
Chapter Five

FoxB of Pseudomonas aeruginosa PAO1: 
Protein Expression and Purification
5.1: Introduction
Bacterial cell membranes form a selectively permeable barrier that function to protect the cell from the external environment. Highly specific membrane transport systems have evolved to facilitate acquisition of essential nutrients and secretion of molecules. The importance of membrane proteins is evident in that they account for 20-30% of many bacterial proteomes (Krogh et al., 2001), with 2% making up outer membrane proteins (Xie and Dalbey, 2008). There are two types of integral membrane proteins: α-helical transmembrane proteins which are ubiquitous and most commonly found in the cytoplasmic membrane, and proteins that possess multiple β-strands, typical of outer membrane proteins (Xie and Dalbey, 2008). Despite their ubiquity, the hydrophobicity and low abundance of expressed membrane proteins in the cell makes the structural analysis of membrane proteins challenging. Consequently the determination of membrane protein structure is a significant bottleneck to the understanding of transport mechanisms in bacteria. 
S. meliloti 2011 and P. aeruginosa PAO1 are well studied organisms for which the genome sequences are available and genetic methods have been optimised. They are suitable for the study of bacterial membrane transport. The TransporterDB (section 2.8) is a comprehensive database that predicts the cytoplasmic membrane transporter complement for an organism. S. meliloti is predicted to encode 200 ABC family transporters which account for 52% of its membrane proteome. The MFS family transporters are represented by 45 transporters, 12% of the organism’s membrane proteome. In comparison, P. aeruginosa is predicted to encode 104 ABC family transporters, 25% of its membrane proteome, while 88 MFS family transporters account for 21%.
P. aeruginosa PAO1 is an important human pathogen and has been shown to produce two siderophores, pyoverdine (Cox and Adams, 1985) and pyochelin (Cox, 1980). FptX had been identified as a novel MFS type single unit siderophore transporter (SUST) of pyochelin (Ó Cuiv et al., 2004). FptX was identified initially by in silico analysis based on homology with the single unit MFS transporter RhtX of S. meliloti 2011. An inner membrane siderophore transporter specific for pyoverdine has not yet been identified in P. aeruginosa PAO1. However, recently the utilisation of the xenosiderophores ferrichrome, ferrioxamine B and schizokinen in P. aeruginosa PAO1 was shown to be mediated by a novel SUST inner membrane protein termed FoxB (Ó Cuiv et al., 2007). In this study it was demonstrated that expression of FoxB in S. meliloti 2011 hydroxamate siderophore utilisation mutants (smc01659, hmuU and hmuV; Chapter 3) resulted in the restoration of xenosiderophore utilisation.
This chapter describes the expression and purification of cytoplasmic membrane siderophore transport proteins with particular focus on the FoxB transporter of P. aeruginosa PAO1. Small scale expression trials and the analysis of crude mixed membrane preparation are described. Resulting from these trials, scale-up of expression and purification of FoxB was achieved. Thus, the ultimate goal of the structural determination by crystallography of these novel SUST membrane proteins has been made more attainable. 
5.2: In Silico Topology Analysis of Membrane Proteins 
The purification of membrane proteins from total membrane fractions can be facilitated by the use of affinity tags and immobilised metal ion affinity chromatography (IMAC) techniques. In silico analysis was required to establish the predicted size, location and topology of the membrane proteins prior to tagging with either a hexahistidine or Streptavidin ІІ tag. An important property determining the choice of affinity tag for the purification of inner membrane proteins is the location of the proteins terminal regions. Polytopic membrane proteins can span the cytoplasmic membrane with many different conformations depending on the number of transmembrane domains. The ‘positive inside’ rule determines the topology of these proteins where the hydrophilic loops that border the transmembrane domains contain positively charged residues and are therefore localised to the cytoplasmic side of the membrane (Heijne, 1986). For affinity tagging of membrane proteins the C-terminus usually provides the most straightforward method, since this avoids complications with any N-terminal signal peptides. Given that the cytoplasmic side of the inner membrane has a slight negative charge (3-), a 6X histidine tag was selected (3+ charge) to balance the charges. Similarly, a Streptavidin ІІ tag was selected when the terminus resides on the periplasmic side of the inner membrane.
5.2.1: In Silico Analysis of FoxB Topology
The cytoplasmic membrane protein FoxB represents a novel family of membrane proteins functioning as single unit siderophore transporters. FoxB is located on the P. aeruginosa PAO1 genome at position 2782646-2781498. The protein is predicted to be 382 amino acids in length. The protein’s molecular mass is predicted to be 43.06 kDa with a pI of 8.88.
