diferentes técnicas. Nuestros
resultados obtenidos por experimentos de cromatografia de exclusion molecular mostraron que las preparaciones
de CMK de E.coli contenian una mezcla de especies monoméricas y diméricas, siendo la especie monomérica la
predominante. Cuando las fracciones cromatograficas separadas se guardaban a 4°C y se volvian a analizar por
columna de exclusiéon molecular se volvian a obtener picos bien separados que correspondian a los pesos
moleculares de las fracciones monoméricas y diméricas. Estos resultados sugerian que con el transcurso del
tiempo existia un proceso dinamico de interconversion de las distintas formas de oligomerizacion.

Al analizar el estado de oligomerizacion de las fracciones de CMK de E.coli mediante electroforesis nativa en
geles de diferente porcentaje de poliacrilamida y representar la migracion relativa respecto al porcentaje de
acrilamida se obtuvo una recta con un valor de la pendiente de 5,42. Este valor, al interpolarlo en la recta patron
obtenida de los valores correspondientes a otras proteinas de pesos moleculares (y grado de oligomerizacion)
conocidos correspondia con un tamafio de 31kDa, lo que indicaba que, principalmente, la CMK se encontraba en
estado monomérico.

Para comprobar el equilibrio dindmico se realizaron experimentos de uniéon quimica cruzada (“cross-linking”)
con formaldehido en la CMK de E.coli. Se observé el aumento en la intensidad de una banda de 70 kDa de peso
molecular aparente, cuyo tamafio molecular es compatible con el tamafio del dimero. La intensidad de dicha
banda no aumentaba a una velocidad muy elevada a lo largo del tiempo del experimento por lo que, o bien la
eficiencia de union quimica cruzada no era muy buena o el equilibrio dindmico no tiene una velocidad muy
elevada. Aunque la aparicion de la banda correspondiente al dimero a lo largo del tiempo experimental si que
corroboraba la hipdtesis del equilibrio dindmico.

Los experimentos de dispersion dindmica de la luz (DLS) mostraron la CMK de E. coli con una oligomerizacion

monomérica aunque, sin embargo, las fracciones purificadas utilizadas presentaban una gran polidispersidad.
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Esta polidispersidad se transformaba en monodispersidad si se realizaban los experimentos de DLS con las
fracciones correspondientes a la especie monomérica obtenidas mediante cromatografia de exclusion molecular.
La polidispersidad, por tanto, podria venir dada por la presencia de otras especies oligoméricas.

Paralelamente, se comprob6 que las moléculas obtenidas por disefio racional, descritas en el primer y segundo
capitulo, no ejercian ningin efecto sobre la actividad enzimatica de la CMK. Ademas, los valores de actividad
enzimatica de las fracciones correspondientes a la especie monomérica obtenidas mediante cromatografia de
exclusion molecular mostraban valores de actividad similares a los descritos previamente (Bernal, Mendez et al.
2005) para las preparaciones purificadas de la enzima que contenian una mezcla de diferentes especies

oligoméricas.

3.1.4 Clonacién molecular y caracterizacion de la 1-desoxi-D-xilulosa 5-fosfato de la

bacteria termofilica Thermotoga maritima

La 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS) es una enzima crucial en varias rutas metabdlicas. Se han
caracterizado homologos de la DXS en gran cantidad de organismos pero, hasta la fecha, no se habia
caracterizado ninguno de un organismo hipertermofilo. Con este objetivo se escogio el marco abierto de lectura
(ORF) TM_1770 de Thermotoga maritima, el cual se habia descrito como una DXS potencial (Nelson, Clayton
et al. 1999) durante el proceso de secuenciacion del genoma de este organismo.

El ORF TM_1770 se clond en varios vectores de expresion compatibles para la expresion y la purificacion en
Escherichia coli. Para comprobar que TM_ 1770 presentaba actividad enzimatica DXS se transformoé la cepa de
Escherichia coli dxs-deficiente ECAB4-2 con las construcciones obtenidas. La cepa ECAB4-2 es capaz de crecer
en un medio con mevalonato (MVA) debido a que a su genoma se le ha insertado el operéon mevalonato y es
capaz de sintetizar IPP y DMAPP a partir de MVA. Sin la presencia de MVA esta cepa es incapaz de crecer
debido que el gen dxs esta disruptado por la insercion del gen cloranfenicol acetil transferasa. Se observo que la
cepa ECAB4-2 transformada con las construcciones de TM_1770 era capaz de crecer en ausencia de MVA, lo
que indicaba que este marco abierto de lectura codificaba para una proteina con actividad enzimatica DXS.

Para poder purificar la proteina en cantidades suficientes para ser caracterizada se utilizo la cepa de expresion
BL21 Rosetta2 que contiene un plasmido que codifica para 7 RNAs de transferencia que se encuentran en baja
frecuencia en Escherichia coli. La secuencia de DXS de Thermotoga maritima contenia un 24% de estos
codones poco frequentes debido, muy probablemente, a que el genoma de Thermotoga contiene un numero
elevado de genes de arqueobacterias y, para poder producirse la transferencia genética horizontal, genomas y
genes insertores se tienen que parecer. Esto corroboraria la diferenciacion de Thermotoga de las bacterias Gram-
asi como su situacion filogenética como puente entre los dos reinos. La enzima purificada se caracterizo
funcionalmente presentando un 6ptimo de actividad a una temperatura de 70 °C, con una energia de activacion
de 34,3 KJ mol” K. La enzima present6 una cinética tipica de Michaelis-Mentem para el piruvato presentando
una Ky, de 75,7 uM, una V., de 4,55 pmol min™, una K, de 5,16 87! y una K,/Ky of 6,8 x 10e* M's™, a 70 °C
yun pH 7,8.

Los residuos His48 de la DXS de Escherichia coli (Querol, Rodriguez-Concepcion et al. 2001) y His49 de
Agrobacterium tumesfaciens (Lee, Oh et al. 2007) se han descrito como cruciales para la actividad enzimatica de

la DXS. Al comparar estas secuencias con la secuencia de DXS de Thermotoga maritima se observéd que el
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residuo His estaba conservado y se presentaba en la posicion 35. Se prepar6 el mutante TmDXS His35Ala y se
observo que la cepa ECAB4-2 transformada con el mutante era incapaz de superar el bloqueo de la dxs. Este
hecho corrobora el papel crucial de esta His conservada en DXS y sugiere que la His35 de Thermotoga maritima
llevaria a cabo una funcion similar al modelo presentado para la His48 de Escherichia coli y la His49 de

Agrobacterium tumesfaciens.

3.1.5 Procesamiento autoproteolitico de la 1-desoxi-D-xilulosa 5-fosfato sintasa

La DXS, como enzima crucial en varias rutas enzimaticas, estd sujeta a una estricta regulacion siendo posible
que mecanismos post-traduccionales puedan estar asociados a esta regulacion. Hasta la fecha, se ha sugerido la
protedlisis mediada por proteasa en los homologos de Escherichia coli (Xiang, Usunow et al. 2007) y
Arabidopsis thaliana (Flores-Perez, Sauret-Gueto et al. 2008). Se describio que la resolucion de la estructura de
la DXS de Escherichia coli (Xiang, Usunow et al. 2007) se resolvio gracias a la contaminacion por un hongo
durante las cribas de las condiciones de cristalizacion. A consecuencia de esto, se producian cadenas
polipeptidicas de menor tamafio de DXS que la correspondiente a la secuencia completa por lo que se asumio la
accion de una proteasa proveniente de este hongo. En el caso de Arabidopsis thaliana, la caracterizacion de un
mutante que en teoria impedia la sintesis de proteinas en los plastos, dio un fenotipo de supresion de bloqueo por
inhibidor de la ruta del MEP, por un incremento y mayor estabilidad de las enzimas de la ruta y un aumento de la
proteasa Clpl (Flores-Perez, Sauret-Gueto et al. 2008). Se asumi6 que el aumento observado en los niveles de la
proteasa se debia a que no era funcional, ya que era sintetizada en los plastos, y la mayor estabilidad de las
enzimas de la ruta del MEP se consider6 debida a que resultaban diana de ésta.

En este capitulo se describe la protedlisis que sufren los homologos de DXS de los organismos Escherichia coli,
Arabidopsis thaliana y Thermotoga maritima. El trabajo parte de la purificacion de las tres proteinas
recombinantes a partir de Escherichia coli. Al resolver los tamafios mediante electroforesis en geles de
poliacrilamida-SDS (SDS-PAGE) se observo en cada caso que, ademas del peso molecular correspondiente a la
secuencia entera de aminoacidos, otras cadenas polipeptidicas de menor tamafio. Mediante la técnica de “western
blot” se determind que eran cadenas polipeptidicas relacionadas con la DXS. La immunodeteccion se realizé con
un anticuerpo especifico contra las histidinas insertadas en las proteinas recombinantes y, aunque principalmente
las clonaciones se realizaron afiadiendo la cola de His en el extremo carboxiterminal, en el caso de la DXS de
Escherichia coli también se le afiadi6 en el extremo aminoterminal. Los resultados por “western blot” contra la
cola de His carboxiterminal de fracciones purificadas de DXS (DXS-His) de Escherichia coli y Thermotoga
maritima, los cudles tienen un peso molecular parecido, presentaban un patréon similar en donde aparecian
bandas del peso molecular esperado para la secuencia completa y bandas adicionales de peso molecular
alrededor de 50 kDa y 40 kDa. Al realizar la immunodeteccion contra fracciones purificadas que contenian las
histidinas en el extremo aminoterminal (His-DXS) se observo, a parte del peso molecular de la proteina
completa, unas bandas de pesos moleculares de aproximadamente de 50 kDa, 35 kDa y 25 kDa. El patron de
proteolisis observado no variaba al realizar pruebas con distintos compuestos inhibidores de proteasas durante la
purificacion de las proteinas.

Para poder detectar el punto de segmentacion de la protedlisis producida y, basandonos en los resultados de la
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immunodeteccion de las DXS-His, se realizaron experimentos de secuenciacion aminoterminal de Edman. La
secuenciacion de la banda de peso molecular de alrededor de 50 kDa de Escherichia coli daba como resultado la

206

secuencia Ser-Leu-Arg-Glu-Gly. Este péptido sugeria la segmentacion del enlace peptidico entre la Ser™ y la

Ser?"’

, que justamente estan situadas en una de las zonas no resueltas de la estructura de la DXS de Escherichia
coli (Xiang, Usunow et al. 2007). La prediccion del peso molecular del péptido carboxiterminal de este punto de
segmentacion seria de 46,2 kDa. La secuenciacion de la banda de peso molecular de alrededor de 40 kDa de
Escherichia coli di6 como resultado la secuencia Pro-Ile-Thr-Phe-His, sugiriendo la segmentacién del enlace
peptidico entre el Asp** y la Pro*” que se ubica dentro de la segunda zona no resuelta de la estructura cristalina.

Los experimentos de secuenciacion de Edman en Thermotoga maritima se realizaron sobre los péptidos de
mayor abundancia. Los resultados a partir de la banda de alrededor de 40 kDa dieron una secuencia Ser-Val-Val-

His-Val y a partir de la banda de 30kDa dieron una secuencia Met-Leu-Leu-Asp-Glu. Estas correspondian al
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extremo carboxiterminal de la posible segmentacion del enlace peptidico entre la Ser™” y la Ser™ y el extremo
aminoterminal de la proteina respectivamente. La secuenciacion de la banda de alrededor de 46 kDa de
Arabidopsis thaliana dio un péptido Ala-Ala-Lys-Val-Asp que corresponderia al enlace entre Leu’"'-Ala’”. La
presencia de Ser en los residuos implicados en la protedlisis de dos de las tres proteinas indicaba su importancia
en el proceso. Como se ha descrito en la Introduccion (véase apartado 1.5.3.1.), la formacion del enlace éster
mediante el ataque nucleofilico de la cadena lateral de residuos tipo Ser, Cys o Thr, es el primer paso y crucial
para la formacion de un proceso autoproteolitico de dicho tipo. Asi mismo, residuos Asp también aparecian en
algunos de los enlaces peptidicos segmentados (véase apartado 1.5.3.2.).

En los ensayos in vitro de transcripcion y traduccion de las tres proteinas homologas, realizado en reticulocito de
conejo marcando la proteina con L-[4,5-’H] Leucina, se observaron varias bandas que sugieren que mecanismos
de proteolisis también tienen lugar en este sistema. En estos ensayos se observo un patréon de protedlisis similar
en todas, donde aparecia la banda correspondiente al peso molecular de la secuencia completa y una banda
correspondiente a unos 50 kDa, en Escherichia coli y Thermotoga maritima y de peso molecular algo mayor en
Arabidopsis thaliana (debido al mayor peso molecular de este homdlogo). La protedlisis observada en el ensayo
de transcripcion y traduccién in vitro aportaba mas indicios sobre la posibilidad de un procesamiento
autocatalitico ya que, un punto importante en la caracterizacion de estos procesos es su presencia en modelos o
ensayos libres de células.

Para confirmar esta hipétesis se desnaturalizo la DXS-His de Escherichia coli y se resolvio por SDS-PAGE. La
banda correspondiente a la secuencia entera de la proteina (70 kDa) se recortd del gel y se electroeluyd para
tenerla en solucion. Una vez electroeluida se renaturalizd en un tampdén de renaturalizacion, realizdndose
también un control en un agente desnaturalizante (tampon con una concentracion 8M de urea). Al realizar la
immunodeteccion de la banda de 70 kDa renaturalizada y desnaturalizada, se observo que la muestra
renaturalizada habia vuelto a sufrir el proceso de proteolisis mientras que la muestra desnaturalizada no mostraba
este proceso. En el patron de proteolisis de la banda renaturalizada, se observo que aunque la banda de tamafio
40kDa se mantenia similar, la banda de alrededor 50 kDa de tamafio observada en las fracciones purificadas de
la enzima migraba con un tamafo aparente algo mayor de 50kDa. Aunque no se pueda descartar, se presenta
dificil la posibilidad que existiera una proteasa especifica de DXS que copurificara con ella, que fuera de tamafio
similar y que estuviera presente en reticulocitos de un organismo superior que no contiene secuencia codificante

de DXS en su genoma. Ademas, el hecho de que la proteolisis se estuviera produciendo con la proteina
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renaturalizada indicaba la importancia de la estructura en el proceso de segmentacion de los enlaces peptidicos.
El plegamiento de la proteina se ha descrito de vital importancia para la viabilidad de los procesos
autoproteoliticos. El correcto plegamiento puede sustentar toda una serie de interacciones que al fin permiten la
formacion de las reorganizaciones en el enlace peptidico. Por tanto, la zona implicada en el autoprocesamiento
conlleva una regiéon mas amplia que el simple enlace peptidico segmentado. En consecuencia, insertar los
aminoacidos importantes en el proceso autoproteolitico puede producir la autoprotedlisis en otra proteina
quimérica. Con esta idea se preparé una construccion que codificaba para la glutation-S-transferasa (GST)
fusionada a la proteina verde fluorescente (GFP). En esta construccion se inserté en pauta de traduccion la
secuencia que codificaba para la zona no resuelta en la cristalizacion de la DXS de Escherichia coli. La zona no
resuelta en Escherichia coli (del residuo 183 al 238) se amplid a la zona que codificaba del residuo 158 al 240
para evitar la no inclusion de residuos importantes. Se purificaron y realizaron los ensayos de immunodeteccion
de esta proteina quimérica utilizando la proteina GST-GFP como control. La immunodeteccion con anticuerpos
especificos contra la cola de His y contra la GST mostro, principalmente, la presencia de una banda de peso
molecular correspondiente a toda la proteina quimérica y otra de un peso molecular algo mayor que las proteinas
de fusién que las constituian que corresponderia a una de las proteinas de fusion mas una parte del rizo insertado.
La presencia de esta banda de menor peso molecular se observo en las proteinas quiméricas con el rizo insertado
en comparacion a la proteina GST-GFP lo que sugiere que la insercion de esta region de la proteina induce el
proceso de protedlisis.

La hidroxilamina es un agente nucledfilo muy reactivo con especies (tio)éster (Jencks, Cordes et al. 1960) y
succinimidas (Kwong and Harris 1994) pero demasiado débil como para romper en enlace amida (Rosenblum
and Blobel 1999). Con esta premisa se procedio6 a caracterizar la posible hidroxilaminosis sobre la DXS-His de
Escherichia coli con el correcto plegamiento proteico y desnaturalizada. La incubacién con hidroxilamina
aument6 el proceso de protedlisis en comparacion con la muestra control. El ensayo por immunodeteccion del
extremo carboxiterminal mostr6é un patréon de migracion de las bandas similar al observado en el ensayo después
de renaturalizar la banda de 70kDa, donde aparecian bandas de unos 55 kDa y la de 40 kDa. También se observd
que la hidroxilaminosis se producia tanto en la proteina correctamente plegada como en la proteina
desnaturalizada con urea.

La literatura describe extensamente la importancia del plegamiento de la proteina para mantener las
interacciones que permiten la formacion del enlace éster, ya que en caso contrario, el equilibrio de esta reaccion
esta favorecido hacia la formaciéon del enlace amida (Rosenblum and Blobel 1999; Paulus 2000; Johansson,
Macao et al. 2008). La hidroxilaminosis observada tanto en la proteina plegada como en la proteina
desnaturalizada sugeria que su causa era debida, no a la formacion del enlace éster, sino a la presencia de
succinimidas/intermediarios anhidridos ciclicos estables.

Para poder corroborar esto se secuencid el extremo aminoterminal de la banda de 55 kDa aparecida por
hidroxilaminosis dando una secuencia Gly-Ala-lle-Thr-Ala y la de 40 kDa dando una secuencia Pro-Ile-Thr-Phe-
His. Estas secuencias sugerian la segmentacion de los enlaces peptidicos con Asp implicados entre los residuos
Asp'-Gly'? y Asp™*-Pro*” lo que corroboraria la formacién de succinimidas/intermediarios anhidridos
ciclicos. Cabe destacar que, aunque la secuenciacion de la banda de 40 kDa obtenida por hidroxilaminosis de la
DXS sugeria el mismo punto de segmentacion que el acaecido en la banda de similar tamafio de las fracciones

purificadas, también sugeria la posible formacion de otros intermediarios anhidridos ciclicos en el Asp®® debido
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a la secuenciacion de otro extremo aminoterminal (PSSG).

Finalmente, para comprobar la importancia del proceso proteolitico en la actividad enzimatica de la DXS, se
realizaron diferentes construcciones de DXS de Escherichia coli deleccionando el rizo (no resuelto en la
estructura) donde se ubican los residuos Ser observados en la prote6lisis. Los ensayos de complementacion con

la cepa ECAB4-2 mostraron que las construcciones con el rizo deleccionado tenian actividad DXS.
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3.2 DISCUSION

En los tres primeros capitulos de esta Tesis se han estudiado temas relacionados con la oligomerizacion de la
enzima CDP-ME quinasa (CMK). A partir de la estructura cristalina de la enzima de E.coli (Miallau, Alphey et
al. 2003), en la cual se la define como a un homodimero, se han buscado moléculas por métodos in silico capaces
de competir por las interacciones proteina-proteina del dimero. A varias de estas moléculas se le ha determinado
su capacidad de interaccionar con la CMK mediante la utilizacion de métodos empiricos y, en algunos casos, se
le han predicho valores de afinidad de unién a la zona de interacciéon homodimérica mejores que la propia
formacién del dimero.

Al llevar a cabo la caracterizacion tedrica se ha visto que el solvente es un elemento crucial tanto para estabilizar
las interacciones del dimero de la CMK aumentando su superficie, como para compensar su carga negativa
favoreciendo los valores de energia electroestatica. Esta importancia se ha visto corroborada por la posibilidad
de incluir hasta tres puntos farmacofdricos, dentro de las hipétesis farmacoféricas, que imitan interacciones
mediadas por agua y obtener moléculas capaces de interaccionar con la CMK.

La controversia respecto al estado de oligomerizacion de la CMK se observa al iniciar el estudio de los efectos
de las moléculas encontradas sobre dicha oligomerizacion. A pesar de haber sido caracterizada como un dimero
(Miallau, Alphey et al. 2003; Gabrielsen, Bond et al. 2004), los ensayos de cromatografia de exclusion molecular
y dispersion dinamica de la luz obtenidos muestran la existencia de una mezcla de especies oligoméricas en las
preparaciones purificadas de CMK. En esta mezcla la forma monomérica es la especie preponderante, aunque
también se observa la presencia del tamafio correspondiente al dimero. Estos resultados se confirmaron mediante
electroforesis en geles de poliacrilamida en condiciones nativas. La no deteccion de las formas diméricas puede
ser debida a que su presencia estaba por debajo del umbral de deteccion de la tincion general de proteinas por
Comassie blue R-250. La observacion empirica de la mezcla de especies en la oligomeracion de la CMK puede
ser consecuente con el bajo valor obtenido, en comparacion con otros complejos diméricos, de la prediccion de
la energia libre de union del dimero.

En los ensayos de caracterizacion de la CMK de Escherichia coli realizados por Gabrielsen y sus colaboradores,
en los que se la describe como una enzima dimérica, la concentracion de sal en la solucion es tres veces superior
a la utilizada en nuestros estudios. Por el contrario, en la caracterizacion de la CMK de Thermus thermophilus
(Wada, Kuzuyama et al. 2003), en la cual se la describe como enzima monomérica, la concentracion de sal se
asemeja mas a la utilizada en nuestros experimentos que a los realizados por Gabrielsen. Aunque, es posible que
el estado de oligomerizacion de la CMK pueda variar en funcion de la fuerza ionica del medio tal y como se ha
descrito para otras proteinas, no se puede descartar otras condiciones experimentales que puedan influenciar el
estado de oligomerizacion. En este sentido, el hecho que, al aplicar la proteina en diferentes concentraciones en
la columna de exclusion molecular se obtuvieran diferentes ratios dimero:mondmero, aunque siempre con
preponderancia del mondémero, podria apoyar esta idea.

Las estructuras cristalinas de la CMK de Thermus thermophilus (Wada, Kuzuyama et al. 2003) y de Aquifex
aeolicus (Sgraja, Alphey et al. 2008) muestran las enzimas en forma monomérica. No se han observado cambios
alostéricos significativos entre estas tres estructuras por lo que la oligomerizacion, en lo que respecta a la
estructura monomérica, no se presenta como un factor importante. Un factor que podria influir en la

oligomerizacion de la estructura tridimensional podria ser las fuerzas de empaquetamiento cristalinas (Carugo
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and Argos 1997). Estas podrian haber forzado, durante la cristalizacion de la CMK de Escherichia coli, a adoptar
la forma dimérica. Las fuerzas de empaquetamiento podrian haber desplazado el aparente equilibrio dinamico
observado mediante los ensayos de unién quimica cruzada con formaldehido y cromatografia de exclusion
molecular, hacia la forma dimérica durante la produccion de los cristales.

Se ha observado que las fracciones monoméricas de la CMK de E. coli presentan valores de actividad enzimatica
similares a los obtenidos con preparaciones purificadas de la enzima que contienen una mezcla de especies con
diferente oligomerizacion. Por otro lado, ninguna de las moléculas que mostraban interaccion con la CMK tuvo
algun efecto significativo sobre la actividad. Estos resultados sugieren que no existe relacion directa entre
oligomerizacion y actividad enzimatica, o, en otras palabras, que el estado de oligomerizacion no tiene efecto
sobre la actividad enzimatica. El centro catalitico de la CMK esta localizado en una cavidad cerca de los residuos
implicados en la union de los sustratos. Estos residuos estan situados dentro un mismo mondmero y el centro
catalitico, por tanto, se encuentra alejado de la zona de interaccion proteina-proteina de las dos subunidades del
dimero. El hecho de que cada mondémero de la CMK disponga de un centro catalitico y los residuos implicados
en la actividad es consistente con que el mondmero presente actividad enzimatica.

Como ya se ha comentado en la Introduccion, la CMK pertenece a la superfamilia GHMP de quinasas. Esta
superfamilia de pequeflas proteinas, principalmente quinasas, mantiene un plegamiento proteico a+f. En todas
las proteinas de esta superfamilia el centro catalitico se presenta alejado de la superficie de interaccion proteina-
proteina con todos los residuos cataliticos dentro de una misma cadena polipeptidica. Pese a esto, se ha
observado que la controversia relacionada con la oligomerizacion de estas proteinas no solo atafie a la CMK,
sino que esta presente en toda la superfamilia.

Las mevalonato quinasas (MVK) de Streptococcus pneumoniae, de Rattus norvergicus y de Homo sapiens se
han descrito como complejos homodiméricos tanto en solucion como en su estructura cristalina (Fu, Wang et al.
2002; Andreassi and Leyh 2004; Fu, Voynova et al. 2008). Sin embargo, otros homdlogos de la enzima como la
MVK de Leishmania major se caracterizd como mondémero en solucion (Sgraja, Smith et al. 2007). De forma
inversa, la MVK de Methanococcus jannaschii se ha descrito como dimérica en solucién y monomérica en la
estructura cristalina (Yang, Shipman et al. 2002).

Un caso muy parecido a la controversia presentada en esta tesis aparece en las mevalonato 5-difosfato
decarboxilasas (MDD). Las estructuras cristalinas de la MDD de Trypanosoma brucei, de Sthapylococcus aureus
y de Saccharomyces cerevisiae presentaron una oligomerizacion dimérica, sin embargo, los ensayos de
cromatografia de exclusion molecular y de sedimentacion mostraron variabilidad en el estado de oligomerizacion
para las enzimas (Byres, Alphey et al. 2007). Mientras que en solucion el homologo de Trypanosoma brucei se
presentaba como monomérico y el de Sthapylococcus aureus homodimérico, la MDD de Saccharomyces
cerevisiae se presentaba como una mezcla de especies en experimentos de exclusion molecular y en forma
dimérica en experimentos de sedimentacion. En el caso de la MDD la interaccion proteina-proteina entre las
subunidades es muy parecida a la observada para la CMK, donde se muestran grupos de residuos hidrofobicos,
un par de interacciones salinas y una red de interacciones mediadas por solvente. Los autores concluyeron que la
estabilidad del dimero en solucion dependia de la superficie de interaccion proteina-proteina y del numero de
interacciones salinas.

Las galactoquinasas de Homo sapiens y Saccharomyces cerevisiae se caracterizaron como monoméricas en

solucion y presentaron una estructura dimérica en la estructura cristalina (Timson, Ross et al. 2002; Timson and
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Reece 2003). En este caso, se postuld la variabilidad observada en funcién de las fuerzas de empaquetamiento
cristalino o, incluso, a su desconocimiento del estado in vivo de la proteina.

Como hemos ido comentando a través de ejemplos en la literatura, el grado de oligomerizacion no parece tener
una importancia directa en los ensayos in Vitro de la actividad enzimatica en esta familia de proteinas. Sin
embargo, no se puede descartar que otras posibles funciones estén relacionadas con la oligomerizacion, como
por ejemplo, la estabilidad de la enzima in vivo. Un ejemplo de ésto, podria ser el observado a partir de la
secuenciacion de la mutacion Ile268Thr en la enzima MVK en pacientes con sindrome de
hiperimmunoglobulemia D/fiebres periddicas. Estos pacientes presentaban un 50% menos de proteina MVK por
lo que los autores concluyeron que las mutaciones en residuos importantes para la formacion del dimero podrian
causar inestabilidad de la proteina (Hinson, Ross et al. 1999; Fu, Wang et al. 2002). Otra posibilidad, aunque
existe controversia sobre la existencia de los canales metabdlicos en la ruta del MEP (Gabrielsen, Bond et al.
2004; Lherbet, Pojer et al. 2006), fue la aportada por Gabrielsen al llevar a cabo experimentos de sedimentacion.
En ellos describian a la CMK como una enzima dimérica. Este grado de oligomerizacion dimérica se deducia al
interpretar los tamafios moleculares que se producian al interaccionar la CMK con otras enzimas de la ruta del
MEP. Ademas, se proponia que las interacciones observadas se debian a la posibilidad de formacion de canales
metabolicos en esta ruta anabodlica.

Se ha ido describiendo la variabilidad de la oligomerizacion de las proteinas de la superfamilia GHMP, lo que
denota, hasta que se determinen correctamente las variables que puedan regular la oligomerizacion, la gran
labilidad que presenta la interaccion del complejo dimérico en esta familia de proteinas. En la caracterizacion
empirica de la union de los compuestos a la CMK descrita en el segundo capitulo se obtuvieron unas constantes
de asociacion relativamente no muy buenas (del orden 10*M). El caracter 1abil de la interaccion proteina-
proteina entre las subunidades del homodimero presente en esta superfamilia mostraria que, quiza, estos valores
son mas optimistas de lo que cabria pensar, ya que se habrian encontrado compuestos capaces de interaccionar
con la superficie cruda de la proteina. Este hecho permite corroborar la gran fiabilidad de la técnica de busqueda
de compuestos asistida por ordenador, mostrada en esta Tesis, a la hora de encontrar moléculas capaces de

interaccionar con las dianas seleccionadas.

La DXS es una enzima que desempeifia un papel crucial en varias rutas metabolicas y es por esa razén que se han
ido caracterizando bastantes homodlogos de diferentes organismos. En esta Tesis se presenta la primera
caracterizacion de la DXS a partir de un microorganismo hipertermoéfilo. La elucidacion de las estructuras
terciarias a partir de homologos termofilicos es una aproximacion bastante utilizada en proteinas dificiles de
cristalizar. En el capitulo cuarto se ha caracterizado el marco abierto de lectura TM_1770, predicho como DXS
en el proyecto de secuenciacién gendmica de Thermotoga maritima (Nelson, Clayton et al. 1999), como
codificante de una proteina con actividad enzimatica DXS. Su secuencia aminoacidica presenta el motivo de
uniéon a TPP GDGX,s5.30N, el motivo consenso de transcetolasas situado en el extremo aminoterminal de la
proteina, y los residuos caracterizados en la estructura cristalina de la DXS de Escherichia coli importantes para
la unién de los sustratos. La capacidad enzimatica de producir desoxi-D-xilulosa 5-fosfato y la homologia de
secuencia confirm6 que TM_1770 era un homdlogo de la DXS en Thermotoga maritima. Mediante mutagénesis

dirigida se comprobo que el residuo His35 de la DXS de Thermotoga maritima era crucial para la transferencia
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de protones en la catélisis de modo similar a la His48 de la DXS de Escherichia coli (Querol, Rodriguez-
Concepcion et al. 2001) y la His49 de la DXS de Agrobacterium tumesfaciens (Lee, Oh et al. 2007).
Filogenéticamente, la DXS de Thermotoga maritima es mas afin a la clase Clostridia del filo Firmicutes, que son
bacterias Gram+, o a plantas que a otras bacterias Gram-. En la mayoria de las bacterias los genes que codifican
para las enzimas de la ruta del MEP se presentan en forma de operones sin embargo, en el caso de Thermotoga
maritima se presentan dispersos en el genoma. Una explicacion podria venir dada por el proceso de la
transferencia genética horizontal a partir de diferentes organismos. La similitud con el filo Firmicutes se hizo
patente en todas las enzimas de la ruta del MEP lo que descartaria la transferencia genética horizontal de estos
genes a partir de varios grupos diferentes de organismos. La similitud encontrada del marcador genético de la
16S ARNr 7-metilguanosina metiltransferasa de Thermotoga maritima con homoélogas del filo Firmicutes
descarta la transferencia genética horizontal de los genes de la ruta del MEP a partir de este filo y muestra la
similitud filogenética con estas bacterias Gram+. La similitud entre Thermotoga maritima y este filo de bacterias
Gram+ puede venir dada por las caracteristicas especiales de este organismo que se ha descrito como uno de los
mas profundos y mas lentamente evolucionados dentro de las bacterias Gram- (Achenbach-Richter, Gupta et al.
1987). Thermotoga maritima representa, probablemente, un puente evolutivo entre el reino de las eubacterias y
el reino de las arqueas (Nelson, Clayton et al. 1999) debido a que posee un numero elevado de genes similares a
los de este Gltimo grupo.

La actividad de la proteina recombinante presentd un Optimo de temperatura a 70°C, consistente con
caracterizaciones anteriores de otras enzimas de Thermotoga maritima. Una de los mecanismos que confieren
estabilidad a temperaturas altas es el aumento de residuos cargados en detrimento de pequefios residuos polares
no cargados. Se ha descrito que este aumento produce una mayor rigidez en la estructura y evita posibles
desaminaciones (Fukuchi and Nishikawa 2001). Cuando se comparan las proporciones de estos tipos de
aminoacidos en homoélogos de la DXS de diferentes organismos se observa que en la DXS de Thermotoga
maritima éstos se presentan con unos niveles similares a los de otros organismos termoéfilos. El aumento de los
residuos cargados en detrimento de los polares no cargados podria ser uno de los factores que explicarian el
caracter termofilico de la enzima, aunque no se descarta que las interacciones con caracter hidrofobico puedan
tener también un papel importante. Cabe destacar que aunque existen otros organismos meso6filos que presentan
un alto tanto por ciento de residuos cargados, éstos no son en detrimento de los residuos polares no cargados.
Uno de estos casos es el de las DXS dentro del filo Firmicutes. El alto porcentaje de residuos cargados que
contienen podria ser una de las razones de la similitud tan alta con la DXS de Thermotoga maritima observada

en los estudios filogenéticos.

La caracterizacion de mecanismos autoproteoliticos presenta una ardua tarea ya que, ademas del proceso de
caracterizacion en si, las proteasas se presentan de gran importancia en infinidad de procesos celulares. Para
iniciar esta discusion partiremos del proceso logico seguido durante el proceso experimental.

El proceso de proteolisis se observo en los tres homoélogos tanto en la expresion recombinante en células de
Escherichia coli in vivo y después de purificar por cromatografia de afinidad, como en un sistema de expresion
in vitro libre de células.

Uno de los principales pasos a seguir, descritos en la bibliografia en este tipo de procesos, es la obtencion de
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mutantes en los residuos implicados para obtener la proteina con una velocidad disminuida del proceso (incluso
a una velocidad 0). Para obtener una especie molecular de la proteina preprocesada y observar el proceso se
decidié realizar el proceso de separar la proteina desnaturalizada, recortar del SDS-PAGE la proteina
preprocesada y renaturalizarla. La observacion de que la protedlisis se volvia a producir en el proceso de
renaturalizacion y que ésta no se observaba cuando la proteina estaba desnaturalizada en urea, daba fuerza a la
idea de que un autoprocesamiento estaba ocurriendo. Aunque no se habia obtenido un mutante parcialmente
procesado o con una velocidad menor, el proceso de desnaturalizacion-escision de la banda-renaturalizacion en
principio partia de la proteina preprocesada que es lo que se busca con los procesos de mutagénesis. En este
experimento, a la par, también se demostraba la importancia crucial de la estructura de la proteina en el proceso.
Johanson y colabores definieron 6 puntos para poder aceptar la relacion de plegamiento y protedlisis (Johansson,
Macao et al. 2008). Aunque la mayoria de los puntos se refieren a los residuos implicados en el ataque
nucleofilico y las energias establecidas por el enlace tensionado que se produce, la posibilidad de disminuir la
velocidad del proceso autoproteolitico mediante mutaciones distantes del enlace o solventes desnaturalizantes
como la urea es un punto importante.

