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RESUMEN

Ademas de sus funciones en fotosintesis, fotogeite y nutricion, los carotenides
son considerados importantes precursores de vamoductos, tales como retinoides,
hormonas de plantas y aromas. Generalmente losuastgs con aroma son norisoprenoides
de 13 atomos de carbono entre los que se encudasapnonas, las damasconas y los
teaspiranos. La obtencion de estos compuestodiagemrcarotenoides puede darse mediante
dos mecanismos: (1) ruptura no especifica y nongtita por auto-oxidacion, foto-
oxigenacion o degradacion térmica, y (2) rupturpeesica catalizada por enzimas,

principalmente sistemas de oxigenasas.

La generacion de compuestos presentes en el @ar¢abaco a través de la ruptura del
oxicarotenoide luteina fue efectuada por la accidmunta de una levadurdr{chosporon
asahii) y una bacteria Raenibacillus amylolyticus). En los cultivos mixtos de ambos
microorganismos, se encontré una relacion invemi& éa concentracion inicial de glucosa y
el titulo de los compuestos con aroma, es deciefecto negativo ejercido por dicho azucar.
Con la finalidad de identificar al organismo selesitil efecto de glucosa, se trabajé con los
organismos de manera separada. La presencia desglscprimio la produccion de [
ionona en cultivos d&. asahii crecidos con luteina; sin embargo, la biotransémion de la
ionona en sus derivados reducidos (7,8-dih[ghonona y 7,8-dihidrg-ionol) por accion de
P. amylolyticus no se vio afectada. Estos resultados sefalaramuptura de luteina como el
blanco del efecto de glucosa. Por otra parte, ®ambe observo que el crecimiento de la
levadura resultaba fuertemente inhibido por la gmes de la ionona, lo que traia como
consecuencia un decremento en la sintesis del afana superar dicho problema, se disefid
un sistema que permitiera la remocién del produoia la fase gaseosa, para después

recuperarlo por adsorcion, empleando un materiabp@roso de silice.

Al enfocarse a la actividad enzimatica responsdbldéa ruptura de carotenoides se
decidid probaiin vitro la degradacién de luteina utilizando extractopmi¢eina y filtrados
proteicos libres de células, ambos obtenidos devosldeT. asahii. Los resultados derivados
mostraron que tal actividad se encontraba extrixretente y sélo fue detectada en los
sobrenadantes provenientes de células de levarkei@as en ausencia de glucosa. Mas que
una inhibicidon o un mecanismo que afecte la se@nede la enzima, se piensa que el efecto

negativo del azlucar sobre la ruptura del oxicamitense deba a un nivel regulatorio por



represion catabdlica por carbono ya que la glucepaesenta una fuente mas facilmente
metabolizable comparada con la luteina. A contiifuase siguié una metodologia para el
aislamiento de la enzima con dicha actividad y episisle al efecto de glucosa, alcanzando
un rendimiento del 27% con un factor de purificacite 287. Esta proteina exhibié un alto
grado de similitud con peroxidasas de hongos,qaatimente basidiomicetos, las cuales han
sido estudiadas principalmente por su papel eret¢madiacion de lignina. En concordancia
con nuestros hallazgos, se ha reportado que lagigasas de los hong®&$eurotus eryngii,
Pleurotus sapidus y Marasmius scorodonius poseen la capacidad de romper carotenoides.
Asimismo, diferentes especies del géntriehosporon han sido descritas por su papel en la

degradacion de lignoceluldsicos.

Finalmente, con el objetivo de profundizar nuestaocimiento sobre el efecto de
glucosa, se prob6 una fuente de carbono no promdmia represion catabodlica, como es el
caso de glicerol. A pesar de que el crecimientdadievadura resultd beneficiado con la
adicién del glicerol, no se encontro diferenciauaky en el valor calculado para la actividad
especifica de ruptura de luteina en los sobrenesladerivados de cultivos de asahii
crecidos en ausencia o presencia de esta fuentartbeno. Lo anterior reforzé nuestra
propuesta de que un mecanismo de represion catalpir carbono esté involucrado en el

proceso de bioconversion del carotenoide.



SUMMARY

In addition to their functions in photosynthesighotoprotection and nutrition,
carotenoids are considered to be important precsigovarious products, such as retinoids,
plant hormones and aromas. Generally the compowsittisaroma are G-norisoprenoids,
among which, ionones, damascones, and theaspir@pesent the most commonly found in
nature. The obtention of these compounds from eaodls may proceed via two
mechanisms: (1) non-specific and non-enzymatic velga (auto-oxidation, photo-
oxygenation, or thermal degradation), and (2) djecieavage catalyzed principally by

oxygenase systems.

Compounds from the tobacco aroma note were gemenat the cleavage of the
oxicarotenoid lutein by the combined action of astgllrichosporon asahii) and a bacterium
(Paenibacillus amylolyticus). In mixed cultures, an inverse correlation betvéee initial
glucose concentration and the titer of aroma comgswas found. In order to identify the
organism sensitive to the glucose effect, bothybast and the bacterium were cultivated
separately. The presence of glucose suppressegrdueiction of3-ionone byT. asahii
grown with lutein. However, the biotransformatiointioe ionone into its reduced derivatives
(7,8-dihydrof-ionone and 7,8-dihydrf-ionol) by the action ofP. amylolyticus was not
affected by the sugar. These findings signaledrutéeavage, as the target of the glucose
effect. It was also observed that the ionone styomthibited yeast growth and therefore,
constrained the synthesis of the aroma. Growthbitibh was overcome by using a
mesoporous silicate material as a sorbent devica flermentation system that allowed

product removal from the culture medium by headspaanipulation.

In vitro studies with crude extracts and concentratedfiedl-medium, both obtained
from T. asahii cultures, showed that the carotenoid breakdowgreatic activity was located
extracellularly and only detected in supernatanasnfyeast cells grown in the absence of
glucose. Rather than an inhibition or a mechaniffecéng the enzyme secretion, the sugar
effect on lutein degradation comprised another ledgry level, presumably, carbon
catabolite repression, as glucose represents arpdfcarbon source compared to lutein.
Further experiments enabled the isolation of theyew responsible for carotenoid
breakdown and susceptible to the sugar effectniiaia 27% yield and a purification factor

of 287. This protein exhibited a high degree omiitg to fungal peroxidases, particularly
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from basidiomycetes, studied as well for their irreonent in lignin degradation. Supporting
our findings, carotenoid cleaving activity has beeported in peroxidases from the fungi
Pleurotus eryngii, Pleurotus sapidus, andMarasmius scorodonius and differentTrichosporon
species have been described for their role in igholosics degradation.

Finally, in order to deepen our knowledge on tlifece of glucose over lutein
cleavage, a non-repressive carbon source, suclyesrg, was assayed. Even though the
yeast growth resulted benefited by glycerol, ndedénce was observed in the calculated
specific activities for the enzymatic cleavage afatenoids from supernatants derived from
T. asahii cultures grown in the absence or the presencelyskeil. This reinforced our
proposal that a carbon catabolite repressive mésmammight be involved in the

bioconversion process.



1. INTRODUCCION

1.1 Efecto de glucosa sobre células microbianas

En los sistemas microbianos, todo proceso metab&k encuentra sujeto a alguna
forma de regulacién que permita asegurar los nivatiecuados de cada metabolito, evitando
asi gastos de energia innecesarios. La glucosaseqa un nutriente ubicuo en procariontes
y eucariontes, que en términos generales, al delefgte de carbono y de energia preferida
por la mayoria de las células, el uso de otrastésette carbono més complejas se encuentra
regulado por ésta. Para el caso de microorganisalosncontrarse presentes dos o mas
fuentes de carbono en el medio y una de ellas émergl la glucosa) es preferentemente
utilizada, el uso secuencial de las mismas se tiaaamediante la represion de la sintesis de
enzimas catabdlicas alternativas. A dicho fenonsnte conoce como represion catabdlica
por fuente de carbono (RCC) y puede definirse ctariohibicién de la expresion genética
originada por la presencia de fuentes de carbaribrf@nte metabolizables que permiten un
crecimiento mas rapido (Ronne, 1995; Saier, 1996108do, 1998; Carlson, 1999; Stilke y
Hillen, 1999; Deutscheet al, 2006). A continuacion, se describen brevemergeakpectos

mas relevantes de la RCC en distintas células biamas.
1.2 Represion catabdlica en bacterias

En células bacterianas, la RCC representa unaasldolmas de regulaciéon mas
importante, ya que del 5 al 10% de todos los géaeterianos se encuentran sujetos a ella
(Gorke y Stilke, 2008). La represion catabdlica parbono es un proceso complejo,
regulado a través de varios mecanismos, siendistehs de fosfotransferasas dependiente
de fosfoenolpiruvato (PTS) de Enterobacteriaceaeh@&richia y Salmonella) y Firmicutes
(Bacilli, Staphylococci y Lactobacilli), uno de losas estudiados (Deutscher, 2008).
Mediante la fosforilacion en cadena de proteinagjgndo de fosfoenolpiruvato (PEP) como
el donador del grupo fosfato [Fig. 1.1], el PTSnsporta numerosos carbohidratos,
dependiendo del estado energético de la célula. éaraso de Enterobacteriaceae, el sensor
central de la RCC es la proteina especifica paiogh EIlIA, la cual en presencia de glucosa
o de otros sustratos del PTS, pasa su grupo fosflataziicar. Esta proteina, al estar
fosforilada, activa a la adenilato ciclasa (AC)spensable de la sintesis de adenosin

monofosfato ciclico (cCAMP), molécula que a su vézhd molécula se une a la proteina



receptora de cAMP (CRP) activando otros operontsbéhcos [Fig. 1.1]. Por otro lado, el
sensor central de RCC en Firmicutes lo ejerce tgepma HPr, la cual ademas de ser
fosforilada en la histidina 15 por El, puede sesfddlada en la serina 46 por la
cinasal/fosforilasa HPrK. HPr-S46-P actia como qesap de la proteina CcpA, la cual se
une a los sitios del operador de otros operonexbéitos, impidiendo asi su transcripcion
[Fig. 1.1]. Cabe mencionar que existen mecanismaagpresion catabdlica por carbono PTS-
independientes en varias proteobacterias no ea$éyicen los estreptomicetos (Deutscher,
2008).

Glucosa
PEP El HPr-P EIlAGE EIIB%e_p
Piruvato EI-P HPr x ENlA9c_p ENBSE
<
'HPTK ' ) GeP
: HPr-S46-P | :
I I ATP I
I I AC I
i CCPAl | CAMP | Glicélisis
I I I
| | I
! Represion de ! l |
: 0pemnescatab6]ic0s: :
1 | Acﬁv:lci('lnde |
: : operones catabdlicos :
| I I
Firmicutes - Enterobacteriaceae:

Fig. 1.1 El sistema de fosfotransferasas depeneliate fosfoenolpiruvato (PTS) y las
particularidades del fendbmeno de RCC para Entertdréaceae y Firmicutes (Deutscher,
2008)

1.3 Represion catabdlica en levaduras

Al igual que las bacterias, las levaduras respord®s nutrientes que se encuentran
en su ambiente reconfigurando sus estados traogxrgdes y metabdlicos y seleccionando
un programa de desarrollo que garantice su poletkeigupervivencia bajo las condiciones
existentes (Schnepert al, 2004). Las levaduras muestran una notable mmedexr por
glucosa y azlcares cercanamente relacionados, jpomle fructosa, como fuentes de
carbono ya que pueden ser rapidamente transformeadesanol (Rollanét al, 2001). Al
estar presentes dichas fuentes facilmente metab&diz la sintesis de enzimas requeridas

para la utilizacion de otras fuentes alternativaseprimida o se lleva a niveles muy bajos



(Gancedo, 1998). Ademas, las fuentes de carbonuefdgables como el caso de la glucosa
son metabolizadas mediante la glicélisis y el mtavderivado de ello puede ser

metabolizado a través del ciclo de Krebs. Sin egthagn levaduras, esto no tiene lugar ya
gue las funciones mitocondriales se encuentranmetas por glucosa e incluso, en las

células crecidas en este azUcar las mitocondrids easi ausentes, por lo cual, el piruvato es
descarboxilado y reducido a etanol. Una vez quguleosa ha sido consumida, la produccion
de enzimas mitocondriales comienza y el etanol setabolizado, dandose también una

transicion entre glicolisis y gluconeogénesis (Rorir995).

El organismo modelo de represion catabdlica eaderas ha sid&accharomyces
cerevisiaeaunque también se han hecho estudioSandida albicansSchizosaccharomyces
pombey Kluyveromyces lacti§-loreset al, 2000). El sistema de regulacion$lecerevisiae
se encuentra constituido por sensores (transpoesdie hexosas, Hxt), activadores para el
uso de otras fuentes de carbono (Gal4, complejeipmHap, Mal63, etc.) represores (Migl)
y elementos intermedios (complejos Snfl y Glc7/Regh la figura 2.2 se esquematiza el
fendmeno de represion catabdlica en levaduras @land998). Para que la glucosa ejerza
su papel regulatorio se requiere su fosforilaclancual es catalizada por tres cinasas: la
glucocinasa (Glk1) y las hexocinasas (Hxk) 1 y if; embargo, la represion por glucosa
necesita especificamente a Hxk2, proteina quenhigm$a sefial del azucar. El sensor central
de la RCC en levaduras es el complejo Snfl, corddorpor tres proteinas: Snfl, Brp y
Snf4. En altas concentraciones de glucosa, losrdomcatalitico (DC) y regulatorio (DR) de
Snfl interaccionan, anulando la actividad de cirdedacomplejo. Por otro lado, en ausencia
de glucosa, Snf4 interacciona con el DR de Snfh, loocual, la actividad de cinasa se
conserva y el represor Migl puede ser fosforilas@nteniendo su localizacién en el
citoplasma. Migl es una proteina de union a DNA dedos de zinc (GiBlis;) que al estar
desfosforilada, por accion de la fosfatasa Glc71Rqmpsee una localizacion nuclear y
reprime la transcripcion de genes involucradosaeutilizacion de otras fuentes de carbono.
Homoélogos de esta proteina han sido encontradés kactis (Cassaret al, 1995),C. utilis
(Delfin et al, 2001) y Schwanniomyces occidental{f€armonaet al, 2002). Estudios
recientes han mostrado que en el nucleo, Hxk2 pazode unirse a Migl, lo que refuerza su
capacidad represora al impedir que la RNA polinesgspegue al promotor del gen regulado
(Gancedo, 2008).
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Fig. 1.2 Esquema de represion catabdlica&SemerevisiaéGancedo, 1998)
1.4 Represion catabdlica en hongos filamentosos

El ajuste del catabolismo de fuentes de carbomoaclierdo a las condiciones
prevalecientes, responde también al fendmeno deesiép catabdlica, denominado por
muchos autores para el caso de hongos filamentoso® represion por carbono (Ronne,
1995; Ruijter y Visser, 1997). En muchos ascomigd#represion por glucosa se encuentra
mediada por el factor CreA, siendspergillus nidulansl organismo sobre el cual se han
realizado mayores estudios sobre este mecanisnwefAal, 2005; Royet al, 2008). De
manera anéloga a Migl en levaduras, CreA es urnaipaocon motivos de union a DNA tipo
dedos de zinc (Cjblis;). Ademas dé\. nidulans(Dowzer y Kelly, 1989), homdlogos de este
represor han sido encontrados A&n niger (Drysdale et al, 1993), Trichoderma reesei
(Strausset al, 1995; Takashimat al, 1996),Humicola grisea(Takashimaet al, 1998),
Sclerotinia sclerotiorum (Vautard et al, 1999), Gibberella fujikuroi y Botrytis cinerea
(Tudzynskiet al, 2000) yCochliobolus carbonur{iTonukariet al, 2003).

El catabolismo de etanol, én nidulans ha sido ampliamente investigado [Fig. 1.3]
(Felenboket al, 2001). El alcohol puede ser empleado como fueetecarbono via su
conversién a acetaldehido por accién de la enzilnahal deshidrogenasa (ADH) y

posteriormente, la subsecuente transformacion @ecesnpuesto en acetato por la enzima



aldehido deshidrogenasa (ALDH). El acetato puedgarra metabolismo central al
convertirse en acetil-CoA gracias a la acetil-Cofetasa (ACS). En presencia de fuentes de
carbono facilmente metabolizables como la glucesegpresor CreA impide la transcripcion
de los geneslcA que codifica para la ADH, wlcR el cual codifica para la proteina
activadora AlcR. Sélo en ausencia de glucosa yresepcia de un coinductor, AlcR es capaz

de activar su propia transcripcion y la de los ge@A y aldA, que codifica para la ALDH.

En presencia de glucosa

CreA

/ N@O@ B T“[ml

— [AlR Acetaldehido
@  Enausencia de glucosa %

Acetato

G |

Acetil-CoA

©

y

Fig. 1.3 Esquema para el catabolismo de etancAenidulans(Felenboket al, 2001)

Se ha visto que varias enzimas responsablesdigtadacion de los polisacéridos de
la pared celular de plantas (celulosa, hemiceluopactina) estdn reguladas por proteinas
Cre en especies despergillusy enT. reesei(Aro et al, 2005). La lignina, otro componente
de paredes celulares de plantas, es un polimedidendegradado por basidiomicetos
responsables de la podredumbre blaftafierochaete chrysosporiuiframetes versicolor
Phlebia radiata Bjerkanderasp. yP. eryngi). Hasta ahora, no han sido clonados genes
de ningun basidiomiceto e incluso, en el genom®.dehrysosporiummo se ha encontrado
ningun posible homologo a la proteina CreA Alenidulans Se sabe que los genes que
codifican para enzimas ligninoliticas, en generalse expresan durante el crecimiento en
glucosa; sin embargo, el mecanismo de RCC en kstugos falta por estudiarse y representa

un campo completamente nuevo.



2. ANTECEDENTES

2.1 Industria de aromas

El uso de sustancias olorosas con diferentes fifscenteros, religiosos o
medicinales) es tan antiguo como la humanidad miguentert, 2007). La preparacion de
sabores y aromas provenientes de fuentes nat@éagas o animales), a nivel artesanal,
comenz6 desde la antigiedad, obteniendo primordigthin una enorme variedad de
compuestos (Sermt al, 2005; Longo y Sanroman, 2006). El aislamient®elezaldehido y
cinamaldehido, la producciéon de cumarina y, prialongnte, la sintesis quimica de la
vainillina (Krings y Berger, 1998) marcaron el ioicle la industria de aromas. La estructura
de esta industria resulta relativamente complicketado a la falta de homogeneidad dentro
de la misma; sin embargo, en términos generaleslepser dividida en tres sectores
(Somogyi, 1996):

» Aceites esenciales y extractos naturales, los susde definen como materiales

arométicos obtenidos de fuentes vegetales o arsmale

» Compuestos quimicos con aroma, que sSon compuesid®icos cuya estructura
guimica es definida y su produccion se lleva a aalediante sintesis o bien, por

aislamiento de los aceites esenciales

» Fragancias formuladas, definidas como mezclas @jagpbe materiales arométicos
(més de 100 constituyentes) tales como aceitesieseny sus derivados naturales,

asi como aromas sintéticos

El consumo de sabores y aromas en el 2003 fumati en 15 billones de ddlares,
mientras que en el 2007 fue valuado en 19 billaesidlares (Leffingwell y Asociados,
2008). Debido al tamafio del mercado y a la creeigieimanda de los mismos, calculada
entre un 5y 6% anual (Somogyi y Kishi, 2001), lesdueda de nuevas tecnologias para la
produccion de aromas y el mejoramiento de procgaasstablecidos, continGan siendo dos
de los puntos principales dentro de la investigagiél desarrollo de dicha industria. A pesar
de que la produccién de materias primas para loeaion de fragancias ha sido dominada

por los fabricantes europeos, la incursion de cdrigganorteamericanas y japonesas en este
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rubro ha tenido cabida. Hoy en dia existen 10 c@iagainternacionales que participan de

manera significativa en el mercado de ventas [T2dh

Tabla 2.1 Ventas estimadas en 2003 y 2007 de lasipales compafias fabricantes de

aditivos que proporcionan sabor y aroma (tomadd_e#ingwell y Asociados, 2008)

COMPANIA Ventas en % del total de Ventas en % del total de
2003 (mdd) ventas 2007 (mdd) ventas
Givaudan 2,194 14.3 3,647 18.3
Firmenich 1,597 10.4 ~2,627 13.2
IFF 1,901 12.3 2,277 11.4
Symrise 1,462 9.5 1,861 9.3
Takasago 898 5.8 1,112 5.6
Sensient flavors 452 2.9 ~572 2.9
Mane SA 310 2.0 449 2.3
T. Hasegawa 434 2.8 44¢ 2.2
Frutarom 13¢ 0.¢ 36¢ 1.€
Robertet SA 25t 1.€ 352 1.7
SUBTOTAL 9,642 62.5 13,713 68.8
Otras 5,745 37.5 6,197 31.2
TOTAL 15,387 100.0 19,910 100.0

2.2 Produccion biotecnoldgica de aromas

En las dltimas décadas, todo producto relaciocaddo “natural” y recientemente, lo
etiguetado como “organico” poseen una preferenelacdnsumidor debido a su asociacion
con la buena salud. De acuerdo a legislacionesamsricanas y europeas, el término
“saborizante natural” se aplica a cualquier sustataceite esencial, oleorresina, esencia o
extracto, destilado o hidrolizado de proteina) \deta de fuentes vegetales, animales o
microbianas mediante procesos fisicos, microbioligyi 0 enziméticos, cuya funcion
primordial es la de ser aditivo (EC, 1988; CFR,@9®%demas de conferir la categoria de
“naturales”, la produccion biotecnoldgica de congtos con aroma ofrece numerosas

ventajas (Krings y Berger, 1998; Longo y Sanron2896):

* Independencia de la agricultura y pérdidas potéexiaocasionadas por las
condiciones locales de produccion, tales como climariaciones estacionales,
enfermedades, plagas, restricciones de venta ¢alnilédad sociopolitica del pais

donde se produce
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Sistema definido que permite un escalamiento ascged garantizando un
abastecimiento continuo de materias primas, uneieafe recuperacion de los

productos, una produccion alta y un rendimientdounie

Posibilidad de mejorar los procesos de produccésea siguiendo métodos clasicos
como el disefio de experimentos o métodos mas mum&leramo la ingenieria
metabdlica

El enfoque biotecnolégico, esquematizado en térsigenerales en el siguiente diagrama

[Fig. 2.1], comprende tres opciones: (1) cultivasmabianos (Schrader, 2007), (2) cultivos

vegetales (Scragg, 2007) o (3) enzimas derivadaslde (Menzel y Schreier, 2007), y se

lleva a cabo a través de sintesisnovoo bioconversiones/ biotransformaciones.

Otras fuentes
Cl.]lﬁV(I.s | Enzimas: | C,lltivos vegelales:
microbianos: - Hidroliticas « Organos
- Bacterias - Oxidorednctasas - Callos
= Levaduras . —, * Brotes
= Honpos . + Protoplastos

>~ | |

Sintesis de novo: Bioconversiones/ Sintesis de novo:
« Metabolismo primario Biotransformaciones * Micropropagacion
+ Metabolismo secundario = Cultivos en suspension

™~

Proceso biotecnologico

Y

v

Sabory/o aroma nataral

Fig. 2.1 Opciones biotecnoldgicas (cultivos miceotns, cultivos vegetales o enzimas) y sus

respectivas técnicas para la produccion de sabgrasomas “naturales”
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2.3 Obtencion de aromas a partir de carotenoides

Los tetraterpenoides de 40 atomos de carbonocmoscomo carotenoides, son los
pigmentos naturales mas diversos y ampliamenteribdigtos en la naturaleza.
Tradicionalmente han sido divididos en caroteno® son compuestos hidrocarbonados, y
xantofilas, que son derivados oxigenados de losteaos (Karnaukhov, 1990). Estos
compuestos se encuentran formados por un esquige@dasoprenos, arreglados mediante la
unién de dos unidades de 20 atomos de carbonama ftabeza-cabeza [Fig. 2.2] (Goodwin,
1993). Con respecto a los extremos de la molétnsacarotenoides pueden ser aciclicos,
monociclicos o biciclicos; sin embargo, todos @eh una cadena larga de dobles enlaces

conjugados en la parte central [Fig. 2.2].

2\ = Isopreno (Cs)
\
dodohodgmm
Geranilgeranil pirofostato (Czo) : WA/\WA/W/\/T

/KNQNKN&\WMW

v Fitoeno (Cao)
¥

p-carotenc

Fig. 2.2 Formula quimica del isopreno, unidad estwal de los carotenoides y sintesis de
licopeno y posteriormente, gécaroteno, a partir de fitoeno, mediante la unicabeza-

cabeza de dos moléculas de geranilgeranil pirotosfa
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Ademas de conferirles una coloracién que va derélm brillante al rojo intenso, la
presencia de dobles enlaces conjugados hace aatotemoides susceptibles a ruptura
oxidativa. Dicha ruptura, la cual involucra oxigenolecular, los convierte en precursores de
diversos compuestos, denominados apocarotenoidts, les que destacan: los retinoides,
las hormonas de plantas y los compuestos con afi§loar y Schulz, 2006). Dependiendo
del carotenoide precursor y de la posicién en & leuruptura oxidativa se lleve a cabo, una
enorme diversidad de compuestos con aroma de %o®s de carbono pueden generarse
[Fig. 2.3].

1 TR R
2 6 g§i {10
5| i
ke
9 s
p-ionona
° cu
(8]
Dihidroactinidiohda
o
0 Che
=
Safranal
Co
/
4]
Isoforona

Fig. 2.3 Sintesis de compuestos con aroma, de ® @dmos de carbono de acuerdo a la

posicion donde se lleve a cabo la ruptura oxidatiehcarotenoide

A partir de carotenoides, la produccion de comgmseson aroma puede llevarse
mediante métodos enzimaticos (oxidasas y sistemasigenasas) o no enzimaticos (foto-
oxigenacion, auto-oxidacion o degradacion térmiéénterhalter y Rouseff, 2002). Entre las
enzimas cuya funcion biolégica es la ruptura deteaoides, se encuentran los sistemas de

dioxigenasas, de los cuales los correspondienptsnéas han recibido la mayor atencion. A
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pesar de que la produccion microbiana de fraganerageneral, ha sido ampliamente
estudiada, alun son escasos los reportes referantesnpuestos con aroma derivados de
carotenoides por la accién de microorganismos. djzacidad de llevar a cabo la ruptura
oxidativa de carotenoides ha sido observada eretast principalmente por la accion de
dioxigenasas encontradas en cianobacterias (Jitthkiflacher, 1985; Ruclet al, 2005;
Marascoet al, 2006; Scherzingest al, 2006; Scherzinger y Al-Babili, 2008), y en hogsgo
(Zorn et al, 2003a): basidiomicetos (Maldonado-Robledaal, 2003; Zornet al, 2003b;
Scheibneret al, 2008), ascomicetos (Prado-Cabrettoal, 2007; Saelicegt al, 2007;
Estradeet al, 2008; Zhonget al, 2009) y zigomicetos (Burmestetrral, 2007). Sin embargo,
la generacion de volatiles a partir de dicho roni@itto, no tiene lugar en todos los casos.
Especificamente para basidiomicetds éryngii clasificado erroneamente conepista
irina, y Marasmius scorodonijisla accién de peroxidasas sobre la producciéprideona a
partir def3-caroteno ha sido estudiada (Z@&tal, 2003b; Scheibneat al, 2008). Con el fin
de profundizar en este campo, se invita al lectooresultar el articulo de revision realizado
durante los estudios doctorales del autor de esia {Rodriguez-Bustamante y Sanchez,
2007) [Anexo 1.1].

2.4 Produccion de compuestos con aroma a tabaco arfr de luteina

En el laboratorio del Dr. Sanchez del Institutolalestigaciones Biomédicas de la
Universidad Nacional Autbnoma de México, se aislai® colonias microbianas por su
habilidad de crecer en luteina como unica fuenteadlbono. De estas colonias, Unicamente
dos fueron capaces de formar compuestos volatilezikivo sumergido; sin embargo, soélo
en una se percibié un fuerte aroma a tabaco (Sa@hetreraset al, 2000). Dicha colonia
estaba compuesta por dos microorganismos, unarisagtena levadura, en una proporcion
de 100 a 1, respectivamente, identificados en urtipio comoBacillus sp. y Geotrichum
sp. (Sanchez-Contrerag al, 2000) Al reexaminar la taxonomia utilizando laniéa de
biologia molecular de PCR (reaccion en cadena @ellenerasa), mediante la comparacion
de secuencias de los genes que codifican para Rbbsomal, los organismos fueron
reclasificados por Marco Antonio Ortiz corRaenibacillus amylolyticupara el caso de la
bacteria yTrichosporon asahipara la levadura. Al seguir en el tiempo la degcath de
luteina y la aparicion de compuestos volatiles, posible ruta para la bioconversién del
carotenoide fue propuesta (Sanchez-Contretaal, 2000) [Fig. 2.4]. En este proceso, la

luteina es primeramente deshidroxilada para desgmilisve a cabo la ruptura oxidativa entre
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los carbonos 9 y 10 del anilf En este segundo paso se geflei@ona, norisoprenoide de
13 &tomos de carbono con un olor floral, que geedursor de los compuestos con aroma a
tabaco. A continuacion, la ionona es transformatta\es de dos reacciones consecutivas de
la siguiente manera: (1) reduccion del doble enéatee los carbonos 7 y 8 para formar la
7,8-dihidro$-ionona y (2) reduccion del grupo carbonilo paraegar el 7,8-dihidr@-ionol.

