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Abstract Oligosaccharyl phosphates (OSPs) are hydrolyzed
from oligosaccharide-diphosphodolichol (DLO) during pro-
tein N-glycosylation by an uncharacterized process. An OSP-
generating activity has been reported in vitro, and here we
asked if its biochemical characteristics are compatible with a
role in endoplasmic retlculum (ER)-situated DLO regulation.
We demonstrate a Co’ “-dependent DLO diphosphatase
(DLODP) activity that splits DLO into dolichyl phosphate
and OSP. DLODP has a pH optimum of 5.5 and is inhibited
b;r vanadate but not by NaF Polyprenyl diphosphates inhibit
[TH]OSP release from [ H]DLO the length of their alkyl
chains correlating positively with inhibition potency. The di-
phosphodiester GlcNAcg-PP -solanesol is hydrolyzed to yield
GlcNAc,-P and inhibits ["H]OSP release from [ H]DLO more
effectively than the diphosphomonoester solanesyl diphos-
phate. During subcellular fractionation of liver homoge-
nates, DLODP codistributes with microsomal markers, and
density gradient centrifugation revealed that the distribution
of DLODP is closer to that of Golgi apparatus-situated UDP-
galactose glycoprotein galactosyltransferase than those of
dolichyl-P-dependent glycosyltransferases required for DLO
biosynthesis in the ER. Therefore, a DLODP activity showing
selectivity toward lipophilic diphosphodiesters such as DLO,
and possessing properties distinct from other lipid phos-
phatases, is identified.Hll Separate subcellular locations for
DLODP action and DLO biosynthesis may be required to
prevent uncontrolled DLO destruction.—Massarweh, A., M.
Bosco, S. Iatmanen-Harbi, C. Tessier, N. Auberger, P. Busca,
I. Chantret, C. Gravier-Pelletier, and S. E. H. Moore. Dem-
onstration of a DLO diphosphatase activity whose subcellular
localization is different than those of dolichyl-phosphate-
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Protein N-glycosylation is essential for embryonic devel-
opment (1), and children born with deficits in this metabolic
pathway often have severe multisystemic diseases called
congenital disorders of glycosylation (CDG) (2). Nglycosyl-
ation begins by transfer of the oligosaccharide, GlcsMan-
9GIcNAcy, from oligosaccharide-diphosphodolichol (DLO;
GlcgMangGlcNAco-PP-dolichol) onto nascent polypeptides in
the endoplasmic reticulum (ER) by oligosaccharyltransfer-
ase (OST) (3). Dolichyl diphosphate (DolPP), the by-product
of OST-mediated protein glycosylation, is recycled to yield
dolichyl phosphate (DolP) (4), which is required for the
synthesis of GlcNAc-PP-dolichol, dolichyl-P-Man, and doli-
chyl-P-Glc (5). The former molecule is elongated to yield
GlcsMangGlcNAco-PP-dolichol by UDP-GIcNAc-, GDP-Man-,

Abbreviations: ALP, alkaline phosphatase; CNX, calnexin; Cst, cas-
tanospermine; DGPP, diacylglycerol diphosphate; DLO, oligosaccharide-
diphosphodolichol; DLODP, DLO diphosphatase; DolP, dolichyl
phosphate; DolPP, dolichyl diphosphate; DPMS, dolichyl-P-mannose syn-
thase; DPAGT, UDP-GIcNAc-DolP-GlcNAc 1-P phosphotransferase; DPGS,
dolichyl-P-glucose synthase; endo H, endo-B-Nacetylglucosaminidase H;
ER, endoplasmic reticulum; GA, Golgi apparatus; GlcNAc, Nacetylglucos-
amine; Kif, kifunensin; LPA, lysophosphatidic acid; NCCR, NADPH cyto-
chrome ¢ reductase; nfOS, neutral free oligosaccharide; nfOS/S, nfOS
plus other neutral sugar; OSP, oligosaccharyl phosphate; OSPP, oligosac-
charyl diphosphate; OST, oligosaccharyltransferase; PA, phosphatidic
acid; PDI, protein disulphide isomerase; QAE, quaternary aminoethyl; Sw,
swainsonine; UGT, UDP-galactose glycoprotein galactosyltransferase.
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dolichyl-P-Man- and dolichyl-P-Glc-requiring glycosyltrans-
ferases. These ER-situated reactions constitute the dolichol
cycle and are controlled at many levels including feedback
inhibition (6) and DLO deglucosylation and hydrolysis (7).
Neutral free oligosaccharides (nfOSs) can be hydrolyzed
from mature DLO by OST (7, 8), and oligosaccharyl phos-
phates (OSPs) derived from DLO have been shown to oc-
cur at low levels in mammalian tissues and cultured cells.
OSPs with truncated oligosaccharide structures occur at el-
evated levels when the corresponding truncated DLOs ac-
cumulate in cells with defects in the dolichol cycle, including
those from CDG patients, and glucose-starved cells (9-13).
Attempts to understand the significance of OSP generation
have been hampered because enzymes responsible for this
process have not been characterized at the biochemical or
molecular levels. Membrane preparations of yeast and mam-
malian origins have been reported to contain Ca*- and
Mn*"activated enzymes, respectively, capable of liberating
OSP from DLO. Although these activities have been called
pyrophosphatases [International Union of Biochemistry and
Molecular Biology (IUBMB) nomenclature: oligosaccharide-
diphosphodolichol diphosphatase (DLODP), EC 3.6.1.44]
(14), a formal demonstration that this type of reaction ac-
tually occurs has yet to be presented. In fact, DLO could
be split by either a diphosphatase to yield OSP and DolP
or a phospholipase-like enzyme to yield dolichol and
an oligosaccharyl diphosphate (OSPP) intermediate that
could subsequently be rapidly dephosphorylated to yield
OSP (15). Finally, whether the biochemical profile of this
in vitro activity is compatible with a role in DLO regulation
has not been addressed.

In the present report, we describe a membrane-associated,
Co*"-activated, DLO-hydrolyzing activity whose pH optimum
is 5.5. This activity has a biochemical profile that distinguishes
it from other DolP and DolPP phosphatases and hydrolyzes
both truncated and mature DLO to yield OSP and DolP,
demonstrating for the first time DLODP activity. The selec-
tive interaction of DLODP with lipophilic diphosphodiesters
indicates that DLOs are potential physiological substrates
for this enzyme. Nevertheless, subcellular fractionation stud-
ies suggest that DLO biosynthetic reactions and DLODP
action are compartmentalized differently.

