
Chapter Four

Haem Mediated Iron Acquisition by 

Sinorhizobium meliloti 2011
4.1: Introduction
The soil is a competitive environment for microorganisms. Iron deplete conditions in the soil caused by the insolubility of ferric iron is a limiting factor for growth. Thus, free-living rhizobia must compete with other microorganisms for iron nutrition. The production, secretion and utilisation of Fe3+-siderophores (section 1.4 and Chapter 3) contributes to a microorganism’s competitive advantage in the soil. Rhizobactin 1021 is a citrate based hydroxamate siderophore produced by Sinorhizobium meliloti 2011 which, in addition to other xenosiderophores (Chapter 3), mediates iron acquisition by this organism. 

Like many pathogens, rhizobia are capable of utilising host iron carriers such as haem, haemoglobin and leghaemoglobin as iron sources (Nienaber et al., 2001; Wexler et al., 2001). The uptake systems for these compounds by free-living rhizobia have been shown to consist of TonB-dependent outer membrane haem specific receptors and inner membrane haem ABC transporters. In S. meliloti 242 an outer membrane receptor, ShmR, specific for haem uptake has been identified (Battistoni et al., 2002). A ShmR homologue and an inner membrane ABC transport system specific for haem, designated hmuTUV, had been identified previously (Chapter 3 and Ó Cuív, PhD Thesis 2003) in the strain S. meliloti 2011. The effects of mutations in these genes in planta have been analysed and were found not to have any significant effect on nodulation or symbiotic nitrogen fixation. 
Homologous haem ABC transport systems are present in many bacteria; however numerous mutagenesis studies suggested the presence of a secondary haem uptake system(s).  In Escherichia coli the dppABCDF locus has been shown to be involved in inner membrane haem transport. This chapter describes the further characterisation of the hmuTUV locus and the analysis of other putative haem acquisition systems in S. meliloti 2011. 
4.2: Analysis of the hmuTUV Locus
As described previously (section 3.15), the hmuTUV locus was identified as an inner membrane haem specific ABC transport system in S. meliloti 2011. Initially a mutation in hmuT was created in a S. meliloti 2011 background and the phenotype observed indicated that heam uptake was occurring at wild type levels (Ó Cuív, PhD Thesis 2003). Mutations in each of the genes hmuTUV were subsequently created in an rhtX negative background and displayed a reduced level of haem uptake compared to wild type (Unpublished observations). The improved clarity in the iron nutrition bioassay when using the rhtX mutant, which eliminated any growth due to rhizobactin 1021 utilisation, enabled the decrease in haem utilisation to be observed. It has been postulated that the reduced haem uptake phenotype indicates the presence of at least one additional haem uptake system in S. meliloti 2011. 
4.2.1: In Silico Analysis of hmuTUV 
The rapid advances in genomic sequencing have lead to a myriad of microbial genomes becoming available for bioinformatic analysis. The hmuTUV genes were selected for BLASTP analysis and their most significant homologues were analysed. Particular attention was focused on HmuU considering the novelty of the dual transport capacity (hydroxamate siderophores and haem) of this protein.
hmuT
hmuT is located on the chromosome of S. meliloti 2011 and by mutation and complementation analysis has been shown to be a periplasmic binding protein involved in haem transport. The protein (including the signal sequence) was compared with the protein database (NCBI). The most significant matches to HmuT are displayed below in table 4.2. 
hmuU
hmuU is located downstream of hmuT and adjacent to hmuV on the chromosome of S. meliloti 2011. By mutation and complementation analysis the protein has been shown to be the permease component of an ABC haem specific transport system. In a similar manner to HmuT, the HmuU protein was compared against the database and the the most significant homologues are displayed in table 4.2. A BLASTP analysis of HmuU was performed to analyse homologues from more distantly related species. A global sequence alignment of HmuU against these homologues, generated by use of the MultAlin and Genedoc programs, is illustrated in figure 4.1 and table 4.1. Putative transmembrane domains of HmuU of S. meliloti were predicted using the TMHMM program (section 5.2.3) and are highlighted with red lines on figure 4.1. Analysis of the global alignment suggests that the majority of conserved regions on HmuU are located within the transmembrane domains and in loops 3, 6 and 8. 
Table 4.1: Proteins Displaying Significant Homology to HmuU
	Protein/Locus Tag
	Homology
	Molecular Mass (kDa)*
	Identity %

