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The  capsular  polysaccharide of Escherichia  coli K1 
is a linear polymer of N-acetylneuraminic  acid in a- 
2,8 linkage. Certain  substrains of E. coli K l  (desig- 
nated OAc+) modify the polysaccharide  by  O-acetyla- 
tion of the sialic acids. We demonstrate  here an acetyl- 
coenzyme A polysialosyl 0-acetyltransferase  activity 
that is found  only in E. coli K1 OAc+ substrains. When 
form  variation between the  0-acetyl-positive  and 
-negative  states  occurred  in  strain D698:K1, the fluc- 
tuations  were accompanied by appropriate changes in 
the expression of enzyme  activity. Thus, expression of 
this enzyme  can  account for  the OAc+ phenotype and 
for  the form variation between OAc+ and OAc-. The 
enzyme was solubilized in nonionic detergent  and  freed 
of endogenous acceptor  activity by DEAE-cellulose 
chromatography,  and its general  properties  were de- 
termined. Analysis of the  reaction product showed a 
highly preferential  acetylation  reaction  that  was con- 
fined to polysialosyl units of >14 residues. Acetyl 
groups  were shown to  be  transferred to both the 7- and 
the 9-positions of the sialic  acid residues. 

The  partially  purified enzyme was  stable  even  after 
prolonged incubation at 57 “C. In  contrast,  any  further 
purification  resulted  in loss of activity,  even at 4 OC. 
Treatment of the  stable enzyme  with a polysialic acid- 
specific  endoneuraminidase  caused a similar loss of 
enzyme  stability.  This  effect of the endoneuraminidase 
could be protected  against by  the  addition of exogenous 
polysialic acid. This  indicates  that  the  partially  puri- 
fied enzyme contains  traces of endogenous polysialic 
acid substrate  that are required  for  the  stability of the 
enzyme. Finally,  the enzyme can  0-acetylate  the 
polysialic acid  chains on the  eucaryotic  protein  neural 
cell adhesion molecule, suggesting that enzymatic  rec- 
ognition of the  substrate  requires only the polysialic 
acid sequence. 

Sialic acids are a family of 9-carbon carboxylated sugars 
commonly found as  the terminal sugar residues of eucaryotic 
oligosaccharides (1, 2). More than 25 different types of natu- 
rally occurring sialic acids have been identified. This diversity 
results from the presence of acetyl, methyl, lactyl, and  sulfate 
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groups on N-acetylneuraminic acid (Neu5Ac’) or N-glycolyl- 
neuraminic acid (Neu5Gc) (2) and a recently described deam- 
inated sialic acid, 3-deoxynonulosonic acid (3). The most 
common modified sialic acids contain  0-acetyl  substitutions 
at  the 4-, 7-, and 8-, and/or 9-positions of the molecule. These 
modifications can influence many biological properties of the 
parent molecule, including activation of alternative comple- 
ment pathway (4), the activities of enzymes involved in sialic 
acid metabolism (2, 5 ) ,  the specificity of recognition of sia- 
lyloligosaccharides by influenza viruses (6-8), and  the binding 
of antibodies to gangliosides (9,lO). 

Sialic acids are said to have appeared late  in evolution and 
are  not generally found in  plants, prokaryotes, or most inver- 
tebrates (2, 11). In spite of this,  certain  strains of Escherichia 
coli (Kl), Neisseria meningitidis (Groups B and C), and  strep- 
tococcus (group B) contain sialic acids in  their capsular 
polysaccharides (12, 13). These  bacterial  strains and  their 
capsular sialic acids are of interest for several reasons. All  of 
them  are known primary pathogens, causing infections such 
as meningitis in newborn infants (12). Secondly, these  patho- 
genic bacterial  strains are unique among prokaryotes in con- 
taining sialic acids. Third,  the capsular sialic acids of E. coli 
and N. meningitidis bacteria  are  present as sialic acid homo- 
polymers, which are identical with the outer sugar chains of 
some eucaryotic proteins such as  the neural cell adhesion 
molecule (N-CAM) (14-16). Finally, certain of these E. coli 
and N. meningitidis strains modify their capsular sialic acids 
by 0-acetylation at  C-7 or C-9 positions (17). 

E. coli K1 capsular polysialic acid is a homopolymer of 
(NeuSAc a2-8 Neu5Ac)n. Substrains (OAc+) which contain 
0-acetylated sialic acids can  either be fixed or  can undergo a 
reversible form variation between OAc+ and OAc- at  a 
characteristic frequency (17). The biological roles of the cap- 
sular polysialic acid and  its 0-acetylation  are  not clear. How- 
ever, it is known that  the capsular polysaccharide is poorly 
immunogenic and fails to activate the alternative pathway of 
complement (12). There is also evidence that 0-acetylation 
can increase the immunogenicity and decrease the pathoge- 
nicity of these  bacteria (12, 17). 

This report describes the partial purification and enzymatic 
characterization of an E. coli K1 polysialosyl O-acetyltrans- 
ferase that can  0-acetylate polysialic acid sequences and 
shows that  the presence of this enzyme activity in E. coli is 
probably the primary determining factor of the  state of 0- 

The abbreviations used are: NeuBAc, N-acetylneuraminic acid; 
Neu5,9Ac2, 9-0-acetyl-N-acetylneuraminic acid; N-CAM, neural cell 
adhesion molecule; DP, degree of polymerization of sialic acids, LB 
medium, Luria-Bertani medium; HPLC, high performance liquid 
chromatography; BSA, bovine serum albumin. 
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TABLE I 
Comparison of 0-acetyltransferase activity in E. coli strains 

E. coli strains were  grown to stationary phase in 15 ml of LB 
medium and pelleted by centrifugation at 5000 X g for 15 min. The 
cells were  lysed in Buffer C, and  the 0-acetyltransferase activity was 
determined as described under  “Experimental Procedures.” The pres- 
ence of capsular sialic acid and  the 0-acetylation phenotype for each 
strain was previously determined by others (17). 

