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opera en- un

“‘crecimiento

2+ Su principio

la velocidad
de dilucién es:

miento del microoxrganismo

mitantes de las fuentes dc

ién de l1la glutamino sin-




‘hongo Neunoépona cna¢¢a ;puesgestef

organismo:miceliar, .

§e) 6bléﬁés

dos para 1nvest1gac16n; lo que nos

nos novcdosos de qulmlostatos e 1nc1uso 51stemas alterna

tivos de crecimiento regulado como es el cultivo alimen-

tado en el estudio del metabollsmo nitrogenado en - -

Neurnospona. Puede dec1rse que cste‘trabajo represcnta cl

esfuerzo de un “rupo de 1nvcst1gac16n apllcada por apor-

tar conoc1m1entos del érea de 1ngcn1er1a bioquimica a 1la

soluc16n de problemas de 1nvest1gac;on fundamental enfren

tados por otro_grupof de enfoque—més b551co.

La presente féSis'ﬁresenta primero»el trabajo en cultivo

continuo,:, pues este enfoque se ut11126 primero para lo-

grax crec1m1ento regulado en N cnabba

con miras a e;t.l_l

diar la r¢gula ién defla'glutamlno sintetasa en cstc mi-

croorganismo; Ppero:s por d1vcrsos problem s que adelantc
se mencionar s‘a:técnlca sc abandond. En scguida sc

discute el’caso del cultivo alimentado, ¢l cual sc¢ revi-

sa mis  cxtensamente por scr esta metodologia la que cons

tituyc la aportacién fundamcntal dc cste trabajo. A con-



articulo que‘sc~§fig1>6

titulo "Regulaciénwdefla.cl

Alimentados dec Neurospora Crass

Miguel Lafa, Bcrta'Resendizknganle Mora

blicado en Biochemical and'Biophy51ca Research. Communi -

cations en 1977.

El siguiente capitulo de esta t051s estd formado por -

La prlmera es la arriba

de tres investigacio

nes tan‘dlsim olas en apar1enc1a Para terminar, sc des

crlbcn las’ ﬁltlmas 1nvest1gaC1oncs del autor vy cs inte-

resante observar que la visién’ 'de cultivo alimentado vuel

ve a aparecer, pero ahora en relacidédn con el crecimicnto

de pcces.



EL CASO D

EL' CULTIVO CONTINUO"

: i : S
deoperacidn :ya constituye cultivo

apso, a una velocidad de dilucidn

lo fanio*ZO

El problema es

§ envqﬁe en un sistema convencional de la-
boratorio ni,$1qui¢ré las 8 h a que hace alusidn este au-
tor son alcaniébiég; -Por'ellp realizamos un disefio pro-
pio, basado en la unidad de columna cicl6nica de Dawson
(1963) ¥y tomando,cieftos elementos del fermentador de do-
mo del mismo auter (Dawson et al, 1971) y del fermentador -
de torre (Greenshieclds vy Smith; 1971) . El aparato resul-
tante consistfa en una matraz con entrada cicldnica en su
cuello y tenfia uma bomba de levantamicnto de aire (air-
1ift) para alimentarAel ciclén, con lo que se¢ obtenia un
circuito de recirculacidn y aeracidn. Las ventajas

derivadas de este disefio eran mantener un cultivo -



homogé&nco y bien acrado, ev1tando crecimiento en la pa-

crecimicen

ﬁubs'pqr 100 h.

Sin embargo, extradrdihariamente sen

sible a problemas externos,co fallas en el suministro

eléctrico, muy comunes en_esa epoca, por lo que ¢l cul-

tivo continuo fué abandonado Yy los esfuerzos centrados
en el cultivo alimentado que para esos momecntos ‘estaba

proporcionando resultados muy alentadores.



EL 'CASO 'DEL CULTIVO ALIMENTADO

El cultivofal mentadoiha’sido desarrollado para lograr

altas prBd  &lulas microbianas y metaboli

ndustr1a fermcntatlva.‘-Pér'ejem;‘

.tos ;secundariosie

plo, este

de levadﬁfa de
et at, 1981;

da utitis para- y nicelul. Ny iriiat'az 1975)-

be el crec1m1ento celular (Cha1n,'1971; Fishman y Biryu-
kov, 1974; Hegewold et af, 1581; Bajpai y ReuB, 1981) ¥y
Cefalosporina (Trilli e af, 1977).

El interés en el cultivo alimentado radica en que csta
técnica permite evitar 1la rcpres:én catabéllca Asi, la

levadura de pan se produce anadlendo 1ncremcnta1mcntc me

laza al fermentador, con: 1t
centracidén ‘
cosa. Sin
rico, pucs

Y si no se alimenta:s

(Wochrer y Rochr, 1951)



El cultivo alimentado. c¢s una opcracidén.semicontinua de

‘cultivo-en’lote en’‘lavcualiunisustrato limitantec al‘cre

extensamente -

nthohy C1977)

mado Y“estado cu251estac1onar;o'

élular:nq‘debc ser muy




‘la.velocida

se _provecé

a situacidn

yicroinyectora

oS, 'y en estas

ido . 'es pequeiio,

heal de 1évta§

ACUMULACION ‘CONSUMO PRODUCCION

)

(1) 4_(sv) = [}
dt ’
So =
en la alimentacién.
S = Concentracibn ‘de sustrato limitante

en el fermentador.

Flujo volumétrico de alimentacidn.

(|}

vitan:




-9
v = Volumen'del fermentador
T - Tiélﬁpbj?d me cibn
. “
Y

Eli término . de 1a' ‘izquierda.cs el de acumulacidn, y cl de
la.derecha. representa;la ‘produccidn. No hay entrada, sa-

1ida 6 consumo de 1a .biomasa.



ustltuimos la ecuac1on 2

que el

En las condiciones

puede acumular, o sea q vrvsustrato limitante es consumido

de inmediato y se mantlene abajo de los l1limites de deteccidn.
Por tanto el segunto térmlno del lado derecho de la ecuacidn
(3) se puede despreciar, con lo que llegamos a:

(4 ax
dt

= DSoY

La ecuacién (4) nos dice que. la velocidad de. crecimiento bajo

estas condicioncs cs constante 'y es func16n dcl flujo de masa

de sustrato (DSo) y de 1la constantc dc rcndlmlonto Y. Esta
es la ccuacidn de disefio del 51stcma, 'y nospcrm1te fijar 1las

condiciones de operaciédn para obtencer un crecimicnto dado, o



bien calcular la constante de rendimicnto Y.

) . x bel'fj‘DSOXt“'

Siendo Xo el a'l‘pfimcr‘a?ti¢ﬁ1°

considerando’:(

'féégiva—
mente dx/dt ;

puede calﬁﬁiar

TABLA A.

de N,crassa, 1i

felocidad de

. Y Y
(g proteina/ (g proteinal/g)

mol)
58 .322
60.8 i.14

términos molarcs cs pricticamente

igual en ambos casos, . lo::que<es muy interesante y valdria 1la
pena investigar mis. . E1l rendimiento para suacarosa es aproxi-
madamente cl-doble del calculado tedricamente para cultivo ox



sando de.3 a 3.2

se suspende cua

Continuemos nuestro'ahéilsis de’ la cinética del sistema pa

ra obtener algunas-otras-conclusiones.

Sabemos que el crecimiento microbiano es exponencial y el
crecimiento lineal .resulta dificil de entender, pues impli
caria que el crecimiento e¢s independiente de la biomasa &

del ntmero de cé&lulas. Ahora bien, si las células en el

cultivo se dividen por f£fisifn celular, 1la tasa media de f£i

sidén por cé€lula debe ser inversamente proporcional a la con

centracidén de biomasa (Jackson y Edwards, 1972). Esto nos

lleva a preguntar cdémo es que en este sistema se obtiene un



crec1m1ento 11ncal.-

Para contestar‘esta prcgunta sustituimos

la ccuac16n (4)7e »1aiecuac16n de Monod (Monod

xa1949;>chcn5plel,

1980) que dé'cr

C'rec:.mlento’. .

(6) dx

3

X dt
umax es la velocidad especifica mixima de crecimiento, y Ks
es la concentracidén de sustrato a la cual la velocidad de cre
cimiento es la mitad de la maxima. Efectuando la sustitucidn

Yy rearreglando:

7 DSOY - wmax S X
: S

Sustituyendo ahora por X en 1la ecuacidn S y despejando S, 1lle

gamos a:

(8) s = KsDSoY

DSoY (1-umax t-umax Xo

Consideremos el caso de un indculo despreciable. En este ca

so el término umax Xo se puede eliminar con lo que l1la ecua-

cidén sc simplifica a:

9) s - Ks

l-pmax t

Y a ticmpos muy cortos‘(t - o) S = Ks



muy amplificado.

crecimiento

t :'remb [o]

Sin embargo, no debe pensarse que pudiera observarse este

fendmeno simplemente muestreando muy frecucntemente un cul



tivo arimeﬂtadé,

muestra)

pués se trataria de

Esto filtimo:eside mucho’inter&s pues:.nos habla de un sistema

de control.porirétroalimeéntacién de

el que unasefnal

to controlad

bolltos.

equxxs 16n »

cultivo alimentado, en

roporcional a la cqncehtracién del sustra-

o.ciérra la vﬁlvuia‘defoxigeno. Este es

como veremos en scguida, a 1la

que pudiera dar informa-

controla nivelcs de mcta



1979; Ohno et al

Weigand (1981)vrelata las ventajas qué puede tener el culti

alimentado c1c11co sobre el cultlvo en lote o continuo. Se

oial terminar un ciclo, pa
‘é, que a su vez 'se retira
Se logra asi un proceso
sentido cabe mencionar que
;uaéiestacionario (ECE), don
‘= D, y V aumcnta, por lo
1. quitar parte del cultivo D

queithG al cultivo alimentado ci



. ’ - 17

clico en ECE”;ihé£ibéh’nf”

Yilli et af, 1977).

xponencialmente. El cre

Yo es. constante. Usando -

cdltivo a1imc tndd:expohchcial'con uni-control PID (porporcio-
nal,yihiegrativo y derivativo) de retroalimentaciédn con ctanol

a n = 0.3 h'r_1 se obtuvo un rendimicnto de 0.5 g de biomuasa por



tajosamente
pProveer mét
En este sen

desarrollén

1evadura ¢'
uﬁ alto rendi-
invertasa; micntras
tehcia de sustratos
n sjde sistemas micro-

n-definidas en el estudio

muestra el cultivo alimentado como
en'el estudio simultdnco dc cinética

,.¥y’ se muestran y evalGian métodos para

‘determinar ;los imientos y coeficientes de mantenimiento.

VDe todo lo anterlor cabc concluir que el entusiasmo actual cen

el cultivo llmcntado esti plenamente justificado.

sta misma lineca, un trabajo re

:
i



E1 Caso‘ae-ia

“Glutamino Sintctasa

Nb deb:e-»'elitbnces resultar extra
fio quc la ‘G

compleja.

Asi, en E.. c etabolltos arriba mencionados més
glicina, al 51rven -como. 1nh1b1dores alostéri

Neunoapona es intere
sante observa

> el triptofano

es inhibidor,

inicial para la
biosintesis d 'idpres glicina,
histidina, o'y NAD, este flti-
mo probabig e nitrégeno para 1la
sintesis:ae

smo: . es la glutamina y




no el amonlo (Kapour v Bray, 1968).

