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ABSTRACT: Previous studies have documented the presence of protein-mediated transport of UDP-glucuronic
acid (UDP-GlcUA) in rat liver endoplasmic reticulum (ER). To determine the crucial amino acids of the
membrane transporter and evaluate their function in regulating the glucuronidation reaction, we examined
the effect of histidyl-specific irreversible inhibitors on the uptake of radiolabeled UDP-GlcUA in rat liver
ER. Inactivation of uptake (initial rate) was more pronounced with hydrophobic reagents [diethyl
pyrocarbonate (DEPC),p-bromophenacyl bromide] as compared to the more hydrophilic reagent (p-
nitrobenzenesulfonic acid methyl ester). DEPC was used to further characterize the inhibition because of
its greater specificity for protein histidyl residues. While initial [14C]UDP-GlcUA uptake rates were
diminished by DEPC treatment of intact microsomes, the accumulation of isotope at equilibrium was not
significantly affected, indicating no loss of vesicle integrity. A pKa of ∼7 for the modified residue(s) of
the transporter supported the alkylation of imidazole moieties. Protection against inactivation was observed
with UDP-GlcUA as well as other nucleotide-sugars known for their interaction with this transporter.
Uptake activity of the transporter (Vmax) but not UDP-GlcUA binding (Km) was affected by a limited
inactivation. Furthermore, a partial inactivation of the transporter impaired the binding of the photoaffinity
label [â-32P]5-azido-UDP-GlcUA to UDP-glucuronosyltransferases (UGTs) in intact, but not in detergent-
disrupted, ER vesicles. These results demonstrate the involvement of histidyl residue(s) in the UDP-
GlcUA uptake process in rat liver ER, provide additional evidence for the lumenal orientation of the
UGT active site, and support the view that translocation of the UGT cosubstrate is a rate-limiting step of
the glucuronidation reaction.

Most nucleotide-sugars are synthesized in the cytosol and
translocated across the Golgi and endoplasmic reticulum
(ER)1 membranes to the lumenal compartment for multiple
glycosylation reactions prior to secretion as processed
products(1). These translocations are carried out by different
protein carriers in Golgi and ER membranes. Our attention
has been focused on the glucuronidation reaction in the ER
and transport of UDP-glucuronic acid (UDP-GlcUA), the
cosubstrate for the UDP-glucurononsyltransferases (UGTs).
A UDP-GlcUA carrier resides in the ER membrane, transfer-
ring the sugar-nucleotide, formed from glucose 6-phosphate
in the cytosol, to the lumenal face where glucuronidation
takes place. Glucuronic acid, through its high-energy form
UDP-GlcUA, is incorporated into a variety of compounds,

both endogenous [such as bibirubin(2)] and exogenous(3),
facilitating the excretion of hydrophobic substances from the
body. Glucuronic acid conjugation is a detoxification process
but is also involved in the biosynthesis of macromolecular
structures such as proteoglycans and glycolipids(4, 5).
Studies on the regulation of glucuronidation have been
performed by focusing on the enzymatic activity of membrane-
bound and lumenally oriented UGTs. The transport mech-
anism of substrates and products of UGTs must also be
considered in this regard. Indeed, new inhibitors of protein
and lipid glycosylation, targeting the import of sugar-
nucleotides in the Golgi-ER network, are emerging as
potential therapeutic tools(6).
The UDP-GlcUA transport process in the ER has been

phenomenologically characterized: compounds such as
UDP-N-acetylglucosamine (UDP-GlcNac)(7, 8), UDP-
xylose (UDP-Xyl)(9), and 4-nitrophenol- and phenolphtha-
lein-glucuronides(10) have been shown to have antiporter
characteristics in the UDP-GlcUA uptake process. This
antiport could represent a potential driving force for UDP-
GlcUA import. We have also shown that uptake data can
be fitted to a multicomponent model with two kinetically-
distinguishable transport processes(11).
Chemical modification of proteins is well-established as

an approach to structure/function studies(12). This method
identifies the role of specific amino acid residues in the
function of the protein of interest on the basis of the effect
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of cross-linking these residues and currently provides the
only logical approach for characterization of the UDP-GlcUA
transporter protein.
In this work, we have examined the contribution of histidyl

residues in the carrier-mediated translocation of UDP-GlcUA
across the ER membrane in intact rat liver microsomes. We
show that residues modified by histidyl-specific reagents are
directly involved in the uptake of UDP-GlcUA. In addition,
the results suggest that this transport plays a major role as a
rate-limiting factor for the glucuronidation reaction in the
ER and clearly demonstrate a lumenal orientation of the
UGTs active site.

