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Immobilization of Synthetically Useful Enzymes
by Condensation Polymerization

Sir.'

We wish to describe a new procedure for the immobilization
of enzymes in cross- l inked organic polymer gels.  This proce-
dure r ivals or surpasses in i ts operat ional  s impl ic i ty and gen-
eral i ty methods present ly widely used (BrCN-agarose, glu-
taraldehydc, functionalized glass, preformed activated organic
polymer gels) , r  and has proved especial ly valuable in immo-
bi l izat ion of  re l iat ively del icatc enzymcs of  interest  for  en-
zyme-cata ly zed organic synthesis.2
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Tab le  I .  Y ie lds  (Percen t )  o f  Immob i l i zed  Enzymes  and  Spcc i i i c  Ac t i v i t i es  o f  Enzymc-Con ta in ing  ( i e l s

E.C .  no . Enzyme
Subs t ra tc  and /o r  c t l f  l t c to r

( c o n c n .  n t M ) "

Spcc i f ic
act  iv i t  r ' .

Y i c l d .  U ln rL  o l
o/o wet gcl

3 .4 .4 .4  T ryps in
4 . 1 . 2 . 1 3  A l d o l a s c
3 .5 .4 .4  Adenos inc  deaminase
3 . 2 . 1 . 2 6  I n v c r t a s e
5 .3 .1 .9  Phosphog lucosc  i somcrasc
l . l l . l . 7  P c r o x i d a s e
l . l l . l . l 7  L a c t o o c r o x i d a s c
l .  l .  l .  l  A l coho l  dchydrogenase ,  ycas t

l . l . l . l  A l c o h o l  d e h y d r o g e n a s e ,  l i v c r
|  . l  . 2 .3  t - -  Lac ta te  dehydrogenase
1 . 1 . 1 . 4 9  G l u c o s e - 6 - p h o s p h a t e

dehydrogenase
2 . 1 . 2 . 1  A c e t a t e  k i n a s e
2 . 1 . 4 . 3  A d c n y l a t e  k i n a s e
1 . 7 . l . l  H c x o k i n a s c
2 . 1 . 1 . 3 0  G l y c c r o l k i n a s e
2 . 1  . 1 . 4 0  P y r u v a t e  k i n a s c
2 . 1 . 3 . 2  C r c a t i n e  k i n a s c
2 .1 .5  |  Phosphog luconru tasc
1 . 2 . 3 . 2  X a n t h i n e  o x i d a s e
2 . ' / . 1 . 2 0  A d e n o s i n e k i n a s e

Benzoy l  a rg in i ne  c th r  I  c s t c r  (  I  . 0 )
F ruc tose -  1 ,6 -P t  ( 2 .0 )
Adcnos ine (0 .8  )
Sucrosc (30)
Glucosc-6-P (6 .0) .  l i ruc tose -6-P (  I  . -5  )
H 2 O 2  ( 4 . 5 )
Hzo r  (4 . - s )
E rOH ( -500 ) .  NAD+  (  r . 0 )
B I O H  ( 8 5 0 ) ,  N A D +  ( l . o )
P y r u v a t c  ( 8 . 5 ) ,  N A D t I  ( 1 . 0 )
G lucosc -6 -P  (6 . - l ) .  NA I )P+  (0 .6 )

A c e t y l - P  ( 1 2 . 5 ) ,  A D P  ( 2 0 )
A D P  ( 2 0 )
G lucose  (2 -5 ) .  ADP (  l 0 )
G l ycc ro l  ( 20 ) ,  n  TP  ( . 1 .0 ) .  A I )P  (  I  I  )
P E P  ( 6 . 7 ) .  A I ) P  ( 2 - 5 )
A D P  (  l 0 ) .  c r c a t i n e  ( 4 0 ) .  K N O r  (  1 0 0 )
G lucosc -6 -P  ( -5 .0 ) ,  g l ucosc -  l -P  (  L0  ) .  g l ucosc -  I  . 6 -P .  ( 0 .0 I  )
Hypoxan th inc  (2 .2 )
A d c n o s i n e  ( 0 . 5 ) .  A T P  ( 4 . 5 )
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o Matcrials prescnt during thc immobil izat ions to protcct thc enzymc active si lc. n Bcnzo) |  r8ininc clhl l  cslcr i ls iub\lr l l lc. '  The proccdure