Experimentos de protedlisis a lo largo del tiempo mostraron una no dependencia en segundo grado de la
concentracion inicial por lo que se descart6 un proceso de autoprotedlisis intermolecular.

El hecho de poder immunodetectar la DXS de Escherichia coli como DXS-his y his-DXS nos permitia observar
dentro del patron de bandas las posibles localizaciones del proceso. La immunodeteccion de DXS-his marcaba, a
parte de la proteina preprocesada, dos cadenas polipeptidicas principalmente de alrededor de 50 kDa y 40 kDa y
la immunodeteccion de His-DXS, a parte de la proteina preprocesada, marcaba tres cadenas polipeptidicas de
alrededor de 50 kDa, 35 kDa y 25 kDa, respectivamente. Aunque la obtencion de estas proteinas fueron
experimentos por separado, se intentd observar si los péptidos presentaban complementariedad. Los
experimentos de hidroxilaminosis, ademas de la protedlisis observada in vivo mostraban que las cadenas
polipeptidicas 40 kDa-C y 35 kDa-N podrian ser complementarias. Sea como fuere, el patrén de péptidos
observado indicaba que existen como minimo dos puntos de procesamiento en la DXS de Escherichia coli.

Uno de los experimentos descritos en las caracterizaciones de proteinas que sufren mecanismos autoproteoliticos
intramoleculares es la capacidad de producir la segmentacién de dos proteinas de fusion cuando la zona
implicada en el proceso es insertada entre ellas. La insercion de las zonas implicadas en nuestros experimentos
mostraba la capacidad de estas zonas de proteolizarse, pero el patron de los pesos moleculares descartaba la
capacidad de unir las dos proteinas de fusion.

La secuenciacion del extremo aminoterminal de la cadena polipeptidica de 50 kDa de las fracciones purificadas
de la DXS-His de Escherichia coli acab6 descartando un proceso de splicing, ya que, relacionaba el punto de
segmentacion entre los residuos Ser’® y Ser””’, que como hemos comentado ya, se presenta en una de las zonas
no resueltas en la estructura. Este hecho, y la secuenciacion de la cadena polipeptidica de 40 kDa de las
fracciones purificadas de DXS de Thermotoga maritima que relacionaba la segmentacion del enlace entre los

: 264
residuos Ser®

y Ser’®, atn concordaban con la idea de autoproteélisis mediada por una reorganizacién de los
grupos acilo N-O y la formacion de un enlace éster. Sin embargo, la secuenciacion de la cadena polipeptidica de
40 kDa de las fracciones purificadas de DXS de Escherichia coli sugeria la presencia de mecanismos
relacionados con el Asp.

La hidroxilamina es un fuerte nucledfilo capaz de reaccionar con enlaces éster y residuos succinimida,
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segmentando el enlace éster y el enlace con el residuo carboxiterminal de la succinimida. En ambos casos es una
prueba concluyente que dichos procesos estan ocurriendo. La principal diferencia es que mientras en la
formacion del enlace éster, como ya se ha comentado, el correcto plegamiento de la proteina es trascendental
para la formacion del enlace éster y la hidroxilaminosis; en la formacion de succinimidas/intermediarios
anhidridos ciclicos, si éstos son estables, el plegamiento de la proteina no es necesario para la hidroxilaminosis.
Los resultados mostraron un incremento de la proteodlisis (hidroxilaminosis), con el mismo patron tanto en la
DXS de Escherichia coli correctamente plegada como en la proteina desnaturalizada. Esto sugeria la formacion
de succinimidas/intermediarios anhidridos ciclicos estables. Interesantemente, mientras la cadena polipeptidica
de 40 kDa se mantenia con una misma migracion tratando con hidroxilamina y sin tratar, la cadena polipeptidica
de alrededor de 50 kDa en la proteina no tratada, migraba con un tamafio de unos 4 o 5 kDa mayor tratada con
hidroxilamina. La migracién era similar a la cadena polipeptidica obtenida después de renaturalizar la proteina.
La secuenciacion de los residuos de la cadena polipeptidica de algo mas de 50 kDa por hidroxilaminosis, mostro

que el enlace entre Asp'® y Gly'”

se habia segmentado. Existe extensa literatura describiendo la formacion de
intermediarios succinimidas en la combinacion de residuos Asp-Gly, lo que sumado a los experimentos de
hidroxilaminosis corroboraba la hipétesis de que se podria estar formando succinimidas como mecanismo
intramolecular en dicho Asp. La secuenciacion del extremo aminoterminal de la cadena polipeptidica de 40 kDa

**_Pro*”’. Este caso es particular ya que esta combinacion no puede

mostraba la segmentacion del enlace Asp
formar succinimidas debido a la imposibilidad del nitrégeno del enlace peptidico para poder realizar el ataque
nucleofilico sobre el carboxilo de la cadena lateral (Li 2009). Sin embargo, se crean intermediarios anhidridos
ciclicos mediante el ataque del carboxilo de la cadena lateral del Asp al carbonilo del enlace peptidico con el
residuo Pro. Esta descrita en la literatura la asociacion de esta reordenacion intramolecular a procesos de
segmentacion del enlace peptidico (Li 2009, Oliyai 1993) lo que podria explicar la observacion de esta cadena
polipeptidica como la predominante en los ensayos in vivo (dentro de las cadenas procesadas).

El patrén en la DXS de Escherichia coli de relacion entre residuos Asp-Gly y Asp-Pro con el tamafio de los
posibles péptidos carboxiterminales también se repite en Thermotoga maritima en los enlaces Asp'**-Gly'* y
Asn*®-Pro”®. Este Gltimo, aunque difiera en la Asn por el Asp, también se ha asociado a procesos de
segmentacion del enlace peptidico mediante el ataque nucleofilico de la amida [ sobre el carbonilo del enlace
peptidico, formandose una aminosuccinimida. También el patréon es similar en Arabidopsis thaliana en los

*_Pro’*®. Este ultimo enlace, presenta homologia con el segundo extremo N-

enlaces Asp’'*-Gly*"” y Asp
terminal observado mediante hidroxilaminosis en la cadena polipeptidica de 40 kDa de la DXS de Escherichia
coli.

El tratamiento con hidroxilamina, aunque nos permite concluir la formacion de succinimidas, nos plantea la duda
de si la cadena polipeptidica de alrededor de 50 kDa formada, cuyo punto de segmentacion esta entre los
residuos Ser-Ser, es capaz de producirse por un mecanismo de formacion del enlace éster o por otro mecanismo.
La hidroxilamina, como ya hemos comentado, no puede distinguir entre el enlace éster y la
succinimida/intermediario anhidrido ciclico por lo que el tratamiento con ella podria estar creando un efecto
“epistatico” de estos intermediarios sobre el enlace éster con la consecuente no observacion de la segmentacion
entre los residuos Ser. Esto podria explicarse por que la segmentacion del enlace en la succinimida conllevaria a

una desestructuracion del plegamiento, implicando el reordenamiento inverso de los grupos acilo O-N para

volver a formar el enlace amida entre los residuos serina. Tampoco es descartable un proceso secuencial donde a
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partir de la segmentacion en la succinimida otros procesos estén implicados para obtener la cadena polipeptidica
con la segmentacion entre las dos Ser. El experimento de desnaturalizacion-escision de la proteina preprocesada-
renaturalizacion, en donde la proteina renaturalizada presenta la banda de migracion similar a la obtenida por
hidroxilaminosis seria consecuente con esta dicotomia. La aparicion de esta cadena polipeptidica, a la que le
suponemos la hidrolisis por la succinimida descrita en el experimento de hidroxilaminosis, podria indicar que
principalmente la segmentacion se produce en este punto y después se tendria que producir el procesamiento
hasta los residuos serina, pero también podria indicar que aunque formadas las succinimidas, el correcto
plegamiento implicado en el enlace éster no se habria constituido.

Llegados a este punto vale la pena remarcar que, teniendo indicios claros que la proteina sufre un proceso de
protedlisis dependiente de su estructura, habiéndose demostrado la formacion de succinimidas y encontrado
residuos proclives a la formacion de enlaces éster en los extremos aminoterminales de los péptidos procesados
no se puede concluir si alguna de las dos modificaciones post-traduccionales como origen del procesamiento de
la cadena polipeptidica de alrededor de 50 kDa. Esto es debido, por un lado, a que aunque la presencia de
succinimidas se ha descrito en los procesos de splicing proteico como inductor de la segmentacion del enlace
peptidico existe extensa literatura que le atribuye otras funciones. Y, por otro lado, como hemos comentado los
experimentos de hidroxilaminosis no pudieron detectar la presencia del enlace éster. En cambio, en referencia a
la cadena polipeptidica de 40 kDa, la formacion de intermediarios anhidridos ciclicos podria explicar la
segmentacion del enlace que se observa a lo largo de todos los ensayos realizados con la enzima.

Para discernir esto seria necesaria la mutagénesis dirigida de los residuos implicados en la formacion de
succinimidas por separado de la mutacion de los residuos propensos a la formacion del enlace éster. Ademas, la
secuenciacion de los residuos aminoterminales de la cadena polipeptidica algo mayor de 50kDa obtenida por
renaturalizacion podria ayudar a corroborar la hipétesis de la succinimida.

Por otra parte, todos los mecanismos descritos en la literatura tienen una importante funcioén para la proteina.
Para poder encontrar lazos entre el posible mecanismo que esta sucediendo en la DXS y su funcion, se realizaron
una serie de construcciones deleccionando la parte no resuelta estructuralmente de la DXS de Escherichia coli.
Estas construcciones fueron la DXS de Escherichia coli con el rizo no resuelto en la estructura que conecta la 4*
y 5% laminas B (del residuo 190 al 240) deleccionado y ésta con la insercion de un rizo flexible de glicinas (Pro-
7xGly-Ser). La cepa ECAB4-2 transformada con estas construcciones era capaz de crecer en ausencia de MVA
por lo que la deleccion de este rizo no elimina la actividad enzimatica aunque la cepa transformada con el rizo
flexible mostraba una mayor velocidad de crecimiento. La importancia de este rizo se mantiene elusiva ya que,
aunque parezca no tener una relacién directa con la actividad en los experimentos de complementacion, puede
que tenga importancia en otras funciones. La deleccion de este rizo se ha observado en la DXS2 respecto a la
DXSI1 de Arabidopsis thaliana lo que podria implicar una diferenciacion funcional de esta familia multigénica, y
podria corroborar esta idea.

Por otra parte, la construccion de la enzima con esta deleccion nos permitio tener una construccion con el residuo

2 2l
06 y Ser 07

implicado en la succinimida (Asp'>?) sin tener los residuos del posible enlace ester (Ser ), por lo que en
ausencia de mutantes de estos ultimos se decidié a purificar la proteina. La proteina mostraba casi una total
supresion del proceso de proteodlisis mostrando la importancia del rizo en este proceso (y quiza con ello la
formacion del enlace éster), aunque no es descartable que la supresion de un segmento tan grande de la proteina

no pudiera modificar la formacidn de la succinimida/intermediarios anhidridos ciclicos.
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Abstrayéndonos de la relacion entre el proceso de autoprotedlisis y la presencia de succinimidas en la DXS, tan
solo la caracterizacion de estas succinimidas ya merece una mencion especial. La formacion de succinimidas
normalmente se infiere a partir de la presencia de isoaspartatos (George-Nascimento, Lowenson et al. 1990;
Violand, Schlittler et al. 1990; Di Donato, Ciardiello et al. 1993). Estos se transfieren a succinimidas mediate la
enzima PIMT y a partir de un tratamiento con hidroxilamina se puede observar el nimero de
isoaspartatos/succinimidas formados. Nuestros experimentos de hidroxilaminosis nos indican que parte de las

2

moléculas de DXS ya contienen los Asp'*? en forma de succinimidas estables. Ademas, la formacion de la

succinimida en estos residuos puede tener una gran importancia en la actividad enzimatica.

El residuo Asp'™

es crucial para la actividad ya que forma parte del motivo de uniéon a TPP GDGXys.30N,
formando la estructura piramidal que mantiene la coordinacion octaedrica del idbn magnesio enlazado al grupo
difosfato del TPP. La posibilidad de que este residuo entrara en el ciclo de Asp/Isoasp/succinimida y su posible
regulacion por la enzima PIMT, debido a la importancia de estos residuos Asp en la actividad enzimatica, podria
mostrar un mecanismo de regulacion de su actividad mas que un proceso de envejecimiento de la proteina (véase
apartado 1.5.3.2.2.1) que podria ser extrapolable a todas las enzimas TPP dependientes. La alta conservacion de
ambos residuos Asp en todos los homodlogos de DXS abriria la posibilidad de que estuviéramos ante un

mecanismo general de regulacion post-traduccional de la DXS.
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3.3 CONCLUSIONES

1. Los estudios por mecanica molecular han permitido apreciar la importancia del agua para la estabilizacion in
silico del complejo homodimérico de la CMK de Escherichia coli. Se han estudiado las interacciones
proteina-proteina e interacciones mediadas por solvente del complejo a través de una trayectoria de
dinamica molecular. Se han realizado dos hipétesis farmacoforicas con la intencion de disruptar estas
interacciones y se ha obtenido un gran nimero de moléculas que cumplen estas hipdtesis. Paralelamente, se
ha sintetizado un péptido ciclico imitando el rizo implicado en la interaccion del complejo dimérico.

2. Launion de dos moléculas pequeiias, una por cada hipdtesis farmacoforica, y el péptido ciclico con la CMK
se ha caracterizado empiricamente, corroborando las hipdtesis farmacoforicas planteadas, y se han realizado
modelos in silico de los complejos de unioén formados.

3. Los estudios de oligomerizacion de la CMK de Escherichia coli han mostrado una mezcla de especies entre
la forma monomeérica y la dimérica, siendo la primera la predominante, presentando un equilibrio dindmico
entre ellas. La forma monomérica de la CMK presenta valores de actividad similares a la mezcla de
especies, lo que sumado a que las moléculas disefiadas para disruptar la interaccion del complejo dimérico
no presentan ningin efecto inhibidor, permite concluir que las homodimerizacion de la CMK no es
necesaria para su actividad. La controversia observada en relacion a la oligomerizacion no es exclusiva de la
CMK vy se hace extensiva a toda la familia GHMP de quinasas con paralelismos muy cercanos dentro de las
mevalonato quinasas y mevalonato 5-difosfato decarboxilasas.

4. El marco abierto de lectura TM_1770 del organismo Thermotoga maritima se ha caracterizado como DXS.
Se han caracterizado sus principales constantes bioquimicas, presentando un éptimo de temperatura a 70° C.
El residuo conservado histidina 35 se ha mostrado crucial en la actividad enzimatica, tal y como se habia
descrito para esta histidina en otros homologos. Se han presentado analisis filogenéticos para esta enzima y
se han formulado hipotesis estructurales que sustenten la capacidad termofilica de la enzima.

5. Se ha observado un patrén de protedlisis similar durante la purificacion de homoélogos de DXS
recombinantes de los organismos Escherichia coli, Arabidopsis thaliana y Thermotoga maritima. La
protedlisis también se ha observado durante la transcripcion/traduccion in Vitro de estas proteinas. El
plegamiento de la DXS de Escherichia coli se ha mostrado importante para el proceso de prote6lisis,
aportando indicios de un posible mecanismo autocatalitico. Aunque la caracterizacion de los residuos
implicados en los posibles puntos de segmentacion aportan indicios de un posible mecanismo relacionado
con la formacion de un enlace éster, los experimentos de hidroxilaminosis no han podido corroborar la
presencia del enlace éster por la presencia de succinimidas/intermediarios anhidridos ciclicos en residuos
Asp muy conservados en todas las DXS. La formacion de intermediarios anhidridos ciclicos a partir del
enlace Asx(Asp,Asn)-Pro, correspondiente a la segmentacion observada que produce la cadena polipeptidica
de 40 kDa, sugiere a ésta como el origen de la segmentacion debido a la alta reactividad descrita de dicho
enlace. Ademas, la presencia de succinimidas en residuos importantes para la actividad enzimatica muestra

la posibilidad de un posible mecanismo autoprocesivo de regulacion enzimatica post-traduccional.
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RESUMEN

La ruta del 2C-metilerithritol 4-fosfato (MEP) para la biosintesis de isopentenil pirofosfato y su isdémero
dimetilalil pirofosfato, precursores de los isoprenoides, esta presente en plantas, en el parasito causante de
la malaria Plasmodium falciparum asi como en muchas otras eubacterias, incluyendo agentes patogenos.
Hongos y animales no tienen la ruta del MEP y sintetizan los precursores de los isoprenoides a través de
la ruta del mevalonato (MVA). Dadas las caracteristicas de la ruta del MEP, sus enzimas se convierten en
dianas potenciales para la generacion de nuevos agentes antibacterianos, antimalaricos y herbicidas
altamente selectivos. En este trabajo nos hemos centrado en la enzima 4-(citidina 5'-difosfo)-2-C-metil-D-
eritritol quinasa (CMK), que cataliza la cuarta reaccion de la ruta del MEP. Se realizé un estudio de
dindmica molecular para el complejo dimérico de la CMK y se estudiaron las interacciones proteina-
proteina incluyendo las interacciones mediadas por solvente entre mondmeros. Con el objetivo de
encontrar pequefias moléculas que interaccionen con la enzima CMK y sean capaces de impedir la

formacion del dimero, las interacciones observadas durante la dindmica molecular se utilizaron para
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modelar el farmacoforo utilizado en las busquedas en bases de datos de moléculas. La capacidad de
interaccionar con la CMK de un compuesto se describi6 mediante la técnica de disminucion de la
intensidad MALDI-TOF de espectrometria de masas. La informacion presentada en este estudio muestra
que la aproximacion de busqueda virtual puede ser usada para identificar moléculas candidatas para
impedir el complejo CMK-CMK. La estrategia presentada aqui puede contribuir a aumentar la velocidad

de descubrimiento de nuevos antimalaricos, antibacterianos y herbicidas.

74



Capitulo 1

Mimicking direct protein-protein and solvent-mediated
interactions in the CDP-methylerythritol kinase homodimer : A

pharmacophore-directed virtual screening approach.

Victor Giménez-Oya®", Oscar Villacafias®”®, Xavier Fernandez-Busquets®*, Jaime
Rubio-Martinez®, Santiago Imperial***

! Dept. de Bioquimica i Biologia Molecular, Universitat de Barcelona (UB), Avda Diagonal 645, E-
08028 Barcelona, Spain.

2 Dept. de Quimica Fisica, Universitat de Barcelona (UB) and the Institut de Recerca en Quimica
Teodrica i Computacional (IQTCUB), Marti i Franqués 1, E-08028 Barcelona, Spain.

¥ Biomolecular Interactions Team, Nanobioengineering Group, Institute for Bioengineering of Catalonia,
Barcelona Science Park, Baldiri Reixac 10, E-08028 Barcelona.

* Nanoscience and Nanotechnology Institute, Universitat de Barcelona.

“ Both Authors have contributed equally to the work.

® Current Address: Intelligent Pharma, S.L. Barcelona Science Park, C/ Baldiri Reixac 10, E-08028,
Barcelona, Spain.

Running title: Protein-protein interactions in the CMK homodimer

Key words: CMK, MEP, MV A, Solvent-mediated interactions, Protein-protein interactions, Molecular
dynamics, Drug design, Intensity-fading MALDI-TOF mass spectrometry.

ABSTRACT

The 2C-methylerythritol 4-phosphate (MEP) pathway for the biosynthesis of isopentenyl pyrophosphate
and its isomer dimethylallyl pyrophosphate, which are the precursors of isoprenoids, is present in plants,
in the malaria parasite Plasmodium falciparum and in most eubacteria, including pathogenic agents.
However, the MEP pathway is absent from fungi and animals, which have exclusively the mevalonic acid
pathway. Given the characteristics of the MEP pathway, its enzymes represent potential targets for the
generation of selective antibacterial, antimalarial and herbicidal molecules. We have focused on the
enzyme 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (CMK), which catalyses the fourth
reaction step of the MEP pathway. A molecular dynamics simulation was carried out on the CMK dimer
complex, and protein-protein interactions analysed, considering also water-mediated interactions between
monomers. In order to find small molecules that bind to CMK and disrupt dimer formation, interactions
observed in the dynamics trajectory were used to model a pharmacophore used in database searches.
Using an intensity-fading matrix assisted laser desorption/ionization time-of-flight mass spectrometry

approach, one compound was found to interact with CMK. The data presented here indicate that a virtual
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screening approach can be used to identify candidate molecules that disrupt the CMK-CMK complex.
This strategy can contribute to speeding up the discovery of new antimalarial, antibacterial, and herbicidal

compounds.

INTRODUCTION

Isopentenyl pyrophosphate and its isomer dimethylallyl pyrophosphate (DMAPP) [1,2] are the universal
five-carbon precursors of one of the largest family of natural products, isoprenoids. Isoprenoids include
hopane triterpenes, ubiquinones and menaquinones in bacteria; carotenoids, plastoquinones, mono-,
sesqui-, di and tri- terpenes and the prenyl side chains of chlorophylls in plants; and quinones, dolichols,
steroids and retinoids in mammals [3] and account for more than 30000 naturally occurring molecules of
both primary and secondary metabolism.

After the discovery of the mevalonic acid (MVA) pathway in yeast and animals, it was assumed that IPP
was synthesised from acetyl-CoA via MVA and then isomerized to DMAPP in all organisms [2-5].
However, an alternative MV A-independent route for the biosynthesis of IPP was recently identified by
labeling experiments in bacteria [6,7] and plants [8]. It is named MEP pathway, after what is currently
considered its first committed precursor, 2C-methylerythritol 4-phosphate (for recent reviews see [9] and
[10]).

Experimental evidence has shown that most organisms only use one of the two pathways for the
biosynthesis of their isoprenoid precursors. Thus, the MEP pathway is essential in the malaria parasite
Plasmodium falciparum and in most eubacteria, including the causal agents for diverse and serious
human diseases like leprosy, bacterial meningitis, various gastrointestinal and sexually transmitted
infections, tuberculosis, and certain types of pneumonia. The MEP pathway is absent in archacobacteria,
fungi and animals, which synthesise their isoprenoids exclusively through the operation of the MVA
pathway, whereas plants use both pathways for isoprenoid biosynthesis, although they are localised in
different compartments [9-16].

Given the absence of the MEP pathway in mammals, its enzymes represent potential targets for the
development of selective antibacterial, antimalarial and herbicidal compounds[15-18]. An example of this
new class of chemotherapeutic agents is fosmidomycin, a natural antibiotic originally isolated from
Streptomyces lavendulae, which inhibits the second enzyme of the MEP pathway, deoxyxylulose 5-
phosphate reductoisomerase [16]. Fosmidomycin and its derivatives have been shown to inhibit bacterial
growth [19] and to be effective against Plasmodium infections [20-22]. A combined therapy of
fosmidomycin and clyndamicin, a chemical that inhibits the prokaryote-like translation machinery of the
P. falciparum apicoplast, proved to be highly efficient against malaria, with a 3-day regime resulting in
an overall cure rate of 95% [23]. These results are very promising and validate the usefulness of MEP
pathway enzymes as drug targets.

In this work we have studied the enzyme 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase
(CMK), which catalyses the fourth step in the MEP pathway, i.e. the ATP-dependent phosphorylation of
the intermediate CDP-ME at the C-2 hydroxyl group to yield CDP-MEP. The enzyme from Escherichia
coli has been cloned, overexpressed, purified, and crystallised. X-ray structure studies showed that CMK

is organised as a homodimer. The asymmetric unit consists of two subunits, A and B, of approximate total
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mass 62 kDa, which assemble with C2 symmetry to form an extended homodimer, but only 4% of the
total surface area of the two monomers is involved in dimer formation. Despite such a small area of
interaction, a dimer is observed in gel filtration experiments that can be detected in matrix assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) [24] and in analytical
ultracentrifugation assays [25].

Disruption of protein-protein interactions through small molecules that target hotspots in the contact
regions between protein surfaces [26] is an attractive therapeutic approach that can be very useful for
drug design [27-30]. Thus, destabilising the CMK complex could represent a new strategy for the
development of antibacterial and antimalarial agents. Although few direct protein-protein interactions are
observed in the crystal structure of CMK, several water-mediated interactions seem be important for
dimer stabilisation. Solvent-mediated protein-protein interactions play an important role in molecular
recognition [31-35] and are being increasingly considered when modeling protein complexes [36]. Here,
we have carried out molecular dynamics (MD) simulations on the CMK dimer in order to give insight
into such protein-protein interactions. With the objective of studying the intermolecular interactions of the
complex in more detail, both direct and solvent-mediated protein-protein interactions were monitored
throughout the dynamics trajectory. A pharmacophore was designed based on the position of atoms
involved in the interactions, and used in the database search for small molecules capable of disrupting the
CMK dimer. The association between candidate compounds and CMK was empirically checked by
intensity-fading MALDI-TOF MS [37,38]. This approach provides a quick method for the detection of
complex formation between the protein and a ligand based on the reduction of ion intensities of the
mixture, compared to the intensity of both protein and ligand alone. One hit provided by the

pharmacophore-guided database search turned out to decrease dimer formation.
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MATERIALS AND METHODS
System design

All minimizations and MD simulations were done with the AMBER 7 suite of programs [39] and all-
atom parm99 and gaff force fields[40,41]. For organic small molecules, atom types were assigned with
the antechamber module of AMBER7 and atomic charges were calculated following the BCC-AM1
method [42]. Starting coordinates of the CMK complex were downloaded from the Protein Data Bank
(PDB) [24], identification number PDBid = 10j4. The complex consists of two CMK proteins (each
monomer comprising the full sequence, from residue 1 to residue 283), two molecules of adenosine 5'-(p,
v-imido)triphosphate (AMP-PNP), two molecules of 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol
(CDP-ME), 192 water molecules and 1 chloride ion. The structure was resolved by X-Ray diffraction at a
resolution of 2.01 A. Some side-chains presented two possible conformations. Because they were not
involved in protein-protein close contacts, only the conformations marked in the PDB file as ‘A’ were
considered for further purposes. Selenomethionine residues were replaced by methionines. Hydrogen
atoms were placed where necessary with the LEaP module of AMBER?7. The system was neutralized with
Na" ions (31 ion atoms were required) placed at the most negative electrostatic potential points following

a grid-based box-shaped procedure for mapping electrostatic potential surface (as implemented in LEaP).

Molecular dynamics simulations

A first minimization step was carried out in vacuo with a distance-dependent dielectric constant of 4r.
Then, a rectangular box of TIP3P water [43] was added, with a minimum distance between the protein
and the edges of the box along the Cartesian axis of 10 A. Water molecules closer than 1.8 A to
protein/CDP-ME/AMP-PNP were removed. The system was then relaxed by a two-step procedure. First,
water molecule positions were optimised and, second, the whole system was optimised. MD simulations
were performed using the particle mesh Ewald (PME) summation method [44] to compute long-range
electrostatic energy. Bonds involving hydrogen atoms were constrained with the SHAKE algorithm [45].
The time step was set to 1 fs and the non-bonded pair list was updated every 25 steps, applying a cutoff
value of 9 A. Temperature and pressure regulation was simulated using Berendsen's algorithm[46], with
time coupling constants of 1.0 and 0.2 ps respectively, unless specified otherwise. The system was heated
gradually to 300 °K increasing 30 °K each 10 ps, at constant volume. Then, a two-step pressure
equilibration process followed. A temperature coupling constant of 1.0 ps was applied during the first 20
ps and increased to 2.0 ps for a further 40ps. Up to this point, ions and protein atoms had been restrained
under harmonic potentials with a force constant values of 1 and 5 kcal mol’ A™ respectively. Next,
restrains were reduced gradually for 60 ps. Finally, simulations were carried out in the NVT ensemble
with no restrains. The last 1000 ps with stable total energy were considered as the production run for

further analysis.

Energy analysis

Lennard-Jones (LJ) and Coulombic energies between every side chain of the first monomer protein and
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the entire second monomer protein, and viceversa, were computed for snapshots every picosecond
throughout the 1000 ps of production time with the ANAL module of AMBER 7. These calculations were

also performed after adding water molecules to one of the interacting partners.

Solvent-mediated interaction analysis

Water molecules that established hydrogen bonds simultaneously with both proteins throughout the last
200 ps were analysed with a program developed by our group. Hydrogen bond distances were monitored
and occupancy was defined as the percentage of time for which there existed at least one hydrogen bond

to each monomer with a distance value lower than 2.5 A.

Design of interaction models from MD trajectory

During the last 200 ps of production time, the positions of those atoms in one monomer that effectively
interacted with its partner monomer were monitored. If several atoms contributed to the same effective
interaction, the centre of masses of the mean positions was calculated and it was treated as a single
interaction point. Maximum and minimum distances between every pair of points were used to construct
the model for database searches and mean positions of points as Cartesian coordinates were used for the
docking procedure. Because all points must be referred to the same reference system, each snapshot was
superimposed onto the backbone heavy atoms. An interaction feature was assigned to every point:

hydrogen donor/acceptor, hydrophobic.

Database search and docking procedure

A selected interaction model was introduced as input for the compound search. Catalyst (Accelrys, Inc.,
USA) software together with Available Chemical Database (ACD), National Cancer Institute (NCI)
database, ChemDiv database and Specs database were used. Matches were filtered and molecules with
unusual bonds or with a molecular mass higher than 750 Da were not selected. Hits were saved as mol2
format files containing all the conformations given by Catalyst. Each conformation was docked to the
CMK monomer as follows. Pharmacophoric features were automatically assigned to the ligands, and
distances between pharmacophoric points were calculated for all conformations. Next, for each
conformation, we tested whether a combination that satisfied the interaction model existed and, in such
cases, the ligand pharmacophoric points were superimposed to those of the interaction model, optimising
the root mean square deviation (RMSD). At this point, the CMK monomer structure was introduced in the
model to detect van der Waals (vdW) clashes between the ligand and the protein. In order to avoid bad
vdW contacts, a slight translational movement of the ligand was allowed. Atoms were not allowed to be
closer than half of the sum of their vdW radii. If there were no forbidden vdW contacts, the dissociation
constant was evaluated with X-Score (Wang, Lai et al. 2002).

A visual structure analysis was carried out on ligands with best docking, defined as those with best X-
Score and RMSD consensus values. Selected compounds were finally classified according to their

structure.
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Preparation of recombinant CMK

Recombinant CMK from E. coli was prepared as previously described[47]. Briefly, M15[pREP4] E. coli
cells were transformed with the pQE30-iSpE construct containing the coding region of the the iSpE gene
of E.coli. Transformed cells were grown at 37 °C in LB medium supplemented with ampicillin (100
pg/mL) and kanamycin (50 pg/mL) until an ODgq of 0.3—0.4 was reached. Induction was then performed
with 0.4mM IPTG for 3 h at 30 °C. Cells were harvested by centrifugation (3000 x g, 10 min) and
resuspended in 40mM Tris—HCI buffer, pH 8, containing 0.5mM EDTA, lysozyme (Img/mL) and
complete-mini EDTA-free (Roche) (one tablet/10mL buffer). Cells were incubated at 4 °C for 20min and
sonicated (5 x 30s bursts with 1min cooling at 0°C). The extract was centrifuged at 11,000 x g for 30 min
at 4 °C; the supernatant was recovered and supplemented with protamine sulphate (1.25mg/mL),
incubated at room temperature for 15 min, and then centrifuged at 13,000 x g for 20 min at 4 °C.

Hi-trap chelating columns (GE Healthcare, Little Chalfont, UK) were used for the purification of
recombinant CMK. The resin was washed with 40mM Tris—HCI buffer, pH 8.0, containing 0.1M NaCl,
and 10mM imidazole. His6-CMK was eluted with an imidazole gradient (10-500mM) in 40mM Tris—
HCI buffer, pH 8.0, containing 0.1M NaCl. The fractions containing His6-CMK were 95% pure as judged
from SDS—polyacrylamide gel electrophoresis and Coomassie brilliant blue R-250 staining and appeared
as a major band corresponding to an apparent molecular mass of 31kDa. CMK preparations were desalted
by gel filtration on disposable Sephadex G-25 columns (PD10) (GE Healthcare) equilibrated in 40mM
Tris—HCI buffer pH 8.0 containing 0.1M NaCl, distributed into aliquots, snap-frozen with liquid N, and
stored at -80°C until use. Protein concentration was measured by the method of Bradford [48] using

bovine serum albumin as a standard.

Intensity-fading MALDI-TOF MS

Intensity-fading MALDI-TOF MS was used to study the formation of a complex between one of the
selected compounds in the database search, 2,4,6-trichloro-N-[5,6-dimethyl-1-(2-methylbenzyl)-1H-1,3-
benzimidazol-4-yl]benzenesulfonamide (Bionet Research, Key Organics, Camelford, UK), Compound 1
(C1), and purified CMK from E. coli. In these experiments a direct protocol could be used because both
C1 and CMK were soluble in the concentration range used. This protocol requires also that the complex
remains intact in solution at least in part during the process of MALDI-TOF MS determination [37].
Samples were prepared as follows: a ImM C1 solution prepared in water was mixed (1:1, v:v) with
different dilutions in the purification buffer of recombinant CMK ranging from 0.002 mM to 0.2mM.
Then, the samples were mixed (1:1, v:v) with a 10mg/mL solution of a-ciano-4-hydroxycinnamic acid
(CHCA)(Aldrich; Sigma-Aldrich, St. Louis, MO) matrix solution in acetonitrile/deionised water (1:1,
v:v). One microlitre of the mixture was overlaid onto the MALDI-TOF plate and dried using the dried
droplet method [49]. MALDI-TOF mass spectra were recorded in a 4700 Proteomics Analyzer instrument
(Applied Biosystems, Foster City, CA). Acquisition of mass spectra was performed in the MS reflector
positive-ion mode. Typical parameters were set to source and grid voltages 20 and 14kV, respectively,

power laser from 5200 to 5800, signal/noise threshold 5, and a noise windows width of 50.
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Drawings

Figures depicting complex structure were constructed with Chimera [50] or VMD [51].

RESULTS AND DISCUSSION

Interactions deduced from X-ray crystal structure

The X-ray crystal structure of CMK [24] shows a homodimeric complex, where the two monomers are
apparently positioned in an inverted position. The protein monomers interact with one another through
two small interfaces: A and B (see figure 1), in which similar interactions are established. Residues of
monomer 1 (chain A in PDB original file) found in interface A are the same as those of monomer 2 (chain
B in PDB original file) in interface B, and vice versa. In the experimental structure of the complex, three
direct protein-protein electrostatic interactions are detected. Two of them are observed in interface A, an
intermolecular salt bridge between Arg”' and Asp® (hereinafter, monomer 1 and monomer 2,
respectively) and a hydrogen bond between Ala**(carbonyl) and Gly*’(amine). While the former is also
observed in interface B (the third protein-protein electrostatic interaction), the latter interaction is detected
in interface B not as a direct protein-protein interaction but as a solvent-mediated interaction (Table 1),
although with very distorted hydrogen bond angles between water molecule and protein atoms. A more
relaxed geometry is found in the solvent-mediated interaction between Ser**(carbonyl) and
Ala*(carbonyl) (Table 1). Table 1 lists all solvent-mediated hydrogen bonding networks between

monomers.

