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O-Linked glycans vary between eukaryotic cell types and play
an important role in determining a glycoprotein’s properties,
including stability, target recognition, and potentially immu-
nogenicity. We describe O-linked glycan structures of a
recombinant human IgA1 (hIgA1) expressed in transgenic
maize. Up to six proline/hydroxyproline conversions and vari-
able amounts of arabinosylation (Pro/Hyp + Ara) were found
in the hinge region of maize-expressed hIgA1 heavy chain (HC)
by using a combination of matrix-assisted laser-desorption
ionization mass spectrometry (MALDI MS), chromatogra-
phy, and amino acid analysis. Approximately 90% of hIgA1
was modified in this way. An average molar ratio of six Ara
units per molecule of hIgA1 was revealed. Substantial
sequence similarity was identified between the HC hinge
region of hIgA1 and regions of maize extensin-family of
hydroxyproline-rich glycoproteins (HRGP). We propose that
because of this sequence similarity, the HC hinge region of
maize-expressed hIgA1 can become a substrate for posttrans-
lational conversion of Pro to Hyp by maize prolyl-hydroxy-
lase(s) with the subsequent arabinosylation of the Hyp
residues by Hyp-glycosyltransferase(s) in the Golgi apparatus
in maize endosperm tissue. The observation of up to six Pro/
Hyp hydroxylations combined with extensive arabinosylation
in the hIgA1 HC hinge region is well in agreement with the
Pro/Hyp hydroxylation model and the Hyp contiguity hypoth-
esis suggested earlier in literature for plant HRGP. For the
first time, the extensin-like Hyp/Pro conversion and O-linked
arabinosylation are described for a recombinant therapeutic
protein expressed in transgenic plants. Our findings are of sig-
nificance to the field of plant biotechnology and biopharma-
ceutical industry-developing transgenic plants as a platform
for the production of recombinant therapeutic proteins.
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Introduction

The difficulty and cost of manufacturing glycosylated pro-
teins for human therapeutic use has driven the evaluation of

multiple plant and plant cell systems as production vehicles
(Giddings, 2001; Larrick et al., 2001; Mayfield et al., 2003;
Rosin, 2004). These include transgenic plants, cell cultures,
and nontransgenic plants which transiently express proteins
following infection with recombinant plant viruses (Giddings,
2001). Plants of many types can assemble and accumulate
valuable proteins that can be economically extracted and
processed. They often show advantages over other expres-
sion systems as factories for the production of pharmaceu-
tical and industrial proteins (Fischer et al., 2004).

Antibodies are critical for the diagnosis, management, and
treatment of contagious diseases and cancers (Stoger et al.,
2000; Weiner and Carter, 2003). Functional recombinant
monoclonal antibodies (MAbs) have been successfully pro-
duced in plants including tobacco, rice, wheat, canola, maize,
peas, soybean, potatoes, lettuce (Hiatt et al., 1989, 1997,
2001; Ma et al., 1994; Hein et al., 1999, 2002; Stoger et al.,
2000; Giddings, 2001; Rosin, 2004), and alfalfa (Medicago
sativa) (Bardor et al., 2003a; Rosin, 2004). MAbs have also
been produced in contained plant systems such as Lemna
(duckweed) (Gasdaska et al., 2003; Dickey et al., 2004), a
moss Physcomitrella patens (Wagner, 2003; Gorr et al.,
2004), and green alga Chlamydomonas reinhardtii (Mayfield
et al., 2003) and in suspension cultures of rice and tobacco
cells (Hellwig et al., 2004).

Antibodies of the IgA class have the ability to protect
against various diseases at mucosal surfaces where they
exist in the stable dimeric secretory IgA (sIgA) form (Larrick
et al., 2001). To date, there has been little success in the
application of IgA class antibodies to therapeutic use
because of the difficulty of producing the dimeric form in
mammalian cells at economic levels (Chintalacharuvu and
Morrison, 1997). This article describes, in part, the work
done to express fully human IgA antibodies in transgenic
maize for use in topical therapeutic applications.

N- and O-Linked glycosylation are important for biolog-
ical activity and efficacy (Wright and Morrison, 1997;
Bardor et al., 2003a; Weiner and Carter, 2003), in vivo sta-
bility (Wright and Morrison, 1997), and maintaining correct
tertiary structure (Weiner and Carter, 2003) of glycopro-
teins. It has also been acknowledged that modification of
glycan structures may result in immunogenicity or allerge-
nicity of a therapeutic molecule (Altmann et al., 1993; Ma
and Hein, 1995; Larrick et al., 2001; Bardor et al., 2003b).
The impact of N-linked glycosylation processes on bioman-
ufacturing is better understood because of the frequency
with which this linkage is observed and relative ease of its
characterization. (Rayon et al., 1998; Wilson, 2002). N-Linked
oligosaccharides can be found attached to Asn residues
primarily in the Asn–Xxx–Ser/Thr consensus sequence
(where Xxx is any amino acid except Pro). O-Linked glycosy-
lation has been less studied, especially for plant glycoproteins,
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primarily because of the absence of a common consensus
sequence for O-linked glycosylation and characterization
challenges (Fitchette-Laine et al., 1998; Van den Steen et al.,
1998; Wilson, 2002).

O-Linked glycosylation has been detected in the Fc frag-
ment of human IgA1 (hIgA1) molecules (Figure 1). The
conserved heavy chain (HC) hinge region includes the fol-
lowing amino acid sequence PSTPPTPSPSTPPTPSPS
(Kabat et al., 1991), which is rich with proline (Pro), serine
(Ser), and threonine (Thr) residues. Primarily, the O-linked
glycans attached to the Thr and Ser residues were
NeuAcα2–3βGalβ1–3GalNAc trisaccharide and other neu-
tral and sialylated O-glycans (bi-, tri-, and tetrasaccharides,
containing galactose [Gal], N-acetylgalactosamine [GalNAc],
and sialic acid [NeuAc]) (Mattu et al., 1998). This is a typi-
cal mucin-type O-linked glycosylation (Van den Steen et al.,
1998). The glycosylation pattern in the hIgA1 hinge region
has been implicated in the pathology of many diseases
including IgA neuropathy (reviewed in Mattu et al., 1998).
Based on molecular modeling, Mattu et al. (1998) suggested
that hIgA1 HC hinge region, because of its high Pro con-
tent, forms an extended rod-like conformation in solution
and proposed that the heavy O-linked glycosylation of this
region provides a continuous coat of glycan along the
exposed surface which protects the region against bacterial
proteolysis and degradation.

In plants, O-linked glycans are typically represented by
Gal attached to Ser (solanaceous lectin-type O-linked glyc-
osylation) and Hydroxyproline (Hyp) and chains of arabi-
nose (Ara) attached to Hyp (linear extensin-type O-linked
glycosylation); there is also arabinogalactan-type O-linked
glycosylation, in which linear or branched oligosaccharides

consisting of Gal and Ara are attached to Hyp (Lamport,
1969; Lamport et al., 1973; Pope, 1977; Van den Steen
et al., 1998; Wilson, 2002). O-Linked glycosylation in
plants is believed to be involved in plant development and
wound healing (Wilson, 2002).

In this study, we describe O-linked glycosylation of two
maize-expressed monomeric hIgA1 antibodies (and varia-
tions thereof purified from different genetic constructs):
HX8 hIgA1 (designated E1) targeted against glycoprotein-
D of herpes simplex virus (HSV) (Zeitlin et al., 1997) and
H6-3C4 hIgA1 (designated E2 or “sperm-immobilizing”
antibody) targeted against SAGA-1 antigen (Anderson
et al., 1987; Briggs et al., 2004; Diekman et al., 2000).
Amino acid sequences of the HCs of E1 and E2 hIgA anti-
bodies are shown in Figure 2A and B, respectively.

