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" I INTRODUCTION -

: -A:f 11 : GENE_RAL i

'Nearly all chemlcal react1ons occurrmg in 11v1ng cells are catalyzed by enzy—
“-.;-'.-'_meS- Enzymes have a unique react1on spec1f1C1ty, show 1n general a h1gh cataly-
Jtie act1V1ty and operate under very mlld cond1t1ons in comparlson w1th ordmary _,‘:.‘_',I(
Chem1ca1 catalysts. 'Ihese propert1es make enzymes potentlally Very useful for i
"zl-:_nmnerous appllcatmns in laboratory and 1ndustry. However, the stab111ty of - S
- onzymes | 1solated from the1r natural environment is usually low and their solubl-
11ty 1n water makes repeated or COITtlIluOUS use d1ff1cult. These factors have , :
l:.nuted their app11cat10n for a long time. In. t.he 1ast two decades much research-;
B ha.s been d1rected to find methods whlch make enzymes more su1tab1e for applica~
- _',.:.'t1on..Attaclm1ent of " enzymes to SOlld supports, . e._; 1mob111zat1on, 15 a promi--.-.
sing new techmque and several mmob1llzed enzymes have been app11ed 1n 1ndustry'~ i
B recem:ly1 ‘ o e o) : PN

1]2; EN_ZYMES- -m SYNTHETI@OIiGANlt__CI%IEM_IST_RY

‘;(:)'::-'Z'Ihe use of enzymes 1n syntheuc organ:u: chemlstry has not rece1ved much atten-
: 43:-‘131011 YEt although in t]us area. the advantages are: obv10us. F1rst of a11 enzy-
7; .f?'- mes may catalyze many reactmns wh1ch are othermse d1ff1cu1t or unposs1ble to

perform. Further, the use-of enzymes has several pract1ca1 advantages. i .
CiAs a ‘result of the h1gh reactlon spec1f1c1ty very. pure products are obtalned,
.  hence Work-up of the react1on mxture becomes very easy i :
-"Enzymlc react1ons are very fast, acceleratmn rates of 10
bt are COI’IIIIOII. e _,1.: ‘. Lot A
e The reactmns can be' ea511y executed s1nce they are performed in aqueous med1a :
g '4"§‘t_atmospher1c pressure and. at moderate temperatures.._: S e
As_such, enzymes are "ennmrmental fnen ".and "energy savers'? andthus poten-—
+tlally.q are of sor:1a1 relevance ‘in future mdustnal development:’ '
.:.}&“_‘_DESplte these obv1ous advantages enzymes have been used very. seldom in: orgamc
',,%'S)mthesm for’ varmus Teasons: 2. Most orgamc ‘chémists are mfanullar with
"7.“'_“01'1‘1‘18 with“enzymes. 4. Sincé ‘there are- only few enz)’meS comermally aV&l'

and much hlgher




L

lable in suff1c1ent quantlty; 1salat1cm of enzymes from cells, t1ssues, plants,
"fetc., is usually necessary or desJ.red and -these 1solat10ns -are often d1ff1cu1t

: a.nd tme—conswmng.,?urlfled enzymes are therefore scarce and expenswe, and’ i
thus ‘require effJ.CleDt utlllzatlon. mv.. ,’I'he solub111ty of isolated enzymes 1n ;o
- water’ prevents effl(.‘.lent use, smce at the end of a reactlon the enzyme 1s T
difficult to Tecover. with. retentlon of act1v1ty w. "I'he 1nstab111ty of 1solated :
‘enzymes 11.11111:5 the1r 11fet1mes. SR ' ; A Sl '

- *Imoblllzatmn of enzymes is the ke)r to: the solutmn of most of the above-
'.'mentloned problems, smce mmbﬂlzed enzymes have a mmber of advantages m

: comparlson w1th soluble enzymes. ST M o e ey
"_7- Repsated use 18- possrble. At each de51red moment the moblllzed-enzyme prepa—'}'_
';-’ratmn can be’ remo\red ea.511y and rap1d1y, e.g, by f11trat10n and centr1fuga—‘ -
' ‘tmn, and reused 1n t.he next batch oT: stored for later apphcatmns _ o
',_‘.",-'J_C’ant?.nuous usé is feastble 'l‘he sohd—supported enzymes can be ut111zed 1n
. colums’ and’ st1rred tanks ‘in a.continuous fashlon._:= A TS S i
. -:."‘Greater stability, Often imnobilization: improves the stab111ty Bmd;mg of the
‘ -enzymes by more than- onhe 11nkage (mu1t1p01nt attachment) can. £ix the - enzyme mf"
v _'A:Lts actlve conformatlon, 50" t.hat 1t w111 better s’tand extremes 1n pH, tempera-.*'
;ture, and denaturmg compounds 11ke urea, guamdme-HCl and’ organic solvents. ‘
; Furthermore, 1f the 1mnob1112at10n concerns proteases or. 1f they are present
&_:._i.'.‘_as mlpuntles, the fixatlon onto the . support prevents autolys:Ls or hydroly51s, -
:.‘smply because the enzymes. cannot get together anymorey [ U

e V'Lesa-contmnated produats are. obta-med Compounds not- bou:nd can easﬂy be _
- washed - from ‘the mmbﬂlzed-enzyme System and thiis: cannot contammate the . -
'-_E‘product. At the end of the reactlon the ‘enzymes - themselves ‘are: also not present
-+ in the product solutlon, smce they ane bound to’ t.he sol1d support. R
= Imobrlseed enzymes ca-n be "taf.loz'-made" for epem-fw purposea. E\rery app11ca-
: “‘.:.t1on with mnoblhzed enzymes has 1ts spec1f1c demands ‘which. can he taken
"'_mto accomt when the - support and couplmg procedure are chosen. For- example, .
if the expernnenter W1shes to use the mmbﬂued enzyme 1n a packed bed he
: ,}.-requlres a spher1cal r1g1d part1c1e. =
jr.ess labour m-benswe. Smce nrmblhzed enzymes can be used contmuously and
- foria longer t1me than soluble enzymes these processes reqmre 1ess " labou :
mﬁammnnalwork—up.-_ Bk '

~_4For general acceptatmn as a routme catalyst in orgamc chemlstry,

o




zed enzyme should meet several rec[un'ements2 R e
e The enzyme mist catalyze a. reactmn of general preparat1ve mterest.
- “The enzyme should preferably be conmercmlly avaﬂable. : R
— The enzyme should be stable. IVSPEIP R : S . IR
"':;:- Sllfflcmnt spec1f1c1ty data should be ava1lab1e to enable rellable predlctmns :
.10 be made.,."-" : : : - '

— A convement expenmental procedure st be ava1lab1e. P : f.' _. L
LA large mumber. of enzymes. have been dt)u:umented3 and the’ orgamc chenust 1s be- i -
't"comng mcreasmgly aware ef the great’ potent1a1 of mmb111zed enz)’mes- There
are stlll ‘a number of. problems to be’ solved before: mmblhzed enzymes can be R
{‘,,'apphed routmely 1n the laboratory Nevertheless, the use of mmb111zed enzy-' :
,“lmes as catalysts in organlc synthes:Ls 1s an area for wh1ch the 10ng—term outlook

i.~',_-1s very favourable. el i T ' . S :

-:-‘,:-1'.'4‘.-.’scn|?£ : Ar_m ',INTEN'T‘ o

The study of "The app11cat1on of urmob1l1zed enzymes “in- orgamc synthes:.s" WﬂS
_',f_1n1t1ated in 1975 in the Departments of- Orgamc Chemstry and B1ochemlstry of .
“the. Landbouuhogeschool in’ Wageningen.: The ob;| ect1ve was to_show’ that Dmloblllzed
:f.enzyrnes can ‘indeed be conveniently and P‘I‘Ofltabl)’ used in ‘organic’ SYnthGSIS- To -
< ._11m1t the number of potentlally useful enzymes, the followmg restrlctlons were

:lable ccnmercmlly : R e . .
R Research leadlng to new 1mnob111zat1on pmcedures was not 1ntended, at least
o “not :Ln the ll'lltlal Stage. . S x ' o o LT e
T}lese three restr1ct1ons appeared to be suff1c1ent to allow the cholce of the
. ':-enzyme xanthme ox1dase. S 2 '.;t--._ﬁ i ; B .
~In'the 1aboratery of Orgam,c Chemlstry there 1s strong mteres‘, n’ the chemlstry
""_"°f azaheterocycllc cempounds like pry'rlmldmes, pur:.neS, pter1d1nes and related

--L"- ComPOUIIdS4’5, while ﬂavoprotems are a mam subJect of study in the laboratory\
,__..‘:;of Bmchemstry. ‘The . flavoprotem xanthme oxldase shows an mterestlng-w1de -
’substrate spec1f1city as” appears from the fact that it eff1c1ent1y catalyses the
':'Z'.r'oxldatlon of Tiany azaheterqcyclesT, th.ch by uther means are: somet:.mes very LTS
rél‘dCtant to oxidation: “Xanthine- oxidase ‘from bovine. mi1k is available- comner
Clall}’ and can ea511y be mnmb1l1zed8 0 Imebﬂlzed xant}une ox1dase was




_%__thereforej de_\{eloped and*eraluated for apphcatlonln orgaaiic'_ {synthes'is S

";"1.5;_ XANTHINE DXIDASE

Yanthine. ondase (EC 1 2.3, 2) and xanthme dehydrogenase (EC 1. z 1. 37) fotma ;f;
very' closely related group of enzymes. The1r w:Lde speC1f1c1t1es overlap 1:o a-
‘large extend and all of them, from® all sources so far as is }mown, conta:m FAD :

: together w1th molybdenum and 1ron-sulfur centers. The reactlons they catalyze
are generally of the fom:" g SRR s e

—-—-——b ROH' .- o

:where RH is the reducmg substrate. 'Iheloxygen :mtroduced 1nto RH 1s derlved
from water.” When molecular oxygen 1s preferent1ally used as termmal electron
‘acceptor. the enzyme is referred to as "o:gldase” i w1th other ox1d121ng substra-
_tes, e.g. NAD", "dehydrogenase" . L S R
‘Xanthme ox1dase from cow's’ milk has been stud1ed most extenswaly and 'several .f;j
rev1ews exlst, e.g. references 11~ 13 wh1ch were used as" source for thls sectlon-
'I'he enzyme can ea511y be 1solated from cow s mllk whlch usually contams around
'50 mg of. enzyme per’ 11tre of milk, "Pure" xanthlne ox1dase has’ a molecular
weight. of about- 283000 w1th the followmg absorptlon ratms and extmctlon
;coeff1c1ents (protem/FAD) AZBO/AzlSU 5.0 Amﬂ (280 nm] 11 7, and 5450/ 2
FAD =.72.. The 1soe1ectr1c point .in acetate buffer of ionic strength 0-2,:was...-
found to be 5.3 t0 5. 4. Bomne xanthme ox1dase is. “able to oxldlze a w1de varle-
.tY of corrpommds A large number of- purmes contammg hydroxyl, amlno methyl,
mercapto, halogeno groups’ and punne N-oxides are oxldued although at greatly
d1ffer1ng rates. 2or B—azapurmes are also effect1ve substrates Replacement of
the umdazole nng of the punnes b}* a p‘y‘razolo rmg gwes a serles of compomlds
wh1c.h can “Fe- good substrates although they are perhaps more remarkable w1th
respect to the dl"amatlc 1nh1b1t10n5 “they" show :m the oxrdatlon of xmth1ne to
unc ac1d by xanthme ox1dase. A mde -variety’ of, pynmldmes ptendlnes and
other heterocychc compomds 15 also ox1d12ed some of them qu1te rapldly A
cmtpansan of . the rates ‘of ox1dat1on 15 d1ff1cu1t smce the measurements of the
act1v1t1es towards reducmg substrates were performed under w1dely dlfferent
cond1tmns usmg a varlety of " termmal electron acceptors Furthenmre, apart
from the normal compllcatlons of two—substrate enzyme—catalyzed reactlons y
xanthme—oxldase react1ons are frequently part1cular1y SenS].thE to 1nh1b1t1on




: .by excess substrate. An ovemew was wrltten by Massey Massey and co-workers14. -‘ "
also have prcposed a model of- the eata1y51s whlch is con51dered a fair approx:L—
.:matlon “toward the true mechamsm13 ThlS model 15 dlscussed 1n more deta11 1n .
'_Q-Chapter 6. S T : B ST :
-__Xanthlne dehydrogenase from chlcken llver is very snnllar to milk xanthlne T
‘ox1dase, except that it preferentlally uses NAD as termmal electron aCCeptor. L
i_;_11; has a molecular weight' of about’ 300000, AZSO/A450 5.5 and 9460/2 FAD = 73. "
Tt alse has a broad substrate spec1f1c1ty, but. substrate. 1nh1b1t1on has been T
‘l3_'_;obser\red only at very high.concentrations of substrate. 0 1 niTIe U
Xanthine axidase has also been isolated from Arthrobacter and stud1ed only
TECent1Y15 The propert1es of thls bacterlal enzyme seen to resemble more the
._ch1cken-11ver enzyme than’ mlk xanthme 0x1dase, except . that. it eff1c1ent1y uses
0, a5 terminal’ electron acceptor but not: NAD” - The molecular weight is about .- "
:';f146000 The absorptlon spectrum is- remarkably similar to ‘that. of" milk xa.nthlne
'f-;ox1dase suggestmg ‘that ‘the prosthetlc group content -is very. smzlar. The :
:*."AZSO/A%Q ratio is about half that of the milk enzyme.. Accordmg to Weolfolk and
- Downard '~ ‘the bacterlal enzyme is relatlvely spec1f1c, but only a few substrates_
+-have, been 1nvest1gated Substrate actlvatlon 1n51:ead ‘of inhibition has: been PR
s IfObserved for xanthlne, but the opp051te for hypoxanthlne. ‘The spec1f1c act1v1ty :
"1,'.15 about. 50 tlmes that of the m11k enzyme. Arthrobacter xanthine oxidase is thus
also potent1a11y useful for synthe51s and ‘the appllcatlon was therefore studled.w.;‘-'f‘-:’-
The hlgh spec1f1c1ty of the subsequent enzym in the purme-ondatwe—pathway :
. Sequence, urlcasew, and the development of several procedures for the mnoblh.., :
,"_.;"zatlon of whole ce1151 -, mduced us to 1m0b111ze the Arthrobacter cells mthout'__. o

,:'_“,any prlor enzyme 1solat10n.':.-"-"
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2 THE SUPPORT

2;"1:; ) m_'_mo'nucr.xou' _ﬁ; . -

The cho1ce of the support is ‘one of the most :.mportant factors to. con51der 1n
developmg an 1nmob111zed—enzyme system as it strongly mfluences the- eventual
dlaracter1st1cs of the mmoblhzed enzyme. An 1dea1 preformed SOlld support
should possess the followmg pmpertleS" s Lo :
_“ S'ufftcrent pemeabtltty and a. Zaz'ge sw'faee area f‘or enzyme attaehrnent. In S
order to be able to. immobilize: 51gmf1cant amounts of enzyme, the support must ‘

_ j'_have a large surface area (>10 mz. g)+ Smce surface area is, mversely related'
to. the pore 51ze, the 1dea1 support will have: a hJ.gh por051ty and small pores. ,_;
. i;'Ob\uously, to be effectlve, the pores must have 2 mmmm dlameter to allow
T;."'f,easy access of enzyme and substrate. S T e T e e e o
.~ Preaence of funct'bonal graups allamng attachment of' the enzyme under mld
' :_'condrtwns. -The support Mmist possess a suff1c1ent mumber of: chemlcal groups
N _Whlch can- be actlvated or ‘modified such that they are able to bmd enzymes
@ ~ under: conditions- that no denaturatmn occurs. S _: S
".;'Hydmphrlze character. A hydrophlhc character of the support i generally A
‘desirable because 1t permlts relatlvely unhlndered substrate d1fft151b111ty of
_fithe type normally met in: aqueous systems1 Often, hydrophlllc features enhance
the stab111ty of. the ‘attached enzyme. A hydrophobm support tends to decrease :'
o ,the stab111ty and act1v1ty of nmobrllzed enzymes by the occurrence “of a’ -
mechanism similar- to-that: of- denaturatlon of enzymes by orgamc solvents.t 1
f:."._ Inaolubtltty Insolublhty of the Support is essent1a1 not: only for preven— £
}tlon of 1osses of enZyme, but also to prevent contammatlon of i'thel product by :

dlssolved support - and enzyme i U

f;{'Chemcaz mechanioal: and thermial stabtlwy The support must be Che“‘lcauy
1 resistant under the condltlons of its activation Gf necessary) durmg the
..fmunoblhzatlon process of ‘the. enzyme and. durlng Cat31Y515"Those 1atter oo !
.fjrf‘mSt generally performed under mld condltlons, since enZY““‘?s themselves have’
_'3%7_3 11m1ted stability and operate optmally under moderate c1rcumstances- The
:f?meduanlcal stability should be sufficiently hlgh to withstand treatments Such”
iy 8s f11tratlon, .centrlfugatlon and st1rr1ng, smce the mmob111zat1on process




AR At ‘present an.ideal and umversal enzyme support does not BXISt and it is-

._ and the re'peated or contmuous use of the” 1nmob1111ed enzyme usually requrre e
"_these manlpulatlons .The ; thermal Stablllt}' of a support can also -play an -
’mportant role. The enzyme aotlve site may be: dlStOTtEd or destroyed when a-
support has a large expansmn coeff1c1ent, leadlng to contractlon or expansron
durmg temperature changes Such changes can occur durmg a multlstep :meobl' ‘
112&1:1011 at vary:mg temperatures, or when- the mmoblhzed enzyme is’ brought

- from storage to Operatmnal temperature a.nd m.ce Versd.' When bound at several :
: i‘-places (multlpo:mt attaclment) 5 these changes are partlcularly 11ke1y to,
"pull" the enzyme out” of 1ts act1ve confomatlon. Sk j,. ; R :
_-.:~".,'E1.gh mgtdtty and. @, smtable f0rm of pczrthes. “The demand of Tlgld nartlcles _
‘is connected: w1th the problem of | flu1d flow. ng],d sphencal and unlformly .
"f‘r‘-slzed part1cles (beads) are generally most srutable for cont1nuous packed—bed

: .-reactors, smce ‘they: prov1de for a small pressure drop and have good flow::
propertles. A rigid pore structure also protects the enzyme against a. turbu-
“lent external env1rom1ent. In. addltlon, once an enzyme has been 1mmob1hzed 1n1.
its active. form ona ng1d surface via multlpornt attachment the tert1ary
'*'structure of the enzyme 1s stablllzed by the. 1ack of defomatlon of the sup-
Reswtance f:a mcrobm?. attack Another cons1deratlon in’ selectmg a: support
?F_f': is the 1nertness to mlcroblal degradatron. Obv:Lously, 1£ the support is at-
'Cacked and metabohzed by mlcrobes, the enzyme is. 1ost e:.ther by release
L into solut1on or. by dlrect IlL'LCI‘Oblal consumptlon. '. S L
-Rege”embﬂwy Tlghtenmg budgets and 1ncreased pubhc awareness w1th regard
to pollutlon and finjte resources have made regeneratlon and recyclmg of ‘_
Prlme 1mportance. The possibility of regeneratlon and reuse must, be conmdered'_'
:m the: total economrcs of. the 1nnmb1112ed—enzyme system, espec1a11y when
con51der1ng a relat;vely expen51ve support for large-scale apphcatlon. 3

i ',doubtful whether this: w111 ever. be found, It is necessary therefore to evaluate

w2 alll aspects ‘and - detenume wh1ch support meets best tl( demands" set Eaton has..

-.—,f'__:'_presented a so-called "Support Study Dec1sron Tree", enablmg the researcher to
-make the rrght evaluatmn whether or;mot the pertment support 1s sultable for
; 'j')f,"the mobrlrzatlon of the enzyme of 1nterest. “The. keyrole of the support 1n the s

:mmroblhzatlon of enzymes appears from the extenswe research efforts and the |
_ _&_raprd progress 1n th1s area. Growmg numbers of vanous types of - supports are
i fbemg developed and cozrmercmlyzed In the followmg sectlons “the support ma-
.,."f-"_tenals ‘used in ‘our own exper:l.ments (agarose, cellulose, gelatm, acryhc copo-
lymers, aeuvated carbon a.nd controlled—pore glass), are’ treated nﬁsome detall o




_taking into account the factors discussed above. & - :

'4:2'-.2: AGARosE o

,:Agarose is'a pur1f1ed 11near—galactan hydrocollcud 1solated from agar, whlch is: Lﬁ;_;i"
ca mxture of polysacchandes extracted from certain red seaweeds (Rhodophyceae] |
“n 1956 the formula for the repeatmg sub1m1t, agaroblose was presented by .o
"-..Arakl , showmg an altematmg 1,3- 11nked B D-galactopyranose and 1 4—11nked

"“2‘3 6= anhydro—a L—galactOpyranose structure (Flg 2.0

..'-Fisﬁte f'2‘;‘1:' -'St‘ruoture of the -_b'asic'i re_peating; subunrt of: 383_1’9534;‘, agarpblose-

': _'Although not always present concurrently, __sulfate, methoxyl ketal pyruvate, and
':Jcarbox)’l groups, 1ns1:ead of hydroxyls, are also found to be oresent as substl-

fuents ‘in ‘the agar molecule in an almost 1nf1n1te number of comb1na1:1ons These .
;'.substltuents 1nf1uence the pr0pert1es of the varlous agar:; molecules con51dera- S
'{:.bly The condltlons used for ‘the fract1onat10n of agar detemlne in. wh1ch frac—
“tien a: spec1f1c molecule: appears. Duckworth’ and Yaphe 5 as a result of 1:he1r
‘_-:'COmpIehenSWe chromtographlc and enzynuc studles, recomend as a practlcal
5 deflﬂltlon of ‘agarose: M., that mxture of agar molecules w1th the lowest -
Charge contem; and therefore the. greatest gellmg ab111ty, fract1onated from a e
whole Complex of - molecules, caIled agar, all d1ffer1ng in the extent of, maskmg s
‘Wlth charged groups" M05t agarose solutlons gel at temperatures around 40°C.
: ._'The precise. gelhng temperature, measured durmg coollng at a f1xed rate, ‘has
L',:been found to.be. related dlrectly to the methoxyl content the hlgher the: degree
oof substltutlon the hlgher the temperature ‘of - ge111ng Once formed a gel
remalns "stable" up to its melting’ pomt of: about 90 C These angII other pro-:_ .
:_'ipertles have been expla:med by a model- of parallel “double helices ., The
__'_-‘hehces are extenswely aggregated and, form cav1t1es wh1ch extend along the
- length: of the he11x ax15 (Fig. 2:2). The relat1Ve1y large VOldS are ocCUple 7
':_Wlth water. molecules -which contrlbute to: the stabllltY Of ‘the: structure through
.:5?f;hydr°gen bondmg, no (:ovalent'crosslmks are present. Many procedures for the




Flgure 2.2 Schematxc representatmu .
of an agarose gel._ IR S

1solat10n of agarose ex1st a.nd have been deve10ped 1nto conmercral processes fDl‘
"_’-preparmg beaded agaroseg. The’ ready ava11ab111ty of beaded agarose and ‘the: fact .
“that it meets- many of the requ1rements of an 1dea1 support have made agarose the <
._.Support most-mdel)’ used e e s S L
_::"Ihe effective pore 51ze of bea.ded agamse is 1nverse1y related to the welght $
-‘-jconcentratlon of agarose used durmg gelatmn. Agarose forms useful gels in the
.range of 2-6% (4% is conmonly used e.g.. Sepharose 4B) and these gels allow free -;
”acc:ess to even the largest enzymes Each agaroblose unit has ‘4 hydroxyl groups
_‘Wthh in pr:.nc1pa1 c:ould be used for act1vat1on and couplmg. However, the
' average number of hydroxyl groups avallable for reactlon 1s somewhat lower due
“to the presence of the above-mentloned naturally occurrmg substltuents. _ It has '-_f
: further been fourid that der1vatlzat10n m aqueous solutlon never approaches the v
‘-theoretlcal limit, at least not when the reactlons are. carrled out. J.n medla Of

i alka11n1ty 1ower than M sodmm or- potassmm hydrox1de. Supports 1n whlch one
"of the four hydroxyl groups has been substltuted can occas1ona11y be- obtalned _
'I‘hls means that ‘agarose. gels have a moderately hlgh capac:Lty for substltutlonw-}-f”
. Several procedures exist for 1nt‘r0duc1ng reactlve groups into- agarose maklng the.';'
'fsupport more. approp1ate for nmnblhzatlon of enzymes under m:le condltlons :
(Chapter 3) Since the hydroxyl groups in. agaroblose are never fully subst1tuted,
:—;the der1vat:u.zed support remams _very hYdI‘Ophlllc in: nature. Agarose 15 chem1ca11Y
;Stable in aqueous media in the PH range 4- -9 and at Toom temperature for a short'f'-, .
tine (2-3 h) dn- 0 A M NaOH and T M HC1. solutlons Agarose is also res1stant to.
:':hlgh salt concentratmns, and denaturmg agents such, as 7 M urea and 6 M guanl"vin’_-j
;d:me hydrochlorlde For reactlon ‘with substances weakly suluble ;Ln water, 50% .
dmethylfomamde m wate or SO% ethylene glycol 1n water can be applled




Temperatures below 0 C and above 40 C should be avmded Lyophlllzatlon can be
carrled out only.after the addition: of. pI‘OteCtlve substances such as dextran, 3

glucose or serum albumm. The mechanlcal stab111ty of agarose (4%)" 1s ‘adequate
for most purposes although magnetlcal st1rr1ng 1s not recomnended The rlgldlty
of the beads 1s only moderate and high pressures cause compactmn resultmg din
poor fluid flow. Agar polysaccharldes are very re51stant to nucroblal attack..

.This h1gh stab111ty is probably . due to the inique moleciilar” structure, ‘which is
,not present in polysaccharldes of terrestnal orgamsmsg Agar—degradmg enzymes
(agarases) are. only found in certain: mcrobes 11V1ng 1n a marlne env1ronmen1:. Ry
ReEeneratmn of agarose . supports is usually :_mpossable. R B
Beaded agarose has thus many attractlve features as .a support, buit there- are a:
number of - factors whlch 11m1t its use, £, e.,' 1. lack of thermal and mechamcal :
stab111ty, 7. poor r1g1d1ty, u,t. _shrmkage or swellmg due to changes 1n 1on1c
strength or d1e1ectr1c constant of the medlum, w. : mablllty to be frozen ‘or to.
be drled ea.sﬂy, 2. ready solub111ty in the presence of denaturmg or chaotrop1c
~°1ons m. dra.stlcal ‘and 1rrever51b1e changes 1n structure that occur- in many - '
- OTgamc solvents and’ mt. “the fa1r1y h1gh costs coupled w1th ‘the 1nq30551b111ty
“of regeneratlon. However, the - stablllty of agarose ‘can be conslderably mcreased
4_ in- all respects by crossllnkmg with ep1d110rohydr1n, 2, 3-d1brompropanol or
-d1V1nY15U1f0neT - The crosslinked-agarosc beads are mechamcally mich. stronger,_
Jore Tlgld have better flow propert1es and can be- ernployed with a far-wider::
_)_:-'range of buffers and solvents As'a consequence of the crossllnkmg the POTUSIW'
s somewhat reduced and the hydroxyl: ‘groups bemg ava11ab1e for “coupling de-
[Credse by about 50%. ThlS can be: compensated for: bYlthe addltl‘m of 5°rb1t°1 or .
"'Phlﬁroglucmol durmg the crossllnkmg reactlon : SR
;K'I’t can- be. concluded that chemstry of agarose is’ developed Wffluently we11 to
“make agaros.e sultable as'a startlng support {or, most PUTP°595' The relatlvely e
‘high. C°5t5 Df pure agarose dimit large—scale appl1cat10ns, ‘but in many Su(:h
;f_'cases it: may be that 1ess pure and therefore cheaper agarose could be used.’

.;2 .3 CE!.LULUSE

'-iCellulOSe is a vegetable flber and one of the most abmdant natural Orgmc.'v.cm—

p°“"ds It consmts of, 11near polymers of - var}’lng Iength: Ea‘:h mOIEcule is

3]




C HzOH

F1gure 2 3 Structure of the repeatmg subunlt of eellulose :

The polymers do strongly 1nteract through hydrogen bonds and about 40 of these
form cellulose strands w1th a d1ameter of about 3 5 nm, so-called elementary ;
fibers. Elementa‘ry f1bers contam h1gh1y ordered crystalllne reg1ons “and more
faceessmle amorphous reg1ons of a: 1ow degree of order. Swelllng of cellulose can
.occur when it is suspended 1n a solvent. Two types of swellmg can be d1st1n—
_gu1shed mter and 1ntracrysta111ne swellmg‘ In the latter type the crystallme
zones are’ also penetrated and a def1n1te change 1n structure occurs Cellulose
goes 1nto solution when treated with: strong alkall. When natlve cellulose As:
regenerated from solutmn or passed through a h1gh1y swollen state followmg
alkall treatment the linear .polymers. 5h1ft to a dlfferent less ordered and
more access1b1e conf1gurat10n and the cellulose is referred to as mercenzed
The' largest mtercrystalhne swellmg is. establlshed .in water13 At g
The permeab111ty, the surface area. avallable for enzyme attachment _and the .
-reactnuty of cellulose largely depend on-its crystallmlty, the 51ze of the 5
.compound to be bound and the SWe111ng~1nduc1ng capac1ty of the reactxon med1um-
In pr1nc1ple, cellulose can. undergo all the usual react1ons assoc1ated w1th po=:
_1yhydr1c alcohols. Thus a w1de range of modlflcatlon a.nd act1vat1on reactlons 15
poss1b1e in’ theory 0bv1ously, for reactlon with the hydroxyl groups the s
‘Teagent mist have access. to these groups. The f1rst requlrement is- that cellu— : ':_
lose is. swellable in the reactmn med1um. Although a hlgh degree of subst1tut1on
.of the three ava11ab1e hydroxyl groups m each subumt is poss1b1e -the ultmate
‘capac1ty for enzyme b1nd1ng 15 detemnned b)' the s1ze of the enzyme 1tself o
Although cellulose may be able to couple 500 “times more small molecules tha.n', S
kagarose » the capacn:y of cellulose to’ b1nd macromolecules (suc.h as serum alhu-
min) ‘is’ actually lower- than that- of agarose1. IS If the hydroxyl groups are. not' :
subst1tuted to a 1arge extent cellulose is very hydroph111c:, e.as11y wettable, ;:
but msoluble 1n aqueous med.mm. Substztutmn to a h1gh degree w1th 1on1c func-
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tions maylead to water solubility; e.g. when:'éibou-i; one o'f ever}; ’three hydroxyl :
-f'-groups 15 subst1tuted with' sod1wn-carboxymethyl groups,;. tlus cellulose derwa—
?"}twe is water 50111])1914
“'hydrolys1s of’ the glucos1d1c bonds,;strong alkall causes dlssolutmn. The' "
f_chemcal mechanlcal and themal stablhty s’ suff1c1ent to w1thstand most
mampulatmns and conchtmns in the preparauon ‘and operauon of enzyme/cellulose
I','SYStems Oellulose is cormnercmlly ava1lable 1n flbrous and granular form, In "
.l’xflbrouS form it is easﬂy clogged by part1cu1ate matenal -and compressed by the
__-:'_,apphoatmn of even moderate pressure, 'Ihe granular form is composed of nncros-
'“"COIJIC Clgar—shaped fa1r1y r1g1d partlcles of unlform 51ze (about 35 um) '
;IWthh can be. packed into columns havmg reasonable flow properues Cellulose m
--bead - form with good mechanical stréngth and cons1derab1e poros1ty has’ also been

; '.des':rled by var1ous authors1?. Cellulose 15 not completely inert to IIIlCTOblal
4..:,attaCk ‘s’ it can be- hydrolyzed by. extracellular microbial cellulases. Regene- :'
- Tation. Of cellulose supports is in most mstances 1mposs1b1e, but also not very
-:releVEnt smce 1t is-a relatlvely cheap materlal as result of 1ts natural fymits
abmdance, Yo Ll e
"‘;'Recapltlﬂatlng, cellulose isan acceptable support prov1ded that bmchng capao1ty

Extreme's in pH must be avoided: strong acids- cause

:K-:-'-essentlal Cellulose can ea511y be der1vat1zed 1n a varlety of orgamc solvente 35
_j"':1s hYdl‘Ophlllc, water insoluble, suff1c1en1:1y stable and r1g1d for most’ appli=.
catl(m and commerc1a11y ava1lab1e in various mexpenswe forms It 1s therefore
. mot's Surprlsmg that cellulose’ and mod.1f1ed celluloses. were some Of the flTSt

:J:supports to be used for enzyme 1nunob111zatmn and that over120 dlfferent enzymes.

