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Abstract

Obtaining high levels of pure proteins remains thain bottleneck of many scientific and
biotechnological studies. Among all the availaldeambinant expression systeBEseherichia coli facilitates
gene expression by its relative simplicity, inexgga and fast cultivation, well-known genetics dhe large
number of tools available for its biotechnologieglplication. However, recombinant expressiottircoli is
not always a straightforward procedure and majstaides are encountered when producing many eui@ryo
proteins and especially membrane proteins, linkemissing post-translational modifications, proysda and
aggregation. In this context, many conventional andonventional eukaryotic hosts are under explorat
and development, but in some cases linked to conquiture media or processes. In this contextréieve
bacterial systems able to overcome some of thetdiiohs posed bye. coli keeping the simplicity of
prokaryotic manipulation are currently emerging @svenient hosts for protein production. We have
comparatively produced a “difficult-to-express” hamprotein, the lysosomal enzyme alpha-galactosidas
(hGLA) in E. cali and in the psychrophilic bacteriuPseudoalteromonas haloplanktis TAC125 cells P.
halopanktis TAC125). While inE. coli the production of activeGLA was unreachable due to proteolytic
instability and/or protein misfolding, the expressiof hGLA gene inP.halopanktis TAC125 allows obtaining

active enzyme. These results are discussed inotitext of emerging bacterial systems for protemdpiction
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that represent appealing alternatives to the requda ofE. coli and also of more complex eukaryotic

systems.

Keywords:
recombinant protein, expression systentsscherichia coli, Pseudoalteromonas haloplanktis

TAC125, human alpha-galactosidase A, Fabry's diseas

I ntroduction

The deep genetic and physiological characterizat&ort generation time, ease of handling,
established fermentation know-how and finally theparity to accumulate foreign proteins to a high
percentage of the total cellular protein contentehaadeE. coli the most widely used prokaryotic organism
for recombinant protein production. However, thare disadvantages in usifgcoli as an expression host.
For instance,E. coli is not capable of producing eukaryotic post-tratishal modifications, such as
glycosylation, phosphorylation or disulphide bridf@mation in the reducing cytoplasm, which can be
critical for the production of folded, active prote. Even so, several strategies can be implemeatebtain
specific post-translational modifications as the o$§E. coli strains which have been engineered to maintain
oxidizing conditions in the cellular milieu or tersd the recombinant protein to the periplasmic spaallow
cysteine bridging (Inaba, 2009; Nozach et al., 2(B8nz et al., 1997). In addition, a N-linked miot
glycosylation system has been recently identifrethe human enteropathog€ampylobacter jejuni that can
be transferred t&. coli (Wacker et al., 2006) opening up the possibilitggineering recombinant products
needing glycosylation for research and industipglli@ations.

On the other hand, some proteins, especially langg membrane proteins, simply fail to be
produced irE. coli and they occur as proteolysed species or depdsitedlusion bodies (Vallejo and Rinas,
2004). Others, are subjected to premature ternoimadf translation in the presence of repetitive DNA
sequences or rare codons (Daly and Hearn, 200%acBaét al., 2009) or have a low rate of internal
translation initiaton (Ferreira et al., 2013; Nakdm 2009). A large number of studies describe the
conversion of proteins accumulated in inclusioniesdnto soluble forms. Mainly, these methods can b
categorized into three alternative approacheshénfitst one, factors influencing the amount oforabinant
protein present in the insoluble fraction can bedifild through careful optimization and control thie
production conditions, leading to the expressiorthaf recombinant protein in its soluble version.this
context, conventional approaches include gene egjme at low-temperature, use of promoters witfed#nt
transcriptional strengths, modifications of growttedia and the use of folding modulators (Kolaj kt a
2009). Alternatively, the protein can be extractemin inclusion bodies either under native or denatu
conditions (Martinez-Alonso et al., 2009). Finalthe target protein can be engineered to achielblso
expression through fusion of solubility-enhanciags (Sahdev et al., 2008; Torres et al., 2012).

In the recent years, a novel prokaryotic expressigiem has been developed based on the use of
the psychrophilic bacteriu®. halopanktis TAC125 by driving the expression of genes of ies¢rby both
basal or inducible promoters (Duilio et al., 200Baijlio et al., 2004b). In addition, as was estsiuid forE.



76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

coli expression system, mutation of genes coding fatepses greatly reduces proteolysis of the recaanbin
protein (Parrilli et al., 2008). The system has destrated to be especially useful in improving eirot
solubility in relation to the widely usef. coli expression system and gives higher protein yietcsécreted
proteins (Cusano et al., 2006; Giuliani et al.,£20Zigentini et al., 2006). Proteomics analysismpaut the
triger factor chaperone as the main factor involwegrotein folding during recombinant protein egpsion
under cold temperatures (Piette et al., 2010).

