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Endoplasmic Reticulum/Golgi Nucleotide Sugar
Transporters Contribute to the Cellular Release
of UDP-sugar Signaling Molecules™
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Extracellular UDP-sugars promote cellular responses by
interacting with widely distributed P2Y,, receptors, but the
mechanisms by which these molecules are released from cells
are poorly understood. Given the active role of UDP-sugars in
glycosylation reactions within the secretory pathway, we
hypothesized that UDP-sugar release includes an exocytotic
component. This hypothesis was tested by assessing the contri-
bution of endoplasmic reticulum (ER)/Golgi-resident UDP-
GlcNAc transporters to the cellular release of their cognate sub-
strates. A sensitive and highly selective assay for UDP-GIcNAc
mass was developed using purified AGX2, an isoenzyme of
human UDP-GIcNAc pyrophosphorylase. Robust constitutive
release of UDP-GIcNAc was observed in yeast as well as in well
differentiated human airway epithelial cells. The human UDP-
GlcNACc transporter HFRC1 was overexpressed in human bron-
chial epithelial cells and was shown to localize in the Golgi and
to enhance the surface expression of N-acetylglucosamine-rich
glycans. HFRC1-overexpressing cells also displayed increased
constitutive and hypotonic stress-stimulated release of UDP-
GIcNAc. Yeast mutants lacking Yea4 (the ER UDP-GIcNAc
transporter endogenously expressed in Saccharomyces cerevi-
siae) showed reduced UDP-GIcNAc release. Yea4-deficient cells
complemented with Yea4 showed UDP-GIcNAc release rates at
levels similar to or higher than wild type cells. Our results illus-
trate that ER/Golgi lumen constitutes a significant source of
extracellular UDP-sugars and therefore plays a critical role in
nucleotide sugar-promoted cell signaling.

Extracellular nucleotides perform important signaling func-
tions via activation of broadly distributed P2X and P2Y puriner-
gic receptors (1, 2). P2X receptors comprise seven species
(P2X,-P2X,) of ATP-gated ion channels. P2Y receptors belong
to the superfamily of G protein-coupled receptors. At least
eight human P2Y receptor species have been identified, seven
of which (P2Y,, P2Y,, P2Y,, P2Y, P2Y,,, P2Y,,, and P2Y,;) are
activated by adenine and/or uridine nucleoside di- and triphos-
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phates (2). The P2Y,, receptor was identified as the eighth
member of the P2Y family (3, 4). Unlike other P2 receptors, the
human P2Y,, receptor is activated by UDP-Glc, UDP-GIcNAc,
and other UDP-sugars but not by di- or triphosphonucleotides (3).

P2Y,, receptor transcripts are expressed in several human
tissues, including placenta, stomach, intestine, adipose, brain,
lung, spleen, heart, and circulating leukocytes (3, 5-7). UDP-
sugar-promoted signaling has been reported in astrocytes and
microglial cells (8, 9), lung epithelial cells (10), bone marrow
hematopoietic stem cells (11), and multiple types of peripheral
immune cells, including neutrophils, lymphocytes, and den-
dritic cells (6, 7, 12, 13). These observations suggest that UDP-
sugars, high energy donor substrates in biosynthetic reactions,
potentially are released from cells in a regulated fashion to per-
form autocrine/paracrine signaling. Indeed, nonlytic release of
UDP-GIc has been recently reported in several cell types (14—
16). However, the mechanisms involved in the cellular release
of UDP-sugars are not well defined.

Nucleotide and nucleotide sugar release is postulated to
occur via two possible scenarios: (i) exocytotic release from
vesicles and (ii) cytosolic release through plasma membrane
channels or transporters (17, 18). Ca®>* -regulated exocytosis of
ATP-rich secretory granules has been documented with nerve
terminals, chromaffin cells, pancreatic acinar cells, and other
excitatory/secretory tissues (18). Circumstantial evidence sup-
ports the involvement of the secretory pathway in the release of
nucleotides and UDP-sugars from nonexcitatory cells (e.g. epi-
thelial, endothelial, and astrocytoma cells). For example, nucle-
otide release was associated with vesicle exocytosis and/or was
impaired in cells treated with Golgi-disrupting agents or by
conditions resulting in impaired vesicle trafficking/fusion (15,
16, 19 -23). However, unambiguous proof of vesicular nucleotide
release from nonexcitatory cells (as opposed to vesicular insertion
of a nucleotide channel into the plasma membrane) is lacking. A
major limitation in assessing the contribution of vesicular nucleo-
tides to nucleotide release is the scarcity of reagents to selectively
manipulate nucleotide levels in the lumen of the secretory pathway
of nonexcitatory/nonsecretory cells.

UDP-sugars are synthesized in the cytosol and transported
into the lumen of the endoplasmic reticulum (ER)? and Golgi

2 The abbreviations used are: ER, endoplasmic reticulum; HPLC, high perform-
ance liquid chromatography; GIcNAc-1P, N-acetylglucosamine-1P; BFA,
brefeldin A; BALF, bronchoalveolar lavage fluid; WT, wild type; FITC, fluo-
rescein isothiocyanate.
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apparatus to serve as sugar donors for glycosyltransferase-cat-
alyzed reactions. ER/Golgi-resident nucleotide sugar trans-
porters translocate cytosolic UDP-sugars to these organelles,
using luminal UMP as an antiporter substrate (24, 25). ATP is
also translocated to the ER and Golgi, via ATP/AMP antiport-
ers, where it serves as an energy source for protein folding reac-
tions (25, 26). Nucleotides imported to the ER/Golgi reach con-
centrations up to 20-fold higher than cytosolic levels (25). Since
ER/Golgi nucleotides and nucleotide sugars do not diffuse back
to the cytosol, they can potentially be delivered as cargo mole-
cules and released from cells (e.g. during export of glycoconju-
gates). Thus, by regulating the entry of nucleotides to the
ER/Golgi, nucleotide transporters may contribute to the cellu-
lar release of their cognate substrates.

The molecular identities of the putative Golgi ATP/AMP and
UDP-Glc/UMP antiporters (27, 28) are not known (24). How-
ever, Golgi UDP-GIcNAc/UMP and other UDP-sugar/UMP
antiporters (currently designed as SLC35 nucleotide sugar
transporters) have been identified at the molecular level in sev-
eral species. In humans, three gene products, SLC35A3,
SLC35B4, and SLC35D2, have been characterized as Golgi-res-
ident UDP-sugar/UMP translocators with relatively high selec-
tivity toward UDP-GIcNAc (24, 29, 30). SLC35D2, also known
as HFRCI, is the human homologue to the fruit fly fringe con-
nection (Frc) transporter and may facilitate transport of UDP-
Glcinto the Golgi in addition to UDP-GIcNAc (29). A bona fide,
highly selective UDP-GIcNAc/UMP antiporter named Yea4,
which is distantly related to SLC35B4, is expressed in Saccha-
romyces cerevisiae ER. The present study examines the contri-
bution of UDP-GIcNAc transporters to the cellular release of
their UDP-sugar substrates. We have amplified cDNA encod-
ing AGX2 (an isoform of UDP-GIcNAc pyrophosphorylase)
and used this enzyme to develop an assay that quantifies UDP-
GlcNAc with nanomolar sensitivity. By manipulating the
expression of HFRC1 and Yea4, we tested the hypothesis that
UDP-sugar release encompasses a vesicular component.

