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Abstract 23 

 24 

 We present a novel procedure for affinity partitioning of recombinant proteins 25 

fused to the choline-binding module C-LytA in aqueous two-phase systems containing 26 

poly(ethylene glycol) (PEG). Proteins tagged with the C-LytA module and exposed to 27 

the two-phase systems are quantitatively localized in the PEG-rich phase, whereas 28 

subsequent addition of the natural ligand choline specifically shifts their localization to 29 

the PEG-poor phase by displacement of the polymer from the binding sites. The 30 

described procedure is simple, scalable and reproducible, and has been successfully 31 

applied to the purification of four diverse proteins, resulting in high yields and purity. 32 

 33 

 34 

Keywords: Aqueous two-phase systems, protein purification, affinity chromatography, 35 

poly(ethylene glycol), choline-binding module, liquid-liquid extraction. 36 
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1. Introduction 38 

 39 

 Protein separation and purification represent biotechnological events of 40 

unquestionable importance, accounting in some cases for 50-90% of total production 41 

costs at the industrial level [1]. Affinity adsorption on a solid chromatography support 42 

constitutes the usual procedure for recombinant, tagged polypeptide separation, either 43 

aimed towards purification or to bioreactor setup [2-4]. However, the need for resin 44 

preparation and recycling, and other negative aspects and problems like column fouling 45 

or changes in the stability and enzymatic parameters of the adsorbed proteins, have 46 

fostered the search for alternative procedures. In this sense, aqueous two-phase systems 47 

(ATPSs) have been successfully used in the purification of many proteins of interest 48 

[5,6], and may be implemented in industrial downstream processes [7]. ATPSs are 49 

formed when two polymer solutions, or a polymer and a salt, are mixed at a 50 

concentration higher than a critical value, so that they separate into two phases at 51 

equilibrium. Most commonly used ATPSs involve the mixing of polyethylene glycol 52 

(PEG) or related polymers like thermoseparating ethylene-oxide-propylene-oxide 53 

copolimers [8,9] with dextran or phosphate salts. These systems present interesting 54 

advantages both for laboratory and industry processes. They are cost-effective, easy to 55 

scale up [10] and suitable for continuous operation [11]. Many variables can be 56 

manipulated to improve the partition, and compatibility with detergents allows the 57 

purification of membrane proteins [12]. Moreover, polypeptides partitioned in ATPSs 58 

are exposed to mild physical-chemical conditions as both phases consist mainly of 59 

water (70-90%) and the interfacial tension between them is very low [13], favouring 60 

mass transfer in enzymatic reactions. However, the use of ATPSs for protein 61 

purification on a routine basis, either at industrial or laboratory level has been hampered 62 

by the generally poor predictability of the partition coefficient of any given protein in a 63 

particular ATPS, as this parameter results from a complex interplay of macromolecular 64 

properties such as molecular weight, amino acid composition, hydrophobicity and 65 

electrostatic forces [13-16]. Several approaches take advantage of the affinity for a 66 

certain ligand in order to direct the localization of the protein of interest to a particular 67 

phase [17]. In many occasions it is necessary the use of translational fusions to different 68 

polypeptide tags, such as tryptophan and tyrosine-rich, hydrophobic sequences [18], 69 

poly-histidine tails [19] or combinations of both [20]. However, these affinity-enhanced 70 
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partitioning systems are not free of disadvantages, such as a decreased protein 71 

expression and solubility, or the need for derivatization of PEG [17]. 72 

 73 

 The C-LytA module belongs to the choline-binding domain family (Pfam ID 74 

code PF01473: http://www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF01473). C-LytA 75 

constitutes the C-terminal part of the LytA amidase from Streptococcus pneumoniae 76 

and is responsible for the attachment of this enzyme to the choline residues on the 77 

surface cell wall [21]. The C-LytA polypeptide is a 135-aa repeat protein, built up from 78 

six conserved β-hairpins that configure four choline-binding sites [22]. Each choline 79 

binding site is constituted by two aromatic residues from one hairpin and another one 80 

from the next, with the contribution of an additional hydrophobic side chain. The ligand 81 

is bound by hydrophobic and cation- interactions, that significantly increase the 82 

stability of the protein [23,24]. The affinity of C-LytA for choline and choline structural 83 

analogs [25,26] allows its use as an affinity tag for single-step purification of hybrid 84 

proteins expressed in Escherichia coli, by specific adsorption to simple amine-85 

containing chromatographic resins like DEAE-cellulose, followed by specific elution 86 

with choline [27-32]. We therefore decided to check whether the C-LytA tag might also 87 

be employed in affinity partitioning in PEG-containing ATPSs. Here we show that C-88 