MATERIALS AND METHODS

Reagents

p-[2"H(N) Jmannose (24.7 Ci/mmol), b-[6-"H(N)]glucosamine
(25.9 Ci/mmol), guanosine 5'—diphosphate[l—SH]mannose, [5-
3H]mevanolactone (20 Ci/mmol), UDP—[6—3H]N—acetylglucosamine
(37.0 Ci/mmol), and En’hance spray were from PerkinElmer Life
Sciences (Zaventem, Belgium). Dolichyl C95[l-3H]monophosphate
(20 Ci/mmol), R9[5—3H]mevalonolact0ne (50-60 Ci/mmol), and
UDP-[]-?’H]galactose (15-30 Ci/mmol) were from BIOTREND
Chemikalien GmbH (Kéln, Germany). UDP-[U-""C]glucose (348
mCi/mmol) was from Amersham International plc. TLC plates
were from Merck (Darmstadt, Germany). Dowex resins, fucose,
2-acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-a-p-glucopyranose, endo-
B-Nacetylglucosaminidase H (endo H) from Streptomyces plicatus,
protease inhibitor cocktail, protease, Kodak X-Omat film, and
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alkaline phosphatase (ALP) were purchased from Sigma-Aldrich
SARL (St. Quentin Fallavier, France). Castanospermine (Cst),
kifunensin (Kif), and swainsonine (Sw) were from Toronto Re-
search Chemicals Inc. (Toronto, Ontario, Canada). The antibodies
used are anti-calnexin (CNX) (BD Biosciences, product number
610524) and anti-protein disulphide isomerase (PDI) (Cell Signal-
ing Technology, product number 2446). NuPage LDS sample buf-
fer was from Life Technologies (Cergy Pontoise, France). The
Luminol ECL detection system was from Millipore.

Synthesis of DLO analogs

Solanesol- and citronellol-based DLO analog syntheses were
performed according to literature procedures (16-23) and will
be described in detail in a separate study.

Cell culture

HepG2 cells and the Thy ', DPMI-deficient, mouse lymphoma
cell line (24) were from ATCC (Rockville, MD) and were culti-
vated at 37°C under an atmosphere containing 5% CO, in RPMI
1640 Glutamax' " medium containing 10% FCS and 1% penicil-
lin/streptomycin.

Metabolic radiolabeling of cells

For generation of GICS_O[SH]Mang_gGlCNACg-PP-dOliCh01, or
Glcg,OMang,g[gH]GlcNAcg-PP-dolichol, HepG2 cells were rinsed
with RPMI 1640 medium containing 0.5 mM glucose, 2 mM fu-
cose, and 2% dialyzed FCS and then incubated for 30 min in the
same medium containing either 100 pCi/ml [2-3H]mannose or
100 pCi/ml [6—3H] glucosamine, respectively. For Glcg,o[?’H]Man-
5GlcNAcy-PP-dolichol: 8 x 10 Th)f1 cells were harvested and then
rinsed with glucose-free RPMI 1640 medium containing 0.5 mM
glucose, 2.0 mM fucose, and 2% dialyzed FCS and then incubated
in 1 ml of the same medium containing 100 pCi [2-’H]mannose
for 30 min. Gles (Mang gGleNAcyPP-[’H]dolichol was generated by
cultivating HepG2 cells in normal growth medium containing
10 pM mevinolin and 100 pCi/ml [5-"H]mevanolactone for 47 h.

Recovery of DLO from radiolabeled cells

These methods are based on previously described procedures
(25-27). Washed cells were suspended in 4 ml of methanol/100 mM
Tris HCI (pH 7.4) containing 4 mM MgCly, 2:1. Four milliliters of
CHCI; was added, and the mixture shaken. After centrifuga-
tion, DLO was recovered from the lower CHCI; phase from the
CHCI;/methanol/water 10:10:3 extracts of the interphase pro-
teins. These DLO preparations were kept at —20°C until required.
Where indicated, oligosaccharides were released from DLO af-
ter mild acid hydrolysis with 0.02 N HCI for 30 min at 100°C.

Preparation of total cell membranes

Seventy percent to 100% confluent HepG2 cell monolayers
were rinsed and scraped into PBS. Pelleted cells were taken up in
10 mM Tris/HCl pH 7.4 containing protease inhibitors. After
20 min, cells were homogenized in the same buffer using a Dounce
homogenizer, and postnuclear supernatants were then centri-
fuged at 100,000 g, for 35 min. The pellets were taken up in
100 mM Tris/HCI pH 7.4 containing protease inhibitors, aliquoted,
and frozen at —80°C.

Differential centrifugation of mouse liver homogenates

Livers from fasted C57BL6] mice were homogenized and
fractionated according to a protocol devised for rat liver (28).
The mice were euthanized by cervical dislocation in accordance
with the Debré-Bichat Ethics Committee on Animal Experimen-
tation Protocol Number 2012-15/773-0091 and in accordance
with French law on the protection of animals. Livers were removed,



weighed, and transferred to ice-cold homogenization buffer
(HB: 10 mM HEPES/NaOH pH 7.4 containing 250 mM sucrose,
1 mM EDTA, and protease inhibitors). The livers were cut into
small pieces, rinsed with HB, and homogenized with 10 strokes in
a Potter-Elvehjem homogenizer (800 rpm) with 4 vol of HB. In
some experiments, a loose-fitting Dounce apparatus was used to
homogenize the tissue. Homogenates were centrifuged at 750 gy,
for 5 min, 2,500 gy, for 10 min, 12,500 gy, for 10 min, and 100,000
gy, for 45 min to give P1, P2, P3, and P4, respectively, and a final
supernatant (S). Pellets and supernatant were aliquoted and fro-
zen at —80°C.

Optiprep density gradient fractionation of mouse liver
microsomes

Mouse liver P4 was prepared as described above with excep-
tion that EDTA was omitted from the HB. Optiprep solutions
were diluted into 10 mM HEPES/NaOH pH 7.40, containing
250 mM sucrose. Mouse liver P4 was centrifuged at 350,000 gy,
for 90 min on the Optiprep gradient described in (29) using a
Beckman VTi 65.2 rotor.

Enzyme assays

Protein and enzymes were detected using the following methods:
protein BCA reagent (30), lactate dehydrogenase (31), citrate
synthase (32), phosphodiesterase I (33), acid phosphatase (34),
UDP-galactose glycoprotein galactosyltransferase (UGT) (35),
dolichyl-P-mannose synthase (DPMS) (86), dolichyl-P-glucose syn-
thase (DPGS) (37), NADPH cytochrome c reductase (NCCR) (38).
UDP-GlcNAc-DolP-GlcNAc 1-P phosphotransferase (DPAGT) (39).

Western-blot analysis

Samples prepared from density gradient fractions were di-
luted to the same protein concentration, heated with NuPAGE
LDS sample buffer under reducing conditions according to the
manufacturer’s instructions, and subjected to SDS-PAGE; the pri-
mary antibodies were detected using horseradish-peroxidase-
coupled secondary antibodies.

