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Abstract  25 

 Polyhydroxyalkanoates (PHAs) are biodegradable polyesters that accumulate in the 26 

cytoplasm of certain bacteria. One promising biotechnological application of these 27 

biopolymers contemplates its utilization as supports for protein immobilization. Here, the 28 

PHA-binding domain of the Pseudomonas putida KT2440 PhaF phasin (BioF polypeptide) 29 

was investigated as affinity tag for in vitro functionalization of poly-3-hydroxybutyrate 30 

(PHB) particles with recombinant proteins, namely full-length PhaF and two fusion 31 

proteins tagged to BioF (BioF-C-LytA and BioF- β-galactosidase, containing the choline-32 

binding module C-LytA and the β-galactosidase enzyme, respectively). Protein-33 

biopolyester interaction was strong and stable in a wide range of pH and temperature, and 34 

the bound protein was highly protected from self-degradation, while binding strength could 35 

be modulated upon particle coating with amphiphilic compounds. Finally, a mini-bioreactor 36 

with immobilized BioF- β-galactosidase displayed a very stable enzymatic activity after 37 

several continuous activity+washing cycles. Our results demonstrate the potentialities of 38 

PHA and the BioF tag for the construction of novel bioactive materials. 39 

 40 

Importance 41 

 Our results confirm the biotechnological potential of the BioF affinity tag as a 42 

versatile tool for functionalizing PHA supports with recombinant proteins, leading to novel 43 

bioactive materials. The BioF tag wide substrate range presumably allows protein 44 

immobilization in vitro to virtually all natural PHAs as well as blends, copolymers or 45 

artificial, chemically-modified derivatives with novel physical-chemical properties. 46 

Moreover, the strength of protein adsorption may be easily modulated by varying the 47 
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coating of the support, providing new perspectives for the engineering of bioactive 48 

materials that require a tight control of protein loading.  49 

 50 
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Introduction 56 

 57 

 Immobilization of peptides and proteins on polymer surfaces to develop bioactive 58 

supports represents a challenging goal in biotechnology and biomedicine (1, 2). As more 59 

biotechnologically relevant materials with new properties are described, novel methods for 60 

efficient protein functionalization are also required. Among the immobilization procedures, 61 

covalent methods ensure the strongest binding to the support, providing in some cases even 62 

more stability to the immobilized protein. However, the matrix is barely recoverable after 63 

enzyme inactivation and these methods normally require the use of chemical linking reagents 64 

that might perturb the polypeptide native structure (although interesting, alternative in situ 65 

systems have been recently described)  (3). On the other hand, non-covalent methods are 66 

generally of weaker intensity but have other important advantages as they are normally 67 

simple, gentle and do not require the chemical modification of the protein, thus diminishing 68 

the risk of denaturation. In addition, immobilization is reversible in most cases, allowing the 69 

straightforward regeneration of the support (4, 5). 70 

 71 

 Current trends in material research specifically focus on biocompatible and 72 

biodegradable, yet versatile and stable, supports. The polyhydroxyalkanoate (PHA) family 73 

possesses all these characteristics. PHAs are natural polyesters of 3-hydroxyalkanoic acids 74 

that accumulate intracellularly in several organisms as reserve material. They possess a high 75 

variety of monomer composition, providing them with different physico-chemical properties 76 

and functionalities (6-9). Depending on the length of the carbon chain, PHAs are classified 77 

as: i) short chain length PHAs (scl-PHAs, 3-5 carbon atoms); ii) medium chain length PHAs 78 
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(mcl-PHAs, 6-14 carbon atoms); and iii) long chain length PHAs (lcl-PHAs, more than 14 79 

carbon atoms) (10). The scl-PHA poly-3-hydroxybutyrate (PHB) represents the most 80 

produced and commercially successful member of the PHA family (11, 12). The PHAs 81 

constitute, among natural polymers, the largest group of microbial polyesters that displays 82 

thermoplastic features  (9, 13) (hence the commonly used term "bioplastics") and they have 83 

been hailed as potential competitors of oil-derived plastics, not only because of their physical 84 

properties, but also for their biocompatibility and biodegradability (8, 14, 15) and for the high 85 

sustainability of their sources, as they naturally accumulate as reserve material in several 86 

microbial (16) and engineered plant (17) species. The tunable structural features of these 87 

polyesters based on their variable composition make them highly attractive for the 88 

development of next generation biomaterials susceptible of being functionalized with 89 

peptides and proteins. 90 

 91 

 Native PHA granules are subcellular structures formed by a polymeric core 92 

surrounded by granule-associated proteins (GAPs) (18). Microbial PHA preparations usually 93 

contain adsorbed phospholipids as well (19), although the actual occurrence of this coating 94 

in vivo has been recently questioned and might represent a purification artifact from the cell 95 

extracts (20-22). Phasins, the main component of GAPs, have a relevant role in the PHA 96 

intracellular metabolism, participating in events including the control of the size, number and 97 

localization of granules in the cell (23, 24). The high affinity of phasins for PHA suggests 98 

