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ABSTRACT: Inter-a-inhibitor (lal) is a serine proteinase inhibitor found in high concentrations in human
plasma. The protein is composed of a light inhibitory chain called bikunin and two heavy chains of
unknown function. The three polypeptide chains are covalently assembled via a carbohydrate cross-link
[Enghild, J. J., Salvesen, G., Hefta, S. A., Thggersen, |. B., Rutherfurd, S., & Pizzo, S. V. (1#a).

Chem. 266747-751]. The aim of this study was to complete the primary structure by characterizing
additional covalent posttranslational modifications of the heavy chains. Analysis revealed three N-linked
oligosaccharides located on A8hand As’®* of heavy chain 1 and on A&hof heavy chain 2: all these

were complex biantennary structures composed A)EGIcNAc,-Man-(Man-GIcNAc-Gal-SA). In
addition, the &l heavy chains carried several O-linked glycans located ofi'Taf heavy chain 1 and a
cluster of four O-linked oligosaccharides on Ty Sef'®, Thf2%, and Thf3’ of heavy chain 2. The
oligosaccharides were shoB8€r/Th)-GalNAc-Gal-SA trisaccharides. Thellheavy chains contain nine

Cys residues, of which eight are involved in disulfide bridges. The unpaired Cys residue residing on
heavy chain 1, Cy%, appears to be modified by dihexosylation. The other Cys residues exclusively
form intrachain disulfide bridges. In heavy chain 1 the two disulfide bonds are formed betwegh Cys
and Cy3'3and between Cy&* and Cy8%, and in heavy chain 2, between €¥sand Cy3'° and between
Cys% and Cy8%. Interestingly, three of these four disulfides are formed between Cys residues that are
either adjacent or only two amino acid residues apatrt.

Bikunin is a tandem kunitz-type proteinase inhibitor found is due to a recently discovered protein cross-link that
in blood and other body fluids of humark @). In plasma, covalently joins the subunits of the bikunin proteins through
the protein is associated with one or two distinct but a chondroitin 4-sulfate glycosaminoglycan (GAG) chdin (
homologous heavy chains (HC1, HC2, or HG3)Three 6). The GAG chain originates from Sémwf bikunin, and
combinations of bikunin and heavy chains have been the heavy chains are covalently linked to it via an ester bond
identified: (i) the predominant form, inter-inhibitor (lal), between thex-carbonyl of their C-terminal Asp residues and
is composed of HC1, HC2, and bikunin; (ii) peeinhibitor the carbon-6 of an interndll-acetylgalactosamine of the
(Pal) is composed of HC3 and bikunin; and (iii) HC2/bikunin  chondroitin 4-sulfate chain. We have named this unique
is composed of bikunin and HC3)((for recent review see  cross-link a proteirglycosaminoglycarprotein cross-link
ref 4). Although the bikunin proteins all contain more than (PGP cross-link) §, 6).

one subunit, they resist dissociation in reduced SDS The complete cDNA sequences as well as the chromo-
polyacrylamide gel electrophoresis. This unusual stability 55mal jocation of the genes encoding HC1, HC2, HC3, and
bikunin have been determined—12). The heavy-chain
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Recent investigation of the biosynthesis of the bikunin plasma as previously describe8).( Anhydrotrypsin was
proteins, performed in primary human hepatocytes, deter- prepared according to r&f7 and coupled to Reacti-gel as
mined that the GAG chain is added to Bef bikunin before described by the manufacturer.
the proteolytically mediated dissociationafm/bikunin (11, SDS-Polyacrylamide Gel Electrophoresi®olypeptides
22—25). Subsequent to the addition of the GAG chain, the were separated by SB®AGE performed in 515% linear
bikunin proteins are assembled intracellularly in a process gradient gels using the glycine/2-amino-2-methyl-1,3-pro-
that appears to involve at least two steps: a proteolytic panediol/HCI system described by Bur@8{ and were
release of the 30 kDa C-terminus of the heavy chains, electroblotted onto poly(vinylidine difluoride) (PVDF) mem-
followed by the addition of the GAG chain to tleecarbonyl brane according to Matsudairdd). The membranes were
of the newly accessible C-terminal Asp residue. The stained briefly with Coomassie Brilliant Blue and extensively
cleavage of thexym/bikunin protein and the formation of washed with water.
the PGP cross-link appear to occur in the latter part of the  Monosaccharide Composition Analysi§he composition
biosynthetic pathway, most likely within the secretory of the carbohydrates attached to tlheé heavy chains was
vesicles 22). determined by FACE analysis. The polypeptide chains were

