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Resumen

Enmarcada en la linea de investigacion de nuestro laboratorio sobre
sefializacién por nitrégeno principalmente en la cianobacteria Synechococcus
elongatus PCC7942, con esfuerzos centrados en las proteinas Pll y PipX y su red
de sefializacién, esta Tesis amplia el espectro de moléculas investigadas en
relacién con dicha red.

Estudia y caracteriza el miembro no candnico de la superfamilia de la
proteina Pll denominado CutA, generalmente anotado como de proteccion
frente a metales divalentes, altamente conservado en todos los dominios de la
vida (incluidos animales y el ser humano). En ella examinamos la posible
proteccién frente a metales provista por CutA en dos bacterias muy distantes,
Escherichia coli y Synechococcus elongatus, usando knockouts para ambas del
gen que codifica para CutA. Ni los estudios de complementacién en E. coli del
gen silvestre ni los observacionales de sensibilidad a metales en S. elongatus
han dado soporte a la funcién anotada para CutA, a pesar de que demostramos
mediante seguimiento turbidimétrico que el Cu?* hace agregar a la proteina
CutA pura de S. elongatus (producida recombinantemente) y por tanto se une a
ella, aunque con una afinidad baja por comparacidon con las concentraciones
toxicas de este metal para dicha cianobacteria.

Buscando profundizar en el conocimiento de CutA, hemos determinado
a muy alta resolucién mediante difraccion de rayos X la estructura de esta
proteina de S. elongatus, sin evidenciar complejo alguno con cobre, pero
demostrando que los tres bolsillos intersubunidades en el homotrimero de
CutA son capaces de transportar moléculas organicas (en nuestro caso Bis-Tris).
Estos resultados apoyan una posible funcién de CutA basada en la unién a estos
bolsillos de biomoléculas neutras o positivamente cargadas y capaces de
formar varios puentes de hidrégeno con las paredes de potencial negativo y

fuerte caracter polar de estos bolsillos.



También hemos estudiado la proteina PipY de S. elongatus, identificada
recientemente como pareja funcional de la antes mencionada PipX,
determinando sus propiedades espectroscépicas, unidon de piridoxal fosfato
(PLP) y resolviendo su estructura mediante difraccion de rayos X. Probamos que
PipY es monomérica y que tiene PLP unido. Su estructura no apoya que sea un
enzima, siendo aparentemente apropiada para ejercer una posible funcién en
la homeostasis de PLP. Dado que muy recientemente se ha descrito una
epilepsia genética humana dependiente de vitamina B¢ debida a mutaciones en
el gen humano ortdlogo de pipY, PROSC (ahora llamado PLPBP; codifica la
proteina PLPHP), usamos inicialmente PipY de S. elongatus y luego PROSC
humana como banco de pruebas de la patogenicidad de las mutaciones que se
han asociado a esta epilepsia, utilizando para ello mutagénesis dirigida y
produccidn de las formas silvestre y mutantes de estas proteinas, comparando
sus propiedades. Estos estudios han demostrado la patogenicidad y establecido
mecanismos para la misma para cada una de las mutaciones de cambio de
sentido de PROSC descritas hasta ahora en esta epilepsia. Nuestros estudios
han representado un importante avance en la comprensién de las proteinas de

tipo PipY y de la epilepsia asociada a la forma humana de las mismas.



Summary

In the context of research of our laboratory on nitrogen signaling
mainly in the cyanobacterium Synechococcus elongatus PCC7942, with efforts
focused on the PIl and PipX proteins and their signaling network, this Thesis
extends the spectrum of molecules investigated in relation to such network.

It studies and characterizes the non-canonical member of the Pl
protein superfamily named CutA, a highly conserved protein in all domains of
life (including animals and humans) which is generally annotated as protecting
against divalent metals. We examine the possible protection provided by CutA
against metals, using knockouts for the CutA-encoding gene of two
phylogenetically distant bacteria, Escherichia coli and Synechococcus elongatus
PCC7942. Neither complementation studies in E. coli by the wild-type gene, nor
observational studies of sensitivity to metals in the S. elongatus knockout have
supported the function annotated for CutA, although we show by turbidimetric
monitoring that Cu?* causes aggregation of pure S. elongatus CutA (produced
recombinantly) and therefore binds to it, although with a low affinity by
comparison with the concentrations of this metal that are toxic for this
cyanobacterium.

Aiming at getting further insight into CutA, we have determined at very
high resolution, by X-ray diffraction, the structure of this protein of S.
elongatus, failing to observe Cu?* bound in this structure, but showing that the
three pockets formed at intersubunit boundaries in the CutA homotrimer are
capable of transporting organic molecules (in our case Bis-Tris) without
inducing conformational changes in the protein. This finding supports a possible
function of CutA based on the binding to these pockets of neutral or positively
charged biomolecules capable of forming several hydrogen bonds with the
pocket walls, which are endowed with negative potential and have a strong

polar character.



We have also studied the PipY protein of S. elongatus, recently
identified as a functional partner of the aforementioned PipX, determining its
spectroscopic properties, binding of pyridoxal phosphate (PLP) and solving its
structure by X-ray diffraction. We prove that PipY is monomeric and has PLP
attached. Its structure does not favor an enzymatic role of PipY, being more
appropriate for exerting a possible function in the homeostasis of PLP. Given
the very recent description of a human vitamin Bs-dependent genetic epilepsy
associated to mutations in the human orthologue of the pipY gene, PROSC (now
called PLPBP, encoding the PROSC protein, now named PLPHP), we used first S.
elongatus PipY and afterwards and more extensively human PROSC to test by
site-directed mutagenesis the pathogenicity of the mutations that have been
associated with this epilepsy. These studies have demonstrated the
pathogenicity and established mechanisms for this pathogenicity for each of
the missense mutations reported thus far in patients with PROSC-associated
epilepsy. Our studies represent an important advance in the understanding of

PipY-like proteins and of epilepsy associated with the human form thereof.



Resum

Emmarcada en la linia d'investigacié del nostre laboratori de
senyalitzacid per nitrogen principalment en el cianobacteri Synechococcus
elongatus PCC7942, amb esforgos centrats en les proteines Pll i PipX i la seua
xarxa de senyalitzacid, esta Tesi amplia I'espectre de molecules investigades en

relacié amb la dita xarxa.

Estudia i caracteritza el membre no canonic de la superfamilia de la
proteina Pll denominat CutA, generalment anotat com de proteccié a metalls
divalents, altament conservat en tots els dominis de la vida (inclosos animals i
I'ésser huma). En ella examinem la possible proteccié front a metalls proveida
per CutaA en dos bacteris molt distants, Escherichia coli i Synechococcus
elongatus, usant knockouts del gen que codifica CutA per a ambdues. Ni els
estudis de complementacié en E. coli del gen silvestre ni els observacionals de
sensibilitat a metalls en S. elongatus han donat suport a la funcié anotada per
CutA, tot i que vam demostrar mitjancant seguiment turbidimétric que el Cu?*
fa agregar a la proteina CutA pura de S. elongatus (produida de forma
recombinant) i per tant s'uneix a ella, encara que amb una afinitat baixa per
comparacié amb les concentracions toxiques d'aquest metall per a aquest
cianobacteri.

Buscant aprofundir en el coneixement de CutA, hem determinat a molt
alta resolucié mitjangant difraccié de raigs X I'estructura d'aquesta proteina de
S. elongatus, sense evidenciar cap complex amb coure, perdo demostrant que
les tres cavitats formades entre les subunitats del homotrimer de CutA sén
capagos de transportar molécules organiques (en el nostre cas Bis-Tris).
Aquests resultats donen suport a una possible funcié de CutA basada en la unié
a aquestes cavitats de biomolecules neutres o positivament carregades i
capacos de formar diversos ponts d'hidrogen amb les parets de potencial

negatiu i fort caracter polar d'aquestes cavitats.



També hem estudiat la proteina PipY de S. elongatus, identificada
recentment com a parella funcional de I'abans esmentada PipX, determinant
les seves propietats espectroscopiques, unié de piridoxal fosfat (PLP) i resolent
la seva estructura mitjancant difraccido de raigs X. Vam provar que PipY és
monomerica i que té PLP unit. La seva estructura no recolza que sigui un enzim,
sent aparentment apropiada per a exercir una possible funcié en I'homeostasi
de PLP. Atés que molt recentment s'ha descrit una epilépsia genética humana
dependent de vitamina Bs deguda a mutacions en el gen huma ortoleg de pipY,
PROSC (ara anomenat PLPBP; codifica la proteina PLPHP), fem servir inicialment
PipY de S. elongatus i després PROSC humana com banc de proves de la
patogenicitat de les mutacions que s'han associat a aquesta epilépsia, utilitzant
mutagenesi dirigida i produint les formes silvestre i mutants d'aquestes
proteines, comparant les seves propietats. Aquests estudis han demostrat la
patogenicitat i establert mecanismes per a la mateixa per a cadascuna de les
mutacions de canvi de sentit de PROSC descrites fins ara en aquesta epilepsia.
Els nostres estudis han representat un important avang en la comprensié de les
proteines de tipus PipY i de I'epilepsia associada a la forma humana de les

mateixes.
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Introduccion general y objetivos

Seccién 1. INTRODUCCION GENERAL Y OBJETIVOS

A. Latematica de esta tesis.

Este trabajo de tesis se ocupa de dos proteinas, los productos respectivos de
los genes COG1324 y COGO0325, CutA y PipY/PLPHP (previamente PROSC), los
cuales, de acuerdo con la base de datos EGGNOG

(http://eggnogdb.embl.de/#/app/results), son de distribucién universal (“All

organisms”), anotandolos, respectivamente, como “Inorganic ion transport
and metabolism. Tolerance protein” y “Function unknown. Alanine racemase
domain protein”. AlUn a riesgo de duplicaciones, explicaré en primer lugar por
gué me he ocupado de estas dos proteinas y qué las conecta en el contexto de
esta tesis.

El interés clasico del grupo de mi director, V. Rubio, se centra en la sintesis
de arginina y urea y en sus patologias. Sin embargo, los intentos de su grupo
para determinar la estructura de una proteina clave del ciclo de la urea, la
enzima carbamil fosfato sintetasa | (CPSl), les llevaron a determinar la
estructura de una enzima mas simple, la carbamato quinasa (Marina et al.,
1998), enzima que se habia propuesto (equivocadamente, ver de Cima et al.,
2015) como analogo estructural mas simple de la CPS. La estructura de la
carbamato quinasa desveld un nuevo plegamiento, el fold aminoacido quinasa
(AAK) (Pfam: PF00696, InterPro: IPR001048) en cuya exploracion vy
caracterizacién de nuevos miembros el grupo se volcé en la primera década del
siglo XXI.

En ese proceso determinaron estructuras de las N-acetil-L-glutamato
quinasas (NAGK) no retroinhibibles (Ramdn-Maiques et al., 2002) vy

retroinhibibles por arginina (Ramdn-Maiques et al., 2006). En 2004 Asuncion
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Contreras (Alicante) y Karl Forchhammer (Giessen, y mas tarde Tlbingen) y sus
grupos descubrieron independientemente que la NAGK retroinhibible por
arginina es en cianobacterias y plantas una diana de PIl (Burillo et al., 2004;
Heinrich et al.,, 2004). PIl es (Forcada-Nadal et al., 2018) una proteina
sefializadora muy antigua, de muy amplia difusidon, presente en todos los
dominios de la vida (aunque no esta presente en animales), siendo descrita
inicialmente, en los afios 60 del siglo XX, como sensor clave de riqueza de
nitrégeno y controladora de la modificacidn covalente de la glutamina sintetasa
y por tanto de la regulacidon de esta importante enzima de acumulacién de
nitrégeno en microorganismos y plantas (revisado en Stadtman, 2001). Para
tratar de entender cdmo Pl controla a sus dianas, el laboratorio del Dr. Rubio,
incitado por los de Contreras y Forchhammer, determind la estructura del
complejo de Pll con NAGK, ambas de la cianobacteria Synechococcus elongatus
PCC7942 (en adelante S. elongatus) aclarando como es ese complejo (Fig. 1A) y
por qué la unién de Pl activa a la NAGK de organismos fotosintéticos (LIacer et
al.,, 2007), y explicando el impacto de esa funcion en la acumulaciéon de
nitrégeno como arginina de los organismos fotosintéticos (Llacer et al., 2008).
La estructura del complejo PII-NAGK fue la segunda determinada de un
complejo de PIl con una de sus dianas, pocos meses tras la determinacion
estructural del primer complejo de Pll, con el canal de amonio AmtB de
Escherichia coli (Gruswitz et al., 2007; Conroy et al., 2007). Tres afios después el
grupo de V. Rubio, también en colaboracién con los de Contreras vy
Forchhammer, arrojo la primera luz estructural sobre cdmo puede controlar Pll
la actividad génica (Llacer et al., 2010). Para ello usé también proteinas de S.
elongatus, determinando la estructura del complejo de PIl con una proteina
adaptadora de la que se ignoraba todo, PipX (Fig. 1B), proteina que podia
interaccionar bien con PIll, bien con el regulador transcripcional general de
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nitrégeno, NtcA, activando a este ultimo (Espinosa et al., 2006). También
determind las estructuras de NtcA solo y en complejo con PipX (Llacer et al.,
2010) y, mas recientemente (aln no publicado) en complejo con el DNA y con
PipX, asi como de PipX aislada (no asociada a otras proteinas) (Forcada-Nadal et

al., 2017).

Figura 1. Representacién en superficie semitransparente y cintas de los complejos
determinados por nuestro laboratorio entre Pll de S. elongatus y sus proteinas diana:
A) PII-NAGK, azul y dorado, respectivamente. PDB:2V5H (Llacer et al., 2007) y B) PlI-
PipX, azul y granate, respectivamente, PDB: 2XG8 (Llacer et al., 2010).

Estos hitos estructurales han situado a nuestro grupo en la vanguardia de los
estudios de sefializaciéon por nitrégeno, llevandole a establecer una linea de
investigacion estable dedicada a PIl, PipX y a los diferentes elementos
relacionados con los mismos. Esta linea, en la que se encuadra esta tesis, con ya
tres tesis doctorales defendidas (J.L. Llacer, 2011; C. Palanca, 2016; A. Forcada-
Nadal, 2018), incluye como logros adicionales la determinacién de las primeras
estructuras de una Pl haldfila (en colaboraciéon con el grupo de la Dra. M2 José
Bonete, Universidad de Alicante; Palanca et al., 2014), de la forma uridililada de

GInB (uno de los dos paralogos de Pll de E. coli) (Palanca y Rubio, 2017), y del
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regulador transcripcional AmtR, diana de PIl en Corynobacterium glutamicum
(Palanca y Rubio, 2016). También se ha conseguido la caracterizacién funcional
(en colaboracién con K. Forchhammer) de la influencia de PipX en la unién de
NtcA a DNA (Forcada-Nadal et al., 2014); y, en colaboracion con A. Contreras, la
demostracién y modelizacidn grosera de un complejo ternario de PIl, PipX y
PImA (Labella et al., 2016; soy coautora de este trabajo, que no se ha incluido
en esta Tesis Doctoral), siendo PImA un regulador transcripcional de
cianobacterias; y la demostracion (esta vez como colaboradores de A.
Contreras) de que PipX establece interacciones funcionales con la proteina de
unién a piridoxal fosfato (PLP) PipY (Labella et al., 2017), proteina objeto de
uno de los capitulos de esta tesis doctoral.

Asi, mi trabajo se encuadra en la linea del grupo que se centra en el estudio
de Pll y de su red de sefializacién con PipX, resumida para S. elongatus en la Fig.
2, y en la que se ilustran dos nuevas dimensiones simbolizadas por las dos
flechas sélidas verticales que emergen del plano de la red a nivel de las
proteinas PIl y PipX.

Una de esas flechas sefiala a la proteina CutA (Fig. 2), el producto del gen
COG1324. Se trata de una proteina que los estudios filogenéticos finos y las
comparaciones estructurales han establecido como miembro de la superfamilia
de PIl (Kinch y Grishin, 2002), si bien las comparaciones de secuencia no
detectan identidad significativa con PIlI clasica (ver mas abajo en esta
Introduccion). Dada esta falta de reconocimiento por identidad de secuencia, y
puesto que a CutA le falta un elemento clave para las interacciones de PIl con
sus dianas, el largo y flexible lazo T (ver secciones posteriores), a esta proteina
se la considera un miembro no candnico de la superfamilia de Pl

(Forchhammer y Liiddecke, 2016).
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Figura 2. Esquema de la red de sefializacién mediada por PII-PipX en S. elongatus tal
como la presenta en su tesis doctoral A. Forcada Nadal. Sobre este esquema se han
superpuesto, saliendo hacia arriba desde el plano de la red, dos flechas. Una de ellas
simboliza la pertenencia de PIl a su superfamilia y su relacién, por tanto, con la
proteina no candnica de esta superfamilia llamada CutA. La otra flecha simboliza la
existencia de interacciones funcionales de PipX con la proteina PipY.

Cuando empecé en el laboratorio, éste trataba de extender sus estudios a
los miembros no candnicos de la familia de PIl, concentrandose en CutA por su
presencia universal en todos los filos, incluyendo los mamiferos y el ser
humano. La pregunta basica sobre dicha proteina era cual era su funcién,
pregunta que venia asociada a la de por qué CutA tiene difusién universal
desde bacterias al ser humano. Ya he mencionado la anotacién de la misma en
la base de datos EggNOG como “Inorganic ion transport and metabolism.
Tolerance protein”. Es mas explicita en este contexto la base de datos

UniProtKB (https://www.uniprot.org), que denomina a las dos formas de CutA
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bacteriana usadas en nuestros estudios (de E. coli y S. elongatus; UniProtkB
P69488 y Q31KX8, respectivamente) “Divalent-cation tolerance protein CutA” y
“Periplasmic divalent cation tolerance protein”, respectivamente, con las
siguientes anotaciones funcionales: “Involved in resistance toward heavy
metals” y “Response to metal ions”, respectivamente. Sin embargo, como se
detalla luego, las evidencias a favor de esa funcidn de resistencia a metales nos
parecieron poco robustas, asi que desde el principio de mi trabajo un objetivo
central fue someter a prueba la posible implicacion de CutA en la resistencia a
metales en el organismo en el que se habia propuesto tal funcién, E. coli,
aunque adicionalmente tratamos de extender las evidencias a S. elongatus, que
siendo una cianobacteria esta lejana filogenéticamente de E. coli. Ademas,
como bien estructuralmente bien mediante evidencias indirectas (ver mas
adelante) se habian publicado propuestas sobre la ubicacién de los sitios de
unién de Cu® en CutA de varias especies (incluida la humana) tratamos de
someter a prueba la universalidad de estos sitios determinando la estructura de
CutA de una estirpe bacteriana (S. elongatus) distinta a las investigadas
previamente por otros. Igualmente, espoleados por un provocador articulo
firmado por el premio Nobel James Watson (Laskowski et al., 2003) sobre la
posible definiciéon de las funciones de CutA por su capacidad de carga (en el
sentido de cargamento, no de carga eléctrica) de sus tres bolsillos
intersubunidades, hemos explotado la alta resolucién de nuestras estructuras
para demostrar que de hecho dichos bolsillos pueden cargarse con compuestos
organicos, aunque el detectado por nosotros es un tampdn organico no natural.
Afadiré también en cuanto al interés de CutA, su excepcional termoestabilidad,
que para la proteina del mesdfilo E. coli tiene una temperatura de
desnaturalizacién (establecida mediante calorimetria diferencial de barrido,
DSC) de aproximadamente 90°C (Matsuura et al., 2010).
8
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La segunda flecha sélida que emerge fuera del plano desde PipX en la Fig. 2
sefiala a la proteina PipY de S. elongatus (PLPHP en el ser humano, antes
llamada PROSC), el producto del gen COG0325 sefialado en EggNOG como de
funcién desconocida, y para la que los estudios (en colaboracién con nuestro
grupo) del equipo de la Dra. Contreras (Labella et al., 2017) indicaron la
existencia de interaccion funcional en S. elongatus con PipX. Dicha interaccion
se manifestd en las influencias reciprocas detectadas mediante modificacion
genética de S. elongatus, pero sin que se encontrara una interaccion fisica
directa entre ambas proteinas. Mi investigacion sobre la funcidn y estructura de
la proteina PipY de S. elongatus constituye el Capitulo 1 de la Seccién 2 de este
trabajo de tesis. Ademds, en linea con los intereses de nuestro grupo en
patologia genético-molecular humana, la descripcidon de una forma de epilepsia
genética dependiente de vitamina Bg asociada a mutaciones en el gen COG0325
humano (Darin et al., 2016) propicié nuestro uso inmediato de la proteina PipY
de S. elongatus como sistema modelo para estudiar el efecto patogénico de las
mutaciones de cambio de sentido asociadas a la enfermedad. Seguidamente
extendimos y profundizamos estas investigaciones (Capitulo 2 de la Seccién 2
de esta Tesis) al estudio de la proteina correspondiente humana, entonces
denominada PROSC, y hoy denominada PLPHP como acrénimo del inglés
pyridoxal phosphate homeostasis protein, por la inferencia de que su funcién
tiene que ver con la homeostasis para PLP, si bien tal homeostasis no ha sido
concretada molecularmente.

En resumen, y cierro aqui este anteprdélogo, me he ocupado de dos
proteinas que tienen en comun el estar relacionadas con el sistema regulador
de PII-PipX: CutA, producto de un lejano gen paralogo del gen codificante de
PIl; y PipY, interactuante funcional de PipX. Para ambas proteinas la funcion
que desempefia cada una dista de haber sido aclarada en términos

9
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moleculares. De ambas se conocen sus estructuras, y las dos tienen ortélogos
humanos, de los que el de PipY se asocia a una patologia neurolégica genética.

Estos son los componentes con los que he elaborado la presente tesis.

B. CutA

B.1. Regulaciéon del metabolismo de nitrégeno y proteina PII.

El nitrégeno es un elemento esencial para los seres vivos (Alberts et al.,
2016), del que, para su utilizacién biolégica, hay que convertir la forma
abundante, pero inerte, de la atmdsfera, N, (Lee et al., 2014), asi como el
nitrato y nitrito del suelo, en amonio (NH4*), utilizable por todos los organismos
(Burris, 1991; Hoffman et al., 2014; Nelson y Cox, 2005) (Fig. 3). Bacterias y
plantas usan generalmente el NH;* mediante el sistema GS/GOGAT, con dos
reacciones consecutivas que involucran a la glutamina, el glutamato y el
compuesto intermediario del ciclo de Krebs 2-oxoglutarato (2-OG) (Fig. 3),
produciendo una molécula de glutamato por amonio utilizado, glutamato que
proveera el nitrégeno para la sintesis de otros aminoacidos (Merrick y Edwards,
1995; Reitzer, 2003; Nelson y Cox, 2005) (Fig. 3).

Fijacién Asimilacién
N, NH,* ) NH,*

/ <
Glu GlIn <g
joi]
5 N0 o biol NH,OH -NH:JGOGAT %
g Ciclo biolégico 8
© -
2 del nitrégeno NO.- Gu 206 3
& / ’ \JT
| =
@ B Ciclo de
2 No NO, -NH,  Krebs
l METABOLISMO
‘\ Biosintesis DEt CARBONO

NO, Nos-—Noa'

Figura 3. Principales formas de nitrégeno utilizadas por los seres vivos y resumen del ciclo
y de la incorporacién bioldgica de nitrégeno (Richardson, 2001; Ohashi et al., 2011).
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El metabolismo y el uso de nitrogeno estan fuertemente regulados. Un
punto clave de esta regulacién es la enzima glutamina sintetasa (GS), para la

gue se ha descrito una compleja cascada regulatoria que incluye elementos de

’Adenililtransferasa I 1 Adenililtransferasa ’

U|\|/|p A Figura 4. Esquema
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proteina PILI.
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control feed-back y otros de modificacidon covalente (Fig. 4). En el estudio de
esa cascada se descubrid la importante proteina reguladora Pll (revisado en
Stadtman, 2001), proteina que controla una enzima bifuncional (ATasa; Jiang et
al., 2007) que adenilila/desadenilila la GS, y la cual, a su vez, estd regulada por
uridililacion/desuridililacién de su residuo Tyr51 por una uridililtransferasa
bifuncional (Fig 4).

Hoy sabemos (revisado en Forchhammer y Liddecke, 2016) que las
proteinas PIl constituyen una amplia familia que incluye ortélogos y paralogos
gue han sido clasificados en formas candnicas y no candnicas segun identidades
de secuencia, y segun la presencia o ausencia del largo y flexible lazo T que en

la proteina PIl cumple misiones de interaccién y transduccion de sefales. Las
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formas candnicas se distribuyen muy ampliamente en los tres dominios de la
vida, aunque sin estar presentes en el reino animal. Son importantes sensores
del estado de abundancia de carbono, nitréogeno y energia, siendo elementos
clave en la sefializacién por nitrégeno. Este papel regulador esta mediado por la
union a PIl de los efectores alostéricos 2-OG y ATP y, excepto en plantas, por la
unién de ADP (Forchhammer y Liiddecke, 2016), y en algunos organismos
(Palanca et al., 2014) incluso por la unién de AMP. Ademas, en bastantes
bacterias las proteinas Pll se regulan también por modificacién postraduccional
de sus flexibles lazos T como ya hemos sefalado para Pll de E. coli, que es
uridililable o adenililable en proteobacterias y actinobacterias (Merrick, 2015) o
fosforilable en Ser49 en algunas cianobacterias (Forchhammer y Tandeau de
Marsac, 1995).

Las acciones de Pll se ejercen a través de interacciones con proteinas diana
gue pueden ser canales de membrana (Thomas et al., 2000; Conroy et al., 2007;
Gruswitz et al., 2007), enzimas (Jiang et al., 2007; Burillo et al., 2004; Heinrich
et al., 2004), o sistemas reguladores de la expresiéon génica, como el sistema
mediado por la proteina PipX, co-activador del factor de transcripcion NtcA en
cianobacterias (Espinosa et al., 2006). La proteina Pll actua a la vez como sensor
del estado de riqueza en nitrégeno/carbono/energia mediante la unién de sus
efectores alostéricos (Forchhammer y Liiddecke, 2016), y como transductor de
sefiales, funciones ejercidas porque los efectores unidos, dependiendo de
cuales sean, favorecen una conformaciéon u otra del lazo T y asi facilitan o
impiden la unién con una u otra proteina diana (Llacer et al., 2007; Llacer et al.,
2010). No revisaré aqui por brevedad como ejerce su funcion la modificacion

covalente de PII.
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B.2. De PIl a la superfamilia PII

Desde que se descubrid que E. coli tiene dos genes paralogos para proteinas
Pll (gInB y gInK) fue patente que las proteinas Pll constituian una familia de al
menos estos dos elementos (Xu et al., 1998; Thomas et al., 2000). Con la
secuenciacién de genomas se definieron tres subtipos de proteinas PIl
(Arcondéguy et al.,, 2001): i) GInB, que controla a la GS, con cuyo gen
generalmente forma un operdn , coexpresandose con él, (Arcondéguy et al.,
2001), ii) GInK, cuyo gen se asocia al del canal de amonio AmtB al que controla
(Radchenko et al., 2014), y iii) Nifl, cuyo gen se asocia al operén multicistronico
de la nitrogenasa en arqueas y bacterias fijadoras de N, (Arcondéguy et al.,
2001). Esta familia se amplié mas recientemente (Sant’Anna et al., 2009) con
proteinas con identidad de secuencia reconocible y significativa con los tipos
anteriores, aunque no encuadrables en los mismos. Para estos genes y
proteinas se generd el nuevo grupo PII-NG (Fig. 5). Los genes para el grupo PII-
NG con frecuencia se localizan junto a genes para transportadores de metales

pesados (Sant’Anna et al., 2009).

Superfamilia Pll Figura 5. Clasificacion de
la superfamilia Pll
[ I 1 propuesta por Sant’Anna
PII-NG et al. (2009)
GInB/GInK Nifl (nuevo grupo de
proteinas PII)

La familia ampliada de Pll forma parte de una superfamilia mds extensa
(Kinch y Grishin, 2002) construida tras un rastreo centrado en las proteinas
canodnicas de tipo PIl que hizo uso transitivo de Blast-P. La superfamilia se

compone de 7 grupos, de los que un grupo central al que denominaron grupo Il
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incluye secuencias de la familia cladsica Pll. Las busquedas encadenadas
mediante Blast-P relacionaron los grupos IV y Va con la familia Pl clasica via
similitudes con los grupos intermedios Il y V, respectivamente (Fig. 6) (Kinch y

Grishin, 2002).
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Figura 6. Superfamilia PIl, de acuerdo con Kinch y Grishin (2002). Las flechas negras
indican que la deteccién del grupo se ha producido por Blast usando en la
busqueda las proteinas del grupo del que procede la flecha. Las flechas azules
indican que la deteccidn del grupo se ha producido por Blast y alineamiento de los
grupos incluidos en el recuadro azul de linea discontinua. Las flechas granate
indican que el grupo se ha detectado por Blast de secuencias individuales del
grupo de procedencia e la flecha. Los identificadores COG se refieren a grupos de
genes ortdlogos de diferentes organismos que pueden encontrarse en la base de
datos EggNOG (http://eggnogdb.embl.de/#/app/results). Modificado de (Kinch y
Grishin 2002) con autorizacion de Wiley.

Es de particular interés que para la identificacién del grupo IV se utilizaron
tanto criterios de similitud de secuencia (que dieron puntuaciones débiles de
similitud con el grupo Ill y solo para la mitad C-terminal de las proteinas de los
grupos lll y IV) como la prediccidén de fold estructural, que arrojo para uno de

los miembros del grupo IV la maxima nota para el fold ferredoxina de la
14
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proteina spliceosomal U1A [archivo del Protein Data Bank (PDB) 1URN, cadena
A]. Dado que esta proteina exhibe con pequenas diferencias el mismo
plegamiento que PIl [patron de estructura secundaria de tipo ferredoxina,
(BapB):], este hallazgo dio mayor robustez a la adscripcidn del grupo IV a la
superfamilia de PIl. Este grupo IV es de particular interés para nosotros porque
lo constituyen las proteinas CutA, objeto del Capitulo 3 de la Seccién 2 de esta
Tesis.

En el detallado trabajo de Kinch y Grishin (2002) se concluyé que los
diferentes miembros de la superfamilia deberian ser homotrimeros con
arquitecturas similares a PIl, cuya estructura se habia determinado ya por
entonces (Cheah et al., 1994). También se predijo que en base a la comparacion
de secuencias era posible que mantuvieran la cavidad utilizada por Pll para la
union de un nucledtido de adenina y de 2-oxoglutarato/ATP. Ambas
conclusiones fueron corroboradas para la proteina CutA cuando se
determinaron las estructuras de CutA de E.coli y rata (Arnesano et al., 2003).

Los estudios de conservacién de secuencia de Kinch y Grishin (2002)
también aportaron evidencias en contra de que el ATP fuera un ligando de las
proteinas de la superfamilia que no pertenecian al grupo Il. En resumen, se
concluia que el sitio de unién de ligando parecia estar conservado en los
trimeros de la superfamilia, pero que la especificidad del sitio deberia variar.
También sefialaron en el caso de los miembros de los grupos Il y IV que el sitio
potencial de unién de ligando exhibia residuos cargados e invariantes en esos
grupos. Igualmente, identificaron para estos grupos residuos conservados en el
canal central del trimero, lo que les llevd a plantear la posibilidad de que las
proteinas del grupo IV tuvieran alguna funcién de canal (Kinch y Grishin, 2002).

Mas recientemente, Forchhammer y Liddecke (2016) han sometido a
analisis la familia de proteinas Pll mediante comparacion de las estructuras de
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proteinas de esta familia depositadas en la base de datos PDB. En su estudio, la
superfamilia comprende dos grupos, uno (Fig. 7, Proteinas Pll) de proteinas que
presentan tanto identidad estructural y cardcter homotrimérico como
identidad de secuencia significativa con proteinas Pll genuinas (sin aplicacién de
un procedimiento transitivo a través de paralogos intermedios como hicieron
Kinch y Grishin) y otro (Fig. 7, Proteinas con plegamiento tipo PIl) que incluye
proteinas con similitud estructural pero sin identidad significativa de secuencia
con PII clasica. El primer grupo incluye proteinas de los subtipos GInB, GInK y
Nifl. El segundo incluye las proteinas de tipo CutA que, como ya se ha dicho,
son objeto de una parte de este trabajo de tesis. Este grupo también incluye
proteinas como PstA o DarA (Gundlach et al., 2015), que unen AMP ciclico, asi
como SbtB (Forchhammer y Liiddecke, 2016), un posible componente regulador
de un transportador de bicarbonato dependiente de sodio (Shibata et al.,

2002).

Superfamilia Pll

Proteinas con
Proteinas PII plegamiento tipo
Pl
—] | I
GInB GInK Nifl CutA PstA/DarA ShtB

Figura 7. Clasificacion de los miembros de la superfamilia Pll propuesta por
Forchhammer y Liiddecke (2016).

Todas estas proteinas comparten el ser homotrimeros de una subunidad de
100-170 aminodcidos [con excepciones representadas por proteinas del grupo

Il de Kinch y Grishin (2002), que son proteinas multidominio uno de cuyos
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dominios se corresponde con una proteina de esta superfamilia], en las que
cada polipéptido presenta un plegamiento tipo ferredoxina (Bap),,
ensambldndose el trimero por continuidad de sus hojas beta, que conforma
una hoja B molecular cerrada de cardcter tronco-cdnico, con un poro-tunel
central, mientras que las hélices a recubren externamente esa hoja B cerrada
(Forchhammer y Liddecke, 2016).

En resumen, tanto la comparacion cuidadosa de secuencias aumentada con
la prediccién estructural (Kinch y Grishin, 2002) como el andlisis primariamente
estructural (Forchhammer y Ludeckke, 2016) confluyen en establecer que CutA
es un miembro de la superfamilia Pll. A continuacién, pasamos a introducir los
conocimientos existentes sobre la proteina CutA, que en dos de sus formas

bacterianas es objeto de parte de esta memoria de Tesis.

B.3. Identificacidn inicial del gen codificante de la proteina CutA.

El gen que codifica CutA en E. coli, cutA1, fue identificado originalmente en
esta bacteria durante el estudio del locus cutA, cuya mutacidn se habia
asociado con un aumento de sensibilidad por parte de la bacteria a los efectos
toxicos del cobre (Cu?*) y de los metales pesados, por lo que se propuso que
este locus de 3.2 kb localizado en el minuto 94 del genoma de E. coli (Fong et
al., 1995) podria estar implicado en los mecanismos de transporte de cobre. De
hecho, su nombre fue asignado por las siglas en inglés de Cu®* transport (Rouch
et al.,, 1989). Se identificaron en este locus tres pautas abiertas de lectura
consideradas significativas, a las que se denomind cutAl, cutA2 y cutA3 (Fig. 8).
Estudios de complementacion para tolerancia a cobre del mutante cutA™ ( cepa
carente del locus cutA) usando plasmidos que contenian fragmentos de ADN de
la zona delecionada fueron capaces de mejorar la tolerancia al cobre solo

cuando contenian tanto cutAl como cutA2 (Fig. 8, sefialados con un signo +)
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(Fong et al.,, 1995). La introduccion exclusiva de cutAl no aumentd la
tolerancia, y en ningun caso se introdujeron cutA2 o cutA3 solos, por lo que,
aunque estos estudios demostraron claramente la implicacién de cutA2 en la
tolerancia al cobre, no aclararon el papel de cutA1l, a pesar de lo cual se asumié

que cutAl también estaba implicado en la tolerancia a este metal.

