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ABSTRACT. The f-subunit of the gastric H,K-ATPase is the most abundant glycoprotein in the
tubulovesicular compartment of the acid-secreting parietal cells. The oligosaccharidegedithenit

have been shown to contain fucobkacetylglucosamine, mannose, galactose Nuadetylgalactosamine.
Previous studies have shown that the ralgbgubunit is devoid oN-acetylneuraminic acid. Here we

report the structural features of thkelinked oligosaccharides of th&subunit from rabbit H,K-ATPase.

We used glycosidase digestions and analysis by high-pH anion-exchange chromatography with pulsed
amperometric detection and matrix-assisted laser desorption/ionization mass spectrometry to analyze the
peptideN*-(N-acetyl$-p-glucosaminyl)asparagine amidase (PNGase F)- and giddlacetylglucosamini-

dase H (Endo H)-released oligosaccharides. The studies showed that the oligosaccharigesiatbtmit

are a mixture of both oligomannosidic and lactosamine-type structures. The high-mannose structures
were identified as MaMansGICNAc, species. A striking finding was that all the branches of the
lactosamine-type structures were terminated witteGabal5—GIcNAc extensions. All of the lactosamine-

type structures were found to be core fucosylated and some of them contained one to three lactosamine
repeats. We propose that a part of the adaptation of the gAsiribunit to the acidic environment of the
stomach is through providing acid-stable terminal residues on the oligosaccharides.

The gastric H,K-ATPase is a P-type cation-transporting are involved in HCI secretion. The H,K-ATPase enriched
ATPase which is responsible for acid secretion in the tubulovesicles were shown to be heavily stained by wheat
stomach. The protein is a heterodimer with a catalytic germ (WGA),Helix pomatia(HPA), andRicinus communis
o-subunit and a glycosylatef-subunit which is essential | (RCA) lectins (Okamoto & Forte, 1988). Thesubunit
for holoenzyme function (Chow et al., 1992; Tyagarajan et of H,K-ATPase was subsequently identified as the most
al., 1995). Thes-subunit is a protein 0f~291 amino acids  abundant glycoprotein in gastric tubulovesicles (Callaghan
with seven potential sites fdi-glycosylation (Canfield et  etal., 1990). lIts reactivity and purification with WGA, RCA
al., 1990; Reuben et al., 1990; Shull, 1990). These sequond (Okamoto et al., 1990), and tomato lectins (Callaghan et
are conserved in all species except for pig, which lacks the al., 1990) suggested that the protein is glycosylated with
Asnt®sequon (Toh et al., 1990). The glycoprotein migrates complex and polylactosamine-type oligosaccharide structures.
as a broad 60680 kDa band in SDSPAGE gels. On Because the protein did not react with concanavalin A and
deglycosylation with PNGase* B sharp 32 kDa band is seen. was insensitive to Endo H, it was previously concluded that
Treatment with Endo H results in no apparent change in the -subunit did not contain oligomannosidic chains (Oka-
migration of the 66-80 kDa band (Okamoto et al., 1990; moto et al., 1990; Chow & Forte, 1993; Hall et al., 1990).
Chow et al., 1993). Monosaccharide analysis has demonstrated the presence of

Histochemical studies using fluoresceinated lectins dem- Man, Gal, GIcNAc, GalNAc, and Fuc but no NeuAc or
onstrated an abundance of glycoconjugates in the tubulove-NeuOGc (Beesley & Forte, 1973; Weitzhandler et al., 1993).
sicular and apical membranes of the parietal cells, which It has been suggested that the oligosaccharides of the
SB-subunit may be sialylated during biosynthesis but lose sialic

" This work was supported by NIH Grant DK 38972 and the acid in the acidic environment of the stomach (Goldkorn et
Biomedical Research Technology Program of the National Center for al., 1989). Further, it has been proposed that the inhibition
Research Resources, NIH NCRR BRTP 01614. of acid secretion is accompanied by sialylation of parietal
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® Abstract published idvance ACS Abstractfebruary 15, 1996.  Oligosaccharide chains on the rabBisubunit of the H,K-
! Abbreviations: PNGase F, peptithé-(N-acetyl$-p-glucosami- ATPase. Oligosaccharides were completely released from
nyl)asparagine amidase; Endo H, erfiib-acetylglucosaminidase H;  the purified S-subunit by PNGase F digestion. Structural

Endo F, endg-N-acetylglucosaminidase F; WGA, wheat germ ag- . . - . . . .
glutinin: HPA, Helix pomatiaagglutinin; Con A, concanavalin A; RCA, information was obtained by exoglycosidase digestions with

Ricinus communiagglutinin; NeuAcN-acetylneuraminic acid; NeuGe; ~ analysis using high-pH anion exchange chromatography with
N-glycolylneuraminic acid; HPAEC-PAD, high-pH anion-exchange pulsed amperometric detection (HPAEC-PAD). Molecular

chromatography with pulsed amperometric detection; MALDI-TOF MS, - \yeights of the released oligosaccharides were determined
matrix-assisted laser desorption/ionization time-of-flight mass spec-

trometry; 2-AB, 2-aminobenzamide; DHB, 2,5-dihydroxybenzoic acid; USINg matrix-assisted laser desorption/ionization mass spec-
t,, retention time. trometry (MALDI-MS). The studies demonstrated that the
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Oligosaccharides of thg-Subunit of H,K-ATPase

oligosaccharides of rabbit gastiitsubunit are oligoman-
nosidic structures (MaGIcNAc,-MansGlcNag) and core-

fucosylated bi-, tri-, and tetraantennary lactosamine-type

oligosaccharides with all branches terminated byoGal
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hence the upper band was presumed to be a dimer of the

B-subunit.

