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Articulo 3






Introduccion

1. Antecedentes.

Los nucledtidos de guanina son moléculas esenciales para la célula. Entre otras
funciones, son necesarios para la sintesis de &cidos nucleicos, tienen papeles
esenciales en el metabolismo y son la principal fuente de energia para la traduccién en
los ribosomas y la polimerizacion de microtubulos.

Las células sintetizan nucle6tidos de purina de dos maneras diferentes: en la
ruta de novo, el sistema de anillos de purina se ensambla secuencialmente desde
precursores biosintéticos del metabolismo de carbohidratos y aminoacidos. Por otro
lado, en las rutas de reciclaje se reciclan nucleobases, nucledsidos y nucleétidos
preformados. Ambas rutas biosinteticas estan fuertemente reguladas para mantener
un equilibrio apropiado entre los pools de nucleétidos de adenina y guanina, asi como
una carga energética 6ptima a lo largo del ciclo celular [1].

En la ruta de novo de biosintesis de purinas, la inosina-5’-monofosfato (IMP) es
la primera molécula de la ruta en tener un sistema de anillos de purina completamente
formado y es el precursor comin de los nucleétidos de guanina y de adenina,
encontrandose justo en el punto de ramificacion de ambas rutas. La enzima IMP
deshidrogenasa (IMPDH), cataliza la reaccién oxidativa de IMP a xantosina-5'-
monofosfato (XMP), que es posteriormente convertida a guanosina-5-monofosfato
(GMP) en una reaccién catalizada por la enzima GMP sintasa (figura 1) [2].
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Figura 1. Rutas de biosintesis de novo de nucle6tidos de guanina y adenina. La reaccién catalizada por la IMPDH esta
representada en azul [modificada de 2].

La reaccién catalizada por la IMPDH representa el paso limitante en la
biosintesis de novo de nucle6tidos de guanina, por tanto, la IMPDH es una enzima
esencial que controla los niveles intracelulares de nucle6tidos de purina. La inhibicién
farmacologica de la IMPDH provoca una fuerte reduccién de éstos y tiene efectos
antiproliferativos [3]. Por ello, la enzima IMPDH tiene un elevado potencial terapéutico,
gue ha sido ampliamente explorado durante las Ultimas décadas y ha generado un
grupo diverso de farmacos con actividades antitumorales, antivirales, antiparasitarias,
antibacterianas e inmunosupresoras. Entre estos farmacos se incluyen el acido
micofendlico (CellCept®), la mizoribina (Bredinin®) o la ribavirina (Virazole® y
Rebetol®) que, en la actualidad, son ampliamente utilizados en diversos tratamientos
guimioterapéuticos [4, 5y 6].
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Ademés de su potencial terapéutico, la manipulacién del gen de la IMPDH
puede ser usada para modular el flujo metabdlico a través de la ruta de biosintesis de
novo de nucleétidos de guanina, mejorando asi la produccion de metabolitos de
interés industrial cuyo precursor directo es el GTP [1]. Por ejemplo, trabajos previos de
nuestro grupo de investigacion demostraron que, en el hongo filamentoso de uso
industrial Ashbya gossypii, un sobreproductor natural de riboflavina (vitamina B2), la
manipulacién del gen de la IMPDH incrementa de forma significativa la produccion de
riboflavina [7].

En disolucion, la IMPDH forma tetrameros en los que cada mondmero esta
formado por un dominio catalitico y otro regulador. EI domino catalitico es un barril
(B/a)g, representante del plegamiento triosa-fosfato isomerasa (barril TIM). Una
caracteristica exclusiva de todas las enzimas IMPDH es la presencia de una lamina-f3
arqueada que se proyecta desde el dominio catalitico. Esta estructura, denominada
finger, es esencial tanto para la actividad catalitica como para su regulacion [1]. Dentro
del finger se encuentra un loop, denominado flap catalitico, que es esencial para la
reaccién enzimatica (figura 2, A) [2].

El dominio regulador, de unos 120 aminoacidos de longitud, esta insertado en
un loop del domino catalitico y esta compuesto por dos repeticiones del motivo
cistationina B-sintasa (CBS1 y CBS2), constituyendo un dominio Bateman (figura 2, B)
[8]. Los dominios Bateman, ampliamente distribuidos, no tienen funcién por si mismos,
pero actdan como moduladores alostéricos de enzimas de muy diversa naturaleza [9].
La relevancia fisiolégica de los dominios Bateman esté recalcada por el hecho de que
mutaciones en algunos de sus residuos causan una variedad de enfermedades
hereditarias en humanos, entre las que se incluyen el sindrome de Wolff-Parkinson-
White (proteina quinasa activada por AMP), la miotonia congénita (canal de cloro
dependiente de voltaje) o la homacistinuria (CBS) [10]. En IMPDH, se han descrito
varias mutaciones dentro del dominio Bateman que se asocian a retinopatias, como la
amaurosis congénita de Leber (LCA) y la retinitis pigmentosa (RP) [10, 11y 12], y a
distonia [13]. La mayoria de los dominios Bateman presentan dos sitios canonicos de
unién de ligandos, habitualmente nucleétidos de adenina (figura 2, B). En respuesta a
la union de nucledtidos, estos dominios regulan la enzima a la que se asocian [9].

A vt L%« B CBS2 - CBS1
3

/}J C{\ linker-CBS2

31 'l 32 -gl/ 1

|
flap catalitico

en S2 en S1

Figura 2. A, Esquema de las distintas regiones de la IMPDH a lo largo de la secuencia (arriba) y estructura tipica de un
monomero de IMPDH representada en cartoon (abajo). El dominio catalitico se muestra en color en gris con su finger
en naranja y el dominio regulador en azul [tomado de 14]. B, estructura tipica de un domino Bateman donde pueden
observarse los dos motivos CBS que lo componen y los dos sitios candnicos de unién de nucleétidos [tomado de 9].
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En la IMPDH, el dominio Bateman no juega un papel significativo en el
mecanismo catalitico per se, pero es fundamental para su regulacién alostérica [1, 7 y
15]. De hecho, existen diversas pruebas experimentales que indican que los dominios
Bateman de las IMPDH son esenciales para la homeostasis del GTP. Por ejemplo, en
Escherichia coli, el dominio regulador es esencial para mantener el equilibrio
intracelular ATP/GTP dentro de su rango fisiolégico [16 y 17]. En Bacillus subtilis,
varias mutaciones en el dominio Bateman suprimen el fenotipo caracteristico generado
por la deficiencia de (p)ppGpp (guanosina penta/tetrafosfato), lo que sugiere una
relacién entre la regulacion de la IMPDH vy la sefializacion por estas alarmonas [18, 19
y 20]. Ademas, el dominio Bateman de la IMPDH también se ha asociado con la
regulacion de la transcripcion y la traduccion, a través de su unién a ADN [21, 22 y 23],
aungue se desconocen los mecanismos moleculares por los que tiene lugar.

Regulacién alostérica de la |IMPDH: el interruptor molecular
conformacional.

En disolucion, la unidad bésica de la IMPDH es un tetrdmero formado por la
interaccion de los dominios cataliticos (figura 3). Los dominios reguladores de distintos
tetrameros dimerizan en respuesta a la union de nucleétidos de purina, lo que da lugar
a dimeros de tetrdmeros (octameros).

~90°

Figura 3. Estructura tipica de un tetrdmero de IMPDH representada en cartoon. El dominio catalitico se muestra en
color gris con su finger en naranja y el dominio regulador en azul. EI NAD" y el IMP estan representados con sticks
verdes y rojos, respectivamente [tomada de 14].

Los octameros de IMPDH oscilan entre dos estados conformacionales, uno
compacto con actividad catalitica reducida, y otro extendido con actividad plena. Estas
conformaciones se podrian corresponder a los estados T y R del modelo clasico de
alosterismo [24]. La union de nucleétidos de purina al dominio regulador Bateman
conduce a la enzima de un estado a otro (figura 4). Es decir, existe un interruptor
conformacional que regula de manera alostérica la actividad catalitica de la IMPDH [1
y 25].
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Figura 4. Estructura tipica de octdmeros de IMPDH en dos estados conformacionales representada en vista de
superficie y cartoon. El dominio catalitico se muestra en color gris con su finger en naranja y el dominio regulador en
azul. A, octamero extendido y activo inducido por nucleétidos de adenina. B, octdmero compacto e inhibido inducido
por nucleétidos de guanina [tomado de 14].

Los octameros inducidos por nucleétidos de adenina representan el estado
relajado de la enzima; tienen una conformacion extendida con forma globular hueca en
la que los sitios activos, los fingers y los flaps cataliticos quedan expuestos al
disolvente, orientados hacia el interior del octdmero y sin interaccionar entre si (figura
4, A). En esta conformacion, la IMPDH retiene la actividad catalitica plena [25].

Por otro lado, la unién de nucleétidos de guanina induce la compactaciéon del
octdmero en las IMPDHSs eucariotas (figura 4, B). Esta conformacién compacta, que
representa el estado tenso de la enzima, fuerza a los fingers de los tetrameros
enfrentados a interaccionar, formando un pseudo barril-B inter-digitado que altera la
dinamica conformacional del sitio activo y reduce la afinidad aparente por el sustrato
IMP y la actividad catalitica de la enzima (figura 5) [1].

Flap
catalitico

~! 900

Figura 5. Distintas vistas de la estructura del pseudo barril-B formado por los fingers en el octdmero compacto. Los
fingers de distintos tetrameros estan representados en cartoon azul y verde [tomado de 1].



La IMPDH de organismos eucariotas.

Nuestro grupo de investigacion, usando la enzima del hongo de interés industrial
Ashbya gossypii (AgIMPDH), demostré que la union de GTP o GDP a los dominios
Bateman induce la formacion de dimeros de tetrdmeros con actividad catalitica
reducida [1]. La unidn de tres moléculas de GTP (o GDP) a los sitios alostéricos del
dominio Bateman provoca la inhibicion de la actividad catalitica de la AgIMPDH. Dos
de estas moléculas se unen a los sitios candnicos de nucleétidos (sitios 1 y 2; figura
6), mientras que la tercera molécula de GTP se une a un tercer sitio no candénico
exclusivo de las IMPDHs eucariotas (figura 6) y que no esta presente en las IMPDHs
bacterianas [1].

Figura 6. Estructura de un mondémero
de la IMPDH del hongo Ashbya
gossypii unido a GDP representada en
cartoon y vista de superficie. El
dominio catalitico estd coloreado en
azul y el Bateman en verde. Los
atomos de los nucledtidos se muestran
como esferas [tomada de 25].

Al contrario que la unién de GTP y GDP, la uniébn de dos nucledtidos de
adenina (ATP, ADP y AMP) a los sitios alostéricos candnicos del dominio Bateman,
dejando el tercer sitio no canoénico desocupado, induce la formacion de octameros
extendidos cataliticamente activos. Por tanto, los nucleétidos de adenina y guanina
compiten por los sitios canénicos de unidn de nucleétidos de los dominios Bateman de
la IMPDH, induciendo diferentes conformaciones con diferente actividad catalitica [25].
La relevancia fisiolégica de este mecanismo de regulacion alostérica se pone de
manifiesto por el hecho de que, en humanos, diversas mutaciones que agrupan en los
sitios alostéricos en el dominio Bateman se han asociado a retinopatias [10, 11y 12]y
neuropatias [13].

Se ha propuesto que las mutaciones en el gen IMPDH1 en humanos asociadas
a retinopatias podrian interferir con la regulacion alostérica de la enzima que codifica,
generando mutantes constitutivamente activos. Por tanto, la desregulacion de esta
enzima podria resultar en unos niveles de nucle6tidos de purina alterados, lo que
puede causar dafio a las células fotorreceptoras. Esta hipétesis es concordante con el
caracter hereditario dominante de estas mutaciones, ya que la pérdida de regulacion
por GTP, o ganancia de funcién, de uno de los dos alelos seria suficiente para alterar
los niveles intracelulares de nucle6tidos [1].



La IMPDH de organismos procariotas.

Al contrario que la IMPDH de eucariotas, la IMPDH de organismos procariotas no se
inhibe alostéricamente por nucleotidos de guanina (figura 7) [1, 15 y 18]. Ademas, las
alarmonas (p)ppGpp acttan como inhibidores de las IMPDHSs procariotas, pero debido
a su potencia modesta, probablemente no tengan un efecto relevante in vivo [18].

L e R
. i ~
x 08f : 1 Figura 7. Valores de actividad catalitica normalizada
N i_ frente concentraciones crecientes de GTP para la
é\é 0.6 - ) R enzima IMPDH de Ashbya gossypii (cuadrados
<F L negros) y de Escherichia coli (circulos blancos)
04 r . . [modificada de 1].
02t ‘ "
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Entre las IMPDHs de los organismos eucariotas y procariotas existen
divergencias significativas en la secuencia del dominio Bateman que podrian explicar
la diferente respuesta ante los nucleétidos de guanina. Una de estas divergencias se
encuentra en el tercer sitio no canonico, presente en las enzimas eucariotas y ausente
en las procariotas (figura 8) [1].
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Figura 8. Alineamiento de muiltiples secuencias del dominio Bateman de diferentes IMPDHs eucariotas y procariotas.
Los residuos clave de la interaccion con el GDP en el tercer sitio no canénico en el dominio Bateman de la IMPDH del
hongo Ashbya gossypii se encuentran indicados con flechas [tomada de 1].

Si bien era plausible que la IMPDH en organismos procariotas pudiera oscilar
entre conformaciones compactas (inhibidas) y extendidas (activas) [15, 26 y 27], el
mecanismo de inhibicion alostérico de estas IMPDHs se desconocia hasta hace poco
y es algo que hemos abordado en el laboratorio como parte de este proyecto de tesis
doctoral.



Filamentacion de la IMPDH.

Actualmente, la filamentacibn de enzimas esta reconocida como un mecanismo
relevante de regulaciébn de las propiedades funcionales y estructurales de las
proteinas. La filamentacion de enzimas puede, por un lado, afectar a la regulacién de
la actividad enzimatica o, por otro lado, jugar un papel estructural, donde las
estructuras filamentosas podrian reclutar otras enzimas, facilitando la canalizacion de
sustratos de una misma ruta metabdlica [28 y 29]. Se han identificado decenas de
proteinas no citoesqueléticas capaces de polimerizar de manera reversible en
respuesta a estrés nutricional; entre ellas, las enzimas metabdlicas se encuentran
sobrerrepresentadas [30]. Los ejemplos mas representativos de éstas catalizan los
pasos limitantes en la ruta de biosintesis de novo de nucleétidos de pirimidina y purina:
la CTP sintasa y la IMPDH, respectivamente [28, 29 y 31].

Las IMPDHs de organismos vertebrados tienen la capacidad de polimerizar in
vivo en respuesta a condiciones con elevada demanda de GTP, como estados
proliferativos o activacion de células T [32, 33 y 34], formando estructuras
micrométricas denominadas cytoophidia (figura 9). Asimismo, la reduccion
farmacolodgica de los niveles intracelulares de nucleétidos de guanina también induce
in vivo la formacion reversible de cytoophidia [35 y 36].

Figura 9. Micrografia  obtenida  por
inmunofluorescencia de células HEK293
transfectadas con la IMPDH2-myc humana
tratadas con 10uM &cido micofendlico para
inducir la formacién de cytoophidia (flechas).
Los filamentos de IMPDH se muestran en rojo
y los nacleos en azul. Barra de escala: 20pum
[tomado de 30].

Mediante microscopia electrdnica se han caracterizado in vitro los filamentos
formados por las enzimas IMPDH humanas. La union de nucleétidos de purina al
dominio regulador Bateman induce el apilamiento de octameros para formar filamentos
helicoidales (figura 10) [15, 30 y 35]. Estos filamentos pueden acomodar tanto
octdmeros compactos como extendidos (figura 10) y la enzima presenta idéntica
actividad ya se encuentre incluida en estos polimeros o en su forma no ensamblada
[30].

ATP GTP

Figura 10. Reconstruccion de microscopia
electrénica en tincibn negativa de
filamentos de la IMPDH2 humana en
conformaciones extendida, unida a ATP, y
compacta, unida a GTP [tomado de 30].
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Se ha propuesto que la IMPDH podria ser mas resistente a la inhibicion por
GTP cuando se encuentra formando filamentos, facilitando asi la acumulacion
intracelular de GTP, pero no se han presentado pruebas experimentales que apoyen
esta hipotesis [34]. Ademas, falta informacién de los mecanismos moleculares que
gobiernan el ensamblaje de la IMPDH. De hecho, los filamentos de IMPDH
reconstituidos in vitro hasta la fecha consisten en unas pocas particulas organizadas
en protofilamentos sencillos cortos [15, 30 y 35] que no se asemejan los cytoophidia
de IMPDH, compuestos por mdltiples protofilamentos y de longitudes micrométricas,
observados in vivo [33 y 36].

2. Hipétesis de trabajo, objetivos y principales conclusiones.

Articulo 1: A Nucleotide-Dependent Conformational Switch Controls the
Polymerization of Human IMP Dehydrogenases to Modulate their Catalytic Activity.

Varias observaciones realizadas en el laboratorio llevaron a plantear la hipétesis de
gue, en condiciones de crowding macromolecular, las IMPDHs humanas ensamblan in
vitro formando estructuras micrométricas semejantes a los cytoophidia. En este
articulo, se propuso validar esta hipotesis y caracterizar la dindmica de ensamblaje de
cytoophidia en relacién con la inhibicion alostérica por nucleétidos de guanina.

Las principales conclusiones obtenidas son:

e El interruptor conformacional controlado por nucleétidos de purina previamente
descrito en A. gossypii esta presente en las IMPDHs humanas, controlando
tanto la regulaciéon alostérica como la dinamica de los cytoophidia.

e Las IMPDHs humanas ensamblan espontaneamente in vitro, formando
estructuras micrométricas similares a los cytoophidia, bajo condiciones de
crowding macromolécular en ausencia de nucledtidos.

e En presencia de ATP o GTP en la disolucion, desensamblan, de forma similar a
lo observado en células.

e Los polimeros de IMPDH reconstituidos in vitro son cataliticamente funcionales,
con actividad semejante a la IMPDH no ensamblada, pero mas resistentes la
inhibicion alostérica por GTP.

¢ La mayoria de las mutaciones asociadas a retinopatias mapean en los sitios
alostéricos de union, alterando la unién de nucleétidos y, en consecuencia,
anulando la inhibicion alostérica inducida por GTP y alterando la dinamica de
los cytoophidia.

Articulo 2: The Bateman domain of IMP dehydrogenase is a binding target for
dinucleoside polyphosphates.

Los dinucleodsidos polifosfatos son moléculas ubicuas en las que dos nucledsidos
estan unidos por una cadena de dos a siete fosfatos. Se ha descrito que el
dinucleésido polifosfato Ap,A puede unirse a las IMPDHs bacterianas, ejerciendo un
efecto semejante al del ATP [37 y 38]. Un andlisis detallado de la estructura de la
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IMPDH unida a GDP, permiti6 plantear la hipétesis de que los dinucledsidos
polifosfatos podrian unirse de manera simultdnea a los dos sitios canénicos de los
dominios Bateman. Por ello, en este trabajo se propuso corroborar esta hipotesis y
evaluar si los dinucledsidos polifosfatos podrian tener efecto sobre el interruptor
conformacional que controla la actividad catalitica de las IMPDHSs.

Las principales conclusiones obtenidas de este articulo fueron:

e Los dinucleésidos polifosfatos de adenina/guanina se unen con afinidades sub-
micromolares (en el rango de concentracién fisiolégico de los dinucledsidos
polifosfatos) a los dominios Bateman de IMPDHSs eucariotas in vitro.

e La estructura cristalografica de la IMPDH unida al dinucleésido polifosfato
Ap5G demuestra que esta molécula ocupa simultaneamente los dos sitios
candnicos de union a nucleétidos del dominio Bateman.

e Los dinucleésidos polifosfatos modulan el interruptor conformacional y la
actividad catalitica de las IMPDHs eucariotas in vitro, compitiendo
eficientemente con mononucleétidos de adenina / guanina por los sitios
alostéricos.

Articulo 3: Diversity of mechanisms to control bacterial GTP homeostasis by the
mutually exclusive binding of adenine and guanine nucleotides to IMP dehydrogenase.

La elevada conservacion del dominio Bateman y sus sitios candnicos de unién de
nucleétidos en las IMPDHs procariotas nos llevo a plantear la hipétesis de que, muy
probablemente, estas enzimas también se controlan de manera alostérica por
nucleétidos de purina. En este trabajo se propuso analizar los mecanismos de
regulacién alostérica de la IMPDH de organismos procariotas, asi como caracterizarlos
desde un punto de vista estructural y funcional.

Las principales conclusiones obtenidas de este articulo fueron:

e El interruptor conformacional controlado por nucleétidos de purina que controla
la actividad catalitica de las IMPDHs es universal, es decir, esta evolutivamente
conservado desde bacterias hasta humanos.

¢ La mayoria de las IMPDHSs bacterianas estan alostéricamente moduladas por
la union mutuamente excluyente de ATP y (p)ppGpp al dominio Bateman.

o El (p)ppGpp se une a un sitio, descrito por primera vez en este trabajo, que
solapa parcialmente con el sitio canénico 2, donde compite con el ATP.

e La mayoria de las proteobacterias carecen del sitio de union de (p)ppGpp y su
actividad catalitica esta controlada por la unién mutuamente excluyente de ATP
y GTP al sitio canénico 2 del dominio Bateman.

e Las relaciones ATP/GTP o ATP/(p)ppGpp elevadas favorecen la conformacién
extendida y activa. Por el contrario, cuando estas ratios bajan, se favorece la
conformacién compacta, con actividad catalitica reducida.



3. Resultados del proyecto de tesis adicionales a los publicados en los 3
articulos que componen la tesis doctoral.

En este apartado se presentan de manera breve algunos resultados adicionales del
proyecto de tesis que no estan incluidos en los tres articulos que componen esta
memoria, pero que estan incluidos en los siguientes articulos:

e Plana-Bonamaiso A, Lopez-Begines S, Fernandez-Justel D, Junza A, Soler-Tapia A, Andilla J, Loza-Alvarez
P, Rosa JL, Miralles E, Casals I, Yanes O, de la Villa P, Buey RM, Mendez A (2020) Post-translational
regulation of retinal IMPDHL1 in vivo to adjust GTP synthesis to illumination conditions. Elife 9:e56418 [39].

. Burrell AL, Nie C, Said M, Simonet JC, Fernandez-Justel D, Johnson MC, Quispe J, Buey RM, Peterson JR,
Kollman JM (2022) IMPDH1 retinal variants control filament architecture to tune allosteric regulation. Nat.
Struct. Mol. Biol. 29:47-58 [40].

Filamentacion de las enzimas IMPDH humanas.

Los humanos tienen dos enzimas IMPDH (HsIMPDH1 y HsIMPDH2) codificadas en
genes diferencialmente expresados. Estas enzimas tienen un 84% de identidad de
secuencia y sus propiedades cataliticas son practicamente idénticas [2 y 41].

Mediante experimentos de crio-microscopia electrénica se demostré que la
unién de GTP o GDP a los sitios alostéricos 2 y 3 del dominio Bateman de las enzimas
humanas induce la compactacién del octamero, asi como una leve curvatura de los
dos tetrameros que conforman el octdmero (figura 11, A). De este modo la superficie
del tetrdmero compuesta por los dominios cataliticos queda ligeramente curvada
(conformacion bowed), en contraste con los tetrdmeros de los octdmeros inducidos por
ATP, en los que esta superficie esta plana (conformacion flat) (figura 11, B).

A B
QOctameros extendidos Octameros compactos g
Tetrameros flat Tetrameros bowed ~.) 5
ACTIVO INHIBIDO

Figura 11. A, estructura tipica de octdmeros de IMPDH en los estados conformacionales inducidos por ATP (activo) y
GTP (inhibido) representada en vista de superficie, junto con una representacion esquematica de los dos cambios
conformacionales inducidos por el GTP, compactacion e incremento de la curvatura. El dominio catalitico se muestra
en color gris con su finger en naranja y el dominio regulador en azul. B, estructuras superpuestas de los dominios
cataliticos de dos tetrameros de IMPDH en conformacion flat (verde) y bowed (rojo) representadas en cartoon [tomada
de 14].

