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Low expression of lipid-linked oligosaccharide due
to a functionally altered Dol-P-Man synthase
reduces protein glycosylation in cAMP-dependent
protein kinase deficient Chinese hamster ovary cells

Dipak K. Banerjee, Eira Aponte and Jaime J. DaSilva

Department of Biochemistry, School of Medicine, University of Puerto Rico, San Juan, PR 00936-5067, USA

Chinese hamster ovary cells express a wide variety of glycoproteins with Mr ranging from 15,000 to 200,000 dalton and
higher. Glycosylation of these proteins was much less in cAMP-dependent protein kinase (PKA)-deficient mutants which
expressed either (i) a defective C-subunit with altered substrate specificity and having no detectable type II kinase (mutant
10215); or (ii) an altered RI subunit and having no detectable type II kinase (mutant 10248); or (iii) exhibited the lowest
level of total kinase with no detectable type I kinase but having a small amount of type II kinase (mutant 10260). Addition
of 8Br-cAMP enhanced protein glycosylation index in wild type cells 10001 by 120% but only 7 to 23% in the mutant cells.
The rate of lipid-linked oligosaccharide (LLO) biosynthesis was linear for 1 h in all cell types, but the total amount of LLO
expressed was much less in PKA-deficient mutants. Pulse-chase experiments indicated that the t1/2 for LLO turnover was
also twice as high in PKA-deficient cells as in the wild type. Size exclusion chromatography of the mild-acid released
oligosaccharide confirmed that both wild type and the mutant cells synthesized Glc3Man9GlcNAc2-PP-Dol as the most
predominating species with no accumulation of Man5GlcNAc2-PP-Dol in the mutants. Kinetic studies exhibited a reduced
mannosylphosphodolichol synthase (DPMS) activity in mutant cells with a Km for GDP-mannose 160 to 400% higher than
that of the wild type. In addition, the kcat for DPMS was also reduced 2 to 4-fold in these mutant cells. Exogenously added
Dol-P failed to rescue the kcat for DPMS in CHO cell mutants; however, in vitro protein phosphorylation with a cAMP-
dependent protein kinase restored their kinetic activity to the level of the wild type.
Published in 2004.
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Abbreviations: PKA, cAMP-dependent protein kinase; cAMP, adenosine 3′,5′-cyclic monophosphate; CHO, Chinese ham-
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dolichol synthase; LLO, lipid-linked oligosaccharide (Glc3Man9GlcNAc2-PP-Dol); PAGE, polyacrylamide gel electrophore-
sis; ER, endoplasmic reticulum; alpha-MEM, alpha modified Eagle’s medium without riboside and deoxyriboside; DMEM,
Dulbecco’s minimal essential medium; PBS, phosphate-buffered-saline; Mr, apparent molecular weight; Me2SO, dimethyl
sulfoxide.

Introduction

It has been reported that ß-adrenoreceptor regulation of pro-
tein N-glycosylation in rat parotid acinar cells is mediated via
cAMP [1]. The increased Glc3Man9GlcNAc2-PP-Dol synthe-
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sis and its turnover following isoproterenol treatment in these
cells [2] were primarily due to the activation of key glycosyl-
transferases {i.e., mannosylphosphodolichol (Dol-P-Man) syn-
thase, glucosylphosphodolichol (Glc-P-Dol) synthase, and N-
acetylglucosaminyl 1-phosphate (GlcNAc-1P) transferase [3]}.
This increase in enzyme activity was (i) independent of exoge-
nous Dol-P levels, and (ii) observed under conditions in which
the specific activities of donor sugar nucleotides were kept con-
stant. Furthermore, activation of these enzymes was specific



480 Banerjee, Aponte and DaSilva

because measurement of NADPH-cytochrome c reductase [4],
a marker for endoplasmic reticulum (ER), indicated no differ-
ences between control and isoproterenol-treated membranes.
Since, isoproterenol, a ß-aderenergic agonist, activates cAMP-
dependent protein kinase (PKA) in these cells and other cell
types [5–7], it was hypothesized that cAMP-dependent protein
phosphorylation may be responsible for the activation of these
enzymes. Phosphorylation in vitro of ER membrane proteins of
acinar cells by PKA showed enhanced Dol-P-Man synthase ac-
tivity to the same degree as observed in the isoproterenol-treated
membranes [8,9], which supported the above hypothesis.

