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Abstract 1	  

The bacterium Pseudomonas putida KT2440 is gaining considerable interest as a microbial 2	  

platform for biotechnological valorization of polymeric organic materials, such as waste 3	  

lignocellulose or plastics. However, P. putida on its own cannot make much use of such 4	  

complex substrates, mainly because it lacks an efficient extracellular depolymerizing 5	  

apparatus. We seek to meet this challenge by adopting a recombinant cellulosome strategy for 6	  

this attractive host. Here, we report an essential step in this endeavor – a display of designer 7	  

enzyme-anchoring protein “scaffoldins”, encompassing cohesin binding domains from 8	  

divergent cellulolytic bacterial species on the P. putida surface. Two P. putida chassis strains, 9	  

EM42 and EM371, with streamlined genomes and substantial differences in the composition 10	  

of the outer membrane were employed in this study. Scaffoldin variants were delivered to 11	  

their surface with one of four tested autotransporter systems (Ag43 from Escherichia coli), 12	  

and the efficient display was confirmed by extracellular attachment of chimeric β-glucosidase 13	  

and fluorescent proteins. Our results highlight the importance of cell surface engineering for 14	  

display of recombinant proteins in Gram-negative bacteria and pave the way towards designer 15	  

cellulosome strategies, tailored for P. putida.    16	  

___________________________________________________________________________ 17	  

Introduction 18	  

Polymeric organic materials such as waste lignocellulose or plastics represent a potentially 19	  

inexhaustible source of cheap carbon and energy for biotechnology and synthetic biology 20	  

enterprises.1,2 Adoption of these recalcitrant feedstocks for bioproduction of valuable 21	  

chemicals nonetheless requires the employment of microbial hosts with a suite of properties 22	  

that would allow them to perform complex biocatalytic conversions efficiently even under 23	  

harsh conditions of industrial processes. Such microorganisms are currently not available but 24	  

can be obtained by engineering suitable robust platform strains.  25	  

Pseudomonas putida KT2440, a popular Gram-negative bacterial workhorse, definitely 26	  

fulfills some of the crucial criteria to become a host of choice for biotechnological upcycling 27	  

of polymeric wastes. It has been recently engineered for utilization and valorization of several 28	  

plant biomass-derived sugars,3–5 lignin-born aromatic chemicals6,7 or even products of 29	  

synthetic plastic degradation.8 It was also demonstrated that this bacterium can process 30	  
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oligomeric carbohydrates4,9 as well as co-utilize hexose and pentose sugars – glucose and 1	  

xylose - and consume simultaneously glucose and an aromatic substrate with a lack of 2	  

diauxia.4,10 These and other characteristics including safety status,11 rapid growth and low 3	  

nutritional demand,12 considerable resistance to inhibitory chemicals,13,14 its employment in 4	  

large-scale fermentations for production of value-added chemicals,15 or its compliance to 5	  

genetic manipulations and the available palette of engineering tools,16–18 make P. putida an 6	  

attractive candidate for the demanding biotechnological task sketched above. However, P. 7	  

putida, same as the majority of other domesticated microbial platforms, lacks efficient 8	  

extracellular depolymerizing apparatus and cannot degrade complex recalcitrant substrates 9	  

alone.   10	  

The most efficient natural polymer degraders known to date, cellulolytic bacteria such as 11	  

Clostridium thermocellum, display on their surface cellulosomes – remarkable nanomachines 12	  

composed of scaffoldin proteins that attach and orchestrate multiple carbohydrate-active 13	  

enzymes on the cell surface.19 The binding of cellulases to scaffoldins is mediated by strong 14	  

(KD ~ 10-9 – 10-10 M) highly specific non-covalent interactions between cohesin and dockerin 15	  

binding domains.20 Extensive H-bond networks provide cohesin-dockerin pairs the firmness 16	  

which reaches half of the mechanical rupture strength of a covalent bond and surpasses 17	  

antigen-antibody binding.21,22 Concerted action of dockerin-tagged cellulases clustered on the 18	  

cell surface through interactions with cohesins in scaffoldin proteins can enhance cellulose 19	  

degradation up to 50-fold when compared with free enzymes.23 20	  

Natural cellulosome producers (e.g., C. thermocellum, Bacteroides cellulosolvens, Acetivibrio 21	  

cellulolyticus) are often difficult to genetically manipulate or cultivate, and their cellulosomes 22	  

are large and complicated.24 Hence, smaller synthetic designer cellulosomes or 23	  

minicellulosomes have been assembled either in vitro using purified components25–27 or in 24	  

vivo on the surface of a suitable microbial host.28–32 A fundamental prerequisite for successful 25	  

minicellulosome assembly is a display of scaffoldin proteins on the surface of a target host. 26	  

Truncated forms of native scaffoldins or designer hybrid scaffoldins with cohesin domains 27	  

from diverse cellulolytic organisms were delivered to the cell surface of a recombinant 28	  

Saccharomyces cerevisiae,28,33 Bacillus subtilis,31 Clostridium acetobutylicum,34 29	  

Lactobacillus plantarum32 or Lactococcus lactis.35 However, efficient expression and 30	  

secretion of cellulosome components in a phylogenetically distant Gram-negative host with 31	  
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different codon usage, G+C content in a genome, a complicated two-layer structure of cell 1	  

wall, and crowded cell surface remains to be very challenging. Not surprisingly, surface 2	  

display of scaffoldins and subsequent in vivo assembly of a designer cellulosome of any size 3	  

has not yet been reported in a biotechnologically relevant Gram-negative bacterium. Thus far, 4	  

display or secretion of individual depolymerizing enzymes has been achieved in engineered 5	  

E. coli, allowing it to grow on cellooligosaccharides or produce a limited quantity of biofuels 6	  

from plant biomass.36–39 In the case of P. putida, single cellulases from Ruminiclostridium 7	  

thermocellum and hemicellulases from Bacillus subtilis were displayed on the surface of 8	  

recombinant strains mixed to form designer co-cultures of resting cells.40,41 The joint 9	  

activities of these enzymes in cell suspensions of high cell densities resulted in the production 10	  

of small quantities of glucose40 or xylose41 from filter paper or arabinoxylan, respectively, 11	  

which were nonetheless insufficient to support the growth of the host bacterium. Adoption of 12	  

the designer cellulosome approach can result in more efficient saccharification of 13	  

(hemi)cellulose when compared to the strategy which utilizes cellulases displayed separately 14	  

on several strains.42 However, to test that hypothesis also in a selected Gram-negative 15	  

bacterial host, an efficient display of scaffoldins for docking of cellulases on its surface must 16	  

first be achieved.  17	  

In this study, we aimed to display structurally distinct variants of a designer miniscaffoldin on 18	  

the surface of recently introduced genome-reduced P. putida strains designated EM42 and 19	  

EM371 (Fig 1 and Fig. S1). The two strains were adopted mainly due to the substantial 20	  

differences in presence of diverse outer membrane structures and complexity of the bacterial 21	  

surface which can impose structural constraints for displayed proteins.43 Strain EM42 22	  

possesses eleven non-adjacent genomic deletions (300 genes, ~ 4.3 % of the whole genome) 23	  

that were shown to improve expression of heterologous genes and enhanced biotechnological 24	  

potential of this P. putida KT2440 derivative.4,44,45 Except for missing flagellum, the cell 25	  

surface of P. putida EM42 resembles that of the wild-type strain KT2440. In the strain 26	  

EM371, on contrary, most of the non-essential outer membrane structures that are used by 27	  

bacteria to coordinate motion (flagella) or to develop biofilms and interact with their 28	  

surroundings (e.g., fimbriae, pili, curli, adhesins, exopolysaccharides, lipopolysaccharides) 29	  

were eliminated (230 genes, ~ 4.7 % of the entire genome).46 The “shaved” surface endowed 30	  

P. putida EM371 with properties potentially beneficial for extracellular recombinant protein 31	  
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production and facilitated downstream processing.46 Here, expression and display of 1	  

scaffoldin variants on the surface of EM42 and EM371, via one of the four tested 2	  

autotransporter systems, allowed: (i) addressing important questions on how does the 3	  

character of secreted molecules and cellular exterior contribute to cohesin-dockerin 4	  

interactions and (ii) comparison of the capability of the two biotechnologically relevant P. 5	  

putida strains to become Gram-negative bacterial platforms for in vivo assembly of surface-6	  

exposed designer depolymerizing nanomachines. 7	  

 8	  

Results  9	  

Preparation of cohesin-containing scaffoldin variants and dockerin-tagged chimeric 10	  

proteins. Scaffoldin Scaf19L assembled by Vazana and co-workers47 was initially adopted for 11	  

this study (Fig. 2a, Supplementary sequences in SI). This chimaeric construct contains the 12	  

N-terminal carbohydrate-binding module (CBM) from Clostridium thermocellum and three 13	  

cohesin domains, designated here AcCoh, CtCoh, and BcCoh, from Acetivibrio cellulolyticus, 14	  

C. thermocellum, and Bacteroides cellulosolvens, respectively (for details see Material and 15	  

methods section). The cohesins and CBM are interconnected with 27 – 35 amino acid (aa) 16	  

long flexible linkers, which were shown to have a positive effect on the overall activity of a 17	  

synthetic minicellulosome assembled in vitro.47 The scaffoldin gene was subcloned into the 18	  

pSEVA238 plasmid with inducible XylS/Pm expression system48, and the construct was 19	  

inserted into Pseudomonas putida EM42. However, induction of the gene expression resulted 20	  

in reduced host’s fitness (Fig. S2a). Western blot analysis of the soluble and insoluble 21	  

fractions of the cell lysate revealed limited Scaf19L solubility and its susceptibility to 22	  

proteolytic cleavage (Fig. S2b). We argued that these problems could be caused by a 23	  

discrepancy between the mean GC content (38 %) and codon distribution in the chimeric gene 24	  

and in the genome of the host organism (mean GC content in P. putida genome is 62 %49). 25	  

The codon adaptation index (CAI), calculated for scaf19L gene and P. putida KT2440 host 26	  

using the on-line tool JCat50, was very low (0.10; where CAI of 1.0 signifies the best match), 27	  

which indicated that gene toxicity could indeed have reflected codon bias. Hence, the scaf19L 28	  

gene was synthesized and codon optimized for expression in P. putida. Heterologous 29	  

expression of the resultant optimized gene scaf19LKT with increased GC content (57 %) had 30	  

no negative effect on P. putida EM42 growth (Fig. S2a). Most of the Scaf19LKT protein was 31	  
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produced in a soluble form (>75 % compared to < 50 % before optimization), and proteolysis 1	  

was not observed (Fig. S2b). These results show that GC content and codon usage are two 2	  

key sequence features that must be taken into consideration for design of synthetic 3	  

cellulosome components from phylogenetically distant species to be expressed in P. putida. 4	  