;,-=The protem gelatm has several proportles wthh make 1t ,ttractlve as-a support ‘
:"fm‘ the 11Tm10b1112.at1on of enzymes also on’ a latrge Scale' II‘ the f1rst place it X
w1 Cheap and avallable in. large quant1t1es. It'is ea511Y °btame‘i from. collagen, :
-: ““the Prlnc1pa1 Proteln of skin and- connect1ve t1ssue of mamnals, by b01111‘lg "“th-:_a
;Water (Flg 2 4). Glycme, prol1ne “and hydrmcypmllne are. the mam and ‘
g huudmg blacks | of the collagen molecule. "The regulal" repeatmg of prolme an

l'f.'hydmxypmllne residues force the pept1de chain into a peculiar SPHal‘ and m
ative Collagen' threc: of these chams are ‘{ntertwined to form a tnple heli

{Fg. 4) Wthh glves collagen 11:s strength 2




7 ;:.l71g‘ure 2.4 When.boﬂedh:l.n vater, “the
“. strands. of the collagen "rope' come
T apart and gelatzn is produced --

T Crosslmkmg of gelatm is: necessary 1n order to prepare a water—msoluble and .
i mechamcally stable enzyme support'_'Thls can be an advantage over’ the use of 5
" collagen, wh1ch has also been’ employed succesfully as. A support for- the ‘fmmobi-
11zat10n of several enzymesw.- Broun et al. 18 showed 1n their stud1es on 1mmob1—
. 11zat10n procedures, that the most prcmus:mg method conslsts of crosslmkmg the
enzyme molecules together w1th mactlve proteln by means of a b1funct10na1 '
; reagent. Thls method does thus not use a preformed support The crosslmklng
- results 1n an msoluble support in- w?uch the. enzyme is- (covalently) entrapped
and- homogeneously dlstnbuted 'Ihe fomatlon of-a structure 1n Wh1ch the enzyme
s bound to other protems does more closely resemble the zn mvo CO‘ndl‘thIlS-,:f‘
' Most enzymes in muo functlon whlle embedded in membranes adsorbed to- mter ,
,.faces or entrapped 1n other sol1d-state assemblages. When enzy'mes are 1solated
. from thelr natural enmromnent they usually are. less stable. The presence of'i : :
many surface charges and a large number of other potent1a1 bmdmg s1tes for S
-enzyme attachment and stab111zat1on plea for. the use,of

gelatm" as a support for-

When evaluatmg the pI'OpOI‘tles of gelatm usmg the cr1ter1a outl:med above,
,f1rst note: that only substrate uermeab111ty is: relevant 1n th1s case, 51nce the ‘
fsupport is prepared from a homogeneous solutlon of enzyme and 1nact1ve protem' :
Substrates mth a 1ow mlecular we1ght w111 generally have good access Ta the :
entrapped enZyme For macromolecular substrates the access w111 1arge1y depend S

Jon the. degree of - crosshnkmg of gelatm and on the d1mens1on of the. pertment'-‘)'-’
substrate molecules ‘Th' ammmt of enzyme Y




' high‘ (up: to" 26%)1 and in the case. ‘of the 1mmob1112at10n of whole cells even o
- much h1gher [dry weight cells 1 welght gelatzn 1z 1) e Gelatln has many -,
flmctlonal groups allow:.ng crosslmkmg to ‘various degrees. Gelatm is also ver)
hvdroph111c in-nature ‘and when sufficiently crosslinked it becomes insoluble 1n

‘ water. The chemlcal mechamcal and" thermal _stability 1arge1y depend on the . -~
degree of crosslmkmg. Crosslmked gelatm isy however, more stable than enzy-

mes, such that under the operatmnal conditions .the gelat:m support 1s cheml-
cally mert and: thermally stable. At least two mmoblhzatmn procedures enst :‘

-at present that produce mechamcally stable gelatm preparatlons, which can- -

: w1thstand manlpulatlons such as st1rr1ng, -Filtration and l::entrlfugatlcm19 20
'Ehe r1g1d1ty of the gelatin support agam depends on the degree of crosslmkmg,
but both, nmmb111zat10n technlques produce partlcles ‘that cause, even 1n packed
beds mth large d1mens1ons, Tow pressure drops. As a protemaceous support, o
gelatm is. subject to m1crob1a1 attack. However, “the’ ‘pores of the crosslmked
gelat:Ln matrix do. not: allow entrance of mlcrobes or proteases such that m:l.cro—

b1a1 breakdown can only start at the outer surface ‘and 1s thus 11kely to ‘be
slow. Van Velzen of G15t Brocades found i when operatmg an mvertase/gelatm '

' reactor W1th a saccharose solutlon as substrate (sen51t1ve to’ m:rcroblal mfec-

t1on), that durmg the 9th week of operatmn the. convers,mn rate dropped as a

) result of nucroorgamsms growmg on- the enzyme partlcles. However, the or1g1nal
convers1on rate could be ‘restored by thoroughly washmg and ster11121ng the e
column with a72% glutaraldehyde solutlon. This most probably :Lnd.lcates that the .
gelatm support d.1d not act ‘as a substrate but merely as a- support for growth of
the mcrobes.- Regeneratlon of gelat1n is irrelevant -as it 1s very cheap. f
In conclusmn, gelatm appears o ‘be. qulte-generally app11cable as a support for
the 1mnob1112at1on of: enzymes and whole cells, since the enstmg ].nmblhzatlon

procedures us:mg it- are mlld and yleld an, mmblllzed-enzme preparatmn w:.th

favourable propert1es. L

.2 5__ ACRYLIC COPOLYMERS

Solld supports derlved from acryhc monomers e g- acrylamlde, acry11c acid, .
methacryhc ac1d N—acryloylmorpholme and hydroxyethyl methacrylate, compnse
“the- 1argest class of wholly synthet1c polymers ‘used for the 1mnob1112at1on of

enzymes -1. in. one respect the acryllc copolymers are outstandmg that is; 1n

the poss1b1lity of preparmg varlous polymers "ta1lor-made" for a spec1f1c
appllcatwn. Parameters that can easrly be controlled are:” 1,. the degree of
POmSItY a:nd u. the chem1cal compos1t1on, whrch can be’ achleved by e1ther.
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: ."copolymerlzatlon of d1fferent mnomers among the large number avallable or by
: chemical modification of prefomed polymers. Acryhc copolymers are avallable
.. from commercial sources ‘and are also relatwely easﬂy prepared in the- labora-r.----‘
- -tory. By choosmg the ratlo of the part1c1pat1ng monomers it is: p0551ble to |
: -prepare a polymer with -the. desn-ed amount of" a speclflc functmnal group ’I‘he
' ‘:strur:ture of the gel (and thus the pore size and pore-slze dlstnbutmn w1th1n

“the gel) is dependent not. only on polymenzatlon k1net1cs but also on other

' factors malnly on the" total concentratmn of MONOMET , - e g. acrylanude, and- on. 'f
the: relatwe concentratmn of crosslln}cmg agent such as N N'-methylene b1sacryl-
; am1de {Bis). A m:uumal average pore size. As obtalned when B1s comprlses about 5%

."by welght of the monomers ~Above: and below 5% the pore 51ze w111 be. larger. e
: ’Preparatmns above . 5% tum more and more turb1d mdlcat:mg mcroprec1p1tat1on, _,I
wh1ch leads to 1arger pores.’, However, ‘gel: structure can st111 be found in the -
mcropart1c1es of this coherent dlsperse system. These so—called macroretlcular :
" gels are characterlzed by havmg “mterpartxcular” pores, wh1ch allow relat1ve1y.
' “unhindered dlffusmn mto this type Of gel because they are large Ain cmnparlson‘:
_ with normal gel pores. Another. method of "prepamng bodles of . varylng poros1t}f :

‘mvolves polymenzatlon m dlfferent solvent systems Regardless of: how they are,,

_made, polyacrylm gels possess attractlve “features- and’ are’ commerclally ava11a- :

.-'_'.‘ble in beaded form, pregraded in sizes and porosltles22 The pemeab]_llty and

- surface ared of acryhc copolymers depend on the monomenc mixture used and on .

' modifications followmg the Pﬂlymerlzatlon. —For example, “the commerclally

"_ava11ab1e polyacrylamude gel Wlth the hlghest porosn:y 1s permeable for protems
'f'_:Wlth a molecular weight ‘up-to 300000 but durmg derlvatlzatlon reactlons the

" _pores ‘shrink ;S0 drastlcally, that the: largest protem that can be bound has a

':' 5 molecular welght of only about 3000015 This- problem can be e11m1nated by chan—
“. ging the comp051t10ns of the monomerlc mlxture. Spheron for 1nstance, a c0p01)7-"j'
- mer. of hydroxyethyl methacrylate and ethylene blsmthacrylate, has large and *

: stable pores with exclusmn 11m1ts up to 5 mlhon (Flg. 2 5) The pr1nc1pa1 .
S advantage of polyacryllc gels is that they possess an. abundant supply ‘of. easilY;f;
__‘___'mod1f1ab1e groups wh1ch together w1th a versat111ty in derlvatlzatlon techn1- o
“_'..'ques, allow the covalent attachment of- enzymes 1n many dlfferent wa)rs. React1ve .
. groups can even be mtroduced J.mmedlately by usmg monomers havmg actnre grOUPS
- which do not part1c1pate in the polymenzatlon reactlon. Enzacryl ‘was’ the first
of these modlfled acrylamde supports to be marketed conmerc1a11y and is’ avalla-
s ble w1th various fmctzonal groups preattached to 11: (Flg ':2 6)."
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F1gure 2. 5 The chemn:al strueture of Spheren. S |

:Spheron 15 ava1lable w1th hydroxyl carboxyl sulfcmyl and ammu-aryl ﬁmctmns. ,
Axﬂlydnde and oxuane-acryllc beads are also available commercially (Rohm) '
;Polyacryllc supports are usually very hydrop]ullc in nature and 1nsoluble in.
water. The1r chemical . stablllty is excellent, which is mamly the result of the
pOlyethylene backbone, s1nce carbon-carbon bonds are very stable. The mechamcal
stablllty of pelyacrylamde is poor, but this property is greatly mproved in.

w’che Enzacryl Spheron and Rohm beads ‘and man1pu1at1ons as f11trat1on, centnfu- :
‘gatlon and st1rr1ng are allowed. The thermal stablllty is sufficient to w1th- :
stand- all temperatures llkely to occur - in mmblllzed-enzyme systems (e.g.. .
Spheron is’ stable 'up to 250 C) Enzacryl is conunen:mlly available as rough
partJ.cles and Spheron and the Rohm products as beads.. The ng1d1ty of these :
Supports is such that these materials produce colums with good flow propertxes. -y
VP°1YaCryllc copolymers are res15tant to mcroblal breakdcwn. Regeneratmn of

-thlS type of supports is generally 1mposs1b1e. o ' ' : :
PO].}'E.CI'Y].:LC copolmers form an interesting group of sohd supports for the mmo-“
b1l1zat10n of - enzymes and ‘the range of’ comnerc:lally avallable products is mde.__.‘.._' ,:;',
:'The partlcular products are well charactenzed -such ‘that a sens:Lble ehou:e can- _:
“be. ‘made, Many—mre vanatmns are poss1b1e when the support is prepared in the ‘
; 1aboratory. For a speC1f1c purpose "tmlor-made" supports can then be - made, ot
_although this demands a. thorough Imcwledge of the polyacrylic chemlstry and nnch:-'j,'
_-_techmcal sk1ll and expenence. Maklng one s own polyacryhc support also offers'_‘i.f?
the poss1b111ty of 1nmb1llzat10n by. (covalent) entrapment.- In ‘this case,. .care-.
ful: control of the’ tenperature is’ desirable durmg the exothermlc pol}menzatlﬁn._;'{_;
'reactlon m order to prevent themal denaturatlon of the enzyme e '




F1gure 2 6A Enzacryl AA (X- -NHC6 4 2) Enzacryl AH (X= -NHNHz), Enzacryl
Polyth101 (Xﬂ -NHCH(COOH)CH SH), Enzacryl Polythlolactan (xw —NHCH - CO)

”‘cn(ocu ) 'éu(ocn Yy

F1gure 2 63 Enzacryl Polyacetal,uwhlch d1ffers from the other polyam1de supports
1n that a11 the amlde groups are: subst1tuted.‘:u;-a v el o

zysi;AcTIVATED"CAREou,i»'

Actwated carbon is a hlghly pomus carbonac:eous matenal ‘with-a. '.large mtema
pore sr.rri-.‘::u::e2 W It ‘is- prepared by dehydrat:on and cax’oomzatmn, followed by '
act1vat1on, of orgamc substances such as: coconut shells; wood coal and pe
troleum coke bone, mnlasses, peat,. and paper-mill: waste (11gmn] 4 25 .-The -
source of carbon and the prec1se cond1t10ns of the vanous preparatmn steps
detemme the ‘ultimate propertles of . the actwated carbon. The permeab111ty Of
actlvated carbon 15 largely detemmed by'

its. pore structure .

Thq _pen_ngab:_.hty;_




of ch01ce 1s detennlned by the 51ze of the compound to be bound The pore struc~— :
“ture has been reported as. "tndlspersed“, i.e.; y conta:mmg mlcropores (0-0. 2 mn
radn), trans1t10na1 pores (0 2- 50 fm) and macropores (50- 2000 nm) . Act1vated -
carbon may be manufactured w1th hlgh surface areas- (600~ 1000 mz.g ] anda
s1gn1f1cant fractlon of. 1ts pore volume in the 30= 100 nm range of pore dlameter,p
' su1tab1e for" enzyme 1mmob1112at1on. Thus the morphology of activated carbon - '
should bé- conduc1ve to large loadmgs of immobilized: em:yme27 ~The exlstence of ‘
' ~vinyl, carboxyhc, phenol1c groups and other ox1des on the carbon surface has : _
“beén shown and many detalls ‘on the surface chemlstry of act1vated carbon are
ICIIGWII24 The type of ox1dat1on process’ used - -in the: act1vat1on ste‘p of the carbon-'
determ:mes t a large éxtent. the. nature of these functmnal SToups and the '
p0551b1e modiflcatmns of a- spec1f1c act1vated—carbon preparatlon in’ order ‘to -
make 1t su1tab1e for. covalent binding . of: enzymes. 'Ihe manmer” in which the carbon'
-is actlvated also mfluences the degree of hydroph111c1ty. When the carbon 1s
act1vated at’ 1000 C e1ther m pure C(J2 or under vacuum, followed by exposure to
Ux}’gen at room temperature, a hydrophob1c sur:[-'ace results. In contrast . the S
ox1dat10n of carbon by exposure “to; gaseous oxygen at- temperatures between 200 _
and 400°C, or by addmg it to'an aqueous, oxidizing solutlon, produces a hydr_"::_'
Ph111c surface. Act1vated carbon . is msoluble and chemlcally very Tesistant,
. With the exceptlon of the ftmctlonal groups on. the surface, wh1ch can be- mod1- o
f1ed under m11d cond1t1ons. ‘Cho' and Balley c1a1med ‘that actlvated carbon
Possesses a mechanical strength comparable to porous-glass matenals, although
- We folmd that.a mlnlmﬂ.l amount. of materlal easily abrases from 'the carbon, "5
causmg the react1on medium to become sl1ght1y turb:Ld “The thermal stab111ty is
more ‘than - suff1c1ent for all apphcatlons w1th 11m:ob1llzed enzymes.,The r1g1d1ty
Stmngl}’ depends on the carbon source -and manufacturmg procedure. The granular
fOIm usually allows operat1on in’ Iarge packed beds Actlvated carbon is completely

Inert to’ microbial breakdown and fmally, regenerat1on can eas11y be establlshed :
24 . : . P

ln\farlousways R L T ; R ks
In sumary, actlvated carbon can’ be produced m such a way that it has many _‘
advantageous propert1es for use as a: support 1n the 1mmb111zat1on of enzymes.
S° far 1t has not been spec1f1cally des1gned for: th1s purpose and not a11 the
nF.'cessan, SpeC1f1cat10ns are- ngen for the varmus preparatmns s maklng a sen-
- 5ible. Ch01ce d1ff1cu1t. Nevertheless, several enzymes have been successfully ‘

111"1C>13'1112e<1 on’ act1vated carbon. n fact, act1vated car’oon was the f1rst mat

r1a1 to be- used as enzyme support%@
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Many dlfferent k1nds of morgamc materlals have been used as .a support for the.;__
nmnob111zat10n of enzymes. Materlals rangmg from fabrlcated partlcles w1th
spec1f1ca11y tailored propertles to mexpens:.ve mnerals ‘have been: exammed as; '.‘f_
~-, inorganic supports. The var1ety 1n these morgamc ‘substances is indeed w1de, o
-' 1nc1ud1ng alumlnas clays, sand, glass charcoal cellte, k1eselguhr, homblen-'f‘
. de, nickel- ox1de s1l1cas t1tan1as and nrconlas 8 The dlS'tlTlCt advantages of"-“
“ these supports are: h1gh mec;hamcal strength re51st3.nce to solvent or mlcrob1a1
attack, reusab111ty and easy handlmg. ‘The scarczty of natural macroporous .

\-'materlals ‘has made it des1rable to’ prefabncate porous 1norgan1c supports for
i the’ 111mob1112at10n of enz.ymes. - : S ' :

. “The. most 1rrq>ortant prefabncated 1norgamclso].1d support is undoubtedly control-:‘
: 'led-pore glass (CPG) CPG 1s'prepared by heatmg certain’ boro-5111cate glasses
Q_to 500 =700 C for: prolonged penods of t1me, followed by varlous phys1ca1 and
,-~__chem1ca1 treat:nents g' Careful control of these treatments allows the: productlon
“of glass beads of VaI'lOLLS dmmeters with narrow pore-size dlstnbutmns in‘the.

. range from 4.5 ‘to 400 T, Accurate determlnatlon of the pertment nom1nal pore £
. size is’ poss1b1e. T N R E '

ik KL 4

The commercmlly avallable CPG ‘is: well characterlzed w1th regard to mesh 51ze,. :,.4;?
-.pore size and surface area. Consequently, if the’ dmensmns of the" enzyme and
. substrate to be used are lcncmn, an optmal cho1ce ‘with” respect to enzyme or .-
substrate permeablllty and b1ndmg capacrty can be made beforehand. The surface _'_'“'
- of CPG is malnly composed of: s1la:nol fl.lnCtanS:" '

11dTy . t1vat10n and enzyme b1n- :
Several act1vat1on and couplmg procedures have ‘been developed (Chapter g
3). The: bmdmg capacu:y 1s generally less than that of agaroseso but the best
_‘[j propert1es of CPG and agarose can be c0nb1ned by covalently coverlng of the CPG
__‘;.surface w1th a hydroph111c carbohydrate monolayer (Glycophase, P1erce) "In’ add:l—'f;,
.. tion to the S1(I-I functlms, the surface of 'CPG contams trghtly bonded water
molecules makmg the glass both’ hydroph111c in nature and Well Wettable- CP'G
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]also has a w1de solvent compat1b111ty [no swellmg or: shr1nkage in changmg en-'o'
':‘V1romnents), a property which may. ‘be 1mportant for act1vat1on of the support. .
' Glass 1s sllghtly soluble in alkall (pH>8) but because of the large surface g
1 area CPG: is apprecmbly more soluble actually gomg ‘into complete solutlon
_'jdurmg prolonged operat1on under alkalme cond1t1ons S1nce the enzyme- is. at- :
:‘tached to the surface it goes 1nto solutwn when the f1rst 5111ca surface layer
‘-dlssolves and 15 thus rap1dly lost. Thls solublllty of CPG 1n alkall severely :
“limits its appllcatwn as: enzyme support Der1vatlzat10n of CPG. ‘with- -4 Cross- - .:.;'
:'_llnked orgamc coatmg, e.gs a polysaccharlde m:mlmzes this problem of alkalr"‘--_l
) Solub111ty. Coat:mg w1th metal ox:Ldes, less soluble 1n alkall, can also be o
~employed, erconlum-clad CPG, %.2., (PG with'a, ZrO surface, is ava11ab1e (zir-: o
“clad, P1erce) and can be derlvatlzed‘m the same fash1on as CPG _but the resul-."{:..'"’
- tmg support”is more stable at alkaline’ PH.- Except for the effect of . alkali. andvfi}'-
“hydrofluoric acid,’ "the bulk of the CPG is chemically resistant and can mthstand
,harsh cond1t1ons, so that varlous procedures for act:n.vatmn of the mderately ey
Teactive: surface s1lanols can be applled (Chapter 3). The thermal Stablllty iss i
fexcellent and contractlon or. expansmn 1s mmlmal upon temperature changes. The i
ifmec}ianlcal stab111ty of (PG strongly depends on pore 51ze CPG w1th very large _
" poTes " 15 very frlable and’ eas11y breaks: tnder PTeSSUTe- Magnetical- st1rr1ng also .:5
'-bTEaks CPG as a result of grmdmg of the partlcles.l Furthermore, small glass :
.partlcles 1nhomogeneous 1n szze, can eas11y become clogged w:Lth partlculate
'Tnatter. CPG 1is: very Tigid.and can be prepared as: almost spherlcal and mzformly‘
Sized: partlcles. 'Iherefore, CPG w1th moderate pore.. (<250 nm) and mesh size (40~
80 mesh)? has very good Flow propert1es even inder high’ pressure gperation.
Other advantages of glass are its complete ‘inertness w1th TeSPECt to nucrob1a1 B
“‘attaCk and ‘the poss1b11ty of regeneratmn of ' the CPG bY P}’T°1Y515 of the. orgaolc b
;matter. For laboratory purposes most cpc; products are. reasonably pr1ced, yet: EIRTa
the}’ are too expenswe “for- app11cat1ons on larger scales For these purposes
POI‘UUS ceranucs although less un1form 1n pore s1ze, can be altematlves, smce
'the)’ can be' fabncated more: cheaply. S i o

Like agarose .the advantages of using CPG often outwe1gh its :dlsadvantages The
Cholﬂe W111 ementually be determmed by the SPeC1f1C purpose
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’I'he support matenals dlSCUSSEd above comprlse the largest (>90%) and most
'l '_:"successful part of" apphcatlons with, :tmnoblllzed enzymes ‘and- are therefore :
_ representatwe for this’ f1e1d The number of matenals used one or nore tlmes as
a a_support in umnoblllzed-enzyme studies 'is however very 1arge Among these are
'gluten, starch stalnless_ steel polystyrene c0polymers dacron, nylon, ch1t1n, 2
feollagen and ' many morem__’: 1 have spec:1f1c adva.ntages but no one 15 1dea1 1n i
j;all respects and sults all appllcatlons best. Therefore, for ‘a part1c:u1ar appll'
“cation a- thorough evaluatlon of various” supports usmg ‘the _"Support Study '
\:,"‘Der:151on 'I‘ree" 15 adv1sab1e before a deflnlte ch01ce 1s made
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3 IMMOBILIZATION TECHNIQUES  * -

',-3'.' 1 ;':if,‘INTRODUC"T.IﬁN :

fThe propert1es of 1nmob1l1zed enzymes, espec1ally the speC1f1c act1V1ty, are 1n-
"‘fluenced not only by the characterlst1cs of ‘the support to which- the enzyme 15 -
”bound but-also by the way 1n wh1ch an enzyme is’ coupled to .the support. The most
:Jmportant factor is fo av01d 1oss of enzynuc act1v1ty durmg the nmnob1llzat10n
:process. The : catalyt1c act1v1ty of enzymes res1des in the actlve centre, the 51te
-where the substrate is bound and where itiis converted into’ the product. The actn
"centre usually conslsts of several am1no-ac1d re51dues held ina spec1f1c Spatlal
relatmnshlp to each other. The rest of the protem chain acts as "backbone" and
: keéps’ the amino-acid resudues of the act1ve 51te 1n the requ1red ispatlal arrange'
?ment. ThlS three—dnnensmnal conformatlon, the tert1ary structure,,_1s essent1a1
‘for catalyuc activity. Consequently, 1t 1s necessary that both during and after
=1mmob111zat1on the ammo-ac1d res1dues ‘in ‘the act1ve centre are not altered and

. that the tert1ary structure 1s mamtamed The three—d;Lmensmnal structure is

; based on the presence ‘of relatlvely weak bmdmg forces such as hydrogen, hYdI‘U‘
"Phob1c and 1on1c “bonds, and sometn.mes a few dlSUlflde br1dges. Therefore : itis:
'essent1al to perform the couplmg reactlon under very mld and prec1se COndltlUns'
ngh temperatures strong” acidor. alkall, mist be avolded 1f ‘the structural 1nte-
8T1tY Of enzymes ‘is‘to be preserved OrgaJuc solvents or hlgh salt concentratmns
-{nlay also cause denatm'atmn and 1oss of act1v1ty; : B S AT N ""‘ wl
'It is thus logical-that a large number of stud1es ‘on 1mmob1112ed enzymes have beeI
ldevoted to mnoblllzatmn technlques per se and the llterature has now prollfe-
:;rated with a varlety of methods for mnob1l1z1ng enzymes. : 'I‘he various methods can
be’ classﬂled 1nto three ba51cally dlfferent approaches to nmmbﬂlzatlon
R S“PPOI‘t'b‘md'mg method: The/bmdlng of - enzymes ‘to. solid supports.

2 -Croselinking method; Intermolecular crosslmkmg of enzymes by means of multl"
J\ functlonal ‘Teagents.:

| E'nf:rapp-z.ng method‘ Incorpo t:mg enzymesl nto 'the latt1ce of a sem1penneable‘ :
4_polymer gel or enclosmg the enzymes An a sempomeable polymer membrane 2
KThese three categorles can’ be "further subd:.vlded as shown 1n Flg. 3.0
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" None of the app11ed 1nmob1112at1on procedures depends on‘a smgle mechamsm. Tn.

. fact, each one ‘is probably a ecmlbmatlon of two or more of ‘the b1nd1ng modes. For
: example, in case of. covalent couphng to supports 1t is: l1ke1y ‘that part of the
- enzyme molecules is- adsorbed to the support surface. ‘In the’ descnptlon glven be-

" low, it is merely :.mp11ed that- the ,proposed attadment is predommantly of the

The support-bmd:.ng method is: the oldest nmx)blhzatmn techmque and hundreds Of

“; type dlscussed The methods used 1n our’ own experlments are mamly g1ven as exan-
"ples and treated 1n more detail. Excellent rev1ews1 plAy d15cuss the varlous techm
_'ques extenswely and are the main. 11terature source for thls chapter. R

" papers have been pub11shed on’ th1s type of mnob1llzat1on. The support—bmdmg
Z"method can be further d1v1ded 1nto ‘three: categones accordmg to the’ b1nd1ng mOdf

3.'2.1_;-A.V&ﬁ“der_:‘ﬁlaa‘ls'_bi‘m‘ﬁﬁg ";_‘ i

fof enzyme, that is, Van der Waals bmdmg, ,1on1c bmdmg and covalent blndlng
(P1g 3 1) X : ; S - : -

o "w :

Adsorptmn based on Van der Waals attractlve forces of. enzymes and the surfaca Of

~-solid. supports is undoubtedly‘ one of the eas1est nmnoblllzatlon procedures- Ad"

- sorptlon is estabhshed by slmply contactlng the’ enzyme SOI‘I.IthTl w1th the surface
of: the support matenal and: washlng the: resultmg mmbllued-enzyme prepal‘atlc’n
- to. Temave any nonadsorbed enzyme The' bm:hng forces between en.zyme and : SHPPOrt

: are generally weak, -so that ‘adsorbed. enzymes usually are ’llable to desorptlon

. durlng the’ utlhzatlon. To mmmuze this" problem 1t 15 adv1sab1e to wash the’ 3d"

. sorbed-

enzyme Preparatmn thoroughly with the substrate solutlon under the condl-

- tlons to be applled The adsorptlon process 15 nonspec1f1c a.nd somet:unes results-‘;
~in partml or total 1nact1vat1on of the enzyme Only supports ‘which' have a. hlgh
- affinity for the “enzyme and - also cause mlmmal denaturatmn are’ su1tab1e The
“'adsorpuon of an enzyme is dependent on such expermental varlables as pH, _the

: temperature.

‘nature of. solvent 1on1c strength concentratlon of enzyme and adsorbent, and-
It is. mportant to recogmze these factors and to. control them for

Opt1ma1 adsorptmn and retalmment of. actl\uty The more commonly employed 3‘1501":':
A.bents are allmuna, act1vated carben,
_and hydroxylapatlte. TR,

clays collagen, glass dlatcmaceous earth :
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: Just as Van der Waals b1ndmg, 1on1c bmdmg is also an old and surrple way. of pre-
parmg J.mmoblllzed enzymes. This method is based on.the ionic binding of enzymes
-to water—msoluble materlals contammg ionexchange residues. The blndmg of en~"
-_«,zymes to’ thls type of support. is’ easﬂy performed and the’ cond1t1ons are mild in .
comparlson with ‘those necessary in most covalent-bond—fomlng met.hods The 1on1c-
-',b1nd1ng method usually causes 111:t1e or no. changes in the active site of the en—
'zyme and in the tertiary structure s and often yields immobilized enzymes w11:h hlgh
:.act1v1ty The blndlng forces are relatlvely weak and 1eakage of enzyme from the
'support may oceur. 1n solutlons of hlgh Aenic strength OT upon varlatlons 1n pH.
" Thoroughly washlng w11:h the substrate solution under the operational conditions -
"may minimize leakage. Increasmg the blndlng strength can be achieved by increas- -
ing the charge of the: enzyme by chemlcal modlflcatmn. For example, the . slightly:
_‘amomc enzyme, glucoamylase was modified to a polyanlomc derivative by covalent
,bmdmg with a water-soluble copolymer of- ethylene and maleic. anhydnde This *
polyamonlc enzyme derlvatlve was strongly adsorbed to catmnlc supports 'such as
':‘ DEAE-cellulose and- DEAE—Sephadex. Cellulose derlvatlves are’ the lonexchange mate-:
rials: most-w1dely used as enzyme support. _ : : TN N
“In pract1ce, both ionic bmchng and Van der Waals bmdmg usually occur concur-
rently. This 1s 111ustrated by the method of immobilization we have tised most ex-"
jtensnrely in our. own studles in Wthh xanthme ox:Ldase is adsorbed by both- hydro-
: Phoblc and.. 1on1c forces. to an agarose der1vat1\re. Agarose is actlvated with Ccyano-
jgen bromcle yleldlng mamly a reactlve J.mldocarbonate (F1g. 3 2) Th1s act:wated

\.,.

on VA 0 R nmv‘/ﬁ o (1-':')' |

Y s CNBr ' hY
. AGAROSE - __,_._.._......_, AGAROSE : CFNH
T Nom . pl-I v 10 e \0/”, kS " GBH”,NH2
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‘AGAROSE

) .\01.1'_.

EEEIE__+ AGAROS

R .

