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Leech hyaluronidase (LHyal) is a hyperactive hyaluronic acid (HA) hydrolase that belongs to the hyaluronoglu-
curonidase family. Traditionally, LHyal is extracted from the heads of leeches, but the recent development of
the Pichia pastoris recombinant LHyal expression method permitted the industrial production of size-specific HA
oligosaccharides. However, at present LHyal expressed by recombinant yeast strains requires laborious protein
purification steps. Moreover, the enzyme is deactivated and removed after single use. To solve this problem, we
developed a recyclable LHyal biocatalyst using a yeast surface display (YSD) system. After screening and charac-
terization, we found that the cell wall protein Sed1p displayed stronger anchoring to the P. pastoris cell wall than
other cell wall proteins. By optimizing the type and length of the linkers between LHyal and Sed1p, we increased
the activity of enzymes displayed on the P. pastoris cell wall by 50.34% in flask cultures. LHyal-(GGGS)4-Sed1p
activity further increased to 3.58 x 105 U mL™! in fed-batch cultivation in a 5 L bioreactor. Enzymatic prop-
erty analysis results revealed that the displayed LHyal-(GGGS)¢-Sed1p generated the same oligosaccharides but
exhibited higher thermal stability than free LHyal enzyme. Moreover, displayed LHyal-(GGGS)4-Sed1p could be
recovered easily from HA hydrolysis solutions via low-speed centrifugation and could be reused at least 5 times.
YSD of LHyal not only increased the utilization efficiency of the enzyme but also simplified the purification pro-
cess for HA oligosaccharides. Thus, this study provides an alternative approach for the industrial preparation of
LHyal and HA oligosaccharides.

1. Introduction

Hyaluronic acid (HA) is a high molecular weight, negatively charged
polysaccharide composed of glucuronic acid and N-acetyl-glucosamine.
High molecular weight HA (HMW-HA) is universally found in the extra-
cellular matrices of mammalian tissue and displays strong water bind-
ing and lubricating biophysical activities. In nature HA is degraded
by hyaluronidases and generates HA fragments of different molecular
weights [1]. Compared to HMW-HA, low molecular weight HA (LMW-
HA, 10*-10° Da) shows lower water binding and lubricating activity but
stronger biological activity; it is frequently used in cosmetic products to
increase the skin elasticity and reduce wrinkles [2,3]. HA oligosaccha-
rides (molecular weight < 10* Da) are readily absorbed by the human
body [4,5]. Recently, the preparation of LMW-HA via hyaluronidase di-
gestion has attracted considerable research attention.

Hyaluronidases can be roughly classified into three main groups,
HA lyases, hyaluronoglucosaminidase, and hyaluronoglucuronidases,
based on their catalytic mechanism [5]. Many of these enzymes have
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been used to degrade HMW-HA into LMW-HA [6]. For example, Leech
hyaluronidase (LHyal), which is extracted from the heads of leeches, has
been characterized as a hyaluronoglucuronidase. It specifically cleaves
the p—1,3-glycosidic bonds that connect D-glucuronate and N-acetyl-D-
glucosamine residues in HA [7,8]. After elucidating the coding sequence
of LHyal, recent work has focused on expressing LHyal in microbes,
to be used for the enzymatic production of LMW-HA from HMW-HA
[8-14]. LHyal displays desirable traits, including high enzyme activ-
ity, high substrate specificity, and a lack of trans-glycosidase activity
[8]. LHyal produces the specific molecular weight HA and does not dis-
play any risks of animal cross-infection [8,14]. Therefore, large-scale
industrial production of recombinant LHyal offers great promise for
industrial-scale productions of HA oligosaccharides [8,10,14].
However, industrial application of LHyal to produce LMW-HA is re-
stricted by the high cost of purifying proteins at scale. Moreover, al-
though LHyal retains considerable residual activity after HA digestion,
the enzyme is deactivated and removed after a single use. Enzyme im-
mobilization is a general strategy used to improve enzyme recycling
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Table 1
Plasmids used in this study.