The amino acid sequence of FoxB was analysed using the TMHMM program (section 2.8) to identify putative transmembrane helices (Krogh et al., 2001). Four transmembrane helices were predicted for FoxB (figure 5.1) resulting in a topology with two large extended periplasmic loops (109 and 125 residues respectively) and three short-length positively charged cytoplasmic residues. N- and C-terminals are predicted to be located on the cytoplasmic side of the inner membrane which has been found to be the most favourable orientation for membrane proteins (Krogh et al., 2001).
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Figure 5.1: Prediction of Transmembrane Helices in FoxB by TMHMM
5.2.2: In Silico Analysis of RhtX Topology
The rhtX gene coding for the cytoplasmic membrane protein RhtX resides at position 1304824-1306119 of the S. meliloti 2011 pSyma megaplasmid. The protein is predicted to be 431 amino acids in length. The protein’s molecular mass is predicted to be 45.56 kDa with a pI of 9.84. 
Analysis of the RhtX amino acid sequence using the Pfam database indicated that it shared close homology with the MFS_1 sugar transporter family.  The MFS clan consists of 20 different specific solute transporter members and all permeases of the MFS possess either 12 or 14 transmembrane helices (Pao et al., 1998). The amino acid sequence of RhtX was therefore analysed using the TMHMM program (section 2.8) to identify putative transmembrane helices. Surprisingly, 11 putative transmembrane helices were identified (figure 5.2). The longest loop was loop number 6 which had 59 residues exposed to the periplasm. Interestingly, the N-terminal of the protein was predicted to reside on the periplasmic side of the cytoplasmic membrane, while more conventionally, the C-terminal was cytoplasmic.
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Figure 5.2: Prediction of Transmembrane Helices in RhtX by TMHMM
5.2.3: In Silico Analysis of HmuU Topology
The HmuU protein is encoded on the S. meliloti 2011 chromosome at position 2618550-2619650. The protein is predicted to be 366 amino acids in length. The protein’s molecular mass is predicted to be 37.61 kDa with a pI of 10.72. The protein is predicted to be localised to the cytoplasmic membrane. 
Analysis of the HmuU amino acid sequence using the Pfam database indicated that it shared close homology to the FecCD transport family, which is a sub-family of the bacterial binding-protein dependent transport systems family (Staudenmaier et al., 1989). This suggests a common ancestry with that of siderophore transport permeases. Putative transmembrane helices were identified by using the TMHMM program to analyse the amino acid sequence of HmuU. The analysis resulted in a predicted topology of nine transmembrane helices (figure 5.3) with the N-terminal region located on the cytoplasmic side of the inner membrane while the C-terminal region was located on the periplasmic side of the inner membrane. The longest loop was loop number one which had 33 residues exposed to the periplasm.
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Figure 5.3: Prediction of Transmembrane Helices in HmuU by TMHMM
5.3: Cloning of Affinity Tagged Recombinant Membrane Proteins
For specific membrane protein expression experiments, genes were amplified and cloned into the pTTQ18 expression vector (figure 2.5) placing them under the control of the ptac promoter (Ward et al., 2000). A carbenicillin resistance gene encoded on pTTQ18 allows for selection of the plasmid. The lacZα gene is encoded within the MCS allowing blue/white selection of clones. Given that the ptac promoter is repressed by lacI, the lacIq gene had been cloned into this vector to allow the correct stoichiometry to exist between LacI and the ptac promoter. The small size of the plasmid (4.5 kb) is ideal for cloning and expression analysis. A 6X histidine tag is encoded downstream of the MCS on the pTTQ18 vector. For membrane proteins that possess cytoplasmic C-terminals, their genes can be fused in-frame to the 6X histidine tag. Alternatively for membrane proteins with periplasmic C-terminals, PCR primers can incorporate tags such as the StrepІІ tag in-frame to the 3′ end of the gene.
The entire foxB gene was amplified from P. aeruginosa PAO1 genomic DNA using the forward primer foxBF1 and reverse primer foxBR1 (figure 5.4). The forward and reverse primers were designed to incorporate an EcoRІ site and a PstІ site respectively into the PCR product. The reverse primer was designed so that it primed the 3′ end of the foxB gene but excluded the stop codon. This was to allow the in-frame fusion of the vector borne 6X histidine tag with the foxB gene. This resulted in the inclusion of a seven amino acid spacer region between FoxB and the histidine tag. The PCR product was digested with EcoRІ and PstІ and then cloned into the EcoRІ and PstІ restricted MCS of pTTQ18. A clone with the correct 1.15 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pTTQ18foxB. Plasmid DNA of pTTQ18foxB was isolated, sequenced (MWG Biotech) and confirmed. The amino acid sequence of the recombinant FoxB protein is shown in figure 5.5 (the affinity tag is highlighted in red).
Figure 5.4: PCR Primers for the Amplification of foxB, rhtX and hmuU for Expression
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foxBF1:
5′ GCGGCAGAATTCGCATATGCGCCCCGTCCTGGTCCTGC 3′
[image: image14.emf]Western Blot