EXPERIMENTAL PROCEDURES

AGX2 Expression and Purification—The coding sequence of
UDP-GIcNAc pyrophosphorylase (AGX2; GenBank™ acces-
sion number AB011004) was amplified from human testis
c¢DNA with up and down primers harboring BamHI and
HindIII restriction sites, respectively, at their 5’-ends. The PCR
product was digested with BamHI and HindIII and ligated into
similarly digested pMal-C2KYV, thus introducing a His,-tagged
maltose-binding protein and a tobacco etch virus cleavage site
at the N terminus of AGX2. pMal-C2KV/AGX2 was trans-
formed into BL21 Escherichia coli (Invitrogen), and the His,-
tagged maltose-binding protein-AGX2 fusion protein was
induced overnight at 22 °C with 0.3 mm isopropyl-3-p-thioga-
lactopyranoside. The fusion protein was purified from culture
supernatants over a Ni>* -chelating column, dialyzed to remove
imidazole, and cleaved from His,-tagged maltose-binding pro-
tein by overnight digestion with tobacco etch virus protease.
AGX2 was purified from the digest by passing the mixture over
the Ni*" -chelating column a second time to remove undigested
fusion protein and His,-tagged maltose-binding protein, as
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previously described (31). AGX2-eluting fractions were pooled,
concentrated to 1.5 mg/ml, and stored at —80 °C.

Titration of UDP-GIcNAc Pyrophosphorylase—UDP-Glc-
NAc pyrophosphorylase activity was assessed in a reaction mix
(100 ul) containing 25 mm HEPES (pH 7.4), 1.2 mm MgCl,, and,
unless indicated otherwise, 1 mm PP, and 2 mm UDP-GIcNAc.
Conversion of UDP-GIcNAc to UTP was monitored by HPLC.
Incubations were allowed to proceed for various times at 37 °C
and terminated by heating the samples for 2 min at 95 °C. One
enzyme unit was defined as the amount of AGX2 catalyzing the
formation of 1 wmol of UTP/min at 37 °C. The Michaelis con-
stants were determined using 0.1 unit/ml AGX2. The data were
fitted with a nonlinear least squares equation, using SigmaPlot
version 10. V. and K, values represent the mean of at least
two independent measurements, which varied by <10% from
each other.

To assess the efficiency of AGX2 in catalyzing the conversion
of UDP-GIcNAc to UTP under low substrate concentrations
(i.e. [S] << K,,), incubations were carried out in 100 ul of
HEPES-buffered (pH 7.4) minimum essential medium
(H-MEM) containing 0.3 units/ml AGX2, 100 nm PP;, and
4—40 nMm UDP-GIcNAc. UDP-[?H]GlcNAc (0.05 uCi) was used
as a radiotracer, and the conversion of UDP-[*H]GIcNAc to
N-[*H]acetylglucosamine-1P ([?*H]GlcNAc-1P) was monitored
by HPLC, as detailed below.

Quantification of UDP-GIcNAc in Extracellular Solutions—
The UDP-GIcNAc-dependent conversion of [**P]PP; to
[*?P]JUTP was assessed in 100 ul of HEPES-buffered (pH 7.4)
samples containing 0.3 units/ml UDP-GIlcNAc pyrophospho-
rylase and 100-200 nm [**P]PP; (100,000 cpm). After incubat-
ing at 37 °C for 1 h, nonradiolabeled 1 mm PP; was added to
samples, followed by immediate heating at 95 °C for 2 min.
Conversion of [**P]PP; to [**P]UTP was monitored by HPLC. A
calibration curve, using known concentrations of UDP-Glc-
NAc, was performed in parallel to calculate the mass of UDP-
GlcNAc present in test samples.

Preparation of [*’P]Pyrophosphate—To obtain high specific
activity [**P]PP,, [y->**P]JATP (100 uCi, specific activity >3000
Ci/mmol) was incubated with 0.5 units/ml nucleotide pyro-
phosphatase from Crotalus adamanteus (Sigma) at 37 °C for 30
min, as described previously (14). Freshly prepared [**P]PP, was
stored at —20 °C and used within 2 weeks. Commercially avail-
able, low specific activity [**P]PP, (60 Ci/mmol) was purchased
from PerkinElmer Life Sciences.

Cell Culture and Incubations—Polarized cultures of well dif-
ferentiated primary human bronchial epithelial (HBE) and
nasal epithelial cells and immortalized 16HBE140 ™~ and Calu-3
human airway epithelial cells were grown on 12-mm Transwell
supports (Costar) and maintained at an air-liquid interface that
mimics the in vivo environment of the airway epithelia, as pre-
viously described (32). Cultures were rinsed three times and
preincubated for 1 h in minimal essential medium (300 ul
mucosal, 500 ul basolateral) at 37 °C in a humidified incubator
supplemented with 5% CO,. After the addition of desiderated
reagents, aliquots (200 ul) were removed at the times indicated,
heated at 95 °C for 2 min, and either used immediately or stored
at —20 °C. For intracellular measurements, cultures were lysed
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with 5% trichloroacetic acid, which was subsequently extracted
with ethylic ether, as described (32).

Bronchoalveolar Lavage Fluid (BALF)—BALF was obtained
from cystic fibrosis and control disease (non-cystic fibrosis)
patients via clinically indicated bronchoscopy, as previously
described (33).

Protein Assay—Protein concentration was determined by the
BCA protein assay kit (Pierce), according to the manufacturer’s
instructions.

Metabolism of Extracellular UDP-GlcNAc—Cells were rinsed
twice and incubated in 300 ul of H-MEM in the presence of
trace amounts of UDP-[*H]GIcNAc. Medium samples were
collected at the indicated times, and *H-labeled species were
separated and analyzed by HPLC.

HPLC Analysis—[**P]JUTP and [**P]PP, were separated by
HPLC (Shimatzu) using 3.9 X 150 mm (Nova-Pack C18 col-
umn) with an ion pairing mobile phase (1 ml/min) consisting of
8 mM tetrabutylammonium hydrogen sulfate, 60 mm KH,PO,,
pH 5.3, and 7.5% methanol. UDP-[?H]GIcNAc and [*H]Glc-
NAc-1P [PH]GIcNAc were resolved from each other using a
slightly modified mobile phase, consisting of 8 mm tetrabu-
tylammonium hydrogen sulfate, 30 mm KH,PO,, pH 5.3, and
3% methanol. The HPLC apparatus was equipped with a Radi-
ometer Flow-One® Beta detector (Packard) and a SPD-10A UV
detector (Shimatzu), and radioactivity and absorbance at A =
260 nm were monitored on-line, as previously described (14).

Liquid Chromatography-Tandem Mass Spectrometry—Liq-
uid chromatography-tandem mass spectrometry analysis was
performed at the UNC Mass Spectrometry core facility. Briefly,
samples (10 ul) were injected onto a C18 HPLC column
(Acquity T3-HSS) and separated using a gradient developing
from 5 to 95% methanol in 0.1% acetic acid. The UDP-N-acetyl-
hexosamine signal was assessed using selected reaction moni-
toring of the transition from m/z 606 to 385 in tandem mass
spectrometry, as described (34).

HFRCI Overexpression—HA-tagged HFRC1 ¢cDNA (Gen-
Bank™ accession number XM_047286 (29)) was subcloned
into the puromycin-encoding retroviral vector pQCXIP (Clon-
tech). Retroviruses carrying HA-tagged HFRC1 or viruses pro-
duced from pQCXIP without gene insert (“mock” viruses) were
added to cells and incubated with Polybrene (8 ug/ml) for 2 h at
37 °C (35). Cells were rinsed and subsequently selected with
puromycin (0.5 ug/ml) for 1 week.