The humana-galactosidase A (EC 3.2.1.28:Gal A or GLA) is the lysosomal exoglycosidase
responsible for the hydrolysis of terminaigalactosyl moieties from various glycoconjugatesthe late
1980's, the full-length cDNA and the entire genoméxjuence encoding mammalian GLA were isolated and
characterized (Calhoun et al., 1985; Gotlib et #96). The 1.4 kb full-length cDNA encodes a pidptof
429 residues, which includes a 31-residue aminoitedl signal peptide. This enzyme precursor is a
glycopeptide (of approx. 55 kDa) that is procedsgdaleavage of the signal peptide and by oligosaiida
modifications in the Golgi and lysosomes to forne timature, active, homodimeric enzyme (approx. 100
kDa). After cleavage of the signal peptide, thecgpeptide undergoes modification of its N-linked
oligosaccharide moieties in the Golgi apparatud,then it is transported to the lysosome via thamae-6-
phosphate receptor (M6PR)-mediated pathway. Mutatio thehGLA gene resulting in deficient or absent
enzymatic activity are the basis of Fabry's diseasdisorder characterized by progressive glycosphipid
deposition in vascular lysosomes leading to eadmide from renal, cardiac, or cerebral vasculaeatie
(Garman and Garboczi, 2002).

The subunits of the glycosylated mature enzymeaiorfbur putative N-glycosylation consensus
sites at positions Asnl139, Asnl192, Asn215 and A8rétd five disulfide bonds between residues Cys52-
Cys94; Cys56-Cys-63, Cys142-Cys172, Cys202-Cysa23,Cys378—Cys382 (Garman and Garboczi, 2004;
Saito et al., 2013). The human enzyme has beefigulifiom a variety of sources and its physical &mebtic
properties have been also characterized (Chen.,eR@D0a; Chen et al., 2000b; Corchero et al., 2011
Corchero et al., 2012; Yasuda et al., 2004). Howethlee hGLA obtained from prokaryotic expression
systems has neither been fully characterized ndfigul (Hantzopoulos and Calhoun, 1987). Thereftine,

objective of this work is the production and pwéfiion of activehGLA from prokaryotic cell factories.

Material and Methods
Bacterial strainsand plasmids

TheE. coli strains used in this work were D %or plasmid cloning and maintenance; BL21(DE3),
Rosetta 2(DE3) and Rosetta-gami B(DE3) (Novagen) for reborant protein expression and S174if)
was used as donor in interspecific conjugation erpnts (Tascon et al., 1993. haloplanktis TAC125 is a
Gram-negative bacterium isolated from Antarcticvester and is deposited and available at the Institu
Pasteur Collection (CIP 108707) (Medigue et alQ®)0 Antarctic bacteria transformation was achielgd

intergeneric conjugation as previously reportedilipet al., 2004b).
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The fourE. coli expression vectors used in this work (Fig. 1la)earéollows: a) pReceiver-BO1-GLA
(product EX-Q0172-B01, OmicsLink ORF Expressionr@) encoding a full-length version kLA under
the control of the T7 promoter; in this vector, 6xHag is fused to the N-terminus of th&LA ORF for
further detection and purification purposes. b) P@E2-GLA, encoding the mature form of th&LA with a
GST (Glutathione S-transferase) fused at its N-teus) a His-tag and a Tobacco etch Virus proteag&/p)
cleavage site were also added in the designed HigBnocleotides of thenGLA gene for purification
purposes. ¢) pGEX4T2-Opt-GLA, synthetic, codon mjmedhGLA gene (GeneArt, Invitrogen; KF500099)
cloned into pGEX4T2 as previously described. d) BEGE2-GLA-GFP, derived from pGEX4T2-GLA in
which the GFP coding sequence was inserted int&¢bRI cloning site. Some other four expression vectors
used inE. coli strains are described in Suppl. Figure Sla.

Finally, the psychrophilic gene expression vecteMd3psDs-GLA (e) was constructed as follows:
the pPM13psDs shuttle vector, containing the strongstitutive promoter PM13 (Duilio et al., 2004a)
correctly located with respect to a psychrophiliirn®-Dalgarno sequence and the 93bp encoding gmalsi
peptide ofP. haloplanktis TAC125 DsbA, was double digested &tl- EcoRI. The synthetic codon optimised
hGLA gene (KF500099)vas double digested Sall- EcoRI and cloned into pPM13psDs corresponding sites
(Fig. 1a).

