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We have previously described the  preparation  and 
use of 9-0-[~cetyl-~H]acetyl-N-acetylneuraminic acid 
to identify sialic acid 0-acetylesterases  in tissues and 
cells (Higa, H. H., Diaz, S . ,  and Varki, A. (1987) 
Biochem. Biophya. Res. Conmun. 144, 1099-1108). 
All tissues of the  adult rat showed these activities,  with 
the exception of plasma. Rat  liver contained two major 
sialic acid esterases: a cytosolic nonglycosylated en- 
zyme and a membrane-associated glycosylated en- 
zyme. The two enzymes were found in  similar propor- 
tions and specific activities  in a buffer  extract of rat 
liver acetone powder. By using the  latter as a source, 
the two enzymes were  separated,  and  the glycosylated 
enzyme was purified to apparent homogeneity  by  mul- 
tiple steps, including ConA-Sepharose affinity  chro- 
matography and Procion Red-agarose chromatogra- 
phy (yield, 13%; fold purification, -3000). The homo- 
geneous  enzyme is a 61.5-kDa  disulfide-linked 
heterodimeric protein, whose serine  active  site can be 
labeled with [3H]diisopropyl fluorophosphate. Upon re- 
duction, two subunits of 36 kDa and 30 kDa are gen- 
erated,  and  the  30-kDa subunit carries  the [‘Hldiiso- 
propyl fluorophosphate label. The protein has N-linked 
oligosaccharides that  are cleaved by Peptide N-glycos- 
idase F. These chains are cleaved to a much lesser 
extent by endo-B-N-acetylglycosaminidase H, indicat- 
ing  that they are mainly complex-type glycans. 

The enzyme activity  has a broad pH optimum range 
between 6 and 7.5, has no divalent cation require- 
ments, is unaffected by reduction, and  is inhibited by 
the  serine  active  site  inhibitors, diisopropyl fIuoro- 
phosphate (DFP) and diethyl-p-nitrophenyl phosphate 
(Paraoxon). Kinetic studies with  various  substrates 
show that  the enzyme is specific for sialic acids and 
selectively cleaves acetyl groups  in  the 9-position. It 
shows little  activity  against  a  variety of other  natural 
compounds bearing  0-acetyl esters. It appears to de- 
acetylate  di-0-acetyl- and tri-0-acetyl-N-acetylneu- 
raminic acids by first cleaving the  0-acetyl  ester  at  the 
9-position. The 7-  and 8-0-acetyl  esters then undergo 
spontaneous migration to the 9-position, where they 
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can be cleaved, resulting  in  the production of N-ace- 
tylneuraminic acid. In view of its interesting  substrate 
specificity, complex N-linked glycan structure,  and 
neutral pH optimum, it is suggested that  this enzyme 
is involved in  the regulation of 0-acetylation  in mem- 
brane-bound sialic acids. 

Recently, several esterases have been discovered that  ap- 
pear to be specific for removal of 0-acetyl esters from the 9- 
position of naturally occurring sialic acids (1-4). A sialic acid 
esterase from equine liver described by Schauer (1) was found 
in  the cytosolic fraction and cleaved acetyl groups from the 
9- and 4-positions of naturally occurring sialic acids. We 
reported a  human red cell cytosolic enzyme with properties 
very similar to “nonspecific” esterase D. This enzyme also 
cleaved 9-0-acetyl esters from sialic acids (3). A similar activ- 
ity  has been detected  in the influenza C surface glycoprotein 
(2, 5) and recently in coronaviruses (6, 7). We have also 
detected such enzyme activities  in several tissue  culture cell 
lines, using as a substrate biosynthetically prepared 9-0- 
[~cetyl-~H]acetyl-N-acetylneuraminic acid ([3H]Ne~5,9A~2)1 
(4). Some of these esterases have been shown to be serine 
active site enzymes susceptible to inactivation  with dilsopro- 
pyl fluorophosphate (DFP)2  and can be labeled with [”HIDFP 
(1, 7,W. 

