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Abstract

The future of biomaterial production will leverage biotechnology based on the

domestication of cells as biological factories. Plants, algae, and bacteria can pro-

duce low-environmental impact biopolymers. Here, two strategies were developed

to produce a biopolymer derived from a bioengineered vacuolar storage protein of

the common bean (phaseolin; PHSL). The cys-added PHSL* forms linear-structured

biopolymers when expressed in the thylakoids of transplastomic tobacco leaves by

exploiting the formation of inter-chain disulfide bridges. The same protein without

signal peptide (ΔPHSL*) accumulates in Escherichia coli inclusion bodies as high-molar-

mass species polymers that can subsequently be oxidized to formdisulfide crosslinking

bridges in order to increase the stiffness of the biomaterial, a valid alternative to the

use of chemical crosslinkers. The E. coli cells produced 300 times more engineered

PHSL, measured as percentage of total soluble proteins, than transplastomic tobacco

plants. Moreover, the thiol groups of cysteine allow the site-specific PEGylation of

ΔPHSL*, which is a desirable functionality in the design of a protein-based drug carrier.
In conclusion, ΔPHSL* expressed in E. coli has the potential to become an innovative

biopolymer.
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1 INTRODUCTION

The impact of petroleum-based materials on the biosphere is one

of the greatest problems to be faced. To this end, the study of

biodegradable polymers derived from bioreactors has been constantly

increasing. Unfortunately, there are few biodegradable biopolymers

produced to date that show processing and mechanical properties of

interest for industrial purposes. Due to their high and easy process-

ability, high stability against mechanical and thermal stresses and low
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cost, petroleum-based plastics have been widely used for a variety of

applications, including biomedical uses, drug delivery[1] systems and

cosmetic personal care materials. However, it has been recognized

that the widespread use of these synthetic plastics represents a huge

environmental problem due to their very slow biodegradability.[2] The

strategy proposed by the research community to address the afore-

mentioned issues concerns the replacing of petroleum-based plastics

with environmentally friendly polymers such as polysaccharides, lipids,

and proteins. This approach has been widely considered for the devel-

opment of innovative pharmaceutical and cosmetic formulations due

to their great availability, high biocompatibility and biodegradability,

and great ability to be functionalized.[3,4]

Plant polypeptides like zeins, gluten, phaseolin, and soy proteins,

are at the center of extensive research, since they can be easily pro-

cessed into several kinds of materials, such as micro/nanoparticles,

hydrogels, films, porous sponges, and micro/nanofibers.[5,6] However,

the most well-known issues to overcome in their processing lie in

their poor plasmatic half-life and poor mechanical properties, espe-

cially in physiological aqueous environments, where they tend to

swell until complete dissolution.[4] Strategies used to address these

issues include protein PEGylation to increase the plasmatic half-life,

or the use of cross-linking agents to increase stability and mechan-

ical properties. It is well known that the chloroplast compartment

could be used to increase production of heterologous proteins of

pharmaceutical-industrial interest[7,8] and biodegradable polymers in

transgenic plants.[8] Furthermore, the plastid compartment accom-

plishes some of the post-translational modifications of proteins, such

as the correct formation of disulfide bonds.[9] The formation of disul-

fide bridges within the chloroplast can occur both in the stroma

and in the thylakoids, although it seems that the latter have a more

suitable environment for carrying out this type of post-translational

modification.[10] Trying to devise a new plant protein to be used as

a biodegradable biopolymer, we recently showed that a genetically

modified phaseolin (PHSL), a vacuolar seed protein of Phaseolus vul-

garis, with a single cysteine residue inserted in the C-terminal tail

(PHSL*),[11] is able to form high-molecular weight species of tens of

million Da, when expressed in tobacco chloroplast.[12] These PHSL

polypeptides are linked by inter-chain disulfide bridges, confirming the

positive impact of the Cysmodification on polymerization.

In this study, we want to compare two different biotechnological

platforms for producing a biopolymer based on PHSL* polymerization.

The first platform is represented by bacteria expressing a differ-

ent version of the PHSL* protein, lacking its own signal peptide

(ΔPHSL*),[13,14] which in bean seeds targets PHSL in the endoplasmic

reticulum. In fact, it is known that the presence of signal sequences

can lead to a decrease in the quality and accumulation of recombinant

proteins when expressed in Escherichia coli.[15] A second biotech-

nological platform consists of transplastomic tobacco plants, those

previously obtained[13] expressing PHSL* and the ones transformed

here with the new plastid vector coding for ΔPHSL*. The plastidial

ΔPHSL/PHSL*-based polymeric forms were biochemically character-

ized and the results showed that the absence of the signal peptide

dramatically decreased the translation of ΔPHSL*mRNA and the accu-

mulation of the corresponding protein. Conversely, the lack of signal

peptide did not produce the same negative effects in bacteria where

ΔPHSL* is expressed at higher levels than plastidial PHSL*. Moreover,

ΔPHSL* in bacteria accumulated within easily purified protein bod-

ies containing approximately 95% of the desired protein. The data

reported here indicated that the bacterial self-crosslinking ΔPHSL*
may represent a novel strategy for the production of biopolymers from

natural proteins modified by genetic engineering.