Recombinant human GLA production and cellular fractionation

The production process in recombindht coli cells was performed by the Protein Production
Platform (http://ibb.uab.es/ibb) of the Instituté Biotechnology and Biomedicine (IBB-UAB) and the
Biomedical Networking Center (CIBER-BBN). In shahake flask cultures were set at 37°C and 250impm
LB rich medium, plus 10Qg/mL of ampicillin for plasmid maintenance in akkpgessionE. coli vectors.
Expression of recombinahtGLA gene was induced when the absorbance at 55€eaahed values around
0.5, adding isopropyB-D-1-thiogalactopyranoside (IPTG) at concentraticasging from 0.1 mM to 1 mM.
Incubation proceeded then at different temperatlf8€, 20°C, 25°C and 37°C depending on the samin
indicated. After induction of gene expression, mb culture samples were withdrawn at different tinaed
soluble and insoluble fractions were separatedhbt, cells were harvested by centrifugation 808,g (at
4°C) for 15 min and resuspended in 3@0of PBS buffer (7.5 mM N#&lPQ,, 110 mM NaCl, 2.5 mM
NaH,PO,, pH 7.4) and further sonicated. Soluble and indeldractions were separated by centrifugation at
15,000 g for 15 min at 4°C. Insoluble fractions evegsuspended in PBS (same volumes than thosettigm
respective soluble fractions). Both fractions wetared at —80°C until further analysis.

P. haloplanktis TAC125 (pPM13psDs-GLA) recombinant cells were urdt in aerobic conditions
at 4°C and 15°C in TYP broth (16 g/l yeast extraét,g/l bacto tryptone, 10 g/l marine salt mix)pat 7.5,
supplemented with 100 pg/ml ampicillin, and theorabinanthGLA production and its cellular localization
were evaluated in cell samples withdrawn at differgrowth phases. Cell pellets (corresponding to
ODgoonn=10) were re-suspended in 1 ml of 50 mM Tris—HCI 89, 50 mM EDTA and disrupted by

ultrasonic treatment consisting of six cycles ofs3n/ 1 min off, on ice. The mixture was centréddgor 15
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min at 10,000y at 4°C; the resulting supernatant and pellet wetkected as soluble and insoluble fractions,
respectively. TotaP. haloplanktis TAC125 (pPM13psDs-GLA) cell extract was obtaingddésuspending 0.5
ODgoonmcell pellet of into 400 pl of SDS loading dye,léeled by 30 min treatment at 90°C.

The periplasmic cell extract was obtained by resndmg bacterial pellets in 1/20 of culture volume
of borate buffer (200 mM N8,0;, 130 mM NacCl, 5 mM EDTA, pH 8) and incubating tméxture for 18
hours at 4°C. The suspension was then centrifug8@®@0 rpm for 15min at 4°C. The supernatant waed
as periplasmic extract, while the pellet was resndpd in 1/20 of original culture volume of SDSdivey

dye, followed by 30 min treatment at 90°C and stae cytoplasmic extract.

Recombinant protein detection

Total cell extracts, soluble, insoluble and pesptic cell fractions were analysed by SDS-PAGE
and Coomassie staining. For Western-blot studigesn BDS-PAGE proteins were blotted onto nitrocebel
membraneshGLA immunoreactive bands were developed using eigheabbit polyclonal anti-GLA serum
from Santa Cruz Biotechnology, Ina-¢gal A H-104: sc-25823) raised against an epitapeesponding to
amino acids 316-429 at the C-terminus of the mafioma of hGLA (Fig. 1b), a rabbit polyclonal anti-GLA
serum from Sigma Prestige Antibodies (product HR¥XBY) raised against amino acids 302-412 of the
mature form ohGLA, or a monoclonal antibody anti-His tag from Glealthcare (product 27-471001), and
the corresponding secondary antibodies. GST watdet with mouse monoclonal anti-GST antibody (&ant
Cruz Biotechnology, Inc.; SC-138) and GFP with ightolyclonal anti-GFP antibodies (Santa Cruz
Biotechnology, Inc.; SC-8334).

For comparison purposes, gels were loaded with Eanglumes adjusted according to the OD of the
culture. Samples for quantitative comparison weire in the same gel and processed as a set. Bands we

analysed with the Quantity One analysis softwaieR&d).