Strain sialic acid phenotype 
Capsular 0-Acetyl O-Acetyltransfer- 

ase activity 
nrnollg proteinlh 

C375:Kl + + 0.762 
D698:Kl + + 1.572 
016K1 + - 0.006 
C940K1 + - 0.066 
HB101:KlZ - - 0.03 
JM103:K12 - - 0.012 

acetylation. We also provide evidence that  the enzyme pref- 
erentially recognizes high molecular weight  polysialic acid 
chains and  that  its stability is dependent upon an association 
with these  chains, 

EXPERIMENTAL PROCEDURES AND RESULTS’ 

As described in the Miniprint Section, we have solubilized, 
partially purified and characterized an 0-acetyltransferase 
from an E. coli K1 OAc+ strain  and shown that  it preferen- 
tially acetylates high molecular weight polymers of sialic acid. 

E. coli K l  OAc+ Phenotype Is Associated with High Levels 
of 0-Acetyltransferase Activity-To study the relationship 
between the levels of 0-acetyltransferase activity and  the 
state of 0-acetylation  in capsular polysialic acid, several E. 
coli strains (K1 and K12) were examined for the presence of 
0-acetyltransferase activity (Table I). Only C375 and D698 
(both previously shown to be K1, OAc+) contained high levels 
of 0-acetyltransferase activity. 

The  0-Acetyl Form Variation in  E. coli Kl  Is Related to the 
Level of Expression of Polysialosyl 0-Acetyltransferase  Activ- 
ity-Certain E. coli K1 (OAc+) strains undergo a reversible 
form variation between OAc+ and OAc- (15). To demonstrate 
that  this reversible 0-acetylation phenotype is correlated with 
an appropriate change in  the level of enzyme activity, a cloned 
OAc+ isolate (generation I) from the  parent D698 K1 (OAc+) 
was  followed through four generations of alternating OAc+/ 
OAc- phenotypic changes during growth in LB media. From 
each generation, individual colonies were picked, expanded, 
and screened for the activity of the polysialosyl O-acetyltrans- 
ferase. In each generation, the clone which had undergone a 
major change in  the level of enzyme activity was propagated 
and expanded for picking the next generation. Fig. 5 shows 
the 0-acetyltransferase activities of the individual clones from 
generations I  through IV. The first generation OAc+ isolate 
(G-I) with high 0-acetyltransferase activity yielded upon re- 
plating many similar colonies, and  a single second generation 
isolate (G-11) with low 0-acetyltransferase activity. This G-I1 
OAc- isolate was propagated and replated to give a single G- 
I11  OAc+ isolate exhibiting high O-acetyltransferase activity. 
This isolate gave rise to five colonies that were OAc- in  the 
fourth generation G-IV. In each generation, the  revertants 
were verified as being E. coli K1 rather  than contaminants, 
by reaction with specific polyclonal antibodies against the K1 
capsular polysialic acid (kindly performed by Dr. Charles 

Portions of this paper (including the “Experimental Procedures,” 
part of “Results,” and Figs. 1-4) are presented in  miniprint at  the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the  Journal  that is available from Waverly Press. 

I II 111 IV 
Generation 

FIG. 5. Analysis of 0-acetyltransferase activity through 
four generations of 0-acetyl form variation. E. coli strain D698 
was cloned by streaking on solid LB medium (in 1.5% agar). One 
colon (generation I, depicted by an arrow) was  grown to confluency 
in 15 ml  of LB medium and streaked  onto  a 9-cm Petri dish containing 
solid LB medium. Of the resultant second generation colonies, 24 
individual colonies (generation 11)  were isolated, grown to confluency 
in 15 ml of LB medium, lysed in Buffer C, and assayed for the 
presence of 0-acetyltransferase activity as described under “Experi- 
mental Procedures.” A single colony of generation I1 with a negligible 
level of enzyme activity (indicated by an arrow) was again propagated 
and examined for the presence of 0-acetyltransferase activity as 
described above. Two more such cycles of cloning and enzyme assays 
were performed (generations I11 and IV). 

Davis, UCSD Dept. of Microbiology). 
Mixing experiments showed that  the loss of expression of 

the enzymatic activity was not due to  the presence of an 
inhibitor in the OAc- revertants. To confirm that  the phe- 
notypic change occurred in parallel with the change in  trans- 
ferase activity, the  G-I through G-IV isolates were expanded, 
and  the capsular polysaccharide was purified from each using 
established procedures (17). The  extent of 0-acetylation of 
the capsule in each case was measured by degrading the 
polysaccharide by sequential endo- and exoneuraminidases. 
The monomers were studied for the presence of 0-acetylation 
using the periodate/formaldehyde acetylacetone assay (28). 
As predicted, the revertants from generations I1 and IV were 
deficient in  0-acetylation while generation I  and  revertant I11 
were positive (data  not shown). The level of 0-acetylation in 
the positive strains ranged from 5 1 2 %  on various measure- 
ments. 

