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Abstract—Reanalysis of the tryptic digests of soybean seed coat peroxidase (SBP) and its carboxyamidated peptide derivatives in the
light of more complete sequence data has thrown light on the diglycosylated tryptic peptides, TP13 (Leu[183–205]Arg) and TP15
(Cys[208–231]Arg). Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analyses indi-
cate that although all potential sites carry some glycan substituents, not all sites are fully occupied. Tryptic glycopeptide TP13,
carrying two N-glycosylation consensus sequons (Asn185 and Asn197), occurs mainly (85–90%) as the diglycosylated species, the
remainder (10–15%) being monoglycosylated. In contrast, tryptic peptide TP15, also with two N-glycosylation sites (Asn211 and
Asn216), is primarily monoglycosylated (�90%), with the remainder (10%) being diglycosylated. No non-glycosylated TP13 or
TP15 was observed. Some artifacts are noted in the reactions of N-terminal cysteine residues and aspartate/asparagines residues
in glycopeptide TP15. Mapping the glycans onto the crystal structure of SBP shows that these are asymmetrically distributed on
the molecule, occurring primarily on the substrate-channel face of the enzyme. In contrast, the glycans of HRP, isozyme c, are more
uniformly distributed over the enzyme surface.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Soybean peroxidase (SBP) is one of the most abund-
ant proteins present in the soybean seed coat, where it
may constitute up to 10% of the total protein,1 and is
sequestered mainly into the hourglass cells of the sub-
epidermis of the seed coat.2 Soybean cultivars can be
classified into high-peroxidase and low-peroxidase phe-
notypes,3 the former due to the presence of a dominant
gene, designated Ep.4 Soybean cultivars that are homo-
zygous for the recessive gene, epep, express peroxidase at
only 1% of that of the high-peroxidase phenotypes.2
0008-6215/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2005.11.016

Abbreviations: ACTH, adrenocorticotropic hormone; MALDI-TOF-
MS, matrix assisted laser desorption/ionization time-of-flight mass
spectrometry; HRPc, horseradish peroxidase isozyme c; SBP, soybean
peroxidase; RP-HPLC, reverse phase high-performance/pressure
liquid chromatography; TP13 (MG), TP15 (MG), monoglycosylated
tryptic peptide 13 and 15, respectively; TP13 (DG), TP15 (DG),
diglycosylated tryptic peptide 13 and 15, respectively; RZ, Reinheit-
zahl, ratio of A403/A280; SPME, solid phase microextraction.
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SBP displays remarkable thermal and pH stability.5

Its stability at low pH is particularly important for the
oxidation of compounds such as veratryl alcohol, a
lignin-type substrate, although the activity on veratryl
alcohol is much lower than that observed for its oxida-
tion by the lignin peroxidase produced by Phanerochaete
chrysosporium.6 SBP is a glycoprotein with 18% (w/w)
carbohydrate.7 There is considerable heterogeneity in
the glycan composition of SBP, the major glycans
belonging to the a-DD-Manp-(1!6)-(a-DD-Manp-(1!3)-)-
(b-DD-Xylp-(1!2)-)-b-DD-Manp-(1!4)-b-DD-GlcpNAc-(a-LL-
Fucp-(1!3)-)-b-DD-GlcpNAc (hereafter abbreviated
N2M3FX) family of glycans, with a variable number
of terminal Manp, Fucp, and Xylp residues (Manp 2–
4, Fucp 0 or 1, Xylp 0 or 1).7 One of the N-glycosylation
sites is unusual in being substituted primarily with only
high-mannose type glycans, N2M5–9, with M = 7 being
the major species present.7,8

An early attempt8 to map the glycans onto the
sequence of SBP was only partially successful due to
errors in the partial sequence published by Huangpu
and Graham.9 The gene was later completely sequenced
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by Gijzen2 and the protein was sequenced by Welinder
and Larsen.10 Welinder and Larsen10 also investigated
the occupancy of the putative N-glycosylation sites, and
confirmed the occupation of Asn56, Asn130, Asn144,
Asn185, Asn197, and Asn211. The occupancy of the
seventh N-glycosylation sequon, Asn[216–218]Thr,
could not be confirmed, although there was previous
evidence for its occupation.8

The glycosylation pattern of SBP is reinvestigated,
particularly with respect to the partially occupied glyco-
sylation sites on Asn185, Asn197, Asn211, and Asn216,
and is reported here. Results from the investigation of
TP15 by MALDI-TOF-MS suggest that modifications
of the peptide, together with its variable glycan compo-
sition, are responsible for the heterogeneity of this
peptide.
2. Results