used in immobil izing thcse cnzymes is a modif icat ion o[ that dcscribcd in the tc\t .  fhc en/] nrc u as addcd to l l  rolul ion ol P \\  in l lcpcs bulfcr.
st irrcd for3 6 min. ind then trcatcd wilh TL-T and st irred unti l  gel lormationhadoccLrrred.Thcsscnzrmcsarcal lgl lcoprt) lcin\nndnfpcar
lo havc low rcactivi ty toward thc N-hydroxysuccinimide acl ive estcrs of PAN. ' i , r- l) i lnsidinc rrs subslr i t tc. ' '  Assrled i l l  f l  l  { ' .9 '( i l rr icd

out by V. Rios-Mcrcadil lo. s Assaycd at pl l  7.6. 'Carricd out by Y.-S. Shih.

Scheme I .  PAN:  P repara t ion  and Use  fo r  l ' - nzv rne  In tmob i l i za t i on
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a  rep rescn ta t i ve  immob i l i za t i on .  200  mg  (  100  p rno l  o f  r c t i v c
cs t c r  g roups )o f 'PAN was  d i sso l vcd  a t  2 ,5  oC  i n  800  p t -  o f  0 .3
M Hcpcs  bu l ' f ' c r  ( pH  7 .5 .  con ta in i ng  30  n rM  MgC l l ,  2 -5  rnM
g lucosc .  and  l 0  n rM  AOP) .  i n  a  5 -mL  g lass  v i a l  equ ipped  w i t h
a smal l  magnct ic  s t i r r ing bar .  Af ter  2  min o f  v igorous s t i r r ing.
the po lymer  d isso lvcd conrp le tc l ) ' .  D i th io thre i to l  (DTT,  l0  r r [ -
o f  0 . -5  M  aqucous  so lu t i on )  and  t r i c t hy lene te t ram ine  (TE ,T )
( lJ ,5  r r t -  o l '0 . -5  M so lu t ion.  $-5 pr rno l  o f  pr imary amino groups)
wcre added.  S ix ty  seconds la tcr .  200 pL of  a  so lu t ion con-
t a i n i n g  h c x o k i n r r s c  w r r s  a d d c d  ( l  l 0  U .  1 r m o l  m i n - l  m g - l  ) .  l n
(2  rn in .  thc  so lu t ion sc t  to  a  t ransparcnt ,  mechanica l ly  res i l icn t
gc l .  The  gc l  was  a l l owcd  to  s tand  l b r  I  h  t o  comp le t c  t he  cou -
p l i ng ,5  and  t r ans f c r red  t o  a  sma l l  mo r ta r  con ta in i ng  -5  mL  o f
a  so lu t i on  o f  t  - l y s i nc  (10  n rM  i n  -50  mM Hepesbu l - f e r .  l 0  mM
MgClz .  p l l  7 . - 5 ) .  B r i e f  g r i nd ing  w ' i t h  a  pcs t l e  r educed  the  gc l
t o  i r r cgu la r  pa r t i c l cs  hav ing  30  100 -pm d iamc te r .  Thc  ge l
suspens ion  was  d i l u t cd  w i t h  20  mL  o f  t hc  l y s i ne /Hepes  so lu -
t ion,  t ransfer red in to  a  cent r i fuge tube,  s t i r red magnet ica l ly
for  l -5  min,  and separated by cent r i fugat ion.  Th is  washing
procedurc  was rcpc i l ted once wi th  the same vo lumc of  the
buf fcr  conta ing no lys inc.  Thc act iv i ty  o f  hexok inase in  the ge l
was  107  LJ  (51 ' / n ) .  and  74  U  (35o2 " )  was  de tec ted  i n  t he  com-
b incd  washes .6