2 MATERIALS AND METHODS

2.1 Gene constructs and plant transformation

The PHSL cDNA gene, coding for phaseolin, was amplified from plas-

mid pDHA.T343F,[16] with 5′NdeIΔP (5′-tcactttctgcctcacatatgacttc-
actccgggag-3′) and 3′NotIP∗ (5′-ccccctccggatcgcggccgctagtacacaaat-
gcaccctttcttccct-3′) oligonucleotides, in order to introduce the NdeI

and NotI restriction sites (in bold) at the 5′ and 3′ ends of the gene,

respectively. Furthermore, the 3′NotIP* primer has been designed

in order to insert a cysteine residue (underlined) at the C termi-

nus of the protein. After digestion with NdeI/NotI, the PCR product,

where the 72-bp PHSL signal sequence was deleted, was cloned

into pCR2.1-5′UTR,[17] to obtain the pCR2.1-5′UTR-ΔPHSL* inter-

mediate plasmid, in which PHSL is under the plastidial psbA pro-

moter/5′UTR control. The psbA/5′UTR-ΔPHSL* cassette was excised

from pCR2.1-5′UTR-ΔPHSL* by EcoRV/NotI digestion and subcloned

into pLD-CTV,[18] generating the pLD-CTV- ΔPHSL* vector. Homo-

plasmic ΔPHSL* transplastomic plants were obtained by particle bom-

bardment, as previously described.[13] T0 transplastomic plants were

grown in axenic conditions before being transferred to the greenhouse

for seedproduction. T0 seedswere sownonagar-solidifiedMSmedium

with spectinomycin (500 mg L−1) in order to obtain T1, and then T2

ΔPHSL* transplastomic plants. Regarding the PHSL* transplastomic

tobacco plants used in this study, they were obtained as described.[12]

2.2 Isolation and analysis of nucleic acids

To confirm and verify the homoplasmic state of PHSL* and ΔPHSL*
plants, total DNA was isolated from their leaves with the GenElute™
Plant Genomic DNA Miniprep Kit (Merck KGaA, Darmstadt, Ger-

many) and subjected to Southern blotting assay. Total DNA (2 μg)
was digested overnight with BglII restriction enzyme and analyzed as

described,[19] using both the trnI/trnA tobacco region and the PHSL

cDNAgene as probes. For expression analysis, total RNAwas extracted

from PHSL* and ΔPHSL* plants with the Nucleo Spin_RNA Plant Kit

(Fisher Scientific, Loughborough, UK), and 2 μg was electrophoreti-

cally fractionated on a 1.4% formaldehyde agarose gel. Hybridization

with the cDNA PHSL probewas performed as previously described.[19]

Polysomes of PHSL* and ΔPHSL* transplastomic plants were obtained

from300mgof leaf tissue and analyzed as previously reported.[14] The

cDNA of the PHSL genewas used as a probe.
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2.3 Protein analysis of transplastomic tobacco
plants

Total proteins were extracted from leaves of transplastomic tobacco

plants expressing PHSL* or ΔPHSL* homogenized with homoge-

nization buffer (200 mM NaCl, 1 mM EDTA, 0.2% Triton X-100,

100 mM Tris-Cl, pH 7.8) supplemented with complete protease

inhibitor cocktail (Roche), and analysedbySDS-PAGEand immunoblot-

ting, as reported previously[14] using antibodies against phaseolin

(1:10000).

Pellet derived from the sucrose gradient of total proteins pre-

viously extracted[12] from transplastomic tobacco leaves expressing

PSHL* was solubilized by homogenation buffer containing SDS. The

homogenate was loaded on a linear 5%–25% w/v sucrose gradient

made in 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, and 50 mM

Tris-Cl, pH 7.5. After centrifugation at 141,000 × g for 24 h at 4◦C in

a Beckman SW28 rotor, fractions of 900 μL were collected and ana-

lyzed by SDS-PAGE and protein blotting with antiphaseolin antibodies.

To analyze the presence of PHSL* dimeric forms, fractions 5 containing

the putative dimers was treated with loading buffer containing 0.1 M

DTT. Pulse-chase analyses were performed on protoplasts derived

from young tobacco leaves of plants expressing PHSL* and ΔPHSL*
as described.[20] Briefly, protoplasts were subjected to pulse-chase

labellingwithPro-Mix (amixtureof [35S]Met and [35S]Cys;GEHealth-

care Little Chalfont, Buckinghamshire, United Kingdom) for 1 h and

chased for indicated time, and then homogenized using a homogeniza-

tion buffer (150 mM Tris–Cl, pH 7.5, 150 mM NaCl, 1.5 mM EDTA,

1.5% Triton X-100 and Complete protease inhibitor cocktail [Roche]).

Total proteins were immunoselected using antiphaseolin rabbit poly-

clonal antibodies and analyzed by SDS-PAGE. Gels were treated with

AmplifyTM fluorography reagent (GE Healthcare), dried and exposed

for fluorography.

2.4 PHSL extraction from beans

For PHSL extraction and purification, P. vulgaris seeds (10 g) were

stripped of their tegument and placed in a grinder to obtain a flour,

then resuspended in PBS (1:8 w/v, i.e., 10 g in 80 mL of PBS) stirring

for 48 h at 4◦C, as described.[12] Briefly, after filtering through gauze

pads and centrifuge at 10,000× g for 30min, pHwas adjusted to 4.5 by

slowly adding 1M acetic acid to induce protein precipitation. The solu-

tionwas stirred for30minat4◦Cand thencentrifugedat10,000× g for

30 min. Pellet was collected and resuspended in PBS adjusting to neu-

tral pHwith NaOH1N. Six hundredmicroliters of the prepared sample

were loaded on the top of a linear 5% to 25% sucrose velocity gradi-

entmade in 150mMNaCl, 1mMEDTA, 0.1% Triton X-100, and 50mM

Tris-Cl, pH 7.5, and centrifuged at 141,000 × g for 24 h at 4◦C in a

Beckman SW28 rotor. After centrifugation, the gradient was fraction-

ated and three aliquots of the fractions with the major PHSL content

were mixed together and subjected to dialysis for 3 days, during which

distilled water was replaced every 12 h, and finally freeze-dried.