The incomplete sequence of SBP9 used in the previous
study on the glycosylation of this enzyme,8 and the com-
plete sequence published by Gijzen,2 are presented in
Figure 1. A comparison of the two sequences reveals
that the incomplete sequence, in addition to the missing
N-terminal portion of the protein, contains errors in
amino acid sequence, most notably those covering the
sequence of tryptic peptide (hereafter abbreviated TP)
13 viz. Leu191 in place of Asn191, Ile192 instead of
Pro191, and His193 rather than Asp193; additionally,
Pro194 and Thr195 are absent in this sequence (all num-
bers are based on the complete sequence published by
Figure 1. Amino acid sequence for SBP. The complete sequence, as
reported by Gijzen2 is depicted in the upper row, and partial sequence,
as reported by Huangpu and Graham,9 is depicted in the lower row.
Alternating upper and lower case letters are used to depict the tryptic
peptides. N-Glycosylation sequons are highlighted.
Gijzen). Consequently, the mass calculated for TP13,
and reported as the unknown in the previous report
from this laboratory,8 was incorrect ([M+H]+ (aver-
age) = 2482.8 Da rather than 2643.9 Da). Differences
are also observed at position 249 (full sequence num-
bers), where a Leu residue is incorrectly replaced by
an Arg residue, and in amino acids 260–266 (Fig. 1).
The predicted masses of the tryptic glycopeptides from
both the partial9 and complete2 SBP gene sequences
and their major glycoforms, are presented in Table 1,
which also serves to integrate the terminology used in
the previous publications7,8 with the nomenclature in
this report.
The glycopeptides derived from TP4, TP9, diglycosy-

lated (abbreviated as DG) TP13, and monoglycosylated
(abbreviated as MG) TP15 are observed as strong sig-
nals in the MALDI-TOF mass spectrum of an unfrac-
tionated trypsin digest of carboxyamidated apo-SBP
(Fig. 2) and can be used to identify the corresponding
N-glycosylation sites on the enzyme. However, glyco-
peptides arising from TP8, TP13 (MG), and TP15
(DG) are not easily and routinely observed in these spec-
tra. Glycosylated TP8 ([M+H]+ (average) 1947.9 Da),
containing the smallest peptide ([M+H]+ (average),
776.8 Da), is not generally observed in the MALDI-
TOF-MS spectra of unfractionated trypsin digests of
SBP, as was found previously.8 The use of a CHCA
matrix (�cluster buster�), which suppresses adduct and
cluster formation,11,12 did not improve detection of
glycosylated TP8, although the appearance of other,
low mass ions was improved in the spectrum (not
shown). However, glycosylated TP8 was seen in an
unfractionated trypsin digest of SBP analyzed with
2,5-dihydroxybenzoate as a matrix (data not shown).
The detection of TP15 (DG) and TP13 (MG), both of

low abundance, is complicated by the presence of the
major signals due to TP13 (DG) and TP15 (MG),
respectively, and some separation of TP13 and TP15 is
necessary for their observation. This can be accom-
plished by solid phase microextraction (SPME) on an
OMIX 100 lL C18 tip (Fig. 3), where TP15 (MG and
DG) elute in the 5–10% and 10–15% ACN fractions.
Although the 15–20% and 20–25% ACN fractions con-
tain TP15 (MG) as well as TP13 (MG and DG), its
intensity is sufficiently reduced so that it no longer over-
whelms the signal from TP13 (MG) (Fig. 3). The signal
due to TP13 (MG) is further improved by the shift of a
cluster of signals, [M+H]+ = 3500–4000 Da, to the 30–
40% ACN fraction (Fig. 3).
Fractionation of a tryptic digest of carboxyamidated

SBP by RP HPLC on a C8 column produces a complex
chromatogram in which all of the predicted glycopep-
tides, including TP8, can be detected by MALDI-
TOF-MS analysis (Fig. 4). These analyses also show
that TP13 and TP15 occur in both the di- and monogly-
cosylated forms, with the former present as the major
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Figure 2. MALDI-TOF-MS spectrum of an unfractionated trypsin
digest of SBP. The spectrum was acquired in the linear mode on a
PerSeptive BioSystems DE STR MALDI-TOF mass spectrometer.
Analysis conditions are presented in the text.
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glycopeptide form of TP13, and the latter as the major
form of TP15 (Fig. 4). It is also clear that there is con-
siderable heterogeneity in TP15, because the diglycosy-
lated form elutes from the C8 RP-HPLC column in at
least two, and the monoglycosylated form in at least
three, peaks (Fig. 4). Importantly, the masses of the
diglycosylated forms of TP15 in both RP-HPLC peaks
are indistinguishable ([M+H]+ (average) 5090.0 Da),
being within the accuracy, with external calibration, of
the PerSeptive Biosystems Voyager DETM STR BioSpect-
rometryTM Workstation operated in the linear mode
(�0.05%, or 2.5 Da at m/z 5000). Similarly, the masses
for TP15 (MG) in the three RP-HPLC peaks are all sim-
ilar ([M+H]+ (average) 3880.0 Da). Integration of the
RP-HPLC chromatogram affords a rough estimate of
the relative proportions of mono- and diglycosylated
TP13 and TP15. The monoglycosylated TP13 accounts
for <10% of the total, the remainder being diglycosy-
lated TP13. The reciprocal is true for TP15, where the
monoglycosylated species represents about 85–90%
and the diglycosylated species about 10–15% of the
total.
The masses of the glycopeptides in all of these MAL-

DI-TOF-MS analyses, that is, those of the unfraction-
ated (Fig. 2), OMIX C18 fractionated (Fig. 3), and C8