Release of-Subunit OligosaccharidesTo release all the
N-linked oligosaccharides, 8 nmol (2%k of protein) of

Galf—GIcNAc extensions. Several of the oligosaccharides purified g-subunit of rabbit H,K-ATPase was incubated at
have one to three lactosamine repeats. We propose that 87 °C for 18 h with 100 munits of PNGase F (glycerol free)

part of the adaptation of the gastgesubunit to the acidic

in a sodium phosphate buffer (10 mM, pH 7.5) in a total

environment of the stomach is through providing alternative volume of 280uL. This mixture is referred to g8-subunit

acid-stable terminal residues on the oligosaccharides.

MATERIALS AND METHODS

Materials Glass-distilled water was used for the prepara-
tion of all buffers and eluents. Sodium hydroxide (50%
solution) and acetic acid were from Fisher Scientific
(Pittsburgh, PA). PNGase F (glycerol free) was provided
by Dr. Tony Tarentino (New York Department of Health,
Albany, NY). Chicken liver fucosidase, sialidase from
Arthrobacter ureafaciensjack beano-mannosidase, and
coffee beam-galactosidase were from Oxford Glycosystems
(Abingdon, U.K.). Endoglycosidase H apdgalactosidase
were purchased from Boehringer Mannheim (Indianapolis
IN). Endof-galactosidase fronkscherichia freundiwas
kindly provided by Dr. Michiko Fukuda (La Jolla Cancer

Research Center, La Jolla, CA). The asialo-biantennary (C2-
024300% and agalacto-biantennary fucosylated (C2-004301)
standard oligosaccharides were from Oxford Glycosystems

(Abingdon, U.K.). DHB matrix was purchased from Hewlett
Packard (Palo Alto, CA). A low-molecular weight calibra-
tion set was purchased from Bio-Rad (Richmond, CA).
Adrenocorticotropic hormone fragment (289) was pur-

chased from Sigma (St. Louis, MO). Bovine fetuin oli-

gosaccharides were prepared as previously described (Hard
& Townsend, 1994). The high-mannose oligosaccharides

were prepared by Dr. Peter Lipniunas.
Preparation of3-Subunit of H,K-ATPaseH,K-ATPase-

PNGase F digest. The completeness of oligosaccharide
release was determined by conversion of the-80 kDa
band to a sharp 32 kDa core protein.

A milliunit of PNGase F activity is defined as the amount
of enzyme required to hydrolyze one nanomole of a
pentaglycopeptide from bovine fetuin per minute at°87
(Plummer et al., 1987).

To releaséN-linked oligomannosidic structures;subunit
(1.5 nmol) from rabbit H,K-ATPase was incubated with 2
munits of Endo H in a sodium acetate buffer (25 mM, pH
5.5) at 37°C in a total volume of 5QuL.

Glycosidase Treatment of OligosaccharideSeparate
aliquots (12uL, ~345 pmol of protein) of thegs-subunit

' PNGase F digest were treated for 18 h at@awith one of

the following glycosidases: (J3-galactosidase from bovine
testes (15 munits) in a sodium acetate buffer (50 mM, pH
5.0) to a final volume of 5QuL; (2) o-galactosidase from
coffee beans (50 munits) in a sodium citrate phosphate buffer
(100 mM, pH 6.0) to a final volume of 5QL; (3)
o-mannosidase from jack bean (20 munits) in a sodium
acetate buffer (50 mM, pH 5.0) to a final volume of 5D;

(4) chicken liver fucosidase (50 munits) to a final volume
of 70 uL; (5) endog-galactosidase (5 munits) frork.
freundii in water to a final volume of 7@L.

Y An aliquot of a-galactosidase-treatgsubunit oligosac-

charides (12.5L) was treated with 6 munits gf-galac-
tosidase to a final volume of 20L.
Derivitization of Oligosaccharides with 2-Aminobenza-

containing gastrip microsomgs were isolated from rabbit ide The reducing oligosaccharides were coupled to 2-AB
stomach as previously described (Reenstra & Fort_e, 1990).5¢ previously described (Bigge et al., 1995). Briefly 12
Crude microsomes were harvested from homogenized mu-4f g_sybunit PNGase F digest was dried. The oligosaccha-

cosa of unstimulated rabbit stomach,(i¢ceptor-blocked)
as the membrane pellet sedimenting between 18 060
10 min and 100 00§ for 1 h. The pellet was resuspended

rides were dissolved in &L of a solution of 2-AB (0.35 M)
in dimethylsulfoxide/glacial acetic acid (30% v/v) sodium
cyanoborohydride (1 M). The glycan solution was then

in 10% sucrose, brought to 40% sucrose (9 mL), and overlaid jncubated at 65C for 2 h. After the conjugation with 2-AB,
with successive layers of 30% sucrose (11 mL) and 10% he reaction mixture was applied to a cellulose disk (1 cm

sucrose (16 mL) [all sucrose solutions with 5 mM tris-
(hydroxymethyl)aminomethane (Tris) and 0.2 mM EDTA,
pH 7.4] in a 37 mL tube. After centrifugation at 100 @00
for 4 h, the purified gastric microsomes were collected from
the interface between 10% and 30% sucrose.

