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The secretion of Pseudomonas
unconventional peroxidase facilitates
extracellular carbon acquisition from

heterogeneous lignin
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The secretion of ligninolytic enzyme provides a competitive advantage for microbial survival. These
enzymes are commonly transported to the extracellular milieu via signal peptides for the catabolism
of lignin, which cannot be translocated through the cell membrane. However, some bacterial
ligninolytic enzymes lack signal peptides, yet they can still be secreted. It remains unclear how
these unconventional proteins cross the cell membrane. Here, we reveal a secretion mechanism for
the unconventional B-type dye-decolorizing peroxidase (DypB) in Pseudomonas putida A514. Type VI
secretion system (T6SS) mediates the inner membrane channel, where interaction of DypB with the
T6SS components VgrG and Hecp accounts for periplasmic delivery. Once in the periplasm, DypB is

allocated into outer membrane vesicles (OMVs) and released to the extracellular space. The
crosslinked translocation model for DypB delivery represents an ingenious mechanism by which
bacteria harness extant systems to thrive in a nutrient-poor environment. Moreover, we develop an
OMV-surface display platform to improve DypB secretion and further enhance lignin utilization,
exemplifying the applicability of OMVs as a lignin biocatalytic nanoreactor. Our study demonstrates
the previously unrecognized crosslinking of T6SS and OMVs for the secretion of unconventional
ligninolytic peroxidase and provides new perspectives on its biotechnological applications.

Microorganisms have evolved secretion systems to adapt to complex natural
environments'. These systems play key roles in the transport of proteins,
nucleic acids, and small molecules, facilitating the microbial competition for
resources and space, as well as interaction with the environment’. Lignin, as
a prevalent structural component of plants, comprises ~30% of Earth’s
non-fossil organic carbon™. Microorganisms commonly secrete oxidor-
eductases, e.g,, laccases and peroxidases, for extracellular lignin depoly-
merization, providing access to the heterogeneous aromatic polymer that
cannot translocate the cell membrane™. Advances in the understanding of
secretion pathways for ligninolytic enzymes have important implications for
microbial survival, carbon cycling, and lignin valorization.

Bacterial dye-decolorizing peroxidases (DyPs) have been identified as
lignin-oxidizing enzymes. These include the A-type DyP (DypA) in Bacillus
subtilis’, the DypBs in Pseudomonas and Rhodococcus’™"’, and the C-type
DyP (DyP2) in Amycolatopsis 75iv2". To date, two major secretion
mechanisms for bacterial DyPs have been reported. One involves the Type IT
secretion system (T2SS) via N-terminal signal peptides. The DypAs in

Bacillus subtilis and Escherichia coli were reported to contain a Tat signal
sequence'>". They undergo transmembrane transport via the twin-arginine
translocation (Tat) pathway, which recognizes the Tat signal peptide. The
other secretion mechanism is dependent on a nano-compartment through a
C-terminal signal sequence. In Rhodococcus jostii RHA1, the DypB contains
a C-terminal signal sequence that targets it to the neighboring encapsulating
nanocompartment. Once encapsulated, it is transported to the extracellular
space'*". However, DyPs without any conventional signal peptide can also
be secreted to the extracellular surroundings™’. Taking the DypBs of
Pseudomonas putida A514 as an example, algorithm (SignalP, TatP, and
SecP) analyses have suggested that they do not contain any of the con-
ventional N- or C-terminal signal sequences (e.g., N-terminal Sec/Tat motifs
and C-terminal helical domain and pore-forming B-domain)’. However,
our previous studies observed that they can be secreted to the periplasmic
and extracellular space”", indicating that the secretion of DypBs does not
require conventional signal peptides and, therefore, an uncharacterized
secretion mechanism mediates the process.
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Gram-negative bacteria commonly contain two types of secretion ~Results

systems that do not require recognition of the classical signal sequences
of cargo proteins. One is the Type VI secretion system (T6SS)"**’. This
system contains an inner tube composed of Hcp, surrounded by a TssBC
outer sheath, and topped by a spiked tip complex of VgrG and PAAR,
with a membrane-bound baseplate (TssKEFG), where the ATPase ClpV
provides energy for the multicomponent apparatus. It is well-known that
T6SS delivers various toxin effectors to neighboring eukaryotic or pro-
karyotic cells in a contact-dependent manner’'. Recent reports suggest
that it can also deliver several effectors to the extracellular milieu for
metal ion acquisition, in response to environmental fluctuations™*. In
fact, T6SS has a wide range of effectors that display a high diversity in
sequence and function. Most of these have no recognizable motifs,
especially the single-domain proteins™*’. We hypothesized that P. putida
DypB, which lacks any conventional signal peptide, could be transported
by T6SS. The other system involves outer membrane vesicles (OMVs), as
parts of the unique bacterial secretion pathway type 0 secretion system
(T0SS)***”. OMVs are spherical proteoliposomes, composed of lipopo-
lysaccharides (LPSs), glycerophospholipids, and outer membrane
proteins™”. A recent study reported the release of OMVs by P. putida
KT2440 containing a set of enzymes to catabolize monomeric lignin-
derived compounds, however, the enzymes for lignin depolymerization
were absent™. This suggests that OMVs, as an extracellular strategy, assist
bacteria in the catabolism of lignin-derived aromatic compounds. We,
therefore, inferred that OMVs are harnessed by P. putida A514 to deliver
the DypB for the degradation of oligomeric lignin. In addition, OMVs
can transport highly concentrated cargo long distances in a protected
manner. This unique characteristic enables a diverse range of applica-
tions, e.g., vaccination, drug delivery and bioreactors for enzyme cascade
reactions’”. We also expected that these OMV's could be engineered as a
nano-bioreactor system for lignin biocatalysis.

Here, we employed the unconventional DypBs;s; in P. putida A514
as the subject to investigate this obscure secretion mechanism. Peri-
plasmic protein co-expression network analysis revealed that the protein
components of T6SS and TOSS showed positive correlations with
DypBs;5,. Subsequently, the T6SS proteins, especially VgrG, were
identified to participate in periplasmic transport of DypBs;;s,. Next,
OMVs packaged and delivered the periplasmic DypBs;s, to the extra-
cellular surroundings. Moreover, OMVs were engineered as a surface
display platform for DypB;;s, to harness extracellular enzymatic reac-
tions. This study not only advances our understanding of the crosslinked
secretion pathway for the unconventional enzyme, but also provides
insights into bacterial OMVs as a promising nanoreactor for lignin
biocatalysis.

