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ABSTRACT: Gelatin is a well-known biopolymer, and it has a long history of use mainly as a gelling agent in the food industry. This
paper reports a new method for producing recombinant hydroxylated human-derived gelatin in Pichia pastoris KM71. Three
independent expression cassettes encoding for specific length of gelatin, prolyl 4-hydroxylase (P4H, EC 1.14.11.2), ct-subunit
(0P4H), and protein-disulfide isomerase (PDI) were individually cloned in one expression vector, pPIC9K. The modified gelatin
gene and two subunit genes of P4H were under the control of two different inducible promoters, namely, alcohol oxidase 1 promoter
(PAOX1) and formaldehyde dehydrogenase 1 promoter (PFLD1), respectively. The results of sodium dodecylsulfate-polyacry-
lamide gel electrophoresis show that a recombinant gelatin was successfully expressed in P. pastoris KM71 by methanol induction.
Liquid chromatography coupled with tandem mass spectrometry analysis indicates that the expressed gelatin was hydroxylated with
approximately 66.7% of proline residues in the Y posmons of Gly-X-Y triplets. The results of nuclear magnetic resonance
spectroscopy of recombinant gelatin test show that the 'H and *>C spectra have many corresponding characteristic displacement
peaks, and amino acids composition analysis shows that it contains hydroxyproline and its UV absorption is consistent with the

characteristics of gelatin.
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B INTRODUCTION

Gelatin is denatured collagen that is widely used as a gelling
agent in pharmaceuticals, photography, and cosmetics, and
particularly in the food industry, because of its unique properties.
The current methods of making gelatin involve the extraction of
collagen from animal tissue (skin and bone of bovine or porcine)
and its conversion to gelatin, Wthh is later isolated by acid, base,
or enzymatic extraction methods." However, the products ob-
tained through these processes are heterogeneous mixtures of
polypeptides with different sizes and charges, conditions that
affect the products’ gel-forming capacity. In addition to the risk of
associated infectious diseases, such as bovine spongiform en-
cephalopathy, animal-derived gelatin may cause immune hyper-
sensitivity when consumed by humans. On the contrary,
production of human gelatin in a microbial expression system
may eliminate the aforementioned problems because the size and
charge of human gelatin can be easily controlled. Moreover,
scaling up production of the desired product by DNA manipula-
tion and bioengineering-related techniques in microbial expres-
sion system is feasible. These advantages of recombinant gelatin
have attracted increasing interest from research and industrial
circles.

All gelatins share the most common structural feature of their
ancestral source (type I collagen) of a triple-helical domam,
which consists of three intertwined polypeptide chains.”* Col-
lagen is made up of peptide triplets, Gly-X-Y, where X and Y can
be any of the amino acids in theory. However, proline has a
preference for the X position, whereas hydroxyproline has a
preference for the Y position. Biosynthesis of triple-helical proteins
involves a complex pathway, including many post-translational
processing events.* A key modification is the hydroxylation of
proline residues in the Y position of Gly-X-Y triplets by the
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enzyme P4H to produce 4-hydroxyproline,® which is essential for
gel formation, gel-forming capacity of gelatin, and proper folding
of procollagen.” Hydroxyproline strongly affects the solution
behavior of recombinant gelatins. It prevents the physical cross-
linking of recombinant gelatin molecules in aqueous solution and,
consequently, the temperature-dependent sol—gel transition.®

Werten et al.” discussed the utility of P. pastoris as an
expression system for recombinant gelatin. Fragments of rat
type III and mouse type I collagen ranging from 21 to 74 kDa in
size were expressed and secreted into the extracellular media by
transfected P. pastoris strains.” P. pastoris does not contain an
endogenous active P4H; thus, the obtained gelatins were non-
hydroxylated segments of collagen 0O.-chains, which were essen-
tially in a random coil conformation, and the obtained gelatms
were nongelling and susceptible to proteolytic degradation.” This
result indicates that coexpression of P4H with gelatin genes is
necessary for the production of functional recombinant gelatin
with physical and chemical properties similar to those of the
animal-derived type.

