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Use of Yeast Spores for Microencapsulation of Enzymes
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Here, we report a novel method to produce microencapsulated enzymes using Saccharomyces cerevisiae spores. In sporulating
cells, soluble secreted proteins are transported to the spore wall. Previous work has shown that the spore wall is capable of re-
taining soluble proteins because its outer layers work as a diffusion barrier. Accordingly, a red fluorescent protein (RFP) fusion
of the a-galactosidase, Mell, expressed in spores was observed in the spore wall even after spores were subjected to a high-salt
wash in the presence of detergent. In vegetative cells, however, the cell wall cannot retain the RFP fusion. Although the spore wall
prevents diffusion of proteins, it is likely that smaller molecules, such as sugars, pass through it. In fact, spores can contain much
higher a-galactosidase activity to digest melibiose than vegetative cells. When present in the spore wall, the enzyme acquires
resistance to environmental stresses including enzymatic digestion and high temperatures. The outer layers of the spore wall are

required to retain enzymes but also decrease accessibility of the substrates. However, mutants with mild spore wall defects can
retain and stabilize the enzyme while still permitting access to the substrate. In addition to Mell, we also show that spores can
retain the invertase. Interestingly the encapsulated invertase has significantly lower activity toward raffinose than toward su-
crose. This suggests that substrate selectivity could be altered by the encapsulation.

hen diploid cells of the budding yeast Saccharomyces cerevi-

siae are incubated in the absence of nitrogen and the pres-
ence of a nonfermentable carbon source, they cease vegetative
growth and enter the sporulation program (1). This process in-
cludes meiosis and spore morphogenesis so that each nucleus pro-
duced by meiosis is eventually incorporated into an individual
spore. As a result, four spores are created inside the mother cell,
and the mother cell plasma membrane becomes the ascal mem-
brane. Thus, during sporulation the spore plasma membrane and
spore wall are formed de novo in the cytoplasm of the mother cell
(2). To accomplish this dynamic morphological change, sporula-
tion requires a reorganization of the intracellular vesicular traf-
ficking pathway to produce double membranes, called prospore
membranes, around each nucleus (3). After the haploid nucleus is
completely engulfed by the prospore membrane, deposition of
spore wall materials is started inside the double membrane (4).
The mature spore wall has a multilaminar structure consisting of,
from the inside to the outside, mannoprotein, 3-glucan, chitosan,
and dityrosine layers (5, 6). Spore wall materials are deposited in a
sequential manner. For example, the dityrosine layer is only syn-
thesized after the chitosan layer is formed, and in mutants that
have defects in chitosan layer formation, the dityrosine layer is not
deposited (7, 8). Although the prospore membrane is initially
formed as a double membrane, after enclosure of the nucleus, it is
resolved into two distinct bilayers, the spore plasma membrane
and an outer membrane. During the course of spore wall assem-
bly, this outer membrane lyses by an unknown mechanism before
the chitosan layer is created (9).

The chitosan and dityrosine layers are unique structures of the
spore wall, whereas B-glucan and mannoprotein are common
components of both spore and vegetative cell walls (10). In spo-
rulating cells, chitosan is synthesized in two steps: chitin is first
synthesized by the chitin synthase, Chs3 (7), and then it is deacety-
lated by sporulation-specific chitin deacetylases (11, 12). Synthesis
and transport of dityrosine molecules are mediated by Ditl, Dit2,
and Dtrl (13-15). DIT1I is involved in the first step to produce
dityrosine from L-tyrosine in the cytosol, and its deletion causes a
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lack of the dityrosine layer (16). Because of these outer two layers,
especially the dityrosine layer, yeast spores are resistant to various
environmental stresses, such as digestive enzymes, heat, and ether
(1). To fully acquire resistance, however, it seems that deposition
of dityrosine is not enough. For example, osw2A spores show ether
sensitivity in spite of the presence of the dityrosine layer (9). Thus,
Osw2 is required to properly organize the spore wall although the
molecular basis for this is totally unknown.

S. cerevisiae has been extensively used as a host to produce
biologically active proteins (17). If soluble proteins with secretory
signal peptides are expressed in yeast cells, they are secreted out of
the cell and collected from the growth medium. However, in spo-
rulating cells, because the secretory pathway is reorganized to pro-
duce prospore membranes, secretory proteins are transported to
the prospore membrane and then retained in the spore wall (18,
19). Although the outer membrane of the prospore membrane
disappears during spore wall maturation, mature spores are still
capable of retaining soluble proteins in their walls. This is due to
the presence of the dityrosine layer. In fact, a previous report has
shown that a secretory form of green fluorescent protein (GFP)
expressed in wild-type spores is retained in the spore wall but not
in dit1A spores (18). Thus, in the spore wall, the dityrosine layer
works as a barrier to prevent diffusion of soluble proteins.

If secretory forms of soluble enzymes are expressed in sporu-
lating cells, they should be entrapped in the spore wall. Although
the dityrosine layer prevents diffusion of the proteins, since yeast
germination is implemented by incorporation of glucose (20),
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TABLE 1 S. cerevisiae strains used in this study

Enzyme Encapsulation in Yeast Spores

Strain Genotype Source or reference

AN117-4B MATo ura3 leu2 trpl his3Ask arg4-Nspl lys2 ho::LYS2 rmel::LEU2 27

AN117-16D MATa ura3 leu2 trp1 his3Ask lys2 ho:LYS2 27

AN120 MATo/MATa ARG4/arg4-Nspl his3ASK/his3ASK ho:LYS2/ho::LYS2 leu2/leu2 lys2/lys2 27
RMEI1/rmel::LEU2 trp1::hisG/trp1::hisG ura3/ura3

AN262 (chs3A) MATa/MATa ARG4/arg4-NsplI his3ASK/his3ASK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 39

