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N-Glycosylation Improves the Pepsin Resistance of Histidine Acid
Phosphatase Phytases by Enhancing Their Stability at Acidic pHs and
Reducing Pepsin’s Accessibility to Its Cleavage Sites

Canfang Niu, Huiying Luo, Pengjun Shi, Huoging Huang, Yaru Wang, Peilong Yang, Bin Yao

Key Laboratory for Feed Biotechnology of the Ministry of Agriculture, Feed Research Institute, Chinese Academy of Agricultural Sciences, Beijing, People’s Republic
of China

N-Glycosylation can modulate enzyme structure and function. In this study, we identified two pepsin-resistant histidine acid
phosphatase (HAP) phytases from Yersinia kristensenii (YKAPPA) and Yersinia rohdei (YrAPPA), each having an N-glycosyla-
tion motif, and one pepsin-sensitive HAP phytase from Yersinia enterocolitica (YeAPPA) that lacked an N-glycosylation site.
Site-directed mutagenesis was employed to construct mutants by altering the N-glycosylation status of each enzyme, and the
mutant and wild-type enzymes were expressed in Pichia pastoris for biochemical characterization. Compared with those of the
N-glycosylation site deletion mutants and N-deglycosylated enzymes, all N-glycosylated counterparts exhibited enhanced pepsin
resistance. Introduction of the N-glycosylation site into YeAPPA as YKAPPA and YrAPPA conferred pepsin resistance, shifted
the pH optimum (0.5 and 1.5 pH units downward, respectively) and improved stability at acidic pH (83.2 and 98.8% residual
activities at pH 2.0 for 1 h). Replacing the pepsin cleavage sites L197 and L396 in the immediate vicinity of the N-glycosylation
motifs of YKAPPA and YrAPPA with V promoted their resistance to pepsin digestion when produced in Escherichia coli but had
no effect on the pepsin resistance of N-glycosylated enzymes produced in P. pastoris. Thus, N-glycosylation may improve pepsin
resistance by enhancing the stability at acidic pH and reducing pepsin’s accessibility to peptic cleavage sites. This study provides

a strategy, namely, the manipulation of N-glycosylation, for improvement of phytase properties for use in animal feed.

As much as 80% of the total phosphorus in cereal grains, oil-
seeds, and legumes exists in the form of phytate (m1yo-inositol
hexakisphosphate), one of the most important functional ingre-
dients in animal feed (1). However, phytate usually forms indi-
gestible complexes with mineral cations and proteins, thereby
causing reductions in nutrient utilization (2, 3). The dietary
phytate undigested by monogastric animals is also released into
the environment, where it causes phosphorus pollution (4, 5).
The enzyme phytase catalyzes the sequential release of inor-
ganic phosphate and lower myo-inositol phosphates from phytate
(6); thus, inclusion of exogenous phytases in animal feeds as en-
zyme additives can enhance the nutrient uptake, lower the feed-
stuff production costs, and protect the environment in regions
where intensive animal farming is conducted (7, 8). Numerous
phytases have been identified from microorganisms, animals, and
plants (9-11), but only a few of them are commercially produced
(12). The extensive application of phytases is limited by enzyme
lability and protease sensitivity under high processing tempera-
tures and low physiological pHs. Therefore, improving phytase
stability at low pHs and high protease concentrations is desirable.
Pepsin, a monomeric protein composed of two B-barrel-like
domains, represents the main proteolytic enzyme in gastric juice
(13). The acidic residues D32 and D215 are mainly responsible for
proteolysis of substrates, which occurs by a base catalysis mecha-
nism (14, 15). Pepsin is an aspartic protease that catalyzes the
hydrolytic cleavage of peptide bonds of a broad range of enzymes,
with preference for F and L residues (16). The enzyme exhibits the
highest catalytic activity at pH 2.0 and a temperature of 37 to 42°C
(17, 18). Clearly, any feed enzyme should be stable under acidic
gastric conditions and be highly resistant to pepsin digestion.
Some efforts have been made to study the effect of protein
structure on proteolysis by pepsin. In the stomach, the stability of
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protein polymers depends on their particular chemical structures
(19). For example, enzymatic cross-linking modification of 3-ca-
sein results in the formation of high-molecular-mass polymers
with a compact structure and enhanced resistance to in vitro pep-
sin digestion (20).

N-Glycosylation modification at the N in the N-X-S/T sequon
commonly occurs in eukaryotic expression systems (21). Previous
studies indicate that N-glycosylation confers resistance to prote-
olysis. For example, the N-deglycosylated form of glucoamylase
from Aspergillus niger is more sensitive to proteolysis by subtilisin
than is the native N-glycosylated enzyme (22). Similarly, bovine
pancreatic RNase B occurs naturally as an N-glycoenzyme, and the
glycoforms show increased resistance to pronase compared with
those of their unglycosylated counterparts (23). The N-glycosy-
lated form of B-glucuronidase also exhibits higher resistance to
proteolytic degradation by pepsin than is seen with its N-deglyco-
sylated form (24). Site-directed mutagenesis has confirmed that
the N-glycosylation of scavenger receptor SREC-I at N289 confers
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resistance against trypsin digestion (25). Some N-glycosylated mi-
crobial phytases also exhibit resistance to degradation by pepsin
(26-28). Thus, N-glycosylation represents a stabilizing factor
against proteolytic cleavage by proteases (29). Apart from confer-
ring an increased resistance to proteolysis, N-glycosylation can
also enhance enzyme thermostability and alter catalytic activity
(30-33). The improved conformational stability of enzymes de-
rived from the steric interactions between N-linked glycan and
protein can decrease the enzyme flexibility or increase the rigidity
of the enzyme structure (34, 35).

Our previous studies have reported three Yersinia phytases of
the histidine acid phosphatase (HAP) type: YKAPPA from Yersinia
kristensenii, YYAPPA from Y. rohdei, and YeAPPA from Y. entero-
colitica (9, 36, 37). In the present study, sequence analysis indi-
cated that YKAPPA and YrAPPA each have an N-glycosylation
motif, whereas YeAPPA does not. Site-directed mutagenesis and
comparison of the enzyme properties of wild-type and mutant
proteins showed that N-glycosylated phytases are more stable at
the physiological pH of the stomach and are more resistant to
pepsin digestion and acidity. In contrast, N-glycosylated phytases
were equally susceptible to degradation by trypsin. Further anal-
ysis of the N-glycosylation effects on pepsin cleavage indicated
that the N-linked glycan may enhance enzyme pepsin resistance
by improving enzyme stability at acidic pH and reducing accessi-
bility of pepsin to peptic cleavage sites.

