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This paper descr ibes convenient  preparat ions of  protein-amylose conjugates.  These prepa-

rat ions are based on the elongat ion of  mal tool igosacchar ides by react ion wi th g lucose- l -

phosphate,  catalyzed by glycogen phosphorylase rr .  Coupl ing of  mal tool igosacchar ides to

proteins by reduct ive aminat ion generated covalent ly  at tached pr imers tbr  the glycogen

phosphorylase rr -catalyzed polymerizat ion of  g lucose- l -phosphate.  SDS-polyacry lamide gel

e lectrophoresis was useful  for  character iz ing these conjugates.  t lP NMR \pectr( ) \copy could

be used convenient ly  to assay s imul taneously the format ion and the enzymat ic act iv i ty  of

the amylose-conjugated proteins.  This assay could be used di rect ly  in react ions catalyzed

by glycogen phosphorylase rr ;  i t  should also be appl icable to protein mixturer  of  greater

complexi ty than the ones used here.  Methods of  synthesiz ing enzymat ical ly  act ive neoglyco-
proteins having a range of  molecular  weights are descr ibed.  r  1993 Academic Prcss.  lnc

INTRODUCTION

The objective of this work was to develop methods to prepare conjugates of
proteins wi th high molecular weight amyloses. We wished to compare the proper-
t ies of  th is c lass of  neoglycoproteins wi th those of  natural ly occurr ing glycoproteins

and with conjugates of  proteins wi th poly(ethylene glycol)  (PEG) and other man-
made polymers.  The ol igosacchar ide moiet ies of  g lycoproteins may play a number
of roles:  maintaining protein conformat ion and solubi l i ty  (1) ;  stabi l iz ing the poly-
pept ide against  proteolysis (2);  funct ioning in processing, intracel lu lar  sort ing,
and excret ion of  g lycoproteins (J) ;  mediat ing biological  act iv i ty (4):  and serving
as cel l -surface labels in di f ferent iat ion and development (1,5).  Funct ions de-
pending on biological recognition of sugar groups undoubtedly require specific
oligosaccharide structure; functions depending on more general physical proper-

ties (solubil ity, thermal stabil ity, resistance to proteases, and masking against
recognition by antibodies) may be replicable using simpler oligosaccharide moie-

I  This work was supported by the Nat ional  Inst i tute of  Heal th (GM30367) and by the Nat ional

Science Foundat ion under the Engineer ing Research In i t iat ive to the M.LT. Biotechnology Processing

Engineer ing Center (Cooperat ive Agreement CDR-88-03014).
2 To whom corresnondence should be addressed.
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t ies. Conjugates of proteins with PEG have shown a number of interesting proper-
t ies and are now being introduced into c l in ical  pract ice on the basis,  inter al ia,
of low immunogenicity and long serum lifetime (6).

Direct attachment of preformed polysaccharides to proteins is diff icult for sev-
eral reasons. It is diff icult to functionalize a polysaccharide selectively in a particu-
lar position (e.g., a terminal position), diff icult to achieve reaction of many poly-
mers with surfaces or high molecular weight reactants once activated, and diff icult
to characterize the products. We have taken a different approach (Eq.[]). We

l..'NFt3-(cH2)4-cH
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modify the protein of interest by attachment of a low-molecular-weight oligosac-
charide, derived from maltohexose (penta[a-o-glucopyranosyl-( I - 4)]-o-gluco-
pyranose) or i ts der ivat ives.  The resul t ing protein-maltohexose conjugates can
be character ized, at  least  to the extent of  establ ishing the number.  even i f  not  the
specific location, of attached oligosaccharides. These covalently attached malto-
hexose der ivat ives act  as pr imers for  the polymerizat ion of  g lucose- l -phosphate
(Glc- l -P) catalyzed by phosphorylase n (see below).

This system has the advantages that the protein-maltohexose conjugates can
be characterized and that the in silru polymerization catalyzed by phosphorylase
a is compat ib le wi th retent ion of  act iv i ty in the protein of  interest .  The amylose
chain attached to the protein can also be shortened with retention of activity by
treatment wi th phosphorylase a and phosphate in the absence of  Glc- l -P or by
hydro lys is  w i th  amy lase (1 ,4 -a-o-g lucan g lucanohydro lase ,  EC 3 .2 .1 .1 ) .  Charac-
ter iz ing the protein-amylose conjugates-especial ly the degree of  polymerizat ion
of the amylose chains and the number of  pr imers part ic ipat ing in the polymerizat ion
react ions-remains a problem that we have only part ia l ly  solved.

