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Abstract

DRA (Downregulated in adenoma, SLC26A3) is a major apical intestinal CI"/HCO3~ exchanger, which is expressed in complex
and hybrid N-glycosylated forms. Although the importance of N-glycosylation is evident from the significantly reduced transport
activity of non-N-glycosylated DRA constructs (DRA-NO), the underlying molecular mechanisms are controversial. Therefore,
plasma membrane expression and lipid raft localization of glycosylation-deficient DRA-NO were analyzed in HEK cells. The activ-
ity of DRA-NO was reduced by 70% compared with the wild-type construct. Absolute expression of DRA-NO was significantly
reduced by ~57% in the cell lysate and by 34 and 45% in the plasma membrane and in plasma membrane-derived lipid rafts,
respectively. These amounts are insufficient to account for the reduction in activity. Furthermore, the statistical analysis did not
support a difference in the relative expression of DRA and DRA-NO in the plasma membrane and in plasma membrane-derived
lipid rafts, indicating that N-glycosylation does not affect transport activity through trafficking and localization in these cell com-
partments. To gain insight into potential intramolecular effects of N-glycosylation on DRA, its three-dimensional structure was
predicted using AlphaFold3 with complex N-glycans covalently attached to N153, N161, and N164 in the transport domain. This
revealed multiple inward- and outward-facing conformations of the protein. The number of interdomain contacts of the transport
domain-bound glycans with the scaffold domain was higher in the inward-facing state. Because substrate release to the cyto-
plasm represents the rate-limiting step in many transport proteins, this suggests that in DRA, glycans stabilize the inward-facing
state facilitating anion transport.

NEW & NOTEWORTHY Deficient N-glycosylation decreases DRA transport activity but does not significantly affect trafficking to
the plasma membrane or to lipid rafts. Meanwhile, molecular modeling predicts stabilizing interdomain contacts of the glycans,
covalently attached to the transport domain, with the scaffold domain having more contacts in the inward-facing state. Favoring
the inward-facing state may facilitate more efficacious anion transport, as substrate release from this state into the cytoplasm is
a rate limiting step for numerous transport proteins.

glycosyilation; lipid rafts; plasma membrane trafficking; SLC26A3; structure prediction

INTRODUCTION

Downregulated in adenoma (DRA, SLC26A3) is a Cl7/
HCOj exchanger and is located primarily in the apical mem-
brane of intestinal epithelial cells in the ileum and colon as
well as in the duodenum (1). The physiological importance is
evident by a naturally occurring loss-of-function mutation
that causes congenital chloride-losing diarrhea (CLD) mani-
fested as massive diarrhea requiring lifelong fluid and salt
supplementation (2, 3). The disease is also mimicked in DRA
knockout mice (4). Given its quantitative importance in fluid
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absorption from the intestine, tight regulation of DRA activ-
ity is believed to be required to maintain fluid homeostasis
and has been studied along that line. Initially, DRA was
thought to function entirely in parallel with the intestinal
Na*/H™" exchanger NHE3 to mediate NaCl absorption (5-7).
However, DRA is also expressed in some intestinal segments
without NHE3, indicating additional functions—mainly
bicarbonate secretion, which at least partly requires the pres-
ence of CFTR (8-10). In addition to mediating ion transport,
the physiological role of DRA involves indirect mechanisms
such as maintaining the pH of the mucus covering the
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epithelium, which in turn, is a major determinant of the
intestinal microbiome with its pro- or anti-inflammatory
impact on intestinal physiology and pathology (11).

DRA is a member of the SLC26 family of anion transport-
ers. The structures of several other members of the SLC26
family (SLC26A4, SLC26AS, SLC26A6, and SLC26A9) have
been experimentally resolved and so far exhibit remarkable
similarity, with a characteristic domain-swapped dimer, a
cytoplasmic domain, and a transmembrane domain (TMD).
The TMD is composed of a static scaffold domain and a rela-
tively mobile transport domain that binds an anion and car-
ries it to the opposite side of the membrane through a
putative elevator-like mechanism (12).

The activity of any plasma membrane (PM) transporter,
including DRA, is determined by the solute transport rate of
the individual transport protein and the number of these
proteins in the PM. Currently, most studies show that DRA
activity changes as a result of the number of transporters in
the PM, the insertion into lipid rafts (LRs), and the coupling
to CFTR and maybe also NHE3. The number of DRA trans-
porters in the cell membrane is determined by insertion into
and retrieval from the plasma membrane as well as constitu-
tive and regulated endosomal recycling. Disruption of LRs
by methyl-B-cyclodextrin (MBCD) leads to incomplete inhibi-
tion of DRA activity (13). Also of note, the coupling to CFTR
or NHE3 may require direct interaction and/or functional
activity of either of these transporters (10, 14).

Recycling of DRA involves the interaction of its C-terminal
PDZ interaction motif ETKF (Glutamate, Threonine, Lysine,
Phenylalanine) with PDZ adaptor proteins (6). In a PDZ-
dependent pathway, DRA can be recycled to the PM via
rabll-positive recycling endosomes (15). In addition, DRA
can be recycled directly from early endosomes into the PM
through interaction with the PDZ adaptor protein SNX27 and
the retromer complex (16). Within the PM, DRA is particu-
larly active when localized in LRs (13). The incorporation of
DRA into LRs is likewise facilitated by the interaction with
PDZ adaptor proteins and occurs along a PI3 kinase-depend-
ent exocytosis pathway (13).