y = -0.1859x + 2.0161

R

2

 = 0.9842

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5

Distance Migrated (cm)

Log Molecular Weight


foxBR1:
5′ GCGGACTGCAGGGCGGCCGTTCCAGTGGCGCG 3′
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rhtXF:

5′ GCGGCAGAATTCGCATATGCTCGCCGCTGTGGTCCAAGG 3′

rhtXR:

5′ GCGGCACTGCAGGTCGTGATCTTGAAGGACGCG 3′

hmuUF:
5′ GCGGCAGAATTCGCATATGGAAGGCGCGATGCGCAGG 3′

hmuUR:
5′GCGGCAAAGCTTCTATTACTTTTCGAACTGCGGGTGGCTCCA
   AAGTCCCATGTTCGACCGGC 3′
Figure 5.5: Amino Acid Sequence of Recombinant FoxB
MRPVLVLLHRYVGLATALFLFLAGLTGSLLAFHHEIDEWLNPGFYAVGEGGERLSPGSLVQRVESRYPRQLVWYMEYPEAGGHPALLATVPREAGAKVEHDVFYLDPVSGEEVGKRLWAACCFQPANLVPWVLEFHHNLTLPGNWGLYLMGGVAMFWFLDCFVGAWLTLPRGRPFWSKWTTAWKIKRGNAYRFNFDLHRAGGLWLWLLLAPVALSSVALNLPSQVFKPLVSLFSPIEPSVYEARGRLPREQLGETRLDYDRTFQLASVEAARLGIAEPIGELYYSFEYNFFGAGFGDHDDPMGKSWLFFHGSDGRLLGQEVAGQGSWGERFYRLQYPIHGGRIAGLPGRIAIAALGLAIAGLSLTGVYIWWRKRRARHWNGRPAGGRGSHHHHHH
S. meliloti 2011 genomic DNA was used as a template in a PCR reaction to amplify the entire rhtX gene using the forward primer rhtXF and the reverse primer rhtXR (figure 5.4). The rhtX gene was cloned into the MCS of pTTQ18 in a similar manner to that of foxB by using EcoRІ and PstІ sites incorporated onto the ends of the PCR amplicon. Analogous to the cloning of foxB, the reverse primer rhtXR primed the 3′ end of the rhtX gene but excluded the stop codon. The vector borne 6X histidine tag was therefore fused in-frame to rhtX with the seven amino acid spacer region. A clone with the correct 1.3 kb insertion was isolated and confirmed by diagnostic restriction analysis and named pTTQ18rhtX. Plasmid DNA of pTTQ18rhtX was isolated, sequenced (MWG Biotech) and confirmed. The amino acid sequence of the recombinant RhtX protein is shown in figure 5.6 (the affinity tag is highlighted in red).
Figure 5.6: Amino Acid Sequence of Recombinant RhtX
MLAAVVQGSDPIMTIAQTSPAVREGSTAAGAGRLYAVLGGLYLAQGIPTYLLLVALPPLMRESGASRTAIGLFSLLMLPLVLKFAVAPLVDRWAPWPGLGHRRGWVVPTQLLVSAGIASMALVEPDRAGTLFAIGICITLLSSVQDIATDGYAVRHLNGRTLAIGNAVQAGSIALGVIVGGTLTLVLFHKIGWRPTILLVACLSLLPLVAAIWMKDRAVASPEAPLRRRASLFGFFRRPNAWMILAFALTYRASEGLVRGMEGSYLVDSKVPTEWIGYMSGAAAATAGLLGALIAALIIRKAGLTATLILLGGLRSLCFLAFALNAFGIWPGIAVAMSASAFQTLIRYMELVAIYSFFMASSSDDQPGTDFTILSCAELVVYLIGTSIAGYVADRFGYATLFSSATVISVLGIGLSVWMLERLKARPSRSRPAGGRGSHHHHHH
The forward primer hmuUF and the reverse primer hmuUR (figure 5.4) were used in a PCR reaction with S. meliloti 2011 genomic DNA as template to amplify the entire hmuU gene. The forward and reverse primers had been designed to incorporate an EcoRІ site and a HindІІІ site respectively into the PCR product. The reverse primer hmuUR incorporated an in-frame StrepІІ tag to the 3′ end of the gene. Stop codons were added downstream of the tag to terminate transcription. The products of restriction digest reactions (EcoRІ and HindІІІ) of pTTQ18 and the PCR product were ligated together. The ligation mixture was transformed and a clone with the correct 1.1 kb insertion was isolated and confirmed by diagnostic restriction analysis. This clone was named pTTQ18hmuU. Plasmid DNA of pTTQ18hmuU was isolated, sequenced (MWG Biotech) and confirmed. The amino acid sequence of the recombinant HmuU protein is shown in figure 5.7 (the affinity tag is highlighted in red).
Figure 5.7: Amino Acid Sequence of Recombinant HmuU
MEGAMRRPALAARIVRDWRSGDRAGLARCLIAVLAVLAAATFMTSITTGAADASLSSIFRWLSGETDQAMSARDRIIILDIRLPRAVLGMLVGASLAVSGVVMQGLFRNPLADPGLVGVSSGASLGAVLLIVLGDVAFGPLFAVFGFYALPFGAFLGGLATTLLLYRIATRGGQTSVATMLLAGIALGALAGAVTGVLVFIADDKQLRDLTFWGLGSLAGANWTKIAAAGPIILVSLAVVPFLARGLNAITLGEAAAYHMGVPVQRLKNIAVFSVAGATGASVAVSGGIGFVGIVVPHLLRLVIGPDHRYLLPASALLGGTLLIFADMLARTIVSPAELPIGIITAFVGAPFFLWVLLRGRSNMGLWSHPQFEK
5.4: Small Scale Expression and Purification of Membrane Proteins
The expression strain Escherichia coli BL21(DE3) was selected as the host for expression of the affinity tagged membrane proteins. Tight expression control is achieved by IPTG induction of the ptac promoter of the pTTQ18 expression vector. Expression trials of E. coli BL21(DE3) harbouring the plasmids pTTQ18foxB, pTTQ18rhtX and pTTQ18hmuU were performed in LB broth supplemented with 20 mM glycerol and 100 µg/ml carbenicillin (section 2.14.1). Glycerol was used as a complementary carbon source while carbenicillin was selected for its higher stability compared to ampicillin. Cultures of 50 ml were inoculated with 1 ml of a stationary phase overnight culture. For each strain, an induced and uninduced culture was prepared. The cultures were incubated at 37oC and 220 rpm until an OD680nm of 0.4 was reached. At this point IPTG was added to a concentration of 0.5 mM to induce expression of the membrane proteins. Incubation was allowed to proceed for a further 3 hr at which point the cells were harvested for membrane protein purification. The results of the E. coli BL21(DE3) growth promotion and IPTG induction are illustrated in figure 5.8. As an additional parameter, an E. coli strain termed KRX was evaluated. FoxB was expressed and purified from this strain and compared to that of BL21(DE3).
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Figure 5.8: Expression of FoxB, RhtX and HmuU in E. coli BL21(DE3). Cultures were induced with IPTG at OD680nm 0.4-0.6. IPTG induction caused a slight slow-down in growth in the strains expressing RhtX and HmuU, as evident by the divergence between uninduced and induced curves. 
Mixed membrane preparations were isolated from both the induced and uninduced cultures by the water lysis method (section 2.14.2). Protein concentration was quantified by the Schaffner Weissmann protein assay (section 2.13) and results are shown in table 5.1. A 30µg sample of each preparation was run on an SDS-PAGE gel (section 2.15) with a Sigma SDS7 marker. Coomassie staining resulted in the identification of expressed RhtX and FoxB in the induced E. coli BL21(DE3) mixed membrane preparations (figure 5.9). These protein bands were absent from the corresponding uninduced preparations. The proteins are observed migrating at approximately 37 kDa which is below their predicted size. 
Due to hydrophobicity, the binding of SDS or the retention of secondary structure it is typical for membrane proteins to migrate at 65-70% of their true molecular weight (Saidijam et al., 2003). There is a linear relationship between the log(MW of proteins) and the distance proteins migrate on SDS gels. Therefore, the apparent size of the protein bands observed on SDS gels could be determined by comparing their migrated distance with that of the standard protein molecular marker. A standard curve was created by plotting the log value of the molecular weight marker bands versus their migrated distance (figure 5.10). The formula for the equation of the line could then be used to calculate the actual migrated distances of RhtX and FoxB (table 5.2). 
Table 5.1: Mixed Membrane Protein Concentrations