En la enzima HSIMPDH2, la union de ATP induce la formacién de polimeros
compuestos por octameros en conformacion flat y, en su mayoria, extendidos. Por el
contrario, la union de GTP a la enzima filamentada induce la compactacion del
octamero pero, dado que los contactos en el flamento son sélo compatibles con la
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conformacion flat, no se induce la transicion de los tetrameros a una conformacion
bowed, lo que implica que la HsIMPDH2 polimerizada mantiene parcialmente la
actividad catalitica a concentraciones moderadas de GTP. A concentraciones muy
elevadas de GTP, los filamentos despolimerizan en octdmeros que adquieren la
conformacion compacta y bowed (figura 12, A). Por tanto, el estado filamentado
reduce la sensibilidad de la HsSIMPDH2 a la inhibicion.

Ademads, en presencia de elevadas concentraciones de IMP, los filamentos de
HsIMPDH2 son mas resistentes a la despolimerizacion, permitiendo a esta enzima
mantenerse parcialmente activa en estadios que requieren una elevada sintesis de
IMP, a pesar de la acumulacion de elevados niveles de GTP [42].

Al contrario que en la enzima HsIMPDH2, en la HSIMPDH1 los contactos en el
filamento son compatibles tanto con la conformacion flat como bowed, por lo que no
hay diferencias en sensibilidad a la inhibicion por GTP entre la enzima en estado
octamérico y filamentado (figura 12, B) y, por tanto, se desconoce la funcién de los
polimeros de HsIMPDH1 [40Q].

H 1 H ><
| W— “ ’. i I V
u u
Filamentos HsIMPDH2 Filamentos HsIMPDH2 Octameros HsIMPDH2 Filamentos HsIMPDH1 Filamentos HsIMPDH1
Octameros extendidos Octameros compactos QOctameros compactos Octameros extendidos Octameros compactos
Tetrameros flat Tetrameros flat Tetrameros bowed Tetrameros flat Tetrameros bowed
ACTIVO PARCIALMENTE ACTIVO INHIBIDO ACTIVO INHIBIDO

ey )
e —

Figura 12. Representacioén esquematica de los distintos estados conformacionales de las enzimas humanas IMPDH2
(A) e IMPDHL1 (B) en funcién de la concentracion de GTP e IMP [tomado de 14].

Variantes especificas de retina.

En las células fotorreceptoras de la retina de mamiferos predominan dos variantes
transcripcionales resultantes del procesamiento alternativo del ARN mensajero. Una
de estas variantes contiene una extension en el C-terminal (HsIMPDH1-o de 546
residuos) mientras que la otra contiene extensiones en el N y C-terminales
(HsIMPDH1-y de 595 residuos), con respecto a la variante canénica (HsIMPDH1-B de
514 residuos). La actividad enzimatica de estas tres enzimas es idéntica [43] pero
poseen diferente sensibilidad a la inhibicion por GTP [44].

Mediante experimentos de crio-microscopia electrénica se ha demostrado que
la extension N-terminal presente en la variante y estabiliza la conformacion flat cuando
la enzima se encuentra formando filamentos. De este modo, la union de GTP al
dominio Bateman induce la compactacion de los octameros, pero no la transicién de
los tetrameros a la conformacion bowed, de forma semejante a lo que ocurre en la
HsIMPDH2 (figura 13). Por tanto, la extension N-terminal reduce la sensibilidad al GTP
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cuando la enzima se encuentra polimerizada. No estd claro aun qué efecto tiene la
extension C-terminal en la estructura de la enzima, pero, en cualquier caso, ambas
extensiones reducen la sensibilidad a la inhibicién por GTP, adaptando la regulacion
alostérica de la enzima IMPDHL1 a la elevada demanda de nucleétidos de guanina de
la retina [40].

Figura 13. Representacion esquematica de
los distintos estados conformacionales de la
enzima humana IMPDH1-y en funcién de la
concentracion de GTP [tomado de 14].

LI
[XX)

Filamentos HsIMPDH1-y Filamentos HsIMPDH1-y

Octameros extendidos Octameros compactos
Tetrameros flat Tetrameros flat
ACTIVO PARCIALMENTE ACTIVO

BT

Modificaciones post-traduccionales.

Las modificaciones post-traduccionales de proteinas son un mecanismo versatil y
rapido utilizado para regular la funciéon proteica en respuesta a cambios en las
condiciones ambientales [45]. Esto es especialmente relevante en la IMPDHL1 de las
células de la retina ya que, por un lado, la regulacién de la biosintesis de nucledtidos
de guanina es esencial para mantener niveles apropiados de cGMP, una molécula
clave para la fototransduccion [46] y, por otro lado, la IMPDH1 es la principal
responsable del suministro de nucleétidos de guanina, ya que los genes que codifican
la enzima IMPDH2 y las enzimas de la ruta de reciclaje de purinas se expresan a
niveles bajos en este tejido [40].

Recientemente se ha identificado en células de la retina de mamiferos la
fosforilacion de varios residuos en la IMPDHL1. Dos de estos residuos se encuentran
en el dominio Bateman (Thr159 y Ser160 de la HsSIMPDH1-B) y son fosforilados in vivo
en respuesta a la exposicion a la luz. Estos residuos se encuentran en el sitio canénico
1 de unién de nucledtidos de la HsIMPDH1 e intervienen de manera directa en la uniéon
de nucledtidos a los sitios alostéricos. Por ello, su fosforilacion no afecta a la actividad
catalitica, pero si desensibiliza la enzima a la inhibicién alostérica mediada por GTP.
Este mecanismo dependiente de la luz facilita alcanzar los elevados niveles de GTP
necesarios para la fototransduccion [39].

De manera opuesta, otro de los residuos identificados se encuentra en el
dominio catalitico (Ser477 de la HsIMPDH1-B) y es fosforilado in vivo en oscuridad. Su
fosforilacion tampoco afecta a la actividad catalitica [39], pero se ha propuesto que
podria interferir con el ensamblaje de los filamentos, ya que se encuentra en la
interfase entre octameros en los filamentos de la HsIMPDH1-y [40]. Por tanto, esta
fosforilacion incrementa la sensibilidad de la enzima a la inhibicion por GTP. En
conjunto, estas fosforilaciones permiten adaptar la regulacion alostérica de la IMPDH a
la demanda cambiante de GTP en las células fotoreceptoras durante el ciclo de
luz/oscuridad, necesaria para la fototransduccion.
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Articulo 1

Titulo:

Un interruptor conformacional dependiente de nucleétidos controla la polimerizacion de
las IMP deshidrogenasas humanas para modular sus actividades cataliticas.

Resumen:

La IMPDH cataliza el paso limitante en la ruta biosintética de novo del GTP vy tiene
papeles esenciales en la proliferacién celular. Como diana terapéutica, la IMPDH ha
sido estudiada durante décadas, pero sélo durante los Ultimos afios hemos
comenzado a entender la complejidad de los mecanismos de su regulacion fisioldgica.
En este trabajo, se propuso evaluar si el interruptor conformacional controlado por
nucleétidos de purina presente en algunas IMPDH eucariotas esta también presente
en las IMPDHs humanas y cémo este puede estar vinculado a la dinamica de los
cytoophidia. Para ello se hizo uso de multiples metodologias de biologia estructural
como cristalografia de macromoléculas, SAXS y microscopia electrénica; asi como
metodologias de biologia celular y bioquimica e ingenieria de proteinas.

Aqui, presentamos informacién estructural y funcional sobre como los nucleétidos de
adenina y guanina controlan un interruptor conformacional que modula el ensamblaje
las dos enzimas IMPDHs humanas en cytoophidia y regula alostéricamente sus
actividades cataliticas. Estructuras micrométricas semejantes a los cytoophidia
reconstituidas in vitro muestran actividad catalitica comparable a la IMPDH no
ensamblada, pero, por otro lado, son mas resistentes a la inhibicion alostérica por
GTP/GDP. Por ultimo, demostramos que la mayoria de las mutaciones en la IMPDH
asociadas a retinopatias eliminan la inhibicién alostérica inducida por GTP/GDP y
alteran la dinamica de los cytoophidia. Por tanto, la formacién de cytoophidia de
IMPDH facilita la acumulaciéon de altos niveles de nucleétidos de guanina cuando la
célula lo requiere; ademas, nuestros resultados sugieren que la alteracién en la
dinAmica de los cytoophidia causada por las mutaciones asociadas a retinopatias
podria jugar un papel en el desarrollo de la enfermedad.
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Abstract

Inosine 5'-monophosphate dehydrogenase (IMPDH) catalyzes the rate-limiting step in the de novo GTP
biosynthetic pathway and plays essential roles in cell proliferation. As a clinical target, IMPDH has been
studied for decades, but it has only been within the last years that we are starting to understand the complexity
of the mechanisms of its physiological regulation. Here, we report structural and functional insights into how
adenine and guanine nucleotides control a conformational switch that modulates the assembly of the two
human IMPDH enzymes into cytoophidia and allosterically regulates their catalytic activity. In vitro
reconstituted micron-length cytoophidia-like structures show catalytic activity comparable to unassembled
IMPDH but, in turn, are more resistant to GTP/GDP allosteric inhibition. Therefore, IMPDH cytoophidia
formation facilitates the accumulation of high levels of guanine nucleotides when the cell requires it. Finally,
we demonstrate that most of the IMPDH retinopathy-associated mutations abrogate GTP/GDP-induced
allosteric inhibition and alter cytoophidia dynamics.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Inosine 5'-monophosphate dehydrogenase (IMPDH)
is the enzyme that catalyzes the rate-limiting step in the
de novo guanine nucleotide biosynthetic pathway,
which plays a crucial role in the regulation of the
cellular pools of purine nucleotides. Therefore, IMPDH
is a key enzyme involved in the control of cell viability,
division and proliferation. Indeed, IMPDH is the target
of a diverse number of drugs presently used in clinical
chemotherapy such as immunosupressors, antivirals,
anticancer or antibiotics [1].

IMPDH is composed of an archetypal TIM barrel
catalytic domain and a Bateman regulatory domain,
which is inserted within a loop of the catalytic module. In
solution, the basic units of most IMPDHs are homo-

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

tetramers that can dimerize in different ways to form
octamers or higher-order oligomers [2—7].

Using the IMPDH enzyme from the industrial fungus
Ashbya gossypiias a model, we have recently reported
a molecular mechanism by which purine nucleotides
allosterically modulate the catalytic activity. The com-
petition of adenine or guanine nuclectides for their
binding sites within the regulatory Bateman domain
controls a conformational switch that modulates the
catalytic activity by shifting from extended to com-
pacted IMPDH octamers. Extended, ATP-induced
octamers are fully active, while the catalytic activity of
GTP/GDP-induced compacted octamers is significant-
ly reduced [6,7]. The relevance of this allosteric
mechanism of regulation is stressed by the observation
that most of the described missense mutations in
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human IMPDH isoform 1 associated with severe
retinopathies, such as retinitis pigmentosa and leber
congenital amaurosis [8], map into the nucleotide
binding sites of the Bateman regulatory domain.
Based on these results, it was proposed that the
retinopathy-associated mutations might interfere with
nucleotide binding and disrupt the allosteric regulation
of human IMPDH isoform 1, generating constitutively
active IMPDH mutants, which is in agreement with the
dominant hereditary character of these mutations [7].

Adding more complexity to the mechanisms of
IMPDH regulation, the two human enzymes have
been reported to polymerize into mesoscale intracel-
lular assemblies such as purinosomes [9] and micro-
metric structures denoted as rod and rings or
cytoophidia [4,10,11]. Thereby, human IMPDH, as
well as CTP synthase (CTPS) and some other
metabolic enzymes, possesses the particular ability
to self-assemble into higher-order structures. This
macromolecular organization has been suggested to
modulate enzyme activity and play important roles
in regulating cell metabolism by controlling intracellular
nucleotide homeostasis [12,13]. The two human
IMPDH enzymes, in response to intracellular
guanine-nucleotide depletion, assemble into micron-
length cytoophidia that disappear once the guanine-
nucleotide levels are restored. Remarkably, the
physiological functions of IMPDH cytoophidia remain
unclear, although it has been reported that polymeri-
zation correlates with rapid cell proliferation [11,14,15].
Nonetheless, the in vitro reconstituted polymers show
identical activity for polymerized and non-assembled
human IMPDH isoform 2 [5]. To reconcile these
results, it has been recently speculated that filamen-
tous IMPDH might be more resistant to GTP/GDP
inhibition, facilitating the intracellular accumulation of
GTP when required [15], but no experimental evidence
supporting this hypothesis has been obtained.
Moreover, there is an evident lack of information
regarding the structural details and the molecular
mechanisms governing the dynamics of IMPDH
cytoophidia assembly in vitro. Indeed, to our best
knowledge, the in vitro reconstituted IMPDH filaments
studied so far consist of a few particles organized into
chains polymerized by a back-to-back assembly
mechanism [2,4,5] that do not resemble the
micrometer-long fibrillar IMPDH cytoophidia that are
observed in cells [10,11,16-21].

In this study, we report the in vitro reconstitution of the
assembly of the two human IMPDH enzymes into
cytoophidia-like polymers and their structural and
functional characterization. We show that micron-
length human IMPDH cytoophidia-like structures spon-
taneously assemble in vifro under macromolecular
crowding conditions in the absence of nucleotides but
disassemble when either GTP or ATP is present in the
solution, resembling what is observed within cells. The
in vitro reconstituted IMPDH cytoophidia-like polymers
are catalytically functional, with similar activity to non-

assembled IMPDH, but they are significantly more
resistant to GTP/GDP allosteric inhibition. Our results
show that the cytoophidia dynamics and the allosteric
regulation of the catalytic activity are tightly linked to the
purine nucleotide-controlled conformational switch that
we have previously reported for the A. gossypii fungal
IMPDH [6,7]. They further provide a plausible structural
mechanism for the nucleotide-dependent dynamics of
cytoophidia assembly. Finally, we present the high-
resolution crystal structures of human IMPDH isoform 2
complexed to GTP and GDP and demonstrate that
most of the retinopathy-associated missense mutations
map into the allosteric binding sites, altering nucleotide
binding and subsequently abrogating GTP/GDP-
induced allosteric inhibition of human IMPDH isoform
1. In addition, these mutations also alter cytoophidia
dynamics, suggesting a potential pathological role for
these assemblies that deserves to be further
investigated.

Results

A nucleotide-controlled conformational switch
operates in both human IMPDH isoforms

By using the IMPDH enzyme from the industrial
fungus A. gossypii, we have recently reported a
conformational switch that modulates the catalytic
activity in response to the binding of purine nucleotides
within the Bateman regulatory domain: adenine nucle-
otides (ATP, ADP and AMP) induce active IMPDH
octamers in an extended (~ 115 A long) conformation,
while guanine nucleotides (GTP and GDP) induce
inhibited octamers in a compact (~95 A long)
conformation [6]. Experimental evidence of the exis-
tence of this conformational switch in the isoform 2 of
human IMPDH (HsIMPDH2) was recently reported by
using electron microscopy (EM) on ATP and GTP-
induced helical protofilaments [5]. Here, we have
further investigated the nucleotide-conformational
switch in both human IMPDH isoforms (HsIMPDH1
and HsIMPDH2) in vitro by using small-angle x-ray
solution scattering (SAXS).

HsIMPDH1 and HsIMPDH2 wild-type proteins at the
concentration used for the SAXS experiments
(2.5 mg/mL) are mostly octamers in solution, but the
addition of nucleotides induces stochastic oligomeri-
zation (see below) that results in poly-disperse
solutions [2,4,5], which are not appropriate for SAXS
analysis. Thereby, we made use of the missense
mutation Y12A that has been previously reported to
abrogate polymerization of HsIMPDH2 in vitro and in
cultured cells [5]. Indeed, in the absence of nucleo-
tides, HsSIMPDH1-Y12A and HsIMPDH2-Y 12A mutant
enzymes remained as monodisperse tetramers in
solution, as demonstrated by size-exclusion chroma-
tography (Supplemental Fig. 1A). This observation
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indicates that the octamers that exist in solution in the
absence of nucleotides are most probably formed by
the back-to-back interaction of the catalytic domains of
two tetramers with a crucial role for residue Y12, as
suggested in previous reports [2,5].

The addition of ATP or GDP to HsIMPDH1/2-Y12A
induces the association of two tetramers to form
octamers (Fig. 1A and B). Remarkably, the SAXS
profiles of both human IMPDH isoforms resemble
those described for the A. gossypii ATP or GDP-
induced octamers (Supplemental Fig. 1B-D), dem-
onstrating that the conformational switch previously
proposed for the fungal A. gossypii AQIMPDH [6] is
also present in both isoforms of the human IMPDH
enzyme.

As shown in Supplemental Fig. 1E-F, ATP induces
the formation of octamers more potently than GDP for
both HsSIMPDH1 and HsIMPDH2. Interestingly, signif-
icant differences are observed between both isoforms.
In HsIMPDH1, the GDP-induced inhibition of the
catalytic activity correlates with octamer compaction
(Fig. 1C). In contrast, GDP-induced compact octamers
of HsIMPDH2 are formed before inhibition occurs
(Fig. 1D), highlighting mechanistic differences between
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both human isoforms that might be relevant in vivo.
Nonetheless, when ATP is present in the solution,
GDP-induced octamers of both HsIMPDH1 and
HsIMPDH2 are formed before catalytic inhibition
occurs (Fig. 1C and D).

In summary, our data show that the nucleotide-
controlled conformational switch initially described for
the A. gossypii enzyme also operates in both human
IMPDH isoforms, where the binding of ATP or GDP
induces octamers, formed by the interaction of the
Bateman domains of two tetramers. The presence of
adenine nucleotides in the solution induces octamers
with an extended conformation that are catalytically
active, while guanine nucleotides induce the compac-
tion of these octamers, significantly inhibiting their
enzymatic activity.

Retinopathy-associated mutations abrogate the
allosteric inhibition of human IMPDH

To gain insights into the binding modes of purine
nucleotides to the Bateman domain of human IMPDH,
we attempted to obtain high-resolution structural
information by x-ray crystallography. This issue is
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~— HsIMPDH2-Y12A + 3 mM GDP
— HsIMPDH2-Y12A + 3 mM ATP
0.1 — HsIMPDH2-Y12A
T o0.01
0.001
0.0001
0.05 0.10 0.15 0.20
A (nm™)

Q|
Vmax pmeax

o
()]
o
sJawe}o0 }oedwod Jo uoijoey

z
GDP (mM)

Fig. 1. The conformational switch of HsIMPDH controls its catalytic activity. (A and B) Experimental SAXS profiles of
HsIMPDH1 (A) and HsIMPDH2 (B) wild-type and mutant Y12A (2.5 mg/mL) in the absence and presence of the indicated
purine nucleotides. (C and D) Plots representing the fraction of compact octamers, as determined by SAXS, (empty
symbols and dashed lines) and the catalytic activity (Va%/Vimax; filled symbols and continuous lines) versus GDP
concentration for HsIMPDH1-Y12A (C) and HsIMPDH2-Y12A (D). Squares: 3 mM ATP fixed concentration versus
increasing concentrations of GDP. Circles: increasing concentrations of GDP in the absence of ATP. Data points represent
the mean value and the standard errors. Lines represent the non-linear regression analysis of the experimental data,
according to a standard allosteric sigmoidal equation (GraphPad Prism). At the fixed concentrations of ATP (3 mM) and
GDP (3 mM) used for these experiments, HsIMPDH1-Y12A and HsIMPDH2-Y 12A proteins remained as octamers with no

detectable fraction of tetramers, as determined by SAXS.
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especially relevant since, based on the A. gossypii
fungal IMPDH structure, we have previously proposed
that most of the retinopathy-associated missense
mutations in HsIMPDH1 alter GTP/GDP-mediated
allosteric inhibition [7]. Thereby, we solved the high-
resolution crystal structures of HSIMPDH2 in complex
with GTP and GDP, which are essentially identical
(Supplemental Fig. 2A). A detailed description of these
structures can be found in the Supplemental Informa-
tion. Both structures unequivocally demonstrate that
most of the retinopathy-associated mutations either
(i) placed at the interface of two interacting Bateman
domains: R224P, L227P and R231P (Supplemental
Fig. 2C) or (i) are directly involved in nucleotide binding
atthe allosteric sites of the Bateman domain: D226N for
GTP/GDP2 (Supplemental Fig. 3B) and N198K and
K238E for GTP3/GDP3 (Supplemental Fig. 3C).

We then introduced most of the missense mutations
described in the literature [8] into HsIMPDH1 and
purified the mutant enzymes for their analyses in vitro.
Our results showed that the mutants had catalytic
activity in vitrothat fell within the same range (between
1.1- and 0.6-fold the activity of the WT; Fig. 2) as the
WT enzyme. ATP showed no significant effect on the
catalytic activity of both the WT and the mutant
enzymes (between 1.0- and 0.6-fold the activity of the
enzyme without nucleotide; Fig. 2). On the other hand,
those mutations that map within the Bateman domain
nucleotide binding sites (N198K, D226N and K238E;
Supplemental Fig. 3) or at the interphase between the
Bateman domains (R224P, L227P and R231P;
Supplemental Fig. 2C) cannot be allosterically inhib-
ited in vitroneither by GTP/GDP (Fig. 2), which thereby
results in constitutively activated mutant enzymes.

In vitro reconstitution of micron-length human
IMPDH cytoophidia assembly

We then investigated in vitro the ability of IMPDH
to reversibly assemble into mesoscale structures
that have been described to form within cells in
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response to the depletion of the intracellular guanine
nucleotide pool [10,19,21]. It is important to stress
here that several reports have shown that ATP and
GTP induce the formation of IMPDH polymers
in vitro [3-5], but these polymers consist of a few
IMPDH octamers stacked back-to-back and orga-
nized into single filaments. Thereby, these polymers
do not represent the IMPDH micron-length filamen-
tous bundles that have been reported to form in cells
[10,18,19,21].

These data suggest that an important factor is
missing in vitro, but what could be this factor? An
initial hint came from the published purification
protocol of recombinant human IMPDH enzymes
from Escherichia coli [21]. This protocol uses 1.5 M
urea to keep the protein “soluble” in the supernatant
after the initial centrifugation of the bacterial cell
extracts. However, 1.5 M urea concentration is much
lower than the midpoint of the urea-induced denatur-
ation curve (approximately 5 M [22]), which indicates
that there is no need to denature the IMPDH to
“solubilize” it. We then hypothesized that IMPDH
properly folds in the cytoplasm of E. coli; however, the
high background concentration of macromolecules in
the initial cell extracts favored the formation of large
IMPDH assemblies that readily pelleted during a soft
centrifugation.

We therefore tested the influence of macromolecular
crowding on IMPDH filament assembly in vitro under
different experimental conditions by monitoring protein
assembly with turbidimetry. Our results showed that at
high Ficoll-70 concentrations, both human IMPDH
isoforms (HsIMPDH1 and HsIMPDH2) spontaneously
assemble into large polymers, as indicated by the large
increase in the turbidity of the solution (Fig. 3A and
Supplemental Fig. 4A), and further corroborated by EM
(upper panels of Fig. 3B and Supplemental Fig. 4B). At
Ficoll-70 concentrations >150 mg/mL, most of the
IMPDH is included within these polymers. These
results led us to conclude that the formation of
micron-length cytoophidia-like structures is due to the

I water
ATP 3 mM
I GDP5mM

Fig. 2. Retinopathy-associated missense mutations disrupt GTP/GDP-mediated allosteric inhibition in vitro. Normalized
catalytic activity (Vinax derived from the Michaelis—Menten analysis of the experimental data) of HSIMPDH1-WT and
retinopathy-associated mutants in the absence or presence of purine nucleotides. The error bars represent SEM.
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Fig. 3. In vitro reconstitution of human IMPDH cytoophidia
assembly. (A) Turbidity measurements, indicating the forma-
tion of large polymers of HsIMPDH2, at different Ficoll-70
concentrations in the presence or absence of purine
nucleotides. (B) EM analysis of the samples in the absence
and presence Ficoll-70. The scale bars represent 100 nm.
The red rectangle in the upper right panel shows bundles of
twisted and curved filaments that intricate into the three
dimensions without apparent regular or defined structure,
while the blue rectangle shows ordered bundles of parallel
protofilaments that were sporadically observed. (C) Turbidity
measurements of purified IMPDH from different organisms.
HsIMPDH1, Homo sapiens isoform 1; HsIMPDH2: H. sapiens
isoform 2; AgIMPDH: A. gossypii; ECIMPDH: E. coli
BsIMPDH: B. subtilis. The error bars represent SEM.

macromolecular crowding conditions, since mesoscale
polymerization can be detected neither at low crowding
agent concentrations nor in its absence.