Similar to most proteins of the SLC26 family, DRA under-
goes N-glycosylation. Glycosylation is the primary posttrans-
lational modification in mammals, with N-glycosylation
being of particular importance (17). This process predomi-
nantly occurs in the ER and Golgi. After “en bloc” transfer of
the N-glycan to asparagine residues in the ER, N-glycans
mature into complex forms in the Golgi through the addition
of sugars, elongation of branching N-acetylglucosamine resi-
dues, and capping of elongated branches (17). This results
in different forms of N-glycosylation, with DRA being
expressed both as a hybrid N-glycosylated form and as a
complex N-glycosylated form (18, 19). The relevance of N-
glycosylation for DRA is evident, as DRA has significantly
reduced activity when N-glycosylation is abrogated (18, 20).
Although no naturally occurring, CLD-causing DRA muta-
tions are known that directly affect its N-glycosylation sites,
several mutations are known that result in varying degrees
of impaired N-glycosylation (20).

Previously, we and others have shown that DRA is highly
active in LRs and that the complex N-glycosylated form of
DRA is highly prevalent in LRs (13, 21). In addition, raft asso-
ciation of other membrane proteins is enhanced by intact
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N-glycosylation (22-24). Therefore, we have characterized
the importance of N-glycosylation of DRA for its activity and
its presence in the PM, LRs, and plasma membrane-derived
lipid rafts (PM-LRs). In addition, we used structure predic-
tion of DRA to gain insight into potential intramolecular
effects of DRA glycosylation.

MATERIALS AND METHODS

Cloning and Expression Constructs

An N-terminally EGFP (enhanced green fluorescent pro-
tein)-tagged DRA expression construct (pEGFP-DRA), previ-
ously described and used by us (25), was used to generate a
glycosylation-deficient DRA expression construct. All four
glycosylation sites (N153, N161, N164, and N165) were
mutated from N to Q using QS5 site-directed mutagenesis kit
according to the manufacturer’s instructions (Cat. No.
E0554S from NEB, Ipswich). Using two primers adopted
from the study by Hayashi et al. (18) (fw: CAAAACTCGCA-
ACAATCTTCACTACTGG, rv: AGGCAATCCCAAAGTAGTT
GCTTGGCG), only three glycosylation sites were success-
fully altered (N161, N164, and N165). To mutate the remain-
ing glycosylation site N153, the use of an additional primer
pair was required (fw: CCTCAAAACTCGCAACAATCTTCA-
CTACTGG, rv: CAATCCCAAAGTAGTTGCTTGGCGATCTG-
GG). The resulting construct, hereinafter referred to as
PEGFP-DRA-NO, was sequenced to ensure correct cloning.

Cell Lines

HEK293 cells were used to generate stable single-cell
clones of EGFP-DRA and EGFP-DRA-NO. Following transfec-
tion with TurboFectin 8.0 according to the instructions of
the manufacturer, cells were seeded in 10 cm Petri dishes at
densities of 1-1,000 cells/dish, and after 3-4 wk, single cell
colonies were harvested using cloning cylinders. The result-
ing clonal cell lines were analyzed for protein expression by
Western blot and for activity by fluorometry. Subsequently,
one functional clone with comparable total DRA protein
expression was selected for EGFP-DRA and EGFP-DRA-NO,
respectively. All cell clones were cultured in DMEM with glu-
cose (PAN Biotech, Aidenbach, Germany) supplemented
with 10% FBS, 0.5% penicillin/streptomycin, and 250 pg/mL
G418 (Roche, Basel, Switzerland).

SDS-PAGE and Western Blot

Cells were washed in PBS pH 7.4 and lysed in TBS (20 mM
TRIS, pH 7.5, 150 mM NacCl) with 1% TritonX-100 and 1:10
protease inhibitor cocktail (cOmplete Mini, EDTA-free;
Roche, Basel, Switzerland) by incubating for 30 min on ice
and vigorously vortexing every 5 min. After centrifugation
for 10 min at 4°C and 10,000 g, the supernatant was collected
as protein lysate. Protein concentration was determined
using Pierce BCA Protein Assay Kit (Cat. No. 23225 from
Thermo Scientific, Waltham).

Unless indicated otherwise, 50 pg of protein was dena-
tured in SDS-PAGE sample buffer (250 mM TRIS, 280 mM
SDS, 40% vol/vol Glycerol, 100 mM DTT, pH 6.8) for 30 min
at 60°C, separated by 7% SDS-PAGE and tank blotted over-
night onto PVDF membrane. Membranes were blocked in
Blocking Buffer for Fluorescent Western Blotting (MB-070
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from Rockland Immunochemicals, Limerick) diluted 1:3 in
TBS-T (20 mM TRIS, pH 7.5, 150 mM NacCl, 0.1% Tween 20).
Primary antibody incubation was performed with anti-EGFP
monoclonal antibody (RRID:AB_10013427, 1:1,000), anti-flo-
tillin-1 monoclonal antibody (RRID:AB_2106563, 1:100), and/
or anti-B-actin monoclonal antibody (RRID:AB_2223172,
1:1,000) in TBS-T for 4 h, followed by secondary antibody
incubation with IRDye 800CW goat anti-mouse antibody
(RRID:AB_621842, 1:5,000) and IRDye 680RD goat anti-rabbit
antibody (RRID:AB_10956166, 1:5,000) in TBS-T for 30 min.
Between each step, blots were washed five times with TBS-T.
Imaging was done using the Image Studio software (RRID:
SCR_015795) on the Li-Cor Odyssey CLx Imaging-System
and for quantification of the bands, the ImageJ (RRID:
SCR_003070) Gel Analyzer plugin was used. Full-length
Western blots are presented in Supplemental Fig. S1.

