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Membranes from Saccharomyces cerevisiae protoplasts were fractionated on
a continuous sucrose gradient. Six bands were obtained, which contained alto-
gether about 15% of the total cell protein. From their densities, their behavior in
the presence and absence of Mg2e ions, and the distribution of marker enzymes,
it was possible to identify fractions enriched in rough and smooth endoplasmic
reticulum and in mitochondria. All glycosyl transfer reactions investigated where
dolichyl phosphates served as glycosyl acceptors or where dolichyl phosphate-
and pyrophosphate-activated sugars served as glycosyl donors showed the highest
specific activity and up to 75% of the total activity in the endoplasmic reticulum.
This was the, case for the reactions involved in the formation of O-glycosidic as
well as N-glycosidic linkages in yeast glycoprotein biosynthesis. Membrane frac-
tions enriched in plasmalemma contained less than 3% of the corresponding
activities.

Yeast cells are known to contain a number of
extra- and intracellular mannan proteins (2)
with carbohydrate moieties attached via O-gly-
cosidic and N-glycosidic linkages (21, 22). Sev-
eral reports from this and other laboratories
have demonstrated the role of lipid (dolichol)-
linked sugars as intermediates in the biosyn-
thesis ofthese glycoproteins (1, 13, 28). Although
all of the enzymes involved in the various reac-
tions appear to be membrane bound (12), little
information is available on their subcellular lo-
cations.

Previous reports on the fractionation of yeast
cells have tended to concentrate on the isolation
of particular organelles, e.g. plasma membrane
(7), vacuoles (5, 19), or mitochondria (27, 29). To
study the intracellular location of enzymes, it is
necessary to fractionate total homogenates so
that estimates of the recovery of enzyme activity
can be made (3). Numinen et al. (23, 24) have
done this by using a combination of sucrose and
urograffin density gradients and rate zonal cen-
trifugation to investigate the location of possible
marker enzymes in Saccharomyces cerevisiae.
For animal tissues it has been shown that doli-
chol-mediated mannosyl transfer is localized in
a rough endoplasmic reticulum fraction (6). Also,
for yeast some information concerning the re-
actions mentioned above has been obtained by
using urograffin gradients (10); unfortunately
these gradients have the disadvantage that di-
valent cations cannot be included in the sepa-

ration procedure. Hence, we attempted to study
the subcellular location of the enzymes involved
in mannan protein biosynthesis by using a su-
crose density gradient technique. To minimize
possible artifacts due to centrifugation and re-
suspension, the total homogenate was fraction-
ated. This procedure was facilitated by using
protoplasts as starting material.

MATERIALS AND METHODS
Production and breakage of protoplasts. S. cer-

evisiae (Fleischmann) was grown as described previ-
ously (12) to an absorbance at 270 nm of 2.0. Proto-
plasts were produced from 1 liter of cells by using
crude f8-glucuronidase from Helix pomatia (Sigma,
Munich, West Germany). Before digestion, cells were
pretreated with 0.1 M NH4HCO3 containing 50 mM
mercaptoethanol for 10 min at 30°C, washed, and
resuspended in 0.1 M phosphate buffer, pH 6.5, con-
taining 1 M (final concentration) sorbitol. ,B-Glucuron-
idase was added at approximately 450 Fishman units
per mg (dry weight) of yeast.

Protoplast release was monitored microscopically
and after 30 min at 30°C; 80 to 90% of the cells were
osmotically sensitive. These protoplasts were washed
and resuspended in a minimal volume of 0.1 M Tris-
hydrochloride (pH 7.2) containing 10 mM MgCl, and
0.6 M sorbitol. Breakage was achieved by blending in
a Vortex mixer for 1 min with glass beads (diameter,
0.17 to 0.18 mm), using a glass rod to agitate the thick
suspension. Unbroken cells and cell wall fragments
were removed by centrifugation for 10 min at 1,000 x
g.

