J. Biochem. 133, 123-131 (2003)
DOI: 10.1093/b/mvg007

Expression of a Synthetic Gene Coding for Ostrich Egg-White Lysozyme
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To investigate the structure-function relationships of goose-type lysozyme, a gene
coding for ostrich egg-white lysozyme (OEL) was designed based on the published
amino acid sequence and constructed by assembling 32 chemically synthesized oligo-
nucleotides. To obtain the recombinant OEL (rOEL), the synthetic gene was fused to
the o-factor signal peptide in the expression vector pPIC9K and expressed in the
methylotrophic yeast Pichia pastoris. The secreted protein from the transformed
yeast was found to be processed at three different sites, including the correct site. The
correctly processed rOEL was purified to homogeneity and shown to be indistin-
guishable from the authentic form in terms of circular dichroism (CD) spectrum and
enzyme activity. Furthermore, the time-course of the reaction catalyzed by OEL was
studied using (GlcNAc), (r = 5 and 6) as the substrate and compared to that of goose
egg-white lysozyme (GEL) [Honda and Fukamizo (1998) Biochim. Biophys. Acta 1388,
53-65]. OEL hydrolyzed (GlecNAc); in an endo-splitting manner producing mainly
(GleNAc),, (GleNAc);, and (GlecNAc),, and cleavage to (GlcNAc); + (GleNAc); predomi-
nated over that to (GIcNAc), + (GlcNAc),. This indicates that OEL hydrolyzes prefer-
entially the third glycosidic linkage from the nonreducing end of (GlcNAc); as in the
case of GEL. The cleavage pattern seen for (GlcNAc); was similar to that seen for
(GlcNAc)g. Theoretical analysis of the reaction time-course for OEL revealed that the
binding free energy values for subsites B, E, and G were different between OEL and
GEL, although these lysozymes were estimated to have the same type of subsite struc-
ture.
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Abbreviations: OEL, ostrich egg-white lysozyme; GEL, goose egg-white lysozyme; GlcNAc, N-acetylglucosamine;
(GleNAc),, B-1,4-linked oligosaccharide of GleNAc; rOEL, recombinant OEL; CD, circular dichroism; RP-HPLC,
reversed-phase high performance liquid chromatography; BMGY, buffered glycerol-complex medium; BMMY,
buffered methanol-complex medium; MD, minimal dextrose medium; YPD-G418, yeast extract peptone dextrose

medium containing Geneticin 418.

Lysozyme, one of the best characterized carbohydrolases,
cleaves the glycosidic linkage between N-acetylglu-
cosamine (GlcNAc) and N-acetylmuramic acid in bacte-
rial cell walls. This enzyme is classified into three types,
chicken type (C-type) (1-3), phage type (T4-type) (4, 5),
and goose type (G-type) (6—8), based on the similarity of
amino acid sequences. These three different classes of
lysozymes have overall similarities in tertiary structure
(7, 9), although their amino acid sequences are almost
entirely different. The active sites of these enzymes have
a highly conserved Glu residue, which is believed to act
as a general acid in catalysis (Glu35 in C-type lysozyme,
Glull in T4-type lysozyme, Glu73 in G-type lysozyme) (3,
7, 9—11). On the other hand, the additional carboxylate
ion of an Asp residue shows variability among the mole-
cules: G-type lysozyme has no apparent counterpart to
either Asp52 in C-type lysozyme or Asp20 in T4-type
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lysozyme (11). However, as yet, a definitive confirmation
of the precise role of the second acidic residue in catalysis
has not been obtained.

G-type lysozyme also differs from the C-type in that it
is much more specific for peptide-substituted substrates
(12). C-type lysozyme hydrolyzes a homopolymer (chitin)
effectively, while G-type lysozyme is a poor catalyst of the
hydrolysis of this substrate. The differences in the sub-
strate specificity between these lysozymes are not well
understood.

Much information on the structural properties and
enzymatic mechanisms of C-type and T4-type lysozymes
has been accumulated thus far. Relative to the consider-
able knowledge of these lysozymes, however, information
on G-type lysozyme is quite limited. The primary struc-
ture has been reported for only four G-type lysozymes,
those from ostrich (13), black swan (6), embden goose
(14), and cassowary (15), and two from the genes of
chicken and flounder (16, 17). Recently, Honda and Fuka-
mizo reported the binding mode of GlcNAc oligomer to
goose egg-white lysozyme (GEL), and postulated that
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GEL has six substrate binding subsites (B, C, D, E, F, and
G) (18). However, only subsites B, C, and D have been
directly determined from the crystal structure of a stable
complex between GEL and a trimer of N-acetylglu-
cosamine, (GlcNAc); (I11). Therefore, clarification of
which amino acids are actually involved in substrate
binding, especially at subsites E, F, and G, is of particular
interest.