Deglycosylation by PNGaseF

For PNGaseF treatment (Cat. No. P0704 from NEB,
Ipswich), 9 uL of protein lysate (max. 20 pg of protein) were
combined with 1 uL of glycoprotein denaturing buffer. After
incubation at 60°C for 30 min, the mixture was cooled on
ice and then reconstituted to a total reaction volume of 20
uL by adding 2 pL of GlycoBuffer 2 (10x), 2 uL of 10% NP-40,
and an appropriate volume of H,O. After the addition of
1 uL of PNGase F, the reaction was incubated at 37°C for
1 h. After combining with 20 uL of 2x SDS-PAGE sample
buffer, samples were subjected to SDS-PAGE.

Fluorometry

DRA activity was measured as previously described as
changes of the intracellular pH (pH;) upon the removal and re-
addition of extracellular chloride by BCECF fluorometry (25).
The pH; was determined using the Nigericin/high K calibra-
tion technique. The pH; changes upon chloride removal were
recorded and the initial slope was calculated by nonlinear
curve fitting. The bicarbonate flux was calculated by multiply-
ing the initial slope of alkalinization with the buffer capacity
at the corresponding pH; (26). All buffers contained 5 mM K-
gluconate, 2 mM Mg-gluconate, 1 mM Ca-gluconate, 10 mM
HEPES, and 10 mM glucose. The chloride-containing buffer
was supplemented with 115 mM NaCl and 25 mM NaHCOg3,
and the nonchloride buffer with 115 mM Na-gluconate and
25 mM NaHCO3;. Calibration buffers were supplemented with
100 mM KCI and 40 mM tetramethylammonium chloride.

Quantification of DRA Present in the Plasma Membrane

Cell surface biotinylation using the Pierce Cell Surface
Biotinylation and Isolation Kit (Cat. No. 89881 from Thermo
Scientific, Waltham) was applied to separate DRA present in
the PM from intracellular compartments. Cells were cultured
in T75 flasks, biotinylated for 30 min at 4°C with Sulfo-NHS-
SS-Biotin, and after quenching and washing, lysed in 500 pL
of lysis buffer completed with 1:10 protease inhibitor cocktail
(cOmplete Mini, EDTA-free; Roche, Basel, Switzerland).
After capturing the biotinylated cell surface proteins on
NeutrAvidin Agarose beads and washing, elution from the
beads was performed using 300 puL of SDS-PAGE sample
buffer in two incubation steps, the first at room temperature
for 60 min and the second at 95°C for 5 min. Samples of 20
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uL each of the lysate and the supernatant after bead-binding,
as well as 50 pL of the eluate, were separated on 7% SDS-
PAGE (referred to in the figures as lysate, supernatant, and
beads). After Western blot and quantification of the DRA
bands using ImageJ, the percentage of DRA present on the
cell surface was calculated. Only experiments with a recov-
ery of 85%-115% DRA in supernatant plus beads versus the
lysate were included in the final analyses.

Wheat Germ Agglutinin Colocalization

Alexa 350-labeled wheat germ agglutinin (WGA) conjugate
was used to label the cell membrane and test for the colocali-
zation with EGFP-DRA. Cells were seeded in p-Slide 18 wells
(Cat. No. 81816 from ibidi, Grafelfing, Germany) and grown
for 2-3 days to confluency. Cells were fixed with formalde-
hyde (4% in PBS pH 7.4) for 20 min at room temperature and
blocked with 1% BSA in PBS pH 7.4 for 30 min at room tem-
perature. Following incubation with Alexa 350-conjugated
WGA (5 pg/mL; Cat. No. W11263 from Thermo Scientific,
Waltham) in the dark for 1 h, the cells were mounted in lig-
uid fluorescence mounting media (Cat. No. 50001 from ibidi,
Grafelfing, Germany). Slides were stored at 4°C in the dark
until microscopic examination. Colocalization of Alexa 350-
labeled WGA and endogenous EGFP-DRA fluorescence was
visualized with a Zeiss LSM 780 microscope (excitation at 405
nm and 488 nm lasers, respectively) using a x40 Plan-
Neofluar objective with immersion oil. ZEN software (RRID:
SCR_013672) was used for image display and processing, fol-
lowed by processing and data analysis with ImageJ software.
CZI files were imported into ImageJ as split channels, consist-
ent background subtraction was used for all experiments and
randomly selected individual cells were defined and exam-
ined in five to ten regions of interest (ROIs) for each experi-
ment. Colocalization was assessed using the ImageJ plugin
“Colocalization Threshold,” which incorporates Coste’s auto-
matic thresholding method for background correction and
determines the Pearson’s correlation coefficient (PCC). The
PCC was computed for all ROIs per experiment and an aver-
age PCC value was then derived as one data point.

Isolation of Detergent-Resistant Membranes

Isolation of detergent-resistant membranes was performed
as described previously (13). Cells grown to confluency in a
T175 flask were scraped into 12 mL of ice-cold PBS pH 7.4;
4 mL were used to generate a lysate, which was kept as a refer-
ence. The remaining 9 mL were used for the isolation of deter-
gent-resistant membranes: The cells were spun and the pellet
was homogenized with 10 strokes in a Dounce homogenizer
in 2 mL of TNE buffer (25 mM TRIS, 150 mM NacCl, 5 mM
EDTA, pH 7.5) with protease inhibitor cocktail and 1% Triton
X-100. The homogenized material was mixed with an equiva-
lent volume of 80% sucrose solution, transferred into a centri-
fuge tube, and then overlaid with 4 mL each of 30% and 5%
sucrose in TNE buffer. After overnight centrifugation in a
Beckman SWA41Ti rotor at 190,000 g, twelve fractions were
sampled from the top of the gradient. After determining the
protein concentration, 50 pg of protein or, if too diluted, 900
uL of each fraction from the gradient were precipitated. For
this, 1:150 of 2% sodium deoxycholate (f.c. 0.013%) were
added, and samples were incubated for 10 min at RT. After
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adding 1:15 of 100% trichloracetic acid (f.c. 6.67%), samples
were again incubated for 20 min at 4°C and the precipitate
was pelleted for 15 min at 10,000 g and 4°C. The pellets were
washed three times with 1 mL of acetone and spun for 5 min
at 10,000 g and 4°C. The final pellets were dissolved in 50 pL
of SDS-PAGE sample buffer and subjected to SDS-PAGE.