Fractionation procedure. Before fractionation
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the protoplast homogenate was treated for 30 min at
300C in the presence of DNase and the protease
inhibitor phenylmethylsulfonyl fluoride as described
by Duran et al. (7), which improved subsequent sep-

arations. The total homogenate was then diluted and
loaded onto continous sucrose gradients (20 to 55%
[wt/wt] sucrose in 0.1 M Tris-hydrochloride, pH 7.2,
containing 10 mM MgCl2; total volume, 34 ml). The
gradients were centrifuged for 3.5 h in an SW27 rotor
at 100,000 x g (rotor temperature, 10C). For the ma-

jority of the experiments the fractionation was im-
proved by collecting the various bands, pelleting the
membranes, and rerunning them on similar sucrose
gradients (volume, 17 ml). The second ultracentrifu-
gation was for 13 h under the same conditions.
Tests of marker enzyme activity. Mg2e-adeno-

sine triphosphatase (Mg2+-ATPase; EC 3.6.1.4) was
assayed by the method ofEmmelot et al. (8). Inorganic
phosphate released during the assay was measured by
the method of Chen et al. (4). The effect of oligomycin
at 5 ,ug/ml was estimated simultaneously.

Cytochrome c oxidase (EC 1.9.3.1) was assayed by
measuring the reoxidation of cytochome c at 550 nm
(31). Reduction of cytochrome c was performed as
follows. A 11.4-mg amount cytochrome c was dissolved
in 1 ml of buffer and 60 pl of sodium dithionite (17.4
mg/ml) was added. The mixture was cooled to 00C,
and air was bubbled through until the E5o/5,0 ratio
was aproximately 10. NADPH:cytochome c oxidore-
ductase (EC 1.6.2.3) was assayed by measuring the
reduction of cytochrome c at 550 mm (18).

For all marker enzyme assays, time courses and
appropriate controls were carried out to determine
enzyme activity.
GDP-mannose-mannosyl transfer reactions.

The mannosylation of endogenous lipid and protein
acceptors was measured as described elsewhere (12).
Incorporation into dolichyl monophosphate mannose
(DolP-Man) was measured by thin-layer chromatog-
raphy of the lipid fraction in solvent system A (see
below).
The transfer of mannose to endogenous polymer

was further investigated by using ,B-elimination (0.1 M
NaOH, 24 h at 200C) of the radioactive product.
Oligomannose residues released by ,B-elimination were
chromatographed by using Whatman no. 1 paper in
solvent system B (see below). Fractions M, through
M4 were located as described previously (28) and as-

sayed for radioactivity.
Endoglucosidase H (Miles Laboratories) was used

to determine the transfer of mannose to non-fl-elimin-
able (inner core) positions. This enzyme hydrolyzes
between the two N-acetylglucosamine (GlcNAc) resi-
dues (32). Radioactively labeled polymer was resus-

pended in 60 id of0.1 M sodium citrate buffer (pH 5.0),
and 30 pl of endoglucosidase H (0.2 U/ml) was added.
After 20 h at 200C, the reaction mixture was diluted
with 0.05 M acetic acid and applied to a Sephadex G-
50 column with dextran blue, stachyose, and mannose
as indicators of molecular weight. The column was

eluted with 0.05 M acetic acid, and 1-ml fractions were
collected and assayed for radioactivity.
DolP-Man-mannosyl transfer reactions. The

transfer of ['4C]mannose from DolP-['4C]Man was

assayed by the method of Sharma et al. (28) in the
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presence of 1% (final concentration) Triton X-100.
Since under these conditions 90% of the mannose is
transferred to serine or threonine (1, 28), no further
analysis of the product was carried out.

Effect of Mg"2 ions on membrane fractiona-
tion. The effect of Mg2" ions on the distribution of
protein and enzyme activity within the various mem-
brane fractions was measured by using 0.1 M Tris-
hydrochloride (pH 7.2) containing 1 mM EDTA as the
buffer during the fractionation procedure.
UDP-GlcNAc-N-acetylglucosaminyl transfer

reactions. The transfer of ['4C]GlcNAc from UDP-
['4C]GlcNAc was measured as described previously
(14, 15). The incorporation into lipid was analyzed
further by thin-layer chromatography in solvent sys-
tem A (see below). In some experiments exogenous
dolichyl monophosphate was added.

Analytical procedures. Protein was assayed by
the method of Lowry et al. (17). Nucleic acid was
extracted by using 0.5 M perchloric acid (three times
for 30 min at 7000) and assayed by the method of
Mejbaum (20).
The following solvent systems were used for chro-

matography. Solvent A was CHCl3-methanol-water
(65:25:4, vol/vol), and solvent B was butan-l-ol-ethyl
acetate-acetic acid-water (40:30:25:40, vol/vol).