(Similarity)**
	Accession

	SMc01511
	Sinorhizobium medicae WSM419
	32.29
	94 (97)
	YP_001328007

	HmuU
	Rhizobium leguminosarum bv. viciae 3841
	32.05
	69 (82)
	YP_769277

	mll1150
	Mesorhizobium loti MAFF303099
	32.13
	64 (81)
	NP_102803

	SIAM614_22312
	Stappia aggregata IAM 12614
	36.22
	61 (75)
	ZP_01549120

	HPDFL43_07909
	Hoeflea phototrophica DFL-43
	33.21
	58 (74)
	ZP_02167253

	HutC
	Bartonella quintana str. Toulouse
	34.02
	54 (69)
	YP_032093

	Oant_3619
	Ochrobactrum anthropi ATCC 49188
	32.25
	63 (76)
	YP_001372154

	PdenDRAFT_4932
	Paracoccus denitrificans PD1222
	33.08
	57 (73)
	ZP_00628788

	HmuU
	Agrobacterium tumefaciens str. C58
	32.93
	50 (67)
	NP_355411

	HmuU
	Bradyrhizobium japonicum USDA 110
	33.17
	51 (65)
	NP_773718

	Magn03004387
	Magnetospirillum magnetotacticum MS-1
	32.40
	53 (68)
	ZP_00050529

	PSEEN4721
	Pseudomonas entomophila L48
	32.87
	46 (60)
	YP_610165

	HutC
	Vibrio cholerae
	37.68
	42 (59)
	AAB94548

	HmuU
	Yersinia pestis KIM
	32.50
	39 (62)
	NP_667877


* Molecular mass of the processed protein was calculated. ** Homology was determined using the GeneDoc program.
hmuV
hmuV is located within the hmuTUV operon on the chromosome of S. meliloti 2011 and by mutation and complementation analysis has been shown to be an ATPase protein involved in haem transport. In a similar manner to HmuT and HmuU, the HmuV protein was compared against the database and the results are displayed in table 4.2.
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Figure 4.1: Global Multiple Sequence Alignment of S. meliloti 2011 HmuU. Red lines indicate putative transmembrane domains (TMD) of HmuU. Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
Table 4.2: In Silico Analysis of the hmuTUV Locus of S. meliloti 
	Protein
	Accession Number
	Molecular Mass (kDa)
	Predicted Cellular Location
	Sequence Identity
	Predicted Function

	HmuT
	NP_386535


	28.34
	Periplasm 
	91% (95%) identity to SmedDRAFT_3442 from Sinorhizobium medicae WSM419

60% (77%) identity to HmuT from Rhizobium etli CFN42

52% (68%) identity to Meso_1442 from Mesorhizobium sp. BNC1
47% (63%) identity to HmuT from Roseobacter denitrificans OCh 114
	Periplasmic haem binding protein

	HmuU
	NP_386536


	36.42
	Inner membrane
	94% (97%) identity to SmedDRAFT_3443 from Sinorhizobium medicae WSM419

69% (82%) identity to HmuU from Rhizobium leguminosarum
61% (75%) identity to SIAM614_22312 from Stappia aggregata IAM 12614
64% (81%) identity to Mll1150 from Mesorhizobium loti MAFF303099
	Haem PBT permease

	HmuV
	NP_386537

 
	25.29
	Inner membrane
	88% (91%) identity to SmedDRAFT_3610 from Sinorhizobium medicae WSM419

59% (79%) identity to Mll1149 from Mesorhizobium loti MAFF303099

60% (75%) identity to HmuV from Rhizobium etli CFN42
58% (72%) identity to HmuV from Rhizobium leguminosarum bv. viciae 3841
	Haem PBT ATPase


The % sequence identities and similarities were calculated using the BLASTP program at NCBI and the GeneDoc program. The % similarities are shown in brackets. The predicted molecular mass of HmuT is that of the processed protein. 

4.2.2: Semi-Quantitative Analysis of Haem Uptake in hmuTUV mutants

To further investigate the reduced haem uptake phenotype of the hmuTUV mutants, semi-quantitative bioassays were set up and the resultant halo diameters were measured. These iron nutrition bioassays were set up as described previously (section 3.2) and halo diameter measurements were taken in a statistically accurate manner. Haemin (20 mM prepared in 0.1M sodium hydroxide) was added to the wells as a test solution. Sodium hydroxide and iron-free dH2O were used as negative controls. The results (figure 4.2) are the mean of three independent experiments, with each experimental result based on the analysis of a minimum of three plates. Standard deviations were determined for each experiment and illustrated in figure 4.2.

Analysis of the results indicate that bioassays supplemented with 20 mM haemin, 200 μM 2,2′dipyridyl and seeded with S. meliloti 2011rhtX-3 produce halos with an approximate diameter of 33 mm. When the genes hmuTUV are mutated individually the ability to utilise haemin is reduced by approximately 15 mm, representing an approximate 50% reduction in haem utilisation. When the plasmids pPOC16, pPOC15 and pPOC14 carrying hmuTUV, hmuUV and hmuV respectively are expressed in trans to complement the corresponding mutants, the ability to utilise haemin is restored to S. meliloti 2011rhtX-3 levels. This indicates that hmuTUV are involved in haemin transport but that there is an additional haem utilisation system(s) encoded on the genome.
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Figure 4.2: Utilisation of Haemin by S. meliloti 2011rhtX3 and hmuTUV Mutants. Black bar indicates S. meliloti 2011rhtX-3 ulitisation, dark grey indicates utilisation by the hmuTUV mutants and light grey indicates utilisation by the complemented hmuTUV mutants. 
4.2.3: Haem Utilisation by hmuTUV Expressed in a Heterologous Host