'-Flgure 3, 2 CNBr-actx.vatmn of agarose, reactlon Wlth n-octylamne and mnnob:.hza-nl
tlon of an- enzyme RN : S e T




:-'agarose is reacted w1th n—octylamlne and the support thus formed strongly ad=
-“sorbs, in weak-alkaline solutmns enzymes havmg an. 1Soelectr1c p01nt 1in the acid:
"',reglonm -The adsorptlon 1s based on both 1on1c and hydrophoblc attractlve forces._
- That is, in weak-alkalme solutlon (pH - 8) the 1sourea derlvatlve (pK = 10 4) :
':."15 protonated and the enzyme has an overall negatlve charge resultlng 1n an 1on1c

‘attraction between them.- At the . same t].me the freely mobile n-alkyl tail’ can
" reach the hydrophoblc areas of the enzyme and thus. hydrophob1c attractlon occurs i
_in addltlon to the 1on1c 1nteractlons [F1g. 3. 2] 'I'h:Ls dual blndlng character _
) has the advantage that in solutions of h1gh 1on1c strength the hydrophoblc forces :
. are largest, while at 1ow 1on1c strength the 1on1c b1nd1ng is strongest An en- %

) zyme mnoblllzed in ‘this’ fashlon is. thus less 1iable to leakage from the support f

Sina W1der range of aqueous medla than enzy:mes bound only by 1on1c forces.,_r Lt

3 2 3 C‘ovalent bmdmg

Covalent bmdmg of an enzyme to a solld support 15 achleved by 'a chemlcal re-.
. action between groups on the support ‘surface and one or more functlonal groupS w
-of the enzyme. Usuallyr ~amino. groups. of 1ysine re51dues “but also other n11:rogﬁn
":3conta1n1ng groups such as ‘the N-ternnnal amlnogroup, the imidazole. Slde cham of
'-:hlst1d1ne and ‘the guamdlne group of arglmne re51dues, can ta.ke part 1n the. blnd-:
o 1ng ‘The. carboxyl .group -of glutamate and. aspartate the: C—termmal carboxyl gI‘OUP:':
_ 'the hydroxyl group of ser1ne and threonme, ‘the’ hydroxyphenyl group of f:YI‘OSIDe
and the su1ﬂ1ydry1 group in cystelne re51dues can ‘also’ ser\re as. coupllng 51tes
It'is J.mporta.nt that minimal ‘reaction- occurs w:Lth the amlno-ac1d re51dues 1n the
“active centre. The probability that reaction in ‘the actlve Centre: occurs is. small,“'
T .smce the pertlnent amino. acids are practlcally always more than once present 1n
. & nonessential form in_ the proteln ‘chain. By ra.ndcm chemical reactlon it is thus
11ke1y that only part of the . enzyme molecules will be. 1nact1vated unless a. large
excess of reagent is-present. It is nevertheless useful before trylng a speciflc ':
»;covaient-bmdmg method 1o have kncwledge of - the effect of several reagents on '
- enzyme act1v1ty and to know whether. the enzyme can wlthstand ‘the coupllng Condl-
. tions of that partlcular procedure since covalent couplmgs cannot always: be per‘ :

__‘ .fomed under mild condltlons The advantage of mmoblhz.atlon by covalent blndlng
'15 that the. bmdmg is usually 1rre\rerslb1e,
_,1055 by 1eakage is very small '

.TAccordmg to the mode of lmkage the method of covalent bmdmg can be c1a551fled;

,_'_:ﬂlﬂto dIazo, peptlde and’ alkylatmn methods, couplmg by means of nmltlfmctlonal P
; reagem;s cand. some nuscellaneous procedures. S o

so that the probab111ty of enzyme
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. ThlS couplmg procedure is often used for 1nunob111zat10n of enzymes. The method

“is based on the reaction of the enzyme with diazonium derivatives of solid sup- .-

- ports,’ that 15 SUpPOTtS contalmng aromatic amino groups, dlazotlzed Wlth n1trous
ac1d accordlng to the overall reaction:. o : Co o

N ) o .NaN02 n}“; _‘:-4£;i_o Enég '4- ].‘ . .

R-NH)  —y '(RTﬁEN)¢? jl;~——-IEE? __RfN=NfEnzyme_

: Flmctlonal gToups of protelns 11ke1y to part1c1pate in dlazo couplmg mclude
“free amino groups, the imidazole. 51de cham of hlstldme, and espec1a11y, the

: phenohc group of tyrosme resxdues As supports for- this method aromatic amino

' derlvatlves of polysacchandes of copolymérs of amino ac1ds, of polyacrylamlde, o

' of polystyrene, of- copolymers of” emylene a.nd maleic acid, and of porous glass,. '

;are commonly employed See as an example the scheme in Fig. 3.3, shawmg the pre-
paratmn of the dlazo demvatwe of CPG and its couplmg to the enzyme. ST,

." "'.‘ ., L i oo
- 'O“Sl OH oy 21 ~0-8i=0=~
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42—'ni.tr'obenzozl'chloride . CPG-C H_~NHCO-phenyl _? No. . Yithiomite ;0

S s T RaNo, e e
: ST = S 9.0 L . R S I
L-CPGTC.3116--1*IH1’._!(‘.‘—_pheny1—2)—1\.114{2 -'ﬁ'al—"* : C.P_G.‘.cf_is NHCO—phenylp e el

FREMES, | GBG-GH-NHCO-phenyl-pN-N-Bazyme

lfigure 33 Diaéo 'eoupling _'bf fenzjrﬁle_'e ";q eontrolled_-—poire "glass. (CPG) :

3 2 3 2. Peptzde-bmdmg methad

Thls method 15 an apphcatmn of the peptlde-synthes:Ls techmque and is: based on
the fomatlon of peptlde bonds between enzyme and sol1d support. It can be cate-»




gonzed as follows L e D R e e

. ‘Supports contammg carboxyl groups can be ccnverted to react1ve' derivativés
such as ‘acyl azide, _ac1d chlorlde, or 1socyana1:e. These: derwatwes form w1th
free amino groups of the enzyme peptide. bonds.”" P _' T e gt
2. Pept1de bonds are. formed between free carboxyl Or amino groups of the enzyme
‘and’ carboxyl or amino groups, respecuvely, of the support usmg condensmg agent<
‘such as’ carbodlmdes ‘and Woodward's reagent K.: A P AR SR
An example of the first- category 1s ‘the acyl: az:Lde der1vat1ve of carboxymethyl—

cellulose Wthh preparatmn is shown in. Flg 3 4. TR

e

cECl L
—OCH,~ 3 ~OCH, - e
CELLULOSE ncu2 coon an’ CELLULOSE ocn2 coocn_,, ._‘.: =
R R NaNOZ ‘ Sl E L Eng
cgn;uqeeeeenz-comz W QE?PFJLQSETOI.:Hz'?QHé_[ R

B ceLLULDSE-ocnz—I'co—NH-Enzme: 8

Act1vat1on of pol}fsacchandes w1th CNBr (F1g 3 2) also belongs to the flrs t c:a-
: ‘tegory Instead of reactmg the reactlve nnldocarbonate w1th n—alkylamlne, the !
5 ‘reacta.on can mnedlately be. perfomed w1th the enzyme, y1eld1ng malnly the 150-

urea der1vat1ve. of ‘the - second category actlvated carbon and controlled
_are glven as examples (Flg. 3 5) e :

-pore glaSS

'"Fleure 3.5.8° Covalent 1mmabllxzat1 . : et - using
e on of an AC usz_ 14
S a carbod:.mlde derlvatwe enzyme onto actwatedlcarbon ( ) 711

CpR 4e5
A2, CPG=C, B ~NHCO-Enzyme +

SRR ‘;‘
- CPG~C.H ~NH,+ ¢ " + ‘Enzyme~COOH'

o tiﬁrﬁfsczuimﬁvﬁfem 1m°b11lzﬂtlon of an enzyme onto the Y-ammopropﬂ—derl"a
pIe s ¢ pore glass (CPG) “31118 a’ carbodumlde der:watwe._, -

PR E




e

'Ammes form amde 11nkages w11:h carbodlmude-acuvated carboxyl groups. The reac
31:1011 can be carned out w1th both wa‘cer—soluble and 1nsolub1e carbod1m1des. The

.are perfcn‘med under l]‘llldl)’ ac1d1c condltlons unhke most other amde-fommg

':-3'. '.2.'3.43.» iAZkyidt_ioﬁ' ﬁ:efﬁod;l" 8

The alkylatlon method nwolves the alkylatlon of am:mo, phenollc or sulfhydryl
roups of an enzyme ‘with. a reactive. group of the support ‘such as a. halide. The
alkylatmn method we- have used to 111u5trate th1s prmc1ple, mvolves a reaction.
with s-trlchlorotrlazme, followed by an alkylatlon of a prnnary amine-in the
'Protem cham, prunanly the e- amlno group of a lysme res1due The reaction is
relatlvely smple and stralghtforward and’ appears to be a potential couplmg me-

,thod of cholce (Flg._ 3 6) For- large-scale ap*plmauons cost may be a lmutmg
factor. EET : R ; 3 TR a .

Dt

L /N C\\ . -
CPG C H NH-C N
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FlB‘-‘l’e 3. 6 Covalent 1mmob111zat1on of an enzyme ontd the T-amznopropyldetlva'
) _tl"e of: controlled-pore glass (ceg) by means of s-trlchlorotnazme. i e

”_Amthel‘ example of the alkylat:.on method 1s the bmdmg ua an epcncy .gw“P_ as
-:_Shown m Flg 3 7 '

e



- AGAROSE-OH, + Cly”C~CH,~0~( C'.“z'.) °’°Hz"{H‘/CH2

= 4——+ AGAROSE—O—CHZ-?H—CH -o-(cuz) 4

—O-CH <CH:
COH -

\—=¥ | AGAROSE-0~CH,~CH-CE

TR, (G -0 CH, G-l

Der1vat:wes of cellulose, agarose, porou.s glass bentomte a.nd acryllc copolymers
have ma1n1y been used as support.;' “ e ~ R

3.2. 3.4 Support bv,ndmg w'z.th multtﬁmctwnal reagents

ThlS method is based on the formation of crosslmks between -fum:tmnal gTOUPS Of
\'support and enzyme by means of 1m.11t1flmct10nal reagents. Glutaraldehyde is bY far.
“the b1funct10na1 Teagent. most—cmmonly anployed although its. mechamsm of binding
~is the- least. well Lmderstood .The reactmn is’ usually presented as. a SChlff 's base
3.' fomat1m1, but accordmg to R1chard and Knowles11 ‘the nctus.l reactmn 1s muCh more
:-car:pl1cated They - found that cormnerc1al glutaraldehyde solutlons are 1nvarlab1Y
‘not pure ‘and can be- contamnated w1th amds _significant amounts of «, B-unsaturatﬂ
7;'a1dehydes, and polymeric matenals or1g1nat1ng from glutaraldehyde itself, Asa:

: mchamsm of the Teaction of ‘this b1funct10nal reagent ‘with protems they pI"OPOse '
.a M1chael-type add1t10n of ammo groups of the proteln and support to the a, B'
‘_msaturated a1dehyd1c polymer as: shown -in F1g 3. 8. ', ‘ B
';Both controlled-pore glass and" actlvated carbon ha\re been act:.vated w1th glutar-'.'
3{aldehyde for 1nmob111zat10n of xanthme oxldase in our own work. The ‘reaction is
gentle and can be carned out at a: pH of about 7 By performlng the reactlon Se":-‘_?{'
: quentlally w1th an mtenned1ate washmg step, 1ntermolecular enzyme crosslmkmg
‘can be prevented The reactlon is very s1mple

. extremely gentle and relatlvely 111'
-exPensnre to scale up. = o S

L



H-c-(cnz) -c-H — H-C- CHZ—CHZ-CH CH=C CHZ-CHZ-—C-H e
SN q e CHO GHO Qe
e Bt CH2 CHZ—CHZ—CH-—C cnz—c~cgfcnz-0112—CH2-c H ———> e

R R O e CHO SUPPORT-NHZ o CI-IO 'cno o
=== . polymeric ~CH=C CHQ'C‘CH ""‘W"’ CH2 CH~CH; 5= CH="

SUPPORT

© Enayme-NH, - .- g:Ho GO L
CTHAT ,‘ '-CH— CH-CH. -C~CH. -

Ll N 2NH e
SUPPORT Enzyme W

‘ -:.1 The ng :ﬂeacmon. Thls reactlon 15 unusual because 1t mvolves four dJ.fferent
. 'fmlctmnal groups; i el carbonyl ammo, 1socyam and ca:rboxyl groups leadmg to
. the fomatlon of an N—substltuted a.mlde accordmg to the scheme as presented m
--_.~F1g. 3. 9__ S ; : .

f'_"ff ine: of the R R groupS is a--solld support, 'moblhzatmn of enzmes is P°5

: . car
..s1ble in prlnc:1p1e. The enzymes can be coupled ercher through_thel anux o:ar st
| ; e
bo.xn .gr oups, The reactlon also works w1th a hydroxyl grovp. eplacmg




xyl group It has been successfully app11ed mth polysaccharlde polyacryhc and
nylon supports malnly usmg a-chymotrypsm as the enzyme to be- J.mmob1hzed. Ry
=24 Reverszble wmabtlzzatwn by thwl—dzsulfzde mi:erchange. A relatlvely new In-
mob111z,at1on tecl'mlque is. based on- th101-d15u1f1de 1nterchange between thml i

‘f a mixed d1su1f1de der1vat1ve of a support and 1ts u5e for enzyme 1rrmob1112atmn
- are plctured 1n Flg. 3 101" The spec1a1 ad\rantage of thls technrque 1s that the

A

cc\

o -2,2" ' dipyrid ldlsulf:l.de 7
T-5-8<C
suppom: su A thiryridone suppon s g :

,\s-c’ 0

R_SH_, SUPPORT-—SH + Enzyme-SH ¥ R-S-S R :

L Enzyuie—SH L

e “2‘thit>_pyridone_' SUPPORT'S'S_ERZYNG

Flgure 3. 10 : 'iie{rersibie _1mmob11:,zetion ‘of enzymes by thiol'-diei.tifi"d'e ,f:i.ﬁt'e,rchénge-'. '

' enzyme can be removed with for 1nstance 1th1othre1tol or Z—mercaptoethanol and
the ‘Support’ subsequently reactwated 'I‘h1olat10n of enzymes -not: contamlng th1°1!
groups and. subsequent ].rmmb111zat1on V1a d15ulf1de 1ntercha.nge has been l‘t‘-‘PC'?l'fiEd

fThJ.olatlon can-be performed mt.h methyl—3-mercaptoprop1omudate as shown' 1n Fig..

2301, As actwated tluol support agarose—glutathmne-2-pyr1dy1d15u1f1de 1s cml-i"' :
merc1ally avallable. A

msccr e 2 B
P 2772 N .‘H

F"i;gere 3. 11

Several other. 'c0\ra1ent—b1nd1ng methods have been used :Eor the inmoblllzatlon -
of “enzymes These methods- have’ mostly found lmuted ‘use ‘and are therefore not.
treated here. 'I'hey can. be found m:the more extensnre revle’u.'sl-7 :

. 'jTHE caossunxme METHDD

A water-msoluble enzyme preparauon can be produced by 1ntermolem1ar crosslmk—'
1ng of the enzyme molemles ‘in the absence of a sohd support.

i crosslmkmg agent 1s chosen Wthh spec1f1cally bmds fl.mctlmm

If p0551b1e, Aa:
1 groups on: the




"‘enz‘)nne not 1nvolved in the cataly51s at a concentretmn sultable for complete
-jmsolublhzatmn w1th retentlon of act1v1ty. Although the procedure 15 s1mp1e to
:perform the: establlslfunent of the sultable cond1t1ons to ach1eve this goal is dlf-
ficult and must be determlned emp1r1ca11y. Onl}' a “few thorough stud1es have been o
;‘reported but these show that 1nsolub11:rzatlon of enzymes with maxmum retent1on
'fof actnrlty depends on a delicate balance of factors such. as concantratlon of en-, E
' ‘Zyme' and . crosslmkmg reagent pH, 1on1c strength temperature and reactlon tme
.The flow propertles of the resultlng preparatmns are generally poor as they are - N
gelatmous in" nature. Th1s method 1s therefore usually combmed with- another. 1mmo-
1;'fb1llzat10n teclnuque Adsorptmn to a sohd support followed by crosslmkmg of
’the adsorbed enzyme molecules has worked for a varlety of enzymes Glutaraldehyde l
“ has been most extenswely app11ed as- a crosslmkmg agent but a long 11st of
';"multlftmctmnal reagents have been used Sl

. 3¢‘-“?='-'THE _'ENT"’%AP;:P I_Né"'t&sTHD,b

' The entrappmg method is based -Ofl. confmmg enzymes ‘to the lattlce of a polymer
:-"-mﬂtl‘lx or’ enclosmg them in senupemeable membranes. Thls method 15 subd1v1ded

: mto eﬂtl‘applng 1n a lattlce m1crocapsule or flber {F1g.

-‘:'Th1s type imfolves entrapplng enzymes w1th1n the 1nterst1t1aI- spaces of a cross-
3"__-:‘1“’](9‘3 Water—lnsoluble polymer. The entrapment usually “occmrs by pol)nnerlzatlon |
15.':°f an ‘aqueous’ solut1on of the- monomers and the- enzyme in the presence of a: cross-:'»
lmkmg agent Advantages of . th1s method are ‘the general appl:l.cabxhty and the
"‘homogeneous dlstr1but1on of- the enzyme in the support.,Several procedures ex1st, f,_
?"e -g. mmob1llzatlon in. gelatm orosshnked w1th glutaraldehyde, which can be. per-

fOrmed Under Very mlld cond:l.tlons ‘The technlque of this. type most—w1de1y used
is also carried out mder mlld circum—

.:.‘t’e 2, ent'f't"-lP'l'nent in a polyacrylamde gel,
"Stances; but when polymerlzed in: bulk the’ heat of react1on may denature the en-
'_'zyme. Dlsad"antages of thls method are that Z, the polymerlzatmn must be per-_,.
,:j-_formed 1n the presence of the enzyme, Wthh may lead to chenncal mod1f1cat10m
:_wn:h memtant 1nact1vatlon,'i i, a small, amouint. of enzyme usually leaks from -
"the’ Support and iit. the d1ffus1on 1m1tatlon of substrate and P“'-"fluct in the.
“Bel pores- is generally hlgh, esper:.lally for, hlgh molecular we1ght COT“POW’dS- “
_::,__Ieadmg t° Tetardatmn in reactlon veloc:1ty Even complete mact1v1ty has Ebeenx




'observed for amylases as a result of the 1nab11:|.ty of the substrate (starch) to '
penetrate 1nto the gel. Rt R R - : :

'3-4-3+'Mierqeapéﬁle'%ypéf

‘Enzymes can be mohlllzed w1thm mlcrocapsules prepared from orgamc polymers.
Mlcroencapsulatlon is usually achleved by d1sper51ng an aqueous enzyme solutlon s
Containing 1, 6-d1am1nohexane into: a solutlon -of ad1poy1chlor1de in an orgamc sol—
vent 1mrusc1b1e w:.th water (e.g. chloroform, tetra, toluene) They polymerlze llPGn
contact at the water/orgamc—solvent mterface foruung a’ th1n polyamlde [nylon-: _
6 ,6) membram around aqueous droplets of enzyme solut1on X o

CO);;'z

"n N (CHZ)GNH +n c1co(CH ) c001 -—-JZEQ+ : un(cuz)6nnco(ca2)6

A solutmn of cellulose acetate -in. an orgaxuc solvent g1ves a prec1p1tate and me
- a membrane when' contacted w1th water. ThlS ,15 also a connnon method used for the A
: mcroencapsulatlon of enzymes e e T e

5,43, Fiber type

LA met]rod s'tronély"related' to inicroencapsulatlon is. flberentrapment a procedure 3
g developed by’ D1ne111 in Italy”' In thls process an emulsmn 15 formed of a’ sYTl"' '
,-'thetlc polymer-in an orgamc solvent eig.. cellulose acetate or polymnylchlorlde
.' in methylene ch10r1de with an ‘aquieolls enzyme. solutmn. The emuls1on is extrwied

:.fthmugh a spnmeret mto a: Pl‘eclpltate droplets of enzyme solutmn hemg trapped
in the flber. . 7' : L AR

- The appl:.cablhty of bot.h m:.croencapsulatlon and flberentrapment 15 lmuted bY the
[Mecessity of using Water-lnmsc:lble solvents, which may in some cases cause inacti-
vation of the enzyme. Both methods - also result in llTlmoblllzed-enzymE systems ex-'-' _
(h1b1t1ng dlffusmn-lmuted kmetlcs .and: hence’ are best"sulted for enzyme SYStems

: t:hé_l_t_:_invol_\re-;substrates and products with a low molecular Welght e

ts 5. CONCLUSTON

None of the abovejdmmssed J.moblllzatlon procedures '(the exa.mples only covel'mg .
"part of the large mmber descrlbed in the 11terature) has pronounced advantages <
;for all enzynes. Hence, l:he J.muob111z.at1on of a. partlcular enzyme aimed at a sPe’ :

‘-‘Ciﬁp A_app;ication -,'-’L‘tiu *rmres . an 'aflpirica_l.-,- eesentiall}_i' trial and error ‘ap-




proach Of course, the ch01ce ‘of methods to be 1nvest1gated should be made on. the
bas1s of need -and on the avallable knowledge._ g o
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4 IMMOBILIZED XANTHINE OXIDASE KINETICS (IN)STA-'
BILITY AND STABILIZATION BY COIMMOBILIZATION
WITH SUPEROXIDE DISMUTASE AND CATALASE

.J« Tramper, F. Miller and [1.C. van'der Plas

Mllk xanthme ox1dase was 1mmob111zed by covalent attachment to CNBr-actlvated :
Sepharose 4B ‘and: by adsorptlon to n—octylamme-subsututed Sepharose 4B “The: - :
f. amounts of act1v1ty mnob111zed were 30 . and” 90%, respectwely, for the two pl”e""'-
. paratlons “Thé pH- Optlma for free and adsorbed xanthme ox1dase were at: 8 6 and
: 8 2, respectWely. Both free and llTﬂTlObI].lZEd xanthlne 0x1dase showed substrate m—
h1b1t1on. The apparent 1nh1b1t10n constant (K‘) found for. adsorbed xanthlne oxi="
dase with' xanthlne ‘as- substrate “WaS hlgher than the K for the free enzyme, Wthh
was Shown to be. due to substrate—dlffusmn 11m1tatlon in the pores of the sUPPOTt
: beads (mternal—dlffuslon lzum,tatlon) H1gher substrate concentratlons as’ de51rab1*
for practlcal appllcatlon in- organlc synthe51s can therefore be used- w1th the 1m-
moblllzed enzyme w1th0ut decreasmg the rate. As a result of the 1nternal—d1ffu5101
llmltatlon -the apparent Mlchaehs constant (Km] for adsorbed xanthlne ox1dase was
also h1gher than the. Ign for the free enzyme. L v
Immoblllzed xanthlne ox1dase was more stable 'than the free enzyme durmg storage
at 4° and 30 C. Both forms rapldly lost act1v1ty durlng cata1y51s.aThe loss was.
proportlonal to the amount of substrate converted. CO].]'I'I]TlDblllzatan of xanth].ne
ox1dase mth superox1de dlsmutase and catalase improved the 0perat10nal stab111tY:‘-
suggestmg that 0 and H 02, 51de products of the enzymlc reactron, were 1n\a'olved ‘
. in.the- mactwatlon. Commobﬂ:l.zatlon ‘with. albumm also had some . stablllzlng Ef' g
fect.- Complete surroundmg of xanthlne oxldase by protem however by means of
entrapment in glutaraldehyde—crossllnked gelatln, con51derab1y enhanced the ope- ]
-'rat1ona1 half l1fe..'1’hls system was less eff1c1ent than the Sepharose pIEPaTatmns
e1ther because much act1v1ty was 1ost durlng the'lmmbllrzatl m’ procedu andfor
because it had’ poor flow propertles. : ) ;

Xanthme (15 mg) was converted by adsorbed xanthme 0)(1(1&56: and .product _-(urlc -
ac1d] was 1solated :m hlgh yleld (84%) L




b2 _iNrRonUCTxoﬁe o

Many enzymes have been Jmmoblllzed in recent’ years and thelr potentlal appllca- =
~tions in 1ndustry, medlcme, and analytlcal dlemlstry have been recognlzed1 A
ﬁlargely unexplored area ‘as yet is the. use of 1mmob111zed enzymes in orgamc syn-‘f ’-1“" :
_'the51sa The hlgh reaction sPeC1f1<:1ty and eff1C1ency of enzymes and the very

smple work-up procedures that become p0551b1e when :urmobllxzed enzymes are used
The long—term outlook

‘Jln a batch or column process, are very attractlve features.i
for, th1s area’is, therefore, Very favorable®. ! : ~
. In one’ of our laboratories (Orgamc Chemlstry) there is strong 1nterest m'the s
ChemlStr}’ of aromatic heterocyclic compounds Nucleophlhc substltutlon, covalent
anunatlon and r:mg transfomatlons of azmes, _d1az1nes trlazmes, pterldlnes
and Purmes are subJects of continuous study Ox1dat10n of azaheterOCYdes,
“which are electron—deflc:lent compounds is usually dlffacult Sucklmg and
;S“Cklmg4 however, indicated’ that xanthme ondase can potentlally ox1dlze many
'eleetron-deflt:lent hetetoarenes not . closely related to: xanthlne. Therefore,
‘Study Was 1n1tlated to’ 1nvest1gate the su1tab111ty ~of mnobxl'zed xanthme ox1dase :
:fDT appllcatlon in orgamc synthesis.” . e '
In order to make an 1Il'l'n0blllzed enzyme acceptable for reutme orgaﬂlc‘d‘e‘“ls'“y
practlce’ ‘several cr1ter1a need 16 be met 2a. The enzyme must catalyze a reactmn
of ¢ general Preparatlve interest ‘to chemlsts, possess broad spet:1f1c:1ty and narrow

.stereospeufl(:lt}’, be. comnercmlly avallable at an economlcal price;, and be stable. .
P“rthﬂ‘ suff1c1ent spec1f1c1ty data should be avallable to enable re11ab1e pre-
dmtmns 1o be made. for any prevmusly Unevaluated potentlal substrates- L
.Bov:ne-nulk xanthme oxldase is coamnerc;ally avallable and f:atalYZes the o)uda ;
tion-of many useful purmes, pterldmes and their’ analogs 1n methabgllc pathways 25
Xanthme oxldase can withstand a limited amount of ‘organic - solvents’, a property-
AWhlch Caﬂ be 1mp0r1:am-, 1n overcomlng the general problem in: Ol"gaﬂlc ChemStrY
1°f solubllltY Although Xanth:me ox1dase has :been’ 1n1mob:|.11zed for dlfferent pur-
Poses”-11. by convenient procedures no’ data on pertlnent Pﬁﬂ"ﬁ"‘“'eters for officient
s}'nthetlc use (pl optlmm, substrate eptlmlm, stablhty under turnover condltloaS]
vere: rep°rt9d We have therefore. undertaken a deteuled study on. mnoblllzed xa
thme oxidase, It was. found that xanthme ox1dase is: rather mstable 1!1 the pre~
45011(:3 of Substrate, but comunoblhzatlon w1th SUPET"dee d:Lsmu tase and catalase
Ylelded a. Pl‘eparatmn suff1c1ent1y stable to ‘use for conversmn Of.xamihlne on.
.a Preparatlve Scale. R e i




4.3, MATERIALS AND METHODS
4._3.:1. Maf:.er'i;als: :

g Xanthme oxldase from cow s.milk (EC.1.2.3.2) and catalase from beef liver: ‘

(EC 1.11.1.6) were purchased from Boehringer, Mannheim.’ Superox1de dlsmzta.se

(EC 1.15:1.1) from bovine: erythrocytes was “the gift of Dr.S.G. Mayhew. Bovme

- serum albumin was from Slgma Freeze-drled CNBr-aotwated Sepharose 4B was ob-

tained from Phamac:la Fine Chemcals, Uppsala, Sweden. Xanthlne, pur1ss (Fluka_

- AG., Buchs 5.G., Smtzerland) and’ urlc ‘acid (Merck Damstadt) were at. 1east

98% pure, based on spec1f1cat10ns glven “and checked mdependently by elemental

analys1s and mass Spectra. All other materlals Were at. 1east reagent grade. o

- d, 3 2. C’ovalent couplmg of :cantkme omd‘ase, supemmde dwmutase, catalase, o
. and albwmn to CNBr-acfnvated Sepharose 4B R : R

_'Xant.hme oxldase Was urmob111zed by the general couplmg procedure for CNBr-aCtl
. vated Se;;:hart:)se12 Thirty ml of" a dlalyzed enzyie: solut1on (0 2 mg protem mt - 1
0,03 M borate buffer, pH 8. 2; 0.5 M NaCl) were . used per gram of freeze—drled SUP
I"*:port Xanthine oxidase, superoxlde drsmutase and.- catalase were cormmoblllzed by:
_reacting the washed and swollen G\iBr—actlvated Sepharose 4B [1 g of freeze-drled
© product) first with 50.ml of superox1de dismutase SO].utJ.CIn (8 g protein. ml” )

. for1hat room temperatm'e before 5.ml of the above xanthme-oxldase solutlon
and 5.ml catalase solution (0. 2mg protem.ml ) were. added Conmnoblhzatlon of
4:"xanthme oxidase and albumm was perfomed by the reaction of 15 ml of the above
- xanthine-oxidase solution and 15 ml of ah.albumin solutlon (0. 2 mg ml ) Wlth
:: CNBr-actwated Sepharose 48 (1 g of freeze—dmed pmduct) '

. :4 3 3. Adaorpmon of mnthme amdase_, euperoami‘e desmutaee, anci’ eatalase to :
Sepharose 43 eubsi:ztuted mth "‘OCtylcumng L 3 -

; -Thls mnoblhzatmn procedure was: analogous to. ) the ‘one” descr1bed by Hofstee and
'_0t11110 'I’hlrty ml of: xanmme—ox.ldase solutlon (0 2 mg protem.ml =T ;- 0. {)3 M. '.
= borate buffer, lﬂ 8. 2) were' used per gram'of freeze-dned CNBr-actwated SephalI'OSe
s 4B, 'I‘o accomplish commobrhzatmn with superoxide dlsmutase and/or catalase, 50~
lunons of these enzymes : in concentratwns as.-specified’ 1n Flg. 4. 4 were applled
Zto .'500 mg of the flltered xanthme-ondase/Sepharose preparatlon. Comnoblllzat_lm




was also accomphshed by react1on of n- octylamme substltuted Sepharose 4B w1th
a mncture of the 3 enzymes, ‘ot by flrst reactmg wn:h superomde d1smutase alone
_and then w1th catalase and xanthlne ondase.. ? ' HraT o '

.; v

7"4 3 4, Imobalzzahon of mcmmne omdase, superomde dmnutase, and aatalase
_m glutar-aldehyde~erosslmked gelamn ' o o

UI‘dlnary cookmg gelatme [0 5 g) was’* d1ssolved 1n 5 5 ml of glass-dlstﬂled
iwater by heatmg. After coolmg to 100 - temperature the solutlon was thoroughly
mlxed Wlth 0. 2 ml of xanthme—oxldase SOlll'thIl (10 mg protem.ml ) and poured .
_'onto a polyethylene cover “in’ such a way that a thln f1]m formed The st1ff gel S
formed at 4%C vas eut 1nto small strips,. wh1ch were: mnersed ina solutmn of 25 .:_'.':: :
1l of .0, 25% glutaraldehyde 0.1 M in Citrate buffer, pH 6) at 4° for 15 hi The- - _
7‘-5t1'1P5 Were then cut 1nto small cubes and treated agam with a glutaraldehyde 50~
"1ut1011 as mentmned above. The cubes were fmall)r washed with glass-dzstllled )

_ "atel‘- Conmnob1llzat1on of a. mlxture ‘of xanthme ondase (0.2 mi; 10 ng protem. -'-_:‘ﬁ"
nl” ), catalase (0 2 ml 10 mg proteln ml”. ) and. superox1de dismutase’ (1 m;

;:0 3 mg PTUtGIIl miL ) was performed by the same procedure except that the f1lm L
had 1o be: 1Hunersed “first-in‘the glutaraldehyde solutlon for 4h. before it was N
--Stmng enough t0-be. cut into str1ps To" accomphsh interenzyme T rosslinking, @ s
- Sindlar enzyme mlxture was “incubated w1th 1 ml of the above glutaraldehyde solu- %

~tion'at 4% for 16 h' a.nd then: entrapped in the gelatm b}' the- sane pmcedm'e-._,’;"‘l_'f iy
s‘HC1 buffer (pH R

L

}Ml the. above 1nm10b111zed-‘enzyme preparatlons were: stored in_ Tr1
32,1*0_01 0.1 mM EDTA) ‘at 4%C" untid use. ’

The e"Z)fme actl\rlty was determlned from the 1n1t1al 510133 Uf the absorbance o
_reactmn_ t (ur1c ac1d} formatmn. All e

bean recordlﬂs SPeCtm'
1Y w11:h1n the cwet.
Yanthine was ‘l.lSBd 35_
the. m-wavelength-'

2?8 nm
eference WaVelength at.
ample wavelength at 295 nm and the T ‘were buffered

¢ POlnt of" xantlune and ur1C 351d) All he. somnt]nlmgo 1: nﬁ EDTA, The
‘HCI of constant 1on1c strength (I‘: 0. (]T) conta nate buffer
oxj_dase /Sepharose preparatlons were suspendedl_m the aPPmP ;

tJ_me curve, representmg the rate of PTOd“C
3553}'8 were: done on an Amlnco—Chance dual—wavelength/sPht‘
Photcmter ecl‘llpped w1th a magnetlcal ‘device: to Stir. direct
The temperature of the: cuvet holder was’ alwa}’s kept at 30°C...

