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Escherichia coli pH 2.5 acid phosphatase gene (appA)
and three mutants were expressed in Pichia pastoris to
assess the effect of strategic mutations or deletion on the
enzyme (EcAP) biochemical properties. Mutants A131N/
V134N/D207N/S211N, C200N/D207N/S211N, and A131N/
V134N/C200N/D207N/S211N had four, two, and four ad-
ditional potential N-glycosylation sites, respectively. Ex-
tracellular phytase and acid phosphatase activities were
produced by these mutants and the intact enzyme r-
AppA. The N-glycosylation level was higher in mutants
A131IN/V134N/D207N/S211N (48%) and A131N/V134N/
C200N/D207N/S211N (89%) than that in r-AppA (14%). De-
spite no enhancement of glycosylation, mutant C200N/
D207N/S211N was different from r-AppA in the following
properties. First, it was more active at pH 3.5-5.5. Sec-
ond, it retained more (P < 0.01) phytase activity than
that of r-AppA. Third, its specific activity of phytase was
54% higher. Lastly, its apparent catalytic efficiency
Kea/Km for either p-nitrophenyl phosphate (5.8 x 10° vs
2.0 x 10° min™* M™) or sodium phytate (6.9 X 10° vs 1.1 X
10° min™ M™) was improved by factors of 1.9- and 5.3-
fold, respectively. Based on the recently published E.
coli phytase crystal structure, substitution of C200N in
mutant C200N/D207N/S211N seems to eliminate the di-
sulfide bond between the G helix and the GH loop in the
a-domain of the protein. This change may modulate the
domain flexibility and thereby the catalytic efficiency
and thermostability of the enzyme.
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Phytate (myo-inositol 1,2,3,4,5,6-hexakisphosphate)
is the major form of phosphorus in cereals and legumes
(1). Because simple-stomached animals and humans
are unable to digest phytate efficiently, supplemental
dietary phytase is needed for them to utilize phospho-
rus and other minerals bound in this compound. Esch-
erichia coli pH 2.5 acid phosphatase (EcAP,”> EC
3.1.3.2), encoded by appA, is a periplasmic, monomeric
protein of 45 kDa (2). Because of the conserved RH-
GXRXP active-site motif in the polypeptide, this en-
zyme belongs to the high molecular weight histidine
acid phosphatase family (3-5). Mutagenesis of EcCAP
has previously demonstrated that a single substitution
of Hisl7 by Asn causes a complete loss of its acid
phosphatase activity (5). Similarly, the presence of
His303 and Asp304 (N-terminal HD motif) is also im-
portant for the EcAP activity (4). Recently, we ex-
pressed the appA gene in yeast Pichia pastoris as an
active, extracellular enzyme (r-AppA) that degrades
sodium phytate (6), in addition to many substrates of
acid phosphatases, such as p-nitrophenyl phosphate
(pPNPP), ATP, and fructose 1,6-bisphosphate (4, 5). Im-
portantly, this recombinant enzyme can be used as a
supplemental phytase in animal diets to improve phos-
phorus utilization and to reduce phosphorus pollution
from animal waste (7).

The inability of currently available phytase to toler-
ate heat denaturation from feed processing remains
one of the major practical concerns (8). Previous work
in our laboratory has demonstrated a positive effect of

? Abbreviations used: BMGY, buffered glycerol-complex medium;
BMMY, buffered methanol-complex medium; DEAE, diethylami-
noethyl; dNTPs, deoxynucleotides; EcAP, Escherichia coli pH 2.5
acid phosphatase; Endo H;, endoglycosidase Hy; pNPP, p-nitrophenyl
phosphate; r-AppA, E. coli acid phosphatase expressed in Pichia
pastoris; YPD, yeast extract peptone dextrose.
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TABLE 1
Modified Primers and Index of Surface Solvent Accessibility for Mutations

Primer?® Position® Primer sequence® Modification® Accessibility® (%)

E2 (f) 241-264 5'-GGAATTCGCTCAGAGTGAGCCGGA-3’ EcoRI restriction site —

Al (r) 565-592 5"-CTGGGTATGGTTGGTTATATTACAGTCAGGT-3’ A131N 1.05
V134N 0.55

P2 (f) 772-795 5’-CAAACTTGAACCTTAAACGTGAG-3' C200N nd

P3 (r) 796-825 5'-CCTGCGTTAAGTTACAGCTTTCATICTGTTT-3’ D207N 0.63
S211N 0.65

K2 (r) 1469-1491 5'-GGGGTACCTTACAAACTGCACG-3' Kpnl restriction site —

@£, forward; r, reverse.

® Nucleotide position based on the E. coli periplasmic pH 2.5 acid phosphatase (GenBank Accession No. M58708).