In this study, as a first step toward understanding the
structure-function relationships of G-type lysozymes, we
synthesized chemically the gene coding for ostrich egg-
white lysozyme (OEL) based on the published amino acid
sequence (13) and developed a functional expression sys-
tem for the mature OEL in yeast Pichia pastoris. Fur-
thermore, to obtain essential basic information for future
studies involving site-directed mutagenesis, the time-
course of the OEL-catalyzed reaction on the substrate
(GleNAc), (n = 5 and 6) was measured, and the binding
constants of sugar residues at each subsite and the rate
constants were estimated from the experimental time-
course using the reaction model constructed for GEL (18).
From these results, the active site properties of OEL
were compared with those of GEL.

EXPERIMENTAL PROCEDURES

Materials—Freshly laid ostrich eggs were kindly
donated by the Kumamoto Zoological Park (Kumamoto)
and Hirakawa Zoological Park (Kagoshima), and OEL
was purified from the egg whites by the methods of Jolles
et al. (19) with a slight modification. Six-times recrystal-
lized hen egg-white lysozyme was purchased from Seika-
gaku Kogyo. N-Acetylglucosamine oligosaccharides
[(GleNAc),] were prepared by acid hydrolysis of chitin fol-
lowed by charcoal celite column chromatography (20).
The BCA protein assay reagent was obtained from Pierce.
CM-Toyopearl 650M was obtained from Tosoh. Micrococ-
cus luteus cells and Geneticin 418 (G418) were from
Sigma. The 32 oligonucleotides with a chain length of 21—
48 bases were obtained from Hokkaido System Science.
Restriction enzymes and other DNA modifying enzymes
were purchased from TaKaRa or Toyobo. The ABI PRIME
Dye Terminator Cycle Sequencing Ready Reaction kit
was from Perkin-Elmer. All other reagents and chemicals
were of analytical grade.

Stains, Plasmids, and Media—E. coli strain JM109 was
used for the transformation and propagation of recombi-
nant plasmids. The P. pastoris expression system includ-
ing expression vectors pPIC9 and pPIC9K was purchased
from Invitogen. P. pastoris GS115 (Invitrogen) was used
as the host strain for expression. E. coli cells were grown
in Luria-Bertani broth. BMGY for growing P. pastoris,
BMMY for the induction of recombinant proteins, MD
plates for transformation, and YPD-G418 plates for the
selection of multicopy transformants are described in the
Invitrogen manual.

Construction of a Synthetic Gene Encoding OEL—The
entire OEL gene was assembled from three parts: the
amino terminal part (A), the middle part (B), and the car-
boxyl terminal part (C) (Figs. 1 and 2). The A part gene
was constructed from 9 fully overlapping oligonucleotides
ranging in length from 23 to 48 bases (SN1-SN4 and
CN1-CNB5). The 5’ ends of the oligonucleotides (50 pmol)
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were phosphorylated by treatment with ATP (5 uM) and
T, polynucleotide kinase (20 units), except for the two oli-
gos (SN1 and CN5) that were at the extreme 5 ends of
the cassette. After incubation for 1 h at 37°C, the kinase
was inactivated by heating at 75°C for 15 min. The phos-
phorylated fragments and nonphosphorylated ends (2.5
pmol) were mixed in a volume of 10 ul and heated at 95°C
for 3 min. The mixture was then cooled slowly to room
temperature over 1 h to allow the complementary
strands to anneal and treated with T, DNA ligase at 16°C
for 16 h. The product was ligated into plasmid pBlue-
script previously digested with Xhol and HindIIl. The
resulting construct, pPBOEL-A, was transformed into E.
coli strain JM109, and the plasmid was isolated from the
transformed cells.

The other two parts were prepared in the same man-
ner as described above, except that the B part gene was
constructed by ligating two subfragments (B-I and B-II),
as shown in Fig. 2. The entire OEL gene was constructed
by stepwise ligation as follows: the B part gene was
inserted at the HindIIl and Smal sites of pPBOEL-A to
yield pPBOEL-A/B, and the C part gene was inserted at
the Smal and Notl sites of pBOEL-A/B to yield pBOEL-
A/B/C, which contained the whole gene coding for OEL.
At each step and upon completion, the structures of the
genes were confirmed by DNA sequence determination
with an ABI PRIME 373A DNA Sequencer (Perkin-
Elmer Applied Biosystems).