The product ion of  l inear and branched amyloses has been developed exten-
sively, especially by Ziegast and Pfannemril ler (7). We have described the init ial
results of our work in an earlier paper (B). We selected cytochrome ('(from horse
heart)  (9) ,  r ibonuclease A (RNase A, EC 3.1.21.5,  f rom bovine pancreas) (10),

and carbonic anhydrase (CA, carbonate hydrolyase, EC 4.2.1.1.  f rom bovine
erythrocytes) (11) as model proteins for several reasons. All are commercially
avai lable,  inexpensive,  and wel l  character ized. CA is monomeric,  wi th a molecular
weight of 30 kDa. It contains 19 lysine residues, all of which are on the surface
of the protein and accessible to the modify ing agents.  Assaying the catalyt ic
act iv i ty of  CA is straightforward (11).  RNase A is a s ingle polypept ide,  wi th a
molecular weight of  l4 kDa and has l0 lysine residues. One of  these (Lys-41) is
at the active site of the enzym e (10). We have developed a simplif ied assay system
for RNase A.3 Cytochrome c' is also monomeric, with a molecular weight of 12.4

I  The assay for  act iv i ty  of  RNase using r lP NMR spectroscopy was developed in our laboratory by
Rajeeva Singh.
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kDa. I t  possesses l8 lysines, al l  on the surface of  the protein.  Cytochrome c '  has
a strong absorption at 409 nm (eosn/e280 : l7) and is easily assayed spectrophoto-
metr ical ly (9).

Glycogen phosphorylase ( .1 ,4-a-o-glucan:orthophosphate a-o-glucosyl t ransfer-
ase ,  EC 2 .4 .1 .1 )  ca ta lyzes  the  revers ib le  po lymer iza t ion  o f  G lc - l -P  (Eq.  [2 ] ) .  The
best-studied isozyme of phosphorylase is that from

K = 3 . 6

a-o -G lc - l -P  +  ta (1 ,4 ) -G lcJ , ,  < -  fa (1 ,4 ) -G lcJ ,  t  P ; I2l

rabbi t  skeletal  muscle (12).0 The enzyme is highly speci f ic  wi th respect to i ts
substrates.  Only a-o-Glc- l -P reacts in the t ransfer of  a glucosyl  residue. This
enzyme requires a pr imer as the second substrate to ef fect  polymerizat ion.  Malto-
tetraose ( i .e. ,  t r i la-o-glucopyranosyl-( l  -+ 4)-o-glucopyranose) is the minimum
ol igomer that  wi l l  funct ion as pr imer.  The equi l ibr ium constant for  the polym er iza-
t ion react ion (Eq. [2])  at  neutral  pH is 3.6 and favors glycogen synthesis in ui t ro
( 1 ,  1 J ) . 5

EXPERIMENTAL PROCEDU RES

Materials

Proteins and enzymes used were obtained from Sigma (St.  Louis,  MO): cyto-
chrome r '  ( f rom horse heart) ,  r ibonuclease A ( f rom bovine pancreas).  carbonic
anhydrase ( f rom bovine erythrocytes),  sucrose phosphorylase ( f rom Lerrcortostoc'
mesenteroides),  and glycogen phosphorylase n.  Maltohexose and maltoheptose
( i .e. ,  hexafa-o-glucopyranosyl-( l  - - -  4) ] -o-glucopyranose) were purchased from
Boehringer-Mannheim Biochemicals ( Indianapol is.  IN).  Maltose ( i .e. ,  a-o-gluco-
pyranosyl-(  |  -+ 4)-o-glucopyranose),  sodium borocyanohydr ide, and sucrose were
commerc ia l  p roduc ts  o f  A ld r ich  (Mi lwaukee,  Wl ) .2 '  ,3 ' -cCMP,  3 ' -CMP,  g lucose-
l -phosphate,  poly(A),  and p-ni t rophenyl  acetate were obtained from Sigma. Re-
agents and apparatus (e.g. ,  mini  PROTEAN I I )  used for polyacrylamide gel  e lectro-
phoresis (PAGE) were products of  Bio-Rad (Richmond, CA).  SDS-PAGE was
carried out following the manufacturer's procedure.