Isolation of Plasma Membrane-Derived Lipid Rafts

Cells cultured to confluency in a T175 flask were scraped
into 10 mL of ice-cold PBS pH 7.4; 2 mL were used to gen-
erate a lysate, which was kept as a reference. The remain-
ing 8 mL were used to isolate PM-LRs using the Minute
PM-Derived Lipid Raft Isolation Kit (Cat. No. LR-042
from Invent Biotechnologies, Plymouth) according to the
instructions of the manufacturer. For quantification of
DRA incorporation into PM-LRs, the resulting pellet was
dissolved in 100 uL of SDS-PAGE sample buffer, and 10 uL
of the lysate, and 50 pL of the dissolved pellet were sub-
jected to SDS-PAGE.

For the liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) measurement of DRA in the PM, the instruc-
tions were followed until the step of isolation of the PM
(indicated in the manual as isolated PM fraction), and the
resulting pellet was frozen at —20°C. For the LC-MS/MS mea-
surement of DRA in PM-derived lipid rafts, the entire proce-
dure was performed, and the resulting pellet was frozen at
—20°C.

Targeted Proteomics

To measure the absolute protein abundance of DRA in the
cells, a cell lysate was prepared as described in SDS-PAGE
and Western Blot. The Minute PM-Derived Lipid Raft
Isolation Kit was used as described earlier to obtain pellets of
the PM and the PM-LRs, which were then dissolved in 150 uL
of TBS (20 mM TRIS, pH 7.5, 150 mM NacCl) with 1% TritonX-
100 and 1:10 protease inhibitor cocktail (cOmplete Mini,
EDTA-free; Roche, Basel, Switzerland). The protein concen-
tration of these samples was determined using the Pierce
BCA Protein Assay Kit. They were digested by the filter-aided
sample preparation (FASP) procedure (27). For this, the sam-
ples containing a maximum of 100 pg protein were diluted to
200 uL with UT buffer (8 M urea, 2 M thiourea) and applied
to a cellulose membrane filter (Vivacon 500, 10,000 MWCO
Hydrosart from Sartorius, Gottingen, Germany) pretreated
with 1% formic acid. This was followed by incubation with
100 pL of 8 mM dithiothreitol at 56°C for 15 min, application
of 100 pL of urea buffer (8 M urea, 100 mM TRIS, pH 8.5),
incubation with 100 pL of 50 mM iodoacetamide at room
temperature in the dark for 20 min, application of 100 pL of
urea buffer, incubation with 100 uL of 8 mM dithiothreitol at
56°C for 15 min, application of 100 uL of urea buffer, and two
applications of 100 pL of ABC buffer (65 mM ammonium
bicarbonate, pH 7.8). After all steps, 30 min centrifugation
was carried out at 14,000 g at RT. After overnight incubation
with 100 pL of trypsin solution (0.01 pg/uL trypsin, 1% aceto-
nitrile in ABC buffer; Sequencing Grade Modified Trypsin
from Promega, Fitchburg), 10 pL of 10% formic acid was
added and the eluate was kept as a sample after 10 min cen-
trifugation. After adding 40 uL of ABC buffer, the eluate was
sampled in the same tube after 10 min centrifugation.
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The quantitative proteomic analyses were performed
using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) targeted proteomics approach using stable-iso-
tope labeled internal standards (28). Absolute quantification
of DRA was achieved by monitoring the proteospecific pep-
tide LIDAVGFSPLR. Na/K-ATPase was analyzed in parallel
as a reference protein using the peptide LSLDELHR. Protein
quantification was conducted on a 7500 QTRAP triple quad-
rupole mass spectrometer (AB Sciex, Darmstadt, Germany)
coupled to an Agilent Technologies 1290 Infinity system
(Agilent Technologies, Santa Clara). For each peptide, four
mass transitions were monitored and the absolute protein
abundance was assessed by using the stable isotope method.
Details of the used chromatographic method have been
described elsewhere (28). To ensure comparability between
the samples, the DRA concentration was normalized to the
individual sample protein content (pmol/mg protein).

Structure Predictions

To assess potential molecular mechanisms of glycosyla-
tion-enhanced transport activity, AlphaFold3 (AF3) (29) was
used to make all-atom predictions of DRA (UniProt: P40879)
with “Complex N-Glycan Cores.” The AlphaFold3 server (29)
was used to add glycosylations at N153, N161, and N164. A
simplified “Complex N-Glycan” was chosen for prediction—
glycosylation string used in AF3: NAG(NAG(MAN(MAN-
(NAG)(NAG))(MAN(NAG)))). It is known that half of the
DRA molecules carry mature complex N-glycan structures,
whereas the remainder carry hybrid N-glycans (18), as
opposed to high mannose N-glycans. As the absolute struc-
ture, or even the components of the mature N-glycan are
currently unknown, we opted to perform our predictions in
the presence of a complex N-glycan core structure, of which
there are three that SLC proteins use (17)—di-, tri-, and
tetra-antennary. The difference between these cores is the
number of N-acetylglucosamine (GIcNAc) sugars attached
to the branched mannose. Here, we used the tri-antennary
core structure as a conservative and agnostic starting point.
Six predictions were performed, each with a random seed,
to generate 30 structures of the glycosylated DRA dimer.
The resulting structures were clustered into two groups
(inward-/outward-facing) according to the Z-height of the
mobile transport domain relative to the static scaffold
domain (Fig. 5B).