Construction of an Expression Vector and Its Introduction
into P. pastoris—The entire gene encoding mature OEL
was excised from pBOEL-A/B/C by digestion with Xhol
and Notl, and then ligated into P. pastoris vector pPIC9
to yield plasmid pPOEL. This cloning step resulted in the
translational fusion of the OEL coding region to that of
the S. cerevisiae a-factor prepropeptide. Subsequently,
the BamHI/Notl DNA fragment from pPOEL was
recloned into plasmid pPICIK, resulting in plasmid
pPKOEL (Fig. 3), which allows selection of multiple
insertions of the expression cassette. The plasmid
pPKOEL was digested with Sal/l and then introduced
into P. pastoris GS115 (his4) by a lithium chloride
method according to the manufacturer’s instructions
(Invitrogen). Recombinant His* yeast clones obtained
after transformation on MD plates were grown on YPD
plates containing Geneticin 418 (0.025-0.05% G418) for
selection of multiple insertions (21).

Screening for OEL Expression—P. pastoris transfor-
mants were cultured in 3 ml of BMGY for 24 h at 30°C.
Cells collected from 2 ml of BMGY culture were resus-
pended in 2 ml of BMMY. The culture was maintained for
3 days with methanol supplementation to a final concen-
tration of 1% every 24 h. The secretion of recombinant
OEL (rOEL) into the culture medium was monitored by
the lytic activity using the lyophilized cell walls of Micro-
coccus luteus as a substrate, as described previously (22).

Overexpression and Purification—A recombinant P. pas-
toris clone harboring the plasmid pPKOEL was typically
inoculated into 5 ml of BMGY and incubated at 30°C for
24 h. This seed culture was subcultured into 100 ml of the
same medium for an additional 24 h. The cells were har-
vested and transferred to 900 ml of BMMY to an ODy, of
1.0 to induce production. The culture was maintained for

oJ. Biochem.

2T0Z ‘62 Joqueldes uo A1sleAlun pezy diwes| e /Biosfeudnolpioxorql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

Ostrich Egg-White Lysozyme

1 5 10

Lys Arg Arg Thr Gly Cys Tyr Gly Asp Val Asn Arg Val

Xhol SN1

15 20 25
Asp Thr Thr Gly Ala Ser Cys Lys Ser Ala Lys Pro Giu Lys
v SN2

tcgaGAAAAGAAGAACTGGATGTTACGGAGATGTCAACAGAGTCGATACTACTGGAGCTTCTTGTAAGTCTGCTAAGCCAGAAAAG
CTTTTCTTCTTGACCTACAATGCCTCTACAGTTGTCTCAGCTATGATGACCTCGAAGAACATTCAGACGATTCGGTCTTITTC

CN1 - CN2 A

30 35 40 45 50

Leu Asn Tyr Cys Gly Vval Ala Ala Ser Arg Lys lle Ala Glu Arg Asp Leu Gin Ser Met Asp Arg Tyr Lys Ala
v SN3 v

CTGAACTACTGTGGAGTTGCTGCTTCTAGAAAGATCGCTGAAAGAGACCTGCAATCTATGGATAGATACAAGGCT

GACTTGATGACACCTCAACGACGAAGATCTTTCTAGCGACTTTCTCTGGACGTTAGATACCTATCTATGTTCCGA

CN3 A CN4
55 60 65 70 75
feu ltle Lys Lys Val Gly Ginh Lys leu Cys Val Asp Pro Ala Val lie Ala Gly lle lie Ser Arg Glu Ser His
SN4 v SM1 v

CTGATCAAGAAGGTTGGACAAAAGCTTTGTGTCGATCCAGCTGTCATTGCTGGAATCATCTCTAGAGAATCTCAT
GACTAGTTCTTCCAACCTGTTTTCGAAACACAGCTAGGTCGACAGTAACGACCTTAGTAGAGATCTCTTAGAGTA

A CN5 a cMl a CM2
Hinat B part
80 85 90 95 100
Ala Gly Lys Ala lLeu Arg Asn Gly Trp Gly Asp Asn Gly Asn Gly Phe Gly Leu Met Gin Val Asp Arg Arg Ser
SM2 v SM3

GCTGGTAAAGCTCTGAGAAACGGATGGGGAGATAACGGAAACGGATTCGGACTGATGCAAGTTGATAGAAGATCA
CGACCATTTCGAGACTCTTTGCCTACCCCTCTATTGCCTTTGCCTAAGCCTGACTACGTTCAACTATCTTCTAGT
A CcMm3 A Cm4

105 110 15 120 125

His Lys Pro Val Giy Gl Trp Asn Gly Glu Arg His Lev Met Gin Gly Thr Glu lle Leu Ille Ser Met le Lys
v SM4 v SM5

CATAAACCAGTTGGAGAATGGAACGGAGAAAGACATCTGATGCAAGGTACCGAAATCCTGATCTCTATGATCAAA

GTATTTGGTCAACCTCTTACCTTGCCTCTTITCTGTAGACTACGTTCCATGGCTTTAGGACTAGAGATACTAGTTT

A CM5 A CMe -~
130 135 140 145 150
Ala He Gin Lys Lys Phe Pro Arg Trp Thr Lys Glu Gln Gin Leu Lys Gly Gly lle Ser Ala Tyr Asn Ala Gly
v SM6 v SM7