I  T h e m o s t a c t i v e f o r m o f r a b b i t m u s c l e g l y c o g e n p h o s p h o r y l a s e i s a d i m e r o f t w o i d e n t i c a l m o n o m e r s .
w' i th t t42 amino acid residues and a molecular  weight  of  97,440 Da fbr  each subuni t .  This enzyme
contains a pyr idoxal  phosphate : rs a cofactor .  covalent ly  bound v ia a Schi f f  base to an act ive s i te
l ys ine  (Lys -6 t10 ) .  I n  the  res t i ng  s ta te .  t he  enzyme ex is t s  as  the  inac t i ve  phosphory lase  b ,  wh ich  may
be act ivated by AMP. In response to nervous or  hormonal  st imulat ion,  the b form is phosphorylated
and becomes the rr  forml phosphorylase a is  no longer dependent on AMP for  act iv i ty .  The interconver-
s ion of  phosphorylase a and phosphorylase b involves the phosphorylat ion of  a s ingle ser ine residue
(Ser-  l4)  by phosphorylase b k inase and i ts  dephosphorylat ion by the enzyme phosphorylase rr  phospha-
t a s e  ( 1 2 ) .

5 Al though the polymerizat ion react ion is  favored at  neutra l  pH in u i t ro,  the react ion in u iuo proceeds
toward the degradat ion of  g lycogen because the intracel lu lar  concentrat ion of  P;  great ly  exceeds that
o f  G lc - l -P  and  because  G lc - l -P  i s  rap id l y  conver ted  to  G lc -6 -P  by  phosphog lucomutase  (1J ) .
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Preparation of C1'toc'hrome c:-Maltoheptose Coniugates

Conjugat ion was carr ied out using a modif icat ion of  the publ ished procedure
(14).  In a typical  exper iment,  lyophi l ized cytochrome ( ' ( t rom horse heart)  was

added to a phosphate buffer (250 mrvl ,  pH 7.0).  To this protein solut ion maltohep-

tose and sodium cyanoborohydr ide,  each dissolved in the same buffer,  were added

to f inal  concentrat ions of  l0 mg/ml for  the protein and 200 and 8l  mg/ml.  respec-

t ively,  for  maltoheptose and sodium cyanoborohydr ide.  React ion was carr ied out

at  ambient temperature,  the react ion mixture was sampled at  var ious react ion

t imes, and the samples were dialyzed and lyophi l ized. The contents of  carbohy-

drate in these conjugates were determined by the anthrone-sul fur ic acid method
(15).  Concentrat ions of  cytochrome ( ' in these conjugate s were establ ished spectro-
p h o t o m e t r i c a l l y  ( 4 0 9  n m .  e  :  9 . 1  x  l O a  H . t  ' c m  ' )  l T a b l e  l ) .

P re p urat io n oJ' C urho nic' A n hv dru s e-M u\t o he p t o.s e C o ni u g u t e.s

The same procedure as that used in the preparat ion of  cytochrome ( ' -maltohep-

tose conjugates was fol lowed, except that  concentrat ions of  3 mg/ml for  carbonic

anhydrzise ( f rom bovine erythrocytes).50 mg/ml for  maltoheptose. and l0 mgiml

for sodium cyanoborohydr ide were used. The react ion was catrr ied out at  room

temperature for  l8 h and the protein sample was dialyzed against  phosphate buffer
(2  l i te rs ,  5  mM,  pH 7 .0) ,  wer te r  (2  l i te rs )and lyoph i l i zed .  The ra t io  o f  Im i i l toheptose] i

[p ro te in ]  was  de termined to  be  1 .5 .