¢ Underlined nucleotides were substituted.

¢ Amino acid mutation or restriction site added. The coding region starts at the codon 20 and ends at the codon 432. Amino acids A131,
V134, C200, D207, and S211 are labeled A109, V112, C178, D185, and S189 by Lim et al. (22).
¢ Percentage of amino acid surface solvent accessibility (19, 20); nd, not determined.

N-linked glycosylation on the thermostability of As-
pergillus niger phytase (phyA) expressed in P. pastoris
and Saccharomyces cerevisiae (9, 10). Effects of glyco-
sylation on thermostability and biochemical properties
have also been shown in other proteins (11-15). In
general, glycosylation is a complex covalent modifica-
tion of structure and function for secretory proteins in
eukaryotes. The carbohydrate groups may have multi-
ple roles in controlling conformation, folding, stability,
resistance to proteolysis, modulation of enzyme activ-
ity, cell recognition, and appropriate targeting (16, 17).
It is possible that additional glycosylation of ECAP may
affect its enzymatic properties. Because there are only
three putative N-glycosylation sites in the appA gene
(3), it is of interest to determine whether additional
glycosylation sites could be engineered to modulate the
enzyme thermostability. Therefore, mutagenesis of the
appA gene was undertaken in the present study. Wild-
type appA and several mutants were expressed in P.
pastoris to determine the impact of adding multiple
N-glycosylation sites on the thermostability and bio-
chemical properties of r-AppA.

EXPERIMENTAL PROCEDURES

Sequence analysis for designing mutations. Our criteria for de-
signing mutations to enhance glycosylation of ECAP were as follows:
(1) the potential glycosylation site should have 25% or greater sol-
vent accessibility, and (2) the site should be easily engineered by a
single residue change to give an N-linked glycosylation motif (Asn-
X-Ser or Asn-X-Thr, where X is not a proline). Initially, in the
absence of a crystal structure for ECAP, we used the crystal structure
of rat acid phosphatase (35% sequence identity) (18) to calculate
accessibilities as follows. First, we aligned EcAP and rat acid phos-
phatase to several closely related phosphatases/phytases using the
multisequence alignment program PIMA (19). The aligned se-
guences included human prostatic acid phosphatase precursor (Gen-
Bank Accession No. P15309), Caenorhabditis elegans histidine acid
phosphatase (GenBank Accession No. Z68011), Aspergillus fumiga-
tus phytase (GenBank Accession No. U59804), Pichia angusta re-
pressible acid phosphatase (GenBank Accession No. AF0511611), rat

acid phosphatase (GenBank Accession No. 576257), and E. coli appA
(GenBank Accession No. M58708). Next, we determined the solvent-
accessible surface of all of the amino acids of rat acid phosphatase
using the program DSSP (20), converting these values to percent
accessibility by dividing the total surface area of the corresponding
amino acid as previously described (21). We only considered residues
greater than 25% solvent accessible and assigned these values to the
corresponding amino acids in ECAP based on the sequence alignment
described above, under the assumption that the overall structure of
rat acid phosphatase and EcAP would be conserved. Finally, we
examined the putative solvent-accessible residues to determine
which could be easily converted to an N-glycosylation site by point
mutation. Out of 31 potential sites, 5 were selected that best fit our
criteria. An additional mutation C200N was incorporated using
primer P2, designed for another appA mutagenesis study. From the
alignment performed, the mutation C200N is in a gapped region and
C200 is involved with C210 (labeled as C178/C188 by Lim et al., 22)
in forming a unique disulfide bond between helix G and the GH loop
(an unorganized configuration between the G and H helices) in the
a-domain of the protein (22). Correspondingly, five PCR primers
were designed: E2 and K2 for amplifying the wild-type sequence of
appA (3) and the others for developing three mutants (Table I and
Fig. 1). All primers were synthesized by the Cornell University
Oligonucleotide Synthesis Facility (Ithaca, NY).

