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N-Glycolylneuraminic  acid (Neu5Gc) is an oncofetal 
antigen  in  humans  and is developmentally  regulated  in 
rodents. We have  explored the biology of N-acetylneu- 
raminic acid hydroxylase, the enzyme  responsible for 
conversion of the  parent  sialic  acid,  N-acetylneura- 
minic  acid (Neu5Ac) to Neu5Gc. We show that  the 
major  sialic  acid  in all  compartments of murine mye- 
loma cell  lines is Neu5Gc. Pulse-chase  analysis in  these 
cells  with the  sialic  acid  precursor  [6-SH]N-acetylman- 
nosamine  demonstrates that most of the newly  synthe- 
sized Neu5Gc appears  initially  in  the cytosolic low- 
molecular  weight pool bound to CMP. The  percentage 
of Neu5Gc on membrane-bound  sialic  acids closely par- 
allels that in  the CMP-bound pool at  various times of 
chase, whereas  that  in  the  free sialic  acid pool is very 
low initially,  and rises only later during  the chase. This 
implies that conversion  from Neu5Ac to Neu5Gc occurs 
primarily while Neu5Ac is in its sugar nucleotide  form. 
In support of this, the  hydroxylase enzyme  from a 
variety of tissues and cells  converted CMP-Neu5Ac to 
CMP-Neu5Gc, but  showed  no activity  towards  free  or 
a-glycosidically bound Neu5Ac. Furthermore,  the ma- 
jority of the enzyme activity is found  in the cytosol. 
Studies  with  isolated  intact Golgi vesicles indicate that 
CMP-Neu5Gc can be transported  and utilized  for 
transfer of Neu5Gc to glycoconjugates. The  general 
properties of the enzyme have also been investigated. 
The K,,, for CMP-Neu5Ac is in  the  range of 0.6-2.5 
p ~ .  No activity  can  be  detected  against  the  &methyl- 
glycoside of Neu5Ac. On the  other  hand, inhibition 
studies  suggest that  the enzyme  recognizes  both the 5’- 
phosphate  group and  the  pyrimidine base of the sub- 
strate. 

Taken  together,  the  data allow us to propose path- 
ways  for  the biosynthesis and  reutilization of NeuBGc, 
with  initial conversion  from Neu5Ac occurring  pri- 
marily at  the level of the  sugar nucleotide. Subsequent 
release  and  reutilization of Neu5Gc could then  account 
for  the  higher  steady-state level of Neu5Gc found  in 
all of the sialic  acid pools of the cell. 

Sialic  acids,  which are  often  the  terminal  carbohydrate 
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moieties on cell surface  glycoproteins and glycolipids, are  in 
a unique  position  to have  effects on cell-cell recognition. 
These acidic sugars  are a family of naturally  occurring com- 
pounds which now has more than 25 members (I) ,  each 
presumed  to  arise  from modification of the  parent  compound, 
N-acetylneuraminic acid (Neu5Ac).’ These modifications of 
the  parent sialic  acid can  have  important biological effects. 
For example, 9-0-acetylation of sialic  acids has significant 
effects on enzymes of sialic  acid  metabolism, upon comple- 
ment  activation,  virus binding, and  the  antigenicity of gan- 
gliosides and  bacterial polysaccharides (1-10). 

Another common modified sialic  acid is N-glycolylneura- 
minic  acid (Neu5Gc).  This sialic  acid is an  oncofetal antigen 
in  humans.  Extensive surveys  have  shown it  to be  expressed 
in  fetal  human  tissue (11) and  in  certain  tumors (12, 13),  but 
not  in  normal  adult  human  tissue (1). Some human  tumor 
cell lines  such  as  HeLa  S3 (14), and  the  retinoblastoma  lines 
Y-79, WERI-Rb  1,  TOTL-1  (15),  have  also been reported  to 
contain Neu5Gc. If a normal  adult  human  is exposed to 
glycoconjugates containing Neu5Gc, an  immunogenic re- 
sponse occurs. Such a phenomenon occurs  when humans  are 
exposed to horse serum; a major  epitope recognized in  this 
“serum sickness”  reaction is Neu5Gc (16, 17). Spontaneously 
occurring antibodies  to Neu5Gc also occur in  patients  with 
malignancies and  with  certain infectious  diseases (18). These 
data suggest that  postnatal  suppression of Neu5Gc  expression 
is complete prior to immune  tolerization  in  humans,  but  that 
re-expression of this sialic  acid can occur in  certain disease 
states.  In  contrast,  in  murine species Neu5Gc is  found  in 
many  adult tissues. However, the expression of Neu5Gc in 
these species shows  clear  developmental  regulation, in  tissues 
such  as  the colon and  small  intestine (19-21). 