RP-HPLC fractionated (Fig. 4) tryptic digests, are con-
sistent with previous results7,8 showing that the major
glycan occupying Asn130, Asn144, Asn185, Asn197,
Asn211, and Asn216 is N2M3FX and that at Asn56, is
N2M7. Associated with each of these major signals are
a variable number of satellite signals due to the different
glycoforms of the glycopeptides arising from variations
in their Manp (D162 Da), Fucp (D146 Da), and Xylp
(D132 Da) content. The distribution of the glycoforms
in each RP-HPLC peak is not uniform and can differ



Figure 3. Fractionation of a trypsin digest of carboxyamidated SBP with an OMIX C18 tip. The trypsin digest was bound to the tip in 2% CH3CN/
1.0% trifluoroacetic acid, which after washing with 2% CH3CN/0.1% trifluoroacetic acid (2 · 20 lL), was sequentially eluted with 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%, 50%, and 80% CH3CN/0.1% trifluoroacetic acid (2 · 20 lL). Fractions were analyzed by MALDI-TOF-MS (linear mode)
using the conditions described in the Methods section. All the fractions were analyzed; only those containing glycopeptides are presented here.
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between fractions on the leading and the tailing edges
of the peaks.
Prominent [M+H]+-17 Da peaks are observed for

both TP15 (MG) and TP15 (DG), but not for TP13
(MG) or TP13 (DG). This mass difference of 17 Da is
also observed in the satellite signals arising from the dif-
ferent glycoforms of TP15, suggesting that peptide mod-
ification, rather than glycan modification, is responsible
for this signal. One of the consequences of this variation
is, as previously observed,8,13 that the HPLC peaks con-
taining the glycopeptides are broadened.
The isotope pattern for fraction 74 (RP-HPLC frac-

tion collected between 73 and 74 min) is depicted in
Figure 5A. This reflector mode MALDI-TOF mass
spectrum, acquired with a resolution (Dm/m, where
Dm = width of the isotope peak at half-height) of about
12,500, was calibrated with an internal standard com-
posed of ACTH clips 1–17 ([M+H]+ 2093.087), 18–39
([M+H]+ 2465.199), and 7–38 ([M+H]+ 3657.929). It
is clear that the predicted monoisotopic peak for mono-
glycosylated TP15 ([M+H]+ 3876.623 Da) is absent, and
that the second isotope peak ([M+H]+ 3877.650) is the
base peak. A comparison of the experimental
(Fig. 5A) and the simulated (Fig. 5B) isotope patterns
clearly shows that the experimental envelope is too
broad to arise from a single species with a monoisotopic
mass of 3876.623 Da, and is better described by the pres-
ence of at least three species. This is borne out by the
examining of the deisotoped spectrum (Fig. 5C), show-
ing that the isotope envelope can be explained by the
presence of four species, the major species (58.6% of
the total) having a [M+H]+ of 3880.567 Da. Similar
analyses for the other RP-HPLC peaks containing
monoglycosylated TP15 are presented in Table 2, where
the predicted monoisotopic species are absent in all of
the fractions. The results in Table 2 also indicate that
differences in the chromatographic behavior of the
different TP15 glycoforms can be explained by peptide



Figure 4. Purification of glycopeptides from a trypsin digest of
carboxyamidated SBP on a Beckman Ultrasphere C8 column
(4.6 · 250 mm). Elution conditions are presented in the Methods
section. Fractions (1 min) were collected and analyzed by linear
MALDI-TOF-MS (conditions in the Methods section). Peaks con-
taining glycopeptides, labeled with the parent tryptic peptide. TP13
(MG), TP15 (MG), monoglycosylated tryptic peptides 13 and 15,
respectively; TP13 (DG), TP15 (DG), diglycosylated tryptic peptides
13 and 15, respectively.

Figure 5. Comparison of the isotope pattern of monoglycosylated
TP15 in RP-HPLC fraction number 74 acquired by reflector MALDI-
TOF-MS (A), with the simulated spectrum (B). The deisotoped
spectrum is depicted in (C). Reflector MALDI-TOF-MS conditions
are presented in the Methods section.
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modification. The absence of the monoisotopic peak is
however variable, and is observed as a minor peak in
some preparations of monoglycosylated TP15 (data
not shown).
As a control, the isotope pattern of ACTH clip 7–38

([M+H]+ (monoisotopic), 3657.929 Da), one of the
internal calibration standards, in each fraction reported
in Table 2 was analyzed and compared to the theoretical
isotope distribution (data not shown). The isotope pat-
tern in every fraction was consistent with the presence
of a single peptide species. Moreover, the area of each
isotope peak was close to that predicted by the spectrum
simulated with the same mass resolution.
The glycans were modeled onto the crystal structure

of SBP (deposited with the Protein Data Bank, PDB,
as 1FHF14) and HRPc (PDB 1W4W15), using the pro-
gram GlyProt (http://www.glycosciences.de/glyprot/).16

In SBP, N2M3FX was attached to Asn130, Asn144,
Asn185, Asn197, Asn211, and Asn216, and N2M9 to
Asn56. The major glycan, N2M3FX was modeled onto
all eight N-linked glycosylation sites of HRPc shown
from previous work to be glycosylated13,17 viz. Asn13,
Asn57, Asn158, Asn186, Asn198, Asn214, Asn255,
and Asn268. The files were imported into and manipu-
lated with PyMOL v. 0.98.18