LytA may bind PEG molecules in the choline-binding sites, which can be used to 89 

accumulate both C-LytA and C-LytA-tagged proteins in the PEG phase, whereas 90 

addition of choline reverses this interaction and directs the protein to the PEG-poor 91 

phase. This allowed the purification of four diverse proteins and suggests that choline-92 

binding polypeptide tags may be used in easily modulated systems for the predictable 93 

partitioning and easy purification of recombinant proteins in ATPSs. 94 

 95 

96 
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2. Experimental 97 

 98 

2.1.Materials 99 

 100 

 PEG8000, dextran DxT500 and choline chloride were purchased from Sigma 101 

(St. Louis, MO, USA) 102 

  103 

2.2. Bacterial strains and plasmids 104 

 105 

 Escherichia coli strains REG-1 and REG-21 were supplied by Biomedal 106 

(Seville, Spain). Construction of plasmid vectors is represented in Fig. 1. Plasmid 107 

pALEX2-Ca-GFP (coding for the GFP-C-LytA protein) was constructed by insertion of 108 

the 718 pb SphI-StuI fragment containing the GFP coding sequence from pJBA111 [33] 109 

between the SphI and SmaI sites of commercial vector pALEX2-Ca (Biomedal, Seville, 110 

Spain). For pALEXb-Lip36 construction (C-LytA-Lip36 protein), the 959 pb BamHI-111 

HindIII fragment of p36/LACK gene of Leishmania infantum [34] was inserted between 112 

the BamHI and HindIII sites of commercial vector pALEXc (Biomedal, Seville, Spain). 113 

For pALEX2c-LacZ construction (LYTAG--Galactosidase), the 3116 pb BamHI-114 

HindIII fragment of the E. coli lacZ gene encoding -galactosidase was inserted 115 

between the BamHI and HindIII sites of commercial vector pALEX2c (Biomedal,) 116 

Seville, Spain). Finally, for pALEXb-ProtA (C-LytA-ProtA) construction, a 433 pb 117 

PCR product encoding two copies of the Staphylococcus aureus protein A IgG affinity 118 

domain Z was amplified with primers MAO55 (Forward): 5´-119 

CGCGGATCCGAAAACCGCGGCTCTTGCGC-3´and MAO56 (Reverse): 5´-120 

CGCGGATCCTCAGGTTGACTTCCCCGCGGAGTTCGCGTC-3´, digested with 121 

BamHI and cloned in the BamHI site of commercial vector pALEXb (Biomedal, 122 

Seville, Spain). 123 

 124 

2.3. Protein expression 125 

 126 

 C-LytA protein was purified by affinity chromatography from the overproducing 127 

E. coli strain RB791 harbouring the pCE17 plasmid [21]. Optimized materials and 128 

protocols contained in the C-LYTAG Protein Expression and Purification System 129 

(Biomedal, Seville, Spain) were used. In order to remove the bound choline, the purified 130 
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proteins were subsequently applied onto a HiTrap desalting column (1.6 x 2.5 cm) (GE 131 

Healthcare) at 20 ºC equilibrated in 20 mM sodium phosphate buffer, pH 7.0, plus 50 132 

mM NaCl, and stored at -80ºC. Protein concentration was determined 133 

spectrophotometrically as previously described [21] using a molar absorption 134 

coefficient at 280 nm of  62 540 M-1 cm-1. 135 

 136 

 GFP-C-LytA protein was purified by affinity chromatography from the 137 

overproducing E. coli strain REG-21 harbouring the pALEX2-Ca-GFP plasmid, 138 

following instructions described in the C-LYTAG Protein Expression and Purification 139 