	E. coli
	Protein Sample
	Concentration (mg/ml)

	BL21(DE3)
	RhtX uninduced 
	8.644

	BL21(DE3)
	RhtX induced 
	14.392

	BL21(DE3)
	HmuU uninduced 
	9.018

	BL21(DE3)
	HmuU induced 
	12.616

	BL21(DE3)
	FoxB uninduced 
	13.131

	BL21(DE3)
	FoxB induced 
	11.121

	KRX
	FoxB uninduced 
	6.822

	KRX
	FoxB induced
	9.439
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Figure 5.9: SDS-PAGE Gel of Mixed Membrane Preparation of Expressed Histidine-Tagged RhtX, FoxB and HmuU Membrane Proteins. Lanes were loaded as follows: (1) Sigma SDS7 molecular weight marker, (2) uninduced RhtX preparation from strain BL21(DE3), (3) induced RhtX preparation from strain BL21(DE3), (4) uninduced FoxB preparation from strain BL21(DE3), (5) induced FoxB preparation from strain BL21(DE3), uninduced FoxB preparation from strain KRX, (6) induced FoxB preparation from strain KRX, (7) uninduced HmuU preparation from strain BL21(DE3), and (8) induced HmuU preparation from strain BL21(DE3). Red arrows indicate induced protein bands which correspond to a molecular weight of approximately 37 kDa.  Densitometry analysis is indicated below the appropriate lanes. 

Figure 5.10: Standard Curve for the Determination of Migrated Distance of Membrane Proteins on SDS Gels
Table 5.2: Calculated Migrated Distance of Induced Protein Bands on SDS-PAGE Gel
	Protein
	Predicted Size (kDa)
	Migrated Distance (cm)
	Calculated Size (kDa)
	% Difference Size

	RhtX
	45.56
	11.1
	37.54
	82.90

	FoxB
	43.06
	11.2
	37.06
	84.05


Scanning densitometry analysis using the Syngene GeneSnap Image Analysing Instruments Gene Tools software program indicated that the induced proteins in the expression trial membrane preparations represented 2.67 % and 4.06 % of total mixed membrane protein for RhtX and FoxB respectively (figure 5.8).
To determine the identity of the ~37 kDa protein bands as that of recombinant RhtX and FoxB, an SDS-PAGE gel loaded with 5 µg of these protein samples was subjected to Western blot analysis (section 2.15.6) using an anti-histidine antibody. Figure 5.11 shows that the C-terminal histidine-tagged membrane proteins reacted with the anti-histidine antibody, confirming that the proteins which migrated at this position were RhtX and FoxB. FoxB displayed a more intense blot than RhtX indicating that it had been expressed to a greater extent. Migrated distance was calculated in a similar manner to that of the SDS-PAGE gel. A standard curve is shown in figure 5.12 which was used to calculate the molecular weight of the protein blots. Results are indicated in table 5.3. The variation in calculated molecular weight between the SDS-PAGE and Western blot analysis is attributed to variation in gel size and treatment.
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Figure 5.11: Western Blot Analysis of Mixed Membranes Prepared from E. coli BL21(DE3). Lanes were loaded as follows: (1) Amersham RPN756 Rainbow Marker, (2) uninduced RhtX preparation from strain BL21(DE3), (3) induced RhtX preparation from strain BL21(DE3), (4) uninduced FoxB preparation from strain BL21(DE3), (5) induced FoxB preparation from strain BL21(DE3).

Figure 5.12: Standard Curve for the Determination of Migrated Distance of Membrane Proteins on Western blot 
Table 5.3: Calculated Migrated Distance of RhtX and FoxB on Western Blot

	Protein
	Predicted Size (kDa)
	Migrated Distance (cm)
	Calculated Size (kDa)
	% Difference Size