No congenital deficiency ofdll family proteins has been  dissociated by gentle treatment with 50 mM NaOH for 15
reported to date, suggesting that the absence of this gendnin at 23°C (5) and separated by SB$AGE, followed
family is lethal. Human bikunin is known to inhibit trypsin, by transfer to PVDF membrane. The bands containing HC1

chymotrypsin, neutrophil elastase, plasmin, and cathepsin Gand HC2 were excised and cut into small pieces (L mm),
in sitro, but since other far more efficient proteinase and their monosaccharide compositions were determined.
inhibitors are abundant in plasma, a primary role as a Briefly, three different hydrolysis reactions were performed
proteinase inhibitoin zivo appears un|ike|yZ, 26) The on each PVDF-bound heavy chain: (I) 0.1 N trifluoroacetic
function of the heavy chains is similarly unclear. Recent acid (TFA) at 80°C for 1 h to obtain sialic acid, (i) 2 N
reports have suggested thatl Imay play a role in cell TFA at 100°C for 5 h toobtain neutral sugars, and (iii) 4 N
proliferation and cell migration through binding to hyaluronic HCI at 100 °C for 3 h to obtain amine sugars. The
acid @7—32). This activity appears to be unrelated to the hydrolyzed samples were dried down and resuspended in
proteinase inhibitory activity of bikunir8@). Furthermore,  fluorophore labeling reagents and incubated atG7or 14
Wisniewski and co-workers3@) have demonstrated that the h. Samples were loaded on MONO composition gels at 5
arthritis-associated hyaluronic acid binding protein, TSG-6, °C and run at 30 mA for 1 h. Gel images were obtained
forms a stable complex withol. This activity involves a  using the FACE imaging system.
displacement ofdl HC1 and formation of an apparently Isolation of the Noninhibitory Hegy Chains To simplify
covalent complex between TSG-6 and th¢ GAG chain. the structural analysis, the heavy chains were separated fromn
To advance understanding of the biological role of the Pikunin. Ten milligrams of &I was submitted to gentle
bikunin proteins, a complete structural characterization of NaOH treatr_nent as despnbed "?‘bo‘@’- (The d'SSOC'ated
their components is important. The posttranslational modi- | Polypeptides were dialyzed into 50 mM Tris-HCI and

fications of the bikunin part ofdl have been thoroughly 100 mM Na(_:l, pH 7'.8’ and applied on a preequilibrated
characterized35, 36). The glycan on As# is a complex anhydrotrypsin-Reacti-gel column (1.% 10 cm) at 23°C.

biantennary structure; the GAG chain originating from:er | 1€ flowthrough containing the heavy chains was collected,
has been determined to be 17 chondroitin sulfate disaccharidéjmd the retained bikunin was eluted using 100 mM egcme,.
units long @5), and three disulfide bridges have been pPH 2.5. 'The procedure was re':p'eate'd and thg heavy chgm
assigned to each of the two kunitz domains based on preparation was tes’ged for remaining bikunin using the trypsin
homology with other kunins3g). By contrast, the heavy INhibitor counterstain gel assagq). .

chains have remained uncharacterized. In this report, we 'Solation of Cysteine PeptidesThe heavy chains were

describe the characterization of the posttranslational modi- digested with trypsion using an enzyme/substrate ratio of 1:50
fications of HC1 and HC2 in humaml. (w/w) for 4 h at 37°C. Upon digestion, the peptides were

immediately acidified (0.2% TFA final concentration) and
EXPERIMENTAL PROCEDURES separated by cation-exchange chromatography using a poly-

sulfoethyl aspartamide column (Poly LC, Life Science)

Materials. Jacalin-agarose was obtained from Vector connected to a Beckman System Gold 126/166 HPLC

Laboratories Inc., Burlingame, CA. Neuraminidagega- system. The column was equilibrated in 5 mM ¥, and
lactosidase, peptiddl-glycohydrolase F (PNGase F), and 25% acetonitrile, and the peptides were eluted using a linear
O-glycosidase were from Boehringer Mannheim, Frankfurt, gradient from 0 to 250 mM KCI. Peptides were detected at
Germany. Fluorophore-assisted carbohydrate electrophoresi220 nm and collected manually. Further separation was
(FACE) monosaccharide composition kits were purchased achieved by reverse-phase HPLC using a combination of
from Glyco, Inc., Novato, CA. Sequence-grade porcine columns including Aquapore RP-300 (2 mr 220 mm,
trypsin was from Promega. BNPS-skatole [24f#2rophenyl- Brownlee) and Vydac ¢ (2 mm x 220 mm, Vydac)
sulfenyl)-3-methyl-3-bromoindolenine] and Reacti-gel (1,1 connected to either the above system or a modified Applied
carbonyldiimidazole-activated cross-linked 6% agarose) were Biosystems 130A HPLC system. The columns were equili-
purchased from Pierce, Inc., Rockford, IL. Sequencing brated with 0.1% TFA and developed with linear gradients
reagents were from Applied Biosystems, Inc., Foster City, to 90% acetonitrile. Aliquots of each peptide pool were
CA. Clostripain, concanavalin A, methglp-glycopyrano- treated with performic acid and the cysteic acid content was
side, galactose, and all other reagents were from Sigma, Staccessed by amino acid analysis (see below). Cys-containing
Louis, MO. Intere-inhibitor was purified from human  peptides were further analyzed by Edman degradation and
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mass spectrometry. The peptide-containing HC1>Gyas
obtained by BNPS-skatole fragmentation of the heavy chains
(42), followed by subdigestion with clostripain at a 1:10 (w/
w) ratio in 50 mM Tris-HCI, 100 mM NaCl, and 2 mM
CaCl, pH 7.8, at 37C for 10 h. Clostripain was activated
with 5 mM DTT for 15 min at 23°C. Before use the
clostripain was desalted on a PC 3.2/10 fast desalting column
(Pharmacia Biotech. Inc.) connected to a Pharmacia SMART
system. The reaction products were separated, identified,
and characterized by a combination of the techniques Ficure 1: Monosaccharide composition of heavy chains 1 and 2.

described above.