The functionality of cohesins in Scaf19LKT produced in P. putida EM42 was then analyzed 5	  

using an enzyme-linked immunosorbent assay (ELISA)-based binding assay.47 The assay was 6	  

based on binding of recombinant variants of Geobacillus sp. endo-1,4-β-xylanase fused to 7	  

dockerins from A. cellulolyticus, C. thermocellum, or B. cellulosolvens (named here AcDoc, 8	  

CtDoc, or BcDoc, respectively) to respective cohesins in Scaf19LKT molecules in P. putida 9	  

EM42 cell-free extract and subsequent detection of the assembled complexes with anti-10	  

xylanase antibody. Figure 2b shows that all three cohesins in Scaf19LKT produced in P. 11	  

putida were able to bind their respective dockerins but not with equal efficiency. AcCoh-12	  

AcDoc and CtCoh-CtDoc pairs provided twice as much signal as the BcCoh-BcDoc 13	  

combination, which signified a possible tighter binding of the former two pairs. We therefore 14	  

selected these pairs for experiments in the current study. Three truncated variants of 15	  

scaf19LKT gene encoding scaffoldins AcCoh, CtCoh, and AcCoh-CtCoh with a single 16	  

cohesin or with two cohesins were prepared for surface display on P. putida EM42 and 17	  

EM371 strains (Fig. 2a).  18	  

We then aimed at the assembly of dockerin-tagged reporter proteins that could be employed 19	  

in a rapid robust assay for the detection of displayed scaffoldins on the surface of the target 20	  

host cells. Displayed cohesins can be detected and quantified by ELISA-based protocols32,47 21	  

or by assays with dockerin-tagged enzymes, such as β-glucuronidase.35 The latter approach 22	  

was adopted in this study. β-Glucosidase (EC 3.2. 1.21) BglC from Thermobifida fusca was 23	  

previously shown to be functionally expressed in P. putida EM42 up to 30 % of the total 24	  

soluble protein.4 Measurement of its hydrolytic activity with synthetic p-nitrophenyl-β-D-25	  

glucopyranoside (pNPG) substrate is simple and fast. We modified this enzyme by fusing it 26	  

on its C terminus with AcDoc or CtDoc dockerin (Fig. 2a). Two chimeras and wild-type 27	  

BglC with a polyhistidine tag were produced in P. putida EM42, purified by immobilized 28	  

metal affinity chromatography (Fig. S3a – S3c), and specific activities of the three enzymes 29	  

with pNPG were determined. As shown in Figure 2b, enzyme fusion to neither of the two 30	  

dockerins reduced the activity substantially. Activities of BglC-AcDoc and BglC-CtDoc 31	  
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reached 74 % and 83 % of the wild-type activity, respectively. The lower performance of 1	  

BglC-AcDoc compared to BglC-CtDoc can be attributed to the lower expression and 2	  

consequent also lower purity of this chimera (70 % and 85 % protein purity of BglC-AcDoc 3	  

and BglC-CtDoc, respectively, was estimated from sodium dodecyl sulfate (SDS) 4	  

polyacrylamide gels	   using ImageJ Gel Densitometry Tool, Fig. S3b and S3c). Dockerin-5	  

tagged variants of cyan fluorescent protein mCerulean and monomeric superfolder green 6	  

fluorescent protein, abbreviated here as CFP-AcDoc and GFP-CtDoc, respectively, were 7	  

prepared according to BglC chimeras for spectroscopic and microscopic confirmation of 8	  

displayed scaffoldins (Fig. 2a). Chimeric fluorophores were produced in Escherichia coli 9	  

BL21-Gold (DE3) and purified by affinity chromatography (Fig. S3D and S3E).      10	  

 11	  

Selection of an optimal autotransporter system for display of scaffoldins on the surface of 12	  

P. putida EM42 and EM371 strains. Monomeric type V secretion pathway proteins known 13	  

as autotransporters have been extensively used for decorating surfaces of Gram-negative 14	  

bacteria with recombinant proteins.51,52 They became popular mainly due to their simplicity (a 15	  

single gene encodes all three domains needed for display – a signal peptide, a surface-exposed 16	  

passenger, and a transmembrane β-domain), high display efficiencies reaching in certain cases 17	  

104  - 105 enzyme molecules per cell, and relatively low toxicity of recombinant variants 18	  

towards a bacterial host.53,54 Three autotransporters, namely EhaA from enterohemorrhagic E. 19	  

coli,55  EstP from P. putida,56 and immunoglobulin A (IgA) protease from Neisseria 20	  

gonorroheae57 were used with some success for a passenger export in the KT2440 strain or its 21	  

derivative, but, in general, the reports on recombinant protein surface display in this host are 22	  

scarce.  23	  

It is often highlighted in the scientific literature that the accurate prediction of a secretion 24	  

system, functioning with a given passenger protein in a selected bacterial host, is unlikely.58 25	  

Hence, it is desirable to test at least several candidate systems. Here, we sought to evaluate 26	  

four different autotransportes for display of designer scaffoldins in P. putida. Three 27	  

previously constructed systems, including translocator domains (β-barrels and α-helix linkers) 28	  

of the IgA protease from N. gonorroheae,59 antigen 43 (Ag43) from E. coli,38,60 and EaeA 29	  

intimin (Int, inverse autotransporter) from E. coli61,62 were adopted for this study (Fig. 3a, 30	  

Supplementary Table S1, Material and methods). Moreover, P. putida EstP esterase 31	  
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(PP_0418) translocator sequence, encoding the β-barrel domain with a spanning α-helical 1	  

linker complemented by a synthetic multi-cloning site and a native signal peptide sequence, 2	  

was synthesized and added to the list for testing. IgA and intimin were already available in 3	  

our laboratory, cloned in pSEVA238 plasmid. Ag43 and EstP autotransporter genes were 4	  

subcloned into this vector from a provided38 and a delivery plasmid, respectively. The EstP 5	  

autotransporter was nonetheless soon excluded from the list, because its expression in P. 6	  

putida EM42 appeared to be extremely toxic for the host (Fig. S4). Such a strong toxic effect 7	  

might be attributed to the burden caused by overproduction of the native protein with efficient 8	  

secretion signal and subsequent distortion of the cell membrane due to the high number of 9	  

integrating β-barrels.63 Indeed, we observed formation of flocks in the culture after induction, 10	  

which is a common stress response mechanism, observed, e.g., in cells with overexpressed 11	  

porins or other membrane proteins.5,64 Overproduced autotransporter molecules can also 12	  

exhaust secretion machinery – namely Sec and BAM systems - required for the export of 13	  

proteins necessary for cell growth and maintenance.51,65 Induction of expression of the 14	  

remaining three autotransporters had no or negligible effect on the host’s viability (Fig. S4). 15	  

All these systems were therefore selected for further testing.  16	  

In the next step, the codon-optimized gene encoding CtCoh was subcloned into the polylinker 17	  

of igAAT, ag43AT, and intAT, and the three autotransporters were tested for display of the 18	  

single-cohesin scaffoldin of the theoretical molecular weight of 16.2 kDa on the surface of 19	  

EM42 and EM371 strains. Cells displaying scaffoldin were added with an excess of purified 20	  

BglC-CtDoc (~1.0x105 molecules per cell, the value was determined as described in the 21	  

Materials and methods section), washed, and their β-glucosidase activity was determined by 22	  

measuring the end-point absorbance of the reaction product p-nitrophenol released after 23	  

hydrolysis of the pNPG substrate (Fig. 3b). The absorbance of the supernatant fluids from the 24	  

reactions with whole cells was related to the absorbance of the mixture with purified BglC-25	  

CtDoc, which served as a positive control. An obvious advantage of such an approach is that 26	  

all measured activity can be attributed only to the chimeric enzyme molecules attached from 27	  

outside of the surface of the intact cells that passed cycles of centrifugation and washing. This 28	  

feature is especially valuable when considering the fact that whole-cell ELISA and proteinase 29	  

accessibility assays, frequently used to evaluate the efficiency of recombinant protein display, 30	  

are prone to false-positive results.54,66  31	  
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Figure 3b reveals that only the cells expressing Ag43 autotransporter showed high β-1	  

glucosidase activity, which, in the case of the EM371 recombinant, reached the level of the 2	  

pure enzyme control. Some activity was also detected with EM371 cells displaying scaffoldin 3	  

via intimin, but their EM42 counterparts were not able to attach dockerin-tagged BglC to their 4	  

surface. Absorbance measured in supernatant fractions from reactions with the EM42 5	  

pSEVA238_intAT-CtCoh recombinant did not surpass that of the negative controls (Fig. 3b). 6	  

The same was also true for both recombinants (either EM42 or EM371) expressing igAAT, 7	  

which suggests that this autotransporter was the least efficient in CtCoh display out of the 8	  

three tested candidates. SDS polyacrylamide gel electrophoresis (SDS-PAGE) and western 9	  

blot analysis of the cell lysates (Fig. S5a and S5b) confirmed the good expression of the 10	  

ag43AT-ctCoh gene in both EM42 and EM371 recombinants. The chimera comprised around 11	  

3 % of the total cellular protein, as determined using GS-800 Calibrated Densitometer (Bio-12	  

Rad). In contrast, expression of intAT-ctCoh was not detected on SDS-PAGE gel in either of 13	  

the two lysates, and only a very pale barely detectable band was identified among the blotted 14	  

proteins of the EM371 recombinant (Fig. S5a and S5b). Hence, the malfunctioning of this 15	  

autotransporter system in the current study can be attributed to the poor expression of the 16	  

construct. The same conclusion cannot be made for IgAAT-CtCoh because its production was 17	  

detectable in EM42 and EM371 lysates, both on the SDS-PAGE gel and on the blotting 18	  

membrane. However, no signal was seen with whole pre-induced EM42 and EM371 cells 19	  

bearing the igAAT-ctCoh gene after their incubation with HRP-conjugated anti-6xHis tag 20	  

antibody during the dot blot analysis (Fig. S5c). Hence, one possible explanation of the 21	  

IgAAT-CtCoh malfunctioning is that the chimera was expressed, but it was not functionally 22	  

displayed on the P. putida surface, perhaps due to improper folding during its transport and 23	  

maturation. It is worth noting that P. putida, empowered with the IgA translocator construct 24	  

identical to the one used here, was able to secrete detectable quantities of metallothioneins or 25	  

eukaryotic leucine zippers in the former works of Valls et al.67 and Martínez-García and co-26	  

workers, respectively. Such discrepancy supports the repeatedly certified observation that the 27	  

ability of a certain autotransporter to export a passenger of choice in a given host bacterium 28	  

cannot be predicted with confidence prior to experimental verification.54,58  29	  

Dot blot analysis of whole pre-induced cells also confirmed the display of CtCoh via the 30	  