Protein purification

GST-containinghGLA recombinant proteins were purified from Roseteni B cell cultures
induced at 0.1 mM IPTG for 16 h at 20°C at 250m.rpell pellets were resuspended in PBS buffer Vb
Na,HPQ;, 110 mM NaCl , 2.5 mM NajPQ,, pH 7.4) in the presence of EDTA-free proteasebitirs
(Roche Applied Science) and cells were lysed usirfgeench Press (Thermo FA-078A) at 1,100 psi. The
soluble fraction was separated by centrifugatiob5s000 g for 45 min at 4°C, filtered through 0a8-filters
and loaded onto 1 ml GSTrap HP column (GE Healthchr-5281-05). Bound GST-GLA protein was eluted
with 5 column volumes of elution buffer (50 mM T#Cl and 10 mM reduced glutathione, pH 8.0). Pusiti
fractions were collected and dialysed against 0.Gddtic buffer (pH 4.5) and protein concentratioasw
estimated using the Bradford method.

The pellets ofE. coli or P. haloplanktis TAC125 cells containing His-tagge@sLA proteins were
resuspended in buffer A (20 mM Tris-HCI pH 7.5, 56M NaCl, and10 mM imidazole) and cells disrupted
by sonication in the presence of EDTA-free protaab@itors (Complete, 11873580001 from Roche). The
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soluble cell fraction was separated by centrifugratat 15,000 g for 15 min at 4°C. After filtratithrough
0.22 um filters, recombinant proteins were purified byirafy chromatography in Ni columns (HiTrap
Chelating HP columns, 17-0408-01 from GE Healthcaran AKTA™ Purifier (GE healthcare) fast protein
liquid chromatography system. Positive fraction®liation buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl
and 500 mM Imidazole) were collected and dialyzeghimst 0.01M acetic buffer (pH 4.5). Protein
concentration was estimated using the Bradford ateth

Purified proteins were characterised by N-termseguencing by Edman’s automated degradation
using in an Applied Biosystems Procise 492 prowgguencer and molecular weight was experimentally
determined by mass spectrometry (UltraFlex MALDIH @ass spectrometer, Bruker Daltonics, Bremen,
Germany). Both analysis were performed at the Brotes and Bioinformatics Unit of the Scientific

Technical Service, SepBioEs, of the Autonomous Hrsity of Barcelona.

Time course of TEV cleavage reaction of GST-GLA-GFP

Purified GST-GLA-GFP was dialysed against reactiorffer (50 mM Tris-HCI, pH 8.0, 0.5 mM
EDTA). 10 Units of TEVp (Invitrogen, 12575-015) veeadded to 2Qig of GST-GLA-GFP and incubated at
30°C. 30ul aliquots were removed at specified incubationesmReaction was stopped by addinguB6top
solution (125 mM Tris-HCI, pH 6.8; 4% SDS; 1.4 PAmercaptoethanol; 20% (v/v) glycerol; 0.01%
bromophenol blue) and samples were stored at -268Cgel electrophoresis analysis. Protein samplesn

performinghGLA activity assays were used without buffer additafter protease incubation.

Enzyme assay of a-galactosidase A activity.

The enzymati®©iGLA activity was assayed with 4-methylumbellifepdD-galactoside (4MUx-Gal,
ref. M7633, Sigma Chemical, St. Louis, MO) as sidtst at a concentration of 2.46 mM in 0.01M acetic
buffer (pH 4.5). A typical 4MUa-Gal assay was performed with a reaction mixtunetaiaing 100 pL of
substrate and 25 pL of enzyme solution. Enzymatactions took place in agitation, at 37°C for 1rhou
Reaction was stopped adding 1.25 mL of 0.2 M gldtaOH buffer (pH 10.4). The released 4-
methylumbelliferone (4-MU) was determined by flumessce measurement at 365 and 450 nm as excitation
and emission wavelengths, respectively. Samplegingrfrom 5 to 500 ng/ml of 4-MU (ref. M1381, Sigma
St. Louis, MO) in 0.2 M glycine—NaOH buffer (pH 40, were used as standard curve. One unit of enzyme
activity was defined as the amount of enzyme rabgasi nmol of 4-MU per mg of enzyme and per hour.
hGLA obtained from human fibroblasts or HEK-293TIselere used as positive controls (Corchero et al.,
2011).

Results

Recombinant expression of human GLA ORF in E. coli

Plasmid pReceiver-B01-GLA, which contains the catplORF othGLA gene, was transformed B coli
BL21(DE3) and Rosetta(DE3E. coli strains (Fig. 1a). The Rosetta strain is able ampensate low
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concentrations of certain tRNAs &. coli and to improve recombinant protein translationshbuld be
noticed that in th&éGLA ORF at least 4 critical Arginine codons aregam®t in the DNA sequence (Fig. 1b).
Strains BL21(DE3) and Rosetta(DE3), with and withthe expression plasmid, were submitted to gene
expression induction conditions and analysed by -BBSE followed by Western blot. Nitrocellulose
membranes were developed either with a polyclonal@LA antibody (Sigma-Aldrich Co.) raised against
an epitope corresponding to amino acids 302-41thehGLA protein or with the monoclonal anti-His tag
(Fig. 2a, b). Results showed that the polyclongibady from Sigma and the anti-his antibody deteachain
protein band corresponding to the degradation prodfiabout 40-42 kDa (expected MW 49.6 kDa), both
antibodies detecting this band as the main immuwaainee product, while samples from not transforroelis

