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Abstract

Radiolabeled UDPGlc incubated with rough endoplasmic re-
ticulum (RER)-derived microsomes from rat liver became as-
sociated with the vesicles. This microsomal uptake of nucleo-
tide sugar was time and temperature dependent. Analysis of
the molecular species containing radiolabel revealed that ini-
tial uptake represented entry of predominantly intact UDPGIc
in the microsomes. Conclusive evidence for proper transloca-
tion of UDPGlc across the microsomal membrane into the
intravesicular space was obtained by demonstrating that
UDPGlc was transported into an osmotically sensitive com-
partment. Microsomal uptake of UDPGlc exhibited features
characteristic of carrier-mediated transport including satura-
tion, specificity, and countertransport. Inhibition and trans-
stimulation studies showed that other uridine-containing nu-
cleotide sugars and 5'-UMP were substrates of the postulated
microsomal carrier system for UDPGlc, while cytosine- or
guanosine-containing nucleotides and non-5'-uridine mono-
phosphates were, at best, very poor substrates. UDPGlc
translocation activities were lower in smooth microsomal frac-
tions than in the RER-derived vesicles, indicating that contam-
ination with Golgi membranes could not be responsible for
microsomal transport of UDPGlc. Our findings suggest that
rat liver endoplasmic reticulum possesses a carrier system me-
diating proper translocation of UDPGlc and 5'-uridine-substi-
tuted structural analogues across the membrane.

Introduction

A family ofhepatic microsomal UDP-glycosyltransferases play
a crucial role in detoxification, inactivation, and/or efficient
excretion of a vast array of xenobiotics and various endoge-
nous substances including bilirubin, steroids, catecholamines,
and thyroid hormone (1). The glycosyl moiety transferred to
these substrates is derived from nucleotide sugars synthesized
in the cytoplasm. Because there is remarkable latency of the
glycosyltransferase activities in native, sealed liver micro-
somes, it has been suggested that it is necessary to transport the
charged, membrane-impermeant nucleotide sugars across the
endoplasmic reticulum (ER)' membrane to reach the active
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1. Abbreviations used in this paper: Chapso, 3-[(3-cholamido-propyl)
dimethyl ammonio]-2-hydroxy-l-propane-sulfonate; ER, endoplas-
mic reticulum; RER, rough endoplasmic reticulum.

center of the enzyme (2). Similar latency ofenzymic activity is
found with the microsomal glycosyltransferases which catalyze
the synthesis of the (GlcNAc)2-P-P-Dol and Glc-P-Dol pre-
cursors of the oligosaccharide-P-P-Dol serving as donor sub-
strate in cotranslational N-glycosylation of proteins in the ER
(3). However, no direct evidence was available that UDPGlc-
NAc, UDPGlc, or the cosubstrates of the UDP-glycosyltrans-
ferase system (UDPGlcUA, UDPGlc, UDPXyl) are trans-
ported across the ER membrane, and current knowledge ofthe
topology of the transferases in the transverse plane of the
membrane is fragmentary and inconclusive. In fact, it has been
suggested that the active center of UDP-glucuronyltransferase
faces the cytoplasmic side ofthe ER and that the latency ofthe
enzyme activity may reflect the presence ofthe transferase in a
"constrained" conformational form in the microsomal mem-
brane (4, 5).

We recently presented evidence that native intact micro-
somes from rat liver contain an intravesicular pool of endoge-
nous UDPGlc (6). Because UDPGlc is synthesized by cytosolic
enzymes, this finding raised the question whether the intrami-
crosomal UDPGlc pool reflected presence of UDPGlc within
the cisternal space of the ER of the intact cell and therefore
reflected the existence of a mechanism for transport of
UDPGlc across the ER membrane, or was artifactually formed
by incorporation of cytosolic fluid occurring when the ER
membranes are transformed to vesicles during homogeniza-
tion. Because we found that the intramicrosomal UDPGlc
pool could be enlarged and an intravesicular pool ofUDPXyl
could be established by preincubating intact microsomes with
the corresponding exogenous nucleotide sugar (6), transport of
UDPGlc and UDPXyl across the microsomal membrane per-
meability barrier seemed to be a plausible possibility. More-
over, such transport appeared to be highly temperature depen-
dent since the preloading effect was markedly decreased when
preincubation of the vesicles with exogenous UDPGlc or
UDPXyl was performed at 0°C instead of at 37°C. Perez and
Hirschberg (7) recently reported on carrier-mediated micro-
somal uptake of UDPGlc but failed to demonstrate transloca-
tion of the intact nucleotide sugar across the membrane into
the lumenal space of the vesicles and existence of a pool of
intact UDPGlc in the microsomes.

The following questions were explicitly addressed in the
studies reported here. (a) Does intact UDPGlc traverse the
permeability barrier of the ER membrane in intact micro-
somal vesicles? (b) Does uptake of intact UDPGlc by micro-
somes correspond either to entry into the intravesicular space
or to formation of a membraneous pool ofUDPGlc and/or its
metabolites? (c) Is such membrane translocation of UDPGlc
mediated by a carrier system for nucleotide sugars in the ER
membrane? Our results suggest that a carrier system mediating
translocation ofUDPGlc across the membrane into the intra-
microsomal space is present in RER-derived vesicles. These
findings have major implications for glycosylation reactions
catalyzed by microsomal UDP-glycosyltransferases and glyco-
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syltransferases that are involved in synthesis of the
Dol-P-P-(GlcNAc)2Man9Glc3 oligosaccharide donor for co-
translational core N-glycosylation of nascent polypeptides.

Methods

Chemicals. All unlabeled nucleotides, bovine serum albumin fraction
V, D-mannose(Man)-6-P,4-(2-hydroxy-ethyl)-l-piperazine ethanesul-
fonic acid (Hepes), raffinose, and ovomucoid were purchased from
Sigma Chemical Co. (St. Louis, MO). 3-[(3-cholamido-propyl)di-
methyl ammonio]-2-hydroxy-l-propane-sulfonate (Chapso) was from
Bio-Rad Laboratories (Richmond, CA). UDP[3H]Glc (385 Bq/pmol)
and ['4C]sucrose (24.9 Bq/pmol) were purchased from New England
Nuclear (Boston, MA). ['4C]UMP (1 1.1 Bq/pmol) was from ICN (Ir-
vine, CA).