In this paper, we have used wild type CHO cells
and their cAMP-dependent protein kinase (PKA) defi-
cient mutants to establish that PKA is essential for up-
regulating the Dol-P-Man synthase activity and consequently
the Glc3Man9GlcNAc2-PP-Dol biosynthesis and protein N-
glycosylation in cAMP-responsive cells. Our results showing
reduced Glc3Man9GlcNAc2-PP-Dol synthesis, low Dol-P-Man
synthase activity as well as low cAMP-response to protein gly-
cosylation in PKA mutants supported the concept of a molec-
ular coupling between protein phosphorylation signaling and
modulation of protein glycosylation in eukaryotic cells.

Materials and methods

Alpha-EMEM, DMEM, Ham’s F-12 medium, glutamine, and
penicillin-streptomycin were purchased from Biofluids, Inc.,
Rockville, MD. Fetal bovine serum was a product of Hy-
Clone Laboratories, Logan, UT. 8Br-cAMP, Dol-P, AMP,
ATP (Na salt), Me2SO, catalytic subunit of cAMP-dependent
protein kinase (bovine heart), and sodium azide were sup-
plied by Sigma Chemical Co., St. Louis, MO. GDP-[U-14C]-
mannose (307 mCi/mmol; a Ci = 37 GBq), 2-[3H]mannose
(19 Ci/mmol), [U-14C]leucine (302 mCi/mmol), Amplify, and
[14C]methylated protein mixture (Mr14,300–200,000) were
obtained from Amersham Pharmacia Biotech, Newark, NJ.
Gamma-[32P]ATP (25 Ci/ mmol) was supplied by ICN. Elec-
trophoresis reagents were obtained from Bio-Rad Laboratories,
Hercules, CA. All other chemicals were of reagent quality.

Cell culture

The wild type CHO cells and their PKA-deficient mutants were
grown in alpha-EMEM [10]. During isotopic labeling, the cells
were washed with either serum-free DMEM or Ham’s F-12 and
incubated at 37◦C with either 2-[3H]mannose or U-[14C]leucine
in low-glucose or leucine-free medium for 60 min unless oth-
erwise mentioned.

Mammalian Dol-P-Man synthase

ER membrane proteins were isolated from cultured cells by dif-
ferential centrifugation [11] and kept frozen at −20◦C in mul-
tiple aliquots until needed. Enzymatic formation of Dol-P-Man
was assayed by incubating the ER membranes in 5 mM Tris-

HCl, pH 7.0 containing 12.5 mM sucrose, 5 µM EDTA, 5 mM
MnCl2, 4 mM 5′AMP, and 2.5 µM GDP-[U-14C]-mannose in
100 µl for 5 min at 37◦C, unless otherwise mentioned. Each
assay was initiated by the addition of GDP-[U-14C]mannose
and stopped at the desired time by the addition of 20 vol-
umes of chloroform-methanol (2:1, v/v). After centrifugation
at 1520 × g for 5 min at room temperature, the supernatant
fluid was removed. The chloroform-methanol extracts were
washed with 0.2 volume of 0.9% NaCl and the aqueous phase
was discarded. The organic phase was washed twice more
with chloroform-methanol-water (3:48:47, v/v/v), dried, and
assayed for the radioactivity [3]. Protein concentration in the
ER membranes was determined by Bradford Protein Assay
using bovine serum albumin as standard [12]. Phosphoryla-
tion of either membrane-bound Dol-P-Man synthase or solubi-
lized/partially purified enzyme was carried out by incubating
at 30◦C for 20 min in 10 mM Tris-HCl, pH 7.0 containing
25 mM sucrose, 10 µM EDTA, 10 mM MgCl2, 10 mM KF, 1%
Me2SO, 0.2 mM ATP, and an appropriate amount of catalytic
subunit from cAMP-dependent protein kinase in a total volume
of 50 µl [9]. In some experiments, the reactions were started by
the addition of 5 µCi of gamma-[32P]ATP. The phosphorylated
Dol-P-Man synthase was assayed for its activity by incubating
from 0 to 30 min as described, in a shaking water bath.