Letoffe et al. (2006) demonstrated that utilisation of haem compounds in E. coli was facilitated by the inner membrane permease complex DppBCDF in conjunction with the dipeptide periplasmic binding protein DppA or the L-alanyl-(-D-glutamyl-meso-diaminopimelate periplasmic binding protein MppA (section 1.5.4). The hmuTUV genes of S. meliloti 2011 had previously been cloned into the broad host range vector pBBR1MCS-5 (Ó Cuív, PhD Thesis 2003), placing the genes under the control of the vector borne lac promoter. Thus, expression of the S. meliloti hmuTUV genes in E. coli was possible. The plasmid pPOC16 harbouring hmuTUV was transformed into E. coli FB827dppF::Km expressing the hasR gene (pAM238hasR), which coded for the outer membrane haem specific receptor HasR of S. marcescens. The plasmids pPOC12 (hmuT), pPOC13 (hmuU), pPOC14 (hmuV), or pPOC15 (hmuUV) were also introduced to this strain singly in conjunction with pAM238hasR. The parental strain FB827 expressing pAM238hasR was used as a positive indicator strain for haemin utilisation.
Iron nutrition minimal media bioassays were used to analyse the utilisation of haemin by the transconjugants. A 1/50 dilution of E. coli overnight cultures, which had been grown in LB broth and the appropriate antibiotics, was used to inoculate 5 ml aliquots of M63 minimal media (section 2.2). These M63 cultures were then incubated at 37oC overnight and used to seed the M63 bioassays. To prepare the bioassays, M63 agar (25 ml) supplemented with 100 μM of the iron chelator 2,2′-dipyridyl, the appropriate antibiotics and 1 mM IPTG was solidified in a Petri dish. On top of this, semi-solid 0.7% M63 agar (15 ml) containing the same constituents as above, was seeded with 100 µl of culture normalised to an OD600nm of 1.0, and allowed to solidify. Wells were punctured to which control and test solutions were added. Ferrichrome was used as a positive control since ferric choride was found to diffuse throughout the media thereby raising the iron concentration of the media. A 50 µl aliquot of a stock solution of haemin which was prepared at a concentration of 20 mM in 0.1 M sodium hydroxide was added to the wells. The bioassays were incubated for 12-24 hours at 37oC. Antibiotics were used at the following concentrations for M63 minimal media bioassays: spectinomycin 50 µl/ml, amplicillin 50 µl/ml, kanamycin 25 µl/ml, gentamicin 15 µl/ml and tetracycline 10 µl/ml. The results of the bioassays experiments are shown in table 4.3 and illustrated in figure 4.3.
Table 4.3: Haemin and Haemoglobin Utilisation by E. coli FB827dppF::Km
	E. coli
	Plasmid
	in trans
	Hm
	Hb

	FB827
	pAM238hasR
	hasR
	+
	+

	FB827dppF::Km
	pAM238hasR
	hasR
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC12
	hasR hmuT
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC13
	hasR hmuU
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC14
	hasR hmuV
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC15
	hasR hmuUV
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC16
	hasR hmuTUV
	+
	+
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Figure 4.3: Analysis of Haemin and Haemoglobin Utilisation by E. coli FB827dppF::Km Expressing S. meliloti 2011 hmuTUV Genes with S. marcescens hasR. E. coli FB827dppF::Km expressing pAM238hasR and pPOC16 seeded M63 bioassay with positive control ferrichrome in top well, haemin in lower left well and haemoglobin in lower right well. Growth halos are visable as white zones/rings surrounding the wells and test solutions. 
Analysis of the results indicated that the antibiotic resistance cassette insertion in dppF abolished the ability of E. coli to utilse haemin. When pPOC12, pPOC13, pPOC14, or pPOC15 were introduced singly in conjunction with pAM238hasR the ability to utilise haemin was not restored. However, when pPOC16 encoding hmuTUV was introduced in conjunction with pAM238hasR the ability to utilise haemin was restored. Thus, HmuT in conjunction with HmuUV function as an ABC transport system. In addition to their ability to facilitate hydroxamate siderophore transport, hmuTUV are involved in the utilisation of haem compounds.
4.3: In Silico Analysis of Dipeptide Transporters in S. meliloti
The E. coli K12 dipeptide transport system DppABCDF has been identified and characterised as a haem uptake system for this organism (Letoffe et al., 2006). In E. coli the dipeptide inner membrane transport system consists of the ATP dependent transport system DppBCDF and two competitively binding periplasmic binding proteins MppA and DppA that bind dipeptides competitively. The Dpp haem uptake system of E. coli is distinct from the haem uptake systems identified in  many species thus far, such as the Yersinia enterocolitica HemTUV system (Stojiljkovic and Hantke, 1992) where the genes involved are arranged in operons repressed by global iron regulatory proteins such as Fur. 
The genome of S. meliloti was analysed to identify orthologues of the E. coli Dpp transporters in an effort to locate the secondary haem uptake system. The most significant matches were identified and further analysed using the MultAlin and Gendoc programs, with the results shown in table 4.4 and figure 4.4.
Table 4.4: S. meliloti Proteins Displaying Significant Homology to DppB of E. coli K12

	Protein
	Genome Location
	Molecular Mass (kDa)*
	Identity % (Similarity)**

	DppB1
	Chromosome
	33.74
	60 (82)

	DppB2
	Chromosome
	35.63
	39 (58)

	Smb20477
	pSymb
	30.97
	38 (58)

	Sma0105
	pSyma
	30.09
	34 (59)

	Smc03127
	Chromosome
	29.52
	36 (57)

	Smb21038
	pSymb
	31.97
	36 (56)

	Smb20143
	pSymb
	29.23
	35 (54)

	Sma1437
	pSyma
	29.25
	34 (55)

	Smb20109
	pSymb
	29.76
	33 (53)

	Smc04034
	Chromosome
	30.34
	29 (52)

	Smc04294
	Chromosome
	30.26
	32 (56)

	Smb21197 (OppB)
	pSymb
	29.89
	32 (52)