P P

pheU cutA3 cutA2 cutAl ienA

+ pFsST1
= pFST2
+ pFST3
= pFST4
= pFST5
= pFST6

= pFST7 A

Figura 8. Esquema de Fong et al. (1995) de las pautas de lectura en el locus cutA de E.
coli. Nétese que, aunque en este esquema no se representa, cutAl solapa con cutA2. Se
alinean debajo los fragmentos de DNA utilizados en dicho trabajo en estudios de
complementacién indicandose sus nombres a la izquierda y el resultado obtenido en la
complementaciéon con un signo positivo (+) o negativo (-). El tridangulo en pFST7
representa una interrupcion del gen con un cassette de resistencia a antibidtico.
Reproducido con autorizacion de Wiley.

De forma simultanea, otro grupo (Crooke y Cole, 1995) secuencié el mismo
locus en un estudio de complementacion de un mutante de E.coli que
presentaba afectada la biogénesis de citocromos de tipo C y que es incapaz de
usar nitrito como aceptor de electrones durante el crecimiento anaerdbico. Asi
se identificd como responsable la proteina DipZ de E. coli, con un dominio tipico
de disulfuro isomerasa, enzima que cataliza la formacién y ruptura de puentes
disulfuro entre residuos de cisteina durante el plegamiento de una proteina.
Ese mismo afio, otro estudio independiente basado en la bisqueda de genes

implicados en la formacion de puentes disulfuro identifico el gen dsbD,
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codificante de la proteina del mismo nombre, que se comprobd actuaba como
agente reductor en el periplasma (Missiakas et al., 1995). En ese ultimo trabajo
se detectd que la secuencia de dsbD era idéntica a las de dipZ y cutA2, lo que
permitié extender la funcién de dipZ a la biosintesis de otras proteinas
adicionales a citocromos de tipo C. Poco después se comprobd la disminucion
de la tolerancia al cobre de la cepa con la mutacion en dipZ (Metheringham et
al., 1996). Esta implicacién de dsbD (sinénimos, dipZ o cutA2) en los
mecanismos de tolerancia al cobre se justificé por la importancia de los grupos
sulfhidrilo en la resistencia a metales (Brown et al., 1991; Metheringham et al.,
1996).

Como ya se ha mencionado, actualmente la proteina codificada por cutAl,
generalmente denominada CutA, aparece frecuentemente anotada en las bases
de datos como proteina de tolerancia a cationes divalentes o como proteina
implicada en la resistencia a metales. Sin embargo, como ya se ha indicado y
como se insistira mas adelante, la implicacién de esta proteina en tal tolerancia
o resistencia esta aun pendiente de ser demostrada rigurosamente, siendo esta

una de las cuestiones abordadas aqui.

B.4. La proteina CutA.

A juzgar por la presencia de su gen codificante, la proteina CutA se
encuentra ampliamente distribuida en la naturaleza, estando presente en
bacterias, arqueas, plantas, hongos y animales (Perrier et al., 2000). Esta
proteina es el miembro no canénico de la superfamilia Pll que ha sido mas

estudiado, a pesar de lo cual su funcién dista de haber sido esclarecida.
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Tabla 1: Estructuras de CutA resueltas y depositadas en el Protein DataBank

(PDB)
Organismo PDB Afio Resol. (A) Ligandos® Notas®? Ref.?
Pyrococcus horikoshii 1UKU 2003 1.45 Cu®* - 1
1J2V 2003 2.00 - SeMet 1
1UMJ 2003 1.60 Guanidina - 2
2E66 2006 2.00 CI, Na* D60A -
4ANYP 2013 2.00 Na*, SO4 CSD -
4NYO 2013 1.80 CI, MES, Na*, SO, CSD 3
Archaeoglobus fulgidus 1P1L 2003 2.00 - - -
Escherichia coli INAQ 2002 1.70  p-hidroximercuri- - 4
benzoato
3AA9 2009 230 - E61V 5
3AA8 2009 230 - 2 muts. 5
3AH6 2010 240 - - 5
3X3U 2015 2.09 - - -
4Y65 2015 1.70 - 3 muts. -
4Y6l 2015 1.70 - 4 muts. -
Thermotoga maritima 1KR4 2002 1.40 - SeMet 6
105) 2003 195 - SeMet -
1VHF 2003 1.54 - SeMet 7
Thermus thermophilus  1NZA 2003 1.70 CI, Na*, SO4,GOL - 3
1V6H 2003 190 SOs - 3
47K7 2015 3.40 Corismato mutasa 13 muts. 8
Xylella fastidiosa 2NUH 2006 1.39 Imidazol - -
Yersinia pestis 3GSD 2009 2.05 Na*, HEPES, EDO, - -
PEG
Shewanella sp. 3AHP 2010 270 - - 9
Salmonella enterica 30PK 2010 1.90 Na*, Mg?*, ACT - -
Ehrlichia chaffeensis 4lyQ 2013 2,55 Ca** - -
Cryptosporidium parvum 4E98 2012 2.00 CI - 10
Oryza sativa 2Z0M 2008 3.02 S04, GOL - -
Rattus norvegicus 10SC 2003 215 - - 4
Homo sapiens 1XK8 2004 2.70 Na* - -
2ZFH 2006 2.05 - - 11

Los colores azul, verde y rojo indican si el organismo es Arquea, Bacteria o Eucariota, respectivamente.
1 MES: 4cido 2-(N-morfolino)-etanosulféonico, GOL: glicerol, ACT: ion acetato, EDO: etilenglicol.
2CSD: 3-sulfinoalanina. Muts: mutaciones.
31: Tanaka et al., 2004a. 2: Tanaka et al., 2004b. 3: Bagautdinov 2014. 4: Arnesano et al., 2003. 5:

Matsuura et al., 2010. 6: Savchenko et al., 2004. 7: Badger et al., 2005. 8: Bale et al., 2015. 9: Sato et

al., 2011. 10: Buchko et al., 2015. 11: Bagautdinov et al., 2008.
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El gen cutA codifica en bacterias un polipéptido de 112 residuos con una
masa molecular de unos 12 kDa. Se han realizado numerosos estudios
cristalograficos con esta proteina de diferentes especies (Tabla 1)
concluyéndose que forma un homotrimero (Fig. 9) con idéntica topologia
relativa de las subunidades que en PIl candnica. Como en PII, su subunidad (Fig.
9A) presenta un plegamieno tipo ferredoxina (Bia1B2B302B4), con las hebras B
dispuestas de forma antiparalela y cuyas hebras B2fs son muy largas y estan
conectadas por un lazo, equivalente al lazo T de Pll pero mucho mas corto (Fig.
9). Al dominio ferredoxina le siguen una hebra y una hélice extra (Bsas) hacia el
C-término del polipéptido (Arnesano et al., 2003; Savchenko et al.,, 2004,
Tanaka et al., 2004a). Tres subunidades de esta proteina se unen para producir
el homotrimero caracteristico de las proteinas de esta superfamilia al que le
faltan los prominentes lazos T de PIl (Fig. 9). Como ya se ha mencionado, y
aunque no se muestran detalladamente aqui, entre las subunidades se forman

cavidades que son accesibles desde el solvente (Arnesano et al., 2003) .

Figura 9. Comparacién de las estructura de CutA (PDB: 3AA8) y de GInB (Pll; PDB: 2PIl)
de E. coli. (A) Subunidad de CutA (en magenta) superpuesta a la de GInB (azul), ambas
en representacion de cintas. Se sefialan los elementos principales de su estructura
secundaria. (B) Representacion en cintas de CutA superpuesta sobre la superficie
(transparente) de PII. Las flechas negras sefialan los lazos T de PII.
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Una caracteristica particular de CutA es su muy elevada estabilidad térmica,
con temperaturas de desnaturalizacion (irreversible) determinadas por
calorimetria diferencial de barrido (DSC), bajo idénticas condiciones, de 90°C
para un mesofilo como E. coli y de 150°C para el hiperterméfilo Pyrococcus
horikoshii (Matsuura et al., 2010; Tanaka et al., 2006). Estas temperaturas son
mucho mas elevadas que las dptimas para la vida de estos organismos
[37°C para E. coli; aproximadamente 98°C para P. horikoshi (Gonzalez et al.,
1998)]. Igualmente, las temperaturas de desnaturalizacion de CutA de Thermus
thermophilus, del arroz y de humanos se han estimado en aprox. 113, 97 y 95
°C, respectivamente (Bagautdinov et al., 2015; Sawano et al., 2008). Incluso en
la bacteria psicrotrofica (es decir, que se reproduce en ambiente frio)
Shawanella sp. SIB1, CutA no se despliega completamente hasta alcanzar una
temperatura de 90°C (Sato et al., 2011). Se ha responsabilizado de esa gran
termoestabilidad al gran nimero de pares idnicos intrasubunidad ( Sawano et
al., 2008; Matsuura et al., 2012) y a su caracter trimérico (Tanaka et al., 2006;
Sawano et al., 2008; Matsuura et al., 2010; Sato et al., 2011; Matsuura et al.,
2012), habiéndose incrementado mucho por mutagénesis la termoestabilidad
de la forma de E. coli (Matsuura et al., 2018). Su gran termoestabilidad ha dado
alcance biotecnolégico a CutA en el dmbito de los biomateriales (lto et al.,
2010; Guan et al.,, 2013) o para el disefio de nanoestructuras proteicas
autoensamblables (King et al., 2014), incluida la generacidon de un complejo
artificial entre CutA y la enzima corismato dismutasa que ha permitido la
cristalizacidn y resolucidn estructural cristalografica de dicho complejo, hecho
mas soluble por mutaciones en CutA (Bale et al., 2015).

Poco sabemos con seguridad sobre la funciéon de CutA en bacterias aparte
de lo ya apuntado sobre atribucion de funciones no caracterizadas de
tolerancia a metales (Burkhead et al., 2003; Savchenko et al., 2004; Tanaka et

22



Introduccion general y objetivos

al., 2004a; Sato et al.,, 2011; Bagautdinov, 2014; Buchko et al., 2015). La
similitud con PIl y su caracter trimérico han sugerido (Arnesano et al., 2003)
posibles funciones sefializadoras. Se ha apuntado a favor de esta posibilidad,
tanto desde una perspectiva bioinformatica (Kinch y Grishin, 2002) como
estructural (Arnesano et al.,, 2003; Laskowski et al., 2003) que las cavidades
interdominios de CutA podrian permitir su ocupacidon con biomoléculas que
pudieran actuar como efectores alostéricos (Arnesano et al., 2003). Incluso se
ha aventurado a partir de la observacion de estas cavidades que las
biomoléculas candidatas podrian contener algun anillo, como seria el caso del
NADP, ATP o gluconato (Laskowski et al., 2003).

En mamiferos se ha postulado que CutA podria formar un complejo con la
aceticolinesterasa cerebral, pues se observd la presencia de CutA en
preparaciones de esta enzima (Navaratnam et al., 2000; Perrier et al., 2000) y
también se constatd que ambas se expresan en forma paralela en distintas
areas del sistema nervioso (Navaratnam et al., 2000). Se pensé que CutA ancla
a la acetilcolinesterasa a la membrana, pues el RNA antisentido para el
mensajero de CutA era capaz de abolir la expresién de la acetilcolinesterasa en
células de neuroblastoma (Perrier et al., 2000). Sin embargo, tanto la
interaccion directa como la participacion en el anclaje han sido excluidos
posteriormente (Perrier et al., 2002).

Se ha relacionado en estudios in vitro CutA con proteinas implicadas en
enfermedad de Alzheimer. Asi, de las tres formas de CutA producidas en ratén
y humanos dependiendo del comienzo de la traduccidn, la mas pesada (H; se
inicia a -63 residuos respecto a las formas bacterianas) se asocia a membrana
en Golgi y trans-Golgi, y se excreta (Zhao et al., 2012), e interacciona por su
porcién N-terminal de asociacién a membrana con la porcion N-terminal
también de asociacidon a la membrana de BACE1, proteasa de gran relevancia
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en enfermedad de Alzheimer (Zhao et al., 2012). La transfeccion de células de
neuroblastoma con el gen codificante de H-CutA (Hou et al., 2015) aumenté los
niveles de Cu?* celulares en forma dosis-dependiente en relacién a la cantidad
transfectada, mientras que otros experimentos (Hou et al., 2015) revelaron una
compleja relacién entre H-CutA, niveles de la proteina precursora del amiloide
(APP) y de su procesado a BAP, y niveles de Cu®, sin que este metal influyera en
la interaccién HCutA-BACE1l. Aun asi, no hay un dictamen definitivo sobre el
potencial papel de CutA en la enfermedad de Alzheimer.

También se ha sefialado (Liang et al., 2009a; Liang et al., 2009b) un papel de
H-CutA en la secrecidn de proteinas, y en particular de la acetilcolinesterasa,
quizd actuando como chaperona intra-Golgi. En un trabajo (escrito en chino del
que solo he tenido acceso a su resumen en inglés) (Zhang et al., 2015) CutA fue
detectada en un ensayo de doble hibrido que permitié identificar proteinas de
interaccion con PER1, la proteina implicada en los ritmos circadianos en
humanos, por lo que no se puede descartar que CutA, como PIl, interaccione
con otras proteinas para llevar a cabo su funcién bioldgica.

Otros datos sobre la funcion bioldgica de CutA, igualmente indirectos, han
establecido que CutA podria estar involucrada en el desarrollo humano
(revisado en Yang et al.,, 2009), a nivel de crecimiento y diferenciaciéon de
células troncales embrionarias, en la supervivencia y maduracion de los
ovocitos, en el reconocimiento del gameto en el aparato genital femenino y en
la activacion de la secrecidn y desarrollo de la mama, considerdandose a cutA
uno de los 35 genes clave responsables de la activacidon de la secreciéon de leche
(Naylor et al., 2005), aunque el mecanismo de ese papel no se ha establecido.
En el campo de la patologia no se han descrito afecciones debidas a mutaciones
exclusivas en el gen cutA humano, si bien es uno de los genes perdidos en una
microdelecidn del cromosoma 6p21.3 (Zollino et al., 2011; Writzl y Knegt, 2013)
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en la que no ha sido posible establecer una relacién clara entre el fenotipo
observado y CutA debido a la diversidad de genes implicados, algunos de los
cuales habian sido asociados previamente a patologias de caracter genético,
como el gen HSET, relacionado con el sindrome de inmovilidad de cilios (Janitz

et al., 1999).

B.5. CutA y metales.

La anotacion de CutA relacionada con Cu®* y otros cationes divalentes se
basd, como se ha dicho, en los resultados de experimentos de genética
molecular realizados con E. coli (Fong et al., 1995). Sin embargo, no se han
encontrado en las proteinas CutA secuencias consenso de unién a cobre del
tipo usual CXXC (Arnesano et al. 2003), y los resultados experimentales de
unién de Cu?* a la proteina pura de diferentes especies han dado resultados
contradictorios o no generalizables. Por ejemplo, a pesar del gran nimero de
estructuras publicadas o depositadas de CutA de diferentes especies (ver Tabla
1), solo en un caso, para CutA de Pyrococcus horikoshi (PhCutA), se ha
detectado en la estructura la presencia de densidad electrénica atribuible a
Cu? (Tanaka et al., 2004a), habiéndose publicado intentos sin éxito para la
obtencién de complejos cristalinos con Cu?* (y en algunos casos con otros
cationes divalentes) para CutA de E. coli (EcCutA) o de rata (RnCutA) (Arnesano
et al.,, 2003), humana (HsCutA) (Bagautdinov et al., 2008), de Thermus
thermophilus (Bagautdinov, 2014) e incluso en otro intento de cristalizacién con
Cu? publicado con PhCutA (Bagautdinov, 2014).

En la estructura de PhCutA que contiene Cu(ll) unido (Tanaka et al., 2004a),
este cation se localizd entre dos subunidades de distintos trimeros de PhCutA,
exactamente en un eje de simetria binaria del cristal, produciendo redes

continuas infinitas de moléculas de CutA (Fig. 10) en las que el metal se
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encuentra compartido por dos subunidades de trimeros vecinos, formando un
complejo con el 860 del Asp48 (residuo conservado o reemplazado
conservadoramente por glutamato en las proteinas CutA) y el O de la Lys49 de

las dos subunidades con las que interacciona.
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Figura 10. Reproduccion de tres paneles de la Fig. 3 de Tanaka et al., 2004a,
para mostrar la unién de Cu(ll) en la estructura cristalina de CutA de P.
horikoshii (PDB:1UKU). Arriba izquierda, dos trimeros de CutA con un ion Cu(ll)
en el eje de simetria binario cristalografico que los relaciona (linea vertical
discontinua). Arriba derecha, detalle del complejo de Asp48 y Lys49 de ambos
trimeros, asi como de dos moléculas de agua que participan en la esfera de
interacciones del complejo. Abajo, estructura del multimero inducido por la
unién del Cu?* (verde). Se representan dos capas de trimeros (primera capa,
azul; segunda capa, rojo). Reproducido con autorizacidon de Wiley.
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Las observaciones de que el Cu?, a una concentraciéon de 4 mM, produjo
precipitacién de PhCutA (revertible al eliminar el Cu?*), y de que la mutacidn
Asp48Ala disminuyé fuertemente esta agregacion (Tanaka et al., 2004a)
avalaron la importancia del Asp48 en la unién de Cu®*'y en la formacién de las
redes que subyacen a la precipitacion de la proteina (Fig. 10, panel inferior).
Precisamente, en la estructura cristalina de CutA de T. thermophilus
(Bagautdinov, 2014) el aspartato correspondiente al Asp48 de PhCutA
interacciona con un ion Na* presente en la ubicacidon de un eje cristalografico
binario en los cristales de CutA de este organismo, llevando a la formacién de
dodecameros organizados como tetraedros de cuatro trimeros de CutA.

En la estructura cristalina de EcCutA obtenida en presencia de p-
hidroximercuribenzoato (HMB) (Arnesano et al., 2003) se identificaron tres
atomos de Hg (del HMB o derivados de él) unidos a cada subunidad, cada uno
asociado al 4tomo de S de uno de los tres residuos de cisteina de la subunidad
(Cys 16, 39 y 79). Esto sugiere la posibilidad de que en EcCutA el Cu®** pudiera
unirse a esos sitios. La unién de Cu®* a EcCutA se documentd
espectroscopicamente (Arnesano et al., 2003), con una K4 del orden de 0.1 mM.
Investigaciones de la naturaleza de esta unidon mediante espectroscopia de
absorciéon de rayos X (EXAFS) del complejo 1:1 CutA(subunidad):Cu fueron
compatibles con un sitio para Cu?* formado por Cys16, His83, His84 y o bien un
agua fija o bien el y-COO" del Glu90 de la subunidad vecina. Este sitio no puede
generalizarse a proteinas CutA de otras especies puesto que de estos cuatro
ultimos residuos solo la His84 es invariante. Asi mismo, solo la Cys39 de EcCutA
estd conservada en CutA de otras especies, formando parte del bolsillo entre
cada dos subunidades, lo que, por cierto, determina que este bolsillo contenga

HMB en el cristal de EcCutA. Desgraciadamente, no fue posible estudiar las
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interacciones Cu?*-EcCutA en mayor detalle usando RMN, debido a la
precipitacién de EcCutA por el Cu?* en el tubo de RMN (Bertini et al., 2008).

En realidad la primera evidencia directa de que CutA puede unir Cu® se
obtuvo con la proteina de Arabidopsis thaliana (Burkhead et al., 2003), al
observar precipitacion de la misma al afiadirle Cu?** 0.1 mM, una observacidn
gue se ha hecho también con proteinas CutA de otras especies, como se ha
sefialado anteriormente para las formas de E. coli (Arnesano et al., 2003) y de
P. horikoshi (Tanaka et al., 2004a), y que se ha registrado también para las
formas de rata (Arnesano et al., 2003) y de Cryptosporidium parvum (Buchko et
al., 2015).

Volviendo a CutA de A. thaliana, otra evidencia de que une Cu(ll) fue la
observacién (Burkhead et al., 2003) de que la proteina purificada se une
selectivamente a columnas de Cu?*, pero no de Ni, Zn, Mn o Cd, eluyéndose de
las columnas de Cu?* al afiadir EDTA. Para titular cudnto Cu?* puede unir la CutA
de A. thaliana se incubd la misma con concentraciones variables de Cu?*,
eliminandose luego el metal libre mediante ultrafiltraciones repetidas en medio
sin cobre, determinando entonces el Cu(ll) residual tras la precipitacion de la
proteina con acido tricloroacético, estimado en un maximo de un ion Cu(ll) por
cadena peptidica, infiriendo una constante de disociacién de 50 uM para Cu(ll),
mientras que para Cu(l) no hubo unién sustancial.

La Fig. 11 resume en forma grdfica los distintos sitios identificados o
propuestos para la unién de Cu(ll) en proteinas CutA, localizados sobre la
estructura de la proteina de E. coli. De ellos, el sitio con mayores posibilidades
de ser generalizable podria ser la Cys39, por ser invariante y por encontrarse en
el bolsillo intersubunidades. Sin embargo, nada de lo expuesto hasta ahora
prueba la existencia de un sitio especifico y funcionalmente significativo para
Cu? en la molécula de CutA, ya que no se ha establecido claramente cuél es el
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papel de CutA en cuanto a la homeostasis de cobre. Por ejemplo, el knockout
de cutA en A. thaliana (Burkhead et al., 2003) no causé fenotipo alguno en
cuanto a su crecimiento en ausencia o en presencia de CuSO4 30 uM. Como se
verd en el Capitulo 3 de la Seccién 2 de esta Tesis, tampoco el knockout de E.
coli para cutAl presenta un fenotipo de sensibilidad a Cu?** que sea revertido
por la transformacion con cutAl. Hay que recordar que los metales pesados,
incluyendo el cobre, causan alteraciones del plegamiento y agregacion de
proteinas (Tamas et al., 2014), y en particular el cobre puede usar como
ligandos atomos de O, N y S de las proteinas, por lo que su unién a las mismas
no tiene por qué ser especifica o tener sentido biolégico-funcional (Lemire et

al., 2013).

Figura 11. Localizacién en la estructura de CutA de E. coli de los residuos del sitio
propuesto para Cu?* a partir de experimentos de EXAFS (Cys16, His83 e His84; los
tres en beige-anaranjado), de la Cys39, de caracter invariante (rojo) y del residuo
correspondiente al Asp48 de PhCutA (azul).
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C. El gen COG0325, sus productos en cianobacterias y en el

ser humano, y su implicacidn en patologia humana

C.1. El marco de referencia para nuestros estudios con la proteina PipY

Ya se ha comentado con anterioridad el papel central que desempena la
proteina Pll en la regulacién del flujo de nitrégeno en muchos organismos, y en
particular en las cianobacterias (Fig. 2). Una de ellas, S. elongatus, es usada en
nuestro laboratorio como sistema modelo en lo referente al sistema de PII,
aunque nuestro interés en la misma se basa también en la importancia de las
cianobacterias tanto en los ambitos medioambiental y evolutivo (Margulis y
Schwartz, 1982; Giordano et al. 2005) como porque poseen enorme potencial
como generadoras de biomasa/fijadoras de CO, (Beck et al., 2012; Giordano et
al., 2005) y como agentes explotables en biotecnologia (Abed et al., 2009), sin
olvidar sus importantes riesgos para la salud (cianotoxinas;

www.who.int/water sanitation health/.../toxcyanchap3.pdf; Blaha et al., 2009;

Watson et al. 2017).

Recordaremos la existencia en cianobacterias (Forcada-Nadal et al., 2018)
(Fig. 2)nde dos dianas de PIl privilegiadas y restringidas filogenéticamente: la
enzima NAGK y la proteina adaptadora PipX, y la existencia de una red de
regulaciéon mas amplia que incluye dos factores de transcripcion, NtcA y PImA,
este ultimo identificado recientemente (en estudios en que participé yo pero
gue no se reflejan en este trabajo de tesis Labella et al., 2016;, como tampoco
se reflejan otros estudios aun no publicados sobre interacciones de PipX con
otra proteina - todavia informacién confidencial - que fue objeto de un trabajo
fin de grado de la UPV del que fui co-tutora).

Ademas de las interacciones fisicas directas de PipX con otras proteinas,

muy recientemente se ha demostrado la primera interaccién funcional de PipX
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sin interaccidn fisica detectada, con PipY de S. elongatus (Labella et al., 2017,
Cantos et al., 2018). A PipY, a su ortélogo humano PLPHP y a las consecuencias
patoldgicas de las mutaciones de este Ultimo se dedican los Capitulos 1y 2 de la

Seccidn 2 de esta Tesis, asi como el resto de esta Introduccion.

C.2. PipY, miembro cianobacteriano de la familia de proteinas COG0325.
Se sospechd una interaccion PipX-PipY cuando se detectd (Labella et al.,
2017) la constante asociacién en cianobacterias entre el gen pipX y el que

denominamos pipY, adyacente en el cromosoma bacteriano (Fig. 12).

25 bp
L270 bp ::‘_ 666 bp Figura 12. Esquema del operén
:' PipX-PipY de S. elongatus
— P"PX>J pipY PCC7942.
(cog0325)

La sintenia de ambos genes y su monétona localizacion mutua, junto con el
hecho de que formaran un operdn en S. elongatus, donde menos del 40% de
los genes forman operones di o policistrénicos, llevaron a suponer la existencia
de una interaccién entre ambos (Labella et al., 2017). Aunque los estudios
exhaustivos de doble hibrido no documentaron interaccién fisica entre las
proteinas PipX y PipY, codificadas por ambos genes, si se evidencié interacciéon
funcional entre los mismos, documentada experimentalmente en las
influencias mutuas de la delecién de uno u otro de ambos genes sobre: 1) los
niveles de expresion del otro a nivel de mRNA y de proteina; 2) los cambios
observados en la sensibilidad a los antibidticos D-cicloserina (DCS) y B-cloro-D-
alanina (BCDA); y 3) los patrones de transcriptomica global que por razones de
brevedad no podemos detallar aqui (Labella et al., 2017). Estudios mas

recientes (Cantos et al., 2018) han revelado la complejidad de la relacién entre
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ambos genes en cuanto a expresidén génica, implicando mecanismos genéticos
en cis de prevencion de efectos polares dentro del operdn.

La inclusién de pipY en la red relacional de pipX nos hizo ponerlo bajo el
foco. La proteina que codifica, PipY, y sus ortdlogas de otras especies,

responden al identificador COG0325 de EggNOG, con una amplia distribucién

Figura 13. Estructura de la proteina de levadura YBL036, ortéloga de PipY de S.
elongatus (Eswaramoorthy et al., 2003), vista a lo largo del eje del barril (izquierda)
con los extremos C-terminales de las hebras beta paralelas (en amarillo) apuntando
hacia el lector, o (derecha) con el eje del barril vertical y los extremos C-terminales
apuntando arriba. Las hélices alfa se representan en color magenta, y el PLP (en
bolas y palitos) en gris. Nétese que la figura de la derecha corresponde a una mayor
ampliacion que la de la izquierda. Obtenido del archivo del PDB 1B54.

en el arbol de la vida (Prunetti et al., 2016; y ver la ya citada base de datos
EggNOG). Los genes COGO0325 codifican cadenas peptidicas de unos 250
residuos, aunque la longitud del producto predicho puede variar hasta en 25
aminoacidos (http://www.uniprot.org). En 2003 se publicé la estructura de
COG0325 de levadura (Eswaramoorthy et al., 2003) (Fig. 13), habiéndose
depositado en el PDB posteriormente mas estructuras de proteinas COG0325
de otros organismos, sin publicacidn asociada (Tabla 2).

Las estructuras de proteinas COG0325 revelan un solo dominio, plegado
como un barril TIM modificado, con piridoxal fosfato (PLP) unido. El PLP es el
derivado fosforilado y reducido de la vitamina B¢ ,0 piridoxina. Es el coenzima
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de mas de 150 enzimas distintos (http://bioinformatics.unipr.it/cgi-

bin/bioinformatics/B6db/home.pl; Coburn, 2015; Percudani y Peracchi 2009)

entre los que se incluyen transaminasas, decarboxilasas y racemasas de
aminoacidos. En el mecanismo de las reacciones de transaminacidn se genera
la forma aminada (piridoxamina). Asi, piridoxina, piridoxal y piridoxamina (y el
producto metabdlico acido piridéxico) y sus formas fosforiladas se consideran
los diferentes vitameros Bg (Fig. 14) (Bowling, 2011; Coburn, 2015).
Posiblemente por la reactividad de su grupo aldehido, el piridoxal y PLP son
toxicos (Prunetti et al., 2016), toxicidad que también se da para piridoxina a

elevada concentracidn para las bacterias (Labella et al., 2017).

Tabla 2: Estructuras de COG0325 resueltas y depositadas en el Protein
DataBank (PDB)
Organismo PDB Afio Resol. (A) Ligandos Notas!  Ref.?
Escherichia coli 1W8G 2004 2.00 PLP
Acido isocitrico
3SY1 2011 1.47  Acido acético 10 muts.
Acido 2-(N-morfolino)-
etanosulfénico

Bifidobacterium 3CPG 2008 1.71  Acido acético MSE
adolescentis
Agrobacterium 3R79 2011 1.90 PLP MSE
tumefaciens I16n acetato

I6n praseodimio
Saccharomyces  1CT5 1999 2.00 PLP MSE 1
cerevisiae 1B54 1999 2.10 PLP 1

IMSE: seleno-metionina. Muts: mutaciones.
21: Eswaramoorthy et al. 2003

Las enzimas que usan PLP se han clasificado en cinco tipos estructurales
diferentes (Eliot y Kirsch, 2004; Percudani y Peracchi, 2009):
e Plegamiento Tipo I- familia aspartato aminotransferasa

e Plegamiento Tipo II- familia triptéfano sintasa
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¢ Plegamiento Tipo lll- familia alanina racemasa

¢ Plegamiento Tipo IV- familia D-aminoacido aminotransferasa

* Plegamiento tipo V- familia glicégeno fosforilasa

Las proteinas COG0325 presentan el caracteristico plegamiento descrito por
las enzimas de tipo Ill, un barril TIM [descrito originalmente para la triosa
fosfato isomerasa (Banner et al., 1975), de cuyo nombre en inglés deriva el
acrénimo TIM (Wierenga, 2001)] modificado en el que hay una hélice extra N-
terminal precediendo a las ocho repeticiones B/a (Fig. 13). Sin embargo, a las
proteinas COGO0325 les falta el dominio extra presente en dichas enzimas de
tipo Ill, que en las mismas contribuyen importantes residuos a los procesos de
unién de sustratos y de catdlisis (Espaillat et al., 2014; y ver Capitulos 1y 2 de la
Seccion 2 de esta Tesis).

Aungque el elevado grado de conservacion de las proteinas COG0325 y su
amplia distribucidon sugieren que podrian tener una importante funcién, su gen
no es esencial para la vida al menos para E. coli, Bacillus subtilis y S. elongatus
(Ito et al., 2013; Ito et al., 2016; Prunetti et al., 2016; Labella et al., 2016) y hoy
sabemos que también para el ser humano (Darin et al., 2016; Plecko et al.,
2017). No obstante, la inactivacion del gen COG0325 de E. coli y S. elongatus
afecta al metabolismo de aminoacidos y cetoacidos en forma pleotrdpica,
aumentando ademas la toxicidad de la piridoxina en estas bacterias (lto et al.,
2013, Prunetti et al., 2016; Labella et al., 2017), habiéndose descrito también
que en E. coli produce acumulacién de acido oftdlmico (lto et al.,, 2016).
Aunque inicialmente se describié (sin dar detalles) actividad D-alanina
racemasa de la proteina COG0325 de levadura (Eswaramoorthy et al., 2003),
estudios extensivos y detallados de Ito et al. (2013) con proteina COG0325 de
varias fuentes (incluidas la de levadura y la humana) y otros de Prunetti et al.
(2016) con la de E. coli no encontraron actividad enzimdatica con ninguna de
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ellas. Quizda por exclusién y por la observacion de efectos pleotrépicos, la idea
mds favorecida actualmente es la de que las proteinas COG0325 desempeiian
un papel importante en la homeostasis para la vitamina Bg (Prunetti et al.,
2016), papel que apoyan también los resultados de los experimentos genéticos
de inactivacion del gen pipY en S. elongatus (Labella et al., 2017) y los
resultados bioquimicos en pacientes con mutaciones de pérdida de funcién en
el gen correspondiente humano (Darin et al., 2016; Plecko et al., 2017). Asi, la
proteina COG0325 estaria involucrada en la entrega de PLP a apoenzimas que

deben utilizar PLP para ser capaces de desarrollar sus actividades enzimaticas.

CH,OH
HO" "%, CH,0PO;

[

CHNH,
HO" "%, CH,OH

HC |

B N o
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Aldehido oxidasa (EC 1.2.3.1)
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Piridoxal fosfatasa (PDXP; EC 3.1.3.74) o fosfatasa alcalina (EC 3.1.3.1)
3. Piridoxal 5’-fosfato sintasa / piridox(am)ina 5’-fosfato oxidasa (PNPO;

6. Aldehido deshidrogenasas NAD*, NADP*y NAD(P)* (ECs 1.2.1.3-5)

Figura 14. Vitdmeros de la vitamina B sus abreviaturas, y enzimas que los

interconvierten. El PLP es

la forma usada como cofactor enzimatico. La

piridoxina es la forma farmaceutica de la vitamina. Tomado de Coburn 2015,

con licencia de Springer.
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Los estudios de inactivacion del gen pipY en S. elongatus (Labella et al.,
2017) revelaron nuevos rasgos fenotipicos relacionados con el PLP, como
aumento especifico de la sensibilidad de la cianobacteria a los antibidticos D-
cicloserina y B-cloro-D-alanina, los cuales tienen como dianas PLP-holoenzimas
(Labella et al., 2017), aunque ni para estos ni para los demas efectos se aclaré
el mecanismo molecular que subyace a la funcidn. La voluntad de caracterizar
la molécula de PipY de S. elongatus como continuacion de dichos experimentos
funcionales in vivo nos llevd a ocuparnos inicialmente de PipY de S. elongatus,
aunque nuestro interés se incrementd fuertemente cuando surgieron

interacciones claras con patologia humana.

C.3. Por qué nos hemos interesado en la proteina COG0325 humana.

Nuestro interés en la proteina COG0325 humana se derivé de la publicacidon
a finales de 2016 de algunos pacientes con epilepsia genética dependiente de
vitamina Bs en los que se identificaron mutaciones en ambos alelos del gen
PROSC humano (Darin et al., 2016), el ortélogo de pipY, en algunos casos siendo
las mutaciones claramente de pérdida de funcién (truncaciones por cambios de
fase o codones de terminacién prematuros). Por entonces, llevados por los
estudios en el sistema PlI-PipX, habiamos obtenido la proteina PipY de S.
elongatus producida recombinantemente y en alto grado de pureza, y
estdbamos caracterizando sus propiedades moleculares, habiendo
determinado ya su estructura cristalina a excelente resolucién. La implicacion
del grupo en enfermedades raras de causa genética y naturaleza metabdlica
nos inclind a intentar usar PipY como proteina modelo de PROSC para tratar de
establecer el mecanismo de patogenicidad de las mutaciones de cambio de

sentido (missense) encontradas en los pacientes.
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A mediados de 2017 aparecio un segundo trabajo (Plecko et al., 2017) que
identificaba mas mutaciones en PROSC como causa de epilepsia genética
humana dependiente de vitamina Bs. El trabajo era en buena medida de
analisis genético focalizado en el gen PROSC de pacientes antiguos con
epilepsia genética dependiente de vitamina B¢ de naturaleza no filiada. Ello nos
llevé a intentar producir la proteina humana en cantidades susceptibles de
estudio cristalografico, y de abordar su cristalizacion. Aunque todavia no hemos
tenido éxito en conseguir cristales de la misma, ha sido muy uatil producir la
proteina humana, que también hemos caracterizado bioquimicamente, para,
usando mutagénesis dirigida, introducir todas las mutaciones de cambio de
sentido descritas en pacientes hasta hoy para investigar su capacidad de causar
enfermedad, algo que no habria sido posible utilizando PipY de S. elongatus,
dadas las diferencias de secuencia que presenta con su forma ortéloga

humana.