N-Acetylneuraminic acid is  synthesized  in  the cytosol from 
the  precursor  N-acetylmannosamine (22-24). The free Neu5Ac 
is  then  activated  to  the  CMP-sugar nucleotide (24-26), which 
is  transported  into  the Golgi apparatus (27, 28) to  act  as  the 
donor for sialyltransferase reactions. Currently available data 
indicate  that Neu5Gc is  ultimately derived from Neu5Ac by 
the  action of N-acetylneuraminic acid  hydroxylase,  which 
requires NADPH  or  NADH, reducing agents  and Fe’ ions for 
optimal  activity (29, 30). Based  upon [I4C]acetate labeling of 
surviving  porcine  submaxillary  gland  slices, the  distribution 
of Neu5Ac and Neu5Gc in various compartments,  and  the 
assay of the hydroxylase in subcellular fractions,  Buscher et 
al. (29)  proposed  a model in which two separate hydroxylases 
were involved, one  in  the cytosol and  one  bound  to mem- 
branes.  In  this model, 40% of the Neu5Ac was converted  to 

The abbreviations used are: Neu5Ac, N-acetylneuraminic acid; 
Neu5Gc, N-glycolylneuraminic acid; Neu2en5Ac, 2,3,-dehydro-2,6- 
anhydro-N-acetylneuraminic acid ManGc, N-glycolylmannosamine. 
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Neu5Gc on the free sugar in  the cytosol, and 50% was con- 
verted on bound sialic acids, in the Golgi apparatus (29-31). 
However, Shaw and Schauer (32) recently reported that they 
found very little of the same enzyme activity  in the membrane 
fraction from porcine submaxillary glands. They also reported 
that contrary to  the prior findings, only GMP-Neu5Ac was 
hydroxylated by the porcine submandibular gland extracts. 
However, this finding was not reconciled with earlier data 
indicating that Neu5Gc was a major component of the free 
sialic acid pool in the same tissue  (29) and  that free Neu5Gc 
can be readily activated to GMP-Neu5Gc by CMP-sialic acid 
synthetase (25, 33). 

In  this paper, we have re-examined these issues using 
several independent approaches. First, we use pulse-chase 
analysis with [6-3H]mannosamine  as  a precursor of sialic acids 
to follow the biosynthesis of Neu5Gc in murine myeloma 
cells. Second, we demonstrate the hydroxylase enzyme in  a 
variety of tissues and cells that contain Neu5Gc, and study 
its kinetics and  substrate specificity. Third, we examine the 
subcellular distribution of the enzyme in the myeloma cells. 
Finally, we compare the  transport  and utilization of CMP- 
Neu5Ac and CMP-Neu5Gc by isolated intact Golgi  vesicles. 
Taken together, the results  permit us  to propose pathways for 
the biosynthesis and turnover of Neu5Gc in intact cells that 
can account for almost all of the prior observations. 

EXPERIMENTAL  PROCEDURES’ 

RESULTS 

The Major Sialic Acid in All Compartments of Murine 
Myeloma Cells Is Neu5Gc”We have previously shown that 
Neu5Gc is a major sialic acid in the glycoconjugates of the 
murine myeloma cell line P3X63Ag8 (38). The only other 
sialic acid found in  these cells is the  parent compound 
Neu5Ac.  No evidence was found for 0-acetylation of either of 
these molecules. To study the distribution of Neu5Gc in  these 
cells, they were subjected to “equilibrium labeling” in [6-3H] 
ManNAc for 72 h  (about 4-5 doublings), washed, lysed, and 
fractionated as described under  “Experimental Procedures.” 
Under these conditions, the percentage of the  total labeled 
sialic acids which co-migrated with Neu5Gc was >99% in the 
membrane-bound fraction, 97% in  the pellet obtained from 
precipitation with 90% ethanol, and 90% in the ethanol- 
soluble pool. Similar analysis of other murine myeloma  cell 
lines such as  NS-1 (42) and MOPC-11  (43), and murine 
monoclonal antibody producing hybridomas such as KS 1/4.3 
(44) gave almost identical results (data not shown). Thus, 
almost all of the free and glycosidically bound sialic acids 
inside these cells are converted to Neu5Gc, and analysis of 
equilibrium labeled cells does not  permit prediction of the 
subcellular site(s) of the hydroxylation reaction. 