Immunofluorescence and Confocal Microscopy Studies—
Vector- and HA-tagged HFRCl1-transformed cells were
detached by a brief incubation in Varsene (Invitrogen) and cen-
trifuged onto glass slides using a StatSpin Cytofuge® (Iris Sam-
ple Processing, Westwood, MA). Localization of HFRC1 was
revealed by immunofluorescence, using either an anti-HA
monoclonal (36) or an anti-HA polyclonal antibody. Elements
of the cis- and trans-Golgi were revealed with monoclonal anti-
bodies against GM-130 and p-230, respectively (BD Bio-
sciences, San Jose, CA). Heparan sulfate was detected with an
antibody against perlecan (Neomarkers, Fremont, CA). Polar-
ized cultures of 16HBE140 ™ cells were stained with FITC-la-
beled wheat germ agglutinin, as described previously (31).
Immunostaining and confocal microscopy analysis were per-
formed as previously described (15), using a Leica Sp5 confocal
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microscopy. Images were processed and quantified using
Adobe Photoshop CS.

Reverse Transcription-PCR Analysis of SLC35 Transporter
Expression—Total RNA was isolated from freshly cultured cells
using the RNeasy kit (Qiagen Inc., Valencia, CA) and reverse
transcribed into ¢cDNA using Superscript (Invitrogen). PCR
was performed using standard procedures and Amplitaq Gold
(Applied Biosystems, Foster City, CA). Primers used to amplify
HFRC1/SLC35D2, SLC35A3, and SLC35B4 were 5'-TCCT-
CATCGTGCTTGTCAAC-3’' and 5-GGAGAGGCAGAG-
GAAAC-3’; 5'-CCCTGGGAATTTTGGTCTTTC-3" and
5'-GATCCCTGATGGAATAGCAAG-3'; and 5'-TTACTCT-
GTGCGCTTGCTTC-3" and 5'-cagggcatagttgttcaccac-3/,
respectively.

Quantitative PCR for the target genes was performed using a
Lightcycler PCR apparatus and a Lightcycler Fast start DNA
master SYBR Green I kit (Roche Applied Science). Quantitative
PCR was performed using a Lightcycler PCR machine and a
Lightcycler Fast start DNA master SYBR Green I kit from
Roche Applied Science. The average cross-over point was
determined using the Roche software. The relative expression
levels of the SLC35D2, SLC35A3, and SLC35B4 were calculated
from the efficiency of the PCR and the crossing point and nor-
malized to the expression of the reference gene 18 S, as previ-
ously described (37).

Nucleotide Release from S. cerevisiae—Wild type (WT)
BY4741 (MATa his3A leu2A met15A ura3A) and Yead-defi-
cient Yel004W BY4741 (MATa his3A leu2A metl5A ura3A
yel004w:KanMX4) strains were grown overnight in yeast pep-
tone dextrose (YPD) medium. Cells were centrifuged (13,000
rpm, 5 min) and resuspended in 20 mm Tris, 1 mm KH,PO,/
K,HPO,-buffered solution (pH 7.6), containing 1% (w/v) glu-
cose (TK buffer). Cells were preincubated for 1 h at 30 °C while
shaking, centrifuged, resuspended in TK at a density of 10 cells/
ml, and incubated at 30 °C for the indicated times under continu-
ous shaking. Cells were centrifuged, and supernatants were col-
lected and stored on ice. Samples were boiled for 2 min, transferred
to ice, and stored at —20 °C. For intracellular measurements, cells
were resuspended in 100 ul of TK and lysed with 5% trichloroace-
tic acid, as described above. Samples were supplemented with 1.6
mm CaCl, and 2 mm MgCl, prior to nucleotide analysis.

Amplification and Expression of S. cerevisiae Yea4d—The yea4
gene, including the promoter, open reading frame (GenBank™
accession number U18530), and polyadenylation site, was
amplified by PCR. The oligonucleotide primers were 5'-GCG-
GCCGCAACTTCATAGATGGACAG-3" and 5'-GCGGC-
CGCAAACTTACGTCAACACCAC-3' (the underlines indi-
cate the Notl sites). PCR was carried out on S. cerevisiae
genomic DNA using Phusion Hot Start DNA polymerase. The
reaction was performed with an initial hot start cycle of 98 °C
for 2 min; 35 cycles of 98 °C for 10's, 58 °C for 155, and 72 °C for
45 s; and a final cycle of 72 °C for 7 min. The PCR product was
subcloned into pCR-BluntII-TOPO (Invitrogen), and its nucle-
otide composition was verified by DNA sequencing. The yea4
fragment was inserted into a pYC240 plasmid (kindly provided by
Dr. Kjeld Olesen, Carlsberg Research Laboratory, Copenhagen-
Valby, Denmark). S. cerevisiae Yel004W BY4741 was transformed
with pYC240-yea4 plasmid according to Gietz et al. (38).
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FIGURE 1. Purification and characterization of UDP-GIcNAc pyrophosphorylase. A, purified AGX2 (1.5 .g)
was subjected to SDS-PAGE on a 10% (w/v) acrylamide gel, as described under “Experimental Procedures.”
Molecular masses (in kDa) are indicated on the left. B and C, the UDP-GIcNAc and PP; dependence of the
AGX2-catalyzed synthesis of UTP was assessed in the presence of 0.1 unit/ml AGX2 and either 1 mm PP; (B) or 2

Two  UDP-N-acetylhexosamine
pyrophosphorylase isoforms, AGX1
and AGX2, have been identified at
the molecular level. Although
AGX1 displays higher activity
toward UDP-GalNAc (40), AGX2
exhibits nearly 10-fold higher affin-
ity for UDP-GIcNAc relative to
UDP-GalNAc (40, 41). Therefore,
we chose to use AGX2 to develop an
assay for the potential quantifica-
tion of UDP-GIcNAc. The coding
sequence of AGX2 was amplified by
PCR from human testis cDNA,
cloned, and expressed in E. coli, and
the expressed protein was purified

mm UDP-GIcNACc (C). The data represent the mean value = S.D. of two independent experiments (n = 4).

Chitin Staining—Preparation of cells for chitin staining using
Calcofluor White Stain (Fluka) was performed, following the
manufacturer’s instructions. Briefly, cells were grown over-
night in YPD (in the presence of 300 um hygromycin B for
pYC240-transfected cells) and washed twice in TK. Cells were
resuspended in TK at a density of 1 X 10® cells/ml. Fifty microliters
of the cell suspension were mixed with 20 ul of Calcofluor White
Stain and transferred onto a glass coverslip. The cells were exam-
ined under a mercury lamp using a UV filter in a Leica DMIRB
microscope with a X40 PlanApo lens (Leica, Germany). Images
were collected with a CCD camera and processed as above.

Measurements of UDP-glucose and ATP—The mass of UDP-
Glc was assessed as previously described (14), and ATP was
quantified using the off-line luciferin-luciferase assay, as
described previously (39).

Reagents—[y-**P]ATP was obtained from Amersham Bio-
sciences. UDP-p-[6-°H]-N-acetylglucosamine (38.3 Ci/mmol),
UDP-glucose pyrophophosphorylase, luciferase, brefeldin A
(BFA), and anti-HA-polyclonal antibody were purchased from
Sigma. Luciferin was obtained from BD PharMingen (Franklin
Lakes, NJ). All other chemicals were of the highest purity avail-
able. Anti-HA monoclonal antibody was obtained from
Covance (Princeton, NJ).

Data Analysis—The rate of UDP-GIcNAc hydrolysis (V)
was calculated according to V,, = kS, where S represents the
mass of extracellular UDP-GIcNAc at steady state, and k is the
first order rate constant (k = 0.693/t,) of UDP-[’H]GIcNAc
decay. Flow-One Analysis software (Packard Instruments Co.)
was used for analyzing the HPLC tracings. Differences between
means were determined by paired Student’s ¢ test and were
considered significant at p < 0.05.