Radioactive materials. GDP-['4C]mannose and
UDP-['4C]GlcNAc were obtained from The Radi-
ochemical Centre, Amersham, England. Yeast DolP-
['4C]Man was prepared as described elsewhere (28).

RESULTS
Fractionation and identification of mem-

branes. Figure 1 shows the distribution of ma-
terial along the sucrose gradient obtained in the
presence of Mg2e ions. Six bands can be seen,
and their mean buoyant densities are given in
Table 1. This table also indicates the distribu-
tion of protein in the six bands, in both the
presence and the absence of Mg2e ions. Approx-
imately 10% (7 to 15%) of total homogenate
protein was found in these bands; the remainder
(soluble proteins) could be recovered from the
top of the gradient. In early experiments (Tables
2 and 3) a pellet was also observed; however,
treatment of the broken protoplasts with DNase
almost completely eliminated this and improved
overall separation (7).
Except for band 1, which did not enter the

gradient and probably represented denatured
proteins, all bands showed a shift in buoyant
density in response to Mg2e ions. This is analo-
gous to studies in higher plants (11, 16).

Associated with this shift was a redistribution
of protein between bands 3 and 4, which con-
tained approximately 50% of the membrane pro-
tein. In the presence of Mg2e ions (which are
known to stabilize attachment of ribosomes to
rough endoplasmic reticulum [16]), the majority
of protein was in band 4, whereas the reverse
was true in the absence of Mg2e. Nucleic acid
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FIG. 1. Positions of the various membrane bands on the continuous sucrose gradient. Drops were collected
along the gradient, and turbidity at 570nm and sucrose content were determined. One fraction was equivalent
to 40 drops. O.D.570, Optical density at 570 nm.

TABLE 1. Protein and RNA contents of the different membrane bandsa
With Mg2e Without Mg2e

Fraction Protein dis- Amt (ug) of Buoyant den- Protein dis- Amt (jug) of Buoyant den-
tri of sitrnA/g y (g/ml) tribution pron sity (g/ml)

(%) protein aiy(/n) (%) protein

Band 1 5 17 1.097 7 20 1.096
Band 2 10 12 1.130 11 15 1.122
Band 3 15 18 1.171 45 7 1.135
Band 4 34 173 1.196 12 12 1.174
Band 5 32 105 1.215 19 100 1.191
Band 6 4 6 1.229 6 8 1.216
Homogenate 115 102

a The membranes from protoplasts were obtained as described in the text; the bands from the first sucrose
gradient were rerun individually on a second gradient. Membranes were separated in the presence or absence
of Mg"2

TABLE 2. Mg2+-ATPase activity in the various
membrane bands isolated in the presence ofMg2"

Total ac- Oligomycin
Fraction Sp act (,umol/ tivity inhibitionmin per mg) (jtmol/

min)'

Band 1 0.36 ± 0.18b 0.17 0
Band 2 0.33 ± 0.07 0.10 0
Band 3 0.56 ± 0.16 0.15 11 8
Band 4 0.61 ± 0.16 0.22 5 ± 1
Band 5 1.11 ± 0.35 0.30 44 ± 10
Band6 0.15 ± 0.00 0.08 0
Homogenate 0.23 ± 0.03 NDe ND

a Total activity per band corresponds to 1 liter of
cells with an optical density at 570 nm of 2.0.

b Mean ± standard deviation (three experiments).
'ND, Not determined.

analysis showed that band 4 contained apprecia-
ble amounts of nucleic acid (likely to be RNA
since DNase treatment was incorporated in the
fractionation procedure) in the presence ofMg2e;
band 5 contained nucleic acid in the presence

TABLE 3. Cytochrome c oxidase activity in the
various membrane bands isolated in the presence of

Mg 2+
Total ac- % Dis-

Fraction Sp act (iumol/ tivity tribu-min per mg) mol/ tion
min)' to

Band 1 3.9 ± 2.4b 0.4 2
Band2 10.8 ± 2.9 1.2 5
Band 3 28.0 ± 5.1 3.6 14
Band 4 17.5 ± 4.3 4.2 17
Band 5 52.6 ± 9.5 15.3 62
Band 6 0 0 0
Homogenate 4.1 ± 1.8 133.0

a Typical experiment. Recovery of protein was 10%,
and recovery of activity was 20%.

b Mean ± standard deviation (three experiments).

and absence of Mg2+. These results suggest that
band 3 and 4 may be enriched in smooth and
rough endoplasmic reticulum, whereas band 5
may contain mitochondria.

