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Summary

To further extend the practical application of a ther-
mostable and acidic resistance f-mannanase
(ManAK) in animal feed additives, an effective strategy
that combined directed evolution and metabolic engi-
neering was developed. Four positive mutants
(P191M, P194E, S199G and S268Q) with enhanced
specific activity (25.5%-60.9%) were obtained. The
S$199G mutant exhibited 56.7% enhancement of speci-
fic activity at 37°C and good thermostability, and this
was selected for high-level expression in P. pastoris
X33. A multi-functional and scarless genetic manipu-
lation system was proposed and functionally verified
(gene deletion, substitution/insertion and point muta-
tion). This was then subjected to Rox1p (an oxygen
related transcription regulator) deletion and Vitre-
oscilla haemoglobin (VHb) co-expression for high
enzyme productivity in P. pastoris X33VIIManAKS'99¢,
An excellent strain, named X33VIIManAK®S'%%¢ Arox1::
VHb, was achieved by combining these two factors,
and then the maximum enzymatic activity was further
increased to 3753 U ml™', which was nearly twice as
much as the maximum production of ManAK in P. pas-
toris. This work provides a systematic and effective
method to improve the enzymatic yield of f-man-
nanase, promotes the application of ManAK in feed
additives, and also demonstrated that a scarless
genetic manipulation tool is useful in P. pastoris.

Introduction

In recent years, p-mannanases, one of the main hemicel-
lulose enzymes, have attracted considerable attention
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due to the increasing demand for sustainable and
renewable bio-resources and their application within
industrial areas (Yamabhai et al., 2016). p-mannanases
can be utilized for the preparation of mannooligosaccha-
ride (MOS) prebiotics by enzymatic hydrolysing plant cell
walls (Srivastava and Kapoor, 2017; Srivastava et al.,
2017); eliminating anti-nutritional factors in corn soy-
based feed (Dhawan and Kaur, 2007); and improving
coffee extraction efficiency by decreasing viscosity
(Sachslehner et al, 2000). Additionally, f-mannanases
are employed in the pulp and paper industry (Gibitz
et al., 1997), and for cleaning detergents and biofuels
(Choi et al., 2015).

p-mannanase (EC 3.2.1.78), commonly known as an
endo-acting enzyme, can randomly cleave (1—4)- p-D-
mannosidic bonds in the backbone of different mannans
(Malgas et al., 2015). According to the categories of the
CAZY database (www.cazy.org), pB-mannanases are
divided into four glycoside hydrolase (GH) families, viz.
5, 26, 113 and 134. Most of the p-mannanases belong
to the GH5 and GH26 families, and the remaining few
are members of the GH113 and GH134 families. Some
GH5 and GH113 B-mannanases have transglycosylation
activities, in which a carbohydrate hydroxyl acts as the
acceptor to form MOS, or other mannosides, instead of
water (Vocadlo and Davies, 2008).

ManAK is a thermophilic and acidophilic GH5 family
B-mannanase from Aspergillus Kawachii IFO 4308. This
enzyme has previously been demonstrated to display
good potential for the preparation of MOS prebiotics
from konjac gum, locust bean gum, and guar gum (Liu
et al, 2020). It is commonly recognized that ther-
mostable and acidophilic enzymes are also desired in
feed additives, since good thermal tolerance enables an
enzyme to withstand the instantaneous high tempera-
ture required for the feed pelleting process. In addition,
due to the acidic environment (pH 1.5-3.5) present
within the digestive tract of monogastric animals, aci-
dophilic enzymes that are able to retain high enzyme
activities in an acidic pH range are welcomed (Zhang
et al., 2010). Therefore, we tried to further consider the
potential utilization of ManAK in feed additives. Even
though the maximum vyield of ManAK that could be
reached was 11,600 U mI™" under optimal conditions for
enzymatic activity (75°C and pH 3.0) using high cell
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density fermentation (HCDF), the corresponding vyield
decreased to about 1900 U mI" (37°C and pH 5.5)
according to the Chinese Standards of f-mannanase for
animal feed (GB/T36861-2018) (Liu et al, 2020). This
low yield would have a corresponding high production
cost, and this hinders the practical utilization of ManAK
in feed additives. In general, a high specific activity of
enzyme and high protein productivity from the produc-
tion strain are two key factors that determine the final
enzymatic activity yield. Because higher specific activity
of enzyme means more total enzymatic activity under
the same protein vyield, there is a continual need to
improve the specific activity of ManAK.

Directed evolution methodology has proved to be a
powerful method to redesign enzymes and enables
researchers to engineer robust enzymes to meet the
demands of industrial processes (Markel et al., 2020).
Furthermore, directed evolution has shown potential for
unlocking novel enzymatic reactions, such as formation
of C-Si and C-P bonds (Kan et al., 2016, 2017). Unlike
a rational design strategy, directed evolution methodol-
ogy can uncover beneficial mutation sites that improve
specific activity and that are far from the catalytic core
of the enzyme (Zhang et al, 2019). A computational-
based rational design strategy normally predicts promis-
ing mutation candidates for specific activity changes,
based upon enzyme-substrate docking results, and
selects mutants from within the catalytic core (Cheng
et al,, 2015; Tang et al., 2018; Yin et al, 2018). Thus,
theoretically, a directed evolution methodology could
give more diverse mutants that benefit enzymatic speci-
fic activity.