The -subunit of gastric H,K-ATPase was isolated from

in diameter) in a glass holder. The disk was washed 5 times
with 1 mL of acetonitrile to remove unreacted dye and non-
reactive oligosaccharide reactants. Labeled glycans were
then eluted using two washes (0.5 mL) of water and then
filtered (0.2um) prior to analysis. The solution was dried
and resuspended to 104..

sucrose density purified rabbit microsomes according to the  Qligosaccharide AnalysesOligosaccharides were ana-

protocol of Okamoto and co-workers (1990) by WGA affinity

lyzed using HPAEC-PAD on a Dionex Glycostation with a

chromatography in the presence of dodecyl trimethyl am- pulsed amperometric detector as previously described (Hardy
monium bromide. The WGA-binding fraction was resus- & Townsend, 1994), except that the acetate-containing eluent
pended in sodium phosphate (10 mM, pH 7.0) and quanti- was prepared using acetic acid and the pH was adjusted to
tated by Bradford assays, and the purity was checked by5.5 with 50% NaOH (Anumula & Taylor, 1991). A Carbo
SDS-PAGE gels followed by Coomassie Blue staining. The Pac PA-100 column (4 250 mm) with an eluent flow rate
staining revealed the presence of a dominant band from 60 of 1 mL/min was used for all the analyses. Elution
80 kDa and a band at 12060 kDa. Both bands immun-  conditions were produced using water (eluent A), 200 mM
ostained with aB-subunit specific monoclonal antibody, NaOH (eluent B, prepared from a 50% NaOH solution), and
0.5 M sodium acetate, pH 5.5 (eluent C). The gradient
consisted of 5 min of isocratic elution with 100 mM NaOH
(50% eluent A) and 10 mM sodium acetate (2% eluent C).

2The nomenclature is that previously proposed for N-linked glycans
(Hermentin et al., 1991).
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60 min to a limit of 125 mM of sodium acetate, while the
concentration of sodium hydroxide was maintained at 100

mM. The pulsed amperometric detector sensitivity was set

to 300 nA (attenuation full scale), and the pulse potentials

were as follows: EX +0.05 V,t; = 480 ms; E2= +0.6

V, t, = 120 ms; E3= —0.6 V, t3 = 60 ms. The time 140
constant was set to 3 s. Data were collected and analyzeds

After 5 min, a linear acetate gradient was developed over 160 "

Internal
Standard

using the Dionex Glycostation software, and the chromato- £ E
graphic profiles were exported aX,“Y” data files using the Q E
“Optimize” module in the software. The retention times § g
were also determined using the “Optimize” module in the ?j 200 5
software. & 20 £
Matrix-Assisted Laser-Desorption Mass Spectrometry 3 §
The total 2-AB labeled oligosaccharides ®subunit were B “Lioo S
dissolved in 10QiL. A 1 uL amount was mixed with kL 3
of 2,5-dihydroxybenzoic acid matrix. The admixtureul) f L Q
(oligosaccharides from-1.5 pmol of protein) was spotted S
onto a stainless steel target and dried in the dark at room 100 e
temperature. The MALDI mass measurements were carried 0 5 1015 20 25 30 35 40 45 505
out on a TOFSpec SE from Fisons, equipped with a reflectron Time (min)

and u_S|Ingfa nkltrogen ﬂlaser (33|7 nm).f An ell(ccelerdatlng Ficure 1: PNGase F-released oligosaccharides from the gastric
potential of 25 kV, a reflectron voltage of 28.5 kV, and an  g.gpunit. Thes-subunit PNGase F digest &) as described under

extraction voltage of 10 kV in the reflectron ion mode were Materials and Methods was diluted with water (184), injected
used. Typically about 50 laser shots were averaged. The(150 uL) into the chromatograph, and analyzed using HPAEC-
instrument was calibrated with peptides from a low molecular PAD. The linear sodium acetate gradient is shown by the dashed

: : : : : line. The trace represents oligosaccharides frefB0 pmol of
weight calibration set. MHions of bombesin and the 18 protein. The major oligosaccharide peaks eluting afté0 min

39 clip of adrenocorticotropic hormone fragment {139) were numberedl—16. The peak eluting at & =~ 53 min is

at m/z 1665.9 and 2465.2, respectively, were used as N-glycolylneuraminic acid, which was used as an internal standard.

calibration standards. The elution positions of an agalacto-biantennary, core-fucosylated
oligosaccharide standard (C2-004301) and the disialylated oligosac-

RESULTS charide from fetuin are indicated by arrossandB.

