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Microbial-driven lignin conversion has a significant impact on the biogeochemistry of global ecosystems
and biomass utilization. During this process, secretion of extracellular ligninolytic enzymes is the first,
essential step, yet there is a significant challenge to the secretion of these high-redox potential enzymes
in bacteria, especially in Gram-negative bacteria. In this study, genome and proteome analyses enabled us
to bio-design two types of extracellular secretory apparatus, both of which effectively secreted a heter-
ologous laccase in Pseudomonas putida, up to ~300 U mL™. Importantly, a strong cooperation between
P. putida A514 cells and the extracellular laccase, which was either released to the medium or displayed
on the cell surface, was observed to significantly promote cell growth (9 x 10'® CFUs mL™) and lignin
consumption (12.5%). Chemical analyses of lignin further confirmed the effect on lignin utilization.
Moreover, we demonstrated that a free laccase-A514 cell system exhibited greater effect on lignin utiliz-
ation than that of a cell-immobilized laccase complex, which challenges the current view of bacterial
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polymer catabolism, and suggests the importance of secretory pathways and sufficient reaction surface
for lignin biocatalysis. Our study advances the knowledge of secretion mechanisms in Gram-negative
bacteria and provides novel insights into the lignin utilization by extracellular lignolytic enzyme-bacterial
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1 Introduction derived organic carbon, microorganisms, including white-rot
fungi and bacteria, have evolved the capacity to degrade lignin

Lignin is a complex, heterogeneous, phenylpropanoid to complete global carbon cycling.” Using various extracellular

polymer.' As one of the most abundant natural organic com-
pounds on Earth, lignin has a significant impact on the bio-
geochemistry of global ecosystems and biomass utilization.
Although it is the most recalcitrant component of terrestrially

“Ocean College, Zhejiang University, Hangzhou, China

bInstitute of Marine Science and Technology, Shandong University, Qingdao 266237,
China. E-mail: linlu2019@sdu.edu.cn

“State Key Laboratory of Microbial Technology, Shandong University,

Qingdao 266237, China

“Key Laboratory of Health Risk Factors for Seafood of Zhejiang Province, Zhoushan
Municipal Center for Disease Control and Prevention, Zhoushan, Zhejiang, China
“State Key Laboratory of Marine Environmental Science and College of Ocean and
Earth Sciences, Xiamen University, Xiamen 361005, China

JJoint Lab for Ocean Research and Education at Shandong University, Xiamen
University and Dalhousie University, Qingdao, China

Institute for Environmental Genomics, Department of Microbiology and Plant
Biology, and School of Civil Engineering and Environmental Sciences, University of
Oklahoma, Norman, OK, USA

tElectronic supplementary information (ESI) available: S1: Supplementary
tables, S2: Supplementary figures. See DOI: 10.1039/d0gc04084c

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021

enzymes, they first break down the particulate substrates to a
low-molecular weight compounds and then these are actively
transported across cell walls for further catabolism."** Thus,
extracellular enzymes are essential in the heterotrophic remi-
neralization of organic carbon®® and are either released freely
into solution or remain tethered to the cell.' Cells that
produce extracellular enzymes may prefer to retain secreted
enzymes at the cell surface, as this means that metabolites are
generated close to the cell and can be readily taken up. In con-
trast, entire microbial communities may profit from the
activity of enzymes that are released in the environment.”®
Both strategies have been observed in microbial cellulose
degradation. Aerobic fungi usually secrete different cellulolytic
components to hydrolyze cellulose, while some anaerobic bac-
teria produce cell-bound cellulosomes for cellulose
hydrolysis.”"® It is interesting to note that anaerobic celluloly-
tic bacteria can rapidly and effectively hydrolyze cellulose with
much lower levels of secretory cellulase production than
fungi.'* Several studies also reported that bio-designed cellulo-
somes exhibited a higher hydrolysis rate than their noncom-
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plexed counterparts which contain the same enzymes as the
cellulosomes, yet in the free form.'>"® Unlike the cellulose
hydrolysis process, enzymatic lignin degradation primarily
depends on redox reactions.'* Secretory production of lignino-
lytic enzymes, which change the redox environment within the
cell is, hence, highly challenging. Moreover, in contrast to the
wealth of biochemical knowledge on cellulose hydrolysis,
lignin oxidation has not as yet been fully characterized."*™"”
Whether, and how, cell-bound ligninolytic enzymes show a
higher catalytic rate than cell-free ligninolytic enzymes is
largely unknown.

Several bacteria have been identified as capable of
delignification."®'®  Among them, members of the
Pseudomonas, a genus of Gram-negative bacteria, have recently
been used to establish the concept of bacterial lignin
conversion.”* > However, their efficiency of lignin degra-
dation is relatively lower than that of their fungal
counterparts,'®'® as limited extracellular secretion capacity
represented a major hurdle in bacterial lignin conversion.>*>*
Previous study attempted to enhance extracellular secretion
capacity of ligninolytic enzymes.*® For example, a N-terminal
signal peptide (e.g., pelB and oprI) was employed for the extra-
cellular production of recombinant multifunctional dye per-
oxidase (DyP2) in P. putida.*® The results showed that pelB
guided DyP2 only across the inner membrane, causing weak
extracellular DyP2 activity through leakage from the periplas-
mic space.”” It suggested that, unlike Gram-positive bacteria,
due to the existence of both inner and outer members, there
is an inherent challenge to ligninolytic enzyme secretion in
Gram-negative bacteria,> even though extracellular secretion
mechanisms in Gram-negative bacteria have been extensively
studied.*®*” Moreover, the ligninolytic performances of
enzymes that are either displayed on the cell surface or
released to extracellular space were not investigated and com-
pared. Hence, systematic understanding of the protein
secretion mechanism involved and investigation of the syner-
gistic lignin conversion effect is essential in bacteria to over-
come lignin’s recalcitrance.

In this study, we employed laccase from Streptomyces coeli-
color A3%® as the model protein to investigate the efficient
extracellular protein production in P. putida. The small
laccase was targeted, as (i) P. putida A514*® lacks a native
laccase with ligninolytic activity and (ii) unlike peroxidases,
laccases do not require the presence of H,0O, to catalyze
lignin oxidation."® Genome and proteome analyses were
carried out to investigate the secretion systems in P. putida.
These findings enabled us to design two laccase secretion
apparatuses via Type I and Type V secretion systems to either
release laccase in medium or display it on cell surface,
respectively. Moreover, the effects on lignin utilization of
immobilized laccase-A514 and free laccase-A514 were com-
pared, and suggested that the free laccase-A514 system exhibi-
ted higher cell growth and lignin consumption. This study
not only improved extracellular secretion capacity in
P. putida, but also provided insights to enhance bacterial
enzymatic lignin utilization.
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2 Result

2.1 Intracellular expression of heterologous laccase in
P. putida A514 cell

For extracellular laccase production in P. putida A514, func-
tional expression of the intracellular laccase was investigated
first. For this purpose, the codon optimized laccase gene
(from S. coelicolor A3), driven by inducible promoter Pyya,>
was inserted into the plasmid pPROBE-GT to construct the
plasmid pGlac. It was subsequently transformed into P. putida
A514, generating the recombinant strain Apgi. (Table S17).
SDS-PAGE analysis identified the 34.6 kDa protein band within
soluble cell lysis samples of A,giac, while it was absent in the
control strain Apgr (Fig. S1t). The subsequently detected intra-
cellular laccase activity in Apgiac (~0.73 U mL™" of cell culture)
validated that the heterologous laccase can be functionally
expressed in P. putida A514. It was further enhanced via optim-
ization of various conditions, including pH, metal ions, temp-
erature, shaker speed, incubation time, and expression vectors,
resulting in a 143-fold increase in Apyra., from ~0.7 to
100 U mL™" (Table S27).

