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Abstract

A 21-amino acid glycopeptide (Gp21) was isolated and purified in multi-milligram yields from
commercially available human serum transferrin (HSTF) by a combination of tryptic digestion,
Con A affinity chromatography, and reverse phase HPLC. The peptide chain of Gp21 contains a
single N-glycosylation site to which a diantennary oligosaccharide is attached. The amino acid
sequence and the glycan primary structure of Gp21 have been verified by peptide sequencing,
electrospray mass spectrometry, and one-dimensional '"H NMR spectroscopy. Different glyco-
forms were found for the glycan of Gp21 derived from two different batches of commercial
HSTF. These glycoforms differ from one another in the number of NeuAc residues (ranging from
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0 to 2) and /or the number of Gal residues (ranging from 1 to 2). As for the monogalacto species,
in the two-dimensional nuclear Overhauser effect (NOE) spectrum of Gp21, interglycosidic NOEs
were observed between Man4 in the a(1 — 3) branch and the terminal GlcNAc 8(1 — 2) residue.
No interglycosidic NOE was observed between Mand’ in the a(l — 6) branch and the terminal
GIcNAc residue. These observations indicate that the terminal GlcNAc residue in the minor
glycoforms of Gp2l is exclusively located in the a(l — 3) branch of the Gp21 glycan. The
occurrence of such a carbohydrate structure in HSTF has not been reported before. The 'H and
"*C NMR spectra of Gp21 have been completely assigned by two-dimensional homonuclear and
heteronuclear spectroscopy. The close similarity of the "H and "C chemical shift values for the
Gp21 glycan with the respective values for the peptide-free diantennary oligosaccharide (Wierus-
zeski et al., Glycoconjugate J., 6 (1989) 183-194) indicates that the "H and "*C chemical shifts of
the diantennary oligosaccharide are not perturbed by the presence of the Gp21 peptide fragment.
The complete 'H and "C resonance assignments and the full characterization of the primary
structure of Gp21 will permit us to study the conformation and dynamics of the N-linked
diantennary oligosaccharides while covalently attached to a polypeptide fragment. © 1996
Elsevier Science Ltd.

Keywords: Human serum transferrin; N-linked diantennary oligosaccharide; Microheterogeneity; Nuclear
magnetic resonance; Resonance assignment; Nuclear Overhauser effect

1. Introduction

The N-linked oligosaccharides of glycoproteins have been found to be involved in a
variety of biological processes [1,2]. The study of the conformational and dynamic
properties of these glycans may aid the understanding of their biological functions.
Previous NMR studies have focused on the conformational analysis of peptide-free
oligosaccharides [3,4]. However, there is an increasing interest in the conformations of
N-linked oligosaccharides covalently attached to polypeptides and proteins [5-9], since
there is a distinct possibility that the oligosaccharide conformation may change due to
protein—carbohydrate interactions. One interesting example of such a conformational
change was discovered in the X-ray crystal structure of the dimeric IgG, molecule’s
E.-fragment with a fucosylated N-linked diantennary oligosaccharide attached to each of
the monomers [10]. The a(1 — 6) branch of the glycan rested on a hydrophobic section
of the protein chain and adopted an orientation that was significantly different from that
in the solution conformation of the corresponding free oligosaccharide. Another interest-
ing example was recently presented by Wyss et al. [11,12] for the high-mannose glycan
in CD2; the protein—carbohydrate interactions in this intact glycoprotein were character-
ized by NOE contacts between the two moicties and the glycan conformation was
featured with the ManA «a(1 — 3) branch folding backwards toward the first three
residues of the pentasaccharide core. However, the results from NMR studies on other
glycoproteins [6,8] suggest that the presence of the peptide may not have any measurable
effect on the solution conformation of the N-linked oligosaccharides. Therefore, more
studies are necessary in order to gain further insight into the solution conformation of
N-type oligosaccharides covalently attached to polypeptides and proteins.

We are specifically interested in the conformation of the N-linked diantennary
oligosaccharides of human serum transferrin (HSTF), an iron-binding glycoprotein
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found in human serum. HSTF consists of a single polypeptide chain containing 679
amino acid residues [13,14] and two N-glycosylation sites at Asn413 and Asn611. The
glycan chains at both glycosylation sites have been identified as either diantennary or
triantennary oligosaccharides [15-17], with the former accounting for about 85-90% of
the total carbohydrate content [18—20]. The conformations of the peptide-free dianten-
nary oligosaccharides released from HSTF and human lactotransferrin have been studied
by both NMR [21] and molecular modeling [22] methods. However, the effect of the
polypeptide on the oligosaccharide conformation has not been studied so far.

It is difficult to study the conformation of the N-linked diantennary oligosaccharide
covalently attached to the intact HSTF protein due to the large size of the molecule
(about 80 kDa), which exceeds the current MW limit of a protein that can be studied by
NMR [23]. Therefore, we sought to obtain suitable glycopeptides derived from HSTF by
enzymatic digestion. Based on the HSTF amino acid sequence, we predicted that a
complete tryptic digestion could generate two glycopeptides, each of which contains a
single glycosylation site. One glycopeptide contains peptide fragment Phe402 to Arg414
(13 amino acid residues), the other contains peptide fragment Gln603 to Arg623 (21
amino acid residues). With Con A affinity chromatography followed by reverse phase
HPLC [20], the glycopeptides containing N-linked diantennary oligosaccharides are
readily separable from their triantennary counterparts. The glycopeptide family contain-
ing 21 amino acid residues and a diantennary oligosaccharide (see Fig. 1) is called Gp21
in this report. Gp21 will serve as a model compound for our future conformational and
dynamics studies. Gp21 may be expected to show microheterogeneity in the terminal
portions of the two glycan branches [19]. We report here the preparation and complete
'"H and "C resonance assignments of Gp21, and the full characterization of this
microheterogeneity.

2. Experimental

Materials.—HSTF (lot numbers 67F-9454, 50H93161 and 72H9303), TPCK-treated
trypsin, and Con A-agarose were purchased from Sigma (St. Louis, MO). Recombinant
N-glycanase was purchased from Genzyme (Boston, MA). All other reagents were of
analytical grade and were commercially available.