Por otra parte cl a-ceto

glutarato (acg actlva 1a G S. tqnto -en proka1lotcs

olganlsmos'superlores (Tate Y M01stcr,

que 1la glﬁtém na

bién- de eéqﬁéietos,de

tema que provea aila

trégeno estari sujetof

et ak, 1974) .,

Por otra parte, en E. ras bacterlas gram- negativas

la G.S. puede ex1st1‘ formas cataliticamente distintas

pero 1nterconvert1b1e adenllada y otra no. De hecho,

la en11ma c ns' es,. cada una de las cuales
irosina para reducir la ac

ibilidad a la regulacidén alos

S apiro y Stadtman, 1968).

monio’en cultivos continuos de

EAchen&ch&a colL KLebs eLZaTacﬁoganeA, fue estudiado por

Senior (1975), qulen encontré que estas condiciones inducian

1a G.S. 1la que se cncontraba desa dcnllada,(dctnva). mientras

que la limitacdén de glucosa en E. cold Teprimia la G.S. y

(Magasanik,




la inactivaba pprdédenilaéién. ,Ademﬁs en Keebsiella la limita

e la glutamato sin-

con'el»gfuba a

de Investigaciones%“Biomé&dicas:de

de’ limitacidn’ de-amonio una mutante deficiente de deshidro

genasa (Limén-LééOn ci,qﬂ 1977) o en mutantes deficientes en

actividades de G.S}_(Dﬁviianét al, 1978) se encuentra un tetri
mero, lo que hace pensér que esto constituye una respuesta re-
gulatoria del hongo N; crassa y que existe una relacidn entre
la capacidad de fijar amonio a bajas o altas concentraciones

de sustrato y el estado oligomérico de la enzima. )

Ademis, cs importantc sefialar quec en estc organismo, la rTcgu-
lacidn de 1la G.S. por 1la fuente de nitrégeno sc¢ expresa a ni-
vel de la sintesis cspecifiéa;dc la enzima (Quinto et af, 1977;
Espin y Mora 1978) y que cstﬁ’rcgulacién esti mecdiada por un

ajuste de los niveles del mRNA especifico (Sinchecz et al,1978)




Marzluf (1 81) ha’ reallzado ‘una cxcclentcrrcv1516n dcl meta-

Envefecto, Hummelt y Mora
purificaron una GOGAT

tetramérica constituye

s. concentraciones. Los

ron una mutante sin actividadide?GOGAT, y concluyen que csta

enzima se comporta de modo-similar. a 1la de nddulos de plantas.



es ‘intermedia en
. en condiciones
_llh@ntado limitado
ﬁtido diferente, el o
aG.S. ¥y la glutamato

ontraciones (Lara et a£, 1982).
I. DHG + g G
II. oG.S.

Esto tiene su’

'te mdsi onveniente (no requ ere de cnergla del ATP), la gluta

m1n0A51ntetasa t ene mayor aflnldad por amonio que la deshi-

drogenasa glutamlc ,  pPor lo que la ruta II es mis eficientc a

baJas concentrac1ones de amonio.
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a) No hay C£cctp del pmonio pern s8¢, pues la AM-1

en excesb.de amoﬁiO‘siguektomportﬁndosc como si

espuviesc

en cond1c1ones de 11m1tac16n de 1a
fuente ‘de- nltrégeno :
b) No se obscrva efeCto{de~lé'glutamina,“pdesvla -
poza de esteiaminodcido se reduce ;antb;en'l

tacibén de amoni com¢fde.sacarosaf

c) Siempre hay c01nc dencias entre el aumento de

o - cetoglutarato y la glutamlno 51ntetasa.i~

Por otra parte, 1la glutamlno 51ntetasa se" encuentra confoxr

mada como un octidmero. cuando Neunoépona estﬁ“crcc1endo en

~8S3in emﬁérgo,

conforma co-

mo un tetrémero' notar'que la AM-1 siempre
presenta una Atetramérlca yYa sea que -
esté creciend 11m1tad1 de amonio. Esto es

evidencia adiciona que,la via de la glutamato sintasa

se utiliza para:fijar amqnib a bajas concentracioncs

te metabolito, .o cuando 1a ‘deshidrogenasa glutdmica biosin

tética estid ausen 'pues l1a difercnte forma oligomérica

de la glutamino 'sintetasa

facilitaria su participacidn cn

en con

de es

25



dos vias mctabdlicas  diferentes,

también diferénte

‘una ‘regulacidén
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REGULATION OF GLUTAMINE SYNTHETASE IN FED~-BATCI1 CULTURES
. OF NEUROSPORA CRI\SSA.

) Jorge Limdn-Lason"‘, Mzguel Lara"‘* ; Bertha Resendxz* and ]au‘ne Mora**.

Departamcm:os de’ Biotecnologxa“‘ y onlogi’a Nlolecular"““

Instituto de Investlgaciones BiomCdIcas, U N, A M. » Nléx:co 20 D.F.
Received August 29,1977
N Summary

The effect of the nitrogen and carbon sources in the regulation of glu
tamine synthetase has been studied in fed-batch cultures of Neurospora
crassa. The limitation of ammonium in an excess of the ca¥bon souice,
Teads to an accumulation of {-ketoglurtarate and elevation of glutamine syn
therase. The limitation of sucrose in an excess of ammonium results in @
decrease in glutamine synthetase activity. These results indicate that the
carbon source exerts a positive control in the regulation of glutamine syn-
thetase. .

Introduction
It is known that in bacteria A-keroglutarate and glutamine regulate

the activity of glutamine synthectase (EC 6.“3

2) (1).  Although the effect

of different nitrogen sources on the,éctf\;itsv'of,iﬁis;énzynue has been stud-

ied in eukaryots (2, 3), the difﬁ wing filamentous

fungi undexr conditions of regbiated f in a chemostat (4,5), bave

not rnade possi.b]e to- evaluate ‘th c ntrétion of the

h.mn:xng mtrogen or carbon source. Tlus inst: um :
batch cultuxe (7), has allowed us to study the effecr. of Lhe carbon and the -
nx:rogen sources on the activity and oligomeric state of the enzyme gluta
mine sSmtljé:ase.

Copyright ® 1977 by Acodemic Press, Inc. 1234

Al vights of 1teproduction in any form reserved. : - ISSN 00ve-291 X
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Material and Methods

Strains and Chemicals

Neurospora crassa wild-type’ strain 4-A'an <4
_drogenase delficient mutant am-1, obtaired from:the’ sFungal Genetics
Stock Center at the Humboldt Scace University: I‘oundatxon, Arcata, Calif.
U.S.A. All chemicals used were analyncal grade.

Growth Conditions

Batch cultures of N. crassa were grown after inoculating conidia in
Vogel's minimal medium (8) with 25 mM NH4Cl as nitrogen source and
1.5% sucrose as carbon source. Fed-Batch cultures were achieved for up
to 24 hs by pumping the limiring substrate (9.2 mM NH4Cl or 14.6 mM su
crose) at a dilution rate of 3.2 x 10-3 hr=~1, into an agxtated and aerared —
reactor vessel held at 25°C containing Vogel s medium lacking the nitrogen
or carbon source used as limiting substrate. The NH4Cl was pumped af-
ter incubating the conidia for 3 hs in Vogel's without nitrogen source, and
the sucrose after germinating the conidia 4 hs in substrate excess. Under
these conditions the change in reactor volume is negligible and it can be
shown that the growth rate is constant and equals the product of the dilu-
tion rate, the fecedstock concentration and the substrate yield constant.

Growth was derermined by collecting mycelium samples on 0.45
membrane filters, washing with distilled water and placing in 5% trichloro
acetic acid. Afrer centrifugation.the acid precipitate was resuspended in
1.0 N NaOH and protein was determined by the method of Lowry et al (9),
using bovine serum albumin as standard.

Preparation of soluble extracts for amino acid analvsis

Mycelium samples were harvested by filerarion. Glutamic acid and
glutamine were extracted by homogenizing the cells in 807 ethanol in the
presence of L.-U-14C glitamine and L-U-14C glutamic acid, separared
using the merhod of Yemm and Cocking (10) as modified by IFerguson
and Simyms (11), and quantified by isotopic dilution. <& -ketoglutarate was
assayed accordingly to Bergmeyer and Bernt (12), after resuspending the
washed mycelium in 0.6 N HC104 and neurralizing the supernatant with
KglPOg4.-

Determination of glutamine synthetase activity

Gluramine synthetase measured as transferase acrivity was assayed
as described by Ferguson and Simms (11). Units of activity are expressed
as micromoles of ¥-glutamyl hydroxamate produced per min at 30°C per
mg of protein.

Sucrose Gradient Sedimentation

The samples, in a final volume of 0.3 ml were layered over a S to
209, continuous sucrose gradient and centrifuged at 4° for 12 hs at 248, 000
X g in the Beckiman SW 40 rotor. After centrifugation, fracrions werc ob-

1235
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90

70

PROTEN {pg/mi)

=
3 6 9 12 15 1B 20 24
TIME (hs)

Fig.1l Growth curves of the wild-tipe strain 74 A in limiting
aommonium {® ) or sucrose {(©) in fed-baich culture.
Without ammonium ( &) or sucrose{ &) also shown.

tained from the top of the tube and glutamine synthetrase activity was deter
mined in each fraction. Details are given in ref. 13.. -

Results

Neurospora crassa wild-type 7

its. exponential growth with
a doubling time of 2 to 3 hs, when gr

strate. However, in fed-batch cultur

fig. 1. .

Under conditions of ammoﬁiﬁm 'e' found, after 12 hs, an
almost 12 1.'old increase in the 115\{}3 éépt;ation of A-ketoglutara
te, \\'{n‘lc glutamine and glutafnii ' :
1y, compared to the control"vgrd i

2xcess substrate. HMHowever, when

1236
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TABLE 1.- Intracellular concentrations of o~ketoglutarate,
. glutamate and glutamine, and gluramine syn--
thetase activity in the wild-type strain 74-A,
under nitrogen or carbon source limitation*.

Condition hs kg -0 gla gln G.S.
Batch, ammonium plus carbon excess 12 0.002 - - 0.09
Fed-batch, ammonium limirted : 12 0.025 0.42
. . ; 18 .- 0,020 0.77

) . 24 0.015 0.99
Fed-batch, sucrose limited 12 - 0.003 0.02
. ‘ ‘ 18 0.003 . 0.02

’ 24 0.002 .- 0.02

*A -ke:oglutarate (kg), glutamate (glu) and glutamine (gln) concentratxons expressed
as amoles/mg of protexn. Glutamine synthetase activity (G. xpressed as
amoles of product per min per mg of protein. :

enzyme falls four times compared to that found in an excess of substrate

(Table 1). To ascerta:n whether these effects are due o‘ammoniun-x per-

se or are med' '

d by the trappmg of o( ketog]utarate and/or its conver-

sion to glucamace ox glutamlne, the mutant ‘strain‘am=1, which lacks the

activn:y of:the b > yntbetic glutamxc ac d d h) drogenase and grows very

slowly in exc Ss ammomum, ‘was grown under the same conditions. We

:found that thxs straln, when h.mited of mmonium, has the same growth

rate as the wi]d-ty‘pe grown under he sa ‘ c; : djtions. The activity of

glutamine . s\rnthetase and the ntraceuular ncentrations oi Ar-ketoglutara

te and g]utamate ‘are quu:e sxmilar “thos found An the wild—type strain;

glutamine is not detecta.b ;ch th_e_wud—type, where this

amino ac1d is just in the limit ‘Furthermore, when there

is an excess of amm nium. pr e parameters still resemble -

those found in the wi]d ~typeiin a111n1011ium linuta:ion {Table 2). .

\\’hen _chvgi‘wx]d-—_typc.straxn is g,xjown in glu;nmatc as the nitrogen

1237
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TABLE 2.~ Intracellular concentra
’ . glutamate: und’g!umnﬁne
thetasc activity} in’ thc'. 2}

Coﬁdition o

. Batch, ammomurn plus carhon excess B
l"ed-batch, am nium h.rnxted

Abbreviations as in Table 1 _Nort detected (N. D.)

sou}:ce, gluﬁamirje symthetase is found as an octame: 13); We have found

that a lower oligomeric form of this enzyrne,;ppSs 1y a tetramer, is

found in the wild-type strain when ammonium is .n@itihg, but not when it

is in excess concentration (fig. 2). The mutant strain am-1, however,

exhibits only the lower oligomeric state, regardless of the way ammonium
is administered (data not shown).

Discussion

It is not possible to regulate the growth rate of Neurospora crassa in

batch cul:urcs just by cha-ngn:g the subsuate concentration.

has been acme

However, this
e use of fed-batch cultures.