HW3 (ditIA)

HWS83 (0sw2A)
HS4 (suc2A)

HS5 (suc2A osw2A)

HS6 (suc2A dit1A)

RMEI1/rmel::LEU2 trp1:hisG/trpl:hisG ura3/ura3 chs3A::his5™ [chs3A::his5™*
MATo/MATa ARG4/arg4-NspI his3ASK/his3ASK ho:LYS2/ho::LYS2 leu2/leu2 lys2/lys2
RME1/rmel::LEU2 trp1:hisG/trpl:hisG ura3/ura3 dit1A:his5™ [dit] Az:his5™

MATa/MATa ARG4/arg4-Nspl his3ASK/his3ASK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2
RMEI1/rmel::LEU2 trp1:hisG/trpl:hisG ura3/ura3 osw2A::his5™ [osw2A::his5™

MATo/MATa ARG4/arg4-NspI his3ASK/his3ASK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2
RMEI1/rmel::LEU2 trp1::hisG/trp1:hisG ura3/ura3 suc2A::TRP1/suc2A:: TRP1

MATo/MATa ARG4/arg4-Nspl his3ASK/his3ASK ho:LYS2/ho::LYS2 leu2/leu2 lys2/lys2
RMEI1/rmel::LEU2 trp1:hisG/trp1::hisG ura3/ura3 suc2A::TRP1/suc2A::TRP1
osw2A::his5" Josw2A::his5™

MATo/MATa ARG4/arg4-Nspl his3ASK/his3ASK ho:LYS2/ho::LYS2 leu2/leu2 lys2/lys2
RMEI1/rmel::LEU2 trp1::hisG/trp1::hisG ura3/ura3 suc2A::TRP1/suc2A::TRP1
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This study

This study

This study

This study

dit1Az:his5 ™t /dit1 Az:his5™

smaller molecules should pass through it. Thus, in this study, we
assessed whether spores can be used as microcapsules to incorpo-
rate soluble enzymes.

MATERIALS AND METHODS

Yeast strains and growth media. Unless otherwise noted, standard media
and genetic techniques were used (21). Yeast strains and oligonucleotide
primers used in this study are listed in Tables 1 and 2, respectively. All
strains used in this study are in the fast-sporulating SK-1 strain back-
ground. To disrupt DITI, a DNA fragment was amplified by PCR using

TABLE 2 Oligonucleotide primers used in this study

Name Sequence

HXO034 AATTTGTTAATATCCTAATTCGGTAAAGCTTTGTCG
AGACATTAACAAAACGGATCCCCGGGTTAATTAA

HXO035 TGTTTAAGTAAAAGAACAAAAAGGTAGACCAATGTA
GCGCTCTTACTTTAGAATTCGAGCTCGTTTAAAC

HXO043 GTGCGAGCTCCGAAGGTGACGTAGCAATCC

HXO044 TGAATCTAGATATATATCTAAAAATGGCTA

HXO153 TAAAACTAGTAAGTAAATGGTTTCGTTCAG

HXO0170 GTGGCTCGAGTCAGCACTGAGCAGCGTAAT

HXO183 TATTCCTAAGCCTTTCTTTCTTTTTTTGAAGGCAAG

AACTCGCATTAGTTCGGATCCCCGGGTTAATTAA

HXO184 AATTTTGCGCATCCCACCCCTTATTAACAATCACAT
TTTTTTTTTTAATAGAATTCGAGCTCGTTTAAAC

HXO412 TTCTCCTTGATCAGCTCAGAGGAAACAGGATTACAG
TTTA

HXO446 GTGTACTAGTATGTTTGCTTTCTACTTTCT

HXO0447 GTGTCTCGAGTCAAGAAGAGGGTCTCAACC

HX0486 ATAGGTTGAGACCCTCTTCTGCTGGTGCTGGTTACC
CATACGATGTTCCTGA

LBO1 CTCAGAGAAACAAGCAAAACAAAAAGCTTTTCTTTIT
CACTAACGTATATGCGGATCCCCGGGTTAATTAA

LBO2 CTTTAGAATGGCTTTTGAAAAAAATAAAAAGACAAT
AAGTTTTATAACCTGAATTCGAGCTCGTTTAAAC

LBO7 TGCCGAATTCTCTGAGCTGATCAAGGAGAA

LBO8 AACGCTCGAGAATTCCTTTGTCATCGTCAT

LBO9 TGCCGAATTCAGAAGAGGGTCTCAACCTAT
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pFA6a-HIS3MX6 (22) as the template and HXO34 and HXO35 as the
primers. The PCR fragment was integrated into haploid AN117-4B and
AN117-16D cells, and the resulting strains were mated to generate the
diploid ditIA disruptant. Other mutants were constructed in the same
way. For deletion of OSW2 or SUC2, either HXO183 and HXO184 or
LBO1 and LBO2 were used as the primers to generate PCR cassettes,
respectively. pFA6a-HIS3MX6 was used as a template to delete OSW2.
pFA6a-TRP1 (22) was used as a template to delete SUC2. suc2A osw2A and
suc2A dit]1 A double mutants were constructed based on the suc2A haploid
cells.