did not show any immunoreactive band. Also, bottibadies detected bands that might be associated to
protein aggregates or oligomers, while proteolfisigments were detected with the anti His-tag mtowad
antibody but not with the polyclonal antibody, icaling a specific C-terminal cleavage. Finally, igglent
protein bands were detected upon tRNA supplementatccording to these results, only a product of
approximately 42 kDa and probably other aggregated degraded protein products, recognized by the
monoclonal anti-His tag and the anti-GLA antibodiesuld be obtained in these strains transformei thie
pReceiver-B01-GLA expression vector.

In addition, cell fractionation studies performeds. coli BL21(DE3)/pReceiver-BO1-GLA cultures showed
that thehGLA produced at different induction temperaturess vexclusively detected in the insoluble cell

fraction (Suppl. Figure S2).

Recombinant production of mature form of hGLA in E. coli

hGLA ORF present in pReceiver-B01-GLA codes for #4289 amino acichGLA precursor including
31 amino acid residues corresponding to the sigaptide, which is naturally processed in the ER 298
amino acids mature form (Lemansky et al., 1987].(Eb). Since eukaryotic signal peptides are notgssed
in prokaryotic hosts, nucleotides coding exclusier the mature form of theGLA ORF (32-429; Fig. 1b)
were amplified by PCR and transferred Eo coli expression vectors to improve protein folding e t
heterologous expression system (Suppl. Figure &dagession vectors a) and b)). In addition, to ptarhe
formation of disulfide bonds in tHe&GLA product, the experiments were performed inegitRosetta-gantt-
coli strain or the protein was sent to the oxidizingiemment present in the periplasm. Expressionhef t
mature form ohGLA in E. coli under these conditions produced aggregated fofrieegecombinant protein
and protein bands compatible with degradation peted(Suppl. Figure S3 and Suppl. Figure S4).

It has been reported that purification of fulidgh human proteins can be achieved by fusion ltdob®
proteins as GST ii&. coli (Braun et al., 2002), this DNA fragment was alsserted into pGEX4T-2, which
adds a GST fusion protein at the N-terminal enthefdesired protein product (Figure 1a).

Protein expression experiments were carried dth tvansformed Rosetta-gami B(DE3) cells with
pPGEXA4T2-GLA with the aim of using the fused GST fwlubilisation and purification purposes. Several
protein induction conditions were assayed (Supfufeé S5). Specific protein bands were detectedllin

tested conditions in both soluble and insolubletfams. A predominant band was observed in theluse
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fraction with an apparent weight below 75 kDa thatuld correspond to the expected GST tagged

recombinanhGLA, apart from other protein bands compatible veitfyregates and proteolysed forms.

Purification and characterisation of the produced human GLA

Soluble GST-fused protein was purified by affinifyromatography using a GSTrap HP 1 mL column (GE
Healthcare). Elution peak contains highly pure @irosample obtained in one single chromatograpieis, s
indicating that the chosen purification strategysvegpropriate (Fig. 3). However, molecular weighthe
purified protein was again smaller than expectedemhinal sequencing of the protein band demoredrat
that corresponded to the initial amino acids ofr@mbinant protein, although the first methioniveess only
partially removed. IrE. coli, methionine aminopeptidase removes initial metiienwith variable efficiency
depending on the penultimate amino acid and itdess demonstrated that the presence of an acslduee
as L present imGLA reduces its activity up to 20% (Liao et al.,020 Xiao et al., 2010a). Moreover, mass
spectrometry of the affinity purified sample rewezhthat the exact molecular weight of the produss &8.9
kDa (theoretical weight 73.6 kDa). This size redarctin 4.7 kDa is compatible with the eliminatioh 29
amino acids at the C-terminus of the protein siaseét has been demonstrated, the N-terminal endinsm
intact. Therefore, in this proteoliz&GLA protein, the last amino acid corresponded tive8401 after which
an Arginine coded by a rare codon has to be adtqmbsition 402. In addition, at position 392 anethe
Arginine rare codon is present (Fig. 1b).