Prepurution of Ribonucleose A-M uItooligosucc hurit le Coniugutc.s

To a  phosphate  so lu t ion  (4  ml .  2 -50  mv.  pH 7 .0)  o f  RNase A (31  mg.  f rom bov ine

pancreas) maltohexose (280 mg; and sodium cyanoborohydr ide (  l t t  mg) werc

added. The reduct ive aminat ion was carr ied out at .  4 'C for l2 h.  The react ion

mixture was dialyzed and lyophi l ized. The average number of  maltohexose mole-

cu les  per  RNase A was 1 .6 ,  as  de termined by  the  an lh rone-su l fu r ic  ac id  method.

The same protocol  was fol lowed in prepar ing RNase A-maltose conjugates.  The

average number of  maltose molecules per RNase A was 1.9.  The conjugat ion of

l ys ine  res idues  o f  RNase A,  in  the  presence o f  po ly (A) ,  was  per fo rmed w i th

maltohexose according to a modif icat ion of  the procedure of  Blackburn and Gavi-

lanes (16).  A protocol  the same as that descr ibed above was fol lowed except that

a rat io lpoly(A)] / IRNase A] of  31 was used. After 24 h of  react ion.  the rcact ion

mix tu re  was d ia lyzed and lyoph i l i zed .  The ra t io  o f  lma l tohexose l / [RNase A]  was

4 . 3 .

Assal' oJ' Ribonuc'leuse A for Actiuit l '

The normal uv assay used for the act iv i ty of  RNase A was not straightforward

and could not be used for mixtures of glycogen phosphorylase a and conjugated

RNase A s ince  the  r r8 , r  nn ,  (1 .6  x  103 M I  cm ' ) ,  be tween 2 ' ,3 ' -cCMP and

3'-CMP, var ied wi th concentrat ions of  phosphorylase a and polysacchar ides. The
rrP NMR assay of  RNase A (developed by Rajeeva Singh) is s imple and useful

in that  i t  d i rect ly quant i tates both the substrate 2 ' ,3 ' -cCMP and the product 3 ' -
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CMP. The activity of RNase A was determined by following the conversion of
2 ' ,3 ' -cCMP to  3 ' -CMP (F ig .  2 ) .

For a typical  assay, a solut ion of  2 ' ,3 ' -cCMP (10 mrvr)  in MOPS buffer (0.1 rra,
pH 7.0) was placed in a NMR tube, i ts 3rP NMR spectrum was recorded, and
then a solution of RNase A (typically 6 prra) was added to a final volume in the
tube o f  1 .5  ml .  The t ime course  o f  the  convers ionof  2 ' .3 ' -cCMP to  3 ' -CMP was
followed and the activity of RNase A determined. Without RNase A, there was
<2% hydrolysis of  2 ' ,3 ' -cCMP in buffer over the course of  the assav (about
4 . s  h ) .

Assay of Carbonic' Anhydrase

The procedure of Armstrong et al. (17) was used to assay the activity of CA
in this study: p-nitrophenyl acetate was used as the substrate and the activity of
CA was followed spectrophotometrically by the production of p-nitrophenolate
( e r + s n n - '  :  5 ' 0  x  1 0 3  r r a - l c m  ' ) .

Asscty for the Formation of Protein-Amylose Conjugates

We have developed a s imple rrP NMR system for assaying glycogen phosphory-
lase a-catalyzed react ions.  At neutral  pH, s ignals of  Glc-1-P and P; in a 3rP NMR
spectrum are well separated (Fig. 2). Typical conditions for an assay were Glc-
l -P,  83 mvt;protein-maltool igosacchar ide conjugates,  5.5 nv;and glycogen phos-
phorylase, l8 uni ts,  in MOPS buffer (0.2 r 'a)  at  pH 7.0 wi th a total  volume of  3.3
ml.  The assay was carr ied out by fo l lowing the disappearance of  Glc- l -P and the
appearance of P, formed.

The formation of protein-amylose conjugates would also be followed by gel
electrophoresis under denatur ing condi t ion (SDS-PAGE).

Estimution of Molec'ular Weights of Protein-Amylose Conjugates

The gel-fi l tration HPLC was used for estimating molecular weights of pro-
tein-amylose conjugates enzymatically synthesized by glycogen phosphorylase
a: column, Waters Protein Pak 300 (0.75 x 30 cm);  mobi le phase, double-dist i l led
water,  detect ion,254 nm; f low rate.  0.5 ml/min.