Ag43 autotransporter in the EM371 strain (Fig. S5c). None of the EM42 strains, including 31	  
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EM42 with the Ag43AT-CtCoh construct, showed a luminescence signal. We hypothesize 1	  

that this could be ascribed to the location of the 6xHis tag between the CtCoh and Ag43AT 2	  

molecules and its poor accessibility for antibody on the crowded surface of the EM42 cells. 3	  

Taken together, the results discussed above identified Ag43 as a promising secretion system 4	  

for surface display of cohesin binding domains in P. putida.  5	  

Native Ag43 (Uniprot ID: P39180) possesses an N-terminal signal peptide (aa 0-52), a 6	  

surface-exposed N-proximal β-helical α passenger domain (aa 53-551) which is responsible 7	  

for an autoaggregation phenotype in E. coli, and a C-terminal β-barrel domain (aa 552-1039) 8	  

whose substantial part, except for an autochaperone domain that facilitates folding of the 9	  

passenger domain, is buried in the outer membrane.68 Under normal circumstances, the 10	  

α domain is cleaved during the secretion process by an internal protease motif and remains 11	  

attached to the cell surface by noncovalent interactions that can be disrupted, e.g., by heat 12	  

treatment or osmotic shock.69 The Ag43 autotransporter employed in this study lacks the 13	  

whole α domain, including the aspartyl protease active site which was removed and 14	  

substituted with a polylinker for cloning of a passenger of choice.38 The passenger protein 15	  

thus remains covalently attached to the cell surface.  16	  

 17	  

Binding of dockerin-tagged β-glucosidase and fluorescent proteins on P. putida EM42 and 18	  

EM371 cells displaying scaffoldin variants. Cellulase BglC-CtDoc was successfully attached 19	  

to P. putida cells expressing Ag43 autotransporter with a single-cohesin scaffoldin. But how 20	  

is such directed interaction on bacterial surface influenced by the character and size of the 21	  

displayed scaffoldin? And how does the character of a host cell’s exterior contribute to such 22	  

bonding? We aimed to answer these questions in the following part of our study. Genes 23	  

encoding two remaining scaffoldin variants – single-cohesin AcCoh (theoretical Mw=16.5 24	  

kDa) and two-cohesin AcCoh-CtCoh (theoretical Mw=34.6 kDa) – were subcloned separately 25	  

into the polylinker of ag43AT in the pSEVA238 vector, and the resulting constructs were 26	  

transferred to “hairy” EM42 and “naked” EM371 cells with preserved and eliminated outer 27	  

membrane structures, respectively. Surface display of the structurally distinct AcCoh, CtCoh, 28	  

and AcCoh-CtCoh scaffoldins on the P. putida recombinants was evaluated by attachment of 29	  

dockerin-tagged β-glucosidase variants BglC-AcDoc and BglC-CtDoc and chimeric 30	  

fluorophores CFP-AcDoc and GFP-CtDoc (Fig. 4). All purified recombinant proteins were 31	  
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added to the cells in high excess (~1.0x105 β-glucosidase and ~1.8x105 fluorophore molecules 1	  

per cell) to secure saturation of cohesin domains on the surface with the respective dockerins. 2	  

Whole-cell activities of β-glucosidase were quantitatively determined in defined time 3	  

intervals and related to the activity of the corresponding purified recombinant enzyme (Fig. 4	  

4a and 4b, Material and methods). Fluorescence of P. putida cells with surface-attached 5	  

CFP or GFP was measured in microtiter plate format (Fig. 4c and 4d). The results confirmed 6	  

that both cohesin domains were accessible on the cell surface and functional in binding their 7	  

respective dockerins. Similar trends in the binding efficiency of dockerin-tagged proteins to 8	  

the cells with displayed cohesins were observed in both assay types. EM371 cells bound more 9	  

dockerin-tagged proteins and showed significantly higher β-glucosidase activity and 10	  

fluorescence (P < 0.01) than EM42 recombinants in almost all tested scenarios. This could not 11	  

be ascribed to the better expression of autotransporter-scaffoldin chimeras in the naked strain. 12	  

On the contrary, the expression levels of all three constructs were approximately 25 % lower 13	  

in EM371 than in EM42, as judged by densitometric analysis of the SDS-PAGE gel with 14	  

samples of cell lysates (Figs. S6). Hence, we assume that better display or accessibility of the 15	  

exported scaffoldins on the surface of the naked strain is the correct explanation. Deletion 16	  

mutants of E. coli BL21(DE3) lacking several abundant but non-essential outer membrane 17	  

proteins were previously shown to be excellent hosts for overexpression of heterologous 18	  

membrane β-barrel proteins, presumably because targeted knockouts relieved some of the 19	  

burden on the Sec and BAM secretion machineries.51 Moreover, removed surface structures 20	  

leave more space for heterologous transporters and their passengers, which can make them 21	  

better accessible for their binding partners.64 22	  

Out of the two tested cohesin-dockerin pairs, AcCoh and AcDoc showed lower binding 23	  

affinity in both EM42 and EM371 strains (Fig. 4). This observation does not match the 24	  

former outcome of the ELISA assay which indicated equally strong bonds in the two pairs 25	  

(Fig. 2b). However, the current experiments were performed with whole cells, not cell-free 26	  

extracts as in the case of ELISA, and it is possible that AcCoh architecture was affected 27	  

during the secretion process in the non-native host. In the case of fluorescence measurements 28	  

(Fig. 4c and 4d), the dimmer signals from the cells decorated with AcCoh + CFP-AcDoc 29	  

complexes could partially stem also from lower brightness of the cyan fluorophore when 30	  

compared with GFP.70 However, the most probable cause of the observed phenomenon is that 31	  
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the cohesin-dockerin pair from the mesophilic Acetivibrio cellulolyticus is less stable and 1	  

more prone to disruption during the experimental treatment (including several cycles of cell 2	  

centrifugation and washing) than the binding domains from thermophilic Clostridium 3	  

thermocellum. As shown recently by Gunnoo and co-workers22, who performed molecular 4	  

dynamics simulations with the very same cohesin-dockerin pairs, the C. thermocellum system 5	  

presents a stronger hydrogen bond network and higher binding affinities than the A. 6	  

cellulolyticus complex even at ambient temperature. These theoretical calculations together 7	  

with our experimental data indicate that the binding domains from thermophilic cellulolytic 8	  

bacteria might be a better choice for assembly of stable scaffoldin-enzyme interactions also 9	  

on the surface of mesophilic microbial hosts.  10	  

Another conclusion which deserves attention is that P. putida cells displaying larger AcCoh-11	  

CtCoh scaffoldins were able to bind more enzyme or fluorophore molecules than 12	  

recombinants decorated with single cohesins (Fig. 4). This trend was especially pronounced 13	  

with P. putida EM42 pSEVA238_AcCoh-CtCoh. The strain showed 2.9-fold or 2.3-fold 14	  

higher β-glucosidase activity (Fig. 4a and 4b) and 1.5-fold or 4.3-fold enhanced fluorescence 15	  

(Fig. 4c and 4d) when compared with its AcCoh- or CtCoh-exporting counterparts, 16	  

respectively. This somewhat counterintuitive observation is in agreement with the study of 17	  

Wieczorek and Martin35 who described the same phenomenon for the secretion of designer 18	  

scaffoldins in the Gram-positive bacterium Lactococcus lactis. Larger molecules may make 19	  

more space for themselves on the “bushy” surface of EM42 strain and are thus better 20	  

accessible for binding partners than buried single cohesins. This hypothesis is supported by 21	  

the fact that such a vast difference between the display of single- and two-cohesin scaffoldin 22	  

was not observed with shaved EM371 recombinants (Fig. 4). In these, both smaller and larger 23	  

scaffoldins were equally (Figs. 4a and 4c) or similarly (Figs 4b and 4d, the difference is 1.4- 24	  

and 1.5-fold) accessible for AcDoc- and CtDoc-tagged proteins, respectively. The higher 25	  

accessibility of the two-cohesin scaffoldin in the EM42 recombinant was certainly not the 26	  

outcome of its better expression. On the contrary, AcCoh-CtCoh was the least expressed 27	  

construct from all three tested scaffoldin variants both in EM42 and EM371 (Fig. S6). 28	  

The aforementioned phenomena were re-confirmed by observing the cells with surface-29	  

docked fluorescent proteins in the confocal microscope (Fig. 5). We could see that: (i) P. 30	  

putida EM371 recombinants showed brighter fluorescent signal than the EM42 strains, (ii) the 31	  
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fluorescence of cells with attached CFP-AcDoc was dimmer than the fluorescence of their 1	  

GFP-CtDoc binding counterparts, and (iii) the fluorescence of the EM42 strain expressing the 2	  

larger AcCoh-CtCoh scaffoldin was more visible than the fluorescence of EM42 cells with 3	  

displayed single cohesins. The microscopy technique allowed us to also examine positioning 4	  

of the secreted scaffoldins on the surface of the tested strains. The fluorescence signal was 5	  

more concentrated in the poles of all EM42 and EM371 recombinants (Fig. 5), which 6	  

indicates asymmetric distribution of the Ag43 autotransporter in the cellular membrane. Such 7	  

accumulation of overexpressed Ag43 at the polar edges was recently reported also for E. 8	  

coli69 and can be a consequence of a cell wall material pushing towards the poles through the 9	  

continuous lateral insertion of new peptidoglycan building blocks over the rounds of growth 10	  

and division.71 11	  

 12	  

Cross-reactivity test and quantification of the scaffoldin molecules displayed on the P. 13	  

putida surface. Characterized cohesin-dockerin pairs, including those used in this study, are 14	  

known for their high binding specificity.24 However, to rule out any possible cross-reactivity 15	  

of the binding domains adopted for the aforementioned set of experiments, we added P. 16	  

putida EM371 displaying CtCoh or AcCoh with unmatched BglC-AcDoc or BglC-CtDoc, 17	  

respectively. The cells showed no β-glucosidase activity upon incubation with pNPG, which 18	  

confirmed the expected exclusivity of AcCoh-AcDoc and CtCoh-CtDoc bonds (Fig. S7). This 19	  

fact together with the assumed 1:1 dockerin-cohesin binding ratio allowed us to estimate the 20	  

number of enzyme molecules docked to the surface of a single P. putida cell. Knowing the 21	  

theoretical number of BglC-CtDoc molecules (~9.49 x 1012) in the control reaction with 1 µg 22	  

of the chimeric enzyme (Fig. 4b) and the approximate number of P. putida cells (~1.138 x 23	  