Reduction and carboxymethylation.—Reactions were carried out according to the
procedure described by Fu and van Halbeek [20].

Tryptic digestion.—RCM-HSTF (100 mg, 1.22 wmol) was dissolved in 6 mL of 0.1
M NH,HCO, (pH 8.0), and TPCK-treated trypsin (1.0 mg) was added. The mixture was
incubated at room temperature for 6 h. Another 1.0 mg of TPCK-treated trypsin was
subsequently added, resulting in a total enzyme-substrate ratio of 1:50 (w/w). The
digestion was allowed to proceed for another 6 h at room temperature and then
quenched by placing the vial in boiling water for 3 min.

Con A gffinity chromatography.—Con A affinity chromatography was performed at
room temperature on a 20 mL Con A-agarose column (26.0 X 1.0 cm?). A solution of
the tryptic digest of RCM-HSTF (100 mg) in 1 mL of 0.1 M NH,HCO, was loaded
onto the column. Tris-buffered saline (TBS; 0.15 M NaCl, 0.01 M Tris, 1 mM CaCl,,
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and 1 mM MgCl,, pH 8.0) was applied to the column and 50 mL of eluant was
collected and labeled as Con A-I. Then, TBS containing 10 mM methyl a-D-gluco-
pyranoside was applied and another 50 mL of eluant was collected and labeled as Con
A-II. The Con A-I and II fractions were lyophilized, then desalted on a precalibrated
Sephadex G-15 (12 g) column (43.0 X 1.0 cm?) by elution with 7% aqueous 1-propanol.
The void volumes (19 mL) were collected and lyophilized.

Reverse phase HPLC.—The glycopeptides were purified on a Bio-Rad model 2800
gradient HPLC system. Either an Aquapore RP-300 analytical column (2.1 X 220 mm?)
or an Aquapore Octyl (RP-300) semi-preparative column (10 X 100 mm?) from Applied
Biosystems (Foster City, CA) was used depending on the amount of sample. Mobile
phases A and B were 0.075% TFA in water and 0.060% TFA in 80% aqueous
acetonitrile, respectively. The flow rate was 0.2 mL /min for the analytical column and
2.0 mL /min for the semi-preparative column. The desalted Con A-II fraction (10 mg)
was dissolved in 1 mL of 0.1 M NH,HCO, and the sample was filtered through a
microfilter fuge tube (0.45 m pore size) from Rainin (Woburn, MA) prior to injection.
The glycopeptides detected by UV absorbance at 214 nm were collected and immedi-
ately dried or neutralized with M NH ,HCO, to avoid hydrolysis of sialic acid.

Release of N-linked diantennary oligosaccharides from the glycopeptide by N-
glycanase digestion.—The HPLC purified glycopeptide (10 nmol) was dissolved in 100
uL of 0.1 M NH,HCO, (pH 8.0), and incubated at 37 °C for 15 h with recombinant
N-glycanase (0.5 units). The digestion was then stopped by placing the sample vial in
boiling water for 3 min. Free diantennary oligosaccharides were separated from peptides
by reverse phase HPLC as described above. Oligosaccharides did not bind to the column
and thus eluted at the void volume. Peptides eluted later in the run.

Dionex high performance anion exchange chromatography.—The released N-linked
diantennary oligosaccharides were purified using a Dionex Bio-LC system (Sunnyvale,
CA) equipped with a Dionex CarboPac PA-1 column (4 X 250 mm?) and a pulsed
amperometric detector (Dionex PAD). Eluants A and B were 100 mM NaOH and M
NaOAc with 100 mM NaOH, respectively. The mobile phase gradient was 0% B to 25%
B over 60 min at a flow rate of 1.0 mL/min. Fractions containing diantennary
oligosaccharides were collected, immediately neutralized with 2 M aqueous acetic acid,
and then desalted by passing them through a Dowex 50 column (H* form, 10.0 X 1.0
cm?).

Amino acid composition analysis and peptide sequencing.— Amino acid composition
analyses were carried out on an ABI Model 420 Derivatizer equipped with an ABI
Model 172 HPLC System. Peptide sequences were determined with an ABI Model 476
Protein Sequencer using the Edman degradation procedure.

Electrospray mass spectrometry.—Positive-ion electrospray mass spectra were ob-
tained on an API III System (PE SCIEX, Toronto, Canada). The samples (10-50
pmol /1) collected after reverse phase HPLC were introduced directly into the atmo-
spheric pressure ionization (API) module by injection with a syringe driver, at a flow
rate of 5 nl/min.

Sample preparation for NMR studies.—Gp21 derived from HSTF lot number
50H93161 (7.6 mg, sample 1) and derived from HSTF lot number 72H9303 (15.0 mg,
sample 2) were used for NMR studies. The Gp21 samples were each subjected twice to
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deuterium exchange in D,0 (99.9%) with 100 mM NH,HCO, (pD 8.0) and then
dissolved in 550 ul D,0 (99.96%). The solutions were titrated with first 2 M DCI (~ 6
wl) and then 0.1 M DCI (~ 6 ul) to reach pD 4.6. Solutions of Gp21 in 90% H,0-10%
D,O (v/v) with pH 4.6 were prepared in a similar fashion.

NMR spectroscopy.—All experiments were carried out on a Bruker AMX-600
spectrometer with 'H and BC resonance frequencies of 600.14 and 150.91 MHz,
respectively. Various homonuclear 2D '"H-'H NMR experiments were performed to
obtain 'H resonance assignments of the peptide moiety of Gp21 (sample 1). These
included DQ spectroscopy [24], DQF-COSY [25], TOCSY [26,27], and NOESY [28-30]
in both 9:1 (v/v) H,0/D,0 solution and D,O solution. In these experiments the 'H
carrier frequency was set at either the H,O or the residual HDO resonance and the
spectral width was 6024.10 Hz. In DQ spectroscopy, 512 FIDs with 2048 complex data
points and 32 scans each were acquired. The preparation period of the DQ coherences
was either 25 or 50 ms and a 90° mixing pulse was used. For the DQF-COSY and
TOCSY spectra, 1024 and 800 FIDs, respectively, with 1024 complex data points and 8
scans each were acquired. The MLEV17 sequence [27] flanked by 2.5 ms trim pulses
was used for isotropic mixing. For the NOESY spectra, 512 FIDs with 2048 complex
data points and 80 scans each were acquired with a 200 ms mixing time.

