variant has also been reported to cause a reduction in
immunogenicity and allergenicity [21].

Domains I, II, and III contain one, three, and one N-
glycosylation sites, respectively [7]. The possible relation
between the carbohydrate chain in domain I1I and allerge-
nicity is interesting. One report suggested that this carbo-
hydrate chain may play an important role in allergenic
determinants against human IgE antibody [13], and
another report suggested that the carbohydrate chains of
OVM may protect against peptic hydrolysis [22]. How-
ever, the carbohydrate moieties have been shown to have
only a minor effect on allergenicity [23]. As shown in fig-
ure 2, intact OVM, FR 1, and FR 2 fragments were
detected using PAS staining, suggesting the presence of
carbohydrate chains, but FR 4 was not stained with the
PAS reagent, despite being clearly detected with CBB.
Therefore, FR 4 might contain little or no carbohydrate
chains. Since FR 4 seems to maintain its allergenic poten-
tial, as described above, the absence of the carbohydrate
chains in FR 4 suggests that they are not necessary for
OVM allergenicity. Since the minimum peptide size capa-
ble of eliciting significant clinical symptoms of allergic
reactions is thought to be 3.1 kDa [24], FR 4 may be able
to trigger mast cell activation and elicit clinical symp-
toms.

In this report, the SGF-digestion kinetic pattern of
OVM was investigated in detail, and the partial sequences
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Improved sensitivity for insulin in matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
by premixing a-cyano-4-hydroxycinnamic acid matrix

with transferrin
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This report describes an enhancement of the signal intensities of proteins and peptides in matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS). When
a-cyano-4-hydroxycinnamic acid (CHCA) premixed with human transferrin (Tf) was used as a
matrix, the signal intensity of insulin was amplified to more than ten times that of the respective
control in CHCA without Tf. The detection limit of insulin was 0.39 fmol on-probe in the presence
of Tf, while it was 6.3 fmol in the absence of Tf. The signal intensity of insulin was also enhanced
when the CHCA matrix was premixed with proteins other than Tf (80 kDa), such as horse ferritin
(20 kDa), bovine serum albumin (BSA, 66kDa), or human immunoglobulin G (150kDa). The
optimum spectrum of insulin was obtained when the added amount of protein was in the range
0.26~0.62 pmol, regardless of the molecular weight of the added protein. Tf and BSA outperformed
the other tested proteins, as determined by improvements in the resulting spectra. When the mass
spectra of several peptides and proteins were recorded in the presence of Tf or BSA, the signal
intensities of large peptides such as glucagon were enhanced, though those of smaller peptides
were not enhanced. In addition, the signal enhancement achieved with Tf and BSA was more
pronounced for the proteins, including cytochrome C, than for the large peptides. This enhance-
ment effect could be applied to improve the sensitivity of MALDI-TOFMS to large peptides and

proteins. Copyright © 2004 John Wiley & Sons, Ltd.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOFMS) and electrospray ioni-
zation mass spectrometry have been widely used in studies
of protein chemistry, including proteomics studies aimed at
sequence identification or quantitative analyses following
enzymatic digestion by isotope-coded affinity tags and other
tagging systems.'® In particular, MALDI-TOFMS has been
used for the qualitative and quantitative analysis of intact
proteins.”™"" When the MALDI technique was first intro-
duced as an ionization method for proteins, a mixture of
fine metal powder and glycerol, or nicotinic acid, was used
as the matrix.'*'® Progress has been made with other matrix
materials such as sinapinic acid, 2,5-dihydroxybenzoic acid
(DHB), and a-cyano 4-hydroxycinnamic acid (CHCA), which
have some desirable properties such as less intense adduct
peaks and a relative insensitivity to contamination.'*"16
With the MALDI approach, analyte proteins are dispersed
onasurfaceina thin layer of matrix. The energy of an incident

*Correspondence to: T. Kobayashi, Division of Biological Chem-
istry and Biologicals, National Institute of Health Sciences,
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan.

E-mail: kobayash@nihs.go.jp

Contract/grant sponsor: Ministry of Health, Labor and
Welfare, Japan.

pulse of laser photons is absorbed by the matrix to form a jet
of matrix vapor that lifts the analyte proteins from the surface
and transforms some of them into ions."®

However, the mechanisms by which laser light irradiation
is able to generate macromolecular ions have not been fully
verified to date. It has been reported that the ionization of
macromolecules by the MALDI process is affected by several
factors. For example, peptide signal intensity was increased
by the use of acetone as the solvent for CHCA matrix instead
of employing the commonly used solvent, a mixture of
acetonitrile and aqueous 0.1% trifluoroacetic acid (TFA)."”
The signal-to-noise (S5/N) ratios for macromolecules are low
in DHB matrix, but the addition of suitable additives
(fructose, glucose, fucose, or 2-hydroxy-5-methoxybenzoic
acid) to the DHB matrix improved its performance in the high
molecular mass range.'®?! In the CHCA and sinapinic acid
matrices, the detection of higher molecular weight proteins
was improved by using polytetrafluoroethylene (Teflon) as
sample support.>?

Recently, we investigated a method of identifying and
quantifying proteins in blood using mass spectrometry.
During the present study, we discovered that the signal
intensity of human insulin was augmented more than 10-fold
when transferrin (Tf) was mixed with the CHCA matrix

Copyright € 2004 John Wiley & Sons, Ltd.
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solution used for MALDI-TOFMS. This phenomenon was not
specific to either insulin or Tf, which suggested that such

enhancements could be used more generally to improve the
sensitivity of protein analysis with MALDI-TOFMS.