*Molecular mass of the processed protein was calculated **Identities (%) were calculated using the Genedoc program. Similarities are indicated in brackets.
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Figure 4.4: Multiple Sequence Alignment of E. coli K12 DppB with homologues encoded on the genome of S. meliloti. Black indicates 100% conservation, dark grey indicates 83% conservation and light grey indicates 66% conservation.
Analysis of the results indicated that S. meliloti encodes a large number of putative dipeptide transport systems which all displayed strong homology to the Dpp system of E. coli K12. The homologue DppB1 (Smc00787) however displayed the most significant homology, 82% similarity, to E. coli K12 DppB and the locus in which it was encoded was selected for further analysis (table 4.5). Another putative dipeptide permease annotated as DppB2 (Smc01526) displayed significant homology (58% similarity) to E. coli DppB. The gene encoding DppB2 was identified proximal to the hmu locus in S. meliloti. Both DppB1 and DppB2 of S. meliloti were selected for mutational analysis in an effort to identify the additional haem uptake system.
Table 4.5: In Silico Analysis of the DppA1B1C1D1F1 Locus of S. meliloti 2011
	Protein
	Accession Number
	Molecular Mass (kDa)
	Predicted Cellular Location
	Sequence Identity
	Predicted Function

	DppA1
	NP_384837
	56.71
	Periplasmic space
	97% (99%) identity to SmedDRAFT_4219 from Sinorhizobium medicae WSM419

80% (88%) identity to Meso_0067 from Mesorhizobium sp. BNC1

76% (85%) identity to SI859A1_02474 from Aurantimonas sp. SI85-9A1

53% (71%) identity to DppA from Escherichia coli K12
	Periplasmic binding protein – Dipeptide Transport

	DppB1
	NP_384838
	33.74
	Inner membrane
	94% (99%) identity to SmedDRAFT_4220 from Sinorhizobium medicae WSM419

79% (93%) identity to Meso_0066 from Mesorhizobium sp. BNC1

80% (91%) identity to RL0779 from Rhizobium leguminosarum bv. viciae 3841

60% (82%) identity to DppB from Escherichia coli K12
	Dipeptide transporter - PBT permease

	DppC1
	NP_384839
	30.60
	Inner membrane
	97% (98%) identity to SmedDRAFT_4221 from Sinorhizobium medicae WSM419

76% (89%) identity to PdenDRAFT_3586 from Paracoccus denitrificans PD1222

74% (87%) identity to SIAM614_23422 from Stappia aggregata IAM 12614

62% (78%) identity to DppC from Escherichia coli K12
	Dipeptide transporter - PBT permease

	DppD1
	NP_384840
	31.16
	Inner membrane
	97% (99%) identity to SmedDRAFT_4222 from Sinorhizobium medicae WSM419

82% (90%) identity to Mlr5419 from Mesorhizobium loti MAFF303099

75% (85%) identity to Meso_0064 from Mesorhizobium sp. BNC1

46% (63%) identity to DppD from Escherichia coli K12
	Dipeptide transporter - PBT ATPase

	DppF1
	NP_384841
	30.55
	Unknown
	97% (99%) identity to SmedDRAFT_4223 from Sinorhizobium medicae WSM419

84% (91%) identity to Mlr5420 from Mesorhizobium loti MAFF303099

75% (86%) identity to BMEI0438 from Brucella melitensis 16M

45% (61%) identity to DppF from Escherichia coli K12
	Dipeptide transporter - PBT ATPase


The % sequence identities and similarities were calculated using the BLASTP program at NCBI and the GeneDoc program. The % similarities are shown in brackets. Molecular mass of the processed proteins were calculated.

4.4: Antibiotic Resistant Cassette Mutagenesis of dppB1 and dppB2
The dppB1 and dppB2 genes were selected for mutagenesis based on the results obtained from the in silico analysis. This was achieved by insertional inactivation of the genes using antibiotic resistance cassettes designed to exert a polar effect on the downstream genes in the operon. The mutants were constructed in a 2011rhtX-3hmuT::Km background in order to facilitate observation of a further reduced/abolished haemin utilisation halo. Since rhtX had been mutated by insertional inactivation with an Ω-chloramphenicol resistance cassette and hmuT with a kanamycin resistant cassette, an Ω-teteracycline resistance cassette was selected for insertion individually into both dppB1 and dppB2.
4.4.1: Mutagenesis of dppB1
Analysis of the region encoding dppB1 indicated that a SalІ site located within the gene sequence was suitable for the insertion of an antibiotic resistance cassette. Primers were designed to amplify a 2 kb region of the S. meliloti 2011 chromosome carrying dppB1 with 1 kb of sequence on either side of the unique SalІ site (figure 4.5). The forward primer, dppB1F, was designed to introduce a BamHІ site to the PCR product while the reverse primer, dppB1R, would introduce an XhoІ site. 
Figure 4.5: PCR Primers for the Amplification of a Region Encoding dppB1
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dppB1F:     5′ ccgcgcccgcgcggatccAGGCGAAGGACCGCGACGG 3′

dppB1R:    5′ cgcccgcgcccgctcgagGAACGAAATGCGGCTGGAAAACC 3′
Total genomic DNA was prepared from S. meliloti 2011 and used in a RedTaq PCR reaction (table 4.6). The PCR product of this reaction was then ligated into the pCR2.1 vector. The ligation mixture was transformed and screened for an insert of the correct size. A clone was confirmed to have the correct dppB1 insert and named pCR2.0-dppB1-B/X. 
Table 4.6: PCR Conditions for the Amplification of the Region Encoding dppB1
	PCR Conditions

	Annealing Temp
	70 oC

	Annealing Time
	1 min

	Extension Time
	2 min


Plasmid DNA was isolated from pCR2.0-dppB1-B/X and digested with BamHІ and XhoІ to isolate the 2 kb insert. The suicide vector pJQ200sk was used to introduce the mutated fragment into the genome of S. meliloti 2011. This vector was also digested with BamHІ and XhoІ and the 2 kb fragment ligated into the multiple cloning site of pJQ200sk. The ligation mixture was then transformed by electroporation and clones were screened for the correct insert. A clone was isolated and confirmed to have the correct dppB1 insert by diagnostic restriction digests and was named pDK2.0-dppB1-B/X.