A high protein productivity of the production strain is
the other key factor that determines the final enzymatic
activity yield of industrial enzymes. There are a vast
number of strategies for improving the protein productiv-
ity in P. pastoris, such as a multi-copy strategy (Teng
et al, 2015), optimizing promoters and integration
events (Prielhofer et al., 2013; Schwarzhans et al.,
2016; Vogl et al., 2018), facilitating protein folding and
secretion (Li et al., 2016), selecting proper host strains,
HCDF, etc (Ahmad et al., 2014). HCDF can increase
the protein productivity in P. pastoris (Tolner et al.,
2006). During this process, oxygen demand is extre-
mely high, and the oxygen supply critically influences
the final protein yield (Wang et al, 2012; Wu and Fu,
2012; Liu et al., 2015; Zhao et al., 2020). Co-expression
of Vitreoscilla hemoglobin (VHb) seems to be a rational
way to alleviate this problem. VHb was firstly discov-
ered in the aerobic bacterium Vitreoscilla in the 1960s.
A function study indicated that VHb tends to efficiently
bind oxygen at low O, concentrations and deliver it to
terminal respiratory oxidases, and this improves respira-
tory efficiency and ATP synthesis. High oxygen binding

and releasing ability makes it possible to alleviate the
limitation of high oxygen demand during the HCDF pro-
cess (Stark et al., 2015). However, it is not necessarily
correct that P. pastoris could yield higher level protein
productivity under hypoxic conditions than under fully
aerobic conditions. This has been confirmed by several
recent studies and was partially ascribed to the tran-
scriptional regulation by Rox1p. Under aerobic condi-
tions, Rox1p can function as a heme-dependent
transcription regulator that terminates the transcription
of a series of hypoxia-induced genes. Further studies
confirmed that knocking out of the Rox1p encoding
gene (rox1) in yeast, could not only alter lipid classes
that benefit protein secretion, but could also upregulate
translation elongation factor ANB1 that accelerates pro-
tein synthesis in P. pastoris (Liu et al., 2015; Martinez
et al., 2016).

Repeated genome editings, such as insertion, dele-
tion, substitution, and point mutation of target genes,
require powerful genetic manipulation tools. Resistant
genes, which serve as conventional selectable markers
for genetic manipulations, cannot provide multi-chromo-
somal loci editing, due to the unavailability of enough
antibiotic-resistant marker genes (Dong and Zhang,
2014). Among four well-known markerless or scarless
genetic editing systems, such as a site-specific-based
recombination method, counter-selection system, phage
recombinase-mediated ssDNA-directed system, and the
CRISPR/Cas9 system, a counter-selectable system has
been widely used for scarless genetic manipulation in
Bacillus (Wu et al., 2017). There are several advantages
that might be responsible for this, such as completely
scarless genetic manipulation (without leaving a specific
redundant sequence), multi-functional (insertion, deletion,
substitution, and point mutation), versatile and relative
ease of manipulation (Lin et al., 2013; Wu et al., 2017).
Considering classical genetic manipulation by homolo-
gous recombination using selection markers are most
applied, it is necessary to develop similar scarless
genetic manipulation system specifically for P. pastoris
(Fischer and Glieder, 2019).

This study undertook a systemic strategy to develop
cost-effective industrial enzymes, in terms of enhanced
specific activity through directed evolution, and construc-
tion of a high protein productivity strain via genetic
manipulation of P. pastoris. Specifically, at the first
stage, the specific activity (at 37°C) of ManAK was
enhanced by directed evolution to comply with the appli-
cation requirement in animals. At the second stage, the
best mutant was subjected to high level expression in P.
pastoris using a multi-copy strategy, and optimizing oxy-
gen-related metabolism regulation, via a versatile aux-
otrophic-antibiotic counter-selectable cassette (AACC)
genetic manipulation system.
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Result and discussion

Screening high specific activity mutants produced by
directed evolution

For the purpose of enhancing the specific activity of
ManAK at 37°C, an error-prone PCR-based directed
evolution methodology was undertaken to construct a
mutation library in P. pastoris. As described in Fig. 1,
the mutation library was first constructed in E. coli
DH5a, in order to gain a collection of recombinant plas-
mids that were used for the sequential transformation
and selection of positive mutants in P. pastoris.
Approximately 10 000 clones were picked up and inoc-
ulated into 48-well deep plates for the first round of
screening, during which the mutants showing > 20%
higher enzymatic activity than the control group (~ 200
clones) were selected for the second round of screen-
ing. The second round of screening was also per-
formed in 48-well deep plates to further confirm the

Error-prone PCR for introduction of
genetic diversity

Boosting the expression of ManAK in P. pastoris 1527

results from the first round of screening. From this, 120
clones were left for the third round of screening in 100-
ml shake flasks, and 42 transformants showing
enhanced enzymatic activity were used for preparation
and purification of enzymes. Because these mutants
were fusion proteins with 6xHis tags at the C-terminal
end, the target protein was easily purified by the Ni-
affinity chromatography method. Finally, four positive
mutants (P191 M, P194E, S199G and S268Q) with
enhanced specific activity were selected for biochemi-
cal analysis. Multiple copies of target genes with appar-
ently enhanced enzymatic yield can be achieved in P.
pastoris (Teng et al., 2015). This might be responsible
for most of the excluded mutants in the final selection
process. Therefore, making directed evolution in S.
cerevisiae by using episomal vectors, and thereafter
transferring the best variants to P. pastoris for overpro-
duction in bioreactor might be a good option for future
campaigns (Molina-Espeja et al., 2015).

