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Abstract 

Desulfovibrio vulgaris Hildenborough can grow chemolithotrophically 

using hydrogen as sole electron donor. This metabolic ability necessitates the 

presence of a transmembrane redox protein complex which allows electrons 

evolved during periplasmic hydrogen oxidation to participate in cytoplasmic 

sulfate reduction. Such a complex is potentially formed by the hmc operon of 

this bacterium. The operon encodes the redox complex subunits Hmc and 

0rf2 to 0rf6, as well as the putative regulatory proteins Rrf 1 and Rrf2. 

Expression of the hmc operon was examined during growth on 

different electron donors and found to be positively dependent on the 

presence of hydrogen. By orf2-phoA fusion expression, the membrane 

topology of 0rf2 was determined to be unique among a large family of similar 

bacterial proteins. Western analysis indicated, the membrane asssociation of 

0rf6. Deletion of genes rrfl,2 resulted in de-repression of the hmc operon and 

enhanced chemolithotrophic growth of the resulting mutant. 
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1. Introduction 

Sulfate-reducing bacteria are a unique group of anaerobic 

microorganisms found in a variety of environmental niches. Many of the 

redox enzymes and redox proteins discovered in sulfate-reducers have been 

well described and this has led to the development of metabolic models for 

these bacteria. Molecular biological studies of Desulfovibrio spp. have 

assigned more definitive roles to these various proteins by describing their 

cellular localization and potential structure and function based on sequence 

analysis. One very interesting and unique group of proteins has been 

discovered to be encoded by the hmc operon of Desulfovibrio vulgaris 

subspecies vulgaris 1-lildenborough (hereafter denoted D. vulgaris 

Hildenborough). This operon has been found to encode a transmembrane 

redox protein complex which may play an important metabolic role within 

these bacteria. The present. study describes a molecular biological analysis of 

the hmc operon which was undertaken in an attempt to characterize the role 

of some of its components and to determine the function of the complex as a 

whole. Before discussing this work, it would be helpful to review what is 

known of D. vulgaris metabolism and to describe what has been elucidated 

from sequence analyses of the hmc operon as well as to compare this operon 

to similar systems found in other bacteria. 

1.1 Desulfovibrio vulgaris metabolism 

Sulfate-reducing eubacteria of the genus Desulfovibrio have been 

studied with regards to their metabolism for 100 years. Sulfate-reducers, in 

general, are defined by their usage of sulfate as the principal electron acceptor 

in respiration. As in many biological systems, energy production in the form 

of ATP synthesis is coupled to electron transport by a proton gradient across 

the bacterial inner membrane. This results in a reducing cytoplasmic 

environment and a high periplasmic proton concentration. The proton-

motive force drives the synthesis of ATP by an ATPase complex. Such a 

complex has not been described in these bacteria but is assumed to exist. 

Sulfate reduction to sulfide occurs in the cytoplasm of Desulfovibrio spp. by a 
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series of reactions with adenosine-5'-phosphosulfate (APS) and bisulfite as 

intermediates. The four cytoplasmic enzymes: ATP sulfurylase, APS 

reductase, bisulfite reductase and pyrophosphatase (Peck, 1993) catalyze the 

reaction (Voordouw, 1995): 

S042 + ATP + + 8e - HS- + AMP + 2P 

Water has been omitted from the equation. The investment of two high 

energy phosphate bonds is restored by proton-driven and/or substrate-level 

phosphorylation of ADP to ATP (Voordouw, 1995). refers to cytoplasmic 

protons (as opposed to periplasmic protons: Hot). Electrons participating in 

sulfate reduction are transported to the reaction site via one of three 

cytoplasmic electron carriers: desulforedoxin, rubredoxin or flavodoxin. Of 

these carriers, flavodoxin is the one most likely to donate electrons to the 

sulfate reduction pathway due to its low reduction potential. 

In Desulfovibrio vulgaris, the reduction of sulfate occurs by such 

electron donors as lactate, pyruvate, formate or hydrogen as well as other 

compounds such as metallic iron (Postgate, 1984; Odom, 1993). Lactate and 

pyruvate are incompletely oxidized to acetate and carbon dioxide. Lactate 

oxidation to pyruvate is catalyzed by a poorly characterized NAD(P)-

independent, membrane-bound lactate dehydrogenase (Hansen, 1993; 

Voordouw, 1995): 

lactate -+ pyruvate + 2Hj + 2e 

Pyruvate is oxidized to acetate and carbon dioxide via acetyl coenzyme A and 

acetyiphosphate intermediates (Peck, 1993; Voordouw, 1995): 

pyruvate + ADP + P1 -> acetate + CO2 + ATP + + 2e 

Thus, the oxidation of 2 mol of lactate per mol of sulfate proceeds as follows 

(Voordouw, 1995): 

2 lactate + S042 -> 2 acetate + 2 CO2 + HS 
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The oxidation of pyruvate is coupled to sulfate reduction in the reaction 

(Peck, 1993; Voordouw, 1995): 

4 pyruvate + 2ADP + 2P + S042 - 4 acetate + 4CO2 + 2ATP + HS 

It can be seen that, unlike growth on pyruvate, growth on lactate offers no net 

formation of ATP by substrate-level phosphorylation. Instead, it requires 

coupled, proton-driven ATP synthesis (Voordouw, 1995). To explain this 

form of ATP synthesis, Odom & Peck (1981) proposed the hydrogen cycling 

hypothesis. The hypothesis postulates that the electrons formed in the 

cytoplasm during lactate and pyruvate oxidation (see above) cannot 

participate in sulfate reduction directly but must combine with cytoplasmic 

protons in this reaction: 

2Hj + 2ej -+ H2 

The hydrogen produced by this cytoplasmic hydrogenase diffuses to the 

periplasm where the reverse reaction, that of hydrogen oxidation, is catalyzed 

by periplasmic hydrogenases resulting in a proton buildup outside the 

membrane. The major problem with this hypothesis is the requirement for a 

cytoplasmic hydrogenase, something which has not been found universally 

among Desulfovibrio spp. The existence of another mechanism of active 

proton export such as one associated directly with the membrane-bound 

lactate dehydrogenase would be a possible solution to this problem but no 

such mechanism has been discovered (Voordouw, 1995). 

D. vulgaris can grow, albeit sluggishly, on formate/S042 media 

utilizing formate as sole electron donor (Postgate, 1984; Peck, 1993). 

Periplasmic formate dehydrogenase has been found to use purified 

cytochrome C553 as electron acceptor in D. vulgaris Miyazaki (Hansen, 1993; 

Yagi, 1979). Cytochrome C553 is a periplasmic, monoheme, c-type cytochrome 

thought to function as the electron acceptor for oxidation of formate and/or 

lactate although its absence in some Desulfovibrio spp. demonstrates that it is 

not required for this function (Odom & Peck, 1984). The oxidation of formate 
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by formate dehydrogenase proceeds via a reaction in which two periplasmic 

protons are formed: 

formate - ->  CO2 + 2H 0 t + 2e 

D. vulgaris can grow chemolithotrophically with molecular hydrogen 

as sole electron donor and acetate and carbon dioxide as the carbon source. 

This growth was first described by Badziong et al. (1978; 1979) and proceeds by 

the overall reaction (Voordouw, 1995): 

4H2 + SO 2- + ADP + P -+ HS- + ATP 

As can be seen from this reaction, growth on hydrogen results in the net 

synthesis of 1 mol of ATP per mol of sulfate reduced (Badziong et al., 1979). 

While the [NiFeSe] hydrogenase found in many Desulfovibrio spp. likely 

functions in hydrogen evolution (proton reduction), hydrogen oxidation 

occurs via the periplasmic [Fe] and/or [NiFe] hydrogenases giving rise to a 

scalar proton gradient (Voordouw et al., 1990): 

H2 - 2H o t + 2e-Out 

The [Fe] and [NiFe] hydrogenases can donate the 2 electrons to periplasmic 

cytochrome c3, a tetrahemic c-type cytochrome of known structure which is 

found ubiquitously among Desulfovibrio spp. (Higuchi et al., 1984; Postgate, 

1984), and/or to the similar high-molecular-weight cytochrome c (Hmc) 

described in the next section (Pollock et al., 1991). The next electron transport 

step requires the presence of a transmembrane redox link which can shuttle 

electrons from the periplasm to the cytoplasm where they participate in 

sulfate reduction. This role is potentially fulfilled by the proteins encoded by 

the hmc operon of D. vulgaris Hildenborough. 
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1.2 The hmc operon 

The hmc operon of D. vulgaris Hildenborough is 7.7 kbp long and 

contains eight open reading frames denoted hmc, orf2 through orf6, rrfl and 

rrf2 (Figure 1-1). The encoded proteins Hmc and 0rf2 to 0rf6 are proposed to 

comprise the transmembrane redox protein complex and Rrfl and Rrf2 are 

cytoplasmic proteins which likely serve some regulatory function. The 

promoter-proximal open reading frame is the hmc gene which codes for a 

55.7 kDa high-molecular-weight cytochrome c (Hmc) described by Pollock et 

al. (1991). This cytochrome possesses 16 c-type hemes 12 of which are present 

in three tetraheme cytochrome c3-like domains giving a 65.5 kDa holoprotein. 

Cloning of the gene for Hmc into the broad-host-range vector pJRD215 has led 

to the expression of the native protein complete with covalently-bound 

hemes in D. desulfuricans G200 (ibid). The protein has been shown to be 

periplasmically located possessing a 31 amino acid N-terminal signal 

sequence (ibid) but it is not known for sure whether this protein is attached to 

the membrane. Different fractionation protocols have given conflicting data 

regarding the membrane association of this protein (Rossi et al., 1993). 

The second gene of the operon is orf2 which encodes a 40.0 kDa 

transmembrane redox protein. 0rf2 is postulated to contain four [4Fe-4S] 

iron-sulfur clusters based on its high homology with DmsB, the electron 

transferring subunit of E. coli dimethyl sulfoxide reductase (Bilous et at., 
1988), and with FdnH, the iron-sulfur protein of E. coli nitrate-inducible 

formate dehydrogenase (Berg et al., 1991). DmsB, FdnH and 0rf2 share 

cysteine cluster alignments with several known bacterial iron-sulfur proteins 

(Figure 1-2). Unlike the other members of this redox protein family, 0rf2 

contains two potential transmembrane regions based on sequence 

hydrophobicity (Figure 1-3). One of these hydrophobic regions is located near 

the N-terminus in a sequence region homologous to that of atypical signal 

sequences present in hydrogenase small subunits. These signal sequences 

share a conserved sequence, the consensus box RRXFXK and are found at the 

N-terminus of the hydrogenase small subunit. The Orf2 sequence is not 

identical but quite similar to this sequence (Figure 1-4). The most notable 

feature of the signal sequence in hydrogenases is that it may act to export both 
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hmc 

I I  

1 2 3 

Fig. 1-1. The hmc operon of D. vulgaris Hildenborough. The scale is in kbp. 
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I. 0rf2 DvH 

DmsB Ec 

FdnH Ec 

Orf 2 Ec 

NarH Ec 

FdhB Ws 

48 -R.IGRK.EQANEV 

13 -RCTGCKTCELACKDY 

38 -TIGKAQ.QVASEW 

1 1-LQ.IGHT.QEAASET 

15 -K.IGHTQ.SVTKNV 

15 -RC IDCHGCDVACKEA 

II. 0rf2 DvH 109 

DmsB Ec 66 

FdnH Ec 99 
Orf 2 Ec 50 -LHHEDAPAVVPVNAITRV- _DGAVQLNESLVSKLGIA.PFGA 

NarH Ec 183 

FdhB Ws 58 

III.0rf2 DvH 

DmsB Ec 

FdnH Ec 

Orf 2 Ec 

NarH Ec 

FdhB Ws 

Fig. 1-2. 
Cysteine 
described 
1991). 