Fig. 1 X-ray structure of E. coli 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase (CMK) dimer. Monomers
are represented in the cartoon mode and adenosine 5°-(B, y-imido) triphosphate (AMP-PNP) and 4-(cytidine 5°-
diphospho)-2-C-methyl-D-erythritol (CDP-ME) molecules in the licorice mode as implemented in VMD
visualization software (Humphrey, Dalke et al. 1996). According to the reference used in the text, first monomer in
PDB is colored in blue and the second in red.
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Residues of Residues of Distance 1 Angle 1 Distance 2 Angle 2 Interface
monomer 1 monomer 2 A) (degrees) (A) (degrees)
Ala® Thr® 3.3 83/87 3.4 117 A
(amine) (side chain)
Ala* Ser® 3.2 124 2.7 138 A
(carbonyl) (carbonyl)
Gly* (carbonyl) Ala? 2.8 121 3.1 131 B
(carbonyl)
Lys™ Leu™® 2.9 103 3.0 157 B
(side chain) (carbonyl)
Asp® Glu™® 35 117 3.4 116 B
(side chain) (side chain)
Ser® Ala* 32 93/102 2.1 141 B
(amine) (carbonyl)
Ser® (carbonyl) Ala? 2.8 124 2.1 141 B
(carbonyl)
Gly¥ Ala? 3.6 131/88 2.1 141 B
(amine) (carbonyl)
Gly* Ala* 2.8 118/119 3.7 88 B
(amine) (carbonyl)

Table 1 Distances and angles of hydrogen bonds detected in the crystal structure of 4-(cytidine 5’-diphospho)-2-C-
methyl-D-erythritol kinase (CMK). Distance 1 and angle 1 are calculated between water and residue of the monomer
1, Distance 2 and angle 2 are calculated between water and residue of monomer 2. When a protein amino group is
involved, both carbon-bonded atoms were used to calculate angles (carbon of the N-terminal side / carbon of C-
terminal side).

Interactions from dynamics trajectory

Hydrogen bonds and salt bridges

The scenario obtained throughout the MD production time was slightly different from that suggested by
the crystal structure. Our analysis revealed only one direct monomer-monomer electrostatic interaction, a
salt bridge between Arg®' and Asp® in interaction interface A (mean minimum hydrogen bond distance
was 1.81 A, with an root mean square (RMS) of 0.12 A). Although the interaction in the other contact
region (interaction interface B) was not of protein-protein type, a more detailed study revealed that a
water bridge joined both side chains through hydrogen bonds (Fig.2). The hydrogen bond distances were
analysed at every snapshot extracted from the last 200 ps of the production time, and the respective
percentages of time with values below 2.5 A (occupancy) are noted in Table 2. The analysis showed that
a water bridge (always the same water molecule) between Asp™ and Arg®' that established hydrogen
bonds in 96% and 99% of the time, respectively. As far as the interaction between Ala** and Gly*’
backbones is concerned (detected in crystal structure), it was observed as water-mediated in both
interfaces. In interface A, a water molecule acted as the center of a hydrogen bond network and
established favourable interactions with Ala**(carbonyl) of monomer 1 and the backbones of Gly*, Pro®,
Gly", and Ser* of monomer 2. The occupancies of hydrogen bond distances were 83% and 97%,
respectively (Table 2). In this latter case, the water molecule involved was labile and, therefore, different

molecules were observed to play the role of mediating the interaction. However, the equivalent
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interaction in the other interface (B) was mediated by a water bridge, with respective hydrogen bond
occupancy values of 65% and 99% (Table 2).

Summarising, the intermolecular protein-protein hydrogen bonds elicited from the crystal structure were
also observed in the dynamics trajectory but in a different structural pattern. Most direct protein-protein
interactions in the crystal were observed in the dynamics trajectory as mediated by solvent through
hydrogen bond networks. The role of water molecules in mediating interactions between both monomers
is also observed in the crystal structure. The CMK homodimer complex appears to overcome its low
protein-protein interaction surface by water-mediated interactions. Further interactions of this kind were

resolved from the trajectory and will be detailed in the following section.

158

Fig. 2 Water-mediated interactions between Asp™ of monomer 1 and Arg®' and Glu'*®* of monomer 2 in interface B.
Occupational analysis was carried out with Chimera software [50]. Grid volumes in which an oxygen atom of a water
molecule is found at least in 70% (approximately) of the time throughout the last 200 ps of the production time is
colored in solid blue. Carbon atoms of carboxylic (Asp® and Glu'**) and guanidinium (Arg”') groups and the oxygen
atom of water bridge between Asp® and Arg®' were used to superimpose snapshots before analysis. Cutoff and grid
spacing values were set to 7 and 1.8 A, respectively. For validation, volume that comprises carbon atoms mentioned
above in 100% of the same time is outlined in light blue. As an exemple, the first snapshot is represented in the
figure.
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Residues of monomer 1 Residues of monomer 2 % HB 1 % HB 2 Interface

Ala?(amine) Ala”(carbonyl) 19 94 A

Ala#(carbonyl) Pro®(carbonyl), Gly®(amine), 83 97 A
Ser®(carbonyl/amine) and

Gly**(carbonyl)
Asp?(side chain) Lys"®(side chain) 98 97 A
Asp®(carbonyl) Gly**(carbonyl), 94 99 A
Arg "(side chain)
Glu™®(side chain) Lys®(side chain), 99 99 A
Asp®(carbonyl/side chain)
Pro®(carbonyl), Ala?(carbonyl) 65 99 B
Thr¥(carbonyl), Ser®®(amine)
Asp®(side chain) Arg?(side chain) 96 99 B
Ala™(carbonyl) Ala?(amine) 62 97 B

Table 2 Percentage of hydrogen bond (HB) distances under 2.5 A in protein-protein solvent-mediated interactions
throughout the last 200 ps of the production time. % HB 1 refers to hydrogen bond between water and monomer 1; %
HB 2 refers to hydrogen bond between water and monomer 2.

Protein-protein solvent-mediated interactions

In addition to those described above, other stable water-mediated protein-protein interactions were found
to be stable in the last 200 ps of production time (Table 2). In the interaction interface A, three further
water-mediated interactions were elucidated, two of which involving both the side chain and the carbonyl
group of Asp” in monomer 1. The side chain established a solvent-mediated interaction with the
Lys’®(side chain) of monomer 2, whereas the carbonyl group did the same with Gly**(carbonyl) and

1% in monomer 1 interacted with Lys’®(side

Arg"*(side chain) of monomer 2. Finally, the side chain of Glu
chain) and Asp®(side chain/carbonyl) of monomer 2 through hydrogen bonds established with water
molecules. In the interface B, one additional solvent-mediated interaction was observed between
Ala"(carbonyl) and Ala*’(amine). Similarities and differences between the crystal structure and the
dynamics trajectory can be deduced by comparing values from Table 1 and Table 2. The addition of
temperature to the system changed the water-mediated monomer-monomer interaction pattern.

The interaction involving Glu'*® and Asp*(side chain)/Lys’®(side chain) in interface A was not detected
in interface B. However, some evidence led us to carry out a spatial occupancy analysis on the oxygen
atoms of the water molecules (Chimera software [50]). The results revealed that this interaction was
described as mediated by two water molecules (Fig. 2), which most of the time filled optimal sites for
establishing a hydrogen bond network between the residues. There was also evidence of a further
example of a double water-mediated interaction pattern between Ala*’(amine) and Ala”(carbonyl) in
interface A. However, occupational analysis did not show a clear picture of two oxygen atoms located in

optimal positions (data not shown). In this last case, a single water-mediated interaction pattern was
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observed in 19% of the time. It is likely that both patterns exchanged with one another several times
throughout the trajectory.

On the whole, the results extracted from dynamics analysis show the importance of water-mediated
intermolecular interactions in the CMK dimer complex. It has been argued that bound water should be
considered as an integral part of the tertiary structure of proteins (Levy and Onuchic 2006), a proof of
which is the conservation of buried water molecules in homologous proteins (Sreenivasan and Axelsen
1992). Here, in the CMK complex, most water molecules that were involved in intermolecular solvent-
mediated interactions were highly labile. Because of the small monomer interaction surfaces, these water
molecules are highly exposed, that is, they are not buried in protein cavities, and have high exchange
rates. The existence of the hydrogen bond network was detected in most of the 200 ps time, suggesting
that the role of water molecules is crucial for binding and recognition, although they are not tightly bound
to the proteins. The computation of the protein-protein interaction surface throughout 20 snapshots
extracted from the production time (carried out with MolSurf as implemented in AMBER?7), gave a value
of 355 A%. When considering water molecules involved in solvent-mediated interactions as an integral
part of monomers the surface increased to 422 A%, a 19% increase. Thus, taking into account water

molecules significantly raised the interaction surface.

Van der Waals interactions

Van der Waals (vdW) interactions were analyzed in terms of energy, as described in Materials and
Methods. Interaction vdW energy between every side chain of one monomer and the entire counterpart
protein is depicted in Fig. 3. The results revealed two main groups of amino acid residues with favorable
interaction energies; the first group is composed of Arg®' (with a mean Lennard-Jones (LJ) energy value,
considering both cases, of -4.7 kcal/mol), Ala* (-2.6 kcal/mol), Asp™ (-4.7 kcal/mol), and Tyr* (-1.4
kcal/mol). The second group was formed by Met”® (-1.9 kcal/mol), Lys’® (-3.0 kcal/mol), Ala” (-2.3
kecal/mol), Leu® (-2.4 kcal/mol) and Thr® (-1.2 kcal/mol). In fact, these two groups interacted with one

another when considered in different monomers.
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Fig. 3 VAW (vdW) interaction energy between every side chain of one monomer and the entire partner protein. Mean
values accounting for the same residue in both monomers are represented.

Electrostatic interactions

Protein-protein electrostatic interaction energies throughout the production time were also analysed (Fig.
4a). Arginine and lysine residues had negative favourable values, while aspartic acid and glutamic acid
residues had complex destabilising values. A single CMK monomer has 26 positively charged residues
and 36 negatively charged residues. Therefore, one monomer has a high net negative charge that is
translated into an unfavorable energy when analysing the electrostatic contribution of glutamic and
aspartic acid residues. The net electrostatic interaction energy between monomers had a mean value of -
27 kcal/mol (100 snapshots were analyzed), but it was strongly favored by the presence of intervening
water molecules- the mean electrostatic interaction energy was computed to be -5537 kcal/mol when
water molecules were incorporated in the calculation. The inclusion of ions or/fand CDP-ME/AMP-PNP
did not change the effect of the water molecules (data not shown). In order to see the effect of the solvent
on residue electrostatic contribution, water molecules were included in a further energy computation. As
seen in Fig. 4b, the electrostatic energies of glutamic acid and aspartic acid residues decreased to negative
values. Thus, water molecules are essential to explain how protein-protein electrostatic interactions

favour complex formation.
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Fig. 4 a) Coulombic interaction energy between every side chain of one monomer and the entire partner protein. b)
White bars: Same as a) for glutamic acid and aspartic acid residues but including water molecules in the partner
monomer part. Black bars: same as a) for comparison. Mean values accounting for same residue in both monomers
are represented.

Database search for compounds disrupting protein-protein interaction

Atoms involved in protein-protein interactions were monitored throughout the last 200 ps of the dynamics
trajectory to extract interaction models, as described in Materials and Methods. One of those models,
depicted in Fig. 5, was introduced as a hypothesis in Catalyst (Accelrys, Inc. USA). It is worth
mentioning that one of the points of the model was deduced from a water molecule involved in a solvent-
mediated interaction between monomers (between Asp and Lys’® in interface A). Points marked vdW
were modified to hydrophobic when defining the pharmacophoric hypothesis in Catalyst. The search
procedure was carried out in Available Chemical Database (ACD; 214 hits), Specs (512 hits) and
ChemDiv databases (835 hits).

Hits were docked on CMK protein, as described in Materials and Methods, and poses were evaluated

with the scoring function X-Score [40].
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Fig. 5 Pharmacophoric points that form the interaction model used in molecule search. Points are derived from
residues 21-23 of monomer 2 and a water molecule. Arg®' provided a hydrogen donor (HD) and a vdW
pharmacophoric point; Ala** and Asp® provided vdW pharmacophoric points; the water molecule provided a
hydrogen acceptor point. Distances between pair of points are: 1_2: 2.644 - 3.099 A ; 1 3: 3.004 - 4.837 A; 1_4:
6.965-8.907 A; 1 5:3.982-4.795A;2 3:3.737-5.753 A;2 4:5.958 - 7.235 A;2 5:3.755-4.644 A; 3 4:8.715 -
11.321 A;3 5:3.111-5.839 A; 4 5:5.354-6.696 A.

Final selection of compounds

A visual structure analysis was carried out on the 15 ligands with best docking from each database.
Ranking was based on X-Score consensus values and the final selection took into account the compound

structure.

Intensity-fading MALDI-TOF MS

Intensity-fading MALDI-TOF MS is a rapid and sensitive approach for detecting the formation of soluble
complexes between proteins and small molecules [38]. This methodology has the advantages of a low
cost and rapid performance together with the capability to check affinity properties of the analysed
compounds. In this approach, detection of the complex is based on a reduction of the molecular ion

intensities of the partners in a MALDI mass spectrum compared to the mass spectra of the partners alone.
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In our study, we tested the complex formation between one of the final selected compounds (C1) and
CMK. Docking of C1 onto CMK is shown in Fig. 6. RMSD after docking between pharmacophoric
features on compound and pharmacophore from Fig. 5 was 1.65 A, with a pK, estimated value (X-Score)
of 5.43. Because the complex is formed between a small molecule and an enzyme, the reduction of the

small-molecule ion intensity can be associated directly to the formation of the complex.

Fig. 6 a) 2-D structure of compound 1. b) Docking of C1 on CMK surface. CMK atoms closer than 5 A were
represented as a molecular surface using MSMS (Humphrey, Dalke et al. 1996). The rest of protein atoms were
depicted following a ribbon pattern. Pharmacophoric points are represented as spheres.

The mass spectrum for C1 was acquired by adding 1puL of ImM C1 to 1uL of CHCA matrix and by
depositing 1pL of the mixture onto a MALDI-TOF plate. The MALDI-TOF mass spectrum of the
CI1+CHCA matrix showed two major peaks at m/z 508 and 510. The m/z 508 peak correlates with C1
molecular mass. In the subsequent series of experiments, 1pL of ImM C1 was mixed with different
concentrations of CMK and the corresponding MALDI-TOF mass spectrum was acquired. As shown in
Fig. 7, all C1+CMK+CHCA mass spectra obtained showed C1 peaks at m/z 508 and 510. The intensities
of these peaks showed a reduction (fading) in the presence of CMK that was CMK concentration-
dependent. At the highest concentration assayed (0.2 mM, figure 7, top), the intensity-fading of the m/z
508 and 510 peaks was almost complete, making the peak intensities similar to the baseline noise of the

spectrum. These results demonstrate the formation of a complex between CMK and C1.
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Fig. 7 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) of the
compound 1 (C1) molecule in the presence of increasing CMK concentrations. From top to bottom: 0.2, 0.02, 0.002
and 0.0002mM CMK, respectively; x-axis mass(m/z), y-axis relative intensity (left) and ion intensity (right). Peaks at
m/z 508 and 510 correspond to C1. A detailed view is shown on the right panel. Note that in order to visualize C1
m/z 508 and 510 peaks spectra are presented at different intensity scales. The additional peaks correspond to adducts,
corresponding to the a-cyano-4-hydroxycinnamic acid used as a matrix.
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Conclusions

This paper describes a MD study carried out on a solvated dimer complex of CMK. The intermolecular
hydrogen bonds elicited from the crystal structure were also observed in the dynamics trajectory but in a
different structural pattern. Most direct protein-protein interactions in the crystal structure were observed
in dynamics trajectory as being mediated by solvent through hydrogen bonds, a pattern already seen in the
crystal structure of the complex. A deeper analysis of the solvent-mediated interactions indicates that four
water-mediated protein-protein interactions remain along the MD trajectory, with one of them, in
interface B, following a double-water motif. These wet spots [31], which likely are interfacial contact
residues that interact through a water molecule, and double-water bonds, play an important role in the
protein-protein interaction between contact surfaces, as it has been described in other protein models [32-
34].

The study of intermolecular electrostatic interaction energies highlights the importance of water structure.
Thus, the contribution of negatively charged residues was unfavorable when considering only protein
atoms, but became instead stabilising when water molecules were included in the computation. These
results indicate that water molecules are essential to explain how protein-protein electrostatic interactions
favour complex formation and, together with the observations of solvent-mediated intermolecular
interactions, reveal the importance of water for protein-protein interactions in the CMK dimer.

According to intermolecular interactions deduced from MD trajectory, some CMK residues could be
hotspots for complex stabilization, and thus useful targets for protein-protein interaction disruption.
Monitoring the positions of Arg®', Ala**, Asp™ and a water molecule during the MD trajectory a
pharmacophore model was constructed where the first three residues of monomer 1 interacted favourably
with monomer 2. The water molecules established a hydrogen bond network between Asp® of monomer
1 and Lys™® of monomer 2. Compounds that matched the pharmacophore model were searched for in
ACD, Specs and ChemDiv databases. After the docking procedure and visual analysis, four compounds
were empirically tested and one of them exhibited binding to the recombinant CMK in a concentration-
dependent manner according to intensity fading MALDI-TOF MS.

The data presented here indicate that a virtual screening approach can be used to identify candidate
molecules that disrupt the CMK-CMK complex. This strategy can contribute to speeding up the discovery

of new antimalarial, antibacterial and herbicidal compounds.
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A la fecha de depdsito de esta tesis este estudio se habia enviado a la revista “Journal of Molecular
Recognition” con respuesta de que algunos cambios son necesarios para la publicacion del estudio.

Resumen

La ruta del metileritritol 4-fosfato (MEP) de biosintesis de los precursores de isoprenoides (isopentenil
difostafo y dimetilalil difosfato) existe en muchos de los patdgenos humanos pero estd ausente en
animales, convirtiéndola en una prometedora diana para la obtencion de nuevas drogas. Dos estrategias
diferentes, una busqueda virtual guiada por farmacoforo y un péptido ciclico que imita las interacciones
proteina-proteina, se usaron para encontrar compuestos con la capacidad de unirse en la superficie de las
zonas de interaccion de la 4-(citidina 5-difosfo)-2C-metil-D-eritritol quinasa (CMK). La CMK cataliza el
cuarto paso enzimatico de la ruta del MEP. Una parte significativa de la hipotesis farmacoforica utilizada
fue disefiada imitando interacciones proteina-proteina mediadas por puentes de agua importantes en la
estabilizacion del homodimero de la CMK. Un derivado de la molécula 7H-furo[3,2-g]cromo-7-one y un
péptido ciclico se encontraron con capacidad de unirse a la CMK segin la técnica de resonancia del
plasmoén de superficie. Estudios de dinamica molecular sobre proteina-proteina, proteina-molécula

pequeiia y proteina-péptido ciclico se realizaron para complementar los ensayos experimentales.
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ABSTRACT

The methylerythritol 4-phosphate (MEP) pathway for the biosynthesis of the isoprenoid universal building
blocks (isopentenyl diphosphate and dimethylallyl diphosphate) is present in most of the human pathogens and is
absent in animals, turning it into a promising therapeutic druggable pathway. Two different strategies, a
pharmacophore-directed virtual screening and a protein-protein interaction(PPI)-mimicking cyclic peptide, were
used to find compounds that bind to the PPI surface of the 4-(cytidine 5-diphospho)-2C-methyl-D-erythritol
kinase (CMK), that catalyzes the fourth step of the MEP pathway. A significant part of the pharmacophore
hypothesis used in this study was designed by mimicking water-mediated PPI relevant in the CMK homodimer
complex stabilization. A 7H-furo[3,2-g]chromen-7-one derivative and a cyclic peptide were found to bind to
CMK according to the surface plasmon resonance technology. Molecular dynamics (MD) studies of protein-
protein, protein-small molecule and protein-peptide complexes were carried out to complement the experimental

assays.
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INTRODUCTION

Isoprenoids are one of the major families of compounds in nature comprising widespread functions (Sacchettini
and Poulter 1997) in all kingdoms of life. This distribution covers from physiological processes to adaptative
responses to the environment. Isoprenoid compounds are synthesized from two universal building blocks,
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Early works showed that the
biosynthesis of the isoprenoid universal building blocks is carried out in yeast and animals through the
mevalonic acid (MVA) pathway. For several years this fact was extrapolated to all the living organisms.
Nevertheless, further studies carried out in bacteria and plants by Arigoni and Rohmer groups allowed the
elucidation of a second biosynthetic pathway for IPP and DMAPP (for reviews, (Eisenreich, Schwarz et al. 1998;
Lichtenthaler 1999; Rohmer 1999), namely the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. This
pathway produces the isoprenoid five-carbon building blocks from glyceraldehyde 3-phosphate and pyruvate,
being MEP the first committed precursor. Nowadays, it is known that the MV A pathway is present in animals,
yeast, and some bacteria while the MEP pathway is present in eubacteria, cyanobacteria and protozoa.
Interestingly, both MV A and MEP pathways are present in plants, in which the MVA pathway is located in the
cytoplasm whereas the MEP pathway is found in plasts. The presence of the MEP pathway in most of the human
pathogens (including malaria and tuberculosis) has turned it into a promising druggable pathway.

The fourth step of the MEP pathway is an ATP-dependent phosphorylation of 4-(cytidine 5-diphospho)-2C-
methyl-D-erythritol (CDP-ME) into CDP-ME 2-phosphate (Kuzuyama, Takahashi et al. 2000; Luttgen, Rohdich
et al. 2000; Rohdich, Wungsintaweekul et al. 2000) through the action of the enzyme CDP-ME kinase (CMK).
CMK belongs to the galactokinase, mevalonate kinase, homoserine kinase and phosphomevalonate kinase
superfamily (previously named as GMHP superfamily) (Bork, Sander et al. 1993; Lange and Croteau 1999;
Bonanno, Edo et al. 2001; Wada, Kuzuyama et al. 2003) which has three members in the MVA pathway.
Although the sequence identity of proteins within this family is relatively low (10-20% among those that have
structural information in the Protein Data Bank, PDB), they share a very similar structural scaffold (Ca RMSDs

range from 2.6 to 4.0 A) (Andreassi and Leyh 2004). Each of the seven different catalyst of this family of

proteins is designed to transfer the y-phosphoryl group to a different acceptor with the exception of the
nonenzymatic Xol-1 protein.

The Escherichia coli CMK has been described as a homodimer complex in gel-filtration analysis, in matrix-
assisted laser desorption time-of-flight MS (Miallau, Alphey et al. 2003) and in analytical centrifugation analysis
(Gabrielsen, Bond et al. 2004; Gabrielsen, Rohdich et al. 2004), in corroboration with the crystallographic data
(PDB=1j04, (Miallau, Alphey et al. 2003). Only 4% of the CMK surface area was found to be involved in the
formation of the homodimeric complex (Miallau, Alphey et al. 2003). This fact also converts CMK into an
excellent target for searching small molecules capable of disrupting the interaction between the monomers in the
CMK homodimer complex. For these reasons, we have focused on mimicking the CMK homodimer interface.
The interaction zone between proteins is a promising objective in drug design but hardly achieved (Spencer
1998; Cochran 2000). Nowadays, the drug discovery process is focused on mimicking peptides and small
molecules. Disrupting PPI interfaces with small “drug-like” molecules is a great challenge (Wells and
McClendon 2007). Unlike peptides, small molecules are normally cheaper, have a better administration profile

and cross the cell membrane more easily. In this study both strategies, a cyclic peptide and a small molecule
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search, have been addressed (Fig. 1).

MD Pharm_ac?o_phore Cyclic Peptide
definition design
l MD
3D Database search Experimental
(CATALYST) assays

l v

Active compound

639 Compounds

lDocking, scoring

Best-ranked compounds

1 Experimental assays

Active compound

Fig.1. Scheme of the two strategies used in this study for both searching active small molecules and studying the effect of the
cyclic peptide.

It is known that water is a crucial factor in protein folding, stability and in many other biological processes. Until
recently, water molecules were usually ignored in molecular recognition and rational drug design studies.
Fortunately, they have an increasing spreading influence in current structural studies. In wet spots, interfacial
residues that interact through a water molecule (Samsonov, Teyra et al. 2008), water molecules contribute
substantially to the free energy of the complex formation. As described in the literature (Lloyd, Garcia-Sosa et
al. 2004; Leroux, Gresh et al. 2006), the inclusion of wet spots in the hypothesis of pharmacophore-directed
high-throughput screenings has given successful results. Therefore, water molecules involved in PPI have been
studied carefully in the present work.

Usually, the amino acid residues involved in the protein-protein interfaces are not located contiguously in the
protein sequence; this is a problem if its natural sequence is used for designing a small peptide as complex
disruptor. However, the particular characteristics of the CMK homodimer PPI surface, in which an isolated loop
is buried into a partner’s cleft (Fig. 2), make this protein an ideal starting point for the design of a small peptide
as CMK complex disruptor, similarly to other protein models (Marsters, McDowell et al. 1994; Zobel, Wang et
al. 2006).
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Fig.2.A. Figure of the CMK homodimer. Monomers are in transparent orange and transparent cyan. The loop involved in the
interaction zone is marked in blue (only highlighted in one of the monomers). B. Figure of the interaction zone in which the
loop of one monomer is inserted in the hole between one a-helix and two loops of the partner monomer. The latter monomer
is in transparent orange with important residues for the interaction represented in surface, the mimicked loop is in blue and its
surface in transparent blue. Figure rendered with VMD programme (Humphrey, Dalke et al. 1996).

Mimicking peptides are a reliable strategy to disrupt protein-protein interaction. However, most of them are not
“drug-like” compounds because they normally have poor oral availability and high enzymatic degradation
(Zang, Yu et al. 1998). Cyclization of mimicking peptides can reduce unwanted proteolysis and their flexibility
in solution. Moreover, constraining conformational freedom and thus decreasing entropy lost in binding results
in higher-affinity compounds compared to their linear counterparts. This entropy-mediated affinity gain is well
documented in literature (Bach II, Eyermann et al. 1994; Morgan, Holland et al. 1994; Zang, Yu et al. 1998;
Dumez, Snaith et al. 2002; Andrews, Mclnnes et al. 2004; Nam, Ye et al. 2004; Chang and Chu 2005). One
interesting case is described in metalloproteinases (Dumez, Snaith et al. 2002) in which, additionally, it was
postulated that this entropy-mediated gain could be identified in a lower free energy of the hydrolytic transition
state of the complex compared to the cleaved products. Under these circumstances, the substrate may remain
bound to the metalloproteinase and may inhibit the metalloproteinase activity. Unsatisfactorily, inhibitory
compounds that could have corroborated their hypothesis were not found in the work.

The surface plasmon resonance (SPR) technology has proved to be a valuable tool for both quantitative and
qualitative analysis of complex interaction. This technology allows the parameterization of the complex
interaction at real time without the use of tags in the interactors (Cooper 2002; Karlsson 2004). The basis of this
technology involves the immobilization of the receptor to a sensor chip and the direct binding of a ligand. The
complex formation is assessed by changes in surface plasmon resonance which is associated to changes in the
refractive index of the solution close to the immobilized receptor. The refractive index is directly associated with
the mass concentration in the surface layer of the sensor chip, being increased when the complex is formed
between the ligand and the receptor. This technology was used in this study to quantify the binding of the
designed molecules to CMK. Furthermore, we complemented this study performing docking and molecular

dynamics simulations to find new molecules disrupting PPI in the CMK homodimer.
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MATERIALS AND METHODS

Molecular Dynamics Simulation of the CMK homodimer

As described in Gimenez-Oya and others 2009, minimizations and MD simulations were carried out with the
AMBER?7 package of programmes (Case, Cheatham et al. 2005) using parm99 and gaff force fields (Wang, Lai
et al. 2002; Wang, Wolf et al. 2004). The antechamber module of AMBER7 and the BCC-AM1 method
(Jakalian, Jack et al. 2002) were used to assign the atom type and the atomic charges to the organic small
molecules. Hydrogen atoms were added to the CMK X-ray structure (PDB=1jo4) (Miallau, Alphey et al. 2003)
with the LEaP module of AMBER7. The system was neutralized with 31 Na" ions following a grid-shaped
procedure for mapping electrostatic potential surface. A first minimization was carried out in vacuum with a
water distance-dependent dielectric constant (4r). After this, a solvation cubic box of TIP3P waters (Jorgensen,
Chandrasekhar et al. 1983) was created with a minimum distance between the protein and the edge of the box of
10 A and waters closer than 1,8 A to any of the molecules or the protein atoms were removed. Then the system
was relaxed by a two-step procedure, optimizing the water molecules in the first step and optimizing the whole
system in the last. Long-range electrostatic energy was computed in MD simulations using the PME summation
method (Darden, York et al. 1993). SHAKE algorithm (Ryckaert, Ciccotti et al. 1977) was used to constrain the
bonds involving the hydrogen atoms. The integration time was set to 2 fs and every 25 steps the non-bonded pair
list was updated with a cutoff of 9 A. Berendsen’s algorithm (Berendsen, Postma et al. 1984) was used to
introduce the regulation of the pressure and temperature with time coupling of 1.0 and 0.2 ps, respectively. First,
the system was heated gradually to 300K increasing 30K each 10 ps, at constant volume. Then a pressure-
constant equilibration process followed, in which a temperature coupling constant of 1.0ps was applied during
the first 20 ps. Further 40 ps of equilibration were carried out raising the temperature coupling constant to 2.0 ps.
During equilibration, ions and protein were controlled under harmonic restrains of 1 and 5 kcal mol" A™
respectively. Then, 60 ps were used for removing restrains. The last stabilized 1ns with no restrains was used as

production run for analysis.

Energy analysis of the CMK homodimer

Lennard-Jones and Coulombic energies were calculated between every side chain of the first monomer of CMK
and the entire second monomer as previously described (Gimenez-Oya, Villacanas et al. 2009). These energy
contributions were computed for snapshots at every picosecond of molecular dynamics throughout 1 ns of

production time with the ANAL module of AMBER7 (Case, Cheatham et al. 2005).

Solvent-mediated interaction analysis of the CMK homodimer

Water molecules that established hydrogen bonds with both monomers were analyzed with a home-made
programme throughout the last 200 ps (Fig. 3). Hydrogen bond distances were monitored and occupancy was
defined as the percentage of time in which there existed at least one hydrogen bond to each monomer within a

distance (hydrogen — acceptor atom) of 2.5 A.
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Design of the pharmacophore model from the MD trajectory

Interactions between monomers were monitored during the last 200ps to configure the pharmacophore model. If
more than one atom contributed to the same interaction (e.g. both oxygen atoms of the carboxylate group of
Glu), the centre of masses (CM) was calculated and it was used as a single interaction point. Maximum and
minimum distances throughout the MD were obtained between every pair of points and were used to construct
the pharmacophore for 3D database search. An interaction feature was assigned to each point; hydrogen
donor/acceptor, hydrophobic and positive/negative charge. The basis of this new pharmacophore hypothesis was
the previously described pharmacophore (Gimenez-Oya, Villacanas et al. 2009) but improved by adding two
further hydrogen acceptor points corresponding to stable water positions which were found into wet spots during

the simulation of the CMK homodimer.

Molecular modeling of the cyclic peptide/CMK complex

The cyclic peptide/CMK complex was constructed from the minimized CMK homodimer complex. The
sequence of the peptide was chosen attempting to retain the most important interactions in the homodimer
interface (amino acid residues from GIn®® to Thr?”). Then, the backbone of the peptide was closed by adding two
glycines and creating the new amide bond with the LEaP programme of the AMBER7 package (Case, Cheatham
et al. 2005) (Fig. 5B). The cofactors adenosine 5°-(B, y-imido)triphosphate (AMP-PNP) and 4-(cytidine
5’diphospho)-2-C-methyl-D-erythritol (CDP-ME) were retained in the protein monomer. The system was
solvated adding a cubic box of TIP3P waters (Jorgensen, Chandrasekhar et al. 1983), and neutralized by adding

and appropriate number of counterions.

Database search and molecular modeling of the 7H-furo[3,2-g]chromen-7-one
derivative/CMK complexes

The pharmacophore model was used in a 3D database search in order to find commercially available small
molecules. Hits were then considered primary candidates as CMK ligands. For this purpose, CATALYST
(Accelrys Inc.) programme was used. After constructing the pharmacophore and relaxing its distances by
applying the maximum and minimum deviations observed in the MD simulation, search gave 639 hits by using
the best flexible search. Databases included were: Mini Maybridge, ChemDiv NC, ChemDiv DC, Maybridge
2004, SPECS, Nat Diverse, ACD, IBS 2004, NCI, Aurora and Derwent. The general strategy can be seen in Fig.
1. Then, hits were docked considering one of the monomers of CMK as a rigid receptor and using our home-
made programme of docking, Dock Dyn (Rubio-Martinez, Pinto et al. 2005). An average number of 100
conformations per molecule were docked inside the receptor, and best poses were selected for further analysis.
The quality of each pose was evaluated, in a first step, by measuring its pharmacophore RMS deviation with
respect to the pharmacophore deduced from the protein-protein contacts. Thus, the lower the pharmacophore
RMS deviation, the better is the docking pose. Moreover, in order to include the binding energy, the XSCORE
(Wang, Lai et al. 2002) programme was used as the scoring method. Finally all docked compounds were ranked,
using RMS and XSCORE criteria, and the best four were purchased from different chemical suppliers. A 7H-

furo[3,2-g]chromen-7-one derivative, named in this text as compound (Fig. SA), was shown to be active in
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experimental assays. For further analysis, two docking structures of the compound/CMK complex were selected:
the pose with the lowest RMS deviation (Fig. 6A) and the pose with the highest XSCORE pKp (Fig. 6C), which
were different in this case. Cofactors AMP-PNP and CDP-ME were retained in the systems.

Both systems were solvated by adding a cubic box of TIP3P waters, and neutralized by adding and appropriate
number of counterions. Subsequent minimization and molecular dynamics of both systems were carried out in
order to elucidate the most favourable binding pose of this molecule taking into account the protein flexibility

and thus complementing the docking procedure.

Minimization and MD on the cyclic peptide/CMK complex and the compound/CMK
complexes

A standard minimization protocol described already in the case of the CMK homodimer was performed to
remove steric hindrance and, additionally, a similar molecular dynamics protocol was carried out to improve the
initial structure of the complexes. After energetic convergence, 100 snapshots were extracted from the

production dynamics and structural features, as well as the binding free energy, were analysed.

Binding Free Energy calculations using the MMGBSA approach

The Molecular Mechanics Generalized Born Surface Area (MMGBSA) protocol (Kollman, Massova et al. 2000)
was applied to add quantitative binding free energies to the description of all CMK complexes. This protocol
was used within the one-trajectory approximation and was evaluated extracting 100 time-equidistant snapshots
from the molecular dynamics trajectory.