Proteome analysis reveals the potential roles of T6SS and TOSS in
the secretion of unconventional DypB345>
DypBs)s, is an Mn’* independent ligninolytic enzyme in P. putida A514, that
lacks any conventional signal peptide™”. Our previous study observed the
periplasmic DypBs; s, level and activity in Aj;s,, in which A514 carried the
Pmin:dypBs;s, expression cassette on the pPROBE-GT plasmid’ (Supple-
mentary Table 1, 2). To reveal the secretion mechanism of DypB;;s,, the
periplasmic proteomes were investigated in A5, and Apgr (A514 carrying a
control vector pPROBE-GT, Supplementary Table 1). The two strains were
cultured in M9 medium with either lignin or glucose as the sole carbon
source. The corresponding periplasmic proteomes were collected at early-
and mid-exponential phases, respectively, and allowed reconstruction of the
periplasmic protein co-expression network™. Aligning with the absence of
any conventional signal peptide in DypBs;s,, proteins involved in Type L, II,
IV, and V secretion systems were neither identified in the periplasmic pro-
teomes, nor showed significant correlations with DypBs;s, (Supplementary
Data 1). In contrast, the network revealed that other secretion systems, ie.,
T6SS and TOSS, were correlated with DypBs;5,. Multiple T6SS, 3, elements
were displayed in the network, and showed strong correlations with
DypBs;s, (Fig. 1a). Moreover, the expression levels of the T6SSy;3; proteins
in Apgr were significantly up-regulated under lignin, in comparison to
glucose, including DUF1795;3;, TssAg149 and DotUy,4;. In addition, As;sp,
with DypBs;s, overexpression, also induced the expression of T6SSy;3;
proteins (e.g, DUF1795¢;31, VgrGoisz TssAg140 and TssKoge3) in the pre-
sence of glucose compared to that of A,y under glucose. Such induced levels
were further enhanced when Ajz;s, was cultured under lignin (Fig. 1b),
indicating that T6SS might be involved in periplasmic DypBs;s, secretion.
Meanwhile, we also observed that OprDy;¢s, BamBy310, and Lppaass,
were strongly correlated to DypBs;s, (Fig. 1a and Supplementary Data 1).
These outer membrane proteins and efflux pump periplasmic linkers, as the
major components of OMV’s, participate in the generation and delivery of
OMVs™**. Similarly, they were induced by either lignin or DypBs, s, over-
expression (Fig. 1b). While these components were all up-regulated in Apgr
under lignin, as compared to glucose, their expression levels were also
increased in Aj s, in comparison to Apgr, when both strains were cultured
in the presence of glucose. In addition, the induced levels were also observed
in As5, under lignin, compared to A,y under glucose. Thus, we inferred
that periplasmic DypB;; s, is possibly transported to the extracellular space
by OMVs.

T6SSs participate in the periplasmic transport of DypB3;,s,
Proteome analysis demonstrated that the T6SSq;3; elements were co-
expressed with DypBs;s,. Subsequent genome analysis showed that the
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Fig. 2 | Periplasmic DypB;, s, secretion is dependent on the VgrG proteins.

a, ¢, e Western blot analysis of the DypBs; 5, expression levels in the total cell lysates
(Cell) and periplasmic (Peri) space of the relevant AvgrG mutants. The periplasmic
protein, DsbA, was used as the periplasmicloading control. The cytoplasmic protein,
RNA polymerase beta subunit (B-RNAP), was used as the loading control for total

W

cell lysates. AR35, was used as the control strain. Data are representative of three
biological replicates. b, d, f The corresponding periplasmic DypB3,s, activity of the
AvgrG mutants. U/L: the DypB;, s, activity per 1 L culture broth. “*”: p value < 0.05,
“**: p value < 0.01, “***”: p value < 0.001 by two-sided Student’s ¢-test. Data are
presented as mean values + standard deviation. n = 3 biological replicates.

A514 strain harbors multiple T6SS gene clusters, including the 0137 cluster,
2469 cluster, and 5262 cluster (Supplementary Fig. 1). The three T6SS gene
clusters all encode multiple components, e.g., Hep (inner tube), VgrG and
PAAR (tip complex), ClpV (ATPase), and VasF/VasK (baseplate compo-
nents). Among them, the T6SSy;3; cluster contains the integral elements,
consisting of 17 proteins, while the T6SS, 4459 and T6SSs,e, clusters lack ClpV
and VgrG, respectively (Supplementary Fig. 1). In addition, two individual
vgrG gene clusters, 0499 and 5775, were also detected in the A514 genome
(Supplementary Fig. 1). To explore whether the secretion of DypBs;s, is
mediated by T6SS, the four vgrG genes, as the classical carrier for T6SS
effectors™”’, were respectively deleted in the AR;;s, strain. ARss,, which
integrated genome editing elements (Cas9n and A-Red) into the Ajis,
chromosome, displayed similar DypB;;5, protein expression levels to Ajs,
(Supplementary Fig. 2), and was therefore used as the host strain to inves-
tigate the periplasmic DypBss; secretion. The resulting mutant strains were
designated AAvgrGy;sz, AAVgrGosss, AAVErGayss and AAvgrGsyyy (Sup-
plementary Table 1). Western blot assays showed that deletion of vgrGy; s,
and vgrG,yss led to a significant reduction (63-65%) in the DypB;; 5, protein
levels in the periplasmic space, while it did not impair the DypBs;s, protein
levels in total cell lysates (Fig. 2a and Supplementary Fig. 3a). Consistent
with the decreased expression levels, we also detected inhibited periplasmic

DypBs;5, activities in the strains AAvgrGos, and AAvgrG,yss, by 50-54%
(Fig. 2b). Moreover, the AAvgrGo;s,:vgrGors2 and AAVGrGoyss:vgrGagss
mutants almost completely alleviated the diminished protein levels, when
we complemented the vgrGy;s, and vgrG,yss genes in AAvgrGo;s, and
AAvgrG,yss, respectively (Fig. 2c and Supplementary Fig. 3b). These com-
plementation strains correspondingly recovered DypB activity by 86-90%
(Fig. 2d). In addition, AAvgrGs;44 and AAvgrGyye slightly decreased peri-
plasmic protein levels (7-13%) and enzyme activities (3-9%, Fig. 2a, b and
Supplementary Fig. 3a, p > 0.05). To further explore the roles of the four
VgrGs, the double knockout mutant AA2vgrG (AvgrGo;32AvgrGayss) and
quad-gene knockout mutant AA4vgrG were constructed, respectively. Both
knockouts exhibited substantially reduced periplasmic protein level
(66-77%) and enzyme activity (59-63%), compared to AR3;5, (Fig. 2e-fand
Supplementary Fig. 3c). Together, the results demonstrated that VgrGs play
a role in the periplasmic secretion of DypBsis,, of which VgrGo;s, and
VgrGayss are the most important components.