2.2 Extracellular laccase expression via the bio-designed Type
I secretion apparatus

In Pseudomonas species, the secretory mechanism of lipase
(TliA) has been well-characterized. The ATP-binding cassette
(ABC) transporter (AprDEF) recognizes the C-terminal signal
sequence of TliA and transports it to extracellular space via the
Type 1 secretion system (TISS).>***" Furthermore, its C-terminal
signal sequence (LARD3) and AprDEF in P. fluorescens no.
33 have been developed to be a secretion apparatus of recom-
binant proteins in Gram-negative bacteria (e.g., E. coli and
Pseudomonas strains).”>** Hence, the homologous gene cluster
(aprDEF and tliA) was blasted and, as expected, identified in
P. putida A514 genome (Fig. 1A).>°** As a result, laccase com-
bined with the C-terminal signal peptide of TIliA was expressed
in A514. Meanwhile, to enhance the capacity of the secretory
system, AprDEF, the key components for the ABC transporter
machinery, were overexpressed, generating the recombinant
strain Apuroszo (Fig. 1A and Table S1+).

Unexpectedly, extracellular laccase activity was not observed
in the culture medium of Apurzss3e, although intracellular
activity was detected (Fig. 1B and Fig. S2A¥). This suggested an
incompatibility between the laccase and the signal peptide of
TliA. Therefore, as an alternative, the C-terminal signal
sequence of aprA, encoding alkaline protease, was targeted, as
AprA and TIiA are both transported by AprDEF**>* (Fig. 1A).
Consequently, extracellular laccase activity (2.85 U mL™" of cell
culture) was detected in the culture medium of the recombi-
nant strain Apyrosae, validating that laccase can be secreted to
the culture medium via TISS (Fig. 1B).

Next, the extracellular laccase activity was optimized at the
transcriptional, translational, and protein folding levels. (i) To
optimize laccase transcription, 2 mM xylose was introduced at
different time points (0, 8, and 14 hours) to activate the xylose

inducible promoter Py 4 (Fig. 1C). A two-fold increase of extra-
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Fig. 1 Biodesign of the TISS to secrete laccase. (A) Graphic overview of extracellular production free laccase via the bio-designed TISS.
Organization of bio-designed TISS is presented. P: promoter, SP: signal peptide, Ter: transcriptional terminator, XylR: regulator of the P,,s promoter.
(B) Real-time extracellular laccase activities for the recombinant A514 strains with laccase integrated using different C-terminal signal peptides in
TISS. (C) The growth curve of Ayyi-2s49. The red arrow indicates time point at which 2 mM xylose was added, while the blue arrow represents the
time point at which 1 mM Cu?* was added. (D) The optimized extracellular laccase activities of Ayyi_2549. ApuLac Without any signal peptide and ApUI-

rnb without laccase gene were used as the reference strains.

cellular laccase activity (5.7 U mL™") was detected, when xylose
was added at 8 hours (Table S3 and Fig. S2Cf), although
similar growth curves were observed among the three A,yrzs40
cultures (Fig. S2Bt). (ii) Three key cultivation parameters were
optimized to improve laccase expression, including incubation
time, agitation rates, and temperature. As a result, 8.4 U mL™"
extracellular laccase was reached (Table S37). (iii) Copper ion is
known to be the most critical metal ion for laccase activity,
even though it can be toxic to cell growth.’ Thus, to minimize
the toxicity, CuSO, should be added at the proper time. Three
time points (0, 22, and 44 h) were investigated and the highest
extracellular laccase activity (15.5 U mL™") was achieved when
it was added at 22 hours (Fig. 1C, D and Table S37).

This journal is © The Royal Society of Chemistry 2021

2.3 Displaying laccase on the P. putida A514 cell surface via
the bio-designed Type V secretion machinery

Via the bio-designed Type I secretion apparatus, laccase was
secreted in a single process, without a periplasmic intermedi-
ate (Fig. 1A). It also could be secreted in a two-step process, via
cytoplasmic membrane translocation and extracellular
secretion (Fig. 2A).%’

For cytoplasmic membrane translocation, genome analysis
suggested that SecB-dependent pathway and Tat (twin-arginine
translocation) pathway, both of which are commonly
strategies,”*® were present in P. putida A514. Considering that
known secreted laccase proteins are primarily secreted via the

Green Chem., 2021, 23, 2079-2094 | 2081
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Fig. 2 Biodesign of the AT in TVSS to secrete laccase. (A) Graphic overview of production cell-bound laccase via the bio-designed AT in TVSS.
Organization of bio-designed AT is presented. The tat signal sequence (RR), represented in green, is a native Tat signal peptide in A514. The passen-
ger domain, in pink, is laccase protein with the linker region in blue and the p domain in yellow at the C-terminus. P: promoter, Ter: transcriptional
terminator, XylR: regulator of the P,y promoter. (B) The growth curves of Ayyy-25410, Apuvv-aBc-25410, Apuvm-aBc-2541D, @Nd Aguy-rmp- The red arrow
indicates time point at which 2 mM xylose was added, while the blue arrow represents the timepoint at which 1 mM Cu?* was added. (C) The opti-
mized whole-cell laccase activities of ApUV-2541Dr ApUW—ABC—2541Dr and ApUVM—ABC-2541D~

Tat protein transport system,*®?®’ fifteen putative Tat signal
peptides in A514, predicted by both TatP and TatFind soft-
ware,*® were selected. A refined subset of seven signal peptides
were further targeted through information gleaned from the
protein location prediction (http:/www.pseudomonas.com/)
and secretome of A514,° and were then respectively fused
with the laccase protein in the A514 strain. Of the seven recom-
binant strains, three (Apgisas, Apcesie and Apgasze) showed
positive periplasmic laccase activity, with Apgag16 showing the
highest activity (16.65 U mL™", Fig. S3A and Table S4t). As a
result, the laccase expression and secretion system in Apgasie
was investigated to enhance periplasmic activity. A high copy
number expression vector (pUCP18-Gm)** was used to

2082 | Green Chem., 2021, 23, 2079-2094

enhance the laccase expression level, which resulted in a three-
fold increase of periplasmic laccase activity (49.16 U mL™",
Table S4t). On the other hand, the capacity of Tat protein
secretory system is commonly a limitation for the efficient
secretion of heterologous proteins.’® Thus, the key com-
ponents in the machinery, tatABC, were overexpressed. Two
tatABC expression cassettes driven by different strength promo-
ters, Ppin::tatABC and Py,,::tatABC, were introduced in Apyagsse,
generating the recombinant strains,
Apuv-asc-2816, Fespectively. However, A,uzgsiey Apum-ac2s16, and
Apuv-asc-2s16 all showed similar periplasmic laccase activity
(p > 0.05), suggesting the tatABC expression level wasn’t the rate-
limiting step for the periplasmic laccase secretion (Table S47).