Construction of mutants by PCR. The E. coli appA mutants were
constructed using the megaprimer site-directed mutagenesis method
adapted from previous studies (23, 24). To amplify the intact coding
region of appA, the PCR was set up in a 50-uL final volume contain-
ing 200 ng of DNA of appA inserted in a pAPPAL plasmid isolated
from E. coli strain BL21 (3), 50 pmol of each primer E2 and K2, 5 U
of AmpliTag DNA polymerase (Perkin Elmer, Norwalk, CT), 10 mM
Tris—HCI, pH 8.3, 50 mM KCI, 12.5 mM MgCl,, and 200 mM each
dNTPs (Promega Corp., Madison, WI). The reaction was performed
using the GeneAmp PCR system 2400 (Perkin Elmer) and included
1 cycle at 94°C (3 min), 30 cycles of [94°C (0.5 min), 54°C (1 min), and
72°C (1.5 min)], and 1 cycle at 72°C (10 min). Megaprimers for
mutants were produced in a separate round of PCR (Table I1). The
first mutagenic PCR reaction (100 plL) was performed as described
above, using 4 uL of the intact appA PCR mixture and the respective
modified primers listed in Table I. All megaprimer PCR products
were resolved in a 1.5% low-melting agarose (GIBCO BRL, Grand
Island, NY) gel electrophoresis. The expected fragments were excised
and eluted with the GeneClean Il kit (Bio101, Vista, CA). The final
mutagenic PCR reaction (100 uL) was set up as described above,
using 4 uL of the appA PCR product and varying concentrations of
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1 taaggagcagaaaca ATG TGG TAT TTA CTT TGG TTC GTC GGC ATT TTG TTG ATG TGT TCG CTC 63
1 M Y L L W F v G I L L M C s L 16
64 TCC BACC CTT GTG TTG GTA TGG CTG GAC CCG CGA TTG AAR AGT Taacgaacgtaggcctgatgcggeg 128
17 s T L L v W L D P R L K s * 31
129 cattagcatcgcatcaggcaatcaataatgtcagatatgaaaagcggaaacatatcgATG ARA GCG ATC TTA ATC 20%
1 M K A I L
E2
202 CCA TTT TTA TCT CTT CTG ATT CCG TTA ACC CCG CAA TCT GCA TTC GCT CAG AGT GAG CCG 261
7P F L s L L I P L T P Q S A F A [0] S E P 26
-»
262 GAG {TG ARG CTG GAA AGT GTG GTG ATT GTC AGC CGT CAT GGT GTG CGT GCC CCA ACC AAG 321
27 E- L K L E S v v I v S H G v R A P T K 46
322 GCC ACG CAA CTG ATG CAG GAT GTC ACC CCA GAC GCA TGG CCA ACC TGG CCG GTA AAA CTG 381
47 A T Q M Q D Y T P D W P T P \Y K L 66
382 GGT TGG CTG ACA CCA CGC GGT GGT GAG CTA ATC GCC TAT CTC GGA CAT TAC CAA CGC CAG 441
67 G W L T P R G G E L I Y L G H Y Q R Q 86
442 CGT CTG GTG GCC GAC GGA TTG CTG GCG AAR AAG GGC TGC CCG CAG CCT GGT CAG GTC GCG 501
87 L v A D G L L A K G C P Q P G Q v A 106
502 ATT ATT GCT GAT GTC GAC GAG CGT ACC CGT AAA ACA GGC GAA GCC TTC GCC GCC GGG CTG 561
107 I A D v D E R T R K T G E A F A A G L 126
Al
562 GCi‘CCT GAC TGT GCA ATA ACC GTA CAT ACC CAG GCA GAT ACG TCC AGT CCC GAT CCG TTA 621
127 & P D Cc A I T v H T Q A D T S S P D P L 146
622 TTT AAT CCT CTA AARA ACT GGC GTT TGC CRA CTG GAT AAC GCG BAC GTG ACT GAC GCG ATC 681
147 F N P L K T G v C Q L D N A @ v T D A I 166
682 CTC AGC AGG GCA GGA GGG TCA ATT GCT GAC TTT ACC GGG CAT CGG CAA ACG GCG TTT CGC 741
167 L S R A G G S I A D F T G H R Q T A F R 186
P2 L
742 GAA CTG GAA CGG GTG CTT AAT TTT CCG CAA TCA AAC TTG TGC CTT ARA CGT GAG BAA CAG 801
187 E L E R v L N F P Q S N L C L K R E K Q 206
P3
802 GAC GAA AGC TGT TCA TTA ACG CAG GCA TTA CCA TCG GAAR CTC AAG GTG AGC GCC GAC AAT 861
200D E s ¢ § L T @ A L P S E L K Vv s a Db [N 226
862 GTT TCA TTA ACC GGT GCG GTA AGC CTC GCA TCA ATG CTG ACG GAA ATA_TTT CTC CTG CAA 921
227 v = L T G A v S L A s M L T E I ¥ L L Q 246
922 CBAA GCA CAG GGA ATG CCG GAG CCG GGG TGG GGA AGG ATC ACT GAT TCA CAC CAG TGG AAC 981
247 ¢ A Q G M P B P G W G R I T D S H Q W N 266
982 ACC TTG CTA AGT TTG CAT AAC GCG CAA TTT TAT TTA CTA CAA CGC ACG CCA GAG GTT GCC 1041
267 T L L S L H N A Q F Y L L Q R T P E v A 286
1042 CGC AGT CGC GCC ACC CCG TTA TTG GAT TTG ATC BRAG ACA GCG TTG ACG CCC CAT CCA CCG 1101
287 R S R A T P L L D L I K T A L T P H P P 306
1102 CAA ARAR CAG GCG TAT GGT GTG ACA TTA CCC ACT TCA GTG CTG TTT ATT GCC GGA CAC GAT 1161
307 @ K Q A Y G v T L )4 T S v L F I A G H D 326
1162 ACT BAT CTG GCA AAT CTC GGC GGC GCA CTG GAG CTC AAC TGG ACG CTT CCA GGT CAG CCG 1221
327 T N L A N L G G A L E L N w T L P G Q P 346
1222 GAT BAC ACG CCG CCA GGT GGT GAAR CTG GTG TTT GAA CGC TGG CGT CGG CTA AGC GAT AAC 1281
347 D N T P P G G E L v F E R W R R L S D N 366
1282 AGC CAG TGG ATT CAG GTT TCG CTG GTC TTC CAG ACT TTA CAG CAG ATG CGT GAT ARA ACG 1341
367 S Q W I Q v S L v F Q T L Q Q M R D K T 386
1342 CCG CTA TCA TTA AAT ACG CCG CCC GGA GAG GTG AAA CTG ACC CTG GCA GGA TGT GARR GAG 1401
387 P L S L N T P P G E A K L T L A G Cc E E 406
1402 CGA AAT GCG CAG GGC ATG TGT TCG TTG GCC GGT TTT ACG CAAR ATC GTG BRAT GAA GCG CGC 1461
407 R N Y Q G M C S L A G F T Q I v N E A R 426
% *
1462 BTA CCG G TGC AGT TTG TAA 1461
427 1 P A C S L * 433