169 -IQK.TMH 

123 -MThç.DG.Y 

157 -VYKTLV 

140 -AVXDL$ 

241-SEK.IFY 

120 

HPRL1EGKLPGVEIPKEALTFGR 

 DRVAEGKKPIVESPLRMjDFGP 

 DRVSVGQEPAVKTPTGAIHFGT 

 FDEQGPAAPNPTKALHLVD 

PRIEAGQPTVSETVGRIRYLGV 

Sequence group alignments of several iron-sulfur cluster proteins. 
residues are in underlined, boldface type. Abbreviations are as 
in Figure 1-4 (Bokrantz et al., 1991; Böhm & Bock, 1990; Berg et al., 
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Ii I I I I II I I Ii I I II I II I Ii I I I I I I I I II 

1 101 201 301 

Fig. 1-3. 0rf2 hydropathy plot according to Kyte & Doolittle (1982). Regions 

above the line are hydrophobic and below are hydrophilic. The scale runs 

from +4.5 (top) to -4.5 (bottom). Regions predicted to be capable of spanning 

the membrane have been shaded. The scale is in amino acid residue units. 
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Cleavage 
Site 

DvH [Orf 2] MD RR R F L T LLGSAGLTATVATAGTAKAA STG 

DvH [Fe] MQIASIT RR G F L K VACVTTGAMJIGIRNTGKAVA AVK 

DvMo [Fe] MQIVNLT RR G F L K AACVVTAAALISIRNTGKAVA AK 

EC [HyaA] MNNEETFYQAMRRQGVT RR S F L K YCSLA?TSLGLGAGMAPKIAWA LEN 

EC [FdnG] MDVS RB. Q F F K ICAGGMAGTTVAALGFAPKQALA QAR 

Ws [FdhA] MSEALSGRGND RR K F L K MSALAGVAGVSQAVCSDQSKVLRPA TKQ 

Fig. 1-4. Comparison of 0rf2 N-terminus and hydrogenase-type signal 
sequences. The sequences have been aligned relative to the consensus box 
(RRXPXK). DvMo, D. vulgaris subsp. oxamicus Monticello; DvH, D. vulgaris 
Hildenborough; Ec, E. coli ; Ws,W. succinogenes (Voordouw, 1993; Menon et 
al., 1990; Berg et at., 1991; Bokrantz et at., 1991). 



10 

subunits of the hydrogenase enzyme cooperatively. It is ineffective if only 

one of the two is expressed (Nivière et al., 1992). Although the mechanism of 

protein export which utilizes this signal has yet to be elucidated, it is believed 

to be involved in the export of polypeptides which contain iron-sulfur 

clusters (Voordouw, 1993). The other hydrophobic segment of 0rf2 is 

followed by a highly charged 85 residue C-terminal peptide in which 48% of 

the amino acids are charged (55% of these are acidic and 45% are basic). The 

function of this charged region has not been speculated upon. 

The next three proteins encoded by the hmc operon are 0rf3 (43.2 kDa), 

0rf4 (5.8 kDa) and 0rf5 (25.3 kDa). These are predicted to be highly 

hydrophobic integral membrane proteins. All three share some sequence 

similarity with different chains of the NADH-ubiquinol oxidoreductase 

complex but this small degree of homology is mostly due to the high 

hydrophobicity which the proteins share. The primary structure of 0rf5 does 

resemble that of cytochrome b suggesting that this polypeptide may carry a 

heme b prosthetic group (Rossi et al., 1993). An intramembrane redox 

prosthetic group is required for efficient electron transfer through the 30 A 
membrane of D. vulgaris Hildenborough (Pollock, 1992). The protein 

possesses six histidines, three of which reside within predicted membrane-

spanning regions, a characteristic of cytochrome b proteins (Degli Esposti, 

1989). Degli Esposti (1989) has described "specifically-enriched residues" 

commonly found surrounding intramembrane histidines in cytochromes b. 

The sequence of 0rf5 possesses many of these residues further supporting the 

possibility that this protein might be a cytochrome b. 

0rf6 is a redox protein which is potentially attached to the cell 

membrane from the cytoplasmic side. The 52.7 kDa polypeptide contains two 

putative [4Fe-4S] iron sulfur clusters as based on cysteine cluster alignments 

with the [Fe] hydrogenase large subunit of D. vulgaris Hildenborough 

(Voordouw & Brenner, 1985). Overall, 0rf6 does not share significant 

homology with any other known proteins (Rossi et al., 1993). 

The last two genes of the hmc operon encode the cytoplasmic proteins 

Rrfl (14.8 kDa) and Rrf2 (16.6 kDa). Rrfl likely belongs to the family of 

bacterial response regulatory proteins due to its strong homology with 

members of this family such as SpoOF, involved in B. subtilis sporulation 
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stage 0 regulation (Trach et al., 1988), and PhoB, involved in E. coli 

phosphorus assimilation (Makino et al., 1986). These response regulators are 

part of a two-component signal transduction system and are phosphorylated 

at a conserved aspartyl residue by a histidine protein kinase. This occurs 

within a conserved N-terminal domain of ca. 100 residues. Once activated 

through phosphorylation, the response regulator can control a wide range of 

cellular activities such as motility and gene expression (Stock et al., 1990). 

This response can be elicited through the C-terminal output domain portion 

of the protein (Parkinson & Kofoid, 1992) which sometimes functions as a 

DNA binding domain (eg. PhoB; Makino et al., 1986). In the case of SpoOF, 

the protein consists solely of the N-terminal phosphorylation domain and 

functions by means of phosphotransfer (Burbulys et al., 1991). Rrfl resembles 

SpoOF in possessing primarily the phosphorylation domain. This domain is 

followed by only a short C-terminal tail which contains 25% prolines and 25% 

threonines. 
Rrf2 shares homology with a hypothetical 15.6 kDa protein, denoted 

YjeB, encoded by the region downstream of the purA gene of E. coli (Wolfe & 

Smith, 1988). This homology, however, gives no information about the role 

of Rrf2 since a function has not been ascribed to YjeB. Rrf2 does contain an 

intriguing sequence of residues matching the consensus for helix-turn-helix 

DNA-binding domains described by Pabo & Sauer (1984). The sequence of this 

region of Rrf2 is shown below with consensus residues in underlined, bold-

face type: 

K28  I A Q R Q IS V KYLE K L1R46 

The possibility that this protein contains a DNA-binding motif is very 

plausible considering that it follows a putative response regulatory protein. 

As mentioned above, these response regulators are often associated with 

some DNA-binding function. 

Rrf 1 and Rrf2 were named differently than the previous proteins 

encoded by the hmc operon due to the lack of proof that they are controlled by 

the hmc promoter. There is the potential for the formation of a stem-loop 

transcription termination structure between the genes 0rf6 and rrfl. 
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PERIPLASM 

0rf6 

CYTOPLASM 

Fig. 1-5. Model of the interaction of hmc operon proteins. 
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However, there is also no discernable promoter region following this 

structure suggesting that rrfl,2 would be transcribed from the hmc promoter. 

The stem-loop may serve in transcriptional regulation of these two genes by 

allowing only a fraction of mRNA transcripts to contain the rrfl,2 sequence 

due to partial readthrough of the operon. This hypothesis has been supported 

by the low levels of expression of native Rrf 1 observed within D. vulgaris 

Hildenborough (Rossi et al., 1993). 

A schematic representation of how the proteins encoded by the hmc 

operon might interact with one another is illustrated in Figure 1-5. 

D. vulgaris Hildenborough has three different periplasmic hydrogenases: the 

[Fe], [NiFe] and [NiFeSe] hydrogenases. An interesting hypothesis proposed 

by Pollock et al. (1991) is that each of the three cytochrome c3 domains of Hmc 

interacts specifically with one of these three enzymes. Electrons from 

hydrogen oxidation would then be transferred from the hydrogenase to Hmc 

and shuttled through the membrane via the transmembrane complex formed 

by 0rf2 to 0rf6 where they wind up in the cytoplasm ready to participate in 

sulfate reduction (Rossi et al., 1993). This model of electron transfer proposed 

for the hmc operon solves the problem of linking periplasmic hydrogen 

oxidation to cytoplasmic sulfate reduction. 

1.3 Analogous operons 

There are no other operons described which combine the gene of a 

cytochrome with those of a redox protein complex and regulatory proteins. It 

is for this reason that the operons described in this section bear only limited 

similarity to the hmc operon. The operons outlined here share a common 

overall structural design incorporating catalytic, electron transfer and 

membrane anchor proteins into a multi-subunit transmembrane electron 

transport complex. Some of these complexes possess hydrogenases and some 

contain components which are significantly homologous to proteins encoded 

by the hmc operon. 

1.3.1 The hyc operon of E. coli 

E. coli can ferment glucose to a number of organic compounds such as 
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formate. In the absence of external electron acceptors such as oxygen or 

nitrate, formate can be decomposed to hydrogen and carbon dioxide by the 

formate hydrogenlyase (FHL) complex (Birkmann et al., 1987). This complex 

consists of redox carriers and the specific isozymes formate dehydrogenase-H 

(FDHH) and hydrogenase-3 (Schiensog & Bock, 1990). During studies of this 

system in E. coli, sequencing revealed the hyc operon which is found to 

contain eight open reading frames on an 8 kbp fragment located in the 58/59 

min region of the chromosome (Böhm et al., 1990). The genes appear to 

encode a unique hydrogenase and redox carriers linking formate oxidation to 

proton reduction in the FHL system. 

The fifth open reading frame encodes 0rf5, a protein which is 

significantly similar to conserved regions of [NiFe] hydrogenase large 

subunits. Much like the hmc operon, 0rf2 and 0rf6 of the hyc operon are 

iron-sulfur proteins containing four and two such clusters, respectively. 0rf2 

of the hyc operon is comparable to 0rf2 of the hinc operon as seen in Figure 1-

2. Genes orf3 and orf4 of the hyc operon encode hydrophobic integral 

membrane proteins. The proteins 0rf3 and 0rf4 possess hydrophilic stretches 

that are homologous to regions within NADH-ubiquinol oxidoreductase 

found between its membrane-spanning helices. 0rf7 encoded by this operon 

shares a high degree of similarity with protein G of the chioroplast NADH-

ubiquinol oxidoreductase complex. Orfi (17.6 kDa) and 0rf8 (15.5 kDa) share 

no sequence homology with any known protein. Although a biochemical 

role has not been assigned to the group of hyc gene products as a whole, all of 

the components are required for FHL complex formation (BOhm et al., 1990). 

1.3.2 The hya operon of E. coli 

In anaerobiosis, E. coli can produce hydrogen during fermentation and 

oxidize it for fumarate reduction during anaerobic respiration. A complex 

regulatory system responds to a wide variety of signals and substrates in the 

control of anaerobic hydrogen metabolism. Three hydrogenases have been 

described in E. coli which are synthesized in response to cellular requirements 

under different physiological conditions (Menon et al., 1990). Hydrogenase-2 

is a respiratory uptake enzyme coupled to fumarate reduction (Sawers et al., 

1985) and hydrogenase-3 has a role in the FHL pathway described above 
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(Böhm et al., 1990). While the physiological role of hydrogenase-1 has not yet 

been defined, it has been found to be a unique nickel-containing protein 

associated with the cell membrane (Sawers & Boxer, 1986). The genes 

encoding the structural subunits of [NiFe] hydrogenase-1 have been cloned 

and sequenced. The genes encoding the small and large subunits are the first 

two in a 5.5 kbp operon with four additional open reading frames. The 

operon is designated hya (Menon et al., 1990). 

As mentioned above, the first two genes of the hya operon, hyaA and 

hyaB, encode the small and large subunits of hydrogenase-1, respectively. 

These proteins are highly homologous to [NiFe] hydrogenase subunits of 

other organisms complete with the inclusion of the characteristic unique long 

signal sequence found at the N-terminus of the small subunit (Figure 

1-4; ibid). 
The third gene encodes HyaC which is a very hydrophobic integral 

membrane protein with as many as six transmembrane helices. This protein 

is not unlike 0rf3 of the hmc operon which possesses as many as ten such 

helices (Rossi et al., 1993). It has been shown that deletions made within the 

hyaC gene result in the appearance of multiple forms of membrane-bound 

hydrogenase-1 suggesting that this protein may have a more complex role 

than simply anchoring the enzyme into the membrane as originally thought 

(Menon et al., 1991). 