GCTATCCAAAAGAAGTTTCCAAGATGGACCAAAGAACAACAACTGAAAGGTGGTATCTCTGCTTACAACGCTGGA
CGATAGGTTTTCTTCAAAGGTTCTACCTGGTTTCTTGTTGTTGACTTTCCACCATAGAGACGAATGTTIGCGACCT

CMm7 - CM8 - CM9
155 160 165 170 175
Pro Gly Asn Val Arg Ser Tyr Giu Arg Met Asp He Gly Thr Thr His Asp Asp Tyr Ala Asn Asp Val Val Aa
v sC1 v SCz

CCCGGGAACGTCAGATCATACGAAAGAATGGATATCGGAACTACTCATGATGATTACGCTAACGATGTCGTCGCT
GGGCCCTTGCAGTCTAGTATGCTTTCTTACCTATAGCCTTGATGAGTACTACTAATGCGATTGCTACAGCAGCGA

A cel A cc2 A
smat  C part
180 185
Arg Ala Gin Tyr Tyr Llys Gin His Gly Tyr stop stop
v SC3

AGAGCACAATACTACAAGCAACATGGATACTGATAAGC
TCTCGTGTTATGATGTTCGTTGTACCTATGACTATTCGCCgs

Ccc3 A cCa

Notl

Fig. 1. The amino acid sequences of OEL and its synthetic gene. Ligation points are marked by arrowheads. The restriction enzyme

recognition sites are underlined.

5 days with methanol supplementation to a final concen-
tration of 1% every 24 h.

The culture was centrifuged for 10 min at 6,000 rpm
and the supernatant was brought to pH 8.0 with NaOH.
After 5-fold dilution with water, the supernatant was
loaded onto a CM-Toyopearl column (1.5 x 12.5 cm) equil-
ibrated with 30 mM sodium phosphate buffer (pH 8.0).
After the column was washed, the bound protein was
eluted with 0.5 M NaCl in the same buffer. The eluate
was diluted 5-fold with water and loaded onto the same
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column, then eluted with a linear gradient of 0 to 0.4 M
NaCl in 30 mM sodium phosphate buffer (pH 7.0). The
fraction exhibiting lysozyme activity was further chro-
matographed on a CM-Toyopearl column (1.0 x 90 cm)
equilibrated with 30 mM sodium phosphate buffer (pH
7.0), and the protein was eluted with a linear gradient of
0 to 0.35 M NaCl in the buffer. The homogeneity of the
isolated rOEL was confirmed by SDS-PAGE. The purified
enzyme was dialyzed against distilled water and lyo-
philized for storage. The lytic activity was monitored as
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Fig. 2. Ligation of chemically synthesized oli- (A)

gonucleotides to construct a plasmid (pBOEL-
A/B/C) containing a gene coding for full-

SN1 SN2 SN3
— — —
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(B) ©

SN4 SM1 SM1 SM3 SM4 SM5  SMé SM7 SCl  8SC2 8C3
— — S E— — — — —

length OEL. A total of 32 oligonucleotides were
used to assemble the three gene segments (A, B,
and C). Separately synthesized gene segments
were cloned into the pBluescript vector and ligated

to assemble the entire gene. For more details, see
“RESULTS AND DISCUSSION.”

CNt CN2 CN3 CN4 CNS CME CM2 CM3 CM4 CM5 CMé6 CM7 CM8 CM9 CCl CC? CC3 CC4

B- | B- I

~—

Xhol Hindlll Hindlll Smal  Smal
I" OELA__Mindlll Hn OFELB mal - Sma
183 bp 281 bp
thol/HindllI lHindlII/Smal

—
pBOEL-A Hindl1l/Smal

described previously (22). Protein concentrations were
determined by the bicinchoninic acid methods (23), using
hen egg-white lysozyme as a standard protein.

Peptide Mapping—Digestions of reduced and pyridyl-
ethylated lysozymes with TPCK-trypsin (Cooper Biomed-
ical, USA) and the separation of the tryptic peptides by
reversed-phase high-performance liquid chromatography
(RP-HPLC) were accomplished as described previously
(15). Amino acid analyses were performed on a Hitachi L-
8500A amino acid analyzer after hydrolysis of the tryptic
peptides with constant boiling HCI containing 0.05% f-
mercaptoethanol in evacuated sealed tubes at 110°C for
20 h. The N-terminal sequences of the tryptic peptides
were determined on an Applied Biosystems model 477A
sequencer.

Circular Dichroism (CD) Spectra—Circular dichroism
(CD) spectra were obtained at room temperature with a
Jasco J-600 spectropolarimeter. The path-length of the
cells was 0.1 cm for far-ultraviolet CD spectra (200-250
nm). Proteins were dissolved to a final concentration of
0.15 mg/ml in 10 mM sodium acetate buffer (pH 5.0). The
data were expressed in terms of mean residue ellipticity.

