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Resumen
Uno de los principales objetivos del disefio de enzimas es construir proteinas con
propiedades mejoradas o nuevas. Esta capacidad de disefiar enzimas con las
actividades deseadas tiene una aplicacién importante en la industria quimica, agricola y
farmacéutica. Para alcanzar este objetivo normalmente se emplean dos estrategias de
ingenieria de proteinas: el disefio racional y la evolucién dirigida. Recientemente, el
desarrollo de algoritmos computacionales ha permitido el disefio de enzimas que han
cambiado de funcion, pero cuyas nuevas actividades estan érdenes de magnitud por
debajo de la eficiencia catalitica de la enzima silvestre. Probablemente es necesario
involucrar cambios de secuencia mas drasticos que nos permitan explorar mas
ampliamente el espacio de secuencia de la proteina de interés. Con ello en mente en el
presente trabajo planteamos una nueva estrategia de exploracion del espacio de
secuencia en una enzima (beta/alpha)s isomerasa. Dicha estrategia involucré el
intercambio de asas completas y la introduccion de variabilidad de secuencia en los
residuos que las unieron con la enzima molde, ademas del redisefio de los residuos
cataliticos. La enzima molde se denomina TrpF, PRA isomerasa o PRAI y esta presente
en la ruta de biosintesis del triptéfano. En este trabajo mostramos como se pueden
adaptar funcionalmente asas de diferentes enzimas en la enzima TrpF y como esta
adaptacion funcional puede ser medida con un ensayo in vivo. La insercién de
variabilidad en ambos lados de cada asa intercambiada se hizo con el objetivo de imitar
el mecanismo natural con el cual las asas de los anticuerpos adquieren variabilidad en
sus sitios de unién. También obtuvimos detalles a nivel molecular de algunas variantes
mediante analisis de cinética enzimatica, dicroismo circular y filtracién en gel. Como
ultimo punto, siguiendo esta estrategia de intercambio de asas y de redisefo del sitio

activo discutimos la obtencion de una nueva actividad enzimatica en la enzima TrpF.



1. Introduccién

Actualmente uno de los retos mas activos en el campo de la investigacion en
biocatalisis y biotransformacion es el descubrimiento, disefio y optimizacion de enzimas
(1, 2). ¢Como podemos encontrar o disefar enzimas que catalizen importantes
reacciones quimicas, incluso cuando éstas no existan en la naturaleza? ;Como
podemos optimizar diferentes enzimas para reconocer sustratos no biolégicos y para
que funcionen en condiciones de reaccion industriales? Como ensamblar de manera
eficiente multiples enzimas en nuevas rutas de biosintesis de varios pasos? La mayoria
de las estrategias utilizadas comunmente para encontrar respuestas a estas preguntas
incluyen aproximaciones de bioinformatica, evolucion dirigida, disefio racional y una
combinacion de todas ellas (3, 4).

Las enzimas que podemos observar hoy en dia son el producto de la evolucion
biolégica que ha tomado millones de anos y suelen catalizar una determinada reaccién
con alta especificidad y enantioselectividad. Por ello las enzimas son ampliamente
utilizadas en muchos procesos industriales como catalizadores biolégicos. Sin embargo,
a pesar de la perfecta adaptacién a su rol fisioldgico, la actividad y la estabilidad a
menudo estan muy lejos de lo que la quimica organica o los procesos industriales de
gran escala necesitan (5). Por lo que con el fin de aprovechar plenamente el potencial
de las enzimas en los procesos industriales y su aplicacion practica aun quedan muchos
retos que mejorar. Las cualidades que normalmente se necesitan mejorar son: la
eficiencia, la disponibilidad en altas cantidades, los precios bajos, la poca inhibicién por
producto y la mejor estabilidad (3, 4).

Uno de los principales objetivos del redisefio de enzimas es construir proteinas
con propiedades mejoradas o nuevas. Esta capacidad de disefiar enzimas con las
actividades deseadas a partir de una enzima silvestre tiene una aplicacion practica
importante en la industria quimica, agricola y farmaceutica (1, 2). Para alcanzar este
objetivo normalmente se emplean dos estrategias de ingenieria de proteinas: la primera
es el disefo racional y la segunda es la evolucion dirigida (4). A través del diseno
racional podemos modificar especificamente una determinada regién o propiedad de
una enzima, pero para ello es necesario tener informacion previa sobre su secuencia,

estructura y funcion. Por otro lado, la evolucién dirigida surge como una alternativa al



disefio racional y no requiere de un conocimiento detallado de la estructura ni del
mecanismo de reaccién de la enzima a modificar. Esta estrategia se enfoca en la
generacion de variabilidad al azar en el gen de la proteina de interés y la posterior
seleccién de la actividad deseada, imitando el proceso de la evolucion natural (6-8). Por
estas caracteristicas la evolucidn dirigida es ampliamente utilizada como primera
estrategia para modificar enzimas tanto en laboratorios académicos como industriales.
Aunque en la optimizacién de enzimas los mejores resultados se han obtenido al
combinar ambas estrategias, en las que por ejemplo primero se realizan mutaciones
especificas por disefio racional y posteriormente la enzima es sometida a ciclos de
evolucion dirigida o viceversa {Chica, 2005 #26;Chica, 2005 #59}.

Recientemente, el desarrollo de potentes algoritmos computacionales ha
permitido la aplicacion de enfoques novedosos, disefiando proteinas que han cambiado
de funcion, pero cuyas nuevas actividades estan 6rdenes de magnitud por debajo de la
eficiencia catalitica correspondiente a la enzima silvestre (9, 70). Probablemente sea
necesario involucrar cambios de secuencia mas drasticos que nos permitan explorar
mas ampliamente el espacio de secuencia de la proteina de interés (4). Con ello en
mente, el presente trabajo plantea una estrategia que involucra el intercambio de asas
completas y la introduccion de variabilidad de secuencia en los residuos que las uniran
con la enzima molde, ademas del redisefio de los residuos cataliticos de una enzima
(B/a)s isomerasa.

El entendimiento de la relacién estructura-funcién de las asas es de gran interés
en la ingenieria de proteinas (77) debido a que es conocido que las asas juegan un rol
critico en la funcion enzimatica, incluyendo la catalisis (712), la especificidad de sustrato
(73) y las interacciones proteina-proteina (74). Nuestro trabajo se enfoca en enzimas
que poseen el plegamiento de barril (B/a)s. Este plegamiento es uno de los mas
representados comunmente en las enzimas conocidas, ademas posee una gran
versatilidad funcional y estructural (15). Convenientemente los residuos del sitio activo
de las enzimas que poseen este plegamiento se encuentran localizados en la seccion
C-terminal de las hebras B asi como en las asas que unen las hebras 3 con las hélices a
(asas B/a), las cuales se consideran que no influyen en la estabilidad de la enzima (15,

16). En este sentido, el objetivo del presente proyecto es tratar de entender cémo se
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puede adaptar la relacion estructura-funcion de las asas B/a en el plegamiento de barril
(B/a)s y con ello proponer estrategias para disefiar nuevas funciones enzimaticas en
estas proteinas.

Las tres enzimas que constituyen nuestro modelo de estudio son: TrpF (PRA
isomerasa o PRAI, EC 5.3.1.24) de Escherichia coli, HisA (ProFAR isomerasa, EC
5.3.1.16) de Thermotoga maritima y PriA (PRA y ProFAR isomerasa, EC 5.3.1.24 y
5.3.1.16) de Streptomyces coelicolor. La enzima TrpF esta presente en la ruta de
biosintesis del triptéfano y cataliza un rearreglo de Amadori del sustrato PRA hacia el
producto CdRP (77). La enzima HisA se encuentra en la ruta de biosintesis de la
histidina y utiliza un mecanismo de reaccion similar al de TrpF para convertir una
aminoaldosa en una aminocetosa: del sustrato ProFAR al producto PRFAR (78). La
enzima PriA es homoléga de HisA y fue encontrada formando parte de la biosintesis de
triptéfano e histidina en algunas bacterias del género de los actinomicetos (79). PriA
posee tanto la actividad de PRA como de ProFAR isomerasa y es muy similar
estructuralmente a HisA (20). Se ha sugerido que cambios conformacionales de las
asas P/a 5 y 6 son esenciales para que esta enzima posea ambas actividades
cataliticas (20, 21). Cambios en la longitud e identidad de secuencia de las asas se han
asociado a menudo con la evolucidon de nuevas actividades enzimaticas en la naturaleza
(22).
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2. Antecedentes

Existen diversos ejemplos donde se muestran cambios de actividad o
especificidad con una o pocas mutaciones pero con parametros cataliticos lejos de
parecerse a los de las enzimas silvestres. Tedricamente la evolucion de diferentes
funciones enzimaticas en superfamilias mecanisticamente diversas se inici6 por
procesos que involucraron una o pocas mutaciones, por lo que los experimentos in vitro
de este tipo proporcionan informacién sobre las primeras etapas de la evolucion natural
divergente (23). Sin embargo, muy a menudo los alineamientos de secuencias de
proteinas revelan muchas inserciones y deleciones, lo cual resalta su importancia en el
disefio natural (76, 24, 25). Aunado a ello, las secuencias de enzimas que presentan
diferentes funciones dentro de una superfamilia tipicamente comparten una identidad de
secuencia menor al 40%. Esto puede explicar por qué unas pocas mutaciones
puntuales no pueden producir variantes que catalicen la “nueva” reaccidén con valores
altos de keat 0 de keattkm, por lo cual es probable que paralograr mejores valores
cataliticos sean necesarias estrategias de mutagénesis in vitro mas agresivas (4). Pero
ademas se requiere entender como es que cambios o rearreglos de secuencia como
inserciones o deleciones podrian adaptarse para mejorar o cambiar funciones
enzimaticas (24).

En el transcurso del desarrollo de nuestro proyecto se reportdé un trabajo de un
redisefio agresivo del sitio activo de una glioxilasa Il (GIxll) la cual fue convertida a una
B-lactamasa (IMP-1) mediante inserciones/deleciones e intercambio no sistematico de
secciones de asas (26). Inicialmente, GIxll e IMP-1 compartian una baja identidad de
secuencia, diferentes sitios de union de metales y asas de diferentes tamafos y
secuencias. La modificacion de la enzima GIxIl incluy6é la eliminacion de todo un
dominio, el redisefo del sitio de unidn a metales y la insercidn de variabilidad natural y
al azar en las asas de especificidad, asi como la aplicacién de diferentes estrategias de
evolucion dirigida. La variante ganadora adquirié la actividad de B-lactamasa y resultd
mantener un 59% de identidad de secuencia con su progenitora y un 25% de identidad
con la enzima blanco, pero aun con todas las modificaciones hechas los parametros
cinéticos fueron considerablemente mucho mas bajos que los de la enzima silvestre

IMP-1. Una de las conclusiones importantes de este trabajo es que el redisefo de las
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asas es claramente esencial para explorar mas ampliamente el espacio de secuencia
funcional de una enzima (25). Ademas, dado que la mejor enzima obtenida en este
trabajo tiene una actividad enzimatica muy baja, también demuestra que aun falta
entender como adaptar mejor la relacién estructura-funcion de las asas y con ello poder

mejorar la actividad enzimatica.
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3. Hipotesis:

Las asas B/a de los barriles (B/a)s contienen informacion funcional (incluida la
especificidad de sustrato) que puede ser trasladada y adaptada a la enzima TrpF de E.
coli mediante novedosas estrategias experimentales, permitiéndonos ampliar el

conocimiento para disefiar nuevas funciones enzimaticas.

4. Objetivos:

4.1 Objetivo general:

Entender como adaptar la relacion estructura-funcion de las asas f/a de
diferentes barriles (B/a)s en la enzima TrpF de E. coli mediante intercambio de asas,
introduccién de variabilidad en sus sitios de unién, disefio racional del sitio activo y
evolucion dirigida, y con ello explorar la posibilidad de disefar la nueva funciéon de

ProFAR isomerasa en esta enzima.

4.2 Objetivos especificos:

- Concluir la caracterizacion estructural del primer método de intercambio de asas
B/a en un barril (B/a)s modificado: SCLE, de sus siglas en inglés: Systematic
Catalytic Loop Exchange.

- Disefiar una nueva estrategia para intercambiar asas /a en la enzima TrpF que
nos permita introducir variabilidad en ambos sitios de unién de cada asa y
analizar la relacion estructura-funcion de cada asa intercambiada en esta enzima.

- Desarrollar una estrategia para medir cuantitativamente la adaptabilidad de la
relacidn estructura-funcién de las asas /a intercambiadas en TrpF.

- Redisenar el sitio activo de TrpF de tal manera que sea mas grande y esto nos
permita analizar si sélo con estos cambios es posible obtener la nueva actividad
de ProFAR isomerasa.

- Intercambiar las asas B/a importantes para la funcion de ProFAR isomerasa de
PriA en TrpF, asi como sus residuos cataliticos y analizar in vivo la nueva

actividad de ProFAR isomerasa en TrpF.
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5. Metodologia
Manipulacién de ADN

Se utilizaron los procesos estandar para la preparacion de plasmidos, reacciones
de digestion, reacciones de ligacion, transformacion y electroforesis. Todas las
construcciones se hicieron en el plasmido pDAN5-ped1 (76). Las variantes analizadas
en fusion con la enzima CAT (Cloranfenicol Acetil Transferasa) se construyeron en el
plasmido pDANS5-trpF-loxP-CAT (716). Tanto los productos de PCR como los plasmidos

empleados en este trabajo se purificaron y analizaron en geles de agarosa al 1 %.

Intercambio de asas en la secuencia del gen de TrpF

Para cada asa se disefiaron dos oligonucleétidos parcialmente complementarios
en 12 pb entre si: uno corresponde a la hebra no codificante y el otro a la hebra
codificante. En ambos oligonucleétidos se introdujo un codon NNS el cual reemplaza al
respectivo residuo bisagra. Las librerias se construyeron por PCR de manera
independiente, utilizando el correspondiente par de oligonucleétidos para cada asa y los
dos oligos que flanquean el gen de TrpF. De esta manera, la primera mitad del gen de
cada libreria fue amplificada utilizando como templado el plasmido pDAN5 trpF y los
oligonucledtidos Hind3AOL como 5 -primer (el cual tiene un sitio de restriccion Hindlll) y
el oligonucledtido no codificante del asa correspondiente como 3 -primer. La segunda
mitad se amplificd utilizando el mismo plasmido como templado y el correspondiente
oligonucledtido codificante del asa como 5 -primer y el oligonucleétido NhelAOL (el cual
tiene el sitio de restriccion Nhel) como 3’-primer. Los productos amplificados se
purificaron de un gel de agarosa al 1%. Finalmente, cada libreria se construyé por
“overlapping-extension PCR” utilizando como templado el par de productos de PCR
anteriormente purificados y los oligonucleétidos HindIIIAOL como 5°-primer y NhelAOL
como 3 -primer. Estos productos finales se purificaron de la misma manera que los
anteriores y luego se digirieron con las enzimas de restriccion Hindlll y Nhel. Los
productos de la reaccidén se purificaron y se ligaron en el vector pDAN5 previamente
digerido con las mismas enzimas. Para confirmar la correcta insercion de cada asa, la

distribucion de los residuos en el sitio NNS y la eficiencia de construccion de nuestro
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método, se secuenciaron aproximadamente 20 plasmidos de cada libreria. Para mayor

detalle ver el manuscrito de la seccion 2 de resultados (24).

Insercion de mutaciones puntuales

Las mutaciones puntuales se insertaron utilizando la estrategia de megaprimer
(46). Para el caso de las librerias con sitios de variabilidad NNS se utilizé la misma
estrategia y siempre asegurando tener la libreria final al menos 5 veces representada

experimentalmente.

Fusiones al reportero de plegamiento CAT
Para fusionar las variantes a CAT se subclonaron del plasmido pDANS al

plasmido pDANS-trpF-loxP-CAT utilizando la estrategia previamente descrita (76).

Métodos de seleccidén

Para analizar in vivo las actividades enzimaticas de PRA isomerasa (TrpF) y de
ProFAR isomerasa (HisA) se utilizaron las cepas de seleccion de E. coli JM101AtrpF y
HFRGG6, respectivamente (20). La primera cepa tiene una delecion del gen de TrpF de
su genoma y por lo tanto en medio minimo no complementa la actividad de PRA
isomerasa. Por otro lado la cepa HFRG6 tiene una mutacidon puntual en HisA que la
convierte en una enzima no funcional y por lo tanto en medio minimo no complementa la

actividad de ProFAR isomerasa.

Ensayos de complementacion

Los ensayos de complementacion de las diferentes librerias en ambas cepas de
seleccion se hicieron en placas de medio minimo M9 sdlido. Primeramente se
transformo una alicuota de células electrocompetentes con el ADN de cada libreria y se
incubaron por una hora a 37 °C en agitacion. Posteriormente cada alicuota fue lavada
cuatro veces con medio minimo M9. Para ello se centrifugaron por 2 minutos a 5000
rom, se desecho el sobrenadante y se adicioné 1 ml de M9. Se repitié este proceso 4
veces. Al final se resuspendié la pastilla celular en 1 ml de M9 y posteriormente se

esparcio en las placas de M9 sdlido. En los casos indicados, el medio se suplementd
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con 50 uM de IPTG y 0-1 pg/ml de triptéfano o histidina (segun corresponda la actividad
a seleccionar). Las placas se incubaron a 30 °C y se aislaron las colonias nuevas que

aparecian cada 24 horas.

Expresién de proteinas en la cepa MC1061AtrpF

Para analizar el nivel de expresion de las diferentes mutantes de residuos
puntuales por alanina se utilizoé la cepa MC1061AtrpF. Cada variante se transformé en
células calcio competentes y posteriormente se inoculd con una colonia 5 ml de
LB/ampicilina, los cuales fueron crecidos por 12 horas a 30 °C. Estos cultivos se
centrifugaron y la pastilla se resuspendié en 500 pl del amortiguador de sonicacion y
posteriormente se sonico a 4 °C. Se separo la fraccidon soluble de la insoluble mediante
centrifugacion a 11,000 rpm por 10 minutos y se cargaron 10 ul del extracto soluble en

un gel de SDS-poliacrilamida al 12.5%.

Analisis de la eficiencia funcional

La fraccion de variantes que retienen la actividad de PRA isomerasa fue
calculada con base al numero de variantes que complementaron la auxotrofia del gen
de TrpF en la cepa de seleccion JM101AtrpF en medio minimo M9. Para ello, cada
libreria se transformo por triplicado en células electrocompetentes y posteriormente se
lavaron con medio M9 (ver seccidén de ensayos de complementacion). Del cultivo lavado
se esparcieron diluciones de aproximadamente 1000-1500 células viables en dos
diferente medios de cultivo suplementados con ampicilina (200 pg/ml): LB agar y M9
agar. Las placas se incubaron a 30 °C por 144 horas y cada 24 horas se contaron las
unidades formadoras de colonias (UFCs). La fraccion de variantes funcionales se
calculé como el cociente del numero de UFCs encontradas bajo la presién de seleccion
de la actividad de PRA isomerasa (medio M9) entre el numero de UFCs crecidas sin
esta presion de seleccion (medio LB). Este valor fue el primer componente del valor de
SFLA (structure-function loop adaptability). Para cada libreria se seleccionaron
aproximadamente 20 colonias de las placas de M9 y se secuenciaron los respectivos

plasmidos.

17



Analisis de la eficiencia de plegamiento

La fraccion de variantes con capacidad de plegarse se estimé fusionando cada
libreria al gen del reportero de plegamiento de cloranfenicol acetil transferasa (CAT),
utilizando el método descrito previamente (76). Todas estas librerias, asi como los
controles positivos y negativos (76), se transformaron por triplicado en células
electrocompetentes de la cepa MC1061AthiE. Posteriormente estas células se lavaron
con medio M9 (ver seccion de ensayos de complementacién) y del cultivo lavado se
esparcieron diluciones de aproximadamente 1000-1500 células viables en dos diferente
medios de cultivo suplementados con ampicilina (200 ug/ml): LB agar con y sin
cloranfenicol (20 pyg/ml). Las placas se incubaron a 30 °C por 18 horas y la eficiencia de
plegamiento se calculé como el cociente del numero de UFCs crecidas en las placas de
selecciéon de plegamiento (LB ampicilina/cloranfenicol) entre el numero de UFCs
crecidas en las placas sin esta presion de seleccion (LB ampicilina). Este valor fue el

segundo componente del valor de SFLA (structure-function loop adaptability).

Purificacion de proteina y ensayo de actividad enzimatica

Cada pastilla del litro de cultivo de células se resuspendidé en 25 ml de
amortiguador de fosfato de potasio 10 mM, pH 7.6, 50 mM NaCl, 5% (v/m) de glicerol,
0.1 mM DTT, 0.1 mM PMSF y 2.5 mg de lisozima. Se sonic6 a 4 °C (20 segundos, 6
veces con intervalos de 30 segundos cada vez y un pulso de 50%). Posteriormente se
centrifugd a 11000 rpm por 20 minutos a 4 °C para separar la fraccion soluble de la
insoluble. La fraccidon soluble de cada extracto celular se filtr6 con una membrana de
0.44 pm de didmetro y se vertié a una columna de sefarosa-niquel (HisTrap FF crude 5
ml, GE Healthcare), la cual habia sido previamente equilibrada con el amortiguador de
fosfato de potasio 50 mM pH 7.6 y 300 mM de NaCl. La proteina etiquetada con el “His-
tag” se eluyd aplicando un gradiente linear de 1 mM a 300 mM de imidazol en 10
volumenes de columna. Las fracciones con la proteina pura se mezclaron y se
concentraron hasta obtener un volumen final de 3 ml utilizando el sistema Amicon Ultra-
15 (MILLIPORE) a 4 °C. Posteriormente se cargdé esta muestra en una columna de
filtracion en gel Superdex 200 (GE Healthcare Biosciences), la cual previamente se
equilibor6 con el amortiguador HEPES 50 mM, pH 7.6 y 100 mM de NaCl.
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Posteriormente, las fracciones con la proteina pura se mezclaron y se concentraron
hasta obtener un volumen final de 3 ml utilizando el sistema Amicon Ultra-15
(MILLIPORE) a 4 °C. Este volumen final fue dializado 3 veces a 4 °C contra 1 It de
amortiguador desgasificado de fosfato de potasio 10 mM, pH 7.6, 1 mM EDTAy 1 mM
2-Mercaptoetanol. La concentracion de proteina final se calculé6 usando el método de
Bradford (28) con el ensayo “Bio-Rad Protein Assay” (BIORAD). La actividad enzimatica
de PRA isomerasa se determiné usando el protocolo previamente reportado (29) y sélo
con algunas modificaciones menores (27). Cada medida de la actividad enzimatica
representa el promedio de por lo menos 3 experimentos independientes, utilizando

enzima fresca purificada cada vez.