SDS-PAGE of [3H]mannose-labeled glycoproteins

Wild type and the PKA-deficient CHO cell mutants were la-
beled with 2-[3H]mannose (50 µCi/ml) in low-glucose media
at 37◦C for 4 h. The cells were separated, washed and lysed in
20 mM Tris-HCl, pH 8.0 containing 150 mM NaCl and 1% NP-
40 at 4◦C for 20 min. The extracts were clarified by centrifuging
at 100,000 × g for 60 min. Equal amounts of protein were sep-
arated on 7.5% SDS-polyacrylamide gels [13]. The gels were
fixed for 30 min in methanol-water-acetic acid (5:5:1, v/v/v)
and processed for autoradiography in Amplify [14].

Isolation and analysis of LLO

The lipid-linked oligosaccharide biosynthesis in wild type CHO
cells and their PKA-deficient mutants were studied by labeling
them from 30 min to 4 h at 37◦C with 2-[3H]mannose (25
µCi/ml) in 1 ml of serum-free low-glucose DMEM. At the end
of each incubation, cells were washed with PBS, pH 7.4 and the
monosaccharide-lipid was extracted with chloroform-methanol
(2:1, v/v). The pellets were subsequently washed with 0.9%
NaCl followed by deionized distilled water, and the LLOs were
extracted with chloroform-methanol-water (10:10:3, v/v/v).
The [3H]mannose-oligosaccharides were made free of Dol-PP
by mild-acid hydrolysis in 0.1 N HCl in 80% tetrahydrofu-
ran at 50◦C for 30 min [15]. Sizing of the mild-acid released
[3H]mannose-oligosaccharides was carried out over a Bio-Gel
P-4 column (54 cm × 0.9 cm). The column was washed, equi-
librated and eluted with 50 mM ammonium formate, pH 8.0
containing 0.02% NaN3.
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2-[3H]deoxy-D-glucose uptake

Wild type CHO cells and its PKA-deficient mutants were seeded
in 24 well clusters at a density of 5 × 104 cells/well in 1.5 ml of
alpha-EMEM supplemented with 5% fetal bovine serum. Just
before initiating the experiment, the media were removed by
aspiration and the cells were washed with 2 × 1 ml of standard
reaction mixture (SRM; 118 mM NaCl/4.7 mM KCl/1.2 mM
MgSO4/2.2 mM CaCl2/25 mM Hepes-NaOH/10 mM manni-
tol, pH 7.4). The cells were then incubated at 37◦C for 15 min
in the presence of 0.1 mM 2-deoxyglucose and 1.0 µCi/ml of
2-[3H]deoxyglucose in SRM [16]. At the end of the incubation,
cells were washed with PBS, pH 7.4, counted for the radioac-
tivity and the results were computed. Incubation at ice-cold
temperature served as ‘zero time’.

Results

Protein glycosylation in PKA-deficient mutants

The physiological consequences of PKA-deficiency in CHO
cells were addressed with respect to macromolecular synthe-
sis in the wild type and its three mutants following the in-
corporation of 14C-leucine and 3H-mannose into proteins and
glycoproteins, respectively. The results in Figure 1 explained
that both wild type and its mutant cells synthesized glyco-
proteins of varying molecular sizes ranging from Mr 15,000
to Mr 200,000 or larger. It also explained that the extent of
protein glycosylation was less in the mutants compared to the
wild type when equal amounts of [3H]mannose-labeled glyco-
proteins from each cell type were analyzed by a 7.5% SDS-
PAGE. The least amount of glycosylation occurred in mutant
10248 which has the altered regulatory subunit for type I (RI)
kinase.

Rate of LLO synthesis in wild type
and PKA-deficient mutants

To address the obligatory requirement of cAMP-dependent
protein kinase for increased Glc3Man9-GlcNAc2-PP-Dol syn-
thesis during ß-adrenoreceptor activation, we have exam-
ined the synthesis of [3H]mannosylated oligosaccharide-PP-
Dol in wild type and its PKA-deficient cells. As shown in
Figure 2, mannosylated-oligosaccharide-PP-Dol biosynthe-
sis in wild type cells was linear for 1 h. The PKA-
deficient mutants followed a similar kinetic although the
amounts of [3H]mannosylated-oligosaccharide-PP-Dol synthe-
sized in these mutants were much less than in the wild type
cells. To examine it critically, the LLO synthesis was sub-
mitted to a pulse-chase protocol. The results in Figure 3
showed that the LLO in wild type cells turned over (t1/2 =
15 min) at least twice as fast as in the PKA-deficient mu-
tant 10248 (t1/2 = 30 min). Analysis of the mild-acid re-
leased [3H]mannosylated-oligosaccharides by size exclusion
chromatography on a Bio-Gel P-4 column (54 cm × 0.9 cm)
indicated that both wild type and mutant cells synthesized