Since there is no known mechanism to convert Neu5Gc 
back to Neu5Ac, the results  presented above could be inter- 
preted in several ways. First,  it is possible that complete 
hydroxylation takes place predominantly in  the cytosol, on 
the free or GMP-bound sialic acids, prior to  the  transfer  to 
glycoconjugates in the Golgi apparatius. An alternate expla- 
nation is that  the hydroxylation reaction actually takes place 
on membrane-bound sialic acids, and  the Neu5Gc found in 
the cytosolic pool  in the “equilibrium” labeling arises from 
degradation of glycoconjugates in the lysosomes, with re- 

’ Portions of this  paper (including “Experimental  Procedures,” 
Figs. 1-6, and  Table 1) 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. 

utilization of the labeled Neu5Gc. Finally, as  has been previ- 
ously suggested by others (29, 30) hydroxylation could take 
place on both  the bound and  the free pools. To help differ- 
entiate between these possibilities, we carried out pulse-chase 
experiments. 

Pulse-Chase Studies Suggest That Hydroxylation  Takes 
Place Predominantly on the CMP-Sialic Acid Fraction-Equal 
numbers of cells were pulsed for 15 min with [6-3H]ManNAc 
and chased for varying periods of time up to 135 min as 
described under  “Experimental Procedures.” For longer chase 
periods (43 or 70 h)  the initial pulse was increased to 2 h.  At 
each timepoint, the cell suspension was chilled, harvested, 
washed in phosphate-buffered saline, and fractionated into 
membrane, ethanol pellet, and  ethanol  supernatant fractions. 
One millicurie was used for each pulse. After a  15-min pulse 
the incorporated radioactivity varied between 14,400 and 
25,700 cpm, without relation to time of chase. To correct for 
differences in  the  total  amount of label incorporated in each 
pulse, the radioactivity in each fraction was expressed as a 
percentage of the  total radioactivity at  that particular  time 
point (see Table 1, Miniprint  Section). As expected, the 
ethanol  supernatant (representing the low-molecular cytosolic 
compounds) initially contained most of the radioactivity (73% 
at  the  end of a  15-min pulse). The label in the membrane 
fraction was initially low (13%)  and increased with time to a 
maximum of 70% at 43 h of chase. Radioactivity was found 
in the ethanol supernatant in all the long chase periods. The 
fraction of the  total label in  the  ethanol pellet (soluble pro- 
teins) was smaller than  that  in  the membrane  fraction at all 
time  points. 

Based upon prior knowledge of the biosynthesis of sialo- 
glyconjugates, the radioactivity from the N-acetylmannosa- 
mine precursor passes sequentially through the free and  CMP- 
bound pools, and finally into  the membrane-bound  fraction 
(45-51). At each time  point we therefore compared the degree 
of conversion of N-acetyl to N-glycolylneuraminic acid (hy- 
droxylation) in each of these  compartments. An example of 
such an analysis is shown in Fig. 1 (15-min pulse and no 
chase). At this  short time  point, the percent hydroxylation of 
membrane-bound sialic acids (57%)  and  the CMP-sialic acid 
fraction (61%) were similar, but significantly lower than in 
the equilibrium label. However, there was only 7% hydroxyl- 
ation  in the free sialic acid fraction, which is the precursor to 
the  other two. The free sialic acid pool also contained an 
additional peak of radioactivity that migrated ahead of 
Neu5Ac.  However, this peak did not  interfere significantly 
with the estimation of the degree of hydroxylation in  these 
fractions. The  nature of this peak remains unknown, but 
preliminary evidence suggests that it is 2,3-dehydro-2,6-an- 
hydro-Neu5Ac (Neu2en5Ac), a product of breakdown of 
GMP-sialic acids (52). 