EXPERIMENTAL

Materials

Human atrial natriuretic peptide (hANDP), glucagon, insulin,
insulin-like growth factor-1 (IGF-1), transferrin (Tf), bovine
serum albumin (BSA), horse spleen ferritin (106 mg/mL in
0.15M NaCl), and ProteoMass Peptide & Protein, were pur-
chased from Sigma (St. Louis, MO, USA). Human immuno-
globulin G (IgG, 11.3mg/mL in 0.01 M sodium phosphate,
0.5M NaCl, pH 7.6) was obtained from Wako Pure Chemical
Industries Ltd. (Tokyo, Japan). Human insulin, IGF-1, gluca-
gon, and hANP stock solutions were prepared at concentra-
tions of 100 pmol/pL by dissolving them in 0.1% TFA. Tf and
BSA stock solutions were prepared at concentrations of
10 mg/mL by dissolving the materials in Millipore deionized
water. ProteoMass Peptide & Protein stock solutions, which
include bradykinin fragment 1-7, human angiotensin II, syn-
thetic peptide P14R, human ACTH fragment 18-39, bovine
insulin oxidized B chain, bovine insulin, equine cytochrome
C, equine apomyoglobin, rabbit aldolase, and BSA, were pre-
pared at concentrations of 100 pmol/uL each, according to
the manufacturer’s instructions.

Sample application and data acquisition

The Tf-mixed CHCA was a 5:1 mixture of the CHCA solution
(10 mg/mL in 50% acetonitrile in 0.1% aqueous TFA) and Tf
solution (0.10 pg/ulL; the final concentration was approxi-
mately 8.3ng/ul), corresponding to 0.21 pmol Tf on each
well of the target plate, if not otherwise noted. The control
CHCA was a mixture of the CHCA solution and deionized
water (5:1). A portion of each sample solution was immedi-
ately mixed with an equal volume of the matrix solution
with or without Tf, and an aliquot of 2 uL (corresponding to
1 pL of sample solution) was applied to a stainless steel target
plate. Mass spectrometric analyses were performed using an
AB4700 proteomics analyzer (Applied Biosystems, Foster,
CA, USA). The operating conditions were as follows:
Nd:YAG laser (355 nm), linear mode, and detection of posi-
tive jons. The spectra were generated by signal averaging
50 laser shots into a single spectrum. The signal intensity
was obtained after performing background correction and
noise reduction using the Data Processor software (Applied
Biosystems). This software was also used to determine the
detection limit.

To confirm whether or not the matrix solution was at an
optimum composition, serially diluted CHCA, DHB, or
sinapinic acid solutions (from 10 to 0.078 mg/mL in 50%
acetonitrile, 50% 0.1% TFA) were added to the insulin
solution (100 fmol/pL). The most intense signal was obtained
when 10 mg/mL CHCA was added to the insulin solution.

RESULTS AND DISCUSSION

Human insulin solution (6.3 fmol/puL) was mixed with an
equal volume of Tf-mixed CHCA or control CHCA. When

Copyright € 2004 John Wiley & Sons, Ltd.
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Figure 1. MALD! mass spectra of human insulin. The insulin
solution (6.3fmol/ul) and matrix solution were mixed
together in equal volumes; 2 pL of the resulting mixture were
applied to a target plate, allowed to dry, and analyzed by
MALDI-TOFMS (see Experimental). The matrix solution was
a 5:1 mixture of CHCA solution (10 mg/mL in 50% acetonitrile
in 0.1% agueous TFA) with deionized water or Tf solution
(0.10 pg/ul). (a) Control CHCA used as matrix. (b) Tf-mixed
CHCA used as matrix.

the Tf-mixed CHCA was used as matrix, the signal intensity
of insulin in the MALDI-TOFMS detection system was ampli-
fied more than 10-fold relative to that achieved with the con-
trol CHCA (Fig. 1). To assess the sensitivity of insulin
detection, the matrix solution was added to serially diluted
insulin solutions (from 100 to 0.20 fmol/pL in deionized
water), and samples were then spotted on a target plate.
The detection limit of insulin was 0.39 fmol on the target plate
in a Tf-mixed CHCA matrix under the present experimental
conditions, whereas this limit was 6.3 fmol in the case of
CHCA without Tf (Fig. 2).

To obtain the optimum concentration of Tf for the
enhancement of insulin measurement sensitivity, the CHCA
solution was mixed with serially diluted Tf solutions (from
1.0 pg/ul to 7.8 ng/pL) before addition to the insulin solution
(100fmol/pL). The signal intensity increased in a Ti-
concentration-dependent manner (Fig. 3(a)). However, the
S/N ratio decreased when the Tf concentration was more
than 125 ng/uL (Fig. 3(b)), though it should be noted that the
S/N value was still higher than the corresponding control
value, ie., 15+7. A signal for 0.39 fmol/pL insulin was
detected in the CHCA solution mixed with 0.1 ug/pL Tf
(Fig. 2), whereas the signal for 1.6 fmol/uL insulin was not
detected in the CHCA solution mixed with 1.0 ug/pL Tf (data
not shown). These results suggest that the detection limit was
also decreased in the presence of a high concentration of Tf.

Rapid Commun. Mass Spectrom. 2004; 18: 1156-1160
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Figure 2. Dependence of insulin signals on insulin concen-
tration. Sequentially diluted human insulin solution (100 to
0.20fmol/uL in deionized water) and matrix solution were
mixed in equal volumes. The matrix solution was a 5:1
mixture of the CHCA solution with either deionized water or Tf
solution (0.10ug/ul). The absolute intensity of the insulin
signal obtained from Tf-mixed CHCA (open circles) is
compared with that obtained for the control CHCA (closed
circles). Each point represents the mean -+ S.E. of four tests.

It is known that an excess amount of protein components
can strongly influence the behavior of the MALDI process,
resulting in partial or complete ion signal suppression.”* In
addition, the optimum mass ratio between the analyte and
matrix for MALDI analysis has been demonstrated empiri-
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Figure 3. Dependence of insulin signal on Tf concentration.
Serially diluted Tf solution was added to five volumes of the
CHCA solution before mixing the resulting solution with an
equal volume of human insulin (100fmol/ul): (a) absolute
intensity (arbitrary units) and (b) S/N ratio of the insulin
signal in the MALDI analysis. Each point represents the
mean =+ S.E. of four tests.
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cally.]5 When the CHCA was mixed with 1.0ug/pL Tf, the
excess amount of Tf might have suppressed the signal inten-
sity of insulin as well. However, if that amount is appropriate,
Tf appears somehow capable of enhancing the signal.