Isolation of Glycosylated Peptide®urified heavy chains
were digested with trypsin as described above, and the
reaction was stopped with 2QfM DCI. The sample was
adjusted to 100 mM NacCl, 2 mM Cag£ mM MnCl, and
50 mM Tris-HCI, pH 7.8, and applied to a preequilibrated
concanavalin A-Sepharose column (1 cm 5 cm) at 23
°C. N-Glycosylated peptides were eluted with 0.5 M methyl-
o-D-glycopyranoside. The peptides were further purified by

lal heavy chains 1 and 2 were analyzed by fluorophore-assisted
carbohydrate electrophoresis (FACE) in order to get a qualitative
impression of their glycosylations. Lane 1, sialic acid hydrolysis
of HC1; lane 2, sialic acid hydrolysis of HC2; lane 3, monosac-
charide standard; lane 4, neutral sugar hydrolysis of HC1; lane 5,
neutral sugar hydrolysis of HC2; lane 6, monosaccharide standard;
lane 7, amine sugar hydrolysis of HC1; lane 8, amine sugar
hydrolysis of HC2. The monosaccharide standard (lanes 3 and 6)
is composed of, from the topy-acetylgalactosamine (GalNAc),
sialic acid (SA), mannose (Man), fucose (Fuc), glucose (Glc),
galactose (Gal), and-acetylglucosamine (GIcNACc). The purifica-

reverse-phase HPLC as described above, and the major peakson and separation of theul heavy chains as well as the FACE
were analyzed by Edman degradation and mass spectrometryanalysis was performed as described in Experimental Procedures

The concanavalin A flowthrough was adjusted to 175 mM
Tris-HCI, pH 7.5, and applied to a preequilibrated jacalin
agarose column (1 cm 5 cm) from which O-glycosylated
peptides was eluted with 0.8 M galactod@,(43). Separa-
tion and characterization of the major peaks were performed
as described for the N-glycosylated peptides.

Amino Acid Composition Analysif?eptides were hydro-
lyzed in 6 N HCI for 24 h at 11€C (44). The hydrolysates

a mass accuracy better than 0.146)( However, glycosyl-
ated peptides often show a slightly lower mass accuracy due
to broader peaks.

Mass Spectrometry Analysis of Cys Peptidébe disul-
fide bridges were reduced by incubation with 33 mM DTT
for 10 min. The reaction was stopped by addition of 2
volumes of 2% TFA. The HC2 peptide-containing adjacent

were dried in a Speed-Vac concentrator (Savant), and theCYS residues were further analyzed by alkylation of both
amino acid compositions were determined in a Beckman hative and DTT-reduced peptide. Peptide (20 pmol) in 50
6300 amino acid analyzer. For cysteic acid (Cya) detection, MM NH4HCO; was alkylated with 45 mM 4-vinylpyridine

samples were treated with performic acid prior to hydrolysis for 10 min, and the reaction was stopped by addition of 2

(45).

Amino Acid Sequence Analysigwutomated Edman deg-
radation was carried out in an Applied Biosystems 477A
protein sequencer with on-line phenylthiohydantoin analysis
using an Applied Biosystems 120A HPLC. Samples were
applied to biobrene-treated precycled glass fiber filters.

Enzymatic Carbohydrate Cleage. In order to determine
the oligosaccharide structures, the purified glycopeptides
were lyophilized and 150 pmol of peptide was redissolved
in 10 mL of 50 mM NHHCO; and incubated with 3
milliunits of neuraminidase for 12 h at 3C. N-Linked
carbohydrates were then treated with 0.2 milliunitsgef
galactosidase for 12 h at 3T followed by a 12 h digestion
with 0.1 unit of PNGase F at 37TC. After neuraminidase
treatment, O-linked carbohydrates were digested by 0.1 unit
of O-glycosidase for 12 h at . Aliquots were removed

volumes of 2% TFA. The Cys peptides were analyzed by
mass spectrometry as described above.

RESULTS

Monosaccharide Composition of the HC1 and HC2
Glycans. A common posttranslational modification of
plasma proteins involves the addition of oligosaccharides
(47—49). The composition of oligosaccharides attached to
the individual heavy chain was determined by FACE analysis
and provided some initial qualitative information on the
monosaccharide compositions (Figure 1). Lanes 1, 4, and
7 show the monosaccharide composition of the HC1 glycans.
The HC2 glycans are shown in lanes 2, 5, and 8. The
presence on both heavy chains of bNHacetylglucosamine
(GIcNAc) and mannose (Man) is consistent with the presence
of N-glycans, whereas the presencéedicetylgalactosamine

for mass spectrometry analysis before addition of each new(GalNAc) usually signifies O-linked glycans. Thus, each