These  studies  demonstrate that  the presence of E. coli 
polysialosyl 0-acetyltransferase activity correlates well with, 
and is probably the primary basis for, the reversible pheno- 
typic changes observed in  0-acetyl form variation. 

E. coli Polysialosyl 0-Acetyltransferase Is Stabilized by As- 
sociation with Polysialic Acid-The stability of the enzyme in 
the crude state,  or following the DEAE-purification step is in 
striking  contrast to  its marked instability to all further  at- 
tempts at purification. It was also puzzling that  the instability 
became manifest upon using many different purification steps 
that utilize entirely different principles (e.g. cation exchange 
chromatography, dye-matrix chromatography, affinity chro- 
matography on CoA-Sepharose, and gel filtration.) All at- 
tempts at adding back various crude fractions to re-establish 
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stability also failed (data  not shown). Since the partially 
purified polysialosyl 0-acetyltransferase specifically  recog- 
nizes large polysialic acid fragments, we considered the pos- 
sibility that such fragments of endogenous origin might be 
the stabilizing factor. If this were the case, treatment of the 
stable partially purified 0-acetyltransferase by the purified 
endoneuraminidase might be expected to destroy this stabiliz- 
ing factor. As shown in Fig. 6, the DEAE-purified E.  coli 
polysialosyl 0-acetyltransferase shows no loss of activity fol- 
lowing preincubation at 37,  49, or 57 "C for 60 min (open 
bars). When endoneuraminidase was added to  the preincu- 
bation mixture, it did not affect the stability of the enzyme 
at 37 "C. However, progressive loss of activity occurred upon 
raising the temperature to 49 and 57 "C (Fig. 6, closed bars). 
(In  separate experiments, we noted that  the endoneuramini- 
dase itself was stable to incubation at 57 "C for 1 h). Shown 
in Fig. 7 is  the time course of the inactivation of the 0- 
acetyltransferase by endoneuraminidase at 57 "C. After 1 h, 
80% of the activity is lost in the presence of endoneuramini- 
dase. To confirm that  the effect of endoneuraminidase is due 
to  the enzyme itself, and not due to a trace  contaminant such 
as a protease, excess exogenous colominic acid  was added as 
an  alternate  substrate for the enzyme. As shown in  the same 
figure, this provided complete protection against inactivation. 
Taken together, these results indicate that  the stability of 
solubilized E. coli polysialosyl 0-acetyltransferase is depend- 
ent upon a close noncovalent association between the enzyme 
and polysialic acid of endogenous origin. 

E. coli Polyshlosyl 0-Acetyltransferase Acetylates the Neural 
Cell Adhesion  Molecule-The eucaryotic protein N-CAM 
(neural cell adhesion molecule) is known to carry polysialic 
acid sequences in a2-8 linkage similar to  the bacterial poly- 
saccharide. We therefore examined the ability of the E. coli 
0-acetyltransferase to acetylate this molecule. As shown in 
Fig. 8, purified chicken embryonic N-CAM  was indeed 
acetylated by the partially purified E. coli enzyme. The ability 
of chicken N-CAM to serve as a substrate implies that poly- 
sialic acid is the sole structural  determinant required by this 
enzyme. 

- 
N 

1 

Temperature 37' 49' E 

FIG. 6. Endoneuraminidase inactivation of O-acetyltrans- 
ferase. Reaction mixtures (15 el) containing 2.3 milliunits of DEAE- 
purified enzyme in 20 mM sodium acetate, pH 6, in the absence (open 
bars) or presence (closed bars) of 25 milliunits of endoneuraminidase 
was preincubated for 30 min at 37, 49, or 57 "C. Following this 
preincubation, the samples were assayed for 0-acetyltransferase  ac- 
tivity as described under "Experimental Procedures." The value ob- 
tained by incubation at 37 "C in the absence of endoneuraminidase 
was used to represent 100% activity. 

l o  + - I \ 
0 20 40 6'0 

Pre-Incubation at 57'C (mid 

FIG. 7. Protection of 0-acetyltransferase  activity from en- 
doneuraminidase inactivation by colominic acid. Reaction mix- 
tures (27 pl)  containing 2.3 milliunits of DEAE-purified O-acetyl- 
transferase in 20 mM sodium acetate, pH 6, in the presence of 25 
milliunits of endoneuraminidase and/or 2 pmol of colominic acid were 
preincubated at 57 ' C  for 10,20,30, or 60 min.  Following preincuba- 
tion, the samples were assayed for 0-acetyltransferase activity as 
described under "Experimental Procedures." The value used for 100% 
activity was the average of values obtained from 10, 20, 30, and 60 
min of preincubation in the absence of endoneuraminidase and in the 
presence of colominic acid. 