As a negative control, we used the Y12A missense
mutation that has been previously reported to abrogate
polymerization of HsIMPDHZ2 in cultured cells [5]. In

accordance with this report, we were not able to detect
significant assembly of the HsIMPDH2-Y12A mutant
in vitro in dilute solutions or in crowding conditions
(Fig. 3C). In contrast, we observed significant polymer-
ization of the HsIMPDH1-Y12A mutant under macro-
molecular crowding conditions, although to a lower
extent than the wild-type protein (Fig. 3C). These
results agree with previous reports that describe a
higher tendency to polymerize of HsIMPDH1 than
HsIMPDH2 [23]. In addition, we tested whether the
IMPDH enzymes from different organisms, other than
humans, can also form cytoophidia-like polymers
in vitro. Within Fig. 3C, it can be observed in that, in
contrast to the two human isoforms, the eukaryotic
A. gossypii (AgIMPDH), the bacterial E. coli(EcCIMPDH)
and Bacillus subtilis (BsIMPDH) enzymes are unable to
form cytoophidia-like structures in our experimental
conditions.

To further corroborate that eukaryotic AgIMPDH
does not form cytoophidia, we ectopically overex-
pressed this gene in HeLa and HEK293T cells. As it is
shown in Supplemental Fig. 4C, in contrast to
HsIMPDH2 that showed a large amount of cytoophidia
in essentially all the transfected cells, no detectable
polymer formation was observed for AQIMPDH, despite
the large amount of protein observed into the cyto-
plasm. Thereby, our results demonstrate that the
ability of human IMPDH to form cytoophidia is not
universal, since not all—eukaryotic or prokaryotic—
IMPDH enzymes are able to assemble into large
aggregates. In agreement with our results, other
authors could neither find IMPDH polymers in the
model yeast Saccharomyces cerevisiae [24].

The huge polymers of human IMPDH that formed
in vitro under macromolecular crowding conditions are
composed of octamers that associate into bundles of
twisted and curved filaments that intricate into three
dimensions without apparent regular or defined struc-
ture (red rectangle in the upper right panel of Fig. 3B
and upper right panel of Supplemental Fig. 4B).
Nonetheless, ordered bundles of parallel protofila-
ments were eventually observed within the huge
polymers in some of the HsIMPDH2 micrographs
(blue rectangle in the upper right panel in Fig. 3B).
Direct distance measurements and power spectra
analysis by fast Fourier transform of the protofilaments
within these bundles showed a repetitive longitudinal
spacing of 58.2 + 0.4 A. This longitudinal spacing is
compatible with the expanded ATP-induced ~115-A-
long octamers previously observed by x-ray crystallog-
raphy for AgIMPDH [6] and by SAXS for human
IMPDH.

Remarkably, when ATP or GDP was present, the
turbidity of the solution was significantly lower than in
their absence (Fig. 3A and Supplemental Fig. 4A),
indicating that these nucleotides inhibited the assembly
of IMPDH into cytoophidia-like structures. The EM
analysis of the polymers formed in the presence of
purine nucleotides revealed either isolated octamers or
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helical oligomers, extended for ATP and compacted
for GDP (Fig. 3B and Supplemental Fig. 4B). A
detailed analysis of the polymers formed in the
presence of purine nucleotides can be found in the
Supplemental Information, including the 3D recon-
structions of ATP and GDP-induced protofilaments
formed under macromolecular crowding conditions
(Supplemental Fig. 5).

Moreover, once the cytoophidia-like polymers were
spontaneously formed in vitro, the addition of either
ATP or GDP depolymerized them, but the extent of this
depolymerization strongly depended on the incubation
time before nucleotide addition, that is, the maturation
time [18]. The more mature the cytoophidia-like
polymers are, the longer it takes to depolymerize
them by GDP or ATP (Supplemental Fig. 6).

In summary, both human IMPDH isoforms sponta-
neously assemble in vitro into micron-length
cytoophidia-like structures under macromolecular
crowding conditions that resemble the cytoophidia
foundin cells. Under these conditions, the presence of
purine nucleotides in the solution strongly reduces
IMPDH cytoophidia formation, by both inhibiting
assembly and inducing disassembly. Thus, our
experimental setup reconstitutes in vitrothe reversible
guanine nucleotide-controlled cytoophidia assembly
phenomenon previously reported to occur in cells. Our
results also indicate a similar role for adenine
nucleotides in vitro, although this observation remains
to be corroborated in vivo.

Retinopathy-associated missense mutations
in IMPDH1 alter the nucleotide-dependent
cytoophidia dynamics in vitro

We next studied the nucleotide-dependent dy-
namics of the assembly of cytoophidia-like polymers
in vitro for the HSIMPDH1 enzymes containing the
retinopathy-associated mutations. All the mutants
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have the ability to spontaneously assembly into
cytoophidia-like polymers to a similar extent than the
wild-type enzyme (Fig. 4). Nonetheless, those
mutants where the GTP/GDP allosteric inhibition is
abrogated have also altered nucleotide-controlled
regulation of cytoophidia-like assembly (Fig. 4) and
disassembly (Supplemental Fig. 7A). The only
exception is the mutant N198K that cannot be
allosterically inhibited by GTP/GDP but possesses
assembly dynamics comparable to the wild-type
enzyme (Fig. 4 and Supplemental Fig. 7A). These
data might indicate that the non-canonical guanine
nucleotide binding site is needed for allosteric
inhibition mediated by GTP/GDP, but is not implied
in the regulation of assembly by nucleotides.

Remarkably, our data on cytoophidia-like structures
assembled in vitro perfectly agree with a recent report
that showed that HsSIMPDH1 mutant enzymes R224P,
D226N and R231P formed irreversible cytoophidia
in transfected HEK293T cells when treated with
guanosine [14].

IMPDH cytoophidia are catalytically active
in vitro but more resistant to GTP/GDP inhibition

We next studied the effects of the polymerization into
micron-length cytoophidia-like structures on the cata-
lytic activity in vitro. To perform these experiments, we
used as control the Y12A mutants that have compro-
mised polymerization ability (Fig. 3C). Remarkably, we
observed no significant differences between the
catalytic activities of the Y12A mutants and the wild-
type enzymes, neither in crowded nor in non-crowded
solutions (Supplemental Table 2, Fig. 5A and B). The
slightincrease in the Kj,» values between crowded and
non-crowded conditions is most probably due to
excluded volume and substrate limited diffusion effects,
produced by the high concentrations of Ficoll-70.
Indeed, similar differences in the Kj, values have

@B control
ATP 3 mM
@8 GDP5mM
R R & & G
Vv 5 3 A
VA

Fig. 4. Retinopathy-associated missense mutations alter IMPDH cytoophidia assembly in vitro. Turbidity measure-
ments, indicating the formation of large polymers in vitro, at 150 g/L Ficoll-70 of HsIMPDH1 wild-type and retinopathy-
associated mutants (0.25 mg/mL) in the absence or presence of purine nucleotides. Data were measured 10 min after
dilution of the proteins into a solution containing Ficoll-70 and the indicated nucleotides. The error bars represent SEM.
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Fig. 5. Human IMPDH cytoophidia are catalytically active and resistant to GDP allosteric inhibition. (A and B) Michaelis—
Menten representation of the catalytic activity of HsSIMPDH1 (A) and HsIMPDH2 (B) wild-type (squares) and Y12A mutant
(circles) in a dilute solution (solid figures and continuous green lines) and in the presence of 150 g/L Ficoll-70 (empty figures
and discontinuous red lines). (C and D) Plots representing normalized solution turbidity (dotted lines) and catalytic activity
(Vv Vimax; solid figures and continuous green line in the absence of Ficoll-70, empty figures and dashed red line for the short
incubation with Ficoll-70, and empty figures and dashed blue line for the long incubation with Ficoll-70) at different GDP
concentrations for HSIMPDH1-WT (C) and HsIMPDH2-WT (D). In our experimental setup, the measurements were performed
approximately 30 min after GDP addition. Lines represent the non-linear regression analysis of the experimental data,
according to a standard allosteric sigmoidal equation (GraphPad Prism). The error bars represent SEM.

been reported for a number of enzymes using similar
crowding agents [25].

As an additional control, just before the measure-
ments, we centrifuged the samples (5.000g for
10 min), so that the cytoophidia-like polymers were
pelleted and the tetramers, octamers and small
oligomers remained in the supernantant. The catalytic
activity in the supernatant of the wild-type enzymes
under crowding conditions was significantly reduced
(Supplemental Fig. 7B), demonstrating that most of
the catalytic activity comes from the IMPDH cytoophi-
dia. In addition, most of the Y12A mutant enzyme that
have compromised polymerization (Supplemental
Fig. 7C) cannot be pelleted using these centrifugation
conditions, therefore leaving the activity in the
supernatant comparable to the activity prior to
centrifugation (Supplemental Fig. 7B). From these
experiments, we can conclude that IMPDH polymer-
ization into micron-length cytoophidia-like structures
did not significantly affect the catalytic activity in our in
vitro experimental conditions.

Since GTP and GDP promote both cytoophidia
disassembly and catalytic activity inhibition, it can be

hypothesized that IMPDH polymerization might serve
to fine-tune the allosteric regulation of the enzyme. To
test this hypothesis, we studied how GDP affects the
catalytic activity of the cytoophidia-like structures
assembled in our in vitro system. As observed in
Fig. 5C, non-mature polymers (without incubation
before GDP addition) demonstrated inhibition of the
catalytic activity while being depolymerized (red data)
that showed no significant differences to the inhibition
of the unassembled protein (green data). In contrast,
the cytoophidia-like polymers that had been pre-
incubated for 2 h before GDP addition, were more
resistant to GDP-induced depolymerization (see also
Supplemental Fig. 5) and, to a certain extent, were
resistant to GDP allosteric inhibition (blue data). As
expected, this behavior can also be observed for
HsIMPDH2 but to a lesser extent (Fig. 5D), given that
HsIMPDH2 is more sensitive to GDP-induced depoly-
merization than HsIMPDH1 (Supplemental Fig. 5).
Moreover, HsIMPDH2 was depolymerized at lower
GDP concentrations than those required to inhibit its
catalytic activity (Fig. 5D). This observation agrees with
the data presented above showing that GDP
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induces octamer compaction at lower concentrations
than those required for catalytic activity inhibition
(Fig. 1D).

Discussion

Although there is wide knowledge on the enzymatic
reaction mechanisms of IMPDH and its inhibition by a
variety of molecules, there is an evident lack of
information on its physiological mechanisms of regula-
tion. Indeed, it has only been since the last few years
that we have obtained the first experimental evidences
on how the signal triggered by the binding of
nucleotides to the regulatory Bateman domain is
transmitted to the catalytic domain to modulate the
enzymatic activity of IMPDH. To this respect, it has
been recently described a conformational switch—
controlled by purine nucleotides—that modulates the
catalytic activity of eukaryotic IMPDH enzymes. The
switch was first proposed by crystallography and x-ray
scattering using the enzyme AgIMPDH from the
industrial fungus A. gossypii [6] and was recently
observed by EM with HsIMPDH2, the second isoform
of human IMPDH [5]. We further demonstrate here that
this conformational switch operates in both human
IMPDH isoforms, suggesting that it might be conserved
within all eukaryotic IMPDH enzymes. Moreover, a
similar conformational switch, modulated by adenine
nucleotides, has also been reported for some prokary-
otic IMDPHs [2], despite the fact that these enzymes
are not regulated by guanine nucleotides [7]. This
observation suggests that the conformational switch is
inherent to the acquisition of the Bateman regulatory
domain, before the divergence of prokaryotic and
eukaryotic enzymes. Nevertheless, the latter evolved
separately to generate an additional non-canonical
nucleotide binding site that allows the inhibition of the
enzyme by GTP and GDP, the end products of the
IMPDH's metabolic pathway.

Remarkably, we have found functional differences
between the two human isoforms of IMPDH, where
GTP/GDP-mediated allosteric inhibition of the catalytic
activity is nicely correlated with octamer compaction in
HsIMPDH1. In contrast, HsSIMPDH2 octamer compac-
tion occurs at lower GTP/GDP concentrations than
those required for catalytic inhibition. These data,
observed both in HsIMPDH2-Y12A (Fig. 1D) and
HsIMPDH2-WT (Fig. 5D), indicate that additional
features, other than octamer compaction itself, are
required to inhibit HSIMPDH2. Possibly, the catalytic
inhibition of IMPDH requires the binding of GTP/GDP to
the three allosteric sites within the Bateman domain,
while octamer compaction can happen with only a
partial occupancy of these sites. Thereby, distinct
affinities of GTP/GDP among the three nucleotide-
binding sites of HsSIMPDH1 and HsIMPDH2 might be
the cause of the observed differences. In addition, our
data show that HsSIMPDH1 has a significantly higher

tendency to filament than HsIMPDH2, in accordance
with previous reports [23]. Future experimental studies
will elucidate whether the different sensitivities to GTP/
GDP-mediated allosteric inhibition and/or the different
propensities to polymerize of the human IMPDH
isoforms might have physiological consequences.

Presently, it is clearly accepted that the filamenta-
tion of enzymes to form cytoophidia serves as a
general mechanism for the regulation of metabolism
by fine-tuning protein functional and structural
properties [12,13]. Indeed, enzyme filamentation
seems to be rather extended with more than 20
metabolic enzymes reported to filament in S.
cerevisiae [24]. Perhaps the most representative
examples of cytoophidia-forming enzymes are those
that catalyze the limiting steps in the de novo
biosynthetic pathways of pyrimidine and purine
nucleotides, CTPS and IMPDH, respectively.

Human CTPS filaments lock the enzyme into an
active conformation, providing a mechanism for in-
creasing the catalytic activity in response to metabolic
state [26]. Similarly, human IMPDH cytoophidia forma-
tion correlates with rapid cell proliferation [11,14,15];
however, the in vitro reconstituted polymers show
identical activity for both polymerized and non-
assembled IMPDH [5]. In any case, the reported
structural and functional data for IMPDH cytoophidia
in vitro are based on polymers, induced by ATP or GTP,
that are formed by the repeated back-to-back stacking
of tetramers and octamers into single filaments [4,5],
which do not represent the micrometer long and thick
bundles observed in cells [10,19]. The results present-
ed here demonstrate that these polymers do not
represent cytoophidia but rather the remnants of their
depolymerization. Our experimental conditions yield
IMPDH polymer bundles in vitro with similar dimen-
sions to the micron-length cytoophidia found in cells.
Moreover, the dynamics of these polymers is modulat-
ed by guanine nucleotides in vitroin the same way as it
has been observed in cells, as it will be discussed
below. Thereby, our conditions allow a much better
biochemical and structural characterization of this
biological process.

The nucleotide-mediated steric self-compatibility of
the Bateman interface and the highly symmetric
structure of the octamers promote the assembly of
IMPDH into the relatively thin and extended filaments
that have been previously reported to form in vitro [4,5].
Nonetheless, once these filaments are formed, they are
not able to significantly associate side by side to form
the bundles that constitute cellular cytoophidia. The
higher-order assembly into bundles of filaments pro-
ceeds only in the absence of nucleotides and seems to
be a cooperative process, much less favorable than the
nucleotide-induced single filament assembly is. Con-
sistent with these observations, IMPDH assembly into
micron-length cytoophidia-like structures depends on
macromolecular crowding conditions, indicating that
this assembly reaction is not only driven by enthalpy
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due to specific interface interactions, but rather is also
driven by entropy as a consequence of excluded
volume effects [27]. Indeed, in a crowded milieu,
oligomerization is greatly favored to minimize the
overall crowding by enhancing protein association,
which can thereby reduce the excluded volume [28].
The cytoophidia-like polymers assembled under these
conditions are constituted by IMPDH octamers asso-
ciated without an apparent order, although highly
ordered specimens are also observed in the
HsIMPDH2 micrographs. This observation indicates
that the association of IMPDH octamers under crowd-
ing conditions confers high flexibility and dynamicity to
the polymers, which is in further agreement with the
observed variety of shapes that easily inter-convert in
cells.

Our in vitro results reconstitute what it is observed in
cells: IMPDH assemble into micron-length cytoophidia-
like structures upon guanine nucleotide depletion but
cytoophidia disassemble after guanine levels recover.
This observation might also apply for the adenine
nucleotides, because it is assumed that the levels of the
adenine and guanine nucleotide pools rise or decrease
in parallel, at least to a certain extent. Several
mechanisms explain the parallel changes in adenine
and guanine nucleotide levels. First, lowering the GTP
levels might provoke a decrease in the adenine
nucleotide levels through a dual action by (i) a reduced
synthesis of AMP through adenylosuccinate synthe-
tase, for which GTP serves as cofactor, and (ii) a
greater degradation of AMP by AMP deaminase, which
is inhibited by GTP. Second, an interplay exists
between the syntheses of AMP/ATP and GMP/GTP
from IMP, where ATP is required for the synthesis of
GMP at the level of GMP synthase.

In addition, it will be interesting to study how the
presence of substrates and products affect cytoophidia
dynamics, as it has been very recently reported that the
intracellular IMP accumulation promotes cytoophidia
assembly, whereas elevated GTP level triggers the
disassociation of aggregates [14]. Therefore, the
balance GTP/IMP might be an additional important
factor in regulating cytoophidia dynamics that defini-
tively deserves to be investigated. For instance, it can
be expected that IMP, bound to the active site, might
somehow affect GTP-induced octamer compaction,
given that this compaction implies the interaction of the
finger domains, which place adjacent to—and interact
with—the active site.

How do adenine and guanine nucleotides modulate
IMPDH polymerization? A plausible explanation is that
these nucleotides induce IMPDH octamer conforma-
tions that allow a few octamers to stack back-to-back
and form short lineal filaments [4,5], but these filaments
do not significantly associate laterally to form the large
bundles that constitute the cytoophidia-like polymers.
In contrast, in the absence of purine nucleotides,
human IMPDH adopts a conformation that under
crowding conditions favors both filament formation

and filament bundling. A schematic representation of
this hypothesis is shown in Fig. 6. In support of this
hypothesis, three different conformations for eukaryotic
IMPDHSs have been reported (Fig. 6): (i) ATP-induced
extended active octamers (5MCP, [6]), (i) GTP/GDP-
induced compacted inhibited octamers (6100, 610M in
this work and 4Z87 [7]), and (iii) extended octamers with
no nucleotide bound at the Bateman domain (1NF7
and 1NFB). The structures of the apo-enzyme and the
ATP-induced IMPDH octamers have similar dimen-
sions, but they significantly differ in the bending of the
Bateman module that increases upon ATP binding
(Fig. 6). Therefore, it is then tempting to speculate that
the less bent Bateman module of the apo-enzyme
octamers favors the lateral packing of the single
filaments that result in large micrometric bundles. On
the contrary, the increased bending of the Bateman
module, induced by the binding of either ATP or GTP/
GDP to the allosteric sites, avoids the lateral associa-
tion of octamers and single protofilaments that conse-
quently avoids the formation of cytoophidia-like
structures (Fig. 6). Indeed, the crystal packing of
1NF7 (Supplemental Fig. 8A) would be compatible
with the repetition pattern observed in the ordered
bundles of HsIMPDH2 found in some of the micro-
graphs of the in vitro reconstituted cytoophidia-like
polymers (Fig. 3B) and in a previous report [19],
suggesting that this crystal might be mimicking the
packing of IMPDH within the cytoophidia.

Our results demonstrate that assembly into
cytoophidia-like structures does not significantly
change the catalytic activity of purified IMPDH in vitro.
These results agree with a previous report that could
neither find differences in catalytic activity between a
mutant unable to polymerize (HsIMPDH2-Y12A) and
the wild-type enzyme, both in vitro and in cultured cells
[5]. In turn, IMPDH assembly modulates the sensitivity
of the enzyme to allosteric inhibition. Remarkably, the
more mature the cytoophidia-like polymers (longer
incubation times) are, the more resistant to GTP/GDP-
induced octamer compaction they become and thereby
more resistant to depolymerization and subsequent
inhibition of the catalytic activity. In other words, the
more mature a cytoophidia-like polymer is, the longer it
takes to depolymerize by GTP/GDP. At this point, it
remains unknown how maturation time correlates to
resistance to GDP-induced octamer compaction
in vitro, but it is clear that it might have important
physiological implications. The longer a cell remains in
a state of guanine nucleotide deprivation, the longer it
will take to recover, that is, the longer IMPDH should
work actively in the absence of negative feedback
inhibition. Therefore, IMPDH cytoophidia formation and
maturation might constitute a mechanism to temporal
and spatially regulate the ability of IMPDH polymers to
maintain especially high intracellular levels of guanine
nucleotides when required, for example, for active cell
proliferation or after a pharmacological depletion of the
guanine nucleotide pools. At this point, it is important to
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Fig. 6. The nucleotide controlled-conformational switch of human IMPDH. Upper panels: the three different octamer
conformations observed in eukaryotic IMPDH enzymes and their respective PDB codes. IMPDH protein is shown in
cartoons and nucleotides in sticks. The approximate longitudinal dimensions of the octamers are indicated on their side.
Middle panels: close-up view of two interacting Bateman domains from adjacent tetramers within the octameric
arrangement. The black dashed lines show the approximate longitudinal axis of helices comprising residues 194—204.
Lower panels: schematic representation of the assembly of human IMPDH into different polymers.

stress that this study was performed in vitro, from
purified components, but it is envisaged that in vivo
post-translational modifications and interaction part-
ners will play an important role in the regulation of the
dynamics of IMPDH cytoophidia assembly.

Finally, we demonstrate that the mutations in
HsIMPDH1 associated with human retinopathies map

into the allosteric nucleotide binding sites, which
therefore alter the nucleotide-controlled conformational
switch. Subsequently, they also disrupt allosteric
inhibition mediated by GTP/GDP and modify the
dynamics of the cytoophidia-like polymers in vitro.
Thereby, our data indicate that the HsSIMPDH1 muta-
tions within the first instance will affect the intracellular
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levels of the purine nucleotide pools in retinal cells that,
in a medium/long term, will lead to visual receptor cell
death and subsequent retinal degeneration. Future
studies are needed to elucidate the molecular details on
how the alterations in the nucleotide pools develop into
retinopathies. Moreover, it will also be very interesting to
explore the potential physiological roles that cytoophidia
play in retinal development. Indeed, in preliminary
experiments, we were able to detect IMPDH cytoophi-
dia in the retina of adult mice as 1- to 2-pm-long
structures, mostly localized in the periphery of the
retina, although they were detected throughout this
organ (Supplemental Fig. 8B). Altogether, these data
indicate that cytoophidia form in the retina in vivo under
normal developmental conditions and suggest a
potential physiological role of cytoophidium that might
be altered by the retinopathy-associated missense
mutations of human IMPDHA1.

The data presented in this manuscript show that
the effective concentrations of GDP that affect the
IMPDH conformational switch, the polymerization
dynamics, and the inhibition of the catalytic activity,
lie roughly in the same range than the expected
intracellular GTP/GDP concentrations, this is, in the
0.1- to 1-mM range [29]. Therefore, our in vitro data
suggest that the molecular mechanisms we propose
might be relevant in vivo at the expected physiolog-
ical intracellular nucleotide concentrations, although
this hypothesis awaits experimental confirmation.

In summary, our results provide novel and
valuable information for understanding the physio-
logical regulation of IMPDH as well as deciphering
the putative roles of IMPDH cytoophidia in vivo, both
under physiological and pathological conditions.
Moreover, given that IMPDH is a widely validated
drug target in several types of diseases, the reported
results might eventually support future studies to
determine the therapeutic potential of the cytoophi-
dium as a useful target and/or biomarker.