To determine whether or not the enhancement of the insulin
MALDI-TOFMS signal intensity was specific to Tf, the CHCA
solution was mixed with serially diluted solutions of several
peptides and proteins before its addition to the insulin
solution. The insulin signal intensity was also enhanced in
the presence of ferritin (20kDa), BSA (66kDa), or IgG
(150 kDa) (Fig. 4(a)). However, this was not found to occur
in a simple concentration-dependent manner in the case of
either ferritin or IgG; furthermore, when the CHCA solution
was mixed with more than 2.0pg/pL of these protein
solutions, no insulin signal was detected. The enhancement
of the insulin signal intensity was relatively small in the
presence of peptides such as hANP (3.1kDa) and glucagon
(3.4kDa). In addition, when the CHCA solution was mixed
with more than 77ng/uL of hANP or 87ng/uL of glucagon,
noinsulinsignal was detected. Among the tested peptides and
proteins, the insulin signal intensity was enhanced most
effectively in the presence of Tf (80 kDa) or BSA. Therefore, itis
probable that this type of enhancement requires an added
protein of moderate molecular weight, namely 66-80 kDa.

With regard to the results for the serial dilutions of the
added peptides and proteins, the highest S/N values were
obtained at 4.8 ng/uL hANP, 5.4ng/pL glucagon, 66 ng/uL
ferritin, 0.13ng/pl. BSA, 0.13pg/pl Tf, or 0.57pug/ul
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Figure 4. Dependence of insulin signal on concentrations of
various added proteins. Serially diluted IgG, BSA, ferritin,
glucagon, or hANP solution was added to the CHCA solution
before the solution was mixed with the human insulin solution
(100 fmol/uL): (a) absolute intensity (units) and (b) S/N ratio
of the insulin signal. Each point represents the average of
duplicate samples.
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IgG (Figs. 3(b) and 4(b)), which correspond to 0.26 pmol,
0.26 pmol, 0.50 pmol, 0.32 pmol, 0.26 pmol, and 0.62 pmol,
respectively, in each well. Thus, the optimum molar
concentrations occurred in the same scale order, although
the optimum mass concentrations of polypeptides required
to enhance the signal differed markedly between the proteins
and small peptides. In addition, the molar concentrations of
excess peptides or proteins required to suppress the insulin
signal were also found to exhibit the same scale in the same
order. The ionization of insulin appeared to depend on the
molar concentration of the peptide or protein which was
mixed with the CHCA matrix solution.

To examine whether or not the signal enhancement was
specific to human insulin, the CHCA solution premixed
with Tf or BSA (0.10pg/pl) was added to a solution of
peptides and proteins, which included hANP, glucagon,
human insulin, IGF-I, and ProteoMass Peptide & Protein at
concentrations of 50 fmol/pL each. The signal intensities of
[angiotensin TII* (1046Da), [synthetic peptide Py RIT
(1534 Da), and [ACTH fragment]+ (2465 Da) were either not
enhanced or were reduced in the matrix premixed with Tf or
BSA (Table 1). However, the signal intensities of [hANP]™
(3080 Da), [glucagonl™ (3483 Da), [insulin B chain]™ (3494 Da),
and [bovine insulin]™ (5730 Da) were enhanced as well as that
of [human insulin]™ (5808 Da) (Table 1, Fig. 5). The signal
intensities of [IGF-I]* (7649 Da), [cytochrome CJ* (12362 Da),
and [cytochrome C]** were enhanced more than that of
human insulin in the presence of Tf or BSA. In addition, the
signals of [apomyoglobin]* (16 952 Da) and [apomyoglobin[**
were clearly observed in the presence of Tf or BSA, although
their signals were not detected in the control matrix. In this
latter case, the signal of [apomyoglobin]® overlapped with
that of BSA, but not of Tf; therefore, it was more advantageous
to use Tf than BSA for detecting this signal. Since BSA was
included in the ProteoMass Peptide & Protein solution, the
signals of [BSAI™ (66 430 Da), [BSAT**, [BSAI**, and [BSA]**
were also detected in the presence of Tf (Table 1, Fig. 5(b)).

The results reported above demonstrate that the enhance-
ment of the signal intensity achieved with the use of Tf and

Improved sensitivity in MALDI-TOFMS by transferrin 1159

BSA was observed for both peptides and proteins, and this
effect was not specific to human insulin. The degree of
enhancement was dependent on the molecular weights of the
peptides and proteins, and no such enhancement was
observed in the case of small peptides; in this regard a
dividing line appeared to exist between [ACTH fragment]™
(2465 Da) and [hnANP]™ (3080 Da).

The mechanism by which signal intensity enhancement
was achieved with the use of peptides and proteins mixed
with the matrix solution remains unclear. However, when
super DHB (a co-matrix of DHB and 2-hydroxy-5-methox-
ybenzoic acid) was used as the matrix, ion yields and S/N
ratio improved, especially for the high-mass range.?’ It has
been suggested that this signal enhancement was caused by a
disorder in the DHB lattice, allowing ‘softer’ desorption. This
type of signal enhancement has also been observed in the case
of substance P in CHCA after fast evaporation of an acetone
solvent, which resulted in the more homogeneous distribu-
tion of matrix and analytes.'® In addition, better mass
resolution has been observed in the spectra of cytochrome
C in a CHCA matrix desorbed from polyethylene and
polypropylene membranes than has been observed with a
CHCA matrix desorbed from stainless steel; it was thus
suggested that such improved resolution might be due at
least in part to the formation of relatively small matrix
crystals within the membrane lattice structure.® In the
present study, Tf and other proteins might have led to a
similar disorganization in the CHCA lattice, resulting in the
homogeneous distribution of insulin in the CHCA. However,
the mechanism may differ from that suggested here, since the
disorder in the CHCA lattice cannot reasonably account for
why both Tf and BSA were able to enhance the insulin signal
more effectively than either hANP or glucagon. As the next
step, we are now planning to compare the crystals of the
additive macromolecules plus matrix with those of the
control matrix, using microscopic examination, to help
elucidate the enhancement mechanism. We also intend to
investigate whether the enhancement effect is observed in
matrices other than CHCA. If crystallization is important,