Next, the T6SS components of the 0137 cluster were investigated, due
to the integrity of T6SSy; 37 cluster and the importance of VgrGy, s, (Fig. 3a
and Supplementary Fig. 1). The paaRy;30, dufl17950;3;, clpVo ;33 and hepo;s;
genes, which have been reported to influence T6SS effector delivery™**™,
were individually deleted in ARj;5,. We found that these mutants slightly

Communications Biology | (2025)8:1318


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08749-7 Article
o}
19
S N @ o 2kb
E . A . ) >[>[2-| W KKK —
N
NS S QP QP Q" . P
o é
S 3V S &
b S d & B & o &
& 2 & QR IR IR DypBa3is2 [l
Aty P O N Q y yp
© Y VY0, L N
Dysz15z| .--—|—33 Dysz1sz|-- .- ~~-}33 B
DsbA[.- —.—-| 24 |Peri DsbA |-.a— f 24 |Per g N &
» o
B-RNAP| 150 B-RNAP| | 150 @ of
DypBats (M8 |
Dysz152‘# |.33 DypB3152|“|' 33 el Hoporar
Cel e [(— ]
B-RNAP’——-——ﬁ|'150 B-RNAP|--_-|'150
IP
h —
s & o
€ _ 1500 € _ 150, W of §
= g e
-] * % % 2, * % %
> 7 > L s DotUotss [ |
= . =
5 1000+ g 1600 i e
o] © N ’b'\%q'
mé C‘é « &
5 - 3 i
o 500 O 500
o 2 oUF 7950 [
3 ©
®
= a ] IP
o o i j &
= - IR & 8
T I —
S VerGr MW
A

Fig. 3 | The periplasmic DypBs, s, transportation is mediated by T6SS¢;37. a The
T6SS0137 gene cluster in P. putida A514. b, d Western blot analysis of DypBs s,
expression levels in the total cell lysates (Cell) and periplasmic (Peri) space of the
indicated strains. The proteins DsbA and B-RNAP were used as the protein
expression controls, while AR3;5, was used as the control strain. Data are repre-
sentative of three biological replicates. (c, e) Periplasmic DypB3, s, activity in the

Hoporsr [l |

corresponding AT6SSy;3; mutants. “*”: p value < 0.05, “***”: p value < 0.001 using
two-sided Student’s t-test. Data are presented as mean values + standard deviation.
n = 3 biological replicates. f-j Interactions between DypB;; 5, and targeted proteins.
The initial samples (Input) and retained proteins (IP) were analyzed by western blot
against Flag and Myc antibody, respectively. IgG indicates the negative control
antibody group. Data are representative of two biological replicates.

reduced (9-12%) the abundance and activity of periplasmic DypBs,s,, each
exhibiting a minor effect on DypBs,s, secretion (Fig. 3b, ¢ and Supple-
mentary Fig. 4a). To further determine the synergistic effect of the five
T6SSp13; components on DypBs;s, secretion, the quad-gene deletion
mutant AA4-0132 (ApaaRAdufl795AvgrGo;s,AclpV) and five-gene dis-
ruption mutant AA5-0132 (ApaaRAduf1795AvgrGo;s,AclpVAhcp) were
both constructed to inactivate the T6SSy;3; system. Compared to ARs;sp,
these decreased the periplasmic DypB;;5, abundances by 63-71%, but did
not interfere with DypBs 5, expression levels in total cell lysates (Fig. 3d and
Supplementary Fig. 4b). Correspondingly, the two mutants also reduced
periplasmic DypBs;s, activities by 53-60% (Fig. 3e). Furthermore, AA5-
0132, instead of AA4-0132, exhibited significantly lower activity than
AAvgrGy;3,, indicating Hepy, 37 could work synergistically with other T6SS
components for periplasmic DypBs;s, transport, although the hcpy;s;
deletion, by itself, did not significantly inhibit the secretion of DypB;;s,
(Figs. 3c, e and Supplementary Fig. 4a). Overall, the data revealed that
T6SSo137 plays a role in the periplasmic transportation of DypBss,, of which
VgrGoi3, had the greatest effect on secretion.

To further verify whether VgrGy;s, acts as the carrier for the
secretion of DypBs;s,, the interaction between DypBs;s, and VgrGy,s,
was tested by co-immunoprecipitation (colP) assay. As expected,
DypBs;s, retained VgrGy,s,, indicating that VgrGy,;s, carries DypBs;s,
across the inner membrane (Fig. 3f). To investigate the potential inter-
actions of DypBs;s, with additional T6SS¢13; components, co-
immunoprecipitation mass spectrometry (colP-MS) was performed in
P. putida A514, carrying the FLAG-tagged DypB;, s, vector, while A514
with the FLAG-tagged vector acted as the control (Supplementary
Table 1-2). Proteins that coeluted with DypBs;5, were preliminarily
identified by mass spectrometry. Eighty-one proteins, absent in the
control, were identified (Supplementary Data 2). A refined subset of three
proteins was targeted and further examined by colP, as they were
T6SSo137 components (DUF1795;3;, Hepo37, and DotUy;44). The assay
showed DypBs;s, could retain Hcpgs;, but not DUF17954;5; and
DotUp 44, suggesting interaction between DypBjs, and Hcpgysy
(Fig. 3g—i). Moreover, an interaction between VgrGy;s, and Hcpg;37 was
observed via coIP (Fig. 3j), suggesting that DypBs;ss, VgrGoisp, and
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Hcpoi3; might form a trimer complex. Overall, these results demon-
strated that DypBs;5, can be delivered to the periplasm via the T6SS¢13,
system.

TOSS mediates extracellular secretion of DypB3,52
As DypB;;5, was not detected in the culture supernatants, the extracellular
secretome of P. putida A514 was investigated via scanning electron micro-
scopy (SEM), (Fig. 4a). The observation of small (60~150 nm) nanoparticles
validated that P. putida A514 secreted OMVs to the extracellular space
(Supplementary Fig. 5). To further verify our hypothesis that these OMVs
packaged and transported the periplasmic DypBs; s, to the extracellular space,
DypBs; s, in Asz;s, was successively assayed in the total cell lysates, periplasm,
supernatants, and OMVs by western blot assay (Fig. 4a). DypBs;s, was
present in the total cell lysates, periplasm and OMVs, but not in the culture
supernatants, confirming that DypBs;s, is trafficked to the extracellular space
via OMVs (Fig. 4a). Subsequently, the location of DypB;;s, in OMVs was
examined. After treatment of the OMV's with proteinase K to digest proteins
on their surfaces, DypB3;5, could still be detected in the OMVs. In contrast,
the well-known OMV surface protein, OprF"', was digested by proteinase K
(Fig. 4b). Moreover, when we lysed the OMVs with SDS and then digested
their proteins by proteinase K, DypB3,5, was not detected (Fig. 4b). In view of
these results, we posited that DypB;;s, is incorporated into OMVs for
delivery across the outer membrane. To further examine whether T6SS
influences the delivery of DypB-containing OMVs, we detected the extra-
cellular DypBs; s, in the T6SS-deficient mutants. Similar protein levels were
detected between the periplasm and OMVss in the T6SS-deficient mutants,
while the protein levels in total cell lysates were not impaired (Fig. 4c and
Supplementary Fig. 6). It confirmed that T6SS was responsible for peri-
plasmic transport, while OMVss play a role in extracellular secretion.
Taking the above results together, we propose a secretion model for the
DypBsis, protein in P. putida A514 (Fig. 5a). It is transported in a two-step
process across the inner and outer membranes. DypBs;s,, as the T6SS-
associated cargo, passes through the cytoplasmic membrane via T6SSo;3;.
VgrGois, and Hcpogs; interact with each other to act as the carriers for
DypBs1 5, transportation across the inner membrane via the baseplate of the
T6SS. VgrGayss also assists in the transmembrane transport. Once in the
periplasmic space, DypBs;s; is incorporated into OMVs and exported
through outer-membrane trafficking.