Apum-aBC2816 and

This journal is © The Royal Society of Chemistry 2021
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For extracellular secretion, autotransporters (ATs) of the
Type V secretion system (TVSS) were investigated, because the
classical AT carry all elements for translocation across the peri-
plasm and outer membrane within each protein itself, includ-
ing a N-terminal Sec signal peptide, a passenger domain that
carries the effector function of the AT, and a C-terminal pore
forming p-domain.*®*' Among the three domains, the
f-domain, which integrates into the OM, is responsible for
translocation of the passenger into the extracellular space
(Fig. 2A). Four homologous proteins of EspP (serine proteases)
and EstA (lipolytic enzymes), both of which are well-character-
ized ATs,””™* were identified in A514. Therefore, their
C-terminal regions, including linkers and f-domains, were
cloned into the vectors for laccase OM transportation (Fig. 2A).
As a result, laccase activities were detected by the whole-cell
laccase activity assay (Fig. S3Bf), suggesting that the laccase
was displayed on the cell surface, covalently associated with
the p-domain (Fig. 2A). Furthermore, it also revealed that all of
the tested C-terminal regions could mediate laccase across the
OM. Among them, A,yvssaia displayed the highest activity,
15.99 U mL™" (Fig. S3Bt). Hence, its cell-bound laccase activity
was further optimized. First, the C-terminal linkers of
Apuvasaia Were investigated to improve the bio-designed
secretion system. It’s worth noting that the linker region, con-
necting the passenger and f-domains, is important for outer
membrane translocation of its passenger.’*® The 2541A
linker region was sequentially deleted, generating four linker
regions of different lengths (Fig. S4A and Bf). The results
suggested that 2514D, containing the shortest length of linker,
had enhanced laccase secretion efficiency (Fig. S4Ct) and
further increased the extracellular laccase activity by 50%
(23.42 U mL™", Fig. S4D¥), validating the role of the linker in
extracellular laccase secretion (Table S47). Second, similar to
TISS, extracellular laccase activity was also improved at the
transcriptional, translational, and protein folding levels,
respectively (Table S4t). Consequently, the activity was
increased another 13-fold, achieving ~300 U mL™" (Fig. 2B, C
and Table S41). Third, overexpression of tatABC was also
tested, suggesting that enhanced tatABC expression didn’t con-
tribute to OM secretion of laccase (Fig. 2C and Table S47).

2.4 Integration of laccase secretion module promoted
P. putida A514 cell growth as well as lignin utilization

As previously reported, bacterial laccases promote lignin oxi-
dation and improve cell growth on lignin®***® (Fig. S57),
although laccases are believed to have roles in lignin synthesis
in plants, cell pigment formation and metal oxidation in
microorganisms.*® Therefore, the cell growth and lignin utiliz-
ation of Apurasae and Apuvoassip, Were investigated, while Ayy
was used as the reference strain. Considering poor cell growth
would limit laccase production and secretion, the strain culti-
vation conditions in the presence of lignin were firstly opti-
mized by the classical one variable at a time (OVAT) method,
including inoculum sizes, different concentrations of CuSOy,
NH,CI, xylose, and yeast extract, as well as addition time
points of CuSO, (Table S5t). Consequently, A,y reached

This journal is © The Royal Society of Chemistry 2021
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3.3x10'" CFUs mL™" from the initial 6.8 x 10> CFUs mL™" after
72 h cultivation in lignin rich medium, according to the CFU
(Colony Forming Unit) assay (Fig. 3A). Furthermore, Apuiosa9
exhibited significant growth improvement, ~2.7-fold enhance-
ment over the control, A,y (p < 0.05). Similarly, A,yy-541p also
showed ~2.5-fold higher than A,y in lignin rich medium (p <
0.05, Fig. 3A and Table S51). Subsequently, semiquantitative
Prussian Blue assay, nuclear magnetic resonance (*'P-NMR),
gel permeation chromatography (GPC), and GC-MS/MS were
performed to analyze lignin consumption, respectively. First,
Prussian Blue assay suggested that A,yr.z540 and Apyv.as41p CON-
sumed significantly more lignin than the control strain Ayy
(p < 0.05, Fig. 3A). Second, lignin degradation was further con-
firmed by *'P NMR analysis (Fig. 3B). It suggested that
Apurasae and Apyv.asaip greatly decreased phenolic functional
groups by different amounts, with the guaiacyl phenolic group
decreased by the greatest amount, at more than 75%. In
addition, the p-hydroxy-phenyl OH group was also degraded
more than 30-40% by Apur.zs40 and Apuv-2541p, @S compared to
14% degradation by A,y. Other functional groups including
catechol type OH and carboxylic acid OH were consumed at
25-28% by Apurasao and Apuv-2sa1p, While they were decreased
at 7-17% by Ay, respectively. Together, this suggested
Apurasse and Apyvasaip Was capable of more efficient lignin
utilization than A,y. Third, GPC analysis showed the mole-
cular weight changes of lignin by Apy, laccase, Ayuras49, and
Apuv-asaip, respectively. The weight average molecular weight
(M,,) of lignin was decreased by A,y or laccase, as compared to
the blank, validating that both P. putida A514 and laccase play
a key role in lignin degradation (p < 0.05, Fig. 3C and Fig. S67).
Interestingly, in contrast to Apy, Apurasso and Apuvasaip
appeared to increase the molecular weight of lignin, especially
for Apuv-2saip (P < 0.05, Fig. 3C). Considering that the M,, of
laccase-only treated lignin was lower than the blank sample,
Apur2s49 and Apyv.zsa1p should contribute to lignin fragmenta-
tion of lower mass lignin during lignin depolymerization and
subsequent consumption of the low molecular lignin during
lignin utilization. Thus, GC-MS/MS was subsequently carried
out to analyze the soluble low molecular weight compounds in
Apurasae and Appyosaip (Fig. 3D). (i) More soluble low mole-
cular weight aromatic compounds were observed in Apyrzsae
and Apyv-as41p, compared to Apy. These included vanillylman-
delic acid (VmA), homovanillyl alcohol (HA), methylbenzoic
acid (MD), 4-hydroxy-3-methoxyphenylglycol (HMP), methyl
2,4-dihydroxybenzoate (MD), and 3-hydroxy-4-methoxybenzyl
alcohol (HMA) (Fig. 3D). (ii) In contrast to Apy, a greater pro-
portion of low molecular weight compounds decreased rapidly
in Apyrasae and Apuvoasaip, €.g., vanillylmandelic acid (VmA),
homovanillyl alcohol (HA), vanillic acid (VA), guaiacol (GU)
and phenol (Ph) (Fig. 3D). Among these low molecular weight
compounds, vanillic acid was present in the blank and Ay, at
a relatively constant level. Considering that A514 can catabo-
lize vanillic acid,”® A,y should maintain the balance between
generation and consumption (Fig. S7AT). Interestingly, vanillic
acid decreased rapidly in both Ajyrasse and Apyvasaip
(Fig. S7AY), suggesting that A yrzs49 and Apyy.os41p potentially
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Fig. 3 The effect of laccase-A514 cells on lignin utilization. (A) The increased CFU folds and lignin degradation of Ayy|-2549 and Agyuy-2541p in lignin-
M9 rich medium. Agu, which carry the empty vector, was used as the control. (B) 31p NMR quantification of the functional group of lignin remaining
in the media after cultivation. The hydroxyl content of lignin in the lignin rich medium (no cell blank) was set to 100% for comparison with the
strains. (C) The molecular weight analysis of the lignin by GPC. M,, of the different treated lignin is presented. Blank: lignin-M9 rich medium,
Laccase: 15 U mL™* laccase in lignin-M9 rich medium. (D) Hierarchical cluster heatmap of the relative abundance of the aromatic compounds in the
solubilized lignin solution as detected by GC-MS/MS. The presented values were normalized via internal standard (ethylvanillin) and represent the
relative abundance of these compounds. VA: vanillic acid, 1V: isovanillin, HMA: 3-hydroxy-4-methoxybenzyl alcohol, MA: methylbenzoic acid, MD:
methyl 2,4-dihydroxybenzoate, HA: homovanillyl alcohol, HMP: 4 hydroxy-3-methoxyphenylglycol, VmA: vanillylmandelic acid, Ph: phenol, Ace:

acetovanillone, GU: guaiacol, DeA: dehydroabietic acid.