We have shown thac glutamxne synr_hetase acuvxty rises when ammoni-

stant. COlnCl’ ffcct cwe! found an u‘nportant rise in o\—kctoglu

tarate toger.hcr W r.h a: ecrease in g]utarn'lte and glutamine. We would hke

to pr opoqe that the carb

=ource exerts a positive control in the induction

of glutamine syn\:hctase 1n Nl_urospor'\ crassa since: a) ammonium docs

not
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GLUTAMAE SYNTHETASE ACTIVITY (% of mex)
3

® 1L I3 45 17 13 B 23 25
FRACTIONS

Fig. 2 Sedimentation in sucrose gradients of glutamine synthetase
from the wild-tape strain 74A grown in limiting (o) and
excess (@) ammoniura.

have an effect Et_x;_s_e_, as shown by the increase in enzyme activity in the
glutamic acid dehydrogenase deficient mutant grown in excess ammonium,
as compared with the wii'd type ax.'xd b) by the decrease of the acrivity under
sucrose limitation in the wild-fype étrain where ammonium is in excess.

This dara indicates that ammoniu.rn doc.s not exert its maxn effect through

its conversion to gluramine 'fo

'11' thxs \vere the case, a rise in activity

/\/\/\/\—— : -
would also be expccr.ed when carbon, s 1 apd gluramine falls

(Table 1). 1t 1s suggesuve that a‘rise inod-)

etoglurarate is found whenever

the enzyme'is 1nduced (Tables« i v'éléy'aéion is to be expected

if axnmonxa 1s hmited or if a bloa xXists 1n'the'conversion of ammonium

and o(—Letoglutara other hand we have recent-

. 1y reported that;an' cess of ammoniuin or. g]ulam ine represses the

de novo synthcsxs of glut m

Very possxblv a rc lationshlp exist., bc,t\vc_r.n the ohgomcric suate of

glutamine svn:herasc 1nd lts cap lt) (.O ﬁx 1mmon1um .at low or high sub-~
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Immobilization of Glucose Isomerase to
lon-Exchange :Materials

C. HUITRON and 3. LIMON:LASON, Departamenio de
Biotecnologia, Instituto de Investigaciones Biomédicas, UNAM,
. A.P. 70228, Mexico 20, D.F., Mexico

Summary

Glucosc isomerase (D-xylosc hetol-isomerase EC 5.3.1.5) from Bacillus coagidans
was partially purified and immobilized by adsorption 10 anion exchuangers. The
highest activities were obtained when the enzyme was adsorbed 10 DEAE-cellulose.
On immobilization 10 DEAE-cellulose the measused optimum pH value for enzyme
activity shifted from 7.2 10 6.8. There was no appreciable difference between the
hear swabililies of solubie and immobilized enzyme. The £, 4 values for the im-
mobilized enzyme were found 10 be 0.25M in the presence of 0.01A7 Mg?™ and 0.19M
with 0.0053 Mg~ while those for the soluble enzyme were 0.31 and 0.17A1. te-
spectively. Under conditions of continuous isomcerizaiion of D-glucose. a decrease
of activity with time was observed. but this decrease was less at a low Mg?*
concenration and was affected by column geometry. There were no appreciable
diffusional limitation cffecis in packed-bed columns.

INTRODUCTION

The enzyme glucose isomerase (D-xviose kctol-isomerase EC
5.3.1.5) catalvzes the reversible isomerization of D-glucose to bD-
fructose. This enzyme is now used in the food-processing industry
to produce a sugar mixiure as swect as sucrose. Initially the large-
scale production of fructosc-coniaining syvrups was accomplished
by using ecither whole cells or a soluble enzyme preparation as
catalyst. Recently a commercial process for continuous conversion
of D-fructose using immobilized cell-free glucose isomerasc has
been described.? The enzyme bas previously been immobilized by
covalent binding.*? entrapment.*® and adsorption.® Enzyme im-
mobilization by adsorption is simple. mild, and reversible, permit-
tling reuse of both the enzyme and the support. and can give im-
mobilized enzyme preparations with high actlivity per unit of weight
of support.” Since both the substrate and product of glucose iso-
merase are smuall molecules without charge, this should aliow the

Biotechnolopy and Bioengineering. Vol. XX, Pp. 1377-1391 (11978)
@ 1978 lJohn Wiley & Sons, Inc.
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adsorbed enzyme to be used at high substrate concentrations. Al-
though glucose isomerase adsorhed to DEAE-cellulosc is now used
commercially. the preparation and properties of dsorbed cell-free
glucase isomerase have nat been described in detail. In this paper
the preparation of an immobilized partially purified glucose isomer-
ase by adsorption to DEAE-cellulose or other anion exchangers and
its utilization in the continuous production of n-fructose’ are de-
scribed.

MATERIALS AND METHODS

Maierials

A crude preparation of glucose isomerasc from Bacillus coagu-
lans was provided by Novo Industri A/S, Copenhagen. Denmark.
The DEAE-cellulose (grade DE23) was obtained from Whatman
Riochemieals Lid., Maidstone. Kent, England. The DEA E-Sepha-
dex A-2S5 and A-SO (40-120 pm particie diam, 3.5 = 0.5 mequiv/g)
were obtained from Pharmacin Fine Chemicals. Uppsala, Sweden.
Glucese (Analar grade). maleic acid. and 1-cysteine hydrochloride
were obtained from BDH Biochemicals Ltd.. Poole. Dorset, Eng-
1and. and carbazole from Hopkin and Willinms Lid.. Chadwell
Heath. Essex. England. All inorganic chemicals were Analar grade
where available.

Purification of Glucase Isomcerase

All purification piocadures were carricd out at 4°C. The crude
preparation of glucose isomerase (10 g dry hasis) was suspended in
0.05A7 maleate buffer. pH 6.5, containing 0.02A7 MgS0O47H0 to
give a final volume of 250 ml.

The suspension was centrifuged at 12.000 g for 30 min. The
supernatant (/) yviclded 80-9077 of the ariginal activity. Manganese
chioride solution (1.0A7) was added slowly to the supernatant with
stirring to give a final concentration of 0.05M. After 3 hr, the
precipitate was removed by centrifugation and discarded. The, su-
pernatant solution was brought to 70% saturation with solid am-
monium sulfate. The precipitate obtained by centrifugation at 12,000
« was dissolved in 0.01A7 maleate buffer. pH G6.5. The solution was
dinlyzed against the same buffer for 3 hr. Dialyzed cnzyme solution
(18 mb was placed on a calumn (2.5 cm diam % 30 ecm) containing
DEAE-Scphadex A-50 previously equilibrated with 0.01A7 maleate
huffer. pll 6.5. After passage of 1000 m! of the same buffer. the

IMMOMLIZED GLUCOSE ISOMERASE 1379
enzyme was cluted: by stepwise increasing the potassium ch!m‘idé’

" concentration: Ten ml aliquots: of eluate were collected (Fig. 1)
I'he activity recovered afier clution was about 907% of that londedd
on the column.The results-for specific activity and yicld of glucose
isomerase during the purification steps ave given in Table 1. Dc%pivt—e
the low purification factor- (4-5 times) the specific activity :'\ﬂcr >
D.EA E-Sephadex: chromatography  was relatively hizh cul;u):u'cd
with preparations obtained from Streproniyvees /J’l(l('u('ill'ullulL'l‘lI(\\‘."

Lurrlrnhucillu.r brevis.® Bacillus coagralans. '™ and Streptomyvees sri--
sealus )

Inunaobilization of Glucose Isomerase

. 'A Sl.lspcnsion of 500 mg (dry weight) of precycled DEA E-celluloase
or activated DEAE-Sephadex in distilled water was stirred gently
at <‘1°C with a magnetic stirrer. Glucose isomerase solution (3 mh)
which was obtained after precipitation with ammaonium suifate. \\':l‘:
addecd to the above and stirred for 30 min at the same temperature

the final volume being 50 ml. The enzymc-support complex nhlninch
was wzrs.hed with 500 ml distilled water and suspended in SO ul
water. .lhcrc were no appreciable differcuces in activity retention
when cither the DEAE-Sephadex A-25 or A-50 were pl'ct;'c:ITCll with
0.10A7 phosphnle buffer. pH 7.0. or 0.10A7 maleate buffer. pH 7.0

1.0

40

o
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T
F ST
—
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A2800m
e o o
N > ®
0 1] T
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T——,
T
1
1
R
=
g
e
ﬁ.-..-..-..._1
et} =
- N
Q Q
Activity {units/mi}

[} 20 120 160 200 240 280 °

Fraction Number
Fi!:. i. Chrnn'.m.lngrnph)' on DEAL-Scphadex A-50 of the enzyme prepuaration
ohtained by precipitation with amimoninm sulfale. Column (2.5 cm diam > 30 cnn
was eluted stepwise with 0.05. 0.3, 0.2, 0.3, and 1,087 KC!in 0,018 maleate bufler.
pll 6.5, at a Now rate of 15 ml/hr. tion volumes were 10 ml. (-9 Abeorbance

28(‘) nm: (@) plucosc isomerase activity: (- --.) KCl concenrration in ¢« tuent foed 1o
column. :
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TABLE I'
Purification of Glucose Isomerase Aclxvuv .
- ., Specific
SLUL activity
- Protein “tunits/mg Yield
L amg)’ i (99
Supernatant (7) . = 2200 100
Mn?* treatment L1600 63
Ammonium suifate S B0 62,
Dialy sis . L 6507 56
DEAE-Sephadex A.S0 LR 270 so

chramatography

* Unite = gamoi n-fructose/min. -

Assay of Glucose Isonierase Activity

Glucose isomerase activity was determined by measuring the
formed D-fructose using a modified version of thc mecthod reported
by L.lovd et al.'! The enzyme activity during the purification steps
was determined in a svstem containing 0.25Af maleate buffer, pH
6.5: 0.10Mf NMpSO,-7H,0: 0.001M CoCl,*6H.0O, and 0.275A p-glu-
cose. The final volume was 2.0 ml. The reaction mixture was in-
cubated in a water bath at 65°C and the reaction stopped by the
addition of. 10 m! 0.10\M HCIO,.

For the assay of soluble and immobilized enzyme in a batch reactor
the reaction mixture contained: enzyme solution: 0.01Af
MeSO7HO: 0.001A! CoCly-6H O, and 0.275 or 1.0Af p-glucose
adiusted to pH 6.8. The final volume was 20 ml. The reaction
mixture was incubated at 65°C, stirred at 250 rpm with a paddle
stirrer (Varilab type, Citenco Ltd., Borechamwood, Herts., Eng-
land). and the rate of isomerization was determined by taking 2 mi
samples of the reaction mixture at intervals from the batch reactor.
Each withdrawn sample was added immediately to 10 ml 0.01Af
HCIO, to stop the reaction.

The p-fructosc formed was determined by the modified cysleme—
carbazole sulfuric acid method of Dische and Borenfreund.’? One
unit of enzyme activity was defined as that which produced | umol
p-fructose/min. .

Enzyme activity was lincar for up to 15 min reaction time. The
assay was u<ually taken to 6 min at which time conversion was
between 4 to 957 in any assay condition.

CLowry. et all ™ except:lfor chromatogr: \phlc
-the oplical density at 780 nm was mnmlm e,

INMOBILOZED ('-l_l.JCOSF.

S().\Il’.Rr‘\SF. oo 13R1

I’I'nll'lu I\I('nsun'ln.'nl\ TS

I’lnlcm conccnll.\llnnﬁ \\'Cle (lClCl l1|llll‘ll l‘l

Continuous. Isomerization of »-CGliicose /n' NEA

Cellitlose—
Glucose Isomerase € nlulnu e

Packed (_olumns of immohilized g.lucn<c l\nll\Ql"l\C were contin-
uously operated at 657C. Column Ieapths vivied from 3 cm (500 mg
DEAIE:cellulose~enzyme complc\ as dry weight) to 12 cm (2000 mg
enzyme complex). Substraie concentrations were from (L2785 1o
2.5Mf p-glucose. Data on the actual length and substeate and metallic
fons concentrations of each column are shown in the figures. The
substrate solution was pumped through the column at a flow rate
of 10 mi/ir. except where otherwise stated. The cflluent was col-
lected as 1.9-2.0 ml [ractions in tubes containing 5 ml 0.1A7 HCIO,.
and the fructose production was cvalunted.