MATERIALS AND METHODS

Materials. Escherichia coli Trans1-T1 from TransGen (China) was used as
the host strain for plasmid amplification. Pichia pastoris GS115 and the
pPIC9y vector from Invitrogen (USA) were used as the host and vector for
the eukaryotic expression system. The prokaryotic expression vector pET-
22b and E. coli BL21(DE3) cells were supplied by Novagen (USA) and
TransGen, respectively. Pfu DNA polymerase, restriction endonucleases,
T4 DNA ligase, endo-B-N-acetylglucosaminidase H (endo H), and pep-
tide-N4-(N-acetyl-B-p-glucosaminyl) asparagine amidase F (PNGase F)
from Flavobacterium meningosepticum were obtained from Tiangen
(China) and New England BioLabs (United Kingdom), respectively.
Phytate (sodium salt), pepsin (P0685), and trypsin (T0458) were pur-
chased from Sigma (USA). All other chemicals used in this study were of
the best grade available.

Identification of key N-glycosylation motifs. Putative N-glycosyla-
tion motifs of YKAPPA, YrAPPA, and YeAPPA were identified according
to a multiple-sequence alignment using the ClustalW program. The ter-
tiary structures of the Yersinia phytases were modeled by Discovery studio
2.5.5 software (Accelrys, USA) with the E. coli phytase (PDB code: 1DKP)
as the template and were superimposed for comparison of the N-glycosy-
lation motifs.

Site-directed mutagenesis of wild-type phytases. The recombinant
pPICY9vy plasmids harboring phytase genes YkAPPA, YrAPPA, and
YeAPPA (GenBank accession no. EU203664, EF608455, and GU936684,
respectively) were maintained in our laboratory and used as PCR tem-
plates for site-directed mutagenesis (9, 36, 37). Site-directed mutagenesis
was performed using overlap extension PCR with the specific primers
shown in Table S1 in the supplemental material, as previously described
(38). S200 in YKAPPA and NLT397-399 in YrAPPA were replaced with A
and DMK, respectively, to delete their N-glycosylation sites. A200S and
DMK397-399NLT were introduced into YeAPPA to yield single N-glyco-
sylated mutants. D397 and K399 of YKAPPA were replaced with N and T
to produce the N-diglycosylated mutant YXAPPA-D397N/K399T. To de-
termine whether the N-glycans can sterically protect the adjacent pepsin
cleavage sites, L197 in YKAPPA and L396 in YrAPPA, which are in close
proximity to the N-glycosylation sequons, were replaced with V. The de-
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sired PCR products were introduced into the pEASY-T3 vector, and the
positive clones were sequenced for verification.

Enzyme expression and purification. The gene fragments encoding
the wild-type and mutant enzymes were inserted into the EcoRI and NotI
sites of pPIC9v, respectively. After linearization with BglII, the recombi-
nant phytases were individually expressed in P. pastoris GS115 competent
cells using a Pichia expression kit (Invitrogen) according to the manufac-
turer’s instructions. The positive transformants were screened for phytase
activity, and those with the highest activity were selected for high-cell-
density fermentation in 1-liter conical flasks. All crude enzyme solutions
were purified to homogeneity using Vivaflow 50 ultrafiltration mem-
branes with a 10-kDa molecular mass cutoff (Vivascience, Germany) and
HiTrap Q Sepharose XL fast protein liquid chromatography (Amersham
Pharmacia Biotech, Sweden) (37).

For expression in E. coli, the gene fragments encoding the wild-type
and mutant enzymes were fused to a C-terminal 6-His tag and cloned into
the pET-22b vector at the EcoRI and Notl sites, respectively. His tag fusion
proteins were then expressed in E. coli BL21(DE3). The crude enzyme
solutions were purified using a fast protein liquid chromatography system
consisting of nickel-nitrilotriacetic acid (Ni-NTA) and DEAE columns
(33).

Total enzyme concentration was determined using the Bio-Rad pro-
tein assay kit (Thermo Fisher Scientific, USA). Purified glycoenzymes
were N-deglycosylated by endo H according to the manufacturer’s in-
structions. The N-deglycosylated and untreated enzymes were analyzed in
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and stained with Coomassie brilliant blue R-250 (39). The
N-glycosylation level of each phytase was determined by the proportion of
the N-glycans being estimated to account for the molecular mass, i.e.,
(actual molecular weight — theoretical molecular weight) X 100/actual
molecular weight, as described previously (27). The protein band inten-
sity was estimated by using Image] software (http://rsbweb.nih.gov/ij/).

Phytase activity assay. Standard phytase activity was assayed with the
ferrous sulfate-molybdenum blue method (40). A 50-pl volume of each
enzyme was incubated with 950 pl of substrate solution (1.5 mM sodium
phytate, 0.25 M sodium acetate [pH 4.5]) at 37°C for 30 min. The reaction
was terminated by addition of 1 ml of 10% (wt/vol) trichloroacetic acid,
followed by the addition of 2 ml of color reagent (1% [wt/vol] ammonium
molybdate, 3.2% [vol/vol] sulfuric acid, 7.2% [wt/vol] ferrous sulfate).
The released inorganic phosphate was monitored by measuring the ab-
sorbance at 700 nm. One unit of phytase activity was defined as the
amount of enzyme required to liberate 1 pmol of phosphate per minute
under standard conditions. All reactions were performed in triplicate.

Pepsin and trypsin digestion assays. The protease resistance of the
wild-type and mutant phytases was determined by incubating 30 g of
each purified recombinant phytase or phytase mixtures of 1/1 with pepsin
(0.25 M glycine-HCI, pH 2.0) or trypsin (0.25 M Tris-HCI, pH 7.0) at
37°C for 2 h with various protease/phytase mass ratios ranging from
1/1,000 to 1/1. The time course of proteolysis was determined in reaction
mixtures containing 30 g of enzyme and pepsin or trypsin at a ratio of
1/40 (wt/wt) at 37°C for various durations (0 to 2 h). The reaction mix-
tures were aliquoted into two parts. One part of the reaction mixture was
used to measure residual phytase activity, as described above; the other
was combined with 1.0 mM phenylmethylsulfonyl fluoride (PMSF) to
stop the proteolytic reaction. After denaturation by boiling in SDS-f3-
mercaptoethanol, these mixtures were run on an SDS-PAGE gel and
stained with CBR-250.