109) in suspension used for the whole-cell β-glucosidase activity measurements, we estimated 24	  

the counts of cohesin-dockerin bonds per bacterium to be ~1.8 x 103 or ~4.0 x 103 for the 25	  

EM42 strain displaying the CtCoh or AcCoh-CtCoh scaffoldins, respectively, and ~7.8 x 103 26	  

or ~11.0 x 103 for the EM371 strain decorated with CtCoh or AcCoh-CtCoh, respectively. 27	  

The amount of designer scaffoldins displayed on a single naked P. putida EM371 cell via an 28	  

autotransporter system was similar to the number of comparable single- and two-cohesin 29	  

scaffoldins exported to the surface of the Gram-positive bacterium L. lactis  in the study of 30	  

Wieczorek and Martin.35 On the other hand, the number of recombinant protein molecules 31	  
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displayed on the EM42 strain did not exceed the values typically reported for Gram-negative 1	  

hosts such as E. coli.62,72 These calculations highlighted the superiority of the P. putida 2	  

EM371 over the EM42 strain in terms of scaffoldin secretion efficiency. 3	  

 4	  

Viability tests and growth of EM42 and EM371 recombinants with surface-docked β-5	  

glucosidase in minimal medium with cellobiose. As discussed above, autodisplay of 6	  

recombinant proteins can affect the viability of a host which might eventually hamper the 7	  

applicability of a whole-cell biocatalyst. We compared the final optical densities of the 8	  

cultures conducted to prepare P. putida recombinants for the aforementioned assays to 9	  

evaluate the effect of scaffoldin expression on the viability of EM42 and EM371 strains (Fig. 10	  

6). None of the cultures showed a substantial drop in OD600 after five hours of induction with 11	  

3-methylbenzoate when compared with the respective controls. Absorbance of cultures with 12	  

the EM42 recombinant secreting the two-cohesin scaffoldin was reduced by 9 % (P < 0.05) or 13	  

14 % (P < 0.01) when compared with cultures of EM42 pSEVA238_ag43AT-acCoh or EM42 14	  

pSEVA238_ag43AT-ctCoh, respectively. However, this minor viability decrease is negligible 15	  

given the greater capacity of the AcCoh-CtCoh-decorated cells to bind dockerin-tagged 16	  

proteins (Figs. 4 and 5). There were no statistically significant differences in viability among 17	  

EM371 recombinants with displayed scaffodins (Fig. 6a). Only the control strain expressing 18	  

ag43AT alone showed, much to our surprise, ~20 % lower OD600 (P < 0.01) than the 19	  

remaining EM371 cultures. The same was not seen among EM42 recombinants. Hence we 20	  

argue that the reduced culture absorbance might be attributed rather to the enhanced clumping 21	  

of the EM371 pSEVA238_ag43AT cells than to their affected viability. The clumping could 22	  

be caused by the remaining β-helical part of the autotransporter β-domain which also includes 23	  

an extracellular autochaperone domain. This structure might be more accessible on the surface 24	  

of the naked strain and promote autoaggregation which is normally associated only with β-25	  

helical α domain of the wild-type Ag43.73  26	  

It must be emphasized here that all EM371 recombinants and controls grew slower than their 27	  

EM42 counterparts and their final ODs were ~20 % lower (P < 0.01) (Fig. 6a). This 28	  

observation is in agreement with the previous study of Martínez-García and co-workers 29	  

(2020)46 and can be attributed to the reduced fitness of the naked strain. Suboptimal viability 30	  

of EM371, when compared with the robust EM42 chassis, has been a great concern from the 31	  
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beginning of this study. If scaffoldin-bearing P. putida strains should serve as reliable enzyme 1	  

carriers in future real-life projects, they must provide both sufficiently high cell densities and 2	  

a considerable capacity to attach recombinant proteins to their surface. The data presented in 3	  

this work, nonetheless, indicate that the benefit of greater display efficiency of EM371 can 4	  

compensate for lower vigor of this strain. To verify this assumption and to test the two 5	  

parameters simultaneously, we incubated the AcCoh-CtCoh-displaying EM42 and EM371 6	  

strains with either BglC-CtDoc only (we will call here these strains EM42+ and EM371+ for 7	  

simplification) or with both BglC-CtDoc and BglC-AcDoc (EM42++ and EM371++ in the 8	  

following text), and we let the washed cells grow in minimal medium with cellobiose used as 9	  

a sole carbon source (Fig. 6b). The assay confirmed that all four tested strains bound such a 10	  

quantity of β-glucosidase molecules that provided P. putida cells with an amount of glucose 11	  

sufficient for growth. The observed growth was linear most probably due to the constant 12	  

amount of β-glucosidase molecules in the reaction. Importantly, EM371 recombinants clearly 13	  

outperformed EM42 strains (Fig. 6b). The EM371++ strain grew ~ 3-times faster than 14	  

EM42++ (µ = 0.064 h-1 and 0.023 h-1, respectively) and the EM371+ strain grew ~ 4-times 15	  

faster than EM42+ (µ = 0.048 h-1 and 0.013 h-1, respectively). It is also noteworthy that the 16	  

EM42++ and EM371++ grew significantly faster (P < 0.01) than the EM42+ and EM371+ 17	  

strains. This indicated that both cohesins in the AcCoh-CtCoh scaffoldin were occupied by 18	  

BglC-AcDoc and BglC-CtDoc at the same time, and there was an additive effect of the two 19	  

BglC molecules. The specific growth rate of EM42+ was ~57 % of the growth rate of 20	  

EM42++ and µ of EM371+ was ~75 % of EM371++’s rate. This result was in agreement with 21	  

the outcome of the above-described assays (Fig. 4) and suggested once again that β-22	  

glucosidase was better attached to the cell surface through the CtDoc-CtCoh interaction than 23	  

through the AcDoc-AcCoh binding pair.  24	  

The described experiment was also an addition to our previously published study in which we 25	  

identified the growth of P. putida with cytoplasmic BglC on cellobiose.4 Here, we 26	  

demonstrated that this enzyme can be tagged with dockerin, overproduced in P. putida, 27	  

purified and turned into a cellulosomal mode on the same host, while its activity with a 28	  

natural substrate is preserved. Intracellular BglC production is nonetheless a more attractive 29	  

option for our future research. In such a scenario, only two enzymes – an endoglucanase and 30	  

an exoglucanase or a cellobiohydrolase – need to be assembled in a functional 31	  
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minicellulosome on the surface of a P. putida recombinant to enable the decomposition of 1	  

crystalline cellulose and its utilization for cellular growth. Moreover, well-expressed 2	  

intracellular β-glucosidase would not become a bottleneck for efficient cellulose hydrolysis as 3	  

is often reported,40,74 but, on the contrary, would secure rapid drain of cellobiose from the 4	  

cellular surface and prevent inhibition of the remaining cellulases.75  5	  

 6	  

Discussion 7	  

Here, we evaluated the capacity of two biotechnologically relevant strains of the Gram-8	  

negative bacterium P. putida, strains EM42 and EM371 with differences in the complexity of 9	  

the cellular surface, to display variants of designer scaffoldin proteins and serve as future 10	  

carriers for cellulosome-like structures.  11	  

Single-cohesin and two-cohesin scaffoldins were first prepared together with chimeric 12	  

dockerin-tagged variants of β-glucosidase BglC and two fluorophores CFP and GFP. These 13	  

dockerin-tagged reporters allowed direct detection and quantification of displayed scaffoldins 14	  

in the subsequent assays. A screening among available monomeric autotransporters identified 15	  

truncated antigen Ag43 from E. coli as a potent candidate for display of prepared scaffoldins. 16	  

The Ag43-based secretion systems have been repeatedly proven useful for display or 17	  

secretion of recombinant proteins in E. coli,37,38,69 but, to the best of our knowledge, the use of 18	  

this autotransporter has not been reported for P. putida, thus far.   19	  

Single- and two-cohesin scaffoldins displayed via the Ag43 autotransporter were then 20	  

detected on the surfaces of the P. putida EM42 and EM371 recombinants. The resulting 21	  

complexes were not cellulolytic, but their investigation allowed insight into parameters 22	  

affecting the assembly of such synthetic structures on the surface of a Gram-negative bacterial 23	  

host. We confirmed that both the nature of a displayed scaffoldin and the character of a host 24	  

cell’s exterior matter. Out of the two tested cohesin-dockerin pairs, the one from thermophilic 25	  

C. thermocellum showed better bonding in all cases, even though the position of CtCoh in 26	  

two-cohesin scaffoldin was theoretically less favorable for interaction with the respective 27	  

dockerin (closer to the cell wall) than that of AcCoh from the mesophilic bacterium A. 28	  

cellulolyticus. Interestingly, the size of the larger two-cohesin scaffoldin appeared not to be a 29	  

bottleneck for the display. On the contrary, AcCoh-CtCoh was more accessible on the 30	  
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surfaces of the EM42 and EM371 recombinants than the individually displayed cohesins. This 1	  

is a promising result for our further work, because only parallel assembly of two or more 2	  

cellulases on the same scaffoldin can promote the substrate channeling effect and result in 3	  

more efficient whole-cell biocatalysts compared to bacteria displaying or secreting single 4	  

enzymes.42,76  5	  

Both two-cohesin and single-cohesin scaffoldins were much more accessible on P. putida 6	  

EM371 than on EM42. We show that up to tens of thousands of scaffoldins can be displayed 7	  

on the surface of single shaved P. putida cell. Nonetheless, the performance of such a strain to 8	  

be used as a potential biocatalyst must be evaluated from the point of view of both display 9	  

capacity and the strain’s viability. The EM371 strain with surface-bound β-glucosidase also 10	  

outperformed the EM42 recombinant in the growth on natural substrate cellobiose. This result 11	  

indicates that despite its slightly compromised fitness, P. putida EM371 shows considerable 12	  

potential to become a platform for attachment of designer catalytic scaffoldins and that 13	  

“surface shaving” represents a viable strategy for the design of new Gram-negative bacterial 14	  

catalysts.   15	  

Further improvement of scaffoldin display is possible in both of the discussed P. putida 16	  

strains, because the outer membrane of a Gram-negative bacterium can accommodate up to 17	  

hundreds of thousands of protein molecules.77 More scaffoldins could be available on the cell 18	  

surface after e.g., optimization of ag43AT expression,52 removal of periplasmic and outer 19	  

membrane proteases that can cleave autotransporter or its passenger,78 or addition of 20	  

secretion-promoting CBM to the N-terminus of displayed cohesins.35 Besides, the binding of 21	  

enzymes to the displayed scaffoldins could be further enhanced by the adoption of cohesin-22	  

dockerin pairs from extreme thermophiles22,79 or by increasing the length of linkers between 23	  

individual cohesins.80 The remaining challenge for in vivo assembly of functional designer 24	  

cellulosomes in a Gram-negative host lies in supplementation of bulky cellulases whose 25	  

recombinant production and secretion in non-cellulolytic bacteria is problematic.40,81 26	  