On the basis of the above-mentioned results, ardaa the presence of rare codons close to thieqlytic
point of the polypeptide chain, site-directed metaggis of the mentioned Arginine residues in e A
(R402 and R392 rare codons) were performed usiaghikChange Lightning site-directed mutagenedis ki
(Stratagene) with oligonucleotides designed by Brin(www.Bioinformatics.org). The resulting mutant
PGEX4T2-GLA (pGEX4T2-GLAmutl; Figure Sla supplensgtinformation) was sequenced and used in
expression experiments. Western blot analyses efr¢Bulting protein samples showed that a GSTA
protein could be obtained but its molecular weightresponded to the 69 kDa truncated protein ptesio
obtained (data not shown).

Further analysis of the RNA sequence of i A revealed the presence of a putativecoli transcriptional
terminator motif surrounding the nucleotide positiat which translation seems to finish (Nudler and
Gottesman, 2002) (Suppl. Figure S1b). Oligonuctistiwere designed to eliminate hairpin loop seagnda
structures in that region and were used to mutegpGEX4T2-GLA DNA sequence using the QuikChange
Lightning site-directed mutagenesis kit (Stratagegenerating pGEX4T2-GLAmut2 (Suppl. Figure Sla).
Protein expression experiments showed that undeseticonditions, the resulting recombinant proteas w
still truncated, showing an apparent molecular Weif 69 kDa (data not shown). Protein aggregatias
observed in protein samples stored at 4°C for 2ksvemd confirmed in Superdex 200 10/300 GL (GE
Healthcare) gel filtration chromatography since ratgin peak was obtained in the void volume of the
column. Activity assays of purified GLA protein s to GST were performed using purified human GLA

from a mammalian expression system as positiveralof@orchero et al., 2012) as well as cellularasts of
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E. cali cells transformed with pReceiver-B01-GLA and pERBZZLA but enzymatic activity was not detected

in any sample (Table 1).

A global codon optimisation diGLA gene was attempted next. For this purposenghsyic GLA gene was
designed and constructed (GeneArt; Invitrogen) Wwhias cloned within the pGEX4T2 vector to produce a
PGEX4T2-Opt-GLA expression vector with an optimisextion usage (Fig. 1a, expression vector c)). &b th
construct, the His-tag purification module was flisethe C-terminus to differentiate from the poexd GST-
hGLA constructs in which the his-tag module was tedaat the N-terminus ofiGLA. The resulting
expression vector was used to transform the Roegatta B(DE3) strain. Protein expression experimexfits
the resulting strain indicated that once agaimuadated protein was produced and hence, produofioine
intacthGLA does not depend on optimised codon usage {&g.In addition, the detection of the GST-GLA
recombinant protein with anti-GST antibodies denmy@ted the presence of GST in the final proteirdpod
(Fig.4b). However, the same samples were not datelny anti-his antibodies indicating that truncatiaf
GLA protein occurred at the C-terminus (Fig. 4ch e other hand, GST-GLA obtained from the expoess
of the non-optimised gene contained in pGEX4T2-GlAs detected by both anti-GST and anti-His
antibodies since in this construction His-tag pdptivas located N-terminally between GST and GLAirgd

sequences (Fig.1a).

Since an incomplete product was obtained regardiEfise strategies attempted so far, a proteaseate
analysis was carried out using the ExPaSy PeptileCprogram. However, no specific protease cleavag
site was found at the C-terminal end of the truedaBLA product obtained. Nevertheless, to confinese
findings, the next attempted strategy was the fusfoanother protein (green fluorescent proteinPGHsieh

et al., 2010)) at the C-terminus of the GST-GLAhnilhe aim to protect GLA from a possible protedysi
this end (Murby et al., 1991). pGEX4T2-GLA-GFP (Figa, expression vector d)) was obtained and
transformed into Rosetta-gami B(DE3). Protein espin assays using anti-GLA (Fig. 5a) and spedifica
anti-GFP western-blot experiments (Fig. 5b) demmatestl that the whole fused protein GST-His-GLA-GFP
could be produced by this strain in contrast tovimes experiments. Purification and subsequent TEV
proteolysis of the fused protein (Fig. 5¢) did satceeded in producing an acth8LA product despite the
strategies attempted (GST and His-tag affinity oitography), and only background signal was dedecte
when determining the enzymatic activity of the aftd product corresponding to the signal backgrooind

the negative control (data not shown).