_suhstrate 1n 311 experments havmg the spectrophotmneter m
llbde the S

' (lsosbestl
With Trig-
xal“thlne--




(250 ml per gram of freeze-—dned Sepharose) and 0 5 ml al1quo1:s of the homoge- o
neous su5pens1on rap1d1y p1petted into a cuvet- (analogous to the procedure deve--
floped by Mort et aZ. Aor. aldolase bound 1:o Sepharose) “Two ml of substrate** .
,,_"(30 0). was - then: added a.nd the change 1n absorbance. recorded wh11e stlrrmg S0
' fast that a homogeneous suspension was obtamed The act1v1ty of soluble xanthme
- oxidase was detemuned by adcllng 2 ml of substrate (30 0. to. 0 1 ml of dlalyzed-
enzyme SOlUtlon (0.2 mg protem ml ] and recordmg the cha:nge in absorbance. pH -
. profiles were detemlned by varying the pH by the add1t1on of. Tr1s. ‘In. thlS Way .
“the i 1on1c strength was kept t:onstamt14 'The molar d1fferent1.al absorptlon coeffx—
A’c1ents were deternuned from m1xtures of substrate and product in ‘the concentratmn
range and pH apphed The act1V1ty of supero;ude d1smutase was detemlned b}’ the .
. method of McCord ‘and Fr1dov1ch ."The.. catalase-actnuty assay ‘was: essent1a11y that
i} descnbed by Beers and S1ze 16 The protem content of the samples ‘was deterﬂﬂned
'.by the mod1f1ed L0wry nucroprocedure 7 Sl BRI e o

. 4._3, 6‘. Enzyme etabi_lity

_The stab;llty of the soluble and 1nn110b1112ed enzyme was determlned by lnalbatlon '
" of a series. of enzyme samples in the presem:e or absence of substrate at 4 and
309 C, and' assaying the act1v1ty of the samples after different. 1ncubat10n tmes- :
"'Ahquots ‘of the nrmob1l1zed enzyme were also packed into columns (1 cm h1gh x 0. 5,
‘ami.dl) Enzyme stability under contmuous opeTation was determlned by Pumpmg
substrate at constant flow rate. (46 ml h” ) and temperature (25 ). through the ..
“colum and measuring the absorbance of the eluate at 290 mm as a functlon of: U’“e'
“_Conversmns were cmlputed usmg the molar extmctlon coeff1c1ent of xanthme 1 :
“vhich.is one third of the molar extinction” coeff1<:1ent of uric ac1d at 290:m .

: 'I'he a11quots Were chosen such-. that complete comrersmn of substrate was obtalned
when the reactmn was started ‘ " : SRR

4 3 ? Prepammve-eaale converswn of x:mthme -
-dned CNBr-acﬂvated Sepharose 4B (1 2 g) was subsututed w1th n-oct}’la' "
nine as descnbed above -and reacted '.uth 18 ml of xanthme ox1dase (U 2.mg prO”.
_tein.mi” ) ‘and’ 18 m1 of catalase (0 2 mg protem.ml J solut1on. The washed en-"
'zyme preparatmn wa.s suspended in: 50 ml buffer, pH- 8 2; and- 5 ml of the suspen:

'sion was packed J.nto a_column and. the half 1ife determmed The rest of ‘the’ 5“5'
,pensmn was rotated m a romxi-bottomed flask and’ contmuously fed with. Concen‘ :

Freeze




:trated xanthme solutlon (2 mM] at such a speed that no substrate accumulated .
:(based on the half 11fe) ThlS was regularly checked by taking small samples and
-measuring the extlnctlon at 290 fm.

-',After 8. h of- operatlon the add1t10n was stopped and the. reaction contmued for an-
‘other hour. The Jmnoblllzed enzyme was, flltered off, the filtrate (100 ml} acidi-
fied and: cont:entrated to 10 ml. The precipitate formed upon cooling. was flltered
-washed w1th ethanol and ether, drled welghed and analyzed

i

.- 4_.4. 'RESULTS AND mscuss‘wu o
4.’4. 1. Ao:tioity',of imgbtztgeg’_wﬁé o

) Act1ve 11mnob1112ed xanthme oxldase was obtamed through covalent attachment to -
.‘CNBr-actlvated Sepharose 4B. Under the cond1t10ns used no remaining activity or
Protem was” found in the supernatant after the coupling, suggesting that all the -
--enz)mle was covalently bound and/or’ adsorbed to the gel. When the immobilized en~. .
Zyme. was assayed before washmg, about 80% of the ongmal act1v1ty was found.
However, when the gel was washed alternately with slzghtly acidic and basic buf-
fers of high. donic strength the act1v1ty ‘rapidly dropped to 30%. This remaining
activity’ decreased only sllghtly on further washing and it was therefore assumed
'that this act1v1ty was due to covalently ‘bound enzyme. - Similarly, up to 90% of
. the actnuty was retamed upon adsorptlon of xanthine ox.ldase onto Sepharose 4B
Substltuted with n-octylemme. Aga:m, the. supernatant did ‘not’ contam residual .
eIlzyme activity, Smce the retention of activity obtained by the latter procedure
.WaS mach better, we chose the adsorbed—enzme preparatlon for k1net1c characten-

.Zatlon. L

g4'4-3;'xénét£c chardctériaatinnl

PH Optma at about 8 3 have been reported in. _the hterature for the free enzyme
cand e therefore 1nvest1gated the act1v1ty of the adsorbed enzyme as. a function’ -
.°f the pH in. the range 7. 7-8 9. A-pH optnmnn ‘at 8.2 was. found for: the adsorbed
:Enz.yme and at 8 6 for the | ‘free enzyme (Fig. 4 ). ThlS acid shift. upon -immobiliza-
“tion could be: the result of the slight positive, charge w]uch the ‘support takes on
:_V&t these pH's {the 1sourea derlvatlve mainly formed in the reaction of Sepharose .
with' n—octylamme has-a pK, of ‘about” 10.5), thus creating a microenviromment _,;:--;
‘around -the enzyme, whrch contains in -the apphed buffer of low 1on1c strength, o

E Y SRR



o iFigure 4y 1 'Effect of pH on the actzvxty

. of (8-#) free and’ (0-0) adsorbed .xanthine

... oxidase. Substrate: 20 uM anthine in -
iTt:lds-HCI buffer (I 0 0] 0 I 'mM: ED';{'A‘

wak 30%C) e e

oo I. . 1 )' L .l :
St 7779 81 83 a5 87 B89 -

more hydroxyl ions than in the bulk of the solutlon. The pH 1n the dlrect env1ron-
ment of the mmoblhzed enzyme is thus hlgher than the pH of the bulk resulung
in the apparent acid sh;.ft of the optlnnJmZb At sl '

The K for the free enzyme w1th xanthme as: substrate wa.s found' to be smaller than
the apparent K, (K!) for the. adsorbed enzyme, 7.e.; 5 and 21 h' respect:wel)f '
(Fig. 4. Za) Such changes 1n K ‘to larger values: are USually taken as an: md1cat10
that ‘the reaction could be 11m1ted by d1ffus10n. Increasmg ‘the stlrrmg SPGEd 1n
the tuvet had no effect on the rate of the reaction suggesting ‘that’ dlffusloﬂ Of
substrate from the bulk- into the gel (extemal-d1ffus10n lmutatmn) was. not limit
ing. It was found ‘that ‘the Kh depends on- the amount of enzyme bou.nd per unlt V°1"
ume of .gel;: w an expenment where the enzyme load . of the support was one third
that of the above preparatlon, the - Km decreased from 21 to 11 uM- (Flg. 5 Za) 'nns
mdlcates that the rate of reactlon is lmu.ted by dlfoSlO‘n through the gel POTeS
(1ntema1—d1ffus1on lmu.tatmn) s AR LR - Rl

Both free amd :mmoblllzed xanthme 0x1dase shcvw substrate ].IlhlblthTl (F:Lg 4. 23)
The substrate 1nh1h1t1on constant K. can be calculated from a 1/v vs S plot19 20,
Replotting the data of. F1g 4 2a. 111 a 1/\r vs S plot (F1g. A, Zb) shows that 1ﬂdeed
faurly good: lmeanty exists between v and S at the hlghest substrate cont:enfiﬁl
thIIS- From the slope and the y—-1ntercept the 1nh1b1t10n constant K and the ap-

parent K (K ) for the free and ummb111zed enzyme were determmed to be 94 aﬂd
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a

) Llneweaver-Burk plot of free and 1moh111zed xanthme oxldase. TR
0.1 mM EDTA; 30 C. Innnobll].zed

. (0-0) 7z
:_;enzy.me 12%:1;:!:211n Tris-HCl, pH 8.6 (= 0. o1y .
tein aptiesy o buffer. pH 8.2 (1= 0,015 0.1 EDTA;. 30%) (0-0) 6 mg PTOT"
dried Sepharose 4§eze-drled Sep‘narose “4B; (X-K) 2'mg prateln applied/g freeze= - .
10T (8-9) free and (b) Determination of substrate-1nh1b1t1on constants (K., K1)
nd (0=-0; X-X) 1mmob1lxzed xanthme oxldase, respectwely. xpen—

gy
. ntali‘data taken from F1g. 4. 2(a)

E 240 '

f.'°f S:tst::ize:;lllvzly' Thls means’ that the decrease 1n reactmn rate as 3, result

.“free eﬂzyme o 1d1t10n is.less; for the. mmblhzed-enzme system ‘than for the

'tratlon Wlthm ih 1]\Efuslonal hmdrance causes the - ‘actual; 1oca1 substrate concen— '
e m1croenV1romnent of the mobllized enzyme deep in. the pores

to be: muCh
: Ahlgh subst: 1ower than in the blﬂk and consaquently the overall reactlon rate at
rate Concentratlons is. relatnrely hlgher than in’ a free-enzyme systen
1ndeed caused byt d1fqu1on 1:_m1tat1on

" Withe
appc::-z ilrimﬁlslon 11mtat10n. ‘I'hat th1s is
-f-‘"hlch K decTthe eﬁ(perlment with' the preparation having a- Tower . “enzyme 1o8d. for.
‘since § it reduzased 1o 177 WM. Generally ‘diffusion- lmutatlon “is undesnable
| £s the effef:tnreness of the nmxobzhzed enzyme; but in this part’

Cular C

N RSe

of SubStrate 1nh1b1t10n 1t, in fact enhances the rate of reactmn o
oncentratlon that would be

. C
'{nsia;:c:zlﬂfmt of ‘the free enzyme. A substrate c ed
SNzyme S}’Stem h o Orgamc Synﬂ1e51s can p0551b1y be approached in“an: mnoblhz
- eXtra PmcesS avmg sufflc:lently hlgh dlffusmn lnmtatmn and thus Offe:dzztif-
:.. St‘ream thrm g;:ng advantage.. It would then be: ummece_gsary to. recycle the p
: a. Smgle reactor or pass 11-, through of . reactors with

SBTleS 0




; add1t1ons of fresh substrate after each successwe cycle/collmm, or runmng a :
jcont1m.10us st1rred tank reactor to obtaln suff1c1ent1y hlgh product concentra- :

': If At is to be’ useful . in: orgamc synthe51s, the 1nmob1112ed enzyme should remaul:
“active dunng 1ong perlods of" catalytu: turnover and. durlng storage. The Jmmobi-
:llzed xanthine, ox1dase (both covalently bound and adsorbed] was found to ‘be much:;f:'_;
more stable than the soluble enzyme when 1ncubated at 4 a'nd 30 C 1n Tris-HCL or:'.:;_v
‘borate buffer at pH 8 2, The 1rrmob1l1zed enzyme lost no actlmty dur1ng 6 months “&
'of storage at 4 C wh11e the act1v1ty of the soluble enzyme (0 2 mg proteln ml } .
decreased by about 30% :Ln 4 months The half 11fes (t ) for the free and nmnob111—~"
26d enzyme at’ 30 9 were 55 h, ‘and. up 0300 h respectlvely “The stablllty of" the’

: mmmblllzed enzyme was _not affected by EDTA or the ‘enzyme product (0 2 mM ur1c ;
"ac1d) 5 : Cd

'I'he mmobﬂlzed enzyme rapld.ly ,lost act1v1tydur1ng contmuous turnover, elther
in suspensmns mth substrate or 1n reactor columns 1n whlch a solutlon of : sub*
"strate was- contmuously passed over the enzyme The half hfes ‘of . the adsorbed
.enzyme (Table 4. 1) and the covalently bound enzyme at 25 C durmg contmuous turn-;.'_
‘over 1n a reaetor column were about 1 h The soluble enzyme (0414 mg proteln ml; )_‘
ilust all 1ts act1V1ty in- less than 3 h mcubatlon w1th substrate (0 7 mM Xanthme]i
.at 25 e The rap1d inactlvatlon was unexpected smc:e Hofstee and Otillm found
'm an. exper:.ment where the strength of bmdlng between matr1x and enzyme was test_“
.ed at least 90% comrersmn of substrate durmg several days at. 5 C.-When we Te=T
peated Hofstee 5 experzment a smular hlgh conversmn was obtaaned durmg 3 week, "
but th15 sustamed h1gh conversmn was due ‘to the fact that the column 1n1t1a11Y
contalned much more’ enzyme than was - needed for complete conversmn and;- at the. con—
stant pressure applled the column became more tlghtly packed and consequently
_‘the flow rate contmuously decreased A constant flow rate was obta1ned by flow- C
1ng the substrate from the bottom To the top at lower 5peed or by usmg a pmnp :
When, dn addltmn, 1e55 enzyme was used, it was;possuble to determlne the “opera-’ ’.'_ :
t1ona1 half 11fe at 4 C. It was found to be 4 h=_ A smular'value was obtalned for :
the covalently bound enzyme under 1dentlca1 cond:.tlons : ' '
Attempts were made 0. deternune the' cause of the rap1d 1nact1vat10n of soluble
-and 1rrmnb111zed enzyme ‘that- occurs 1n the presence of substrate. Incubatmn w1th
-product d1d not affect the stab111ty or. actnuty of e1ther “type of J.mmoblhzed




: Table 4. I Half lrfes of varxous xanth1ne-ox1dase preparat1ons durlng catalyBLS-ff:-
'.‘(25 Y e oo _ ey , _ D

P

© Free. xenthinevoxidase‘ S e .;-f"'*if“'if”o;.ﬂ",;h".'” <1 7

‘-Sepharose preparatrons.,nﬂr' SR SRIE
.= covalently bound xanthine ox1dase gnj.‘
;bf'adsorbed xanthine oxidase - . ) s .
- ="xanthine oxidase and superoxlde dlsmutase coadsorbed ﬁf
/= xanthine’ oxidase and catalasé ¢oadsorbed '
'yésxanthlne ox1dase, superox1de dlsmutase and catalase
coadsorbed e Lo :
\covalently cormmoblllzed xanth1ne ox1dase, superox1de,g

-~ dismutase .and catalase e S

= covalently cormmobrllzed xanthlne ox1dase and album;n T =
-1Gelat1n preperat1ons.~ i B U R ST S ; ) AR
‘= xanthine oxidase. entrapped in’ gelatln e T 28 T
:;- xanthine’ ox1dase, superox1de dlsmutase and catalase e el -

*, entrapped in gelatin : ~~* - PN e 26

":- xanthineoxidase, "superoxide dlsmutase and catalase ;if
e erossllnked and then entrapped 1n gelatln ?5:;'J1

: 8nzyme, 1nd1ca1:1ng that the' 1nact1vat1on was not due to (1r) rever51b1e product
.inhibition. _The effluents from the colmms d1d not contam act1v1t:y or proteln,
':.'.Eand therefore 1O’ 51gmf1cant 1each1ng of enzyme occurred as SOIIIEtlmeS observed
'-‘:W1th other systemsZ?. Accordmgly, the preparatlons had the same prote:l.n content -
: before and after contmuous use. Ineubatlon of partlally mactlve enzyme with FAD ;
_: or. NaZS dld not: restore the: act1v1ty, suggestmg that 1oss of flevmg’z_2 or labrle 41'
-"Persulphlde23 was not respons1b1e for the 1nact1vat10n. Avoldmg normal levels of

- Toom light: to prevent p0551ble photomactlvatlon, d1d not 1nf1uence the course.of °
-lnactlvatlon. Flg. 4.3 clearly shows ‘that the rapld drop in act1v1ty is proportlonw:
o al to. the absolute emomt of substrate converted “When: all the substrate is con-
':'-verted ‘the. decay 1s comparahle with that” m buffer alone. - 'I'he rap1d 1nact1vat1on :
'could ‘be decreased however, by addmg superox1de dlsmutase and/or catalase to the
'_1nt:ubatlon mlxture. .’I‘]us observauon suggested that 0 a.nd H 02 producedzin the_m i
“enzyme reactlon, or OH -produced by the chemlcal reactlon of 02 with H,0,77,
.mlght be mvolved in: the 1nact1vat1on phenomenon. It has been observed ‘that 02
.x_.haS a damagmg effect in blOlOglC&l sy'stems25 and that -in dllute xanthme—oxidase
_'solutmns the enzyme is 1nact1\rated by relat1ve1y hlgh H 205 concentratlons
j:the mcroenvnonment of the mvnobﬂued enzyme, because of the sl1ght p051t1ve




1 e e e ".Flgure 4 '3 Dependence of the stablllty
—~— L - et FERURY. T adsorbed xanthine oxidase on the con
" -centration of xanthine at 30°C. Assay con
. sisted of aliquots containing 0.4 mg- pro--"
“i-teln in 10 ml Tris=HCI buffer, pH 8.2
(1.=.0.01; 0.1 mM EDTA) and various. xan-,_ :
"‘;:-thm.e concentrations: I; 0 umol; 2,.0.6 -
Soeumoly- 3901, 2-umol b4,k umol and 5 Er
hmol, Ratio of the act:.v:.ty at’it = 0 (Ao)_
‘~:--.'Vand t(A) 13 plotted :.s -a funct:.on of tlme.'_

charge of the metrlx zmd as’ ‘a result of: the dlffusmn 11m1tat10n, accwmlatlon f
:'0 ‘and lvlz()2 is 11ke1y to oceur. Therefore, we expected that’ optimal protectlon of
thls syetan could be achleved by coumnoblllzatlon of superonde dlsmutase and

tase and/or catalase: with wanthine

Superoxlde d1smutase and catalase have an 1soe1ectr1c po1nt in ‘the ac1d reglﬂn at
PH 4 9527 and 5. 4 > respectlvely, whlch makes them like xanthlne ox:tdase, su1t- 5
jable for 1mnob1112at10n by the pmcedure descrlbed by Hofstee and 0t11110 . Bothj‘::
enzymes ‘could! 1ndeed be c01mmoblilzed w1th xam:}une ox1dase by adsorptlon on Sepha‘
-:"rose 4B substituted w1th n‘OCt}’laIIune as descrlbed in Materlals and Methods. The:

'mmblllzed—-enzyme materlal had act1v1ty nf a11 three enzymes althOUgh 1t should

‘be noted that u:nder the: c0nd1t10ns used (Flg. 4. 4) less than- 30% of the 1n1tlal '
soluble superomde dlsmutase actl\nty was mmoblllzed compared with' miich- 1arger v
amounts of catalase {>90%) As the" data of Flg. _4 4 ShOW, e1ther dlsmutase or- cata-
llase improved ‘the stab111ty of xanthme dx1dase, ‘and- coumnob111zat1on Of both dls"
mutase and’ catalase gaVe a further mprovement ‘The protectlon glven by catalase o
-was constant durmg the t].]ne of operatlon, and although a detec:table am01mt of-
catalase aCthltY was . found 1n the effluent “the’ catalase act11r1ty of, the’ mmobl'.{-:
_llzed—enzyme Pl‘eparatwn was st111 very h1gh after ‘8 h of operatlon. The protec— o
‘tion dafforded by, Superomde dlsmutase actlwty decreased with® time - and the dlsmu-
tase act1V1ty of - the’ colum’ materlal was ‘zero after 8 hiof operatlon.-Lw levels
0f Supemxlde-dmmtase act1v1ty were detected m the flrst fractlons of the ef- .




fluentand thk_'a' ioss__ef _p'rote_c_ti__'oﬁ: ean"thﬁé _‘be explalned by _l_e'aké'gém pf -dieﬁﬁ;ta'se’

10 o
- \ : S E ,Flgure 4 4 Stablllty of adsorbed xan— -
¢ 1" thine oxidase (X0) under contlnuous opae=
e 'rall:J.on at 25°C (constant. flow rate: 46 ml."
S :). Amount of X0 was in all cases 0.4 mg
e (0 7 units.mg ) per.column (1 em high x -
0.5 1.d0). Feed: 40 uM xanthine in Tris-.
S VNN TN ] el buter (pH 8.25 T =.0.015 0.1 mM EDTA,
s R O\ RN N Ratio of the conversion-at t = 0 (A ) and °
FRETN R R T U e NG N ] e (A) s plotted. (w-m) Immobilized %03 -« -

ST 2y s (ASRY X coimmobilized with SOD (0.4 mg);.
con ] (e-8) X0 coimmobilized with 50D (0.4 mg) -
4 and CAT (0.5 mg); (o-D) X0 coimmobilized -

- 15 with CAT (1,0 mg); (4-A) X0.coimmobilized -
¥ with SOD (0.2 mg) and CAT (1.0 mg); (0-0)
. 80D = superoxide dismutase (3800 units. . -
'mg ), CAT = catalase (3100 unlts.mg ) )

20

T T T T T T

"t (mi

fmm the column The coupllng yleld and strength of adsorptlon of superox1de dls-‘
mutase could not be 1mproved by react:.ng n—octylanune-suhsututed Sepharose flrst
,Wlth 0111Y the dlsrm.ltase.,. : TR S n :
To prevent ‘the leakage of catalase and superoxlde d1smutase from the column mate-:‘__'
Tial, the enzymes were reacted w1th CNBr—act;wated Sepharose 4B to. covalently
.'blnd them. When 11 the three: enzymes were. reacted with Sepharose ‘at the ‘same
time, xanthme ox1dase and catalase were. bound but’ no superomde dlsmutase. Ac-:
cordlnle. t]us preparatlon shuwed a: half 11fe comparable with’ that of xanthme _
cx1dase coadsorbed w1th only catalase. When superox1de d15mutase was first Te- "
acted w1th Sepharose {xanthme omdase and catalase were added after ong" ) about <
-10% of the: ‘activity applied was bound. 'I'he half h.fe of xanthme ole.dase in this =
‘SYStem nnproved to 71 h and” 0] superoxlde dlsmutase, ‘e talase or xanthme oxldase
acthlt)’ was’ fomd m the effluent of. the contmnous reactor. Accordmgly, the
PI‘O’cem content of tlus preparatlon was the same before and after 24 h: of opera'




'

o In order to check 1f the protectmn afforded by superox1de d1snn1tase and catalase
was 1ndeed due ‘to the catalytlc action of these enzymes on: 02 and H202 ‘rather :

. than a stab1l1zmg effect due - to proteln-protem interactions, xanthme ox1dase

) was: commoblhzed with albumJ.n. The operatlonal stablllty of this: albmnm/xanthlne-
"‘-‘oxldase preparauon was sllghtly 1ncreased (t; 2 h) as. compared w1th the xanthme-
- oxidase preparatmn, but it was less than that of the three-enzyme system -To. test
" further a posslble effect of protem on the stablllty of. xant]une ox;ldase, thls
enzyme was completely surrounded by. protem by lmmoblhzatwn 1n glutaraldehyde

.. crosslinked gelatm. Th].S mproved the operatmnal stab111ty con51derab1y (t‘—26 h_)ﬂ
- Not further mprovement was achleved by colnmob111zat10n of a mlxture of xanthme
' 'ox1dase, superox1de dlsmutase and catalase m gelatln. When, ‘on’ the other hand
© the’ three _eNZymes. were f1rst 1ncubated with glutaraldehyde to accompllsh 1nteren- ;
zyme crosslmkmg ‘the’ stab111ty was: further 1ncreased (tz 50 h] ThlS observatmn
'_‘__'agam suggests that 0 and HZOZ are mvolved m ‘the :mactlvatmn, and’ that super-
o oXide dlsmutase and- catalase protect’ xanthlne ox1dase by catalyzmg the destruc-_
“* tien of these spec1es Operatlonal half 11fes of some preparatlons are collected ;
'-1nTab1edI i T R e T e D
. The gelatm system has however, several ddsadvantages._To obtaln a mechamcally
; stable support the amount of. glutaraldehyde needed causes a: severe 1nact1vat1on~,."'
of xanthme ox1dase (retentlon of actlv:.ty less than 10%) Th1s observed low:
i act1v1ty may- also be the result of the poor’ flow propertles ‘of. thlS materlal m ;.
;:'a packed-bed reactor. Another dlsadvantage is the fact that a. small ammmt of R
i gelatin. contmuwsly leaks from the column. Thus, although the1r half 11fes were
- shorter, the Sepharose preparatlons ‘were - superlor. RS R O s
'In order to test the stutabﬂlty for: organic synthe51s a Sepharose preparatmn_
-'~.'of Xanthine ondase and catalase (ti—tl h) in‘a batch reactor was contlnuously
v fed with substrate at such a rate that ; no accummlatlon occurred Flfty ml: of-
."2'mM xanthine’ solutlon (Z.e: 15 mg) were added in 8 h. The uric’ ac1d 1solated}.';"
: _after work-up was 14.2 mg whlch represented an 843 y1e1d (UV_ land Mass spectra’”
. _were 1dent1c:a1 w1th those of authentlcal mterlal)' ‘ ‘

4 5. concwsmus

The klnethS (m)stab1l1ty, and stablllzatlon of 1mob1l1zed xanthlne:ox_tdase
._,were stud1ed The: d1ffusmn lnmtatlon 1n ‘the mmb111zed—enzyme system decreases
" the mhlbltory effect of the substrate. ‘Proper’ choice. of support (high: hlndlng 2
capac1ty, opposlte charge as substrate) may further 1ncrease the dlffusmnal : i




=~

hmdrance and ‘as a consequence, more practlcal substrate concentratlons can be
used which further s1mplef1es the 1solat10n of. the product. The. operatmnal sta-.
b111ty of ‘xanthine ox1dase is poor, but can be’ 1mproved by coimmocbilization with
- supéroxide dlsmutase, catalase or protem. In contrast to- the operatlonal stabi- -
7 11ty, the: storage Stablllty of the ]_mmblllzed enzyme at room temperature is good
Therefore, since. the rapid decrease 1n actlvxty durlng cata1y51s is proportional

' to the amount of “substrate converted we expect the operatlonal half life to be
much longer for poor substrates. ~Thls opens the p0551b111ty of . also convertmg
these compounds m relatwely the same amounts as- xanthlne. v

Note added f:o mcmusom pl’:. It was - polnted out to us by the ed:.tor that a paper by
““Johnson and’ Coughlan?? entitled "Studies on the stability of immobilized xan= . .-
. thine oxxdase and urate oxiase, " was already in press while our paper was stilt -
sunder review. Some of the e'xperz.ments in the two papers are similarj the results
of these experiments are largely -in agreement A point of difference is that we'
. observed -stabilization of ‘xanthine oxidase by catalase, whereas Johuson and " |
‘ COthlan did.not;. consequently the approaches used to stab:.l:.ze the enzy'me in the
two papers are; d1£ferent. SRR e SR e s e
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5 KINETICS AND STABILITY OF IMMOBILIZED CHICKEN-?"-
'LIVER XANTHINE DEHYDROGENASE i

- J Tramper, 5.A.G.F, Angelino, F.: Miller and H.C. van der. Plas

";f,"i‘)(emthme dehydrogenase (EC 1.2. 1. 37) was isolated :Erom chlcken 11vers and mmobl-
: 1zed by adsorpuon to'a Sepharose derrvatwe, prepared by react].on of n-octyla"
- mine with’ CNBr-actlvated Sepharose 4B Usmg a crude preparatlon of enzyme f01’
"j'-1mmob1112,at10n 1t was: observed that relatwely more act1v1ty was: adsorbed than
';.“;'protem, but t.he y1e1d of urnnoblllzed actrvrty mcreased as a purer enzyme prepa-
fﬁ_—._rat@on was used. As more act1v1ty and proteln were bound relatwely less 11mwb1“
lized act1v1ty was recovered ThlS effect was probably dJ.ze to blocklng of"actwe
.txanthlne dehydmgenase by proteln Jmpurrtles. e R _'
3;_:; _'-The klnetlcs of free ‘and nmnoblhzed xanthme dehydrogenase weTe stuched in. the :
pH range 7. 5 = - 9. 1. ,'I'he Km and v values est].mated for free xanthlne dehydrogenase_
;f_f';:mcrease as’ the pH 1ncreases the K' and v values for ‘the’ ]mmblllzed -eAZyme. go _
i through a nurmmm at. pH. 8 N By varyl_ng the amount of enzyme aot1v1ty bound PeT .
um.t volume of. gel 1t: was shown that ]g_ﬂ is’ larger than Igﬂ as’ result of sf.ubstl'ﬂtEE
d1ffu51on llmtatlon in the pores “of “the support matenal. Both free and mﬂmbl"
llzed xanthlne dehydrogenase showod substrate act1vat10n at 1ow concentratlons
(up to 2 ixM xanthlne] :
Imoblllzed xanthme dehydrogenase was more stable than the free enzyme durlng
Storage in the temperature range of 42 SOOC. ‘The’ operatlonal stablhty of JJTmO‘
blllzed xanthlne dehydrogenase at’ SUOC was. two orders of. magnltude smaller than :;
.the, Storage stablllty, tI was'9" and 800 ;. respectlvely. The operatlonal stabrll-"
ty was, however, better than that of mmobrl:.zed mlk xanthlne ox1dase (t% g h)'
“In. add1t1on, ‘the amount of product formed per unlt initial act:u.rlty -in one half
11fe,*was hlgher for szobﬂlzed :mnthme dehydrogenase than for mnoblhzed xan+
i3 thloe oxidase.- Unless. immobilized- mlk xanthlne ‘oxidase- can be. con51d.erable sta-

blllzed 1mmob11:lzed Clucken-lrver xzmt.hme dehydrogenase is more -promlsmg fOI‘
> apphcatlon in orgamc synthe51s ‘ S




j'5.z'f-’;.flmonucrrc')n_

""The chemlstry of purlnes and pterldlnes is. an mterestmg and mportant area, be-;,?
’ "cause these compounds possess J.mportant b10chem1ca1 (e g5 “one-carbon transfer" 7'.
- 'brologlcal omdatlon.e) and pharmacological: (e, gy antlne0p1a3t1c, antlprotozoal, L
d1uret1c and. antl-arrhythmc) propert1es1,._::r SRR IR AR IR A R ,
The ox1dat10n of- these azaheterocychc comoounds 15 usually dlfflcult because the":;f.
rlngs are n—deflclent maklng electron donationto an ox1d121ng reagent d1ff1cu1t o
j or' 1mp0551b1e. The enzyme xanthme oxidase eff1c1ent1y catalyzes ‘the’ ox1dat10n of =
many of these electron-deflclent heteroarenes -and. we are, therefore studylng the
Sultablhty of: mmoblllzed m11k xanthlne ox1da5e for apphcatlon in orgamc -syn- o
theszss. W1th this techmque we are able: to comremently ox1dlze substrates in .
m1111gram quant1t1es but unt11 now’ ‘two- factors have prevented the efflclent use -
of xant}une oxidase: 1) the low operatlonal stab111ty of ‘the” enzyme, even when its
Stabﬂlty is improved by comrmbrhzatmn w1th superox1de dlsnn.ltase ‘and/or cata- T
lase and 2) the substrate 1nh1b1t10n. Ilmnoblllzatlon ¢an partlally solve the ‘sec-
,ond’ Pl‘oblem, ‘because. mcreasmg the amount of . enzyme bound per 1 Unlt volwne Of SUP’ -
POI‘t enhances the dlffu.smnal hlndrance in ‘the support material, and th1s results
~in a sh1ft of 1nh1b1t10n to hlgher substrate comenuat10m3’4 Thls Shlft is of
© Course- “limited. -by the binding Capal:lt}' of . the support.
Q‘mken'llver xanthine dehydrogenase- is ‘an enzyné Closel}’ l‘elated t° ’“11]‘ xanﬂm 7
- oxidase® and. also catalyzes the oxidation of many purmes and pterldmes. The dls"' ‘
tlngulshmg feature of- the, dehydrogenase is: ‘that- it has' very'low activity: with 0
. prefewntlally uses NAD as a: termmal electron acceptor. It does:not produce
Gor 1,0, when: NAD® i used” as’electron’ acceptor and ve. eJ‘P‘?‘:ted therefore, that :
_f lt ""‘Md be more stable than: xanthme oxldase under turnover cond:.tmns. Another :
attractlve feature of. chlcken-llver xanthme dehydrogenase J.S _that the substrate b
concmtmtion at Wthh substrate 1nh1b11:10n actually lowers the reactlon velocrty, B
s mck hlgher (> 1 ). ‘than for- m11k xanthlne ox1dase (> 901 ’“M) We have, e
thereﬁ’re 1n1t1ated a detalled study’ of J.mob111zed chrcken—hver mnthlne deh)’ .
dr"genase. The’ 1solat10n, inmobilization, ‘kinetics and’ stability of Cthke“"h"er
- Tanthine de1'1)’(11‘03en.asc-3 are- now: reported and.the relevant PTUPertles off the inimo-~
blhzed ‘enzyme. Compared w1th those of mblllzed mlk xanthme C'dease. It is
mmhded that J.mmoblllzed xanthme dehydrogenase is! more prqmsme for apphca
tmn 111 Orgamc 5)’nthe51s than umnoblllzed xanﬂnne oxldas' : unless e 13*191'
" SM2yme éan be COnsrderably stablllzed e