enzyme.
Matrix-Assisted Laser Desorption lonization Time-of-
Flight Mass SpectrometryMass spectra were recorded in
a Bruker reflex TOF mass spectrometer (Bruker-Franzen
Analytic) operated in linear mode. A 0.7 mL sample solution
and ano-cyano-4-hydroxycinnamic acid solution (4HCCA)
(20 mg/mL in 98% acetone) were gently mixed (1:1) on a
target precoated with 4HCCA (15 mg/mL in 70% aceto-
nitrile) and dried at ambient temperature. Each MALDI
spectrum was accumulated from data collected from&D
laser shots. The MALDI spectra were internally calibrated
using the protonated dimers afcyanocinnamic acid, giving

heavy chain contains both N- and O-linked glycans.
Isolation of N-Glycosylated PeptidesAll Asn-linked
glycans have a core oligosaccharide structure composed of
two GIcNAc and three Man residues (Figure 2A) and always
occur in the consensus sequence Asn-Xaa-Ser/Thr/6gs- (
Pro or Asp residues in the Xaa position, or a Pro residue
flanking this consensus, inhibit carbohydrate attachnieht (
According to these rules, each of the humahHeavy chains
contain two potential N-linked glycosylation sites. To
determine if these sites were indeed glycosylated, heavy-
chain peptides containing N-linked oligosaccharides were
purified by concanavalin A affinity chromatography followed
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A B is also glycosylated, and the oligosaccharide structure was
& & determined as described above. The mass of the PNGast
SR Neuraminidase F-treated peptide, A¥—Arg>(961.4 Da), correlates with
the calculated mass of the unglycosylated peptide (Table 1);
hence no other modifications are present on this peptide. The
difference between the calculated mass of the unglycosylated
peptide and the mass of tlfiegalactosidase-treated peptide
--------------- Neuraminidase (1299.4 Da) corresponds to the attachment of the core
structure and two GIcNAc residues (Table 1). The mass
.- O-Glycosidase difference between thes-galactosidase-treated and the
coon neuraminidase-treated peptide (324.5 Da) indicates an at-
tachment of two galactose residues to the terminal GIcNAc
Ficure 2: Structure of the N- and O-linked oligosaccharides on agidues (Table 1; Figure 2A). Finally, the mass difference

the heavy chains of humanll The structure of the N-linked (A) = -
and O-linked (B) oligosaccharides was determined by carbohydratebetween the neuraminidase-treated and the untreated peptid

sequencing with different glycosidases. The cleavage sites of the(584.2 Da) indicates that the carbohydrate structure is
glycosidases are indicated with dotted lines. Monosaccharide masset¢erminated by two sialic acid residues (Table 1; Figure 2A).

are marked to the left of the individual monosaccharides which Thus the glycosylation on HC1 A% is also a complex

are indicated with symbols: filled square¥;acetylglucosamine  piantennary structure similar to the one identified on HC1

(GIcNACc); open squares\-acetylgalactosamine (GalNAc); open ;
circles, mannose (Man): open triangles, galactose (Gal); filled ASTF™: A subpopulation (less than 10%) of the ASh

diamonds, sialic acid (SA); and open stars, fucose (Fuc). Monosac-dlycans had an additional mass of 146 Da, indicating the
charides enclosed in brackets are only present in some of theattachment of a fucose residue (Fuc) at the innermost

glycans. GIcNAc residue in these molecules (Figure 2A).
i N Structure of the HC2 AsfiLinked Oligosaccharide HC2

by RP-HPLC. Edman degradation of the purified glyco- contains two potential N-glycosylation sites, of which only
peptides identified Asit* and Asrt** of HC1 and Asff of agrp4 s glycosylated. The lack of posttranslational modi-
HC2 as the sites of glycosylation. The N-glycosylated fications of HC2 AsA®! was confirmed by Edman degrada-
peptides were recovered with yields similar to those obtainedtion and mass spectrometry of the purified tryptic peptide.
for the unglycosylated peptide;, indicating full utilization of The tryptic peptide GEP—Lys’ containing the glycosylated
these three N-glycosylation sites. Asrf* was purified, and the carbohydrate structure was