However, as shown in several recent studies, this obstacle can be elegantly bypassed, e.g.,  by 27	  

the design of a synthetic interkingdom fungal-bacterial consortium82,83 or a single-species co-28	  

culture of strains with synergistic functions.84  These and other strategies are being considered 29	  

to complement the work described here and pave the way to P. putida-based cell factories for 30	  

the valorization of polymeric waste feedstocks. 31	  
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 1	  

Materials and methods  2	  

Bacterial strains, media and growth conditions. Bacterial strains used in this study are listed 3	  

in Ta Supplementary Table S1.  Escherichia coli strains employed for cloning or triparental 4	  

mating and Pseudomonas putida strains used for heterologous gene expression were routinely 5	  

grown in lysogeny broth (LB; 10 g L-1 tryptone, 5 g L-1 yeast extract, 5 g L-1 NaCl, pH 7.0) at 6	  

37°C or 30°C, respectively. P. putida strains were routinely pre-cultured overnight (15 h) in 7	  

2.5 mL of LB medium with agitation of 300 rpm (Heidolph Unimax 1010 and Heidolph 8	  

Incubator 1000; Heidolph Instruments, Germany). All used solid media (LB or M9 salts 9	  

minimal medium; per 1 L: 8.5 g Na2HPO4 2H2O, 3.0 g KH2PO4, 1.0 g NH4Cl, 0.5 g NaCl, pH 10	  

7.0) contained 15 g L-1 agar. Solid M9 salts media were prepared with 2 mM MgSO4, 2.5 mL 11	  

L-1 trace element solution86 and 0.2 % (w/v) citrate used as a sole carbon source. Antibiotics 12	  

of following final concentrations were added to the liquid and solid media to maintain used 13	  

plasmids: kanamycin (Km) 50 µg mL-1, chloramphenicol (Cm) 30 µg mL-1, ampicillin (Amp) 14	  

150 µg mL-1. Growth conditions specific for individual experiments are described in the 15	  

following sections. 16	  

 17	  

Plasmid and strain constructions. All used and constructed plasmids from this study are 18	  

listed in Supplementary Table S1. Standard laboratory protocols87 were used for DNA 19	  

manipulations. Oligonucleotide primers used in this study (Supplementary Table S2) were 20	  

purchased from Sigma-Aldrich (USA). Plasmid DNA was isolated with QIAprep Spin 21	  

Miniprep kit (Qiagen, USA). The genes of interest were amplified by polymerase chain 22	  

reaction (PCR) using Q5 high fidelity DNA polymerase (New England BioLabs, USA) 23	  

according to the manufacturer’s protocol. The reaction mixture (50 µL) consisted of 24	  

polymerase HF or GC buffer (New England BioLabs, USA), water, dNTPs mix (0.2 mM 25	  

each; Roche, Switzerland), template DNA, primers (0.5 mM each), and DMSO (in case of 26	  

high GC content in an amplified gene). Two-step overlap extension (OE) PCR88 with Q5 27	  

DNA polymerase was adopted for the preparation of chimeric genes. PCR products from the 28	  

first reaction were purified with NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, 29	  

Germany) and used (1 µL) as templates in the second PCR round. NucleoSpin Gel and PCR 30	  
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Clean-up kit was also routinely used for purification of PCR products either directly from 1	  

PCR mixture or agarose gels. Colony PCR was performed using NZYTaq II 2x Green Master 2	  

Mix solution (NZYTech, Portugal). DNA concentration was measured with NanoVue 3	  

spectrophotometer (GE Healthcare, USA). All restriction enzymes and Quick Ligation kit 4	  

used for ligation of digested fragments were from New England BioLabs (USA). Digested 5	  

plasmids and PCR products were separated by DNA electrophoresis with 0.8 % (w/v) agarose 6	  

gels and visualized using Molecular Imager VersaDoc (Bio-Rad, USA). The flawlessness of 7	  

PCR-amplified genes cloned into target plasmids was checked by DNA sequencing 8	  

(Macrogen, South Korea). Chemocompetent E. coli cells (CC118 or Dh5α) transformed with 9	  

plasmids or ligation mixtures were selected on LB agar plates with respective antibiotic, 10	  

single clones were re-streaked on new LB agar plates with an antibiotic and grown cells were 11	  

collected in 1 mL of LB with glycerol (20 % w/v) and stored at -80°C. Plasmid constructs 12	  

were transferred from E. coli Dh5α or CC118 donor to P. putida EM42 or EM371 by 13	  

triparental mating, using E. coli HB101 helper strain with pRK600 plasmid (Supplementary 14	  

Table S1). Alternatively, electroporation (2.5 kV, 4 – 5 ms pulse) was used for the 15	  

transformation of P. putida cells with selected plasmids using a MicroPulser electroporator 16	  

and Gene Pulser Cuvettes with 0.2 cm gap (Bio-Rad, USA). Preparation of P. putida 17	  

electrocompetent cells and electroporation procedure itself was performed as described 18	  

elsewhere.89 P. putida transconjugants or transformants were selected on M9 agar plates with 19	  

citrate or on LB agar plates, respectively, with respective antibiotic. All plasmid constructs 20	  

inserted in P. putida were first isolated and re-checked by restriction digestion before the 21	  

strain was used for further work. 22	  

 23	  

Preparation of scaffoldin variants, chimaeric proteins, and autotransporters. The original 24	  

synthetic scaffoldin gene scaf19L,47 which encodes carbohydrate-binding module CBM3a and 25	  

cohesin CohCt A2 (named CtCoh in this study) of the cellulosomal-scaffolding protein CipA 26	  

from Clostridium thermocellum, cohesin CohAc C3 (named AcCoh in this study) of the 27	  

cellulosomal-scaffolding protein ScaC from Acetivibrio cellulolyticus, and cohesin CohBc B3 28	  

(named BcCoh in this study) of the cellulosomal-scaffolding protein ScaB from Bacteroides 29	  

cellulosolvens interconnected with 27-35 aa long linkers, was PCR amplified using Q5 30	  

polymerase and primers Sca19L fw and Sca19L rv (Supplementary Table S2) and subcloned 31	  
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into NdeI and PstI restriction sites of the modified version of pSEVA238 expression plasmid, 1	  

pSEVA238b, with synthetic ribosome binding site (RBS).4 In parallel, a version of the 2	  

scaf19LKT gene with synthetic RBS was synthesized and codon-optimized for expression in 3	  

P. putida KT2440 (GeneCust, France). The synthetic gene was subcloned from delivery 4	  

vector pUC57_scaf19LKT into SacI and KpnI sites of pSEVA238.  5	  

The bglC gene encoding β-glucosidase (EC 3.2.1.21) from Thermobifida fusca90 with N-6	  

terminal 6x histidine tag and ctDoc gene (encoding C. thermocellum dockerin, named here 7	  

CtDoc, complementary to CtCoh) codon-optimized for expression in P. putida KT2440 8	  

(GeneCust, France) were separately amplified by PCR from pSEVA238b_bglC4 and 9	  

pUC57_ctDoc, respectively, using primer pairs BglC-CtDoc TS1F / BglC-CtDoc TS1R and 10	  

BglC-CtDoc TS2F / BglC-CtDoc TS2R. The first round PCR products were sewed in the 11	  

second round of OE PCR with TS1F and TS2R primers. The resulting bglC-ctDoc chimeric 12	  

gene was cloned into NdeI and HindIII sites of pSEVA238b. The pSEVA_bglC-acDoc 13	  

construct bearing bglC gene tagged with codon-optimized A. cellulolyticus ScaB dockerin, 14	  

named here AcDoc, was prepared correspondingly using primer pairs BglC-CtDoc TS1F / 15	  

BglC-AcDoc TS1R and BglC-AcDoc TS2F / BglC-AcDoc TS2R and template plasmids 16	  

pSEVA238b_bglC and pUC57_acDoc. 17	  

For the purpose of construction of the plasmid allowing the translational fusion of CtDoc to 18	  

monomeric superfolded GFP (msfGFP), the gfp gene was initially amplified with synthetic 19	  

RBS but without STOP codon from pSEVA238_gfp plasmid (SEVA collection) using GFP-N 20	  

fw and GFP-N rv primers. The PCR product was digested with AvrII and EcoRI and ligated 21	  

into pSEVA238, cut with the same pair of enzymes, giving rise to pSEVA238_gfpN. The 22	  

ctDoc gene was amplified from pSEVA238_bglC-acDoc with its synthetic SGGGS Gly-Ser 23	  

linker and with its TAA STOP codon using CtDoc fw and CtDoc rv primers. The PCR 24	  

product was digested with SacI and HindIII and cloned downstream of the gfp gene in 25	  

pSEVA238_gfpN, resulting in pSEVA238_gfp-ctDoc. The gfp-ctDoc construct was then 26	  

subcloned into NdeI and HindIII sites of pET21b for the purpose of gene overexpression and 27	  

purification of the chimeric protein.  28	  

The pSEVA238b_ag43AT construct was prepared by subcloning the recombinant Ag43 29	  

autotransporter gene from pAg43pol38 into NdeI and HindIII sites of the pSEVA238b vector 30	  

with synthetic RBS. The estPAT gene encoding C-terminal part (331 AA) of EstP esterase 31	  
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autotransporter from P. putida KT2440 (PP_0418) with original 23 AA N-terminal leader 1	  

sequence, E-tag, and polylinker was commercially synthesized (GeneCust, France) and then 2	  

subcloned from delivery vector pUC57 into NdeI and HindIII sites of pSEVA238b. 3	  

Single cohesin gene ctCoh was PCR amplified from pSEVA238_scaf19LKT for the purpose 4	  

of subcloning into the polylinkers of three tested autotransporter systems using primer pair 5	  

CtCoh fw and CtCoh rv1 (for cloning into XhoI and BamHI sites of pSEVA238b_ag43AT 6	  

polylinker) or CtCoh fw and CtCoh rv2 (for cloning into EcoRI and BamHI sites of 7	  

pSEVA238_igAAT and pSEVA238_intAT). These manipulations gave rise to the constructs 8	  

pSEVA238_igAAT-ctCoh, pSEVA238_intAT-ctCoh, and pSEVA238b_ag43AT-ctCoh. The 9	  

pSEVA238b_ag43AT-acCoh construct was prepared by subcloning of the acCoh gene, PCR 10	  

amplified from pSEVA238_scaf19LKT with primers AcCoh fw and AcCoh rv, into XhoI and 11	  