Standard DLODP assay

Metabolically radiolabeled DLO (3 x 10" to 50 x 10" cpm) was
dried down into 1.5 ml centrifuge tubes before being resuspended
in 5 pl 1% NP-40. Further components were added to give final
50 pl reaction mixtures containing 100 mM MES, pH 5.5, 1 mM
CoCly, 0.1% NP-40, and various quantities of membrane protein
that are indicated in the figure legends. Incubations were carried
out at 37°C for various times, as indicated in the figure legends,
and stopped by the addition of 150 pl ice-cold 10 mM MgCl,, 400 pl
ice-cold methanol and 600 pl CHCI; (25). After vigorous shak-
ing, the phases were separated as described above, and after re-
moval of organic solvent, the radioactivity associated with the
CHC Iy phase was assayed by scintillation counting (cpm DLO).
The upper phase was dried down under vacuum and loaded onto
coupled 500 pl Dowex 50WX2 (H' form) and Dowex 1 x 2 (acetate
form) ion-exchange columns in water. The eluate and water
washes containing neutral radioactive components were dried un-
der vacuum and assayed by scintillation counting. The Dowex 1 x
2 (acetate form) columns were eluted with 5 ml 3.0 M formic acid,
and after drying under vacuum, negatively charged components
were assayed by scintillation counting (cpm formic acid). DLODP
activity is defined as cpm formic acid/(cpm DLO + cpm formic
acid). Percent inhibition of DLODP activity is defined as 100 —
(100 x DLODP activity,i,pipiior/ DLODP activity nor) -

Analytical procedures

Where indicated, after desalting on Biogel P2 columns, charged
oligosaccharides were fractionated on quaternary aminoethyl

(QAE)-Sephadex columns (40) as previously described (11).
DLOs were chromatographed on 4 ml DE-52 cellulose (acetate
form) columns (41) and eluted with 6 vol of CHCly/methanol/
water (10:10:3), 6 vol of CHCly/methanol/5 mM ammonium ac-
etate (10:10:3), and finally, 6 vol of CHCl;/methanol/100 mM
ammonium acetate (10:10:3). Neutral oligosaccharides were sep-
arated on silica-coated plastic sheets (0.2 mm thickness) devel-
oped in n-propanol-acetic acid-water (3:3:2) for 16-24 h (TLC
system 1) (41). Dolichol and DolP were resolved on prerun silica-
coated aluminum sheets (0.2 mm thickness) developed in CHCl;/
methanol/NH,OH (65:35:5) for 1 h (TLC system 2). DLOs were
separated on prerun silica-coated aluminum sheets (0.2 mm
thickness) in CHCl;/methanol/water (10:10:3) for 5 h (TLC sys-
tem 3) (42). Mono-, di-, tri-, and tetra-saccharides were separated on
cellulose-coated plastic sheets developed in pyridine-ethyl acetate-
water-acetic acid (5:5:3:1) for 16 h (TLC system 4). Radioactive
components were detected on X-OMAT AR ﬁlrn by fluorography
after spraying the dried TLC plates with En’ *hance and were
quantitated by scintillation counting after their elution with wa-
ter from the silica. Compounds containing terminal nonreducmg
GlcNAc re51dues were quantitated by transferring [ H] galactose
from UDP-[* H]galactose using bovine milk galactosyltransferase
as previously described (43).

RESULTS

Detergent, ion, and pH requirements for OSP generation
by total HepG2 membranes

Cells from various mammalian sources contain a deter-
gent- and Mn%-requiring activity that generates OSP from
DLO (12, 26, 44, 45). In preliminary experiments, we con-
firmed the presence of this activity in human hepatocellular
carcinoma HepG2 cell total membrane preparations. In in-
cubation mixtures containing 100 mM Tris HCI, pH 7.5,
0.5% w/v Triton X-100, and 1 mM MnCl, this activity hy-
drolyzes both truncated (Man;GlcNAcy-PP-dolichol) and
mature (Glc, 4,[2-3H]MangGlcNACQ—PP—dolichol) DLO (A.
Massarweh and S.E.H. Moore, unpublished observations).
DLO hydrolysis conditions were reevaluated because DLO
hydrolysis required large amounts of protein and long
incubation times. To do this, HepG2 membranes were
incubated with Glcg_o[2—3H]MangGlcNACQ-PP-dolichol in a
reaction mixture containing 100 mM Tris HCI, pH 7.5,
0.5% w\v Triton X-100 and various cations at a final concen-
tration of 10 mM. After stopping the reactions, solvent ex-
tractions were performed and radioactivity associated with
DLO, protein, OSP, and nfOS plus other neutral sugar
(nfOS/S) was quantitated (see Fig. 1A for workup scheme)
When reaction mixtures are supplemented with Co** s Mn2+,
or Ni*" , DLO is lost with a concomitant increase in OSP
(Fig. lB) To Optllee detergent and pH conditions for
OSP generation, Co™ was used to promote DLO cleavage.
OSP generation requires detergent, and the three neutral
detergent preparations Triton X-100, NP-40, and IGEPAL
have similar capacities to promote this process (Fig. 1C).
Further studies were carried out using 0.1% NP-40. The re-
action has a pH optimum of 5.5 and is more efficient in
HEPES, MOPS, and MES buffers than in Tris, pyridine, or
propionate buffers (Fig. 1D). Finally, the divalent cation re-
quirement for the reaction was reevaluated in the presence

DLO diphosphatase 1031
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Fig. 1. Optimization of incubation conditions for release of OSP

from DLO by HepG2 membranes. A: Assay workup. The 50 pl reac-
tions were stopped by the addition of 150 pl 10 mM MgCly, 400 pl
methanol, and 600 wl CHCI;. After shaking, the different phases
were separated and dried down under vacuum. DLOs were recov-
ered from the lower CHCI; phase and directly assayed by scintilla-
tion counting. The interphase material containing precipitated
protein was solubilized with pronase and assayed by scintillation
counting (Protein). The upper methanol-water phase was desalted
on Dowex 50WX2/Dowex 1 x 2 ion-exchange columns. Neutral
components comprising nfOS and monosaccharides (nfOS/S)
were dried under vacuum and assayed by scintillation counting.
The 3M formic acid eluates of the Dowex 1 x 2 columns were dried
down under vacuum and assayed by scintillation counting (OSP).

B: Glcg,[’ H]MangGlcNACQ-PP dolichol was incubated with 107 pug
HepG2 cell membrane protein in the presence of 0.5% w/v Triton
X-100, 10 mM of the indicated cations or EDTA, and 100 mM Tris/
HCI pH 7.5 for 4 h at 37°C, and radioactivity in the fractlons (de-
fined in A) was assayed by scintillation counting. C: Glcg [ H]Man—
9GlcNAcy-PP-dolichol was dried down into tubes and suspended in
different quantities of detergents to give the final concentrations
indicated. Incubations were conducted in the presence of 43 pg
HepG2 cell membranes protein, 1 mM CoCly, and 100 mM Tris/
HCI buffer, pH 7.5, for 2 h at 37°C. Fractions were worked up as in
A, and the radioactivity associated with OSP was assayed by scmtll—
lation counting. D: In several different experiments, Glcw[ "H]
ManyGlcNAcy-PP-dolichol was incubated for 45 min at 37°C with
18 pg HepG2 cell membranes in the presence of 0.1% w/v NP-40,
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of 0.1% NP-40 and 100 mM MES buffer at both pH 5 5 and
pH 7.5 (Fig. 1E). When the concentrations of Co” and
an were varied at pH 5.5, it was noted that even 10 mM
Mn>* possessed httle capacity to provoke OSP generation,
whereas 1 mM Co®* was sufficient to elicit max1rnal activity.
At pH 7.5, the maximal activation seen with Co®* was lower
than that noted at pH 5.5, but this cation appeared to be
able to promote DLO cleavage at lower concentrations
than at pH 5.5. As indicated in the legend to Fig. 1, the
modifications made to the incubation conditions, from
Fig. 1B to Fig. 1E, allowed reductions of both the amount
of protein required and the assay incubation time. The stan-
dard conditions for further exploration of DLO cleavage
were 0.1% NP-40, 100 mM MES, pH 5.5, and 1 mM Co™".