Plasmids. Plasmids used in this study are listed in Table 3. The a-ga-
lactosidase expression vector, pRS424TEF-MELI, was constructed as fol-
lows. First, the MELI gene was amplified by PCR using the primers
HXO0446 and HX0447. Yeast genomic DNA obtained from strain Y187,
which was included in Matchmaker gold yeast two-hybrid system (Clon-
tech, Mountain View, CA), was used as the template. The PCR fragment
was digested with Spel and Xhol and cloned into similarly digested
PpRS424TEF (23). pRS424TEF-MELI-RFP was used to express a mono-
meric red fluorescent protein (mRFP) fusion to Mell. To construct this,
MEL] without the stop codon was amplified by using the primers
HX0446 and LBO9 and Y187 genomic DNA as the template. After diges-

TABLE 3 Plasmids used in this study”

Name Description
pRS424TEF-MELI

TRPI 2., for expression of Mell from
constitutive TEF2 promoter

TRPI 2., for expression of Mell-RFP from
constitutive TEF2 promoter

TRPI 2., for expression of mRFP fused to
the signal peptide from constitutive
TEF2 promoter

URA3 2, for expression of Suc2 from
sporulation specific SPO20 promoter

URA3 2, for expression of Suc2 from
constitutive TDH2 promoter

TRPI 2., for expression of Mell-3XHA
from constitutive TEF2 promoter

pRS424TEF-MELI-RFP

PRS424TEF-spRFP

pRS426-SP020,,-SUC2
YEp352GAP-11-SUC2

pRS424TEF-MELI1-3HA

“ All plasmids originated from this study.
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tion with Spel and EcoRI, the PCR fragment was ligated into similarly
digested pRS424TEF. Then, mRFP without the start codon was ligated
into EcoRI/Xhol sites of the resulting plasmid. The mRFP fragment was
amplified by PCR using LBO7 and LBOS8 as the primers and TOP10-
mRFP as a template. TOP10-mRFP was a gift from J. Voglmeir (Nanjing
Agricultural University, Nanjing, China). pRS424TEF-spRFP was used to
express mRFP fused to the signal peptide from Sprl. To construct this
plasmid, first the SPR1I signal sequence (first 24 amino acids) was ampli-
fied by PCR using HXO153 and HXO412 as the primers and AN120
genomic DNA as the template. Then, using the resulting PCR fragment
and LBOS as the primers and TOP10-mRFP as a template, PCR was
performed. The fragment was digested with Spel and Xhol and cloned
into similarly digested pRS424TEF. YEp352GAP-II-SUC2 was used to
express SUC2 from the TDH2 promoter. In this plasmid SUC2 is
cloned into EcoRl/Sacl sites of YEp352GAP-II (24). pRS426-SP0O20,,,-
SUC2 was used to express SUC2 from the SPO20 promoter. To con-
struct this plasmid, first the promoter region of SPO20 was amplified
by PCR using the primers HXO43 and HXO44 and AN120 genomic
DNA as the template. The PCR fragment digested by Sacl and Xbal was
cloned into the similarly digested pRS426 (25). The resulting plasmid
was digested with EcoRI and Sall, and the EcoRI/Sall fragment from
YEp352GAP-II-SUC2 was ligated. pRS424TEF-MEL1-3HA was used
to express Mell with three copies of a hemagglutinin (3XHA) tag. To
construct this plasmid, first the 3XHA gene was amplified by PCR
using HXO0486 and HXO170 as the primers and pFA6a-3HA-
His3MX6 as a template. The MELI-3XHA fragment was then ampli-
fied by using the 3 X HA PCR fragment and HX0446 as the primers and
pRS424TEF-MELI as a template. The resulting fragment was digested
by Spel and Xhol and cloned into similarly digested pRS424TEF.

Yeast culture, sporulation, and spore purification. Yeast spores and
vegetative cells were prepared as follows. First, yeast cells derived from a
single colony were grown overnight in 5 ml of synthetic dextrose (SD)
liquid medium with appropriate supplemental amino acids. For sporula-
tion, 1 ml of the culture was then shifted to 30 ml of YPA (1% yeast extract,
2% peptone, 2% potassium acetate) medium and grown for 24 h. The cells
were harvested by centrifugation, washed with H,O, resuspended in 30 ml
of 2% potassium acetate medium, and cultured for 24 h. Sporulation
efficiency was determined by light microscopy. Vegetative cells were sim-
ilarly cultured in YPA medium: 1 ml of SD culture was shifted to 30 ml of
YPA medium and grown for 24 h and harvested.

To release spores from asci, the ascal wall was first digested by B-glu-
canase (lyticase; Sigma-Aldrich, Shanghai, China). For this, spores pre-
pared as described above were resuspended in 1 ml of spheroplast buffer
(50 mM potassium phosphate buffer, pH 7.5, 1.4 M sorbitol, 40 mM
B-mercaptoethanol) and mixed with 50 pl of B-glucanase stock solution
(1 mg of B-glucanase was dissolved in 500 .l of 50% glycerol). After 3 h of
incubation at 37°C, spores were washed twice with spheroplast buffer.
Then, they were resuspended in spheroplast buffer and sonicated to dis-
rupt the ascal membrane.

Spores were purified by Percoll gradient centrifugation based on a
previously described method (26). Spores were washed three times with
0.5% Triton-X. After the washes, the resulting pellet was resuspended in 1
ml of 0.5% Triton-X and layered on top of Percoll (Sigma-Aldrich, Shang-
hai, China) gradients (50 to 80% Percoll, 10% 2.5 M sucrose, and 0.5%
Triton-X). After centrifugation at 15,000 X g at 4°C for 1 h, the top of
three layers, which consisted of vegetative cells and debris, were removed.
The remaining layer containing spores was washed with 0.5% Triton-X.
Purified spores were freeze-dried as follows. First, spores were frozen in a
—20°C freezer for more than 2 h. They were then freeze-dried in an Eyela
FD-1000 freeze-dryer (Tokyo Rikakikai, Tokyo, Japan) at —50°C for 72 h
under the pressure of 25 Pa.