Further evidence for this comes from studies
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with possible marker enzymes. Mg2+-ATPase
activity is shown in Table 2. Consistently high
activity was found in band 5, which was sensitive
to oligomycin. This is characteristic of mito-
chondrial ATPase. Similarly, cytochrome c oxi-
dase, another mitochondrial enzyme, had the
highest specific activity in band 5, which also
contained 60% of the membrane-associated ac-
tivity (Table 3). NADPH:cytochrome c oxido-
reductase has been reported as a microsomal
enzyme in yeasts and higher plants (11, 30). In
the presence of Mg2e, the highest specific and
total activities of this enzyme were found in
band 4 (Table 4). However, significant amounts
were also present in bands 3 and 5. In the ab-
sence of Mg2e ions, the maximum specific activ-
ity was found in band 3, which now had more
total activity than band 4. The redistribution in
response to Mg2e ions tends to confirm the evi-
dence in Table 1, namely that bands 3 and 4 are
enriched in smooth and rough endoplasmic re-
ticulum, respectively.
GDP-mannose-mannosyl transfer. The

transfer of ['4C]mannose from GDP-['4C]man-
nose to endogenous dolichyl monophosphate is
shown in Table 5. High specific activity was
found in bands 3 and 4 when membranes were

prepared in the presence of Mg2e ions and in
band 3 in the absence of Mg2e. Since a rate of
incorporation could not be measured under
these conditions, due to the rapid saturation of
the endogenous dolichol, the results represent a

measure of dolichol content rather than enzyme
activity. Table 6 shows the transfer of ['4C]man-
nose from GDP-["C]mannose to endogenous
polymer (mannan protein). When protoplasts
were fractionated in the presence of Mg2e ions,
the highest specific and total activities were

found in band 4. However, a shift of activity to
band 3 was observed when Mg2e was omitted
from the separation procedure.
The incorporation of mannose was further

investigated by using f?-elimination, which re-
leases only those residues attached to the pro-
tein via an O-glycosidic linkage (2, 21). Table 7
shows that, after fractionation in the presence of
Mg2+, band 4 had the highest specific and total
activities for the transfer to fractions Ml (first
0-linked mannose) and M2. If protoplasts were
fractionated in the absence of Mg2e, then maxi-
mum specific and total activities for the transfer
into these two positions were in band 3 (data not
shown). Less clear-cut results were obtained for
the mannose residues more distant from the

TABLE 4. NADPH:cytochrome c reductase activity in the various membrane bandse
With Mg2 Without Mg2-

Fraction Sp act (nmol/ Total activity % Distribu- Sp act (nmol/ Total activity % Distribu-
min per mg) (nmol/min) tion min per mg) (nmol/min) tion

Band 1 0 0 0 1.02 0.46 8
Band 2 1.82 1.25 15 1.75 0.66 12
Band 3 2.52 2.12 25 4.51 1.96 35
Band 4 4.02 3.26 37 3.27 0.78 14
Band 5 2.42 1.97 23 3.48 1.73 31
Band6 0 0 0 0 0 0
Homogenate 0.77 30.1 0.98 27.9

'In the presence of Mg2e the recovery of protein was 10% and the recovery of activity was 35%. In the
absence of Mg2e these values were 7 and 20%, respectively.