	RhtX
	45.56
	2.4
	37.15
	83.08

	FoxB
	43.06
	2.5
	35.59
	84.68


5.5: Large Scale Expression and Purification of Histidine-Tagged FoxB 
The FoxB protein was selected for large scale expression and purification based on the results of the small scale expression and purification trials (section 5.4). E. coli BL21(DE3) harbouring pTTQ18foxB was cultured in a total volume of 4 L LB broth supplemented with 20 mM glycerol and 100 µg/ml carbenicillin (section 2.14.3). The 4 L was divided into 500 ml aliquots between eight 2 L baffled conical flasks. A 5 ml inoculum of a stationary phase overnight culture was used for each flask. When an OD680nm of 0.4 was reached, 0.5 mM IPTG was added to induce expression of FoxB. Cells were harvested after a further 3 hr growth. Total cell wet weight was calculated at 25 g. The cell pellets were then re-suspended in 50 ml of 4oC 20 mM Tris-HCL/0.5 mM EDTA/10% glycerol pH7.5 buffer. 
A Z plus series 1.1 KW benchtop cell disruptor was used to lyse the cells (section 2.15.4). Cell disruptors use high pressure to force a sample through a small fixed orifice at high speed. A pressure setting of 35 Kpsi (2500 bar) is recommended for disruption of E. coli cells for membrane protein purification. Following disruption, individual membrane fractions were isolated by means of several ultracentrifugation steps and sucrose density centrifugation, as described in detail in section 2.14.5. Membrane fractions were washed to remove sucrose which would interfere in SDS-PAGE analysis of the protein sample. 
The membrane fractions were quantified using the Schaffner Weissmann protein assay, the results of which are indicated in table 5.4. A 30µg sample of each membrane fraction was loaded to an SDS-PAGE gel with a Sigma SDS7 marker. SDS-PAGE analysis and Coomassie staining resulted in the identification of expressed FoxB in the inner and mixed membrane fractions (figure 5.13). These protein bands were absent from the outer membrane fraction. The protein was observed migrating at approximately 37 kDa.
Table 5.4: FoxB Purification - Isolated Membrane Protein Concentrations 
	Membrane Fraction
	Concentration (mg/ml)
	Total Volume (ml)

	Inner
	13.892
	3.75

	Mixed
	13.476
	4

	Outer
	17.805
	4
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Figure 5.13: SDS-PAGE Gel of Isolated Membrane Fractions of an E. coli Strain Expressing Histidine-Tagged FoxB. Lanes were loaded as follows: (1) Sigma SDS7 molecular weight marker, (2) Inner membrane fraction from strain BL21(DE3) expressing FoxB, (3) mixed membrane fraction from strain BL21(DE3) expressing FoxB, (4) outer membrane fraction from strain BL21(DE3) expressing FoxB. Red arrow indicates FoxB protein band. Densitometry analysis is indicated below the lane. 
Scanning densitometry analysis using the Syngene GeneSnap Image Analysing Instruments Gene Tools software program indicated that FoxB had been expressed to 3.68 % of total inner membrane protein (figure 5.13).
To strengthen the identity of this band as the FoxB protein, a 5 µg sample of these membrane fractions was subjected to Western blot analysis using an anti-histidine antibody. Figure 5.14 shows that the C-terminal histidine-tagged FoxB proteins reacted with the anti-histidine antibody in both the inner and mixed membrane fractions. The protein is clearly absent from the outer membrane fraction which further confirms that the protein is indeed FoxB.
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Figure 5.14: FoxB Purification - Western Blot Analysis of Isolated Membranes Fractions. Lanes were loaded as follows: (1) Amersham RPN756 Rainbow Marker, (2) Inner membrane fraction from strain BL21(DE3) expressing FoxB, (3) mixed membrane fraction from strain BL21(DE3) expressing FoxB, (4) outer membrane fraction from strain BL21(DE3) expressing FoxB.
5.6: Solubilisation and Purification of Histidine-Tagged FoxB 