EXPERIMENTAL PROCEDURES

Materials. Uridine diphosphate glucuronic acid, [glucu-
ronyl-14C(U)] (285.2 mCi/mmol) ([14C]UDP-GlcUA), was
purchased from American Radiolabeled Chemicals (Saint
Louis, MO). Filtron-X and Dimiscint were from National
Diagnostics (Manville, NJ), and Soluene 350 was from
Packard (Downers Grove, IL). Diethyl pyrocarbonate (DEPC),
p-bromophenacyl bromide,p-nitrobenzenesulfonic acid meth-
yl ester, UDP-GlcUA (triammonium salt), UDP-Glc (diso-
dium salt), UDP-Xyl (sodium salt), and UDP-GlcNAc
(sodium salt) were obtained from Sigma (Saint Louis, MO).
Synthesis of [â-32P]UDP-GlcUA and [â-32P]5N3UDP-

GlcUA. [â-32P]UDP-GlcUA (specific activity of 5-10 mCi/
µmol) was synthesized and purified as previously described
(11). The synthesis of [â-32P]5-azido-UDP-glucuronic acid
([â-32P]5N3UDP-GlcUA, specific activity 2-5 mCi/µmol)
is described in(13).
Rat LiVer Microsomal Preparation. Intact liver mi-

crosomes from male rats (Sprague-Dawley, 220-250 g) were
prepared, without subfractionation into rough and smooth
ER fractions, as previously described(11). Phenylmethane-
sulfonyl fluoride (PMSF) was omitted from the preparation
since we observed an inhibitory effect on the UDP-GlcUA
uptake (not shown). Microsomes were rapidly frozen in
liquid nitrogen and stored at-80 °C. The protein concen-
tration was determined by the Bradford method(14). The
integrity of the microsomal vesicles used for uptake mea-
surement was determined to be greater than 94% by a
mannose-6-phosphatase assay as modified by Blair and
Burchell (15, 16).
Characterization of the ER membranes with marker

enzymes was in accordance with our previous observations
(11). No Na+/K+ ATPase activity could be detected,
suggesting no significant contamination of the preparation
with plasma membranes. Galactosyltransferase activities
were consistent with minor Golgi contamination, but we have
previously determined that the detected UDP-GlcUA uptake
activities do not result from this contamination(11). Man-
nose-6-phosphatase enrichment in the microsomal prepara-
tions over the homogenate was∼4-fold, in accordance with
other reports(11, 17).
InactiVation of UDP-GlcUA Uptake.Intact ER vesicles

[30 mg of protein/mL in 10 mMN-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES), pH 7.4, con-
taining 0.25 M sucrose and 1 mM MgCl2] were incubated
with DEPC (freshly diluted in ethanol; final concentration
2% v/v), p-bromophenacyl bromide, orp-nitrobenzene-
sulfonic acid methyl ester (dissolved in dimethyl sulfoxide,