System (Biomedal, Seville, Spain). 140 

 141 

 For purification of C-LytA fusions in ATPSs, a 5-ml overnight culture of 142 

Escherichia coli REG-1 containing the pALEX2-Ca-GFP, pALEXb-Lip36, pALEX2c-143 

LacZ or pALEXb-ProtA plasmids was grown at 37 ºC and then diluted 100-fold in 500 144 

ml of LB medium (10 g/l tryptone, 5 g/l yeast extract, 10g/l NaCl) containing 100 μg/μl 145 

ampicillin. The culture was grown at 37 ºC to an optical density at 600 nm of about 0.8-146 

1.0, when gene expresion was induced with 2 mM salicylate and incubated overnight at 147 

20 ºC. Cells were harvested by centrifugation at 4 ºC (5 000 g, 10 min) and resuspended 148 

in 30 ml of potassium phosphate pH 8.0, plus 10 mM MgCl2 and DNAseI (50 U/ml). 149 

Cell suspension was passed through a French press and subsequently centrifuged 15 150 

min at 10 000 g. Further purification is described in the text. 151 

 152 

2.4. Protein characterization 153 

 154 

 Protein concentration was determined using the Bio-Rad Protein Assay (Bio-155 

Rad, Munich, Germany). This procedure was employed for diluted samples of both 156 

extracts and pure proteins, as we found that small amounts of PEG and dextran 157 

interferred Due to the interference of PEG with the usual protein quantitation 158 

procedures either by UV absorbance or colorimetry. On the other hand, the 159 

concentration of GFP-C-LytA in each step of purification was specifically measured by 160 

fluorescence in a spectrofluorimeter (SFM 25, Kontron Instruments, Zurich, 161 

Switzerland) with excitation and emmision wavelengths of 475 nm and 515 nm 162 

respectively. Blanks were prepared using all components except protein. A calibration 163 

curve relating fluorescence intensity with protein concentration was created using GFP-164 
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C-LytA previously purified by affinity chromatography (see above). Partition constants 165 

(K) were calculated as the concentration ratios of protein in the upper (PEG) phase to 166 

the lower phase. 167 

 168 

 All stages of protein purification were followed by polyacrylamide gel 169 

electrophoresis in the presence of SDS (SDS-PAGE) [35]. Gels were stained with 170 

EZBlue (Sigma). Since PEG and DxT500 were found to produce very distorted lanes, 171 

samples were occasionally diluted 100-fold to decrease the load of polymer and gels 172 

were silver-stained using the Gel Code Silver SNAP Stain KitII (Pierce, Rockford, IL, 173 

USA). 174 

 175 

2.5. Circular dichroism 176 

 177 

 Circular dichroism (CD) experiments were carried out in a J-815 178 

spectropolarimeter (JASCO, Tokyo, Japan) equipped with a Peltier PTC-423S system. 179 

Isothermal wavelength spectra were acquired at a scan speed of 50 nm min-1 with a 180 

response time of 2 s and averaged over at least 6 scans at 20 ºC. Protein concentration 181 

was 6.3 M and the cuvette path-length was 1 mm or 2 mm. Buffers were 20 mM 182 

sodium phosphate (pH 6.0 - 8.0), 20 mM sodium acetate (pH 3.5 - 5.5) or 20 mM 183 

glycine (pH 2.5 - 3.0), plus the corresponding additions in each case. Samples were 184 

centrifuged 5 min prior CD measuring. Ellipticities ([]) are expressed in units of (deg 185 

cm2 dmol-1), using the residue concentration of protein before centrifugation. For CD-186 

monitored temperature-scanning denaturation experiments the sample was layered with 187 

mineral oil to avoid evaporation, and the heating rate was 60 ºC h−1.  188 

 189 

2.6. Activity assays 190 

 191 

 -galactosidase activity was measured using o-nitrophenyl--D-192 

galactopiranoside (ONPG) as described by Miller [36]. The unit of enzyme activity is 193 

definied as the amount that produces 1 nmol of o-nitrophenol per minute at 28 ºC and 194 

pH 7.0. 195 

196 
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3. Results and discussion 197 
 198 