2.5 PHSL* purification from tobacco leaves

Leaves from transplastomic tobacco plants, were grinded cold in a

mortar with a homogenization buffer (200 mM NaCl, 1 mM EDTA,

100 mM Tris-Cl, pH 7.8) without detergents. The homogenate was

filtered with a gauze to eliminate the debris, subsequently was cen-

trifuged at 2500 × g for 5 min at 4◦C to recover the chloroplasts and

eliminate most of leaf proteins. The recovered chloroplasts were then

solubilized with the same buffer added with 2% of Triton X-100, which

solubilizes the plastidial proteins and then loaded on a linear 5%–25%

w/v sucrose gradient made in 150 mM NaCl, 1 mM EDTA, 0.1% Triton

X-100, 50 mM Tris-Cl, pH 7.5. After centrifugation at 39,000 × g, for

8 h at 4◦C in a Beckman SW40 rotor, the supernatant was discarded

and thepellet containingPHSL* aggregateswas recoveredbyaminimal

amount of distilled water (1 mL). The resulting PHSL* aggregates were

subjected to dialysis overnight to eliminate sugar and other contami-

nants. The purified sample was used for HF5-UV-FLD-MALS analysis,

or lyophilized and analyzed under an optical or electron microscope.

The scheme of PHSL* purification is reported in Figure S4.

2.6 Phaseolin expression in E. coli

ΔPHSL and ΔPHSL* coding sequences were cloned between PmlI and

HindIII sites of the pET-45b(+) vector by GenScript®. This vector

allows expression of the proteins with a 6His tag at the N-terminus.

Sequences were optimized for bacterial expression. Plasmids were

transformed into competent BL21(DE3) E. coli cells. Bacteria were

grown at 37◦C in Luria Bertani (LB) medium (tryptone 10 g L−1, yeast

extract 5 g L−1, NaCl 10 g L−1, pH 7.5) supplemented with ampi-

cillin 100 μg mL−1 (A100). Protein expression was induced when the

culture reached an OD600nm of 1.0 by adding 0.4 mM isopropylthio-

β-D-galactophyranoside (IPTG) (Sigma-Aldrich). Bacterial pellets were

resuspended in lysis buffer (Na/K phosphate buffer 50 mM, Triton X-

100 0.5% v/v, pH 7.4), sonicated three times on ice (Ultrasonic Cell

Crusher 60W, 30 s and 1min pause) and centrifuged at 4◦C for 20min

at 14,000 × g. Soluble fractions were transferred into fresh tubes and

pellets were solubilized in Na/K phosphate buffer (50 mM, urea 8 M,

pH 7.4) when used for analytical purposes.

To perform experiments on recombinant PHSL expression between

plants and bacteria, the bacterial pelletwas resuspended inNa/Kphos-

phate buffer 50 mM, urea 8 M, pH 7.4. The suspension was sonicated

once (Ultrasonic Cell Crusher 60 W, 30 s) and left rotating 1 h at

RT. Then, the sample was centrifuged for 20 min at 14,000 × g at RT

and the supernatant transferred into fresh tubes. For bulk produc-

tion of ΔPHSL*, the bacterial pellets were disrupted by three repeated
passages through the French pressure cell (Avastin, Emulsiflex B15,

10000–13000 Psi) and sonicated three times on ice (Ultrasonic Cell

Crusher 120W, 1min and 1min pause). After centrifugation, the insol-

uble fraction containing the recombinant protein was washed in lysis

buffer, then in Na/K phosphate buffer (50 mM, pH 7.4) and finally

in MΩ water. The resulting pellet was stored at −80◦C and then
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freeze-dried (Edwards freeze-dryer equipped with a vacuum pump

Modulyo EF4).

2.7 Analysis of bacteria-produced recombinant
PHSL

The presence, identity and integrity of the ΔPHSL and ΔPHSL* pro-
teins were assessed by SDS-PAGE and western immunoblotting. Sam-

ples were separated on 10% w/v polyacrylamide gels. Proteins were

visualized by gel staining with Coomassie brilliant blue R-250 or

electroblotted onto nitrocellulose membranes and stained with anti-

6 × His tag polyclonal antibody (OriGene). Horseradish peroxidase

(HRP) conjugated secondary antibody (BioRad) in combination with

the enhanced chemiluminescence detection kit WesternBright ECL

(Advansta) were used for detection. Images were acquired with a

ChemiDocMP Imaging System (BioRad).

2.8 Bacterial phaseolin PEGylation

For phaseolin PEGylation, the insoluble fraction of the cell lysate was

directly suspended in 100 μL of Tris-HCl 0.1M pH 6.8, urea 8M, EDTA

1 mM, supplemented with 5 kDa maleimide PEG (PEGmal5000, Sigma),

a cysteine-reactivePEG reagent. The sampleswere incubated for 2 h at

RT in thedark and the reactionwas stoppedbyadding0.1Mdithiothre-

itol (DTT). The PEGylation was confirmed by SDS-PAGE and western

immunoblotting.

2.9 Preparation of the films by casting

The freeze-dried powders of E. coli ΔPHSL and ΔPHSL* were dissolved
in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration of 7%

w/v. The dissolution was performed under magnetic stirring overnight.

After that, the solution was cast in a mold and the solvent was allowed

to evaporate overnight in order to obtain the films.

2.10 Atomic force microscopic analysis of
biopolymers derived from bacteria

The XE-100 atomic force microscope (AFM; PARK Systems Inc.) was

used in this study. The instrument was equipped with a 50-μm scanner

in the XY plane and a 12.5-μm scanner in the Z direction, all controlled

by the XEP 1.8.1 software. Scanners operated in a closed-loop manner

and high voltage mode. The Z scanner resolution was set to 1.8 Å. The

nanomechanical proprieties of the surfaces were acquired by setting

the AFM in force modulation microscopy (FMM). For this purpose, a

36A cantilever (Micromasch) with 1 N m−1 typical force constant and

a resonant frequency of 192KHzwas employed. Cantilever free ampli-

tude was calibrated as described by PARK System. Topography, FMM

amplitude, FMM phase signal, and cantilever deflection were simulta-

neously acquired during 20 × 20 μm imaging at 0.2 Hz. The scanned

areawas randomly chosen for each film. AFM imageswere analyzed by

XEI software.