To our knowledge, no study on the production of recombi-
nant hydroxylated gelatin by coexpression of gelatin and P4H
genes has been conducted. Nevertheless, several researchers have
reported that proline hydroxylation can be achieved by coex-
pression of recombinant collagen and heterologous P4H in the
yeast, P. pastoris or S. cerevisiae.>® This observation may imply
that hydroxylation of proline in the Y position of Gly-X-Y triplets
of recombinant gelatin is also feasible in P. pastoris.
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Table 1. List of Primers Used for PCR

primer sequence (5'—3') characteristics
3'A0X1 (TT) CGGGGTACCCCTTAGACATGACTGTTCCTCAG forward
CCGCTCGAGAAGCTTGCACAAACGAACGTCT reverse
PFLD1 GCGCTCGAGGCATGCAGGAATCTCTGGCACG forward
GCGGGATCCTGTGAATATCAAGAATTGTAT reverse
a CGCGGATCCGCCACCATGATCTGGTATATA forward
CGGGGTCCTCATTATTCCAATTCTGACAACGTACAAG reverse
s CCGGAATTCGACGCCCCCGAGGAGGAGGACCAC forward
CCTAGGTCATTACAGTTCATCGTGCACAGCTTTCTG reverse
aMF CGCGGATCCGCCACCATGAGATTTCCTTCAATTTTTACT forward
CCGGAATTCAGCTTCAGCCTCTCTTTTCTCGAG reverse

We apply a new strategy for coexpressing the segment of genes
coding for gelatin, and the &t and 5 domains of P4H. These three
genes were designed and cloned on an expression vector (pPICIK)
under the control of two different strong inducible promoters. The
gelatin gene was put under the control of PAOX1, and each of the
P4H genes under the control of PELD1. The cloned vector was
transfected into P. pastoris KM71 strain to produce recombinant
hydroxylated gelatin.

B MATERIALS AND METHODS

Strains, Plasmids, Reagents, and Media. Escherichia coli strain
DHS0o was used for plasmid construction and amplification. Plasmid
pPGEM-T (Promega) was used to construct plasmid vector. P. pastoris
KM71 (Invitrogen) and pPICIK (Invitrogen) were used as the host and
expression vector, respectively. P. pastoris vector pPICIK, which con-
tains the S. cerevisiae alpha factor leader and PAOXI, was used as a
backbone for the expression of the gelatin gene. Taq DNA polymerase,
T4 DNA ligase, and restriction enzymes were purchased from Takara.
Yeast nitrogen base (YNB) containing ammonium sulfate, but with no
added amino acids, was bought from Difco. Yeast extract and tryptone
were purchased from Oxoid. All other chemicals were of the highest
quality. Escherichia coli strain DHSOL was grown at 37 °C in LB medium
(1% NaCl, 1% tryptone, 0.5% yeast extract, pH 7.0) containing ampicillin
(100ug/mL). P. pastoris strains were cultivated in YPD medium (1% yeast
extract, 2% soya peptone, 2% glucose, pH 7.0). P. pastoris transformants
were selected on minimal dextrose medium (MD) plates (1.34% YNB
with ammonium sulfate without amino acids, 4 X 10~ % biotin, 2%
dextrose and 1.5% agar, pH 7.0). The growth and induction media for P.
pastoris were BMGY (1.34% YNB, 4 X 10°% biotin, 1% yeast extract,
2% soya peptone, 100 mM potassium phosphate, 1% glycerol, pH 6.0)
and BMMY (same as BMGY, except that glycerol was replaced by 0.5%
methanol), respectively.

Construction of Expression Vector. The various DNA com-
ponents used in this experiment were acquired by polymerase chain
reaction (PCR) and assembled on pGEM-T vector to make a fusion of
expression cassettes. All the procedures with pGEM-T vectors were
conducted in E. coli DHSQ. stain. The fusion was excised from pGEM-T
vector and cloned into pPIC9K expression vector before it was
transfected into P. pastoris. All the primers used in this section are
shown in Table 1.

Transformation of P. pastoris. A plasmid with the expected
DNA, pPIC9K/ gelatin—TT—PFLDl—a—TT—PFLDl—aMF-ﬂ, was recov-
ered, linearized with Sall, and subsequently retransformed into P. pastoris
KM71 cells by electroporation using a GenePulser (Bio-Rad) set at
1500 V, 25 uF, and 400 Q, as well as 0.2 cm cuvettes. Selection of His™
transformants and G418-resistant clones was performed in accordance
with the instruction manual (Invitrogen). All of the His* transformants in

KM71 are Mutg (methanol utilization slow) because of the disruption of
the alcohol oxidase 1 (AOX1) gene. Transformants were selected on MD
plates containing 4 mg/mL of G418 to enrich strains with multiple copies
of the integrated DNA.