To solve the polar contribution of solvation free energy, the Generalized Born equation was applied using the
sander programme of AMBER7 package (Case, Cheatham et al. 2005) and the parametrization of Tsui and Case
(Tsui and Case 2000). To solve the non-polar contribution of solvation, a linear relationship with the solvent
accessible surface area (SASA) was applied, using standard parameters and calculating the SASA by means of
the Linear Combination of Pairwise Overlap (LCPO) method (Weiser, Shenkin et al. 1999). Entropic effects of
the binding free energy were neglected in all cases, thus supposing that the cyclic peptide and the compound
have a similar entropic penalty. Additionally an MMGBSA 'per residue' protocol was carried out to discern the

most important residues that participate in the binding free energy of the complexes.

Experimental assays

Site-directed mutagenesis

Asp® was described as an important residue involved in a direct interaction between the two monomers of the
CMK homodimer (Miallau, Alphey et al. 2003). The point mutation Asp80Ala was introduced in the gene
encoding CMK by site-directed mutagenesis using an oligonucleotide-directed strategy following protocols
associated with the QuickChange site-directed mutagenesis procedures (Stratagene). To create pQE30-CMK
DS0A, pQE30-CMK wild type was used as a template and the following combination of primers were used in
the amplification step: CMKEcoDS8OAF (5° AAAACTGCGCAGCCAGCGGGCGTCTT 3°) and
CMKEcoD80AR (5 AAGACGCCCGCTGGCTGCCGCAGTTTT 3’). Nucleotide changes are in boldface and
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the mutated codons (amino acid changes) are underlined. The conditions of the PCR were 18 cycles of 30s,
95°C; 60s, 65°C; 504s, 72°C. The PCR product was digested with Dpnl enzyme and Escherichia coli DH5,
competent cells were transformed with the digestion reaction. Plasmids were extracted from isolated colonies

and mutations were verified by DNA sequencing.

Purification of CMK and CMK D80A

Recombinant proteins were purified from the M15[pREP4] Escherichia coli cells harbouring the pQE30-cmk or
pQE30-cmk DS80A expression plasmid. Cells were grown in LB with ampicillin(100pug/ml) and
kanamycin(25ug/ml) at 37°C until DOggy of 0,4 and then, the culture was incubated with 1mM IPTG during 12
h at 25°C. Cells were harvested and resuspended in lysis buffer (40mM Tris-HCI pH=8, 100mM NaCl, 0,5mM
EDTA, lisozyme (1mg/mL) and complete mini-EDTA free tablets (Roche)). After an incubation of 20 min, cells
were sonicated and the cell-free system was centrifuged to remove the cell debris. Then, the supernatant was
incubated for 20 min with protamine sulphate (1.25mg/ml) and was centrifuged. The His6-CMK protein was
retained on the resin of Hi-trap Chelating columns (GE Healthcare) and eluted using an imidazole gradient (10-
500mM) in 40mM Tris-HCI buffer, pH 8.0 containing 100mM NaCl. CMK preparations were desalted by gel
filtration on disposable Sephadex G-25 columns (PD10, GE Healthcare) equilibrated in 40mM Tris—HCI buffer
with 0.1M NacCl, distributed into aliquots, snap-frozen with liquid N, and stored at -80°C until use. Protein
concentration was measured by the method of Bradford (Bradford 1976) using bovine serum albumin as a

standard.

Synthesis of the cyclic peptide

The cyclic peptide, cyclo(GlyGlnArgAlaAspGlyTyrHisThrGly), was synthesized in an Abi433A synthesizer
(Applied Biosystems) using the FastMoc protocol. Couplings were carried out in an Fmoc-Gly-2-chlorotrityl
resin using TBTU/HOB as a coupling agent. Linear peptide was eluted from the resin with TFA 1% in DCM
and was cycled with PyBOP/HOAt in DCM/DMF (9:1). Side chains were deprotected using
TFA/water/triethylsylane (95:2.5:2.5). Then, the cyclic peptide was purified by preparative high pressure liquid
chromatography (HPLC) in a Waters DeltaPrep 4000 (Waters Symmetry C18 column) in a MeCN gradient (5-
20%). The final product was characterized by matrix assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry in 4700 Proteomics Analyzer (Applied Biosystems) and by amino acid analysis through
the HPLC AccQ.Tag method (Waters) in a Delta 600 (Waters).

Analysis of the interaction (surface plasmon resonance)

SPR experiments were carried out using BIAcore T100 (GE Healthcare). Recombinant CMK was purified and
immobilized onto CMS5 sensor chip using the standard amine coupling procedure recommended by the
manufacturer (Johnsson, Lofas et al. 1991). The cyclic peptide was also immobilized onto CMS5 sensor chip
using the standard aldehyde coupling procedure. Binding experiments were performed using HBS-N buffer
(10mM Hepes, 150mM NaCl, pH=7.2). Some binding assays with increased concentrations of the ionic force or
with Tween20 0.05% were done. All experiments were done at a flow rate of 15uL/min. Other flow rates were

tried to assess that no significant mass transport effect occurred. To remove potential artifacts, a standard method
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of “double referencing” was used and the binding of peptide or ligand to CMK was expressed in resonance units
(RU). Serial dilutions of molecules in HBS-N were done and were injected onto the surface of the chip. For
monitoring the dissociation time of the complex, HBS-N buffer was flown over the surface during 240 s. The
collected data were interpreted with the BIACORE T100 evaluation software, extracting the equilibrium

dissociation constants (Kp), ratio of association (k,) and ratio of dissociation (kg).
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RESULTS

Mimicking the interaction zone (1). The pharmacophoric hypothesis

Water molecules can play an important role in the stabilization of complexes (both protein-drug and protein-
protein) and incorporation of waters in structure-based drug design has been described as a reliable strategy
(Lloyd, Garcia-Sosa et al. 2004; Leroux, Gresh et al. 2006). As described in Gimenez-Oya and others 2009,
water molecules are important in the PPI zone of the CMK homodimer. Water molecules increase the PPI zone
of CMK, which is only the 4% of the surface area (Miallau, Alphey et al. 2003), through the presence of wet
spots and double-water mediated interactions (Gimenez-Oya, Villacanas et al. 2009). Previously, we estimated
that the electrostatic interaction energy between CMK monomers was more coherent when including water
molecules in the calculation (Gimenez-Oya, Villacanas et al. 2009), most probably because the solvated medium
buffered the negative charge of the CMK monomers. Based on these findings we surveyed for stable waters-
mediated hydrogen bonds present in the interaction zone between the two monomers as described in Materials
and Methods. Two water-mediated interactions were found close to the zone mimicked by the pharmacophoric
hypothesis described in our previous work (Fig. 3). The first solvent-mediated interaction was found between the
carbonyl group of Asp* in monomer 1 and Gly*’ (carbonyl group) and Arg’* (side chain) amino acid residues of
monomer 2; the second one was established between Ala** (carbonyl group) of monomer 1 and Gly*’ (carbonyl
group), Pro® (carbonyl group), Gly*’ (amide group) and Ser®® (carbonyl/amine groups) of monomer 2. The
percentages of the running time in which any water molecule was within a distance of 2.5 A from the amino acid
residues were 94%/99% (to monomer 1 and to monomer 2, respectively) for the Asp™ related interaction and
83%/97% (to monomer 1 and to monomer 2, respectively) for the Ala*-related interaction. The average
minimum distances between amino acid residues and the water molecules were 1.98 A (£ 0.32 A)/1.85 A (£ 0.13
A)and 2.16 A (£ 0.64 A)/ 1.94 A (£ 0.2 A) (monomer 1/monomer 2), respectively for Asp®-related interaction
and for Ala**-related interaction. The water molecules that mediated the interaction were not always the same
throughout the MD trajectory. Up to 8 (for Asp?-related interaction) and 5 (for Ala*’-related interaction)
different water molecules took turn to fill the gap between residues and mediate the interaction among them.
Positions of the water molecules in these solvent-mediated interactions were used to add two additional
hydrogen acceptors points to the previous pharmacophoric hypothesis. The positions of the water molecules in
these solvent-mediated interactions were used to add two additional hydrogen acceptors points to the previous

pharmacophoric hypothesis.
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Fig.3. Plots of distances between water molecules and amino acid residues of the interaction zone during the production time
of the molecular dynamic trajectory. Different colors represent different water molecules. A. Plot of distances between Ala*
residue and waters. B. Plot of the minimum distance between Ala** and waters. C. Plot of distances between waters and
residues of the other monomer. D. Plot of the minimum distance between waters and residues of the other monomer. E. Plot
of distances between residue Asp> and waters. F. Plot of the minimum distance between Asp® residue and waters. G. Plot of
distances between waters around Asp® and the other monomer. H. Plot of the minimum distance between waters around
Asp” and the other monomer.

In summary, the new hypothesis mimics two wet spots (Samsonov, Teyra et al. 2008), including Asp>, which is
involved in two different protein-protein water-mediated hydrogen bonds, and Ala*?, a hydrogen donor that
mimics Arg”' and three hydrophobic points. Maximum and minimum distances between every pair of points
from MD were used to construct the new pharmacophore model for database search (Fig. 4). Database searches
and molecular docking were carried out as described in Materials and Methods. Best ranked molecules were
purchased and the interaction between these molecules and the protein was empirically assessed through the
Surface Plasmon Resonance technology. A 7H-furo[3,2-g]chromen-7-one derivative (compound, Fig. 5A) was

shown to be active in experimental assays.

107



Capitulo 2

Water (HA)
i Water (Ha)

Ala22 (vdw)

Fig.4. Pharmacophoric points forming the interaction model used in the database search. Points are derived from residues 21-
23 of monomer 2 and water molecules. Arg?' provided a hydrogen donor (HD) and a van der Waals (vdW) pharmacophoric
point; Ala* and Asp? provided vdW pharmacophoric points; water molecules from three water bonds provided three
hydrogen acceptors (HA). MD distances between pair of points are: 1-2: 2.6-3.1 A; 1-3: 3.04.8 A; 1-4: 7.0-8.9 A; 1-5:
4.0-4.8 A; 1-6: 8.1-9.5 A; 1-7: 10.7-11.0; 2-3: 3.7-5.8 A; 2-4: 6.0-7.2 A; 2-5: 3.8-4.6 A; 2-6: 8.0-9.4 A;2-7: 9.4-9.8 A; 3
4:8.7-11.3 A;3-5:3.1-5.8 A; 3-6: 5.9-6.8 A; 3-7: 10.8-11.4 A; 4-5: 5.4-6.7 A; 4-6: 9.0-9.6 A; 4-7: 4.4-4.6 A; 5-6: 4.2-5.8
A; 5-7:7.4-7.5 A; 6-7: 8.5-8.7 A. Red points account for hydrogen acceptors, blue point accounts for hydrogen donors and
cyan points account for van der Waals contacts. Figure rendered with VMD programme (Humphrey and others 1996).

Gly-Gln-Arg-Ala-Asp-Gly-Tyr-His-Thi-Gly

Thr GIY
His
Gly
Tyr

Gln
Gly

Arg

Asp Ala

Fig.5. A. 3D structure of the compound (a 7H-furo[3,2-g]chromen-7-one derivative) showing the disposition of the
pharmacophoric points. The inset gives 2D structure of the compound. B. Scheme and sequence of the cyclic peptide. 3D
image rendered with VMD programme (Humphrey and others).
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Description of the compound binding mode in complex with CMK

To better predict the binding mode of the compound in complex with CMK, two MD of 2ns were performed for
the compound in complex with CMK monomer. The former departed from the best docking pose with the lowest
pharmacophore RMS deviation (pose 1) and the latter from the docking pose with the highest XSCORE pKy
(pose 2).The combined use of docking and further MD was also applied in our previous work with good results
(Obiol-Pardo, Granadino-Roldan et al. 2008) Both systems were equilibrated during the first nanosecond, and
consequently, the last nanosecond was used to extract the structural information.

Fig. 6A shows the docking structure of the complex constructed with pose 1 and Fig. 6B shows the final
structure of MD. In MD, important residues that participated in van der Waals recognition were Met'>, Lys’®,
Ala” and Leu™. Particularly, a slight reorientation of the compound was noticed throughout MD to place the
methyl of the central ring closer to Leu™ but decreasing van der Waals contacts with Met””. As a consequence of
this movement, the initial hydrogen bond formed between the carbonyl group of the compound and Arg’* was
partially lost during MD (Fig. 6B). Protein flexibility and compound mobility added in the MD seemed to
disfavour the electrostatic interaction between this polar residue and the compound. A similar behaviour was

observed in the cyclic peptide/CMK MD, as will be described later.
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E F

Fig.6. Figures of the complexes between either the compound or the cyclic peptide and CMK before (left) and after (right)
MD. CMK protein is in surface, the compound and the cyclic peptide are in licorice and backbone of cyclic peptide is shown.
A. Pose 1 (lowest RMS) of compound-CMK complex before MD. B. Pose 1 (lowest RMS) after MD. C. Pose 2 (highest
XSCORE) of compound-CMK complex before MD. D. Pose 2 (highest XSCORE) after MD. E. Cyclic peptide-CMK
complex before MD. F. Cyclic peptide-CMK complex after MD. Figure rendered with VMD programme (Humphrey and
others 1996).
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The predicted binding free energy using the MMGBSA protocol was -20.61 kcal mol” for pose 1, which was
lower than the experimental value reported below in this work (-5.01 kcal mol™). Nevertheless, it is worth noting
that the MMGBSA protocol used here is a crude estimation of the experimental value and the entropic
contribution, which was not calculated, would decrease this estimated energy. A 'per residue’ analysis throughout
MD of pose 1 (Fig. 7A) was carried out and showed the most remarkable residues that participated in the
complex stabilization. Thus, the compound contributed with -9.93 kcal mol™ to the complex formation (last bar),
whereas residues Met”, Lys’®, Ala’, Leu® and Thr® of the receptor contribute with -1.70 kcal mol™, -2.65 kcal

mol ™, -1.41 kcal mol™, -2.20 kcal mol™ and -0.75 kcal mol™, respectively.
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Fig.7. Plots of total binding free energy per residue extracted from the MMGBSA protocol and averaged over 100 snapshots.
Important residues are marked. A. Plot of total energy per residue of Pose 1 complex (compound with the lowest RMS and
CMK). B. Plot of total energy per residue of Pose 2 complex (compound with the highest XSCORE and CMK). C. Plot of
total energy per residue in the complex between the cyclic peptide and CMK. The first 10 residues are the cyclic peptide
amino acid residues and the other 283 amino acid residues are from the CMK monomer.
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In addition, pose 2 was also evaluated by using the same protocol. The van der Waals recognition of this pose
was very similar to pose 1. On the other hand, the carboxylate group of the compound now formed a hydrogen
bond with Arg’” in the docking pose (Fig. 6C), which was also lost during MD, although an electrostatic
interaction was maintained (Fig. 6D). Finally, the predicted binding free energy using the MMGBSA protocol
was -14.94 kcal mol” for pose 2, higher than that obtained with pose 1. We suggest therefore that the most
reliable pose for this molecule is achieved during the MD of pose 1. Additionally, Fig. 7B shows the MMGBSA
'per residue’ protocol for pose 2 in complex with CMK. This analysis is in line with the interaction analysis
already described, showing the strongest contribution in the compound (last bar, -7.95 kcal mol"'). Among
residues, Met”, Ala” and Leu® showed the most remarkable binding free energy contribution being -1.31 kcal
mol™”, -1.1 kcal mol”" and -2.13 kcal mol”, respectively. Note that Lys’® did not appear as relevant in this
analysis with pose 2.

In both modelled binding modes, compound bound to the flat and extended CMK PPI surface, part of it is
solvent exposed not participating in binding free energy. A further improvement of this hit compound should be

obtained by minimizing these solvent exposed groups.

Mimicking the interaction zone (11). Using the loop sequence.

The interaction zone of the monomers of the CMK homodimer is characterized by the insertion of a loop, which
is located between two beta-sheets of one monomer, into a cleft between an a-helix and two other loops from the
partner monomer (Fig. 2A). This loop, which was the target of our previous efforts of mimicking with organic
molecules, has the particular characteristic of being well isolated in a specific contiguous sequence. Moreover,
the sequence Arg-X-Asp-Gly-Tyr-His-X-Leu-X-Thr-X-Phe is highly conserved in the loop between B2 and 33
among CMKs of different organisms (Wada, Kuzuyama et al. 2003). We decided to constrain this loop to assess
the interaction properties. It is documented that, such as in a streptavidin-peptidyl ligand model (Giebel, Cass et
al. 1995; Chang and Chu 2005), cyclic peptides are capable of binding more tightly than their linear
counterparts. This entropy-mediated gain in binding affinity is associated to the conformational constrain (Khan,
Parrish et al. 1998; Dumez, Snaith et al. 2002; Dathe, Nikolenko et al. 2004; Kang, Kim et al. 2004; Nam, Ye et
al. 2004). As described in Materials and Methods, we constructed a cyclic peptide/CMK complex and, after MD,
interaction energies of the complex were studied (Fig. 5B). The cyclic peptide was synthesized and the
interaction between this molecule and the protein was empirically assessed through Surface Plasmon Resonance

technology.

Description of the cyclic peptide binding mode in complex with CMK

Similarly to the compound, to better predict the binding mode of the cyclic peptide in complex with CMK, 2 ns
of MD were calculated. Convergence was achieved after 0.3 ns. Fig. 6E shows the initial structure of this
complex and Fig. 6F shows the final structure throughout the MD. The general binding mode was achieved with
van der Waals contacts. Thus the non-polar parts of Lys’®, Leu®, Met””, Asp™, Thr*® and Ala” interact tightly
with Arg’, Ala* and Asp® of the cyclic peptide. These residues maintained the interaction during the MD as

shown in Fig. 6F and 7C in corroboration with a strong hydrophobic interaction. Thus, considering only van der
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Waals interactions, results are consistent with the fact that this peptide mimics the protein-protein contacts of the
CMK homodimer interface. With respect to polar binding interactions, Asp*® forms a hydrogen bond with
residue Arg® of the cyclic peptide (Fig. 6E), although this contact was lost during MD. Nevertheless, the final
structure (Fig. 6F) still showed an electrostatic interaction between these two residues. The predicted binding
free energy using the MMGBSA protocol was -13.21 kcal mol”, which was also found lower than the
experimental value reported in this work (-4.93 kcal mol™, see below) but in the same order as the one calculated
for the compound in complex with CMK. With respect to the 'per residue' analysis, Fig. 7C shows the most
remarkable residues that participate in the complex stabilization. Thus, residues Arg®, Ala* and Asp® of the cyclic
peptide contribute to the complex with -2.12 kcal mol™, -2.36 kcal mol™ and -1.30 kcal/mol™, respectively, while
residues Met”, Lys76, Ala”, Aspgo, Leu®* and Thr®® of the protein contribute with -1.50 kcal mol™, -1.43 kcal
mol™, -1.94 kcal mol™, -0.54 kcal mol, -1.05 kcal mol” and -0.66 kcal mol™, respectively, to the binding free

energy.

Binding free energy prediction of the CMK homodimer.

In the same manner as the compound/CMK and cyclic peptide/CMK complexes, the predicted binding free
energy of the CMK homodimer complex was calculated using the MMGBSA protocol. The value obtained (-
11.10 kcal mol) was higher than both the compound/CMK complex (-20.61 kcal mol™) and the cyclic
peptide/CMK complex (-13.21 kcal mol™). These results suggest a major affinity of both the compound and the
cyclic peptide for CMK than the monomeric partner. However, MMGBSA values should be taken with caution,

as they are crude estimations of binding energies.

Experimental binding analysis of the cyclic peptide/CMK complex through surface

plasmon resonance

Recombinant CMK was immobilized into CM5 chip obtaining a final response of 910 resonance units (RU). To
confirm the correctness of the immobilized chip, we qualitatively measured the binding of the CMK substrates
into a chip: CDP-ME and ATP (data not shown). As shown in Fig. 8A, the cyclic peptide binds to CMK in a
fast-on and fast-off binding system. The fast-on and fast-off binding mode was corroborated by an affinity
analysis (insets of the Fig. 8). The Kp value deduced was 2.431 x 10*M, y’=0.588 RU? and the corresponding
binding free energy of the cyclic peptide/CMK complex was therefore -4.93 kcal mol™ (at 300 K).
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Fig. 8. A. Binding of the cyclic peptide to CMK immobilized into CM5 sensor chip. B. Binding of the compound to CMK
immobilized into CM5 sensor chip. Representative sensorgrams (red lines) of the cyclic peptide or the ligand binding to
immobilized CMK are overlaid with the calculated responses from 1:1 binding model (black lines). The inset gives the
affinity analysis and the K, values are shown.

In order to elucidate the specificity of the interaction of the cyclic peptide, we constructed a mutant of the CMK
in which the Asp®® amino acid residue was replaced by alanine. A salt bridge between Arg®' and Asp™ were
found as an important PPI in the crystal structure and in the MD trajectory of the homodimer. In fact, the cyclic
peptide mimics the loop involving the Arg®' (Arg® of the cyclic peptide). The mutant was also immobilized (final
response 511.8 RU) into a CMS5 chip and no interaction was found between the cyclic peptide and the
recombinant mutated CMK Asp®’Ala. These results suggest a specific interaction between the cyclic peptide and
the CMK and gives confidence to the proposed binding mode and binding site achieved throughout MD. It
should be stressed that the per residue total binding free energies obtained from the cyclic peptide/CMK complex
(Fig 7C) showed that this residue was not the most relevant one in the binding free energy of the complex,
mainly because the salt bridge was broken during MD simulation. Experimental data suggested that either the
binding free energy estimation for this residue was underestimated or the mutation of the Asp*® may distort the
proper folding of the other residues involved in the interaction. However, these results suggest a specific
interaction between the cyclic peptide and the CMK and gives confidence to the proposed binding site.

Furthermore, the cyclic peptide was also immobilized into a CMS5 chip (final response 586RU), using an
aldehyde coupling procedure recommended by the manufacturer, and the interaction was corroborated (Kp=1.14
x 10°M, y*=4.5, AG°=-6.74 kcal mol ™) (data not shown). This increase of affinity between the cyclic peptide and
CMK may be attributed to the amine immobilizing protocol which binds the CMK in a random orientation (only

associated to the presence of amine groups in the side chains of the residues) to the chip. This binding can
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partially mask the interaction zone to the solvent, which may not happen when CMK was used as a ligand.

Experimental binding analysis of the compound/CMK complex through surface

plasmon resonance

In a similar manner to the cyclic peptide, binding of the compound to CMK was assessed with CMK
immobilized into a CMS5 chip. The interaction was quantitatively measured at different concentrations of
compound (Fig. 8B) using BIAcore100. BIAevaluation software gave values of the equilibrium dissociation
constant based on the amount of ligand bound to the CMK surface sensorgrams of each ligand concentration by
fitting the sensorgrams to a 1:1 Langmuir binding model. The Kp value deduced from the kinetic values was
2.121 x 10* M, y*=0.845 RU”. Based on the Ky, the empiric binding free energy of the compound/CMK
complex was found to be -5.01 kcal mol ™ (at 300 K).

Conclusions

In this paper, a pharmacophore-directed virtual screening protocol has been applied to discover small molecules
able to bind to the PPI zone of CMK. Concretely, two additional hydrogen acceptors, which mimicked two
water-mediated interactions involved in the CMK homodimer interaction, were introduced into our previous
pharmacophoric hypothesis. On the whole, the new pharmacophore hypothesis was constructed by mimicking
three solvent-mediated PPI, one direct hydrogen bond between monomers and three hydrophobic interactions.
The addition of these water-mediated interactions (three out of the seven pharmacophoric points) highlights the
importance of water molecules in the complex stabilization. This pharmacophore was introduced as hypothesis
in CATALYST and a 3D database search was carried out. 639 hits were obtained and further studied with
docking. In the end, a 7H-furo[3,2-g]chromen-7-one derivative was shown to be active, as assessed by SPR.

In addition, taking into account the special characteristics of the CMK homodimer PPI, a peptide corresponding
to the sequence from GIn* to Thr’” amino acid residues (the same sequence used to extract the pharmacophore)
of CMK was cyclated. This cyclic peptide was also shown to bind to CMK in SPR assays.

MD studies were carried out on both the compound/CMK and the cyclic peptide/CMK complex. Predicted
binding free energies, according to the MMGBSA protocol, as well as the important residues for the complex
interaction, were described. Predicted binding free energies suggest a major affinity of the compounds
(compound and cyclic peptide) than the CMK monomeric partner to the complex formation.

The data presented here indicate that both the constrained peptides and the pharmacophore-directed virtual
screening approaches are reliable strategies for identifying molecules that bind to the CMK interface.
Furthermore, this work also corroborates the possibility of including some wet spots into a pharmacophore
hypothesis. These strategies can contribute to reduce time in discovering new drug compounds and point out the
profitable interconnectivity between experimental assays and molecular modeling methods. Both the 7H-
furo[3,2-g]chromen-7-one derivative and the designed cyclic peptide can be considered as the first step into
designing drugs targeting CMK. We expect to expand this strategy to other protein of the MEP pathway of

pathogenic organisms, such as malaria, tuberculosis and other infectious diseases.
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Resumen

El cuarto paso de la ruta MEP de biosintesis de isoprenoides esta catalizado por la CDP-ME quinasa (CMK) que
pertenece a la familia GHMP de proteinas. Esta enzima ha sido aislada y caracterizada de un gran numero de
especies bacterianas y, a pesar de ello, su estado oligomérico presenta algunas dudas. La informacion
cristalografica proveniente de diferentes especies presenta controversia ya que ha sido caracterizada como
monomérica en bacterias termofilicas y dimérica en E.coli. En este trabajo se ha reinvestigado el estado
oligomérico de la CMK recombinante de E.coli, la cual, presentd una mezcla de especies oligoméricas siendo la
monomérica la predominante segun ensayos de cromatografia de exclusion molecular, geles nativos de
poliacrilamida y dispersion dindmica de luz. Estas especies oligoméricas mostraron un equilibrio dindmico
segun experimentos de cromatografia de exclusion molecular y uniéon quimica cruzada. Las especies
monoméricas de la CMK de E.coli presentaron actividad enzimatica en unos valores similares a los descritos
para la mezcla de especies. Ademas, moléculas especialmente disefiadas para impedir las interacciones proteina-
proteina en la formacion del dimero de la CMK de E.coli no mostraron un efecto significativo sobre la actividad
enzimatica. Todos estos resultados sugieren que las especies monoméricas de la CMK de E.coli son

enzimaticamente activas y que su estado dimérico no es necesario para la actividad enzimatica in vitro.
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ABSTRACT

The fourth step of the MEP pathway of isoprenoid biosynthesis is catalyzed by CDP-ME kinase (CMK), a
member of the GHMP kinase family of proteins. Although the enzyme has been isolated from a number of
bacterial species and charactherized its oligomeric state is still ill-defined. Crystallographic data for the enzyme
from different organisms are controversial with CMK from thermophilic bacteria being reported as monomeric
and E.coli CMK described as dimeric enzyme. In this paper we have re-investigated the oligomeric state of the
recombinant CMK from E.coli and showed that it exists as a mixture of oligomeric species being the monomeric
the most prevalent according to size-exclusion chromatography, native-PAGE and dynamic light scattering
analysis. According to size-exclusion chromatography and chemical cross-linking experiments a dynamic
equilibrium exists among the different oligomeric species of the enzyme. In addition, the monomeric E.coli
CMK was shown to be active and exhibited an enzyme activity similar to the previously described for the
enzyme. Molecules that were specifically designed to disrupt the protein-protein interaction of the E.coli CMK
homodimer displayed no inhibitory effects on the enzyme activity. These results suggest that E.coli CMK
monomeric species are enzymatically active and that a homodimeric state is not necessary for the enzyme

activity.
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INTRODUCTION

Isoprenoids are one of the largest families of compounds in nature (Sacchettini and Poulter 1997) comprising
widespread biological functions. Isoprenoids are derived from two universal five-carbon building blocks,
isopentenyl diphosphate (IPP) and dymethylallyl diphosphate (DMAPP). These five-carbon building blocks are
synthesized from the mevalonate (MVA) pathway or the 2-C-methyl-D-erythritol 4-phosphate (MEP). The MVA
pathway is present in animals, yeast and some bacteria, while the MEP pathway is present in eubacteria,
cyanobacteria and protozoa. Interestingly, both MVA and MEP are present in plants (for reviews, (Eisenreich,
Schwarz et al. 1998; Lichtenthaler 1999; Rohmer 1999)). The MEP pathway, starting from glyceraldehyde 3-
phosphate and pyruvate, is used by many pathogens such as Mycobacterium tuberculosis (Boucher and Doolittle
2000) and Plasmodium falciparum (Jomaa, Wiesner et al. 1999) and is absent in humans. Efforts to combat
pathogenic diseases are hampered with the emergence of multidrug resistance (MDR) in pathogenic organisms.
The identification of new targets for drug-design is a mandatory way to overcome the MDR problem and, given
the charactheristics of the MEP pathway, it becomes an attractive druggable pathway.

The fourth step of the MEP pathway is an ATP-dependent phosphorylation of the 2-OH group of 4-(cytidine 5-
diphospho)-2C-methyl-D-erythritol (CDP-ME) into CDP-ME 2-phosphate (Kuzuyama, Takahashi et al. 2000;
Luttgen, Rohdich et al. 2000; Rohdich, Wungsintaweekul et al. 2000) through the action of the CDP-ME kinase
(CMK or IspE). CMK is a Mg-cation dependent kinase belonging to the GMHP kinase superfamily (Bork,
Sander et al. 1992; Bork, Sander et al. 1993) (namely for galactokinase, mevalonate kinase, homoserine kinase
and phosphomevalonate kinase members). The fold of this group of kinases consist of two a+f domains, with
the active site located between the two domains. In this group, the N-terminal domain contains two 3 sheets and
four a helices and the C-terminal domain is a ferredoxin-like core with four additional a-helices (Cheek, Zhang
et al. 2002). This family of kinases has three conserved motifs (Fig. 1). Motif I is located in the N terminus and
contains seven well conserved amino acid residues. Motif II (or P-loop) is involved in the nucleotide binding and
has a conserved PXXXGSSAA sequence, which is structurally different from the prototypical Walker A motif
and displays a different orientation of the ATP. Motif III is a small glycine-rich loop which interact with the
substrate that is phosphorylated (Andreassi and Leyh 2004). Although the sequence identity of proteins within
this family of kinases is relatively low (10-20% among those for which structural information is available in the
Protein Data Bank, PDB), they share a very similar structural scaffold (Co RMSDs range from 2.6 to 4.0 A)
(Andreassi and Leyh 2004), suggesting the same evolutionary origin from a small kinase protein.

Crystal structure of Escherichia coli CMK (EcCMK) reveals a dimeric protein with only 4% of the surface area
involved in the dimer interface (Miallau, Alphey et al. 2003). The dimer is stabilized by hydrophobic interactions
between the side chains of Tyr25 and Lys76 of the partner, with hidrogen bonds donated from the amide of
Gly87 to the carbonyl of Ala22 of the partner, salt bridges between Arg21 of one subunit with Asp-80 of the
partner (Miallau, Alphey et al. 2003) and numerous solvated-mediated interactions (Gimenez-Oya, Villacanas et
al. 2009). Furthermore, the homodimeric state of the EcCMK was reported by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, size-exclusion chromatography (Miallau, Alphey et al.
2003) and in analytical centrifugation analysis(Gabrielsen, Rohdich et al. 2004). In this study we have re-
examined the oligomeric state of the recombinant EcCMK by different experimental methods. We aport

evidence that EcCMK homodimerization is not required for enzymatic activity.
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Fig 1. Amino acid sequence alignment of CMK from Escherichia coli, Aquifex aeolicus and Thermus thermophilus
with elements of the secondary structure indicated (a-helices, B-sheets and 31y-helices). The three conserved GHMP
motifs are underlined. Alignments were performed with the ClustalW
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and arranged using the GeneDoc program.

Materials and Methods

Materials.

All chemicals were purchased from Sigma unless stated otherwise. MEP was from Echelon Biosciences. CDP-
ME was synthesized in our laboratory as previously described (Bernal, Mendez et al. 2005). Plasmid pQE30
expression vector was from Qiagen. The E. coli DH5a and M15 [pREP4] strains were purchased from Novagen.
Superdex 75, Superdex 200 and HiTrap chelating HP colums were from GE Healthcare.

Cloning of the iSpE gene from E. coli

The coding region of the ISPE gene (815bp) from E.coli genome was amplified by PCR and subcloned into the
pQE30 plasmid as previously described (Bernal, Mendez et al. 2005). The construct obtained pQE30-EcIspE
allows the production of a recombinant protein in E. coli with a N-terminal extension including six histidine
amino acid residues.

Preparation of recombinant E. coli CDP-ME kinase

The pQE30-EclspE construct was used to transform competent E. coli M15 [pREP4] cells. Bacterial cells were
grown in LB medium supplemented with 100 pg/ml ampicillin and 25 pg/ml kanamycin. The culture was
incubated at 37°C with vigorous shaking. At an optical density (600 nm) of 0.5~0.6, IPTG was added to a final
concentration of 1mM, and the culture was further incubated at 25°C for 12 h. Cells were harvested by
centrifugation and cell pellets were thawed and re-suspended in lysis buffer (40 mM Tris-HCI, pH 8.0,100 mM
NaCl,10 mM imidazole) containing 1 mg/ml lysozyme. The mixture was incubated at 4°C for 20 min and

subsequently sonicated (5 x 30s bursts with 1min cooling in melting ice). The crude lysate was centrifuged at
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13,000g at 4°C for 20 min to remove cellular debris. The supernatant was loaded on a HiTrap chelating HP
column (GE healthcare) pre-equilibrated with lysis buffer. The recombinant His6-CDP-ME kinase was eluted
with an imidazole concentration gradient (from 10 mM to 500mM). The fractions containing the recombinant
enzyme were 95% pure as judged by SDS—polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie brilliant blue R-250 staining. CMK preparations were desalted by filtration on disposable Sephadex
G-25 columns (GE Healthcare) equibrated in 40mM Tris—HCI buffer, pH 8.0, containing 0.1M NaCl, distributed
into aliquots, snap-frozen with liquid N, and stored at -80°C until use. Protein concentration was measured by
the method of Bradford (Bradford 1976) using bovine serum albumin as standard.

MALDI-TOF mass spectrometry

Samples were mixed with a CHCA matrix (1:1) (0-ciano-4-hydroxycinnamic acid, Aldrich) solution (10mg/mL)
in acetonitrile/H20 (1/1, v:v). One ul of the mix was overlaid into the MALDI-TOF plaques and were dried
using the dried doplet method (Karas and Hillenkamp 1988). MALDI-TOF mass spectra were recorded in a 4700
Proteomics Analyzer instrument (Applied Biosystems). Acquisition of mass spectra was performed in the MS
reflector positive-ion mode. Typical parameters were set to source and grid voltages 20 and 14kV, respectively,
power laser from 5200 to 5800, signal/noise threshold 5, and noise windows width of 50.