A summary of the results from different chase times is 
shown in  Fig. 2. The percent of hydroxylation of sialic acid in 
the  CMP-  and membrane-bound fractions increased progres- 
sively during the chase period, and reached a maximum of 
87% after a 70-h chase. At all the  time points studied, the 
extent of hydroxylation of the CMP-bound sialic acids was 
similar to that in the corresponding membrane-bound frac- 
tion. This suggested that most, if not all, of the hydroxylation 
took place in the low-molecular weight  pool prior to the 
transfer of sialic acids to  the membrane-bound glycoconju- 
gates. The percentage of hydroxylation in the free sialic acid 
pool  was initially low, and although it increased gradually it 
was always lower than  that in the corresponding GMP-sialic 
acid fraction. Taken together,  these data suggested that most, 
if not all of the conversion took place on the CMP-bound 
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Neu5Ac. However, since Neu5Gc was always  found in  the  free 
sialic  acid pool, they did not rule out  the possibility of con- 
version  occurring on  the free sugar at a slower rate. I t  was 
also possible that once  formed,  free Neu5Gc is a  preferred 
substrate for the  CMP-sialic acid synthetase,  or  that  the two 
reactions  are coupled. A  more likely explanation would be 
that  the free Neu5Gc arose  from  the breakdown of pre-formed 
CMP-NeuSGc, and/or  from “recycling” of sialic  acids  released 
in  the lysosome from glycoconjugates. This could also explain 
the progressive increase in  percentage of free  Neu5Gc in  the 
cytosolic pool with  increasing  time. To resolve some of these 
issues, we studied  the  substrate specificity of the enzyme 
reaction. 

Demonstration of NeuSAc Hydroxylase Activity on  CMP- 
Neu5Ac in Multiple Tissues and Cells Which Express 
NeuSGc-To test  the  hypothesis  that  the  preferred  substrate 
for the hydroxylase  was  CMP-NeutiAc, we set  up  an  assay 
system using  CMP-[3H]Neu5Ac  as a substrate. Several  differ- 
ent sources  known to express  Neu5Gc were used (murine 
myeloma cells, rat colonic mucosa, and  porcine  and bovine 
submaxillary  gland tissue).  Tissue  preparation  and  assay  con- 
ditions were as described under  “Ex9erimental Procedures.” 
As seen in Fig. 3, each of these  tissue  and cell extracts caused 
conversion of the radioactive Neu5Ac in  CMP-Neu5Ac  to a 
labeled compound which upon acid cleavage generated 
Neu5Gc. Internal  standards  with [14C]Neu5Ac were included 
in  each  lane  to confirm the location of Neu5Ac, and  to  correct 
for lane  to  lane  variation  (not  shown). A third  peak, probably 
Neu2en5Ac, was also  produced in all preparations. 

The  Product of the Enzyme Reaction Is CMP-NeuSGc-In 
the preceding experiment,  the  CMP-sialic acids were degraded 
to free sialic acids prior  to analysis. To  directly demonstrate 
the  synthesis of CMP-N~U~GC,   and   t o  rule out  the  production 
of free Neu5Gc from  free Neu5Ac, the  ethanol  supernatant 
from the reaction mixture was separated directly into  CMP- 
and free-sialic  acids  by paper  chromatography  in  system B. 
The two peaks were resolved, eluted  in distilled water,  and 
then  studied for the  amount of Neu5Gc present by paper 
chromatography  in system  A and by high performance liquid 
chromatography,  as described under  “Experimental  Proce- 
dures.” As shown in Fig. 4, there  is significant  breakdown of 
CMP-sialic acids to free  sialic  acids (approximately 40%) 
during  the reaction. When  the two peaks were eluted  and 
separately analyzed, it could be  seen that  the major  sialic  acid 
in  the  CMP-bound  fraction was Neu5Gc (62%). On  the  other 
hand,  the free  sialic  acids separated  into equal amounts of 
Neu5Ac and  the probable Neu2enAc, with only a very small 
amount of Neu5Gc. In  separate  experiments, we found that 
free Neu5Ac itself showed no significant  conversion to 
Neu5Gc under  any  conditions used (data  not  shown).  Thus, 
even the small amount of free  Neu5Gc found at  the  end of 
the reaction with  CMP-Neu5Ac  apparently arose from  break- 
down of the  initial  product,  CMP-Neu5Gc. 

Alternate proof of the  product was obtained by analyzing 
the sialic acids  released from  the  CMP-sialic acid pool by high 
performance liquid chromatography  on a Bio-Rad  HPX-72s 
column,  with [‘4C]Neu5Ac as  an  internal  control for the 
separation.  External nonradioactive standards of Neu5Gc and 
Neu5Ac were also  injected, and  peak profiles monitored  by 
UV absorbance at  210 nm. Again, the major sialic acid  derived 
from the  CMP-sialic acid product co-migrated with Neu5Gc 
(data  not  shown). 