Cinéticas de crecimiento en medio minimo M9

Para estos ensayos, cada variante se inoculé por cuadruplicado en placas de 96
pozos con medio LB suplementado con ampicilina (200 pg/ml) y posteriormente estas
placas se incubaron por 12 horas a 30 °C. También se prepard una placa de 96 pozos
con medio minimo M9 (48 pozos para la cepa JM101AtrpF y los otros 48 pozos para la
cepa HFRGB6). Esta placa se suplementé con la correspondiente cantidad del respectivo
aminoacido para cada variante. Cada pozo de medio minimo se inoculé con 2 ul de la
respectiva variante de la placa de 96 pozos de LB ampicilina. Las placas se incubaron a
30 °C en agitacion y se midio la absorbancia (ODgoo nm) del cultivo celular cada 4 horas
durante 5 dias. Con los datos obtenidos de este experimento se graficd la cinética de

crecimiento de cada variante.

Construccion de los modelos tridimensionales

Cada modelo se hizo utilizando como molde la estructura de TrpF de E. coli
(PDB: 1pii). Sobre esta estructura se insertaron las mutaciones puntuales utilizando el
programa SWISS-PDB Viewer. Posteriormente se corrié una minimizacién energética y
la estructura resultante fue minimizada pero ahora en presencia del analogo del
producto de la reaccion de PRA isomerasa (rCDRP) con el servidor del RosettaDesign.
Se selecciono la estructura mejor calificada y como ultimo paso se hizo un analisis de

modos vibracionales de baja frecuencia utilizando el servidor de EINemo. Se seleccion6
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el modelo con la mejor calificacidon y fue minimizado con el programa UCSF Chimera en
presencia del analogo del producto de la reaccion de PRA isomerasa (rCDRP). Los

modelos resultantes son los analizados en el Capitulo 4 del presente trabajo.
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6. Resultados y discusion

En el Capitulo 1 se analiza la capacidad de la estructura de la enzima TrpF-LoxP
para soportar el intercambio sistematico de diferentes asas B/a, proyecto que fue
iniciado en la Tesis de Maestria (30) y el cual fue concluido en el inicio del doctorado
(16). En el Capitulo 2 se presenta el analisis de la relacion estructura-funcién de
diferentes asas B/a intercambiadas en el asa 6 de TrpF (24). Para este segundo capitulo
se desarrollaron nuevas estrategias experimentales tanto de intercambio de asas como
de disefo de las conexiones con la enzima molde (bisagras).

En el Capitulo 3 se discute la utilizacion de dos estrategias para explorar la nueva
actividad de ProFAR isomerasa en la enzima TrpF. La primera es mediante el rediseno
del sitio activo y el disefio de bisagras y la segunda es mediante el intercambio de asas

y el disefio de bisagras.
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Capitulo 1._Efecto en la estructura de TrpF-LoxP del intercambio sistematico de

diferentes asas B/a

En este capitulo se hizo la caracterizacién estructural de las variantes de la
enzima TrpF-LoxP, las cuales tienen modificadas diferentes asas [/a como
consecuencia del intercambio sistematico de sus asas cataliticas (SCLE del inglés:
Systematic Catalytic Loop Exchange) (30). De esta manera se analizé la tolerancia
estructural del intercambio sistematico de tres asas p/a de la enzima TrpF-LoxP. El gen
de esta enzima tiene insertada la secuencia de un sitio de reconocimiento /oxP en la
posicidon correspondiente al asa o/ff 4, el cual codifica para una insercion de 20
aminoacidos en la enzima TrpF y por ello es un barril (B/a)s modificado no existente en
la naturaleza (37).

Las asas 2, 4 y 6 de la enzima TrpF-LoxP se reemplazaron por otras asas p/a de
diferentes tamafos y secuencias y el porcentaje de plegamiento de cada libreria se
analizé mediante su fusion con el gen reportero de plegamiento de la enzima
cloranfenicol acetil transferasa (CAT). De esta manera si nuestra proteina fusionada es
soluble, CAT también es soluble y por lo tanto provee de resistencia contra cloranfenicol
a la célula que contiene esta fusién (30). La estrategia del SCLE incluyé la introduccion
de variabilidad a saturacién mediante la introduccién del codon NNS en las dos ultimas
posiciones de las hebras 3 que preceden a cada asa intercambiada y que apuntan hacia
el interior del barril (B/a)s. Estos sitios se disefiaron con el objetivo de permitir un mejor
ajuste estructural de las nuevas asas asi como para introducir variabilidad en las areas
importantes para la catalisis. Ademas, el diseno del SCLE permite el intercambio
sistematico de asas tanto a la misma posicion estructural de la cual provienen como a
posiciones diferentes (30).

El sistema de seleccion de plegamiento in vivo se validé con diferentes
construcciones como controles, las cuales fueron probadas en diferentes cepas de E.
coli. Este analisis mostré que la unica cepa que no reporta falsos positivos es la
MC1061AthiE y que ademas la concentraciéon optima de cloranfenicol para discernir
entre proteinas plegadas y desplegadas es de 20 ug/ml, lo cual permite un nivel de

seleccion de plegamiento y a la par una alta viabilidad celular. Por lo tanto, todas

22



nuestras librerias fusionadas a CAT se evaluaron utilizando estas condiciones de
presion de seleccidn de plegamiento. Los resultados mostraron que entre el 30% y 90%
de las variantes generadas en las diferentes librerias estan plegadas. Para confirmar
con mayor precision la eficiencia de este método en la seleccion de variantes plegadas
se hizo un analisis de tipo “Western blot” del extracto celular soluble de 72 variantes
seleccionadas por crecer en presencia de cloranfenicol. Los resultados mostraron que
todas las fusiones son solubles, lo cual confirma la eficiencia de nuestro método para
seleccionar proteinas plegadas (30).

Los espectros obtenidos por dicroismo circular en el UV lejano, asi como el
cambio en los espectros de la emision de fluorescencia de algunas variantes sin la
fusién con CAT fueron muy similares con los de la enzima TrpF-LoxP, demostrando que
las interacciones globales de la estructura se mantienen aun después de intercambiarle
asas de diferentes posiciones y de quitarle la fusién con CAT (76). Ademas, su alto nivel
de expresion en la fraccidn celular soluble sugiere que las variantes estan
correctamente plegadas y que los pequefios cambios observados en los espectros de
CD podrian reflejar sélo algunos cambios estructurales a nivel local (76). Los resultados
en extenso de este capitulo se encuentran en el manuscrito de la pagina siguiente (76).

Con base en los resultados obtenidos al aplicar el método del SCLE al estudio de
la estructura de la enzima TrpF-LoxP, concluimos dos aspectos importantes para la
continuacion del proyecto de doctorado: 1) es posible intercambiar sistematicamente las
asas B/a 2, 4 y 6 de TrpF-LoxP sin afectar su estabilidad, a pesar de que esta enzima es
un barril (B/a)s modificado, y 2) las dos posiciones de las hebras  que se mutaron a
saturacién son importantes para seleccionar proteinas plegadas pero sin funcion.
Basados en estas conclusiones, en el Capitulo 2 del presente trabajo decidimos analizar
la relacion estructura-funcion de las asas B/a utilizando como modelo a la enzima
original de TrpF. Ademas disefiamos una nueva estrategia de introduccién de
variabilidad en los residuos bisagra, los cuales son ahora los dos residuos finales de

cada asa intercambiada.
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Protein engineering by directed evolution has proven effective in achieving
various functional modifications, but the well-established protocols for the
introduction of variability, typically limited to random point mutations,
seriously restrict the scope of the approach. In an attempt to overcome this
limitation, we sought to explore variant libraries with richer diversity at
regions recognized as functionally important through an exchange of
natural components, thus combining design with combinatorial diversity.
With this approach, we expected to maintain interactions important for
protein stability while directing the introduction of variability to areas
important for calalvsm

Our strategy consisted in loop exchange over a (B /a)g fold. Phosphori-
bosylanthranilate isomerase was chosen as scaffold, and we investigated its
tolerance to loop exchange by fusing variant libraries to the chloramphe-
nicol acetyl transferase coding gene as an in wvivo folding reporter. We
replaced loops 2, 4, and 6 of phosphoribosylanthranilate isomerase with
loops of varied types and sizes from enzymes sharing the same fold.

To allow for a better structural fit, saturation mutagenesis was adopted at
two amino acid positions preceding the exchanged loop. Our results showed
that 30% to 90% of the generated mutants in the different libraries were
folded. Some variants were selected for further characterization after remo-
val of chloramphenicol acetyl transferase gene, and their stability was
studied by circular dichroism and fluorescence spectroscopy. The sequences
of 545 clones show that the introduction of variability at “hinges” connecting
the loops with the scaffold exhibited a noticeable effect on the appearance of
folded proteins. Also, we observed that each position accepted foreign loops
of different sizes and sequences.

We believe our work provides the basis of a general method of
exchanging variably sized lm)ps within the (5 /«)g fold, affording a novel
starting point for ‘the screening of novel activities as well as modest
diversions from an original activity.
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Introduction

It is recognized that the evolution of proteins has
proceeded through processes where gene duplica-
tion and point mutations have played a major role.’
This is especially true for the relatively recent evo-
lutionary times, but this simple process is incapable
of L‘xplammg the first appearance of primordial
functional proteins and many of the more drastic
modifications apparent in extant protein families
and superfamilies. These additional modifications
suggest processes involving modular exchange
between segments of unrelated proteins.”

Understanding these natural processes is a very
valuable asset to the engineering of proteins, in
particular when directed evolution techniques are
employed.’ For the study of the most fundamental
questions, it is advanlagi_ous to rely on suitable
protein architectures, several of which have become
model systems due to their versatility and/ or poten-
tially wider relevance. Proteins such as those posses-
sing the 1mn‘|unoglobulm fold® or the (p/a)s fold’

can be viewed as “scaffolds” for engineering due to
their apparently modular architecture and evolutio-
narily variable loops. Combining protein design and
directed evolution with scaffold-based pmlem
libraries provides an excellent route to engineering,
new protein functions. The utility of such libraries
depends on how tolerant the scaffolds are to rando-
mization, because the selected variants must remain
folded and soluble. The (p/a)g or TIM barrel scaf-
fold should be an ideal starting point for engineering
novel enzymatic activities by rational design and
directed evolution.

TIM barrel proteins are the most common fold
among protein catalysts, constituting approximately
10% of all known’ enzyme structures. They are

catalytically versatile: five of lhi_' six enzyme classes
contain members with this fold.? The barrel structure
is composed of eight parallel p-strands in the interior
of the protein, surrounded by eight a-helices. The
pseudo symmetry of the fold is simultaneously an
attractive feature for engineering and a suggusllon of
the modular construction and evolution of this pro-
tein architecture.®” The residues at the active sites of
all known TIM barrel enzymes are located on the

catalytic face of the barrel, which is composed of the
C-terminal end of the p-strands and residues coming
from the B/« loops (the loops that link p-strands
with a-helices). In contrast, the remainder of the fold,
including the opposite face of the barrel, is important
for conformational stability. Tt has long been hypo-
thesized that varying the residues of the active site,
including the loops, might alter enzymatic function
without affecting the stability of the fold. ™™
Indeed, it hasbeen shown that engineering of protein
loops can afford functional changes, notably sub-
strate specificity. This has been demonstrated for
proteins with TIM barrel® and other folds.'®™"®
Furthermore, recent work demonstrated that more
profound changes in the enzymatic function are
possible through loop swapping as a component of
the directed evolution strategy. 2!

On the other hand, the design of new enzymes by
generating variability through point mulallon of an
existing gene has shown modest progrcss As
stated above, for the natural evolution of proteins,
this is likely because more drastic changes are
needed. Followmg a related idea, it has been sug-
gested that new enzymes can be generated by re-
combining different nganls of modern proteins,
and the concept has been shown to be successful 423

Here we describe Systematic Catalytic Loop
Exchange (SCLE), a new strategy for Lxchangmg
loops on a TIM barrel fold. As a scaffold, we chose a
variant of phosphoribosylanthranilate isomerase
(PRAI-LoxP) from Escherichia coli, a monomeric
enzyme where we have previously done significant
work.?"® This gene has an insertion coding for a cre-
lox recognition site in the loop linking a-helix 4 and
p-strand 5, as pr(_vmuslv described.?* The purpose of
using this gene is to carry out in vivo recombination
of generated variants in future experiments. This
gene will be referred to as frpF-loxP and the
respective protein PRAI-LoxP throughout the rest
of the article. We set out to recombine loops com-
patible with this scaffold that have already been
explored and optimized (albeit in different contexts)
by natural evolution, hoping that the resulting
libraries preserve a high enough percentage of
folded proteins to be screened for function. In
order to design specific modification sites, we
investigated the tolerance of PRAI-LoxP to loop
L‘xchangc, as estimated bv stable fnldmg in vivo. We
decided to initially guurale variability toward 3 of
the 8 (/o) loops, where there 1sl1lgl1nr participation
of their residues in substrate binding and catalysis. 3
In this communication, we describe the Lxchangi_' of
14 different (/o) loops within the PRAI-LoxP struc-
ture. The exchanged loops belong to eight different
proteins sharing the same fold but have diverse
functions. Functional diversity will be explored in
the future after in vivo recombination of the different
loop libraries combined with random mutagenesis
and additional designed mutations.

Results

Design of the loop exchange in PRAI

As an ultimate goal, the present work aims at
contributing to the generation of de novo protein
activities. The scaffold with the cre-lox insertion is
derived from a modified monofunctional version of
E. coli PRAI (WT ePRAI), in which part of the gene
coding for the bifunctional IGPS-PRAI protein has
been excised to express the PRAI gene snparalclv
The three-dimensional structure of the E. coli enzyme
[Protein Data Bank (PDB) entry 1PII] was used to
identify the sites for loop Lxchangc Our exchange
slralcgv focused specifically on loops 2, 4, and 6,
where residues identified as binding and catalytic
sites are more abundanl in a set of TIM barrel pro-
teins analvzi_‘d The loop-donor proteins were
selected under the following criteria: they should
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Table 1. Characteristics of the exchanged loops in the PRAI-LoxP scaffold

Enzyme (EC number) Position of the exchanged loop® Sequence of the loop Lengths
MR (EC 5.1.2.2) {3/ e loop 2 GYPAL 5
FBPA (EC 4.1.2.13) /o loop 2 SNGGASHAGKGVESDVPQ 19
Ure (EC 3.5.1.5) {3/ o loop 2 GCGTGPAAGTHATTCTPG 17
PRATWT (5.3.1.24) {3/ e loop 2 VATSPRCVN® 9
DHDPS (EC 4.2.1.52) /o loop 4 PYYNRPS 7
TPS (EC 2.5.1.3) /o loop 4 LGQEDLH 7
MR (EC5.1.2.2) B/ o loop 4 EPTLEHD 7
FBPA (EC 4.1.2.13) (/o loop 4 DLSEES 6
oTS (EC 4.2.1.20) £/ loop 4 DVPVQQS 7
Ure (EC 3.5.1.5) 3/ loop 4 EDWGAT 6
ADA (EC 3.5.44) /e loop 4 GDELGFPGSLE 11
PBGS (EC 4.2.1.24) /o loop 4 AAMDG 5
PRAI WT (5.3.1.24) B/ o loop 4 GNEE 4
DHDPS (EC 4.2.1.52) /e loop 6 TGNL 4
PBGS (EC 4.2.1.24) /o loop 6 PAGAY 5
oTS (EC 4.2.1.20) {3/ o loop 6 SRAGVTGAENRAALP 15
PRATWT (5.3.1.24) 3/ ecloop 6 NGOGGSGQRFD® 1

: %tmLt'uri\l position in which the WT loop was replaced for the new loop in the PRAI-LoxP scaffold.

c)L‘Cl‘LlL'['lLL L{'lI‘ILH'[J{md]IIg to the WT lmaps from PRAI-LoxP,

be TIM barrels, they should comprise diverse func-
tionalities and substrate kinds, and they should
preferably have a monomeric state; if this last condi-
tHon was not met, their nligm‘nnri;alinn interface
should not involve the catalytic site (i.e., the top of
the barrel). Based on these criteria, the selected loop
donors were the proteins adenosine deaminase
(ADA; PDB code 2ada), fructose-bisphosphate aldo-
lase (FBPA; PDB code 1dos), porphobilinogen
synthase (PBGS; PDB code 1l6s), dihydrodipicoli-
nate synthase (DHDPS; PDB code 1dhp), tryptophan
synthase « chain (aTS; PDB code 1xc4), thiamine
phosphate synthase (TPS; PDB code 1xi3), urease
(Ure), and mandelate racemase (MR) from E. coli.
The structures from Ure and MR were modeled from

N
lelg:] vi24
(b)
129 Ha1 D126
N

the homologous proteins from Klebsiella aerogenes
(PDB code 2kau) and Pseudomonas putida (PDB code
Imdr), respectively. The amino acid sequences of
loops 2, 4, and 6 of these proteins are shown in Table
1. The loops were inserted at the zone delimited by
the last position of the previous p-strand and the first
residue of the next a-helix, as shown in Fig. 1a. For
loop 2, the exchanged fragment is located between
residues Val31 and Asn39; for loop 4, between resi-
dues Gly82 and Glu85; and finally, for loop 6,
between Asn127 and Argl35 (numbnrmg according
to gene reported by Kirschner et al. ?%). In order to
havea general slraltgv to exchange loops occupvmg
lnpolnglcal positions different from their original site
in the donor protein, we designed “general” double-

Fig. 1. Secondary-structure elements and tertiary structure (PDB code 1pii) of WT PRALI (ribbon diagram showing a
view from the top of the central p-barrel). (a) The loops 2, 4, and 6 are shown in yellow, red, and blue, respectively. The
circular insets show the loops to exchange in the PRAI-LoxP scaffold at the three structural positions (B/« 2, p/a 4, and
i/ 6). (b) The mutated positions are indicated and a side-view slice of the TIM barrel structure of the PRAI scaffold is

shown on the right.
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stranded DNA (dsDNA) connectors that would
direct the insertion to any of the particular locations
explored in PRAI-LoxP (i.e., loop 2, loop 4, or loop 6).
There were two sets of dsDNA connectors, the NH2
connector that coded for B2, p4, and p6 (on the side
5" from the loop) and the CO connector that coded
for a2, a4, and a6 (on the side 3’ from the loop).
These connectors had different single base over-
hangs at both ends to allow directional ligation of the
incoming dsDNA coding for the loop with the
resulting replacement of the original loop present
in PRAI, as shown in Fig. 2a. A schematic represen-
tation of the strategy used to exchange the loops in
the gene of PRAI-LoxI” is shown in Fig. 2a and b.

A change of function would likely require, in
addition to the loop transplant, the substitution of

the last residues in the p-strands, as these are also
typically part of the binding and catalytic sites.””
Therefore, another component in the design of the
NH2 connectors was the introduction of variability
in the final positions of the p-strand preceding the
loop to be exchanged and pointing inward into the
barrel (where catalysis takes place), as shown in Fig,.
1b. In the case of the NH2 connector for loop 2, the
last residue in the p-strand points toward the exter-
nal shell; therefore, variability was introduced in the
previous position, [1e29. In the cases of loops 4 and 6,
the residues preceding the loops, His81 and Asp126,
respectively, point toward the interior of the barrel;
theretore, we decided to introduce variability in
these positions as well as in the previous residues
also pointing to the interior of the barrel, that is,

(a) Loops

Amino connector A

B2, B4 or p6 T A

\ NNG/C and NNT |

1

=~
Ligation
I [ T[T
Primer NH2

Primer NH2
-I Gene IEF-

(b)

PCR 1

Carboxyl connector

a2, ad, or o6

— —
C G

Ligation
(T m—

Primer CO

Primer CO
Gene trﬁF—Lf)IEg]m_

— LoxP —
— T T ——
Megaprimer 5° Megaprimer 3°
& “
PCR2

oo ___|

— —

[ 11T/

New gene library with the new loop exchanged

Fig. 2. Strategy for systematic loop exchange in the trpF-loxP gene. (a) dsDNA coding for each loop is ligated with the
amino and the carboxyl connector independently, yielding two primers. The amino connectors (that prime to either g2,
A4, or p6 coding sequences), the carboxyl connectors (prime to either o2, a4, or a6 coding sequences) and the “loops”
(dsDNA coding for the diverse loops) all had different single base overhang at both ends to allow directional ligation. The
mutated sites shown in the box are encoded in the oligonucleotides that constitute the amino connectors. (b) The resulting
primers from the ligation described in (a) are used in combination with the corresponding end primers (arrowed lines) to
amplify both the 5" and the 3'part of the gene, respectively, by PCR using the trpF-loxP’ gene as template. The only
common sequence between the two obtained megaprimers is the coding sequence for the exchanged loop; these are used
in a second-round PCR to obtain the final gene with exchanged loop sequence by PCR primer extension.
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GIn79 and Vall24, respectively. The degenerate
codon NNG/C was used when no other restrictions
were present, allowing exploration of all 20 amino
acids; however, the requirement of fixing the last
base to T in the last codon of the NH2 connector
restricts the variability of this position, preventing
the exploration of residues Met, GIn, Lys, Glu, and
Trp. Similarly, the CO connectors had a G base
overhanging in the noncoding strand, designed to
anneal with the overhanging C in the coding strand
of the guest loop. This made unavoidable the intro-
duction of a size conservative mutation from GIn to
His in one of the exchanged loops, specifically loop 2

from FBPA from E. coli.
Folding selection method

The selection of folded proteins through the use of
folding reporter genes has been previously docu-
mented.?829 Briefly, in the system we chose, the gene
or family of genes to be screened for folding is fused
to a reporter gene, in this case the gene that codes for
chloramphenicol acetyl transferase (CAT) and pro-
vides resistance to the antibiotic chloramphenicol
(Cm). A protein capable of folding will allow the
correct folding of CAT and, therefore, the resultant
clones will be resistant to Cm, while no growth will
be observed for those clones bearing a folding-
deficient fusion gene product.

To validate the selection method, we made a cons-
truction of the wild-type (WT) PRAI gene fused to
CAT gene as a positive control and, as negative
controls, two proteins proven to have poor folding: a
circular permutation of PRAT previously described™
and an engineered antibody provided by Dr. J. Osuna
(unpublished result). /\ddlllonallv, a construction of
WT PRAI with two stop codons between PRAT and
CAT was also engineered. The resultant plasmids
were transformed in four E. coli strains, XL1-Blue,
IM101 AtrpF, IMB9, and MC1061AthiE and plated on
Luria broth (LB) medium plates containing ampicillin
(200 pg /ml) and Cm at concentrations ranging from 0
to 100 pg/ml We found that JM101, XL1-Blue, and
JMB9 strains show lower rz_sislancz_‘ to Cm. Addi-
tionally, as also noticed by others,>! the JM101 and
XL1-Blue gave many false-positive results. In con-
trast, selection with the strain MC1061AthiE gave

consistent results. None of the negative controls,
including the fusion of WT PRAI with two stop
codons, showed growth at Cm concentrations above
15 pg/ml (Table 2). The positive control, on the other
hand, showed a higher proportion of colonies under
selective conditions. In this case, we observed that Cm
concentration as low as 20 pg/ml is enough to dis-
criminate unfolded variants while maintaining high
viability of cells bearing viable genes.

Assessment of folding in selected clones

To further confirm the accuracy of positive clone
scorings, Western blot analysis of the cell extract of 8
clones selected in Cm plates from each of nine
libraries was carried out. As observed in Fig. 3, of 72
clones selected, all but one expressed variable but
clearly detectable amounts of fusion protein in the
soluble fraction. This demonstrates that the method
is reliable for the identification of true positive
folded proteins.