Film diffusion was found not to be limiting. as shown by assuming
film diffusion to be limiting and calculating the required column
hicight using Satterficld s correlation 't and by a plot of conversion
versus reciprocal flow rate which gave o <straight line (Fig. 2) The
absence of pore diffusional limitation was verified by calculiting
Pitcher's modulus.' using an effective diffusivity 1:5 that of the
bulk diffusivity.'® Effectiveness factors were essentially 1.0 for sub-
strale concentrations between 0.275 and 2.5M ., Furthermore, grind-

ing the immobilized enzyme did not change K. a., or the specific
activity (Table 11).

°
TABLE 11

Specific Activity and K..° of the Free and lmmohbilized Enzyme Before and After

Grinding®
Specific
nctivity
s (units/mg R oow aon Ko ane ©
Condition™ . . proteind (M) [BY3]
Frec enzyine : 932 0.17 = 0.056 (14) 011 = 0.01 o)
Immobilized enzyme
Nomground 10.91 0.19 = 0.033 (7) 0.25 = 0.017 6y
Ground 10.79 0.1R = 0.028 (R) -

“ Mg?* cancentration is 0.005M cxcepl in *, which was 0.010M, A, .., valucs l.nrcn.‘,
as mean % wl.mdard deviation (numbier of paints).
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Preparation of hmimobilized Glucose Isomerase g _—‘E =
]
- reparati ined - i i &) Ei2z|zs=zZz2 sgzs .
An enzyme preparation obtained after ammonium sulfate precip- £ ElSE|RAE 2S5 S
itation was used to prepare immobilized gliucose isomerase since it * = =z
could be preparcd quickly and the glucose isomerase activity was =
more stable than that obtained after the chromatographic step. As =2
can be seen in Table 111, DEAE-cellulose retains more activity and  * =
protein than the other ionic supports. In order to determine the 7 3 =
maximum protein and activity that DF -cellulose could adsorb, R
different concentrations of protein were added to the ion-exchange PE D
support. Figure 3 shows that up to 170 mg protein/g support the . ezf5
B . - .l N g, z 305
achivity retained was praportivnal to the protein added. Throughout ER =
this range DEAE-cellulose adsorbed 8077 of the protein added and P EE
retained between 93 and 10077 of the initind activity. No activity and - 2
only 2077 of the added protein was found in filtrates made in this . 2 5
- : - Ao =4 .
range. The maximum values for protein and activity hound occurred 2 i
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ivn and ass were uncd out under sta
concentration of protein .ul(lcd. B

when 272 mg protein/g support were n(ldcd 14
1700 units/g support. respectively. The <pccxl"c 'u.ll\'l ies ol' immao-

bilized glucose isomierase preparations rcm'\mcd pracuc'xlly con- .

stant and were higher than the specific .lclx\'lly‘or lhc solublc cn-
zyme (Table JI1D). ’

The activity adsorbed on DEAE- cclluloxc was not” dcﬂorbed by |

up ta 2.5M p-glucose in the presence of 0. OOIAI CoCl; but: without

Mg*. However. only 1075 of both protein and activity remained
adsarbed alter incubation for 15 min with 0.10M Mg?*| while 95%:

of protein and activity remained adsorbed after incubation for the
same period with 0.01Af Mg?*. as measured dflcr clullon ina column
with 1.0Af NaCl.

I'_[/'(’C! ()fpll

The cffect of pH on glucn<c isomerase. '\chvny is xlluuratcd in.
Figure 4. The optimum pH values were found (o be. abolt 7.2 and

6.8 for the soluble and immobilized enzyme. rcsn‘ectivebly:_'

. e T
Effect of Substrate Concentration

The effect of substrate concentration on thé rate of isomerization
of p-glucose was investigated in the presence of 0.01 or 0.005A7
Mp® . Apparent Michaclis constants for glucose were determined
for bath seoluble and  immobilized glucose isomerase by using
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- 100

E 0\
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]

é 80 |-

> 40 1-

3 =

5 e 7 8
pH

4. ‘Tffect of pll on plucose isomernse activity in solution (), and when
ized to l)l.l\ Li-cellulose (o). l RZVHE ASSAYS were carsicd out under standard

zave n reasonable spread of the
The difference between soluble
low. Mg?! concentration was not
;\;»tljc high Mg?* there was a significant

T Hleat Stahility

ability. of free and immobilized glucose isomerase for

v’u'louq lempcr’xturcs in the presence of Mg?* is shown in Figure 5.

. 3 100
F .
& 8o o
=
= s0
3
40
=
=
=
5 20}
E
5
o iyt A i —t )
37,5070 75 80 85
Temperature (°C)

Fig. 5. Hea! stability of glucose isomerase. Ten ml enzynme solntion or intmobi.
lized enzyme suspended in distilled water were preincubated for {5 min at the
specificd temperntures, rapidly coaled, and the remaining activity assaved at 37°C.
(™) Soluble cnzyme: (@) immaobhilized enzvme.
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It can be seen that, ot least for the 15 min periods studied, there is
no difference between the preparations. - First-order decay occurred
at the three temperatures studied. with half-lives of 528 2 3.9 L at
40°C: 192 = 10.1 hr at 607C: and 55 = 11.4 hr at 70°C. The decay
curve for 60°C was the same for free and immobilized cnzyme.

From the above data, the activation encrgy for heat inactivation
was 81,000 J.moi-?, ’

Cantinuons Isomerization of v-CGlucose by DEAE-Celliulose—
Glucase Isomerase Complex— Operationel Stability

The resuits for conversion in a 1.6 % 3.0 cm bed at o constant
flow rate show that when a substrate solution containing 0.01A/
Mge®t at pH 6.9 was passed through the column. the activity de-
creased durng continuous operation, reaching 5074 of the initial
activity after 15 hr (IFig. 6). This decrease scems ta be mainly due
to desorption of the enzyme during operation. beeause after 48 hr
the conversion was only 8%F of the initial value and 11% of protein
remained in the column. At ptl 8.0 there was anly a small decreasc
in the desorption rate (mot shown). To assess whether Mg** was

responsible for this high desorption rate. substrate solution at pH‘

R.0 and 0.00537 Mg®' was passed through the column. The glucose

[} 4 8 12 16 20 24 28
Time (he)

6. Stability of DEAE-collulose-glucose isomerase when used for the eontin-

vous isomerization of b-glucose in o colhmn sysiem: Immobilized enzyme prepari-
icketed column held at A5°C and substrate was

pasced through the column i a Qow smute of 10 mihr, (o) 1.6 x 3.0 cm column
receising 027807 teglucose, 000187 L0018 MET: (e 11 X 6.0 crit coturin
teceiving LAY niplucose. DLONIYVS Co®', 0030 Mp?*i /) 1.6 % 3.0 ems column
receiving LRAY glucose, LONTAL Co?*  aad 0.008A 1 Mp?', Initial isomerization valties

- foruns were 84045, and 3007 respectively.,
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conversion remained the same during the first 28 hr of operation.
but decreased to SO% of the initinl valuc after 60 hr, and to 127
after 120 hir. The amount ol protein still adsorbed after this time
was 2077 of the initial concentration. A 1,15 x 6.0 cm packed bed
was then evaluated and the results show what scems to be a de-
crease in desorption when the bedd length is increased at the expense
of cross-sectional area (Fig. 6). While the rate of desorption does

‘ot decrease, the time Iag before the onset of desorption increases.

When a larger column bed (1.6 % 12 em) was operated continuously.,
there was no loss of activity for 200 hr (Fig. 7).

DISCUSSION

I'he use of immobilized enzymes in industrial processes depends
on many factors. T'he ability to produce, by simple means, a reln-
tively low cost immobilized cnzyme product with high activity per

weight of support, with adegquate operational stability. and cfficient -

use of that product, is an important technical consideration. Herve
we have examined the preparation of immobilized glucose isomer-
ase by adsorption to PDEAl-cellutose and other anion exchangers.
The retained activity of the DEAlL-celluinse —glucose isomerase
complex was higher than that obtained with cither Ab-cellulose
or DEAE-Scphadex A-25 and A-50. The capacity of DEAE-Seph-
adex A-25 to adsorb protein and glucose isomerase activity couid
be limited by the porosity of the ion-exchanger beads. Although

100 . " e - . Le me, =, ash o o -

80

40

20

Remaining Activity(sof Initia

s —_—

50 100 150 200
Time thn

Fig. 7. Stability of DEAE-celinlose-glucose isnmerase in a 1.6 > 12.0 ecm cnl-
umn, fed a subsirate solution containing 2.587 glucose., BLOBIA!L Co?*, and Q.00
Mg at 10 mi/hr. .
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DEAE-Sephadex A-50 adsorbed maore activity than l)l;‘.;\F.-Scph:\-.

dex A-2S50 it still adsorbed less than DEAB-cellvlose. OOn the other
hand. DEAE-Sephadex A-50 has more swollen beads and therefare
not as good flow properties as the A-25 form.

On immobilization of glucose isomerase an increasc in specific
activity took place hecause it was utilized as an impure preparation.
The maximum activity per gram of support bound to DEAE-celtu-
lose was 1700 pmol/min/g. which is higher than those reported (or
other immobilized glucose isomerase preparations, such as glucose
isovmerase, from Streptomyces phacochromogenes bound to silan-
ized coated porous glass.? to glass beads.® and entrapped in celivlose
trincetate fibers.? Also it is higher than those reported for immobi-
lized cclls of Bacilluy coagnlans, ™ * and entrapped cells of Strep-
romyees phacochrontogenes . '® Morecover. the retention of activity
on adserption to DEAE-cellulose was higher than that reported for
other enzymes awdsorbed to DEAE-cellutose.*2!

The optimum pll value of soluble glucose isomerase was found
to be 7.2, which agrees well with the pHd 7.0 value reported by

ers from Novo Industri A/S for soluble enzyimme produced by
Racillus coagulans. ™ and with pll 7.0 reported for purified enzyme
from Bacillus coagulans strain HN-G8.2? :

The optimum pH of DEAE-celluiose-glucose isomerase shifted
slightly toward the acid side in comparison to the soluble enzyme.
However. a shift from 7.0 for scluble glucase isomerase. to 8.5 for
immobilized cell debris of Bacillus coagilans™ has been reported.
Displacements of pH curves toward a more acid pH for other
cenzyvnmies adsorbed to DEATR-cellulose. such as aminoacylase,?®
ATP-deaminasce.®*! and invertase.*® have also been reported. These
displacements may be explained by the difference in the electro-
static field of both enzyme muolecules and the surrounding aqueous
medium caused by the net positive charge of the support.?®

The Ko ane valtte of soluble ghicose isomerase was slightly higher
than that of .O9M abserved by Danno'® for a purified enzyme from
Racillus coagulans. when measured at 40°C and pH 7.0, but was
lower than that of .43 reported for the enzyme fram Streptomyees
.7 Ko oaee fOr our immobilized glucose isomerase was also lower
than that-of 2.2517 reporied by workers from Novo Industrit® for
immobilized cetl debris of Bacillus coagulans. We observed a slight
tncrease in A, a0 0n adsorption to our cnzyme to DEALE-celiulose.
However. upon grinding of the complex a lower K, is not observed.
Thus we do not belicve this effect to be due to diffusional resistance.
but to microenvironmental effects. The effeet. however. is more

IMMOBILIZED GLUCOSE IROMERASE 1389

marked in 0.01AF Mg?* which is what would be expected if caused
by the density of charges in the microenvironment.
‘Desorption of adsarhed enszymes under opertional conditions

_has been reported for several immobilized enzymes., Desorption of

aminoacylase from DEABE-Sephadex columns occurred at concen-

“trations of acetyl-Dir-methionine greater than 0.2V 3% Invertase ad--

sarbed on DEAE-cellulose wis desarbed rapidly at low pH and
high sucrose concentration.” Amyloglucosidase was desorbed from
DEAlL-cellulose at temperatures above SS7C.20 We have found that
our glucose isomerase preparition is desorbed at 00130 Mg, but
mtich less so at 0.005A7 Mg?'. Accordingly. the opcrational half-
lives of the columns are a function of the Mg?* concentration. They
also seem to depeund upon the geometry of the colomns. Thus at
0.01A7 Mg** level when using a packed bed of 3 em ifength and total
volume of 6.03 cm®, the operational half-life was anly 15 hr. A hed
of similar volume but of double height had an operational half-life
of 21 hr. A column of 24.12 cm® with gecometrical similarity to the
latter could be operated for 200 hr without loss of activity with
0.005A Mg®*.