Native gel electrophoresis

The native molecular mass of ECCMK was evaluated using nondenaturing electrophoresis. Protein standards
were o-lactalbumin (14.2 kDa), carbonic anhydrase from bovine erythrocytes (29 kDa), chicken egg albumin (45
kDa), bovine serum albumin (monomer, 66 kDa, and dimer, 132 kDa) and urease from Jack bean (trimer,
272kDa, hexamer, 542kDa). Proteins were electrophoresed on a set of nondenaturing gels with polyacrylamide
concentrations of 5, 6, 7, 8, 9, or 10%, respectively. The tracking dye was xylidine Ponceau. Proteins were
stained with Coomassie blue R-250. The relative mobility (Rf) of the protein was determined by the distance of
the protein migration relative to the tracking dye migration. A value of 100 [log (Rf x 100)] for each protein was
plotted against the percent concentration of polyacrylamide (Shi, Feng et al. 2007). The line of these values was
determined obtaining the slope for each protein (mass). The negative slope obtained for each protein was then
plotted against the native molecular masses of protein standards to produce a linear log/log plot from which the
molecular mass of ECCMK was extrapolated.

Size exclusion chromatography

The oligomeric state of the recombinant EcCMK was studied by analytical size exclusion chromatography
(Superdex 75 and Superdex 200 columns (10 x 300 mm), GE healthcare) using a FPLC system (AKTA system,
GE healthcare) at a flow rate of 0.4 ml/min at room temperature. Recombinant EcCCMK was loaded on both
Superdex 75 and Superdex 200 size exclusion chromatography columns (GE healthcare) pre-equilibrated with
buffer (40 mM Tris-HCI, pH 8.0, 100 mM NaCl) and calibrated with aldolase (158 kDa), conalbumin (75kDa),
ovalbumin (45 kDa), carbonic anhydrase (29 kDa) and ribonuclease (13.5 kDa) as standard proteins. The relative
amount of each oligomer was measured by integration of the area under the curve (absorbance at 280 nm).
Dynamic light scattering

The oligomerization state of ECCMK was also analyzed by Dynamic Light Scattering (DLS) experiment using a
Zetasizer Nano-S instrument with a termostated cell at 4°C (Malvern Instruments). DLS is used to measure

hydrodynamic sizes, polydispersion and aggregation effects of protein samples.
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Formaldehyde cross-linking experiments

The buffer of the purified ECCMK was exchanged for a non-nucleophile buffer (S0mM Hepes pH 8.0, 100mM
NaCl) by the protein desalting spin columns (Pierce). Formaldehyde was added to reach a final concentration of
50mM and incubated for various times at room temperature. Aliquots were mixed with SDS-PAGE loading
buffer to stop the cross-linking reaction and boiled for 5 min. Samples were analysed by 10% SDS-PAGE.
Enzyme activity determinations

CMK catalyzes the phosphorylation of CDP-ME to form CDP-MEP using ATP as a phosphate donor. Enzyme
activity was assayed by using a previously described spectrophotometric assay (Bernal, Mendez et al. 2005). In
the method, the product ADP is used as a substrate by a coupled enzyme system formed by pyruvate kinase and
lactate dehydrogenase (PK/LDH). Reaction progress can be followed by a decrease in absorbance at 340nm due
to the oxidation of NADH in the last coupled reaction step. Enzyme assays were conducted at 25°C in a 96-well
plate system The standard assay system contained 100 mM Tris-HCI, pH 8.5, 20 mM KCl, 10 mM MgCl,, 0.45
mM NADH, 4 mM phosphoenolpyruvate, | mM CDP-ME, 8 U pyruvate kinase, 9 U lactate dehydrogenase and
1 pg EcCMK. The assay mixtures were incubated at 25°C, the reaction was started adding ATP to 2mM and
monitored photometrically at 340 nm using a microtiter plate reader (BenchMark plus, Bio-Rad).

To test the inhibitory effect of different compounds on the EcCMK activity, assay mixtures were prepared as
described above and the compounds were added to the assay solutions (final concentration varied from 10-1000
puM). The reaction was started by addition of ATP and monitored at 340 nm. Five and six replicates were done at
each concentration for each compound (two small molecules and a cyclic peptide).

Drawings

Figures depicting complex structures were constructed with the Visual Molecular Dynamics (VMD) molecular
graphics software (Humphrey, Dalke et al. 1996). Ca superimpositions were done with the root mean square

deviation (RMSD) calculator tool implemented in VMD.
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Results

Overexpression in E. coli and purification of ECCMK.

The recombinant plasmid pQE30-EcISpE was used for the overexpression of EcCMK in E. coli M15 [pREP4]
cells. To obtain high levels of soluble ECCMK induction was carried out with 1mM IPTG at 25°C for 12 h. The
N-terminal fusion of a six-histidine tag allowed the purification of the recombinant ECCMK to homogeneity in
one step by nickel affinity chromatography. The overall yield of the purified protein was 21mg from 1 L culture
medium. On SDS-PAGE, the purified EcCMK appeared as a single band with an apparent molecular mass of
31kDa (Fig. 2 left). The molecular mass was more accurately determined by mass spectrometry (Fig. 2 right).
The measured mass is 34267.7 Da, which is consistent with the theoretical mass prediction of the protein (the

calculated mass, 30973 Da plus the N terminal tag that includes the 6 histidine amino acid residues).

kDa Mass specirometry

50 — W 342677 | 3493
40

I

30397.2 37197.0
Mass (mfz}

Fig 2. Determination of molecular mass by SDS-PAGE (left) or mass spectrometry (right). Lane M, molecular mass
marker; lane 1, purified recombinant EcCCMK.

Determination of the oligomerization state of ECCMK.

Native gel electrophoresis

The quaternary structure of EcCMK was analysed by nondenaturing polyacrylamide gel electrophoresis. As
shown in Fig 3A, EcCMK preparations showed by Native-PAGE one major band with a slope of 5.42 in the set
of nondenaturing gels, which corresponds to a molecular mass of 31 kDa. Only weak traces of upper higher
molecular weight bands were found in 10% polyacrilamide nondenaturing gels. Except this, nondenaturing gels

indicated that the most of the recombinant ECCMK migrated like a monomeric protein.
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Fig 3. Estimation of the native molecular weight of ECCMK. (A) EcCMK and standard proteins were analyzed by
polyacrylamide gel electrophoresis under nondenaturing conditions in gels of different polyacrylamide concentration.
A nondenaturing electrophoresis gel with 6% polyacrylamide is presented. Lane 1 o-lactalbumin (14.2 kDa), lane 2
carbonic anhydrase (29 kDa), lane 3 chicken egg albumin (45 kDa), lane 4 bovine serum albumin (monomer, 66 kDa,
and dimer, 132 kDa), lane 5 urease (trimer, 272kDa, hexamer, 542kDa) and lane 6, EcCCMK. (B) A plot of the
negative slopes versus the known molecular weights of the standards, from which the molecular weight of EcCCMK
was determined to be 31kDa.

Size-exclusion chromatography

Recombinant ECCMK was also analysed by size-exclusion chromatography through Superdex 200 and Superdex
75. Fig. 4.A shows a representative chromatogram obtained by Superdex 200 chromatography. Two major peaks
eluting at 15.4 and 13.5 ml are shown which correspond to molecular masses of 33.5 and 76 kDa and which are
consistent with monomeric and dimeric species, respectively. Interestingly, the major peak corresponded to the
monomeric form of the enzyme. In all chromatographic separations performed peaks that would correspond to
higher oligomeric species were detected though at low amounts. The proportion of these minor peaks was shown
to inversely correlate with the protein concentration of the ECCMK loaded to the column. The relative amount of
each oligomer was measured and the monomer/dimer ratio was shown to vary from 2.5 to 7.5. When fractions of
the monomeric species were collected, kept at 4°C overnight and reloaded onto a Superdex200 column, a
substantial amount of the protein was shown to elute as a dimeric species (Fig. 4B). Similarly, a fraction of the
dimeric EcCCMK samples also eluted as a monomeric species after being collected, kept at 4°C overnight and

reloaded (Fig.4C). These results indicate that monomeric and dimeric species are interchangeable and suggest

that they are in a dynamic equilibrium as described for other proteins (D'Autreaux, Pecqueur et al. 2007).
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Fig 4. A.Analysis of EcCCMK oligomeric state by size-exclusion chromatography. Two major peaks are indicated by arrows
in the chromatogram. Recombinant ECCMK was loaded onto a Superdex 200 (10 x 300mm) pre-equilibrated with 40 mM
Tris-HCl, pH 8.0, buffer containing 100 mM NacCl at a flow rate of 0,4ml/min. The inset shows the plot of molecular weight
versus elution time of the following protein standards: aldolase (158 kDa), conalbumin (75kDa), ovalbumin (45 kDa),
carbonic anhydrase (29 kDa) and ribonuclease (13.5 kDa). B. Fractions of the peak corresponding to the monomeric EcCCMK
were kept at 4°C overnight and reloaded onto a Superdex 200. The chromatogram shows the appearance of a peak
corresponding to the dimeric EcCMK size. C. Fractions of the peak corresponding to the dimeric EcCMK kept at 4°C
overnight and reloaded onto a Superdex 200. The chromatogram shows the appearance of a peak corresponding to a
monomeric state of the enzyme.

Dynamic light scattering

In dynamic light scattering (DLS) experiments most of the recombinant EcCMK present in the purified
preparations was shown to be in monomeric form although samples showed a high polidispersity. After
separation by size-exclusion chromatography fractions corresponding to the monomeric EcCCMK (15.4ml-peak)

appeared as monomeric and monodisperse whereas fractions from the 13.5ml-peak presented polidispersity.

Cross-linking experiments

Chemical cross-linking carried out with formaldehyde and subsequent SDS-PAGE was used to assess the
oligomeric state of the ECCMK in solution (Fig.5). In the absence of the cross-linking reagent, ECCMK appears
as a major band at 34 kDa. After 15 minutes of reaction, a thin band of about 70 kDa, corresponding to the
dimeric size of the ECCMK, was observed although most of the protein still remained as a 34 kDa species. As
the cross-linking reaction was progressing other higher oligomeric species appeared although their cross-linking

rate was found relatively slow.
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Fig 5. Formaldehyde cross-linking experiment. ECCMK was cross-linked with 50mM formaldehide for 15, 30, 60,
120 minutes and overnight, and then analyzed by SDS-PAGE. Comassie staining reveals a progressive transition of
monomeric to dimeric or higher-oligomeric species.

Enzymatic activity determinations

Determination of the CDP-ME kinase activity of the monomeric species of ECCMK

Purified EcCMK preparations were separated into monomeric and dimeric species by Superdex75 size-exclusion
chromatography and assayed for enzyme activity. Two peaks corresponding to a molecular mass of 36.4 and
62.8 kDa, respectively, were eluted. The major peak corresponded to the monomeric species and accounted for
83% of the total protein. Protein concentration from fractions corresponding to the monomeric species were
measured by the method of Bradford (Bradford 1976). The CDP-ME kinase activity of the major peak was
measured spectrophotometrically using a PK/LDH coupled assay (Bernal, Mendez et al. 2005). An activity of
3.592 (£0.008) umoles min"' mg™" was obtained for these monomeric enzyme preparations which was similar to
the specific activity previously reported for the purified recombinant ECCMK described by Bernal et al 2005
containing all the different oligomeric species of the enzyme. It is important to note that the fractions used to
determine enzyme activity of the monomeric ECCMK were also analyzed by DLS at equal timepoints and were
shown to be monomeric and monodisperse by this thecnique. These results demonstrate that monomeric ECCMK

is enzymatically active and suggest that no oligomeric forms are needed for enzymatic activity.

Inhibitory assays of molecules designed to disrupt the protein-protein interactions of the

EcCMK homodimer complex

The effect of small molecules designed to disrupt the protein-protein interaction zone of the EcCCMK homodimer
complex on the CMK enzyme activity was also studied. Two small molecules derived from a pharmacophore-
directed virtual screening approach and one cyclic peptide which mimicked the protein-protein interaction (PPI)
zone of the ECCMK homodimer were assayed (Fig 6). These compounds were designed to disrupt the protein-
protein interactions of the ECCMK homodimer. Compound A is a small molecule and was obtained through a
virtual screening approach including one protein-protein interaction, three hydrophobic interactions and one
solvent-mediated interaction into the pharmacophore hypothesis. Compound B is also a small molecule and was

obtained improving the previous pharmacophoric hypothesis to include two more solvent-mediated interactions.
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Compound C is a cyclic peptide that mimicks the loop between amino acid residues 20 and 27 of the ECCMK

implicated in the interaction of the homodimer complex (Miallau, Alphey et al. 2003).

These three molecules were shown to bind to recombinant ECCMK according to intensity-fading MALDI-TOF
MS (Compound A) (Gimenez-Oya, Villacanas et al. 2009) or surface plasmon resonance (Compound B and
Compound C) (Gimenez-Oya 2009). The predicted binding free energies for the complex of either compound B
or C were lower than the predicted value for the CMK homodimer complex. Nevertheless, as shown in fig.7,

none of these compounds showed an inhibitory effect on the CMK activity. These results reinforce the

hypothesis that ECCMK homodimerization is not required for enzymatic activity.

Fig 6. A. 2D structure of compound A. B. 2D structure of compound B. C. Scheme and sequence of compound C.

CMK activity (%)

Fig 7. CMK activity of EcCMK in presence of compounds designed to disrupt ECCMK subunit interactions. The
activity is represented in % values compared to a control without any compound. Average activities in presence of the
compound A, compound B and compound C are represented with diamonds, squares and triangles, respectively.
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Discussion

Even though EcCMK has been described as a dimeric protein (Gabrielsen, Bond et al. 2004), the size-exclusion
chromatography experiments carried out in this study with purified preparations of the enzyme showed that they
contain a mixture of species being the monomeric species the most abundant forms. The presence of monomeric
and oligomeric species, in addition to results obtained by native-PAGE and dynamic light scattering experiments
reinforce the idea of a dynamic oligomeric equilibrium. The oligomeric status may depend on diverse factors.
One factor that can affect the oligomeric status is the concentration of salt. Size-exclusion chromatography
experiments carried out in this study were performed at mild salt concentration (0.1M NaCl) while in other
papers where ECCMK was described as dimeric (Gabrielsen, Rohdich et al. 2004) a higher concentration of salt
(0.3M) was used. This idea is consistent with the characterization of the homologue CMK of Thermus
thermophilus as monomeric protein in solution in size-exclusion chromatography experiments performed in
columns equilibrated in a buffer containing 0.15M of NaCl (Wada, Kuzuyama et al. 2003). Despite CMK of
Aquifex Aolicus was also described as a monomeric protein in solution no information about NaCl used in size-
exclusion chromatography experiments was provided (Sgraja, Alphey et al. 2008). The fact that other
experimental conditions can influence the oligomerization of the CMK cannot be ruled out as has been reported
for other enzymes.

Previous work on EcCMK using molecular mechanics generalized born surface area (MMGBSA) determined a
high value of the binding free energy of the homodimer complex compared to other dimeric proteins (Gimenez-
Oya 2009). This high value attributed to the lower surface of interaction between the EcCMK monomers
suggests a labile homodimer interaction and is consistent with the dynamic equilibrium that was observed in the
size-exclusion chromatography experiments carried out in this study.

Only minor differences were found among the X-ray structure from three homologues: Escherichia coli
(Miallau, Alphey et al. 2003), Thermus thermophilus (TtCMK) (Wada, Kuzuyama et al. 2003) and Aquifex
aeolicus (Sgraja, Alphey et al. 2008). Superpositions of C, between EcCMK and AaCMK (Fig. 8) showed a
RMSD value of 1.6A and a Z-value of DALI server (Holm and Sander 1996) of 29.1 (Sgraja, Alphey et al.
2008). Amino acid residues similar to those involved in the salt bridge-stabilizing protein-protein interaction in
EcCMK were also found in AaCMK and in TtCMK. One possibility is that the orientation of these residues do
not support the dimeric conformation. No allosteric changes were highlighted in the dimeric ECCMK compared

to the monomeric TtCMK.
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Fig 8. Ca overlay of AaCMK (PDB number= 2V8P) and EcCMK (PDB number= 1jo4) marked in new ribbons mode
implemented in VMD visualisation software (Humphrey et al 2005). AaCMK is shown in blue and EcCMK is shown
in red. CDP-ME and ATP are shown in yellow and white from AaCMK and EcCMK, respectively.

EcCMK monomeric species displayed similar activity values to the ones reported for the mixture of EcCMK
oligomeric species. This result suggests that monomers are enzymatically active and that both monomeric and
dimeric species can contribute to the CMK activity. Furthermore, no inhibitory effects were found when CMK
activity was assayed in the presence of compounds designed to disrupt the protein-protein interface of the
EcCMK homodimer.

The EcCMK catalytic center is located in a deep cavity near the interface of the cofactor and substrate-binding
domains for ECCMK (Miallau, Alphey et al. 2003). Lys10 and Asp141 amino acid residues are involved in the
hydrogen-bonding interactions which polarizes the hydroxyl group of the substrate, in the base to generate the
O2M nucleophile and stabilize the transition state. All amino acid residues involved in the catalytic site or in the
ATP or CDP-ME binding domains were described within the same monomer, indicating that monomeric
conformation is sufficient for enzymatic activity. This is consistent with the monomeric status of some CMK
homologues described to date.

Members of the GHMP superfamily share the characteristic two o+f fold domains with three conserved motifs
(Cheek, Zhang et al. 2002). These three conserved motifs are involved in the interaction with the substrates and
the cofactor. Interactions between substrates-residues involved in the conserved motifs are described from a
single polypeptide chain in GHMP proteins (even for those reported as dimeric). Furthermore, the catalytic
center is distant from the dimer interface, suggesting no cross-interaction within partners in the enzymatic
activity. Oligomeric status of the GHMP proteins is a controversial issue that can also be observed surveying X-
ray structures of GHMP members involved in isoprenoid five-carbon building blocks biosynthesis; mevalonate
kinases (MVK), phosphomevalonate kinases (PMVK) and mevalonate 5-diphosphate decarboxylases (MDD).
Despite Streptococcus pneumoniae, Rattus norvergicus and Homo sapiens MVK were described as homodimer
complexes in solution and in their corresponding X-ray structure (Fu, Wang et al. 2002; Andreassi and Leyh
2004; Fu, Voynova et al. 2008), other homologues such as Leishmania major MVK was charactherized as a
monomer in solution (Sgraja, Smith et al. 2007). On the other hand, Methanococcus jannaschii MVK was

described as a dimer in solution but was found to be a monomer in the X-ray structure (Yang, Shipman et al.
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2002).

Crystal structures of Trypanosoma brucei, Sthapylococcus aureus and Saccharomyces cerevisiae MDD were
found to be dimeric, however, in size exclusion chromatography and sedimentation assays (Byres, Alphey et al.
2007) T. brucei MDD was reported as a monomeric enzyme and S. aureus MDD was found to be dimeric.
Interestingly, S. cerevisiae MDD was found to be dimeric in sedimentation assays and in crystal structure, but as
described in this paper for ECCMK, displayed a mixture of dimeric and monomeric species in size-exclusion
experiments (Byres, Alphey et al. 2007). In both MDDs and EcCMK, the dimeric interface includes hydrophobic
clusters of residues with two stabilizing salt-bridges and a numerous solvent-mediated interactions. The stability
of the MDDs dimer depends on the surface area of the dimeric interface as well as the stabilizing salt-bridges.
Other members of the GMHP superfamily are galactokinase and homoserine kinase. The Lactococcus lactis
galactokinase was described as a monomer in solution which was in accordance with the X-ray structure
(Thoden and Holden 2003). The H. sapiens and S. cerevisiae galactokinases were reported to be monomeric in
solution (Timson, Ross et al. 2002; Timson and Reece 2003), but were described as homodimers when their
corresponding structures were resolved (Thoden, Sellick et al. 2005; Thoden, Timson et al. 2005). This
difference in the oligomeric state was postulated to be due either to a possible crystalline packing or the
unknown in vivo state of the protein (Thoden, Timson et al. 2005).

Variability in the oligomeric state is common in the GHMP kinase superfamily (table 1), however, dimerization
does not to appear to influence catalysis. It is in accordance with this, that the active site remains distant from the
dimer interface and is composed from a single monomer. Furthermore, no evidence for allosteric regulation has
been obtained for the members of the GHMP kinase family. Despite the possibility that the oligomeric state of
the EcCMK could be affected by the salt concentration in solution, other possibilities should be explored such as
in vivo protein instability of the different oligomers. Interestingly, the MVK I268T mutant described in a
hyperimmunoglobulinemia D/periodic fever syndrome (HIDS) patient showed <50% of MVK protein than
controls, suggesting that mutations in important residues implicated in the dimer formation are causative of the
protein instability (Hinson, Ross et al. 1999; Fu, Wang et al. 2002). Other possibility is that oligomeric CMK
could facilitate the metabolic flux by interacting with other enzymes of the MEP pathway. Even though EcCMK
has been reported to interact with EclspF, data regarding formation of metabolite channeling in the MEP

pathway are also controversial (Gabrielsen, Bond et al. 2004; Lherbet, Pojer et al. 2006).

Conclusion

Despite EcCCMK has been previously described as homodimeric protein, the experiments described in this paper
clearly demonstrate that purified preparations of the recombinant enzyme exist as a mixture of oligomeric and
monomeric species being the last the most prevalent. This has been shown by three different experimental
methodologies: size-exclusion chromatography, native-PAGE and dynamic light scattering (DLS). Under the
experimental conditions used the ECCMK monomeric species were active and exhibited similar CMK activity
values than the previously reported for purified mixture of species. Molecules that were designed to disrupt the
protein-protein interaction of the CMK homodimer displayed no inhibitory effects. These results indicate that as
described for other enzymes of the GHMP kinase superfamily ECCMK homodimerization is not required for

enzymatic activy.
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Protein

Organism

X-ray structure’

Solution?

CDP-ME kinase

Escherichia coli

Thermus
thermophilus

Aquifex aeolicus

dimeric (Miallau 2003, 10j4)

monomeric (Wada 2003, 1uek)

monomeric (Sgraja 2008, 2v2z )

dimeric (Analytical ultracentrifugation (Gabrielsen 2004),
Size-exclusion (Miallau 2003)), mixture of monomeric and
dimeric species (Size-exclusion (in this paper))

monomeric (Size-exclusion (Wada2003))

monomeric (Analytical ultracentrifugation, Size-exclusion
(Sgraja2008))

Mevalonate kinase

Streptococcus
pneumoniae
Rattus norvegicus

Homo sapiens

Methanococcus
jannaschii
Leishmania major

dimeric (Andreassi 2007, 20i2)

dimeric (Fu2002, 2r42)
dimeric (Fu 2008, 2r3v)
monomeric (Yang 2002, 1kkh)

dimeric (Sgraja 2007, 2hfu)

dimeric (Size-exclusion (Andreassi 2004))
dimeric (Fu 2002)

dimeric (Fu 2008)

dimeric (Size-exclusion (Huang 1999))

monomeric (Analytical ultracentrifugation, Size-exclusion
(Sgraja2007))

Phosphomevalonate ~ Streptococcus monomeric (romanowski 2002, monomeric (Size-exclusion (romanowski 2002)
kinase pneumoniae 1k47)
Mevalonate5- Trypanosoma dimeric (Byres 2007, 2hke) monomeric (Analytical ultracentrifugation, Size-exclusion
diphosphate brucei (Byres2007))
decarboxylase
Sthapylococcus dimeric (Byres 2007, 2hk2) dimeric (Analytical ultracentrifugation, Size-exclusion
aureus (Byres2007))
Saccharomyces dimeric (Bonnano 2001, 1fi4) dimeric (Analytical ultracentrifugation(Byres2007)), mixture
cerevisiae of monomeric and dimeric species (Size-exclusion
(Byres2007))
Homo sapiens dimeric (Voynova 2008, 3d4j)
Rattus norvegicus tetrameric (Bhat 1980)
Galactokinase Lactococcus lactis monomeric (Thoden 2003, 1pie)

Homo sapiens

Saccharomyces
cerevisiae
Pyrococcus
furiosus
Escherichia coli

Vicia faba sedes

dimeric (Thoden 2005, Iwuu)
dimeric (Thoden 2005, 2aj4)

monomeric (nine independent
chains, Hartley 2004, 1s4e)

monomeric (Size-exclusion (Timson2003))

monomeric (Size-exclusion (Timson2002))
monomeric (Hartley 2004)

monomeric (Analytical ultracentrifugation (Wilson 1969)

dimeric (Size-exclusion (Dey 1983)

Homoserine kinase

Methanococcus
jannaschii
Saccharomyces
cerevisiae
Escherichia coli

monomeric ( four independent monomers in monoclinic crystals and one monomer in tetragonal

crystals (Khrisna 2001), 1h72)

dimeric (Size-exclusion (Manhaupt 1990))

dimeric (Size-exclusion (Burr 1976))

XOL-1

Caenorhabditis
elegans

dimeric or tetrameric (Luz 2003,
1mg7)

monomeric (Size-exclusion (Luz 2003))

Shikimate kinase

Methanococcus
jannaschii

dimeric (Size-exclusion (Daugherty 2000)

Table 1. Oligomeric characterization of proteins of the GHMP superfamily. Results were obtained either from
crystallographic data(l) or in solution (2) from purified preparations. X-ray structure schedule shows oligomeric
state, bibliographic reference and PDB id. In solution schedule shows oligomeric state, technique used and reference.
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Resumen:

La enzima 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS) cataliza el primer paso limitante en la ruta del
metileritritol fosfato de biosintesis de isoprenoides y, a su vez, es un paso crucial en la ruta de sintesis de tiamina
en bacterias. Se ha identificado el marco abierto de lectura TM_1770 como posible gen dxs. La transformacion de
una cepa de E.coli defectiva para el gen de la dxs, con vectores de expresion que codifican para TM_1770 resulto
en un rescate de esta auxotrofia. La proteina recombinante conjugada a una cola carboxiterminal de 6 His mostro
una temperatura Optima para la actividad DXS a 70°C con una cinética tipica de Michaelis-Mentem. La
composicion aminoacidica de TmDXS fue comparada con otras DXS de organismos termofilicos y mesofilicos
para poder identificar los rasgos que sustentan el caracter termofilico de la enzima. Uno de ellos se presenta
mediante el incremento de residuos cargados en detrimento de pequefios residuos polares no cargados presente en
otras DXS termofilicas. Todos los residuos caracterizados en otras DXS importantes para la estabilizacion, unién
al sustrato y catalisis se han encontrado conservados en TmDXS. Un ejemplo es el residuo His en la posicion 35
que, por mutagénesis dirigida, se ha caracterizado como crucial en la actividad enzimatica de TmDXS de igual
manera que el residuo homologo His 49 de E.coli DXS que participa en la transferencia de protones durante la

catalisis enzimatica.
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Abstract

I-deoxyxylulose-5-phosphate synthase (DXS) catalyzes the first, rate-limiting step in the methylerythritol
phosphate pathway of isoprenoid biosynthesis, as well as a crucial step in the “de novo” thiamine biosynthesis in
most bacteria. The Thermotoga maritima open reading frame (ORF) TM_1770 was identified by comparative
sequence analysis as a putative dxs gene. Transformation of E.coli cells blocked in the dxs gene with expression
vectors harboring TM 1770 resulted in a rescue of the auxotrophy showing that the gene is able to replace the
endogenous dxs E. coli gene. These results were confirmed by producing the recombinant protein in E. coli and
carrying out functional assays. The recombinant protein, TmDXS comprising 608 amino acid residues conjugated
with a C-terminal 6 His tag, displayed an optimum DXS activity at 70°C and showed a normal Michaelis-Mentem
kinetics. The amino acid composition of TmDXS was compared with those of other thermophillic and mesophillic
microorganisms in order to identify thermostability traits. The ratio of charged versus polar non-charged amino
acid residues were higher in TmDXS than in DXS from mesophilic bacteria and similar to the ratios obtained for
the enzyme from other thermophilic organisms. All the amino acid residues described in other DXS to be involved
in coenzyme stabilization, substrate binding and catalysis are highly conserved in TmDXS. As an example the
histidine residue at position 35 in TmDXS was shown by site-directed mutagenesis to be a crucial residue as was

found for the homologue histidine 49 of E. coli DXS which is involved in the proton transfer during catalysis.
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Introduction

Isoprenoids are the largest family of natural products that arise over than 35000 different compounds (Penuelas
and Munne-Bosch 2005). All isoprenoids are derived from the same five-carbon precursors, isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Isoprenoids are ubiquitous distributed among all life
kingdoms and have widespread functions, that go from structural components of the membranes, plant hormones
(like gibberelins, abscisic acid..), structural carriers, to secondary metabolism functions associated to defense or
communication in adaptative responses to the environment. For a long time, the synthesis of isoprenoid precursors
was assumed in all the organisms to occur through the classical mevalonate (MVA) pathway from acetyl-CoA
(Spurgeon and Porter 1981). Nowadays, it is known that IPP and DMAPP can be synthesized through a different
set of reactions, the methylerythritol 4-phosphate (MEP) or MV A-independent pathway. The MEP pathway is
present in most eubacteria and some protozoa and is absent in animals and in most of the archaea. Both
biosynthetic pathways are present in plants, although in different cell compartments, while the MVA pathway is
present in the cytosol, the MEP pathway is located in plastids. Moreover, 1-deoxy-D-xylulose 5-phosphate
synthase (DXS) was found as one of the rate-limiting steps of the MEP biosynthetic pathway and the isoprenoid
production in Arabidopsis thaliana (Estevez, Cantero et al. 2001).

DXS catalyzes the first reaction step of the MEP pathway, a transketolase-type condensation involving pyruvate
and glyceraldehyde 3-phosphate to form 1-deoxy-D-xylulose 5-phosphate (DXP) (Lange, Wildung et al. 1998).
This reaction is a thiamine pyrophosphate-dependent acycloin condensation involving C atoms 2 and 3 of
pyruvate and glyceraldehyde 3-phosphate to produce DXP (Sprenger, Schorken et al. 1997). The catalysis of this
type of reaction is due to a secondary activity of the thiamine pyrophosphate cofactor as has been documented on
pyruvate decarboxylating enzymes like the E1 component of the pyruvate decarboxylase complex, which could
transfer the acetaldehyde group from pyruvate to glyceraldehyde 3-phosphate (Sprenger, Schorken et al. 1997).
DXP is the first precursor of the MEP biosynthesis pathway. Furthermore, 1-deoxy-D-xylulose was found to be a
precursor of the “de novo” biosynthesis of the coenzymes thiamine (Sprenger, Schorken et al. 1997) and pyridoxal
(Cane, Hsiung et al. 1998) in Escherichia coli. Thiamine (vitamin B1) and pyridoxol (vitamin B6) are essential
cofactors involved in the catalytic activity of several enzymes.

Since thiamine diphosphate (TPP) was discovered as an active thiamine cofactor diverse metabolic roles were
associated to TPP. Mainly, TPP assists in making and breaking bonds between carbon and sulfur, oxygen,
hydrogen, and nitrogen atoms; and most remarkably, the breaking and making of carbon-carbon bonds (Frank,
Leeper et al. 2007). Although the catalytic activity of the cofactor is well known (Settembre, Begley et al. 2003),
its regulation presents a very intricate and interesting model (Frank, Leeper et al. 2007). DXS is one of the first
enzymes involved in the formation of the TPP hydroxyethylthiazole ring (Frank, Leeper et al. 2007) and it is itself
a TPP-dependent enzyme (Sprenger, Schorken et al. 1997), suggesting a positive feed-back regulation. At the
RNA level, the regulation takes place in the presence of “riboswitches” (Thore, Leibundgut et al. 2006). Findings
in the TPP-dependent enzymes like the mode of regulation (Sudarsan, Barrick et al. 2003), mechanistic catalytic
similarities, and the conservation of the few amino acids that bind to TPP in the TPP-dependent proteins
suggested an early evolutionary origin for this molecule (Frank, Leeper et al. 2007).

Vitamin B6 and all of its vitamers (pyridoxine, pyridoxol, pyridoxine 5-phosphate, pyridoxol 5-phosphate) have
also an essential role in the catalytic activity of many of enzymes including those catalyzing transamination,

decarboxylation, racemization, C,-Cg cleavage and a,B-elimination reactions (Giebel, Cass et al. 1995; Fitzpatrick,
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Amrhein et al. 2007). In E. coli, pyridoxal 5-phosphate (PLP) is synthesized through the condensation of 4-
(phosphohydroxy)-L-threonine and DXP (Laber, Maurer et al. 1999), but in the last years it has been
demonstrated that most organisms (bacteria, fungi and plants) synthesize PLP by DXP-independent pathway
(Garrido-Franco 2003) and the DXP-dependent pathway being present only in a small subset of y-proteobacteria
(Fitzpatrick, Amrhein et al. 2007). The DXP-independent pathway was elucidated in Saccharomyces cerevisiae
(Bean, Dvorachek et al. 2001; Ehrenshaft and Daub 2001), in Cercospora nicotianae (Ehrenshaft, Bilski et al.
1999; Osmani, May et al. 1999), and in the model plant Arabidopsis thaliana (Tambasco-Studart, Titiz et al. 2005;
Titiz, Tambasco-Studart et al. 2006; Wagner, Bernhardt et al. 2006) (for recent review see (Webb, Marquet et al.
2007). The two pathways for PLP synthesis have been found to be self-exclusive in the organisms reported to date
(Garrido-Franco 2003; Tambasco-Studart, Titiz et al. 2005) although, in fact, they are highly similar in structural
and mechanistic terms (Fitzpatrick, Amrhein et al. 2007).

All these characteristics show that DXS can play a crucial role in essential biosynthetic pathways in different
organisms. To date, genes encoding DXS have been cloned and characterized from eubacteria (Sprenger,
Schorken et al. 1997; Lois, Campos et al. 1998; Harker and Bramley 1999; Miller, Heuser et al. 1999; Kuzuyama,
Takahashi et al. 2000; Bailey, Mahapatra et al. 2002; Eubanks and Poulter 2003; Lee, Oh et al. 2007), from plants
(Mandel, Feldmann et al. 1996; Bouvier, d'Harlingue et al. 1998; Estevez, Cantero et al. 2000; Lois, Rodriguez-
Concepcion et al. 2000; Kim, Kim et al. 2005; Alos, Cercos et al. 2006; Gong, Liao et al. 2006; Munoz-Bertomeu,
Arrillaga et al. 2006; Zhang, Li et al. 2008), and highlighted from protozoa (Cassera, Gozzo et al. 2004). Recently,
the X-ray DXS structure from E. coli and Deinococcus radiodurans have been characterized (Xiang, Usunow et
al. 2007). Despite the relatively high number of DXS genes characterized, no one from a thermophilic
microorganism has been reported to date.

Thermotoga maritima is a Gram negative non-spore-forming, rod-shaped bacterium from the order of
Thermotogales. Thermotoga maritima was originally isolated from the Vulcano’s (Italy) geothermal heated
marine sediments (Huber, Langworthy et al. 1986)), and has an optimum growth at a temperature of 80°C. This
bacterium has an evolutionary significance because its phylogeny shows one of the deepest and slowly evolving
lineages in Eubacteria (Achenbach-Richter, Gupta et al. 1987) which has the highest percentage (24%) of genes
that are most similar to archaeal genes (Nelson, Clayton et al. 1999). Furthermore, the gene order conservation of
many of the clustered regions proposes that lateral gene transfer may have occurred between these two kingdoms.
Thermotoga maritima grow with an ability through a fermentative metabolism, as well as a respiratory organism
generating energy in the presence of Fe(IIl) (Vargas, Kashefi et al. 1998) in the presence of low concentrations of
oxygen of up to 0.5% (v/v) (Le Fourn, Fardeau et al. 2008).