Ratio of folded proteins in the generated
libraries

Using the conditions described in the folding
selection method section, we evaluated the fraction
of folded proteins in each loop-exchanged library.
Figure 4 shows the percentage of fusion proteins
conferring Cm resistance in libraries generated on
loop 2, loop 4, and loop 6, respectively. We then took
the survival ratio of a population of cells transformed
with the PRAI-LoxP-CAT tusion as our higher limit
and normalized the survival rate observed for the
different libraries with this value. The percentage of
folded protLins for the three different libraries
g(_ni_‘ralLd in lonp 2 had a very similar value, around
30-40%, and in fact they were the lowest values
found in the whole set of constructions. Exchanges at
loop 4, where more libraries were generated, afforded
a higher viability, from 40% to approxmmli_‘lv 70% of
folded prlldL‘-a depending on the incoming guest
loop. Finally, in the case of loop 6, for which only
three libraries were constructed, we observed the
highest viability, ranging from 50% to 90%.

In order to further investigate the properties of
these clones, 10 colonies were isolated from the plate

Table 2. Resistance toward Cm conferred by different CAT fusions when expressed in MC1061AthiE

Concentration of Cm (ug/ml)b
Variant Description® 0 5 10 15 20
pDan5 No insert +++ —_ —_ —_ —_
Vh-CAT Antibody fused to CAT 4+ ot + — —_
Per3-p4/a3-CAT Permutation of PRAI fused to CAT +++ +H+ + — —_
PRAI-Stop-CAT PRAI WT with the insertion of two stop +++ —_ —_ —_ —_
codons between their and CAT fusion.
PRAI-CAT PRAT WT fused to CAT +++ 4 +++ +++ e+

RLHi‘atﬂnLL was estimated by the growth rate.
* Description of the genes from the different variants.

P Cells were grown in LB medium plates supplemented with ampicillin and with different concentrations of Cm. The number of
colonies appearing in the presence of Cm was counted after 18 h and compared with that without Cm. The percentages of colonies that
survived to different concentrations of Cm relative to the control without it are as follows: +++, 100%; ++, 60%; +, =10%.
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Fig. 3. Western blot analysis from soluble extract with
an antibody rose against CAT protein. The expected
molecular mass of the proteins fused to CAT is approxi-
mately 50 kDa. Lane 1 shows a molecular mass marker,
lane 2 or lane 10 shows either a positive or negative control
indicated by a + or — symbol under the lane, according to
the case. Lanes 2-10 show the soluble fraction of eight
independent colonies chosen from LB/ampicillin/Cm
plates from (a) loop 2 FBPA, (b) loop 6 «T5, (c) loop 4
Ure, (d) loop 4 MR, (e) loop 6 DHDPS, (f) loop 2 MR, (g)
loop 4 «TS, (h) loop 4 DHDPS, and (i) loop 4 FBPA libraries.
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without selection of representative libraries of each
loop comprising the broad range of survival rates
observed, that is, loop 2 from MR, loop 4 from Ure,
and loop 6 from PBGS. Figure 5a-c shows the
Western blot of the cell extract soluble fraction of the
selected clones with an antibody rose against CAT. It
is important to note that the results of percentage of
clones showing the presence of fusion protein pro-
duct in the gel summarized in Table 3 are in good
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Fig. 5. Western blot analysis from soluble extract from
colonies isolated without selective pressure using an anti-
body rose against CAT protein. The expected molecular
mass of the proteins fused to CAT is approximately
50 kDa. 1-10, Western blots of the soluble fractions of 10
clones randomly chosen from the LB/ampicillin plates
from each loop library. 11, WT PRAL; 12, clone selected in
presence of Cm (20 pg/ml); 13, plasmid pDANS5. The
isolated plasmid DNAs from analyzed clones were re-
transformed in the strain MC1061 AthiE and plated on LB
supplemented with ampicillin and Cm. Those that con-
ferred Cm resistance are shown as (+) and the ones that
did not are shown as (). (a) Loop 2 library from MR. (b)
Loop 4 library from Ure. (c) Loop 6 library from PBGS.

agreement with those found by Cm resistance in vivo.
Plasmid DN A wasretransformed in MC1061 AthiE E.
coli competent cells. There is an invariable corres-
pondence between growth in Cm and the presence of
fusion protein in the Western experiment, indicating
that Cm resistance is an adequate criterion to
evaluate the ratio of folded protein variants (Fig.
5a—c). All these plasmids were sequenced and, as
expected, none of the sequences found in clones
reported as nonfolded by Western blot analysis are
present in the clones reported as folded by the
genetic selection method.

Sequence analysis

Sequence analysis of a few clones (about 20 from
each selective and nonselective condition) was car-
ried out from each library to verify if the insertions
were introduced as planned, as well as to find out if

100- Contro
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T4247 43434343 4142 ; 6 7 +4

Loop length, relative to PRAI protein
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Z:Zr Fig. 4. Percentage of folded pro-
EWels teins fused to CAT was calculated as
BWT described in Materials and Methods.
SMR Values and error bars represent the
o Ure average and standard deviation for
@ FBPA each library analyzed. Controls are
 ADA designated as follows: Vh, antibody;
= TPS Per, drcular utation of PRAIL
Bals We/s, PRAI-LoxP with stop codons
£ DHDPS before the fusion to CAT, WT, PRAI-
B PBGS LoxP. The differences in length of loops

of the libraries, relative to the PRATWT
protein, are shown in the x-axis.
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Table 3. Percentage of folding for loop libraries by
Western blot analysis

Percentage of mutants

Library® positive to fusion to CAT?
Loop 2 of MR 28
Loop 4 of Ure 60
Loop 6 of PBGS 43

* Name of the library analyzed by Western blot.

The percentage of folding was calculated by dividing the
number of clones that present fusion with CAT by the total of
clones analyzed. This value was normalized by the sequence
found as WT or with an aberrant construction in the 10 clones.

there were amino acid preferences at the end of the |-
strand preceding the inserted loops in the folded
proteins. From the sequence analysis of 545 clones
selected and nonselected (354,250 pb), we conclude
that between 70% and 100% of the generated
mutants were well constructed, demonstrating the
correct loop replacement and the presence of varia-
bility in mutagenized positions in the different
libraries.

Sequence analysis of clones under selective
pressure

There is a true biased representation of some
amino acids as a result of design. After correction by
normalumg the observed frequencies of each amino
acid in selected versus nonselected clones for each
library, we still observe overrepresentation of some
amino acids in selected clones. However, the size of
the sample is very small to draw conclusions.

Libraries of loop 2

Some amino acids at the variable positions had
either a significantly higher or lower frequency than
expected from chance. Some loops show a strong
bias for a specific amino acid, as is the case for the
insertion of loop 2 from Ure, which shows a positive
selection for both serine and alanine at position 29, as
well as a negative selection for threonine. Loop 2
from FBPA, on the other hand, showed a strong
positive selection for threonine and an equally strong
negative selection for leucine at that position. Finally,
the exchange of loop 2 with the library represcnlmg
the loop 2 from MR had its highest preference for
arginine and a negative selection against tryptophan.

Libraries of loop 4

The same analysis was performed for the two
randomized residues upon replacement of loop 4 in
PRAI-LoxP. The nsertion of loop 4 from TPS shows a
strong preference for arginine at position 79, while
position 81 shows negative selection against proline.
The replacements of the rest of loops 4 donot display
significant preference for any particular residue at
position 79, with the exception of loops from MR and
DHDPS, which show negative selection against
isoleucine and glycilm, rcspcctivcly. Position 81 on

the other hand, shows a small but significant prefe-
rence for serine and threonine when the loop from
PBGS is introduced and for serine when the guest
loop is from MR. Interestingly, serine is counter-
selected when the inserted loops 4 derive from the
«T5 and from DHDPS. Negative selection was also
observed against glycine when loop 4 was replaced
by that from ADA. These results indicate that some
residues preceding the exchanged sequence are more
compatible with the new lnhp than with others.
Perhaps more important was the observation of
some correlated preferences. With the size of the
sampli_‘ analyzed, the pmbabllllv of finding the same
pair of residues twice is quite small. In five of the
eight libraries with loop 4 exchanged, clones with
repeated pairs of residues were found among the
approximately 20 selected clones that were se-
quenced. For instance, the pairs S-T, D-T, and N-P
at positions 79-81 were found twice when loop 4
from Ure replaced the PRATloop. In the library with
replacement of loop 4 from PBGS, the combination
H-V was selected twice, while in that from ADA, the
pair 5-R was found. The pair R-V was selected in the
library from the DHDPS loop and the loop from MR
showed two repeated pairs, T-V and P-N. These
combinations were not present in the sample of
randomly chosen clones, so the pot;‘-;ibilitv of over-
representation of these amino acids in the library is
unlikely. When loop 4 of oTS, of TPS, and of FBPA
are Lxchangcd there is no ugmﬁcanl preference for
specific combinations at positions 79 and 81.

Libraries of loop 6

In the three libraries constructed, there were some
significant selections at position 124. In the case of
the PBGS loop, leucine was selected, while lysine
was counterselected; in the case of the guest loop
from DHDPS, there was a small but significant pre-
ference for cysteine, while for the guestloop from the
o subunit of aTS, there was a preference for threo-
nine. Inboth DHDPS and «TS guest loops, there was
a negative selection for serine at position 124. On the
other hand, no preference was evident for any resi-
due at position 126, but counterselection was
observed for serine in the case of the DHDPS guest
loop and for threonine in the case of the «TS guest
loop. Just as observed in the libraries from loop 4,
there were combinations at the two positions that
were selected twice. The combination T-C in both
PBGS and DHDPS libraries and the combination T-R
in the oTS library were observed twice in folded
clones.

Structural CD and fluorescence spectroscopic
analysis of some selected clones

Considering the drastic changes introduced in the
PRAI-LoxP sequence, the relatively high percentages
of folded proteins that were obtained acmrdmg to
the Cm resistance test are somewhat surprising. To
find out if some selected mutants were folded and
stable in the absence of CAT, we further inves ligatcd
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their structural properties. Figure 6 shows the far
UV-CD spectra of the purified proteins overlapped
with the spectrum of the PRAI-LoxP (the parental
gene product used for the constructions).?* Some
subtle changes in the spectra could be observed,
suggesting some structural differences. The second-
ary-structure predictions based on the CD spectra
were carried out. Albeit these results have to be taken
with reservation, it is interesting to note that loop 4
from the aTS showed a calculated content of
secondary-structure elements closest to that of
PRAI-LoxP protein (14% «-helix, 38% p-strand),
while variants with loop 2 and loop 6 exchanged
show an increase in the a-helical content (28%). Loop
2 from FBPA forms a helical structure in the context
of its parental protein. The increase in signals at 208
and 222 nm suggests that this loop may also be
helical in the context of the PRAI-LoxP scaffold. The
increase in helical structure upon substitution of loop
6 by the cm‘ru;ponding loop from PBGS is harder to
explain, since in this case it is a small loop of only five
residues compared to the 11 residues in loop 6 from
PRAI-LoxP. However, the shortening of this loop
may have contributed to the propagation or better
formation of a-helix 6, which shows only one turn in
the crystal structure of the WT pmlun’— and/or in
the configuration of the adjacent a-helix 5, which is
not a well-structured helix in the native protein.
Nonetheless, it is important to highlight that all the
spectra are characteristic of folded proteins. Figure 7
shows the fluorescence emission spectra of the
selected variants under native and denaturing condi-
tions. The blue shift observed under native condi-
tions for all the proteins is characteristic of folded
proteins, and their red shift in urea indicates the
exposure of the fluorophores to the aqueous envir-
onment upon loss of tertiary structure. The fluores-
cence spectrum of WT PRAI was recorded for
comparison (Fig. 7a). The center of mass of the
spectra under denaturing conditions is the same for
all the proteins (around 366), while under native
conditions all the PRAI-LoxP mutants show a blue
shift higher than that of the WT ePRAI protein
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Fig. 6. Far-UV CD spectra of representative constructs
engineered in this study. Triangles, PRAI-LoxP; open
circles, Mut_L2_FBPA; diamonds, Mut_L4_«oTS; squares,
Mut_Lé6_PBGS.
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Fig. 7. Fluorescence emission spectra of representative
constructs engineered in this study under native condi-
tions (continuous line) and at 9 M urea (dashed line). (a)
WT ePRAI, (b) PRAL-LoxP, (c) Mutant L2_FBPA, (d)
Mutant_ L4 «TS, and (e) Mutant_L6_PBGS.

(around 349 nm wersus 352 nm for the WT enzyme).
Interestingly, the WT PRAI spectrum shows an
increment of fluorescence upon unfolding, while
the rest of the variants show a slight decrease in
fluorescence. This is indicative of less fluorescence
quenching among the fluorophores in the folded
state of the variants, but the same behavior was
observed for the parental PRAI-LoxP protein, indi-
cating that this difference is related to the intro-
duction of the lox-P loop at the bottom of the barrel
and not to the exchanged loops at the catalytic face.

Figure 8 shows the loss of secondary structure of
the variants in 8 M urea. Itis nolnworlh_v that there is
some residual secondary structure in the proteins
after incubation for 2 h at denaturing conditions.
This is in agreement with the high stability of the
secondary structure observed for the proteins sub-
jected to thermal unfolding (data not shown). This
behavior was shared by all the variants, including
the parental PRAI-LoxP protein. Therefore, we attri-
buted it to the presence of the insertion coded by the
cre-lox recognition sequence.

Oligomeric state of the mutants
The oligomuric state of the mutants was inves-

tigated by size-exclusion chromatography usmg
three different initial protein concentrations ranging,
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Fig. 8. Far-UV CD spectra of representative constructs
engineered in this study under native conditions (con-
tinuous line) and at 9 M urea (dashed line). (a)
Mutant_L2_FBPA, (b) Mutant_ L4  «TS, and (c) Mutant
L6 PBGS.

from 2 to 100 pM. Table 4 shows the apparent
molecular masses of the variants determined by
their elution profile. As shown in Fig. 9, all the
proteins, including the PRAI-LoxP parental protein,
are present as a mixture of monomer—dimer as
judged by their elution profile. This behavior has
also been observed for the WT ePRAL™ The
variant with loop 6 from PBGS shows dimer as
the dominant species (Fig. 9d). In the other cases,
the dimer seems to be in a fast equilibrium with
higher oligomers when the protein concentration
increases to 100 pM, as suggested by the increase in
apparent molecular mass and the deformation of

AQBD
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Azgo
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Retention volume {(mL)

Fig. 9. Analytical gel-filtration chromatograms of
PRAI-LoxP and its mutants using a Superose HRI12
column. The initial protein concentrations were 2 pM
(thin lines), 20 uM (thick lines), and 100 uM (broken lines).
(a) PRAI-LoxP, (b) Mutant_L2_FBPA, (¢) Mutant_L4_«TS,
and (d) Mutant_L6_PBGS.

the peaks, especially for the variant with loop 4

from oTS (Fig. 9c¢).

Discussion

In this study, the PRAI-LoxP protein was chosen
as a scaffold and its tolerance to loop exchange was
investigated by fusing the libraries to the CAT
coding gene as an in vivo folding reporter. When
such fusion proteins are soluble, they provide

Table 4. Apparent molecular masses and deduced association states

Calculated molecular

Apparent molecular mass (kDa)®

Protein® mass (kDa)® 2.0 pM 20 uM 100 pM Deduced association state
PRAI-LoxP 241 229+433 229+47.6 49.8 Monomer — dimer
Mut_L2_FBPA 25.0 23.8+46.5 23.9+46.7 24.3+49.7 Monomer —dimer
Mut_L4_oTS 24.3 40 40 23.9+464 Dimer—monomer
Mut_L6_PBGS 237 46.2 46.6 46.4 Dimer

* The proteins were dissolved in 20 mM potassium phosphate buffer (pH 7.6) and 300 mM KCl. Each protein carries a His-tag atits N-

terminus and the protein concentrations were 2, 20, and 100 pM.

The calculated molecular mass was theoretically calculated from the sequences of the respective proteins.
€ Apparent molecular masses were calculated using the protein elution volumes and a calibration curve generated using elution

volumes for proteins of known molecular mass.
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resistance to Cm to their host cells. Our design
allows the exchange of the loops in the same
position or in other topological positions from the
original protein in PRAL As an ultimate goal, the
present work aims at contributing to the generation
of de novo protein activities by applying selection
rLglmes to the folded proteins from the loop libra-
ries. This approach allows the exploration of a more
divergent sequence space and is not limited to point
mutations. Also, it enables the introduction of varia-
bility to areas important for catalysis while main-
lammg a higher probability for a folded protein.

The behavior of the controls for folding selection
allowed us to evaluate ditferent E. coli strains for the
selection of true positive clones and the identification
of the proper Cm concentration to discriminate the
unfolded variants while maintaining the viability of
cell growth. As mentioned, JM101 and XL] Blue
strains gave many false-positive results.”’ On the
other hand, the MC1061AHIE was the only strain
tested with zero false positives. The MC1061 strain is
a Str' mutant that has a point mutation (K43R) \Vllhm
the rpsL gene (encoding ribosomal protein 512).2
Mutation K43R has been suggested to stabilize the
ram state by increasing the tRNA affinity in the A site
of the ribosome.35% The influence of translational
processes on protein folding has been amply deba-
ted, and a recent study suggests its influence on the
relative abundance of some proteins, including
CAT.*38 These peculiarities may be related to the
different expression behavior of these proteins in the
strains we have tested. We propose that the change in
the stability of the ribosome is probably the main
difference between the MC1061 and the other strains
that permit the proper expression of our fused pro-
teins, but more experiments are needed to corrobo-

rate this hypothesis.

An important finding of this study is that each
position accepted foreign loops of different sizes and
sequences (most likely due to the allowance of hinge
variability). Our data suggest that the sequence of
the loop inserted has much less impact on structural
adaptations than does thesite of the insertion (Fig. 3).
This has also been suggested for ubiquitin, where the
structural effects of a loop insertion depend primar-
ily on the site of the insertion and much less on the
sequence of the insert.”” A larger data set will be
needed to draw more drastic conclusions regarding
any significant tolerance difference between other
alternative loop positions in the barrel scaffold. The
relatively high tolerance to the diversity of sequences
tested and the lengths of the inserted loops is in
agreement with the general notion that the active-
site end of lhe TIM barrel is inherently tolerant to
varlabllllv ' The high proportion of chimeric pro-
teins (30-90%) that remained foldable and relatively
stable after the introduction of foreign loops also
indicates the feasibility of our approach to afford
useful libraries for subsequent functional screening.

It is clear from the data that the introduction of
variability at the hinges connecting the loops with
the scaffold has a noticeable effect for obtaining
folded proteins. The distribution of amino acids

found in randomized positions without selective
pressure of the analyzed samples shows only the
normal bias inherent to the combinations NNC/ C
and NNT in the oligonucleotides used for mutage-
nesis. Thus, the amino acid preferences observed
with the introduction of each particular loop are
indicative of the importance of the position adjacent
to the loop for conformational fitness. The con-
straints imposed on these positions are likely to
derive both from the set of interactions with the
guest loop and from those corresponding to tightly
packed environments within the core of the protein,
as suggested by the lower viability observed in
libraries from loop 2, where only one of the barrel-
core positions was randomized. It is interesting to
note that the amino acids with higher propensity at
the hinge positions are dependent on the guest loop
and always different from the original residue at the
host protein. However, these mutated positions may
have been selected for function rather than .slablllly
in the host protein because it is well documented
that amino acids constituting the catalytic site may
be in unstable conformations to favor calalvsv’ OA
sequence alignment of all nonredundant PRAT pro-
teins shows that the residues mutated are well
conserved (129 b_\_! 74%, Q79 b_\_f 96%, H81 b_v 91%,
V124 by 80%, and D126 by 98%). Furthermore,
computational analysis of the protein stability with
AAG Rosetta and Rosetta Design alg[]l’ll}‘ll‘]‘l%41
shows that these mutated residues are destabilizing
in the PRAI structure. These observations suggest a
role that is more functional than structural for these
sites. Since our selection method is based on stabi-
lity, the appearance of different amino acids is to be
expected. The small size of the sample and the dif-
ferent patterns found with various loops precludes a
systematic analysis of the sequence preferences, but
the fact that many sequences did not produce folded
proteins hlghllghls the importance of introducing
variability in the libraries. It will be interesting to
compare the preferences observed for folding with
those observed when searching for activity.
Owverall, the far UV=CD and fluorescence emission
spectra of the purified chimeras are remarkably
similar to the parental protein spectra, demonstrat-
ing that the global interactions that maintain the
structure are preserved in the chimera proteins
tested (Figs. 6 and 7). The rather small differences
observed may reflect some local structural changes.
Far UV-CD spectra are more sensitive to the
formation of secondary-structure elements; how-
ever, the purification of fair amounts of the different
proteins from the soluble cell extract fraction and the
blue shiftin the fluorescence spectra suggest that the
proteins are properly folded and not molten globule
intermediates. 243 Interestingly, two of the tested
constructs seem to have a higher «-helical content.
The guest loop of one of them, loop 2 from 1,6-
bipll()%pl1alc aldolase (Mut_L2_FBPA), forms indeed
an a-helix in its orlgmal protein. This suggests that
this loop probably retains its secondary structure in
the PRAI-LoxP scaffold—a likely fact, since inter-
actions that maintain o-helical structure depend on
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local contacts.** The other, loop 6 from PBGS is a
shorter loop than the host loop (Mut_L6-PBGS). Loop
6 in PRAI forms part of a mobile lid that opens and
closes the active site of the enzyme. PRAI from E. coli
has a canonical TIM barrel structure, although helix 6
is of only one-turn length and the segment corre-
sponding to helix 5 is not recognized as such in the
crystal structure. These two helices are in the vicinity
of the exchanged loop 6. Itis possible thata change in
this loop promotes the formation or stabilization of a-
helical structure. Also, it is important to note that the
percentages of secondary structure predicted
between PRAI-LoxP and Mut_L4 aTS are the same.
The original loop 4 from aTS isonly three amino acids
longer in length than the same loop from PRAI and
the tertiary structures of both are very similar. This
probably explains the minimal structural changes in
this mutant with respect to those in the other mutants
and PRAI-LoxP. The selection of a robust protein as
starting point as well as the limitation of mutagenesis
to areas relevant to function but not so committed to
structural integrity is likely to be important for
finding a high proportion of folded chimeras from
which to search for activity. The proposed strategy
allows exploration of distant mutants not reachable
by any of the conventional directed evolution
stra legle lraversmg through extensive valley
regions to new peaks in the folding-sequence land-
scape. Thus, search of novel function is restricted to
screening the small population of folded proteins
instead of a vast amount of nonviable proteins.
Several observations on natural protein evolution
were inspiring for our work. First, it is clear that
different members of enzyme superfamilies, which
have common ancestors but sometimes rather dif-
ferent calal_\_!llc activities,” incorporate indels or
insertions in the loops besides point mutations.
Second, the mechanism of antibody generation,
which can be viewed as a natural “directed evolu-
tion” machinery, relies on a few scaffolds with varia-
bility concentrated at the loops.*®4” Furthermore, in
the anllbodv system, the loop repertoire is itself
limited, sugguslmg the efficiency of employing
modular exchange as opposed to randomization. 4
Third, in enzymes with the TIM barrel fold, the active
site is alwavs composed of loops and residues in the
same face of the protein architecture.
It is tempting then to speculate that even modest
diversion from an original activity and specificity
would benefit from the use of loops as modular com-
ponents of variability. Our work suggests the pos-
sibility of “structural evolvability” of the TIM barrel
fold by loop grafting. A combinatorial approach
would lead to the evolution of new proteins with the
same scaffold hopefully generating novel binding and
catalytic activities. Nature has pmbablv used this
mechanism to evolve different functions in the same
fold, as hypothesized in the transition from microbial
phosphotriesterase-like lactonase into modern
bacterial phosphotriesterase, an enzyme that
degrades a synthetic insecticide mlroducz_‘d in the
20th century, by insertions in loop 7.'* Certainly,
insertions and deletions into loops, or loop graflmg,

are believed to be a prlmarv mechanism for crvalmg
enzyme diversity.!%?? Here we demonstrate that in
a protein with the TIM barrel architecture, a
general method for exchanging variable-sized
loops is possible and efficient enough to provide
a reasonable starting point for the selection of new
enzymatic activities. The mutability of these loops
in isolation offers a broad scope for further
engineering of multiple loops simultaneously.