Plasmids Property description Source
PGAP(m)-sp23-LHyal HIS4 Amp™ and Kan." [11]
pPICOK-GFP HIS4 Amp" and Kan" This work
PGAP(m)-sp23-LHyal-Gcw51p Based on pGAP(m)-sp23-LHyal, with Gew51p fused to the C-terminal of LHyal This work
PGAP(m)-sp23-LHyal-Sed1p Based on pGAP(m)-sp23-LHyal, with Sed1p fused to the C-terminal of LHyal This work
PGAP(m)-sp23-Pirlp-LHyal Based on pGAP(m)-sp23-LHyal, with Pirlp fused to the N-terminal of LHyal This work
PGAP(m)-sp23-GFP-Gew51p Based on pGAP(m)-sp23-LHyal-Gew51p with LHyal replaced with GFP This work
PGAP(m)-sp23-GFP-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with LHyal replaced with GFP This work
PGAP(m)-sp23-Pir1p-GFP Based on pGAP(m)-sp23-Pirlp-LHyal with LHyal replaced with GFP This work
PGAP(m)-sp23-LHyal-(GGGS);-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with (GGGS); linker inserted between LHyal and SedIp This work
PGAP(m)-sp23-LHyal-S2-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with S2 linker inserted between LHyal and SedIp This work
pGAP(m)-sp23-LHyal-L1-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with L1 linker inserted between LHyal and Sed1p This work
PGAP(m)-sp23-LHyal-R1-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with R1 linker inserted between LHyal and Sed1p This work
PGAP(m)-sp23-LHyal-(EAAAK);-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with (EAAAK); linker inserted between LHyal and SedIp This work
PGAP(m)-sp23-LHyal-PT-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with PT linker inserted between LHyal and Sed1p This work
PGAP(m)-sp23-LHyal-(GGGS)4-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with (GGGS), linker inserted between LHyal and Sed1p This work
PGAP(m)-sp23-LHyal-(GGGS),-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with (GGGS), linker inserted between LHyal and SedIp This work
PGAP(m)-sp23-LHyal-(GGGS),,-Sed1p Based on pGAP(m)-sp23-LHyal-Sed1p with (GGGS),, linker inserted between LHyal and Sed1p This work

efficiency. Adsorption is a simple method that fixes proteins to a solid
surface via non-covalent interactions [15]. Although the structure of the
enzyme is unlikely to be affected, interactions between the carrier ma-
terial and the enzyme are rather weak and may block contact between
the enzyme and reaction substrate [16]. In general, enzymes used for
fixation must be purified before adsorption, but some surface display
techniques have been developed for enzyme immobilization that do not
require protein purification. Yeast strains are excellent hosts for enzyme
display because they are also used as hosts for protein overproduction
and can be easily collected [17].

In this study, we developed a recyclable LHyal biocatalyst protocol
using a P. pastoris yeast surface display (YSD) system to facilitate the iso-
lation and reuse of LHyal. After protein expression and secretion, LHyal
was immediately immobilized to the cell surface of P. pastoris via cell
wall anchor proteins. This YSD system showed high enzyme activity and
reusability. To demonstrate this, we used highly active LHyal as an effi-
cient biocatalyst for preparing HA oligosaccharides. After optimization,
this system produced as much as 3.58 x 10° U mL~! LHyal-(GGGS),-
Sedlp via fed-batch fermentation.

2. Materials and methods
2.1. Chemicals and reagents

PrimeSTAR HS (Premix) and a ClonExpress™ II One Step Cloning Kit
were obtained from TaKaRa Bio (Dalian, China) and Vazyme Biotech
(Nanjing, China), respectively. Geneticin (G418) and HMW-HA were
obtained from Sangon Biotech (Shanghai, China). Primer synthesis,
gene synthesis, and DNA sequencing were performed using GENEWIZ
(Suzhou, China). All other chemicals used in this study were purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

2.2. Plasmid and strain construction

All plasmids and primers used in this study are listed in Tables 1
and 2. Plasmid pGAP(m)-sp23-LHyal, which was used for the expres-
sion of free LHyal [11], P. pastoris GS115, and the Saccharomyces cere-
visiae S288C strain used for this study were all stored in our labora-
tory. Gew51p, a gene encoding a 193aa protein fragment with its sig-
nal peptide removed [18] was obtained by PCR using the Gew51p-
F/R primers to PCR-specific DNA sequences from the P. pastoris GS115
genome. SedIp, a gene encoding a 229aa fragment with its signal pep-
tide removed [19] and Pirlp, which encodes a 323aa fragment with
its signal peptide removed [20] were amplified from the genome of S.
cerevisiae S288C by PCR using the primers Sed1p-F/R and Pirlp-F/R,
respectively. According to previous study, the N-terminus of Pirlp con-
tains SQIGDGQIQAT repeats, which are essential for the anchoring of