a-Galactosidase assay. About 5 mg (for repetitive wash assay) or 2 mg
(all other experiments) of spores or vegetative cells was washed with either
water or water containing 0.6 M NaCl and 0.1% Triton X-100 and then
suspended in 1 ml of acetate buffer (0.2 M acetic acid-sodium acetate, pH
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4.6). To prevent germination, cycloheximide was added at a final concen-
tration of 40 wg/ml. The reaction was started by the addition of 1 ml of 5%
melibiose dissolved in the same buffer. The mixtures were incubated at
37°C for 10 min, and the reaction was stopped by boiling. After cells were
removed by centrifugation, the supernatant was diluted, and the glucose
concentration was measured by a glucose assay kit (Sigma-Aldrich,
Shanghai, China). One unit of activity was defined as the amount (mg) of
glucose released in 10 min at 37°C. For wet cells, cell numbers were cal-
culated based on the chart available at http://www.pangloss.com/seidel
/Protocols/ODvsCells.html. To prepare wet vegetative cells, YPA liquid
medium was used as described above. To measure the activity in culture
medium, 10® vegetative cells were centrifuged to remove cells. The super-
natant was concentrated into 200 pl by using an Amicon-Ultra filtration
instrument (molecular-mass cutoff of 10 kDa; Millipore, Shanghai,
China), and the activity was assayed. The soluble a-galactosidase used for
the proteinase resistance and temperature and pH stability assays was
prepared as follows. Wild-type cells expressing MELI were cultured in 30
ml of YPA medium. The culture was centrifuged to remove cells and
concentrated into 300 pl as described above (final protein concentration,
6 mg/ml). From the concentrated medium, 10 .l was used for each assay.

Invertase assay. About 2 mg of freeze-dried spores or vegetative cells
was suspended in 1 ml of acetate buffer (0.2 M acetic acid-sodium acetate,
pH 4.6). To prevent germination, cycloheximide was added at a final
concentration of 40 pg/ml. The reaction was started by the addition of 1
ml of 5% sucrose or 8.7% raffinose dissolved in the same buffer (final
concentrations were 73 mM for both). The mixtures were incubated at
37°C for 10 min. To measure the concentration of reducing sugars, the
reaction mixture was mixed with 1 ml of DNS solution (1% 3,5-dinitro-
salicylic acid, 0.2% phenol, 0.05% NaSO3, 1% NaOH, 20% Rochelle salt)
and boiled for 2 min. The mixture was then diluted with water to 10 ml,
and the optical density at 520 nm (ODs,,) was measured by spectropho-
tometer (Ultrospec 2100 Pro; Amersham Biosciences, USA). One unit of
activity was defined as the amount of reducing sugars (pmol) released in
10 min at 37°C.

Spore protection assay. 3-Glucanase treatment was performed as fol-
lows. Two milligrams of freeze-dried spores suspended in 1 ml of sphero-
plast buffer was mixed with 10 pl of the B-glucanase stock solution (see
above) and incubated at 30°C for 3 h. Spores were then washed with 0.6 M
NaCl solution containing 0.1% Triton X-100, and a-galactosidase activity
was assayed as described above.

Proteinase K treatment was performed as follows. About 2 mg of
freeze-dried spores was first suspended in 1 ml of proteinase buffer (50
mM Tris-HC, pH 7.5, 10 mM CaCl,). Then, proteinase K (Sigma-Al-
drich, Shanghai, China) was added to the solution at a final concentration
of 500 pl/ml. After overnight incubation at 30°C, spores were washed with
0.6 M NaCl solution containing 0.1% Triton X-100, and a-galactosidase
activity was assayed.

Microscopy. Microscopy images were obtained using a Nikon Eclipse
Ti-E inverted microscope equipped with a DS-Ril camera and NIS-Ele-
ment AR software (Nikon, Tokyo, Japan).

Western blotting. Yeast cells harboring pRS424TEF-MELI-3HA were
first cultured in 5 ml of SD (lacking tryptophan) medium overnight, and
1 ml of the cultures was shifted into 30 ml of YPA medium and cultured
for 24 h. For sporulation, cells were then shifted to 2% potassium acetate
medium, and spores were purified as described above. For the vegetative
cell sample, cells were harvested after the YPA culture. Spores and vege-
tative cells were washed with water, suspended in 500 wl of 8 M urea, and
lysed by sonication for 1 h on ice. The cell lysates were then centrifuged at
4,000 X g for 5 min, and 50 pg of the supernatants was subjected to
SDS-PAGE (5% stacking gel and 10% separating gel). Protein concentra-
tion was determined by a bicinchoninic acid (BCA) protein assay kit
(Beyotime, Jiangsu, China). Rabbit anti-HA antibodies (Sigma-Aldrich,
Shanghai, China) were used as primary antibodies at dilutions of 1:3,000.
Goat anti-rabbit IgG-horseradish peroxidase (HRP) (Life Science, Shang-
hai, China) was used as the secondary antibody at a 1:2,000 dilution.
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FIG 1 Yeast spores can retain a-galactosidase. Wild-type S. cerevisiae strain
AN120 was transformed with the Mell expression vector (+ MELI) or empty
vector (— MELI), and a-galactosidase activity was detected from vegetative
cells (vege cell), intact asci (ascus), or spores (spore). A total of 10® vegetative
cells or asci were used. Vegetative cells were cultured in YPA medium. The
activity was also measured in the supernatant of the culture containing 10®
vegetative cells (vege media). The spore sample was prepared by treating the
asci with B-glucanase and sonication. Melibiose was used as a substrate. One
unit of activity was defined as the amount (mg) of glucose released in 10 min at
37°C. Data presented are the means * SE of three independent samples. ***,
P < 0.001.

Signals were visualized by Clarity Western ECL Substrate (Bio-Rad,
Shanghai, China), and images were obtained by using ImageQuant
LAS4000 (GE Healthcare Bio-Science, Uppsala, Sweden).

Statistics. Data presented are the means = standard errors (SE) of
three or six independent samples obtained from different cultures. Statis-
tical significance was determined with Student’s ¢ test (two-tail, heterosce-
dastic) using Microsoft Excel software. Differences between the analyzed
samples were considered significant at a P value of <0.05.