Direct Comparison of Free, CMP-bound, and a-Glycosidi- 
cally Bound Neu5Ac as Substrates  for  the Hydroxylase-The 
results  presented above suggested that  the  CMP-sugar  nu- 
cleotide  might be the sole substrate for the enzyme. To  directly 

TABLE 2 
Comparison  of  hydroxylase  action  against  free,  nucleotide-bound,  and 

a-glycosidically bound sialic acids 
Free-, CMP-bound, and a-glycosidically linked [9-3H]Neu5Ac of 

identical specific activity were  prepared as described  under “Experi- 
mental Procedures.” Equal amounts of each substrate (200,000 cpm, 
6.2 pmol) were incubated with cytosolic extracts from  porcine sub- 
maxillary gland. The a-glycosidically linked sialic acids were released 
with neuraminidase, and the CMP-bound sialic acids were released 
with 25 m M  acetic acid. Conversion of [9-3H]Neu5Ac to  [9-3H] 
Neu5Gc  was  measured  in each case by descending chromatography 
in system A. 

Substrate  Neu5Gc  formed 

% 
[9-3H]Neu5Ac <2 
[9-3H]Neu5Ac-labeled fetuin <2 
CMP-[9-3H]Neu5Ac 34 

TABLE 3 
Comparison of uptake of CMP-Neu5Ac and  CMP-Neu5Gc  by isolated 

intact  rat  liver golgi vesicles 
A mixture  of CMP-[9-3H]Neu5Ac and CMP-[9-3H]Neu5Gc was 

incubated with isolated intact Golgi vesicles, which were then reiso- 
lated by centrifugation. The percentage of  labeled Neu5Gc in each 
fraction was determined as described  under “Experimental Proce- 
dures.” 

Source  Neu5Gc 
% 

Starting mixture 48 
Un-incorporated 51 
Low-molecular weight, incorporated 47 
Incorporated, neuraminidase released 40 

compare  the  activity of the hydroxylase against free,  nucleo- 
tide-bound,  and a-glycosidically bound Neu5Ac, we prepared 
samples of [9-3H]Neu5Ac, CMP-[9-3H]Neu5Ac,  and [9-3H] 
Neu5Ac-fetuin with  identical specific activity (see “Experi- 
mental  Procedures” for details).  These  three  substrates at the 
same  concentration were exposed to  the hydroxylase under 
identical  conditions,  and  the conversion of [9-3H]Neu5Ac to 
[9-3H]Neu5Gc  monitored. As shown  in  Table 2, there was no 
detectable conversion of the free or glycosidically bound [9- 
3H]Neu5Ac under  conditions where  more than  one-third 
of the CMP-[9-3H]Neu5Ac was converted to CMP-[9-3H] 
Neu5Gc. These  results  strengthen  the conclusion that  the 
conversion of Neu5Ac to Neu5Gc takes place primarily at  the 
sugar  nucleotide level. 

CMP-Neu5Gc Is Taken up by  Golgi  Vesicles and  Transferred 
to Endogenous Glycoproteins-It has previously been  shown 
that  CMP-Neu5Ac  can be taken  up by isolated intact  rat liver 
Golgi vesicles by a specific transporter (27, 28,53)  and  trans- 
ferred  to  N-linked oligosaccharides on endogenous glycopro- 
tein  acceptors by  luminally oriented  sialyltransferases? If the 
primary  site of hydroxylation of Neu5Ac is at the  sugar 
nucleotide level, then  CMP-Neu5Gc  should be  a substrate  for 
this series of reactions. Since  methods for the  preparation of 
pure Golgi vesicles from the  murine myeloma cells have  not 
been worked out, we chose to use  isolated intact Golgi vesicles 
from  rat liver. The vesicles were incubated with a mixture of 
CMP-[9-3H]Neu5Ac  and  CMP-[9-3H]Neu5Gc,  and  the sialic 
acids incorporated  into glycoproteins  released and studied. AS 
shown in  Table 3, CMP-Neu5Gc  and  CMP-Neu5Ac were 
taken  up by the Golgi vesicles and  incorporated  into  the 
endogenous  glycoproteins at an approximately equal  rate. 