2% v/v), at concentrations ranging between 1 and 10 mM
(as described in the corresponding figure legends), and for
30-60 s. Following inactivation, microsomes were diluted
50 times with ice-cold 10 mM Tris-HCl (pH 7.4) buffer
containing 0.25 M sucrose and 1 mM MgCl2 to quench the
alkylation, pelleted by centrifugation at 100000g at 4°C for
an hour, and resuspended in the same buffer. Assays for
UDP-GlcUA uptake were performed by the fast filtration
method previously described(11), using either [â-32P]UDP-
GlcUA or [14C]UDP-GlcUA (5 µM). As a control, mi-
crosomes were subjected to the same procedure in the
presence of 2% absolute ethanol (v/v). Uptake at equilibrium
was evaluated using [14C]UDP-GlcUA as previously de-
scribed(11). The pH-dependence of inactivation of uptake
by DEPC was studied by incubating the microsomes at 30
mg of protein/mL in 10 mM sodium phosphate buffer
containing 0.25 M sucrose and 1 mM MgCl2 at the specific
pH values indicated in Figure 4. After rapid mixing of
microsomes and buffer, DEPC (5 mM) was added and the
mixture was left for 30 s at 25°C prior to UDP-GlcUA
uptake measurement. Since the small volumes used pre-
cluded a direct determination of pH, the relative amounts of
phosphate buffer needed to reach the desired pH values were
estimated by setting up proportionally identical mixtures on
larger volumes, allowing direct pH measurement. Control
experiments (2% absolute ethanol) were carried out in a
similar way to determine total uptake at each pH.
Protection against inactivation by DEPC was studied by

preincubating the microsomes (30 mg of protein/mL) with
UDP-GlcUA, UDP-Xyl, UDP-GlcNAc, and UDP-Glc for
exactly 20 s at 25°C before incubating with DEPC (5 mM)
for 30 s. The external concentration of all UDP-sugars was
fixed at 50µM. In these experiments, the time of preincu-
bation with UDP-sugars and the time of inactivation were
minimized to favorcis-competition by reducing possible
translocation.
Michaelis-Menten parameters were computed by non-

linear regression analysis of the double reciprocal plot of
UDP-GlcUA influx versus UDP-GlcUA concentration (1-
110 µM) for intact and partially DEPC-inactivated mi-
crosomes (5 mM DEPC, 1 min inactivation) using the
EnzymeKinetics program (Trinity Software, Campton, NH).
Photoaffinity Labeling with [â-32P]5N3UDP-GlcUA. In-

tact rat liver microsomes (30 mg of protein/mL) were
incubated with DEPC (4 and 8 mM) or ethanol (control, 2%
v/v) for 1 min at 25°C. The inactivation was stopped by a
50-fold dilution in ice-cold 10 mM Tris-HCl, pH 7.4,
containing 0.25 M sucrose and 1 mM MgCl2. The diluted
microsomes were then centrifuged at 100000g for 1 h at 4
°C. Pellets were resuspended in a minimal volume of the
same buffer. A portion of the microsomes was treated with
Triton X-100 for 10 min on ice at a protein to detergent
ratio of 40:1 (w/w), sufficient to disrupt the integrity of the
vesicles. Intact and detergent-disrupted ER vesicles were
photolabeled as follows: [â-32P]5N3UDP-GlcUA (40µM)
was incubated with microsomal proteins (50µg) for exactly
20 s at room temperature in 10 mM Tris-HCl, pH 7.4,
containing 0.25 M sucrose and 1 mM MgCl2, followed by
irradiation for 90 s with a hand-held UV 254 nm lamp (UVP-
11, Ultra-violet Products, Inc., Upland, CA). Proteins were
processed for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and run on a 10% gel as
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described(18). After electrophoresis, gels were dried and
radiolabeled proteins were visualized by autoradiography for
5 days at-80 °C.

RESULTS

Concentration-Dependent Inhibition of UDP-GlcUA Influx
by Histidyl-Specific Reagents.In the present work, we
employed three imidazole-modifying reagents to delineate
the contribution of histidyl residues of the UDP-GlcUA
transporter to uptake activity in ER-derived vesicles from
rat liver. All three histidyl-selective chemical probes
inhibited UDP-GlcUA uptake to various degrees.p-Bro-
mophenacyl bromide was the most effective, with almost
complete inactivation (95% inhibition) at 1 mM (Figure 1).
DEPC inhibited the transport activity in a dose-dependent
manner, leading to 86% inhibition at 10 mM. The least
potent inhibitor,p-nitrobenzenesulfonic acid methyl ester,
also inhibited the uptake in a concentration-dependent
fashion, but with only 42% inhibition at 10 mM. Inhibition
was irreversible as uptake activity was not restored by
extensive dilution and washing of microsomes followed by
centrifugation and resuspension. DEPC was chosen for
further detailed study because it was potent in inhibiting the
uptake of UDP-GlcUA, as shown in Figure 1. Furthermore,
DEPC is described in the literature as a reagent with
relatively high specificity for histidyl residues.
Characterization of the InactiVation of UDP-GlcUA