 PEG is an ubiquitous component in most characterized ATPSs [5,37]. On the 199 

other hand, the four choline binding sites of C-LytA contain solvent-exposed tryptophan 200 

and tyrosine residues [22] which might accommodate PEG molecules as described for 201 

the similar acetylcholine binding site of Torpedo acetylcholinesterase [38]. In this 202 

protein, the cation-binding site (formed by the faces of aromatic side-chains) is 203 

occupied by CH2 groups of the inhibitor, establishing CH- interactions that are similar 204 

to the cation- interactions made by the choline moiety of acetylcholine. It should be 205 

pointed out that the choline-binding site of C-LytA is also formed by clusters of 206 

aromatic side-chains, so a similar interaction with PEG in the latter case is probable. 207 

Therefore, we decided to check the possible interaction of C-LytA with PEG by circular 208 

dichroism CD. As shown in Fig. 2A, addition of 10% PEG induced a moderate change 209 

in the CD spectrum of C-LytA at pH 7.0, similar to that induced by choline. 210 

Furthermore, the ellipticity of C-LytA displays a minimum around pH 5 (Figs. 2A and 211 

2B), probably as a consequence of protein aggregation near the calculated isoelectric 212 

point (5.4). Nevertheless, this aggregation was prevented both by choline and PEG, that 213 

restored the native CD spectrum (Figs. 2A and 2B). Moreover, while unligated C-LytA 214 

undergoes a two-step thermal denaturation due to the accumulation of a folding 215 

intermediate [24] (Fig. 2C), addition of either choline or PEG induced a single-step 216 

transition due to destabilization of the intermediate, although the thermal stabilization 217 

induced by the natural ligand is clearly higher. Taken together, these results suggest that 218 

PEG might emulate, to some extent, the role of choline and occupy the same binding 219 

sites. This may also explain our previous finding that purification of C-LytA in DEAE-220 

cellulose equilibrated with 10% PEG was accomplished with only a 10% efficiency 221 

with respect to the absence of the compound, as most of the protein contained initially 222 

in the extract was lost in the flow-through.  223 

cannot be adsorbed onto a DEAE-cellulose column in the presence of 10% PEG (data 224 

not shown)  225 

 226 

 Given the C-LytA-PEG interaction, a preferential partition of C-LytA in the 227 

PEG phase of an ATPS based on this polymer could be anticipated. To check this 228 

hypothesis we employed the green fluorescent protein (GFP) fused to C-LytA because 229 

localization of this hybrid protein (GFP-C-LytA) can be easily monitored and quantified 230 
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by fluorescence. In this protein the C-LytA moiety is located in the C-terminal position, 231 

as in the whole LytA parental protein [21]. Cell extracts were prepared as described in 232 

the Materials and Methods section. The cleared supernatant (1.4 mg/ml of total protein) 233 

was partitioned in a PEG/salt mixture composed of 15 % PEG-8000 and 12.5 % di-234 

potassium hydrogen phosphate (PEG/phosphate system) obtained by adding the 235 

corresponding amount of each solid component to the extract. After solubilization of all 236 

the components by gentle but thorough mixing, the aqueous two-phase system was 237 

generated by centrifugation (5 min at 10 000 g). Upon separation of the two phases, a 238 

strong accumulation of GFP-C-LytA was detected in the upper, PEG-rich phase (Fig. 239 

3A). Partition coefficients in the ATPS was calculated by measuring fluorescence of the 240 

GFP moiety in each phase (Table 1). Moreover, the fusion protein was already more 241 

than 90% pure at this stage, as most of the extract proteins were localized in the bottom, 242 

salt-rich phase (Fig. 3B) and the ratio of GFP-tagged protein (specifically measured by 243 

fluorescence) to total protein content (measured by standard protein quantitation 244 

procedures) was close to 1 (Table 1). By contrast, a more uniform distribution of GFP 245 

was observed when a control experiment was carried out with untagged protein (Table 246 

1). These results clearly show that the C-LytA module directs partitioning of the GFP-247 

C-LytA fusion to the PEG-rich phase in an almost quantitative fashion, increasing 248 

substantially the partition constant (K). Partitioning was also very efficient even when 249 

highly concentrated cell extracts were used (6 mg/ml) (data not shown). (Fig. 4).  250 