The crucial role in essential biosynthetic pathways reported for DXS and the evolutionary importance of
Thermotoga maritima and its thermophilic characteristics led us to consider the characterization of the enzyme
DXS from T. maritima (TmDXS). Moreover, this enzyme offers the opportunity by understanding its divergence

from homolog sequences to study the mechanisms underlying enzyme thermostability.
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Results and discussion

The genome database of Thermotoga maritima was surveyed and a putative gene encoding DXS in TM_1770
(Q9X291) was identified. Other putative genes for the MEP pathway of biosynthesis of isoprenoids precursors
(TmDXR TM 0889, TmlspD TM 1393, TmlspE TM 1383, TmlspF TM 0647, TmlspG TM 0891, TmlspH
TM_1444) and for “de novo” biosynthesis of thiamine were also identified. The putative genes for the
biosynthesis of pyridoxol showed high similarity with the DXP-independent pathway enzymes pDX1 and pDX2
(TmPdxS or YaaD TM_0473 and TmPdxT or YaaE TM_0472). The structure of the enzymes YaaD and YaaE has
recently been elucidated (Zein, Zhang et al. 2006) corroborating the presence of the DXP-independent pathway
for the pyridoxol biosynthesis in T. maritima.

Cloning of the ORF encoding Thermotoga maritima DXS and complementation assay in a DXS-deficient
Escherichia coli strain

In order to characterize the enzyme DXS from Thermotoga maritima, the TM_1770 ORF was cloned into a series
of E.coli expression vectors. Using the published sequence of the ORF TM_ 1770 (Expasy accession number
Q9X291, GenBank accession number AE000512), sets of flanking primers (see table 1) were designed and used
to isolate the full length open reading frame by PCR from the MSBS8 strain genomic DNA. ORF TM 1770
contains 1827 bp and encodes a putative 608 amino acid DXS. TmDXS has 40.8% of identity and 56.5%
similarity to the E.coli DXS(EcDXS). The putative TmDXS gene was subcloned into three different expression
vectors (pEQ30, pT7-7 and pET23).

EcAB4-2 cells (Escherichia coli MG1655 dxs::CAT harboring MV A+ operon (Campos, Rodriguez-Concepcion et
al. 2001)) transformed with the expression constructs were able to grow in media without mevalonate (Figl).
Therefore, the recombinant TmDXS was expressed from the introduced constructs and showed DXS activity,
rescuing the DXP auxotrophy of the ECAB4-2 cells. ECAB4-2 cells transformed with the pET23 (b) expression

vector could not grow under these conditions in the absence of exogenous mevalonate.

MG 1655 dia:CAT
HRET2-TmING
HA5A

Fig. 1 TmDXS complementation assays in DXS-deficient EcAB4-2 cells. A, EcAB4-2 cells (MG1655 (dxs:CAT
+MVAoperon)) harboring plasmid (pET23) and expression constructs (pET23-EcDXS, pET23-TmDXS and pET23-
TmDXS H35A) streaked on a plate without mevalonate. The pET23-EcDXS and pET23-TmDXS expression constructs
are able to rescue the EcAB4-2 strain DXP auxotrophy. The pET23 (negative control) and pET23-TmDXS H35A
constructs did not complemented the auxotrophy. B, Scheme of the complementation assays.

Expression and purification of TmDXS in E.coli BL21 Rosetta2
Low levels of recombinant protein were found when M15[pREP4] cells harboring pQE30-TmDXS, BL21[DE3]
or BL21 [DE3] pLysS cells harboring pT7-TmDXS or pET23-TmDXS were induced with IPTG under different
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conditions (IPTG concentrations and growth temperatures). The phylogenetic position of Thermotoga maritima
between two kingdoms of life, archaea and eubacteria, implies a different codon usage from eubacteria. A
successful lateral gene transfer would require a similar codon usage between foreign genes (archaeal genes in this
case) and recipient genomes (Medrano-Soto, Moreno-Hagelsieb et al. 2004). Despite this, it must be noted that in
the case of DXS, lateral gene transfer from archaea is very unlikely due to the absence of the MEP pathway in this
group. Analysis of the nucleotide sequence of TmDXS showed that 24% of codons were found to be rare codons
in Escherichia coli (less than 0.2 of the ratio from codon abundance to all the codons for the same amino acid
abundance). In an attempt to improve expression levels BL21 [DE3] Rosetta2 cells were used. These cells contain
the pRARE2 plasmid that encodes seven tRNAs which are rarely used in E.coli. BL21 [DE3] Rosetta2 cells
harboring the pET23-TmDXS allowed the expression of the TmDXS protein in sufficient amount to be purified.
The TmDXS recombinant protein was purified by a procedure described in the Methods section. The 6His-tag
recombinant protein, which has a theoretical molecular weight of 68219.79 Da, showed an apparent molecular
mass of aprox 70KDa in a SDS-polyacrilamide gel electrophoresis (Fig.2). This size is very close to the predicted
size of TmDXS. A total of 2.5 mg of recombinant protein was obtained from 1L of culture media. Some low
molecular weight bands were also shown in the SDS-PAGE gels. These bands were TmDXS-related as confirmed

by western blot analysis with anti-his antibody (data not shown).

kDa

80 —
—

49 —

36 —

28 —

Fig.2 SDS-PAGE analysis of purified preparations of TmDXS. SDS-PAGE was carried out in 10% polyacrylamide
gels.Sample: eluates obtained after immobilized metal affinity chromatography (IMAC). “Gels were stained with

Coomassie brilliant blue R-250.

Kinetic parameters of TmDXS

Most studies on the functional characterization of DXS from different organisms have been carried out using an
spectrophotometric assay which uses DXR as coupled enzyme (Jomaa, Wiesner et al. 1999). In order to determine
DXS at different temperatures using a non-termophilic DXR that assay was modified into a two-step procedure.
The reaction catalyzed by TmDXS was carried out at different temperatures and for a fixed time and then the DXP
formed was quantified spectrophotometrcially at room temperature. On this assay, TmDXS exhibited an optimum

of activity at 70°C. At 75°C, the enzyme showed an activity similar than the optimum (94% of activity) (Fig.3A).

145



Capitulo 4

An Arrhenius plot of activity versus the reciprocal of temperature (Fig 3A, inset) failed to reveal any break in the
37 to 70°C temperature range that might be a sign of a drastic phase transition. From the plot, an activation energy
of 34.312 KJ mol” K was calculated. The optimum of activity has been reported in Thermotoga maritima
enzymes in a range from 60°C in a EST53 carboxylesterase (Kakugawa, Fushinobu et al. 2007) to 90°C in a Endo-
B-1,4-D-galactanase (Yang, Ichinose et al. 2006). Our results are in agreement with this range of optimum
temperatures. TmDXS also showed a normal Michaelis-Mentem kinetics (Fig 3B) with a Ky, of 75.729uM and
Vinax 4.553 pmol min™ mg'1 for acid pyruvic, K¢, of 5.156 s and K, /Ky of 6.8348 x 10e* M!'s!, measured at
70°C and pH 7.8.
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Fig.3A Effect of the temperature on the activity of Thermotoga maritima DXS. Temperature influence on the TmDXS
enzyme activity (given as percentage of the activity at 70°C). The inset gives the Arrhenius plot for the activity of the
TmDXS in the enzyme range 37°C to 70°C. Fig.3B. Pyruvate substrate saturation curve for TmDXS determined in the
presence of a fixed concentration of glyceraldehide 3-phosphate utilizing a coupled enzyme assay measured at 70°C.

The inset shows the Lineweaver—Burk plot of initial velocity vs. concentration of pyruvate.
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Site-directed mutagenesis of the conserved histidine residue (H35A)

Escherichia coli DXS His49 (Querol, Rodriguez-Concepcion et al. 2001) and Agrobacterium tumefaciens DXS
His48 (Lee, Oh et al. 2007) are homolog residues playing an important role in the proton transfer for catalysis.
This residue belongs to a cluster of histidines and arginines involved in the binding with the diphosphate group of
TPP, proton transfer in the catalysis and the stabilization of the covalent intermediate between the substrate and
the TPP (Lindqvist, Schneider et al. 1992). Comparative analysis revealed that TmDXS presents this conserved
histidine residue at position 35 (Fig.4). To evaluate the importance of this amino acid residue in the TmDXS
enzyme activity, we constructed a mutant in which the histidine residue was replaced by an Alanine (named
pET23-TmDXS H35A, see Materials and Methods section). As shown in figure 1A, ECAB4-2 cells harboring
pET23-TmDXS H35A were not able to rescue the DXP auxotrophy indicating that this enzyme variant (with the

point mutation) did not show enough DXS activity to allow cell growth.
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Fig.4 Multiple aligment of DXS proteins from the principal phylla of eubacteria. DXS protein sequences from
Thermotoga maritima (T.ma, expasy entry number Q9X291, Thermotogae), Aquifex aeolicus (A.ae, 067036, Aquificae),
Leptospirum sp. (L.sp, A3ERK3, Nitrospirae), Escherichia coli (E.co, P77488, Gamma-proteobacteria), Rhodobacter
capsulatus (R.ca, P26242, Alpha-proteobacteria), Deinococcus radiodurans (D.ra, Q9RUBS5, Deinococcus-thermus),
Thermus thermophilus (T.th, Q72H81, Deinococcus-thermus), Clostridium tetani (C.te, Q894HO0, Firmicutes), Bacillus
subtilis (B.su, P54523, Firmicutes), Thermomicrobium roseum (T.ro, BOL1L6, Thermomicrobia) and Streptomyces
coelicolor (S.co, Q9X7W3, Actinobacteria) were aligned with the Clustal W program and refined with the Genedoc
software. TPP-binding domain and the transketolase-like N-terminal domain are underlined. The DRAG signhature

motif is discontinous underlined.
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Phylogenetic tree and amino acid sequence analysis of TmDXS

As shown in figure 5, the phylogenetic position of TmDXS is close to the clustery group of of the Gram+
eubacteria enzymes, and especially to Clostridiales. TmDXS sequence showed a higher identity and similarity to
Clostridium acetobutylicum (44.6% and 64%, respectively) than to the enzyme of any other Gram— organism such
as Escherichia coli (40.8% and 56.5%, respectively). All the Thermotoga maritima MEP pathway enzymes
showed high similarity, as well too other thermophilic enzymes or organisms within the same phyllum, to
enzymes of Firmicutes (especially with the orders of Clostridiales and Bacillales). Similarly analysis of 16S rRNA
7-methylguanosine methyltransferase showed high degree of identity/similarity of Thermotoga maritima with
Firmicutes (especially with Clostridiales and Lactobacillales). These results suggest evolution proximity rather

than a lateral gene transfer process.
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Fig.5 Unrooted phylogenetic tree of DXS proteins extracted by the neighbor-joining method with the Jones-Taylor-
Thornton evolutionary model. One thousand bootstrap replicates were performed and percentage bootstrap supports
are given. The tree was generated using the Phylyp package of programs and some taxonomic clusters are marked.
Gram positives are in red, Gram negative are in black, Cyanobacteria are in blue and Plantae in green. The following
sequences were included: Escherichia coli (P77488), Rhodobacter capsulatus (P26242), Streptomyces sp. (Q9X7W3),
Mycobacterium  tuberculosis (POA554), Bacillus subtilis (P54523), Agrobacterium tumesfaciens (Q8UHD7Y),
Synechococcus sp. (Q2JTX2), Synechocystis sp. (P73067), Arabidopsis thaliana (Q38854), Solanum lycopersicom
(Q9XH50), Capsicum annum (0O78328), Oryza sativa (022567), Salmonella tiphymurium (Q8ZRD1), Thermotoga
maritima (Q9X291), Bacillus anthracis (Q81M54), Clostridium acetobutylicum (Q97HD3), Clostridium perfringens
(Q8XJEL1), Clostridium tetani (Q894HO), Corynebacterium diphtheriae (Q6NGV3), Haemophilus influenzae (Q4QKG6),
Klebsiella pneumoniae (A6T5F3), Listeria monocytogenes (Q8Y7C1), Mycoplasma penetrans (Q8EWX7) and
Pseudomona syringae (Q48NXO).
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One of the important parameters in determining protein thermostability is the amino acid composition.
Thermostable proteins contain an increased ratio of charged amino acid residues in detriment of polar non-charged
residues. These charged amino acid residues confer more rigidity and stability to the protein by minimizing
deamination and backbone cleavages (Fukuchi and Nishikawa 2001). We analyzed the ratios of charged and polar
non-charged amino acid residues in DXS from different organisms. TmDXS ratios were reasonably higher than
those corresponding to DXS from mesophilic bacteria and similar ratios to other thermophilic organism (Fig.6).
The increase of charged residues would result in a higher number of hydrogen bonds achieving more
thermostability. Despite that, the increase was small in percentage, but the evolution forces may act to specific
zones increasing the stabilizing hydrogen bond networks. Moreover, the DXS from organisms belonging to the
order of clostridiales contained similar levels of charged residues as shown for termophilic organisms,
highlighting another reason for the proximity shown in the phylogenetic analysis. However, in clostridiales the
ratio of polar non-charged residues was even higher indicating that the increase of charged residues was not at
expense of non-charged polar residues. Despite the increased ratio of charged/polar non-charged amino acid
residues in TmDXS, other mechanisms such as hydrophobic interactions that can favor thermostability cannot be
discarded.
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Fig.6 Ratio of charged residues to total residues (in black) and the ratio of polar non-charged residues to total residues

(in white) of DXS from different organisms. TmDXS is marked with an arrow.

Comparative sequence analysis of the TmDXS (Fig. 4) showed a sequence motif common to all known TPP-
dependent enzymes which have been suggested to embody the TPP-binding site (Reynen and Sahm 1988;
Hawkins, Borges et al. 1989). The consensus binding motif GDGX,s.30N begins with the highly conserved Gly-
Asp-Gly (GDG) located in the Gly137 residue of the TmDXS, continues with 28 amino acid residues with less
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homology and finalizes with an asparagine residue (Asnl67) preceded by some hydrophobic residues (Schenk,
Duggleby et al. 1998). Furthermore, all the amino acid residues described in EcDXS (or DrDXS) to contribute to
the stabilization of TPP (Xiang, Usunow et al. 2007) have been found conserved in the TmDXS sequence
(EcDXS Lys284, Phe393, 11e368, Ile185 and Glu371/ TmDXS Lys 273, Phe 375, Ile 348, Ile171 and Glu350).
TmDXS also shows a good match with the N-terminal transketolase motif described in EcDXS, R-(X)4-[D,E,Q]-
(X)s56-[G,S,T]-G-H-[P,L,I,V,M]-[G,S, T]-(X5)-[G,S,T] (Querol, Rodriguez-Concepcion et al. 2001), including the
histidine residue crucial for the proton transfer in catalysis (EcDXS His49, TmDXS His35). Residues that could
have interactions with glyceraldehyde 3-phosphate in EcDXS/DrDXS also have been found conserved in TmDXS
(EcDXS His299, Tyr391, Arg420, Asp427 and Argd75/TmDXS His288, Tyr372, Arg400, Asp407 and Arg455).
Finally, in the proposed signature motif for DXS, DRAG (Bailey, Mahapatra et al. 2002), the alanine residue has
been modified to a serine (DRSG) in TmDXS.

Despite the relatively high number of DXS genes characterized, no one from a thermophilic microorganism has
been reported to date. We have cloned the ORF TM 1770 that encodes the 1-deoxy-D-xylulose 5-phosphate
synthase (DXS) in order to facilitate the characterization of the DXS from T. maritima. Using the expression
construct pET23-TmDXS and the E. coli expression strain BL21 [DE3] Rosetta2, the recombinant enzyme was
overexpressed in sufficient amount to obtain 2.5mg of pure and active protein from 1L of culture. Kinetic
parameters were determined from the recombinant enzyme and, by site-directed mutagenesis, an important residue
for the activity described in E. coli and Agrobacterium tumefaciens DXS was confirmed to be essential in TmDXS

as well.

Materials and Methods

Materials

Biochemical reagents for molecular procedures were obtained from New England biolabs and Promega. Pyruvate
and DL-glyceraldehide 3-phosphate was purchased from Sigma and isopropyl B-D-thiogalactoside (IPTG) was
purchased from Applichem

Bacterial strains, plasmids and media

Genomic DNA from Thermotoga maritima MSB8 strain was kindly provided by Dr J. Querol (Barcelona Science
Park-University of Barcelona). Escherichia coli DHS5, strain was used for cloning procedures and Escherichia coli
MI15 [pREP4], BL21 [DE3], BL21 [DE3] pLysS and BL21 [DE3] Rosetta2 (Novagen) were used for protein
expression. The plasmids used were pQE30 (Qiagen), pT7-7 and pET23(b) (Novagen). Cells were grown in
Luria-Bertoni (LB) media (10 g/L triptone, 5 g/1 NaCl and 5 g/l yeast extract) and the suitable antibiotics.

Gene Cloning

Putative TmDXS (TM_1770, ExPaSy number entry Q9X291) was amplified from genomic DNA of MSB8 strain
of Thermotoga maritima by PCR with Pfu polymerase (Promega) and different sets of oligonucleotide primers.
The sets of primers were designed based on the expression vector used for the final expression constructs. The
gene was amplified for pQE30 (Qiagen) with the primers TMdxsF and TMdxsR (see table 1), for pT7-7 with the
primers TMdxsF2 and TMdxsR and for pET23 (Novagen) with the primers TMdxsFNdel(2) and TMdxsRXhol.
The conditions of all PCR reactions consisted of 33 cycles of 40s, 94°C; 30s, 60°C; 230s, 72°C. The desired 1,8Kb
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DNA fragment was electrophoresed in a 1% agarose gel and recovered using a QIAquick gel purification kit
(Qiagen). The PCR reactions were digested with restriction enzymes (BamHI/Hindlll for pQE30, Ndel/HindlIl for
pT7-7 and Ndel/Xhol for pET23) and were subsequently cloned into the vectors. Expression plasmid constructs
(pQE30-TmDXS, pT7-TmDXS and pET23-TmDXS) were subsequently verified by DNA sequencing.
Site-directed mutagenesis

The H35A point mutation was introduced in the gene encoding TmDXS by site-directed mutagenesis using an
oligonucleotide-directed strategy following protocols associated with the QuickChange site-directed mutagenesis
procedures (Stratagene). To create the pET23-TmDXS H35A construct, pET23-TmDXS wild type was used as a
template and the MutdxstmH35AF and MutdxstmH35AR primers (see Tablel) were used in the amplification
step. The conditions of the PCR were 18 cycles of 30s, 95°C; 60s, 63°C; 650s, 72°C. The PCR product was
digested with Dpnl enzyme and E. coli DH5o competent cells were transformed with the digestion reaction.
Plasmids were extracted from isolated colonies and mutations were verified by DNA sequencing. Finally, a
construct harboring the point mutation was digested with the same restriction enzymes and subcloned into a
digested pET23 vector.

Escherichia coli complementation assay

EcAB4-2 strain cells (derived from E. coli MG1655 background with dxs::CAT), harboring a disruption in the dxs
gene through the chloramphenicol acetyltransferase (CAT) gene insertion and with the MV A+ operon inserted in
the chromosome (Campos 2001). The strain is capable to rescue the DXP auxotrophy in the presence of
mevalonate through the MVA+ operon. E. coli ECAB4-2 cells were transformed with the expression plasmids
pET23, pET23-EcDXS, pET23-TmDXS and pET23-TmDXS H35A. Transformants were streaked on LB plates
supplemented with 1mM isopropyl B-D-thiogalactoside (IPTG), 1mM mevalonate (MVA), 0,02% (w/v)
arabinose, 100pg/mL ampicillin, 34pg/mL cloramphenicol and 24 pg/mL kanamycin.

Production and purification of T.maritima DXS

Escherichia coli BL21 [DE3] Rosetta 2 cells harboring the appropriate expression vector were grown at 37°C in
six 2-L. Erlenmeyer flasks each containing 500 mL of LB supplemented with 100pg/mL ampicillin and 34pug/mL
cloramphenicol. At ODgq 0.6, IPTG and thiamine were added to ImM. After 16h of incubation at 22°C and 180
r.p.m, cells were harvested by centrifugation at 1500g for 15 min at 4°C, resuspended in 60mL of lysis buffer
(40mM Tris-HCI pH 8.0, 100mM NaCl, 10mM imidazole, 1mg/mL lysozime, 0.5mM EDTA and complete mini-
EDTA-free protease-inhibitor cocktail (Roche)) and incubated for 20 minutes at 4°C. The resuspended cells were
sonicated (5 x 30s bursts with Imin cooling in melting ice) and were centrifuged at 11,000g for 30 min at 4°C; the
supernatant was incubated with protamine sulphate (1,25mg/mL) for 15 min, and then centrifuged at 13,000g for
30min at 4°C. Supernatants were transferred to clean centrifuge tubes, immersed in 70°C water bath for 10 min
and further centrifuged for 10 min at 13,000g. TmDXS was purified from the heat-treated supernatant by
immobilized metal affinity chromatography (IMAC) using Hi-trap Chelating columns (GE Healthcare) attached to
an FPLC system (BioLogic Workstation, BIORAD). The resin was washed with 40mM Tris—HCI buffer, pH 8.0,
containing 0.1M NaCl, 10mM imidazole and 4mM B-mercaptoethanol. The His6-TmDXS was retained on the
resin and eluted using an imidazole gradient (10-500mM) in 40mM Tris—HCI buffer, pH 8.0, containing 0.1M
NaCl buffer. The fractions containing TmDXS were resolved by SDS-PAGE and stained with Coomassie brilliant
blue R-250. TmDXS preparations were desalted by gel filtration on disposable Sephadex G-25 columns (PD10)
(GE Healthcare) equilibrated in 40mM Tris—HCI buffer with 0.1M NaCl, distributed into aliquots, snap-frozen
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with liquid N, and stored at -80°C until use.

Enzyme assays and kinetics

DXP synthase activity was determined by a modification of a previously described coupled assay (Jomaa,
Wiesner et al. 1999). Reaction mixtures contained 100mM Tris-HCI (pH 7.4), 1.5mM TPP, 0.15mM NADPH,
ImM MgCl,, ImM MnCl,, ImM DTT, 1mM pyruvate, ImM DL-glyceraldehyde 3-phosphate, 45pg/mL of
Synechocystis sp. 1-deoxy-D-xylulose 5-phosphate reductoisomerase (produced in our laboratory 10.48U/mg) and
25,5 pg/mL TmDXS on 96-well microtiter plate and monitored at 340nm in a Benchmark Plus microplate
spectrophotometer (BIORAD). A first step (named DXS-activity step) was done in 100mM Tris-HCI (pH 7.4),
1.5mM TPP, ImM DTT, ImM MgCl, 1mM pyruvate, ImM DL-glyceraldehyde 3-phosphate and TmDXS in a
final volume of 100uL. The reaction was allowed to proceed and stopped by immersion in liquid N, In the second
step (named DXR-activity step), 100uL of DXR reaction mixture (100mM Tris-HC1 (pH=7.4), ImM DTT,
0.3mM NADPH, 2mM MnCl,, and SsDXR) was added and the reaction was monitored at 340nm. This two-step
activity method was designed based on the optimum activity of the enzymes and the reaction was monitored based
on the time of reaction of the DXR-activity step (the amount of DXP formed). The DXS-activity step was done at
different temperatures for 5 minutes and the DXR-activity step was monitored at room temperature for 1000s.
Optimum of activity. The DXS-activity step was done at 37°C, 50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C and 90°C
Kinetic parameters. K, and K. were determined by using a constant D,L- glyceraldehyde 3-phosphate
concentration (ImM) and varying the pyruvate concentrations (1uM, SuM, 10uM, 25uM, 50uM, 75uM, 100uM,
125uM, 150uM, 200uM, 300uM and 500uM). Kinetic parameters were obtained by fitting the reaction rates

using the Grafit program.
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TMdxsF 5" TCGGATCCATGCTTCTGGACGAGATCAAG 3’
TMdxsF2 5 CGTACATATGCTTCTGGACGAGATCA 3’
TMdxsR 5" ATTAAGCTTTCATACTTTCCCCTCCCTAC 3’
TMdxsFNdel(2) 5" GGACCATATGCTTCTTCTGGACGAGATCAA 3’
TMdxsRXhol 5’ CCGCTCGAGTACTTTCCCCTCCCTACT 3°
MutdxstmH35AF 5" AAGAACGGGGGAGCCCTCGCATCG 3’
MutdxstmH35AR 5’ CGATGCGAGGGCTCCCCCGTTCTT 3’

Table 1. Sequence of primers used in PCR reactions. For amplification primers, enzymatic targets for cloning
endonucleases are in boldface. Primers used in mutagenesis have the nucleotide changes in boldface and the mutated

codons (amino acid changes) underlined.
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RESUMEN

La enzima 1-desoxi-D-xilulosa 5-fosfato sintasa (DXS) cataliza la condensacion de (hidroxi)tiamina derivada de
la decarboxilacion de piruvato en el grupo carbonilo de D-gliceraldehido 3-fosfato (GAP) para producir 1-desoxi-
D-xilulosa 5-fosfato (DXP). La DXP es el primer precursor de la ruta plastidica del metileritritol 4-fosfato de
sintesis de isoprenoides y también es un intermediario de la sintesis de tiamina y piridoxol. Estd cominmente
aceptado que la DXS juega un papel regulatorio en la biosintesis de isoprenoides bacterianos y plastidicos, y que
los niveles de DXP son controlados a nivel post-transcripcional. En este estudio mostramos evidencias que

sugieren que la DXS de Escherichia coli se procesa por autoprotedlisis. La segmentacion del enlace entre la Ser®*

y la Ser’”’

en la EcDXS nos permite pensar en un proceso relacionado con la formacion de un enlace éster.
Interesantemente, la hidroxilamina aumenta el proceso de protedlisis pero muestra la presencia de dos
reordenaciones intramoleculares relacionas con residuos Asp en los residuos Asp'>> y Asp®™, que estan totalmente
conservados en las DXS. La localizacion de los enlaces segmentados por la protedlisis y de los producidos por

2 es un residuo

hidroxilaminosis parece mostrar la presencia de dos procesos diferentes. El residuo Asp"
conservado presente en el motivo de unién a TPP (GDGX,5.30N) de las DXSs el cual juega un importante papel en
la estabilizacion del TPP y el ion Mg”". La modificacion post-traduccional de este Asp podria tener un importante
rol en la regulacion de la actividad DXS. Este residuo esta conservado en otras enzimas TPP-dependientes como

la transcetolasa o la subunidad E1 de la piruvato deshidrogenasa.
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ABSTRACT

The enzyme 1-deoxy-D-xylulose S-phosphate synthase (DXS) catalyzes the condensation of
(hydroxyethyl)thiamin, derived from the decarboxylation of pyruvate, on the carbonyl group of D-glyceraldehyde
3-phosphate (GAP) to yield 1-deoxy-D-xylulose 5-phosphate (DXP). DXP is the first precursor of the plastidial
methylerythrititol 4 phosphate pathway for isoprenoid biosynthesis and also an intermediate in the synthesis of
thiamine and pyridixol. It is widely accepted that DXS plays a key regulatory role in the biosynthesis of bacterial
and plastidial isoprenoids and that DXP levels are mainly controlled at post-transcriptional level. In this paper we

show evidences that Escherichia coli DXS is processed most probably by autoproteolysis. Cleavage of DXS

206 207

between Ser™” and Ser™’ most likely involve an ester bond-related process but, interestingly, the increased
proteolysis with hydroxylamine treatment showed the presence of at least two Asp-related cyclic intermediates at
residues Asp'>* and Asp®** which are totally conserved in DXSs. Both the cleavage sites at Ser residues and the
sites obtained by hydroxylaminosis seem to involve different mechanisms. Asp'> is a conserved residue within
the thiamine pyrophosphate (TPP) binding motif (GDGXj53N) of DXS and plays an essential role in the
stabilization of the TPP and Mg*" ion. The posttranslational modification of this Asp residue could have a relevant
role on controlling DXS activity. Interestingly, these Asp residues are also conserved in other TPP-depending

enzymes, like transketolase and pyruvate dehydrogenase.
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INTRODUCTION

Isoprenoids are ubiquitous compounds that play essential functions in all life. Isoprenoids also represent one of
the largest families of natural compounds, particularly in plants (Sacchettini and Poulter 1997). In spite of the high
diversity of structures and functions, all isoprenoids are synthesized from the same 5-carbon precursors:
isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) (Chappell 1995). IPP and
DMAPP are synthesized from two anabolic pathways: the mevalonate (MVA) pathway (Spurgeon and Porter
1981) and the methylerythritol 4-phosphate (MEP) pathway(Rodriguez-Concepcion and Boronat 2002; Rohmer,
Grosdemange-Billiard et al. 2004). Both pathways are differentially distributed in the kingdoms of life. While the
MVA pathway is exclusively present in archaebacteria, fungus and animals, the MEP pathway is mainly present
in eubacteria, including most of the pathogenic species, and in some protozoa, like Plamodium falciparum.
Interestingly, both pathways are present in plants although in separate cell compartments. Thus, whereas the MVA
pathway is present in the cytosol/endoplasmic reticulum, the MEP pathway is found in the plastids (Lichtenthaler,
Rohmer et al. 1997; Eisenreich, Schwarz et al. 1998; Rohmer 1999; Lichtenthaler 2000; Boucher, Huber et al.
2001; Rodriguez-Concepcion, Fores et al. 2004; Rohmer, Grosdemange-Billiard et al. 2004).

The first step of the MEP pathway consists of a transketolase-type condensation of pyruvate and glyceraldehyde
3-phosphate to form 1-deoxy-D-xylulose 5-phosphate (DXP) catalyzed by the enzyme DXP synthase (DXS)
(Lange, Wildung et al. 1998). This reaction is a thiamine pyrophosphate (TPP)-dependent acycloin condensation
(Sprenger, Schorken et al. 1997). This type of reaction is due to the secondary activity of TPP that has also been
documented in pyruvate decarboxylating enzymes like the E1 component of pyruvate dehydrogenase (Sprenger,
Schorken et al. 1997). Moreover, it is worth noting that DXP acts as a precursor for the synthesis of TPP and
pyridoxal (Sprenger, Schorken et al. 1997), which play essential roles as enzyme cofactors (John 1995;
Fitzpatrick, Amrhein et al. 2007; Frank, Leeper et al. 2007).

The reaction catalyzed by DXS has been described as one of the main rate-limiting steps of the MEP pathway in
microorganisms and plants (Estevez, Cantero et al. 2001) and it has been proposed as one of the main regulatory
enzymes of the MEP pathway. Several line of evidence has let to propose that DXS activity is mainly controlled at
post-transcriptional level. Although very little is known on the mechanisms involved in the control of DXS, it has
recently been proposed that protein degradation mediated the CIpP could represent a major process to adjust DXS
levels in the plastids and thus controlling the flux of MEP pathway intermediates in the plastids (Flores-Perez,
Sauret-Gueto et al. 2008). As a novel mechanism to control DXS levels and enzyme activity here we report that
DXS is autoproteolytically cleaved at defined amino acid residues. The role of these post-translational

modifications on the turnover and/or activity of DXS are discussed.
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MATERIALS AND METHODS

Construction of E. coli expression vectors.

Escherichia coli DXS gene was cloned into the Ndel/EcoRI sites of pET28(a) and the Ndel/Xhol sites of
pET23(b). These constructs encoded DXS variants containing N- and C-terminal extensions with a 6xHis tag,
respectively. The obtained plasmids were named pET23-EcDXS and pET28-EcDXS respectively. A construct
expressing an E. coli DXS derivative harboring a deletion extending from residues 191 to 239 was prepared as
follows: i) the coding region from residues 1 to 190 of EcDXS was amplified with the primers
T7promoter/190RDXSEco(Smal) (which added three CCC nucleotides after the coding region of residue 190)
(Table 1) and subcloned into pBluescript II (Stratagene) previously digested with Smal to generate pBS-
Nt190DXSEco, ii) the coding region extending from residues 240 to 620 of EcDXS was amplified with primers
240FDXSEco(Smal)/T7terminator (which added three GGG nucleotides before the coding region for residue 240)
(Table 1) and cloned into the Smal site of pBluescript II to generate plasmid pBS-240CtDXSEco, iii) Plasmids
pBS-Nt190DXSEco and pBS-240CtDXSEco were digested with Ndel/Smal and Smal/Xhol, respectively an
cloned into a pET23(b) digested with Ndel/Xhol to generate construct pET23-EcDXSA191-239. An additional
construct containing a Gly-flexible loop replacing the deleted region was constucted as follows: i) two
complementary primers encoding the loop (named Flexlinker(P-G-S)D/ Flexlinker(P-G-S)Com) (Table 1) were
heated for 5 min at 95°C and let to hybridize for 3 hours at room temperature, ii) the duplex sequence encoding
the Gly-flexible loop was cloned in-frame into pET23-EcDXS-A191-239 digested with Smal. The generated
construct was named pET23-EcDXS-A191-239[G-loop].

The coding region of Arabidopsis thaliana DXS without the transit peptide was amplified from a cDNA
population and was cloned into a pET23(b) expression vector (Cair6 2009).

Thermotoga maritima DXS was cloned into the Ndel/Xhol sites of pET23(b). This construct encoded a DXS
variant with a C-terminal extension containing a 6xHis tag.

Plamid pGEX derivatives were prepared as follows. The coding region of GFP from plasmids pGFP-PAU was
excised with Notl and cloned in-frame into pGEX-5X-2 (GE healthcare) previously digested with Notl and
dephosphorylated by SAP (USB corporation) and the obtained construct named pGST-GFP. The DNA region
encoding amino acid residues 158 to 240 of EcDXS was amplified with primers
158FDXSEco/240RDXSEco(Table 1). This PCR product was inserted in-frame between the GST and the GFP
encoding regions through Smal digestion, obtaining the construct pGST-Ec158/240-GFP. The protein-encoding
DNA from all the constructs were amplified with the primers GSTNdeIF(2)/GFPSacIR(pET23b) and subcloned
into a pET23(b) vector digested with Ndel/Sacl . The constructs were named pGST-GFPHis, pGST-Ec150,240-
GFPHis and pGST-At226,318-GFPHis.