Bio-designed DypB345, secretion to develop a lignin biocatalytic
nanodevice

As stated earlier, DypBs; s, is not located on the surface of OMVs. Its absence
in the culture supernatants further indicated the low DypBs;s, secretion

efficiency. Consequently, we attempted to efficiently display DypBs;s, on
the surface of OMVs to improve accessibility to the substrate. First, as
previously reported’, an expression vector (pUCP18-Gm) with a higher
copy number was used to enhance the level of periplasmic DypB;;s,
expression level, generating the Aj;s,p strain. Second, fused expressions
with various surface-anchoring proteins were tested in the Aj;s,p strain.
DypB;;5, was correspondingly fused to SylB424, LolBgso, OprFszo1, and
OprDyy6s, generating the recombinant strains Agyp, Apos Aoprs and
Aop:ps respectively (Supplementary Table 1). Western blot assays suggested
two (Agyp and Apqp) of the four strains, packaged DypBs;s, in the OMVs
(Fig. 6a). Proteinase K treatment confirmed they successfully displayed
DypBs;;5; on the surface of OMVs, with up to 0.87 U/mg of OMV total
proteins in Agyp (Fig. 6b and Supplementary Fig. 7a). Together, we devel-
oped two nanodevices that successfully displayed active DypB;;s, on the
surface of OMVs.

Next, the nanodevice yield was enhanced by mutation of the Tol-Pal
system. Because the mutation of fol-pal operon increases the release of
OMVs in many bacteria®, the genes folA,;49 and tolRy;s; in the tol-pal
operon were individually deleted in As;s,p, Agyip and Ay g, generating the
six mutants AAfolA, AgypAtolA, AropAtolA, AAtolR, AgupAtolR, and
ApoisAtolR (Supplementary Table 1). Mutation of either t0lA 449 Or tolRy;5;
resulted in a more than a ~2-fold increase in OMYV yields (Fig. 6¢ and
Supplementary Fig. 7b). Moreover, both Agyp mutants showed slightly
higher OMV yields than the Aj,p mutants, up to 15mg/L OMVs in
AgypAtolA (Fig. 6¢c and Supplementary Fig. 7b). Correspondingly, the
secretions of DypBs;5, protein were significantly improved in these Agyp
mutants (Fig. 6d and Supplementary Fig. 8a, b). The highest activity on the
surface of OMVs was observed in the Agy1sAtolA strain, achieving 1.44 U/
mg of OMV total proteins (Fig. 6d).

Therefore, AgypAtolA was targeted for the optimization of extracellular
DypBs 5, yield by the classical one variable at a time (OVAT) method. Five
parameters were tested to improve DypBs;s, production at the levels of
transcription and translation (Supplementary Table 3). (i) The transcription
level of dypB;;s, was optimized by using different concentrations of xylose
to induce the xylose-dependent promoter Pyy4. (ii) Four cultivation para-
meters were examined to improve the DypBs;s, protein level, including
medium, pH, temperature, and D-cycloserine (the inducer for OMVs
production”). Among these, D-cycloserine, medium, and pH showed
greater effects on extracellular DypBs;s, production. As a result, the
extracellular DypB3; s, protein level and activity could be directly detected in
the culture supernatants of AgypAtolA. The nanodevice yield reached
24.03 ng/mL DypBj;s,, with 8.21 U/mL activity (Fig. 6e, f). In contrast,
neither Aj;5,5 nor AAtolA showed the detectable DypBs;s, protein level in
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Fig. 5 | Model for the secretion of DypBs, s, and the bio-designed DypB;, s,
nanodevice. a Model for delivering DypB;, s, to the extracellular space. DypBs,s,,
VgrG, and Hcp interact with each other and then are shuttled across the inner
membrane via the T6SS baseplate components. VgrG and Hcp could assemble into
the T6SS apparatus, while the periplasmic DypB is then incorporated into OMVs.

" Increased
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The OMV-coated DypB is finally delivered to the extracellular space. b Schematic
illustration of the bio-designed DypB3;, 5, nanoreactor for lignin biocatalysis.
DypBs;s, is first displayed on the surface of OMVs, and then the OMYV yield is
increased by genetic manipulation and OVAT. The synthetic nanoreactor can
efficiently deliver DypB on the surface of OMVs, contributing to lignin degradation.

the culture supernatants (Fig. 4e, f). Finally, Agyps15,AtolA was cultured
under kraft lignin to test the biocatalytic effect of the engineered DypB;; 5,
nanodevice. Significant growth improvement was observed in
Agyips152AtolA, with ~2.6-fold enhancement over Asz;s;p (Fig. 6g). More-
over, 2.4-fold higher lignin was utilized by Asyip3152A%0lA, reaching 12%
(Fig. 6h). Lignin degradation was further assessed by Fourier transform
infrared spectroscopy (FTIR). It revealed the evident changes in the che-
mical bonds of kraft lignin by Agyip315,At0lA, AAtolA and Ajz;s,p, as com-
pared to the blank (Fig. 6i). The changes mainly ranged from 1045 to
3418 cm ™, especially at 1045, 1329, 1510, 1600~1750, 2940 and 3418 cm™!
(Fig. 6i). The spectral band at 1045 cm ™" was associated with C-O stretching
in the aliphatic ethers of lignin*; the band at 1329 cm™" might be due to the
C—H vibration of the S-unit*; the band at 1510 cm ™' could be attributed to
the C=C stretching vibration of the aromatic ring'“); the bands at 2940 and
3418 cm™' were assigned to the asymmetric C—H and O-H stretching
vibrations in the aliphatic chains of lignin®. Interestingly, in contrast to
AAtolA and Ajsp, the characteristic peak of lignin by AgypAtolA was
weaker. It is consistent with the results of extracellular DypBs;s, activity, cell
growth, and lignin utilization assays (Fig. 6e, h), further illustrating the
lignin biocatalytic effect of the DypBs;s, nanodevice. Taken together, these
results demonstrated that the DypBs;;5, nanodevice has a potential appli-
cation in lignin biocatalysis (Fig. 5b).

Discussion

In bacteria, secreted cargoes commonly contain conserved motifs for
recognition by transporters. For instance, C-terminal signal peptides can be
interacted with ABC transporters in type I secretion systems (T1SS)***’, or
bound by VirD4/VirB proteins in type IV secretion systems (T4SS)”, while
N-terminal signal peptides (e.g., Sec and Tat) are recognized by either the
SecB-dependent pathway”' or twin-arginine translocation pathway™ in type
I and V secretion systems (T2SS and T5SS), respectively. In addition, the
N-terminal domain of some T6SS effectors also has specific motifs, e.g.,
rearrangement hotspots (RHS), YD repeats, MIX motifs and FIX motifs™***.