Materials and Methods
Proteins and nucleotides

Expression and purification of IMPDH proteins was
performed as previously described [7,21]. Nucleotides
were purchased from Sigma-Aldrich and Jena
Bioscience. Missense mutations were introduced
into the bacterial expression vectors by using
QuickChange Il Site-directed mutagenesis protocol
(Agilent Technologies).

Protein polymerization analysis in vitro

In vitro polymerization was monitored by turbidimetry
at 340 and 410 nm on a spectrophotometer by using
proteins, purified to homogeneity, at a concentration of
0.1-0.25 mg/mL in buffer 100 mM Tris—HCI, 100 mM

KCl, 2mM DTT and 1 mM MgCl, (final free Mg*?
concentration; pH 8.0) and in the presence of the
indicated amounts of Ficoll-70 and/or nucleotides.
Control experiments were also performed by pellet-
ing the polymers by centrifugation and determining the
protein concentration in pellets and supernatants by
spectrophotometry and/or SDS-PAGE densitometry.
Samples of protein polymers were taken from each
experiment for further analysis by EM (see below).

Enzyme kinetics assay

IMPDH activity was assayed, as previously re-
ported [6], at 32 °C using 96 or 384-well microtiter
plates by monitoring the reduction of NAD* and the
subsequent increase in absorbance at 340 nm. All
the enzyme kinetics and inhibition experiments were
performed by using a fixed concentration of enzyme
(100 pg/mL) and NAD* (0.5 mM), while IMP varied
from 0.04 to 5 mM. The reaction buffer was 100 mM
Tris—HCI, 100 mM KCI, 2 mM DTT and 1 mM MgCl,
(final free Mg*? concentration; pH 8.0).

Initial velocities (V) were extracted from the time-
course reaction progress curves, which were then fitted
by non-linear regression analysis to an allosteric
sigmoidal equation using GraphPad Prism (GraphPad
Prism Software, Inc.) to estimate the K, and Vihax
values. It must be stated here that, given the high
concentration of enzyme used for these experiments,
the steady state in the lowest substrate concentrations
cannot be ensured, which might influence the precision
of the calculated K, values.

To monitor enzyme kinetics under macromolecular
crowding conditions, where turbidity might interfere with
the measurement at A = 340 nm, the catalytic reaction
was stopped by incubating the samples with 4 M urea
(final concentration) to disaggregate protein assem-
blies and avoid the turbidity of the solution. These
experiments demonstrated that the constant back-
ground atA = 340 nm due to the presence of turbidity in
the solution could be easily subtracted from the raw
measurements, without affecting the precise estimation
of the kinetic parameters.

For control experiments, HsIMPDH1/2-WT and
HsIMPDH1/2-Y12A mutant enzymes under macro-
molecular crowding conditions were centrifuged at
50009 for 10 min at 25 °C, to pellet the cytoophidia-
like polymers, and the catalytic activity of the
supernatants was measured as described above.

SAXS

SAXS measurements were performed at the B21
beamline at the Diamond Light Source. Protein
samples at 2.5 mg/mL in buffer 20 mM Tris—HCI,
300 mM KCI, 1 mM MgCl, (final free Mg*? concentra-
tion) and 3 mM DTT (pH 8.0) were measured in the
presence of increasing amounts of nucleotides (total
concentration of nucleotides ranging from 0.02 to
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3 mM). Experimental data were reduced following
standard methodologies by using the program
PRIMUS. The fractions of tetramers, and expanded
and compacted octamers were calculated with the
program OLIGOMER and the theoretical solution
scattering profiles with CRYSOL. All these programs
are found within the ATSAS software suite [30].

Crystallization and structure determination

Crystals of the complexes HsIMPDH2-GTP and
HsIMPDH2-GDP were grown at 22 °C using the
vapor diffusion method by mixing a protein solution at
7.5 mg/mL in 10 mM Tris—HCI, 150 mM KCI, 1 mM
DTT, 75 mM GTP (or GDP) and 5 mM total MgCl,
(pH 8.0), with an equal volume of mother liquor
consisting of 25% PEG-1500 and 0.1 M buffer MIB
(malonic acid, imidazole and boric acid) at pH 9.0 for
HsIMPDH-GTP and 0.1 M sodium citrate at pH 5.5,
0.2 M lithium sulfate and 15% ethanol for HsIMPDH2-
GDP. Protein crystals were flashed-cooled in liquid
nitrogen, and data were collected at 100 K, using
monochromatic x-rays of ~1 A wavelength, at the MX
beamlines of the Diamond Light Source synchrotron
(UK) or the XALOC beamline in the ALBA synchrotron
(Spain). Crystals of HsIMPDH2-GDP were cryo-
protected by immersion in NVH oil before being
flashed-cooled in liquid nitrogen. Diffraction intensities
were indexed and integrated by using the software
autoPROC [31].

The experimental data were phased by molecular
replacement using the program PHASER [32] using as
template the structure of the complex AgIMPDH-GDP
(PDB code 4787). The structures were iteratively
refined by alternating manual modeling with COOT
[383] with the automated refinement utility of the PHENIX
crystallographic software suite [34]. Rigid body,
gradient-driven positional, restrained individual isotropic
B-factor and TLS were used for structure refinement.

EM

Samples were analyzed by EM after being adsorbed
to glow-discharged carbon coated grids and stained
with 2% uranyl acetate. Grids were observed using a
JEOL JEM-1230 transmission electron microscope
operated at 100 kV and a nominal magnification of
40.000. Images were taken under low-dose conditions
with a CMOS Tvips TemCam-F416 camera, at 2.84 A
per pixel. Image processing was performed using
SCIPION package [35]. The contrast transfer function
of the microscope for each micrograph was estimated
using CTFFIND4 [36]. Helical segments were picked
from the micrographs using the Xmipp3 manual-picking
routine implemented inside SCIPION.

In the initial step, images of the helical segments
were extracted and horizontally pre-aligned using a
multi-reference pattern-free alignment protocol [37].
After pre-alignment, images were two-dimensional

classified using RELION software [38] limiting in-
plane rotations, allowing bimodal search and using a
rectangular mask to focus the classification process in
the helix. Classes containing the straightest particles
were selected for 3D reconstruction. Initial model was
built by assigning random rotation angles to the images
and 3D reconstructed. This procedure generates
featureless tubular structures suitable as a starting
model for 3D classification in RELION; this classifica-
tion was performed with no symmetry application to
avoid initial bias in the reconstructions. Afterward, the
selected classes were also refined without the appli-
cation of helical symmetry. When the angular assign-
ment of the images reached convergence, symmetry
parameters of the volumes were determined using the
“xmipp_volume_find_symmetry” utility and applied.
Finally, a new cycle of refinement, applying symmetry,
was carried out to generate the final structures.

Figures of protein structures, electron density maps
and EM maps were rendered by using PyMOL (The
PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC).

Immunofluorescence

Hela cells were grown onto poly-L-Lysine coated
glass coverslips and fixed with 2.5% paraformaldehyde
for 30 min at room temperature, washed three times
with PBS, permeabilized for 10 min with Triton 0.1%
X100 and blocked with 1% BSA for another 10 min.
The primary antibody (mouse anti-HA 12CA5, Roche)
was used at a 1:5000 dilution and incubated for 2 h at
room temperature. The secondary antibody (Alexa-488
anti-mouse) was used at a 1:2000 dilution and
incubated overnight at 4 °C. Cells were then washed
with 1% BSA, and the nuclei were stained with DAPI.

Mice retinas were fixed by immersion in 4%
paraformaldehyde for 4 h at 4 °C. The tissue was
cryo-protected in 30% sucrose and embedded in OCT,
and 16-um sections were obtained. Sections were
washed in PBS and blocked with 5% BSA, 2% goat
serum and 0.1% Triton X100. Primary antibody
(IMPDH, H-300; Santa Cruz; sc-50510) was incubated
at a 1:30 dilution overnight at 4 °C and detected with a
secondary antibody anti-rabbit Alexa-488 used at a
1:300 dilution, for 1 h at room temperature. Nuclei were
stained with DAPI.

Accession numbers

The atomic coordinates and the structure factors
described in this work have been deposited in the
Research Collaboratory for Structural Bioinformatics
Protein Data Bank under the codes PDB ID: 6100
(HsIMPDH2-GTP) and PDB ID: 610M (HsIMPDH2-
GDP). The EM-derived maps have been deposited
in the Electron Microscopy Data Bank under the
accession codes EMD ID: 4402 (HsIMPDH1-GDP)
and EMD ID: 4403 (HsIMPDH1-ATP).
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Crystal structures of HsIMPDH2 in complex with GTP and GDP. We solved the

high-resolution crystal structures of HSIMPDHZ2 in complex with GTP and GDP at
2.6 A resolution. Both crystals belong to the space group 1422 (Supplemental
Table 1) with two monomers in the asymmetric unit (AU), located around a
quaternary symmetry axis that generates the octameric biological assembly,
composed by a dimer of tetramers that interact head-to-head. There are no
significant differences between the structures of IMPDH bound to GTP or GDP
(Supplemental Figure 2A). The electron density for most of the protein residues
was clearly visible, with the exception of the N and C-terminal residues, and some
short exposed loops. Additionally, in our structures, there was no interpretable
electron density for the residues that compose the catalytic flap, suggesting that
they are disordered within the crystal lattice. Three nucleotide molecules were
bound in the regulatory Bateman domain: two GTP/GDP molecules were bound
into the canonical sites (GTP1/GDP1 and GTP2/GDP2, bound to the first and
second binding sites) while a third GTP/GDP molecule was bound into the third
non-canonical site (GTP3/GDP3) that we have previously described for the
IMPDH from Ashbya gossypii [1]. The nucleotide conformations are essentially
identical for both GTP and GDP structures in all the three nucleotide binding sites.
Furthermore, there are no significant differences in the protein residues that
interact with both nucleotides (Supplemental Figure 2B). These data demonstrate
that the structural and the functional effects of GTP and GDP are essentially

identical.

The octamers of IMPDH are stabilized by the interface that involves the
Bateman domains from the upper and the lower tetramers, alongside the
interaction of the finger domains that are forced to interact, which results in the
inhibition of the catalytic activity that we have previously proposed [1]. The
interface between the two Bateman domains is mostly stabilized by hydrogen
bonds between the side chain atoms of residues K205 and R224 in a monomer
with the respective side chains of residues D162 and D164 in the adjacent
Bateman domain. The side chain of residue R161 also contacts the phosphates
of the GTP in the adjacent monomer, further stabilizing the interface. Additional
hydrophobic interactions, such as L227 in one monomer and F165 in the adjacent

monomer, also contribute to stabilize this interface (Supplemental Figure 2C).



GTP/GDP1 nucleotides adopt an extended conformation where the
specificity for the guanine ring is conferred by the side chain of residues D184
and K206 and the ribose moiety is mostly stabilized through hydrogen bonds of
the ribose hydroxyls with the side chain of D162. The phosphates are coordinated
by the backbone of residues of G207, S159 and S160, as well as the side chain

of R161 from the adjacent tetramer (Supplemental Figure 3A).

In contrast to GTP1/GDP1, GTP2/GDP2 adopt a compact conformation in
which both the guanine ring and the B-phosphate fold back to interact with the
backbone of residue G141 (Supplemental Figure 3B). The guanine ring is
significantly stabilized by a -1 interaction with the side chain of F139 and by
hydrogen bonding with the backbone atoms of V119. The ribose moiety is mostly
stabilized through hydrogen bonds of the ribose hydroxyls with the side chain of
residues D226 and K229 while the phosphates interact with the side chain of
K208 as well as the backbone atoms of C140 (Supplemental Figure 3B).

GTP3/GDP3 bind to the cleft formed by the a6 and a7 helices and the a2-
a3 loop, which is connected to the second canonical binding site by the strictly
conserved residue D226. The guanine moiety forms a hydrogen bond with the
backbone atoms of residue GIn112 as well as to the side chains of N198 and
K238 (Supplemental Figure 3C). The phosphates of GDP adopt several
alternative conformations within the binding site, whereas the phosphates of GTP
adopt a well-defined conformation stabilized by the interaction of the y-phosphate
with the side chain of N230 (Supplemental Figure 3C).

Electron microscopy analysis of the polymers formed in the presence of purine

nucleotides under macromolecular crowding conditions. The EM analysis of the

polymers formed in the presence of purine nucleotides revealed either isolated
octamers or helical oligomers (Figure 4B and Supplementary Figure 4B), as
suggested by the turbidity measurements. In HsIMPDH1, some of these
protofilaments associate laterally to form bundles of up to 3-5 protofilaments
(Supplementary Figure 4B). Remarkably, the axial repetition of these single
protofilaments and small protofilament bundles are perfectly compatible with the
dimensions of the ATP and GDP-induced octamers (HsIMPDH1: 58.4 + 0.3 A for
ATP and 49.7 + 0.2 A for GDP; HsIMPDH2: 57.7 + 0.4 A for ATP and 50.1 + 0.2
A for GDP). These data are further corroborated by single-particle 3D



reconstructions of HSIMPDHL1 filaments, which showed a helix turn and a Z-rise
of about 31° and 115A for ATP, and 16° and 97A for GDP-induced polymers
(Supplementary Figure 5). Remarkably, the crystallographic contacts of our
structures of HsIMPDH2 bound to GTP and GDP showed two interacting
octamers rotated about 15° around the quaternary symmetry axis that perfectly
agree with our HSIMPDH1 EM reconstructions (right panel in Supplementary
Figure 6). Nonetheless, these parameters differ from a previous report that used
EM reconstructions of HSIMPDH2 filaments (35.5° for compact-GDP and 30.5°
for extended-ATP induced protofilaments under non-macromolecular crowding

conditions [2]).



Supplemental Table 1. X-ray crystallography data collection and refinement

statistics.
HsIMPDH2-GTP HsIMPDH2-GDP
PDB code 6100 610M
Resolution range 81.95-2.62 (2.72 - 162 - 2.57 (2.66 -
(R) 2.62) 2.57)
resoli't'iigﬁ‘l’iigﬁt's A 2.83 2.83 2.62 2.822.82 2.52
Space group 1422 1422
neel oy | SRS | e
Unique reflections 36419 (1821) 39038 (1951)
Multiplicity 6.5 (7.0) 25.8 (27.1)
i%?ggiit;n(i/i)s 81.1 (20.5) 81.2 (21.8)
iﬁg‘;ﬁ)‘ﬁ;:{‘gj}f 92.6 (47.0) 94.9 (64.2)
Mean I/sigma(l) 10.6 (1.5) 14.6 (1.6)
R-merge 0.14 (1.56) 0.19 (2.65)
R-meas 0.16 (1.69) 0.20 (2.70)
R-pim 0.06 (0.63) 0.04 (0.52)
CC1/2 0.997 (0.408) 0.997 (0.629)
R-work 0.23 (0.32) 0.23 (0.33)
R-free 0.25 (0.29) 0.25 (0.35)
macromolecules 6331 6527
ligands 322 274
solvent 91 92
Protein residues 863 900
RMShonds 0.012 0.004
RMSangles 1.27 0.93
T
Rotam?(;)())utliers 204 6.57
Clashscore 11.41 5.69
Average B-factor 75.65 79.94

Statistics for the highest-resolution shell are shown in parentheses. Diffraction
intensities were indexed and integrated by using the autoPROC toolbox [3], which
makes use of the STARANISO software to deal with data anisotropy [4].



Supplemental Table 2. Enzyme kinetic parameters of human IMPDH enzymes

under macromolecular crowding conditions.

No Ficoll-70 150 g/L Ficoll-70
K1/2 Vmax K1/2 Vmax
(UM) (UM NADH*sec™?) (UM) (UM NADH*sec™?)
WT | 1538 3.2 x10%+ 6 x10° 50+4 3.1 x10*+ 4 x10°®
HsIMPDH1
Y12A | 155+8 3.2 x10%+ 6 x10° 42 +5 3.0 x10*+ 4 x10°®
WT | 1338 3.2 x10% + 6 x10® 45+ 2 3.4 x10* + 3 x10°®
HsIMPDH2
Y12A | 135+ 10 3.3x10% + 7 x10® 30+6 3.4 x10* £ 6 x10®
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Supplemental Figure 1. The conformational switch is identical in A. gossypii and H. sapiens. A.
Size exclusion chromatograph of the HsIMPDH1/2-WT and Y12A mutants. The approximate
elution volumes corresponding to the Stoke’s radius of IMPDH octamers and tetramers are
indicated. B-D. Comparison of the experimental SAXS profiles of IMPDH from humans and A.
gossypii in the absence and presence of nucleotides. E-F. Fraction of compact and extended
octamers at different nucleotide concentrations for HsIMPDH1-Y12A (E) and HsIMPDH2-Y12A
(F), measured by SAXS and estimated by OLIGOMER. Squares: ATP. Circles: GDP.
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Supplemental Figure 2. Crystal structures of HsIMPDH2 in complex to GTP and GDP A.
Structural superposition of HsSIMPDH2 bound to GTP (green cartoons) and GDP (blue cartoons). B.
Close-up view of the nucleotide conformations, shown as green and blue sticks for GTP and GDP,
respectively. C. Close-up view of the Bateman domains of the two tetramers (green and blue) of a
HsIMPDH2 octamer. Protein is represented in semi-transparent cartoons with the side chain of key
interacting residues and GTP molecules shown in sticks. Key protein-nucleotide interactions are

represented as magenta dashed lines. Residues mutated in retinopathies are labelled with red
letters and numbers.



Supplemental Figure 3. The Bateman domains of HsIMPDH bind three GTP molecules. Close-up
view of the GTP1 (A) and GTP2 (B) bound to the canonical, and GTP3 (C), bound to the non-
canonical nucleotide binding sites of the Bateman domain of HsIMPDH2-WT. HsIMPDH2 protein is
represented in blue semi-transparent cartoons with the side chain of key interacting residues and
GTP molecules shown in sticks. In panel A, the side chain of residue Arg161’ from the adjacent
monomer is shown in green sticks. Key protein-nucleotide interactions are represented as magenta
dashes. Residues mutated in retinopathies are labelled with red letters and numbers. The faint grey
meshes around the nucleotides show the electron density map (2F,-F,), contoured at the 10 level.
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Supplemental Figure 4. In vitro reconstitution of IMPDH cytoophidia assembly of HSIMPDH1. A.
Turbidity measurements, indicating the formation of large polymers, at different Ficoll-70 concentrations
of HsIMPDH1-WT in the absence or presence of the indicated purine nucleotides. B. Electron
microscopy analysis of the samples in the absence (left panels) and presence (right panels) of 150 g/L
Ficoll-70. Upper panels: no nucleotide; middle panels: 3 mM ATP; lower panels: 5 mM GDP. Scale bar =
100 nM. C. Inmunofluorescence of Hela cells transfected with HA-tagged HsIMPDH2 (left) and
AgIMPDH (right), shown in green colour. Nuclei (in blue) were stained with DAPI.
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Supplemental Figure 5. ATP and GDP-induced protofilaments of HSIMPDH1 are composed
by octamers with different conformations. 3D reconstructions of protofilaments of HsIMPDH1
formed in the presence of ATP (left) or GDP (right) at 150 g/L Ficoll-70. Two independent
octamers of AgIMPDH-ATP (blue cartoons; PDB code 5MCP) were docked into the EM map.
Two interacting octamers (green cartoons) as found within the crystal lattice of our
HsIMPDH2-GDP structure were docked into the EM map.
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Supplemental Figure 6. Cytoophidia maturation confers resistance to GDP-induced

depolymerization. Time-course measurement of solution turbidity of HsIMPDH1 (right panels) and
HsIMPDH2 (left panels) upon addition of the indicated nucleotides. Before nucleotide addition,
samples were incubated at 25°C for different times in a solution containing 150 g/L Ficoll-70, as
indicated in the legend of the upper left panel. Lines represent the best fitting to a single exponential
decay function. Significant depolymerization within the dead time of the measurements (estimated in
3 minutes) was observed in all plots.
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Supplemental Figure 7. A. Turbidity measurements of HsIMPDH1-WT and retinopathy-associated
mutants in the absence or presence of purine nucleotides. Cytoophidia were first formed by incubating
the proteins in a solution containing 150 g/L Ficoll-70 at 25°C for 5 minutes. Measurements were
performed 120 minutes after adding the indicated amount of purine nucleotides. Error bars represent
standard errors. B. Control experiments showing that the catalytic activity (V,,,,) of IMPDH cytoophidia
formed in conditions of macromolecular crowding (150 g/L Ficoll-70) is dramatically reduced after a soft
centrifugation that pellets only the large polymers. The HsIMPDH2-Y12A mutant with compromised
polymerizing ability remains in the supernatant and maintains the inherent catalytic activity. The
HsIMPDH1-Y12A mutant partially polymerizes and, thereby, only a partial loss of catalytic activity is
observed after centrifugation. C. Turbidity measurements showing the large extent of polymerization for
the WT proteins and the significantly compromised polymerization for the Y12 mutants.
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Supplemental Figure 8. A. Ribbon representation of the packing of a protein crystal of HsSIMPDH2 with

ribavirin monophosphate and C2-mycophenolic adenine dinucleotide bound to the active site, but no
molecules bound in the Bateman domain. To facilitate visualization, below the left panel, it is shown a
zoom of one of the ordered bundles formed by HsIMPDH2-WT under macromolecular crowding
conditions. B. Immunohistochemistry of adult mice retinas showing 1-2 ym long structures, corresponding
to IMPDH cytoophidia, localized mainly in the periphery of the retina (white arrows, left panel). In the
central regions of the retina scarce cytophidia are also detected (white arrows, right panel). The inset of
the left panel shows a higher magnification of cytophidia in the mouse retina. In the right panel the outer
segments (OS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL) and
inner plexiform layer (IPL) are indicated.
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Articulo 2

Titulo:

El dominio Bateman de la IMP deshidrogenasa es una diana de union para los
dinucleésidos polifosfatos.

Resumen:

La IMP deshidrogenasa es una enzima esencial que cataliza el paso limitante en la
ruta biosintética de novo de nucleétidos de guanina. Debido a que esta involucrada en
el control de la division celular y proliferacion, la IMPDH representa una diana
terapéutica para el tratamiento de diversas enfermedades, incluyendo infecciones
microbianas y céncer. La IMPDH debe estar firmemente regulada, pero los
mecanismos moleculares responsables de su regulacion fisioldégica permanecen sin
caracterizar. Con este propdsito, recientemente publicamos que los mononucleétidos
de adenina y guanina juegan un importante papel uniéndose a dominio regulador
Bateman para modular alostéricamente la actividad catalitica de las IMPDHs
eucariotas. En este trabajo, se propuso evaluar si los dinucledsidos polifosfatos
pueden unirse a IMPDHSs eucariotas y tener efecto sobre el mecanismo alostérico de
regulacion de la actividad; asi como caracterizar sus posibles modos de union. Para
ello, hemos empleado metodologias de cinética enzimatica, cristalografia de rayos-X y
SAXS.

Hemos demostrado que los dinucledsidos polifosfatos de adenina/guanina se unen a
los dominios Bateman de la IMPDH del hongo Ashbya gossypii con afinidad
submicromolar. Estos dinucledsidos polifosfatos modulan la actividad catalitica de las
IMPDHs in vitro compitiendo eficientemente con los mononucleétidos de adenina vy
guanina por los sitios alostéricos. Por tanto, estos resultados sugieren que los
dinucleésidos polifosfatos juegan importantes papeles fisiol6gicos en la regulacion
alostérica de las IMPDHs afiadiendo un mecanismo adicional para regular finamente la
actividad de estas enzimas. Ademas, estos descubrimientos pueden tener importantes
implicaciones para el disefio de estrategias terapéuticas para inhibir las IMPDHs.
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IMP dehydrogenase (IMPDH) is an essential enzyme that cat-
alyzes the rate-limiting step in the de novo guanine nucleotide
biosynthetic pathway. Because of its involvement in the control
of cell division and proliferation, IMPDH represents a therapeu-
tic for managing several diseases, including microbial infections
and cancer. IMPDH must be tightly regulated, but the molecular
mechanisms responsible for its physiological regulation remain
unknown. To this end, we recently reported an important role of
adenine and guanine mononucleotides that bind to the regula-
tory Bateman domain to allosterically modulate the catalytic
activity of eukaryotic IMPDHs. Here, we have used enzyme
kinetics, X-ray crystallography, and small-angle X-ray scatter-
ing (SAXS) methodologies to demonstrate that adenine/gua-
nine dinucleoside polyphosphates bind to the Bateman domain
of IMPDH from the fungus Ashbya gossypii with submicromolar
affinities. We found that these dinucleoside polyphosphates
modulate the catalytic activity of IMPDHs in vitro by efficiently
competing with the adenine/guanine mononucleotides for
the allosteric sites. These results suggest that dinucleoside
polyphosphates play important physiological roles in the allos-
teric regulation of IMPDHs by adding an additional mechanism
for fine-tuning the activities of these enzymes. We propose that
these findings may have important implications for the design of
therapeutic strategies to inhibit IMPDHs.