Pirlp to the cell wall, therefore we fused the proteins GFP and LHyal
to the C-terminus of Pirlp. The C-terminus of GPI type anchor protein
contains a GPI signal sequence responsible for anchoring to the cell
wall through the glucan connection, Gew51p and Sed1p are connected
to the C-terminus of LHyal. PCR-amplified fragments of the Gew51p,
Sedlp, and Pirlp genes were then ligated to the plasmid backbone of a
PGAP(m)-sp23-LHyal vector using a one step cloning kit to obtain the
corresponding plasmids pGAP(m)-sp23-LHyal-Gew51p, pGAP(m)-sp23-
LHyal-Sed1p, and pGAP(m)-sp23-Pirlp-LHyal, respectively.

Green fluorescent protein (GFP) was synthesized as pPIC9K-GFP
by Suzhou GENEWIZ. A GFP fragment was obtained via PCR using
GFP-F/R primer amplification with the plasmid PIC9K-GFP used as
a template. We replaced the LHyal coding region of pGAP(m)-sp23-
LHyal-Gew51p, pGAP(m)-sp23-LHyal-Sed1p, and pGAP(m)-sp23-Pirlp-
LHyal with the GFP sequence to obtain the corresponding plasmids
PGAP(m)-sp23-GFP-Gew51p, pGAP(m)-sp23-GFP-Sed1p, and pGAP(m)-
Pirlp-GFP, respectively.

The coding sequences of the (GGGS); linker, S2 linker [21],
L1 linker [22], R1 linker [23], (EAAAK); linker [18], and PT
linker [24] were ligated onto the pGAP(m)-sp23-LHyal-Sedlp back-
bone via PCR using primers (GGGS)3-F/R, S2-F/R, L1-F/R, R1-F/R,
(EAAAK);-F/R, and PT-F/R, respectively. This ligation yielded the cor-
responding plasmids, pGAP(m)-sp23-LHyal-(GGGS)3-Sed1p, pGAP(m)-
sp23-LHyal-S2-Sed1p, pGAP(m)-sp23-LHyal-L1-Sedlp, pGAP(m)-sp23-
LHyal-R1-Sed1p, pGAP(m)-sp23-LHyal-(EAAAK)5-SedIp, and pGAP(m)-
sp23-LHyal-PT-Sed1p, respectively. Plasmids expressing GGGS linkers of
different lengths were constructed using primers (GGGS)n (i.e., where
n=6,9, or 12)-F/R to obtain plasmids pGAP(m)-sp23-LHyal-(GGGS)g-
Sedlp, pGAP(m)-sp23-LHyal-(GGGS)q-Sed1p, and pGAP(m)-sp23-LHyal-
(GGGS),4-Sed1p, respectively.

Plasmids were then transferred into competent P. pastoris GS115
via electroporation after being linearized by digestion with Sall. After
screening on minimal dextrose (MD) and yeast extract peptone dextrose
(YPD) plates with 4 mg/mL geneticin (G418), we selected the correct
recombinant strains for further analyses.

2.3. Growth media

Escherichia coli strains for cloning recombinant plasmids were culti-
vated in LB medium (5 g ™! yeast extract, 10 g L™! tryptone, and 10 g
L-! NaCl) at 37°C. YPD medium (10 g L~! yeast extract, 20 g L~! tryp-
tone, and 20 g L~! glucose) was used for yeast cultivation. MD medium
(13.4 g 7! yeast nitrogen base (YNB), 20 g L~! dextrose, 4 x 10~* g L1
biotin, and 20 g L1 agar) was used for screening P. pastoris GS115 re-
combinant strains. Modified buffered glycerol-complex (BMGY) medium
(10 g L1 yeast extract, 20 g L~! tryptone, 13.4 g L-1 YNB, 4 x 1074 g
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Table 2
Primers used in this study for PCR.
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Primer Sequences (5-3')

Gew51p-F GAAGCGTGCAAAAAGATGACGATGACTCATTACCTTTTGTTATTGTTAAC
Gew51p-R CTAGGGAATTCTTAGATCAATAGGGCAATGGCAACACCAC

Sed1p-F GAAGCGTGCAAAAAGCAATTTTCCAACAGTACATCTGCTTCTTCC
Sedlp-R CCTAGGGAATTCTTATAAGAATAACATAGCAACACCAGCCAAACC
Pirlp-F GTTGGCCTTTGCTATCTTTACTACTTTATGCATAGTTGTCCTATCTTCTC
Pirlp-R GTGGTGGTGGTGGTGGTGACAGTTGAGCAAATCGATAGCTTGTAGG
GFP-F CGTTGGCCTTTGCTATGGGTAAGGGAGAAGAACTTTTCACTG