The Hydroxylase Enzyme Is Predominantly  in  the cytosol- 

Diaz, s., Higa, H., Hayes, B. K., and Varki, A. (1989) J. Biol. 
Chem. in press. 
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Taken  together,  the pulse-chase analyses  and enzymological 
data  presented above indicate  that  the  primary  site of the 
hydroxylation reaction is at  the sugar  nucleotide level. If this 
were the case, one would expect the hydroxylase  enzyme  itself 
to have a  primarily cytosolic location. To  test  this hypothesis, 
we compared the  distribution of the hydroxylase with  that of 
lactate dehydrogenase, an enzyme known  to be localized to 
the cytosol. As shown  in  Table 4, the enzyme from  NS-1 
murine myeloma cells was predominantly  in  the cytosol, as 
defined  by this  criterion. However,  a small  amount of CMP- 
Neu5Gc could  be  formed by the  membrane pellet that was 
essentially  depleted of lactate dehydrogenase  activity. These 
results show that while a fraction of the hydroxylase is  mem- 
brane-associated,  the majority is  in  the  predicted location, in 
the cytosol. 

Enzyme Cofactors and Properties-We also studied  the 
general properties  and cofactor requirements of the enzyme 
preparations  from  the  murine myeloma  cells and  the  porcine 
submaxillary gland. The  pH  optimum showed a broad  range 
between 6.4 and 7.4, in keeping with proposed cytosolic loca- 
tion of the enzyme  (see  above). 10 mM dithiothreitol  in  the 
initial homogenization  buffer was required  for  enzyme stabil- 
ity  during  the 60-90 min  incubation period. The  porcine 
enzyme  was stable  in  the  crude  extract for several weeks at  
-70 “C.  The  stability of the enzyme  from murine myeloma 
cell preparations was  more  variable than  that derived from 
porcine  submandibular gland; the reason  for this  is  not clear. 
Optimal  activity of both enzymes  required the  presence of 
other  factors  in  the  reaction  mixture.  For enzyme extracted 
from porcine  gland, activity was greatest  when 5 mM NADH, 
0.5 mM FeS04,  and 0.5 mM ascorbate were present.  When 
only  one of these cofactors  was present,  product  formation 
was greatest if it was NADH  (17%  control)  rather  than  FeS04 
or  ascorbate  (1%  control).  For enzyme extracted  from  murine 
myeloma NS-1 cells, addition of 5 M NADH alone  consistently 
resulted  in  greater  product  formation (111-151% control) 
compared  to  the  combination.  NADPH  and  NADH were 
equally  effective as cofactors for  both enzymes. Some of these 
data  are  similar  to  those  reported by Schauer  and  others for 
the porcine  submaxillary  gland  enzyme (29, 30, 32). 

Enzyme Kinetics-Under the  conditions of assay described 
under  “Experimental Procedures,” the velocity of the reaction 
was almost  linear for 1-2 h; typical  reactions were therefore 
incubated for 90 min. The  Michaelis-Menten  kinetics of the 
crude enzyme preparations were  studied. The VmaX of the 
reaction varied  between different  preparations  from  the  NS- 
1 murine myeloma cells (0.05-0.07 pmol/min/mg),  and was 
higher (0.29 pmol/min/mg)  in  the pig submandibular gland 
extracts.  From  multiple  experiments  the  apparent K,  of the 
crude enzyme  for CMP-NeuAc was calculated to be  between 

TABLE 4 
Comparison of subcellular  distribution of the  Neu5Ac  hydroxylase 

and  lactate  dehydrogenase (LDH) from N S - 1  cells 
Murine myeloma NS-1 cells were washed in phosphate-buffered 

saline, fractionated, and assayed for the Neu5Ac hydroxylase, lactate 
dehydrogenase, and protein as described under “Experimental Pro- 
cedures.” 

Sample 
Specific activity Total  activity 

Hydroxylase LDH Hydroxylase LDH 

unitslmg % 
sup 1 0.175 9.74 54 94 
sup 2 0.332 1.64 28 4 
sup 3 0.300 1.98 5 1 
Pellet 0.067 0.045 13 1 

0.6 and 0.9 PM (NS-1 cells) and 2.5 p~ (porcine  submaxillary 
gland enzyme). 

Enzyme Specificity-The low apparent K ,  value for  CMP- 
Neu5Ac suggested that  the enzyme might be specific for  this 
substrate. No Neu5Gc  was  formed from free Neu5Ac under 
any  conditions  studied.  Since  the Neu5Ac in  CMP-Neu5Ac is 
in  the  uncommon @-linkage (26), we studied  the  activity of 
the enzymes against  the @-methylglycoside of Neu5Ac 
(Neu5AcPBOMe). The  resulting  material was  subjected to mild 
acid  hydrolysis to remove the  @-methyl group, and  then  stud- 
ied by paper  chromatography. However, no detectable  hy- 
droxylation occurred,  even with  concentrations  as high as 6.8 
PM (data  not shown). This  indicated  that  the enzyme recog- 
nition of the  sugar nucleotide  was not solely directed  toward 
the P-linkage of the Neu5Ac to  CMP. 