BamHI sites of pSEVA238b_ag43AT polylinker. Similarly, the two-cohesin scaffoldin 12	  

sequence acCoh-ctCoh was amplified from pSEVA238_scaf19LKT using the AcCoh-CtCoh 13	  

fw and CtCoh rv1 primers and inserted into XhoI and BamHI sites of pSEVA238b_ag43AT. 14	  

 15	  

Effect of scaffoldin and autotransporter expression on the viability of P. putida cells. 16	  

Overnight cultures of P. putida EM42 cells bearing pSEVA238b_scaf19L, 17	  

pSEVA238_scaf19LKT, or empty pSEVA238 were used to inoculate 20 mL of LB with Km 18	  

in 100 mL shake flasks to initial OD600 of 0.05. The cells were grown for three hours with 19	  

shaking (170 rpm) and then 0.5 mM 3-methylbenzoate (3MB) was added to all cultures to 20	  

induce expression of recombinant genes. The cells were further cultured for 18 h, and OD600 21	  

was measured periodically. The effect of IgAAT, IntAT, Ag43AT, and EstPAT 22	  

autotransporter expression from the pSEVA238 plasmid on viability of the EM42 host was 23	  

tested correspondingly.   24	  

 25	  

Analysis of cohesin-dockerin interactions by affinity-based ELISA. Proper folding and 26	  

ability of AcCoh, CtCoh, and BcCoh cohesins in Scaf19LKT scaffoldin produced in P. putida 27	  

to bind respective dockerins was verified by affinity-based ELISA (enzyme-linked 28	  

immunosorbent assay). P. putida EM42 pSEVA238_scaf19LKT was pre-grown overnight in 29	  

2.5 mL of LB with Km and 10 mM CaCl2. The cells were then used to inoculate 50 mL of LB 30	  
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medium with Km and 10 mM CaCl2 in the main culture to the starting OD600 of 0.05. The 1	  

cells were cultured for 3 h at 30°C with shaking (200 rpm), and expression of scaffoldin gene 2	  

was then induced with 1 mM 3MB. After 5 more hours of growth, the cells were collected by 3	  

centrifugation (2,500 g, 4 °C, 15 min), washed with ice-cold TBS buffer (25 mM Tris-Cl, 137 4	  

mM NaCl, 2.7 mM KCl, pH 7.2) with 10 mM CaCl2 and 0.05 % Tween 20, and the cell pellet 5	  

was frozen at -80 °C overnight. The pellet was then melted and added with 3 mL of TBS 6	  

buffer, 0.3 mL of PopCulture Reagent (Merck Millipore, USA), 10 µL of DNase I (5 µg mL-1; 7	  

Sigma-Aldrich, USA), and 10 µL of lysozyme (25 mg mL-1 stock; Sigma-Aldrich, USA). The 8	  

cell suspension was incubated for 30 min at room temperature, centrifuged (21,000 g, 4 °C, 9	  

30 min), and supernatant (cell-free extract, CFEs) was used for further work. The 10	  

concentration of total protein in CFE with recombinant Scaf19LKT was determined by 11	  

Bradford reagent (Sigma-Aldrich, USA), CFE was diluted 1,000-times in 0.1 M sodium 12	  

carbonate coating buffer (pH 9.0), and 100 µL (the same volume was used for all following 13	  

steps) were used for overnight coating of individual wells in a MaxiSorp high protein-binding 14	  

capacity 96-well ELISA plate (Nunc, Denmark) at 4 °C. In the morning, CFE was discarded 15	  

from the plate, blocking buffer (TBS with 10 mM CaCl2 and 0.05 % Tween 20, and 2 % 16	  

BSA) was added to the wells, and the plate was incubated at room temperature for 1 h (the 17	  

same incubation conditions were preserved in the remaining steps of the protocol). Blocking 18	  

buffer was then removed, and the wells were added with fresh blocking buffer containing 0.1 19	  

µg ml-1 of one of three purified recombinant variants of Geobacillus sp. WBI xylanase Xyn-20	  

AcDoc, Xyn-CtDoc, or Xyn-BcDoc tagged with a dockerin module from A. cellulolyticus, C. 21	  

thermocellum, or B. cellulosolvens,	  respectively. After the incubation step, the blocking buffer 22	  

with proteins was discarded, and the wells were washed three times with wash buffer (TBS 23	  

with 10 mM CaCl2 and 0.05 % Tween 20). Anti-Xyn primary antibody diluted 10,000x in the 24	  

blocking buffer was then added to the wells. After incubation, the washing step was repeated 25	  

(three washes) and the secondary antibody (HRP-labeled anti-rabbit) diluted 10,000x in 26	  

blocking buffer was added into the wells. This was followed by incubation and wash steps 27	  

(four washes) and final detection with 100 µL of 3,3’,5,5’-tetramethylbenzidine (TMB) and 28	  

Substrate-Chromogen (Dako, Denmark). The reaction occurred for 30 s and then was stopped 29	  

by the addition of 50 µL of 1 M H2SO4 per well. The intensity of the resulting color was 30	  

measured spectrophotometrically at 450 nm.   31	  
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 1	  

Protein purification by affinity chromatography. His-tagged BglC, BglC-AcDoc, BglC-2	  

CtDoc, CFP-AcDoc, and GFP-CtDoc were purified from CFE prepared from P. putida EM42 3	  

or E. coli BL21-Gold (DE3) (Agilent Technologies, USA) cells. Overnight cultures in 10 mL 4	  

of LB with Km and 2 mM CaCl2 were inoculated from single colonies of P. putida EM42 5	  

pSEVA238_bglC, P. putida EM42 pSEVA238_bglC-AcDoc, P. putida EM42 6	  

pSEVA238_bglC-CtDoc, or E. coli BL21-Gold (DE3) pET28a_cfp-AcDoc on LB agar plates. 7	  

Medium with Amp was used for the E. coli BL21-Gold (DE3) pET21b_gfp-ctDoc 8	  

recombinant. Overnight cultures were used for inoculation of 200 mL of fresh LB medium 9	  

with Km or Amp and 2 mM CaCl2 to the final OD600 of 0.05. Cells were grown with shaking 10	  

(170 rpm) for 2.5 h and expression of chimeric genes was induced by 1 mM 3MB (P. putida 11	  

with pSEVA238 plasmids) or 50 µM isopropyl β-D-1-thiogalactopyranoside (E. coli with 12	  

pET plasmids). After induction, the P. putida cells were further cultured under the same 13	  

conditions for another 5 h, while the E. coli cultures were grown overnight at a reduced 14	  

temperature of 20 °C. Cells were then pelleted by centrifugation (2000 g, 15 min, 4 °C), 15	  

washed with ice-cold purification buffer A (TBS with 10 mM CaCl2, 0.05 % Tween 20, and 5 16	  

mM imidazole, pH 7.2), centrifuged again, resuspended in 5 mL of the same buffer, and 17	  

frozen at -80 °C. The next day, the cell suspension was melted, added with ¼ of cOmplete 18	  

EDTA-free protease inhibitor cocktail tablet (Roche, Switzerland) and 5 µL of Lysonase 19	  

Bioprocessing Reagent (Merck Millipore, USA) and sonicated 6 x 2 min on ice until the 20	  

suspension became transparent. The cell lysate was centrifuged (21,000 g, 4 °C, 30 min) and 21	  

the resulting CFE was collected. Total protein concentration in CFE was determined by 22	  

Bradford reagent (Sigma-Aldrich, USA), and ~55 mg of total protein in CFE was incubated 23	  

for 60 min at 4 °C with 2 mL of Ni-NTA agarose (QIAGEN, Germany) equilibrated with 24	  

purification buffer A. The slurry was applied to a 10-mL Poly-Prep chromatography column 25	  

(Bio-Rad, USA), which was then washed with 10 mL of purification buffer B (purification 26	  

buffer A with 50 mM imidazole). His-tagged protein was eventually eluted with purification 27	  

buffer C (purification buffer A with 500 mM imidazole) in 1.5 mL fractions. Fractions with 28	  

the highest β-glucosidase activity or GFP or CFP fluorescence were pooled and applied to an 29	  

Amicon Ultra centrifugal filter unit with 10 kDa cutoff (Merck Millipore, USA) for protein 30	  

concentration and buffer exchange (TBS with 10 mM CaCl2, 0.05 % Tween 20, and 10 % 31	  
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glycerol). The concentration of purified proteins was determined by Bradford reagent, and 1	  

proteins were stored at 4 °C or at -20 °C for further use. 2	  

 3	  

β-glucosidase activity assay. β-glucosidase activity of purified BglC, BglC-CtDoc and BglC-4	  

AcDoc was measured using the synthetic substrate p-nitrophenyl-β-D-glucopyranoside 5	  

(pNPG; Sigma-Aldrich, USA) following the previously described protocol4 with some 6	  

modifications. Briefly, the reaction mixture (total volume 1,200 µL) contained 1,138 µL of 50 7	  

mM sodium phosphate buffer (pH 7.0), 60 µL of pNPG (final conc. 5 mM), and 2 µL of 8	  

enzyme of concentration adjusted to 0.1 mg mL-1. The reaction was run in 1.5 mL test tubes at 9	  

37 °C. Samples (600 µL) were withdrawn at 10 and 20 min intervals, mixed with 400 µL of 1 10	  

M Na2CO3 to stop the reaction, and the absorbance of the mixture was measured in a cuvette 11	  

at 405 nm with a UV/Vis spectrophotometer Ultrospec 2100 (Biochrom, UK). Linearity of the 12	  

enzymatic reaction during the given time interval was checked prior to these measurements. 13	  

Specific activity (U mg-1) was calculated using the calibration curve, prepared with a p-14	  

nitrophenol standard (Sigma-Aldrich, USA). One unit (U) of enzymatic activity corresponds 15	  

to one µmol of p-nitrophenol produced per minute.  16	  

 17	  

Evaluation of scaffoldin display and cohesin-dockerin binding on the P. putida cell surface 18	  

by β-glucosidase activity assay. The following culture procedure was used for the preparation 19	  

of cells for subsequent whole-cell assays as well as for evaluation of recombinant protein 20	  

levels in derived P. putida CFEs using SDS-PAGE and western blot analyses. P. putida 21	  

EM42 or EM371 strains, bearing empty pSEVA238 plasmid (negative control) or pSEVA238 22	  

plasmid harboring an autotransporter gene with a single- or double-cohesin scaffoldin, were 23	  

inoculated directly from glycerol stocks into 2.5 mL of LB medium with Km and 10 mM 24	  

CaCl2 and grown overnight with shaking. Overnight cultures were used to inoculate 10 mL of 25	  

LB medium with Km and 10 mM CaCl2 to starting OD600 of 0.05. Cells were cultured for 2.5 26	  

h with shaking (250 rpm, Unimax 1010 shaker and 1000 Inkubator, Heidolph, Germany), and 27	  

expression of the autotransporter-scaffoldin chimera was then induced with 0.5 mM 3MB. 28	  