The pHP45ΩTc vector (table 2.3) was used as a template in a restriction reaction with SmaІ to isolate a blunt-ended Ω-tetracycline resistance cassette. The unique Sal1 site within the dppB1 gene was then cut to linearise the pDK2.0-dppB1-B/X vector. The 5′-overhangs created by SalІ restriction were blunted by the action of T4 DNA polymerase (section 2.16.8). The Ω-tetracycline resistance cassette was then ligated into the vector at this unique site. The ligation mixture was placed in the fridge at 4oC overnight to allow the reaction to occur with efficiency. The ligation mixture was transformed by electroporation and clones that contained the dppB1::Ω-tetracycline insert were selected on medium containing 20 μg/ml gentamicin and 10 μg/ml tetracycline. A clone identified and confirmed by restriction analysis was named pDK2.0-dppB1Tc-B/X.

The construct, pDK2.0-dppB1Tc-B/X, was delivered to S. meliloti 2011rhtX3hmuT::km by triparental mating as described in section 3.4. A potential mutant was identified, named 2011rhtX-3hmuTdppB1::Tc and analysed further. 
To confirm the mutation in 2011rhtX-3hmuTdppB1::Tc, genomic DNA was prepared from the mutant and from S. meliloti 2011 and used as templates in a set of PCR reactions. Phusion taq polymerase, Phusion HF Buffer, an annealing time of 10 seconds, annealing temperature of 60oC and an extension time of 2 minutes 15 seconds were the reaction conditions. The primers dppB1F and dppB1R which were originally used to amplify the region for creation of the mutant construct plasmid were now used to prime amplification of the products in these reactions.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. The PCR amplicons were run on a 0.7% agarose gel and the results (shown in figure 4.6) indicate that the dppB1 gene on the chromosome of 2011rhtX-3hmuTdppB1::Tc has an insert corresponding to the Ω-tetracycline resistance cassette. Thus, the mutation of dppB1 was successful. 
Figure 4.6: Analysis of the dppB1 Mutant by PCR
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4.4.2: Mutagenesis of dppB2
In a similar manner to the mutagenesis of dppB1, a unique restriction site within the dppB2 gene, NcoІ, was selected for insertion of an antibiotic resistance cassette. A 2 kb region carrying dppB2 was amplified using the primers dppB2F and dppB2R (figure 4.7) in a PCR reaction with total genomic DNA prepared from S. meliloti 2011 as template. The forward primer dppB2F incorporated a BamHІ site into the PCR product while the reverse primer dppB2R incorporated an XhoІ site. The PCR product amplified by RedTaq polymerase (table 4.7) was ligated into the pCR2.1 vector. A clone was identified carrying dppB2 and named pCR2.0-dppB2-B/X.
Figure 4.7: PCR Primers for the Amplification of a Region Encoding dppB2

dppB2F:
5′ ccgcgcccgcgcggatccATGGCGCAACGCCTGGGACG 3′

dppB2R:
5′ cgcccgcgcccgctcgagCGACATGCACATGGGCATGACATG 3′
Table 4.7: PCR Conditions for the Amplification of the Region Encoding dppB2
	PCR Conditions

	Annealing Temp
	65 oC

	Annealing Time
	1 min

	Extension Time
	2 min


The multiple cloning site of the suicide vector pJQ200sk was digested in a reaction using the endonucleases BamHІ and XhoІ. The region carrying dppB2 was isolated from pCR2.0-dppB2-B/X by restriction with BamHІ and XhoІ. A ligation mixture containing the restricted pJQ200sk vector and the dppB2 restricted fragment was transformed by electroporation and clones were screened for the correct insert. A clone was isolated and confirmed to have the correct dppB2 insert and was named pDK2.0- dppB2-B/X.
A blunt-ended Ω-tetracycline resistance cassette was isolated from pHP45ΩTc by restriction with SmaІ. The unique NcoІ site within the dppB2 gene was then restricted and the 5′-overhangs were blunted in a T4 DNA polymerase reaction (section 2.16.8). The Ω-tetracycline resistance cassette was then ligated into pJQ200sk at this unique site. The ligation mixture was placed in the fridge at 4oC overnight to enable the reaction to occur efficiently. The ligation mixture was transformed by electroporation and clones that contained the dppB2 insert were selected on medium containing 20 μg/ml gentamicin and 10 μg/ml tetracycline. A clone was identified, confirmed by restriction analysis and the plasmid was named pDK2.0-dppB2Tc-B/X. The construct, pDK2.0-dppB2Tc-B/X, was delivered to S. meliloti 2011rhtX-3hmuT::km by triparental mating as described in section 3.4. A potential mutant was identified, named 2011rhtX-3hmuTdppB2::Tc and analysed further.
Confirmation of the mutation in 2011rhtX-3hmuTdppB2::Tc was achieved by PCR analysis of the dppB2 region. Genomic DNA was prepared from the mutant and from S. meliloti 2011 and used as templates in a set of PCR reactions. Phusion taq polymerase, Phusion HF Buffer, an annealing time of 10 seconds, annealing temperature of 60oC and an extension time of 2 minutes 15 seconds were the reaction conditions. The primers dppB2F and dppB2R were used to prime amplification of the products in these reactions.  A ‘no-template’ control was set up to ensure that any product produced was not a result of DNA contamination. The products of the PCR reactions were run on a 0.7% agarose gel and the results (shown in figure 4.8) indicate that the dppB2 gene on the chromosome of 2011rhtX-3hmuTdppB2::Tc has an corresponding to the Ω-tetracycline resistance cassette. There are however non-specific products in the reaction of 2011rhtX-3hmuTdppB2::Tc but the band corresponding to the dppB2 2 kb region of 2011 is absent. Thus, the mutation of dppB2 was successful. 

