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Sir.'

The pract ica l i t l '  o f  synthet ic  proccdurcs invo iv ing enz) ,n ' les
as cata l ,v -s ts  o f tcn Cepends on thc case w' i th  which thesc en-
zymes can be recovcred foi '  rcusc.l  Enzvmc recover) '  is com-
mon l l  f ' u c i l i t a t cd  b r  i r nn i t ; b i l r za t i on  on  an  i nso lub l c  ma t r i \ . i
immobil izat ion is" l iowo'cr" not alwal,s practical.  and in severai
c i rcunrs tances i t  mal '  be advar l tageous to  emplo.v  a  so lub le
enz) 'mc:  when a subst ra te  .  pr t lc iuc t .  or  cofactor  o l ' thc  cnzvmc
is  i t se l f  i nso lub le ;  when  the  cnzyme  i s  c i eac t i va t cd  b r  immu-
b i l i za t i on :  r vhen  assoc ia t i on  o f  t hc  cnzvme  r v i t h  o thc r  n tac ro -
tno lecu ies is  rcqu i red for  act i r , i t l ' :a  or  whcn d i l ' l 'us ion of  sub-
s t ra t c  t h rough  an  immob i l i z i ng  ma t r i x  i s  r a te  i im i t i ng .  I n
pr inc ip le .  fccover) '  o f  so lub lc  enzvmcs f rom synthe t rc  react ron
mixtures can be accompl ished bv a  number  o f  convent iona l
techniques for  iso la t ing protc ins :  in  pract ice.  each has d isad-
van tages .  U l t r a f i l t r a t i on  may  dcna tu rc  enzymes  by  shea r  a t ,
or  adsorpt ion on.  the f i l tc r  face;  fur ther .  i t  invo lvcs apparatus
not  commonly  ava i lab le  in  organic  laborator ies .  Gel  perme-
at ion and ion-exchange chrornatographies and prote in  pre-
c ip i ta t ion techniqucs are inconvenient  when appl ied to  large
volumes of 'so lu t ion conta in ing lou cr tnccnt ra t ions o f  cnzymc.
Aff ini ty chrorratcigraphy requires both thc development of an
appropr ia te  adsorbenl  for  each enz l 'mc.s  and a pre l iminarr
separation of reactants, products, and cofactors which compete
iv i th  thc  a l f in i t i , '  l igand for  thc  enrvnre act ive s i te .

To c i rcumvent  thc  i i rn i ta t ions o l '  convcnt iona l  a f f in i ty
chromatography for enzyme recoverv f ' rom synthetic reaction
mix tures,  we havc developed a vnr ient  on th is  technique which
uti l izes a single ai l ini ty column to isolate previously modif icd
enzymes f rom so iu t ion.  In  th is  procedure.  the enzvmc of  in -
terest  is  f i rs t  coupled covalent ly  wi th  an ary l  su l fonamide
moiety. The enzyme-sulfonamide conjugatc ma)' subsequentl l '
be iso la ted eas i ly  f rom react ion mix tures by '  adsorpt ion on a
co lumn of  immobi l ized carbonic  anhydrase (CA,  f rom bov inc
e rv th rocy tes "  E .C  .  4 .2 .1 .1 )  and  deso rp t i on  bv  t r ea tmen t  w i t h
so lu t ions o f  e i ther  0 .01 M p- to iuenesul fonamide or  I  .0  M so-
d ium ch lo r i de  (Scheme i ) .  We  have  sc lec ted  ca rbon i c  anhv -
drase as the adsorb ing prote in  for  severa l  reasons:  i t  is  com-
merc ia l ly  ava i lab le  and incxpcns ive;  i t  i s  eas i ly  immobi l izcd
in  good y ie ld ;  i t  does not  cata lyze react rons l ike ly  to  dest roy '
probable reactants or products of enzyme-catalyzed s;-nthetic
processes;  i t  b inds a wide var ie ty  o f  su l fonamide der ivat ives
at  i ts  act ivc  s i te  wi th  a f f in i t ies  suf f ic ient  to  make b iospec i f ic
adsorpt ion eas i ly  pract ica l ,  but  not  so h igh as to  make de-
sorpt ion d i f f icu l t  or  s low (K;  o  l0-7  M) .6  S ince ary l  su l fon-
amides are readi ly  manipu la ted synthet ica l ly ,  generat ion o f
appropriate reagents for the preparation of protein-sulfona-

mide conjugates is straightforward. We have found l7 to give
good resu l ts  (Scheme l ) .8