RESULTS AND DISCUSSION

C onj ugation of M altooligosac'c'haride s yt,ith Proteins

We surveyed a number of methods for conjugation of maltooligosaccharides
with proteins (/8). We concluded that reductive amination of proteins with malto-
oligosaccharide using sodium cyanoborohydride is best; coupling of bromine-
oxidized maltooligosaccharides with proteins-using activation of the C-l COrH
group with water-soluble l-ethyl-3-(dimethylaminopropyl)-carbodiimide hydro-
chloride (EDC)-is also useful. Reductive amination preserves protein structure
wel l  (Eq. [ ] )  (18).  The react ion converts lysine e-amino residues and the
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4 h  t 7 h

M
<- 45 kD

+- 30 kn

<- 21.5 kD

<- 14.4 kD

Frc .  l .  Sod ium dodecy l  su l fa te -dena tu red  po lyac ry lamide  ge l  (18% T ,0 .5% C)  e lec t rophores is  o f

cytochrome r ' -mal toheptose conjugates synthesized by reduct ive aminat ion in the presence of  sodium

borocyanohydr ide and isolated by dia lys is and lyophi l izat ion.  Conjugat ion of  mal toheptose to cyto-

ch rome r ' ( [ma l tohep tose ] : [ cy toch rome r ' ]  :  2 l -5 : l )  was  ca r r i ed  ou t  a t  room tempera tu re  (pH 7 .0 ,2 -50

mna phosphate buf fer)  for  var ious react ion t imes.  Lane M is a mixture of  cytochrome (  conjugates

prepared using var ious react ion t imes,  and lane S is  a set  of  protein MW standards:  h.  hoursld.  days.

The gel  was sta ined using Coomassie br i l l iant  b lue R-2-50.

N-terminal amino group to secondary amines: the positive charge present on these

amino groups is retained.

C har ac' t e rizat io n of M alt ooli g o s ac c' har id e C o ni u g at e s of P r ot e i n s

We determined the carbohydrate content of the modified proteins using the

anthrone-sul fur ic acid method with glucose as a standard (15).  SDS-PAGE was

useful for analyzing the extent of conjugation of the proteins (/9). After conjugation

of cytochrome c wi th maltoheptose, we observed l8 dist inct  species in the

SDS-PAGE gel  (Fig.  l ) .6 We bel ieve that these species correspond to nat ive

cytochrome c' and conjugates containing from I to l7 lysines modified by reductive

amination. The N-terminal glycine residue of cytochrome c is post-translationally

blocked by acetylat ion (9).  Most of  lys ine residues on horse heart  cytochrome c '

could be reductively aminated with maltoheptose under conditions mild enough

to be nondenaturing (250 mrr.l phosphate buffer, pH 7.0).

Table I summarizes three groups of protein conjugates that we have synthesized.

Conjugates of RNase A and CA with oligomaltoses retained activity satisfactori ly

6 SOS-pAGE is broadly used for  determining molecular  weights of  proteins Q2).  We plot ted the

relat ive electrophoret ic  mobi l i t ies as a funct ion of  the calculated molecular  weights of  these cytochrome

r.-mal toheptose conjugates and y ie lded no re l iable informat ion on their  molecular  weights.  I t  is  known

from the l i terature (2J)  that  the polyacry lamide gel  e lectrophoret ic  behavior  of  g lycoprotein-SDS

complexes y ie lds abnormal est imates of  their  molecular  weights.

S O

::::

@

M S

w

6 d3 d
- - 9 7 0
<- 66 kn
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TABLE I

Conjugation of Maltool igosaccharides (Glc,,) to Cytochrome r '(Cyt r ' ) ,
Ribonuclease A (RNase A), and Carbonic Anhydrase (CA) by Reductive
Amination, Using Sodium Cyanoborohydride as the Reducing Agent. at pH 7.0

Protein Glc,, Reaction time [Glc,,]b Vc Activity
(NH2 g roups )  (n ) (h ) fprotein l  remalnlng