C.4. Epilepsia dependiente de vitamina Bs y mutaciones en el gen PLPBP

Antes de terminar esta Introduccion me ocuparé brevemente de las
epilepsias genéticas dependientes de vitamina Bes. La epilepsia es una
enfermedad frecuente que en una fraccion importante de los casos deriva de
alteraciones adquiridas como son traumatismos craneales, tumores, ictus,
cirugia, infecciones etc. Sin embargo, en la mayoria de casos es criptogenética,
reconociéndose a estas formas cada vez mas una fuerte carga genética, en
general poligénica, siendo mas raras las formas hereditarias monogénicas puras
en las que la epilepsia es la manifestacidn principal (Myers y Mefford, 2015). De
esas epilepsias genéticas, las debidas a mutaciones en genes que codifican
canales idnicos que se expresan en el sistema nervioso central son las mas

usuales (Berkovic y Scheffer, 2001; Myers y Mefford, 2015). Sin embargo, un
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cierto numero de epilepsias genéticas se deben a fallos enzimaticos (errores
congénitos del metabolismo) y se consideran epilepsias metabdlicas (Tabla 3),
siendo algunas de ellas tratables de forma especifica (Campistol, 2016; Sharma
y Prasad, 2017). Este ultimo es el caso de las epilepsias genéticas que
responden a vitamina Bg, bien a piridoxina, bien a piridoxal fosfato (resaltadas
en rojo en la Tabla 3) (Clayton, 2006).

Tabla 3. Epilepsias asociadas a errores congénitos del metabolismo. Se resaltan en rojo las

epilepsias dependientes de vitamina B¢, Adaptado de Sharma y Prasad 2017 (Licencia Creative
Commons Attribution CC BY).

Periodo neonatal-primera infancia Infancia tardia-nifiez Adolescencia-edad adulta
Epilepsia dependiente de piridoxina Defectos de la sintesis LNC juvenil
Deficiencia de PNPO de creatina Enfermedades de Laforay
Convulsiones sensibles a acido folinico LNC infantil tardia de Unverricht-Lundborg
Deficiencia de biotinidasa Enfermedades MELAS (encefalomiopatia
Deficiencia de holocarboxilato sintetasa mitocondriales mitocondrial, acidosis
Deficiencia de GLUT-1 (transportador-1 Acidurias organicas lactica, episodios tipo ictus)
de glucosa) Sialidosis MERRF (epilepsia
Defectos en la biosintesis de serina Gangliosidosis miocldnica con fibras rojas
Deficiencia de cofactor de molibdenoy  Deficiencia de GLUT-1 rasgadas)
de sulfito oxidasa Alteraciones congénitas Enfermedades lisosomales:
Enfermedad de Menkes de la glicosilacion gangliosidosis de inicio
Hiperglicinemia no-cetdsica Defectos del tardio, Niemann-Pick tipo
Acidemias organicas metabolismo de purinas C, Gaucher tipo lll
Defectos del ciclo de la urea Epilepsia uridina- Deficiencia de GLUT-1
Enfermedades peroxisomales depndiente por Porfiria
Alteraciones congénitas de la mutaciones en CAD Enfermedad de Wilson
glicosilacion Defectos de la
Lipofuscinosis neuronal ceroidea (LNC) metilacion y del
congénita e infantil temprana metabolismo de folato
Enfermedades mitocondriales Defectos en

neurotransmisores
Alteraciones congénitas
de la autofagia

La epilepsias genéticas dependientes de vitamina Bg son trastornos
caracterizados por convulsiones que no responden o responden

insatisfactoriamente a fdrmacos antiepilépticos convencionales, pero cuyos
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sintomas mejoran de forma importante o completa ante la administracion de
vitamina Be (Falsaperla y Corsello, 2017) o de su forma fosforilada PLP (Wang y
Kuo, 2007; Plecko, 2013; Sharma y Prasad, 2017). Es bien sabido que la
avitaminosis Bg produce alteraciones electroencefalograficas y convulsiones
epilépticas (Leklem, 1990). No es facil desarrollar tal avitaminosis, dada la
abundancia de los distintos vitdmeros de la vitamina Bg en los alimentos, mas el
aporte de las bacterias intestinales (Wang y Kuo, 2007). El ejemplo mas patente
de dicha avitaminosis lo proporciond en los afios 50 del pasado siglo un grupo
de lactantes que recibieron como Unica alimentacion una férmula deficitaria en
vitamina Bs y que desarrollaron una forma de epilepsia que mejord
inmediatamente con la administracion de esta vitamina (Coursin, 1954). Por
esas mismas fechas se describié el primer caso de epilepsia genética
dependiente de vitamina Bg en una nifia con convulsiones intratables con
farmacos antiepilépticos comunes, que pudieron controlarse con piridoxina
(Hunt et al., 1954). Dado que el GABA es un neurotransmisor inhibidor de gran
importancia en epilepsia cuya sintesis requiere la descarboxilacién del
glutamato por una descarboxilasa que usa PLP, es comun atribuir a una
deficiencia cerebral de GABA la epilepsia asociada al déficit de vitamina Bg, ya
sea nutricional (raro, normalmente solo observada en alcohdlicos) o genética
(Coburn, 2015). De hecho, se han descrito bajos niveles de GABA en el liquido
cefalorraquideo de nifios con epilepsia dependiente de piridoxina (Kurlemann
et al.,, 1992). Sin embargo, el mecanismo proconvulsivo podria ser mas
complejo, ya que numerosos neurotransmisores ademas del GABA requieren
para su producciéon o su metabolizacion PLP-enzimas y el mismo GABA es
catabolizado por transaminacién, reaccién que también requiere PLP (Tabla 4).
Hasta finales de 2016 se conocian cuatro tipos de epilepsia genética sensible
a vitamina B (Plecko, 2013) todas ellas con herencia recesiva (Tabla 5). Dos de
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ellas (PDE y HP IlI) se deben a déficits secundarios de vitamina Bg por
acumulacién de compuestos téxicos para el piridoxal, con el que dan reacciones
espontaneas de condensacidn, inactivandolo (Farrant et al., 2001). Como son
de hecho hipovitaminosis Bs no por falta de ingestién sino por inactivacion
excesiva de esa vitamina, la administracidon de piridoxina a grandes dosis evita

en ambas la sintomatologia (Plecko, 2013; Falsaperla y Corsello, 2017).

Tabla 4. PLP-enzimas involucradas en la sintesis o el metabolismo de
neurotransmisores

Glutamato descarboxilasa Conversion de glutamato en GABA

GABA transaminasa Catabolismo de GABA, regenerando glutamato
Descarboxilasa de aminoacidos Sintesis de serotonina, dopamina y
aromaticos norepinefrina

Transaminasa de aminodcidos Sintesis de glutamato

ramificados a a-cetoglutarato

Componente glicina deshidrogenasa  Degradacion del aminodcido neurotransmisor
(descarboxilante) del complejo de inhibidor glicina
escision de glicina

Racemasa de L-serina Formacion del neurotransmisor D-serina

Decarboxilasa de histidina Formacion de histamina

Tabla basada en una parte de la Tabla 1 de Clayton 2006. Reproducido con autorizacion
de Springer.

La epilepsia dependiente de piridoxina (PDE) se debe al déficit de a-
aminoadipico-semialdehido deshidrogenasa (AASD), también conocida como
antiquitina (Mills et al., 2006), déficit que resulta en un bloqueo de la ruta del
acido pipecdlico del catabolismo de la lisina con acumulacién de dicho acido
ciclico (biomarcador de la enfermedad; Plecko 2013) asi como, aun mas, de
acumulacién de a-aminoadipico-semialdehido, que se cicla espontdneamente a

L-Al-piperidein-6-carboxilato (P6C). Lo mismo sucede para un carbono menos
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en la mucho mas rara hiperprolinemia tipo Il (HP Il), en la que se acumula
glutamato semialdehido, que cicla a Al-pirrolin-5-carboxilato (P5C), idéntico al
P6C excepto por tener un carbono menos en su anillo. Para el P5C se sabe
desde 2001 (Farrant et al., 2001) que es un veneno del PLP, pues lo inactiva al
reaccionar con él en una condensacion de tipo Knoevenagel. Por tanto, este
mecanismo parece ser también el que causa la deficiencia de vitamina B¢ en el

déficit de antiquitina (Mills et al., 2006).

Tabla 5. Epilepsias dependientes de vitamina B¢

Enfermedad Abreviatura  Mecanismo Gen / proteina Vitdmero Bg
H#OMIM eficaz
Epilepsia PDE Inactivacion de ALDH7A1 / Piridoxina
dependiente #266100 piridoxal por reaccion  a-Amino-adipico
de piridoxina con L-Al-piperidein-6-  semialdehido
carboxilato (P6C) deshidrogenasa

acumulado en déficit (AASD, antiquitina)
de degradacién de

lisina
Hiperprolinemia HP Il Inactivacion del ALDH4A1 / Piridoxina
tipo Il #239510 piridoxal por reaccién  Al-Pyrrolin-5-

con A-pirrolin-5- carboxilato

carboxilato (P5C) deshidrogenasa

acumulado en déficit
de degradacion de

prolina
Hipofosfatasia ~ HPP congénita Disminucion de PLP ALPL / Fosfatasa Piridoxina
congénita #241500 intracelular por posible alcalina tisular no
#146300 baja disponibilidad especifica (TNSALP)
para el cerebro
Epilepsia Deficiencia Mala transformacién PNPO / Oxidasa de PLP
dependiente de de PNPO de vitdmeros a PLP piridox(am)ina
PLP #610090 5’fosfato
Deficiencia PLPHPD o Deficiencia en la PLPBP (0 PROSC) / Piridoxina
de PLPHP EPVB6D homeostasis de PLPHP (PLP en
#617290 vitamina Bg déficit total)
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En cambio, en la hipofosfatasia congénita el fallo primario es una deficiencia
en fosfatasa alcalina tisular no especifica que se sabe puede responder a la
administracion de piridoxina (Rasmussen, 1983). La observacién de niveles
sanguineos elevados de PLP en esta enfermedad casa con el esquema de la Fig.
15, en el que el cerebro recibe piridoxal derivado de la hidrélisis de PLP
sanguineo mediada por esta fosfatasa, muy abundante en el plexo coroideo
(Coburn, 2015). En los pacientes de este proceso la epilepsia controlable por
administracion de piridoxina es una manifestacién temprana y clinicamente
muy visible, pero no la mas grave (dada su tratabilidad con piridoxina) de un
proceso de hipofosfatasia generalizada que suele acabar pronto con la vida del

paciente (Plecko, 2013).

Diet Pyridoxal-P Pyridoxamine-P Pyridoxine glucoside
[P Intestinal phosphatases IP Glucosidase
A A i v
Absorption Pyridoxal Pyridoxamine Pyridoxine
PK Pyridoxal kinase PK PK
Hepatic v v v
metabolism Pyridoxal-P Pyridoxamine-P Pyridoxol-P
Ny P
\HH ]?],BQ’"'!! Pyridox(am)ine
T — phosphate oxidase
Blood Pyridoxal-P
+ Tissue non-specific alkaline phosphatase
Cell membrane Pyridoxal
PK

Inside cells e.g. of brain Pvridoxal-P

Figura 15. Esquema simplificado del metabolismo de los vitdmeros de la vitamina Be.
Tomado (con licencia de Springer) de Clayton 2006.

Solo una de las cuatro formas conocidas antes de finales de 2016 de
epilepsia dependiente de vitamina Bg requiere obligatoriamente utilizar PLP en

el tratamiento (Plecko, 2013), ya que no responde a la administracién de
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piridoxina. Se trata del déficit de PNPO (Mills et al., 2005), la enzima que
permite la generacion de PLP a partir de los vitdmeros fosforilados de
piridoxamina y piridoxina (Figs. 14 y 15).

En la Tabla 5 hemos incluido también la nueva forma de epilepsia
dependiente de vitamina Bs debida a mutaciones en el gen PLPBP (antes
PROSC) identificada inicialmente (Darin et al., 2016) en tres nifios de una familia
siria y en cuatro pacientes de otras familias no relacionadas (dos de origen
indio, una alemana y otra italiana), concluyendo que la herencia de la
enfermedad era autosdmica recesiva. Realizaron algunos estudios de
complementacion en E. coli knockout en el gen COG0325, usando
transformacion con pldsmidos que codificaban formas mutantes, obteniendo
resultados compatibles con las observaciones clinicas y atribucion de la
patologia a pérdida de funcidn, excepto para dos mutante de cambio de
sentido en que los resultados parecian contradictorios (ver Introducciones de
los capitulos 1 y 2 de la Seccidn 2 de esta Tesis). En todo caso sus resultados
parecian estar de acuerdo con que la funcién de PROSC era de homeostasis
para PLP, como se habia propuesto ya para las proteinas COG0325 bacterianas
(Ito et al., 2013; Ito et al., 2016; Prunetti et al., 2016; Labella et al., 2016). Tan
solo cuatro meses después se publicaba (Plecko et al., 2017) la confirmacién de
esta patologia con el estudio de cuatro pacientes mas, aportando datos
analiticos (ver capitulo 2 de la Seccion 2) que favorecian una deficiencia de
multiples enzimas PLP-dependientes, por tanto dando apoyo a un papel de la
proteina deficiente en la transferencia de PLP a esos enzimas. Incluyendo los
pacientes de uno y otro trabajo, se han descrito once mutaciones (seis
puntuales de cambio de sentido, bien en homocigosis o heterocigosis
compuesta, tres sin sentido y dos de splicing), siempre con presentaciones
consistentes con herencia recesiva, y con cierta variabilidad de los cuadros
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clinicos, que incluian deterioro mental cuando la epilepsia era de larga duracién
y no tratada con piridoxina (Darin et al., 2016; Plecko et al., 2017). Un dato a
resaltar no bien entendido con esta epilepsia, y que requiere ampliacién de la
experiencia clinica con esta enfermedad con un grupo mayor de casos aun por
describir, es el hecho de que la piridoxina fuera mds o menos efectiva
dependiendo del paciente, haciendo precisa en algin paciente Ia
administraciéon de PLP para obtener una buena respuesta (Darin et al., 20116).
Dejamos para el capitulo 2 de la Seccién 2 y para la Seccién 3 (Discusion
General) las reflexiones sobre las razones de este comportamiento, que colocan
a esta epilepsia a mitad de camino entre las dependientes de piridoxina
(mayoria de los casos de deficiencia de PLPHP) y las dependientes de PLP.

Esta nueva enfermedad plantea varios problemas. El primero es la falta de
informacidn sobre las propiedades y caracteristicas de la proteina humana
(antes denominada PROSC y ahora PLPHP). En segundo lugar, el hecho de que
no hay lugar especifico en el esquema de la Fig. 15 para PLPHP, lo que refleja
qgue la funcién de esta proteina no ha sido aclarada en términos moleculares.
En tercer lugar, el papel/mecanismo patogénico de las mutaciones puntuales
de cambio de sentido, que deberia ser abordado en forma directa con la
proteina pura, y que plantea la dificultad adicional de que la proteina no tiene
una actividad bien establecida. Es la existencia de estos interrogantes, y
nuestro deseo de hacer patente que conocimientos previos del grupo sobre la
biologia de cianobacterias podian tener valor e impacto biomédicos, lo que nos
impulsd a abordar las investigaciones que estan relacionados con esta forma de
epilepsia y que se resumen en los capitulos 1 y 2 de la Secciéon 2 de esta
memoria de Tesis.

Finalmente, sefalar que, incluso en un esquema muy simplificado como el
de la Fig. 15, existen pasos para los que no se han descrito patologias (por
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ejemplo los catalizados por la piridoxal quinasa, o los de transporte intestinal o
transmembranal, no aclarados; Whittaker, 2016). Por ello, quiza existan todavia
epilepsias genéticas susceptibles de terapia con PLP (el caso de déficit de
quinasa) o incluso intratables con cualquiera de los vitdmeros conocidos, como
en el caso de que existan transportadores obligatorios y no redundantes que
puedan fallar o tener actividad disminuida por mutaciones en sus genes
(Whittaker, 2016). Incluso cabe plantearse si en poblaciones como la de la
India, esencialmente vegetariana, o en la comunidad vegana occidental, cada
vez mas amplia, déficits de la glucosidasa que libera la piridoxina de su
mayoritario glucésido vegetal (Fig. 15) podria tener impacto patoldgico, siendo

causa de epilepsia.

D. Estructura de esta Memoria de Tesis

Esta Tesis responde a la forma conocida como compendio de publicaciones.
Incluye tres manuscritos, dos ya publicados y el tercero en proceso de
publicacion. Los dos ya publicados son objeto de los capitulos 1 y 2 de la
Seccién 2 de esta Tesis. El Capitulo 1 se ocupa de la proteina PipY de S.
elongatus, que se caracteriza en el grado mas completo posible (dentro de
nuestras posibilidades), y que se usa como modelo para la epilepsia
dependiente de vitamina Be, de descripcidon mas reciente y de la que me acabo
de ocupar en el epigrafe anterior. El Capitulo 2 se ocupa de la proteina
PROSC/PLPHP humana, describiendo su produccion, purificacion, propiedades y
estabilidad, y caracterizando con la misma los efectos de todas las mutaciones
puntuales de cambio de sentido descritas en los pacientes de la epilepsia que
acabo de mencionar. El Capitulo 3 se ocupa de la proteina CutA, investigando

su funcidn y su estructura, esta ultima para la CutA de S. elongatus.
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Quiza parezca extrafio que la Introduccidon General se ocupe primero de la
proteina CutA y luego de PipY y de la epilepsia humana dependiente de
vitamina Bg, y que luego en la Seccién 2 el orden sea el inverso. El orden de la
Introduccion ha sido el que nos ha parecido éptimo para introducir la tematica
y para explicar nuestra peripecia personal. El orden de la Seccién 2, sin
embargo, responde al orden temporal de publicacion, y ademas no es
inconsistente con el desarrollo de la Introduccion General (Seccion 1) ya que
dicha introduccién acaba con PipY y con la epilepsia dependiente de vitamina
Bs, y por tanto, el empezar con capitulos sobre estas ultimas tematicas hara
que el lector las aborde en un continuo sin fracturas, y sin necesidad de

recordatorio del tema.

BIBLIOGRAFIA
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E. Objetivos

Los objetivos de esta tesis se encuadran en el ambito de la sefializacién por
nitréogeno. Parten de la red de sefializacién centrada en Pll y PipX, y se refieren
a tres proteinas: 1) CutA, por su pertenencia a la superfamilia de proteinas PlI;
2) PipY de S.elongatus PCC7942, por la ubicacion de su gen junto al de pipX en
este organismo y en otras cianobacterias y por los avances sobre el
conocimiento de sus funciones in vivo, en que ha estado implicado el grupo
pero que no han aclarado el mecanismo molecular de dichas funciones; y 3) la
proteina PROSC/PLPHP humana por ser la proteina ortéloga a PipY en
humanos, de funcién molecular también por aclarar, y cuyas mutaciones
clinicas causan epilepsia dependiente de vitamina Bs. Los objetivos relativos a
PipY y PROSC/PLPHP se han visto fuertemente influenciados por la descripcion
en el ultimo periodo de la tesis de la patologia humana genética relacionada
con PROSC/PLPHP. En esos contextos, los objetivos especificos de esta tesis son
(dados en el orden de los capitulos de la Seccidn 2):

- Producir de forma pura y recombinante y caracterizar molecularmente la
proteina PipY de S.elongatus como miembro representativo de la familia de
proteinas COG0325 y resolver su estructura cristalina en su forma libre y con
PLP unido para tratar de obtener datos conducentes a interpretar su funcidn.

- Utilizar la proteina PipY como modelo de la proteina PLPHP humana para
tratar de explicar experimentalmente e in silico los efectos producidos por las
mutaciones clinicas causantes de epilepsia dependiente de vitamina Be.

- Producir de forma pura y recombinante y caracterizar la proteina PLPHP
humana en su forma silvestre y en sus formas mutantes clinicas descritas, para
tratar de contribuir a elucidar el mecanismo molecular de la patologia asociada

a la misma. También nos fijamos como objetivo cristalizarla, lo que no ha
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tenido éxito por ahora, por lo que la descripcién de los intentos de
cristalizacién no se incluyen en esta memoria de Tesis.

- Determinar si existe o no implicacion de cutA bacteriana en los mecanismos
de tolerancia a metales, generalizando los resultados a dos especies
bacterianas muy separadas evolutivamente, en concreto Escherichia coli y
Synechococcus elongatus.

- Caracterizar la proteina CutA de S. elongatus producida de forma
recombinante, determinar si une cobre in vitro y resolver su estructura
cristalina por cristalografia de rayos-X para tratar de establecer el sitio de unidn

a cobre y contribuir a esclarecer su funcion.
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Abstract. The Synechococcus elongatus COG0325 gene, pipY, functionally
interacts with the nitrogen regulatory gene pipX. As a first step towards
molecular understanding of these interactions, PipY was characterized. This
221-residue protein is monomeric and hosts pyridoxal phosphate (PLP), binding
it with limited affinity and losing it upon D-cycloserine incubation. PipY crystal
structures with and without PLP revealed a single-domain monomer folded as
the TIM barrel of type lll-fold PLP enzymes, with PLP highly exposed, fitting a
PipY role in PLP homeostasis. The mobile PLP phosphate-anchoring C-terminal
helix might act as trigger for PLP exchange. Exploiting the universality of
COGO0325 functions, we used PipY in site-directed mutagenesis studies to shed
light on disease causation by epilepsy-associated mutations in the human

COGO0325 gene, PROSC.

Keywords. Synechococcus elongatus PCC7942, COGO0325, pyridoxal phosphate
proteins.

Abbreviations. CD, circular dichroism; DCS, D-cycloserine; DTT, dithiothreitol;
ODC, ornithine decarboxylase; PDB, Protein Data Bank; PEG, polyethylene

glycol; PLP, pyridoxal 5'-phosphate; r.m.s.d., root-mean-square deviation.
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INTRODUCTION

Cyanobacteria, the chloroplasts ancestors [1], are very ancient, widespread
and abundant [2] photosynthetic bacteria that play key roles in global oxygen,
CO, and nitrogen fluxes [3]. Nitrogen incorporation is highly regulated in
cyanobacteria [4]. The small protein PipX [5,6] is a key player, as highlighted by
transcriptomic studies in Synechococcus elongatus PCC7942 (from now on S.
elongatus) [7]. PipX regulation, mediated by the carbon/energy/nitrogen
signalling protein PIl and the gene expression regulator NtcA [5,8,9], also
involves newly discovered partners as PImA [10].

Very recently, the synteny in cyanobacteria of the mutually adjacent pipX
and pipY genes led to the identification in S.elongatus of functional interactions
between these two genes [11]. pipY is a member of the highly widespread [12]
and intriguing COG0325 gene family [11] that includes Escherichia coli yggs, a
gene that when inactivated causes a phenotype of pyridoxine toxicity and
pleiotropic changes related to amino acid-related metabolism [12-14].
Inactivation of pipY in S.elongatus [11] also enhanced pyridoxine toxicity and
led to increased sensitivity to antibiotics that target pyridoxal phosphate (PLP)
such as D-cycloserine (DCS) [15]; these two traits were influenced by various
amino acids [11]. Pleiotropic changes were also observed in null mutants of the
COGO0325 genes yImE of Bacillus subtilis [16] and PROSC of humans [17,18]. The
deficiency of the human gene was reported to cause vitamin B6-dependent
epilepsy [17,18]. The pleiotropy of the changes associated with COG0325
mutations is best explained if the COG0325 products, which are PLP proteins
[19], rather than being enzymes play key roles in PLP homeostasis. These roles
remain uncharacterized molecularly.

Striving towards delineation of the roles of PipY, we decided to characterize

physically and structurally PipY from S. elongatus. Such characterization
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appeared pertinent, given the extensive functional data collected in vivo for its
corresponding gene [11]. Furthermore, there was only one published analysis
of the structure of another COG0325 protein, YBLO36C from yeast [19], an
organism that is phylogenetically distant from cyanobacteria. The YBLO36C
structure had been determined as a part of a structural genomics effort, and
the biological in vivo role of YBLO36C had not been specifically explored. In
addition, the structural knowledge of YBLO36C did not include the
corresponding structure without PLP. However, the changes associated with
the presence or absence of PLP may be highly relevant for a role of COG0325
proteins in PLP delivery to other targets. Although crystal structures of three
bacterial COG0325 proteins have been deposited in the Protein Data Bank
(PDB) (Supplementary Table S1), none of these structures has been analysed,
justifying the need for thorough structural analysis of a bacterial COG0325
protein in the absence and the presence of PLP. We carry out here such
structural analysis on S. elongatus PipY. The detailed structural information
gained in the present studies by X-ray crystallography of PLP-containing and
PLP-free PipY makes of PipY a true structural paradigm for COG0325 proteins.
In addition, we have characterized some PipY traits in solution, including its
mass, its spectroscopic properties and both its ability to bind PLP and its
sensitivity to the PLP-targeting antibiotic DCS. The toxicity of this antibiotic for
S. elongatus was previously shown to be increased by pipY inactivation [11].

We also get insight here on the effects of two PROSC mutations, Pro87Leu
and Arg241GIn, reported in patients with vitamin B6-dependent epilepsy
[17,18]. Puzzlingly, the clinical severity inferred for these mutations did not
parallel the ability of the corresponding mutant PROSC gene forms to
complement an E.coli yggS— mutant for its phenotype of increased sensitivity
to pyridoxine toxicity [17]. To try to explain these puzzling observations, we

have introduced into PipY the mutations corresponding to Pro87Leu and
55



Capitulo 1

Arg241GIn of PROSC, studying relevant characteristics of the mutant PipY
forms. This approach has exploited the apparent universality of COG0325
functions (for which the recent studies on S. elongatus provided strong
confirmation [11]) and the sequence conservation between S. elongatus PipY
and human PROSC (Supplementary Fig. S1). In this way we provide valuable
hints on the respective ability and lack of ability of the Pro87Leu and Arg241GIn
PROSC mutants to override the mutant phenotype of the yggS— E.coli mutant
strain [17], as well as on the possible mechanism of disease causation by the

Arg241GIn PROSC mutation.

MATERIALS AND METHODS
Production of wild-type and mutant PipY

The S.elongatus pipY open reading frame (gene
Synpcc7942_2060,http://genome.microbedb.jp/cyanobase/GCA_000012525.1/
genes/Synpcc7942_2060), PCR-amplified from genomic DNA using Deep Vent
DNA polymerase (from New England Biolabs) and the primers 5'-
GTCAGAGGCACATATGGCCCAAATTGC-3' and 5'-
GGCCAAGACTCGAGCGATCGCGGC-3', was digested with Ndel/Xhol and ligated
into the similarly digested pET-22b+ plasmid (from Novagen). The resulting pET-
22b(+)-2060 plasmid, isolated from E.coli DH5a, was used for site-directed
mutagenesis using the Quickchange approach (Stratagene, La Jolla, CA) and the
following forward and reverse mutagenic primers: for the Pro63Leu mutation,
5'ACGGATCTGCTGGATTTGACTTGG3'and 5'AAGTCAAATCCAGCAGATCCGTCAG3';
and for the Arg210GIn mutation, 5'GCAACTTGGATTCAAGTCGGAACC3' and
5'TTCCGACTTGAATCCAAGTTGCC3'. The presence of the correct sequences and

of the desired mutations was verified by Sanger sequencing of the plasmids.
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To produce PipY with a C-terminal -GluHis6 tag, the pET-22b(+)-2060
plasmid was transformed into E.coli BL21(DE3) (from Novagen), growing the
transformed cells in 1-L liquid LB-ampicillin (0.1 mg/ml) at 37 °C, to ~0.8 OD®®,
followed by 3-hour induction with 1 mM isopropyl [B-D-1-
thiogalactopyranoside. All subsequent steps were at 4 °C. After centrifugation,
the cell pellet, suspended in 30 ml of 25 mM HEPES pH 7.5/0.4 M NaCl/1 mM
dithiothreitol (DTT)/1 mM phenyl methyl sulphonyl fluoride/20 mM imidazole,
was sonicated to disrupt the cells, the suspension was centrifuged, and PipY
was purified from the supernatant by Ni-affinity chromatography and imidazole
gradient elution (His-Trap HP 1-ml column in an Akta-FPLC, both from GE
Healthcare). The resulting preparation was concentrated to ~10 mg/ml
(Bradford assay [20] using bovine serum albumin as standard) and placed in 20
mM HEPES pH 7.5/16 mM NaCl/ImM DTT (storage buffer) by centrifugal
ultrafiltration (Amicon Ultra, from Millipore). The Pro63Leu and Arg210GIn

mutants were purified in the same way.

PipY crystallization, X-ray diffraction and structure determination.

Crystals were grown by vapour-diffusion (21°C) in 0.8 pl sitting drops made
of 1/1 mixtures of protein solution and crystallization solution. The protein
solution contained 12.6 mg/ml PipY in storage buffer supplemented with either
10 mM DCS (PipY-Apo) or 10 mM D-Ala (PipY-PLP). The crystallization solution
was, for PipY-Apo, 0.1 M Tris-HCI pH 8.5/0.2 M MgCl»/25% w/v polyethylene
glycol (PEG) 3350; and for PipY-PLP, 0.1 M Hepes pH 7.5/0.2 M calcium
acetate/18% w/v PEG 8000. Crystals were flash-frozen in liquid nitrogen using
as cryobuffers the crystallization solutions (enriched with 5% extra PEG 3350
for PipY-Apo). Synchrotron (Table 1) X-ray diffraction was at -170°C, using
Pilatus3 6M detectors. Datasets at 1.90/1.93 A resolution (PipY-Apo/PipY-PLP)

were processed with XDS [21], scaled with AIMLESS [22], (Table 1) and phased
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by molecular replacement with Phaser [23], using for the PipY-Apo dataset a
poly-alanine model of YggS from E.coli (PDB entry 1W8G) lacking residues 1-20;
and utilizing for PipY-PLP the A subunit of PipY-Apo once it was traced and
refined. Refmac5 [24] was used for optimizing the positioning of the two PipY
chains present in the asymmetric units of both crystals (Table 1), using rigid
body refinement. It was also used for model refinement, alternating iteratively
cycles of restrained refinement and of manual model building with Coot [25].
This last program was used for incorporating PLP (taken from the PDB) to the
PipY-PLP model. Isotropic B factors and Translation/Libration/Screw (TLS) were
used in the last refinement steps [26], choosing the TLS groups with the TLSMD
server (http://skuld.bmsc.washington.edu/~tlsmd) [27]. All diffraction data
were used throughout the refinement processes, except for the randomly
selected 5% of the data used for Rgee calculation. The stereochemistry of the
model was checked and improved with PDB_REDO [28]. Analysis with Rampage
[29] of the geometry of the main chain torsion angles revealed excellent values
for both models. Graphical representations of the structures were generated
with PyMOL (Pymol Molecular Graphics System, Version 1.6, Schrodinger, LLC,

www.pymol.org).

Other techniques

Size exclusion chromatography was performed on a Superdex 200 10/300
column fitted on an AKTA FPLC (both from GE Healthcare), at 0.5 ml/min flow
rate, using a solution of 10 mM Na phosphate pH 7.0/0.4 M NaCl/5 mM MgCl,/
5 mM EDTA/ 0.2 mM DTT, and monitoring the absorbance of the effluent at
280 nm. The mass of PipY was estimated from a semi-logarithmic plot prepared

with protein standards of known masses.
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Table 1. X-Ray diffraction data and refinement statistics of PipY models

Crystal PipY-PLP PipY-Apo
(PDB 5NM8) (PDB 5NLC)
Data collection
Synchrotron/Beamline Diamond/ 103 ALBA/ BL13 - XALOC
Wavelength (&) 0.9763 0.9792
Space group P2:1212; P2;
Unit cell a, b, c (A) 46.6,98.9, 103.7 67.6,41.8,77.8
o, By (°) 90, 90, 90 90, 108.2, 90
Solvent (%) 50.1 37.7
Matthews coefficient 2.43 1.97
Resolution range? (A) 71.60-1.93 (1.97-1.93) 73.89-1.90 (1.94-1.90)
Reflections? 469259/ 37132 150200 / 32801
total/ unique (26106 /2409) (7964 / 2072)
Completeness? (%) 99.9 (98.7) 99.7 (99.2)
Multiplicity® 12.6 (10.8) 4.6 (3.8)
1/0? 22.3 (4.5) 20.6 (4.0)
CCy/2? (%) 99.9 (87.3) 99.8 (93.5)
Wilson B-factor (A2) 30.1 21.0
Roim™® (%) 2.0 (19.4) 2.3(17.0)
Refinement
Resolution? (A) 28.39-1.93 (1.97-1.93) 44.61-1.90 (1.94-1.90)
Reflections, work/test 35275/ 1857 31161/ 1640
Rfactor’/Rfreed (%) 19.4/23.0 15.7/20.5
r.m.s.d. from ideal value
Bond length (A) 0.0096 0.0180
Bond angle (°) 1.4116 1.8560
Number of:
Polypeptide chains 2 2
Protein atoms 3322 3358
Water molecules 162 375
PLP molecules 2 0
Average B-factor (A2)
Protein 46.0 26.3
H20 44.8 34.7
PLP 49.6 -
Ramachandran plot® (%)
Favoured 98.8 97.9
Allowed 1.2 2.1
Outliers 0.0 0.0

2Values in parentheses are the data for the highest-resolution shell.
BRoim = Zal[L/(N=1)1Y2; | Intr = <Ipwi> | /Zhia < Inki>.

Rtactor = Zhki| | Fobs |- | Featc| | /Zni| Fobs|, where Fops and Feaic are the observed and calculated structure

factors, respectively.

9Riree is the same as Rractor but calculated for the 5% data omitted from the refinement.
¢Calculated with RAMPAGE [29]
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Spectrophotometric determinations were carried out with a NanoDrop 1000
spectrophotometer (Thermo Scientific) on 2 pl samples. All reagents and PipY
were in storage buffer. Optical absorption values are given for 1-cm light path.
Incubations of PipY with PLP or DCS were performed for 15 min in 50 pl
solutions at 25 °C, with controls lacking PipY carried in parallel and subtracted.
For incubation with DCS, PipY had been incubated previously with 0.34 mM PLP
and then freed from unbound PLP by centrifugal gel filtration [30]. Plots of the
absorbance at 425 nm of PipY versus PLP or DCS concentrations were fitted to
hyperbolae using GraphPadPrism (GraphPad Software, San Diego, CA).

CD spectra in the far-UV region (195—-250 nm) were obtained at 21 °C with a
Jasco J-810 spectropolarimeter in 0.2 ml of 50 mM Na phosphate pH 7.5 and
0.25 mg/ml protein in a 0.1 cm-pathcell. Each spectrum was the average of five
scans.

The thermal stabilities of wild-type and mutant PipY proteins were
investigated by the thermofluor approach [31] as previously reported [32],
using 0.25 mg/ml PipY in a solution of 22 mM Hepes pH 7.5 with the indicated

additions.