RESULTS

Spores are capable of entrapping a--galactosidase. To examine
whether spores can be used as a carrier to encapsulate enzymes,
MELI, which encodes an a-galactosidase, was expressed in an
efficient sporulating strain, AN120 (27). MELI is a yeast gene, but
it is carried by only restricted S. cerevisiae strains (28). AN120 has
no or very low intrinsic a-galactosidase activity to digest melibiose
(Fig. 1). a-Galactosidase is a soluble secretory protein, and previ-
ous work has shown that, in Saccharomyces carlsbergensis, a certain
fraction of the enzyme was retained in the periplasmic space of
the cell wall but part was also secreted in the medium (29).
When MELI was expressed under the control of a constitutive
promoter from a multicopy vector in vegetatively growing
AN120, a-galactosidase activity in the growth medium was
about twice that detected on the intact cells (Fig. 1). This sug-
gests that the vegetative cell wall is leaky so that a large amount
of a-galactosidase is secreted into the medium. Next, we mea-
sured the activity associated with spores. In our experiment,
sporulation efficiency was greater than 90%. Yeast spores are
covered with an ascal membrane and ascal wall, and the activity
detected from intact asci was less than half of that in vegetative
cells (Fig. 1). To prepare the spore sample, asci were first
treated with B-glucanase to digest the ascal wall. After B-glu-
canase was washed out, the ascal membrane was broken by
sonication to release spores from the ascus. The activity de-
tected from the spores was more than twice as high as that
detected from vegetative cells (Fig. 1). In this experiment, cell
amounts were adjusted by turbidity, and, for the spore sample,
it was measured before asci were broken. Cycloheximide was
added to the reaction mixture to prevent spore germination
(20).
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spRFP
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FIG 2 The chitosan layer is required to hold Mell in the spore wall. (A)
Indicated spores and wild-type (wt) vegetative cells expressing Mel1-RFP were
observed under fluorescent (RFP) or bright-field (BF) microscopy. Images of
wild-type spores with empty plasmid are also shown as a control. (B) Indicated
asci, with or without expression of Mel1-RFP, were first lysed with 3-glucanase
and sonicated. After a washing step with 0.6 M NaCl solution containing 0.1%
Triton X-100, spores were observed using fluorescent (RFP) or bright-field
(BF) microscopy. (C) A monomeric RFP fused only to the signal peptide
(spRFP) was expressed in the indicated cells, and intact asci were observed
by fluorescent (RFP) or bright-field (BF) microscopy. Scale bar, 5 pm. All
fluorescence microscopy images were obtained under the same imaging
conditions.

Entrapment of the a-galactosidase is dependent on the chi-
tosan layer. The above results indicate that the spore wall is able to
entrap more o-galactosidase than the vegetative cell wall. Consis-
tent with this interpretation, a monomeric red fluorescent protein
(mRFP) fusion to Mell (Mel1-RFP) was observed at the periphery
of the spores, whereas a clear fluorescence signal from this re-
porter was not detected in vegetative cell walls (Fig. 2A). Although
ithasbeen reported that yeast spores show auto-fluorescence (30),
the fluorescent signal observed in spores with an empty plasmid
was much fainter than that observed in spores expressing the RFP
fusion (Fig. 2A and B). The RFP fusion persists in the spore wall
even after spores are subjected to a high-salt wash in the presence
of detergent though the intensity of the signal is reduced (Fig. 2B).
It should be noted that, besides the cell periphery, the RFP signal
was also observed in vacuole-like structures after the washing step
(Fig. 2B). Thus, it maybe that periplasmic proteins can be incor-
porated into endocytic vesicles under certain conditions, such as a
hyperosmotic treatment. Previous work has shown that the out-
ermost dityrosine layer works as a diffusion barrier for soluble
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FIG 3 Integrity of the spore wall affects the activity and stability of the encapsulated enzyme. (A) About 2 mg of the indicated freeze-dried spores and wild-type vegetative
cells (vege) with (+) or without (—) MELI expression were washed with either water (open bars) or 0.6 M NaCl solution containing 0.1% Triton X-100 (solid bars), and
a-galactosidase activities were assayed. Data presented are the means = SE of three independent samples. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Two milligrams
of freeze-dried vegetative cells (vege) or indicated spores were suspended in 500 pl of YPAD (1% yeast extract, 2% peptone, 30 mg/liter adenine, 2% glucose) liquid
medium, and 5 pl of the cell suspensions was spotted onto a YPAD plate. The plate was incubated at 30°C for 2 days. (C) Fifty micrograms of lysates from indicated spores
and wild-type vegetative cells (vege) expressing Mell-HA were subjected to Western blot analysis using anti-HA (a-HA) antibodies. The lysates were prepared from
purified spores and vegetative cells cultured in YPA medium. (D) For about 5 mg of wild-type (wt), osw2A, and dit1A spores expressing MELI, a-galactosidase activity
was first assayed (first assay). After a washing step with 0.6 M NaCl solution containing 0.1% Triton X-100, the activities were assayed again (second assay). This cycle was
repeated four times. For each sample, the activity obtained at the first assay was determined as 1.0, and relative activities are shown. Data presented are the means = SE

of three independent samples. Results of the ¢ test between wild-type and dit1A spores are shown. *, P < 0.05; **, P < 0.01.

proteins (18). To test whether the dityrosine layer is required to
hold the «-galactosidase, Mell-RFP was expressed in ditlA
spores, which lack the dityrosine layer (13, 16). However, we
found that the RFP fusion still localized to the spore wall in difI1A
mutants (Fig. 2A and B). Then, we expressed the fusion in chs3A
spores in which both chitosan and dityrosine layers are absent. In
this mutant, the RFP fusion was not retained in the spore wall (Fig.
2A and B). In contrast, and consistent with previous studies of
GFP (18), when RFP alone was fused to a signal peptide, the pro-
tein was observed in the spore wall in wild-type cells but not in
dit]A mutants (Fig. 2C). These results suggest that, because of
some property of Mell, the chitosan layer is sufficient to entrap
Mell-RFP.

