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Figure 4. The identified N-glycan structures of hPC (HI ~ 5) and
tg-PC (T1 ~ 13). Keys to symbols are the same as Figure 3.

unglycosylated Asn unchanged. We were able to detect
only the peptides containing 8O-labeled Asp residues in
the peptides containing Asn-97, 248, and 313 for both hPC
and tg-PC (data not shown). These data indicate that these
N-glycan sites of hPC and tg-PC are fully occupied. How-
ever, the peptides containing Asn-329 from both hPC and
tg-PC had peptides bearing '®O-labeled Asp or Asn, indi-
cating the N-glycan site is partially occupied, and consis-
tent with previous reports [6-8].

For quantitation of the Asn-329 site occupancy, MRM
analysis was performed with the addition of isotopically la-
beled peptide standards as described in the experimental
section. The parameters for MRM transition were selected
empirically based on maximal signal intensities as judged
from the MS/MS spectra of the peptides bearing Asn-329 or
Asp-329 (Figure 5). The most intense fragment ion, y, was se-
lected for Q3, and the corresponding Q1 and Q3 m/z, and CE
for the sample and standard peptides are listed in Table 1.

Figure 6 shows the extracted ion chromatogram (XIC)
of the MRM transitions of unglycosylated and deglycosyl-
ated sample peptides containing Asn-329 of hPC and tg-
PC, along with the internal standards. The peptide con-
taining the unoccupied Asn elutes earlier than the peptide
having Asp. The average XIC peak areas of the peptides
were used to calculate the site occupancy at Asn-329. As

Figure 5. MS/MS spectra of (A)
the sample peptide IPVVPH(N)E,
(B) the isotopically labeled stan-
dard peptide IPVVPH(N)E, (C)
the sample peptide IPVVPH(D)E,
which is labeled with '80O during
PNGase F digestion, and (D) the
isotopically labeled standard pep-
tide IPVVPH(D)E. Isotopically la-
beled Pro-P (+6.01 Da) and Asp-D
(+2.00 Da) are bold and under-
lined, and the parentheses indicate
the N-glycosylation sites.



N-GLYcosYLATION OF AsN-X-Cys SEQUON IN PROTEIN C

2563

Table 3. N-glycan site occupancy of hPC and tg-PC

Occupancy (%)

N-glycan site Peptide sequence Protease used hPC tg-PC[110-3] tg-PC[I10-1]
Asn-97 VSFL(N)*CSLDNGGCTHYCLEE = GluC+LysC Full Full Full

Asn-248 EVFVHP(N)YSK LysC Full Full Full

Asn-313 R(N)RTFVLNFIK LysC Full Full Full

Asn-329 IPVVPH(N)E GluC+LysC 78.4 £0.5> 77.0 £1.3° 74.3 £0.9°

a) The parentheses indicate the N-glycan sites.

b) The data are from the average of triplicate digests and duplicate injections.

summarized in Table 3, the site occupancy at Asn-329 for
hPC is 78%, which is within the range of the previous re-
ports showing 70-80% occupancy [6-8]. There was no
significant difference of the site occupancy between hPC
(78%) and tg-PC (74-77%), indicating that the Asn-X-Cys
sequon is recognized by the oligosaccharyl transferase
complex of the porcine mammary epithelial cells with the
same efficiency as that observed in human hepatocytes.
We did not observe a decrease in N-glycan site occupancy
of the high expressor 110-3 (77.0 £ 1.3%) vs. the low ex-
pressor 110-1 (74.3 = 0.9%), indicating that attachment of
the dolichol-oligosaccharide precursor in the ER at this
Asn-X-Cys sequon is not a rate limiting step in this range
of expression levels. Giuffrida ef al. [12] reported that only
1% of the human alpha-lactalbumin Asn-X-Cys sequon
is occupied. From these results, it appears that site occu-
pancy of the Asn-X-Cys sequon in milk proteins is pro-
tein specific (as it appears to be for proteins synthesized
in other tissues), and the capacity for filling these sites in
the mammary epithelial cells (at least in the pig) can be
very high.