In  the  rat liver, the two major esterases  detected with this 
substrate at  neutral  pH  are a cytosolic nonglycosylated en- 
zyme and a membrane-associated glycosylated enzyme, which 
are present  in approximately equal amounts.  A portion of the 
membrane-associated esterase activity was found  within iso- 
lated rat liver Golgi vesicles, in  the same location where the 
@acetylation of sialic acids is known to occur (4, 9). This 
suggested that  the membrane-associated esterase might be 
involved in cellular regulation of membrane sialic acid 0- 
acetylation,  in contrast  to  the cytosolic esterase, which might 
act as a scavenger of recycled free 0-acetylsialic acids. We 
have now found that both of these enzyme activities are 
present  in  a buffer extract of commercially available rat liver 
acetone powder (at a specific activity  similar to  that found in 
fresh rat liver extract).  In  this report, we describe the purifi- 

The various sialic acids are designated according to Schauer (42) 
using combinations of Neu (neuraminic), Ac (acetyl), and Gc  (glyco- 
lyli, e.g. Neu5,7Ac2 is 7-0-acetyl-N-acetylneuraminic acid. 

The abbreviations used are: DFP, diisopropyl fluorophosphate; 
Endo H; endo-P-N-acetylglucosaminidase H; PAF, platelet-activating 
factor; 4-MU, 4-methylumbelliferone; ConA, concanavalin A; SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
HPLC, high performance liquid chromatography; CHAPS, 3-[(3- 
cholamidopropyl)dimethylammonio]-l-propanesulfonic acid; PPO, 
2,5-diphenyloxazole; POPOP, 1,4-bis[2-(5-phenyloxazolyl)]benzene. 
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cation to  apparent homogeneity, the characterization, and  the 
properties of the glycosylated enzyme from this source. 

EXPERIMENTAL  PROCEDURES3 

RESULTS 

Distribution of Sialic Acid 0-Acetylesterase in Rat Liver 
Tissues-Extracts from several tissues of adult male Sprague- 
Dawley rats were assayed for sialic acid 9-0-acetylesterase 
activity. In each case, the  extracts were also fractionated into 
glycosylated and nonglycosylated forms using ConA-Sepha- 
rose. As shown in Fig. 1, enzyme activity could be detected in 
all tissues examined with the exception of plasma and showed 
a wide variability in specific activity. Notably, the testis, 
kidney, and colonic mucosa showed very high levels of activity 
of both forms, the  brain  and  the  heart contained  almost 
exclusively the nonglycosylated form, and only the glycosy- 
lated form was found in skeletal muscle. Liver extracts con- 
tained nearly equal amounts of both enzymes. Both of these 
activities were also found in buffer extracts of commercially 
available rat liver acetone powder in similar proportions and 
specific activity to those found in the fresh  tissue (data not 
shown). In view  of this,  rat liver acetone powder  was chosen 
as a source for purification and  further study of the enzymes. 

Purification of a Glycosylated Sialate 0-Acetylesterase from 
Rat Liuer-The schematic diagram of the overall purification 
procedure is shown in Fig. 2 (see Miniprint  section). The 
glycosylated enzyme does not bind to DEAE-cellulose but 
subsequently binds to ConA-Sepharose. On the  other hand, 
the cytosolic (nonglycosylated) enzyme binds to the DEAE- 
column, but runs through the ConA-Sepharose column. Thus, 
these two steps ensure complete separation of the two activi- 
ties. Further purification of the glycosylated enzyme to ho- 
mogeneity involves gel filtration  on Sephacryl S-200 followed 

Portions of this paper (including “Experimental Procedures” and 
Figs. 2-9) 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. 