 251 

Although, as mentioned, the GFP-C-LytA protein is very pure at this stage, we 252 

decided to explore conditions leading to is localization in the salt-rich phase in order to 253 

achive a higher degree of purity. In the proposed C-LytA-PEG interaction model, 254 

choline should compete with PEG for C-LytA binding, disrupting C-LytA-PEG 255 

interaction and hence the partitioning pattern of GFP-C-LytA, and allowing recovery of 256 

the fusion protein by “elution” from the PEG-rich phase. To further test this possibility, 257 

the GFP-C-LytA-containing top phase was carefully removed and placed in a fresh 258 

tube. A similar volume of a “wash” solution containing 1 % PEG, 16 % potassium 259 

phosphate (a composition similar to that of the discarded bottom phase [1,13]) was 260 

added and mixed by inversion of the tube several times, followed by centrifugation 5 261 

min at 10 000 g, without significant release of the GFP-C-LytA protein from the PEG-262 

rich phase during this process (Figs. 3A, 3B, and Table 1). The top PEG-rich phase was 263 

again removed and placed in a new tube. Finally, a similar volume of a solution 264 
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containing 1 % PEG, 16 % potassium phosphate and 300 mM choline was added, mixed 265 

and centrifuged.  This caused a change in the partition coefficient of the polypeptide 266 

(Table 1), resulting in the partial elution of the fusion protein to the bottom, salt-rich 267 

phase by displacement of PEG from the C-LytA moiety by choline, and which was 268 

completed after a second extraction (Figs. 3A and 3B, and Table 1). Total yield was 269 

23.2 mg per liter of culture (A600 = 1.0), corresponding to more than 80% of the protein 270 

contained in the initial homogenate, and with a purification factor of near 4. These 271 

results are even better than those obtained, comparable to the yield using solid 272 

chromatography in DEAE-cellulose in our laboratory (around 15 mg per liter, 52% 273 

yield, same purification factor data not shown). 274 

 275 

 The promising results with GFP-C-LytA prompted us to set up a general scheme 276 

for protein purification (Fig. 5) that was subsequently tested for the purification of other 277 

fusions. First, we attempted the purification of a C-LytA fusion to the p36/LACK 278 

antigen from Leishmania (C-LytA-Lip36 protein) [34]. However, in this case, we 279 

observed the precipitation of the recombinant protein probably due to the relatively high 280 

ionic strength provided by the phosphate phase. As this might be the case for other 281 

proteins, we tried an alternative procedure using an ATPS composed of 6% PEG plus 282 

6% dextran (DxT500) (PEG/dextran system) in 20 mM Tris pH 8.0. Use of Tris instead 283 

of phosphate improved significantly phase separation in this case. Washes were 284 

performed with solutions containing 0.5 % PEG + 16% DxT500, and final elution was 285 

carried out with a solution containing 0.5 % PEG + 16% DxT500 and 300 mM choline. 286 

As shown in Fig. 6, the C-LytA-Lip36 protein could be readily purified, suggesting that 287 

the nature of the bottom phase is not determinant in ruling the partition properties of C-288 

LytA fusions. Yields were usually 3-5 mg per liter of culture. In order to better define 289 

the recovery of the C-LytA-Lip36 protein, 5 mg of purified C-LytA-Lip36 were spiked 290 

into 50 ml of an E. coli REG-1 cellular extract (1.5 mg/ml total protein) and subjected 291 

to partition in the PEG/dextran ATPS as described above. Recovery after the two 292 

elutions was 3.1 + 1.1 = 4.2 mg, i.e. 84% of total spiked protein, similar to the GFP-C-293 

LytA case (Table 1). 294 

 295 

Next, we attempted the purification of a high-sized, tetrameric protein such as -296 

galactosidase. Here, we used as a tag an improved mutant of C-LytA (LYTAG), 297 

obtained from a 32-aa N-terminal deletion that do not affect its choline-binding 298 
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properties [24] while improving its solubility. Although both PEG/phosphate and 299 

PEG/dextran systems allowed the purification of the LYTAG--galactosidase protein, 300 

the best solubilities were obtained with the latter (Fig. 7). SDS-PAGE gels were 301 

somewhat distorted due to the high size of LYTAG--galactosidase (a tetramer of 302 

around 525 kDa) complexed with PEG, that affects the normal electrophoretical 303 

mobility of the samples, but the purity of the preparations is evident in any case. Table 2 304 

depicts the characteristics of the subsequent purification steps in the PEG/dextran 305 

system. Around 70% of the expressed protein could be purified, with an specific activity 306 

on a small chromophoric substrate (ONPG) of 271-288 U/g which is in close 307 

agreement to that calculated previously for the DEAE-cellulose purified protein (300 308 