To  explore if substrate recognition  involved the  CMP 
moiety, we studied  the effects of various  nucleotides on  the 
enzyme  activity.  At 0.005-0.05 mM 5’-CMP  there was a small 
enhancement of Neu5Gc formation  (range 110-130% of con- 
trol).  At higher  concentrations,  inhibition was seen  with  es- 
sentially  no Neu5Gc formed  when 5 mM 5’-CMP was present. 
The effects of other  5”nucleotides were also studied;  some 
representative  results  are shown in Fig. 6. Some of the  other 
nucleotides had  comparable  inhibitory effects to  that of 5’-  
CMP  at millimolar concentrations. 

Since  the  phosphate  group of CMP-sialic acids is  in  the 5’ 
position, we examined  the effect of mononucleotides with 
phosphate groups at  3‘ or 5’ positions. As shown in Fig. 7, 
activity was  markedly inhibited by 5 mM 5’-UMP,  5’-CMP 
and  3‘-CMP. However, the  same  concentrations of 3’-UMP, 
3’-AMP,  and  5’-AMP  had  minimal effect upon  product  for- 
mation.  Thus,  inhibition was  caused by 5’-pyrimidine  nucle- 
otides  or by 3’-CMP. We  therefore  tested  various  concentra- 
tions of ribose 1-phosphate  and ribose 5-phosphate.  Neither 
sugar phosphate showed  significant inhibition of product  for- 
mation at  concentrations  as high as 20 mM (data  not  shown). 
Taken  together,  these  results suggest that  the low apparent 
K,,,  of the enzyme  for CMP Neu5Ac involves specific recog- 
nition of the  intact  sugar nucleotide, including  the  pyrimidine 
base and  the  phosphate moiety.  Detailed studies of this rec- 
ognition  must  await  the  purification of the enzyme. 

DISCUSSION 

Previous  studies of the  biosynthesis of Neu5Gc  have  been 
carried  out  predominantly  in  the  porcine submaxillary  gland 
(29, 30, 47) and  in a rat mammary  carcinoma cell line  that 
has a small  proportion of Neu5Gc  (54).  We  have  used murine 
myeloma cell lines  that  convert  almost all of their sialic  acids 
to Neu5Gc. This  has  permitted  us  to  take several different 
approaches  towards identifying the subcellular site of the 
biosynthesis of Neu5Gc. 

The hydroxylation of Neu5Ac to Neu5Gc could potentially 
take place on newly synthesized  or recycled free Neu5Ac, on 
CMP-Neu5Ac, in the Golgi apparatus immediately after 
transfer of Neu5Ac to a glycoconjugate, or at some later  point 
in  the life of the glycoconjugate. We have  presented several 
lines of evidence that  indicate  that most, if not all, of the 
hydroxylation takes place at the nucleotide sugar level. First, 
the pulse-chase experiments  indicate  that  most of the hydrox- 
ylation reaction  occurs in  the cytosolic low-molecular weight 
pool. At early  time  points in the pulse-chase, very little 
Neu5Gc is found in the free sialic acid pool. In  contrast,  the 
CMP-sialic acid pool shows substantial conversion to 
Neu5Gc, identical  to  that  in  the  membrane-bound  fraction a t  
each  time  point. Second, enzymatic  studies in a variety of 
cells and  tissues  that  synthesize Neu5Gc indicate  that  CMP- 
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FIG. 7. Proposed  pathways for 
the biosynthesis and  reutilization of 
N-glycolylneuraminic acid. The 
pathways proposed  are  based upon the 
prior  literature and the data presented 
in this study. See text for detailed dis- 
cussion. 
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Neu5Ac is  the  preferred  substrate for the hydroxylation re- 
action. Third,  the  great  majority of the hydroxylase activity 
is found  in  the cytosolic fraction of myeloma cells, and  the 
optimal reaction conditions mimic those  that  might be found 
in  the cytosol of intact cells. Finally,  both  CMP-Neu5Ac  and 
CMP-Neu5Gc  are utilized  equally well by isolated intact  rat 
liver Golgi vesicles as  donors for  sialylation of endogenous 
acceptors. 

