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Radioactive N-acetylmannosamine was injected intravenously into rats to label N-
acetylneuraminic acid (NeuAc) and CMP-NeuAc. Nuclei were isolated from the livers
using a non-aqueous technique to prevent leakage of polar metabolites. A preparation
was obtained, which was eight times enriched in nuclei based on the ratio DNA/RNA.
Free NeuAc and CMP-NeuAc were isolated from this nuclear fraction and from whole
liver, and the specific radioactivities were determined. It appeared that at all time
points studied, i.e. 1.5, 9.5, and 18 min after injection, the specific radioactivities of free
NeuAc as well as of CMP-NeuAc in the nuclear preparation were lower than those in
whole liver. Also no significant differences were found between free NeuAc and CMP-
NeuAc in the ratio of specific radioactivities in the nuclear fraction/whole liver. Fur-
thermore, no enzyme involved in the synthesis of NeuAc was enriched in the nuclear
preparation as compared to various other cytosolic and non-cytosolic enzymes.

Because newly synthesized NeuAc is channelled into a special pool and used for ac-
tivation to CMP-NeuAc [Ferwerda W, Blok CM, van Rinsum } (1983) Biochem } 216:87-
92], these results point to a site of activation of NeuAc to CMP-NeuAc other than the
nuclear compartment. This might indicate that the nuclear-localized enzyme, CMP-
NeuAc synthase, leaves the nucleus before exerting its action.

Abbreviations. ManNAc kinase (EC 2.7.1.60), ATP:2-acetamido-2-deoxy-D-mannose 6-phosphotransferase;
GlcNAc kinase (EC 2.7.1.59), ATP:2-acetamido-2-deoxy-D-glucose 6-phosphotransferase; NeuAc 9-phosphatase
(EC 3.1.3.29), N-acetylneuraminate 9-phosphate phosphohydrolase; CMP-NeuAc synthase (EC 2.7.743), CTP:N-
acetylneuraminic acid cytidylyltransferase; glucose 6-phosphatase (EC 3.1.39), b-glucose 6-phosphate phos-
phohydrolase; p-nitrophenylphosphatase (EC 3:1.3:1/2), orthophosphoric monoester phosphohydrolase; LDH
(EC 1.1:1.27), 1-lactate:NAD oxidoreductase; 8(1-4)-galactosyltransferase (EC 24.1.38), 3-N-acetylglucosaminide
B(1-4)-galactosyltransferase.
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Sialic acids, the negatively charged terminal sugars of many glycoconjugates, are syn-
thesized as N-acetylneuraminic acid (NeuAc) in the cytosol [1, 2]. The NeuAc-activating
enzyme, CMP-NeuAc synthase, has been found in the nucleus [3-9], in contrast to other
sugar-activating enzymes which are found in the cytosol [1, 8]. The physiological
significance of this specific localization of the CMP-NeuAc synthase is still unknown,
but it might play a regulatory role in the biosynthesis and transfer of sialic acid.

Recently, we were able to show that newly synthesized NeuAc molecules in the cell are
channelled into a special pool and are preferentially used by the enzyme CMP-NeuAc
synthase. This conclusion was based on the observation that, after injection of [*H]
ManNAc into the rat, the specific radioactivity of CMP-NeuAc became higher than that
of free NeuAc. This phenomenon was observed in brain [10], liver [11] and kidney [12].
Because of the nuclear localization of CMP-NeuAc synthase, we assumed the special
compartment to be the nucleus. We were interested in the interrelationship between
the cytosol-localized NeuAc-synthesizing enzymes and the nuclear-localized CMP-
NeuAc synthase, and in addition, how the product, CMP-NeuAc is transported to the
Golgi vesicles, where it acts as NeuAc donor in sialyltransferase reactions. In an attempt
to study this problem, we first wanted to prove that the synthase is active in the nucleus
in vivo. Therefore, we labelled NeuAc and CMP-NeuAc in rat liver by iv. injection of [*H]
ManNAc, and after some time the nuclei were isolated in organic solution to determine
the specific radioactivities of NeuAc and of CMP-NeuAc in the nuclear compartment.