REDCELLS 

by Procion Red-agarose affinity chromatography, The last 
step separates the glycosylated sialate  9-0-acetylesterase from 
another [3H]DFP-binding  esterase of apparent M, = 64,800. 
As shown in Fig. 3 (see Miniprint  section), the sialate 9-0- 
acetylesterase was eluted from Procion Red-agarose with 
buffer containing 370 mM NaCI,  while the 64.8-kDa esterase 
was eluted with 900 mM NaC1. The  latter esterase hydrolyzes 
4-MU acetate, but does not hydrolyze Neu5,9Acz. 

The glycosylated sialate  9-0-acetylesterase was purified 
3068-fold to  apparent homogeneity as described in the Mini- 
print section and summarized in Table I. Since the two sialate 
0-acetylesterases were separated at  the DEAE-step, the fold 
purification and  the overall yield from the crude homogenate 
do not accurately reflect that of the glycosylated enzyme 
alone. Assuming that all of the glycosylated enzyme is re- 
covered in  the DEAE run-through, the final  preparation 
shows approximately a 6000-fold purification and a 40% re- 
covery. Since the specific activity  in the buffer extract of the 
acetone powder is similar to  that found in  fresh rat liver 
extracts, it is inferred that  this enzyme is relatively abundant 
in  this tissue. 

The Homogeneous  Glycosyluted Rat Liver Sialic Acid 0- 
Acetylesterase Is Composed of Two Disulfide-linked Heterodi- 
meric Subunits-The final  preparation showed a single band 
on an SDS-PAGE gel. The purity of the enzyme was con- 
firmed by gel filtration  on  a Bio-Gel P-100 column (a matrix 
not used in the purification protocol) and by SDS-PAGE. As 
shown in Fig. 4 (see Miniprint section),  a single symmetrical 
elution peak of the enzyme from the P-100 column (deter- 
mined by protein absorbance at  220 nm) coincided almost 
exactly with activity determined  with both [3H]Neu5,9Ac2 
and 4-MU acetate assays. The enzyme activities and protein 
also corresponded to  the intensity of the labeled bands ob- 
tained  in a nonreducing 10% SDS-PAGE fluorogram of [3H] 
DFP-labeled  proteins from each fraction. The purified enzyme 
was also analyzed by nonreducing 10% SDS-polyacrylamide 
gel electrophoresis and  stained with silver nitrate. As shown 
in Fig. 5 (see Miniprint  section), the enzyme corresponds to 
the major band at 61.5 kDa with a slight residual contami- 
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FIG. 1. Distribution of sialic acid 0-acetylesterase  activity in rat tissues. Adult male Sprague-Dawley 
rats were  killed  by anesthesia  and decapitation and permitted to exsanguinate into 1/10 volume of 3.8% citrate. 
Red cells (washed free of the buffy coat)  and plasma were obtained  as previously described (3). Organs and tissues 
were  removed immediately, chilled, and dissected free of connective tissue. Cells and tissues were  washed in ice- 
cold phosphate-buffered saline, pH 7.5, and homogenized in phosphate-buffered saline (0.25 g/ml) containing 0.5% 
Triton X-100. The detergent extracts were centrifuged at  100,000 X g for 30 min at 4 “C, and aliquots (250 pl) of 
supernatants were applied to 0.5-ml ConA-Sepharose columns equilibrated in phosphate-buffered saline, pH 7.5. 
The samples were chased into  the columns with 150 p1 of buffer, the flow  was stopped for 15 min, and  the elution 
continued with 4 X 200 pl of buffer. The  starting extracts and  the ConA run-through  fractions were assayed with 
the  [a~etyl-~H]Neu5,9Ac~ esterase assay as described under “Experimental Procedures.” Open bars, ConA run- 
through activity; closed burs, ConA-bound activity. Protein was determined as described (43). 
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TABLE I 
Purification of rat liver  glycoprotein sialate 9-0-acetylesterase 

The sialate  9-0-acetylesterase activity was determined by the radiometric assay described under “Experimental 
Procedures.” Protein was determined by the Lowry method with bovine serum albumin as  a  standard. 