Contact analysis was performed to evaluate conformation-
dependent (inward- vs. outward-facing) interdomain inter-
actions of the glycans (covalently linked to the transport
domain) and the scaffold domain. Two atom groups are
defined as in contact when a heavy atom (i.e., not hydrogen)
of the glycosylation comes within 10 A of a backbone-Ca
from a scaffold domain residue.

Images were rendered using VMD (30) and ChimeraX (31).

Statistical Analyses

Statistical analyses and plotting of experimental data were
performed using GraphPad Prism 9. Assuming a normal dis-
tribution of all samples according to the Shapiro-WilKk test,
t tests for independent samples were performed. Analyses of
the fluorometry data were performed using JMP16 software
according to the described algorithms (26). Interdomain
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glycan contacts from AF3 predictions were calculated with
in-house Python scripts. Due to unequal variances (Levene
homogeneity test), the nonparametric Mann-Whitney U test
was used.

Data are presented as means +SD. P < 0.05 was considered
statistically significant.

RESULTS

DRA Is Both Complex and Core/Hybrid N-Glycosylated

Protein expression and N-glycosylation of HEK/EGFP-
DRA versus HEK/EGFP-DRA-NO were assessed by Western
blot (Fig. 1A). Two single-cell clones with comparable DRA
protein expression according to Western blot results were
selected. EGFP-DRA was observed as two bands with molec-
ular weights of 120 and 160 kDa, with the upper band
accounting for 53+10% of the total intensity in the cell
lysate. EGFP-DRA-NO appeared as a single band of 110 kDa.
After PNGaseF treatment, both bands of EGFP-DRA con-
densed to a single band of 110 kDa, indicating that the two
bands are N-glycosylated. As expected, EGFP-DRA-NO was
not susceptible to PNGaseF treatment.

DRA is known to be expressed as a core/hybrid N-glyco-
sylated and a complex N-glycosylated form, which is con-
sistent with the fact that both EGFP-DRA bands are
susceptible to PNGaseF treatment (18, 19). Thus, the larger
160 kDa DRA band is complex N-glycosylated DRA, whereas

the smaller, 120 kDa band is core/hybrid N-glycosylated
DRA and the 110 kDa band represents non-N-glycosylated
DRA (deficient N-glycosylation).

DRA with Deficient N-Glycosylation Has Reduced
Transport Activity

To detect changes in DRA activity, DRA-mediated changes
of the intracellular pH (pH;) were measured fluorometrically
in HEK/EGFP-DRA (Fig. 1D) and HEK/EGFP-DRA-NO cells
(Fig. 1E) as well as in nontransfected HEK cells (Fig. 1C). DRA
activity was induced by removal and readdition of extracel-
lular chloride. Background corrected bicarbonate fluxes
were calculated (Fig. 1B) and revealed that cells expressing
EGFP-DRA display a much higher activity with a bicarbonate
flux of 0.39 * 0.14 mM/s compared with 0.09 £ 0.05 mM/s in
EGFP-DRA-NO expressing cells (P = 0.0005, n = 6). Thus,
DRA with deficient N-glycosylation exhibits 70% reduced
activity.

Wild-Type DRA and N-Glycosylation Deficient DRA Are
Present at the Cell Surface

To detect differences in the surface expression of DRA,
which could account for the reduction in activity, cell sur-
face biotinylation was performed and wheat germ agglutinin
(WGA) colocalization was tested (Fig. 2, A and B).

Using cell surface biotinylation 6.1 = 3% of EGFP-DRA ver-
sus 7.6+2% of EGFP-DRA-NO was detected in the PM,
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Figure 1. HEK/EGFP-DRA expresses complex N-glycosylated DRA and core/hybrid N-glycosylated DRA, whereas HEK/EGFP-DRA-NO expresses
non-N-glycosylated DRA, which significantly reduces transport activity. A: cell lysates were subjected to Western blot analysis both natively (—)
and after treatment with PNGaseF (+). The activity of nontransfected HEK cells (C), HEK/EGFP-DRA (D), and HEK/EGFP-DRA-NO (E) was measured
as changes in intracellular pH (pH;) upon removal and readdition of extracellular chloride by BCECF fluorometry. Nonlinear curve fitting was
applied and background-corrected bicarbonate flux (B) was calculated. Means + SD, t test, ***P < 0.001, n = 6. DRA, downregulated in adenoma

(SLC26A3); EGFP, enhanced green fluorescent protein.
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Figure 2. Cell surface expression, quantified by cell surface biotinylation and WGA colocalization, was measured for HEK/EGFP-DRA and HEK/EGFP-
DRA-NO. The statistical analysis did not support a difference of abrogated N-glycosylation in the measured values. A: Western blot of a representative
cell surface biotinylation experiment displays the cell lysate (Lys), the supernatant representing the nonsurface DRA (supernatant; SN), and the bead frac-
tion representing the isolated surface DRA (beads; B) of HEK/EGFP-DRA and HEK/EGFP-DRA-NO. B: relative cell surface expression was quantified as
percentage of isolated surface DRA relative to the cell lysate. Representative figures of colocalization of DRA with WGA as a plasma membrane marker
protein (C) and quantification as Pearson’s r coefficient (D). Means + SD, t test, n = 3—7. DRA, downregulated in adenoma (SLC26A3); EGFP, enhanced

green fluorescent protein; ns, not significant; WGA, wheat germ agglutinin.

exhibiting no statistically significant difference (n = 7). Of
note, there appeared to be no difference between the cell
lysate and the surface fraction in the relative abundance of
the 160 kDa and the 120 kDa band of EGFP-DRA. The com-
plex N-glycosylated DRA comprised 52+ 5% in the cell lysate
and 41+ 7% in the surface fraction.