Al final del proceso cuatro compuestos fueron deraados en las siguientes proporciones:
B-ionona (9.4%), 7,8-dihidr@-ionona (3.5%), 7,8-dihidr@-ionol (84.2%) y 3-hidroxi3-

ionona (2.9%); de la aparicién de éste ultimo pebaluno se dio una explicacion (Sanchez-

Contreraset al, 2000).
OH

HO Deshidroxilacion l Latesm

IR Q

I
l Ruptura oxidativa

\J‘\\o

B-ionona l eyt /ij{\J\

3-hidroxi-B-ionona

)

7,8-dihidro-B-ionona l 2* reduccién

OH

7,8-dihidro-p-ionol

Fig. 2.4 Ruta propuesta para el proceso de biocmiga de luteina en compuestos con

aroma a tabaco (Sanchez-Contrestsal, 2000)
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Con el fin de elucidar el papel de cada microagyan dentro del proceso, la bacteria
y la levadura fueron cultivados en forma indepemieteniendo como referencia a la mezcla
microbiana (Maldonado-Robledet al, 2003). Para la produccion de los compuestos con
aroma a tabaco la participacion de ambos organisesasto indispensable. En el casoTde
asahii, inicamente se enconféonona en cultivos suplementados con luteinagesibargo,
la formacion de los productos reducidos de estgoesto no fue detectada. Por otro lado, la
produccion dg-ionona en cultivos dB. amylolyticuswunca fue observada, a diferencia de la
sintesis de los compuestos con aroma a tabacdicalreat la ionona al cultivo bacteriano. De
lo anterior se concluyd que el proceso de biocaidrrde luteina puede dividirse en dos

etapas [Fig. 2.5]:

» La oxidacion del carotenoide para la obtenciébnaléhona, llevada a cabo por la

levadura

* La hidrogenacion de dicho compuesto para la gerderate sus derivados reducidos,

de lo cual es responsable la bacteria

En el trabajo realizado por Maldonado-Robledo yalworadores (2003) no se
encontré a la 3-hidrofs-ionona Cabe mencionar que [Rionona posee propiedades
antimicrobianas (Larrochet al, 1995; Anzaldiet al, 1999), lo cual se corrobor6 en este
estudio para ambos microorganismos (Maldonado-Rlobé¢ al, 2003). Sin embargadl.
asahiimostré ser mas susceptible a bajas concentrac@tmeste compuesto, por lo cual, la
asociacion entre la bacteria y la levadura resldteayor beneficio para esta ultima. Una vez
establecido el papel d& amylolyticuen el proceso, la purificaciéon de la enzima respble
de la transformacion de Bionona en 7,8-dihidr@-ionona se llevé a cabo (Maldonado
Robledo, 2004). Con esto se apoyo la idea de qgueelpaconversion de la ionona en 7,8-
dihidro3-ionol se requieren dos reacciones de reducciotaenuales estan implicadas dos

enzimas diferentes [Fig. 2.5].
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B-ionona | g ;5000 2* parte
reductasa P, amylolyticus
S0
7,8-dihidro-B-ionona l
Reductasa 1T
OH

7,8-dihidro-B-ionol

Fig. 2.5 Etapas del proceso de acuerdo al microaigio (. asahiio P. amylolyticu¥ que
las realiza (Maldonado-Robledet al, 2003), incluyendo a las dos enzimas de la bacter

gue participan en la reduccion de fionona (Maldonado Robledo, 2004)

Con la finalidad de maximizar la produccion de ¢osnpuestos con aroma a tabaco,
empleando a la mezcla microbiana, se siguid unaodokigia clasica de disefio de
experimentos (Rodriguez-Bustamaeteal, 2005). Los componentes del medio de cultivo
fueron seleccionados como posibles candidatos gueieran alguna influencia, positiva o
negativa, sobre el proceso, para después aplicdelosde optimizacion, especificamente de
busqueda de titulos méximos [Fig. 2.6]. Dicho medipresenta una modificacién del
denominado YTN [Anexo 2] (Dasekt al, 1973) y estd compuesto por los siguientes
nutrientes: extracto de levadura (Y), triptona (€lpruro de sodio (N), glucosa (glc) y
elementos traza (ET). Para la obtencion del arfumeaindispensable la adicion de luteina (L)

al medio, antes de que éste fuera inoculado, PF&}.
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Componentes del
medio de cultive Cflm[.mesto
(Y, T, N, gle, ET) Aladida ()

N\ Z

Seleccion de factores | mummp Sinefecto

/ \ alguno
Efecto Efecto
positivo negativo

\ 7

Modelo para maximizar

|

Mayor produccién de los
compuestos con aroma a tabaco

Fig. 2.6 Metodologia utilizada para la maximizacide la produccion de compuestos con

aroma (Rodriguez-Bustamargeal, 2005)

Los resultados de este estudio sugirieron la o®Ristencia de mecanismos de
regulacién tanto por carbono como por nitrégendresda produccion del aroma a tabaco
(Rodriguez-Bustamantet al, 2005). Particularmente para el caso de glucesajio que
dicho compuesto ejercia un fuerte efecto negatitwesla bioconversion de luteina, a pesar
de su baja concentracion con respecto a los deutésmies. Dado lo anterior y debido a su
importancia fisioldgica, tanto en el aspecto nidrial como en el regulatorio, el azucar fue
tratado en forma separada, siguiendo un métodicalde variacion de un factor. A medida
gue la cantidad inicial del aztucar en el medio wlévo aumentaba, se registraron mayores
valores de concentracién de biomasa. Sin embaoyorespecto al consumo de luteina y la
generacion de los compuestos con aroma, se obgeavtendencia opuesta: mientras mayor
era la concentracion inicial de glucosa, tantoegrddacion del carotenoide como el titulo de

los productos disminuian (Rodriguez Bustamante5200
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3. OBJETIVOS E HIPOTESIS

3.1 Objetivo general

El presente trabajo pretende sentar las basepagoétan comprender el mecanismo,
ya sea debido a la inhibicién de la actividad dgialsistema enzimatico de asahiiy/o de
P. amylolyticuso bien por una regulacion que actue a otro nimelliante el cual la glucosa
ejerce su efecto negativo sobre el proceso de meecsion de luteina en compuestos con

aroma a tabaco.
3.2 Objetivos particulares

» Para determinar la existencia de alguna actividadmtica bajo el efecto de glucosa,
primeramente se debe identificar al microorganigfoasahii o P. amylolytic)s
sensible a dicha influencia, conociendo asi el pisdro de la ruta de bioconversion

del carotenoide afectado por la presencia del azlca

» Purificar dicho sistema enzimatico y caracterizgdocialmente para conocer el tipo

de proteina relacionada con este efecto.

» Probar una fuente de carbono distinta a glucosa gaer si el efecto negativo sobre
la produccion de compuestos con aroma a tabacecsi®o de azlcares, los cuales

pueden ejercer un fendmeno de represion por carbono
3.3 Hipotesis

Al pensar que la regulaciéon por glucosa se patkfzer a un fendmeno de represion
catabdlica y conociendo que la luteina es utilizamiao fuente de carbono, lo mas probable
es que la actividad enziméatica susceptible a didboto sea aquélla involucrada en la ruptura
del carotenoide, de lo cual es responsableasahii. Por otra parte, se cree que dicha
regulacion no se presentarianamylolyticusdebido a que I8-ionona no se emplea como
fuente de carbono y més aun, la conversion denadtecula en sus derivados reducidos (7,8-

dihidrof3-ionona y 7,8-dihidrg3-ionol) podria tratarse de un cometabolismo.
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4. ESTRATEGIA GENERAL

Para llevar a cabo el proyecto doctoral, alcaftmobjetivos propuestos y probar la
hipétesis planteada, se desarrollo la siguienteodadtgia, esquematizada a continuacion
[Fig. 4.1]:

Cinética de cultivos con diferentes
concentraciones iniciales de glucosa

Mezcla Microorganismos
microbiana l, l por separado
Verificacion del efecto negativo Identificacion del (de los) microorganismo(s)
de glucosa, previamente calculado por susceptible(s) al efecto de glucosa, asi como
métodos estadisticos, sobre la produccion el paso de la muta afectado por el aziicar
de compuestos con aroma l

Obtencion de extractos proteicos y sobrenadantes
concentrados a partir de cultivos donde s¢ haya
observado la menor y la mayor influencia de glicosa

l

Determinacion de la existencia de una posible actividad
enzimaitica sensible a la presencia de glucosa, mediante
la aplicacion de un método cualitativo y cuantitativo

l l

Purificacion, caracterizacion parcial y comparacion Probar si el efecto encontrado para glucoesa sobre dicha
con otras secuencias reportadas de la proteina actividad pudiera observarse al utilizar una fuente de
susceptible al efecto del azicar carbono no represora, como por gjemplo, glicerol

Fig. 4.1 Metodologia experimental del presente ajab
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5. MATERIALES Y METODOS

Articulo experimental derivado del proyecto doctora

En el articulo escrito por Rodriguez-Bustamant®iboradores (2009) [Anexo 1.3]
se muestran con mayor detalle las metodologiasezdas durante el proyecto doctoral.

Asimismo se incluyen los procedimientos no dese®to dicho trabajo.
5.1 Preparacion de la luteina

Para utilizar a la luteina como sustrato para@tgso de bioconversion, un extracto
6leo de la flor de cempasuchitl (eofc), rico erarotenoide (89%) y generosamente donado
por Industrial Orgénica S.A. de C.V., Nuevo LeérgXito, fue sometido a un tratamiento
para desesterificarlo (Rodriguez-Amaya, 2001). Teldproceso se llevo a cabo en ausencia
de la luz para evitar la descomposicion de lamateb00 mg del eofc fueron completamente
disueltos en 100 mL de éter de petréleo y a edteidéa se le afiadieron tres volumenes de
hidroxido de potasio (KOH) al 10% w/v en metand. mhezcla se sometié a agitacion muy
leve a 4°C durante toda la noche para posterioerteansferirla a un embudo de separacion
de 1-L. El alcali fue retirado lavando varias veces agua ultra-pura, previamente agitando
de manera vigorosa, y a continuacion, se esper@ealas fases (acuosa y organica) se
separaran. La interfase fue desechada, inclusivequeu exhibiera un poco de color
anaranjado, y se conservo la fase organica quéiextin color rojo intenso. A esta Ultima se
le agregd sulfato de sodio (PBD;) anhidro para quitar el excedente de agua, s® filt
(Whatman 40) y a continuacién, se transfiri6 a watraz bola de 250-mL para remover el
solvente (éter de petréleo) mediante el uso deotavapor (Jobling Laboratory Division)
bajo presion reducida y a 40°C. El material séladdenido fue recolectado en un frasco
ambar, pasando una corriente suave de nitrogerodemplazar el aire. A continuacion, el
material fue disuelto en 1 mL de diclorometano {CH) lo cual fue aplicado empleando un
tubo capilar a una cromatoplaca preparativa (2@@2Precubierta con gel de silice malla 60
Merck y eluida en una mezcla de fLH/acetato de etilo (AcOEt) (80/20). Como control se
aplicé un estandar de luteina (xantofila de alfedigma 70% de pureza) en un extremo de la
placa. La luteina del eofc fue detectada como otensa y abundante mancha amarilla que
mostré el mismo registro (Rf) del estandar, prosedd a raspar el segmento de silice

correspondiente al extracto. El carotenoide fugaékd utilizando 10 mL de acetona y
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posteriormente 20 mL de una mezcla de éter delpetdietiléter (1:1). La silice fue retirada
por filtracion (Whatman 40), colectando la luteimaevamente en un frasco d&mbar, para

después eliminar al solvente mediante una correrdge de nitrégeno.

Con la finalidad de cerciorarse que el materiaifisado se trataba de un carotenoide,
una minima fraccién del mismo fue disuelta en dtabsoluto y su espectro de absorcién fue
obtenido utilizando un espectrofotometro UV-Vis W6Bhimadzu equipado con un programa
que varia las longitudes de ondg.(Dado que varios carotenoides exhiben valores muy
parecidos de susnax €l material ademas fue caracterizado por espeetréa de masas. Esta
técnica se llevd a cabo en un aparato acoplado l@tteackard modelo 5945 A), mediante
impacto electronico (E) para posteriormente compararlo con estandare®midos en la
base de datos de espectros de masa del NIST/EPALN9B2).

5.2 Medios de cultivo

La composicion y la preparacion de los mediosudgvo empleados en este trabajo
se muestra en el Anexo 2. El medio utilizado parpreservacion de las cepas microbianas,
su activacion y los preinéculos fue el YTN formuwapor Dasek y colaboradores (1973).
Para los cultivos principales, se empleé un medigsadollado en un trabajo previo,
siguiendo una metodologia clasica de disefio deriexgetos con la finalidad de maximizar
la produccion de los compuestos con aroma (RodriBustamanteet al, 2005). A este
medio de cultivo se le denomind “medio Y mejoradoé forma simultanea, con la finalidad
de evaluar el efecto de glucosa sobre la produabéddrionona, se prob6é un medio minimo

para levaduras.
5.3 Preservacion de las cepas microbianas

Para preservar las cepas, se emplearon placasdie MI'N sélido. Por separado, los
microorganismosT(. asahiiy P. amylolyticu¥ fueron sembrados por extension en las placas,
incubandolos a 29°C durante 48 h. Transcurrido testepo, las cajas se rasparon con un asa
bacterioldgica, traspasando a los microorganismas bo de ensayo de 13 x 100 mm con
tapon de rosca que contenia 5 mL de medio YTN clicergl al 40%. Una vez
homogenizado, el medio conteniendo al microorgamifure distribuido en tubos Eppendorf

con capacidad de 1.5-mL, los cuales fueron almalmena -20°C.
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5.4 Activacion de las cepas microbianas

Del medio de conservacién de cada microorganismorad una alicuota de 0.1 mL 'y
se sembro por extension en placas de medio YTNadhcubandolas a 29°C durante 48 h.

5.5 Preiné6culos

Para la preparacion de los preindculos, utilizandaasa bacteriologica, se rasp6 al
microorganismo de las placas empleadas para actvdas cepas por separado. El
microorganismo fue resuspendido en 5 mL de solusdlima estéril al 0.85% w/v hasta
obtener una densidad 6ptica (DO) de 0.3 a una tlmhgile onda de 540 nm en un
espectrofotometro (Spectronic 21D). De esta sugpersasal, se sembraron 2.0 mL en
matraces Erlenmeyer de 250-mL con deflectoresiorgs, los cuales contenian 50 mL de
medio YTN liquido. Los in6culos fueron incubadosrahte 24 h a 29°C con agitacion

rotatoria @180 rpm (New Brunswick Scientific).

5.6 Cultivo principal

Segun el caso (mezcla microbiana o microorganispoosseparado), se emplearon
dos sistemas diferentes. Los indculos conservar@ndporcion microbiana encontrada en el
aislado original. Los cultivos con la mezcla midesta y los microorganismos por separado
se llevaron a cabo en botellas de vidrio con capacde 500-mL [Fig. 5.1a], conteniendo
300 mL del medio Y mejorado (Rodriguez-Bustamattal, 2005) [Anexo 2]. En ausencia
de la bacteria, se ha observado qué-ianona inhibe fuertemente el crecimiento de la
levadura (Maldonado-Robledet al, 2003). Por ello,T. asahiifue crecido en un sistema
formado por un matraz Erlenmeyer de 250-mL coned&dtes inferiores, que contenian 50
mL del medio mejorado o del medio minimo, disefiagpecialmente para la remocién del
norisoprenoide [Fig. 5.1b]. El desarrollo de dickistema permitié la publicacién de un
primer articulo experimental, el cual se incluye lanseccién de anexos (Rodriguez-
Bustamantest al, 2006) [Anexo 1.2].
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Fig. 5.1 Sistemas de fermentacion empleados pavaila cabo el proceso de bioconversion
de luteina. Botella donde se cultivaron la mensilerobiana yP. amylolyticus(a) y matraz

adaptado para la remocion y recuperacion@mnona al trabajar corT. asahii(b)

Para conocer la influencia de glucosa sobre ekgsm se probaron cuatro
condiciones: una sin la hexosa y tres con distiotesentraciones iniciales de la misma (5,
10 y 20 g/L). Al trabajar con ambos microorganisngason T. asahiipor separado, el eofc
fue afiadido al medio de cultivo justo antes deirseculado, a una concentracion de 190
mg/L, a partir de una solucion stock (22.4 mg/migparada en etanol absoluto y esterilizada
por filtracibn (membranas Millipore de 0.4Bn). En el caso de la bacteria, la luteina fue
sustituida poB-ionona (Sigma 95% de pureza), la cual fue tambesgterilizada por filtracion

(membranas Millipore de 0.45 mm) y suplementadaaaaoncentracion de 20 mg/L.
5.7 Cinéticas de cultivo

Cada 12 h se tomaron muestras para dar seguindeptoceso de bioconversion del
carotenoide. Los parametros a medir fueron la adreedén de biomasa, la concentracion
glucosa residual, la degradacién de luteina, lan&oion/conversion dé-ionona y la
produccion de sus derivados reducidos (7,8-dihi@fionona y 7,8-dihidrop-ionol). Los
detalles para la determinacion de cada parameo@entran descritos en el articulo citado
al inicio de este capitulo (Rodriguez-Bustamanital, 2009) [Anexo 1.3].
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Al observar que la levaduiia asahiise veia muy afectada cuando era cultivada en la
botella sin la presencia de. amylolyticus se llevaron a cabo cinéticas de crecimiento
mediante cuenta en placa. Cada 12 h se tomé unatmawke 1 mL, haciendo diluciones
seriales base 10 hasta la diluciérf Eh tubos de ensaye con 9 mL de solucién saligailest
al 0.85%. Estos tubos fueron mezclados por 15 skxpuen un agitador vortex y se tomaron
0.1 mL de las diluciones 7010* 10°y 108 para sembrarlos por duplicado. La siembra se
hizo por extension en placas con medio YTN solifloexo 2] y a continuacion, las cajas
fueron incubadas a 29°C durante 24 h para postegiaie contar las unidades formadoras de
colonias (UFC).

5.8 Identificacion de la actividad enzimatica senkie al efecto de glucosa

Una vez conocido el microorganismo y el paso ded# la ruta de bioconversion
susceptibles al efecto de glucosa, se procediésaabwna posible actividad enzimética
afectada por la presencia de la hexosa. De cultdo$. asahiicrecido en ausencia de
glucosa y a una concentracion de ésta de 20 g4 d&s casos con la menor y mayor
influencia del azucar, respectivamente, se trabajolos extractos proteicos y con el medio
libre de células. Lo anterior se llevd a cabo pasaocer si la ubicacion del sistema
responsable de la degradacion de luteina eradrérdracelular. Las células fueron separadas
del medio de cultivo por centrifugacion y los sotagantes fueron concentrados por
ultrafiltracion. Los extractos proteicos se obtueiea partir de la ruptura del paquete celular

mediante dos métodos: sonicacion y polvos de aaeton

Primeramente se empleé un método cualitativo ezual, mediante la aparicién de
halos de degradacion de luteina, se determiné actigidad responsable de la ruptura del
carotenoide era sensible al azicar. Dicho métodsisto en el uso de cajas Petri preparadas
con agarosa al 0.3% w/v disuelta en solucién aguatiora de fosfato de potasio (100 mM,
pH= 7.0) o de citratos (100 mM, pH= 5.0) y tefiiaan duteina a una concentracién de 100
mg/L. Para la tincién se prepard una solucion stitekuteina, emulsionando al carotenoide
en Tween80 y disolviendo la emulsién en ,CH. La proteina de las muestras (intra y
extracelulares) se cuantific6 por el ensayo decaditinconinico (BCA) para después
agregar la misma cantidad (1p@) a discos de papel filtro (Whatman 40) de 1.5dsn
didmetro. Los discos fueron colocados en el cetdrdas placas y después de incubarlas
durante 24 h a 29°C, misma temperatura a la ceakemi lugar las fermentaciones, la

aparicion de halos fue verificada. El proceso deahacion se llevé a cabo en ausencia de luz.
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La actividad degradadora de luteina fue deternainadpectrofotométricamente,
siguiendo un método reportado por Zetral. (2003a) parf-caroteno. La disminucion de la
absorbancia del carotenoide a 453 nm fue monitaradd largo del tiempo durante 120 min.

Una vez transcurrido este tiempo, la actividad $&) cuantifico aplicando la siguiente

relacion:
= ﬂA 1"!7 Elal-]
T T At Vseb

dondeAA/At es el cambio en la absorbancia a través del tep el volumen total del
ensayo, Vs; el volumen de muestra que contienenara; €, el coeficiente de extincion
molar de la luteina en la emulsién acuosa; y laneho de la celda. El factor de®1se
emplea para obtener las unidades de actividad étizemen mU/mL, definiendo a U como 1
pumol de luteina degradada por minuto. El coeficietgextincion molar del carotenoide fue
obtenido experimentalmente, midiendo la absorbarziaiferentes concentraciones y
posteriormente calculado, aplicando una regredigeat a la ley de Lambert-Beer. Cabe
mencionar que dado que los coeficientes molaresrteps para distintos carotenoides
poseen valores altos (Rodriguez-Amaya, 2001) fuwessio utilizar concentraciones muy
bajas de luteina para que la lectura de su absmebpundiera entrar en el limite de deteccién
del espectrofotémetro (Spectronic 21D).

5.9 Electroforesis en geles de policacrilamida (PAS

Con el fin de comparar los perfiles de proteintsagelular derivados de cultivos @e
asabhii crecidos en las dos condiciones probadas (ausdaajucosa y a una concentracion
inicial del azucar de 20 g/L), se corrieron gelespoliacrilamida al 10% bajo condiciones
nativas y desnaturalizantes a amperaje constaate €vitar alguna interferencia en la
actividad enzimatica debida al persulfato de amdRiBA) y/o al tetrametiletilendiamina

(TEMED), los geles nativos fueron precorridos dtea30 min previo a cargar las muestras

de proteina.
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5.10 Zimogramas

Para detectar la banda de proteina con la adividegradadora de luteina,
primeramente se llevd a cabo una electroforesgeede poliacrilamida bajo condiciones no
desnaturalizantes. A continuacién, el gel nativ$abrepuesto en uno de agarosa tefiido con
luteina y preparado de forma idéntica a como sézaean las placas para el ensayo
cualitativo. El gel de agarosa, con un grosor eatye3 mm, se prepard en un recipiente de
plastico de 20x20 cm, el cual fue tapado para geste de la luz y se incub6 durante 24 h a
29°C.

En base a nuestra hipotesis de que la proteinaoneable de la ruptura del
oxicarotenoide pudiera tratarse de una peroxidasapuscé de forma simultanea por
zimograma, tal actividad (Manchenko, 1994). Estetooh® de deteccion se basa en la
aparicion de bandas de color marrén intenso, @&srae la siguiente reaccion: Donador +
H,O, - Donador oxidado (visible) + 2K, en la cual el guayacol fue empleado como
donador. Para ello, se emple6 una solucion de 6tin@ompuesta por 100 mL de
amortiguador de acetato de sodio (50mM, pH=5.0),m& de guayacol y 0.75 mL de
peréxido de hidroégeno @a,) al 3%. El gel nativo se sumergio6 en la soluciértidcion y se
incub6 a temperatura ambiente en oscuridad, hastpdricion de las bandas, después de lo

cual se lavé con agua bidestilada y se fij6 eregical 50%.

Greiner y colaboradores (1992) han utilizado cometodologia alterna para la
deteccidn de peroxidasas, la busqueda de actidieladtalasa, por lo cual, un protocolo para
detectar dicha actividad (Harris y Hopkinson, 19fli® seguido. Para esta técnica, una vez
que se llevo a cabo la electroforesis en condisiore desnaturalizantes, el gel se fij6 con
una solucion de metanol al 5% durante dos minuéogiagandolo después con agua
bidestilada. A continuacion, se le adicionaron 3b de una solucién 10 mM de .8,
incubando por cinco minutos. Transcurrido este piem después de lavar una vez con agua
bidestilada, el gel se sumergi6 en volumenes igyuale este caso 10 mL, de una solucion de
ferrocianuro de potasio al 2% y de una solucidrcldeuro férrico (FeG) al 2% hasta la
aparicion de las bandas. Cabe mencionar que estelonge basa en una tincion negativa, por
lo cual las bandas de actividad permanecen incolorientras que el fondo adquiere una

coloracién azul intensa. Por ultimo, para deteagedccion se adiciono6 acido acético al 10%.
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5.11 Determinacién de los parametros de maxima aeidad de ruptura de

luteina

Previo a la purificacion de la(s) enzima(s) resadte(s) de la degradacion de luteina,
los parametros de temperatura y valor de pH de magtividad fueron buscados. La
determinacion del valor de pH de mayor actividadireatica consisti6 en cambiar la
solucion amortiguadora de reaccion segun el pHial ge quisiera efectuar la reaccion. Para
ello se emplearon distintas soluciones amortigueslen un intervalo de pH entre 3.0 y 8.0.,
particularmente, acido citico/acetato de sodio & para pH de 3.0, 4.0 y 5.0; &cido
acético/acetato de sodio 50 mM para 4.0 y 5.0; 3HR&,/NaH,PO, 100 mM para valores
de 6.0, 7.0 y 8.0. Como se describié anteriormdatalisminucién de la absorbancia fue
monitoreada espectrofotométricamente a temperatataente; sin embargo, el tiempo de la
prueba se redujo a 15 min. Por otra parte, pararmdetar la temperatura de maxima
actividad, se llevo a cabo la reaccion de ruptwiacdrotenoide, a diferentes temperaturas,
dentro de un intervalo entre 10 y 60°C. En este,cs utilizé un espectrofotometro (UV-Vis
160U Shimadzu) con bafio de agua integrado y lacwmiuamortiguadora en la cual se
encontré el valor de pH de mayor actividad. Antesimiciar la lectura, el sistema fue

preincubado durante dos minutos a la temperaturasdeion.

5.12 Purificacién de la proteina responsable de lactividad enzimatica
sensible al efecto de glucosa

Una vez identificadas ciertas proteinas como d¢aibfes responsables de la ruptura de
luteina y susceptibles a la presencia de glucosdiamte PAGE y zimogramas, se desarrollé
un protocolo para la purificacién de las mismasaRma mayor produccion de proteiiia,
asahii fue crecido en matraces de 2.8-L, tipo Fernbacohtemiendo 800 mL del medio Y
mejorado, sin glucosa. El protocolo constdé de lampiisntes pasos: (1) precipitacion
fraccionada con sulfato de amonio, (2) doble sep@ma por punto isoeléctrico
(isoelectroenfoque) y (3) cromatografia de afinifiatercambio idnico), verificando después
de cada uno, el contenido de proteina y la activida ruptura de luteina de todas las
muestras colectadas. Para determinar esta actigs@aibuio la técnica espectrofotométrica
descrita anteriormente, bajo los parametros de ptényperatura de méxima actividad,
durante 15 min. Los detalles de cada paso de gacifin se encuentran descritos en el

articulo mencionado al inicio del capitulo (RoddgtBustamantet al, 2009) [Anexo 1.3].
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Cabe mencionar que para el ultimo paso de puriibaécromatografia de afinidad) se
probaron dos tipos de columnas: (1) intercambidwoib (HiTrap SP) y (2) intercambio
anioénico (HiTrap Q). Al final del proceso, la puaede la enzima fue comprobada mediante
PAGE bajo condiciones desnaturalizantes, siguiegldprocedimiento para electroforesis
descrito anteriormente.

5.13 Secuenciacion de la proteina responsable dedatividad enzimatica

sensible al efecto de glucosa y comparacion conadrsecuencias reportadas

La secuenciacion de la proteina recién purificsaldevd a cabo como se describe en
el articulo derivado del trabajo doctoral (RodriBeistamanteet al, 2009) [Anexo 1.3],
mediante espectrometria de masas, empleando pdoa dels métodos: MALDI
(desorcidén/ionizacién laser asistida por matriz)FT@empo de vuelo) y LC (cromatografia

liquida)/ESI (ionizacion por electrospray).

La comparacién con otras secuencias proteicaeaed utilizando el programa
informatico BLAST (herramienta para el alineamiedésecuencias de tipo local) (Altschul

et al, 1997) con el algoritmo fijado en “blastp” (comaeidn de proteina/proteina).

5.14 Espectro de absorcion de la proteina respondabde la actividad

enzimatica sensible al efecto de glucosa

El espectro de absorcibn de la enzima purificada obtuvo empleando un
espectrofotdmetro (UV-Vis 160U Shimadzu) equipada an programa capaz de variar la

longitud de ondaX), en un intervalo entre 300 y 600 nm.

5.15 Caracterizacion del producto de reaccion de lgrueba in vitro,

utilizando la enzima purificada

En base al método para medir la actividad de degrén de luteina, el volumen total
del ensayo se escal6 ascendentemente a 5 mL. ddgoree realiz6 en un tubo de ensayo de
tapdn de rosca con capacidad de 20-mL, bajo I@ampetros de temperatura y valor de pH de
maxima actividad. Transcurridos 45 min de reaccgmprocedié a la extraccion del (los)
producto(s), adicionando un volumen igual al volometal del ensayo, de una mezcla de
dietil-éter/éter de petroleo (1:1). La fase organse separ6 de la acuosa mediante

centrifugacion y el solvente fue eliminado mediaumta corriente suave de nitrégeno.
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Para la identificacion del producto, el extractmémico fue analizado en un
cromatografo de gases (Hewett-Packard 5890 sediesifuiendo un programa de
temperaturas descrito en el trabajo de RodriguestalBuante y colaboradores (2006) [Anexo
1.2]. La espectrometria de masas se realiz6 eetectdr de masas (Hewlett-Packard modelo
5945 A), utilizando la técnica de impacto de elwds (El) para posteriormente hacer la
comparacion con estandares contenidos en la basdgatds de espectros de masa del
NIST/EPA/NIH (1992).

5.16 Cultivos deT. asahii empleando una fuente de carbono no promotora

de represion catabdlica

Para evaluar si el efecto negativo sobre el pmeea exclusivamente ejercido por
glucosa, se selecciond al glicerol como fuente albano alternativa. EI microorganismo
susceptible a la influencia del azucar, es déciasahij fue crecido tal como se describid
anteriormente, utilizando el medio Y mejorado el lultivos principales. Para este
experimento, la glucosa fue sustituida por glicemllos cultivos de la levadura, probando
dos casos: uno sin la adicién de glicerol y otro ghicerol a una concentracién de 20 g/L.
Como puede apreciarse, la primera condicién cooredp al caso 1 de los experimentos
anteriores mientras que la segunda corresponde canieentracion mas alta de glucosa
evaluada previamente, es decir, al caso 4. Cadh 4@ tomaron muestras, midiendo la
concentracion de biomasa y calculando la activitiadegradacion de luteina en los filtrados

proteicos libres de células.
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6. RESULTADOS

La mayor parte de los resultados del proyectoalakse muestran en los articulos
derivados de nuestro trabajo de investigacion (lgade-Bustamantet al, 2006; 2009) [ver
Anexos 1.2 y 1.3]; sin embargo, con el fin de ftailla lectura de los mismos, en las
secciones de este capitulo, dichos resultados eorertados brevemente. Aquéllos no
mostrados, como el caso de las cinéticas de condargtucosa, o bien, no incluidos en estos

trabajos, son descritos en detalle.