Table 1. Signalintensities for proteins and peptides obtained using a matrix premixed with deionized water or with solutions of Tf

or BSA

Water T BSA
[Angiotensin H]™ 27834 +10757 17057 £ 5021 19755 +£11237
[P14R]* 41689 + 15289 30675 £+ 8588 29237 +13330
[ACTH 18-39]" 4371 + 1586 3801 £ 2246 5458 1+ 3826
[hNAP]* 5158 + 1323 6889 + 2879 9523 46384
[human glucagon]* 435+ 183 674+ 324 978 + 566
[insulin B chain]™ 367 +257 997 + 251 715479
[bovine insulin]* 639 £ 100 6266 12736 7498 + 5331
[human insulin]™ 1267 £130 13321 45057 12982 + 6863
[equine cytochrome > 166 £ 83 5668 1975 3460 + 1442
[human IGF-1]* 459 + 81 7667 + 1808 6263 12872
[equine apomyoglobin]** nd 2249 £ 994 2217 1087
[equine cytochrome CI* 114 +43 7629 + 1804 4006 + 1981
[BSAI** nd 52+14 2459 + 604
[equine apomyoglobin]*’ nd 1347 +700 2090 £ 1316
[BSAP nd 155 + 13 3721+ 1426
[BSAP* nd 114 +27 3624 11681
[BSAL* nd 25+8 634 +433

Each entry is the average of the most intense signals from four samples. nd: no signal was detected.

Copyright € 2004 John Wiley & Sors, Ltd.
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CHCA premixed with Tf or other peptides or proteins. The
characteristics of this type of enhancement are as follows:
(1) Tf (80 kDa) and BSA (66 kDa) led to better signal enhance-
ment than did small peptides and proteins (<20 kDa) or IgG
(150 kDa); (2) the optimum S/N value was observed when the
added amount of peptide or protein was within the range
0.26-0.62 pmol; and (3) the signals of peptides of high mole-
cular weight (>3000 Da) were enhanced by the addition of Tf
or BSA to CHCA, although the signals of small peptides
(<2500 Da) were not enhanced. This type of enhancement
may be useful for the improvement of protein analyses with
MALDI-TOFMS.
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SUMMARY

Liquid chromatography/mass spectrometry equipped with a graphitized carbon column is
useful for the simultaneous analysis of oligosaccharides. By using capillary column and
nanoelectrospray ion source, the method can be used for the oligosaccharide profiling of sub
microgram quantities of glycoproteins. This oligosaccharide profiling is expected to be a pow-
erful tool for the glycome analysis. We demonstrate a potential application of oligosaccharide
profiling in glycomics with two examples, the structural analysis of N-linked oligosaccharides
from a gel-separated glycoprotein, and the differential analysis of N-linked oligosaccharides

in cells.

" Key words: LC/MS, oligosaccharide profiling, 2-dimensional electrophoresis, glycomics.
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Abstract

Follistatin (FS), a glycoprotein, plays an important role in cell growth and differentiation through the neutralization of the
biological activities of activins. In this study, we analyzed the glycosylation of recombinant human FS (rhFS) produced in Chinese
hamster ovary cells. The results of SDS-PAGE and MALDI-TOF MS revealed the presence of both non-glycosylated and
glycosylated forms. FS contains two potential N-glycosylation sites, Asn95 and Asn259. Using mass spectrometric peptide/
glycopeptide mapping and precursor-ion scanning, we found that both N-glycosylation sites were partially glycosylated.
Monosaccharide composition analyses suggested the linkages of fucosylated bi- and triantennary complex-type oligosaccharides on
rhFS. This finding was supported by mass spectrometric oligosaccharide profiling, in which the m/z values and elution times of some
of the oligosaccharides from rhFS were in good agreement with those of standard oligosaccharides. Site-specific glycosylation was
deduced on the basis of the mass spectra of the glycopeptides. It was suggested that biantennary oligosaccharides are major
oligosaccharides located at both Asn95 and Asn259, whereas the triantennary structures are present mainly at Asn95.
© 2004 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Abbreviations: CHO, Chinese hamster ovary; FCS, fetal calf serum; FS, follistatin; GCC, graphitized carbon column; GnT, N-acetylglucosaminyl-
transferase; HPAEC-PAD, high-pH anion-exchange chromatography with pulsed amperometric detection; IEF, isoelectric focusing; LC/MS, liquid
chromatography/mass spectrometry; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; NeuAc,
N-acetyl neuraminic acid; NeuGe, N-glucoryl neuraminic acid; PNGaseF, peptide N-glycanase F; rhFS, recombinant human follistatin; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid

they are not confined solely to tissues associated with
reproduction [7].

FS is present in heterogeneous forms [8]. The FS gene
consists of 315 amino acids, and it includes six exons

1. Introduction

Follistatin (FS), a glycoprotein, was first discovered
in ovarian follicular fluid as an inhibitor of pituitary

follicle-stimulating hormone secretion [1,2]. Subsequent
studies have revealed that FS can bind to activins and
neutralize their biological activities [3,4]. Activins are
members of the transforming growth factor-f super-
family, and they play important roles in the regulation
of cell growth and in the differentiation processes that
lead to morphogenesis in early vertebrate development
[5,6]. Since FS and activins are broadly distributed,

* Corresponding author. Fax: +81-3-3700-9084.
E-mail address: mhyuga@nihs.go.jp (M. Hyuga).

(Fig. 1); alternative splicing can generate two isoforms,
t.e. a 315-amino-acid protein (the full-length form,
FS315) and a 288-amino-acid protein (the carboxy-
truncated form, FS288) [9]. The activin-neutralizing
activity of FS288 is higher than that of FS315 [10,11],
which appears to correlate with their heparin/heparan
sulfate proteoglycan-binding abilities [12]. The hetero-
geneity of FS is also due to diverse glycosylation. FS
has two potential N-glycosylation sites (Asn95 and
Asn259). Oligosaccharides are generally known to play
important roles in defining the properties of glycopro-
teins such as their biological activity, immunogenicity,

1045-1056/04/$30.00 © 2004 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.biologicals.2004.04.001
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Fig. 1. Amino acid sequence of rhFS. Predicted cleavage sites with Asp-N are indicated by |. The potential N-glycosylation sites are indicated by

boxes.

pharmacokinetics, solubility, and protease resistance
[13,14]. Glycosylation on FS is also likely to exert an
effect on activin-neutralizing activity; however, neither
structure of the N-linked oligosaccharides in FS, nor
their physiological roles, have been clarified due to the
limited availability of these oligosaccharides.