GFP-R CTAGGGAATTCTTATTTGTATAGTTCATCCATGCCATGTGTAATCC

GFP-Gew51p-F
GFP-Gew51p-R

GATTTGCTGAATTGCATGTCTAAAGGTGAGGAGCTTTTTACGG
GAGTCATCGTCGTCTTTGTATAACTCGTCCATGCCATGTGTTATTCC

GFP-Sed1p-F CGTTGGCCTTTGCTATGAGCAAAGGAGAAGAACTTTTCACTGG

GFP-Sed1p-R GTACTGTTGGAAAATTGTTTGTAGAGCTCATCCATGCCATGTG

Pir1p-GFP-F GATTTGCTGAATTGCATGTCTAAAGGTGAGGAGCTTTTTACGG

Pirlp-GFP-R TCGCGGCCGCTTATTTGTATAACTCGTCCATGCCATGTG

(GGGS);3-F ATCTACTGAACTGTGGCGGAGGCTCAGGCGGAGGAGGTTCAGGCGGTGGAGGTAGTGG
(GGGS);3-R CGATCTCTTTCATACTGCCTCCTCCTCCTGATCCTCCACCACTGCCTCCACCG

S2-F GAAGCGTGCAAAAAGGAGGGTAAGTCATCTGGTTCTGAATCTAAATCTACC

S2-R TACTGTTGGAAAATTGGGTAGATTTAGATTCAGAACCAGATGACTTACCCTC

L1-F GATGCAAATGTTGAAGCGTGCAAAAAGTCCGGCTCTGTTACCTCTACTTCAAAGAC

L1-R CCACGGCCAAGACTTCTACCTCAACCCAATTTTCCAACAGTACATCTGCTTCTTCCAC

R1-F GCAAATGTTGAAGCGTGCAAAAAGATGCAGTTTAAATCCATCGTCTTGACTTTAG

R1-R TGGAAGAAGCAGATGTACTGTTGGAAAATTGAGCTTGAGCTACTGTTACAGCAGC

(EAAAK);-F TGAAGCGTGCAAAAAGGAAGCTGCTGCCAAGGAAGCTGCCGCCAAGGAAGCAG

(EAAAK);-R GTCGGATTCTGGAGCTTCGGTTGGAGTAGGAGTGGTTGGAGGTGTTGTAGGAGGAGTAGG

PT-F GAAGCGTGCAAAAAGCCTACTCCTCCTACAACACCTCCAACCACTCCTACTCCAACC

PT-R CCTACTCCTCCTACAACACCTCCAACCACTCCTACTCCAACCGAAGCTCCAGAATCCGAC
(GGGS)¢-F GCGTGCAAAAAGGGAGGTGGAGGATCCGGTGGTGGAGGATCCGGTGGTGGAGGCTCCGGTGGTGGTGGTTC
(GGGS)s-R GGATTCTGGAGCTTCTGAACCACCTCCACCAGAACCACCACCGCCAGATCCACCACCACCT
(GGGS)y-F GAAGCGTGCAAAAAGGGTGGTGGATCAGGAGGTGGATCCGGAGGTGGATCTGGTGGTGGCTCAGGTGGAGGATCA
(GGGS)y-R GTCGGATTCTGGAGCTTCTGATCCTCCACCACTACCTCCTCCAGAACCACCACCGGAACCTCCACC
(GGGS),,-F GTGGTGGAGGATCAGGTGGAGGTTCAGGTGGTGGATCTGGAGGTG

(GGGS);5,-R GGATTCTGGAGCTTCACTGCCACCTCCAGATCCACCACCTGAACCTC

L-! biotin, 40 g L1 glycerol, and 100 mM potassium phosphate, pH
6.0) was used for shake flask cultivation of recombinant yeast strains.
The P. pastoris GS115 recombinant strain was subjected to fed-batch fer-
mentation using basal salt medium (BSM) containing 40 g L~! glycerol,
27 mL L' H;PO,, 18 g L1 K,S0,, 14.9 g L-1 MgS0O,7H,0, 4.13 g
L-! KOH 0.93 g L! CaSO,, and 4.4 mL L~! particular trace metal so-
lution (PTM1). PTM1 contained 6 g L~! CuSO4-5H,0, 0.09 g L~! KI,
0.02 g 7! H3BO;, 0.2 g L~! MoNa,0,-2H,0, 3 g L-! MnSO4-H,0, 65 g
L1 FeSO,7H,0, 0.5 g L1 CoCl,, 20 g L1 ZnCl,, 0.2 L~ biotin, and
5.0 mL L~ H,S0,.