In the first two cases a striking feature is that the residual activity
plots show two distinet phases: at {irst there is no loss of activity
and then decay is ohserved showing what appears to be first-order
kinetics (n plot of log residual activity versus time yvields a straight
line). We belicve that since adsorption-desarption is a reversible
process, the desorbed enzyme is again adsorbed distally in the
column until it is finally lost in the efMuent. Thus a time Ing would
be expected for the desorption process to be apparent and this timdé*
Iag would he greater in a longer column. Alterantively, it could be
said that diffusional effects could mask the instability for the initial
hours of aoperation.?® However, we have not detected film or pore
diffusional resistince by several different approachics even though
DEAE-cclulose is a porous support. This is in agreement with that
found for glucose isomerase immoebilized on giass beads, but not
for whole trapped cells, where there is marked diffusional limitation
through the membranes.*?

Aminoacylase was reported™ to have increased thermal stahility
when adsorbed to DEARE-Scphadex A-25 or 1o DEAE-cellulose.
Also the thermal stability of glucose isomerasce from Streprorivees
has been reported™ to improve very strikingly when bound ta
DEAE-ccllulose. Although our data for the free enzyme are in
agreement with published resulis.® we found no improvement in
thermal stability upon adsorption to DIZAE-ccliulose.
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The use of immobilized glucose isomerase has recently been
reported'™ ™ hy workers from Novo Industri A/S. The reported
activity (150 pmol/min/g at G5°C)Y was lawer than the one we lound
beecause they secem to have uscd immobilized cell debris.

The long-term stakility of the above preparation, using 150 ml
columns. scems to be better than that for the enzyme bound to
DEAE-ceilulose. However. it must be noted that we ran the col-
umns in the presence of oxygen. It has been reported that glucose
isomerase from Bacillus coagulans is sensitive Lo oxyveen, especially
at elevated temperatures where the exposure to oxveen decreases
the operational stability of the enzyme. "

TThe method we have deseribed isn <1mplc and efficient procedure
for obtaining a preparation with a high glucose isomerase activity.
Since the support may be reutilized. the method should also be
economical. Thus it is not ﬁurpri%ing that a process using DEAE-
ceilulose—-immobilized glucose l<omcra<.e is presenlly under com-
mercial exploitation.

The authors wich to thank Novo Industri ASS for its gift of the glucose isomerase
prepaation and Jeanne Curtis, América Gilbén., Ma. Victoria Ltchart, and Carmen
1.¢pez for their technical assistance. Thanks are also due to . Jaime Maurtuscclli
for a criticat reading of the manuscript. We especially wish to thank Dr. Malcolm
Lally far his waluable help and stimulating discussions. Part of this work was per-
fornmied when once of us (C.H.) was working at the Biochemical Engineering Scction
of the Depariment of Chemical and Biochemicnal Enginecering, University College
Loendon. with the financial support of the National Council of Science and Tech-
nelegy, Mexico (CONACYTY and the British Council. °
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Suminary

Laboratory and piiol-pl;ml high-speed bead mills of (L6 and S lirer capacity and
cansisting of four and five impellers in series. respecuvely. were vsed to follow the
batch and cominuous disruption of hakers” yeust (Saccharoms ces cerevisiae). The
mills are not sculed cquivalents. Throughputs runging fiom 1 =~ 107 m 2 10 12 >
107¢ m%ace for the 0.6 liter mill and from 16 x 107 m¥sec to 1K > 10=% m? sec for
the 5 liter milt were used for continuous disruption studies. Variables studied in-
cluded the eficet of impelier tip spoevd. iemparature. 3nd pached L east concentition
(ranging from 15 10 7577 by weight pached yeasti. Disruption kinctics. as muasured
by the release of soluble protein. folloswed o first-order rate cqguation. the e
constant being o funciion of pclicr tip specd and yeast concentration. For conune
uons disruption studics the beud milis behaved s i series of continoous stirred-tand,
reactors. cach impeller formin, wctor. In the smadicr mill o considerable degiec
of bauckfiow between the reactors was evident. For certain miaing conditions the
maximum amount of releasabie protein wiars dependent on the impeller geoanetry .
construction material. s0 the concentration of pached »y o2 The rejatis e power
efficienc of the 1vo millsare discussed aiong with possiblice eritena for scaling of
bead miils.

1

. INTRODUCTION

In 1972 we described veast cell rupture in i vertical bead miil)?
Protcin releuse appeured 1o be a firsi-order process with respect to
time and we were able 1o show how disruption cfficiency varicd
with bead size. bend load. cell concentration. agitator spead. and
temperature, Subsceqguentla . we briefly described the hehavior of o
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more advanced horizontal bead mill.? Other workers™ have ex-
aminced this harizontal machine. § e

Studies to date have not indicated the natire: of the Mow and
atterns involved within the agitator chamber, Sinae an
understanding of these is important interms of the design of agitator
mitlls for microbial cell rupture. we havie extended our earlier work.

We report here a study of laboratory and’ pil-it scale horizontal
agitator mills of similar design. As in'the p.ut we have uscd bakers®
YOASt (Sauccliaromyees corevisicey s l;‘ L nmlcn.ll

MATERIALS AND .\lia'rm)l')S

:\Iu‘l'nnruum\n: o

Al experiments we

e carried out’ using commercial packed hak-
ers” yeust. Succharamyees cerevisiae; obtained from the Distillers
Co.. Ltdo, London, England. ™1t was Kept refrigermted and used
within a week ofits arrival, During this storage period there wis no

Lh.xnp. in the amount of releasable protein as measured by disrup-
tion in a bead mill. .

Bead Mill

Twao sizes of horizontal bead mills (Witlly A. Bachofen Muaschi-
nenfabrik. Bascl., Switzerkand) we used (Table b a laboratory
machine tmodel KDL with disruption chamber volume of 0.6 liter
and a pHot-plant machine (model K13-5) of S liter disruption chamber
volume (Fig. lan. The two madels are not scaled equivalents. T'wo
types of impellers are available for both machines as shown in
Figure by,

Glass beads of 0.42.0.5 mm dn.xm we

ere \Ned During continuous

v \Bl Bl
Det .ul< of Labointory and Piloi- l’l:ml Bc.ld Mills

l\l’l
Chamber \nlnmc [l 0.6
Bulk Pead volume (titern) 0.508
Licguid sotume_tiiteny .32
Number of impellers : <
tmpetier diam timy Hu6e
Chamber diiun tan 0o.n77?
Moo mg (AW 1.RS

DM FOR CELL RUPTURE

1
e el e —e

R S

53

‘A

iy

thy

Fip. 1o Tlorizanta] beid mille () generad view of mill: (h) detiils ol 0) stiunless.
stecl and (i) polyvucethane impcllcu.
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opcration the beads are retained in the mill by

between the rotor and statar to Q.07 mm: -
BBoth mills e cquipped with o cooling jinc T For the 0.6 liter

mill a g'ass chamber was used for direet observations of the flow

patterns and bead distribution darving mixing studics, Also. for the -

0.6 liter mill & port hetween the sccond .uul third impetler allowed
access for sampling or injection,

.ulluslm the gap

Disruption Procedure

Bakers® veast (4577 wet \\‘ciphl/\?nlumc) wis <\|spéndcd with o
Silverson stirrer-homogenizer in medium: containing O.15A7 NaCl
and 0.003A7 KHPPO, . as previously reported.®

The mill was filled with this suspension for batch trinls. and
cooled 1o 8°C. The 0.6 liter mill was operated for the duration of
the batch run and sampled ot timed intervals \\'ilh a syringe fitted -
with a polyvcarbonate tube of 4 mm diam. The 'S5 liter mill was
operated in a stop-and-go manncr, beeause sampling fram the ma-
chine during operation was not feasihle. .

Continuous trinds were carticd out by pumpin'- the veast suspen-
sion (using Mono pumps types SB 4 or SBIS through the mill until
steady-state conditions were achieved as noted by analysis of the
cxit stream. LExcept where otherwise stated. the yeast <u§pcn<|nn
was cooled to 57°C prior to disruption.

Protein Assay

The disrupted yeast suspension was centrifuged at .36 000 g ['or' 5
20 min in a MSIE-L centrifuge and filtered through- \Whatman filter .
paper. Protein was assayed by, '\chpung the mclhud uf l,owry et al.s.
to a Technicon Auln-l\n.ﬂvccr

Protein concentration was corrected for sohck cnn(cnt sof lhc
veast suspension as described prckudy." All luu.cl tsiu

W procedure were analytieal g

rrade.

Tracer Studies

stream 0(’ a ccmmuousl\' operating nmuhmc. and:
cancentration in the outlet by colarimetry. Icchmuu
to give the best results and was used as the test d)

Normatized exit age d|<(nhulmn curves werce L-llLlll.lth '1<. llL-
scribed by Levenspicl.?

HIGH-SP

:OR CELL RUPTURE 749 s

l or uf‘ plulcm release i
sed plolcm

and pnlyurcllm'n’c imhcllci’s first-order kinctics were noted (Fi r. 2.

100 -

e

{Fraction of uwreleased protein]”

10 |-
o, M -
' ' . 2 )
15 30 a5 0
Time (sec)

. 2. Batch disruption of yeast in 06 liter mill (¥ = 045, T = 57C, clo<cid
symbols stainless-stecl impellers, apen symbols polvarethane impelicesd o5 s, =
20 mince, kK = 0.0747 see b (-0 s, = 1S misce, A = 0.0883 <ce - o, ~ 10 mteec,
L = 0.0384 cec 1000 n, < 6.7 milsec, B = D022 e N
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Prablems of temperature rise in runs carried out over extended
periods in the S liter mill prevented the direct measurement of the
R value. Thus, this value was obtained by determining the Ry’
value. which yiclds a best data it for a first-order process. The
corresponding D value is shown as 137, D s
Disruption data obtained for the 5
impcller tip specds (2, =
vrder kinctics (Fll_ 3). For higher impeller tip specds this is not
possible. There is little justification for using higher orders of re-
action to fit the data as this deviation from first.order kinctics may

100~

(Fraction of uneleased prolein I
S

so

1
-1950

Time (sec)

Hateh disruption of yeast in § hlcl will, 1, = Il\ m’ ~ru. Y =045 7 =
01 polyurethane impelicis, Ry = OLORS, A = 0 0440 «ou 1 125) stainjess.stect
impelicrs, Ry = LOGK, A = 00192 sec .

5 diter mill operating ot low
10 mi/see) can be represented by first-

HIGUH-SPEED BEAD ML l’f)l!,(‘l’,l;l, RUP'I'URI{ 751

e die inopart to dil’l'it.ullics‘c\pcliuu
ature of the disruption medinm. . Furthe

sl in Cun(lnllml_ the temper-
ware. in‘contrast to the 0.6
liter machine? \.\mplm;_ ofithe dl\ulpllun mcxlunn required that the
impelier drive be stopped. Bvensinic ses where fresh medium was
uscd for cachi Kinctic' datum rmml. the .ucclc:.\lmn and deceleration
of the beads could well he responsible. foritheé mensured higher rates

o proteinrelease LDI“]“I:H‘L(! \\'llh lhuﬁk‘ cxpcucd from a first-order
Process., . .

I

Uleet of Tmn/n-rulul e on I‘hvrupunn Kineties
()\\'mb to the size and L_cnmcll'v of the: 5 liter mill.
heat
dissipated during rotation of .the impeilers (modifications to the
commercial machine have since been made to improve cooling).
Thercefore high-temperature rises oceur and it is necessary to de-
termine the effects of temperature on disruption Kinetics. Table {1
gives some typical temperature rises in' n 4572 packed yeast disper-
sion in u 5§ liter machine cquipped with a cooling jacket held at
- 10°C.

The ceffect of these temperature rvises on yield was studied by
following the disruption of yeast slurvies at average temiperatures
ranging front § to 40°C (Fig. 4). Over this temperature range thewe
is a decreasce of” 1874 in the protein refensed. However, over the S
to 20°C range a decrcase in yicld of onfy 277 was noted. In afl other
disruption experiments the feed was maintained at 57C, therefore
no correction-is made_for the effect of temperature rise on yvicld.
The couling system on the (0.6 liter machine maintained temperature
rises al less than 6°C.