'5,3. MATERIALS AND METHODS

: 5.' 3.”.1 Matemza

; Fresh chlcken hvers were obtamed f'rom Bekebrede BV (Bameveld The Netherlands)
and used umnedlately or stored: at -20 C unt11 requlred Freeze—dned G\IBr—~act1va-
‘ted Sepharose 4B and ‘a suspensmn of Sepharose 4B were obtalned from Phamaua

Fine Chenucals. Bovme-serum albunun and; NADH (grade III) were from ‘Sigma’ Chenu.-
:cal Co. Lactate dehydrogenase (EC 1 1. 27) a.nd NAD (grade I] were purchased frml
.:Boehrmger. 2 6- Dl—chlorophenohmlophenol (B]]-I) EDTA(BDH) s xanth1ne (Fluka), ??_"
jbutylamlne (Aldrlch], ’n-hexylamme (Aldrlch], n—octylamne (Aldrlch), ur1c ac1d

;"(Merck) Folm-reagen' (Merck) ‘and’ all- ot.her materials: were’ at 1ea5t reagent _
xgra.de. R ;

53 3‘23 '-.'Pyé'}z;fchation of mnth«:néidéhy'c&-agenasé

'-"Fresh or frozen chlcken 11\rers (aboutSUO g were cut 1n"sma11 p1ece5, Suspende‘
'_'1n 2 litre: of d15t111ed water, and homogenlzed‘ Xanthlne dehydrogenase was, then';

f.pur1f1ed acoordmg to the procedure descrlbed by Rajagopalan and I-landler7. some-
:itlmes however, only part of thlS procedm‘e wa.s carr1ed out. “The followmg StePS
?_were always performed [basw pmf’z,eatwn pz-aeedure) heatlng at 70 C for, 2-min,
centr1fugat1on, armnomm—-sulfate fractlonatlcm, acetone fractlonatlon and flnall)
‘a second anmommn—sulfate fractlonatlon followed by d1a1y515. .Where 1nd1ca1:ed

j_";'the enzyme was further purlfred on a DE.A.E Sephadex column and/or on a Sephadex

fG-ZOU column After each colunm the' 'fractlons contalmng:' the most act1v1ty WeTe
ji'pooled com:entrated and desalted ‘ '
: In addu:lon to the spec1f1c act1v1ty, the ratlo_AZSO/ 450 1s’ glven as cr],terlum

«for- the’ purlty of xanthme dehydrogenase. The lowest value; reported for hlghl}’
pur:.fled xanthine dehydrOgenase is 5. g, ‘ *

3.3 Imobz,hzamon af wcmthme dehyk _genas s

:‘_Xanthrne dehydrogermse was’ 11rmob111zed by adsorptlon to Sepharose 4B substltUted
}-z_w:.th n=octylamine. 'I‘he procedure was enalogws to the one descnbed for mllk P
xanthme omdase > 'Ihe amomts of enzyme used per gram of freeze-drled CNBT?.
]actnrated Sepharose B are glven 1n the flgures and tahles. —The coupllng reactlm
:_was temunated when the actnuty 1n the supematant was zero or constant. Some‘




'.tnnes Sepharose 4B was used as startmg mater1al whlch was actlvated w1th CNBr i
‘accordlng 1o, March et alm , and 3.5 ml of such .a SUSpensmn was assumed to be
,equal to 1 g freeze—drled CNBr-activated Sepharose 4B The degree of substltu- Bt
-'tlon of Sepharose 4B with n-—octylamne was determmed by the method based on' the *

f-'f_1rrever51b1e b1nd1ng of ‘Ponceau S to thls support materlal at Tow. 1on1c strength12

_ 5_.5.4.‘{ E‘nzymeir_z'ctjz:vity as..s'ays'_:

_:_fThe standard act1v1ty assay for soluble xanthlne dehydrogenase was: performed as
--follows Nme-tenths ml 2'mM xanthine’ solution and 0 5 ml 10 mM NAD solutlon were
. brought t6:10 ml w:.th Tris-HC1 buffer (pH 7.9; T = o 01 0 M EDTA) a.nd incu="
g bated at 309 C for 30 min. Enzyme solution (0. 120, 5. ml) was p1petted in a cuvet
;-meght t0 0.5 ml. w1th the Trls buffer (if necessary) and 1ncubated at 30 C When
fteml-"erature equ111br1um was reached 2 ml substrate were added the contents well
mixed, and ‘the: 1ncrease in absorbance at 340 m (NAIH formatlon) recorded as a
;,.wfwlctwn of tme on an Ammco-—Chance dual—wavelength/spllt—bemn recordmg spectro—-
vPhOtometer, equlpped with a magnet1ca1 device 10 stir. dlrectly 1n the cuvet. The '—_‘_.'.
_:.teﬂlperature of- the cuvet holder ‘was always kept at SOOC End. concentratlons Of
s‘1‘3-°>‘E1'ates in the cuvet -amounted to.144 and 400 uM for Xanthlne and: NAD fespec',:_-"

'_,tIVE“ly- The activity'. Was detemmed from the 1n1t1a1 slope of 'the! absorbame_vs "
‘ reactmn~t1me curve. IRy LA

;:-.The Staﬂdard assay for the mmoblllzed enzyme was performed 1n the same way .;In
. this case the sample was always 0.5 ml and ta.ken from a sultably d11uted hcmoge" ’.
“meos. 55u~°>P'E>ns;1on w1th an Eppendorf pipet. (ana10gous to'the’ procedure developed by
__»Mort et a11 for aldolase bound to Sepharose) The mlxture m the cuvet was stlrj.'
.:red rapldly dur:mg the assays so that a homogeneous suspension was obtalned ancl
"exmmal‘dlfqulon Limitation- (d1ffus1on 1mutatlon of substrate £rom the bulk
'.'jlllto the 881) was exeluded '. o 'g o BT ‘
ent MlChaells constants and V‘s of free and mmblllzed_xanthm dehydroge 3
.‘;nase for xa.nthme were detemuned as a functlon of pH 1n the range 7.5 9.1 Thel;.
A strength of the T onstant at 0 01 4 'I'he Xan-~
. ris-HC1 buffers: used was kept C
thme Comentratlon varied from 9 = 600 uM the NAD concentratmn‘was always ;
i M No s1gnlf1cant changes 1n Aﬁ& were’ found 1n ‘the .pH range used V'Ihe:k:me—‘
"tlc Constams wers estlmated from L1neweaver-Burk P1°t5
HF"1:1‘3+<:C’1151'cants of free and mmoblllzed xanthme dehydrogeneSe olf'bﬂﬂl -_lmthlne.,.
:ld NAD ~Were detemuned at. pH 7 9 <The xanthlne concentratlon ar
o uM the NAD® Conemtratinn Frmm 1 +n-40n 1. For the calculatlon of . the C°,.;-.;s




stants a "pmg-pong mechamsm was assumed

.-

To- determlne the effect of J.mmoblhzatlon on substrate actlvatlon, reactlon rates
‘at low xanthme concentratlons (< 127 uM) were measured w1th O NAD or d1chloro-.
phenohndophenol (DCP) as electron acceptors. When 02 was used as. ox_1d121ng sub—‘
strate (NAD absent) the reactmn was followed at 295 nm (urlc ac1d productlon)

Where DCP 1nstead of NAD was used as electron acceptor, the change in absorbance
was recorded at 600 nm :" = j e : . _ =
ACt1V1ty assays for the free enzyme Were. always performed 1n ch.lpllcate, for the,.
’mnoblllzed enzyme ‘in tr1p11cate Average values are glven in the tables and '
_flgures._‘-‘--* S TR G LT : : LT TG

5.3. . Pi?o'tefh 'de't‘ez;m_z:natran

Proteln was detennlned w1th the B1uret method durlng the enz.yme purlflcatlon
ThlS method: is not- su1tah1e for J.nmoblllzed proteln -and ;- therefore all Otheﬁf)
protem detemunatlons were’ perfonned w1th the mod1f1ed Lowry mlcroprocedure
usmg bone-semm album:m as’ standard The samples were mcubated with' the LOW‘I'Y
reagents at room temperature 1n the dark and the mlxtures shaken occasmnally.:._.-_‘
After 24- 27 I the mlxtures were f11tered a.nd the absorbance at 700 - measured"
All the assays were performed 1n duphcate:-w.:- AT SR Gl

5 . 6'; _E’nayme etabi,lfiiy F

The storage stab111ty of free and mmoblllzed xant}ﬁne dehydrogenase was deter- ;i
mmed by 1ncubatlon ‘of a serles of enzyme samples in 0 05 M pot3551wn-Ph05Phate
buffer (pH 7 8 0. 1 mM BDTA .0, 02 & NaN {w/v]) at se\reral temperatures and as :

saymg the act1v1ty of the samples ‘as a functlon of tlme.‘ el : RS
The 0perat10na1 stab111ty at pH 7 .9 and 30 C was determmed by pumpmg substrate-
at’ a constant flow rate (43: ml h } through a column packed w1th munoblhzed en"
Zyme (5pec1f1cat10ns glven m Table 5 VII) and measurmg the absorbamce of the

eluate at 340 Tm (NA]]{ formatlon) as a functlon of tme. -

5 4 RESULTS AND DISCUSSION o

5 4 1 Purzﬁcatwn of :canthme dehyciragenase

The procedure that e used for the enzyme purlflcatmn has been descrlbed bY




; Rajagopalan and HandlerT 5 but w1thout detalls of the purlflcatlon obtalned 1n
,_:the 1ntenned1ate steps. The data of Table s, I. show that con51derable pur1f1cat10n B
“was_obtained w1th the ba51c procedure “and . w1th up to 70% yleld of activity. Some : -
further purlflcatlon was obtamed after subsequent treatment on Sephadex G- 200
".and/ or DEAE—Sephadex, but large 1osses 1n actnuty occurred durl,ng these two.
:-*_;steps. The two- Steps ‘are also t1me consumlng beca.use » in contrast to the basm o .
-.‘procedure, wh_u:h requlred only 2 days ‘the’ complete purlflcatlon needed 7-8 days. -
“For- these reesons we used the 1ess pure xanthme dehydrogenase prepared by the .
'basm procedure in most of the experlments The umnobﬂlzatlon exper1ments showed :
f’[Table 54 II) that use of a: purer enzyme preparatlon for mmoblllzatlon yielded |
:-{relatlvely more 1mmob111zed act1v1ty, but use of. such’ purer: preparatlon is an. ad-'
q.vantage only if the ylelds of actnrlty in the flnal steps can: be drastlcall,y im- -
proved Some alternatlve purlflcatlon procedures were therefore 1nvest1gated
-Several NAD —dependent deh}'drogenases can be eff1c1ent1y pllI‘:Lfled by Clbacron L
';fblue afflnlty thromatography . We_have: found" that' xanthine dehydrogenase (pre- o
'-'paratmn II) is- not selectlvely bound to Sepharose 4B/B1ue Dextran [prepared o

TTable 5. I Dependence o£ degree of purlflcatlon ofkchlcken-llver xanthlne'
‘dehydrogenase on:the. proeedure used.r S L v

Ll e f_. Purlflcatlon . Specific] actxvxty Purlflcatlon Yleld ] ’ o
.;?reparationis'@pﬂ proeedure ljl (unlts/mg) L fold)\: (2) A280/A450b'
S ' Sl e 2,47 5. 6
I S s i2ue sl o
“ITL 23.3.53.5 __17_. i ;f: :
W S 26207300 164
IVb" IV Sephadex G—200 - SRR SENUIN: ) P S SR & P
v CUa3.6 0 6.3 7.6

'_i"-_;'Ivb + DBAE-Sephadex | _ _ u
. Db 527 185

See Materxals and Methods sectlon

b : 85
_u Purlty crlterlum. The lowest value reported “ia 5 S-i:“,ag

e e e

accordmg to Ref 18) and the enzymexls:easﬂy eluted from thls mterlal w1t]1

001 M potasslmn—phosphate buffer pH 7.8.(20 uM EDTA) without. punflcatwn- * .“ )
'.:‘-,Some purlflcatlon Was- ach1eved by adsorptlon of xanthme dehydrogenase to, n-octy
._lamme-substltuted Sepharose 4B. (see below), but this method was not' su1tab1e fo "
j'nonﬂallpunflcatl_on purposes because the adsorptmn could not be completely Te- -
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Purlflcatlon of chlcken-11ver ‘xanthine dehydrogenase ‘om Sepharose 48

), and n—hexyl-substxtuted Sepha=- ©
d gels was the same as for the ' .i"
l ml preparatzon V.

" Figure 5.I
2.(t°P): n-butyl substltuted Sepharose. 4B (middle
2 Fose 4B (bottom). Preparaticn. .of “the substitute
J'm-octylamine derivative (see Mateg;als and Methods sect1on)

fuwas aPPlled tu 3 ml packed ge1.1~3f_




5 versed 50 that, e.gv; Trls-HCl buffer pH 7 9: (1 M NaCl/ethylene glycol (1 l by

_volume)) only part:tally eluted the enzyme. Accordmg to. Hofstee” ‘the. strength

| of adsorptmn of other prote1ns decreases when the number of methylene groups in

n—alkylamlne—subsututed Sepharose 4B decreases. We - found that xanthme dehydro- :

' genase behaves smularly, and that cons1derable punfmatlon can. be achleved with
columns of n-hexyl- and, n—butyl—Sepharose 4B (Flg. 5. 1) The recovery of act1\r1ty
“and proteln from the n—butyl—substltuted gel was 100% ‘the recovery from the nei
hexyl-subst1tuted materlal was lower ('\.70%) and a dlffuse brown coldur remamed

_ on the column The pur1f1cat1on obtamed w1th the heXyl Sepharose column was, S
however h1gher ‘than that ;W1th the butyl-Sepharose column the A280/A450 values

of the fraeuons with the h1ghes1: act1v1ty Were about 6 and 10, respect1vely. At

present thlS phenomenon is: under actlve 1nvest1gat10n in order to determlne 1ts

su1tab111ty for large-scale pur1f1cat10n T RS

Xanthlne dehydrogenase can he eff1c;1ent1y nmnob1l1zed by adsorptmn to n-OCt}’la“i'
mme-substltuted Sepharose 4B The data presented 1n Table S, II: and F1g =E 2 were

obtalned from proteln -and. act1v1ty assays of the enzyme solutlons used for 1mmo-,‘
blllzatlon, the supernatants at’ the end of the 1mnoblllzat1on react1on, the Wﬂsh :

f1u1ds a.nd the nnnob111zed-enzyme preparatmns. ‘Also’ the AZSU/AZLSO values ‘of the :

vanous fluld.s were detenmned and were- very hlgh for the supernatants and WaSh '

flulds" Al these data 1nd1cate‘ that’ relatwelymore ac:tlve xanthlne' dehydroge- 5

L%

-Figure: 52" (4} Overall” 'yield of: actlve,
":meoblhzed eh:.cken—llver xanthine dehY"
£ drogenase as:function of the units of -

i activity offered per g. Sepharose : 413(543)’_
Cand’ adsorptlon ‘isothérms of (0). xanthme,
“dehydrogenase actlvlty and. (u) protem-

mg Protein bound/g 5,8 -

a7s 5Auaiay _snjﬂn




nase was bound than protem and that thus a purlflcatmn occurred as result of
mnob111zat10n. Th15 observatlon prompted us to set up the prelunlnary pur1f1ca~-'
t1on expenmemts (F1g 5.1 ), Wthh 1ndeed show that part ‘of the 1nert protem 15
not bound at all (probably a pos:.tlvely charged prote:.n Wthh can’ be- removed on:
DEAE-Sepharose) II]SpECtJ.OIl of Table 5.11, also shows that as more activity and -
prote1n were bound relatnrely 1ess umlob111zed act1v1ty was ‘recovered. It is not-
very 11ke1y that th1s effect results from. a:n mcreasmg substrate-dlffusmn Zimi-
-;;‘tatlon, because 1n all cases the att1v1ty assay was performed under substrate-sa- :
: turatlon c0nd1tlons (see next sectlon), 1t mght be’ due to a complete hlockmg of .
actlve xanthme-dehydmgenase molecules by other proteln molecules. There is also
the trend ‘thatthe y1e1d ‘of 1mmob1112ed act1v1ty mcreased as- a purer enzyme pre---
paratlon was used for" mmoblllzatlon. Th:Ls suggests that a blockmg of active xan-
thme dehydrogenase occurred b)r protem Jmpurlty This’ extra loss ‘in act1v1ty as
result of usmg a less pure enzyme preparatmn for mmoblllzatmn is, ,however, o
' “more: than cancelled by the loss wh,lch occurs when the enzyme 15 further pur:.fled .
(Tab],eSj[),,.t,_:_: . L T . STl
It ‘was ‘further: obser\red that the adsorptlon of actlv:_ty is affected by the manner
in wh1ch the support matenal As- prepared The. rate of adsorptmn of xanthine - _
dEhydrogenase act1v1ty was very- rapld in the ummb1llzatlon step of the prepara—
UODS III' - IV, Nmety—flve and 98% of the act1v1ty dlsappeared from the super— ‘
natant 1n 5 and 10 min,: respectlvely, an’ adsorptmn rate s:l.mllar to that of B-amy-
lase 10, agarose to wh1ch nonpolar 51de chalns were mtroduced v1a ether br1dges19 .
" The rate of. adsorptlon of act1v1ty, 1n the coupllng step ‘of preparatlons V'
much slower however, and relatlvely less protem -and act1v1ty were - eventually ‘
adsorbed {Table 5. II) After 3 h ‘of . couplmg, the. act1v1ty Still contmued to de- g
crea5e con31derab1y in the supernatant wh11e in the preparatmn of III I IV ' in
less than 2‘ h of couplmg the. act:un.ty was almost Z€To in the supemata.nt. A pos-f
‘ 31b1e explanatlon for tlus observatlon 1s that ‘the degree of subst:.tutlon of
‘ SePharose with n—octylamne var1ed “The degree of subst1tut10n was: tw1ce as: h1gh :
for the conmercml CNBr-actwated Sepharose 4B used in‘the preparatmn of III' -
IV' as. for: the CNBr-actJ,vated matenal that was :Ereshly prepared for V d’ t.e.,’_._';
4 44 and 2. 41 uM Ponceau S per- g of gel (sucked dr)r inva: Bﬂchner ﬁnmelgmtﬂ the_'-,
:- surface c:racked), respectlvely1 The d:rnung forces. for the adsorptmn y a8y
: the number of p051tive charges and the degree of hydrophobzmty of the support;
&Te, therefore, nmch smaller 1n the latter matemal. :




5 4; 3 Kmetwe of" free and*:smobzltzed xanthtne dehydrogenase el B

B _The pH dependenc1es of the '.klnetlc constants of the free and mmoblllzed enzyme
V‘ ":-have been mvestlgated 1n the range “of 7. S =810 The Mlchaells constant and Y of
' ‘,-.'free xanthme dehydrogenase for xanthme ‘as a varlable substrate at a constant
o ‘NAD concentratmn 1ncrease as the. PH. 1ncreases, as pre\uously observed for- other
“soluble- xanthme dehydrogenaseszo, the! Correspond:mg values for the. nmnoblhzed :
- "[enzyme go through a mlmmum at PH 8 . (Table 5. III) The. apparent M1chael1s con—z
i stant Ky of. nmxoblhzed xantlune dehydrogenase is 1arger than the K - of the free
. enzyme throughout the pH ra.nge teésted; ttus is usually taken as. an md1cat10n that
"~ the reactmn 1n the’ mmoblllzed-enzyme system could be limited by d1ffu51on of
' ‘.i-_SUbStl”ate- The Llneweaver-Burk ‘plots. from Wthh the kmetlc constants were calcu-
" lated show a slight’ Upward. bend 4t the highest coricentrations. of. substrate in the’
. case’ of ‘the. J.mmoblhzed enzyme, ':1n: soluble—enzyme systems such curvature mdlcates
_'_-.jj_-i:that substrate 1nh1b1t10n could be’ 1nvolved An mmblllzed-enzyme systemS, hFJW
‘-",-ever d1ffus1on llmtatlon shlfts the 1nh1b1t10n to hlgher substrate concentra"
. t1°I‘53 4 -and. a: more. 11ke1y eXPIanatmn of the upward curvature in ‘the present Zh
-fwork 1s therefore, that the’ dlffusmn of ‘NAD" becomes rate llmltmg at .the hlgh' :
';‘.‘,eSt xanthme concentratlons (see below) ‘An upward deflectlon in Lmeweaver—Burk g
_'~"'-“:p10ts of other: Dﬁnoblhzed-enzyme systems where the reaction rate was controlled :
'i‘..-:bY d1ffus1on, _has mdeed ‘been obser\.red at'hlgh substrate conc:entratmns21 g

o ’ Mlﬁhaehs COnsEants and V's ‘of free and mnnoblhzed xanthme dehY" }‘:_
__i-_;.,drogenese for Aanth:.ne ([NAD ].= 400 M as a funotlon of pH Sy =

Free enzyme ) i Imm_'ub_;.li’zed *enzymeb* S

¢ & = 3 & a

L NG W 0 s | T

b] 000 0060 03 00 g < ;{Q

-1'-.'“3 Preparatmn II1- (ch.luted 50 t1mes)
;b Preparation” III' (materlal correspoud:l.n it
-:-Sepharose 4B was




’I’he k1net1es of free and 1mmob1l1zed xanthme dehydrogenase w:;.th mnthme and L
NAD as substrates were studled in more deta11 at pH 7.9 and. the data are: present-
ed in- the form of. double-rec1procal plots (Fig.:S. 3 and 5: :4). A pH of 7. 9 was_

s :.chosen, because both NAD and NADH are relatlvely stable at this' pH OVer a.
11m1ted concentratlon range, both free .and J.mmoblllzed xanthme dehydrogenase

Jshow a pattem of fa1rly parallel ‘lines, suggestmg that' the mechanlsm involves -

< two separable half react1ons and two d1st1net forms of enzyme (ping-pong mecha- ’

msm1 ). As other workers have premously assumed for soluble xanthme dehydroge-'ﬁ -

nases7 23 25 we- assumed ‘this mechamsm for the calculatlon of (1imiting). ]{ and o
_"K‘ values (Table 5 IV) from plots. of the 1ntercepts of the rec1procal-veloc1ty
::’:ax15 bs. the rec1procal of the pertment substrate concentrat;.on [mserts of F1g.

S 3 and 5: 4) Agam, the K' values of :meb1112ed xanthlne dehydrogenase are

: :{larger than the correspondmg K values of the free enzyme. The relat1ve1y larger e
ff--mcrease for NAD probably results from some repuls1on with the support material,” o
“iwhich. Possesses a sllght p051t1ve charge at pH 7.9° (the isourea derivative formed
':Emalnly .m _the, reactlon of CNBr- actlvated Sepharose with an 'alkylamine has a’ pK s
- of about 10+ 426) .The d1ffus1on lunltatlon w111, therefore be larger for NAD*
than for xanthlne, resultmg in"a. 1arger :mcrease in Michaelis constant. This "= '
" could’ also explam ‘the upward deflectzon 1n ‘the. Lmeweaver-Burk plots (see above)
B '-smce d1ffusmn of: NAD probably becanes: the rate-11m1t1ng ‘factor at the h1ghest
'.’xa.nthme concentrations.. ;That the rate of. reaction -in the ummblllzed-enzmne 3
System is 1ndeed 11m1ted by substrate d1ffus1on was proved in.an experment m el
_.‘twh1ch the enzyme load of the support was vaned Table 5.V and Figute 5.5 clearly i
; show that Kl;l increases when the amount of enzyme act1V1ty bound per. un1t welght
“of gel - 1ncreases. If. the conver51on of substrate in the support is faster- than
'3'7the supply by dlffu510n, a substrate-concentratlon gradient w111 develop in the -
"J'support. Th1s concentratmn grad1ent wlll be steeper the more enzyme present in
the support so . that the effectwe substrate eoncentratmn in the mlcroen\rlron-f
“'_-'ment of the 1mmob1112ed enzyme becomes 1ower and consequently K' mcreases -
f-}'-Table 5, V and Flg.. 5. 5 also show - that the 1ncrease in qu is coupled w1th a de- e ‘
.3‘Crease An VAR Furthemore, the results ‘in the v ; v S . plot (Flg. 5.6) mdu:ate N
f':'that a mecha.msm comparable to mlxed—type mhlb1tlon is. operatlve The decrease
111 V" is: 1n agreement w1th our conclus.mn ‘above. that a blocklng of xanthme dehy-
drogenase occurs by other protem molecules bound m the pores of ‘the support I
'_‘matenal As more protem Jmpurlty is bound, more act.we xanthme dehydrogenas
‘can be’ blocked and consequently v decreases.,__ S T s e
At low xanth:.ne conoentratmns (<2 pMJ substrate act1vat1on has been reported fo

-‘.',':.Chlcken and turkeyz-3 11ver xanthme dehydrogenase mth 02 as termmal electron
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"f~Flgure 5 3 Klnetlcs of-xanthlne. NAD oxldoreductase act1v1ty of solugle

"chlcken-lxver *anthine dehydrogenase. Reactions were carried outrat 30°C in
" Trig-HCl buffer, pH 7. 9, ‘containing 0.1 mM EDTA.: (a) Concentratlon ‘of NAD i e
(UMY used were;.(m) 255 (&) 503 (A):"100; () 200;" (o) 400.. (b). Concentratlon, o
7 rof xanthine (uM).useéd weré: (o) 185 (A 243 LAY 36 (o) 72- (o) ‘144, Plotrof’

\fﬁthe 1ntercept Vs, the re01procal pertlnent substrate concentratlnn is shown 1n
::‘the 1nsert. : e : : & &

;ﬂ Table 5 IV Mlchaells constants of iree and 1mmob1llzed xanth1ne dehydrogenase
:;for the substrates xanth1ne and NAD. " at pH R 9-'u

TN

AR T
- Free-enzyme

" Immobilized: enzyme”

. Substrate

See correspondlng fuo;qoteSjln‘Tgblg 5.I1I.
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'-;Flgure 5 4 Klnétlcs of xanth1ne NAD ox1doreductase act1v1ty af 1mmob1112ed
:ﬁ_chlcken-llver xanthine: dehydrogenase "Redctions were carried out. at 30°C. ip. -
v Tris—HCl: buffer; pH 7. 9, containing 0.1 mM EDTA..(a) Concentrations of. NAD (uH) s
+i used weret (o) 10; (h) 205 (&) 303 (). 403 (x) 50;. (®)- BO; (4) 100; (o) 1603 = =
{0} 200; (&) 4003 (0)*.800. . (b) Concentratlons of - xanthlne (uM) used weres-(w) 123
o (m) 183 (A) 245 (A) 36- (8Y:72; (0).-144, Plot of . the 1ntercept vs.,the rec1proca1
" Pertment suhstrate concentratlon 1s shown :Ln the msert : RN "
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iﬁTébie“S v ’Apparent klnetlc constants for 1mm0b11122d xanthlne dehydrogenase:fl
rlas & funct1on of the amount of activ1ty bound per unxt welght of support.'jli_l;

Unlts actlvlty bound/g
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L 1’18111:e 5 5 Apparent kinetic constants: K . and V"of mmob:.l:l.zed chlcken-hver
s.xanthine dehydrogenase (preparatmns V' ) as a funct).on of the a.mount -of Pmtem
.;:;offered[g gel.-,—l sy i R R S S

f_“facceptor. We observed that mmoblllzed xanthme dehydrogenase is- also act:lvated =
by. substrate 1n ‘the: same lorw concentratlon range, not only: Wlth 0, ‘but also:
{,-w1th NAD “or DCP as the. electron acceptor. Actlvatmn of free xanthine dehYdToge'/'f
.';:".nase occurs’ w1th DC.P but not with NAD .as, ondlzmg substrate. DCP at mcreaSlng :
3’-='__.concentrat10ns shows a marked J_nhlb1tor)ar effect on the rate ‘of ox1d1at10n of xan-,
.:‘-fthme, an effect ‘also observed m.th bonne-mll’k xanthme oxldase The reactm!l‘;‘;
"w:.th DCP was, therefore. not studled further because the electron acc:eptor must
be used at high' concentratlon 1f the. reactlon 1s to be useful for. large—scale‘
orgamc synt.hes:Ls 2o ' N '

.:..\‘5'

4 ¢ Stabzlzty q’f_‘ :canth-me dehy&regends_e i

'7 In 1ts restmg state the Jmmblllzed enzyme is more stable than the free enz}"lﬂe
“over'a range of temperatures (Table 5 VI) The temperature at Wthh the half 11fe
Lof the enzyme prepa:ratlons drast1ca11y decreases, is’ also hlgher for ‘the: nmﬂbl i
?'_liz'ed;,enzyme' than for: the free enzyme .--l.-Thi-s rjgtabmzat_ian might b'e 'due o ,mlt:i
pomt attachment of xanthme dehydrogenase to the Support,’ creatmg 4 ‘more rlgld
enzyme molecule. Transu:l.on to an mactlve or less stable molecule w111 ,' therefore
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Flgure 5 6 Llneweaver-Burk plots for 1mmob1112ed chzcken—llver
) w1th varylng amounts of enzyme

fdrOSEnase (preparatlons V'
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?Tab.e 5.¥1 Storage stablllty ‘oF - free and'meobllx ’hfkantﬁiﬁé &éh}drogégasé
185 a functlon of temperature at pH a R IR

ibU 05 M Phosphate buffer, 0 I mM EDTA, 0, 022 NaNO3
: Preparatlons III and IV (dlluted 50 tlmes)

;Ze . . . .
.Preparations'




: be retarded St 'i'?'i- 3 5‘3'5 :: o B EARCRR T ]-"' oy
. The: actrnty as functlon of the temperature was measured in. order to determne ,
"_the optnmm temperamre for: reactlon (Flg 5.7 From the slopes of the 11nes the;'a
g act1vat1on energles for- the free and mmoblllzed enzyme were calculated to be
_'f33 and 19°kJ mole 1, respectlvely That ‘the actlvatlon -energy. for the mmobﬂlzed :
1.en:r:)nne is about: half that for~ the free enzyme isanother 1nd1cat1on that the. re-
,'actlon is- dlffllSlOl‘l. com:rolled21 ¥hen both the rate of reactmn and the. half i
life are. taken 1nto con51derat1on, 30 C is the optnmm temperature, ‘and thls
B temperature was therefore, choosen for the follovung experlments.-: RS Tl .
“The ultimate goal of our work is to use’ um\oblhzed xanthme dehydrogenase in 01'-_._
'_-l'gamc synthe51s. For eff1c1ent use’ the enzyme must be adequately stable during . ©
7_:pr010nged cata1y51s. “The operat1ona1 stab111ty of mmnbﬂlzed xanthme dehydroge~.".
_(nase was therefore tested 1n small packed bed reactors, 0perated under contlmous"_f_

F1gure 5. 7 Act:unty of (o) free and
.~ (e) immobilized  chicken-liver xanth:l.ne
dehydrogenase as: a funct:l.on of tempera-*_.,

flow w1th vanous substrate concentratmns. The half. 11fes .and the. amounts” of pI’O"
duct formed in one half tlme, ‘are’ recorded in Table 5.VIT. From ‘the results At
follows that the: optnmml product yleld 1s found at about 500 M xant.hme- A pro-"
blem not’ yet understood 1s the fact that the operatlonal stab1111:y of t.hlS enzyﬂie -
Jis drast1cally lower than the storage stablllty. It is our: 1ntentlon to search o
for’probable causes of the 1n5tab111ty and to’ stab111ze the’ enzyme '




.: Table 5.VIL " Operatlonal stablllty of 1mmob1112ed xagthxne dehydrogenase .and‘ﬂri;r
yleld of product per mg prol:e:.n in: one-half tlme' 30 C.:__ ST

R

';, Yield of product
_41n By

- Xanthine cong. (. NAD “conc.