Cultivation Conditions. To induce protein expression in P. pastoris,
a single colony was selected on the MD plates containing 4 mg/mL of
G418, and cultivated overnight in 5 mL of YPD at 30 °C. Moreover,
1 mL of the culture medium was transferred into 50 mL of BMGY and
incubated for approximately 24 h until the culture reached OD600 =
2—6. The cells were harvested by centrifugation and resuspended in
15 mL of BMMY, which contained 1534 mg/L of sodium glutamate, and
incubated at 250 rpm for 3 d at 30 °C. Methanol was added into the
medium every 24 h to a final concentration of 0.5% to maintain
induction. Meanwhile, 80 ug/mL of L-ascorbic acid (sodium salt) was
added every 12 h during the induction of gelatin expression. Samples
were taken every 12 h and centrifugated. The culture supernatants were
checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

SDS-PAGE Analysis of the Expressed Products. Denaturing
SDS-PAGE was conducted in accordance with the method of Laemmli."’
The supernatant samples (20 uL) were resolved on 10% SDS-PAGE
under reducing conditions and visualized by Coomassie Blue R-250
staining.

Protein Digestion and LC-MS/MS Analysis. Coomassie-
stained gel bands were excised and destained with 50% acetonitrile
containing 50 mM (NH,),CO;. After washing with Milli-Q water until
the gels became clear, the gel pieces were dehydrated with 100%
acetonitrile for 5 min and dried by Speed-Vac for 20—30 min, followed
by rehydration with 15 uL of cold trypsin solution (12.5 ng/uL) and
incubation at 37 °C for 16—24 h.

Nano-LC-MS/MS was performed on an HPLC system composed
of two LC-20AD nanoflow LC pumps, an SIL-20 AC autosampler,
and an LC-20AB microflow LC pump (Shimadzu), which are con-
nected to an LTQ-Orbitrap mass spectrometer (ThermoFisher). The
sample was loaded on a CAPTRAP column (0.5 mm X2 mm,
MICHROM Bioresources) for 6 min at a flow rate of 25 xL/min.
The sample was subsequently separated by a C18 reverse-phase
column (0.10 mm %150 mm, packed with 3 um Magic C18-AQ
particles, MICHROM Bioresources) at a flow rate of 500 nL/min.

NMR Spectrum Examination. The weighted recombinant hy-
droxylated gelatin was soaked in heavy water for 2 h, water bathed at
40 °C, and heated and stirred for 10 min. When the recombinant
hydroxylated gelatin was completely dissolved, it was moved to a S mm
NMR sample tube for the "H NMR test.

The recombinant hydroxylated gelatin was soaked in heavy water for
2 h, water bathed at 40 °C, and heated and stirred for 20 min until
completely dissolved. Subsequently, it was moved to a 10 mm NMR
sample tube for the "*C NMR test.
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Figure 1. Physical maps of the vectors and the construction strategy for the P. pastoris expression plasmid pPIC9K/gelatin-TT-PFLD1-a-TT-PFLD1-

OMF-f3 used in the current study.

UV Absorption Spectra Examination. UV absorption spectra
examination was conducted under the following conditions: measurement
type, wavelength scan; data mode, Abs; starting wavelength, 400 nm;
ending wavelength, 190 nm; scan speed, 800 nm/min; sampling interval,
0.5 nmy; slit width, 2 nm; lamp change, 340 nm; baseline correction, user;
response, fast; path length, 10 mm; peak integration; method, rectan-
gular; sensitivity, 1; threshold, 0.0100.

Hydroxyproline Examination. An amino acid automatic analy-
zer L8900 was used for hydroxyproline examination. The sample in the
hydrolysis tube was weighed and added with 6 M HCl solution to obtain
afinal volume of 10 mL. The sample was frozen in ice water for 3—5 min,
vacuumed, and poured with nitrogen; this procedure was repeated
thrice. The tube under the protection of nitrogen was sealed, and placed
in a 110 °C incubator for hydrolysis for 20 h. Afterward, the sample
was allowed to cool, and then the hydrolyzate was transferred in a 50 mL
volumetric flask, filtered, vacuum pumped, and diluted with 0.02 M HCL.
The examination was started after filtration. The operating conditions were
as follows: analytical column, 4.6 mm X60 mm resin 2619; ammonia
removal column, 4 mm X 50 mm resin 2650; flow rate, A pump 0.4 mL/min,
B pump 0.35 mL/min; column temperature, S7 °C; reaction column
temperature, 135 °C.