Uptake by DEPC.Previously we described a two-component
model for the translocation of UDP-GlcUA in intact ER
vesicles (11). The results of this work suggested that
multicomponent uptake was probably carried out by a single
protein but the presence of multiple carriers could not be
ruled out. In order to study the effect of DEPC on the two

uptake components, we evaluated dose-dependent inhibition
by DEPC of the initial uptake of [32P]UDP-GlcUA at 5 and
75 µM, where the so-called high- and low-affinity compo-
nents, respectively, would predominate. DEPC inhibition
did not discriminate between the two uptake components
previously identified (results not shown) which further
supports a carrier-mediated process catalyzed by a single
protein with two affinities for UDP-GlcUA(11). Conse-
quently, we further characterized the function of histidyl
residues of the transporter using a concentration of 5µM
radiolabeled UDP-GlcUA.
Figure 2 shows the time- and concentration-dependent

inhibition of UDP-GlcUA uptake by DEPC. Inactivation
of UDP-GlcUA uptake by DEPC was rapid, with inactivation
taking place within 1 min, and concentration-dependent.
Inactivation was not gradual, which precluded the estimation
of inactivation rate constants for detailed kinetic analysis.
The effect of DEPC was also evaluated on the uptake at

equilibrium (Figure 3). Because of lumenal breakdown of
UDP-GlcUA during prolonged incubation and subsequent
efflux of [32Pi], [14C]UDP-GlcUA (labeled in the glucuronic
acid moiety) was used for the determination of accumulated
radionuclide. It has been shown that [14C]glucuronic acid
resulting from the breakdown of UDP-GlcUA is not trans-
ported out of the ER lumen(17). Initial uptake, as well as
uptake in the overshoot phase(7), was strongly inhibited by
DEPC, while the steady-state reached after 20 min of
incubation was unchanged (Figure 3). Therefore, the effect
of DEPC was not due to the impairment of membrane
integrity but to a direct modification of the protein carrier.
Effect of pH on InactiVation. DEPC reacts much faster

with an unprotonated imidazole than with an imidazolium
moiety. Modification of the external pH of the microsomes
of the transporter prior to inactivation of the uptake by DEPC
allows the titration of the essential residues. As shown in
Figure 4, the inhibitory potency of DEPC was enhanced as

FIGURE 1: Inhibition of microsomal UDP-GlcUA uptake by
histidyl-modifying reagents. Rat liver ER membranes (30 mg of
protein/mL) were preincubated for 1 min in the presence or absence
of p-nitrobenzenesulfonic acid methyl ester (0), diethyl pyrocar-
bonate (b), orp-bromophenacyl bromide (O), at the concentrations
indicated in the figure. The membranes were then diluted 50 times
in ice-cold 10 mM Tris-HCl (pH 7.4) buffer containing 0.25 M
sucrose and 1 mM MgCl2, pelleted by centrifugation, and resus-
pended in the same buffer. UDP-GlcUA transport (15 s) was
assayed at 25°C as described under Experimental Procedures.
Values are the mean( SD for 3 experiments performed on 3
different microsomal preparations.

FIGURE2: Time- and concentration-dependent inhibition by DEPC
of UDP-GlcUA transport in ER vesicles. ER membranes (30 mg
of protein/mL) were incubated at 25°C with 2.5 (O), 5 (b), and
(0) 10 mM DEPC as indicated in the figure. The membranes were
then diluted 50 times in ice-cold 10 mM Tris-HCl (pH 7.4) buffer
containing 0.25 M sucrose and 1 mM MgCl2, pelleted by
centrifugation, and resuspended in the same buffer. UDP-GlcUA
transport (15 s) was assayed as described under Experimental
Procedures. Values are the mean( SD for 3 experiments.
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the pH was increased from 6.1 to 7.9, reflecting progressive
dissociation of protonated residue(s). The pKa of the titrated
essential residue(s) was∼7.0, which is compatible with
carbethoxylation of the imidazole moieties of histidyl
residues in proteins.
Effect of Partial InactiVation by DEPC on the Kinetic