Stabilities of wild-type and mutant enzymes at acidic pH. The stabil-
ities of the wild-type and mutant phytases at acidic pH were determined
by incubating each purified recombinant phytase in 0.25 M glycine-HCI
(pH 2.0) at 37°C over 2 h. The stability at acidic pH was observed by
SDS-PAGE, and the residual activity was determined as described above.

Biochemical characterization of wild-type and mutant enzymes.
The effects of pH and temperature on the enzyme activity were investi-
gated at a temperature range of 35 to 70°C in a 0.25 M buffer system:
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FIG 1 Superimposition of the tertiary structures of YeAPPA (red), YKAPPA
(yellow), and YrAPPA (blue) using E. coli phytase (1DKP) as the template with
N-glycosylation sites indicated.

glycine-HCI, pH 1.0 to 3.5; sodium acetate-acetic acid, pH 3.5 to 6.0;
Tris-HCI, pH 6.0 to 8.5; and glycine-NaOH, pH 8.5 to 12.0. The pH
optima were evaluated at 37°C for 30 min over a pH range of 1.0 to 9.0.
The temperature optima were determined at each optimal pH by running
assays for 30 min at 35 to 70°C. The pH stability was assessed by measuring
the residual activities after incubation at 37°C for 1 h at pH 1.0 to 12.0
without substrate. The thermal stability was determined by incubating the

enzymes at optimal pH and specific temperatures (60°C for YXAPPA and
YrAPPA or 42°C for YeAPPA) for the desired times in the absence of
substrate, and the residual phytase activity was measured by following the
standard procedure. The nontreated enzyme was considered the control
(100%).

RESULTS

Identification of key N-glycosylation motifs. Each of the three
Yersinia phytases contained 441 amino acids and had a theoretical
molecular mass of 45.9 kDa. YeAPPA had 83.9 and 88.0% se-
quence identity to YrAPPA and YKAPPA, respectively. Multiple-
sequence alignment and homology modeling of the three Yersinia
phytases revealed a single N-linked glycosylation motif, NFS198-
200 for YKAPPA and NLT397-399 for YrAPPA, on the protein
surface, but no putative N-glycosylation site was identified in
YeAPPA (Fig. 1).

Phytase expression, purification, and SDS analysis. The wild-
type and mutant phytases were individually expressed in P. pasto-
ris and purified to electrophoretic homogeneity, as determined by
SDS-PAGE (Fig. 2). YeAPPA showed a molecular mass of ~46
kDa, similar to its expected theoretical mass of 45.9 kDa, while
YKAPPA and YrAPPA showed a single band of ~52 kDa and two
bands of ~46.5 and ~52 kDa, respectively (Fig. 2, lanes 2, 7, and
13). After treatment with endo H, which removed N-linked gly-
cosylation, both YKAPPA and YrAPPA showed a single band of
~46 kDa (Fig. 2, lanes 8 and 14). These results indicated that
YKAPPA produced in P. pastoris is a homogeneous N-glycoen-
zyme, with the N-glycan being estimated to account for 11.5% of
the molecular mass, while the yeast-produced YrAPPA is pre-
sumed to be heterogeneously N-glycosylated and the total carbo-
hydrate contents of the 46.5- and 52-kDa forms accounted for 1.1
and 11.5% of the molecular mass, respectively.

The mutants YKAPPA-S200A and YrAPPA-NLT397-399DMK,
containing no N-glycosylation motifs, were produced in P. pasto-
ris and exhibited a single band with expected theoretical mass of
~46 kDa (Fig. 2, lanes 11 and 15). The P. pastoris-produced
YeAPPA-A200S has a single N-glycosylation motif, NFS, and
showed a single band of ~52 kDa (Fig. 2, lane 3), while the yeast-
produced YeAPPA-DMK397-399NLT, with a single N-glycosyla-

YeAPPA YKAPPA YraPPA
DMK397- D39TN/ NLT397-
WT  A200S  3gqnLT KageT S200A WT  399DMK
M — — 4+ — 4 — 4+ — 4+ — M — 4 —
KDa ¢ 2 3 4 5 6 7 8 9 10 11 12 13 14 15
72 e -
5| - - --
D —— et
43| — - — - B e o
34 —— —_—
26 | — — —— —— — - — Endo H
17 [ -

FIG 2 SDS-PAGE analysis of the apparent molecular masses of wild-type and mutant phytases produced in P. pastoris. Lanes: 1 and 12, protein markers (M); 2,
11 and 15, the nonglycosylated wild-type (WT) YeAPPA and mutants YkAPPA-S200A and YrAPPANLT397-399DMK; 3 to 10, 12 and 13, the N-glycosylated
YeAPPA-A200S, YeAPPA-DMK397-399NLT, YKAPPA, YKAPPA-D397N/K399T, and YrAPPA before (—) and after (+) N-deglycosylation with endo H,

respectively.
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tion motif, NLT, showed two bands of ~46.5 and ~52 kDa (Fig. 2,
lane 5). YKAPPA-D397N/K399T, with double N-glycosylation
motifs, was also produced in P. pastoris and exhibited two bands of
~53 and ~55 kDa (Fig. 2, lane 9). After removal of the N-glycans
with endo H, the YeAPPA-A200S, YeAPPA-DMK397-399NLT,
and YKAPPA-D397N/K399T mutants showed a single band of the
expected theoretical mass (Fig. 2, lanes 4, 6, and 10). Thus, the
N-glycans ofyeast-produced YeAPPA-A200S, YeAPPA-DMK397-
399NLT, and YKAPPA-D397N/K399T accounted for about 11.5,
1.1to 11.5, and 13.21 to 16.36% of the molecular masses, respec-
tively. The results indicated the successful deletion or introduc-
tion of N-glycosylation sites into Yersinia phytases and differential
N-glycosylation levels varied with the number of the glycosylation
sites and the sizes of the N-glycans.