Contrary to our expectations, we were not able to obtain any evidence for the synthesis
of CMP-NeuAc in the nucleus in vivo. In the present paper we report the results of our
experiments. Part of this work has been presented in a preliminary form [13].

Materials and Methods
Materials

N-Acetyl-D-[6-*H(N)]mannosamine (19 400 Ci/mol), N-acetyl-[4-"*C]neuraminic acid (4
Ci/mol), CMP-N-acetyl-[4-*C|neuraminic acid (1-2 Ci/mol) and N-acetyl-D-[1-"*Clgluco-
samine (58.2 Ci/mol), were obtained from New England Nuclear, Boston, MA, USA. N
-Acetyl-D-[U-'*C]mannosamine (254 Ci/mol) and UDP-[**C]galactose (340 Ci/mol) were
purchased from Amersham International, Amersham, UK. For the in vitro incubations,
labelled substrate was diluted with unlabelled substrate to lower the specific radioac-
tivities. [*C]ManNAc 6-phosphate (0.1 Ci/mol) and ["*C]NeuAc 9-phosphate (0.05 Ci/mol)
were prepared from [**C}-ManNAc as described earlier [2]. Dowex AG 1-X8 (100-200
mesh; CI form) was obtained from Bio-Rad, Richmond, CA, USA and was converted into
the HCO;™ form. Cyclohexane and carbon tetrachloride were from Merck, Darmstadt,
W. Germany, and were dried with CaCl, before use. All other chemicals were obtained
from commercial sources and were of the highest quality.

Animals

Male Wistar rats (2-3 months old, 190-220 g) were kept on a light-dark schedule and fed
two hours a day as described earlier [11]. On the day of injection no food was given.
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Two series of rats, each containing seven or eight rats, were injected intravenously with
05 ml of phosphate-buffered saline (10 mM sodium phosphate, 0.154 M NaCl), pH 74,
containing 100 xCi of [’H]ManNAc, 1.5 min and 18 min before killing. Another series of
rats was injected 95 min before killing with the same solution containing 10 xCi of
[*C]ManNAc. These rats had been injected first subcutaneously with 100 uCi of
[’H]ManNAc (double labelling experiment) 2.5 h before killing. For the determination of
the nuclear enzyme activities one series of four rats was used without prior injection of
radioactivity. Rats were killed by immersing the whole animals in liquid Na. The livers
were removed in a frozen state [11] and immediately lyophilized on a cold plate
at 115°C. The dried material was ground in a mortar in a plastic bag and subsequently
pressed through a nylon sieve (210 nm). The material was stored until use at 0°C under
vacuum in a desiccator containing P,Os.

fsolation of Nuclei

Nuclei were isolated by a modification of the method described by Siebert [14]. A mix-
ture of dried cyclohexane and carbon tetrachloride (65/36 by vol) was cooled at -4°C and
the density, 1.32-1.33 g/ml, was checked by weighing. Approximately 600 mg of the
powdered liver were mixed with 20 ml of the cooled organic mixture and homogenized
under cooling in ice with a motor-driven glass/Teflon Potter-Elvehjem homogenizer
(clearance 0080 mm), five strokes up and down, 2 850 rpm.

The homogenate was centrifuged in a swing out rotor in a centrifuge equipped with a
closed rotating case, in the cold (0°C) at 2 000 x g for 60 min. After centrifugation the
temperature had increased a few degrees, and as a result the density dropped to ap-
prox. 1.31541.325 g/ml. A small pellet was obtained enriched in nuclei, separated by an
almost clear middle layer from a large floating layer. The pellet was carefully withdrawn
together with some middle layer with a Pasteur pipette. This operation always caused
mixing of the floating layer with the middle layer. Therefore, the pellets of four tubes
were combined and centrifuged again at 2 000 x g for 60 min. The small floating layer
with the organic solution was withdrawn and the pellet was dried in a microrotavapor
(pellet 1). The floating layer of the first centrifugation step was mixed with the remaining
middle layer and adjusted to the original volume with the organic mixture. Following
the same centrifugation procedure a second pellet was obtained. The dried pellets
were stored until use at0°Cin a desiccator containing POs under vacuum. For analysis,
the organic middle layer and the floating layer were also sampled, dried and stored in
a desiccator. Samples from all fractions and from dried homogenate were analysed for
protein, DNA, RNA, K™ and Na™ after suspension in 5 mM Hepes buffer, pH 75.