RESULTS

Quantification of UDP-GIcNAc Using Recombinant UDP-
GlcNAc Pyrophophorylase—UDP-GIcNAc pyrophosphorylase
catalyzes the reversible pyrophosphorolysis of UDP-GlcNAc,
according to the following reaction.

PP; + UDP-GIcNAc « UTP + GIcNAc-1P
REACTION 1
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to near homogeneity. As illustrated
in Fig. 14, AGX2 was resolved as a
single band migrating at ~57 kDa
on SDS-PAGE. Purified AGX2 exhibited a specific activity of 66
units/mg protein. Consistent with previous studies (41), AGX2
displayed a K, of 33 = 2 um for UDP-GIcNAc (Fig. 1B). AGX2
also displayed a K, of 45 = 3 um for PP, (Fig. 1C), a value that
had not been previously defined.

Our goal was to use AGX2 to quantify UDP-GlcNAc in extra-
cellular solutions. Based on previous measurements of extracel-
lular nucleotides, our assumption was that UDP-GlcNAc con-
centrations in bulk extracellular solutions bathing cell cultures
should be within the low nanomolar range (18). Therefore, an
initial evaluation of the efficiency of AGX2 in catalyzing the
pyrophosphorolysis of 10 nm UDP-GIcNAc was assessed. Con-
version of 10 nm UDP-[*H]GIcNAc (0.05 uCi) to [*H]GlcNAc-
1P was completed within 45 min in the presence of 0.3 units/ml
AGX2 and 100 nMm PP; (Fig. 24), and identical results were
obtained using 4, 15, 20, and 30 nm UDP-GIcNAc (not shown).
Using [**P]PP, as a radiotracer, the sensitivity, selectivity, and
linearity of AGX2-catalyzed conversion of UDP-GIcNAc to
[**P]JUTP were determined. Representative HPLC tracings of
the conversion of 100 nm [*>P]PP; to [**P]JUTP in the absence or
presence of 10 nm UDP-GIcNAc are shown in Fig. 2B. Forma-
tion of [**P]JUTP was readily observed with UDP-GIcNAc con-
centrations as low as 2 nM, and the reaction was linear up to 30
nM UDP-GIcNAc (Fig. 2C). The sensitivity of the reaction could
be further increased (to <1 nm) by decreasing the mass of the
radiotracer (e.g. 30 nm [**P]PP,), and linearity was extended to
100 nm UDP-GIcNAc by increasing PP; concentration to 200
nM (not shown).

An important control for the quantification of UDP-GIcNAc
in biological samples is to assess the potential interference of
UDP-GalNAc and other naturally occurring nucleotides. The
AGX2-catalyzed conversion of [**P]PP,; to [**P]UTP was highly
selective for UDP-GIcNAc, since negligible formation of
[*’P]JUTP was observed when UDP-GIcNAc was replaced with
UDP-GalNAc (i.e. at concentrations of =30 nwu, the signal gen-
erated by UDP-GalNAc was indistinguishable from noise (Fig.
2D); 100 nm UDP-GalNAc was needed to generate a [**P]JUTP
signal equivalent to that observed with 2 nm UDP-GIcNAc (Fig.
2D)). Thus, although AGX2 has been reported to display some
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FIGURE 2. Specificity and sensibility of the AGX2-catalyzed reaction.
A and B, HPLC tracings illustrating the AGX2-catalyzed conversion of 10 nm
UDP-[?H]GIcNAc to [*H]GIcNAC-1P in the presence of 100 nm PP, (A) and of 100
nm [*2PIPP; to [*?P]UTP in the absence or presence of 30 nm UDP-GIcNAc (B).
C, UDP-GIcNAC calibration curve obtained in the presence of 100 nm [*2P]PP.,.
D, the conversion of [*?P]PP; to [*2P]JUTP was measured in the presence of the
indicated concentration of UDP-GIcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, or
UDP-GIcA. Allincubations were in the presence of 0.3 units/ml AGX2. The data
represent the mean value =+ S.D. of fourindependent experiments performed
in triplicate (A-C) and two independent experiments performed with tripli-
cate samples (D).

reactivity toward UDP-GalNAc (40, 41), our AGX2-based assay
(i.e. at 1-100 nm UDP-N-acetylhexosamine and 100 nm PP,) is
nearly 50-fold more selective for UDP-GlcNAc than for UDP-
GalNAc. In addition, at 100 nM concentration, , UDP-GlcA, and
UDP-Glc as well as ATP, ADP, AMP, UTP, UDP, UMP, GTP,
GDP, or GMP were not substrates of AGX2 (Fig. 2D) (data not
shown). Given that the pyrophosphorolysis reaction displays an
equilibrium constant of 5 = 1.6 (42), our assay conditions
ensured that the direction of the reaction would be highly
favorable toward [**P]JUTP synthesis. Indeed, the reaction
product UTP, at concentrations in the range observed in extra-
cellular solutions (43), had no significant effect on the UDP-
GlcNAc-dependent conversion of [*?P]PP; to [**P]JUTP (data
not shown). Moreover, the reaction was not affected by the
presence of 100 nm UDP-GalNAc, UDP-Glc, UDP-Gal, UDP-
GlcA, ATP, ADP, or UDP (data not shown). In sum, using puri-
fied AGX2, we have developed a sensitive and highly selective
assay for the quantification of UDP-GIcNAc in biological
samples.

Cellular Release of UDP-GIlcNAc—The extent to which UDP-
GlcNAc accumulates in airway surface liquid both in vitro
and in vivo was examined using cultures of polarized airway
epithelial cells as well as BALFs from lung disease patients.
UDP-GIcNAc levels in the mucosal solutions bathing pri-
mary and immortalized cultures of airway epithelial cells
were in the 2-10 nm range and were similar to UDP-Glc
levels (Table 1). The relative abundance of extracellular
UDP-GIcNAc and UDP-Glc in airway surface liquid from
cultured cells did not strictly correlate with the relative cel-
lular content of these molecules (Table 1), suggesting differ-
ences in rates of release and/or extracellular metabolism
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TABLE 1
Airway surface liquid levels of UDP-sugars

UDP-GIcNAc and UDP-Glc were determined in the mucosal medium (300 wl)
bathing resting confluent cultures of human airway epithelial cells and in human
BALF obtained by clinically indicated bronchoscopy. The data represent the
mean * S.D. (culture cells) or mean = S.E. (BALF); the number of samples is
indicated in parenthesis. ND, not determined. ASL, airway surface liquid; TCA,
trichloroacetic acid.

UDP-GlcNAc UDP-Glc
ASL TCA ASL TCA

nm pmol/well nm pmol/well
Normal primary HBE (10) 5.2 0.1 2150 £150 5.6 0.2 402 * 25
Normal primary HNE (3) 1.7 = 0.5 ND ND ND
CF primary HNE (5) 8.6 £ 3.8 ND ND ND
16HBE140~ (10) 54 *+0.2 1750 =300 3.8+ 0.1 1850 * 450
Calu-3 (10) 82*09 2050*50 6.0=*0.8 550=*40
BALF (9) 342 + 129 281 =103

between the two UDP-sugars. UDP-GlcNAc and UDP-Glc
levels in BALF were remarkably high (~300 nm) compared
with those detected in culture cells (Table 1).

Extracellular nucleotide levels reflect a steady state in which
nucleotide hydrolysis by ectoenzymes is balanced by cellular nu-
cleotide release. Therefore, we asked whether extracellular
UDP-GlcNAc accumulation on resting cells reflected a cellular
process of basal (i.e. constitutive) release (we use the term “con-
stitutive” to refer to a release process that occurs in nonstimu-
lated cells) and metabolism. UDP-[?H]GIcNAc added to the
mucosal surface of polarized 16HBE140~ cell monolayers
decayed with a t, of 12 min (Fig. 34), whereas UDP-GIcNAc
mass on these cells remained constant (5 = 0.5 nm) for up to 120
min (Fig. 3B) (data not shown). Thus, the rate of hydrolysis (V},)
of UDP-GIcNACc was calculated as V, = 86 fmol/min (Fig. 34).