General procedures. The following analytes or enzymatic activities
were assayed as described in the corresponding references: total protein
using bovine serum albumin as calibration standard (8), Man-6-phos-
phatase (9), RNA (10), UDP-galactosyltransferase using ovomucoid as
acceptor substrate (1 1), NADPH-cytochrome c reductase (12).

Animals and preparation and treatments of microsomes. Male
Wistar-derived inbred R/A Pfd rats (13) weighing 220-280 g were
killed by decapitation after an overnight fast of 20-22 h. A 25% (wt/
vol) liver homogenate was made in ice-cold 0.25 M sucrose by 20
strokes with a loose-fitting pestle in a Dounce glass homogenizer.
Postmitochondrial supernatant was obtained by centrifugation of the
homogenate at 41,000 g for 7 min at 4VC (Sorvall SS-34 rotor, 18,500
rpm). Rough ER membrane-derived vesicles (RER microsomes) and
smooth microsomes were prepared by the procedure of Eriksson et al.
(14). Postmitochondrial supernatant (7 ml) was layered on top of 2.5
ml of 0.60 M sucrose which in turn was layered on 7 ml of 1.30 M
sucrose. Both sucrose layers contained 15 mM CsCl. Ultracentrifuga-
tion (105,000 g for 90 min at 4°C; Beckman Ti-60 or Ti-50.2 rotor)
resulted in selective pelleting ofRER microsomes and accumulation of
a smooth fraction around the interface between the 0.60M and 1.30M
sucrose layers. The RER pellet was resuspended in - 7 ml of 0.25 M
sucrose that contained 1.0mM Na2 EDTA and was buffered to pH 7.4
with 5 mM Tris/HCl (buffer A). RER microsomes were subsequently
repelleted (105,000 g for 30 min at 4°C). Washing with the EDTA-
containing buffer removed about 65% of the RNA present in the first
RER pellet. The smooth microsomal fraction was diluted threefold
with buffer A before repelleting. Before washing the membrane prepa-
rations with buffer A, RER vesicles were 4.2- to 5-fold enriched in
RNA in comparison with smooth microsomes. Washed and resus-
pended RER and smooth microsomes (- 40 mg protein/ml) were
stored under an argon atmosphere at -70°C for up to 1 mo. Structural
intactness of the microsomes was routinely verified by determination
of Man-6-phosphatase latency (15), which was > 95% in all prepara-
tions used. "Fully disrupted microsomes" refers to membrane prepara-
tions that had been pretreated for 30-60 min at 0°C with 4 mM
Chapso. Such treatment resulted in complete elimination oflatency of
Man-6-phosphatase (9). Specific activities of the Golgi marker UDP-
Gal/ovomucoid galactosyl-transferase in RER membrane prepara-
tions was 32.0±11.3 pmoles/mg protein per min (n = 16), which
amounted to - 58% (range 42-67%; n = 10) and 22% (range:
16-28%; n = 6) ofthe specific activities observed in homogenates and
smooth microsomes, respectively. Transmission electron microscopy
of the membrane preparations before washing with the EDTA-con-
taining buffer A confirmed that the RER microsomes corresponded to
vesicular structures with ribosomes on their cytoplasmic side and neg-
ligible contamination with Golgi membranes. Smooth microsomal
preparations had a similar vesicular appearance but were devoid of
ribosomes and contained relatively few Golgi membrane profiles.

Translocation assay. Uptake of radiolabeled nucleotide or sucrose
into microsomes was determined by a rapid filtration technique (16,
17) using mixed cellulose filters (type HAWP 02500, 0.45 Mum pore

size, from Millipore Corp., Bedford, MA) and an ultrafiltration mani-
fold (FH 225V; Hoefer Scientific Instruments, San Francisco, CA).
Microsomes (10 mg protein/ml except when stated otherwise) were
resuspended in argon-flushed ice-cold 0.25 M sucrose containing 10
mM NaF and buffered to pH 7.4 with 10 mM Hepes (buffer B). To
inhibit microsomal nucleotide pyrophosphatase (18), 2,3-dimercapto-
propanol (5 mM), and a,4-methylene adenosine 5'-triphosphate (1
mM) were added to this microsomal suspension immediately before
starting incubation at 370C. Buffer B with these two additional ingre-
dients is denoted as "incubation buffer." The mixture was then blan-
keted with argon and brought to the temperature selected for assaying
translocation (370C except when stated otherwise).

When solute translocation was assessed by influx measurement,
seven volumes ofmicrosomal suspension were mixed with one volume
ofbuffer B containing the radiolabeled test solute ("start solution") to
initiate the uptake reaction. At various time intervals, aliquots (usually
20 ul) containing about 20,000 cpm of 3H- or 14C-radioactivity were
removed from the incubation mixture and immediately mixed with 1
ml buffer C (buffer B containing 16.25 mM MgCl2) to arrest uptake.
Presence of MgCl2 in buffer C was required to obtain retention of the
microsomes by the filters. Without delay, vesicle-associated radiolabel
was separated from free, extramicrosomal radiolabel by rapid filtration
of 900 M1 of the mixture, followed by immediate washing of the reten-
tate on the filter with 5 ml ice-cold stop solution. Filtration and rinsing
were completed within 15-20 s. Washing with more of the stop solu-
tion did not change the radioactivity retained on the filter. The filter
was placed in a scintillation vial, dissolved in 1 ml scintillation grade
2-methoxyethanol, and counted in a Packard (model 4530) liquid
scintillation counter; (Packard Instruments Co., Downers Grove, IL)
after adding 10 ml of Scinti-Verse II (Fisher Scientific, Pittsburgh, PA)
scintillator fluid.

When translocation was assessed by efflux measurement, micro-
somal vesicles were first preloaded by preincubation at 37°C with
radioactive nucleotide sugar in incubation buffer. In a second step,
efflux of radiolabel was measured after abrupt 20-fold dilution of the
microsomal suspension in buffer C. Aliquots of400 Ml were withdrawn
at 30-s intervals and immediately pipetted onto the Millipore filters for
separation of microsomal label from extramicrosomal label by rapid
filtration. Washing of the filter and counting of retained radioactivity
were done as described for the uptake assays.