2.11 HF5-UV-FLD-MALS analyses

Size separation andmolarmass determination of putative biopolymers

by HF5-UV-FLD-MALS were performed essentially as described.[12]

The conventional HF5 method is composed of four steps: focus, focus-

injection, elution, and elution-injection. During the focus step, the

mobile phase is split into two different streams entering from the

inlet and outlet; and during focus-injection, the flow settings remain

unvaried and the sample is introduced into the channel through the

inlet to be focused on a narrow band. In this step, particles smaller

than the cutoff are filtered away from the sample.[21] In the elution

step, the mobile phase enters the channel inlet and splits into a radial

component out of the fiber’s pores (cross-flow, Vx), and a longitudi-

nal component that reaches the detectors (channel flow, Vc); lastly,

during elution-injection, the flow is redirected into the injection, allow-

ing for any remaining sample inside the channel and the system to be

released. Due to the parabolic flow profile of the carrier flow, smaller

particles experience higher average flow velocities than larger ones.

In this normal elution mode, the analyte retention time is a function

of its apparent diffusion coefficient. Hence, the analyte retention vol-

ume can be related to its diffusion coefficient, and consequently, to its

hydrodynamic size using Stoke’s equation and a calibration can be per-

formed. Multi-angle light scattering (MALS) was used to measure the

molar mass of eluted proteins. It allows for the absolute determination

of particle radius of gyration (Rg), and, given the dn/dc and absorptiv-

ity values of the analyzed species, the molar mass value of the eluted

species.[22]

To characterize PHSL* plant extract, 30 μL of a 0.3mgmL−1 suspen-

sionwere injected, while for the E. coli extract 1mL ofwater was added

to 0.1 mg of lyophilizedΔPHSL* protein and the resulting mix was son-

icated for three cycles of 5 min. Then, the supernatant was transferred

in a vial for injection in FFF.

3 RESULTS

Homoplasmic T2 transplastomic plants expressing ΔPHSL* were

obtained in this study using a biolistic transformation protocol.[13]

These plants have the ΔPHSL* gene inserted into the plastome, cod-

ing for amodified phaseolin without the signal peptide and contained a

cysteine residue just before the vacuolar sorting signal sequence.[23]

Our hypothesis is that the absence/presence of the signal peptide

may play a key role in the accumulation of ΔPHSL*/PHSL* in tobacco

chloroplasts. Therefore,ΔPHSL* transplastomicplantswere character-

ized and compared with the PHSL* transplastomic plants previously

obtained.[12]
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F IGURE 1 Northern and Southern blot analyses of tobacco transplatomic plants. (A) Schematic representation of the 16S/trnI/trnA/23S region
of the tobacco chloroplast genome and of the plastid transformation vectors, the probes used for Southern blot analysis are indicated as probe1
(phaseolin gene) and probe2 (trnI/trnA region). The predicted hybridizing fragments, after digestion with BglII restriction enzyme and Southern blot
analysis, are indicated in kb. (B) Southern blot analysis of PHSL* andΔPHSL* transformants with probe1, phaseolin gene (left panel), and probe 2,
trnI/trnA region (right panel), showing transgenes plastome integration. The probe 1 produced two slightly different fragments due to the absence
of the DNA sequence coding for the signal peptide in theΔPHSL* plant. The faint fragments around 4.5 kb in the transplastomic plants are likely
promiscuous plastid DNA already present in the nucleus, as already reported.[13] (C) Scheme of the transcription pattern expected for the
transplastomic PHSL* andΔPHSL* genes (GOI). Horizontal arrows represent expected transcripts and their sizes. (D) Northern blot analysis on total
RNA extracted from PHSL*,ΔPHSL*, andwild type (wt) plants. As a loading control, rRNA stained by ethidium bromide is shown in the lower panel.
The wt sample is shown separately but belongs to the same agarose gel, which contained other four RNA samples close to the wt lane that have
been not shown because not inherent to this study. Phaseolin genewas used as a probe. Numbers indicatemolecular mass markers in kb. P, Prnn
promoter; aadA, aminoglycoside 3′-adenylyl transferase gene; 5′psbA, psbA promoter/5′UTR; 3′psbA, psbA terminator; GOI, gene of interest.

3.1 Generation of transplastomic tobacco plants
expressing ΔPHSL* protein

ΔPHSL* gene was cloned in a plastid expression cassette based on

the same vector, pLD-CtV, already used to clone the PHSL* gene

(Figure 1A). These vectors targeted the transgene cassette to the 16S-

trnI/trnA-23S region of the chloroplast genome. After particle bom-

bardment of tobacco leaves with the pLD-CtV-ΔPHSL* plasmid and

two rounds of regeneration on spectinomycin-containingmedium, sev-

eral T0 transplastomic lines were obtained which were self-fertilized

to the T2 progeny. To screen for transgene integration in the plastid

DNA and investigate the integrity of the transgene cassette, ΔPHSL*
transplastomic lines were analyzed by Southern blot to determine

whether they were homoplasmic. The Southern analyses included also

the PHSL* transplastomic plants, but these experiments, as all the

further analyses in the text on the PHSL* transformants, were new

because they were produced only for this study. Total leaf DNA was

cut with BglII and probed with a phaseolin or a trnI/trnA probe, produc-

ing the expected fragments for transplastomic DNA (Figure 1B). The

phaseolin probe produced only a fragment of around 2.0 kb, while the

trnI/trnA probe identified both the 2.0 kb and the 5.2 kb fragment in the

transplastomic plants, and the WT 4.4 kb fragment. The homoplasmic

state of the T0 transplastomic plants was demonstrated with a seed

germination test on selective antibiotic, showing that all the proge-

nies of these plants were resistant to spectinomycin, as expected for a

maternally inherited plastid gene (Figure S1). Northern blotting analy-

seswere carried out in order to verify the correct transcription pattern

expected for the transplastomicPHSL* andΔPHSL* genes (Figure1C,D).
Taken together, these analyses indicate that the insertion of the two

exogenous genes within the tobacco plastome occurred correctly.