Dinucleoside polyphosphates are ubiquitous molecules in
which two nucleosides are linked by a chain of two to seven
phosphate moieties. Dinucleoside polyphosphates naturally
found in biological systems are those formed by two adenosines
(Ap,/A), two guanines (Gp,,G), or the combination of adenine
and guanine in the same molecule (Ap,G), most commonly
linked by three to five phosphates (p,, = 3-5).

These compounds were originally discovered in the late six-
ties (1, 2), but the first indication of their putative physiological
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role came a decade later when a correlation between the con-
centration of Ap,A and the proliferative status of mammalian
cells was demonstrated (3). At present, dinucleoside polyphos-
phates have been described to participate in an increasing vari-
ety of cellular processes, including DNA replication and repair
(4), cell division (5), neurotransmission (6), apoptosis (7), anal-
gesia (8), vasoconstriction (9), and platelet aggregation (10)
among others. Accordingly, dinucleoside polyphosphates have
been described to interact with several target proteins, includ-
ing adenylate kinase (11), purinergic receptors (12), heat shock
proteins (13), 5'-nucleotidase II (14), and poly(A) polymerase
(4) among others. Interestingly, diadenosine polyphosphates
have also been recently reported to bind to the Bateman
domains of some bacterial pyrophosphatases (15) as well as to
bacterial IMP dehydrogenases (16, 17), which raises the inter-
esting question of whether Bateman domains are physiological
targets of dinucleoside polyphosphates in vivo.

Bateman domains are regulatory protein modules composed
of pairs of cystathionine B-synthase motifs, which are present
in organisms belonging to all kingdoms of life. They either exist
as isolated proteins or associated to a variety of enzymes where
they allosterically modulate their functions in response to the
binding of different molecules. Thereby, Bateman domains
sense the cellular energy status, metal ion concentration, or
ionic strength and regulate protein function accordingly (18).
The physiological relevance of Bateman domains is stressed by
the fact that missense mutations within them have been asso-
ciated to a variety of human hereditary diseases that include the
Wolff-Parkinson—White syndrome, congenital myotonia,
homocystinuria, and certain retinopathies such as Leber con-
genital amaurosis and retinitis pigmentosa (19).

Among the proteins that contain Bateman domains, IMP
dehydrogenase (IMPDH)* is the enzyme that catalyzes the
rate-limiting step in the de novo guanine nucleotide biosyn-
thetic pathway and, thereby, is involved in the control of cell
division and proliferation. IMPDH is composed of an arche-
typal triose-phosphate isomerase (TIM) barrel catalytic
domain that contains a Bateman regulatory module inserted
within a loop. The basic units of IMPDH in solution are
homotetramers that can dimerize in different ways to
form octamers, linear oligomers, and mesoscale polymers,

*The abbreviations used are: IMPDH, IMP dehydrogenase; SAXS, small-angle
X-ray scattering; PDB, Protein Data Bank; Hs, Homo sapiens; Ag, A. gossypii;
Ec, E. coli; Pa, P. aeruginosa; r.m.s.d., root mean square deviation.
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denoted as cytoophidia (20). Despite the fact that IMPDH is
a widely studied therapeutic target, it has been only since the
last few years that we are beginning to understand its molec-
ular mechanisms of allosteric regulation.

The Bateman domain of eukaryotic IMPDHs has three
nucleotide-binding sites that operate coordinately to allosteri-
cally modulate the catalytic activity. Canonical sites 1 and 2 are
presentin all IMPDH Bateman domains and can be occupied by
either adenine (ATP, ADP, and AMP) or guanine (GTP and
GDP) nucleotides. In contrast, the noncanonical site 3 is exclu-
sive of eukaryotic IMPDHs and can only be occupied by gua-
nine (GTP and GDP) nucleotides (Fig. 1). Adenine nucleotide
binding to sites 1 and 2 induces catalytically active, extended
octamers, whereas the coordinated binding of GTP/GDP to
sites 2 and 3 induces the compaction of these octamers into an
inhibited conformation (Fig. 1).

Strong cooperativity between allosteric sites 2 and 3 must
exist because the incubation of IMPDH with a mixture of ATP
and GDP resulted in a complex with ATP bound to site 1 and
GDP bound to sites 2 and 3. GDP binding to site 3 is obvious
because this site is exclusive for GTP/GDP, but GDP binding to
site 2 must be favored by the occupancy of site 3 given that GDP
has 20-fold less apparent affinity than ATP (21). These data
imply that sites 2 and 3 are linked.

Moreover, given that site 3 is exclusive for guanine nucleo-
tides and the binding of these to site 2 is tightly linked to the
occupancy of site 3, ATP cannot efficiently displace GTP/GDP
from sites 2 and 3, and thereby the nucleotide-controlled con-
formational switch of IMPDH has been reported to be unidi-
rectional. That is, GTP/GDP are able to inhibit the active
octamers induced by ATP, but in contrast, ATP cannot activate
the inhibited octamers induced by GTP/GDP (20, 21). Alto-
gether, the occupancy of the second canonical and the third
noncanonical nucleotide-binding sites of the Bateman domain
determines the conformation of IMPDH octamers and, there-
fore, their catalytic activity.

In this work, we demonstrate that adenine/guanine
dinucleoside polyphosphates bind with submicromolar affini-
ties to the Bateman domains and modulate the catalytic activity
of IMPDHs in vitro by efficiently competing with the adenine/
guanine mononucleotides for the canonical sites. We further
report the crystallographic structure of the inhibited ternary
complex of IMPDH bound to Ap5G and GDP that indicates
that dinucleoside polyphosphates occupy both canonical sites
simultaneously. Altogether, our results strongly suggest that
dinucleoside polyphosphates might play important physiologi-
cal roles by adding an extra level for fine-tuning the allosteric
regulation of IMPDHs. Furthermore, the reported data might
have important implications for the design of novel therapeutic
strategies to inhibit IMPDHs.

Results and discussion

Adenine/guanine dinucleoside polyphosphates efficiently
bind to the Bateman domain of IMPDH

An analysis of the published structures of the human
(HSIMPDH) and Ashbya gossypii IMPDH (AgIMPDH) en-
zymes bound to GTP (20), ATP, ATP/GDP (21), and GDP (22)
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showed that the - and y-phosphates of the mononucleotides
bound at canonical sites 1 and 2 are facing each other (Fig. 1B).
Thus, we speculated that adenine/guanine dinucleoside poly-
phosphates could bind simultaneously to canonical sites 1 and 2
and, thereby, could efficiently compete with adenine and gua-
nine mononucleotides. Following this hypothesis, we tested the
effects of several commercially available dinucleoside
polyphosphates on the catalytic activity of AgIMPDH.

First, we assayed Ap4A, Ap5A, and Ap6A and compared
them side-by-side with ATP. All these nucleotides bind to
AgIMPDH and slightly activate its catalytic activity. Ap6A and
Ap5A bind to AgIMPDH with high affinity with an approxi-
mate K , value of 0.3 uM, which is about 2 orders of magnitude
higher than that of ATP (Fig. 2A4).

Remarkably, both Ap5A and Ap6A are able to revert the
strong allosteric inhibition of AgIMPDH mediated by millimo-
lar amounts of GDP (3 mm) in contrast to Ap4A and ATP (Fig.
2B), which cannot activate the GDP-inhibited enzyme even
when Ap4A and ATP bind to AgIMPDH 2 orders of magnitude
more efficiently than GDP (21). This observation is indeed
interesting because it implies that submicromolar concentra-
tions of Ap5A and Ap6A could activate the enzyme even at high
concentrations of GTP and GDP. We speculate that this might
constitute a mechanism that can be used by the cell to maintain
higher steady-state levels of guanine nucleotides that might be
required under certain circumstances, such as high cell prolif-
eration rates (23).

The high binding affinity of Ap5A and Ap6A to AgIMPDH
suggests that these are occupying both canonical sites simulta-
neously, in contrast to Ap4A that seems to bind as a surrogate of
ATP, that is, one molecule of Ap4A per canonical site. These
results agree with those previously reported stating that Ap4A
binds the Escherichia coli and Pseudomonas aeruginosa
IMPDH enzymes (EcIMPDH and PaIMPDH) with only 5-fold
higher affinity than ATP, and thereby this interaction is physi-
ologically irrelevant (16). In contrast, our results suggest that
Ap5A and Ap6A might bind with much higher affinity than
ATP (and Ap4A) to these bacterial enzymes. We corroborated
this hypothesis by monitoring the ATP-induced activation of
PaIMPDH and observed a potent activation mediated by Ap6A
and partially Ap5A but not Ap4A and ATP that needed much
higher concentrations to activate the enzyme (Fig. S1). Alto-
gether, these data demonstrate that adenine dinucleotides are
in vitro common ligands of the Bateman domains of bacterial
and eukaryotic IMPDHs.

We next assayed the effects of Ap5G and Gp5G on the
enzymatic activity of AgIMPDH in vitro and observed a
slight activator effect of Ap5G and no effect at all for Gp5G
(Fig. 2C). However, submicromolar amounts of Ap5G were
able to significantly inhibit the enzyme in combination with
a subsaturating concentration of GDP (300 um), which lies
within the expected range of nucleotide intracellular con-
centrations (24); Gp5G, in contrast, showed no effect at all
(Fig. 2D). Thereby, our data show that submicromolar
amounts of Ap5G, but not Gp5G, are able to hypersensitize
AgIMPDH to GTP/GDP-mediated allosteric inhibition.

These observations suggest that the guanine moieties of
Gp5G cannot bind simultaneously to the two canonical sites of
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GDP2
GDP1

Figure 1. Nucleotide binding to the Bateman domain of IMDPH. A, cartoon representation of the structure of AgIMPDH octamers formed in the presence
of GDP (orange sticks). The catalytic domain is shown in light gray, and the Bateman regulatory domain is colored in blue. The right panel corresponds to a
close-up view of two interacting Bateman domains within the octamer, showing the disposition of the three bound GDP molecules. The approximate position
of the symmetry axis is indicated. B, close-up views of the adenine and guanine nucleotides (shown in sticks) bound to the two canonical sites of AgIMPDH
(represented in semitransparent blue cartoons). Upper left panel, AQIMPDH-ATP (PDB code 5SMCP). Upper right panel, HsSIMPDH-GTP (PDB code 6100). Lower left
panel, AQIMPDH-GDP (PDB code 4Z87). Lower right panel, AQIMPDH-ATP/GDP (PDB code 5TC3). In all cases, it can be observed that the - and y-phosphates
of the nucleotides bound to the canonical sites face each other. The canonical binding sites (1 and 2) are indicated after the corresponding nucleotides; i.e. ATP1

means ATP bound to the canonical site 1.

the Bateman domain of AgIMPDH, opposite to Ap5G that
occupies both canonical sites simultaneously with submicro-
molar affinity. Nonetheless, Ap5G alone has no effect on the
catalytic activity because the noncanonical binding site 3 needs
to be occupied by GTP/GDP to inhibit the enzyme; that is, all
three allosteric sites must be occupied to inhibit efficiently the
enzyme (22).

Structure of the ternary complex AgIMPDH-Ap5G-GDP

The biochemical data reported in the previous section sug-
gest that Ap5A, Ap6A, and Ap5G bind simultaneously to the
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two canonical nucleotide-binding sites of the Bateman domain.
To corroborate this hypothesis, we aimed to determine the
crystal structure of IMPDH bound to a dinucleoside poly-
phosphate and succeeded at solving the ternary complex
AgIMPDH-Ap5G-GDP at a maximum resolution of 2.1 A
despite the strong anisotropy of the experimental data (details
are given under “Experimental procedures” and in Table 1).
The crystal belongs to space group 14 2 2 and contains only one
IMPDH monomer in the asymmetric unit, but the octameric
species, expected from the small-angle X-ray scattering (SAXS)
experiments, can be reconstructed from the crystallographic
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Figure 2. Effects of dinucleoside polyphosphates on the catalytic activity of AgIMPDH in vitro. Graphs show the normalized V,,,, values (V,,,,,2PPin
the presence of nucleotide divided by the V., in the absence of nucleotide) versus nucleotide concentration. A and C show the effects of the indicated
dinucleoside polyphosphates alone on the AgIMPDH enzyme, whereas B and D show their effects on the enzyme in the presence of GDP (B, inhibited
enzyme at3mmGDP (21); D, subsaturating GDP concentration of 0.3 mm, which cannot inhibit the enzyme significantly (21)). Experimentally determined
V hax Values were fitted to a dose-response function (four parameters, variable slope) as implemented in GraphPad Prism software (continuous lines).

Error bars represent S.E.

contacts (Fig. S24). The overall protein structure is essentially
identical to that of AGJIMPDH-GDP (PDB code 4787; all-atom
r.m.s.d., 1.08 A) and AgIMPDH-ATP/GDP (PDB code 5TC3;
all-atom r.m.s.d., 0.78 A); both of them compacted and inhib-
ited octamers (21) as shown in Fig. S2B. The electron density for
Ap5G and GDP is clear and allows modeling these nucleotides
unequivocally.

Remarkably, Ap5G binds simultaneously to the two canoni-
cal sites, with the adenine and guanine moieties bound to sites 1
and 2, respectively (Figs. 34 and S3) and the polyphosphate
chain buried in a highly charged positive groove (Fig. S3B). The
binding modes for the adenosine and guanosine moieties of
Ap5G are identical to those observed for ATP and GDP in the
ATP/GDP complex structure (Fig. 3B), as it happens with the
GDP molecule that occupies the noncanonical site 3 (21).

The structure demonstrates that purine dinucleoside
polyphosphates can bind simultaneously the two canonical
binding sites in the Bateman domain, which explains why their
affinities are 2 orders of magnitude higher than the correspond-
ing adenine and guanine mononucleotides. The large increase
in affinity presumably comes from the simultaneous reduction
of the entropic penalty of binding, due to the molecularity
change, and the electrostatic repulsion.

This structure, together with the biochemical data reported
above, further corroborates our previous observation that the

SASBMB

canonical site 2 and the noncanonical site 3 are tightly linked.
This is also evidenced by their spatial proximity and the com-
mon residues that both sites share (20, 21). Thereby, the occu-
pancy of site 3 facilitates the binding of guanine mononucle-
otides to site 2, but the binding of adenine mononucleotides is
difficulted (21, 22). Given that Ap5A/Ap6A occupy both
canonical sites 1 and 2 with affinities that are 3 orders of mag-
nitude higher than GTP/GDP, they can readily displace GTP/
GDP from site 2 and, subsequently, from site 3, reverting the
GTP/GDP-mediated inhibition of IMPDH. Moreover, the fact
that Ap5G hypersensitizes the IMPDH enzyme to the GDP-
mediated allosteric inhibition indicates that the occupancy of
site 2 by the guanosine moiety of Ap5G favors the binding of
GDP to site 3.

Dinucleoside polyphosphates binding to IMPDH is highly
specific in the sense that it requires an appropriate polyphos-
phate chain length to allow the two purine nucleoside moieties
to be accommodated simultaneously into the canonical binding
sites. In this respect, the binding of the guanine ring at the
canonical site 1 occurs with a shift of about 3 A with respect to
adenine (Fig. S44), thus imposing a different register to the
polyphosphate chain. This observation explains the lack of
effect of Gp5G, in contrast to Ap5G, on the catalytic activity of
AgIMPDH. We speculate that Gp6G might efficiently bind to
AgIMPDH, but this remains to be experimentally demon-
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Table 1

X-ray crystallography data collection and refinement statistics
Statistics for the highest-resolution shell are shown in parentheses. Diffraction
intensities were indexed and integrated by using the autoPROC toolbox (28), which
makes use of the STARANISO software to deal with data anisotropy (29). CC,
Pearson correlation coefficient.

AgIMPDH-Ap5G-GDP

Crystal parameters
PDB code )
Resolution range (A) )
Ellipsoidal resolution limits (A)

6RPU
85.10-2.11 (2.26-2.11)
2.10, 2.10, 3.13¢

Resolution I/Io > 2.0 (overall) 243
Resolution I/Io > 2.0 (along /) 2.26
Resolution I/Io > 2.0 (along k) 2.26
Resolution I/Io- > 2.0 (along /) 3.30
Resolution CC,,, > 0.3 (overall) 2.16
Resolution CC,,, > 0.3 (along )  2.08
Resolution CC,,, > 0.3 (along k)  2.08
Resolution CC,,, > 0.3 (along/)  3.05
Space group 1422

Unit cell @, b, c/a, B, (A7)
Unique reflections

148.54, 148.54, 103.83/90, 90, 90
22,408 (1,106)

Multiplicity 23.3 (23.4)
Completeness spherical (%) 66.4 (17.8)
Completeness ellipsoidal (%) 95.8 (68.4)
Mean I/a(l) 21.5 (1.7)
Ronerge 0.09 (2.41)
eas 0.10 (2.46)
i 0.02 (0.51)
CC, 0.999 (0.704)
Refinement statistics
R oric 0.27 (0.40)
e 0.29 (0.31)
Number of non-hydrogen atoms 3,325
Macromolecules 3,171
Ligands 102
Solvent 52
Protein residues 432
L.MLS.p 004 0.013
LS. gles 1.78
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 3.34
Clashscore 29.79
Average B-factor 61.69
Macromolecules 61.97
Ligands 65.05
Solvent 38.22

“ Experimental data showed strong anisotropy with ellipsoidal resolution limits
defined at 2.10 (a), 2.10 (b), and 3.13 (c) A by STARANISO using as threshold
I/l =1.2.

strated (Gp6G is not commercially available so far). Addition-
ally, slight variations in the primary sequence among organisms
and/or isoforms might completely change the binding specific-
ity as will be discussed below.

Dinucleoside polyphosphates modulate the conformational
switch of AgIMPDH

We studied next the effects of the dinucleoside polyphos-
phates on the quaternary structure and conformation of
AgIMPDH in solution by using SAXS. AgIMPDH has been
extensively characterized by using this methodology, and it has
been reported that AgIMPDH exists as a tetramer in solution in
the absence of nucleotides (profile ), and the binding of ade-
nine (ATP, ADP and AMP) and guanine (GTP and GDP) nucle-
otides in the Bateman domain induces extended-active (profile
3, ATP) and compacted-inhibited octamers (profile 6, GDP),
respectively (Ref. 21 and Fig. 3C).

We then corroborated that Ap6A (profile 4) induces the
association of AgIMPDH tetramers to form octamers highly
similar to those induced by ATP (profile 3). Moreover, Ap6A
(profile 5), but not Ap4A (profile 8) or ATP (profile 9), is able
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Figure 3. Structure of AgIMPDH bound to dinucleoside polyphos-
phates. A, crystal structure of the ternary complex AQIMPDH-Ap5G-GDP.
Shown is a close-up view of Ap5G (shown in sticks) simultaneously bound
to the two canonical sites of the Bateman domain. The protein is repre-
sented in semitransparent blue cartoons with the side chain of key inter-
acting residues shown in sticks. The adjacent monomer and the side chain
of residue Arg-167' are shown in green cartoon and sticks, respectively.
The gray mesh around Ap5G represents the 2mF, — DF_ electron density
map contoured at the 1.30° level (a stereoview of the final F, — F.omit map
is shown in Fig. S2A). Key protein-nucleotide atomic interactions are rep-
resented as yellow dashed lines. B, ATP and GDP mononucleotide struc-
tures bound to AgIMPDH (PDB code 5TC3 (21)) compared with the bound
structure of Ap5G (PDB code 6RPU, this work). The structural alignment
was generated by superimposing the backbone atoms of the Bateman
domains (residues 130-210) of both structures. C, SAXS profiles of
AgIMPDH in the presence of different mononucleotides and dinucleoside
polyphosphates. To facilitate visualization, the plots have been conve-
niently displaced along the y axis and grouped according to three differ-
ent conformations: tetramers, extended, and compacted octamers. The
profiles shown correspond to: (i) tetramers: 1, control; 2, 0.3 mm GDP; (ii)
extended octamers: 3,3 mm ATP; 4, 0.1 mm Ap6A; 5,0.1 mm Ap6A + 3 mm
GDP; (iii) compacted octamers: 6,3 mm GDP; 7,0.1 mm Ap5G + 0.3 mm GDP;
8,0.1 mm Ap4A + 3 mm GDP; 9, 3 mm ATP + 3 mm GDP.

to expand the compacted octamers formed in the presence of
millimolar amounts of GDP (Fig. 3C), reverting the GDP-
induced inhibition of the catalytic activity. Additionally, as
expected, Ap5G (profile 7) in the presence of a subsaturating
concentration of GDP (0.3 mm GDP (profile 2); unable to
induce a significant proportion of octamers) induces com-
pacted, inhibited octamers identical to those formed in the
presence of millimolar amounts of GDP (profile 6; Fig. 3C). A
more detailed SAXS-data analysis, including the estimated
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structural parameters for each profile, can be found in Table
S1.

Thereby, as for the mononucleotides, the conformations of
AgIMPDH induced by the binding of dinucleoside polyphos-
phates correlate with their catalytic activities. Ap6A induces
the formation of extended octamers that are catalytically active,
whereas Ap5G in combination with subsaturating concentra-
tions of GTP/GDP induces the formation of compacted octam-
ers that show a significant reduction of the catalytic activity.
Moreover, Ap6A is able to revert the GDP-mediated inhibition
of the IMPDH catalytic activity by expanding the GDP-induced
compacted octamers.

Dinucleoside polyphosphates modulate the activity of the
human IMPDH isoforms

Several lines of experimental evidence indicating that the
mechanism for allosteric regulation, initially described for
AgIMPDH (22), also operates in other eukaryotic IMPDHs,
including the two human isoforms, have been reported (20, 23,
25). We therefore tested next whether dinucleoside polyphos-
phates might also modulate the catalytic activity of human
IMPDHs in vitro.

We first assayed the effects of diadenosine polyphosphates
on HsIMPDH1 and observed no significant effect on its cata-
lytic activity (Fig. 44). However, Ap5A was able to efficiently
revert the GDP-induced inhibition of HsIMPDH]I, in contrast
to Ap6A that showed no effect (Fig. 44). These results are in
contrast to those found for AGIMPDH where Ap6A efficiently
activates the GDP-inhibited enzyme (Fig. 2B). These data are
indeed unexpected given the high similarity between the struc-
tures of both organisms (20, 22). Nonetheless, the comparison
of the human and fungal structures of IMPDH bound to GDP
showed a displacement of about 2 A in the guanine ring bound
to the canonical site 1, which might thus impose a different
optimal polyphosphate chain length (Fig. S4B). These data indi-
cate the existence of sequence determinants that dictate the
binding specificity of different dinucleoside polyphosphates.
These sequence determinants might serve to specifically adapt
the regulation of IMPDH to the metabolic requirements of each
organism as anticipated above.

We next assayed the effects of Ap5G and Gp5G on the enzy-
matic activity of HsSIMPDHI1 in vitro and observed no signifi-
cant effect for both nucleotides alone (Fig. 4B). However, as
observed for AgIMPDH, Ap5G was able to inhibit the enzyme
in combination with a subsaturating concentration of GDP;
Gp5G, in contrast, showed no effect at all (Fig. 4B). Thereby,
these data further corroborate the results obtained with the
fungal protein, showing that Ap5G hypersensitizes the IMPDH
enzyme to the GTP/GDP-mediated allosteric inhibition.