High-fidelity PCR for preparation of

vector segments

®
*

%

3

Fig. 1. Flowchart of directed evolution methodology used in this work.

-
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transformation P. pastoris X33
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Evolved mutants with enhanced specific
activity
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Biochemical characterization and kinetics of positive
mutants

Resolution of mutants by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) indicated
that four positive mutants shared the same molecular
weight (~ 55 kDa) with the wild-type enzyme (Fig. S2),
and the molecular weight of deglycosylated mutants was
about 45 kDa, which was 10 kDa lower than their glyco-
sylation forms. This suggested that the glycosylation pat-
tern of ManAK was not apparently altered by these four
single-point mutations (P191 M, P194E, S199Gand
S286Q) (Cheng et al., 2015; Liu et al., 2021). As shown
in Table 1, the specific activities of four mutants were
improved, with 25.5%—-60.9% enhancement compared
with ManAKH. According to the temperature profiles
(Fig. 2A and B), three mutants (P194E, S199G and
S268Q) shared the same optimal temperature (75°C),
while that of the P191 M mutant decreased to 70°C. It
was also noteworthy that the relative activities of the four
positive mutants at a low temperature range (40—65°C)
were also apparently increased compared with ManAKH.
This might be responsible for their enhanced specific
activities at 37°C. As for their thermostability, the half-life
(ti2) parameters for enzymatic activity at 75°C of
P191 M and P194E were decreased to 1.5 min and
15.6 min, respectively. By comparison, no significant
changes to the thermostability of the S199G and S268Q
mutants were detected. Compared with ManAKH, the pH
properties of the four mutants were virtually unchanged
(Fig. 2C and D). The optimal pH scales for enzymatic
activity were 2—6, and these four mutants retained 80%
of their initial activity after a 2-h pre-incubation at differ-
ent buffered pHs (pH 2-8).

The kinetic parameters of the four mutants were calcu-
lated by non-linear regression analysis of experimentally
obtained data (Fig. S3). As described in Table 2,
P191 M, P194E and S268Q displayed significant
enhancement of catalytic efficiencies, among which the
Kkeat/ Ky values of P191 M increased to 438.8 ml s-mg™
and 87.8% higher than that of ManAKH. The k../K of

Table 1. Comparison of properties of wild-type and designed
ManAK mutants.

t2 (75°C)? Specific activity

Name To (°C)  (min) PHop  (Umg™)
ManAKH 75 40.9 2.0 200 + 10
P191 M 70 15 2.0 290 + 10
P194E 75 15.6 3.0 330 + 11
S199G 75 38.7 3.0 318 £ 6
S268Q 75 47.9 2.0 255 + 6

a. t» was defined as the time needed for loss of half of the initial
enzymatic activity at 75°C.

P194E decreased to 120.4 ml/s mg™', mainly due to an
increased K, value (2.1 mg ml™).

Structural-functional relationships of the four positive
mutants

In terms of spatial distribution, three mutation sites (P191,
P194 and S268) were located in the catalytic core of
ManAK (Fig. S4). Due to proline can adopt only a few
configurations and restricts the configurations allowed for
the preceding amino acid residue, mutation Pro—Xaa
should increase the local flexibility of catalytic core, while
in contrast, Glycine is the most flexible (Sriprapundh
et al., 2000; Vieille, 2001; Bu et al., 2018). Meanwhile,
enzyme-substrate docking analysis indicated that S268
could form a carbon hydrogen bond with mannotetrose
(Liu et al., 2020). Thus, their mutations probably perturb
the catalytic characteristics of the enzyme. The mutation
site, S199, was located outside the enzyme catalytic core;
hence, it is likely that this site probably does not interact
directly with the substrate. However, substituting S199 by
the most flexible amino acid residue G could facilitate the
flexibility of 187-198 loop. Improving the flexibility of the
catalytic core is a widely adopted strategy for enhancing
the catalytic activity of the enzyme (Huang et al., 2014;
Dong et al., 2016; Zheng et al., 2018). P191 M, P194E
and S199G could directly or indirectly increase the flexibil-
ity of the catalytic core of enzyme, thus presumably facili-
tating the reaction at the catalytic residue E190. Similar
result has been reported in the cellulase GiCel5 from
Gloeophyllum trabeum CBS 900.73, in which mutation
N233G could increase the flexibility of loop 6 and enhance
the interactions between enzyme and substrate (Zheng
et al., 2018). Besides, mutants showing a higher catalytic
activity at low temperatures tend to have an improved flex-
ibility of the structural catalytic components compared with
their wild-type enzymes (Chiuri et al., 2009). This might
be an explanation for the improved specific activity of
mutants at low temperatures. Similar results were also
observed in two mutants (N233G and N233A) of the cellu-
lase GtCel5 (Zheng et al., 2018).