2.4. Shake flask fermentation and fed-batch fermentation

To prepare seed cultures, single colonies of recombinant yeast strains
were inoculated into 25 mL of YPD liquid medium loaded into 250 mL
shake flasks and cultured for 24 h at 220 rpm and 30°C in an oscillating
incubator. The seeds were then transferred to 40 mL BMGY medium at
10% (v/v) and cultured at 220 rpm and 30°C for 84 h.

For fed-batch fermentation, seed cultures were first prepared in
50 mL liquid YPD medium by shaking at 220 rpm and 30°C for 24 h,
then transferred to a 5 L bioreactor (Shanghai Baoxing Bio-Engineering
Equipment Co., Ltd, Shanghai, China) containing 1.8 L. BSM medium.
During fed-batch fermentation, ammonium hydroxide (25%) was fed
automatically to maintain the pH at 5.0. Dissolved oxygen (DO) was
maintained above 30% by manual adjustment of the agitation and air
flow. When the DO rebounded, which indicated glycerol exhaustion,
75% (w/v) glycerol supplemented with 1.2% PTM1 was fed at a con-
stant rate of 8 mL/L/h. Sampling was performed every 6 h to analyze
dry cell weight (DCW) and enzyme activity.

2.5. Microscopy and flow cytometry analyses

For optical microscopy, yeast cells were loaded on a slide con-
taining agarose and viewed using an Eclipse Ni-E microscope (Nikon,

Tokyo, Japan) equipped with a phase-contrast microscopy module. Mi-
crographs obtained were processed using ImageJ version 1.53t [25].

For flow cytometry analysis, yeast cells were washed three times
and resuspended in phosphate buffer saline (PBS; Na,HPO,'12H,0,
KH,PO,, NaCl, KCl, pH 7.4) after termination of fermentation. Sam-
ples were then diluted to an optical density at 600 nm (ODgq) of 0.3
and analyzed by Flow Cytometry on a cell sorter (BD Influx, USA) with
P. pastoris GS115 used as a negative control. Flow Cytometry analysis
results were processed using FlowJo version 10.8.1.

2.6. Enzyme activity assays

Recombinant yeast cells displaying LHyal were centrifuged at
5000 rpm for 2 min, washed three times, then resuspended and diluted
in PBS (pH 7.4). The supernatants were pooled to analyze LHyal released
into the culture broth. Enzyme activity was tested in aliquots of 1 mL
reaction buffer containing 800 uL of 2 mg mL~! HA dissolved in 50 mM
citrate buffer (pH 5.5) with either 200 uL of the yeast cell resuspen-
sion (diluted appropriately according to ODgq) or 200 uL supernatant.
Heat-killed yeast cells or supernatant were used as controls. The enzyme
activity of LHyal was then determined using the 3, 5-dinitrosalicylic acid
method to quantify the amount of reducing sugar released by HA using
glucose as a standard. Activity units (U) for LHyal was defined such that
one unit of enzyme activity was required to hydrolyze HA to produce
1.0 pg of reducing sugar (i.e., in glucose equivalents) per hour at 38°C

[8].

2.7. HA molecular weight assay using high-performance size-exclusion
chromatography

Recombinant cells displaying LHyal-(GGGS)4-Sed1p were applied by
8x103UmL1,1.6x10*UmL1,32%x10*UmL™1,1.6 x10° UmL™1,
and 3.2 x 10° U mL"! to hydrolyze 10 g L-! HA (~2000 kDa), at 38°C,
pH 5.5 for 5 h. Samples were taken at 0.5h, 1 h, 2h, 3h, 4 h, and 5 h; all
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samples were centrifuged shortly after being taken. The supernatants of
all samples were then filtered using a 0.22 ym-pore filter and the molec-
ular weight of HA after hydrolysis was analyzed using high-performance
size-exclusion chromatography (HPSEC). To do so, the supernatant was
injected onto an Ultrahydrogel™ column (300 mm x 7.8 mm i.d., Wa-
ters Corporation, Milford, MA, USA) and HPSEC was performed using
a mobile phase of 0.1 M NaNO; and a flow rate of 0.9 mL min~!, 25°C
[25,26].