FIG. 1. Nucleotide and the deduced amino acid sequence of the E. coli acid phosphatase (appA). Primers are underlined and indicated by
arrows. The GH loop region (202-211) is in bold and C200 (in G helix) and C210 (in GH loop) form the unique disulfide bond in the a-domain.
Substituted amino acids (A131, V134N, C200, D207, and S211) are underlined and in bold.

the purified megaprimer (50 ng to 4 ug), depending on its size. Five
thermal cycles were set up at 94°C for 1 min and 70°C for 2 min.
While at 70°C, 1 umol of forward primer and 2 U of AmpliTag DNA
polymerase were added and gently mixed with the reaction, and
thermal cycling was continued for 25 times at 94°C for 1 min, 56°C
for 1 min, and 70°C for 1.5 min.

Subcloning and expression. E. coli strain TOP10F' (Invitrogen,

San Diego, CA) was used as an initial host. The PCR fragments were
purified and cloned into pPGEMT-Easy vector (Promega) according to

the manufacturer’s instructions. EcoRI digestion of the isolated plas-
mid DNA was used to screen for positive transformants. The result-
ing inserts were cloned into pPICZaA (Kit Easy-select, Invitrogen) at
the EcoRI site and transformed into TOP10F’ cells plated on LB
medium containing 25 ug/mL zeocin. Colonies with desired inserts in
the correct orientations were selected using Sall or BstXI restriction
digestions of plasmid DNA. Pichia pastoris strain X33 (Mut* His™)
was used as the host for protein expression (Invitrogen) and grown in
YPD liquid medium prior to electroporation. Two micrograms of
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TABLE I
E. coli AppA Mutant Denomination and Construction

Construct® Size (bp) Number of glycosylations
Mutants
A131N/V134N/D207N/S211N E2A1P3K2 1350 7
C200N/D207N/S211N E2P2P3K2 1350 5
A131N/V134N/C200N/D207N/S211N E2A1P2P3K2 1350 7
Wild type
r-AppA E2K2 1350 3

@ See Table I for primer denomination.

plasmid DNA was linearized using restriction enzyme Bglll or Pmel
and then transformed into X33 according to the manufacturer’s
instructions (Invitrogen). After selected transformants were incu-
bated in minimal media with glycerol (GMGY) for 24 h, 0.5% meth-
anol medium (GMMY) was used to induce protein expression.