Recombinant production of mature form of hGLA in P. haloplanktis TAC125

Recombinant. haloplanktis (pPM13psDs-GLA) cells were aerobically grown immguex rich medium at
two different temperatures (4 and 15°C) and sampie® withdrawn at different times of cultivatiohhe
hGLA production was evaluated by SDS-PAGE followagdviestern blotting analysis (using specific anti
GLA polyclonal antibodies) of total soluble proteirtracts and it revealed highest protein yieléra®4 h of

cultivation at 15°C (Fig. 6a and 6b). No recombin@hA protein was detected in insoluble proteinrasts
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(data not shown). A cell fractioning followed by stern blotting analysis demonstrated that reconmina
GLA produced at higher temperature is also fullyalized in the bacterial periplasm (Fig. 6¢), whilken
produced at 4°C, a fraction of the protein wad askociated to the cytoplasm, likely deriving frantess
efficient translocation across bacterial inner meamb. Furthermore, at the lower temperature, the
recombinanhGLA translocated in the periplasm was also subgetiehost encoded proteolytic cleavage, as
demonstrated by the appearance of a lower moleoutéght specific band on western blotting analysis
shown in Fig. 6c.

Soluble protein extracts frof. haloplanktis’/pPM13psDs-GLA grown at 15°C for 24 h were usedHis-
trap affinity purification (His-trap 1 mL column, EsHealthcare) according to the protocol reportedhia
methods section. A linear gradient was used fotialu(20-500 mM imidazole in 15 min at 0.5 mL/min
flow), thus obtaining a partial purified proteirbut 70 % purity) which has been used for detertioneaof
enzymatic activity (Fig. 6d). Although the purifiethzyme has the tendency to precipitate, it tumédo be

active and a value of 77.4+0uBnol h'mg?* prot of activity was recorded (Table 1).
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Discussion

Recombinant protein production in heterologous esgion systems represents a major bottleneck in the
development of biopharmaceutical, industrial anseagch applications (Liras, 2008). Even though high
throughput techniques for cloning and protein patiden have been already described (Barnard e2@L0;
Nettleship et al., 2010; Savitsky et al., 2010;0Xé& al., 2010b), purification of challenging piioteis still a
matter of trial an error approaches. As expressisiem,E. coli offers many advantages over eukaryotic
systems referring to rapidity, simplicity and exgiéare (Demain and Vaishnav, 2009). However it baise
disadvantages which in some cases are difficultoterride as the lack of many posttranslational
modifications and high tendency to form aggregafaeties (Panda, 2003). In the present study, amfutia
length protein, GLA, which has been purified frookaryotic expression systems (Chen et al., 2006anC
et al., 2000b; Corchero et al., 2012; Yasuda et28l04) and none prokaryotic source (Hantzopoutat a
Calhoun, 1987), has been selected to try availexpeession methods iBscherichia coli and the Antarctica
psychrophilic bacteriumP. haloplanktis TAC125. In 1987, Hantzopolus and coauthors desdritie
production of an activeGLA in E. coli (Hantzopoulos and Calhoun, 1987). However, sushlt® have not
been reproduced or continued since then, and merenw purification protocol has been publishedate.
The interest in developing a production and puaifn system of human GLA from a prokaryotic source
relies on the high cost of the actual enzymatidaegment therapy in Fabry's disease treatment which
consists in recombinant protein obtained from malianaells having a great economical impact in quti
expenditure. We have shown tH#BLA can be detected iB. coli as either aggregated and proteolytically
cleaved forms in any experimental condition testédgregation of proteins seems to be driven by the
presence of specific amino acid sequences (Esmaega., 2012), saturation of the folding machyn@tolaj

et al., 2009) or to the lack of the required paststational modifications as glycosylation (loanretual.,
1998). However, full-length recombinanGLA has been produced when fused to GST and GHERyuajh
purified protein is not correctly folded lackingolgical activity. The absence of enzymatic agivitight be
related to either unfolded protein species or d®ledf the C-terminal end of the protein which seem be
critical (Miyamura et al., 1996). In addition, GLi#as 4 glycosylation sites added after signal peptanoval

in the Golgi apparatus. This sugar moieties (egfigaglycosylation site located at residue Asn2piy a
crucial role in both folding and solubility and cmguently in enzymatic activity (loannou et al.98p
However, when producingGLA in the psychrophilic expression system basethim use of the antarctic
bacteriaP. haloplanktis TAC125, the functional full-length enzyme can educed and purified. It has been
described in comparative studies that recombinestem production at low temperature has a poskiffect

in protein yield (Dragosits et al., 2011; Duilioat, 2004a) as well as in protein conformationg@/itini et

al., 2006). The ability of th&. halopanktis TAC125 to produce activeGLA over the proteolyitic and
aggregation tendency of the proteirEncoli migth be related to the presence of high peppdglyl cis-trans
isomerases genes foundRnhaloplanktis TAC125 genome, and more specifically to the uplagn of the
main molecular chaperone, trigger factor (Giulienal., 2014; Piette et al., 2010). The folding\digt in the

psychrophilic expression system can counteract hHigh tendency of thehGLA to adopt unsuitable
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conformations. On the other hand, in tecoli cellular environment, the nascéi®LA polypeptides adopt
unstable conformational species that are detecyedebular proteases, mainly at the C-terminus h## t
protein, leading to the formation of inactive aggtion-prone protein species. Even though theléulith
protein can be produced E coli, the limited chaperone activity in this expressgystem renders inactive
protein. Therefore, microbial host range might bgpamded to psychrophilic expression systems when

difficult to express proteins such as full-lengtammalian proteins are to be produced.
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Figures