The HSQC [31] and HSQC-TOCSY [32,33] experiments were carried out on Gp21
(sample 2) in D,O. The "H and "’C carrier frequencies were set at 2.75 and 79.07 ppm,
respectively, with 'H and “C spectral widths set to 3012.05 and 10500.00 Hz. The
refocusing delay 1/ (ZIJCH) was set at 3.0 ms. The PC decoupling during acquisition
was achieved using the GARP-1 sequence [34]. For the HSQC spectrum, 340 FIDs with
2048 complex data points and 128 scans each were acquired. For the HSQC-TOCSY
spectra, 256 FIDs with 2048 complex data points and 160 or 240 scans each were
acquired. The MLEV17 sequence flanked by 1.5 ms trim pulses was used for isotropic
mixing with a duration of 20, 30, or 55 ms.

Most of the homonuclear and heteronuclear NMR experiments were carried out at 25
°C. Additional homonuclear experiments were conducted at 15 °C and 5 °C in order to
resolve overlapping "H resonances. All spectra, except the DQ data, were recorded in a
pure phase manner using the time-proportional phase incrementation (TPPI) method [35]
in ¢, and quadrature detection in ¢,. The water resonance was suppressed by low-power
presaturation during the relaxation delay (1.3~1.7 s) in most experiments.

Data were processed on an IRIS 4D /220GTX workstation (Silicon Graphics) using
Felix 2.30 software (Biosym Technologies, San Diego, CA). Typically, the data were
zero-filled once in the ¢, dimension, and multiplied with a 60, 80, or 90° shifted squared
sinebell function in the ¢, dimension and a Gaussian line-broadening function (Ib = —1.5
Hz, gb = 0.015 or 0.05) in the 7, dimension prior to Fourier transformation. For the
DQF-COSY data, a shifted squared sinebell function was applied in both dimensions.
For the heteronuclear 2D NMR data, an exponential line-broadening function (Ib = 1.0
Hz) was applied in the ¢, dimension. The baseline correction technique FLATT [36] was
applied to the NOESY and TOCSY spectra. The '"H chemical shifts were referenced to
internal acetone (2.225 ppm) and the C chemical shifts were referenced indirectly to
DSS with the use of the 'H frequency of internal acetone [37,38]. As a result, the Bc
chemical shift of internal acetone is 32.85 ppm.
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Fig. 2. The procedure used for the isolation and purification of Gp21 from HSTF.

3. Results

Preparation of Gp21.—The procedure for the isolation and purification of Gp21 is
presented schematically in Fig. 2. A typical HPLC chromatogram of a Con-A II fraction
containing the diantennary tryptic glycopeptides derived from HSTF is shown in Fig. 3.
Each of the five major peaks labeled in Fig. 3 was collected and analyzed by
electrospray mass spectrometry. In addition, the sugar-free peptides were obtained from
these peaks by N-glycanase digestion, and analyzed by ES-MS. The five peptide
sequences identified by ES-MS are summarized in Table 1. Gp21 was found in peak 3.
A glycopeptide smaller than Gp21 by a mass of 16.2 + 1.0 was found in peak 4.
Apparently, this was a Gp21 derivative in which the N-terminal Gln was converted to
pyro-glutamate (pGlu) after release of ammonia (MW = 17.0). The glycopeptide found
in peak 2 was the predicted product of a complete tryptic digestion corresponding to
glycosylation site Asn413. The glycopeptide found in peak 5 was an elongated analog of
peak 2 and is considered the result of incomplete tryptic digestion. The glycopeptide
found in peak 1 must be the result of contaminating chymotrypsin activity because its
C-terminus is Phe rather than Arg or Lys. The peptide sequencing results of Gp21 were
in complete agreement with the reported sequence for residues 603-623 [13,14].
However, the sequencing of peak 4 was blocked in the first round, confirming that it had
an unusual N-terminal amino acid residue such as pGlu that lacked a primary amine
group.

Three different batches of commercial HSTF have been used to prepare Gp21. One
glycoform was obtained for the glycan of Gp21 derived form batch I (HSTF lot number
67F-9454), whereas different glycoforms were obtained for the glycan of Gp21 derived
from batches II and III (lot numbers 50H93161 and 72H9303, respectively). The
presence of multiple glycoforms is evident in the electrospray mass spectra of Gp21



8 J. Lu, H. van Halbeek / Carbohydrate Research 296 (1996) 1-21

70
3
60 1
50 4
@
g2
5] J
£ 2 |l8
2= l
L =
< = 30 4 5
> &
5=
20 4 1
10 4
0 T T T v T T T
0 10 20 30 40 50 60
Time (min)

Fig. 3. RP-HPLC chromatogram of the Con A II fraction obtained from the tryptic digest of RCM-HSTF by
Con A affinity chromatography.

shown in Fig. 4. The results of the ES-MS analyses of Gp21 are summarized in Table 2,
in which the mass of the peptide fragment has been subtracted from the total molecular
mass of Gp21 in order to more clearly reveal the presence of different glycoforms. Gp21
from batch I contains only one glycoform, namely the disialylated diantennary oligo-
saccharide (Glycoform A, see Table 2). However, Gp21 from batch II contains three
glycoforms, namely the disialylated (Glycoform A), monosialylated (Glycoform B) and
asialylated (Glycoform C) diantennary oligosaccharides. The relative amounts of Glyco-
forms A, B, and C in this preparation of Gp21 were determined by HPAEC to be 12%,
54% and, 34%, respectively. Gp21 from batch III contained five glycoforms. Besides
Glycoforms A, B, and C, Glycoforms D (monosialylated) and E (asialylated) were
found, both of which lacked one galactosyl residue.