Characterization of DLO and OSP glycan moieties during
standard incubation conditions

As shown in Fig. 2A, a time-dependent decrease in Glcs.
o[2°H]ManyGlcNAc,-PP-dolichol is accompanied by an
increase of OSP. It was noted, though, that total recovery
of radioactivity from the different fractions was low at the
zero and early time points (Fig. QA) Experiments revealed
that this was because Glcg[2- H]MangGlcNAC o-PP-doli-
chol partitions poorly into the CHCI; phase (see Fig. 1A)
during the solvent extraction of the standard reaction mix-
tures and is lost during workup of the methanol-water phase
(Fig. 2B). Addition of the ER glucosidase 1/1I inhibitor Cst
and the ER/Golgi mannosidase I inhibitor Kif, as well as
the Golgi mannosidase II/lysosomal/cytosolic mannosidase
inhibitor Sw, to the standard incubation mixtures demon-
strate that the glycan moieties of both the released OSP
and substrate DLO are processed by glycosidases (Fig. 2C).
As the profile of released OSP generated during mannosi-
dase and glucosidase blockade is still different from that
of glycans derived from the starting DLO, it can be con-
cluded that inhibitor-insensitive glycosidases are active un-
der these incubation conditions.

Assays using the truncated Glcg_o[Q-gH]ManF)GlcNAcQ-
PP-dolichol substrate revealed that radioactivity was rap-
idly lost from DLO and concomitantly associates with both
the nfOS/S and OSP fractions (Fig. 2D). By contrast to
results reported above, the use of this truncated DLO sub-
strate led to the recovery of a constant sum of radioactivity
(Total, Fig. 2D) from the different incubations, perhaps
due to better partitioning of the smaller DLO structures
into the CHCI; phase after solvent extraction. Addition of
the mannosidase inhibitors to the incubations led to a

1 mM CoCl,, and the indicated buffers at a concentration of 100
mM. Fractions were worked up as in A, and results are presented as
the quantity of OSP recovered compared with that recovered with
the MES buffer, pH 5.5, which was used in each experlment as a
reference. Prop, propanoic acid; Pyr, pyridine. E: Glcg,[ *H]Man-
9GlcNAco-PP-dolichol was incubated with 16.6 pg HepG2 cell mem-
branes in the presence of 0.1% w/v NP-40, 100 mM MES, pH 5.5 or
pH 7.5, contalmng the indicated concentrations of Co>" or Mn**
for 25 min at 37°C. Fractions were worked up as in A, and OSPs
were quantitated by scintillation counting. Data presented in B-E
are from single experiments.
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Fig. 2. Characterization of the reaction products generated during incubation of DLO under standard
incubation conditions. A: Glcg ManygGlcNAcy-PP-dolichol was incubated with 23.3 pg HepG2 cell mem-
branes for the indicated times. Additional 40 min time point incubation mixtures were supplemented with
the glucosidase inhibitors Cst (1 mM) and deoxynojirimycin (1 mM) (G’ase inhibs) or the mannosidase in-
hibitors Kif (100 pM) and Sw (100 pM) (M’ase inhibs) as indicated. Cobalt was not added to the incubations
that were supplemented with 1 mM EDTA. After stopping the reactions and workup of samples as described
in the legend of Fig. 1A, radioactivity associated with the CHCl; phase (DLO), methanol/water-soluble neu-
tral (nfOS/S), and negatively charged (OSP) material was quantitated by scintillation counting. The three
values obtained for each time point were summed to give the total radioactivity recovered from the incuba-
tion (7otal). B: In a similar experiment, the zero and 40 min time point incubations were analyzed as de-
scribed above to yield radioactivity associated with nfOS/S, OSP, DLO, and total fractions. In duplicate
incubations, the methanol/water upper phase was dried down and loaded onto Dowex 50WX2/Dowex 1 x
2 columns after either no treatment, hydrolysis with 20 mM HCI, or digestion with ALP. Radioactivity passing
through the columns was assayed by scintillation counting, and the radioactivity found in the control sam-
ples (no treatment) was subtracted from the values found for the HCI- and ALP-treated samples to yield the
amount of radioactivity neutralized by HCI (UP/HCI) and ALP (UP/ALP). C: Substrate DLO and product
OSP recovered from the experiment described in A were hydrolyzed with 20 mM HCI, and the resulting
neutralized oligosaccharides were resolved using TLC system 1. The migration positions of GlcsMangGlcNAc,
(GsMy), GlesMangGleNAc, (GoMy), GleyMangGleNAc, (G Mg), MangGlcNAc, (My), and MangGlcNAc, (Mg)
are indicated to the left of the chromatograms. D, F: The experiment described in A and C was repeated
using Glcs gMan;GlcNAco-PP-dolichol as substrate. The migration positions of GlcgMan;GlcNAcy (G3M;),
GlesMan;GleNAc, (GoMj), MansGlecNAc, (M;), and Man,GlcNAc, (My) are indicated to the left of the
chromatograms. E: Radioactivity associated with nfOS/S fraction is expressed as a percentage of the total
radioactivity recovered in the 40 min incubations of D and F. The data shown in A-F are from single
experiments.
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Fig. 3. Inhibitor profiling of OSP generation and DolP dephos-

phorylation. A: Inhibition of Co*"elicited OSP generation by Mn**
ions was measured in the presence of different concentrations of
Co™ during 25 min incubations with 20 pg HepG2 cell membrane
proteins. B: Inhibition of Co™"elicited OSP generation by the indi-
cated divalent cations was measured in the presence of 1 mM Co™
during 25 min incubations with 20 pg HepG2 cell membrane pro-
teins. The data points for the three highest concentrations for each
ion were performed in duplicate, and the error bars represent the
standard error of the mean. C: In three separate experiments,
25 min incubations with 20 pg HepG2 cell membrane proteins
were conducted in the presence of sodium orthovanadate (OV) or
sodium pervanadate (PV) that was produced by treating OV with
H,0O, for 15 min followed by elimination of excess HyO, with cata-
lase (67). D: [’H]DolP was incubated with 23 pg HepG2 cell mem-
brane proteins for 30 min under the standard DLO hydrolysis
mixture supplemented with either 5 mM OV, 50 mM NaF, 100 pM
Hg%, or 10 mM EDTA. As a negative control, an incubation with-
out enzyme source was performed. The reactions were stopped
and extracted with organic solvents as shown in Fig. 1A. The CHCI,
phase was dried and analyzed using TLC system 2. The migration
positions of standard dolichol (Dol) and DolP are indicated to the
left of the chromatogram. E: After elution of the Dol and DolP
from the TLC plate shown in D and quantitation by scintillation
counting, DolP phosphatase activity was defined as [3H]Dol/ ( [SH]
DolP + [‘O’H]Dol). In the same experiment, the cleavage of either
Glcg gMangGleNAc,-PP-dolichol or GlegyMan;GleNAcy-PP-dolichol
was measured. For all substrates, activity is expressed as percent
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striking decrease in radioactivity associated with the nfOS/S
fraction indicating that [Q-SH]mannose is liberated from
the substrates and/or reaction products by mannosidases
(Fig. 2E). This was confirmed after acid hydrolysis of both
the DLO and OSP material recovered from the methanol/
water-soluble fraction, and subsequent resolution of the
oligosaccharide products by TLC (Fig. 2F). First, as shown
in the left-hand panels, DLO (upper panel) is cleaved to
yield OSP (lower panel) in a time-dependent manner. Sec-
ond, both DLO and the OSP are degraded by glycosidases.
The right-hand panels of Fig. 2F demonstrate that, unlike
the formation of the Man,GIcNAc OSP structure, glycosi-
dase inhibitors block trimming of DLO. To summarize,
these data demonstrate that both DLO and OSP are deglu-
cosylated and demannosylated during the standard reaction
conditions, and to minimize these unwanted side reactions,
all further incubations were carried out in the presence of
the glycosidase inhibitors Sw, Kif, and Cst. Furthermore,
because of the improved recoveries of the truncated DLO
substrates during the reaction workup procedure, Glcso[2-
3H]Man5GICNACQ-PP-dolichol was used as the standard re-
action substrate unless otherwise stated.

