Sialylation of urinary prothrombin fragment 1 is
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Urinary glycoproteins are important inhibitors of calcium oxalate crystallization and adhesion of crystals to renal cells, both of which are key mechanisms in kidney stone formation. This has been attributed to glycosylation
of the proteins. In South Africa, the black population rarely form stones
(incidence < 1%) compared with the white population (incidence 12–15%).
A previous study involving urinary prothrombin fragment 1 from both
populations demonstrated superior inhibitory activity associated with the
protein from the black group. In the present study, we compared N-linked
and O-linked oligosaccharides released from urinary prothrombin fragment
1 isolated from the urine of healthy and stone-forming subjects in both
populations to elucidate the relationship between glycosylation and calcium
oxalate stone pathogenesis. The O-glycans of both control groups and the
N-glycans of the black control samples were signiﬁcantly more sialylated
than those of the white stone-formers. This demonstrates a possible association between low-percentage sialylation and kidney stone disease and provides a potential diagnostic method for a predisposition to kidney stones
that could lead to the implementation of a preventative regimen. These
results indicate that sialylated glycoforms of urinary prothrombin fragment
1 afford protection against calcium oxalate stone formation, possibly by
coating the surface of calcium oxalate crystals. This provides a rationale
for the established roles of urinary prothrombin fragment 1, namely reducing the potential for crystal aggregation and inhibiting crystal–cell adhesion by masking the interaction of the calcium ions on the crystal surface
with the renal cell surface along the nephron.

The difference in the incidence of kidney stones
between South Africa’s white and black populations is
well documented [1,2]. In contrast to the increased
incidence of urolithiasis in the Western world [3], it

has been recently suggested that the incidence of kidney stones among the black population is still rare [4].
In an effort to address this observation, the possible
role of urinary proteins in the black South African
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2AB, 2-aminobenzamide; Abs, Arthrobacter ureafaciens sialidase; Amf, almond meal fucosidase; Bkf, bovine kidney fucosidase; Btg, bovine
testes galactosidase; CaOx, calcium oxalate; Gla, c-carboxyglutamic acid; GU, glucose unit; HexNAc-Hex, N-acetyl hexosamine–hexose;
Nan1, Streptococcus pneumoniae sialidase; NP, normal phase; Spg, Streptococcus pneumoniae galactosidase; THP, Tamm–Horsfall protein;
UPTF1, urinary prothrombin fragment 1; WAX, weak anion exchange.
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population has been investigated. Recent studies have
validated this hypothesis and have implicated three
urinary proteins, namely Tamm–Horsfall protein
(THP), albumin and urinary prothrombin fragment 1
(UPTF1). Crystallization studies have shown that both
THP [5] and albumin [6] from black subjects are better
inhibitors of calcium oxalate (CaOx) crystallization
than the corresponding protein from white subjects.
Comparative studies of UPTF1 from white and black
subjects have revealed differences in inhibitory activity
with respect to crystal growth and aggregation which
contribute to the protection of the black population
[7].
UPTF1 is highly glycosylated but its glycans have
never been fully characterized or investigated as potential role-players in stone formation, even though differences in the glycosylation of other urinary proteins
from controls and stone-formers have been identiﬁed.
THP [8,9] and bikunin [10] from stone-formers are less
highly sialylated than the protein from controls. Furthermore, the asialo forms of THP [11,12] and bikunin
[10], as well as osteopontin [13], are less efﬁcient inhibitors of crystallization than the native glycoproteins.
Although the glycosylation of UPTF1 has not been
studied, three reports have investigated oligosaccharide
structures on bovine prothrombin, which is highly
homologous to the human form of prothrombin from
which UPTF1 is derived [14–16]. Incorporating preliminary results obtained in the two earlier studies, Mizuochi identiﬁed three biantennary, complex structures
on prothrombin that were highly sialylated. Harlos
et al. [17] produced a model of bovine protein in which

Sialylation of urinary prothrombin fragment 1

two similar carbohydrate chains were located on the
protein’s kringle domain.
In the present study, we characterized the carbohydrate moiety of UPTF1 derived from the urine of
controls and stone-formers from the white and black
populations in South Africa. Differences were identiﬁed in their levels of sialylation, providing a potential
diagnostic method for risk factors.

Results
N-linked glycosylation
The N-linked glycans were enzymatically released from
SDS ⁄ PAGE-puriﬁed UPTF1, which ran with a characteristic relative molecular mass of 31 kDa. The ﬂuorescently labeled (2-aminobenzamide, 2AB) glycan pool
was resolved by normal phase (NP) HPLC (Fig. 1).
Representative chromatograms are shown for each
group, namely the white and black controls and stoneformers. The peaks are numbered in the boxed section
and the corresponding assignments are shown in
Table 1. The three major glycans were biantennary
(A2), digalactosylated (G2) structures either asialo
[A2G2, peak 12 (6%)], monosialylated [A2G2S1, peak
16 (29%)] or disialylated [A2G2S2, peak 20 (47%)]
(Fig. 2). Other minor peaks, each of which comprised
up to 4% of the total glycan pool, are also shown
(Fig. 1, Table 1). Preliminary assignments were conﬁrmed by a series of exoglycosidase arrays and weak
anion exchange (WAX) HPLC analyses of the total
glycan pool [18].