Figure 1. SDS-PAGE of [3H]Man-glycoproteins from the wild
type and PKA-deficient CHO cells. The cells were seeded at a
density of 2 × 106 cells per 75 cm2 flask. At 90% confluency
the cells were washed with 2 ml of low-glucose medium and la-
beled with 2-[3H]mannose 50 µCi/ml/flask; Sp. Act.18.5 Ci/mol)
for 4 h. At the end of the incubation, the media were removed;
the cells were washed with PBS, pH 7.4 and pelleted. 500 µg
of protein from each cell type was processed by 7.5% SDS-
polyacrylamide (16 cm × 16 cm) slab gel electrophoresis ac-
cording to Laemmli’s procedure [17], followed by autoradiogra-
phy. Lane 1 = wild type 10001; lane 2 = mutant 10215; lane
3 = mutant 10248; lane 4 = mutant 10260. The migration of
[14C]methylated protein standard myosine (Mr 200,000), phos-
phorylase b (Mr 97,400), bovine serum albumin (Mr 69,000),
ovalbumin (Mr 46,000), carbonic anhydrase (Mr 30,000), and
lysozyme (Mr 14,300) are shown at the far left.

oligosaccharide-PP-Dol of similar sizes (Figure 4a). In all cases
Glc3Man9GlcNAc2-PP-Dol was found to be the most predom-
inating species; however, a small peak for Man9GlcNAc2-
PP-Dol was also observed. It needs to be emphasized here
that there was no accumulation of Man5GlcNAc2-PP-Dol
in PKA-deficient mutants. Treatment of [3H]mannosylated-
oligosaccharide with α-mannosidase digested all mannose-
labeled oligosaccharides except the Glc3Man9GlcNAc2 species
(Figure 4b).
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Figure 2. Time-course of [3H]Man-oligosaccharide-PP-Dol
biosynthesis in CHO cells. CHO cells (1 × 106) were seeded
into 60 mm dishes. At 90% confluence, the cells were labeled
with 25 µCi/ml of 2-[3H]mannose (Sp. Act. 18.5 Ci/mol) from
30 min to 4 h. The oligosaccharide-PP-Dol was extracted and
counted in a liquid scintillation spectrometer. ◦—◦, wild type
10001; •—•, PKA mutant 10215; �—�, PKA mutant 10248;
�—�, PKA mutant 10260.

Figure 3. Turnover of [3H]Man-oligosaccharide-PP-Dol in CHO
Cells. CHO cells (3 × 106) were seeded into 60 mm dishes. At
90% confluence, the cells were labeled with 25 µCi/ml of 2-
[3H]-mannose (Sp. Act. 18.5 Ci/ml) for 1 h at 37◦C. The cells
were washed with low-glucose DMEM (2 × 1 ml) and incu-
bated with 1 ml of low-glucose DMEM containing 20 mM man-
nose and chased for 0,5,15,30 and 60 min at 37◦C. [3H]Man-
oligosaccharide-PP-Dol was isolated as described in materials
and methods and counted in a liquid scintillation spectrometer.
◦—◦, wild type 10001; •—•, PKA mutant 10248.

(a) (b)

Figure 4. Bio-Gel P-4 column chromatography of [3H]Man-
oligosaccharide-PP-Dol before and after digestion with α-
mannosidase. Wild type and PKA-deficient CHO cell mutants
(1 × 106) were seeded in 100 mm dishes. At 90% confluency
the cells were labeled with 75 µCi/ml of 2-[3H]mannose (Sp. Act.
18.5 Ci/mol) in serum-free, low-glucose DMEM for 1 h at 37◦C.
The oligosaccharide-PP-Dol was extracted and made free from
the lipid backbone. (a) Mild-acid released oligosaccharide were
applied to a Bio-Gel P-4 column (54 cm × 0.9 cm). The column
was equilibrated and washed with 50 mM ammonium formate,
pH 8.0 containing 0.02% sodium azide. 0.5 ml fractions were col-
lected at a flow rate of 6 ml/h and monitored by measuring the
radioactivity in a scintillation spectrometer. (b) The oligosaccha-
rides were digested with α-mannosidase at 37◦C for 24 h over a
drop of toluene and applied to the Bio-Gel P-4 column as men-
tioned in (a). A = wild type 10001; B = mutant 10215; C = mutant
10248; vo = blue dextran; vi = mannose/N-acetylglucosamine;
G2 = GlcNAc2; G7 = Man5GlcNAc2; G11 = Man9GlcNAc2; G14