The last three open reading frames of the hya operon encode proteins 

HyaD, E and F. None of these gene products has been found to be 

homologous to other proteins (Menon et al., 1990) but data suggest that HyaD 

and HyaE may act as a complex involved in the processing of nascent 

hydrogenase-1 structural subunits. Evidence for this is their requirement to 

obtain the final correct conformation of the enzyme complete with prosthetic 

groups (Menon et al., 1991). Although hyaA-E are sufficient to encode active 

hydrogenase-1, it has been shown that wild type activity is generated only 

with the inclusion of hyaF in this transcriptional unit. 1-lyaF may be 

involved in the enhancement of nickel incorporation within the nascent 

hydrogenase polypeptide due to the absence of any HyaF-dependent activity 

change in nickel-supplemented growth (Menon et al., 1991). 
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1.3.3 The dms operon of E. coli 

Dimethyl sulfoxide reductase is a terminal electron transfer enzyme 

located in the membrane which enables the respiratory growth of E. coli on 

the electron acceptor dimethyl sulfoxide, provided that a suitable electron 

donor and carbon source such as glycerol are also present (Weiner et al., 1993). 

This heterotrimeric enzyme is encoded by the dmsA, B, C genes. DmsA 

contains the molybdenum cofactor molybdopterin and is involved in the 

catalytic functioning of the enzyme. DmsB is an electron transferring subunit 

containing four [4Fe-4S] iron-sulfur clusters. As mentioned above, this 

protein bears a strong resemblance to 0rf2 of the hmc operon throughout its 

iron-sulfur cluster domains sharing 38.1% identity in a 168 residue overlap 

(Figure 1-2). Together, DmsA and DmsB form the catalytic domain of 

dimethyl sulfoxide reductase. DmsC is an integral membrane protein which 

anchors the catalytic domain to the cytoplasmic surface of the cell membrane. 

This highly hydrophobic polypeptide has eight membrane-spanning helices 

and is required in its entirety to bind DmsAB to the membrane and provide 

optimal stability for the catalytic dimer (Weiner et al., 1993). Proteins such as 

1-lyaC of the hya operon and 0rf3,4 of the hmc operon likely serve roles 

similar to DmsC functioning as membrane anchors for the complex and 

stabilizing it against thermal denaturation. There is even speculation that 

some of these DmsC-like proteins are capable of proton translocation (Bilous 

et al., 1988). DmsC has also been found to be required for menaquinol oxidase 

activity of dimethyl sulfoxide reductase due to its possession of an important 

histidyl residue (Weiner et al., 1992). 

1.3.4 The fdh operon of Wolinella succino genes 

Wolinella succinogenes is an anaerobic bacterium which generates 

energy for growth exclusively by phosphorylation coupled to electron 

transport (Kroger & Winkler, 1981). It contains a membrane-bound formate 

dehydrogenase which catalyzes the oxidation of formate by menaquinone. 

The membrane-associated fumarate reductase then reoxidizes the resulting 

menaquinol forming a redox partnership between fumarate and formate. 

Components of the formate dehydrogenase are encoded by the four genes of 

the fdh operon (Bokranz et al., 1991). 



17 

FdhA is the first encoded protein of the fdh operon. It contains the 

molybdenum cofactor molybdopterin guanine dinucleotide (Jankielewicz et 

al., 1994) and formate binding site. The subunit also carries the irregular N-

terminal signal sequence associated with hydrogenase small subunits (Figure 

1-4) suggesting its periplasmic localization. This N-terminal region of FdhA 

is followed by what appears to be an iron-sulfur cluster of atypical spacing. 

The second protein encoded, FdhB, contains 16 cysteine residues arranged in 

clusters typical of those observed in DmsB of B. coli and 0rf2 of D. vulgaris 

(Figure 1-2). FdhC is a hydrophobic protein which is identical to the 25 kDa 

subunit of formate dehydrogenase. It is predicted to have four membrane-

spanning helices and represents the cytochrome b which carries the 

menaquinone reactive site of the enzyme. The formate dehydrogenase 

complex of W. succinogenes appears to be composed of two moles of FdhA 

for every mole of FdhBC. The function of the last protein, FdhD, has not 

been determined (Bokranz et al., 1991). 

1.3.5 The fdn operon of E. coli 
The fdn operon encodes the three subunits of nitrate-inducible formate 

dehydrogenase-N (FDHN) in B. coli. The enzyme exchanges electrons with 

quinone and nitrate reductase thereby coupling formate oxidation to nitrate 

respiration in anaerobiosis. The enzyme active site is located in the 110 kDa a 

subunit encoded by fdnG. This subunit contains the molybdenum cofactor 

and selenocysteine and also possesses an atypical hydrogenase-type signal 

peptide (Figure 1-4) and iron-sulfur cluster very similar to FdhA described 

above (Berg et al., 1991). FdriH is the 13 subunit of FDHN. It contains four 

iron-sulfur clusters homologous to those described above (Figure 1-2) 

followed by a transmembrane region and then a highly charged C-terminus. 

Although this pattern of primary structure is very similar to that seen in 0rf2 

of the hinc operon, there is no N-terminal signal sequence. The role of 

cytochrome b is fulfilled by Fdnl which has three transmembrane regions, 

two of which contain histidyl residues (ibid). Nitrate induction of the fdn 

operon is mediated by the response regulatory protein, NarL, which responds 

to phosphorylation by the histidine protein kinase NarX (Stock et al., 1990). 



18 

There are other operons which share the overall structural design of 

those mentioned in this section. Examples such as the frd and nar operons of 

E. coli which encode fumarate and nitrate reductase, respectively, also 

represent gene clusters resembling the hmc operon (Lemire et al., 1982; Blasco 

et al., 1989). 



19 

2. Objectives 

The cloning and sequencing of the hmc gene of D. vulgaris 

Hildenborough revealed the presence of seven additional open reading 

frames comprising the hmc operon. Sequence analysis suggested that this 

operon encodes a transmembrane redox protein complex (Rossi et al., 1993). 

The experiments described in this work have the common goal of 

establishing, in greater detail, the nature and function of the hmc operon in 

this bacterium. Specifically, experiments have been designed which will: 

(1) confirm the open reading frames suggested by the sequence of the hmc 

operon, (2) overexpress operon components for the development of 

antibodies, (3) determine the membrane topology of 0rf2, (4) analyze hmc 

operon expression level fluctuations in an attempt to characterize operon 

function and (5) define the potentially regulatory role of the proteins Rrfl and 

Rrf2. 

2.1 Overexpression of selected hmc operon genes in E. coli 

The first objective of this research project is to overexpress some of the 

open reading frames comprising the hmc operon within E. coli. The reasons 

for this goal are twofold: (1) high-level expression of expected sized proteins 

would confirm the open reading frames suggested by the DNA sequence of 

the hmc operon, and (2) a large overproduction of a given protein could be 

used in the generation of antibodies against that protein. Polyclonal antisera 

generated against individual components of the Hmc protein complex would 

be a very valuable tool for use in later studies. 

2.2 Determination of the membrane topology of 0rf2 

As discussed in the introduction, 0rf2 is an iron-sulfur protein 

homologous to several other proteins which have been discovered in 

different bacterial systems (Figure 1-2). A feature common to all of the 

members of this redox protein family is the cytoplasmic localization of their 

iron-sulfur clusters. The localization of 0rf2 has previously been presumed 
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to have the same membrane topology as the other members of the family. 

The N-terminal hydrophobic region was hypothesized by Pollock (1992) to be 

an amphipathic membrane anchor lying along the inner side of the cell 

membrane giving rise to cytoplasmic localization of the iron-sulfur clusters as 

seen in Figure 1-5. The similarity observed in this study between the 0rf2 N-

terminus and hydrogenase signal peptides indicates the possibility that 0rf2 is 

largely periplasmic. If this hypothesis is proven, 0rf2 is endowed with a 

membrane topology which is unique among its class of proteins. 

Experiments with PhoA fusions may establish the membrane topology of 

0rf2. 

2.3 Expression analysis of the hmc operon 

As mentioned above, the primary goal of this study is to aid in 

understanding the function of the proteins encoded by the hmc operon of 

D. vulgaris Hildenborough. Sequence analysis has suggested that a 

transmembrane redox protein complex is formed by Hmc and 0rf2 to 0rf6. 

The similarity between Hmc and the hydrogenase electron acceptor 

cytochrome c3 has further suggested that the membrane complex might play 

some role in hydrogen oxidation. A way to determine the involvement of 

the operon components in electron transfer is to grow these bacteria on 

different electron donating substrates and record possible changes in the level 

of expression of hmc operon components. Use of polyclonal sera in Western 

blotting will allow monitoring of operon protein expression levels. 

2.4 Functional analysis of proteins Rrfl and Rrf2 

The sequence of the rrfl gene has implied that Rrfl serves as a response 

regulator (Rossi et al., 1993). The potential for a DNA-binding domain within 

Rrf2 raises the possibility that these two proteins work cooperatively and that 

their function is one of transcriptional modulation. The fact that rrfl and rrf2 

are encoded immediately downstream of the hmc operon, and may be part of 

this operon, points to the likelihood that the proteins Rrfl and Rrf2 regulate 

the transcription of this operon in particular. The function of these proteins 
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and their effect upon hmc operon expression will be investigated by 

construction of a deletion mutant which does not express Rrf 1 and Rrf2. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Biochemical reagents 

DNA manipulation enzymes were purchased from Pharmacia, 

Boehringer Mannheim Biochemicals, Promega and New England Biolabs. 

The radiochemical [a-32P]-dCTP (370 MBq/mL) used in random hexamer 

labeling and the radiochemical Tran35SLabelTM (70% L-[35S]-methionine, 15% 

L-[35S]-cysteine; 437 MBq/mL) used in protein labeling were from ICN 

Biomedicals, Inc. Random hexanucleotide primers, Baml-ll linkers and 

HindIII linkers were obtained from the Regional DNA Synthesis Laboratory 

(University of Calgary, Calgary, Canada). Deoxynucleoside triphosphates 

(dNTPs) used in labeling and endrepair were purchased from Pharmacia. 

Salmon sperm DNA (sodium salt) was from Amersham Life Sciences. Three 

enzymes were used in plasmid DNA isolation. Lysozyme and proteinase K 

were from Boehringer Mannheim Biochemicals or Merck while ribonuclease 

was from Sigma Chemical Co. The lac operon inducer 

isopropyithiogalactoside (IPTG) was from United States Biochemical 

Corporation and the 3-galactosidase chromogenic substrate 5-bromo-4-chloro-

3indoly3-D-ga1actopyranoSide (X-Gal) was purchased from Gold 

Biotechnology, Inc. Bactotryptone and yeast extract were from Difco 

Laboratories. The antibiotics ampicillin (sodium salt), chioramphenicol and 

nalidixic acid (sodium salt) were obtained from Sigma Chemical Co. and 

kanamycin sulfate and rifampicin were from Boehringer Mannheim 

Biochemicals as was bovine serum albumin (fraction V). Low- (LGT) and 

High- (HGT) gelling temperature agarose were purchased from Gibco BRL 

and Boehringer Mannheim Biochemicals, respectively. The ethidium 

bromide used to stain DNA during electrophoresis was from Sigma Chemical 

Co. Acrylamide and N,Nt methylenebisacrylamide were from Boehringer 

Mannheim Biochemicals and BDH Ltd. SDS PAGE electrophoresis low 

molecular weight markers were from Bio-Rad Laboratories (for the prestained 

markers) and Pharmacia. The Western blot anti-mouse and anti-rabbit 

immunoglobulin G alkaline phosphatase conjugates as well as the 
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chromogenic substrates nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-

indoly1--D-phosphopyranoside (BCJP) were purchased from Promega. The 

alkaline phosphatase substrate disodium p-nitrophenyl phosphate was 

obtained from Sigma Chemical Co. The nitrogen and mixed gases (5% H2, 

10% CO2, 85% N2) used for anaerobic growth of Desulfovibrio were purchased 

from Praxair Canada, Inc. All remaining chemical reagents which were used 

are listed in Table 3-1. 

3.1.2 Bacterial strains 

All bacterial strains used are described in Table 3-2. E. coli DBH4 was 

originally obtained from J. Beckwith but all other strains were available in the 
laboratory. 

3.1.3 Plasmids 
All plasmids used are described in Table 3-2. The genes of these were 

expressed in E. coli, D. desulfrricans G200 or D. vulgaris Hildenborough. 