TABLE 5. Distribution ofmannosyl transfer activity from GDP-mannose to endogenous dolichyl phosphate
in the various membrane bandsa

With Mg2e Without Mg2e
Fraction Sp act (cpm Total activity % . Sp act (cpm Total activity

[Xl61]115 (cpm [xlo,]/ % Distribu- [X103]/15 (cpm [X103]/ % Distribu-
min per mg) 15 min) ion min per mg) 15 min) tion

Band 1 8.4 1.83 2 4.8 1.2 3
Band 2 5.9 1.53 1 5.5 1.8 4
Band 3 21.0 6.68 16 23.5 27.4 67
Band 4 25.2 19.70 48 11.3 3.1 8
Band 5 12.9 9.39 23 10.4 5.8 14
Band 6 9.5 3.65 9 13.5 1.9 4
Homogenate 1.6 65.20 1.5 59.4

a In the presence of Mg2e the recovery of protein was 12% and the recovery of activity was 62%. In the
absence of Mg2e these values were 7 and 79%, respectively.
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TABLE 6. Mannosyl transfer activity from GDP-mannose to endogenous protein acceptor in the various
membrane bandsa

With Mg2e Without Mg2e

Fraction Sp act (cpm Total activity g D Sp act (cpm Total activity
[xlOl]/min (cpm [x103]/ tion [xlO3]/min (cpm [xlo3]/ % Diotnbu-
per mg) mg) per mg) mg)

Band 1 6.5 2.93 3 8.6 2.27 7
Band 2 7.4 9.55 9 8.6 2.75 8
Band 3 11.9 19.75 18 18.7 21.84 64
Band 4 20.0 53.0 48 9.7 2.62 8
Band 5 10.7 23.97 22 5.6 3.15 9
Band 6 6.7 1.14 1 10.7 1.49 4
Homogenate 4.7 268.80 3.3 130.7

a In the presence of Mg2e the recovery of protein was 15% and the recovery of activity was 41%. In the
absence of Mg2e these values were 7 and 26%, respectively.

TABLE 7. /3-Elimination pattern of the 14C-mannoproteins formed by the various membrane bands isolated
in the presence ofMg2+a
Sp act (cpm (xlO]/min per mg of protein)b

Fraction
Ml M2 M3 M4 Non-f?-eliminable

Band 3 0.51 ± 0.13 (14)C 1.87 ± 0.15 (17) 0.31 ± 0.08 (16) 0.09 ± 0.01 (23) 0.81 ± 0.02 (16)
Band 4 1.37 ± 0.20 (68) 3.07 ± 0.30 (53) 0.46 ± 0.02 (49) 0.14 ± 0.00 (69) 1.48 ± 0.23 (55)
Band 5 0.24 ± 0.06 (9) 1.61 ± 0.50 (20) 0.34 ± 0.13 (24) - (0) 0.54 ± 0.21 (14)
Homogenate 0.17 ± 0.01 0.35 ± 0.02 0.17 ± 0.04 0.15 ± 0.03 0.47 ± 0.18

a The recoveries of activity were 48, 70, 24, 6, and 28% for M,, M2, M3, M4, and non-fi-eliminable, respectively.
b Ml, Mannose directly linked to serine-threonine; M2, M3, M4, di-, tri-, and tetramannose oligosaccharides,

respectively.
' Mean ± standard deviation (three experiments). Numbers in parenthesis are distributions of total activity.

Bands 1, 2, and 6 showed very low activity; the percentages missing to give 100% were present in these three
bands.

protein (M3 and M4). In this case the specific
activities were only slightly higher in the endo-
plasmic reticulum bands, as compared, for ex-

ample, to that of band 5 (Table 7). The recovery

of enzyme activity was also low, particularly for
incorporation into M4, suggesting that these en-

zymes may not be so tightly membrane bound.
The transfer of mannose to inner core posi-

tions is shown in Fig. 2 and Table 8. A peak of
radioactivity with a molecular weight greater
than that of stachyose was observed on treat-
ment with endoglucosidase H (Fig. 2). It is likely
that this corresponds to an inner core fragment
(10 to 12 mannose residues).
DoiP-Man-mannosyl transfer. DolP-Man

serves as an intermediate in the attachment of
the first O-glycosidic-linked mannose residue
(M1) (28). The highest specific activity for the
enzyme involved in this reaction was found in
band 4 (Table 9). This band also contained
approximately 50% of the total membrane-asso-
ciated activity.
UDP-G1cNAc-N-acetylglucosaminyl

transfer. A total of 85 to 90% of the activity for
the transfer of ['4C]GlcNAc from UDP-
['4C]GlcNAc was found in bands 3, 4, and 5;

hence, only these were studied in detail. Maxi-
mum specific activity for the transfer to endog-
enous lipid and polymer occurred in band 4,
although bands 3 and 5 were also reasonably
active (Table 10).