3.2 Targeting to the thylakoid compartment
increases the accumulation of PHSL* protein in
transplastomic tobacco plants

The intraplastidial localization of heterologous proteins expressed in

the tobacco chloroplast appears to have an important effect on their

accumulation in the chloroplast. Therefore, we compared the level

of accumulation of PHSL* with that of ΔPHSL*, which should have a

different localization due to the absence of its own signal peptide.[13]

Total proteins extracted from T2 transplastomic plants expressing

the two versions of mutated phaseolins were analyzed using SDS-

PAGE andwestern blot with anti-PHSL antibodies. The signal intensity
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6 of 13 DEMARCHIS ET AL.

F IGURE 2 PHSL* andΔPHSL* accumulation in tobacco chloroplasts. (A) Total proteins extracted from leaves of aWT plant or transplastomic
plants expressing PHSL* orΔPHSL* were separated by SDS PAGE and immunoblotted with antiphaseolin antiserum. The black arrowhead
indicates the phaseolin polypeptide. Empty ellipse: contaminant peptide. Numbers on bottom indicate the amount of total proteins loaded in the
gel, protein stained by Coomassie is shown as a loading control. (B) Protoplasts of transplastomic tobacco plants were pulse labeled for 1 h and
tracked for the indicated times. The homogenized cells were immunoprecipitated with antiphaseolin antiserum and analyzed by SDS-PAGE and
fluorography. (C) Polysome analysis was performed from PHSL* orΔPHSL* plant leaves through a 15% – 55% sucrose gradient fractionation. An
equal proportion of RNA isolated from each fraction was analyzed by Northern blot using a phaseolin probe. The ribosomal RNA fractionation
profile is visualized bymethylene blue staining. Lanes 1–5 and lanes 6–1 represent monosomal and polysomal fractions, respectively.[14]

of the 46-kDa bands was quantified by densitometric analysis (data

not shown), indicating that PHSL* accumulated almost 50 times more

than ΔPHSL* (Figure 2A). To verify the mechanism that leads to this

discrepancy in accumulation rate, pulse-chase experiments were car-

ried out that investigated both the correct synthesis of the exogenous

protein and the translation of the foreign gene. Our experimental

analyses showed that, while the PHSL* protein was detected at the

first chase point and showed a half-life of approximately 4–6 h, the

ΔPHSL* protein was undetectable, probably because it was present

at levels below the experiment detection limit (Figure 2B). The pres-

ence of comparable recombinant mRNA levels between PHSL* and

ΔPHSL* plants (Figure 1D) suggests that the lack of accumulation of

the ΔPHSL* protein is due to changes in the translation of the mRNA.

Thus, polysome analysis was performed in homogenates of transplas-

tomic PHSL* andΔPHSL* leaves by fractionation on a sucrose gradient,
followed by northern blotting experiments with a probe that binds

to phaseolin mRNA. Our data reveal that, while PHSL* mRNA was

predominantly associated with actively translating polysomes, mRNA

from ΔPHSL* samples was poorly translated, as the mRNA was largely

detected in the first fractions of the gradient (Figure 2C). Our experi-

ment indicates a significant reduction in the mRNA translation activity

of ΔPHSL*mRNA compared to PHSL*mRNA, confirming the existence

of a self-regulating mechanism that manages the translation of exoge-

nousmRNAs in the tobacco chloroplast.[14] To confirm this hypothesis,

localization experiments were performed on soluble and membrane

fractions of chloroplasts expressing PHSL* and ΔPHSL* separated

using SDS-PAGE and analyzed by western blot with anti-phaseolin

antibodies (Figure S2A). Our analyses indicate that both recombinant

proteins are detected in the membrane fractions containing thylakoid

structures. However, experiments to detach the proteins associated

with the membranes by treating the thylakoids with salt (NaCl) or

reducing agents (DTT) show that, while PHSL* is integrated into the

membrane fraction, ΔPHSL* is only associated with membranes and is

effectively removedbyboth the salt andevenmore soby theDTT treat-

ment (Figure S2B). We can therefore conclude that a self-regulating

mechanism senses the presence of ΔPHSL* protein because it is only

associated with thylakoid membranes, whereas PHSL* escapes from

this regulatory mechanism due to its integration into the membrane

fraction (this study and ref.[14]).

3.3 The plastid environment allows the formation
of PHSL* disulfide bonds

Our aim was to produce a protein-based biopolymer and therefore,

from here on out, we focused our studies on the transplastomic plants

expressing PHSL*, the protein with the highest accumulation rate.

The cysteine residue in the C-terminal region of PHSL* was able to
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DEMARCHIS ET AL. 7 of 13

trigger the formation of dimers when the protein is expressed at the

nuclear level, but not more complex aggregation structures.[11] These

dimers are not present in bean seeds, where PHSL is a homotrimeric

glyco-protein, with the three similar polypeptides linked mainly by

hydrophobic interactions. Recently, it has been shown that the inter-

nal environment of genetically modified tobacco chloroplasts is able

to support the formation of supramolecular complexes of PHSL* linked

together by inter-chain disulfide bridges.[12]

Here, in order to further investigate the role of the inter-chain

disulfide bonds on the aggregation of PHSL* expressed in the chloro-

plast, the purified supramolecular complexes were homogenated with

SDS, which was capable of breaking down PHSL* trimers, but not the

covalently-bonded disulfide bridges. The homogenate was analyzed

using a velocity sucrose gradient in order to demonstrate the pres-

ence of both the PHSL* monomer (46 kDa) and dimers (90 kDa, Figure

S3A top). The molecular weights of the two forms are confirmed by

the shift of the 90 kDa peak from the 4th to the 5th fraction (Figure

S3A bottom). To confirm the presence of disulfide bridges, fraction 5 of

the gradient was treated with a strong reducing agent (DTT). The DTT-

treated sample was compared with the untreated sample in western

blotting experiments. This experiment shows the disappearance of the

90 kDa band in the presence of the reducing agent (DTT), confirming

the formation of inter-chain disulfide bridges due to cysteine insertion

in the C-terminal tail of the protein (Figure S3B).