Since the Gln and pGlu residue at the N-terminus can undergo chemical exchange
and reach an equilibrium ratio of 1:1 under the chosen experimental conditions for NMR

Table 1
ES-MS analyses of the sugar-free peptides, released from the glycopeptides collected by RP-HPLC of the Con

A-II fraction obtained from the tryptic digest of HSTF (lot number 50H93161)

Peak Sequence fragment ? ES-MS
expected mass measured mass °
1 GIn603-Phe619 © 1940.0 1939.4+0.8
2 Phe402-Arg414 1477.7 1477.7+0.4
3 GIn603—Arg623 2517.8 2517.41£0.6
4 pGlu603-Arg623 2500.8 2501.2+0.8
5 Phe402-Arg433 3533.9 35333106

? The sequence number convention is the same as that used by MacGillivray et al. [13].
® The measured mass and its standard deviation were calculated from two ions.
¢ This is not a tryptic fragment. See the text for the explanation.
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Fig. 4. The ES-MS spectra of Gp21 derived from three batches of commercial HSTF. Panels 1, 2 and 3 show
the spectra of Gp21 derived from batches I, II and IIl, respectively. The m/z units are indicated for
[M+4H]** ions (ranging from m/z 1036.0 to 1182.0) and [M+3HP’* ions (ranging from m/z 1326.0 to
1575.0). The presence of one glycopeptide (MW 4723.0+1.4), three glycopeptides (MWs 4723.7+0.4,
4431.5+0.7, and 4140.0+1.5), and five glycopeptides (MWs 4722.4+ 1.0, 4429.6+1.0, 4140.1+1.0,
4269.4 £ 1.0, and 3977.8 + 1.0), was inferred from the ions in panels 1, 2 and 3, respectively.

studies, peaks 3 and 4 were coliected together and labeled as Gp2l in the HPLC
preparation. For NMR studies, 7.6 mg (sample 1) and 15.0 mg (sample 2) of Gp21 were
obtained from batches II and III, respectively.

'H and "C resonance assignments of Gp21.—The 1D 'H NMR spectra of Gp21
recorded in H,O and D,0, at 25 °C, pH/pD 4.6, are shown in Fig. 5. In the spectrum
recorded in D,O (Fig. 5a), the anomeric protons of GlcNAcl, Man4 and Man4' and the
two imidazole ring protons of His606 were resolved and could be readily recognized
using the chemical shift values reported for corresponding glyco-asparagines [39] and a
random coil tetrapeptide [40], respectively. Other protons that could be recognized were
the sugar N-acetyl methyl protons and the NeuAc H3*. It should be noted that there are
two resonances for each anomeric proton of both Man4 and Man4', as is shown in Fig.
Sc and d, due to the variability in the presence of the sialic acid at the end of the branch
(cf. [39]). The assignment of the two signals for each anomeric proton was aided by the
observation that there is a change in the intensity ratios from batch II to batch III. As is
shown in Fig. 4, the sialic acid content in Gp21 derived from batch II was higher than in
Gp21 from batch III. This difference is reflected by the change in the intensity ratios of
the signals from Fig. 5¢ (sample 1, from batch II) to Fig. 5d (sample 2, from batch III).
The intensity of the signal at lower field of each anomeric proton is smaller in batch III
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Table 2
ES-MS results of different glycoforms pertaining to the N-linked diantennary oligosaccharide of Gp21 derived
from three batches of commercial HSTF

Glycoform ? MassP™*  Mass ®

batch I, batch II, batch III,
lot No. 67F-9454 lot No. 50H93161  lot No. 72H9303

A mﬂ 2224.0 22233414 2224.0+04 222277+1.0
B O_gig\()—l-l 1932.7 ND.* 1931.8+£0.7 19299+1.0
C ::?)_._. 1641.4 N.D. 16403+ 1.5 16404£1.0
D O_._:zb—l—l 1770.5 N.D. N.D. 1769.7+1.0
R

1479.2 N.D. N.D. 1478.1+ 1.0

* The glycoforms have been drawn schematically, consisting of GlcNAc (M), Man (0O0), Gal (@) and NeuAc
(O) residues.
® The mass was calculated by subtracting the peptide FW from the measured MW of Gp21.

¢ N.D. stands for not detected.
J. Lu, H. van Halbeek / Carbohydrate Research 296 (1996) 1-21

than in batch II. Therefore, it is concluded that both anomeric protons show a small
downfield shift in the presence of a NeuAc residue at the end of the branch. These
results are consistent with the data reported [39] for glycopeptides with the same
glycoforms as those in sample 1.

The 'H resonance assignments for the peptide chain were made following the
standard homonuclear 2D NMR procedure as outlined by Wiithrich [40] (see Fig. 6).
First, amino acid 'H spin systems were identified in DQF-COSY and TOCSY spectra.
For example, the schematic diagrams of a DQF-COSY (Fig. 6b) and a TOCSY (Fig. 6c)
spectrum recorded in H,O show that the 'H spin systems for two adjacent residues
Val(i) and Thr(i + 1) are manifested by the cross peaks that correlate the NH with the
C*H and all the side chain protons. Secondly, sequential connectivities between the
identified 'H spin systems were established based on the observation of sequential NOE
cross peaks in a NOESY spectrum. The distances between some of the protons in two
adjacent amino acid residues, such as the C*H of one residue and the NH of the next
residue (denoted as d(i,i + 1) by Wiithrich [40]), are shorter than 5 A, and thus give
rise to NOEs. A schematic diagram of a NOESY spectrum recorded in H,O is shown in
Fig. 6d, illustrating the sequential and intraresidue NOE cross peaks that correlate C*H
of Val(i) with NH of Thr(i + 1).