The thermostability of the enzyme can be enhanced
by decreasing the entropy of unfolding; thus, the muta-
tions Gly— Xaa or Xaa —Pro have been frequently used
in engineering thermostable enzymes (Vieille, 2001; Xie
et al., 2014; Yu et al.,, 2017; Sun et al., 2019). This might
be responsible for the decreased thermostability of the
three mutants (P191 M, P194E and S199G) in this work.
Additionally, non-covalent bond changes could help to
understand the thermostability shifting caused by the
mutations (Fig. S5). Modelling analysis indicated that
introducing a Met at the original site of P191 could prob-
ably substitute the weak carbon—hydrogen bond with a
new sulphur-t non-covalent bond, and additionally
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Fig. 2. Determinations of T, (A), ti2 (75°C) (B), pHopt (C) and pH stability (D) of positive mutants. pH stability was defined as the residue
activity after a 2-h pre-incubation in different buffers (pH 1-8) at room temperature.

Table 2. Kinetic parameters of wild-type and designed ManAK
mutants.

K Vinax Keat Keat/ Kim
Name (mg ml™" (Umg™) (1s™ (ml's mg™)
ManAKH 0.7 + 0.1 255 + 3 172.9 233.7
P191 M 0.6 + 0.1 386 + 8 254.5 438.8
P194E 0.9 £ 0.1 460 £ 7 303.1 356.6
S199G 21 +02 390 + 13 255.2 120.4
S268Q 1.0 + 0.1 380 + 10 248.0 255.7

introduce two alkyl hydrophobic non-covalent bond inter-
actions. However, this alteration could hardly compen-
sate for the negative effect of entropy of unfolding on
thermostability caused by a Pro — Xaa mutation. The
P194E mutation could change a positive alkyl hydropho-
bic non-covalent bond interaction to a negative charge—
charge interaction. The S199G mutation decreased a
conventional hydrogen bond formed with D197, due to

S199 and D197 located at the same a-helix secondary
structure, which theoretically has a weak influence on
the stability of the local tertiary structure. Mutation at site
S199 is located at a different secondary structure from
the catalytic residue E190; so the mutation effect on
thermostability of S199G was apparently weaker than
either P191 M or P194E. The S268G mutation could not
bring either non-covalent bond interaction change or
increased entropy of unfolding; therefore, no significant
thermostability change was detected. There are a num-
ber of factors that could be responsible for the influences
of point mutations on the thermostability of enzymes,
such as types of amino acid and locations, glycosylation
and disulfide bonds, non-covalent bond interactions (hy-
drogen bond, salt-bridge, hydrophobic interaction, and
charge-charge interaction), and energy effects (Ding
et al., 2002; Xue et al., 2012; Craig and Dombkowski,
2013; Yu et al., 2017; Rigoldi et al., 2018). Therefore,
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the underlying mechanisms of point mutations on ther-
mostability might be varying for each mutant and should
be explained specifically.

Constructing a high-level expression strain using mutant
§5199G

A multi-copy strategy has been verified to be an efficient
method for gaining high protein yield in P. pastoris (Ahmad
et al., 2014; Teng et al., 2015). Furthermore, it is normally
the initial strategy considered for constructing high-level
expression strains (Zhou et al., 2020). After three rounds of
screenings, the recombinant strain (named X33VIIMa-
nAKS'99G) showed the highest enzyme yield (~ 150 U ml™)
from a shake flask and was used for the following study.

Verification of the functions of AACC system in P.
pastoris

The uracil auxotrophic strain (named X33VIIManAKS199¢
Aura3) was constructed by using the 5-FOA method

/H.u—

=—y/
J—

(Nett and Gerngross, 2003) and used for the following
genetic manipulation process (Fig.3). Phenotype identifi-
cation and DNA sequencing analysis indicated that the
ura3 gene of X33VIIManAKS'9%¢ was successfully
knocked out (Fig. S6). To test the gene deletion effi-
ciency of the AACC system in X33VIIManAKS'9%¢
Aura3, the target gene (rox1) encoding a heme-depen-
dent transcription regulator was knocked out. As
described in Fig. 4A, the target transformants generated
from a second single crossover process displayed a
stable uracil auxotrophic phenotype that could be conve-
niently screened by MDUF plates. The resulting mutant
X33VIIManAKS'9%¢  Aura3Arox1 was achieved with
100% counter-selectable efficiency and 35.7% mutation
efficiency, indicating that the AACC cassette could be
successfully eliminated and the desired mutants could
easily be selected.

To test the gene insertion/substitution efficiency, the
gene vgb was designed to specifically integrate into the
rox1 locus of X33VIIManAKS'%°% Aura3. As shown in
Fig. 4C, all tested mutants from the second single

(I) Deletion

(IT) Insertion

(III) Substi

ion

(IV) Point mutation

)

(1) or (1II)

)
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l Step 1 Transformation in to P. pastoris X33Aura3

- o
W_GOL W (e (D
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o
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Positive recombinants are resistant to antibiotic Zeocine

l Step 2 Counter-selection on MDUF plates
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Fig. 3. Schematic illustration of AACC system for gene deletion, substitution, insertion and point mutation in P. pastoris. DG, SG and GOI rep-
resents deleted gene, substituted gene and gene of interest, respectively. Asterisk represents point mutation site.
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Fig. 4. Functional verification of AACC for gene deletion, insertion/substitution and point mutation.