Determination of the Specific Radioactivities of Free NeuAc and of CMP-NeuAc

NeuAc and CMP-NeuAc were purified from powdered liver tissue (total liver) and from
the isolated nuclei, and the specific radioactivities (corrected by HPLC analysis) were
determined as described earlier [11]. If only [*H]ManNAc had been injected, [*C]NeuAc
and CMP-["*C]NeuAc were routinely added as internal standards. Of the total liver, 1g
of powdered tissue was homogenized in 30 ml of cold 75% (v/v) ethanol.

All nuclei obtained from one series of rats, which met the criterion of purity (relative
ratio DNA:RNA > 6) were combined, being 78 mg of DNA totally, and extracted with 30
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ml of cold 75% (v/v) ethanol. The total quantity of NeuAc and of CMP-NeuAc at the end
of the purification procedure obtained from the combined nuclei of one series was suf-
ficient for two micro-determinations with the accessory countings and HPLC analyses.

Electron Microscopy

A sample of dried nuclear pellet was suspended in 0.25 M sucrose, containing 10 mM
Hepes buffer pH 75. After 30 min at 4°C the nuclei were spun down in an Eppendorf
centrifuge at 14 000 rpm and fixed in the same buffered sucrose solution containing
15% glutaraldehyde. The nuclei were again centrifuged and postfixed in a sucrose solu-
tion containing 1% OsOy, dehydrated, left to stand overnight in Epon-Araldite/Propy-
lene oxide (1/1 by vol) and embedded in Epon-Araldite. For electron microscopy, ultra-
thin sections were stained with uranyl acetate and lead citrate.

Enzyme Assays

To determine the activities of various enzymes in the dried nuclear fraction and the
homogenate, samples were suspended in 0.25 M sucrose, containing 10 mM Hepes buf-
fer, pH 75. To remove the outer nuclear membrane, including adsorbed cytoplasmic
material [7] Triton X100 was added to a part of the nuclear suspension to a final concen-
tration of 1% and incubated for 30 min at 0°C. The suspension was centrifuged at
1000 x g for 5 minand the pellet was resuspended in buffered sucrose. GlcNAc kinase,
ManNAc kinase, CMP-NeuAc synthase, NeuAc 9-phosphatase, glucose 6-phosphatase
(specific; measured under optimal conditions: unspecific; measured under conditions
of NeuAc 9-phosphatase assay), and p-nitrophenylphosphatase (unspecific) were deter-
mined as described earlier [1, 2]. LDH was determined according to the method of Lis-
man et al. [15] and B(1-4)-galactosyltransferase as described by Blanken et al. [16] with N-
acetylglucosamine as acceptor.

Analytical Methods

DNA and RNA were extracted from the samples by heating at 70°C for 20 min in 1M
HCIO4 [17, DNA was determined with diphenylamine [18] and RNA with orcinol [19].
Na* and K* were determined by flame-ionization. Protein was measured by the me-
thod of Lowry et al. [20] with bovine serum albumin as standard. Sialic acid was deter-
mined by the thiobarbituric acid method [21] on a microscale suitable for quantities of
1nmole per determination. Radioactivity was counted in a Berthold liquid scintillation
counter (model BF 8 000) with automatic calculation of dpm.

Results and Discussion

Studies concerning the compartmentalisation of low molecular weight metabolites are
hampered by the fact that redistribution easily occurs during the isolation procedure.
For polar metabolites this problem can be overcome in using non-aqueous media. This
technique has been successfully applied for metabolite assays in nuclei [14], in chloro-
plasts [22], and in mitochondria {23]. For our purpose we needed relatively large quan-
tities of nuclear material, since we had to isolate CMP-NeuAc and free NeuAc from it
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Table 1. Composition of and some enzyme activities in a preparation of rat liver nuclei.