Adsorption ofradioactive UDPGlc to the filters was determined by
replacing the microsomal suspension in the assay mixture with incu-
bation buffer and was found to be negligible (retained radioactivity
< 0.01% of radiolabel applied to filter). Nonspecific binding of the
radiolabeled test solute to microsomes and filter was routinely assessed
by mixing the microsomal suspension and the radiolabel-containing
start solution at 0°C, immediately adding 20 Ml ofthis mixture to 1 ml
of buffer C, and determining radioactivity in the retentate on the
Millipore filter when 900 Ml of this blank sample was submitted to the
rapid ultrafiltration procedure. It constituted < 0.05% of the radioac-
tivity applied to the filter. Identical results were obtained when both
the microsomal suspension and the start solution were incubated sepa-
rately for 60 min at 37°C before mixing at 0°C of these two compo-
nents with buffer C. These blank values were at least one order of
magnitude lower than the uptake values obtained with test samples
that had been incubated at 37°C. Such blank values were routinely
determined and subtracted from values measured with test specimens
for computation ofuptake values. Because considerable metabolism of
the radiolabeled test nucleotides taken up in the microsomes may
occur, vesicle-associated radioactivity is expressed as radiolabeled nu-
cleotide equivalents. Initial rates of microsomal uptake of radiolabel
were assessed by determining vesicle-associated radioactivity at five
time points during the initial 1.5 min after mixing of microsomes with
radiolabeled substrate. The initial uptake rate was estimated by calcu-
lation of the second degree polynomial equation fitting the uptake
values as a function of incubation time.

Loss of microsomal protein in the ultrafiltrate was < 5% of the
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protein applied to the filter, as assessed by measuring A250nm and assay-
ing NADPH-cytochrome c reductase. RER microsomes remained
> 93% intact, as determined by assay of the latency of Man-6-phos-
phatase, during translocation assay incubations at 370C for up to
60 min.

Analysis of radiolabeled product formed from nucleotide sugars.
Microsomal transformation of radiolabeled UDP-sugar to protein- or
lipid-linked derivatives during incubation was assessed by measure-
ment of radioactivity in TCA-precipitable and lipid-extractable com-
pounds using methods described by Godelaine et al. (19). The compo-
sition of the soluble radioactive components present in RER micro-
somes that had taken up UDP[3HJGlc was determined as follows.
Vesicle-associated radiolabel was separated from extramicrosomal ra-
dioactivity by the rapid filtration method. After washing the filter with
5 ml of buffer C, additional washing was performed with 4 ml deion-
ized water containing unlabeled UDPGlc, Glc-l-P, and free Glc (200
nmol of each). The eluate was mixed with 2 ml ethanol. After evapora-
tion in vacuo of the azeotropic solvent, the residue was redissolved in
an ethanol/water (3:2; vol/vol) mixture for application to a silica gel
plate (60F-254, 5765, 0.25 mm; EM Laboratories, Elmsford, NY). The
plates were developed using n-butanol/acetone/glacial acetic acid/
concentrated ammonium hydroxide/water (25:25:9:0.75:40; by vol) as
solvent system (20). The bands migrating as UDPGlc, Glc-l-P, and
free Glc in the chromatogram were visualized by 254 nm ultraviolet-
light and spraying with naphthoresorcinol reagent and identified by
cochromatography of the individual reference compounds on both
sides ofthe sample. The bands were then scraped into scintillation vials
for counting of radioactivity. Hydrolysis was undetectable when the
radiolabeled UDP-sugar was directly subjected to the concentration
and chromatography procedures.

Results

Time- and temperature-dependent microsomal uptake of
UDPGlc. Time curves for uptake of radiolabeled by RER mi-
crosomes incubated at 370C with 25 AM or 2 mM UDP[3H]-
Glc are shown in Fig. 1. The initial rate of microsomal uptake
ofradiolabeled solute was lower at decreased temperatures and
dropped to < 5% of the initial rate found at 370C when incu-
bation was performed at 0C, indicating that uptake reflected
a highly temperature-dependent process. Based on the Arr-
henius plot shown in Fig. 2, the energy of activation for the
uptake reaction was estimated at 86 kJ/mol. Comparable tem-
perature dependency of microsomal uptake rate was observed
with low and high UDPGlc substrate concentrations. The ra-
diolabel uptake rate at 0C found with 25 ,uM and 2 mM
UDP[3H]Glc averaged, respectively, 2.1% (n = 3) and 3.2% (n
= 2) of the rate at 370C. At the 25 ,uM as well as at the 2 mM
UDP[3H]Glc concentration, initial uptake rates were directly
proportional to microsomal protein concentration in the in-
cubation medium ranging from 2 to 10 mg protein/ml.

Microsomal uptake of 3H-label at low UDPGlc concentra-
tions (< 50 ,M) consistently exhibited an initial "overshoot"
phase during which radioactivity in the microsomes tran-
siently exceeded the amount of radiolabel present in the vesi-
cles at the latest time point, when uptake equilibrium of
UDPGlc was approached (Fig. 1 A). Microsomes incubated
with 25 ,uM UDPGlc contained 242±85 (mean±SD; n = 6)
pmol labeled UDPGlc equivalents/mg protein when over-
shooting peaked, after 10 min. In a subsequent phase, net loss
of radionuclide from the microsomes occurred resulting in
apparent equilibration ofUDPGlc between the extramicroso-
mal medium and microsomal vesicles. This biphasic uptake
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Figure 1. Microsomal uptake and metabolism of UDPGlc. RER mi-
crosomes were incubated at 370C with either 25 mM (A) or 2 mM
UDP[3H]Glc. Uptake of total radioactivity in the vesicles (-) was
measured by the rapid filtration method. Concurrent formation of
nonsoluble metabolites was assessed by determination of lipid-ex-
tractable (a) and TCA-precipitable (A) radioactivity in the micro-
somes. The composition of the soluble metabolites released by hypo-
tonic shock of the vesicles was determined after 9 and 60 min of in-
cubation and is presented in the bar diagrams superimposed on the
time curves. The fraction denoted as "unaccounted" corresponds to
the radioactivity that was associated with the vesicles but was unac-
counted for in the TCA-precipitable radiolabeled metabolites and ra-
diolabel recovered from the thin-layer chromatogram.

process usually was lost when the substrate concentration ex-
ceeded 400 ,uM. The evidence that the overshoot phenomenon
probably reflects trans-stimulation of UDPGlc uptake by en-

Figure 2. Temperature
dependence of micro-
somal uptake of
UDPGlc. RER-derived
microsomes were first
preincubated for 40
min at 370C. Portions
of the incubation mix-
ture were then brought
separately to either
370C, 300C, 200C,
10C, or 0C. After
thermal equilibration
was reached, [3H]Glc
substrate (25 MAM) was
added and initial up-
take of radiolabel by the
vesicles (1 1 mg protein/
ml) was determined
with the rapid filtration
method. Linear regres-
sion analysis on the re-
sults presented in an

',~ Arrhenius plot gave a
slope corresponding to
an energy of activation

3.6 3.7 of 86 kJ/mol (r2
= 0.997).