the application of such polypeptides as affinity tags for the immobilization of proteins onto 99 

polyester granules. Nevertheless, despite its potential, to date only a few examples of phasin-100 

mediated immobilization of recombinant proteins have been described (25-31). In particular, 101 
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Prieto and coworkers (32) developed the BioF tag derived from the PHA-binding domain of 102 

the PhaF phasin from Pseudomonas putida KT2440, a protein that is involved in the 103 

intracellular stabilization and localization of the PHA granule, as well as in its equal 104 

distribution between daughter cells upon cell division, thanks to the presence of a DNA-105 

binding domain (33, 34). Several fusion proteins containing the BioF sequence were 106 

expressed and found associated in vivo to native mcl-PHA granules in P. putida without 107 

compromising its functionality    (32). The fusion proteins could be recovered from the 108 

granules by mild treatment with detergents. In a step towards effective biotechnological 109 

applications, native granules were produced containing a variant of Cry1Ab toxin with 110 

insecticidal properties (35), demonstrating that functionalization of PHA polyesters with 111 

BioF-tagged proteins constitutes a promising field for designing bioactive polymers of 112 

interest. However, several aspects of these in vivo systems need be addressed for their 113 

successful application, such as the control of granule size and the amount of immobilized 114 

protein, as well as the overall conditions of the environment regulating its binding (pH, 115 

temperature, etc.).  116 

 117 

 To date, most studies have dealt with the interaction between a particular PHA and 118 

the cognate phasin with which it naturally interacts in vivo, but the peculiar organization of 119 

phasins as predominantly amphipathic, α-helical proteins, that recognize the biopolymer 120 

through relatively non-specific interactions (23), allows to speculate on the possibility of a 121 

wider PHA substrate range for this family of polypeptides. It is also evident that a single, 122 

versatile tag able to recognize different types of PHAs would imply an important 123 

biotechnological capacity. Therefore, we decided to characterize the binding of several BioF 124 
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fusions to scl-PHA particles such as PHB. Although there have been described several 125 

phasins naturally bound to PHB inclusions (23, 24), our approach contemplated the aim of 126 

expanding the applications of the BioF tag (a naturally mcl-PHA binding polypeptide) rather 127 

than finding a strong tag strictly recognizing a particular PHA. Furthermore, we have 128 

assessed the functional performance of a BioF--galactosidase hybrid protein immobilized 129 

on PHB as a proof-of-concept for the development of PHA-based enzymatic bioreactors. We 130 

believe that our results confirm that BioF-based PHA functionalization procedures possess 131 

an evident potential in biomedicine and bioprocess technology. 132 

 133 

  134 
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RESULTS 135 

 136 

 In vitro interaction of the PhaF phasin with lipid/GAP-free PHB particles. The 137 

binding capability of the BioF polypeptide to mcl-PHA granules has been widely 138 

demonstrated in vivo (32, 35, 36). Nevertheless, native PHA granules are surface-coated by 139 

several GAPs and probably by a lipid layer that might interfere with the BioF binding in vivo. 140 

Therefore, in a first approach, we tested the ability of the entire PhaF phasin to be 141 

immobilized in vitro onto commercially available PHB particles devoid of any protein or 142 

lipid coating. Figure 1 shows that, in PNa buffer at 25 ºC or 37 ºC, PhaF could be clearly 143 

adsorbed on PHB, indicating that the substrate range of the BioF tag also includes scl-PHAs 144 

and that no other granule-associated components are needed for an efficient binding.  145 

 The stability of this PhaF-PHB interaction was evaluated both at 25 and 37 ºC. After 146 

48 h incubation, around 65% of initially added PhaF (representing 75% of initially bound 147 

protein) remained stably attached to the polyester at both temperatures without significant 148 

hints of protein degradation (Fig. 1). Furthermore, incubation at pHs other than 7.0 did not 149 

appear to have a direct influence on immobilization, as the protein remained similarly 150 

adsorbed to the particles in all cases (Supplementary Fig. S3). This result supports the 151 

hypothesis that ionic forces are minor contributors to PHA recognition  (34). To test the 152 

strength of the hydrophobic interactions, protein desorption was induced upon incubation 153 

with several detergents at 25 ºC (Fig. 2A and Supplementary Fig. S4). PhaF was eluted from 154 

the polymer particles with the greatest efficiency by SDS and sarcosyl, and only partially 155 

(18%) with Tween-20 (Fig. 2A). However, other detergents such as Triton X-100, CHAPS 156 

and sodium cholate were unable to desorb the protein at the concentrations tested (Fig. 2A).  157 
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 Affinity of PhaF to PHB was also quantified by Langmuir analysis (Fig. 3). The 158 

binding isotherm acquired at 25ºC reveals a maximum loading capacity of 20 ± 2 µg PhaF/mg 159 