o (umol/mg) -
T e ST T e ST
TR0 T e 500 T CLeN,9 Y
L7200 T 750 s
e S e Cowz

a Preparatlon IVa. o s
b Solutlon l!‘.‘l Tr:.s—HCl buffer (pH 7 _9 "1,

.5 4. 5 C'ompa:mson of tmobtltzed chwken—-lw
3-:--btltaed mlk a:cmthtne omdase

mnthsne : dehydrogenase ‘with wmo- s

The StUdY 0f 1mmob1112ed chrcken-hver xanfhme dehydrogenase was: started because
We found prev1ously that the 16w operatlonal stablllty of., nrmoblllzed mllk xan-'
thme oxldase results in part from inactivation by O a.nd HZOZ These reaction . o
Products are not formed: when. xanthme is: converted by xanthme dehydrogenase, ‘e E
s:ane thls enzyme preferentlally uses NAD as electron acceptor, and we . expected, L
therefore, that xant]une dehydrogenase would be more stable. “The operatlonal ‘sta-
bllltY of mmoblhzed xanthme dehydrogenase 15, however, about “tWo orders of mag-fl :
"’n;tude smaller ‘than’ the: storage stabrllty, '9 .and 800 h respect;wely. A large[r)
decrease was also observed for. m11k xanthme oxldase, _1 us 300 h; so the main . 1n-'~
actlvatlon 1s here also probably not by O- and. 3202" ’I‘he operatlonal stablllty of
-'m0b111zed xanthme dehydrogenase iis better -however, than that of mmoblhzed
i mllk xanthlne ox1dase, even when: the latter enzyme is- cmmuob:.lxzed w1th super—
Oxlde dlsnmatase and catalase . Also the’ formatron of product per: 1n1t1a1 wnit of:”
3Ct1\f1ty in’ one half t,une is hlgher.‘Moreover,i _the use of mmblllzed xanthlne
deh)fdrogenase 1s much more. convement hecaus “a contmuous reactor ':Eed mth a
hlgh substrate concentratlon can be: ut111zed _ n' the 'ﬂcase of :mmoblllzed xanthme-'
ox:.dase, the substrate 1nh1b1t10n makes ‘it necessary to recycle the product stream::j
through a smgle reactor or to pass 1t through_a"'serles of . reactors w1th addlt:.ons".:g
of fresh substrate after each success:we cycle/coltmm, ‘or: to run a: contmuously g
Stlrred tank reactor to obtam suff1c1ently h1gh product .concentratlons.: :
The Yleld of 1mmob1112ed act1V1t)r is: sllghtly less (ﬂs%) for xanthme dehydroge
“359 than for xanthme ondase. A d1sadvantage of xanthme dehydrogenase i§ also
th&t the ox1d121ng substrate NAD is. rather expenswe, n .'thatlthe reduced by-




product, NAIH may mterfere 1n the _ solatmn of “the hydroxylated substrate. Pre-‘
',lnnlnary experments, however, W1th xanthme dehydrogenase conmloblhzed w11:h
1actate dehydrogenase or alcohol dehydrogenase show that in swu NAD regeneratmn-
s feasible. At present xanthme dehydrogenase seems, therefore more promlsmg
for apphcatmn 1n orgamc synthes1s than xant.hme omdase.. ' s
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| - THE OXIDATION OF 7-(p-X-PHENYL)PTERIDIN-4-ONES -
 (X=OCHy, H, Br, CN, NO,) WITH FREE AND IMMOBILIZED
+ XANTHINE OXIDASE -

'- JTramper, A ﬂage_l; HC va.nder Plas ‘and -F. Muller :

; Bovme-mlk xanthlne ox1dase was used a.s a catalyst for the ox1dat10n of vauous
"'7 (p-x-phenyl)pter1d1n-4-ones Anto; ? (p—X—phenyl]lmnazmes On a preparatlve scal
| \'the derlvatwes with X = Br N a.nd NO2 WeTé most . convemently ox1dlzed Wlth the’
."free enzyme in a solutlon contlnuously fed w1th concentrated substrate- The 1““‘3'
G zlnes cbtained" separated durlng the reactlon and were easrly 1solated in. g°°d
,yleld (> 90%) and high purlty by flltratlon The compounds mth X-"__. H and 00'13, ,
- on the other hand; were more; convemently ox1d1zed w1th the. 1mmob111zed LNZyme,: f
i.e. , xanthine ondase adsorbed to n—octyl—subst:.tuted Sepharose 4B. InmoblllZEd .
. ‘;xa.nthlne oxldase was I.GEd e1ther as a suspens10n ;m a stlrred batch reactor whlch
" was contmuously fed with concentrated substrate, or packed in‘a column th‘-‘ﬂugh i
whlch substrate solutlon was recuculated After: completlon of ‘the reactg,on the_
y -f1ltrate of the suspensmn, or the concentrated rec‘:r.rculat:.on solutlon, reSPec',‘-':
tively, were ‘acidified and the prec1p1tate was collected in good Yleld (> 90%3
¥ and high purlty by flltratlon. LA : R RN
__"'The rate of ox1dat10n was found to'be mfluenced by the substltuent, X. The moref‘.;
electron ‘attracting X, by either’ resonance or- mductlon, the 1ower the " react1°11.:_.’
'rate. Accordmgly, a negat1ve reactmn constant o of about -0.5 was calt:ulated
from the data’ for the free and: 1mob111zed enzyme. The formatlon of the enz)"“e""“_'(
j' .substrate complex as. reflected m MlChﬂ.ellS 'constant Iﬂn’ 15 1arge1y detenmned-:-':i
__:-‘by the hydrophob1<:1ty of the phenyl group. ' ' b S

' ‘6 z INTRODUCTION

;‘_'-w_‘A-“Ahnost all chemcal reactlons whlch occur m b1olog1cal systems are medlated bY &
i the actlon of. enzymes. Enzymc reactlons in vivo-are generally rapld hlghl)’ SPe'
c1f1c and usually take place under mlld condltlons ThlS 1s 1n contrast tO the




h1gh temperatures and/or h1gh pressures often requlred in many ordinary. in w.tra e
react1ons. The advantages of: react1ons be1ng catalyzed by ‘enzymes have - induced .
: cons1derab1e mterest 1n employmg blocatalysts for industrial appl:o.canons. Hew-:- .
ever, ‘the usually low’ stab111ty of enzymes 1solated from the1r natural- environ-
. ment: &nd thelr hlgh solub111ty in water mkes repeated or- c0nt1nuous use of these .
.often expenswe b1ocatalysts d1ff1cu1t or nearly unposs:.ble. S I )
—These propert1es have confmed the use of enzymes: in, mdustry for a long t1me.
However, attachment Of enzymes _to a solld Support can 1mpr0ve the stab111ty con-
s1derably Th1s mmoblllzatmn also makes a repeated or COIltlnll.O‘llS use. of enzymes :
Poss;.ble and ‘is therefore a very promlsmg techmque. Several 1mmob1111ed enzymes -
have reached. the productlon stage recently e :
The use. of ].mmob111zed enzymes in. orgamc synthes1s is largely unexplored. The ad‘-' |
. vantages of applymg this techmque are obvmus.,'[he great potent1a1 of inmobi- B
11zed enzymes in organie synthe51s 11es in the fact ‘that under mild conditions
5pec1f1c products may. be obtamed in a fast reactmn wh1ch othenuse cannot be -
fomed or can be- obtamed only by laborlous synthetlc procedures. Moreover, dug- :
Lt the” two-phase system,” ‘the; -reaction product formed can be easily isolated and 15"
usually very pure as result of .the h1gh speC1f1c1ty qf the . reactlon. For many -
years we have' been ;Lnterested in the chemistry of- azaarmatlcs. Recently much at- ﬁ
tentmn 15 pald to ‘the purlnes and ptendmesz, a class of compounds w1th J.mpor-. '
_' tant- b10chem1ca1 and. phamacolog1cal 1mp11cat1ons Spec1f1c oxldatmn of these ~

: electron—def1c1ent azaheterocycles by chemical means is’ usually dlfflcult. How-"-:
enzymes_ xant.hme omdase and xanthine, dehydroge- ; "

8ver, s1nce 1t is hlown that t.he
d a study3 on the

-_ nase catalyze the ox1dat1on of many heteroarenes we 1n1t1ate _
. suitability of these-enzymes, in free and immobilized. form; for. obtaining specifi- -
cally ox1dlzed prod:ucts on.a preparatlve scale. Although the operatmnal stab111ty, :
~ of xanthine oxldase is rather poor3 ; we found -that ‘this. enzyme can be convenient- '.
1)’ and prof1tab1}' used for the preparation’ of oxo—azaheterocylces. In this paper.
. we l‘eport the preparatlon of 7- (p-x-phenyljptendmenz 4-diones by oxldatzon of .
7 (P—X-phenyl)ptendm-4-ones usmg free as’ well _as_mmbxllzed xanthme oxzdase.

mg the omdatmn of xanthme by xanthme :

The k1net1c and chemcal scheme represent
15 At present ‘accepted as the best_"‘

omdase (F].g. 6. 1) as’ proposed by Olson ‘et al.
aPPanmatmn of the true mchamsms. In the M1chae115-type ccanplex (I) a nucleo--




Sl : = k{ =
Srép;l 'Xanthm,e ( S) +Xamhme Oxxdase ( E ) =
"_‘Compiexl i

Slep __2 Complexl ——-» Complex )
. Step 3 Compiex ll 2 Complex Ill

. Step'4 Complex llI+H20 —2, Unc Actd ( UA ) +'_' A
R Reduced Enzyme (E' o

A k :
Step5 E’+02—'——?E+H202

-.m- s

;omx;m, :

et-al.’. Compléx 11 is. 1ntroduced as addltlonal 1ntermed1ate;
complex to make the model chemlcally more feasible,.™ e il iy . K




0 It seems reasonable to assume that the sane’ mechanlsm 1s also 1nvo
_:-_fdat:mn of - 7= (p-x-phenyl)pter1d1n-—4-ones. The dlsulflde group is then atta.ched to B
P051t1on 2 of the ptendme system and in: that p051t10n the nucleophlllc attack o
_-\_l.'.of water can take place. Analogous to the model for, xanthme the:
'natlon to MOVI can take - place from N—1 or N-3, but may. in- thls case occw‘ frum
:;T,VN-B wh1ch Vcan also accomnodate a negatlve charge (Scheme 1. R R R

In order to obtam more detal

":'fdatlon e trled to estabhsh the 1nf1uence of substltuent X.on,

o tion rate (V) and on the affinity of the enzyme.
in f-he Km Value. Detalled stucb.es were carned cut at
‘_-:Of these compomds vary between 8 0 3nd 8 2,

Gl -"r'

‘_'ph111c attack by the d1su1f1de occurs at: C-8 of the purlne rmg In complex (IIJ

_a two-electron donatmn to’ MoVI ta.kes place leadmg to MoI ‘and; a proton is. trans-
i_:..ferred to the n1trogen llgand yleldmg complex “(I11). In this complex the N—C-S-SQ.'
".; :m01ety is h1gh1y Susceptlble to a nucleophlllc attack Reactlon with water pro—-” ‘
i duces unc ac:1d and a- reduced enzyme, whlch by reactmn w1th mlecular OXygen 1s 3
‘oxldlzed 10, E. It is: assumed that wate‘r and not the hydronde ‘ion is involved in
;’_.the format:ton of ur1c ac;1d 1n new of the’ fact that- the oxidation rate, is: mdepen- ‘
{{dent of the pH over a WJ.de range. It is. further assmned that the formatlon of the -
.,}I;‘ilchaehs complex (I) (k1) and the reoxldatmn of the enzyme (ks) are relatwely '
cfastiv : i

lved m the oxl-" :

two-—e lectron do-

led ms1ght'1nto the mechamsm of thlS enz)muc ox1-“_
the man:mnn ox1da-
f r the, substrate, as reflected '
pH 9.1, Smce the pK values:

they are "largely 'resent in the an-~"




'1on1c fonns at’ thls pH The negatwe charge 15 delocallzed over both rmgs, oxy- '
gen"-‘ N—3 N-‘l and N—8 havmg the greatest electron den51ty {Scheme 2) .

2

f the nucleophlllc attack of elther _;S-S or HZO (step 2 or step 4) is. rate 1} 8
mltlng, 1t can be expected that the 1nf1uence of X-on: ‘the. ox1dat10n rate is. rela- :
; ‘ 1ve1y small as there s no J.mportant contrlbutlon of a mesomer].c effect of X on.
' i C-Z and the 1nf1uence of the 1nduct1ve effect of X on. the electron densu:y of C-2'

‘can. be Con51dered to be 1n51gnlf1cant -On the other hand 1f the electron trans_‘:":.
; fer to the metal 1on is rate! 11'“11:1113, one- can expect a’ relatlvely large effect
i -of, X on the rate.., If X’has a +M effecf 11: w111 promote the electron flow from one

1 f the substrate n1trogens to MoVI and rate aCCEIGI‘atlon w111 be observed Wh - X

* Accordlng tO Bergma:m'et, al.' the groupmgs (N"C'N) and (osc_“c N) afe 1mportan
1n the assocmtlon of the substrate w:Lth the enzyme Baker et az.? shcwed thatl




' 6.4. RESULTS ‘AND DISCUSSION <

BN IR A Lo

641 . :'Syntheeie-' of f;he ?;( p;X-ﬁhenyZ}pteﬁdf;n‘—t.!’-enéef 0

Pterldmes are convemently synthesued by condensatlon of 4 S-dlamlnopyrmdme"-
w1th a 1 Z-dlketone. However, in the case’ of substltuted 4, 5- dlmnlnopyrlmldmes _
: and asynunetnc 1,2- -diketones; pmduct mlxtures are . often obtamed con51st1ng of
the 1somer1c 6. and 7-subst1tuted pterldlnes. ;'I'he separatlon of these nuxtures 15""7
usually 1abor1ous a:nd the. characterlzatlon of the: 1somer1c pterldmes by classn:al
methods 11ke UV ‘and H 1\11\/1R8’9 ismot always stralghtforward C NMR® was recentl)r
reported to be the method of choice, for the structural elumdatlon of 6 or 7~ o
phen)flpterldlnes 10, The formatlon of: 6 and 7 (p—X—phenyl)pter1d1n-4-ones by the
condensatlon of 4 S-dlanunopyrlnudln-(i-one [1) and a substltuted phenyl glyoxal
{g) under ‘various- condltlons (Scheme 3). leads to the 1somer1c pterldlnes ‘é and 4 f
Wthh were found to be extremely d1ff1cu1t to: separate.»;«_ Y 5 : L
SlllCe our studles reqmred the utmost purlty of the 7‘: (p-X—phenyl)pter1d1n-4-—ones
used as substrates for the enzyme, 1t was necessar)r ‘to use a dlfferent synthetlc :
approach (Scheme 3) We found that condensatlon of 4,5-dlammopyrm1d1ne (é) wn-.h
“the. approprlate phenyl glyoxal %a—e does ot y1eld a mixture of the.6 and 7-sub=-
st11:uted pter:Ldlnes but Only the pure’ 7-]5011161‘5 Qa-e, ‘ds. determined by" the1r melt—_\.
1ng pomts and K823 spectra. 0x1dat10n of . the 7- (p—X—phenyl)pterldmes Qa—-e "by
m-dﬂoroperbenzmc ac1d m chloroform solutmn pmduced the pter1d1n-4-ones 4a-e
ln'hlgh yleld ; : - P e

Enzymzc oa:—.v,datv,on af the 7—(p—}[-pkenyl)ptemd7, _4—01’123 on preparatwe‘ecale'._f

The enzymlc OX]_dathn of the 7= (p-X-phenyl)pter1d1n—4—ones to the 7 (p-x-phenyl)-w
1Umaz1nes (Scheme 3). on preparatlve scale:was, performed at pH. 9. 1 At thlS pH
:-these substrates are falrly soluble and ‘the - ‘rate’ of ox1dat1on is only somewhat

s less than the’ Opt]Jm.lm rate (F1g 6. 2}

CW. and N02 mth soluble :can— E .

1. ' Oxidation of -the derivatives fo-e:

<I501Ubillty,0f the lumazmes formed .case “of- X,, Br, CN and NO,. is so.low,:

’thaf PTeClpltatmn occurred durmg the reactlon, _even 1£ the oxldatlon. rs carrled
e substrates 4c—e were, therefore,

out at a very low concentratlon.‘.,__






ﬂenj'l)pééti&iﬁééés'nés a5 a-
(x) X = OMe; (o)

X'= H; (0)'X =.H, immobilized xanthine oxidase; ) X = Bri.(m) X =NO,

1?183‘-’.? 6,24 Maximal- gxida;—io-n.'_fét'é-s"‘-(:\)’)'- of 77(Hp—.X-p
function of pH:at 20°C, using xanthine oxidase as a catalyst.




vemently ox1da.zed w;Lth the free enzyme 1n buffer solutlon to Whlch a- concentratec
"Solutlon of substrate was added slowly. The produced lumazine derlvatlves 7c-e
}"have a hlgh purlty and were easﬂy 1solated in good yleld (> 90%) by smple fll- :
e tratlon of the reactlon mlxture at the end of the reactlon. TR

; _’6.4 2 2 Omdatwn of f:he derwatwes ga,b (X H cmd OCH ) mtk wmobtltzed .'can-
P tk'me omdaee‘ TRl LT e :

“*-;The compoxmds ¢a and 4b {X H and X OG{3), on the other hand were more conve-
_mently ox1d1zed mth the nmnoblhzed enzyme. The 1uma21nes Za and b are ‘rela- --‘_:':
- tively soluble as the sodlum salts and ac1d1f1cat10n of the reactlon mxtures
:'°"7after removal of the’ 1mmob1112ed enzyme by flltratlon quantltatlvely affords the
" requrred products. We observed that when the free enzyme was ‘used; ac1d1f1catlon
o resulted several tunes in coprec1p1tatlon of ‘the . enzyme Oxldatlon is, therefore,
: most convenlently perfomed w1th the 1mmob1112ed enzyme e1ther by usmg 1t ‘as: a

R suspensmn in a:stirred: batch reactor w]uch s’ contlnuously fed with concentrated
_:':Substrate, or by packmg the enzyme system in: a column: through w}uch a solutlon

-.of the substrate 1s rec1rcu1ated 'I'he fomer method has the advantage that after
';the 1nmob111zed enzyme 15 removed by f:thratlon, the I’eaCtl(Jn mixture can. be 1mme
. diately ac1d1f1ed w1thout pI‘lOI‘ concentrat:.on. Durmg the reactlon the pH must be
_-‘.kcontrolled -The’ rec1rculat10n reactor is: ea51er to- operate but the solutlon of

;'=~_the product must be. concentrated in order to obta:.n maxlmum y-1e1d In both proce-
'\jdures the y1e1ds (€3 90%) are h1gh. T S S 4
The s structures of the 7- (p-X-phenyl) lumazmes were proved by UV IR a.nd MS conpa-"-
" Tison with' compounds ‘prepared by. an mdependent synthesls 1nvolv1ng condensatlon“"'
e of 5;6-diaminouracil’ hydrochlorlde and’ the appropriate. phenyl’ glyoxal -For the' it
. parent substance, Z.ely T-phenyllumazme, structural smulanty Was. proved by Colﬂ‘
.paring the 3 C'NMR spectra of both compounds “in. UvBO d solutlons. When the: enZY‘
‘mc ondations were. :Eollowed b)r measurmg the. UV-spectra of: the reactron mlxture

at regular tJ.me mtervals (F:.g. 6.3) it can be’ seen that several sharp 1sosbe5t1C
/ points are present in. the spectra. This- strongly mdlcates ‘the absence of sigii~ -
f}-';"flcant amounts °f bY‘Pl‘OdUCtS in the ‘Teaction mxture. Accordlngly, ‘the 1solated

‘,1"1‘““&21“"5 are very pure. Qur experlments thus. show, that, xanthine ‘oxidase’ can be:!

j}i;_‘us'ed Wlt-h advantage ?ﬂ orgamc SYnthESES- fIhe hlgh ylelds obtalned and‘-the h1gh":,f
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:_6(?55;,Thé'§nfluehee pf_éubetftﬁeﬁt' enfhe'rute'bf oﬁid&tﬁen:}'fﬁ
The results of the kmet1c expenments show that the rate of ox1dat10n w:Lth free
and 1nmob111zed xanthlne ox1dase are’ nearly the same . (see Table 6.1). A plot of the
1egar1t]nn of the: ratlo of :the maxma.l oxldatmn rate ‘of the 7- (p-x-phenyl)pterl-
d1n-—4—ones a.nd 7—pheny1pter1d1n-—4-one veraus the substlment constant g of X, is
ngen 1n F1g 6 4. The Iines were obtamed by 1inear regressmn, a reaction con-
stant o of about 0 5 for free. and mrnoblllzed enzyme 1s calculated from the
510pes. ThlS means that ‘the. rate-hmtmg step 1n both the free and mmblhzed- B
enzyme system is. fac111tated by a hlgh electron den51ty at ‘the reaction site and.
moderately sens:l.tlve to substltuent effects. Tlus J.ndlcates that neither the nu-"
Cleophlllc attacks by the actlve-51te dlSUlflde and water--or. hydroxide ion: (the
more. 11ke1y nucleophlle dn alkalme solut:.on} nor the C-H bond breaking is the :
rate 11m1t1ng step. That the: C-H bond breakmg is not rate lz.mltmg is confirmed °
bY our observation that’ there is'no. sigmf].cant difference in the maximm rate of
ox1dat10n of 2-D-7—pheny1pter1d1n—4-one ® and’ the parent compomd 4a (Tabée. -‘ o
6 ). A sm11ar observatlon has been made for. xanthme and 1-methy1xanth1ne RS
APParently the electron transfer from the substrate mtrogen to the MOVI in'the .0
- active. centre. 15 rate—lmutmg.,Accordmgly, ‘the rate of oxldatlon of the anlon‘ L
15:- hlghen than that of the’ neutral substrate (Flg._ 6. 2) S

tof V(X}fV(HJ fHJ Free' nMMm avidase W
1 IV{H} (o---o) Immobdfnd nnmlm nxrda.n S Hel U

-}Flgﬁré 6.4 Plat. dt‘th logarithm-of ‘the. ritio: of the maxxmal oxxdatxon rate of
—4—0one versus the substt-

J-the 7‘(P'X-phenyl)pteridrnwﬁ-ones and’ 7-pheny1pter1d1n
-tuent constant o of X, Ox;datlon by fre and 1mmob1112ed xanthlne ox1dase at

_"pH9 1 andzoc




‘6‘.4 4. The effect of subsmtuent X on K and K‘ L | LE L

Y

', :The K and I(m va.lues for free and mmoblhzed xanthlne ox1dase, respectlvely, are
3a “the K' values of the >
: _nmnoblhzed enzyme arg’ larger than the ]( values of the free enzyme as result of.

- g1ven in Table 6. I As we showed preV1ously for xanthme

o dlfoSlClIl limitation in the pores of the support matenal ‘ALl the K and’ K' va-'.]'
;-7,' 1ues for the 7- (p—X—-phenyl)pter1d1n-4—ones ‘are much lower than the correspondmgjf
" values: found for.xanthine and. 7-n-propy1pter1d1n-4-one (Table 6. 1). This incin s
B )i-crease “in a.ffll'llt)" is probably to a large extent due to the presence of the phe;

,-.'_nyl group at: p051t10n 7. Th1s 1s 1n agreement w1th the proposal of Baker et aZ. v
: ’.‘_that there isa hydrophoblc group 1n the v1c1n1ty of the actlve centre wh1ch
'-‘"'_‘.'strongly 1ncreases the b1nd1ng of: 1nh1b1tors subst;n:uted with'd phenyl ?TOUP Ap'_ .
i parentl}r the 7= (p-X—phenyl)pterldm 4—ones flt w1th the right or1entat10n in the '
’A_-_f,‘actlve centre of the enzyme, ‘since” they are- good substrates. That' a. hydr0ph0b1C
".':_:mteractmn is- 1ndeed respon51b1e for the hlgh a:Efmlty of the enzyme for the ‘
7= (p—)(‘—phenyl)pter1d1n—4—ones is supported by “the data in Table 6.1, showmg that.
“if the polarlty of X-ifcreases “(NO,, a0, Kmtends to. mcrease ‘and’ thus “the afflnl' 'f
Sty decreases Accordlngly ‘the afflmty also" decreases PO - an1on formatlon (Flg

6 5) As an mterestmg contrast Bergma:m et al.jz reported that the correspon-
f-dmg 8 (p-X-phenyl)purm—é—ones (X 00{3, H, NOZ] are strongly bound ; but clear-‘_'
i.i-';ly 1n the wrong or1entat1on, as they act as very poor substrates but strong mhl'.
;:_:'b1tors. That the pos1t10n of - the phenyl groups 1ndeed plays an eSSent1al role 15

underllned by, our observatmn” that the 1somer1c 6 (p X—phenyl)ptendln— -one
__'-j{(3a-e] are.also poor substrates of xanthme ox1dase and 1nh1b1t the ox1datlon of
jxanthme to uric. acid too : e :
y The obse_rvatlon that the K value o:E the- deuterated substrate is. h1gher than that !
for ordmary 7-pheny1pter1d1n-4~one 1s 1n agreement w1th a s:.mllar observatlon fOT'
Cremethybanhing®. 0L S

i

{“ 645 _'s'taquzé:ty_ a'f._ Emfhtﬁé ‘andagg'

_;::_'l‘he operat10na1 stab111ty of both free and mmblhzed xanthme ondase w1th xan- ‘f
thlne as: substrate is rather 10w _~. 'Also w1th the 7— (p )(-phenyl)pter1d111-'fl-0nes |
the operatlonal stablllty 1s 1n the same order of magmtude the half llfes of
o :_the free and’ mmoblhzed enzyme be1ng about T and 2 h; respectlvely (Flg. 6. 6
..'ft This means that relatnrely a large amount of enzyme 15 needed per mole of sub
strate’ Odelzed (in the synthetlc expernnents 1 mole of enzyme converts 3000 moles,‘
of substrate, assunung that all the protelnapplled 1s xanthme ox1dase)t . Thl is”




Flgure 6.5 Mlchaells constant K of xanthlne oxidase for 7-p-x—pheny1) pterx-
d‘ll'l'-l}-ones ‘as a;function’of pH-af 20°°C.. (x) X ="CMe;. (i) X = H' (o). X~ H»: e
lmmOblllzecl xanthlne ox1dase, (A) 3= Br, (I) X .= NO ;. : -




not necessarlly a dlsadvantage, s1nce mllk xanthlne ox1dase is conmercmlly avall--'
‘able at a relatlvely cheap pnce, or can easﬂy be 1solated from mJ.lk Also stabl-'-.
lllzatmn by means of spec1a1 1mm0b1112.at10n technlques is! p0551b1e . The 1nstab1-_
ity has. no. consequences ‘for the kmetlc data, .smce the assay tzme (1 2 mln) 15 |
“short: comparlng to the half 11fe and consequently the change in actl\.'lty 15 1n51g-_~
-mflcant... S : ol e T R '

.i:glzl‘a‘gcﬁ(f) Stab:.hty Of 1mmob111zed xanthlne GXJ.dase under contlnuOus operatwn',
octyl—subgznitin; glow rate: 46 ml/hr). I'.5 tig Xanthine ‘¢xidase bound to:0.5 Wl
ey fviy itute epharose 4B was: packed :in a column: (0. 5 -em-i.,d. ) and. fed with:
phenylpt.endln—& one -in Tris-HC1 buffer - (pH 8 7; L= 0. 013 0‘01 mI'I EDTA)
. ;The uratm of the convers:.on at t 0 (A ) and t(A) 1s plotted .

Y 6 5 EXPERIMENTAL

Meltmg pomts are meorrected The IR spectra were recorded.on a' Perkln-ElmeT -
.._-model 237 the mass spectra on an AEI MS-902 mstnment. The biA and C “NMR SPeC'.
~tra were recorded w1th a Hlta.chl Perkm~E]mer R24B and "a, Varlan XL-1OG 15 SPeCtro'
- meter,’ respectlvely, the 1at1:er operatmg at. 25 2 M-Iz. and equlpped w11:h a pulse

: ‘unlt and- a 620 L-16K- onlme ‘computer system. The measurements ‘were performed (s
j.:"under cond1t10ns descnbed premou.l;l),r1 The 1omzat10n constants "of the 7"(P'x' !
:_\_‘phenyl)pter1d1n—4-ones were deternuned by the- spectrophotmnetrlc procedure of |
1:;1Albert ‘and Serjeeni:1 - As’ result: of poor solub111ty at laow: pH, only 1ow,concen_ E
ﬁ_.tratlons could be used to determine ‘the molar extlnctlon coeff1c1ent o the. mle-'

;.‘_ocular spec1es. The spread in ‘some. of ‘the values is, therefore 'f"sllghtl ‘-{131”891'
* than the ‘recomended + 0. 06‘3 o :




E‘SISynthests ofther'ecordedpﬁemdmes o e

6 5 1 1-:- 7'P-X-pheny1ptemdmes '(sa—e)

__The "?- [p-X-phenyl)ptendmes (,Qa-e} ‘were obtamed in a]most quantltatwe y1e1d by
"-rcondensatlon of 4, S—dlammop)irixnidine and the” appropnate ‘phenyl glyoxal in accor- -
'dance w1th the procedure descnbed for the parent substance gem The structural -
characterlzatmn of these pter1d1nes was. estabhshed by 1:"’C NMR and further cha- E

ractenzed by thelr mlcroanalytlcal data and meltmg pomts (see Table 6 II)

_.6‘ 5. 1. 2. ?—p-}{—phenylptemdm%-ones: 4a—e)

;; : A solut1on of 2 mmoles of the pertment 7- (p-X-—phenyl]ptendm Qa-e, dlssolved in -
+200 ml of (I~IC13, was refrlgerated to: 0—5 C. A cooled SDluthIl of 2.2 mmoles (1. 1
eqs.)- of m—chloroperbenzom ac1d (m 70%) dlssolved in 20 ml of CHC14, was . then |

o added in’ one 1ot The resultmg dark yellow—-red solut;.on, is kept at:0-5 C for N
__,'.‘-24 hours. The prec1p1tate was collected by frltratlon, washed w1th G-IC13, ‘ethanol =
-'and ether. Reprec1p1tat10n from a d11ute NaDH solut1on by acétic acid and recry=.
stalllzatlon from DMF-HZD afforded the a.nalyt1cally pure compounds (see Table 6 II)

“-‘pkenyl[ H—Z]ptemden—-ﬂ—on ( ,Q,)_

450 mg _ 2 mmoles) of compomd 42 and: 10 m1 of DZO were heated at 120°C in'a sealed
. f-tUbe for: a. peI‘J.Od of 100 he The 3.ce-cooled contents of the tube were f11tered and
EN TepreC1p1tated from as 1. M NaOH solutlon by a sl1ght excess of acetlc “acid to y:.eld
110 mg- (25%) of dry crystallme mater1al.'-‘The 2H~—2 content (65‘%) was estabhshed_ .
"'-."'b}’ 1H—NN[R and mass spectrometry. S R : o

4 ?-p-X—phenyZIumazmes { Za—c

_.'{‘;Condensatmns' of the hydrochlonde of S, 6—dlam3.nourac11 and the. correspondmg phe-._,’_‘"-
-ffsnyl glyoxal afforded the requu'ed lumazmes The reactmn (I:Endltlom and purlflca--_:f-'_
5 {tlon procedur “were the same . as: reported m t.he lrterature for the parent 7-phe-‘.
'.nyllunazme In order to obtam ana1yuca11y pure samples several reprec1p1tat;v.ons"‘_.'
"é::"ifrom alkalme solut1ons were needed. The lumazmes Zb-e are msoluble in ater and

“:Gnly spar;mgly soluble 1n EMF The 1?’C NMR spectmn of 7-pheny111m‘iz1ne was easrly_,;l_:
‘. 'irecorded for a IMSO—-d 'solut1on. ‘The’ data are mentloned in Table T :




f.iaﬁieﬂb_xxgéf_,,’

’ 'ii.p'.(°c)" TFouﬁd:; 0 Reqﬁired_- g
b Qe o HEL S CR HZ

" 7 (P'X'PhEnyl)pterldlne_ S & o
2 B 1582160 69.3 4.0 6.
'7_,?2|0-211 _765;:4';.-’.‘4,1_: S
216-217 50,0 2.4
o 369 aq
S 671 : .

k23
e L

27900
303 o

L 258! -

;.3360 L
;f;3;96 f;;j

Gl 27000753

0-7 317, 9760:f, 31° i

07 285, 0491
) .1 265.0591

- A, kDecomposu:on

;b Sublij m.p. 5330% " ‘. : : : o

._3‘-? e ‘Exact mass measurements—- are’ g].ven'xnstead of mcroanalytlcal data

;2. The lumazines were found by mass spectroscopy. to .contain’ ‘variable.
~ . amounts-of water; however,. th:.s could not, be removed even after:

; _‘drymg these compounds under hlgh vacuun. a\t IOU C over: P205 for 48 h.