Materials and Methods

Construction of the loop insertions in the PRAI gene
scaffold

We designed two oligonucleotides, one that corresponds
to coding DNA strand and the other to noncoding DNA
strand, for assembling the loops and connectors. The
coding oligonucleotide of the different loops had a hanging
cytosine at the 3’ end, and the noncoding oligonucleotide
includes a hanging adenine at the 3'end. On the other
hand, the coding oligonucleotide of the NH2 connectors
includes a dangling thymine at the 3' end and the
noncoding oligonucleotide for the CO connector had a
dangling guanine at the 3’ end (Fig. 2a). Each coding oli-
gonucleotide was hybridized with its respectivenoncoding
oligonucleotide to allow the production of 20 dsDNA—14
for loops and 6 for connectors.

In the NH2 connector of loop 2, an NNS codon was
introduced in the coding position for Ile29 to generate
variability. In the case of loops 4 and 6, two NNS and NNT
codons were introduced to generate variability at posi-
tions GIn79, His81 (loop 4), Vall24, and Asp126 (loop 6),
respectively. The dsDNA NH2 and CO connectors
were independently ligated with dsDNA of each loop
to produce two primers. These primers are named NH2
and CO, respectively. The 14 different libraries of PRAI-
LoxP were constructed in three steps (Fig. 2b). First,
the amino halves of the trpF-loxP genes were constructed
by PCR using a trpF-loxP C(mtammg pDANS vector
(pL)AI\I5]31ifx-lLl.nkc-_'rBSifh‘il’l{g*-\l)'il as template and the
oligonucleotide 5'-ATGACAGTCCGAAGCTTCAGGA-
GGGGTGTTGATG-3" with a HindIll restriction site
(underlined) as 5'-primer and the NH2 megaprimers as
3'-primer. Second, the carboxyl halves were constructed
by PCR using the same vector as template and the CO
megaprimer as 5'-primer and the oligonucleotide 5'-
ATTGGTTTGCCGCTAGCT-CATTAATATGCGCG-3'
with Nhel restriction site (underlined) as 3'-primer. Third,
each library was amplified by overlapping extension PCR,
using the two PCR products previously obtained and the
oligonucleotides 5-ATGACAGTCCGAAGCTTCAGGA-
GGGGTGTTGATG-3" with a Hindlll restriction site
(underlined) as 5'-primer and 5'-ATTGGTTTGCCGCTA-
GCTCATTAATATGCGCG-3' with an Nhel restriction site
(underlined) as 3"-primer. The amplified loop libraries were
cloned into pDANS vector (pDAN5B1 A4LinkerB5ASPRAL)
using Hindlll and Nhel restriction sites, yielding 14
different libraries of plasmids with the new loop exchanged
in the corresponding position in the trpF-loxP’ gene.

The plasmids obtained were used to transform E. coli
XL1-BlueMrf’ cells (Stratagene) by electroporation. Trans-
formed cells were plated on LB medium containing ampi-
cillin to select for plasmid uptake The mdwldual loop
libraries contained from 2.4%10* to 4.5x10° different
variants as estimated from the numbers of grown colonies.
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Grown colonies were picked from the plates and
amplified in liquid medium to purify plasmid DNA.
Plasmid DNA of 283 clones (approximately 20 clones from
each loop library) grown under such nonselective condi-
tions were sequenced.

Construction of vector for fusion to CAT gene

The CAT fusion vector pDANS5-trpF-loxP-CAT was de-
rived from pDAN5SB1A4LinkerBSASPRAL pDAN5S-trpF-
LoxP-CAT was constructed in three steps. First a BamHI
site was deleted in the original vector pDANS5-trpF-loxP by
using PCR of whole plasmid (MEGAWHOP)* with the
complementary oligonucleotides 5-TGGCTTTAATGAG-
GGTCCATTCGTTTGTGA-3' and 5-TCACAAACGAAT-
GGACCCTCATTAAAGGCA-3' as overlapping primers,
yielding a vector with the deletion of BamHI restriction site
by the change in one nucleotide (underlined). This vector
was named pDANS-trpF2. Second, the trpF-CAT fusion
was amplified by PCR using a trpF-CAT containing pT4
vector (pT4-trpF-CAT) kindly provided by Dr. Lorenzo
Segovia (unpublished results) as template and the oligo-
nucleotide 5'-CAGTCGAAGCTTCAGGAGGG-
GTGTTGATGCTGGAGAAT-AAGGTAT-3" with Hindlll
site (underlined) as 5-primer, and 5-TGCCGCTAGCTT-
AGTGGTGGTGGTGGTGGTGAGATCTTTA-3" with Nhel
site (underlined) as 3'-primer. The amplified fragment was
cloned into pDANS-trpF2 using HindlIll and Nhel restric-
tion sites, introducing a new BamHI site between trpF and
CAT genes and yielding pDANS5-trpF-CAT vector.
Sequences inserted into the multiple cloning site of
PDAN5S-trpFCAT between the restriction sites HindlIl
and BamHI led to the expression of proteins fused to CAT
at their C-terminus.

Construction of positive and negative controls for
folding selection

The positive control to select folded proteins was the
WT PRAI protein fused to CAT (pDANS5-trpF-CAT vector).
Two proteins proven to have poor folding, a drcular per-
mutation of PRAI previously described™ and an engi-
neered antibody (kindly provided by Dr. J. Osuna,
unpublished result) fused to CAT, were used as negative
controls. Additionally, a construction of WT PRAI with
two stop codons between PRAI and CAT fusion was used
as negative control.

The circular permutation constructed for this study was
the p4/a3 variant previously reported.”™ For its construc-
tion, new amino and carboxyl termini were created
between a-helix 3 and p-strand 4 using the oligonucleo-
tide 5'-AGTCCGAAGCTTCAGGAGGGGTGTTGA-
TGCGCGATCTGGCAGTCCAACTGCATGG-3" with
Hindlll site (underlined) as 5'-primer and the oligonucleo-
tide 5'-CCCGCCAGAGGGATCGTAATATGCGCG-
CAGCGTC-3"as 3'-primer to generate the new amino
termini at p-strand 4. The oligonucleotide 5'-TACGATC-
CCTCTGGCGGG-CTCGAGAATAAAGTATGT-3" as 5'-
primer and the oligonucleotide 5'-TGCC-GGATCCGTGA-
TCCGATAACACCTTAGCTTTG-3" with BamH1 site
(underlined) as 3'-primer were used to amplify the new
C-terminal segment. Both amplifications used a WT PRAI
containing vector (pUC18-trpF-WT) as template. The two
amplified fragments were used to amplify the permuted
gene by overlapping extension PCR using oligonucleotide
5-AGTCCGAAGCTTCAGGAGGGGTGTTGATGCGC-
GATCTGGC-AGTCCAACTGCATGG-3" with HindllIl site
(underlined) as 5'-primer and the oligonucleotide 5'-TGC-

CGGATCCGTGATCCGATAACACCTTAGCTTTG-3’
with BamH1 site (underlined) as 3'-primer. The amplified
fragment was cloned into pDANS5-trpF-CAT using Hindlll
and BamHI restriction sites, yielding the variant Per3-p4/
a3-CAT in fusion with CAT.

The fusion of the antibody gene to CAT gene was
assembled by PCR using the previously described anti-
body (Vh) containing pT4 vector as template and the
oligonucleotides 5-AGTCCGAAGCTTCAGGAGGGGT-
GTTGATGGACGTCCAGCTCCAGCAGTCTGGA-3'
with Hindlll site (underlined) as 5"-primer and the oligo-
nucleotide 5-TGCC-GGATCCACTAGTGACAGTGAC-
CAGAGTACCTTG-3" with BamH1 site (underlined) as
3'-primer. The amplified fragment was cloned into
pDANS-trpF-CAT using Hindlll and BamHI restriction
sites, yielding the Vh-CAT variant.

The construction of WT PRAI with two stop codons
between PRAI and CAT fusion was assembled by PCR
using a WT PRAI containing vector (pUC18-trpF-WT) as
template and the oligonucleotide 5-ATGACAGTCC-
GAAGCTTCAGGAGGGGTGT-TGATG-3" with Hindll
site (underlined) as 5'-primer and the oligonucleotide 5'-
TGCCGGATCCTCATTAATATGCGCGCAGCGTC-3'with
BamH1 site (underlined) and with the two stop codons
(italic) as 3'-primer. The amplified fragment was cloned
into pDANS5-trpF-CAT using Hindlll and BamHI restric-
tion sites, yielding the PRAI variant with two stop codons
before the fusion to CAT gene.

Chloramphenicol resistance analysis

E. coli MC1061AthiE cells were transformed with the
different variants. Dilutions of the transformed cells were
spread on LB medium plates containing Cm (0-100 pg/ml)
and ampicillin (200 pg/ml) and incubated for 18 hat 30 °C
and the number of colonies under each condition was
quantified. The wvector pDAN5-trpF-CAT, containing a
fusion of the WT trpF gene fused to CAT gene was used as a
control to normalize the survival rate under each con-
dition. A concentration of Cm that discriminated between
the negative controls and the WT PRAI, with the highest
survival rate for the last one, was picked as the selection
condition. In this case, we observe that a Cm concentration
as low as 20 pg/ml was adequate to discriminate unfolded
variants while maintaining high viability of cells bearing
viable genes.

Assessment of expression of soluble fusion protein
in selected clones

The E. coli MC1061AthiE strain was transformed by
electroporation with each of the constructed loop libraries
fused to CAT. Following shaking of the transformants for
1 h at 37 °C, the cells were streaked on LB agar plates
containing Cm (20 pg/ml) and ampicillin (200 pg/ml).
After incubation at 30 °C for 18 h, eight colonies from each
library were selected and precultured in TB liquid medium
supplemented with ampicillin (200 pg/ml, for mainte-
nance of plasmid) and incubated for 12 h at 37 °C in the
shaker. These precultures (200 pl) were used to inoculate
5 ml of fresh TB liquid medium supplemented with ampi-
cillin (200 pg/ml) and incubated for 18 h at 18 °C. Cells
were harvested by centrifugation (Eppendorf/5804-R5,
FA-45-30-11 rotor, 5 min, 4000 rpm at 4 °C). The cells were
resuspended in 200 pl of 10 mM potassium phosphate
buffer at pH 7.6 supplemented with protease inhibitor
cocktail [Complete, Free EDTA (ethylenediaminetetraace-
tic acid), Roche]. The cells were lysed by sonication
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(Branson Sonifier 450; 10 s six times at 30-s intervals, 50%
pulse, 0 °C) and centrifuged again (Eppendorf/5804-R5,
FA-45-30-11 rotor, 20 min, 11,000 rpm at 4 °C) to separate
the soluble and insoluble fractions of the cell extract. After
separation of 10 pL of soluble extract on a 13% SDS-PAGE
and transfer to nitrocellulose membranes (Amersham
Pharmacia Bioscience) for 90 min at 80 mA in a semidry
transfer unit (Hoefer SemiPhor-Amersham Pharmacia
Biotech), Westemn blotting was performed according to
standard protocols,” using affinity-purified anti-CAT-
digoxigenin (Roche) at a 1:3000 dilution as a primary
antibody. The second antibody used was the anti-
digoxigenin-AP (Roche) at a 1:5000 dilution and visualized
with BCIP/NBT alkaline phosphatase substrate solution
(Sigma) for the detection by colorimetric reaction.

Determination of the percentage of folding of the loop
libraries

Each loop library fused to CAT gene (pDANS5-Loop
Library-CAT), as well as the controls pDAN5-trpF-CAT
containing the WT PRAL pDAN5S-trpFC /S-CAT containing
the WT PRAI with two stop codons between trpF and CAT
gene fusion, pDAN5-Vh-CAT containing the antibody
fused to CAT, and pDAN5-per3-CAT including the circular
permutation of PRAI were independently transformed in
E. coli MC1061AthiE electrocompetent cells in triplicate.
Dilutions of transformed cells were spread in two separate
LB medium agar plates, one supplemented with Cm
(20 ug/ml) and ampicillin (200 pg/ml), and the other only
with ampicillin (200 pg/ml). These plates were incubated
for 18 h at 30 °C and the numbers of colonies grown
between these two conditions for each plasmid were com-
pared. The folding percentage of the libraries was
calculated as the ratio of number of colonies grown
under the selective pressure [Cm (20 pg/ml) and ampicillin
(200 ng/ml)] to the number of colonies grown without this
selective pressure [only ampicillin (200 pg /ml)]. This value
was corrected by the number of WT contaminant colonies
found under selective pressure for each loop library.

In vivo selection for soluble variants

The E. coli MC1061AthiE strain was transformed by
electroporation with the corresponding loop library fused
to CAT. Following shaking of the transformants for 1 h at
37 °C, the cells were streaked onto LB agar plates
containing Cm (20 pg/ml) and ampicillin (200 pg/ml)
and incubated at 30 °C for 18 h. Grown colonies were
selected from the plates and grown in liquid LB medium
to purify the plasmid DNA. A total of 262 clones grown
under selective pressure for folding were sequenced
(approximately 18 clones from each loop library).

Statistical analysis of sequences

The sequences found in the mutagenized positions
under selective pressure (ampicillin and Cm) were com-
pared with the sequences found without selective pressure
(ampicillin). The amino acids observed in these positions
were converted to frequencies and the difference between
these indicates the discrepancy of occurrence for each
residue between these two conditions. The average and the
standard deviation of the frequencies were used to
determine with a 95% confidence which amino acids
were negatively or positively selected in proteins folded
for each loop library.

Western blot analysis

The E. coli strain MC1061AthiE was transformed by
electroporation with three loop libraries and pDAN5-trpF-
CAT containing the WT trpF. The libraries used for this
analysis were loop2 from MR, loop 4 from Ure, and loop 6
from PBGS. After 1-h incubation at 37 °C under shaking,
the cells were streaked onto LB plates containing ampi-
cillin (200 pg/ml) and incubated at 37 °C for 12 h. Ten
grown colonies were scratched from the plates and resus-
pended in 5 ml of TB liquid medium supplemented with
ampidllin (200 pg/ml, for maintenance of plasmid) and
incubated for 12 h at 37 °C in the shaker. Precultures
(200 pl) were used to inoculate 5 ml of fresh TB liquid
medium supplemented with ampicillin (200 pg/ml) and
incubated for 18 h at 18 °C. Cells were harvested and
treated as described above. Total protein concentration
was measured by Bradford reagent (Bio-Rad). After sepa-
ration of 11 pg of soluble extract on a 13% SDS-PAGE, the
protein was transferred to nitrocellulose membranes
(Amersham Pharmacia Bioscience) and analyzed as pre-
viously described.

Cloning of selected variants into pET28b(+)

In order to produce the selected variants in the absence
of CAT as well as to introduce a C-terminal His6 tag, the
trpF-loxP and the genes from four true positive colonies
grown in the presence of Cm (20 ng/ml) were subcloned
from pDANS-trpF-CAT into pET28b(+) vector. To this end,
the PRAI-LoxP and the PRAI variant genes (Mut_L4_Ure,
Mut_ L4 _«TS, Mut_Lé6_PBGS, and Mut_L2_FBPA) were
amplified by PCR using the oligonucleotides 5-GCCA-
TACCATGGGGGAGAATAAGGTATG-TGGC-3" with a
Ncol site (underlined) as 5'-primer and 5'-GTCCGAAA-
GCTTTCATT-AGTGGTGGTGGTGGTGGTGGGATCCA-
TATGCGCGCA-3'with a Hindlll site (underlined) as 3'-
primer. The amplified product was ligated with pET28b
(+), yielding the PRAI-LoxP and the PRAI variants cloned
in the pET28b(+) vector. All constructs were sequenced
entirely to exclude inadvertent mutations.

Analysis of protein solubility

The mutants Mut_L2_FBPA, Mut 14 TS, Mut_L6 PBGS,
and PRAI-LoxP were produced in 5-ml cultures of E. coli
Rosetta2 cells (Novagen) as described above. Each culture
was centrifuged (Eppendorf/5804-R5, FA-45-30-11 rotor,
5 min, 4000 rpm at 4 °C). The cells were resuspended in
0.4 ml of 10 mM potassium phosphate, 0.5 mM EDTA
(pH 7.6), 50 mM NaCl, 5% glycerol, 0.1 mM DTT, 0.1 mM
PMSF, and 25 mg lysozyme and lysed by sonication
(Branson Sonifier 450; 10 s six times at 30-s intervals, 50%
pulse, 0 °C). The soluble and insoluble fractions of the cell
extract were separated. The soluble fractions were applied

to SDS-PAGE [13% (w /v) acrylamide].

Expression of PRAI-LoxP variants and protein
purification

The expression of the PRAI-LoxP’ variants was per-
formed in E. coli Rosetta2 cells (Novagen) transformed
with various pET28b(+) plasmids containing the encoding
sequences. To this end, 1 1 of LB medium supplemented
with kanamyecin [50 pg/ml, for maintenance of pET28b(+)]
and Cm (25 pg/ml, for maintenance of pRARE) was
inoculated with a preculture and incubated at 37 °C. After
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an ODgpg of 0.7 was reached, expression was induced by
addition of 1 mM IPTG, and growth was continued for
another 15 h at 20 °C. The cells were harvested by cen-
trifugation (Eppendorf/5804-R5, F34-6-38 rotor, 5 min,
4000 rpm at 4 °C) and resuspended in 25 ml of 10 mM
potassium phosphate buffer at pH 7.6, 0.5 mM, 50 mM
NaCl, 5% glycerol, 0.1 mM DTT, 0.1 mM PMSE and 2.5 mg
of lysozyme, lysed by sonication (Branson Sonifier 450;
20 s six times at 30-s intervals, 50% pulse, 0 °C), and
centrifuged again (Eppendorf/5804-R5, F34-6-38 rotor,
20 min, 13000 rpm at 4 °C) to separate the soluble from the
insoluble fraction of the cell extract.

The variants Mut_L2_FBPA (mutant with loop 2 from
the FBPA library), Mut_L4_«TS (mutant with loop 4 from
the «TS library), Mut_L6_PBGS (mutant with loop 4 from
the PBGS library), and PRAI-LoxP were purified from the
soluble cell fraction. To this end, the extract was loaded
onto a nickel Sepharose column (HisTrap FF crude 5 ml,
GE Healthcare) previously equilibrated with 50 mM potas-
sium phosphate and 300 mM NaCl buffer at pH 7.6. The
column was equilibrated with the same buffer, and the
bound Hisé-tagged protein was eluted by applying a linear
gradient from 1 to 500 mM imidazole. Fractions with pure
protein were pooled and these were concentrated in the
Amicon Ultra-15 system (Millipore) until a final volume of
300 pl was reached. This volume was loaded onto a gel-
permeation column (Sephacryl S200, GE Healthcare) that
had been previously equilibrated with 50 mM potassium
phosphate, 1 mM EDTA, and 0.4 mM DTT buffer at pH 7.6.
The different proteins were eluted with the same buffer,
and the fractions with pure protein were pooled.

Analytical methods

The different proteins were concentrated using 10-kDa
cutoff Amicon®™ membranes and dialyzed against 4x 1-1
degassed 10 mM sodium phosphate, 1 mM EDTA, and
1 mM 2-mercaptoethenol, pH 7.6 buffer. Protein concen-
tration was estimated using an extinction coefficient of
22,900 M ' em™ ! at 280 nm. Protein samples were pre-
pared in the same buffer and in 9 M urea, 10 mM sodium
phosphate, 1 mM EDTA, and 1 mM 2-mercaptoethanol,
pH?7.6 buffer, with a final protein concentration of 16.5 pM
for CD studies and 2.0 pM for fluorescence studies.

CD spectra were recorded with a JASCO model J-715
spectropolarimeter equipped with a Peltier temperature
control supplied by Jasco. Spectra were collected from 260
to 190 nm. Buffer conditions were 10 mM potassium phos-
phate, 1 mM EDTA, and 1 mM P-mercaptoethanol (BME)
atpH 7.6 and 25.0 °C. Eight replicate spectra were collected
from each sample to improve signal-to-noise ratio. The
final protein concentration was 16.5 uM, and spectra were
collected in a 0.01-cm path-length cell. The secondary-
structure prediction was performed using the CDSSTR
algorithm, which requires data from 190 to 240 nm.”
Loss of secondary structure was measured in samples of
the different proteins in 8.0 M urea incubated at 25 °C for at
least 2 h before the spectrum was recorded.

Fluorescence emission spectra were recorded on an
LS50B spectrofluorimeter (Perkin Elmer, Norwalk, CT)
equipped with a thermostated cell compartment. Spectra
were collected from 300 to 540 nm using a 295-nm
excitation wavelength at 25 °C (excitation and emission
slit widths were 4.0 nm). Protein samples were prepared at
50 ng/ml concentration either in 10 mM phosphate, 1 mM
EDTA, and 1 mM BME buffer at pH 7.6 or in 9.0 M urea in
the same buffer. Spectra were recorded after 2 h incubation
at 25 °C.

FPL size-exclusion chromatography data analysis

The purified enzymes were analyzed by size-exclusion
chromatography to determine their nature of oligome-
rization in an Akta FPLC system equipped with a UV
detector and a size-exclusion Superose HR12 column from
Amersham Biosciences (Uppsala, Sweden). The samples
were eluted with a 20 mM phosphate, 300 mM KCl, and
1 mM BME buffer at pH 7.6 at a flow rate of 0.5 ml/min.
The column was calibrated with lysozyme, lectin, and
bovine serum albumin. The proteins were injected at
initial concentrations of 2, 20, and 100 pM.
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Capitulo 2. Explorando la adaptabilidad de la relacién estructura-funcion de las

asas B/a de TrpF

En esta parte del proyecto analizamos el rol funcional del intercambio de asas B/a
en la actividad catalitica de la enzima TrpF de E. coli. Dado que la anterior estrategia fue
para intercambiar asas de manera aleatoria e insertando variabilidad en los dos ultimos
residuos de la hebra beta de la estructura de TrpF que anteceden a cada asa
intercambiada, decidimos desarrollar una nueva estrategia de intercambio de asas. Esta
nueva estrategia incluye la introduccién de variabilidad de secuencia (NNS) en los dos
ultimos residuos de cada asa intercambiada, los cuales son los residuos que la uniran
con el molde de TrpF. Ademas, las asas intercambiadas se seleccionaron para analizar
aspectos especificos de cada una de ellas al ser transplantada al molde de TrpF. Esta
estrategia se disefid imitando al sistema de evolucion natural de los anticuerpos, en el
cual se introduce variabilidad de secuencia en ambos lados del asa de especificidad H3.
Ademas el asa H3 puede ser codificada por diferentes genes lo cual aporta mayor
diversidad y diversifica la union a diferentes antigenos (32-34).