broke this balance, accelerating vanillic acid consumption. To
validate that vanillic acid was consumed, rather than being
polymerized, Apy, Apurasas, and Apyvassip were cultured in
15 mM vanillic acid-M9 rich medium. If vanillic acid is poly-
merized, strains would exhibit poor cell growth, as the con-
sumed amount of vanillic acid is positively correlated with cell
density.”® Interestingly, both A,urzsi0 and Apuv-asaip showed
improved cell growth over A,y (p < 0.05, as measured by
0OD600). Moreover, vanillic acid more quickly decreased in
Apurasao and  Apyvassp  cultures, as compared to Apy
(Fig. S7Bt). In addition, compared to Ay, additional peaks
were not observed in the Apyrzsae and Apyyasaip cultures by
HPLC analysis. Meanwhile, obvious precipitation (e.g., in-
soluble polymerized products) wasn’t observed in the cell
culture of Apyros4e and Apyyoasaip. All these indicated that no
polymerized products from vanillic acid were generated.
Hence, the vanilic acid was consumed as a carbon and energy
source to support cell growth.

2084 | Green Chem., 2021, 23, 2079-2094

2.5 The free extracellular laccase-P. putida A514 system
exhibited higher lignin utilization than that of immobilized
laccase

On the one hand, cells producing extracellular enzymes, may
prefer to retain the secreted enzymes to enhance local concen-
trations of metabolites. On the other hand, lignin is a large,
high molecular weight polymer, and therefore the large mass
transfer would limit the biocatalysis reaction between lignin
and enzymes, which is potentially more challenging when
enzymes are displayed at the cell surface. To compromise
between local concentrations of metabolites and substrate
accessibility, a mediator (acetosyringone)*> was introduced to
act as an electron carrier between laccase and lignin and the
effects of lignin utilization between the bound laccase-living
cell and the free laccase-living cell systems were compared.
Therefore, the two systems, Apyv.2saip With immobilized
laccase expression and Apyv-s41p Without laccase expression
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Fig. 4 Comparison the lignin utilization by extracellular free laccase-cell and cell-bound laccase-cell systems. (A) Cell growth (dotted line) and
lignin degradation (bar) of Agyuy-2541p (without laccase expression), A,uy-2s41p-free laccase mixture, and Aguy-2s41p-immobilized laccase complex.
(B) 3*P NMR quantification of the functional group of lignin remaining in the media after cultivation. The hydroxyl content of lignin in the blank
sample was set to 100% for comparison with the strains. (C) The molecular weight analysis of the lignin by GPC. Apyy-2541p: lignin sample treated by
Aguv-25410, Which did not express laccase. Blank: lignin-M9 mineral medium. (D) Hypothesized structure model of extracellular free laccase and
surface-displayed laccase, and potential catalytic mechanism with the mediator for lignin depolymerization.

plus purified laccase were incubated in lignin mineral
medium, supplemented with 0.2 mM acetosyringone, at the
same initial cell density (10° CFUs mL™") and final concen-
tration of laccase (0.02 mg mL™"), while living cells (Apuv-2541D
without laccase expression at 10° CFUs mL™') in lignin
mineral medium with acetosyringone was utilized as the
control (Fig. 4).

First, the free laccase-Apyy-s541p mixture exhibited higher
lignin utilization than the immobilized laccase complex by the
Prussian Blue assay (17.31% vs. 14.27%, p < 0.05, Fig. 4A).
Second, the *'P NMR analysis further revealed that the
Apuvasaipfree laccase mixture significantly decreased the
levels of aliphactic OH, guaiacyl phenolic OH, p-hydroxy-
phenyl OH, and carboxylic acid OH groups by 69%, 15%, and
45%, respectively, as compared to 58%, 9%, and 35% degra-
dation of those groups in the Apyy-541p-immobilized laccase
complex (Fig. 4B, p < 0.05). Third, GPC analysis showed that

This journal is © The Royal Society of Chemistry 2021

the weight average molecular weight (M,,) of lignin was lower
in the free laccase-Apyv.as41p Mixture, as compared to the
immobilized laccase-Apyv-2541p complex (Fig. 4C, p < 0.05).
Fourth, the free laccase-Apyy.2541p Mixture not only rapidly
reached maximal cell density (37 h vs. 45 h), but also showed
2.1-fold enhancement of highest cell density over Apyv.2s41p
with immobilized laccase (Fig. 4A).

3 Discussion

3.1 Novel insights into recombinant protein secretion in

P. putida

Extracellular production of recombinant proteins is crucial to
improving microbial capacity of energy acquisition, yet this is
highly challenging in Gram-negative bacteria, as secreted pro-
teins must cross the two membranes of the cell envelope.”>"’
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Our study revealed several strategies for the secretion of a ligni-
nolytic enzyme in P. putida to counter this hurdle.

First, our study expanded the C-terminal signal peptide
toolbox in TISS. Among the dedicated secretion systems, TISS
continues to be the preferred system for recombinant proteins,
due to its simplicity. Through TISS, many proteins in E. coli
and Pseudomonas species have been successfully secreted in a
single step process, without a periplasmic intermediate.*”
However, these reported extracellular recombinant proteins
were primarily mediated by the limited C-terminal signal pep-
tides from either haemolysin (HlyA) in E. coli or lipase (TliA) in
Pseudomonas.>>*® This is in sharp contrast to the numerous
available N-terminal signal peptides (e.g., Sec and Tat signal
peptides) in the Type II and Type V secretion systems,***°
hence, greatly restricting the range of extracellular proteins
production by TISS. Taking LARD3-mediated protein secretion
for example, the proteins secreted via this system are highly
negatively charged with highly acidic isoelectric points (pI <
5.5).>> The pI of laccase is ~7, which is higher than 5.5, thus
cannot be driven across the dual-membrane envelopes by
LARD3 (Fig. 1B). To overcome this barrier, the C-terminal
signal sequence of AprA was used to guide laccase to the sur-
rounding medium, thereby presenting another C-terminal
signal sequence in TISS for extracellular protein production,
especially for proteins with higher pI values.