TARLE l[
- Effect nf hrmmhpul an

mpcl:\nuc Rise®

'l‘ln‘nughpm. Q
tm¥Yscey -

~l.unlv.ss \lu.vl
lmpcllcr
10 "
w 1 *
bl 1
b LI

liter myill, 1, = 10 Mo

: :inlet temperature of
yeast dispersiog - 8%,

the «.uulmL_.
Jacket around the dlsnlplmn chamber cannot readily remove
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o

Fig. 4. Effect of temperature n
stainless-stec! impellers: Q = 66.7

SET conlmuuus

is

and where in this casce the number of CSTRs (/) is found to be live
(Fig. 5). The 5 liter mill consists of five impcllers! thercfore the
concept of an impelicr forming a single CSTR gives o satisfhctory
picture of the flow patterns in the mill, Similar tracer profiles were
obtained for both polyurcthane and stainless-stcel blades operating

at tip specds of 10 m/sec. Tracer studics at higher lip speeds were

not possible owing to the appearance of colloidal glass in the outlet
tracer samples. H

The tracer curves obtained in the 0 6 liter mill (Figs. 6 and 7) do
not correspond to a four CSTR in-serics model, although this mill-

consists of four impcetlers. The peak position ( 4,,) may be used to
characterize a normalized exit age distribution curve in terms of an

cquivitlent number of CSTRs in scries.® As shown in Table 111 the -

llon fnr whlch‘

(3) -

J=54:% 107% mYsce: () polyurcthane impellers: (o) st

HIGH-SPEED READ MILL. FOR CELL RUPTURE I8
12 ’ ot
w104
wr
= .
S 081
2
=
S
E 06 }-
B
= paf-
as
g
o oz2h

40

Reduced

time, &

Fig. 5. 71

wer studics—continuous fow-through S diter mill, «, = 10 m'sec. @
ninless steel impellers: ¢ -

" lhcurcliu\l curve for 4 USTRs in scries: t- - - ) theoretical curve for § CSTR« in

“studicd (calculation of the equi

serics: (—-~ —) theorctical curve for 6 CSTRs in seties.

0.6 liter 'mill may be represenicd as a series of between one and
two  CSTRs for the range of flow rates and impeller tip speceds
salent number of CSTRs based on
variance of the distribution curves is not reliable for these wide
distributions). Reasonable agreement bhetween measured and cal-

‘culated tracer distribution curves is obtained using a CSTR in-Serics

modcl where jis not an integer® and also using a model based on
the dispersion number (Table 111) for a closed vessel.?

A maodel that gives a better physical picture of the flow patterns
in the miilt is based on partial backflow from any one CSTR to the
previous CSTR in the series (Fig. 8). This view is supported by
experiments where the tracer was injected between the first and
second impcllers. Backflow of tracer to the region of the first im-
peller was observed, The tracer curve for this maodel is given by the
following relationship:®— 41

pli)-¢! et
T AT G-
= 1/j(1 + 2h/Q)

{4
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o1
‘A
A

ibutiva functian, £y

Reduced time, &

6. Triacer studics—continuaus Onw-through 0.6 litcr mill with stainless-steel
impelicrs: (ay @ = 1.00 X 107" mVece: (O @ = .80 % 10" mUsce: (A @ = S.87
~ 1D *m¥sec. v, = 10 nv/sec: (@) @ = 1.RO x 10-* m¥sec. 1, = 15 mixec:( Y i/
Q= S0 — 2O = 10 oo YV B/ = 0o all for $ CSTRS in series.

where (i) is the probability of appearance of tracer in the outlet
stream after passing throuph 7 CSTRs. This probability fuonction

depends on the ratio of backflow between CSTRS (M) to the overall .

flow rate through the mill {(Q). The probability of transfer of tracer
frov CSTR 10 another CSTR or the outivt streimm is verncd by
seve conditions: for example, tracer ean only move divectly firom
a CSTR to an adiacent CSTR: rates of tracer movement are deter-
mincd by relative flow rates within the mill: tracer enters the outiet
stream irreversibly and only from the iaxt CSTR in the series. and
all the tracer initinlly starts in the first CSTR of the series..

For the case where the time gonstants (ratio of volume of vessel
to the toia! flow through that vessel that comprises part of the bead
mill reacior model) are the same. Retallick® gives o simple. approx-
imate probabilistic method for calculating (. This has bheen de-
veloped nto a more general matrix method by Buffham ct al.'" In

MIGH-SPERED BIEAD MiITE FOR CELL RUPTURE Tss

the bhead mill, however. the time constants for the end vessels are
not the same as for the middie vessels. bt the ahove models may
be applicd with vreasonnble accuracy for low A/ valuces. Buffham
and Kropholler' have shown how the generisl matrix method may
ke modified to the cause where iime constants vary through the
overall reactor vessel and this is the method used for modeling the
fiow patterns in the bead mill.

Retaining the concept of an impeller forming a single CSTR
(7 = 4) and u<ing the peak position (4,,) a5 the major parameter
for fitting the theoretical curve to the cxperimental points, it was
found that A/Q varies from < to 5 for the stainless-steel impellers
and {rom 2.5 to 8 for the polvurcthane impellers. both impeliers
operiting at 10 and 15 m/see, respectively. The curves show very
good agreement with experimental values (Figs. 6 and 7).

10

caly
? f
wl
= I
2 '
= 1
S °8) i
t 1
2 1
= oal!
e 1
& ' -
=
E
wi o2l

s
- = o
X : e s
1 2 3 a s

Reduced tirme, &

Fig. 7. Tracer studies—continvous flow-tlnauph 0.6 liter mill with polyutethane

impellers: (4) @ = 0.75 X 10" *mVsec: () O = 1.90 = 10 “mlsce () @ = 6.00
® 10" mYsec. 4, = [0in/sec: (@) @ = 1.90 ¥ i0 “m¥ecc. v, = 15 micee:t y b/
Q=R0(——) H/Q =2.5:(. .. Y H/Q = O all for 4 CSTRe in series,
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TABLE U e
Bead Mill Tracer Studics
-T‘—\:mu"-uu. lmpdlgr tip Peak .
(&) speed, 1, . Dispersion position No. of CSTRs
(m¥sccy (misec) Variance Naol o) J= 1/ti —.08,)

0.6 liter mitl Stainless-srect impellers

S.86 > 10-6 10 0.36 0n.23 .
1.80 x 10-* in a3 - - D30 a.s ‘2.0
.00 < 10-* 10 D39 026, .
1.80 = (0% 15 G.Gt o LSBY - 0.25 1.3 R
Potcurethane impellers
6.60 x 10-% 1o 0.54 IRRTIRTS . .
1,90 x 0 0 0,54 0.45 T3S 1.5
0,75 % 10-* 0 Q.87 . 0080 ) ; - -
1.90 % 10°"* s a.7a 084 TS 1.2
2 titer mil} s-steel l'l"[""il'f." L.
R9.4 x 10-% 0 022 a3y :
R IR S 11 i 0 0.20 012 0.8 8.0
580 % 0" 1 0.23 7 03
Polvietiane impellers
S3.0 % 1078 10 0.y LXT 0.8 5.0

* Viscosities are 1.0 x 1077 N sce/m? except for. this measurement where the
visgukity was increascd to 6.6 X 10-2 N sca/m?,

Continuons Disruption of Yeast -

For u first-order reaction and a CSTR in-series moclcl. cell dis-
ruption is deseribed by the following equation:

Ry — R

where 7 is the mean residence time in the mill (total volume.of the
mill. V., divided by the total throughput Q) and j

E+0 TLLM-Q — wao o
. LT
14 b b
fig. 8. CSTR in-seriex backlow moddel.

07— 100 X 107% mYsec and feed temperature of S°C. As with bate

the number of :

HIGH-SPEED BEAD MILL FOR Clil.l. RUPTURE 757

CSTRs in series: this may include fractions of CSTRs.® The re-
maining terms &, Ry . R, and D are as delined for eq. (1).

‘The extension of this CSTR in-series model to incorporate back-
flow may he iol\'cd by cnmplclmg mass balances across the indi-
vidunl rc‘1ctnr~" : : -

Rnl_ R S
D= = = B
. R\I L . - ! - .
={p*@p — /(=4 - 2(1 = 1)) (= p)( — 4p):=?
+ 4P(l = n)z’ =P — py¥ — pU — pM]}
S )
: : e +’,'k‘ Ll b0
R ‘ 1+25/0
and

‘/Q .

TEIO Y 270 :

where h/Q is the ratio of backflow between CSTRs to the overalt
low rate (@). First-order rate constants derived [rom the batch
studies (Fig. 2) have been assumed 10 apply te the continuous
disruption process in the 0.6 liter mill. Good agreement is noted
between calcuiated and experimentally mensured viclds of soluble
protein (Table 1V). Calculated yiclds tnot given in this paper) hased
on the dispersion modcel.'? the CSTR in-series model (incorporating
fractions of CSTRs).® and by integration of the combined first-order
disruption eq. (2) and the experimental tracer curvy
sonably good agreement with experimental values,

The first set of studies on the 5 liter machine involved the use of
@ 4594 by weight packed veast suspension at throughputs of 16

c” ull show rea-

i)
studies it was not possible to measiie maximum protein vields.
Equation (5) was soltved by altering both Ry, and & until a minimum
variance fram the theorctical straight line was achieved. The R,°
values obtained were consistent lor cach impeller giving /R, =
0105 = 0.005 kg prolein released/k iz packed venst for stainfess-steeld
impellers and £2,," = 0.090 = 0.005 kg protein relensed’kg packes
yeast for polyurethanc impellers. The disruption data are shown in
Figurce 9. The results oblained at impeiler tip specds of 10 m/sec are
consistent with the cquivalent batch studies (

The sccond set of disrnption experimients us~ing the Sliter machine
involved variations in the disruption medium tfrom 15 1o 7577 by
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TANRLE 1V
Continnous Dicruption of Yeast i a A 1 iter M with
Staintees-Steel bmpellers: Compatison of edicted and
Measured Conversions -

R
. predicted
R (hetkpy
o ackflow model
tneVager i {cey. 163)

u, = 10 miscc &k = Q03RS «gc—t ™ bhIQ =1
1.00 = j0-s 0.120 0117 .
293 = 107 o108 (300 1 L -
S0 1 [LX T o.0u7
TR o p0ms 0.068 0085
Q.67 X i€ Q.068 0n.u7s

0=« 0.056 ) 0.067
- . oy . a7
10-% 0,109 (LSRN
10-4 0.070 0037
- 0.056 0.068

e = 1Smifsec . A = 0.0544 sec™' P b/ =S5
1.86 x 10 0.120 0.117
2.92 > o 0.114 .11t

0= 0.091 ©.092
H Uk 0.0R7 0.084
n-s 0.074 0.076

8 Re = 0,120 = 0,002 kp'‘kp.
* Sce Figure |.

weight packed veast dispersion. All the trials were carried out using
a teed temperature of S°C, impeller tip speed of 10 m/secc, and
throughputs ranging frém 160 x 1078 (o 100 = 1078 m¥sce. For
packed yveast concentrations of 3072 by weight or greater, the same
Ry values were obtained as in previous trials (Fig. 9). but for
packed yeast concentrations of 1525 by weight the Ry’ valuc ob-
tained was much lower. The results using these Ry’ values are
plotted in Figure 10, e

Enzime Release

The disruption of yeast is also of interest in processes. for the
extraction of conzymes. The rate of release of an enzyme niiy depend
en its lacation within a cell.'™ For a soluble eyvtoplasmic enzyme
such as alcohol dehydrogenase (ADH). enzyme release should di-

THIGH-SPEED BEAD MILL FOR CELL, RUPTURE s
rectly parallel the release of sohitble protein. This assumes that there
is no lass of enzyme activilty duc to overheating or shear. Similarly.,
using the same assumptions. an unambiguous Ry value for the
cnzyme may be measurcd. I enzyme damage occurs, a Kinctic
maodel is needed to deseribe both the rale of relcase and the
inactivation of’ the enzyme. '+t

The comtinuous release of ADIE from the yveast was followed in
the 5 liter mill using stainless-steel impellers operating at 1S m/scc.
No cnz¥me inactivation was evident from the extended disruption

1te of

100 ~
= .
-3 Y
=]
e -
g . .
2
=
=
2 w0 .
s
= =]
o
=
=
s
= -
v
i
. . R A s 2
11 12 t3 14 15 17 20 23
P
[ 5} 5
Fig. 9.