How a protein without any classical signal peptide traverses the inner and
outer membranes has been a major question in this field, as ascribing it to only
cytoplasmic/periplasmic leakage has been unconvincing. Here, we found a
crosslinked translocation model, providing an answer to this question
(Fig. 5a). First, VgrG-dependent T6SS periplasmic transportation was
revealed. The T6SS components, VgrG and Hcp, localize to the inner
membrane™. DypBs; s, interacts with these components. It is inferred to form
a DypBs;5,-VgrG-Hcp trimeric complex, which could be further investigated
by crystallization and structural determination in the future™. This complex is
then shuttled across the inner membrane via the T6SS baseplate components.
Once in the periplasm, DypB;;5, could be released from the complex. VgrG
proteins should assemble into a trimeric complex as a spike, while Hcp rings
may dock beneath it and form a long flexible tube™. It is worth noting that
deletion of icp did not significantly impair periplasmic DypBs; 5, protein level
or activity (Fig. 3b, ¢). Therefore, DypB;;s, is not a Hcp-associated effector,
although it shows an interaction with Hep (Fig. 3g). This is possibly related to
the size of DypB;, s, (32 kDa). Hcp-dependent effectors typically have a low
molecular weight, under 20 kDa”. A large protein (>30 kDa) would arrest
Hcp ring assembly and secretion, despite it not impairing the interaction™.
Each interaction among DypBs;s,, Hep, and VgrG should enhance the
association of DypB3;5, with T6SS and further contribute to its transport
across the inner membrane. Subsequently, the periplasmic DypBs;s, is
incorporated into OMVs, and the OMV-encapsulated DypB;;s, is finally
delivered to the extracellular space (Fig. 5a). T6SS-mediated recruitment of
OMVs has been reported, where LPS-binding effectors, being secreted by
T6SS, recruit OMV:s for bacterial competition and horizontal gene transfer”.
Here, we reveal the unrecognized interconnection for the delivery of a lig-
ninolytic enzyme, representing an ingenious mechanism by which bacteria
harness extant cellular processes to thrive in a dynamically changing
environment.

Importantly, T6SS-mediated periplasmic DypBs, s, delivery has several
unique features. First, DypBs; s, is identified as a T6SS-associated cargo for
carbon utilization, further elucidating the diverse functions of T6SS. The
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Fig. 6 | The DypB;,5, display platform by OMVs. a Western blot analysis of the
four DypB3; s, fused proteins in the OMVs. B-RNAP was used as the protein
expression negative control to exclude the cytoplasmic contamination in OMV
samples. Aj;s,p was used as the control strain. b Western blot analysis of the
DypB3; 5, location in the Agy g and Aj o5 OMVs. OMVs were treated with (++) or
without (-) proteinase K. Data in (a, b) are representative of two biological replicates.
¢ The OMYV yield in the corresponding AtolA mutants. The OMYV yield is indicated
by the total protein of the OMVs in 1 L of culture broth. d The DypB activity on the
surface of OMVss in the AgypAtolA and AgpAtolR strains. The optimized DypB
protein level (e) and activity (f) in the culture supernatants. The protein level was

quantified by ELISA assay. g, h Cell growth and lignin degradation by the Agy,sAtolA
strain. AR3;5, and AAfolA were used as the control strains, respectively. Data in
(c-h) are presented as mean values + standard deviation, n = 3 biological replicates.
“*”: pvalue < 0.05, “**”: p value < 0.01, “***”: p value < 0.001 by two-sided Student’s
t-test. i The FTIR spectrum of untreated lignin and treated lignin by Asz;s,5, AAtolA,
and AgjypAtolA, respectively. Data are representative of three biological replicates.
The P. putida strains (a—f) were cultured in LB medium, while the strains (g-i) were
cultured in 0.3% kraft lignin-M9 medium, supplemented with 0.2% yeast extract and
2 mM MnSO, for DypB production.

well-known T6SS effectors, which include toxins® and proteins for metal ion
acquisition, e.g., molybdate-binding protein (ModA)®, are commonly
located in the same operon together with their cognate VgrG, Hep, or PAAR
proteins™*'. Genome analysis revealed that the gene for DypBs, s, is distant
from the T6SSp3; and T6SS,4e0 clusters. Additionally, the classical
N-terminal motifs, e.g., RHS, YD repeats, MIX, and FIX motifs, were not
identified in DypBs,s,. Our study expands the T6SS substrate repertoire and

pinpoints that T6SS participates in ligninolytic enzyme trafficking, pro-
viding a survival advantage in the absence of labile carbon sources. Second,
T6SS mediates DypBs;s, transportation from the cytoplasm to the peri-
plasm. T6SS has been reported to directly deliver effectors to the extra-
cellular milieu or neighboring cells, bypassing the periplasm™**®.
Alternatively, periplasmic proteins (e.g., ModA) are transported by T6SS

from the periplasm to the extracellular space, where VgrG and Hcp are
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considered to be assembled in the periplasm®. Here, we reveal that DypBs; s,

can be delivered to the periplasm via the interaction with VgrG and Hcp,
even though they might not yet have assembled into a needle-shaped
structure. Third, while T6SS contributes to DypBs;s, secretion, it is not
entirely relied upon. For T6SS specialized effectors, deletion of any effector-
bound T6SS component (e.g., VgrG, Hep, and ClpV) would fully prevent
their secretion”*. In contrast, neither the deletion of the four vgrG genes nor
the five genes in T6SSy;3; could completely prevent DypB;;s, secretion in
this study, with 23-29% of periplasmic protein levels still retained (Figs. 2, 3).
Considering that DypB3;s, also showed significant correlations with other
transport proteins, e.g, TtgA (an efflux pump)® and FtsY (the signal
recognition particle receptor)®, SotBysg, (sugar efflux transporter)” and
DUF (the domain of unknown function)*® (Supplementary Data 1), we
inferred DypB;;5, might not be a specific substrate of T6SS in P. putida,
confirming the view that bacteria could engage underutilized systems to
transport additional substrates in response to natural environment
fluctuations®.

Outer membrane vesicles (OMVs), also called TOSS, can function as
nanoscale vectors for the encapsulation and transport of highly con-
centrated enzymes with long-distance delivery”’. They have gained attention
for their broad functions (e.g., intercellular interactions, virulence, and
nutrient acquisition)”'”*, and potential applications (e.g., vaccine and drug
delivery vectors)*””. Here, we expanded their utilization in recalcitrant
carbon catabolism, which would aid in developing microbial strategies for
lignin valorization. OMV catabolism of lignin-derived aromatic com-
pounds has been observed in P. putida KT2440%. A set of enzymes for
monomeric lignin-derived compounds was packaged in OMVs and deliv-
ered into the extracellular milieu. However, the enzymes for lignin depo-
lymerization were absent in the KT2440 OMVs. In our study, we revealed
that DypBs,s,, with its characterized lignin depolymerization activity™'**,
was packaged into OMVs in P. putida A514.

Undoubtedly, OMVs, enriched in a diverse array of enzymes, are a
promising lignin valorization nano-bioreactor with unique advantages.
Lignin greatly induces OMV biogenesis (Supplementary Fig. 8c-d).
Extracellular OMVs ensure enzymatic access to lignin, a substrate that
cannot translocate through the microbial cell membranes. Meanwhile,
the low molecular weight catabolic products are easily taken up by
the recipient cells. The natural spatial separation can also mitigate sub-
strate toxicity. However, the limited DypB;,s, secretion in As;s, should
be acknowledged (Fig. 4a). Moreover, DypBs s, is likely located inside
the OMVs, restricting its direct access to lignin. Here, we developed an
OMV-surface display platform to engineer this natural nano-bioreactor
(Fig. 5b). DypBs;s,, in conjunction with a tethering outer membrane
lipoprotein (e.g, SylB and LolB)™*” was successfully displayed on the
surface of OMV, facilitating lignin accessibility. Moreover, the level of
DypB;;s, in the nanobioreactor was further improved, via an increase of
the OMV and DypBs;s; yields, reaching 24.03 ng/mL DypBs;s; in the
culture supernatants. Consequently, the engineered extracellular nano-
bioreactor significantly promoted lignin utilization and cell growth,
aligning with the AdypB mutant of Rhodococcus jostii RHA1 which had
greatly reduced lignin degradation activity’. Our work provides an effi-
cient synthetic biological tool for lignin utilization.