Compound I was coupled with three representative enzymes.
glucose 6-phosphate dehydrogenase (G-6-PDH, from Torula
yeas t ,  E .C .  L l . l . 49 ) ,  hexok inase  ( f r om Bake r ' s  yeas t .  E .C .
2 . 7 . 1 . 1 ) ,  a n d  l y s o z y m e  ( f r o m  e g g  w h i t e ,  E . C .  3 . 2 . 1 . 1 7 )  ( a l l
f rom Sigma Chemica l  Co. )  to  y ie ld  enzyme su l fonamide
conjugates according to the fol lowing general procedure. A
glass vial was charged with 200 pL of 2 M Hepes buffer (pH
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7 .8 ) ,  50  -  100  pL  o f  so lu t i on  con ta in i ng  enz - ' , - n - re  ( - 50 -  100  U  o f
G-6 -PDH o r  hexok inasc :  l 0s  L ,  o t  l y sozyme) .  and  40 -100  pL
of  so lu t ion contarnrng apprcrpr ia te  subst ra tes and cofactors  in
concent ra t ions wel l  above the i r  Michael is  constants . ' /  A I0-g t .
a l iquot  o f  a  so lu t ion o f  I  (0 .4  umol )  in  d imethv l  su l lox ide was
added  to  t hc  v ra l .  r n i xcd .  and  a l l owcd  to  rema in  a t  r oom tem-
peraturc ior I  2 h. At the cnd of this coupling period. solut ions
o i  G -6-  PD t ' l  .  hexok i  nase.  and lysozyme reta ined respect ive ly
60 .  90 .  and  90u2 .  o f  t he i r  o r i g i na l  enzyma t i c  ac t i v i t i es . l 0  The
reac t i on  m ix tu r c  was  l oaded  on to  a  co lumn  con ta in i ng  CA
immobil ized on cvanogen bromide activated Sepharose 48.r I

The co lumn was washed wi th  50 mL of  0 .1  M Tr is -phosphate
buf fer  (pH 7.5) .  to  remove unbound enzyme.  and then 50 mL
of  the same buf fer  conta in ing 0.01 M p- to luenesul fonamide
( K i . <  - u , s o : \ H .  =  1 . 0  X  l 0 - 7  M ) 6  a n d  0 . 5  M  N a C l  ( K i , c r -  =

0.05 M)6 to  e lu te  the enzvme- l  con jugate. t2
Average y ie lds o f  ac t iv i t ies  e lu ted by the su l fonamide-con-

taining buffer were 5Oozir for G-6-PDH. 80"/o for hexokinase,
and 50o/o for lysozyme,ia based on the original act ivi t ies of the
nat ive enzymes pr ior  to  the coupl ing react ion.  The prote ins
e lu ted wi th  su l fonamide were re ta ined essent ia l ly  quant i ta-
t ively on reapplication to the column of immobil ized CA. and
are assumed to be modif ied by the covalent attachment of at
least one sulfonamide moiety. Figure I i l lustrates represen-
tat ive chromatographic behavior of enzyme-l conjugates.
These plots indicate that the retention volume of the conjugates
is not related to that of the native enzymes and is apparently
not inf luenced by the presence of a large quanti ty of an un-
functional ized protein (here, horseradish peroxidase) in so-
lut ion. Moreover, elut ion of adsorbed enzyme-l conjugates
from the CA column can be accomplished easi ly and in high
y ie ld .

