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Human urokinase contains GalNAcS(1-4)[Fuca(1-3)]GIcNAcB(1-2) as a
novel terminal element in N-linked carbohydrate chains
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Structural analysis of enzymically released N-linked carbohydrate chains of human urokinase (urinary-type plasminogen activator) by 'H NMR
spectroscopy and FAB-MS demonstrated that the N-linked oligosaccharides on the only N-glycosylation site contain diantennary structures with
the novel GalNAcS(1-4)[Fuca(1-3)]GleNAgfS(1-2) element in the upper or the lower branch.
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1. INTRODUCTION

Urinary-type plasminogen activator (u-PA or uroki-
nase) is a serine protease that converts plasminogen into
the active fibrinolytic enzyme, plasmin, and is of clinical
interest as a thrombolytic agent for treating patients
suffering from (acute) vascular occlusions, like myocar-
dial infarction. In addition, u-PA plays a role in ex-
tracellular proteolysis during physiological processes,
such as gland involution, and in pathological processes,
such as tumor growth [1,2]. Human u-PA bears N-
linked carbohydrate chains only at Asn-302, containing
besides Man, Gal, Fuc and NeuSAc at least four
GleNAc and two GalNAc residues [3,4], and O-linked
Fuc at Thr-18 [5,6]. Since no detailed structural analysis
of the N-linked carbohydrate chains of u-PA has been
reported, a study was initiated on the carbohydrate part
of this glycoprotein. Here we report the occurrence of
a novel terminal element, namely GalNAcS(1-
$)[Fuca(1-3))GleNAch(1-2), present in diantennary oli-
gosaccharides.
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3508 TB Utrecht, The Netherlands. Fax: (31) (30) 540 980.

Abbreviations: u-PA, urinary type plasminogen activator; t-PA, tissue-
type plasminogen activator; EGF, epidermal growth factor; Fue,
fucose; NeuSAe, N-acetylneuraminic acid; CHO, Chinese hamster
ovary; PNGase-F, peptide-N*-(V-acetyl-f-glucosaminyl)asparagine
amidase F; n.0Q.e, nuclear Overhauser enhancement; HOHAHA, ho-
monuclear FMartmann-Hahn; MLEY, composite pulse devised by Mal-
com Levitt; NOESY, nuclear Overhauser enhancement spectroscopy;
FAB-MS, fasl atom bombardment mass spectrometry; GLC, gas lig-
uid chromatography; FPLC, fast protein liquid chromatography;
HPLC, high-pressure liquid chromatography; Le*, Lewis x.
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2. MATERIALS AND METHODS

2.1 Materials

Peptide-N *-(N-acetyl-f-glucosaminyl)asparagine amidase F (PNG-
ase-F) from Flavobacterium nieningosepticumt was purchased from
Boehringer-Mannheim (Germany). Urokinase (54 kDa), isolated from
a human urine pool (Ukidan), was obiained from Laboratoires Serono
(Aubonne, Switzerland); each vial contained 500,000 1U urokinase,
1.9 mg NaCl, 20 mg mannitol, 2 mg EDTA and 1.5 mg Na.HPO,/
NaH,PQ,.

2.2, Liberation and isolation of the Nslinked carbohydrate chains

Three batches, each of 10 vials, were used for structural analysis.
After removal of additives, the N-linked caibohydrate chains were
released enzymically from the glycoprotein with PNGase-F, and sub-
sequently fractionated by gel-permeation chromatography, FPLC on
Mono Q and HPLC on 5 um LiChrospher 100-NH,, essentiaily as
described [7].