Fig. 1 (a) Expression vectors used in recombireBitA production assays. Expression vectors usdtl aoli
strains: a) to d). Expression vector use@saudoalteromonas haloplanktis is shown in ). GST: Glutathione
S-transferase, GLAWGLA gene, GLAopt:hGLA gene codon optimised fdE. coli in ¢) and gene codon
optimised forPseudoalteromonas haloplanktis in e). Tobacco Etch Virus protease cleavage site (TEVp)
location is marked by an arrow tip. His-tag is neattkoy a stripped box. Signal peptideh@3LA in a) is
marked by a stippled box. (b) Amino acid sequenfce@LA. The first 31 amino acids correspond to the
peptide signal that is marked in italics. The raee&l coded by rare codons are shown in bold. Patativ

translation termination sequence is underlined.

Fig. 2 Crude extracts of induceH. coli strains BL21(DE3) and Rosetta(DE3), not transfatnfe or
transformed with pReceiver-BO1-GLA (+). Samples aveollected 3 hours post-induction at 30°C, and
equivalent amounts of protein sample were loadeehith lane. (a) Western-blot developed with polyalo
anti-GLA from Sigma. (b) Western-blot developedhmihonoclonal anti-His tag. Molecular weight marker

standards are indicated in kDa (Dual color, BioRad)

Fig. 3 (a) Chromatogram of recombinant GST-GLA protein ®@8Trap FF 1 ml column obtained from
soluble cellular fraction of Rosetta-gami B(DE3}lirted cell culture. (b) Coomassie blue stained 8B&E

of soluble, insoluble cell fractions and proteimgées of affinity chromatography. Flow through (FWash
(W), fractions 5-10 of elution peak. Molecular watignarker standards are indicated in kDa (Dual r¢olo
BioRad).

Fig. 4 Detection of GST-GLA protein in Rosetta-gami B(DE&GEX4T2-Opt-GLA induced cell cultures by
Western blot analysis using (a) polyclonal anti-Glaktibody (Sigma), (b) polyclonal anti-GST, (c)
monoclonal anti-His. NC: non-induced cell cultur€s,purified GST-GLA protein, T: total cellular ftaon,
S: soluble fraction, I: insoluble fraction. Moleaulweight marker standards are indicated in kDaa([2olor,
BioRad).

Fig. 5 Detection of GST-GLA-GFP protein in Rosetta-gam(iDB3)/pGEX4T2-GLA-GFP induced cell
cultures by Western blot analysis. (a) polyclonati-&LA antibody (Sigma). (b) polyclonal anti-GFP
antibody. F: pooled positive protein fractions aféa in GST affinity chromatography, W: wash fraati
FT: Flow through, S: soluble cell fraction, I: itgble cell fraction. (c) Release &IGLA protein from
purified GST-GLA-GFP recombinant protein by Toba&ttch Protease cleavage. Cli: Initial protein sampl
after protein purification. CIO: protein sample tahe 0. CI1-Cl4: protein sampl at 1-4 hours. Molecu

weight marker standards are indicated in kDa ([2o&dr, BioRad).
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Fig. 6 (a) Coomassie blue stained SDS-PAGE of solublefi@dtions ofP. haloplanktis transformed with
pPM13psDs-GLA at different temperatures. (b) Westdot analysis of the same samples using a patatlo
anti-GLA antibody (Santa Cruz Biotecnology). (c) tBetion of recombinanthGLA in induced P.
haloplanktis cell cultures. T: total cell extract, P: periplas@; cytoplasm, NC: negative control. (d)
Coomassie blue stained SDS-PAGEhGILLA purification by affinity chromatography. T: tcell extract, 1:

unbound protein, 2 and 3: washes, 4 eluted protein.

18



	Texto1: Post-print of:  Unzueta, Ugutz, et al. “Strategies for the production of difficult-to-express full-length eukaryotic proteins using microbial cell factories: production of human alpha-galactosidase A”, in Applied Microbiology and Biotechnology, vol. 99, issue 14 (july 2015), p. 5863-5874. The final publication is available at Springer via DOI 10.1007/s00253-014-6328-9