Membrane proteins are inherently hydrophobic which makes their isolation difficult. Solubilisation of membrane proteins requires the use of detergent solutions. Typically, the non-ionic detergent n-Dodecyl β-D-maltoside (DDM) is often used in solubilisation solutions since it has been shown to be versatile and reliable for membrane protein analysis.
5.6.1: Solubilisation of FoxB
The inner membrane fraction isolated in section 5.5 had a concentration of 13.892 mg/ml of inner membrane protein in a total volume of 3.75 ml as determined by the Schaffner Weissmann protein assay (table 5.4). This fraction was solubilised to enable purification of recombinant FoxB. A total of 52 mg of inner membrane protein had therefore been purified from the 4 L cultures. Solubilisation buffer (section 2.3) was used to solubilise the membrane protein sample to a maximum of 2 mg/ml by incubation at 4oC on a spiramixer for 60 min. A 1.5 ml aliquot of the inner membrane fraction was solubilised with 10 ml of solubilisation buffer. After incubation, insoluble material was removed by ultracentrifugation (section 2.14.7) and a sample of both insoluble and soluble protein stored for subsequent analysis. 
5.6.2: Standard IMAC Purification
Nickel-nitrilotriacetic acid (Ni-NTA) resin was used to immobilise the histidine-tagged protein as described in section 2.14.8.  Fractions of the insoluble, soluble, unbound and eluted protein were collected during this procedure for further analysis. The eluted protein was concentrated in a 20 ml Centricon (100 kDa cut off) by centrifugation at 500-700 rpm at 4oC until a volume of ~500 µl was reached. The detergent DDM that was a component of the solubilisation buffer solubilises proteins by causing ~70 kDa micelles to develop. This results in a total size of ~110 kDa when the FoxB protein associates with these micelles. The inner membrane, insoluble, soluble, unbound and eluted fractions of the standard IMAC purification were quantified using the Schaffner Weissmann protein assay. A total of 30µg of each sample was loaded to an SDS-PAGE gel with a Sigma SDS7 marker. SDS-PAGE analysis and Coomassie staining results are illustrated in figure 5.15.
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Figure 5.15: IMAC Purification of Histidine-Tagged FoxB. Lanes were loaded as follows: (1) Sigma SDS7 molecular weight marker, (2) Inner membrane fraction from strain BL21(DE3) expressing FoxB, (3) insoluble protein fraction, (4) soluble protein fraction, (5) unbound protein fraction, (6) elution fraction. Red arrow indicates FoxB protein band. 
Analysis of the SDS-PAGE gel (figure 5.15) indicated that the standard IMAC purification of FoxB was not optimal. There were a number of contaminating bands in the eluted fraction, although a band with strong intensity was present at the size corresponding to that of FoxB. An SDS gel loaded with 5 µg of the IMAC samples was subjected to Western blot analysis using anti-histidine antibodies. Figure 5.16 indicates that the recombinant histidine-tagged FoxB protein reacted with the anti-histidine antibody in eluted fractions.
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Figure 5.16: FoxB Purification - Western Blot Analysis of Standard IMAC Membranes Fractions. Lanes were loaded as follows: (1) Amersham RPN756 Rainbow Marker, (2) Inner membrane fraction from strain BL21(DE3) expressing FoxB, (3) insoluble protein fraction from, (4) soluble protein fraction, (5) unbound protein fraction and (6) eluted protein fraction.
5.6.3: Fast Protein Liquid Chromatography (FPLC) of FoxB
FPLC was used to determine the optimal elution conditions for recombinant histidine-tagged FoxB. The buffers which had been used for the standard IMAC membrane protein purification (section 2.3) were altered for use with the Amersham Biosciences ÄKTA Purifier 100 FPLC instrument. The constituents of the wash and elution buffers used for the standard IMAC purification were modified so that they consisted of identical components and concentrations, differing only with respect to their imidazole concentrations (table 5.5). FPLC was used to systematically increase the concentration of imidazole during the elution procedure to determine the optimal concentration for removal of contaminating proteins and subsequent elution of the purified recombinant histidine-tagged FoxB protein. 
All buffers and solutions were filtered and degassed before use in the FPLC instrument. A 1 ml HisTrap FF column (Amersham biosciences) was assembled on the instrument. The HisTrap FF column has a metal ion capacity of ~15 µmol Ni2+/ml medium with a maximum back pressure of 0.3 Mpa. It was imperative that the system was completely void of air and that the pressure on the column did not exceed 0.3 Mpa. Degassed distilled water followed by ethanol was used to flush the system before and after use. The column was equilibrated with five column volumes of buffer A (table 5.5). Solubilised inner membrane protein, prepared as described in section 5.5.1, was injected onto the HisTrap FF column. The FPLC instrument software was programmed to perform a stepped elution procedure. FPLC elution steps consisted of 10 mM imidazole (0% buffer B), 40 mM imidazole (13.3% buffer B), 80 mM imidazole (26.6% buffer B), 120 mM imidazole (39.9% buffer B), 180 mM imidazole (60% buffer B) and 250 mM imidazole (83% buffer B) mixed with buffer A. 

Table 5.5: Wash and Elution Buffer for FPLC

	
	Buffer A
	Buffer B

	Tris-HCL pH8.0
	20 mM
	20 mM

	Imidazole pH8.0
	10 mM
	300mM

	NaCl
	150 mM
	150 mM

	Glycerol
	5%
	5%

	DDM
	0.05%
	0.05%


At each imidazole concentration, 10 ml of buffer was run through the HisTrap FF column and collected in 0.5 ml fractions. Buffer A was used for the wash stage where unbound protein was eluted. The FPLC instrument detects protein eluate by UV spectroscopy at 280nm. As the imidazole in the buffers is also detected by the instrument, the spectroscopy readings must be normalised against background fluorescence. The results of the FPLC elution procedure are illustrated in figure 5.17 with the normalised spectroscopy readings highlighted by the blue curve.