6.1 Caracterizacion del sustrato (luteina) obtenidalel extracto 6leo de la

flor de cempasuchitl

Una vez que se siguio el protocolo para la desfisaeion del eofc, se obtuvo el
espectro de absorcion del sustrato disuelto erokefgig. 6.1]. Las longitudes de onda que
exhibieron un valor de absorbancia méxinign.{) fueron en nm, 425, 453 y 484,
nombrandolas respectivamente |, Il y lll. Al comgraestos valores, asi como el porcentaje
del 62.3 % entre los picos Il y Il (% lII/ll), codatos reportados en la literatura para el

mismo solvente (Britton, 1995), se constatd quadastra correspondia a un carotenoide.
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Fig. 6.1 Espectro de absorcion del material obtengpartir de un eofc disuelto en etanol,

sefialando con niumeros romanos las tres longitudesnda maximas
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Los resultados de la espectrometria de masasammstios siguientes valores; m/z
568 (M) y 550 (M-HO)" [Fig. 6.2], con lo cual se pudo constatar queustrato se trataba

del oxicarotenide luteina.

Fig. 6.2Espectro de masas del material obtenido a partiudeofc
6.2 Efecto de glucosa sobre la mezcla microbiana

Al crecer a la mezcla microbiana a diferentes eotraciones iniciales de glucosa, se
observo que a medida que la concentraciéon del naical medio de cultivo aumentaba, el
crecimiento microbiano se vio favorecido. La deg@dn de luteina, asi como la produccién
de los compuestos con aroma a tabaco, se vierosidesablemente afectados por la
presencia de glucosa en el medio [Anexo 1.3]. Randicion en la cual no se adicioné
glucosa, al medio de cultivo, denominada caso Irufgura del carotenoide tuvo lugar
después de las 24 h del proceso. Los casos 2gn3jlacosa a una concentracion de 5y 10
g/L, respectivamente, la degradacién de lutein@ tugar sélo hasta que el azucar fue
consumido en su totalidad [Fig. 6.3], en particd@rh después. En la condicién con la
concentracién de glucosa mas alta (caso 4), a pesgue el azlicar habia sido consumido
[Fig. 6.3], no se encontré ruptura del carotengiesiblemente porque el tempo de muestreo

no fue suficiente para ello.
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Fig. 6.3 Glucosa residual a lo largo del tiempocaécer a la mezcla microbiana (60 rpm,
29°C) probando un caso sin glucosg { tres con distintas concentraciones iniciale$ de
azucar (g/L): 54), 10 (A) y 20 )

6.3 Efecto de glucosa sobré€. asahii

Al trabajar conT. asahiise observo que la concentracion de biomasa [Hg] § la
glucosa residual [Fig. 6.4b] exhibian tendenciay similares a las de la mezcla microbiana.
La biomasa y el tiempo para el consumo total deétazaumentaban mientras mayor fuera la
concentracion inicial de glucosa. El azucar no die¢ectado después de 60, 72 y 84 h,
respectivamente, para las condiciones 2, 3 y 4¢akb 1, al cual no se le adicioné glucosa,
llamo nuestra atencion ya que a lo largo del pmdasconcentracion de biomasa permanecio
practicamente constante. Lo anterior nos hizo pemsa la levadura no era capaz de crecer

en estas condiciones, posiblemente por la careetiazicar en el medio de cultivo.
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Fig. 6.4 Concentracion de biomasa (a) y glucosadwes (b) a lo largo del tiempo al crecer
a T. asahii (60 rpm, 29°C) probando un caso sin glucog y tres con distintas

concentraciones iniciales del azucar (g/L):a5,(10 (A) y 20 @)

La ruptura de luteina y la produccion figonona no mostraron los resultados
esperados en cuanto a las cantidades del carodedegtadado [Fig. 6.5a] y de la ionona
generada [Fig. 6.5b]. En ninguno de los casos pimbda luteina fue degradada en su
totalidad [Fig. 6.5a], lo que se tradujo en unadpozion def-ionona [Fig. 6.5b] muy por
debajo del valor teérico maximo de 65 mg/L. Endadicion sin glucosa (caso 1), la ruptura
del carotenoide comenzo transcurridas las 24 impiiedespués del cual, la concentraciéon de
la luteina residual se mantuvo sin cambio, alcasth@ama degradacion del 12% y solamente
un 9% del valor esperado de la ionona. Esto pakjidicarse dado a que en esta condicion,
el crecimiento de la levadura fue nulo, Sin embaggolos casos 2 y 3, condiciones en las

cuales T. asahii fue capaz de crecer, tampoco se encontré una disyba total del
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carotenoide, siendo el valor maximo alcanzado @b Zon respecto a la concentracion
inicial de la luteina suplementada y del 13% eaciéh a la produccion tedrica @eonona.
Curiosamente, en ambos casos, la ruptura de lut@alugar hasta que la glucosa dej6 de
estar presente en el medio [Fig. 6.4b]. Para lalicam con la concentracion méas alta de
glucosa (caso 4), no se detectd la ruptura denkuteiila generacion de la ionona. De manera
anéloga a lo observado con la mezcla microbiana @ste caso, a pesar de que el azicar ya
habia sido consumido totalmente, posiblementeesigd de muestreo no fue suficiente para

observar la degradacion del carotenoide.
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Fig. 6.5 Luteina residual (a) y produccién @@onona (b) a lo largo del tiempo al crecer a
T. asahii (60 rpm, 29°C) probando un caso sin gluco { tres con distintas

concentraciones iniciales del azucar (g/L):a5,(10 (A) y 20 @)
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Trabajando con los microorganismos por separagaesostrd que al adiciongf
ionona, inclusive a concentraciones bajas, a adtdeT. asahij el microorganismo fue muy
susceptible a este compuesto (Maldonado-Roké¢dd, 2003). En dicho trabajo, cuando se
cultivé a la levadura en presencia de luteinaredimiento de la misma no se vio afectado.
Cabe mencionar que la concentraciéon del carotendgtitieada por Maldonado-Robledo y
colaboradores (2003) era practicamente nueve vees®r a la que se empled para este
estudio. Por lo anterior se pensé que en ausercia bacteria y a altas concentraciones de
luteina, la ruptura de este compuesto daba comdtads la generacién d@-ionona en
cantidades inhibitorias para el crecimientoTdeasahii Con la finalidad de comprobar esta
idea, se realiz6 una cinética de crecimiento dievadura mediante cuenta en placa [Fig.
6.6]. La degradacion de luteina y por ende, la ycohn def-ionona, traian consigo una
drastica disminucion de las unidades formadorasottenia (UFC). Como se muestra en la
figura 6.5, la ruptura del carotenoide es depenédielel tiempo en que la glucosa ha sido
consumida totalmente. Por ello, en el caso 1 @iadicion del azucar) el descenso en el
namero de UFC tuvo lugar antes que en las condisi@y 3, especificamente a las 24 h,
tiempo en el cual comenzo la degradacion de lutéioecasos 2 y 3 también exhibieron esta
tendencia, es decir, la disminucién en el nimer®&BE a las 60 y 84 h, respectivamente,
coincidié con la ruptura del carotenoide. Debidyua en el caso con la mayor concentracion
de azlcar no se detectd ni degradacion de lutégiatesis dg8-ionona, el crecimiento dE.

asahiino resultoé afectado.

1.00E+12 -

1.00E+09

1.00E+06

UFCimL

1.00E+03

1.00E+00 - . ; :
0 24 48 72 96
Tiempo {h)

Fig. 6.6 Cuenta en placa de asahiial crecerlo en botella (60 rpm, 29°C) probandoaaso
sin glucosa¢) y tres con distintas concentraciones inicialesad®icar (g/L): 5 &), 10 (A) y
20 (o)
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Para continuar con el estudio del efecto negatjercido por la glucosa sobre la
levadura, se llevo a cabo el disefio de un sistenga pgrmitiera la remocion de dicho
compuesto (Rodriguez-Bustamaeteal, 2006). Cuando se utilizé el material adsorbelate
silice denominado MCM-41, cuyas caracteristicaslasnle poseer tamafios de poro (15-100
A) y areas superficiales (>1000°ig) altos, asi como un arreglo hexagonal en suasta
(Kresgeet al, 1992), la recuperacién de la ionona fue altamefitiente (mas del 98% del
valor de produccién tedrica) [Anexo 1.2]. El maerMCM-41 tuvo una capacidad de
adsorcion del norisoprenoide de casi 5 veces mayersu contraparte comercial de silice,
atribuyendo esto a su arreglo ordenado mas quetiasarea superficial ya que al igualar las
areas de los adsorbentes probados, la cantidad @mdna recuperada no fue la misma.
Asimismo, la no degradacién del carotenoide poreladura, traducida en un fuerte
desperdicio de la materia prima, fue eliminadssig§tema disefiado representé una aplicacion
novedosa para los materiales mesoporosos, lossduatesido tradicionalmente utilizados en
procesos de adsorcion pero que hasta ahora, nab&@misido probados para la recuperacion

de compuestos con aroma (Rodriguez-Bustanerak 2006).

Al crecer aT. asahii empleando dicho sistema, nuevamente se observéelque
crecimiento del hongo se veia favorecido por laagda. El tiempo para el consumo del
azucar [Fig. 6.7] fue menor en comparacion a cudadevadura era crecida en la botella,
siendo de 12, 24 y 36 h, respectivamente, pareaess 2, 3y 4. Esto puede ser atribuido a la
mejor oxigenacion de los cultivos obtenida al inoeatar la agitacion y el espacio de cabeza.
La ruptura de luteina sélo ocurri6 una vez que llecapa habia sido consumida y la
generacion d@-ionona, a pesar de alcanzar valores similare®®ruatro casos probados,

mostré una dependencia con respecto al tiempomsinow del azlcar [Anexo 1.3].
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Fig. 6.7 Glucosa residual a lo largo del tiempo @akcer aT. asahii (180 rpm, 29°C)
probando un caso sin glucose)(y tres con distintas concentraciones inicialet agicar
(9/L):5 @), 10 (A)y 20 )

6.4 Efecto de glucosa sobre. amylolyticus

Al igual que en los casos anteriores (mezcla rhiara yT. asahi) el crecimiento
bacteriano resultd beneficiado por la glucosa. &mnto al consumo del azucar [Fig. 6.8],
comparado con la mezcla microbiana, se registn@waso de 12 h para las condiciones a las
cuales la glucosa fue suministrada. El azUcardtanente consumido a las 72, 84 y 96 h,
respectivamente, para los casos 2, 3y 4. En basbajos anteriores (Maldonado Robledo,
2004; Rodriguez Bustamante, 2005) se cree querestso tiene lugar debido a que las
condiciones de temperatura (29°C) a las cualesrsee ca la bacteria no son las mas
adecuadas. En el proyecto de investigacion reaizaat Gabriela Maldonado (20049,
amylolyticusfue cultivado a 37°C; sin embargo, esta tempeaatar fue utilizada para el
presente trabajo debido a que dicho aumento ocsaonna pérdida considerable de los
productos (7,8-dihidr@-ionona y 7,8-dihidrg-ionol). Contrario a lo observado cuando se
trabajé con ambos microorganismos y dorasahiirespecto al efecto negativo de la glucosa
sobre la ruptura del carotenoide, la transformadiéna ionona en sus derivados reducidos,
por P. amylolyticusmostré un comportamiento distinto. La reducciénap-ionona ocurria
primero mientras mayor fuera la concentracion détar en el medio de cultivo, es decir, en
el caso con la concentracion mas alta de glucasaduccion de la ionona tuvo lugar antes

gue en las demas condiciones probadas (casos 3), [Apexo 1.3].
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Fig. 6.8 Glucosa residual a lo largo del tiempocaécer aP. amylolyticus(60 rpm, 29°C)
probando un caso sin glucose)(y tres con distintas concentraciones iniciales agicar

(Q/L):5 (@), 10 (A)y 20 )

6.5 Efecto de glucosa sobre la ruptura de luteina

Métodos cualitativos

Con los experimentos anteriores se concluyé quaieloorganismo susceptible al
efecto de glucosa sobre la produccién de aroma§.eagahij posiblemente, la influencia
negativa del azucar tendria lugar en el paso deinaipxidativa de la luteina. Para ello, se
seleccionaron las condiciones probadas con el m@aso 1, sin glucosa adicionada) y el
mayor (caso 4, glucosa a una concentracién de 120efécto negativo sobre el proceso.
Estos casos fueron seleccionados en base a lokadesuderivados de las cinéticas de
cultivo. Las células y los sobrenadantes fueroredusdos a las 48 h, tiempo en el cual, para
el caso 1, el carotenoide habia sido completanmdageadado mientras que para el caso 4, la
ruptura de luteina aun no habia tenido lugar. Madian método cualitativo, basado en la
aparicion de halos de degradacion en placas desmaenidas con luteina, se detecto la
actividad enzimatica responsable de la rupturacdedtenoide [Fig. 6.9]. El ensayo resultd

indistinto en relacion a los dos valores de pH adas (5.0 y 7.0).
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Fig. 6.9 Deteccion de la actividad responsablealauptura de luteina mediante la aparicion
(a) o ausencia (b) de halos de degradacion del tegride

En el siguiente cuadro [Tabla 6.1] se presentarrdgultados encontrados mediante
esta metodologia. Como controles negativos seartiln muestras sin proteina o bien con la
proteina desnaturalizada por temperatura. La detiviesponsable de la ruptura de luteina
fue localizada extracelularmente, ya que en losaetds proteicos obtenidos de ambas
condiciones (caso 1y 4) no se detectaron halaededacion. Estos sélo fueron observados
en los sobrenadantes derivados de cultivosT dasahiia los cuales no se les adiciond
glucosa, mientras que en el medio libre de célutddenido de un cultivo con una
concentracién inicial del azucar de 20 g/L, no stectd la aparicion de dichos halos. Lo
anterior apuntaba a la actividad enzimética respjdasde degradar a la luteina como el
blanco del efecto negativo de la glucosa. Adiciomeaite, para estudiar la inducibilidad de
dicha actividad se creci6 a la levadura en ausalecglucosa y con la concentracion mas alta
del azacar, sin embargo, en ninguno de los casoaretenoide fue adicionado. Al no estar
presente la luteina en el medio de cultivo, lavatdad degradadora no fue detectada, incluso
en los sobrenadantes obtenidos a partir de culuogglucosa, sefialando al carotenoide
como posible inductor.

Tabla 6.1 Deteccion de la actividad de ruptura deeina a partir de un método cualitativo

basado en la aparicion (+) o ausencia (-) de halesdegradacién

CONTROLES Y Extracto proteico  Sobrenadante
CONDICIONES DE CULTIVO
Controles negativt - -
Luteina sin glucos - +
Luteina + glucosa (20 g/L) - -
Sin luteina y sin glucosa - -
Sin luteina y glucosa (20 g/L) - -

41



Cuando se compararon mediante electroforesis leteggoliacrilamida (PAGE), los
perfiles de proteina extracelular de sobrenadatgd@s asahiiderivados de los casos 1y 4 se
observaron claras diferencias tanto en condicioma&$vas como desnaturalizantes. Lo
observado bajo condiciones desnaturalizantes ss@ith en el siguiente apartado. Para las
condiciones nativas, en el filtrado proteico lilke células obtenido del caso sin glucosa (1)
se encontré que el nUmero de bandas de proteimaagmr a su contraparte del caso con la
concentracién mas alta del azucar (caso 4) [Fifd&§. De manera analoga a la metodologia
basada en la aparicion de halos de degradaciontéi®d en cajas de agarosa, se buscé la
actividad de ruptura en el gel nativo, empalméandolm gel, también de agarosa tefida con
el carotenoide. Los resultados obtenidos mediaste eétodo mostraron una enorme
variabilidad entre cada ensayo. En concordanaeregortado por Sdnchez Contreras (2001)
para filtrados libres de células derivados de ‘wodti mixtos, en algunos ensayos la
degradacion de luteina no fue detectada. En otesosc la aparicion de zonas de
blanqueamiento a lo largo de todo el gel de agdresan observadas, contrario a las bandas
bien definidas, obtenidas de sobrenadante®.deryngiiy M. scorodonius(Zorn et al,
2003b; Scheibneet al, 2008).

Por la falta de contundencia del experimento &ntgr en base a los hallazgos en
basidiomicetos referentes a la degradaciéfi-daroteno por accién de peroxidasas (Zetrn
al., 2003b; Scheibnest al, 2008), se recurrio a la busqueda de tal activjztar zimograma
(Manchenko, 1994) [Fig. 6.10b]. La presencia de baada de proteina con actividad de
peroxidasa se registré Unicamente en sobrenaddetesdos del caso 1, mientras que para
los obtenidos de la condicion con la mayor coneeiin de glucosa, ésta no fue detectada.
Al observar que cuando se adiciongQHl al filtrado proteico diluido en la solucion
amortiguadora de acetato de sodio (pH=5.0) tuvarlleyproduccién de un intenso burbujeo,
se procedib a detectar la posible actividad deassagpor zimograma (Harris y Hopkinson,
1977). Al igual que en el ensayo especifico pataiEqueda de peroxidasas, la actividad de
catalasa solo fue visualizada en el medio libreéalas obtenido del cultivo al cual no se
adiciond glucosa [Fig. 6.10c]. Con esto se evidenke existencia de una proteina
extracelular, sefialada con una flecha en la fiut@, con posible actividad de peroxidasa o
catalasa, que representaba el blanco del efectatinegdel azucar, ya que en los
sobrenadantes derivados de cultivosTdeasabhiicrecidos en glucosa, ni la proteina ni las

bandas de actividad fueron detectadas.
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Fig. 6.10 PAGE en condiciones no desnaturalizadeesobrenadantes derivados de cultivos
deT. asahiicrecido en ausencia (C1) o a una concentraciofudaga de 20 g/L (C4) tefiidos
con azul de Coomassie (a) y revelados para deteadédactividad de peroxidasa (b) o de

catalasa (c) MPM- marcador de pesos moleculares
Método cuantitativo

A pesar de que la degradacion de luteina no fuec@dela por medio de un
zimograma, la técnica de las cajas de agarosaOreyat la actividad de ruptura del
carotenoide era susceptible a la presencia delazAccontinuacion se procedié a buscar
esta actividad en los sobrenadantes obtenidosltieoswle la levadura a los cuales no se les
adicion6 glucosa (caso 1) o bien, a los crecidosia concentracion del azucar de 20 g/L
(caso 4) a través de un método espectrofotométhmvamente se emplearon como
controles negativos muestras sin proteina o biem leo proteina desnaturalizada por
temperatura. En ninguno de estos casos se regismodisminucion significativa de la
absorbancia de la luteina. Como fue observado ®mngayos cualitativos, Unicamente se
encontré que la absorbancia del carotenoide decetaitilizar el sobrenadante obtenido del
caso 1. Para el filtrado de proteina libre de eéldlerivado del caso 4, la lectura permanecié
practicamente constante, al igual que en los clestregativos [Fig. 6.11] y el leve descenso
registrado en la absorbancia puede ser atribuitho susceptibilidad de las moléculas de
carotenoides a ataques no especificos ocasionamkiBlgmente por las condiciones del
ensayo. Con el fin de conocer si el efecto negadjeccido por la glucosa correspondia a un
mecanismo inhibitorio, se agregd el azlcar a laicgdh amortiguadora del ensayo. El
sobrenadante derivado del caso 1 exhibio el misongportamiento con o sin la adicion del

azucar, descartando a la inhibicion enzimético cpogible explicacion para este efecto.
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Absorbancla

Tiempo {min)

Fig. 6.11 Ensayo espectrofotométrico para la busquee la actividad de ruptura de luteina
en filtrados obtenidos de cultivos de asahiicrecidos en ausencia de gluco%d ¢ a una
concentracioén inicial del aztcar de 20 g/e)(Los controles negativos se muestran en una

sola linea punteada (s¢) y el caso al cual se amliéi el azUcar durante la prueba

corresponde a la linea quebrada (--)

Previo a calcular la actividad de degradacion adebtenoide mediante la formula
descrita en el capitulo anterior, se determino exmatalmente el coeficiente de extincion
molar de la luteinagj en la emulsion acuosa. Mediante una regresi@alide la ley de
Lambert-Beer el valor obtenido pagdue de 52,000 L mdicm?, el cual corresponde a la

pendiente de la linea recta [Fig. 6.12].
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Fig. 6.12 Determinacion del coeficiente de extincmolar €) de la luteina mediante una
regresion lineal de la ley de Lambert-Beer, modii@aria ecuacion de la recta y su

coeficiente de correlacion

44



Con la determinacién del coeficiente de extincimolar del carotenoide y el
seguimiento a lo largo del tiempo de la disminugdi@su absorbacia\Q@/At), la actividad
degradadora de luteina pudo ser cuantificada. Il ealculado para la actividad de ruptura
observada en el sobrenadante derivado del case deflD.72 mU/mL, mientras que para el
medio libre de células proveniente del caso 4,dee0.04 mU/mL, 32 veces menor con
respecto al valor anterior. De aqui que se concdugee en el proceso de bioconversion de
luteina en compuestos con aroma, la degradaciéimaética del carotenoide resultara

afectada por la presencia de glucosa mediante ganisno no inhibitorio.

Para seguir explorando este fendmeno, los perfiles proteina extracelular
proveniente de las dos condiciones de glucosa gesb@asos 1y 4), fueron sometidos a una
electroforesis en gel de poliacrilamida bajo coiwdies desnaturalizantes. Como se
menciond para la electroforesis en condicionesvasitiel nimero de bandas de proteina
observadas en el sobrenadante del caso 1 era emid@mente mayor en relacion al del
filtrado derivado de cultivos de la levadura cracaduna alta concentracion del azucar. Una
banda que exhibia un peso molecular alrededor d#®40lamd nuestra atencion ya que a lo
largo del tiempo, su concentracion aumentaba jontola actividad de ruptura de luteina.
Por las siguientes razones: (1) la actividad deadtgion del carotenoide sélo fue registrada
extracelularmente, (2) el efecto negativo del azGoano un mecanismo inhibitorio de dicha
actividad habia sido descartado y (3) dicha bamdardteina se encontré en el sobrenadante
procedente del cultivo crecido en ausencia de ghcse propuso como posible explicacion
que la influencia negativa de la glucosa sobre@igso se debiera a un mecanismo de RCC.
Dado que los hallazgos anteriores apuntaban ataipa cuyo peso molecular se encontraba
alrededor de 40 kDa como la responsable de la dagi@ del carotenoide y a su vez, como
la susceptible a efecto del azucar, se procedififigarla y caracterizarla parcialmente para

conocer su naturaleza.

6.6 Determinacion de los parametros de maxima actdad de ruptura de

luteina

Previo a la purificacién de la enzima capaz deatisy al carotenoide y sensible a la
influencia negativa de glucosa, se determinarorpasdmetros de mayor actividad. El valor
de pH y la temperatura a los cuales la proteiné@xta ruptura més alta fue de 5.0 y 35°C,
respectivamente [Fig. 6.13]. Con respecto a logrealde pH, la degradacion del carotenoide

aumento a partir de 4.5, llegando a su maximo ay5decreciendo levemente hasta 7.0.
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Después de este valor, la ruptura de luteina dismisonsiderablemente. El hecho de que la
actividad sea estable en el intervalo de 5.0 a&Xdlica el por qué se visualizaron halos de
degradacion en las cajas de agarosa al probar andloes de pH. En cuanto a la
temperatura, se encontré que la actividad aumeptata de los 20°C, alcanzando su valor
maximo a los 35°C. A temperaturas mayores la raptle luteina decae rapidamente,
indicando la posible desnaturalizacién de la enzima
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Fig. 6.13 Determinacion del valor de pH (linea d@)i y de la temperatura (linea quebrada)
de mayor actividad de ruptura de luteina

6.7 Purificacion de la enzima responsable de la deglacion de luteina y

sensible al efecto negativo de glucosa

La purificacion de la proteina de interés se llevéabo a partir de sobrenadantes
procedentes de cultivos de asahiicrecidos en ausencia de glucosa (caso 1) ya doeso
esta condicibn se registr6 degradacion de lutefndas 48 h de la fermentacion, el
sobrenadante fue cosechado, separandolo de ldascdtilevadura mediante centrifugacion
y concentrandolo, a continuacién, mediante ultrafiion.
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Precipitacion por salado

Luego de medir la concentracion de proteina yroeter espectrofotométricamente
la actividad de ruptura del carotenoide del conmaelat, el volumen total fue precipitado con
sulfato de amonio, (NHLSO4, en cuatro fracciones: 0-20%, 20-40%, 40-60% W60% de
saturacion. Para eliminar el exceso de {NEO,, todas las fracciones fueron dializadas
contra agua ultra-pura. A pesar de que se detémtid degradacion en las fracciones de 20-
40% y de 60-100% de saturacion, la mayor actividad encontr6 en la fraccion
correspondiente al 40-60% [Fig. 6.13]. Esta fracdide conservada para continuar con el

esquema de purificacion.
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Fig. 6.14 Precipitacion fraccionada con (WSQ,, mostrando las actividades de ruptura de

luteina volumétrica (barra gris) y especifica (batrlanca) de las fracciones de saturacién
Separacion por punto isoélectrico y su recirculacio

Dicha fraccién fue sometida a isoelectroenfoquea@amna, por lo cual se agregaron
anfolinas para la correcta formacion de un gradielet pH. La muestra inyectada a la celda
Rotofor (BioRad) fue separada en fracciones derdoug sus puntos isoeléctricos, midiendo
la concentracion de proteina, la degradacion ddnlaty los valores de pH de cada una. El
gradiente se formo correctamente ya que de acwdrddmero de la fraccion colectada, el
valor de pH aumentaba, es decir que las primeaasifmes presentaban acidez, mientras que
las dltimas exhibian basicidad [Fig. 6.15]. La distinuidad en la linea del gradiente de pH

se debe a que no en todos los tubos de ensayecalecté muestra. Por otra parte, la
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degradacion de luteina se observd en las fracciongs pH oscilaba entre 3.5 y 4.2,
indicando que el punto isoeléctrico (pl) de la eriresponsable de dicha actividad se
encontraba dentro de estos valores. Estas frascforeon mezcladas y conservadas para su

uso posterior.
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Fracciones

Fig. 6.15 Separacion por punto isoeléctrico, mastia la formacion del gradiente de pH

(linea discontinua) y la actividad de ruptura déelima especifica (barras)

Las tres fracciones que presentaron actividadedeadacion de luteina se sometieron
nuevamente a separacion por columna de isoele@men La formacion del gradiente de
pH fue verificada, registrando un incremento enviaieres de éste de acuerdo al numero de
fraccion [Fig. 6.16]; sin embargo, este aumentorignos pronunciado que el registrado en
el paso de purificacion precedente. La discontemlidn la linea se debi6 a la misma razon
que en el caso anterior. En concordancia con lerghdo previamente, la ruptura del
carotenoide fue detectada en las fracciones cuptsres de pH se encontraban en el
intervalo entre 3.7 y 4.0, seflalando a estos v&lomeno el pl de la proteina de interés.

Dichas fracciones fueron mezcladas y conservadasspasubsecuente purificacion.
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Fig. 6.16 Separacion por punto isoeléctrico (reaiecion), mostrando la formacion del

gradiente de pH (linea discontinua) y la actividéeruptura de luteina especifica (barras)

Separacion por cromatografia liquida de alta eficiecia (HPLC) mediante columnas de

intercambio iénico

La muestra que presentd actividad degradadoratdaé fue concentrada mediante
ultrafiltracion y a continuacion, fue dividida ewmslvolimenes iguales. Cada volumen fue
inyectado a una columna de afinidad, para lo ce@msplearon los dos tipos de intercambio
iGnico (cationico y aniénico). Dado que las fracee activas colectadas del paso de
purificacion anterior (separacion por pl) exhibieatores de pH en el intervalo de 3.7 a 4.0,
se decidi6 emplear una solucién amortiguadora cophl de 5.0 para que la proteina de
interés tuviera una carga negativa. Se penso krautia columna de intercambio catiénico
(HiTrap SP) con la finalidad de que la enzima nerduatraida por el grupo cargado
CH.,CH,CH,SGs' y eluyera en las primeros tiempos. Sin embargoyuria de las proteinas
de la muestra inyectada fueron retenidas en estg camo se puede observar en la figura
6.17a, descartando al intercambio cationico coma wpcion para el esquema de
purificacion. Por otra parte, de acuerdo al nuntergicos obtenidos a lo largo del proceso,
al emplear la columna de intercambio aniénico (HPre) se logré una mejor separacion de
las proteinas que conformaban la muestra, [FigZb§.1Al exhibir una carga negativa, se
penso que la enzima responsable de la rupturaadefenoide y a la vez, sensible al efecto
negativo de glucosa, pudiera ser atraida por glognargado NCHjz)s. De ahi que dicha
actividad fuera registrada con un valor de 172 niJdm proteina en el pico correspondiente

a un tiempo de retencién de 19.5 min [Fig. 6.1&hilyendo gracias al gradiente salino.
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Fig. 6.17 Separacion por columnas de afinidad paeicambio catidnico (a) o intercambio
aniénico (b), mostrando en ambos casos la absolibade la proteina (linea sélida) y el
gradiente salino (linea quebrada)

Verificacion de la pureza de la enzima responsablée la degradacion del carotenoide

El volumen colectado procedente del pico que raasttividad de ruptura de luteina
fue nuevamente concentrado por ultrafiltracion gpdeés fue sometido a electroforesis en gel
de acrilamida bajo condiciones desnaturalizant€sS(BAGE). Como se muestra en el gel
[Fig. 6.18], después de seguir el protocolo defigagion, se encontr6 una sola banda de
proteina, la cual poseia un peso molecular de K&B Lo anterior correlacionaba con lo
observado para el perfil de proteina extraceludhrsdbrenadante obtenido de cultivos de la
levadura crecidos sin glucosa [Anexo 1.3]. En acisedel azlcar, aparecia una banda de
proteina cuyo peso molecular se encontraba alredkdims 40 kDa y que su concentracion

aumentaba junto con la actividad de ruptura deiteaoide a lo largo del tiempo.
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Fig. 6.18 SDS-PAGE del pico colectado del ultimegde purificacion (HPLC) en el cual se
registrd la actividad de ruptura de luteina, mostia una sola banda de proteina
correspondiente a la enzima responsable de dichi@idad y susceptible al efecto negativo

de glucosa. MPM corresponde al marcador de pesdsculares

Al final del proceso de purificacion se alcanzérendimiento del 26% con un factor
de purificacion de 287. La proteina recién purd@afue conservada para su posterior

caracterizacion.