2.8. Electrospray ionization-mass spectrometry (ESI-MS) analysis of the
reaction products of HA hydrolyzed by LHyal-(GGGS)¢-Sed1p

Next, to analyze the reaction products generated by LHyal-(GGGS)g-
Sedlp, 10 g L~! HA (~2000 kDa) was digested with 1.0 x 10* U mL~!
LHyal-(GGGS)g-Sed1p for 12 h. Samples were processed as described
above (i.e., for HPSEC) but were instead analyzed using Waters MALDI
Synapt Q-TOF mass spectrometry with an analytical reverse-phase CSH
C18 column (130 A, 2.1 x 50 mm, 1.7 ym; Waters). The mobile phase A
consisted of 0.1 M ammonium formate and the mobile phase B consisted
of acetonitrile. The chromatographic run featured mobile phase B con-
centrations ranging from 0% to 90% for linear elution over the course
of 10 min at a flow rate of 0.3 mL min~!. MassLynx software (version
4.1) was used to analyze data from all processed samples data [12].

3. Results
3.1. Selection of anchor proteins for LHyal yeast surface display

Yeast surface display is a powerful biotechnology used to isolate
and stabilize proteins [27-29]. Most target and anchor proteins are dis-
played on the surface of yeast cells as fusion proteins. Anchor proteins
use serine- and threonine-rich regions and C-terminus GPI domains to
display the target protein on the cell surface [30]. These anchor proteins
used has important effects on-cell adhesion, morphological changes, and
cell wall synthesis [31,32]. Anchor proteins were first discovered in S.
cerevisiae [30], and later in Yarrowia lipolytica [33] and P. pastoris [18].

To construct a YSD system suitable for LHyal, we selected three yeast
cell wall proteins that had been identified in previous studies [18-20].
The selected proteins included Gew51p, which is encoded in the P. pas-
toris GS115 genome, and two anchor proteins, Sed1p and Pirlp, which
are encoded in the S. cerevisiae S288C genome. LHyal was fused to the C-
and N-terminus of these selected anchor proteins, respectively (Fig. 1a
and 1b).

We first used GFP to evaluate whether glycosylphosphatidylinosi-
tol (GPI)-anchored domains could display heterogenous proteins. Under
the microscope, we found that cells carrying the plasmids pGAP(m)-
sp23-GFP-Gew51p, pGAP(m)-sp23-GFP-Sed1p, and pGAP(m)-sp23-Pirlp-
GFP exhibited different GFP fluorescence signals (Fig. 1c). Flow cy-
tometry analysis showed that the fluorescent signals emitted from the
three strains showed different offsets compared to the negative control
strain (P. pastoris GS115); we identified GFP-Sed1p as the best construct
(Fig. 1d).

Using a similar process, we displayed LHyal on the surface of P. pas-
toris. We then assayed the relative activity of LHyal released into the
medium and attached to the cell surface. We found that LHyal was
successfully anchored on the yeast surface by all three GPI domains
(Fig. 1e). Moreover, yeast cells expressing LHyal-Sed1p displayed the
highest activity, which was 3.48% and 72% higher than the activities of
LHyal-Gew51p and Pirlp-LHyal, respectively. Therefore, LHyal-Sed1p
was used for subsequent experiments.

3.2. Optimization of linkers to enhance YSD LHyal expression
Linker peptides on the surface display system can generally improve

enzyme activity by increasing the chance of contact with the substrate
or by decreasing the interference of the anchor protein on the target
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protein [24,34]. The flexibility and length of linkers is often manipu-
lated during surface display optimization because it has an important
effect on the bioactivity of multifunctional proteins. Considering that
the cell wall fusion protein may influence the activity of LHyal, we as-
sessed whether the activity of LHyal displayed on the cell surface could
be enhanced via the addition of linkers between the anchor protein
and LHyal. To this end, we designed six linkers, including the (GGGS);
linker, S2 linker (EGKSSGSESKST), the L1 linker (SGSVTSTSKTTAKT-
STST), the (EAAAK); linker, the PT linker (PTPPTTPPTTPTPT), and the
R1 linker (MQFKSIVLTLAAVTVAQA). Each of these linkers was inserted
between LHyal and Sedlp to construct different LHyal-(linker)-Sed1p
protein hybrids (Fig. 2b). Structural models for each of these protein
hybrids were created using DeepMind AlphaFold [35] These protein
models suggested that all protein constructs should fold into compact
and stable three-dimensional structures (Fig. 2a). The spatial coordina-
tion of LHyal and Sed1p were quite different when different linkers were
used, but the structure of LHyal seemed to be unaffected by the addition
of linkers (Fig. 2b).