Nuclei were purified in non-aqueous solution from the livers of four rats. For the isolation procedure see
Materials and Methods. A homogenate of lyophilized liver in organic solution which was left to stand for 2 h
at0°Cwas used as reference. Dried nuclei or samples from the homogenate dried before use were resuspend-
ed in 0.25 M sucrose, containing 10 mM Hepes buffer, pH 7.5. The enzyme assays were carried out in duplicate
with the nuclear preparation or the homogenate, containing approx. 0.05 mg or 0.01 mg of DNA, respectively.
Non-extractable activity or protein was measured in the pellet obtained after centrifugation of a nuclear
suspension which was incubated for 30 min at 0°C with 1% Triton X100. The yield of this preparation was 97%
based on DNA. The specific enzyme activities expressed as nmoles/min/mg protein are given in parentheses.

% recovered relative % not extractable from nuclei with

to DNA TrX-100
DNA 100 N.D.2
RNA 12 N.D.
protein 11 21
K* 12 N.D.
Na® 33 N.D.
GlcNAc kinase 30(2.6) 0
ManNAc kinase 6(0.3) 0
NeuAc 9-phosphatase 30.3) 0
CMP-NeuAc synthase 50 (6.2) 82
Galactosyltransferase 10 (0.15x10%) 9
Glc 6-phosphatase (unspecific)® 4(1.3) 10
p-Nitrophenylphosphatase 10 7.1 0
LDH 6 (598) 0

% N.D., not determined.
® Glc 6-phosphatase measured under optimal conditions (specific) was 0 in the nuclear preparations.

and to determined the specific radioactivities of these metabolites. Therefore, we deve-
loped a two-step procedure based on the method of Siebert [14], giving an acceptable
yield in a fast way. The overall yield of our procedure was about 10% based on DNA
measurements. The purification factor obtained for the pellets, based on the ratio
DNAJ/RNA varied from 6 to 12. The second pellet was always less pure than the first
pellet. The average purification factor of the combined nuclei of the series varied bet-
ween 8 and 11, a normal value for isolation in non-aqueous media. The purification fac-
tor based on the ratio DNA/protein was in the same range. The values of one series (not
injected) are shown in Table 1. Our method of freezing was based on the observation
that cyclic AMP and cyclic GMP levels in rat tissues were aitered by decapitation or
anaesthesia and that the best results were obtained by immersing the whole animal in
liquid N3 [24]. This method gave also a higher ATP/ADP ratio for rat liver (0.8 - 1.0) com-
pared to decapitation (04 - 05, unpublished results). Consequently, it was unavoidable
that several seconds elapsed before the inner parts of the liver were deep frozen.

Electron microscopic observation revealed nuclei, most intact, with some adherent
subcellular material (results not shown). This was expected since our purification pro-
cedure resulted ina preparation enriched approximately eight-fold in nuclei, but which
still contained non-nuclear material. During the procedure some nuclei are broken.
However, in the organic solution, polar metabolites remain adsorbed to the insoluble
material. This was checked by measuring the radioactivity in the organic layer after
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Table 2. Specific radioactivities of free NeuAc and of CMP-NeuAc from total rat liver and
from rat liver nuclei.

For each time point a series of seven to eight rats were injected iv. with PH]ManNAc or [“C]ManNAc. The rats
were killed by immersing the whole animals in liquid N2. Nuclei were isolated in organic solution (for details
see Materials and Methods section). Free NeuAc and CMP-NeuAc were isolated and purified from the com-
bined nuclei and from total liver and the specific radioactivities were determined. The values obtained
with [**C]ManNAc (95 min) were corrected for comparison with the *H-values (see text).

Time of Specific radioactivities Ratio
injection (dpm/nmol) nucl.prep./
before killing total liver nuclear preparation total liver
(min)
NeuAc 15 1630 1190 0.73
CMP-NeuAc 15 300 230 0.77
NeuAc 9.5 2580 1850 0.72
CMP-NeuAc 95 3080 2500 0.81
NeuAc 18 2090 1145 0.55
CMP-NeuAc 18 4060 2195 0.54

homogenization, which was negligible. The nuclei in the floating layer showed the
same morphology as those in the pellet.