A. Verification of the positive strain X33VIIManAKS'®*¢Aura3Arox1 by MD and MDU plates; (B) Verification of the positive strain
X33VIIManAKS'®*¢Aura3A rox1 by PCR amplification; (C) PCR detection for vgb substitution at rox7 locus of in X33VIIManAKS'9°GA yra3; (D)
DNA sequencing for verification of introduced double mutation sites in ManAK. The theoretical molecular weight of PCR products for
X33VIIManAKS'®9¢A ura3A rox1 decreased to 1000 bp from 2000 bp. Substituting gene rox7 with vgb lead to the molecular weight of PCR pro-
duct decreasing from about 1000bp to 500 bp. The molecular weight distributions (from bottom to top) of the DNA marker are 250, 500, 1000,

2000, 4000, 7000 and 10 000 bp, respectively.

crossover process were successful in eliminating the
AACC cassette. Half (12/24) of the desired mutants
(X83VIIManAKS'99¢  Aura3Arox1::vgb) were obtained,
which was identical with the theoretical success rate
(50%) for AACC system insertion/substitution of target
genes.

The mutation efficiency of the AACC system for intro-
ducing point mutations in the genome of P. pastoris was
also examined. A single copy ManAK producing strain
(X33IManAKAura3) was adopted to introduce two single
point mutations (T33Y and T38Y) simultaneously (Fig. 4
D). DNA-sequencing analysis gave a 58.3% (14/24) suc-
cess rate for this process, which demonstrated the appli-
cability of the AACC system in generating point
mutations in P. pastoris. Overall, the AACC system
developed in this work was proved to be multi-functional
and an easy accessible tool for genetic manipulation of
P. pastoris.

Effects of rox1deletion and/or VHb coexpression on
enzyme yields

It has been verified that intracellular heme levels and the
transcription regulator Rox1p are two crucial factors

correlated with recombinant protein yield in yeasts
(Wang et al., 2012; Stark et al., 2015; Martinez et al.,
2016; Zhou et al., 2020). Normally, the industrial HCDF
process of P. pastoris (Mut") is divided into two stages
based on the DO levels. At the early stage of methanol
induction (0-60 h), the DO level can be kept at 20% or
higher, due to the relatively low cell weight and protein
production strength. After that, DO often becomes a limi-
tation for cell respiration and protein synthesis. There-
fore, in this section, the gene rox1 was knocked out to
facilitate protein production during the aerobic stage, and
haemoglobin VHb was co-expressed to benefit oxygen
delivery and respiration metabolism at the anaerobic
stage.

The enzyme yield of recombinant strain X33VIIMa-
nAKS'99¢ was apparently enhanced by the HCDF pro-
cess. The maximum enzymatic activity reached 2380
U mi™" and the yield of crude protein was 8.42 g I'! after
180 h of fermentation. This enzymatic activity yield was
14.9 times higher than that from shake flasks. For evalu-
ating the influences of a rox7 deletion on enzyme pro-
duction, a strain named X33VIIManAKS'®%¢ Arox1 was
constructed and subjected to the HCDF process. As indi-
cated in Fig. 5, the rox1 deletion strain displayed a
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higher enzymatic activity than X33VIIManAKS'9%G
throughout the entire methanol induction phase. The
maximum enzymatic activity for X33ManAKS'®*¢Arox1
reached 3462 U ml', which was 1.5 times as high as
that of X33VIIManAKS'9°C. |n addition, the total extracel-
lular protein yield of X33ManAKS'%CArox1 was
enhanced to 11.5 g I'". However, no significant change
of biomass yield was detected, which suggested that the
rox1 deletion only has a weak influence on cell growth
(Liu et al., 2015).

Co-expression of VHb in X33VIIManAKS'®®¢ could
also enhance enzymatic activity in the HCDF process.
The modified strain X33VIIManAK®'9*Gura3:VHb almost
reached the highest enzymatic activity (3206 U ml™)
after 140 h, which was 24 h earlier than X33Man-
AKS'99G - Furthermore, the final wet cell weight of
X33VIIManAKS'®%Cyra3: VHb reached 415 g I, which
was higher than that of X33VIIManAKS'9%¢ at 363 g I'".
Compared with X33VIIManAKS'%G  the X33VIIMa-
nAKS199€ ra3::VHb tolerated a higher methanol feeding
rate (8 vs. 5 ml " h™") during the HCDF process. VHb
can enhance oxygen uptake and promote ATP synthesis
and respiratory efficiency, thus strengthen cell growth
and protein synthesis (Stark et al., 2015). When consid-
ering energy consumption as the major element in man-
ufacturing costs, the shortened fermentation time of the
HCDF process further improves the market competitive-
ness of industrial enzymes (Jahic et al., 2006).