In this study, for the first time, the extensin-like Hyp/Pro
conversion and O-linked arabinosylation are described for
a recombinant therapeutic protein expressed in transgenic
plants. Our findings may be of great importance to the field
of plant biotechnology and to the biopharmaceutical indus-
try developing transgenic plants as a platform for produc-
tion of recombinant therapeutic proteins.

Results

Identification of modified hinge region fragment in 
maize-expressed hIgA1

The following experimental design was executed to confirm
the identity of the HC hinge region fragment (HRF) in maize-
expressed hIgA1 (Figures 3, 4, and 5). Affinity-purified
hIgA1 was digested with trypsin after reduction of the dis-
ulfide bonds and subsequent carboxymethylation of the
Cys side chains, and the tryptic peptides were fractionated
by reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC). Figure 3 gives an example of the separa-
tion, showing only the region of the chromatogram where
HRF species eluted. Fractions were collected and eluting
peptides identified by matrix-assisted laser-desorption ion-
ization mass spectrometry (MALDI MS). The fractions
containing the HRF heterogeneity were pooled together for
further analysis, and the glycosylation pattern was analyzed.
An aliquot of the HRF-containing sample was treated with
peptide N-glycosidase A (PNGase-A; Roche Diagnostics,
Indianapolis, IN) and examined by MS. The absence of
changes in MS ion pattern after PNGase-A treatment sug-
gested that the glycosylation was not N-linked and therefore
was likely to be O-linked (data not shown). To directly con-
firm identity of the HRF and determine the position of the
attached glycans relative to a secondary protease (Asp-N)
cleavage site, we treated the tryptic glycopeptide sample
with endoproteinase Asp-N and examined the resulting sec-
ondary proteolytic fragments by MS. It was expected that
the “glycosylation” ion pattern would downshift and that
the mass difference corresponding to the mass of the nongly-
cosylated secondary proteolytic fragment (∆pep) would be
different depending on the position of the attached glycan(s)
relative to the secondary protease (Asp-N) cleavage site (due
to the addition of either a proton or a hydroxyl group to the
cleaved fragment during proteolysis) (Figures 4 and 5). The
cleaved nonglycosylated portion of HRF was further

Fig. 1. A schematic representation of an assembled human IgA1 (hIgA1) 
molecule. Hinge region and sites of possible N- and O-linked glycosylation 
are indicated with arrows. The heavy chain (HC) tailpiece fragment (dot-
ted lines) containing one possible N-linked glycosylation site was not 
experimentally detected in maize-expressed hIgA1 samples that were inves-
tigated (data not shown).
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Fig. 2. (A) Translated amino acid sequence of E1 human IgA1 (hIgA1) heavy chain (HC) from corresponding DNA vector. Hinge region (221–251) is 
underlined. Potential sites of N-glycosylation are highlighted in boldface type. A table of expected tryptic fragments is also shown in the inset, with the 
tryptic fragment corresponding to hinge region fragment (H-T12) highlighted. (B) Translated amino acid sequence of E2 hIgA1 HC from corresponding 
DNA vector. Hinge region (220–250) is underlined. Potential sites of N-glycosylation are highlighted in boldface type 

 by guest on Septem
ber 11, 2012

http://glycob.oxfordjournals.org/
D

ow
nloaded from

 

http://glycob.oxfordjournals.org/


A.S. Karnoup et al.

968

sequenced (by MALDI PSD [postsource decay]) to directly
confirm HRF identity (data not shown).

The mass-spectral pattern observed in the region of
the chromatogram corresponding to elution of partial
“O-linked” glycopeptide heterogeneity is shown in Figure
5A. Two main features were observed in these mass-spec-
tral patterns (Figure 6): (1) clusters with 16-Da spacing
between peaks consistent with Pro/Hyp heterogeneity of
the HRF; and (2) 132-Da spacings between the ion clusters
consistent with the presence of one or several pentoses
(Pent), which could be due, according to our knowledge, to
heterogeneous arabinosylation or xylosylation. Fractions
eluted slightly later in the same chromatogram contained
ions whose m/z were consistent with unmodified HRF and
HRF species containing Pro/Hyp heterogeneity, but no
modification with Pent (Figure 3). The results of an experi-
ment using secondary digestion with Asp-N combined with
sequencing of the cleaved N-terminal fragment of HRF by
MALDI PSD confirmed the identity of the HRF as the
modified fragment (Figure 5). Figure 6 shows MALDI MS
corresponding to the combined “O-linked” HRF fractions,
including unmodified HRF. Similar results were obtained
for other genetic events of maize-expressed E1 and E2
hIgA1 (A.S. Karnoup, unpublished data).

Detailed characterization of the O-linked glycosylation of 
maize-expressed hIgA1

The relative amounts of modified and unmodified HRF
species were estimated by further characterization of the
fractionated E1 hIgA tryptic digest (Figure 3). Assuming
complete digestion with trypsin, 1 mol of hIgA1 HC should
give rise to 1 mol of each HC-derived tryptic fragment.
The peak areas of two well-separated peptides (H-T14 and
H-T17) in proximity to the H-T12 peptide and the peak area
under the unmodified H-T12 peptide were normalized with
respect to the corresponding calculated extinction coefficients

Fig. 3. Separation of tryptic digest of affinity-purified maize-expressed 
E1 human IgA1 (hIgA1) (reduced and carboxymethylated) on a 
reversed-phase high-performance liquid chromatography (RP-HPLC) 
column. Only a portion of the chromatogram in the proximity of the 
O-linked microheterogeneity (boxed region) is shown. Eluting peptides 
were identified with offline matrix-assisted laser-desorption ionization 
mass spectrometry (MALDI MS). LC peak areas corresponding to 
peptides H-T17, H-T14, and unmodified H-T12 (hinge region fragment 
[HRF]) (corrected to the corresponding UV extinction coefficients 
of the peptides) were used to estimate amount of unmodified HRF 
relative to its modified species (Table I). Sequencing by MALDI
postsource decay (MALDI PSD) was performed for unmodified HRF 
(H-T12) and HRF (H-T12) fragments containing one and two Hyp
(Table III).

Fig. 4. Schematic summary of the approach used to identify site of O-linked glycosylation. “Fork-like” structure is a schematic representation of an 
oligosaccharide attached to the peptide. ∆ is the mass difference between peaks of the same origin before and after secondary proteolytic cleavage. ∆pep is 
the mass of the nonglycosylated secondary proteolytic fragment. The sample of isolated suspected hinge region fragment (HRF) is further treated with 
endoproteinase Asp-N, and the resulting secondary proteolytic fragments are analyzed by mass spectrometry. The observed fragments must be consistent 
with the rules of cleavage by trypsin and Asp-N: (1) amino acids on the C-terminus of the tryptic peptide of interest, and the peptide immediately preceding 
it must be Lys (K) or Arg (R); and (2) Asp-N cleaves before Asp (D). The mass-spectral pattern corresponding to glycosylation heterogeneity is expected 
to downshift after secondary proteolytic cleavage. The value of the mass shift (∆) should correspond to the portion of the peptide being removed. The mass 
of the nonglycosylated secondary proteolytic fragment (∆pep) will be different depending on the position of the attached glycan(s) relative to the secondary 
protease (Asp-N) cleavage site (due to addition of either a proton or a hydroxyl group to the cleaved fragment during proteolysis). See Figure 5 for 
illustration of this approach.
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at 215 nm (detection wavelength) and used to estimate rela-
tive amount of unmodified H-T12 peptide. Approximate
values of the extinction coefficients at 215 nm for individual
peptides were calculated using the following relationship: 