DISCUSSION 

The biosynthesis of the E. coli K1 capsular polysaccharide 
involving a bacterial sialyltransferase has previously been 
studied in detail by Troy  and  others (13, 29, 30). We have 
described here the solubilization, assay, and  partial purifica- 
tion of the enzyme responsible for 0-acetylation of the cap- 
sular polysialic acid chains. While the enzyme was completely 
stable  in the crude state or  after a single DEAE-cellulose step, 
attempts a t  further purification of any  kind resulted in com- 
plete loss of activity. The methods tried have included the 
cation exchanger CM52, the affinity dye ligands Procion red 
and Cibacron blue, coenzyme A Sepharose, and gel filtration 
on Sephacryl S-200. Furthermore, a wide variety of conditions 
including the presence of different buffers, detergents, glycerol 
and various ions did not solve the problem. This anomalous 
behavior is best explained by our finding that  the stable form 
of the enzyme can be  specifically inactivated by endoneura- 
minidase treatment.  This  treatment presumably destroys 
polysialic acid molecules of endogenous origin to which the 
enzyme is bound and which are required for its stability. The 
stabilizing polysaccharide is  either inaccessible for acetylation 
or  must be rather small in  amount, since no endogenous 
acceptor activity was detectable in the DEAE-purified en- 
zyme. Thus,  any purification step  (other  than DEAE-cellulose 
to which polysialic acids would bind) would presumably cause 
a separation of the enzyme from this small amount of stabi- 
lizing substrate. This also suggests that any further purifica- 
tion of this enzyme would require the presence of polysialic 
acid in all buffers and fractions at every step. However, we 
have ao far been unsuccessful in using this approach to further 
purify the enzyme. Attempts at reconstitution of inactivated 
enzyme by the addition of polysialic acid have also been 
unsuccessful. We have therefore  presented the enzymatic 
characterization of the partially purified enzyme, that is free 
of detectable endogenous acceptor in  the  standard assay. 

Analysis of the 0-acetylated colominic acid product by 
DEAE-Sephadex and HPLC showed that  the enzyme has 
preferential substrate specificity toward large molecular 
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inal  phenotype  and  the reversion  frequencies  observed were 
on  the average 1 in 14. In each  case, the  0-acetylation  phe- 
notype  correlated with the expression of 0-acetyltransferase 
activity. Unlike  the  first  three  generations which gave a single 
revertant in 24-36 colonies, the  fourth  generation yielded five 
revertants.  This increase  in the frequency may reflect the 
process of selection through  the  propagation of the  revertants. 
The  underlying  stimulus which  influences the  state of 0- 
acetylation  is  not known; however, it  is  evident  that  it occurs 
spontaneously  under  confluent growth conditions  in complete 
media. 

Vimr and co-workers (32,  33) have  shown that  the  endo- 
neuraminidase  and  the polysialosyl sialyltransferase from E. 
coli can be used as probes  for the presence of polysialic acid 
chains  on  eucaryotic  membranes  and cell surfaces. The  min- 
imum  chain  lengths recognized by these enzymes would be 
DP > 3-5. Since  the enzyme that we have  described  here 
requires chains of D P  > 14, it  could also be used as a  probe 
for such  structures,  particularly  those with  longer chain 
length. Indeed, we have demonstrated  that  this is the case  for 
the  chicken embryonic  N-CAM. 

N-CAM + 
200 

92.5 

69 b 

E.COLI ENZYME + + + 
N-CAM + + - 
TIME (MIN) 120  180 120 
FIG. 8. 0-Acetylation  of  chicken embryonic N-CAM by 

DEAE-purified E. coli 0-acetyltransferase. Reaction  mixtures 
(40 pl) containing [a~etyl-~H]acetyl-coenzyme A (1 X lo6 cpm), 117.5 
mM cacodylic acid, pH 7.5, and 2.3 milliunits of DEAE-purified 0- 
acetyltransferase were incubated  with (lanes 1 and 2) or  without ( l a n e  
3)  5 pg of purified chicken  embryonic N-CAM a t  37 "C  for the  times 
indicated. The  reaction  mixtures were analyzed by 8% nonreducing 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis according 
to  the procedure of Laemmli  (34)  and  studied by autoradiography 
with EnHance  (Du  Pont-New  England  Nuclear) following the  man- 
ufacturer's  procedure. 

weight polysialic acids. No  acetylation was apparent  in poly- 
sialic  acids of DP < 14. In view of this  result,  the  apparent 
K,  obtained  with a mixture of polysialic  acid of various sizes 
with  an average length of 15 does not reflect the  true K,,, for 
large  molecular weight polysialic  acids. The  requirement of 
the enzyme for  such long chain  substrates  is  interesting. 
Brisson et al. (31) have  recently  used NMR  to  demonstrate 
that  the  two  terminal  disaccharides of ( N e u 5 A ~ ) ~ ~  differ in 
conformation  from  the  inner residues, and  that  the  immuno- 
logically functional  part of the molecule resides in  the  inner 
six  residues. Thus,  it  is possible that  the  0-acetyltransferase 
recognizes a conformational  state of the polysialic  acid chain 
that  is  generated only when  its  length  is above  a  required 
minimum. 

Some E. coli K1 OAc+ substrains  are  characterized by their 
ability  to undergo OAc+/OAc- reversible phenotypic  change 
a t  a given frequency (17). We  examined  the  relationship 
between the reversible phenotypic  change  and  the presence 
of 0-acetyltransferase  activity. A  cloned E. coli K1 OAc+ 
isolate  was propagated  through four generations,  and, a t  each 
generation, 24-36 colonies were examined  for  the  presence of 
0-acetylation  and for the expression of polysialosyl O-acetyl- 
transferase activity. Most of the colonies retained  their orig- 
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coenzyme A (24Ci/mmol). ICN:  1~4C1N-acetylneuraminic acid (56.8mCilmmol). New  England 
m. The fallowing materials wcre obtained from the  sources indicated: l a ~ c t y l - ~ H l a c e t y l -  