Step 
Total Specific Volume Protein protein Purification Yield 

ml mg/ml mg units -fold % 
Total homogenate 700  99  69,272 6.6 458,500 1 100 
Supernatant 780  17.4  13,541  26.8  362,895 4.0  79.2 
DEAE-cellulose“ 904  5.2  4,710  30.9  145,544 4.7  31.7 
ConA-Sepharose 338 .3 102 973 99,597  147  21.7 
Ammonium sulfate/Sephacryl S-200 21 2.8  59 1,638 97,020  248  21.2 
Procion Red-agarose and concentration 0.33 9.0 3 20,311  60,706  3,068”  13.2“ 

a At the DEAE-step, the glycoprotein enzyme is separated from the cytosolic enzyme, which represents  about 
60% of the  total activitv in the  suuernatant.  Thus,  the actual fold purification and yield of the glycoprotein enzyme 

activity activity 

are a  little more than twice those-listed. 

nation  (<5%) of the 64.8-kDa esterase. 
Upon reduction of the enzyme, two subunits with molecular 

weights of  36,400 and 30,300, respectively, are  generated (see 
right panel of Fig. 5 and lower panel of Fig. 6).  To determine 
if this heterodimer represents the native form of the enzyme, 
the elution profile of activity and protein were monitored on 
a  Sephacryl S-200 column, calibrated  with  appropriate molec- 
ular weight standards. As shown in Fig. 6 (see Miniprint 
section), the calculated apparent molecular weight of the 
native enzyme by  gel filtration was  62,800, corresponding well 
to  that determined by SDS-PAGE. Of the two subunits, the 
smaller one contains the serine active site which can be 
inactivated and labeled with  [3H]DFP (Fig. 7) (see Miniprint 
section). 

The Protein Contains Complex-type N-Linked Oligosaccha- 
rides-The diffuse nature of the band on SDS-polyacrylamide 
gel electrophoresis and  the ability of the enzyme to bind to 
ConA-Sepharose suggested the presence of N-linked oligosac- 
charides. The  nature of the glycans was analyzed by treat- 
ments with Peptide N-glycosidase F, endoglycosidase H, and 
Arthrobacter ureafaciens neuraminidase (Fig. 7) (see Mini- 
print section).  Peptide N-glycosidase F, which cleaves all 
known types of N-linked oligosaccharides (lo), caused a sig- 
nificant shift of both the native enzyme and  the M, 30,300 
subunit to lower molecular weights (lanes 1, 2 and 6, 7).  The 
Peptide N-glycosidase F caused a decrease of -10,000 in the 
apparent molecular weight of the unreduced protein. Endo  H, 
which cleaves high mannose-type and certain  hybrid-type N- 
linked  chains  (23), caused a much smaller molecular weight 
shift of the enzyme (lanes 3, 4 and 8, 9). Neuraminidase 
treatment caused no noticeable shift in migration (lanes 3, 5 
and 8, IO). However, direct analysis of the protein by a 
picomole scale adaptation of the thiobarbituric acid assay (21) 
showed the presence of sialic acid in the protein (1-2 mol/ 
mol  of protein). Thus,  the enzyme contains complex-type N- 
linked oligosaccharides which probably carry sialic acids. 