PHB, and a dissociation constant of 0.5 ± 0.1 mg/ml (18.3 µM) (Table 1). These values are 160 

similar to other PHA-binding proteins (37). 161 

 162 

 PHB coating interferes with PhaF binding. The mainly hydrophobic nature of 163 

phasin-PHA binding interaction makes it interesting to evaluate the effect of polyester 164 

covering with anphipathic compounds on the stability of PhaF adsorption. First, 165 

commercially available PHB particles were coated with oleic acid (PHBOL particles), a 166 

common component in artificial PHAs preparations (38). Remarkably, the oleate cover 167 

somehow increases the affinity for PhaF, while significantly augmenting its maximum 168 

binding capacity (Table 1, Fig. 3). This may be explained in terms of an specific, stabilizing 169 

interaction between oleate molecules and PhaF that has been described before (34). 170 

Nevertheless, and for the same reason, the PhaF-loaded PHBOL particles were more 171 

sensitive to competing detergents whose structure mimics that of oleate (i.e., long 172 

hydrocarbon chains), namely Triton X-100 and, especially, Tween-20 (Figs. 2B and S4). 173 

Finally, with the aim of mimicking the lipid layer inherently found in usual PHA 174 

preparations, PHB granules were coated with an 1:1 (w/w) lipid mixture of 175 

phosphatidylcholine and phosphatidylglycerol (PHBPL particles). In this case the affinity for 176 

PhaF was severely diminished (Table 1, Fig. 3), and the protein could be eluted by all tested 177 

detergents with an appreciable yield, except CHAPS (Fig. 2C). To check any possible 178 

destabilizing effect on the PHB particle caused by the phospholipid layer, we evaluated the 179 

aspect, stability and degree of cristallinity of both lipid-treated- and non-treated PHB material 180 
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by DSC and SEM. Figure 4 and Table 2 show that the size and morphology of PHB granules 181 

did not appreciably change upon coating  Data in Table 2 also indicate that lipid coating only 182 

produced a moderate decrease in cristallinity (65% to 44%), even after the lyophilization 183 

step, while thermal stability and particle size were also largely unaffected. These results 184 

demonstrate that granule coating by amphiphilic compounds affect the BioF-PHB interaction 185 

to a variable extent without substantially affecting particle integrity. 186 

 187 

 Immobilization of BioF-tagged hybrid proteins on PHB. The results shown so far 188 

indicate that the PhaF phasin is likely to bind to different types of PHA such as PHB. This 189 

adds a novel functionality for the BioF polypeptide to serve as a versatile affinity tag for 190 

anchoring recombinant proteins of interest to a wide range of polyhydroxyalkanoates. To 191 

further evaluate the biotechnological potential of this result, we analyzed the in vitro binding 192 

of the BioF-C-LytA protein (formerly named as FLyt), a fusion of BioF with the C-LytA 193 

choline-binding module (32), to synthetic PHB granules. Only the binding of BioF-C-LytA 194 

to native mcl-PHA granules in vivo had been previously studied (32). As shown in Fig. 5, 195 

purified BioF-C-LytA was able to bind to PHB at 37ºC with an affinity comparable to the 196 

PhaF phasin (77% of applied protein, see Fig. 1) and also independently of pH and ionic 197 

strength (data not shown). Stability against detergents followed a similar trend compared to 198 

PhaF, with sarcosyl and SDS being the most efficient eluting agents (Supplementary Fig. 199 

S5). Somehow unexpectedly, the residual elution capability of Tween-20 for PhaF was not 200 

detected in the case of BioF-C-LytA. Nevertheless, this effect might be ascribed to secondary 201 

interactions taking place between the polymer and the relatively hydrophobic, aromatic-rich 202 

C-LytA moiety (39) that is likely to strengthen the binding. On the other hand, in contrast to 203 
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the PhaF case (Fig. 2), CHAPS was able to induce elution of a small but detectable amount 204 

of BioF-C-LytA protein (Supplementary Fig. S5). This is probably due to the fact that the 205 

quaternary ammonium group in the detergent (Supplementary Fig. S4) may act as a specific 206 

choline-like ligand of the C-LytA moiety (40) and helps releasing the protein from the 207 

polymer. Importantly, while BioF-C-LytA is unstable in solution and shows evident signs of 208 

autodegradation at 37ºC, a clear protection effect provided by the PHB matrix is evident 209 

when the protein is immobilized on the polymer (Fig. 5). 210 

 211 

 Construction of PHB-based enzymatic mini-bioreactors. Once the capability and 212 

functionality of the BioF tag as an immobilization system of fusion proteins to commercial 213 

preparations of PHB were confirmed, we evaluated the possibility of using this platform for 214 

the construction of enzyme bioreactors. As a proof of concept, we assessed the performance 215 

of a PHB-based mini-bioreactor containing the hybrid protein BioF-β-galactosidase 216 

(formerly named as FLac), where the BioF polypeptide is fused to the E. coli β-galactosidase 217 

protein (32). Even though the BioF-β-galactosidase enzyme could only be purified to an 218 

approximately 35 % (Supplementary Fig. S2), it still represents a suitable system, since the 219 

majority of industrial applications involving immobilized enzymes does not require a greater 220 

extent of protein purity  (41). The partially purified BioF-β-galactosidase preparation was 221 

adsorbed on PHB and the enzymatic activity was assayed in 14 reaction/washing cycles (10 222 

min. each), followed by two other cycles assayed after 48 and 96 h respectively (Fig. 6). 223 