Enzyme purification and biochemical characterization. The ex-
pressed r-AppA and mutant enzymes in the medium supernatant
were subjected to a two-step ammonium sulfate precipitation (25 and
75%) as previously described (25). The suspension of the first round
was centrifuged at 4°C, 25,0009 for 20 min. The pellet of the second
round was suspended in 10 mL and dialyzed overnight against 25
mM Tris—HCI, pH 7. After dialysis, the protein extract was loaded
onto a DEAE-Sepharose column (Sigma, St. Louis, MO) equilibrated
with 25 mM Tris—HCI, pH 7. The bound protein was eluted with 1 M
NaCl in 25 mM Tris—HCI, pH 7. Those three fractions exhibiting the
highest activities were pooled and dialyzed against 25 mM Tris—HCI,
pH 7.5, for the following analysis. Phytase activity was measured
using sodium phytate as the substrate (25, 26). The enzyme was
diluted in 0.25 M glycine-HCI, pH 2.5, and an equal volume of
substrate solution containing 11 mM sodium phytate (Sigma) was
added. After incubation of the sample for 15 min at 37°C, the reac-
tion was stopped by addition of an equal volume of 15% trichloroace-
tic acid. Free inorganic phosphorus was measured at 820 nm after
0.2 mL of the sample was mixed with 1.8 mL of H,0 and 2 mL of a
solution containing 0.6 M H,SO,, 2% ascorbic acid, and 0.5% ammo-
nium molybdate, followed by incubation for 20 min at 50°C. One
phytase unit was defined as the amount of activity that releases 1
rmol of inorganic phosphorus from sodium phytate per minute at
37°C. The final concentrations of sodium phytate used for the en-
zyme kinetics were 0.1, 0.25, 0.5, 0.75, 1, 2.5, 10, and 25 mM. Acid
phosphatase activity was assayed using pNPP (Sigma) at a final
concentration of 25 mM (24). To 50 uL of enzyme (40 nmol), 850 uL
of 250 mM glycine—HCI, pH 2.5, was added. After 5 min of incubation
at 37°C, 100 pL of pNPP was added. The released p-nitrophenol was
measured at 405 nm after 0.1 mL of the sample was mixed with 0.9
mL of 1 M NaOH and incubated for 10 min. The final concentrations
of pNPP used for the enzyme Kinetics were 0.1, 0.2, 0.75, 1, 2.5, 10,
and 25 mM. One unit of acid phosphatase activity was defined as the
amount of enzyme catalyzing the formation of 1 umol of p-nitrophe-
nol per minute. Before the thermostability assay, the enzyme (2
mg/mL) was diluted 1:400 in 0.2 M glycine—HCI, pH 2.5. The diluted
samples were incubated for 15 min at 25, 55, 80, and 90°C. After the
samples were cooled on ice for 30 min, their remaining phytase
activities were measured as described above. Deglycosylation of pu-
rified enzymes was done by incubating 100 ng of total protein with
0.5 1U endoglycosidase H; (Endo Hy) for 4 h at 37°C according to the
manufacturer’s instructions (New England Biolabs, Beverly, MA).
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE), 15% (w/v) gel, was performed as previously described (27).
Protein concentrations were determined using the Lowry method
(28).

Statistical analysis. Data were analyzed using SAS (release 6.04,
SAS Institute, Cary, NC).

RESULTS

Effects of site-directed mutagenesis on phytase ex-
pression and glycosylation. Genomic DNA from each
yeast transformant was extracted to amplify the de-
sired mutated appA by PCR using E2 and K2 primers.
All the desired mutations were confirmed by sequenc-
ing. For each mutant, 24 colonies were analyzed for
phytase activity at various times after induction. All of
the three mutants, A131N/V134N/D207N/S211N,
C200N/D207N/S211N, and A131N/V134N/C200N/
D207N/S211N, along with r-AppA, were expressed and
secreted, resulting in a time-dependent accumulation
of extracellular phytase activity that reached plateau
at 96 h after methanol induction. The plateau activity
in the medium supernatant was 35, 175, 57, and 117
U/mL, respectively (Table I11). Yeast X33 transformed
with the expression vector pPICZaA was used as a
control and did not give any activity or phytase protein
in SDS—-PAGE (data not shown). On the purified pro-
tein basis, mutant C200N/D207N/S211N had the high-
est specific phytase activity, 63 U/mg, followed by mu-
tant AL131N/V134N/C200N/D207N/S211N, r-AppA,
and mutant A131N/V134N/D207N/S211N (51, 41, and
32 U/mg of protein, respectively). The protein yield
recovered after purification was 654, 324, 688, and 425
mg/L for the mutants C200N/D207N/S211N and

A131N/V134N/C200N/D207N/S211N, r-AppA, and
mutant A131N/V134N/D207N/S211N, respectively
(Table 111).