RESULTS
The pipY protein product

PipY was produced in E. coli from an expression plasmid and was obtained in
pure form (Fig. 1A, inset). Similarly to the E. coli and yeast COG0325 gene
products, YggS and YBLO36C, [12,13,19], PipY was monomeric, judged from its
behaviour in size exclusion chromatography assays (Fig. 1A). As expected for a
protein forming a protonated Schiff base with PLP [33], pure PipY was yellow
due to a broad optical absorption peak having its maximum absorption at ~425

nm (Fig. 1B, black continuous line), a longer wavelength than the maximum for
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free PLP (Fig. 1B, dotted line). PipY incubation with excess PLP, followed by
removal of the PLP excess by centrifugal gel filtration [30] increased the size of
the 425-nm peak (Fig. 1B, dashed line), as if the pure protein was incompletely
saturated with PLP, perhaps because of partial dissociation of PLP during
protein isolation and storage. In fact, prolonged PipY storage (several months)
decreased the height of the 425-nm peak (Fig. 1B, grey line), as expected for
PLP dissociation with time. Titration with PLP of this aged protein restored
maximal absorbance with a Kp value for PLP of ~30 uM (Fig. 1C). As is typical for
protein-bound PLP [34], the 425-nm peak disappeared with the addition of DCS
(Fig. 1D), while absorbance at shorter wavelength (around 335 nm) increased.
Titration of the decrease in absorbance at 425 nm versus DCS concentrations
(Figs. 1D and 1E) yielded a Kp for DCS in the mM range, two to three orders of
magnitude higher than Kp values for PLP-containing proteins that bind DCS as
an analogue of an amino acid substrate (the case for alanine racemase [15]).
This low affinity for DCS excludes specific binding of this antibiotic to PipY, in
agreement with the reported lack of alanine racemase activity of PipY [11] and

of the COG0325 gene products of other species [13].

Overall characteristics of crystalline PipY

PipY crystal structures were determined at ~1.9 A resolution with and
without PLP (PipY-PLP and PipY-Apo, respectively; Table 1). No electron density
that could correspond to D-Ala or DCS was observed in the crystals, despite the
fact that these compounds were present at 10 mM concentrations in the
respective crystallization solutions (see Materials and Methods). Each crystal
had two protein chains in the asymmetric unit. These chains were related by
twofold non-crystallographic symmetry. The small contact surfaces (~5% of the
exposed surface) and the predictions of the PISA server

(www.ebi.ac.uk/pdbe/pisa/) did not support a homodimeric nature of PipY in
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Figure 1- PipY properties. (A) Size exclusion chromatography of pure PipY with elution
monitored as UV absorption (bottom) and plotted semilogarithmically (top) together
with the elution positions of molecular mass standards (closed circles). The open circle,
corresponding to PipY, has been placed at the intersection of the PipY elution position
and its sequence-deduced mass. The protein standards used and their masses (in
parenthesis, in kDa) were Enterococcus faecalis carbamate kinase (71.3) [44], bovine
serum albumin (66.4), Escherichia coli N-acetyl-L-glutamate kinase (54.3) [45], chicken
ovalbumin (42.7), Synechococcus elongatus Pll (37.2) [46], Pseudomonas aeruginosa PII
(36.9) (our own unpublished data), bovine erythrocyte carbonic anhydrase (29),
soybean trypsin inhibitor (21.5), cow’s lactaloumin (14.2), pancreatic ribonuclease A
(13.7) and horse heart cytochrome C (12.3). Inset, SDS/PAGE of pure PipY (St, protein
standards of the indicated masses). (B) Optical absorption spectrum of PipY, freshly
prepared (black continuous line), after aging for several months (gray continuous line),
or following a 15-min incubation of 2 mg-mL™! PipY with 0.34 mm PLP, followed by
excess PLP removal by centrifugal gel filtration [30] (broken line, large trace). Spectra
are normalized relative to the absorption at 280 nm. For comparison, the spectrum of
PLP, normalized to a maximum absorbance of 0.3, is shown (dotted line). (C) Influence
of added PLP on the height of the protein-bound PLP peak of 0.66 mg-mL™ of aged
PipY. (D,E) Influence of variable DCS concentrations on the absorption spectrum of PipY
(0.91 mg-mL™, incubated with 0.34 mm PLP and then freed from unbound PLP by
centrifugal gel filtration) in the 300-500 nm range (D) or at 435 nm (E), fitting the data
to a hyperbola.
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solution, agreeing with the size exclusion chromatography results that showed
that PipY is a monomer (Fig. 1A). Except for the initial and final 2-3 residues and
the C-terminal His¢-tag, the entire polypeptide chains were visible in the crystal
structures. In addition, one PLP molecule was found binding per chain in the
PipY-PLP crystal. Both monomers in each asymmetric unit were essentially
identical (r.m.s.d. <0.6 A, Supplementary Table S1), with somewhat lower
identity when PLP-containing and PLP-lacking PipY molecules were compared
(r.m.s.d. 0.62-0.98 A, Supplementary Table S1). There was high similarity with
the reported structure [19] of the yeast COG0325-encoded protein YBLO36C or
with the structures of another three COG0325 products from other bacteria
that are deposited in the PDB (Supplementary Table S1; r.m.s.d. 1.29-1.75 A;
and Supplementary Fig S2A).

The structure of PipY

PipY has (Fig. 2A) the characteristic type-lll fold of PLP-dependent enzymes
[19,35], a modified TIM barrel [36] having an extra N-terminal a-helix preceding
the first of the eight B/a repeating units and lacking the helix of the last repeat.
Unlike the paradigms of this fold, alanine racemase, ornithine decarboxylase
and broad specificity amino acid racemase [37-39], all of them composed of
two-domain subunits forming homodimers, PipY is a single-domain monomer
consisting exclusively of the barrel domain (Supplementary Fig. S2A). This is
also the case for the highly similar structures previously reported for YBLO36C
[19] or deposited in the PDB for another three bacterial COG0325 proteins
(Supplementary Table S1). All these COG0325 protein structures have a
one-turn imperfect a helical extension of the C-terminal B-strand (helix 9, Fig.
2A and Supplementary Fig. S2A). This extension binds the phosphate of PLP
(see below). However, PipY differs from all the other COG0325-encoded protein

products of known structure in the length of the first a-helix (Supplementary
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Figure 2 (previous page). PipY structure. Panels A and C are stereo views. Beta strands
are labeled with numbers. Helices are numbered also with numbers preceded by an a.
When using sticks representation (always the case for PLP), O, N, S, and P atoms are
colored red, blue, yellow, and orange, respectively, and C atoms are yellow for PLP and
gray for the protein. (A) Cartoon representation of the structure of PipY complexed
with PLP. Helices are pink and strands are blue. Red spheres mark the locations of
Pro63 and Arg210, which correspond to human PROSC Pro87 and Arg241. (B) Cartoon
side views (90° rotation around the X axis, relative to the view in panel A, with the C-
edge of the B sheet pointing to the top) of PipY and the yeast COG0325 gene product
YBLO36C (PDB 1CT5), to highlight the differences in the length of helix 1, which is
deeply colored. (C) The PLP binding site. Side-chains are shown in sticks and labeled in
single letter notation. The grid around the PLP-Lys26 adduct shows the Fo-Fc omit
electron density map for this adduct at 2.5 o. Broken red lines represent hydrogen
bonds of PLP with the protein (D) PipY movements upon PLP binding shown by
superimposing PipY-Apo (pink) and PipY-PLP (gray) in cartoon representation. Selected
secondary structure elements are labeled.

Fig. S2), which in PipY spans less than three full turns, while in all these other
proteins is much longer on both the N- and C-terminal ends of this helix, which
spans up to 6 turns (Fig. 2B). Perhaps this helix, which is lacking in canonical
TIM barrels, could be involved in interactions with other proteins, with specific

requirements for COG0325 proteins of different species.

PLP binding

PLP sits towards the centre of the barrel, on the C-edge side of the parallel
B-sheet (Fig. 2A). It is found in the same site and orientation as in yeast
YBLO36C and in the deposited structures of COG0325 proteins. This location is
the same that is found in the PLP enzymes presenting the PLP type Il fold
(Supplementary Fig. S2A-C). However, in PipY and the other COG0325 proteins
of known structure the PLP is much more accessible than in the type Il fold PLP
enzymes [37-39]. In these dimeric enzymes the cofactor is shielded by the two-
domain architecture and by the other subunit, being accessible only through a
tunnel (not shown). The exposed PLP of PipY and of other COG0325 proteins

should facilitate PLP exchange with other molecular partners. The PLP forms a
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Schiff base with Lys26 (Fig. 2C; and Supplementary Fig. S2C). Its phosphate is
anchored via six hydrogen bonds on helix 9 (residues Gly212 and Thr213) and
on the B7-a8 turn (Ser195 and, indirectly through water, Ser196). The cofactor
makes other non-covalent interactions with six of the eight B/a repeats of the
modified TIM barrel. Only B/a repeats 4 and 5 do not contact the PLP. The
pyridoxal ring is partially sandwiched between Leu70 from B3 and Met194 from
the B7-a8 turn, lying through its border on Arg210 from B8, with which an
NH--N hydrogen bond is made. The exposed part of the pyridoxal ring makes
contacts through its C2-methyl group with Met152 from B6, hydrogen bonding
its C3-OH with Asn47 from B2, and contacting Val24 of B1 via its C4
carbaldehyde and C5 hydroxymethyl groups. Except for the indirect interaction
with Ser196 (Fig. 2C), all PLP interactions found in PipY are present in the other
COGO0325 structures, either with identical or conservatively replaced residues

(Supplementary Fig.S2A).

Changes associated with PLP binding in the context of a role of PipY in PLP
homeostasis

Our determination of the structures of PLP-bound and PLP-free forms of
PipY allowed characterization of the changes associated with PLP binding (Fig.
2D). These changes are not large, as shown by the modest r.m.s.d. increase
when comparing PipY-PLP and PipY-Apo (Supplementary Table S1). The largest
changes are experienced by helix 9 (Fig. 2D), which is displaced towards the PLP
phosphate that anchors on it. This helix drags in its movement the residues
following it, which are displaced by up to 4.5 A. Helices 1 and 2 are also dragged
towards the phosphate, while Ser195 and the B7-a8 loop are displaced by the
phosphate, with concomitant small displacement of helix 8, which drags with it

helix 7 and the $6-a7 loop, and even helix 6 and the f5-a6 loop.
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The movement of helix 9 might be the best candidate for triggering the PLP
exchange required for the proposed role of PipY in PLP homeostasis [11-
14,17,18]. Due to its exposed nature helix 9 could interact with other
macromolecular players, acting as a trigger for PLP exchange, since a change in
the position of helix 9 could importantly weaken PLP binding to PipY, given the

PLP-anchoring role of this helix.

Exploiting PipY for investigating the disease-causing mechanisms of PROSC
mutations

Recently, vitamin Bg-dependent epilepsy was reported in association with
null mutations in the human COG0325 gene PROSC [17,18]. However, some
patients carried the missense PROSC mutations Pro87Leu and/or Arg241Gin,
two mutations for which a loss-of-function effect was at best hypothetical [18].
In addition, there was no correspondence between the degree of clinical
severity attributed to each of these mutations on the basis of the observations
on the patients [18] and the ability of each mutant form to complement the
increased pyridoxine toxicity phenotype of the yggS™ E.coli mutant [17]. Since
the PROSC Pro87 and Arg241 residues are conserved in S.elongatus PipY
(respective PipY counterparts, Pro63 and Arg210, Supplementary Fig. S1), we
investigated the effects of the corresponding PipY mutations on recombinantly
produced PipY as an approximation to the effects of PROSC mutations. Both
mutant proteins could be purified (Fig. 3A, bottom panel) and were monomeric
(determined by size exclusion chromatography, data not shown). The Pro63Leu
mutation did not negatively affect any of the parameters assessed: yield (Fig.
3A, top panel), thermal stability (Fig. 3B), proper fold of the pure protein
(estimated by CD, Fig. 3C) and PLP content (assessed by the absorption
spectrum, Fig. 3D). The latter was to be expected, since Pro63 sits on the

opposite face of the TIM barrel than PLP (Fig. 2A) and, therefore, the mutations
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Figure 3- Comparisons between wild-type and Pro63Leu and Arg210GIn mutants of
PipY. (A) Yield (top; mean % SE; n > 2) and purity (bottom; coomassie-stained SDS/PAGE,
15% gel) of the final protein preparations. (B) Thermal stability of the wild-type (closed
circles) and the two mutants (open circles), estimated in thermofluor assays (see
Materials and Methods). Buffer, pH, and protein concentrations were the same for
both panels, but the solution contained, in addition, 0.5 m NaCl and 20 mm imidazole
(left panel) or 16 mm NaCl and 1 mm DTT (right panel). The broken lines mark for each
protein form the temperature at which the fluorescence change is 50% of the
maximum. (C) CD spectra to exclude gross misfolding of the mutants. (D) Optical
absorption spectrum to show that the Arg210GIn mutant lacks the peak of bound PLP.
Spectra are the average of >2 preparations. They are normalized relative to the
absorption at 280 nm.

of this residue should not directly hamper PLP binding. In contrast, the
Arg210GIn mutant, also obtained in pure (Fig. 3A, bottom panel) and well-
folded form (Fig. 3C) was produced in quite low yield (Fig. 3A, top panel),
exhibited decreased thermal stability (nearly 5 °C decrease, Fig. 3B) and had
little if any PLP, judged from its low optical absorption in the 425 nm region
(Fig. 3D). This last observation fits the fact that the mutation affects the

invariant arginine shown by the structure to run parallel to the buried border of
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the pyridoxal ring, with which it makes an NH--N hydrogen bond (Fig. 2A,C). Our
findings explain the results of complementation assays for the Pro87Leu and
Arg241GIn PROSC mutants [17] and the disease-causality of the Arg241Gin

mutation (see Discussion)

DISCUSSION

The complementation of yggS— E.coli by COG0325 genes of other species
[12,13,17] and the phenotypic similarities of this E.coli mutant and of the
S.elongatus pipY~ mutant [11] are strong indications that the function of
COGO0325 genes is conserved across phyla. The alleviation by PLP or by vitamin
Bs supplementation of the alterations observed in these mutants [11-14], best
illustrated by the vitamin Bg dependence of the epilepsy due to PROSC
deficiency [17,18], indicates that this conserved function is related to PLP, in
line with the fact that COG0325 products are PLP-containing proteins. Yet,
previous work [11-13] has not favoured an enzymatic role of COG0325
proteins. In our own work, we have failed to generate crystals of PipY bound to
D-Ala or to DCS despite extensive crystallization attempts with these
compounds. These two ligands have been found binding in crystals of the
structurally similar alanine racemase [40]. Furthermore, as exemplified in the
PipY structure, COG0325 proteins lack key constant and obligatory features of
type lll-fold PLP enzymes [35]. These missing traits include the dimeric
character, the presence of a second domain and the existence of an invariant
substrate-binding arginine (Arg129 of Ala racemase, Supplementary Figs. S2A,C)
and of a negative charge that stabilizes this arginine [37-41]. Thus, COG0325
proteins are believed to be involved in PLP homeostasis rather than being
catalysts [11-14,17,18].

A PLP-homeostatic role would be instrumental to prevent the toxicity of free

Be-vitamers [13,42, and see 17] and would imply that COG0325 proteins deliver
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PLP to the apoenzymes of PLP-dependent enzymes. Such role fits: i) the
observations of increased toxicity of pyridoxine with yggS™ E. coli [12,13] and
of pyridoxine and PLP-targeting antibiotics with pipY~ S. elongatus [11]; ii) the
interactions of these traits with the supply of amino acids to these bacterial
mutants [11-13]; iii) the observation of pleiotropic amino acid metabolism
changes in COG0325 mutants [12-14,16-18]; iv) the synthetic lethality caused in
S. elongatus by the pipY/cysK double mutation [11]; and v) particularly, the
finding of amino acid levels in the cerebrospinal fluid of a patient with PROSC
deficiency that are highly suggestive of multiple transaminase deficiency [18].
In line with a homeostatic role of PipY, in the structures of PipY (present data)
and of other COG0325 proteins ([19], and see PDB files given in Supplementary
Table S1) PLP is exposed as if it was poised for transfer. Furthermore, the
relatively large changes in the orientation of the outwards-protruding helix 9
depending on the presence or absence of PLP, taken together with the key role
of this helix in PLP anchoring, renders this helix an obvious candidate for being
a trigger that could be operated by partners to weaken the interactions of
COGO0325 proteins with PLP, promoting PLP transfer.

The alternative possibility that COG0325 proteins, although not catalytic by
themselves, could be subunits of hypothetical heterodimeric PLP enzymes in
which the COG0325 subunit would act as a common PLP-containing module
appears unlikely. The pleiotropic metabolic effects of the null COG0325 gene
mutations demand multiple alternative partners for the COG0325 protein. It
would be unlikely not to detect any of these partners in yeast-two-hybrid
assays using PipY as the bait, but, in fact, no partner was detected [11].
Furthermore, the increased amino acid levels in the cerebrospinal fluid of a
PROSC-deficient patient [18] fitted multiple transaminase deficiency. However,

transaminases do not utilize for binding PLP the modified TIM barrel fold used
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by COG0325 proteins [35]. Similarly, a role of COG0325 in the regulation of a
specific PLP enzyme, as exemplified for ornithine decarboxylase with its
enzyme/antizyme/antizyme inhibitor system [43], cannot be excluded, but,
again, appears unlikely, largely because it would not fit the multi-target
pleiotropy reflected in the metabolic phenotypes of COG0325 mutants.

Strong support for a PLP homeostatic role of COG0325 proteins was
provided by observations made in vitamin Bs-dependent epilepsy associated to
PROSC mutations [17,18]. By using PipY as a model of PROSC, we attempted
here to shed light on why the PROSC Pro87Leu mutant complemented and the
Arg241GIn mutant did not complement the pyridoxine toxicity phenotype of an
E.coli yggS— strain [17]. The abundant production in E.coli of PLP-carrying
Pro63Leu PipY could explain the complementation observed with the PROSC
Pro87Leu mutant [17]. In contrast, lack of complementation would be expected
for the poorly produced and PLP-lacking Arg210GIn mutant of PipY, as observed
for the corresponding human PROSC mutant Arg241GIn [17], in line with the
prior observation that there was no complementation by YggS when it carried a
mutation that made it unable to bind PLP [13]. Concerning disease-causation
and clinical severity, the lack of bound PLP and the decreased stability and yield
of PipY carrying the Arg210GIn mutation clearly support a disease-causing role
of the corresponding Arg241GIn PROSC mutation, in agreement with the
finding of this last mutation in patients with vitamin Be-dependent epilepsy.
However, the PROSC deficiency due to the Arg241GIn mutation may be partial
if the mutant can still bind PLP at increased concentrations of this cofactor,
what could explain the relatively mild clinical severity associated with this
mutation [18]. In contrast to the Arg210GIn PipY mutant, the PipY Pro63Leu
mutant that mirrors the PROSC Pro87Leu mutant appeared normal. Thus,
studies using the PROSC Pro87Leu mutant itself expressed in human cells might

be necessary to test experimentally the disease-causation and clinical severity
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attributed to this mutation [18]. In any case, it is interesting that three of the six
missense PROSC mutations observed thus far in patients with vitamin B6-
dependent epilepsy replace proline by leucine or the reverse (Supplementary
Fig. S2A) [17,18]. Given the structural uniqueness of proline as a protein amino
acid, it is conceivable that these changes could lead to increased PROSC
misfolding, raising the possibility of using pharmacological chaperones to try to

alleviate the deleterious effects of these missense mutations.

PROTEIN DATABANK FILES

Protein DataBank accession codes 5NM8 and 5NLC
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Supplementary Table S1. Degree of similarity among the structures of
PipY monomers studied here, and with the structures of other COG0325
gene products, and of TIM barrel domains of amino acid racemases and

ornithine decarboxylase.

Root mean square deviation for the

superimposition of the indicated number

of Ca atoms? (A / number Ca atoms)

PipY- | PipY-Apo | PipY-PLP | PipY-PLP

Apo A B A B
PipY-Apo B 0.59/215 - - -
PipY-PLP A 0.90/213| 0.62/215 - -
PipY-PLP B 0.98/210| 0.70/212 |0.39/212 -
COG0325 yeast YBLO36C (1CT5) - - 1.63/195|1.61/194
COGO0325 E. coli YggS (1W8G) - - 1.50/205 | 1.52/205
COGO0325 B. adolescentis (3CPG) 1.75/202 | 1.69/202 - -
COGO0325 A. tumefaciens (3R79 A) - - 1.29/199|1.42/196
Alanine racemase (2RJG) - - 2.39/191 -
Broad spectrum AA racemase (4BEU) - - - 2.31/200
Ornithine decarboxylase (70DC) - - 2.60/186 -

2The two chains in the same asymmetric unit are distinguished by the letters A and B. B.
adolescentis, Bifidobacterium adolescentis; A. tumefaciens, Agrobacterium tumefaciens;
AA, amino acids. The alanine racemase, broad spectrum amino acid racemase and
ornithine decarboxylase are from E. coli, Vibrio cholerae and mouse, respectively.
Protein DataBank accession numbers are given between parentheses. Except in the
case of the protein from B. adolescentis, which contained no PLP and thus was
compared with the monomers of PipY-Apo, all other proteins contained PLP and have
been compared with PipY-PLP. In the cases of racemases and ornithine decarboxylase
only the result of the best superimposition of PipY with one subunit of the indicated

enzymes is shown.
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PROSC MWRAGSMSAELGVGCALRAVNERVQQAVARRPRDLPAIQPRLVAVSKTKPADMVIEAYGH 60
PipY ~  ——mmmmmmmm—————— MAQIAERLASL————RSQL PPSVQLIAVSKNHPAAAIREAYAA 39
H ** . H . * **** ** H ***
0(3 L B3
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*hkk kkkk kkx : * : T, * k. 1. *‘k * *‘k'::'.* H T T.e * Kk x
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PipY ALAERLDRIAGELGRSPKLC——LQVKLLPDPNKAGWDPADLRAELPQL SQLQQVQIRGL 151
Arrooe . Ha H A HEEE S S S
PROSC MTIGSFGHDLSQGPNPDFQLLLSLREELCKKLN---IPADQVELSMGMSADFQHAVEVGS 237
PipY MVIAPLGLTAAET-----— QALFAQARTFAAELQQQAPQLRLTELSMGMSSDWPLAVAEGA 206
* * :* B R Y B . ******* ‘k * * *:
[38 Q o9
PROSC TNVRIGSTIFGERDYSKKPTPDKCAADVKAPLEVAQEH 275
PipY TWIRVGTQLEGPRSL——————————————————————— 221

K ek eke ekKk K

Supplementary Figure S1. Clustal w (www.ebi.ac.uk) sequence alignment of S.
elongatus PipY and human PROSC, indicating above the piled sequences the epilepsy-
associated mutations Pro87Leu and Arg241GlIn [17,18] that have been introduced here
into the corresponding positions of PipY. Secondary structure elements surrrounding
the mutated residue are indicated in PipY by double underlining (strands) or ondulating
underlining (helices), identifying these elements above the sequences. Below the
sequences, asterisks mark invariance, and double and single dots indicate higher and
lower strengths of residue conservation in both structures.
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Supplementary Figure S2 (previous page). Sequence and structural comparisons of
PipY with other proteins. (A) Structure-aided sequence alignment of the five COG0325
gene products of known structure (S. elongatus PipY and the products of yeast,
Bifidobacterium adolescentis, E. coli and Agrobacterium tumefaciens, abbreviated PipY,
YBLO36C, COG0325BA, YggS and COGO0325AT, with PDB file identifiers SNM8, 1CT5,
3CPG, 1W8G and 3R79, respectively) and of the TIM barrel domains of mouse ornithine
decarboxylase (ODC; PDB file 70DC), E. coli alanine racemase (Ala Racem, PDB 2RJG)
and Vibrio cholerae broad specificity amino acid racemase (AA Racem; PDB 4BEU).
Residues conserved or conservatively replaced in at least 5 of the 7 aligned sequences
are highlighted by black shadowing over white lettering. When the conservation is
restricted to the 5 COG0325 products or to the 3 enzymes, the residues are highlighted
yellow and green, respectively. Horizontal arrows (in light blue) and rectangles (pinkish)
under each sequence mark B strands and a helices, respectively, with labelling of these
secondary structure elements at the top of the alignment (blue and pink labels). The
triangles at the top and bottom signal residues that make contacts with PLP in the
C0OG0325 products and the enzymes, respectively, being blue for the Shiff base-making
lysine, arrow-shaped and green-lined for phosphate-interacting residues, black if the
interaction is conserved in all the aligned sequences, or yellow or red if conserved only
in COG0325 products or the enzymes, respectively. In addition, yellow and red lettering
is used in some occasions to confirm the interaction of a given residue with PLP when
the interaction is not fully conserved. The red asterisk denotes the lysine that is
carboxylated in Ala racemase. The curved small arrows and the adjacent mutations
(shown in single letter code) above the PipY sequence indicate the corresponding single
amino acid changes found in vitamin B6-dependent epilepsy [17, 18]. (B) Stereo view of
the superposition of the structures (backbone representation) of PipY-PLP (grey) and
the barrel domain of broad spectrum amino acid racemase (green; PDB entry 4BEU),
alanine racemase (blue, 2RJG) and ornithine decarboxylase (pink, 70DC). The bound
PLP molecules are shown in sticks representation and are coloured as the
corresponding protein chain. Beta strands are labeled with numbers while helices are
labelled with an o followed by a number. (C) Detailed stereo view (sticks
representation) of the superimposed PLP binding sites of PipY-PLP (black) and of the
barrel domains of broad spectrum amino acid racemase (green; PDB 4BEU), alanine
racemase (orange, 2RJG) and ornithine decarboxylase (pink, 70DC). O, N, S and P atoms
are coloured red, blue, yellow and orange, respectively. Residue labels are in single
letter amino acid code and are in the same color as the corresponding structures. The
pink asterisk denotes that lysine 122 is carboxylated in alanine racemase [41]. The
green sphere is the Cl" anion in broad spectrum amino acid racemase [39]. Tyr389 of
ODC belongs to the other domain of the same subunit of this enzyme. Not shown in the
figure because they obliterate the view of other residues are Tyr299 and Tyr255 from
the second domain of the other subunit of amino acid racemase and alanine racemase,
respectively. These residues extend from the front of the figure towards the O atom
bound to the C3 atom of the pyridoxal ring, forming a hydrogen bond with it via their
phenolic O atoms.
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Abstract. Vitamin Bs-dependent genetic epilepsy was recently associated to
mutations in PLPBP (previously PROSC), the human version of the widespread
COGO0325 gene that encodes TIM-barrel-like pyridoxal phosphate (PLP)-
containing proteins of unclear function. We produced recombinantly, purified
and characterized human PROSC (called now PLPHP) and its six missense
mutants reported in epileptic patients. Normal PLPHP is largely a monomer
with PLP bound through a Schiff-base linkage. The PLP-targeting antibiotic D-
cycloserine decreased the PLP-bound peak as expected for pseudo-first-order
reaction. The p.Leul75Pro mutation grossly misfolded PLPHP. Mutations
p.Arg241GIn and p.Pro87Leu decreased protein solubility and yield of pure
PLPHP, but their pure forms were well folded, similarly to pure p.Pro40Leu,
p.Tyr69Cys and p.Arg205GIn mutants (judged from CD spectra). PLPHP stability
was decreased in p.Arg241GIn, p.Pro40Leu and p.Arg205GIn mutants
(thermofluor assays). The p.Arg241GIn and p.Tyr69Cys mutants respectively
lacked PLP or had a decreased amount of this cofactor. With p.Tyr69Cys there
was extensive protein dimerization due to disulfide bridge formation, and PLP
accessibility was decreased (judged from D-cycloserine reaction). A 3-D model
of human PLPHP allowed rationalizing the effects of most mutations. Overall,
the six missense mutations caused ill effects and five of them impaired folding
or decreased stability, suggesting the potential of pharmacochaperone-based

therapeutic approaches.

Keywords: COG0325 family proteins, PLPBP gene, inborn errors, PROSC, PLPHP
recombinant production, PLPHP characterization, pyridoxal phosphate, PLP,

site-directed mutagenesis, structure-function correlations.
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INTRODUCTION

Very recently a novel form of vitamin Bg-dependent genetic epilepsy of
recessive inheritance was reported (Darin et al., 2016; Plecko et al., 2017),
associated to mutations in the PROSC gene (MIM# 617290; this gene is now
renamed PLPBP, from pyridoxal phosphate binding  protein;
www.genenames.org). PLPBP is the human version of COG0325, a gene that is
highly conserved and that is very widely distributed among all life forms, from
bacteria to humans (Ito et al., 2013; Prunetti et al., 2016; Labella et al., 2017).
As indicated by its name, PLPBP encodes a pyridoxal phosphate (PLP)-
containing protein of uncertain function that, having been proposed to be
involved in pyridoxal phosphate (PLP) homeostasis (Darin et al., 2016; Ito et al.,
2013; Plecko et al.,, 2017; Prunetti et al., 2016), is now called PLPHP
(http://www.uniprot.org/uniprot/094903; old name, PROSC). Although this
protein has been found not to be essential for life in several organism (lto et al.,
2013; Labella et al., 2017; Prunetti et al., 2016), null mutations of the COG0325
gene associate in bacteria with pleiotropic phenotypes that include increased
sensitivity to pyridoxine toxicity and to PLP-targeting antibiotics, as well as
various amino-acid metabolism-related aberrations (Ito et al., 2013; Ito et al.,
2016; Kolodkin-Gal et al., 2010; Labella et al., 2017; Prunetti et al., 2016). In
humans, of the eleven patients that have been reported thus far with vitamin
Be-dependent epilepsy associated to PLPBP mutations (Darin et al., 2016;
Plecko et al., 2017), four patients carried null mutations in homozygosis due to
protein truncation at residues 71 or 78 (Darin et al., 2016), quite upstream in
the 275-residue PLPHP polypeptide chain. Another patient was a compound
heterozygote for two different splice-site changes that should have resulted in
decreased levels of normal PLPHP (Darin et al., 2016). From these truncating or

splicing mutations it is clear that the loss of PLPHP function triggers early in life
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nervous system pathology manifested as epilepsy with developmental delay if
not effectively treated with vitamin Bs-supplementation.

In addition to these patients carrying truncating or splicing mutations, six
patients carried single amino acid substitutions of uncertain effects on PLPHP.
Table 1 lists these mutations and includes the second mutant allele and a
summary of the reported clinical data for each patient carrying one of these
mutations (Darin et al., 2016, Plecko et al.,, 2017). Of these mutations,
p.Leul75Pro was previously shown (Darin et al., 2016) to decrease PLPBP
mRNA production by ~75% in the fibroblasts from a patient carrying this
mutation in homozygosity, allegedly because of the creation of a novel siRNA
site. However, the effect of this mutation at the protein level was even more
drastic, since no PLPHP could be detected in western blots of these fibroblasts
(Darin et al., 2016).

The effects of another two missense mutations (p.Pro87Leu and
p.Arg241Gln) were studied in complementation assays in yggS™ Escherichia coli
(Darin et al., 2016). This mutant bacterial strain lacks the corresponding
COGO0325 protein, Yggs, and exhibits a phenotype of decreased resistance to
pyridoxine toxicity that can be restored to normal by complementation with
wild-type PLPBP (Darin et al.,, 2016; Ito et al.,, 2013; Prunetti et al., 2016).
However, the results of these complementation assays did not parallel the
clinical severity inferred for these two mutations (Darin et al., 2016), what
prompted us to introduce these mutations into the recombinantly expressed
COG0325 gene of the cyanobacterium Synechococcus elongatus, using the
produced protein, PipY, as a model of human PLPHP (Tremifio et al., 2017).

We now produce recombinantly and purify human PLPHP, investigating
the effects on protein properties of all the PLPBP missense mutations reported

thus far in patients with vitamin Bs-dependent epilepsy (Darin et al., 2016;
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Plecko et al., 2017), introduced by site-directed mutagenesis. Actually, we
characterize here for the first time the properties of normal human PLPHP,
determining its oligomeric state in solution, its spectroscopic properties
reflecting PLP binding, its thermal stability using thermofluor assays, and its
sensitivity to the PLP-targeting antibiotic D-cycloserine (DCS) (Neuhaus, 1967).
This characterization has been essential for assessing experimentally the effects
of these missense mutations introduced into the recombinant protein. A
structural model of PLPHP based on the experimental structures of other
C0G0325 proteins (including PipY) has helped rationalize these effects. In this
way, we have found for all the mutations differential traits relative to the wild-

type protein that can account or contribute to disease causation.

MATERIALS AND METHODS

Recombinant production of wild-type and mutant forms of human PLPHP.

The human PLPBP coding sequence (HGNC ID: 9457, GenBank gene
reference sequence NC_000008.11; mRNA reference sequence NM_007198.3,
numbering +1 the A of the ATG translation initiation codon, which is codon 1;
protein reference sequence NP_009129.1; Uniprot KB entry 094903) was
provided by GenScript (Piscataway, USA) as a codon-optimized (for E.coli
expression) synthetic gene inserted into the Kpnl-BamHI sites of the pGS-21a
plasmid. After biological amplification in DH5a cells, this plasmid was used for
introduction of the desired PLPBP missense mutations by the Quickchange
approach (Stratagene, La Jolla, CA, USA) using Deep Vent DNA polymerase
(New England Biolabs, Ipswich, MA, USA) and the indicated (Table 2) forward
and reverse mutagenic primers. After digestion of the parental plasmid by Dpnl

digestion, the mutant plasmids were used to transform E. coli DH5a cells, from
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which they were isolated and corroborated to host the correct mutant
sequences (Sanger sequencing). For protein expression, the PLPBP coding
sequences from the wild type and the mutant pGS-21a plasmids were PCR-
amplified (Deep-Vent DNA polymerase and primers PLPHP-1-F and PLPHP-275-
R, Table 2) and cloned into Ncol/Pmel-digested pOPIN-E, using the In-Fusion
technology (In-Fusion HD Enzyme Premix, Clontech, Madrid, Spain), followed by
transformation into DH5a cells, plasmid isolation and verification (Sanger
sequencing with primers PLPHP-1-F and PLPHP-275-R, Table 2). E. coli BL21
(DE3) cells (Invitrogen) transformed with the appropriate pOPIN-derived
plasmid were grown at 37 °C in aerated 0.5 L of LB-ampicillin (0.1 mg/ml) to
0.6-0.8 OD%%, then 1 mM isopropyl-B-D-1-thiogalactopyranoside was added
and the culture was continued for 3 hours. Wild-type and mutant PLPHP forms

were purified in the same way at 4°C. After the induction period, the cells were

TABLE 2. Oligonucleotides used in the present study. The bases that are mutated are
highlighted in bold type, and the mutated codon is underlined. Sequences used for
cloning on pOPINE are shown in low case.

Name Sequence (5’- 3’)
PLPHP-P40L-F CGATCCAGCTGCGTCTG
PLPHP -P40L-R AGACGCAGCTGGATCGCC
PLPHP -Y69C-F GTGAAAACTGTGTTCAAGAG
PLPHP -Y69C-R TCTTGAACACAGTTTTCACC
PLPHP -P87L-F AGCCTGTGCCTGGAAATCAAG
PLPHP -P87L-R GATTTCCAGGCACAGGCTCAG
PLPHP -L175-F CCGAACCCGGAGTTC

PLPHP -L175-R CTCCGGGTTCGGGC

PLPHP -R205Q-F AGCCTGCAGGAGGAACTG
PLPHP -R205Q-R AGTTCCTCCTGCAGGCTC
PLPHP -R241Q-F AACGTTCAGATCGGTAGC
PLPHP -R241Q-R ACCGATCTGAACGTTGGT

PLPHP -1-F
PLPHP -275-R

aggagatataccatgTGGCGTGCGGGTAG
gtgatggtgatgtttGTGTTCCTGCGCAAC
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harvested by centrifugation, disrupted by sonication in 15 ml of lysis buffer [25
mM HEPES pH 7.5, 0.5 M NaCl, 1 mM dithiothreitol (DTT) and 1 mM phenyl
methyl sulphonyl fluoride (PMSF)], and the suspension was clarified by 30-min
centrifugation at 11,000 x g. The supernatant was applied to a 1-ml Ni-chelate
HisTrap-HP column fitted in an AKTA-FPLC system (both from GE Healthcare).
After a 30 ml-wash with column buffer (25 mM HEPES pH 7.5, 0.5 M NaCl and
20 mM imidazole), a 80-ml 20 mM-to-500 mM linear imidazole gradient was
applied in the same buffer, monitoring the optical absorption of the effluent at
280 nm, collecting fractions. PLPHP, eluted at about 120 mM imidazole, was
pure (monitored by SDS-PAGE). It was concentrated to >2 mg protein/ml,
placing it simultaneously in 20 mM HEPES pH 7.5, 16 mM NaCl, using
centrifugal ultrafiltration (10 kDa cutoff membrane, Amicon Ultra, from Merck-
Millipore, Merck Chemicals and Life Sciences, Madrid), and storing it at -20 °C

until use.