≈ a + b + c + d + e (1)

where is the estimated extinction coefficient of an indi-
vidual peptide at 215 nm,  is the extinction coefficient of

tryptophan at 215 nm, is the extinction coefficient of

tyrosine at 215 nm,   is the extinction coefficient of phe-

nylalanine at 215 nm,  is the extinction coefficient of

histidine at 215 nm,  is the extinction coefficient
of a peptide bond at 215 nm, a is the number of tryp-
tophan residues in a peptide, b is the number of tyrosine
residues in a peptide, c is the number of phenylalanine res-

idues in a peptide, d is the number of histidine residues in
a peptide, and e is the number of peptide bonds in a
peptide. The following approximate values for extinction

coefficients of individual amino acids were used:  =

47,000 cm−1 M−1,  = 10,000 cm−1 M−1,  = 10,000

cm−1 M−1,  = 5900 cm−1 M−1,  = 7000 cm−1 M−1

(Simons, 1979). Contributions from other chromophores to
absorption at 215 nm were assumed negligible (Simons,
1979). The correction of the peak areas corresponding to
H-T14, H-T17, and unmodified H-T12 peptides in Figure 3
is summarized in Table I. Similar values of the normalized
peak areas were obtained for H-T14 and H-T17 peptides,
confirming the validity of the estimation.

Approximately 9% of the HRF (H-T12 peptide) is
unmodified implying that ∼ 91% of the HRF was modified
by either Pro/Hyp conversion(s) or Pro/Hyp + glycosyla-
tion modifications.

Fig. 5. Identification of O-linked glycosylation in E1 human IgA1 (hIgA1) heavy chain hinge region fragment (HRF). The approach outlined in 
Figure 4 was used. (A) Portion of partially separated O-linked microheterogeneity observed in tyrptic digest of maize-expressed E1 hIgA1. Clusters with 
16-Da spacings between peaks are consistent with Pro/Hyp microheterogeneity of the HRF. The 132-Da spacings between the ion clusters are consistent 
with the attachment of pentose (Pent) sugar residues to the HRF fragment. Fractions eluted later in the chromatogram (not shown) contained ions with 
m/z consistent with unmodified [214–251] fragment (H-T12 peptide) and [214–251] fragment containing Pro/Hyp microheterogeneity, but no Pent 
attachments. See text for details. (B) Sample shown in (A), treated with endoproteinase Asp-N. The pattern shown in (B) is consistent with the [221–251] 
fragment, which results from Asn-N cleavage of [214–251] fragment and which contains the same Pro/Hyp + Pent heterogeneity as in (A). Sequence of the 
“clipped” HYTNPSQ portion of the [214–251] fragment (inset) was confirmed by matrix-assisted laser-desorption ionization postsource decay (MALDI 
PSD) (data not shown). Thus, the isolated fragment was identified as the HRF of hIgA1. Further experiments identified the modifying Pent sugar as 
arabinose (see Figure 7).

ε215
peptide ε215

Trp ε215
Tyr ε215

Phe ε215
His ε215

pept.bond

ε215
peptide

ε215
Trp

ε215
Tyr

ε215
Phe

ε215
His

ε215
pept.bond

ε215
Trp

ε215
Tyr ε215

Phe

ε215
His ε215

pept.bond

 by guest on Septem
ber 11, 2012

http://glycob.oxfordjournals.org/
D

ow
nloaded from

 

http://glycob.oxfordjournals.org/


A.S. Karnoup et al.

970

The identity and quantity of the sugar that was attached
to HRF species was determined by high performance anion-
exchange with pulsed amperometric detection (HPAE/PAD)
after release by acid hydrolysis of monosaccharides from
peptides contained in the “O-linked” HRF RP-HPLC frac-
tion (Figure 7). A reference standard was injected before
each sample injection to maximize analysis accuracy. Quan-
titation of the Ara peaks observed in several independent
injections yielded a value of 2.5 ± 0.2 µg Ara for the
“O-linked” HRF fraction hydrolysate. The chromatogram in
Figure 7A also shows peaks in the regions where Gal, glucose
(Glc), and xylose (Xyl) are known to elute. The peak corre-
sponding to Xyl is negligible (this peak calculated to ∼ 0.04 µg
Xyl, which was within the error of detection). These results
confirm the identity of the modifying sugar as Ara. The
minor peaks eluting in the “Gal” and “Glc” regions of the
sample chromatograms (Figure 7A) are probably artifacts,
because no hexoses (Gal or Glc) were detected among the
HRF modifications by MS. HPAE/PAD gave an estimate

of ∼ 2.5 µg of Ara per amount of sample resulted from ∼ 420
µg of initial E1 hIgA1. Therefore, an estimated average
molar ratio of at least six Ara units per each molecule of E1
hIgA1 was determined.

The heterogeneity of the HRF (H-T12 fragment) species
as it appears in the MALDI mass spectrum of the pooled
“O-linked” fraction (boxed region in Figure 3) is presented
in Figure 6. In Figure 6A, the first cluster of ions was
assigned to Pro/Hyp heterogeneity without glycosylation,
and ion clusters differing from the first one by n × 132 Da
were assigned to Pro/Hyp + Ara heterogeneity, with the
number of Ara units running from n = 1 up to 10 (see also
Figure 5 and Table II). In Figure 6B, a close-up on the ion
cluster assigned to Pro/Hyp heterogeneity without glycosy-
lation shows up to six Pro/Hyp conversions. The first three
peptides in this heterogeneity (unmodified HRF [H-T12]
and HRF with one and two Pro/Hyp conversions) were
sequenced by using MALD-PSD, and the first two Pro/
Hyp conversions were assigned to Pro237 and Pro233

Fig. 6. Matrix-assisted laser-desorption ionization mass spectrometry (MALDI MS) profiling of the pooled hinge region fragment (HRF) heterogeneity. 
(A) The heterogeneity of the HRF (H-T12 peptide of E1 human IgA1 (hIgA1), underlined in Figure 2A) as it appears in MALDI MS of the pooled 
“O-linked” high-performance liquid chromatography fraction (boxed region in Figure 3). Ion clusters differing from the first one by n × 132 Da may be 
assigned to Pro/Hyp + pentose heterogeneity, with number of pentose (Pent) units running from n = 1 up to 10. Further experiments identified the Pent 
sugar as arabinose (see Figure 7). (B) The first cluster of ions in (A) may be assigned to Pro/Hyp heterogeneity of the HRF (H-T12 peptide) without 
glycosylation.
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residues in the E1 hIgA1 HC sequence (Table III). MALDI
PSD fragmentation pattern of two other peptides (m/z
4186.9 and 4202.9, Figure 6B) from the HRF heterogeneity
was also consistent with the HRF amino acid sequence,
but, due to insufficient signal intensities, for these HRF
variants, it was not possible to unambiguously identify posi-
tions of further Pro/Hyp modifications (data not shown).

In addition, the presence of Hyp in maize-expressed
hIgA1 HC was determined by amino acid analysis (Table IV).
The average number of Hyp residues per E1 hIgA1 HC
molecule was between two and three.