Cyt  c ' (18)  7

325

R N a s e  A ( 1 0 )  6
6"
2

cAQg) 7

A
a

t 7
48
12
96

r 2 0
144
264

l 2
) 4

l 2
l 8

2 .4
4 .0
'7 .2

7 . 5
8 . 2
8 . 7

l l
t 4
1 . 6
+ . - l

1 . 9
l . - 5

26
8_5
30
9_s

"  The conjugat ion was carr ied out  in a react ion mixture th:r t  contained poly(A)

(average molecular  weight  > 100 kDa).  See Exper imental  Procedures for  opt imized

cond i t i ons .
r '  Concentrat ions of  mal tool igosacchar ides were est imated by the color imetr ic

an th rone-su l fu r i c  ac id  me thod  (en :on .  :  0 .6  x  l 0a  v  I cm- r ) ( /5 ) .  Absorbances

at 409 or  280 nm were used for  measur ing concentrat ions of  cytochrome c
( e l o s n n , : 9 . 1  x  1 0 1  v - l c m - l ) .  R N a s e A ( e . H o n * : 0 . 9  x  1 0 a u  ' c m  ' ) , a n d C A ( e . 3 n

nn ,  :  -5 .7  x  l 0a  na - l  cm- l ) .  Uncer ta in t i es  i n  these  ave rage  va lues  were  es t ima ted  to

b e  +  1 . 2 .

under appropriate conditions (85 and 95Vo, Table l). We found that active site
lysines of RNase A were protected from modification by poly(A), in agreement
with the report  of  Blackburn and Gavi lanes (16).  In the case of  cytochrome
( ' -maltoheptose conjugates,  the average value of  the rat io fmaltoheptose]/ [cyto-
chrome c]  ( that  is ,  the average number of  maltoheptose chains conjugated to each
cytochrome c) est imated by the anthrone-sul fur ic acid method is,  qual i tat ively,

in agreement wi th that  est imated from SDS-PAGE (Fig.  l ) .  Al l  protein conjugates
we have prepared were able to init iate polymerization catalyzed by glycogen
phosphorylase d (see below),  a l though probably only some of the chains in highly
modifi ed proteins participated.

Using 3tP IVMR Spec'troscopy to Assay Simultaneously the Formation and
Ac'tiuity of Amylose-Conjugcrted Proteins (1,{eoglyc'oproteins), in Reac'tions
Catalyzed by Glycogen Phosphorylase a

Glycogen phosphorylase a t ransfers Glc-a(1,4) uni ts to the nonreducing end of
the pr imer.  The pr imer,  in turn,  must have at  least  four glucose uni ts (12).  Our
init ial concern was to prepare derivatives of proteins possessing a covalently
attached primer moiety that was recognized by glycogen phosphorylase a. We
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Fe->|

2.0 ppm

Frc .  2 .  The  phosphorus  NMR spec t rum o f  a  m ix tu re  o f  a -o -g lucose- l -phospha te  (G lc - l -P ) ,  i no rgan ic

phospha te  (P i ) ,  cy t i d ine -3 ' -monophospha te  (3 ' -CMP) ,  and  cy t i d ine -2 . ' 3 ' - cyc l i c  monophospha te  (2 '  . 3 ' -

cCMP) in 0.2 na MOPS buf fer  at  pH 7.0.  The peak marked wi th an aster isk (*)was p-glycerophosphate.

which was included as a component of  the buf fer  used in commercia l  preparat ion of  g lycogen phos-

phorylase n f rom rabbi t  muscle.  The consumpt ion of  2 ' .3 ' -cCMP (substrate)  and the product ion of

3 ' -CMP (product)  establ ish the bio logical  act iv i ty  of  r ibonuclease A (RNase A).  Using the same

react ion mixture in the same NMR tube,  the progress of  enzymat ic polymer izat ion of  sacchar ide-

conjugated RNase A was moni tored quant i tat ively by assaying the conversion of  Glc- l -P (substrate)

to  P ;  (p roduc t ) ,  ca ta l yzed  by  g l ycogen  phosphory lase  a  (Eq . t2 l ) .  The  inse t  shows  tha t  r rP  NMR

spectroscopy can be used to fo l low the react ions of  Glc- l -P (83 mv) wi th mal tohexose (O)-  and mal tose
(C)-conjugated RNase A (-5.5 nv;  [mal tosacchar ide] / [RNase A] :  l  .6 and 1.9,  respect ively) .  catalyzed

by glycogen phosphorylase a (18 uni ts)  in 0.2 r 'a MOPS buf fer  (pH 7.0) ,  by measur ing the remaining