Pepsin and trypsin resistances of wild-type and mutant phy-
tases. The three wild-type phytases varied in protease resistance
over a broad range of protease/phytase mass ratios following in-
cubation at 37°C for 2 h (Fig. 3A to C). After treatment with pepsin
in 0.25 M glycine-HCI (pH 2.0), the YrAPPA activity remained
unchanged or was slightly decreased at protease/phytase ratios of
1/1,000 to 1/100 but decreased to 70.2% of the initial value at the
ratios from 1/40 to 1/1 (Fig. 3A). The pepsin resistance of YKAPPA
decreased with increased pepsin/phytase ratios, retaining 93.2%,
49.4%, and 5.4% activity after pepsin treatment at ratios of
1/1,000, 1/100, and 1/10, respectively (Fig. 3B). In contrast, the
nonglycosylated YeAPPA retained less than 1.3% activity after
pepsin treatment at all ratios (Fig. 3C). When treated with trypsin
in 0.25 M Tris-HCI (pH 7.0) at various ratios from 1/1,000 to 1/1,
YKAPPA and YrAPPA retained almost all of their activities, while
YeAPPA lost 2.5 to 78.0% activity (Fig. 3A to C). These results
indicated that N-glycosylated phytases are highly resistant to tryp-
sin and moderately resistant to pepsin degradation, while the non-
glycosylated counterparts are highly sensitive to pepsin and mod-
erately resistant to trypsin. Thus, N-glycosylation may play a key
role in the stability of phytases against pepsin.

The protease resistances of the N-glycosylation site deletion
mutants YTAPPA-NLT397-399DMK and YKAPPA-S200A were
also determined after pepsin or trypsin treatment at 37°C for 2 h
and compared with those of their N-glycosylated counterparts.
When treated with pepsin at pH 2.0 for 2 h, YrYAPPA-NLT397-
399DMK and YKAPPA-S200A retained less activity than the wild
types at the pepsin/phytase mass ratios of 1/1,000 to 1/1 and
1/1,000 to 1/10, respectively (Fig. 3A and B). SDS-PAGE analysis
further demonstrated a greater susceptibility to pepsin cleavage
for the N-deglycosylated mutants and enzymatically N-deglycosy-
lated phytases than for the wild types (see Fig. S1A to C and E in
the supplemental material). After incubation with pepsin, the
46.5- and 52-kDa phytase forms of YrAPPA were mildly degraded,
retaining more than 61% and 79% of the proteins, respectively
(see Fig. S1A), but the N-deglycosylated variant YrAPPA-DMK397-
399NLT and enzymatically N-deglycosylated YrAPPA were much
more susceptible to the pepsin cleavage and retained only about
30% of the proteins at the pepsin/phytase mass ratio of 1/1 (see
Fig. S1B and C). The phytase mixture of the 46.5-kDa YrAPPA
form and YrAPPA-NLT397-399DMK were degraded by pepsin at
a higher rate than the 46.5-kDa YrAPPA form alone at ratios of
1/100 to 1/1 (see Fig. S1D). YKAPPA was degraded by pepsin at a
lower rate than YKAPPA-S200A at ratios of 1/100 to 1/10, as de-
termined by SDS-PAGE (see Fig. S1E). After trypsin treatment at
pH 7.0 for 2 h, each N-deglycosylated mutant had an activity sim-
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ilar to that of the wild type at various trypsin/phytase mass ratios
(Fig. 3A and B). These results indicated that N-glycosylation may
account for the resistance of YKAPPA and YrAPPA against pepsin
but not trypsin degradation.

The effect of introducing N-glycosylation into YeAPPA on
protease resistance was also assessed under similar conditions.
After pepsin treatment at pH 2.0 and 37°C for 2 h, YeAPPA-A200S
and YeAPPA-DMK397-399NLT retained higher activity (=21.1
and =32.1%, respectively, versus =1.3% activity of YeAPPA) at
pepsin/phytase ratios of 1/1,000 to 1/10 (Fig. 3C). SDS-PAGE
revealed a greater stability of the N-glycosylation variants of
YeAPPA than those of the wild type and enzymatically N-degly-
cosylated variant (Fig. 3E to G). When treated with pepsin for 2 h,
the N-glycosylated variants of YeAPPA were degraded at a lower
rate than YeAPPA and YeAPPA-DMK397-399NLT with increas-
ing ratios from 1/1,000 to 1/10. After YeAPPA and YeAPPA-
A200S were mixed at a ratio of 1/1, the N-glycan of YeAPPA-
A200S failed to protect YeAPPA against proteolysis by pepsin (Fig.
3H). The phytase mixture of YeAPPA and the 46.5-kDa YeAPPA-
DMK397-399NLT form was less stable against pepsin than the
46.5-kDa YeAPPA-A200S form alone (Fig. 31). In the presence of
trypsin, the N-glycosylated variants showed an activity similar to
that of the wild type (Fig. 3C). Thus, introduction of N-glycosyla-
tion sites into YeAPPA conferred resistance for pepsin but not to
trypsin.

One more N-glycosylation site (NLT397-399) was introduced
into YKAPPA to confirm the additive effect of N-glycosylation on
the resistance to protease degradation. The residual activity after 2
h of pepsin treatment was greater for YKAPPA-D397N/K399T
than for YkAPPA at all tested ratios (Fig. 3B). SDS-PAGE analysis
showed a higher resistance to pepsin degradation for YKAPPA-
D397N/K399T than for YKAPPA (see Fig. S1E and F). Pepsin
treatment for 2 h resulted in a slower degradation of YKAPPA-
D397N/K399T than of YKAPPA at ratios of 1/100 to 1/1. Residual
YKAPPA-D397N/K399T was apparent but YKAPPA completely
disappeared at the highest ratio, 1/1, but no difference in resis-
tance to trypsin was detected in YKkAPPA-D397N/K399T and
YKAPPA (Fig. 3B). The results confirmed the additive effects of
N-glycosylation of phytase on its resistance to pepsin degradation.

Pepsin resistance was also determined for all tested phytases
over time at a pepsin/phytase ratio of 1/40. All phytases showed a
time-dependent decrease in activity after pepsin treatment. The
single N-glycosylated phytases YrAPPA, YKAPPA, YeAPPA-
A200S, and YeAPPA-DMK397-399NLT lost activity over time but
atalower rate than the N-deglycosylated forms YrAPPA-NLT397-
399DMK and YKAPPA-S200A and the nonglycosylated YeAPPA.
The doubly N-glycosylated variant YXAPPA-D397N/K399T lost
activity at the lowest rate among the wild type and variants of
YKAPPA (Fig. 3D and data not shown). The time course results
further confirmed the role and additive effect of N-glycosylation
in the resistance to pepsin.