1 02
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i ‘.'6‘ 5 1 5 E‘nzymc omdatton of the ?-p-X—phenylptertdtn-é-ones tnto 7-p-X'-phenyZ- :

;:,.’ _ Zumazznes LT e T T

A The derivatives with X = Br, Q and NO | .
V'ZTOne ml of xantlune—omdase suspens1on (Boehr1nger' 10 mg protem per m1 N 0 03 :
‘mmole ml ) was d1ssolved in’100 ml- ‘buffer of pH 8.6, contamlng 0.1 @M EDTA .
(tetrasodwm ethylenedlamnetetraacetate) One-tenth mmole of the 7- (p-X-phenle--
:,,-'_4pter1d1n—4 one -was’ dlssolved in a small excess of alka11 and diluted to 100 ml " :
"'-':f_wlth d1st111ed water The latter solutlon was slowly added (in~ 6 R to the stir-
Z.',_”"red enzyme SOluth]’l and the reaction. cont:mued overmght During the addition the
. ":pH was: mamtamed at- 8 6 by the add1t1on of 2 M HCl as needed The prec1p1tated
'-fi'}';lumazmes were f11tered ~washed Wlth water and dried. The: yleld (> 90%) could be
sl1ght1y augmented by flrst lowermg the pH to about 6:5: Care must - then be taken '
'that no copreC1p1tat10n of the enzyme occurs by makmg the pH lower than 6. 1.' _ o
*B.’ The- derlvatlves w1th X " 0CH and H.,‘ 7 R R IS D S
'Immoblhzed xanthme omdase was prepared by adsorptlon of xanthme ox1dase to
:-rf."n-octyl—Sepharose 4B, prepared as prevmusly deSCI‘lbed e ' S
J'_‘;:a. Immob1l1zed enzyme contalnmg 10 ng- of prote1n is: packed in -a small column _.
-’"._One-tenth miole of ‘the 7- (p-X—phenyl)pterzd1n—4—one dissolved in d small excess ‘_.f{”:
dlkali and diluted with | L buffer'pH 9.1, containing 0.1 mif EDTA, was slowly,

‘. (2, min- he passed through the column and rec1rcu1ated overmght The effluent '_
was’ ac:1d1f1ed (pH 3), evaporated to about 100 ml and the prec1p1tated lmnazmes
;then flltered washed w1th water- and " dr1ed L RIS
b, One—tenth mmole of ‘the 7= (p-X—phenyl)ptendm—4—one was d1ssolved 1n a small
‘f‘-""'.excess of alkah and d11uted to 50 ml w1th d15t1lled water. This concentrated sub-'o
Strate. solution. is slowly. added (in '8 h) to 100 ml-of a stlrred suspensmn of -
lmmoblllzed xant}une oxidase (correspondmg to-10 mg of protem) 'I‘he suspenswn
'?-QWHS buffered at Ii—l 9 I (and adJusted as. needed) and. contamed 0 1.mM EDI‘A. After . 4
. the addltlon of all the substrate the I‘eaCtlon was allowed to- contnme overmght. f
- The Suspensmn was f11tered and the . f1ltrate ac1d1f1ed w1th concentrated acetu: :
o a<:1d The product was flltered washed w1th water and dr:Led A R N IR

Wl

s, 2'.- bé#ermfriat’?ioh of. '-k‘«:nee:c;-' coas'tan'ts S

‘All the values 0f V V ](?and Km (Table 6 I Flg._ 6 2 and 6. 5) were estmated
bY the méthod of Halwachs Thls method was used because the 1n1t1a1 rates of -
all the compounds 4a-e were obscured by a small lag phase, wh1ch was proportmnal )
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We are 1ndebted to. Drs CAs
Jongejan, who carrled out the mlcroanalyses to’ Mr. A. .van Veldhulzen for measur,

A

to the substrate cencentratmn. The assays were perfomed by the method descnbed
kearller - The c:hange in; absorbence was. followed at the approprlate wavelength L

(Table 6. I) untll ‘the. reactlon was completed The concentratlons ‘used ‘in-the’ cal—- i

__c:ulatmns were determmed from these absorbance-t:.me curves “The pH proflles AR
(Fig, 6.2 and 6. 5) were determlned b)' t}us method startmg w1th a lew concentra-"‘-'--:
“tion of substrate (5 uM), smce the poor solublllty at’ “Tow. pH' d1d not allow
._hlgher concentratmns. No lag phase was observed at tha.s low concentratlon, but
it is not excluded ‘that- an :|mt1al 1ncrea.se 1n thls case may be obscured by a
.fdecrease in rate-as result of workmg With' a substrate concentratmn near ‘or lower'
;'__‘"than the Km valtxe. The more detalled studles at pH 94 1 were started w1th a concen-‘
_tratlon of 40 uM 5 : R Sanrie :

Landheer for mass spectrometrlc data,

1ng the H and o —NMR spectra and to Mr. Al Schw:hard for preparmg the f:gures.:.
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7 DIRECT IMMOBILIZATION OF MILK XANTHINE OXIDASE
IN MILK PROTEIN WITH AND WITHOUT ADDITION OF ’
"GELATIN - :

7. Tranper, H.C. van der Plas and F. Miller. " .

l.’l}:-SUMMARl’ B

vhlk oT. a solutlon of gelatln and mlk or: ccmnercz.al xanthlne ‘oxidase were” 1Y0—"-'-':.
ahlllzed and the powdered freeze-dned materlals crosslmked ‘with. glutaraldeh}’de

['he resultmg preparatlons of nmnob111zed xanthlne ox1dase have a good stab111ty,;
ire hlghly act1ve and well su1ted :Eor orgamc synthes1s. Gl : '

7.‘2;;_ IN'_[ROD__I'JCTION ' ';}-

[n recent papers1 -4 we have descrlbed the propertles of xanthlne oxldase nmnobl-"
l1zed under a var1ety of CO]’ldl'thIlS The alm of" these studdes ‘was to search for a
)reparat1on su1tab1e for use, 1n orgamc synthes1s. The operatmnal stab111ty of

»oth’ free and- mmbthed xanthlne ox1dase 15, however, poor1’5 and limits the
aff:v::lem::y in synthe51s Therefore, we have further explored thJ.S area: -of. Te~
>earch and now” report ona’ mod1fled mprcved procedure of entrapment of xanthlne
)x:tdase m gelatm. The mod1f1cat10n con51s1:s of lyophllrzauon of the ‘enzyme-
relatm solutlon pI'lCll' to the crossllnk;mg w:Lth glutaraldehyde. 'Ijhe resultmg pre-
3arat1on has a good mec.hamcal st.ablllty, shows no protem leakage, a:nd the )fleld
Jf act1ve 1mob1llzed xanthme oxidase . is hlgh and stable. .The same smple proce-
lure can be: used for ditect: mmoblllzatmn of 1mpur1f1ed xanthlne omdase in mlk
Jroteln, with or WlthOUt add;.tlon of gelatm. ‘Whole milk, w1thout any precedlng

l:reatment, or sk::mned mllk can be used as startlng solutlon. Consequently, the fl'
mnc1a1 advantage 1s dramauc., the cost 1s reduced abour. 2000 tmes. ST

i

“os



-ff"':'f. 3. MAT;—:RIA_LS

Mllk xanthme ox1dase (B.C. 1.2.3.2) was purchased From Boehrlnger, Marmheim..

. _':'.(fl 300/ 100mg) Fresh whole m11k was obta:.ned from the Umversrty farm." Sk:.med
:_"mllk was prepared as follows The whole mllk was flrst stored overm.ght at 5°C to.
;‘accompllsh ‘the d1550c1at10n of xanthme oxldase from ‘the’ fat-globule membranes6
and then centrlfugated at low speed. Xanthlne (purlss) and glutaraldehyde (25% -‘
1n water) were. from Fluka A.G. ’ ’.Buchs S G, > Smtzerland AL other mater1als used
twere of reagent grade. All solut1ons were prepared usmg glass-dlstllled water. L

Sl7.4 : M_ETHDDS'; ;

* 741, Inmobi 11:£dt'1ion’ procedute”

::".The followmg stock solutlons. (A-E) were usedefor the synthe51s of the vanous .
o _1mob1112.ed xanth1ne—ox1dase preparatlons L : 5

"i;-: A A gelatln/xanthme-oxldase solutlon, prepared by dlssolvmg 5¢ of gelatin in*
“25'ml of hot 'water: to' Wthh, after coolmg o ‘ToOm: temperature, 0. .5 ml of a j:f_h
R isuspensron of Comemlal xanthme oxldase (10 mg protem-ml ) was added v
B 50 ml- of fresh whole m11k.-p. R e L
.C,f__z 5 g of gelatm dlssolved (at 60 C) in 50 ml of fre
+2:Di 50 mlof ‘skimmed mllk '

G UES2.5 glof gelatm dlssolved (at 60°C) m.SO m1 of skmmed mlk- I
g "‘-41"{-'Comerc1a1 xanthlne oxldase was. also mnoblhzed b)' adsorptlon to n—oct)’l"
A subst1tuted Sepharose 4B as. deSCI'lbed prBVIGu5171 (

sh“.whole"'_milk._’f, "

:‘Each of these solutlons (A-E) was rap1d1y frozen 1n 11qu1d mtrogen, ly'ophilized‘,
: nd the- freeze—drled matenals thoroughly g'rounded in a- mortar..1 g of the powder
vas: then added to a v1gorously stnred glutaraldehyde solut1on < 0.5 ml of 25%:

glutaraldehyde 12 ml of water and 12.5 ml acetone = and the’ st:erJ.ng cont1m1ed
'-f_“-‘.':Eor 30 min at room temperature. Fmally, the crosslmked preparatmns were ex=
'haustwely washed with Tris-HCl-buffer pH 8.2 (I = 0.02; 0.1 nM BUI‘A) R

7:4.2: Determination of the activity and

.- The ‘washed: preparations. were .mmedlately packed in'a’ ub-
S strate passed through 11:"‘The substrate solutlon con515ted of 200 uM xanth:me lﬂf




V“_Tns—HCI buffer pH 8. 2 (I =0, 02 0 1 mM ED‘I‘A) The flow ‘rate (LICB perlstalnc

“pump) was .14 ml N -1 and the temperature 5 C. Fractmns of 21 ml were collected
E and- the 0pt1ca1 dens1ty measured at 290 nm -’[\n'o L of substrate were pumped '
. "through a1l the reactors and- the' total amount of product determ:med :
; 'All the effluents were assayed for protem by the B1uret method e

. L&-'.RESULTS'AND' olchssinf-_ - -' B

‘ }‘2. 5. 1 _rhé * Timauzamﬂ .

It is- necessary to make a well mlxed solut1on of gelatm and the enZyme pr1or to
1yoph111zat1on, m order to prepare a gelatm matnx in whlch xanthme ox1dase 15 '
'-j'honngeneously dlstrlbuted The commerc1a1 SOlllthIl of concentrated xanthme ox1-

dase’ 1s best mlxed w1th al gelatm solutmn, whlch is. cooled to a temperature PR
where: 11: is st111 11qu1d The whole-mllk and skmmed—-mllk gelatm solut1ons are
-rbest prepared by d1ssolv1ng the gelatm at 60 C 1n the respectlve llqlllds ‘At th15>
,_temperature ‘the. denaturatmn of xanthme oxldase is. suff1c1ent1y slow that the _
'_"loss 1n act1v1ty is negllglble durmg the tnne I‘EC{LllI‘ed for the dlssolvmg of ge-
:3;1at1n The: solut1ons are then 1nuned1ate1y —frozen in llqu1d n1trogen.- 0 e
: ‘,The add1t10n of . acetcme to the glutaraldehyde solutmn is necessary to prevent~
‘milk proteln from’ redlssolvmg when the” freeze-drled povder.is added to th1s S0~
“lution for crossllnkmg A concentratmn of ‘acetone: of 505 (V/V) is. suff1C1en1: .
and causes o s1gmf1cant 1035 in act1v1ty of xanthlne ox1dase. V;Lgorously 5131.
:"__rmg of the glutaraldehyde solutlon prevem:s coagulatlon when ‘the freeze-drled
powder 1s added ' - o S

; ?_.5; 2 Meohd}zieal prdpért’iejs__-rof ‘i:'h_e_': eupporte :

A reactlon tlme of 30 mm for crossl1nk1ng in a: 0 5% glutaraldehyde solut10n (25 .
;:_."\ml per gram of freeze-dned matenal) at room temperature y1e1ds a mechamcal
j'sta'ole support.’ Protem assays of the effluents shoured that no protem leakage
occurs. _The flow propertles of the preparatmns w1th gelatln are good The pres-.
"If;,sure drop is"low and the’ flow rate- remamed constant; durlng the time of operat:wn :
LT WEEk), lrrespect.we of upflow or dorwnflow was’ used The- flow Tate ‘of the
\i::reactors contammg the m11k preparatmns mthout gelatln gradually decreased wlﬂ1
(f:l downflow, even though a “pump was used Reversmg the flow largely ellmlnated th15 ;
_:_} decrease, only a small decrease was observed w1th the ‘vhole-milk reactor as re~":




sult of flne partlcles packmg at the top of the colunm The results described
i ._here were obta1ned from. reactors with upflow a.nd the data for the whole-milk re-
i_gj'actor are. corrected for the small change in. flow rate. No d1fferences in up and.
Qdownflow were, however, obser\red when correcnons for decreasmg flow rates were

j._made. S

‘HTab19;7;I:?r0pef§ies of_ﬁef{oeefo#eperatioﬁe*of'immobilized-milk”xanthine':f

iPreparatlonb nghest reactlon Spec1f1c act;VLty Half lee “yumoles. of ...
: i rate observed - L af.”:f th substrate . -

erved_ : T -.converted .
e e S

sﬁ’(umoles.

B TP
Cges 23000 o
::;.3_T{ ;5: ‘ v
L3 Te000 e
500 e 11000 '

:ea}13UbStrate. 200 1M xanthine -in. Tf1s-HCI buffer, pH 8. 2. (I=0 02; 0.1 mM

. EDTA) 35 C._Flow rate:.IA wlih
1}b;5Letter correspondlng to the stock sol
_:r‘(see Methods). SN s D . :
-léQ'umoles oxldlzed by an amount of mater1al correspondxng to 1 L: of m;lk. :-1¥jo“

utlon used for 1mmobzllzat1on _TE

d.oumoles h -.mg

"e-'umoles converted per ng. prote;n.," ,j,-ff;j :
) —1“-.‘-7-;
milk’.

l'f.'Based on an average xanthxne oxzdase content of 50 mg. e

B .7 5. 3. Actwwy of the preparamona

:\-j"‘:Colwm 2 of Table 7 I 11s1:s -the hlghest-,reacuon rates observed for the'vari'ws g
preparatlons expressed as umoles of substrate converted m one’ hour mth mate~ :
~rial correspondmg to-1 L of milk or 1 mg of protem of the conmrmal enzyme '
.,':‘Immoblhzatmn of conmercml xa.nth:me oxld.ase in gelatm b'y' the pro::edure now_ - :“_

g 1
‘. descrlbed glves a retentlon of act1v1ty of. abmzt 65%, w}ule we found prevmusly :
f'-lF-'ss than 10%." These data are-based. on- compansm w1th xanthme ox:.dase adsorbed:

.(j _to n-octyl—substltuted Sepharose 4B w1th a retentlon of a.ct1v1ty of 90%
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The average xanthlne-ox1dase content in m11k 15 about 50 mg per 11tre7. If wWe.
“use t]us flgure, a hlgh spec1f1c actnrlty, e5pec1a11y with whole m11k is calcu- f’-
“lated. for all the’ mllk preparatlons [Column 3 'of Table 7.I). In ca.se of the whole:_
m11k the addltlon of gelatm con51derably enhanced the 5pec1f1c act1v1ty

IR R

: ?54 'Stabi'li_i‘t.ij.:bf-;tke pfég:aifdtians ' R TR e

Some results of the stablllty experlments are shown in F1gure 7 1 The logarlth,m
of the ratio of. the conversion'at t =0 and t =t is plotted as a function of. ...
tJ.me. The time-at- wiuch t:he reactors reached the hlghest rate of: conversmn of
. substrate” (colu:m 2 of Table 7. I) is defmed as t = 0. Thls rate was achleved :
after about 15 h 1n all”’ cases except the reactor contammg xanthlne ox1dase 'ad-‘ ':';
E sorbed to- n-OCtyl-substltuted Sepharose 4B whlch reached the' hlghest rate ef con-

' E”-:-_,Tune(days)

i igure 7; l c,Sr,at:uln:y of umnoblhzed aulk xanthlne ox:.dase under contmuous ope"..
. ration. of .57C, -Substrate:- 200 uM ﬁanth1ne in Tris-HC1. huffer pH 8,2 (I.=.0. 02;
;70,1 'mM EDTA). Flow rate: 14 ml.h (w): c."' (%) Di: (MY ks

: to"
. .the preparatlons descmbed m METI-IODS. I..etterseorrespondmg




versmn almost nrmedlately after the start of the reactlon _The average of 4 frac- '-
t1ons (6 h) is-given in’ F1g. FL Scannlng the complete UV—spectra of” varlous frac— "
t1ons of | the. effluents whlch showed sharp 1sosbest1c pomts at the approprlate
wavelengths, demonstrated that ‘the' decrease in absorbance at 290 nm w1th tme was -
_.the result of decreasmg conversmn of substrate.i-_ Clrad ol R
It is. clear that entrapment of xanthme ox1dase in protem enhances the stablllty
cons1derab1y (column 3 of Table 7 I) The1r is no pronounced dlfference in stablll—.-
Tty of: the ‘various- m11k preparatmn, except maybe for the: sknmned-mllk materlal. »
Apparently, the klnd of 1nert protem used to entrap xanthme ox1dase is not cru-
C1a1 i Lo : '

?l;:sa 5. -_'Ec-oﬁqjmie--.‘eansg:déz#;;e_;ﬁeﬁe .

- Coltmm 4 ofl 'I‘able 7 I shows the 'amomlt of substrate converted in. one half time by

: an azmnotmt of: materlal correspondlng to’ 1 L of m11k or . 1 mg of protem of com-.
merc:Lal xanthme ox1dase, under the condJ.tJ.ons used The pr1ce of 1 mg of comrler~':'f7

; <:1al xanthlne ox1dase 1s ahout 5 tmes that of 1L of mlk Consequently, the- dlf- .;:
ference 1n cost of convers1on of 1 mole of substrate by conmercral xanthme ox1-:-"-» :
dase entrapped in gelatm compared to the whole-nulk gelat1n preparatlons is .
about a factor of 2000. The dlfference 1n cost w1t.h the xanthine omdase adsorbed
to the n—octyl-substltuted Sepharose 4B, 1s even greater both because the labor™
mvolved in- the preparatmn and the cost of the support mater1a1 are much hlgher
and because of the : OWer converslon of substrate ~per: mg of protem. AN

: 7 5-1'-;09NCLU5 mNs“‘

D1rect ‘mmblllzatmn of m11k xanthme oxzdase 1n whole-mlk protem enrlched
w1th gelatm )r1e1ds ‘a h1ghly &CthE and stable preparatlon w1th good mechan.u:al
5tab111ty .and’ flow propertles. The method 1s very. snnple and’ can. be. perfomed 1n

L any laboratory equlpped w1th a freeze—drymg apparatus Moreover the costs are
VEI'Y low. Consequently, thJ.S nrmoblllzed xanthme-omdase preparatlon is. very SR
Smtable for. app11catlon in orgamc synthe51s. Smr.:e the descr:.bed 1mob111za- I

: tlon procedure 15 very mild i would. appear o be appllcable to many enzymes.-;.

LCHﬁller5and*HJC.=vannderlflas;-Bioteohhol.Bioeng.i'20;“l507f1522
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. .“_Omdase actlvity

":"'fabout 50 dlverse strams of bacterla contalnlng xanth1ne—ox1dase actl\rlty‘,

§f 8 XANTHINE-OXIDASE ACTIVITY OF ARTHROBACTER X-4
. » CELLS IMMOBILIZED IN GLUTARALDEHYDE- S
CROSSLINKED GELATIN e

3. Tramper, A. van dor Kaaden, H:C. ‘van der'Plas, F. Miller and W.J. MiddeThoven "

8.1, j_su'MMAmf' e

Cells of Arthrobacter X—4 were lnmnoblllzed by entrapment in gelatln crossllnked
§.W1th glutaraldehyde. The xantlnne—omdase act1v1ty and stablllty were determmed
at varidus temperatures In comnarlson w1th bovme—mllk xanthme ‘oxidase’ the L
-~"‘,bacterlal enzyme is more stable and has a dlfferent substrate spec1f1c1ty :
Methylxanthme was ‘oxidized.on a preparatwe scal T T s S

: 3':'=8 2 INTRODUCTION _

,_fu::Slnce 1975 we study the annllcatlon o '1mmob1112ed enZ)rmes 1n organlc synthe515. '_
Xanthme oxldase was chosen as model enzyme becanse 1t catalyzes the" omdatlon :
kf"_:'i"'Of many azaheterocychc compounds whlch chenustry is-a mam ?bjectlve ini: the e
: : aboratory of Organlc Chemlstry (for rev1ews ‘S’ van der. Plas 2 ) H1therto the
- .emymes from bovme m11k ’4 3 and from chlcken 11ve1‘4’.6 were studied. Recently oy
we. have reported the d1rect 1Hﬂ110b1112&t10n of the m11k enzyme by means . of entrap "
: ﬂ"-'ment in glutaraldehyde-crosslmked gelatm, y1e1d1ng ‘a_cheap, h:.ghly actwe and-
relatlvely stable xanthme-oxldase preparatwn W In the- present study we have -
"r_.;further 1mproved the matenal propertles of the gelatm support and extended the :
" method to the’ moblllzatmn ‘of whole bacterlal cells, Nz.e A those of - Arthrobac:—
“-?-*.'fter stra1n X-4 that was 1solated from 5011 “and- shown to exhlblt h1gh xanthme :

e

"?__"'”Arthrobacter was, cho-sen -for =:the followmg reasons.» As the result Of A surve)r o

i ”Woolfolk and I)ownard8 observed that 2 strams of Arthrobacter gave by far’ the

highest spec1f1c act1V1tles usmg molecular oxygen as: termmal electron acceptor. i
urth'emore ',"1in‘:_dontrast -_tof;the ~-'mi_1k'; en;yme‘;*"Arthrobacter xanthme ox1dase shows

:}?:‘ substrate actlvatlon rather than substrate 1nh1b1t10n and has a2 spec:lflc act1v1ty %'__




_:'We have 1mmob111zed the whole cells w1thout any purlflcatlon, for it is known9 '-
:‘that the . next enzyme in the purme—ondatwe-pathway sequence s _ur1case, is in_

_'contrast to xa:nthlne ox1dase “highly. 5pec1f1c and only’ ox1d1zes uric ac1d S:ane‘.'
‘we are mterested in the o:udatmn of other substrates than xanthme, thus o
jleadmg to other products than uric ac1d “we " expected ‘that no further breakdown.;
'after the f1rst ox1dat1on WOuld occur and that therefore the whole cells’ would o

sufflce. In th1s paper we w1sh to present the 1n1t1a1 results of th1s study

;e,__s_._ 'MATEKBIALS‘ AND METHO_D_S‘ j

851 4'1;;1_40;5{:&' ‘o_f_ cezzs

”_-'Ihe xanthme/agar med1um 10, u5ed for the 1solat1on and pur1f1catlon of 5011
j'Arthrobacter strams contamed per 11tre 0.1 M ootassmm—phosphate buffer 'DH ]
_;'7 28 100 mg of. yeast extract 100 mg- of xanth:ne (Merck ~for- bmc:hemlcal purpo-:'-g
'ses), 200 mg of magnesmm sulfate, 100 mg of ca1c1um chlor1de, 0.5 .mg. of ferrous
_'sulfate and . 20 g of: agar. Portions. of 30 ml were poured in Petr1 dishes of 12 ‘em
Lmtemal ‘diameter and supplled with an. overlay of 3 ml of the _same medmm supple
:mented with 10 g-of xanthme per. 11tre. SR AT e L T ST
_'Cells of stram X—4 were grown in. ethanol/yeast-extract medlum that contalned
'Vper 11tre 0. 1 M potass1mn—phosphate bu:Efer pH 7.2:°5.g of yeast extract, 10°g Of
_ethanol (added after ster1llzatlon) =2 £ of xanthme, 100 mg: of sod:Lum sulfate, :
'.__trace elements magnesmm chlor1de and calclum ch‘lorlde11 Port1ons of . 100 ml Uf
“this med1um were: contamed in- 300 ml- comcal flasks ster111zed for 20 min at
.?.120°C inoculated w1th a loopful of- stram X-4 and mcubated at 30°C in'a-
-;~'-rotary shaker.k Cells were harvested by centrlfugation after 48 h- of growth and
_iwashed ‘with 0. .05 M- potasmmn—phoq:hate ‘buffer’ pH 7. 5o Adaptatmn of these cells
“to xanthlne was performed at 369 in a 0.1 M potassmm phosphate buffer pH 7. 5
‘contammg 1 g of xanthme per 11tre for about 8h, wh1le air was passed through
'ﬂThe xanthme concentratmn ‘was: determlned at: mtervals The cells were - then
_.;';washed with: Tr1s-—HCl buffer pH 8.5 (1= 0 01) untll TO* xanthme was. detected m :
_”the ‘wash 11qu1d and :.tmnob1llzed.- Gells grown for 48 h- in 500 ml of medlum were
":collected adapted to: xanthme, “washed, resuspended in:a small amourit of buffer,
~-divided:in 15. port1ons of T ‘ml (correspondlng to 9D ng of freeze-dned cell‘
“'materlal) and stored frozen (-20 C) mtil the 1mmob11123t10n- TR N AR

e
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"Ihe cells were suspended in. a gelatm solutlon Iyop]ullzed, and crossllnked
fmth glutaraldehyde, analogous to the procedure descnbed prevmusly for m11k
:‘xanthme ox1dase7. Instead of grmdmg the freeze—dned materlal in a. mortar, a :
Gulatti analys15 m111 contammg a sieve, was u:sed. Partlcles w1th nominal dia-
‘meter of 0.5, 0.7 and ¥ ‘ma were mvestlgated. In order to determme the effect
of the gelatm concentratmn 1n ‘the. 1n1t1a1 solution on the ultmate propertzes
of - the support, concentratmns of 0. 5 2 5 10 11 12 5, 15 and 2[)% were made.:g'.--j
; Preparatmns ccm515t1ng of part1c1e5 w1th a nommall-_ d:Lameter of 1 mm, 10% gela-
;‘\tm, and a dry-we1ght rat1o of cells'- and gelatm of" ', were used routmely

8.3. 3 Aci:zmtyandstczbtzny &ééays i

'I'he preparatmns of 1nmob111zed whole ‘cells were packed 1n a column (1 d. 0. 7 S
“cm; bed. about 1 cm high);’ thoroughly washed with Tns-HCl buffer pH 7. 9 (1 0. 01 ;'
0.1 mM ED‘I‘A) “for about 24 I, and. 100 uM substrate (1-methy1xanth1ne, punss,
;'Fl”ka) PW"Ped through it 18; ml h ) Fractmns of 18 nl were: collected and the

‘ -1
"Conversmn calculated from the absorbance at 290: nm, usmg Ae: = 10 ) niM cm\- .y

: 83 . .Sbééific«;ty | ,czés'ayg

". In: addltlon to -'1-—methylxanth1ne the act1V1ty was: detemlned w1t_h '8—pheny1pur1n—
6f-One (preparauon to be p‘UbllShed) 7—pherry1pter1d1n—4-one5 and 6~ phenylpten—
-:‘-dln-4—one (preparat1on to, be: pubhshed) 3 and compared w1th those of - mllk xantlu
."ne ondase. -.The concentratlon used was 100 uM for a11 substrates and the change'

-‘Jm absorbanCe measured at 280 325 and 310 nm, respectwely 'I'he rates were:
: £ '1, T65pect1ve1y SR

_zé{."s.‘s "Oxfaaéton o i-'mefhyz.@'fmn‘e--an-a preparaa-évé soale.

?-Flfty mg of 1-methy1xanth1ne were d1ssolve l-in-a minimal amimt of: Naa-!-solutlon:.i
(M) and diluted to 300 ml with. Tris-HCL buffer p 7:9 (=0, 015 0.1 EDTA}.°

"Th1s solutmn was recycled through a column contammg mmmblllzed Arthrobacter
"cells (270 mg of ce11 matenal) unt11 complete conversmn was reached (after
'iabout a week) and then ac1d1f1ed to pH about 5. w1th HGl (ZM) 'I‘he solutlon was
evaporated m vacuo to a small volume, cooled (DPC}, f1ltered and the re51due
;exten51ve1y washed with d15t111ed water.




8.4, RESULTS -AND DISCUSSION =

, 7,3'.' 4, 71'.'?:- s‘e;;'&%:rf s zécéam? cmd ,g"z%owﬁh;*"of cezzs

Arthrobacter cells wh1ch are able “to. grow at the expense of purmes are very
abundant 1n 501112. 'A xanthme-dlssmllatmg Arthrobacter stram was 1solated by
streaklng a suspensmn of ‘garden- 5011 on xanthlne/agar plates mthout precedmg
; enrlclment culture. After 3 da}'s at SOOC nurierous colomes ‘were surrounded w1th
clear zones which: 1nd1cated xanthme dlssunllatlon. Bacter1al colonles were LU
K streaked on: the same medlum to- obta1n pure cultures The most actl\re xanthlne—
dlssmulatlng ones were exammed mlcroscoplcally after growth on nutrlent agar :
One stram [X—4) showmg the rod co-:c:us transfonnatlon in senescent cultures,

whlch is charactenstlc ‘of Arthrobacter, was' chosen and mamtalned on nutnent
agar slants : T

Stram X~4 1s Gra:n—p051t1ve, non-mot11e,' strlctly aerob1c and produces abundant :
- sllme 1n glucose/yeast—extract medmm. Young cultures on nutrlent agar cons:.sted
: of rods that were occasmnally branched and transformed into: ovate cocei’ 1n -
: senescent cultures. Cells growmg at the expense of xanthlne were coccmd -
Growth ylelds on xanthme as the, sole source of" carbon and energy were low due
to the low energetlc value of thlS substrate. For th1s reason cells were pre-"
grown on; ethaml/yeast-extract medlum and subsequently adapted to xanthlne prlof
to 1mnob1112at10n, After 24" h of growth 1n thls medlum branched rods predonunated
that showed moderate xanth1ne—ox1dase act1v1ty after adaptatlon and 1mm0b1112a'
- tion (Table 8. I) The cocc01d growth phase Was reached after about 40, h. Cells'-f’f_
harvested after 48 h 5hc:vWed P satlsfactory enzyme act1V1ty after adaptat:ton and
moblllzatmn (Table 8: I) After 72 h: of - growth An et.hanol/yeast-extract medlwﬂ
" the" capac1ty of xantlnne—ox1dase 1nduct10n 15 apparently 1ost {Table 8. I)
~Storage at 20 C and lyophlhzatlon d1d not affect the_ ultimate act1v1t‘y

T

" Cell morphology”

~-Relative” m:mblllzed :
actlvxty (Z) :

" Time of growth.(h) |

branched rods ..