Structure of the HC1 Agp-Linked Oligosaccharide The analyzed as described above. The observed mass of the
oligosaccharide on the PH&-Lys?" glycopeptide containing  PNGase F-treated peptide (1475.6 Da) corresponds to the
Asrlwas digested with specific glycosidases in a sequential calculated mass of the unglycosylated peptide (Table 1), and
manner. First, neuraminidase was employed to removethe mass difference between the PNGase F-stripped peptide
terminal sialic acid residues (SA). Then terminal galactose and thep-galactosidase-treated peptide (1300.7 Da) corre-
residues (Gal) were removed iygalactosidase digestion, sponds to the attachment of the core structure and two
and finally the remaining carbohydrate was cleaved from GIcNAc residues to HC2 A$h(Table 1; Figure 2A). The
the peptide by PNGase F. The glycopeptide was analyzedmass difference between tfegalactosidase-treated and the
by mass spectrometry after each glycosidase treatment, ancheuraminidase-treated peptide (327.0 Da) correlates with two
the structure of the attached oligosaccharide was deducedjalactose residues, and the difference in mass between the
from the changes in the mass after each glycosidaseneuraminidase-treated and the untreated peptide (584.4 Da
digestion. The mass of the PNGase F-treated peptide,corresponds to the addition of two sialic acid residues to the
Pheé**—Lys?>’ (1279.9 Da), correlates with the calculated carbohydrate structure (Table 1). Thus, the HC2 %Asn
mass of the unglycosylated peptide (Table 1). Thus, all linked oligosaccharide appears to be a complex biantennary
glycans have been removed with PNGase F. The massstructure identical to the two N-glycans identified on HC1
difference between the PNGase F-stripped peptide and theof human bl (Figure 2A).
B-galactosidase-treated peptide describes the mass of the |solation of O-Glycosylated Peptide©-Linked oligosac-
carbohydrate without the terminal galactose and sialic acid charides are attached to the hydroxyl group of Thr and Ser
residues. This mass (1300.6 Da) is equivalent to the massresidues. In contrast to the N-linked glycans, no strict
of the core structure (892.8 Da) plus two GIcNAc residues consensus sequence for O-linked glycosylation has been
(203.2 Da) (Table 1; Figure 2A). The mass difference (324.4 identified. Only a few rules of thumb have been formulated
Da) between th@-galactosidase-treated and the neuramini- for O-glycosidic linkage %$2—54). It is therefore less
dase-treated peptide correlates with the attachment of twopredictable to assess the number of putative O-linked
galactose residues to the terminal GIcNAc residues (Tableglycosylation sites present on a protein. O-glycosylated
1; Figure 2A). Finally, the mass difference between the peptides of thedl heavy chains were purified by jacalin
neuraminidase-treated and the untreated peptide (585.3 Dakffinity chromatography and separated by RP-HPLC. The
indicates that the carbohydrate structure is terminated by twomajor peaks were subjected to Edman degradation. An
sialic acid residues (Table 1). This demonstrates that the O-glycosylated C-terminal peptide was identified from both
oligosaccharide attached to HC1 A3his a complex  heavy chains 1 and 2, and the structure of these carbohydrate

291.3 Da

162.1 Da

____________ B-Galactosidase

162.1 Da 291.3Da

203.2Da

162.1 Da

2032 Da

biantennary structure composed of (Asn)-GlchMan- was determined by the carbohydrate sequencing approact
(Man-GIcNAc-Gal-SA) (Figure 1A). described above.
Structure of the HC1 AsPf-Linked OligosaccharideThe Analysis of HC1 O-Glycosylations on PHt Edman

second potential N-linked glycosylation site in HC1, A¥n degradation of the C-terminal HC1 peptide, ®f+Argt?’,
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Table 1: Identification of N-Linked Carbohydrate Structdres

following molecular mass (Da) proposed carbohydrate
peptide fragmentation with observed calculated difference structure calcd mass (Da)
HC1 Phé*—Lys?7" PNGase F 1279.9 1278.5 1.4
p-Galactosidase 2579.1 1278.5 1300.6 corg(GIcNAc) 1299.2
neuraminidase 2902.1 2577.7 324.4 x @alactose 324.3
3487.3 2902.0 585.3 » sialic acid 582.5
HC1 Ala>53-ArgS6t PNGase F 9061.4 960.1 1.3
p-galactosidase 2259.5 960.1 1299.4 cora(GlcNAc) 1299.2
neuraminidase 2583.8 2259.3 3245 x @alactose 324.3
3167.8 2583.6 584.2 » sialic acid 582.5
HC2 Gly?9—Lys™ PNGase F 1475.6 1474.7 0.9
[-galactosidase 2775.4 14747 1300.7 cora(GIcNAc) 1299.2
neuraminidase 3100.9 2773.9 327.0 x @alactose 324.3
3682.6 3098.2 584.4 » sialic acid 582.5

aN-Glycosylated tryptic peptides ofll HC1 and HC2 were isolated by concanavalin A chromatography and further separated by RP-HPL(
Subsequently the carbohydrate was digested with neuraminidase, folloygegittgctosidase, and finally PNGase F. Aliquots were removed following
each enzymatic digestion and analyzed by mass spectrometry as described in Experimental Procedures. The carbohydrate structures were |
from the mass changes.

Table 2: Identification of O-Linked Carbohydrate Structdres

following molecular mass (Da) proposed carbohydrate
peptide fragmentation with observed calculated difference structure calcd mass (Da)
HC1 Th%—Arg?7 O-glycosidase 2159.5 2159.4 0.1
neuraminidase 2524.8 21594 365.4 GalNAc-Hex 365.3
2816.6 2524.7 291.9 sialic acid 291.3
HC2 VaFo’—Args4 O-glycosidase 4012.9 4012.6 0.3
neuraminidase 5474.3 4012.6 1461.7 4(GalNAc-Hex) 1461.2
6628.6 5474.0 1154.6 »dsialic acid 1165.2
6918.7 5474.0 14447 Ssialic acid 1456.5