Properties of the  Purified Esterase-The enzymatic activity 
had no divalent cation  requirements and was unaffected by 
EDTA. It was irreversibly inactivated with DFP  and diethyl- 
p-nitrophenyl phosphate (Paraoxon), indicating  a  trypsin-like 
serine active site mechanism. However, unlike other serine 
esterases, this enzyme was also irreversibly inhibited by the 
arginine-modifying reagents phenylglyoxal and butanedione 
(see Ref. 24 for details). Fluoride, bis-p-nitrophenyl  phos- 
phate, Hg2+ ions, and p-chloromercuribenzoate had little ef- 
fect on the activity. The nonhydrolyzable analogue of 
Neu5,9Ac2, 9-acetarnido-NeuSAc, also had no  effect at  con- 
centrations up to 5 mM. The  pH activity profile of the enzyme 
is shown in Fig. 8 (see Miniprint  section). It  has a broad 

neutral pH optimum range with the highest apparent activity 
at  pH 7. Detergents do not activate the enzyme. At 0.5-2.0% 
concentration, Triton X-100, Triton CF-54, and saponin have 
no significant effect, while CHAPS lowered the activity by 
40%. Deoxycholate resulted in significant loss of activity (by 
75-80% at 2% concentration). 

The activity of the concentrated purified enzyme is stable 
at  4 “C for at  least 1 month; at 37 “C, 40% activity is lost  in 
20 h. It is stable for prolonged periods (>6 months) in the 
frozen state. A single cycle of freeze-thaw results  in  little loss 
of activity. However, repeated freeze-thaw results  in gradual 
loss of activity. Lyophilization and reconstitution  results in 
loss of 30% of activity. The activity also becomes unstable 
upon excessive dilution (>lOO-fold). 

The Enzyme Has Strict Substrate Specificity for O-Acetyl- 
sialic Acids and a Broad Specificity for  Small  Synthetic Es- 
ters-The specificity of the esterase was determined with 
various natural  and synthetic  substrates. The enzyme had 
little or no  activity  against  a variety of natural acetylated 
compounds other  than sialic acids (see Table 11). However, it 
showed significant activity  with small synthetic acetyl ester 

TABLE I1 
Comparison of activity ofpurified rat liver  glycoprotein sialate 

9-0-acetylesterase against various substrates 
Details regarding all assays are described under “Experimental 

Procedures.” 
% activitv“ comuared aeainst 

Substrate 
“ .  - 

Neu5,9Ac2 [3H]Neu5,9Ac2 4-MU-OAcb 

4-MU-butyrate 
p-Nitrophenyl  acetate 
a-Naphthyl acetate 
[3H]Neu5,9Ac2-a-linked to 

N-linked oligosaccharides 
[3H]Neu2en5,9Ac2 
O-13H]Acetyl colominic acid 
[3H]Acetylcholine 
[3H]Acetyl-PAF 
[4-’4C]Neu5,9Ac2P2Me 
Neu2-0-benzy1,5,9Ac2 26 
Triacetin 26 
Neu2-0-benzy1,4,9Ac2 8 
3’-O-Acetylthymidine 8 
0-Acetvlserine <5 

<5 
72 
65 

46 

46 
<5 
<5 
<5 
<5 

a Activity against Neu5,9Ac2 is nonsaturating at concentrations 
greater than 10 mM (see text for discussion). The individual substrates 
were therefore compared against the indicated primary substrate for 
the percent hydrolysis of acetate/min/mg of protein. 

The enzyme has activity against 4-MU-OAc. However, this sub- 
strate is unstable at  the  pH (8.0) used for all the other  substrates and 
therefore cannot be compared directly with them. For this reason, 
the  three synthetic  esters were compared at pH 5.5. 
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substrates, such as p-nitrophenyl  acetate, a-naphthyl acetate, 
and 4-MU acetate. Hydrolysis of 4-MU butyl esters was 
present at  a much lower level, but too low for accurate 
quantitation. Hydrolysis of 0-acetyl esters from triacetin (tri- 
0-acetyl glycerol) occurred at a significant rate. This is of 
interest because of its similarity to  the glycerol-like side 
chains of the sialic acids. 