2.3. Analytical methads

1D 500 MHz 'H NMR specira were recorded as described (8], For
the recorded 600 MHz 2D HOHAHA spectrum at 300 K [9,10] a
MLEV-17 mixing sequence of 120 ms was applied, using a spin-lock
fleld-strength corresponding to 4 90° ' pulse-width of 25.0 u5. A data
matrix of 464 x 2,048 points, representing a spectral width of 4,800
Hz in each dimension, was recorded, The 500 MHz 2D NOESY
spectrum {11] was acquired at 280 K with a mixing time of 200 ms.
A data matrix of 324 x 2,048 points, representing a spectral widih of
4,800 Hz in each dimension, was recorded. In the case of the 2D NMR
experiments, the 'HO?H signal was presaturated for 1 s during the
relaxation delay, Phase-sensitive handling of the date in the @, dimen-
sion becume possible by the time-proportional phase increment
methed [12]. 2D NMR data were processed as reported in [13].

For linkage analysis, permethylation was carried out according to
[14]. An aliquot of the permethylated oligosaccharide sample was
hydrolysed, reduced, and acetylated as described [15]. GLC-MS was
catried out on a JEOL IMS-AX505W mass spectrometer with a Hewl-
eti Packard 5980 gas chromatograph, fitted with a CP 5il 5CB column
(0.32 mm x 25 m, Chrompack). The sample was injected on~column
atQC, atler 2 min the lemperature was increased io i40°C at 30°C/
min, and then to 230°C at 4°C/min, and electren impacl mass specira
were recorded (at 3 kV).
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Positive-ion fast alom bombardment mass spectrometry (FAB-MS)
of the permethylated oligosaccharide sample was performed using
MSI of a JEOL JMS-SX/SX102A tandem mass spectroimeter, using
8 kV accelerating voltage,

3. RESULTS

The pool of enzymically released N-linked carbohy-
drate chains of urokinase, obtain=d after separation
from the protein, was fractionated on Mono Q, yielding
8 carbohydrate-positive peaks. The neutral FPLC frac-
tion, N1, was subfractionated by HPLC on LiChro-
spher 100-NH,, yielding 7 carbohydrate-positive peaks.

N\
260 HexNAﬂ— HexNAi—j— vex? 2055
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In this paper, the analysis of HPLC subfraction, N1.4,
will be discussed in more detail.

An aliquot of fraction N1.4 was permethylated and
analyzed using positive-ion mode FAB-MS (Fig. 1).
The most intense pseudomolecular ion was observed at
miz 2,477 (corresponding to [M+H]* for fully methyl-
ated deoxyhex.Hex,HexNacg). A'-type sequence ions
[16] were observed at m/z 260 (HexNAc"), m/z 505
(HexNAc-HexNAc™), m/fz 679 (deoxyhex HexNAcy)
and mfz 2,026 (deoxyhex,Hex,HexNAc?). These ions,
together with the absence of any additional A*-type ions
in the spectrum, indicate that the major component in
fraction N1.4 is a diantennary structure with one

Deoxyhex

Hox =—tHaxNAC HexNAc M+H*=2477
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Fig. 1. Fast atom bombardment mass specirum of permethylated fraction N1.4. The matrix used was thioglycerol, and the bombarding gas was
Xe. miz values are quoted as nominal masses. The ion observed at m/z 473 arises by f-elimination from m/z 679 (see text).
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Fig. 2. Structural reporter group signal regions of the reselution-enhanced 500 MHz 'H NMR spectrum at 300 K of fraction N1.4.

branch terminating in a HexNAc-HexNAc-, and the
other terminating in a deoxyhex-containing HexNAc-
HexNAc- element [17]. The location of this deoxyhex-
osyl residue is demonstrated by the presence of the addi-
tional fragment ion at m/z 473 (which arises by f-elimi-
nation of deoxyhex from the ion at m/z 679) and the
absence of an ion at m/z 647 (for f-elimination of meth-
anol from m/z 679), which indicate that C-3 of the
charged hexosamine is substituted with a deoxyhexosyl
residue [17]. Moreover, GLC-MS analysis of partially
methylated alditol acetates derived from fraction N1.4
showed the presence of a 3,4-substituted HexNAc resi-
due, as well as the derivatives arising from terminal
deoxyhex, 2-substituted Hex, 3,6-substituted Hex, ter-
minal HexNAc, 4-substituted HexXNAc and 4,6-substi-
tuted HexNAc (data not shown). These data indicate
the presence of a diantennary oligosaccharide with a
conventional core structure, substituted with one an-
tenna which terminates in a HexNAc-4(deoxyhex-
3)HexNAc-sequence, and another terminating in
HexNAc-4HexNAc-, as follows:

HexNAc-4HexNAc-2Hex-3/6 Deoxyhex-6

Hex-4HexNAc-4HexNAc
HexNAc-dHexNAc¢-2Hex-3/6

Deoxyhex-3

It should be noted that the mass spectrometric data do
not allow the site of attachment to the core of the
deoxyhex-bearing antenna to be distinguished.

The 'H NMR spectrum of fraction N1.4 (Fig. 2)
shows the presence of a major (80%, N1.4A), and a
minor (20%, N1.4B) component. The spectral data of
N1.4A and N1.4B have similarities with dose of reter-
ence compound CalMNAc,CGleNAc,Man;GleNAc¢(Fuc)-
GicNAc (OA; for a detailed structure, see Table I),
pointing to the diantennary character of the oligosac-
charides, and to the presence of terminal f(1-4)-linked
GalNAc. Significant differences exist, which arise from
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Reporter  Residue Chemical shift (ppm}in
group
'R
1Y 41
OAd NlAA NL4B
M-l GleNAc-1a 5179 4,150 5.180
GleNAc- 1] 4.694 4.694 4.694
GICN!\C-zn 1.664 4.604 4.664
GleNAe-2y 4.608 4,668 4.668
Man-4 5,107 5.096 5.109
Man-4! 4912 agta 1,496
GleNAc-8 4.4530 4,816 4.553
GleNAc-5* 4.559 4.861 4.553
GalNAc-GN 4814 1.445 4514
CutNAc-GN! 4.520 4.521 4.452
Fue? 5.127 5127
Fueg® 4492 4.492 4,892
Fu;ﬂﬂ 4,595 4,900 4900
-2 Man-3 4.241 4,245 4245
Man-4 3474 1,164 4.175
Mai-4! 4.190 4.059 4078
H-5 Fue? 4.862 4862
Fac,® 47 4.099 4099
Fuep® 4.130 4133 4,133
NAe GleNAc:1 2039 2038 2,038
GlNAG-24 2.096 2097 2,097
GleNAc-2p 2,094 2.094 2094
GleNAc-5 2,044 2,038 24M5
GleNAc-8! 203 2038 2.038
CalNAC-GN 2066 2038 2,066
GalNAc-GN* 2073 2073 2,048
Clly Fuc? 1.260 1.262
Fueg® 1,208 1.209 1,200
Fugy? 1.220 1.221 1,22
% Unpublished dala from the aullors' laboruory :
GN* 8 3
GalNACPL-ACIcNACL-2Munal -6 Fucal-6

GalNAgP1-4QKNACB1-2Munux1 -3

GN

5 4

B GieNAe-S H- | shows an extra vinual coupling,

)

Manf1-4GleNAcB 1. 4G NAe
1

December 1992

Table I
'H chemical shifts of structural reporter group protons of the constit-
uent monosaccharides of the neutral N-linked oligosaccharides OA
(reference compound), and N1.4A and N1.4B (derived from human

urokinase)
(—

the presence of a Fuc residue located on one of the
branches, as concluded from the FAB-MS and linkage
analysis data.