Glc- l -P and by the appearance of  P; .  The mal tohexose conjugate reacts rapid ly l the mal tose conjugate

i s  essen t ia l l v  un reac t i ve .

treated these protein-maltooligosaccharide conjugates with Glc- I -P and phosphor-
ylase a and followed the reaction by an 3rP NMR-based assay (Fig. 2). rrP NMR

spectroscopy is useful not only for assaying the process of enzymatic polysacchari-

zation catalyzed by glycogen phosphorylase a but also for determining the enzy-

mat ic act iv i ty of  RNase A. Under appropr iate condi t ions (e.g. ,  0.2 vt  MOPS, pH

7.0) we assayed the progress of enzymatic polymerization of protein-conjugated

primer quantitatively by monitoring the consumption of Glc-l-P and the production

of Pi. Using the same reaction mixture in the same NMR tube, the rate of conver-
s ion of  the substrate 2 ' ,3 ' -cCMP to the product 3 ' -CMP establ ished the act iv i ty

1000 2000 3000

Reaction Time (min)
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+- 66 kD

+ 30 r.D

<- 14 kD

Frc.  3.  SDS-PAGE (12% T,0.3% C) of  f luorescent conjugates of  r ibonuclease A (RNase A) wi th

maltohexose and amylose.  Lane I  is  a dansyl- labeled RNase A; lane 2 is  the dansylated mal tohex-

ose-RNase A conjugate ( [mal tohexose] / [RNase A] :  4.3) l lanes 3-5 are dansylated amylose-RNase

A conjugates synthesizedby the phosphorylase a (5 uni ts)-catalyzed react ion of  Glc- l -P (20 mv) and
the mal tohexose-RNase A conjugate at  var ious react ion t imes ( l  h,  for  lane 3;  l . -5 h,  for  lane 4;2h,

for lane 5). Lane 6 is the fluorescent RNase A conjugate obtained by treating the reaction mixture

analyzed in lane 5 wi th Pi  Q0 mpt)  for  another 2 h (Eq.  t2 l ) .

of the resul t ing neoglycoRNase A.7 Figure 2 ( inset)  a lso demonstrates that  glycogen
phosphorylase a readily recognized maltohexose-conjugated RNase A as the
primer and catalyzed the formation of neoglycoRNase A. As expected, the
maltose-RNase A conjugates (used as an experimental control) were not sub-
strates.

These resul ts obtained by rrP NMR spectroscopy were conf i rmed by
SDS-PAGE, using a maltohexose conjugate of RNase A that had been indepen-
dent ly labeled with f luorescent dansyl  chlor ide.  Fluorescent RNase A-amylose
conjugates having higher molecular weights,  wi th respect to their  pr imer,  were
formed by a phosphorylase o-catalyzed reaction of a maltohexose-RNase A conju-
gate wi th Glc- l -P (Fig.  3) .  The recogni t ion of  the pr imer by the phosphorylase rr
was efficient: no free primer was observed after enzymatic polymerization. The
molecular weight (-45 kDa) est imated from the SDS-PAGE gel6 in Fig.  3 corres-
ponds to the addition of 45 glucose units on average to each primer. Adding
excessive P, to the react ion mixture containing phosphorylase d and the amy-
lose-RNase A conjugate ( i .e. ,  the reverse react ion of  E,q.  [ ] )  decreased the
molecular weight of  the conjugate to approximately i ts or ig inal  value (Fig.  3,
lane 6) .

Methods of Producing Enzymaticully Ac'tiue l leoglyc'oproteins Hauing Higher
Molec'ulur Weights

Two methods were used for producing neoglycoproteins with higher molecular
weights than those obtained by the simple procedures already described. The first
used membrane-enclosed enzymatic catalysis (MECC) (20): In the first cycle of

7  S ince  RNase  A  does  no t  l ose  i t s  enzymat i c  ac t i v i t y  on  hea t ing  a t  100 'C  fo r  l 0  m in  (10 )  bu t
glycogen phosphorylase n is  denatured at  th is temperature (12),  in pr incip le the act iv i ty  of  these

RNase A-amylose conjugates at  var ious degrees of  polymer izat ion can be determined by heat ing the
phosphorylase a-catalyzed react ions.