In SDS-PAGE, the band size of the purified r-AppA
was 50-56 kDa, while that of mutant A131N/V134N/
D207N/S211N was 68-70 kDa and that of mutant
A131N/V134N/C200N/D207N/S211N was 86-90 kDa
(Fig. 2). This gave an enhancement of the glycosylation
level from 14% in r-AppA to 48% in mutant A131N/
V134N/D207N/S211N and 89% in mutant A131N/
V134N/C200N/D207N/S211N. The level of glycosyla-
tion in mutant C200N/D207N/S211N appeared equiv-
alent to that of r-AppA. All of these recombinant
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TABLE 111
Phytase Yield and Specific Activity of r-AppA and the Three Mutants
Specific activity®

Phytase activity® Protein yield® —Endo Hs +Endo H;
r-AppA 117 = 15 688 *= 44 41 = 3 374
A131N/V134N/D207N/S211N 35+ 4 425 + 26 322 29+ 2
C200N/D207N/S211N 175 £ 19 654 = 39 63 = 4* 65 = 5*
A131N/V134N/C200N/D207N/S211N 57+ 8 324 + 18 51*+5 46 = 6

# Phytase activity (U/ml) in GMMY media after 96 h of culture.

® Protein yield (milligrams of purified protein per liter of culture).
¢ Specific phytase activity (units per milligram of purified protein).

* Indicates significant difference (P < 0.05) versus the r-AppA control. Results are representative of three experiments.

enzymes showed similar molecular mass, 45—-48 kDa,
after deglycosylation by Endo H;. Deglycosylation did
not significantly affect the specific activity of all the
mutants or r-AppA (Table I11). However, treating these
purified proteins with both B-mercaptoethanol and
Endo H; caused a complete loss of phytase activity
(data not shown).

Effects of site-directed mutagenesis on phytase pH
and temperature optima and thermostability. Al-
though all three mutants shared the same pH optimum
(2.5) with that of r-AppA, mutant C200N/D207N/
S211N was more (P < 0.05), while mutant A131N/
V134N/C200N/D207N/S211N was less (P < 0.05), ac-
tive than r-AppA at pH 3.5, 4.5, and 5.5 (Fig. 3). The
temperature optimum was 65°C for mutant C200N/
D207N/S211N and 55°C for the other two mutants and
r-AppA (data not shown). In 0.2 M glycine-HCI, pH

kDa M 1 2 3 4 5 6 7 8 9

103
76

49

33

FIG.2. SDS—gel electrophoresis (15%) of purified recombinant pro-
teins expressed in P. pastoris. Thirty micrograms of protein was
loaded per lane. Lane M, prestained marker (Bio-Rad, kDa) (phos-
phorylase b, 103; bovine serum albumin, 76; ovalbumin, 49; carbonic
anhydrase, 33.2; soybean trypsin inhibitor, 28); lane 1, Endo Hy; lane
2, r-AppA,; lane 3, r-AppA + Endo Hy; lane 4, mutant C200N/D207N/
S211N; lane 5, mutant C200N/D207N/S211N + Endo Hy; lane 6,
mutant A131N/V134N/D207N/S211N; lane 7, mutant A131N/
V134N/D207N/S211N + Endo Hy; lane 8, mutant A131N/V134N/
C200N/D207N/S211N; lane 9, mutant A131N/V134N/C200N/
D207N/S211N + Endo H;.

2.5, mutant C200N/D207N/S211N exhibited a higher
(P < 0.05) residual phytase activity than that of r-
AppA after being heated at 80 and 90°C for 15 min
(Fig. 4).

Effects of site-directed mutagenesis on enzyme kinet-
ics. The K,, value for pNPP was reduced by one-half
and the one for sodium phytate by 70% with mutant
C200N/D207N/S211N, versus r-AppA (P < 0.05) (Ta-
ble 1V). Consequently, this mutant demonstrated a
1.9-fold increase in its apparent catalytic efficiency
k/K, for pNPP and a 5.2-fold increase for sodium
phytate relative to that of r-AppA. Although the k../K,,

values for mutant A131N/V134N/C200N/D207N/
100 -
S 80
z
2
3 60
-]
8
)
£ 40 .
2
E 20
é _
¥ b\

0 15 3 45 6
pH

75 9 105

FIG. 3. pH dependence of the enzymatic activity at 37°C of the
purified r-AppA (@) and mutants (C200N/D207N/S211N, m; A131N/
V134N/C200N/D207N/S211N, A; A131N/V134N/D207N/S211N, #)
using sodium phytate as a substrate. The maximal activity for each
mutant and r-AppA was defined as 100%. Buffers: pH 1.5-3.5, 0.2 M
glycine-HCI; pH 4.5-7.5, 0.2 M sodium citrate; pH 8.5-11, 0.2 M
Tris—HCI. Asterisks indicate significant differences (P < 0.05) be-
tween r-AppA and other mutants. Results are expressed as the
mean * SE from three experiments.
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FIG. 4. Residual enzymatic activity of the purified r-AppA (®) and
mutants (C200N/D207N/S211N, m; A131N/V134N/C200N/D207N/
S211N, A; A131N/V134N/D207N/S211N, #) after exposure for 15
min at the indicated temperature. The purified enzyme was incu-
bated for 15 min in 0.2 M glycine—HCI, pH 2.5. At the end of heating,
the reaction mixture was cooled on ice for 30 min. The initial activity
with sodium phytate for each recombinant enzyme was defined as
100%. Asterisks indicate significant differences (P < 0.05) between
r-AppA and other mutants. Results are expressed as the mean = SE
from three experiments.