The enzyme activity of LHyal-(linker)-Sedlp was found to be
strongly influenced by different linker types. The incorporation of a
(GGGS)3 linker increased the enzyme activity of the YSD system by
30.4% compared to LHyal-Sed1p, which contained no protein linker.
The GGGS linker includes both glycine (Gly) and serine (Ser) residues,
which provide flexibility [36], which may relieve interference of the
anchor protein on the target protein.

The activity of LHyal-(linker)-Sedlp was influenced not only in-
creased by linker type, but also by linker length [37,38]. Four linker
peptides of different amino acid unit lengths were constructed using the
flexible linker unit GGGS. LHyal-(GGGS)4-Sed1p performed the best, in-
creasing the activity of LHyal-Sed1p by 50.34% relative to the no-linker
control (Fig. 2c). These results indicated that a GGGS linker with 24
amino acids was the most suitable for the LHyal-Sed1p YSD system.

3.3. Depolymerization of HWM-HA produced by yeast surface-displayed
LHyal

Next, we analyzed the hydrolysis process of HMW-HA (~2000 kDa,
at 10 g L-1) by different amounts of yeast surface-displayed LHyal. We
found the molecular weight of HA decreased rapidly during the first
hour of interaction with different amounts of LHyal-(GGGS)¢-Sed1p.
Afterward, molecule weight stabilized at just under 10 kDa (Fig. 3a).
Therefore, it was necessary to control both the amount of LHyal-
(GGGS)g-Sed1p and the hydrolysis time in order to prepare HAs of dif-
ferent molecular weights.

According to previous studies, the final products of LHyal hydrolysis
of HA are tetrasaccharides (HA4NA), hexasaccharides (HA6NA), and a
small number of disaccharides (HA2NA) [8,12]. The total ion flow chro-
matogram of the final products of HA hydrolysis with LHyal-(GGGS)g-
Sedlp generated three separate peaks (Fig. 3b). Analysis of the mass
spectra of each peak showed that these three peaks represented HANA-
type di- (Fig. 3c), tetra- (Fig. 3d), and hexasaccharides (Fig. 3e), respec-
tively. Mass spectrometry results confirmed that LHyal-(GGGS)g-Sed1p
was able to hydrolyze HA to produce disaccharides, which is the same
final product as is produced by HA hydrolysis using free LHyal [12].

3.4. Engymatic characterization of yeast surface-displayed LHyal

To further evaluate the performance of YSD LHyal, we investigated
the influences of two major factors on enzyme catalytic activity: temper-
ature and pH. Surface-displayed LHyal-(GGGS)¢-Sed1p and free LHyal
showed the same optimum reaction temperature (45°C), while LHyal-
(GGGS)¢-Sed1p showed considerably higher activity at temperatures
higher than 50°C (Fig. 4a). Moreover, surface-displayed LHyal-(GGGS)g-
Sedlp and free LHyal also showed the same optimum pH (i.e., 6.0),
while LHyal-(GGGS)g-Sed1p exhibited slightly higher relative activity
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across a range of different pH values (Fig. 4b). Given that many indus-
trial processes may not be performed at optimal pH and temperature,
increased tolerance of differences in pH and temperature would make
surface-displayed LHyal-(GGGS)g-Sed1p more suitable for industrial HA
degradation.

3.5. Evaluation of the reusability of surface-displayed LHyal

Another consideration when developing surface-displayed LHyal
was whether the system could be reused (Fig. 5a). This would not only
decrease production costs but would also facilitate the separation of the
enzyme (insoluble) from HA oligosaccharides (soluble). To evaluate the

reusability of LHyal-(GGGS)¢-Sed1p we applied 10* U mL~! to a solu-
tion of 10 g L~ of HMW-HA. After incubation for 15 min, cells express-
ing LHyal-(GGGS)¢-Sed1lp were recovered by centrifugation and used
for another round of reactions. The resulting supernatant was then used
for an enzymatic activity assay and the process was repeated. After five
rounds of recycling, the activity of surface-displayed LHyal-(GGGS)g-
Sedlp was still about 90% of its original activity (Fig. 5b). Moreover,
we applied 10* U mL~! LHyal-(GGGS)4-Sed1p to a solution of 2 g L1
of HMW-HA. After five rounds of reacting (1 h for each cycle) and recy-
cling, the average molecular weights of each cycle of HA products were
all decreased from the original 2000 kDa to about 1.6 kDa (Fig. 5c¢).
These results suggest that YSD LHyal is highly reusable.
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3.6. Activity of YSD LHyal-(GGGS)4-Sedlp in a fed-batch fermentation
test