The product of UDP-[*H]GIcNAc hydrolysis on 16HBE140
cells co-eluted with an authentic standard of [’H]GIcNAc-1P,
consistent with an ectonucleotide pyrophosphatase-catalyzed
reaction (i.e. UDP-sugar — UMP + sugar-1P) (14-16). We
have previously illustrated that the ectonucleotide pyrophos-
phatase inhibitor 3,y-metATP (44) markedly inhibited UDP-
Glc hydrolysis on 1321N1 human astrocytoma cells (16). Con-
sistent with its ectonucleotide pyrophosphatase-inhibitory
effect, 300 um B,y-metATP nearly abolished (>98% inhibition)
UDP-[?H]GIcNAc hydrolysis on 16HBE140 ™~ cells (Fig. 34).
Predictably, extracellular UDP-GIcNAc concentrations on
resting 16HBE140 ™ cells increased 3-fold (from 5 = 0.5 to 18 =
2 nMm) after a 60-min incubation following the addition of 300
uM B,y-metATP (Fig. 3B). Control experiments indicated that
B,y-MetATP does not interfere with the UDP-GIcNAc assay
(data not shown). Thus, increased UDP-GIcNAc accumulation
in the presence of B,y-metATP reflected tonic release of the
nucleotide sugar (i.e. constitutive release). As expected, the
experimentally observed rate of UDP-GIcNAc release (65 fmol/
min; Fig. 3B) approached the above calculated rate of UDP-
GIcNAc hydrolysis (V) at steady-state (Fig. 34). Unlike muco-
sal release, release of UDP-GIcNAC to the basolateral solution
of 16HBE140~ was minor (i.e. basolateral UDP-GlcNAc levels
remained =1.0 nM after 60 min of B,y-metATP addition). This
observation is in agreement with previous studies indicating
that polarized airway epithelial cells release nucleotides pre-
dominantly to the mucosal compartment (15, 32).
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FIGURE 3. Metabolism and cellular release of UDP-GIcNAc. A, UDP-
[*H]IGIcNACc (5 nm) was added for the indicated times to the mucosal compart-
ment of polarized 16HBE140~ cells in the presence or absence of 300 um
B,y-metATP.The resulting species were separated and quantified by HPLC, as
indicated under “Experimental Procedures.” B, UDP-GIcNAc released to the
extracellular medium was measured in the presence or absence of 300 um
B,y-metATP. The data represent the mean value =+ S.D. of two independent
experiments performed in triplicate. C, cells were incubated for 1 h with vehi-
cle or 3 um BFA, and Golgi structures were revealed with monoclonal anti-
Golgi p230 antibody, followed by FITC-labeled secondary antibody. Nuclei
were stained with propidium iodide. Each panel is the overlay of the FITC
(green) and nuclei (red) images acquired in face by confocal microscopy. Bar,
20 wm. D, UDP-GIcNAc measurements were performed in cells preincubated
for 60 min in the presence of vehicle or 3 um BFA. At the end of this period, 300
uM By-metATP was added to cells for an additional 30 min. The data repre-
sent the mean = S.D. from at least two experiments performed in
quadruplicates.

As mentioned above (see Fig. 2D), the possibility that UDP-
GalNAc has contributed to the signal in our AGX2-based assay
was unlikely. Moreover, to unambiguously rule out that
16HBE140  samples contained UDP-GalNAc at concentra-
tions sufficient to affect the AGX2-based assay, liquid chroma-
tography-tandem mass spectrometry analysis was performed.
It is worth nothing that although liquid chromatography-tan-
dem mass spectrometry quantifies UDP-N-acetylhexosamines
with ~1 nMm sensitivity, this approach cannot separate UDP-
GlcNAc from UDP-GalNAc (45, 46). Nevertheless, the results,
illustrated in supplemental Fig. 1, indicated that the total con-
tent of UDP-N-acetylhexosamine in these samples was 5-15
nM. Therefore, 16HBE140~ samples could not contain UDP-
GalNAc in concentrations high enough to generate a signal
detectable by the AGX2-based assay.

Since UDP-sugars are actively transported to the lumen of
the ER/Golgi to serve in glycosylation reactions, an attractive
hypothesis is that cellular release of these molecules is associ-
ated with the trafficking of vesicles from the Golgi to the cell
surface (14, 18). The fungal metabolite BFA disrupts retrograde
movements along the secretory pathway, disassembling the
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Golgi network (47, 48). Fig. 3C illustrates that incubation of
16HBE140™ cells with BFA (3 uM, 90 min) provoked profound
changes in Golgi morphology, as illustrated by the striking
decrease in fluorescence attained with the Golgi marker p230.
BFA significantly (although not completely) reduced UDP-
GlcNAc release from resting 16HBE140 ™~ cells (Fig. 3D). The
BFA-sensitive component of UDP-GIcNAc release could
reflect either release of the UDP-sugar from Golgi-derived ves-
icles or vesicular insertion of a UDP-GIcNAc channel or trans-
porter to the plasma membrane. In addition, BFA-insensitive
UDP-sugar release may have occurred through COP1-inde-
pendent vesicle trafficking/exocytosis or via a plasma mem-
brane-resident conductance.

Overexpression of Golgi UDP-GIcNAc Transporter HFRCI—
To more conclusively assess the contribution of Golgi UDP-
GlcNAc to UDP-GIcNACc release, an alternative experimental
strategy was implemented (i.e. manipulating the entry of UDP-
GIcNACc to the Golgi lumen). HFRCI, a Golgi-resident UDP-
GIctNAc/UMP  translocator, was HA-tagged and stably
expressed in 16HBE140 cells via a retroviral vector.
HA-HFRCI1 expression assessed with a monoclonal anti-HA
antibody is illustrated in Fig. 4A. Anti-HA immunoreactivity
was evident in HA-HFRC1-transformed but not in empty vec-
tor-transformed cells and exhibited a distribution similar to
that of the cis- and trans-Golgi markers GM130 and p230 (Fig.
4A), as previously reported (29, 30). Co-localization of
HA-HFRC1 with GM130 and p230 was confirmed using a poly-
clonal anti-HA-antibody (Fig. 4B).

By controlling UDP-GIcNAc entry to the Golgi, HFRC1
modulates the epithelial cell surface expression of N-acetylglu-
cosamine-rich glycoconjugates (29). Consistent with this con-
cept, HA-HFRC1-transformed 16HBE14o~ cells displayed
enhanced cell surface immunoreactivity toward heparan sul-
fate (Fig. 4C), relative to empty vector-transformed cells.
HEFRC1-overexpresing 16HBE140~ cells also displayed in-
creased apical surface binding of wheat germ agglutinin (Fig.
4D), a lectin that recognizes N-acetylglucosamine and sialic
acids in airway epithelia (31, 49). Taken together, the results in
Fig. 4 indicate that HA-HFRC1 was functionally expressed in
the Golgi of 16HBE140™ cells.