6.8 Caracterizacion del producto de reaccion del sayoin vitro, utilizando

la enzima purificada

Como se menciond anteriormente, los carotenoidasn®lécula susceptibles a la
degradacion inespecifica. Por ello, con la finalide comprobar que la proteina purificada
ademas de ser responsable de la ruptura oxidaBvéa duteina, era capaz de generar
compuestos con aroma, particularmente norisoprespibs productos de reaccion de la
pruebain vitro fueron caracterizados por cromatografia de gasgsada a espectrometria de
masas. Como se muestra en el cromatograma [Fi§], @& la reaccibn enzimatica se
produjo un sélo compuesto, el cual dado el anchHgpide observado, se genera en gran
cantidad. Este compuesto tuvo un tiempo de retaneidtre 16.5 y 17.5 min y su
fragmentacion permitié identificarlo comd-ionona, ya que los resultados de la
espectrometria de masas revelaron los siguientesesam/z 192 (M), 177/100 (M-Me),
149/8, 135/12, 93/7, 91/6.4, 43/26 y 41/6 [Fig 981
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Fig. 6.19 Cromatograma de gases (a) y espectro aeas (b) del producto derivado de la
reaccionin vitro al emplear la enzima purificada

6.9 Caracterizacion parcial de la enzima responsablde la degradacion de
luteina y sensible al efecto negativo de glucosa

Secuenciacién del extremo amino terminal y de algms fragmentos internos

La secuencias del extremo amino terminal y deramguragmentos internos de la
proteina de interés determinadas tanto por MALDFT&@mo por LC/ESI-MS se muestran

en el articulo derivado de este proyecto (RodridRiestamanteet al, 2009) [Anexo 1.3]. A
continuacion se muestra el alineamiento de dickagescias [Tabla 6.2] realizado mediante

el programa BLAST (Altschudt al, 1997).
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Tabla 6.2 Alineamiento de las secuencias de amidodade la enzima responsable de la ruptura ddnatg susceptible al efecto de glucosa

ALINEMIENTO DE SECUENCIAS

Proteina y organismo del
cual proviene

Referencia

MSFKTMVALA
MSFKTLSALA
MSFKTLSALV
MSFKTTVLL
MAFSTLVAL
MAFSTMILPFVALA

QFVSAAVP
QFASAAVP
QFTSAAVP

ATCADGRTTANAACCVL
ATCADGRTTANAACCVL
ATCADGRTTANAACCVL
ATCADGRTTANAACCVL
ATCANGKTTANDACCV

GFSPVEVWWLLASH
GFSPVEVVWLLASH
GFSAVEVVWLLASH
GFSAVEVVWLLASH

AQFFIETQLKGKLP
QFFIETQLKGKL
QFFIETQLKGRL
QFFVETQLKGTL
QFFIETQLRGTL
QFFIETQLRGT

FGGGGADGSIITFSSIETTYHPNIGLDEVVAIQKPFIAK
FGGGGADGSITFSSIETTYHPNIGLDEVVAIQKPFIAK
FGGGGADGSIIIFSSIETAFHANNGIDEIVEEQKPFIAR
FGGGGADGSIMTFDTIETAFHANGGIDDIVNVQKPFAAK
LGGGGADGSIITFDTIETVFPANAGIDEIVSAQKPFVAK

Proteina purificada de T. asahii
PV? de P. eryngii

PV de P. sapidus

Proteina predicha de Laccaria bicolor
MP" de Phanerochaete sordida

MP Lentinula edodes

Proteina purificada de T. asahii
Peroxidasa versatil de P. eryngii
Peroxidasa versétil de P. sapidus

Proteina purificada de T. asahii
MP de Pleurotus ostreatus

PVde P. eryngii

PV de P. sapidus

MP de Ganoderma australe

Proteina purificada de T. asahii
VP de P. eryngii

MP de Pleurotus pulmonarius
VP de P. sapidus

Proteina purificada de T. asahii
VP de P. eryngii

VP de P. sapidus

MP de Spongipellis sp.

MP de Pseudotrametes gibbosa
MP de T. versicolor

Proteina purificada de T. asahii
L® de P. chrysosporium

MP de Heterobasidion annosum
MP de T. versicolor

VP de P. sapidus

Este estudio

(Ruiz-Duefias et al., 1999; Zorn et al., 2003)

(Bouws et al., 2005)
(Martin F et al., 2008)
(Hirosue et al., 2002)
(Sakamoto et al., 2007)

Este estudio

(Ruiz-Duefias et al., 1999; Zorn et al., 2003)

(Bouws et al., 2005)

Este estudio
(Salame et al., 2008)

(Ruiz-Duenias et al., 1999; Zorn et al., 2003)

(Bouws et al., 2005)
(Lay y Hseu, 2005)

Este estudio

(Ruiz-Duenias et al., 1999; Zorn et al., 2003)

(Yau y Chiu, 2005)
(Bouws et al., 2005)

Este estudio

(Ruiz-Duenias et al., 1999; Zorn et al., 2003)

(Bouws et al., 2005)
(Naraoka, 2005)
(Yan y Chi, 2009)
(Kim YH et al., 2006)

Este estudio

(de Boer et al., 1987)
(Yakovlev et al., 2008)
(Jun y Kim, 2004)
(Bouws et al., 2005)

2 peroxidasa versatil (VP)° Manganeso peroxidasa (MP§ Ligninasa (L)



Todas las secuencias mostraron una alta similtod peroxidasas de otros
basidiomicetos. Todas estas enzimas se encuemtnpgficadas en la degradacion de
materiales lignocelul@sicos, particularmente lignino obstante, las peroxidasas versatiles de
P. eryngiiy P. sapidushan sido descritas por su papel en la degradaei@rcaroteno (Zorn
et al, 2003). Cabe mencionar que el extremo amino texinde la proteina recién purificada,
es decir, la primera secuencia del cuadro [Tal#f 6xhibio un alto grado de similitud con
el péptido sefal de las otras peroxidasas de hoBgts podria dar indicio de que la enzima

deT. asahij involucrada en la ruptura de luteina, es secaed@dnanera distinta.

Determinacion de la presencia del grupo hemo

Entre las proteinas que poseen grupo hemo serdrenuéas peroxidasas por lo cual,
la presencia de este grupo prostético fue buscadenpdio del espectro de absorcion de la
proteina. La forma del espectro fue la caractedspara hemoproteinas, por lo que al
encontrar el maximo de absorcion a una longitudrdia de 403 nm [Fig. 6.20], la presencia

de dicho grupo fue revelada.
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Fig. 6.20 Espectro de absorcidén de la proteinaaalal deT. asahij sefialando su punto

maximo con una flecha a 403 nm
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De los resultados derivados de la caracterizgoédnial de la proteina de interés, se
concluyd que la enzima recién purificada, respdesde la degradacion del carotenoide y
afectada negativamente por la presencia de glugmsdiera tratarse de una posible

peroxidasa.

6.10 Efecto de una fuente no represora sobr€. asahii y la ruptura de

luteina

Con la intencién de explorar mas a fondo el efestgativo de la glucosa sobre la
bioconversion de luteina, se decidid sustituirzdicar por glicerol, una fuente de carbono no
represora (Ruijter y Visser, 1997). El crecimiedtla levadura resulté beneficiado por la
presencia de glicerol [Fig. 6.21a]; sin embargangarado con su contraparte de glucosa
(caso 4) [Anexo 1.3], se encontrd dlieasahiitiene una preferencia por el azlcar. Por otra
parte, la actividad de ruptura de luteina fue tesgl en ambas condiciones probadas [Fig.
6.21b] a diferencia de lo observado al empleargluaosa como fuente de carbono [Anexo
1.3]. El valor calculado en el sobrenadante prceuaei del caso sin glicerol fue de 0.67
mU/mL, mientras que el cuantificado para el filbgatoteico derivado del cultivo al cual se
adicion0 este compuesto a una concentracion dél.2fug de 1.87 mU/mL. A pesar de que
este valor resultd casi tres veces mayor que &trado en el caso sin glicerol, al normalizar
dichas actividades en términos de la cantidad dejpra, no se aprecié ninguna diferencia
[Fig. 6.21b]. De lo anterior, puede pensarse queaer una fuente de carbono represora, el

glicerol no ejerce un efecto negativo sobre la aeégecion del carotenoide.
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Fig. 6.21 Concentracion de biomasa a lo largo dednipo (a) al crecer & asahii(180 rpm,
29°C) probando un caso sin glicerdl)(y otro a una concentracion inicial de 20 g/4) (y
cuantificacion de las actividades de ruptura deeina (b) volumétrica (barra gris) y
especifica (barra blanca) en sobrenadantes derigadi® dichas condiciones a las 48 h del

proceso
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7. DISCUSION Y CONCLUSIONES

El efecto de glucosa sobre la produccion de dbgensetabolitos ha sido ampliamente
estudiado. Pocos son los reportes referentesrdlli@ncia del aztcar sobre la produccién de
aromas (Huanet al., 2000; Etschmand al., 2003). En investigaciones previas (Rodriguez-
Bustamante et al., 2005; Rodriguez Bustamante,)2808ncontré que la glucosa ejercia un
claro efecto negativo sobre la produccién de cormsijmgecon aroma a tabaco a partir del
carotenoide luteina. Utilizando a la mezcla micaohi y siguiendo una metodologia clasica
de disefio de experimentos con la finalidad de miaginel titulo del aroma, se observo que
al tiempo final de la fermentacion (96 h), el wtulel aroma disminuia considerablemente al
aumentar la concentracion del azucar en el mediouttevo. Este hallazgo llamé nuestra
atencion debido a la baja cantidad de glucosa cadpacon el resto de los nutrientes. Por
esta razoén, en ese estudio (Rodriguez-Bustaneaate 2005) se decidié eliminar al azucar
de la formulacién del medio; sin embargo, se alxifposibilidad de estudiar con mayor

profundidad el efecto ejercido por el mismo.

En este trabajo se encontr6 nuevamente la inflaeregativa de la glucosa sobre la
produccion de compuestos con aroma al trabajadacomezcla microbiana y coh asahii.
Cabe mencionar que para el caso de la levadurafeeto de glucosa sélo pudo ser
evidenciado una vez que la ionona fue removidaraElio de cultivo hacia la fase gaseosa.
En ambos casos, s6lo hasta que la hexosa habia@iddetamente consumida, inici6 la
ruptura oxidativa de luteina. Este efecto no fuseolado enP. amylolyticus donde la
presencia del azucar favorecié la conversiordenona en sus derivados reducidos (7,8-
dihidrof3-ionona y 7,8-dihidrg3-ionol) y su reduccion tuvo lugar antes de quelixasa
hubiera sido totalmente consumida. Estos resultadogidieron con lo reportado paPa
eryngii por Zorn y colaboradores (2003b) ya que degradagef3-caroteno fue registrada
una vez que la glucosa habia sido consumida. Armsau minima contribucién para la
biomasa debido a su baja concentracion, se sabel gaeotenoide es utilizado como fuente
de carbono por ambos microorganismos (Sanchez-€asét al., 2000). En cultivos de.
amylolyticus adicionados con el carotenoide, se ha registraditegradacion de luteina por
accion de la bacteria; sin embargo, la generac&®gcampuestos con aroma nunca ha sido
detectada (Maldonado-Robledb al., 2003). A pesar de que el efecto de glucosa aodri

también afectar la ruptura bacteriana de la lutggeeo esto no seria reflejado en la

57



produccion del aroma. Al plantear que el efectoatieg ejercido por glucosa sobre el
proceso se debiera a un mecanismo de represidmtiagapor carbono (RCC), se penso6 que
dicha influencia se diera a nivel de la degradaciéhcarotenoide pof. asahii. Esto fue
comprobado al medir a lo largo del tiempo la lueiesidual y la produccion de [laionona

en cultivos de la levadura adicionados con el eaate y crecidos bajo distintas
concentraciones del azucar. Por otra parte, laftvtamacion de la ionona en sus derivados
reducidos efectuada por la bacteria, se debe mas @metabolismo que a su utilizacion
como fuente energética. Un mecanismo de RCC enpaste pareceria innecesario, por lo
cual no se encontré ningun efecto negativo poragacen los cultivos dB. amylolyticus
suplementados cdirionona y crecidos bajo distintas concentracioreésgdlcar. Lo anterior
explicod el por qué al trabajar con ambos microolgans, la sintesis de los compuestos
presentes en el perfil del aroma a tabaco decedcémentar la concentracion inicial de
azucar. Al ejercer la glucosa su efecto negativoesta ruptura de luteina, la generacion de la
ionona porT. asahii era afectada, evitando la reduccion de éstaPpamylolyticus en 7,8-

dihidro3-ionona y 7,8-dihidrg3-ionol debido a la falta de sustrato.

De los resultados previos, se pudo concluir quenieroorganismo susceptible al
efecto de glucosa fu€ asahii a nivel de la ruptura de luteina. La influencigateva del
azucar afect6 directamente a la actividad respémsibla degradacion del carotenoide. Este
efecto fue observado primeramente mediante métnakgativos. La visualizacion de halos
de degradacién en las cajas de agarosa tefiiddate@ma dio a conocer que dicha actividad
se localizaba extracelularmente y Unicamente esdbsenadantes provenientes de cultivos
deT. asahii crecidos en ausencia de glucosa. Por otra parégdricion de los halos tampoco
fue registrada en filtrados proteicos libres deuleél derivados de cultivos, en ausencia o
presencia del azucar, a los cuales no se les adi@b carotenoide. Esto apuntaba a la
molécula de luteina o algun producto de su (augpgdtacion como el posible inductor de la
enzima responsable de la ruptura oxidativa. Hastéed¢ha, no se han identificado a los
inductores de enzimas con tales actividades ysestmmplica aln mas ya que estas proteinas
son muy diversas entre si dependiendo de la fuesatdecir, de animales, plantas, hongos o
bacterias. Particularmente para el membrilBydonia oblonga), la carambola Averrhoa
carambola) y la fresa Fragaria anamassa) se ha visto que la degradacién de carotenoides
tuvo lugar una vez que los frutos comenzaron a naadsin saber la razén por la cual se
indujo (Fleischmanret al., 2002; 2003; Garcia-Limonezat al., 2008). En contraste a lo
observado par®. eryngii y M. scorodonius (Zorn et al., 2003b; Scheibnest al., 2008), al
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utilizar la técnica de zimograma, la aparicion dedas de blanqueamiento bien definidas no
fue evidenciada al sobreponer un gel de protein@aestular bajo condiciones no
desnaturalizantes a un gel de agarosa teflido cararetenoide. Esto resultdé un tanto
desconcertante ya que en las cajas de agarogmriaién de halos si fue detectada. Se pensé
gue lo anterior pudo deberse a que la cantidadrateipa empleada para el ensayo de las
cajas fue mucho mayor que la que se pudo cargan gel de poliacrilamida. Para lograr que
la agarosa adoptara un color amarillo realmentecigile, la cantidad de luteina afiadida
tuvo que ser considerable, por lo tanto, las baddadanqueamiento no fueron evidenciadas
por la baja concentracion de proteina. Debido a esionveniente, se decidié utilizar dos
metodologias de zimograma alternas, basadas extdacibn de la actividad de peroxidasa.
Ambas técnicas mostraron lo encontrado en el endayteteccion de halos de degradacion;
Unicamente la actividad de peroxidasa se registrél &ltrado proteico obtenido de cultivos
de T. asahii crecidos en ausencia de glucosa. El efecto negatal azicar sobre la
degradacion de la luteina fue comprobado mediamtmétodo espectrofotométrico basado
en la disminucién de la absorbancia del carotermildelargo del tiempo. A diferencia de las
metodologias enfocadas en la busqueda de zondardpibamiento en la agarosa tefiida, en
el ensayan vitro la degradacion del carotenoide pudo ser obsenadpe la concentracion
de luteina utilizada se baso6 en la reportada pan £bal. (2003a) par@-caroteno y fue lo
suficientemente baja para entrar en el intervaleatesibilidad del espectro. En concordancia
al ensayo cualitativo, la ruptura oxidativa de iloéesélo se registr6 en el sobrenadante
derivado de un cultivo al cual no se le adicioncgbka. Por todos los experimentos
anteriores se concluyé que el efecto negativo id@rpor el azucar recayera sobre la
actividad responsable de degradar al oxicarotendi@eliante una prueba muy sencilla, se
descartd que la influencia del azlcar se debiern anecanismo inhibitorio. Hasta el
momento, no hay reportes acerca de la inhibicibaddegradacion de carotenoides por

accion de la glucosa en animales, plantas, hongasterias.

En base a los hallazgos derivados de la elecasiforde proteinas en gel de
poliacrilamida tanto en condiciones nativas comendeuralizantes, se encontraron claras
diferencias en los sobrenadantes derivados de aralsos probados. El nUmero de bandas de
proteina en el filtrado proteico procedente deoladecion a la cual no se adiciond el azicar
fue considerablemente mayor al observado en suagarte con glucosa. Una banda que
exhibié un peso molecular alrededor de los 40 kBaracteristica compartida con la

peroxidasa dé. eryngii responsable de la ruptura flecaroteno para la formacion ¢
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ionona (Zorret al., 2003b), fue observada Unicamente en el perfirdeeina extracelular del
sobrenadante procedente de cultivos crecidos sitogh. La concentracion de esta banda
aumentaba junto con la actividad degradadora @énlata lo largo del tiempo, lo cual nunca
fue detectado en el perfil de proteina extraceld&rfiltrado obtenido de la condicidén con
glucosa. Lo anterior apuntaba esta proteina comeslaonsable de dicha ruptura enzimética
del carotenoide y a su vez, como el blanco deltefaegativo del azucar, por lo cual se
decidio purificar dicho sistema enzimético pargpesterior caracterizacion. Los parametros
de maxima actividad degradadora del carotenoidefumuy similares a los reportados por
Zorn y colaboradores év. scorodonius (2003a) y erP. eryngii (2003b). Durante el proceso
se encontr6 que la proteina de interés tenia umopigneléctrico entre 3.7 y 4.0, otra

caracteristica que compartié con la peroxidasariti@snP. eryngii (Zornet al., 2003b).

Al llevar a cabo la secuenciacion de algunos fexgws de la enzima de asahii
responsable de la ruptura de luteina, de la geiderae la ionona y sensible al efecto de
glucosa se encontraron varias similitudes con gieaexidasas de hongos, especificamente
de basidiomicetos. A pesar de que la enzima deestteio fue purificada del sobrenadante,
la similitud con el péptido sefial que mostraron dedos fragmentos secuenciados indico la
existencia de un mecanismo secretorio diferente atros basidiomicetos. No obstante, este
resultado permitié descartar que el efecto de gludoera a nivel de transporte de la proteina
ya que la actividad de ruptura nunca se encontradelularmente. Este punto represento la
apertura de una nueva area de estudio enfocadaradenla manera en que dicha enzima es
exportada. El parecido predominante de todos lagnientos correspondié a peroxidasas
versatiles del génerf@eurotus, particularmente, dB. eryngii, descritas primeramente por su
rol en la degradacion de lignina (Ruiz-Dueiasl., 1999) pero también estudiadas por su
intervencioén en la ruptura biética flecaroteno (Zorret al., 2003b), y deP. sapidus (Bouws
et al., 2005), involucradas a su vez en la degradaadeadotenoides. Como se menciono en
el articulo derivado del proyecto doctoral (RodeizBustamantest al., 2009) algunas
especies ddrichosporon han sido aisladas de madera en descomposiciondéitioven,
2006) mientras que en otras se ha encontradodadi®s ligninoliticas atribuidas a la accién
de peroxidasas (Georgieenal., 2007; Pajott al., 2007). Aunado a los demas hallazgos, la
presencia del grupo hemo nos hizo pensar que teipeorecién purificada de este estudio,
con actividad de ruptura de carotenoides y sudnepi efecto de glucosa, pudiera tratarse

de una posible peroxidasa.
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De manera paralela a la caracterizacion par@alesificé que la enzima de asahii
ademas de la degradacion de luteina, fuera lameapte de la formacion de compuestos con
aroma, encontrando aaionona como unico producto de la reaccion. Coa sstcomprobd
que la ruptura de luteina en la posicién entreclasonos 9 y 10 ocurriera por accion
enzimética. Al utilizar los sobrenadantes derivadescultivos ddschnoderma benzoinum,

M. scorodonius y T. versicolor (Zorn et al., 2003a), asi como de. eryngii (Zorn et al.,
2003b), se observo la generacion de cuatro vadéilpartir dg3-caroteno: (1B-ionona, (2)
B-cyclocitral, (3) dihidroactinidiolida y (4) 2-hidki-2,6,6-trimetilciclohexanona. Las
cantidades de cada compuesto variaron segun etrsatante del hongo probado, pero en
todos los casos la ionona representé el compueatmntario. La dihidroactinidiolida ha
sido descrita como un producto secundario de luramxidativa de carotenoides (Bosser et
al., 1995) por lo cual, su presencia puede sewadia a una segunda conversion da
ionona por otras enzimas presentes en los filtrddgsroteina extracelular. En nuestro caso,
al sblo estar presente Unicamente la proteinarrguigificada en el ensayim vitro, se
registré la formacion de un sélo producto. El hedeono encontram-ionona indicé que la
enzima tiene preferencia por los anillos de la o del carotenoide tip. En cultivos
mixtos deT. asahii y P. amylolyticus se observo dicha preferencia ya que al sustitlér a
luteina por zeaxantina, molécula con dos anillps i, la cantidad de productos generados
fue del doble (Sanchez-Contremtsal., 2000). A pesar de la certeza de que el susseato
trataba de luteina, curiosamente el producto dewivie su ruptura enzimatica efectuada por
la proteina de interés resultd geionona en lugar de 3-hidrofHonona. Quimicamente la
3-hidroxi{f3-ionona es un compuesto poco estable, por lo egalta muy dificil de sintetizar.
Con la finalidad de generar los derivados hidrakikgen el carbono 3 de da y B-ionona,
Lutz-Wahl y colaboradores (1998) probaron distintepas del gener&treptomyces,
encontrando el producto deseado Unicamente al empé a-ionona. El compuesto
hidroxilado derivado de la conversion deflaonona fue la 4-hidrox@-ionona. Por otra
parte, al llevar a cabo biotransformaciones déolasnas mencionadas con cultivos celulares
de la leguminos&aragana chamlagu (Sakamakiet al., 2004), el derivado hidroxilado sélo
se obtuvo de lax-ionona; sin embargo, el producto mayoritario Ipresentd la 3-oxo-
ionona. De la transformacion de la ionona con @a@illel Unico compuesto que se obtuvo fue
su epoéxido, es decir, la 5,6-ep@ionona. La generacion de la 3-hidr@ionona a partir
de carotenoides (luteina y zeaxantina) ha sidoritiesd utilizar dioxigenasas procedentes de

ciertos tipos de uv¥itis vinifera L. (Matthieuet al., 2005) y de la fresa (Garcia-Limorets
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al., 2008). Este producto sélo se ha encontrado pleenenzimas recombinantes en ensayos
in vitro, derivado de la ruptura de luteina o zeaxantinaioSamente al probar dichas
oxigenasas cof§-caroteno, no se registré ruptura alguna del dostentrastando con lo
observadan vivo, donde la degradacién del caroteno tuvo lugakpiesar estas enzimas en
cepas deéescherichia coli capaces de producir distintos carotenoides. Vaaostenoides de

la flor Boronia megastigma han sido caracterizados y aunque la luteina gdaantina fueron
detectadas, el unico norisoprenoide de 13 dtomasmdm®no identificado correspondié a la

-ionona (Coopeet al., 2009).

A pesar del constante incremento en el nimereplertes referentes a dioxigenasas
aisladas de plantas, hasta el momento no se c@uwoogecanismo de reaccion y dadas las
enormes diferencias entre ellas, se ha visto queplara de carotenoides obtenida de cada
una es muy variable. Cabe mencionar que tambiéarsestudiado dioxigenasas procedentes
de cianobacterias (Juttner y Hoflacher, 1985; Rekclal., 2005; Marascaet al., 2006;
Scherzingeret al., 2006; Scherzinger y Al-Babili, 2008), las cualesn mostrado poca
similitud con las de plantas, lo cual se reflejol@caracteristica de las primeras de romper
Unicamente apocarotenoides. Los productos obten@ksoxigenasas de hongos son
completamente diferentes a los de plantas y ciaebas, y hasta ahora se desconoce la
funcion que éstos tienen (Burmesterl., 2007; Prado-Cabrem al., 2007; Saelicest al.,
2007; Estradat al., 2008; Zhonget al., 2009). En el caso particular de basidiomiceatosse
han identificado oxigenasas involucradas en la atkgion de carotenoides, siendo las
responsables de esto enzimas de otro tipo. Paerdxidasa derivada d& eryngii, Zorn y
colaboradores (2003b) propusieron un posible meganide reaccién para la rupturafiie
caroteno; no obstante, esta propuesta aun no bacsidprobada .El campo referente a la
ruptura de carotenoides es muy novedoso y ofrecenamme potencial para su estudio

durante los proximos afios.

Cuando se probé una fuente de carbono no promdtofa represién catabdlica, se
encontré la actividad de ruptura de luteina tamtgresencia como en ausencia de glicerol,
exhibiendo el mismo valor en términos especific@sapambos casos. Los resultados
derivados de nuestro trabajo nos hacen pensar lgefeato negativo de glucosa sobre el
proceso de bioconversion de luteina en compuestosatoma tenga lugar a un nivel de
represion catabdlica. Hasta ahora, la informaocéderente a RCC en basidiomicetos es muy

escasa y falta aun mucho por investigar. Sin enohasg ha visto que la sintesis de
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peroxidasas es regulada tanto por carbono, nitmgeszufre (Aroet al., 2005), siendo la
sintesis de genes que codifican para enzimas @fticas deP. chrysosporium la mas
estudiada. Estos hallazgos coinciden con lo obderger nuestro grupo de investigacion
referente al efecto de distintos factores nutrigies sobre la produccion de compuestos con
aroma a partir de la degradacién de carotenoidedr{fuez-Bustamante et al., 2005). En
dicho estudio se encontr6 un fuerte efecto negdtiwto por carbono como por nitrégeno
sobre la sintesis de compuestos con aroma a taBacbase a ello, en este trabajo nos
enfocamos a investigar la influencia ejercida dacgsa sobre el proceso, encontrando que
una posible peroxidasa deasahii, responsable de la ruptura de luteina y de largeita de
B-ionona representd el blanco del azucar. Mas aéte efecto no corresponde a un
mecanismo inhibitorio ni de regulacién en la seidreale la enzima, por lo que se postula
gue se deba a un fenbmeno de represion catabdiceappono. Especulativamente se cree
gue exista una regulacion por nitrégeno y que tstebién ejerza su influencia sobre la

enzima recién purificada.
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8. PERSPECTIVAS

A raiz de este estudio surgieron nuevos aspearasgontinuar explorando el proceso
de bioconversion del oxicarotenoide luteina en agms con aroma. Dichos puntos se

presentan a manera de listado a continuacion:

* Probar si al utilizar otros carotenoides tammaivo comoin vitro se lleva a cabo su

degradacion y tiene lugar la produccién de compsesin aroma

» Probar otros azlcares como fuentes de carbon@paralar en el conocimiento de la

regulacion por carbono

» Estudiar la regulacion por nitrdgeno, en particplar amino4cidos, y su efecto sobre

el proceso

» Conocer el mecanismo de reacciéon de la enzimarrguiéficada para la ruptura de

luteina y si es posible, de otros carotenoides

» Realizar la clonacién del gen que codifica panadsible peroxidasa, para asi conocer

Su secuencia completa

» Obtener mutantes de asahii insensibles al efecto de glucosa o a la regulapain

carbono para contribuir al conocimiento referenlgg RCC en basidiomicetos

* Obtener mutantes de asahii insensibles al efecto inhibitorio quefaonona ejerce
sobre su crecimiento con la finalidad de eliminstadimitante en la produccién de

dicho compuesto
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ANEXOS

Anexo 1: Articulos publicados durante la realizacia del proyecto doctoral

* Anexo 1.1- Microbial production of Cys-norisoprenoids and other aroma compounds
via carotenoid cleavage

* Anexo 1.2- Novel method for aroma recovery from the bioconversion of lutein to 3-

ionone by Trichosporon asahii using a mesoporous silicate material

* Anexo 1.3- Glucose exerts a negative effect over a peroxidase from Trichosporon

asahii, with carotenoid cleavage activity
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Carotenoids are important precursors of a variety of com-
pounds: the Cyy-retinoids, the C;s-phytohormones, and the C,-
to Cj3;-aromas. Among the last type, C;3;-carotenoid-derived
compounds (norterpenoids/norisoprenoids) such as ionones and
damascones, constitute an essential aroma note in tea, grapes, roses,
tobacco, and wine. Extraction of carotenoid-derived aroma com-
pounds from plant sources is not economically realistic or con-
siderably expensive. The biotechnological production of aroma
compounds represents a feasible alternative and offers the pro-
duction of enantiomerically pure molecules which can be labeled
as “natural.” To date, research in the production of ionones or the
Cyo-compound, safranal, has mainly been focused on plant dioxy-
genases that cleave carotenoids in the positions between carbons 9
and 10 (9’-10’) or 7 and 8 (7’-8'), respectively. Although relatively
little is known about the microbial conversion of carotenoids into
compounds with aroma due to the well known advantages of manip-
ulating microorganisms, the aim of this work is to review the cur-
rent state of the research in microbial production of norisoprenoids
and other aroma compounds derived from carotenoid cleavage.