The aim of this study was to elucidate the glycosyla-
tion of FS. We previously developed an oligosaccha-
ride profiling method using liquid chromatography/mass
spectrometry (LC/MS) equipped with a graphitized
carbon column (GCC) [15—22]. Recently, we demon-
strated a procedure for facilitating the structural anal-
ysis of glycoproteins [16]. Carbohydrate profiles and
site-specific glycosylations can be characterized by the
GCC-LC/MS method, followed by mass spectrometric
peptide/glycopeptide mapping. We used this method to
demonstrate here the carbohydrate heterogeneity and
the site-specific N-linked oligosaccharide structures in
recombinant human FS288 (rhFS) produced in Chinese
hamster ovary (CHO) cells, in which a sufficient amount
of FS could be expressed.

2. Materials and methods
2.1. Materials

Human FS315 cDNA and recombinant human
activin A were kindly provided by Dr. Yuzuru Eto
(Ajinomoto Co., Inc., Kawasaki, Japan). CHO cells
were obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan). Mammalian expres-
sion vector pcDNA3.1/Hygro was purchased from
Invitrogen (Carlsbad, CA, USA). LipofectAMINE plus
reagent, Ham’s F12 medium, fetal calf serum (FCS) and
hygromycin were purchased from Life Technologies Inc.
(Rockville, MD, USA). Pellicon XL membrane and
Immobilon-P membrane were purchased from Millipore
Corp. (Bedford, MA, USA). Sulfated-cellulofine was
purchased from Seikagaku Corp. (Tokyo, Japan).
Neuraminidase was purchased from Nakalai Tesque
(Kyoto, Japan). N-glycosidase F (PNGaseF) and endo-
proteinase Asp-N (Asp-N) were purchased from Boeh-
ringer Mannheim (Mannheim, Germany). All other
chemicals were obtained from commercial sources and
were of the highest purity available.

2.2. Establishment of a CHO cell line expressing rhFS

Complementary DNA encoding human FS288, was
constructed from FS315 ¢DNA, and was cloned into
pcDNA3.1/Hygro. This expression vector was trans-
fected into CHO cells with Lipofect AMINE plus reagent,
according to the manufacturer’s instructions. To screen
the transformants, the transfectants were cultured with
Ham’s F12 medium supplemented with 10% FCS and
1 mg/ml hygromycin. After 2 weeks, the colonies were
lifted with a micropipette. Expression levels of thFS were
assessed by an activin-neutralizing assay. The candidates
were cloned by limiting dilution twice and were assessed
again. The most productive rhFS-expressing clone
(CHO-FS) was used in the following experiments.

2.3. Preparation of rhFS

Semi-confluent CHO-FS cells were cultured in Ham’s
F12 medium supplemented with 2% FCS. The condi-
tioned medium was concentrated to a 1/10 volume by
filtration with a Pellicon XL membrane (M, 5000 cut),
and was applied onto a sulfated-cellulofine column
(2.5 X 20 cm) at 2 ml/min. The column was washed with
50 mM Tris—HCI (pH 8) containing 0.5 M NaCl, and
the protein was eluted with 50 mM Tris—HCI (pH 8)
containing 1.5 M NaCl. The effluent from the column
was fractionated, and rhFS was monitored on Western
blots using polyclonal anti-FS antibody. The fractions
containing rhFS were injected into an HPLC (Hitachi
D7000, Hitachi Co., Tokyo, Japan) apparatus equipped
with a reversed-phase column (Vydac C4, 10 X 300 mm,
The Separations Group, Inc., Hesperia, CA, USA). The
protein was eluted with a linear gradient of 16—48% of
acetonitrile/0.1% trifluoroacetic acid (TFA) for 30 min
at a flow rate of 2 ml/min. Elution of proteins was
monitored at 280 nm and individual peaks were
manually collected. Fraction of rhFS was monitored
on Western blots using polyclonal anti-FS antibody.

2.4. SDS-PAGE analysis of rhFS

RhFS was digested with or without PNGaseF at
37 °C for 24 h. The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) on 10% polyacrylamide gel. The gel was
stained with Coomassie blue.

2.5. Isoelectric focusing

RhFS was dissolved in 100 mM ammonium acetate
buffer, pH 4.5, and incubated with neuraminidase at
37 °C for 18 h. The proteins were precipitated with cold
acetone and separated by isoelectric focusing (IEF). The
gel was stained with Coomassie blue.

26. MALDI-TOF MS

RhFS (20 pg) was subjected to positive-ion matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), using a Shimazu/
KRATOS MALDI I instrument (Shimazu Co., Kyoto,
Japan) with 3,5-dimethoxy-4-hydroxy-cinnamic acid as
the matrix.

2.7. Monosaccharide composition analysis

Monosaccharide composition analysis was performed
according to the method reported by Hardy et al. [23].
Briefly, thFS (50 pg) was hydrolyzed with 2 M TFA at
100 °C for 3 h. Monosaccharide compositions were
analyzed by high-pH anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD)
using a DX-300 system (Dionex, Sunnyvale, CA,
USA) equipped with a CarboPac PA-1 anion exchange
column (4 X 250 mm, Dionex).

2.8. Preparation of N-linked oligosaccharides alditols

N-linked oligosaccharides alditols were prepared by
a previously described method [20]. Briefly, rhFS
(100 pg) was digested with 5 units of PNGaseF at
37 °C for 2 days. Proteins were precipitated with 75%
cold ethanol. The oligosaccharides were incubated with
NaBH, at room temperature for 2 h. Excess reagent was
decomposed with diluted acetic acid. The mixture was
applied to a Supelclean ENVI-Carb column (Supelco,
Bellefonte, PA, USA), which was washed with H,O to
remove the salts. Borohydride-reduced oligosaccharides
were eluted with 30% acetonitrile/5 mM ammonium
acetate.