Activity of the encapsulated enzyme is affected by spore wall
integrity. We next assayed a-galactosidase activity in spores from
the different mutants. Since it is inconvenient to adjust the
amount of wet cells precisely, here, we used purified and freeze-
dried spores, and their amounts were measured by weight. Freeze-
drying does not kill the a-galactosidase activity held in spores. In
fact, freeze-dried wild-type spores showed significantly higher ac-
tivity than vegetative cells (Fig. 3A). Our a-galactosidase activity
assay is based on the released amount of glucose. Because vegeta-
tive cells have higher metabolic activity than spores (31), one
might expect that a-galactosidase activities measured in vegeta-
tive cells are underestimated. However, this is unlikely for the
assays using freeze-dried cells because the vegetative cells cannot
survive through our freeze-drying treatment (Fig. 3B). In con-
trast, freeze-dried spores, even the chs3A mutants, are viable
(Fig. 3B).

In dit1A spores, we found that the activity is higher than that in
wild-type spores (Fig. 3A). This is probably because the substrates
can more easily access the enzymes due to the lack of the dityrosine
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layer. This result led us to speculate that activity of encapsulated
enzyme might be improved in mutants that have minor defects in
proper spore wall assembly but are still capable of holding soluble
proteins. osw2A spores show ether sensitivity but otherwise retain
resistance to stresses (9). Suda et al. (18) have shown that muta-
tion of OSW2 causes a modest increase in the release of secreted
GFP from the spore wall. These phenotypes suggest that osw2A
mutants might be more permeable to enzyme substrates without
extensively compromising the enzyme retention and stress resis-
tance properties of the spore wall. Fluorescence microscopy re-
sults showed that osw2A spores are able to retain Mel1-RFP in the
spore wall (Fig. 2A and B). Consistent with the hypothesis that
osw2A mutants are more permeable than wild-type spores, we
found that the activity of osw2A spores is higher than that of the
wild type though still less than that in ditIA spores (Fig. 3A). To
verify that comparable levels of a-galactosidase were expressed in
wild-type, dit1A, and osw2A spores, we performed Western blot
analysis of spores expressing a hemagglutinin (HA)-tagged Mell
(Mel1-HA). As shown in Fig. 3C, similar levels of Mell-HA were
detected in wild-type and osw2A spores. The level of the HA fusion
detected in dit]1A spores was slightly less than that in the other
spores, probably because the spore wall is leaky in this mutant.
These results show that increased a-galactosidase activity in dit1A
and osw2A spores is not due to increased amounts of the enzyme.
The Mell-HA band is higher than its predicted molecular mass
(54 kDa). This is probably because Mell is a glycoprotein (32). In
chs3A spores and vegetative cells, the Mel1-HA signal was signifi-
cantly weaker than that in the other spores (Fig. 3C). This result
further supports the idea that chs3A spores and vegetative cells
cannot retain the enzyme.

The above results seemingly show that the difIA spore is the
best option to retain the a-galactosidase activity. However, be-
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FIG 4 The encapsulated a-galactosidase is resistant to digestive enzymes.
About 2 mg of the indicated freeze-dried spores containing the a-galactosidase
was first treated with B-glucanase (A) or proteinase K (B), and then the a-ga-
lactosidase activities were assayed. For each sample, the activity obtained be-
fore treatment with the digestive enzymes was determined as 1.0, and relative
activities are shown. Culture medium containing the soluble a-galactosidase
(free) was used as a control for the proteinase K treatment. Data presented are
the means * SE of three independent samples. ***, P < 0.001.

cause of the absence of the dityrosine layer, it may be that the
enzyme in dit1A spores is leaky or more susceptible to damage
than wild-type or osw2A spores. To test this possibility, spores
were subjected to a high-salt wash in the presence of detergent (0.6
M NaCl and 0.1% Triton X-100), and then the activity was mea-
sured. As shown in Fig. 3A, a-galactosidase activity in ditIA de-
creased more than the activities of the wild-type and osw2A spores.
After the wash and activity assay cycle were repeated four times,
the activity in dit1A spores decreased by about 50%, whereas that
in wild-type and osw2A spores decreased by about 25% (Fig. 3D).
Taken together, these results indicate that the dityrosine layer can
prevent diffusion of the encapsulated enzyme from the spore wall
even in the presence of high salt and the detergent; however, the
dityrosine layer may be an obstacle to some extent for the sub-
strates to access the encapsulated enzymes.

The encapsulated protein is protected from environmental
stresses. Due to the presence of the spore wall, especially the dity-
rosine layer, yeast spores show resistance to cell wall-degrading
enzymes. For example, wild-type spores can survive B-glucanase
treatment, whereas spore wall mutants lacking the dityrosine layer
are susceptible to digestion (9). Thus, we speculated that the en-
zymes encapsulated in spores are also protected from environ-
mental stresses. To test this possibility, we incubated freeze-dried
spores containing a-galactosidase with 3-glucanase. As shown in
Fig. 4A, we found that the a-galactosidase activity associated with
wild-type and osw2A spores was not affected by B-glucanase treat-
ment. In contrast, a-galactosidase activity in dit]IA spores was
markedly decreased by the treatment (Fig. 4A). It should be noted
that although B-glucanase was also used for the purification of
spores, in this procedure, only the ascal wall is digested because
spores are enclosed by the ascal membrane.
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FIG 5 Temperature and pH sensitivities of the encapsulated a-galactosidase.
Temperature (A) and pH (B) sensitivities were assessed for freeze-dried wild-
type spores containing Mell (spore) and the soluble a-galactosidase (free).
a-Galactosidase activity was assayed at various temperatures (20°C to 65°C)
and pH values (3 to 10). As the soluble enzyme, culture medium containing the
secreted a-galactosidase was used. For each assay, the maximum activity ob-
tained was determined as 1.0, and relative activities are shown. Data presented
are the means = SE of six independent samples. *, P < 0.05; **, P < 0.01; ***,
P < 0.001; NS, not significant.