Free Neu5,9Ac2 is the best  substrate. However, the hydrol- 
ysis rate with this compound failed to reach saturation at  1 
mM concentration. Further study of the  saturation kinetics 
showed an  apparent K,,, value of 8.8 mM for Neu5,9Acz, with 
a VmaX of  48 nmollminlmg of protein.  When compared with 
the free sugar, Neu5,9Ac2 a-glycosidically linked to N-linked 
oligosaccharides was hydrolyzed at  about one-half the  rate 
(Table 11). On the  other hand, labeled 0-acetyl groups on 
polysialic acid (colominic acid) were not removed. This im- 
plies that  the sialic acid must  be  in  a terminal a-glycosidic 
linkage or in  a free state  to be a substrate for the enzyme. 
When  both 4-14C-labeled  Neu5,9AczP20Me and  O-[~cetyl-~H] 
Neu5,9Acz  were present  in the same reaction with the enzyme, 
HPLC analysis showed that no significant hydrolysis of the 
14C-labeled compound occurred under  conditions where the 
3H-compound was almost completely cleaved (data  not 
shown). Thus, addition of a P-linked methyl group at  the 2- 
position of Neu5,9Ac2 also abolished activity. On the  other 
hand, the a-benzyl derivative of Neu5,9Acz  was hydrolyzed at  
a significant rate, as was  Neu2en5,9Ac2 (Table 11). These data 
indicate that  the enzyme recognizes certain  features of the 
sialic acid molecule other  than  the  ester group itself including 
the anomeric carbon and  the glycerol side chain. In  the 
following paper  (24), we show that  the enzyme also may 
recognize the negatively charged carboxyl group of the sub- 
strate.  Taken together, the  data indicate that sialic acids may 
be the  natural  substrate for this enzyme. 

Enzymatic Activity on 0-Acetyl Esters from Mono-, Di-, and 
Tri-0-acetylsialic Acids Shows Specific Hydrolysis of 9-0-Ace- 
tyl  Groups-To determine the positional specificity of the 
enzyme for 0-acetyl groups on the 7-, 8-, and 9-exocyclic 
hydroxyl group of sialic acid, hydrolysis of mono-0-acetyl, di- 
0-acetyl, and tri-0-acetylsialic acids were examined by HPLC 
analysis (Figs. 9 and 10). The position of the acetyl group had 
a significant effect upon the activity. As shown in Fig. 9 (see 
Miniprint  section), when a  mixture of Neu5,7Acz and 
Neu5,9Ac2  were exposed to  the enzyme in  the same reaction, 
little hydrolysis of the  7-0-acetyl ester was seen, even when 
the  9-0-acetyl groups were completely cleaved.  Acetyl esters 
at  the 4-position were hydrolyzed at  a very slow rate (Table 
11). Thus, among the mono-0-acetylsialic acids, the 9-0-acetyl 
isomer is selectively cleaved by the enzyme. 

Di-0-acetylsialic acids with ester groups located at  the 7- 
and 8- or  the 7- and 9-  positions were studied next. Neu5,7,8Ac$ 
and Neu5,7,9Ac3 are normally present in a 1:l equilibrium 
mixture (25). Esterase treatment of this mixture yielded ap- 
proximately equal amounts of Neu5Ac and Neu5,7Acz after 
short incubations (Fig. 10). After 20 h, a  small  drop  in the 
level of Neu5,7Ac2 and a proportional  increase in Neu5Ac  was 
seen. Since Neu5,7Acz is a poor substrate for this enzyme 
(Fig. 9),  this slight drop  in the level of Neu5,7Acz after 20 h 
of incubation is likely due to  the slow rate of spontaneous 
migration of the acetyl group under  these  conditions (pH 7.2) 
from the 7- to  the 9-position of sialic acid. The resulting 
Neu5,9Ac2  would then be rapidly cleaved by the enzyme. The 
results  obtained with tri-0-acetylated sialic acids were  very 
similar, with Neu5Ac and Neu5,7AcZ being the initial  products 
of short incubations (data not  shown). As summarized in Fig. 
11, the esterase  activity  on  di- and tri-0-acetylsialic acids 