Enzymatic Reaction—The reaction mixture containing
0.1 mM lysozyme and 1 mM (GlcNAc), (n = 5 or 6) was
incubated in 10 mM sodium acetate buffer (pH 4.0) at
50°C. After a given reaction time, 200 pl of the reaction
mixture was withdrawn and rapidly chilled in a KOOL
KUP (Towa). The reaction mixture was centrifuged with
Ultrafree C3LGC (Millipore), and the filtrate was lyo-
philized. The dried sample was dissolved in 50 pl of ice-
cold water, and then 10 pl of the solution was applied onto
a TSK Amide 80 column (4.6 x 250 mm; Tosoh) in a
JASCO 800 series HPLC. Elution was performed with
72% acetonitrile at 30°C and a flow rate of 1.0 ml/min.
Chitooligosaccharide concentrations were calculated
from the peak area monitored by ultraviolet absorption
at 220 nm, based on a standard curve obtained with
authentic saccharide solutions.

The rate equation of the lysozyme-catalyzed chitooli-
gosaccharide cleavage was solved numerically in order to
obtain the calculated time-course by the method reported

Xhol
OELA

- Hindill

Smal

Notl

previously (18). In the calculation of the time-course, the
rate constant value of £, (for the cleavage of the glycosidic
linkage) was assumed to be dependent upon the sub-
strate size (24). The calculation was repeated with chang-
ing values of the rate constants or six binding free energy
changes to obtain the calculated time-course with the
best fit to the experimental one.

RESULTS AND DISCUSSION

Design and Construction of the Synthetic OEL Gene—In
order to investigate the structure-function relationships
of G-type lysozyme by means of a genetic engineering
approach, it is essential to clone the gene and obtain the
recombinant protein in an amount sufficient for struc-
tural and biochemical studies in a heterologous expres-
sion system. Therefore, we decided to synthesize a gene
coding the full-length OEL based on the published amino
acid sequence (13), since the cDNA sequence of the pro-
tein has not yet been reported. Figure 1 shows the amino
acid sequence of OEL and its synthetic gene fragments.
The structural gene was designed to use yeast P. pas-
toris—preferred codons (25), since we intended to express
the synthesized gene in P. pastoris. The OEL gene was
divided into three parts: the amino terminal part (A), the
middle part (B), and the carboxyl terminal part (C).
Restriction enzyme recognition sites for Xhol, HindIII,
Smal, and Notl were incorporated to clone the three gene
fragments into plasmid pBluescript and to facilitate
future work involving site-directed mutagenesis. The
entire gene-coding sequence was flanked with the cohe-
sive ends of Xhol and Notl restriction sites for eventual
cloning into the expression vector pPIC9K. The extended
N-terminal dipeptide, Lys-Arg, derived from the C-termi-
nus of the a-factor signal sequence was also added at the
appropriate position to generate the signal cleavage site.

Figure 2 summarizes the cloning steps involved in con-
structing the entire OEL gene. The three gene segments
(A, B, and C) were constructed by enzymatic ligation of 32
chemically synthesized oligonucleotides ranging in size
from 21 to 48 bases. The three gene segments were the
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incorrect cleavage sites correct cleavage site

l l i OEL gene

-6 -5 -4 -3 -2 -1 1 2 3
Val Ser Leu Glu Lys Arg Arg Thr Gly
GTA TCT €CTC GAG AAA AGA AGA ACT GGA

Xho |
AN
\
N |
N\

N 183 184 185
\ His Gly Tyr Stop Stop

\CAT GGA TAC TGA TAA GCG GCC GC

127

25 2500

2000

)

1500
0.4

1000

Absorbance at 280 nm (

500

Enzyme activity (units/ml) (——)

0

\ Not |
el

Xho | Not |

Fig. 3. Restriction map of the expression vector pPKOEL.
The synthetic OEL gene was inserted between the Xhol and NotI
sites of pPIC9K. The 6 amino acid sequence of the C-terminus of
the o-factor signal is shown, as well as part of the mature OEL
sequence. The bold and thin arrows in the a-factor signal sequence
indicate the positions of correct and incorrect cleavage sites during
secretion, respectively.

183 bp Xhol/HindIIl fragment (OELA), the 281 bp Hin-
dIIl/Smal fragment (OELB), and the 114 bp Smal/Notl
fragment (OELC). The B-segment was constructed by
ligating two subfragments (B-I and B-II). The entire OEL
gene (578 bp) was assembled by stepwise ligation of the
three gene fragments into pBluescript. The resulting
plasmid was named pBOEL-A/B/C. The sequence of the
cloned gene was confirmed to be the same as the designed
sequence.