Continuons disruption of yeast in a S liter mill, elfcct of impelicr tip speed

(Y = 0.45, 7 = 57°C). Stainless-steel impellers, R,," = 0,105 ke'kg! (<3) #, = R meezc.
A= 0.0113scc "2 () n, = 10 misce, K — 0012 e 03 1, = IS misec, A = 0.0218
sceTh () a4y = 20 mi/sce., A — (LO2AT7 sec i Palyvaicthane impellers, 2,0 O 0% kg
kp: (@) 47, = R m/sec, &k = N.03ROB cec 'ivy 1, = 10 m'<ze, 4 0O DRR soe 1 HAY 1,

= ISnm/sec, k& = 0.0493 <cc” 1 (®) 1, = 20 misec. & = 0.0466 sec

e - Vihcorseticul
line for 5 cqual-volume CSTR« in sctics.
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T

N

3
T

{Fragtion of unrelegsed protein)

[ I 4 -g‘]

Continuous distapiion of yeast ina 8 titer mill:
10 msec. b -8
&1 K L = 0.

cffect of yeast concen-
iinloss-steel impetiers: 10) ¥ = 0,18, Ry =

0.105 ki'ke, & = 0.0179 see™™
© = 048, Ry, o ¥ 0.75. Rt = 0,105 v/
ke, A = 00161 sc . Polzurethane impelicrs: (o) ¥y = 0.15. Ry’ = 0.076 ke/kge, &
s (a) ¥ = 030, Ry’ 0.090 kp'kg. A = D.OAOR sec” ' (V) ¥ = 0.45
Ry 0.090 kpfkp. & = 00388 ses i (m) ¥ = 0.75. Ry’ = 0.090 kerkp, k= 0.0350
wee -t (———1 Theoretical line for § equal-volume CSTRs in scries, 2

run<. The rate of soluble protein release (Fig. 9) was used as o basis
for a madel of ADH release as shown in Figure 11z the experimental
data and S CSTR kinctic model give gond agreement.

Ivaluarion of Kinetic Darta

The firct-order rate constants measurcd for protein release .using
the 0.6 or 5 liter mill are summarized in Figure 12. The kinctics of

HIGH.SPEED BFAD MILL FOR CELI. RUPTURE

of impeller nsed (Fig. 2.

veast disruption in the 0.6 liter mill show no variation with the type

“his is in contrast to the results ohtained
using the 3 liter mill, where consistently higher rates of disruption
(Lt tower values of maximum releasable proteinmy were achieved

when using polyurcthane impelicrs as opposed 10 stainless-stect
impeliers. :

These observations raise the question of the mode of mixing in
the S liter mill. Rotation of the impellers will cause movement of

the beads about the central axis of the mill. Thevefore near the
impelicr there is a region of high shear. The farther away from the

.

100
=
=
- a
=
&
2 of °
]
3
.
<t
=
2
S °
g - -
f : i " ’
[N} 12 13 14 1% 7 20
rk
[ s
3 5!

Fig. 11, . Continuous refcuse of alcohol dehvdropeniace from yes
mill with stainlesse-steel impellers: #, = 15 m'cec. ¥ = 0.45, R, = 250 units AN
kp packed yeast, @ = 16 % 10 %100 % 10 " mYecc: (—— —-) theotetical line for 8
equal-volume CSTR« in series and k& = 0,023 «cc 1,

t usine a S Jiter

P ey
761
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Oisrggtion ate constant {sec)

N 2

B .10 15 : 20

impeller " tip speed {m sec=—')
Fig. 12, Variation in the mte constant (&) with disruption conditions: 0.6 liter
miil <tainlessesteed or polyurethane impellers: (7)) batch. S jiter mill stainless-sicel

impellers: () batchz (o) continueus, 8 liter mill polyurcthane impellers: (¢) batch:
t a) cantinuous,

impeller. the slower will be the motion of the beads. The more open
structuire of the polyurcithane impellers will promote a greater de-
uree of agitation at a distance from the impelier. but consequently
there will be refatively low shear rates in the vicinity of the impeller.
Conversely, withh the stainless-steel impelliers there will be a high
depree of shear near the impeller. rapidiy dying out in the disruption
mediun: duc to the Jower fevel of dispersion.

These higher shear rates experienced with the stainless-steel im-
pelters would expiain the higher maximum yvicelds of protein, while

e greater degree of miNing expericenced with polyorcthane impell-
re weoeuld explain the increased rates of disruption. Owing to the
veater number of blades per unit volume in the 0.6 liter mill. this
ffect of different mining patterns on the disruption Kinctics is not
ignificiant. ’
‘Thie effect of initial yeast concentration on the rate of disruption
s summarized in Figure 13, For a first-order reaction the rate
constant should be independent of cell concentration (eq. (1. This
is achiceved for stainless-steel impellers at higher yeanst concentra-
tions (¥ = 0.30) but far the polytirethane impeliers the rate constant
continumously  decreases  with  increasing  yeast  concentrations,

,

SO SRS S i

HIGH-STEED BEAD MILILFOR C1ELTL llLll’l‘l’I{lE Te3

‘Therclore the rheology of the medium dirccily alfects the kinetics
ol disruption.

The rheology of o whaole yveast dispersion is Newtonian. the vis-
cosity varyving from 2.2 = 108 N oseo'm® at 1577 by weight packed
yeustto approximately 16 > 10 % Nosecrm2at 7577 by weight packed
yeast., Disrupted veast suspensions show preudoplastic hehavioe '@
The flow: properties of a highly disrupted 45C2 by weight veast
dispersion may be described nsing a power Inw relationship between
‘the shear stress (79 and shear (y):

) o T o= Lo VA
where :
; A' = consistency index

= 39.37 N scc™*m?

and

¥ = 0-400 scc™!

The viscosity prior to disruption for a 45% by weight veast disper-
S1On-is 6.6 X 103 N sec/m3 Assuming that eq. (7) can be extrapo-
Iated to high shear rates (such as would occur in a bead milhi. then

3
080
n .
T oenl - 8
i
]
=
= o
=4
g
§ o) -
2 o & -
=
=
=2 .
ERA - -
= s
Z
N N = s
nn nan o6ed £89 M

Packed yeast crneenfrgthion

Fig. 13, Varintion in the sate constant (4 with yeast concentration. continuogs
disruption in 5 liter mniil: (<) stainless-~teel impetiors, Ry° = 0.0K] ‘kp 1} = 018,
Ry’ = 0,108 kpikp (F - 0,208 (4 polvsethane impelleis, Ry = 0070 kg kg 13
= 0,150 Ry = 0090 kekpe (3 - 0.30), '
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it may be seen that the apparent viscosity (7799 will be approxi-
mately the same as that for the undisrupted yeast in the shear rate
range 10 10% sce~'. Therefore during disruption in high shear re-
gions there will be no appreciable change in the apparent viscosity
of the medium.

As the yeast concentration and the viscosity. is incrensed. this in
tirn will increase the rate at which the mixing is damped out at
finite distances from the impeller. Therefore the rate of disruption
will decrease. At low veast concentrations (3 = 0.15) a very low
maximum yield of protein (Ry ) was observed. In a low viscosity
medium the energy from the impeller will be dissipated very rapidly
through the medinum, therebhy diminishing the region of high shear
ncar the impeller. Thus at low yeast .concentrations, although high
rates of disruption are noted, there are poor vields of soluble protecin
especially at low throughputs or high residence times (Fig. 14).

010~
cosh /
oS+

co2d-

e

: 3eees

A
02 LI c .04 o1}

R (Kg protein relessed /K pocked jeast)

B
Pocked yeosi concen'ration

Uig. 14, Ffect of yeast concentinticon on protein relcased (K — w, = 10 misee,
iter miil. Stainleas-steel impellers: () = 20 % 10 *inVYscc: ta) @ = 100 x 0 “

1 eee. Polviicthane impellers: 12 @ = 20 X 10-" mYscc: (o) @ = 100 x 10-% m?
oo,

s

HMGH-SPEED BEAD MILI FOR CLELL RUPTURE 768
One other way -of altering the viscosity of the disruption medium
is by varying its temperature. The resuits presented in Figure 4
show that, for the same mean residence time in the mill. more
protein is releascd at a lower temperature and hence a higher vis-
Cosity (6.6 > 107" N see/m® at 57O than at o higher temperatute
(the viscosity drops to 2 % 107 N sce/m? at J0°C). The variation in
¢4 values was not measured for dilTerent disruption temperatutes,
I the Tower /¢y, values obtained from the disruption of 1577 by
aweight yeast sturries are assumed 1o apply to the higher temperature
disruption studies. then it is found that similar wends in the rates
ot” distruption are found for different viscosities. whether varied by
temperature or yeast concentrittion.

16000~

12000
=
T eco0}
<
27
-
13
2
2 acoo}-
=
hnd .
- pA
@ c
=
z |

- o
800 |-
x0L
400}-
2 P . 5
5 0 15 20
fmpeller tip spesrd {(m.sec-?) -
Fig. 15, Effect of impeller type. tip, specd. and bead null capacity on power
consumptian: ¥ = 0,45, I = 5C: te) poiyvurcthane impellers: (a) staintess.cicel
impeliers.
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Licieney of Disreption

The major source of power consumption of the mill is in the drive
ta the impellers. The effect of impetler tip speed on power input for
both mills is presented in Figine 15,

For a certain throughput Q. impeller tip speed w, and  yeast
concentration. Y. it is possible to calendate the amount of protein
relcased per kg piacked yeast (R) on the basis of the kinetic data
summarized in Figore 12, The efficiency of the mill is given by

Ex=RYQIP

where 22 = power consumption (])

Plots of cfficiency versus yield are presented in Figurés 16-18:
these relationships will be evaluated in the following section.

1t shouid be noted that the power cansumption for the 0.6 liter
mill was measured with an ammeter, This method overestimates
the power consumption but this does naod aflect the distinctions

between the efficiencies of the two machines. True values of the,

power consumption for the S liter nnll were measurcd using a wati-
mcter.

.-
¥
. C&r £ -
= 2 . .
= 3
-
4 N
2 osb
=
2
g
g
S o4}
g
= ~
—
2 i
= oz - N A myse
bve] N s m yncer
5 oect .
20 saem” :
s : 2 5
oc2 004 005 . 0mA o0

R {¥Xq protein vel:as-ed 7 ¥.g pocked yeast)

iciency of § liter mill operating with polvurethane impellers, ¥ =
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L DISCUSSION

The continuous disruption of yeast in a high-specd bead mill has
becen adequately represented by a [irst-order process occurring in
a serics of cantinuous stirred-tank reactors. Bach impeller in the
mill’ forms the basis of a single reactor. In the 0.6 liter mill «
significant degree of back{low occurs betwern cansecutive reactors
reclucing the number of eficetive CST'Rs. 1n the S liter mitl backiow
is negligible. presumably due to the grester relative spacing of the
biades. The rate of disruption of yveast aond lhc maximum yield of
safuble protein are both dependent on impeller gecometry tand pos-
sibly the material of construction), impeller tip specd, yeast con-
centration, and the numiver of impellers per unit volume of the mill.
Othér factors that affect the Kinetics of disruption. but which have
not been extensively studied in lhls paper. arc temperature. Viscos-
ity. and bead size and weight.B"17 Before discussion of the celfect
of mill characterstics on cell (“&l‘llplf(\n is possible. an under<tanding
of the mechanism of protein release is required, with particular
reference to the term maximum yiekld of <oluble protein (Ry ).