a O-Glycosylated tryptic peptides ofll HC1 and HC2 were isolated by jacatimgarose chromatography and further separated by RP-HPLC.
Subsequently the carbohydrate was sequenced with neuraminidase and O-glycosidase. Aliquots were removed following each enzymatic dig
and analyzed by mass spectrometry as described in Experimental Procedures. The carbohydrate structures were deduced from the mass ¢

identified Thf°as the site of O-glycosylation. To determine cosylated peptide and the neuraminidase-treated peptide
the oligosaccharide structure, the carbohydrate was first(1461.7 Da) corresponds to the attachment of four GalNAc-
digested with neuraminidase, which removes terminal sialic Gal disaccharide units (4 365.3 Da), and thus four
acid residues, and then with O-glycosidase, which cleavesO-glycosylated sites (Table 2). Two major populations exist
the Gal-GalNAc disaccharide from the Thr residues. The in the untreated peptide. The mass difference between these
mass of the O-glycosidase-treated peptide corresponds withand the neuraminidase-treated peptide (1154.6 Da/1444.7 Da
the calculated mass of the unglycosylated peptide (Table 2),indicates one populatior{45%) where each of the four
and O-glycosylation is thus the only modification of the O-linked glycans is terminated by a sialic acid residue and
peptide. The mass difference between the O-glycosidase-another population~45%) where an additional sialic acid
treated peptide and the neuraminidase-treated peptide (365.4s attached to the GalNAc residue of one of the®ThBef?”,

Da) is equivalent to the mass of one GalNAc (203.2 Da) or Thf?' trisaccharides (Table 2; Figure 2B). Furthermore,
and one Gal (162.1 Da) residue (Table 2; Figure 2B). The small subpopulations{10%) with only three GaINAc-Gal-
mass difference between the neuraminidase-treated and th&A trisaccharides were also detected in addition to the
untreated peptide (291.9 Da) indicates that the carbohydratedominant cluster of four O-glycosylated sites (data not
structure is terminated by a sialic acid residue (Table 2). Thus shown).

the carbohydrate attached to HC1 #fiis a trisaccharide
composed of (Thr)-GalNAc-Gal-SA (Figure 2B).
Analysis of the O-Glycosylations on HCZarbohydrate
sequencing and mass spectrometry of the jacagarose-
retained C-terminal HC2 peptide, V&-Arg®*, indicate the

Isolation of Disulfide- and Cysteine-Containing Peptides
It has previously been determined by SDS-PAGE before and
after reduction thatdl does not contain any interchain
disulfide bridges §, 55). The disulfide bridge pattern of
bikunin have previously been assigned on the basis of

presence of a cluster of four O-glycans. Edman degradationsequence homology with other kunir@6). However, the

of the peptide identified Tt Sef!®, Thre2%, and Thf" as
the points of glycosylation. The HC2 THf glycan has

status of the Cys residues in the heavy chains is unknown.
Initial experiments suggested that denatured non-redwded |

previously been identified as a HexNAc-Hex-SA trisac- did not incorporate radioactivity when subjected to alkylation
charide 6). The mass of the O-glycosidase-treated®¥al with [**C] iodoacetic acid. Consequentlyall does not

Argf4 peptide correlates with the calculated mass of the contain free thiol groups (data not shown). To determine
unglycosylated peptide, and hence O-glycosylation is the only the nature of the Cys modification, the heavy chains were
posttranslational modification of this peptide (Table 2). The digested with trypsin and the Cys-containing peptides were
mass difference between the calculated mass of the ungly-purified by HPLC. Cys-containing peptides were selected
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Table 3: Identification of Cys Modifications by Mass Spectrometry

molecular mass (Da)

peptide Cys calculatéd observed {DTT) observed¢DTT) difference
HC1 Sef'—Argst Cys* 1234.5 1557.8 1557.8 0
HC1 Gly!6—Lys??3 Cys0 Cygte 3072.5 3072.0 3073.7 1.7
3070.6 3072.5 1.9
3070.5 3072.8 2.3
3070.7 3072.9 2.2
3070.4 3073.2 2.8
HC1 Asp3—His?4® Cys34 1710.9 4375.6 1710.8 2664.8
HC1 Ala*®l-Lys>4 Cys08 2665.9 4375.6 2667.3 1708.3
HC2 1le?%6—Arg?t? CygY7, Cyg10 676.8 676.3 678./4 1.9
674.0 676.0 2.0
674.4 676.0 1.6
674.0 675.8 1.8
673.9 676.0 2.1
HC2 Mef85—Lysb06 Cys%, Cys%7 2272./5 2286.5 2288.2 1.7
2286.4 2288.0 1.6
2286.6 2288.3 1.7
2286.5 2288.2 1.7
2287.0 2288.2 15

a Cys-containing peptides ofil HC1 and HC2 were analyzed by mass spectrometry either in their native form or following reduction with DTT
as described in Experimental Procedures. The mass differences indicated in the table are the differences/beD#eRtreated peptide$.Calculated
masses are derived from the amino acid sequence of the peptides.

by the presence of Cya in amino acid composition and calculated mass (2272.5 Da) (Table 3). This increase is too
identified by Edman degradation. The yield of the Cys- small to account for any form of interpeptide disulfide bond
containing peptides was similar to that of other peptides. and is probably due to some modification elsewhere in the