Plasmid pT7-7 and MiS phage mGP1-2 were originally obtained from S. Tabor 

(Tabor & Richardson, 1987). W. B. R. Pollock generated plasmid pP6A 

(Pollock et al., 1991). Plasmid pJH53O4 was constructed by J. van Helvoort, 
pJK64 by J. K. Voordouw and plasmids pJRMR- and pJRMR+ by M. Rossi 
(Rossi et al., 1993). Plasmids pPho3 and pDP2 were constructed by H. 

Deckers (Deckers & Voordouw, 1993). Plasmids pMOB2, pMOB3 and pNOT19 

were obtained from H. P. Schweizer (Schweizer, 1992). The steps involved in 

the construction of plasmids pTORF2, pTORF3 and pTORF6 have been 

described elsewhere (Rossi et al., 1993). The inserts cloned to create these 

three plasmids can be seen in Figure 3-1. 

3.1.3.1 Plasmid pRKPhoA. Plasmid pP6A (Pollock et al., 1991) was 

digested with Hindill and the 2.7 kbp fragment, which encompasses the 3t 

end of hmc, all of 0rf2 and the 5'-end of orf3, was isolated by LGT agarose gel 

electrophoresis. Plasmid pRKPhoA was constructed by ligating this 2.7 kbp 

fragment with Hindlll-digested, alkaline phosphatase-treated pPho3 (Deckers 

& Voordouw, 1993) placing it 28 bp upstream of the phoA coding region (Fig. 

3-2, Table 3-2). 
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Table 3-1. Chemical reagents and suppliers. 

Reagent Supplier 

Boric acid, chloroform, ethylenediaminetetraacetic acid (EDTA), BDH Ltd. 
ferrous sulfate heptahydrate, glacial acetic acid, glycerol, 
hydrochloric acid, methanol, Nonidet P40, potassium dihydrogen 
orthophosphate, potassium nitrate, sodium carbonate, sodium chloride, 
sodium citrate, sodium dodecylsulfate (SDS), sodium formate, sodium 
hydroxide, 70% sodium lactate solution, sodium molybdate dihydrate, 
sodium pyruvate, sodium sulfate, sucrose, Triton X-100 

Ammonium chloride, ammonium sulfate, L-ascorbic acid, bromophenol Fisher 
blue, butanol, calcium chloride dihydrate, calcium sulfate, cobaltous Scientific Co. 
chloride hexahydrate, ferrous chloride tetrahydrate, magnesium 
chloride hexahydrate, magnesium sulfate heptahydrate, potassium 
chloride, sodium phosphate dibasic, sodium perchiorate, trichioroacetic 

acid (TCA), zinc chloride 

Bromophenol blue, Coomassie brilliant blue, dithiothreitol, Ficoll 400, Sigma 
gelatin, nitrilotriacetic acid, Nonidet P.40, polyethyleneglycol (PEG) Chemical Co. 
8000, polyvinylpyrrolidone, Triton X-100, xylene cyanole 

Glycine, N2hydroxyethylpiperazine-N'-2-ethaflesUlfOnic acid Boehringer Mannheim 
(HEPES), phenol Biochemical 

Isoamyl alcohol, thioglycollic acid Aldrich Chemical 
Corporation, Inc. 

Tris(hydroxymethyl) methylamine ICN Biomedicals, Inc. 

Sodium acetate MCB Reagents 

Ficoll 400 Pharmacia 

Acetone Caledon Laboratories 

95% Ethanol Stanchem 

Manganous chloride tetrahydrate Allied Chemical 

2-mercaptoethanol Mallinckrodt, Inc. 
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Table 3.2. Bacterial strains, vectors and plasmids used. 

Strain, vector or plasmid Genotype, comment(s) and/or reference 

D. vulgaris Hildenborough 

D. vulgaris Hildenborough 
strain RK1 

D. vulgaris Hildenborough 
strain RK100 

D. desulfuricans G200 

E. coil TG2a 

E. coil S17-1 

E. coil DBH4b 

M13 phage mGP12C 

pUC8 

pUC18, pUC19 

pT7-7' 

pJRD215 

pP6A 

pJK64 

pJH5304 

pTORF2 

pTORF3 

pTORF6 

NCIMB 8303; isolated from clay soil near Hildenborough, 
Kent, United Kingdom (Postgate, 1984); source of the hmc 
operon (Pollock et al., 1991; Rossi et al., 1993) 

Integration strain which carries plasmid pARRF integrated 
into the chromosome at the downstream region of 
orf6 (this study) 

Lrrf1,2; Cm' (this study) 

Spontaneous Nal' derivative of D. desuifuricans G100A 
Weimer et al., 1988) 

L(lac-pro) supE thi hsdM hsdR recA F [traD36 proAB 
lacZ/sM15I] 

thi pro hsdR hsdM+ recA RP4-2 (Tc::Mu, Km::Tn7) (Simon et 
al., 1983) 

iX(ara ieu) 7697 araD 139 i(iaC)x74 galE galK 5r maiF-D3 

phoR phoA Ed'vull (F iaclq ZY) 
Bacteriophage T7 Gene 1 (T7 RNA polymerase) inserted 

between BarnHI and Sail sites of the E. coil cloning vector 
M13mp8 (Tabor & Richardson, 1987) 

E. coli cloning vector; Ampr (Vieira & Messing, 1982) 

E. coil cloning vectors; .Ampr (Yanisch-Perron et al., 1985) 

E. coii expression vector containing a strong ribosome binding 
site downstream of the multiple cloning site; T7 RNA 

polymerase promoter 4>10; Ampr (Tabor, 1990) 

lncQ group, broad-host-range cloning vector; yr, Smr 
(Davison et al., 1987) 

Contains the hmc and 0rf2 genes of D. vulgaris Hildenborough 
on a 3.7 kbp Xhol insert in pUC8 (Pollock et al., 1991) 

Contains the orf2, orf3, orf4 and orf5 genes of D. vulgaris 
Hildenborough on a 4.7 kbp Kpnl insert in pUC18 
(Rossi et al., 1993) 

Contains the last 1.2 kbp of the orf6 gene and all of rrfl and 
nJ2 of D. vulgaris Hildenborough on a 3.3 kbp Xhol-S phI 
insert in pUC8 (Rossi et al., 1993) 

Contains the last 1.1 kbp of orj2 of D. vulgaris 
Hildenborough on a 1.5 kbp BaiI-Xhol insert in p17-7 
(Rossi et al., 1993; this study) 

Contains the last 0.7 kbp of 0rf3 of D. vulgaris Hildenborough 
on a 1.8 kbp Xhol insert in p17-7 (Rossi et al., 1993; 
this study) 

Contains the last 1.2 kbp of orf6 of D. vulgaris Hildenborough 

on a 3.3 kbp BamHI insert in pT7-7 (Rossi et al., 1993; 
this study) 
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pJRMR- Contains the entire hmc operon of D. vulgaris Hildenborough 
without its promoter on an 8.3 kbp EcoFJ-BainHl insert in 
pJRD215 (Rossi et al., 1993) 

pJEMR+ Contains the entire hmc operon of D. vulgaris Hildenborough 
with its promoter on an 8.7 kbp EcoRI-BamHI insert in 
pJRD215 (Rossi et al., 1993) 

pPho3 Contains the E. coli phoA gene without its signal sequence on 
a 4.0 kbp Hindlfl-SalI insert in pUC19 (Deckers & 
Voordouw, 1993) 

pRKPhoA Contains the orf2 gene of D. vulgaris Hildenborough on a 
2.7 kbp Hindlil fragment inserted upstream of the phoA 
gene in pPho3 (this study) 

pNMB Contains an in-frame fusion of the D. vulgaris Hildenborough 
orf2 gene and E. coli phoA by deletion of the 1.4 kbp MluT-
BamHI fragment of pRKPhoA (this study) 

pNMP Contains an in-frame fusion of the D. vulgaris Hildenborough 
0rf2 gene and E. coli phoA by deletion of the 1.4 kbp MluI-
Pstl fragment of pRKPhoA (this study) 

pNSB Contains an in-frame fusion of the D. vulgaris Hildenborough 
0rf2 gene and E. coil phoA by deletion of the 1.5 kbpSmal-
BamHI fragment of pRKPhoA (this study) 

pCSP Contains an in-frame fusion of the D. vulgaris Hildenborough 
orf2 gene and E. coli phoA by deletion of the 0.5 kbpSmal-
Pstl fragment of pRKPhoA (this study) 

pDP2 Contains the upstream 0.7 kbp of the D. vulgaris 
Hildenborough dcrA gene under the control of that 
bacteria's cyc promoter and ribosome binding site fused in 
frame to the phoA gene in pPho3 (Deckers & Voordouw, 
1993) 

pNOT19' E. coli cloning vector pUC19 with a Notl site replacing the 
Ndel site (Schweizer, 1992) 

pMOB2d Mobilization cassette containing oriT of the self-
transmissable plasmid RN and B. subtilis sacBR genes; 

Kmr (Schweizer, 1992) 

pMOB3d Mobilization cassette containing oriT of the self-
transmissable plasmid RN and B. subtilis sacBR genes; 

Cmr (Schweizer, 1992) 
pRRFH Contains 3.3 kbp BamHI insert of pJH5304 encompassing 

the rrfl,2 genes of D. vulgaris Hildenborough with a 
0.6 kbp Stul-Bsml deletion replaced by a Hindill site 
cloned in pUC8 (this study) 

pRRFCm Contains 3.3 kbp BamHI insert of pJH5304 encompassing 
the rrfl,2 genes of D. vulgaris Hildenborough with a 

0.6 kbp Stul-Bsml deletion replaced by Cm' gene on a 
0.8 kbp Hindlll insert all cloned in pUC8 (this study) 

pRRFNOT Contains 3.3 kbp BamHI insert of pJH5304 encompassing 
the rrfl,2 genes of D. vulgaris Hildenborough with a 

0.6 kbp Stul-Bsml deletion replaced by a Cmr gene all 
cloned in pNOT19 (this study) 
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pARRF Contains 3.3 kbp BamHI insert of pJH5304 encompassing 
the rrf1,2 genes of D. vulgaris Hildenborough with a 
0.6 kbp Stul-Bsml deletion replaced by a Cm' gene; also 
has oriT of RP4 and B. subtilis sacBR genes on a 4.7 kbp 
Notl insert cloned in pNOT19 (this study) 

a Constructed from E. coli JM101 by T. J. Gibson and M. D. Biggin at the Laboratory of 
Molecular Biology, MRC Centre, Cambridge, United Kingdom 

b Obtained from J. Beckwith, Department of Microbiology and Molecular Genetics, Harvard 
Medical School, Boston, Mass., USA 

C Obtained from S. Tabor, Department of Biological Chemistry, Harvard Medical School, 

Boston, Mass., USA 
d Obtained from H. P. Schweizer, Department of Microbiology and Infectious Diseases, 

University of Calgary Health Sciences Centre, Calgary, Alberta, Canada 

3.1.3.2 Plasmid pNMB. This plasmid was constructed following the 

restriction of pRKPhoA with MluI and BamHI, end-repair with DNA 

polymerase I Kienow fragment and re-ligation. This resulted in the in-frame 

fusion of the first 81 amino acids of 0rf2 to the 8th amino acid of PhoA 

(Figure 3-2, Table 3-2; Li et al., 1988). 

3.1.3.3 Plasmid pNMP. This plasmid was constructed by digesting 

pRKPhoA with MluI and Pstl, end-repair with Kienow polymerase, alkaline 

phosphatase treatment and ligation with BamHI linkers. The result was an 

in-frame fusion of the first 81 amino acids of 0rf2 to the 13th amino acid of 

PhoA and the generation of a new Arg-Ile-Arg sequence at the point of fusion 

(Figure 3-2, Table 3-2). 

3.1.3.4 Plasmid pNSB. This plasmid was constructed by digesting 

pRKPhoA with Smal and BamHI, end-repair with Kienow polymerase and 

re-ligation. The result was an in-frame fusion of the first 34 amino acids of 

0rf2 to the 8th residue of PhoA (Figure 3-2, Table 3-2). 