La introduccién de variabilidad en los residuos bisagra que conectan las nuevas
asas con el resto de la proteina puede permitirles el muestreo de conformaciones que
de otra manera no serian posibles (35), lo que incluye la exploraciéon de posibles
orientaciones Optimas para la catalisis. Con esta nueva estrategia experimental se
reemplazd el asa pB/a 6 de TrpF. Dicha asa se encuentra localizada justo arriba del
residuo catalitico Asp 126 y esta formando una tapa flexible sobre el sitio activo, la cual
es critica para la union del sustrato y para la actividad de PRA isomerasa de TrpF. Las
asas utilizadas como reemplazo se seleccionaron por tener relaciones funcionales,
estructurales y evolutivas con el asa 6 de TrpF. De esta manera se selecciono el asa 6
de TrpA, el asa 6 de PriA y el asa 6 de HisA. Adicionalmente, se seleccionaron el asa 6
de MetR sdlo por mantener una posicion estructural equivalente, mientras que las asas
1 de PriA y 1 de HisA por no tener ningun tipo de relacion. Asimismo, para explorar el rol
intrinseco del asa 6 original, disefiamos una asa utilizando el programa RosettaDesign
(36). Con esta asa disefiada se pretende preservar la estructura del asa original pero

con diferente secuencia.
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La capacidad funcional de cada una de las librerias construidas se evalu6
mediante la complementacién de la auxotrofia del gen de TrpF en la cepa JM101Atrp.
Posteriormente, las librerias se fusionaron al reportero de plegamiento de CAT para
evaluar su capacidad de plegamiento usando la metodologia de resistencia a
cloranfenicol previamente descrita (76). Para estimar la capacidad de adaptacion
(adaptabilidad) en la estructura de TrpF de la relacidon estructura-funcion de cada asa
intercambiada, desarrollamos un valor denominado SFLA (SFLA: Structure-Function
Loop Adaptability). Este valor se utilizd para medir la capacidad de las variantes
plegadas de acomodar productivamente el sustrato dentro del nuevo sitio activo. El valor
final refleja la adaptabilidad de la relacion estructura-funcion inherente de cada asa para
mantener la actividad de PRA isomerasa en el molde de TrpF. Como valor de referencia
probamos el efecto de introducir variabilidad sélo en los residuos bisagras Asn127 y
Trp138, pero manteniendo el asa original de TrpF.

Para la libreria del asa silvestre con variabilidad en las bisagras se encontré que
casi todas las variantes plegadas mantienen la actividad de PRA isomerasa, lo cual
resulta en un valor de SFLA de 0.84 e indica la alta adaptabilidad de la relaciéon
estructura-funcion del asa original para acomodar de una manera productiva el sustrato
de PRA en el sitio activo. Por otro lado, el asa con mejor adaptabilidad estructural y
funcional para mantener la actividad de PRA isomerasa en el molde TrpF fue el asa 6
de TrpA con un valor de SFLA de 0.70. En primera instancia este resultado es
interesante, ya que esta enzima carece de la actividad de PRA isomerasa, pero
concuerda con la sugerencia previa de que esta asa se encuentra cumpliendo un rol
funcional equivalente en TrpF y TrpA, funcionando como una tapa que cierra el sitio
activo de manera similar (37). Ademas, se ha sugerido que estas dos enzimas
comparten el mismo origen evolutivo (37). Estas relaciones pueden explicar la buena
adaptabilidad del asa de TrpA en TrpF. Por otro lado, a pesar de la alta similitud tanto
de estructura como de secuencia entre las asas 6 de PriA y 6 de HisA, se encontré que
el asa 6 de PriA muestra una mejor adaptabilidad (SFLA: 0.39) que el asa 6 de HisA
(SFLA: 0.28). Este resultado puede ser explicado debido ha que el asa 6 de PriA tiene
una participacion importante en la especificidad de sustrato en la actividad de PRA

isomerasa (27) mientras que HisA no posee esta actividad (38). Interesantemente,
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después de haber hecho mutaciones que indujeron un cambio conformacional del asa 6
de HisA, se obtuvo la actividad de PRA isomerasa con valores cataliticos cercanos a los
de la enzima original de TrpF (39). Estas observaciones refuerzan el papel de la
funcionalidad de esta asa para la actividad de PRA isomerasa. Contrario a ello, el valor
de 0.13 de SFLA obtenido para el asa disefiada por el programa RosettaDesign
confirma la pérdida del componente funcional de esta nueva asa, a pesar de mantener
el 40% de la identidad de secuencia con el asa original de TrpF. De la misma manera se
obtuvieron valores bajos de SFLA para el asa 6 de MetR, la cual solo tiene relacion con
el asa 6 de TrpF por mantener una posicion estructural equivalente, y para las asas 1 de
PriA y 1 de HisA, las cuales carecen de relaciones funcionales y estructurales con el asa
6 de TrpF.

De manera similar al asa H3 de los anticuerpos, las asas B/a de los barriles (B/a)s varian
en longitud, secuencia y estructura. Aunado a ello, se ha sugerido que la modularidad
de las asas B/o es una manera utilizada convenientemente por la naturaleza en la
evolucion de la funcién de estas enzimas (40, 471). Aunque no sabemos si existe o
existid un mecanismo sistematico similar al de los anticuerpos en la historia natural de
los barriles (B/a)s, es tentador especular que los eventos resultado del intercambio de
asas han sido capturados por la presion de seleccion, como se ha sugerido mediante un
analisis filogenético en otra familia de enzimas (42). En el caso de TrpF es evidente que
el asa 6 cumple los requisitos para su evolucionabilidad funcional, sugiriendo que la
modularidad de los barriles (B/a)s puede ser favorecida por la neutralidad (a través de
un andamiaje estable) y por la plasticidad funcional (a través de sustituciones de asas
B/a). De hecho las asas pueden tener propiedades funcionales que son dificiles de
interpretar a partir de su secuencia y las cuales podrian ser trasladadas entre
andamiajes diferentes usando la estrategia aqui descrita. Esto esta implicito en los altos
valores de SFLA del asa 6 de TrpA, la cual se habia postulado que cumplia un rol
similar en TrpA y TrpF; y del asa 6 de PriA la cual esta implicada en la especificidad y
actividad de PRA isomerasa de PriA. En apoyo a esta hipotesis, recientemente se ha
observado cémo diferentes secuencias de asas pueden reflejar la seleccién natural de
la dindmica molecular de las mismas, la cual puede ser correlacionado con la funcién
(43).
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Los detalles en extenso correspondientes a este capitulo se presentan en el
articulo de la siguiente pagina. Es importante sefalar tres conclusiones de esta seccion
las cuales fueron fundamentales para el disefio de las siguientes secciones de nuestro
trabajo: 1) es posible intercambiar sistematicamente el asa B/a 6 de TrpF sin perder
totalmente la actividad de PRA isomerasa de esta enzima; 2) se puede medir la
adaptabilidad de la estructura-funcién de las asas reemplazadas mediante el SFLA; y 3)
es posible trasladar el componente funcional implicito en las asas, siempre y cuando se
disefien sitios de variabilidad en las bisagras, los cuales son los puntos que la uniran

con el nuevo andamiaje.
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Evolution of proteins involves sequence changes that are frequently
localized at loop regions, revealing their important role in natural evolution.
However, the development of strategies to understand and imitate such
events constitutes a challenge to design novel enzymes in the laboratory. In
this study, we show how to adapt loop swapping as semiautonomous units
of functional groups in an enzyme with the ([%/a)g-barrel and how this
functional adaptation can be measured in vivo. To mimic the natural
mechanism providing loop variability in antibodies, we developed an
overlap PCR strategy. This includes introduction of sequence diversity at
two hinge residues, which connect the new loops with the rest of the protein
scaffold, and we demonstrate that this is necessary for a successful
exploration of functional sequence space. This design allowed us to explore
the sequence requirements to functional adaptation of each loop replace-
ment that may notbes amplLd otherwise. Libraries generated following this
strategy were evaluated in terms of their folding competence and their
functional pmflcu_‘ncv, an observation that was formalized as a Structure—
Function Loop Adaptability value. Molecular details about the function and
structure of some variants were obtained by enzyme kinetics and circular
dichroism. This strategy vields functional v ariants that retain the original
activity at higher fruquencms suggesting a new strategy for protein
engineering that incorporates a more divergent sequence exploration
beyond that limited to point mutations. We discuss how this approach
may provide insights into the mechanism of enzyme evolution and function.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

*Corresponding author. E-mail address:

soberon@ibt.unam.mx.

Molecular evolution of proteins involves mutation
and recombination events through sequence space to

Abbreviations used: SFLA, Structure-Function Loop
Adaptability; PriA, phosphoribosyl isomerase A; CFU,
colony-forming units; PTE, phosphotriesterase; PRA,
N-(5"-phosphoribosyl)anthranilate.

create new functional pmer[iLs ! During the study of
these evolutionary processes in the laboratory, point
mutations have played an important role, but these are
only able to search local regions of sequence space. For

0022-2836/% - see front matter © 2011 Elsevier Ltd. All rights reserved.

44



Loop Swapping and Hinge Vanability in Proteins

Models of loop swapping and hinge variability in proteins

(a) Natural

Diversity of D genes (H3 loops)
B . e

%, 4 \__'// . . § \_S/
Variability at ends by V(D)J
recombination

H3 loop diversity in antibodies

(b) Artificial

Diversity of B/a loops

A

Varlablllty ai ends by NNS codon

B/a loop diversity and hinge
variability in (B/a)g-barrel

Fig. 1. Models of loop diversity and adaptal:nlhtv in proteins. (a) Natural loop diversity and adaptability in antibodies.
The most important loop in antibodies (H3 loop) is encoded by different D genes. Additional Vanablhtv is introduced by
the V(D)) recombination event, generat'mg sequence diversity atboth ends of the selected D gene.’ 5 The dlve‘raltv of the H3
loops and the introduction of variability in both junctions resultin a large number of potential binding sites 511[15equentlv
selected against the anhgen_'s The three-dimensional (3D) structure of the 5mble domain antibody cAb-Lys2 [Protein Data
Bank (PDB) 1D: 1I]c] is illustrated at the bottom. The H3 loop is shown in brown. (b) Artificial l(mp diversity and
adaptability in (p/a)s-barrels proposed in this article. Different p/« loops have embedded functional information
representing a diversity source that may represent functional protein modules that can be adapted to a different scaffold
through the introduction of Variabﬂity at both ends. The 3D structure of ecTrpF (PDB ID: 1pii) forming a complex with the
product analogue reduced 1'-(2’-carboxyphenylamino)-1'-deoxiribulose 5'-phosphate (rCdRP) is illustrated at the
bottom. /e loop 6 is shown in red. Variability was introduced using the degenerate codon NNS atboth ends of the loops

(hinges). The 3D structures were rendered using the Chimera package

exploration of more divergent variability, sequence
changes such as insertions, deletions or module
exchanges should be taken into account.” In natural
sequences, these changes are frequently localized at
nonstructured specific regions, i.e., loops, revealing
their role in protein evolution and in the diversification
of numerous enzyme families and superfamilies. 3
Usually, the sequence identity between loops from
unrelated enzymes is low or does not exist. Otherwise,
there is a high sequence conservation among loops
from homologous enzymes, Tev ealing their structure—
function relationships.* Incorporating such types of
sequence ch 1anges w ould be a very valuable asset to
the engineering of proteins, but methodologies to
successfully mimic such events in the laboratory
remain to be developed.

Antibodies are a versatile example of natural loop
engineering to design different binding specificities.

Recently, it was pointed out that the most important
loop (H3 loop) within the antigen binding site is
mainly encoded by a parllcular D gene, inserted
between the V and | genes.’ Plckmg this gene out of
a small pool provides most of the diversity.
Additional variability is introduced by the impreci-
sion in V(D)] recombination event, generating
sequence diversity at both ends of the selected D
gene and, therefore, on the structure of the H3
loop.”” This introduction of variability in both
junctions of the H3 loop, in addition with the
combination of different D genes, results in a large
number of potential binding sites subsequently
selected against the antigens. This example provides
information about the natural functional adaptation
of this loop in antibodies (Fig. 1).

Eslabliahing the structure-function relationship of
loops, which in some cases lack electron density in
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crystallographic structural models, is a fundamental
question in protein science. Loops are known to play
critical mle of enzyme func[ion, including
catalysis,” substrate specificity'” and protein-pro-
tein interactions." Thus, the development of novel
methods for engineering of loops would promote
the construction of uu\"mu with novel substrate
specificities or functions.'” In order to face this
challenge, our group has recently developed a novel
systematic methodology, which was employed to
investigate the structural evolvability of a modlflu:l
(p / a)g-barrel enzyme by different loop excl 1angu,

We have ongmallv focused on this protein fold since
the (p /a)g-barrel is one of the most common folds
among protein catalysts am:l has great functional
and structural versatility."* Conveniently, the resi-
dues of their active sites are located at the C-terminal
ends of p-strands as well as in loops that link
p-strands with a-helices (i.e., p/a loops), which are
considered not to contribute to protein s;[abilit_v.””14

The present work focuses on the effectiveness that
loop swapping and hinge variability may have in
exploring the functional sequence space of a (5/a)s-
barrel enzyme, allowing a more divergent sequence
exploration,” which thus far has largely been limited
to point mutations. Additionally, to mimic the
natural system of antibodies that produces div ersity
on junctions of their H3 loop” and on the basis of the
assumption that junctions might require different
conformations to accommodate each loop replace-
ment, we randomized the residues that connect the
new loops with the rest of the protein scaffold (Fig. 1).
To this end, the B/« loop 6 of monofunctional N-(5'-
phosphoribosyl)anthranilate (PRA) 150111Lrase from
Escherichia coli (ecTrpF) was selected.” This enzyme

catalyzes the Amadori rearrangement of PRA to 1'-
(2'-carboxvphmwlammo) -1’-deoxiribulose 5'-phos-
phate (CdRP),'® which is the third step in the
synthesis of tryptophan from chorismic acid. The
loop 6 is located just above the catalytic residue
Asp126, and it forms a long and flexible lid over the
active-site pocket, which is critical for substrate
binding and PRA isomerase activity.'”

Loop replacements were performed with an
overlap PCR strategy (Fig. 3a) that includes the
introduction of sequence variability at the amino
and the carboxy ends, i.e., the hinge residues of each
loop replacement, mimicking the natural system of
anllbocllu, to generate diversity at both ends of the
H3 loop.” The final libraries were evaluated in terms
of their folding competence and their functional
proficiency, an observation that was formalized as a
Structure-Function Loop Adaptability (SFLA)
value. Details about the function and stability of
some variants were obtained by enzyme kinetic
studies of PRA isomerase activity, circular dichro-
ism (CD) and size-exclusion chmmalographv The
observation that varying the hinge residues of loops
allows preservation of function on a large number of

variants suggests a whole new strategy for protein
engineering, incorporating a more divergent se-
quence exploration, beyond that limited to point
mutations.

Results

Loop replacement and hinge variability design

It has been suggested that B/« loop 6, which
connects the p-strand 6 to helix 6, fulfills an
equivalent functional role, as a lid that closes
down upon substrate binding in three different
(p/a)s-barrel enzymes: TrpF (PRA isomerase, EC
5.3.1.24), TrpC (indole-3-glycerol-phosphate
synthase, EC 4.1.1.48) and TrpA (e-subunit of
lrvplop} an synthase, EC 4.2.1 2]) These enzymes
catalyze consecutive reactions in tryptophan bio-
wnlheua which share conserved elements of
substrate specificity, including the phosphate bind-
ing site, supporting the 1clea that they share a
common evolutionary ongm % In histidine biosyn-
thesis, the enzyme HisA (ProFAR isomerase, EC
5.3.1.16) uses a reaction mechanism similar to that of
TrpF to convert an identical ammoaldme moiety
into the corresponding aminoketose.' Addllmnallv
PRA isomerase activity can be established in HisA,*
and after several rounds of mulagLanls it was
observed that conformational changes in its 3/«
loop 6 are important to increase this activity. 2!
Moreover, an enzyme homologue of HisA, dubbed
phosphoribosyl isomerase A (PriA), which takes
part in both histidine and tryptophan biosynthesis,
therefore harboring both ProFAR and PRA isomer-
ase activities, was discovered.” PriA is structurally
similar to HisA, and conformational changes in f P/
loops 5 and 6 have been %u_g‘g‘ukd as important for
its PRA isomerase activity.””**

The loops to be used as replacements were selected
with the aim of covering a range of functional,
structural and evolutionary relationships with loop 6
of ecTrpF (Loop 6 Wt) (Table 1 and Fig. 2). Loop 6 of
tryptophan synthase « chain from E. coli (Loop 6
ecTrpA), loop 6 of PriA from Streptomyces coelicolor
(Loop 6 scPriA) and loop 6 of ProFAR isomerase
from Thermotoga maritima (Loop 6 tmHisA) have all
three types of relationships, as was described
above. Loop 6 of methyltetrahydrofolate—corrinoid-
dependent met hvllramﬁraae from Moorella thermo-
acetica (Loop 6 mtMetR) was chosen only for its
structural equivalent position. Additionally, loops 1
of scPriA (Loop 1 scPriA) and tmHisA (Loop 1
tmHisA), which do not have functional, structural or
evolutionary relationships to Loop 6 Wt, were
selected. Moreover, to explore the intrinsic function-
al role of the original loop 6, we designed a new loop,
predicted to be compatible with the same backbone
structure but with a different sequence, using the
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Table 1. Sequence and structural characteristics of loop replacements

Loop Structural Sequence Type of relationships

replacement Sequence” Length similarity (RMSD)b identity® (%) with Loop 6 Wt

Loop 6 Wt NCGQGGSGQRFDW 12 0 A on 12 residues 100 —

Loop 6 scPriA DIAKDGTLOGPN 12 2.7 A on 8 residues 17 Functional, structural
and evolutionary

Loop 6 tmHisA EKDGTLQEHDE 11 2.1 A on 9 residues 27 Functional, structural
and evolutionary

Loop 6 ecTrpA SRAGVTGAENRAALPL 16 2.3 A on 12 residues 25 Functional, structural
and evolutionary

Loop 6 mtMetR PLILPANVAQ 10 2.8 A on 7 residues 0 Structural equivalent position

Loop 6 Rosetta NGNEGDGVEHDW 12 0.2 A on 12 residues 40 Theoretically calculated with

the same backbone structure
Loop 1 scPriA DGQAVRLVHGESGTETSYGS 20 —j —j None

Loop 1 tmHisA ~ RGKVARMIKGRKENTIFYEKD 21

None

* Sequence of each loop used for the replacement. The hinge residues mutated to saturation are shown in bold and underlined.
P Minimal RMSD calculated by a structural superimposition of the c-carbons of loop 6 of ecTrpF with each loop replacement.
© Calculated on the basis of the structural superimposition described in footnote b.

9 Fewer than three residues aligned; loop 6 of ecTrpF does not match with loop replacement.

Rosetta Design web server.”” The resulting lowest
free-energy sequence (Loop 6 Rosetta) differs by 60%
from the original loop 6.

The analysis of protein crystal structures has
shown that loop movements can take two main
forms: (i) hinge motions that are not constrained by
tertiary packing interactions, which are character-
ized by the localization of motion to a few main-
chain torsion angle changes, and (ii) shear motions
that are manifested by small side-chain torsion angle

>

Introduction of
variability in
hinge residues

[ -

changes along an entire interface and closely packed
segments of pol_\_!peptides.i’ Asn127 and Trp138 are
the end residues of the P/« loop 6 of ecTrpF (Fig. 2),
which, in comparison with the end residues identi-
fied after a superimposition of liganded and
unliganded TrpF structures from T. maritima, com-
prise two well-defined protein hinges (data not
shown). In addition, on the basis of pré\-’inu&; sl_'ll_}dis_‘s
on loop 6 of triosephosphate isomerase,”™ an
experimental model for the (p/o)g-barrels that has

(b)

New loops replacing
loop 6 of ecTrpF

)
-

z(
zﬁ.
7]

Fig. 2. Loop replacement design. (a) B/« loops from positions 1 and 6 of the scPriA (yellow), tmHisA (cyan), ecTrpA
(gray) and mtMetR (blue) enzymes are illustrated. Zoom representation of selected loops is shown; the colors are a
follows: blue (tmHisA), purple (scPriA), orange (ecTrpA) and yellow (mtMetR). Sequence variability was introduced
using the degenerate codon NNS at both end hinge residues of each loop replacement. (b) The selected loops were used to
replace the 3/« loop 6 (shown in red) of ecTrpF, which is anchored by hinge residues Asn127 and Trp138. 3D structure of
ecTrpF (PDB 1D: 1pii) forming a complex with the product analogue rCdRP is illustrated. Docking of rCdRP was inferred
from a TrpF structure in complex with rCdRP (PDB ID: 1lbm) and superimposed with the ecTrpF structure. The 3D
structures were rendered using the Chimera package from UCSE.®
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Fig. 3. Library construction and assessment of the SFLA value. (a) One pair of oligonucleotides of different sizes (from
36 bp to 69 bp), which are partially complementary (12 bp), was designed for each loop replacement. The first halves of the
trpF gene were constructed using the oligonucleotide HIndAOL as 5'-primer and the corresponding noncoding loop
oligonucleotide as 3'-primer (left, PCR 1). The carboxy halves were constructed using the corresponding coding loop
oligonucleotide as 5'-primer and the oligonucleotide Nhe AOL as 3'-primer (right, PCR 1). Libraries were amplified by
overlapping-extension PCR (PCR 2) using the two PCR products from the previous reactions as templates and the
oligonucleotides HiINndAOL and NheAOL. (b) The fraction of functional and folded variants was calculated as described in
Materials and Methods. The results of the functional proficiency analysis were the first component of SFLA value, and the
results of the folding competence analysis were the second component.

evolutionary relationships with TrpF, '® these resi-
dues would be expected to participate in the
movement of the original loop 6. Therefore, each
loop replacement could require different hinge
residues, such that conformational movements in
the new protein scaffold could be coordinated to
maintain catalysis. To this end, loop replacements
were performed with an overlap PCR strategy that
introduces sequence variability at both end residues,
allowing the exploration of all 20 amino acids
(Fig. 3a).