Neu5,7,9Ac3:  Neu5,8,9Ac3 

1 ( 1  : 1) 

Esterase, Omin 

10 20 
TIME (min) 

FIG. 10. HPLC analysis of products of esterase activity on 
di-@acetylated Neu5Ac. Unlabeled di-0-acetylated N-acetylneu- 
raminic acids (an equilibrium mixture of the 7,9- and 8,g-di-O- 
acetylated molecules (25) were treated with 43 units of the purified 
esterase, and  the products were examined by HPLC in System A at  
various times. The positions of elution of the standards  are shown. 
To confirm the identity of some of the intermediate products (partic- 
ularly Neu5,7AcZ), a portion of the reaction mixture  after 20 h was 
subjected to induced migration of 0-acetyl groups from the 7- to 9- 
position, and  then  to de-0-acetylation by NaOH (see “Experimental 
Procedures” for details). The relevant areas of the HPLC profiles are 
superimposed for comparison. 

thus occurs by first rapidly cleaving 9-0-acetyl groups. Any 
8-0-acetyl  esters  that  are adjacent to free 9-hydroxyl groups 
would now undergo very rapid migration to  the 9-position 
(25), where they  can be  cleaved. On the  other  hand, acetyl 
esters at  the 7-position would undergo slow migration (at 
neutral  pH)  to  the 9-position and  then be cleaved by the 
enzyme. Thus, given sufficient time, the enzyme can ulti- 
mately remove all 0-acetyl esters on the glycerol side chain 
in  this sequential manner (see Fig. 11 for a  summary). 

Other Purified 0-Acetylesterases from Rat Liver Do Not 
Cleave 9-0-Acetylsialic Acids-Two other purified esterases 
from rat liver were obtained for comparison. Although they 
have somewhat similar molecular weights, neither Egasyn 
(26,27) nor  a previously described 60-kDa glycoprotein ester- 
ase from rabbit liver (14) showed any detectable activity with 
the 9-0-acetylated sialic acid substrate (less than  5% of the 
activity of the esterase purified in this study; data not shown). 

DISCUSSION 

In  this study, we have described the purification and  char- 
acterization of an esterase  from rat liver that can cleave 9-0- 
acetyl esters from mono-, di-, and  tri-0-acetylated sialic acids. 
In  contrast  to  the previously described cytosolic 9-0-acetyles- 
terase(s) (1, 3), this enzyme is a glycoprotein with complex- 
type  N-linked oligosaccharides. In addition, we have recently 
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FIG. 11. Proposed scheme for  sequential  cleavage of di- and 
tri-0-acetylated sialic acids by the rat liver  glycoprotein es- 
terase. The  pathways  shown  in this figure are based  upon the data 
shown in Figs. 10 and 11 and the results  obtained by treatment of 
tri-0-acetylated Neu5Ac (data not shown). See text for further  dis- 
cussion. 

found  that polyclonal  monospecific antibodies  raised  against 
this glycoprotein esterase  do  not  cross-react significantly  with 
the cytosolic e n ~ y m e . ~  