To test the usefulness of surface-displayed LHyal-(GGGS)¢-Sed1p for
industrial-scale production of HA oligosaccharides, we performed a high
cell density fermentation test using fed-batch fermentation in a 5 L
bioreactor. As shown in Fig. 6, the activity of surface-displayed LHyal-
(GGGS)4-Sed1p reached 3.58 x 10° U mL~! at 108 h, which was 10-fold
higher than the level measured in flask cultures. Such a high level of
productivity suggests that surface-displayed LHyal is sufficient for the
industrial production of HA oligosaccharides, and that this may simplify
the production process and decrease production costs.

4. Discussion

YSD is a very useful tool for protein engineering and has a wide range
of biotechnological and biomedical applications. Enzymes displayed on
the yeast cell surface combine protein synthesis, secretion, and immo-
bilized in a single step. In this study, cell wall proteins from S. cerevisiae
and P. pastoris were used to display LHyal, which is widely used to hy-
drolyze HMW-HA to HA oligosaccharides but requires a tedious and
cost-intensive purification step.

We found that proteins constructed using the C-terminus of LHyal are
more suitable for surface display (Fig. 1e). The enzyme activity of LHyal-
Sed1p displayed on cell surface was slightly higher than LHyal-Gew51p.
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However, according to the data of Fig 1e, the ratios of enzymes displayed
on cell surface to enzymes released to the supernatant are 4.7 for LHyal-
Sedlp and 1.9 for LHyal-Gew51p, respectively, indicating much better
cell wall anchoring capability of Sed1lp (Fig. 1e). However, Sedlp is a
cell wall protein derived from S. cerevisiae, it may slow down the syn-
thesis and secretion of the fused proteins in P. pastoris, as the overall
activity of LHyal-Gew51p is higher than LHyal-Sed1p (Fig. le). In par-
ticular, we found that the conformation of the target enzyme and its
interactions with the cell surface anchor protein play an important role
in determining enzyme activity [27]. Therefore, we tested several linker
peptides to optimize the activity of surface-displayed LHyal (Fig. 2).
Our results showed that surface-displayed LHyal using the flexible
linker peptide (GGGS)g, performed the best, showing increased thermal
stability at temperatures greater than 45°C. This suggested that surface

attachment via (GGGS), stabilized the conformation of LHyal. Further-
more, we also found that the activity of surface-displayed LHyal was
reduced when the fusion peptide linker was extended to 24 amino acids
(Fig. 2c). This effect may be due to detachment of LHyal from the cell
wall caused by the weaker mechanical strength of the extended linker.

Finally, after five rounds of reuse, we found that the activity of YSD
LHyal on HA hydrolysis decreased slightly (Fig. 5). This means that YSD
LHyal not only facilitates enzyme isolation, but also improves the utiliza-
tion efficiency of LHyal, which should reduce LHyal production costs.
We also tested surface-displayed LHyal activity when produced at scale,
realizing 3.58 x 10° U mL~! in a 5 L bioreactor. The enzyme activity
of free LHyal has been measured in our previous report as 2.12 x 10°
UmL-! [11]. which is 5.9 fold of the YSD LHyal. However, the advan-
tage of YSD LHyal is that it does not require protein purification, and
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Fig. 6. Production of yeast surface-displayed LHyal using fed-batch fermen-
tation. The recombinant P. pastoris strain carrying plasmid pGAP(m)-LHyal-
(GGGS)¢-SedIp was cultivated in a 5 L bioreactor using a fed-batch strategy
described in the Materials and Methods section. Time courses of dry cell weight
(DCW) and the enzyme activity of surface-displayed LHyal were recorded.

the cells can be reused after a quick centrifugation. The effectiveness of
this experiment demonstrates the feasibility of large-scale production of
HA oligosaccharides at a low production cost.
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