Sever i i l  featurcs o i  th is  procedure dcservc comment .  F i rs t .
add i t i on  o f  t hc  enzyme  to  t hc  so lu t i on  o f  PAN a f t e r  add i t i on
o i t hc  TET  and  c l ose  t o  t he  ge l  po in t  o f ' t hc  r cac t i on  m ix tu r c
min imizcd enzyme dcact ivat ion.  For  example,  in  exper iments
where hexok inase had bcen addcd to  the PAN so lu t ion f i rs t
and the TET and DTT so lu t ions were in t roduccd in to  thc  rc-
ac t i on  m ix tu re  2  m in  a l t c r  add i t i on  o f  t he  cnzyme  .  t hc  cnzymc
immobil izat ion yield droppcd to 30olo. Second. the presencc of
subst ra tc  and cofactor  in  thc  rcuct i ( )n  mi r turc  a t  conccnt ru l ions
above  t hc i r  M i chac l i s  cons tan t s  cnsu red  t ha t  t he  ma jo r i t y  o i
enzyme act ivc  s i tes  were occupied dur ing thc immobi l iz l t ion.
and cont r ibuted to  h igh immobi l iza t ion y ie lds:  on ly  I  2o l ,  o f
i rnmobi l ized hexok inase was obta ined whcn g lucosc and ADP
were  om i t t ed  f r om the  po l ymc r i z i ng  PAN so lu t ron .  Th i rd .
the DTT addcd to  Drotect  the c l 's tc ines of  hexok inasc is  rcac-
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A non-cross- l inked,  water -so lub le  po lymer  bear ing act ivc
estcr  groups was prepared by heat ing acry lamide (  13. -5  g ,  0 . l9
rno l ) ,  l / -acry loxysucc in i rn ide (  l . . -5  g ,  8 .9  mmol) ,  and azobis-
i sobu ty ron i t r i l e  ( 130  mg)  unde r  a rgon  i n  THF  (d i s t i l l ed  f r om
Ph2CO2-Na2+ under  argon)  a t  50 o  C for  24 h.  The resu l t ing
poly  (  acry lam ide-r ' r . r - lV-  acry loxysucc i  n i  mide)  (  PA N )  prec i  p-
i t a ted  as  a  wh i l e  so l i d  ( 14 .5  g ,96 " /o ) .  l t  was  d i l u ted  w i t h  100
mL  o f  THF ,  sepa ra ted  bycen t r i f uga t i on ,  r esuspended  i n  100
mL of THF, and recentr i fuged. This process was repeated four
t imcs,  and the i ina l ,  monomer- f ree po lymer  dr ied in  vacuum.
This  matcr ia l  conta ined -500 i rmol  g- r  o f  ac t ive cs ter
groups. r 'a  PAN was s tab lc  fbr  longer  than 8 months a t  room
tcmperature undcr  a i r  in  a  dcs iccator .

Enzymc immobi l iza t ion and ge l  format ion were accom-
pl ishcd by the s imul tancous react ion o f  PAN wi th  the enzyme
and  an  r r . c , . , - d i am inc  (as  a  c ross - l i nk i ng  agen t )  (Scheme  I ) .  I n
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t ive toward N-hydroxysuccinimide groups and was used in low
concentrat ion. Fourth, thc choice of a lysinc solut ion to destroy
rcs idual  ac t ive ester  groups at  the conc lus ion of  the react ion
was arb i t rary ;  ammonium su l fa tc  has a lso been used success-
fu l l i " .  I f ,  howevcr ,  the res idual  ac t ive ester  groups wcrc  not
des t roycd .  t hc  y i e l d  o f  ac t i ve .  immob i l i zed  enzyme  ac t i v i t v
dccrcatscd by -,suln. Fif th, l t  numbcr of a,u.,-di- (and poly-)
amines were surveyed fbr  u t i l i ty  as  cross- l ink ing agents .  TET
was chosen becausc i t  is  read i ly  ava i lab lc .  and bccausc thc
resu l t i ng  ge l  has  good  phys i ca l  p rope r t i es .T  S i x th ,  monomcrs
conta in ing other  coupl ing groups ( l *3)  havc been subst i tu ted
for  N- i ic ry ' loxvsucc in imide in  thc  preparat ion o f  the s tar t ing,
reactive pol i tmer. The polymers dcrived from these monomcrs
show d i i f e ren t  r cac t i v i t y  t han  PAN.  and ,  a l t hough  the  cha r -
ac te r i s t i c s  o l ' t hcsc  rna t c r i a l s  r l ay  be  va luab le  i n  pa r t i cu la r
ins tanccs.  PAN prcscnt ly  prov idcs thc  rnost  genera l ly  usefu l
cornb inat ion o f  case of  prcparat ion and rcact iv i t l ' .