Comparison of the 1D 'H NMR data of reference
compound, OA, and of component N1.4A demon-
strates that the parameters of the Mana(1-6) branch,
Man-4" H-1 and H-2, GleNAc-5’ H-1 and NAc, and
GalNAc-GN’ H-1 and NAec, are identical. The 2D
NOESY subspectrum of N1.4A confirms the presence
of the GalNAcA(1-4)GlcNAcS(1-2)Mana(1-6) branch
via inter-residual n.O.e. cross-peaks between GlcNac-5'
H-1 and Man-4" H-1, and between GlcNAc-5" H-1 and
Man-4’ 11-2, Therefore, a(1-3)-linked Fuc (H-1, & 5.127;
Ji2 4.0 Hz) must be present in the Mana(1-3) branch.
The structural reporter groups (Table I), characteristic
for the GalNAcA(1-9)[Fuca(l-3)]JGlcNAcH(1-2)-
Mana(1-3) branch, were deduced from the 2D NOESY
and HOHAHA spectra. The assignment of GlcNAc-58
FI-1 at & 4.546 is based on the observation of inter-
residual n.O.e. cross-peaks between this proton and
Man-4 H-1 and H-2. The H-1 signal at § 4.445 (J,, 84
Hz) belongs to GalNAc-GN, as proven by the typical
GalNAc subspectrum on the H-1 track in the 2D
HOHAHA spectrum (H-2 and H-3 overlapping at &
3.72, and H-4 at é 3.914). The 'H signals of the a(1-3)-
linked Fuc residue could be completely traced in the
HOHAHA spectrum via cross-peaks of H-4 observed
on both the Fuc H-1 and H-6 tracks (H-1 track: H-2,
J 3.669; H-3, § 3.951; H-4, é 3.840; H-6 track: H-4,
8 3.840; H-5, 6 4.862). The structural reporier group
signals of this residue are similar to those reported for
a GalNAcS(1-4)[Fuea(1-3))GleNAcA(1-3/6) element in
the O-linked oligosaccharide alditols, N7a and N7b,
isolated from sea squirt H-antigen [I8]. Finally, the
NAc methyl singlet at ¢ 2.038, having the intensity of
4 methyl! signals, comprises not only the NAc methyl
signals of GleNAc-1 and GleNAc-%’, but also the NAc
methyl signals of GleNAc-5 and GalNAc-GN. It is evi-
dent that, going from reference compound OA to
N1.4A, the occurrence of the a(1-3)-linked Fuc in the
Manax(1-3) branch has considerable upfield shift effects

(_
Chemical shifts are given in ppin relative te internal acelone (& 2.225)
in *H,O at 300 K and at p*H 7 (8]. Compounds are represenied by
short-hand symbolic notation: (), L-Fue; (@), p-GleNAc; (¢),
p=Mun; (0}, 2GaldMAc. For aumbering of the monosaccharide resi-
dues, see text. n.d., not determined. z and 8 stand for the anomerie
configuration of GleNAc-1. The superseripts 3 and 6 stand for the
linkuge type of Fuc.
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on Man-4 H-1 (46 —=0.011, Man-4 H-2 (46 —0.010),
GleNAc-8 H-1 (46 —0.007), GleNac-5 Nac(48 —0.006),
GalNAc-GN H-1 (46 —-0.069), and GalNac-GN NAc
(46 —0.028). In summary, N1.4A has the following
structure:

GN’ s 4

GalNAcgS1-4GleNAcS1-2Manal -6, Fuea1-6

Mang1-4GleNAGS1-4GleNAc

3 2 1
GalNAcS1-4GleNAcS1-2Manal -3
GN 5 4
Fueaxl-3 (N1.4A)

Comparison of the 1D '‘H NMR data of component
N1.4 B with those of OA and N1.4A shows the presence
of a GalNacf(1-4)GlcNAcS(1-2)Mana(1-3) branch in
N1.4B. Evidence for the location of a GalNAcg(l-
4)[Fuca(1-3)]GlcNAc ¢lement in the Mana(1-6) branch
is based on a similar series of upfield shift effects, as
observed for the a(l1-3) fucosylation of the Mana(1-3)
branch in N1.4A: Man-4’° H-1 at § 4.896 (46 —0.016),
Man-4’ H-2 at & 4.075 (46 —0.015), GlcNAc-5’ H-1 at
& 4.553 (46 —0.006), GleNAc-8" NAc at § 2.038 (46
—0.001). GalNAc-GN’ H-1 at § 4.452 (46 -0.068), and
GalNAc-GN’ NAc at § 2.845 (48 —0.028). The a(1-3)-
linked Fuc residue is reflected by Fue H-1 at § 5.127,
H-5 at § 4.862, and H-6 at 8 1.262. Therefore, N1.4B
has the following structure:

GV 5 4

GalNAcS1-4GleNAcgF1-2Manai-6 Fucal-6

Fucal-3 Munf1-4GlcNAcS1-4GIcNAe
3 2 1
GalNAcB1-4GIcNAS!-2Mana1-3
GN 5 4 (N1.4B)

4, DISCUSSION

The GalNAcfS(1-4)GIcNAcS sequence has gradually
been shown to be a rather common structural element
in N-linked carbohydrate chains. The presence of
Fuca(1-2)Galf(1-3)GalNAcH(1-4)GleNAcS(1-2) and
3MeGalf(1-3)GalNAcS(1-4)GlcNAcS(1-2)  elements
were established for N-linked carbohydrate chiains de-
rived from hemocyanin of the snail, Lymnaea stagnalis
[19]. The (S0;%-GalNacf(1-4)GlcNAcS element has
been demonstrated to occur in human [20], ovine [21]
and bovine [22] lutropins, immouse pro-opiomelanocortin
(the precursor of adrenocorticotropin) [23], and human
Tamm-Horsfall glycoprotein [13). The NeuSAca(2-
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6)GalNAcA(1-4GleNAcS(1-2) element is present in
the N-linked carbohydrate chains of human lutropin
[20) and Bowes melanoma t-PA [24], whereas
the NeuZfAca(2-3)GalNAcH(1-4)GlcNAcS(1-2) se-
quence has been found in a thrombin-like serine pro-
tease, ancrod, from the viper, Agkistrodon rhodostoma
[25] and in a thrombin-like enzyme, batroxobin, from
the snake, Bothrops atrox moaojeni [26).

In this paper on human urokinase, a novel extension
in N-linked oligosaccharides is presented, namely
GalNAcS(1-4[Fuca(1-3)]GlcNAcf(1-2). This element
is present in either the Mana(1-3) branch (80%) or the
Mana(l-6) branch (20%) of a diantennary oligosac-
charide. Depending on the branch location, the intro-
duction of an o(1-3)-linked Fuc residue gives rise to
upfield chemical shift effects for the H-1 and NAc sig-
nals of GalNAc-GN or GalNAc-GN’, which are larger
than those for the H-1 and NAc signals of GlcNAc-5
or GlcNAc-5". These effects may stem from the close-
ness in space of the Fuc and GalNAc residues, in an
analogous way to that reported for the Galf(1-
4){Fuca(1-3)]GlcNAc sequence [27], designated Lewis x
(Le*. However, for the terminal GalNAc-containing
element no inter-residual n.O.e. contacts could be
detected between the Fuc and GalNAc residue like for
Le™

The Le* sequence, and its a(2-3)-sialylated form (sia-
lyl-Le"), are of current interest, since they play a role in
cellular adhesion processes, and may be onco-develop-
mentally related compounds [28,29]. In this context, it
is noteworthy that u-PA is involved in tissue degrada-
tion (e.g. during tumor growth [1]), in which process
u-PA receptors are involved.

Since {GalNAcS(1-4)[Fuca(1-3)]GleNAcH(1-3/6)3 .-
GalNAc-ol and GalNAcS(1-4)[Fuca(1-3)] GleNAcS(1-
3)[GalNAcH(1-4)GleNAch(1-6)] GalNAc-ol from sea
squirt H-antigen [18] are allergenic compounds [30], it
is interesting to establish whether the GalNAcf(1-4)-
[Fuca(1-3)]GlcNAcS(1-2)Mana(1-3/6) sequence in
urokinase can exhibit a similar feature. In this context
it is important to investigate how widely this element
found in urokinase is distributed in humans.
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