Analysis of HC1 Cy8. The HC1 peptide, S€Arg3?, peptide, e.g., oxidation of M&f. As lal does not contain
containing Cy% was generated by BNPS-skatole fragmenta- free sulfhydryl groups, the three pairs of Cys residues most
tion followed by clostripain digestion and identified as likely form disulfide bridges with each other (HC1 C¥%
described above. The observed mass of the peptide (1557.8vith HC1 Cy$'3, HC2 Cy$°” with HC2 Cy$'° and HC2
Da) was 323.3 Da higher than the calculated mass (TableCys*®with HC2 Cy$°). To confirm this, the three peptides
3), implying that the peptide was modified. The modification were treated with DTT and the masses of the reduced
is most likely attached to C¥3% since no PTH amino acid peptides were determined. Each set of experiments was
was detected following Edman degradation and all other repeated five times, and each time a mass increase of
residues in the peptide were positively identified. Moreover, approximately 2 Da was observed, consistent with the
rigorous reduction and alkylation of the peptide did not lead reduction of a disulfide bridge (Table 3). We therefore
to any change in the mass (Table 3). Taken together, theseconclude that HC1 Cy& and Cy3!3 share a disulfide bond
data suggest that C3sof HC1 could be hexosylated with  and that HC2 contains two disulfide bridges one between
either two galactose or two glucose residues, both with a Cys%” and Cy3!° and another between Cy$and Cy$%".
calculated theoretical mass of 324 [6{58).

Analysis of HC1 Cy8*and Cy8§%. A peptide with a mass DISCUSSION
of 4375.6 Da was purified. Edman degradation of the In general, plasma proteins are glycoproteins composed
peptide revealed two sequences corresponding to HClof one or an even number of identical subunits and are often
Asp?®—His*** and HC1 Ald"-Lys*% These peptides cross-linked by interchain disulfide bridgesalldeviates
contain HC1 Cy&*and Cy8%, respectively. Reduction of  from this generalization in several ways. The protein is a
the 4375.6 Da fragment followed by mass spectrometry proteoglycan, it is a heterotrimer, and the three subunits are
resulted in two new peptide masses (1710.8 and 2667.3 Da)assembled by the unique PGP cross-liBkq, 59). These
that correlate with the calculated masses of HC1%Asp features, the high concentration in the plasma, and the
His?*5and HC1 Ald°—Lys>'4 (Table 3). Thus HC1 Cy&* apparent lack of a functional significance of these intriguing
forms a disulfide bridge with HC1 C§¥. properties make this protein an interesting candidate for

Analysis of the Adjacent Cys Residues HC1%€yand further structural analysis.
Cy<13 HC2 Cy3% and Cy3'°, and HC2 Cy¥¢and Cys§°". In recent years it has become apparent that N-linked
The following peptidesHC1 Pr@®—Lys??3, containing oligosaccharides play a role in the conformational maturation
Cys%and Cys'3, HC2 1le?%—Arg?t,, containing Cy¥7” and of most glycoproteins. These carbohydrate structures are
Cyg'% and, HC2 Met5—Lys®% containing Cy%¢ and attached in the endoplasmatic reticulum before the folding
Cys%—were identified by amino acid analysis, Edman of the polypeptide chain and may thus affect later biosyn-
degradation, and mass spectrometry. The observed mass ahesis events. However, individual glycoproteins depend on
these peptides (Table 3) indicates that neither of the Cystheir oligosaccharide side chains to varying degrees and in
residues is involved in interpeptide disulfide bridges, e.g., different ways 60). N-Linked glycosylations are central in
to other peptides or glutathione. We note that the observedfacilitating the folding, transport, cell surface expression, and
mass of the HC2 peptide M&t—Lys?%¢ containing Cy%*® secretion of glycoprotein®Q, 61). In many cases, N-linked
and Cy8%, was approximately 14 Da higher than the carbohydrates also play an important role in regulating the
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Ficure 3: Structural overview of humarul: schematic representation of disulfide bridge pattern and the main forms of N- and O-linkec
glycosylation of humandl. The heavy chains are connected to the GAG chain via ester bonds between their C-terminal Asp residues
an internalN-acetylgalactosamine residue of the GAG ch&ng). The exact position of the heavy chains on the GAG chain is presently
unknown. Disulfide bridges are marked with solid lines. The six disulfide bridges in bikunin are omitted for simplicity. The individu:
monosaccharides are indicated with symbols: filled squikegetylglucosamine; open squarssacetylgalactosamine; open squares marked
with S, 4-sulfoN-acetylglucosamine; open circles, mannose; filled circles, glucuronic acid; open triangles, galactose; filled diamonds, si
acid; open stars, fucose; and filled stars, xylose. Monosaccharides enclosed in brackets are only present in some of the glycans. The N
glycosylation on bikunin has previously been descril@s).(