S211N were also significantly different from those of
r-AppA for sodium phytate, the actual enhancement
was relatively small. In contrast, mutant A131N/
V134N/D207N/S211N demonstrated a significantly
lower catalytic efficiency than that of r-AppA for both
substrates.

DISCUSSION

Our results indicate that additional N-glycosylation
sites can be added to EcAP by site-directed mutagene-
sis. Compared with the r-AppA produced by the intact
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appA gene, the mutant enzymes A131N/V134N/
D207N/S211N and A131N/V134N/C200N/D207N/
S211N clearly demonstrated enhanced glycosylation,
as shown by their differences in molecular masses be-
fore and after deglycosylation. Thus, the engineered
N-glycosylation sites in these two mutants were indeed
recognized by P. pastoris and processed correctly. Be-
cause of the multiple mutations in mutants A131N/
V134N/D207N/S211N and  A131N/V134N/C200N/
D207N/S211N, our results cannot assess the level of
glycosylation at specific engineered sites, but useful
information can be derived by comparisons between
the mutants and r-AppA. First, although both mutants
A131N/V134N/D207N/S211N and A131N/V134N/
C200N/D207N/S211N had four additional N-glycosyl-
ation sites with respect to r-AppA, mutant A131N/
V134N/C200N/D207N/S211N displayed more than
40% of N-glycosylation than A131N/V134N/D207N/
S211N (89 vs 48%). Because the substitution C200N in
mutant A131N/V134N/C200N/D207N/S211N was the
only difference between these two variants and that
mutation added no additional putative N-glycosylation
site, it seems that changing C200N itself might en-
hance N-glycosylation at certain sites. Second, al-
though mutant C200N/D207N/S211N had two addi-
tional N-glycosylation sites (N207 and N211), its ap-
parent molecular weight was the same as that of
r-AppA, suggesting the two engineered glycosylation
sites in mutant C200N/D207N/S211N were silent. This
demonstrates that although the presence of such a
signal sequence is required for glycosylation, it does
not necessarily result in glycosylation (29). Possibly,
the residues mutated in the case of mutant C200N/
D207N/S211N were not as solvent accessible as our
structure-based sequence alignment led us to believe.
The recently published crystal structure of ECAP may
help answer this question (22, 30). Lastly, mutant
A131N/V134N/D207N/S211N had a significant in-
crease in glycosylation compared with that of mutant
C200N/D207N/S211N. The difference might be caused

TABLE IV
Catalytic Properties of r-AppA and the Three Mutants?®

p-Nitrophenyl phosphate Sodium phytate

K kcat kcat/Km Ko kcat kcat/Km
(mM) (min™") (min™* M™) (mM) (min™) (min™* M™)
r-AppA 366*044 752+7.9 (20*0.18)Xx10° 195=025 2148 *33 (1.11 * 0.13) X 10°
A131N/V134N/D207N/S211N 7.87 +0.84* 390 =5.9* (0.5 0.07) X 10°* 3.07 = 0.26* 1657 * 23* (0.54 = 0.09) X 10°*
C200N/D207N/S211N 1.86 = 0.35* 1073 *= 13* (5.8 = 0.37) X 10°* 0.58 + 0.08* 4003 + 56* (6.90 = 0.70) X 10°*
A131N/V134N/C200N/D207N/S211N 3.18 + 0.39 787 £ 6.7 (25 +0.17) X 10° 2.03 +0.19 3431 + 41* (1.69 * 0.21) X 10°*

# Reaction velocity measurements were performed in triplicate as described in the text. The values for K,, were calculated using the
Lineweaver—Burk plot method. All reactions were measured in 0.25 M glycine-HCI, pH 2.5.
* Indicates significant difference (P < 0.05) versus the r-AppA control. Results are representative of five independent experiments.
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by the two added N-glycosylation sites at A131N and
V134N in mutant A131N/V134N/D207N/S211N. Given
the above results, we can make the following observa-
tions: (1) the substitutions A131N and V134N result in
increased glycosylation of ECAP; (2) the substitutions
D207N and S211N were silent; (3) the substitution
C200N appeared to enhance glycosylation at other
sites in the case of mutant A131N/V134N/C200N/
D207N/S211N, but not in mutant C200N/D207N/
S211N.