From the sequence analyses of all libraries, it was
concluded that 97% of the generated variants were
correctly constructed. The sequence of the hinge
residues reveals that there is a true biased represen-

tation of some amino acids, which is in agreement
with the theoretical distribution expected by an

NNS codon (Supplementary Fig. S1).

Scoring the folding competence and
functional proficiency

To estimate the folding competence, we fused the
libraries to a chloramphenicol acetyl transferase
gene using the system that we have previously
de%crlbed as a reliable folclmg competence
reporter.” BrlLﬂv if the fusion is stably expressed
and soluble in bacteria, they confer resistance to
chloramphenicol, thus providing a simple test for
folding competence. This folding competence
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Fig. 4. Kinetics and sensitivity of the in vivo functional assay. The percentage values and error bars represent the
accumulative average and standard deviation, respectively, of the number of colonies that appeared throughout the
functional assay until 6 days. (Top) the catalytic efficiency values (k../K,,) of selected variants from the library Loop 1
scPriA, which were isolated at different time points, are shown. The soluble protein level after overexpression and nickel-
affinity purification is also shown. ND, values not determined since only library Loop 6 Wt rendered functional variants

at this point in time.

selection is independent of the amount of soluble
protein.” The fraction of folded variants of each
library was estimated by comparing the number of
colony-forming units (CFU) growing on plates with
and without selection pressure for folding compe-
tence (Fig. 3b).

The functional proficiency of each library was
scored by the ability of their variants to enable growth
of the E. coli lrvplophan auxotroph FBG-Wf (JM101
trpF")*® on minimal media lacking tryptophan.
Hence, the fraction of functional variants was
estimated by comparing the number of CFU growing
on plates of minimal and rich media (Fig. 3b). The
number of CFU that appearu:l on the selection plates
was counted every 24 h for 6 days (Fig. 4). The ecTrpF
enzyme complements the trpF clLflcmncv overnight.
Extraction and sequencing of plasmids th that comple-
mented at different time points throughout this
period of evaluation, just before false positives started
to appear, were used to define the functional range of
variants in the library. The function conferred by
these constricts was confirmed after transformation de
novo of fresh E. coli FBG-WF cells and growth on
minimal media (data not shown). Interestingly, the
number of CFU that appeared after every 24 h varies
among the different libraries studied (}"10 4). The lack
of stochastic variation in cell growth suggests that
gene amplification and point mutation of chromo-
somal genes®?’ were not contributing to the ob-
served phenotypes.

Enzyme kinetic analysis qualitatively confirmed
the in wivo complL‘anlmg prenanls Variants
selected after 3-4 days of incubation in minimal
media have the best k..:/K, values, while the
variants selected after 5-6 days have the poorest

keat/ Ky values of all variants analyzed (Fig. 4).
Furthermore, for at least one library, a correlation
between the observed phenotypes and the decreas-
ing levels of catalytic efficiency (k.,/K,,) was
observed (Fig. 4 and Table 2). T_ong complementing
times show that our threshold for selection of true
functional variants with PRA i isomerase aclivity is at
least higher than k.. / Ky, =64 M™! 51 Furthermore,
although the expression or mlubllllv levels may be
111flucnc1ng the functional pmflcmncv reported by
our in vivo assay, the overexpression analysis of
selected variants does not show a correlation
between the solubility level and the complementing
time (Fig. 4 and gupplLl‘l‘lL‘I‘llE’lI’V Fig. 2a). Indeed, the
expression of several randomly selected variants
scored as not aclive by our functional proficiency
assay but soluble by our folding competence assay
suggu,lt, that differential solubility levels are not
related with the functional proficiency of the variants
(Supplementary Fig. 2b). We previously observed in
the E. coli FBG-WF strain that loss of PRA isomerase
activity of different PriA enzyme variants is unre-
lated to insolubility problems.”

Significance of the SFLA value

On the basis of theoretical am:l statistical analyses
supporting that structural changes in loops  are
strongly coupled to the evolutionary distance of
their sequences and with their functional
dependence,* we conducted experiments that pro-
vide data to estimate an SFLA value (Fig. 3b). This
value was scored as the ratio between the fractions of
functional variants to the total fractions of folded
variants and was used as a metric reporting on the
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Table 2. In vitro and in vive functional analysis of selected
variants

Keae Ko kea/ Ky Complcmc.nhng

Variant® (min") (M) M 's)  time (days)®
ecTrpF 2028 289 1.2x10° 0.5
Loop 6_QY_ecTrpA 096 324  49x10° 3
Loop 6_GW scPriA  0.78 605 2.1x10? 3
Loop 6_RL_tmHisA 114 824 23x10° 3
Loop 1_VW_scPriA  0.84 248 56x10° 3
Loop 1_LR_scPriA 110  63.8 29x10% 4
Loop 1_GQ_scPriA 096  170.1 94 5
Loop 1_GG_scPriA 096 2509 64 6
Loop 6_EN_scPriA ~ ND  ND ND ~

The overall standard errors of enzyme kinetic parameters are less
than 20%.
Plasmidic DNA was extracted from selected variants and used to
retransform the E. coli strain MC1061#iE? and plated on LB
supplemented with ampicillin and chloramphenicol. Resistance
to this latter antibiotic (Cm®) is shown in the last column.
~, after 1 week of incubation, this variant does not complcmmt
* The N- and C-terminal hinge residues are shown in italic type.
P Time elapsed before the appearance of visible colonies (1 mm)
on minimal medium plates. Growth was recorded every 24 h.

number of functional enzyme variants of each
library. Hence, the final value determines the
fraction of random mutations at the hinge residues
for each loop replacement that are capable of folding
and retaining sufficient PRA isomerase activity to
support tryptophan synthesis and, therefore, growth
on minimal media. As a reference, we probed the
effect of only introducing variability at the hinge
residues Asn127 and Trp138 while mamlammg the
wild-type loop 6 (Loop 6 Wi).

We found that the fraction of folded and functional
variants depends on the loop used as replacement. The
values obtained from different libraries vary between
49% and 75% for folding competence and from as little
as 3% to as much as 60% for functional proficiency
(Fig. 5a). The differences between the higher numbers
of folded proteins compared to functional proteins
imply the non-retention of PRA isomerase aclivity in
several folded variants. The lack of activity was not a
consequence of a decrease in expression levels
(Supplementary Fig. 2b) and the subsequent enzyme
kinetic analysis, for at least one variant showed that it
is calalvllcallv dead (Table 2). This suggests that the
SFLA value reflects on the ability of loop I"L‘plaCLlTlLIll
with hinge variability to retain the PRA isomerase
activity on the ecTrpF scaffold.

The values obtained for T_m)p 6 Wtshow that most
of the folded variants retain PRA isomerase activity
(70% folded wversus 60% functional), resulting in an
SFLA value of 0.84 (Fig. 5b). The library with the
second highest value of functional variants and an
SFLA value of 0.70 was Loop 6 ecTrpA, which came
as a surprise since this enzyme lacks PRA isomerase
activity (Fig. 5a and b). As expected, despite the high
structural and sequence similarity between Loop 6
scPriA and Loop 6 tmHisA, the former, which has
been related to its PRA isomerase activ 1l_\_!,2‘?”24
showed a larger fraction of functional variants on

the ecTrpF scaffold (Fig. 5a). Indeed, the SFLA
values (0.39 and 0.28, respectively) of their cognate
libraries reflected higher structure—function loop
adaptability for Loop 6 scPriA than for Loop 6
tmHisA (Fig. 5b).

(@), O Folded [ Functional
= 80
&
e 601 f
5"
‘g 40|
w
201
it R
3
Loop 1 Loop 6
scpriA tmHisA scPriA tmHisA mtMetR
(b)
o HOOOL D
=1
. 0.84 0.70 0.39 0.28 0.23 0.17 0.13 0.05

Structure-Function Loop Adaptability (SFLA) value

Fig. 5. Analysis of functional profidency and folding competence and SFLA values of the libraries. (a) Fraction of
folded and functional variants, which are the two components of SFLA value. The fraction values and error bars represent

the average and standard deviation, respectively. (b) SFLA value (see Materials and Methods).
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Fig. 6. Sequence analysis of the selected residues in the two hinges.. Sequence analysis of the selected residues in the
two hinges. The positive or negative overrepresentation of the normalized frequency for amino acids found on the
selected wversus the nonselected conditions is shown in the amino (a) and carboxy (b) hinges. Amino acids are colored
according to their physicochemical properties as follows: green, nonpolar and hydrophobic; gray, polar and uncharged;
blue, polar basic; and red, polar acidic. The figure shows only the amino acids with a frequency either higher or lower (2

5D) than expected by the NNS design.

The functional relevance of the results described
above is emphasized when it is noted that, despite
havi.ng a high fraction of folded wvariants, libraries
Loop 6 mtMetR, Loop 6 Rosetta, Loop 1 scPriA and
Loop 1 tmHisA have a lower fraction of functional
variants, with consequent lower SFLA values of 0.05,
0.13, 0.23 and 0.17, respectively (Fig. 5b). Loop 6
Rosetta, which shares 40% sequence identity with
Loop 6 Wt, was compatible with the target protein

backbone in folding competence terms, as shown by
60% folded variants; however, only 8% of the variants
were functional, yielding a poor SFLA value of 0.13

(Fig. 5a and b).
Hinge variability for each loop replacement

The different SFLA values imply that certain hinge
residues that maintain PRA isomerase activity may be
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selected. To investigate if there is a pattern of
functionally compatible residues in our assay, we
performed a sequence analysis for each llbrarv
complementing the frpF cleflcmncv in minimal
media. There is a true biased representation of some
amino acids without selective pressure as a result of
the variability introduced by the NNS codon (Supple-
mentary Fig. S1). Therefore, the frequencies observed
under selective pressure versus nonselective pressure
were normalized per amino acid and for each library.
Despite the small number of the samples sequenced
(about 20 per library and for each condition), we found
a statistically =,1gmf1canl overrepresentation, indicat-
ing thatsome hinge residues are more compatible than
others with the new loop and/or vice versa (Fig. 6). In
the ecTrpF structure, the original hinge residues
Asnl27 and Trpl38 anchor B/« loop 6, and the
observed recurrence of residue selection at these
positions suggests that the rmrganization of each
loop replacement with hinge residues is necessary.
This analysis also showed a general preference for
}wdmphoblc residues at both hinges, independently
of the loop replacement, suggesting the 1mp0rlance of
maintaining hydrophobic packing in these regions.
Additionally, as suggested by the number of
residues that was positiv ely or negatively selected
under functional constraints, we found that there is a
more restricted acceptance of variability at the amino
hinge with respect to the carboxy hinge (Fig. 6).

Enzyme kinetic and structural analyses of a set
of variants

To obtain a broader understanding of the func-
tional and structural effects on the ecTrpF scaffold

(a)

caused by (i) different loop replacements and (ii)
different residues at hinge positions maintaining the
same loop replacement, we performed steady-state
enzyme kinetics of PRA activity (Table 2) and
structural studies by CD in a set of variants (Fig. 7).
One of the fastest-growing variants complementing
the tryptophan auxotrophy, which formed colonies
after 3 days on minimal media, was selected for
different libraries (Table 2). Also, four variants from
library Loop 1 scPriA, which covered the window of
our functional assay (3-6 days, Fig. 4), were selected.
This selection was complemented by a variant from
Loop 6 scPriA (Table 2) that was not able to
complement the tryptophan auxotrophy but was
shown to be soluble (Supplementary Fig. 2b)

The enzyme kinetic analysis revealed a minimum
decrease of 4 orders of magnitude in k,,/ K, with
respect to the wild-type ecTrpF upon loop replace-
ment, largely due to a reduction on the k., (Table 2).
The effect of different hinge residues maintaining
loop 1 from scPriA was also explored, and the
enzyme kinetic analysis of the variants with glycine
at both hinges (loopl_GG_scPriA) and with only
one glycine (loopl_GQ_scPriA) suggests that bind-
ing to the ftransition state was mainly affected
(Table 2). These results also show that there is a
relationship between the N-terminal and C-terminal
hinges, illustrating their important role in the loop
structure—function adaptability.

Since the catalytic activity of variant Loop
6_EN_scPriA could not be detected in vitro, which
is consistent with the lack of functional activity in
vivo (Table 2), it is safe to state that our functional
proficiency assay is able to select for soluble and
nonfunctional variants independently of their

(b)
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Fig. 7. Structural analysis of selected variants. (a) Far-UV CD spectra of ecTrpF and variants with different loop

replacements and with different residues at their hinge positions and (b) thermal unfolding curves.
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solubility levels (Supplementary Fig. 2b). These
results %uggesl that variants with a negative
functional phenotype could be explained by adop-
tion of incorrect conformations of the catalytic active
site. Indeed, K,,, values of variants compiumenting
the tryptophan auxotrophy after 5 or 6 days tended
to increase, which contrasted with the observation
that ke parameters throughout all the variants
analyzed were similar (Table 2).

The far-UV CD spectra analyses suggest only slight
structural changes at the secondary structure level as
a consequence of loop replacements or modification
of hinge residues maintaining the same loop (Fig. 7a
and Supplementary Table S1). These slight differ-
ences in the CD spectra and in the estimated
secondary structure content among the variants
analvzs_d could reflect changes between interactions
of 5Lc0ndarv slruclure elements surrounding the
original B/« loop 6. The thermal denaturation
process (Fig. 7b) showed that all variants form stable
structures, with apparent thermal melting tempera-
tures (T app) that are very similar to those of ecTrpF,
around 49 °C, except for the variants with loop 6 from
scPriA (Loop 6_GW_scPriA) and loop 6 from tmHisA
(Loop 6_RL_tmHisA) that were more thermostable
by 4 °C (Supplementary Table S2). This may be
related to the fact that both variants exist predomi-
nantly as dimers (Supplementary Fig. 3 and Supple-
anlarv Table 2), which is in agreement with the
previous observations in TrpT from T. maritima,
where the dimerization state increases the intrinsic
thermal stability of the pro tein.*

Discussion

In a manner reminiscent to that of the H3 loop of
the antibodies, the B/« loops of (B /a)s-barrels vary
immensely in length, sequence and conformation
(Fig. 1), and it has been suggested that their
modularity is a convenient device in the evolution
of (p/a)g-barrels, as semiautonomous units of
critical functional groups.”* Although we are not
aware of systematic evidence for a similar mecha-
nism Ueralmg in the natural history of (p/a)s-
barrels, it is tempting to speculate that events
resulting in loop swapping have been captured by
selective pressure, as prumu%lv suggested after
phylogenetic analvua In the case of ecTrpF, it is
apparent that B/« loop 6 satisfies the l"E.‘L‘{UlI"E.‘lTlE_I‘ll‘-,
for its functional evolvability, suggesting that, in
(B/a)s-barrels, the separation of their tightly
packed scaffolds (stability face) from their floppy
active sites (catalytic face)™ could be simultaneously
promoting structural plaallmlv as well as functional
versatility via active-site loop swapping. Indeed,
loops may include structural and dynamic informa-
tion that is not readily interpreted from  their
sequences, and these could be translated among

different scaffolds. This is implied by the high SFLA
values of Loop 6 ecTrpA, which has been postulated
to fulfill a function similar to that of Loop 6 ecTrpF,"®
and Loop 6 scPriA, which is an enzyme with PRA
isomerase activity. % In support of this hypothesis, it
was recently observed that different loop sequences
may reflect the natural selection of not only chemical
properties but also dvnamlc modes that augment
substrate SpLlelCll\" Our results show that the
sequence of any given loop replacement is more
important in oblammg functional variants and with
less influence in obtaining folded variants (Fig. 5a).
Thus, a relationship between loop sequences and
function was more prominently found than with
proper folding (Fig. 5a).

It is clear that the introduction of variability at
hinge residues connecting the loops with the ecTrpF
scaffold has a noticeable effect for obtaining variants
that retain the PRA isomerase activity. Importantly,
an arbitrary pair of connecting residues would have
failed to produce a functional protein 40-97% of the
time, depending on the particular loop used as
replacement. Perhaps not surprisingly, in some
cases, for example, the library Loop 6 Wt, the
obtained SFLA value is indicative of their high
structure-function adaptation (Fig. 5b). Further-
more, the higher number of fastest-growing colonies
observed for this library, which only includes
variability at hmgc residues, supports this notion
(Fig. 4). This is in accordance with the fact that loop 6
was highly replaceable by other loops without
affecting the folding competence. In contrast, the
concomitant loss of functional proficiency of ecTrpF
suggests that the high sequence conservation of loop
6 TrpF homologues was evolved mainly under
functional constraints. These constraints were prob-
ably also related in maintaining an active confor-
mational dynamics of the acll\ e site, as was recently
observed in another fold.*

The SFLA value obtained for Loop 6 Rosetta
(0.13), in which the functional constraints were not
considered, confirms the lack of functional informa-
tion embedded on this loop in spite of its 40%
sequence identity with Loop 6 Wt (Fig. 5b and Table
1). A comparison of this value with that obtained for
Loop 6 Wt (0.84) also highlights the importance of
the functional information embedded in the original
sequence to retain the PRA isomerase activity of
ecTrpF. Low SFLA values were also observed for
Loop 6 mtMetR, which only maintains a structurally
equivalent position, and Loop 1 scPriA and Loop 1
tmHisA, which lack functional and structural re-
lationships with Loop 6 Wt (Fig. 5b). These results
emphasize a recognized challenge in computational
enzyme design, recently identified as the main
reason for failure to conceive, a priori, an active-
site architecture.®® Within this context, our loop
replacement strategy could offer a complementary
approach for exploring active-site architectures,
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which could then feed back on the enzyme design
approaches. '

Among heterologous loops, the SFLA value of
Loop 6 ecTrpA indicates that it is the most adapted,
slruclurallv and funclionallv, to retain the PRA
isomerase aCll\’llV (Fig. 5b). This result is in agree-
ment with the L‘arlv suggestion that loop 6 is fulflllmg
an equivalent function during the catalysis in bol}
TrpF and TrpA, closing down the bmdmg site.'®
Despite the high structural and sequence similarity
between Loop 6 scPriA and Loop 6 tmHisA (Fig. 2
and Table 1), we found that Loop 6 scPriA shows a
better structure-function adaptability than T_oop 6
tmHisA, which could be rationalized assuming that
this loop participates in the subslralc specificity of the
PRA isomerase activity of scPriA,** while this activity
is absent in tmHisA. *(YInlLru,lmglv in a recent study,
wild-type levels of PRA isomerase activity were
established in tmHisA after mutations that induce a
conformational change in its 3/« loop 6.7

The selective pressure of our in vivo assays (Fig. 3b)
reveals a functional and structural association
between the hinge residues and each loop replace-
ment (Fig. 6). Consistent with this, the motions of
loop 6 in triosephosphate isomerase are controlled
by their N- and C-terminal residues, and their
mutation increases the appearance of nonfunctional
conformations of the original loop, which may not be
competent for ligand binding or catalysis™ or induce
nonproductive loop-loop interactions, drastically
affecting the kinetic parameters.”” Therefore, our
results highlight the importance of variability at
hinge residues to functional adaptation of loops and
their probable role on the evolution of the structure—
function relatimwhip in (p/a)g-barrel enzymes.
Interestingly, in another fold, the variability at the
end residues of secondary structure elements,
including the loops, correlates with their movement
across the catalytic cycle and is being subjected to
natural selective pressure.’

It has prcviou%lv been shown that only modest
levels of PRA isomerase enzymatic activity are
sufficient to suppress tryptophan auxotrophy.?’*
The catalytic efficiency S mt/Km) of the wild-type
ecTrpF is around 1.2x10° M~ ' s™', and the catalytic
efficiency of our most deficient variant, 150lalu:l after
6 dav%of growth, isin the range of 64 M~'s7!, that s,
5 orders of magmlude less. Assuming lhal comple
menting time in vive could be related to the activity in
vitro (Fig. 4), we decided to establish 6 days as ‘the
threshold of a true functional proficiency analysis.
This window of observation avoids false p{)‘-;lll\, es,
and it implies that the selected variants with PRA
isomerase aclnllv have a catalytic efficiency better
than 64 M~ s™'. In addition, the sensitive assay for
PRA isomerase activity is limited to substrate
concentrations < 0.8 mM™ because of the extremely
high fluorescence quantum yields of anthranilate
and PRA. Recently, it has been estimated that the

minimum PRA isomerase catalytic efficiency that
can reliably be ldL‘I‘lllflL‘Cl in vivo and confirmed
in vitro is around 0.3 M~' 57", suggesting that the
lower limit for biologically relevant PRA isomerase
activity in E. coli could be in the range of 25- to 30-fold
less.”” This figure is 7 orders of magnitude below that
found for ecTrpF and 2 orders of magnitude below
our most deficient variant, demonstrating that the
results reported herein are biologically meaningful.

The in vitro analysis of a set of variants contributes
to a general w1clLr=,lanclmg of the molecular effects
of loop swapping and hinge variability in the
enzyme used as scaffold. Despite structural and
sequence differences between loop replacements
and hinge residues, the decrease in the k., for all
analyzed variants shows a similar trend (Table 2),
most likely due to disruption of the array of catalytic
residues and /or the phosphate binding sites that are
located nearby (Fig. 2). Additionally, we found that
the range of K., values s among the analvzu:l variants
depends on the restrictions imposed by different
loop replacements and also by different hinge
residues. Given the structural position and the
high importance of the original loop 6 in the
substrate binding and catalysis of ecTrpF, loop
replacements presented in this work modified
drastically the framework of the active site of
ecTrpF, which, COI‘ISL‘L'{UL‘I‘I[]}’, affected their kinetic
parameters (Table 2). All these new variants could
be selected for altered specificities without neces-
sarily abolishing the original activity of the protein,
as it was %ugge%led early for insertions in the P/«
loops of TrpF."

Recently, two attempts of loop swapping in the
(%/a)g-barrnl have been reported. The first attempt
involved the transplantation of the eight p/a loops
from a phosphotriesterase (PTE) by the eight corre-
sponding loops of the Dr0390 protein, a member of
the amidohydrolase superfamily. However, the chi-
meric protein was largely insoluble, and the PTE
activity to paraoxon could not be detected on the
soluble chimeric protein only obtained after
refolding.** In the second attempt, two B/ loops
were grafted from lactonase from Rhodococcus
erythropolis and lactonase from Mycobacterium tuber-
culosis to lactonase from Mycobacterium avium subsp.
paratuberculosis K-10 enzyme, which are PTE-like
lactonases. However, loop grafting from AhIA to
MCP did not result in a change in the substrate
preference, and loop grafting from PPH to MCP had
no detectable activity toward the substrate of
interest.” The authors concluded that the effect of
loop grafting is still both unpredictable and uncer-
tain and that there are some rather subtle issues that
govern the folding of the chimeric protein that are
not well understood.**** It could be that hinge
variability to adapt the functional information
embedded within the B/« loops of these (B/o)s-
barrels is necessary, as shown by our results.
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The observation that varying the hinges of loops
allows preservation of function on a large number of
variants wgguls a whole new strategy for protein
engineering, incorporating a more divergent sequence
exploration, beyond that limited to point mutations.
The SFLA concept can also be used to study other
types of structure-function relationships, 111clucl1ng
the replacement of other secondary structure ele-
ments, such as p-sheet or a-helix, where the intro-
duction of sequence variability at their hinge residues
may also prove to be important for obtaining folded
and functional proteins.