Fig. 1. SDS ⁄ PAGE showing the typical
pattern of crystal matrix proteins from urine.
Urinary prothrombin fragment 1 (UPTF1) is
indicated by the prominent band near
36 kDa. The NP HPLC chromatograms are
representative of the N-linked glycans
released from UPTF1 derived from a white
control subject (WC6), a black control subject (BC5), a white stone-former (WSF2) and
one black stone-former (BSF). The GU
values, which reflect the relative size of the
glycans, are shown on the x-axis. The peak
numbers correspond to the structures
shown in Table 1.
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Table 1. Analysis of N-linked glycans on urinary prothrombin fragment 1 (UPTF1). All N-glycans have two core GlcNAcs; F, fucose
(FA2G2, core fucose, A2G2F, outer arm fucose); A, number of
antennae (GlcNAc) on trimannosyl core; A2, biantennary; G, galactose; S, sialic acid [3], [6], the arm of the trimannosyl core to which
galactose is attached; (3), (6), the sialic acid linkage; LC-ESI-MS
indicates that all sialic acids are Neu5Ac.
% Area of digestions

Peak
no.

Structure

GU

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

A1[6]
A1[3]
A2
A1[6]G1
A1[3]G1
FA2
A2[6]G1
A2[3]G1
A1[6]G1S1(6)
A1[3]G1S1(6)
FA2G1
A2G2
A2G1FS1(6)
A2G1S1(3)
FA2G2
A2G2S1(6)
A2G2F
A2G2S2(3)
A2G2FS1(6)
A2G2S2(6)
A2G2FS2(6)
FA2G2S2(6)

4.90
5.26
5.50
5.83
5.90
5.90
6.28
6.37
6.70
6.80
7.07
7.16
7.36
7.49
7.58
7.88
7.92
8.25
8.40
8.56
8.91
9.26

Undigested

Abs

Abs +
Amf

Abs +
Amf +
Spg
4
2
92

<1
<1

1
3

1
2
2

2
1
2
6
3
2

1
2

1
2

2
85

2
90

2

2

digested to A2G2 with Abs and almond meal fucosidase, identifying the fucose as outer arm a1–3 linked
to GlcNAc. The assignments of the major peaks were
consistent with data from MALDI-TOF MS, negative
ion nano-ESI MS, MS ⁄ MS and LC positive ion
ESI ⁄ MS ⁄ MS (Table 2).

29
4
3
2
47
2
<1

Analysis of glycans by charge

Abs, Arthrobacter ureafaciens sialidase; Amf, almond meal a-fucosidase; Spg, Streptococcus pneumoniae b-galactosidase.

Figure 2 shows the NP HPLC proﬁles of the total
glycan pool of WC6 together with representative exoglycosidase digestions with a2–3,2–6 sialidase (Arthrobacter ureafaciens sialidase, Abs), a1–3,4 fucosidase
(almond meal fucosidase, Amf) and b1–4 galactosidase
(Streptococcus pneumoniae galactosidase, Spg). The
corresponding percentage peak areas are presented in
Table 1. Digestion with a2–3 sialidase (Streptococcus
pneumoniae sialidase, Nan1) indicated that peaks 14
and 18 contained a2–3 linked sialic acid residues (data
not shown). Fucose substitution on both the core GlcNAc and the GlcNAc on the 6-antenna of A2G2 were
detected by negative ion nanospray MS ⁄ MS [19]. The
presence of core fucose was conﬁrmed by digestion
with bovine kidney fucosidase, which converted
FA2G2S2 (peak 22) to A2G2S2 (data not shown).
However, A2G2FS2 (peak 21) was not affected by
treatment with bovine kidney fucosidase and was
3026

Fig. 2. NP HPLC chromatograms of the N-linked glycans released
from the white control subject (WC6) following arrays of exoglycosidase digestions. Structures labeled on the top profile are present
in the undigested glycan pool at over 6%. See Table 1 for percentage peak areas. Exoglycosidase abbreviations: Abs, Arthrobacter
ureafaciens sialidase; Amf, almond meal a-fucosidase; Spg, Streptococcus pneumoniae b-galactosidase. See Table 5 for an explanation of the symbols used in the structures.

The total glycan pool was separated into neutral,
monosialylated and disialylated fractions by WAX
HPLC (Fig. 3A); each of these fractions was then analysed by NP HPLC (Fig. 3B). More than 90% of the
N-linked glycans were conﬁrmed as monosialylated
and disialylated structures. The same N-linked structures were observed in all four groups investigated but
they varied in their proportions.
Further analysis of all of the N-linked glycan
samples was carried out with respect to sialylation.
Comparisons between white controls and white stoneformers and between black controls and black stoneformers did not reveal signiﬁcant differences in the
sialylation of these groups. Although another obvious
comparison would have been between black controls
and black stone-formers, our solitary subject in the latter group precluded a meaningful interpretation. Of
interest is the comparison between black controls and
white stone-formers, as these groups represent the two
extremes of the stone formation risk spectrum. Indeed,
our observation of a signiﬁcant difference in the
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Table 2. Mass data of N-linked glycans on urinary prothrombin fragment 1 (UPTF1). FA2G2S2 also observed as monosialylated and desialylated structures, as sialic acid residues frequently decompose on MALDI-TOF MS. ND, not detected.

MALDI-TOF MS
m ⁄ z ([M + Na]+)

Nano-ESI MSc m ⁄ z
[M ) H]–
([M + H2PO4]–)

Composition

Calc.

Obs.

Calc.