Analysis of the Oligosaccharides of the RalghBubunit Table 1: R_etention_ Tim_es @-Subunit Oligosaccharides before and
Using HPAEC-PAD Figure 1 shows the chromatogram of after Fucosidase Digestion

the oligosaccharides released by PNGase F digest from the retention time retention time
gastric 8-subunit. The profile reveals that-subunit oli- peak no. (— fucosidase) (+ fucosidase)
gosaccharides are a mixture of at least 16 different structures. 1 17.0 17.2
The retention timest of the oligosaccharides are given in g gi-g 3421'2
Table 1. Peaks that eluted at;a= 16 min (elution position 2 24.9 o5 5

of an agalacto-biantennary fucosylated oligosaccharide) are 5 26.1 n&

due to non-carbohydrate, electrochemically active analytes. 6 26.7 na

The base line distortion with & ~ 19 min was seen 7 27.9 na
consistently in the HPAEC-PAD chromatograms of the gg'é
B-subunit oligosaccharides. For the purpose of description 8 28.8 30.5
the most reproducible and identifiable peaks are numbered 9 29.7 na
from 1 to 16 as shown in Figure 1. These peaks eluted in 10 30.2 32.6
the region oft, = 16—40 min. In addition, peaks were E g%‘;’ gi'g
frequently seen at & = 19 min (between peaks and 2) 13 334 357
but were not well resolved in some runs. A split peak 14 34.7 37.1
between peak® and3 was often observed, but in some runs ig g?g gg-g

this peak appeared as a singlet.
aThe S-subunit oligosaccharides were digested with chicken liver

Pnk ((:jon?_parlsonhWI_t(;} the r(ejter:jtlon élme . Of.l dlfferzﬂt fucosidase and analyzed by HPAEC-PAD as detailed for Figure 6, and
N-linked oligosaccharides standards under similar gra 18N he retention times of the individual peaks were determined as described

conditions, it was found that all th&l-linked S-subunit in Materials and Methods. The peak numbers correspond to those of
oligosaccharides included in peaks 16 eluted earlier than  the peak labels shown in trace A of Figure 6. The retention times
a disialylated biantennary oligosaccharide from bovine fetuin between the two chromatograpic runs were compensated for using the
(t. = 54 min, labeled B in Figure 1) suggesting tfasubunit Lnlilernal N'-glycolylneurammlc acid standard that elutes~a3 min.

. . . ot assigned.
oligosaccharides were neutral, asialo complexes. P&akl
a similart; as that of an agalacto-biantennary fucosylated greater than an asialo-biantennary complex structure (C2-
oligosaccharide standard (C2-00430(13H 16 min, labeled 024301) { = 21 min) in the same gradient. The profile
A in Figure 1), while the retention time of the remaining and elution positions ofN-linked oligosaccharides thus
B-subunit oligosaccharides (peaks numbegdl6) was suggests thaB-subunit oligosaccharides are a mixture of
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FIGURE 2: Profiles of-subunit oligosaccharides before and after FIGURE 3: Susceptibility of-subunit oligosaccharides w-ga-
treatment with3-galactosidase. Trace A: Intgéisubunit oligosac- lactosidase. Trace A: Analysis gfsubunit oligosaccharides using

charides using HPAEC-PAD. Oligosaccharide peaks are labeled HPAEC-PAD. Oligosaccharide peaks are labeled as in Figure 1.
as in Figure 1. Trace B: Th&subunit PNGase F digest was treated Trace B: Theg-subunit PNGase F digest was treated with
with B-galactosidase as described under Materials and Methods.a-galactosidase as described under Materials and Methods. An
An aliquot of this digest (2&L) was diluted with water (17zL), aliquot (25uL) of this digest was diluted with water (174L),
injected (15QuL) into the chromatograph, and analyzed by HPAEC- injected (15QuL) into the chromatograph, and analyzed by HPAEC-
PAD. Both traces are oligosaccharides freth30 pmol of protein. PAD. Trace C: Theg3-subunit PNGase F digest was first treated
with a-galactosidase and then witltgalactosidase as described

i ; _under Materials and Methods. The entire sampled{20was diluted
neutral, non-sialylated structures. Comparison of the HPAEC with water (180uL) and injected (15@L) into the chromatograph.

PAD_ N-linked oligosaccharide profile from two different  +5.es A and B are oligosaccharides frem30 pmol of protein,
rabbits of the same age demonstrated that the two traces wer@nd trace C represents oligosaccharides fro6 pmol of protein.

very similar (data not shown).

The mixture of g-subunit oligosaccharides was next indicating that a very minor proportion of the oligosaccha-
subjected to treatment with different exoglycosidases andrides have terming#(1—4)- or (1—3)-linked Gal residues.
then reanalyzed by HPAEC-PAD. The purity and specificity Positive controls showed thgalactosidase preparation to
of the exoglycosidases used in these studies was establishetle active (data not shown).
using HPAEC-PAD (Tyagarajan et al., 1996). We included Digestion witho-Galactosidase We next tested whether
N-glycolylneuraminic acid (NeuOGc) as an internal standard the oligosaccharide chains were terminated weitlinked
which had a unique elutiort,(= 53 min). Typically, we Gal residues as has been found in oligosaccharide chains of
observed shifts of 23 min, and the internal standard was other mammalian species (Eckhardt & Goldstein, 1983; Spiro
used to normalize chromatographic runs. & Bhoyroo, 1984; Santer et al., 1989; Anderson et al., 1985).