3

2

E

.2

0

'E 0

3.2 3.3 3.4 3.5

1 /T(10-3K)

Carrier-mediated Transport of Uridine Diphosphate Glucose 1115



dogenous solutes contained in the microsomes will be pre-
sented below.

Metabolism ofUDPGlc taken up by microsomes. To deter-
mine the extent to which radiolabel associated with the micro-
somes reflected authentic UDPGlc, we performed fraction-
ation ofthe radiolabeled molecular species in a TCA-precipita-
ble portion (representing protein-linked and lipid-linked
species), a lipid-extractable portion (lipid-linked species), and a
soluble fraction that was not precipitated by treatment of the
specimen with TCA. Incubation of microsomes at 370C with
25 AM or 2 mM UDP[3H]Glc resulted in gradual formation of
lipid-extractable and TCA-precipitable radiolabeled com-
pounds (Fig. 1). Neither of these solutes was detectable in the
filtrates. Microsomal formation ofthe two fractions accounted
for only a minor portion of the radioactive solutes in the mi-
crosomes. With 25 MM UDPGlc substrate, TCA-precipitable
material comprised < 10% (6.4±1.3%, n = 3) of the total mi-
crosomal radiolabel after 10 min of incubation. Rates of mi-
crosomal formation of nonsoluble metabolites rapidly fell as a
function ofincubation time. The TCA-precipitable fraction of
the microsomal radiolabel measured after 60 min of incuba-
tion, when equilibrium uptake was reached or approached,
gradually decreased as a function of UDPGlc substrate con-
centration, from 38.2±7.0% (n = 4) at 25 MM UDPGlc to
13.8±5.5% (n = 2) at 2 mM UDPGlc.

To determine the composition of the soluble radioactive
substances present in the vesicles, washed microsomes re-
tained on the filter were subjected to hypotonic shock in order
to release lumenal solutes. The released soluble compounds
were subsequently subjected to thin-layer chromatography
using unlabeled UDPGlc, Glc-l-P, and free Glc as reference,
and the 3H-label migrating with each of these three com-
pounds was analyzed. Total radioactivity recovered in the
three bands accounted for 80.8±5.6% (n = 9) ofthe total solu-
ble (i.e., not precipitable by TCA) solutes present in the mi-
crosomes before the hypotonic shock treatment. For RER mi-
crosomes incubated during 10 min at 37°C with 25 AM
UDPGlc, intact UDPGlc amounted to 93% ofthe total radio-
label in the chromatogram. Under the reasonable assumption
that this composition was similar in the small fraction of mi-
crosomal radioactivity that was not extracted from the micro-
somes and/or not recovered from the chromatogram, our find-
ings suggest that authentic UDPGlc accounted for about 87%
of the total radionuclide taken up by the microsomes after 10
min ofincubation. When equilibrium uptake was approached
after 60 min of incubation, the fraction of microsome-asso-
ciated radiolabel recovered in the hydrolytic products, Glc-l-P
and Glc, had risen to 32% and 18% when tested with, respec-
tively, 25 MM and 2 mM UDPGlc substrate.

Collectively, our results indicated that during the initial
phase of the time curves, before equilibrium uptake was
reached and especially during the overshoot phase observed at
low UDPGlc substrate concentrations, radiolabel that became
associated with the RER microsomes was present in authentic
UDPGlc. This finding strongly suggested that most, if not all,
radiolabel entered the microsomes in the form of intact nu-
cleotide sugar, with subsequent metabolism to hydrolytic
products and possibly also to lipid- and protein-linked deriva-
tives.

Evidence that UDPGlc enters the lumen ofthe microsomal
vesicles. The finding that most of the microsomal radiolabel
was released when the vesicles were subjected to hypotonic

shock indicated that UDPGlc had entered the microsomal
lumen. In addition, the osmotic sensitivity ofUDPGlc uptake
by the vesicle membrane preparations from RER was deter-
mined in order to distinguish between membrane binding and
proper translocation. Intravesicular lumenal volume can be
modified by the addition of varying concentrations of an im-
permeant solute to the incubation medium. Under these cir-
cumstances, amounts of radiolabeled solutes taken up by the
microsomes at equilibrium uptake should directly reflect
changes in intravesicular volume if the label enters into the
internal space of the vesicles. Fig. 3 shows the effect ofincreas-
ing osmolarity of the incubation medium on UDPGlc and
sucrose equilibrium uptake by RER microsomes. That the
chosen impermeant solute raffinose was osmotically compe-
tent was evidenced by the gradual decrease of the sucrose-ac-
cessible space of the microsomes as a function of the trisac-
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Figure 3. Effect of incubation medium osmolarity on UDPGlc- and
sucrose-accessible space in RER microsomes. Microsomes were
preincubated for 15 min at 37°C in incubation buffer containing
various concentrations of raffinose (0, 100, 200, 333, 500 mM). Both
UDP[3H]Glc (2 mM) and ['4C]sucrose were added, and vesicle-asso-
ciated radioactivity was determined by the rapid filtration method
after 30 min and 45 min of incubation to verify that equilibration
uptake of the radioactive solutes was reached at the end of the incu-
bation period. The depicted results are those found at 45 min. Vol-
umes of space accessible to radiolabel in the microsomes were com-
puted according to Meissner and Allen (1 1). Increase of the raffinose
concentration from zero to 0.5 M resulted in shrinkage of the su-
crose-accessible space from 0.963 to 0.139 A/mg protein. The figure
depicts the corresponding volumes for apparent space accessed by
total 3H-label (-) and TCA-precipitable 3H-labeled material (A). Vol-
umes for the apparent space occupied by the soluble 3H-labeled sol-
utes (m), which predominantly corresponded to intact UDPGlc, were
computed by subtracting the TCA-precipitable fraction from total
vesicle-associated 3H-label.
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charide concentration in the incubation medium. This shrink-
age of the vesicles was paralleled by a proportional decrease of
the total amount of UDPGlc-derived radiolabel present in the
microsomes at equilibrium uptake (at 45 min). A high
UDPGlc substrate concentration (2 mM) was selected for
these experiments to avoid the overshoot phenomenon and
thereby to ascertain that equilibrium uptake was reached at the
end ofthe 45-min incubation period. An additional advantage
ofusing such high substrate levels was that even after 45 min of
incubation only a small fraction of the vesicle-associated ra-
dioactivity was converted to hydrolysis products of UDPGlc,
so that the 3H-label of the soluble radioactive solutes in the
microsomes approximated the amount ofthe radiolabeled au-
thentic UDPGlc (Fig. 1 B). The amount of nonsoluble, TCA-
precipitable solutes containing 3H-label derived from UDPGlc
and found in the microsomes at equilibrium uptake was unaf-
fected by the addition of raffinose and therefore was relatively
important in the vesicle preparations that had undergone
marked shrinkage, as a result of exposure to high raffinose
concentrations (Fig. 3). By subtraction of the TCA-precipita-
ble fraction from total radionuclide in the microsomes, we
computed the amount of authentic nucleotide sugar at
UDPGlc equilibrium uptake. Fig. 3 shows that there was a fair
linear relationship between the intravesicular volume of the
microsomes, as measured by the sucrose space, and the micro-
somal space occupied at equilibrium uptake by UDPGlc, as
estimated by measuring the amount of soluble radiolabeled
material.