Nuclear: [I4Clacctic  acid (57mCilmmol). Amcrsham; [3Hlsodium  borohydride  (SCiImmol). 
American  Radialabellcd Chemicals: Arlhrobocrcr urcafociens ncursminidase. Calbiochcm- 
Behring: Closlridum perfringem neuraminidase. colominic  acid and phcnylmethylsulfonyl 
fluaridc. Sigma Chemical company; Acetyl-coenzymc A. Pharmaeia; and N-acetylneuraminic acid, 

of Dr. Frcderic A. Troy  (University of California, Davis). Purlfied chicken embryonic N-CAM was 
Ksntoishi Pharmaceuticals (Tokyo, Japan). Purified endoneuraminidase(l8) was a generous glft 

kindly provided by  Dr. UIE Rutishauser (Case Western Reserve). E.col6 strains C375:KI.  D698:KI. 

acetyl-ncuraminic  acid  (24Cilmmol) was prepared as described earlier  from  labellcd rat liver 
016:Kl .  and C940KI  were generous gifts of Dr. Richard Silver (FDA). [acetyl-3H]9-O-acetyI-N- 

Golgi  vcsicles(l9). A l l  other chemicals were of reagent grade  and were purchased from 
commcrical SOUICCS. 

L W m .  Buffer  A:  20mM  TrisIHCI pH 7.4. 5% gIycemI, 2mM  EDTA and I m M  
phcnylmethylsulfonyl fluoride; Buffer B:  Buffer  A containing 0.05% Triton  X~IOO; Buffer C: 
Buffer  A containmg 2% Triton X-100. 

k i m n i u m o n  of C a l m i n  
present i n  the colominic  acid preparation complicated the unit expression of the acceptor 

sialic acid  prcrcnt i n  the preparation. The concentration of total Sialic acid was determined by 
substrate. Therefore. thc concentration of eolominic acid was uniformally expressed as total 

the orcinal/Fe+3 method wlth  Neu5Ac as standard (20). 

ic  Acid C o n m u a i m  The heterogeneous mixture  of  polymer sizes 

Size of Co 
determined by a reducing sugar assay  (211,  and lata1 sialic acid was quantitated by the 

lominic  Acid. The number of colominic acid chains was 

orc1nol/Fc+3 assay (20) with  Neu5Ac as standard. The average length  of the colominic acid 
cham was determined by  dividing total aalic  acid content by the number of  reducing  termini 
The average length calculated by thx method was I 5  sialic acid residues per polymer. 

MuGlw of the E- of  O-acenlaansferase Ac! 
0: enzyme level in   E.co l i  strains, cells were grown to stationary phase in  l5ml of   LB medium at 

i v i u .  For the quantitation 

3 7 W .  and harvested by centrifugation at 5.000 x g for 15min. Pelleted cells were incubated for 
a 2-3 days  at 40C in  the  presence of l 0 0 u l  of  Buffer C. Lysis o f  cells was apparent by the visual 
appearance of a clumped precipitate of nucleic acid. The supernatant was assayed for the 
prcscncc of enzyme by the 0-acetyltranrferarc assay as described below. 

WAssav. Unless otherwise specified. reactions were incubated for 6min and 

during reaction. The reaction miatwe (40ul) containing  21mM sodium colominic acid (sialic acid 
the amount of enzyme varied such that less than 15% of the donor substrate was consumed 

contcnt, rec abovc). 33.Wkpm of 13Hlacctyl-ccenzyme A ( l m M  final). 117mM cacodylate pH 1.5 
and enzyme was incubated at 37OC for 6min. and quenched by freezing on cthanolldry ice. The 

equilibrated in O.IM NaCl  containing 0.02% sodium amide. The sample was washed in with 60ul 
samples were thawed and immediately applied onto 4ml Sephadex G-50 columns (0.3x13cm) 

of column buffer  followed  by 0.4ml of the same buffer. The labelled product was eluted dircctly 
into a scinullation  vial  with  2ml of the Same buffer and counted far the  presence of 
radioactivity. One unit of  activity i s  defined as thc transfer of lvmole of acetate per min. 

2OOnmol of  I3Hlsodium borohydride and 300ug of colommc acid (I umol of sialic acid residues. 
b r a e i o n  of IiHIr- , A reactton mixture (100~1) containing 

and IOnmol  of reducing termmi) was incubated i n   I m M  NaOH at 22% for 16h,  and  the 
reduction compltted  with 5Oul of I M  sodium borahydride made i n   I m M  NaOH. The reaction 
mixture was incubated at 22OC for an additional 2 hrs. neutralized with lWul of  2M acetic acid 
and lyophilized. The sample was reconstituted with 50mM pyridine acctatc pH 5. rclyaphilizcd 
and finally  wmnstituted  with  2ml  of  distilled water. The sample was applled onto a Im l  column 
of DEAE-Sephader A-25 equilibrated i n  lOmM  TrisIHCI pH 7.4.  washed in  with  4ml of the same 
buffer. and eluted with 5ml of 0.5M NaCl  followcd  by 5ml of 2M NaCl made in  the same buffer. 
Fractions (125ul) were collected and 5ul aliquots were counted for the  presence of  radioactivity. 
The labcllcd peak eluted with 0.5M NaCl was pooled and lyophilized. 