The fingerprint region (that is, the backbone NH-C “H region) of a DQF-COSY
spectrum of Gp21 recorded in H,O is shown in Fig. 7a. A total of 33 cross peaks were



J. Lu, H. van Halbeek / Carbohydrate Research 296 (1996) 1-21 11

a. Sugar N-acsty!
Sugar anomeric T methyi protons
protons
Other sugar
Phe aromatic nng protons
protons
_L Man
His C2H .
X] His C4H
l 4
b.
Amino acid Amdlno hac1d aliphatic
Amino acid atpha protons side-chain protons
labile amlde protons MWM
8. 0 6. 0 4. 0 2. 0
ppm
c. 4'H1 d. "4H1 9
“g'H1
4HT 4141 o
Nwr . | 1/\»
I i 1 i ) | 1
5.15 5.00 5. 1 5
ppm ppm

Fig. 5. The 1D "H NMR spectra of Gp21. Panels a and b show the full spectra of Gp21 derived from batch II,
recorded in D,0 and H,0, respectively. Panels ¢ and d show the sugar anomeric regions of Gp21 derived
from batches II and III, respectively, recorded in D,0. The numbers before and after H represent the sugar
residue and the proton position in the ring, respectively. An asterisk (*) indicates that a sugar residue is
located in a branch without a terminal sialic acid residue. This convention is used in all figures in this paper.

observed, including 26 backbone NH-C“H cross peaks and 7 sugar amide proton to
sugar ring proton cross peaks. There are two cross peaks for each of the five consecutive
amino acid residues at the N-terminal region, GIn604 to Phe608. This doubling is due to
the presence of pGlu, in addition to Gln, at the N-terminus in a portion of the sample.
The extended fingerprint region of a TOCSY spectrum of Gp21 recorded in H,O is
shown in Fig. 7b, where the range in the F, domain covers the amino acid alpha and
aliphatic side chain proton chemical shifts and the sugar proton chemical shifts. In
favorable cases, all the proton signals of an amino acid residue could be identified in this
region. Furthermore, the 'H spin systems for unique amino acid residues, such as
Val612, Thr613 and Arg623 were identified.
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Fig. 6. (a) A dipeptide segment of a polypeptide chain consisting of Val(i) and Thr(i +1). The sequential
NOE, dy(i,i + 1), between Val(i) C*H and Thr(i + 1) NH, is indicated with a dashed line. (b—d) Schematic
diagrams of a DQF-COSY, TOCSY and NOESY spectrum recorded in H,O showing through-(J coupling)
and through-space correlations between the protons in Val(i) and Thr(i + 1), respectively. The cross peaks in
the DQF-COSY spectrum have antiphase characteristics, and those in the TOCSY and NOESY spectrum have
in-phase characteristics. Here, the filled and open circles represent positive and negative cross peaks,
respectively.

Sequential NOE connectivities, namely d,(i,i + 1), dyn(i,i + 1), and dgn(isi + 1)
[in case of Ile, Thr, and Val also d N(i,i + 1], were utilized to establish the sequential
connectivities of the amino acid H spin systems. The fingerprint region of a NOESY
spectrum of Gp21 recorded in H,O is shown in Fig. 7c. To illustrate the sequential
assignment procedure, the connectivity pathway of the peptide fragment from Ser610 to
Asn618 is indicated with solid lines. The d_,(i,i + 1) connectivity pathway ran across
the entire peptide sequence, whereas the dyy(i,i + 1) connectivity was found in five
peptide fragments, Gly609 to Thr613, Asp614 to Cys615, Ser616 to Asn618, Phe619 to
Cys620, and Leu621 to Arg623. The complete sequential assignment, especially for
GIn603 to His606, was aided by data collected at lower temperatures, i.e., at 15 °C and
5°C. A complete list of the amino acid 'H chemical shifts of Gp21 measured at 25 °C
has been compiled in Table 3. The subsequent assignment of the 'H-attached e
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Fig. 7. (a) The fingerprint region (i.e. the backbone NH-C *H region) of a DQF-COSY spectrum of Gp21
recorded in H,O with water presaturation. Two cross peaks for each of the residues Q604, Q605, H606, L607,
and F608 are highlighted with boxes. (b) The extended fingerprint region of a TOCSY spectrum recorded in
H,0. The NH-C *H cross peaks which also occur in panel a are highlighted with footprint boxes. The amino
acid and the monosaccharide 'H spin systems are indicated with dashed and solid lines, respectively. (c)
Region of the NOESY spectrum corresponding to panel a, recorded in H,O with water presaturation. The
sequential d 5 (i,i + 1) connectivities for the fragment from Ser(S)610 to Asn(N)618 are indicated with solid
lines.

resonances of the peptide chain. by the HSQC and HSQC-TOCSY spectra was straight-
forward because all pertinent proton resonances had been assigned. A complete list of
the amino acid C chemical shifts of Gp21 measured at 25 °C has been compiled in
Table 4.

The complete ' H resonance assignment of the carbohydrate moiety has been achieved
in a procedure similar to that used for the peptide chain. The anomeric protons (H-1),
the H-2 proton of a Man residue, and the two H-3 protons (H-3** and H-3°?) of a NeuAc
residue as well as the N-acetyl methyl protons of the GlcNAc and NeuAc residues are
the so called structural reporter groups [39], and most of their chemical shifts were
assigned from 1D spectra. Due to overlap with peptide signals, however, complete
analysis required 2D methods.