Overexpression of HFRC1 resulted in enhanced cellular
release of UDP-GIcNACc (Fig. 5A4). Resting HA-HFRC1-express-
ing cells displayed a 3.3-fold increased rate of mucosal UDP-
GlcNAc release relative to vector-transformed cells (Fig. 54).
The calculated rates of mucosal UDP-GIcNAc release from
resting vector- and HFRC1-transformed cells were 60 and 200
fmol/min, respectively (Fig. 5A). Basolateral levels of UDP-
GlcNAc also increased in HFRC1-expressing cells (from 0.9 =
0.3 to 4.3 = 0.7 nm), but rates of basolateral release (HFRC1, 56
fmol/min; vector, 29 fmol/min) were considerably lower than
their respective mucosal rates (Fig. 54). HA-HFRC1-conferred
UDP-GIcNAc release was markedly reduced by BFA (Fig. 5B).

HFRC1 overexpression resulted in enhanced constitutive
release of UDP-GIc, in addition to UDP-GIcNAc. Mucosal
UDP-Glc concentrations varied from 0.5 = 0.3 to 2.5 £ 0.5 nm
in control cells and from 0.6 = 0.3 to 45 = 1.1 nM in
HA-HFRCl1-expressing cells, after a 30-min incubation with
B,y-metATP. The calculate rates of mucosal UDP-GIc release
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FIGURE 4. HA-HFRC1 localizes in the Golgi and confers enhanced cell surface expression of N-acetylglu-
cosamine-containing glycans. A, cells expressing HA-tagged HFRC1 or empty vector were analyzed by immu-
nofluorescence, using monoclonal antibodies against HA (left) and Golgi markers GM130 and p230 (right),
followed by FITC-labeled secondary antibody. Nuclei were stained with propidium iodide. Each panel is the
overlay of the FITC (green) and nuclei (red) images acquired in face by confocal microscopy. Bar, 25 um.
B, HA-HFRC1-expressing cells were analyzed as above, using polyclonal anti-HA antiserum (HA, red) and mono-
clonal anti-Golgi GM130 and p230 (Golgi, green) antibodies; nuclei are in blue. An overlay image of HA and Golgi
immunostaining is illustrated in the right panel. Bar, 25 pum. C, HA-HFRC1- and empty vector-transfected cells
were stained for heparan sulfate (green). Bar, 25 pwm. Quantification of cell surface fluorescence intensity is
shown in the right panel. The data (expressed in arbitrary units) represent fluorescence intensity associated
with the cell surface (mean = S.D., n = 4). D, xz confocal images of HA-HFRC1- and empty vector-transfected
cells stained with fluorescence-labeled wheat germ agglutinin (green); nuclei were stained with propidium
iodide (red). Bar, 10 wm. Quantification of wheat germ agglutinin fluorescence intensity associated with the
apical surface is shown in the right panel (mean = S.D.,n = 9).

NAc, the results are consistent with
the notion that HFRC1 transports
UDP-Glc, in addition to UDP-Glc-
NAg, to the Golgi lumen (29).

Although constitutive nucleotide
release through the apical plasma
membrane is an important source of
airway surface liquid nucleotides
(32), enhanced mucosal nucleotide
release occurs in lung epithelial cells
subjected to a broad variety of stim-
uli relevant to the airways (e.g. shear
stress and osmotic stress) (31).
Hypotonic cell swelling is a com-
monly employed means to impart
acute, robust nonlytic ATP release
from 16HBE140 ™ and other airway
epithelial cells (19, 31, 50, 51).
Therefore, we asked whether
16HBE140 ™ cells release UDP-Glc-
NAc in response to hypotonic stress
and whether such release is affected
by overexpression of HFRC1. Hypo-
tonic shock promoted a small but
significant release of UDP-GIcNAc
onto the mucosal medium, which
was increased (>2-fold) in HFRC1-
overexpressing 16HBE140~ cells
(Fig. 5C). Results obtained with
early passages of retrovirus-infected
cells were reproduced with two
independently isolated clones of
HA-HFRC1-transformed cells,
arguing against a cell selection
artifact accounting for the en-
hanced UDP-GIcNAc release.

All known UDP-sugar trans-
porters, including HFRCI, are
ER/Golgi-resident proteins that
translocate UDP-sugars from the
cytosol to the lumen of the Golgi,
using luminal UMP as antiporter
substrate (24, 25, 29). However, the
possibility that these proteins were
expressed at the plasma membrane
of 16HBE140  cells, therefore ex-
changing cytosolic UDP-GIcNAc
for extracellular UMP, has not been
formally examined. Moreover, an
important control for our HFRC1
overexpression experiments was to
rule out the possibility that a small
amount of this transporter, not
detectable by immunofluorescence,
was expressed at the plasma mem-

were 22 fmol/min and 43 fmol/min in vector-transformed and  brane of the cells as an overexpression artifact.

HERC1-transformed cells, respectively. Although these
changes were considerably smaller than changes in UDP-Glc-
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Accordingly, we asked whether exogenous UMP promotes
cellular release of UDP-GIcNAc. Fig. 5C indicates that the addi-
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FIGURE 5. Enhanced release of UDP-GIcNAc from HA-HFRC1-transformed 16HBE140~ cells. A, UDP-Glc-
NAc release from resting control (empty vector)- or HA-HFRC1-transfected cells was measured in the mucosal
(M) and basolateral (BL) compartments, in the presence of 300 um B,y-metATP. B, BFA (added as in Fig. 3D)
inhibits UDP-GIcNAC release from vector- or HA-HFRC1-expressing resting 16HBE140 ™ cells. C, effect of UMP
(300 um) on the release of UDP-GIcNAc in isotonic solution (/so) or in response to 50% hypotonic (Hypo) shock
(5 min). D, ATP was measured in the mucosal compartment of resting empty vector- or HA-HFRC1-transfected
cells. £, effect of hypotonic shock on ATP release (samples were the same as in C, without UMP addition). The
data represent the mean value = S.D. of two independent experiments performed with triplicate samples.

tion of UMP (300 uMm) to cultures did not enhance UDP-sugar
release from HFRC1- or vector-transformed 16HBE140™ cells,
either under resting conditions or during hypotonic shock.
Thus, the possibility that HA-HFRC1 or an endogenous UDP-
sugar/UMP translocator was expressed at the cell surface and
facilitated the exchange of cytosolic UDP-GIcNAc for extracel-
lular UMP is highly unlikely.

Last, ATP release was not affected by HFRC1 overexpression
(Fig. 5, D and E), therefore arguing against a nonselective mech-
anism (e.g. plasma membrane instability) accounting for the
enhanced UDP-sugar release in HA-HFRC1-transformed cells.

In sum, overexpression of HFRC1 in the Golgi of
16HBE140  cells resulted in enhanced production of N-acetyl-
glucosamine-rich glycans and increased release of UDP-Glc-
NAc (and to a lesser extent UDP-Glc). These results strongly
suggest that entry of UDP-sugars into the Golgi contributes to
the cellular release of these molecules (i.e. from the secretory
pathway).

Yeast Releases UDP-GIcNAc in a Yea4-dependent Manner—
Three UDP-GIcNAc transporters have been identified in the
human genome, SLC35A3, SLC35B4, and HFRC1/SLC35D2
(24, 29, 30). Quantitative reverse transcription-PCR analysis
indicated a relative abundance of HFRC1, SLC35B4, and
SLC35A3 transcripts in 16HBE140™ cells of 0.23, 0.20, and
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0.57, respectively. In contrast to the
redundancy of human UDP-Glc-
NAc transporters, Yea4 is a major
UDP-GIcNACc transporter in S. cer-
evisiae, accounting for ~40% of the
UDP-GIcNAc transport activity
associated with the particulate frac-
tion of these cells (52). Therefore,
we turned to this yeast model for
gene deletion experiments.

Yeasts have been useful for iden-
tifying components of the ATP
release machinery (53), and we have
recently reported that S. cerevisiae
releases UDP-Glc constitutively in
addition to ATP (54). These studies
were expanded to define the contri-
bution of the secretory pathway to
UDP-GIcNAc release, using WT
and Yea4-deficient (yea4A) yeast.