After such incubations the enzymatic activity still conserved a 75 ± 7% with respect to the 224 

initial activity, suggesting that the enzyme kept its stability under these conditions and that 225 

protein desorption from the matrix was not relevant.  226 
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DISCUSSION 227 

 228 

 Polyhydroxyalkanoate-based technologies based on functionalization with proteins 229 

possess a high biotechnological potential that, nevertheless, has not yet found the expected 230 

industrial development and application. These limitations are in particular linked with the 231 

restrictions of the production systems. Therefore, to achieve a wide industrial application and 232 

comparable performance to other commercially available polymers, improved PHA-based 233 

protein immobilization platforms need to be developed (42). Moreover, the need for high 234 

added value applications and particularly the construction of bioactive PHA supports through 235 

protein functionalization might boost the commercial importance of PHA. Nevertheless, the 236 

construction of bioactive PHA systems by protein immobilization has been investigated to a 237 

limited degree at the laboratory scale and is still a nascent technology that needs scaling up 238 

for industrial applications (43). Very efficient covalent methods for PHA functionalization 239 

based traslational fusions with the PhaC from Ralstonia eutropha have been described in 240 

detail by Rehm's group, leading to a variety of biotechnological and biomedial applications 241 

(3, 44, 45). However, in the case of non-covalent methods like those based in phasins, several 242 

key technical issues such as control of PHA-protein association/dissociation and granule size 243 

still remain unresolved 244 

 Herein, we have evaluated the in vitro binding properties of the PHA-binding domain 245 

of the PhaF phasin from P. putida KT2440 (BioF tag) to scl-PHA such as PHB particles 246 

devoid of any coating. The BioF-PHB interaction is very stable with respect to temperature 247 

(25-37ºC) (Fig. 1), time (48-96 h, Figs. 1, 5 and 6), pH (2-9) (Supplementary Fig. S3), and 248 

detergent action (Fig. 2). Similar results were obtained with the fusion protein BioF-C-LytA 249 
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(Figs. 5 and S5), demonstrating that binding to PHB is mostly ascribed to the BioF sequence 250 

independently of the fused polypeptide. Furthermore, binding of the fusion protein to PHA 251 

may strongly protect the adsorbed protein from degradation, as revealed for BioF-C-LytA 252 

(Fig. 5). Our results indicate that the BioF tag is specially suited to provide a robust and 253 

stable, yet straightforward, protein immobilization platform not only to its natural cognate 254 

mcl-PHA substrate but also to commercially available PHB and, probably, to many other 255 

PHA types. To date, only limited examples of phasin binding to pure, non-coated PHA 256 

preparations have been reported (30, 46). However, more studies of this kind are necessary 257 

since several applications, especially in the biomedical field, require homogeneous materials 258 

free of endotoxins or other incompatible components.  259 

 The molecular nature of the binding between BioF and mcl-PHAs is likely to be 260 

mainly based on hydrophobic, non-specific interactions, according to the predicted secondary 261 

structure of the PhaF phasin (34). This structural model predicts that the BioF sequence folds 262 

into a long, tetrameric, amphipathic α-helix that recognizes the surface of the PHA granule 263 

through the non-polar face of the helix. As expected for a mainly hydrophobic interaction, 264 

the BioF-PHB binding is susceptible to detergent treatment. The efficiency of the detergent 265 

treatment strongly depends on the detergent type. The agents with highest eluting 266 

performances are SDS and sarcosyl (Figs. 2 and S5), which is in agreement with similar in 267 

vivo results when mcl-PHAs have been used as immobilization substrate (32). Therefore, 268 

these should be the compounds of choice to eventually regenerate the PHB support in any 269 

biotechnological process that require a new loading with fresh protein. Moreover, SDS and 270 

sarcosyl are also the detergents with the longest linear hydrocarbon moiety (Supplementary 271 

Fig. S4), which are likely to better intercalate within the presumably elongated BioF-PHA 272 
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interface (34). While Tween-20 also has a long linear hydrophobic chain, its polar moiety is 273 

sizeable, probably hampering the interaction with the hydrophobic side of the helix 274 

(Supplementary Fig. S4). Consequently, this detergent displays an intermediate eluting 275 

behavior that is enhanced when the protein-granule interaction is weakened upon granule 276 

coating (Fig. 2). Finally, Triton X-100 and sodium cholate possess the shortest linear chains 277 

and subsequently show the poorest elution properties. CHAPS represents a peculiar case 278 

because its structure is devoid of linear chains and, accordingly, does not elute PhaF from 279 

the PHB granule (Fig. 2). However, binding of the BioF-C-LytA chimera is somehow 280 

susceptible to this detergent, both in vitro (Supplementary Fig. S5) and in vivo (32), probably 281 

because CHAPS behaves as a ligand of the C-LytA moiety and helps eluting the protein by 282 

weakening a secondary, non-BioF-related interaction. This indicates that the polypeptide 283 

fused to the BioF tag may also contribute, positively or negatively, to the binding strength to 284 