Additional information pertinent to distinction between
membrane binding and proper translocation can be obtained-
by extrapolation to zero sucrose-accessible space. Since at this
point the intravesicular space would be zero, the amount of
vesicle-associated radiolabel is thought to represent membrane
binding at equilibrium uptake. It is noteworthy that the line
describing the relationship between sucrose space and the
computed space for soluble radiolabeled material intersected
near to the origin (Fig. 3), which indicates that nonspecific
membrane binding ofUDPGlc and its hydrolysis products was
negligible. This finding confirmed the very low values for non-
specific binding of intact UDPGlc found by direct measure-
ment (see Methods).

Collectively, these findings provided convincing evidence
for the notion that temperature-dependent microsomal uptake
of UDPGlc corresponded to translocation across the mem-
brane, with entry of the nucleotide sugar into the lumenal
space of the vesicles.

Trans-stimulation of translocation of UDPGlc across the
microsomal membrane. Based on the typical shape ofthe time
curves for microsomal uptake of radiolabel at low UDPGlc
substrate concentrations (Fig. 1 A), we considered the possibil-
ity that the aforementioned overshoot phenomenon reflected
trans-stimulation caused by countertransport of endogenous
unlabeled solute(s) sharing a putative carrier with UDPGlc for
trfnsport across the membrane. This idea was consistent with
our previous finding that native microsomes contain a lu-
menal pool of endogenous UDPGlc (6) and was supported by
the results obtained in the following three experimental ap-
proaches. First, we found that preincubation of native micro-
somes at 370C, which produced depletion of the microsomal
pool ofendogenous UDPGlc (6), resulted in a gradual decrease
of the overshoot phenomenon (Fig. 4 A). With most micro-
somal preparations, overshooting was abolished when prein-
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Figure 4. Trans-stimulation of microsomal translocation of UDPGlc.
RER-derived microsomes were employed in all experiments, and 25
tM UDP[3H]Glc was used as initial substrate concentration in the
translocation assays. (A) Time curves for uptake of 3H-label by vesi-
cles that has been preincubated at 37°C in incubation buffer for zero
min (.), 3 min (A), 10 min (i), or 15 min (*) before the radiolabeled
substrate was added. (B) The effect of preloading the microsomes
with unlabeled UDPGlc (i) or unlabeled UMP (A). Preloading con-
sisted of preincubation at 37°C for 15 min of the microsomes (12 mg
protein/ml) in incubation buffer without (controls, *) or with 5 mM
UDPGlc or UMP. The microsomes were then washed twice, each
time by resuspending the vesicles in ice-cold buffer A (- 0.6 mg pro-
tein/ml) and repelleting at 105,000 g for 30 min at 4°C. (C) Vesicles
preloaded by preincubation for 10 min at 37°C in incubation buffer
with 25 AM UDP[3H]Glc were used. At time zero, the microsomes
were 20-fold diluted by adding buffer C without (controls, *) or with
unlabeled UDPGlc (A), UDPGlcUA (e), or UDPGlcNAc (*), and ra-
diolabeled effilux from the vesicles was measured as described in
Methods. The concentration of unlabeled trans-stimulating nucleo-
tide in the translocation assay mixture was 200 AM.

cubation at 37°C had been extended beyond 30 min. Con-
trariwise, overshooting remained virtually unaffected when
preincubation of native microsomes was done at 0°C for as
long as 1 h, which did not lead to depletion of the endogenous
UDPGlc in native microsomes (6). Using a second approach
(Fig. 4 B), we found that marked trqns-stimulation of micro-
somal uptake of radiolabeled ,IJPGlc could be produceq by
preloading the vesicles with either unlabeled UDPGlc or unla-
beled UMP, which may also be present in native rat liver
microsomes (21). In a third, complementary approach, we
demonstrated that addition of unlabeled UDPGlc, UDPGI-
cUA, or UDPGlcNAc to the extravesicular incubation me-
dium markedly enhanced the initial efflux rate of radiolabel
from RER microsomes preloaded with radiolabeled UDPtGlc
(Fig. 4 C), suggesting that massive net influx of unlabeled
UDPGlc or its structural analogues cauWed trans-stimultion
of membrane translocation of the radiolabeled UDPGlc.