We then wanted to verify the physical-mechanical structure of

the PHSL* supramolecular complexes produced in the chloroplasts of

tobacco leaves. The homogenate obtained from the chloroplasts was

separated by ultracentrifugation, and the fraction that reaches the

bottom of the sucrose gradient containing the PHSL* aggregates was

recovered (Figure S4). This material was lyophilized and subjected to

macro and microscopic analysis (Figure S5). The images obtained by

optical and scanning electron microscope indicated that the struc-

ture in which these aggregates are organized was ordered both at

macroscopic andmicroscopic level (Figure S5A and S5B).

3.4 ΔPHSL and ΔPHSL* were expressed at a high
level in E. coli cells and accumulated in inclusion
bodies

After having exploited plant cells as an expression system, we next

sought to evaluate the expression of mutated PHSL in bacterial cells in

order to compare the twobiotechnological platforms. Considering that

in E. coli the signal peptide could negatively influence the folding of the

protein itself,[24] we designed two constructs encoding forΔPHSL* and
its related control without cys, ΔPHSL. Both constructs were cloned

into thepET45b(+) expressionvector,whichwas then transformed inE.

coliBL21(DE3) cells. These cells were grown at 37◦C and expression of

the recombinant proteins was induced using IPTG. SDS-PAGE analysis

of the soluble and insoluble fractions derived from the lysates obtained

from cells induced for different times, showed the appearance of a pro-

tein band with a molecular weight consistent with that of ΔPHSL* and
ΔPHSL (about 46 kDa) (Figure 3A). The band was undetectable in non-

induced cells (lanes 1 and6 forΔPHSL and10 and15 forΔPHSL*). Both
recombinant proteins accumulated in the insoluble fraction as inclu-

sion bodies (IBs), where they represented the most abundant protein

species (lanes 7–9 and 16–18). The highest level of protein expression

was obtained at 2 h post induction (lanes 8 and 17) (Figure 3A). Identity

and integrity of the proteins was assessed by immunoblotting analy-

sis using an antibody against the His tag, which selectively stained the

46 kDa protein band observed in the insoluble fraction; only a very

faint signal was detected in the soluble fraction, confirming successful

expression ofΔPHSL*/ΔPHSL as IBs (Figure 3B).

3.5 PEGylation and crosslinking of ΔPHSL* in E.
coli

Based on the above results, bulk protein production for biomate-

rial preparation involved harvesting the cells at 2 h post induction,

complete cell lysis using a French pressure cell, sonication, separa-

tion of IBs by centrifugation, and extensive washing of IBs to remove

contaminant proteins. The final material was lyophilized, and an

aliquot was analysed by SDS-PAGE under reducing and non-reducing

conditions. As shown in Figure 4A, both proteins migrated at the

expected molecular weight as a single band. Under non-reducing con-

ditions, the electrophoretic mobility of ΔPHSL did not change, while

a partial up-shift of the band was observed for ΔPHSL*, demonstrat-

ing that it is partially oxidized by forming disulfide-bonded higher

molecular weight adducts through its cys residue. To assess whether

ΔPHSL* partial oxidation occurred inside cells or during IBs process-

ing, the redox state of the cys thiol group of ΔPHSL* was evalu-

ated by solubilizing IBs in UREA buffer containing maleimide PEG,

a cysteine-reactive PEG reagent. It is known that mal-PEG alkyla-

tion of sulfhydryl results in an apparent molecular mass shift when

observed by SDS-PAGE. Consistently, SDS-PGE analysis of PEGy-

lated proteins resulted in an up-shift of the protein band only in the

case of ΔPHSL* (Figure 4B), while no differences were observed for

ΔPHSL, which does not contain cys residues, demonstrating speci-

ficity of the PEGylation reaction. This evidence highlights that ΔPHSL*
is not oxidized within bacterial cells, as expected due to the highly

reducing environment of E. coli. Therefore, ΔPHSL* probably accu-

mulates in IBs in a reduced form and the oxidation process begins

when the protein comes into contact with atmospheric oxygen during

the purification process, resulting in partial oxidation as observed in

Figure 4A.

In order to study the filmation process, both ΔPHSL and ΔPHSL*
extracted from bacteria were dissolved into HFIP at the same con-

centration of 7% w/v. Polymeric films were obtained by casting, and

letting the solvent evaporate. As shown in Figure 5, smooth and trans-

parent films were obtained with both proteins. In order to observe

the differences at nano-mechanical level due to the presence of cys-

teine in ΔPHSL*, an atomic force microscope was used, which receives

impulses fromapunch that scans the surfaceof the two films. Themean

cantilever amplitude collected in force modulation microscopy anal-

yses (FMM) is sensitive to the local nanomechanical stiffness of the
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8 of 13 DEMARCHIS ET AL.

F IGURE 3 Expression ofΔPHSL andΔPHSL* phaseolin in E coli. (A) SDS-PAGE and (B) western immunoblotting analyses of the soluble (lanes
1–4 and 10–13) and insoluble (lanes 6–9 and 15–18) fractions obtained from lysates deriving from non-induced (lanes 1, 6, 10, 15) and induced
(lanes 2–4, 7–9, 11–13, 16–18) bacterial cells for different times (h). Tenmicrograms of soluble proteins and an equal volume of insoluble proteins
were loaded on a 10% v/v polyacrylamide gel. The gels were stainedwith Coomassie brilliant blue (A) or electroblotted and stainedwith an anti-His
antibody (B). Molecular weight markers are shown on the left. Arrows at the right indicate the corresponding recombinant phaseolin protein.

sample; in particular, it increases with increasing sample stiffness. The

ΔPHSL surface showed prevalent green-blue regions, indicating can-

tilever amplitudes between 3.00 and 3.60 nm (Figure 5). On the other

hand, the ΔPHSL* surface showed widely diffused green-yellow-red

regions, indicating cantilever amplitudes between 7.00 and 10.00 nm.