The glycosylation of SBP and HRPc, viewed along the
axis from the proximal end of the molecules, is presented
in Figure 6. It is clear that the glycans are distributed
primarily on the substrate-channel face of SBP (Fig. 6,
left pane) whereas they are distributed more evenly in
HRP (Fig. 6, right pane).
3. Discussion

The SBP glycosylation study reported here extends pre-
vious studies from this laboratory,7,8 confirms the study
by Welinder and Larson,10 and addresses the partial
occupation of four of the N-glycosylation sites present
on the enzyme, viz. Asn185, Asn197, Asn211, and
Asn216.
Some of the problems associated with MALDI-TOF-

MS, including signal suppression and crowded/overlap-
ping signals from peptides with similar masses, are obvi-
ated by fractionation of the tryptic digest of SBP with a
C18 OMIX tip. This SPME procedure is rapid, inexpen-
sive, and as demonstrated here, allows the identification
of some of the minor glycosylated peaks, in this case,
monoglycosylated TP13 and diglycosylated TP15. This
technique is therefore useful for qualitative work, where
identification of minor species is desired, but does not
lend itself readily to quantitative studies.
Fractionation of tryptic digests of SBP by RP-HPLC

on a C8 column not only allowed the separation of the
major glycopeptides, but also the separation of glyco-
peptides clearly related to each other by mass, but differ-
ent because of glycan composition (e.g., the separation
of TP13 (MG and DG) and TP15 (MG and DG)) or

http://www.glycosciences.de/glyprot/


Table 2. Analysis of the deamidation of monoglycosylated glycopeptide TP15 present in C8 RP-HPLC fractionation of a trypsin digest of
carboxyamidated SBPa

Fraction Calculated [M+H]+ (monoisotopic)

3876.623 (0) 3877.607 (1) 3878.591 (2) 3879.575 (3) 3880.559 (4) 3881.543 (5) 3882.527 (6)

Intensity (area) of isotope peak (as % of total)

73 0.0 8.4 29.7 43.5 0.0 18.4 0.0
74 0.0 12.4 24.8 4.3 58.6 0.0 0.0
75 0.0 24.7 6.2 40.6 28.6 0.0 0.0
76 0.0 19.5 12.8 39.0 20.5 8.2 0.0
84 0.0 13.1 27.0 27.2 29.7 3.0 0.0
85 0.0 24.6 15.0 18.0 42.4 0.0 0.0
86 0.0 0.0 79.2 0.0 0.0 20.8 0.0

Number of deamidations are in bold and given within parentheses.
a Selected fractions, supplemented with an internal standard consisting of about 0.5 pmol of ACTH clips 1–17 ([M+H]+ 2093.087), 18–39 ([M+H]+

2465.199), and 7–38 ([M+H]+ 3657.929) were spotted with CHCA as matrix by the dried drop method and analyzed by MALDI-TOF-MS in the
reflector mode. Conditions are the same as presented in the legend to Figure 5.

Figure 6. The distribution of glycans (orange spheres) on the surface of
SBP (left) and HRP (right), viewed from the proximal end of the
molecules.
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peptide modification (the appearance of TP15 (DG) in
two fractions, and TP15 (MG) in three fractions). Sim-
ilar chromatographic profiles are observed when tryptic
digests from a number of different SBP preparations are
analyzed.

3.1. Peptide modification

Tryptic glycopeptide TP15 is interesting, not only
because of its existence in both the mono- and diglycos-
ylated forms, but because peptide modification appears
to be responsible for its chromatographic behavior.
Ten of the 24 amino acids in the tryptic peptide TP15

(presented below in one letter code) are either Asn (4
residues), Gln (2 residues), or Asp (4 residues).
CPQNATGDNLTNLDLSTPDQFDNR

TP15 
Two type of elimination reactions can be invoked to
explain the 17 Da loss from monoglycosylated TP15;
the formation of aspartyl succinimide, with the loss
of NH3, during the deamidation of Asn,19–21 and the
formation of a cyclic thiazine ((R)-5-oxoperhydro-
1,4-thiazine-3-carboxylic acid) from the N-terminal
carboxyamidated Cys.22 Both reactions are depicted in
Figure 7. The formation of aspartyl succinimide from
aspartyl residues occurs, but at a rate 30-fold slower
than for asparaginyl residues.20,23,24 The one exception
is the enhanced formation of aspartyl succinimide in
the sequence, -Asp-Asn-Ile-Thr-, when the Asn residue
is glycosylated.25 A similar motif, with Leu replacing
Ile, occurs in TP15. Glutamine residues also undergo
deamidation, via a glutarimide intermediate, but at a
much lower rate.26

The products produced from the hydrolysis of the
aspartyl succinimide are a-Asp and its isomer, b-Asp
(isoaspartate) in the ratio of 1:3.20 Racemization of
the a-C of the cyclic imide occurs at a low rate, result-
ing in the formation of DD-Asp and DD-isoAsp after
hydrolysis.20

3.1.1. Isotope pattern analysis and deamidation. The
loss of the amide and its replacement with a hydroxyl
group in Asn and Gln residues increases the nominal
mass by 1 Da. The mass of monoglycosylated TP15
can therefore increase by 5 Da if the Asn residues not
involved in N-glycan formation and the Gln residues
are deamidated.
The resolution of the PerSeptive Biosystems Voyager