Figure 5.17: FPLC Stepped Elution of FoxB. Each 0.5 ml fraction is indicated by red lettering and numbering on the X-axis, flowthrough is symbolised by (X1, X2 and X3) on the X-axis, the percentage buffer B is indicated on the Y-axis, imidazole concentration for a range of fractions is indicated by the light green stepped line, total absorbance at 280nm is indicated by the dark green curve and absorbance minus background imidazole fluorescence at 280 nm is indicated by the blue curve. 
Analysis of the FPLC results indicates that the flowthrough contained a large quantity of protein representing the unbound protein fraction in the first ~15 ml of collection. This is represented by a large absorbance peak in the normalised readings (blue curve).  At a concentration of 40 mM imidazole, a large proportion of the bound protein was eluted over approximately 8 ml. Absorbance peaks were detected when the imidazole concentration was increased to 80 mM, 120 mM and 180 mM indicating further removal of bound protein. Fractions 1C8, 1E1, 1F12 and 1H7 corresponding to samples within the 40 mM, 80 mM, 120 mM and 180 mM  peak range respectively were analysed by SDS-PAGE to determine the elution profile of the FPLC run. The Sigma Wide Range protein marker (6.5 kDa to 200 kDa #S8445) was used. Results are illustrated in figure 5.18 and 5.19.
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Figure 5.18: Coomassie Stained SDS Gel of FPLC Fractions
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Figure 5.19: Silver Stained SDS Gel of FPLC Fractions
Analysis of the Coomassie stained SDS gel (figure 5.18) indicated that at concentrations of 120 mM and 180 mM imidazole the FoxB protein was eluted and free of contaminating proteins (indicated by the red arrows). Imidazole at a concentration of 40 mM appeared to be sufficient to remove the contaminating proteins that were bound to the column. Furthermore, analysis of the inner membrane, insoluble and soluble fractions (indicated by the red arrows) on the Coomassie stained SDS gel indicated that FoxB solubilisation may not have been 100% efficient. Some protein was present in the insoluble fraction suggesting that n-Dodecyl β-D-maltoside may not be the optimal detergent for solubilisation. Following analysis of the Coomassie stained gel, the SDS gel was treated with silver stain for a more sensitive detection of the lesser abundant proteins present on the gel. The ProteoSilver silver stain kit (Sigma-Aldrich #Protsil1-1kt) was used according to the manufacturer’s instructions and an image of the gel is shown in figure 5.19.  Analysis of the silver stained gel indicates that at a concentration of 80 mM imidazole further non-specific proteins were eluted from the column. Thus a wash buffer concentration of 80 mM was necessary to remove the contaminating proteins prior to elution of the recombinant FoxB. Analysis of the gel also revealed that the recombinant FoxB protein was being removed from the HisTrap FF column to a small extent at imidazole concentrations ranging from 40 to 80 mM. Thus, for the wash step during FoxB purification by IMAC, a 80 mM imidazole should be used but not for prolonged time period. 
5.6.4: Optimised IMAC of FoxB
Solubilised inner membrane protein (section 5.6.1) was bound to Ni-NTA resin to immobilise the histidine-tagged protein as described in section 2.14.8. The mixture was poured into a 10 ml column and allowed to settle. Both unbound and bound non-specific proteins were washed with 3 column volumes with a wash buffer (table 5.5) with an imidazole concentration of 80 mM. An elution buffer with identical components to that of the wash buffer differing only in the imidazole concentration (180 mM) was used to elute FoxB. The eluted protein was concentrated in a 20 ml Amicon (10 kDa cut off) by centrifugation at 4000 rpm at 4oC until a volume of ~500 µl was reached. This sample was analysed by SDS-PAGE and Western blotting analysis. The Sigma-Aldrich Wide Range protein marker (6.5 kDa to 200 kDa #S8445) was loaded on the SDS gel for Coomassie staining. A prestained protein marker with a size range from 6 to 175 kDa (New England Biolabs #P7708G) was used for the Western blot. The nitrocellulose membrane was used for direct detection of histidine-tagged protein by using an anti-histidine antibody and detected by chemiluminescence with the 3,3′,5,5′-Tetramethylbenzidine (TMB) liquid substrate (Sigma #T0565). The result of this purification is illustrated in figure 5.20.
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Figure 5.20: Coomassie Stained Gel and Western Blot of Purified FoxB. (A) Coomassie stained SDS gel with the Sigma-Aldrich wide range protein marker and purified FoxB, (B) Western blot with the NEB prestained ladder and histidine-tagged FoxB protein detected by chemiluminescence. 
Analysis of the SDS gel and Western blot in figure 5.20 indicated that purification of the FoxB protein had been successful. The protein was detected at an apparent molecular weight of approximately 37 kDa which correlates with that of the previous SDS gels. There was an absence of contaminating protein bands on both the Coomassie stained SDS gel and the Western blot indicating that the IMAC conditions were optimal to yield purified FoxB protein. 
5.7: Discussion
The ultimate goal in the study of bacterial transport systems is the understanding of the mechanisms of transport. The determination of protein structure greatly facilitates this understanding. There are currently greater than 45,000 structurally determined proteins in the protein data bank, yet less than 1% of these are membrane proteins. Membrane proteins are extremely hydrophobic and differ in nature to soluble proteins. Their low abundance in membranes and their hydrophobic nature makes the structural determination of membrane proteins particularly challenging. The methodologies used in the study of membrane proteins differ from those of soluble proteins in that the proteins can only be manipulated in the presence of detergent. The cloning, expression and purification methodologies used in this study were taken from Ward et al. (2000) with slight modifications.
The inner membrane proteins FoxB of P. aeruginosa PAO1 and the inner membrane RhtX and HmuU proteins of S. meliloti 2011 were selected for protein expression and purification studies. The ultimate aim of this analysis was to provide information on the mechanism of transport of these proteins by determination of their crystal structure. Small scale expression and mixed membrane purification trials were sufficient to identify a candidate protein for large scale inner membrane isolation and protein purification. The FoxB protein proved to be the most optimally expressed protein at the conditions tested in this study. Large scale expression and purification provided protein at sufficient quantities for downstream biochemical and structural analysis. The RhtX protein of S. meliloti 2011 also expressed at the conditions tested in this study. However, expression of RhtX was less than that of FoxB as determined by densitometry, SDS-PAGE and Western blotting analysis (section 5.4). The gene coding for the S. meliloti 2011 inner membrane protein HmuU was cloned but was not successfully expressed at the conditions tested in this study.
The plasmid pTTQ18 was selected to express the membrane proteins in an E. coli host strain. The pTTQ18 plasmid provided a number of features applicable to the expression of membrane proteins. The ptac promoter and lacIq gene encoded on the plasmid provided tight control of expression by enabling the correct stoichiometry to exist between the promoter and LacI following induction of the lacIq gene by IPTG induction. Reduction in the growth rate following IPTG induction is often observed during the expression of RhtX and to a lesser extent HmuU (figure 5.8) The foxB and rhtX genes were cloned into pTTQ18 to allow in-frame fusion with the vector borne hexahistidine tag (section 5.3). The hmuU gene required cloning into pTTQ18 and incorporation of a Streptavidin ІІ tag sequence in the reverse primer (figure 5.4). 