In general, additional glycosylation of proteins has
been shown to facilitate folding and increase stability
(31, 32). Our main goal in this study was to improve the
thermostability of r-AppA by enhancing its glycosyla-
tion level. Contrary to our expectations, mutants
A131N/V134N/D207N/S211IN  and  A131N/V134N/
C200N/D207N/S211N did not demonstrate enhanced
thermostability, despite elevated levels of glycosyla-
tion. Surprisingly, mutant C200N/D207N/S211N dis-
played a greater thermostability despite having the
same level of glycosylation as r-AppA. Although per-
forming C200N does not mean that N-glycosylation at
other sites has occurred, greater glycosylation at spe-
cific sites is feasible. Seemingly, the mutations per se
rather than the total level of glycosylation had contrib-
uted to this effect. A recent study described the pro-
duction of six different phytases expressed in either
Aspergillus niger or the yeast Hansenula polymorpha
(33). The results indicated that levels of glycosylation
depended on the host chosen, but had no significant
effect on thermostability, specific activity, or protein
refolding (33).

The kinetic data indicate that all three mutants and
r-AppA had lower K, and higher k./K,, values for so-
dium phytate than for pNPP. Clearly, these recombinant
enzymes have higher apparent efficiency for the former
than the latter, supporting that ECAP is more a phytase
than an acid phosphatase (22, 25). Mutant C200N/
D207N/S211N exhibited the largest enhancement in its
apparent efficiency for both substrates over that of r-
AppA. The enhancement in k/K,, is most likely due to a
large decrease in K, (1.86 vs 3.66 mM for pNPP and 0.58
vs 1.95 mM for sodium phytate). This means that the
mutant C200N/D207N/S211N is saturated at a lower
concentration of substrate than r-AppA. In addition,
there was also a significant difference in k., for both
substrates between these two forms of phytase. Based on
the structure of rat acid phosphatase (18), these muta-
tions do not seem to be involved in the enzyme active site
or the formation of acid phosphatase dimer (data not
shown). Probably, these mutations singly or jointly affect
the conformational flexibility of the enzyme, such as de-
scribed previously for another protein (34). Based on the
recently solved crystal structures of E. coli phytase (22,
30), none of our mutations are directly involved in the
substrate-binding pocket. However, C200 and C210, la-
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beled as C178 and C188 by Lim et al. (22), are involved in
a disulfide bond between helix G and the GH loop in the
a-domain of the protein (22). With the mutation C200N,
the unique disulfide bond into the a-domain is no longer
present in the GH loop. This change may result in a
better flexibility of the a-domain toward the central cav-
ity or “substrate-binding site” of the enzyme (22). This
internal flexibility may be also supported by the fact that
mutant C200N/D207N/S211N, and to a lesser extent
mutant A131N/V134N/C200N/D207N/S211N, demon-
strated an improvement in the catalytic efficiency for
sodium phytate hydrolysis. Since there was no enhanced
glycosylation for mutant C200N/D207N/S211N, our en-
gineered glycosylation sites N207 and N211, labeled as
D185 and S189 by Lim et al. (22), may be masked from
the exposed surface. The improvement of thermostability
for mutant C200N/D207N/S211N may be therefore ex-
plained by an increasing number of hydrophobic interac-
tions not presented in mutant A131N/V134N/C200N/
D207N/S211N or A131N/V134N/D207N/S211N.

It is worth mentioning that the specific activities of
phytase in all three mutants and r-AppA were not
significantly affected by deglycosylation. However,
deglycosylation, as shown in glycoprotein hormones
(14) or the Schwanniomyces occidentalis a-amylase ex-
pressed in S. cerevisiae (15), may be associated with
possible conformational changes that modulate the
substrate binding and (or) the velocity of its utilization.
All of the mutants and the intact control were com-
pletely inactivated by both g-mercaptoethanol and de-
glycosylation treatments. This suggests that the four
disulfide bonds play altogether a key role in maintain-
ing the catalytic function of these recombinant phyta-
ses (35).

In conclusion, when the G helix and the GH loop do
not contain the disulfide bond C200/C210 in the mu-
tant C200N/D207N/S211N, the a-domain may become
slightly more flexible, resulting a positive modulation
on the catalytic efficiency and the thermostability of
the enzyme. Because the E. coli phytase crystal struc-
ture will be released in the near future (22), more
targeted mutagenesis studies should shed light on con-
formational changes that may improve the properties
of the enzyme.
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