After 4.5 h of induction, the final OD600 was measured, and cells were collected by 29	  

centrifugation (2000 g, 4 °C, 10 min). Cells were washed with 10 mL of ice-cold TBS buffer 30	  
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with 10 mM CaCl2 and 0.05 % Tween 20, centrifuged again and resuspended in 0.5 mL of the 1	  

same buffer to the OD600 of 10.0. Then, 25 µL of purified BglC, BglC-CtDoc or BglC-AcDoc 2	  

of 1 mg mL-1 concentration (~1.0x105 molecules per cell) were added to the cell suspension, 3	  

and the whole mixture was incubated in a 1.5 mL test tube for 14 h (overnight) at 4 °C with 4	  

gentle rotation of the tube (SB2 Rotator, Stuart, UK).  5	  

For comparison of the three distinct autotransporters displaying CtCoh on the surface of P. 6	  

putida EM42 or EM371, the cell suspension (250 µL) was washed three times with 1 mL of 7	  

ice-cold TBS buffer with CaCl2 and Tween 20, re-suspended in 250 µL of the same buffer 8	  

(warmed to room temperature) and added with 5 µL of 100 mM pNPG. The same mixture 9	  

with EM42 or EM371 cells bearing an empty pSEVA238 plasmid served as a negative 10	  

control. The mixture in TBS buffer without cells but with purified BglC (1 µL of enzyme of 1 11	  

mg mL-1 concentration) served as a positive control. The mixtures were incubated for 60 min 12	  

at 37 °C with shaking (300 rpm, Unimax 1010 shaker and 1000 Inkubator, Heidolph, 13	  

Germany). Cells were then pelleted by brief centrifugation (2370 g, room temperature, 3 14	  

min), supernatants (100 µL) were mixed with 50 µL of 1 M Na2CO3 in 96-well plate, and 15	  

absorbance at 405 nm was measured using a Victor2 1420 Multilabel Counter (Perkin Elmer, 16	  

USA). End-point absorbance values, which corresponded with the activity of the cell surface-17	  

bound β-glucosidase molecules, were related to the absorbance measured for free β-18	  

glucosidase (positive control) and used for comparison of the displaying capacity of the tested 19	  

autotransporters in the EM42 and EM371 strains. Possible cross-reactivity of AcDoc with 20	  

CtCoh and CtDoc with AcCoh was tested using the aforementioned protocol applied on 21	  

EM371 cells which displayed Ag43AT-CtCoh or Ag43AT-AcCoh fusion and which were 22	  

incubated with purified BglC-AcDoc or BglC-CtDoc protein, respectively.  23	  

Alternatively, for the purpose of quantitative evaluation of BglC-CtDoc or BglC-AcDoc 24	  

binding to a respective scaffoldin variant (CtCoh, AcCoh, or AcCoh-CtCoh) displayed on 25	  

EM42 and EM371 cells with Ag43AT, a cell suspension after overnight incubation with 26	  

complimentary BglC-XDoc chimera was washed three times with ice-cold TBS buffer 27	  

containing CaCl2 and Tween 20, diluted twice with the same buffer (OD600 = 5.0), and 0.5 mL 28	  

was warmed in 1.5 mL test tube for 10 min at 37 °C. Suspension with EM42 or EM371 cells 29	  

bearing pSEVA238b_ag43AT served as negative control. Suspensions were then added with 30	  

10 µL of 100 mM pNPG to start the enzymatic reaction. A positive control reaction was run 31	  
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in TBS buffer with the addition of 1 µL of purified BglC-CtDoc or BglC-AcDoc at 1 mg mL-1 1	  

concentration. Samples (100 µL) were withdrawn every five min (total length of the reaction 2	  

was 20 min), mixed with 50 µL of 1 M Na2CO3, and the cells were removed by centrifugation. 3	  

The supernatant (100 µL) was transferred to the 96-well plate, and absorbance at 405 nm was 4	  

measured using a Victor2 1420 Multilabel Counter (Perkin Elmer, USA). In the case of low β-5	  

glucosidase activity detected, the time intervals of the sample withdrawal were extended to 6	  

allow accurate activity quantification. Activity (1 U = 1 µM min-1) was calculated using a 7	  

calibration curve prepared with a p-nitrophenol standard (Sigma-Aldrich, USA). Activity of 8	  

the enzyme bound to the surface of each of the tested recombinants was related to the 9	  

calculated activity of free purified BglC-CtDoc or BglC-AcDoc and used for quantitative 10	  

comparison of the enzyme-binding capacity of the EM42 and EM371 strains displaying 11	  

single-cohesin or two-cohesin scaffoldin. 12	  

The number of enzyme molecules bound to the surface of a given EM42 or EM371 13	  

recombinant was estimated from the molecular weight of BglC-CtDoc (63.46 kDa) or BglC-14	  

AcDoc (63.94 kDa) calculated using ExPASy Compute pI/Mw tool (https://web.expasy.org) 15	  

and from the average number of P. putida cells present in 0.5 mL suspension of OD600 of 5.0 16	  

(~1.1375x109), determined by counting the cells in samples diluted to OD600 of 0.2 in a 17	  

Bürker chamber (Brand, Germany) using Olympus BX50 microscope with 100x oil 18	  

immersion objective (Olympus, Japan). Assuming a dockerin:cohesin ratio of 1:1, the 19	  

calculated amount of β-glucosidase molecules anchored to the cell corresponds to the number 20	  

of scaffoldins displayed on the cell surface.  21	  

 22	  

Evaluation of scaffoldin display and cohesion-dockerin binding on the P. putida cell 23	  

surface using fluorescent proteins. EM42 and EM371 cells for quantitative evaluation of 24	  

GFP-CtDoc or CFP-AcDoc binding to scaffoldin variants displayed with Ag43AT were 25	  

prepared as described in the previous section. The cells (0.5 mL, OD600=1.0) were incubated 26	  

overnight at 4 °C with 25 µL of purified dockerin-tagged fluorescent protein of 1 mg mL-1 27	  

stock concentration (~1.8x105 fluorophore molecules per cell). After washing and dilution 28	  

with TBS buffer, the cell suspension was transferred (150 µL per well) to black, clear-bottom, 29	  

96-well microplates (Corning, USA), and optical density (600 nm) and GFP (475 nm 30	  

excitation / 515 nm emission) or CFP (440 nm excitation / 500 nm emission) fluorescence 31	  
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were measured with SpectraMax iD5 microplate reader (Molecular Devices, USA). Recorded 1	  

fluorescence was normalized by cell density.   2	  

 3	  

Confocal microscopy. Confocal microscopy was used to visually evaluate GFP-CtDoc or 4	  

CFP-AcDoc binding to scaffoldin variants displayed with Ag43AT on the surface of EM42 5	  

and EM371 strains. Cells bearing pSEVA238b_ag43AT were used as a negative control. 6	  

After incubation with a purified fluorescent protein, a cell suspension was washed and diluted 7	  

in TBS buffer, and 5 µL were dropped on poly-L-lysine coated glass slides (Sigma-Aldrich, 8	  

USA) and dried for 60 min at room temperature. Then, the cells were mounted with 5 µL of 9	  

ProLong antifade reagent (Thermo Fisher Scientific, USA), covered with cover glass, and the 10	  

slides were analyzed using inverted confocal microscope Leica DMi8 S (Leica Microsystems, 11	  

Germany) using a 100x oil immersion objective and 6x digital zoom.   12	  

 13	  

SDS-PAGE and western blot analyses. CFEs and purified proteins for the evaluation of 14	  

purification procedure were prepared as described in the section on Protein purification by 15	  

affinity chromatography. Cell lysates for the evaluation of expression levels of recombinant 16	  

proteins in P. putida EM42 and EM371 were prepared as follows. Cells, collected from 10 17	  

mL of LB medium culture and washed with TBS buffer, were added with 250 uL of B-PER 18	  

Bacterial Protein Extraction Reagent, 0.25 µL of lysozyme and 0.25 µL of DNase I (all 19	  

components from Thermo Fisher Scientific, USA) and lysed for 15 min at room temperature 20	  

with slow agitation. For separation of soluble and insoluble fractions (section Effect of 21	  

scaffoldin and autotransporter expression on the viability of P. putida cells.), cell lysates were 22	  

centrifuged (21,000 g, 4 °C, 30 min), supernatants (CFE) were collected and pellets (insoluble 23	  

fractions) were washed with distilled water, centrifuged and re-suspended in 50 µL of distilled 24	  

water. Samples of CFE, as well as samples of wash, elution, or insoluble fractions or purified 25	  

chimeric proteins, were added with 5x Laemmli buffer, boiled at 100 °C for 7 min and 26	  

separated by SDS-PAGE using 12 % gels. In all cases, 5 µg of total protein were loaded per 27	  

gel well. Gels were stained with Coomassie Brilliant Blue R-250 (Fluka/Sigma-Aldrich, 28	  

Switzerland). 29	  
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The staining step was omitted for western blot analyses. Samples of CFE or insoluble 1	  

fractions (5 µg of total protein per well) were loaded on 12 % polyacrylamide gel. After SDS-2	  

PAGE, proteins were electrotransferred during a 30-min interval from the gel onto an 3	  

Immobilon-P membrane of pore size of 0.45 µm (Merck Millipore, USA) under constant 4	  

electric current of 0.1 A per gel and voltage of 5-7 V using Trans-Blot SD Semi-Dry Transfer 5	  

Cell (Bio-Rad, USA). Alternatively, wet transfer was conducted under constant current of 6	  

0.375 A per gel using Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad, USA) 7	  

during a 120-min interval. The membrane was blocked overnight at 4°C in PBS buffer with 3 8	  

% (w/v) dry milk and 0.1 % (v/v) Tween 20 and then incubated with mouse anti-6xHis tag 9	  

monoclonal antibody-HRP conjugate (Clontech or Thermo Fisher Scientific, USA) in the 10	  

same buffer for 2 h at room temperature. PBS buffer with 1 % (v/v) Tween 20 was employed 11	  

for membrane washing (4-times 5 min), and the proteins were then visualized with 12	  

SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, USA) 13	  

using FUSION Solo S documentation system (Vilber, Germany). 14	  

 15	  

Dot blot analysis. P. putida recombinants were cultured as described in section Evaluation of 16	  

scaffoldin display and cohesin-dockerin binding on P. putida cell surface by β-glucosidase 17	  

activity assay. Cells from 10 mL of LB medium culture were collected by centrifugation 18	  

(2370 g, 4 °C, 5 min), washed twice with ice-cold TBS buffer with 0.05 % Tween 20 (TBS-T) 19	  

and resuspended in 1 mL of the same buffer to the final OD600 of 5.0. Cells were dotted (2 µL 20	  

per dot) on the nitrocellulose membrane of pore size of 0.45 µm (Thermo Fisher Scientific, 21	  