Wofli-. Preparation of [3H-acetyllO-acetylcal~minic 
acid was accomplished under identical  conditions as descnbed for standard 0-acetyltransferase 

coenzyme A.  and  the reaction mixture was incubatcd at 37OC for 60min. The reaction mixture 
assay except that the reaction mixture (4Oul) contained 20 = 106cpm of  13H-acetyllacetyl- 

was applied onto z 4ml column (0.6 x 13cm) containing Sephadex G-SO equihbrated in   0 . IM 

collected and lul  aliquots were assayed for  radioactivity. Fractions encompassing the first peak 
NaCl containing 0.02% sodium azide. and eluted with the same buffer. Fractions of 0.5ml were 

wcrc pooled and lyophilized. In a typical preparation. 45% of the [3H-aeetyll label added was 
recovered as product. 

Partla] P u u l m u o n  of 0 - a c e t v l a g & n s  Al l  steps were conducted at 4OC. 
&o I-Extraction of thc Enrvmp. E.coli cells were grown to confluency ~n 1L  of   LB mcdium and 
harvested by ccnrrifugalian at 5,000 x g for 20min. Cells (2G) were reconstituted in lOml of 

and grinding war repeatcd at least three times. or  until the cells were ground to a paste. 
Buffer  B. frozen rapidly on ethanolldry ice and ground with a mortar and pestle. Freeze-thaw 

Dwupled cells wcrc cenlnfuged at 30.wO x g for 2Omin  and the supernatant was saved. The 
pellet was reextracted with lOml of  Buffer  B as dcsenbed above except without frceze-thaw. 
The Iupernatants from  first and  second extractions were pooled. 

. .  

. .  . 

. .  

W 2 - D E A E - C e l l u l ~  Chromatoe& 
column (1.6 x 15cm) containing DE-52 equilibrated in  Buffer  B. The column was washed with 

. Pooled supernatant (IOml) was applied to a 30ml 

2OOml of the same buffer and the enzyme cluted with  2Wml  of a 2WmM to 5WmM NaCl 
gradient made in  the same buffer. Fractions (2ml) were collected and l5ul aliquots wcrc 
assayed at 37OC for 60min  by the transferase assay as described above. Two peaks were 
obtained: the fractions encompassing the second peak (which had a higher specific activity) 
were pooled and used for further studies of the enzyme. 

-tion o f  Protein 
assay (22) with BSA as standard. 

, Protcin content was determined by Amido-Schwartz  dye-binding 

m. A column (4 x 3km. AX-5, Varian Micropack) was eluted in the issratic mode with 
aecconitrile:wvater:0,25M sodium di-hydrogen phosphate (64:2016) at a flow rate of Iml p a  
min over a period of 25min(23). s. A column of   B iond HPX-72-S (0.78cmx 3 k m )  was eluted in the ioscratic mode wlth 
IOOmM Na2S04 at Imf per minute. 
m. A column ( 5  x 50mM. Mono-Q  HR 515. Pharmacia) was eluted wnh a programmed 
linear gradient of 50mM  TrisIHCI pH 7.5 and 50mM  NaCl to 50mM TrisIHCI pH 7.5  and 4M)mM 
NaCI, over 2Omin. at a flow rate of  Imllmin.  followed by isocratic flow for an 10 additional min 
This i s  very similar to the system described in  detail by Hallcnbwk et. al. (ref 24). 

D e t e c t i w m .  Unlabelled sialic acids and polymers were detcctcd by 
absorbance at 200nM. 3H- or 14C-labelled compounds wvcrc detectad by  collecting fractions or 
with an on-line radioactive detector (Radiomatic. Flo-one Beta) with Monofluor scintillant: 
Effluent i n  a ratio of 4:l. 

on of  Polwialic Acids to Monamcrrc Form for Studv hv HPL(: A reactton 
mixture (100-2M)ul) containing 50mU of endoneuraminidase. O.IM sodium acetate pH 5.5  and 
labelled or unlabelled colominic acid was incubated at 37OC for 6h, aftcrwhich 30ul of 

neuraminidase(lmUnit/ml) wcrc added  and  the incubation  continued at 37°C for an additional 
Closrrtdium perfringens neuraminidasc(5mUnitlml) and 30ul  of Arlhroboclcr urrofacirns 

6-24h. The reaction mixtures were filtered through Amicon microconcentrator filter  (Ccntricon 
IO) i n  preparation for HPLC analysis. 

BESYLTS 
Assav of Polv- 
from acetyl-coenzyme A to thc acceptor substrate. polysialic acid. An assay was developed to 

. The enzyme catalyzes the transfer of acetyl groups 

colominie acid@ commcreially available mixture of polysialic  acid fragments). Following 
quantitate the I3H]acctyl group transfer from  [SHIAcCoA to an erogenous acceptor substrate. 

incubation of  [3HIAcCoA. eolominic acid and a detergent extract of  E.coli. the mixture war 
chromatographed on a Small Sephadex G-50 column. The putative product [3H-acctyllcolominic 
acid eluted i n  the void volume. and was well-separated from the residual [ jHIAcCoA and 
[3H]acetate. In the absence of erogenous eolominic acid the crude E.coli KI 0-Ac+ extract 

eliminated upon partial  purification of the enzyme of  DEAE-ccllulosc (see below). For  routine 
contained significant endogenous acceptor activity. This endogenous acceptor activity was 

assays. fractions wcrc not collected, but the product i n  the first peak was collected batchwise 
into a single reintillation vial. 

partial Purificntlon of the 
detected i n  a cell lyrate. However Triton X-IW a1 0.05% activated and solubilized most of thc 