PHA. 285 

 The BioF-PHB interaction is affected if the polyester is coated in vitro with 286 

amphiphilic compounds such as oleic acid and, especially, phospholipid layers (Figs. 2 and 287 

3; Table 1). This dependence on granule coating has also been observed for the binding of 288 

the PhaP phasin from Ralstonia eutropha to polyhydroxyoctanoate surfaces, which was 289 

prevented by the presence of a phospholipid cover in the granule (46). Given its elongated 290 

shape, BioF is likely to be attached to the PHA polymer in parallel with its surface (34) but 291 

not deeply penetrating into the granule, as this would certainly impose an excessive 292 

desolvation energy penalty to the polar residues in the hydrophilic face of the helix. Hence, 293 

it is not surprising that any coating of the matrix should affect the direct association between 294 

the affinity tag and the polyester by decreasing the amount of available PHB surface. Far 295 
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from constituting a drawback, this dependence on coating represents a useful characteristic 296 

to rationally modulate the strength of BioF-tagged protein adsorption, and may find its 297 

application in processes requiring a fine tuning of the interactions, such as the controlled 298 

release of therapeutic proteins and peptides (47, 48) or the straightforward regeneration of 299 

enzymatic reactors after enzyme inactivation.  300 

 To date, the main applications of protein-functionalized PHAs have been aimed to 301 

biomedical purposes, such as diagnosis, vaccines, drug delivery and cell imaging (42). 302 

However, the development of PHA-based enzymatic reactors has been analyzed to a very 303 

limited degree. Therefore, in this work we have studied the enzymatic activity of the chimeric 304 

protein BioF-β-galactosidase immobilized on PHB particles as proof of concept for the 305 

construction of these systems. Our procedure led to systems showing stable galactosidase 306 

activity during several continuous cycles of reaction/washing as well as an extended enzyme 307 

performance (at least 96 h) (Fig. 6). These results confirm the strong interaction between the 308 

BioF tag and PHB particles and pave the way for the construction of sustainable, reusable 309 

PHA supports designed for enzymatic biotransformations.  310 
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MATERIALS AND METHODS 311 

 312 

 Bacterial strains, plasmids and general growth conditions. Liquid cultures of 313 

Escherichia coli were grown at 37°C in Luria-Bertani broth (LB) medium (49) eventually 314 

supplemented with kanamycin (0.05 mg/ml) or streptomycin (0.05 mg/ml) depending on 315 

plasmid resistance, in orbital shaker (200 rpm, INNOVATM 4000). Bacterial growth was 316 

followed by turbidimetry at 600 nm, using an Evolution 201 spectrophotometer (Thermo 317 

Scientific). 318 

 319 

 Overproduction and purification of recombinant proteins. As a general 320 

procedure, overexpression was carried out in every case using freshly transformed cells with 321 

the corresponding expression vector using the CaCl2 transformation protocols (49). The 322 

purity of protein preparations was checked by polyacrylamide gel electrophoresis under 323 

denaturing conditions (SDS-PAGE) (50) using the Mini-Protean systems from Bio-Rad. Gels 324 

were stained with EZBlueTM (Sigma-Aldrich). The concentration of pure proteins was 325 

assessed by absorption spectroscopy at 280 nm (Evolution 201, Thermo Scientific) using the 326 

following theoretical molar extinction coefficients: 19,071 M-1 cm-1 (PhaF) and  109,320 M-327 

1 cm-1 (BioF-C-LytA) using the online software ProtParam from the Expasy toolbox 328 

(http://web.expasy.org/protparam). Samples containing partially purified BioF-β-329 

galactosidase were quantified using the Protein Assay Dye Reagent Concentrate from Bio-330 

Rad, using bovine serum albumin (Sigma-Aldrich) as standard. Enzyme fractions were stored 331 

at -20 ºC until further use.  332 
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 PhaF protein was overexpressed employing E. coli BL21(DE3) cells harboring the 333 

pETPhaF plasmid and purified by hydrophobic interaction chromatography on butyl-334 

sepharose (GE, Healthcare) as previously described (33).  335 

 For purification of the BioF-C-LytA protein, E. coli CC118 cells harboring plasmid 336 

pNFA2 (32) were grown at 37°C and 200 rpm until the culture reached an O.D.600 = 0.6. 337 

Then, flyt gene overexpression was induced for 14 h at 30°C by addition of 0.5 mM isopropyl 338 

β-D-1-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation at 4°C (10,000 339 

x g), resuspended in 20 mM sodium phosphate buffer, pH 7.0 (PNa buffer, hereafter) plus 340 

100 mM NaCl  (50 ml per liter of culture), disrupted by sonication (Branson 250) and 341 

centrifuged again for 10 min at 4°C (10000 X g). Insoluble inclusion bodies containing 342 

denatured BioF-C-LytA were redissolved in of 8 M urea (25 ml per liter of culture), followed 343 

by centrifugation for 10 min at 4°C (10000 X g). Simultaneous refolding and purification of 344 