Treatment with Sialidase anttGalactosidase Previous We treated the oligosaccharides with coffee beagmalac-
composition analysis showing the absence of NeuAc tosidase which releasesGal residues linked eithex(1—3),
(Weitzhandler et al., 1993) was confirmed by treating the o(1—4) or o(1—6) to oligosaccharides (Courtois & Petek,
B-subunit oligosaccharides with the linkage nonspecific 1966; Harpaz et al., 1975). Figure 3 shows that treatment
sialidase fromA. ureafaciens The profile of the PNGase F  with o-galactosidase produced a disappearance of ddaks
released oligosaccharides when analyzed by HPAEC-PAD 16 and a dramatic change in the profile of earlier eluting
after treatment with sialidase was not changed (data notpeaks, indicating that peaks—16 containa-Gal termini.
shown). In the absence of sialic acid, structures may (Figure 3, traces A and B). Due to the coelution of the
terminate in Ggd(1—3)GIcNAc and Gaf(1—4)GIcNAc product peaks in the region of 2B0 min, it was difficult
units (Yamashita et al., 1989; Mizuochi et al., 1988; Parekh to ascertain whether peakd-10 also containeda-Gal
et al., 1989). g-Galactosidase from bovine testes cleaves linkages.

Gal3(1—3)GIcNAc and Gag#(1—4)GIcNAc linkages at the Figure 3 also shows the sequential digestiop-slibunit
terminal end of glycoconjugates (Distler & Jourdian, 1973). oligosaccharides witli-galactosidase and then wifhga-

We used thig-galactosidase to ascertain whetfesubunit lactosidase (trace C). The profile is further simplified
oligosaccharides were terminated wittGal residues. Fig-  after this treatment with all the oligosaccharides now eluting
ure 2 shows the HPAEC-PAD profile of thg-subunit with t; < 28 min (traces B and C). Disappearance of peaks
oligosaccharides before and after digestion \ibhalactosi- 8—10 on sequential digestion confirms that in addition to
dase. The retention times of all but one of the oligosaccha- peaks11—16 they also contain Gel1—3, 4, or 6)Gab-

ride peaks were relatively unchanged after digestion (traces(1—3, 4) extensions. Thus, removal ofGal termini on

A and B). Peal6 (t = 26 min) disappeared upon treatment, S-subunit oligosaccharides resulted in the exposure of
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Ficure 5: Endo H-released oligosaccharides of fagubunit. An
aliquot of -subunit Endo H digest as described under Materials
and Methods (6L) was diluted with water (194L) and injected
(150 uL) into the chromatograph and analyzed. The arrows
designatedb—9 refer to the respective elution positions of Man
GIlcNAc, ManGIcNAc, Man,GIcNAc, MansGIcNAc and Mag-

using HPAEC-PAD. Oligosaccharide peaks are labeled as in Figure G/CNAC oligosaccharide standards from ribonucleaseAB:D
1. Trace B: Thef-subunit PNGase F digest was treated with denote thef-subunit-derived peaks that coelute with the high-
a-mannosidase as described under Materials and Methods. Anmannose standards. The profile represents oligosaccharides released

aliquot of this digest was next diluted with water (1#B) and
injected (150uL) into the chromatograph. Trace A represents
oligosaccharides from-130 pmol of protein, while B represents
oligosaccharides from-180 pmol of protein.

B-Gal residues that are susceptibleftgalactosidase.
Treatment witho-Mannosidase and Endo.HTreatment
of the 8-subunit oligosaccharides witi-galactosidase and/

from ~130 pmol of protein.

suggesting that it is an isomer of the M&icNAc species.
The relative intensities of the peaks in Figure 5 suggest that
MansGIcNAc, ManGlcNAc, and MagGINAc are the domi-
nant high-mannose species, while only trace amounts of
MansGIcNAc and no MasGIcNAc species were detectable.
Digestion with FucosidasesThe presence of Fuc on the

or 3-galactosidase did not appear to significantly alter the S-subunit has previously been shown by composition analysis

retention times of peakd—4. It was also difficult to
ascertain whether the peaks eluting fryz 26—28 min

(Beesley & Forte, 1973; Weitzhandler et al., 1993). We
digested3-subunit oligosaccharides with the fucosidase from

changed in shape or profile. We speculated that some ofchicken liver which was found to be linkage nonspecific
these oligosaccharides could be high-mannose or hybrid(Tyagarajan et al., 1996). Figure 6 shows the HPAEC-PAD
oligosaccharides. 3-Subunit oligosaccharides were next analysis of 5-subunit oligosaccharides before and after

treated with jack beaa-mannosidase, which cleaves Man
(2—2), Mamy(1—6) or Mar(1—3) linkages on oligosac-
charides (Li & Li, 1972). Figure 4 shows the analysis of
the a-mannosidase digest. Treatment of tfesubunit
oligosaccharides witle-mannosidase resulted in an almost
complete disappearance of pe@ksi (t; ~ 22.3-24.9). Also
peak? diminished in intensity, while peaks 6, and8—16

treatment with this fucosidase. Comparison of the retention
time of the oligosaccharides reveals that peakel were
similar (with a smallA ~ 0.5 min) which we attributed to
inter-run variability (Table 1). Peakd—4 were tentatively
assigned to MasGlcNAc-MansGIcNAc (see above). Peaks