Transfer of [14C]GlcNAc to dolichyl pyro-
phosphate intermediates is shown in Table 11.
These reactions could only be measured in the
presence of exogenous dolichyl monophosphate.

DISCUSSION
The fractionation procedure described here

allows the separation of S. cerevisiae protoplast
homogenates into six membranous bands. In
terms of the biosynthesis of mannan protein and
its lipid-linked intermediates, bands 3 through 5
(Fig. 1) are of most interest, since they contain
over 70% of the membrane-associated activity.
Bands 1 and 2 consist of very light membrane
fragments and probably some denatured soluble
protein. Rigorous studies to identify the origin
of these bands have not been attempted in view
of the low activity. However, it may be noted
that, after only one centrifugation on a sucrose
gradient, bands 1 and 2 are contaminated with
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FIG. 2. Separation of the inner core glyco portion ofyeast mannoproteins on Sephadex G-50. 4C-manno-
proteins obtained from incubation of GDP-[ 4CJmannose with band 4 membranes before fl-elimination were

treated with endoglucosaminidase H, and the products were separated on Sephadex G-50. A control sample
not treated with the enzyme did not show a radioactive peak larger than that of stachyose, but contained the
same amount of radioactivity in the stachyose-mannose region. Fractions of 0.5 ml were collected. Sugars
were determined by the orcine-sulfuric acid method. O.D.f Optical density at 505 nm.

TABLE 8. Mannosyl transfer from GDP-mannose to
the inner core ofendogenous mannoproteins in the
various membrane bands isolated in the presence of

Mg2+a
Sp act (cpm

Fractionb [x103]/30 min % Distribution
per mg)

Band 3 4.6 10
Band 4 12.6 56
Band 5 7.5 32
Band6 2.9 2

a After ,B-elimination the residual protein-bound ra-
dioactivity was solubilized with endoglucosaminidase
H and separated on a Sephadex G-50 column (see Fig.
2).

b The radioactivity in bands 1 and 2 was negligible.

more dense material.
Band 6 has also not been identified with cer-

tainty. Comparison with the work of Fuhrman
et al. (9) and Nurminen et al. (23, 24), in terms
of buoyant density, suggests that this material
may contain plasma membrane. The activity of
band 6 and that of plasma membranes prepared
by the method of Fuhrman et al. (9) yield similar
results with regard to recovery of protein, en-
zyme activity, and fl-elimination pattern (un-
published data). Attempts to label protoplasts
by using 125I iodination or [3H]concanavalin A
were unsuccesful, probably due to the lytic
activity of the protoplasting enzyme. Although
it appears that the plasma membrane is still
capable ofmannan protein biosynthesis, the ma-
jority of the enzyme activity is bound to intra-
cellular membranes.
Bands 3, 4, and 5 have been identified as being

TABLE 9. Mannosyl transfer from DolP-[14C]Man
to endogenous protein in the various membrane

bands isolated in the presence ofMg2"'
Sp act (cpm % Distribu-

Fraction [x1O3]/min tion of total
per mg) activity

Band 1 0.40 ± 5.05b 3 1
Band2 0.46±0.10 6±2
Band 3 1.37 ± 0.20 24 6
Band 4 1.62 ± 0.07 52 4
Band 5 0.74 ± 0.25 16 4
Band 6 0.11 ± 0.01 1
Homogenate 0.18 ± 0.04

' The recovery of protein was 15 ± 3%, and the
recovery of activity was 73 ± 5%.

b Mean ± standard deviation of three experiments.

enriched in smooth and rough endoplasmic re-
ticulum and mitochondria, respectively; band 5
(buoyant densities, 1.215 and 1.191 in the pres-
ence and absence of Mg2e ions, respectively)
contains an oligomycin-sensitive Mg2e-ATPase
(Table 2), cytochrome c oxidase (Table 3),
NADH:cytochrome c oxidoreductase (unpub-
lished data) and to a certain extent NADPH:
cytochrome c oxidoreductase (Table 4). All of
these are characteristic mitochondrial enzymes.
NADPH:cytochrome c oxidoreductase has

been reported as a marker enzyme for endoplas-
mic reticulum in animal and plant cells (11). The
majority of this enzyme is located in band 4
when protoplasts are fractionated in the pres-
ence of Mg2' ions, but in band 3 in the absence
of Mg2". Associated with this shift in activity
when Mg2e ions are omitted from the fractiona-
tion procedure is a shift in protein between