Electrophoretic techniques

SDS-PAGE (Laemmli, 1970) was performed in 12% polyacrylamide gels, using
Comassie Blue staining to visualize protein bands. When indicated, the 3% (v/v)
B-mercaptoethanol (MSH) normally present in the sample buffer was omitted.

Western blotting was used to detect PLPHP in the supernatant and
precipitate obtained after centrifugation of the initial crude cell extracts. Equal
volumes of the supernatant and of the precipitate reconstituted in the original
volume of lysis buffer were subjected to SDS-PAGE followed by western
blotting to nitrocellulose membranes and immunodetection as previously
reported for PipY (Labella et al., 2017). The proper electrophoretic transfer to
the membranes was verified by observing the similar protein banding pattern

of wild type and mutant proteins in the membranes after staining them with
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Poinceau red. The primary antibody (anti-PipY rabbit polyclonal antibody) was
used at higher concentration (1:750 dilution) than for PipY (Labella et al., 2017),
since although this antibody cross-reacts with human PLPHP, its potency for

this protein in western blots was ~2-fold lower than for PipY (data not shown).

Optical methods

Circular dichroism spectra were recorded at 21 °C with a Jasco J-810
spectropolarimeter (Jasco, Easton, MD, USA) on 0.1 cm-path cuvettes
containing wild type or mutant forms of PLPHP in 50 mM Na phosphate pH 7.5.
Each spectrum was the average of five scans. All samples that were purified
were analyzed at 5 and 10 uM concentration of PLPHP polypeptide chains.
Closely similar results were obtained for these two concentrations for each
protein form. Data were processed with the K2d server (available in
DichroWeb, http://dichroweb.cryst.bbk.ac.uk).

Optical absorption spectra over the range 220-748 nm were determined on
2 w  of protein solution wusing a NanoDrop™ 1000 V3.8.1
microspectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The
protein was dissolved in 20 mM HEPES pH 7.5 and 16 mM NaCl. When
indicated, the solutions containing 5-7 mg/ml PLPHP (wild type or mutant
forms) as well as negative control solutions lacking the protein were incubated
20 min at 25 °C with variable concentrations of DCS and then the absorption
spectra in the UV-visible range were determined. The spectra due to the
protein was determined by difference of the spectra of the parallel protein-

containing and protein-free incubations

Size-exclusion chromatography
Size-exclusion chromatography of purified PLPHP variants (0.1-0.3 mg; <50

pl injections) or of protein standards of known mass was carried out on a
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SuperdexTM 75 5/150 GL column (GE Healthcare) mounted on an AKTA FPLC
system, monitoring the OD*° of the effluent. The solution used to equilibrate
and to run the column at 25 °C and at a flow rate of 0.4 ml/min contained 10
mM Na phosphate pH 7, 0.4 M NaCl, 5 mM MgCl;, 5 mM EDTA and 0.2 mM
DTT. The standards used (masses in kDa between parentheses) were rabbit
phosphorylase b (97.4), bovine serum albumin (66.4), chicken ovalbumin (45),
maltose binding protein (42), bovine erythrocyte carbonic anhydrase (29),

soybean trypsin inhibitor (21.5) and horse heart cytochrome C (12.3).

Thermal stability assays

Thermofluor assays (Vedadi et al., 2006) were performed in triplicate on a
real-time PCR instrument (7500 model from Applied Biosystems, ThermoFisher
Scientific, Alcobendas, Madrid, Spain), monitoring the increase in SYPRO
Orange (from Invitrogen, Carlsbad, CA) fluorescence upon gradual (1°C/min)
temperature increase of solutions of 15-20 uM PLPHP (wild type or mutant
forms) in 20 mM HEPES pH 7.5/16 mM NaCl and SYPRO Orange (a 1:1000

dilution of the commercial preparation).

Structural model generation

An initial model for the PLPHP 3-D structure was generated with I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Yang et al., 2015).
Automated and manual refinement  cycles  with ModRefiner
(https://zhanglab.ccmb.med.umich.edu/ModRefiner/) (Xu & Zhang, 2011) and
COOT (Emsley, Lohkamp, Scott & Cowtan, 2010) were used in succession to
eliminate structural clashes and to improve the model. When the model
appeared satisfactory and presented good stereochemistry (tested with

RAMPAGE, Lovell et al.,, 2003), a PLP molecule was incorporated by
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superimposing this structure on the experimental structure of PipY [Protein
Databank (PDB) entry 5NMS8; www.rcsb.org] (Tremifio et al., 2017). Then
refinement cycles were repeated again as above. The final model with PLP
bound presented no clashes or bad contacts (tested with MolProbity, Williams
et al.,, 2017) and exhibited excellent stereochemistry, with no outliers in the

Ramachandran plot.

Other techniques

Pure PipY was prepared as previously reported (Tremifio et al., 2017). The
amount of pure PLPHP protein was determined from its optical absorption at
280 nm for sequence-deduced (EXPASY ProtParam tool,
https://www.expasy.org) absorbance values for 0.1% solutions (1-cm optical
path) of 0.636 (p.Tyr69Cys mutant) or 0.678 (all other PLPHP forms).

Plots, numerical calculations and curve fittings were performed with
program GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). Figures of
protein structure were prepared with PyMOL (Pymol Molecular Graphics
System, Version 1.6, Schrodinger, LLC, www.pymol.org).

Preparations of wild-type and mutant proteins and experiments carried out
with them were repeated at least twice. The electrophoretic and size-exclusion
chromatography profiles shown in Figs. 1 and 2 illustrate individual

experiments but are representative of all the experimental repeats.

RESULTS AND DISCUSSION

Production and characteristics of pure wild-type human PLPHP
We produced recombinantly in E. coli human PLPHP with a C-terminal 6-His tag.
Although many human proteins are not expressed well in E. coli, this was not

the case for PLPHP, which was highly soluble, as shown by its recovery largely in
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the supernatant of the disrupted bacterial cells expressing it (Fig. 1A, tracks
labeled WT), and which could be purified to homogeneity (purity monitored by
SDS-PAGE, Fig. 1B, top panel, WT track) in quite a good yield (close to 10 mg/L
of culture, Fig. 1C, bar labeled WT). Its CD spectrum (Fig. 1D, left panel,
continuous line) closely resembled that of its cyanobacterial homologue PipY
(Tremifio et al., 2017) indicating that PLPHP is well folded and agreeing with a
similar composition of a helices and B strands of PLPHP and PipY, thus
supporting the folding of PLPHP essentially as PipY. This last protein was shown
crystallographically to present the modified TIM barrel fold of type Il PLP
proteins (Tremifio et al., 2017), a fold also exhibited by the structural model of
PLPHP built here (see below Fig. 3A).

As expected for a PLP-containing protein, PLP solutions had yellow color
(picture inset in Fig. 1C) and presented in the optical absorption spectrum the
characteristic peak at about 425 nm (Fig. 1E) that reflects the protonated Schiff
base of protein-bound PLP (Fasella, 1967), thus justifying the inclusion of bound
PLP in the structural model of PLPHP (see below Fig. 3A).

Previously, PipY was found to be monomeric in solution as revealed by size
exclusion chromatography (Tremifio et al., 2017). The same technique also
supported that PLPHP is a monomer (Fig. 2A, left). However, while with PipY
only the monomer peak was observed (Fig. 2A, left) (Tremifio et al., 2017), a
minor peak was seen with PLPHP in the UV absorption profile of the column
effluent, with the elution position of its maximum fitting the position expected
for a dimer (Fig. 2A, left). The monomer and the dimer peaks of PLPHP
exhibited the same optical absorption spectrum (not shown) including the 425
nm peak, indicating that both of them had PLP bound. Rechromatography of
fractions collected from each of the peaks gave (Fig. 2A, right, top and middle

panels) only the original peak in each case (except for minor amounts of the
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various PLPHP protein variants.
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other peak possibly derived from contamination in the fractions used for
rechromatography), excluding that the monomer and dimer were in rapid
equilibrium. This suggested that the dimer was formed by covalent binding of
two monomers, possibly by a disulfide bridge. This possibility appeared likely,
since, in contrast with PipY, which has a single cysteine, PLPHP has 5 cysteine
residues, three of them exposed in its 3D structural model (cysteines 15, 209
and 261, see below Fig. 3A). Since no dimer was observed on standard SDS-
PAGE of PLPHP (Fig. 1B, top), which includes mercaptoethanol (MSH) in the
sample solution, we repeated SDS-PAGE of this protein omitting the addition of
this disulfide reducing agent, revealing a small amount of dimer (Fig. 1B,
bottom), agreeing with the size exclusion chromatography results and with the
hypothesis of a disulfide bond being responsible for dimer formation. Similarly,
brief preincubation of native PLPHP with 10 mM mercaptoethanol prior to size
exclusion chromatography greatly reduced the amount of the early-eluting
peak (Fig. 2A, rigth, bottom panel). Therefore, although the majority of PLPHP is
monomeric, it appears that this protein can dimerize stably by forming a
disulfide bond between its exposed cysteines. As will be seen, dimerization is

much more prominent for the p.Tyr69Cys mutant.

Effects of the disease-associated PLPHP amino acid substitutions on folding,
absorption spectra and oligomeric state of the protein

Site-directed mutagenesis was used to introduce each one of the 6 missense
PLPHP mutations reported in patients with vitamin Be-induced epilepsy (Table
1). Only one of these mutations, p.Leul75Pro, caused gross misfolding, judged
from the complete insolubility of the mutant protein when it was expressed in
E. coli (Fig. 1A). This was revealed by specific detection of the protein in

western blots using a polyclonal rabbit antibody against PipY that cross-reacts

100



Hum. Mutat. (2018) 39, 1002-1013

specifically with PLPHP. Clearly, the p.Leul175Pro mutant was in the precipitate
of the initial cell extract, with no detection of any PLPHP in the corresponding
supernatant. With the other five mutants, soluble protein was always found,
although the data (Fig. 1A) revealed lower solubility of the p.Pro87Leu and
p.Arg241GIn mutants compared with wild-type PLPHP. Nevertheless, the
decreased solubility of these last two mutants did not prevent their
purification, although in lower yield than the wild-type protein or the other
mutants (Fig. 1C). Circular dicroism spectra of the purified mutant proteins
were very similar to that for the wild-type protein, showing that these purified
mutant forms were well folded (Fig. 1D, right panel).

Naked-eye observation of the preparations of the purified mutants showed
that all of them, similarly to the wild-type enzyme, were colored yellow, with
the exception of the p.Arg241GIn mutant, which was colorless. In addition, the
p.Tyr69Cys mutant appeared to have a fainter tone than preparations of wild-
type PLPHP having similar protein concentration. These observations were
confirmed by examining the absorption spectra of these mutant proteins (Fig.
1E). While the spectra were essentially identical for wild type PLPHP and for the
p.Pro40Leu, p.Pro87Leu and p.Arg205GIn mutants, there was no peak at 425
nm in the spectrum of the p.Arg241GIn mutant, indicating lack of bound PLP,
strongly suggesting an important decrease in the affinity of this mutant
apoprotein for PLP. In turn, the p.Tyr69Cys mutant showed a decrease of ~30%
in the height of the 425 nm peak (Fig. 1E). This indicates a decrease in the
amount of the protonated Schiff base of protein-bound PLP formed by the
reaction of PLP with Lys46 (residue identified from sequence alignment with
C0OGO0325 proteins of known structure, see below Fig. 3B). Thus, this mutant
protein has a reduction in the amount of normally bound PLP, what could have

a negative impact on PLPHP function.
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We also assessed the oligomeric nature of the different mutants by size
exclusion chromatography (Fig. 2B, top). Excepting the p.Tyr69Cys mutant, all
the mutants were eluted as wild-type PLPHP, as monomers with a minoritary

dimer content. The dimer peak appeared somewhat smaller in the case of the
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Figure 2 (previous page). Size exclusion chromatography, thermal stability and
reactivity with DCS of wild-type and mutant forms of PLPHP. Abbreviations are as in
Fig. 1. (A) Size exclusion chromatography of pure PipY and PLPHP proteins. The UV
absorption of the effluent was monitored (bottom). A semilogarithmic plot (top)
relating the mass of protein standards (open circles; listed in Materials and Methods)
with their elution volumes is shown on the top. Open and closed upright triangles mark
the respective elution positions of the two PLPHP peaks, attributed the sequence-
deduced masses for dimers and monomers, respectively. Inverted closed triangle, PipY
monomer. Insets to the right depict the peaks observed after rechromatography of
samples taken from PLPHP peaks 1 (top) or 2 (middle), or the elution pattern of PLPHP
following its incubation for 20 min at 25 °C with 10 mM MSH (bottom). (B) Top: Elution
of wild-type and mutant forms of PLPHP from the gel filtration column. Middle: Re-
chromatography of a sample from peak 2 of the first chromatography of the p.Y69C
mutant. A part of the sample was analyzed immediately after the first chromatography
(green) whereas another part was left 12 hours at 4 °C prior to application to the
column (blue). Bottom: Observed elution pattern of the p.Y69C mutant after its
preincubation (20 min, 25 °C) with 10 mM MSH (blue). For comparison, the elution
profile for the same mutant when MSH was omitted is shown in green. (C) Thermofluor
assays (means of 3 replicas) of the indicated PLPHP forms. (D) Effects of 20-min
incubations with variable DCS concentrations on the 424-nm optical absorption peak of
the WT and p.Y69C forms of PLPHP. To illustrate the expected background absorbance
for complete PLP removal, the spectrum for the p.R241Q mutant, which has no PLP
bound, is also shown. The traces for a representative experiment are shown. (E) Plot of
the decrease in OD*?* for the indicated PLPHP forms as a function of DCS concentration
in the 20-min incubation with the protein. Data are the means + SEM for three (WT) or
two (mutants) separate experiments. The lines fitted are exponential decays for
concentrations of DCS giving 50% decay (Cy) after 20-min incubation, of 55 mM (WT
and p.Pro87Leu) and 128 mM (p.Tyr69Cys). The differences between these values of Cy,
is significative (p<0.001, Student's t-test).

p.Arg241GIn mutant, possibly reflecting conformational changes between the
PLP-containing and PLP-free forms (as reported with PipY, Tremifio et al., 2017)
that could influence the accessibility in the PLP-free form of the exposed
cysteines involved in disulfide bridge formation. However, the largest
difference between mutant and wild-type was observed with the p.Tyr69Cys
mutant. The fresh protein containing this mutation was eluted from the gel
filtration column as two large peaks, one corresponding to the dimer and the
other to the monomer (Fig. 2B, top). When a part of the monomer peak was
reinjected, it was predominantly monomeric (Fig. 2B, middle), although there
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was an important amount of dimer that could have arisen from contamination
of the original sample with dimer and/or from spontaneous dimer formation
from the monomer. To evaluate how fast dimers were generated from
monomers, we left a fraction of the monomer peak at 4 °C for 12 hours. After
this period, the majority of the protein was dimeric (Fig. 2B, middle). Thus, it
appears that the dimer and the monomer are not in rapid equilibrium, and that
the dimer increases with time, as expected from dimerization due to disulfide
bridge formation by the novel cysteine introduced by the mutations. This was
confirmed by the elution of the protein as a monomer from the gel filtration
column when the protein had been treated with 10 mM MSH (Fig. 2B, bottom).
Further confirmation was provided by SDS-PAGE of the p.Tyr69Cys mutant
without or with treatment with MSH (Fig. 1B). When subjected to this reducing
treatment (Fig. 1B, top) all the protein moved as a monomer, whereas when
not treated with MSH (Fig. 1B, bottom) much of the p.Tyr69Cys mutant
migrated as a dimer. This contrasts with the behavior of all other mutants and
of wild type PLPHP, which, when not treated with MSH, migrated largely as
monomers, with only a minority as dimers (Fig. 1B, bottom). Also in agreement
with the gel filtration results, SDS-PAGE without MSH confirmed that the dimer
was less abundant in the p.Arg241GIn mutant than with the other mutants or
with wild-type PLPHP (Fig. 1B, bottom). It is to be noted that the dimer of the
p.Tyr69Cys mutant moved in SDS-PAGE slightly faster than the dimers for the
other forms (Fig. 1B, bottom), whereas the movement of the monomer was
identical for all forms. Thus, even in the presence of SDS there appear to be
structural differences between the p.Tyr69Cys dimer and the dimers observed
with the other forms of PLPHP. These differences may reflect the formation

with the p.Tyr69Cys mutant of a novel type of dimer involving a disulfide bridge
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between two monomers mediated by the newly created cysteine found in the

mutant.

Influence of the mutations on PLPHP thermal stability

We compared in thermofluor assays the thermostability of the different
mutants with that of wild-type PLPHP (Fig. 2C). For wild-type PLPHP the change
in fluorescence with heating attained 50% of its maximum at about 56 °C (Tm
value) (Fig. 2C). The same T, temperature was observed with the p.Pro87Leu
mutation, while the P40L, R201Q and particularly the R241Q mutants exhibited
decreased thermal stabilities, corresponding to Tr, values of approximately 50,
49 and 42 °C, respectively (Fig. 2C). These reductions in Tr, values are quite
large, making it likely that the decrease in thermal stability could be an
important disease-causing element for these mutants. In contrast with the
observations with the p.Pro40Leu, p.Arg205GIn and p.Arg241GIn mutations,
the p.Tyr69Cys mutant was substantially more stable in the thermofluor assay
than the wild-type protein (Tm, 60.7 °C, nearly 5 °C higher than the T, of wild-
type PLPHP) (Fig. 2C). Apparently, the dimerization stabilizes the protein,

protecting it from thermal unfolding.

Decreased PLP accessibility in the p.Tyr69Cys mutant, assessed using D-
cycloserine (DCS).

The existing evidence supports a role of PLPHP in PLP homeostasis (Darin et
al. 2016; Ito et al., 2013; Plecko et al., 2017; Prunetti et al., 2016; Tremifio et al.,
2017), whereby PLPHP could deliver PLP to target PLP-binding proteins.
Dimerization of PLPHP could hamper such delivery and thus could be an
important determinant of disease causation. Since the antibiotic DCS targets
protein-bound PLP, we used DCS to monitor the degree of accessibility of PLP,

since such accessibility could be an important factor for PLP delivery. Thus, we
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compared the dependency on the concentration of DCS of the reaction of this
antibiotic with the PLP of wild-type PLPHP or of the p.Tyr69Cys mutant (Fig.
2D). We also tested in the same assays the p.Pro87Leu mutant (not shown), a
mutant for which no ill-effect of the mutation had been found other than a
decrease in protein solubility. In these assays we monitored the decrease in the
PLP absorption peak after 20-min reaction with variable concentrations of DCS.
While in these assays the wild-type and the p.Pro87Leu mutant reacted with
DCS to similar degrees, the reaction of the PLP in the p.Tyr69Cys mutant was
approximately 2.5-fold slower (Fig. 2E), indicating that the p.Tyr69Cys
substitution decreases the availability of PLP for reaction with DCS. Therefore, it
appears that PLP donation by PLPHP could be importantly hampered by the
p.Tyr69Cys mutation.

Overall considerations

All the missense mutations studied here caused ill effects on PLPHP
(Table 1, 4th column), strongly suggesting that the epilepsy resulted from
decreased PLPHP function. This agrees with the results of in silico predictions
that predominantly suggested probably damaging effects for the mutations
p.Pro40Leu, p.Tyr69Cys, p.Arg205GIn and p.Arg241GIn (Plecko et al., 2017) as
well as for the p.Leul75Pro mutation (our own analysis with PolyPhen-2 and
MutPred servers, http//genetics.bwh.harvard.edu/pph2/,
http://mutpred.mutdb.org/; Adzhubei et al., 2010; Li et al., 2009). Only for the

p.Pro87Leu mutation the in silico predictions were ambiguous (Plecko et al.,
2017).

Misfolding/decreased stability appear to be the major pathogenic
determinants (Table 1, highlighted in bold-type) for the mutations p.Pro40Leu,
p.Leul75Pro, p.Arg205GIn and p.Arg241GIn. Gross misfolding is reflected in the
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complete lack of solubility of the p.Leul75Pro mutant. The p.Arg241GIn
mutations also appeared to cause substantial misfolding, reflected in an
important increase in the fraction of insoluble PLPHP protein (Fig. 1A), which
was translated in our in vitro expression assays into low recovery of pure
soluble PLPHP protein (Fig. 1C). In addition, the thermal stability of the
p.Arg241GIn mutant was found to be drastically decreased, as it also was the
case (although to a lesser extent) for the p.Pro40Leu and p.Arg205GIn mutants
(Fig. 2C). The p.Pro87Leu mutation also increased the fraction of the protein
that was insoluble, decreasing the yield of pure PLPHP. Therefore, for five of
the six reported PLPHP missense mutations the structural stability of the
protein fold was decreased, indicating that PLPHP deficiency due to these
mutations could be a disorder of folding/stability. Thus, a search for
pharmacological chaperones (Gamez et al., 2017) should be considered as a
potential alley towards therapy of destabilizing PLPHP missense mutations. PLP
could be such a chaperone at least in the case of the p.Arg241GIn mutation,
since this mutation primarily hampered PLP loading of PLPHP (Fig. 1E and Table
1) and the apo form of PLP-proteins can be less stable than the holoproteins
(Relimpio et al., 1981). Perhaps the increased PLP levels observed in these
patients and their fibroblasts upon administration of pharmacological doses of
pyridoxine (Darin et al., 2016; Plecko et al., 2017) can overcome the PLP loading
deficiency of the p.Arg241GIn mutant, increasing in vivo the level of this mutant
protein by a chaperoning effect, improving the ability of this mutant to carry
out its PLP-homeostatic role. This could contribute to the relatively good
outcomes of the two patients found to carry this mutation (patients 2/1 and
1/7, Table 1; both were compound heterozygotes of two missense mutations),
particularly in the case of patient 1/7 in whom the second mutation,
p.Pro87Leu, is considered to be very severe given the presentation observed in

an homozygous patient for this last mutation (Table 1, patient 2/3, Plecko et al.,
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2017). This severity of the p.Pro87Leu mutation is hard to explain on the bases
of our present experimental results, which only documented a substantial but
incomplete decrease in the solubility and the vyield of E. coli-produced
recombinant mutant protein. The fact that the p.Pro87Leu mutant protein was
produced in substantial level in E. coli, together with its normal loading with
PLP, explain the complementation by this mutant of E.coli yggS— for its
pyridoxine toxicity phenotype (Darin et al.,, 2016), which might depend on
buffering down the intrabacterial PLP level (Prunetti et al., 2016). This buffering
effect in E. coli would not be possible with the p.Arg241GIn mutant because of
the intrinsic and importantly decreased affinity for PLP of this mutant. The
severity of the p.Pro87Leu mutation might reflect selective loss in the human of
the function of this mutant, perhaps because of accelerated mutant protein
destruction by an animal-specific degradative process that would not be active
against this mutant in E. coli. Alternatively, Pro87 might be important for
interaction of PLPHP with its human protein targets, so that the p.Pro87Leu
mutation might deprive PLPHP of at least part of its PLP homeostatic function.
As in the case of the p.Arg241GIn mutation, but to a much lesser extent, the
p.Tyr69Cys mutation also hampered PLP loading of PLPHP. Perhaps a more
significant effect of this mutation was the fact that the novel cysteine also
caused covalent dimer formation of the p.Tyr69Cys mutant, resulting in
decreased PLP accessibility, judged from the reaction of this mutant with DCS
(Fig. 2C, E). This decreased accessibility might be a key factor in disease-
causation by this mutant form of PLPHP (Table 1, highlighted in bold-type). In
any case, the results with p.Arg241GIn and p.Tyr69C support the importance of
PLP in the function of PLPHP, as would be expected if this function were PLP
homeostasis (Darin et al., 2016, Ito et al., 2013; Labella et al., 2017, Prunetti et

al., 2016, Tremifio et al., 2017). For this function, difficulties in loading PLPHP
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with its PLP cargo, most prominent in the case of the p.Arg241GIn mutant, or
hampering of the release of this cargo as it appears to occur with the
p.Tyr69Cys mutant are likely causes of decreased PLPHP function.

3-D structural modelling yielded for PLPHP (Fig. 3A and insets therein) the
expected modified TIM barrel fold that has been observed in other COG0325
members of known structure (Eswaramoorthy et al., 2003; Tremifio et al., 2017,
and PDB files 1W8G, 3CPG, & 3R79), and allowed characterization of the
mutation's effects for the p.Leul75Pro, p.Arg241GIn and p.Tyr69Cys mutations.
The structural model of PLPHP suggests (Fig. 3A, inset Al) that the p.Leul75Pro
mutation is structurally very disturbing because it causes a very drastic change
(Pro is smaller than Leu and it does not have a ramified hydrophobic side-chain;
its imino acid nature imposes very important conformational restrictions to the
polypeptide chain; Creighton, 1993) of a virtually constant (only substituted by
lle or Val, Fig. 3B) Leu in a tightly packed and crowded hydrophobic nest that
glues the core B sheet of the barrel with the outlying helix layer. The lack of
PLPHP in the fibroblasts of a patient that was homozygous for this mutation
(Darin et al., 2016) strongly suggests that this misfolding, with removal of the
protein by the proteostatic machinery, is the reason for this lack of the mutant
protein despite the fact that the fibroblasts still contained substantial amount
of the mRNA for PLPBP (Darin et al., 2016). The absolute lack of PLPHP in this
patient fits the severity of the presentation, which required PLP instead of
pyridoxine for seizure control (Table 1) as was found in patients with
obligatorily null mutations of both PLPBP alleles (Darin et al., 2016).

The lack of PLP in the p.Arg241GIn mutation fits the fact that this mutation
affects an invariant arginine (Fig. 3B) shown by the structures of COG0325
proteins to be involved in PLP binding (Fig. 3A, inset A2), since its side chain
runs along the buried border of the PLP pyridoxal ring, making with it extensive

van der Waals contacts and a N-H-N hydrogen bond (Tremifio et al., 2017).
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Figure 3. Structural mapping and conservation of the PLPHP residues found to host
single amino acid substitutions in patients with vitamin Bs-dependent epilepsy. (A) 3-D
model of PLPHP built with I-Tasser, in cartoon representation, with a helices (ribbons)
and B strands (arrows) colored pink and green, respectively, and labeled. The structure
is viewed along the barrel axis, with the C-edge of the circular B sheet being closest to
the viewer. The residues hosting the mutations (labeled in red in single amino acid
notation) are shown as red spheres. Cysteine residues are shown as yellow spheres and
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are identified by the residue number. The bound PLP is also shown in sticks
representation and labeled, with C, O, N and P atoms colored yellow, red, blue and
orange, respectively. Insets zoom on specific regions of the protein, showing the
residue rotamers found in the experimental 3D-structures of bacterial COG0325
proteins exhibiting full conservation of the mutated residues. Double residue
numbering is given (bacterial residue/human residue). Residues hosting mutations are
highlighted by giving their numbers in red. Inset Al. Hydrophobic nest that is disturbed
by the p.Leul75Pro mutation, modeled on the basis of the structure of PipY (PDB file
5NMS), in ribbon representation, with hydrophobic side-chains in grey sticks (except
Leul75, which is red-colored). Inset A2. The PLP site, modeled on the corresponding
site for E. coli YggS (PDB 1W8G). Inset A3: Arg205 of PLPHP, modeled from the
structure of the COG0325 protein of B. adolescentis (PDB entry 3CPG). (B) Alignment of
short regions of the PLPHP sequence (in single letter amino acid code) where the
patients’ missense mutations map with the corresponding regions of representative
members of the COG0325 family from bacteria to humans. The individual species and
the taxonomic group are given to the left. The Clustal w alignment has been manually
modified to allow the stacking of the same secondary structure elements revealed in
crystal structures of COG0325 family members and in the corresponding structural
model of human PLPHP (see Materials and Methods). a helices and B strands are
respectively mapped in the sequences as horizontal pink bars and green arrows,
respectively. They are labeled above and below the stacked sequences according to
their numbering given in panel A. Human PLPHP residues hosting the missense changes
identified in patients are numbered according to their positions in the sequence, and,
together with the identical or conservatively replaced corresponding residues of other
C0OG0325 proteins, are shown in white lettering over a black background (invariance) or
a grey background (conservative replacement). Identity or conservative replacement of
other residues in a majority of the aligned sequences is highlighted by a yellow
background. Residues that contact PLP in the crystal structures are marked at the top
with red squares or, for several adjacent PLP-binding residues, with a red rectangle. The
aligned COGO0325 sequences correspond (from top to bottom) to the following species,
Uniprot KB entries and, when existing, PDB identifiers: human, 094903; the bird
Taeniopygia guttata, HOZ2K7; snake Crotalus adamanteus, J359B4; frog Xenopus
tropicalis, F6TK15; zebrafish (Danio rerio), B1H1M3; prochordate Branchiostoma
floridae (also known as amphioxus), C3Y5V7; insects Zeugodacus cucurbitae (melon
fruit fly) and Drosophila melanogaster, AOAOA1WY34 and Q9VA97, respectively; worm
Caenorhabditis elegans, P52057; sponge Amphimedon queenslandica, AOA1X7VVMZ2;
plant Arabidopsis thaliana, Q9SZ26; and the unicellular organisms baker's yeast
(Saccharomyces cerevisiaet), P38197, PDB 1CT5; Synechococcus elongatus PCC7942,
Q31LH9, PDB 5NMS8; Escherichia coli, P67080, PDB 1W8G; Agrobacterium tumefaciens,
A9CHE9, PDB 3R79); and Bifidobacterium adolescentis, A1A3G9, PDB 3CPG.

This explains the failure of this mutant to complement the pyridoxine toxicity

phenotype of yggS™— E. coli (Darin et al., 2016) since this complementation is
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known to depend on proper PLP binding (Ito et al.,, 2013). The somewhat
decreased PLP content of the p.Tyr69Cys mutation may reflect the fact that
Tyr69 is adjacent to an invariant PLP-binding residue (Asn68, Fig. 3A, inset A2;
and Fig. 3B), covering it as a lid with its flat and exposed phenolic side chain.
This lid also covers partially the extended side-chain of the invariant lysine that
anchors covalently the PLP to the protein (Lys47 in PLPHP, Fig. 3A, inset A2).
Concerning the covalent dimer formation with the p.Tyr69Cys mutant,such
dimerization is understandable on the basis of the introduction of a highly
exposed cysteine that most likely reacts with the same neo-cysteine of another
subunit. As already indicated, this dimer formation might explain the decrease
in the availability of the PLP for reaction with external agents, such as DCS,
possibly reflecting also hampering of donation of PLPHP-bound PLP to its
potential physiological partner PLP-requiring proteins.

For the other three missense mutations, p.Pro40Leu, p.Pro87Leu and
p.Arg205GIn, the structure supports their proper binding of PLP, as observed,
given their normal visible absorption spectra (Fig. 1E), since these mutations do
not affect residues of the PLP site. The structure could suggest some
destabilizing effect of the p.Arg205GIn mutation, which maps in helix 7 of the
barrel scaffold and thus could de-structure somewhat this helix (Fig. 3A, inset
A3). Effects for the p.Pro40Leu and p.Pro87Leu mutations are more difficult to
infer from the structure, since these changes, although drastic at the amino
acid level (Creighton, 1993), map in loops closely preceding B strands (f1 and
B3, respectively), on the N-edge of the B-sheet, the opposite side of the barrel
with respect to the side where PLP sits. Further structural studies involving X-
ray crystallography may be necessary to fully unveil the structural

consequences of these two mutations.
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Abstract

CutA, a non-canonical member of the Pl signaling protein superfamily, is
widely distributed among life domains. Unlike canonical PIl, it is present in
animals (including humans). Its gene was identified in Escherichia coli as a part
of a Cu?* protection locus. CutA is widely annotated as a Cu?*/divalent cation
tolerance protein. We challenge such annotation since its gene cutA1 failed to
increase Cu®* resistance of an E.coli cutAl mutant. In addition, in the
phylogenetically distant and much more Cu®-sensitive (relative to E.coli)
cyanobacterium Synechococcus elongatus PCC7942, we knocked out the
orthologous gene, confirming its non-essentiality. The mutant did not exhibit
increased sensitivity to Cu?*, Zn** and Co?". Thus, the cutA/CutA annotation in
databases appears incorrect. Nevertheless, given the existence of reports of
interaction with Cu?* of CutA from E. coli, Pyrococcus horikoshi and Arabidopsis
thaliana and a crystal structure of P. horikoshi CutA with Cu®" bound, we
examined the binding of Cu®* to purified S. elongatus CutA, both in solution
assays and by X-ray crystallography. S. elongatus CutA aggregated upon Cu?*
addition. Turbidimetric monitoring suggested a single type of Cu?* site with an

approximate Kp of 60 uM. High-resolution crystal structures of S. elongatus
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CutA failed to reveal bound Cu?*, showing for CutA the expected Pll-like
homotrimeric structure with the ferredoxin-type (B1a1B2B302B4) subunit fold
which in CutA is followed by a Bsas C-terminal projection. This projection and
the lack of the long flexible T-loop are the more conspicuous structural
differences with PIl. A Bis-Tris buffer molecule was bound to the intersubunit
pockets. We managed to obtain CutA structures without Bis-Tris and with 1, 2
and 3 pockets occupied by this buffer. Despite earlier proposals of a paramount
role of pocket filling for a potential allosterically-modulated signaling function
of CutA, no conformational changes were observed upon pocket filling with Bis-
Tris. The lack of structural flexibility and the high resolution of the structures fit
our thermofluor observation of an extremely high thermal stability of S.
elongatus CutA, agreeing with observations with CutA proteins from other

organisms.

Keywords. Copper resistance, Pll superfamily, Synechococcus elongatus

PCC7942, thermostability.

INTRODUCTION

Pll proteins are highly widespread and very ancient signaling molecules first
reported in Escherichia coli as nitrogen metabolism controllers (reviewed in
Stadtman, 2001). They are characteristic homotrimers presenting a (BapB)2
ferredoxin subunit fold (Xu et al., 2003). Their targets are other protein
molecules, either enzymes, transporters or gene expression regulators
(reviewed in Forcada-Nadal et al., 2018). Initially grouped into GInK and GInB
classes depending on whether they were or were not involved on ammonia
transport control (Thomas et al.,, 2000), they nucleate a superfamily that
contains canonical Pll proteins of known function as well as non-canonical

members (Kinch and Grishin, 2002; Forchhammer and Liddecke, 2016).
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Among the non-canonical members of the PIlI superfamily CutA occupies a
prominent place, given its near-universal occurrence (Perrier et al., 2000),
inferring the presence of CutA already in very ancient life forms and certainly in
the Last Universal Common Ancestor (LUCA). In fact, unlike canonical Pll, which
is not present in animals, CutA is constant in the animal kingdom, being also
found in mammals including humans (Perrier et al., 2000). Interestingly, despite
the close structural similarity of Pll and CutA (Arnesano et al., 2003), CutA lacks
significant sequence identity with canonical PIl, having been identified as a
member of the PIl superfamily because of its structural similarity with Pll and
also because it was “fished” in transitive BLAST searches using as baits the
sequences of some nif3 proteins (COG3323 entry in the EggNOG database

http://eggnogdb.embl.de/#/app/results), which are proteins that do exhibit

significant homology with canonical Pll (Kinch and Grishin, 2002).