A combined strategy was also adopted to construct
the improved enzyme production strain, X33VIIMa-
nAKS199¢ Arox1:VHb. As shown in Fig. 5C, the maxi-
mum  enzymatic activity and total vyield of
X33VIIManAKS'9® A rox1:VHb were further increased
to 3753 Uml™" and 12.8 g I, respectively. The maxi-
mum enzymatic activity yield of X33VIIManAKS'9%G
Arox1::VHb was nearly twice as much as that of ManAK
in P. pastoris (Liu et al., 2020). Moreover, X33VIIMa-
nAKS'9°G A rox1:VHb reached the high enzymatic activ-
ity at an earlier fermentaton time than
X33VIIManAKS'9¢ and X33VIIManAKS'#*GArox1, and
displayed a positive effect on cell growth. This indicated
that deletion of rox1 combining with co-expression of
VHb was a feasible way to gain high protein yield in P.
pastoris. Co-expression of VHb in X33VIIManAKS'99CG
Arox1 could further enhance the enzyme vyield by 8.4%,
however, when X33VIIManAKS'®*¢ was co-expressed
with VHB, the enzyme activity was increased by 34.7%
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compared with X33VIIManAKS'%°C. This mainly because
the production of secreted protein in P. pastoris was
restricted by several factors, such as limits in transcrip-
tion and translation, incomplete protein folding and ineffi-
cient extracellular secretion capacities (Ahmad et al.,
2014). The enzyme production will reach its limit at a
specific condition, where further optimizing the oxygen
uptake of the strain will not enhance the enzyme yield
any further (Li et al., 2015).

In summary, a directed evolution methodology was
adopted to improve the specific activity of ManAK at
37°C whilst retaining good thermostability and acidic
resistance. Equally important, an easily accessible, multi-
functional and scarless genetic manipulation system
(AACC) was implemented to enhance enzymatic produc-
tion in P. pastoris by knocking out gene rox1 and co-ex-
pressing VHb. The maximum enzymatic activity of
X33VIIManAKS'9%¢ A rox1:VHb was increased to 3753
U ml™, which was nearly twice as much as the maxi-
mum production of ManAK in P. pastoris. Consequently,
this study provides a systematic and effective method for
improving the enzymatic activity yield of industrial
enzymes in P. pastoris and promotes the application of
ManAK in feed additives.

Experimental procedures
Materials

The main strains and plasmids ordered or constructed in
this study are listed in Table S1. The main media used
in this study were listed in Table S2. The gene encoding
ManAK has been deposited in GenBank, with accession
number MN539024. The Instant error-prone PCR Kit
(TIANDZ, Beijing, China) was used for construction of a
mutation library. All other chemicals and reagents
ordered in this work were of analytical grade.

Mutation library construction and high throughput
screening

The mutation library of ManAK was constructed accord-
ing to the instructions of the Instant error-prone PCR Kit,
and the mutation rate was controlled at 2.0 base substi-
tutions per gene. The expression plasmid pPICZaA was
linearized by Superfidenty Phata Max polymerase
(Vazyme, Jiangsu, China) and purified using a Cycle-
pure kit (Omega, GA, USA) for ligation with purified

Fig. 5. Evaluation of rox1 deletion and VHb co-expression on enzymatic activity yield of ManA

KS199C in the HCDF process.

A. Comparison of enzymatic activity and wet cell weight for X33VIIManAKS'9°¢ Arox1 and X33VIIManAKS'9°C; (B) Comparison of enzymatic
activity and wet cell weight for X33VIIManAKS 9% yra3:VHb and X33VIIManAKS199€; (C) Comparison of enzymatic activity and wet cell weight
for X33VIIManAKS'9%¢ Arox1::VHb and X33VIIManAKS'9%¢, The enzymatic activity and wet cell weight were marked as circles (O) and squares
(00), respectively. The fermentation data for the X33VIIManAKS'9%G was marked in black, and that for the other strains was marked in red.
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error-prone PCR products by ClonExpress® Il One Step
Cloning Kit (Vazyme). Then, the recombinant plasmids
were transformed into DH5a competent cells for propa-
gation. After that, all the clones selected on LB plates
(Zeocin, 25 ug ml™") were washed out for the plasmids
and extracted using an E. coli plasmid extraction kit
(Omega). Finally, extracted plasmids were linearized by
Sacl restriction enzyme (Thermo Scientific, Waltham,
MA, USA) and transformed into P. pastoris X33 for high
throughput screening of high specific activity mutants.

High throughput screening was performed in 48-well
deep plates containing 0.8-ml liquid BMGY medium per
cell. The mutation library underwent three rounds of
screening in accordance with a previously reported
method (Zhang et al, 2019). The positive variants
selected in the first round of screening were further con-
firmed by two consecutive re-screenings in 48-well deep
plates and 100-ml shake flasks, respectively. The trans-
formants with apparently enhanced enzymatic activity
(> 20%) when compared with the single-copy strain
X33IManAK, were selected for enzyme preparation,
purification and identification analysis.

Enzyme activity assay and biochemical identification of
mutants

Enzymatic activity was assayed at 37°C, pH 5.5 accord-
ing to 3,5- dinitrosalicylic acid (DNS) method (Miller,
1959). The reaction system containing 40-ul diluted
enzyme and 40-ul 0.6% (w/v) locust bean gum was
firstly incubated at 37°C for 30 min, then, 100 ul DNS
regent was added to terminate the reaction. After boiling
at 100°C for 10min, 150-ul reaction mixture was trans-
ferred to 96-well-ELISA plates for absorbance measure-
ment at 540 nm using a microplate reader MultiskanFC
(Thermo Scientific). One unit (U) of B-mannanase activity
was defined as the amount of enzyme needed to pro-
duce 1 pmol of reducing sugars per min.