The analysis of RhtX and FoxB expression in E. coli BL21(DE3) (figures 5.8, 5.9 and 5.11) clearly shows production of recombinant protein. Induction with 0.5 mM IPTG at OD680nm between 0.4 and 0.6 with incubation at 37oC for a further 3 hours yielded protein levels of 2.67% and 4.06% of mixed membrane protein respectively. In addition, Western blotting and detection with anti-histidine antibodies resulted in the detection of single proteins bands. Considering that membrane proteins typically constitute less than 0.1% of total cell protein, the yields obtained in this study represents a significant increase in membrane protein expression. Interestingly, the expression of FoxB was unsuccessful in E. coli KRX. The KRX strain is a K12 derivative with attributes that enable cloning and expression in the same strain. The absence of detectable levels of FoxB in this strain was surprising and suggested that strain variation is an important consideration during membrane protein expression studies.  Optimisation trials on the KRX strain may prove successful in protein expression. 
The expression of the HmuU protein requires further optimisation to produce detectable levels of the protein. HmuU is distinguishable from FoxB and RhtX in that it possesses a topology profile where the C-terminus resides in the periplasmic space rather than the cytoplasm (section 5.2.3). This property of HmuU necessitated the use of a Streptavidin ІІ tag fusion for purification by affinity chromatography. These distinguishing features may have influenced the expression profile of HmuU which proved to be incapable of expressing to detectable levels at the conditions tested. Optimisation trials using various media types such as LB, 2TY and M9 could enhance protein expression. The levels of IPTG induction could be varied at concentrations ranging from 0.1 to 1 mM. The time of protein harvesting can also affect protein yields. It is possible that HmuU requires longer that the 3 hour post induction incubation period to express the protein to detectable levels. The effect of incubation temperature could also be investigated. Typically temperature trials consist of strains being grown at 37oC, 30oC and 37oC with a drop to 30oC post IPTG induction. 
Membrane proteins typically migrate at 65 -75% of their true molecular weight (Saidijam et al., 2003). The number of transmembrane helices and thus the hydrophobicity of membrane proteins is thought to influence protein migration through SDS gels. The retention of secondary structure is also thought to cause an acceleration effect as proteins pass through the SDS gels. The observed molecular weight of the FoxB and RhtX proteins detected by SDS-PAGE analysis (section 5.4) resulted in the determination of an apparent molecular weight ~80-85% that of the proteins predicted size (tables 5.2 and 5.3).
The hexahistidine tag fused to FoxB functioned as an aid to purification by metal ion affinity chromatography. The standard IMAC purification procedure for membrane proteins was initially used to purify FoxB from solubilised inner membrane protein fractions (section 5.6.2). SDS-PAGE analysis of the samples collected during the standard IMAC purification (figure 5.15) displayed an anomalous elution profile. The presence of high molecular weight and some lower molecular weight contaminating protein bands in the eluate indicated that the stringency of the wash steps was not optimal. A protein band in the corresponding size range of FoxB was present and Western blotting (figure 5.16) detected histidine tagged protein at this size range. 
FPLC analysis determined the optimal conditions for the purification of FoxB. The Amersham Biosciences ÄKTA Purifier 100 FPLC instrument systematically increased the imidazole concentration in the buffer running through the Ni-NTA resin loaded with solubilised inner membrane protein. Fractions of 0.5 ml were analysed by UV spectroscopy and an elution profile determined (figure 5.17). The effect of increasing imidazole concentration could be correlated with the elution of protein from the Ni-NTA resin. Unbound protein and non-specifically bound protein were removed by washing with buffers supplemented with imidazole at concentrations up to 80 mM. This was evident as peaks on the UV spectroscopy absorbance readings during the FPLC analysis. SDS-PAGE analysis was performed on the protein fractions corresponding to this range (section 5.6.3). Silver staining of the SDS gel (figure 5.19) highlighted the lesser abundant proteins that were eluted by a buffer with a concentration of 80 mM imidazole. These protein bands had not been detected by the Coomassie staining (figure 5.18). Slow leaching of the FoxB protein from the resin was observed at concentrations within the wash buffer range. This indicated that a wash buffer and wash volume was required which minimised the time of exposure to imidazole at these concentrations but fully removed contaminating proteins. A concentration of 120 mM imidazole was demonstrated to be the optimal condition for elution of FoxB (figures 5.18 and 5.19) and yielded pure protein free of contaminants. IMAC purification using the conditions determined by FPLC analysis produced FoxB protein free of contaminants. Western blotting with anti-histidine antibodies detected FoxB at a size corresponding to that of the SDS Coomassie gel (figure 5.20). The expression and purification procedure for FoxB was optimal for production of protein at sufficient quantities for downstream biochemical and structural analysis. 
The analysis of FoxB expression and purification in this study provides valuable information for the further analysis of RhtX and HmuU. Optimised expression trials on HmuU may determine suitable expression conditions which would lead to high yields of protein from large scale analysis. Ni-NTA purification of the RhtX and HmuU membrane proteins is likely to require optimisation. The FPLC analysis of FoxB provides a sound method for this analysis. 
Many techniques for biochemical analysis of purified membrane proteins can be employed using quantities of protein which have been generated during this study. Techniques such as circular dichroism (CD) spectroscopy and fourier transform infrared spectroscopy (FTIR) can be employed for the determination of protein secondary structure. Electrospray mass spectroscopy can be used for determination of molecular weight and detection of protein-protein interactions. CD spectroscopy analysis of the purified FoxB protein sample would allow confirmation of the retention of protein secondary structure after IMAC purification. Analysis such as this is important since any functional protein assays require conformationally stable protein. FTIR analysis would complement CD spectroscopy by determining the basic structure of FoxB. This is achieved by the measurement of the specific locations of infrared absorptions in the protein which correlates with the specific location of chemical bonds in the protein. Mass spectrometry (MS) would allow confirmation of the molecular weight of the purified FoxB protein, an important result given that membrane proteins migrate anomalously during SDS-PAGE analysis. In addition, MS can be used to determine protein-substrate interactions such as those between transporter and siderophore substrate. Ultimately, techniques such as those outlined are important for confirmation of the purity and identity of the eluted protein prior to structurally analysis. In many cases, contaminating proteins, such as AcrB of E. coli, have been eluted and crystal structural trials completed before the problem was highlighted (Personal discussion with Prof. P.J.F. Henderson, University of Leeds). 
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