The notion that the pvershoot phenomenon reflected
countertransport in which influx of radiolabeled solute at low
UDPGlc substrate concentrations was accelerated by a large
gradient across the microsomal membrane of unlabeled en-
dogenous "driver" solute(s) like UDPGlc itself or structural
analogues was further supported by the observation of a com-
parable transient overshoot when microsomal uptake of [14C]-
UMP by native RER microsomes was tested (Fig. 5 A). Com-
plementary findings consistent with the concept of membrane
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Table I. Inhibition ofMicrosomal UDPGkc Uptake
by Structurally Related Molecules

Tested compound UDPG1c uptake rate

% control

UDPGlc 40±2.2
UDPXyl 45±3.9
UDPGlcUA 57± 1.3
UDPGal 59±1.5
UDPG1cNAc 50±3.8
Y-UMP 52± 1.9
2'-UMP, 3'-UMP 100±1.3
CMP 82±1.6
GMP 86±4.5
CMPNeuAc 95±2.9
CDPChol 90±3.2
GDPMan 90±0.2
GDPG1c 98±3.7

After preincubation of RER-derived microsomes for 40 min at 370C,
UDP[3H]Glc (25 AM) with or without unlabeled inhibitor (200 MM)
was added. Initial rate of radiolabel uptake by the vesicles (10 mg
protein/ml) was then measured in four aliquots of the reaction mix-
ture, sampled at 20-s time intervals. Data shown are mean
values±SEM for three individual experiments using different micro-
somal preparations.

0 0.5 1.0 1.5 2.0

TIME (min)

Figure 5. Effects ofUDPGlc on microsomal translocation of UMP.
RER microsomes that were kept on ice until the uptake reaction was
started by addition of 25 MM ['4C]UMP substrate were used ill both
depicted experiments. Uptake of '4C-label by microsomes was mea-

sured with (a) and without (0) 200 MM unlabeled UDPGlc present in
the incubation mixture (upper panel). Measurement ofUMP effilux
in the presence (!) and absence (-) of 200 MM unlabeled UDPGlc
was done as described in the legend to Fig. 4 C except that 25 gM
['4C]UMP substrate was used to preload the microsomes.

translocation of UDPGlc and UMP mediated by a common

microsomal carrier system consisted of demonstration that
addition of unlabeled UDPGlc to the incubation medium
caused marked cis-inhibition of microsomal UMP uptake
(Fig. 5 A) and trans-stimulation ofUMP efflux from preloaded
vesicles (Fig. 5 B).

Specificity ofmicrosomal translocation ofnucleotides. The
specificity of the postulated microsomal carrier system for
UDPGlc was examined by the addition ofstructural analogues
to the incubation media. Each of the tested 5'-uridine nucleo-
tides (UDPGlcUA, UDPGal, UDPGlcNAc, UDPXyl, UMP)
added in eightfold excess over the radiolabeled UDPGlc sub-

strate effectively cis-inhibited microsomal uptake ofradiolabel
(Table I). In contrast, cytidine- and guanosine-containing
sugar nucleotides or monophosphates either were markedly
less effective cis-inhibitors or exerted no significant effect on
UDPGlc uptake. Strong additional support for specificity of
the putative carrier translocating UDPGlc came from the ob-

servation that a mixture of 2'-UMP and 3'-UMP lacked any
effect on uptake while the 5'-UMP isomer clearly was an effec-

tive cis-inhibitor (Table I) and trans-stimulator (Fig. 4 B) of
membrane translocation of UJDPGlc. Free Glc and GlcUA
and also their respective 1-monophosphate derivatives tested
at both 8-fold and 40-fold molar excess over the radiolabeled
UDPGlc substrate concentration (25 MM) equally lacked any

appreciable effect on microsomal uptake of radiolabel.
Dependence of rate of microsomal uptake of UDPGlc on

substrate concentration. To distinguish between passive equili-
bration and facilitated transport of UDPGlc, the effect of sub-
strate concentration on initial rate of uptake was investigated.
In view of the interference with initial rate measurements at
low substrate concentration by endogenous trans-stimulation
found with native microsomes, assays were done with micro-
somes in which the putative trans-stimulation compound(s)
had been depleted by preincubating the vesicles for 40 min at
370C. Such pretreatment had only a minimal effect on intact-
ness ofthe microsomal vesicles (latency ofMan-6-phosphatase
remained > 93%).

Fig. 5 A shows that the translocation rate was saturable at
UDPGlc substrate concentrations of 1-2 mM. The Scatchard
representation of these data revealed complex kinetics (Fig. 5
B). A model incorporating two Michaelis-Menten kinetic
components could be formulated that provided an excellent fit
to the experimental results. The estimated values (from two
experiments) for the kinetic parameters of these two compo-
nents were 32-43 MM and 638-707 MM as apparent Km and
53-70 pmol/min per mg protein and 298-348 pmol/min per
mg protein as V for, respectively, the high and low affinity
components. The observed saturation suggests that a limited
number of UDPGlc transport sites exist in the microsomal
membrane. Even at high concentrations of radiolabeled
UDPGlc substrate (at which a possible diffusion transport
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pathway would become important), alternative substrates were
still effective inhibitors. For example, an eightfold excess of
5'-UMP over radiolabeled UDPGlc reduced the uptake rate of
25 gM by 52% while translocation tested with a high, 2-mM
substrate concentration was reduced by 68%. Based on these
observations, it seems unlikely that the low affinity component
corresponded to diffusion.

Subcellular localization ofmicrosomal UDPGlc transloca-
tion. Because highly active nucleotide sugar transport systems
have been identified in Golgi apparatus (22-28) and contami-
nation of microsomal fractions with Golgi membranes is un-
avoidable (29, 30), evidence was sought to exclude the possibil-
ity that the carrier-mediated UDPGlc translocation found in
our RER membrane preparations was solely dependent on
Golgi structures. If Golgi but not ER membrane vesicles were
responsible for transport, one would expect to find higher spe-
cific transport activities in the smooth microsomal fraction
than in the RER microsomal preparation, which is consider-
ably less contaminated with Golgi membranes (14). Thus, spe-
cific catalytic activities for the Golgi membrane marker ovo-
mucoid:UDP-galactosyltransferase were 3.2- to 3.7-fold higher
in our smooth microsomal fractions than in our RER mem-
brane preparations. In contrast, specific UDPGlc translocation
rates were clearly lower in smooth than in rough microsomes.
In two separate subfractionation studies, UDPGlc transport
rates measured with 25 jsM UDP[3H]Glc were 10.8 and 10.3
pmol/mg protein per min and 18.6 and 19.7 pmol/mg protein
per min in, respectively, the smooth and rough subfractions.
The difference was even larger (79 pmol/mg per min in
smooth microsomes vs. 305 pmol/mg per min in the RER
fraction) when translocation rates were measured with 2 mM
UDP[3H]Glc as substrate. Collectively, these results suggest
that the postulated carrier system mediating entry ofUDPGlc
into the vesicles is present in ER membranes.