All the enzymes were purified by a Ni-affinity chro-
matographic method using a Ni sepharose 6 FF column
(GE Healthcare, USA) according to the manufacturer's
instructions. A more detailed procedure for this has been
well developed and described previously (Liu et al,
2013). The protein concentration was determined
according to the Bradford method (Bradford, 1976).

For overall evaluation of the effects of mutation upon
the enzyme, basic biochemical properties, including opti-
mum temperature (Toy), half-life (t1,2) of inactivation at
75°C, optimal pH (pHop), pH stability and kinetic param-
eters, were performed in compliance with our previously
published work (Liu et al., 2021). Specifically, Topt Was
determined by measuring the relative activities of
enzymes at various temperatures ranging from
40°C-90°C at intervals of 5°C. The t,» value was

measured by detecting the residue activity of the
enzyme pre-incubated at 75°C for different time intervals
(5, 10, 15, 20, 25, and 30 min) and calculated by Eq. (1)
(Yu et al., 2017).

ti2=In(2)/kq (1)

where the first-order deactivation rate constant (ky;) was
determined by linear regression of In (residues activity)
versus the pre-incubation time (f) at 75°C. Kinetic param-
eters of enzymes were determined by measuring
enzyme activity at different substrate concentrations
(0.1-10 mg mI™* locust bean gum). K, and V.. were
calculated plotting initial velocity versus substrate con-
centration (Michaelis-Menten plot) (Ramesh et al., 2019).

Modelling analysis of mutants

The three-dimensional structures of mutants were auto-
matically modelled using the Phyre? program with refer-
ence to a reported crystal structure of ManBK (PDB
code: 3WH9; 95% identity) (Kelley et al., 2015). Non-co-
valent bond interaction analysis was performed by Dis-
covery studio 2018 software. PyMOL software (version
1.7.2; Delano Scientific, San Carlos, CA, USA) was used
for figures production of publication quality.

High-level expression strain construction and HCDF
process

The liquid post-transformational vector amplification
(PTVA) method was used to construct multi-copy strains
in P. pastoris. Briefly, the recombinant expression plas-
mid pPIC9k-ManAKS'9°C was linearized by Sacl/ and
electro-transformed into P. pastoris X33. Then, the trans-
formants underwent continuous cultivation in YPD liquid
medium containing a series of concentrations (0.5, 1.0,
2.0, and 3.0 mg ml™") of the antibiotic G418. Finally, the
transformants were cultured in 3.0 mg mI™ antibiotic for
24 h, diluted, and then spread on the YPD solid plates
containing the same concentration of G418. Approximate
1000 clones were further screened to gain high-level
expression strains according to a previously reported
method (Zhang et al., 2019). The copy number of the
selected high-level expression strain was determined by
a quantitative PCR method according to a published
method (Yu et al., 2020).

The HCDF process was conducted in a 7-1 fermentor
according to Pichia fermentation protocols (Invitrogen).
In detail, 200 ml of prepared seeds in shake flasks were
transformed into the fermentor containing 3 | basal salt
medium and 12 ml PTM1 trace salts solutions. The
entire process was divided into three stages (Glycerol
batch, Glycerol fed-batch, and methanol fed-batch) under
constant fermentation temperature and pH conditions
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(29.5 £+ 0.5°C and pH 4.9 + 0.1). During the methanol
fed-batch stage, the accumulation of methanol was
detected by the dissolve oxygen (DO) spike method,
and the feeding rate of methanol was adjusted to main-
tain a stable growth state for enzyme production. The
DO could be kept higher than 20% in the former 60 h of
methanol fed-batch process, after that, it becomes lower
due to the limitations of instruments and high biomass.
The entire HCDF process was sustained for about
180 h, and samples at different time points were col-
lected and analysed.

Construction of the AACC plasmids and recombinant
plasmids

Relevant properties and resources of necessary plas-
mids and genes are listed in Table S1. All of the primers
used in recombinant plasmid construction were automati-
cally designed by CE Design Version 1.04 software
(Vazyme). The counter-selection system AACC was con-
structed by replacing the AOX1 expression cassette in
pPICZaA plasmid with an URA3 expression cassette,
which was amplified form the genome of P. pastoris.
The knock-out plasmid pPZUAACCArox1 was con-
structed by incorporating the upper homolog arm (UHA)
and down homolog arm (DHA) of gene rox1 to the 5'-
end of the URA3 expression cassette. The knock-in
plasmid pPZUAACCArox1:VHb was constructed by
inserting a VHb expression cassette (Paoxi::vgb)
between UHA and DHA of pPZUAACCArox1 (Fig. S1).
The substitution plasmid pPZUAACCArox1::vgb was
constructed by inserting the vgb gene between the UHA
and DHA of pPZUAACCArox1. Point mutation plasmids
pPZUAACCManAK T33Y+ T38Y were obtained by incorpo-
rating ManAK T33Y+ T38Y {5 the 5-end of the URA3
expression cassette. The plasmid pPICZUura3::VHb was
constructed by inserting a VHb expression cassette
(Paoxi::vgb) to the 5-end of a URAS3 expression cas-
sette that could be used as a DHA for double crossover
recombination. The 1000 bp DNA sequence upstream of
the URAS3 expression cassette in the genome of P. pas-
toris was selected as the UHA.