Figure 4.8: Analysis of the dppB2 Mutant by PCR

[image: image5.png]



4.4: Haem Utilisation by dppB1 and dppB2 Mutants
Iron nutrition bioassays were used to determine the role of dppB1 and dppB2 in haemin and haemoglobin utilisation. TY agar containing 200 μM of the iron chelator 2,2′-dipyridyl was seeded separately with 2011rhtX-3hmuTdppB1::Tc, 2011rhtX-3hmuTdppB2::Tc, 2011rhtX-3hmuT::Km and 2011rhtX-3. Cultures were normalised to an OD600nm of 1.0 to enable comparison of halo size. The bioassay plates were incubated at 30oC overnight and the results analysed, indicated in table 4.8.

Table 4.8: Analysis of Haemin and Haemoglobin Utilisation in 2011rhtX-3hmuTdppB1::Tc and 2011rhtX-3hmuTdppB2::Tc
	S. meliloti
	Hm
	Hb

	2011rhtX-3
	++++
	++++

	2011rhtX-3hmuT::Km
	++
	++

	2011rhtX-3hmuTdppB1::Tc
	++
	++

	2011rhtX-3hmuTdppB2::Tc
	++
	++


Analysis of the results confirmed that 2011rhtX-3 was capable of utilising both haemin and haemoglobin.  The mutation in hmuT of 2011rhtX-3hmuT::Km resulted in an approximate 50% reduction in haemin and haemoglobin utilisation. This is in agreement with the results obtained from the semi-quantitative utilisation analysis (section 4.2.2). The mutations made in dppB1 and dppB2 that had been introduced separately to the hmuTUV defective strain 2011rhtX-3hmuT::Km did not result in any apparent additional reduction in haem utilisation. Interpretation of these results would suggest that dppB1 and dppB2 are not involved in the utilisation of haem compounds by S. meliloti 2011. However, an alternative interpretation would postulate that these genes possibly possess a haem utilisation function but their functions are redundant between them or that the iron nutrition bioassay does not possess the necessary sensitivity to visualize slight reductions in haem utilisation. 
4.5: Expression of dppA1B1C1D1F1 and dppA2B2C2D2F2 in a Heterologous Host
The haem utilisation functions of the S. meliloti dpp1 and dpp2 loci were examined by cloning and expression in E. coli FB827dppF::Km in a similar manner to that of the hmuTUV genes, section 4.2.3. The broad host range vector pBBR1MCS-5 was selected since its origin of replication is compatible with that of the pAM237hasR plasmid. M63 minimal medium was used and bioassays set up as in section 4.2.3 and Letoffe et al., (2008). 
4.5.1: Cloning of dppA1B1C1D1F1 and dppA2B2C2D2F2
The dppA1B1C1D1F1 and dppA2B2C2D2F2 loci including 15 bp segments upstream of each incorporating the ribosome binding site, were cloned into pBBR1MCS-5 placing them under the control of the vector borne lac promoter. The primers 2011dppA1_F and 2011dppF1_R (figure 4.9) were designed to amplify the dppA1B1C1D1F1 locus and introduce a unique ApaІ site and BamHІ site respectively to the PCR product while primers 2011dppA2_F and 2011dppF2_R (figure 4.9) were designed to amplify the dppA2B2C2D2F2 locus and introduce the same unique restriction sites. Total genomic DNA was prepared from S. meliloti 2011 (section 2.5.4) and used as a template in a Phusion Taq PCR reactions (table 4.9) for amplification of the products. Sequential restriction digestion reactions were set up to digest the ApaІ and BamHІ ends of the PCR products in addition to the MCS of pBBR1MCS-5. The products of this reaction were ligated and transformed. Clones with a ~5.3 kb insertion were isolated and confirmed by diagnostic restriction analysis. The clones were named pDK113 carrying dppA1B1C1D1F1 and pDK114 carrying dppA2B2C2D2F2. These clones were mated separately into E. coli FB827dppF::Km harbouring pAM237hasR. The ability of the transconjugants to utilise haem compounds was then analysed.
Figure 4.9: PCR Primers for the Amplification of dppA1B1C1D1F1 and dppA2B2C2D2F2 for Cloning


2011dppA1_F: 5’ aacctcgagggcccCTGGGAAGCAAGCTCATGAAAAAGC 3’

2011dppF1_R: 5’ aacctcgaggatccTCAGGCGGCATTCTTCCGGGC 3’


2011dppA2_F: 5’ tttaatctagggcccAGAGGGAAGCGCAACATGATGC 3’

2011dppF2_R: 5’ tttaatctagaatCcCTACGCGCTTTGTGCCACCGC 3’
Table 4.9: PCR Conditions for the Amplification of dppA1B1C1D1F1 and dppA2B2C2D2F2 for Cloning