Table 8 I Influence of tlme of— growth of t‘h
actxv;l.ty of mmobnlzed xanthine ox:.dase. k.

culture on the ultimate
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3 When a concentratmn of 10% of gelatm in: the starting solutlon ‘was used, grin- R
dmg was easy and the partlcles formed had good flow prOpertles When the part1—
“le cles: were' thoroughly washed before ut111zat10n, -no protem was detected in the: . -
'H_:effluent durlng catalys1s Concentratlons of gelatm much lower than 10% resulted
i1 a weak’ and gelatlnous support. At much hlgher concentratlons a very hard - 4 '
"'_'support resulted Wthh was dlfflcult 1o gr1nd The m1111ng and szevmg step was .
p 1ntroduced to: obtam a more homogeneous dlStI‘lbuth]’l of partlcle 51zes. ‘Agglome-
‘."rat1on of - the part1cles w1th a nonunal d1ameter of 0. 5 and- 0 7 . occurred when
"".psuspended 1n the crosslmkmg solutlon and partlcles w1th a nomlnal d1ameter of

,'-1 m: were therefore used. 3

mwa it

_:'When xanthme was used as the substrate, ur1c ac1d was formed as 1ntermed1ate
v-‘product but eventually dlsappeared conpletel}' As expected 1f 1—methy1xanth1ne
was used as the substrate, the spec1f1c1ty of- uncase prevented further ox1da-’ .
:?"tlons a.nd 1-methy1ur1c ac1d was’ the end product The act1v1ty ‘at various tempe- -
ratures 1s g1ven in. Table 8 1. From these data an actlvatmn energy- of . about 22 -
kI mol 1 15 calculated be1ng close to the one- of :mmob1l1zed xanthme dehydroge— - f,
:-'naseﬁ.. The half 11fe (t2) and the amount of substrate converted 1n the f1rs1: : l’:
'-;,half time, at: these temperatures are also g1ven in Table 8. II ‘Ata temperature
Vj‘of about ZOOC lmmoblhzed Arthrobacter xanthme oxldase performs optmally

'<¥T(?C) t (da s)‘ Total convers:on 1n.t in:ngll; In1t1a1 actxvrty AR :; B
A i_ 7. i ;. pmoles/min/100 mg- of Ry
s ‘column materlal PURTNP PR

i 100 mg of eolumn mater131

ﬂlTable 8.11. Temperature dependency of xanthlne—ox1dase activity and sta= & oo
'lellty of: 1mmob111zed Arthrobacter ‘cells, ‘and amount of 1-methylxanthine
-converted.in the first half time: per 100 mg of: eolumn mater1al (dry

- weight)., " g
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Four substrates were tested mth 1nmob111zed Arthrobacter cells and the relatnre
1n1tlal act1v1t1es compared w1th those of the bovme-mllk enzyme (Table 8. III]

It is’ clear that the bactenal enzyme has a substrate spec1f1c1ty dlfferent from
that of m11k xanthme ox1dase : - : L

- 8 Q.ISrlj:"'Synthéez‘e -

": '.:1"~:1\-det'h)'rl'xanthir'1e'fw 'converted on a small preparatlve scale by 1mmob1112ed
Arthrobacter cells Startmg w1th_50 ng. of substrate 1:he y:Leld of analyt1cally

-(60%) Z_ UV and mass spectra were 1dent1ca1 0.

pure 1-methy1ur1c a<:1d was 33
those of _authentlcal mater1a1

A S P :-Tmm0b111zed Arthrobacter 'FMllk xanthlne ox1dase
g S > ;
'waung??F%- u.un1ts/lOO mg of_

“units x°10 f 2fr7”‘"
.fcolumn mater1alxg'}h;. B

._ymg proteln v""

:f”lrmethylxanthlne
8-phenylput1nr6—one
? phenylpterldln—b—on

;kﬁephenylpterldlnjk—one

pec1£1c act1v1t1es fm11k xanthlng oxldase and 1mmob111zed
Arthrobacter cells thh varxous substrates at’ 20 c.Q1: unlt -’tﬂumole m1n

fé;s,

CONCLUSTONS

_ cells have a h1gh 'xanthme-omdase actlmty and are
su:r.table ‘;Eor app11cat10n 1n orgamc synthe51s in‘a’ cont:muous :Eashlon. The™
spec1f1c1t of the bactenal enzyme is d1fferent from'thét of mlk xanth:me .
omdase thus the spectmm of substrates that can be ox1dlzed eff1c1ently,
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5 GENERAL DISCUSSION

In Chapter 2 1t 1s concluded that for a partlcular appllcatlon an’ evaluatlon of
: varlous supports is. necessary So far we have only discussed agarose and gelatln
. cas.a support for the nmnoblhzatlon of xa.nthlne oxldase or xanthine. dehydrogenase,
“but” in the course of our study several other supports have been mvestlgated on
thelr merltsf as a support for these enzymes a.nd the results are shortly dlscussed
here e Sa M i B . . | R . A . RN

'I.‘ Controlled—pore glass FCPG) The y-ammopmpyltnethoxyszllane derivative of
CPG (p 41) was developed concurrently with agarose. It was actlvated in -four, dlf— :
ferent manners: %, reactlon with glutaraldehyde (p 45) ;- 7Z: reaction with s—trl-'
chlorotrlazme (p 43) ;- me. usmg a carbodllmlde (p 42),‘ and Zv. preparatlon Of
the d1azo derlvatlve (p 41) Only the glutaraldehyde—actlvated CPG appeared ta
be useful The- b1nd1ng capamty of th1s matenal is ccmparable w1th that of
agarose substltuted w1th n-octylanune, but the retentmn of - act1v1ty 1s about half

. On the other hand the flow propertles of CPG are ‘better when apphed m ‘@ column,’

5"I'herefore, the operatlonal stablllty of various xanth1ne-ox1dase/CPG preparat10n5
was tested tee, xanthme oxidase co:.mmoblllzed with superox1de dismutase -and/or-
catalase. Results were obtamed comparable w1th those of the xanthme ox1dase/aga‘
rose preparatlons except that the stablllty was about tw1ce as hlgh. 'I'hus the:
Ioss in’ act1V1ty as. result of nmnoblllzatlon 15 conrpensated for by the 1ncrease
‘in stablllty, ,Therefore, about 51m11ar amounts of substrate can be com'erted w1th
the Ssame- amount of soluble enzyme used for 1mmob1112at10n That eventuall)f the :

i agarose preparatlons were preferred was “due to the ‘case. of the assay posslble
‘with these preparatlons, ive.; dlrectly in the cuvet 1n the same “way ‘as the solu‘ i
ble enzyme Thls was very convement for testlng new substrates, one ‘of our. goals-_

: The flow propertles of the- agarose preparations 1n a colunm were ‘also’ suff1c1ent..=.f
for our purposes. Further, CPG has the dlsadvantage that 1t gradually dlssolves
at the Optl]me pl-I ('u 8.7 of - xanthlne ox1da.se To c1rcumvent the latter problem,;."
controlled—pore tltama, wh1ch 1s more stable 1n Weak—alkalme solutlons was J—““h:
vestlgated as: well /A nomlnal pore dlameter of 45‘n’m was chosen for the followlng :
‘_reason. Th15 dlameter 1s about tw1ce that of the largest d:unensmn of the enZYme
and allows easy access has an optlmal b1nd1ng capac1ty and the greatest DTObabl‘ :




‘11t)r of stablllzmg the enzyme The. 1atter ca:n be explalned on the ba51s of con- ‘i
finement of the enzyme mto a space allowmg the cmfomatmnal changes necessa.ry” "
for, cata1y51s still to occur but preventing conformatlonal changes 1ead1ng to.
r.,1nact1vatlon Xanthme ox1dase was mrnoblhzed to’ the controlled—pore t1tan:|.a by,
‘adsorption and by ‘the method of salt brldge fonnatlon as descrlbed for’ urease S
by Messmg1 Adsorptlon resulted Ain a moderate-actlve preparatlon havmg a stab1—~ :
"lity comparable with that of the CPG preparatmns When xanthine oxidase was i
‘bound by. salt-br1dges, ‘all the actlvlty was lost. The latter method was chosen i
;"because it was. expected that multiple salt-br1dge formatlon would stab111ze the
“active- confonnatlon, but w1th malntenance of the flex1b111ty ‘of the enz.yme neces-;’_'I-:

:Tsary for cata1y51s. S ‘ LTI s
2. Actwated carbon - (AC') The apphcatlon of AC was, 1nvest1gated because 11: is o
',_I-mown that AC catalyzes ‘the- decomposnlon of hydrogen peronde ‘@ by—product of

the cata1y51s. We showed that the rapld 1nact1vat10n of xanthme ox1dase durmg -

'icataly51s is at: 1east partly due to denaturatlon by’ hydrogen pero}ude Accmnula— £

'-tlon of. thls by—product s llkely ‘to occur in’'the m1croenv1romnent of the enzyme

*where it 15 produced Further, as result of- the; h1gh surface area, “AC is condu- '-_'j:
as expected that the sub="

sCive to ]_arge amount of protem blndmg so that 1t w
,;strate oth.mum of: xanthlne ox1dase could be chosen at w111 by varymg -the amount
_."{ of . enzyme mnoblllzed (Chapter 4) However no xanthlne oxldase could be bound at '

,::_all e:Lther by adSO‘I'pth]’l or covalent bmdmg by means of glutaraldehyde or car- L
: bodl:unlde. T e RSP L
' 3. Other s@parts._ Carbox;nneth)rlcellulose, polyacrylam_lde Enzacryl AA and AH,
"}‘Phenyl and Octyl-Sepharose C1-4B and th1olated gelatln, all have been nwestlgated&
:::-as a support for- xanthlne oxldase Or xanthlne dehydrogenase for varlous reasons. '
the retentlon of act:.mty was_ low, makmg

LE: Elther a]most no b1nd1ng ocom-red or
::‘these materlals unsultable.
f free and nmnohlllzed'xanthlne ocxldase. In'Chap- :

,:_:Flgure 4 1 shows the pH 0pt1ma o
for the ac1d Shlf‘t upon umnoblllzatlon was mentlon

f"-:ter 4 as a p0551b1e explanatmn
jj:j:ed the p051t1ve charge of the support creatlng ‘al mcroenvnomnent of the enzyme

-'_.'w1th a; pH dlffel‘ent from’ that measured in: the bulk, A phenomenon extenswely dlS- i
:/_»'cussed in’ the 11terature3. When thlS 15 1ndeed the case, thls shlft should dlsap—'

" pear when a sufflclently hlgh salt’ c0ncentrat10n 1s applled However, 1n a solu- v

“tion w1th a hlgh salt concentratlon no cancellatmn of the’ Shlft was observed e
The substrate conc:en-—

"':-Showmg that thls explanatlon is “not appllcable 1n orur case.
"'(_tratlon used 1n'the experlment "Flgure 4. 1 1s about equal 10 the lg“ value found
~‘later at- the optlmum pH of the mmoblllzed enzyme A concentratlon no 100, much




‘_';above the 1(m of - the free enzyme was, chosen because it i is knewn that even at low
"_substrate concentrauons 1nh1b1t1on ‘can ‘oceur. To detemme the actual cause of
7-_the sh1£t the complete concentratlon proflles ‘were determmed as a’ functmn of

:pH (F1g. 9. ‘I) under the c:ond1t1c>ns of the assays as descrlbed 1n Chapter 4. Thls
"f1gure (9 1} clea.rly ShOWS ‘that the o)Jserved sh1ft at. lcrw concentratlons of sub— i
_-__strate is. solely due. to the h1gher Km than Wthh 1n turn 15 caused by the 1n—'

N ternal-d1ffu51on 11m1tat10n in the mnoblhzed—enzyme system as, descr1bed in Chap—

] -p ; 1~ .ones descrlbed 1n Chapter 6 several
:-;': 'other ser1es of substrates have been synthesued and 1nvest1gated 'z,.e. , the' i
je-(p-x-pheny1)pterldm-4-ones with X'= OCHy, Giy;'H, Cl, and B, and 8- (p-x—phe—
-‘;ny1)pmn-6—ones with: X = N(CHS)Z, 0(1-13, 0—13, H, ‘€1, Br, _CN and NOZ ‘They, turned
. out to" be very poer substrates but streng 1nlub1tors of ecanthme emdase. Thls
md1cates that the aff1n1ty of the enzyme for these compounds is’ large, but that
‘_-_ ds result of ‘the dlfferent orlentatwn of the phenyl group, these compounds appa-'
_-_"rently f1t 1n ‘the. wrong or1entat10n 1n the act1ve 51te ‘of the enzyme These’ result
" gnduced us to study the 1nh1b1tory propertles of ‘these cmnpotmds in deta11 for the
- '_followmg reasons. £. In’ the phamaceutlcal area much research is. d1rected to flnd
_‘new 1nh1b1tors to- replace the antl-gout drug allopurmol “which is lcnmm to have
_::"'several dlsadvantages. T Immob1l1zed enzymes are better models of enzymes m
,_"jvwo than highly pur1f1ed water-soluble enzymes. Therefore we want to: 1ntr0duce
**immobilized xanthine ox1dase .as. model system for testmg new 1nh1b1tors -and studY
';.,p0551b1e d1fferences between the free’ and 1mnob111zed enzyme. 1,1,1,..T0 determlne o
_t if the 1nf1uenc‘.e of X on the 1nh1b1tory capac1ty of these compounds can be des-
cr1bed by & lmear Hammett relat1on.- o : . : R SR
:_:"The prelmunary results of these stud1es are: ¢, abeve-mentloned punne der:,vatl\’e
- _are better 1nh1b1tors than allopunnol ha\nng an I 5d—value three orders ‘of magnl'
.tude smaller than allopurmol, ity the; d1£ference between the - free and nmneblllzed
_.f"enzyme depends on ‘the. substrate used 1,1,1,. no 11near Hamnett relat10n5h1p exa.sts,
.;‘nelther for the purlne nor for the pterldme derwatlves. -

sl

& 'Based on a small number of substrates 1nvest1gated, Woolfolk and Dcaw'nard5 cenclude
that xanth].ne ox1dase frem Arthrobacter 15 more: spec1f1c than the m1lk enzyme i)
, However, our results - see, Table '8.11. = show actually ‘the " opp051te.,Ev1dent is, .
:-"}that the 5pec1f1c1ty of these enzymes 1is: 'dlfferent. _'I'hls 15, however, net sur-'ﬁ
‘g}-'pr1smg ‘Although the smllarltles Jin- the absorptlon 5pectrum of the enzymes sug—

7 gest that the prostetlc group content ‘s‘very smular (not yet. proved) ‘the
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TfFlgﬁré‘S | 0x1dat10n rate v as‘a function of the xanthlne concentratxon S (uH)_'f

-f'by free (AY and 1mmob1lxzed (8} xanthine oxidase at various.pH's: (e} 7.9, (o)’ H' 

8.2, (x) 8.5, (u) 8.8; (+) 9.0, (o) 9.1, Tr1s-buffer systems- (%)’ 9 I, (&) 94,
‘(A) 9 6, borate—buffer systems. ; e T - :




- absorptmn ratio A550/A450 [Pe/S FAD} resembles more closely that of aldehyde ox1-'
.;dase (an enzyme similar to xanthlne ox1dase but w1th a dlfferent spec1flclty
f}for azaheterocycles) and xanthme dehydrogenase. The ratlo AZSO/AclSO is also.- G
¢'d1fferent about half that ‘of the m11k enzyme Wthh may be . connected w11:h the

fact that the bacterlal xa.nthme ox1dase has a molecular we1ght of about half ‘

: that of m11k xanthlne ox1da5e and thus about ‘one half as; muc:h protem per pros-
© tetic center. It:is therefore 11ke1y that some chemlcal and phy51cal properues .

-;j--are altered -as compared to mllk xanthme ox1dase

?‘fi_'RErlngElﬁEE'Sf e

\;’1 R A Messmg, Imobv,l'f,zed E’nzymee for Industmal Reaators, Academlc Press,
7 New.York, 1975} pp..79-98.7 1 " [/, SCRNIE N R i
.::EY k Chu and J E.. Balley, Blotechnol Bloeng.' 19 769*775 (1977) B
3 L Goldstem in Imobzhzed E‘naymes, Methods .fm Enzymology, Vol 44 (K Mcs-*"
Hie bach ed ), Academlc Press, New York, 19?6, PP 343;397. IR = T o '7
;i@l’R C.‘Bray in. The Enzymes Vol.,lZ,,(P D Boyer, ed ) Academlc Press, New York
-j',:ﬁ___,,"7|975, ‘pp: 299-388. }‘.:;";" G SRR R R T

'_:ii:'s_.;"".c A, Woolfolk andj 8’ Downard J Bacterlol., _135 422-428 (1973) )

Lo24,



SUMMARY

The objectlve of the study descrlbed in thlS the51s was to show that enzymes,‘es-f- :

_g_PeClally nmnob111zed enzymes, can be advantageously used in synthetlc orgamc

schemistry. .. oo o 5 IR G )
“In Chapter. 1 enzymes “are 1ntroduced and the advantages chscus$ed when these hlghl‘y :
' _attached to, a sohd sup- o

:'actlve and 5pec1f1c blocatalysts are mmoblllzed e )
Port Cr1ter1a for general acceptatmn of a spec1f1c enzyme as’a. routlne catalyst )
“in the organlc—chemlstry 1aboratory are Stated. The’ reasons for the chcuce of xan—-
thlne ondase as a model enzyme and ‘some relevant propertles are g1ven. ', SR
"The SOlld support used for ‘the: umnoblllzatlon determlnes to a 1arge extent ‘the * P
:;’_Ultlmate character1st1cs of the 1nmob1112.ed enzyme. In Chapter 2 propertles of
tan’ 1dea1 support and guldehnes for the evaluatlon of a: spec1f1c support are 3
‘_.dlscussed ‘Various SuPports are treated in some detall. AR
-‘_The mode . of. nmnob1llzat1on is’ also very mportant espec1ally W1th respect to the g
eventual' speC1f1c actlvlty of the mnoblllzed nzyme In Chapter 3 ‘the varlous 'tj‘..;l'a

; methods of nmnoblllzatlcm are dlsc:ussed Just as w1th the supports (Chapter 2),
d in this" study. . ,
ox1dase are descr:Lbed :

: Spec1al attentlon is given, to ‘the ones 1nvest1gate
In Chapter 4 varlous propert1es of nmlobﬂlzed nulk xantlne
_z,_"as well a5 the stab1112at10n by . commoblllzatmn wlth proteln, superox1de dismu~i
:‘.‘?'tase and’ catalase”_"_ 1t 1s concluded that conversmn of substrate’ on.a preparatwe g
.'."Scale can be perfomed convenlently, _ut that for eff1c1ent appllcatmn a more

G_stable enzyme preparatmn 1s de51red .
':‘j'Chlcken-hver xanthine. dehydrogenase is an; enzyme very simi
0x1dase. In Chapter 5 the ‘reasons are glven why it was expected that the liver

;Z';='ienzm._ _'would be more stable and practlcal for synthetlc: appl:.catmn. The ].lT!IIlObl"
f"__;llzat:.on and the propertles ‘of the :Eree and nnmoblllzed enzyme are descrlbed Ana-
logous” to: the milk: enzyme, the operatlonal stablhty of xanthme deh)rdrogenase 15

much 10wer than the storage stablllty
“In. order to: determme ‘the; substrate, 11m1ts of
',_"fly, S0 that more—rellable predlctlons would: be poss1b1e,
_: 'were synthe51zed for 1:]’115 purpose. In Chapter 6.the’ synthe51s of ? (p—)(-phenyl)—.:
iff'-‘pterldm-ci—ones and the oxldatlon by free and ammohlhzed xzmthme ox1dase are

lar to mllk xanthlne

xanthme omdase more systemucal-
senes of substrates
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presented. As. X becomes more’ electron withdrawmg, the. rate of ox1dat1on decreas- .
es:’ It is therefore concluded that the electron donatmn from substrate to enzyme
Q’_‘imust be the rate-lmutmg step. ST STl . .' B
Convenlent ox1dat10n of the“above. substrates and easy product 1solatmn was pos-.,_,‘__af
53".-51b1e onia small preparatlve scale. The lmuted stab111ty of. xanthme 0x1dase de-'}_;_f
'-manded however. . relatively. large amomt of enzyme. ‘In.Chapter’ 7 an easy and mild
;':'-'mmloblllzatlon procedure , usmg gelatln as support and glutaraldehyde as cross=
Imklng agent, “is. presented ‘Whole mlk can be used as startmg enzyme. solutlon,».'..,"
and no-isolation: is requ1red .The.. resultlng preparatmn “of mmoblhzed xanthine
ox1dase 15 very cheap, h1ghly actlve, relatwely stable and sultable for appllca-i;i'_.
f'tlon in orgamc synthesrs in'a cont1nuous mamer. T
L In Chapter 8 the mtprovement of the mblllzatlon method w1th gelatm is des- i
cr1bed and the extensmn to the mmob111zatlon ‘of whole cells, z.e. > Arthrobacter
-ficells centam:mg xanthlne-ondase act:unty. These cells were c.hosen because of
; thEJ.I‘ }ugh spec1flc act1v1ty, the1r substrate actlvatlon 1nstead of mhlbltlon
“and ‘their expected hlgher stab1111:y Innmblhzed Arthrobacter xanthme oxldase is: f'
':_ 1ndeed hlghl)’ aCtlve, mo::e stable and has - -8 different substrate spec1f1c1ty than
;'f_mlk xanthme ox1dase.; 'I'herefore, a w1der spectrum of sxbstrates can be comre- b
n1ent1y and eff1c1ent1y oxidized. . . S B e T
In ‘the flnal Chapter 9 addltlonal mfomatlon, mostly gathered at'a 1ater stage &
than the tJ.me of pub11cat1on, is’given. and dlscussed o ‘
;.{;The end conclusmn 1s* Xanthme ondase, e1ther from whole m11k or Arthrobacter: :
;when lll'IIIIOblllzed in glutaraldehyde—crosslmked gelatm, can be com'emently used o




' SAMENVATTING®

N Het doel van het beschreven onderzoek was aan te tonen dat enzymen, vooral -
'f'gelnmoblllseerde enzymen, met 'D'I‘Dfljt 1n de preparatleve orgamsche sche1kunde
‘.Vrgebrulkt kunnen worden- e e B e e T AT RS k

: In hoofdstuk 1 worden enzymen 1ngele1d en de voordelen besproken wanneer deze
._'zeer actleve en spec1f1eke blokatalysatoren gemmobﬂlseerd worden door hechten

L aan een vaste drager. Maatstaven voor algemene aanvaardmg van, een bepaald enzym
,_"ivoor dage113k5 gebnnk in het schelkundlg 1aborator1um worden opgesomd. Verder
-"'.’worden in d1t hoofdstuk de redenen gegeven voor’ de keus van xanthme ox1dase en .
_L;enlge ter zake d1enende elgensclmppen Van- d1t enzym ' L e ¥ S
:De- vaste drager d1e gebmlkt wordt voor- de nmnobllzsatle bepaalt in belangrljke )
':_mate het u1te1nde113k karakter van het gemoblhseerde enzym. In ‘hoofdstuk 2 .-
-_fworden de" e1genschanpen Van een 1dea1e drager besproken evenals rlchtlljnen Voor\
ll._de evaluaue van een bepaalde drager. L e e : A
:“De w1gze waarop het enzym geunmoblllseerd wordt, 15 eveneens zeer belangrljk
fvooral wat betreft d.e u1te1nde113ke snec1f1eke act:w1te1t van het- gemmmblll- 2
E"seerde enzym In hoofdstuk 3 worden de’ verschlilende manieren van 1nmoblllsat1e
besnroken. Evenals b13 de dragers (hoofdstuk 2) wordt 5pec1a1e aandacht geschon-
ken. aan. de methoden d1e door- ons onderzocht 21311. R R St e T e
In hoofdstuk 4 worden verscheldene elgenschappen van gelrmnobﬂlseerd melk
,"xanthlne ox1dase beschreven en de Stablllsatie door’ conmnob111sat1e met e1w1t
':superox1de dlsmutase en catalase. De conc1u51e is dat omzettmg van substraat’ Op
jpreparatleve schaal on eem.roudlge wijze mogelljk 1s maar dat- voor eff1c1énte i
-'toepassmg een stableler enzym preparaat gewenst :Ls.= o : b
E Xanthme dehydrogenase ‘uit kmpelever is. een. enzym dat grote overeenkomsten ;
Vertoont met: xanthme ox1dase u1t koelemelk In hoofdstuk 5 wordt beredeneerd :
“waarom verwacht werd dat dit- enzym stableler zou. z1Jn ‘en’ prakt15cher voor -
':*"_preparaneve toepassmgen.,De munob1115at1e en de’ e1genschappen van het- er.Je en
gelnmoblllseerdeLenzym Worden 111 dlt hoofdstuk beschreven. Analoog aan het melk ':
f-enzym 1s de oneratmnele stab111te1t van xanthme dehydrogem-lse veel lager dan

o

: Gm de $ubstréé£grenzen van xa.nthme ox1dase meer systemansch vast ‘te. leggen, .
" zodat betrouwbaarder, voorsnellmgen gemaakt kunnen worden, werden met d1t oogmerk'




‘ _verscheldene series substraten gesynthetlseerd. In hoofdstuk 6 wordt de berel— :
?.-d_mg beschreven van 7- (D—X phenyl)nterldm-fl ones en de ox1dat1e van deze ver= -
.. bindingen. onder 1nv10ed van vrij; en gemnnoblllseerd xa'nthlne ox1dase. Hoe: elec-
-f"tronenzmgender X, hoe lager de ox1dat1esne1he1d en de conc1u51e is daaron dat
de electronoverdracht van het substraat naar het enzym de snelheldsbepalende stap:
.V;Imoetz;LJn."” S e : SR T
N Bovengenoemde verbmdmgen konden oD eenvoudlge en gemakkelljke W1Jze geoxldeerd
.:'W()rden in kleme preparaueve hoeveelheden De beperkte stab111te1t van, xanthme :
: -ox1dase benochgde echter een. betrekkelljk grote hoeveelheid enzym: In hoofdstuk
Y wordt een’ gemakkehjke en mlde umnoblllsatle methode gepresenteerd die gebrulk-
_"f;,-maakt van. gelatme als drager en glutaaraldehyde als crosslmkmgsreagens.; R
B VerSe volle melk ka:n dlrect als. enzym oplossmg gebrulkt worden en enzymzmirerlng'
s overbodlg Het op deze: W13 ze verkregen preparaat van genmnoblllseerd xanthme s
_'t".'ox1dase 1is erg goedkoop, katalytzsch zeer actlef relatlef stablel en’ goed brulk—-:
- baar yoor: ‘toepassing in. orgamsche syntheszs op een continue manier.* S
In hoofdstuk 8 wordt de Verbetermg beschreven van' de methode. met gelatlne en sl
2 de mtbre1d1ng ‘tot’ de 11r|rnob1115at1e van: hele ~cellen, en wel, Arthrobacter cellen--i"
-:,:?..dle xanthme ox1dase act1v1tel1: bevatten. Deze. cellen werden gekozen vanwege hun:_i
",jhoge spec1f1eke act1v1te1t “un substraat actlvermg in plaats van remming en '_
hun verwachte grotere stab111te1t Gemmoblllseerd Arthrobacter xanthlne ox1dase‘::
1s mderdaad actlever, stableler en heeft ben andere substraat spet:1f1c1te1t danu
melk xanthme ox1dase. Een breder spectrm Van substraten kan daarom op efflclen-
te en eenvoudlge w1jze geox1deerd worden, R T e e T
'f;-,'LIn het slothoofdstuk (9) ‘wordt aanvullende 1n£0rmat1e hoofdzakehjk Verzameld- :
'i':'_ op ‘'een ‘later tljdstm dan de 1:1Jd van nubllcatle gegeven en. besproken. s e
De e1nd—conc1us1e 1u1dt Xanthme ox1dase het21J u1t volle melk hetz1J u1t.~
Arthrobacter, kan, wanneer gemmoblhseerd in gelatme dat gecrossllnkt 15 met
o glutaaraldehyde, gebnukt worden voor omdafne van' een breed spectmm van sub-,
straten op een contmue w13ze R BERRERE : o R

i2g



' CURRICULUM VITAE

Op 8’ mel 1949 werd ik, te: 's—Gravenpolder in: Zeeland geboren, Na het behalen Van

het HBSPB dlploma aan het Gcese Lyceum te Goes 1n 1966 “nam mljn studle 1n de .
chelktmdlge Il’echnalogle aan dé . Delft een aanuang Een van : de: hoogtepunten _

vond ik m13n prakt1$ch Werk aan,de un1vers1te1t van,Tel AV1V ‘in Israel Mljn o

N afStudeeronderwerp ‘was': de konserverlng«van hout met behulp van reaktleve fungl--*ai
c1den en d1t onderzoek werd onder 1e1d1ng van me Dr.P M Heertjes u1tgevoerd
In apnl 1973'.-r0ndde ;1.k ml]Il sthdle met 1of af. In augustus 1973 vertrok 11( naar
de V..: en ,het_nie 1n5chr13ven aa.n Purdue Unwer&uty An Lafayette, Indlana Naast
,student.was ik daar "teachlng a551stent" In decemher 1974 behaalde 1k het MS e 2
d1p10ma 1n "Chemica.l Englneerlng" b13 Prof Dr AL H Emery en- Prdf br. H C. Lif: Mljn
f‘ cnderzoeksonderwerp was d _;1mmob1115atie van het enzym glucose 1somerase ~Ben': -

dergelljk b1etechnolog15ch onderwerp-kon i 5voortzetten in fébruar1 1975 als 5
promovendus le de vakgroep Organlsche Chemle van de Landbouwhogeschool 1n

blotechnologle bllj ft ml]n belangn]kste werkterreln bl] de vakgroep Levensmid: o

delentechnologle, sectle Proceskunde,"eveneens van de’ LH‘ waar 1k op: 1 september tf
19z9 dn dlenst trad. R :




',jB;fJKfff_ T - : -
: _7.‘}313 de hydrogenermg van n1traat met een palladlwn katalysator hebben Lopatln
et aZ geen rekemng gehouden met de aktlvemnde werklng van gennge hoeveel— s

_ ‘_'.heden andere metalen. S S
e V L Lopatln et aZ., Klnet Katal., 20 373 379 (1979)

TR Lo . L. RN oo FEEI

cin ] De. NMR gegevens dle Sato en Staxmner rapporteren voor N-hydroxythlouremn, z13n :
_'_"nlet in overeenstemmmg met hun bewermg dat het een eentluol en thlon tauto- .
meer mengsel betreft.: -_ AR T L et T
SR M. Sato en c B Stammer, EE Med Chem., 19 336—337 (1976)

Van der Molen beStI‘IJ de het gebmlk van alternatleve landbomﬂnethoden op een
te eenn)dlge en SUbJECtleVe wijze.. .. 1_' R s EREINEE 3
. H. van der Molen, 190u, 15(4). 26-—29 (1979), Economlsch-StatutJ.sche
Ber:.chten, 4 Jull 1979 666 669 . S . o

' De hoge z1ekenhulskosten worden zeker met veroorzaakt door te hoge salarlssen 2
' :.:_',-van 1eerlmg—verp1eeglqmd1gen, gezzen hun grote verantwoordmg en hun zeer on- -
ﬁregelmauge dlensten worden ze zelfs onderhetaald e

=19 december 1979

J Tramper ST R S
. Oxidation of Azaheterocycles by Free and T
: :;:"'-'I;tmob_ilized Xanthine Oxidase. and Xanthine Dehydrogenase




tegen de mwerklng van proteasen, te rechtvaardlgen
. "i M. Naol et aZ., FEBS Lett :: 88‘ 23] 233 (1978)

i

MukkerJee en Srere ge\ren dlffu51e 11m1tatle Va.n het substraat als éen van’ de
mogelljke oorzaken voor de grotere K Van gellmnoblhseerd c:1traatsynthase in
vergeh;kmg met dle van het Vl‘lje enzym, de resultaten va.n hun experlmenten
slulten deze mogelljkheld echter u1t." : . LI 5
' g A. Mukker_]ee en; P, A. Srere,

.]/'j,-“Sc')]-.i.d' “I_;};as'e .- Bi’q éhe:'it'-",i =3, 85'94 ( 1978) :

De door van Velzen gevolgde methode cm het systeem mvertase genmnoblllseerd
sine "c:rosslmked" gelatlne te sterlllzeren met, behulp Van een 2% glutaardlalde-'
hyde oplossmg, is aan bedenkmgen onderhe\rlg.; :

CALGy van Velzen in Industrlal Enzy‘mes
ed ) 1977 NDC,_Oak Rldge (NJ) P45,

Recent Advances (J' c- Johnson

De Verhoudmg tussen 1 alkyl-ﬁ—oxo— en 1 a_1ky1—4—oxq—n1cotmeamde, gevormd le
de. ox1dat1e van 1= alkylnlcotlneannde C.h].OI’lde met behulp van aldehyde oxldase,
'_. 1s zeer waarsc.h:.)nll_]k aﬂlankelljk van de begmconcentratle van . het substraat-
S R.L. Felsted ef; aZ., J.Biol, Chem. 248 2580—2587 (1973)'*-: o

De mogelljkheld dat de rlngopenmg 1n de ammermg Van pheny1~1 3 S«—trlazme 1n
vloelbare am'non:.ak met. kahwnanude Vla een ongeladen open-keten 1ntemed1&11"
verloopt, wurdt door de expernnenten n1et u1tgesloten. .

Gy. Simig-en H.C. \van der Plas, Recl

Trav Ch:.m" (Pays—Baa)' 95
125-126 (1976) :