Stabilities of wild-type and mutant phytases at acidic pH.
The effects of N-glycosylation on phytase stability at acidic pH
were determined at pH 2.0 and 37°C for various times, and N-
glycosylated phytases were compared with their N-deglycosylated
or nonglycosylation counterparts (Fig. 4). Under the acid condi-
tion of pH 2.0 at 37°C for 2 h, YrAPPA and N-glycosylation-
deleted variant YrAPPA-NLT397-399DMK were highly stable,
while YKAPPA and the N-glycosylation site deletion variant
YKAPPA-S200A lost 6.7 and 13.2% activity, respectively (Fig. 4A).
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FIG 3 Proteolytic resistance of N-deglycosylated and N-glycosylated phytases produced in P. pastoris. (A to C) Evaluation of resistance to pepsin at pH 2.0 (full
lines) and trypsin at pH 7.0 (dotted lines) at various protease/phytase mass ratios and 37°C for 2 h. (D) Time course of resistance to pepsin at the pepsin/phytase
mass ratio of 1/40 over 2 h. For panels A to D, the phytase activity toward sodium phytate (1.5 mM) at 37°C for 30 min was regarded as 100%, and the residual
activity is indicated as a percentage of activity of untreated enzymes, with means = SDs from triplicate determinations. Symbols: [J, YTAPPA; O, YrAPPA-
NLT397-399DMK; B, YKAPPA; A, YKAPPA-D397N/K399T; @, YKAPPA-S200A; X, YeAPPA-DMK397-399NLT; A, YeAPPA-A200S; ==, YeAPPA. (E to G)
SDS-PAGE analysis of the proteolytic products of the wild-type and mutant YeAPPA and enzymatically N-deglycosylated YeAPPA-DMK397-399NLT by pepsin.
(H and I) SDS-PAGE analysis of the proteolytic products of the phytase mixture of YeAPPA and YeAPPA-A200S or YeAPPA-DMK397-399NLT. The phytase
band intensity was estimated by using Image] software.

The results indicated that N-glycosylation may account for the DMK397-399NLT retained 61.2 and 72.1% of the original activity
appreciable stability of YKAPPA at acidic pH (2.0). In comparison  (Fig. 4B), respectively. The SDS-PAGE analysis showed higher
with the low residual activity (1.3%) of YeAPPA at pH 2.0 after  stability at acidic pH for the N-glycosylation variants of YeAPPA
2 h, the N-glycosylated mutants YeAPPA-A200S and YeAPPA-  than for the wild type and enzymatically N-deglycosylated variant
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FIG 4 Time course stability of N-deglycosylated and N-glycosylated phytases
produced in P. pastoris at pH 2.0 and 37°C over 2 h. (A and B) Residual
activities of phytases after acid treatment. For panels A and B, the 100%
activity and residual activity were calculated as for Fig. 3; data are repre-
sented as means * SDs. Symbols: [, YrAPPA; O, YrAPPA-NLT397-
399DMK; M, YKAPPA; A, YKAPPA-D397N/K399T; @, YKAPPA-S200A; XK,
YeAPPA-DMK397-399NLT; A, YeAPPA-A200S; ==, YeAPPA. (C and D)
SDS-PAGE analysis of phytase stability after acid treatment. The phytase band
intensity was estimated by using Image]J software. The untreated phytases were
used as the control.

by PNGase F (Fig. 4C and D). Under treatment conditions, the
yeast-produced YeAPPA-DMK397-399NLT has 46.5- and 52-
kDa forms of nearly equal intensities. Under the acid condition of
pH 2.0 at 37°C for 2 h, the 52-kDa form was a little more stable
than the 46.5-kDa form. The 46.5- and 52-kDa YeAPPA-
DMK397-399NLT forms and YeAPPA-A200S were significantly
more stable than nonglycosylated YeAPPA and N-deglycosylated
YeAPPA-DMK397-399NLT with PNGase F. These results sug-
gested that introduction of N-glycosylation sites into YeAPPA in-
creased the stability at acidic pH. The doubly N-glycosylated
YKAPPA-N397D/T399K was more stable at acidic pH than the
singly N-glycosylated YKAPPA, which retained 102.8 and 93.3%
activity at pH 2.0 and 37°C for 2 h, respectively (Fig. 4A). These
results confirmed the additive effects of N-glycosylation of phy-
tase on the stability at acidic pH.

Characterization of N-deglycosylated and N-glycosylated
mutant enzymes. The pH and temperature activity profiles of
N-glycosylated mutants YeAPPA-A200S and YeAPPA-NLT397-
399DMK were determined and compared with those of wild-type

N-Glycosylation Improves the Pepsin Resistance of HAPs

YeAPPA (Table 1). Each mutant had a downward shift of the pH
optimum, 0.5 and 1.5 pH units for YeAPPA-A200S and YeAPPA-
NLT397-399DMK, respectively, and remained stable over a broad
pH range. The mutant enzymes had a temperature optimum
(45°C) similar to that of the wild type but showed increased ther-
mostability at 42°C. In contrast, the nonglycosylated and doubly
N-glycosylated mutants YKAPPA-S200A and YKAPPA-D397N/
K399T had the same pH optimum (pH 4.5) as YKAPPA and re-
mained stable over the same pH range, 2.0 to 10.0 (Table 1). After
incubation at pH 1.0 for 1 h, YkAPPA-D397N/K399T and
YKAPPA retained 80.9 and 65.2% residual activity but YkAPPA-
S200A activity dropped to 42.6% (Table 1). The results indicated
that the N-glycosylated YkAPPA and YKAPPA-D397N/K399T
were more acid tolerant than the N-deglycosylated variant, as
shown above.

The optimal temperature of YXAPPA and YkAPPA-S200A was
about 55°C at pH 4.5, which was 5°C lower than that of YKAPPA-
D397N/K399T (Table 1). The thermostability of YKAPPA and its
mutants followed the order YKAPPA-D397N/K399T (37.5%) >
YKAPPA (25.4%) > YKAPPA-S200A (0%) after 2 h of incubation
at 60°C (Table 1). The results indicated that N-glycosylation not
only plays a role in the stability at acidic pH and pepsin resistance
of phytases but also improves their pH stability and thermostabil-
ity. This conclusion was further verified by YrAPPA and its N-
deglycosylated variant, which exhibited similar pH and tempera-
ture optima, remained stable over a narrower pH range, and had
reduced thermostability at 60°C (Table 1).