To obtain more detail on the distribution of the modified
species within the heterogeneous pool of the HRF, by fur-
ther purification with hydrophilic interaction chromatogra-
phy (HILIC), we removed the peptides that coeluted with
the HRF species during the first pass of RP-HPLC per-
formed on the E1 hIgA1 tryptic digest (Figure 8A). HILIC
(Alpert, 1990; Zhang and Wang, 1998) was chosen as a
second-dimension technique because of the polar nature of
the HRF and its glycosylated variants. Fractions were col-
lected, desalted, and analyzed by MALDI MS to identify
eluting peaks. Fractions containing HRF species were
pooled, concentrated, and reinjected onto the RP-HPLC
column to obtain additional information on the distri-
bution of the modified HRF species. Figure 8B shows the
second-pass RP-HPLC on the purified HRF heterogeneity.
Fractions were collected and analyzed by MALDI MS to
identify eluting peaks. The semiquantitative results are
summarized in the inset in Figure 8B (also see Table V).
The most abundant HRF species were found to be H-T12

peptides containing an average of five Hyp and extensive
arabinosylation (up to 10 Ara) and an average of four Hyp
and less extensive arabinosylation (up to six Ara).

Estimates of relative abundance of various HRF species
in the HRF heterogeneity made by measuring relative
intensities of HRF-related peaks in the MALDI MS yielded
results comparable to those obtained by RP-HPLC and
RP-HPLC/HILIC/RP-HPLC methods (Tables II and V).

The abundance of the unmodified HRF species in maize-
expressed E2-480 hIgA1 and E2-540 hIgA1 was ∼ 10% of the
total HRF heterogeneity, based on signal intensity in the
MALDI MS profiles (Table II). This is similar to results of
maize-expressed E1 hIgA1. The pattern of O-linked arabi-
nosylation in both E2 hIgA1 samples was essentially identi-
cal to that described for E1 hIgA1.

A BLAST database search performed on the PSTPPTPSP-
STPPTPSP sequence (Pro-rich hinge region of the hIgA1 HC;
a major part of the HRF) yielded multiple matches with pro-
line-/hydroxyproline-rich glycoproteins (HRGP) from plants
as well as the expected match with IgA HC. Among them,
there were matches to maize extensins and cell-wall proteins
that are believed to undergo conversion of Pro to Hyp in the
Pro-rich repeat regions, with subsequent arabinosylation of
Hyp residues (e.g., see Stiefel et al., 1988).

Discussion

Glycosylation of several maize-expressed transgenic hIgA1
samples was investigated. In this study, we focused on

Table I. Estimate of relative quantity of unmodified hinge region fragment (H-T12 peptide of E1 human IgA1 HC) by reversed-phase high-performance 
liquid chromatography (RP-HPLC) of tryptic digest (Figure 3)

aAverage N = (11.30 + 8.85)/2 = 10.08 equivalent to 100% of expected amount was used in the calculation.
bSee text for details.

Tryptic fragment Sequence
Coefficients 
in equation 1b

Calculated 
ε215

peptide

 (cm−1 M−1)
Peak area, 
A (Arb unit)

Normalized peak
area (calculated)
(Arb unit), 
N = A/ε215

peptide

% of 
expected
amounta

H-T14 DASGVTFTWTPSSGK a = 1 155,000 1752208 11.30 112

b = 0

c = 1

d = 0

e = 14

H-T17 TFTCTAAYPESK a = 0 97,000 857934 8.85 88

b = 1

c = 1

d = 0

e = 11

H-T12 (hinge 
region fragment)
(unmodified)

HYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR a = 0 274,900 254180 0.92 9

b = 1

c = 0

d = 1

e = 37
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describing the O-linked glycosylation of the transgenic
maize-expressed hIgA1. The N-linked glycosylation of the
maize-expressed hIgA1 analyzed was typical of a maize-
expressed protein. The most abundant N-glycan was
truncated paucimannose type, (GlcNAc)2(Man)3Xyl (A.S.
Karnoup, unpublished results).

Pro/Hyp + Ara heterogeneity in the HC hinge region of
maize-expressed hIgA1 was discovered using a combination
of MALDI MS, chromatography, and amino acid analysis.
Up to six Pro/Hyp conversions were detected in the HC
HRF of maize-expressed hIgA1. The first two Pro/Hyp
conversions were assigned to Pro237 and Pro233 residues.
The identity of Ara as a modifying sugar unit was con-
firmed by HPAE/PAD. No Xyl or Gal was found attached

via O-linkage to the HRF of maize-expressed hIgA1 HC.
Only ∼ 10% of total E1 hIgA1 species were found to be free
of Pro/Hyp and/or Pro/Hyp + Ara modifications in the
HRF region; a major fraction of the modified E1 hIgA1
was found to contain Ara.

O-Linked glycosylation of many proteins, including
those of mammalian origin, is often associated with attach-
ment of single sugar residues (typically Gal, GalNAc, or
N-acetylglucosamine [GlcNAc]) or oligosaccharides (typi-
cally containing Gal, GalNAc, and GlcNAc) to Ser and Thr
amino acid residues of the protein (Van den Steen et al.,
1998). Our data did not indicate such involvement of Ser or
Thr residues in the O-linked glycosylation of maize-
expressed hIgA1 HRF: (1) MALDI PSD of HRF species and
amino acid analysis of hIgA1 HC did not indicate modifica-
tions of Ser and Thr; (2) no evidence for the presence of  hexose
(Hex) (162 Da) or N-acetylhexosamine (HexNAc) (203 Da)
(e.g., Gal, GalNAc, or GlcNAc) sugar residues attached to
HRF was found in MALDI MS profiles of HRF; and (3) no
appreciable amount of Gal, GlcNAc, or any other sugar was
detected by monosaccharide analysis of isolated HRF.

Strong sequence similarity was found between the HC
hinge region of hIgA1 and maize extensin-family HRGP
(Figure 9B and references therein). In light of published lit-
erature on plant HRGP, we propose the following scheme
for the possible pathway for posttranslational “O-linked”
modification of maize-expressed hIgA1 (Figure 9A). We
suggest that because of the sequence similarity to maize
threonine/hydroxyproline-rich glycoproteins (THRGP) and
extensins, the HC hinge region (HRF) of maize-expressed
hIgA1 becomes a substrate for posttranslational conversion
of Pro to Hyp by maize prolyl-hydroxylase(s) with the sub-
sequent arabinosylation of the Hyp residues by Hyp-glyco-
syltransferase(s) in the endoplasmic reticulum and/or the
Golgi apparatus in maize endosperm tissue. Hydroxylation
of Pro (P) to Hyp (O) is common for plant proline-rich pro-
teins and is a sequence-specific event that typically occurs in
characteristic repetitive Pro-rich structural motifs such as -
XPXP- (arabinogalactan motif), -SPn- (typically n = 2–4), and
variants of -XPPXX- (Shpak et al., 2001). The previously
reported examples of repeat sequences undergoing Pro/Hyp
hydroxylations in plants, such as a maize extensin repeat -
SPKPPTP- (Showalter, 1993) and a maize HRGP repeat -
TPSPKPPTPKPTPPTY- (Stiefel et al., 1990), bear a striking
similarity to the hIgA1 HRF subsequence -PSTPPTPSPST-
PPTPSP-, in which the motif -STPPTPSP- is repeated twice
(Figure 9B). Previously identified peptide sequences and cor-
responding Hyp-glycoside profiles of selected HRGP indi-
cated that arabinosylation is correlated with Hyp contiguity
(Kieliszewski and Lamport, 1994; Kieliszewski, 2001; Shpak
et al., 2001). The Hyp contiguity hypothesis (Kieliszewski
and Lamport, 1994) that predicts preferential arabinosyla-
tion of contiguous Hyp residues (where contiguity begins
with dipeptidyl Hyp, such as in a sequence -X-Hypn-, where
n ≥ 2) and preferential galactosylation and often attach-
ment of large arabinogalactan polysaccharides to clustered
noncontiguous Hyp residues (such as in a sequence -X-
Hyp-X-Hyp-X-) was largely confirmed by experiments with
natural glycopeptides from plant cell wall glycoproteins
(Kieliszewski et al., 1995) and synthetic polypeptides that
were recombinantly expressed in plants (Kieliszewski, 2001;