Comparison of the OSP-generating activity with DolP and
DolPP phosphatase activities

Mammalian cells contain lipid phosphate phosphatases
with broad substrate specificities that can cleave, for exam-
ple, the phosphate linkages in DolPP and DolP (46, 47),
and one or more could hydrolyze DLO to yield either DolP
and OSP or OSPP and Dol. In the latter case, OSPP could
be rapidly dephosphorylated to yield OSP. To address this
question, we compared the susceptibility of the OSP-gener-
ating activity with agents that are known to affect DolP and
DolPP dephosphorylation. First, DolPP hydrolysis by brain
and liver enzymes is inhibited by Mn*" and activated by
EDTA (47, 48). Data presented in Fig. 3A show that Mn**
inhibits C02+-dependent OSP release from DLO in a Co™-
dependent manner, suggesting that these two ions compete
for the same role during the hydrolysis reaction. Neverthe-
less, taking into account that DolPP phosphatase activities
are cation independent and activated by EDTA, it seems
unlikely that they could account for the Co™"-activated OSP-
generating mechanism described here. Second, like the
DolPP phosphatase activities, brain and liver DolP phospha-
tase are cation independent, but unlike the former activi-
ties, are inhibited by NaF (47, 49). As NaF activates OSP
liberation from DLO (see below), it is again unlikely that
the previously described liver DolP phosphatases could par-
ticipate in the OSP-generating process described here.
While further profiling the OSP-generating activity, it was
noted that Hg%, Cu®, and Zn* inhibit OSP generation, in-
dicating that a cysteine residue is important for the reaction
(Fig. 3B). The phosphatase inhibitors orthovanadate and
pervanadate also block OSP generation (Fig. 3C). Next,

change with respect to that seen without inhibitors (none: set at
100%). Apart from the experiment shown in B, the data shown are
from single experiments.
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Fig. 4. Characterization of the charge of the reaction products
generated from DLO under standard incubation conditions. A:
Upper panel: Glcs,[ H]Man GlcNAc,-PP-dolichol was incubated
under the standard reaction conditions in the presence of both the
mannosidase and glucosidase inhibitors for the indicated times ex-
actly as described for Fig. 2. OSP were desalted on Biogel P2 col-
umns and taken to dryness before loading onto QAE-Sephadex
ion-exchange columns in 2 mM Tris base. Step-wise elution of com-
ponents was achieved with 2 mM Tris base containing the indi-
cated concentratlons of NaCl. The column was calibrated with
the followmg a, [ H]GalBl 4(;lcNAc2, , [ H] glucose-1-phosphate;
¢, UDP-[* H]Nacetylg;lucosamme 4, ["'c Jisopentenyl pyrophosphate.
Lower panel: Aliquots of the desalted negatively charged water-
soluble products obtained from the 40 min incubation were incu-
bated in either the presence or absence of ALP prior to being
loaded onto QAE-Sephadex ion-exchange columns as described
above. B: DLO obtalned from HepG2 cells (HepG2) or DPMS-
deficient (Thy ) lymphoma cell% that were metabolically radio-
labeled with [2- H]mannose ([ H]Man) and DLO derived from
HepG2 cells that were metabolically radlolabeled with elther
[6-"H]glucosamine ( H]GIcNH,) or [5— H]mevanolactone ([ 5— H]
MVA) were analyzed using TLC system 3. O, origin; F, solvent
front; GgoM;, GlcgoMan;GlcNAc,-PP-dolichol; Gs (Mg, Glcg Man-
9GlcNAc,-PP-dolichol. C: Glcg_(,Mang[EH]GICNA(:Q—PP—dolichol was
prepared as described in Materials and Methods and incubated
under standard conditions for 40 min, and aliquots of the desalted
OSP were incubated in either the absence or presence of S. plicatus
endo H (FLh) prior to being fractionated on QAE-Sephadex ion-
exchange columns as described above. D: Glcg,ManygGlcNAcy-PP-
[ H]dohchol was incubated for 40 min in the standard incubation
mixture, supplemented with 50 mM Nak, with the indicated amounts
of HepG2 membrane protein. After stopping the reactions as
described for Fig. 1A, the CHCI; phase was washed with practi-
cal upper phase, dried down, and subjected to DE-52 anion-
exchange chromatography as described in Materials and Methods.
Radioactivity associated with the unbound fraction [where stan-
dard dolichol (Dol) elutes] and that eluted with CHCly/metha-
nol/5 mM ammonium acetate (10:10:3) (where standard DolP
clutes) was quantitated by scintillation counting after removal of

because DolP dephosphorylation is normally assayed in the
absence of cations and at pH 7.5, we examined the effects of
vanadate, NaF, Hg%, and EDTA on DolP dephosphoryla-
tion under the standard assay conditions used for releasing
OSP from DLO. Under these conditions, only EDTA did
not inhibit DolP dephosphorylation (Fig. 3D). To summa-
rize (Fig. 3E), we established a reaction condition (+ NaF)
where DolP dephosphorylation is blocked but OSP libera-
tion from DLO (both mature and truncated DLO) contin-
ues. However, as NaF did not block the dephosphorylation
of DolPP under these reaction conditions (results not
shown), we could not identify a condition where OSP gen-
eration from DLO occurs in the absence of DolPP dephos-
phorylation. These results demonstrate that, although OSP
generation from DLO is carried out by an activity, or activi-
ties, distinct from previously characterized DolP and DolPP
phosphatases, the possibility that the OSP-generating en-
zyme can also dephosphorylate DolPP cannot be excluded.