Parameters of the Transporter.Further understanding of
the effect of derivatization of the transporter with DEPC was
achieved by evaluating the effect of partial inactivation on

the kinetic parameters of the transporter.Vmax values for
both the high- and low-affinity components of UDP-GlcUA
uptake were similarly reduced upon partial inactivation, but
there was no effect on the apparentKm for UDP-GlcUA
(Table 1). Thus, the histidyl residues identified in this study
are not involved in the binding of UDP-GlcUA but in the
translocation process itself.Vmax values are higher than our
previously published values for both high- and low-affinity
components(11). In the course of this study, we observed
that the protease inhibitor PMSF, previously included
throughout the microsomal preparation, impaired UDP-
GlcUA uptake. This reagent is no longer used. However,
it is worth mentioning that inhibition by PMSF did not affect
Km values for either the high- or the low-affinity components
[(11) and Table 1].
UDP-Sugars Protect against IrreVersible Inhibition of

UDP-GlcUA Influx by DEPC.The effect ofcis-addition of
various UDP-sugars (preincubated with microsomes at a ratio
of 10:1 over UDP-GlcUA) on inactivation of uptake by
DEPC was studied to determine the location of essential
residue(s) identified in this study. Figure 5 shows that UDP-
GlcUA, UDP-GlcNAc, and UDP-Xyl reduced the inhibitory
effect of DEPC by 75, 53, and 46%, respectively. Con-
versely, UDP-Glc did not prevent inhibition under the
experimental conditions. The protection observed with UDP-
sugars is in close agreement with our previouscis-inhibition
studies of the UDP-GlcUA influx (following this inhibition
pattern: UDP-GlcUA> UDP-GlcNAc> UDP-Xyl > UDP-
Glc) (11). The protection experiments described support the
hypothesis that the locations of essential histidyl residue(s)
of the UDP-GlcUA transporter are within or near the UDP-
sugar binding site.
Photoaffinity Labeling of UGTs after Treatment with

DEPC. Previously, we described a photoaffinity analog of
UDP-GlcUA which covalently labeled the active site of
UGTs in rat liver microsomes(13, 18). This analog,
[â-32P]5N3UDP-GlcUA, was used in the present study as an
indicator of UDP-GlcUA transport to investigate the process
of UDP-GlcUA translocation as a possible rate-limiting step
for the glucuronidation reaction in the lumen of microsomes.
Treatment of intact microsomes with DEPC strongly im-
paired photolabeling of rat liver UGTs (50-54 kDa) (Figure
6). Inhibition of the transporter activity correlated with the
decrease of UGT labeling in intact vesicles. When DEPC-
treated microsomes were disrupted with Triton X-100 prior
to photolabeling, no impairment of photoincorporation of the
probe into UGTs was observed (Figure 6). In the latter case,
uptake activity could not be detected because of the disrup-

FIGURE 3: Effect of limited inactivation by DEPC on uptake and
accumulation of UDP-GlcUA. Microsomes (30 mg of protein/mL)
were incubated with (b) or without (O) 5 mM DEPC for 1 min,
diluted 50 times in ice-cold 10 mM Tris-HCl (pH 7.4) buffer
containing 0.25 M sucrose and 1 mM MgCl2, pelleted, and
resuspended in the same buffer. [14C]UDP-GlcUA (5µM) was used
to measure transport activity at 25°C, and incorporation of
radionuclide was determined at the indicated time. Values are the
mean( SD for 3 experiments. Asterisk: Significantly different
from control (no DEPC) by Student’st test,P < 0.05.