In conclusion, this study reveals a mechanism for the secretion of
unconventional DypBs;s, in P. putida, involving in the coordinated
action of T6SS and T0SS. Our study not only recognizes DypBs;s, as a
T6SS-associated protein but also demonstrates that periplasmic secretion
can be mediated by T6SS, a previously unknown trait. Moreover, we
uncover that a ligninolytic enzyme can be secreted via OMVs in P.
putida, a mechanism in which only the delivery of aromatic compound
catabolic enzymes had previously been observed”. Importantly, an
OMV-surface display platform was developed to exemplify the applic-
ability of bacterial OMVs as a lignin biocatalytic nanoreactor. Though
still in its infancy, the rational construction and display of artificial multi-
enzyme complexes on this nanoreactor system in the next step would
greatly enhance lignin biocatalysis.

Materials and Methods

Bacterial strains and culture conditions

The strains used in this study are summarized in Supplementary Table 1.
Escherichia coli Mach I (TransGen Biotech) was grown on Lysogeny Broth
(LB) medium at 37 °C, 150 rpm, which was used for all molecular cloning
manipulations. P. putida A514 and its mutants were grown on either LB
medium or M9 medium (3 g/L KH,PO,, 6 g/L Na,HPO,, 0.5 g/L NaCl, 1 g/L
NH,Cl, 1% 100 x Goodies mix (2.87 g/L. MgCl,-6H,0, 0.25 g/LCaCOs,
0.56 g/L FeSO,-7H,0, 0.18 g/L ZnSO,-7H,0, 0.11 g/L MnSO,-H,0, 0.03 g/L
CuSO,-5H,0, 0.03 g/ CoCl,-6H,0, 0.008 g/L HBO;, 24.07 g/L MgSO,,
1.11 g/L CaCl,, 0.03 g/L VB1))””* supplemented with either 15 mM glucose or
0.3% (w/v) kraft lignin at 30 °C, 150 rpm, respectively. The lignin was pur-
chased from Sigma-Aldrich, St. Louis, MO, USA (catalog # 370959). It is
insoluble in water and was extracted by the hot alkaline (sulfate) method”. To
enhance DypB production, 0.2% yeast extract and 2 mM MnSO, were added
to the M9 medium, as previously reported’. The optical density at an absor-
bance of 600 nm (ODg) was measured to evaluate the cell growth in LB or
M9 medium with glucose, while cells per milliliter were monitored by plate
count to indicate cell growth under lignin’. All growth experiments were
performed with three biological replicates.

Plasmid and mutant construction

All plasmids and primers used in this study are listed in Supplementary
Table 2 and Supplementary Table 4, respectively. Plasmids were constructed
according to standard molecular cloning protocols and were verified by
DNA sequencing (Applied Biosystems, ThermoFisher). Plasmid pUCP18-2
was constructed to delete the clpV gene. It was created by inserting the
Ptrc:clpV sgRNA and 0.5 kb clpV homologous arms with the pyrF gene into
pUCP18, which had been cut with Pst I and Sac I. The Ptrc:clpV sgRNA was
amplified and fused with the RBS-free P, promoter amplified from
pTrc99A”. The 0.5 kb upstream and downstream of the clpV homologous
repairing arms were amplified from the A514 genome using the primers
clpV UD-F/clpVUD-R and clpV DD-F/clpV DD-R, respectively, and were
subsequently spliced to produce the 1-kb donor by overlap extension PCR.
Similarly, additional plasmids were constructed to delete vgrGo;32, vgrGoass,
vgrGayss, V8rGszrs PaaRoisg, dufl7950131, hepoisy tolAyise, and tolRyys),
respectively (Supplementary Table 2). All plasmids were verified by DNA
sequencing. Gene deletion in P. putida A514 was performed based on our
previously reported CRISPR/Cas9n-based genome editing method®.
Briefly, the Ppin::casn and Py a:gam-bet-exo expression cassettes were
integrated to the A514 genome through pUCP18-1 plasmid electroporation.
The mutant was verified by DNA sequencing, generating the ARc9n strain.
ARc9n, which showed similar DypBs;s, protein levels with Asz;s, (Supple-
mentary Fig. 2), was used as the host strain for subsequent mutant
construction.

To delete clpV, the plasmid pUCP18-2 was transformed into ARc9n by
electroporation and cultured in liquid LB medium supplemented with
4 mM xylose, 30 pg/mL tetracyclines and 20 pug/mL uracil at 30 °C for 18 h.
100 uL cell culture was transferred to 5mL fresh 15mM glucose-M9
medium, supplemented with 4 mM vanillic acid, grown overnight at 30 °C
and 200 rpm for plasmid curing, and finally spread on M9 agar plates.
Colonies without green fluorescence were randomly picked for PCR
screening and DNA sequencing, generating ARcOnAclpV. It was then
transformed with the plasmid pG3152, generating the AAclpV strain.
Additional knockout mutants in this study were constructed based on the
same procedures (Supplementary Table 1).

PGTvgrGo;3,-3152 was constructed for the vgrGy; 3, complementation
assay. The open reading frame (ORF) fragments for the dypB gene
(PputA514_3152) and vgrG (PputA514_0132) gene were amplified by PCR
with the respective corresponding primers (Supplementary Table 4).
Through gene splicing using overlap extension PCR, they were fused with
Pmin and Ph5 promoters to generate P,,;,-3152 and Ph5-0132 DNA frag-
ments, respectively. The DNA fragments were then digested with Hind
III/Xba 1 and Xba 1/BamH 1, respectively, and ligated into pPROBE-GT
(Supplementary Table 2). Similarly, pGTvgrGqs5-3152 was constructed
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using the same procedure. For the complementation assay, each com-
plementary plasmid (pGTvgrGoi3;-3152 and pGTvgrGyss-3152) was
introduced into the corresponding mutant by electroporation, followed by
selection on LB agar plate supplemented with 30 ug/mL gentamycin.