U/g ) [27]. It is noteworthy that in this case the choline-binding module is located in 309 

the N-terminal part of the fusion protein, showing that the localization of the tag is not 310 

relevant to dictate the partition properties. Moreover, the protein conserved its 311 

enzymatic activity against small chromophoric substrates in both phases (data not 312 

shown).  313 

 314 

Finally, we tested the partition properties of a C-LytA hybrid with a biotechnologically 315 

relevant polypeptide such as protein A from Staphylococcus aureus [39]. This protein is 316 

typically used as a reliable method for detecting/purifying total IgG from crude protein 317 

mixtures. Fig. 8 shows that the C-LytA-ProtA fusion can be efficiently partitioned and 318 

purified in both PEG/phosphate and PEG/dextran systems. Purity of the preparations 319 

was assessed by densitometry of the SDS-PAGE gels, yielding a 91% and 94% values 320 

for the first and second elution in PEG/phosphate , respectively (Panel A), and 91% in 321 

PEG/dextran (Panel B)  The final yield was calculated as 80 mg per liter of culture (A600 322 

= 3.7). Similarly to the C-LytA-Lip36 fusion, we measured the recovery of C-LytA-323 

ProtA by spiking 10 mg of purified protein into 50 ml of an E. coli REG-1 cellular 324 

extract (1.5 mg/ml total protein). Upon two elutions with choline, recoveries in 325 

PEG/phosphate (7.9 mg, 79%) and PEG/dextran (7.2 mg, 72%) were very similar and 326 

showed a high yield in both cases. 327 

 328 

 329 

4. Conclusions 330 

  331 
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 We have developed a new aqueous two-phase partitioning system of proteins 332 

based in the affinity of C-LytA tag for PEG and choline. The most relevant aspect of 333 

this technology is that localization of the C-LytA fusion can be strongly modulated by 334 

the addition of choline. Therefore, as a proof-of-concept, we have shown the easy 335 

purification of four C-LytA-tagged recombinant proteins in PEG-containing ATPSs 336 

after an initial accumulation in the PEG-rich phase, followed by the subsequent elution 337 

to the PEG-poor phase upon addition of choline. The system is simple, rapid, cost-338 

effective and scalable, and might constitute an attractive alternative to other protein 339 

purification methods based in solid-support procedures. It seems versatile enough for a 340 

variety of two-phase systems containing PEG or PEG-like polymers and, above all, it is 341 

highly predictable, a characteristic usually lacking in most ATPSs described so far. 342 

Other biotechnological applications that can be foreseen, besides the use for protein 343 

purification, include the use of C-LytA-tagged enzymes to catalyze a reaction in one of 344 

the phases (chosen at will, depending on whether choline is added) while recovering the 345 

product in the other, thus decreasing bioseparation costs. Moreover, addition of choline 346 

would separate the enzyme from the PEG phase after reaction, making possible the 347 

recycling of the polymer for a new extraction. Finally, this tool is amenable to be used 348 

at bench-scale for the test and set-up of enzymatic processes in ATPSs before scaling up 349 

to the industrial level. 350 

 351 

 352 

Acknowledgments 353 

We thank to S. Varo-Llamas for skillful technical contribution at several stages of this 354 

work. We would also like to thank C. Fuster for excellent technical assistance. This 355 

work was partly funded by the Spanish Ministerio de Educación y Ciencia (MEC) 356 