DETM STR BioSpectrometryTM Workstation mass spec-
trometer is sufficient to resolve the isotope peak of the
monoglycosylated TP15 present in RP-HPLC fraction
74. Surprisingly, the predicted monoisotopic mass for
monoglycosylated TP15 ([M+H]+ = 3876.623 Da) in
fraction 74, is absent from the spectrum. Inspection of
the breadth of the isotope envelope shows that this is
too wide to be accounted for by a single species with a
monoisotopic mass, [M+H]+, of 3877.650 Da. This is
borne out by comparing the experimental isotope



Figure 7. Reaction sequences leading to aspartyl succinimyl formation from Asn and (R)-5-oxoperhydro-1,4-thiazine-3-carboxylic acid formation
from N-terminal carboxyamidated Cys.
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pattern for TP15 (MG) from fraction 74 (Fig. 5A) with
that simulated for this glycopeptide with up to three
deamidations (Fig. 5B). The deisotoped spectrum
(Fig. 5C) reveals that four glycopeptide species are pres-
ent in this fraction. It is clear from the data presented in
Table 2 that the experimental isotope patterns can incor-
porate up to five deamidations. Moreover, the results in
Table 2 also show that each fraction contains a different
pattern of modification, for example, about 80% of the
glycopeptides in fraction 86 have masses consistent with
2 deamidations. Similarly, other fractions contain a vari-
ety of different species, and it appears as if this variabil-
ity contributes to the chromatographic behavior of these
glycopeptides.
How well do the experimental and theoretical isotope

patterns agree? Can the isotope pattern be used to esti-
mate the number of discrete species in a sample? This
was answered, in part, by comparing the experimental
and theoretical isotope patterns for ACTH clips 7–38
present, as an internal standard, in each of the fractions
analyzed in Table 2, where good correlation was found
between the experimental and theoretical intensities of
the isotope peaks. In addition, a single deisotoped peak
with the expected monoisotopic mass (±10 ppm), was
obtained for each of the analyses. Consequently, it can
be argued that the results presented in Table 2 represent
a reasonable estimate of the number and proportion of
TP15 species present in each fraction.
An important question is the source of this modifica-

tion. Does it arise from modification of the SBP before
extraction and purification, during SBP purification and
storage, or is it a consequence of trypsin digestion and
storage of the tryptic digest? Although the answer to this
question requires long-term experiments to be per-
formed, it can be partially answered by considering
some of the factors that influence deamidation of Asn
and Gln residues.
The susceptibility of Asn residues to deamidation is

influenced by amino acid sequence and by tertiary struc-
tures of the protein.27–32 Bulky groups on the a-car-
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boxyl-side of Asn reduce the rate of imide formation sig-
nificantly, whereas small groups, such as Gly enhance its
formation.20,27,28,30,33 In addition to sequence, second-
ary and tertiary structures also play a role in regulating
the rate of Asn deamidation.29–32,34,35 A computer pro-
gram to calculate the susceptibility of Asn residues to
deamidation was written by Robinson28,29 and is avail-
able on the World Wide Web (http://www.deamida-
tion.org). The program uses an extensive database
containing data on the influence of neighboring residues
on the rates of Asn deamidation, together with the three
dimensional structure of the protein, to calculate the
deamidation coefficient, CD (defined as equal to one
hundredth the half-life of the amide, in days), for each
Asn residue in the protein. A number of additional
parameters are used to calculate CD, including a param-
eter representing the effect of 3D structure on deamida-
tion, and a parameter incorporating other factors, such
as H-bonding, that reduce the rate of deamidation.
The crystal structure for SBP (Brookhaven Protein

Database, PDB entry 1FHF) was submitted to this site,
generating the following results for the Asn residues
present in TP15 (CD, the deamidation coefficient, is pre-
sented in parentheses): Gln-Asn211-Ala (9.417), Asp-
Asn216-Leu (10.574), Thr-Asn219-Leu (165.556), and
Asp-Asn230-Arg (1238.720). Asn 211 and Asn 216, part
of the N-glycosylation sequons, are more susceptible to
deamidation by at least one order of magnitude than are
Asn219 and Asn 230. Thus, glycosylation of either of
these residues may be important in their stability. From
data presented above and by Welinder and Larson,10 the
glycan occupancy of Asn216 is low. It thus appears that
Asn216 may be deamidated in situ, that is, on the pro-
tein, but that the deamidation of Asn219 and Asn230
occurs during trypsin digestion and peptide purification
and storage. Thus, deamidation of Asn216 may occur
during storage of SBP in the hourglass cells of seed coat,
during protein purification, and during storage of stock
solutions of enzyme. The other deamidation reactions
suggested by the complex isotope pattern are probably
artifacts generated during trypsin digestion, and peptide
purification and storage. Nonetheless, the overall con-
clusions regarding the occupation of the N-glycosylation
consensus sequons are valid provided that all of the
peaks associated with each peptide are identified and
summed for their contribution to glycosylation site
occupation.