Keywords Carotenoid Cleavage; Carotenoid-Derived Aroma Com-
pounds; C;3-Norisoprenoids

INTRODUCTION

“Odor” refers to any perception (biological, physical, and
physiological) caused by molecules called odorants, which are
principally organic compounds. To discern and identify the com-
pounds responsible for particular odors constitute one of the
principal aims in aroma research (Steinhart et al. 2000). Since
ancient times, flavors and fragrances have been deeply appre-
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ciated and later on, studied by mankind. Obtaining mixtures of
desired aromas was mainly accomplished, at an artisan level, by
maceration, extraction, or distillation either from plant or an-
imal sources. However, it was until the 19th century with the
isolation of benzaldehyde and cinnamaldehyde, the production
of coumarin, and the structure determination and the chemical
synthesis of vanillin, when the flavoring industry really began
(Figure 1).

The ability to synthesize compounds that reproduce the aroma
or flavor characteristic of natural products gave birth to a com-
pletely new branch of the chemical industry (Armstrong et al.
1993), and during the past years it has experienced a rapid
growth. In 1996 its worldwide size was estimated in USD 9.7
billion (Somogyi 1996); for 2001 its share corresponded to USD
12.2 billion, and by 2005 it was calculated in USD 16.0 billion
(Leffingwell and Associates 2006). The structure of the indus-
try of flavors and fragrances is quite complex due to the lack of
homogeneity; nevertheless, it can be grouped in three branches:
essential oils and natural extracts, chemical compounds with
aroma, and formulated fragrances (Somogyi 1996). Up to now,
food still remains as the largest market for this industry with bev-
erages, bakery, dairy products, meat, and confectionery as the
main sectors. Furthermore, aromas are widely applied in soaps,
detergents, cosmetics, perfumery, and house-cleaning items, as
well as new targets such as candles and aromatherapy products.

BIO-MANIA

According to the American (CFR 1990) and European (EC
1988) legislations, the term “natural flavor” is applied to the
substance (essential oil, oleoresin, essence or extractive, protein
hydrolysate, distillate) derived from vegetal, animal, or micro-
bial sources (spice, fruit juice, vegetable or vegetable juice, ed-
ible yeast, herb, bark, bud, root, leaf, or similar plant material,
meat, seafood, poultry, eggs, dairy products, or fermentation
products) by physical, microbiological, or enzymatic processes,
whose significant function in food is flavoring rather than nutri-
tional. Lately, everything labeled as “natural” and very recently,
as “organic,” possesses an unfounded notion associated to good
health. In contrast, anything containing the words “artificial,”
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Benzaldehyde Coumarin
H
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OH
Vanillin

Cinnamaldehyde

FIG. 1. Chemical structure of the base molecules for the aroma industry.

“chemical,” or “synthetic” is conceived as negative or even harm-
ful. Due to the consumer’s preference and acceptance, a product
sold in the market as natural is considerably more expensive than
the same one obtained by chemical synthesis. A strikingly sur-
prising example of this situation is given by vanillin, a chemical
considered as the most important flavoring compound in terms
of amount and value. Natural vanillin extracted from pods is
estimated between USD 1000 and 4000 kg~! while its synthetic
counterpart costs around USD 10 to 15 kg~'. Therefore, this
“bio-" mania, defined as the perception of natural as better, con-
stitutes an important driving force in the development of flavors
and fragrances.

BIOTECHNOLOGICAL AROMA PRODUCTION
Although still in practice, obtaining natural products via
extraction from plants represents an incredibly arduous task.

""OH "oH

: OH : OH
PN PN

L-menthol

Among the inconveniences encountered in this method are the
strong dependence on agriculture and all the factors surround-
ing it (climate, seasons, social, and political situation), the di-
minishing supplies of raw material, the expenses in order to
achieve higher yields, and the variability in the amount and
quality of the final product (Welsh et al. 1989). As described
above, in accordance to U.S. and Europe legislations, biotech-
nology represents a very attractive alternative for the production
of flavors and fragrances that can be considered as natural. In
addition, compared to chemical synthesis, the biotechnologi-
cal approach offers the resolution of enantiomeric mixtures as
they occur in nature, thus eliminating subsequent separation
steps (Berger et al. 2002) and improving the perception of scent
that could be affected by chirality. For example, of eight iso-
meric forms, only L-menthol confers the desired peppermint
note (Figure 2). As Abate et al. (2004) emphasized, the need of
enantiopure compounds in the fragrance field is covered by en-
zymatic catalysis, in particular, with the use of lipase-mediated
reactions.

The biotechnological production of aromas can be accom-
plished via biocatalysis, either by whole cell (microbial or
plants) or enzymatic methods. The difference between them
might be their application, i.e., whole cells for complex targets
and product mixtures, whereas enzymes for single step transfor-
mations (Krings and Berger 1998). In crude extracts or purified
forms, enzymes such as lipases, esterases, proteases, nucleases,
and glycosidases have been extensively employed in various
food industry processes, as well as in the production of specific
flavor chemicals. Over the use of enzymes, whole cell methods
principally have the advantages of higher stability and for not
requiring cofactors nor the necessity of regenerating them. Con-
trary to what is assumed, biocatalysis research and applications
have been focused more in the food science and technology
fields rather than in the pharmaceutical. Reports dealing with
biocatalytical generation of flavors and fragrances have been
extensively published (for an excellent and comprehensive

"OH OH

"OH

OH :
PN

FIG. 2. Chirality in the monoterpene menthol molecule.
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overview consult Berger 1995; Rabenhorst 2000; Berger et al.
2002; Cheetham 2004). Furthermore, reviews concerning this
topic have focused on traditional aromas, particularly vanillin,
benzaldehyde, alcohols, carboxylic acids, esters, lactones
(y-decalactone), 2-phenylethanol, green notes, terpenes
(monoterpenes), and with less extent their terpenoid derivatives
(Krings and Berger 1998; Vandamme and Soetaert 2002;
Schrader et al. 2004; Serra et al. 2005; Longo and Sanromén
2006). Also from a general point of view, Aguedo et al.
(2004) described the approaches of different researchers for
the production of fragrances from lipids; nevertheless, their
work included the important group of carotenoid-derived aroma
products obtained by different means.

Compared to plant cells, microorganisms are easily cultur-
able. Rapid growth rates, physiological control, manipulation of
fermentation parameters and genes, and the possibility for scal-
ing up make microbial cells excellent candidates as overproduc-
ers. Although the use of microbial processes for the production
of traditional flavors in fermented foods and beverages has his-
torically accompanied mankind, it was until the 1920s when the
role of microorganisms was pointed out (Omelianski 1923). The
options offered by the microbiological approach include syn-
thesis de novo and bioconversions/biotransformations (Krings
and Berger 1998). De novo synthesis involves the catabolism
of macromolecules (carbohydrates, fats, and proteins) to break-
down products, and then, the production of more complex fla-
voring molecules derived from the secondary metabolism of
microorganisms. On the other hand, the microbial capacity to
modify or convert a chemical compound into a structurally re-
lated one is known as bioconversion (more than one step) or
biotransformation (one step process).

ISOPRENOIDS

Isoprenoids, terpenes, or terpenoids, depending on the author,
are the most structural diverse and abundant compounds in na-
ture, primarily constituting part of essential oils in plants. Their
building block is the hydrocarbon isoprene, CH, = C(CHj3) —
CH = CH,, and based on the number of units, they are classified
in hemiterpenoids (1), monoterpenoids (2), sesquiterpenoids (3),
diterpenoids (4), triterpenoids (6), tetraterpenoids (8), and poly-
terpenoids (n > 8) (Table 1) (Connolly and Hill 1991; Harborne
2001; Nes and Zhou 2001).

Isoprenoids are formed by consecutive condensations of Cs-
isoprene units, specifically, isopentenyl diphosphate (IPP) and
its isomer, dimethylallyl diphosphate (DMAPP) (Figure 3). De-
pending on the type of organism, the biosynthesis of the precur-
sor units (IPP and DMAPP) can follow two routes: the meval-
onate (eukaryotes, archaebacteria, and cytosols of higher plants)
and the nonmevalonate pathways (eubacteria, green algae, and
plastids of higher plants) (Kuzuyama 2002). The overall biologi-
cal role of isoprenoids is still to be elucidated; nevertheless, their
basic functions in stabilizing membranes, enzymatic regulation,
protein targeting, and respiration are now known.

— A

OPP OPP
IPP DMAPP

FIG. 3. Isoprenoid precursors.

In plants, where the structure and function of isoprenoids have
mostly diversified, they act as attractants (aromas and colors) for
insects involved in pollination, expellants (aromas and flavors)
for insects or certain animals, antimicrobial agents, especially
against fungi, accessorial pigments (carotenoids) for photosyn-
thesis, and growth factors. For many years plants represented the
principal source of isoprenoids. The increasing demand of these
compounds and the scarceness of raw materials make this option
uneconomically feasible. Isoprenoids can also be isolated from
microbes and marine organisms; however, the yields are very
low. This situation has driven the search for new alternatives.
As described above, microorganisms represent an excellent op-
tion, and a lot of research has been achieved in this area (Maury
et al. 2005), being the most recent, the engineering of microbial
cells to produce the desired levels of terpenoids or novel ones
(Mijts and Schmidt-Dannert 2003; Chang and Keasling 2006).
Furthermore, once obtained, isoprenoids can be biosynthetically
modified by losing carbon atoms or by adding carbons or other
functional groups. As de Carvalho and da Fonseca (2006) men-
tioned, terpenes and the products derived by biotransforming
them have earned increasing attention due to their attractive uses
as flavors and fragrances, as well as their very recent applications
in pharmaceutics, therapeutics, plague control, and substitutes
for friendlier technologies.

CAROTENOIDS: THE COLORFUL ISOPRENOIDS

Among the numerous group of compounds encompassed
by isoprenoids, the lipophilic Cyo-tetraterpenoids, known as
carotenoids, are the most widely distributed natural pigments,
ranging from bright yellow to deep red. These molecules are
composed of a backbone of eight isoprenes, arranged in two Cpg
units that are condensed head to head, forming a long conju-
gated chain of double bonds, especially in the central portion.
However, variants to this classic arrangement, exhibiting shorter
Csp or longer Cy45 or Csy backbones have been found in bacte-
ria. Generalities of these compounds can be found in reports by
Goodwin (1986), Karnaukhov (1990), Britton (1995), and Ol-
son and Krinski (1995). With respect to the molecule ends, they
can be described as acyclic, monocyclic, or bicyclic. Up to now,
about 600 different occurring structures have been described,
with three forms as the basic ones: lycopene, «-, and S-carotene
(Figure 4).

Although a new classification, based on novel compounds,
already exists, carotenoids have been traditionally divided in
two major classes: carotenes (hydrocarbons) and xanthophylls
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TABLE 1
Classification, number of carbons, examples, and chemical structures of different type of terpenoids

Classification Carbon atoms Compound name Chemical Structure
Hemiterpenoids 5 Isoprene

Monoterpenoids 10 p-menthadienol

Sesquiterpenoids 15 a—bisabolol

Diterpenoids 20 Trisporic acid

Triterpenoids 30 Ambrein

Tetraterpenoids 40 Neoxanthin \ oH
Polyterpenoids >40 Rubber

n=500-5000

(oxygenated carotenoids). As described above, carotenoids are
formed from the isoprenoid pathway, and its biosynthesis only
occurs in bacteria, fungi, algae, and plants. Animals are unable
to synthesize them so they obtain these molecules via inges-
tion. Depending on the organism, carotenoid anabolism has been
extensively studied (Armstrong 1994; Johnson and Schroeder
1996; Armstrong 1997; Britton 1998; Sandmann 2001; Bhosale
and Bernstein 2005; Romer and Fraser 2005), and even though
all share the same initial pathway (geranylgeranyl pyrophos-
phate and phytoene synthases) (Figure 5), their subsequent re-
actions are quite specific. For instance, desaturation of phytoene
results in the production of lycopene. However, depending on the
cyclase involved in the next steps, different cyclic carotenoids
are formed.

Carotenoids exhibit different and essential biological roles.
Shortly, their functions are involved in photosynthesis, mem-
brane stability, development (hormone-like), adaptation, pro-
tection (photo and antioxidants), nutrition, and recently studied,
disease prevention or treatment. Additionally, as mentioned by
Lee and Schmidt-Dannert (2002) carotenoids can be commer-
cially focused in the food industry as colorants, animal feed
supplements, or nutraceuticals, and also in cosmetics and phar-
maceuticals, thereby, increasing the efforts towards their pro-
duction in useful quantities.

CAROTENOID CLEAVAGE AND APOCAROTENOIDS
By means of oxidative cleavage (involving molecular oxy-
gen) carotenoids can be precursors of different compounds
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FIG. 4. Molecular structures of lycopene (A), «- (B), and B-carotene (C) with their carbon numeration.

(initially aldehydes or ketones at the cleaving site), termed as
apocarotenoids. The cleaving mechanism first established was
the conversion of B-carotene (provitamin A) to retinal (vitamin
A) (Moore 1930). Since then, due to the crucial functions ex-
erted by apocarotenoids in living systems, in addition to the

IPP

|

DMAPP

l geranylgerany| pyrophosphate synthase

possible commercial applications in flavoring and perfumery,
extensive studies in various fields have taken place. Carotenoid
breakdown can be symmetric or asymmetric, and once formed,
these compounds can be substrate for further cleavage. There-
fore, rather than being formed from smaller molecules, the big

GGPP

/K/\/K/\/K/\/K/\OPP

l phytoene synthase

Phytoene

FIG. 5. Common pathway for carotenoid biosynthesis.
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majority of apocarotenoids are derived from larger isoprenoids
(carotenoids) (Figure 6), with the exception of the plant hor-
mone, abscisic acid (ABA), which can be synthesized from far-
nesyl diphosphate in fungi (Inomata et al. 2004a, 2004b).

A very complete insight on carotenoid cleavage aspects
has recently been described by Kloer and Schulz (2006). Al-

FPP

|

COOH

ABA

. Xanthoxin

PLANT HORMONES

)N
<

B-ionone

0 Cqv
(0]

Dihydroactinidiolide

CHO
C10

B -cyclocitral

O
Cq

2,2,6-trimethylcyclohexanone

though apocarotenoid generation can be achieved via non-
enzymatic or enzymatic mechanisms, carotenoid cleavage oxy-
genases (CCO) are commonly responsible for it. The first cloned
and isolated enzyme of this family was a VP14 recombinant
protein from maize (Zea mays), involved in the formation of
ABA. The cleavage of 9-cis-epoxy-carotenoids took place at the

CHyOH

T Retinol

CHO C20

Retinal

RETINOIDS

11
IINENTINGPLS
\

18

\

} AROMA COMPOUNDS

J

FIG. 6. Carotenoid cleavage products and the alternative biosynthetic route for ABA.
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FIG. 7. Two examples of nine-cis-epoxy-carotenoids: 9-cis-violaxanthin (A) and 9-cis-neoxanthin (B), their chemical structure, and the position of cleavage by

NCED.

C11-Cy, position (Figure 7), resulting in C,5-aldehydes and its
Cs-precursor, xanthoxin (Schwartz et al. 1997). From then on,
research concerning enzymes involved in carotenoid metabolism
(catabolism) has been done, and reviews dealing with it, in
plants (Bouvier et al. 2005; Auldridge et al. 2006), in ani-
mals (von Lintig et al. 2005), and from an evolutionary point
of view (Moise et al. 2005) have been published. Enzymes be-
longing to the NCED (nine-cis epoxy-carotenoid dioxygenases)
subfamily, described above, were isolated from other plant
sources.

Another subclass of this type of enzymes, discovered also
in Arabidopsis thaliana by Schwartz et al. (2001), was the
carotenoid cleavage dioxygenases (CCD). This dioxygenase
was responsible for the mostly occurring symmetrical cleav-
age at the Cy9-C(/Co Cyq, resulting in a C4-dialdehyde and two
Ci3-products. On the other hand, studies on the synthesis of
retinoids have mostly taken place in the animal kingdom, where
B-carotene can be cleaved symmetrically between C;5-C;5 (Fig-
ure 6) by B-carotene cleavage oxygenases (BCO1), yielding two
molecules of retinal (von Lintig and Vogt 2000; Wyss et al.
2000), or asymmetrically (BCO2) in vertebrates, resulting in
B-apo-10/-carotenal (Figure 8) and the C;3-compound, 8-ionone
(Kiefer et al. 2001).

CAROTENOID-DERIVED AROMAS: NORISOPRENOIDS
AND OTHER COMPOUNDS

Due to their historical and commercial significance, low
threshold values, and characteristic aroma notes, volatiles de-
rived from carotenoid breakdown are highly appreciated in
flavoring. Depending on the carotenoid precursor and, the
breakdown position (Figure 6), a great diversity of Cy- to
C3-apocarotenoid compounds (Enzell 1985) can be generated
(Table 2). It is now known that the cleavage in the 9-10 position
is thermodynamically favorable; therefore, C3-products, known
as norisoprenoids, represent the most common and widespread
group.

Winterhalter and Rouseff (2002) compiled a very complete
work on carotenoid-derived aroma compounds, encompass-
ing a general overview, generalities and analytical character-
istics, biogenesis, biotechnological production, thermal forma-
tion, and occurrence, predominantly in plant tissues (leaves,
fruits, flowers, and vegetables) or from other sources (bever-
ages and spices). In the introductory chapter, they proposed a
mechanism for the conversion of carotenoids into aromas, com-
prising three general steps: (1) an oxidative cleavage, (2) an en-
zymatic transformation, and (3) acid catalyzed conversions. Par-
ticularly for - or B-carotene, the final product, «- or S-ionone,

FIG. 8. Chemical structure of B-apo-10’-carotenal.
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TABLE 2
Number of carbon atoms, cleavage position, examples, and chemical structure of Cy-to C;3-norisoprenoids
Carbon number Cleavage position Compound name Structure
G 67 Isophorone

o

Cio 7-8 a—cyclocitral

j :C HO
Cu 8-9 B—homocyclocitral
Ciz 9-10 Ionones (x-ionone)

Damascones (8-damascenone)

Megastigmanes (megastigma-4,6,8-triene)

Others: Vitispirane

BEE5E

Oxoedulan
Grasshopper ketone
Y
HO
respectively, is obtained after the first step. On the other side, In the attempt to find the odorous principle of violets,

the primary breakdown product of neoxanthin, the grasshop- the first synthesis of norisoprenoids was composed of a mix-
per ketone undergoes a series of reactions for the generation ture of isomeric ionones. Almost 40 years later, the floral
of B-damascenone, the best known damascone for its rose-like  smelling (violet-like) compound, 8-ionone, with an odor thresh-
note. old of 0.007 ppb (in water), was isolated from a natural source
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(Boronia megastigma). Since then, studies regarding the isola-
tion and identification of further volatile compounds have been
conducted. Regarding its importance in industrial applications
and as starting materials for other natural products (vitamin
A, carotenoids, edulan derivatives, and theaspiranes) ionones,
mostly B-ionone, have drawn particular attention. Therefore,
their preparation, even from a chemical point of view, and
properties have been subject of study (Brenna et al. 2002). Fi-
nally, the research on carotenoid-derived aroma compounds dur-
ing the past years has focused on non-volatile constituents due
to the fact that in plant tissues they are predominantly found
as bound forms, i.e., glycosylated. Apart from norisoprenoids,
the aglycone moiety found in glycosidic aroma precursors can
be monoterpenes and benzene derivatives, thus converting gly-
cosidases or other hydrolases from plant or microbial sources
as an ideal means for volatile release (Sarry and Giinata 2004).
Within the microbiological choice, the hydrolysis concerning
the winemaking process has been the most studied. As an ex-
ample, the ability to release aromas from a glycosidic extract of
Muscat grape juice of different wine and non-wine yeasts strains
was evaluated by Fernandez-Gonzdlez et al. (2003). Hanseni-
aspora uvarum (wine yeast) and Candida molischiana (non-
wine yeast) yielded the highest concentrations and varieties of
volatiles.

Direct breakdown for the production of carotenoid-derived
aroma compounds involve two methods: non-enzymatic and en-
zymatic. The first one comprise physicochemical treatments,
such as photo-oxygenation, auto-oxidation, and thermal degra-
dation. Within the enzymatic option, in addition to CCD, which
were introduced in the former section, alternative enzymes
(lipoxygenases, xanthine oxidase, phenoloxidases, and peroxi-
dases) involving the co-oxidation of carotenoids, i.e., f-carotene
(Bosser and Belin 1994; Wu et al. 1999; Waché et al. 2002,
2006) can be employed. Buonaurio and Servili (1999) reported
on the activity enhancement, caused by a bacterial infection,
of a lipoxygenase (LOX) from pepper (Capsicum annuum L.),
responsible for the generation of volatile compounds. Leaf in-
oculation was accomplished with water as a control and two
Xanthomonas campestris pv. vesicatoria strains (virulent and
avirulent to pepper). For the avirulent infection, a consider-
able increase was observed in levels of volatiles derived from
the LOX pathway, such as (E,E)-2,4-hexadienal, 1-hexanol, 3-
hexen-1-ol, 2,4-hexadienal, and 2,4-eptadienal. In particular, af-
ter 12 h of inoculation, «- and B-ionone, derived from LOX de-
grading action over carotenoids, exhibited an 8.4 and 10.6 fold
increase, respectively, compared to the control levels. A hypo-
thetical explanation for the occurrence of the norisoprenoids
might be the plant response towards the bacterial infection, as
it is known that they can act as antibacterial agents (Anzaldi
et al. 1999). Therefore, this research constitutes a very novel
study, involving the association between a plant and a bacteria,
in which the pathogenic interaction results in the production of
volatiles derived from LOX action.

CAROTENOID-DERIVED AROMA COMPOUNDS
PRODUCTION BY PLANT DIOXYGENASES

To date, research concerning the enzymatic generation of
carotenoid-derived aroma compounds has mostly been achieved
in plants. Characterization of the enzymes responsible for cleav-
ing B-carotene to S-ionone as the major product was done in
quince (Cydonia oblonga) (Fleischmann et al. 2002) and star
fruit (Averrhoa carambola) (Fleischmann et al. 2003). In both
cases, degradation of the carotenoid was only detected in the
extracts obtained from ripened fruit. On the other hand, based
on the homology to A. thaliana genes encoding dioxygenases
from A. thaliana (Schwartz et al. 2001), other CCDs from
saffron crocus (Crocus sativus) (Bouvier et al. 2003), tomato
(Lycopersicon esculentum) (Simkin et al. 2004a), petunia (Pefu-
nia hybrida) (Simkin et al. 2004b), grapes (Vitis vinicola)
(Mathieu et al. 2005), and melon (Cucumis melo) (Ibdah et al.
2006) have been successfully cloned and expressed. After the se-
quence analysis, homology between them was above the 80%,
and depending on the carotenoid substrate, two different Cj3-
norisoprenoids and one C4-dialdehyde were generated. Partic-
ularly for the case of Crocus sativus, although a dioxygenase
(CsCCD) cleaving at the 9-10 (9’-10") double bonds was iden-
tified, another dioxygenase (CsZCD), responsible for the 7-8
(7’-8") breakdown of zeaxanthin was also found. When study-
ing plant signaling in A. thaliana mutants, a carotenoid cleav-
age dioxygenase (CCD7), involved in the regulation of shoot
branching, was discovered (Booker et al. 2004). Afterwards, it
was found that this enzyme (AtCCD7) cleaves B-carotene in a
different manner (Schwartz et al. 2004). Although the cleavage
at the 9-10 position also took place, the obtained products were
B-ionone and a Cy;-apocarotenal, indicating an asymmetrical
breakdown. This last product (10’-apo-B-carotenal) is sequen-
tially cleaved by a second dioxygenase (AtCCDS8), rendering
a 13-apo-pB-carotenone (C;g) and a Cy-dialdehyde (Figure 9).
Very interestingly, Lewinsohn et al. (2005) studied the similar-
ity between tomato and watermelon in the carotenoid content of
mutants, evidenced by different flesh pigmentation patterns. Sets
of volatiles (monoterpenes and norisoprenoids) derived from the
pigments, varied according to the occurrence and/or the propor-
tion of the carotenoids present in the wild-type and the mutant
species.

CAROTENOID-DERIVED AROMA COMPOUNDS
PRODUCTION BY MICROBIAL OXYGENASES

A 7,8 (7,8')-Cleaving Oxygenase from Microcystis
PCC 7806

Aroma compounds derived from carotenoid breakdown and
isolated from microorganisms were reported in the cyanobac-
terium Microcystis aeruginosa, with B-cyclocitral as the major
compound liberated (Jiittner 1976). Even though plant dioxyge-
nases have been predominantly reported in literature, cyanobac-
teria represent a good source of carotenoid cleaving oxygenases.
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B-carotene

10'-apo-f-carotenal

B-ionone

13-apo-B-carotenone

Dialdehyde

FIG. 9. Asymmetrical cleavage of S-carotene by AtCCD7 and its subsequent breakdown by AtCCD8 (Schwartz et al. 2004).

A membrane bound microbial oxygenase, termed B-carotene
oxygenase, was first described by Jiittner and Hoflacher (1985)
in the genus Microcystis, particularly Microcystis PCC 7806.
When comparing native versus activated cells, obtained after
freezing the cyanobacterial pellet, a marked change in the pig-
ment composition, associated with S-cyclocitral occurrence,
was detected. A decrease in B-carotene and zeaxanthin lev-
els was accompanied with the apparition of crocetindial. The
compounds generated were characterized and the stoichiomet-
ric relationship was calculated. Per molecule of carotenoid, one
molecule of crocetindial and two molecules of B-cyclocitral

OHC

B-cyclocitral

from B-carotene (or two molecules of hydroxy-B-cyclocitral
from zeaxanthin) were obtained, suggesting a symmetrical
cleavage at the 7,8 and 7',8’ positions (Figure 10). No decrease
was observed for other pigments like myxoxanthophyll and echi-
nenone, possibly due to differences in their chemical structure
or their location in the cell, not allowing the contact with the
enzyme. When focusing on the oxygenase, no reaction could
proceed under strict anaerobic conditions, pointing out dioxy-
gen as the oxidant in the degradation of the carotene, which
in turn was incorporated into the B-cyclocitral molecule. No
B-carotene co-oxidation attributed to fatty acids appeared to be

B-carotene

CHO

Crocetindial

FIG. 10. Symmetrical cleavage of S-carotene by a membrane bound dioxygenase from the cyanobacteria Microcystis PCC 7806 (Jiittner and Hoflacher 1985).
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involved in the reaction mechanism, and iron seemed to play a
crucial role as part of the enzyme.

Compounds with Aroma from Calothrix and
Plectonema Cultures

Further studies showed that, in spite of producing unpleas-
ant odors, cyanobacteria might also be an excellent source of
norisoprenoids. The origin, whether bio- or non biogenic, of
water off-flavor components, was determined in axenic cul-
tures of Calothrix (C. parientina PCC 6303 and Calothrix.
sp. PCC 7507) and Plectonema (P. notatum and Plectonema
sp. PCC 7410) (Hockelmann and Jiittner 2004). Both genus
are commonly found in cyanobacterial biofilms of streams
and littoral lake zones. In addition to aliphatic alcohols, ke-
tones, and long chain hydrocarbons, isoprenoids represented
a large group of odor compounds, from which all except
limonene appeared to have a biogenic origin, measured by
13C-labelling. C;3- (B-ionone and dihydro-B-ionone), C;;- (di-
hydroactinidiolide), Cjo- (B-cyclocitral), and Cy-compounds
(2,6,6-trimethylcyclohexanone and 2-hydroxy-2,6,6- trimethyl-
cyclohexanone) were detected in C. parientina and the two
strains of Plectonema. B-cyclocitral, was only present in Plec-
tonema, which together with dihydro-g8-ionone, suggested fur-
ther transformation, i.e., reduction reactions, of their respective
preceding molecules, 8-cyclogeraniol and S-ionone. Addition-
ally to C. parietina and Plectoderma, Phormidium sp. cultured
under monoxenic conditions, proved to be a new producer of 8-
ionone derivatives, such as dihydro-B-ionol, tetrahydroionone,
and 4-oxo-p-ionone (Hockelmann and Jiittner 2005). Based on
Microcystis (Jiittner and Hoflacher 1985), in all cases, oxyge-
nases seemed responsible for carotenoid degradation and the
generation of their breakdown products.

Three Oxygenases from Nostoc sp. PCC 7120
with Different Cleaving Activities

Recently, Marasco et al. (2006) found predicted gene ho-
mologs of eukaryotic CCDs to be present in different cyanobac-
teria of the genus Nostoc, Prochlorococcus, Synechocystis, and
Synechococcus. After sequence alignments, in some cases, very
low identity was observed between cyanobacterial CCDs, in
contrast to the higher homology degrees shared with the plant
control dioxygenase from A. thaliana (AtCCD1) (Schwartz et al.
2001). Cloning and expression of the cleaving dioxygenases
genes were carried out in Escherichia coli (Marasco et al. 2006).
These cells were previously engineered to co-express different

sets of genes involved in carotenoid biosynthesis; thus, different
types of C4o-carotenoids (S-carotene, zeaxanthin, torulene, and
lycopene) and a novel linear C3y-carotenoid (diapocarotenedial)
were tested. The highest loss of color in the E. coli cells was
observed for AtCCD1, probably implying that the carotenoid
substrates employed for the microbial enzymes were not their
natural ones or an affection in their accessibility might be re-
sponsible for these results. However, among the cyanobacterial
dioxygenases, NSC1 and NSC2 from Nostoc sp. PCC 7120 and
SYO from Synechococcus elongates PCC 7942 exhibited the
highest bleaching activity.