B RESULTS

Construction of Vector. In this study, we cloned and expressed
gene fragments of gelatin and the enzyme P4H in P. pastoris KM71.
To obtain the modified gelatin gene, a cDNA encoding 100 amino
acids [nos. 531—630 of the human o 1 (I) procollagen] was
constructed by overlap PCR with long oligonucleotides. The
gelatin gene was linked to pPIC9K. The fragment gelatin-transcrip-
tion terminator (TT) was then acquired by PCR with the vector
pPIC9K/gelatin as a template, which was inserted into pPGEM-T
to form pGEM-T/gelatin-TT. The cloned gelatin-TT fragment
was confirmed by sequencing.

For the two P4H subunits controlled by PFLD1, P. pastoris
GS115 genomic DNA was utilized as a template to generate
PFLD1 by PCR.

The sequence coding the signal peptide of human PDI was
replaced with the S. cerevisize 0 mating factor (0MF) prepro
sequence. A cDNA for human PDI extending from the codon for
the first amino acid after the signal peptide cleavage site to the stop
codon was synthesized using PCR. The C-terminal endoplasmic
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Figure 2. SDS-PAGE electrophoresis of the recombinant gelatin with-
out coexpression P4H. Shown are 1 supernatant before induction and
2—4 supernatant at 24, 48, and 72 h, respectively, after induction. M is
the molecular weight of standard protein.

reticulum retention signal KDEL of PDI was modified to an
HDEL signal by PCR. The alP4H gene cDNA was obtained from
a human source with its native secretion signal.

In all reactions, the PCR products, which were extracted and
identified by DNA sequencing, were inserted into the vector
pGEM-T and transfected into the host strain, E. coli DHSa. The
recombinant plasmid was constructed as follows: In addition to
previously formed pGEM-T/gelatin-TT, every other two adja-
cent vectors were linked to form pGEM-T/PFLD1-0, pGEM-T/
TT-PFLD1, and pGEM-T/0MF-f3 with corresponding restriction
enzymes. Subsequently, every two adjacent vectors mentioned
above were connected to form pGEM-T/gelatin-TT-PFLD]1-
o and pGEM-T/TT-PFLD1-aMF-f. The two newborn vectors
were then connected to form pGEM-T/gelatin-TT-PFLD1-a-TT-
PFLD1-0MF-5. The gelatin-TT-PFLD1-a-TT-PFLD1-0MF-3
fusion from the pGEM-T/gelatin-TT-PFLD1-a-TT-PFLD1-
OMF-f3 vector was cut with SnaBI and Avrll, and inserted into
the same restriction sites of pPICIK to yield pPICIK/gelatin-
TT-PFLD1-o-TT-PFLD1-0MF-f3 (shown in Figure 1). The §'-
terminus of gelatin was fused to the -factor signal sequence of
the parent expression vector, which made the three expression
cassettes (located downstream of the O-factor signal sequence)
under the control of PAOX1, PFLD1, and PFLD1, with each
gene having its own independent promoter and transcription
terminator. A Kozak sequence (GCCACC) was added to the 5’
end of the start codon ATG of the a gene and the second tMF
signal peptide to enhance their expression. To prevent reading
through the neighboring DNA sequence, two consecutive stop
codons TAATGA were added between the 3’ end of each gene
and its TT sequence.

SDS-PAGE Analysis and LC-MS/MS Examination. Our
experimental results are consistent with the report that collage-
nous proteins migrate in SDS-PAGE at a molecular weight more
than 40% higher than the true molecular weight because of the
high content of proline.” When only the gelatin gene fragment
was cloned and expressed in P. pastoris, nonhydroxylated gelatin
was obtained. In theory, the molecular weight of nonhydroxy-
lated gelatin is supposed to be 9 kDa on the basis of the cDNA
sequence of the cloned fragment; however, SDS-PAGE shows
bands approximately 14.5 kDa in size (shown in Figure 2), which
is more than 40% higher than expected.

Similarly, when gelatin and enzyme genes were coexpressed in
P. pastoris, hydroxylated gelatin was obtained with a molecular
weight of 42 kDa instead of the theoretical molecular weight of
27 kDa (shown in Figure 3). The expression also shows typical
induction pattern as gelatin concentration increases with time

kDa
94

45 gelatin

Figure 3. SDS-PAGE analysis of the expression level of recombinant
gelatin with coexpression P4H at different induction times. Lanes 1—7:
the cultured solutions incubated for 0, 12, 24, 36, 48, 60, and 72 h,
respectively, after the induction of expression by methanol addition. M
indicates protein standard.