(Grants CIT-010000-2005-32 and FIT-010000-2003-110). 357 

358 



13 

 359 

 360 

References 361 

 362 

[1]  M.T. Cunha, M.J. Costa, C.R. Calado, L.P. Fonseca, M.R. Aires-Barros, J.M. 363 
Cabral, J Biotechnol. 100 (2003) 55. 364 
[2]   M. Uhlén, G. Forsberg, T. Moks, M. Hartmanis, B. Nilsson, Curr. Op. 365 
Biotechnol. 3 (1992) 363. 366 
[3]   D.S. Waugh, Trends Biotechnol. 23 (2005) 316. 367 
[4]  K. Mondal, M.N. Gupta, Biomol. Eng. 23 (2006) 59. 368 
[5] M. Rito-Palomares,  J. Chromatogr. B. 807 (2004) 3.  369 
[6] M.J Sebastião, J.M.S Cabral, M.R Aires-Barros, Enzyme Microb. Technol. 18 370 
(1996) 251.  371 
[7] G.M. Zijlstra, C.D. Gooijer, J. Tramper, Curr Opin Biotechnol. 9 (1998) 171. 372 
[8] J. Persson, A. Kaul, F. Tjerneld, J. Chromatogr. B. 743 (2000) 115. 373 
[9] I.F. Ferreira, A. Azevedo, P.A.J. Rosa, M.R. Aires-Barros, M.R, (2008). J. 374 
Chromatogr. A. in press (doi:10.1016/j.chroma.2008.04.077) 375 
[10]  I.A. Sutherland, G. Audo, E. Bourton, F. Couillard, D. Fisher, I. Garrard, P. 376 
Hewitson, O. Intes,  J. Chromatogr. A. 1190 (2008) 57. 377 
[11] A. Veide, T. Lindbäck, S.-O. Enfors, Enzyme Microb. Technol. 6 (1984) 325. 378 
[12] U. Sivars, F. Tjerneld, Biochim. Biophys. Acta. 1474 (2000) 133. 379 
[13] P.A. Albertsson, Partition of cell particles and macromolecules, Wiley, New 380 
York, 3rd ed., 1986. 381 
[14]  B.A. Andrews, A.S. Schmidt, J.A. Asenjo, Biotechnol Bioeng. 90 (2005) 380. 382 
[15] J.C. Salgado, B.A. Andrews, M.F. Ortuzar, J.A. Asenjo, J. Chromatogr. A. 1178 383 
(2008) 134. 384 
[16] G. Tubio, B. Nerli, G. Picó, J. Chromatogr. B. 799 (2004) 293. 385 
[17] Y. Xu, M.A. Souza, M.Z.R. Pontes, M. Vitolo, A. Pessoa Jr, Braz. Arch. Biol. 386 
Technol. 46 (2003) 741. 387 
[18]  S. Fexby, L. Bülow, Trends Biotechnol. 22 (2004) 511. 388 
[19] G. Birkenmeier, M.A. Vijayalakshmi, T. Stigbrand, G. Kopperschlager, J. 389 
Chromatogr. 539 (1991), pp. 267–277 390 
[20] F. Bernaudat, L. Bülow, Protein Expr. Purif. 46 (2006) 438. 391 
[21] J.M. Sanchez-Puelles, J. M. Sanz, J. L. García, E. García, Gene 89 (1990) 69. 392 
[22] C. Fernández-Tornero, R. López, E. García, G. Giménez-Gallego, A. Romero, 393 
Nat. Struct. Biol. 8 (2001) 1020. 394 
[23] P. Usobiaga, F.J. Medrano, M. Gasset, J.L. García, J.L. Saiz, G. Rivas, J. 395 
Laynez, M. Menéndez,  J. Biol. Chem. 271 (1996) 6832. 396 
[24] B. Maestro, J.M. Sanz, Biochem. J. 387 (2005) 479. 397 
[25] J.M. Sanz, R. López, J.L. García,  FEBS Lett. 232 (1988) 308. 398 
[26] B.Maestro, A. González, P. García, J.M. Sanz, FEBS J. 274 (2007) 364. 399 
[27] J.M. Sanchez-Puelles, J. M. Sanz, J. L. García, E. García, Eur. J. Biochem. 203 400 
(1992) 153. 401 
[28] S. Ortega, J.L. García, M. Zazo, J. Varela, I. Muñoz-Willery, P. Cuevas, G. 402 
Giménez-Gallego, Bio/Technology 10 (1992) 795. 403 
[29] M.J. Ruíz-Echevarría, G. Giménez-Gallego, R. Sabariegos-Jareño, R. Díaz-404 
Orejas, J. Mol. Biol. 247 (1995) 568. 405 