Transformation and screening genetic modified strains

X33VIIManAKS'9%®Aura3 and X33IManAKAura3 were
obtained by deleting ura3 in the genome of X33IManAK
and X33VIIManAKS'%®, respectively. In detail, a knock-
out fragment of ura3 was transformed into X33IManAK
and X33VIIManAKS'®® and screened on MDUF plates.
The surviving clones underwent further selection on MD
and MDU plates. Clones able to only grow on MDU
plates were selected for DNA sequencing to verify the
sequence accuracy. X33VIIManAK®S'®*GAyra3arox1,
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X33ManAKS'%CAyra3Aarox1:vgb, and  X33IManAK
T83Y+ T38YAura3 were constructed by transforming
pPZUAACCArox1, pPZUAACCArox1::vgb, and pPZUA-
ACCManAK T3Y* T38Y into X33VIIManAKS'9*¢Aura3
and X33IManAKAura3, respectively. The transformants
were firstly screened on YPDZ plates (Zeocin 100 pg
ml"). PCR amplification of target DNA segments with
specifically designed primers was then undertaken to
ensure that the right recombinant was present within the
genome of P. pastoris. Positive transformants were
innoculated into YPD liquid medium and cultured at
30°C and 220 rpm overnight for inducing the elimination
of the AACC cassette. Then, the culture was diluted
10°-10%, and spread on MDUF plates for the counter-
selection process.

X33VIIManAKS'9C  Arox1 and  X33ManAKS'99¢
Arox1::VHb were constructed by transforming the URA3
expression cassette into X33VIIManAKS'%°¢Aura3Arox1
and X33ManAKS'%CAura3Arox1:VHb, and clones
selected on MD plates. Positive transformants were fur-
ther identified by DNA sequencing of target segments.
The segment between two homolog arms in plasmid
pPICZUura3:VHb was amplified and transformed into
X33IManAKAura3 competent cells. Positive transfor-
mants (named X33VIIManAKS'%°Cyra3:VHb) were
selected on MD plates and further identified by DNA
sequencing of the target segment.

Scheme for genome modifications using the AACC
system

The universal vector (pPZUAACC) for genome modifica-
tion in X33VIIManAKS'9°¢ Ayra3 was constructed by
substituting the original AOX1 expression cassette in
pPICZaA, with an URAS3 expression cassette. Designed
DNA fragments for genetic manipulation can be inserted
upstream of the URA3 expression cassette and trans-
formed into E. coil, firstly for recombinant plasmid
(PPZUAACCX) verification and propagation. The recom-
binant plasmid was then linearized at sites of homology
arms, to improve the single crossover recombination effi-
ciency, and then transformed into X33VIIManAKS'9¢ by
electro-transformation. The positive clones with a single
crossover event were screened on YPD plates with Zeo-
cin, and further identified by PCR amplification and DNA
sequencing.

A counter-selection process was performed by inocu-
lating positive clones into YPD liquid medium without
antibiotic. Then, target transformants were achieved after
eliminating the AACC system by second single cross-
over events screened on MDUF plates. Finally, the cor-
rectness of the AACC system excursion was identified
by checking the uracil auxotrophic phenotype and antibi-
otic resistance on corresponding selection plates. The
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resulting mutants were then identified by DNA sequenc-
ing of the mutated sites in the genome.
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Fig. S1. Schematic illustration for plasmids pPZUACC,
pPZUAACCArox1, and pPZUAACCArox1::VHb construc-
tion.

Fig. S2. SDS-PAGE analysis on specific activity enhanced
mutants and their deglycosylated enzymes (A), and extra-
cellular proteins during HCDF process (B). Line M: molecu-
lar weight standards for protein; Line 1-9: fermentation
supernatant samples withdrawn at different time points (24,
29, 43, 63, 73, 87, 97, 111, and 120 h).

Fig. S3. Non-linear fitting plots of four mutants. a: P191M
(R? = 0.99); b: P194E (R? = 0.99); ¢: S199G (R° = 0.92); d:
$268Q (R? = 0.98).

Fig. S4. Overview on the distributions of four positive muta-
tion sites on the tertiary structure of ManAK.

Fig. S5. Computational analysis on the non-covalent bonds
alterations caused by single point mutation. A and a:
P191M mutation effects on non-covalent bond interaction; B
and b: P194E mutation effects on non-covalent bond inter-
action; C and c: P199G mutation effects on non-covalent
bond interaction; D and d: S268Q mutation effects on non-
covalent bond interaction. The blue dashed line, orange
dashed line, yellow dashed line, black dashed line, and
green dashed line indicates carbon hydrogen bond, alkyl
hydrophobic non-covalent bond, sulfer-r non-covalent bond,
negative charge-charge interaction, and conventional hydro-
gen bond, respectively.

Fig. S6. Verification of ura3 deletion in X33IManAKAura3
and X33VIIManAKS'®*¢Ayra3 by PCR amplification. Gene
ura3 deletion leaded to the molecular weight of PCR pro-
duct decreased from 2043 bp to 1247 bp. Line 1: X33IMa-
nAK; Line 2: X33VIIManAK; Line 3-6: X33IManAKAura3;
Line 7-10: X33VIIManAKS'%°CAyra3. The molecular weight
distributions (from bottom to top) of DNA marker are 250,
500, 1000, 2000, 4000, 7000, and 10000 bp, respectively.
Table S1. Main strains, plasmids and genes used in this
study.

Table S2. Main media used in this study.
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