BioF-C-LytA was accomplished in one step by directly loading the supernatant onto a 345 

Sephadex G-100 gel filtration column (50 x 1 cm, Bio-Rad), employing PNa buffer plus 100 346 

mM NaCl as mobile phase. Fractions with more than 90% of purity, assessed by SDS-PAGE, 347 

were stored at 4°C (Supplementary Fig. S1). 348 

 Purification of BioF-β-galactosidase fusion was accomplished from overproducing E. 349 

coli CC118 cells harboring plasmid pNFL2 (32) grown and processed in a similar way to 350 

BioF-C-LytA protein (see above), except that, in this case, the BioF-β-galactosidase protein 351 

was found predominantly in the soluble fraction after sonication. Ammonium sulfate was 352 

slowly added at 4ºC under stirring to a final concentration of 1.7 M, then centrifuged at 4°C 353 

(10000 X g) and the supernatant was applied onto a butyl sepharose 4 Fast Flow column (GE 354 

Healthcare) (10 x 1 cm) previously equilibrated PNa buffer containing 1.7 M ammonium 355 
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sulfate. The column was thoroughly washed with PNa buffer plus 0.75 M ammonium sulfate, 356 

and then BioF-β-galactosidase was finally eluted with PNa buffer. The result of the partial 357 

purification is shown in Supplementary Fig. S2, and the amount of BioF-β-galactosidase with 358 

respect to the total protein was estimated as 35 ± 3% upon gel densitometry using ImageJ 359 

(51). Attempts to further purify the protein were unsuccessful in our hands. 360 

 361 

 Preparation and characterization of coated PHB particles. Artificial oleate-coated 362 

PHB granules (PHBOL) were prepared by the oil-in-water emulsion method as previously 363 

described (38). Artificial phospholipid-coated PHB granules (PHBPL) were prepared 364 

following a previously described procedure (52) with minor modifications. First, one volume 365 

of 5% PHB (w/v) (Sigma-Aldrich) solution in chloroform was emulsified with 20 volumes 366 

of an aqueous solution of 2% sodium cholate (w/v) (Sigma-Aldrich) by ultrasonication (20 367 

kHz, 1-3 min). Then, chloroform was removed from the emulsion under vacuum conditions 368 

(40ºC, 60 min) and the artificial granules coated with sodium cholate were harvested by 369 

centrifugation (10000 X g, 10 min) and washed twice with an equal volume of distilled water. 370 

Granules were resuspended with an equal volume of PNa buffer containing L-α-371 

phosphatidyl-D-L-glycerol (5 mg/ml, Sigma-Aldrich) and L-α-phosphatidylcholine (5 372 

mg/ml, Sigma-Aldrich) from egg yolk previously emulsified by sonication in an aqueous 373 

solution of sodium cholate 2% (w/v). The resulting mixture was extensively dialyzed in 20 374 

mM PNa buffer pH 7.0 containing 25 g/l amberlite XAD-2 (Sigma-Aldrich), to remove 375 

sodium cholate. Finally, artificial phospholipid-coated PHB granules were concentrated by 376 

lyophilization to dryness (Telstar Cryodos).  377 
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 Characterization of PHB material was achieved by thermal analysis. Samples of 378 

approximately 5-10 mg were placed in an aluminum capsule and subjected to differential 379 

scanning calorimetry (DSC) on a Pyris Diamond DSC calorimeter (Perkin Elmer, Waltham, 380 

MA). Samples were heated under nitrogen atmosphere from 20 ºC to 200 ºC at a rate of 20 381 

ºC/min. The degree of crystallinity was estimated from the experimental melting enthalpies 382 

(Hm) assuming a value of 146 J/g for a 100% crystalline PHB (53). PHB particles were also 383 

analyzed by scanning electron microscopy (SEM) in a Phenom World ProX microscope 384 

operating at 10 kV. Samples were placed in the microscope plate and sputter-coated with 385 

gold to ensure electrical conductivity. Both SEM and DSC analyses were carried out in the 386 

Plastics Technology Centre AIMPLAS (Valencia, Spain). 387 

 388 

 Protein binding to PHB particles. As general methodology, 5 mg of different 389 

preparations of PHB (PHB, PHBPL or PHBOL) were incubated for 15 minutes with 20-30 390 

µg of a BioF-containing protein (PhaF or BioF-C-LytA) in a final volume of 100 µL in PNa 391 

buffer and at incubation temperatures of 25 or 37ºC. After mild mixing on digital rotary mixer 392 

(OVAN), the unbound protein fraction was separated from the polyester by centrifugation 393 

(10 min, 10,000 X g). PHB beads were washed five times with 500 µL PNa buffer plus 0.1 394 

M NaCl and finally resuspended in 100 µL of PNa buffer. To check the strength of protein-395 

PHB interaction, the resuspension buffer contained the corresponding detergents: 1% SDS 396 