3.1.2. Thiazine formation. The [M+H]+-17 Da peak
observed in the spectrum of carboxyamidated TP15 is
considered to arise from the formation of the cyclic thia-
zine for two reasons. Firstly, the aspartyl succinimide
intermediate is relatively unstable and is rapidly de-
graded in solution and so is not expected to persist in
the sample. Secondly, TP12, which is also N-terminal
carboxyamidated, is observed mainly as the [M+H]+-
17 and not as the [M+H]+ species (881.0 and 898.0 Da
(average mass), respectively; Fig. 3, first panel inset).
Because the formation of the cyclic thiazine requires
an N-terminal carboxyamidated residue for formation,
its occurrence in these samples must be regarded as an
artifact generated during trypsin digestion and storage
of the tryptic digests and HPLC fractions derived from
carboxyamidated SBP.

3.2. Glycosylation of SBP

The two N-glycosylation sequons on TP15 are close to
one another, being separated by two amino acids. It is
known that translation and glycosylation are concomi-
tant, with glycosylation occurring when the nascent pep-
tide chain is about 30 residues from the ribosome.36 It
can be speculated that, because Asn211 is exposed to
the oligosaccharyl transferase before Asn216, and be-
cause of the close proximity of the two N-glycosylation
sequons, that glycosylation at Asn211 would interfere
with that at Asn216 by factors such as steric hindrance.
That Asn211 is preferentially glycosylated is supported
by the studies of Welinder and Larson,10 where no gly-
cosylation of Asn216 was observed. That Asn216 can be
glycosylated is clear from the data presented here and in
a previous study,8 where TP15 (DG) is observed, albeit
as a minor species. This apparent contradiction can be
resolved by the observation that TP15 (MG) and TP15
(DG) are separated by RP-HPLC. Consequently, it is
possible that the HPLC fractions selected by Welinder
and Larson10 for sequencing did not contain diglycosy-
lated TP15.
In addition to steric hindrance, other factors influence

the efficiency of glycosylation at a particular Asn resi-
due. Recently, Petrescu et al.37 performed a statistical
analysis of the factors influencing N-glycosylation of a
large number of glycoproteins contained in the Brook-
haven Protein Data Bank (RCSB PDB, http://
www.rcsb.org). The most significant conclusions from
this study were: Thr, rather than Ser, is more often the
third member of occupied N-glycosylation sites (about
7:3 ratio), that regions of tertiary structural change
favor glycosylation, that aromatic amino acids often
precede occupied glycosylation sites, and that acidic
residues immediately preceding the Asn residue in the
N-glycosylation consensus sequon, decrease site occu-
pancy. They also found that surface topology of the
protein in the vicinity of the glycan was important, with
most occupied sites being either exposed on convex
surfaces, or on flat regions of the protein.
Both of the N-glycosylation consensus sequons of

TP15 terminate in Thr, and so this is unlikely to influ-
ence glycosylation at either site. However, glycan occu-
pancy at Asn216 can be decreased due to the preceding
Asp residue. Because the negative effect of the preced-
ing Asp residue on the oligosaccharyl transferase

http://www.deamidation.org
http://www.deamidation.org
http://www.rcsb.org
http://www.rcsb.org


Figure 8. The topography of the SBP protein/solvent contact surface
in the vicinity of Asn185, Asn197, Asn211, and Asn216. The view is
from the proximal surface and similar to that depicted in Figure 6. The
Asn residues that are part of the putative N-glycosylation consensus
sequons, are shown as their van der Waals radii. The orientation of the
amide N of Asn216 is away from the surface in contrast to those of
Asn residues 185, 197, and 211.
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activity is independent of steric hindrance, influencing
either its affinity or its catalytic activity, the two effects
will be additive. The overall effect would be to narrow
the time window in which oligosaccharide transfer to
Asn216 can occur. Subsequent folding of the peptide
chain may further reduce the ability of the oligosac-
charyl transferase to transfer an oligosaccharide to
Asn216.
Examination of the surface of SBP in the vicinity of

Asn185, Asn197, Asn211, and Asn216, shows that the
three former Asn residues are either on convex surfaces,
or on a ridge, whereas the amide N of Asn216 appears
to be buried and therefore less accessible (Fig. 8).

3.3. Asymmetric distribution of the glycans on SBP

The distribution of the glycans on the surface of SBP is
asymmetrical, with most of them occupying the sub-
strate-channel face of the enzyme (Fig. 6). In contrast,
the glycans are distributed more evenly over the surface
of HRP, both as a consequence of there being two more
N-glycans attached to HRP, and also because these are
distributed over a greater proportion of the sequence.13

The structures depicted in Figure 6 represent single con-
formers of the glycans; in practice, the glycans are pres-
ent as an ensemble of conformers, and sweep out a much
greater surface area than depicted here. The asymmetric
distributions of glycans on the SBP surface, may explain
many of the atypical behaviors of the enzyme, including
its tendency to bind to glass surfaces, its quantitative
distribution into an acetone/buffer cosolvent from aque-
ous ammonium sulfate solution,38 and its stability when
bound to the nanotubes.39
The asymmetric glycosylation of SBP has some poten-
tial uses. For example, derivatizing the glycans, after
generation of reactive groups by mild periodate oxida-
tion, would allow linkers to be attached that could be
used to insert SBP into membranes with a specific orien-
tation. Alternatively, appropriate derivatization of the
glycans could be used to orient SBP at the interface
between two immiscible solvents, allowing reactions to
occur in the aqueous phase and extraction of products
into the organic phase. Similarly, use of derivatized
glycans could be used for constructions of biosensors,
where the short diffusion path afforded by SBP bound
in the same orientation, could result in greater sensitivity
and higher response times.