Discussion

The findings reported here provide strong evidence for the
presence in ER-derived microsomes of a carrier system that
specifically mediates translocation of intact UDPGlc from the
cytosolic side of the membrane into the intramicrosomal
space. Perez and Hirschberg (7) recently reported that
UDPGlc is taken up by ER-derived vesicles and that this in-
teraction involved specific binding or transport sites but failed
to provide conclusive evidence for proper translocation of the
intact nucleotide sugar across the membrane into the intrave-
sicular space. In agreement with Perez and Hirschberg's work,
we found that radionuclide binding by microsomes incubated
with radiolabeled UDPGlc exhibited typical features of car-
rier-mediated uptake including marked temperature depen-
dency (Fig. 2), saturation (Fig. 6), and substrate specificity
(Table I). However, Perez and Hirschberg did not recognize
the transient trans-stimulation of radiolabeled UDPGlc up-
take caused by the presence of endogenous UDPGlc in native
microsomes, which must be taken into consideration in ki-
netic studies of nucleotide sugar transport across the ER
membrane. Whether the complex kinetics of microsomal
UDPGlc uptake revealed in the present study, with what ap-
pears to be two Michaelis-Menten kinetic components, was a
result ofdifferent expressions ofthe same carrier in the hetero-
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Figure 6. Dependence of rate of microsomal UDPGlc uptake on sub-
strate concentration. Initial rate of microsomal uptake of radiolabel
at UDP[3H]Glc concentrations varying between 25 MM and 2 mM
was assessed using RER microsomes that had been preincubated for
40 min at 370C in buffer B. (A) Rate of uptake of UDP[3H]Glc
equivalents plotted vs. substrate concentration. (B) The same data in
a Scatchard plot. Based on the assumption that the observed kinetics
reflected involvement of two Michaelis-Menten kinetic components,
a model could be formulated that yielded an excellent fit to the ex-
perimental results. The smooth curves in both graphs represent the
fitted curves generated by this model. The straight lines drawn in B
depict the two individual Michaelis-Menten kinetic components.
The estimates (±SE) of the kinetic parameters for the experiment
shown here were Km values of 33±13 AM and 0.64±0.14 mM and V
values of 53±17 pmol/mg per min for, respectively, the high-affinity
(broken line) and low-affinity (solid line) components.

geneous vesicle structures of RER microsomal preparations
remains to be elucidated. It is noteworthy in this regard that
Meissner and Allen (17) noted similar heterogeneity ofglucose
transport properties in rat liver microsomes.

A persuasive argument in support of carrier-mediated
transport of UDPGlc was derived from influx and effilux stud-
ies demonstrating that the trans concentration of the trans-
ported UDPGlc or presumed competitors for the postulated
carrier system, including UMP, UDPGlcNAc, and UDPGl-
cUA, affected translocation of the labeled substrate (Figs. 4
and 5). Such counter-transport appeared to be responsible for
the remarkable transient overshoot or trans-stimulation phe-
nomenon observed in UMP and UDPGlc uptake studies using
low concentrations of radiolabeled substrate and native mi-
crosomes that had not been preincubated at 37°C.

A number of observations suggest that microsomal uptake
of UDPGlc corresponded predominantly to proper transloca-
tion of the intact sugar nucleotide molecule into the interior
space of the microsomal vesicles. We found that the apparent
space occupied by vesicle-associated intact UDPGlc under
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equilibrium uptake conditions corresponded to an osmotically
sensitive component, which was a strong indication for proper
translocation into the intramicrosomal lumen. During the ini-
tial uptake phase, the radiolabel that became associated with
the vesicles was mostly present in authentic UDPGlc. This was
so at lQw as well as at high UDPGlc substrate concentrations
and there clearly was no precursor-product relationship be-
tween any of the metabolic products ofUDPGlc and the total
amount of microsomal radiolabel. On the contrary, the time
curves' shown in Fig. 1 suggested that uptake of radiolabel
preceded hydrolysis of the nucleotide sugar. Furthermore, nei-
ther free Glc and GlcUA nor their respective 1-monophos-
phate derivatives were able to inhibit microsomal uptake of
radiolabeled UDPGlc indicating that the observed transport
process did not depend on carrier-mediated transport of such
hydrolytic fragments, Additional supportive' evidence for
translocation of the intact UDPGlc molecule across the mem-
brane came from the observation that extravesicular UDPGlc,
UMP, UDPGlcNAc, and UDPGlcUA were potent trans-stim-
ulators of radiolabel efflux from microsomes preloaded with
radiolabeled UDPGlc (Fig. 4 C). In these experiments, micro-
somes first were preloaded by short preincubation with 25 IM
radiolabeled UDPGlc, i.e., conditions that produced the over-
shoot phenomenon for microsomal uptake of the nucleotide
sugar. The radiolabel efflux measurements were started when
overshooting peaked and - 85% of the microsomal radiolabel
was present in authentic UDPGlc (Fig. 1 A). Hence, the abrupt
and markedly accelerated efflux of radioactivity caused by the
trans-stimulators could only occur if intact UDPGlc was
translocated from the vesicles into the incubation medium.
Moreover, acceleration of efflux of the other radiolabeled glu-
cosyl-containing species, free Glc, Glc-l-P, or Dol-P-Glc, was
not expected to occur as a result ofaddition ofthe trans-stimu-
lators. Glc- l-P and free Glc did not seem to interact with the
postulated UDPGlc carrier (see inhibition studies),-and signifi-
cant release of radiolabel from Dol-P-Glc, possibly by conver-
sion to UDPGlc and Dol-P was unlikely, especially in the
experiment showing trans-stimulation by 200 MM unlabeled
UDPGlc, which is a saturating substrate concentration for mi-
crosomal Dol-P-Glc synthase (31, 32). We cannot completely
rule out that the observed translocation of UDPGlc reflects
carrier-mediated transport of UMP, with reassembly of
UDPGlc at the lumenal face ofthe ER membrane and second-
ary transport of compound(s) containing the radiolabeled Glc
moiety derived from the UDPGlc substrate. However, several
observations and considerations render such hypothesis im-
plausible. For kinetic reasons (see above and reference 6), it is
unlikely that the observed translocation ofUDPGlc occurs via
formation of a Dol-P-Glc intermediate. Resynthesis of
UDPGlc from its hydrolysis products with reassembly ofpyro-
phosphate ester bonds is unlikely from a thermodynamic
viewpoint, considering the fact that the cytosolic synthesis of
UDPGlc from Glc-l-P by',pyrophosphorylase depends on the
high energy compound UTP'and resynthesis of UDPGlc
would require effective conversion of UMP to UTP in the
microsomes. This is unlikely, as is illustrated by the fact that
microsormes incubated with UDPGlc (Fig, 1) or UTP (33)
spontaneously hydrolyze these compounds, a reaction that
runs to completion. Finally, it should be noted that the trans-
stimulation experiments demonstrate that a high intramicro-
somal concentration of UDPGlc trans-stimulates UDPGlc