Hex

HexNAc

Neu5Ac (Na)

Fucose

617.7
698.8
800.3
925.4
881.3
954.4
1026.9
1099.9
1172.4
1245.5

1210.4
1372.5
1575.5
1685.6
1737.6
1883.6
2050.7
ND
2363.8
ND

1210.4
1372.5
1575.5
1685.6
1737.6
1883.6
2050.7
2196.8
2363.8
2508.9

3
4
4
4
5
5
5
5
5
5

3
3
4
3
4
4
4
4
4
4

0
0
0
1
0
0
1
1
2
2

0
0
0
0
0
1
0
1
0
1

LC-ESI MS m ⁄ z
([M + 2H]+)
b

Structurea

Obs.

Calc.

Obs.

A1
A1G1
A2G1
A1G1S1
A2G2
FA2G2
A2G2S1
FA2G2S1
A2G2S2
FA2G2S2

1256.6
1418.6
1621.7
1731.6
1783.6
1929.9
2096.6
2242.8
2409.6
2555.1

1256.5
1418.5
1621.6
1731.6
1783.7
1929.7
2096.7
2242.8
2409.8
2555.9

ND
ND
ND
925.3
881.2
ND
1026.9
ND
1172.3
1245.5

a

Refer to Table 1 for structure abbreviations. b Also detected as monosodium and disodium adducts.
[M + H2PO4]– ions, whereas the sialylated glycans yield [M ) H]– under the conditions used.

Fig. 3. HPLC analysis of N-linked glycans released from urinary prothrombin fragment 1 (UPTF1). These glycans were separated into
neutral, monosialylated and disialylated fractions by WAX HPLC (A),
and then the fractions were analyzed by NP HPLC (B). See Table 1
and Fig. 1 for peak numbers.

respective sialylation of UPTF1 in the latter two
groups bears testimony to a possible link between the
degree of sialylation and stone risk.
Table 3 shows the percentage of the monosialylated
and disialylated fractions and the ratio of the two fractions, together with the averages and standard errors for
white controls, black controls and white stone-formers.
The ratio of monosialylated ⁄ disialylated residues varied
between these groups. The white stone-formers had a
signiﬁcantly lower ratio than the black control group
(P ¼ 0.007). This indicates that, in the black control
group, N-linked glycans present a greater number of

c

Neutral glycans produce

negatively charged sialic acid residues by virtue of their
greater proportion of disialylated structures.
Moreover, signiﬁcant differences emerged when a
comparison of the three groups white controls, black
controls and white stone-formers was also made by
calculating the maximum potential sialylation for
UPTF1 from each individual. This value was based on
the percentage of monoantennary and biantennary
structures, which all have the potential to be galactosylated and sialylated in the Golgi glycosylation processing pathway on one or both arms. The level of
sialylation that was detected was then compared to the
calculated maximum potential sialylation, i.e. total
(actual) sialylation compared with potential sialylation
expressed as a percentage (Table 4). The percentages
in the three groups are shown graphically in Fig. 4.
The black control group had a signiﬁcantly higher
mean percentage of actual ⁄ potential sialylation than
the white stone-formers (P ¼ 0.002). All of the white
stone-formers had actual ⁄ potential sialylation at or
below 72%. The majority of the white stone-formers
had values below 65%. In contrast, the black controls
all had values above 69%, with the majority of these
being above 72%. The white controls had the largest
variation (between 64% and 80%). In both control
groups there were samples with sialylation values
below 72%, which may indicate the risk of an individual developing kidney stones.
O-linked glycosylation
NP HPLC chromatograms of the undigested O-linked
glycans from pooled samples of white and black
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Table 3. Percentage of monosialylated and disialylated N-linked glycans on urinary prothrombin fragment 1 (UPTF1) from white control
subjects (WC) and black control subjects (BC), white stone-formers (WSF) and a black stone-former (BSF). Monosialylation, disialylation and
total sialylation: all P-values > 0.05. Monosialylation ⁄ disialylation ratio: WC versus BC P > 0.05, WC versus WSF P > 0.05, BC versus WSF
P ¼ 0.007.

Sample

Monosialylation

Disialylation

Total
sialylation

Monosialylation ⁄
disialylation

WC1
WC2
WC3
WC4
WC5
WC6
WC7
WC8
WC average ± SE

42.8
33.9
28.9
44.5
44.7
38.7
41.7
33.3
38.5 ± 2.1

40.5
56.7
64.3
38.7
38.5
51.4
41
58.6
48.7 ± 3.6

83.3
90.6
93.2
83.3
83.2
90.2
82.7
91.9
87.3 ± 1.6

1
1
1
1
1
1
1
1
1

:
:
:
:
:
:
:
:
:

0.95
1.67
2.22
0.87
0.86
1.33
0.98
1.76
1.33

BC1
BC2
BC3
BC4
BC5
BC6
BC7
BC average ± SE

35.2
36.3
33
28.8
36.1
34.5
36.2
34.3 ± 1.0

54.8
54.8
59.1
65.7
53.6
51.8
45.6
55.1 ± 2.4

90
91.1
92.1
94.5
89.7
86.3
81.8
89.3 ± 1.6

1
1
1
1
1
1
1
1

:
:
:
:
:
:
:
:

1.56
1.51
1.79
2.28
1.48
1.50
1.26
1.62

WSF1
WSF2
WSF3
WSF4
WSF5
WSF6
WSF average ± SE

38.3
43.1
35.6
44.7
45.2
43.8
41.8 ± 1.6

49.9
35.6
49.7
38.6
38.8
39.1
41.9 ± 2.5

88.2
78.7
85.3
83.3
83.9
82.9
83.7 ± 1.3

1
1
1
1
1
1
1

:
:
:
:
:
:
:

1.30
0.82
1.40
0.86
0.86
0.89
1.02

BSF

34.9

53.9

88.8

1 : 1.54

control subjects and white stone-formers are shown in
Fig. 5. The corresponding structures, as well as their
percentage peak areas, are presented in Table 5.
Peak m (an a2-6 sialylated unidentiﬁed structure) was
present in both control groups but absent in the stoneformers. Peaks p and q (sialylated Galb1-4 HexNAcHex structures) were only detected in low amounts on
the NP HPLC (with the greatest proportion in the
control samples) and were only detected by MS in the
controls. The latter two structures are unusual O-glycan structures which we have shown to be a2–3 and
a2–6 sialylated Galb1–4 HexNAc-Hex structures by
sequential exoglycosidase digestions (Fig. 6), LC-ESIMS (Table 6) and ESI-MS ⁄ MS (Fig. 7). The most
probable structures contain core GlcNAc-mannose
linked to Ser ⁄ Thr. These have been previously identiﬁed in mammalian brain, nerve and skeletal muscle
[20]. This epitope is also found on N-glycans, so there
is the possibility that this tetrasaccharide is a degradation product from N-glycans. However, this is unlikely, as all of the samples analysed, including bovine
serum fetuin, contained N-glycans with this epitope,
3028

but the O-glycan tetrasaccharide was only detected in
the control UPTF1 samples.
Eight of the nine O-glycan structures with two or
more monosaccharides were identiﬁed on the basis of
their relative retention times on NP HPLC in comparison with a bovine fetuin standard released at the same
time and an O-link structure database [21]. One of the
nine O-glycan structures, at glucose unit (GU) 0.90, has
only one monosaccharide. The assignments were conﬁrmed by data obtained from an array of exoglycosidase
digestions (Fig. 6), LC-ESI and both negative and positive ion nanospray MS (Table 6, Fig. 7). The O-glycans
of UPTF1 consist of Galb1-3GalNAc core (core 1),
GlcNAcb1-6(Galb1–3)GalNAc core (core 2) or HexNAc-Hex (possibly GlcNAc-mannose) with additional
galactose b1-4 and ⁄ or sialic acids a2-3 and ⁄ or a2-6.
A high proportion of the glycans were sialylated and
these proportions differed between the control and
stone-forming groups: white controls, 41.3%; black controls, 38.2%; and white stone-formers, 25.0%.
The results of the LC-ESI-MS fragmentation analysis
of the white control and white stone-former O-glycan
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Table 4. Calculation of sialylated galactose residues of N-glycans on urinary prothrombin fragment 1 (UPTF1) from white control (WC) and
black control (BC) subjects, white stone-formers (WSF) and a black stone-former (BSF) as a percentage of the maximum potential sialylation
of one sialic acid per galactose. WC versus BC P > 0.05, WC versus WSF P > 0.05, BC versus WSF P ¼ 0.002.
Maximum potential
sialylation a

Monosialylation
(%area x1)

Disialylation
(%area x2)

Total (actual)
sialylation

% Actual ⁄ potential
sialylation b

WC1
WC2
WC3
WC4
WC5
WC6
WC7
WC8
WC average ± SE

193
195
196
190
190
194
191
196

42
34
29
45
45
39
42
33

81
113
129
77
77
103
82
117

123
147
157
122
122
142
124
150

63.9
75.4
80.3
64.3
64.1
72.8
64.7
76.7
70.3 ± 2.4

BC1
BC2
BC3
BC4
BC5
BC6
BC7
BC average ± SE

195
195
194
197
192
190
184

35
36
33
29
36
34
36

110
110
118
131
107
104
91

145
146
151
160
143
138
127

74.2
74.9
78.1
81.2
74.8
72.6
69.1
75.0 ± 1.5

WSF1
WSF2
WSF3
WSF4
WSF5
WSF6
WSF average ± SE

193
189
191
191
191
190

38
43
36
45
45
44

100
71
99
77
78
78

138
114
135
122
123
122

71.6
60.6
70.7
63.8
64.2
64.4
65.9 ± 1.8

BSF

195

35

108

143

73.2

Sample

a

Derived from percentage areas of (monoantennary + 2 · biantennary) glycans in each sample.
lation ⁄ maximum potential sialylation) · 100.

Fig. 4. Percentage potential sialylation of N-linked glycans released
from urinary prothrombin fragment 1 (UPTF1) for individual samples
from white controls, black controls and white stone-formers. The
dotted line indicates the maximum value observed in the white
stone-formers for the N-linked glycans.

pools, which were used to conﬁrm the exoglycosidase
digestion sequencing data, are presented in Table 6.
Seven of the nine structures were also identiﬁed using

b

% Actual ⁄ potential sialylation ¼ (total sialy-

Fig. 5. NP HPLC analysis of O-linked glycans released from urinary
prothrombin fragment 1 (UPTF1) derived from white (WC) and
black (BC) control subjects and white stone-formers (WSF). The
percentage peak areas of the digests and the structures corresponding to each letter are shown in Table 5.
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Table 5. Analysis of O-linked glycans on urinary prothrombin fragment 1 (UPTF1). Bgd, background peaks detected in blank run; ND,
not detected.
% Area
Peak
IDa