3.4. Conclusion

In conclusion, the results reported here show that,
although all the sites of SBP can be glycosylated, not
all sites are equally populated. N-Glycosylation appears
essentially complete at Asn56, Asn130, and Asn144, as
the corresponding, non-glycosylated peptides are not
observed in any of the analyses reported here. About
10% of the glycosylation sites on Asn185 and N197,
based on the RP-HPLC results, are unoccupied; in con-
trast, about 35–40% of Asn211 and Asn216 are not
occupied, that is, 85–90% of TP15 is detected as the
monoglycosylated species, and 10–15% of the glycopep-
tide as the diglycosylated species. For reasons presented
above, it is believed that Asn211 is the primary glycosyl-
ation site, and that Asn216 is the minor glycosylation
site. Analysis of the results also lead to the conclusion
that much of the heterogeneity observed during the
MALDI-TOF-MS analysis of the tryptic peptides, par-
ticularly with respect to deamidation and cyclic thiazine
formation, are experimental artifacts, and also conclude
that glycosylation site occupancy can be estimated cor-
rectly if these are taken into account.
4. Experimental

4.1. Materials

Soybean seed coat peroxidase, RZ (Reinheitzahl, ratio
of absorbance at 403 and 280 nm) 2.7, was obtained
from Bioresearch Products, Inc. (North Liberty, IA).
Modified porcine trypsin was from Promega US
(Madison, WI). The Sequazyme Mass Standards Kit
and the MALDI-MS Calibration Kit, MSCAL-2 were
purchased from Applied Biosystems (Foster City, CA)
and Sigma (Sigma–Aldrich, St. Louis, MO), respec-
tively. a-Cyano-4-hydroxycinnamic acid (CHCA)
(Fluka), 2,5-dihydroxybenzoate, Angiotensin I, adreno-
corticotropic hormone (ACTH) clips 1–17, 18–39, and
7–39, dithiothreitol (DTT, SigmaUltra) and iodoaceta-
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mide (SigmaUltra) were obtained from Sigma (Sigma–
Aldrich, St. Louis, MO). The OMIX 100 lL C18 tips
were the kind gift of Varian, Inc. (Lake Forest, CA).
HPLC grade acetonitrile (Burdick and Jackson), was
obtained from Fisher Scientific (Hampton, NH). All
other reagents were of analytical quality.

4.2. Purification of SBP

SBP (1 mL of a 10 mg/mL in water) was chromato-
graphed on a Sephadex superfine G-75 (Pharmacia,
Uppsala, Sweden) column (1 · 40 cm) equilibrated with
water, and eluted with water at a flow rate of 18 mL/h.
Fractions (0.5 mL) were collected and their absor-
bances, after dilution with water if necessary, were deter-
mined at 280 and 403 nm on a Perkin Elmer (Norwalk,
CN) Lambda 3B UV/Vis Spectrophotometer. Fractions
with RZ > 2.9 were pooled, concentrated to about
10 mg/mL using an Amicon Ultra-4 (Millipore, Bed-
ford, MA) PL-30 ultrafilter (MWCO 30,000), and stored
at 4 �C.

4.3. Removal of heme

Heme was removed with acidic acetone (2% concd HCl
(v/v) in acetone) at �20 �C, as described previously.7,40

4.4. Carboxyamidation and trypsin digestion

Urea (8 M) in 0.4 M NH4HCO3, pH 7.8–8.0, and
50 mM dithiothreitol (DTT) in this buffer solution, were
freshly prepared immediately before use. Holo- or Apo-
SBP (1 mg) was dissolved in 200 lL of 8 M urea/0.4 M
NH4HCO3 and 20 lL of 50 mM DTT, mixed gently,
and heated at 60 �C for 60 min, cooled, and allowed to
react with freshly prepared 100 mM ICH2CONH2 in
water (20 lL) in the dark for 30 min at room tempera-
ture. The excess ICH2CONH2 was quenched by adding
40 lL of 50 mM DTT. The urea concentration was
reduced to <1M with 50 mM NH4HCO3 (1960 lL), and
Promega frozen modified porcine trypsin (530 lg/mL)
was added to a final SBP/trypsin ratio of 40:1. A few
microliters of toluene was added to the tube, and diges-
tion was allowed to proceed for 16 h at 37 �C. The
extent of digestion was checked by MALDI-TOF-MS.

4.5. Peptide fractionation on an Omix C18 100 lL tip

The Omix tip was used according to the manufacturer�s
instructions. Briefly, the tip was activated with 50% (v/v)
CH3CN (2 · 100 lL), equilibrated with 2% (v/v)
CH3CN in 0.1% (v/v) CF3COOH. The tryptic digest
of carboxyamidated apo-SBP (�70 lg) was made to
2% CH3CN/1% CF3COOH (v/v) and bound to the tip
by repeatedly aspirating and dispensing the samples.
The tip was washed with 2 · 20 lL 2% (v/v) CH3CN
in 0.1% (v/v) CF3COOH. The peptides were sequentially
eluted from the tip with 2 · 20 lL of 5%, 10%, 15%,
20%, 25%, 30%, 40%, 50%, and 80% (v/v) CH3CN in
0.1% CF3COOH and analyzed by MALDI-TOF-MS.