Altogether, the data reported here show that submicromolar
amounts of dinucleoside polyphosphates modulate the confor-
mational switch and the catalytic activity of IMPDHs in vitro.
These concentrations are in the same range as the reported
intracellular concentrations (26), which indicates that
dinucleoside polyphosphates might have an important role in
the physiological regulation of IMPDH. These results signifi-
cantly contribute to the understanding of the regulation of
IMPDH and yield relevant information for potential new phar-
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Figure 4. Effects of dinucleoside polyphosphates on the catalytic activity
of HsIMPDH1 in vitro. Scatter plots show the normalized V,,,, values
(Vax PP in the presence of nucleotide divided by the V., in the absence of
nucleotide) of several adenine dinucleoside polyphosphates compared with
ATP (A) as well as Ap5G and Gp5G alone and in combination with GDP at a
subsaturating concentration of 0.3 mm (B). V., values are derived from the
Michaelis-Menten analysis of the experimental data. The empty symbols (light
gray) are the values obtained from independent experiments, and the error
bars (black) represent S.E.

macological approaches to target IMPDH that definitively
deserve further investigation.

Experimental procedures
Proteins and nucleotides

Expression and purification of AgIMPDH and HsIMPDH
proteins were performed as described previously (20, 22).
PaIMPDH was overexpressed in E. coli (BL21) cells fused to an
N-terminal Hisg tag and purified following standard immobi-
lized metal affinity chromatography (HisTrap FF Crude col-
umn) and size-exclusion chromatography (HiPrep 16/60 Sep-
hacryl S-300 HR column). All proteins were stored frozen at
—80 °C in buffer (20 mm Tris-HCI, 500 mm KCl, 1 mm DTT, pH
8.0). Mononucleotides and dinucleoside polyphosphates were
purchased from Sigma-Aldrich and Jena Bioscience.

Enzyme kinetics experiments

IMPDH activity was assayed at 28 (AgIMPDH) or 32°C
(HsIMPDH and PaIMPDH) using 384-well microtiter plates by
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monitoring the reduction of NAD" to NADH and the subse-
quent increase in absorbance at 340 nm. IMPDH enzymes
(15-55 pg/ml) in reaction buffer (100 mm Tris-HCl, 100 mm
KCl, 2 mm DTT, 1 mMm free MgCl,, pH 8.0) were assayed using
0.5 mm NAD™ and 0.039 -5 mm IMP as substrates in the pres-
ence of different mononucleotide and dinucleoside polyphos-
phate concentrations. Experimental data were fitted by nonlin-
ear regression to Michaelis—Menten and dose-response (four
parameters, variable slope) equations to estimate the K,,, or K ,,
and V., values using the software GraphPad Prism.

Crystallization and structure determination

Crystals of the ternary complex AgIMPDH-Ap5G-GDP
were grown at 22 °C using the vapor-diffusion method by mix-
ing a protein solution at 10 mg/ml in 10 mm Tris-HCI, 50 mm
KCl, 1 mm DTT, 0.5 mm Ap5G, 3 mm GDP, 5 mm total MgCl,,
pH 8.0, with an equal volume of mother liquor consisting of 20%
PEG-6000, 0.1 m sodium acetate, pH 5.0, 0.2 M sodium chloride.
Protein crystals were cryoprotected by immersion in NVH oil
before being flash cooled in liquid nitrogen. Diffraction data
were collected at 100 K using monochromatic X-rays of ~1-A
wavelength at the XALOC beamline (27) in the ALBA Synchro-
tron (Spain).

Diffraction intensities were indexed and integrated with the
autoPROC toolbox (28), which makes use of STARANISO
software (29) to deal with data anisotropy. Indeed, the exper-
imental data showed strong anisotropy with ellipsoidal res-
olution limits defined by STARANISO at 2.10 (a), 2.10 (b),
and 3.13 (c) A using as threshold /ol = 1.2. The anisotropi-
cally truncated data were phased by molecular replacement
using the program Phaser (30) and the structure of the com-
plex AgIMPDH-ATP-GDP (PDB code 5TC3) as template.
The initial structure obtained by Phaser was iteratively
refined by alternating manual modeling with Coot (31) and
automated refinement with the PHENIX crystallographic
software suite (32) using rigid-body, gradient-driven posi-
tional, restrained individual isotropic B-factor and TLS (33).
The R and Ry, factors of the final model are 0.27 and 0.29,
respectively, which seem relatively high given the maximum
resolution of the data. However, it must be taken into
account that the data are markedly anisotropic and the R
factors in anisotropic refinement tend to be high, mostly due
to the inclusion of numerous poorly measured reflections in
anisotropic data sets.

Small angle X-ray scattering

SAXS measurements were performed at the B21 beamline in
the Diamond Light Source. Buffer (20 mm Tris-HCI, pH 8.0, 150
mm KCI, 3 mm DTT, 2 mm free MgCl,) and proteins at a con-
centration of 2.5 mg/ml were measured by flowing the solutions
through a quartz capillary at 10 °C to minimize radiation dam-
age. The beam energy was set to 12.4 keV, and the distance from
the sample to the detector (Eiger 4M) was fixed at 4.04 m, which
allows measurement of a scattering vector (g) range from
0.0032 to 0.38 A~'. Data reduction and analysis were per-
formed by standard methodologies using the PRIMUS program
(34) within the ATSAS software package (35).
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SUPPLEMENTAL TABLES

Supplemental Table 1. Structural parameters derived from the SAXS data
shown in the Figure 3B of the main text.

TETRAMERS EXTENDED OCTAMERS COMPACTED OCTAMERS
1 2 3 4 5 6 7 8 9
0.1mM 0.1mM 0.1mM 3mM
control 0.3mM 3mM 0.1mM Ap6A / 3mM Ap5G / Ap4A/ ATP/
GDP ATP Ap6A 3mM GDP 0.3mM 3mM 3mM
GDP GDP GDP GDP

Guinier analysis

Rg (A) 456 + 455+ 52.7 + 519+ 53.0 + 499+ 49.7 £ 499 £ 50.0 +
9 0.3 0.3 0.3 0.2 0.6 0.2 0.2 0.3 0.2
gRg max 1.3 1.3 1.2 1.3 1.3 1.3 1.2 1.3 1.2

P(r) analysis

458 + 45.7 £ 52.6 + 51.7 + 51.7 50.0 + 493+ 499 + 50.1

Rg (A) 0.4 0.4 0.8 0.7 0.3 0.8 0.8 0.8 0.8
dmax (A) 157 155 148 148 158 150 146 151 155
Particle

volumen | 431000 | 426000 | 833000 | 874000 901000 899000 879000 894000 909000
(A3
GNOM
quality 0.85 0.83 0.76 0.75 0.86 0.73 0.72 0.73 0.73

estimate




SUPPLEMENTAL FIGURE CAPTIONS

Supplemental Figure 1. Dinucleoside polyphosphate activation of the bacterial
PalMPDH enzyme. Scatter plot showing the Km values (and the standard errors
derived from 4 independent measurements) obtained from the Michaelis-Menten
analysis of the experimental data. Reactive concentrations were set to 15 ug/mL
enzyme, 0.5 mM NAD* and 0.039-5 mM IMP. The reaction buffer was 100 mM
TrisHCI, pH 8.0, 100 mM KCI, 1 mM free MgClz, 2 mM DTT and the reactions
were performed at 32°C on 384-well plates by monitoring the increase in

absorbance at 340 nm, due to NADH formation.

Supplemental Figure 2. Structure of the ternary complex AgIMPDH-Ap5G-GDP.
A. Cartoon representation of the structure of AQIMPDH octamers formed in the
presence of Ap5G (orange sticks) and GDP (red sticks). The catalytic domain is
shown in light grey, while the Bateman regulatory domain is colored in blue. B.
Structural alignment of monomers from AgIMPDH-ATP-GDP (PDB code 5TC3;
orange cartoons), AgIMPDH-GDP (PDB code 4Z87; blue cartoons) and
AgIMPDH-Ap5G-GDP (6RPU from this work; green cartoons).

Supplemental Figure 3. Dinucleoside polyphosphates occupy a positively
charged groove in the Bateman domain of IMPDHSs. A. Close-up stereoview of
Ap5G (sticks) bound to the two canonical sites of the Bateman domain of
AgIMPDH (green cartoon). The blue mesh represents the final SA-omit Fo-Fc
electron density, contoured at 1.40 level. B. Surface electrostatic potential
representation showing the highly charged positive groove where the

polyphosphate chain of Ap5G (shown in sticks) is buried.

Supplemental Figure 4. Differences in nucleotide binding to the Bateman
domain of IMPDH. A. Close-up views of the nucleotides (shown in sticks) bound
to the two canonical sites of AgQIMPDH (represented in semi-transparent blue
cartoons). Blue: AgIMPDH-Ap5G (PDB code 6RPU from this work). Green:
AgIMPDH-GDP (PDB code 4Z87). B. Red: HsIMPDH2-GDP (PDB code 6I10M).
Green: AgIMPDH-GDP (PDB code 4Z87). The canonical binding sites (1 or 2)
are indicated after the corresponding nucleotides, i.e. GDP1 means GDP bound

to the canonical site 1.
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Articulo 3

Titulo:

Diversidad de mecanismos para controlar la homeostasis del GTP en bacterias
mediante la unién mutuamente excluyente de nucleétidos de adenina y guanina a la
IMP deshidrogenasa.

Resumen:

La IMP deshidrogenasa es una enzima esencial que cataliza el paso limitante en la
ruta de biosintesis de nucleétidos de guanina. En células eucariotas, la union de GTP
al dominio regulador controla alostéricamente la actividad de la IMPDH por un
mecanismo que estd a su vez modulado por modificaciones post-traduccionales y
polimerizacién enzimatica. Sin embargo, en células bacterianas los mecanismos de
regulacion de la IMPDH permanecen sin clarificar. En este trabajo se propuso evaluar
si el mecanismo alostérico de regulacion esta presente en IMPDHs bacterianas vy
caracterizar el modo de union de los nucle6tidos de purina que lo gobiernan; para lo
que se hizo uso de andlisis bioguimicos, estructurales y evolutivos.

Aqui, demostramos que, en la mayoria de grupos bacterianos, el (p)ppGpp compite
con el ATP para modular alostéricamente la actividad de la IMPDH mediante la unién a
un bolsillo en el dominio regulador desconocido hasta la fecha, conservado y de alta
afinidad. Este bolsillo de unién se perdié durante la evolucion de las Proteobacterias,
haciendo a sus IMPDHSs insensibles a estas alarmonas. En su lugar, la mayoria de las
IMPDHs de Proteobacterias evolucionaron para ser directamente moduladas por el
equilibrio entre ATP y GTP, que compiten por el mismo sitio alostérico de unién. En
conjunto, demostramos que la actividad de las IMPDHs bacterianas esta modulada
alostéricamente por un interruptor conformacional controlado por nucledtidos y
universalmente conservado que ha evolucionado divergentemente para adaptarse a
las particularidades especificas de cada organismo. Estos resultados reconcilian los
datos publicados sobre el didlogo entre la sefalizacion por (p)ppGpp VY la ruta de
biosintesis de nucleétidos de guanina y refuerzan el papel esencial de la regulacion
alostérica de la IMPDH en la homeostasis del GTP en bacterias.
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1 | INTRODUCTION

Purine nucleotides are essential molecules that cells syn-
thetize in two different ways. In the de novo pathway,
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fiiigo Marcos-Alcalde>®> | Federico Abascal® |

| Alberto Jiménez' |

Abstract

IMP dehydrogenase(IMPDH) is an essential enzyme that catalyzes the rate-
limiting step in the guanine nucleotide pathway. In eukaryotic cells, GTP binding
to the regulatory domain allosterically controls the activity of IMPDH by a mecha-
nism that is fine-tuned by post-translational modifications and enzyme polymeri-
zation. Nonetheless, the mechanisms of regulation of IMPDH in bacterial cells
remain unclear. Using biochemical, structural, and evolutionary analyses, we dem-
onstrate that, in most bacterial phyla, (p)ppGpp compete with ATP to allosterically
modulate IMPDH activity by binding to a, previously unrecognized, conserved
high affinity pocket within the regulatory domain. This pocket was lost during the
evolution of Proteobacteria, making their IMPDHs insensitive to these alarmones.
Instead, most proteobacterial IMPDHs evolved to be directly modulated by the bal-
ance between ATP and GTP that compete for the same allosteric binding site. Alto-
gether, we demonstrate that the activity of bacterial IMPDHs is allosterically
modulated by a universally conserved nucleotide-controlled conformational switch
that has divergently evolved to adapt to the specific particularities of each organ-
ism. These results reconcile the reported data on the crosstalk between (p)ppGpp
signaling and the guanine nucleotide biosynthetic pathway and reinforce the
essential role of IMPDH allosteric regulation on bacterial GTP homeostasis.

KEYWORDS

(p)ppGpp, allosteric regulation, bacterial GTP homeostasis, IMP dehydrogenase, protein
structure and function, purine nucleotide biosynthesis

the purine ring system is stepwise assembled from
5-phospho-a-p-ribose 1-diphosphate, while the salvage
pathway recycles preformed nucleobases, nucleosides,
and nucleotides.
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IMP dehydrogenase (IMPDH) catalyzes the first step
in the guanine nucleotide de novo biosynthetic pathway,
at the bifurcation of the guanine and adenine routes,
which share the precursor IMP (Figure 1a). This consti-
tutes a rate-limiting step essential for balancing the meta-
bolic flux through these parallel synthesis pathways.
Therefore, IMPDH plays important roles in homeostasis
maintenance and the inhibition of its catalytic activity
has antiproliferative effects. Indeed, several drugs that
target IMPDH are widely used at present for antiviral
and immunosuppressive chemotherapy.'™ As an

(1) PRPP (b)
1 Bateman domain catalytic site

I\IIAD+ IMP

allosteric sites 1 2 3
cannonical

FIGURE 1

Structure, function, and regulation of eukaryotic
IMPDHs. (a) Schematic and simplified scheme of the de novo
purine nucleotide biosynthetic pathways. Competitive inhibitors

are colored in yellow, while allosteric activators and inhibitors are
colored in green and red, respectively. (b) Ribbon representation of
an IMPDH tetramer, showing the catalytic domain (light blue) with
the substrates NAD (yellow spheres) and IMP (orange spheres) and
the regulatory Bateman domain (dark blue) with three GDP
molecules (red spheres) bound. (c) Nucleotide binding to the
allosteric sites in the Bateman domain promotes tetramer
dimerization into octamers with different conformations and
catalytic activities. IMPDH is represented as protein surface with
the catalytic and regulatory domains light and dark blue colors,
respectively. Adenine and guanine nucleotides bound to the
Bateman regulatory domain are shown as spheres colored in green
and red, respectively. IMPDH, IMP dehydrogenase

important pharmacological target, IMPDH has been
object of various structural and functional studies that
include the identification of a large variety of inhibitors.”
Nonetheless, the physiological regulation of IMPDH
remain unclear and it has only been since the past few
years that we are starting to envisage the diversity and
complexity of its regulatory mechanisms.®™"

The basic units of IMPDH are tetramers that dimerize
to form octamers upon nucleotide binding. An IMPDH
monomer consists of a catalytic TIM barrel (Figure 1b;
light blue) and a regulatory Bateman domain (Figure 1b;
dark blue), which is not required for catalytic activity but
is essential for allosteric regulation. GMP'® and XMP"’
have been reported as competitive inhibitors of IMPDH
in vitro (Figure 1a) although it remains unclear if this
has relevance in vivo since these molecules are not strong
inhibitors even at concentrations that are 10-fold greater
than physiological.”'®

Eukaryotic IMPDHs contains three allosteric sites
(Figure 1b) that operate coordinately to modulate the cat-
alytic activity. Sites 1 and 2 are canonical cystathionine
beta synthase motifs, conserved among Bateman
domains,' that bind either adenine (ATP/ADP/AMP) or
guanine (GTP/GDP) nucleotides. The third allosteric
noncanonical site, exclusive of eukaryotic IMPDHs, can
only bind the guanine nucleotides GTP or GDP.® The
binding of adenine nucleotides to the canonical Sites
1 and 2 induces extended active octamers, while binding
of guanine nucleotides to the allosteric Sites 2 and
3 induces compact octamers (Figure 1c). Octamer com-
paction forces the active sites of opposing tetramers to
interact, forming an interdigitated pseudo beta-barrel
that disfavors substrate binding and inhibits catalytic
activity. The disruption of any of the three allosteric sites
generate constitutively activated mutants’ and several
missense mutations mapping into these sites have been
associated to severe retinopathies®®*' and dystonia.*?

The mechanism of IMPDH allosteric regulation is
fine tuned in eukaryotic cells through post-translational
modifications, such as phosphorylation,>*** as well as
protein polymerization into mesoscale polymers denoted
as rod and rings or cytoophidia.”>** Phosphorylation and
polymerization desensitize IMPDH to GTP/GDP-
mediated inhibition and are triggered when the cell
needs a boost of GTP, for example, in conditions of high-
rate growth or in response to light during the visual cycle
in retinal photoreceptors.®'*!%?32>

In bacteria, the IMPDH enzyme is encoded by the
essential gene guaB (we will use IMPDH to refer indis-
tinctly to bacterial and eukaryotic enzymes). In contrast
to the eukaryotic enzymes, bacterial IMPDHs only con-
tains two canonical allosteric binding sites in their
Bateman domains. Bacterial IMPDHs have been
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previously reported to be insensitive to guanine nucleo-
tide allosteric inhibition.”'® In turn, the catalytic activity
of some bacterial IMPDHs is modulated by the binding of
ATP to the Bateman domain.'® According to this observa-
tion, Munier-Lehmann's group proposed a classification
for bacterial IMPDHs. Class I IMPDHs form inhibited
compact octamers in vitro that switch to extended active
octamers upon ATP binding, while Class II IMPDHs are
active tetramers that shift to extended (also active)
octamers in the presence of ATP."*

Increasing experimental evidence point to a relevant
role of Bateman domains of IMPDHs in GTP homeosta-
sis. In Escherichia coli, the regulatory domain is essential
to maintain the intracellular ATP/GTP balance within a
narrow physiological range.'®* In Bacillus subtilis, muta-
tions within the Bateman domain of IMPDH suppress
the characteristic phenotype of (p)ppGpp deficiency,
suggesting a functional connection between IMPDH allo-
steric regulation and alarmone signaling.**** Nonethe-
less, to our knowledge, no physiological mechanism of
allosteric inhibition of bacterial IMPDHs has been
reported.

In this study, we unveil the diversity of molecular
mechanisms of allosteric regulation of bacterial IMPDHs
and describe their structural and biochemical basis.
These data explain the differences found on the regula-
tion of the guanine nucleotide biosynthesis among bacte-
rial phyla and allow us to propose their plausible
evolutionary trajectory. Most possibly, the bacterial
IMPDH ancestor was allosterically modulated by the
mutually exclusive binding of ATP and (p)ppGpp to the
Bateman domain of IMPDH. (p)ppGpp occupy a previ-
ously unrecognized site that partially overlaps with the
canonical Site 2, where ATP also binds. During the evolu-
tion of the proteobacterial lineage, this site was lost and,
in turn, the Bateman domain of the IMPDH from most
Proteobacteria evolved to be directly modulated by the
balance between ATP and GTP, which compete for the
canonical Site 2.

In this way, high ATP/GTP—or ATP/(p)ppGpp—
ratios favor an extended, catalytically active, conforma-
tion. In contrast, when these ratios decrease, guanine
nucleotide binding to the regulatory domain induces a
compact conformation that significantly reduce the cata-
lytic activity. Thereby, the adenine/guanine nucleotide
balance controls a conformational switch that closely
resembles that reported for the eukaryotic enzymes, dem-
onstrating the universality of this mechanism. Moreover,
in line with eukaryotic enzymes, our data suggest that
bacterial IMPDHs also fine-tune the conformational
switch by post-translational modifications, such as lysine
acetylation. Altogether, these observations represent an
excellent example of how evolution has generated

different versions of the same mechanism of regulation
to adapt to the specific metabolic requirements of each
organism. Furthermore, given the therapeutic value of
IMPDH, the results presented in this manuscript might
have important implications for drug design and boost
novel therapeutic approaches.

2 | RESULTS

2.1 | In the presence of ATP, GTP, and
GDP significantly inhibit the IMPDH of E.
coli and Pseudomonas aeruginosa

We and others have reported that guanine nucleotides by
themselves are not able to significantly inhibit the activ-
ity of bacterial IMPDHs in vitro, presumably because
they lack the third noncanonical site, which is exclusive
of eukaryotic enzymes.”'® Nonetheless, we revisited this
issue bearing in mind that intracellular levels of ATP are
usually significantly higher than GTP.** Thereby, we
tested the effects of guanine nucleotides on the activity of
preformed ATP-induced octamers in vitro.

Corroborating previous reports”' that GTP/GDP
alone did not have a significant effect on the catalytic
activity of the four bacterial IMPDHs assayed in vitro
(Figures 2 and SS1). In contrast, when 0.25 mM ATP is
present in the solution, GTP/GDP could readily inhibit
the enzymes from the y-Proteobacteria E. coli and
P. aeruginosa (EcCIMPDH and PaIMPDH, respectively),
with Kj,,, values in the mid-micromolar range
(Figure 2). On the other side, GTP/GDP could only very
weakly inhibit the enzymes from the Firmicute B. subtilis
and the Actinobacteria Streptomyces coelicolor (BSIMPDH
and StcIMPDH, respectively), with K;,,, values in the
millimolar range (Figures 2 and SS1).

2.2 | Crystallographic structures of P.
aeruginosa bound to ATP and GDP

To gain further insights into the molecular mechanisms of
inhibition of GTP/GDP in proteobacterial IMPDHs and to
map their binding sites, we aimed at obtaining the high-
resolution crystallographic 3D structures of enzyme-
nucleotide complexes. After multiple cocrystallization tri-
als, we were able to obtain the structure of PaIMPDH
bound to both ATP and GDP at 1.65A resolution
(Table SS1). The two monomers in the asymmetric unit
(AU) contained well-defined electron density in the
Bateman domain that could be unequivocally attributed to
ATP and GDP bound to the canonical Sites 1 and 2, respec-
tively, as well as a magnesium atom coordinated by their
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FIGURE 2 Effects of guanine nucleotides on the catalytic

activity of IMPDH in vitro. Graphs showing the normalized initial
velocity values (V, values in the absence of GTP divided by the
respective values in the presence of GTP). The V, values used for
the normalization of the data are ECIMPDH 16.6 + 1.4, PaIMPDH
26.0 + 0.7, BSIMPDH 14.2 + 0.7, and StcIMPDH 14.0 + 0.3 nM s~
(mean + std. error). Estimated ICs, values for are 455.3 + 6.3 pM
and 147.4 + 3.9 pM (mean =+ std. error) for ECIMPDH and
PaIMPDH, respectively. Similar results were obtained for GDP
inhibition (Figure S1). BsSIMPDH, Bacillus subtilis IMPDH;
EcIMPDH, Escherichia coli IMPDH; IMPDH, IMP dehydrogenase;
PaIMPDH, Pseudomonas aeruginosa IMPDH; StcIMPDH,
Streptomyces coelicolor IMPDH

- and y-phosphates (Figure 3a, b). The binding modes of
ATP and GDP in the canonical sites are identical to those
observed in the structures of eukaryotic IMPDHs,®'*!43*
where the nucleotide's phosphate groups position close
together at the interface of two opposing Bateman
domains (Figure S2b).

The recognition of the adenine ring of ATP bound to
the canonical Site 1 (ATP1) was mainly due to hydrogen
bonds from the backbone carbonyl atoms of residues
V159 and K181 and N6 nitrogen atom of the adenine.
The 02 and O3 hydroxyl groups of the ribose moiety
hydrogen bonded to the side chain of the absolutely

2 € ~R136
WSO

D137 T134

£ A ﬁr~<: allosteric
‘ site 2

FIGURE 3 Structure of PAIMPDH bound to ATP and GDP.
Detailed views of ATP (a) and GDP (b) bound in the Bateman
domain to the first and second nucleotide canonical sites,
respectively. IMPDH protein is represented in semitransparent blue
cartoons with the side chain of key interacting residues shown in
sticks. The 2mF,-DF, electron density map, contoured at the 1.6
level, is shown as a grey mesh. Key protein-nucleotide atomic
interactions are represented as orange dashed lines and the
coordinated Magnesium atom is shown as an orange sphere.