Y ic lds  and spec i f ic  cnzyme act iv i t ics  o l  the ge ls  obta ined on
immob i l i za t i on  o f  a  nu rnbc r  o f  cnzymcs  us ing  PAN and  TE ,T
are summar izcd in  Tablc  l :  Each cnt ry  represents  the average
of  a t  least  t rvo exper imcnts .  and rcproduc ib i l i ty  was good
(*5o lo) .  Unlcss o thcrwise notcd.  the procedure used for  each
of  thesc imnrobi l iza t ions was that  dcscr ibcd for  hexok inusc.
modi f ied on l l '  by  thc  subst i tu t ion o f  subst ra tes and cofactors
appropr ia te  for  protect ion o f  thc  act ive s i tc  o f  the par t icu lar
cnzyme  cons idc rcd .  The  quan t i t i es  o f  p ro t c i n  uscd  i n  t hese
immobi l iza t ions var ied bctwccn 0.1-5 rng and 20 mg/g o i  PAN;
cnz) ' r .nes wi th  h igh spec i f ic  act iv i tv  wcre ord inar i ly  immobi lzed
us ing  ( -5  mg  o f  p ro te  i n /g  o f '  PAN.  Opc ra t i ons  i nvo l v i ng  ox1 , -
gcn -scns i t i ve  enz rmcs  ( cspcc iu l l r  adcny " l a te ,  ace ta t c .  and
c rea t i nc  k i nasc )  wc rc  ca r r i cd  ou t  undc r  a rgon :  cxc lus ion  o l '
d i oxygcn  w 'as  no t  i r npo r t r r n t  i n  p roccdu res  w i t h  o the r  cn -
zymcs.

Thc proccdurc  sunrrnar ized in  Schcrr ic  I  has a  number  o f
features which recomnrcnd i t  tbr  i rnrnobi l iza t ions o f  cnzvmes
(cspcc ia l l y '  t hosc  t o  be  uscd  i n  o rgan i c  syn the t i c  p roccdu rcs )
and  o the r  b i ochen r i ca l s .  ( l )  I t  i s  s imp le  and  gcnc ra l .  PA \ -  i s
cas i l v  p r cpa rcd  and  s tab le  t o  s to rage .  Thc  rnan ipu la t i on  i n -
vo lvcd in  gc l  format ion arc  s t ra ight l i tnvard.  The enzy 'n tes arc
no t  cxp ( ) scd  t t l  dc l r c t i r l t i ng  r c l l gcn t s  t l r  r eac t i on  cond i t i ons .
The proccdurc  is  cspcc ia l ly  uscfu l  for  snta l l  quant i t ics  and low
conccn t ra t i ons  o l ' cnzvmes .  and  shou ld  be  d i r ec t l y  app l i cab l c
to  t he  immob i l i za t i on  o f  who le  cc l l s  and  o rganc l l es .  ( 2 )  The
amidc- forming rcact ions that  prov ide thc bas is  for  ge l  pro-
duct ion und cnz l 'mc coupl ing arc  chent ica l l -v -  r .ve l l -def incd and
suscept ib lc  to  ra t iona l  nrod i f ica t ion and cont ro l .  These amide
l inkagcs arc  hydro ly t ica l l , " - '  s tab le  undcr  condi t ions in  which
thc ge ls  would  bc uscd.  ( l )  Thc organic  po lymer  ge l  is  a  uscfu l
ma t r i x ,  and  amenab l c  t o  u  range  o l ' t ypcs  o f  mod i f  i ca t i on .  l t
i s  no t  b i odcg radab le .  l t s  hvd roph i l i c i t y  and  cha rgc  cun  be
cont ro l lcd by inc lus ion o l 'appropr ia tc  monomcrs in  the in i t ia l
copo l vmer i za t i on .  o r  by  reac t i on  o i  PAN w i t h  nuc leoph i l i c
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modi fy ing groups.  Covalent  incorporat ion o f  the cnzyme in to

the ge l  prov ides sonte protect ion against  pro teases.  Format ion

of  ge l  on suppor t ing s t ructurcs (porous g lass,  f i l te r  pape r ,  the

inne r  wa l l  o l ' g l ass  t ub ing )  i s  accomp l i shed  read i l y ,  and  t he

rcsu l t i ng  compos i t c  ma tc r i a l s  have  usc fu l  phys i ca l  cha rac -

t c r i s t i c s  f o r  app l i ca t i ons  i n  l a rgc -vo lume  en7 )ma t i c  r eac to rs .

Thc ge I  can be rcndcrcd suscept ib lc  to  magnct ic  f i l t ra t ron by

inc lud ing  a  f c r ro f l u i d  i n  t he  gc l  l - o rma t i on  s t cp .1
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