Expression and Characterization of Recombinant OEL
(rOEL)—The methylotrophic yeast P. pastoris has
recently attracted attention for its high-level production
of proteins, and many kinds of lysozymes have been
expressed in this expression system (26—29). We there-
fore attempted to construct the expression system for
OEL using yeast P. pastoris as an expression host. For
this purpose, the synthetic OEL gene excised from
pBOEL-A/B/C was fused to the DNA encoding the S. cer-
evisiae a-factor prepropeptide in vector pPIC9K (Fig. 3),
the objective being to produce rOEL in the medium. The
resulting expression plasmid, pPKOEL, was introduced
into His-deficient P. pastoris strain GS115 after linear-
ization, and His* yeast clones were selected. Recombi-
nant yeast clones carrying plasmid pPKOEL, which
contains a kanamycin-resistance gene, were further
propagated on G418 plates to select clones with multiple
copies of the expression cassette as described previously

Vol. 133, No. 1, 2003
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Fig. 4. Cation-exchange column chromatography for the
purification of rOEL. The culture supernatant was first applied
to a CM-Toyopearl column (1.5 x 12.5 cm) equilibrated with 30
mM sodium phosphate buffer (pH 8.0). Fractions containing
lysozyme activity were then applied to the same column equili-
brated with 30 mM sodium phosphate buffer (pH 7.0). The bound
proteins were eluted with a linear gradient of NaCl from 0 to 0.4
M in the same buffer. The lysozyme activity toward Micrococcus
luteus cells was measured as described in “EXPERIMENTAL
PROCEDURES.” The active fractions (designated P1 and P2) were
pooled as indicated by the horizontal bars.

(21). Recombinant P. pastoris clones obtained on plates
supplemented with 0.05% G418 were cultivated using
methanol as an inducer in small volume cultures (2 ml)
for 3 days. The clone with the highest level of rOEL secre-
tion was used for overexpression.

The rOEL secreted into the medium was first chro-
matographed on CM-Toyopearl equilibrated with 30 mM
phosphate buffer (pH 8.0), and the bound proteins were
eluted with 0.5 M NaCl in the same buffer. The fractions
containing lysozyme activity were then applied to the
same column equilibrated with 30 mM phosphate buffer
(pH 7.0) and eluted with a linear gradient of NaCl. As
shown in Fig. 4, two main peaks (P1 and P2) with
lysozyme activity were observed, suggesting that the o-
factor signal sequence was not digested completely or
was digested incorrectly during secretion. The N-termi-
nal amino acid sequences of the secreted proteins were
then analyzed for three residues by protein sequencing,
and the processing sites (arrows) are shown in Fig. 3. The
sequence of fraction P1 was determined to be Arg-Thr-
Gly, which coincides with that of authentic OEL, indicat-
ing that the protein in P1 corresponds to the lysozyme
molecule correctly processed at the C-terminus of the o-
factor signal. On the other hand, sequence analysis of
fraction P2 gave two N-terminal sequences, Leu-Glu-Lys
and Glu-Lys-Arg, both of which exist in the a-factor sig-
nal. This result indicates that the products in P2 are a
mixture of two molecular species in which three or four
additional amino acids of the a-factor signal are attached
to the N-terminus of the mature OEL. It was thus found
that the o-factor signal sequence was processed at three
different positions including the correct site during secre-
tion (Fig. 3). Although we have no appropriate explana-
tion for this phenomenon, the misprocessed sub-products
have also been reported when other C-type lysozymes are
expressed in yeast expression systems using a-factor as a
secretion signal (29-31). The correctly processed rOEL
(P1 in Fig. 4) was further purified to remove small
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Fig. 5. Elution profiles of tryptic peptides of authentic OEL
and rOEL. The digested peptides were developed with a gradient
elution system of 0.1% TFA (solv. A) and 60% acetonitrile in solv. A
(solv. B). A gradient of 0-60% solv. B in 150 min was made. The
peptides were detected at 220 nm. Numbers on the peaks are
numerical according to the elution order.

amounts of contaminants and gave a single band on anal-
ysis by SDS-PAGE (data not shown). The yield of rOEL
was about 10 mg/liter induced culture.

In order to confirm that the purified rOEL has the cor-
rect amino acid sequence, it was reduced, pyridylethy-
lated, digested with TPCK-trypsin, and subjected to
peptide mapping on RP-HPLC (Fig. 5). Clearly, all pep-
tides derived from rOEL exhibited the same retention
times as those of authentic OEL, indicating that the
amino acid sequences of the two lysozymes are identical.
The integrity of rOEL was confirmed by measurements of
far-ultraviolet CD (200-250 nm) (Fiig. 6). The CD spectra
of the authentic and recombinant proteins overlapped
completely, indicating that there is no detectable differ-
ence in their secondary structures. Furthermore, the lytic
activity of rOEL against M. luteus was found to be the
same as that of OEL (data not shown). Therefore, we con-
clude that the expression system for the production of
rOEL with structural and functional properties compara-
ble to those of the authentic form could be established.