uptake. IfUDPGlc uptake were driven by UMP transport and
required resynthesis of UDPGlc within the microsomes, then
one would expect that a high intramicrosomal UDPGlc con-
centration would inhibit, rather than stimulate, UDPG1c up-
take.

An additional important difference between our findings
and the previous work by Perez and Hirschberg (7, 26) relates
to the suggestion by the latter workers that both UDPGlc and
UDPGlcNAc enter the microsomes by an antiport system ex-
changing lumenal UMP for external UDP-sugar. While such
exchange was clearly observed, our data suggest that micro-
somal uptake of UDPGlc was not necessarily and exclusively
coupled to UMP efflux and therefore they do not support the
notion of an antiport translocation system. The observed ex-
change of UDPGlc for UMP reflected countertransport, as a
result ofdependency of translocation ofboth nucleotides on a
shared carrier system. Thus, uptake of UDPGlc and UMP
occurred in microsomes from which nucleotides had been
"drained" by preincubation at 370C (Fig. 4 A) and UDPGlc
efflux was markedly stimulated by the presence of UDPGlc
itselfor UDPGlcNAc or UDPGlcUA in the extravesicular me-
dium (Fig. 4 C). Similarly, UMP in.the extramicrosomal in-
cubation medium was a trans-stimulator of efflux of UMP
from the vesicles (data not shown), indicating that UMP
translocation in either direction across the membrane oc-
curred without necessity for coupling to nucleotide sugar
transport.

Our findings on substrate specificity of the postulated mi-
crosomal carrier system for UDPGlc are in general agreement
with the results of Perez and Hirschberg (7), except for the
binding ofUDPGal to the carrier. We found that this nucleo-
tide sugar, like the other tested 5'-uridine-substituted nucleo-
tides, was an effective cis-inhibitor of UDPG1c translocation
by RER-derived microsomes, suggesting that UDPGal might
be a substrate of the postulated UDPGlc carrier in ER mem-
branes. Perez and Hirschberg on the other hand found that
UDPGal (tested at 20 uM) was a poor trans-stimulator of
UMP efflux from RER microsomes (7) and observed almost
no uptake of radiolabel when RER-derived vesicles were incu-
bated with 2 MM UDP[3H]Gal while at the same substrate
concentration rapid uptake of the nucleotide sugar occurred
with Golgi membrane preparations (26). Translocation of
UDPGal by RER- or Golgi-derived vesicles has not been di-
rectly examined in the present study. A possible explanation
for the apparent discrepancy could be that the UDPGlc carrier
system ofER membranes may have a low affinity for UDPGal
so that an effect of UDPGa1 on translocation of UD1PGlc or
UMP only became detectable at the high UDPGal concen-
tration (200 WM) used in our study and uptake ofUDPGal
itself by RER microsomes remained small at the very low (2
MM) substrate concentration used in Perez and Hirsthberg's
studies.

The finding that UDPGlcUA was an efficient cis-inhibitor
of microsomal UDPGlc uptake and trans-stimlulator of
UDPGlc efflux from the vesicles is of special interestin view of
the importance of UDPGlcUA as a cosubstrate for micro-
somal glucuronidation reactions. It has been suggested that the
marked latency of ttansferase activity characterizing all iso-
forms of UDP-glucuronyltransferase in native microsomes
may result from lumenal orientation of the enzXjne (2, 34).
Such topology would necessitate permeation of UDPGlcUA
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from cytosol, where its synthesis occurs, across the microsomal
membrane to a luminally oriented catalytic center. Whether
such topological arrangement of the enzyme exists and trans-
port of UDPGlcUA across the membrane is rate-limiting for
glucuronidation by native microsomes and thereby explains
the latency phenomenon remains unresolved. Our results sug-
gest that UDPGlcUA specifically interacts with the postulated
carrier for UDPGlc in ER membranes. The observation that
UDPGlcUA trans-stimulated efflux of UDPGlc from the mi-
crosomes (Fig. 4 C) especially suggested that UDPGlcUA un-
dergoes transport into the vesicles because the trans-stimula-
tion phenomenon implies that binding of the "driver"
UDPGlcUA solute to carrier at the cytosolic side of the mem-
brane produces translocation of the complex to the luminal
side and thereby leads to enhanced access of the "driven"
solute present in the intravesicular space (in this case radiola-
beled UDPGlc) to the carrier's transport sites. Preliminary ex-
periments suggest that the RER-derived vesicles can also take
up radiolabeled UDPGlcUA and that such microsomal uptake
was cis-inhibited by UDPGlc and displayed marked tempera-
ture dependency. However, only a negligible proportion ofthe
vesicle-associated radiolabel was detectable in intact UDPGl-
cUA and a major fraction ofthe microsomal radioactivity was
TCA-precipitable, suggesting that either internalized UDPG1-
cUA was instantaneously and extensively metabolized or mi-
crosomal uptake reflected only binding and metabolism to
membrane-linked derivatives, without proper translocation
across the membrane (our unpublished results). While the
question whether UDPGlcUA can be translocated across the
ER membrane remains unresolved, it is worth noting that our
inability in these preliminary experiments to detect intact
UDPGlcUA in the vesicle-associated radiolabel was in agree-
ment with the apparent absence of a microsomal pool of en-
dogenous UDPGlcUA in native, intact microsomes (7).
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