3.5 Micro-heterogeneity of hPC and tg-PC

Another objective of this work was to evaluate the micro-
heterogeneity of both hPC and tg-PC, and to determine if
there is any bias as to what glycan structures are found at
a particular Asn residue, particularly Asn-329. Glycopep-
tides containing each N-glycan site were analyzed by LC-
MS/MS. The glycosylated peptides were detected using a
precursor ion scan IDA method (m/z 204.1, HexNAc), and
identity was confirmed by analysis of MS/MS spectra.
Representative MS/MS spectra of glycosylated peptides
from hPC and tg-PC are shown in Figure 7. The presence of
N-glycan was confirmed by oxonium ions observed at m/
z 204 (HexNAc), 292 (NeubAc), 366 (Hex + HexNAc), 454
(Neu5Ac + Hex), and 657 (NeuSAc + Hex + HexNAc) in
the spectra of glycopeptides. In this manner, the acquired
spectra were searched for all possible glycopeptides bear-
ing the identified N-glycan structures for the four N-glyco-
sylation sites.

The relative amounts of the glycopeptides were com-
pared for each N-glycan site using MRM analysis of all iden-
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Figure 6. Extracted ion chromatograms (XIC) of the MRM transitions of the Asn-329 glycopeptides from (A) hPC, (B) tg-PC 110-3,and (C) tg-
PC 110-I.Isotopically labeled Pro-P (+6.01 Da) and Asp-D (+2.00 Da) are bold and underlined, and the parentheses indicate the N-glycan sites.
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tified glycopeptides. It is understood that the sialic acid con-
tent can affect the ionization efficiency of a glycopeptide,
and so our results are not strictly quantitative, but represent
a first-order estimate of the micro-heterogeneity at each site.
It has been shown that glycan processing is a function of pro-
tein folding, and can be influenced by glycosylation at other
sites [30], but the mechanisms responsible have not been de-
termined. Our results for hPC showed that there was a dis-
tinct bias for particular N-glycan structures at each Asn resi-
due (Figure 8A). Asn-97 contained a more even distribution
of glycan structures than other sites, with the predominant
being the fucosylated triantennary sialylated species H5.
Asn-248 was glycosylated predominantly with the bianten-
nary sialylated species H1 (not fucosylated), and contained
lower amounts of fucosylated glycans H2, H3, and H5. Asn-
313 was predominantly glycosylated with the tri-antennary
sialylated species H4 (non-fucosylated), and had low lev-
els of fucosylation at this site. Asn-329 was largely glycosyl-
ated with the fucosylated biantennary sialylated species H3,
which contains GalNAc in one of the antennae.

The microheterogeneity of tg-PC from the two expres-
sion levels is summarized in Figures 8B and 8C. At Asn-
97 and Asn-248, the biantennary monosialylated T1 and
T3 (fucosylated) species were predominant, with no clear
preference for fucosylation. At Asn-313, both animals had a

significant amount of species T2, which has GalNAc in one
antennae, in addition to the T1 and T3 species. At Asn-329,
the majority of the MRM signal was due to glycans which
has a GalNAc in one antenna (T4, T9, and T11), although
there was also a presence (~15-25% of peak areas) from the
T1 species. Although some animal-to-animal variation in
glycosylation is to be expected and is observed, these fea-
tures are consistent for both animals with high and low
expression levels. Consistent with the NP-HPLC profile
data, we do not see gross differences in glycan structures
between the animals, and the distribution of glycan struc-
tures at each Asn residue is similar. Thus, we can conclude
that a tenfold difference in expression level does not affect
N-glycan processing at each of the four sites.