3.1.3.5 Plasmid pCSP. This plasmid was constructed by digesting 

pRKPhoA with Pstl and partially digesting with Smal before isolating a 

6.3 kbp fragment by LGT agarose gel electrophoresis. This fragment was end-

repaired with Klenow polymerase and self-ligated to yield an in-frame 
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pTORF2 
l.5kbp 

pTORF3 

1.8kbp 

pTORF6 

3.3 Up 

hmc of2 orf3 of4 orf5 orf6 nfl rrf2 

Figure 3-1. Map of the inserts within plasmids pTORF2, pTORF3 and 

pTORF6. The inserts are shown above the hmc operon to indicate which 

portions of the operon are included in each construction. All fragments were 

inserted into the multiple cloning site of pT7-7 to give the final plasmid 

(Rossi et al., 1993). The scale is in kbp. 
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A) 

B) 

pRKPhoA 
6822 bp 

on 

pNSB 

pNMP 

pNMB 
SM S H,B,P 

(pUCl9) 

pNMB, pNMP 

C1eavage—-
Site 

Signal Peptide 

Transmembrane 

Perlplasm 

Inner 

Cytoplasm 

Fig. 3-2. 0rf2-PhoA fusions. A) Fusion plasmids shown in boxes were 

constructed by deleting the indicated regions of plasmid pRKPhoA. B) Fusion 

plasmids express PhoA fused to truncations of 0rf2 at the indicated points. B, 

BamHI; H, Hindffl; M, MluI; P, Pstl; S, Smal. 
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fusion of the first 365 amino acids of 0rf2 to the 13th residue of PhoA (Fig. 3-2, 

Table 3-2). 

3.1.3.6 Plasmid pARRF. Plasmid pJH5304 (Rossi et al., 1993) was 

restriction-digested with Stul and Bsml, end-repaired with Kienow 

polymerase and ligated with Hin dill linkers resulting in the generation of 

plasmid pRRFH which possessed a deletion of 0.6 kbp spanning the genes rrfl 

and rrf2 and a Hin dill site in place of this deletion. Plasmid pMOB3 

(Schweizer, 1992) was digested with Hindffl and its 0.8 kbp fragment encoding 

chloramphenicol acetyltransferase or Cmr was isolated by LGT agarose gel 

electrophoresis and ligated with Hin dill-digested pRRFH to yield pRRFCm. 

E. coil TG2 (pRRFCm) transformants were positively selected on Cm plates. 

The pUC8 region of pRRFCm was replaced with plasmid pNOT19 (Schweizer, 

1992) by digesting pNOT19 and pRRFCm with BainHl and ligating the 3.6 kbp 

insert of pRRFCm with the linearized pNOT19 providing a single Notl site in 

the resulting plasmid pRRFNOT. Plasmid pMOB2 (Schweizer, 1992) was 

digested with Notl and the 4.7 kbp region encoding sacBR and oriT was 

ligated with pRRFNOT which had been digested with the same enzyme and 

treated with alkaline phosphatase. This last ligation resulted in the 

construction of the self-transmissable plasmid pzRRF (Figure 3-3, Table 3-2). 

E. coli TG2 (pi.RRF) transformants were positively selected on Cm plates and 

negatively selected on plates containing 5% (w/v) sucrose. 

3.1.4 Growth media 
All E. coli cultures were grown in TY (tryptone-yeast extract) broth or 

on TY plates which are described in Sambrook et al. (1989). For labeling of 

E. coil with Tran35SLabelTM, cells were resuspended in M9 minimal medium 

which is also described by Sambrook et al. (1989). 

D. vulgaris Llildenborough (wild type and mutants) and 

D. desulfuricans G200 were cultured in Postgate medium C (0.5 g/L KH2PO4, 

1 g/L NH4C1, 4.5 g/L Na2SO4, 0.06 g/L CaCl26LT2O, 0.06 g/L MgSO4?H20, 6 g/L 

sodium lactate, 1 g/L yeast extract, 0.004 g/L FeSO47H2O, 0.3 g/L sodium 

citrate-2H20 in distilled H20, pH 7.5), plated on Postgate medium E (0.5 g/L 

KH2PO4, 1 g/L NH4Cl, 1 g/L Na2SO4, 1 g/L CaCl26H2O, 2 g/L MgSO47H2O, 

3.5 g/L sodium lactate, 1 g/L yeast extract, 0.1 g/L ascorbic acid, 0.1 g/L 
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thioglycollic acid, 0.5 g/L FeSO47H2O, 15 g/L agar in tap H20, pH 7.6) and 

stored in Postgate medium B (0.5 g/L KH2PO4, 1 g/L NI-14C1, 1 g/L Ca2SO4, 

2 g/L MgSO47H2O, 3.5 g/L sodium lactate, 1 g/L yeast extract, 0.1 g/L ascorbic 

acid, 0.1 g/L thioglycollic acid, 0.5 g/L FeSO47H2O in tap 1120, pH 7.2; Postgate, 

1984). Expression studies and growth profiles of D. vulgaris Hildenborough 

strains were performed while growing the bacteria on minimal 

hydrogen/S042 medium (2.5 g/L sodium acetate, 6.6 g/L (NH4)2SO4, 1.8 g/L 

NaCl, 0.9 g/L KH2PO4, 0.36 g/L MgCl26H2O, 0.26 g/L CaCl22H20, in distilled 

water, pH 6.8 with Na2CO3) with 1.25% (v/v) trace elements solution (12.8 g/L 

NTA, pH 6.5 with NaOH, 1 g/L FeCl2-4H20, 0.5 g/L MnCl24H2O, 0.3 g/L 

CoCl26H2O, 0.2 g/L ZnCl2, 50 mg/L Na2MoO42H2O, 20 mg/L H3B03; Brandis 

& Thauer, 1981). The lactate, pyruvate and formate variations of this 

medium differ only in the replacement of 30 mM sodium acetate with one of 

30 mM sodium lactate (4.8 g/L 70% solution), 30 mM sodium pyruvate 

(3.3 g/L) or 30 mM sodium formate (2.0 g/L). 

3.1.5 Growth conditions 

E. coli liquid cultures were typically incubated in 5.0 mL medium plus 

the appropriate antibiotic (100 p.g/mL ampicillin, 10 j.tg/mL chioramphenicol 

or 100 pgImL kanamycin) at 37°C and shaking at 250 rpm. Plated cultures 

were incubated at 37°C on 25 mL of medium plus antibiotic, 

isopropylthiogalactoside (IPTG, 0.4 mg/mL) and chromogenic substrate if 

appropriate. Plates were stored at 4°C after growth. 

Desulfovibrio were stored for long periods in 20 mL Postgate medium 

B at 4°C in capped, nitrogen-flushed tubes. Growth of cultures took place in 

liquid medium or on 30 mL plates plus antibiotic (10 p.g/mL 

chloramphenicol, 100 ig/mL kanamycin or 200 ig/mL nalidixic acid) 

incubated at 35°C in a Forma Scientific Anaerobic Chamber filled with an 

atmosphere of 5% (v/v) H2, 10% (v/v) CO2 and 85% (v/v) N2. For use in 

growth profiles and expression studies, some cultures were grown in 100 mL 

capped bottles flushed with nitrogen and incubated at 35°C. 
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3.2 Methods 

3.2.1 Standard protocols 

3.2.1.1 DNA isolations. Plasmid DNA was isolated from E. coli using 

the Triton X-l0O lysis procedure described by Voordouw et at. (1985). Total 

DNA was isolated from Desulfovibrio using the method described by 

Marmur (1961). 

3.2.1.2 DNA enzymatic manipulations. Restriction endonuclease 

digestions, ligation reactions using T4 DNA ligase, 5t-end dephosphorylation 

with calf intestine alkaline phosphatase, end-repair reactions using the DNA 

polymerase I Kienow fragment and radiolabel incorporation of [a-32p]-dCTP 

using random hexamer priming and Kienow polymerase were performed as 

described by Sambrook et at. (1989). 

3.2.1.3 DNA Electrophoresis. Electrophoresis was carried out using 

HGT (high-gelling temperature) agarose for size fractionation and LGT (low-

gelling temperature) agarose for routine use and DNA fragment isolation. 

Agarose concentrations used were either 0.7% or 1.0% (w/v) in TAE (40 mM 

Tris-acetate, 2.0 mM EDTA, pH 8.0) and electrophoresis was run in ca. 800 mL 

of TAE in a BRL Model H5 gel apparatus as described by Voordouw et at. 

(1985). 

3.2.1.4 Gel isolation of DNA. Size fractionated DNA fragments were 

isolated from 1.0% (w/v) LGT agarose gels and purified by phenol extraction 

as described elsewhere (Sambrook et at., 1989) with a couple of changes. The 

DNA-agarose bands were melted at 68°C for 15 min and diluted 2.5x with TE 

(10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) before two phenol extraction 

procedures. Following phenol extraction the sample was extracted with dry 

butanol until the sample volume was concentrated to ca. 50 PL before ethanol 

precipitation of the DNA. 

3.2.1.5 Southern blotting. DNA was electrophoresed in either digested 

or undigested form through 0.7% (w/v) HGT agarose gels as described above. 

Following electrophoresis, the DNA was denatured, neutralized and 

transferred to Hybond-N membrane (from Amersham) overnight as 

described by Sambrook et at. (1989). The Hybond-N blots were washed for 

5 min in 6x SSC (lx SSC is 15 mM sodium citrate, pH 7.2, 150 mM NaCl), dried 
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and UV-irradiated for 5 min on a Fisher Biotech 321 nm transilluminator 

(8000 mW/cm2) to cross-link the DNA to the membrane. Prehybridization of 

the blot involved incubation in a solution of 6x SSC, 0.5% (w/v) SDS, 5x 

Denhardt solution (lx Denhardt is 1% (w/v) Ficoll 400, 1% (w/v) 
polyvinylpyrrolidone, 1% (w/v) BSA) and 3 mg salmon sperm DNA at 68°C 

for 3 h. Radiolabeled probes were generated by random hexamer priming and 

incorporation of deoxynucleotide triphosphates (dNTPs) and [a-32P]-dCTP as 

described above. The labeled probe was added to the prehybridization 

solution after the 3 h incubation period and the Southern blots were 

hybridized at 68°C for 16 h. Following hybridization, the blots were washed 

4x 2 min at room temperature in 6x SSC and once for 1 h at 68°C in 6x SSC, 

0.5% (w/v) SDS. Blots were then dried at room temperature, wrapped in 

Saran wrap and autoradiographed at -70°C for 1 to 16 h. 

3.2.1.6 Colony filter hybridization. E. coil transformants were screened 

for desired plasmid DNA by probing the colonies with a radiolabeled probe. 

The bacterial colonies were grown on nitrocellulose filters (from Schleicher & 

Schuell), lysed, neutralized and dried as outlined previously (Voordouw et 

al., 1985). Filters were then baked at 75°C under vacuum for 50 min before 

prehybridizing, hybridizing and autoradiographing as for a Southern blot. 

3.2.1.7 Transformation and conjugation. Plasmid DNA was 

transformed into E. coli using the CaCl2 method (Sambrook et at., 1989). 

Plasmid DNA was conjugated into D. vulgaris Hildenborough and 

D. desulfuricans G200 using E. coli S17-1 transformant donors as described 

previously (Rossi et al. 1993). The mating mixtures were spread on Postgate 

medium E plates containing 100 ig/mL kanamycin (Kin) and 200 ig/mL 

nalidixic acid (Nal) for pJRD215-based plasmids conjugated into 

D. desulfuricans G200 and 10 p.g/mL chioramphenicol (Cm) for pRRF 

conjugations. 

3.2.1.8 SDS PAGE. The size fractionation of proteins by sodium 

dodecylsulfate polyacrylamide gel electrophoresis was performed as described 

previously (Laemmli, 1970). Running gels were typically 12.5% (w/v) 

acrylamide/ 0.33% (w/v) bisacrylamide in 0.3 M Tris-acetate, pH 8.8 and 0.1% 

(w/v) SDS. Stacking gels were 5% (w/v) acrylamide/ 0.13% (w/v) 

bisacrylamide in 0.125 mM Tris-acetate, pH 6.8 plus 0.1% (w/v) SDS. 
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Electrophoresis was performed in a running buffer of 25 mM Tris-HC1, 

192 mM glycine, pH 8.3 and 0.1% SDS. 