From the combined nuclei of each series free NeuAc and CMP-NeuAc were extracted
and purified and the specific radioactivities were determined. As references the speci-
fic radioactivities of free NeuAc and CMP-NeuAc isolated from whole tissue, starting
with dried liver, were determined. The results are shown in Table 2. The values obtained
with ["*C]ManNAc, 95 min after injection, were multiplied by 10 for comparison with
the [*H]-values (100 xCi [*H]ManNAc versus 10 uCi [**C]ManNAc injected; the percen-
tage absorption of *H]ManNAc and of ["*C]ManNAc by the liver appeared to be in the
same range). The striking results of these experiments were the low values obtained for
the nuclear fraction. Because newly synthesized Neu Ac molecules are preferentially
used for activation [11], the specific radioactivity of NeuAc in the compartment of activa-
tion should be high shortly after the pulse, and consequently the specific radioactivity
of the resulting CMP-NeuAc should also be high. So, when the specific radioactivity in
the whole liver increases (average of all compartments), the specific radioactivity in the
compartment of activation will be higher than the average. However, at none of the time
points, not even during sharp increases of the average specific radioactivity, was a
higher value found in the nuclear fraction. In addition, for each time point no signifi-
cant differences in the ratio nuclear fraction/whole liver were found between free
NeuAc and CMP-NeuAc (see last column of Table 2).

In the double labelling experiments the rats killed 95 min after injection of [**C]
ManNAc had also been injected subcutaneously with 100 xCi of *H]ManNAc 25 h
before killing. We had first determined the course of the specific radioactivities of free
[*H]NeuAc and of CMP-[*H]NeuAc versus time in whole liver after subcutaneous injec-
tion. [t appeared that a slow decline in specific radioactivities occurred between 2 and
4h; for [°’H] NeuAc from about 200 to 150, and for CMP-[*H] NeuAc from about 450 to 200.
We concluded that the specific radioactivities of free [*°H|NeuAc and of CMP-[*H]NeuAc
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in the various compartments did not differ significantly and consequently could be us-
ed as reference values. This gave us the opportunity to use the **C/*H ratio as a measure
of the incorporation rate of C. For whole liver we found a ratio of 049 and 0.27 and for
the nuclear fraction 042 and 0.28 for free NeuAc and CMP-NeuAc, respectively. So this
method of determination also resulted in relatively low values for the nuclear fraction,
supporting the previous conclusion.

The nuclear preparations appeared to contain about 3.5 nmoles of free NeuAc and 1.8
nmoles of CMP-NeuAc per mg DNA. These values were obtained after correction for the
losses during the purification procedure. We found an average of 24 mg of DNA per g
wet weight, while the volume of nuclei in rat liver can be assumed to be 8% [25]. From
these data a nuclear concentration of 105 and 54 nmol/ml (1 ml = 1 g wet weight) can be
calculated for NeuAc and CMP-NeuAc, respectively. These values are slightly higher
than was found for whole liver [11]. However, if a correction could be made for extra-
nuclear material, these values should become lower. Thus, NeuAc and/or CMP-NeuAc
are not stored in the nucleus.

Using a second approach we tried to investigate the function of the nucleus in the ac-
tivation of NeuAc into CMP-NeuAc. To channel the newly synthesized NeuAc into oron
the nucleus, the last enzyme of the synthesis chain, or maybe an enzyme complex,
might be adsorbed on the nuclear membrane, delivering the newly synthesized NeuAc
directly into a special pool. We therefore isolated nuclei in organic solvent without
previously injecting the rats with a radioactive precursor and we measured enzyme ac-
tivities of the various enzymes involved in NeuAc biosynthesis. As a reference we used
dried liver powder, which had been homogenized in organic solution.