Structureb

GU

WC

BC

WSF

a
b
c
d

Hexose + Bgd
Bgd
Bgd

0.90
1.00
1.18
1.27

7.0
12.2
1.4
2.5

4.0
14.6
1.2
2.6

8.7
13.2
1.0
3.2

1.73

8.8

10.8

15.2

1.91
1.97

2.1
6.7

1.4
10.2

2.7
20.9

2.27

7.0

4.4

5.2

2.60
2.82

8.5
2.7

7.4
2.2

5.0
2.0

k

2.98

4.8

5.0

4.6

l

3.29

4.2

9.0

5.8

3.35
3.40
3.72

2.2
1.4
3.3

3.5
2.0
1.9

ND
2.7
0.4

p

3.81

1.1

0.9

0.6

q

3.93

2.6

2.9

0.7

r

4.45

21.7

16.1

8.1

s

4.45

21.7

16.1

8.1

e
f
gc

Bgd
Bgd

hd
i
j

Bgd
Bgd

m
n
o

Neu5Ac a2–6-?
Bgd
Bgd

GalNAc;

Gal;

NeuNAc;

GlcNAc;

Unknown Hexose;

Unknown HexNAc;

Linkage position

6

8

β li nkage
α linkage
Unknown β-Linkage

4
3

Unknown α-Linkage

2

a

Peak ID labels in Fig. 3. b Structures determined by GU comparison
with database [21] before and after exoglycosidase digestions (see
Fig. 6), LC-MS and ESI-MS ⁄ MS data (Table 6 and Fig. 7). c This peak
is predominantly background lactose. d This structure is a ‘peeled’
product resulting from breakdown of glycans during hydrazinolysis.

these data. LC-ESI-MS also indicated that considerably
more of the core 1 structure was present in white stoneformers than in white controls (data not shown).

O-glycan sites. The three-dimensional structure is composed of a kringle domain and a Gla domain
(Fig. 8A). In the latter, seven calcium atoms are bound
to c-carboxyglutamic acid residues (or Gla residues).
Based on steric constraints, both of the predicted
N-glycan sites (Asn78 and Asn100) and two of the ﬁve
predicted O-glycan sites (Thr121 and Thr122, but not
Thr102, Ser120 and Thr149) were occupied (SWISSPROT numbering P00734; Ala44 corresponds to PDB
structure Ala1). The four occupied glycan sites are all
located on the kringle domain. An A2G2S2 N-glycan
structure and a monosialylated core 1 O-glycan structure were used to represent the identiﬁed glycans in the
model, since these structures constituted signiﬁcant
proportions of the N-glycan and O-glycan pools,
respectively. The distances between adjacent glycan
chains are 40 Å and 43 Å for O–N and 60 Å for N–N
(Fig. 8B). Moreover, the diameter of the glycoprotein
(63 Å) was signiﬁcantly increased compared with its
unglycosylated form (36 Å).

Discussion

Molecular model of urinary prothrombin
fragment 1
A molecular model of UPTF1 (Fig. 8) was generated
using the calcium-bound bovine prothrombin fragment
1 crystal structure along with predicted N-glycan and
3030

Fig. 6. NP HPLC analysis of O-linked glycans released from urinary
prothrombin fragment 1 (UPTF1) of white control subjects following
an array of exoglycosidase digestions. The percentage peak areas
of the digests are shown in Table 5. Exoglycosidase abbreviations:
Nan1, Streptococcus pneumoniae sialidase; Abs, Arthrobacter ureafaciens sialidase; Spg, Streptococcus pneumoniae b-galactosidase;
Btg, bovine testes b-galactosidase; Guh, Streptococcus pneumoniae glucosaminidase. Shaded areas indicate background peaks.
Peaks marked with asterisks originate from N-glycans present in
the glycan pool.

O-linked glycosylation
The O-glycans of UPTF1 consist of core 1 and core 2
structures, and an unusual glycan with a HexNAc-
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Table 6. O-Glycans detected on urinary prothrombin fragment 1 (UPTF1) derived from white controls (WC) and stone-formers (WSF) by
LC-ESI-MS. ND, not detected. The Hex2ÆHexÆNAc1ÆNeu5ÆAc1 mass was not detected in the white stone-former (WSF) or the fetuin control
O-glycan release, which was run at the same time. Therefore, this is a real O-glycan peak and is not a degradation product from N-glycans
that are present on all of the glycoproteins studied. Fragmentation patterns from the other glycans listed in this table were all consistent
with the listed structures (data not shown).
Mass
Composition

Observed
Peak ID
e
hc

k and l

p and q

s

a

Structure

WC

WSF

Calc.

Adduct

504.14
526.11
592.15
614.13

504.22
526.20
592.24
614.22

[M
[M
[M
[M

795.21

795.21

795.32

[M + H]+

817.25

817.25

817.30

[M + Na]+

957.26

ND

957.37

[M + H]+

979.25

ND

979.35

[M + Na]+

1086.41
1108.39

[M + H]+
[M + Na]+

1086.27
1108.25

1086.27
1108.25

Retention time on LC-MS micro 2 · 250 mm column.

b

+
+
+
+

H]+
Na]+
H]+
Na]+

504.14
526.11
592.15
614.13

Hex

HexNAc

NeuNAc

2AB

Retention
time (min)a

GUb

1

1

0

1

44.8

1.8

1

0

1

1

48.7

2.3

1

1

1

1

58.1
and 59.1

3.0
and 3.3

2

1

1

1

63.4

3.8
and 3.9

1

1

2

1

65.5

4.4

This is the GU value from the 4.6 · 250 mm column.

c

Peeled product.