Whole cell samples for SDS PAGE were prepared by harvesting ice-

chilled cells in a Sorvall RC-5B centrifuge at 12 000 xg for 10 min at 4°C. The 

pellet was resuspended in 1 mL cold 50 mM Tris-HC1, pH 7.4 which was spun 

for 1. min at 16 000 xg in a Beckman Microfuge E at 4°C. The pellet of cells was 

resuspended in water (half the desired final volume) and then an equal 

volume of 2x sample loading buffer (LB) (lx LB is 50 mM Tris-HO, pH 6.8, 

100 mM dithiothreitol, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue and 10% 

(v/v) glycerol) before the sample tube was immersed in a boiling water bath 

for 5 to 8 min and stored at -70°C. The final volume of the denatured sample 

in LB was related to the initial bacterial culture harvested as follows: 

Final volume (mL) = [cell density (Klett units)] x [culture volume (mL)1  
3333. 

This relationship was found empirically to yield crude cell extract 

concentrations that were sufficient for analysis when loading 20 ilL of sample 

in each gel lane. Cell densities were determined with a Klett-Summerson 

Photoelectric Colorimeter using a #66 red filter and blanked with water. 

Membrane fractions were prepared by harvesting bacterial cultures as 

above but then resuspending in 4 mL cold 50 mM Tris-HC1, pH 7.4 and 

breaking the cells with two passes through a French Pressure cell. The 

samples were spun 10 min at 12 000 xg and 4°C to remove unbroken cells and 

then the supernatant was spun for 1 h at 100 000 xg in a Beckman Model L5-50 

Ultracentrifuge using a Ti-50 rotor. The pelleted membrane fraction was 

denatured in LB, boiled and stored as described above. 

Soluble cell fractions were prepared from the supernatant resulting 

after ultra centrifugation of broken cells (above). This fraction was 

precipitated with 5% (v/v) trichloroacetate (TCA) at 0°C for 20 min before 

being spun at 12 000 xg and 4°C for 10 mm. The pellet was washed once with 

1 mL of 65% acetone and spun in a similar fashion for 2 mm. The soluble 

fraction was resuspended in LB, boiled and stored as above. 
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SDS polyacrylamide gels which needed to be autoradiographed were 

dried prior to autoradiography. Gels were soaked in a 50% (v/v) methanol, 

5% (v/v) glycerol solution for 30 min before drying onto Whatman 3mm 

chromatography paper with an LKB 2003 Slab Gel Dryer for 2 h. 

3.1.2.9 Western blotting. Size-fractionated proteins were transferred 

electrophoretically from polyacrylamide gel to nitrocellulose membrane as 

described by Towbin et al. (1979). Transfer occurred at 40 mA for 16 h in a Bio-

Rad transfer tank filled with transfer buffer composed of 39 mM glycine, 

48 mM Tris-HC1, pH 8.3, 0.037% (w/v) SDS and 20% (v/v) methanol 

- (Sambrook et al., 1989). Following transfer, the nitrocellulose filter was 

blocked for 3 h in 7% (w/v) gelatin, 0.1 M NaCl and 0.1 M Tris-HCl, pH 7.4. 

Primary antibody incubation was performed for 16 h in Buffer A (0.16 M 

NaCl, 10 mM Tris-HC1, pH 7.4, 0.1% (w/v) Nonidet P-40) plus 4 pL antiserum. 

The blot was washed 4x 10 min in Buffer A and incubated for 1 h in Buffer A 

plus 4 gL anti-mouse or anti-rabbit IgG alkaline phosphatase conjugate. The 

blot was washed further in Buffer A for 2x 10 min and then 2x 10 min in Al? 

(alkaline phosphatase) buffer (0.1 M NaCl, 0.1 M Tris-HCl, pH 9.5, 0.1% (w/v) 

MgCl2) before developing in Al? buffer plus 0.1% (v/v) 50 mg/mL BCIP (5-

bromo4-ch1oro3-indolyl-1-D-phosphOpyraflOSide) and 0.2% (v/v) 50 mg/mL 

NBT (nitroblue tetrazolium) in the dark for 5 to 30 mm. 

3.2.1.10 Computer programs. DNA of known sequence was analyzed 

with respect to restriction endonuclease cut sites and translated peptide 

sequence and proteins of known sequence were analyzed regarding weight 

and hydropathy using the Staden programs (Staden, 1984; Staden & 

McLachlan, 1982). Protein primary structure comparisons were performed 

with the FASTA program of the GCG package (Devereux et al., 1984). 

3.2.2 Bacteriophage T7 expression system 

Fusion proteins of 0rf2, 0rf3 and 0rf6 were overexpressed in E. coli 

using the bacteriophage T7 expression system developed by Tabor & 

Richardson (1985). E. coil TG2 cells were transformed with the pT7-7 

derivatives pTORF2, pTORF3 or pTORF6 and grown to an A600=0.6 before 

overexpression of the protein of interest was induced by infection of the 

bacteria with M13 phage mGP1.-2 (which carries the T7 RNA polymerase gene 
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under the control of the lac promoter), using a multiplicity of infection of 10, 

and addition of IPTG (0.24 mg/mL of cells) as described previously (Tabor & 

Richardson, 1987; 1985). The cells were incubated at 37°C for 2 h, chilled on 

ice, harvested and suspended in water and then SDS PAGE LB and run on 

SDS PAGE as described above. Alternatively, the induced cultures were 

harvested and resuspended in M9 minimal medium and 80 jig rifampicin 

was added (Dougan & Sherratt, 1977). The cells were incubated at 42°C for 

15 min and labeled for 15 min with 10 jiCi of Tran35SLabelTM before 

preparing in sample buffer as described above and analyzing following SDS 

PAGE and autoradiography. 

3.2.3 Polyclonal antiserum generation 

E. coli TG2 (pTORF6) transformants overexpressing a 47 kDa truncated 

0rf6 protein via the bacteriophage T7 expression system were lysed and the 

proteins were size-fractionated by SDS PAGE. The overexpressed protein was 

excised from the polyacrylamide gel and used to generate mouse polyclonal 

anti-Orf 6 serum as described by Winston et at. (1990). The protein bands of 

the unstained gel were visualized with cold 0.1 M KC1 and the excised gel slice 

was homogenized in a minimal volume of PBS (phosphate-buffered saline: 

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO47H2O, 1.4 mM KH2PO4) by 

forcing the suspension through successively smaller gauge needles. 

Approximately 400 p1 of polyacrylamide-PBS mixture containing 40 jig of 

antigen was administered to each of two mice via an intraperitoneal 

injection. The mice were boosted with the same amount of antigen after 

21 days and bled out 7 days later. The blood samples were incubated at 37°C 

for 1.5 h to allow a clot to form before being spun 5 min at 16 000 xg to remove 

the clot. The supernatant was stored in 100 jiL aliquots at -70°C before use in 

Western blotting. 

3.2.4 Alkaline phosphatase fusions 

In order to determine the membrane topology of 0rf2, phoA gene 

fusions were prepared and investigated with regards to alkaline phosphatase 

activity as described previously (Deckers & Voordouw, 1993; San Milan et at., 

1989; Michaelis et al., 1983). In-frame genetic fusions were constructed which 
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resulted in truncations of 0rf2 joined to the entire alkaline phosphatase 

polypeptide which is enzymatically inactive if it is retained in the cytoplasm 

of the bacteria (Manoil & Beckwith, 1986). 

3.2.4.1 Expression of phoA fusions in E. coli. The orf2-phoA fusion 

plasmids were transformed into E. coli DBH4 which were grown at 37°C for 

16 h with 50 ig IPTG added per mL culture. The cultures were harvested and 

prepared for SDS PAGE as above. The polyacrylamide gels were Western 

blotted using polyclonal antibodies generated in mice against E. coli alkaline 

phosphatase (Deckers & Voordouw, 1993) and the size and expression level of 

the immunoreactive bands was analyzed. The latter was quantitatively 

determined in the same manner as for hinc operon expression levels 

described below in section 3.2.8. 

3.2.4.2 Alkaline phosphatase activity measurements. Alkaline 

phosphatase activity was visualized through growth of E. coli DBH4 

transformants on plates inoculated with IPTG (16 gg/mL medium) and the 

chromogenic substrate BCIP (40 ig/mL medium) which yielded blue colonies 

in the presence of active alkaline phosphatase (Deckers St Voordouw, 1993). 

The enzyme activity was measured as the rate of hydrolysis of the 

substrate p-nitrophenyl phosphate (pNPP) as described by Brickman & 

Beckwith (1975). E. coli DBH4 transformants were grown at 37°C for 16 h in 

the presence or absence of IPTG (0.1 mg/mL cells) before permeabilizing the 

cells with 0.4% (v/v) chloroform and SDS (8 pg/mL culture) for 30 min at 

room temperature. Following permeabilization, the cells were harvested by 

cenrifugation in an IEC Centra-7R Refrigerated Centrifuge for 10 min at 

1750 xg and 4°C and resuspended in 5 mL of 1 M Tris-HC1, pH 8.0 and the 

absorbance at 600 rim was recorded for a 1.0 mL 10-fold dilution (diluted in 

1 M Tris-HC1, pH 8.0) to give a measure of cell density. Upon addition of 

0.2 mg pNPP to the cuvette, the absorbance at 550 rim (to provide a correction 

factor for absorbtion of the cells) and 420 rim (to determine pNPP hydrolysis) 

was monitored over time for the 10-fold dilutions (Brickman & Beckwith, 

1975). The following formula was used to determine the units of alkaline 

phosphatase activity present in the cultures: 
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Units/A600 = 1000 x [(A42O-1.75xA55OtB, (A420-1.75xA55otpj 

(tB-tA) A600 

where t = time (minutes). 

3.2.5 Analysis of potential helix-turn-helix motifs 

The amino acid sequence of Rrf2 was investigated for the presence of a 

potential DNA-binding domain in the form of a helix-turn-helix motif using 

a method of motif detection and evaluation developed by Dodd & Egan 

(1990). The primary structure of Rrf2 was analyzed and found to contain the 

sequence Ala-X3-Gly-X5-Leu-X2-Leu which is a consensus commonly found 

among helix-turn-helix-containing proteins (Pabo & Sauer, 1984). Each of 22 

amino acids surrounding this consensus was evaluated by comparison with 

the sequences of all proteins known to contain this motif. 

3.2.6 D. vulgaris mutagenesis 

The genes rrfl and rrf2 of D. vulgaris Hildenborough were deleted 

using a method of double homologous recombination developed by R. Fu 

(unpublished). A schematic representation of the mutagenesis method is 

presented in Figure 3-3. The method utilizes Cm resistance to select 

positively for the first recombination event resulting in integration of a 

foreign self-transmissable plasmid into the host chromosome. The lethality 

of the B. subtilis sacB gene in Gram negative bacteria grown on sucrose is 

used to select for the second recombination event which results in plasmid 

excision and mutagenesis (Schweizer, 1992; Hynes et al., 1989). E. coli S17-1 

was transformed with the integration plasmid pbRRF and the transformants 

were used to donate the plasmid to D. vulgaris Hildenborough through 

conjugation as described above. Single colonies of integrants were selected on 

plates with 10 jig/mL Cm and 25 p.g/mL Kin (used to select against E. coil 

since D. vulgaris is Kmr) incubated anaerobically at 35°C for 4 days. The 

integration frequency was determined by counting the number of Cmr 

colonies obtained and dividing this by the number of total viable cells as 

determined from a control plate with only Km. After culturing in Postgate 

medium C plus 10 ig/mL Cm, total DNA was prepared from purified 
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Fig. 3-3. Generation of the D. vulgaris Hildenborough mutant strain RK100. 
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colonies and Southern blotted to verify the integration of pARRF into the 