In the above-described experiment, the a-galactosidase activ-
ity associated with dit1A spores was decreased by B-glucanase
treatment, probably due to destruction of the wall and release of
the enzyme. Next, we tested if the encapsulated enzyme is resistant
to attack by proteinase K. The a-galactosidase secreted from veg-
etative cells was used as a control that is susceptible to the protei-
nase K digestion (Fig. 4B). As in the case of the B-glucanase assay,
the encapsulated enzymes in wild-type and osw2A spores were
significantly resistant to the proteinase treatment. The enzyme
retained in the ditIA spores also showed proteinase resistance,
suggesting that the chitosan layer to some extent works as a pro-
tective barrier.

Furthermore, we found that at higher temperatures (40 and
45°C), stability of a-galactosidase is improved by being retained in
spores (Fig. 5A). In contrast, probably due to restricted mobility of
substrates and the enzyme, the activity is markedly reduced at
lower temperatures (below 38°C) (Fig. 5A). For pH stability, we
found that the encapsulated enzyme has a higher activity than
soluble a-galactosidase at pH 7 (Fig. 5B). Thus, properties of the
enzyme can be altered by the encapsulation.

Spore encapsulation can alter the substrate preference of in-
vertase. Finally, we expressed the yeast invertase encoded by the
SUC2 gene (33) in spores because the enzyme can hydrolyze dif-
ferent sizes of nonreducing sugars, such as raffinose (trisaccha-
ride) and sucrose (disaccharide). Since invertase is normally
found in the periplasmic space of the vegetative cell wall (34), we
used suc2A cells, and SUC2 was expressed from the sporulation-
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FIG 6 Activity of the encapsulated invertase toward sucrose and raffinose.
suc2A, suc2A osw2A, or suc2A dit1A cells were transformed with the SUC2
expression vector (+) or empty vector (—), and invertase activities toward
sucrose or raffinose were assayed for the freeze-dried spores. Freeze-dried
vegetative suc2A cells (vege) were also prepared, and activity was measured.
SPO20 or TDH2 promoters were used to express SUC2 in spores or vegetative
cells, respectively. One unit of activity was defined as the amount of reducing
sugars (umol) released in 10 min at 37°C. Data presented are the means = SE
of three independent samples. *, P < 0.05; **, P < 0.01; NS, not significant.

inducible SPO20 promoter (3) so that the background derived
from vegetative cells was reduced. Although almost no invertase
activity was detected in purified spores, significantly high activity
toward sucrose was detected in those expressing SUC2 (Fig. 6).
Intriguingly, we found that invertase activity toward raffinose is
markedly lower than toward sucrose. Since invertase is located in
the periplasmic space of the vegetative cell wall, the activity was
also assayed from vegetative cells in which SUC2 was expressed
from the constitutive TDH2 promoter (Fig. 6). In these cells, the
specific activities toward raffinose and sucrose were very similar.
Thus, as a result of the encapsulation, invertase activity toward
raffinose is specifically decreased. SUC2 was also expressed in dou-
ble mutants in which SUC2 and DIT1 or OSW2 were deleted. In
contrast to the case where the a-galactosidase was expressed in
corresponding mutants, the activity toward sucrose in ditIA
spores was lower than that in the wild type (Fig. 6). This shows that
dit] mutation is not always beneficial for enzyme encapsulation.
In osw2A spores, the activities toward both sucrose and raffinose
were higher than those in the wild type (Fig. 6), suggesting that the
mutation generally improved the activity of encapsulated en-
zymes.

DISCUSSION

In this report, we describe an enzyme microencapsulation method
using yeast spores. One advantage of this method is that enzymes
which can be secreted from yeast cells are immobilized even in
soluble form. When MELI was expressed from the constitutive
TEF2 promoter, we detected much higher a-galactosidase activity
associated with spores than with vegetative cells. Although vege-
tative cells retain a certain amount of the enzyme, probably in the
periplasmic space, the cell wall is porous so that a large amount of
the enzyme is secreted into the medium. In fact, the activity de-
tected from the culture medium was much higher than that asso-
ciated with vegetative cells. On the other hand, the spore wall is
more tightly sealed, and thus it can stably retain the enzyme. The
fluorescence microscopy results support this idea.