FIGURE 4: pH dependence of the inactivation of UDP-GlcUA
uptake by DEPC. Microsomes (30 mg of protein/mL) were mixed
with various 10 mM phosphate buffers containing 0.25 M sucrose
and 1 mM MgCl2 to obtain an external pH-range (pHo) between
6.1 and 7.9. DEPC (5 mM) was added, and the initial rate of UDP-
GlcUA uptake (15 s) at 25°C was determined after 30 s of
inactivation. Control experiments in which DEPC was omitted were
run to evaluate the total uptake activity at the corresponding pH.
The data are representative of 1 experiment from a total of 3.

Table 1: Kinetic Parameters of UDP-GlcUA Uptake in Rat Liver
Microsomes after Partial Inactivation by DEPC

high-affinity system low-affinity system

Vmaxa Km
a Vmaxa Km

a

controlb 311.0( 19.0 1.5( 0.1 557.0( 50.0 37.7( 6.1
DEPCc 112.0( 9.0 1.5( 0.4 258.0( 30.0 38.2( 17.0

a Parameters described in the table were calculated according to a
two-component model (high-affinity and low-affinity components) for
uptake of UDP-GlcUA, using EnzymeKinetics.Vmax, the maximal
uptake rate, is expressed, for both components, in pmol min-1 (mg of
protein)-1, and Km values are inµM. b Intact microsomes (2% v/v
ethanol).cMicrosomes modified with 5 mM DEPC for 1 min at room
temperature.
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tion of the vesicle integrity (results not shown). Therefore,
protein carbethoxylation by DEPC in ER vesicles induced a
concomitant decrease in binding of the photoaffinity analog
[â-32P]5N3UDP-GlcUA to UGTs in intact microsomes, which
is due to impairment of the uptake process, and not to a
reduced UGT affinity for the photoprobe.

DISCUSSION

In this study, we have addressed the identity of a critical
functional group of the UDP-GlcUA transporter in rat liver
ER. Our attention was focused on the role of histidyl
residues of the transporter. These residues frequently
contribute to biochemical processes through substrate binding
(H bonds, ionic interaction), cation coordination, or as
nucleophilic or acid/base catalysts. We demonstrated the
involvement of histidyl residue(s) in the UDP-GlcUA uptake
process in rat liver microsomes. Three reagents known to
preferably react with histidyl residues,p-nitrobenzene-
sulfonate,p-bromophenacyl bromide, and DEPC, were able
to inactivate transport of UDP-GlcUA, supporting an inac-
tivation process resulting from modification of one or several
imidazole moieties of the transporter. The pH-profile of
inactivation of uptake by DEPC also suggested modification
of histidyl residue(s) (pKa∼ 7.0). Inhibition by DEPC was
due to irreversible modification of the transporter protein
itself and was not the result of the spurious side effect of
chemical modification, such as impairment of membrane
properties. Protection experiments with known substrates
and/orcis-inhibitors (UDP-GlcUA, UDP-Xyl, UDP-GlcNAc)
supported the location of essential residue(s) within or near

the UDP-GlcUA binding site. These results also demonstrate
that UDP-GlcNAc and UDP-Xyl are likely to bind to a
common site with UDP-GlcUA, although a ligand-induced
conformational change impairing the inhibition cannot be
totally ruled out. The lack of a significant protective effect
by UDP-Glc, which did not strongly compete with UDP-
GlcUA uptake incis-inhibition experiments(11), further
supported the location of an essential residue(s) within the
sugar-nucleotide binding site. The residue(s) identified in
this work did not appear to be involved in the binding of
UDP-GlcUA, but directly in the translocation process as
reflected by the effect of limited inactivation on the kinetic
parameters.
This work further addressed the possible orientation of

the essential residues in the ER membrane. No correlation

FIGURE5: Effect ofcis-addition of UDP-sugars on the modification
of UDP-GlcUA transporter by DEPC. Microsomes (30 mg of
protein/mL) were preincubated with and without UDP-GlcUA,
UDP-GlcNAc, UDP-Xyl, and UDP-Glc for 20 s at 25°C, followed
by incubation with 5 mM DEPC for 30 s. The microsomes were
then diluted 50 times in ice-cold 10 mM Tris-HCl (pH 7.4) buffer
containing 0.25 M sucrose and 1 mM MgCl2, pelleted by
centrifugation, and resuspended in the same buffer. UDP-GlcUA
uptake (15 s) at 25°C was assayed as described under Experimental
Procedures. Values are the mean for 3 experiments. Asterisk:
Significantly different from control (DEPC, no UDP-sugars) by
Student’st test,P < 0.05.