D. vulgaris chromosome and determine the nature of the event. 

Representatives of the integrant strain RK1 were grown in Postgate medium 

C with 10 tg/mL Cm and 7% (w/v) sucrose at 35°C and/or plated on Postgate 

medium E with 10 j.tg/mL Cm and 5% (w/v) sucrose to select for the second 

recombination event which would lead to excision of the counter-selectable 

marker, sacB. Total DNA was prepared from individual colonies which were 

cultured as above with Cm and 7% (w/v) sucrose and Southern blotted to 

check for the second recombination. Samples found eventually to contain 

the mutant strain (RK100) were plated on 10 jig/mL Cm, 5% (w/v) sucrose 

plates to colony-purify the strain and cultured as above before preparing total 

DNA and Southern blotting to verify the presence of purified colonies of the 

D. vulgaris Hildenborough rrfl,2-deficient mutant RK100. 

3.2.7 D. vulgaris growth rates 

The growth rates of D. vulgaris Hildenborough wild type and mutant 

strain RK100 on different media were compared to elucidate phenotypic 

differences between the two strains. Both strains were cultured in Postgate 

medium C before inoculating 0.5 mL of each into 5 mL minimal lactate/S042-

with 1.25% (v/v) trace elements and growing for 24 h at 35°C. The bacteria 

were sub-cultured in lactate/S042 plus trace elements in this manner twice 

more to lower yeast extract levels to a negligible level before 100 mL cultures 

of the same were inoculated. Once these cultures had grown for 40 h, the cell 

densities were measured using a Klett-Summerson Photoelectric 

Colorimeter. Aliquots which contained the same amount of cells were 

removed from both the wild type and mutant cultures and harvested by 

centrifugation for 1.5 mm at 16 000 xg and 4°C before resuspending in the 

new media on which growth would be monitored (i.e. one of hydrogen/S042, 

pyruvate/S042 or lactate/S042) and using these resuspended aliquots to 

inoculate the test cultures. The test cultures were grown in triplicate in 3 mL 

volumes open to the 5% H2, 10% CO2, 85% N2 atmosphere of the anaerobic 

chamber at 35°C or in 50 mL volumes within sealed 100 mL bottles under 

ca. 1 atm nitrogen at 35°C and the cell densities were monitored over time 

using the colorimeter. 
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3.2.8 Operon expression analysis 

The expression level of the hmc operon was analyzed during growth 

on various media differing in electron donating substrate through the 

determination of the relative levels of Hmc and 0rf6 proteins present on 

Western blots. Cultures of D. vulgaris Hildenborough wild type or mutant 

strain RK100 were grown in the medium of interest at 35°C until mid-log 

phase (as determined by growth rates) before being chilled on ice, harvested, 

resuspended in water and denatured in SDS PAGE LB as described above. 

The cell extracts were electrophoresed using SDS PAGE and Western blotted 

with either anti-0rf6 serum or affinity column-purified anti-Hmc serum 

generated in rabbits (Rossi et al., 1993). These blots carried multiple lanes of 

cell extract each of which represented a different medium for the bacteria. 

They displayed either 0rf6 or Hmc at a given intensity in each lane depending 

on which antibodies were used. The Western blots were imaged using a 

Hewlett-Packard ScanJet lic and the relative intensities of immunoreactive 

bands present in each lane on the same blot were compared using the Image 

1.31f Geiscan software. The band intensity for a particular immunoreactive 

protein in one lane was plotted and the area under the resulting peak was 

determined. The same was done for all lanes on a particular blot. The area 

values representing band intensities were normalized by giving the lane with 

the highest area a new value of 100% and scaling all other lanes accordingly. 

Stained polyacrylamide gels were examined through visual analysis to verify 

that the same concentration of cell extract had been loaded in each well. A 

difference as low as 1.2x was readily apparent. 
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4. Results 

4.1 Overexpression of operon components in E. coil 1 

The bacteriophage T7 expression system was used to overexpress 

truncated versions of proteins 0rf2, 0rf3 and 0rf6 which were fused at their 

N-terminus to the short leader peptide found encoded on the pT7-7 vector. 

The fusion proteins were expressed in E. coli TG2 and analyzed by SDS PAGE. 

4.1.1 Overexpression of 0rf2 

The expected size of the fusion protein expressed by E. coli TG2 

(pTORF2) transformants induced with IPTG is 39 kDa. A band corresponding 

to this molecular weight could not be visualized by staining the 

polyacrylamide gels after SDS PAGE of whole cell samples. Upon labeling of 

the cells with Tran35SLabelTM and autoradiography, a radiolabeled band 

corresponding to the predicted 39 kDa could be seen on the autoradiogram 

(Figure 4-1, lane 2). 

4.1.2 Overexpression of 0rf3 

The expected size of the fusion protein expressed by E. coli TG2 

(pTORF3) transformants upon induction is 28 kDa. A band of this size was 

not visualized after staining of whole cell samples on SDS polyacrylamide 

gels, but very weak bands running at 30 kDa and 25 kDa could be seen 

following translabeling of the cells (Figure 4-1, lane 3). These bands may 

correspond to 0rf3 as well as the full length protein 0rf5 which is encoded in 

its entirety within pTORF3 and has a predicted size of 25 kDa. In addition to 

these two bands, radioactive aggregated material was observed at the top of 

the gel suggesting that the extreme hydrophobic nature of 0rf3 may have 

prevented proper denaturation and resolution of this protein by SDS PAGE 

(Figure 4-1, lane 3). 

1 This work has been published (Rossi et al., 1993). No further reference to this publication 
will be made. 
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Fig. 4-1. SDS PAGE of hmc operon components overexpressed in E. coli. The 

labeled proteins were expressed from plasmids pT7-7 (lane 1), pTORF2 (lane 

2), pTORF3 (lane 3) and pTORF6 (lane 4). The stained proteins were expressed 

from plasmids pT7-7 (lane 5) and pTORF6 (lane 6). Note that lanes 1,2,3, lane 

4 and lane 5 originate from three different polyacrylamide gels which 

accounts for the scale differences. Molecular weights of proteins are indicated 

in kDa. 
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4.1.3 Overexpression of 0rf6 

The expected size of the fusion protein expressed by E. coli TG2 

(pTORF6) transformants upon induction is 47 kDa. A band running at 47 kDa 

could be seen to be highly overexpressed in the whole cell samples run on 

SDS PAGE. The protein could be visualized by staining of the SDS 

polyacrylamide gel as well as by autoradiography of translabeled cells (Figure 

4-1, lanes 4 & 6). The origin of the slightly higher molecular weight band 

above the expected fusion protein was unknown. 

4.2 Anti-Orf 6 antiserum generation 

As described above, the bacteriophage T7 expression system yielded a 

high level of overexpression of 0rf6 fusion protein. This expression level 

was suitable for the development of anti-0rf6 antiserum. Using the method 

of Winston et al. (1990), E. coli TG2 (pTORF6) transformants were used to 

generate mouse polyclonal antiserum. 

4.2.1 Western blot analysis of 0rf6 

The development of an anti-0rf6 antibody titre in the injected mice 

was monitored through Western blot analysis. There was an increase in anti-

0rf6 antibody titre generated in one of the two mice injected with the 0rf6 

suspension prepared from SDS polyacrylamide gel. The preimmune serum 

obtained from the mouse before immunization showed no 

immunoreactivity towards E. coil TG2 (pTORF6) whole cell samples (Figure 

4-2, Blot 1, lane 2). Using the same whole cell sample, a distinct band 

corresponding to the 47 kDa 0rf6 fusion protein became apparent upon 

incubation of the blot with mouse serum extracted 19 days after the first 

immunization (Figure 4-2, Blot 2, lane 2). A booster inoculation and 7 days 

wait caused the anti-0rf6 titre to reach a high level (Figure 4-2, Blot 3, lane 2). 

At this time the mouse was bled out to harvest the serum. E. coli TG2 (pT7-7) 

crude cell extracts were not found to be immurioreactive at any time (Figure 

4-2, lane 1). 

The ability of the anti-0rf6 serum to detect native 0rf6 was tested. The 

antiserum was incubated with Western blots of D. vulgaris Hildenborough 
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Fig. 4-2. Western blot analysis of mouse anti-0rf6 antibody titre. The 

plasmids expressed in each blot are pT7-7 (lane 1) and pTORF6 (lane 2). Blots 

were incubated with preimmune serum (Blot 1), first immunization serum 

(Blot 2) and boosted immunization serum (Blot 3). Molecular weights are in 

kDa. 
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whole cells and membrane and soluble fractions. The native 0rf6 was 

immunoreactive and ran at 53 kDa as expected (Figure 4-3) in both the whole 

cell and membrane fraction. The soluble fraction showed very little 

immunoreactivity suggesting that 0rf6 is membrane-bound as hypothesized 

previously (Rossi et al., 1993). A hydropathy plot of 0rf6 fails, however, to 

reveal precisely where a membrane associated region could be found within 

the protein sequence since there are a few regions with moderate, but none 

with extreme, hydrophobicity (Figure 4-4). 

The anti-0rf6 serum was tested with respect to its detection of 0rf6 

expressed in the transconjugant D. desulfuricans G200 (pJRMR-i-) (which 

should express the entire hmc operon of D. vulgaris Hildenborough) and in 

D. desulfuricans G200 (pJRMR-) which lacks the putative hmc promoter so 

should not express any of the operon (Rossi et at., 1993). Whole cell, 

membrane and soluble fractions were blotted and the results are shown in 

Figure 4-5. Once again, 0rf6 was found to be membrane-associated yielding 

bands for the whole cell and membrane fractions of the pJRMR+ 

transconjugant only. The transconjugant containing pJRMR-, which lacks 

the 0.4 kbp upstream of hmc, gave only a very faint band in the whole cell 

sample suggesting that this upstream region is important for hmc operon 

expression. 

4.3 0rf2 -alkaline phosphatase fusions 

4.3.1 Expression of orf2-phoA fusions in E. coli 

The fusion plasmids pNMB, pNMP, pNSB and pCSP were transformed 

into E. coli DBH4 and whole cell samples were analyzed for 0rf2-PhoA fusion 

proteins by Western blotting (Figure 4-6). E. coil DBH4 transformed with 

plasmid pRKPhoA served as a negative control for expression and pDP2 

transformants served as a positive control since they had been shown to 

express a 65 kDa protein as expected (Deckers & Voordouw, 1993). The 

observed sizes of the 0rf2-PhoA fusion proteins corresponding to each fusion 

plasmid are listed in Table 4-1. The Western blot of the various induced 

transformants showed that all of the expected size fusions were present in the 

cells and, despite the presence of a high background, each fusion represented 
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Fig. 4-3. Detection of native 0rf6 in D. vulgaris Hildenborough. Lane 1) 

whole cell extracts; lane 2) membrane fraction; lane 3) cell soluble fraction. 

Molecular weights are in kDa. 
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Fig. 4-4. 0rf6 hydropathy plot. Regions which might span the membrane 

have been shaded. The axes of the plot are described in Figure 1-3. The scale 

is in amino acid residue units. 
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Fig. 4-5. Comparison of pJRMR+ and pJRMR- transconjugants. The lanes 

represent G200 (pJRMR+) whole cell (lane 1), membrane (lane 2), soluble 

fraction (lane 3), and G200 (pJRMR-) whole cell (lane 4), membrane (lane 5), 

soluble fraction (lane 6). Molecular weights are in kDa. 
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Fig. 4-6. Western blot of 0rf2-PhoA fusion proteins. The blot was incubated 

with anti-PhoA antibodies. The fusion plasmids shown expressed by E. coli 

DBH4 are pRKPhoA (lane 1), pctDP2 (lane 2), pNMB (lane 3), pNMP (lane 4), 

pNSB (lane 5) and pCSP (lane 6). Molecular weights are in kDa. 
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Table 4-i. Sizes and relative expression levels of 0rf2-PhoA fusion proteins. 

Fusion Plasmid Expressed Expected Size Observed Size 
ckDa) (kDa)  

Relative Expression 

pRKPhoA None None N/A 

pcIDP2 60.0 63 N/A 

pNMB 55.1 52 100% 

pNMP 55.0 52 96% 

pNSB 49.7 47 52% 

pCSP 855 84 21% 

the principal immunoreactive species within the sample (Figure 4-6). The 

differences in expression of the various fusions was accounted for by 

normalizing their levels to that produced by pNMB which was given a value 

of 100% (Table 4-1). The pCSP transformants expressed significantly less 

fusion protein than those expressing N-terminal fusions suggesting that its C-

terminal fusion was degraded rapidly within the cell. The high molecular 

weight bands in Figure 4-6, lanes 3 and 4 were not included in expression 

level determinations since their origin was unknown. Plasmid pRKPhoA 

expressed no immunoreactive protein as expected due to the absence of a 

ribosome-binding site immediately upstream of the phoA gene. 