= Glc3Man9GlcNAc2.
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Table 1. 2-deoxy-D-glucose uptake in wild type and PKA-
deficient Chinese hamster ovary cells

nmol/mg Protein

Cell type Control 8Br-cAMP (2 mM)

Wild type 10001 2.76 ± 0.20 3.01 ± 0.02
Mutant 10215 3.59 ± 0.27 3.25 ± 0.23
Mutant 10248 3.77 ± 0.14 4.03 ± 0.19
Mutant 10260 ND ND

The cells were cultured in 24 well clusters. At 90% confluency, the
media were removed and the cells were washed with 2 x 1 ml of
standard reaction mixture (SRM; 118 mM NaCl/4.4 mM KCl/1.2 mM
Mg2SO4/2.2 mM CaCl2/25 mM Hepes-NaOH/10 mM mannitol, pH 7.4).
The cells were incubated at 37◦C for 15 min in the presence of 0.1 mM
2-deoxyglucose and 1.0 µCi/ml of 2-deoxy-[2,5-3H]-D-glucose (Sp. Act.
35Ci/mmol) in 500 µl of SRM. The experimental group received 2 mM
8Br-cAMP. Following incubation, the cells were washed 3 × 1 ml with
PBS, pH 7.4. 500 µl of PBS was added to each well and the radioac-
tivity was counted. Incubation at ice-cold temperature served as ‘zero
time’. The results are the mean ± SEM from three experiments. ND =
not determined.

Transport of 2-deoxy-D-glucose in wild type
and PKA-deficient cells

In order to eliminate the possibility that the reduced level
of [3H]mannosylated-oligosaccharide-PP-Dol in these somatic
cell mutants was not due to a decreased availability of sug-
ars, transport of a non-metabolizable sugar, 2-[3H]-deoxy-D-
glucose into these cells was studied. A direct assessment of
2-[3H]deoxy-D-glucose uptake in mutants 10215 and 10248
indicated that the sugar transport was not reduced in the mutant
cells but elevated by 30 to 36% compared to that of the wild
type cells (Table 1). Furthermore, 2 mM 8Br-cAMP did not
affect the movement of 2-deoxy-D-glucose across their plasma
membranes.

Activity of Dol-P-Man synthase in wild type
and in PKA-deficient CHO cell mutants

Absence of Man5GlcNAc2-PP-Dol accumulation and reduction
of a total oligosaccharide-PP-Dol in mutants suggested an al-

Table 2. Kinetic constants for Dol-P-Man synthase in wild type and PKA-deficient Chinese hamster ovary cells

Km (µM) Vmax (pmol/mg protein/min)

Cell type −Dol-P +Dol-P −Dol-P +Dol-P

Wild type 10001 0.18 0.32 4.4 (r = 0.99) 5.3 (r = 0.99)
Mutant 10215 0.29 0.45 8.9 (r = 0.99) 8.9 (r = 0.99)
Mutant 10248 0.76 0.93 16.0 (r = 0.96) 17.1 (r = 0.99)
Mutant 10260 0.82 0.48 12.4 (r = 0.99) 11.1 (r = 0.99)

ER membranes (21.25–25.00 µg protein) from each cell type was incubated for 1 min at 37◦C in 5 mM Tris-HCl, pH 7.0 buffer containing 12.5 mM
sucrose, 5 µM EDTA, 5 mM MnCl2, 4 mM 5′AMP, 0.5% Me2SO, and 0.0–1.0 µM GDP-[U-14C]-mannose (Sp. Act. 323 cpm/pmol) in a total volume
of 100 µl in the presence and absence of 50 µg dolichyl monophosphate. Reactions were stopped and the mannolipid was extracted. The results
are the mean from two separate experiments.