A  large number of 0-acetylesterases  have  been discovered, 
described, and purified on  the  basis of their  reactivity  with 
synthetic chromogenic or fluorogenic substrates (14, 28-32). 
While  they  have  served  as  extremely useful markers  in genetic 
linkage studies (33-35), there  are very few instances where 
the  natural biological substrates of these enzymes have been 
identified. The enzyme  described in  this  study was  purified 
on  the  basis of its activity  against  9-0-acetylated sialic  acids. 
Although the K,,, of the enzyme for  this  substrate  is  rather 
high (8.8 mM), several lines of evidence indicate  that  it does 
indeed  have specificity  for  sialic  acid substrates.  Firstly,  it 
does not cleave 0-acetyl  esters  from a variety of other  natural 
substrates  bearing  0-acetyl groups.  Secondly, it  appears  to 
recognize several features of the sialic  acid molecule including 
the  anomeric  carbon  and  the glycerol side chain.  Thirdly,  as 
shown  in  the following paper  (24),  it  appears  to recognize the 
carboxyl  group of the sialic  acid substrate, likely via a specific 
arginine residue. I t  is, of course,  possible that  in  the  intact 
cell there  are cofactors that improve the  affinity of the enzyme 
for the  substrate. So far, we have  been unable to detect  such 
cofactors.  However, there  are  other enzymes with relatively 
high K,,, values  for their  natural  substrate  that  are  still  func- 
tionally  important  in  the  intact cell. There  are  also well known 
examples of enzymes that  are active against  synthetic  sub- 
strates,  but  are  nevertheless highly specific for their  natural 
substrates (36, 37). The  ultimate proof of the biological spec- 
ificity of this enzyme must come from  study of the conse- 
quences of its absence. The availability of a rapid, simple, and 
specific assay for the enzyme will facilitate  the  identification 
of such a mutant. 

Of the large number of esterases  that  have been character- 
ized, only  a few have  been shown  to  be glycoproteins (28,38). 
The presence of N-linked glycosylation suggests that a protein 
is located at  some point along the endoplasmic reticulum- 

H.  H.  Higa, S. Diaz,  and A. Varki, unpublished  observations. 
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Golgi secretory  pathway.  One  such family of glycoprotein 
esterases  have high mannose-type oligosaccharides and  ap- 
pear  to reside in  the  lumen of the rough  endoplasmic reticulum 
(28,38). The enzyme  described in  this  study  is  different  from 
all others discovered to  date,  in  that  it  has complex-type N- 
linked oligosaccharides and sialic  acid  residues. This  indicates 
that  this enzyme has  passed  through  the various stacks of the 
Golgi apparatus, where N-linked oligosaccharide  processing 
is known to occur (39). The  exact subcellular  location of this 
enzyme remains  unknown.  In  fresh  homogenates of rat liver, 
a substantial  proportion of the ConA binding  9-0-acetylester- 
ase  is  found  to be associated  with  crude  smooth  membranes 
and  is cryptic.  However, almost  all of this  activity  can be 
released from  the  membranes by repeated freeze-thaw, or by 
permeabilization  with low concentrations of saponin  without 
a requirement  for nonionic detergents: In a  buffer extract of 
acetone powder, all of the  activity is found  in  the soluble 
fraction. We do not  at  present know whether  the enzyme is 
initially  membrane-associated via a hydrophobic anchor 
which is cleaved during homogenization or if the  protein is in 
fact a  soluble molecule that  is confined within  the  lumen of 
the vesicular pathway. 

Since we have  shown that  0-acetylation of sialic  acids in 
the  rat liver takes place after  their  transfer  to macromolecules 
(9,18),  it follows that  the enzyme cannot  encounter  its  natural 
substrate  until  it  passes  through  the trans-Golgi apparatus, 
where the  sialyltransferases  are located (40, 41).  However, 
only a  relatively small  proportion of the  activity  from  crude 
smooth  membranes  is recovered in  intact Golgi  vesicle^.^ On 
the  other  hand,  the  activity  is  not  found  in  plasma,  the 
ultimate  end  point of the  secretory  pathway of hepatocytes. 
Thus,  it  appears  that  the enzyme might be retained  in  sub- 
cellular compartments of the exocytic/endocytic pathways  or 
in  the  plasma  membrane by as  yet  unknown mechanisms. 
Since  the enzyme has a neutral  pH  optimum  and  appears  to 
pass  through  the Golgi apparatus, we hypothesize that  its 
function  might  be  to regulate the  turnover of 0-acetyl groups 
on  membrane-bound sialic acids. I t  remains to be seen 
whether  this  is a simple  degradative  reaction  or  is  part of a 
more  complex acetylation-deacetylation cycle. 
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