Taken  together  with  prior  literature,  the  data we have 
presented  permit  us  to propose the  pathways for biosynthesis 
and reutilization of Neu5Gc shown in Fig. 7. In  this model, 
we propose that CMP-Neu5Ac in  the cytosol is hydroxylated 
by a specific enzyme, resulting  in  the  formation of CMP- 
Neu5Gc. The  CMP-Neu5Gc  can  then be transported  into  the 
lumen of the Golgi apparatus, where it  can serve as a donor 
for the various specific sialyltransferases. Work by others  has 
in  fact shown that some sialyltransferases  can utilize CMP- 
Neu5Gc as well as they  can utilize CMP-Neu5Ac (33). We 
have  shown that  CMP-Neu5Gc  is equally well utilized by 
isolated intact Golgi vesicles. In  this model, the  appearance 
of free Neu5Gc in  the cytosolic pool could be explained by the 
release and  export (55-57) of Neu5Gc from glycoconjugates 
in  the lysosome. This could  also explain  the  gradual increase 
in  the percentage of free Neu5Gc in  the cytosol during  the 
pulse-chase study. An alternate source of free Neu5Gc could 
be the direct  breakdown of CMP-Neu5Gc, which  was actually 
seen  in  the in vitro reaction conditions.  However, we currently 
know too little  about  the enzyme CMP-sialic acid  hydrolase 
(58) to  test  this hypothesis in  the  intact cell. The model would 
also help to explain the relative  differences in  percentage of 
hydroxylation  between the  short  pulse-chase  and  the equilib- 
rium-labeled experiments.  Thus,  in  the  murine myeloma  cells, 
a single cohort of newly synthesized  CMP-Neu5Ac molecules 
would be  only partially hydroxylated, this being  reflected in 
the lower percentage of labeled Neu5Gc in newly sialylated 
molecules. However, Neu5Gc once  formed cannot be con- 
verted  back to Neu5Ac by any  currently known  mechanism. 
Thus, recycling of Neu5Gc released in  the lysosomes into  the 
cytosolic pool could result in a  progressive  rise in  the  per- 

centage of Neu5Gc in  the overall  cellular sialic acid, until a 
steady-state between new synthesis  and  degradation of 
NeuSGc is reached. In  the case of the  murine myeloma cells, 
this equilibrium is apparently reached when  greater  than 90% 
of the  total cellular  sialic  acids are  converted  to Neu5Gc. The 
mechanisms by which Neu5Gc gets  ultimately degraded re- 
main  unknown.  In  the model presented  in Fig. 7, it  is  pre- 
sumed  that Neu5Gc is degraded to N-glycolylmannosamine 
(ManGc) (59) by the enzyme acylneuraminate-pyruvate-lyase 
(3, 60). However, if ManGc  is  actually produced in  this 
manner  in  the  intact cell, the  ultimate  fate of this  sugar  also 
needs to be determined. 

Some characteristics of the hydroxylase  enzyme are worthy 
of comment.  The  predominantly cytosolic location of the 
enzyme is  unusual  among enzymes with  similar  mechanisms 
and cofactors,  which are usually membrane-bound.  For  in- 
stance,  the cytochrome P-450 family of enzymes,  which share 
many of the  properties  and cofactor requirements of this 
hydroxylase, tend  to be tightly  integrated  into microsomal 
membranes  and  are  rather  unstable when liberated  from  that 
environment (61). Since a fraction of this hydroxylase  enzyme 
is membrane-associated, we cannot  rule  out  the possibility 
that  it  is  all originally membrane-bound,  and  is  artifactually 
released  by  proteolysis following homogenization. However, 
in  either case, the active site  must have  access to  the cytosol, 
where the CMP-Neu5Ac substrate  is located. This model also 
does not  attempt  to  incorporate  the  finding  that  CMP-sialic 
acid synthetase  has a predominantly  nuclear location (62,63). 

The  experiments  aimed  at  understanding  the  requirements 
for  enzyme  recognition of the  substrate  are  not conclusive. 
While  the enzyme recognizes the  native  substrate  with a K,,, 
in  the  nanomolar range, the  unique @-glycosidic linkage of 
Neu5Ac in  the sugar  nucleotide is insufficient  by  itself to 
explain this recognition. On  the  other  hand,  the nucleotide 
inhibition  studies suggest that  the enzyme recognizes the 
pyrimidine  base and  the  5”phosphate group. Further  char- 
acterization of this enzyme and  its  properties  must  await  its 
purification. 
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