Second, the bio-designed AT system not only effectively
secreted extracellular laccase, but also expanded the knowl-
edge of this two-step secretion process. A two-step secretion
process is also a frequently employed secretory strategy, where
signal peptide-containing precursors are first transported into
the periplasmic space and then transported outside the cell.””
The bio-designed AT suggested that the N-terminal Tat signal
peptide can be employed within ATs to effectively drive laccase
to the periplasmic space. ATs are reported to possess
N-terminal Sec signal peptides, which transport unfolded pro-
teins across the IM, as it is more compatible with a narrow
p-barrel pore structure for OM translocation than that of
folded proteins.”® Moreover, few reports have provided evi-
dence that ATs are translocated across the IM via the classical
Tat pathway.”>>* Interestingly, our study suggested that the
Tat signal peptide associated with the p-domain of EspP can
effectively display laccase on the cell surface. We speculate that
the small size of laccase may be beneficial to a secretion-com-
petent and protease-resistant protein, which would allow
laccase to efficiently traverse through the available pore.
Alternatively, there might be the presence of an intermediate
barrel conformation, which would exhibit a transiently larger
pore size for folded passenger protein translocation.’>>® On
the other hand, the bio-designed AT also revealed that an
appropriate linker region is key to efficient display of the
enzyme on the cell surface. Similar to the role of an
N-terminal signal peptide for IM translocation of targeted pro-
teins, the linker domain, a region connecting the passenger
domain and the f domain, is important for the translocation
of proteins across the OM. Previous studies have shown that
the efficiency of OM translocation decreased significantly with
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sequential deletion of the linker region.*>>® Interestingly, in
this study, an increased secretion efficiency and laccase activity
was observed with gradual truncation of the linker region,
which is contrary to previous research (Fig. 2D and Fig. S41).*
The linker region of EspP in E. coli contains the conserved
motifs, e.g. N-terminal hydrophobic amino acids and
C-terminal a-helical region, which should affect its function.*?
The amino acid sequence analysis suggested the linker region
of 2541 contained the conserved C-terminal o-helical region,
however the N-terminal hydrophobic amino acids were absent,
possibly causing the inconsistent results (Fig. S4Bf).*’
Together, the bio-designed AT, which recombined the Tat
signal peptide and EspP f-domain with an appropriate linker
region, not only expands the repertoire of recombinant pro-
teins to alleviate the restriction in the secretion of proteins
that fold rapidly in the cytoplasm, but also challenges the
long-standing assumption that all signal peptides interact with
the Sec machinery in a stereotypical fashion.

Third, the capacity of Tat protein secretory system is not a
limitation for the efficient secretion of laccase. Similar to the
requirement of co-expression ABC transporters in TISS, co-
expression of the tatABC operon is a general strategy to
enhance the secretion capacity in Tat protein secretory
system.*>?® Unexpectedly, our study suggested that over-
expression tatABC did not enhance laccase activity in the peri-
plasmic and extracellular space, possibly as the Tat pathway
wasn’t rapidly oversaturated in this study.

3.2 P. putida as a favorable cell factory for extracellular
laccase secretion

Laccase is an industrially attractive biocatalyst and has numer-
ous biotechnological applications in industry, e.g., lignin valor-
ization, bio-bleaching, and xenobiotics bioremediation.>"”*%
The current study suggested that P. putida is a favorable cell
factory to secrete extracellularly active laccase (Table 1).°°7%°

First, strain A514 has a high tolerance of copper toxicity.
While copper is essential for laccase activity, it is also toxic to
cells.®® In Gram-positive strains, copper has mostly been intro-
duced at the micromolar level (Table 1).°”°® In contrast, A514
exhibited copper tolerance at millimolar levels, which contrib-
uted to the enhanced laccase activity. This could be a benefit
derived from the periplasmic space in Gram-negative bacteria,
which forms a natural barrier against high concentrations of
copper ions in the extracellular environment.®%”°

Second, we have developed two secretion platforms to extra-
cellularly secrete high levels of active laccase in P. putida A514.
On one hand, laccase can be secreted to the medium by Type I
ABC transporter system when recombined with the C-terminal
AprA signal peptide. On the other hand, laccase can be dis-
played on the cell surface by the bio-design Type VAT secretory
system. Free extracellular enzymes and cell-immobilized
enzymes are two common strategies utilized by microbes for
protein secretion.’®”* Free extracellular enzymes could main-
tain better folded conformation and enzyme activity, but lower
enzyme concentrations with requirements of a large volume of
cell supernatant. Cell-immobilized enzymes could increase the
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local enzyme concentration, but requires additional steps to
separate enzyme and cells. Two secretory types of laccase were
designed to meet varied requirements in industrial appli-
cations (Table 1). For cell-bound laccase, thrombin was added
to cleave the linker between the laccase and cell to recover
laccase, if desired. Moreover, transcription, translation, trans-
location, and protein folding were coordinated to improve
laccase activity and led to 15 U mL™' free laccase and
300 U mL™" cell-bound laccase, respectively (Table 1). Together,
P. putida, as a Gram-negative bacterium, is an ideal candidate to
produce extracellular laccase for industrial application.

3.3 Enhanced lignin utilization by a free laccase-P. putida system

As stated previously, limited extracellular secretion capacity
represents a major hurdle in bacterial lignin degradation.”*>*
Our study demonstrated that secreted (either free or cell-
bound) laccase cooperated well with P. putida A514 to greatly
improve lignin utilization. In contrast to the untreated lignin
(the blank sample), the decreased M, of lignin by A,y and
laccase suggested that either laccase or P. putida A514 played a
role in lignin degradation. Moreover, the cell growth and
lignin consumption assays all validated that Apurzsse and
Apuvosaip promoted lignin utilization. Together with these
results, the GC-MS/MS analysis suggested that A,yrosse and
Apuv-2s41p led to a more efficient consumption of low mole-
cular weight compounds, which was further validated by the
consumption assay of vanillic acid. The consumption of low
molecular weight lignin resulted in high molecular weight
lignin accounting for a greater proportion in the residual
medium. Interestingly, when a mediator was introduced, the
M,, of lignin by Apuv.2s41p-free laccase mixture and Apyy-2541p-
immobilized laccase complex were both lower than that of
Apuvasaip, suggesting that a laccase-mediator system should
improve high molecular weight lignin oxidation.

Retention of secreted enzymes at the surface of the produ-
cer has been thought to be advantageous, because it increases
the local enzyme concentrations. Moreover, the generated pro-
ducts are close the cell, thus can readily be taken up.”
Enzymatic hydrolysis of insoluble cellulose is one such
example. Aerobic fungi secrete a large amount of cellulases
and act in concert. In contrast, anaerobic cellulosic bacteria
only need to produce a low level of cell-bound cellulosomes to
hydrolyze cellulose.'® Thus, in this study we compared the two
systems for lignin degradation. Meanwhile, acetosyringone,
the mediator, was introduced to overcome the steric hin-
drances between lignin and laccase. Interestingly, the free
laccase-cell system exhibited higher lignin utilization and cell
growth. It may be tentatively interpreted as the effects of both
the different 3D structures of laccase and substrate accessibil-
ity. The free laccase in the medium can be folded to its
optimal state, which contributes to mediator penetration into
the active site. In contrast, the folding of cell-bound laccase
might be hindered by restricted space, which is likely to
restrict the alignment between enzyme and substrate (Fig. 4D).

In conclusion, this study provided novel insights into
secreted recombinant proteins in P. putida, including expand-
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ing the C-terminal signal peptide toolbox in TISS and the bio-
designed AT system to challenge the long-standing assumption
that all signal peptides interact with the Sec machinery in AT
system. Furthermore, two strategies of extracellular laccase pro-
duction were developed for potential industrial applications. It
is noted that the strains utilized in this study are plasmid-based
with antibiotic addition to maintain strain stability.
Considering further industrial applications at large scale, inte-
grating the laccase in the genome,”” together with the genomic
activation system currently under development in Pseudomonas,
could provide clues to overcome the issue of compatibility
between strain stability (without antibiotic addition) and high
laccase activity. In addition, we demonstrated that a free
laccase-A514 cell system exhibited enhanced performance on
kraft lignin utilization over that of cell-bound laccase complex,
which seems to be contrary to the current view of bacterial
polymer catabolism. This suggested that the enzyme protein
structure and sufficient reaction surface is essential for biocata-
lysis of highly insoluble and large lignin. Thus, improved pre-
treatment to enhance lignin processability’>”* would be con-
sidered to further optimize lignin biocatalysis. Moreover, lignin
biodegradation is the synergistic effect of a multi-enzyme con-
sortium. Thus, secreting the free enzyme consortium and dis-
playing the multi-enzyme consortium on the cell surface in the
future, which reflect the coordination among lignolytic
enzymes, should be investigated further to understand the cata-
Iytic effects of cell-bound and free ligninolytic enzyme consortia
and, thus, the rational design of biocatalysts for lignin consoli-
dated bioprocessing.