For fusion expression of dypB with membrane proteins, the open
reading frame (ORF) fragment for the dypB gene (PputA514_3152) and the
Py1a promoter were amplified by PCR with the corresponding primers
(Supplementary Table 4). They were digested and ligated into the plasmid
pUCP18-Gm through Xba I and Kpn I, constructing the vector pU3152His.
Subsequently, the open reading frame (ORF) fragments for slyB
(PputA514_1424), lolB (PputA514_2050), oprF (PputA514_3701), and
oprD (PputA514_4168) were amplified by PCR with the respective corre-
sponding primers (Supplementary Table 4), and then fused with the dypB
gene using flexible linkers (GGGGS) by overlap extension PCR. These DNA
fragments were digested and ligated into the plasmid pUCP18-Gm through
Xba I and Kpn 1, constructing the vectors pUslyB3152His, pUlolB3152His,
pUoprF3152His, and pUoprD3152His, respectively (Supplementary
Table S2).

pUFlag3152 was constructed for DypBs; s, interactions screening. The
DNA fragment of the dypB gene, with an N-terminal Flag-tag, was digested
and ligated into the plasmid pU3152His through Xba I and Kpn I, con-
structing the vector pUFlag3152. The paaR (PputA514_0130) with an
N-terminal myc-tag and a Ph3 promoter was fused together by overlap
extension PCR. The resulting fragment was then digested and ligated into
the plasmid pUFlag3152 through Xho I and Bin I, constructing the vector
pUFlag3152-mycpaaR. pUFlag3152-mycvgrGayss, pUFlag3152-mychcp,
pUFlag3152-mycdotU and pUFlagvgrG,yss-mychcp were individually
constructed using the same procedure (Supplementary Table 2).

Extraction of the extracellular, periplasmic, and total cell lysates
Each relevant A514 strain was grown at 30 °C, 150 rpm in LB medium,
supplemented with 30 pg/mL gentamicin. When ODgp reached 6.5,
200 mL of cell culture was centrifuged (8000g, 10 min, 4 °C) and the
supernatants were collected as the extracellular secreted proteins, while the
cell pellets were used to extract the periplasmic proteins and total cell lysates.
Periplasmic proteins were extracted by osmotic shock’. Briefly, the cell
pellets from 100 mL of cell culture were resuspended in 10 mL buffer A
(30 mM Tris-HCl (pH 8.0), 20% (m/v) sucrose and 0.5 mM EDTA (pH
8.0)), incubated at room temperature for 10 min, centrifuged at 8000 g for
10 min at 4 °C, and resuspended in ice-cold 5 mM MgSO, buffer (pH 6.0).
After incubation at 4 °C for 20 min, the resuspended solutions were cen-
trifuged at 8000 g for 10 min at 4 °C. The supernatants were collected as the
periplasmic extracts. Meanwhile, cell pellets from the remaining 100 mL of
cell culture were resuspended in PBS buffer (pH 7.4) and lysed by sonication
(150 W, on 1 s and off 1 s for 5 min)’. The supernatants were collected by
centrifugation (13000 g, 5min, 4 °C) as total cell lysates. Protein con-
centrations in the total cell lysates, periplasmic fractions, and extracellular
fractions were quantified by the BCA Protein Assay Kit (Thermo, USA,
catalog # 23225), and used to detect the DypBs; s, protein level and activity.
All experiments were performed in biological triplicate.

DypB activity assay

The enzymatic activity assays were monitored by a microplate reader
(BioTek, Cytation 5, USA) at 25 °C. DypB activity was measured via the
oxidation of 5 mM ABTS ((2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfo-
nic acid), Aladdin, China, catalog # 30931-67-0) in 50 mM acetate buffer
(pH 4.5) with 1 mM H,0,, at 420 nm (g4 = 36,000 M ' cm™")"°. One unit
of DypB activity was defined as the amount of enzyme that oxidized 1 pmol
of ABTS per min*'. All experiments were performed in biological triplicate.

Periplasmic proteome and protein co-expression network

The periplasmic proteomic data and protein co-expression network used in
this study were from our recent study” (https://doi.org/10.5281/zenodo.
14545684). Briefly, Az;s; and Apgr were cultured in M9 medium supple-
mented with either 15 mM glucose or 0.3% (w/v) lignin as the sole carbon

source. Cell cultures were collected at early- and mid-exponential phases to
extract the periplasmic proteins. Proteomic data was generated by the nano
system (Thermo Scientific, EASY-nLC1200, USA) coupled with a 1,000,000
FWHM high-resolution Nano Orbitrap Fusion Lumos Tribrid Mass
Spectrometer system (Thermo Scientific, USA)*. The periplasmic protein
co-expression network was constructed based on Spearman’s rank corre-
lations with the threshold of |r | > 0.45, p < 0.05, and displayed by Cytoscape
software.

Western blot assay

Samples (80 pg proteins per sample) were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (0.45 uM, Milli-
pore, USA). The membrane was blocked with QuickBlock Blocking Buffer
(Beyotime, China, catalog # P0260) for 1 h at room temperature (RT) and
incubated with the corresponding primary antibody at 4 °C overnight*. The
membrane was washed 4-5 times with TBST buffer (50 mM Tris, 150 mM
NaCl, and 0.05% (v/v) Tween 20, pH 7.4) and incubated with secondary
antibody (Mouse IgG HRP-conjugated antibody ((ABclonal, China, catalog
# AS061) for 1h*. For the primary antibody, the anti-His antibody
(ABclonal, China, catalog # AE003), 1:10,000) was used to detect DypBs;s,
and OprF with the corresponding C-terminal His-tag, while the anti-DsbA
antibody ((Sangon, China, catalog # D190650), 1:2000) was employed to
detect the disulfide bond formation protein A (DsbA), as the periplasmic
loading control. Meanwhile, the antibody (Boster, China, catalog #
BM5368), 1:2000), against RNA polymerase Beta subunit (B-RNAP) was
used as the total cell lysates loading control, and the negative control to
exclude the cytoplasmic contamination in the periplasm and subsequent
OMV samples. Signals were detected by the ECL immunoblotting detection
reagent (Bio-Rad, USA, catalog # 1705061) with a Chemiluminescence
imager (Tanon 5200Multi, China)®. Proteins were quantified using Image]
software. The expression of DypBs;s, is presented as the normalized ratio of
the target protein to RNAP (DypBs;5/RNAP)*. All experiments were
performed in biological triplicate.

Co-immunoprecipitation MS analysis (colP-MS)

The relevant A514 strains with Flag-tag, Apj.g and Agjag315, Were grown on
LB medium at 37 °C until ODgy,~6.5. Cells were harvested and washed
twice with ice-cold PBS by centrifugation (8000g, 10min, 4 °C) and
resuspended in lysis buffer (10 mM Tris pH 7.5, 100 mM NaCl, 0.5% (v/v)
Triton X-100, 100 mM PMSF). The total cell lysates were extracted via
sonication (150 W, on 1s and off 1 s for 5 min)’. The cell lysate was incu-
bated with 2 pL anti-Flag antibody (ABclonal, China, catalog # AE005) at
4 °C for 16h, and then was mixed with 20 puL protein A/G MagBeads
(Beyotime, China, catalog # P2108) at 4 °C, 50 rpm for 4 h**. The antibody-
protein complex was captured by magnetic adsorption and eluted with
20 L elution buffer.

The eluted proteins obtained by colP were separated by 12% SDS-
PAGE for in-gel digestion. The gel was cut into slices, and the gel fragments
digested, with the peptides extracted and lyophilized for further analysis.
Peptides were suspended in 2% (v/v) acetonitrile and 0.1% (v/v) tri-
fluoroacetic acid (TFA). The peptide mixture was desalted by C18 ZipTip
(Millipore, USA) for proteome analyses by the nano system coupled with a
high-resolution mass spectrometer system (Thermo Scientific, USA)*. The
raw data were searched against the proteome sequence databases of P.
putida A514 Genome Database. The co-immunoprecipitation proteomic
datasets are provided in Supplementary Data 2.