There is little clear-cut and well-characterized information on CutA
functions. CutA is widely annotated in databases as "Divalent-cation tolerance
protein CutA", and "Involved in resistance toward heavy metals", because of the
identification of the Escherichia coli gene encoding CutA, cutAl, in studies of
metal sensitivity of this enterobacterium (Fong et al., 1995). In these studies,
this gene was found as a part of a locus shown to influence the sensitivity of
E.coli to Cu?* and to other divalent metals. Of the three genes found in this
locus, the most upstream gene was cutAl, which encodes CutA and is clustered
with cutA2 (Fong et al., 1995). This last gene, which encodes the periplasmic
membrane-bound thiol-disulfide interchange protein DsbD (Missiakas et al.,
1995), enhances the metal resistance of E. coli, possibly because of the
importance of thiol groups for interaction with metals (Metheringham et al.,
1996). We have re-analyzed the published data and found no clear-cut

evidence for the proposed role of cutAl by itself on metal resistance.
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Therefore, we have examined here whether cutA1 is or is not important for
metal resistance of E. coli, by carrying out Cu®* sensitivity experiments of an E.
coli strain allegedly having only cutAl inactivated, but found also by us to lack
the beginning of cutA2. To clarify with this mutant the impact on metal
sensitivity of cutAl alone, we have carried out complementation assays with
this isolated gene (carried in a plasmid). The results of these assays have not
supported a role of cutAl in metal protection of E. coli.

With the purpose of generalization of the E. coli findings to other bacterial
species, we have inactivated the cutA orthologous gene of the cyanobacteria
Synechococcus elongatus PCC 7942 (from now on S. elongatus), monitoring
potential changes in metal sensitivity of this organism. S. elongatus was chosen
because of its phylogenetic distance from E. coli (Hedges, 2002) and also
because we could not find within its genome an orthologous gene for cutA2
(BLASTP search using E. coli DsbD protein sequence; data not shown), thus
excluding any cutA2 influence, and also because in preliminary experiments we
found S. elongatus to be much more sensitive to divalent metals including Cu?*
than E. coli (see Results below). We were also inclined to use S. elongatus
because it has become a true paradigm for the Pl regulatory network, with a
very well characterized regulatory universe including many crystal structures of
PIl and the complexes that belong to this regulatory network (reviewed in
Forcada-Nadal et al., 2018). We felt that, for the purpose of completeness of
characterization of this model organism, it could be worth it to study in it, too,
non-canonical members of the PIl superfamily, a study already started in
cyanobacteria with another non-canonical member, SbtB (Selim et al., 2018).
Again, we report here lack of effect of CutA inactivation on the sensitivity of S.

elongatus to divalent metals.
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Our finding of lack of metal protection by cutAl puzzled us because
previously some CutA proteins had been reported to bind Cu?* (Arnesano et al.,
2003; Burkhead et al., 2003; Tanaka et al., 2004a) and even CutA from
Pyrococcus horikoshi had been crystallized and found to host in its structure
(determined by X-ray crystallography) bound Cu?* ions (Tanaka et al., 2004a)
although in a more recent publication (Bagautdinov, 2014) no divalent metal
was found in crystals of P. horikoshi CutA that were grown in the presence of
Cu?.

We therefore decided to examine the binding of Cu?* to recombinantly
expressed and purified S. elongatus CutA, both in solution assays and by X-ray
crystallography. The results of these studies are presented here. They have
provided the crystal structure of highest resolution reported thus far for a CutA
protein, although no structure could be produced with bound Cu?, a cation
that caused aggregation. These studies have also revealed that, as in the case of
other mesophiles (Matsuura et al., 2018), CutA had very high thermal stability.
One interesting observation made in our crystal structures that may have an
important bearing on the potential functions of CutA was the observation of
cargo molecules in the three intersubunit cavities found in the S. elongatus
CutA trimer. Although these molecules were non-natural and did not trigger
any structural changes on CutA, our finding might be a first step towards other
studies to find natural ligands for these pockets that could possibly induce
structural changes conducing to a proposed (Arnesano et al., 2003; Laskowski

et al., 2003) signaling role of CutA.

MATERIALS AND METHODS

E. coli copper tolerance assays and complementation studies.

123



Capitulo 3

Wild type E. coli (strain BW25113) and the corresponding cutA lacking strain
JW4097 of the Keio collection (Baba et al., 2006), in which cutA1 is replaced by
a kanamycin resistance cassette, were provided by Dr. F.J. Mojica, Universidad
de Alicante. Both strains were lysogenized for phage ADE3 using the ADE3
Lysogenization Kit (as recommended in the kit, from Novagen), thus to allow T7
promoter-dependent expression of pET15b-carried genes. E. coli cutAl and
CUtA2  genes (EG12177 and EG12178 Ecogene identification

codes, http://ecogene.org/), encoding respectively CutA and DsbD, were

separately PCR-cloned from genomic DNA of E.coli K12 (using Deep Vent
polymerase and the primer pairs cutA1-Ndel-F/cutA1-BamHI-R and cutA2-Ndel-
F/cutA2-BamHI-R, Table 1) into the Ndel-BamHI| sites of pET15b, to vyield
plasmids pETcutAl and pETcutA2, which encode the corresponding proteins N-
terminally fused to the Hise-tag MGSSHHHHHHSSGLVPRGSH. Automated
fluorescent Sanger sequencing was used to confirm the correctness of the
constructions and the absence of mutations as well as to determine the
insertion point of the kanamycin resistance cassette in the genome of the
JWA4097 E. coli strain and the lack of insertion of this cassette in the wild-type
strain (primers for PCR amplification of the region including the insertion point,
P1 and P2, Table 1). Standard procedures were used for making
electrocompetent cells (Green and Sambrook, 2012) and for
electrotransformation with plasmids (Fiedler and Wirth, 1988), selecting
transformants by culturing under aeration at 37°C in LB-ampicillin.

For Cu?* resistance assays the ADE3-lysogenized BW25113 (WT) and JW4097
cells were grown to identical cell densities (estimated from OD®°™ gssuming
that 1 OD corresponds to 10° cells/ml; Elbing and Brent, 2002) and then they
were diluted to the indicated concentrations in sterile water. Equal size drops

of these dilutions were seeded in LB-agar supplemented with or without 3 mM

124


http://genome.microbedb.jp/cyanobase

Manuscript

CuSO4. Growth in individual drops was checked by naked eye after 18 hours of
plate incubation at 37 °C. Similar assays were carried out with the lysogenized
JWA4097 strain that had been transformed with either "empty" parental pET15b

or the pETcutAl or pETcutA2 plasmids.

Table 1. Oligonucleotides used in the present study. Restriction sites for Ndel
and BamHlI are underlined.

Name Sequence (5'- 3’)

cutAl-Ndel-F TCCGCTCATATGCTTGATGAAAAAAGTTCG
cutAl-BamHI-R TATTAAGGATCCTCAGCGTAAAGATGCGTTGAGC
cutA2-Ndel-F TCCGCTCATATGGCTCAACGCATCTTTACG
cutA2-BamHI-R TATTAAGGATCCTCACGGTTGGCGATCGCGC
P1 TAGCTTCATGCTGTAATGATCAATCGCG

P2 TAGAGGTAGTAACCGTCTTTGATCTGCC

1F GAAGGCGGTGCTG

1R AATGTATCAGAAGCAACAG

CutA-Ndel-F ATCACACATATGACTGACCTCAGTTCCCTG
CutA-BamHI-R TGATCTGGATCCTTAGGAGAGGCTCGAACG

Preparation of the S. elongatus AcutA mutant and determination of metal
tolerance in this organism.

To inactivate cutA in S. elongatus PCC 7942, the wild-type strain was
transformed with cosmid 8S34-E4 taken from the Unigene set, an existing
insertion mutant library for S. elongatus (Holtman et al., 2005) which carries
the CutA ORF (gene identifier Synpcc7942 2261) inactivated with a Tn5
transposon conferring resistance to kanamycin. Transformation of S. elongatus
was achieved using standard protocols (Clerico et al., 2007) and resulted in two

classes of transformants: double recombinants, that substitute the wild-type
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allele by the mutant allele, and single recombinants that result from the
integration of the entire cosmid with duplication of the targeted gene. The two
types of transformants were distinguished by the Cm marker on the cosmid
backbone, which is present only in single recombinants. Two clones Km® Cm®
were isolated and the correct inactivation of cutA was verified by PCR with
primers 1F and 1R (Table 1).

S. elongatus strains were routinely grown photoautotrophically on BG11
medium while shaking at 30 °C under continuous illumination conditions (~30
HE m™2 s7?) (Labella et al., 2017), checking cell density as OD’*°. Culture biomass
was estimated as chlorophyll content from the OD®® of a centrifuged
methanolic extract of 0.1 ml of culture (Elbing and Brent, 2002). Cultures were
adjusted to 10 pg chlorophyll/mL and then serial dilutions of the cell
suspension were prepared and drop-seeded as for E.coli (see above) in solid 1%
agar plates of BG11l medium supplemented with metals as indicated. Plates

were photographed after 5 days of growth at 30 °C under constant illumination.

Production of recombinant S. elongatus CutA.

The S. elongatus cutA gene (Cyanobase gene identifier, Synpcc7942 2261),
PCR-amplified from genomic DNA using Deep-Vent DNA polymerase (New
England Biolabs) and the CutA-Ndel-F and CutA-BamHI-R oligonucleotides
(Table 1), was cloned into pJET1.2/blunt with the CloneJET PCR Cloning Kit
(ThermoFisher Scientific). Then, after release from this plasmid by Ndel/BamHI
double digestion, it was subcloned directionally into the corresponding sites of
pET28a (Novagen) using Quick Ligase (New England Biolabs). The resulting
plasmid encoding S.elongatus CutA N-terminally fused to the
MGSSHHHHHHSSGLVPRGSH tag, was used to transform E. coli BL21(DE3) cells
(Invitrogen), which were grown at 37°C to a cell density of 0.7 OD®% in 0.5-L

well-aerated cultures in liquid LB-kanamycin (50 pg/ml) medium. Then the
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temperature was lowered to 20°C, 0.1 mM IPTG was added, and the culture
was continued at 20°C for 20 hours.

Subsequent steps were at 0°C. Centrifugally harvested cells from a 500-ml
culture were suspended in 12 ml of 0.1 M Tris-HCI pH 8, 0.15 M NaCl, 1 mM
EDTA and were disrupted by sonication, centrifuged (30 min, 11,000xg), and
the supernatant was applied to a 1-ml Ni-chelate HisTrap-HP column fitted in
an AKTA-FPLC system (both from GE Healthcare), followed by a 30-ml wash
with the same buffer with the EDTA replaced by 20 mM imidazole. Cut A was
eluted with an 80-ml linear gradient of this buffer containing 20-500 mM
imidazole, collecting fractions. The purest fractions (purity monitored by SDS-
PAGE) were pooled, and the imidazole was removed and the protein was
concentrated to =7 mg protein/ml by centrifugal ultrafiltration (Amicon Ultra,

from Millipore; 10 kDa cutoff membrane).

Protein crystallization, X-ray diffraction and structure determination.
Robotized crystallization screens by vapor diffusion at 21°C in sitting drops
of 0.4 ul protein solution and 0.4 ul of reservoir solution (screening solutions
from Qiagen and Molecular Dimensions) yielded in < 2 weeks crystals under
several conditions. Four crystals that appeared under different conditions were
the ones diffracting best X-rays. They are called here LO, L1, L2 and L3. They
arose from protein solutions of 7-10 mg/ml, using the reservoir solutions
indicated in Table 2. The crystals, flash frozen in liquid nitrogen ith no need for
additionl cryoprotectants, were subjected to diffraction at 100K using
synchrotron X-rays (Alba and Diamond synchrotrons, in, respectively, Barcelona
Spain, and Oxforshire, UK). Diffraction data were collected at 1.17-2.00 A
resolution (Table 2) with Dectris PILATUS x 6 M detectors for LO, L1 and L3, and
with PSI Pilatus x 6M for L2. They were processed with XIA2 (L2 crystal)
(Winter et al., 2013) or XDS (Kabsch, 2010), using AIMLESS for scaling (Evans
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Table 2. Crystallization, X-ray data collection and refinement statistics for the crystals of SeCutA studied here

Crystal L0 L1 L2 (Cu®-crystal) L3
PDB file identifier 6GDU 6GDV 6GDW 6GDX
Crystallization (21°C, 0.8 ul 1/1 sitting drops)
Protein solution 7.1 mg/ml CutA, 10 mg/m1 CutA 7.1 mg/ml CutA 7.3 mg/ml CutA
10 mM of both
ATP and MgCl,
Crystallizatin solution 0.1 MMIB*buffer 0.1MBis-TrispH 0.1 MBis-Tris pH 0.1 M Bis-Tris pH
pH 4, 25% PEG 55 02MLpSOs,  6.5,29% PEG 3350, 6.5,23% PEG
1500 25% PEG 3350 0.22 mM CuSO4 3350
Data collection®
Synchrotron/Beamline ALBA /BL13 - XALOC Diamond/I103 ALBA /BL13-
XALOC
Wavelength (X) 0.9794 0.9794 0.9795 0.9794
Space group P12:1 P12;1 P12;1 P121
Unit cell parameters
a b, c(A) 35.2, 96.4, 49.0 34.6,96.6, 48.9 34.7,95.8, 48.8 35.6,96.3, 48.9
a, B.y. () 90.0, 94.2,90.0 90.0, 97.4, 90.0 90.0,97.1,90.0 90.0, 93.2, 90.0
Solvent (%) 42 45 42 44
Resolution range (&) 48.19-1.75 48.32-2.00 47.91-1.80 48.84-1.17
(1.78-1.75) (2.05-2.00) (1.80 - 1.85) (1.19-1.17)
Reflections, 236490/32752 55644/20245 93757 /28906 504431/110414
total/unique (13239/1772) (4155/1498) (6714/2129) (21341/5494)
Completeness (%) 99.9 (100.0) 94.2 (93.2) 98.7 (98.8) 99.9 (99.6)
Multiplicity 7215 2.72.8) 32332 4.6(3.9)
T/ 11.2(3.2) 5.6(1.6) 10.7 (1.8) 21.6(5.3)
Rpim®(%) 4.1(21.8) 7.6(23.5) - 1.7(13.0)
Rmeas(%) - - 10.5 (96.1) -
Refinement
Resolution (A) 48.19-1.75 48.32-2.00 47.91-1.80 48.84-1.17
(1.87-1.79) (2.05-2.00) (1.85-1.80) (1.19-1.17)
Reflections, work/test 3111471368 19233 /1012 27461 /1445 104893 /5521
Rfactor®/Rfree! (%) 19.9/233 1927255 2037244 140/163
rm.s.d. from ideal
Bond length (A) 0.011 0.013 0.014 0.014
Bond angle (°) 1.457 1.570 1.646 1.646
Number of:
Polypeptide chains 3 3 3 3
Protein atoms 2462 2521 2447 2554
Solvent molecules 122 135 131 366
Ligand molecules 0 1 Bis-Tris 2 Bis-Tris 3 Bis-Tris
Average B-factor(A2)
Protein 15.49 25.20 316 14.88
HO 3337 33.30 42.49 30.76
Ligand molecules - 27.36 48.00 17.93
Ramachandran plot® (%)
Favoured 100.0 100.0 100.0 100.0
Allowed 0.0 0.0 0.0 0.0
Outliers 0.0 0.0 0.0 0.0

*Commercial proprietary buffer from Molecular Dimensions
*Values in parentheses are the data for the highest-resolution shell.
b Rpim = Zata[ 1/(N— 1) Y2Ei{Tntte — <D e < T,

Reackor = Zikl||F b |-|Feaic| | Ztat|F o5 |, Where Fobs and Feale are the observed and calculated structure factors, respectively.
Riree is the same as Rfacer but calculated for the 5% data omitted from the refinement.
Calculated with RAMPAGE.
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and Murshudov, 2013). The space group was P12,1 for all four crystals, with
similar cell dimensions and angles in the four cases (Table 2).

Initial phases were obtained for the L1 crystal by molecular replacement
with Phaser (McCoy, 2007; McCoy et al., 2007) using a polyalanine model of the
structure of subunit A of E.coli CutA (Arnesano et al., 2003; Protein DataBank
entry 1INAQ), yielding a typical CutA homotrimer in the asymmetric unit. After
refinement (see below) to 2.0 A-resolution, the subunit A was used for phasing
all other crystals, revealing in all cases one CutA trimer in the asymmetric unit.
Rigid body refinement using Refmac5 (Murshudov et al., 2011) was used for
optimizing the positions of the three subunits in each trimer. Refmac5 was also
used for model refinement, alternating iteratively cycles of restrained
refinement and of manual model building with Coot (Emsley et al., 2010).
Ligands, when necessary, were incorporated into the model with Coot.
Isotropic B factors and anisotropic refinement (with Refmac5) were used in the
last steps of refinement of L2, whereas for LO, L1 and L3, TLS was used in the
last refinement steps, the TLS groups being chosen with the TLSMD server

(http://skuld.bmsc.washington.edu/~tlsmd/). All diffraction data were used

throughout the refinement processes, except the 5% randomly selected data
used to calculate the Rfee. The stereochemistry of each model was checked and
improved with PDB_REDO (Joosten et al., 2009). Geometry analysis of the
protein main chain torsion angles with Rampage (Lovell et al., 2003) revealed
excellent values for the models. Graphical representations of the structure

were generated with PyMOL (http://www.pymol.org/). Root mean square

deviation (r.m.s.d.) values were calculated by superimposition of the subunits
in Coot. Conservation analysis of CutA protein was performed with ConSurf

Server (http://consurftest.tau.ac.il/) (Armon et al., 2001; Goldenberg et al.,

2009).
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Other methods.

Copper-induced aggregation of CutA was monitored turbidimetrically as
increase in the absorbance at 400 nm (1-cm light path) with time (5-min
intervals) of a solution at room temperature of CutA (80 pug/ml corresponding
to 5.4 uM CutA subunits) in 0.1 M Tris-HCI pH 7.5 and 0.15M NaCl containing
the indicated concentrations of CuSO,; (NaOH-neutralized). The program
GraphPadPrism was used for representing the data and for fitting sigmoidal
curves to the experimental observations.

Size-exclusion chromatography of CutA (0.02-0.1 mg applied in 0.05 ml) or
of standards of known mass was carried out on a SuperdexTM 75 10/300 GL
column (GE healthcare) mounted on a AKTA FPLC system run at 0.4 ml/minute
of a solution of 0.1 M Tris-HCl pH 8 and 0.15 M NacCl, with monitoring of the
optical absorption of the effluent at 280 nm. A semilogarithmic linear plot of
molecular mass (logarithmic, y-axis) versus elution volume (linear scale, X-axis)
was used to estimate the oligomeric nature of CutA in solution

Thermal stability of CutA was assessed by the thermofluor approach (Vedadi
et al., 2006) performed in duplicate on a real-time PCR instrument (7500 model
from Applied Biosystems, ThermoFisher Scientific, Alcobendas, Madrid, Spain),
monitoring the increase in the fluorescence due to SYPRO Orange (from
Invitrogen, Carlsbad, CA) upon gradual (1°C/min) temperature increase of
solutions of 10 uM CutA in 0.1 M TrisHCI pH 8, 0.15 mM NaCl and SYPRO
Orange (a 1:1000 dilution of the commercial preparation from Applied
Biosciences).

Protein was assayed according to Bradford (1976), with a commercial
reagent from Bio-Rad, using bovine serum albumin as a standard. SDS-PAGE
was carried out in 15% polyacrylamide gels with Coomassie staining (Laemmli,

1970).
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RESULTS AND DISCUSSION

E. coli JWA4097 strain, a cutAl deletion mutant, exhibits decreased tolerance
to copper that is restored by transformation with cutA2 but not with cutA1.

In the original experiments that led to infer that cutA1 is important for metal
resistance of E. coli (Fong et al., 1995), one of six mutants causing increased
cellular copper sensitivity was found to carry a deletion of a region that
encompasses the adjacent genes cutAl and cutA2. In that work,
complementation with lambda clones containing E. coli chromosomal DNA
fragments clearly showed that a complete cutA2 gene was required for
complementation, but it remained unclear whether cutAl was or was not
necessary for restoring metal resistance, since the two DNA fragments that
exhibited complementing activity contained both cutA1 and cutA2 (Fong et al.,
1995).

We reassessed the roles of cutA1 in conferring E. coli resistance to copper by
using strain JW4097 of the Keio collection (Baba et al., 2006), in which the
cutAl gene of E. coli K-12 is replaced by a kanamycin resistance cassette (Fig.
1A). To enable the use of a pET15b expression plasmid carrying cutAl for
complementation studies, we first lysogenized the JW4097 cells as well as the
parental wild-type strain BW25113 (Baba et al., 2006) with phage ADE3, which
carries the gene for T7 RNA polymerase. This lysogenization had no effect on
the metal sensitivity of the wild type or the JW4097 mutant strains (data not
shown). The sensitivity to copper ions of the JW4097 strain was considerably
higher than that of the parental wild-type strain, as shown in drop cultures in
which a 10%10°fold higher cell inoculum was required with the JW4097
mutant than with the wild-type strain for growth in the presence of 3 mM

CuSO, (Fig. 1B). However, this finding cannot be attributed conclusively to the
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lack of cutAl, since the initial 25 bases of the cutA2 coding sequence overlap
with the last bases of cutA1 (Fig. 1A), and thus a polar effect with lack of cutA2

expression was anticipated in the mutant.

DNA size markers (bp)
A) 500750 1500 2000

PCR product: 627 bp

Wildtype  P1» <P2
strain BW25113 339bp N23bP 1628 bp, ,
| cutA1 cutA2 // H—----

Mutant strain 7/
JW4097  P1» P2 “5GR product: 1615 bp

1303 bp kanamycin resistance cassette

B ; C JW4097 with D)  Jw4097
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Figure 1. Copper sensitivity of E. coli cutAl mutant and lack of complementation by
transformation with cutA1-carrying plasmid. (A) cutA1-cutA2 gene cluster of E. coli K-12 in
wild-type (WT) strain BW25113, and in mutant strain JW4097, in which cutA1l is replaced
by a kanamycin resistance cassette. To the right, electrophoretic analysis of the products
obtained from the two strains after PCR-amplification of the region encompassed
between oligonucleotides P1 and P2 (Table 1). (B,C) Drop cultures of decreasing (from top
to bottom) cell concentrations of both strains (lysogenized with ADE3 phage, see Materials
and Methods) on agar-LB medium lacking or containing 3 mM copper sulphate as
indicated. In (C) the cells were transformed with the indicated plasmid (see Table 1 and
text). (D) SDS-PAGE analysis (15% polyacrylamide gel) of 4x102 cells of E. coli JW4097
transformed as indicated. The gel was stained with Coomassie blue. The arrow marks the
position of CutA protein.
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Therefore, we examined separately the ability of cutAl and cutA2 to
complement this mutant strain in the copper sensitivity assays by transforming
strain JW4097 with pET15 plasmids carrying either cutAl or cutA2 (Fig. 1C).
While resistance to Cu®* was restored to wild-type level by transformation with
cutA2 even in the absence of IPTG (the inducer of the T7 promoter; this finding
indicates promoter leakiness), cutA1 did not provide any growth advantage in
the presence of 3 mM Cu?* over the same strain transformed with the empty
parental plasmid (Fig. 1C). The lack of complementation by cutA1 was not due
to lack of cutAl expression, as proven by SDS-PAGE of cell extracts, which
showed a band with the expected mass for CutA that was not present in the

cells transformed with empty parental plasmid (Fig. 1D).

Deletion of cutA increases the sensitivity to metals of S. elongatus.

The ability of cutA2 to completely restore Cu®* resistance to the JW4097
strain indicated that cutA1 is not involved in determining the sensitivity to Cu?*
in E. coli. Since cutAl orthologs are very widespread among bacterial genomes,
we attempted generalization of our results with cutAl to other bacterial
species by turning to Synechococcus elongatus PCC7942 (hereafter S.
elongatus). This model system appears well chosen for such a study because it
is phylogenetically quite distant from E. coli, it contains a single cutA1 ortholog
(called here cutA; Synpcc7942 2261 Cyanobase identification code), and since
this gene is not physically associated in the genome with an adjacent ortholog
of cutA2. In fact, there appears not to be any cutA2 ortholog in S. elongatus, as
shown by annotation datamining in Cyanobase or by performing a P-blast on
the whole genome of this cyanobacterium.

We inactivated the S. elongatus cutA gene by allelic replacement by double
recombination with the kanamycin-resistance allele cutA::Tn5 from cosmid

8534-E4 (Holtman et al., 2005) which is schematically illustrated in Fig. 2A. After
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transformation of S. elongatus with cosmid 8534-E4, candidate clones (Km®
Cm?®) were isolated and subjected to PCR analyses. Complete segregation of the
inactive cutA::Tn5 alleles was easily achieved (Fig. 2A), confirming the prior
finding (Rubin et al., 2015) that cutA is not an essential gene in S. elongatus.
Next, we compared the sensitivity of S. elongatus wild-type and cutA mutant
to three transition metals (Cu?*, Zn** and Co?**). To this end, cells grown to mid-
exponential phase were harvested and spotted on the surface of BG1ll-agar
plates supplemented or not with the indicated transition metal. As illustrated in
Fig. 2B, the addition of these metals significantly impaired cell growth, judged
from the number of cells in the inoculum required to observe growth, but no
differences in the sensitivities to metals were observed between the wild-type
and the cutA mutant, indicating that S. elongatus CutA (from now on SeCutA)
does not have a protective role towards transition metals. Therefore, the
annotation of the Synpcc7942 2261 gene as "periplasmic divalent cation
tolerance protein" found in Cyanobase appears not to be correct. Interestingly,
S. elongatus was much more sensitive to Cu®* than E. coli (compare Fig. 2B with
Fig. 1B) and thus it is tempting to speculate that this sensitivity might be related
to the absence of a recognizable ortholog of E. coli cutA2 in this

cyanobacterium.

Evidence for Cu? binding to S. elongatus CutA

Despite our failure to detect decreased Cu?* resistence of the cutA mutant of
S. elongatus, we decided to analyze whether pure S. elongatus CutA interacts
with Cu?*. Thus, we prepared this protein in pure form after expressing it
recombinantly in E. coli (Fig. 3A). As anticipated, this protein behaved in size

exclusion chromatography as expected for a trimer (Fig. 3B).
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Figure 2. Normal tolerance to metals of S. elongatus cutA mutant. (A) Inactivation of
cutA gene in S. elongatus. Schematic representation of the cutA genomic region with
indication of the site of Tn5 insertion. Two mutant cutA clones (#1 and #2) alongside
parental S. elongatus wild-type (WT) and the cosmid carrying cutA::.Tn5 were PCR-
analysed with primers 1F and 1R. Detected alleles and reference size bands are indicated,
respectively, on the left and the right. (B) Wild-type and cutA mutant growth on BG11
solid media supplemented with either 20 uM CuSO,4, 60 UM ZnSO, or the indicated
concentrations of CoCl,. Serial dilutions of a cell cultured (cell biomass assessed as
chlorophyll a concentration in the culture) were spotted on the surface of agar plates
which were photographed after 5 days of incubation at 30 °C under constant illumination
conditions.
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We obtained qualitative evidence of Cu®* binding by the observation that
when Cu?* was added to S. elongatus CutA solutions, this protein aggregated.
Although this prevented any attempt of spectrophotometric detection of
characteristic absorption bands of Cu?*-protein complexes, we took advantage
of this aggregation to analyze turbidimetrically (as optical absorption at 400
nm) the formation of protein aggregates with time in diluted solutions of CutA
(~5.4 uM CutA polypeptide, corresponding to nearly 2 uM trimers). In all
assays, we used Cu?* concentrations in considerable excess over the
concentration of CutA subunits. As might have been expected for a process in
which aggregates result from accretion of protein to aggregation nuclei that
initially give little turbidity, the turbidity in the solution increased upon Cu?*
addition following a sigmoidal time-course reaching a maximum at infinite time
that was dependent on Cu?* concentration (Fig. 3C). This dependency of the
maximum turbidity on the [Cu?*] could be fitted by a hyperbola (Fig. 3D, open
circles) with a Kp for Cu?* (designated as Kp™ in Fig. 3D) of 61+14 puM. This value
is similar to the Kp of ~0.1 mM reported for Cu?" binding to E. coli CutA
(Arnesano et al.,, 2003). In turn, the time required for reaching 50% of the
maximum turbidity, t; decreased with increasing Cu®* concentration (Fig. 3C,
closed circles), with a relation between t; and Cu?* concentration fitting
hyperbolic decay, although with an apparent Kp for Cu?* (called Kp™*®in Fig. 3C)
of 0.29+0.04 mM, a value nearly 5-fold higher than the Kp*. This higher Kp
value can be expected if the species that aggregates is the CutA trimer having
its three subunits bound to Cu®, which would be a species being prone to make
the extensive intermolecular network required for producing large aggregates.
The fractional saturation of trimers with increasing Cu?* concentration should
equal the cube of the fractional saturation of the subunit, and its dependency

with Cu?* concentration over the range of concentrations used here approxim-
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Figure 3. Pure Synechococcus elongatus
CutA is a homotrimer in solution and
binds Cu*. (A) SDS-PAGE  (15%
polyacrylamide; Coomassie staining) of
isolated recombinant S. elongatus CutA to
illustrate the high degree of purity of the
protein  (track labeled CutA). St,
prestained molecular mass standards,
with masses (in kDa) given at the side.
(B) Plot correlating the masses of protein
standards (open circles) with their elution
volumes from the size exclusion
chromatography column (se Materials
and Methods), showing also the elution
position of CutA (black circle) assuming
that it is a homotrimer (sequence-
deduced mass, 44 kDa). The standards
used were (masses in kDa in parenthesis)
bovine liver glutamate dehydrogenase
(332.4), rabbit muscle lactate
dehydrogenase (146), bovine serum
albumin (66.4), maltose binding protein
(42), bovine erythrocyte carbonic
anhydrase (29), soybean trypsin inhibitor
(21.5), cow's milk a-lactaloumin (14.2),
bovine pancreas ribonuclease A (13.7),
equine heart cytochrome C (12.4), bovine
lung aprotinin (6.5) and vitamin B12
(1.35). (C) Time and [Cu?*] dependence of
the turbidity (determined as optical
absorbance at 400 nm, OD*®) of solutions
of 84 pg/ml of SeCutA. For details, see
Materials and Methods. The lines
correspond to sigmoidal dependency with
respect to time according to the equation:
0D = OD™ x tN/ (t1,N + tV); where OD and
OD™ are the absorbances at 400 nm at a
given time and at t=oo, respectively; ti/; is
the time at which OD=0.5 x OD** and N is
an exponent. (D) Dependency of OD* and
of ti2 on Cu?* concentration. The lines
drawn are hyperbolae for the apparent Kp
values given.
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ates a hyperbola for a Kp of the order of 5-fold the Kp for the fractional
saturation of the subunit (not shown), in excellent agreement with our
experimental results. In summary, the present results appear to agree with the
existence of a single type of site for Cu®* in each subunit of S. elongatus CutA
having a Kp value for Cu?* of about 60 puM, similar to the Kp for Cu?* of E. coli
CutA, and they also agree with the view that the Cu®*-saturated trimer (CutA.
Cu®); is the main molecular species responsible for the turbidity-producing
aggregation.

In any case, the Kp* inferred from our aggregation studies, believed to
reflect Cu?* binding to the CutA subunit, is considerably larger than the Cu?
concentrations that are toxic for S. elongatus in our in vivo studies (Fig. 2B).
This difference does not support, in principle, a protective role of Cu?* binding
by CutA for this cyanobacterium, in agreement with the lack of a negative

effect on Cu®* resistance of knocking out the cutA gene of S. elongatus.

S. elongatus CutA structure fails to reveal Cu?* binding

In an attempt to identify potential Cu?* binding sites in SeCutA on the
protein structure, we tried to get crystals that we could use for soaking in Cu?*
solutions. Table 2 summarizes crystallographic data for the four different
crystals obtained, called LO, L1, L2 and L3 (depending on the number of ligands
bound, see later). The crystals diffracted synchrotron X-rays at resolutions
ranging between 1.17 and 2.0 A, with the best resolution being attained for the
L3 crystal. All the crystals had similar monoclinic unit cells (space group P12;1)
that hosted in the asymmetric unit virtually identical CutA homotrimers (Fig. 4
A-C) in which their subunits exhibit (Fig. 4D) the characteristic (Arnesano et al.,

2003) (Bap). ferredoxin fold followed by a C-terminal B5a3 extension.
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As is typical for CutA proteins (Arnesano et al., 2003; and see also
Supplementary Table 1), strands B2B3 (the strands that separate the two
helices of the ferredoxin fold), are very long, forming a B hairpin (Fig. 4D) that is
kinked at the middle, changing its direction by nearly 90° (Fig. 4D,E), with the
part after the kink (the distal part) of this hairpin forming one edge of the
central hybrid molecular antiparallel B sheets that nucleate the CutA trimer
(Fig. 4E). Note that in addition to the already mentioned participation in the
sheet of the distal part of the 2B3 hairpin, the proximal part of this hairpin
from another subunit (the subunit that provides the four central strands of the
sheet) also belongs to this sheet (Fig. 4E). In this way, the three sheets become
continuous thanks to the B2B3 hairpins, since each hairpin participates in two
sheets (Fig. 4A). In relation to these sheets, it should also be noted that the only
substantial difference between the fold observed in SeCutA and the folds of
other CutA proteins of known structure (see data on superimpositions in
Supplementary Table 1) is the bending in SeCutA of the N-terminal part of the
chain preceding B1 (Fig. 4D), so that it interacts antiparallely with B5, forming
an extra strand (called here B0 because it precedes the constant B1) in the
molecular sheets that nucleate these proteins (Fig. 4E). This extension of the
sheet by one strand might increase the stability of this crucial sheet of the
trimeric SeCutA structure, thus also possibly increasing trimer stability. The
comparison of the B2B3 hairpins of SeCutA (and of other CutA proteins) with
the corresponding hairpin in canonical Pll proteins (Fig. 5A) reveals clearly that
the B2B3 hairpin, after the kink, is flexible in PIl, not forming constantly a
hairpin, rather being a large loop (called the T-loop) that is not visualized in
many crystal structures of Pll because of disorder. The T-loop is plastic, it is
typically involved in the interactions of PIl with its protein targets, adopting a

different conformation with each target, with the propensity of these
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Figure 4 (previous page). Structure of CutA from S. elongatus. A) and B) Cartoon
representations of the CutA trimer found in crystal L3, viewed approximately along
the threefold axis (A) or with this axis vertical (B). Each subunit is colored differently
and some secondary structure elements as well as one molecule of the ligand (Bis-
Tris; in sticks representation) is labeled. In C), the trimers in the LO (no ligands,
yellow) and L3 (three molecules of Bis-Tris bound, red) crystals are superimposed in
backbone representation. The view is approximately as in (A). D) Cartoon
representation of one of the three subunits in the L3 crystal. Secondary structure
elements (excepting B0) are labeled and their starting and ending residues, as well
as the initial and final residues of the chain observed in the structure, are given
their positions in the amino acid sequence of the protein. The 2Fo—Fc map for the
two Bis-Tris molecules (labeled and represented in sticks representation) that
interact with this subunit are contoured as a grid at o =1. E) The B sheets of the
trimer to highlight their nuclear nature in forming the trimer. One of the three
sheets is enclosed in a blue triangle. The strands of this sheet are labeled.

conformations being strongly influenced by the nucleotide and 2-oxoglutarate,
two allosteric effectors that bind over the root of the T-loop (reviewed in
Forcada-Nadal et al., 2018). Interestingly, structure-based alignment of PIl and
CutA sequences (Fig. 5B) shows that the sequences for the B2B3 hairpin of CutA
or for the corresponding hairpin and T-loop of PIl are only marginally different
in length (at most 4-residue longer in PII) (Fig. 5B). Thus, it is conceivable that if
the distal parts of the B2B3 hairpins of CutA were released from the central
molecular B sheet, they could also play a signaling role as the T-loop in
canonical PIl, thus endowing CutA with potential but still non-discovered
signaling functions, as suggested by Arnesano et al. (2003). However, another
loop of PlI, the B-loop, that is also involved (together with the T-loop but much
less extensively than it) in the interactions of Pll with its partners (Llacer et al.,
2007), is virtually non-existant in CutA (Fig. 5A,B). A third difference between
canonical Pll and CutA proteins is in the C-terminal extension following the end
of ferredoxin fold, which in Pll is formed by two antiparallel B strands forming
the so called mobile C-loop, whereas in CutA it is composed of a B strand and

an a helix of 2.5 turns (Fig. 5). As will be seen below, this helix forms the floor
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of the intersubunit cavity. In Pl this region is important for binding of the
allosteric effectors, participating in the accommodation of these ligands, having
evolved in plant PIl proteins to incorporate after a short second B strand a short
helix that is extended with a second 2.5-turn helix for glutamine binding

(Chellamuthu et al., 2014).