One interesting feature of the microheterogeneity anal-
ysis is that for both hPC and tg-PC, glycans with GalNAc
in the antennae (H3 for hPC and T4, T9, T11 for tg-PC)
were more abundant at Asn-329 than at Asn-97, 248, and
313. The reason for this is not known at this time. Sato et al.
[15] reviewed the structures found at Asn-X-Cys sequons
in other proteins, and there does not appear to be any spe-
cific inter-protein bias for glycan processing at Asn-X-Cys
sequons. For the case of hPC and tg-PC, it may be that the
GalNAc transferase has more access to the nascent glycan
at Asn-329 than the other locations.
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4 Concluding remarks

The N-glycans of hPC are complex di- and tri-sialylated
structures, and MRM analysis resulted in a measured 78%
site occupancy at Asn-329, which agrees with previous re-
ports that used SDS-PAGE methods. We analyzed the mi-
croheterogeneity of hPC N-glycosylation, and found that
there was a distinct bias for particular structures being
present at each of the four sites, and that glycans with Gal-
NAc in the antennae were predominant at the Asn-329 site.

We compared hPC N-glycosylation with a recombinant
protein C produced in the milk of transgenic animals hav-
ing expression levels that ranged from about 100-1600 mg/
L. The N-glycans of tg-PC were complex sialylated struc-
tures (with Neu5Ac only), but were less branched and par-
tially sialylated. The porcine mammary epithelial cells gly-
cosylate the Asn-X-Cys sequon with a similar efficiency as
human hepatocytes, and the extent of site occupancy at this
sequon was not affected by a ten-fold difference in expres-

summarized in Figure 4.

sion level. Thus, the mammary epithelial cells have a very
high capacity for glycosylation of Asn-X-Cys sequons. We
have also shown that this range of expression level does
not significantly affect the tg-PC N-glycan structures at
each site: N-glycan processing in the Golgi is not rate limit-
ing. Similar to hPC, we found that glycans with GalNAc in
the antennae were predominant at Asn-329. The reason for
this is not understood at this time, but it appears to be spe-
cific for protein C, and not a general feature of glycans at
the Asn-X-Cys sequon.

We found that the tg-PC N-glycan structures were very
similar to those found in the analysis of tg-FIX [23] and en-
dogenous lactoferrin [31], and thus we have three cases
of porcine mammary epithelial cells processing glycopro-
teins at gram/liter/hour expression levels with similar N-
glycan structures. This is in contrast to N-glycosylation of
hPC and human Factor IX (hFIX) by hepatocytes. HFIX is
homologous to hPC: both are vitamin K-dependent gly-
coproteins that are synthesized in hepatocytes, and they
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are homologous with respect to amino acid sequence, do-
main structure, and function (both are serine proteases).
HFIX has two N-glycosylation sites [32] and significantly
more heterogeneity of N-glycan structures than we have
found for hPC. Since both hPC and hFIX are synthesized
and secreted by hepatocytes, where the N-glycan biosyn-
thesis and processing pathways should be the same for
both proteins, one could hypothesize that the folding of
the glycoprotein substrate plays an important role on N-
glycan processing in human hepatocyte Golgi. However,
the data clearly show that this hypothesis cannot be ex-
trapolated to tg-PC and tg-FIX; the N-glycans of tg-PC are
very similar to those found for tg-FIX with respect to both
the level of sialylation and the structures [23]. The reason
for this is not known at this time. It could be that in the
porcine mammary epithelial Golgi, recombinant proteins
are not folded to the extent that they are in human hepato-
cytes, and thus the glycosidases and glycosyltransferases
see more uniform substrates. The glycosidases and glyco-
syltransferases present in the porcine mammary epithelial
cells could also be inherently less sensitive to the nascent
protein structure. In addition, fewer processing enzymes
may be present in the mammary epithelial cells during lac-
tation. Whatever the cause, these results indicate that the
N-glycosylation machinery of porcine mammary epithe-
lial cell is consistent with respect to the N-glycan process-
ing of two different recombinant glycoproteins, and con-
sistent with respect to a previously reported endogenous
milk glycoprotein.
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