Fig. 7. Mass data of O-linked glycans released from urinary prothrombin fragment 1 (UPTF1) of white control (WC) subjects. (A) Negative
ion nanospray MS ⁄ MS spectrum of the [M ) H]– ion (m ⁄ z 835) from the Hex2ÆHexÆNAc1ÆNeu5ÆAc1 glycan (peak q). The ion at m ⁄ z 306.1 is
indicative of an a2–6-linked sialic acid. (B) Positive ion MS ⁄ MS spectrum of the [M + Na]+ ion (m ⁄ z 859) from the Hex2ÆHexÆNAc1ÆNeu5ÆAc1
glycan. (C) Positive ion fragmentation pattern of the [M + Na]+ ion (m ⁄ z 979) from the 2-aminobenzamide (2AB) derivative of the Hex2ÆHexÆ
NAc1ÆNeu5ÆAc1 glycan. The predominant ions are m ⁄ z 688 from loss of terminal sialic acid, and m ⁄ z 388 [Hex-HexNAc + Na]+, which is consistent with further loss of hexose-2AB.

FEBS Journal 273 (2006) 3024–3037 ª 2006 The Authors Journal compilation ª 2006 FEBS

3031

Sialylation of urinary prothrombin fragment 1

D. Webber et al.

A

B

Fig. 8. Molecular model of urinary prothrombin fragment 1 (UPTF1). (A) Side-on view showing the two protein domains. (B) End-on view
down the Gla domain.

Hex core (possibly GlcNAc-mannose) and additional
galactose b1–4 and ⁄ or sialic acids a2–3 and ⁄ or a2–6.
The O-glycans from the control groups were more
highly sialylated (white controls 41.3%, black controls
38.2%) than those from the white stone-formers
(25.0%). The controls also contain a higher proportion
of glycans with the HexNAc-Hex core (3.7% and
3.8% for white controls and black controls, respectively, compared to 1.3% for white stone-formers).
N-linked glycosylation
Complex biantennary N-linked glycans with up to
 90% sialylation, were found on UPTF1 from both
healthy and stone-forming subjects. The sialic acid residues were a2–3 and a2–6 linked to galactose residues,
which were all b1–4 linked. Core and outer arm fucosylation was observed. The black control group had a
signiﬁcantly greater ratio of monosialylated ⁄ disialylated structures (1 : 1.62 versus 1 : 1.02) as well as a signiﬁcantly greater percentage of potential sialylation
(75.0% versus 65.9%) than the white stone-formers.
The identiﬁcation of sialylated A2G2 structures
( 76% of total N-linked glycan pool) is consistent
with a previous study of bovine prothrombin, which
demonstrated extensive sialylation of the glycoprotein
3032

with sialic acids on both Gal and GlcNAc residues
[16]. Mizuochi reported a2–6-linked sialic acids with
b1–4-linked galactose and a2–3-linked sialic acids with
b1–3-linked galactose on bovine prothrombin. This
reﬂects the species-speciﬁc nature of glycosylation processing.
Significant differences in sialylation have
implications for stone formation
The O-glycans of both control groups were signiﬁcantly more sialylated than those of the white stoneformers. Fifty per cent of N-glycans from white
control samples (i.e. four of eight) and 86% of the
black controls (i.e. six of seven) were signiﬁcantly more
sialylated than those from the white stone-formers.
Both control groups also contained UPTF1 samples
with low sialylation within the range of the stoneformers (50% of the white group and 14% of the
black group), suggesting a predisposition to kidney
stones. While stone formation [22] and the recurrence
[23] thereof varies with age, studies have not addressed
the question of whether sialylation might also be affected. Although these factors could have inﬂuenced our
results, we suggest that our observed differences in
sialylation are associated with different risk proﬁles for
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kidney stone formation. Our results indicate that the
N-linked and O-linked glycans in most of the control
samples present a greater negative charge on UPTF1
than in the stone-formers by virtue of their enhanced
sialylation. This has two implications for inhibition of
stone formation, namely decreases in the tendencies
for crystal aggregation and crystal–cell adhesion.
Crystal aggregation
Crystal aggregation is largely inﬂuenced by the surface
properties of crystals. The binding of proteins to crystal surfaces results in a more negative electrostatic
potential (or zeta potential), which in turn increases
the electrostatic repulsive forces between crystals and
decreases their tendency to aggregate [24]. In fact,
oxidatively modiﬁed THP loses its zeta potential [25]
and this has been linked to a decrease in the sialic acid
content of the protein [9]. Thus it is likely that the
more highly sialylated UPTF1 from black control subjects results in less crystal aggregation than UPTF1
from white stone-formers.
The kringle domain of UPTF1
Molecular modeling located two N-glycans and two
O-glycans on the kringle domain of UPTF1. Glycosylation inﬂuences the inhibitory properties of several
urinary proteins [10–13], and it is therefore probable
that the kringle domain of UPTF1 contributes to its
activity. This is noteworthy because it is the Gla
domain that reportedly imparts the inhibitory potency
of the protein by way of its binding to calcium ions
[26].
Interaction of CaOx crystals with renal
cell surfaces
Concomitant with their effect on inhibitory activity,
the glycans, and in particular sialic acids, may play a
role in mediating crystal interactions with renal epithelial cells. Several studies have reported the binding of
CaOx crystals to renal cell surfaces [27–30], and this is
now widely regarded as a possible mechanism of stone
formation, in addition to blockage of the nephron by
aggregates of CaOx crystals [31].
Whereas renal cells present a negatively charged surface [30], CaOx crystals exhibit a positive character,
due to the proximity of their calcium ions to the crystal surface. Induction of a negative charge on the crystal surface by proteins would reduce crystal adhesion
to the renal cell surface by way of electrostatic repulsion. A recent study demonstrated that UPTF1 reduces
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crystal adhesion by coating the surface of exogenous
CaOx monohydrate crystals in the presence of whole
urine [32]. It is possible that Kumar’s observation was
directed in part by the presence of highly sialylated
glycans on UPTF1.
Terminal sialic acids contribute largely to the negative character of the renal cell surface [33], and several
studies have focused on this sugar. Sialic acid-containing cell surface glycoproteins are critical determinants
of crystal binding, since pretreatment of cells with
neuraminidase greatly reduces CaOx monohydrate
crystal binding [31]. Sialic acids also direct the faceselective nucleation of CaOx dihydrate crystals onto
renal epithelial cell surfaces [34]. It is apparent that sialic acids play an important role in the attachment of
CaOx crystals to renal cells; however, the aforementioned studies have focused on the role of cell surface
glycans rather than crystal-associated ones, which may
also be expected to play a signiﬁcant role in crystal–
cell adhesion.
Conclusion
The present study has shown a correlation between
sialylation and disease, and the glycosylation of
UPTF1 provides an important rationale for the retardation of CaOx crystal aggregation and blocking the
adhesion of CaOx crystals to renal cells. The distribution of the percentages of sialylated UPTF1 glycans
across the three groups also reveals a risk factor
among controls. Genetic factors may contribute to the
differences in the sialylation of UPTF1, particularly
between the black control group and white stoneformers. While there are differences in glycosylation
between controls and stone-formers, there are overlaps
in, for example, the maximum potential sialylation of
N-linked glycans. Therefore, our results provide the
promise of an additional diagnostic tool to be used in
conjunction with other tools such as urinary supersaturation [35], which is also not a foolproof discriminator
[36]. The difference in sialylation between the two
groups suggests a protective role for the glycans
among the black population and provides a basis for
testing a larger group of individuals to determine whether this will provide a robust diagnostic risk factor
marker.