	PCR Conditions

	
	dppA1B1C1D1F1
	dppA2B2C2D2F2

	Annealing Temp
	65oC
	65oC

	Annealing Time
	10 sec
	10 sec

	Extension Time
	1 min 45 sec
	1 min 45 sec

	Buffer
	HF
	GC


4.5.2: Analysis of Haem Utilisation by dppA1B1C1D1F1 and dppA2B2C2D2F2 Expressed in a Heterologous Host
M63 iron nutrition bioassays were set up as described previously (section 4.2.3). E. coli FB827 harbouring pAM237hasR was used as a positive control strain. FB827dppF::Km harbouring pAM237hasR was incapable of utilising haem compounds. The pPOC16 plasmid carrying hmuTUV for expression and the pTRC99-dppF (table 2.3) carrying E. coli dppF for expression were used as positive controls to complement the mutation in FB827dppF::Km. Transconjugants of FB827dppF::Km harbouring pAM237hasR carrying pDK113 and pDK114 separately were tested for their ability to utilise haemin. The results of the bioassay experiments are described in table 4.10. 
Table 4.10: Haemin and Haemoglobin Utilisation by E. coli FB827dppF::Km
	E. coli
	Plasmid
	in trans
	Hm
	Hb

	FB827
	pAM238hasR
	hasR
	+
	+

	FB827dppF::Km
	pAM238hasR
	hasR
	-
	-

	FB827dppF::Km
	pAM238hasR
pPOC16
	hasR hmuTUV
	+
	+

	FB827dppF::Km
	pAM238hasR
pTCR99-dppF
	hasR dppF
	-
	-

	FB827dppF::Km
	pAM238hasR
pDK113
	hasR dppA1B1C1D1F1
	-
	-

	FB827dppF::Km
	pAM238hasR
pDK114
	hasR dppA2B2C2D2F2
	-
	-


Analysis of the results indicates that both the dppA1B1C1D1F1 and dppA2B2C2D2F2 loci were incapable of mediating haem acquisition in FB827dppF::Km harbouring pAM237hasR. The pPOC16 plasmid hmuTUV conferred upon the mutant strain the ability to utilise haemin, which correlated with the results obtained in section 4.2.3. The plasmid pTCR99-dppF however did not complement the mutation in FB827dppF::Km. This was unexpected since Letoffe et al. (2006, 2008) described a positive haem utilisation phenotype when pTCR99-dppF was used to complement FB827dppF::Km. It is possible that medium constituents such as casamino acids and other peptides present are masking the true phenotype of the various dipeptide transporter genes by competitively competing with the transport systems in this experiment.
4.6: Discussion
S. meliloti 2011 possesses a large and multipartite genome encoding the extensive genetic information necessary to maintain a free-living and symbiotic state. S. meliloti 2011 encounters conditions of iron limitation during both states and can overcome these conditions by utilising haem-bound iron from compounds such as haemin, haemoglobin and leghaemoglobin via a haem utilisation system that displays similarity to those of many pathogenic bacteria (Noya et al., 1997; Ó Cuív, PhD Thesis 2003). 
Mutants defective in Smc02726, now annotated as ShmR, had previously been shown to be defective in the utilisation of haemoglobin and haemin yet were capable of nodulation similar to S. meliloti wild type (Ó Cuív, PhD Thesis 2003). The hmuPSTUV locus of S. meliloti 2011 has also been implicated in the acquisition of haem-bound iron from haemin and haemoglobin. Insertional mutagenesis of hmuT by Ó Cuív (PhD Thesis 2003) did not result in any observable change in the haem utilisation phenotype of S. meliloti 2011. In silico analysis however had indicated that the genes hmuTUV encoded a haem specific ABC transport system. The creation of the hmuT mutant in an rhtX negative background resulted in the detection of a reduced haem utilisation phenotype (Unpublished results). In planta hmuTUV have been shown not to be required for effective nodule formation and nitrogen fixation. 
Analysis of the effect of haem uptake on growth of hmuTUV mutants by semi-quantitative iron nutrition bioassays (section 4.2.2) indicated that utilisation was reduced but not fully abolished. This implied the presence of a secondary system encoded on the genome. The abolition of the HmuTUV haem utilisation function resulted in a 50% reduction in halo size in the iron nutrition bioassay (figure 4.2). Thus, the function of hmuTUV was not redundant and the result implies that HmuTUV and the secondary system function to facilitate a cumulative effect on growth rate as a result of haem acquisition. Complementation analysis of the hmuTUV mutants with these genes singly and in combination indicated that only hmuTUV complementation could restore wild type haem utilisation levels. Coupled with in silico analysis (section 4.2.1) this result confirmed that HmuT functions as a periplasmic binding protein, HmuU as an integral cytoplasmic membrane permease and HmuV as an ATPase for haem utilisation. 
The mutation of the dpp genes of E. coli resulted in the abolition of haem utilisation (Letoffe et al., 2006) and therefore the strain FB827dppF::Km harbouring the pAM238hasR plasmid was selected as a suitable indicator strain for haem transport complementation studies. Examination of S. meliloti 2011 HmuTUV in this heterologous host indicated that the system is functional in E. coli and confirmed the role of these proteins in haem transport. Interestingly, restoration of haem utilisation only occurred when the genes hmuTUV were expressed in trans together and not individually. This confirmed that the periplasmic binding protein HmuT did indeed interact with the permease HmuU to mediate haem utilisation; an important observation considering the now apparent promiscuous nature of HmuU (Chapter 3). M63 minimal medium bioassays were used for this study as described by Letoffe et al., (2008) and section 4.2.3. The minimal medium allowed unambiguous interpretation of results by producing vivid dense halos and an assay free of background growth.