(c) Upper panel: structural superposition of the catalytic domains
(white ribbons) of a monomer of PaAIMPDH showing the different
conformations adopted by the Bateman domain upon ATP (orange
ribbons; PDB ID 4DQW)' or ATP/GDP (blue ribbons) binding.
Lower panel: the conformational switch described in the upper
panel, translated to the octameric structures. PAIMPDH octamers
are represented as protein surfaces with the same color code as in
the upper panel. IMPDH, IMP dehydrogenase; PaIMPDH,
Pseudomonas aeruginosa IMPDH

conserved aspartic acid D137, as well as residue T153.
ATP1 phosphate groups interacted with the basic side
chains of residues R136 and K181. Additionally, ATP1
y-phosphate coordinated a Magnesium atom, together
with the p-phosphate of GDP bound to the canonical Site
2 (GDP2) and the carboxylic acid in the side chain of resi-
due E180 (Figure 3a). In the canonical Site 2, GDP2 gua-
nine ring was sandwiched between the hydrophobic side
chains of residues F118 and V94, with the hydroxyls of
the ribose moiety tightly coordinated to the carboxylic
acid of the absolutely conserved residue D199.>> The neg-
ative charge of GDP2 phosphate groups was counteracted
by the basic side chains of residues K181 and R198, as
well as a Magnesium atom, as described above



FERNANDEZ-JUSTEL ET AL.

(Figure 3b). Mutations in any of the conserved Aspartic
residues that define the canonical Sites 1 and 2 in
EcIMPDH (D138N and D200N, which correspond to
D137and D199 in PaIMPDH), abrogate GTP/GDP-
dependent allosteric inhibition (Figure S3a). These data
further demonstrate the specificity of the interaction of
these nucleotides in the Site 2 and the necessity of ATP
bound to Site 1 for the inhibition.

Monomers in the AU are related by non-
crystallographic symmetry axes that allow to reconstruct
IMPDH octamers within the crystal lattice. These
octamers are assembled as dimers of tetramers that pile
up tail-to-tail, forcing the finger domains of opposing tet-
ramers to interact and placing their catalytic sites close
together (Figure S2b) to inhibit the catalytic activity. The
comparison of the crystallographic structures of
PaIMPDH-ATP1/GDP2 (this work) and PaIMPDH-
ATP1/ATP2 (PDB code 4DQW)' allows the identifica-
tion of a conformational switch, which is controlled by
the competition between adenine and guanine nucleo-
tides for the allosteric Site 2 in the Bateman domain
(Figure 3c). Small angle X-ray scattering (SAXS) experi-
ments further corroborate that the conformations
observed in the crystal structures reliably represent those
occurring in solution (Figure S4a). Remarkably, this con-
formational switch is essentially identical to the previ-
ously reported for eukaryotic IMPDHs.® ®'**3* Thereby,
these data indicate that the purine nucleotide-controlled
conformational switch that modulates the activity of
IMPDH is universally conserved form bacteria to
eukaryotes.

Remarkably, no electron density surrounding the area
corresponding to the eukaryotic noncanonical Site 3 is
observed in the inhibited PaIMPDH structure, suggesting
that, in contrast to eukaryotic IMPDHSs, the occupancy of
the canonical Site 2 by GTP/GDP (when ATP is bound at
the canonical Site 1) is necessary and sufficient to induce
compact octamers and, subsequently, inhibit the activity
of PaIMPDH and EcIMPDH. To corroborate this hypoth-
esis, we performed computational targeted molecular
dynamics (TMD) simulations of monomers of PAIMPDH
bound to different nucleotides. These simulations induce
conformational changes by applying an external force to
minimize the root mean square deviation between initial
and final (target) structures, thus driving the molecule to
the target conformation during the simulation. As shown
in Figure S5a,b, when both canonical sites are occupied
by ATP, PaIMPDH can easily oscillate between the active
(extended) and inhibited (compacted) conformations,
since the applied external force (and the subsequent
accumulated work) needed to drive these changes (both
extension and compaction) is very low. On the other
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hand, when GDP occupies Site 2, an increasing supply of
energy is needed to activate (extend) the inhibited confor-
mation but essentially no work is needed for the opposite
change (Figure S5a,b). These results indicate that GDP
binding to Site 2 strongly stabilizes PaIMPDH into the
inhibited compacted conformation.

2.3 | ATP/GTP balance allosterically
modulates the activity of PAIMPDH and
EcIMPDH

The results shown above clearly indicate that the binding
of adenine and guanine nucleotides in the second canoni-
cal site is mutually exclusive and, thereby, the balance
between the concentration of these nucleotides will pre-
sumably determine the activity of the enzyme. We tested
this hypothesis by assaying the effects of different con-
centrations of ATP and GTP in vitro on proteobacterial
IMPDHs at IMP and NAD" concentrations within the
expected physiological levels.'®***® Figure 4 clearly
shows how ATP and GTP compete to modulate the activ-
ity of IMPDH. Remarkably, EcCIMPDH (panel a) and
PaIMPDH (panel b) showed significant differences in
nucleotide affinities, in accordance with the different
ICs, values estimated from Figure 2.

At constant 3 mM ATP, which is in the expected
range of intracellular levels in E. coli cells exponentially
growing in minimal media,'® 1.3 and 2.3 mM GTP con-
centrations are needed to duplicate and raise 10-fold the
Km values of ECIMPDH, respectively (Figure S6). These
GTP concentrations are easily reached in exponentially
growing E. coli cells, and can be even higher upon addi-
tion of purine nucleobases and nucleosides to the culture
media.’® Similarly, 0.8 and 1.3 mM GTP is required to
duplicate and raise 10-fold the K, values of PaIMPDH
(Figure S6). Altogether, these data indicate that the intra-
cellular ATP/GTP ratio modulates proteobacterial
IMPDH activity.

24 | (p)ppGpp potently inhibit the
catalytic activity of B. subtilis but has no
effect on E. coli IMPDH

As described in Section 1, it seems evident that bacterial
IMPDHs must play a relevant role on (p)ppGpp signaling
in vivo, despite the scarce information available and the
reported  differences among  organisms.?* %37
Prompted by this, we assayed the effects of (p)ppGpp on
the activity of IMPDH in vitro in the presence or absence
of ATP. As shown in Figure 5, ppGpp by itself has no
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FIGURE 4 The ATP/GTP balance modulates the activity of
proteobacterial IMPDHs. Heatmap representation of the enzymatic
percent activity. V,, values at different ATP versus GTP
concentrations, normalized to the V;, values in the absence of
nucleotide for ECIMPDH (a) and at 1 mM ATP for PaIMPDH (b).
The V, values used for normalization are ECIMPDH 15.9 and
PaIMPDH 16.4 nM s~ ' (note that PaIMPDH is inactive in vitro in
the absence of ATP'®). IMPDH, IMP dehydrogenase; PaAIMPDH,
Pseudomonas aeruginosa IMPDH

significant effect on the catalytic activity in vitro of any of
the enzymes assayed. In contrast, when combined with
ATP, ppGpp can potently inhibit (in the low micromolar
range) BsSIMPDH and StcIMPDH (Figure 5). Similar
results were obtained for pppGpp (Figure SS1). These
data clearly indicate that in the presence of ATP, (p)
ppGpp can inhibit these enzymes even at basal concen-
trations.*' In contrast, (p)ppGpp had no detectable effect
in vitro on the activity of ECIMPDH or PaIMPDH, even
at millimolar concentrations and independently on the
presence or absence of ATP (Figures 5 and SS1).

OEcIMPDH  @EcIMPDH + 0.25 mM ATP
OPalMPDH M PalMPDH + 0.25 mM ATP
100 m—g—§—A—0-—F—u—u—H48-
o 0.754 o~ © -
<
=
-~ 0.504 -
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>
0.25+ .
o — i = = o8
0.00 ———r———rrrr—r—r—rrrry
10 100 1000
PPGPp (uM)
A BsIMPDH A BsIMPDH + 0.25 mM ATP
< StcIMPDH @ StcIMPDH + 0.25 mM ATP
1.004 N
o 0.754 b
<
=
< 0.50+ .
o
>
0.254
0.00-
1 10 100
PPGpp (uM)
FIGURE 5 Effects of ppGpp on the catalytic activity of IMPDH

in vitro. Graphs showing the normalized initial velocity values (V,
values in the absence of ppGpp divided by the respective values in
the presence of ppGpp. The V, values used for the normalization of
the data are ECIMPDH 18.5 + 1.0, PaIMPDH 26.7 + 0.9, BSIMPDH
12.9 + 0.8, and StcIMPDH 12.6 + 0.4 nM s~ ' (mean =+ std. error).
Estimated ICs, values are 8.9 + 0.4 uM and 2.0 + 0.03 pM (mean

+ std. error) for BsSIMPDH and StcIMPDH, respectively. Similar
results were obtained for pppGpp inhibition (Figure S1). BsSIMPDH,
Bacillus subtilis IMPDH; ECIMPDH, Escherichia coli IMPDH;
IMPDH, IMP dehydrogenase; PaAIMPDH, Pseudomonas aeruginosa
IMPDH; StcIMPDH, Streptomyces coelicolor IMPDH

2.5 | Crystallographic structure of S.
coelicolor IMPDH complexed to ATP and

ppGpp

We then set cocrystallization experiments to obtain high-
resolution structures of (p)ppGpp-IMPDH complexes and
were able to solve the structure of the IMPDH from
S. coelicolor bound to ATP and ppGpp at 2.0 A resolution
(Table SS1). The AU contained 16 IMPDH monomers
that are related by symmetry axes and allow the recon-
struction of IMPDH octamers within the crystal lattice.
These octamers are formed by dimers of tetramers assem-
bled with a conformation that resembles, with only
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minor deviations, those adopted in the presence of ATP
and GDP by the proteobacterial PaIMPDH enzyme
(Figure S7). SAXS experiments further corroborate that
the conformation observed in the crystal structure
matches that found in solution in the presence of ATP
and ppGpp (Figure S4b). Moreover, in the presence of
ATP alone, StcIMPDH adopts a conformation similar to
PaIMPDH-ATP (PDB ID 4DQW), highlighting the uni-
versality of the purine nucleotide-controlled conforma-
tional switch.

All monomers in the AU showed well-defined elec-
tron density in the Bateman domain that could be
unequivocally attributed to ATP, ppGpp, and two mag-
nesium atoms. ATP was found in the first canonical site
(ATP1) with a binding mode identical to that observed
in other IMPDH structures (5TC3, 4DQW, 5MCP,
6USN, and 7RES).*'®'*** Surprisingly, ppGpp was
bound to a previously unrecognized pocket within the
Bateman domain adopting an elongated T shape confor-
mation.** The (p)ppGpp binding site is different from
either the second canonical (GDP2) or the third

(@)

FIGURE 6 Structure of StcIMPDH
bound to ATP and ppGpp. (a) Structural
superimposition of the Bateman domains of
PaIMPDH-ATP/GDP (blue), StcIMPDH-
ATP-ppGpp (green), and AgIMPDH-ATP/
GDP (red; PDB ID 5TC3).° (b) Detailed
view of the ppGpp binding site in the
Bateman domain. IMPDH protein is (b)
represented in semitransparent green

cartoons with the side chain of key

interacting residues shown in sticks. The

2mF,-DF, electron density map, contoured

at the 1.60 level, is shown as a grey mesh.

Key protein—-nucleotide atomic interactions

are represented as orange dashed lines and

e ~90°
ATP1 —ﬁ L GDP2 #
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eukaryotic noncanonical site, although its &- and
e-phosphates partially occupy the canonical Site
2 (Figure 6a).

The ppGpp binding pocket in StcIMPDH is mostly
formed by the polar side chains of residues E118, R125,
and N144, that form hydrogen bonds with different
atoms of the guanine ring. The a- and f-phosphates
tightly interact with the basic sidechain of residues,
R71, R125, K206, and K210, whereas d- and e-phos-
phates, which point toward the y-phosphate of ATPI,
coordinate two Magnesium atoms, together with the
carboxylic acid of residue E188 (Figure 6b). BSIMPDH
mutant enzymes with the most relevant (p)ppGpp inter-
acting residues substituted by their equivalents in
EcIMPDH showed significantly reduced inhibition with
respect to the wild-type enzyme in vitro (Figure S3b).
These data demonstrates that the newly discovered (p)
ppGpp pocket of StcIMPDH is not artifactual but func-
tional and conserved between S. coelicolor and
B. subtilis. Furthermore, our mutational analysis also
revealed that the absolutely conserved Aspartic residues

EJ.)TGDP3

ATP1T o

—ppGpp PpPGpp-

E

o
o

4
5

188 K206 }/KZW
[ I — R71

the coordinated Magnesium atoms are / L R125
shown as orange spheres. (c) The P
P N144 ¢
taxonomic distribution of the (p)ppGpp X
T, L —E118

binding site within the Bateman domain is
shown. The phylogenetic tree on the left (c) - - -
shows the evolutionary relationships (P)PPGpp site Canonical site 2
among the groups of bacteria (color-coded i . 71 118 125 144 | 188 206 210
according to a) and is extracted from a A. tumefaciens a-Proteobacteria Q Q S N E K K

. . - N. meningitidis B-Proteobacteria Q L K N E K K
more detailed analysis shown in Figures S9 E. coli J-Proteobacteria Q K G G E K K
and S10. IMPDH, IMP dehydrogenase; S. coelicolor Actinobacteria R D R N E K K
PaIMPDH, Pseudomonas aeruginosa B. subtilis Firmicutes R E R N E K K
IMPDH; StcIMPDH, Streptomyces coelicolor T. thermophilus Thermus R E R N|E K K
IMPDH A. gossypii Ascomycota L R G S G T K
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that define the two canonical nucleotide binding sites in
Bateman domains are also required for (p)ppGpp medi-
ated inhibition (Figure S3b).

The analysis of a bacterial IMPDH multiple sequence
alignment revealed that the (p)ppGpp binding site is con-
served among most bacterial phyla but is consistently
absent in o-p-y-Proteobacteria and some 8-Proteobacteria
genera (Figures 6¢ and S8). This observation perfectly
explains why EcIMPDH and PalMPDH cannot be
inhibited by (p)ppGpp (Figures 5 and S1). The resulting
phylogenetic tree (best model LG + G + I**) suggests
that the allosteric regulation of IMPDH by (p)ppGpp is
the ancestral state in bacteria and that its loss occurred
during the evolution of Proteobacteria (Figure S9). How-
ever, the low bootstrap values of this tree prevented
drawing solid conclusions. To obtain further support for
this hypothesis, we also reconstructed a species tree for
the set of bacteria under study, using multiple conserved
proteins data obtained from a reference phylogeny data-
base.** The resulting phylogenetic tree (best model LG +-
G + F) perfectly agrees with the well stablished tree of
life* and resembles the IMPDH tree (Figure S10). Alto-
gether, these data strongly support the hypothesis that
the bacterial ancestral IMPDH was regulated by (p)
ppGpp and this regulation was lost during the evolution
of Proteobacteria.

No electron density was found in the canonical Site
2 or the noncanonical Site 3. Nonetheless, the results
described above indicate that, in the presence of ATP
bound to the canonical Site 1, the occupancy of the (p)
ppGpp pocket is necessary and sufficient to induce the
inhibited conformation. We then performed computa-
tional TMD simulations to corroborate this hypothesis.
When the two canonical sites were occupied by ATP,
StcIMPDH readily oscillates between the active
(extended) and inhibited (compacted) conformations. In
contrast, the occupancy of the (p)ppGpp pocket, in the
presence of ATP1, implies a large amount of accumulated
work to activate (extend) the inhibited conformation
(Figure S5c and d). These results indicate that the occu-
pancy of the (p)ppGpp binding pocket in StcIMPDH
strongly stabilizes the inhibited compact conformation,
similar to the binding of GTP/GDP to PaIMPDH
(Figure S5a and b).

Altogether, these results further demonstrate that the
allosteric control of the catalytic activity of IMPDH is
mediated by a universal purine nucleotide-controlled
conformational switch. They also illustrate how evolution
has diverged to adapt this regulatory mechanism to the
specific particularities of each organism through the
invention of different nucleotide-binding pockets within
the Bateman domain.

2.6 | The ratio ATP/(p)ppGpp
allosterically controls the activity of
IMPDH

The results reported above indicate that occupancy of
either the canonical Site 2 by ATP or the (p)ppGpp bind-
ing pocket is mutually exclusive. We then tested the
activity of IMPDH in vitro in the presence of different
amounts of ATP and ppGpp, at IMP and NAD™ concen-
trations within the expected intracellular range.'®***°
Figure 7 shows that, within the assayed ATP
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FIGURE 7 ppGpp modulates the activity of IMPDH in

Actinobacteria and Firmicutes. Heatmap representation of the
enzymatic percent activity (V, values normalized to the V, values in
the absence of nucleotide) of BsSIMPDH (a) and StcIMPDH (b) at
different ATP versus ppGpp concentrations. The V, values used for
normalization are BSIMPDH 32.9 and StcIMPDH 7.6 nM s~ .
BsIMPDH, Bacillus subtilis IMPDH; IMPDH, IMP dehydrogenase;
StcIMPDH, Streptomyces coelicolor IMPDH
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concentration range, ppGpp can strongly inhibit the
enzyme activity even at basal concentrations, in the mid
micromolar range.*'

3 | DISCUSSION

Purine nucleotides are essential metabolites, involved in
multiple metabolic pathways and cellular functions that
need a fine-tuned balance between adenine and guanine
derivatives. Maintenance of GTP levels across species is
critical to fitness, and GTP dysregulation has relevance to
malignancy, genetic disease and genomic instability.**™*®
In some gram-positive bacteria, including B. subtilis, the
intracellular levels of GTP must be maintained within a
narrow range and excess GTP is severely detrimental for
cell growth and survival.’*>*"*® On the other hand, high
GTP levels do not lead to a loss of viability in Prote-
obacteria, such as E. coli, although they inhibit cell
growth.*° In any case, despite the notable differences
in tolerance to excess purine nucleotide levels among
bacteria, the tight control of the purine nucleotide bio-
synthetic pathways must be a key facet of the cell homeo-
stasis and the global metabolic response to
environmental and nutritional changes. It is evident, for
instance, that bacteria need to tightly modulate the
purine biosynthetic pathways in response to the availabil-
ity of these nucleotides in the culture media or down-
regulate them in conditions of nutritional stress, as part
of the stringent response.*’ Thereby, it is essential to elu-
cidate the mechanisms, most probably redundant, that
regulate purine nucleotide biosynthesis and keep the
ATP/GTP ratio within a narrow physiological range
within the cell.

In eukaryotic cells, IMPDH allosteric regulation,
mediated by the binding of adenine and guanine nucleo-
tides to the regulatory Bateman domain, plays an essen-
tial role in the maintenance of the balance between
adenine and guanine nucleotide pools and GTP homeo-
stasis. The physiological relevance of this mechanism of
regulation is stressed by the fact that missense mutations
that map in the allosteric binding sites of human
IMPDHs are associated to severe retinopathies and
dystonia.****

In bacterial cells, however, no physiological mecha-
nism of allosteric inhibition of IMPDH has been reported.
In this study, we demonstrate that (p)ppGpp is a potent
allosteric inhibitor of the IMPDHs from most bacterial
phyla, except Proteobacterias, whose IMPDHs are alloste-
rically controlled by the intracellular ratio of ATP/GTP.
We found that a, previously ignored, key point to unveil
bacterial IMPDH allosteric inhibition in vitro is the
requirement of simultaneous binding of adenine and

guanine nucleotides to the allosteric sites. Different from
the eukaryotic enzymes, bacterial IMPDHs need ATP
bound to the canonical Site 1 to be inhibited by guanine
nucleotides that bind to either the canonical Site
2 (GTP/GDP) or a contiguous pocket ((p)ppGpp). This is
most possibly the primary reason why guanine nucleo-
tides have been previously unnoticed as allosteric inhibi-
tors of bacterial IMPDHs in vitro.”'%3%3? Indeed, from
the analysis of the high-resolution structures of eukary-
otic and prokaryotic enzymes, it is hard to define the
structural determinants responsible for the different
nucleotide specificities of the canonical allosteric sites in
the Bateman domain of IMPDHs.

Given that the intracellular concentrations of ATP are
millimolar'®**® and the ATP affinities for bacterial
IMPDHs are in the micromolar range,”'*>" it is expected
that purine nucleotide-induced octamers are the most
abundant species in the cytoplasm. A recent report indi-
cates that this might also be the case for eukaryotic
IMPDHs, as crystals of recombinant Trypanosoma brucei
IMPDH grown in the cytoplasm of intact insect cells
show octamers that contain ATP bound to the canonical
Site 1 of the Bateman domain.'” With ATP bound to the
canonical Site 1, the activity of bacterial IMPDHs is then
modulated by the mutually exclusive binding of adenine
nucleotides to the canonical Site 2 and guanine nucleo-
tides to either this site or the newly discovered (p)ppGpp
binding site, which partially overlaps with the former.
The occupancy of these sites determines the conforma-
tion of the enzyme: high ATP/GTP or ATP/(p)ppGpp
ratios favor the extended conformation of catalytically
active octamers. In contrast, when these ratios drop,
octamer compaction occurs to inhibit the enzymatic
activity.

We have recently reported that phosphorylation of
residues in the nucleotide-binding sites of the Bateman
domain modulates the allosteric regulation of the retinal
isoforms of human IMPDH.** By analogy, it might then
be plausible that post-translational modifications control
the allosteric regulation of bacterial IMPDHs. According
to public databases (PLMD>* and dbPSP>?), lysine acety-
lation is a recurrent modification within the Bateman
domain of bacterial IMPDH. Within this domain, acetyla-
tion of residue K203 in E. coli, and the equivalent K206
in B. subtilis, called our attention because is evolution-
arily conserved (Figure S8) and directly involved in the
binding of GTP (Figure 3) and ppGpp (Figure 6). As an
initial approach, we tested the effects of acetylation
in vitro by using the K-to-Q point mutation that has been
previously described to simulate the acetylation-
dependent neutralization of the positive lysine charge.>*
Figure S11 shows how K203Q and K206Q substitutions
significantly compromise allosteric inhibition in E. coli
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and B. subtilis enzymes, respectively. Although not con-
clusive, these results definitively encourage to perform
new experiments to decipher if the allosteric regulation
of bacterial IMPDHs is fine-tuned by post-translational
modifications.

We propose the Bateman domain of IMPDH as a new
crosstalk point between the adenine and guanine nucleo-
tide pathways downstream IMP. This regulatory point,
together with the crosswise utilization of GTP and ATP
as cosubstrates of Adenylosuccinate and GMP synthases,
respectively, might help to adjust the balance of purine
nucleotides according to the cell metabolic demands. Our
in vitro data on the allosteric inhibition of IMPDH is in
good agreement with previously published in vivo data,
since the deletion of the Bateman domain of IMPDH in
E. coli, results in altered purine nucleotide concentrations
and the inability to maintain the ATP/GTP balance
within a fairly narrow physiological range.'®* Nonethe-
less, although our data points to a key role of the alloste-
ric modulation of IMPDH by the intracellular ratios of
ATP/GTP, we cannot discard additional mechanisms that
contribute to maintain the purine nucleotide balance and
GTP homeostasis. These mechanisms might imply the
putative moonlighting functions of IMPDH,**>> as
well as different enzymes.