(w/v), 3% Sarcosyl (w/v), 1% Tween-20 (w/v), 1% Triton X-100 (v/v), 3% sodium cholate 397 

(w/v) and 3% CHAPS (w/v) (Sigma-Aldrich). After 15 min of incubation at 25 ºC, samples 398 

were centrifuged and the eluted protein fractions were analyzed by UV spectroscopy and 399 

SDS-PAGE.  400 
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 To determine the affinity of the protein-PHB interaction and the maximum protein 401 

binding capacity by Langmuir analysis (54, 55), 10 mg of PHB were incubated with growing 402 

concentrations of PhaF (0-2.5 mg/ml) in PNa buffer (500 µL). After mild mixing (30 min at 403 

25ºC) on digital rotary mixer (OVAN), the unbound protein fraction was recovered from the 404 

polyester by centrifugation (10 min, 10000 X g).  The amount of PhaF bound to PHB (µg 405 

PhaF/ mg PHB) was calculated by subtracting the unbound protein from the initial added 406 

protein. Data were fitted to Eq. 1 (54, 55): 407 

   (1) 408 

where q is the amount of protein bound on PHB (µg protein/mg PHB), qmax is the maximum 409 

adsorcion capacity of PHB granules (µg protein/mg PHB), C is the concentration of protein 410 

added (mg/ml) and Kd is the dissociation constant (mg/ml). 411 

 412 

 β-Galactosidase enzyme activity.  The β-galactosidase activity of immobilized FLac 413 

was assayed spectrophotometrically according to Miller (56). BioF-β-galactosidase 414 

(approximately 2.5 µg, as estimated by gel densitometry, see above) was first immobilized 415 

on 0.5 mg of PHB as described above for PhaF. After extensive washing with PNa buffer, 416 

the resin was incubated for 10 min at 25ºC with 5 mM o-nitro-phenyl-β-D-galactopyranoside 417 

(ONPG) on a digital rotary mixer (OVAN). We previously checked that the enzymatic 418 

reaction was linear within these time limits (data not shown). The sample was then briefly 419 

centrifuged (10,000 X g), the supernatant removed and the reaction stopped with Na2CO3 420 

0.12 M. Enzymatic activity was assessed following the formation of o-nitrophenol at 420 nm 421 

(Ɛ420=4500 M-1 cm-1), after substracting a blank equally processed but without enzyme added. 422 
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The remaining PHB support was extensively washed with PNa buffer to remove remaining 423 

traces of ONPG and o-nitrophenol and subjected to new enzymatic cycles by the addition of 424 

fresh 5 mM ONPG. 425 

 426 
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Figure captions 585 

 586 

Fig. 1. Left, stability of PhaF binding to PHB at 25 and 37ºC analyzed by SDS-PAGE. C, 587 

control of soluble protein; B, bound protein eluted from PHB with 1% SDS (w/v) after 588 

heating at 90 ºC for 10 min. Right, result of gel densitometry, shown as percentage of initial 589 

applied protein; black solid bars indicate soluble, control protein, whereas red hashed bars 590 

represent the particle-bound protein. 591 

 592 

Fig. 2. Elution of PhaF from different preparations of PHB upon incubation with detergents, 593 

and dependence on granule coating. CN, control of soluble protein; SDS, 1% (w/v) of SDS; 594 

Tr, 1% (v/v) of Triton X-100; Tw, 1% (w/v) of Tween-20; Ch, 3% (w/v) CHAPS; Co, 3% 595 

(w/v) of sodium cholate; Sc, 3% (w/v) of Sarcosyl. A) Naked PHB; B) PHB coated with 596 

sodium oleate (PHBOL); C) PHB coated with phosphatidylglycerol and phosphatidylcholine 597 

(PHBPL); D) Quantification of elution efficiency by gel densitometry. 598 

 599 

Fig. 3. Analysis of the saturation capacity of PHB preparations by Langmuir isotherm. Each 600 

point in the plot represents the mean of three independent experiments. 601 

 602 

Fig. 4. SEM micrographs of PHB and PHBPL preparations. 603 

 604 

Fig. 5. Analysis by SDS-PAGE of stability of BioF-C-LytA binding to PHB at 37ºC. C, 605 

control of soluble protein; B, bound protein eluted from PHB with 1% SDS (w/v) after heating 606 
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at 90 ºC for 10 min. Black arrows indicate degradation fragments of BioF-C-LytA in solution. 607 

Right, result of gel densitometry, shown as percentage of initial applied protein. 608 

 609 

Fig. 6. Activity of PHB-immobilized BioF-β-galactosidase during 16 continuous cycles. 610 

Time between cycles was 20 min except cycles 15 and 16 that were carried out after 48 and 611 

96 h, respectively. Each experiment represents the mean of six determinations. 612 

 613 

  614 
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Table 1. Binding properties of PHB preparations for PhaF1. 615 

 616 

Material 
qmax  

(µg protein/mg PHB) 

Kd 
(mg/ml) 