An expanded region of the carbohydrate portion of a TOCSY spectrum of Gp2l
recorded in D, O is shown in Fig. 8a. Many of the resonances were assigned from traces
at the chemical shifts of the structural reporter signals, as shown in Fig. 8a. However,
signal overlap in these subspectra led to some ambiguities in the resonance assignments.
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Table 3
The peptide "H chemical shifts of Gp21 at 25 °C, pH 4.6 *
Residue NH C°H CPH Others
Gln 603 411 2.16,2.16 C7H,, 2.44,2.44
pGlu 603 438 2.54,2.05 C"H,, 2.42,2.42
Gln 604 8.89 437 2.04,197 C"H,, 2.35,2.35
N"H,, 7.57, 691
604 ° 8.51 4.31 2.03,1.96 nc.
Gln 605 8.62 428 1.98,1.92 C"H,, 2.32,2.28
N"H,, 7.51, 6.88
605 ® 8.56 427 1.99, 1.92 C"H,, 2.32,2.29
N"H,, n.c.
His 606 8.66 4.66 3.15, 3.09 C?H, 8.56; C*H, 7.15
606 ° 8.63 466 nc. nc.
Leu 607 8.33 431 1.50, 1.42 C”H, 1.45, C®H,, 0.87, 0.80
607 ® 8.31 n.c. n.c. n.c.
Phe 608 8.38 4.60 3.15, 3.03 C%®H, 7.24; C*H, 7.33; C*H, 7.28
608 ® 8.37 n.c. n.c. nc.
Gly 609 8.37 3.98, 3.86
Ser 610 8.18 4.44 3.89,3.82
Asn 611 8.57 4.75 2.86, 2.80 N®H, 8.62
Val 612 7.98 4.18 2.09 CH,, 0.90, 0.90
Thr 613 8.20 439 4.18 CH,, 1.15
Asp 614 8.33 4.68 2.75,2.75
Cys 615 8.59 4.57 3.05,2.97 CM-CH,, 3.26
Ser 616 8.55 4.38 3.93, 3.89
Gly 617 8.32 3.90, 3.90
Asn 618 8.13 4.67 2.74,2.66 N°%H,, 7.58, 6.90
Phe 619 8.21 4.60 3.15,3.02 C%%H, 7.23; C>’H, 7.33; C*H, 7.28
Cys 620 8.33 442 2.86,2.82 CM-CH,, 3.25°¢
Leu 621 8.29 422 145, 1.37 CH, 1.51; CH,, 0.88, 0.81
Phe 622 8.05 4.65 3.20,2.98 C2%H, 7.24; C**H, 7.33; C*H, 7.28
Arg 623 7.70 4.16 1.82, 1.68 C?H,, 1.54, 1.54; CH,, 3.16
N®H, 7.19

n.c.: The shorthand notation of no change due to the presence of pGlu instead of Gln.

* Chemical shifts are in parts per million {(ppm) referenced to internal acetone (2.225 ppm) and were measured
with 0.005 ppm /pt digital resolution.

® Amino acid residue whose ' H chemical shifts may be affected by the presence of pGlu instead of Gln at the
N-terminus.

¢ The carboxymethyl proton chemical shift of the carboxymethylated Cys.

In addition, some signals are missing in these subspectra, such as the H-5, H-6 and H-6'
of Gal6 and Gal6', due to a small coupling constant (< 1.5 Hz) between Gal H-4 and
H-5. These problems were solved by performing 2D 'H-detected heteronuclear experi-
ments. Fig. 9a shows an expanded region of an HSQC '"H-"C one-bond correlation
spectrum of Gp21 recorded in D,0. Fig. 9b shows the corresponding expanded region
of an HSQC-TOCSY spectrum. Because the HSQC-TOCSY experiment employs the
same isotropic mixing technique as the homonuclear TOCSY experiment, the interpreta-
tion of the spectrum is very similar. However, sugar 'H signals in the HSQC-TOCSY
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Table 4
The peptide *C chemical shifts of Gp21 at 25 °C, pH 4.6 *
Residue c“ Cc# (o4 Others
Gln 603 55.34 29.57 33.11
pGlu 603 59.82 2821 32.29
Gln 604 56.22 29.99 33.93
604 ® 56.29 29.78 34.07
Gin 605 56.15 29.99 34.07
His 606 55.20 29.24 C?, 136.58; C*, 120.33
Leu 607 55.27 4277 27.20 C%,23.87,C%,25.16
Phe 608 58.12 40.05 C?%,132.30; C*5, 131.82; C*, 130.19
Gly 609 45.40
Ser 610 58.53 64.24
Asn 611 53.10 39.24
Val 612 62.61 33.12 20.61, 21.56
Thr 613 61.93 70.18 2177
Asp 614 54.11 40.99
Cys 615 56.42 36.04 CM-C, 39.77 ¢
Ser 616 59.48 64.04
Gly 617 4561
Asn 618 53.29 39.10
Phe 619 58.19 39.85 €26 132.30; C*°, 131.82; C*, 130.19
Cys 620 55.95 36.24 CM-C,39.77°
Leu 621 55.67 42.77 27.20 C?% 2366, C%, 25.16
Phe 622 5771 39.51 C2%,132.30; C*5, 131.82; C*, 130.19
Arg 623 57.51 31.96 27.34 C% 4372

* Chemical shifts are in ppm referenced to internal acetone (32.85 ppm) and were measured with 0.07 ppm /pt
digital resolution.

® Amino acid residue whose "*C chemical shifts may be affected by the presence of pGlu instead of Gln at the
N-terminus.
© The carboxymethyl carbon chemical shift of the carboxymethylated Cys.

spectrum are projected onto the *C chemical shift axis (the F, domain in Fig. 9b) rather
than the 'H chemical shift axis. Because the "C chemical shifts of the carbohydrates
have a much larger dispersion than the 'H chemical shifts, more subspectra are resolved
in the HSQC-TOCSY spectrum than in the TOCSY spectrum. A few subspectra are
indicated in Fig. 9b with either solid or dashed lines and labels, including those at C-5
and C-6 of Gal6 and 6, and those at C-3, C-4, C-5, and C-6 of Man4. Because of the
rather low sensitivity of the HSQC-TOCSY technique, the subspectra are usually
incomplete. Nonetheless, the enhanced resolution in the F, domain of the HSQC and
HSQC-TOCSY spectra enabled us to overcome the obstacle of the '"H resonance
overlaps of the Gp21 carbohydrate.