tered Dol-P-Man synthase activity. To address it Dol-P-Man
synthase activity was examined directly. The results showed
that Dol-P-Man synthase in mutant cells was less active than
that of the wild type cells. Kinetic measurements at saturat-
ing concentrations of GDP-mannose demonstrated that the Km

for GDP-mannose was increased by approximately 400% in
mutants 10248 and 10260, and 160% in mutant 10215 over
the wild type cells 10001 (Table 2). kcat for DPMS in PKA-
deficient mutants was reduced significantly (i.e., 2 to 4-fold)
whereas the catalytic efficiency (kcat/Km) was reduced by only
10 to 30%. Comparable results were obtained in the presence of
exogenously added Dol-P (Table 3). If protein phosphorylation
regulates DPMS activity in situ then the defects in these CHO
cell mutants can be corrected by exogenous protein kinase. In
fact, in vitro phosphorylation of the ER membrane protein from
the mutants 10248 and 10260 restored the Dol-P-Man synthase
activity to the level of the wild type enzyme (Table 4).

Discussion

A variety of CHO cell mutants (10215/10248/10260) defective
in cAMP-dependent protein kinase have been used to eluci-
date the role of PKA in regulating protein glycosylation and
more importantly, the Dol-P-Man synthase activity during ß-
adrenoreceptor stimulation. The wild type CHO cell line 10001
is a derivative of the CHO Pro− [17] cell line. The cAMP-
resistant mutant CHO cell lines 10215, 10248, and 10260 were
generated from wild type CHO line 10001 and have three
classes of defects in cAMP-dependent protein kinase [18–20]:
(i) mutant 10215 has a defective C-subunit with altered sub-
strate specificity and does not express any detectable type II
kinase [18]; (ii) mutant 10248 has an altered R-subunit for type
I kinase which binds cAMP poorly and also has no detectable
type II kinase [21]; and (iii) mutant 10260 has the lowest level
of total kinase activity with no detectable type I kinase, but does
have a small amount of type II kinase [20]. In addition, mutant
10260 has a reduced amount of C-subunit (approximately 10%
of wild type) [22]. Mutants 10215 and 10248 are also defective
in phosphorylation of a 50 kDa cellular substrate [23], whereas
mutant 10260 appears able to phosphorylate this substrate.
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Table 3. Turnover number (kcat) and catalytic efficiency
(kcat/Km) of Dol-P-Man synthase from the wild type and PKA-
deficient Chinese hamster ovary cells

kcat (s−1) kcat/Km (M−1s−1)

Cell type −Dol-P +Dol-P −Dol-P +Dol-P

Wild type 10001 2.3 × 10−6 2.9 × 10−6 12.8 9.1
Mutant 10215 4.9 × 10−6 4.9 × 10−6 16.9 10.9
Mutant 10248 8.9 × 10−6 9.5 × 10−6 11.7 10.2
Mutant 10260 6.9 × 10−6 6.3 × 10−6 8.4 13.1

kcat values were calculated using the Km values from Table 2. The
calculation was based on the molecular weight of Dol-P-Man synthase
as 32,000 dalton.

Table 4. Dol-P-Man synthase activity in wild type and PKA-
deficient Chinese hamster ovary cells after in vitro protein
phosphorylation

Dol-P-Man (pmol/mg protein/min)

Cell type −Phosphorylation +Phosphorylation

Wild type 10001 7.4 7.9
Mutant 10248 5.6 6.8
Mutant 10260 5.7 7.7

ER membranes (30 µg protein) from each cell type were phosphory-
lated by incubating at 30◦C for 20 min in a buffer containing 10 mM
Tris-HCl, pH 7.0, 25 mM sucrose, 10 µM EDTA, 10 mM MgCl2, 10 mM
KF, 1% Me2SO, 0.2 mM ATP, and 12.5 units of catalytic subunit of
cAMP-dependent protein kinase in a total volume of 50 µl. Incubations
containing no catalytic subunit served as controls. The phosphorylated
membranes were then incubated with 2.5 µM GDP-[U-14C]mannose
(Sp. Act. 318 cpm/pmol) in a total volume of 100 µl for 5 min at 37◦C,
and the mannolipd was extracted as described in Materials and meth-
ods. The results are average from two experiments.