Complementation assays in E. coli

Complementation assays were performed by transforming the E. coli dxs-deficient strain EcCAB4-2 with plasmids
pET23-EcDXS-A191-239 and pET23-EcDXS-A191-239(G-loop). In strain EcAB4-2 the dxs gene is disrupted by
the insertion of the CAT gene, encoding for cloramphenicol acetyltransferase and contains a copy of the MVA+
operon (Campos, Rodriguez-Concepcion et al. 2001) stably integrated in the chromosome, enabling cells to
synthesize IPP from mevalonate supplied exogenously in the growth medium. The pPET23-EcDXS plasmid,

expressing the full-length ECDXS, was used as a positive control.
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Expression and purification of recombinant proteins in E. coli

Protein expression from pET23 and PET28 plasmid derivatives were performed as follows. Escherichia coli BL21
[DE3] cells harboring the appropriate expression vectors were grown at 37°C to an ODggy of 0.6. Then IPTG and
thiamine were added to a final concentration of ImM each. After 16h of incubation at 22°C cells were harvested
by centrifugation at 1,500xg for 15 min at 4°C, resuspended in 60 mL of lysis buffer (40mM Tris-HCI pH 8.0,
100mM NaCl, 10mM Imidazole, Img/mL lysozime, 0.5mM EDTA and complete mini-EDTA-free protease-
inhibitor cocktail (Roche)) and incubated for 20 minutes at 4°C. The resuspended cells were sonicated and
centrifuged at 11,000xg for 30 min at 4°C. The supernatant was incubated with protamine sulphate (1,25mg/mL)
for 15 min, and then centrifuged at 13,000x for 30min at 4°C. Proteins were purified by immobilized metal
affinity chromatography (IMAC) using Hi-trap Chelating columns (GE Healthcare) attached to an FPLC system
(BioLogic Workstation, BIO-RAD). The resin was washed with 40mM Tris—HCI buffer, pH 8.0, containing 0.1M
NaCl, 10 mM imidazole and 4 mM B-mercaptoethanol. The proteins retained on the resin were eluted using an
imidazole gradient (10 to 500 mM) in 40 mM Tris—HCI buffer, pH 8.0, containing 0.1M NaCl buffer.

Protein expression from the pGEX plasmids were performed as follows. Cell cultures and lysates were prepared
as indicated above for the pET23 and pET28 derivatives. Overexpressed proteins were purified by affinity
chromatography using Glutathione (GSH)-Sepharose (GE Healthcare). The resin was washed with 40 mM Tris—
HCI buffer, pH 8.0, containing 0.1M NaCl and the proteins eluted with buffer containing 25 mM reduced GSH.

SDS-PAGE and immunodetection

Proteins separated by SDS-PAGE were electrotransferred for 2 h into a PVDF membrane. Blots were blocked
with 5% skimmed milk followed by incubation with primary antibody (polyclonal rabbit anti-GST or polyclonal
mouse anti-His). Primary antibodies were recognized with a secondary anti-rabbit or anti-mouse secondary
antibodies conjugated to horseradish peroxidase followed by enhanced chemiluminiscence using the ECL kit (GE

healthcare) detection.

N-terminal protein sequencing
Proteins separated on SDS-PAGE were blotted into a special PVDF membrane (Sequi-Blot PVDF membrane Bio-
Rad). Proteins were briefly stained in comassie and the bands of interests were excised. The bands were identified

by N-terminal sequencing for 5 cycles using an Applied Biosystems Procise 494 N-terminal protein sequencer.

In vitro cell-free expression of recombinant DXS

DXS from E. coli, T. maritima and A. thaliana were expressed in vitro using the TNT Coupled Reticulocyte
Lysate System (Promega) radiolabeled with L-[4,5-°H] Leucine (Amersham Biosciences). The reaction mix
contained 121 Ci/mmol of L-[4,5-’H] Leucine (for 8 samples). The reaction mix containing the constructs pET23-
EcDXS, pET23-AtDXS, pET23-TmDXS, respectively, was incubated for 90 min at 30°C and the reaction stopped
by heating at 95°C for 5 min. Proteins were resolved by 10% SDS-PAGE. After electrophoresis the gel was
incubated for 30 minutes in fixing solution (isopropanol : H,0 : acetic acid, 25:65:10). The radioactive signal was
amplified with Amplify Fluorographic Reagent (Amersham Biosciences) during 30 minutes and the gel was then
incubated with drying solution (7% acetic acid, 7% methanol, and 2% glycerol) for 5 minutes and let to dry. The

dried gel was contacted with a Hyperfilm™ MP (Amersham biosciences) during 1 month at -80°C. The film was
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fixed (AGFA G350 fixer) and developed (AGFA G150 developer).

Refolding of purified recombinant EcDXS

Purified recombinant EcDXS was denatured in a SDS-PAGE protein loading buffer and electrophoresed on a 10%
polyacrylamide gel. The 70 kDa band was cut and was electroeluted (30mA, 4°C, 16 h) in electroelution buffer
(40 mM Tris-HCI pH 8.0, 100 mM NaCl and PMSF 0.1mg/mL). The electroeluted protein was incubated with an
anion exchanger (SERDOLIT®) 1h at 4°C to remove residual SDS and some polyacrylamide impurities. Then, the
protein sample was dialyzed during 6 h at 4° C in refolding buffer (40mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM
DTT, | mM TPP, 1 mM MgCl, and PMSF 0.1mg/mL). EcDXS was also electroeluted and dialyzed with a
denaturing buffer consisting of 40mM Tris-HCI pH 8.0, 100 mM NaCl and 8M urea).

Hydroxylamine treatment of recombinant EcDXS

The buffer of the purified EcDXS from pET23-EcDXS expression vector was exchanged for a non-nucleophile
buffer (50mM Hepes pH 8.0, 100mM NacCl). The buffer for denatured samples was also exchanged (8M urea,
50mM Hepes pH 8.0, 100mM NaCl). Then, both the denatured and non-denatured samples were incubated at
room temperature with hydroxylamine (250mM) under both neutral and acidic conditions. At 15 min and o/n of

incubation times samples were subjected to SDS-PAGE and immunoblot analysis against the C-terminal His-tag.
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RESULTS

Experimental evidences for autoproteolytic cleavage of purified DXS

Purified recombinant DXS expressed in E. coli always contains additional bands of lower molecular weight when
analyzed by SDS-PAGE in all tested conditions(Fig. 1). As shown for Escherichia coli DXS, SDS-PAGE analysis
of the recombinant C-terminal His-tagged enzyme (EcDXSc) purified by IMAC results in a typical pattern of
bands with sizes around 69, 50, 40, 30 and 20 kDa (Fig. 1A). Although the size of the major band corresponds to
the molecular weight predicted for the recombinant EcDXS (about 69 kDa, including the sequence containing the
6xHis affinity-tag), the aditional bands represent a significant proportion of the purified protein. Since all the
aditional bands show a lower molecular weight than the observed for the full-lenght recombinant EcDXS it was
tempting to speculate that they may actually correspond to proteolytic fragments generated during the preparation
of cell extracts prior to purification. The presence of these contaminating bands could not be prevented by the

inclusion of any protease inhibitors tested present in the protein extraction buffer.
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Fig.1 Bacterial expression of the EcDXS, TmDXS and AtDXS. Recombinant proteins were analyzed by10% SDS-PAGE.
Molecular weight markers are marked on the left of each lane and the migration weights of the peptides are marked on the

right with an arrow.

In any case, a Western blot analysis was performed using an antibody targeted against the C-terminal affinity tag.
The results (shown in Fig. 2A) show that only the ~50 and ~40 kDa fragments reacted with the antibody. These
results suggest that proteolytic fragments that do not have the 6xHis affinity tag could interact with the other ones
that have it during the purification process or that DXS could be continuously processed even after affinity

purification.
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Fig.2 DXS derived products detected by immunoblot analysis. EcDXS with His-tag at the N-terminus (EcDXSn), EcDXS with
His-tag at the C-terminus (EcDXSc), TmDXS with His-tag at the C-terminus (TmDXSc) or a EcDXS with a deleted loop and
the His-tag at the C-terminus (EcDXS-A191-239c¢) were analysed with mouse anti-His polyclonal antibody. A Analysis of the
recombinant proteins after protein purification. B Analysis of the recombinant EcDXSc and EcDXSn. On the left (in vivo
samples), briefly, a culture of overexpressing cells was centrifuged and the pellet was directly resuspended in sample buffer.

On the right, analysis of the recombinant EcDXS after sonication prior to affinity purification.

To check whether proteolysis was due to the presence of a contaminating protease(s), the region of the
polyacrylamide gel containing the full-lenght 69 kDa band was cut and the intact EcDXS was recovered by
electroelution, allowed to refold and, finally, analyzed by SDS-PAGE and Western blot using an anti-C-terminal
6xHis tag antibody. As shown in Fig. 3B the renatured protein fraction contained two main degradation products
equivalent to those previously observed during enzyme preparations. It is worth noting however that the mobility
of the ~50 kDa fragment present in the refolded protein sample was slightly lower than that found in the
previously purified samples. Interestingly, no degradation products were observed when the electroeluted EcDXS
protein was maintained under denaturing conditions (buffer with 8 M urea) (Fig. 3B). All together these results
suggest that EcDXS is cleaved by means of an autoproteolytic process requiring the proper folding of the protein.

Purified recombinant DXS preparations from Thermotoga maritima (TmDXS) and Arabidopsis thaliana (AtDXS)
also showed a pattern of degradation fragments with features similar to those reported for EcDXS (Fig.s 1B and
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1C). After IMAC purification of recombinant TmDXS (predicted size of 68 kDa including the 6xHis affinity tag
at the C-terminus) additional bands of 68, 50, 40 and 30 kDa were detected, along with a set of less intense bands,
after SDS-PAGE and Coomassie staining (Fig 1B). Western blot analysis using an anti-6xHis antibody confirmed
that only the fragments of 50 and 40 kDa contained the C-terminal tag (Fig. 2A). As to recombinant AtDXS
(predicted molecular weigth of 78 kDa including the 6xHis affinity tag) bands of 78, 48, 38 and 26 kDa were also
detected after SDS-PAGE and Coomassie blue staining (Fig. 1C).

EcDXS SDS-PAGE C-terminal immunodetection

30 —

Fig.3 Excised full-length EcDXS undergoes proteolysis under renaturing conditions. A, SDS-PAGE of the
electrophoresed EcDXS. After SDS-PAGE the cutting control (first lane of A) was stained and based on their migration the 70
kDa band was cut (second lane of A), after that, the lane was stained to check that no additional bands were additional bands
were additional cut. B, His-tag at C-terminus immunoblotting of refolded EcDXS. Protein of the strip was electroeluted and
refolded and the cleavage was assessed by western blot (second lane of B). The ~50 kDa cleavage fragment showed a slightly
slow migration rate compared to the purified recombinant EcDXS (first lane of B). Protein electroelution and refold in the
presence of a denaturing buffer (8M urea) strongly reduced the cleaved fragments (third lane of B). Molecular weights are
indicated. C, refolding in urea buffer and time course of proteolysis after buffer exchange on refolding buffer at 0, 30 min, 1h,

2h and 6h.
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To further confirm the autoproteolytic cleavage of EcDXS, TmDXS and AtDXS, the corresponding proteins were
expressed in a cell-free eukaryotic system. Since genome of rabbits do not encode DXS, it is also very unlikely
that the reticulocyte lysate system used in our experiments contains a specific protease system for DXS.
Expression of EcDXS, TmDXS and AtDXS in the coupled rabbit reticulocyte lysate system yielded a pattern of
radioactive bands similar to those previously observed in the preparation purified from E. coli (Fig. 4). In the case

of E. coli and T. maritima the band of ~49 kDa was among the most prominent ones.

S 42
kDa
80 —
49—
39 —
28—

Fig.4 In vitro expression of DXS with TNT coupled retyculocyte lysate expression system. In vitro expression radiolabeled
with L-[4,5-°H] Leucine of EcDXS, AtDXS and TmDXS. Expression showed both the entire protein and a predominant
cleaved fragment of 50kDa.

Analysis of DXS processing in vivo

To study whether the autoproteolysis of DXS detected in vitro also occurs in vivo, E. coli cells growing at mid
exponential phase were collected by centrifugation, resuspended in electrophoresis loading buffer and heated at
100°C for 5 min. Immunoblot analysis of the proteins separated by SDS-PAGE revealed a major band of ~69 kDa,
corresponding to the intact DXS protein, and mainly, a band of about 40 kDa containing the 6xHis tag at the C-
terminal. Furthermore, immunoblot analysis of the form containing the 6xHis tag at the N-terminal showed the
intact DXS protein and a band of about 35 kDa that could be the corresponding part of the protein of the 40 kDa
6xHis C-terminal tag cleavage site. During the purification process, after the sonication step appearing two bands
of about 50 kDa, all containg the 6xHis tag at the C-terminal (Fig. 2B). When similar experiments were done with
T. maritima cell extracts, a band of 50 kDa and two bands of about 40 kDa were detected in addition to the intact
DXS protein after the sonication step. In both cases, the obtained pattern of bands was equivalent to those shown
in Fig. 2A. These results would suggest that the identified autoproteolytic processing of DXS could play a role in

controlling DXS activity and/or stability in vivo.
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Identification of cleavage sites

To characterize in more detail the autoprocessing of DXS, the N-terminal sequence of the degradation fragments
was analyzed by Edman sequencing. For E. coli DXS, both the 40 and 50 kDa fragments were analyzed. The N-
terminal end of 50 kDa fragment corresponds to Ser207 (SLREG) (Fig. 5) and the N-terminal end of 40 kDa
fragment corresponds to Pro295 (PITFH) which has a peptide bond with an Asp residue (Fig. 5). For T. maritima,
the N-terminal end of the 40 and 30 kDa fragments were established as residues Ser’® (SVVHV) and Met'
(MLLDE), respectively (Fig. 5). For A. thaliana, the N-terminal end of the 45 kDa fragment was identified as
Ala’” (AAKV).

Hydroxylamine treatment of EcDXS

The enhancement of the rate of processing of the target protein by a robust nucleophile has been proposed as an
additional proof of an autoproteolytic mechanism (Shao, Xu et al. 1996). Hydroxylamine is a nucleophilic
compound very reactive with (thio)esters (Jencks, Cordes et al. 1960; Rosenblum and Blobel 1999) and
succinimides (Kwong and Harris 1994), but too mild to break amide bonds. Hydroxylamine could increase the
autoprocessing proteolysis through the hydrolysis of (thio)ester intermediates, which is considered the rate-

limiting step in autoproteolysis (Shao, Xu et al. 1996).

Therefore, hydroxylamine was added to both non-denatured and urea-denatured EcDXS samples and aliquots
taken after a short (15 min) and long (16 h) period treatments. Within 15 minutes, hydroxylamine treatment
strongly enhanced the cleavage of the treated samples as compared to the control (hydroxylamine-untreated)
samples (Fig. 6). After 16 h incubation, the treated samples only showed a slightly increased cleavage as
compared to the 15 minutes treated samples, indicating that most of the cleavages occurred shortly after
hydroxylamine treatment. Interestingly, the urea-denatured samples were cleaved at similar levels than the non-
denatured samples. This fact strongly suggests the stable presence of succinimide residues in purified EcDXS.
However, it should be stressed that whereas the ~40 kDa band produced after hydroxylamine treatment seems to
results from a cleavage at the site identified previously, the band of ~50 kDa present in the control reaction was
replaced by a new band of ~55 kDa in the treated samples (Fig. 5), indicating that another cleavage site is
preferentially induced by hydroxylamine. Interestingly, the size of this band is similar to the band of ~55kDa
already reported for the renatured enzyme (Fig. 3B). Edman sequencing of the 55 kDa hydroxylamine-cleaved

153

fragment revealed Gly *° (GAITA) as the N-terminal residue (Fig. 5). This means that the cleavage is produced

between Asp'*>-Gly'*® and corroborates the hypothesis of the presence of a succinimide or cyclic intermediates
since this pair of residues have been described to undergo this intramolecular rearrangement with high probability.

In this context, Edman sequencing of the ~40 kDa band produced by hydroxylamine treatment corroborated the

294 295

cleavage between Asp~ -Pro

306

(PITFH). In addition, the presence of other N-terminal fragments, like the
Pro”(PSSG) opened the possibility of the presence of other cyclic intermediates like between the residues
Asp*®-Pro’®. The impossibility of the Asp-Pro peptide bond to form succinimide intermediates has been
extensively described in the literature (Catak 2008, Li 2009, Oiyonen 1993). In spite of this, cyclic anhydride
intermediates are formed through the attack of the carboxylic acid side chain of the Asp residue on the n+l
carbonyl center of the peptide bond (Li 2009). This intermediate has been described that undergoes hydrolysis to

give the backbone cleavage more easily than succinimides or other Asp-aa peptide bonds (Li 2009). Taken
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together, these results suggest that whereas the ~40 kDa fragment is induced by the hydrolysis of a cyclic
anhydride intermediate at residue 294 both in control and in hydroxylamine treated samples, the hydroxylaminosis

of succinimide of Asp'> could make an “epistatic” effect over the rearrangement site involved in the formation of

206 207

the ~50 kDa fragment (cleavage between residues Ser™ -Ser” ') obtained from the native protein.

Hydroxylamine Hydroxylamine (250mM)

non-treated Non-denatured

samples samples Urea (8M)
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U e eneenl) Gy
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EcDXS C- terminus
immunodetection

Fig.5 Hydroxylamine treatment of EcDXS (with His-tag in the C-terminus). EcDXS was incubated at room temperature
and samples were removed at 15 min and 16h. Furthermore, EcDXS urea- and non urea-treated samples were incubated with
250mM hydroxylamine. Non denatured samples were removed at 15 min and 16h and denatured samples at 16h.
Hydroxylamine treatment strongly enhances the cleavage of both denatured and non-denatured samples compared to non-
treated samples. The hydroxylamine-cleaved 50 kDa peptides presented a slight slow migration in SDS-PAGE compared to the
non hydroxylamine-treated 50 kDa peptides, in the same manner as observed in the novo fragment produced in the refold
experiments. N-terminal sequencing of the 50 kDa peptides from non hydroxylamine-treated (SLREG) and hydroxylamine-

treated samples (GAITA) were done. Molecular weights of the western blot analysis are marked on the left.

Activity of truncated forms of DXS lacking the major autoprocessing site in E. coli

206 207

As it has been shown above, cleavage between residues Ser” " -Ser™’ represents one of the major autoprocessing
sites of EcDXS. Interestingly, this cleavage site is located within a non-conserved region in bacterial and plant
DXS that has been identified as an external and disordered region of DXS which extends from residues 183 to
238. Since this region could not be resolved in the crystallographic studies of bacterial DXS (Xiang, Usunow et al.
2007) its structural and/or functional role was not established. To check whether this region is relevant for enzyme
activity a DXS derivative lacking the region extending from residues 191 to 239 was generated (pET23-EcDXS-
A191-239). Since it can not be excluded that this region could have a structural role by acting as a hinge between
functional domains a derivative in which the 191-239 region was replaced by a polyglycine loop was also
prepared (pET23-EcDXS-A191-239[G-loop]). ECABA4-2 cells transformed with either plasmid pET23-EcDXS-

A191-239 or pET23-EcDXS-A191-239[G-loop] were able to complement the defective DXS strain (Fig. 7), thus
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showing that the deleted region is not essential for enzyme activity. Interestingly, immunoblot analysis of purified
recombinant EcDXS-A191-239 did not show degradation products (Fig. 2A), suggesting that this exposed domain

of the protein may play a relevant role in targeting DXS autoprocessing, at least in E. coli.

Domain | Domain 1l Domain
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183 238
| == | EDXS -A191-
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| A\ | EcDXS -A191-239 (G- g Sect

190 240\ loop)
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-A190-240 —A190-240 (G
loop)

Fig.6 Activity of EcDXS constructs. (Left) Scheme of the constructs EcDXS-A190-240 and EcDXS-A190-240 (G-loop). Non-
resolved region in the crystal structure of the EcDXS (Xiang 2007) is marked with black boxes. (Right) Complementation
assays of the EcDXS constructs.

Heterologous protein autodegradation induced by E. coli DXS sequences

As described above, the cleavage site involving Ser””’ seems to be a main target for the autoprecessing of EcDXS.
However, cleavage at this site apparently required the proper folding of the protein (Fig. 3). To check whether
cleavage at Ser’”’ requires the folding of the entire DXS protein or just a short domain around the cleavage site the
region of EcDXS extending from residues 158 to 240 was cloned in the middle of a chimeric protein consisting of
GST fused to GFP. A 6xHis-tag was also included in frame downstream of GFP (Fig. 8). The chimeric constructs
(encoded in plasmids pET23-GST-GFP and pET23-GST-EcDXS158-240-GFP, respectively) were expressed in E.
coli and the recombinant proteins purified by IMAC. Immunoblot analysis of the purified proteins revealed the
presence of degradation fragments only in the case of the chimeric construct containing the internal EcDXS
sequence. Assuming that the size of GFP is around 28 kDa, the results shown in Fig. 8 are in agreement with a
major cleavage site within the EcDXS sequence. However, secondary cleavages within GST and GFP also seem

to occur.
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Fig.7 Chimerical constructs. (Up) Scheme of the constructs GST-GFP, GST-Eco158,240-GFP and GST-At226,318-GFP.
(Down) Constructs were purified using the His-tag at C terminus and were analyzed by Western blot with anti-his and anti-

GST antibodies. GST-Eco158,240-GFP (lanes 2 and 4) presented the cleavage of the protein compared to GST-GFP (lanes 1
and 3).

Discussion

Proteases play an important role in several processes in the life. However, the occurrence of autoproteolytically
intramolecular processes has also been reported in a large number of protein families. Most of these
intramolecular rearrangements involve the formation of an ester bond in exchange of the amide bond between two
amino acid residues. These kinds of rearrangements have been described for instance in pyruvoil enzymes (Recsei
and Snell 1984; van Poelje and Snell 1990), Ntn hydrolases (Brannigan, Dodson et al. 1995), nucleoporins
(Rosenblum and Blobel 1999), proteins with SEA domain (Johansson, Macao et al. 2008) and HINT proteins
(Hedgehog and inteins) (reviewed in (Paulus 2000)). Moreover the formation of succinimide residues, like in the
cleavage of the interbranched peptide during protein splicing plays a relevant role in protein autoprocessing, and
the formation of cyclic anhydride intermediates plays a relevant role in protein autoprocessing (Fig.8). The
formation of succinimide residues also play a role in the deamination/formation of L-isoaspartate (iSOAsp),
residue that constitutes a major source of spontaneous protein damage under physiological conditions.(reviewed in
(Reissner and Aswad 2003)).

Autoproteolysis is generally believed to proceed by a two-step reaction mechanism involving an ester
intermediate (Perler 1998). This ester is generated via an intermediate structure (hydroxyoxazolidine or
hydroxythiazolidine) derived from the nucleophilic attack of a serine/threonine hydroxyl (ROH) or a cysteine thiol
(RSH) on the carbonyl carbon of the preceding amino acid. Such an N — O or N — S acyl shift is believed to be
similar for the initial steps of autoproteolysis in all of the mentioned enzymes. What differs between some of the
enzymes above is the subsequent resolution of the ester. In the pyruvoyl-dependent enzymes, the ester is

eliminated into an N-terminal dehydroalanine that then hydrolyzes into a pyruvoyl group and ammonia (Recsei,
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Huynh et al. 1983). In the other enzymes, the ester is instead broken by hydrolysis. In the Hedgehog proteins, the
attacking nucleophile is a cholesterol hydroxyl, thus yielding covalently bound cholesterol (Porter, Young et al.
1996), and in the splicing reaction, it is a downstream serine hydroxyl (Xu and Perler 1996), whereas in the group
of Ntn hydrolases, nucleoporins and SEA domain proteins the nucleophile is believed to be water, thus generating
novel C and N termini (Brannigan, Dodson et al. 1995).

The fact that DXS undergoes proteolysis in Escherichia coli cells, in a cell-free system, in chimerical constructs
and in a renatured form from a full-length non-proteolyzed EcDXS without any extraneous addition could
suggests an autoproteolytic process as more an easy explanation. The data presented here has revealed that DXS is
modified at post-translational level and these intramolecular rearrangements could produce an autoproteolytic
process that cleaves the protein at specific amino acid residues. This autoproteolytic process, which was initially
observed in the E. coli enzyme, has also been observed in the bacterium T. maritima and in the plant A. thaliana,
thus suggesting that autoprocessing of DXS represents a novel and general feature of this enzyme. For E. coli
DXS, the main cleavage sites has been identified between residues Ser’” and Ser””’. Similarly, one of the main
cleavage sites in the T. maritima DXS has been found between residues Ser *** and Ser”®. The fact that these pair
of Ser residues are located in different regions of the protein suggests that the position of this cleavage site is not a
major trait in DXS autoprocessing. Mechanistically, the cleavage of DXS between the identified pairs of Ser
residues in the E. coli and T. maritima enzymes can most likely involve an ester bond-related process equivalent
to that described above for the autoprocessing of Nth hydrolases.

The second main cleavage site in the E. coli enzyme has been predicted between residues Asp***-Pro** which, in
contrast to the pair of Ser residues indicated above, is highly conserved among DXSs(Fig.9C), thus suggesting
that this cleavage site may be common to all known DXSs. The mechanism(s) involved in the cleavage between
Asp”*-Pro*” in E. coli DXS could involve the hydrolysis of a cyclic anhydride intermediate in a process
described for other protein models (Li 2009) and, in some ways, similar to that operating in protein splicing. It has
been proposed that protein splicing begins with the attack of a downstream Asn residue at the upstream splice
junction to form a succinimide. Although the C-terminal residue of inteins is typically an Asn, the presence of Gln

2%_Pro*” peptide

and Asp has also been reported (Amitai, Dassa et al. 2004). The enhanced cleavage of the Asp
bond with hydroxylamine (Fig 5) is a clear indication that a cyclic anhydride intermediate is formed at the Asp™*
residue. In fact, the hydroxylamine cleavage in this position is the same cleavage site observed in hydroxylamine-
untreated samples and seems to be the main cleavage site observed in the in vivo experiments. It should be
stressed that the Asp”* is located in the second non-resolved region of the crystal structure from the E. coli DXS.

The hydroxylamine treatment of E. coli DXS (Fig 5) has also shown that succinimide is formed at the Asp'™
amino acid residue. The presence of the ester bond rearrangement between the Ser’™ and Ser”” has not been
corroborated in hydroxylamine assays most probably owed to the presence of this succinimide residue. Although
this residue has not been directly involved in DXS cleavage, despite that the refolding of EcDXS showed a band
of the corresponding weight, the possibility that this succinimide could be an intermediate in the conversion of
Asp into isoAsp represents an attractive field of study considering that E. coli Asp'> is present in the conserved
TPP binding motif (GDGXj,5.30N) found in all known DXSs (Fig. 9B). Furthermore, this residue plays an essential
role in the stabilization of the TPP and Mg®" ion (Xiang, Usunow et al. 2007) (Fig.10). The presence of stable
succinimides observed in the hydroxylamine assays could be explained in the way of the intermediate of the

IsoAsp formation. The modification of this Asp residue to isoAsp could certainly affect enzyme activity and thus
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represent a novel regulatory mechanism to modulate DXS activity. Interestingly, this Asp residue is also
conserved in other related TPP-dependent enzymes (like transketolase and pyruvate dehydrogenase) (Fig 9). In
this proteins the TPP binding motif is present in a turn that separates a preceding B-strand from a following a-
helical (Hawkins, Borges et al. 1989). This turn allows the orientation of the C2 of the TPP to the solvent
(corroborating the mode of catalysis).

Although the autocatalytic processing of DXS represents a novel aspect on the characterization of this enzyme,
more experiments are needed to really assess the biological significance of this post-translational modification in

the regulation of isoprenoid biosynthesis.
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Fig.8. On the left, scheme of the cyclic anhydride intermediate formation. On the right, asparagine deamination/ L-isoaspartate

formation through the succinimide via. The hydroxylaminosis are also shown.

173




Capitulo 5

EcDXS : MSFDIAKYPTL. ST PKE: CDE[MR& YELDSYYSES (FASELGTVELTVAL] TP LIWDNGHQA FHKILTGRRDY! Q :
TmDXS : ——————————- M ——-] SYDI AEDLIRNRLITE' SN (BASNLGT IELTLALM D=0 1 1 WDIGHQAYRIHK | LTGRIp D[RS T =

v TPP bindingmotif Nonresolvedloop

EcDXS : HPEPWEGESE YRVLSVERS 1AVRAEKEEKNER TN CIREY] A HAGRIJRPOY LI SENVEAINNGIIAQEL -
TmDXS : St R PLBWFG A FEK& LLEEKRH VIGDGAL A QL INS| 1 1LNDN| S GlEA SKER -
Pl PLILE

PLLS
EcDXS : [ZgAVPKF SGC SSG! DWECETRAAKEN] RE[EN{ellV/ RIGGPDRYFD (0 H A KPTVATYSTFLQgS
TmDXS : MySAS---[Z8G-- ———-| H SRVER D LRGTGLS] [SgPDRFFDL{E O T GIIARG KPVVAIYSTFLOgS
S SR AYDQVLHDVA 1QEPVLFAIDR e 1P SDENECRQ G YHYNIel STAVREEEG - — - NAYGVE[RTAREKIEP]] -
IUZESIRAYDO | IHDVALQWAPVLFAIDR H ILPYIEN SSPE[EFVN:! VLKH: & VALINAENESFYGENESLBENYK -
EcDXS : [EKG] REEK| INF] AARYAESTEY. BMR D LEYAA ENAI CUNEVEMAHRKPVPYINITS Q :
TmDXS : [gWl —€RE A iV P-—[Hy AL D aRDEDL] =AM OREQEMGWQGKLAYN[XE} H -

\/ Nonresolvedloop

EcDXS : SGKW{SSLIXEG FSGVPP-—-lKIELENRTEEHHNENW Y PGT LIZ=EREFNN] I (e | | RpIRKINMRD{ENEROIS] HIMTKKGRGY|H
TmDXS : WUSPLRILKGKV| LEKTEIGFI =EVINY L RDSHKENIQGTNHF=S[He) | (={HLSNQYSKI 1 ROMOESVVHVVTKKGKGHE

A

Non-resolved

EcDXS : [ETQEEYRAI EAKLIKAEA - — ——— ——— : 620
TmDXS : [€GR LS SE[EETKTYL KARSREGKV : 608

B C

v v
ECDXS  : KNRR-———————- TVCVIEBEATTAEN = 159 ECDXS : )JEPAEK-| PITFHAvPKF——
AEDXS 1 KNNN-———mmmm WA €Q : 225 AEDXS : |(PYAERABD-KYHGYVKF--BPATG :
R R = (o T — v &M - 145 TMDXS = [§TAAEE-NPTKYHSAS——--———-
ECTKT1 : AQFNRPGHDIVDHYTYA MEEI : 162 TKT1 : EMPSDF-BAKAKEF[JAKLQ
ECOPD1 : YLEHRGLKDTSKQTVYA DEPE : 238 OPD1 : [LPSRQP| FTEKLEEﬁ

Fig.9. Alignment of DXS. A Alignment of EcDXS and TmDXS. The TPP-binding motif and the non-resolved region in
crystal structure of EcDXS are marked. Succinimide/cyclic anhydride intermediates residues are marked with a black triangle,
cleavage sites are marked with a white triangle and the second cleavage peptide obtained by hydroxylamine is marked with a

grey triangle. B Alignment of the region surrounding the EcDXS Asp'**-succinimide rearrangement of EcDXS, TmDXS,

AtDXS, E.coli transketolase 1 (TKT1) and E.coli El subunit of pyruvate dehydrogenase (OPD1). It is shown that this residue
294

is totally conserved. C. Alignment of the region surrounding the EcDXS Asp
of EcDXS, TmDXS, AtDXS, EcTKT1 and EcOPDI.

Fig.10. Scheme of the TPP-binding motif from EcDXS. The octahedral structure formed between the Mg®" ion, the

pyrophosphate moiety of the TPP and the residues of EcDXS are shown.
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Conclusions

The 1-deoxy-D-xylulose 5-phosphate synthase (DXS), a crucial enzyme in some biosynthetic pathways, has been
indirectly described as a target for proteases. In this paper, we show that the DXS proteolysis is observed in three
homologues in “in vivo” Escherichia coli expression and after protein purification, and in a cell-free system.
Furthermore, renaturated full length non-proteolyzed EcDXS presented the proteolytic event in comparison with
non-renaturated one suggests a folding-dependent process. The presence of a Ser amino acid residue involving the
cleaved peptide bond by N-terminal sequencing of the peptides allows to thinking in an ester-bond related
process. Interestingly, EcDXS is cleaved by hydroxylamine treatment under proper folding and denatured
conditions suggesting an Asx-related intramolecular rearrangement in two different sites, which was corroborated
by N-terminal sequencing. Thus, hydroxylaminosis could not corroborate the presence of an ester-bond by the
presence of the succinimides/cyclic anhydride intermediates suggesting the possibility of two processes. The

152

presence of a succinimide in the Asp ™ amino acid residue involved in the TPP binding domain could have

implications in the enzymatic activity.

Name (5" -39

158FDXSEco GGCATGGCGTTTGAAGCGATGAATCAC
240RDXSEco GCCAGGCACTACCATGCCTT

GSTNdelF(2) CGAGCATATGTCCCCTATACTAGGTTA
GFPSacIR(pET23b) CCGGGAGCTCCACTTGTACAGCTCGTC
F214DXS GATCGACATATGAAAGTTTTCTCTGGCGTGC
R214Xhol ACTCGAGTTTCCCGCCTTCGCGCAG
T7promoter TAATACGACTCACTATA

T7terminator GCTAGTTATTATTGCTCAGCG
190RDXSEco(Smal) GGGGCCGACATTTTCGGAAATCGACATTTC
240FDXSEco(Smal) GGGACGTTGTTTGAAGAGCTGGGCTTTAAC
Flexlinker(P-G-S)D CCCGGGGGCGGLCGGELCGGELCEGECEGECEELCTCT
Flexlinker(P-G-S)Com AGAGCCGCCGCCGCCGLCCEleaeececaaa

Table 1 Primers used during the cloning procedures.
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Anexo 1

Moléculas y efecto sobre la actividad enzimatica de CMK

Hipoétesis farmacoforica de 5 puntos
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Base de MW X-Score RMSD Referencia Nuamero CAS
datos/proveedor
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Base de MW X-Score RMSD Referencia Numero CAS
datos/proveedor
ChemDiv 533,72 5,6 1,76 53104777
Actividad CMK
140
120 ®
g 100 %0 s
2 80 *
8 o0
R 40
20
0+ : : ! ! :
0 100 200 300 400 500
[]1 molécula
Base de Mw X-Score RMSD Referencia Numero CAS
datos/proveedor
ChemDiv 384,86 5,15 0,95 C289-0366

Actividad CMK

140

120 ﬁ
.
100 P s
80
60
40

20

% Actividad

0+ T T T
0 100 200 300

[ 1 molécula pM

184

400

500




Anexo 1

Hipotesis farmacoforica de 7 puntos

Base de MW X-Score RMSD Referencia Numero CAS
datos/proveedor
NCI 404,3 4,64 1,33 NCI0031973
Actividad CMK
CH4
140
120 *
E 100 s® * s .
S 80
§ e
£ 40
20
0+ - - - - - .
o 100 200 300 400 500 600
] []1 molécula pM
]
HaC~
Base de MW X-Score RMSD Referencia Numero CAS
datos/proveedor
Interbioscreen 498,3 5,14 1,68 COMPND
STOCK1N-50533/
859141-99-4
Actividad CMK
HJC CH 140
? 3 CH,
/ 120 s %
HsC o = GRS ¢
~_-CH3 e © .E 80
HiC /ﬁ J|/ - § 60
HO H5C.. . A °
NH NH Oy \f/ “CH, R 40
| | 20
o P O 0- ‘ ‘ ‘ ‘ ‘ ‘
5 0 100 200 300 400 500 600
[ 1 molécula
Base de MwW X-Score RMSD Referencia Numero CAS
datos/proveedor
Interbioscreen 522,3 4,96 1,47 COMPND
STOCK4S-57225
Actividad CMK
140
120
:g 100 § §
s 8 { . f
g oo
® 40
20
0 T T T T T |
(o] 100 200 300 400 500 600

[1 molécula pM

185




Anexo 1

Base de MW X-Score RMSD Referencia Numero CAS
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Abstract The 2C-methylerythritol 4-phosphate (MEP)
pathway for the biosynthesis of isopentenyl pyrophosphate
and its isomer dimethylallyl pyrophosphate, which are the
precursors of isoprenoids, is present in plants, in the malaria
parasite Plasmodium falciparum and in most eubacteria,
including pathogenic agents. However, the MEP pathway is
absent from fungi and animals, which have exclusively the
mevalonic acid pathway. Given the characteristics of the
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MEP pathway, its enzymes represent potential targets for
the generation of selective antibacterial, antimalarial and
herbicidal molecules. We have focussed on the enzyme
4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase
(CMK), which catalyses the fourth reaction step of the
MEP pathway. A molecular dynamics simulation was carried
out on the CMK dimer complex, and protein—protein
interactions analysed, considering also water-mediated inter-
actions between monomers. In order to find small molecules
that bind to CMK and disrupt dimer formation, interactions
observed in the dynamics trajectory were used to model a
pharmacophore used in database searches. Using an inten-
sity-fading matrix-assisted laser desorption/ionisation time-
of-flight mass spectrometry approach, one compound was
found to interact with CMK. The data presented here indicate
that a virtual screening approach can be used to identify
candidate molecules that disrupt the CMK-CMK complex.
This strategy can contribute to speeding up the discovery of
new antimalarial, antibacterial, and herbicidal compounds.