The OSP-generating activity is a diphosphatase

The liberation of OSP from DLO could occur by either
splitting of the diphosphate linkage by a diphosphatase or
initial cleavage of the DolP linkage by a phospholipase-like
enzyme followed by rapid conversion of OSPP to OSP (15).
In order to look for a putative OSPP, Glc;, @[Q-SH]Man-
5GlcNAcy-PP-dolichol was incubated with HepG2 mem-
branes under standard conditions in the presence of
mannosidase and glucosidase inhibitors as described for
Fig. 2, and after desalting on Biogel P2 columns, the an-
ionic methanol/water reaction products were subjected to
anion exchange chromatography on QAE-Sephadex. The
chromatograph shown in Fig. 4A (upper panel) demon-
strates that whatever the incubation time the anionic mate-
rial is predominantly eluted from the columns with 75 mM
NaCl: similarly to OSP isolated from intact cells, and as
expected, ALP treatment of the anionic material yields a
neutral oligosaccharide (Fig. 4A, lower panel). In order
to investigate the difference in apparent charge of OSP
and glucose-1P during QAE-Sephadex chromatography
(Fig. 4A, upper panel), Glcg,Mang [*H] GlcNAc,-PP-dolichol
(Fig. 4B, lane ["H]GIcNH,) was incubated with total HepG2
membranes under the standard conditions. Aliquots of the
desalted water-soluble product were then treated either
with S. plicatus endo H or incubation buffer alone. After
desalting, the reaction products were subjected to anion ex-
change chromatography, and it can be seen that endo H
treatment gives rise to a neutral compound and another,
possessing a higher apparent charge than OSP, which coe-
luted with glucose-lP (Fig. 4C). These data are consistent
with GlcsMang[® "H] GlcNACQ-P being hydrolyzed by endo H
to yield Glcg Mang[’ H]GlCNAC and [H]GICNAC-IP and

solvents. The increase in radioactivity associated with each fraction
is expressed as percentage of the amount of radioactive DLO ini-
tially taken for digestion. Although detected, radioactivity associ-
ated with DLO in the CHCI; phase after solvent extraction of the
reaction mixtures was lower than expected, probably for reasons
discussed in Fig. 2A, B. The data shown in all the panels are from
single experiments.
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demonstrate that under our standard assay conditions
DLOs are hydrolyzed to yield products with the characteris-
tics of the OSP that have been previously isolated from
intact cells. Therefore, either an OSPP intermediate is too
short lived to be detected, or a diphosphatase reaction
mechanism is involved. The distinguishing feature of the
diphosphatase mechanism is the production of DolP,
whereas that of the mechanism yielding OSPP as an in-
termediate is the production of dolichol. Accordingly,
Gles (MangGleNAc,-PP-[*H]dolichol (Fig. 3B, lane [*H]
MVA) was incubated with increasing amounts of total
HepG2 membrane protein in the standard incubation mix-
ture supplemented with 50 mM NaF in order to block de-
phosphorylation of any released ["H]DolP (see above). A
protein-dependent generation of a charged [3H]lipid com-
ponent that coelutes with standard [3H]DolP during DEAE-
cellulose chromatography was noted (Fig. 3D). In fact,
>80% of the input GlcsoManyGlcNAc,-PP-["H]dolichol was
recovered as ["H]DolP. By contrast, no evidence was ob-
tained for the generation of [3H]dolichol during the reac-
tions. Therefore, under our standard reaction conditions,
DLODP activity liberates OSP and DolP from DLO.

DLODP activity is inhibited by lipophilic phospho
compounds

To evaluate potential physiological substrates for the
DLODP activity, various water-soluble mono-, di-, and tri-
phospho compounds were tested to find out whether they
interfered with the liberation of ["TH]OSP from ["H]DLO.
At a concentration of 3 mM (75,000-fold excess over [3H]
DLO substrate), ATP, ADP, AMP, UDP, UMP, UDP-GIcNAc,
UDP-Gal, NADPH, Glc-1P, Man-1P, and Man-6P inhibited
DLO action by <50%. The lipophilic compounds phospha-
tidic acid (PA; IG5, >100 wM), diacylglycerol diphosphate
(DGPP; 1G5y >100 pM), lysophosphatidic acid (LPA; ICj,
9 uM), and DolP (IC;, 7 pM) inhibited the reaction at
lower concentrations than the water-soluble compounds,
but sphingosine-1P possessed no inhibitory activity at a con-
centration of 300 uM. Next, we took a systematic approach
to identifying potential physiological substrates for DLODP.
First, a series of compounds comprising commercially avail-
able, as well chemically synthesized, isoprenoid diphos-
phates with differing alkyl chain lengths was tested for
DLODP assay inhibition (Fig. 5A). As shown in Fig. 5B, there
is a good correlation between alkyl chain length between
5 and 20 carbons and reaction inhibition, whereas a further
increase in the chain length from 20 to 45 carbons pro-
duced a less striking effect. Comparison of the 1Cy, value
obtained for citronellyl diphosphate, a compound whose
structure is identical to the first 10 carbon residues of DolPP
(Fig. bA), with that obtained for geranyl diphosphate indi-
cates that, at least for these short chain compounds, the
structure of the alkyl chain is not a critical factor for inhibi-
tion of DLODP activity (Fig. 5B).

Lipophilic diphosphodiesters inhibit DLODP activity
more effectively than lipophilic diphosphomonoesters

As mentioned earlier, we were unable to identify reac-
tion conditions where DolPP is not dephosphorylated
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Fig. 5. Inhibition of DLODP activity by different isoprenoid di-

phosphates. A: Standard DLODP reaction mixtures containing 40
nM Glcg,o[3H]Man5GlcNAC2-PP-dolichol, 21 pg HepG2 cell mem-
brane protein, and different concentrations of the indicated iso-
prenoid diphosphates were incubated for 20 min at 37°C. The
structural relationships between DolPP and the indicated shorter
chain isoprenoids are shown. B: Inhibition curves were con-
structed, and IC;, values were determined and plotted as a func-
tion of the number of carbon atoms in the isoprenoid moieties.
Where 1G5, values were determined more than once (n > 1), the
mean and standard error of the mean are indicated.

and OSP is generated from DLO. So, it is possible that the
preferred substrates for DLODP are actually lipophilic
diphosphomonoesters like polyprenyl diphosphates. To
address this question, a series of compounds, based on the
solanesyl moiety (Fig. 6A, 1-5), was tested in the DLODP
assay. The data demonstrate that the closer the test com-
pound resembles a DLO substrate, the better the inhibi-
tionofthereaction. Importantly, the GIcNAc, ,-PP-solanesol
compounds inhibited the DLODP assay more efficiently
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Fig. 6. Inhibition of DLODP activity by solanesyl diphosphomono-

and diesters. A: Solanesol (1), P-solanesol (2), PP-solanesol (3),
GlcNAc-PP-solanesol (4), and GlcNAco,-PP-solanesol (5) were tested as
described in the legend to Fig. 5. Dose-response curves were gener-
ated, and the IC;, values are reported. Apart from solanesol where
n = 2, the dose-response curves were performed at least in triplicate.
The mean and standard error of the means are shown. B (left panels):
50 pmol of GlcNAcy-PP-solanesol were incubated under standard
DLODP reaction conditions containing 20 pg membrane protein and
50 mM NaF in either the absence (Co™') or presence (Coh/ Hg2+) of
100 pM Hg%, After stopping the reactions at the indicated times, the
mixtures were worked up as shown in Fig. 1A. Material recovered from
the CHCl; phase and OSP fraction were hydrolyzed with 20 mM HCI,
and any resulting neutral “GlcNAc acceptor” compounds were tagged
with [’H] galactose and quantitated by scintillation counting as de-
scribed in Materials and Methods. Background “GlcNAc acceptor”
levels were determined by performing incubations without GlcNAc,-
PP-solanesol and were subtracted from values obtained when the sub-
strate was present. B (right panels): [3H]galactose-tagged GlcNAc
acceptors were resolved by TLC after Biogel P2 chromatography. Ma-
terial eluting before the total inclusion volume (V;) of the Biogel P2
column (indicated by the open bar) was pooled and analyzed using
TLC system 4. Data shown in B is from a single experiment. The mi-
gration positions of GIcNAc, (GN2) and GalB1,4GlcNAcy (GGN2) are
shown to the left of the fluorographs.