Time-Course of GlcNAc Oligosaccharide Digestion by
OEL—When investigating lysozyme-catalyzed reactions
in detail, it is important to examine the experimental
time-course of oligosaccharide digestion, because much
information about lysozyme catalysis, such as the split-
ting mode, subsite structure, and transglycosylation, can
then be obtained (32). The mode of enzyme action of G-
type lysozyme toward GlcNAc oligomer has been investi-
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Fig. 6. CD spectra of authentic OEL and rOEL in the far-
ultraviolet region. Spectra were measured as described in
“EXPERIMENTAL PROCEDURES.” Closed circles and open cir-
cles indicate the CD spectra of authentic OEL and rOEL, respec-
tively.

gated only for GEL (18). Therefore, the experimental
time-course of GlcNAc oligosaccharide digestion by OEL
was analyzed to obtain essential basic information for
future studies involving site-directed mutagenesis.

The enzymatic hydrolysis of (GlcNAc); by rOEL is
shown in Fig. 7A. The time-course for rOEL was found to
be indistinguishable from that for authentic OEL, fur-
ther confirming that the rOEL produced by yeast was
correctly folded into an active conformation practically
the same as that of OEL (data not shown). Under the
experimental conditions used, the initial substrate
(GleNAc), disappeared almost completely after 50 min of
reaction. From (GlcNAc);, OEL produced abundant
amounts of (GlcNAc); and lesser amounts of (GlcNAc),
and (GlcNAc), while (GlcNAc); and (GlcNAc); were pro-
duced in much smaller amounts. The product (GlcNAc);
was immediately hydrolyzed further to (GlcNAc), +
(GlcNAc); and (GleNAc); + (GleNAc),. Product distribu-
tion was (GleNAc); > (GlcNAc), > (GlcNAc), > (GlcNAc),
> (GleNAc);. This indicates that OEL hydrolyzes the sub-
strate in an endo-splitting manner. Considering the fact
that two molecules of (GlcNAc); are produced from
(GleNAc)g, the frequency of cleavage to (GlcNAc); +
(GlecNAc); appears to be considerably higher than that of
cleavage to (GlcNAc), + (GlcNAc),. Thus, OEL appears to
hydrolyze preferentially the third glycosidic linkage from
the nonreducing end of (GlcNAc),. Oligosaccharide prod-
ucts with a degree of polymerization higher than that of
the initial substrate were not observed, indicating that
OEL does not catalyze transglycosylation. The substrate
(GleNAc); was then digested by OEL and the time-course
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Fig. 7. Time-course of (GlcNAc); degradation by rOEL. Panel
A shows the experimental time-course of rOEL. The initial concen-
trations of enzyme and substrate were 0.1 and 1 mM, respectively.
The solid lines were drawn by roughly following the experimental
data points. Panel B shows the calculated time-course of rOEL.
The parameter values used for the calculation are listed in Table
1. Numbers in the figures represent the polymerization degrees of
the reaction products.

was obtained under the same conditions (Fig. 8A). OEL
also hydrolyzed (GlcNAc); in an endo-splitting manner,
although the reaction rate was lower than that of
(GlcNAc)g hydrolysis. (GlcNAc); was hydrolyzed mainly
to (GIcNAc), + (GlcNAc); with much less cleavage to
(GleNAc), + (GleNAc),.

Since the product distribution produced by OEL was
similar to that seen for GEL (18), these two lysozymes
are believed to share the same type of subsite structure.
However, the profile of the time-course of (GlcNAc); deg-
radation for OEL differed slightly from that for GEL: in
the case of OEL, the generated (GlcNAc), decomposed
gradually, accompanied by a slight increase in the
amounts of (GIcNAc);, (GlcNAc),, and (GIlcNAc); (Fig.
7A). The product (GlcNAc), would be hydrolyzed to
(GleNAc), + (GleNAc), or (GlcNAc); + (GleNAc);, and the
products (GlcNAc), and (GlcNAc); would not be further
hydrolyzed. The product (GlcNAc), also decomposed
slowly over the time-course of (GlcNAc); hydrolysis (Fig.
8A). However, this decomposition of the intermediate
product (GlcNAc), was not observed in the time-course of
GEL (18), suggesting that the binding mode of the oli-
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Fig. 8. Time-course of (GlcNAc); degradation by rOEL. Panel
A shows the experimental time-course of the degradation of
(GleNAc); by rOEL. The reaction conditions were the same as in
Fig. 7. The solid lines were drawn by roughly following the experi-
mental data points. Panel B shows the calculated time-course for
rOEL. The parameter values used for the calculation are listed in
Table 1. Numerals indicate the polymerization degrees of the reac-
tion products.

gosaccharide to OEL is globally similar to that to GEL,
but somewhat different in some details.