In the  absence of "on-ionic detergents. no activity  could be 

enzyme. Thn  suggests that i t  i s  a membrane-bound or membrane-associated protein. The 
enzyme was extracted from the cells. passed ovcr a DEAE-cellulase column and eluted with 
linear a salt gradient as described under 'Expenmental Procedures". The activity  clutcd i n  two 
peaks of which the  second containing the higher specific acitivity was pooled. resulting i n  a 
-1W-fold purificatton over the total cellular protein. In this partially purified preparation, the 
endogenous acceptor activity was not detectable (Figure 1. lower panel). Unfortunately. all 
further attempts at puriftcation  of the enzyme with a varlely of  diffcrcnt methods resulted in 
complete loss of the activity(this problem and its probable explanation are discussed in  grcatcr 
detail below). Consequently, the DEAE-purified  E.coli 0-acetyluansfcrasc which was free of 
cndagenour acceptor activity was used for the- initial characterization. 

txon of thc nrppvct of the 0-a- 
carried out, and the product isolated by Sephadex G-50. One aliquot was amlyzed by gradient 

. A preparative reaction was 

elution  from DEAE-Sephader A-25 as described by others for  colominic acid fragmcnls(25). As 
shown in  figure 1 (upper panel). the radioactive product was not eluted from the DEAE c o l m n  
at concentrations of up to 4WmM NaCI. Anothcr aliquot of the labellcd product was subjected 
to scquential treatment wtth bacteriophage endo-neuraminidase (which elcaver colominic acid 
internally to small oligomers of DP3-4) (16.22) and a mixture of bacterial croneuraminidarer. 

region expected for small oligomers (Figure I, ccnter panel). Subsequent treatment with 
Endoneuraminidaac treatment alom released most of the label as fragments which clutcd i n  the 

eroneuramimdarer almost camplctely dcgraded thc 13HIO-acetyl-colominic  acid to a single peak. 
The radioactivity in this peak co-migrated  with 9-0-acctyl-N-acctyl-neuraminic acid 
(Neu5.9Ae2) by HPLC analysis i n  System 1 (data not shown). 
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Radioactive samples from an 0-acetyltransferase reaction were applied onto 3ml columns (0.6 I 
13cm) containing DEAE Scphader A-25 (acetate form) equllibraled i n  lOmM TrirIHCI  pH 7.2 
with or wnhout various enzyme Ircatmcnls. Samples were eluted from the column wnh a Innear 

0.Sml were collected and monitored for  radioactivity. The sampler applied were as follows: 
gradrent of O-4M)mM NaCl made the same buffer at a rate of O.Sml per min. Fractions of 

hn&l. A mixture of  [14CINeuSAc  (3.0Mkpm) , II4CIacetatc (1.500epm) and 10.OWcpm of the 
putative [3H-acctyllO-acetylcolomlnlc acid product: ~&&UL&& 10.OWcpm of  [3H-acetylJO- 
acctylcolominic  acid product treated with endaneuraminidase: B o t t o m ,  10.WOepm of [3H. 
acctylIO-acetylcolominic acid  product treated with endoneuraminndase followed by Clorlradium 
perfringens and Arthroboctcr ureofmirns neuraminidase(see Experimental Procedures'' for 
details). 

staltc accdr, since the D 2-8 lmkage in the eolominic acid excluder 0-acetylation at the 8-posmon. 
Howtvcr.  migration  of sialic acids from the 7- to the 9-position(2.23) could have %curred 
following release of the monomer during the prolonged  rncubmon. Furthermore, 7-0-acetylated 
NCUSAC migrates only about O.Smin earlier than the 9-0-acetylated molecule i n  the HPLC 
System I used  abovc(see ref 26). For these rca~ons. we could not be certain that all of the 
initial  0-acetylation took place exclusively at the 9-position.  To address this issue I I 4C-ae t t y l l -  
labellcd colominic  acid was generated using I14CIAcetyl-CoA and the € . C o l i  enzyme. This 

a$ described above. The incubatton was performed in  the presence of an internal standard 
114Cllabelled product was subjected to sequential degradation by  cndo- and eroneuramnnidares 

mixture of [3H-acety1]7- and 9-O~aeetylated NcuSAe prepared from rat liver  Golgi(23). The 
products were then studied by chromatography in HPLC system 2. which we have found ern 
separate  the two isomers. As shown in  Flgurc 2. 75% of the 14C-labelled product was found to 
be be i n  9-0-acetylated NeuSAc. while the remainder eluted in the position  of the 7.0- 
acetylated compound. Thc  3H-labelled mtcrnd standard (scc upper panel of Figure 2 )  rhowed < 

(data not shown). 
2% migration of  0-acetyl groups from the 7~ to the 9-pormon  during the work-up of thc sample 

The acctylatcd polysialic acid product of the reaction  could  contain 7- or 9-0-acetylated 

These results indicate that the product of the reaction contains 0-acetyl groups at both the 7- 
Thts raises the possibility that more than one enzyme IS present in the and  the 9-position 

preparation 
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from the 0- 

v 5000cpm of I1~C-acetylIO-acctylcolominic acid was 
prepared and digested wlth endaneuraminidasc followed by Clostr id ium perfringens and 
A,(hrobocrer urcafocirns neuraminidarc(ree Experimental Procedures" for details). The 
digestion mirtvrc included an internal standard of 10.WOcpm of a mixture of  7- and 9-0- 

[3H O-aeetyl]sialic acids prepared from rat liver Golgl as previously dcacribed(26). 
The sample was fsltered through an Amneon mlcr~onccntralor filter(cCntriC0n 10). and an 

was analyzed by HPLC on Systam 2 as described under "Experimental Procedures". 3 H  
and 1 4 c  radioactivity in the effluent W F ~ C  monitored in 0.5ml frsctlonr. 

of the DE-. Thc partially- 

The activity  inhibited  by coenzyme A-SH.  with a half  maximal  inhibition observed at 100uM. 
purified has a p~  optimum of 7-7.5 and does not require divalent cations for activity. 