Colocalization of the EGFP fluorescence of EGFP-DRA and
EGFP-DRA-NO with WGA staining as a PM marker was
tested. Figure 2, C and D, demonstrates that WGA colocalizes
with both EGFP-DRA and EGFP-DRA-NO. Quantitatively,
both EGFP-DRA and EGFP-DRA-NO moderately colocalized
with WGA in the PM (Pearson’s correlation coefficient
0.32%0.1 for EGFP-DRA vs. 0.29 £ 0.1 for EGFP-DRA-NO, not
significant, n = 3). The statistical analysis failed to detect a
difference in the measured values.

Thus, differences in relative cell surface expression are
not the cause of the decreased activity of EGFP-DRA-NO.
Furthermore, it appears that complex N-glycosylation does
not affect incorporation into the PM, as the level of complex
N-glycosylation in total protein lysate is comparable with
that of the surface fraction.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00362.2024 - www.ajpgi.org

Wild-Type DRA and N-Glycosylation Deficient DRA Are
Present in Plasma Membrane-Derived Lipid Rafts

The reduction in activity of DRA in the absence of N-gly-
cosylation appeared not be fully attributable to differing rel-
ative protein quantities present in the PM. Therefore, the
impact of deficient N-glycosylation of DRA on incorporation
into LRs was specifically tested.

LRs are detergent-resistant membranes, which float in
low-density fractions when separated on a sucrose-gradient.
Homogenates of HEK/EGFP-DRA and HEK/EGFP-DRA-NO
cells were subjected to a 5%/30%/40% sucrose gradient
(Fig. 3A). Fractions 4 and 5 (F4 and F5 in Fig. 3A) at the inter-
face between the 5% and 30% sucrose cushions were identi-
fied as the fractions containing LRs, as the majority of the LR
marker flotillin was found in these fractions. Both EGFP-
DRA and EGFP-DRA-NO were detected in the LR containing
fractions. Of note, in these LR fractions complex N-glycosyl-
ated EGFP-DRA migrating at 160 kDa appeared moderately
overrepresented with 84% compared with the cell homoge-
nate (Lys in Fig. 3A), where it comprised 48%.
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Since sucrose gradient floatation addresses the entire LR
pool of the cell, we subsequently measured the amount of
DRA specifically present in PM-LRs. EGFP-DRA and EGFP-
DRA-NO were both found to be incorporated into PM-LRs
(Fig. 3B) and were quantified relative to total EGFP-DRA or

Marker: HEK/EGFP-DRA :
lysed with 1 % TX100 :
| 5% | 30% |a0%):
tlys F3 F4 F5 F6 F7 F11:
Py - f
180 kDA— = ’ : — 160 kDa
135kDA— == g y “! " DRA_120 kpa
100 KDA— == : 5.
48 kDA— wy P~ - Flottilin
Marker:  HEK/EGFP-DRA-NO '
lysed with 1 % TX100 -
| 5% | 30% |40%|:
ilys F3 FA F5 F6 F7 F11 i
245 kDA— - i I E :
180 tDA— - . | B
135 kDA— == : ,\“' . : — 110 kDa
100 kKDA— = “ AAs
48KDA— w i = PPN ~ i Flottilin
Marker: HEK/EGFP- i HEK/EGFP-
E DRA DRA-NO
i lys PM-LR§ Lys PM-LR :
180kDA— . i ' N :
135 kDA — ~ ' g eiDe
. | i DRAT”{15kpa
100 kDA — ey :
48 kDA — " — - B-Actin
C
N
£ 1.5
14 ns
- l—
T
[
2
3
g e
£ e
§ o .
t
[
2
g 00 . r
o O
& S
R &
& &
N O
& RS

G634

EGFP-DRA-NO (Fig. 3C; EGFP-DRA 0.9 £ 0.1%, EGFP-DRA-
NO: 0.6 £ 0.2%, not significant, n = 3). The statistical analysis
did not support a difference in the measured values. This
suggests that deficient N-glycosylation of DRA does not have
an impact on the expression of DRA in PM-derived LRs. Of
note, there appeared to be no difference in the relative abun-
dance of the 160 kDa and 120 kDa bands of EGFP-DRA in the
PM-LR fraction compared with the cell lysate (Fig. 3B; cell
lysate 50 = 6% vs. PM-LRs 53 £17%).

Absolute DRA Quantification

Absolute quantification of DRA was conducted by LC-
MS/MS analysis of the proteospecific surrogate peptide
LIDAVGFSPLR (amino acids 556-566 of human DRA) apply-
ing stable isotope-labeled standards and the FASP method.
Measured DRA amounts were normalized to the protein con-
tent of the cell fractions analyzed (Fig. 4). In the total protein
lysate, 8.0 +2.5 pmol/mg of EGFP-DRA was detected, which
was significantly reduced to 3.5+1.4 pmol/mg for EGFP-
DRA-NO (P = 0.001, n = 7). The same effect was observed in
the PM showing significantly lower expression of EGFP-
DRA-NO (7.6+2.0 pmol/mg) compared with EGFP-DRA
(11.8 £2.1 pmol/mg; P = 0.0021, n = 7) and also in PM-LRs,
where EGFP-DRA-NO concentration was also significantly
lower than the concentration of EGFP-DRA (EGFP-DRA-NO:
6.8+3.0 pmol/mg vs. EGFP-DRA: 12.3+2.3 pmol/mg; P =
0.0002,n=60r7).

Taken together, absolute DRA protein concentrations
were lowered by 57% in the protein lysate, 34% in the PM,
and 45% in PM-LRs in EGFP-DRA-NO versus EGFP-DRA.