The mean cantilever amplitude of the ΔPHSL* film was about two-fold

higher than that of the ΔPHSL film, indicating a significantly higher

nanomechanical stiffness of ΔPHSL* compared to the control. This

could be attributed to the formation of disulfide crosslinking bridges

between the thiol groups of the cys residues present only in ΔPHSL*,
which occurred during HFIP evaporation by atmospheric oxidation. An

increased stiffness of a biomaterial induced by crosslinking is a very

common behavior that has also been observed by several authors for

hydrogels present in theextracellularmatrix,[25] aswell as for polyelec-

trolytemultilayer films.[26] Based on these results, we focused our next

experiments onΔPHSL*-expressing E. coli.

3.6 Comparative analysis between the two
bioreactors for the production of engineered
phaseolin

In order to verify the aggregation states of engineered PHSL extracted

from plants or bacteria, we analyzed the protein fraction contain-

ing PHSL* purified from transplastomic plants as described in Figure

S4 and the protein fraction containing ΔPHSL* purified from E. coli

as described in Figure S6. The analysis was performed via hollow-

fiber flow field-flow fractionation (HF5) coupled to UV, fluorescence

and multi-angle laser scattering detection. HF5 allows for the selec-

tive size-based separation of nano- and micro-sized particles, while

smaller species are filtered out in the pre-separation step (see Sec-

tion 2). Online detectors allow the evaluation of protein content and

calculate the molar mass values for the eluted species. Moreover,

through FFF theory it is possible to calibrate the method to predict
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DEMARCHIS ET AL. 9 of 13

F IGURE 4 SDS PAGE analysis ofΔPHSL* cys oxidation and pegylation. (A) SDS-PAGE ofΔPHSL andΔPHSL* under reducing and non-reducing
conditions. Fivemicrograms of purified proteins were diluted in sample buffer supplemented or not with βmercaptoethanol (MSH) separated on
10% v/v polyacrylamide gel and stained with Coomassie brilliant blue. (B) SDS-PAGE of recombinant phaseolin after PEGgylation withmPEG
5000. Tenmicrograms of proteins were loaded on 8% v/v polyacrylamide gel and stainedwith Coomassie. Arrows at right indicate the
corresponding recombinant phaseolin. Arrowhead indicates PEGylatedΔPHSL*.

the retention time according to hydrodynamic size. In Figure 6, the

fluorescence signal (tuned to protein intrinsic fluorescence) was over-

laid with the molar mass calculated bymulti-angle light scattering. The

method size calibration was also reported (top), and the dependabil-

ity of the model was confirmed by the retention times of standard

injections of proteins (albumin, immunoglobulin, shown as dashed line

in Figure 6B) congruent with the predicted ones. The analysis of the

plant PHSL*protein fraction showed no evidence of protein species

F IGURE 5 Comparison of themechanical properties ofΔPHSL (A) andΔPHSL* (B) expressed in E. coli. Representative images of FMM
amplitude signal, expressed as nm in the bar graph, of the analyzed samples (above) and films obtained by casting and letting HFIP evaporate
(below). FMM signals from all image pixels were collected and plotted as a graph (C). Amplitude signal ofΔPHSL* resulted higher than that of the
ΔPHSL sample (Welch’s test p< 0.0001) indicating an increase of surface stiffens.
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10 of 13 DEMARCHIS ET AL.

F IGURE 6 Separation andmass characterization of PHSL*
choroplast extracts (A) orΔPHSL*-expressing E. coli extracts (B) by
hollow fiber flow field flow fractionation withmulti angle light
scattering, fluorescence and UV detection (HF 5MALSUV FLD). (A)
Thylakoid extract. Averagemolar mass (Da) of the two eluted
populations: a, 1.17× 106 (±12%); b, 1.71× 107 (±10%). Black line
(top): size calibration of the devisedmethod as from FFF theory. (B) E.
coli extract. Averagemolar mass (Da) of the two eluted populations: a,
6.8× 105 (±15%); b, 2.3× 107 (±18%). Dashed lines: experimental
retention time values of standard albumin (BSA) and Immunogloblin G
(IgG) injections to verify the reliability of FFFmethod calibration.
Black line: fluorescence signal (λex = 280 nm, λem = 340 nm). Green
dots: molar mass values calculated fromMALS and UV signals.

corresponding to PHSL* trimers and oligomers, which should be eluted

at earlier retention times, while two protein populations are detected

and separated (Figure 6A). The first, peaking at 11 min and consisting

of the majority (86%) of the sample, had an average molar mass of 1.2

MDa, while the second eluted at the field release, reached tens of mil-

lions of Da. The presence of these high-molar-mass species, together

with the lack of PHSL* oligomers, suggested the successful formation

of PHSL* polymers. The ΔPHSL* protein fraction from E. coli proved to

be only partially soluble in water and PBS, suggesting thatΔPHSL* was
present at a highly polymerized state. The soluble fractionwas injected

in FFF and showed to contain a small amount of a first aggregate popu-

lation (averaging 700 kDa), while themajority of the samplewas totally

retained, and had amass distribution reaching 10MDa (Figure 6B).