Pepsin resistances of mutants YKAPPA-L197V and YrAPPA-
L396V. The pepsin cleavage sites in close proximity to the N-gly-
cosylation motifs of Yersinia phytases—L197 in YKAPPA and
L396 in YrAPPA—were successfully replaced by residue V. All the
wild-type and mutant enzymes were both produced in P. pastoris
and E. coli. As shown in Fig. 5E, YKAPPA-L197V and YrAPPA-
L396V produced in P. pastoris migrated as a single band of ~52
kDa and double bands of ~52 and ~46.5 kDa on SDS-PAGE (Fig.
5E, lanes 2 and 4, respectively). After N-deglycosylation with endo
H, both phytases showed a single band of ~46 kDa (Fig. 5E, lanes
3 and 5), similar to the predicted size of 45.9 kDa and the apparent
size of recombinant phytases produced in E. coli (Fig. 5E, lanes 6
and 7). Moreover, the stability of these mutants at acidic pH was
unchanged. After a 2-h incubation at pH 2.0 and 37°C, all
YKAPPA-L197V, YKAPPA, YrAPPA-L396V, and YrAPPA pro-
duced in P. pastoris or E. coli retained more than 90% activity (data
not shown). The results indicated that L replacement with V had

TABLE 1 Glycosylation motifs and pH and temperature properties of wild-type phytases and their mutants

Glycosylation pH Temp

Enzyme sequon optimum optimum (°C) pH stability” Temp stability”

YeAPPA (wild type) —r 5 45 pH 1.5-2.5, <23.7%; pH 3-9, >83.8% 42°C, 2 h, 17.6%
YeAPPA-A200S NEFS 4.5 45 pH 1.5-2.5, >30.8%; pH 3-9, >84.7% 42°C, 2 h, 19.6%
YeAPPA-D397N/M398L/K399T NLT 3.5 45 pH 1.5-2.5, >80.5%; pH 3-9, >99.4% 42°C, 2 h, 36.5%
YKAPPA (wild type) NES 4.5 55 pH 1-1.5, 65.2%-80.7%; pH 2-10, >93.5% 60°C, 2 h, 25.4%
YKAPPA-S200A — 4.5 55 pH 1-1.5, <59.3%; pH 2-10, >86.1% 60°C, 2 h, 5.6%

YKAPPA-D397N/K399T NFS and NLT 4.5 60 pH 1-1.5, >80.9%; pH 2-10, >96.4% 60°C, 2 h, 37.5%
YrAPPA (wild type) NLT 4.5 60 pH 1-12, >85.8% 60°C, 2 h, 28.5%
YrAPPA-N397D/L398 M/T399K — 4.5 60 pH 2-11, >97.7%; pH 1, 12, <75.3% 60°C, 2 h, 15.2%

“ The phytase activity toward sodium phytate (1.5 mM) at 37°C for 30 min was regarded as 100%. The residual activity was expressed as a percentage of the activity of untreated

enzyme.
¥ —, no typical N-glycosylation site is found in wild-type or mutant phytases.
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YKAPPA-L197V. (C and D) SDS-PAGE analysis of the proteolytic products of the E. coli-produced phytases degraded by pepsin at different ratios. The phytase
band intensity was estimated by using Image] software. (E) SDS-PAGE analysis of the phytase variants YXAPPA-L197V and YrAPPA-L396V. Lanes: 1, protein
marker (M); 2 to 4, the N-glycosylated YKAPPA-L197V and YrAPPA-L396V produced in P. pastoris before (—) and after (+) N-deglycosylation with endo H; 6

and 7, E. coli-expressed variants.

no effect on phytase N-glycosylation in yeast and stability at acidic
pH, and phytases produced in E. coli were not N-glycosylated.
When produced in E. coli, the nonglycosylated YrAPPA-L396V
and YKAPPA-197V showed higher resistance to pepsin than the
nonglycosylated YrAPPA and YrAPPA, retaining higher activity
than the nonglycosylated wild types after pepsin treatment at pH
2.0 and 37°C for 2 h at pepsin/phytase ratios from 1/1,000 to 1/1
and from 1/1,000 to 1/10, respectively (Fig. 5A and B). At the high
ratio of 1/1, the nonglycosylated YrAPPA-L396V produced in E.
coli retained 58.0% activity but the nonglycosylated wild-type
YrAPPA expressed in E. coli showed only 27.9% activity (Fig. 5A).
At a ratio of 1/20, the nonglycosylated wild-type YKAPPA ex-
pressed in E. coli lost all activity, whereas the nonglycosylated
YKAPPA-L197V from the prokaryotic expression system retained
17.1% of the activity (Fig. 5B). The SDS-PAGE results indicated
that the prokaryote-expressed YrAPPA-L396V and YKAPPA-
L197V were degraded with pepsin treatment at a lower rate than
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the wild types produced in E. coli, indicating that nonglycosylated
YrAPPA-L396V and YKAPPA-L197V were more stable against
pepsin than the nonglycosylated wild types (Fig. 5C and D). After
N-glycosylation of the phytases produced in P. pastoris, YtAPPA-
L396V and YKAPPA-197V had activities similar to those of the
wild types after pepsin treatment for 2 h at all the ratios (Fig. 5A
and B). All these results indicated that L197V and L396V en-
hanced the pepsin resistance of the nonglycosylated phytase from
E. colibut had no effect on the pepsin resistance of N-glycosylated
phytases from P. pastoris; the N-glycosylation of P. pastoris
YKAPPA and YrAPPA may therefore protect the peptic cleavage
sites L197 and L396 from pepsin cleavage.