Glycosylated DRA Structure

Due to the high structural homology of the members of
the SLC26 family, DRA is likely suitable for accurate predic-
tions with AlphaFold3 (AF3). To this end, structures of the
glycosylated DRA dimer were predicted using the AF3
server. Glycosylations were added to N153, N161, and N164
from the extracellular loop of the transport domain, between
transmembrane helices 3 and 4 (Fig. 5A). According to the
vertical translation of the transport domain relative to the
scaffold domain, 17 of the 30 predicted structures were clas-
sified as inward-facing, and 13 as outward-facing. Inward-
and outward-facing structures exhibited an average vertical
shift of ~4 A (Fig. 5B). The predicted glycosylations exhib-
ited a diverse set of conformations, which is indicative of

Figure 3. HEK/EGFP-DRA and HEK/EGFP-DRA-NO are associated with
lipid rafts prepared from whole cell homogenates and specifically isolated
as plasma membrane lipid rafts. The statistical analysis did not support a
difference of abrogated N-glycosylation in the measured values of the rel-
ative incorporations of DRA in plasma membrane lipid rafts. A: representa-
tive Western blot of sucrose gradient fractionation of whole cell
homogenates with the cell lysate (Lys), fractions 3—7 (F3—F7) and fraction
11 (F11). Flottilin identifies F4 and F5 as lipid raft fractions. DRA and DRA-NO
are present in lipid rafts. B: representative Western blot of plasma mem-
brane-derived lipid rafts isolated using the Minute PM-Derived Lipid Raft
Isolation Kit and subjected to Western blot analysis with the cell lysate
(Lys) and isolated plasma membrane-derived lipid rafts (PM-LRs). DRA and
DRA-NO are present in PM-LRs. C: quantification of three experiments as
shown in B. Means £ SD, t test, n = 3. DRA, downregulated in adenoma
(SLC26A3); EGFP, enhanced green fluorescent protein; ns, not significant.
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Figure 4. Absolute quantification of DRA by LC-MS/MS analysis of the
proteospecific surrogate peptide LIDAVGFSPLR revealed significantly
reduced absolute levels of DRA (pmol/mg protein) of HEK/EGFP-DRA-
NO in the total protein lysate, plasma membrane, and plasma mem-
brane-derived lipid rafts compared with HEK/EGFP-DRA. Means +SD,
ttest, **P < 0.01, ***P < 0.001, n = 6 or 7. DRA, downregulated in ade-
noma (SLC26A3); EGFP, enhanced green fluorescent protein; LC-MS/
MS, liquid chromatography-tandem mass spectrometry.

heightened dynamics, and sampled a substantial area on the
extracellular surface [Fig. 5C, side-view (top), top-down view
(bottom)]. The area sampled by the glycosylations exhibited
a dependence on the relative conformations of the scaffold-
and transport domains, that is, inward- and outward-facing
(Fig. 5C, bottom).

To derive a potential mechanism-of-action for the obs-
erved glycosylation-enhanced transport activity, the con-
tacts between the glycans and the protein backbone were
evaluated. The predicted structures of DRA exhibited a con-
formational dependence on the number of interdomain
interactions between the glycans. Though three predictions
of the inward-facing state exhibited zero contacts, it was
nevertheless associated with a significantly higher number
of interdomain contacts than the outward-facing state
(Fig. 5D; P = 0.03). The evaluated contacts come from the
transport domain, reaching the apposed scaffold domain
(Fig. 5E). These data suggest that the presence of glycans
favors the inward-facing state.

DISCUSSION

Many proteins of the large SLC family of transmembrane
proteins undergo N-glycosylation, which may affect their cel-
lular activity, stability, or localization (17). NHE3 and CFTR,
both working in close conjunction with DRA, also possess
potential N-glycosylation sites (3, 32). NHE3 appears to be
generally not N-glycosylated, with some species-specific
exceptions (33). In contrast, NHE1 mature glycosylation deter-
mines polarized trafficking to the basolateral plasma mem-
brane (34). N-glycosylation of CFTR has a critical impact on
its folding and stability (32). Meanwhile, DRA is known to be
N-glycosylated and expressed as both hybrid N-glycosylated
and complex N-glycosylated forms (18, 19). The present study
reveals a 70% decreased transport activity of the glycosyla-
tion-deficient DRA-NO expressed in HEK cells. Previous stud-
ies by Hayashi et al. (18) and Rapp et al. (20) have shown that
deficient N-glycosylation decreases DRA activity by 12.5% and
57%, respectively. Statistical analysis of surface biotinylation
or WGA colocalization experiments does not support an effect
of abrogated N-glycosylation on the relative surface expres-
sion of DRA. These findings corroborate the study of Rapp
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et al. (20), also showing no influence of N-glycosylation on
surface expression in HEK cells and contrast with the study
by Hayashi et al. (18) reporting a (nonsignificant) decrease in
cell surface expression of N-glycosylation-deficient DRA in
CHO cells. Furthermore, the proportion of complex N-glyco-
sylated DRA to hybrid N-glycosylated DRA in the PM was not
different from that in the lysate, indicating that complex
N-glycosylated DRA is not favored for trafficking to the cell
surface.