Materials and Methods

Construction of libraries

All oligonucleotides used in this study are described in
Supplementary Table S3. Two oligonucleotides, which are
partially complementary (12 bp), were designed for each
loop replacement: one that corresponds to the noncoding
DNA strand and the other, to the coding DNA strand. In
both of them, an NNS codon that replaced the hinge
residues was introduced. Libraries were independently
constructed by PCR using the corresponding pair of
oligonucleotides for each loop replacement, as depicted in
Fig. 3a. For each library, the first half of the trpF gene was
constructed using a frpF-containing pDANS plasmid as
template and the oligonucleotide Hind3AOL as 5"-primer
with a Hindll restriction site and the noncoding loop
oligonucleotide as 3'-primer (Fig. 3a, PCR 1). The second
half was constructed using the same plasmid as template
and their corresponding coding loop oligonucleotide as 5'-
primer and the oligonucleotide NhelAOL with an Nhel
restriction site as 3'-primer (Fig. 3a, PCR 1). The
amplification products were purified from a 1% agarose
gel. Libraries were finally constructed by overlapping-
extension PCR using the corresponding two PCR products
from the previous reactions as templates and the
oligonucleotides Hind3AOL as 5'-primer and NheAOL
as 3'-primer (Fig. 3a, PCR 2). Amplified products were
purified from a 1% agarose gel and then digested with
HindlIll and Nhel, and the purified reaction products were
ligated into the pDANS plasmid. The resulting libraries
contained 10° to 10° different variants. Approximately 20
plasmids, for each library, were sequenced to confirm loop
replacement and to analyze the statistical distribution of
the variability introduced at both hinges.

Analysis of functional proficiency

The fraction of variants that retain PRA isomerase
activity was selected by co Element‘mg the tryptophan
auxotroph E. coli IM10T4trpF® in M9 minimal media. To
this end, each library was used to independently transform
electrocompetent cells in triplicate. Dilutions of approxi-
mately 1000-1500 viable transformed cells were spread on
two different media withampicillin (200 pg/ml): LB media
agar and M9 minimal media agar. Plates were incubated at
30 °C for 6 days, and the CFU were counted every 24 h. The
fraction of functional variants was calculated as the ratio of

the CFU grown under selective pressure for PRA
isomerase activity (M9 media) to the CFU grown without
this selective pressure (LB media), and this value was the
first component of the SFLA value (Fig. 3b). For each
library, approximately 20 colonies were selected from the
M9 plates, and their plasmids were sequenced.

Analysis of folding competence

The fraction of variants with folding competence was
estimated by fusing all libraries to the chlnramphenicol
acetyl transferase gene as an in zrrzlo folding reporter, using
the method previously described.'® These libraries, as well
as the positive and negative controls for selection of folded
proteins, were independently used to transform E. coli
MC10614thiE electrocompetent cells in triplicate. Dilu-
tions of approximately 1000-1500 viable transformed cells
were spread on two different conditions with ampicillin
(200 pg/ml): LB media agar with and without 20 pg/ml of
chloramphenicol. Plates were incubated at 30 °C for 18 h.
The fraction of variants with folding competence was
calculated as the ratio of the number of CFU grown under
selective pressure for folding (LB amp plus chloramphen-
icol) to the number of CFU grown without this selective
pressure (LB amp), and this figure was the second
component of the SFLA value (Fg. 3b).

Statistical analysis of sequences

The amino add frequencies observed at mutagenized
hinge positions were scored. The plasmid sequences from
the colonies grown without selective pressure for PRA
isomerase activity were compared with the sequences
found under this pressure for each library. The discrep-
ancy in the abundance of each residue between these two
conditions was calculated. The average and the standard
deviation of the frequencies were used to determine, with
95% confidence, the negative or positive selection for
specific amino acids.

Protein production

Genes encoding the selected variants were subcloned
from pDAN5 into pET28b(+) plasmid and 5equenced
To this end, bene's were amplified by PCR using
oligonucleotides 5’ -GCCATACCATGGGGGAGAA-
TAAGGTATGTGGC-3" with an Ncol site (underlined)
as 5'-primer and 5'-GTCCGAAAGCTTTCATTA-
GTGGTGGTGGTGGTGGTGGGATCCATATG-
CGCGCA-3" with a Hindlll site (underlined) as 3'-primer.
The amplified product was ligated into pET28b(+). All
constructs were sequenced entirely to exclude inadver-
tent mutations. Overexpression was performed in E. coli
Rosetta2 cells (Novagen) after transforming the different
pET28b(+) plasmids housing the encoding sequences.
For each variant, 1 1 of LB media supplemented with
kanamycin (50 pg/ml) and chloramphenicol (25 pg/ml)
was inoculated with a 5-ml preculture and incubated
at 37 °C. After an ODgy of 0.7 was reached, expression
was induced by adding 0.5 mM IPTG, and growth
continued for another 14 h at 20 °C. The cells were
harvested by centrifugation, for 5 min, at 4000 rpm
and 4 °C.
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Protein purification and steady-state enzyme kinetics

Cell pellets were resuspended in 25 ml of 10 mM
potassium phosphate buffer at pH 7.6, 50 mM NaCl, 5%
glycerol, 0.1 mM DTT, 0.1 mM PMSF and 2.5 mg of
lysozyme, lysed by sonication (Branson Sonifier 450; 20 s,
six times in  30-s intervals, 50% pulse, 4 °C) and
centrifuged again (20 min, 11,000 rpm at 4 °C) to separate
the soluble from the insoluble fraction of the cell extract.
Variants were purified from the soluble cell fraction by
loading the cell extract into a nickel Sepharose column
(HisTrap FF crude, 5 ml; GE Healthcare) previously
equilibrated with 50 mM potassium phosphate buffer,
pH 7.6, and 300 mM NaCl. The bound Hisé-tagged
protein was eluted by applying a linear gradient from
1 mM to 300 mM imidazole. Fractions with pure protein
were pooled, and these were concentrated in the Amicon
Ultra-15 system (MILLIPORE) to a final volume of 3 ml
Next, the samples were loaded on a Superdex 200 column
(GE Healthcare) that was previously equilibrated with
50 mM Hepes buffer (pH 7.6) and 100 mM NaCl. Fractions
with pure protein were pooled and concentrated in the
Amicon Ultra-15 system to a final volume of 3 ml and
dialyzed against 3x 1 1 degassed 10 mM sodium
phosphate buffer (pH 7.6), 1 mM ethylenediaminetetraa-
cetic acid and 1 mM 2-mercaptoethenol at 4 °C. Protein
concentrations were quantified using the Bradford meth-
od using the BIO-RAD pr()tein assay. Michaelis-Menten
enzyme kinetics of PRA isomerase act'wltv were deter-
mined using reported protocols'® with minor
modifications.”* Each data point represents the average
of at least three independent experiments using freshly
purified enzyme.

Structural studies by CD

Measurements were carried out using a J-715 spectro-
polarimeter (JASCO) equipped with a Peltier temperature
control supplied by JASCO. Eight replicate spectra were
collected on each sample to improve the signal-to-noise
ratio. The far-UV CD spectra were collected from 190 to
260 nm at 25 °C. Proteins were measured at 0.3 mg/ml
and dissolved in 10 mM potassium phosphate buffer at
pH 7.6, 1 mM ethylenediaminetetraacetic add and 1 mM
2-mercaptoethenol. Eight replicate spectra were collected on
each sample to improve the signal-to-noise ratio. The
spectra were collected in a 0. 0l-cm-path-length cell. The
thermal denaturation process was analyzed by measuring
the change in ellipticity at 220 nm as a function of
te‘mperat'ure The temperature was increased at a rate of
0.3 °C min~'. Thermal denaturation curves were normal-
ized assuming a linear temperature dependence of the
baselines for native and denaturated states. The apparent
thermal melting temperature (T, .pp) was determined by
finding a midpoint temperature between the native form
(linear interpolation of the native region) and the denatured
form (either the lowest point or linear interpolation of the
unfolded region) on thermal unfolding curves.

Analytical gel filtration

The intermolecular associations were analyzed by size-
exclusion chromatography in an Akta FPLC and a

Superdex 200 column (GE Healthcare). Purified protein
in an initial volume of (.15 ml was eluted at a flow rate of
0.4 ml min~! over a Superdex 200 column that was
equilibrated with 50 mM Hepes buffer (pH 7.6) and
100 mM NaCl The apparent molecular masses were
determined by comparing the protein elution volumes to a
calibration curve, which was obtained using proteins from
Gel Hltration Standard of BIO-RAD (151-1901).

Supplementary materials related to this article can be
found online at doi:10.1016/].jmb.2011.05.027
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Capitulo 3. Rediseino del sitio activo de TrpF basado en el conocimiento de la

evolucion natural de una familia de barriles (B/a)s isomerasas.

La reaccion de isomerizacion de PRA catalizada por TrpF requiere de un acido
general para protonar a el oxigeno del anillo de la furanosa y una base general para
desprotonar el intermediario de la base de Schiff del cuerpo de la ribosa (Figura 1) (18).
Dado que los mecanismos de reaccién de TrpF y PriA son similares, y que los residuos
cataliticos estan ubicados en posiciones que podrian ser equivalentes, decidimos
construir variantes de TrpF que contuvieran la ubicacion estructural e identidad de los
residuos cataliticos de PriA, y medir si preservaban la actividad de PRA isomerasa.
Ademas decidimos investigar si estas modificaciones pueden hacer que TrpF obtenga la
nueva actividad de ProFAR isomerasa (al tener una constelacion catalitica similar a la
de PriA), o si es necesario un rearreglo adicional del sitio activo (como el intercambio de
asas).

Los residuos cataliticos de TrpF son la Cys7 (base general) y el Asp126 (acido
general) (78) y de PriA son el Asp11 (base general) y el Asp130 (acido general) (20)
(Figura 1). Adicionalmente en PriA se ha observado que el residuo Thr166 es
indispensable tanto para la actividad de PRA isomerasa como la de ProFAR isomerasa
(20). Por otro lado, la enzima HisA utiliza los residuos cataliticos Asp11 y Asp130 al
igual que PriA y se ha sugerido que el residuo Thr166 es importante para mantener una
buena actividad de ProFAR isomerasa (78). En la Figura 1 se muestra la reaccion
enzimatica catalizada por estas enzimas. Basados en esto, decidimos que el redisefio
del sitio activo de TrpF ademas de tomar en cuenta los dos asparticos cataliticos de
PriA también debia de incluir el residuo Thr166. Este redisefio del sitio activo se abordd

desde diferentes estrategias (Figura 2).
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Figura 1. Mecanismo propuesto del rearreglo de Amadori que cataliza TrpF y HisA. El 4cido general AH

es el Asp126 (TrpF) o el Asp130 (HisA y PriA). La base general B- es la Cys7 (TrpF) o el Asp11 (HisA y
PriA). El mecanismo de reaccién mas aceptado involucra la catalisis general acido-base seguida de la
isomerizacion espontanea de una aminoaldosa fosforilada a su correspondiente aminocetosa. En el
primer paso, el oxigeno del anillo de la furanosa de PRA/ProFAR es protonado por el acido general AH,

formando como intemediario una base de Schiff. Posteriormente el protén es abstraido del C2" de la

ribosa por la base general B_para formar la enolamina de CdRP/PRFAR. La conversion subsecuente de la
enolamina de CdRP/PRFAR a la forma ceto ocurre espontaneamente. Para PriA el grupo R puede ser

PRA/ProFAR, debido a que esta enzima cataliza ambas reacciones enzimaticas.
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Figura 2. Descripcion de las estrategias usadas para el redisefio del sitio activo de TrpF. a) Sobreposicion
estructural de TrpF (PDB: 1pii) y PriA (PDB: 2vep) donde se muestran los residuos implicados en la
actividad catalitica de ambas enzimas. b) Modelo que ilustra la posicion de los residuos Asp 7, Asp107 y
Thr 126 de la variante DDT. ¢) Modelo que ademas de mostrar las posiciones de los residuos Asp 7,
Asp107 y Thr 126 también ilustra los residuos bisagra (“hinge”) que fueron mutados a saturacion con el
codon NNS. d) Ubicacién estructural de los 4 residuos mutados a saturacion de la libreria 4NNS: Cys 7,
Leu 106, Ser 107 y Asp 126. e) Ubicacion estructural de los 3 residuos mutados a saturacion de la libreria
3NNS: Cys 7, Leu 106 y Ser 107. Todos los modelos se hicieron utilizando como templado la estructura
de TrpF del PDB 1pii. También se muestra el analogo del producto de la reaccién de PRA isomerasa

(rCDRP), el cual se tomé de TrpF de Thermotoga maritima (PDB: 1lbm).

La primera estrategia consistid en colocar los residuos involucrados en la catalisis
de PriA en la misma posicion en TrpF, construyéndose la variante DDT (Figura 2b).
Dado que para mantener la actividad de TrpF puede ser necesario un rearreglo de estos
residuos y de las asas PB/a que se ubican sobre ellos (716, 27), decidimos mutar a
saturacion los residuos correspondientes a cada una de las bisagras (“hinges”) amino
de sus respectivas asas 1, 5 y 6, construyéndose la libreria DDT con bisagras (Figura
2c). En la segunda estrategia optamos por mutar a saturacion los residuos cataliticos
Cys7 y Asp126 los cuales estan ubicados en una posicidon equivalente al Asp11 y

Thr166 de PriA, respectivamente (Figura 2a). Ademas, mutamos los residuos Leu106 y
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Ser107, que aunque no estan involucrados en la catalisis de TrpF, serian equivalentes a
la posicion estructural del residuo Asp130 de PriA (Figura 2a). De esta manera se
disefio la libreria 4NNS (Figura 2d). Como este diseno permite que la combinacién de
los residuos originales vuelva a ser seleccionada en la posiciones 7 y 126, decidimos
construir otra libreria que no permitiera dicha seleccién. La nueva libreria se denominé
3NNS y sélo difiere de la 4NNS en que se cambié al Asp126 por alanina y no a
saturacion (Figura 2e). De esta manera este disefio ya no permite la seleccion del

residuo catalitico Asp126 de TrpF.

Analisis de la actividad de PRA isomerasa

Las cuatro construcciones/librerias descritas en la Figura 2 se evaluaron por su
capacidad para complementar la auxotrofia del gen de TrpF en la cepa JM101AtrpF,
dado que se ha observado que una cinética de crecimiento de esta cepa en medio
minimo complementada con la enzima TrpF, o con mutantes de la misma, constituye un
indicador confiable de la existencia de actividad catalitica de PRA isomerasa (18, 27).
De la variante DDT (Figura 2b) y la libreria DDT con bisagras (Figura 2c) no se
obtuvieron mutantes que complementaran dicha actividad.

Para la libreria 4NNS encontramos 8 mutantes que complementaron la actividad
de PRA isomerasa (Tabla 1). Todas ellas tienen de nuevo los residuos originales en las
posiciones Cys7 y Asp126 y solo presentan variabilidad en las otras dos posiciones que
fueron mutadas (Leu106 y Ser107). A pesar de que los residuos Leu106 y Ser107 no
funcionan como cataliticos, nuestros resultados indican que si tienen una ligera
influencia en la actividad enzimatica de TrpF, esto debido a que las mutantes
seleccionadas complementaron mas lentamente la auxotrofia que la enzima silvestre.
Probablemente estos residuos influyen en la correcta orientacion de los dos residuos

cataliticos (Figura 2a).
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Tabla 1. Secuencias de las mutantes de la libreria

4NNS que complementaron la auxotrofia del gen de TrpF.

No. de Residuoenla Residuoenla Residuoenla Residuoenla

variante posicion posicion posicion posicion

Cys7 Leu106 Ser107 Asp126
1831 Cys Leu Ser Asp
1832 Cys Gin Pro Asp
1833 Cys Pro Arg Asp
1834 Cys Leu Ser Asp
1448 Cys Leu Ser Asp
1449 Cys Leu Ser Asp
5660 Cys Val Ala Asp
5661 Cys Val Ala Asp

De la libreria 3NNS encontramos solo una variante que complementd la
auxotrofia de TrpF y por lo tanto mantiene la actividad de PRA isomerasa (Figura 3c).

Esta variante fue denominada CDA (Figura 3b).

b) Variante CDA

Residuos Pria

Figura 3. Caracteristicas de la variante CDA. a)
Empalme estructural entre TrpF (PDB: 1pii) y
PriA (PDB: 2vep). b) Ubicacion de los residuos

seleccionados en la variante CDA (Cys7,

Asp107 y Ala126). ¢) Complementaciéon de la
auxotrofia del gen de TrpF en medio minimo
solido por la variante CDA, el plasmido vacio y la

variante DDT.

Variante CDA Plasmido vaco Variante DDT

Rediseno de la variante CDA

Como previamente habiamos sugerido la importancia de la Thr166 para la
actividad de PRA isomerasa de PriA (20) decidimos colocar este residuo en la posicién
equivalente en la variante CDA. De esta manera hicimos la mutacién Ala126Thr

obteniendo la variante CDT (Cys7, Asp107 y Thr126). Al comparar la velocidad de
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complementacion de CDT con CDA encontramos que CDT complementa mas
rapidamente la actividad de PRA isomerasa (Figura 4a), a pesar de que ambas se
encuentran solubles en cantidades muy similares a las de la enzima silvestre (Figura
4b). En la Figura 4a y 4b también se muestra que la nula complementacién de la

variante DDT no se debi6 a problemas con su solubilidad.

a) 067
051
041 —Vacio
e 25 kDa
c —CDT
S" 034 CDA e
o —DDT 15kDa
021 — TrpFWt :
b) Vacio TrpF DDT CDT CDA
036 057 046 063 0.60

0.17

Tiempo (horas)

Figura 4. Andlisis de complementacion y niveles de solubilidad de diferentes variantes. a) Cinéticas de
crecimiento de la cepa MC1061AtrpF en medio minimo liquido complementada con diferentes variantes.
b) Extracto total soluble de las variantes analizadas en la cinética de crecimiento. La flecha indica la
region de las proteinas en andlisis y el valor equivale a las unidades de intensidad de la banda
correspondiente a cada proteina. El plasmido vacio tiene 1.3 veces mayor cantidad de proteina total que

las demas muestras.

Analisis de los posibles residuos funcionales de las variantes CDA y CDT

Para demostrar el rol funcional de los nuevos residuos se hizo una mutagénesis
por alanina de cada uno de ellos construyéndose las mutantes descritas en la Tabla 2.
De las tres mutaciones hechas en la variante CDT soélo la mutante ADT perdié
totalmente la actividad mientras que las mutantes CDA y CAT se vieron medianamente
afectadas (Figura 5a), aun cuando ambas son igual o0 mas solubles que la variante CDT

(Figura 5c).
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Tabla 2. Mutaciones puntuales de las variantes CDT y CDA

Variante Descripcion de la Nombre de la
original mutacion mutante
CDT Cys7Ala ADT
Asp107Ala CAT
Thr126Ala CDA
CDA Cys7Ala ADA
Asp107Ala CAA

Al hacer la mutacion Cys7Ala en la variante CDA (mutante ADA) encontramos
que se perdi6 totalmente la actividad de PRA isomerasa (Figura 5b), lo cual también se
observo al hacer la misma mutacion en la variante CDT (Figura 5a, mutante ADT). Al
comparar la mutante CAA (la cual mantiene la actividad de PRA isomerasa) con las
mutantes ADA y ADT (que no mantienen la actividad) se observé que las tres se
expresan de forma soluble en cantidades muy similares, lo cual sugiere que la
solubilidad no es la responsable de la pérdida de actividad por la mutacién Cys7Ala

(Figura 5c).

a) Variante CDT y mutantes con alanina b)

Variante CDA y mutantes con alanina

06 06

— Vacio

—CDT
CDa

—aDT

—CaT

— TrpFWt

— Vacio
CDA

—CaA

—aDA

— TrpFWi|

T T T T 1 T
20 30 40 50 60 0 10
Tiempo (horas)

20 30 40
Tiempo (horas)

T
50

25 kDa
—
15 kDa

c) Vacio TrpF DDT CDT CDA CAT ADT
0.36 0.57 0.46 0.63 0.60 0.68 0.50

ADA CAA
0.48 0.47

Figura 5. Analisis de complementacion y niveles de solubilidad de diferentes variantes. a y b) Cinéticas
de crecimiento de la cepa MC1061AtrpF en medio minimo liquido complementada con diferentes
variantes. ¢) Extracto total soluble de las variantes analizadas en la cinética de crecimiento. La flecha

indica la regién de las proteinas en analisis y el valor equivale a las unidades de intensidad de la banda
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correspondiente a cada proteina. El plasmido vacio tiene 1.3 veces mayor cantidad de proteina total que

las demas muestras.

Analisis de la funcién de ProFAR isomerasa

Debido a que las variantes CDA y CDT tienen los residuos cataliticos en
posiciones equivalentes a los de PriA, también podrian estar llevando a cabo la
actividad de ProFAR isomerasa, por lo cual se evalud su habilidad para complementar
la auxotrofia del gen de HisA en la cepa de seleccién E. coli HFRG6 (20). También se
evaluaron todas las construcciones descritas en la Figura 2. Los resultados obtenidos
indican que ninguna de todas estas variantes/librerias complementa la auxotrofia del
gen HisA, descartando asi que alguna variante posea la actividad de ProFAR

isomerasa.

Mecanismo catalitico propuesto para las variantes CDA y CDT

Con el objetivo de proponer un mecanismo catalitico para las nuevas variantes,
se elaboraron los modelos de su estructura tridimensional. Ambos modelos fueron
idénticos y solo cambio la identidad de la cadena lateral del residuo 126 ya sea por
alanina (CDA) o por treonina (CDT), por lo que decidimos ejemplificar los resultados
experimentales con el modelo de la variante CDT (Figura 6b). Como era de esperarse,
en el modelo de la estructura de la variante CDT se puede observar que la Cys7
mantiene la misma posicion que en la estructura original de TrpF y se encuentra en una
posicién equivalente a la del Asp11 de PriA (Figuras 6a y 6b). La pérdida de actividad
causada al hacer la mutacion Cys7Ala tanto en la variante CDT como en la CDA sugiere

que este residuo sigue siendo la base general como lo era en la enzima original (78).
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Residuos TrpF Wit Residuos PriA

Figura 6. Modelos estructurales de la variante CDT. Los modelos se construyeron utilizando el paquete
UCSF Chimera (44) y se optimizaron con el servidor RosettaDesign (36). Los modos vibracionales de baja
frecuencia se obtuvieron utilizando el servidor EINemo (45). En las figuras se muestra la sobreposicion del
modelo obtenido para la variante CDT con: a) TrpF (PDB: 1pii) y b) PriA (PDB: 2vep).