14 

[30] B. Akerström, L. Lögdberg, T. Berggård, P. Osmark, A. Lindqvist,  Biochim. 406 
Biophys. Acta. 1482 (2000) 172. 407 
[31] J. Caubin, H. Martin, A. Roa, I. Cosano, M. Pozuelo, J.M. de la Fuente, J.M. 408 
Sánchez-Puelles, M. Molina, C. Nombela,  Biotechnol. Bioeng. 74 (2001) 164. 409 
[32]  C. Moldes, J.L. García, P. García, Appl. Environ. Microbiol. 70 (2004) 4642. 410 
[33] J.B. Andersen, C. Sternberg, L.K. Poulsen, S.P. Bjorn, M. Givskov, S. Molin, 411 
Appl. Environ. Microbiol. 64 (1998) 2240. 412 
[34]  G. Gonzalez-Aseguinolaza, S. Taladriz, A. Marquet, V. Larraga, Eur. J 413 
Biochem. 259 (1999) 909. 414 
[35] U.K. Laemmli, Nature 227 (1970) 680. 415 
[36] J.H. Miller,  Experiments in Molecular Genetics, Cold Spring Harbor Laboratory 416 
Press, Cold Spring Harbor, NY, 1972. 417 
[37] H-O. Johansson, F.M. Magaldi, E. Feitosa, A. Pessoa Jr, J. Chromatogr. A. 1178 418 
(2008) 143. 419 
[38] G. Koellner, T. Steiner, C.B. Millard, I. Silman, J.L. Sussman, J. Mol. Biol. 320 420 
(2002) 721. 421 
[39] A. Forsgren, J. Sjöquist, J. Immunol.  97 (1966) 822. 422 
 423 

424 



15 

Figure captions 425 
 426 

Figure 1. Plasmid diagrams. All the open reading frames were cloned under Pm 427 

promoter control and fused in frame with C-LytA module, or its reduced and improved 428 

version LYTAG (pALEX2c-LacZ). 429 

 430 

Figure 2. Stability analysis of C-LytA by far-UV CD. (A) Wavelength spectra recorded 431 

at 20 ºC at pH 7.0 (filled symbols) and pH 5.0 (open symbols) in the absence of 432 

additives (circles), in the presence of 10% PEG (triangles) or in the presence of 140 mM 433 

choline (squares); (B) pH titration monitored by CD at 223 nm in the absence of 434 

additives (filled circles), in the presence of 10% PEG (open circles) or in the presence of 435 

150 mM choline (filled squares); (C) Thermal stability of C-LytA monitored by CD in 436 

the absence of additives (o), in presence of 10% PEG 10% (●)  and in the presence of 437 

150 mM choline (X). 438 

 439 

Figure 3.  Purification of GFP-C-LytA in PEG/phosphate from E. coli REG-1 440 

[pALEX2-Ca-GFP].  (A) Photographs taken during the purification. (B) Analysis of 441 

100-fold diluted samples by 12% SDS-PAGE and silver stain.  442 

 443 

Figure 4.  Effect of extract concentration on the partition properties of GFP-C-LytA in 444 

PEG/phosphate. (A) 0.45 mg/ml;  (B) 0.9 mg/ml; (C) 1.9 mg/ml; (D) 4.0 mg/ml. 445 

Samples were illuminated with UV light in order to induce GFP fluorescence.   446 

 447 

Figure 5. General procedure for purification of C-LytA fused proteins by PEG-448 

phosphate or PEG- dextran ATPSs.  449 

 450 

Figure 6.  Purification of C-LytA-Lip36 in PEG/dextran from E. coli REG-1 [pALEXb-451 

Lip36]. SDS-PAGE was Coomassie stained. (A) Partition of C-LytA-Lip36 in the 452 

absence of choline. (B) Elution of C-LytA-Lip36 by choline. 453 

 454 

Figure 7. Purification of LYTAG--galactosidase in PEG/dextran from E. coli REG-1 455 

[pALEX2c-LacZ]. SDS-PAGE was Coomassie stained.  456 

 457 
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Figure 8. (A) Purification of C-LytA-ProtA in PEG/phosphate; (B) Purification of C-458 

LytA-ProtA in PEG/dextran. 459 
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