Analysis of interresidue NOE cross peaks allowed us to identify doubling of the
resonances of the GlcNAcB(1 — 2) and Gal anomeric protons. These resonances, like
those of Man4 and Man4' anomeric protons mentioned previously, are affected by the
presence of sialic acid in the branches. In addition, we have been able to determine
which branch of Glycoforms D and E (see Table 2) lacked a Gal residue by using the
sequential NOE cross peaks. Fig. 8b shows an expanded region of a NOESY spectrum
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Fig. 8. (a) Part of a TOCSY spectrum of Gp21 showing the sugar residue subspectra (indicated by dashed
lines) at their anomeric proton chemical shifts. (b) The same region of a NOESY spectrum of Gp21. See the
text for details of the assignment of cross peaks A, B, C, and D. Notice that the digital resolution in panel b is
only half of that of panel a in both dimensions.

recorded in D,O covering the same region as the TOCSY spectrum shown in Fig. 8a. As
indicated with dashed lines and labels, cross peak A shows an NOE contact between H-1
of the terminal GlcNAc residue in the branch that lacks a Gal residue and H-2 of Man4;
cross peaks C and D show NOE contacts between H-5 of this terminal GlcNAc residue
and H-1 and H-2 of Man4, respectively. Cross peak B shows an NOE contact between
H-1 and H-5 of the GlcNAc residue. However, no interresidue NOE cross peaks were
observed between the terminal GlcNAc and any Man4' resonances. Therefore, Glyco-
forms D and E lack the galactosyl residue in their a(1 — 3) branch. The complete lists
of the carbohydrate 'H and "C chemical shifts of Gp21 measured at 25 °C have been
compiled in Tables 5 and 6, respectively.

4. Discussion

The combination of tryptic digestion, Con A-agarose affinity chromatography, and
reverse phase HPLC proved to be an effective way to generate and purify Gp21 in
multi-milligram amounts. For example, we were able to isolate a total of 15 mg of Gp21
from the tryptic digests of RCM-HSTF after the multi-step chromatographic purification,
in which we started from about 190 mg of the tryptic digest for each of the total four
runs. It should be noted that, despite the use of TPCK-treated trypsin to suppress
chymotryptic activity, a considerable amount of a chymotryptic glycopeptide {(peak 1 in
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Fig. 9. Corresponding regions of a HSQC spectrum (a) and a HSQC-TOCSY spectrum (b) showing the
carbohydrate 'H spin systems of Gp21 at different '*C chemical shifts. The HSQC-TOCSY spectrum was
generated by co-addition of the spectra recorded with three different mixing times.

Fig. 3) was generated. We therefore expect that the yield of Gp21 could be further
improved by optimization of the experimental conditions, and by purification of the
trypsin.

It is known that the glutamine side-chain amino group is much more labile than that
of its homologue, asparagine [41]. Thus, glutamine can readily undergo intramolecular
cyclization in a weak alkaline or acid solution by releasing NH,. Similarly, the Gln
residue at the N-terminal position in a peptide can lose NH; under these conditions.
However, Gln residues in the C-terminal position of a peptide and within a polypeptide
chain are more stable. Such a conversion of Gln to pGlu has also been noticed by
MacGillivray et al. [13] in the peptide fragment T20 (GIn603—Cys615) derived from the
CNBr-1 fragment of HSTF, based on amino acid composition and sequencing analyses.
Under our tryptic digestion conditions, i.e. pH 8.0, we observed a 20% conversion of
GIn603 to pGlu603 after a 12 h digestion. Up to 80% conversion occurred after
prolonged incubation at 37 °C with pH 8.0. However, the equilibrium ratio of GIn603
and pGlu603, as determined by 'H NMR, was about 1:1 at pH 4.6. The partial
conversion (50%) of Gln to pGlu at the N-terminus doubles the number of backbone
amide NH resonances of the adjacent five residues. However, there is little or no change
in chemical shift of the corresponding alpha and side-chain protons of these amino acid
residues, as shown in Table 3. Therefore, it appears that the Gln — pGlu interconversion
at the peptide N-terminus should not affect our conformational analysis of Gp21.
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Table 5

The carbohydrate "H chemical shifts of Gp2l at 25 °C, pH 4.6 *

Residue H-1 H-2 H-3 H-4 H-5 H-6 H-6' NH H(Ac)
GlcNAcl 5.01 3.83 373 363 351 362 3.79 8.18 1.99
GlcNAc2 459 379 377 371 359 373 3.87 8.41 2.07
Man3 475 424 377 378 362 379 396

Man4 513 419 390 350 374 361 3.92

* Man4 512 419 390 350 374 3.6l 3.92

Man4' 494 410 389 349 360 362 390

* Mand' ° 492 410 389 349 360 362 3.9

GlcNAcS 460 375 374 365 359 384 398 825 2.06
GleNAcS 460 375 374  3.65 359 384 398 8.21 2.06
* GlcNAc5 459 374 371 372 356 384 398 824  2.06
* GleNAcS' 459 374 371 372 356 384 398 8.21 2.06
GIcNAc5() ¢ 455 3.69 355 345 344 3775 391 822 2.06
Gal6 4.44 3.53 3.66 3.92 3.81 3.55 3.98

Gal6' 444 353 366 392 381 3.55 3.98

* Gal6 446 354 366 392 372 375 392

* Gal6' 446 354 366 392 372 375 392

H-3* H-3* H4 HS5 H6 H7 H8 HI9 H9 NH H(Ac)
NeuAcNand N’ 1.74 268 3.65 380 3.69 355 388 363 38 803 203

* Chemical shifts are in ppm referenced to internal acetone (2.225 ppm) and measured with 0.005 ppm/pt
digital resolution.

® The asterisk (*) is to indicate that a sugar residue is located in the branch that lacks a sialic acid residue.
¢ The terminal GlcNAc5 residue located in the a(1 — 3) branch of the diantennary oligosaccharide.