2.9. Sugar profiling by LC/MS

Sugar profiling was carried out using a MAGIC 2002
system (Michrom BioResources, Inc., Auburn, CA,
USA) connected to a TSQ7000 triple-stage quadruple
mass spectrometer (ThermoFinnigan, San Jose, CA,
USA) in the positive-ion mode. The column used was
a GCC (Hypercarb 5 pm, 1.0 X 150 mm, ThermoFinni-
gan). The eluents were 5 mM ammonium acetate (pH

9.6) containing 2% acetonitrile (pump A); and 5mM
ammonium acetate (pH 9.6) containing 80% acetoni-
trile (pump B). The N-linked oligosaccharide alditols
were eluted at a flow rate of 50 pl/min for 80 min with
a gradient of 5-30% in pump B. The ESI voltage was
set at 4500 V, and the capillary temperature was 175 °C.
The electron multiplier was set at 1200 V.

2.10. Asp-N digestion

RhFS was reduced and S-carboxymethylated as
previously described {20]. Briefly, thFS (100 pg) was
dissolved in 0.5 M Tris—HCI buffer (pH 8.6) containing
8 M guanidine and 5 mM EDTA. After reduction with
2-mercaptoethanol at room temperature for 2 h, mono-
iodoacetic acid was added and incubated at room
temperature for 2h in the dark. Reduced and S-car-
boxymethylated-rhFS (equivalent to 100 pg of rhFS)
was digested with Asp-N (2 pg) in 25 mM NHHCO;
(pH 8.0) at 37 °C for 20 h. The predicted peptides to be
obtained by Asp-N digestion were sequentially desig-
nated as D1—-D15 (Fig. 1).

2.11. Peptide/glycopeptide mapping of Asp-N-digested
rhFS

Peptide/glycopeptide mapping was carried out using
a MAGIC 2002 system connected to a TSQ7000 triple-
stage quadruple mass spectrometer in the positive-ion
mode. The column used was a MAGIC Cl18 column
(1.0 X 150 mm, Michrom BioResources). The eluents
were 2% acetonitrile/0.05% TFA (pump A), and 80%
acetonitrile/0.05% TFA (pump B). Asp-N-digested
rhFS was eluted with a linear gradient from 5 to 45%
in pump B at a flow rate of 50 pl/min for 40 min. The
eluate was monitored at 206 nm. The ESI voltage was
set at 4500 V, and the capillary temperature was 175 °C.
The electron multiplier was set at 1200 V. Precursor-ion
scanning was performed using argon gas as the collision
gas at a pressure of 2 mTorr. The collision energy was
adjusted to —25 V. The scan rate was 3 s/scan.

3. Results
3.1. Heterogeneity of rhFS

The carbohydrate heterogeneity of rhFS was ana-
lyzed by SDS-PAGE with and without PNGaseF
digestion. The intact rhFS migrated as bands of an
apparent molecular mass of 32 kDa and 33—36 kDa
under non-reducing conditions (Fig. 2A, lane 1).
PNGaseF digestion resulted in the disappearance of
the multiple bands at 33—36 kDa with increases in the
32-kDa band (Fig. 2A, lane 2). These results suggest that
the 32 kDa band and higher molecular weight bands are
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Fig. 2. (A) SDS-PAGE analysis of intact rhFS (lane 1) and PNGaseF-
digested rhFS (lane 2). Lane M represents molecular weight markers.
(B) IEF of intact rhFS (lane 1) and neuraminidase-digested rhFS (lane
2). Lane M represents p/ markers.

the non-glycosylated FS and the glycosylated FS with
diverse N-linked oligosaccharides, respectively.

The sialic acid heterogeneity of rhFS was analyzed by
IEF with and without neuraminidase digestion. IEF of
intact rhFS showed that the majority of the isoforms are
located from pl 6.9 to 7.4 (Fig. 2B, lane 1). After
treatment with neuraminidase, the acidic bands had
disappeared and shifted at p/ 7.4 (Fig. 2B, lane 2). These
results suggested that the sialic acids contribute to the
heterogeneity and the charge of rhFS.

The distribution of glycoforms was further investi-
gated by MALDI-TOF MS. As shown in Fig. 3, multiple
ions were detected in the range of 31.5—~37 kDa. The
most abundant ion at m/z 31,525 corresponded to the
theoretical mass of non-glycosylated FS (31,514 Da).
The other 1ons at m/z 33,804 and 35,600 could have
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Fig. 3. MALDI-TOF MS analysis of intact rhFS. The peaks at mj/z
31,525, 33,804 and 35,600 correspond to the non-glycosylated and
glycosylated form of rhFS, respectively.

been monoglycosylated FS and diglycosylated FS,
respectively.

3'2. Monosaccharide composition of rhFS

Monosaccharide composition was analyzed by hy-
drolysis followed by HPAEC-PAD. The relative molec-
ular ratio of fucose and glucosamine were estimated at
1.2 and 4.4, respectively, when mannose was considered
as 3.0 (Table 1). This result suggests the presence of
fucosylated bi- and triantennary-type oligosaccharides.
No galactosamine residue was detected, suggesting the
absence of O-linked oligosaccharides.

3.3. N-linked oligosaccharides in rhFS

N-linked oligosaccharides were released from rhFS by
PNGaseF digestion and reduced with NaBH, to avoid
the separation of anomers. Then the oligosaccharide
alditols from rhFS were analyzed by GCC-LC/MS. Fig. 4
shows the total ion current chromatogram of N-linked
oligosaccharide alditols. The m/z values of intense ions
observed in major peaks ( peaks 8 and 12) were 1040.7%*
and 1186.4%>*, which were consistent with the theoretical
m/z values of [dHex][Hex]s{HexNAc]sNeuAc]** and
[dHex][Hex]s[HexNAc]J[NeuAc],> ", respectively (Table 2).
The elution times of these oligosaccharides were in good
agreement with those of fucosyl biantennary oligosac-
charides bearing mono- and di-NeuAc prepared from
erythropoietin, respectively [24]. An ion at m/z 1041.4**
was also detected in peak 6. This oligosaccharide could
be a sialylation isomer of peak 8 (1040.7°7).