5 and 6 disappeared, and this regiot & 26—28 min) is
now occupied by two closely eluting peaks of greater

were unaffected by the enzyme treatment (traces A and B).intensity. The remaining of the peal&;-16, were shifted

From the difference in the base linetatz 17.5 min in traces
A and B, the effect obx--mannosidase digestion on peak

by 1.5-2.0 min after fucosidase digestion (Table 1). It has
been shown that removal of ar(1—6) Fuc residue from

could not be determined, and the differences in the base lineghe chitobiose core results in the delayed elution of the

were concluded to be due to inter-run variability. These
results demonstrate that at least f@usubunit oligosaccha-
rides contain terminaft-Man residues and hence must be
either of the oligomannosidic or the hybrid type.

To verify the presence of high-mannose or hybrid oli-
gosaccharides, intagtsubunit was digested with Endo H.

Figure 5 shows the analysis of the released oligosaccharidegHardy & Townsend, 1989).

after Endo H treatment. A minor peak (A) and three major
peaks (B-D) (one with a shoulder) coeluted with oligosac-
charide standards from ribonuclease B, MalsNAc, Mans-
GIlcNAc, ManyGIcNAc, and MagGIcNAc structures. Peak
C with a shoulder coeluted with the MaBicNAc standard,

product by 2 min (Spellman, 1990). A similar shift of
~2 min was seen using this gradient when an asialo-
biantennary core-fucosylated oligosaccharide standard was
treated with fucosidase (Table 1). It has been shown that
removal of am(1—2, 3, or 4)-linked Fuc residue results in
a much greater increase in retention time of-38 min
From the small shift in
retention time after chicken livexr-fucosidase treatment we
conclude that peak&—16 contain oligosaccharides in a Fuc
o(1—6) linkage.

Digestion with Endgs-galactosidase.Endo{3-galactosi-
dase is an enzyme that cleaves polylactosamine structures
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FiGURE 6: Profile after fucosidase digestion @fsubunit oligosac- FicurRe 7: HPAEC-PAD analysis of endg-galactosidase digestion

charides. Trace A: Analysis gi-subunit oligosaccharides using  of g-oligosaccharides. Trace A: Analysis gfsubunit oligosac-
HPAEC-PAD. Oligosaccharide peaks are labeled as in Figure 1. charides using HPAEC-PAD. Oligosaccharide peaks are labeled
Trace B: -subunit PNGase F digest was treated witfucosidase as in Figure 1. Trace Bp-Subunit PNGase F digest was treated
as described under Materials and Methods. An aliquot of this digest with endof-galactosidase as described under Materials and Meth-
was diluted with water (17%L) and injected (15Q:L) into the ods. An aliquot of this digest (256L) was diluted with water (165
chromatograph. Trace A represents the oligosaccharides-$130 uL) and injected (15Q:L) into the chromatograph. Traces A and
pmol of protein, while trace B represents oligosaccharides from B represent the oligosaccharides frem30 pmol of protein.
~90 pmol of protein.
Da for fucose and combinations thereof, e.g., 365 Da for

(Fukuda, 1981). Theg-subunit oligosaccharides were di- hexose+ N-acetylhexosamine), indicating oligosaccharide
gested with endg@-galactosidase, and the digest was ana- heterogeneity.
lyzed by HPAEC-PAD as shown in Figure 7. The overall  From the monosaccharides present in the rabbitbunit
profile changed slightly on treatment; however, a new we assigned a mass composition to each signal (Table 2).
prominent peak appeared adjacent to pgdk ~ 15 min). We found signals an/z1173.5, 1334.4, 1497.7, and 1658.9,
Further, peak&0and15have diminished in intensity (Figure  which agreed with the theoretical masses of 2-AB-derivatized
7, traces A and B). The profile in the region of pedks sodium adducts of MaGIcNAc, ManGIcNAc, Man-
and13is also altered. Peakd-9, 11, 14, and16 appear ~ GIcNAc, and MagGlcNac species, respectively. These
not to be affected by the treatment with enfilgalactosidase.  results are consistent with findings that oligosaccharides
The intensity of peak40, 13, and15 (trace A) was much  released by Endo H treatment coelute with MaltNAc to
lower relative to the putative product peak &t & 15 min. MangGIcNAC standards (see above). Further, no signal
It is plausible that each branched polylactosamine structurecorresponding to then/zof MansGIcNAc species was seen
produced multiple GalGa|3GIcNAcafGal units and en-  in agreement with our HPAEC-PAD data. The loss of a
hanced the electrochemical response. The appearance of &IcNAc was attributed to a small level of Endo F activity
product peak and the disappearance of some oligosaccharidevhich may have been present in the PNGase F preparation.
peaks indicate that some of the oligosaccharides contain The signals fromm/z 2252-4570 were consistent with
lactosamine repeats. the masses of bi-, tri-, and tetraantennanGal-capped