J. BACTERI-OL.
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TABLE 10. Transfer of GlcNAc from UDP-["4CJGlcNAc to endogenous dolichyl phosphate and protein in
the various membrane bands isolated in the presence ofMg2+a

Endogenous lipidb Endogenous polymer'
Fraction Sp act (cpm/min Distribution Sp act (cpm/min per % Distnbution

per mg) mg)

Band 3 65.9 ± 11.7c 28.5 ± 3.0 83.6 ± 13.4 25.0 ± 1.0
Band 4 84.7 ± 14.6 47.5 ± 3.5 134.0 ± 27.6 51.5 ± 3.5
Band 5 63.9 ± 14.2 24.0 ± 0.0 93.4 ± 23.3 23.5 ± 2.5
Homogenate 11.9 ± 2.0 27.5 ± 5.5

a For this experiment the membrane bands were not centrifuged a second time, since enzyme activities were
unstable.

b For endogenous lipid the recovery of protein was 8.5 ± 0.6% and the recovery of activity was 52 ± 5%. For
endogenous polymer the recovery of activity was 35 ± 3%.

c Mean ± standard deviation of three experiments.

TABLE 11. Formation of dolichylpyrophosphate-
GkcNAc and dolichylpyrophosphate-(GkcNAc)2 from
UDP-[4CJGlcNAc in the various membrane bandsa

Dolichyl pyrophos- Dolichyl pyrophos-
phate-GlcNAc for- phate-(GlcNAc)2

mation formation
Fractionb

Sp act % Dis- Sp act % Dis-
(cpm/min tribu- (cpm/min tribu-
per mg) tion per mg) tion

Band2 24.7 2 36.2 1
Band 3 86.4 18 188.0 20
Band 4 129.0 41 310.0 50
Band 5 98.5 39 141.0 28
Homogenate 19.2 32.9

a Exogenous DolP was added as acceptor (5-zg in-
cubation). Membrane bands were tested after the first
gradient centrifugation (see also Table 10).

bIn bands 1 and 6 no activity could be detected.

bands 3 and 4 and a loss of nucleic acid from
band 4 (Table 1). As Fig. 1 shows, bands 3
through 6 run very close to each other, and a
certain amount of cross-contamination is inevi-
table. Although bands 3 and 4 are enriched in
smooth and rough endoplasmic reticulum, it
cannot be assumed even after two ultracentrif-
ugations that they are pure membrane fractions.
Nuclear membranes, by the way, which have
been reported to catalyze lipid-mediated glyco-
sylations (25), might also contribute to bands 3
and 4. Nevertheless, some important conclusions
can be drawn from the data.

Considering initially the biosynthesis of O-gly-
cosidic mannose residues, the first mannose
(fraction MO) is attached via a lipid-linked inter-
mediate (DolP-Man) (2,28). The maximum spe-
cific and total activities for the biosynthesis of
DolP-Man and M1 occur in band 4 when proto-
plasts are fractionated in the presence of Mg2"
ions (Tables 5 and 7). If Mg2" is not included in
the fractionation procedure, maximum specific
and total activities occur in band 3. The same
result was obtained for the biosynthesis of M2

(Table 7). Less clear-cut results were obtained
for the biosynthesis ofM3 and M4, and, especially
for the latter, the recovery of enzyme activity
was low, suggesting that the enzyme may not be
so tightly membrane bound.
The remaining mannose residues are attached

to the protein via a chitobiose unit, and the
biosynthesis of this N-glycosidic linkage occurs
via a lipid intermediate (14, 15, 26). The endo-
plasmic reticulum also appears to be the site of
synthesis of this component (Tables 10 and 11)
and its subsequent transfer to the protein (Table
10). Further mannosylation reactions involved
in biosynthesis of the inner core (Table 8 and
Fig. 2) also occur with maximum activity in the
endoplasmic reticulum. The synthesis of the
outer chain has not yet been studied in detail.
Of obvious interest is the relative size of the non-
f,-eliminable moiety synthesized by the endo-
plasmic reticulum as compared with that syn-
thesized by other membranes.
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