Fig. 7. Identification of the modifying sugar attached to the hinge region 
fragment (HRF). (A) High performance anion-exchange with pulsed 
amperometric detection (HPAE/PAD) chromatogram of trifluoroacetic 
acid-hydrolyzate of the isolated HRF (H-T12 peptide of E1 human IgA1 
[hIgA1] heavy chain [HC]). The modifying pentose (Pent) sugar was identi-
fied as arabinose (Ara) by the HPAE/PAD analysis. (B) HPAE/PAD chro-
matogram of the mixture of the monosaccharide standards. (C) HPAE/
PAD chromatogram of Ara and Xyl standards.
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Table II. Summary of O-linked modifications observed in maize-expressed human IgA1 heavy chain

Glycopeptide (O-linked)a m/z theoretical

Genetic construct

E1 (HX8) IgA1 (pooled) E2-480 IgA1 E2-540 IgA1

m/z observed
% abundance
 (MALDI) m/z observed

% abundance
 (MALDI) m/z observed

% abundance
 (MALDI)

Unmodified 4139.84 4138.91 15.0 4139.57 20.3 4140.05 5.8

1 Hyp 4155.84 4154.89 10.9 4155.36 10.1 4155.51 7.0

2 Hyp 4171.83 4170.88 9.7 4171.36 7.4 4171.53 5.5

3 Hyp 4187.83 4186.87 8.2 4187.33 7.8 4188.09 5.8

4 Hyp 4203.82 4202.86 5.8 4203.33 5.8 4203.57 5.2

5 Hyp 4219.82 4218.86 3.4 4219.22 4.1 4219.58 4.4

6 Hyp 4235.81 4234.86 1.7 4235.33 1.4 4235.59 1.4

1 Hyp + 1 Ara 4287.88 4286.90 0.6 ND 0.0 4288.66 Trace

2 Hyp + 1 Ara 4303.87 4302.90 0.9 4303.40 0.7 4303.20 1.1

3 Hyp + 1 Ara 4319.87 4318.93 2.6 4319.42 2.4 4319.64 2.3

4 Hyp + 1 Ara 4335.86 4334.92 4.9 4335.41 4.1 4335.65 5.2

5 Hyp + 1 Ara 4351.86 4350.92 3.4 4351.41 2.7 4351.71 3.4

6 Hyp + 1 Ara 4367.85 4366.93 1.5 4367.42 1.4 4367.69 1.9

1 Hyp + 2 Ara 4419.92 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 2 Ara 4435.91 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 2 Ara 4451.91 4450.97 0.9 4451.50 0.7 4452.76 1.2

4 Hyp + 2 Ara 4467.90 4466.96 3.2 4467.47 3.0 4467.72 3.8

5 Hyp + 2 Ara 4483.90 4482.96 5.4 4483.47 4.1 4483.81 6.3

6 Hyp + 2 Ara 4499.89 4498.96 3.0 4499.47 2.4 4499.83 3.3

7 Hyp + 2 Ara 4515.89 4514.97 0.4 4515.69 0.5 4515.81 1.2

1 Hyp + 3 Ara 4551.96 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 3 Ara 4567.95 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 3 Ara 4583.95 4583.02 0.4 4583.49 0.3 ND 0.0

4 Hyp + 3 Ara 4599.94 4599.02 1.7 4599.53 2.4 4599.79 3.8

5 Hyp + 3 Ara 4615.94 4615.02 3.0 4615.55 3.0 4615.93 5.1

6 Hyp + 3 Ara 4631.93 4631.01 1.9 4631.53 1.7 4631.92 3.0

7 Hyp + 3 Ara 4647.93 4647.02 0.4 4646.75 1.0 4647.99 1.0

8 Hyp + 3 Ara 4663.92 4663.01 0.2 4662.70 0.3 4663.88 0.8

1 Hyp + 4 Ara 4684.00 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 4 Ara 4699.99 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 4 Ara 4715.99 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 4 Ara 4731.98 4731.07 1.1 4731.61 1.7 4731.84 2.3

5 Hyp + 4 Ara 4747.98 4747.06 2.1 4747.60 2.4 4748.03 3.7

6 Hyp + 4 Ara 4763.97 4763.05 1.5 4763.58 1.4 4764.05 2.5

7 Hyp + 4 Ara 4779.97 4779.09 0.2 4778.82 0.3 4780.08 1.1

8 Hyp + 4 Ara 4795.96 ND 0.0 4794.80 Trace 4796.04 Trace

1 Hyp + 5 Ara 4816.04 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 5 Ara 4832.03 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 5 Ara 4848.03 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 5 Ara 4864.02 4864.11 0.4 4863.84 0.7 4863.93 0.8

5 Hyp + 5 Ara 4880.02 4880.11 1.1 4879.86 1.7 4880.13 2.7

6 Hyp + 5 Ara 4896.01 4896.11 0.9 4895.89 0.7 4896.14 1.4

7 Hyp + 5 Ara 4912.01 4912.10 0.2 4911.88 Trace 4912.11 0.4
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Shpak et al., 2001; Tan et al., 2003). Interesting detail relating
to our research was demonstrated by Shpak et al. using syn-
thetic polypeptides recombinantly expressed in Nicotiana
tabacum: ∼ 45% Gal and ∼ 28% Ara were attached in vivo to
the repeating sequence -Ser-Hyp-, whereas the repeating
sequence -Ser-Hyp-Hyp- was modified with 100% Ara
(Shpak et al., 2001). Although clustered noncontiguous
Hyp residues in the repeating motifs of plant HRGP,
extensins, and arabinogalactan proteins (AGPs) were
shown to have a lesser probability of being arabinosylated,
the extent of their arabinosylation may still be as significant
as ∼ 28% (Kieliszewski et al., 1995;Shpak et al., 2001). The

HRF of hIgA1 HC contains four contiguous Pro/Hyp resi-
dues and seven clustered noncontiguous Pro/Hyp residues
(Figures 6 and 9). Therefore, our observation of up to six
Pro/Hyp hydroxylations combined with extensive arabino-
sylation in the hIgA1 HC hinge region is well in agreement
with the Pro/Hyp hydroxylation model and the Hyp conti-
guity hypothesis described above. We assigned the first two
Pro/Hyp conversions to Pro237 and Pro233 residues. At
this moment, it is not clear which Pro residues at which
other positions in the HRF amino acid sequence are also
converted to Hyp, and further work is needed to determine
specific positions of these hydroxylations. However, based

Table II. Continued

MALDI, matrix-assisted laser-desorption ionization; ND, not detected.
aHinge region fragment DVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR with Pro converted to Hyp and arabinosylated.