(Figure 3). After trypsin digestion, the samples submitted for LC-
MS/MS analysis were found to be gelatin proteins, which
matched with the proteome database from UniProt. Among
the amino acids detected in the peptide sequence were hydro-
xyprolines, which have been identified as P[113] (shown in
Table 2). Approximately 66.7% of the proline residues (in the Y
position of Gly-X-Y) in the analyzed peptides were hydroxylated.

"H Spectra of Recombinant Hydroxylated Gelatin. The 'H
spectra of the recombinant gelatin (shown in Figure 4) are as
follows: 3.958 spectral peak is the 0-CH, peak of the gelatin
characteristic amino acid glycine; 3.858 spectral peak is the
v-CH, peak of the gelatin characteristic amino acid hydroxypro-
line; and 3.635 spectral peak is 0-CH, peak of the gelatin
characteristic amino acid proline. All these displacement values
of the peaks are close to those of natural gelatin.""

3C Spectra of Recombinant Hydroxylated Gelatin. The
3C spectra of the recombinant gelatin (shown in Figure 5) are as
follows: 72.606 spectral peak is the y-C peak of the gelatin
characteristic amino acid hydroxyproline; and 63.268 spectral
peak is the a-C peak of the gelatin characteristic amino acid
proline. All these displacement values of the peaks are close to
those of natural gelatin.11

UV Absorption Spectra of Recombinant Hydroxylated
Gelatin. In the 190—400 nm UV region, the recombinant gelatin
has a maximum absorption peak at 225 nm, which is close to the
absorption peak of type I collagen.'? This maximum absorption
peak was obtained because the amino acids that constitute this
recombinant gelatin contain only one phenylalanine without
tyrosine and tryptophan, have very low absorption, and are
almost invisible at 280 nm (see Figure 6). Furthermore, the
absorption peak of the natural gelatins at 280 nm was slightly
higher than the recombinant gelatin because they also generally
contain tyrosine.

Hydroxyproline Examination. The recombinant gelatin sam-
ples were hydrolyzed with hydrochloric acid and examined by an
amino acids automatic analyzer. The 4.953 peak is the peak of
hydroxyproline (shown in Figure 7).

W DISCUSSION

The E. coli expression system is not suitable for handling
human-derived gelatin genes with relatively high repetitive
sequence because of its congenital defects on the post-transla-
tional modification of some eukaryotic proteins. For this
reason, we chose the P. pastoris expression system for the
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Table 2. LC-MS/MS Analysis of the Target Protein

description peptide sequence

percent share of spectrum id’s

protein probability
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expression of recombinant gelatin. Although mammalian ex-
pression systems have unique advantages in terms of post-
translational modification of the expressed product, these systems
are very expensive, and in many cases, the target product yield is
low. In this regard, P. pastoris may be a suitable candidate because
of its post-translational modification capacity. Our results also
demonstrated the gelatin gene expression and its hydroxylation
when P4H genes were introduced. In addition, a P. pastoris
expression vector, pPIC9K, is an ideal choice for carrying macro-
molecule DNA because of its high molecular weight.

To express a functional human gelatin successfully, we cloned
three genes coding for gelatin, ®P4H, and PDI on one expression
vector, pPICI9K, instead of cloning each gene on a separate vector.
Each of the cloned genes was controlled by a promoter and had its
own terminator sequence. The purpose of this procedure is to
facilitate integration and coexpression of the cloned expression
cassettes as a whole in the yeast genome. This procedure also
saves time and resources.

The cloned gelatin gene was placed under the control of
PAOXI1. This promoter is tightly repressed during the growth of
the yeast on most common carbon sources, such as glucose,
glycerol, or ethanol, but it is highly induced during growth on
methanol. The aP4H and PDI genes were controlled by PELD1
separately. PFLD1 is another strong promoter of P. pastoris, which
is strongly and independently induced when methanol is used as
the only carbon source (with ammonium sulfate as a nitrogen
source) or methylamine as the sole nitrogen source (with glucose
or sorbitol as a carbon source)."® Therefore, PELD1 and PAOX1
can be induced simultaneously by a common inducer (methanol)
when they exist on one vector. The successful expression and
hydroxylation of the recombinant gelatin in the current study
proved that the two promoters can function effectively without
interference even when they exist close to each other.