Toquantify the phaseolin polymers, semi-quantitativewestern blots

using anti-PHSL antibodies were attempted (Figure 7).Western analy-

sis was carried out in triplicate using E. coli/plant total soluble proteins,

and purified PHSL as a standard, loaded in different amounts. To avoid

saturated band signals, the amount of E. coli total proteins loaded on

F IGURE 7 Comparison of engineered phaseolin accumulation in
transplastomic tobacco and E. coli. (A) Total soluble proteins (TSP)
extracted from leaves of PHSL* transplastomic plants or from
transformed E. coli cells expressingΔPHSL*, were separated by SDS
PAGE and immunoblotted with antiphaseolin antiserum. This blot is an
example of the three blots performed. Numbers on top indicate the
amount of total proteins loaded in the gel and the amount of purified
PHSL. Protein stained by Coomassie is shown as a loading control. (B)
The peaks indicate in arbitrary units themeasurement of the
phaseolin specific bands in (A) by densitometric analysis (Image-J2
image processing software, version 2.9.0/1.53t). Numbers at the left
indicatemolecular mass in kDa.

the gel was 100 times lower in comparison to the tobacco extracts.

The amount of PHSL* polymers in tobacco leaves was first expressed

as a percentage of total soluble proteins (TSP) and was roughly 0.03%

of TSP, whereas the bacterial ΔPHSL* was expressed at 6.7% of TSP.

There was a 300-fold increase of mutated PHSL polymers in bacterial

TSP compared to the plant TSP. As it is not easy to compare the two

biotechnological platforms (plants in greenhouse and bacterial liquid

culture) for recombinant protein production, we also determined that

in tobacco plants PHSL* yieldwas 10 μg g−1 freshweight (FW), while E.

coli cells had aΔPHSL* yield of 1000 μg L−1.

4 DISCUSSION

Proteins of high molecular weight (>25 kDa) are natural heteropoly-

mers, thereby being ideal raw materials for the production of

biodegradable plastics alternative to petroleum-derived ones. From

the technological point of view, some drawbacks which limit the

use of proteins as biodegradable plastics lie in their fragility, low
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DEMARCHIS ET AL. 11 of 13

processability, and low mechanical properties.[27] The blending with

other polymers with suitable mechanical properties and/or the use of

crosslinking agents are the most common strategies to overcome the

aforementioned drawbacks. The aim of this study was to explore a

new way to engineer proteins with functionalities targeted to obtain

desirable chemical, processing andmechanical properties, so that they

canbepotential biodegradable alternatives topetroleum-derivedpoly-

mers. To this end, a genetic modification of the bean storage protein

PSHL has been deeply investigated. This protein has been previously

modified incorporating a cysteine residue into its C-terminal amino

acidic chain (PSHL*) and expressing it in the plant plastids.[12] Here, we

compared two bioplatforms to produce PSHL* (or its version devoid of

the signal peptide, ΔPSHL*), showing that in both plant and bacterial

bioreactors engineered PHSL was present as high-molar-mass species

polymers. However, if we consider the percentage of TSP, the E. coli

cells produced 300 timesmore recombinant PHSL than transplastomic

tobacco plants (Figure S7).

Concerning the tobacco plants, an accurate analysis of the intra-

plastidial localization and accumulation of PSHL* and ΔPSHL* was

performed. Using different molecular biology approaches, it has been

shown that the accumulation of PSHL* increased almost 50-fold if the

proteinwas inserted into themembranes of tobacco thylakoids instead

that only associated with those membranes (ΔPSHL*). Moreover, it

has been shown that the chloroplast environment has the chemical-

physical andpotential redox characteristics to form thePSHL*disulfide

bridges, inducing the accumulation of megadalton-scale biopolymeric

PSHL* forms. This potentially is an excellent result, mainly because

this approach could be used in plants of agricultural interest were

chloroplast transformation is available, such as tomato[28] that pro-

duce a lot of leaf biomass as waste. The insertion of the PHSL* gene

at the level of the chloroplast in these species could increase the eco-

nomic value of this biomass, from which it would be possible to purify

a protein biopolymer usable at a pharmaceutical or industrial level.

Unfortunately, the level of expression in PSHL*-expressing transplas-

tomic tobacco plants is very low (0.03% of TSP) in comparison to the

accumulation levels reported for other recombinant proteins with the

transgenes localized in the plastid genome, that in some cases reached

more than 50% of the leaf TSP.[29]

Therefore, we developed an alternative strategy that involves the

use of bacterial organisms as bioreactors. Often, heterologous pro-

teins expressed in bacteria (e.g., E. coli) are accumulated in PBs, and

for this reason, are easy to extract and purify. In this study, we show

that E. coli expressing ΔPHSL* accumulate this protein in IBs that can

be purified by simple centrifugation. ΔPHSL* is present in a reduced

form in IBs and is then partially oxidized by atmosphere during the

purification process, resulting in a highly polymerized state up to 10

MDa. The presence of cys residues in ΔPHSL* is a functionality that

can be exploited in the design of drug delivery systems and/or scaf-

folds for tissue regeneration. As demonstrated, the thiol groups of

cysteine allow the site-specific PEGylation ofΔPHSL*, being a desirable
functionality in the design of a protein-based drug carrier. Indeed, the

site-specific protein PEGylation, often carried out to increase the pro-

teinhalf-life in blood streamlines, improves theproduction/purification

processes and contributes to retain the pharmacokinetic benefits that

accompany PEG attachment.[30] Moreover, the nanomechanical stiff-

ness ofΔPHSL* revealed that the thiol groups can be also exploited for
the protein crosslinking via disulfide covalent bonds. This functional-

ity represents a valid alternative to the use of chemical crosslinkers as

glutaraldehyde (with recognized toxic effects), in the design of protein

scaffolds for tissue engineering to improve their mechanical proper-

ties and to match the degradation rate with the tissue’s regeneration

one.[31]

In conclusion, our observations suggest that proteins that do not

normally possess characteristics suitable for the production of plasti-

cizing materials can be transformed into innovative materials, leading

to theproduction andaccumulationof potential useful next-generation

products in thematerials and pharmaceutical industry.
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