The disialylated diantennary oligosaccharide (Glycoform A, see Table 2) has been
reported to be the most abundant member of the N-linked diantennary oligosaccharide
family from HSTF [18-20]. In this study, this was indeed confirmed for Gp21 derived
from HSTF batch I, but was not found to be the case for batches II and IIL. One possible
cause of this discrepancy is the hydrolysis of the acid-labile sialic acid under the acidic
conditions used for reduction and carboxymethylation and reverse phase HPLC separa-
tion (see Experimental). However, all our experiments for batches II and III were carried
out with the same procedure and experimental conditions as for batch I, so we do not
consider the finding of asialo carbohydrates in batches 1I and III the result of a
systematic error. To prove this, we released the oligosaccharides from intact HSTF by
using a procedure that avoided acidic conditions. Thus, N-glycanase digestion of the
intact HSTF from batch II was carried out, and the released diantennary oligosaccharides
were isolated by Con A affinity chromatography and subsequently fractionated by
Dionex HPAEC. The ratio of the resulting Glycoforms A, B and C (see Table 2) was
similar to that obtained by our standard procedure. Therefore, it was confirmed
experimentally that the mildly acidic conditions used in our standard procedure of
preparing Gp21 (Fig. 2) did not lead to a significant loss of sialic acid. This is consistent
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Table 6

The carbohydrate '>C chemical shifts of Gp21 at 25 °C, pH 4.6 *

Residue C-1 C-2 C-3 C-4 C-5 C-6 C(Me)
GlcNAcl 81.31 56.69 75.81 81.72 79.21 62.88 25.21
GlcNAc2 104.37 5792 75.06 82.65 77.51 63.02 25.48
Man3 103.47 73.22 83.49 68.73 77.44 68.87

Man4 102.67 79.48 72.47 70.36 76.62 64.72

* Man4 ® 102.67 79.48 72.47 70.36 76.62 64.72

Man4’ 100.15 79.34 72.47 70.36 75.87 64.72

" Man4' 100.09 79.34 72.47 70.36 75.87 64.72

GlcNAcS 102.38 57.78 75.13 83.69 77.71 63.09 25.48
GlcNAcS 102.38 5778 75.13 83.69 77.71 63.09 25.48
* GleNAcS 102.53 57.78 75.13 81.59 77.51 63.09 25.48
* GleNAcS 102.53 57.78 75.13 81.59 77.51 63.09 25.48
GlecNAc5 (O © 102.74 58.33 76.35 72.95 78.87 63.63 25.48
Gal6 106.61 73.90 75.53 71.52 76.76 66.35

Gale’ 106.61 73.90 75.53 71.52 76.76 66.35

* Gal6 106.07 73.97 75.53 71.52 78.39 64.04

* Gal6' 106.07 73.97 75.53 71.52 78.39 64.04

C-3 C-4 C-5 C-6 C-7 C-8 C-9 C(Me)
NeuAcN and N 43.04 71.25 54.93 75.60 71.45 74.79 65.67 2548

* Chemical shifts are in ppm referenced to internal acetone (32.85 ppm) and measured with 0.07 ppm/pt
digital resolution.

® The asterisk ( *) is to indicate that a sugar residue is located in a branch that lacks a sialic acid residue.

© The terminal GlcNAcS5 residue located in the a(1 — 3) branch of the diantennary oligosaccharide.

with the results of Rohrer and Townsend [42] who described their study on the stability
of NeuAca(2 = 6) and a(2 — 3) linked to Gal and (2 — 6) linked to GlcNAc during
RP-HPLC. They found that there was no loss of sialic acid when glycopeptides were
prepared by RP-HPLC using an eluant that contains 0.1% TFA, and were dried
immediately.

The lack of the galactose residue in the a(l — 3) branch of Glycoforms D and E in
Gp21 derived from batch III may provide some clues to understand the microhetero-
geneity of the diantennary oligosaccharide in our samples. It is well known that the
glycosidic linkage of the Gal residue in the diantennary oligosaccharide is very stable
under mildly acidic and basic conditions at ambient temperature. Therefore, it is likely
that the microheterogeneity of the glycan chain as found in the glycopeptide Gp21 was
present in the commercial HSTF used as starting material.

Despite the heterogeneity of Gp21 in the N-terminus of the peptide and in the
peripheral portion of the carbohydrate, we succeeded in the complete 'H and “C
resonance assignments of each glycoform present in Gp21. We have compared the 'H
and C chemical shifts listed in Tables 5 and 6 with those of an asialylated diantennary
octasaccharide (Octa) and a disialylated diantennary decasaccharide (Deca) reported by
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Wieruszeski et al. [43]. Octa and Deca have the same structures as the oligosaccharides
of Glycoforms C and A (see Table 2), respectively, except that both lack GlcNAc1 and
have a reducing GIlcNAc2. The 'H and "C chemical shifts of the GIcNAc5,5 and
Gal6,6' residues in the two branches of Gp2l are degenerate, and some of them are
affected by the presence of sialic acid. This is in agreement with the observations for
Octa and Deca. In addition, the presence of sialic acid does not have a noticeable effect
on the 'H and "*C chemical shifts of the five residues in the glycan core of Gp21 except
for the anomeric signals of Man4 and Man4'. This is also similar to the data reported for
Octa and Deca. Finally, all of the 'H and ’C chemical shifts values for the Gp21 glycan
are very similar to those of Octa and Deca, except those for GleNAc2 C-1, C-2 and C-3,
because GlcNAc2 is the reducing-end sugar in Octa and Deca. For example, the typical
differences in corresponding "H chemical shift values between Gp21 and Octa/Deca are
less than 0.02 ppm. These similarities suggest that the Gp21 peptide chain does not have
a profound effect on the electronic environment of nuclei in the sugar residues beyond
GlcNAcl.

In summary, a combination of enzymatic digestion, lectin affinity chromatography
and reverse phase HPLC can be an effective method for the isolation and purification of
glycopeptides with different sizes in quantities sufficient for their conformational studies
by NMR. The homogeneity of the glycopeptide depends on a number of factors, such as
the peptide sequence, the purity and specificity of the enzyme, and the microhetero-
geneity of the glycan present in the starting glycoprotein. Superficial analysis of the 'H
and "*C chemical shifts of the free and bound diantennary oligosaccharides shows that
the Gp21 oligosaccharides are not drastically perturbed by the presence of the peptide
fragment. In future studies, we will address the details of the conformation and
dynamics of Gp21.
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