The Km for acetyl-coenzyme A war 0.3mM. The partially-purified enzyme i s  stable to 

heating at 60oC for one hour and to storage at 4OC for at least six months. 

The O.acetvl~ransferase Preferenliallv -late$ Hieh  Molecular  Welsht  Polvsialic  Acids. The 
apparent Km of the enzyme for the colominlc acid  mixturc was 3 JmM (expressed as 
Concentration of mml sialic acid). Howtvcr. the comrnerclal colominic acid used as acceptor 
substrate in 0-acetyltransferase assay i s  a mixture of polysialic  acid oligomcrs and polymers. 
w e  dctermincd that the average lcngth (DP=degree of polymcnzation)  of the batch used for 
these studies is 15 sialic acid residues. The natural acceptor capsular polyrlalic acids. on the 
other hand, arc probably linear arrays composed of 100-200 Sialic aclds residues(2i). 

a Concentration of 400mM. implying that the target chain length for 0-acetylation must bc high 
We had already noted that the product of the reaction did not elute from  DEAE-Cellulose at 

When total siallc acid content was monitored across the profile  of a zypical Scphadex G-50 assay. 

Concentration. but was localized to the "old volume region of the column (Figum 3). 
i t  was found that the acceptor activtty dsd not follow the broader profile  of the total sialic acid 

Furthermore. when the acceptor war premeated  with a mixture  of bacterial eroneuraminidarer. 
the activity was markedly reduced, even though relatively large oligomers were still  ieft behind 

derived from the commercial colomintc  acid mtnure IS erroneous, and that acceptor activity 1% 

after a partial  digestion (data not shown). There rewlts further suggest that  the apparent Krn 

confined to the very largc fragments. Thn  data also shows that the large fragments do not 
reprcrcnt a disproportionately large amount of the total s a l i c  acid. 
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FRACTION (0.25ml) 
Fieure  3. Serrhadex G-W Elution  Profile of 0-amvltransferase Reaction  Mixtures. An 0- 

described  under  "Experimental  Procedures",  except  that the reaction  mixture  contained 1.2 umol 
acetyltransferase  reaction (40ul) was carried  out  under  standard  reaction  conditions as 

of colominic  acid  (expressed as total sialic  acid).  After  incubation at 37OC for 6Omin. the reaction 
mixture was applied  to a small Sephadex G 5 0  column (4ml). The eluant was collected as 
fractions of 250ul; 4Oul aliquots wcre counted  for  the  presence  of  [3H] label, while  the 
remaining 210ul of eluant in each tube was assayed  for total siahc  acid by the  orcinol/Fe+3 
assay (20). (See Experimental  Procedures  for  Details"). 

transfer  activity. an enzyme  reaction was carried out with [14C]AcetylCoA.  At  the  end of the 
reaction.  colomimc  acid  end-labelled  with  NaB3H.q wvas added as an internal marker. and  the 
reaction mixture was applied  to a Sephader G-50 column (Figure 4. upper panel). In keeping 
with the  preceding  experiments.  the  profile  of  the  14C-acetylated  product was substantially 

detailed  assessment of this  finding,  the  product was pooled as shown  (figure  4,  upper  panel). 
skewed  towards  the  elution  position of the larger [3H]-labelled  oligomers. To obtain a more 

and  studied on a recently  described  HPLC  system  (system  3, ref 24)  that resolves colominic  acid 
fragments of various sizes. I t  can be seen (Figure 4, lower panel)  that  the major proportion  of 

in figures  3 and 4  indicate  that  the €.coli polysialosyl  0-acetyltransferase  preferentially 
the 14C radioactivity  eluted in the position of polymers of DP  >14.  Takcn together. these  results 

acetylates large molecular weight  polysialic  acid. 

To examme in greater detail  the  effect of cham length of the  acceptor  polysialic acid on the 

' i  I 4  

J(J I 

Eu.u 4. HPLC A n a h i s  of  the  Size  of  the O - a c P  
labelled C O I D ~ ~ ~ ~ C  acid  (500.000cpm)  and [14C-acctyllO-acetylcolominic acid (500.000cpm) 

. 13Hlcnd- 

(prepared as described  under  "Experimental  Proccdurcs'). were applied onto a 4ml column (0.3 
I 13em)  containing  Sephader G-50 equilibrated in O . I M  ammonium  acetate pH 6.4 and  eluted 
with  the same buffer.  Fractions of 250ul were collected  and SUI aliquots  monitored far  
radioactivity  (top  panel). All fractions  containing  the  product were pooled as shown. and an 
aliquot  containing 90.00Ckpm of 3H  and 70.000cpm  of  14C label analyzed by HPLC in System 3.  
The  [3H]end-labelled  eolominic  acid  (middle panel) and 1~4~-acety11O-acetylco~omrnic acid 
product  (hottam panel) were detected  with an on-line  radioactive  detector as described under 
'Experimental  Procedures". The column was previously  calibrated with l14ClNeu5Ac  and 
[3H]end-labelled  di~sialic acid  (DP 2). 