4 Materials and methods
4.1 Bacterial strains and growth conditions

The strains used in this study are summarized in Table S1.}
Escherichia coli Mach 1 strain was used for all molecular
manipulations to construct plasmids. It was grown on Luria—-
Bertani (LB) medium at 37 °C, 180 rpm. For laccase pro-
duction, Pseudomonas putida A514 and its recombinant strains
were grown on LB medium, supplemented with 1 mM Cu**
and 1 mM Fe*". For lignin degradation, A514 and its recombi-
nant strains were cultured in M9 mineral medium, sup-
plemented with 0.3% (w/v) alkali insoluble lignin (catalogue #
370959, Sigma-Aldrich, St Louis, MO, USA) as the sole carbon
source.”® Gentamycin (30 pg mL™") was added to the medium
when culturing P. putida A514 recombinant strains. In
addition, 2 mM xylose (final concentration) was added to
induce laccase expression. Cell growth in LB was spectrophoto-
metrically monitored by measuring the optical densities at
600 nm (OD600), whereas in the presence of 0.3% lignin,
growth was monitored by colony forming units per mL (CFU
mL™"; cell numbers per milliliter) as previously described.”?
Briefly, to determine the number of living cells, 100 pL culture
was serially diluted, spread on LB agar plates, supplemented
with 30 ug mL™" gentamycin for A514 recombinant strains,
and incubated at 30 °C for 24 h. The number of colonies were
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counted from the plates and converted to CFU mL™". All
growth experiments were performed in biological triplicate.

4.2 Plasmid and strain construction

All plasmids and primers used in this study are summarized in
Tables S1 and S6, respectively. Plasmids were constructed
according to standard molecular cloning protocols.”* The
laccase gene with its native tat signal peptide sequence from
S. coelicolor A3*® was codon optimized and synthesized in
pUC57-Ppin-tat-laccase  vector by Personalbio Company
(Shanghai, China). For intracellular laccase expression, the
adapted laccase without N-terminal signal peptide and the Py
promoter fragments were amplified from pUC57-P,y-laccase
and pTP vectors, respectively.”® They were digested and
ligated into the plasmid pUCP18-Gm?>? through HindIll and
Xhol, constructing the vector pUlac. For extracellular laccase
expression via TISS, the 3.6 kb PCR fragment containing the
aprDEF genes was amplified from P. putida A514 genomic DNA
and digested with Xbal and Sacl. Meanwhile, the promoter Py,
was digested from the vector pUC57-P;-tat-laccase by HindlIl
and Xbal. These two fragments were subsequently ligated into
the plasmid pUCP18-Gm through HindIIl and Sacl, generating
the plasmid pUI Next, Py, laccase with N-terminal His-tag,
the C-terminal signal sequence of either 2539 or 2549 (ampli-
fied from A514 genome by PCR) and T1/T2 terminators (ampli-
fied from pPROBE-GT’> by PCR) were fused through gene spli-
cing by overlap extension (SOE) PCR to produce the 3.1 kb PCR
fragment. This fragment was digested with HindIIl and Xhol,
and cloned into the pUI to construct plasmids pUI-2539 and
pUI-2549, respectively. In addition, the His-tag-laccase-C-term-
inal signal sequence of 2549-T1/T2 terminator cassette was gen-
erated by SOE PCR, digested, and cloned into the pUI through
Smal and Xhol to construct pUI-rnb, as the control vector in
TISS strategy. For extracellular laccase expression via AT in
TVSS, (i) the N-terminal signal peptides were obtained by PCR
amplification, using plasmids pGT-p1099-oprl-dyp2, pGT-
p1099-pelB-dyp2, pUC57-Ppin-tat-laccase, and A514 genome as
the template, respectively.>® These included oprl, pbp, pelB, tat
from S. coelicolor A3 laccase, and A514 native tat signal peptides
(0383, 0620, 1543, 1921, 2816, 4529, 4580) (Table S1 and
Table S6T). Subsequently, those signal peptides were fused with
laccase containing His-tag at the C-terminus and the promoter
P,ya fragments by SOE PCR, respectively and then ligated into
PPROBE-GT through HindIll and Kpnl, generating the vectors
pGoprl, pGpbp, pGpelb, pGtat, pG0380, pG0620, pG1543,
pG1921, pG2816, pG4529, and pG4580 (Table S17). Finally, the
P,y14::2816-His-tag-laccase cassette was ligated into the pUCP18-
Gm via Hindlll and Xhol to construct pU2816. (ii) Four p
domain sequences from 1761, 2541, 3548, and 4947 were ampli-
fied from the A514 genome by PCR and ligated into pU2816
through Kpnl and Xhol, generating the corresponding recombi-
nant AT vectors, e.g.,, pUV-2541A (Table S1}). Similarly,
pUV-2541B, pUV-2541C and pUV-2541D that contained sequen-
tially deleted linker regions of 2541 were constructed according
to the same procedures. (iii) To follow laccase secretion with
different linker regions, an epitope tag containing the Myc
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epitope, His epitope, and thrombin protease recognition
sequence (MHT) was fused to the laccase gene by SOE PCR and
ligated to pUV-2541A, pUV-2541B, pUV-2541C and pUV-2541D
through Smal and Kpnl, generating pUV-MHT-Lac-2541A,
pUV-MHT-Lac-2541B, pUV-MHT-Lac-2541C, and pUV-MHT-Lac-
2541D, respectively. Meanwhile, MHT epitope was fused to the
2816 signal peptide and then cloned into pUV-2541A,
pUV-2541B, pUV-2541C and pUV-2541D through Smal and
Kpnl, respectively, to replace the laccase gene, constructing the
control vectors pPUV-MHT-2541A, pUV-MHT-2541B,
pUV-MHT-2541C and pUV-MHT-2541D. (iv) The Py,,::tatABC or
Phin::tatABC expression cassettes were amplified by PCR and
ligated into pU2816 and pUV2541D through HindIIl and BamHI,
respectively, to construct the vectors pUV-ABC-2816,
pUVM-ABC-2816, pUVV-ABC-2541D and pUVM-ABC-2541D,
respectively. (iv) To release the cell-bound laccase, the thrombin
cleavage site was fused to the C-terminus of 2816-his-laccase
fragment by PCR and cloned into pUV-2541D by Smal and Kpnl,
constructing the vector pUV-thromobin-2541D. All plasmids
were verified by DNA sequencing for further studies.