The question arises as to what is the maximun amount of releas-
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feased set w1 X 10}

N (2

Elficiency {Kg pro

—_

: . PR s
oc=s ors .o 008 . 010 o

R (Kg preteiy re{ea:ed / Kg pocked jeast)

Fig. 1R.  Efficiency of 0.6 liter mill with stiiniess-steel impellers, ¥ = 0.45.

able protein? In yeast homogenization studies. Hetherington ct al.®
reportcd maximum yields of 0,096 kg protein/kg packed yeast. while
values varying from 0.090 10 0.120 kg protein/kg packed yeast have
been reported in this paper. Fresh packed yeast was used for all
the disruption trinls. This yeast will consist of a narrow cell size
distribution although there may be o considerable variation in the
wall thickness of the cells. The maximum shear stresses applicd
within the mill arce probably well alrove the ccell wall viekl stress,
therefore the mechanism of yeast dim‘uptinn should follow n
strnightforward first-order relationship: i.e.. the vate of breakage of
cells is directly proportional to the number of nnbroken cells. This

of course assumes that the release of the cell contents does not.

affect the disruption mechanism. A single fraciure of the cell wall
will release ali the eytoplasmic protein and this will constitute most
of the totai releasalrle protein. One possible explitnation for changes
in R, valucs is the refease ol insoluble complened protein and other
Folin-positive nuuterial such as peptide. glycopeptide. and amino
acids by micronization of the ccell debris. Distuption trials not re-

Y BITAD ML POR CIILLL RUPTURE ki

ported here have shown the release of 0150 kg equivalent protein
(Folin-positive materialVVkg packed veast. It mist be stressed that
some of this increased viekd may he nonproteinaceous.

The micronization of cell debris is agnin probably a
process. For all purposes, after a relatively short period of di<rup-
tion the cell debris content may be <aid to be constant for a wide
range ol the mean residence times uscd. Theretfore. the following
cquations represent a simple disruption and micronization process:

first-order

. &y - R
wholc cells w=———> protein -+ cell debris

Sl kg < e .. . .
cell glc})x' s ———> falin-positive material + cell debris

¢ ué‘ll:) + kzlcell debris]

wh cre Coisia con

tein teq. (1n:

whcxc R‘ is'the'n
"

u smble fr.\clurc (lhm chuul(l he a constant for all head mxll condi-
tions): s

whcrc R,.," is lhc mc.\suvcd Ry value

Ry, = Ry, + ky /K K

herefore the measured Ry, values represent the amount of easily
accessible protein plus the redative riate of release of Folin-positive
material by micronization of the cell debris. For the purposes of
cytoplasmic protein or enzyvme release fower R values than those
presented will be mare representative of the Linctics of the process.
Oun the basis of yeast homogenization results, where little ccll debris
micraonization has been brought about, rhere is probably 0.006 Ky
cytoplasmic pratein %% while-there is approsimately 0,120 kg

2 total
pratein/ke packed yeast 2?
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The open design of the polyurcthane impcellers prnnu.ncs mare
mixing and hence higher rates of disruption. This desipn is suitable
for the purpose of simple breakdown of whole cells and probably
would be ideal for the production of enzymes. If the aim of o
process is to produce as much soluble protein as possible. lhcnv\ ru!nd
disruption by polyurethanc impeilers foliowed hy micronization
using stainless-steel impellers (even in the <ame machine) may lead
to an improved mill performance. Changes in the number and sar-
face of the bilades and the bead size and type may also prove
advantageous. )

The 0.6 and S liter mills are not scaled cquivalents. therefore. it
i interesting to study the differences in mixing patterns and disrup-
tion kinc(ic; obtained with the two mills. An increase in the longi-
tudinal dispersion or backflow and consequently o decrease in the
number of effective CSTRs in the mill will-icad to a decrease in the
vield of the mill and hence its efficiency especially at Tow througi-
;wuls or long residence times. This obviously supposes that, the
factors lending to increased dispersion do not increase the rate of
disruption. In the 0.6 liter mill there is a sharp decline in the power
efficiency with decrensing throughput (FF 18). lncrcnsmg.|mpcllcr
tip speeds Icad to invreased rates of disruption, but any improve-
ment in yield can be partinlly or tully ncgated by the m.crcns.ctl
dispersion. This is more apparent in the casc of the S liter m.xll using
polyurethane impelievs. The rate constant k reaches a maximum :_n
impeller tip specds of 10 m/sec (Fig. 121, AL greater tp Spcc.ds it is
likely that the actual rate constant for disruption is increasing but
simu.lluncously there is an increased level of dispersion. these two
effcets acting in opposition. The decrease in the apparcnt rate con-
stant at the highest tip speed (i, = 20 m/scc) may be a real phe-
nomenen where the cffect of increascd longitudinal dispersion is
predominant. Ina 3 liter mill operating with polyurethane impetiers,
no advantage is gained by disrupting at tip speeds greater than t0
m/cec (Fig. 16). In the 5 liter mill operating with <ln.in|c.<s-stccl
impellers the rate constant tends to maximum value \\’-llh. increas-
ing tip speed: ngain dispersion and increasing rates of dxs'rup!mn
having conflicting effects. Owing to lower levels of dispersion. lh.c
dcpcr;dcncc of efficiency on throughput or degree of cm'xvcrs'ion is
aot so significant as when ustng polyurethane blades (Figs. 16 and
17. Thc;c is an optimal impeller tip speed aof 10-15 mi/sec for yeast
disruption with stainless-stecl impellers. .

Disruption rate constants as measured in batch and continuous

HIGH-SPEED BEAD MULL FOR CELL RUPTURE

s
studies on the 0.6 liter mill (Fig. 12) may e summarized as follows:
k= Ku, where A = 00036 m—!

This direet relationship of rale constant with” impeller, tip. speed’
probably also applies to the S litey mili. ©

cer studies are required
at the higher impeller tip speeds to analyze the degree of dispersion,
these will he possible only when the problem of the formation of
colloidal glass has been overcome. .

In the 0.6 liter mill tracer studies showed a significant increase in
dispersion or backilow when using polyvinethane blades. This may
cither be due to the more open gecometry of the impeller or the
flexibie structure of the blade (the polvurcthane blades for the 0.6
liter mill do not have a rigid steel core as in the 5 liter milh.
Continuous disruption studies with polvarcethane hlades in the 0.6
liter mill gave very high maximum yiclds of Folin-positive nmterial
(R = 0,150 kg/kg) and further trials are being carried out to ex-
amine this effect. In the S liter mill the polyvurcthane blades gave
significantly higher release rates but also lower maximum yields of
soluble protein. These results have already been discussed in the
section summarizing the kinetic data. Bricily the more open struc-
ture and greater width of the polyurethane hlades gave higher de-
grees of dispersion but lower maximum shear rates than for the
more closed structure of the stainless-steel bindes.

The full analysis of the kinetic data obtained at high impeller tip
specds in the S liter mill was not possible owing to the inability to

s out tracer studics in this region. However, it should be noted
that only the values of the rite constant A and not the values of Ry, °
arc dependent on the number of CSTRs () used in evaluating cqg.
(5). One curious aspect of the results not explained by the mixing
model is the fact that the Ry values for the polyurethane blades
do not approach the values obtained when using the stainfess-steed
impellers, even at the highest tip speeds. ‘This observation leads to
the conclusion that the Ry’ values may alse be controlled by the
nature of the blade surface. The stainless-stee!l impeller surfaces are
mare abrasive and harder than the polyurethane surfaces. For the

L6 liter mill the 2y valuc is independent of the blade <urface and

type. In this case it is probable that the intensity of mixing is so
high that other factors, such as bead-to-head impact, control the
final %,y value.

One further arca of interest is the observed independence of
backflow ratio or longitudinal dispersion with variations in the over-

et e e r————"
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all mill throughput. Only a narrow range of throughputs was covered
and this work nceds to bhe extended to jake full advantage of .the
sariouas combinations of flow patterns and disruption rate constants
available.

The final subject requiring comment is the relative efticiencies of
the 0.6 and S liter mills. Far equivalent mean residence times in the
mills higher efficicncies of disruption are observed in the 0.6 liter
mili: this is contrary to what would be expected an the hasis of
dispersion studics. The most-likely explanation is that there is a
mare cificient utilization of the bheads in the smaller mill owing to
the greater number of bliades per unit volume of the disruption
chumber, Evidently scale-up criterin for a bead mill require a com-
ploexy compramise hetween pewer input per unit volume and mill
goomelry. Also elevant 1o this praoblem are same of the recent
developmoents in ball mill design!? swhere langitudinal dispersion or
backflow is increased by incorporating blades mounted obliquely to
the drive <shaft. Deereasing the angle of the blide to the shalt gives
an appaient greater rate of release of protein. tlere again there are
probuably contlicting factors that contribute to the overatl disruption
model. Decreased blade angle gives increased dispersion. which
will fead to relatively less disruption in continuous Mow studies. But
this is compensated lor by increased power transfer to the yveast
snspension and hence greater rates of disruption. Theretfore, al-
though an overall increased rate of disruption is achicved, the power
efficicncy may be considerably decreased. especially at high shaft
specds. A< with the polyarcthance impellers operating at high speeds
in the 3 liter mill. further increase of dispersion (hy using cven
sminler Blade angles) may lead to an overall decreasce in the apparent
rate of disruption.

One of the major problems in operating the type of bead mill
deseribed in this paper is the temperature contral of the disruption
meditm. Recent improvements in the design of the cooling jacket
should reduce this problem. Incorporation of o cooling system in
the itmror shalt and blades has been reported by Rehachek and
Schaler. 7 The formation of colloidal glass is particularty undesirable
it the process stream is to be used as a food component. The use
of plastic or steel beads and their effect on the flow patterns amd
Rinetics of disruption are being’ further studicd by Limon-lason,

The akility to apply mixing and kinetic models to yeast disruption
in a high-speed bead mili wili allow the development of sceale-up
criterin for the design of bead mills for this purpose. The optimi-
zation of the running conditions for a bead mill involves complex

P
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constderations of the fTow and mixing patterns in the mill and the

actual rate constants. for the-breakaee ofithe microorganism. The

fanges of flow rates. viscositien, and tip. speeds used to develop
flow models’in the mill ns deseribed in this paper. are not sufficient

for a completerevaluation of:the 0.6 and 5 liter mills. The present’
study does indicate the design and operating factors to which par-

ticular-attention shouid be given in the Mture. ‘

Nomenclature

b -~ backflow benween CRTRe tm™seet
» o (Fi ivn of anreleased prateim * —~ B aR,, - Ry {1 =
- R}
exit age distribution function
cificiency of mill (ke protein refeasesdisee W .
4 number of CSTRS in series .
R k.- firstearder ¢ conatant tscc™
r power input—-impeller diive anly (W) ‘
Q@ volumetric thronghput cm®sect
R . amount of pratein or enzyme released tke protein-kg packed veusty
R measured maxinnnm yield of soluble proteing proteinhge pauched yeasty
Ry’ extrapolated Xy, valtie based on best (it of a first.order reaction rhe
protein/ke packed yeasn
I residence time {secs
T, temipersiture (7Cy
H, impclier tip spoecd tnvseds
v disruption voliine (volume of disraption chamber = bead volumerim™
Y weight of packed veastonit volume (kgom™
B4 peak positian of narmnlized evit ape distribution curve
o nornutized reduced time
T mean sesidlence time inmitl = V/Q teeced

The authors wish to thank Dr. 1. Gi
opment and ana

it feu his valuable advice in the deve!-
¥sis of The reactor maodels presented in this papes.
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STA TESIS MO DEBE
sn&n BE LA BIBLIGTECR |

CONCLUSTONES.Y PERSPECTIVAS

los problemas de cultivo continuo, y medir

Pucde7ch1rsevque~en este trabajo, se ha visualizado el siste

ma de’ cultlvo como un reactor para la transformacidn de sustra
to en’blomasa, lo que ha permitido cstudlar algunos aspcctes

de las relaciones participantes. Esta visualizacidn ¢s cl pri



un:'modelo, que en: cste’ caso se

ismo puede..décirse.

La siguien n ti 1 retendid ya la claboracidn de

un modeloidcterministico que fuera la base de una simulacidn




cn'cuestién,VVqua3cilofsc models

‘fructosa -

ntinuo cerrado pa-

erte sustrato cn

n nicaso especcial de cul-

g constante cn ¢l que la tasa de

trato

desaparicién- de sus




el quc se supone quc e] paso 11m1t nte. cs el consumo de ox1ge

evines en una 'estacidén in

los sistemas vivos, Yy que estec conoci

'al hombrc.
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