P4H, an 03 tetrameric enzyme composed of the aP4H and
the [ subunit in higher eukaryotes, is the enzyme that modifies
proline residues to hydroxyproline. This enzyme is retained and
functions within the endoplasmic reticulum through a C-term-
inal endoplasmic reticulum retention signal sequence, which is
predominantly KDEL in mammalian systems and HDEL in
yeast."* In our construct, we replaced the signal sequence of
the human PDI with 0MF prepro sequence of S. cerevisiae. We
performed this step because the authentic signal sequence of the
human PDI polypeptide is highly ineftective in transporting the
recombinant polypeptide into the lumen of the endoplasmic
reticulum in P. pastoris cells, whereas the efficiency of this
transport increases considerably when the human signal se-
quence is replaced by the S. cerevisiae MF prepro sequence.”

During gelatin biosynthesis, the gelatin gene is cotranslation-
ally transported into the lumen of the endoplasmic reticulum
where it is hydroxylated by P4H, which is in charge of the
conversion of proline residues into 4-hydroxyprolines in the Y
position of Gly-X-Y triplets that make up the triple helical regions
of collagen and 5gelatins.8 P4H requires Fe’™, 2-oxoglutarate, O,,
and ascorbate."” Glutamate, possibly acting as a precursor for the
synthesis of O-ketoglutarate (an essential cofactor for proline
hydroxylation), is required to generate high levels of triple helical
procollagen molecules."® Only when the Y-position prolyl resi-
dues are properly hydroxylated to 4-hydroxyproline by P4H can
the newly synthesized chains fold into a triple-helical conforma-
tion at 37 °C. Moreover, if hydroxylation does not occur, the
polypeptides remain nonhelical, are poorly secreted by cells, and
cannot self-assemble into collagen fibrils. Coexpression of the
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Figure 4. 'H spectra of recombinant gelatin.
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Figure 5. ">C spectra of recombinant gelatin.
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Figure 7. Hydroxyproline analysis of recombinant gelatin.

three cloned genes holds a control position in the production of
functional gelatin. Our experimental results confirm that, without
expressing P4H genes, gelatin is expressed in the form of non-
hydroxylated monomer with a molecular weight of 14.5 kDa.
Hydroxylated gelatin of 42 kDa, approximately three times the
weight of monomer (14.5 kDa), was produced only when the
genes encoding for gelatin and P4H were coexpressed. LC-MS/
MS analysis further verified the presence of hydroxyproline
residues. The small amount of hydroxylation that did not occur
indicates that the P4H activity was not very high.

We used P. pastoris GS115 as the expression strain. However,
the plasmid could not be linearized with Bg/II because the 0P4H
gene has the BglII restriction site. Thus, Mut® could not be
obtained. To address this limitation, we linearized the plasmid
with Sall. Afterward, Mut® (methanol utilization plus) was
produced. After induction, no expression of gelatin occurred.
We then switched to P. pastoris KM71 as the expression strain.
The plasmid was linearized with Sall, the resulting transformant
of which was Mut® because of the disruption of the AOX1 gene.
The successful expression of gelatin in P. pastoris KM71 indicates
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that Mut® is possibly the only suitable genotype for the ex-
pression.

The catalytic substrate of P4H is Gly-X-Y triplet; hydroxyla-
tion occurs only when proline is in the Y position and not when
it is in the X position. The hydroxylation rate was 66.7%; six
peptides were detected, but nine prolines in the Y position in
Gly-X-Y should be hydroxylated. Given that only six prolines
were hydroxylated, the rate of hydroxylation was therefore six
divided by nine.

Nonhydroxylated recombinant gelatin is a monomer that is
susceptible to enzymatic digestion. After hydroxylation, the re-
combinant gelatin is more stable and resistant to enzymatic
degradation. No study on the differences between nonhydroxy-
lated and hydroxylated recombinant gelatin in terms of physical
and chemical properties, such as viscosity, tensile strength, etc.,
has been conducted.
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P4H, prolyl 4-hydroxylase; rG, recombinant gelatin; PCR, polymer-
ase chain reaction; AOX1, P. pastoris gene encoding alcohol
oxidase 1; PAOXI, the alcohol oxidase 1 promoter; PFLD1, formal-
dehyde dehydrogenase promoter; YNB, yeast nitrogen base; YPD,
yeast extract peptone dextrose medium; BMGY, buffered minimal
glycerol medium; BMMY, buffered minimal methanol medium; MD,
minimal dextrose medium; PD], the protein-disulfide isomerase; ER,
endoplasmic  reticulum; Mut', methanol utilization plus; Mut®,
methanol utilization slow; 0MF, S. cerevisize 0. mating factor; rG,
recombinant gelatin; T'T, transcription terminator
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