The three enzymes from Nostoc sp. PCC 7120 were chosen
for further characterization (Marasco et al. 2006), even though
B-carotene levels in cells expressing NSC3 were quite similar
to those quantified in the negative control (empty vector) cell.
For in vitro assays, it was necessary to improve the protein sol-
ubility, purify the enzymes, and set the appropriate conditions
for the measurement. Histidine tagging at the N-terminus re-
sulted in the loss of the cleaving activity. The characterization
of the cleavage for each dioxygenase was performed, rendering
the following results. NSC1 was able to cleave B-carotene as
well as B-apo-8'-carotenal (Figure 11) at the 9,10 (9',10') and
9,10 double bonds, respectively. In both cases, the volatile C;3-
norisoprenoid, B-ionone, was identified by GC/MS (gas chro-
matography coupled to mass spectrometry). Additional prod-
ucts of the apocarotenoid suggested the occurrence, with less
extent, of the breakdown at the 7,8 position. A 9,10 cleavage
was also observed for NSC3 with a certain particularity. Al-
though no breakdown of the carotenoids tested in vivo was de-
tected, after the in vitro assay, this enzyme exhibited cleaving
activity of B-apo-8'-carotenal. Therefore, NSC3 constituted the
first case of a dioxygenase cleaving apocarotenoids at the 9,10
position.

For NSC2, trans-retinal was detected either with B-carotene
or B-apo-8'-carotenal (Marasco et al. 2006). These results sug-
gested the occurrence of the breakdown at the 15,15’ position,
similar to the one performed by the firstly reported dioxyge-
nase (Diox1) from Synechocystis sp. PCC 6803 (Ruch et al.
2005) or SYC2, as called by Marasco et al. (2006). However,
the latter enzyme was only able to cleave apocarotenoids (8-apo-
carotenals, (3R)-3-OH-B-apo-carotenals, and apo-lycopenals),
with different velocities and values of Km calculated depend-
ing on the substrate (Ruch et al. 2005). The structure of this
enzyme, later called SynACO (Synechocystis apo-carotenoid
oxygenase), was solved at a resolution of 2.4 A, exhibiting a
cavity that might act as a bottleneck by probably hindering the

FIG. 11. Chemical structure of B-apo-8'-carotenal.
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B-ionone end-group and positioning correctly the substrate for
retinal formation (Kloer et al. 2005). At the same time and inde-
pendently to the research group of Schmidt-Dannert (Marasco
et al. 2006), Scherzinger and coworkers (2006) also focused
on Nostoc sp. PCC 7120, mainly to the oxygenase responsible
for retinal formation, NosACO (Nostoc apo-carotenoid oxyge-
nase). The latter enzyme was able to cleave different B-apo-
carotenals, (3R)-3-OH-gB-apo-carotenals, apo-lycopenals, and
the corresponding alcohols, depending on the substrate chain
length. Finally, based on the crystal structure of SynACO (Kloer
et al. 2005), an homology model was generated for NosACO, in-
dicating that both enzymes are membrane proteins (Scherzinger
et al. 2006).

According to the report by Marasco et al. (2006), where
NSC1, NSC2, and NSC3 were identified, the genome of
this cyanobacterium contains three members of the carotenoid
oxygenase family (NosACO, NosDiox2, and NosDiox3)
(Scherzinger et al. 2006). Nevertheless, in the study performed
by Scherzinger and collaborators (2006), no breakdown of
B-carotene was observed in vivo, nor cleavage of this carotene
or other major carotenoid compounds (echinenone and myx-
oxanthophyll) was found in vitro. Even though the findings
on the substrate cleaved by NSC2 (Marasco et al. 2006) and
NosACO (Scherzinger et al. 2006) might apparently seem con-
tradictory, the first group measured a very low breakdown
activity on full-length carotenoids, i.e., S-carotene. Studies con-
cerning cyanobacteria are expected to be accomplished, as this
field offers an exploitable option for the identification, isola-
tion, characterization, and production of (apo)carotenoid cleav-
age oxygenases.

CAROTENOID-DERIVED AROMA COMPOUNDS
PRODUCTION BY MICROBIAL CELLS

Bioconversion of Lutein to Tobacco Aroma Compounds
The bioconversion process of lutein to products with aroma,
carried out by a microbial mixture, was reported by Sanchez-
Contreras et al. (2000). With the purpose of screening microor-
ganisms able to degrade lutein, the carotenoid was added to
a chemically defined solid medium as an oily extract. This ex-
tract, mainly composed of the xanthophyll (89% lutein), was ob-
tained from the dehydration process of marigold flower (Tagetes
erecta), representing as well the microbiological source for the
screening. Therefore, due to their ability to grow on lutein as
the only carbon source, our research group isolated nineteen
microbial colonies. Primarily, pigment degradation was visual-
ized by the appearance of colorless halos around the colony.
When grown in submerged cultures, only two out of the nine-
teen colonies were capable for producing volatile compounds.
Regarding its better efficiency for degrading lutein and its unique
ability for generating a strong tobacco aroma, one of them was
selected for further study. After purification, it was found that
the microbial colony was comprised by two organisms, a bac-
terium and a yeast in a 100:1 proportion (Sdnchez-Contreras

et al. 2000), later identified as Paenibacillus amylolyticus and
Trichosporon asahii, respectively (Rodriguez-Bustamante et al.
2005).

A 60% of lutein degradation was quantified in the presence
of both microorganisms; whereas, when cultured separately,
lower values were measured (Sanchez-Contreras et al. 2000;
Maldonado-Robledo et al. 2003). At 96 h of the process, a con-
siderable decrease in the absorption profile of organic extracts
from the culture medium, corresponding to lutein (430, 445,
and 460 nm) was observed. On the other side, an increasing
peak at 270 nm, which might be correlated to the compounds
responsible for the tobacco aroma, was registered in the ab-
sorption spectra (Sdnchez-Contreras et al. 2000). Burton and
Kasperbauer (1985) observed the decrease in chlorophyll and
carotenoid (neoxanthin, violaxanthin, lutein, and S-carotene)
content of tobacco leaves during senescence and curing, so the
breakdown of lutein was further studied. In order to improve the
degradation, different agitation conditions (0, 60, and 100 rpm)
were tested, finding that the intermediate stirring allowed a 95%
of carotenoid breakdown and a better yield volatile formation
(Sanchez-Contreras et al. 2000). Using this agitation speed, a
complete fermentation kinetics was carried out, following the
evolution of microbial growth, consumption of lutein, and gen-
eration of products with aroma. A negligible carotenoid degra-
dation took place in those conditions, and no volatile production
was registered in the control without inoculum, thus eliminating
the fermentation conditions as responsible for lutein conversion.
However, compounds with a strong tobacco aroma were synthe-
sized from lutein only when both microorganisms were present
in the culture.

Analysis of the volatiles by GC/MS at three different times
(0, 36, and 96 h) of the process pointed out that at 36 h, 8-
ionone comprised the only lutein derived product, while no
a-ionone was detected. At the final time of the process, the
following products were identified in different percentages:
B-ionone (9.4%) and its hydrogenated derivatives: 7,8-dihydro-
B-ionol (84.2%), 7,8-dihydro-S-ionone (3.5%), and 3-hydroxy-
B-ionone (2.9%) (Sanchez-Contreras et al. 2000). Wahlberg
(2002) focused on norisoprenoids from tobacco and pointed
out S-ionone, a-ionone, 3-hydroxy-S-ionone, and 3-hydroxy-
5,6-epoxy-pB-ionone as the identified primary cleavage prod-
ucts. The fact of not detecting 3-hydroxy-B-ionone at the
initial time of the bioconversion process of lutein might indi-
cate that this compound is first dehydroxylated before cleav-
age (Séanchez-Contreras et al. 2000). On the other side, the
two steps transformation of S-ionone to 7,8-dihydro-f-ionone
and 7,8-dihydro-8-ionol by immobilized cells of Nicotiana
tabacum were reported by Tang and Suga (1994). Hypotheti-
cally, a similar ionone conversion scheme might be followed
from B-ionone, suggesting the probable existence of two reduc-
tases. When zeaxanthin, a xanthophyll similar to lutein but with
two B-rings, was employed, the products generated were dou-
bled (Sanchez-Contreras et al. 2000). These results suggested
that an asymmetrical lutein breakdown took place and that the
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cleaving system exhibited preference for cyclic f-bonds. Conse-
quently, the bioconversion route of lutein to tobacco aroma com-
pounds, constituted by four steps (dehydroxylation, -ionone
synthesis via carotenoid cleavage, and two consecutive trans-
formations of the ionone into its reduced derivatives) was pro-
posed (Figure 12). No explanation on the post-occurrence of
3-hydroxy-fB-ionone was given.

The synthesis of ionone derivatives from «- or -ionone as
starting materials has been achieved using microorganisms such
as Aspergillus niger (Mikami et al. 1981; Yamazaki et al. 1988;
Larroche et al. 1995; Grivel and Larroche 2001), Lasidiplodia
theobromae (Krasnobajew and Helmiger 1982), and Strepto-
myces strains (Lutz-Wahl et al. 1988). Likewise to ionones,
Schoch et al. (1991) described the microbial conversion of «-
damascone to its oxygenated derivatives by Botrytis cinerea,
a fungal genus used to carry out different types of biotrans-
formations (Aleu and Gonzalez Collado 2001). Nevertheless,
the study with lutein constituted the first report on coupled
microbial action responsible for the generation of noriso-
prenoids from a carotenoid substrate (Sanchez-Contreras et al.
2000).

7,8-dihydro-f -ionol

Lutein

In order to determine the role exerted by each microorganism
in the bioconversion pathway,T. asahii and P. amylolyticus were
grown independently (Maldonado-Robledo et al. 2003). As a
reference, the microbial mixture was also employed in the ex-
periments, agreeing with the work by Sanchez-Contreras et al.
(2000); the tobacco aroma was only produced when the two
microbial cells were used together. T. asahii cultures supple-
mented with lutein showed S-ionone formation, meanwhile no
reduced derivatives of this compound were detected. In contrast
to the mixture, where S-ionone concentration decreased after
24 h of the process, the levels of the ionone obtained from T.
asahii alone, remained constant after 48 h. P. amylolyticus cells
grown in the presence of the xanthophyll did not produce any
volatiles at all. On the other hand, when studying the ability
of each microorganism to produce the tobacco aroma from f-
ionone, only in the mixed, as well as in the bacterial cultures, the
hydrogenated derivatives of the C;3-norisoprenoid were found.
As mentioned above, in addition to their antibacterial properties
(Anzaldi et al. 1999), ionones exert an antifungal action, pre-
sumably by inhibiting the respiratory enzymes (Larroche et al.
1995), so its effect over the microbial growth was evaluated.

OH

OH > T. asahii

J
\

3-hydroxy-B -ionone

> P. amylolyticus

J

FIG. 12. Bioconversion scheme of lutein to tobacco aroma compounds, including the specific role of the microorganisms involved in it (Sdnchez-Contreras et al.

2000; Maldonado-Robledo et al. 2003).
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Although both microorganism were susceptible to the ionone,
the yeast exhibited more sensitivity to lower concentrations of
this compound.

Subsequent experiments showed that the bacterium was able
to incorporate -ionone, transform it into the aroma compounds,
and secrete them to the culture medium (Maldonado-Robledo
et al. 2003). These actions resulted in better microbial growth
and in the detoxification of the culture medium (Rodriguez-
Bustamante et al. 2006). Therefore, it was concluded that the bio-
conversion pathway of lutein could be divided in two parts, with
respect to the role played by each microorganism (Figure 12).
The first part of the process, performed by T. asahii, comprised
the carotenoid cleavage to render S-ionone, while P. amylolyti-
cus is responsible for assimilating and reducing this compound
to yield the products with a tobacco note. Apparently more ben-
eficial to the fungus, a microbial association of this type, which
is involved in the synthesis of carotenoid-derived aromas, was
firstly described by Maldonado-Robledo et al. (2003).

Research on this process is still going on. Studies focused
on maximizing the aroma production and designing a recov-
ery system of the synthesized volatiles, i.e. S-ionone, have been
recently published (Rodriguez-Bustamante et al. 2005, 2006).
By following a classical design of experiments methodology,
the effect of different components of the culture medium was
evaluated, and an almost 10-fold increase in the titer was at-
tained. Surprisingly, in spite of its low amount, compared to other
nutrients, a negative and significant estimate was calculated
for glucose (Rodriguez-Bustamante et al. 2005). Therefore, an
inverse relationship has been observed between the sugar
concentration and the production of the aroma compounds
(Rodriguez-Bustamante et al., in preparation). On the other side,
after increasing the agitation rate in 7. asahii cultures, a decrease
in the production of B-ionone was observed, as described earlier
by Sdnchez-Contreras and collaborators (2000) for volatiles gen-
erated from mixed cultures. Therefore, by taking advantage of
the ionone volatility, a headspace method was employed, reach-
ing a 98% recovery of this compound with the aid of an ad-
sorbent (Rodriguez-Bustamante et al. 2006). Thus, the use of a
mesoporous silicate material allowed a 4.5-fold higher recovery
than the obtained with a commercial adsorbent (silica gel), even
though the surface areas were equaled. Currently, we are inves-
tigating the enzymes involved in the bioconversion route. For
this purpose some of them were purified, sequenced and then
will be cloned and overexpressed.

Fungal Cleavage of 3-Carotene to Flavor Compounds

The screening of more than 50 yeasts and filamentous fungi,
known for being involved in terpene reactions (synthesis or
biotransformations), was performed by Zorn and coworkers
(2003a). Discrimination between degrading and non-degrading
organisms was also accomplished by a visual method, in which
B-carotene containing agar plates were inoculated with approxi-
mately 1 cm? of agar pieces covered with mycelium. Depending
on the organism (yeast or filamentous fungus), after one or two

TABLE 3
Screening of the B-carotene degrading fungi (Zorn et al. 2003a)
Carotene
Organism Fungus type bleaching
Cryptococcus laurentii Yeast w!
Cyathus pallidus Basidiomycete S?
Ganoderma applanatum Basidiomycete S
Hypomyces odoratus Ascomycete S
Ischnoderma benzoinum Basidiomycete S
Kuehneromyces mutabilis Basidiomycete S
Marasmius scorodonius Basidiomycete S
Phaffia rhodozyma Yeast W
Trametes suaveolens Basidiomycete S
Trametes versicolor Basidiomycete S

'W (weak).
2S (strong).

weeks, carotenoid bleaching was only observed in ten of the
strains tested, exhibiting, as defined by the authors, strong (S)
or weak (W) discoloration (see Table 3).

Positive carotenoid bleaching fungi were further studied. Low
yields of dihydroactinidiolide as the sole product were measured
in submerged cultures of G. applanatum, H. odoratus, K. mu-
tabilis, and T. suaveolens. Inoculum-free medium and cultures
with no addition of B-carotene, where no volatiles were detected,
served as negative controls.

As pointed out by the pigment-fading test, it was
thought that the enzymes responsible for the carotenoid
degradation were extracellular; therefore, the possibility of
using mycelium-free medium instead was contemplated. S-
Ionone, B-cyclocitral, dihydroactinidiolide, and 2-hydroxy-
2,6,6-trimethylcyclohexanone were found in the culture super-
natants obtained from three basidiomycetes, with the ionone as
the major compound in all cases. I. benzoinum, M. scorodonius,
and T. versicolor, exhibited a f-carotene degradation values of
95, 93, and 98%, respectively, and even though C. pallidus was
able to break down 85% of the carotene, no aroma compounds
were detected. Ultrafiltration of the supernatants revealed the
involvement of enzymatic activity in the cleaving process, as
no carotenoid degradation was found in the permeates, contrary
to the observed with the retentates. This is the first time that
medium free of mycelium with secreted fungal enzymes was
employed for converting -carotene into aroma compounds, pri-
marily B-ionone.

Finally, the cleavage activity of M. scorodonius was partially
characterized by a photometric method, monitoring the decrease
in the absorbance of B-carotene with respect to time. A rapid
degradation profile, in which degradation of the 40% of the
initially added carotenoid after 60 min, was observed. Control
blanks, using water instead of the extracellular proteins, exhib-
ited practically no breakdown even after 120 min. Maximum
activity took place at 27°C and a pH value of 5.0.
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FIG. 13. Chemical structure of the apocarotenoids heteranthin and ditaxin
(Méndez-Robles et al. 2006).

Generation of Aroma Compounds from a Newly
Discovered Apocarotenoid

Ditaxis heterantha is a native plant of the Euphorbiaceae
family that grows in the semiarid regions of Mexico. As the
seed endosperm possesses an intense yellow coloration, its to-
tal pigment was extracted for chemical characterization. After
purification it was found that the pigment could be separated
into seven fractions, exhibiting three maximal peaks in their ab-
sorbance spectrum, a typical property of carotenoids. From these
fractions, two new apocarotenoids, F4 and F5, later named het-
eranthin and ditaxin (Figure 13), respectively, were in major
proportion (Méndez-Robles et al. 2004, 2006).

Based on the methodology previously described by Sanchez-
Contreras et al. (2000), nine microbial colonies, grown on lutein
as their only carbon source and able to degrade it, were isolated

LX

3-hydroxy-B -cyclocitral

|
|

from T. erecta (Del Toro-Sanchez et al. 2006). When their capa-
bility to cleave the total pigment from D. heterantha seeds and its
two main fractions was tested, only one of them was able to de-
grade the pigment and heteranthin. A herbal aroma was formed
in both cases, while practically no volatiles where detected from
cultures supplemented with ditaxin. Microscopic observations
of the colony showed a yeast morphology, and molecular meth-
ods enabled the identification of the yeast as Saccharomyces
cerevisiae by database comparison of the DNA region for the
5.8S rRNA gene (Del Toro-Sanchez et al. 2006).

Better pigment and apocarotenoid degradation, as well as
aroma production, occurred at an agitation rate of 60 rpm.
S. cerevisiae cells were cultured supplemented with either the
total pigment or heteranthin, monitoring both substrates degra-
dation, aroma generation, glucose consumption, and growth ki-
netics. The maximum aroma production was attained at 60 h of
the process, with heteranthin yielding 15% less volatile com-
pounds. In both cases the C;y compounds, safranal and 3-
hydroxy-B-cyclocitral, represented the principal constituents in
the following proportions, respectively: 26.9 and 10.8% for the
total pigment, and 35.6 and 15.9% for F4. A possible degrada-
tion scheme of heteranthin to safranal was proposed (Figure 14),
in which 3-hydroxy-B-cyclocitral appeared to be the precursor
of this flavor compound. However, the primary cleavage product
derived from heteranthin was not identified and therefore, the ini-
tial reaction remained unknown (Del Toro-Sanchez et al. 2006).
The occurrence of C;3-norisoprenoids, i.e., ionones, was also ob-
served, indicating that in addition to the cleavage at position 7,8
a breakdown at the 9,10 double bond also took place. 3-oxo-a-
ionone, 3-ox0-7,8-dihydro-«-ionone, and 3-oxo-¢-ionol, prob-
ably responsible for the floral aroma perceived, were detected
in higher amounts in cultures supplemented with F4 rather than

CHO CHO

—_—

Safranal

Heteranthin

C13 Norisoprenoids

FIG. 14. Bioconversion scheme of heteranthin to safranal (Del Toro-Sanchez et al. 2006).
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with the total pigment. Other heteranthin-derived volatiles de-
tected in minor quantities were the Cy-compounds: isophorone
and 4-oxo-isophorone.

To obtain more information on the bioconversion process, the
cleaving activity was further studied. By a color fading test, using
agarose plates stained with the pigment or the apocarotenoid, ha-
los were only observed with intracellular extracts derived from
cultures grown in the presence of either substrate. No degra-
dation took place with extracellular protein. /n vitro analysis
showed that the cleavage was due to enzymatic activity, as no
significant values were measured in the negative controls, where
no protein extract was added. After 60 min, a degradation of 60
and 42% of the total pigment and heteranthin was respectively
registered, suggesting the possible existence of one or more in-
tracellular oxidases involved in the process (Del Toro-Sanchez
et al., in preparation).

Although its major application relies in its desirable prop-
erty of transmitting color and flavor to food, saffron has been
used as textile dye, beauty product, and medicinal agent. This
spice, derived from C. sativus flower, particularly the dried stig-
mas, is a traditional ingredient still employed in European cui-
sine (Spanish, French, Italian, and with less extent, German)
(Winterhalter and Straubinger 2000). The aim to identify the key
components of saffron flavor (taste, aroma, and color) has driven
research into knowing its chemical composition. Therefore, dur-
ing the past decades extensive studies on the synthesis, nature,
and stability have been performed to its volatile and non-volatile
constituents.

HO

Zeaxanthin

Regarding the volatile compounds, as safranal represents the
major component of the essential oil content (60—70%), for many
years it was thought to be responsible for the characteristic aroma
(Cadwallader 2002). Further analysis have shown the contribu-
tion of more than 100 compounds, from which a part of them
is derived from glycoside precursors. However in contrast to
what other authors affirm, Carmona et al. (2007) concluded that
the number of volatiles in saffron is not as high as believed
and the aroma profile depended of its geographical origin. The
generation of aroma compounds from saffron is still unclear,
although a pathway for the formation of safranal was proposed
by Pfander and Schurtenberger (1982). In this process, zeaxan-
thin is symmetrically cleaved at the 7,8 (7', 8’) positions by the
dioxygenase described above (CsZCD) (Bouvier et al. 2003), re-
sulting in the formation of picrocin and crocetin. By the action
of glycosidases or during thermal treatment or cooking, the first
compound might be converted into safranal (Figure 15). Very
interestingly, Carmona et al. (2006) described the generation of
this volatile by carotenoid thermal degradation, following a dif-
ferent route. As they proposed, crocetin or its ester derivatives
might play a crucial role.

Even when carotenoid breakdown at the 7,8 double bond has
been described in cyanobacteria (see above), the research per-
formed by Del Toro-Sanchez and coworkers (2006) constituted
the first report on microbial (apo)carotenoid cleavage resulting
in safranal production. On the other side, a food flavoring appli-
cation might be contemplated, as D. heterantha seeds are more
economic than saffron, so far, the most expensive spice in the

OH

CHO
MW/ CHO
OHC
Glc-O

Picrocin

Crocetindial

CHO
COOR
ROOC

Safranal

Crocetin (ester)

FIG. 15. The widespread pathway for safranal formation from zeaxanthin.
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market. A novel possibility is opened in this area, which most
probably might be further studied and later exploited in the on-
going years.

CAROTENOID-DERIVED AROMA COMPOUNDS
PRODUCTION BY OTHER CLEAVING MICROBIAL
ENZYMES: A PEROXIDASE FROM LEPISTA IRINA

Zorn et al. (2003b) isolated and characterized on a molecular
level, an enzyme, from the edible mushroom L. irina, able to
degrade S-carotene. After a few days, carotenoid bleaching was
observed around the mycelium grown on agar plates supple-
mented with the carotene. With a similar approach to their pre-
vious experiments (Zorn et al. 2003a), the supernatant obtained
from submerged cultures of L. irina was mixed with solubilized
B-carotene, finding almost a complete degradation after 14 h
of incubation. As described above, the same volatiles were de-
tected, with B-ionone as the major products; however, the occur-
rence of B-apo-10/-carotenal was revealed by an HPLC method
developed for the identification of non-volatile compounds. A
rapid reaction profile was observed by a kinetic assay, in which
a carotenoid degradation of 90% is reached within 30 min, and
the maximal amount of S-ionone produced is attained after
60 min.

Concentrated supernatants were analyzed by isoelectric fo-
cusing gel chromatography with immobilized pH gradient,
coupled to a zymographic test. An agarose layer stained with §-
carotene was used to cover the focused gel, and after incubation,
a distinctive bleaching band was detected. After comparison
with reference proteins, the isoelectric point of the enzyme re-
sponsible for carotenoid breakdown was calculated, exhibiting
a value of 3.75. Next, a purification protocol for the protein of
interest was established, following three separation techniques
(hydrophobic interaction, anion exchange, and size exclusion
chromatographies). The maximum degradation was found at
the tenth day of culture, at 34°C and pH values between
3.5 and 4.0. A yield of 63% and a purification factor of 43
were attained at the end of the process. The typical absorp-
tion spectra for heme proteins was observed for the purified
enzyme.

Gel electrophoresis analysis (SDS-PAGE and IEF) showed
the presence of two proteins: a main band with a molecular
weight of 50.5 kDa and pl of 3.75, and a second faint band of
45 kDa and pI of 3.50. However, subsequent characterization ex-
hibited identical N-terminal sequences for both proteins, proba-
bly suggesting the occurrence of isoenzymes. Further sequence
information of the main protein allowed the construction of a
cDNA library, screened by means of polymerase chain reaction
(PCR). A 1.28 kbp cDNA was obtained and sequenced, show-
ing great similarity to reported peroxidase from the white rot
fungus Pleurotus eryngii (Ruiz-Dueiias et al. 1999). The cloned
fragment contained an open reading frame of 1083 nucleotides,
which encoded a polypeptide of 361 residues with a 30 aa sig-
nal peptide. In contrast to the molecular weight estimated by
SDS-PAGE, a 34.6 kDa mass was calculated, attributing this

considerable difference to a high degree of glycosylation (Zorn
et al. 2003b).

Based on the sequence analysis, it was concluded that the
enzyme responsible for B-carotene cleavage at the double bond
between Co-Cj( belonged to a novel class of peroxidases. Even
though the presence of H, O, is necessary for peroxidase activity,
the purified enzyme was able of breaking down the carotenoid in
the absence of peroxides. Enzymes from white rot fungi known
for their degrading action over a wide variety of compounds have
been described in literature; nevertheless, the work by Zorn and
collaborators (2003b) represented the first report on an extra-
cellular microbial peroxidase capable of carotenoid cleavage.
Future research conducted by this group is expected in this area,
as the activity observed from M. scorodonius might follow a
similar mechanism.

FUTURE PROSPECTS: NOT ONLY AROMAS

As stated above, flavors and fragrances have been appreci-
ated by mankind for centuries. Traditionally, essential oils were
extracted from natural substrates, making this a very tedious
and laborious task. In general, the production of aromas by mi-
crobial methods offers new advantages. Novel approaches are
still to come, and for the case of carotenoid-derived aroma com-
pounds, research in various fields might certainly take place,
as new substrates, enzymes and genes from different organisms
(animals, plants, and microorganisms) are being discovered. A
gene encoding a carotenoid oxygenase (carX) was identified in
the ascomycete Fusarium fujikuroi (Thewes et al. 2005), and
very recently, Prado-Cabrero et al. (2007) reported on the syn-
thesis of retinal by the gene product. Car X expressed in en-
gineered E. coli cells exhibited cleavage activity at the 15,15’
double bond of fB-carotene but not of lycopene. Additionally,
in vitro tests showed the ability of this oxygenase to synthesize
retinal from S-carotene, as wells as from torulene, y-carotene,
and B-apo-8-carotenal (Prado-Cabrero et al. 2007).

Little is known about the function exerted by carotenoid
breakdown products in living systems, with the exception of
retinoids and the so-called plant hormones, both still to be stud-
ied. With the exception of the mechanism proposed by Zorn
et al. (2003b) for the L. irina peroxidase, the oxidative cleav-
ing reactions by oxygenases from different taxa and their reg-
ulation have not been elucidated yet, so further research is
awaiting.

Besides their applications in flavoring, innovative studies
have been conducted in the pharmacological sector. It has been
shown that a diet rich in fruits and vegetables, considered as
isoprenoid reservoirs, renders a protective effect against diverse
kinds of cancer (Singletary 2000). A chemopreventive and in-
hibitory effect exerted by S-ionone has been described in cancer
types such as melanoma (He et al. 1997; Jung et al. 1998), gas-
tric adenocarcinoma (Liu et al. 2004), and hepatocarcinogenesis
(de Moura Espindola et al. 2005). In all cases, the inhibition of
mevalonate synthesis, possibly representing the impairing of the
malignant cells is assumed.
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Abstract In this work, we report on the synthesis and
ability of the mesoporous material MCM-41 to adsorb the
norisoprenoid (3-ionone. This compound, with a violet
aroma note, can be produced from lutein by the yeast
Trichosporon asahii through a bioconversion process. We
found that (-ionone inhibited the yeast growth and
constrained aroma formation. Growth inhibition was
overcome using silicate MCM-41 as sorbent device in a
fermentation system that allowed product removal from the
culture medium by headspace manipulation. Compared to a
commercial silica gel, the mesoporous material exhibited a
4.5-fold higher [3-ionone adsorption. Contrasting to
cultures without the sorbent device, the presence of
MCM-41 allowed a marked increase (14-fold) in 3-ionone
production. Our results suggested that confinement of the
norisoprenoid into the sorbent material bypassed its
toxicity which allowed a better (3-ionone production.
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This study represents the first report on the use of MCM-
41 to recover an aroma produced by fermentation and
therefore, a novel application for a mesoporous material.