The alarmones (p)ppGpp bind to a conserved
-previously unrecognized- high affinity (p)ppGpp binding
pocket within the Bateman domain that partially over-
laps with the canonical Site 2. Multiple sequence align-
ments of bacterial IMPDH and phylogenetic analysis
show that this site is present in most bacterial phyla,
except for some classes of Proteobacteria, including y and
the closely related o- and f3-proteobacteria, as well as
some d-Proteobacteria genera. In contrast,
e-Proteobacteria retained the (p)ppGpp binding site
(Figures S8-S10) and the corresponding allosteric inhibi-
tion, as we have experimentally demonstrated for
Helicobacter pylori IMPDH (HpIMPDH; Figure S12). The
IMPDH phylogenetic tree, together with the species tree,
allows us to propose that the bacterial IMPDH ancestor
contained the (p)ppGpp binding site, and this was lost
during the evolution of the proteobacterial lineage.

Remarkably, a similar evolutionary history has been
reported for the enzymes guanylate kinase (Gmk, down-
stream from IMPDH in the guanine nucleotide de novo
pathway>®) and hypoxanthine phosphoribosyltransferase
(HprT, GPRT in Figure 1, in the salvage pathway™°). (p)
ppGpp inhibit bacterial IMPDHs with ICs, in the low
microM range, similar to the ICs, values reported for
Gmk and HprT,”®>° which represent basal levels of these
alarmones.*' Therefore, our results confirm the vital
housekeeping function of (p)ppGpp on GTP homeostasis.
They tightly control the guanine nucleotide de novo and

salvage pathways in response to both extrinsic stress and
intrinsic cell status, buffering GTP against fluctuations
and preserving metabolic stability.

The loss of (p)ppGpp inhibition of the enzymes
IMPDH, Gmk, and HprT during the evolution of the
proteobacterial lineage was paralleled with the acquisi-
tion of (p)ppGpp regulation by the RNA polymerase
(RNAP). This is demonstrated by the presence of the
MAR motif at the N-terminal region of the w-subunit of
RNAP in o, B, 8, and vy, but neither in e-proteobacteria
nor in most other bacterial phyla®® (Figure S10). More-
over, it is plausible to propose that the loss of the tight
control exerted by basal levels of (p)ppGpp over IMPDH,
Gmk, and HprT enzymes is possibly correlated with the
low GTP toxicity in Proteobacteria.’® In any case, these
observations represent fascinating examples on how evo-
lution has found different (p)ppGpp targets and rewired
regulatory networks to achieve the same regulatory ends.

Altogether, the results presented here indicate an
essential role of IMPDH allosteric regulation on bacterial
GTP homeostasis and further expand our knowledge
about the crosstalk between (p)ppGpp signaling and the
guanine nucleotide biosynthetic pathway. We demon-
strate that the activity of bacterial IMPDHs is allosteri-
cally controlled by an evolutionarily conserved
nucleotide-controlled conformational switch that has
been divergently adapted to the specific particularities of
each organism. Moreover, we have identified significant
differences in the mechanisms of regulation between
eukaryotic and prokaryotic IMPDH enzymes, opening
the door to the development of approaches to antibiotic
discovery.

4 | METHODS
41 | Cloning, site-directed mutagenesis,
and protein purification

Open reading frames of the different enzymes were
amplified by PCR using genomic DNA as template and
inserted into an ad hoc modified pET15b bacterial expres-
sion vector with the thrombin cleavage site substituted by
the tobacco echt virus protease recognition sequence.
Site-directed mutagenesis was performed using the
QuikChange II method (Agilent Technologies). All plas-
mids were corroborated by DNA sequencing.

IMPDH enzymes were overexpressed overnight in
E. coli BL21 (DE3) strain in terrific broth®! at 18°C and
purified by immobilized metal affinity chromatography
according to standard protocols. The 8-histidine tail pre-
sent at the N-terminal of the overexpressed proteins was
cleaved by overnight digestion at room temperature with
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tobacco etch virus protease. The cleaved proteins were
then injected into a HiPrep Sephacryl S-300 16/60 HR
size-exclusion chromatography column (Cytiva) equili-
brated in buffer 20 mM Tris-HCl, 5% glycerol, 500 mM
KCl, 1 mM DTT, pH 8.0. Fractions containing IMPDH
proteins were pooled, concentrated at 4°C using a 10 kDa
cutoff Amicon Ultra centrifugal filter (Millipore),
aliquoted and stored at —80°C. All the enzymes showed
at least 98% purity by SDS-PAGE densitometric analysis
and did not significantly lose activity after one cycle of
freezing/thawing. Protein and nucleotide concentrations
were determined spectrophotometrically.

4.2 | Enzyme kinetics assays

IMPDH activity was assayed using 384-well microtiter
plates by monitoring the appearance of NADH by fluo-
rescence (Aexe = 340nm and A, =460 nm, using a
10 nm slit window for both excitation and emission).

The buffer used for the guanine nucleotide titration
curves shown in Figures 2 and 5 were 100 mM Tris—HCl
pH 8.0, 100 mM KCI, 2 mM MgCl, (free), 2 mM DTT,
0.5mM NAD™, 0.5 mM IMP, 0- or 0.25-mM ATP, and
50 nM enzyme, measured at 28°C (BSIMPDH and
StcIMPDH) or 32°C. The total amount of MgCl, was
adjusted for each nucleotide concentration to keep 1 mM
free Mg®" constant concentration, as previously
described.® The experimental data were fitted to the
Michaelis-Menten and allosteric sigmoidal equations
using GraphPad Prism (GraphPad Software).

The buffer used for the heat map plot shown in
Figure 4 and 7 in the main text and Supplemental
Figure 11 was 100 mM Tris-HCI, pH 8.0, 100 mM KClI,
1 mM MgCl,, 2mM DTT, 1 mM NAD*, 0.2 mM IMP.
Nucleotides: ATP-Mg”*", GTP-Mg>", and ppGpp-Mg*"
were added at the indicated concentrations, and 20 nM of
EcIMPDH, EcIMPDH-K203Q, PaIMPDH, and StcIMPDH
and 40 nM of BsSIMPDH and BsIMPDH-K206Q enzymes
were used. Measurements we performed at 32°C for
EcIMPDH and PaIMPDH and 28°C for BSIMPDH and
StcIMPDH.

4.3 | Protein crystallization and
structure solution

Crystals of PaIMPDH-ATP-GDP were grown at 22°C in
sitting drops using the vapor diffusion method by mixing
a protein solution at 10 mg ml~' in 5mM Tris-HCI,
100 mM KCl, 0.5 mM ATP, 5 mM GDP, 3.52 mM total
MgCl, (1 mM free Mg>" estimated as described in Refer-
ence 6), pH 8.0, with an equal volume of mother liquor
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corresponding to the condition D11 of the commercial
screening Morpheus&: 0.02 M sodium formate; 0.02 M
ammonium acetate; 0.02 M sodium citrate tribasic
dihydrate; 0.02M  potassium  sodium  tartrate
tetrahydrate; 0.02 M sodium oxamate, 12.5% v/v MPD;
12.5% PEG 1000; 12.5% w/v PEG 3350 in 0.1 M of the
buffer system Tris (base), bicine, pH 8.5.

Crystals of StcIMPDH-ATP-ppGpp were obtained as
before by mixing 10 mg ml~" of StcIMPDH in buffer in
5mM Tris-HCl, 100 mM KCIl, 1.5 mM ATP, 0.5 mM
ppGpp, 3 mM total MgCl,, pH 8.0 with equal volume of
mother liquor corresponding to the condition H9 of the
commercial screening Morpheus-1I°*: 0.01 M spermine
tetrahydrochloride, 0.01 M spermidine trihydrochloride,
0.01 M 1,4-diaminobutane dihydrochloride, 0.01 M bt-
ornithine monohydrochloride, 15% w/v PEG 3000, 20%
v/v 1,2,4-butanetriol, 1% w/v NDSB 256, and 0.1 M of the
buffer system Gly-Gly, AMPD, pH 8.5.

Protein crystals were flashed-cooled in liquid nitrogen
and data were collected at 100 K, using monochromatic
X-rays of 1.00 A wavelength, at the Diamond and ALBA
synchrotrons. Diffraction intensities were indexed, inte-
grated and anisotropically truncated by using the soft-
ware autoPROC.®**> The structures were solved by
molecular replacement with the program PHASER®®
from the CCP4 software suite,’” using as template the
structure of P. aeruginosa IMPDH (PDB ID 4AVF).%® The
structural models were iteratively improved by alternat-
ing automated refinement, using the PHENIX crystallo-
graphic software package®® with manual modeling, using
the program COOT.”® Simulated annealing (torsion coor-
dinates), gradient-driven positional, restrained individual
isotropic B-factor and TLS refinement”' were used for
refinement. The figures showing three-dimensional pro-
tein structures were generated using PyMOL.””

44 | Small angle X-ray scattering

SAXS measurements were performed at the B21
beamline in the Diamond synchrotron, using buffer:
20 mM Tris-HCI, 300 mM KCl, 3 mM DTT, 5% glycerol,
pH 8.0 and a protein concentration of 2.5 mg ml '
(PaIMPDH) and 3 mg ml~* (StcIMPDH). Nucleotide con-
centrations were 2 mM ATP, 0.25 mM ATP + 1.5 mM
GDP, or 1 mM ATP + 0.1 mM ppGpp. The total amount
of MgCl, was adjusted for each nucleotide concentration
to keep 1 mM free Mg>" constant concentration, as previ-
ously described.® During the measurements, the
beamline was used in the default configuration: a beam
energy of 13keV, a sample-to-detector distance of
3.7 m.” The samples were flowing through an in-vacuum
cell, kept at 10°C, to minimize radiation damage.
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All nondamaged protein frames were averaged and
buffer scattering was subtracted using the ATSAS soft-
ware suite.”* The theoretical scattering curves in
Figure S4a were calculated from the PaIMPDH-ATP
(PDB ID 4DQW),'® PaAIMPDH-ATP-GDP and PaIMPDH-
APO (PDB ID 6GJV)’! crystal structures using the pro-
gram CRYSOL.” The theoretical scattering curves in
Figure S4b were calculated from the PaIMPDH-ATP
(PDB ID 4DQW),'® StcIMPDH-ATP-ppGpp (this work)
and an isolated tetramer of PaIMPDH-ATP (for
StcIMPDH-APO).

4.5 | Molecular dynamics simulations
Previous to the TMD procedures, crystal structures were
subjected to 100 ns of unrestrained molecular dynamics
(MD) simulations in presence of the different ligands
using the AMBER18 MD package (http://ambermd.org;
University of California-San Francisco), essentially as
previously described.®’® The structures were solvated
with a periodic octahedral pre-equilibrated solvent box
using the LeaP module of AMBER, with 12 A as the
shortest distance between any atom in the protein sub-
domain and the periodic box boundaries. MD simulation
was performed using the PMEMD program of AMBER18
and the ff14SB force field (http://ambermd.org), applying
the SHAKE algorithm, a time step of 2 fs and a non-
bonded cutoff of 12 A. Systems were initially relaxed over
10,000 steps of energy minimization, using 1000 steps of
steepest descent minimization followed by 9,000 steps of
conjugate-gradient minimization. Simulations were then
started with a 20 ps heating phase, raising the tempera-
ture from 0 to 300 K in 10 temperature change steps, after
each of which velocities were reassigned. During minimi-
zation and heating, the Ca trace dihedrals were
restrained with a force constant of 500 kcal mol ' rad 2
and gradually released in an equilibration phase in which
the force constant was progressively reduced to 0 over
200 ps. After the equilibration phase, 100 ns of
unrestricted MD simulation were obtained for the
structures

To compare the work and force required to adopt the
active (extended) conformation from the inhibited
(compacted) conformation, and vice versa, of both
PaIMPDH and StcIMPDH monomers in the presence of
the different ligands, the calculation of the accumulated
work (kcal mol ') and force (kcal mol ' A™') was per-
formed for each case using TMD. In all cases, a spring
constant of 5 kcal mol~* A2 was used and the whole tra-
jectory was divided into 1,000 discrete steps of 0.1 ns per
step and a final root main square deviation (rmsd) of
2.0 A. For each calculation step, rmsd values were

recorded to later reconstruct the forces and works gener-
ated along with each trajectory. MD and TMD trajectories
were analyzed using VMD software.”’

4.6 | Multiple sequence alignment and
phylogenetic analysis

IMPDH protein sequences were obtained by recursive
BLAST’® searches at NCBI and aligned with Mafft
v7.305b.” Alignments were inspected with Jalview® and
cleaned for unreliably aligned regions using Trimal v1.4.
rev5,*! removing sites containing gaps in more than 50%
of the sequences (—gt 0.5). Phylogenetic trees were
reconstructed with Phyml 3.0.%* Best fit models of evolu-
tion were identified with SMS,** and 100 bootstrap repli-
cates were requested. Phylogenetic trees were edited with
FigTree (http://tree.bio.ed.ac.uk/software/figtree).
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Supplemental Table 1. X-ray crystallography and data collection and refinement

statistics.
PalMPDH StcIMPDH
ATP-GDP ATP-ppGpp
PDBID 7PJI 7PMZ
Wavelength (A) 1.00 1.00
Resolution (A) 1.65 2.03
Space group 14 P2,
Unit cell (A/°) 120.95 120.95 145.49 | 119.29 300.90 123.09
90.00 90.00 90.00 90.00 90.29 90.00
Unique reflections 84861 (4228) 474239 (23712)
Multiplicity 14.0 (13.9) 4.6 (4.5)
Completeness
spherical (%) 67.8 (17.8) 84.9 (27.1)
Completeness
ellipsoidal (%) 95.7 (69.7) 94.2 (58.1)
Mean l/sigma(l) 16.8 (1.5) 9.4 (1.5)
Wilson B-factor 25.18 30.62
R-merge 0.09 (1.76) 0.10 (0.99)
R-meas 0.09 (1.83) 0.11 (1.13)
R-pim 0.03 (0.49) 0.055 (0.53)
CC1/2 0.999 (0.620) 0.998 (0.589)

Reflections used
in refinement

84628 (880)

474175 (9428)

Reflections used

for R-free 4286 (44) 23521 (454)
R-work 0.18 (0.32) 0.18 (0.26)
R-free 0.20 (0.33) 0.21 (0.30)
Non-H atoms: 7258 53302
macromolecules 6476 48630
ligands 182 1456
solvent 654 3569
Protein residues 892 6842
RMS(bonds) 0.007 0.009
RMS(angles) 1.06 1.19
Ramachandran
favored (%) 98.06 97.83
Ramachandran
allowed (%) 1.94 2.13
Ramachandran
outliers (%) 0.00 1.0
Rotamer outliers
(%) 0.16 0.93
Clashscore 4.32 4.08
Average B-factor: 35.28 39.31
macromolecules 34.61 39.22
ligands 35.88 38.80
solvent 42.25 40.66

Statistics for the highest-resolution shell are shown in parentheses.




Vo / Voatp

A GEoMPDH  @ECIMPDH +0.25 mMATP B ABsIMPDH A BsIMPDH + 0.25 mM ATP
OOPalMPDH M PalMPDH + 0.25 mM ATP O StcIMPDH @ StcIMPDH + 0.25 mM ATP
10 100 1000
GDP (uM)
100 g—=o———-—VU—9—01-
O
0.75{0 O o—C O 0 -
0.50+ 4
0.25+ 4
e S e e e = e
0.00 s
10 100 1000

pppGpp (UM) pppGpp (M)

Supplemental Figure 1. Effects of GDP (A) and pppGpp (B) on the catalytic activity of
IMPDH in vitro. Graphs showing the normalized initial velocity values (V, values in the
absence of GDP or pppGpp divided by the respective values in the presence of GDP or
ppGpp. The V, values used for the normalization of the data are: EcIMPDH 18.5 + 1.0,
PalMPDH 26.7 + 0.9, BsIMPDH 12.9 + 0.8, and StcIMPDH 12.6 + 0.4 nM/sec (mean +
std. error). Estimated IC5y values for GDP are 187.2 + 8.8 yM uyM and 81.3 + 1.0 yM
(mean = std. error) for BsIMPDH and StcIMPDH, respectively. Estimated IC5, values for
pppGpp are 11.4 £ 1.2 yM and 1.4 £ 0.03 yM (mean =+ std. error) for BsIMPDH and
StcIMPDH, respectively.
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Supplemental Figure 2. The compaction of octamers mediates the allosteric inhibition
of PalIMPDH. A. Structural superimposition of the structures of PalIMPDH-ATP/GDP
(blue ribbons) and AgIMPDH-ATP/GDP/GDP (red ribbons; PDB ID 5TC3), showing the
identical binding modes of the nucleotides on the canonical sites of the Bateman
domain. B. Octameric structure of PalMPDH-ATP/GDP reconstructed from the
crystallographic lattice contacts, showing a compacted octamer where the finger
domains (orange ribbons) of opposing tetramers are forced to interact. The catalytic
and the regulatory Bateman domains are colored in light and dark blue, respectively.
Bound nucleotides are shown in red sticks.



Vmax (nM/sec)

WT 30.22 £ 0.93
D138N 22.82 + 0.51
D200N 22.78 + 0.51

D138N/D200N 14.79 £ 0.41

Vmax (nM/sec)
WT 22.24 + 0.37
D142N 18.05 + 0.28
D203N 15.26 + 0.31
D142N/D203N 16.37 £ 0.29
R65Q 17.24 +0.24
E112K 21.79 £0.42
R119G 20.19 +£0.19
N140G 22.95 +0.24

Supplemental Figure 3. Mutational analysis of the allosteric binding sites. Normalized
Vax Values (Vax in the presence of ATP / V. in the presence of ATP and guanine
nucleotides; mean and standard deviations) for the WT and different mutants of
EcIMPDH (A) and BsIMPDH (B). Nucleotide concentrations for ECIMPDH were: 0.25
mM ATP and 1 mM GTP, measured at 32°C, and for BsIMPDH: 1 mM ATP and 50 uM
ppGpp, measured at 28°C. The enzymatic reactions were performed in all cases using
50 nM enzyme in bufffer 100 mM TrisHCI, pH 8.0, 100 mM KCI, 1 mM DTT, 1 mM free
MgCl,, 0.5 mM NAD and IMP concentrations ranging from 4 yM to 5SmM. The V ux
values used for normalization are shown in the tables.
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Supplemental Figure 4. The conformational switch of IMPDH observed in solution
by SAXS. SAXS profiles of PaIMPDH (A) and StcIMPDH (B) in the presence of
different nucleotides. To facilitate visualization, the curves have been conveniently
displaced along the y axis. At the SAXS resolution, the profiles for ATP-GTP and
ATP-pppGpp are indistinguishable from ATP-GDP and ATP-ppGpp, respectively.

ATP-GDP

ATP-ppGpp
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Supplemental Figure 5. GTP/GDP and (p)ppGpp binding to the Bateman domain
strongly stabilize the inhibited IMPDH conformation. Accumulated work and forces
exerted along the targeted molecular dynamics simulations of monomers of PaIMPDH
(panels A and B) and StcIMPDH (panels C and D) induced to adopt a compact
conformation, starting from the extended one, in the presence of ATP1/ATP2 (purple
lines), ATP1/GDP2 or ATP1/ppGpp (green lines). Alternatively, IMPDH monomers were
induced to adopt an extended conformation, starting from the compacted one, in the
presence of ATP1/ATP2 (red lines), ATP1/GDP2 or ATP1/ppGpp (blue lines), monitoring
also the ccumulated work and the forces applied during the process.



12001 1 . . .
1000+ -
800+ -
600- -
400- -

Km (uM)

200- -

0.0 0.5 1.0 1.5

GTP (mM)

Supplemental Figure 6. Allosteric inhibition of GTP at physiological ATP
concentration. GTP titration curves of ECIMPDH (A) and PalIMPDH (B) measured at
32°C in buffer 100 mM Tris-HCI, pH 8.0, 100 mM KCI, 1 mM DTT, 1 mM free MgClz,
20 nM enzyme, 3 mM ATP, 0.5 mM NAD and IMP concentrations ranging from 4 yM
to 5mM. The Km values in the absence of GTP were 23.45 £ 1.47 uM for EcIMPDH
and 36.96 = 1.62 yM for PaIMPDH.
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Supplemental Figure 7. Eukaryotic and bacterial IMPDHs adopt similar compact
conformation upon allosteric inhibition. A. Structural comparison of the conformation
adopted by IMPDH monomers, upon allosteric inhibition. Blue ribbons: PalIMPDH-
ATP/GDP; Green ribbons: StcIMPDH-ATP/ppGpp; Red ribbons: AgIMPDH-
ATP/GDP/GDP (PDB ID 5TC3). B. Structural superimposition of the octamers formed

by the monomers in panel A.
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Supplemental Figure 8. Sequence alignment of the Bateman domain of selected
prokaryotic IMPDHSs. Fragment of a multiple sequence alignment of the Bateman domain
of selected bacterial IMPDHs. The red arrows indicate key nucleotide-interacting
residues, exclusive of the (p)ppGpp binding site, numbered from left to right according to
the S. coelicolor IMPDH sequence (highlighted): Arg71, Asp118, Arg125 and Asn144. The
green arrows indicate the key nucleotide interacting residues shared by the second
canonical and the (p)ppGpp sites: Glu 188, Lys206 and Lys210.
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Supplemental Figure 9. Evolutionary analysis of bacterial IMPDHs. Rooted
phylogenetic tree of bacterial IMPDHs (best model LG+G+l, (Le and Gascuel,
2008)). Branches are colored according to the taxonomical classification. Archaeal
sequences serve as an outgroup. The length of the radius branches indicates the
amount of change (substitutions/site) between a pair of nodes. The IMPDH
enzymes that do and don’t contain the (p)ppGpp binding site are indicated in light
green and red boxes, respectively.
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Supplemental Figure 10. Tree of life of selected organisms. Rooted phylogenetic
tree of life constructed by the neighbor-joining method, showing bootstrap values
(best model LG+G+F, (Le and Gascuel, 2008)), and branches colored as in
Supplemental figure 6. Presence or absence of the (p)ppGpp binding site in IMPDH
and RNAP sensitivity to (p)ppGpp is indicated on the right, according to our results
and to the presence of the MAR motif in the w-subunit (Hauryliuk et al. 2015. Nat
Rev Microb 13, 298-309). a, B, y and 6-Proteobacteria do not contain the (p)ppGpp
binding site, in contrast to e-Proteobacteria. Nonetheless, some 0-Proteobacteria
IMPDHs (marked with an asterisk: D. gracilis and G. sulfurreducens) contain the
(p)ppGpp binding site. Although the pattern observed in ©&-Proteobacteria is
unexpected, reassuringly, the species tree confidently groups all delta proteobacteria
in @ monophyletic clade. Thereby, it is possible that there has been a horizontal gene
transfer into &-Proteobacteria, but the low resolution in the phylogenetic tree of
IMPDH, and the ambiguous positioning of d-Proteobacteria within this tree, prevents
drawing reliable conclusions. Alternatively, convergent evolution may be at play, with
loss of (p)ppGpp sensitivity happening twice, once in the ancestor of a, § and y-
Proteobacteria and once within d-Proteobacteria.
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Supplemental Figure 11. Lysine acetylation fine-tune bacterial IMPDH allosteric
regulation in vitro. Heatmap representation of the enzymatic percent activity. V, values
normalized to the V, values in the absence of nucleotide of lysine acetylation mimetic
mutants EcCIMPDH-K203Q (A) and BsIMPDH-K206Q (B) at different ATP versus ppGpp or
GTP concentrations. The V, values used for normalization are 7.8 and 9.3 nM/sec for
EcIMPDH-K203Q and BsIMPDH-K206Q, respectively.



Supplemental Figure 12. Effects of guanine nucleotides on the catalytic activity of
HpIMPDH in vitro. Normalized initial velocity (V) values calculated as the V; in the
absence of nucleotides divided by the corresponding values in the presence of the
indicated ones. The experiment was performed at 32°C in buffer 100 mM Tris-HCI,
pH 8.0, 100 mM KCI, 1 mM DTT, 1 mM free MgCl,, 50 nM enzyme, 0.5 mM NAD”
and 0.5 mM IMP. Nucleotide concentrations were (from left to right): 0.5 mM
(p)ppGpp, 4 MM GTP, 2 mM ATP, 0.25 mM ATP + 0.5 mM (p)ppGpp, 0.25 mM ATP
+4 mM GTP. The V, value used for normalization was 6.83 + 0.1 nM/sec.