UDP-GIcNAc within the ER/
Golgi is a major precursor for the
synthesis of the yeast wall compo-
nent chitin (52). Accordingly, yea4A
cells displayed reduced staining for
chitin relative to WT cells (Fig. 6, A
and B). Complementing yea4A cells
with the WT yea4 gene resulted in
chitin staining intensity that was
similar to or stronger than that
observed with WT cells (Fig. 6, A
and B).

Unlike human cells, yeasts do
not hydrolyze extracellular UDP-
[PH]GIcNAc, as indicated by the total recovery of UDP-
[PH]GIcNAc after a 120-min incubation period of the
radiotracer with a 10® cell/ml suspension (Fig. 6C). UDP-
[PH]GlcNAC stability was not affected by the yea4A deletion
(Fig. 6C). Therefore, changes in extracellular UDP-GIcNAc lev-
els in yeast directly reflect changes in UDP-GIcNAc release
rates. Incubation of yeast (10® cells/ml) resulted in gradual
extracellular accumulation of UDP-GIcNAc, which in-
creased to ~4, 10, and 20 nm after 30, 60, and 120 min,
respectively (Fig. 6D). Extracellular UDP-GIcNAc levels in
AYea cells were significantly lower than in WT cells (Fig.
6D). Extracellular UDP-Glc and ATP levels were not affected
by the yea4A deletion (54). Decreased UDP-GIcNAc release
in yea4A cells was not a consequence of secondary defects,
since complementing yea4A cells with the WT yea4 gene
restored the UDP-GIcNAc release phenotype of WT cells
(Fig. 6D). Intracellular levels of UDP-GIcNAc increased with
time, from 440 pmol/10® cells (¢ = 0) to 1890 pmol/10® cells
(120 min), but were nearly identical among WT, yea4A, and
Yead-complemented yea4A cells at each given time point
(not shown). The addition of 300 um UMP to the incubation
medium did not affect the rate of release of UDP-GlcNAc
either in WT or Yea4-complemented strains (Fig. 6E), ruling
out the possibility that Yea4 or another UDP-GIcNAc/UMP
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FIGURE 6. Yeast release UDP-GIcNAc in a Yead4-dependent manner. A, chitin staining in WT, yea4A, and
Yea4-complemented yea4A (AYea4/Yea4™) cells. B, quantification of chitin staining. The data (expressed
in arbitrary units) represent the number of pixels displaying fluorescence intensity 5 times greater than
background (mean * S.D., n = 6). C, yeasts were incubated for 2 h at 30 °C in the presence of 5 nm
UDP-[H]GIcNAc, and UDP-[*H]GIcNAc hydrolysis was accessed by HPLC. D, release of UDP-GIcNAc from
WT, yea4A, and Yea4-complemented yea4A cells was assessed at the times indicated, as described under
“Experimental Procedures.” E, cells were incubated in the presence or absence of 300 um UMP for 2 h. The
data (C and D) represent the mean value * S.D. of two independent experiments performed with quad-

ruplicate samples.

translocator was expressed at the plasma membrane as an
experimental artifact.

DISCUSSION

Despite the recognized signaling roles of extracellular UDP-
sugars, the mechanisms by which these molecules are released
from cells to accomplish extracellular functions are not under-
stood. Cellular release of UDP-sugars may involve both con-
ductive and vesicular pathways. Our study was aimed at defin-
ing the involvement of one potential component (i.e. the
ER/Golgi lumen). We reasoned that by controlling the entry of
UDP-sugars to the lumen of the secretory pathway, ER/Golgi-
resident SLC35 transporters regulate the cellular release of
their cognate substrates into the extracellular milieu. We tested
this hypothesis by examining the contribution of ER/Golgi
UDP-GIcNAc translocators to UDP-GIcNAc release.

Previously, evidence for the release of nucleotides from
Golgi-derived vesicles (in nonexcitatory/secretory cells) has
been circumstantial. For example, the fungus metabolite BFA
blocks traffic between the ER and the cis-Golgi and has been
shown to inhibit ATP release from a number of cells (reviewed
in Ref. 18). We have recently reported that BFA impaired UDP-
sugar release from astrocytoma cells and yeast (16, 54), and our
present data (Figs. 3D and 5B) illustrated that BFA significantly
reduced UDP-sugar release from airway epithelial cells. How-
ever, although these observations support the involvement of
vesicles in the cellular release of ATP and UDP-sugars, they do
not distinguish between vesicular nucleotide release and vesic-
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ular trafficking and plasma mem-
brane insertion of a nucleotide
channel/transporter.

By amplifying and purifying
recombinant AGX2, a highly sensi-
tive and selective assay for UDP-
GIcNAc was developed. Using this
novel assay, we demonstrated the
regulated release of UDP-GlcNAc
from complex systems, including
highly differentiated polarized air-
way epithelia and unicellular orga-
nisms. More importantly, this assay
positioned us to examine, for the
first time, the extent to which UDP-
sugar release depends on its entry to
the Golgi lumen. The major finding
of our study was that UDP-GIcNAc
was released from cells in a UDP-
GlcNAc  transporter-dependent
manners; i.e. release of UDP-GIcNAc
was increased in airway epithelial
cells overexpressing a Golgi UDP-
GlcNAc transporter, and it was
impaired in yeast missing its UDP-
GlcNAc transporter gene.

HFRC1, also named SLC35D2,
is a Golgi-resident UDP-GIcNAc
transporter abundantly expressed
in epithelium-rich and other tissues
(29, 30). By importing UDP-GIcNAc into the Golgi, HFRC1 is
involved in the synthesis of N-acetylglucosamine-rich glycans
(29). We showed that HA-HFRC1-expressing human bronchial
epithelial cells displayed both Golgi localization of the
HA-tagged transporter and enhanced cell surface expression of
N-acetylglucosamine-rich glycans (Fig. 4). Particularly relevant
to our central hypothesis was the finding that HFRC1-trans-
formed 16HBE140 ™ cells displayed nearly 3-fold faster release
of UDP-GIcNAc than control cells (Fig. 54).

We and others have previously shown that airway epithelial
and other cells undergo rapid vesicle-plasma membrane fusion
upon hypotonic stress, a mechanism that compensates for the
expanding volume during hyposmotic swelling (21, 23, 50, 55).
Correlation between hypotonic stress-promoted vesicle exocy-
tosis and ATP release has been interpreted as evidence for exo-
cytotic ATP release (19, 21, 23, 56). However, as stated above, it
was not clear whether ATP was released from vesicles or dif-
fused from cells via a channel inserted into the plasma mem-
brane during vesicle fusion. Our present study illustrates that,
in addition to facilitating constitutive UDP-sugar release,
HFRC1 conferred enhanced UDP-GIcNAc release to hypoton-
ically stimulated airway epithelial cells (Fig. 5C). Therefore, we
propose that UDP-GlcNAc-loaded vesicles undergo exocytosis
upon hypotonic stress.

There is a general consensus that UDP-sugar/UMP antiport-
ers localize selectively within ER and Golgi membranes (24, 29,
57, 58), but expression of these transporters at the plasma
membrane has not been formally investigated. Moreover, an
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important control in our study was to rule out the possibility
that HFRC1 or another UDP-GIcNAc transporter was
expressed at the plasma membrane either naturally or as an
experimental artifact. Taking advantage of the fact that HFRC1,
like all known UDP-sugar transporters, uses UMP as antiporter
substrate, we asked whether exogenous UMP promotes cellular
release of UDP-GIcNAc. Our data (Fig. 5C) demonstrated that
UMP (300 uMm) has no effect on UDP-sugar release from
HFRC1- or vector-transformed 16HBE140™ cells, either under
resting conditions or during hypotonic shock. Thus, the possi-
bility that HFRC1 or another endogenous UDP-sugar/UMP
translocator was expressed at the cell surface and facilitated the
exchange of cytosolic UDP-GIcNAc for extracellular UMP is
not supported by our results.