Keywords CMK-MEP- MVA -

Solvent-mediated interactions - Protein—protein interactions -
Molecular dynamics - Drug design -

Intensity-fading MALDI-TOF mass spectrometry

Introduction

Isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl
pyrophosphate (DMAPP) [1, 2] are the universal five-carbon
precursors of one of the largest families of natural products—
the isoprenoids. Isoprenoids include hopane triterpenes,
ubiquinones and menaquinones in bacteria; carotenoids,
plastoquinones, mono-, sesqui-, di and tri- terpenes and the
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prenyl side chains of chlorophylls in plants; and quinones,
dolichols, steroids and retinoids in mammals [3], and account
for more than 30,000 naturally occurring molecules of both
primary and secondary metabolism.

After the discovery of the mevalonic acid (MVA) pathway
in yeast and animals, it was assumed that IPP was
synthesised from acetyl-CoA via MVA and then isomerised
to DMAPP in all organisms [2—5]. However, an alternative,
MVA-independent, route for the biosynthesis of IPP was
recently identified by labelling experiments in bacteria
[6, 7] and plants [8]. It is named the MEP pathway, after
what is currently considered its first committed precursor,
2C-methylerythritol 4-phosphate (for recent reviews see [9]
and [10]).

Experimental evidence has shown that most organisms
only use one of the two pathways for the biosynthesis of
their isoprenoid precursors. Thus, the MEP pathway is
essential in the malaria parasite Plasmodium falciparum
and in most eubacteria, including the causal agents for
diverse and serious human diseases like leprosy, bacterial
meningitis, various gastrointestinal and sexually transmitted
infections, tuberculosis, and certain types of pneumonia.
The MEP pathway is absent in archaeobacteria, fungi and
animals, which synthesise their isoprenoids exclusively
through operation of the MVA pathway, whereas plants
use both pathways for isoprenoid biosynthesis, although
they are localised in different compartments [9-16].

Given the absence of the MEP pathway in mammals, its
enzymes represent potential targets for the development of
selective antibacterial, antimalarial and herbicidal com-
pounds [10, 15-18]. An example of this new class of
chemotherapeutic agents is fosmidomycin, a natural antibiotic
originally isolated from Streptomyces lavendulae, which
inhibits the second enzyme of the MEP pathway, deoxyxylu-
lose 5-phosphate reductoisomerase [16]. Fosmidomycin and
its derivatives have been shown to inhibit bacterial growth
[19] and to be effective against Plasmodium infections [17,
20-22]. A combined therapy of fosmidomycin and clynda-
micin, a chemical that inhibits the prokaryote-like translation
machinery of the P. falciparum apicoplast, proved to be
highly efficient against malaria, with a 3-day regime resulting
in an overall cure rate of 95% [23]. These results are very
promising and validate the usefulness of MEP pathway
enzymes as drug targets.

In this work we have studied the enzyme 4-(cytidine
5'-diphospho)-2-C-methyl-p-erythritol kinase (CMK),
which catalyses the fourth step in the MEP pathway, i.e.
the ATP-dependent phosphorylation of the intermediate
CDP-ME at the C-2 hydroxyl group to yield CDP-MEP.
The enzyme from Escherichia coli has been cloned,
overexpressed, purified, and crystallised. X-ray structure
studies showed that CMK is organised as a homodimer.
The asymmetric unit consists of two subunits, A and B, of

@ Springer

approximate total mass 62 kDa, which assemble with C2
symmetry to form an extended homodimer, but only 4% of
the total surface area of the two monomers is involved in
dimer formation. Despite such a small area of interaction, a
dimer is observed in gel filtration experiments that can be
detected in matrix assisted laser desorption/ionisation time-
of-flight mass spectrometry (MALDI-TOF MS) [24] and in
analytical ultracentrifugation assays [25].

Disruption of protein—protein interactions through small
molecules that target hotspots in the contact regions between
protein surfaces [26] is an attractive therapeutic approach
that can be very useful for drug design [27-30]. Thus,
destabilising the CMK complex could represent a new
strategy for the development of antibacterial and antimalarial
agents. Although few direct protein—protein interactions are
observed in the crystal structure of CMK, several water-
mediated interactions seem be important for dimer stabilisa-
tion. Solvent-mediated protein—protein interactions play an
important role in molecular recognition [31-35], and are
being increasingly considered when modelling protein com-
plexes [36]. Here, we have carried out molecular dynamics
(MD) simulations on the CMK dimer in order to gain insight
into such protein—protein interactions. With the objective of
studying the intermolecular interactions of the complex in
more detail, both direct and solvent-mediated protein—protein
interactions were monitored throughout the dynamics trajec-
tory. A pharmacophore was designed based on the position
of atoms involved in the interactions, and used in a database
search for small molecules capable of disrupting the CMK
dimer. The association between candidate compounds and
CMK was empirically checked by intensity-fading MALDI-
TOF MS [37, 38]. This approach provides a quick method
for the detection of complex formation between the protein
and a ligand based on the reduction of ion intensities of the
mixture, compared to the intensity of both protein and ligand
alone. One hit provided by the pharmacophore-guided
database search turned out to decrease dimer formation.

Materials and methods
System design

All minimisations and MD simulations were performed with
the AMBER 7 suite of programs [39] and all-atom parm99
and gaff force fields [40, 41]. For organic small molecules,
atom types were assigned with the antechamber module of
AMBER?7, and atomic charges were calculated following
the BCC-AM1 method [42]. Starting coordinates of the
CMK complex were downloaded from the Protein Data Bank
(PDB) [24], identification number PDBid=10j4. The com-
plex consists of two CMK proteins (each monomer compris-
ing the full sequence, from residue 1 to residue 283), two
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molecules of adenosine 5'-(3, y-imido)triphosphate (AMP-
PNP), two molecules of 4-(cytidine 5'-diphospho)-2-C-
methyl-D-erythritol (CDP-ME), 192 water molecules and 1
chloride ion. The structure was resolved by X-ray diffraction
at a resolution of 2.01 A. Some side-chains presented two
possible conformations. Because they were not involved in
protein—protein close contacts, only the conformations
marked in the PDB file as ‘A’ were considered further.
Selenomethionine residues were replaced by methionines.
Hydrogen atoms were placed where necessary with the LEaP
module of AMBER?7. The system was neutralised with Na"
ions (31 ion atoms were required) placed at the most
negative electrostatic potential points following a grid-based
box-shaped procedure for mapping electrostatic potential
surface (as implemented in LEaP).

Molecular dynamics simulations

A first minimisation step was carried out in vacuo with
a distance-dependent dielectric constant of 4r. Then, a
rectangular box of TIP3P water [43] was added, with a
minimum distance between the protein and the edges of the
box along the Cartesian axis of 10 A. Water molecules closer
than 1.8 A to protein/CDP-ME/AMP-PNP were removed.
The system was then relaxed by a two-step procedure. First,
water molecule positions were optimised and, second, the
whole system was optimised. MD simulations were per-
formed using the particle mesh Ewald (PME) summation
method [44] to compute long-range electrostatic energy.
Bonds involving hydrogen atoms were constrained with the
SHAKE algorithm [45]. The time step was set to 1 fs and
the non-bonded pair list was updated every 25 ps, applying
a cutoff value of 9 A. Temperature and pressure regulation
was simulated using Berendsen’s algorithm [46], with time
coupling constants of 1.0 and 0.2 ps, respectively, unless
specified otherwise. The system was heated gradually to
300°K increasing 30°K each 10 ps, at constant volume.
Then, a two-step pressure equilibration process followed. A
temperature coupling constant of 1.0 ps was applied during
the first 20 ps and increased to 2.0 ps for a further 40 ps. Up
to this point, ions and protein atoms had been restrained
under harmonic potentials with a force constant values of 1
and 5 kcal mol' A™', respectively. Next, restraints were
reduced gradually for 60 ps. Finally, simulations were
carried out in the NVT ensemble with no restraints. The last
1,000 ps with stable total energy were considered as the
production run for further analysis.

Energy analysis
Lennard-Jones (LJ) and Coulombic energies between every

side chain of the first monomer protein and the entire
second monomer protein, and vice versa, were computed

for snapshots every picosecond throughout the 1,000 ps of
production time with the ANAL module of AMBER 7.
These calculations were also performed after adding water
molecules to one of the interacting partners.

Solvent-mediated interaction analysis

Water molecules that established hydrogen bonds simulta-
neously with both proteins throughout the last 200 ps were
analysed with a program developed by our group. Hydro-
gen bond distances were monitored and occupancy was
defined as the percentage of time for which there existed at
least one hydrogen bond to each monomer with a distance
value lower than 2.5 A.

Design of interaction models from MD trajectory

During the last 200 ps of production time, the positions of
those atoms in one monomer that effectively interacted with
its partner monomer were monitored. If several atoms
contributed to the same effective interaction, the centre of
masses of the mean positions was calculated and treated as
a single interaction point. Maximum and minimum dis-
tances between every pair of points were used to construct
the model for database searches, and mean positions of
points as Cartesian coordinates were used for the docking
procedure. Because all points must be referred to the same
reference system, each snapshot was superimposed onto the
backbone heavy atoms. An interaction feature was assigned
to every point: hydrogen donor/acceptor, hydrophobic.

Database search and docking procedure

A selected interaction model was introduced as input for the
compound search. Catalyst (Accelrys, San Diego, CA)
software together with the Available Chemical Database
(ACD), National Cancer Institute (NCI) database, ChemDiv
database and Specs database were used. Matches were
filtered and molecules with unusual bonds or with a
molecular mass higher than 750 Da were not selected. Hits
were saved as mol2 format files containing all the
conformations given by Catalyst. Each conformation was
docked to the CMK monomer as follows. Pharmacophoric
features were automatically assigned to the ligands, and
distances between pharmacophoric points were calculated
for all conformations. Next, for each conformation, we
tested whether a combination that satisfied the interaction
model existed and, in such cases, the ligand pharmaco-
phoric points were superimposed on those of the interaction
model, optimising the root mean square deviation (RMSD).
At this point, the CMK monomer structure was introduced
into the model to detect van der Waals (vdW) clashes
between the ligand and the protein. In order to avoid bad
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vdW contacts, a slight translational movement of the ligand
was allowed. Atoms were not allowed to be closer than half
of the sum of their vdW radii. If there were no forbidden
vdW contacts, the dissociation constant was evaluated with
X-Score [40].

A visual structure analysis was carried out on ligands
with best docking, defined as those with best X-Score and
RMSD consensus values. The compounds selected were
finally classified according to their structure.

Preparation of recombinant CMK

Recombinant CMK from E. coli was prepared as previously
described [47]. Briefly, M15[pREP4] E. coli cells were
transformed with the pQE30-ispE construct containing the
coding region of the ispE gene of E. coli. Transformed cells
were grown at 37°C in LB medium supplemented with
ampicillin (100 pg/mL) and kanamycin (50 pg/mL) until an
ODggp of 0.3-0.4 was reached. Induction was then
performed with 0.4 mM IPTG for 3 h at 30°C. Cells were
harvested by centrifugation (3,000 g, 10 min) and resus-
pended in 40 mM Tris—HCI buffer, pH 8, containing
0.5 mM EDTA, lysozyme (1 mg/mL) and complete-mini
EDTA-free (Roche) (one tablet/10 mL buffer). Cells were
incubated at 4°C for 20 min and sonicated (5%30 s bursts
with 1 min cooling at 0°C). The extract was centrifuged at
11,000 g for 30 min at 4°C; the supernatant was recovered
and supplemented with protamine sulphate (1.25 mg/mL),
incubated at room temperature for 15 min, and then
centrifuged at 13,000 g for 20 min at 4°C.

Hi-trap chelating columns (GE Healthcare, Little Chalfont,
UK) were used for the purification of recombinant CMK. The
resin was washed with 40 mM Tris—HCI buffer, pH 8.0,
containing 0.1M NaCl, and 10 mM imidazole. His6-CMK
was eluted with an imidazole gradient (10-500 mM) in
40 mM Tris—HCI buffer, pH 8.0, containing 0.1M NaCl. The
fractions containing His6-CMK were 95% pure as judged
from SDS—polyacrylamide gel electrophoresis and Coomassie
brilliant blue R-250 staining and appeared as a major band
corresponding to an apparent molecular mass of 31 kDa.
CMK preparations were desalted by gel filtration on dispos-
able Sephadex G-25 columns (PD10) (GE Healthcare)
equilibrated in 40 mM Tris—HCI buffer pH 8.0 containing
0.1M NaCl, distributed into aliquots, snap-frozen with liquid
N, and stored at —80°C until use. Protein concentration was
measured by the method of Bradford [48] using bovine
serum albumin as a standard.

Intensity-fading MALDI-TOF MS
Intensity-fading MALDI-TOF MS was used to study the

formation of a complex between one of the selected com-
pounds in the database search, 2,4,6-trichloro-N-[5,6-

@ Springer

dimethyl-1-(2-methylbenzyl)-1H-1,3-benzimidazol-4-yl]
benzenesulfonamide (Bionet Research, Key Organics,
Camelford, UK), Compound 1 (C1), and purified CMK
from E. coli. In these experiments, a direct protocol could
be used because both Cl and CMK are soluble in the
concentration range used. This protocol also requires that
the complex remains intact in solution at least in part during
the process of MALDI-TOF MS determination [37].
Samples were prepared as follows: a 1 mM C1 solution
prepared in water was mixed (1:1, v:v) with different dilutions
in the purification buffer of recombinant CMK ranging from
0.002 mM to 0.2 mM. Then, the samples were mixed (1:1,
v:v) with a 10 mg/mL solution of «-ciano-4-hydroxycinnamic
acid (CHCA) (Aldrich; Sigma-Aldrich, St. Louis, MO) matrix
solution in acetonitrile/deionised water (1:1, v:v). One micro-
litre of the mixture was overlaid onto the MALDI-TOF plate
and dried using the dried droplet method [49]. MALDI-TOF
mass spectra were recorded in a 4700 Proteomics Analyzer
instrument (Applied Biosystems, Foster City, CA). Acquisi-
tion of mass spectra was performed in the MS reflector
positive-ion mode. Typical parameters were set to source and
grid voltages 20 and 14 kV, respectively, power laser from
5,200 to 5,800, signal/noise threshold 5, and a noise window
width of 50.

Drawings

Figures depicting complex structures were constructed with
Chimera [50] or VMD [51].

Results and discussion
Interactions deduced from X-ray crystal structure

The X-ray crystal structure of CMK [24] shows a homodi-
meric complex, where the two monomers are apparently
positioned in an inverted position. The protein monomers
interact with one another through two small interfaces: A
and B (see Fig. 1), in which similar interactions are
established. Residues of monomer 1 (chain A in PDB
original file) found in interface A are the same as those of
monomer 2 (chain B in PDB original file) in interface B,
and vice versa. In the experimental structure of the
complex, three direct protein—protein electrostatic interac-
tions are detected. Two of them are observed in interface A,
an intermolecular salt bridge between Arg?' and Asp®
(hereafter, monomer 1 and monomer 2, respectively) and a
hydrogen bond between Ala**(carbonyl) and Gly*’(amine).
While the former is also observed in interface B (the third
protein—protein electrostatic interaction), the latter interac-
tion is detected in interface B not as a direct protein—protein
interaction but as a solvent-mediated interaction (Table 1),
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Fig. 1 X-ray structure of Escherichia coli 4-(cytidine 5'-diphospho)-
2-C-methyl-p-erythritol kinase (CMK) dimer. Monomers are repre-
sented in cartoon mode; and adenosine 5-(f3, y-imido) triphos-
phate (AMP-PNP) and 4-(cytidine 5'-diphospho)-2-C-methyl-D-
erythritol (CDP-ME) molecules are in licorice mode as implemented
in VMD visualisation software [51]. According to the reference used
in the text, in the protein data bank (PDB) the first monomer is
coloured blue and the second red

although with very distorted hydrogen bond angles between
water molecule and protein atoms. A more relaxed
geometry is found in the solvent-mediated interaction
between Ser*®(carbonyl) and Ala**(carbonyl) (Table 1).
Table 1 lists all solvent-mediated hydrogen bonding net-
works between monomers.

Interactions from dynamics trajectory
Hydrogen bonds and salt bridges

The scenario obtained throughout the MD production time
was slightly different from that suggested by the crystal
structure. Our analysis revealed only one direct monomer—
monomer electrostatic interaction, a salt bridge between
Arg®!' and Asp® in interaction interface A [mean minimum
hydrogen bond distance was 1.81 A, with a root mean
square (RMS) of 0.12 A]. Although the interaction in the
other contact region (interaction interface B) was not of the
protein—protein type, a more detailed study revealed that a
water bridge joined both side chains through hydrogen
bonds (Fig. 2). The hydrogen bond distances were analysed
at every snapshot extracted from the last 200 ps of the
production time, and the respective percentages of time
with values below 2.5 A (occupancy) are noted in Table 2.
The analysis showed that a water bridge (always the same
water molecule) between Asp®® and Arg?' established
hydrogen bonds during 96% and 99% of the time,
respectively. As far as the interaction between Ala*? and
Gly®” backbones is concerned (detected in the crystal
structure), it was observed as water-mediated in both
interfaces. In interface A, a water molecule acted as the centre
of a hydrogen bond network and established favourable
interactions with Ala®*(carbonyl) of monomer 1 and the
backbones of Gly*’, Pro®, Gly*’, and Ser®® of monomer 2.
The occupancies of hydrogen bond distances were 83% and
97%., respectively (Table 2). In this latter case, the water
molecule involved was labile and, therefore, different
molecules were observed to play the role of mediating the
interaction. However, the equivalent interaction in the other
interface (B) was mediated by a water bridge, with respective
hydrogen bond occupancy values of 65% and 99% (Table 2).

Table 1 Distances and angles of hydrogen bonds detected in the crystal structure of 4-(cytidine 5'-diphospho)-2-C-methyl-pD-erythritol kinase
(CMK). Distance 1 and angle 1 are calculated between water and residues of monomer 1, Distance 2 and angle 2 are calculated between water and
residues of monomer 2. When a protein amino group is involved, both carbon-bonded atoms were used to calculate angles (carbon of the N-

terminal side/carbon of C-terminal side)

Residues of monomer 1 Residues of monomer 2 Distance 1 (A)  Angle 1 (degrees) Distance 2 (A)  Angle 2 (degrees) Interface
Ala* (amine) Thr® (side chain) 33 83/87 3.4 117 A
Ala®? (carbonyl) Ser®® (carbonyl) 32 124 2.7 138 A
Gly*® (carbonyl) Ala*? (carbonyl) 2.8 121 3.1 131 B
Lys’® (side chain) Leu'?® (carbonyl) 29 103 3.0 157 B
Asp® (side chain) Glu'"® (side chain) 3.5 117 3.4 116 B
Ser®® (amine) Ala* (carbonyl) 32 93/102 2.1 141 B
Ser®® (carbonyl) Ala®? (carbonyl) 2.8 124 2.1 141 B
Gly®” (amine) Ala®? (carbonyl) 3.6 131/88 2.1 141 B
Gly®” (amine) Ala*? (carbonyl) 2.8 118/119 3.7 88 B
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Fig. 2 Water-mediated interactions between Asp®® of monomer 1 and
Arg®' and Glu"® of monomer 2 in interface B. Occupational analysis
was carried out with Chimera software [50]. Grid volumes in which an
oxygen atom of a water molecule is found at least 70% (approxi-
mately) of the time throughout the last 200 ps of the production time
are coloured solid blue. Carbon atoms of carboxylic (Asp®™ and
Glu'*®) and guanidinium (Arg®') groups, and the oxygen atom of the
water bridge between Asp®® and Arg?!, were used to superimpose
snapshots before analysis. Cutoff and grid spacing values were set to 7
and 1.8 A, respectively. For validation, volumes comprising the
carbon atoms mentioned above 100% of the same time are outlined in
light blue. As an example, the first snapshot is represented in the
figure

Summarising, the intermolecular protein—protein hydro-
gen bonds elicited from the crystal structure were also
observed in the dynamics trajectory but in a different
structural pattern. Most direct protein—protein interactions
in the crystal were observed in the dynamics trajectory as
mediated by the solvent through hydrogen bond networks.

The role of water molecules in mediating interactions
between both monomers is also observed in the crystal
structure. The CMK homodimer complex appears to
overcome its low protein—protein interaction surface by
water-mediated interactions. Further interactions of this
kind were resolved from the trajectory and will be detailed
in the following section.

Protein—protein solvent-mediated interactions

In addition to those described above, other stable water-
mediated protein—protein interactions were found to be
stable in the last 200 ps of production time (Table 2). In
interaction interface A, three further water-mediated inter-
actions were elucidated, two of which involving both the
side chain and the carbonyl group of Asp? in monomer 1.
The side chain established a solvent-mediated interaction
with the Lys’®(side chain) of monomer 2, whereas the
carbonyl group did the same with Gly*(carbonyl) and
Arg’?(side chain) of monomer 2. Finally, the side chain of
Glu'"® in monomer 1 interacted with Lys’(side chain) and
Asp*°(side chain/carbonyl) of monomer 2 through hydro-
gen bonds established with water molecules. In interface B,
one additional solvent-mediated interaction was observed
between Ala’’(carbonyl) and Ala®*(amine). Similarities and
differences between the crystal structure and the dynamics
trajectory can be deduced by comparing values from
Tables 1 and 2. The addition of temperature to the system
changed the water-mediated monomer—monomer interac-
tion pattern.

The interaction involving Glu'>® and Asp®(side chain)/
Lys’®(side chain) in interface A was not detected in interface
B. However, some evidence led us to carry out a spatial
occupancy analysis on the oxygen atoms of the water
molecules (Chimera software [50]). The results revealed

Table 2 Percentage of hydrogen bond (HB) distances under 2.5 A in protein—protein solvent-mediated interactions throughout the last 200 ps of

the production time

Residues of monomer 1 Residues of monomer 2 HB 1 HB 2 Interface
(%)° (%)
Ala??(amine) Ala”®(carbonyl) 19 94 A
Alazz(carbonyl) Pro% (carbonyl), Gly”(amine), Sergx(carbonyl/amine) and 83 97 A
Gly**(carbonyl)
Asp?(side chain) Lys’S(side chain) 98 97 A
Aspzz(carbonyl) Gly49(carb0ny1), Arg 72(side chain) 94 99 A
Glulsg(side chain) Lys7(’(side chain), Aspgo(carbonyl/side chain) 99 99 A
Progs(carbonyl), Thrgé(carbonyl), Alazz(carbonyl) 65 99 B
Ser*®(amine)
ASpsO(SidC chain) Al‘gZI(Sidc chain) 96 99 B
Alaw(carbonyl) Alazz(amine) 62 97 B

?Hydrogen bonds between water and monomer 1
®Hydrogen bonds between water and monomer 2
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that this interaction was described as mediated by two water
molecules (Fig. 2), which most of the time filled optimal
sites for establishing a hydrogen bond network between
the residues. There was also evidence of a further example
of a double water-mediated interaction pattern between
Ala*’(amine) and Ala’’(carbonyl) in interface A. However,
occupational analysis did not show a clear picture of two
oxygen atoms located in optimal positions (data not
shown). In this last case, a single water-mediated interac-
tion pattern was observed 19% of the time. It is likely that
both patterns exchanged with one another several times
throughout the trajectory.

On the whole, the results extracted from dynamics
analysis show the importance of water-mediated intermo-
lecular interactions in the CMK dimer complex. It has been
argued that bound water should be considered as an integral
part of the tertiary structure of proteins [52], a proof of
which is the conservation of buried water molecules in
homologous proteins [53]. Here, in the CMK complex,
most water molecules that were involved in intermolecular
solvent-mediated interactions were highly labile. Because
of the small monomer interaction surfaces, these water
molecules are highly exposed, that is, they are not buried in
protein cavities, and have high exchange rates. The
existence of the hydrogen bond network was detected for
most of the 200 ps time, suggesting that the role of water
molecules is crucial for binding and recognition, although
they are not tightly bound to the proteins. The computation
of the protein—protein interaction surface throughout the 20
snapshots extracted from the production time (carried out
with MolSurf as implemented in AMBER?7), gave a value
of 355 A% When considering water molecules involved in
solvent-mediated interactions as an integral part of mono-
mers, the surface increased to 422 Az, a 19% increase.
Thus, taking into account water molecules significantly
raised the interaction surface.

Van der Waals interactions

Van der Waals (vdW) interactions were analysed in terms of
energy, as described in Materials and Methods. Interaction
vdW energy between every side chain of one monomer and
the entire counterpart protein is depicted in Fig. 3. The
results revealed two main groups of amino acid residues
with favourable interaction energies; the first group is
composed of Arg?' [with a mean LJ energy value,
considering both cases, of —4.7 kcal mol"), Ala** (—2.6 kcal
mol"), Asp? (—4.7 kcal mol"), and Tyr*> (—1.4 kcal mol").
The second group is formed by Met” (1.9 kcal mol'),
Lys’® (-3.0 kcal mol"), Ala” (2.3 kcal mol'), Leu®
(2.4 kecal mol ') and Thr®® (—1.2 kcal mol ). In fact, these
two groups interacted with one another when considered in
different monomers.

10 20 30 40 50 60 70 80 90

0 iy Y
-1
2
3 1

-4 4
-5

Energy (kcal/mol)

Residue

Fig. 3 Van der Waals (vdW) interaction energy between each
individual side chain of one monomer and the entire partner protein.
Mean values accounting for the same residue in both monomers are
represented

FElectrostatic interactions

Protein—protein electrostatic interaction energies throughout
the production time were also analysed (Fig. 4a). Arginine
and lysine residues had negative favourable values, while
aspartic acid and glutamic acid residues had complex
destabilising values. A single CMK monomer has 26
positively charged residues and 36 negatively charged
residues. Therefore, one monomer has a high net negative
charge that is translated into an unfavourable energy when
analysing the electrostatic contribution of glutamic and
aspartic acid residues. The net electrostatic interaction energy
between monomers had a mean value of 27 kcal mol ' (100
snapshots were analysed), but it was strongly favoured by
the presence of intervening water molecules—the mean
electrostatic interaction energy was computed to be
—5,537 kcal mol™' when water molecules were incorporated
in the calculation. The inclusion of ions and/or CDP-ME/
AMP-PNP did not change the effect of the water molecules
(data not shown). In order to see the effect of the solvent on
residue electrostatic contribution, water molecules were
included in a further energy computation. As seen in Fig. 4b,
the electrostatic energies of glutamic acid and aspartic acid
residues decreased to negative values. Thus, water molecules
are essential in explaining how protein—protein electrostatic
interactions favour complex formation.

Database search for compounds disrupting protein—protein
interactions

Atoms involved in protein—protein interactions were mon-
itored throughout the last 200 ps of the dynamics trajectory
to extract interaction models, as described in Materials and
Methods. One of those models, depicted in Fig. 5, was
introduced as a hypothesis in Catalyst (Accelrys). It is worth
mentioning that one of the points of the model was deduced
from a water molecule involved in a solvent-mediated
interaction between monomers (between Asp>> and Lys’®
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Fig. 5 Pharmacophoric points forming the interaction model used
in the database search. Points are derived from residues 21-23 of
monomer 2 and a water molecule. Arg>' provided a hydrogen donor
(HD) and a vdW pharmacophoric point; Ala** and Asp* provided
vdW pharmacophoric points; the water molecule provided a
hydrogen acceptor point. Distances between pair of points are: 1—
2:2.644-3.099 A; 1-3: 3.004-4.837 A; 1-4: 6.965-8.907 A; 1-5:
3.982-4.795 A; 2-3: 3.737-5.753 A; 2-4: 5.958-7.235 A; 2-
5:3.755-4.644 A; 3-4: 8.715-11.321 A; 3-5: 3.111-5.839 A; 4-5:
5.354-6.696 A
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Fig. 6 a 2-D structure of compound 1. b Docking of C1 on CMK
surface. CMK atoms closer than 5 A were represented as a molecular
surface using MSMS [51]. The remaining protein atoms were depicted
following a ribbon pattern. Pharmacophoric points are represented as
spheres
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in interface A). Points marked vdW were modified to
hydrophobic when defining the pharmacophoric hypothesis
in Catalyst. The search procedure was carried out in the
Available Chemical Database (ACD; 214 hits), Specs (512
hits) and ChemDiv databases (835 hits).

Hits were docked on CMK protein, as described in
Materials and Methods, and poses were evaluated with the
scoring function X-Score [40].

Final selection of compounds

A visual structure analysis was carried out on the 15 ligands
with best docking from each database. Ranking was based
on X-Score consensus values and the final selection took
into account the compound structure.

Intensity-fading MALDI-TOF MS

Intensity-fading MALDI-TOF MS is a rapid and sensitive
approach for detecting the formation of soluble complexes
between proteins and small molecules [38]. This method-
ology has the advantages of low cost and rapid performance
together with the capability of checking the affinity
properties of the analysed compounds. In this approach,
detection of the complex is based on a reduction in the
molecular ion intensities of the partners in a MALDI mass
spectrum compared to the mass spectra of the partners
alone. In our study, we tested complex formation between
one of the final selected compounds (Cl) and CMK.
Docking of C1 onto CMK is shown in Fig. 6. RMSD after
docking between pharmacophoric features on compound
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Fig. 7 Matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS) of the compound 1 (C1) molecule in the
presence of increasing CMK concentrations. From top to bottom:
0.2, 0.02, 0.002, and 0.0002 mM CMK, respectively; x-axis mass(m/z),
y-axis relative intensity (/eff) and ion intensity (right). Peaks at m/z 508

and 510 correspond to C1. A detailed view is shown on the right panel.
Note that in order to visualize C1 m/z 508 and 510 peaks, spectra are
presented at different intensity scales. The additional peaks correspond
to adducts, corresponding to the x-cyano-4-hydroxycinnamic acid used
as a martrix
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and pharmacophore from Fig. 5 was 1.65 A, with a pKy
estimated value (X-Score) of 5.43. Because the complex is
formed between a small molecule and an enzyme, the
reduction of the small-molecule ion intensity can be associ-
ated directly to formation of the complex.

The mass spectrum for C1 was acquired by adding 1 uL.
1 mM C1 to 1 uL CHCA matrix and by depositing 1 uL of
the mixture onto a MALDI-TOF plate. The MALDI-TOF
mass spectrum of the C1+CHCA matrix showed two major
peaks at m/z 508 and 510. The m/z 508 peak correlates
with Cl molecular mass. In the subsequent series of
experiments, 1 uL 1 mM C1 was mixed with different
concentrations of CMK and the corresponding MALDI-
TOF mass spectrum was acquired. As shown in Fig. 7, all
C1+CMK+CHCA mass spectra obtained showed C1 peaks
at m/z 508 and 510. The intensities of these peaks showed a
reduction (fading) in the presence of CMK that was CMK
concentration-dependent. At the highest concentration
assayed (0.2 mM, Fig. 7, top), the intensity-fading of the
m/z 508 and 510 peaks was almost complete, making the
peak intensities similar to the baseline noise of the spectrum.
These results demonstrate the formation of a complex be-
tween CMK and C1.

Conclusions

This paper describes a MD study carried out on a solvated
dimer complex of CMK. The intermolecular hydrogen
bonds elicited from the crystal structure were also observed
in the dynamics trajectory but in a different structural
pattern. Most direct protein—protein interactions in the
crystal structure were observed in the dynamics trajectory
as being mediated by solvent through hydrogen bonds, a
pattern already seen in the crystal structure of the complex.
A deeper analysis of the solvent-mediated interactions
indicates that four water-mediated protein—protein interac-
tions remain along the MD trajectory, with one of them, in
interface B, following a double-water motif. These “wet
spots” [31], which likely are interfacial contact residues that
interact through a water molecule, and double-water bonds,
play an important role in protein—protein interaction
between contact surfaces, as has been described in other
protein models [32—-34].

The study of intermolecular electrostatic interaction
energies highlights the importance of water structure. Thus,
the contribution of negatively charged residues was
unfavourable when considering only protein atoms, but
became instead stabilising when water molecules were
included in the computation. These results indicate that
water molecules are essential in explaining how protein—
protein electrostatic interactions favour complex formation
and, together with the observations of solvent-mediated
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intermolecular interactions, reveal the importance of water
for protein—protein interactions in the CMK dimer.

According to intermolecular interactions deduced from
MD trajectory, some CMK residues could be hotspots for
complex stabilisation, and thus useful targets for protein—
protein interaction disruption. By monitoring the positions
of Arg?', Ala*?, Asp>® and a water molecule during the MD
trajectory, a pharmacophore model was constructed where
the first three residues of monomer 1 interacted favourably
with monomer 2. The water molecules established a
hydrogen bond network between Asp? of monomer 1
and Lys’® of monomer 2. Compounds that matched the
pharmacophore model were searched for in the ACD, Specs
and ChemDiv databases. After the docking procedure and
visual analysis, four compounds were empirically tested
and one of them exhibited binding to recombinant CMK in
a concentration-dependent manner according to intensity-
fading MALDI-TOF MS.

The data presented here indicate that a virtual screening
approach can be used to identify candidate molecules that
disrupt the CMK-CMK complex. This strategy can
contribute to speeding up the discovery of new antimalarial,
antibacterial and herbicidal compounds.
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