34J6
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polymerization, a dialysis tube containing glycogen phosphorylase a and the primer

protein-oligosaccharide conjugate was placed into a buffer solution of Glc-l-P.
3rP NMR spectroscopy was used to determine whether the reaction achieved

equil ibrium (Eq. [2]); we then removed the dialysis tube and placed it into another

freshly prepared solution of Glc-l-P to achieve further polymerization to synthe-

size higher molecular weight polymers. By repeating this procedure, it was possible

to obtain amylose-protein conjugates with modest molecular weightn: we were

able to synthesize a neoglycoRNase A with an average molecular weight of 68

kDa, determined by gel- f i l t rat ion HPLC. This molecular weight indicates that the

polymerization had added approximately 150 glucose units to the primer (lmalto-

hexose l / lRNase A]  -  2 ,  Tab le  l ) .

The second method used an economical  enzyme-coupled system for producing

higher molecular weight neoglycoproteins (Eq. t3 l ) .

sucrose ---\-

E 1

Pi -1--Y-> amylose-protein conjugatc

t3l
fructose <-A---+Glc- I -p

E2
maltoheptosc-protein conJugate

In  th is  equat ion ,  E  l  and E2 are  sucrose phosphory lase  (EC 2 .4 .1 .7 )  Q l ) '  f rom / - .

mesenteroides and glycogen phosphorylase rr  f iom rabbi t  musclc.  respect ively.

By  us ing  sucrose ( in  la rge  excess)  and inorgan ic  phosphate  ( in  ca ta ly t i c  amount )as

start ing mater ia ls,  we synthesized RNase A-amylose conjugates wi th an average

molecular weight of  I  l0 kDa, determined by gel- f i l t rat ion HPLC. This value corres-

ponds to the addi t ion of  260 glucose uni ts on average to each pr imer ( [maltohex-

ose l / IRNase A]  -  2 .  Tab le  l ) .

In conclusion, glycogen phosphorylase n f rom rabbi t  muscle has been shown

to catalyze the synthesis of protein-amylose conjugartes from their corresponding

pr imers.  This enzyme accepted as substrates the protein-maltool igosacchar ide

conjugates prepared in th is study. Methods of  synthesiz ing and asszty ing enzymati -

cal ly act ive protein-amylose conjugates having higher molecular weights have

been developed. These methods provide synthet ic routes to a new class of  neogly-

coproteins and open these mater ia ls for  examinat ion.

8 We in i t ia l ly  observed no enzymat ic catalys is using th is method and found that  g l r  cugen phosphory-

lase a ( f rom rabbi t  muscle)  adsorbed tenaciously onto the cel lu lose acetate-based dia l .vs is membrane

(e.g. ,  resul ts of  X-ray photoelectron spectroscopy showed a high ni t rogen content  on th is n i t rogen-

free dia lys is membrane af ter  exposure to the enzyme).  We later  demonstraled thut  the phosphorylase

a readi ly  catalyzed the polymerizat ion react ion under sonicat ion.  Al though u 'e have no def in i t ive

evidence that  def ines the ro le of  the sonicat ion.  i t  appeared to desorb the enzy'me t l -om the membrane

without  denatur ing the enzyme. We also found that  u l t rasound general ly  accelerated enzyme-catalyzed

react ions in the MEEC procedurel  s imi lar  resul ts were observed wi th acylase l .  a-glucosidase.  hexokin-

ase-creat ine k inase.  B-galactosidase,  invertase.  sucrose phosphorylase.  and glucogen phosphorylase.

We presume these rate accelerat ions are due to the increase of  d i f fus ion of  substrates and products

across the dia lys is membrane.
e The equi l ibr ium constant  for  the sucrose phosphorylase-catalyzed react ion at  pH 7.0 is  l -5.6.

favor ing the synthesis of  Glc-  l -P (21 ) .
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