DISCUSSION

To optimize phosphorus bioavailability and reduce pollution of
phosphorus, phytase used as animal feed additive must possess
superior features, such as high specific activity, broad substrate
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specificity, good adaptability to low pH, high temperature resis-
tance, and protease resistance. Proteases naturally occur in the
gastrointestinal tracts of all organisms, so protease resistance be-
comes one of the most valued properties for feed enzymes. Two
main strategies have been applied to improve the protease resis-
tance of feed enzymes. One is to explore protease-resistant feed
enzymes (41, 42), and the other is to screen engineered feed en-
zymes with improved protease resistance by rational design (43).
Structure-based rational design has been less frequently used than
naturally occurring protease-resistant enzymes (24, 44-46), espe-
cially with respect to pepsin resistance. The cleavage of enzymes by
proteases involves a nucleophilic attack of the polarized carbonyl
group of the substrate peptide bond, followed by stabilization of
the oxygen in an oxyanion hole of proteases (47, 48). Therefore,
glycans at the N-glycosylation site may sterically protect enzymes
against proteases (24). In the present study, we employed a struc-
ture-based mutagenesis approach to introduce N-glycosylation
sites into Yersinia phytases to determine the underlying mecha-
nism of glycosylation-mediated enzyme resistance to pepsin.

The Pichia expression system is widely used for commercial-
scale production of enzymes for industrial use (49). N-Glycosyla-
tion commonly occurs in this system (29) and is one of the most
common posttranslational modification forms that have been
used to modulate protein structure and function (50). In the pres-
ent study, three Yersinia phytases were heterologously expressed
in P. pastoris. Sequence analysis and comparison of molecular
masses on SDS-PAGE and protease resistance indicated that both
YrAPPA and YKAPPA are N-glycoproteins with trypsin and pep-
sin resistance, and YeAPPA that lacks an N-glycosylation site is
moderately resistant to trypsin but sensitive to pepsin (Fig. 3A to
C). Similar results have been reported with the P. pastoris-pro-
duced N-glycosylated Bacillus subtilis phytase that shows resis-
tance to trypsin but not pepsin (41). In contrast, the N-glycosy-
lated phytases derived from Aspergillus japonicus BCC18313, A.
niger BCC18081, Eupenicillium parvum BCC17694, and Neosarto-
rya spinosa BCC41923 are resistant to pepsin but not to trypsin
(26-28). Our results indicated that the two functional N-glycosy-
lation motifs, NXS/T, of Yersinia phytases contribute to the en-
zyme proteolytic resistance to pepsin but not trypsin (Fig. 3; see
also Fig. S1 in the supplemental material). In order to verify the
function of these N-glycosylation motifs, they were separately in-
troduced into the corresponding sites on the exposed surface of
wild-type YeAPPA. The resulting mutants, YeAPPA-A200S and
YeAPPA-DMK397-399NLT, showed significantly enhanced tol-
erance to pepsin but not trypsin (Fig. 3C to F). The N-glycosyla-
tion motif NLT397-399 in YrAPPA was also introduced into
YKAPPA to yield double N-glycosylation mutant YKAPPA-
D397N/K399T, which had higher pepsin resistance than was ob-
served for YKAPPA (Fig. 3B; see also Fig. S1C). The N-glycans of
YeAPPA-A200S did not protect the nonglycosylated YeAPPA
from enzyme proteolysis by pepsin (Fig. 3H). Considering that
pepsin is the major protease in the stomach, a pepsin-resistant
phytase would be a cost-effective method for reducing the use of
dietary phytase in animal production.

N-Glycosylation modification commonly occurs in eukaryotes,
but with significant variance from enzyme to enzyme. YeAPPA
that lacks an N-glycosylation site shows an apparent mass similar
to the theoretical value when produced in P. pastoris (Fig. 2, lane
2), while YKAPPA and YrAPPA containing different N-glycosyla-
tion sites, NFS198-200 and NLT397-399, respectively, are homo-
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geneously and heterogeneously N-glycosylated (Fig. 2, lanes 7 and
13, respectively). In contrast, YXAPPA and YrAPPA are nonglyco-
sylated in E. coli (Fig. 5C and D). Thus, the N-glycosylation sites in
YKAPPA and YrAPPA are presumed to be nonmodified in the
native Yersinia strains. After introduction of the N-glycosylation
sites, YXAPPA-D397N/K399T appeared as an incompletely N-gly-
cosylated enzyme, and YeAPPA-DMK397-399NLT was heteroge-
neous, while YeAPPA-A200S was homogeneous after production
in P. pastoris (Fig. 2, lanes 5, 9, and 3, respectively). This hetero-
geneity of N-glycosylation arises from the different glycosylation
efficiencies of the N-glycosylation sites, which vary in the number
of glycans on the proteins and the type of the glycans (51). Based
on the SDS-PAGE pattern, we estimated that the glycosylation
levels of NLT-, NES-, and NLT/NFS-containing phytases are the
lowest to highest (Fig. 2, lanes 5, 13, 3, 7, and 9, respectively; see
also Table S2 in the supplemental material). Each NLT-contain-
ing monoglycosylated phytase, i.e., YeAPPA-DMK397-399NLT
and YrAPPA, had significantly differential glycosylation levels of
about 1.1 and 11.5% by the presumably altered size of the glycans
of the N-glycoenzyme (Fig. 2, lanes 5 and 13, respectively; see also
Table S2). This N-glycosylation variability of Yersinia phytases
may account for their distinctive resistance to pepsin, thermosta-
bility, and stability at low pH.