Asignar qué residuo funge como el acido general es mas complicado debido a
que tanto la mutacién Asp107Ala en la variante CDA como las mutaciones Asp107Ala y
Thr126Ala en la variante CDT redujeron la actividad de PRA isomerasa pero no la
eliminaron. Esto sugiere que ambos residuos estan cumpliendo un rol importante pero
que no son absolutamente necesarios. Lo que si es importante sehalar es que la
actividad enzimatica parece estarse viendo favorecida al mantener la combinaciéon del
Asp107 con la Thr126 (variante CDT), mostrando una complementacion cercana a la
observada para TrpF pero lejos de las demas mutantes (Figura 5a y b). Es mas factible
que el Asp107 sea el acido general, debido a que es poco probable que el grupo
hidroxilo de la cadena lateral de la Thr126 pueda proveer un protdén para la catalisis
(78). Ademas, la ubicacién de los residuos Asp107 y Thr126 en el modelo de la variante
CDT es muy similar a la posicion que en PriA ocupan el Asp130 y la Thr166
respectivamente (Figura 6b). Esto sugiere que las variantes CDT y CDA pueden tener
un mecanismo catalitico similar al de PriA, en donde el Asp107 (equivalente al Asp130
de PriA) estaria cumpliendo el rol del acido general. Mientras que el rol funcional de la
Thr126 de la variante CDT (equivalente a la Thr166 de PriA) se encuentra aun sin

aclararse, pero como también ha sido observado en PriA (20), pareceria que este
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residuo esta involucrado de alguna manera en la catalisis y que aunque en la variante
CDT no es esencial como lo es en PriA, si es importante para mejorar la actividad de
PRA isomerasa de CDT, lo cual la hace diferente de la variante CDA. Adicionalmente, el
analisis de modos vibracionales de baja frecuencia de la estructura de TrpF obtenido
por el servidor de EINemo (45) muestra que la hebra B5 (que es donde se encuentra el
Asp107) posee una tendencia a moverse hacia el centro del barril, lo cual favoreceria el
acercamiento de este residuo y su participacion como el nuevo acido general tanto en la
variante CDA como en CDT (datos no mostrados).

Pero ¢ como explicar que esta pasando con las mutantes que no tienen el Asp107
(CAA y CAT) que seria el acido general y que siguen siendo activas? La
complementacién de actividad de estas mutantes podria estarse debiendo a un
fenomeno de catalisis asistida por sustrato. Este fendmeno ha sido previamente
sugerido para variantes de las enzimas PriA y HisA las cuales carecen del residuo que
funge como el acido general y en las que se argumenta que la catalisis puede estarse
dando mediante la ayuda del grupo carboxilato de PRA el cual estaria supliendo la
ausencia del acido general (20) y por lo tanto mantienen una actividad vestigial. En este
contexto en TrpF de Thermotoga maritima se encontré que aun después de mutarle el
Asp126 (acido general) mantenia una actividad vestigial (78), lo cual también sugiere un
fendbmeno de catalisis asistida por sustrato. Con base en estas observaciones podemos
sugerir que la actividad encontrada en las mutantes CAA y CAT puede ser explicada por
una catalisis asistida por sustrato.

Mediante la estrategia de imitar el sitio activo de PriA en TrpF no es posible
obtener la actividad de ProFAR isomerasa pero si es posible mantener la actividad
original de PRA isomerasa. Tomando en cuenta estos resultados decidimos explorar si
al intercambiar algunas asas de TrpF por las de PriA se puede lograr este cambio de
actividad. También decidimos que nuestro disefio de intercambio de las asas 1, 5y 6 de
TrpF por las equivalentes de PriA debe hacerse sobre dos moldes de TrpF: uno que
mantenga la posicién original de sus residuos cataliticos y el otro que posea los
residuos equivalentes de PriA (como se analizd en este capitulo). De esta manera
estamos dando oportunidad de que tanto los residuos cataliticos al estilo TrpF como al

estilo PriA puedan ser explorados funcionalmente en conjunto con el intercambio de
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asas, todo ello con el objetivo final de explorar como obtener la actividad de ProFAR

isomerasa en TrpF.
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Capitulo 4. Intercambio de las asas B/a 1, 5y 6 de TrpF por las asas equivalentes
de PriA

Disefo de la estrategia del intercambio de asas

Con el objetivo de explorar in vivo la actividad de ProFAR isomerasa en TrpF y a
la par de mantener su actividad de PRA isomerasa mediante la estrategia del
intercambio y adaptacién de las asas p/a, decidimos intercambiarle las asas 1, 5y 6 a
TrpF por las equivalentes de PriA. Se seleccionaron estas asas por ser las que tienen
las principales diferencias estructurales entre PriA y HisA, por lo que pueden estar
relacionadas tanto en la adquisicion de la actividad de PRA isomerasa como en el
mantenimiento de la actividad de ProFAR isomerasa de PriA (20).

Las tres asas de TrpF se intercambiaron en conjunto con la introducciéon de
cuatro sitios de variabilidad NNS: dos en la bisagra amino del asa 1 y uno para cada
una de las bisagras amino del asa 5 y 6. De los dos sitios NNS introducidos para el asa
1, uno corresponde a la posicion equivalente al residuo catalitico Cys7 y el segundo a la

bisagra de esta asa (Figura 7).

Figura 7. Estructura de TrpF (verde) con la
sobreposicion de las asas 1, 5 y 6 de PriA (rojo). Las
asas 1, 5 y 6 de TrpF estan sefialadas en color gris.
También se muestra la ubicacion de los sitios de
introduccion de variabilidad (NNS).
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Tomando en cuenta los resultados obtenidos al redisefiar el sitio activo de TrpF
(Capitulo 3) decidimos insertar las 3 asas en conjunto con la variabilidad de las bisagras
en los dos moldes de TrpF (Figura 8). De esta manera para cada molde de TrpF se

construyo una libreria

a) Sitio activo estilo PriA b) Sitio activo estilo TrpF
TrpF

TrpF_Pri oo PVRDGQRVRIVHGESCTETSYES TrpF_Pri ;\ (EESETETS IO
2NNS Cys7

) ’\)”V\lg' Asp11 Asa 1 de Pr|A Asa 1 de PriA

TN | e o7 B T e
TrpF_PriA D-§|-~} -l TLRGRGWIRDGED TrpF . PriA 2 e —
1NNS
e

Asp1 30”7 Asa § de PriA 1 mNS Asa 5 de PriA
TrpF_PriA ' * T2ROGTIfCEN TrpF_PriA VZARDCTIECEN
Asa 6 de PriA A PriA
Thr166)' 1'NNS Asp126f TRNS sa 6 de Pri

Figura 8. llustracion a nivel de secuencia primaria del intercambio de asas y los cambios de secuencia

Il

realizados en los dos moldes de TrpF. a) TrpF con los residuos cataliticos al estilo PriA (Asp11, Asp130 y

Thr166). b) TrpF con los residuos cataliticos al estilo TrpF (Cys7 y Asp126).

Analisis de las actividades de PRA y de ProFAR isomerasa

La capacidad funcional de las dos librerias se analizéa in vivo por la
complementacion de la auxotrofia tanto de la actividad de PRA isomerasa como de la
actividad de ProFAR isomerasa en las respectivas cepas de seleccion. De la libreria con
los residuos cataliticos al estilo PriA (Figura 8a), la cual tiene un tamafo tedrico de 1.04
x 10° variantes, se aislaron tres variantes complementando las diferentes auxotrofias:
New4p y NewJUN con ambas actividades (PRA y ProFAR isomerasa) y NewF con una
sola actividad (PRA isomerasa), mientras que de la libreria con los residuos cataliticos
al estilo TrpF (Figura 8b), cuyo tamafo es el mismo que la anterior, se aislaron cuatro
variantes: C8-6 y Carol 3 con actividad de PRA y de ProFAR isomerasa y C8-2 y Gajos
con actividad sélo de PRA isomerasa. Para analizar de manera cuantitativa la capacidad
de complementacion de cada una de estas variantes se hicieron cinéticas de
crecimiento en medio minimo liquido adicionando diferentes concentraciones de
triptéfano o histidina (segun corresponda la cepa de seleccion). Inicialmente analizamos
el control negativo (plasmido vacio) en presencia de las diferentes condiciones de medio

de cultivo. Este analisis mostré que existe una correlacion directa entre la concentracion
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de triptéfano o de histidina adicionada al medio de cultivo y la densidad celular

producida en dicha condicién (Figura 9).
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Figura 9. Correlacion de la densidad celular con respecto a la concentracién del aminoacido adicionado al
medio del cultivo. Los puntos rojos representan el promedio del cuadruplicado de la maxima densidad
celular del control negativo (plasmido vacio) a las diferentes concentraciones de los aminoacidos
triptéfano o histidina.

Encontramos que existe una correlacion directa entre la densidad celular y la
concentracion del respectivo aminoacido en el medio de cultivo (Figura 9). Esta
correlacion nos sirvié para identificar que si la densidad celular de la variante en analisis
sobrepasa a la mostrada por el control negativo (plasmido vacio) es sefal de que existe
una mayor produccién del respectivo aminoacido y para poder producirlo dicha variante
debe de estar complementando la actividad de PRA o de ProFAR isomerasa (segun
corresponda la seleccién). La Figura 10 muestra los resultados obtenidos para la
actividad de PRA isomerasa y la Figura 11 para la actividad de ProFAR isomerasa.
Debido a la cantidad de datos procedentes de las 1176 cinéticas de crecimiento

decidimos mostrar de manera resumida solo

las condiciones en las cuales las

respectivas variantes presentan o no complementacion de actividad.
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Figura 10 (continta en la siguiente pagina). Analisis de complementacion de la auxotrofia del gen de
TrpF (actividad de PRA isomerasa) por las variantes ganadoras. El valor de 1 representa la condicion
estadisticamente significativa en la cual el promedio del valor maximo de OD de la variante (medido en
unidades de densidad 6ptica a una Absgynm) fue mayor que el promedio del control negativo (plasmido
vacio). Los datos fueron obtenidos a partir de curvas de crecimiento en medio minimo y para cada

variante se analizaron 4 réplicas por cada concentracion de triptéfano. De esta manera se analizaron 48

cinéticas de crecimiento por variante.
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Figura 10. (CONTINUACION).

La variante New4p presentdé complementaciéon de la actividad de PRA isomerasa
en el intervalo de 0.23 a 0.83 pg/ml de concentracion de triptofano, mientras que las
variantes NewF y NewJUN presentan crecimiento en casi todas las concentraciones de
triptéfano (Figura 10). Dado que teniamos el antecedente de que la complementacion
de la actividad de PRA isomerasa de TrpF se mejora cuando se encuentra fusionada
con CAT, subclonamos las variantes New4p, NewF y NewJUN con este reportero de
plegamiento y analizamos el papel de dicha fusién en la complementacién de ambas
funciones enzimaticas. Para el caso de la actividad de PRA isomerasa observamos que
las variantes NewF y NewJUN mejoran la capacidad de complementacion de esta

actividad al estar fusionadas con CAT, mientras que para New4p el efecto es contrario
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(Figura 10). Por otro lado las variantes C8-2 y Carol 3 complementan muy similar a
New4p (en el intervalo de 0.23 a 0.83 ug/ml de concentracion de triptéfano para la
primera y de 0.33 a 0.69 ug/ml para la segunda), mientras que las variantes C8-6 y
Gajos so6lo complementan en un intervalo muy limitado de concentracion de triptéfano:
de 0.40 a 0.58 pg/ml (Figura 10).

La complementacion de la actividad de ProFAR isomerasa fue menos exitosa en
comparacion con la de PRA isomerasa. Sélo las variantes Carol 3, C8-6, New4p,
New4p-CAT y NewdJUN-CAT complementaron la auxotrofia del gen de HisA y dicha
complementacion solo fue observada en pocas condiciones del medio de cultivo (Figura
11). Estos resultados sugieren, por ejemplo, que la sobreexpresion obtenida por el
aumento de la concentracion de IPTG para la variante Carol 3 es un factor importante
para obtener complementacion de la actividad pero también es necesario adicionar
pequefias concentraciones de histidina (0.5 y 1 pg/ml). Contrario a este comportamiento
fue el de la variante New4p, en donde encontramos que cuando se encuentra sin CAT
la complementacion depende de la sobreexpresion obtenida con 1mM de IPTG vy
también de la adicidon de trazas de histidina (0.69, 0.83 y 1 pg/ml) y cuando esta en
fusién con CAT también depende de la sobreexpresion con 1 mM de IPTG pero de una
menor cantidad de histidina (0 y 0.5 pg/ml). Por otro lado las variantes C8-6 y NewJUN-
CAT solo complementaron en una condicion de todas las probadas: para C8-6 en 1 mM
de IPTG y 1 yg/ml de histidina, y para NewJUN-CAT en 1TmM de IPTG y 0.69 ug/ml de

histidina.

1 Figura 11. Resumen del

Carol 3 Newdp A+« C8-6 andlisis de complementacion
= 7 / N de la auxotrofia del gen de
2 HisA (actividad de ProFAR
o 1 =w.NewJUN-CAT| . .

o isomerasa) por las variantes
© )
2 | ganadoras. En la figura solo se
T presentan las variantes y las
7 New4p-CAT condiciones estadisticamente
—_—

significativas en las cuales el
promedio del valor maximo de
0 OD (medido en unidades de
0 densidad optica a una
IPTG (mM)
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Absgoonm) €S mayor que el promedio del control negativo (plasmido vacio). Los datos fueron obtenidos a
partir de curvas de crecimiento en medio minimo y para cada variante se analizaron 4 réplicas por

concentracion de IPTG e histidina. De esta manera se analizaron 48 cinéticas de crecimiento por variante.

Para confirmar que los cultivos de las variantes que estan complementando las
respectivas cepas de seleccion son resultado del plasmido que tiene el gen de cada
variante y no de otras mutaciones adaptativas en el cromosoma de la bacteria, se
esparcieron colonias en cajas de LB y se extrajo de nuevo el plasmido. Este plasmido
se utilizé para transformar células nuevas con la misma auxotrofia y estas células se
estriaron en LB y en medio minimo confirmando nuevamente que la complementacion
es producto de los plasmidos que contienen las diferentes variantes. Se secuenciaron
estos plasmidos y encontramos que las secuencias son idénticas a las variantes
originales. Ademas, para asegurarnos de que la complementacion se debe a los genes
que codifican para cada variante y no a algunas mutaciones adicionales adquiridas
durante la construccion del plasmido, se aislaron los fragmentos de 700 pb
correspondientes a los genes de cada variante y se subclonaron en vector nuevo y se
confirmd nuevamente la complementacion. Esto también se observé cuando fusionamos
algunas variantes con CAT en se encontr6 que nuevamente rescatabamos la
complementacion.

La adicion de triptéfano o de histidina al medio minimo se hizo para minimizar el
estrés celular causado por la deficiencia de ese aminoacido y por la falta de la completa
via metabdlica correspondiente. Los resultados obtenidos muestran que la
complementacion de las actividades por nuestras variantes es muy sensible a diferentes
concentraciones de estos aminoacidos lo cual es indicativo de que las actividades
enzimaticas que tenemos son vestigiales y requieren de multiples efectos o conexiones
dentro del citoplasma celular para poder que la actividad enzimatica se vea reflejada en
el crecimiento celular. Ademas también reflejan la baja sensibilidad del sistema cuando

las actividades enzimaticas a seleccionar son vestigiales.
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7. Conclusiones

Con el método para el intercambio sistematico de asas cataliticas SCLE (del
inglés: Systematic Catalytic Loop Exchange) se encontré que es posible intercambiar
sistematicamente las asas B/a 2, 4 y 6 de la enzima TrpF-LoxP sin afectar su
estabilidad, a pesar de que esta enzima es un barril (B/a)s modificado (76). Ademas
encontramos que las dos posiciones de las hebras B que preceden a cada asa
intercambiada y que fueron mutadas a saturacion son importantes para seleccionar
proteinas plegadas pero sin funcién.

El andlisis de la adaptabilidad de la relacion estructura-funcién de las asas p/a. en
TrpF mostré que es posible medir la adaptabilidad funcional de estas asas mediante el
valor de SFLA (24). Ademas encontramos que es posible trasladar el componente
funcional implicito en las asas pero siempre y cuando se disefien sitios de variabilidad
en los residuos bisagra los cuales la uniran con el nuevo andamiaje, ayudando a su
adaptabilidad funcional y estructural.

Los reemplazos de asas hechos en TrpF modificaron drasticamente el arreglo
original del sitio activo y como consecuencia afectaron los parametros cataliticos (24).
Dada la posicion estructural y la importancia del asa 6 en la union del sustrato y la
actividad catalitica de esta enzima, todas las nuevas variantes podrian ser
seleccionadas para diferentes especificidades de sustrato asi como para otras
actividades cataliticas. Ademas nuestra estrategia demostrd su viabilidad imitando al
sistema de generacion de variabilidad natural en el asa H3 de los anticuerpos (24).

El conocer parte de la historia natural de HisA, PriA y TrpF (4, 20) nos permitio
abordar el redisefio de los residuos cataliticos de TrpF desde diversas estrategias, con
las cuales se obtuvo informacién importante sobre la funcién de esta enzima, la cual no
hubiera sido posible adquirir de otra manera. Basado en los resultados experimentales y
en los modelos construidos para las variantes CDA y CDT se sugiri6 un mecanismo
catalitico, en donde la Cys7 mantiene su rol como base general, mientras que el Asp107
puede ser el nuevo acido general. La Thr126 de la variante CDT parece estar
cumpliendo un rol importante al mejorar la actividad catalitica de CDT, tal y como ha
sido observado en PriA para el residuo equivalente, la Thr166 (20). EI mecanismo de

reaccion propuesto parece funcionar como una combinacién de los residuos cataliticos
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de TrpF y PriA, en donde de TrpF estaria conservando la identidad y la posicién de la
base general (Cys7) y de PriA estaria imitando la ubicacién e identidad del acido
general (Asp107) y la ubicacion y el rol funcional de la Thr166 (ahora Thr126 en TrpF).

La introduccion de los sitios de variabilidad NNS en el intercambio de las asas 1,
5y 6 de TrpF por las correspondientes de PriA fue importante para obtener proteinas
con funcion de PRA y/o de ProFAR isomerasa que demuestran actividad in vivo. Prueba
de ello es que a partir de dos librerias de un millon de variantes cada una sélo se
obtuvieron siete variantes con alguna funcién, cuyas diferencias radican basicamente en
los residuos seleccionados en las posiciones mutagenizadas con NNS. Es importante
sefalar que la exploracion de ambas actividades in vivo pudo llevarse a cabo en los dos
moldes de los sitios activos de TrpF, corroborando con ello la adaptabilidad del redisefio
del sitio activo. Aunque cabe senalar que de la libreria con el sitio activo al estilo de
TrpF fue de donde se obtuvieron mas variantes y sin mutaciones adicionales en las
asas intercambiadas, mientras que de la libreria construida con el sitio activo al estilo de
PriA dos de de las tres variantes ganadoras presentaron mutaciones adicionales en las
asas intercambiadas. Esto también refleja la fuerte presion de seleccion sobre la
secuencia de estas asas asi como la dependencia de su secuencia y adaptacion para
lograr la exploracion de nuevas funciones enzimaticas.

Uno de los objetivos finales del proyecto de doctorado fue explorar in vivo las
nuevas funciones enzimaticas adquiridas mediante la utilizacion de la estrategia de
intercambio asas y variabilidad en las bisagras. La evolucién y caracterizacion in vitro de
estas variantes es parte de otro proyecto del laboratorio, pero podemos concluir que es
posible obtener (in vivo) la nueva actividad de ProFAR isomerasa en algunas de las
variantes de TrpF con las asas 1, 5 y 6 de PriA. Incluso algunas como New4p, NewJUN-
CAT, Carol 3 y C8-6 mantuvieron ademas la actividad original de PRA isomerasa, lo que
las hace ser bifuncionales. Dado que las actividades enzimaticas que estamos
explorando parecen ser muy bajas, fue necesario aplicar un analisis masivo de
complementacién para encontrar el intervalo de condiciones en las cuales fuese posible
asignar una complementacion real de la actividad enzimatica in vivo.

Las asas B/a de TrpF pueden ser intercambiadas sin afectar la estabilidad de la

proteina y sin perder la funcién original. Ademas con el disefio de bisagras se puede
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adaptar en otras enzimas la relacidén estructura-funcion codificada en ellas. Todas las
estrategias de intercambio de asas, introduccién de variabilidad en sus bisagras y del
redisefio del sitio activo, presentadas en su conjunto en la presente tesis son un camino

prometedor para disefiar nuevas funciones enzimaticas en proteinas con el plegamiento
de barril (B/a)s.

79



8. Perspectivas
A continuacion enunciamos algunos de los experimentos que consideramos mas
inmediatos para el futuro avance del proyecto presentado en esta tesis de investigacion.

El orden de los mismos es acorde a los capitulos presentados.

» Sobre-expresar y purificar las variantes CDA y CDT asi como las mutantes
puntuales de alanina. Con esto se puede llevar a cabo el analisis de la actividad
enzimatica de PRA isomerasa in vitro, lo cual ayudaria a describir con detalle el
mecanismo de reaccion del sitio activo redisenado de TrpF y el rol funcional de
cada uno de los residuos que participan en la catalisis.

» Implementar diferentes estrategias de evolucion dirigida en las variantes CDA y
CDT para lograr que el sitio activo redisefado funcione con los mismos
parametros cinéticos que el original y analizar donde ocurrieron las mutaciones
que lo mejoraron.

» Resolver la estructura tridimensional de las variantes que tienen redisefiado el
sitio activo de TrpF y con ello explicar con detalle el posible mecanismo de
reaccion.

» Mejorar la actividad enzimatica de las variantes ganadoras con las tres asas de
PriA intercambiadas en TrpF mediante la identificacion de mutaciones
estabilizadoras que les permitan mantener la funcién y sobre ellas probar nuevos
ciclos de evolucion dirigida.

» Probar diferentes técnicas de evolucion dirigida para mejorar la actividad y
estabilidad de las variantes ganadoras e incluso hacerlo con la fusion a diversos
reporteros de plegamiento, lo que puede ayudar a encontrar mutantes
estabilizadas por las fusiones.

» Probar la seleccion de actividades de PRA y de ProFAR isomerasa en cepas que
tengan la co-expresiéon de chaperonas como GroEL y GroES.

» Dado que en algunas variantes mantenemos la actividad original de PRA
isomerasa, se podria mejorar la actividad de ProFAR isomerasa a través de
selecciéon por “neutral drift”. Purificar las variantes ganadoras y hacer los

respectivos ensayos de actividad enzimatica in vitro.
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10. Anexos
Otras publicaciones generadas en este trabajo:

1. Wright, H., Noda-Garcia, L., Ochoa-Leyva, A., Hodgson, D.A., Fulop, V., and Barona-
Gomez, F. (2008). The structure/function relationship of a dual-substrate (betaalpha)8-
isomerase. Biochem Biophys Res Commun 365, 16-21.

2. Barona-Gomez, F.O.-L., A. Soberdn, X. (2008). Advances and perspectives in protein
engineering: From natural history to directed evolution of enzymes. In Advances in
Protein Physical Chemistry., E.F.-V. Garcia-Hernandez, A., ed. (Kerala: Transworld
Research Network), pp. 407-438.

84



	Portada

	Índice

	Resumen
	1. Introducción

	2. Antecedentes

	3. Hipótesis   4. Objetivos

	5. Metodología

	6. Resultados y Discusión

	7. Conclusiones

	8. Perspectivas

	9. Bibliografía

	10. Anexos