USA), and the membrane was dried at 30 °C for 15 min. The membrane was blocked in TBS 22	  

buffer with 3 % (w/v) dry milk and 0.05 % (v/v) Tween 20 for 30 min at room temperature 23	  

and then incubated with mouse anti-6xHis tag monoclonal antibody-HRP conjugate (Thermo 24	  

Fisher Scientific, USA) in TBS-T with 0.05 % BSA for 2 h at room temperature. The 25	  

membrane was washed 3 times for 5 min with TBS-T and once with TBS, and the His-tagged 26	  

proteins on the cell surface were then visualized with SuperSignal West Pico PLUS 27	  

Chemiluminescent Substrate (Thermo Fisher Scientific, USA) using FUSION Solo S 28	  

documentation system (Vilber, Germany). 29	  
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Growth of P. putida recombinants with surface-attached β-glucosidase in minimal medium 1	  

with cellobiose.	  Pre-induced P. putida EM42 and EM371 cells with displayed AcCoh-CtCoh 2	  

scaffoldins were prepared as described above. EM42 and EM371 strains, bearing the 3	  

pSEVA238b_ag43AT plasmid, were used as negative controls. The cells (0.5 mL, 4	  

OD600=10.0) were incubated with 25 µL of purified BglC-CtDoc (1 mg mL-1) or with a 5	  

mixture (1:1) of BglC-CtDoc and BglC-AcDoc (25 µL each) at room temperature for 1 h. The 6	  

suspension was washed three times with ice-cold TBS buffer with CaCl2 and Tween 20, and 7	  

the cells were used to inoculate wells of 96-well microtiter plate containing M9 minimal 8	  

medium with 2 mM MgSO4, 100 µM CaCl2, 20 µM FeCl3, 2.5 mL L-1 trace element 9	  

solution,86 and 5 g L-1 D-cellobiose (the only carbon source). The plate with lid was incubated 10	  

in a Tecan Infinite 200 Pro reader (Tecan, Switzerland) at 30 °C with discontinuous linear 11	  

shaking, and absorbance at 600 nm was measured at 30 min intervals. 12	  

 13	  

Statistical analyses. Experiments reported here were conducted at least in two biological 14	  

replicates	  (the number of experiments and replicates is specified in figure legends). The mean 15	  

values and corresponding standard deviations (SD) are presented. When appropriate, data 16	  

were treated with a two-tailed Student’s t test in Microsoft Office Excel 2013 (Microsoft 17	  

Corp., USA), and confidence intervals were calculated for a given parameter to manifest a 18	  

statistically significant difference in means between two experimental datasets.  19	  
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Figures 1	  

 2	  

 3	  

 4	  

 5	  

 6	  

Figure 1 Schematic overview of the actions:	  Engineering Pseudomonas putida for surface 7	  

display of cohesin-containing designer protein scaffoldins. (a) Two derivatives of P. 8	  

putida KT2440 (top graphics), strains EM42 and EM371, with streamlined genomes lacking 9	  

de-stabilizing genetic elements and certain surface structures, respectively, were employed in 10	  

this study. (b) Four type V secretion systems were tested in the target host and the best-11	  

performing autotransporter was selected for further work. (c)+(d) Single- or two-cohesin 12	  

scaffoldins were displayed on EM42 and EM371 surface and the efficiency of the binding of 13	  

dockerin-tagged recombinant proteins (β-glucosidase or fluorescent proteins) to the cellular 14	  

surface was evaluated and quantified.  15	  

 16	  

 17	  

 18	  

  19	  
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 1	  

 2	  

 3	  

Figure 2. Recombinant proteins used in this study and initial evaluation of their 4	  

function. (a) Three truncated variants of synthetic scaffoldin gene scaf19LKT (for detailed 5	  

description see Materials and Methods or work of Vazana and co-authors47), codon-optimized 6	  

for expression in Pseudomonas putida, were prepared and adopted for this study: two variants 7	  

with either single CtCoh (square symbol) or AcCoh (triangle symbol) cohesin from 8	  

Clostridium thermocellum or Acetivibrio cellulolyticus, respectively, and a two-cohesin 9	  

scaffoldin with both AcCoh and CtCoh interconnected with a 29 amino acid-long linker. 10	  

Furthermore, two chimeric variants of β-glucosidase BglC from Thermobifida fusca with 11	  

CtDoc or AcDoc dockerin matching complimentary cohesins were constructed, as well as a 12	  

recombinant monomeric superfolder green fluorescent protein (designated here simply as 13	  

GFP) with CtDoc and mCerulean fluorescent protein (designated here as CFP) with AcDoc. 14	  

(b) ELISA-based (enzyme-linked immunosorbent assay) verification of proper folding and 15	  

function of AcCoh, CtCoh, and BcCoh in the Scaf19LKT scaffoldin produced in P. putida 16	  

EM42. Data are shown as mean ± SD from two biological replicates, each conducted with two 17	  

technical replicates. (c) Comparison of activities of purified dockerin-tagged BglC variants 18	  

produced in P. putida EM42 with activity of wild-type BglC. Data are shown as mean ± SD 19	  

from three biological replicates. 20	  

 21	  

 22	  
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Figure 3. Selection of the type V secretion system for display of scaffoldins on the 4	  

surface of Pseudomonas putida EM42 and EM371 strains. (a) Cloning of genes encoding 5	  

translocation β-barrel domain and part of the α-helix passenger (model of EstP 6	  

autotransporter prepared by iTasser85 is shown as a representative example) of four 7	  

autotransporter systems from three different Gram-negative bacteria into the marked 8	  

restriction sites of the pSEVA238 plasmid polylinker. All four genes were preceded by a 9	  

synthetic ribosome binding site (grey sphere) and contained a signal peptide sequence (in 10	  

black) and their own multiple cloning site (in grey). The length of the individual segments in 11	  

the amino acid sequence of a given autotransporter is shown. (b) Test display of CtCoh 12	  

cohesin on the surface of EM42 and EM371 strains with three selected secretion systems 13	  
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(Ag43, IgA, and intimin). The cells displaying CtCoh were mixed with purified BglC-CtDoc,	  1	  

washed and incubated with p-nitrophenyl-β-D-glucopyranoside substrate. End-point 2	  

absorbance of the reaction product p-nitrophenol (corresponds to β-glucosidase activity of the 3	  

whole cells with anchored BglC) was determined and compared with the absorbance 4	  

measured for purified BglC-CtDoc of defined concentration in the reaction mixture (Ctrl+). 5	  

EM42 and EM371 cells with empty pSEVA238 plasmid mixed with BglC-CtDoc (Ctrl- A), 6	  

and EM42 and EM371 pSEVA238_ag43AT-CtCoh cells mixed with wild-type BglC (Ctrl- B) 7	  

were used as negative controls. Data are shown as mean ± SD from at least three independent 8	  

experiments, each conducted in two technical replicates.  9	  

 10	  

 11	  
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 14	  
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Figure 4. Binding of dockerin-tagged β-glucosidase and fluorescent proteins on 4	  

Pseudomonas putida EM42 and EM371 cells displaying designer scaffoldins. (a) + (b) 5	  

Binding of BglC-AcDoc and BglC-CtDoc, respectively, to EM42 and EM371 cells displaying 6	  

AcCoh, CtCoh, or AcCoh-CtCoh scaffoldins. β-glucosidase activities were measured with 7	  

whole cells and related to the activity of purified BglC-AcDoc (4.64 ± 0.71 U) or BglC-CtDoc 8	  

(4.91 ± 0.39 U). EM42 and EM371 cells with the pSEVA238b_ag43AT plasmid were used as 9	  

controls (Ctrl). Data are shown as mean ± SD from at least two independent experiments, 10	  

each conducted in two to three biological replicates. (c) + (d) Binding of CFP-AcDoc and 11	  

GFP-CtDoc, respectively, to EM42 and EM371 cells displaying AcCoh, CtCoh, or AcCoh-12	  

CtCoh scaffoldins. CFP and GFP fluorescence was measured at 440/500 nm and 475/515 nm, 13	  

respectively. EM42 and EM371 cells with pSEVA238b_ag43AT plasmid were used as 14	  

controls (Ctrl). Data are shown as mean ± SD from three biological replicates, each conducted 15	  

in two technical replicates.	  Asterisks denote significance in difference in between two means 16	  

at P < 0.05 (*) or P < 0.01 (**). 17	  

  18	  
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Figure 5. Confocal microscopy of dockerin-tagged fluorescent proteins bound to the 4	  

Pseudomonas putida EM42 and EM371 cells displaying designer scaffoldins via the Ag43 5	  

autotransporter. (a) CFP-AcDoc binding to EM42 or EM371 cells displaying AcCoh or 6	  

AcCoh-CtCoh scaffoldins. Cells with the pSEVA_ag43AT plasmid were used as a negative 7	  

control (Ctrl-). (b) GFP-CtDoc binding to EM42 or EM371 cells displaying CtCoh or AcCoh-8	  

CtCoh scaffoldins. All figures are in the same scale, the white bar size is 4 µm.  9	  

 10	  

 11	  
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Figure 6. Viability of Pseudomonas putida EM42 and EM371 strains displaying designer 4	  

scaffoldins via the Ag43 autotransporter. (a) Optical density of P. putida cultures measured 5	  

after 5 h of induction with 0.5 mM 3-methylbenzoate. Used controls were as follows: EM42 6	  

ctrl and EM371 ctrl, plasmid-free EM42 and EM371 cells; Ctrl- A, cells with empty 7	  

pSEVA238; Ctrl- B, cells with pSEVA238_ag43AT. Data are shown as mean ± SD from at 8	  

least three independent experiments, each conducted in two biological replicates. Asterisks 9	  

denote significance in the difference in between two means at P < 0.01 (**). (b) Growth of P. 10	  

putida recombinants with β-glucosidase molecules attached to the displayed two-cohesin 11	  

miniscaffoldin in minimal medium with cellobiose. EM42 and EM371 cells with displayed 12	  

AcCoh-CtCoh were incubated with purified BglC-CtDoc only (pale green line) or with a 13	  

mixture of BglC-CtDoc and BglC-AcDoc (dark green line) at room temperature for 1 h, 14	  

washed and grown at 30°C in wells of 96-well microtiter plates containing M9 minimal 15	  
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medium with 5 g L-1 D-cellobiose used as a sole carbon source. EM42 and EM371 strains 1	  

bearing pSEVA238b_ag43AT plasmid were used as controls (grey line). Error bars show 2	  

standard deviations from three biological replicates, each conducted in two technical 3	  

replicates.  4	  
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