than solanesyl-PP. Nevertheless, at 0.5 pM, the IC;, of the
most effective inhibitory reagent, GlcNAc,-PP-solanesol, is
still 12.5-fold higher than the [SH]DLO substrate concen-
tration, indicating that other structural motifs are neces-
sary for optimal interaction with DLODP. These data show
that solanesyl-based compounds interfere with the libera-
tion of [SH]OSP from [3H]DLO but do not demonstrate
that these compounds are actually interacting with the
DLODP enzyme. To address this question, GlcNAco-PP-
solanesol was tested as a DLODP substrate, and after frac-
tionation of the incubation mixtures as shown in Fig. 1A,
cleavage was followed by UGT-mediated transfer of ["H]
Gal from UDP-["H]Gal onto acceptor structures with ter-
minal nonreducing GlcNAc residues. As shown in Fig. 6B
(lower left panel), the time-dependent loss of acceptor
material from the CHCls-phase is coincident with the gain
in that associated with water-soluble OSP material. No wa-
ter-soluble neutral acceptor material was generated dur-
ing the reaction period. When incubations are carried out
in the presence of Co®" and Hg2+ (Fig. 6B, upper left
panel), both the disappearance of the acceptor material in
the CHCI; phase and the appearance of that associated
with the OSP fraction are inhibited. Examination of the
UGT reaction products recovered from both the CHCIy
phase and OSP fraction by Biogel P2 chromatography and
TLC demonstrate the presence of [SH]GalGlcNACQ (Fig.
6B, right-hand panels). These results show that, as well as
inhibiting DLODP-mediated ["H]OSP release from [*H]
DLO, GlcNAcy-PP-solanesol is itself hydrolyzed.

Subcellular localization of mouse liver DLODP activity

In order to evaluate the subcellular localization of the
DLODP activity, mouse liver homogenates were subjected
to a classical differential centrifugation procedure (28).
Data shown in Fig. 7 demonstrate that DLODP activity
fractionates similarly to the ER marker DPMS and the
Golgi apparatus (GA) marker UGT (50), and differently
to the mitochondrial (citrate synthase), lysosomal (acid
phosphatase), plasma membrane (phosphodiesterase),
and cytoplasmic (lactate dehydrogenase) markers. These
results demonstrate that DLODP is a microsomal activity.
Fractionation of microsomes (P4) on selfforming Op-
tiPrep gradients (29) is shown in Fig. 8A. The ER markers
NCCR and PDI largely codistribute and show that ER
membranes are distributed throughout the gradient with
peaks of recovery occurring in fractions 2, 5, and 8. The
predominantly rough ER marker CNX (51) has a biphasic
distribution and is mainly associated with heavier mem-
branes that are recovered in fraction 10. Approximately
10% of CNX is associated with lighter membranes that are
recovered in fractions 4 and 5. By contrast, DLODP-con-
taining membranes largely codistribute with those con-
taining UGT and show highest recoveries in fractions 1
and 2. It is noteworthy that the recoveries of DLODP are
somewhat higher than UGT recoveries in fractions 7 and 8.
Because DLODP generates DolP that could potentially
be utilized physiologically by DPMS, DPGS, and DPAGT,
we asked whether these key DLO biosynthesis enzymes co-
localize with the DLODP activity. Data reported in the
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Fig. 7. Subcellular localization of DLODP activity.
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lower panel of Fig. 8A demonstrate that the distributions
of DPMS, DPGS, and DPAGT are similar to those of the
ER markers NCCR and PDI with peaks of recovery in frac-
tions 2, b, and 8, but different from those of either UGT or
DLODP. Data presented in Figs. 7 and 8A were generated
using homogenates produced in Potter-Elvehjem appara-
tus. Homogenization using a Dounce apparatus fitted with
a loose pestle is known to generate less shear forces and
helps preserve the integrity of intracellular organelles.
The gradient fractionation of microsomes (P4) obtained
under these milder homogenization conditions is shown
in Fig. 8B. Whereas the distributions of membranes con-
taining the ER proteins NCCR, PDI, DPMS, DPGS, and
DPAGT are unaffected by the homogenization conditions,
the recovery of CNX in light fractions (4, 5) is lost after
milder homogenization. The new homogenization condi-
tions also cause subtle changes in the distributions of both
DLODP and UGT. Although approximately 50% of both
markers are still recovered in fractions containing light
membranes (1, 2), they are distributed more equally in these
two fractions compared with that seen using the more
drastic homogenization conditions. Furthermore, the dif-
ferences in distributions of UGT- and DLODP-containing
membranes in fractions 7 and 8 are now no longer appar-
ent. The ensemble of these results demonstrates that the
bulk of DLODP activity shows a similar distribution to that
of GA-situated UGT and not those of the ER-situated DolP-
dependent enzymes of the dolichol cycle.

DISCUSSION

Progress in our understanding of how and why OSPs are
generated has been hampered by the lack of biochemical,
cellular, and molecular information on the mechanism of
OSP release. An activity that liberates OSP from DLO was
first described in vitro when membranes derived from mu-
rine myeloma MOPC-46B cells were incubated in the
presence of detergent, Mg2+, and Mn®" at pH 7.4 (44, 45).
Later, OSPs were seen when calf thyroid microsomes were
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incubated with radiolabeled Glcg ManyGlcNAco-PP-dolichol
in the presence of detergent and Mn”" at pH 7.0 (26). Fur-
ther in vitro studies with yeast microsomes indicated OSP
generation from MangyGlcNAco-PP-dolichol in the pres-
ence of detergent at pH 7.5 (14). This yeast activity is in-
creased by 50% in the presence of 10 mM Ca® or Mn®" ions
and reduced by 50% in the presence of EDTA (14). More
recently, cation-dependent OSP generation (Mn™ >> Mg2+
and Ca%) was observed when microsomes were incubated
with radiolabeled ManzGlcNAcy-PP-dolichol in the pres-
ence of detergent at pH 7.4 (12). However, none of these
studies addressed the potential selectivity of the reaction for
DLO, and although the activities are described as pyrophos-
phatases (diphosphatases) because OSPP were not de-
tected, formal demonstration of a DLO diphosphatase was
not attempted. In order to characterize this activity more
fully, we reexamined its ion dependence and found that al-
though OSPs are released from DLO in the presence of
Mn?* at pH 7.5, Co* activation of OSP release is more effi-
cient at this pH. Then, fine-tuning of the assay revealed a
striking increase in Co2+-provoked OSP release at lower pH
values. At these lower pH values, Mn** possessed little ability
to activate OSP release, and data shown in Fig. 4A demon-
strate that at pH 5.5 Mn®*" inhibits Co*-activated OSP re-
lease and that increasing the Co®" concentration can relieve
this inhibition. These data suggest that the previously de-
scribed mammalian Mn2+-dependent OSP-generating activ-
ity is the same as the activity we have characterized. In view
of the very low levels of cobalt in cells, the physiological rel-
evance of the ion dependency of the DLODP activity re-
mains to be ascertained.