Likewise, the ions at m/z 1790.7" and 895.4°% in
peak 2 and at m/z 1077.9*" in peak 3 were assigned as
an asialo fucosylated biantennary oligosaccharide and
an asialo fucosylated triantennary oligosaccharide, re-
spectively. The ion at m/z 2389.6 % and 1194.6** in peak
11 was consistent with [dHex][Hex]s[HexNAc]s[Neu-
Ac][NeuGc]** or [Hex]s[HexNAc]JNeuAc],*", respec-
tively. The ions at m/z 2097.7" and 1048.6°* in peak
5 and at m/z 2096.5% and 1049.5%% in peak 8 were
consistent with [dHex][Hex]s[HexNAcl[NeuGc)** or
[Hex]g[HexNAc][NeuAc)*t, respectively. The minor
ions at m/z 1224.1>%, 1224.3%%, 1369.7**, 1369.8>",

Table 1
Monosaccharide composition analysis of rhFS oligosaccharides

Relative molar
proportions®

Monosaccharide

Fucose 1.2
Galactosamine 0.3
Glucosamine 44
Galactose 3.2
Glucose 0.3
Mannose 3.0

* Data are normalized to three-mannose residues.
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Fig. 4. Sugar map of oligosaccharide alditols released from rhFS. N-
linked oligosaccharide alditols from rhFS were separated with GCC.

The total ion content was scanned using the positive-ion mode at m/z
700—2400.

1370.5%% and 1515.5%" in peaks 7, 9, 11, 12, 13 and 14
were deduced to the fucosylated triantennary oligosac-
charides with NeuAc, respectively.

The ratio of oligosaccharides was estimated as
follows: fucosylated biantennary, ca. 85%, and fucosy-
lated triantennary structures, ca. 10%, based on their
ion currents; these results were in good agreement with
the results of the monosaccharide composition analysis.

3.4. Site-specific glycosylation of rhFS

FS contains two potential N-glycosylation sites
(Asn95 and Asn259, Fig. 1). The site-specific glycosyl-
ation and other post-translational modifications, such as
phosphorylation and hydroxylation, were analyzed by
mass spectrometric peptide/glycopeptide mapping
(Fig. 5a, Table 3). Most of the non-glycosylated peptides
were detected except for the small peptides, i.e. pep-
tides D2 (tripeptide), D13 (tetrapeptide), and D12
(pentapeptide), which suggests the absence of O-glycans
and any post-translational modifications on these pep-
tides. The small peptides have no putative N-glycosyla-
tion site (Fig. 1), and no galactosamine residue was
detected (Table 1). These findings suggest the absence of
N- and O-linked oligosaccharides. However, the possi-
bility remains that the small peptides are modified, such
as by phosphorylation. Two unpredicted peptides (m/z
1176.2** and 510.4>") were detected among the Asp-N
digests of rhFS. They were assigned to peptides D15-1
and D15-2, which were produced from peptide D15 by
further cleavage at the amino-terminal of Glu280. It was
reported that a cleavage at the N-terminal site of glutamic
acid is a possible cut site for Asp-N under the same
conditions [25]. Peptides DS and D15-1, each of which

Table 2
Putative structures of N-linked oligosaccharides deduced from the
GCC-LC/MS

Peak  Carbohydrate Theoretical Observed mass’

No?  structure® mass® M* M2 M

! OBAad 16275 16283 8142 -
2 S%ooed 17897 17907 8954 -

3 SEoowd 21550 . 07719 -
1934.7 . 967.9 ;
5 °TmOnadl 20069 20077 10486 .
6 °T™%%ad 20809 20812 10414 .

7 .{W 24463 - 12241 8174
SUEOnalel 20069 2095 10496 -
*omonad 20809 20822

9 ._[ge;f)oif 2446.3 - 12243 -
10 oZadoma 22260 - 1114.2 -

[oemenal 23882 23806 11946 -

i :[§§§“? 27375 - 1369.7 9134
o ad  mma2 m2 1864 -

12
:—_[g;}»ﬁ 27375 - 1369.8 -

13 :[%,:.}»ﬁ’ 27375 - 1370.5 9138

14 W 3028.8 - 1515.5 -

Note: The observed m/z of *1 and *2 are also consistent with the
theoretical m/z value of [Hex]s[HexNAc]s[NeuAc] and [Hex]g
[HexNAc]4[NeuAc),, respectively.

* Peak label in Fig. 4.

® Proposed structures based on molecular weight. Symbols: solid
squares, GIcNAc; open circles, mannose; open diamonds, galactose;
dotted diamonds, fucose; solid circle, NeuAc; dotted circle, NeuGe.

¢ Calculated average mass.

4 Mass of the ion measured in the positive-ion ESI mass spectrum
from alditols.

1040.7 -

have potential glycosylation site, were detected as non-
glycosylated forms in the peptide/glycopeptide map.
Precursor-ion scanning, which can detect [Hex]
[HexNAc]® at mjz 366 produced by collision-
induced dissociation, was performed for the monitoring
of the glycopeptides. The TIC chromatogram of the
precursor-ion scanning showed two significant peaks,
peaks G1 and G2 (Fig. 5b). Fig. 6 shows the mass spec-
tra of peaks G1 and G2 in Fig. 5b. On the basis of the
theoretical masses of the peptides and oligosaccharides
identified by sugar mapping (Table 2), peaks G1 and G2



M. Hyuga et al. | Biologicals 32 (2004) 70—77 75

a
7 10
6
LC/MS (positive) S
12
45 81111
/
8
g 1 i
g 23
<
3
£ 1 1 I 1 ! ! ) ¢
©
S b G2
d
I
& Precursor-ion scan
(Gal-GlcNAc, m/z366)
G1
A ILA Arsa % \LM],. N A
I 1 L i L i 1 I
0 10 20 30 40
Time (min)

Fig. 5. Peptide/glycopeptide map of the rhFS Asp-N digest. The total
ion current chromatogram of LC/MS in the positive-ion mode at m/z
400—2400 (a), and the TIC chromatogram of LC/MS/MS, precursor-
ion scan of m/z 366 (b).

were assigned to glycosylated D5 and D15-1, respec-
tively. The oligosaccharides attached to each N-glyco-
sylation site were deduced as shown in Table 4. By
comparing the N-linked oligosaccharide structures on
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Fig. 6. Mass spectra of glycopeptides in peaks G1 and G2 in Fig. 5b.
The observed m/z value of each ion is summarized in Table 4.