Our results suggest that glycosylation in PKA-deficient mu-
tants is not due to impaired protein synthesis, because 14C-
leucine incorporation per milligram of protein was 291% higher
in mutant 10215, 117% higher in mutant 10248 and 230%
higher in mutant 10260 as compared to the wild type cells.
The protein glycosylation index (a ratio of 3H-mannose to
14C-leucine incorporation into glycoproteins) [24] in wild type
CHO cells was increased by 120% in the presence of 2 mM
8Br-cAMP, whereas it was only increased by 23% and 20%
in mutants 10248 and 10260, respectively. Absence of sig-
nificant differences in 14C-leucine incorporation into cellular
proteins between the wild type and the PKA-deficient mu-
tants in the presence or absence of 8Br-cAMP supported the
idea that increased glycosylation by the cAMP-pathway re-
quires active participation from the cAMP-dependent protein
kinase.

Reduced [3H]mannosylated-oligosaccharide-PP-Dol bio-
synthesis in mutants was also a consequence of PKA deficiency.
An observed decrease in [3H]mannosylated-oligosaccharide-
PP-Dol level after 1 h of incubation in wild type cells is due to

its high turnover. Size exclusion chromatography of the mild-
acid released mannose-labeled oligosaccharide on Bio-Gel P-4
registered no abnormality in the oligosaccharide profiles. The
glycan structure of the mannosylated-oligosaccharide species
eluted at the void volume (Vo) is currently unknown, but we
can conclude that it contained oligomannosyl residues because
of its sensitivity to α-mannosidase digestion. The mild-acid re-
leased [3H]mannosylated-oligosaccharides from the wild type
and its various mutants when analyzed on a Concanavalin A-
Sepharose affinity column, the profile matched that of the Bio-
Gel P-4 column, (data not shown).

In the synthesis of Glc3Man9GlcNAc2-PP-Dol,
Man9GlcNAc2-PP-Dol is an essential intermediate [25].
Conversion of Man5GlcNAc2-PP-Dol to Man9GlcNAc2-PP-
Dol requires a steady supply of Dol-P-Man, a product of the
reaction GDP-mannose + Dol-P ⇔ Dol-P-Man catalyzed
by DPMS in the rough endoplasmic reticulum [15,26]. In
the present study neither an accumulation of Man5GlcNAc2-
PP-Dol nor a reduction in 2-deoxy-D-glucose uptake was
observed in PKA-deficient mutants. We, therefore, hypoth-
esize that DPMS activity is present in these mutants but is
down-regulated. Phosphorylation in vitro rescued the DPMS
activity of the PKA-deficient cells almost to the level of the
wild type and supported the idea that protein phosphorylation
is one of the key elements regulating the synthase activity.
This observation is analogous to the increased DPMS activity
found in the rat acinar cells following ß-adrenoreceptor
stimulation [3]. It should be noted that the synthase activity
was enhanced 38% in isoproterenol-treated cells but only 33%
after in vitro phosphorylation of the ER membrane protein
[3,9]. PKA-deficient mutants 10248 and 10260 (deficiency
primarily in type I kinase) exhibited 20–40% loss in DPMS
activity as compared to the wild type cells. Increased Km for
GDP-mannose and decreased kcat for DPMS in mutant cells
suggested that the observed difference in mutant cells is due
to a deficiency intrinsic to the synthase. Observed marginal
changes in the catalytic efficiency of the enzyme from mutant
cells suggested a compensatory mechanism in these mutants,
since PKA deficiency is not lethal in the absence of cAMP [10].
It is then concluded that reduced DPMS activity may not be
lethal for the PKA-deficient cells, but it may contribute to other
metabolic consequences such as growth and differentiation
[27–29] as well as the development of Congenital Defect in
Glycoprotein Syndrome (CDG) [30]. Dpm1 gene has now
been cloned from a number of species such as Saccharomyces
cerevisiae, Trypanosoma brucei, Ustilago maydis, Schizosac-
charomyces pombe, Caenorhabditis briggsiae as well as from
human [31–34]. Most striking is that all Dol-P-Man synthases
have a serine residue in the position corresponding to Ser141
in the S. cerevisiae. Serine-141, and the conserved residues
at the NH2-terminus meet the criteria for a consensus site for
phosphorylation by cAMP-dependent protein kinase [35,36].
Further studies are therefore warranted to establish the role of
the phosphorylation motif on DPMS structure-function.
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