Co-immunoprecipitation assay

The candidates, which were revealed by colP-MS, were further examined for
their interactions with DypBs, s, by coIP assay. As described above, the cell
lysate was extracted and incubated with the corresponding antibody and
protein A/G MagBeads (BeyoMag, China, catalog # P2108). Subsequently,
the eluted proteins were analyzed by Western blot assay. Mouse IgG HRP-
conjugated antibody (ABclonal, China, catalog #AS061), 1:10,000, was used
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in an IgG group as a negative control. Anti-Flag ((ABclonal, China, AE005),
1:10000) was used to detect DypB;; 5, with a C-terminal Flag-tag, while anti-
myc ((ABclonal, China, catalog # AE010), 1:10000) was used to detect
interacting proteins with a C-terminal myc-tag.

OMV extraction, purification, imaging, and quantification

OMVs were isolated, purified, and quantified based on the reported
method™. Briefly, cell cultures at the stationary phase were centrifuged at
6000 g, 20 min, 4 °C. The supernatants were successively filtered through
0.45 and 0.22 pm vacuum filters to thoroughly remove cells. The resulting
filtrate was ultracentrifuged at 150,000 g, 1 h, 4 °C using an Optima L-100XP
ultracentrifuge (Beckman Coulter, USA), and then the pellets that contained
the OMVs were suspended in 1 mL phosphate-buffered saline (PBS, pH
7.4). The OMVs were further purified by the Bacterial MV Isolation Kit
(Rengen Biosciences, China, catalog # BacMV40-10), according to the
manufacturer’s protocol. The purified OMV's were stored at -80 °C for later
analysis.

The OMV samples were plated on poly-L-lysine-coated glass cover-
slips and fixed with glutaraldehyde. The samples were dehydrated in
increasing concentrations of ethanol (from 30% (v/v) to 90% (v/v)), freeze-
dried, and coated in gold (Au), then mounted. The nanoparticles were
visualized and measured with a scanning electron microscopy (SEM, FEI
Quanta 250 FEG, USA) under 0.45 torr and a beam accelerating voltage
of 30 keV.

The total protein concentrations in the OMVs were measured using
the BCA Protein Assay Kit (Thermo, USA, catalog # 23225), while the
DypBsis; levels in the OMVs were detected by Western blot analysis. All
experiments were performed in biological triplicate.

The extracellular location of DypB34s2

To evaluate the extracellular location of DypBss,, the OMVs were treated
by proteinase K. Proteinase K (0.1 mg/mL) was incubated with 20 ug of
OMVs at 37 °C for 20 min to digest the proteins on the surface of the OMVs.
Meanwhile, 1% SDS (v/v) was used to disrupt the intact OMV membrane,
followed by proteinase K to digest the total proteins of the OMVs. The
treated samples were analyzed by Western blot assay.

Displaying the DypB34s2 on the surface of OMVs

DypBs;5, was fused with the membrane protein, SlyB, LolB, OprF, and
OprD, in the pUCP18-Gm plasmid, generating pUslyB3152His,
pUlIB3152His, pUoprF3152His, pUoprD3152His, respectively (Supple-
mentary Table 2). They were transformed into A514 strain and selected on
LB agar plates supplemented with 30 ug/mL gentamycin. The generated
recombinant strains Agiyp, Arols, Aoprs> ad Agpp Were grown at 30 °C,
150 rpm in LB medium, supplemented with 30 pg/mL gentamicin. OMVs
were extracted from these strains and purified as described above. Western
blot assay was performed to identify the DypBs;s, protein levels and
extracellular location with/without proteinase K treatment.

Optimization of extracellular DypBs;s5, production by the one
variable at a time method (OVAT)

Five parameters were investigated by classical OVAT method to optimize
extracellular DypB3;s, production in Aj;s, (Supplementary Table 3). First
was the xylose inducer (1-4 mM) of P,y promoter to initiate DypBs,s,
transcription. The second parameter was D-cycloserine (100-500 pg/mL) to
induce OMVs generation. Additional parameters involved the culture
conditions, including culture medium (M9 and LB), pH (5.0-7.0) and
culture temperature (20-30 °C). AgypAtolA was cultured by inoculating a
single colony into 5 mL LB medium and incubating at 30 °C and 200 rpm.
When ODgq reached 6.5, a 1% (v/v) transfer to 100 mL fresh LB medium
was performed and cultured at 30 °C, 150 rpm. Cells were collected by
centrifugation (8000 ¢, 4 °C, 15 min) to measure the DypB activity and
protein level in OMVs. All experiments were performed in biological
triplicate.

ELISA quantitation of the DypB3s2 level in the culture
supernatants

The relevant A514 strains were cultured in LB medium under the optimized
conditions, as described above. The supernatants were collected by cen-
trifugation (3000 g, 4 °C, 20 min) when ODyq reached 6.5. To measure the
DypBs;;5, protein level in the supernatants, ELISA assays were performed
using the His tag ELISA Detection Kit protocol (GenScript, China, catalog #
1.00436), according to the manufacturer’s protocol”. All experiments were
performed in biological triplicate.

Chemical analyses of treated lignin

The residual lignin concentration in cell culture was measured by Prussian
blue assay’**. Briefly, the pH of the cell culture was adjusted to 12.5 with 2 M
NaOH to dissolve the residual lignin. 1.5 mL of sample was mixed with
100 pL 8 mM K;Fe (CN)g and 100 uL 0.1 M FeCl; and incubated at room
temperature for 5 min. The absorbance at 700 nm was photometrically
monitored. The experiments were performed in biological triplicate.

The FTIR spectra of each sample were analyzed by an FTIR spectro-
meter (Thermo Nicolet iS50). Each 2 mg of dried lignin sample was pressed
against the diamond crystal surface of the spectrometer. Spectra were
obtained in Attenuated Total Reflectance (ATR) mode in the spectral range
0f 4000 ~ 500 cm ™~ by 32 scans with a resolution of 4 cm™. The assignment
of the major absorption bands to the lignin chemical structure was refer-
enced against the literature”. All experiments were performed in biological
triplicate.

Statistics and reproducibility

Statistical differences between two groups were examined using two-tailed
unpaired Student’s t-tests, which were performed with Graphpad Prism 9.5.
A significance level of p < 0.05 was considered statistically significant, and
p < 0.01 was deemed highly significant, and p < 0.001 was regarded as
highly statistically significant. The quantitative data were presented as
mean * standard derivation of three biological replicates. The qualitative
data were representative of two biological replicates.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The coIP-MS raw data in this study were deposited in the Mass spectro-
metry Interactive Virtual Environment (MassIVE) under the accession
number MSV000098758. The vector plasmids generated in this study have
been deposited with Addgene, accession numbers 245289-245297. The
uncropped and unedited blot images are provided in Supplementary
Information (Supplementary Fig. 9-12). Numerical source data for all fig-
ures are provided as Supplementary Data 3. All the data supporting the
findings of this study are present in the article, Supplementary Information,
and Supplementary Data 1-3. All other data are available from the corre-
sponding authors upon reasonable request.
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