Glycopeptide (O-linked)a m/z theoretical

Genetic construct

E1 (HX8) IgA1 (pooled) E2-480 IgA1 E2-540 IgA1

m/z observed
% abundance
 (MALDI) m/z observed

% abundance
 (MALDI) m/z observed

% abundance
 (MALDI)

1 Hyp + 6 Ara 4948.08 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 6 Ara 4964.07 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 6 Ara 4980.07 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 6 Ara 4996.06 4996.18 0.2 4995.72 Trace 4996.00 0.5

5 Hyp + 6 Ara 5012.06 5011.17 0.9 5011.90 1.0 5012.27 1.4

6 Hyp + 6 Ara 5028.05 5027.17 0.6 5027.99 0.7 5028.20 1.1

7 Hyp + 6 Ara 5044.05 5043.17 0.2 5044.02 0.3 ND 0.0

1 Hyp + 7 Ara 5080.12 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 7 Ara 5096.11 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 7 Ara 5112.11 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 7 Ara 5128.10 ND 0.0 ND 0.0 5129.07 Trace

5 Hyp + 7 Ara 5144.10 5143.18 0.4 5143.99 0.9 5144.33 1.1

6 Hyp + 7 Ara 5160.09 5159.18 0.4 5159.96 0.5 5160.30 0.8

1 Hyp + 8 Ara 5212.16 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 8 Ara 5228.15 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 8 Ara 5244.15 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 8 Ara 5260.14 ND 0.0 ND 0.0 ND 0.0

5 Hyp + 8 Ara 5276.14 5276.22 0.2 5275.89 0.3 5276.32 1.0

6 Hyp + 8 Ara 5292.13 5292.23 0.2 ND 0.0 5292.31 0.7

1 Hyp + 9 Ara 5344.20 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 9 Ara 5360.19 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 9 Ara 5376.19 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 9 Ara 5392.18 ND 0.0 ND 0.0 ND 0.0

5 Hyp + 9 Ara 5408.18 5408.19 Trace ND 0.0 ND 0.0

6 Hyp + 9 Ara 5424.13 5424.24 Trace ND 0.0 ND 0.0

1 Hyp + 10 Ara 5476.24 ND 0.0 ND 0.0 ND 0.0

2 Hyp + 10 Ara 5492.23 ND 0.0 ND 0.0 ND 0.0

3 Hyp + 10 Ara 5508.23 ND 0.0 ND 0.0 ND 0.0

4 Hyp + 10 Ara 5524.22 ND 0.0 ND 0.0 ND 0.0

5 Hyp + 10 Ara 5540.22 5539.36 Trace ND 0.0 ND 0.0

6 Hyp + 10 Ara 5556.17 5555.36 Trace ND 0.0 ND 0.0
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on the Hyp contiguity hypothesis, it is possible to predict
that Pro232, Pro240, and Pro241 may also become hydrox-
ylated, because they are situated in contiguous Pro regions
(two consecutive Pro). According to the Hyp contiguity
hypothesis, in addition to the identified Pro237, any of the
other clustered noncontiguous Pro residues in the HRF
sequence (Pro225, Pro227, Pro229, Pro235, Pro243, and
Pro245) may also become hydroxylated, although it is not
clear which ones of them are actually hydroxylated and

which ones are not. According to the same hypothesis,
Pro250 is not likely to become hydroxylated, because it is
neither contiguous nor clustered noncontiguous.

We determined that up to 10 Ara units can be attached to
each hIgA1 molecule in the hinge region, with an average
molar ratio of at least six Ara units per hIgA1 molecule.
The data presented in this work are not sufficient to make
conclusions about the length of the Ara chains attached to
Hyp residues. From Table II, it is apparent that some of the

Table III. Determination of positions of Pro/Hyp substitutions in unmodified HRF and first two hydroxylated HRF species (MALDI PSD).

nd, not detected; O, Hyp (Hydroxyproline); P, proline.
Cysteine residues were carboxymethylated.
Bolded and underlined values indicate altered masses of the fragment ions due to oxidation (Pro/Hyp conversion).
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Hyp residues become modified with single Ara and that there
must be at least two Ara on some Hyp residues. However, it
is also possible that only one or two Hyp residues in the
HRF become modified with longer chains of Ara, and the
rest of the Hyp residues may not be arabinosylated at all.
This aspect of arabinosylation of maize-expressed hIgA1
will have to be addressed in the future work. Further work
needs to be done to show the positions of the Hyp residues
that become arabinosylated in maize-expressed hIgA1,
which may be important for prediction of such modifica-
tion in other plant-expressed proteins.

For the first time, the extensin-like Hyp/Pro conversion
and O-linked arabinosylation have been described for a
recombinant therapeutic protein expressed in transgenic
plants. Surprisingly, part of the amino acid sequence in the
conserved hinge region of hIgA1 HC bears a striking simi-
larity to Pro-rich repeat sequences of plant extensins and
HRGP. We suggest that, in accordance with Pro/Hyp
hydroxylation model and the Hyp contiguity hypothesis,

the hIgA1 hinge region undergoes extensin-like Hyp/Pro
conversion and O-linked arabinosylation, when it is
expressed in plants. This modification may occur in a similar
way in other therapeutic proteins containing contiguous
and clustered noncontiguous Pro residues in their amino
acid sequences. Our findings suggest the need to examine
the amino acid sequences of other candidate transgenic bio-
therapeutic proteins for possible plant-specific posttransla-
tional modifications.

All of the recombinant hIgA1 samples studied in this
work were produced in the endosperm tissue of maize
seeds. It is important to further investigate the extent of
Pro/Hyp + Ara posttranslational modifications such as that
occurring to hIgA1 in plant tissues other than endosperm
and in different plant types and plant production systems.
It is possible that these conversions occur with lower fre-
quency in other environments.

At this time, it is not known if the Pro/Hyp + Ara modifi-
cation has any impact on the stability, biological activity,

Table IV. Summary of amino acid analysis for E1 human IgA1 heavy chain

aMole % is based on assumption that the heavy chain is “full length” (478 residues in “theoretical sequence”).
bTruncated version of heavy chain (HC): ∼ 40 kDa band from SDS–PAGE under reducing conditions. N-terminal Edman degradation sequencing posi-
tively identified this protein band as E1 human IgA1 HC.
cThese amino acids (Trp and Cys) are typically destroyed during strong acid hydrolysis and therefore not reliably detected.
dThis corresponds to ∼1.67 (rounded up to two) Hyp residues. Number of amino acid residues is calculated assuming “full length” heavy chain. (50,000 Da 
molecular weight).
eThis corresponds to ∼2.13 (rounded up to two) Hyp residues. Number of amino acid re sidues is calculated assuming “full length” heavy chain. (50,000 Da 
molecular weight).
fThis corresponds to ∼2.91 (rounded up to three) Hyp residues. Number of amino acid residues was calculated assuming the molecular weight of “trun-
cated” heavy chain ∼40 kDa (portion of “theoretical” sequence 1–378 residues [theoretical 39,896 Da] was used in calculations).

Amino acid
Theoretical mole % 
(full-length heavy chain)a

Observed mole %

Preparation 1 Preparation 2 Preparation 3b

Asn + Asp 5.4 8.00 6.95 7.22

Gln + Glu 9.2 7.17 3.40 3.22

Ser 10.7 10.46 11.30 14.86

His 1.7 1.28 1.28 1.80

Gly 7.5 15.18 13.82 16.00

Thr 10.9 9.69 8.14 7.25

Ala 7.3 8.79 8.37 7.84

Arg 3.1 3.25 5.11 7.00

Tyr 2.7 2.54 2.18 2.18

Cysc 3.6 0.71 0.00 0.00

Val 8.2 7.14 6.56 5.39

Met 1.5 0.00 1.31 0.97

Trpc 1.9 0.00 0.00 0.00

Phe 2.9 4.90 3.06 3.01

Ile 1.3 2.62 2.14 2.00

Leu 9.4 9.70 8.86 6.47

Lys 3.8 4.38 4.25 3.48

Pro 9.0 3.85 12.82 10.53

Hyp — 0.34d 0.43e 0.77f

HyLys — 0.00 0.00 0.00
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or efficacy of the IgA molecule, or whether these sugars
could be a source of immunogenicity or allergenicity in
patients. These issues will have to be clarified before any
plant-produced IgA1 is taken into the clinic. The presence
of these plant-specific glycan structures may require chang-
ing the antibody isotype to IgA2 or modification of the
hinge region of an IgA1 before production in transgenic
plants for human therapeutic use.