Theoretical Analysis of the Experimental Time-Course—
Subsequently, the experimental time-course of (GlcNAc)g
degradation was analyzed by computer simulation in
order to obtain the rate constants and the binding free
energy values of the individual subsites. The theoretical
model used for the analysis of GEL (18), in which six
binding subsites (B, C, D, E, F, and G) and bond cleavage
between subsites D and E are postulated, was employed
in the analysis of the OEL-catalyzed reaction. The calcu-
lated time-course of OEL is shown in Fig. 7B and the
reaction parameters obtained are summarized in Table 1
together with the values for GEL. We obtained optimized
free energy values of -0.3, -2.2, +4.2, -2.0, -2.6, and —-2.5
kcal/mol for the corresponding subsites of OEL. The rate
constant k, for hydration was set at the value estimated
for GEL (18), 100.0 s!. The rate constants &, for the
cleavage of the glycosidic linkage were estimated to be
1.20 s! for (GleNAc),, 0.20 s7! for (GlcNAc);, and 0.35 s!
for (GIcNAc),;. Since the calculated time-course closely
reflected the amounts of (GIcNAc), and (GIcNAc); in the
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Table 1. Estimated reaction parameter values for OEL and GEL.

Rate constants (s1)

Binding free energy (kcal/mol)

ky ks B C D E F G
(GleNAc), 0.35
OEL (GleNAc); 0.20 100.0 -0.3 -2.2 4.2 -2.0 -2.6 -2.5
(GleNAc), 1.20
(GleNAc), 0.015
GEL# (GlecNAc); 0.006 100.0 -0.5 -2.2 4.2 -1.5 -2.6 -2.8
(GleNAc), 0.003

aFrom Ref. 18. k; and k, are the rate constants of cleavage of the glycosidic linkage and hydration, respec-

tively.

reaction time-course, the %, values obtained for (GlcNAc),
and (GlcNAc); were considered to be optimal for the OEL-
catalyzed reaction. However, it was difficult to estimate
precisely the &, value for (GIcNAc); because the amount
of (GleNAc); produced was very small during the reaction
time-course. To confirm further the validity of the param-
eter values obtained, we tried to calculate the time-
course of (GlcNAc); degradation using the same values
listed in Table 1. As shown in Fig. 8A, the profile of the
theoretical time-course was in good agreement with that
obtained experimentally. Therefore, we conclude that the
kinetic parameters estimated from (GlcNAc)s hydrolysis
are most appropriate for the OEL-catalyzed reaction.

Although the subsite structure of OEL was estimated
to be identical to that of GEL, the binding free energy val-
ues for subsites B and G for OEL were decreased by 0.2
and 0.3 kcal/mol, respectively, compared with those of
GEL (Table 1). Furthermore, the binding free energy
value for site E for OEL was found to be —2.0 kcal/mol,
which is —0.5 kcal/mol higher than that of GEL. These
data indicate that the substrate binding for OEL is differ-
ent from that for GEL at or near subsites B, E, and G, and
that the characteristic time-course of OEL may be due to
the change in the affinities of the substrate for these sites
from those of GEL. The rate constant value %, which
reflects the catalytic potency of the glutamic acid residue
(Glu73) at the catalytic site, also differed significantly
between the two lysozyme: the k; value for OEL was
much larger than that for GEL. However, a reasonable
explanation for this point cannot be given at present
because of the differences in the experimental conditions
used.

OEL shares 84% amino acid identity with GEL, and
the substrate-binding residues proposed for GEL (11) are
mostly conserved in OEL, the exceptions being those cor-
responding to Asnl22 and Phel23 of GEL, which are
located at subsite B. Asn122 and Phel23 in GEL are
replaced by Ser and Met in OEL, respectively. Since the
binding free energy values at subsite B are different
between OEL and GEL (Table 1), the different cleavage
profiles of the two lysozymes may be partly explained by
these two substitutions. The free energy differences at
subsites E and G may also contribute to the different
cleavage profiles. However, further discussion on this
point is impossible at the present time, since information
about subsites E, F, and G is quite limited. Thus, further
studies are required to define the different kinetic prop-
erties of OEL and GEL.

In this investigation, we show that rOEL can be pro-
duced using the yeast P. pastoris expression system and
purified by a three-step chromatographic procedure. The
rOEL thus obtained had the same properties as the
authentic protein with respect to activity-measurement
and far-UV CD spectrum. To our knowledge, this is the
first report in which a high-level expression system for a
G-type lysozyme has been achieved, and it is hoped that
this will allow further structural and functional investi-
gations by means of site-directed mutagenesis.

We wish to thank Kumamoto Zoological Park (Kumamoto)
and Hirakawa Zoological Park (Kagoshima) for supplying the

eggs.
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