Experimental procedures
Protein preparation
CaOx crystals were precipitated from 24 h urine samples,
and the proteins from the crystal matrix extract [7] were
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used for the N-glycan study. Crystals were prepared from
the following sources: urine samples from eight healthy
white males and seven healthy black males (aged 20–
30 years), and urine samples from six white male CaOx
stone-formers and one black male CaOx stone-former
(aged 40–65 years). All subjects except for one white
stone-former fell within the age range 20–60 years speciﬁed
by Hesse et al. [22] as appropriate for comparison between
healthy and stone-forming males. All of the stone-formers
had either passed a stone or had one surgically removed
during the 9 months prior to commencement of the study.
Puriﬁed UPTF1 (38 lg) from three or more pooled urine
samples (to ensure adequate quantities) of healthy white
and black males and white CaOx stone-formers was used
for analysis of the O-linked glycans. The puriﬁcation procedure has been described in detail elsewhere [7]. Brieﬂy, crystal matrix proteins were prepared as for the N-glycan
study, and UPTF1, the major protein included therein, was
isolated using reverse-phase HPLC. Insufﬁcient UPTF1
from black stone-formers was available for the analysis of
O-linked glycans.
UPTF1 puriﬁed by crystal precipitation is representative
of UPTF1 in the urine. It has been shown that at high levels of CaOx supersaturation, such as those used to precipitate crystals from which UPTF1 was isolated, at least 80%
of UPTF1 is attached to urinary crystals [37]. This therefore represents a signiﬁcant proportion of the total UPTF1
in urine and not merely a subpopulation.

Release and fluorescent labeling of glycans
For the analysis of N-linked glycans, approximately 12 lg
of crystal matrix proteins were loaded onto 12.5% polyacrylamide minigels and visualized using Coomassie Brilliant Blue. The bands corresponding to UPTF1 (major band
at  31 kDa) were excised and the N-glycans were released
by in situ deglycosylation with peptide N-glycanase F
(Roche Diagnostics, GmbH Mannheim, Germany) as previously described [38,39]. O-linked glycans were released from
puriﬁed UPTF1 samples by manual hydrazinolysis [21].
The released glycans were then ﬂuorescently labeled with
2AB (Ludger Ltd, Abingdon, UK).

and the area of each peak was calculated and expressed as
a percentage of the total glycan pool.

Exoglycosidase digestions
Aliquots of the N-linked and O-linked glycan pools were
incubated overnight with arrays of exoglycosidases at 37 C
and then subjected to NP HPLC. The following enzymes,
obtained from Prozyme (San Leandro, CA, USA), were
used in various combinations: Arthrobacter ureafaciens sialidase (Abs, EC 3.2.1.18) (1 UÆmL)1), which removes both
a2–3-linked and a2–6-linked sialic acids; Streptococcus
pneumoniae sialidase recombinant in Escherichia coli (Nan1,
EC 3.2.1.18) (1 UÆmL)1), which only removes a2–3-linked
sialic acids; almond meal a-fucosidase (Amf, EC 3.2.1.111)
(2 mUÆmL)1), which removes outer arm a1–3-linked and
a4-lnked fucose; bovine kidney a-fucosidase (Bkf,
EC 3.2.1.51) (1 UÆmL)1), which removes core a1–6-linked
fucose; bovine testes b-galactosidase (Btg, EC 3.2.1.23)
(1 UÆmL)1), which removes both b1–3-linked and b1–4linked galactose; Streptococcus pneumoniae b-galactosidase
(Spg, EC 3.2.1.23) (80 mUÆmL)1), which removes b1–4linked galactose only; Streptococcus pneumoniae glucosaminidase (EC 3.2.1.30) (4.5 UÆmL)1), which removes
GlcNAc only; Jack bean b-N-acetylhexosaminidase
(EC 3.2.1.30) (50 mUÆmL)1), which removes GlcNAc and
GalNAc; and Jack bean a-mannosidase (EC 3.2.1.24)
(50 UÆmL)1), which removes a1–2-linked, a3-linked and
a6-linked linked mannose residues. Following digestion,
enzymes were removed using protein-binding MicropureEZ ﬁlters (Millipore, Watford, UK).