FIGURE 6: Inhibition of UGT photolabeling with [â-32P]5N3UDP-
GlcUA in DEPC-treated ER vesicles. (A) Intact microsomes (30
mg of protein/mL) were incubated with DEPC (4 and 8 mM) or
ethanol (control) for 1 min at 25°C. The inactivation was then
quenched by a 50-fold dilution in ice-cold 10 mM Tris-HCl (pH
7.4) buffer containing 0.25 M sucrose and 1 mM MgCl2, and
microsomes were pelleted by centrifugation and resuspended in the
same buffer. The integrity of a portion of both intact and DEPC-
treated microsomes was then disrupted by treatment with Triton
X-100 as described under Experimental Procedures. Intact (- TX-
100) and detergent-disrupted microsomes (+ TX-100), each
containing 50µg of protein, were photolabeled with 40µM
[â-32P]5N3UDP-GlcUA for 90 s, and subjected to SDS-PAGE and
autoradiography as described under Experimental Procedures. The
autoradiograph is one representative experiment from two repeated
independently on two different microsomal preparations. (B) UGT
photolabeling with [â-32P]5N3UDP-GlcUA (panel A) in intact (b)
and detergent-disrupted microsomes (O) was quantified by densi-
tometric measurement, and the results were expressed as percent
of control. Uptake activities (0) at 25 °C were also determined
with 5 µM [32P]UDP-GlcUA prior to photolabeling, and results
are expressed as percent of control activity.
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between the steric bulk of the reagents and their inhibition
potency was apparent from these results (Figure 1). How-
ever, the partition coefficient of an inhibitor into the
membrane is an important factor when membrane proteins
such as transporters are studied. The inhibition potency of
histidyl-specific reagents appeared to be stronger with
increasing lipophilicity. These results suggested either that
the modified histidyl residues were located on the lumenal
side of the ER microsomes and modification of the trans-
porter by these reagents was subsequent to membrane
partition, or that modified histidyl residues were located in
a hydrophobic microenvironment of the transporter. We
observed that, first, inhibition did not proceed further upon
extensive dilution of inactivated microsomes, suggesting that
DEPC exerted its inhibitory effect by interacting with the
cytoplasmic side of the transporter. Second, changing the
external pH of the vesicles was sufficient to change the
reactivity of the residues toward DEPC. Finally, protection
against inactivation was observed withcis-inhibitors (UDP-
sugars) of UDP-GlcUA uptake. The preceding observations
support the location of the modified residue(s) on the
cytoplasmic side of the transporter. The essential residue-
(s) could be positioned in a hydrophobic microenvironment
of the transporter which may explain the reactivity pattern
of the three histidyl-specific reagents used in this study.
Our previous work suggested that the photoaffinity analog

of UDP-GlcUA ([â-32P]N3-UDP-GlcUA) is transported
across the ER membrane and subsequently covalently labels
UGTs in intact rat liver microsomes(19). Translocation and
subsequent binding of photoactive ligands to lumenal proteins
have been previously used as evidence of transport in ER
vesicles(19, 20). Here, we showed that an intact UDP-
GlcUA transporter is a prerequisite for UGT photolabeling
by 5N3UDP-GlcUA in intact microsomes. Similarly, dose-
dependent inhibition of the transporter byN-ethylmaleimide
resulted in impairment of 4-methylumbelliferone glucu-
ronidation(21), supporting the theory that the transport of
UDP-GlcUA is a rate-limiting step for glucuronidation in
rat liver microsomes. Therefore, a low rate of UDP-GlcUA
uptake is likely to compromise the efficiency of the glucu-
ronidation reaction by depletion of the lumenal UDP-GlcUA
pool. Thus, UDP-GlcUA transport is part of the process
regulating the UDP-GlcUA level in the ER lumen, thereby
contributing to the regulation of glucuronide biosynthesis.
Other biochemical pathways could well be affected by the
efficiency of UDP-GlcUA translocation since it has been
shown that, in the lumen of chondrocytes, UDP-GlcUA can
be converted enzymatically to UDP-Xyl, a regulatory step
in the elongation of glycosaminoglycan chains of glycopro-
teins (4). Our photoaffinity labeling experiments in the
presence of DEPC also strongly support a lumenal orientation
of the UGT active site. The combined application of DEPC

inactivation and photoaffinity labeling of microsomal proteins
with [â-32P]N3-UDP-GlcUA is being utilized in our labora-
tory to identify the protein(s) involved in this carrier-mediated
process.