Although UDP-GIcNAc is indisputably the substrate of
HFRC1/SLC35D2, it has been shown that HFRC1 also facili-
tates entry of UDP-Glc into the Golgi (29). HFRC1-trans-
formed 16HBE140 ™ cells displayed enhanced release of UDP-
Glc although less robustly than UDP-GIcNAc. Whether
HFRC1 is itself a Golgi UDP-GIc translocator, as previously
proposed (29) or whether the increased availability of UMP in
the Golgi of HFRC1-overexpressing cells promoted the activity
of a separate UDP-Glc/UMP antiporter has not been unambig-
uously established. Regardless of the interpretation of the UDP-
Glc data, our results establish for the first time a link between
UDP-sugar entry into the Golgi and UDP-sugar release. On a
speculative basis, we hypothesize that basal UDP-sugar release
observed in epithelial cells reflects release of these cargo mole-
cules during constitutive export of glycans to the cell surface.

In addition to HFRC1/SLC35D2, two other members of the
SLC35 family of nucleotide sugar transporters (SLC35A3 and
SLC35B4) translocate UDP-GIcNAc to the Golgi in humans.
Indeed, our data indicate that SLC35A3 and SLC35B4 com-
bined account for 77% of the transcripts encoding for UDP-
GlcNAc transporters in 16HBE140 ™ cells. Hence, removal of
endogenous HFRC1 would be unlikely to affect UDP-GIcNAc
release from these cells. Unlike humans, one UDP-GlcNAc
transporter has been identified in yeast, Yea4, which accounts
for ~40% of the UDP-GIcNAc transport activity present in the
ER/Golgi fraction of these cells (52). Yea4 is distantly related to
human SLC35B4 and participates in the synthesis of chitin, a
linear homopolymer of 3-1,4-linked N-acetylglucosamine res-
idues (52). Consistent with its decreased [HJUDPG transport
activity, Yeasts with a deletion for yea4 (yea4A cells) display
reduced chitin content relative to WT cells (52). Therefore,
although residual, not yet identified UDP-GIcNAc transport
activity is expressed in yea4A cells, this mutant provides a use-
ful model to examine the extent to which an endogenous UDP-
GIcNAc translocator contributes to the cellular release of its
cognate substrate.

Our results clearly indicate that yeasts release UDP-GIcNAc
in a Yea4-dependent manner. For example, (i) yea4A cells dis-
played diminished UDP-GIcNAc release relative to the WT
parental strain, and (ii) complementing yea4A cells with the
WT yea4 gene corrected the deficient UDP-GIcNAc release
phenotype of the mutant strain. As discussed above with
16HBE140 ™ cells, the lack of effect of UMP on UDP-GIcNAc
release from WT or yea4A-complemented yeast (Fig. 6E)
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argues against the possibility that Yea4 was expressed at the
plasma membrane. It is worth noting that UDP-GIcNAc release
was not completely abolished in yea4A cells. Since chitin stain-
ing also was not completely eliminated in yea4A cells (Fig. 6A)
(52), this residual UDP-GIcNAc release activity probably
reflected entry of UDP-GIcNAc to the ER/Golgi via an addi-
tional not yet identified transporter, as previously proposed
(52). Alternatively, efflux of cytosolic UDP-GIcNAc may have
occurred via an unidentified plasma membrane channel.

Previously, we have reported that release of UDP-Glc from
yeast was not affected by the yea4 gene deletion (54). Notably,
UDP-GIc release was up-regulated in cells lacking the orphan
nucleotide sugar transporter gene ymd8 (54). We speculated
that the increase in UDP-Glc release reflected nonselective
entry of UDP-Glc into the Golgi of ymd8A cells as a compensa-
tory mechanism (54). This hypothesis was reinforced by the
observation that ymd8A yeast carrying additional deletions
(yea4 and/or the UDP-Gal transporter gene hutl) displayed
decreased UDP-Glc release relative to ymd8A single mutants
(54). However, since Yea4 or HUT1 do not transport UDP-Glc,
interpretation of these results has remained speculative. Our
present data illustrate for the first time that deletion of an
endogenous UDP-sugar transporter markedly decreased the
cellular release of its natural substrate. Release of UDP-GIcNAc
from either WT or Yea4-corrected yea4A yeast was not affected
by the presence of UMP in the extracellular medium. The most
compelling interpretation of our results is that UDP-GIcNAc
release from yeast reflects, at least in part, a selective entry of
UDP-GIcNAc into the ER/Golgi via Yea4, which eventually
results in exocytotic release of the nucleotide sugar during
exportation of chitin and/or other glycans.

Nearly a decade has elapsed since Chambers et al. (3) char-
acterized the human orphan G protein-coupled receptor
KIAA0001 (subsequently named P2Y,,) as a receptor that rec-
ognizes UDP-Glc, UDP-Gal, UDP-GIcA, and UDP-GIcNAc as
its endogenous agonists. UDP-sugar-promoted P2Y,, recep-
tor-mediated responses have been subsequently reported in
several cell types, most notably in immune cells, suggesting a
role for this receptor in inflammation. Our laboratory has illus-
trated the occurrence of UDP-Glc release from a number of
tissues and cell types (14, 16) and has now shown that cells
release UDP-GIcNAg, in addition to UDP-Glc. Steady-state
concentrations of UDP-GIcNAc in the extracellular medium
are similar to or higher than UDP-Glc. UDP-GIcNAc is released
from resting 16HBE140 ™ cells at rates (65 fmol/min) that were
approximately 3 times higher than the UDP-Glc release rate (22
fmol/min). Given the functional expression of the P2Y, , recep-
tor in neutrophils, lymphocytes, and other inflammatory cells
(5-7, 12), the observation of UDP-GIcNAc and UDP-Glc
release from airway epithelial cells has potential pathophysio-
logical implications (i.e. as local modulators of leukocyte func-
tion in inflamed lungs). Highly relevant to this scenario is our
finding that UDP-GIcNAc and UDP-Glc levels in in vivo airway
surface liquid (i.e. BALF) from chronically diseased (e.g. cystic
fibrosis) lungs are in the range for promoting robust P2Y,,
receptor activation.

In sum, the HFRC1- and Yea4-dependent release of UDP-
sugars observed with resting 16HBE140~ cells and yeast,
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respectively, indicates that the secretory pathway contributes,
at least in part, to the constitutive release of these species. Our
data also suggest that UDP-GIcNAc-containing vesicles con-
tribute to the release of UDP-sugars in hypotonically chal-
lenged epithelia. Previously, we illustrated that ATP and UDP-
Glc release from specialized (i.e. mucin-secreting) goblet
epithelial cells was associated with exocytosis of mucins, sug-
gesting (but not proving) that nucleotides were released from
secretory granules (15). The present study with 16HBE140 ™
cells, a model of bronchial epithelial cells of “ciliated” cell origin
(59), provides compelling evidence for the contribution of
Golgi-derived vesicles to nucleotide release from nonmucous
(i.e. nonsecretory) epithelia. Taken together, our present and
previous studies indicate that the secretory pathway is an
important source of extracellular UDP-sugars. Because ATP,
like UDP-sugars, is transported to and used as an energy source
within the ER/Golgi (25), we speculate that ATP and its metab-
olites are potentially released from the secretory pathway in
nonexcitatory cells.
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