Introduction

Flavors and fragrances represent an important group of
compounds for sectors of the chemical industry related to
food, cosmetics, and detergents (Somogyi 1996). Ci3
norisoprenoids, also known as ionones, are potent aromas
derived from the specific breakdown of carotenoids (f3-
carotene, lutein, zeaxanthin, and astaxanthin). Among
them, the violet smelling {3-ionone has an increasing
commercial interest (Winterhalter 1996; Winterhalter and
Rouseff 2002). The use of microorganisms offers an
attractive alternative for the production of aromas in
comparison with conventional organic synthesis or extrac-
tion from plants (Krings and Berger 1998; Rabenhorst
2000). Zorn et al. (2003) screened more than 50 filamen-
tous fungi and yeasts by their ability to cleave [3-carotene
and produce flavor compounds. Among them, ten different
strains showed an efficient degradation of [3-carotene but
only three (Ischnoderma benzoinum, Marasmius scorodo-
nius, and Trametes versicolor) produced volatile com-
pounds, with {3-ionone being the main product. In an
earlier work, we reported on the production of tobacco
aroma compounds from lutein by a microbial system
comprised by two microorganisms, later identified as
Trichosporon asahii and Paenibacillus amylolyticus
(Sanchez-Contreras et al. 2000, Rodriguez-Bustamante
et al. 2005). In this process, 7. asahii is responsible for
cleaving lutein to (3-ionone, whereas P. amylolyticus
reduces (-ionone into its 7,8-dihydro-3-ionone and 7,8-
dihydro-f3-ionol derivatives, which are present in the
tobacco aroma note (Maldonado-Robledo et al. 2003).
When 7. asahii cells are cultivated in YTN medium with
40 uM lutein, a B-ionone production of 23.4 uM is reached
at the second day of fermentation and this production is
maintained for two more days (Maldonado-Robledo et al.
2003). It is known that [3-ionone acts as an antifungal agent



by inhibiting the respiratory chain, and therefore prevent-
ing the microbial oxygen consumption (Larroche et al.
1995). Similarly, when T. asahii is exposed to [3-ionone
concentrations of more than 10 uM, the yeast growth is
strongly inhibited (Maldonado-Robledo et al. 2003). This
effect might explain the limited growth and null tobacco
aroma production when 7. asahii is grown in the presence
of 40 uM lutein (Sanchez-Contreras et al. 2000). Hence, it
is expected that removal of the (3-ionone being formed
might by-pass the growth inhibition and improve the aroma
produced. Recovery of aromas from fermentation cultures
has been reported by several workers (Schéfer et al. 1999;
Keszler et al. 2000; Rito-Palomares et al. 2000). Some of
these procedures are based on the manipulation of the
headspace, collecting the aroma compounds by organo-
philic pervaporation, solid-phase extraction, or an aqueous
two-phase system. Due to their high surface area, silica
materials have been traditionally used in adsorption
processes (Jain et al. 1998). The M41S family of zeolites
molecular sieves, reported by Mobil Research and
Development Corporation researchers (Kresge et al.
1992), has been extensively studied due to its desirable
properties of pore sizes (15-100 A) and high surface
areas (>1,000 m* g ). Recently, these inorganic compos-
ites have been focused as chromatographic supports for the
separation of biopolymers such as proteins (Kisler et al.
2001; Sakaguchi et al. 2005). Actually, there are no reports
on fragrances and aroma recovery by exploiting the method
of' headspace manipulation coupled with M41S materials as
sorbent devices. Due to its textural properties, MCM-41
(Mobil Crystalline Material), a mesoporous member of the
M41S family, which has hexagonal arrangement of
uniformly sized channel mesopores, high surface area,
and periodic nanoscale pore spacing, has been the focus of
recent studies for possible applications. The most promis-
ing utilizations are related to heterogeneous catalysis,
adsorption, ion exchange, and as drug delivery vehicle
(Vallet-Regi et al. 2001; Kallus et al. 2003; Newalkar et al.
2003; Hou et al. 2004; Tanchoux et al. 2004; Humphrey et
al. 2005). By using a headspace method, the aim of this
work was to explore the ability of MCM-41 to adsorb the
aroma [3-ionone and evaluate its influence on the I, asahii
growth and the conversion of lutein to [3-ionone.

Materials and methods
Preparation and characterization of silicate materials

Pure silica MCM-41 was synthesized according to the
procedure reported earlier by Franke et al. (1995).
Commercial silica was purchased from Merck (silica gel
60 ASTM 35-70 mesh) and used as reference. The sorbent
devices (silica gel 60 and MCM-41) were characterized by
N, physisorption. Nitrogen adsorption/desorption iso-
therms were measured with a Micrometrics ASAP 2000
automatic analyzer at liquid N, temperature. Specific
surface areas were calculated from the adsorption iso-
therms by the Brunauer, Emmett, and Teller (BET) method
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(Brunauer et al. 1938) and pore size distributions from the
desorption isotherms by the Barrett—Joyner—Halenda
(BJH) method (Barrett et al. 1951). Before the physisorp-
tion method, both samples were out gassed for 6 h at
270°C.

Microorganism, growth conditions, lutein degradation
and aroma production

T. asahii BM-H-105 is preserved at the Microbial Culture
Collection of the Instituto de Investigaciones Biomédicas
(UNAM-48, Mexico D.F., Mexico). The culture was grown
in 250-ml baffled flasks, especially designed for our
purpose by adapting frosted glass joints to glass pipes
(Fig. 1). The assembled system was autoclaved, using
thread covers in the air inlets. For aroma recovery, silicate
materials (0.5 g) were used in a U-shape glass pipe, which
avoids sorbent from dropping into the fermentation broth.

The flasks contained 50 ml of a culture medium,
previously developed by an experimental design meth-
odology (Rodriguez-Bustamante et al. 2005). The medium
contains (per liter) 5.5 g yeast extract, 30.0 g NaCl, and
1.0 ml of a trace elements solution. The trace elements
solution contains (per liter) 2.85 g H3;BO;, 1.8 g
MnC1'4H20, 1.36 g FeSO4, 1.77 g C4H4KNaO6'4H20,
0.0269 g CuCl,2H,0, 0.0208 ZnCl,, 0.0404 CoCl,-6H,0,
and 0.0252 NaMoO42H,0O. For each formulation, the
medium was adjusted to pH 7.2 with NaOH. Lutein (kindly
donated by Bioquimex S.A. de C.V., Queretaro, Mexico)
was filter-sterilized (0.45 um type HA; Millipore) and
added immediately before inoculation to have a final
concentration of 334 uM (190 mg/l). This concentration,
which was chosen based on a previous study with a
microbial mixture (7. asahii and P. amylotyticus), was
aimed to maximize the tobacco aroma production
(Rodriguez-Bustamante et al. 2005). The flasks were
inoculated with 2.5 ml of a T asahii suspension containing
1x10° colony forming units (CFU)/ml and then covered
with aluminum foil to avoid lutein decomposition. Cultures

sorbent trap

Fig. 1 Fermenting system designed for fragrances and aroma
recovery, consisting of a baffled flask (bottom) adapted by frosted
glass joints to glass pipes with air inlet (fop leff) and sorbent trap
(top right) at each extreme
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were incubated at 29°C and 180 rpm on a rotary shaker
(New Brunswick Scientific).

Aroma determination and product identification

At 96 h incubation, silicate materials were collected from
the fermentation systems in 250-ml Erlenmeyer flasks, and
the aroma extracted from the sorbent by vigorous stirring
with 200 ml diethyl ether/petroleum ether (1:1) for 20 min.
After filtration (Whatman 40), the solvent was eliminated
by transferring the extraction mixture to a 500-ml round
flask at 40°C under mild rotation and reduced pressure to
avoid aroma decomposition. The organic extract was
resuspended in 250 pl CH,Cl,, and from this suspension,
5 wl was applied onto a thin-layer chromatography
Alugramsilg-UV254 plate (0.54 mm thick). To quantify
the aroma, the plate was developed with a mixture of
hexane/ethyl acetate/acetic acid (95:5:5) and analyzed by
densitometry (Camag Il densitometer) at 293 nm, using
authentic (3-ionone as standard (95% pure).

For product identification, 0.1 pl of the resuspended
organic extract was analyzed in a gas chromatograph
(Hewlett-Packard 5890 series II) equipped with a 30-m
capillary column of Carbowax 20 M, at 50°C for 5 min,
utilizing a temperature program of 4°C/min for 25 min. The
mass analysis was achieved in a coupled apparatus
(Hewlett—Packard model 5945A) using electron impact
technique. The mass spectra were compared with the NIST/
EPA/NIH mass spectral library database (NIST/EPA/NIH
1992).

Growth determination

Growth values (dry cell weight) were determined from 5 ml
samples of the fermentation medium, previously washed
twice by centrifugation (12,000 xg, 15 min) with 0.85%
NaCl. The washed cells were dried for 24 h at 100°C over
aluminum pads and allowed to cool in a desiccator before
weighted.

Determination of lutein degradation

Culture samples (1 ml) were taken every 12 h, centrifuged
(5,400 xg for 10 min), and the supernatant extracted by
stirring with 1 ml acetone and 2 ml of diethyl ether/
petroleum ether (1:1). The organic extract was separated
from the aqueous phase by centrifugation and the solvent
eliminated with a soft N, flow. Similar to the aroma
determination, the concentrate was dissolved in CH,Cl,
(50 ul), applying 5 ul onto a thin-layer chromatography
Alugramsilg-UV254 plate (0.54 mm thick). The plate was
developed with a mixture of CH,Cl,/ethyl acetate (80:20),
and the chromatogram analyzed using a densitometer
(Camag II) at 450 nm to determine residual lutein. As
standard, a 70% pure alfalfa xanthophyll (Sigma Chemical,
St. Louis MO) was employed.

Results
Characterization of the sorbent materials

N, isotherms of MCM-41 corresponded to the character-
istic shape of mesoporous materials, which sharply
contrasted with the isotherms of silica gel 60 due to the
presence of hysteresis (Fig. 2). This latter behavior might
be due to spaces between particles or to irregular pore
distribution. Textural properties of the aroma recovery
materials were calculated from these data. MCM-41
showed the highest surface area (1,020 m? g '), which
represented more than 4-fold of the area measured for
silica gel 60 (240 m”> g '). No considerable differences
were found between the pore volumes (~0.80 cm® g ') of
the two silicates tested; however, the pore sizes of the
commercial material (70 A) doubled that exhibited by
MCM-41 (29 A).

Aroma recovery

Two silica materials were compared for aroma recovery. As
shown in Fig. 3, MCM-41 achieved an aroma recovery
(327 uM) 4.5-fold higher than the commercial silicate
(73 uM). This value (327 uM), represented more than 98%
of the theoretical aroma production expected (334 uM).
These differences in aroma recovering capacity could be
attributed to their surface areas. The surface area measured
for MCM-41 was four times higher than that for the silica
gel 60, and this value seemed proportional to the amount of
aroma recovered. To prove this, the amount of silica gel 60
tested in the fermenting system was quadrupled so that the
surface area equaled the one exhibited by MCM-41.
Nevertheless, the aroma recovery was lower than expected,
registering a concentration of 130 puM. Therefore, in
addition to the mesoporous material high surface area, its
ordered structure might also contribute to its good
recovering capacity. This silicate material was employed
for the fermentation kinetics studies.

400

Adsorbed volumen {em’ g}

0 0.2 04 06 oe 1

Relative pressure (P Po")

Fig. 2 N, adsorption and desorption isotherms of silica gel 60 ()
and MCM-41 (A) from which the textural properties (surface area,
pore volume, and pore size) of each material were calculated
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Fig. 3 Aroma recovery from
lutein (334 uM) at 96 h fer-
mentation using both silicate
materials (silica gel 60 and
MCM-41). Control is the aroma 300
produced in the absence of
sorbing material. Maximal the-
oretical aroma production is
334 uM. Cells were grown at
29°C and 180 rpm

Aroma (M)
[
o
o

100 A

Corntrol

Product characterization

Determination of the volatiles adsorbed to silica materials
at the end of the bioconversion process showed only one
compound in all the cases tested, indicating no degradation
of the desired product. The nature of this substance was
established by comparison with an authentic standard
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400
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Fig. 4 Growth kinetics (a) of 7. asahii cells with (e) and without
(m) (-ionone removal. (b) Lutein consumed (0) and (3-ionone
produced (©) in the presence of MCM-41. Cells were grown at 29°C
and 180 rpm

Silica gel 680

Silica gel 60 [4X) Maximal theoretical

production

Conditions

contained in the database of the NIST/EPA/NIH mass
spectral library (NIST/EPA/NIH 1992) and identified as 3-
ionone by its fragmentation spectra. The spectrometric
results showed the following values: 3-ionone m/z 192
(M)", 177/100 (M-Me)", 149/8, 135/12, 93/7, 91/6.4,
43/26, 41/6. For MCM-41, which had a good recovery
capacity, the chromatograph showed only an intense peak
(data not shown).

Fermentation kinetics

To evaluate the MCM-41 performance during the fermen-
tation, 7. asahii cells were incubated in the presence and
absence of the mesoporous material. Figure 4a shows the
growth evolution under these conditions. As can be seen in
the figure, when the ionone produced remained in the
culture medium, an inhibition of the yeast growth was
observed. On the other hand, removal of the toxic product
allowed T. asahii to grow well, reaching the stationary
phase at 24 h. In regard to 3-ionone production (Fig. 4b),
maximum concentration was attained at 48 h fermentation
in the presence of MCM-41 and this value (327 uM)
coincided with total lutein consumption by the cells. On the
other hand, no aroma was detected in the absence of MCM-
41 and the lutein concentration remained without signif-
icant variation (not shown).

Discussion

The mesoporosity of nanoscale materials based on silica is
arising as a new and exciting research field of great
scientific and technological importance (Hunks and Ozin
2005; Shpeizer et al. 2005; Zhang et al. 2005). These
mesoporous molecular sieves with adjustable and uniform
pore sizes in the range of 15 to 100 A, are set to open a new
gateway to future technologies. In this work, we report the
synthesis and ability of MCM-41 to adsorb the violet
aroma [3-ionone, which represents a novel application for a
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mesoporous product. The MCM-41 synthesized showed
N, isotherms characteristics of the mesoporous materials
(Yamaguchi et al. 2004). In addition, this product exhibited
a remarkable performance for aroma depuration because
the 3-ionone recovered (327.6 uM; 63 mg/1), corresponded
to more than 98% of the theoretical production expected.
When compared to a commercial silica gel, MCM-41
exhibited a better 3-ionone recovery (4.5-fold), even
though the surface areas of both materials were equaled.
Therefore, it is possible that in addition to its high surface
area, the MCM-41 ordered structure might also contribute
to its good recovery capacity. It seems that adsorption to the
mesoporous material also conferred some degree of
stability to the confined product because no aroma
degradation was detected during the time of fermentation.

On the microbial side, because of the continuous f3-
ionone removal from the culture medium, the toxic effect
was avoided and the yeast grew well. In addition, a 14-fold
increase in [3-ionone production was observed, compared
to cultures without the sorbent device. This improve in
aroma production is most probably due to the microbial
growth observed, as a consequence of the norisoprenoid
confinement into the sorbent material. However the bypass
of a possible feedback regulatory mechanism as the cause
of aroma overproduction cannot be discarded.

This study represents the first report focused on the use
of MCM-41 to recover an aroma produced by fermenta-
tion. The aroma produced was extracted from the
mesoporous material in a high pure form, thus opening
the possibility of using this methodology for aroma
purification either from biological or from nonbiological
chemical reactions. In addition, this “clean technology”
showed biocompatibility and expected to be easy to scale
up at low cost. Considering that current trends in aroma
science are the search for methods with higher product
recovery capacity and low or none product modification
(Winterhalter and Rouseff 2002), the procedure reported in
this paper turned out to be of great interest.
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Glucose exerts a negative effect over a peroxidase
from Trichosporon asahii, with carotenoid cleaving activity
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Abstract Tobacco aroma compounds were generated via
lutein cleavage by the combined action of a yeast and a
bacterium identified as Trichosporon asahii and Paeniba-
cillus amylolyticus, respectively. In this study, an inverse
relationship between glucose concentration and the gener-
ation of three compounds, present in the tobacco aroma
profile, was observed in mixed cultures. In order to identify
the organism sensitive to the sugar effect, both were grown
separately. The presence of glucose suppressed (3-ionone
production by 7. asahii grown with lutein. However, the
biotransformation of the ionone into its reduced derivatives
(7,8-dihydro-f3-ionone and 7,8-dihydro-p3-ionol) by P
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amylolyticus was not affected by the sugar . This pointed
to the cleavage of lutein, a step within the process necessary
for the synthesis of {3-ionone, as the target of the glucose
effect. In vitro studies with crude extracts and concentrated
cell-free medium derived from 7. asahii cultures showed
that the carotenoid breakdown activity was located extra-
cellularly and only detected in supernatants from yeast cells
grown in the absence of the sugar. Rather than an inhibition
or a mechanism affecting the enzyme secretion, the glucose
effect on lutein degradation comprised another regulatory
level. Further experiments showed that the enzyme respon-
sible for lutein breakdown and susceptible to the sugar
effect exhibited a high degree of identity to fungal
peroxidases, studied as well, for their involvement in
carotenoid cleavage.

Keywords Glucose negative effect - Lutein cleavage -
[3-ionone and its reduced derivatives - Fungal peroxidases

Introduction

Carotenoids and their breakdown products exhibit essential
biological functions in living systems. By means of an
oxidative process, via non-enzymatic or enzymatic mecha-
nisms, carotenoids can be cleaved into smaller molecules,
known as apocarotenoids. For an excellent and very complete
insight on carotenoid cleavage aspects, refer to the work by
Kloer and Schulz (2006). Depending on the carotenoid
precursor and the cleavage site, different kinds of com-
pounds, encompassing retinoids, phytohormones, and aro-
mas, can be formed. As proposed by Winterhalter and
Rouseff (2002), the mechanism for generating aroma
compounds from carotenoids comprised three general steps:
(1) oxidative cleavage, (2) enzymatic transformation, and (3)
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acid-catalyzed conversions. Research concerning the produc-
tion of carotenoid-derived aromas has mainly been focused
on plants, and even though reports on microbial breakdown
are increasing, still little is known about the conversion of
carotenoids into aroma compounds by microorganisms
(Rodriguez-Bustamante and Sanchez 2007). Microbial cleav-
age of carotenoids has been studied in cyanobacteria, i.e.,
Microcystis sp. (Jittner and Hoflacher 1985), Synechocystis
sp. (Ruch et al. 2005; Kloer et al. 2005), and Nostoc sp.
(Marasco et al. 2006; Scherzinger et al. 2006; Scherzinger
and Al-Babili 2008), and in fungi: ascomycetes (Prado-
Cabrero et al. 2007; Saelices et al. 2007; Estrada et al. 2008),
basidiomycetes (Zomn et al. 2003a, b; Scheibner et al. 2008),
and zygomycetes (Burmester et al. 2007).

Due to their ability to grow on lutein as the only carbon
source, our research group isolated 19 microbial colonies.
From these, only one was capable of generating a strong
tobacco aroma. Therefore, the bioconversion of the carot-
enoid lutein into compounds present in the tobacco aroma
profile, carried out by a microbial mixture, was reported
(Sanchez-Contreras et al. 2000). The mixture comprised a
yeast and a bacterium in a 1:100 proportion (Sanchez-
Contreras et al. 2000), later identified as Trichosporon
asahii and Paenibacillus amylolyticus, respectively (Rodri-
guez-Bustamante et al. 2005). With respect to the role
exhibited by each microorganism, the bioconversion route
was divided in two parts: (1) lutein cleavage for its use as
carbon source, performed by 7. asahii, rendering (3-ionone,
and (2) assimilation and subsequent reduction of this
compound by P amylolticus, yielding 7,8-dihydro-3-
ionone, and 7,8-dihydro-f3-ionol (Maldonado-Robledo et
al. 2003). After following a classical design of experiments
methodology, focused on maximizing the titer of aroma
compounds, the effect that different culture medium compo-
nents had over the process was evaluated (Rodriguez-
Bustamante et al. 2005). Particularly, glucose drew our
attention as a significant and negative estimate was calculat-
ed for it in spite of its low concentration compared to other
nutrients. The influence of glucose or other carbon sources
over carotenoid cleavage for the production of compounds
with aroma has not been previously reported; therefore, the
aim of the present work was to identify whether only one or
both microorganisms might be sensitive to glucose, as well
as a potential enzymatic activity susceptible to the sugar
effect.

Materials and methods
Microorganisms and growth conditions

T asahii BM-H-105 and P. amylolyticus BM-B 340 strains
are preserved and maintained as previously reported
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(Rodriguez-Bustamante et al. 2005). Both microorganisms
were grown as a mixed culture in 500-ml bottles with
cotton and thread covers containing 300 ml of a culture
medium previously formulated by an experimental design
methodology (Rodriguez-Bustamante et al. 2005). The
bottles were inoculated following the microbial proportion
found in the natural isolate by adding 15 ml of a suspension
with 7. asahii and P. amylolyticus at 1 x 10° colony forming
units (CFU) per milliliter and 3 x 108 CFU ml™', respectively.
The medium composition is (per liter) 5.5 g yeast extract,
30.0 g NaCl, and 1.0 ml of trace elements solution, which in
addition contains (per liter) 2.85 g H3;BO;, 1.80 g
MnCl-4H,0, 1.36 g FeSO,4 1.77 g C4H4KNaOg4-4H,0,
0.0269 g CuCl,-2H,0, 0.0208 g ZnCl,, 0.0404 ¢
CoCl,:6H,0, and 0.0252 g NaMoO4-2H,O. In order to
evaluate the effect of glucose over the tobacco aroma titer,
four cases were tested. From these, one case did not contain
any glucose (condition 1), and the rest were supplemented
with three different initial concentrations of the sugar: 28, 56,
and 112 mM (5, 10, and 20 g 171), respectively, named as
conditions 2, 3, and 4. In all formulations, distilled water was
employed and the pH adjusted to 7.2 with NaOH. Lutein
(kindly donated by Industrial Organica S.A. de C.V., Nuevo
Ledn, Mexico) was sterilized by filtration (0.45 um type HA,
Millipore, Bedford, MA, USA) and added at a concentration
of 190 mg "' (334 uM) immediately before inoculation. To
avoid lutein decomposition, the bottles were covered with
aluminum foil. Cultures were incubated at 29 °C and 60 rpm
on a rotary shaker (New Brunswick Scientific).

When cultured separately, the same medium composition
was employed, as well as the four cases to be studied, also
termed as conditions 1, 2, 3, and 4. However, for T. asahii,
as it was observed that in the absence of P. amylolyticus [3-
ionone strongly inhibited its growth (Maldonado-Robledo
et al. 2003), it was decided to use a system in which the
norisoprenoid was removed from the culture medium and
adsorbed to a mesoporous material (Rodriguez-Bustamante
et al. 2006). Although desirable, this modification could not
be applied to the microbial mixture or to the bacterium due
to the fact that removing the ionone resulted in an almost
null production of its reduced derivatives. Yeasts were
grown in 250-ml baffled flasks, especially designed for the
ionone recovery, containing 50 ml of the culture medium
supplemented with lutein as described above. The microbial
concentration of 1x10° CFU ml™' was maintained for
inoculation and cultures were incubated at 29 °C on a rotary
shaker (180 rpm; New Brunswick Scientific). On the other
hand, P. amylolyticus was grown exactly as the mixed
cultures using the same bacterial concentration. However,
lutein was replaced with (3-ionone in order to study the
effect of the sugar over the transformation of this
compound. Similarly to the carotenoid, the ionone was
sterilized by filtration (0.45 um type HA; Millipore) and
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added immediately after inoculation at a concentration of
20 mg 1! (104 uM).

Growth determination

Growth values were determined every 12 h by dry cell weight,
from samples (5 ml), of the culture medium previously
washed twice by centrifugation with 0.85% (w/v) NaCl
(12,000xg during 15 min). The washed cells were dried for
24 h at 80 °C over aluminum pads and allowed to cool in a
desiccator before weighted.

Determination of glucose consumption

Residual glucose concentration was determined by a
colorimetric method at 520 nm in 200-pl samples from
the culture medium filtrates. The employed kit (Hycel,
Australia) is based on the oxidation of the sugar by glucose
oxidase rendering gluconic acid and hydrogen peroxide,
which in turn reacts in the presence of peroxidase with
phenol and 4-aminophenazone for the formation of a red-
colored compound.

Determination of lutein degradation, [3-ionone
formation/conversion, and aroma compounds production

Lutein degradation from mixed and 7. asahii cultures was
monitored by taking 1.0-ml samples every 12 h. Cells were
separated from the culture medium by centrifugation
(5,400xg for 10 min), and the carotenoid was extracted
from the supernatant by stirring with 1.0 ml acetone and
2.0 ml diethyl ether/petroleum ether (1:1). After centrifug-
ing, the organic extract was separated from the aqueous
phase and the solvent eliminated by a soft N, flow. The
resulting concentrate was dissolved in 50 pl of CH,Cl,,
applying 5 pl onto a thin layer chromatography plate
(Alugramsilg-UV254, 0.54 mm thick). The plate was
developed with CH,Cl,/ethyl acetate (80:20) and residual
lutein was determined by analyzing the chromatogram with
a densitometer (Camag II) at 453 nm. A 70% (w/v) pure
alfalfa xanthophyll (Sigma Chemical, St. Louis, MO, USA)
was used as standard.

In mixed and bacterial cultures, 3-ionone and its reduced
derivatives (7,8-dihydro--ionone and 7,8-dihydro-[3-ionol)
were quantified from the medium every 12 h. The same
protocol as for lutein determination was followed for
separating cells from the culture medium, extraction of the
volatiles from the supernatant, removal of the aqueous phase
from the organic extract, solvent elimination, and thin layer
chromatography plate (see above). However, in this case, the
plate was developed with hexane/ethyl acetate/acetic acid
(95:5:5). Chromatograms were also analyzed by densitometry
at 293 nm to determine 3-ionone and at 270 nm for its reduced

compounds. Authentic (3-ionone (95% pure) purchased from
Sigma Chemical and a mixture of aroma products, purified by
column chromatography (Sanchez-Contreras et al. 2000),
were used as standards.

-ionone determination in 7. asahii cultures was
accomplished according to a formerly reported method
(Rodriguez-Bustamante et al. 2006). Every 12 h, the
mesoporous material was collected from the recovery
system and replaced with a new one. The ionone was
extracted from the collected sorbent by vigorous stirring
with 200 ml diethyl ether/petroleum ether (1:1) for 20 min.
The silicate material was removed by filtration (Whatman
40) and the solvent eliminated by transferring the mixture
to a 500-ml round flask at 40 °C under mild rotation and
reduced pressure. To quantify the norisoprenoid, the
organic extract was resuspended in 250 pl CH,Cl,,
following afterwards the same methodology described
above.

Localization and quantification of the potential enzymatic
activity sensitive to the glucose effect

Crude extracts and supernatants derived from yeast cultures
grown in the absence and in the presence of 112 mM
glucose, which respectively exhibited the lowest and the
highest influence over the process, were employed. Cells
were separated from the culture medium by centrifugation
(12,000xg for 15 min). Supernatants were filtered (What-
man 40) and then concentrated four to fivefold, employing
an Amicon stirred cell system with a maximal capacity of
200 ml and a YM-10 membrane (Millipore). On the other
hand, prior to disruption, cells were washed twice with
0.85% (w/v) NaCl. Two cell-disrupting methods were
employed: sonication and cold drying. The first method
was performed with a Sonics Vibra-Cell ultrasonicator (15
pulses of 30 s with 1-min rest between each), maintaining
the sample on ice, meanwhile the second one was achieved
by adding cold acetone to the washed cells, freezing the
dried cells overnight at =70 °C and grinding them with
solid CO, over a mortar. Before use, the extract derived
from cell drying was resuspended with ultrapure water
(Milli-Q-Biocel).

Lutein-cleaving activity was determined spectrophoto-
metrically (Uv—Vis 160U, Shimadzu) at 453 nm by
following the decrease in carotenoid absorbance (Zorn et
al. 2003a). From a stock solution, 110 pl of lutein was
added to a 1.5-ml cell containing 1.0 ml sodium acetate
buffer 50 mM, pH 5.0, and 0.5 ml of the enzyme-
containing sample. The lutein stock solution was prepared
by emulsifying 5.0 mg of the carotenoid in 500 mg of
Tween 80 and then dissolving the emulsion with CH,Cl,.
The mixture was transferred to a 250-ml round flask and
the solvent eliminated at 40 °C under reduced pressure and
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rotation. A 30-ml volume of ultrapure water was added to
the emulsion, which was further concentrated for 20 min
under the same conditions as for eliminating the solvent.
Finally, after filtration (0.45 um type HA, Millipore), the
aqueous emulsion was completed to a final volume of
50 ml with ultrapure water. To avoid lutein decomposition,
the preparation process was carried out in the absence of
light. The decrease in the carotenoid absorbance at 453 nm
was monitored during 15 min, time after which the cleaving
activity (Z) in milliunit per milliliter was quantified by
applying the following relation: Z = % X Vng‘ 5 X 10°. In
this formula, AA/At represents the change in absorbance
per unit of time (min), V;, the total volume of the assay
(ml), Vs, the enzyme-containing sample volume (ml), ¢, the
molar extinction of lutein (I mol ™" em ™), and b, the path
length of the light (cm); the enzymatic activity unit (U) was
defined as the breakdown of 1 pmol of lutein per minute. A
molar extinction coefficient in the aqueous emulsion of
52,000 was calculated with a linear regression of the
Lambert-Beer law: A=ebC, where A stands for the
absorbance, b, the path length of the light (cm), and C,
the molar concentration (mol 1").

Protein electrophoresis

By ultrafiltration (14,000xg), using Amicon filters [Ultra-
15 centrifugal filters with Ultracel-10 membrane, nominal
molecular weight limit (NMWL) of 10 kDa, Millipore], a
volume of 12 ml from both supernatants was desalted,
washing it with ultrapure water (Milli-Q-Biocel) and then
reconcentrated. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) was performed in a Mini
PROTEAN 3 System (Bio-Rad Laboratories, Hercules,
CA, USA) following the method described by Laemmli
(1970), with 4% and 10% (w/v) polyacrylamide, respec-
tively, in the stacking and resolving gels. The amount of
protein of a 100-ul sample from the two culture filtrates
was spectrophotometrically determined at 562 nm with a
bicinchoninic acid assay kit (Sigma), and 30 pg of
supernatant protein from each culture was applied to the
gel lanes. The electrophoresis was run at constant amper-
age: 10 mA for the upper (concentrating) gel and 20 mA for
the lower (resolving) one. Proteins were visualized by
staining with Coomassie Brilliant Blue R-250 (Bio-Rad
Laboratories), and a low range standard mixture for SDS-
PAGE (Bio-Rad Laboratories) was used for estimating the
molecular weight.