In a previous study, we (13) and in a recent study, Tse et al.
(21) have realized that the complex N-glycosylated form of
DRA is highly prevalent in LR fractions. Disruption of LRs
using MBCD reduces DRA activity in HEK cells by 39% (13),
while stimulation of DRA transport activity is associated
with increased localization in LRs (21, 35). DRA insertion
into LRs occurs via the PI3kinase-dependent exocytosis
pathway and is facilitated by its interaction with PDZ adap-
tor proteins (13). In general, protein palmitoylation, the size
of the transmembrane domain, and the TMD surface area
are considered important factors for LR association (36, 37),
but additional evidence suggests that N-glycosylation of a
protein may also affect LR association (22-24). Based on
these considerations, it was important to test whether the
glycosylation of DRA influences its distribution in LRs and
the nonraft fraction of the PM. To this end, isolation of
whole-cell LRs by sucrose gradient fractionation appeared to
show a shift toward complex N-glycosylated DRA in the iso-
lated LR fractions, as reported before (13, 21). But DRA-NO
was also present in whole-cell LRs. As LRs are not restricted
to the PM, PM-LRs were specifically isolated. By Western
blot, both DRA and DRA-NO were detected in the PM-LRs,
but the statistical analysis failed to indicate a difference in
the measured values of percentage incorporation into PM-
LRs. Moreover, DRA did not exhibit a preference for the com-
plex N-glycosylated form in PM-LR.

We also used absolute quantification of DRA by targeted
quantitative proteomics, a technique that allows the con-
centration of a target protein (i.e., DRA or DRA-NO) to be
determined down to a range of picomoles per milligram of
protein in the cell fraction under study. In the cell lysate,
this revealed a 57% reduced expression level of DRA-NO
compared with DRA. Furthermore, it showed a significant
decrease of 34% in the PM and of 45% in PM-LRs. Although
the reduced expression levels may account for some decline
in activity, the 70% loss of total cellular transport activity
cannot be entirely attributed to the 34% and 45% reduced
presence of DRA-NO in the PM or PM-LRs, respectively.
Taken together, this indicates that N-glycosylation is not
required for the effective insertion of DRA into PM and PM-
LRs. Furthermore, this suggests that N-glycosylation of
DRA affects the specific activity of the transporter. To this
end, anion selectivity and stability have already been ruled
out as potential mechanisms (18, 20). Thus, the effects of
N-glycosylation of DRA on its molecular structure were
evaluated using AlphaFold3 to predict the three-dimen-
sional structure of DRA, including covalently bound “com-
plex N-glycans,” which has not been done before.

The predicted structures revealed multiple conforma-
tions of the glycans as well as DRA in both inward-facing
and outward-facing states. The glycans, which are cova-
lently bound to the transport domain, mediate various
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Figure 5. AlphaFold3 (AF3)-predicted structures of glycosylated DRA. A: schematic of the “complex N-glycan” used for structure prediction (left), and
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conformational heterogeneity predictions by measuring the z-component of the difference in centers of geometry between the transport (TD) and scaf-
fold domain (SD)—separating inward-from outward-facing. C: visualization of the conformation-dependent, glycan-mediated interdomain contacts: pro-
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E: transmembrane domain of a DRA protomer, from the extracellular perspective. Images were rendered using VMD and ChimeraX. DRA, downregu-

lated in adenoma (SLC26A3); TMD, transmembrane domain.

interdomain contacts to the scaffold domain. Notably, the
number of interdomain contacts was higher in the inward-
facing state, indicating that the presence of glycans favors
this conformation. In SLC26 anion antiporters, substrate
transport across the membrane involves an elevator-trans-
port mechanism wherein a transport domain makes a rota-
tional-translational motion relative to a static scaffold
domain—alternately exposing the anion-binding pocket to
the intra- and extracellular environments (12). In many
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transport proteins, substrate release from the inward-fac-
ing state to the cytoplasm is the rate-limiting step for
transport activity (38, 39). Thus, stabilization of the
inward-facing state by glycans could facilitate anion trans-
port. Such a model is also compatible with our previous
findings that DRA has similar affinities to chloride and
bicarbonate and thus transport is to a large degree deter-
mined by the different relative concentrations of both
anions intra- and extracellularly (25).
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To date, no mutation causing CLD has been identified that
directly affects DRA glycosylation sites (40). However, some
DRA mutants do not exhibit complex N-glycosylation, as
illustrated by the 1544 mutant, which is expressed in the
plasma membrane but is nonactive due to its direct effect on
the STAS domain, which is crucial for the transport activity
of DRA (20, 41). The significance of the lack of complex
N-glycosylation of DRA in vivo remains to be elucidated.

As a tool to quantify DRA absolutely, we have used LC-MS/
MS-based targeted quantitative proteomics. Other methods
for the detection of individual proteins, such as immunoblot-
ting or immunohistochemistry, rely on antibody binding and
only allow for semiquantitative measurements. Mass spec-
trometry-based targeted proteomics overcomes this limitation
by directly detecting proteospecific peptides as surrogates for
the target protein. Absolute quantification was achieved by
using stable-isotope-labeled peptides as internal standards
(42, 43). The method also allows for the quantification of sev-
eral target proteins in the same sample, which are normalized
to the same standard, usually the protein concentration in the
cell fraction under study. Given the variability in protein com-
position across different subcellular compartments and the
fact that cell and membrane fractionation is typically based
on enrichment rather than quantitative preparation, it
becomes evident that the concentration of one target protein
determined by LC-MS/MS-based quantitative proteomics may
not be compared between various compartments (i.e., frac-
tions) under study. Nonetheless, the molar stoichiometry of
two or more proteins in the same sample can be quantified.
This will be an important improvement when studying the
functional and structural coupling of transporters in a given
cellular compartment or membrane fraction, as it is proposed
for DRA with NHE3 and/or CFTR. For the current study, this
does not apply as HEK cells do not express NHE3 and CFTR.

Taken together, our experimental data indicate that glyco-
sylation does not influence DRA insertion into and retrieval
from the PM and PM-LRs. Instead, molecular modeling pre-
dicts that complex N-glycans mediate interactions between
the transport and the scaffold domain, favoring the inward-
facing state and thereby potentially allowing more effica-
cious anion transport.
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