Are the biochemical characteristics of DLODP similar to
other lipid phosphatases?

The biochemical characteristics of the DLODP activity
described here are quite different from those of the previ-
ously described DolP and DolPP phosphatase activities. In
mammalian cells, Dolppl [Saccharomyces cerevisiae: Cax4p/
Cwh8p (52)] is a cation-independent, mainly DolPP- and,
to a lesser extent, DolP-hydrolyzing, enzyme (53). The yeast
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cwhS8A strain manifests glycoprotein hypoglycosylation (52)
consistent with the involvement of Cwh8p in recycling of
DolPP (53, 54). In S. cerevisiae, DolPP is hydrolyzed by the
cation-independent LPP1 (55, 56) and DPP1 (55, 57), lipid
phosphate phospohydrolase 1 and diacylglycerol pyrophos-
phate phosphatase 1, respectively. Mammalian LPP-type en-
zymes (Homo sapiens: LPP1/PPAP2A, LPP2/PPAP2C, LPP3/
PPAP2B) have broad substrate specificities and are capable
of hydrolyzing PA and DGPP, as well as a range of other
substrates including sphingosine l-phosphate, ceramide
1-phosphate, and LPA (58). Certain mammalian DPP-type
enzymes (PDP1/PPAPDC) also cleave farnesyl-PP and gera-
nylgeranyl-PP (59). The function, if any, of these proteins
in the regulation of the dolichol cycle remains unclear as in
S. cerevisiae the dpplAlppIA strain shows no hypoglycosyl-
ation phenotype. The cation dependence of the DLODP
activity seems to rule out the possibility that one of the
above-described cation-independent gene products could
account for its activity. Although there are cation-dependent,
N-ethylmaleimide-sensitive PA phosphatases (S. cerevisiae:
PAHI1; H. sapiens: LIPIN1, LIPIN2, and LIPIN3), these

enzymes are unlikely candidates for DLODP activity be-
cause they are activated predominantly by Mger and appear
to have strict specificity for PA (60).

What is the physiological substrate of DLODP?

When various compounds were added to the DLODP
assay mixture, it was found that many physiologically oc-
curring water-soluble mono-, di-, and triphospho compounds
inhibited the reaction at relatively high concentrations,
whereas more lipophilic structures such as isoprenoid di-
phosphates, PA, and LPA inhibited the reaction more ef-
fectively. It should be pointed out that although LPA
displayed a relatively low I1Cy), maximum DLODP assay in-
hibition was not achieved at even 100 uM, thus making
LPA an unlikely substrate for DLODP in vivo. GlcNAco-PP-
solanesol is a substrate for DLODP and was found to
inhibit the release of ["TH]OSP from ["H]DLO about 10-
fold more effectively than solanesyl-PP, indicating that
DLODP interacts selectively with lipophilic diphospho-
diesters such as DLO. To summarize, although our results
point to a novel enzyme selective for DLO hydrolysis, it
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remains a possibility that the DLODP activity that is de-
scribed here is due to a previously characterized enzyme
whose capacity to hydrolyze DLO has yet to be reported.
Whatever the true physiological substrate of this DLODP
activity, our selectivity studies reinforce the hypothesis that
it hydrolyzes DLO in vivo.

What is the relationship between DLODP and cellular
OSP-generating mechanisms?

Our subcellular fractionation data demonstrate that the
bulk of DLODP activity does not codistribute with markers
of the ER but fractionates in lighter membranes similar to
those containing GA-situated UGT. The GA has previously
been shown to harbor a cation-independent DolPP phos-
phatase activity that is inhibited by Mn®, but the identity of
this enzyme has not been established at the molecular level
(61). The definitive subcellular localization of the DLODP
activity will depend on the availability of an antibody to the
protein. Nevertheless, although our subcellular fractionation
data cannot rule out the possibility that small amounts of
DLODP activity are associated with ER membranes, they
clearly demonstrate that the majority of DLODP activity
does not codistribute with markers of either the smooth or
rough ER or key enzymes involved in DLO biosynthesis.
Our results are in agreement with classical subcellular frac-
tionation studies in liver homogenates in which enzymes
of the dolichol cycle such as DPAGT, DPGS and DPMS
were demonstrated to cofractionate with markers of the
ER (62). DLO itself is also associated with heavy micro-
somal membranes associated with the ER. The behavior of
DLODP during subcellular fractionation suggests that ei-
ther the bulk of this activity is not involved in DLO regula-
tion or DLO regulation by this enzyme occurs in regions
of the cell where DLO biosynthesis and OST-mediated
protein N-glycosylation do not occur. What is the evidence
that OSP generation is associated with the ER? The question
of the localization of OSP generation in living cells has not
been addressed. Our previously reported data showed that
liberation of OSP from truncated DLO intermediates occurs
efficiently in streptolysin O-permeabilized Epstein-Barr
virus-transformed lymphoblasts incubated in the absence
of ATP and cytosol (11), conditions where vesicular trans-
port is blocked. Furthermore, OSP production was re-
duced when incubations were carried out in the presence of
an N-glycosylation acceptor peptide. The ensemble of
these data indicates that OSP generation from truncated
DLO occurs in a compartment that is functionally contig-
uous with the ER. Although, as mentioned above, vesicu-
lar ER-to-Golgi transport of protein and lipid requires
cytosolic factors and ATP, it is known that when using ei-
ther semi-intact cell systems or broken cell preparations to
assay nonvesicular lipid transport mechanisms (63), even
ATP-dependent processes may lose their ATP dependence
when assays are carried out at 37°C (64). Potentially, there-
fore truncated DLO could be transported to a post-ER
compartment by a nonvesicular, ATP-independent, or even
ATP-dependent process in streptolysin O-permeabilized
cells. To summarize, the precise site or sites of OSP genera-
tion in living cells is not known. Our results demonstrate
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that the bulk of DLODP activity associates with membranes
that are lighter than those containing other enzymes of
the dolichol cycle. The origin of these membranes,
whether from a subdomain of the ER or a post-ER com-
partment such as the GA remains to be determined. Fi-
nally, the distinct subcellular localizations of the
catabolic DLODP-mediated reaction, on the one hand,
and the biosynthetic reactions of the dolichol cycle, on the
other, may have arisen to allow DLO control in the absence
of unwanted destruction of useful DLO.

What are the potential functions of DLODP?

Previous studies have shown that in liver the GA con-
tains more dolichol/dolichol fatty acyl esters than either
the smooth or rough ER. Conversely, the ER is richer in
DolP than the GA (65, 66). Based on these facts, and other
studies indicating that the GA is enriched in DolPP di-
phosphatase activity and dolichol kinase activity is found
in the ER (61), it has been proposed that should DolPP
escape the ER into the GA, it is rapidly transformed into
dolichol or DolP and then returned to the ER (61). A post-
ER DLODP activity could perform the same function on
truncated “unchaperoned” DLO intermediates that es-
cape the ERssituated DLO biosynthetic machinery and
flow out of the ER. The function of this activity may not be
DolP recycling per se, but rather the elimination of poten-
tially toxic DLO that escapes the ER il

The authors thank Professor Sonia Karabina for critical reading
of the manuscript.
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