Asn95 with those on Asn259, it was concluded that
biantennary oligosaccharides are major oligosaccharides
located at both Asn95 and Asn259, whereas the trian-
tennary structures are present mainly at Asn95.

Table 3
Assignment of the peaks in Fig. 5a
Peak no.? Peptide® Theoretical Observed m/z¢
mass® M M2 M3+ M4t M+ Mo+
1 D4 2666.0 - 1334.2 889.9 667.4 - -
2 D14 777.8 778.6 -~ - - - -
3 D15-2° 1018.0 1019.0 510.4 - - - -
4 D11 1456.6 1457.5 729.0 486.3 - - -
5 D6 4378.8 - - 1460.8 1095.5 - -
6 [ D8 3326.4 - 1664.6 1109.5 - - -
D10 1467.6 1468.2 734.8 490.1 - - -
7 Dl 4728.1 - - 1577.0 1183.2 947.0 789.6
8 D7 1329.4 1330.2 665.3 - - - -
9 D5 1608.7 1609.3 805.1 - - - -
10 D9 4165.6 - - 1389.0 1042.2 834.1 -
il Di15-1¢ 2350.6 - 1176.2 784.2 - - -
12 D3 3219.5 - 1610.1 1073.8 806.4 - -

# Peak label in Fig. 5a.
® Predicted peptides were shown in Fig. I.
¢ Calculated average mass.

4 Mass of the ions measured in the positive-ion ESI mass spectrum from precursor-ion scan.

¢ Peptide derived from D15 peptide.
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4. Discussion

The aim of the present study was to analyze the
distribution of the glycoforms and the carbohydrate
structures of rhFS. Previous study of FS isolated from
porcine ovary has shown that porcine FS exists in six
isoforms, due to alternative splicing and the site
occupancy of N-linked oligosaccharides [8]. In this
study, we used rhFS288 to eliminate the heterogeneity
due to alternative splicing. The results of SDS-PAGE
and MALDI-TOF MS revealed the presence of both
non-glycosylated and glycosylated forms (Figs. 2 and 3).
FS contains two potential N-glycosylation sites. Using
mass spectrometric peptide/glycopeptide mapping and
precursor-ion scanning, we found that both N-glycosyl-
ation sites were partially glycosylated (Fig. 5 and Table
3). Non-glycosylated and glycosylated proteins contain-
ing Asn95 and Asn259 were detected in the peptide/
glycopeptide map and precursor-ion scanning, respec-
tively. Monosaccharide composition analyses suggested
the presence of linkages of fucosylated bi- and trianten-
nary complex-type oligosaccharides on rhFS (Table 1).
This finding was supported by mass spectrometric
oligosaccharide profiling, in which the m/z values and

elution times of some of the oligosaccharides from rhFS
were in good agreement with those of standard oligo-
saccharides. The site-specific glycosylations were deduced
on the basis of the mass spectra of glycopeptides. It was
suggested that biantennary oligosaccharides attach to
both Asn95 and Asn259, whereas triantennary oligosac-
charides attach mainly to Asn95 (Fig. 6 and Table 4).

Asn95 is located in the follistatin domain I, which is
thought to be the heparin-binding site [26]. The site
occupancy and structure of N-linked oligosaccharides
on Asn95 may affect the heparin-binding ability of FS.
Heparin/heparan sulfate proteoglycans are known to
exert an important influence on FS, which neutralizes
the activity of activins. It is therefore possible that
sialylated oligosaccharides at Asn95 control the activin-
neutralizing activity via modulation of the heparin-
binding ability of FS. In fact, it was reported that the
N-glycosylation isoforms of antithrombin and heparin
cofactor II differ substantially in their affinity for heparin
[27,28]. We are currently studying the role played by
oligosaccharides in the activin-neutralizing activity of
FS; these studies employ the carbohydrate remodeling
technique using the CHO cell line established in the
present study.

Table 4
Putative structures of N-linked oligosaccharides deduced from the LC/MS of the glycopeptides corresponding to the Asn95 and Asn259
Asn95 Asn259
Carbohydrate c
Structure? Ionsin  Theoretical Observed m/z Ionsin  Theoretical Observed m/z
peak G1 mass® M2+ M3+ M4 peak G2 mass® M2 N M
‘*:Exwf 1 32162 - 1073.4 1 3958.1 - 1319.6 -
W 2 3378.6 - 1126.6 2 4120.5 - 1373.9 -
m‘f 3 3669.6 1835.7 1223.2 3 44115 22063 14718 1104.7
w X . 4 44275 2148 14757 ;
mﬁ 4 3960.9 - 1320.6 5 4702.8 - 1569.5  1177.1
m«-ﬁ 5 3976.6 - 1326.8 6 4718.8 - 1574.5 -
W 6 3743.7 - 1248.6 7 4485.6 - 1497.2 -
"[W 7 4034.9 2017.5 1346.9 - - - - -
...
"[w 8 4326.2 - 1444.1 8 5068.1 - - 1267.6

* Proposed structures based on molecular weight. Symbols: solid squares, GIcNAc; open circles, mannose; open diamonds, galactose; dotted

diamonds, fucose; solid circle, NeuAc; dotted circle, NeuGe.
b Calculated average mass.

€ Mass of the ion measured in the positive-jon ESI mass spectrum from precursor-ion scan. Mass spectra were shown in Fig. 6.