WAX HPLC
Glycan pools were separated according to charge by WAX
HPLC using a Vydac 301VHP575 column (7.5 · 50 mm)
(Anachem Limited) [41]. Fractions were collected and analyzed by NP HPLC, and these proﬁles were compared with
the total glycan pool obtained on NP HPLC. An aliquot of
the glycans was also analyzed by WAX HPLC following
overnight digestion with Abs.

MS
NP HPLC
Aliquots of the glycan pools were analyzed by NP HPLC
using a 4.6 · 250 mm TSK gel Amide-80 column (Anachem, Luton, UK) with the low salt buffer system previously described [18]. A 2AB-labeled dextran hydrolysate
ladder standard consisting of glucose oligomers was used to
calibrate the system. The number of glucose residues (GU
units) of the dextran peaks was used to calculate the GU
value of the unknown glycan structures for comparison
with a database of known structures. Preliminary assignments were then made on the structure of each glycan peak
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MALDI-TOF mass spectra of 2AB-labeled N-linked glycans were recorded using a Micromass TofSpec 2E reﬂection TOF mass spectrometer (Waters-Micromass Ltd,
Manchester, UK) with a saturated solution of 2,5-dihydroxybenzoic acid in acetonitrile as the matrix [42].
LC-ESI-MS was performed using an LC packings Ultimate HPLC equipped with a Famos autosampler (Dionex
Ltd, Camberley, UK) interfaced with a Q-Tof Ultima
Global mass spectrometer (Waters-Micromass). Chromatographic separation was achieved using a 2 · 250 mm,
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microbore NP HPLC TSK gel Amide-80 column (Hichrom,
Theale, UK) with the same gradient and solvents as used
with the standard NP HPLC but at a lower ﬂow rate of
40 lLÆmin)1. The mass spectrometer was operated in positive ion mode with: 3 kV capillary voltage; RF-1 lens 60;
source temperature, 100 C; desolvation temperature,
150 C; cone gas ﬂow, 50 LÆh)1; and desolvation gas ﬂow,
450 LÆh)1 [21].
Nano-ESI-MS ⁄ MS data were also obtained using the
Q-Tof Ultima Global mass spectrometer. Samples in
water ⁄ methanol (1 : 1, v ⁄ v, 5 lL) were infused with Proxeon (Proxeon Biosystems, Odense, Denmark) capillaries.
Operating conditions were: capillary potential, 1.2 kV; ion
source temperature, 120 C; desolvation gas, nitrogen at
50 LÆh)1; RF-1 lens, 180 V; collision gas, nitrogen at
0.5 bar; and a collision cell voltage appropriate to the mass
of the ions being analyzed. Spectra of the N-linked glycans
before and after desialylation (1% acetic acid, 80 C for
30 min) were obtained in negative ion mode, whereas those
of the O-linked glycans were obtained in both positive and
negative ion modes. Data acquisition and processing were
conducted with mass-lynx 4 software (Waters-Micromass).

Statistical analysis
Data analysis of the N-linked glycan samples for white controls, black controls and white stone-formers with respect
to sialylation is presented as average values ± standard
error (SE). The average values of the white control, black
control and white stone-former groups were compared statistically by analysis of variance, with the exception of the
monosialylated ⁄ disialylated ratios. Since ratios are not
normally distributed, they were compared using the nonparametric Mann–Whitney U-test. Results were considered
statistically signiﬁcant if P ¼ 0.05. Data for the single black
stone-former were not included in the statistical analyses.
All analyses were carried out using statistica 7.

Molecular modeling
Molecular modeling was performed on a Silicon Graphics
Fuel workstation using insightii and discover software
(Accelrys, San Diego, CA, USA). The ﬁgures were produced using the programme molscript [43]. Since UPTF1
is an intracrystalline urinary protein, the calcium-bound
bovine prothrombin fragment 1 crystal structure was used
as the basis for modeling (PDB code: 1NL1). The bovine
(SWISSPROT, P00735, residues 44–199) and human
(SWISSPROT, P00734, residues 44–198) sequences were
aligned using blast (http://www.ncbi.nlm.gov/BLAST).
N-linked and O-linked glycan sites were generated using
the database of glycosidic linkage conformations and
in vacuo energy minimization to relieve unfavorable steric
interactions. Predicted N-glycan and O-glycan sites were
generated using http://www.cbs.dtu.dk/services/NetNGlyc/
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and http://www.cbs.dtu.dk/services/NetOGlyc/, respectively.
The Asn-GlcNAc linkage conformations were based on the
observed range of crystallographic values, the torsion
angles around the Asn Ca–Cb and Cb–Cc bonds then
being adjusted to eliminate unfavorable steric interactions
between the glycans and the protein surface.
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