Orthologues of HmuTUV exist in many bacterial species. R. leguminosarum 8401 encodes a HmuTUV ABC transport system which has been functionally characterised (Wexler et al., 2001). Insertions in the hmu operon resulted in a reduced haem utilisation phenotype suggesting the presence further systems encoded on the genome of R. leguminosarum 8401. Indeed, the hmu operon is conserved across a number of the Rhizobiales including Mesorhizobium loti and Bradyrhizobium japonicum. Interestingly, mutations in B. japonicum hmu genes resulted in a complete abolition of haem utilisation suggesting the presence of a single transport system in this organism (Nienaber et al., 2001). Significant similarity is observed between hmuTUV genes of these species and hemTUV systems. The first inner membrane haem transport system to have been identified was the Yersinia enterocolitica hemTUV system (Stojiljkovic and Hantke, 1992). This system and the hemTUV of S. marcescens display significant similarity to hmuTUV. 
Examination of the S. meliloti 2011 genome did not identify significant homologues of hmuTUV (unpublished observations), however twelve significant homologues of E. coli dppB were identified (table 4.4 and figure 4.4). As previously mentioned, in addition to their role in dipeptide transport, the dpp genes of E. coli mediate the utilisation of haem. It was postulated that one or a combination of these putative dipeptide transport loci on the genome of S. meliloti 2011 functioned as the secondary haem utilisation system(s). A homologue termed dppB1 with the highest similarity (82%) to E. coli dppB was identified. dppB1 is encoded within a locus consisting of five genes with a putative function in dipeptide transport. This locus has previously been shown to display significant similarity to the dppABCDF genes of R. leguminosarum (Carter et al., 2002), which have been shown to be involved in the uptake of dipeptides and δ-aminolevulinic acid, the haem precursor. The utilisation of haem compounds was not tested by mutants in this locus in R. leguminosarum, however the mutants were capable of effective nodulation and nitrogen fixation. This indicated that the genes were not required for iron acquisition in planta. Interestingly, the locus encoding dppB1 on the genome of S. meliloti 2011, dppA1B1C1D1F1, is located adjacent to the gene coding for the global iron regulator RirA (Viguier et al., 2005). Viguier et al. (2005) had demonstrated using real-time RT PCR analysis that dppA1 was expressed in wild type under iron replete conditions but expression was reduced in a rirA mutant strain. Both rirA and the dppA1B1C1D1F1 loci are regulated positively in the iron replete conditions and thus may be regulated in a coordinated manner. In addition to the identification of the dppA1B1C1D1F1 locus, a second locus dppA2B2C2D2F2 displaying significant similarity (58%) to E. coli dppB was identified. Examination of the region surrounding this locus indicated that it was located in proximity to the tonB-hmu locus involved in haem and hydroxamate siderophore utilisation. 
The dppB1 and dppB2 genes were mutated by cassette mutagenesis causing a polar effect on the downstream genes in the operon. These mutants were created in a hmuTUV negative background. The resulting mutant phenotypes were examined and indicated that the dppB1 and dppB2 mutations in S. meliloti 2011rhtX-3hmuTdppB1::Tc and 2011rhtX-3hmuTdppB2::Tc were unaffected in the utilisation of haemoglobin and haemin.  
The dppA1B1C1D1F1 and dppA2B2C2D2F2 loci were cloned and expressed in a heterologous E. coli host for examination by minimal medium iron nutrition bioassays (section 4.5). With similarity to the expression of hmuTUV, the strain FB827dppF::Km harbouring the pAM238hasR plasmid was selected as a suitable indicator strain for haem transport complementation studies and M63 minimal medium was used. Two positive complementing controls were used in this study: the pPOC16 plasmid harbouring S. meliloti 2011 hmuTUV and the pTCR99-dppF plasmid harbouring E. coli dppF. Analysis of the results indicated that pDK113 and pDK114 expressing dppA1B1C1D1F1 and dppA2B2C2D2F2 were incapable of mediating haem acquisition in the strain FB827dppF::Km harbouring the pAM238hasR plasmid. 
Further analysis of the results for the dppA1B1C1D1F1 and dppA2B2C2D2F2 loci expression study indicated that the plasmid pTCR99-dppF did not confer upon the E. coli dppF mutant the ability to utilise haem compounds. Yet, the hmuTUV genes restored haem utilisation ability in this strain. This is in contrast to results obtained by Letoffe et al. (2006 and 2008) where pTCR99-dppF enabled the utilisation of haem compounds. However, it has been demonstrated that peptides competed with haem for binding to dipeptide transporters (Letoffe et al., 2008). The dipeptide ala-ala and the tripeptide pro-phe-lys have strong affinity for the periplasmic dipeptide binding proteins DppA and MppA, and can function to inhibit haem utilisation by the dipeptide permease. These peptides have also been shown not to inhibit binding of haem to HemTUV, orthologues of S. meliloti 2011 HmuTUV. Thus the peptide composition of the M63 minimal medium may be inhibiting the haem binding ability of the E. coli dppF, S. meliloti 2011 dppA1B1C1D1F1 and dppA2B2C2D2F2 genes in these haem utilisation studies. Media optimisation trials to remove peptides may result in positive utilisation phenotypes for these transconjugants.
In silico analysis of the S. meliloti 2011 genome revealed the presence of twelve loci predicted to be involved in dipeptide utilisation that display greater than 50% similarity to the E. coli dpp locus. Mutagenesis of dppB1 and dppB2 in this study did not display any effect on haem utilisation. It remains possible however that the loci encoding these genes are involved in haem utilisation but that their function is redundant between them. It is also tempting to speculate that some of the other putative dipeptide transporters of S. meliloti 2011 function to mediate haem utilisation. This is a plausible hypothesis considering the importance in the nodule of iron and the ability to maintain a microoxic environment by leghaemoglobin acquisition (Barnett and Fisher 2006). Redundancy of this nature would afford S. meliloti 2011 security from mutations in its haem acquisition systems. 
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