First we determined the effect of lyophilizing and of the organic solvent on the enzyme
activities. For this purpose homogenates were prepared in 0.25 M sucrose containing 10
mM Hepes buffer, pH 75, directly from dried liver powder and from powder first sus-
pended in organic solution for 2 h and re-dried. The enzyme activities were reduced to
20-50% of the original value during the process of freeze drying, but during the organic
solvent procedure most enzyme activities were not affected. UDP-GlcNAc 2-epimerase
was almost completely denatured, while UDP-GIcNAc pyrophosphorylase and NeuAc
9-phosphate synthase activities became too low for reliable determination. The results
obtained for the other enzymes are shown in Table 1. None of the detectable enzymes
directly involved in NeuAc biosynthesis was enriched in the nuclear fraction. Several
reference enzymes are found in the same concentration range as was the cytosolic en-
zyme LDH. The bulk of enzyme activities was always found in the floating layer (results
not shown), which was analysed to check the recoveries. Of the cytosolic enzymes
analysed, only GlcNAc kinase was slightly enriched in the nuclear fraction, relative to
protein. After treatment with Triton X-100, all adsorbed enzymes were almost complete-
ly solubilized (Table 1), indicating that the enzymes were loosely bound. The residual
activities of phosphatases and galactosyltransferase might be due to enzymes which
are integral parts of the nuclear compartment [26-28].

The nuclear-localized enzyme, CMP-NeuAc synthase, is found in the highest concentra-
tion in the nuclear preparation, although denaturation had occurred because the
percentage recovery was only half of that of DNA. This enzyme was not solubilized after
treatment with Triton X100, which is in agreement with the observations reported by
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other investigators [6-8]. This results confirms the idea that CMP-NeuAc synthase is a
real nuclear enzyme and its localization is not an artefact caused by a redistribution dur-
ing homogenization in sucrose medium.

Thus, with both approaches we could not obtain any indication that the nucleus has a
function in the activation of NeuAc to CMP-NeuAc. It must be realized that our conclu-
sion is based on the assumption that newly synthesized NeuAc and CMP-NeuAc
molecules are, at least for a short time, concentrated around the active nuclear CMP-
NeuAc synthase. One can postulate that the newly formed CMP-NeuAc is not stored in
oron the nucleus, not even for a short time, but that itis returned immediately after syn-
thesis to the cytoplasm (“tennis-ball” effect). In such a case a higher specific radioactivi-
ty of CMP-NeuAc in the nuclear compartment will not be found. Earlier we found a lag
phase of about 1 min before radioactivity was incorporated into CMP-NeuAc [11]. Dur-
ing this time, a pool of newly synthesized NeuAc is formed with a high specific radioac-
tivity. This pool is preferentially used for CMP-NeuAc synthesis. If this pool is not
situated near the site of activation, but is channelled rapidly to the nucleus followed by
the above mentioned “tennis-ball” effect of newly formed CMP-NeuAc, our approach
might be inadequate. However, such a cellular organization seems very illogical. Conse-
quently, the possibility that the enzyme, CMP-NeuAc synthase, leaves the nucleus and
exerts its action elsewhere in the cell becomes more attractive.

Coates et al. [8] have reported that enucleated mouse L 929 cells activate NeuAc to a
lower extent than normal cells, and from these experiments they concluded that CMP-
NeuAc synthase is functionally active in the nucleus. However, it is questionable
whether CMP-NeuAc synthesis in such disordered cells can be compared to CMP-Neu-
Ac synthesis in vivo. The possibility that CMP-NeuAc synthase is functionally active out-
side the nucleus has been suggested previously by Van den Eijnden [6] and Hughes [29].
Earlier Hultsch et al. [30] reported that a 105 000 x g supernatant of rat liver could easily
synthesize CMP-NeuAc from exogenous NeuAc and CTP. Creek et al. [9] investigated the
percentage activity present in the cytosolic and Golgi fraction. They found 1% of the en-
zyme activity localized in the Golgi fraction. One percent of the total CMP-NeuAc syn-
thase is enough to provide the cell with a working level, because for whole rat liver the
total enzyme capacity is about 200 nmol/min/g wet wt as measured in vitro [1] and the
requirement is only 1 to 2 nmol/min/g wet wt [12].

If CMP-NeuAc synthase is functionally active in the cytosol, the interrelationship be-
tween this enzyme and the NeuAc-synthesizing enzymes might be comparable with
that for other sugar-activating enzymes, with which no transport of NeuAc into, and
CMP-NeuAc outof, the nucleus is required. The reason why this enzyme is stored in the
nucleus and how its functioning is regulated remains a matter of speculation.
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