Figure 5. Comparison of the structures of CutA and
PIl. (A) Superimposition of the structure of one
subunit of E. coli Pll protein GInB (in blue; PDB file
2PIl; Carr et al., 1996) and of SeCutA (L3 crystal; in
red). a-Helices and B-strands and sites of important
conformational differences are labeled. (B)
Structure-based sequence alignment of E. coli and
S.elongatus CutA and PII. Identitites in Pll proteins
are shadowed black, those in CutA proteins in grey,
and those in the four proteins in red. a-Helices,
(blue rectangles) and B-strands (yellow arrows) are
labeled, as well as the T- and B-loops of PII.
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We used the LO to L3 crystals to carry out Cu?*-soaking experiments to try to
ascertain the site of Cu?* interaction with the protein. However, soaking of the
crystals with 0.1-1 mM CuSO; in the appropriate crystallization solution
resulted in very fast crystal destruction. Only when soaking for just a few

seconds diffraction studies could be carried out, although with decreased
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resolution relative to the non-soaked crystal. However, the structures failed to
show any bound Cu?* (not shown). We also carried out co-crystallization
attempts adding the maximum possible CuSO,4 concentration that did not cause
immediate aggregation. Thus, the maximum CuSO4 concentration that we could
use was 0.44 mM, but crystals were only obtained when the crystallization
solution had 0.22 mM CuSQ,, in fact representing a molar ratio of protein
subunits to Cu?* of about 3:1 (L2 crystals, Table 2). Although the resolution was
good (1.8 A), we could not find any electron density suggestive of the presence
of bound Cu?. In prior studies by others, only in one CutA protein structure,
from Pyrococcus horikoshi, was Cu®** observed (Tanaka et al., 2004a), bound at a
twofold symmetry axis of the crystal to the side chain of Asp48, shared by two
such residues, one from a different trimer, thus acting as a glue to generate
ordered extensive networks of PhCutA molecules in the crystal. Since protein
aggregation in solution of P. horikosi CutA by the addition of Cu?* was
decreased in the Asp48Ala mutant (Tanaka et al.,, 2004a), the residue
corresponding in SeCutA to Asp48 of PhCutA, Glu60, could be a good candidate
for a Cu?* binding site. Indeed, this glutamate has its side-chain exposed in our
structures, but nevertheless, no density suggesting a Cu?* ion was found bound
to it. Another candidate residue for Cu?* binding, Cys41 of SeCutA, an invariant
cysteine that sits in the intersubunit pocket and that was proposed to be a
potential constant site for Cu?* binding in CutA proteins, since it was found to
bind Hg?* (Arnesano et al., 2003), did not bind Cu?* in our L2 crystals, despite
the fact that one of the three pockets of the trimer was not occupied with Bis-
Tris and Cys41 could have been accessible to Cu?*.

In summary, the in vivo experiments carried out here, the poor affinity for
Cu? of SeCutA evidenced by the turbidimetric experiments, and the lack of Cu?*

in the SeCutA crystals, taken jointly, militate against the idea that the major
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function of CutA in S. elongatus (and by extension, in other bacteria) is to
prevent Cu®* toxicity, leaving totally open the question of which is the role or

roles of this highly widespread protein.

Intersubunit cargo-carrying pockets.

In the SeCutA trimers observed in the different crystals, all of them
endowed with nearly perfect threefold symmetry, the three subunits are
practically identical (Fig. 6A), as exemplified by the low values of the root mean
square deviations (r.m.s.d.) for superimposition of their Ca atoms
(0.57/0.95/1.28 A for superimposition of 108/108/109 Ca atoms of subunits A-
B/A-C/B-C of L3). Nevertheless, there are some conformational differences
among subunits in two parts of the protein chain, in particular residues 52-57,
in the short B2-B3 hairpin tip that could be considered a reminiscence of the T-
loop of PIl, and at residues 81-89, at the a2-B4 connector called in PIl the B-
loop (Fig. 6A,B), with most of the difference corresponding to Pro86 and Tyr87,
which show a displacement of 6.1A and 4.8A (Fig. 6B), respectively, between
subunits B and C of L3. When residues 52-57 and 81-89 were excluded from the
superimposition, r.m.s.d. values for the three subunits of the trimer found in L3
decrease to < 0.54A (93 Ca atoms superimposed), illustrating clearly the strong
structural stability of each subunit.

It is interesting that these mobile residues correspond to regions of Pll that
are involved in the interactions with PII targets, although in CutA the part that
we call T-loop reminiscent is not projected outwards as in Pll, being found lining
the pocket formed at the junction of two different subunits (Fig. 6C). Since each
trimer has three identical intersubunit interfaces, there are three equivalent
pockets in the trimer. These pockets were postulated (Laskowski et al., 2003) to

be a highly significant structural feature that could provide insight into CutA
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function(s). Since in the L3 crystal structure we find in each one of the three
pockets a molecule of Bis-Tris (see below), particularly quite close to the T-loop
reminiscent, we asked whether the mobility observed could be influenced by
the presence of the bound Bis-Tris. Superimposition of the backbone from one
subunit of the L3 trimer, which hosts Bis-Tris, with a subunit from the LO trimer,
which has no Bis-Tris, shows structural differences in the same regions (Fig. 6D)
and with similar magnitude (not shown) as among the subunits of the L3 trimer.
Thus, mobility in these regions appears to be uninfluenced by ligands sitting in

the pocket, at least for the Bis-Tris found in our crystal structures.

B-loop
B) I 1A T-loop D)

reminiscent L 3
5

§

reminiscent-_J°

Figure 6. Structural conservation and movement in SeCutA. A) Superposition of the
backbone of the three CutA subunits of the L3 trimer, with each subunit colored
differently. The Ca position of each 10 residues is indicated. The Bis-Tris molecules are
also shown in sticks representation (O and N atoms red and blue respectively). B)
Differences in the positions of Ca atoms along the sequence for each pair of two
subunits. C) Cartoon representation of the architecture of the pocket between two
subunits (here shown for A and B subunits of the L3 trimer) illustrating the ubication of
a Bis-Tris molecule and superimposing loops B2-B3 (T-loop reminiscent) and a2-B4 (B-
loop) of subunits A (dark blue), B (green) and C (grey). D) Same as (A), except that the
subunits superimposed are from the LO (chain B; yellow) and L3 (chain C; blue) trimers.
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Each pocket is a crevice in the protein surface corresponding to an internal
cavity formed between each pair of adjacent B sheets converging towards the
threefold axis of the trimer. This internal cavity, which in the high resolution
structure of L3 is found to be mostly filled with water molecules (not shown) is
connected to the pocket in the surface by a narrow opening of about 6.5 A of
diameter (not shown). The crevice in the protein surface that we call the pocket
is mostly formed (Fig. 7A) between the arched B2B3 hairpin of a subunit and
the C-terminal helix (helix 3) of the next subunit. In addition, the B-loop (a2-p4
connection) and the Bl-al connection of the first of these subunits also
contribute to delineate this pocket. The pocket is highly polar and negatively
charged (Fig. 7B, C) because the opening that connects the pocket with the
internal cavity is rimmed by four glutamate residues (Glu25, Glu60, Glu62 and
Glu91) and three tyrosines (Tyr51, Tyr87 and Tyr104) (Fig. 7D). Therefore, this
pocket cannot accommodate negatively charged compounds like ATP.
Somewhat deeper, close to the opening, on the inside face of it, there is one
positively charged residue (the only one in the entire pocket and internal
cavity), Lys68. Even closer to the opening there is an internal constant cysteine
(Cys41) that in the E. coli structure was found to interact with the Hg of p-
hydroxymercuribenzoate (Arnesano et al.,, 2003). Many of the residues that
form that external pocket are highly conserved in other CutA proteins (Fig. 7E),
suggesting important roles for these residues and for the pocket. At the other

Figure 7 (next page). The intersubunit pocket. A) Stereo view of the pocket
architecture. Each subunit is in a different color. Relevant secondary structure elements
are labeled. B) Surface representation of the L3 trimer structure, plotting electrostatic
potential (negative red and positive blue) calculated with APBS (Baker et al., 2001).The
scale gives the range of values for the dimensionless coefficient given by APBS to
calculate the surface potential. The three pockets are encircled. C) Detail of one of the
pockets. D) Cartoon representation of a pocket showing polar residues surrounding the
opening that connects this pocket to the internal cavity. E) Residue conservation
according to the indicated color code, estimated by automatic alignment with ConSurf
Server.
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Figure 8. Stereo views of Bis-Tris binding to the pockets formed by subunits C+A (panel
A) and subunits A+B (panel B) in the trimer found in the L3 crystal. The broken yellow
lines illustrate hydrogen bonds. Asterisks mark residues from subunit C (panel A) or A
(panel B). O, N and S atoms are colored red, blue and gold respectively and C atoms are
grey. Bis-Tris (abbreviated BTB) is labeled and O, N and C atoms are colored red, blue
and yellow, respectively.

side of the diafragm represented by the opening of the rim, the wide deep
cavity on the other side of the opening is largely lined with hydrophobic side-
chains, with the N and O atoms of the main chain peptidic bonds of the B

strands being the most frequent polar groups (not shown).
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As already indicated and shown in Fig. 7B, Bis-Tris derived from the
crystallization solution is bound in 3, 2 and 1 pockets of the L3, L2 and L1
trimers, respectively. Bis-Tris is the abbreviation for bis(2-hydroxyethyl)amino-
tris(hydroxymethyl)methane, a ternary ammonium in which one substituent is
an isobutyl trialcohol linked to the N atom by the ternary carbon of the
trihydroxyisobutyl group, while the other two substituents are hydroxyethyl
groups linked by their C2 atoms to the nitrogen. The pK, for protonation of the
Bis-Tris nitrogen is 6.5. Thus, in the three crystallization solutions in which the
L1, L2 and L3 crystals were grown this molecule should be either totally
protonated (L1 crystal, pH 5.5) or half of the molecules protonated (L2 and L3
crystals, pH 6.5 in both cases). The combination in the same molecule of an
approximately central positive charge and of multiple uncharged but highly
polar OH end-groups having ample mobility (given the lack of double bonds
that would restrict motions) render Bis-Tris an ideal molecule for interacting
with the pocket, which is negatively charged and has many O atoms that could
make hydrogen bonds with the multiple hydroxyl groups of the Bis-Tris
molecules.

Each Bis-Tris molecule bound to the L3 trimer is encased between the loop
at the tip of the B2-B3 hairpin that is reminiscent of the T-loop of canonical PlII,
and the small B-loop of CutA (Fig 6A). Although the Bis Tris is encased in the
same part of the pocket in all three pockets of the trimer, it only sits identically
in the pockets formed between subunits B and C and between subunits C and
A. In these two pockets (Fig. 8A) The B2-B3 hairpin loop interacts with the Bis-
Tris via the large side-chains of Tyr51 and Trp53, whereas the B-loop provides
for interaction the side-chains of Tyr87 and Leu89. Helix 3* of the adjacent
subunit (elements from the adjacent subunit are marked by an asterisk) also

encloses the Bis-Tris via the side chains of Tyrl04* and Trpl07*. These six

149



Capitulo 3

residues provide large hydrophobic surfaces for van der Waals interactions with
carbon atoms of the Bis-Tris molecule. However, the polar hydroxyl groups that
tip the five arms of Bis-Tris make hydrogen bonds (Fig. 8A, thin blue lines).
These hydrogen bonds are made with the O atom of Leu89, which is the
receiver of two bonds, from a hydroxymethyl and a hydroxyethyl group of the
ligand; with the 6-carboxylate of Glu62; with the S atom of the invariant
Cys41*; and with the indolic N of Trp53.

In contrast, in the pocket formed between the A and the B subunits (Fig. 8B),
possibly as a consequence of the movements (Fig. 6A) in the parts of the
molecule that line the pocket, the Bis-Tris is rotated approximately around its
nitrogen atom and the orientations of its five protruding arms differ from those
in the other two pockets. In this way, the enclosure provided by the protein
remains the same, but the parts of the Bis-Tris molecule that interact with this
enclosure, and particularly the groups making hydrogen bonds, differ from
those in the other two pockets. Thus, although the O atom of Leu89 remains
the receiver of two hydrogen bonds, these are provided in this case by two
hydroxymethyl groups, while the third hydroxymethyl group of Bis-Tris makes
no polar interaction. Of the two hydroxyethyl groups, one binds to a water
molecule that bridges it to the 6-carboxylate of Glu62, and the other makes
two hydrogen bonds with the side chain carboxylate of Glu91 and the OH of
Tyr104*. The N atom of Bis-Tris is too deep in the molecule to make any direct
contact with the protein in any of the three pockets. However, it is at ion pair
distance from Glu62 and Glu91, and therefore it is most likely in the positively
charged species. The differences between pockets result in different pocket
sizes and shapes when looking at the pockets from the surface, with the
differences being particularly patent between the pocket formed between

subunits A and B (Fig. 9A) and the other two pockets (Figs. 9B and 9C).
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Figure 9. Surface representation
of intersubunit pockets observed
in the SeCutA homotrimer found
in the L3 crystal, with the Bis-Tris
in sticks representation. Blue
color corresponds to subunit A;
green to subunit B; and grey to
subunit C. Some residues are
illustrated as sticks and are
labeled in single letter amino acid
code.

The binding of Bis-Tris to these pockets of CutA reinforces the expectation

that a natural biomolecule could bind therein and could play some type of
function. The information gathered from the examination of the site and of the
mode of Bis-Tris binding suggests that this biomolecule should be either
positively charged or neutral and should have polar tips, with many sites
capable of making hydrogen bonds or to be able to generate salt bridges. The
binding of this molecule perhaps could trigger a signaling function as the

function of ATP and 2-oxoglutarate that bind to the corresponding pockets in

151



Capitulo 3

PIl (Forcada-Nadal et al., 2018). However, since we did not observe any
significant change in conformation that could be attributed to Bis-Tris binding,
the effects of a bioactive molecule attaching to these pockets cannot be
anticipated presently. Of course, given the extensive interactions of bound Bis-
Tris with the distal part of the B2-B3 hairpin that is fixed in the structure of
CutA, the signaling molecule could trigger changes in this distal part of this
hairpin that are not triggered by Bis-Tris and that could result in the partial or
total release of this distal part of the hairpin, perhaps enabling it to act as the T-
loop of PII, triggering still unchartered interactions. This would be plausible,
since the structure-based alignment (Fig. 5B) does not predict a mini- or non-
existent T-loop in CutA, but rather a T-loop fixed by the trimer structure into a
frozen inwards-looking conformation.

A second possibility could stem from the fact that these pockets are really
antechambers to larger cavities found within the CutA molecule that appear to
be mutually interconnected near the threefold axis as well as connected with a
central (although very narrow) opening observed around the threefold axis on
one face of the protein (not shown). The cavities inside the molecule could act
as storing elements, and the molecules binding to the pocket could, by closing
the openings to the inner cavities, or by triggering its opening, prevent or favor
entry or exit of the stockpiled compound. This view could have been
compatible with a role of CutA in protecting from metals, but now that our
results strongly indicate that CutA does not protect bacterial cells from metal

toxicity, such a potential role remains at best speculative.

S.elongatus CutA shows high thermal stability
A salient property of CutA that has been described for the protein from

different species is its high thermostability, observed in all types of species
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from the viewpoint of the temperature of the habitat, from hyperthermophiles
to mesophiles and even recorded for a psycrotolerant bacterium (Tanaka et al.,
2006; Sawano et al., 2008; Matsuura et al., 2010; Sato et al., 2011; Matsuura et
al.,, 2012). We also tested the thermal stability of S. elongatus CutA using
thermofluor assays. As for other CutA proteins, the temperature of
denaturation as monitored by the increase in fluorescence (Fig. 10) was quite

high, with complete unfolding being attained only at about 85 °C. Although this
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type of assay represents a nonequilibrium technique that is not amenable to
rigorous thermodinamic analysis, the curve of increase in fluorescence seems
to be a composite of more than one process, perhaps representing first the
dissociation of the trimer to monomers and then the unfolding of the
monomers. In any case, an operative Tm (temperature at which the increase in
the fluorescent signal is one half of the maximum increase attained) of 78°C
was estimated (Fig. 10).

These results attest that SeCutA is highly themostable protein. In this
respect SeCutA follows the norm of the CutA proteins of other species, of
having a much higher denaturation temperature than the optimal growth
temperature (Sawano et al., 2008; Bagautdinov et al., 2015). Charged residues
and ion pair formation appear key factors in determining the thermal stability

of CutA proteins, as recently proven with E. coli CutA (EcCutA) that was made
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Table 3. Intra-subunit ion pairs belonging to ion-pair networks in S.
elongatus CutA. lon pairs were considered to exist when the distance
between the charged groups of different sign did not exceed 6A

Distance (A)

Donor atoms Acceptor atoms - - -

ChainA ChainB ChainC
14 ARG NH1 12 ASP 0OD1 - - 5.07
14 ARG NH2 12 ASP 0OD1 - - 5.24
105 ARG NH1 12 ASP 0OD1 3.56 3.60 -
105 ARG NH1 12 ASP 0OD2 2.75 2.72 -
105 ARG NH1 106 ASP 0OD1 5.92 2.95 2.89
105 ARG NH1 106 ASP 0OD2 - 4.23 4.14
105 ARG NH2 12 ASP 0OD1 4.99 4,93 -
105 ARG NH2 12 ASP 0OD2 4.83 4.77 -
105 ARG NH2 106 ASP 0OD1 3.92 4,18 4.79
105 ARG NH2 106 ASP 0OD2 5.92 - -
109 ARG NH1 12 ASP 0OD1 4.37 4.54 -
109 ARG NH1 12 ASP 0OD2 2.84 2.88 -
109 ARG NH1 72 GLU OE1 3.00 2.99 -
109 ARG NH1 72 GLU OE2 3.73 3.72 -
109 ARG NH1 106 ASP OD1 - - 4.35
109 ARG NH2 12 ASP OD2 4.25 4.37 5.09
109 ARG NH2 72 GLU OE1 3.63 3.50 -
109 ARG NH2 72 GLU OE2 3.44 3.26 -

nearly as thermostable as P.horikoshi CutA (150°C denaturation temperature)
by increase in the number of charged residues (Matsuura et al., 2018). In this
respect, EcCutA and SeCutA have similar denaturation temperatures (90 and 85
°C) and the numbers of charged residues are also similar: EcCutA/SeCutA, D+E
14/12 and K+R+H 11/7. Interestingly, the number of arginine residues (arginine
allows the formation of ion pair networks) in EcCutA/SeCutA is 1/6, indicating
that a larger number of these networks should be expected in SeCutA than in
EcCutA, as corroborated in Table 3, which details residues participating in these
networks in SeCutA, whereas the number was restricted to 1 in EcCutA (Tanaka
et al., 2006). Thus, these networks might appear to have little influence on the

denaturation temperature. However, it is true that EcCutA has more ion pairs
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between subunits (17) (Tanaka et al., 2006) than SeCutA (Table 5), so that the
combined effects of both factors could result in compensation and in the
similarity of the values for the denaturation temperature of EcCutA and SeCutA.
This is supported also by the fact that although in the case of Pyrococcus
horikoshi CutA the number of intrasubunit ion pairs involved in networks is
similar to the one in SeCutA (12), the number of intersubunit ion pairs (20)
(Tanaka et al.,, 2006) is much higher than in SeCutA (Table 5). Indeed,
Pyrococcus horikoshi CutA has a denaturation temperature of 113°C (Sawano et

al., 2008), considerably higher than in the cases of EcCutA and SeCutA.

Table 4. Inter-subunit ion pairs in of S. elongatus CutA. lon pairs
were considered to exist when the distance between the charged
groups of different sign did not exceed 6A. Calculated using the
program Contact (CCP4i), utilizing the structure of the trimer in the

L3 crystal.

Chain Donor atoms Chain  Acceptor atom Distance (A)
A 68 LYS NZ B 91 GLU OE1 5.55
A 68 LYS NZ B 91 GLU OE2 4.49
B 68 LYS NZ C 91 GLU OE1 4.30
B 68 LYS NZ C 91 GLU OE1 5.31
C 68 LYS NZ A 91 GLU OE1 4.47
C 68 LYS NZ A 91 GLU OE2 5.37
C 52 ARG NH1 B 35 GLU OE1 5.78
C 52 ARG NH2 B 35 GLU OE1 5.76
C 59 ARG NH1 B 23 GLU OE1 5.96

PROTEIN DATABANK FILES
Protein DataBank accession codes 6GDU (LO), 6GDV (L1), 6GDW (L2)
and 6GDX (L3).
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Supplementary Table S1. Structures of CutA proteins reported and/or
deposited in the Protein DataBank and superimposition of the trimers of those
determined at highest resolution (for each species) with the trimer of SeCutA
found in the L3 crystal

Organism PDB  Resol. Ligands and other notes' Ref.2 Rmsd/atoms
(A) (A/n)

Pyrococcus 1UKU* 1.45 Cu* 1 1.03/300

horikoshii 1UMJ* 1.60 Guanidinium 2 0.94/300
4NYO 1.80 CI, MES, Na*, SO, , CSD 3 0.94/298

Archaeoglobus 1P1L* 2.00 - - 1.10/303

fulgidus

Escherichia INAQ 1.70 p-hydroxymercuribenzoate 4 1.13/302

coli 3AA9 2.30 E61V mutant 5 1.18/302

Thermotoga 1KR4* 140 SeMet 6 0.90/315

maritima 1VHF 1.54 SeMet 7 0.93/300

Thermus INZA* 1.70 CI, Na* SO4,GOL 3 1.39/304

thermophilus

Xylella 2NUH* 1.39 Imidazole - 1.20/305

fastidiosa

Yersinia 3GSD 2.05 Na*, HEPES, EDO, PEG - 1.06/310

pestis

Shewanella sp. 3AHP 2.70 - 8 1.28/300

Salmonella 30PK 1.90 Na*, Mg?*, ACT - 1.30/307

enterica

Ehrlichia 4lyYQ  2.55 Ca* - 1.21/303

chaffeensis

Cryptosporidium A4E98 2.00 CI 9 1.27/312

parvum

Oryza sativa 220M  3.02 SO4,GOL - 1.21/304

Rattus 10SC 2.15 - 4 1.43/315

norvegicus

Homo sapiens 2ZFH 2.05 - 10 1.38/312

Blue, green and red shadowing: archaea, bacteria and eukaria, respectively.
*Trimer generated by application of the crystal symmetry.

IMES: 2-(N-morfolino)-ethanesulfonic acid. GOL: glycerol, ACT: acetate, EDO:
ethyleneglycol. PEG: polyethylene glycol. CSD: cysteine converted to 3-
sulfinoalanina. Muts: mutations.

21: Tanaka et al., 2004a. 2: Tanaka et al., 2004b. 3: Bagautdinov 2014. 4:
Arnesano et al., 2003. 5: Matsuura et al., 2010. 6: Savchenko et al., 2004. 7:
Badger et al., 2005. 8: Sato et al., 2011. 9: Buchko et al., 2015. 10: Bagautdinov
et al., 2008.
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Seccion 3. Discusidn general
NOTA: La numeracion de las figuras continua la de la “Introduccién general”.

A. Proteinas de la familia COG0325: PipY y PLPHP

A.1. Antigiledad v distribucion de la familia COG0325.

La conservacién del gen COG0325 en especies tan diversas como
cianobacterias y el ser humano debe indicar que su producto proteico
desempena una funcién que aporta una clara ventaja evolutiva, funcién no bien
caracterizada pero aparentemente universal (Ito et al., 2013; Darin et al., 2013).
Su presencia en cianobacterias evidencia su antigiiedad, ya que estos
procariotas capaces de llevar a cabo la fotosintesis oxigénica, habitaban ya la
Tierra hace unos 2.500 millones de afios, cuando fueron organismos clave para
la generacidon de la atmdsfera oxigénica terrestre (Giordano et al., 2005). La
amplia distribucién del gen COG0325 en todos los dominios de la vida
(corroborado por nosotros mediante BLAST para arqueas, datos no
presentados) avala la presencia de este gen en LUCA, el ultimo antepasado
comun universal.

Dada esta antigliedad, quizd no es sorprendente que se corresponda con
una proteina con plegamiento basicamente de tipo barril TIM, pues este
plegamiento estructural es muy comun entre las proteinas depositadas en el
PDB (Hegyi y Gerstein, 1999), presente en al menos a 15 funciones enzimaticas
diferentes (revisado en Wierenga, 2001) y por tanto heredero de un Unico
plegamiento ancestral comun (Copley y Bork, 2000). Tampoco resulta
sorprendente que el cofactor de las proteinas de esta familia sea también muy
antiguo. La denominacién de piridoxina (PN) dada al primer vitdmero descrito
de la vitamina Bs obedece a la similitud de su estructura con la pirimidina

(Stanton et al., 1939 y Flexner y Chassin, 1941), molécula considerada clave en
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“el mundo del RNA” que en el pasado remotisimo precedié al mundo proteico
en el curso hacia la vida como existe hoy (Powner y Sutherland, 2011; Stairs et
al., 2017 y Roberts et al., 2018). Ademas, el piridoxal y piridoxal fosfato
pudieron producirse prebiéticamente (Austin y Waddell, 1999; Aylward y
Bofinger, 2006), y se ha sugerido que la sintesis de piridoxal o de piridoxal
fosfato pudo ser la reaccién mas antigua del metabolismo aerobio (Kim et al.,
2012). Quiza por ello , y por la enorme versatilidad del PLP como catalizador
(Jansenius, 1998), pues se ha implicado en transaminaciones,
decarboxilaciones, racemizaciones, escisiones alddlicas, y beta y gamma
eliminaciones y reemplazos, el piridoxal fosfato ha tenido tanto éxito evolutivo:
se ha distribuido en gran nimero de enzimas (mas de 150) a medida que iban
apareciendo, y asi las PLP-enzimas pertenecen hoy a todos los grupos troncales
de la Enzyme Commission (excepto el de las ligasas), representando una
fraccion importante (sobre el 4 %) de todas las proteinas (Percudani y Peracchi,

2003 y 2009; http://bioinformatics.unipr.it/cgi-

bin/bioinformatics/B6db/home.pl). Asi, tanto la estructura de las proteinas

COGO0325, con plegamientos de barril TIM, como el cofactor que utilizan, PLP,
respaldan la presencia de estas proteinas a lo largo de toda la escala evolutiva.
Es interesante que el PLP no siempre usa el grupo piridoxal como agente
activo en la catdlisis, ya que en la glucégeno fosforilasa, el enzima que es el
miembro Unico del grupo V de los enzimas portadores de PLP, no parece ser el
grupo piridoxal, sino el grupo fosfato del PLP el que participa en la catalisis de la
reaccién enzimatica (Palm et al., 1990; Stirtan y Withers, 1996), siendo el grupo
piridoxal utilizado Unicamente para anclar covalentemente el cofactor en el
centro activo del enzima. En este sentido las proteinas COG0325 podrian usar
también la formacion del enlace covalente piridoxal-lisina como forma de fijar

el cofactor para su transporte como parte de la funcién homeostatica de PLP

170


http://bioinformatics.unipr.it/cgi-bin/bioinformatics/B6db/home.pl
http://bioinformatics.unipr.it/cgi-bin/bioinformatics/B6db/home.pl

Discusion general de los resultados

gue se propone para las proteinas COG0325 (lto et al., 2003; Prunetti et al.
2016; Darin et al., 2016; Labella et al., 2017; Plecko et al., 2017; Tremifio et al.,
2017 y 2018).

A.2. Principales diferencias entre PipY y PLPHP.

La produccién de PipY y PLPHP recombinantes ha permitido caracterizar
ambas proteinas. En el caso de PipY, la expresion de una proteina
cianobacteriana en un sistema bacteriano (E. coli) requiere la realizacidon de un
protocolo bastante usual en los laboratorios de biologia molecular. Sin
embargo, la produccion de PLPHP humana en E. coli suponia, a priori, posibles
problemas asociados a la produccién de proteinas humanas en sistemas
bacterianos (diferentes usos de codones, formacién de cuerpos de inclusion,
etc), pudiendo requerir para tener éxito el uso de sistemas alternativos, como
son los utilizados por otros miembros de nuestro laboratorio basados en
baculovirus y células de insecto (Diez-Fernandez et al.,, 2013; Panza et al,,
2016). A pesar de todo ello, ambas proteinas, PipY y PLPHP, pudieron ser
obtenidas de forma analoga.

Una diferencia de posible importancia entre PipY y PLPHP se refleja en sus
distintos comportamientos en la cromatografia de exclusion molecular, en la
gue PipY se comporta como un monémero, mientras que PLPHP se comporta
como mondmero mayoritario con una cierta proporcion de forma dimérica. Se
ha sefialado (Marianayagam et al., 2004) que el estado de oligomerizacion de
las proteinas afecta a las propiedades de las mismas, confiriéndoles con
frecuencia ciertas ventajas como un aumento de estabilidad, actividad o
regulacion de la actividad. Asi, seria concebible la posible existencia de
regulacién de la PLPHP por dimerizacién que fuera exclusiva de eucariotas
multicelulares, no dandose en bacterias, o incluso la existencia de funciones

nuevas de PLPHP no desempefiadas por la proteina cianobacteriana, que

171



Discusion general de los resultados

podrian requerir del concurso de la dimerizaciéon, como se ha postulado en
otros contextos (Marianayagam et al., 2004).

Como se ha mencionado en el Capitulo 2 de la Seccién 2, dicho aumento de
dimerizacion en la forma humana parece ser dependiente de la mayor riqueza
de cisteinas de PLPHP que de PipY, siendo mediada por la formacion de
puentes disulfuro. Seria deseable conocer el estado oligomérico de PLPHP en la
célula, pues es bastante probable que la dimerizacion observada sea
consecuencia de la formacién de puentes disulfuro en el entorno oxidativo de
fuera de la célula, que es el prevalente para nuestras preparaciones purificadas.
Naturalmente, también seria interesante establecer qué grupos sulfhidrilo son
responsables de la dimerizacién, una cuestién que para ser desentrafada
requerird el uso de mutagénesis dirigida y/o de aproximaciones estructurales.

Otras diferencias detectadas entre las dos proteinas producidas in vitro es el
“envejecimiento” de PipY, asociado a la liberaciéon de PLP en condiciones de
almacenamiento a 4°C durante un periodo de tiempo de unos meses, que no se
detectéd en PLPHP. Este fendmeno determind que fuese posible estimar la
constante de disociacidn PipY-PLP mediante la incubacion de proteina PipY
“envejecida” con concentraciones crecientes de PLP. A falta de la estructura de
PLPHP desconocemos las razones para esta diferencia, aunque quiza la
diferente longitud de las hélices N-terminales y/o cambios en la region C-
terminal de anclado del grupo fosfato puedan ser factores involucrados en la

determinacion de una mayor o menor facilidad de pérdida de PLP.

A.3. Dificultades para la cristalizacion de PLPHP: diferencias estructurales entre

PipY y PLPHP.

Como se avanzaba en la Seccidén 1, tras la resolucion de la estructura
cristalina de PipY se tratd de cristalizar la proteina PLPHP, que ha encontrado

problemas no resueltos por ahora, por lo que no ha habido mas remedio que
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recurrir al modelizado de la estructura de PLPHP, habiendo utilizado el servidor
I-TASSER (Iterative Threading Assembly Refinement)

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), que dio un plegamiento

claro y Unico como barril TIM modificado muy similar a PipY, pero que dio tanto
para la estructura secundaria como para la disposicién espacial varias
alternativas plausibles para el extremo C-terminal de PLPHP (Fig. 16), aunque

en todos ellos se apunta a la posible formacion de una hélice adicional a9.

Figura 16. Representacion en
cintas de los 5 modelos de
PLPHP obtenidos con I-
TASSER. Las zonas comunes
en los 5 modelos se muestran
en gris y las zonas variables,
correspondientes al extremo
C-terminal, en diferentes
colores (rojo, azul, verde,
naranja o rosa).

La comparacién de la estructura cristalografica de PipY con el modelo de
PLPHP revela dos diferencias sustanciales entre ambas proteinas: la longitud de
la hélice al, que presenta menor longitud en PipY de lo que se predice para
PLPHP (Fig. 17); y la presencia de las varias prediccciones alternativas para el
extremo C-terminal de PLPHP (Figs. 16 y 17A). No parecen existir razones por
las que las posibles funciones apuntadas aqui para las hélices al y a9 de PipY
(interaccién con otras proteinas y mecanismo de regulacion de la fuerza de la
unién de PLP, respectivamente, ver Capitulo 1 de la seccidn 2) no puedan ser
aplicadas también a PLPHP, si bien podrian existir diferencias entre PipY vy

PLPHP justificables en base a la evolucion de la proteina desde el grupo de las
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cianobacterias hasta el de los humanos y la adaptacién de su estructura al

reconocimiento de diferentes proteinas o desempefo de nuevas funciones. Asi,

Figura 17. Superposicion de la estructura de PipY con el modelo de PLPHP. Los
extremos N y C-terminales de la proteina se indican como N-ter y C-ter,
respectivamente. Notese que sdlo se ha representado uno de los 5 modelos de PLPHP
obtenidos con I-TASSER. A) Representacion del esqueleto de PipY (gris) y PLPHP (rosa).
Los segmentos de la hélice al de PLPHP ausentes en PipY se muestran en magenta y el
extremo C-terminal de PLPHP ausente en PipY se muestra en violeta. B) Representacién
lateral en modelo de cintas de PipY (verde) y PLPHP (rosa). La hélice al de ambas
proteinas se colorea del mismo color en tono mas intenso al del resto de la proteina, y
el extremo C-terminal de PLPHP en azul.

se habria evolucionado desde una proteina mas sencilla (PipY) a una version
mas sofisticada (PLPHP) con una hélice al de mayor longitud que podria
interaccionar con mas o diferentes proteinas y un extremo C-terminal mas
largo con funciones reguladoras y/o también de interaccion. Como corolario,
las diferencias estructurales entre el modelo estructural de PLPHP y la
estructura experimental de PipY sugieren una posible estrategia a seguir que
deberia explotar el laboratorio para tratar de obtener cristales de PLPHP,
consistente en la produccién de formas con truncaciones en la porcidn C-
terminal de la proteina, donde se eliminase todo o parte de dicho extremo C-
terminal, dado que dicha porcidn C-terminal podria presentar movilidad que

dificulte o impida la cristalizacién de la proteina.
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A.4. Epilepsia dependiente de vitamina Bs provocada por mutaciones en PLPBP.