4.3 Extraction of the protein fractions in cytoplasmic,
periplasmic and extracellular space

Each recombinant A514 strain was grown at 25 °C, 150 rpm in
LB medium, supplemented with 30 pg mL™' gentamicin.
Xylose was added to induce the laccase expression when
OD600 reached ~ 1.0. The cells were collected by centrifu-
gation (8000g, 4 °C, 10 min) when OD600 was ~ 6.5. The super-
natants were collected as the extracellular free protein frac-
tions. In addition, the cell pellets were washed three times and
resuspended in PBS buffer (pH 7.4). The washed suspension
was adjusted to an OD600 < 2.0 and collected as surface-dis-
played protein fractions. Meanwhile, parts of the collected cell
pellets were used to extract the periplasmic and cytoplasmic
protein fractions. Periplasmic proteins were extracted as pre-
viously described.*® Briefly, the cell pellets were resuspended
in buffer A (50 mM Tris-HCI (pH 8.0), 20% sucrose and 1 mM
EDTA (pH 8.0)), incubated (RT, 20 min), centrifuged (8000g,
10 min, 4 °C), and resuspended in ice-cold 5 mM MgSO,
buffer (pH 6.0). After incubation at 4 °C for 20 min, the resus-
pended solutions were centrifuged (8000g, 10 min, 4 °C) and
the supernatants were collected as the periplasmic extracts.”?
For cytoplasmic proteins extraction, the collected cell pellets
were resuspended in PBS buffer (pH 7.4) and extracted by soni-
cation (150 W, on 1 S and off 1 S for 5 min) as previously
described.” The lysates were centrifuged (13 000g, 4 °C, 5 min)
and supernatants were collected as the cytoplasmic laccase
cocktail. The collected proteins from cytoplasmic, periplasmic,
and extracellular space were used for 12% gel SDS-PAGE separ-
ation and laccase activity analysis. All experiments were per-
formed in biological triplicate.

4.4 Laccase activity assay

The enzymatic activity assays were performed at 25 °C and
monitored by a Synergy 2 microplate reader (BioTek, Vermont,
USA). Laccase activity, was measured via oxidation of 2.5 mM
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(final concentration) ABTS (2,2'-azino-bis(3-ethylthiazoline-6-
sulfonate), Aladdin, Shanghai, China) in 50 mM acetate buffer
(pH 4.5) at 420 nm (£420 = 36 000 M~ cm™").>*>”® One unit of
laccase activity was defined as the amount of enzyme that oxi-
dized 1 pmol of ABTS per min.”” For extracellular laccase
activity, the sample from A,yjac was employed as the blank
control to eliminate the interference of the background
enzyme activity. For intracellular laccase activity, the sample
from either Apy or Apgr was employed as the blank control. All
enzymatic assays were performed in biological triplicate and
technical duplicate.

4.5 Optimization of laccase activity by the one variable at a
time method (OVAT)

The recombinant intracellular, periplasmic, and extracellular
(free and attached) laccase activity was optimized at the tran-
scriptional, translational, and protein folding levels by the
classical OVAT method. This included expression vectors with
different replicons (pPROBE-GT and pUCP18-Gm), promoters,
xylose induction timing points, the concentrations and time
points of added metal ions (Mn*", Cu**, Fe**), pH (5.0-8.0),
culture temperature (20-30 °C), agitation rates (50-250 rpm),
and incubation time (24-72 h) (Tables S2-S47). For each con-
dition, recombinant A514 strains were grown in LB medium
with 30 pg mL™" gentamicin. Cells were collected by centrifu-
gation (8000g, 4 °C, 15 min) and the laccase activities were
examined. Apgr and Apy were cultivated under the same
growth condition as the blank controls. All experiments were
performed in biological triplicate and technical duplicate.

4.6 ELISA Quantitation of laccase secretion when combined
with different linker lengths of 2541

Each single colony of the A514 recombinant strains with c-myc
epitope was grown in 5 mL LB cultures supplemented with
30 pg mL™' gentamycin overnight to reach the stationary
phase. Subsequently, it was inoculated at 0.5% into 20 mL LB
medium with gentamycin and cultured at 25 °C, 150 rpm.
When OD600 was ~1.0, 2 mM xylose was added to induce
c-myc epitope and laccase expression for a total of 70 h.
Afterwards the culture was centrifuged (3000g, 4 °C, 20 min),
resuspended in the same volume of PBS buffer and vortexed
for 5 minutes to break the connection between cell membrane
and protein. The supernatants were collected by centrifugation
(3000g, 4 °C, 20 min). ELISA assays were performed based on
the Mouse c-myc ELISA Kit protocol (Affandi, China, A8814).

4.7 Optimization the cell growth and lignin utilization of
Apur2sa9 and Apyy.zs41p in lignin-M9 rich medium by OVAT
method

Each seed culture of Apy, Apurasae, and Apyv.zsa1p Was prepared
by inoculating a single colony into 5 mL LB medium and incu-
bating at 30 °C and 200 rpm. When stationary phase was
reached, 3 mL of each strain was harvested by centrifugation
and resuspended in 1 mL M9 mineral medium. The appropri-
ate volume of resuspended cells was inoculated to 100 mL
M9 mineral medium with 0.3% lignin and cultured at 28 °C
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and 150 rpm. During the cultivation, six parameters were
investigated by classical OVAT method to optimize cell growth
and lignin utilization, including the time points for 20 pM
CuSO, introduction, yeast extract concentrations (0-0.1%),
inducer xylose concentrations (0-12 mM), NH,Cl concen-
trations (0-0.1%), and inoculum size (10°-10° CFU mL™)
(Table S57).

After optimization, the cell growth of A,y, Apurasae, and
Apuv-saip in M9-lignin rich medium was monitored by colony
forming units per mL, while their lignin degradation was
examined by Prussian Blue assay, NMR analysis, GPC, and
GC-MS/MS. Laccase, which was purified from Apyv.2541p, Was
added to the lignin-M9 rich medium at the final concentration
of 15 U mL™" as the control. All growth experiments were per-
formed in biological triplicate.

4.8 The cell growth and vanillic acid utilization of A,yr2549
and Apyv.2541p in vanillic acid-M9 rich medium

Apu, Apurasae, and Apuvasaip were cultured in 15 mM vanillic
acid-M9 rich medium at 28 °C, 150 rpm. 2 mM xylose was
added at 8 h, while CuSO4 was added at 22 h. Cell growth was
spectrophotometrically monitored by measuring the optical
densities at 600 nm (OD600). The concentrations of vanillic
acid in the medium were measured by HPLC, as previously
described.”” Briefly, each culture supernatant was diluted
1:20 with 0.2% acetic acid and analyzed by HPLC using a
Thermo UltiMate 3000 HPLC system equipped with Thermo
Acclaim 120 C18 (4.6 mm x 250 mm, 5 pm) column. The flow
rate was 1 mL min~' and the absorbance was measured at
231 nm for 25 min.

To investigate whether polymerized products were gener-
ated by Apurzsase and Apuyvasaip, the culture supernatants of
Apu, Apurasas, and Apuvasaip after 48 h cultivation were col-
lected by centrifugation (10000g, 10 min) and filtered by
0.22 pm filter. HPLC analysis was conducted using a ZOBRAX
SB-C18 reverse phase column (4.6 mm x 150 mm, 5 pm), at a
flow rate of 0.5 mL min~", with monitoring at 280 nm. The gra-
dients were as follows: 20%-30% MeOH/H,O over 5 min,
30%-50% MeOH/H,O from 5 to 12 min, and 50%-80%
MeOH/H,0 from 12 to 26 min’® All of the samples were pre-
pared and analyzed in biological triplicate.