ACKNOWLEDGMENT

We are grateful to Magdalena Mizeracka for her excellent
technical assistance. We also thank Dr. Richard R. Drake
for synthesizing the [â-32P]N3-UDP-GlcUA photoprobe, and
J. M. Little for critical reading of the manuscript.

REFERENCES

1. Hirschberg, C. B., and Snider, M. D. (1987)Annu. ReV.
Biochem. 56, 63-87.

2. Hauser, S. C., Ziurys, J. C., and Gollan, J. L. (1984)J. Biol.
Chem. 259, 4527-4533.

3. Clarke, D. J., and Burchell, B. (1994)Hand. Exp. Pharmacol.
112, 3-44.

4. Kearns, A. E., Vertel, B. M., and Schwartz, N. B. (1993)J.
Biol. Chem. 268, 11097-11104.

5. Nuwayhid, N., Glaser, J. H., Johnson, J. C., Conrad, H. E.,
Hauser, S. C., and Hirschberg, C. B. (1986)J. Biol. Chem.
261, 12936-12941.

6. Traynor, A. J., Hall, E. T., Walker, G., Miller, W. H.,
Melancon, P., and Kuchta, R. D. (1996)J. Med. Chem. 39,
2894-2899.

7. Bossuyt, X., and Blanckaert, N. (1994)Biochem. J. 302, 261-
269.

8. Berg, C., Radominska, A., Lester, R., and Gollan, J. (1995)
Gastroenterology 108, 183-192.

9. Bossuyt, X., and Blanckaert, N. (1996)Biochem. J. 315, 189-
193.

10. Banhegyi, G., Braun, L., Marcolongo, P., Csala, M., Fulceri,
R., Mandl, J., and Benedetti, A. (1996)Biochem. J. 315, 171-
176.

11. Battaglia, E., Nowell, S., Drake, R. R., Mizeracka, M., Berg,
C. L., Magdalou, J., Fournel-Gigleux, S., Gollan, J. L., Lester,
R., and Radominska, A. (1996)Biochim. Biophys. Acta 1283,
223-231.

12. Lundblad, R. L. (1995)Techniques in Protein Modification,
CRC Press, Boca Raton, FL.

13. Drake, R. R., Zimniak, P., Haley, B. E., Lester, R., Elbein, A.
D., and Radominska, A. (1991)J. Biol. Chem. 266, 23257-
23260.

14. Bradford, M. M. (1976)Anal. Biochem. 72, 248-254.
15. Arion, W. J. (1989)Methods Enzymol. 174, 58-67.
16. Blair, J. N. R., and Burchell, A. (1988)Biochim. Biophys. Acta

964, 161-167.
17. Bossuyt, X., and Blanckaert, N. (1995)Biochem. J. 305, 321-

328.
18. Drake, R. R., Igari, I., Lester, R., Elbein, A., and Radominska,

A. (1992)J. Biol. Chem. 267, 11360-11365.
19. Radominska, A., Berg, C., Treat, S., Little, J. M., Gollan, J.,

Lester, R., and Drake, R. R. (1994)Biochim. Biophys. Acta
1195, 63-70.

20. Clairmont, C. A., De Maio, A., and Hirschberg, C. B. (1992)
J. Biol. Chem. 267, 3983-3990.

21. Bossuyt, X., and Blanckaert, N. (1997)Biochem. J. 323,
645-648.

BI9716332

Inactivation of UDP-GlcUA Carrier Biochemistry, Vol. 37, No. 1, 1998263