Since column chromatography may be inconvenient in
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Figure l. Chromatographic behavior of enzyme-sulfonamide conjugates
on a 10-mL column of immobilized carbonic anhydrase (0.2 pequiv mL-r):
A,  nat ive G-6-PDH; B,  G-6-PDH-l ;  C,  nat ive hexokinase;  D,  hexoki-
nase- l ;  E,  a mixture of  hexokinase I  (0.03 mg) and horseradish peroxi-
dase (HRP, l0 mg).  Uni ts of  G-6-PDH and hexokinase act iv i t ies are
displayed on the left axis;units of HRP activity are displayed on the right
axis. Each fraction has a 5-mL volume. The initial eluting buffer in each
plot  is  0.1 M Tr is-phosphate (pH 7.5) .  At  the posi t ion indicated by the
arrow, the buf fer  is  changed to S,0.1 M Tr is-phosphate (pH 7.5)  con-
taining 0.5 M NaCl and 0.01 M p-toluenesulfonamide; Cl, 0.1 M acetate
buf fer  (pH 5.15) contain ing I  M NaCl.

certain synthetic applications of enzymes, we established that
the affinity of CA for sulfonamide moieties was sufficient that
it was possible to isolate an enzyme-1 conjugate by nonchro-
matographic adsorption. A 1.00-mL solution containing l6
U of hexokinase-l was added to a beaker containing l0 mL
of CA-agarose (-0.2 pequiv mL-t) suspended in a total vol-
ume of 25 mL of 0.1 M Tris-phosphate buffer (pH 7.5); the
nominal concentration of hexokinase-l in this mixture was 0.1
pM. The mixture was stirred for 2 h at 6 oC and then filtered
and washed with 25 mL of 0.1 M buffer. The filtrate contained
0.6 U (4o/") of the hexokinase-1. Buffer (25 mL) containing
0.01 M p-toluenesulfonamide and 0.5 M sodium chloride was
added to the gel and the mixture stirred for l0 min at 25 "C.
The gel was filtered and washed with 25 mL of p-toluenesul-
fonamide/NaCl buffer; this filtrate contained 15.4 U (96%)
of the hexokinase-1.

The potential of this generalized affinity chromatography
system for the recovery of enzymes from synthetic reaction
mixtures was demonstrated on a small scale for hexokinase-l
and lysozyme-l. A solution of hexokinase-l (41 U) was
transferred to a reaction flask containing ATP (3.0 mmol),
glucose (3.3 mmol), and magnesium acetate (0.45 mmol) in
20 mL of water (pH 8.0). This reaction mixture was stirred at
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room temperature and maintained between pH 7.8 and 8.3 by
addition of 1 N NaOH solution until 78% of the glucose had
been converted to glucose 6-phosphate. The reaction mixture
was loaded on the CA column and eluted in two fractions with
50 mL of 0.1 M Tris-phosphate (pH 7.5) followed by 50 mL
of 0.01 M p-toluenesulfonamide and 0.5 M NaCl in the same
buffer; 95 + 5o/o of the hexokinase-l was recovered in the
fraction eluted by the second buffer solution. Addition of
barium acetate (4.50 g, l8 mmol) to the first fraction yielded
barium glucose 6-phosphate (0.832 g,50Vo,94% pure); no ef-
fort was made to optimize this yield. In a related experiment,
lysozyme-l (22 000 U) was added to a turbid suspension of
Micrococcus Iysodeikticus (300 mg/L) in 0.05 M phosphate
buffer (pH 9.0) and stirred at room temperature until a clear
solution was obtained. Adsorption on and elution from the CA
column afforded l00o/o recovery of the lysozyme-l conjugate
in the biospecifically eluted fraction.

The isolation of enzyme-1 conjugates by affinity chroma-
tography over immobilized carbonic anhydrase is a particularly
convenient, rapid, and gentle procedure. It should find use in
organic syntheses based on enzymes and in other areas re-
quiring the recovery of proteins from solution.
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