Mass Spectrometric Analysis gfSubunit Oligosaccha-  oligosaccharide structures, some of them containing lac-
rides We next determined the molecular weight of the tosamine repeats (Table 2). The antennarity was deduced
oligosaccharides of thesubunit. An analysis using MALDI-  assuming single GalGal termini on each branch. The ions
TOF mass spectrometry of the PNGase F digest of theat m/z 2253.2 and 2615.9 were consistent with core-
B-subunit PNGase F did not give interpretable ions. How- fucosylated biantennary oligosaccharides with both branches
ever, when we derivatized the unprocesgelibunit PNGase  terminated inn-Gal residues, the latter having an additional
F digest with 2-aminobenzamide, a reagent that labels thelactosamine repeat. Another possibility for the ion at 2615.9
reducing termini of the oligosaccharides (Bigge et al., 1995), is a triantennary structure with ai-Gal terminal on two
a heterogeneous array of signals was obtained. Figure 8branches and one branch lacking th&al residue, and this
shows the analysis of the 2-AB-derivatized oligosaccharides type of structure may be represented by the single peak which
by positive ionization mode MALDI-TOF mass spectrom- moves uporg-galactosidase treatment. The intense signals
etry. The spectrum shows a series of strong ion signals fromat m/z2778.8, 3143.9, and 3508.3 agreed with the masses
m/z1173.5to 4561.2. The spectra revealed mass differencesof core-fucosylated triantennary oligosaccharides with all
between adjacent peaks characteristic of sugar residues (i.ehranches terminated with-Gal residues and 0, 1, and 2
162 Da for hexose, 203 Da ft\-acetylhexosamine, and 146 lactosamine repeats, respectively (Table 2). The masses seen
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Ficure 8: MALDI-TOF mass spectrum of N-linked oligosaccharidegdegubunit. The oligosaccharides released by PNGase F digestion
of f-subunit were derivatized with 2-aminobenzamide as described under Materials and Methods. The spectra were obtained in the positive
ion mode using an accelerating voltage of 25 kV as detailed under Materials and Methods. 2-5-Dihydroxybenzoic acid was used as a
matrix. The spectrum represents oligosaccharides frdn®d pmol of protein.

3508.3 4036.4

Table 2: Assignment of MALDI-MS Signals of the 2-AB-Derivatized Oligosaccharides ofit{Bebunit

observed theoretical
[M + NaJ*tt [M + NaJ* P composition proposed structures
1173.5 1172.1 HexdexNAc MansGIcNAc
1334.9 1334.2 HexdexNAc ManGIcNAc
1497.7 1496.4 HexexNAc ManGIcNAc
1658.9 1658.5 HexexNAc ManGIcNAc
2253.2 2252.2 HexexNAcuDeoxyHex fucosylated, biantennary with-Gal termini
2615.9 2617.9 HeakexNAcDeoxyHex fucosylated, biantennary witl-Gal termini+ lactosamine
2778.8 2779.6 HekexNAcDeoxyHex fucosylated, triantennary with-Gal termini
2980.7 2982.8 HekexNAcDeoxyHex fucosylated, triantennary wittr-Gal termini+ HexNAc
3143.9 3145.0 HexHexNAcDeoxyHex fucosylated, triantennary with-Gal termini+ lactosamine
3305.5 3307.1 HexHexNAgDeoxyHex fucosylated, tetraantennary withGal termini
3508.3 3510.2 HexHexNAc,DeoxyHex fucosylated, triantennary with-Gal termini+ 2 lactosmines
3671.3 3672.5 HexHexNAc;DeoxyHex fucosylated, tetraantennary withGal termini+ lactosamine
4036.4 4037.9 HexHexNAcDeoxyHex fucosylated, tetraantennary withGal termini+ 2 lactosamines
4198.6 4200.1 HexHexNAgDeoxyHex fucosylated, tetraantennary withGal termini+ 2 lactosamines Hex
4564.2 4565.4 HexHexNAcDeoxyHex fucosylated, tetraantennary withGal termini+ 3 lactosamines- Hex

2 The S-subunit oligosaccharides were labeled with 2-AB and subjected to MALDI-TOF mass spectrometric analysis. The signals in Figure 8
were assigned to a mass composition using the average masses of monosaccharides found in fheutaltiit All signals corresponded to
signals of the 2-AB derivative$.The masses include that of the 2-AB label.

atm/z3305.5, 3671.3, and 4036.4 are consistent with core- of the oligosaccharides on tlfiesubunit of the rabbit gastric
fucosylated tetraantennary structures with all branchesH,K-ATPase. Our results demonstrate that the oligosaccha-
terminated witha-Gal residues, having 0, 1, and 2 lac- rides are a mixture of oligomannosidic- and lactosamine-
tosamine repeats, respectively (Table 2). Interestingly, thetype structures. The oligomannosidic structures include the
signal seen ain/z4198.6 correlates to the mass of a core- MansGIcNAc,;, MansGIcNAc,, Man,GIcNAc,, and Mag-
fucosylated tetraantennary structure with two lactosamine GIcNAc, species. The complex oligosaccharides on the
repeats, with three branches terminated with a sing&al p-subunit are a mixture of bi-, tri-, and tetraantennary
residue and one branch possibly containing tesd>al structures with Gal—Gal|s—GIcNAc termini on all of the
residues. The signal an/z 4564.2 corresponds to the branches. Some of the branched structures have either 1, 2,
addition of a lactosamine unit to the same structuregz( or 3 lactosamine repeats. All the lactosamine type oligosac-
4198.6). Further structural work will be needed to confirm charides contained a single Fuc residue which is likely linked

these assignments and to determine branch locations of théo the chitobiose core.

lactosamine units.