The outer two layers of the spore wall are composed of chitosan
and dityrosine, which do not exist in the vegetative cell wall. A
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previous report has shown that the dityrosine layer works as a
diffusion barrier (18), and, consistently, a secretory form of mRFP
expressed in spores was observed in the spore wall in wild-type
cells but not in dit]A mutants. Thus, it was somewhat surprising
that dit1A spores are capable of holding Mell-RFP. In chs3A
spores, Mel1-RFP was not retained in the spore wall, showing that
the enzyme is held in the chitosan layer. Since chitosan has posi-
tive charges in acidic solutions, it may be that the a-galactosidase
associates with chitosan by electrostatic interactions. Consistent
with this idea, a-galactosidase activity in difIA mutants was
washed out by high-salt treatment more efficiently than in wild-
type spores. Alternatively, since the enzyme is not completely re-
moved even after several high-salt washes, the pore size of the
chitosan layer might be small enough to prevent diffusion of Mell
from the spore wall. For a-galactosidase, we found that the activ-
ity in dit1A spores is higher than that in wild-type spores. This is
probably because substrate accessibility is increased by removal of
the dityrosine layer. Thus, the dityrosine layer works as a diffusion
barrier for expressed enzymes but is also an obstacle for substrates
to access the enzymes. Although, as described below, the activity
of the encapsulated enzymes is not always improved by ditI mu-
tation, nonetheless the results suggest that dit1A spores are avail-
able as a carrier to immobilize some enzymes. In addition to dit1A
spores, we also found that osw2 mutation can improve the enzyme
activity present in the spore wall. A remarkable difference between
dit1A and osw2A spores is that the latter have a dityrosine layer, so
they can stably entrap proteins in the spore wall and retain resis-
tance to stresses other than ether (9, 18). In fact, the a-galactosi-
dase activity encapsulated in osw2A spores is tolerant against a
high-salt wash, similar to the activity in wild-type spores. Al-
though the exact function of Osw2 has not been understood, a
previous report has shown that it is required to properly organize
the spore wall (9). Thus, in osw2A spores, it may be that the dity-
rosine layer or chitosan layer is structurally loose so that substrates
can pass through them smoothly.

Another benefit of spore encapsulation is that the enzymes are
protected by the spore wall from environmental stresses. Due to
the presence of the dityrosine layer, spores are resistant to diges-
tive enzymes (9). Consistently, we found that the a-galactosidase
activity held in wild-type and osw2A spores was not released by the
B-glucanase treatment. However, in dit1A spores, because B-glu-
canase can reach the inside of the spore wall, the encapsulated
enzyme is released by the treatment. The encapsulated enzymes in
wild-type and osw2A spores are also resistant to proteinase K di-
gestion. After proteinase treatment, the activity of the soluble
a-galactosidase secreted from the yeast decreased to 35%. Re-
markably, the enzyme contained in wild-type and osw2A spores is
more stable, and about 90% of the activity still remained after the
treatment. We found that the enzyme in dit1A spores is also resis-
tant to proteinase K treatment. Since the inner spore wall of the
dit] mutant is accessible to 3-glucanase and since the molecular
weight of proteinase K is smaller than that of 3-glucanase, it is
unlikely that the protection from proteinase K is due simply to an
inability of the protease to diffuse into the wall. Rather, the chi-
tosan layer may also provide a protective environment, at least for
the a-galactosidase.

We found that temperature and pH sensitivities of a-galacto-
sidase are altered by encapsulation. The encapsulated enzyme has
a slightly higher optimum temperature than the soluble a-galac-
tosidase, and its thermotolerance is improved. At lower tempera-
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tures, however, the activity is significantly decreased by the encap-
sulation. This is probably because mobility of the enzyme and
substrate is restricted in the spore wall. We also assessed pH sen-
sitivity and found that the activity is improved by encapsulation
atpH 7.

In addition to a-galactosidase, we also showed that spores are
capable of encapsulating invertase. Since invertase is a periplasmic
enzyme (33), the activity was detected even in vegetative cells ex-
pressing SUC2 from the TDH2 promoter. In wild-type spores ex-
pressing the enzyme from the SPO20 promoter, we detected
higher activity than in vegetative cells when sucrose was used as a
substrate. Interestingly, the activity in the spores was significantly
lower toward raffinose than toward sucrose. The enzyme in vege-
tative cells digests these substrates to comparable levels. One pos-
sible reason for this is that because raffinose is larger than su-
crose, the former may not able to pass through the pore of the
dityrosine layer smoothly. However, considering that the same
difference was observed in ditIA spores, the size of the sub-
strates may not be the cause. It could be that environmental
conditions in the spore wall also affect the invertase activity. As
in the case of a-galactosidase, we found that invertase activity
in osw2A spores is higher than that in wild-type spores. This
suggests that in osw2A cells, activities of the encapsulated en-
zymes are generally improved without loss of the beneficial
properties. In contrast, ditI1A spores are not quite as beneficial
for invertase immobilization because in ditIA spores the activ-
ity toward sucrose was lower than in wild-type spores even
though that toward raffinose was slightly higher.

In summary, we demonstrated that yeast spores can be used as
microcapsules to hold enzymes. The enzyme encapsulated in yeast
spores acquires resistance to environmental stresses such as enzy-
matic digestion and high temperatures. Moreover, through en-
capsulation, substrate selectivity can be altered. This property may
be useful for selective digestion of substrates. Thus, by the encap-
sulation, enzymes acquire several beneficial properties. However,
it should be noted that there are several points to be improved for
practical applications. First, spores germinate in the presence of
glucose, which causes a disorganization of the spore wall (20, 35).
In this study, we used cycloheximide to prevent this from occur-
ring, but it would be better to find a convenient method to handle
this process. Use of germination mutants is an intriguing possibil-
ity to solve this issue though no mutation which can specifically
and uniformly arrest cells at an earlier stage of the germination
process has been found so far (20, 26, 36). Second, encapsulated
enzymes can be incorporated into a cytosolic compartment under
certain conditions. We observed that Mell-RFP is localized to
cytosolic foci after high-salt and detergent washes. Since the inter-
nal foci were not observed in intact spores, it is likely that the
phenomenon is induced by certain stimuli, such as hyperosmotic
shock. Nevertheless, this result suggests that endocytosis is active
in spores, and thus prevention of the process is required to main-
tain activity of the encapsulated enzymes.

Microencapsulation has a long history, and it is used in a vari-
ety of fields (37, 38). Although many methods have been reported
for production of microcapsules, in most, if not all, cases this is
done by chemical and physical procedures. Our method is unique
in that enzymes are encapsulated in a biological way. Thus, spores
are an intriguing option to produce microcapsules.
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