4.9 Comparison the effects between free laccase and cell-
bound laccase of the laccase-P. putida A514 on microbial
lignin utilization

First, the extracellular laccase protein in Apyrasse and
Apuvasaip Was quantified. 20 mL seed cultures of Apyrzs49 and
Apuv-saip were cultured in LB medium at 30 °C and 200 rpm
for ~20 h. Next, 0.5% cell cultures were transferred to 300 mL
LB medium, supplemented with 1 mM Fe** and 1 mM Cu**
and cultured at 25 °C and 150 rpm. When the OD600 was
~1.0, xylose was added to a final concentration of 2 mM. The
Apurasse  supernatants were collected by centrifugation
(13000g, 4 ©°C, 15 min) as crude extracellular laccase.
Apuv-2saip cell pellets were collected by centrifugation, resus-
pended in digestion buffer (20 mM Tris-HCl, 150 mM NacCl,
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pH 8.0) and digested with 30 U thrombin (Solarbio, China) at
30 °C. After 12 h, the cell-bound laccase was released to the
supernatant and collected by centrifugation. Subsequently, the
His-tagged extracellular laccase from either Apyposse OF
Apuv-2saip Was purified by Ni-NTA column (Takara) as pre-
viously described.>® The purified laccase proteins were concen-
trated by wusing Amicon Ultra centrifugal filter devices
(Millipore, United States) and quantified by BCA method.”®

Second, the two laccase-cell systems were compared under
the same conditions. 20 mL seed solutions of A,yv.2541p Were
cultured in LB medium at 30 °C, 200 rpm. After 20 h cultiva-
tion, 0.5% cell culture was inoculated to 100 mL LB medium
with 1 mM Fe®" and 1 mM Cu”* and cultured at 25 °C and 150
rpm under two conditions: (i) 2 mM (final concentration)
xylose was added when the ODg(, was ~1.0 to induce the cell-
bound laccase expression. (ii) Culture without xylose addition.
When the OD600 reached ~6.5, the cells under these two con-
ditions were collected and resuspended in 10 mL basal salts
(3 g L7" KH,PO,, 6 g L™ Na,HPO,, 0.5 ¢ L' NaCland 1 g L ™"
NH,CI). Subsequently, 10° CFUs of Apuv-asaip, With 2 mg cell-
immobilized laccase based on above quantitative method,
were cultured in fresh 100 mL M9 mineral medium sup-
plemented with 0.3% (w/v) lignin as the sole carbon source
and 0.2 mM acetosyringone as the mediator at 25 °C and 150
rpm for three days. Meanwhile, 10® CFUs of Apuv-2541p Without
laccase expression were also cultured under the same con-
dition, supplemented with 2 mg purified laccase from
Apur2sae. In addition, Apyv.zs41p Without either cell-immobi-
lized laccase or free laccase in lighin-M9 mineral medium was
used as the control, respectively. All growth experiments were
performed in biological triplicate.

4.10 Lignin concentration analysis by Prussian Blue assay

After five days cultivation, lignin concentration was measured
by Prussian blue assay, as previously described.>® Briefly,
residual lignin in the culture medium was completely dis-
solved by adjusting the pH to 12.5 with 2 M NaOH. 1.5 mL of
dissolved lignin solution was mixed with 100 pL 8 mM K;Fe
(CN)e and 100 pL 0.1 M FeCls, incubated for 5 min at RT, and
monitored by absorbance at 700 nm to determine the concen-
tration of lignin.

4.11 Quantitative *'P nuclear magnetic resonance (NMR)
analysis of lignin

The NMR experiments were carried out using a Bruker Avance
600 MHz NMR spectrometer, according to the previously
described method.®® Residual lignin, with five days cultivation,
was completely dissolved by adjusting the pH to 12.5 with 50%
NaOH. After centrifugation (8000g, 10 min, 4 °C), lignin super-
natant solution was collected and its pH was adjusted to 2 to
precipitate lignin. The lignin deposit was collected by centrifu-
gation (5000g, 10 min, 25 °C) and freeze-dried for a minimum
of 24 h.* Lignin (25 mg) was dissolved in a solvent of pyri-
dine/CDCl; (1.6/1.0 v/v, 550 pL) containing chromium acetyl-
acetonate (relaxation agent) and endo-N-hydroxy-5-norbornene-
2,3-dicarboximide (NHND, internal standard), and then deriva-
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tized with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospho-
lane. The spectrum was acquired using an inverse-gated decou-
pling pulse sequence (Waltz-16), a 90° pulse, and a 25 s pulse
delay. 128 scans were accumulated for each sample. NMR data
were processed using the TopSpin 4.0 software (Bruker
BioSpin) software packages. All experiments were performed in
biological triplicate.

4.12 Gel permeation chromatography (GPC) analysis of
lignin

The molecular weight of the lignin was analyzed by GPC, as
previously described.'*”* Briefly, lignin was prepared by the
same procedure as for NMR analysis. The lignin (20 mg) was
first acetylated by incubating with acetic anhydride/pyridine
(1:1 v/v, 2.0 mL) in a sealed flask under an insert atmosphere
at RT for 24 h. The sample was diluted with 20 mL of ethanol
and stirred for 30 min. The ethanol in each sample was
removed with a rotary evaporator, followed by drying in a
vacuum oven at 40 °C. Subsequently, each acetylated lignin
sample was dissolved in tetrahydrofuran (1.0 mg mL™") and fil-
tered through a 0.45 pm filter. The molecular weight distri-
butions of the acetylated lignin samples were analyzed on an
GPC Waters 1525 system equipped with four Waters Styragel
columns (HR1, HR2, HR4, HR6) and a waters 2414 detector.
Tetrahydrofuran was used as the mobile phase in GPC analysis
at the 1.0 mL min~" flow rate. In addition, a standard poly-
styrene sample was used for calibration. All experiments were
performed in biological triplicate.

4.13 GC-MS/MS analysis of the degraded lignin products

The solubilized monomer and oligomer compounds, released
through lignin depolymerization, were analyzed by GC-MS/MS
as previously described." 3 mL cell samples of A,y, Apurasaos
and Apyv-2s41p in M9-lignin rich medium at 2, 3, 4 and 5 culti-
vation days were centrifuged (13 000g, 25 °C, 8 min) and the
collected supernatants were extracted with 9 mL of ethyl
acetate. The organic layer was collected and dewatered using
anhydrous sodium sulfate. Next, 2 mL of dewatered solution
was collected by centrifugation (8000g, 25 °C, 10 min) and
dried under nitrogen gas stream. The dried residue was mixed
with 100 pL dioxane containing ethylvanilline (3-methoxyphe-
nylacetophenone) as an internal standard (i.s.) (33 mg mL™"),
10 pL pyridine, and 50 pL trimethylsilyl [BSTFA (N,O-bis(tri-
methylsilyl) trifluoroacetamide) and TMCS],*"*** and then was
incubated at 60 °C for 15 min with periodic shaking to com-
pletely dissolve the residue. Subsequently, 100 pL silylated
compounds was 10-fold diluted with hexane and injected into
an Agilent Technologies 7000D GC-MS equipped with a
HP-5MS column (thickness 0.25 pm; length 30 m; diameter
0.25 mm). The column temperature program was set as 50 °C
hold for 5 min, 50-300 °C (10 °C min~", hold time: 5 min).
The compounds were identified by comparison with the
GC-MS library database (NIST08s). The abundances of com-
pounds were divided by the abundance of the internal stan-
dard within the sample and thus represented relative abun-
dance of the compounds.
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