4.6. High-performance liquid chromatography (HPLC)

Fractionation of the tryptic digests of SBP by Reverse
Phase HPLC was performed on a Beckman (Altex)
Ultrasphere Octyl column (4.6 · 250 mm) and a Dionex
(Dionex Corporation, Sunnyvale, CA) DX300 HPLC
equipped with a VDM-II variable wavelength detector.
The tryptic digest of SBP (up to 800 lg) in 80 lL 2%
CH3CN/0.1% CF3COOH (v/v) was filtered through a
0.2 lm filter (Millex-GV4, Millipore, Bedford, MA),
and 60–80 lL was loaded onto the column and eluted
at 0.5 mL/min with a binary gradient generated as fol-
lows (A = 0.1% (v/v) CF3COOH; B = 100% CH3CN/
0.085% CF3COOH (v/v)): 0–10 min, 5% B; 10–25, linear
gradient from 5% to 18% B; 25–210 min, linear gradient
18–30% B; 210–250 min, linear gradient 30–50% B. The
column was washed with 60% B for 30 min and equili-
brated for 30 min with 5% B. The absorbance at
214 nm was continuously viewed and collected using
Peaknet version 5.2 (Dionex Corporation, Sunnyvale,
CA). Fractions (0.5 mL) were collected in polypropylene
microfuge tubes, and analyzed by MALDI-TOF-MS.
The volume of the fractions was reduced to �50 lL on
a SpeedVac (Savant) and stored at �20 �C.

4.7. MALDI-TOF-MS

MALDI-TOF-MS spectra were acquired on a PerSep-
tive Biosystems Voyager DETM STR BioSpectrometryTM

Workstation (Applied Biosystems, Foster City, CA)
fitted with a N2 laser operating at 337 nm and pulsed
(3 ns) at 3 Hz. Data were recorded with a Tektronix
784A oscilloscope (Tektronix, Inc., Gaithersburg, MD),
downloaded and processed using software supplied with
the instrument (Biospectrometry Workstation Software
version 5.1 and Data Explorer version 4.1). The vacuum
of the source and the reflector regions was <10�7 Torr.
Linear spectra were obtained under the following condi-
tions: accelerating voltage, 25,000 V; guide wire, 6.25 V
(0.025%); grid voltage, 23,625 V (94.5%); low mass gate,
700 amu. Extraction delay was set at 150 ns for masses
below 2000 amu, and at 260 ns for masses >3000 amu.
Between 50 and 250 individual shots were averaged
for spectra accumulated in the linear mode. Reflector
spectra were acquired under the following conditions:
accelerating voltage, 20,000 V; guide wire, 0.02 V
(0.001%); grid voltage, 14,300 V (71.5%); low mass gate,
700 amu. Seven spectra of 150 shots from different
points on the sample spot were acquired for each sam-
ple. The spectra were saved individually, together with
the accumulated spectrum. The MALDI-TOF-MS was
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calibrated using either the Sequazyme Mass Standards
Kit (Applied Biosystems, Foster City, CA) or the
ProteoMass MALDI-MS Calibration Kit, MSCAL-2
(Sigma, St. Louis, MO).
Samples (1–10 pmol) made up in 10 lL�1 CHCA

(10 mg/mL in 50% CH3CN/0.3% CF3COOH (v/v)),
were spotted on gold-plated targets and allowed to air
dry. Spots were rinsed with 2 lL 0.1% (v/v) CF3COOH
for 10 s, which was removed and discarded. Samples
with predominantly low mass ions were analyzed using
25 mM CHCA in 10 mM ammonium phosphate,
pH 4.5 containing 50% CH3CN/0.1% (v/v) CF3COOH
as matrix.11,12 MALDI-TOF-MS analyses with 2,5-
dihydroxybenzoate as matrix were performed as des-
cribed previously.8,13

The internal standard (IS) contained 10 pmol each of
ACTH clips 1–17 ([M+H]+ (monoisotopic), 2093.0867 Da),
18–39 ([M+H]+ (monoisotopic), 2465.1989 Da), and
7–38 ([M+H]+ (monoisotopic), 3657.9294 Da). Matrix/
IS (1 part IS + 4 parts matrix) prepared immediately
before use, was mixed with sample (1 part sample + P4
parts matrix/IS) and spotted on a gold plate. The final
concentration of the IS in the sample ranged from
0.3 pmol/lL to values approaching 1 pmol/lL for
samples analyzed with higher matrix/sample ratios.
Data Explorer version 4.1 was used for data analysis.

Calibration, using an external standard, is applied auto-
matically during data acquisition. Spectra were cali-
brated, using an internal standard, after baseline
correction and noise reduction. Deisotoping, centroid-
ing, and the simulation of spectra were performed using
the functions built into Data Explorer. The input for the
simulation of the isotope pattern for monoglycosylated
TP15 was the molecular formula calculated for the pep-
tide substituted with one molecule of N2M3FX.
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