activity, stability, and antigenicity of mature proteir2). unpaired Cys residue iml, HC1 CysS, carries a 323.3 Da
O-linked glycans, which are attached after the folding of the reduction-resistant modification. The fact that the modifica-
protein is completed, may play a critical role in modulating tion is resistant to reduction and that the mass of the
cell adhesion, and recent findings indicate that some glyco- modification (323.3 Da) correlates with the mass of two
proteins carry ligands that interact with clusters of O-glycans hexose residues (324.3 Da) indicate that HC1 €ys
on the protein §3). glycosylated with either two glucose or two galactose
Although various proteins carry more than one N-linked residues. Plasma proteins rarely contain free sulfhydryl
glycan, they often show different carbohydrate structures of groups, and unpaired Cys residues are usually modified by
the individual glycans47, 63, 64). The overall oligosac-  the attachment of cysteine or glutathione. Hexosylation of
charide structures determined for the three N-glycans on theCys residues has previously been reported in both urinary
lal heavy chains are identical to the recently characterized peptides and erythrocyte membrane peptid66—68).

(Asn-GIlcNAc,-Man-(Man-GIcNAc-Gal-SA) oligosaccha-
ride attached to Asf of bikunin (35) (Figure 3). This

biantennary structure (with or without the additional fuco-

sylation) is among the most commonly identified N-linked
oligosaccharide structure§3). Although some degree of

However, the functional significance of the Cys glycosylation
in these peptides and the glycosylation of €ys lal HC1
remains unclear.

The other &l heavy chain Cys residues form intrachain
disulfides. One of these bridges is formed between HC1

glycan heterogeneity is usually observed, surprisingly little Cy<3*and Cy8% (Figure 3). The other three disulfides are,

heterogeneity was observed in tlo¢ N-glycans, which with
the exception of the partial fucosylation of HC1 A%h
appear to be very homogeneous.
glycans, the dl heavy chains also carry 5 O-linked

however, formed between Cys residues that are either
adjacent or only two amino acids apart. Such short loop

In addition to the N- disulfides are predicted to interrupt any ordinary form of

secondary structure in their immediate proximity, and it is

trisaccharides: one attached to HC1 ®thand a cluster of  unlikely that they influence overall protein stability. Di-
four near the C-terminus of HC2 (Figure 3). All thell sulfide bridges between two sequentially adjacent Cys
carbohydrate structures are terminated by sialic acid residuesresidues, such as the one identified between HC2%€gsd
as seen with other plasma proteins, which masks the Cys%, require special consideration. Theoretical stuci€s (
underlying galactose arfd-acetylglucosamine residues and and crystallographic dat&7) indicate that formation of such
protects the proteins from rapid clearance via receptors ina disulfide requires ais peptide bond between the adjacent
the liver 64, 65). Cys residues; although this is possible, such a configuration
lol does not, as previously mentioned, depend on inter- is definitely not common8, 69). One of the few other
chain disulfide bridges to maintain its subunit composition. examples known is the presence of a conserved disulfide
Examination of the posttranslational modifications of the nine bridge between adjacent Cys residues found in all nicotinic
Cys residues in the heavy chains showed that the singlereceptors. The conformation of the G$%&Cys'®3 bridge, in
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the acetylcholine receptor binding siteTadrpedo californica,
affects agonist-induced conformational changes at the re-

ceptor’s binding site and has been suggested to function as

a molecular switch10).

The last two disulfide bridges identified in the huma |
heavy chains are formed between &9and Cys*®in HC1
and between Cy% and Cy$°in HC2 (Figure 3). They

are found in the same place in the sequences in HC1 and 12-
P q . Saguchi, K.-1., Tobe, T., Hashimoto, K., Sano, Y., Nakano,

HC2, and their sequence motifs are practically identical:
Cys-Pro-Thr-Cys in HC1 and Cys-Pro-Ser-Cys in HC2. In
fact, the Cys-Pro-Thr-Cys motif is also found in position

203-206 in HC3 of Fl, whereas no consensus sequence is
found in the heavy-chain homologue IHRP. Such Cys-Xaa-
Xaa-Cys disulfides are found in proteins such as triglyceride
lipase andRhizopusaspartic proteinasé’{, 72), as well as

in the reactive centers of several proteins with thioredoxin-

related functions {3—76).

In this class of proteins, the

redox-active disulfide bond is involved in a variety of redox
processes, for example; assisting in the formation of disulfide
bonds required for correct protein folding, adding of gluta-

enzymatic activity (e.g., reduction of ribonucleotide reduc-
tase) 76, 77).
Interestingly, all known crystal structures of such disulfides

between Cys residues separated by two residues share the,
same topography [J. Richardson, personal communication].
The Cys-Xaa-Xaa-Cys disulfide is likely to be found at the 22,

beginning of ano-helix. They form a fairly planar square

structure, where the backbone of the two residues separating 23

the Cys residues is on the surface of the protein, whereas 24- Bratt, T., Olsson, H., Sgerg, E. M., Jergil, B., and Akersim

the disulfide is shielded from the surrounding solvent by the
side chains of the adjacent residues. It is thus intriguing to
speculated that the unusual disulfide bridge patterroin |
offers a catalytic function for the heavy-chain moiety af.|

We are currently investigating the possibility of a redox-
active function of this intriguing plasma protein.
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