As shown above, engineered Yersinia phytases with different
N-glycosylation sites had altered resistances against pepsin and
N-glycosylation levels, and the N-glycosylation motif NLT397-
399 is more effective than NFS198-200 in enhancing pepsin resis-
tance (Fig. 3C to G; see also Table S2). Although introduction of
NLT397-399 resulted in similar glycosylation levels in the
monoglycosylated YeAPPA-NLT397-399 and YrAPPA, its effect
on pepsin resistance was quite variable (Fig. 3A, C, F, G, and I; see
also Fig. S1A to D and Table S2). The 46.5-kDa forms of YeAPPA-
NLT397-399 and YrAPPA had the lowest N-glycan contents of all
engineered Yersinia phytases but exhibited most of the pepsin re-
sistance of the 52-kDa N-glycoenzyme forms (Fig. 3F; see also
Fig. S1A). After mixing of phytases, N-glycans of N-glycosylated
YeAPPA-A200S failed to protect the nonglycosylated YeAPPA
from enzyme proteolysis by pepsin (Fig. 3H). The N-glycans of the
52-kDa YrAPPA and YeAPPA-DMK397-399NLT forms were pre-
sumed to fail to be responsible for the resistance of the 46.5-kDa
forms to pepsin. Thus, the 46.5-kDa forms of YrAPPA and
YeAPPA-DMK397-399NLT were presumed to have a much
smaller size for glycan, which plays a major role in the resistance to
pepsin. A similar phenomenon has been reported, i.e., that the
first two or three saccharides of glycans instead of the whole glycan
make the major contribution to enzyme stabilization (52, 53).
Moreover, the fully N-glycosylated YeAPPA-NLT397-399 and
YrAPPA were more resistant against pepsin than the phytase mix-
tures of partially N-glycosylated YeAPPA and YeAPPA-NLT397-
399 and of YrAPPA-NLT397-399DMK and YrAPPA, respectively
(Fig. 31; see also Fig. S1D). The proteolytic resistance of the double
N-glycosylation mutant YKAPPA-D397N/K399T against pepsin
can be improved by increasing the N-glycosylation levels (Fig. 3B;
see also Fig. S1F and Table S2). In contrast, the nonglycosylated
YeAPPA is sensitive to pepsin (Fig. 3C and E), while N-deglyco-
sylated variants and enzymatically N-deglycosylated enzymes of
YrAPPA and YKAPPA demonstrated significantly decreased resis-
tance against pepsin (Fig. 3A and B; see also Fig. S1B, C, and E).
Therefore, a minimal degree of glycosylation may be required for
enhanced stability of phytases against pepsin degradation.
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All phytases were also evaluated for their resistance to trypsin.
After trypsin treatment at ratios from 1/1,000 to 1/1, N-glycosy-
lated YKAPPA and YrAPPA had unchanged activity, and nongly-
cosylated YeAPPA showed decreased activity (22.0%) (Fig. 3A to
C). Introduction or deletion of N-glycosylation sites to Yersinia
phytases did not change their resistance to trypsin (Fig. 3A to C).
Moreover, the nonglycosylated YrAPPA and YKAPPA produced
in E. coli showed activities similar to that of the N-glycosylated
forms upon expression in P. pastoris (data not shown). Thus, the
N-glycosylation motifs NFS198-200 and NLT397-399 and the N-
glycans of the N-glycosylated phytases produced in P. pastoris had
no effect on the trypsin resistance of phytases.

Phytate hydrolysis catalyzed by microbial phytases mostly
takes place in the stomach. The pH of gastric acid in the stomach
is usually from 1.5 to 3.5 (54). Maximal biocatalytic capability of
phytase in the stomach therefore requires that the enzyme have
high activity and good stability under acidic conditions. The N-
glycosylated mutants of YeAPPA had lower pH optima and better
stabilities at low pH than those of the native nonglycosylated
counterpart, as shown in Table 1 and Fig. 4. Thus, the glycopro-
teins likely confer pepsin resistance partially through regulation of
acidophilic stability. The acidophilic feature of the N-glycosylated
phytases facilitates their survival in the acidic environment of the
digestive tract and increases their usefulness in the feed industry.

Excellent thermostability can allow an enzyme to survive the
high pelleting temperatures used in feed production. N-Glycosy-
lation of Yersinia phytases significantly increased the optimal tem-
perature (by 5°C) and thermal stability (Table 1). The combina-
tion of two N-glycosylation motifs had an additive effect on the
improvement of thermal properties (Table 1). The tolerance for
high temperature is probably ascribed to the enhanced structural
rigidity of the proteins with glycan and decreased dynamic fluctu-
ations throughout the molecule (55). For example, in comparison
to the wild-type nonglycosylated YeAPPA, which had the highest
activity at pH 5.0 and 45°C, was weakly active at pH 2.0 and at
42°C, and was highly sensitive to pepsin, the YeAPPA mutants
containing the N-glycosylation motif NFS198-200 or NLT397-
399 demonstrated pronounced shifts in pH optima (0.5 and 1.5
pH units downward, respectively), improved stability at acidic pH
(83.2 and 98.8% activities at pH 2.0 for 1 h, respectively) and
thermostability (19.6 and 36.5% residual activities at 42°C for 2 h,
respectively), and increased resistance to pepsin (~44-fold and
=50.6-fold, respectively) (Fig. 3C and Table 1; see also Table S1).
Hence, introducing the N-glycosylation motifs benefits YeAPPA
in terms of its resistance to pepsin, thermostability, and stability at
acidic pH. The NLT397-399 mutant was more effective than
NFS198-200 in terms of improving the enzyme properties.

The aspartic protease pepsin is an endopeptidase with broad
substrate specificity. Pepsin prefers to cleave C-terminal F and L
residues, unless they are adjacent to H and K residues (56, 57). To
further study the exact function of N-glycosylation in pepsin re-
sistance, we mutated the cleavage sites L197 and L396, which are
adjacent to N at the NFS198-200 and NLT397-399 sites on the
exposed surface of YKAPPA and YrAPPA, respectively. Compared
with nonglycosylated phytases produced in E. coli (29), the muta-
tion of L197 in YKAPPA and L396 in YrAPPA to V enhanced the
pepsin resistance but did not change the pepsin resistance of N-
glycosylated YKAPPA and YrAPPA produced in yeast (Fig. 5A to
D). These mutations did not affect resistance to trypsin at all tested
ratios in E. coli and P. pastoris (data not shown). We infer that the
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N-glycan linkage at N198 and N397 may sterically hinder pepsin
from the pepsin cleavage sites of Yersinia phytases but has no effect
on trypsin cleavage sites. In future studies, we will resolve the
crystal structures of the glycoenzyme to verify the role of glycans in
proteolytic resistance of phytases to pepsin.

In conclusion, this study reveals that N-glycosylation occurred
at two particular sites, NFS198-200 and NLT397-399, and mark-
edly increased the proteolytic resistance of Yersinia phytases to
pepsin but not to trypsin. By using site-directed mutagenesis, the
N-glycosylation sites were introduced into other Yersinia counter-
parts and also improved the resistance to pepsin but not to trypsin,
as well as elevating the stability at acidic pH and high temperature.
Mutagenesis of the pepsin cleavage sites in close proximity to the
N-glycosylation motifs promoted the resistance of nonglycosy-
lated phytases to pepsin digestion. The pepsin resistance of glyco-
enzymes would therefore appear to occur through enhanced acid
tolerance and by steric hindrance between the glycans and the
pepsin active site.
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