DISCUSSION

One of the novel findings of our studies was the presence
of oligomannosidic structures on th&subunit of H,K-
ATPase. From the earlier observations on the non-reactivity

We have used a combination of digestions with glycosi- of the gastrics-subunit to Con A lectin and the lack of a
dases and analysis by high-resolution HPLC and MALDI- distinct shift of the 66-80 kDa band on gels after treatment
TOF mass spectrometry to determine the structural featureswith Endo H, it was concluded that th®subunit did not
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contain hybrid or oligomannosidic structures (Okamoto et lectins bind not only to thg-subunit from rabbit but also to
al., 1990; Chow & Forte, 1993; Hall et al., 1990). Our that from frog and cow (Tyagarajan et al., 1995). The
analysis of the oligosaccharides demonstrated unequivocallyabsence of sialic acid and the exclusive presenae-Gal
that theS-subunit possesses oligomannosidic structures. Thetermini in more than one species suggests that an acid-stable
polypeptide distribution of different oligosaccharides is terminal group is important to prevent hydrolysis in the
currently under investigation. Recent studies of the biosyn- stomach. Whether the fidelity of glycosylation within the
thesis of the H,K-ATPasg-subunit in the presence of parietal cell is necessary for the proton pump to function in
glycosylation inhibitors indicated that non-glycosylated the harsh acidic environment of the secretory canaliculus
fB-subunit (tunicamycin) does not leave the endoplasmic requires further studies. Interestingly, the oligosaccharides
reticulum whereag-subunit modified by oligomannosidic-  of the closely related Na,K-ATPagesubunit are sialylated
type chains (deoxynojirimycin) is targeted to the apical (Treuheitetal., 1993). Thus, the lack of sialylation is not a
membrane (Chow et al., 1994). The role of oligomannno- characteristic of heterodimeric P-type ATPases.
sidic structures in the biosynthesis of a functional proton  The gastrigs-subunit is involved specifically in recognition
pump will require further investigation. It will be of interest  py parietal cell autoantibodies during autoimmune gastritis.
to determine if oligomannosidic structures on the gastric |t has been demonstrated that PNGase F treatment of the
B-subunit are conserved across different species and foundpig 5-subunit abrogates binding (Goldkorn et al., 1989), and
at the same peptide loci. the 8-subunit expressed in COS cells, which produce only
The most striking finding of these studies was that all oligomannosidic-type structures, fails to bind the autoanti-
branches of the lactosamine-type structures were capped witthody (Callaghan et al., 1993). Additionally, it has been
Galo—Galp—GIcNAc units. Each branch of this type of  shown that thes-subunit from rabbit, pig, mouse, and dog
glycoprotein glycans is often capped with either sialic acid are recognized by the autoantibodies present in the serum
or a-linked Gal residues within the same structure (Dorland of patients with autoimmune gastritis but not by control sera
etal., 1984; Geyer et al., 1984; Goulut-Chassaing et al., 1995;(Goldkorn et al., 1989). The reactivity suggests that there
Santer et al., 1989; Waard et al., 1991, Pfeiffer et al., 1989; may be a common glycosylation motif on tiflesubunit
Anderson et al., 1985). Since the sialyltransferasecaf8- from different species that is involved in the recognition
galactosyltransferase are likely in the same subcellular by parietal cell autoantibodies. Human sera contain a
compartment (Smith et al., 1990), our results suggest thathigh titer of antibodies (1% of total IgG) against the
parietal cells lack the former enzyme activity. Kittagawa Galul—3Galf1—4GIcNAc-R epitope (Galili, 1993). Since
and Paulson (1994) have shown that sialyltransferases arahe rabbits-subunit is glycosylated witki-Gal-terminated
expressed in all human tissues that they examined, includingoligosaccharides containing this epitope, it is unclear why
the small intestine and colon; however, their studies did not the normal human sera did not react with the rafisitibunit.
include the stomach. Sialylated glycolipids have been |n summary, the determination of the novel structural features
isolated from the fundus of the stomach, but their cellular for the oligosaccharides on th&subunit of rabbit H,K-
location has not been ascertained (Dohi et al., 1991). In fact, ATPase has raised several intriguing questions regarding the
it has been reported that H,K-ATPase-rich microsomes from piosynthesis of oligosaccharides, the conservation of rela-

frog had no sialic acid in either glycolipids or glycoconju- tively acid-resistant terminal groups, and the autoimmune
gates (Beesley & Forte, 1974). Thus, it appears that gastricprocesses.

parietal cells may be an example of normal differentiated
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