Materials and methods

Affinity purification of hIgA1 from extracts of transgenic 
maize seeds

Maize-expressed E1 and E2 hIgA1 were purified from
pooled extracts of transgenic maize seeds using an affinity
column with immobilized anti-α (heavy) chain-specific
antibody. POROS-A resin (44 mL) (Applied BioSystems,
Foster City, CA) was washed with phosphate buffered
saline (PBS) buffer (Sigma, St. Louis, MO), and the resin
was incubated at room temperature with 100 mg of goat
anti-human-IgA (α chain specific, Southern Biotech,
Birmingham, AL) for 1 h, after which the resin was sedi-
mented by centrifugation, and the supernatant removed.
The capture antibody was attached to the resin using
30 mM dimethyl pimelimidate (Sigma) in 100 mM
triethanolamine (Sigma), pH 8.5 (∼ 140 mL). After brief
centrifugation and removal of the supernatant, the cross-
linking reaction was quenched with 56 mL of 10 mM
monoethanolamine (Sigma), pH 9.0. The resin was washed
twice with PBS buffer and packed into column. The column
was equilibrated with 15 column volumes of PBS buffer,
pH 7.4, containing 0.01% sodium azide, at 5 mL/min. The
filtered transgenic maize extract containing recombinant
hIgA1 was applied to the column. The column was then

Fig. 8. Use of RP-HPLC/HILIC/RP-HPLC approach to analyze hinge region fragment (HRF) heterogeneity. (A) Further purification of HRF (H-T12 
peptides of E1 human IgA1[hIgA1] heavy chain [HC]) by HILIC. Eluting peptides were identified with offline matrix-assisted laser-desorption ionization 
mass spectrometry (MALDI MS). (B) The purified HRF pool that was collected off the HILIC column was concentrated and rerun on a RP-HPLC col-
umn. This gave another semiquantitative estimate of the species distribution within the HRF heterogeneity (see inset and Table V).

Table V. Abundance of maize-expressed human IgA1 antibodies with 
modified hinge region

MALDI MS, matrix-assisted laser-desorption ionization mass 
spectrometry; NA, not applicable (not tested); RP-HPLC, reversed-phase 
high-performance liquid chromatography.

Human IgA1
antibody

Estimated % of modified hinge region (Pro/Hyp + Ara)

by RP-HPLC 
of tryptic digest by RP/NP/RP-HPLC by MALDI MS

E1 (HX8), 
pooled

91.0 >84.0 85.0

E2-480 NA NA 79.7

E2-540 NA NA 94.2
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washed with 15 column volumes of PBS/0.01% sodium
azide. The hIgA1 was eluted from the column with seven
column volumes of 100 mM Glycine/100 mM NaCl/0.02%
NaN3, pH 2.5. All the chromatography steps were per-
formed at a constant flow rate of 5 mL/min. The collected
hIgA1 was neutralized with 1 M Tris–HCl buffer, pH 9.0,
and quantified by Bradford assay (Bio-Rad, Hercules, CA)
and enzyme-linked immunosorbent assay (ELISA).

Purity of the isolated hIgA1 was examined by reducing
and nonreducing 4–20% sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS–PAGE) (precast Criterion
gels, Bio-Rad). SDS–PAGE gels were stained with Coomassie
Blue G-250 stain (Bio-Rad). Precision protein standards
from Bio-Rad were used as molecular weight markers.

Reduction, carboxymethylation, digestion, and fractionation 
of purified hIgA1

Two milligrams of affinity-purified hIgA1 was dissolved in
0.5 mL of 6 M guanidine hydrochloride/0.4 M ammonium
bicarbonate, reduced by addition of 50 µL of aqueous
0.1 M dithiothreitol (DTT) and incubation at 65°C for 1 h.
The sample was then alkylated by addition of 100 µL of
aqueous 0.2 M iodoacetamide (at room temperature and
for 2 h in the dark). The reaction was quenched by addition
of 200 µL of DTT. The reduced and alkylated protein was
desalted using NAP-5 cartridges (Amersham, Piscataway,
NJ), according to the manufacturer’s procedure, and

digested with trypsin (Roche Diagnostics) at 1:40 enzyme-
to-protein ratio (16 h at 37°C).

A Luna C18(2), 4.6 mm × 150 mm (Phenomenex,
Torrance, CA) column, and a Hitachi LC system were used
for the separation. Chromatography was run at a constant
flow rate of 2 mL/min and at room temperature. Four hun-
dred microliters of the tryptic digest mixture was injected.
The separation of peptides was accomplished using the fol-
lowing gradient: 100% solvent A (3% acetonitrile/0.06% tri-
fluoroacetic acid [TFA]) isocratic for 5 min, 0–50% solvent
B (80% acetonitrile/0.05% TFA) for 165 min, and 50–100%
solvent B for 10 min. The column was then washed with
100% solvent B for 2 min and reequilibrated in 100%
solvent A and then washed with 100% solvent A for 5 min.
Elution of peptides was monitored by UV absorption at
215 nm. One-and-a-half-milliliter fractions were collected
in siliconized microcentrifuge tubes and dried in a centrifu-
gal evaporator. Before analysis by MALDI MS, fractions
were redissolved in 4 µL of 50% acetonitrile/0.1% TFA,
and 1 µL of the material in each fraction was examined by
MALDI MS.

Tryptic/Asp-N digest of fractions containing hIgA1 hinge 
region fragment microheterogeneity

Fractions of separated tryptic digest of hIgA1 containing
glycopeptides with suspected O-linked glycosylation were
first treated with PNGase-A (Roche Diagnostics) to release

Fig. 9. (A) Suggested scheme for the in vivo modification of the hinge region of maize-expressed human IgA1 (hIgA1) heavy chain (HC). See text for detail. 
(B) Partial amino acid sequence comparison between (1) selected maize threonine/hydroxyproline-rich glycoproteins (THRGP) and extensins (Showalter, 
1993), (2) maize HRGP, THRGP, and extensins (Stiefel et al., 1990; Showalter, 1993), and (3) hIgA1 HC hinge region fragment (Kabat et al., 1991).
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any possible N-linked glycans according to the following
procedure: fractions (dried in a centrifugal evaporator)
were redissolved in 5 µL of 20 mM ammonium acetate
buffer, pH 5.0; then 5 µL of PNGase-A solution was added;
and the resulting solution was incubated at 37°C for 16 h.
After examining aliquots of the samples by MALDI MS
(no released N-glycans and no change in mass-spectral pat-
tern of the HRF were detected), fractions were further
treated with Asp-N protease as follows. Two micrograms
of Asp-N protease (Roche Diagnostics) was resuspended in
50 µL of Milli-Q water. Five microliters of 400 mM ammo-
nium bicarbonate buffer, pH 7.8, then 5 µL of the Asp-N
solution was added to dried peptides, and the mixture was
incubated at 37°C for 16 h. Before MALDI MS, peptides
were desalted using C18 Zip-Tips (Millipore, Billerica,
MA), according to manufacturer’s procedure, and eluted
onto MALDI plate in 50% acetonitrile/0.1% TFA.

Matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry

Voyager DE-STR (Applied BioSystems) MALDI ioniza-
tion time-of-flight (MALDI-Tof) mass spectrometer oper-
ated in reflectron mode was used. The acceleration voltage
was set to 20 kV. The grid voltage was set to 66% of the
acceleration voltage. The delay time varied between 215
and 350 nsec. Five hundred acquisitions were averaged in
each spectrum. The mass scale was calibrated using a
Sequazyme peptide mass standard kit (Applied BioSys-
tems). One microliter of sample of purified peptides was
deposited onto a MALDI sample plate, overlaid with 1 µL
of α-cyano-hydroxycinnamic acid (CHCA), and air-dried.

MALDI PSD spectra were recorded using mirror voltage
ratio 1.12; the following mirror ratios were used: 1, 0.85,
0.75, 0.65, 0.55, 0.4, 0.3, 0.2, 0.1, 0.05.

MALDI MS and MALDI PSD data were analyzed using
Data Explorer v4.0 software (Applied BioSystems). Molec-
ular weights and amino acid sequences of peptides and gly-
copeptides were attributed to the amino acid sequence of E1
and E2 hIgA1 using MassLynx v3.4 software (Micromass,
Manchester, UK).

HILIC purification of hIgA1 HC HRF microheterogeneity, 
followed by RP-HPLC and MALDI MS analysis

A poly-hydroxyethyl aspartamide column (100 × 4.6 mm,
PolyLC, Columbia, MD) with guard cartridge (35 × 4.6
mm, PolyLC) was used to separate hIgA1 HC HRF (H-T12
peptide, Figure 2A) microheterogeneity from other pep-
tides that coeluted with HRF species during fractionation
of hIgA1 tryptic digest. The following chromatographic
conditions were used: column was washed with 100%
mobile phase A (85% acetonitrile/10 mM triethylamine, pH
6.0 [adjusted with perchloric acid]) for 1 min, then content
of mobile phase B (5% acetonitrile/10 mM triethylamine,
pH 6.0 [adjusted with perchloric acid]) was increased to
22% in 20 min, then content of mobile phase B was
increased to 100% in 5 min and kept at 100% for 20 min,
and then column was reequilibrated to 100% mobile phase
A. One-and-a-half-milliliter fractions were collected, dried
in a centrifugal evaporator, and redissolved in 0.1% aqueous
TFA; aliquots were desalted using C18 Zip-Tips (Millipore)

and analyzed by MALDI MS. Fractions, containing the
HRF microheterogeneity, were pooled and rechromato-
graphed using a Luna C18(2), 4.6 mm × 150 mm column
(Phenomenex). Chromatography was run at a constant
flow rate of 2 mL/min. Four hundred microliters of the
sample was injected. The separation of peptides was accom-
plished using the following gradient: 100% solvent A (3%
acetonitrile/0.06% TFA) isocratic for 5 min, 0–12% solvent
B (80% acetonitrile/0.05% TFA) in 10 min, 12–24% solvent
B in 45 min, 24–100% solvent B in 5 min, washed with 100%
solvent B for 5 min, then column was reequilibrated to
100% solvent A. Elution of peptides was monitored by UV
absorption at 205 nm. One-and-a-half-milliliter fractions
were collected and dried in a centrifugal evaporator. Before
analysis by MALDI MS, fractions were redissolved in 2 µL
of 50% acetonitrile/0.1% TFA.

Release of monosaccharides from isolated hIgA1 HC HRF 
fraction and monosaccharide analysis

A portion of the E1 hIgA1 HC HRF-containing fraction
(after first-pass RP-HPLC) was dried in a centrifugal evap-
orator. The dry residue was dissolved in 320 µL of Milli-Q
deionized water (18 mΩ, ∼ 20 ppb total organic carbon),
and TFA was added to the solution to a final TFA concen-
tration of 20% v/v. The tube with sample was tightly sealed
and incubated in a sand bath at 103°C for 7 h. The “blank”
(0.4 mL of 20% TFA) and “heated standard” (solution of
100 µg Ara and 100 µg Xyl in 0.4 mL of 20% TFA) samples
were prepared in parallel to the sample using the same pro-
cedure. The samples were cooled to room temperature and
dried in a centrifugal evaporator. The residue in each tube
was dissolved in 300 µL of Milli-Q deionized water, and the
preparations were analyzed using HPAE/PAD chromatog-
raphy. Carbohydrates were detected using pulsed ampero-
metric detection with a gold electrode (Dionex ED50A,
Dionex, Sunnyvale, CA). A Dionex DX-500 LC system
equipped with Dionex PeakNet 6.3 software, a Dionex Car-
boPac PA10 column (250 mm × 4 mm; anion exchange),
and a Dionex AminoTrap precolumn (50 mm × 4 mm) were
used. The system was run isocratically using 18 mM NaOH
as eluent. Flow rate was 1.2 mL/min. Injection volume was
10 µL. High purity carbohydrate standards were obtained
from Aldrich Chemical (St. Louis, MO). The eluent was
freshly prepared on the day of analysis and was blanketed
with helium during the course of analysis. The use of an
AminoTrap precolumn is necessary to delay the elution of
amino acids and small peptides that could be present in a
peptide hydrolysate.

Amino acid analysis for the presence of Hyp

A sample of maize-expressed E1 hIgA1 was first separated
by SDS–PAGE. Following staining and destaining of the
gel, the appropriate bands were desorbed from each gel into
100 mM Hepes/0.1% SDS buffer, pH 8.0. The desorbed
protein preparations corresponding to HC, light chain, and
“truncated HC” were pooled separately, and total protein
in each protein preparation was then determined by amino
acid analysis (AAA). Analysis for Hyp required the following
modifications to the standard AAA procedure. Desorbed
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protein preparation was dialyzed against water, then trans-
ferred to a pyrolyzed glass tube and dried. The sample was
hydrolyzed in gas phase in 6 N HCl (110°C; 20 h) in a
sealed evacuated glass tube. Following hydrolysis, the sam-
ple was dried and dissolved in 150 µL of loading buffer, and
from this 5 µL were subjected to analysis. Detection of Hyp
was achieved by only allowing derivatization of the amino
acids with Fmoc-Cl which eliminates detection of virtually
all other residues that elute in proximity of Hyp.

N-terminal sequencing

A sample of maize-expressed E1 hIgA1 was first separated
by SDS–PAGE. Following staining and destaining of the
gel, the appropriate bands were desorbed from each gel into
100 mM Hepes/0.1% SDS buffer, pH 8.0. Each gel band
preparation was dialyzed against water, and the resulting
material lyophilized and taken up into the appropriate
buffer. Chemically released amino acids were detected as the
corresponding phenylthiohydantoin derivatives by HPLC.
Twelve cycles of N-terminal sequencing were carried out
for each protein sample. Before first cycle of sequencing,
protein preparations corresponding to E1 hIgA1 HC (∼ 50
kDa band) and “truncated” HC (∼ 40 kDa band) were
treated with pyro-Glu amino peptidase to deacylate N-ter-
minal pyro-Glu and allow for its chemical release and
derivatization in the first cycle of sequencing. After obtain-
ing the N-terminal sequences, BLAST database was
searched to confirm the identity of the investigated protein
components. MALDI PSD sequencing of the N-terminal
fragments resulting from E1 and E2 hIgA1 tryptic digests
(fractionated by RP-HPLC) was also performed, and iden-
tity of pyro-Glu as the N-terminal amino acid as well as the
rest of the amino acid sequence of the N-terminal HC tryp-
tic fragments was directly confirmed.
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