Purification scheme of the carotenoid-cleaving enzyme
Unless otherwise specified, all the purification process was

carried out at 4 °C, and after each step, protein content and
lutein breakdown activity of every sample was determined.
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For a higher protein production, 7. asahii was grown in
2.8-1 flasks, Fernbach type, containing 800 ml of medium
without glucose and ten glass beads to improve aeration. At
the time in which the enzymatic activity was found to be
maximal, the culture medium was separated from the yeast
cells by centrifugation (12,000xg for 15 min). After filtration
(Whatman 40), the supernatant was concentrated four to
fivefold as described above (Amicon stirred cell system with
a capacity of 200 ml and a YM-10 membrane, Millipore).
The total volume of the concentrated culture supernatant was
precipitated with (NH4),SO, into four fractions (0-20%, 20—
40%, 40-60%, and 60-100% of ammonium saturation).
Each fraction was centrifuged (6,000xg for 90 min),
resuspended in 5.0 ml of ultrapure water (Milli-Q-Biocel),
and dialyzed overnight against distilled water in order to
eliminate the excess of (NH4),SO4. Once dialyzed, the
fraction exhibiting the highest cleaving activity was sub-
jected to isoelectrofocusing (preparative Rotofor cell, Bio-
Rad), adding 10 ml of ampholytes (pH 3.5-10.0, Pharmacia
LKB Biotechnology AB, Bromma, Sweden) and ultrapure
water (Milli-Q-Biocel) to a final volume of 40 ml. The
sample was injected to the Rotofor cell and run at 12 V
during 4 h until the amperage was constant. After this time,
20 fractions were collected, verifying the correct focusing of
the sample by measuring their pH values (pH211 Micropro-
cessor pH Meter, HANNA instruments). The active fractions
were mixed together, along with 5 ml of ampholytes (pH
3.5-5.0, Pharmacia LKB Biotechnology AB) and ultrapure
water (Milli-Q-Biocel) to a final volume of 20 ml. Again, the
protein sample was reinjected to the Rotofor cell and run at
8 V for 1.5 h, time after which the amperage was constant.
Once more, the correct focusing was verified and the
carotenoid cleavage activity of each fraction looked for.
The active fractions were mixed together and then concen-
trated by ultrafiltration (14,000xg) using Microcon Centrif-
ugal Filter units (YM-10, NMWL of 10 kDa, Millipore).
Finally, for further purification, the protein was subjected to
a chromatographic separation. After filtration (0.22 um type
HA; Millipore), the sample was applied to an AKTA prime
high performance liquid chromatography (HPLC) device
(Amersham Pharmacia Biotech) equipped with a 1-ml
HiTrap Q anion exchange column previously equilibrated
with sodium acetate buffer 200 mM, pH 5.0. Proteins were
eluted through a linear NaCl gradient (0—-1.0 M) in the same
buffer with a flow rate of 0.2 ml min'. SDS-PAGE was
performed as described above in order to corroborate the
enzyme purity.

Characterization of the carotenoid-cleaving enzyme
Absorption spectrum of the purified enzyme was carried out

with a Uv—Vis 160U, Shimadzu, utilizing a program that
varied the wavelengths (A). In order to determine the pH and
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temperature of maximal cleaving activity, the previously
described methodology for measuring the decrease in lutein
absorbance was employed using buffer solutions of different
pH values and varying the temperature.

Tandem mass spectrometry and sequence comparison

For identification, the protein band, previously stained with
Coomassie Blue R-250, was carefully excised from the
SDS-PAGE gel employed for verifying the enzyme purity.
Liquid chromatography electrospray ionization tandem mass
spectroscopy (LC/ESI-MS/MS) was performed as described
by Xolalpa et al. (2007). Database searching (NCBI-nr) and
protein identification were accomplished from the MS/MS
spectra with MASCOT software (http://www.matrixscience.
com). Tolerances of 0.5 Da for the precursor and 0.3 Da for
the fragment ion masses with the taxonomy set to “fungi”
were used. Carbamidomethylcysteine was the fixed modifi-
cation, and one missed cleavage for trypsin was allowed.
The criterion for accepting a protein hit as a valid
identification were two or more peptide match to the same
protein sequence with at least the 95% of confidence.
Selected spectra were manually verified. On the other hand,
for matrix-assisted lader desorption/ionization (MALDI-
TOF) MS, the purified enzyme was dissolved in 20 ul of a
methanol-water mixture (70:30). Nanoelectrospray tandem
mass spectra were obtained on a Bruker-Daltonics-Autoflex
MALDI-TOF mass spectrometer (Bruker-Flanzen Analyti-
cal, Gmbh, Germany) in the positive-ion mode, as reported
by Jensen et al. (1998). Protein sequence comparisons were
carried out by employing the Basic Local Alignment Search
Tool (BLAST) program (Altschul et al. 1997), with the
algorithm set to “blastp” (protein-protein BLAST).

In all cases, the results shown are the mean values of at
least two independent experiments carried out in triplicate.
The observed variations were consistently less than 10%.

Results
Evaluation of the glucose effect over the microbial mixture

In order to assess the effect of the glucose concentration
over the microbial growth, lutein degradation, and aroma
production, kinetic studies were carried out while working
with both microorganisms cultured under different sugar
concentrations. As the glucose concentration increased in
the culture medium, the microbial growth was favored
(Fig. 1a). In contrast to conditions where glucose was
added to the medium, a 24-h lag phase was observed in the
case in which the sugar was absent (condition 1). For this
condition, the microbial growth registered was the lowest,
reaching a value of 0.6 g biomass per liter at the 36 h of the

process. The best growth (5.3 g biomass per liter) was
attained for the case with the highest glucose concentration
(condition 4) at 72-h incubation, while conditions 2 and 3
exhibited intermediate values of 1.4 and 2.7 g biomass per
liter at 48 and 60 h, respectively. No glucose was detected
in condition 1, a result that apparently might seem obvious;
nevertheless, any contribution of glucose by the yeast
extract was therefore discarded. The time of total consump-
tion of glucose depended on the amount of sugar supplied
to the culture. For conditions 2, 3, and 4, this was of 60, 72,
and 84 h, respectively (data not shown). Lutein degradation
is presented in Fig. 1b. For condition 1, lutein cleavage
took place after 24 h, which corresponded to the time when
the microbial mixture began its exponential growth
(Fig. la), and total breakdown of the carotenoid was
achieved after 72 h of the bioconversion process. Con-
ditions 2 and 3 exhibited a time delay for lutein
degradation, which, interestingly, started 12 h after glucose
was consumed. In both cases, the complete cleavage of
lutein was not attained. No breakdown of the carotenoid
took place in condition 4, presumably because the time
selected for monitoring the bioconversion process was not
enough for observing it, even though glucose had already
been consumed. Regarding the production of the aroma
compounds (Fig. 1c), the same tendency, compared to the
carotenoid cleavage, was followed. Case 1 exhibited a titer
of 57 mg 1", 90% with respect to the maximum theoretical
value. An aroma production of 27 and 5 mg 1" was
measured for conditions 3 and 4, representing the 42% and
8%, respectively, compared to the maximal titer. As it was
expected, due to the null breakdown of lutein, no aroma
compounds were detected in the case with the highest
concentration of glucose (condition 4). The latter results
showed an inverse relationship between glucose concentra-
tion and the aroma production (Fig. 1c). Apparently, lutein
breakdown was negatively influenced by the presence of
the sugar (Fig. 1b); however, it remained unknown whether
the biotransformation of (3-ionone into its reduced deriva-
tives might also be affected. Therefore, with the aim of
identifying the microorganism and the step within the
bioconversion route susceptible to the sugar effect, it was
decided to grow 7. asahii and P. amylolyticus separately.

Evaluation of the glucose effect over 7. asahii

With the purpose of evaluating the effect of glucose over
the yeast growth, the breakdown of lutein, and, conse-
quently, the production of 3-ionone, culture kinetics of T.
asahii cells, grown under the formerly employed sugar
concentrations, were performed. As it was observed when
the microorganisms were cultured together, the yeast
growth (Fig. 2a) was benefited with the presence of
glucose, as condition 4, the case with the highest
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Fig. 1 Time course of growth (a), lutein degradation (b), and aroma
production (¢) by the microbial mixture testing a case without glucose
(diamond) and three different initial concentrations (mM) of the sugar:
28 (square), 56 (triangle), and 112 (circle). Cultures were grown at
29 °C and 60 rpm

concentration of the sugar, reached a 15-fold higher value
(9.3 g biomass per liter) with respect to the case without
glucose (0.6 g biomass per liter). Compared to the
microbial mixture, 7. asahii exhibited higher growth values,
a situation that might be attributed to the increase in the
agitation speed and probably a better oxygenation of the
cultures. This variation was necessary to allow the removal
of 3-ionone from the culture medium, as it was previously
observed that this compound prevented the fungal growth
(Maldonado-Robledo et al. 2003; Rodriguez-Bustamante et
al. 2006). In addition, it is thought that sugar consumption
was also favored, as no glucose was detected after 12, 24,
and 36 h of the process for conditions 2, 3 and 4,
respectively (data not shown), 48 h earlier than when the
fermentation was carried out with both microorganisms. In
all conditions, it was found that lutein was totally cleaved,
but its degradation appeared to be dependent on the time in
which the sugar was completely consumed (Fig. 2b). For
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Fig. 2 Time course of growth (a), lutein degradation (b), and (3-
ionone production (c¢) by 7. asahii cells testing a case without glucose
(diamond) and three different initial concentrations (mM) of the sugar:
28 (square), 56 (triangle), and 112 (circle). Cultures were grown at
29 °C and 180 rpm

the culture grown without glucose (case 1), mild degrada-
tion of lutein was observed at the beginning of the process;
however, after 12 h, the cleavage became more pronounced.
The rest of the cases exhibited carotenoid breakdown right
after glucose had been completely utilized, indicating a
sequential use of the carbon sources. Interestingly, in
conditions 2, 3, and 4, faster degradation of lutein was
found; for example, while the carotenoid was fully cleaved
after 48 h for condition 1, total lutein degradation was
achieved only 36 h after breakdown started in condition 4.
Even though it might seem that glucose favored the
carotenoid breakdown, it is important to bear in mind that
lutein degradation only took place once the sugar was not
present in the culture medium. The latter might be
attributed to a possible better carotenoid cleavage as a
consequence of the higher biomass concentrations attained
with the increase of glucose (Fig. 2a). Finally, (3-ionone
production correlated with the time dependence observed
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for lutein degradation (Fig. 2c), as the generation of the
norisoprenoid took place once glucose was absent from the
culture medium. A titer around 60 mg 1" (312 puM),
representing almost 93% compared to the maximal yield,
was attained in all cases. In accordance to what was found
when working with the microbial mixture, once again,
lutein cleavage appeared to be the target for the glucose
effect; however, the influence exerted by the sugar over the
bacterium still remained to be evaluated.

Evaluation of the glucose effect over P. amylolyticus

Analogously to the previous experiments, kinetics of P
amylolyticus cultures, supplemented with different amounts
of glucose, were conducted. Focused on knowing whether
or not the influence of the sugar also comprised the
bacterium, cell dry weight, residual (3-ionone, and produc-
tion of its derivatives were determined. Equally to what was
formerly observed for both microorganisms and for 7.
asahii cells, the bacterial growth resulted benefited with the
presence of glucose (Fig. 3a). The growth values registered
were similar but slightly lower to the ones obtained when
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Fig. 3 Time course of growth (a), [3-ionone transformation (b), and
aroma production (¢) by P. amylolyticus cells testing a case without
glucose (diamond) and three different initial concentrations (mM) of
the sugar: 28 (square), 56 (triangle), and 112 (circle). Cultures were
grown at 29 °C and 60 rpm

working with both microorganisms (Fig. 1a). Specifically,
the dry cell weight measured in cases 1, 2, 3, and 4 were
0.4, 1.1, 2.0, and 4.1 g of biomass per liter, respectively. In
contrast to when the microorganisms were grown together,
P. amylolyticus cultures supplemented with glucose
exhibited a 12-h longer lag phase, a behavior not found
for case 1 in which the duration of this phase was just the
same compared to its microbial mixture counterpart. Total
consumption of glucose was also achieved 12 h after the
time necessary for it with the two microorganisms, i.c., 72,
84, and 96 h, respectively, for conditions 2, 3, and 4 (data
not shown). The concentration of 20 mg 1" (104 uM) of
[3-ionone added to the bacterial cultures was chosen based
on the maximal production of the norisoprenoid theoreti-
cally attained by the microbial mixture. Contrary to what
was observed for lutein cleavage, the transformation of
[3-ionone (Fig. 3b), as well as the generation of its derived
products (Fig. 3c), was not affected by the presence of the
sugar. In fact, it was found that the increase of the glucose
concentration in the culture medium allowed a better
conversion of the ionone and, as a consequence, production
of the compounds present in the tobacco aroma. For
condition 1, no residual 3-ionone was detected at 84 h of
the process, while for condition 4, a time of 60 h was only
required (Fig. 3b). In accordance to the latter, the synthesis
of 7,8-dihydro-3-ionone and 7,8-dihydro-[3-ionol (Fig. 3c)
showed a similar tendency. The cases tested yielded a titer
between 15 and 18 mg 1!, being the lowest for condition 1
and the highest for condition 4. A time dependence for the
production of the aroma compounds was also observed;
however, opposite to microbial mixture and 7. asahii
cultures, (3-ionone transformation took place firstly in the
case with the highest concentration of glucose (condition 4)
and lastly in the case without the sugar (condition 1). A
negative influence exerted by the sugar over P. amylolyticus
and the steps within the bioconversion route, the two
subsequent reductions of the norisoprenoid, performed by
it, could, therefore, be discarded.

Evaluation of the glucose effect over lutein cleavage

After establishing lutein breakdown, carried out by T
asahii, as the step within the bioconversion process affected
by glucose, the search of the enzymatic activity responsible
for the carotenoid cleavage, which possibly might be
sensitive to the sugar effect, was conducted. Yeast cultures
were grown in the absence or the presence of 112 mM
glucose concentration, the two conditions that exhibited the
least and the most negative influence, respectively, over
lutein degradation and {3-ionone generation. 7. asahii cells
and culture supernatants were harvested at the 48 h of the
process, time in which lutein was totally consumed in
condition 1 (no glucose added), while no degradation was
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measured in condition 4 (112 mM glucose; Fig. 2b). No
carotenoid-cleaving activity whatsoever was registered in
the crude extracts derived from neither of the two
disrupting methods for both conditions (with or without
glucose). The decrease observed in lutein absorbance was
the same as in the controls employed where no protein was
added to the in vitro assay or well; the crude extract was
previously denatured at high temperature. Nevertheless,
lutein breakdown was found extracellularly; however, as
shown in Fig. 4, the cleaving activity was observed only for
the supernatant derived from the culture in which glucose
was not supplemented. A value of 0.72 mU ml™' was
calculated for the supernatant obtained from condition 1,
representing almost 32-fold higher with respect to the
controls. A much lower value (0.04 mU ml ') was also
registered in the concentrated cell-free medium derived
from condition 4. This value was not significantly higher
(only 1.6-fold) than the calculated for the controls and
likely suggested the occurrence of lutein cleavage due to
the assay conditions and/or the susceptibility of these
molecules to unspecific breakdown. Accordingly to the
data observed formerly (see above), the enzymatic activity
susceptible to glucose appeared to be the one responsible
for lutein cleavage. Even though for condition 4 the sugar
had already been consumed at the time of harvesting and in
order to know if the negative effect comprised an inhibitory
mechanism, glucose was added during the in vitro assay.
No variations to the prior results were found in any trial
(not shown); therefore, we excluded an inhibition by
glucose per se and proposed the existence of another level
of control.

Evaluation of the glucose effect over the extracellular
protein profile

Once the location of the enzymatic activity responsible for
the breakdown of lutein is known, the influence of glucose
over the extracellular protein profile was investigated.
Concentrated supernatants derived from 7. asahii cultures

19 r0.6
g ¢ i
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g L0.4 B ‘E
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Fig. 4 Effect of D-glucose on the volumetric (open bars) and specific
(diagonal bars) lutein cleavage activity spectrophotometrically deter-
mined by the decrease in the carotenoid absorbance and calculated in
supernatants derived from 48 h 7. asahii cultures grown in the absence
and the presence of the sugar (112 mM)
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at 48 h of the process and grown under the two selected
conditions (1 and 4) as mentioned above were subjected to
electrophoresis. As presented in Fig. 5a, a very clear
difference between the two protein profiles was found.
The number of protein bands that appeared in the lanes (1
and 1’) corresponding to the supernatant obtained from
growing the yeast under no glucose (condition 1) was
higher than those observed in the lanes (2 and 2’) that
corresponded to its supernatant counterpart derived from
condition 4 (grown on 112 mM glucose). Presumably, this
might account for the differences found when measuring
the lutein breakdown activity from the culture supernatants.
To further explore this effect, concentrated culture super-
natant samples derived from the chosen conditions were
taken at different times of the process. The samples were
subjected to electrophoresis and tested for in vitro lutein
cleavage. The gradual apparition of a protein band
(Fig. 5b), which exhibited a molecular mass of 41.2 kDa
and is pointed out with an arrow in Fig. 5a, was found only
in supernatants obtained from condition 1. Analogously, a
peroxidase from Pleurotus eryngii, previously classified
as Lepista irina, exhibiting a similar weight (~50 kDa)
has been identified as responsible for the cleavage of
[3-carotene (Zomn et al. 2003b). From the bands that were
only present in the extracellular protein profile derived from
T. asahii grown in the absence of the sugar (Fig. 5a), only
this protein gradually appeared with time (Fig. 5b). This
coincided with the time-dependant increase in lutein
cleavage activity (Fig. 5c), so the protein just mentioned
is believed to be responsible for it. No apparition of a band
with the same features was detected at all in the super-
natants derived from 7. asahii cultures supplemented with
glucose, and no significant cleavage activity was neither
calculated in any of them (Fig. 5c), thus reinforcing our
idea.

Purification, characterization, and sequence analysis
of the carotenoid-cleaving enzyme

In order to deepen our knowledge on the enzymatic system
responsible for the carotenoid degradation and sensitive to
glucose, a scheme for its purification was set up. After the
process, comprising four steps: (1) fractionated precipita-
tion with ammonium sulfate, (2) isoelectrofocusing and (3)
its recirculation, and (4) HPLC, a recovery of 26% and an
enrichment of 287-fold were attained (Table 1). Enzyme
purity was verified with an SDS-PAGE gel (not shown),
and in accordance to what was observed in the previous
experiment (Fig. 5a), a molecular mass of 41.8 kDa was
calculated from it for the protein, which in turn correlated
to the nominal mass of 39.5 kDa found by mass
spectrometry. The presence of the heme group was
corroborated by Uv—Vis spectroscopy as the absorption
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Fig. 5 Extracellular protein profiles of the concentrated supernatants
derived from 48 h T asahii cultures (a) grown in the absence (lanes 1,
1) and the presence of 112 mM D-glucose (lanes 2, 2°), including the
molecular mass standards (/ane 3).The relation between the apparition
of the 41.2-kDa SDS-PAGE protein band (b) with its corresponding

maxima was found at 403 nm (result not shown). The pH
value and temperature of maximal cleaving activity were
5.0 and 35 °C, respectively (not shown), parameters very
similar to the ones exhibited by the carotenoid-cleaving
peroxidase isolated by Zorn et al. (2003b).

The sequence analysis of the purified enzyme revealed
that the first ten amino acid residues were identified in a
unique way, thus showing that the sample belonged to
a homogeneous protein preparation. The determined
N-terminus by MALDI-TOF was: NH,-MSFKTLVALA,
which showed similarity, with a low significance value, to a
broad spectrum of various kinds of proteins reported in
different databases (Altschul et al. 1997). Nonetheless,
when the BLAST search was limited to “fungi” [txid4751
(ORGN)], the best hits matched published sequences of
fungal enzymes, particularly versatile peroxidases from P,
eryngii (Ruiz-Duenas et al. 1999; Zorn et al. 2003Db).
Surprisingly, the N-terminus sequence of this study corre-
sponded to the signal peptide of the precursors of the just

6h

12h

12 24

Time (h)

increase in the specific lutein cleavage activities (c¢) from extracellular
culture filtrates obtained at different incubation times from yeast cells
grown in the absence of glucose (diamond) is also shown. The
cleavage activity from supernatants derived when 7. asahii was grown
in the presence of 112 mM D-glucose is included as well (¢, circle)

referred peroxidases, even though the enzyme from 7T
asahii was purified from the culture supernatant. Therefore,
the search of internal sequences was conducted. The results
obtained by MALDI-TOF were the following: (1)
QFVSAAVP, (2) ATCADGRTTANAACCVL, (3) AQF-
FIETQLKGKLP, and (4) GFSPVEVWWLLASHS. On the
other side, the result derived from LC/ESI-MS/MS was: (5)
FGGGGADGSIHTFSSIETTYHPNIGLDEV VAIQKPFIAK.
All internal sequences, except for number (1), coincided
with reported fungal enzymes, exhibiting high similarity to
heme-containing peroxidases from basidiomycetes (Alt-
schul et al. 1997). As observed with the N-terminus,
sequence (1) did not show significant similarity to other
reported proteins (Altschul et al. 1997). However, as
described above, when the search was limited to “fungi”
[txid4751 (ORGN)], the best hits of the BLAST analysis
matched the signal peptide of the putative versatile
peroxidase precursors from P. eryngii (Ruiz-Duefias et al.
1999; Zorn et al. 2003b).

Table 1 Purification process of the extracellular enzyme from 7. asahii, responsible for lutein cleavage and susceptible to the glucose effect

Purification step Protein (mg ml ")

Total activity (mU)

Specific activity (mU mg™')  Yield® (%) Purification factor”

(-fold)
Concentrated culture supernatant 1.1 133 0.6 100 1
Fractionated precipitation 0.8 70 35 53 6
Isoelectrofocusing 0.5 61 30.4 46 51
Isoelectrofocusing recirculation 0.3 48 80.5 36 134
Anionic exchange column 0.2 34 172.0 26 287

?Yield represents the quotient between the initial activity value (133 mU) and the total activity found in each purification step

®The purification factor was calculated by dividing the calculated specific activity of each purification step by the initial specific activity value

(0.6 mU mg 1)
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Discussion

The effect of carbon sources over the microbial synthesis of
some aroma compounds has been previously studied. The
production of 2-phenylethanol and 2-phenylethyl acetate by
Pichia fermentans depended on the type of carbon source
(glucose, fructose, galactose, xylose, sucrose, maltose,
lactose, soluble starch, sorbitol, glycerol, or ethanol)
present in the culture medium (Huang et al. 2000), while
Kluyveromyces marxianus strains increased the 2-
phenylethanol titer 3.4-fold when glucose was substituted
by sucrose in the form of molasses (Etschmann et al. 2003).
The influence of glucose or other carbon sources over
carotenoid cleavage for the production of compounds with
aroma has not been reported yet. By using culture kinetics,
an inverse relationship between glucose concentration,
lutein degradation, and aroma production was observed in
a mixed culture with 7. asahii and P. amylolyticus. In
addition, when 7. asahii was grown with lutein, its
breakdown for its conversion to (3-ionone appeared to be
dependent on the time in which the sugar was completely
consumed. In contrast, 3-ionone conversion to 7,8-dihydro-
[3-ionone and 7,8-dihydro-f3-ionol by P. amylolyticus was
not affected by the presence of the sugar. In a previous
work (Rodriguez-Bustamante et al. 2005), we suggested
that the negative effect calculated for glucose might be due
to a carbon source regulation. Although microbial cells can
utilize an enormous variety of carbon sources, bacteria and
fungi go to great lengths in order to ensure a preferential
use, starting with the substrate that supports a better growth.
In response to the presence of easily metabolized carbon
sources, especially glucose, the expression of genes and the
synthesis of enzymes involved in the utilization of
alternative ones is suppressed by a phenomenon known as
carbon catabolite repression (CCR; Carlson 1998; Gancedo
1998; Deutscher 2008; Gorke and Stiilke 2008). Therefore,
our results suggested that the lutein cleavage step, within
the bioconversion route which in turn yielded (3-ionone,
resulted negatively affected by the presence of the sugar. As
the ionone is the precursor of compounds with tobacco
aroma, it could be explained why when the microbial
mixture was employed, their production decreased in the
glucose cultures, even though the steps carried out by P
amylolyticus were insensitive to the sugar. Actually, the
transformation of (3-ionone into its reduced derivatives is a
consequence of a co-metabolism (Maldonado-Robledo et
al. 2003) rather than its utilization as an energy source, so a
CCR mechanism involved in this action appears to be
unnecessary. These first results make us believe that a
mechanism of CCR might be involved in the bioconversion
process.

In order to reinforce the former findings, the carotenoid
cleavage activity was further studied. It was found that
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lutein breakdown did not take place inside the cell and that
the enzymatic activity was only found in supernatants
obtained from 7. asahii cultures grown in the absence of the
sugar. Our results coincided with those reported by Zorn et
al. (2003b) in which the degradation of (3-carotenc was
detected in cell-free mediums derived from P. eryngii and
was maximal only after glucose had been completely
consumed. Gel electrophoresis analysis showed that the
extracellular protein profiles differed greatly when the yeast
was grown in the absence or in the presence of glucose. In
particular, a protein band exhibiting a molecular mass of
approximately 40 kDa was only observed in the extracel-
lular protein profile derived from 7. asahii grown in the
absence of the sugar. This band gradually increased along
with the carotenoid breakdown activity, supporting this
protein as responsible for lutein cleavage and likely as the
target of the glucose effect. Considering that no carotenoid-
cleaving activity was registered in the crude extracts
derived from cells grown in the presence of glucose and
that sugar addition to the in vitro carotenoid breakdown
assay did not affect its activity, the possibility that glucose
might interfere with secretion of the cleavage activity or an
inhibitory action of the sugar on lutein degradation, as
alternative explanations to the glucose effect, can be
excluded. Therefore, glucose seems to affect its synthesis,
possibly by a CCR mechanism.

After purifying and partially characterizing the system
responsible for carotenoid cleavage and sensitive to
glucose, a better insight of the overall process was attained.
The presence of the heme group, the similarity of its
physicochemical parameters to the versatile peroxidase of
P. eryngii (Zorn et al. 2003b), and the sequence analysis
showing a high degree of identity to fungal peroxidases
with ligninolytic activity pointed out that the purified
enzyme might belong to a protein of this type. The role of
peroxidases from two basidiomycetes (P. eryngii and
Marasmius scorodonius) in the biotic breakdown of
carotenoids, i.e., [3-carotene, has been recently reported
(Zorn et al. 2003b; Scheibner et al. 2008). The versatile
peroxidase from P. eryngii has mainly been studied for its
implication in lignin biodegradation (Ruiz-Duefias et al.
1999). It is known that the genus Trichosporon, comprising
anamorphic yeasts (Basidiomyceta, Hymenomycetes, Tri-
chosporonales), is able to assimilate and degrade atypical
substrates such as hemicelluloses and phenolic compounds
(Middelhoven et al. 2001), diesel constituents (aliphatic and
aromatic hydrocarbons; Kaszycki et al. 2006), a phenol and
cresol mixture (Alexieva et al. 2008), and reactive dyes
(Vilmafix® Red 7B-HE and Vilmafix® Blue RR-BB; Pajot
et al. 2008). Different species of this genus have been
isolated from decaying mushrooms on trunks of living trees
and from rotten wood (Middelhoven 2004, 2006). Ligni-
nolytic activity has been detected in recently isolated
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Trichosporon species (Pajot et al. 2007) and in culture
supernatants obtained from Trichosporon cutaneum R57
cultures (Georgieva et al. 2007). On the other hand,
Slavikova et al. (2002) found ligninase and Mn(II)
peroxidase activity in Trichosporon pullulans, now reclas-
sified as Guehomyces pullulans (Fell and Scorzetti 2004),
still a basidiomycetous yeast related to the genus Tricho-
sporon, cultures supplemented with lignin. Both enzymatic
activities were hindered by the presence of glucose, a fact
that is in accordance to our findings about the negative
effect of the sugar over the bioconversion process of lutein.
Therefore, we conclude that the purified enzyme from 7.
asahii, responsible for lutein breakdown and similar to
fungal peroxidases involved in the biodegradation of lignin,
represented the target of the glucose effect. Despite that it
was purified from the culture supernatant, the fact that the
N-terminus of the purified enzyme and one of the obtained
internal sequences matched the signal peptide of a versatile
peroxidase from P. eryngii (Ruiz-Dueiias et al. 1999; Zorn
et al. 2003b) represents a point for further study, suggesting
the possible existence of a different secretion mechanism.
It is not believed that this might be attributed to
cell disruption, as no cleaving activity was registered
intracellularly.

New alternatives for further research have been arisen
from our study, such as the cloning of the gene encoding
the protein of interest. By this, the complete sequence will
be known, yielding certainty of the type of enzyme we are
dealing with as well as the possibility of measuring mRNA
for further confirmation of a repressive mechanism.
Obtaining 7. asahii mutants insensitive to the effect of the
sugar is also contemplated for broadening our knowledge
on this process and its regulation as well as their application
in the overproduction of the ionone. Still there is plenty to
find out on how glucose exerts its negative effect over the
bioconversion process of lutein into compounds with
aroma, specifically (3-ionone; nevertheless, with this study,
we have set up the bases that might allow us to continue
looking into this phenomenon. Even though three fungal
peroxidases with carotenoid cleaving activity have been
described (Zom et al. 2003b; Scheibner et al. 2008), our
work constitutes the first report on the negative effect of a
readily metabolized carbon source like glucose, over an
enzyme, apparently a peroxidase, from 7. asahii, responsi-
ble for the breakdown of carotenoids, particularly the
xanthophyll Iutein.
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Anexo 2: Medios de cultivo empleados en el trabagxperimental

Composiciéon del medio YTN (por litro):

Extracto de levadura 10 g
Triptona 109
Cloruro de sodio 30¢g
Glucosa 19
Solucién de elementos traza 1mL
Agar (para medio so6lido) 159

Composicion del medio Y mejorado (por litro):

Extracto de levadu 5.E¢g
Cloruro de sodi 30 ¢
Glucosa Variable segun el caso probado

Solucion de elementos traza 1mL

" Solucién de elementos traza (por litro):

H3BOs 2.85¢
MnCI-4H,0 1.80¢g
FeSG 1.36 ¢
C4H4KNaGg4H,0 1.77 ¢
CuChL-2H,0 0.0269 (
ZnCl, 0.0208 ¢
CoCb-6H,0 0.0404 g
NaMoGy-2H,0 0.0252 g

Para preparar ambos medios se disuelven todo®iopanentes en agua destilada, se ajusta
el pH a 7.2 con NaOH (1 N) y se esteriliza en dateca 20 Ib de presion y 120°C durante
30 min.
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