PHB 20 ± 2 0.5 ± 0.1 

PHBOL 35 ± 3 0.4 ± 0.1 

PHBPL 24 ± 4 1.0 ± 0.4 

 617 

1 Calculated by Langmuir analysis (Eq. 1, Fig. 3)  618 
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Table 2. Calorimetric characterization of PHB preparations. 619 

 620 

Material 
Melting 

temperature (tm) 

Melting 
enthalpy 

(Hm) 

Crystallinity1 

(%) 
Mass loss upon 

heating (%) 
Particle size 

(SEM) 

PHB 173.3 ± 0.9 ºC 95 ± 3 J/g 65 20.0 0.5 - 1 µm 

PHBPL 173.0 ± 0.9 ºC 70 ± 20 J/g  44 25.5 0.3 - 0.9 µm 

 621 

1 Calculated according to (53) 622 

 623 

 624 
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Fig. 1. Left, stability of PhaF binding to PHB at 25 and 37ºC analyzed by SDS-PAGE. C, control of 

soluble protein; B, bound protein to PHB after incubation at the indicated times. Protein was released 

from PHB by heating at 90 ºC for 10 min in the presence of 1% SDS (w/v). Right, result of gel 

densitometry, shown as percentage of initial applied protein; black solid bars indicate soluble, control 

protein, whereas red hashed bars represent the particle-bound protein. 
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Fig. 2. Elution of PhaF from different preparations of PHB upon incubation with detergents, 

and dependence on granule coating. Left panel: SDS-PAGE analysis; C, control of soluble 

protein; SDS, 1% (w/v) of SDS; Tr, 1% (v/v) of Triton X-100; Tw, 1% (w/v) of Tween-20; 

Ch, 3% (w/v) CHAPS; Co, 3% (w/v) of sodium cholate; Sc, 3% (w/v) of Sarcosyl. A) Naked 

PHB; B) PHB coated with sodium oleate (PHBOL); C) PHB coated with 

phosphatidylglycerol and phosphatidylcholine (PHBPL). Right panel: Quantification of 

elution efficiency by gel densitometry. 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Analysis of the saturation capacity of PHB preparations by Langmuir isotherm. 

Each point in the plot represents the mean of three independent experiments. 
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Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM micrographs of PHB and PHBPL preparations. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Analysis by SDS-PAGE of stability of BioF-C-LytA binding to PHB at 37ºC. C, 

control of soluble protein; B, bound protein to PHB after incubation at the indicated times. 

Protein was released from PHB by heating at 90 ºC for 10 min in the presence of 1% SDS 

(w/v). Black arrows indicate degradation fragments of BioF-C-LytA in solution. Right, result 

of gel densitometry, shown as percentage of initial applied protein. 
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 Figure 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Activity of PHB-immobilized BioF--galactosidase during 16 continuous cycles. 

Time between cycles was 20 min except cycles 15 and 16 that were carried out after 48 and 

96 h, respectively. Each experiment represents the mean of six determinations. 
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Poly-3-hydroxybutyrate functionalization with BioF-tagged recombinant proteins. 3 
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Daniel Bello-Gil, Beatriz Maestro, Jennifer Fonseca, Nina Dinjaski,  6 
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 8 

 9 

 10 

SUPPLEMENTARY INFORMATION  11 



 12 

 13 

 14 

 15 

 16 

 17 

 18 

Figure S1. Analysis by SDS-PAGE of expression and purification of BioF-C-LytA from 19 

inclusion bodies. Lane 1, molecular weight marker; 2, E. coli CC118 (pNFA2) cells disrupted 20 

by sonication; 3, empty; 4, soluble extract obtained by centrifugation; 5, inclusion bodies 21 

solubilized in 8M urea; 6-9, pure refolded fractions of BioF-C-LytA obtained by gel filtration 22 

(see text). 23 

  24 
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 27 

 28 

 29 

 30 

 31 

Figure S2. Analysis by SDS-PAGE of BioF-β-galactosidase partial purification. Lane 1, 32 

molecular weight markers; 2, control of β-galactosidase from E. coli (Sigma-Aldrich); 4-8, 33 

partial purified fractions of BioF-β-galactosidase by butyl sepharose chromatography. The 34 

arrow indicates the band corresponding to BioF-β-galactosidase.  35 
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 43 

Figure S3. Evaluation of PhaF binding to PHB after 24 h of incubation at 37 ºC and at 44 

different pHs by SDS-PAGE. C, control of soluble protein; B, bound protein eluted from 45 

PHB granules with 1% SDS (w/v); R, spontaneously released protein. 46 

 47 
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 63 

Figure S4. Structures of detergents used in this study.  64 
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 74 

Figure S5. Elution of BioF-C-LytA from PHB upon incubation with detergents. C, control 75 

of soluble protein; SDS, 1% (w/v) SDS; Tr, 1% (v/v) Triton X-100; Tw, 1% (w/v) Tween-76 

20; Co, 3% (w/v) sodium cholate; Sc, 3% (w/v) Sarcosyl; Ch, 3% (w/v) CHAPS.  77 
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