La reciente identificacion de mutaciones en PLPBP como causa de un tipo de
epilepsia dependiente de vitamina Bg en tres individuos de una familia
consanguinea de origen sirio y en cuatro pacientes adicionales (Darin et al.,
2016), junto a la posterior documentacion practicamente inmediata de otros
cuatro pacientes (Plecko et al., 2017), sitia a PLPBP entre los genes
responsables de esta patologia. Hasta la fecha han sido 11 los pacientes
identificados y publicados, con un total de 6 mutaciones de cambio de sentido,
2 mutaciones sin sentido que dan lugar a un producto proteico truncado y 2
mutaciones ubicadas en intrones que afectan al procesamiento del transcrito
de PLPBP. Cabe esperar que durante los proximos afios se describan nuevas
mutaciones en el gen PLPBP implicadas en esta epilepsia dependiente de
vitamina Be. De hecho, la base de datos ExAC

(http://exac.broadinstitute.org/gene/ ENSG00000147471) recoge 294 variantes

del gen ya registradas, 81 de las cuales son de cambio de sentido, es decir, dan
lugar a una variante de la proteina con la secuencia de aminodcidos alterada en
una posicion. Es posible que muchas de estas mutaciones sean inocuas, incluso
si se presentaran en homocigosis o en heterocigosis compuesta, por la
naturaleza y/o posiciéon en la estructura de la proteina del aminoacido
cambiado (Creighton, 1993). En principio, se puede predecir una mayor
repercusion sobre la estructura y funcion de la proteina en los casos en que las
mutaciones afecten a aminodcidos situados en torno al sitio de unién del
cofactor, PLP en este caso, o en zonas con una fuerte implicacion en el
mantenimiento de la estructura de la proteina, o incluso en zonas de
interaccion con otras proteinas (si las hubiera). En todo caso, mas aun dadas las

facilidades actuales para la realizacion de andlisis genético y secuenciacién
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completa de genomas, lo esperable es que pronto se describan nuevas
mutaciones en el gen PLPBP asociadas a epilepsia dependiente de vitamina Be.
Un aspecto llamativo relativo al tratamiento de la epilepsia asociada a
mutaciones en PLPHP reside en el vitamero especifico que es efectivo. Todos
los pacientes descritos hasta la fecha como portadores de mutaciones de
cambio de sentido fueron tratados con la forma piridoxina (PN), excepto uno de
ellos que tuvo que ser tratado con PLP al no responder de forma adecuada a la
PN (para mas detalle, ver Tabla 1 del articulo presentado en el Capitulo 2 de la
Seccién 2; y ademas, Darin et al., 2016; Plecko et al., 2017). Este paciente es
portador de la mutacion Leul75Pro en homocigosis. Notese que dicha forma de
PLPHP no ha podido ser producida in vitro (Capitulo 2 de la Seccién 2) lo que
indica que la mutacion afecta gravemente al plegamiento de la proteina. La
ausencia total de la proteina PLPHP en el paciente requiere de un aporte de la
forma PLP, mientras que el resto de los pacientes que expresan la proteina,
aunque alterada, son capaces de recuperarse mediante el suministro de PN.
Esta diferencia en el tratamiento podria ser indicativa de la severidad de la
mutacién a nivel proteico, de modo que se esperaria que pacientes con PLPHP
semi-funcional podrian ser tratados con PN, mientras que la ausencia de
actividad de PLPHP requiriese el aporte directo del vitdmero PLP. El mecanismo
molecular que explique la necesidad de uno u otro vitdmero para tratar la
patologia todavia no esta claro, pues, aunque se ha propuesto un papel en la
homeostasis del PLP (Darin et al., 2016, Labella et al., 2017), todavia no se ha

establecido la funciéon de la proteina PLPHP a nivel molecular.

B. CutA, miembro no canodnico de la superfamilia Pl

B.1. Anotacidn incorrecta: CutA no parece implicada en tolerancia a cobre
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El contexto en el que se identificé el gen codificante de CutA en E. coli
(Rouch et al.,, 1989; Fong et al.,, 1995) llevd a atribuir a cutAl funciones
relacionadas con la tolerancia a metales. Actualmente el andlisis de la secuencia
de los genes cutAl y cutA2 en E. coli revela que existe un solapamiento de los
ultimos 25 pares de bases de cutAl y los primeros 25 pares de bases de cutA2
(Fig. 18), si bien tal solapamiento no se detectd en el trabajo original de Fong et
al. (1995). Pues estos autores situaron el codén de inicio de cutA2 en el sitio
gue hoy sabemos corresponde con la segunda metionina de la secuencia de

cutA2 (Fig. 18).

CGAGGTGTTTATGCTTGATGAAAAAAGTTCGAATACCGCGTCTGTCGTGGTGCTATGTACGGCACCAGATGAAG
CGACAGCCCAGGATTTAGCCGCCAAAGTGCTGGCGGAAAAACTGGCGGCCTGCGCGACCTTGATCCCCGGCGCT
ACCTCTCTCTATTACTGGGAAGGTAAGCTGGAGCAAGAATACGAAGTGCAGATGATTTTAAAAACTACCGTATC
TCACCAGCAGGCACTGCTGGAATGCCTGAAGTCTCATCATCCATATCAAACCCCGGAACTTCTGGTTTTACCTG
TTACACACGGAGACACAGATTACCTCTCATGGCTCAACGCATCTTTACGC-T CCTGCTACTTTGCAGCACTT
CCGTTTTTGCCGGATTATTCGACGCGCCGGGACGTTCACAATTTGTCCCCGCGGATCAAGCCTTTGCTTTTGAT
TTTCAGCAAAACCAACATGACCTTAATCTGACCTGGCAGATCAAAGACGGTTACTACCTCTACCGTAAACAGAT
CCGCATTACGCCGGAACACGCGAAAATTGCCGACGTGCAGCTGCCGCAAGGCGTCTGGCATGAAGATGAGTTTT
ACGGCAAAAGCGAGATTTACCGCGATCGGCTGACGCTTCCCGTCACCATCAACCAGGCGAGTGCGGGAGCGACG
TTAACTGTCACCTACCAGGGCTGTGCTGATGCCGGTTTCTGTTATCCGCCAGAAACCAAAACCGTTCCGTTAAG
CGAAGTGGTCGCCAACAACGCAGCGCCACAGCCTGTGTCTGTTCCGCAGCAAGAGCAGCCCACCGCGCAATTGC
CCTTTTCCGCGCTCTGGGCGTTGTTGATCGGTATTGGTATCGCCTTTACGCCATGCGTGCTGCCAATGTACCCA
CTGATTTCTGGCATCGTGCTGGGTGGTAAACAGCGGCTCTCCACTGCCAGAGCATTGTTGCTGACCTTTATTTA
TGTGCAGGGGATGGCGCTGACCTACACGGCGCTGGGTCTGGTGGTTGCCGCCGCAGGGTTACAGTTCCAGGCGG
CGCTACAGCACCCATACGTGCTCATTGGCCTCGCCATCGTCTTTACCTTGCTGGCGATGTCAATGTTTGGCTTG
TTTACCCTGCAACTCCCCTCTTCGCTGCAAACACGTCTCACGTTGATGAGCAATCGCCAACAGGGCGGCTCACC
TGGCGGTGTGTTTGTTATGGGGGCGATTGCCGGACTGATCTGTTCACCATGCACCACCGCACCGCTTAGCGCGA
TTCTGCTGTATATCGCCCAAAGCGGGAACATGTGGCTGGGCGGCGGCACGCTTTATCTCTATGCGTTGGGCATG
GGCCTGCCGCTGATGCTAATTACCGTCTTTGGTAACCGCTTGCTGCCGAAAAGCGGCCCGTGGATGGAACAAGT
CAAAACCGCGTTTGGTTTTGTGATCCTCGCACTGCCGGTCTTCCTGCTGGAGCGAGTGATTGGTGATGTATGGG
GATTACGCTTGTGGTCGGCGCTGGGTGTCGCATTCTTTGGCTGGGCCTTTATCACCAGCCTACAGGCTAAACGC
GGCTGGATGCGTATTGTGCAAATTATTCTGCTGGCAGCGGCATTGGTTAGCGTGCGCCCACTTCAGGATTGGGC
ATTTGGTGCGACGCATACCGCGCAAACTCAGACGCATCTCAACTTTACACAAATCAAAACGGTAGATGAGTTAA
ATCAGGCGCTCGTTGAAGCCAAAGGCAAACCGGTGATGTTAGATCTTTATGCCGACTGGTGCGTCGCCTGTAAA
GAGTTTGAGAAATACACCTTCAGCGACCCGCAGGTGCAAAAAGCGTTAGCAGACACGGTCTTACTTCAGGCCAA
CGTCACGGCCAACGACGCACAAGATGTGGCGCTGTTAAAGCATCTTAATGTCCTTGGCCTACCGACAATTCTCT
TTTTTGACGGACAAGGCCAGGAGCATCCACAAGCACGCGTCACGGGCTTTATGGATGCTGAAACCTTCAGCGCA
CATTTGCGCGATCGCCAACCG-ACGACACTTGCAGTGGGAAAGACGGA

Figura 18. Fragmento de secuencia génica de E.coli K12 que incluye los genes cutAl
(negrita) y cutA2 (subrayado). Los sombreados verde y azul marcan los codones de
inicio anotados actualmente para, respectivamente, los genes cutAl y cutA2
(secuencias de los archivos correspondientes de UniProt KB, , P69488 y P36655 para
CUTA y DSBD, respectivamente, ambos de E. coli). El sombreado amarillo sefiala el
codon de inicio de cutA2 propuesto por Fong et al. en 1995.
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Nuestros experimentos de toxicidad por metales en E. coliy S. elongatus,
presentados en el Capitulo 3 de la Seccién 2 de esta tesis no han apoyado una
funcién de CutA en la resistencia a metales, al menos en bacterias. Ademas, la
ausencia de cobre en los cristales tampoco respalda esta funcién. Por ello
creemos necesario revisar las anotaciones del gen cutA como de su producto
proteico en las bases de datos, puesto que actualmente no existen datos
experimentales robustos que demuestren que se trate de una “proteina de
tolerancia a cationes-divalentes”. Quizas, seria mas conveniente que CutA se
reconociera como “proteina de funcién desconocida, miembro no candnico de

III

la superfamilia PIl” hasta que se identifique su papel fisioldgico y su funcién en

los seres vivos.

B.2. La proteina CutA une cobre

Aunque nuestros experimentos indican que el gen cutA de E. coli y S.
elongatus, y por extensidon, de otras bacterias, no estd implicado en la
tolerancia a metales, las evidencias revisadas o proporcionadas aqui en la
Introduccion y en el Capitulo 3 de la Seccion 2 estan de acuerdo en apuntar a
gue la proteina CutA de diversas especies si es capaz de unir cobre. Para tratar
de obtener mayor informacién sobre la unién de cobre a CutA se llevd a cabo la
cristalizacion de la proteina en presencia del metal, pero no fue posible

detectar cobre en ninguno de los cristales resueltos. De hecho, la revisidn

bibliografica permitié detectar multiples intentos de cristalizacién de proteinas
CutA con cobre unido (usando técnicas de co-cristalizacién y/o de impregnacion
de los cristales en soluciones con cobre) (Arnesano et al., 2003; Tanaka et al.,
2004a; Bagautdinov 2014), destacando como Unico caso de éxito de evidencia

de unién de cobre a nivel estructural el de la proteina CutA de P. horikoshii, en
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la que cada cobre interacciona con el residuo de Asp48 de dos trimeros vecinos,

al coincidir con un eje cristalografico binario (Tanaka et al., 2004a) (Fig. 19).

Figura 19. Sitio de unién a cobre en un trimero de CutA de P. horikoshii . Como el Cu®*
se une en el eje de simetria binaria, solo se esta representanda, por claridad, la mitad
del sitio. A) Superposicion global y B) detalle para una subunidad, de las proteinas de S.
elongatus (en morado) y P. horikoshii (PDB:1UKU, en gris) con cobre unido (esfera
naranja). En modelo de varillas se representa el residuo D48 de P. horikoshi que une
cobre y el equivalente (E60) en S. elongatus, asi como, en el detalle (B), de los
principales residuos de la zona, nombrados con el cédigo de aminodcidos de una letra.

La comparacion de proteinas CutA de distintos organismos revela
conservacioén de aspartato o glutamato en la posicion correspondiente al Asp48
de P. horikoshii (Fig. 20), lo que podrian sugerir que el sitio de unién a cobre
podria estar conservado en CutA de S. elongatus y de muchos otros organismos
(Tanaka et al., 2004a), pero dicha hipdtesis pierde fuerza al tratarse del caso
especial de que el metal sea compartido por dos trimeros vecinos, algo que ni
siquiera se da siempre en el caso de CutA de P. horikoshii, ya que se han
obtenido también cristales del mismo sin Cu®* unido a pesar de agregarlo a la
solucién de cristalizacion (Bagautdinov, 2014). Quiza la naturaleza y disposicion
espacial de los residuos de la zona correspondiente en otros organismos pueda

dificultar o impedir la union del metal (Fig. 19).
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Figura 20: Alineamiento basado en estructura de las secuencias de CutA de S. elongatus
(Se) P.horikoshii (Ph), E.coli (Ec) y T.maritima (Tm). Sus identificadores respectivos del
PDB son 1UKU, 1INAQ y 1KR4. Usando la secuencia de CutA de S. elongatus como
referencia, los residuos conservados con identidad aparecen con letra blanca sobre
fondo negro y los residuos reemplazados de forma conservadora se indican con letra
negra sobre fondo gris. Las flechas horizontales (en azul) y los rectangulos (en verde)
debajo de cada secuencia indican las posiciones en la secuencia de las hebras B y las
hélices a, respectivamente. Al pie del alineamiento se identifican nominalmente los
elementos de estructura secundaria. En la parte superior, los triangulos hacia arriba y
hacia abajo sefialan los residuos que contactan con el Bis-Tris en la estructura de CutA
de S. elongatus mediante puentes de hidrégeno o interacciones hidrofdbicas,
respectivamente; los colores morado, amarillo y rosa indican si dicho contacto se da en
la subunidad A, B o C respectivamente. En la parte superior, los circulos sefialan los
residuos que interaccionan con el cobre en CutA de P. horikoshii (coloreado en rojo) o
han sido sugeridos como sitios implicados en la unién de cobre en CutA de E. coli
(coloreado en naranja) y T. maritima (coloreado en gris).

B.3. Los bolsillos intersubunidades como elementos con potencialidad

funcional.
Ya hemos comentado que la estructura de CutA de S. elongatus (Fig. 21A) ha
revelado en cada subunidad el nucleo ferredoxina clasico de la familia de

proteinas PIl, nucleado por el motivo BafBap y la formacién de una gran hoja
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Figura 21. Representacion estereoscdpica de las estructuras de CutA y Pll superpuestas,
representadas como cadena principal de subunidad (A) y trimero (B). Se representa: en
negro la estructura de CutA de S. elongatus donde se indica la posicion de algunos
residuos con esferas y el nimero de residuo; en verde la estructura de Pll de E. coli
(PDB: 2PIl); y en azul y rosa dos formas distintas de PIl de S. elongatus (PDB: 2V5H y
PDB: 2XG8). Nétese que CutA carece de los maviles lazos T de PII.

antiparalela, seguido de una extension C-terminal que en CutA se organiza
como una hebra Bs y una hélice as, forma diferente a las de PIl candnica,
presentando ademds como nota distintiva de CutA de S. elongatus una hebra
B0 al comienzo del polipéptido.
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Nuestras estructuras han confirmado el ensamblaje de 3 subunidades en
una estructura homotrimérica con hojas beta mixtas que crean un continuo
beta en toda la extensién del homotrimero (Fig. 21B), lo que sin duda es clave
en conferir a CutA su importantisima termoestabilidad. lgualmente han
revelado la formacion de bolsillos accesibles desde el solvente, situados en las

superficies de interaccion entre cada dos subunidades (Fig. 22). La

Figura 22. Superposicion de CutA
(rosa) y PIl (PDB:2XZ, negro) de S.
elongatus representadas en modelo
de cintas. Las moléculas presentes
en las cavidades equivalentes
formadas entre las subunidades que
conforman los trimeros de CutAy Pl
se representan en modelo de
esferas: Bis-Tris (magenta), ATP
(naranja) y 2-OG (verde).

identificaciéon de Bis-Tris unido de forma inespecifica y ligeramente variable
entre las cavidades de CutA (Fig. 20), las cuales pueden considerarse
equivalentes a los sitios candnicos de unidn de efectores en proteinas Pl (Fig.
22), refuerza la posibilidad de que la union especifica de determinada molécula
en la cavidad podria modular la actividad de CutA, al igual que ocurre con las
proteinas PIl candnicas.

Basandose en la similitud estructural con la proteina Pll y en la presencia de
cavidades equivalentes formadas entre las subunidades del trimero (Fig. 22), se
propuso para CutA un papel en transduccidn de sefiales (Arnesano et al., 2003),
aunque parece militar contra esta propuesta la ausencia en CutA de los
caracteristicos lazos T de PIl (Figs. 21 y 22), donde se ubican los residuos
modificables postraduccionalmente que regulan las funciones de Pl

permitiendo o no la interaccidon con sus proteinas diana, asi como el pequefio
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desarrollo en CutA del lazo B, también involucrado en PIl en sus interacciones
proteina-proteina. Hay que decir que los bolsillos de CutA en los que hemos

identificado moléculas de Bis-Tris (Fig. 23A), no seria capaz de albergar ATP ni

Figura 23. Las cavidades de CutA albergan Bis-Tris (A), pero no son adecuadas para
albergar ATP y 2-OG (B). Representacién de una de las cavidades de CutA. Se dan
colores diferentes a las dos subunidades que la forman. Se han representado
cadenas laterales de residuos (codigo de una letra) que limitan la cavidad. El Bis-
Tris (A) ATP y 2-OG (B) se representan con sus atomos de carbono en amarillo,
naranja vy gris, respectivamente (N y O en azul y rojo, respectivamente.

2-0G por impedimentos de carga, asi como por impedimentos estéricos,
particularmente con los residuos Y51 y W53 (Fig. 23B).

El alineamiento estructural de la Fig. 20 revela que la mayoria de los
residuos de CutA de S. elongatus implicados en la unidén de Bis-Tris estan
conservados, al menos en secuencias de CutA de bacterias y arqueas. Un
alineamiento de proteinas CutA de un nimero mas alto de especies, incluyendo
animales y vegetales (Fig. 24A), muestra que la mayoria de residuos invariantes
se ubican principalmente en las cavidades formadas entre los homotrimeros de
CutA (Fig. 24B), apoyando la importancia de estas cavidades (Laskowski et al.,
2003), quiza en la unién de bio-ligandos naturales no identificados todavia, y
qgue, como se ha comentado en el capitulo 3 de la Seccidn 2, podrian quiza

regular la funcién de la proteina. Probablemente, el cardcter hidrofébico con
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Figura 24. Conservacién de residuos en la secuencia de CutA. A) Alineamiento de la
regidon central de las secuencias de CutA donde se sefialan los residuos idénticos
(letra blanca sobre fondo negro) y conservados (letra negra sobre fondo gris)
Unicamente cuando la conservacion se da en todas las secuencias alineadas. El
organismo al que pertenece cada secuencia de CutA se indica en cédigo de dos
letras: PH, P. horikoshii (arquea); TM, Thermotoga maritima (bacteria); HS, Homo
sapiens (humano); RN, Rattus norvegicus (rata); MM, Mus musculus (ratén); RG,
Rhizoclosmatium globosum (hongo); SE, S. elongatus (cianobacteria); PA,
Pectobacterium atrosepicum (bacteria); YP, Yersinia pestis (bacteria); EC, E.coli
(bacteria); SD, Shigella dysenteriae (bacteria); ST, Salmonella typhimurium
(bacteria); CK, Citrobacter koseri (bacteria); AT, Arabidopsis thaliana (vegetal) y
ZM, Zea mays (arroz). B) Representacién en modelo de cintas de CutA donde cada
una de las cadenas se colorea de un color (azul, verde y gris) y las cadenas laterales
de los residuos conservados se representan en modelo de barras, donde C, Ny O
se colorean de rosa, azul y rojo, respectivamente.

elementos polares (N en el grupo indol del triptéfano, grupo OH fendlico en las

tirosinas) de la mayoria de estos residuos estén relacionados con la naturaleza

184



Discusion general de los resultados

del ligando fisioldgico, cuya unidn podria inducir el movimiento de los lazos B,-

B3y az-B4, un efecto no observado con la unidn del artificial Bis-Tris.

B.4. Consideraciones adicionales sobre el papel de la estructura de CutA en la

elevada estabilidad térmica de la proteina

La elevada estabilidad térmica de CutA es un fenédmeno bien registrado en la
bibliografia (Tanaka et al., 2006; Sawano et al., 2008; Sato et al., 2011;
Matsuura et al., 2012; 2015; Bagautdinov et al., 2015) que ha sido tratado en la
Introduccion general y en el Capitulo 3 de la Seccién 2 de esta tesis doctoral, y
gue nos ha llevado a la caracterizacién de la estabilidad térmica de SeCutA en
ensayos de termofluor, revelando una elevada termoestabilidad que hemos
discutido en base a la existencia de redes de pares idnicos intra e
intersubunidad como posibles elementos estabilizadores. Aqui resaltaremos
gue las interacciones hidrofébicas también son importantes determinantes de
termoestabilidad (revisado en Matsuura et al.,, 2018) y que, en este ultimo
ambito, vale la pena destacar que la Leu38 y Leu77 (numeracion de SeCutA) son
invariantes y no forman parte de los bolsillos intersubunidades, localizandose al
comienzo del lazo a,f3; y al comienzo de la hélice a5, respectivamente (Figs. 20
y 24). Su mutua contigliidad espacial (Fig. 24), formando contactos de van der
Waals entre ellos, y su ubicacién en la estructura de la proteina en un nucleo
hidrofébico (no mostrado, pero su dmbito espacial se sefiala con dos grandes
arcos de paréntesis en la Fig. 25) de elevada densidad de residuos que incluye,
ademas de las cadenas laterales de Leu38 y Leu77, las de la Phe67 y la Leu81
(ambos residuos constantemente hidrofébicos y grandes, Fig. 24A), con las que
definen el centro del nicleo hidrofébico, a cuyo alrededor se sitian en SeCutA

las cadenas laterales hidrofdbicas de Ala36, Val42, lle44, Met65 y Trp 80 (el

subrayado indica conservacion de cadena lateral hidrofébica, grande o

pequefia, Fig. 24A), todos ellos de la misma subunidad, sugieren que este
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importante nucleo hidrofébico (ubicado en Fig. 25 con grandes paréntesis)
tiene una gran importancia estructural, conectando y pegando mutuamente las
dos hélices del plegamiento ferredoxina a la hoja beta de dicho plegamiento
sobre la que se apoyan y a la que recubren dichas hélices, seguramente

contribuyendo fuertemente a la estabilidad térmica y estructural de CutA.

Figura 25: Representacion estereoscdpica de las estructuras superpuestas de las
proteinas CutA depositadas en el PDB. Se representa la cadena principal de la
subunidad A de todas las estructuras, excepto en el caso del PDB: 30PK en el que se
representa la cadena B debido a que es mas completa que la A en el extremo N-
terminal. La estructura de CutA de S. elongatus se colorea en negro y mediante
esferas se representa el Ca de algunos de sus residuos cuya numeracion se indica. Los
colores asignados a las estructuras del PDB son: azul (P. horikoshii, PDB: 1UKU, 1J2V,
1UMJ, 2E66, 4NYP Y 4NYO), morado (A. fulgidus, PDB:1P1L), amarillo (T. maritima,
PDB: 1KR4, 105J y 1VHF), verde (E. coli, PDB:1NAQ, 3AA9, 3AA8, 3AH6, 3X3U, 4Y65,
4Yel), gris (T. thermophilus, PDB: 1NZA, 1V6H, 4ZK7), rosa (X. fastidiosa, PDB:2NUH),
fucsia (Y. pestis, PDB:3GSD), salmdn (Shewanella sp., PDB: 3AHP), naranja (S. enterica,
PDB:30PK), marrén (E. chaffeensis, PDB:41YQ), rojo (eucariotas, PDB: 4E98, 2Z0M,
10SC, 1XK8 y 2ZFH). Los grandes paréntesis negros indican la regién del nucleo
hidrofébico y la flecha indica el cambio estructural en la hebra B2.
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Puede verse en la Fig. 25 que esta regidén es la que experimenta menos
cambios estructurales en las subunidades de CutA, superpuesta para todas las
estructuras de CutA de distintas especies existentes en el PDB. De hecho, esta
figura demuestra escasa variabilidad estructural entre las subunidades de CutA
de diferentes organismos en la mayoria de la cadena polipeptidica, quiza con la
limitada y modesta variabilidad, que debe reflejar meramente movilidad
(Capitulo 3 de la Seccion 2), en el extremo de la horquilla f2-B3. Existe genuina
variabilidad estructural en el extremo N-terminal de la proteina, como hemos
detectado nosotros dicho Capitulo 3 para SeCutA. Hay que mencionar también
la existencia de cierta variacidn estructural en la mitad distal de B2 (Fig. 25;
sefialado con una flecha), con dos conformaciones principales, una de ellas
observada en las proteinas CutA de P. horikoshii, A. fulgidus (ambos organismos
del filo Archaea), T. maritima y S. elongatus; mientras que la otra conformacion
de B2 corresponde al resto de las proteinas CutA de estructura conocida. Estas
diferentes conformaciones de B2 fueron descritas por primera vez sobre la
estructura de CutA de Shewanella sp. (PDB: 3AHP), donde se asocid la pérdida
de un residuo (generalmente una prolina) a un aumento de estabilidad de la
proteina (Sato et al., 2011). Los alineamientos de secuencia (no mostrados)
prueban que dicha microdelecion se da también en secuencias de proteinas
CutA de otras especies de arqueas y bacterias (protebacterias, termotogales y
cianobacterias) (Arnesano et al., 2003). Quiza la proteina CutA ancestral podria
corresponder a una secuencia similar a la de estos grupos. Es probable que en
repetidas ocasiones en la evolucion se produjera una insercién que permitiese
una mayor flexibilidad a la proteina o mejorase su todavia desconocida funcion.
Para confirmar dicha hipdtesis se precisan nuevos estudios estructurales que
generalicen esta observacidn, asi como estudios funcionales que permitan

resolver la incégnita de la funcién de esta proteina. En este sentido hay que
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advertir que quiza la gran estabilidad estructural es una caracteristica clave de
las proteinas CutA, que podria estar vinculada directamente a su desconocida
funcién, ya que en un organismo psicrotrofo (estos organismos tienen
temperaturas bajas de crecimiento, no soportando temperaturas superiores a
unos 20°C) se encontro (Sato et al., 2011) una termoestabilidad muy elevada de
CutA, observacidon que hemos corroborado con la proteina CutA de un psicréfilo
(Pseudoalteromonas haloplanktis TC125; organismo que crece éptimamente a
unos 4°C) que hemos expresado, purificado y cuya estructura hemos
determinado, pero que no hemos incluido en esta memoria de Tesis Doctoral

por razones de tiempo.

C. Nota final

El nitrogeno tiene un papel fundamental en las moléculas que forman
la materia viva, por lo que es importante mantener un buen aporte de los
niveles de sus formas metabolizables en la célula para garantizar la
superviviencia y el crecimiento de los organismos. Asimismo, en numerosas
ocasiones, moléculas nitrogenadas o sus precursores no nitrogenados
(glutamina, a-glutataro) actian como sefializadores, permitiendo procesos de
regulacion del metabolismo del nitrégeno, particularmente en
microorganismos y plantas, aunque, por ejemplo, una molécula similar, el N-
acetil-L-glutamato, actua en peces, anfibios y mamiferos como interruptor
clave del proceso de conversidon de amonio en urea (de Cima et al., 2015; Diez-
Fernandez et al., 2013).

Durante los ultimos afios, las investigaciones llevadas a cabo por
nuestro laboratorio han contribuido a esclarecer los procesos de regulacién
para el metabolismo de nitrégeno, asi como también a la caracterizacién

estructural de diversas proteinas implicadas en el proceso. Partiendo de la ruta
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de sefializacidén por nitrégeno en cianobacterias en la que Pll y PipX se pueden
considerar como elementos principales, que ya habia sido utilizada como
modelo en estudios anteriores en el laboratorio, en esta tesis se han
caracterizado principalmente dos elementos:

- La proteina CutA; por su pertenencia a la superfamilia de proteinas PII
debido a la conservacién de su plegamiento estructural.

- La proteina PipY de S. elongatus; por la ubicacion de su gen
subyacente al de pipX en este organismo y su conservacion en otras
cianobacterias.

Ademas, dada la implicacidon y experiencia del grupo en patologias
causadas por errores congénitos del metabolismo y la descripcidon de epilepsia
para mutaciones en la proteina ortéloga humana, PLPHP, también la he
caracterizado.

Ademads, como se avanzaba en la Introduccién de esta tesis, a pesar de
no estar incluido en esta memoria, con mi trabajo en el laboratorio también he
contribuido en los estudios iniciales de la caracterizacién de otro elemento
relacionados con el sistema: el factor de transcripcion PImA de S. elongatus;
tras haber sido detectado como proteina de interaccién con el complejo PlI-
PipX en experimentos de triple hibrido de levadura por miembros del
laboratorio de la Dra. Contreras de la Universidad de Alicante.

La caracterizacién estructural de los componentes de la red de
regulacién del nitrégeno presenta un gran interés intrinseco, pero, ademas,
parte del trabajo reflejado en esta memoria de tesis doctoral demuestra que
este conocimiento puede ofrecer informacién util para la salud humana, y no se
descarta que estudios futuros en este mismo campo resulten clave para la
modificacién de procesos biotecnoldgicos y puedan llegar a tener importantes

aplicaciones medioambientales.
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Seccion 4. Conclusiones

1. Hemos producido en Escherichia coli y purificado el nuevo miembro de
funcién poco clara de la red de sefalizacidon de PIl y PipX de Synechococcus
elongatus, PipY (COG0325), desvelando que es un mondmero que contiene
piridoxal fosfato (PLP) unido, cofactor que puede disociar por envejecimiento
de la proteina y por reaccién con el antibiético D-cicloserina. La constante de
disociacion de PipY para D-cicloserina no apoya que esta proteina sea una D/L-

alanina racemasa.

2. Mediante cristalografia de rayos X demostramos que PipY es un mondmero
organizado como un barril TIM con una hélice a extra N-terminal y con una
molécula de piridoxal fosfato (PLP) expuesta y unida a un residuo de lisina. La
estructura descarta una funcidn racemasa o descarboxilasa. La pérdida de PLP
se asocia a un movimiento de hasta 4.5 A en una pequefia hélice C-terminal que
podria estar involucrada en una funcion de PipY en homeostasis del PLP, como

inductora de transferencia del cofactor.

3. La proteina ortdloga humana de PipY, PROSC (ahora re-denominada PLPHP),
implicada en epilepsia genética dependiente de vitamina B, se produjo en E.
coli y se purificd y caracterizé. PROSC es principalmente un mondémero que
contiene PLP unido mediante una base de Schiff. Usando primero PipY como
modelo de PROSC, y luego PROSC humana, se caracterizaron los efectos de seis
mutaciones de cambio de sentido encontradas en pacientes con epilepsia
vitamina Bs-dependiente. p.Leul75Pro causé un mal plegamiento extremo, y
p.Arg241GIn y p.Pro87Leu disminuyeron la solubilidad y el rendimiento de
PROSC pura. En su fraccidn purificable, estos dos ultimos mutantes, asi como

los mutantes p.Pro40Leu, p.Tyr69Cys y p.Arg205GIn, estaban bien plegados, a

193



Conclusiones

juzgar por sus espectros de dicroismo circular. p.Arg241GIn, p.Pro40Leu y
p.Arg205GIn disminuyeron la estabilidad térmica de PROSC, monitorizada en
ensayos de termoflior. La formas mutantes p.Arg241GIn y p.Tyr69Cys
respectivamente carecen de PLP o contienen una cantidad disminuida de este
cofactor. p.Tyr69Cys es principalmente dimérica por formaciéon de un puente
disulfuro, posiblemente a través de su nueva cisteina, y exhibe una reduccion
en la accesibilidad del sitio para PLP, a juzgar por el cambio en la reactividad
con D-cicloserina. Como 5 de las 6 mutaciones tienen efectos negativos sobre la
estabilidad o el correcto plegamiento (en la fase de produccion) de PROSC, es
concebible la eficacia del uso terapéutico de chaperonas farmacolégicas en

epilepsia por mutaciones puntuales en PROSC.

4. Hemos probado que la proteina CutA bacteriana, miembro no canénico de la
superfamilia de Py, no tiene en E. coli y en la cianobacteria Synechococcus
elongatus las funciones protectoras frente a metales divalentes propuestas en
sus anotaciones usuales en las bases de datos, pues la transformacion con el
gen que la codifica en un mutante de E.coli sin dicho gen no mejord la
resistencia al Cu?* de esta bacteria, y cuando se eliminé el gen ortélogo de S.
elongatus, la sensibilidad de esta cianobacteria por Cu?*, Zn?* y Co?** no

aumento.

5. Probamos que CutA de S. elongatus producida en E. coli y purificada es
homotrimérica en solucién e interacciona con Cu?*, resultando en agregacién,
que monitorizada turbidimétricamente indica que el Cu?* se une a un Unico tipo
de sitio con un valor de Kp de aproximadamente 60 uM, un valor
considerablemente mas alto que las concentraciones tdxicas de este metal para

S. elongatus.
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6. La determinacién de la estructura cristalina de CutA de S. elongatus ha
revelado una estructura homotrimérica similar a la de Py, con un plegamiento
de cada subunidad de tipo ferredoxina (BaB), al que sigue en CutA una
proyeccion terminal Bsos. Esta proyeccion, la falta (por fijacidén) de un largo y
flexible lazo T y la minimizacién del lazo B son las diferencias estructurales mas
importantes respecto a Pll candnica. Aun los cristales preparados en presencia

de Cu?* carecieron de Cu?* unido.

7. Las estructuras de CutA objetivan un bolsillo entre cada dos subunidades
formado por residuos altamente conservados, de caracter polar y potencial
eléctrico negativo, observandose la ocupacién de 1 a 3 bolsillos del trimero por
una molécula de Bis-Tris, sin induccion de cambios conformacionales
importantes. El analisis de la unidn revela la importancia de que la molécula
gue se une tenga carga positiva o sea neutra y tenga la capacidad de formar
multiples puentes de hidrégeno con dtomos de oxigeno. Se propone la posible
existencia de biomoléculas enddégenas que se unan en estos bolsillos, y se

especula sobre posibles mecanismos reguladores de estas uniones.

8. CutA de S. elongatus presenta la elevada estabilidad térmica caracteristica de
otras proteinas CutA. El analisis de los pares iénicos entre subunidades y dentro
de cada subunidad y su comparacidn con otras proteinas CutA vya
caracterizadas sugiere que los pares idnicos entre subunidades tienen un papel

importante en conferir dicha elevada estabilidad térmica de CutA.
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