4.3.2 Alkaline phosphatase activities of fusions 

Active alkaline phosphatase could be tested for in orf2-phoA fusion 

plasmid transformants plated with IPTG and BCIP (Figure 4-7). The only 

colonies not producing a blue pigment contained pCSP or the negative 

control plasmid pRKPhoA. This suggested that these transformants fail to 

express active alkaline phosphatase. 

The alkaline phosphatase activities which resulted from each orf2-

phoA fusion plasmid, both in the presence and absence of IPTG, in E. coli 

DBH4 are shown in Table 4-2 and Figure 4-8. Activities were first determined 
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Fig. 4-7. Plate indicating which fusion plasmid transformants express active 

alkaline phosphatase. Colonies are E. coli DBH4 transformants plated on a 

TY-plate containing IPTG and BCIP. The "-" refers to plasmid pRKPhoA and 

"+" refers to plasmid pcbDP2. 
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Table 4-2. Alkaline phosphatase (AP) activities of cultures expressing orf2-phoA fusions. 

Plasmid expressed 

AP activity (Units /A600) 
Uninduced Induced with ]PTG 

pRKPhoA 0.60 1.1±0.17 

pNMB 10 900±132 

pNMP 6.6 620±103 

pNSB 15 930±150 

pcSP 0.78 49±8.1 

1250 

1000-

Alkaline 750-

Phosphatase 
Activity 
(U/A600  

250-
pRKPhoA 

pNMP 

pCSP 

Fig. 4-8. Column graph of 0rf2-PhoA fusion alkaline phosphatase activities 

after induction with IPTG. Error bars indicate the maximum discrepancy 

encountered over a minimum of five readings. 
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for transformed cultures in the absence of the Plac inducer, IPTG, and were 

found to possess universally low expression never exceeding 15 Units/A600 

(Table 4-2). This indicated that expression of active enzyme was controlled by 

the lac promoter. The induced activities resulting from expression of the N-

terminal fusion plasmids which link PhoA to orf2 upstream of its 

transmembrane region were substantially higher than the C-terminal fusion 

which joined phoA to orf2 downstream of this region (Figure 3-2B). This 

suggested that these N-terminal fusions export PhoA to the periplasmic space 

where it is enzymatically active. Consequently, the N-terminus and bulk of 

0rf2 must be located in the periplasmic space while the C-terminus is 

cytoplasmic. Plasmid pNSB, which only fuses the signal peptide region of 

0rf2 to alkaline phosphatase, resulted in the highest enzyme activity 

(although only slightly higher than pNMB), suggesting further that this 

region does in fact function as a signal sequence. The activity observed for 

pNMP transformants was ca. 35% lower than that of the other two N-

terminal fusion cultures due perhaps to the introduction of an Arg-Ile-Arg 

sequence at the junction of 0rf2 and PhoA encoded by this plasmid. These 

two extra positive charges may have hindered protein export slightly by 

adherence to the 'positive inside' rule (von Heijne, 1992). 

The activity level for the C-terminal fusion was higher than that of the 

negative control culture, but both possessed values which were very low in 

comparison to the N-terminal fusions. For reasons described by Derman & 

Beckwith (1995), these activity values were not zero and could be seen to rise 

very slowly over the course of several hours due to slow folding of alkaline 

phosphatase into its native conformation during cell stasis. 

4.4 hmc operon expression 

4.4.1 Western blot analysis of operon expression levels during growth on 

different electron donors 

D. vulgaris Hildenborough was grown on media differing in electron-

donating substrate and the expression levels of the hmc operon were 

monitored through Western blot analysis of Hmc and 0rf6 using specific 

polyclonal sera. The bacteria were cultured using lactate, pyruvate or formate 
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as electron donor and carbon source both in the presence and absence of 5% 

(v/v) hydrogen. They were also cultured in a chemolithotrophic growth 

medium using 5% hydrogen as electron donor and acetate as carbon source. 

Western blots comparing protein expression resulting from growth with 

these different substrates are shown in Figure 4-9. As determined by the 

immunoreactive band intensities, the Hmc expression levels relative to 

chemolithotrophic growth did not differ from those obtained for 0rf6 by 

more than 16%. This suggests that both proteins are influenced equally by 

substrate changes. For each of the three blots shown in Figure 4-9, the band 

intensity for each lane was compared to its neighboring lane(s) on a particular 

blot as described in section 3.2.8. Bands could not be compared between 

separate blots directly since varying development times yielded differences in 

band intensity from blot to blot. However, if a given sample was present on 
more than one blot, then the expression level for that sample could act as a 

numerical bridge allowing comparison of two blots to give expression levels 

relative to chemolithotrophic growth on hydrogen as sole electron donor for 

which expression was the highest (100%). The resulting relative expression 

levels are listed in Table 4-3. 

Growth on lactate/hydrogen and pyruvate/hydrogen gave similar hmc 

operon expression levels which were 58% of that observed during 

chemolithotrophic growth. The absence of hydrogen lowered expression 

levels even further in lactate and pyruvate media where values became 37% 

and 27% of that of growth on hydrogen, respectively. These results 

demonstrate that hmc operon components are present in detectable quantities 

within the cell during growth on hydrogen, lactate or pyruvate. The level of 

operon expression is positively dependent on the presence of hydrogen with 

chemolithotrophic growth yielding the highest level. 

The bacteria were unable to grow in the minimal media which used 

formate as electron donor and carbon source in the absence of hydrogen. 

Also, the bacteria were unable to grow in a negative control medium of 

acetate/ nitrogen supporting the observation that D. vulgaris is an incomplete 

oxidizer, meaning that it cannot use acetate as an electron donor for sulfate 

reduction (Postgate, 1984). 
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Fig. 4-9. Western blot analysis of hmc operon during growth with different 

electron donors. A) Incubated with anti-0rf6 serum; B) incubated with anti-

Hmc serum. Each lane represents D. vulgaris Hildenborough grown in 

minimal media with different electron donors. Lane 1) hydrogen; lanes 2 & 

5) lactate /hydrogen; lanes 3 & 7) pyruvate/hydrogen; lane 4) lactate; lane 6) 

pyruvate. Molecular weights are in kDa. 
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Table 4-3. Relative hmc operon expression levels. 

Electron Donor Expression Level Relative to Hydrogen: 
Hmc 0rf6 Avg 

hydrogen 100% 

lactate/hydrogen 50% 

pyruvate/hydrogen 50% 

lactate 33% 

pyruvate 25% 

100% 

66% 

66% 

40% 

29% 

4.5 Analysis of a potential helix-turn-helix motif in Rrf2 

A 22 amino acid region of Rrf2 was subjected to the weight matrix 

developed by Dodd & Egan (1990) and the results of this are shown in Table 4-

4. The total score awarded for this section of Rrf2 was 1446. This total score 

was substituted into the following formula to obtain a standard deviation 

(SD) score (Dodd & Egan, 1990): 

SD score = (total score - 238.71) 
293.61 

The resulting SD score of 4.1 was obtained for Rrf2. A list of SD scores 

obtained for a set of known proteins was found in Dodd & Egan (1990) and 

these values corresponded to the percentage likelihood of helix-turn-helix 

formation. The score of 4.1 corresponded to a greater than 90% probability 

that this region of Rrf2 forms a helix-turn-helix DNA-binding motif (ibid). 
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Table 4-4. Helix-turn-helix weight matrix scores of Rrf2. 

Motif 
position -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Sequence VS I K D I A Q R Q G I S V KY 

Score 17 96 101 70 109 116 238 90 76 -131 202 128 174 -16 -100 -40 

Motif 
position 15 16 17 18 19 20 

Sequence L E K L I R 

Score 97 -101 38 37 1?7 123 

Total score = 1446 

4.6 Generation of an rrfl,2-deficient strain of D. vulgaris 

Hildenborough 

4.6.1 Southern blot analysis of the gene deletion procedure 

The steps towards the generation of the mutant D. vulgaris 

Hildenborough strain RK100 were monitored closely with Southern blot 

analysis of total chromosomal DNA to find out at which point the selection 

procedures (growth on Cm and/or growth on sucrose) pressured some 

fraction of the bacterial population to undergo recombination and mutate. 

The initial conjugation of the plasmid pRRF and purification of Cm' 

colonies led to integrants whose DNA was Southern blotted to verify that the 

plasmid had integrated into their chromosome by probing undigested total 

DNA with radiolabeled cat (Cmr) gene (Figure 4-10). The frequency of 

integration was determined to be 1 integrant/ 1.4 x 106 cells. All of the seven 

purified cultures selected on Cm plates were found to be integrants. 

Hybridization with the cat probe and the difference between the size of this 

hybridization and that of the undigested plasmid pARRF (Figure 4-10, lane 9) 

indicated plasmid integration as opposed to mere propagation of the plasmid 
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within the cell. Propagation should not occur due to the lack of a D. vulgaris-

useable plasmid origin of replication. 

The next step was to investigate the nature of these integrants (ie. 

whether the integration occurred upstream or downstream of the rrf genes; 

Figure 3-3) by probing digested DNA with radiolabeled fragments. The 

chromosomal DNA was digested with EcoRE and probed with either a 4.4 kbp 

EcoRE fragment generated from pARRF downstream of rrf2 (Figure 4-hA) or 

a 1.7 kbp EcoRI fragment from pARRF upstream of rrfl (Figure 4-11B). The 

probes contained both chromosomal DNA as well as vector DNA sequence. 

The resulting Southern blots revealed the presence of two types of integrant. 

One of these, called Type-I and occurring with about 43% frequency, 

corresponded well with RK1 as it is described in Figure 3-3 by displaying the 

retention of the 4.4 kbp downstream EcoPJ region but having the 1.7 kbp 

upstream fragment increase to 7.2 kbp due to an integration event within that 

region (Figure 4-11, lane 1). The other integrant, Type-fl, comprised the rest of 

the integration population but could not be described from its hybridization 

patterns. Both the upstream and downstream probes hybridized to Type-II 

DNA but not in the pattern expected of RK2 integrants (Figure 3-3). The DNA 

of this strain was probed with numerous probes (of which only two are 

shown) but all hybridizations were to the same 11.0 kbp fragment and so the 

nature of Type-fl was never determined (Figure 4-11, lane 2). The expected 

wild type chromosomal regions hybridized to the probes in all lanes shown in 

this figure. Sucrose-selection went ahead using the RK1 strain. 

Several rounds of culturing and colony purification in the presence of 

5-7% sucrose were required before a noticeable fraction of integrant cells 

underwent a second recombination event to become the mutant strain 

RK100. Colony-purified RK1 was initially plated on Postgate medium E plates 

with Cm (10 p.g/mL) and 5% sucrose (w/v). Single colonies were picked and 

cultured in Postgate medium C/Cm before preparing total DNA. The DNA 

was digested with Hindlll and probed with a radiolabeled 1.3 kbp Hindill 

fragment generated from the region downstream of rrf2 in pARRF. This 

probe would give different hybridization patterns for D. vulgaris 

Hildenborough wild type, strain RK1 and strain RK100 DNA. All samples 

examined in this round of sucrose selection were found to be RK1, however, 
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Fig. 4-10. Southern blot verifying integration of plasmid pARRF into the 

D. vulgaris Hildenborough chromosome. The blot was probed with the gene 

for Cm'. Lanes 1-7) Integrants; lane 8) Wild type bacteria; lane 9) Undigested 

plasmid pRRF. Markers are in kbp. 
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Fig. 4-11. Southern blot indicating the presence of two types of integrant. A) 

Probed with 4.4 kbp downstream fragment. B) Probed with 1.7 kbp upstream 

fragment. The EcoRl-digested DNA belong to integrant Type I (lane 1), 

integrant Type II (lane 2) and wild type D. vulgaris Hildenborough (lane 3). 

Note that the presence of extra bands in lane 1 is due to impurities present in 

the probe. Markers are in kbp. 
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Fig. 4-12. Southern blot including RK1-RK100 mixture. Lane 1) RK1 control 

DNA; lanes 2-12) DNA tested for the presence of a second recombination. 

Lane 4) RK1-RK100 mixture can be detected by the presence of a 5.5 kbp band. 

All DNA was digested with Hind ifi. Markers are in kbp. 
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one of the samples contained a stronger hybridization pattern for digestion 

fragments corresponding to the sacB and cat genes of the vector insert (data 

not shown). The reason for this slight difference in hybridization pattern was 

unknown but the culture from which this DNA had been prepared was 

treated separately from RK1 and denoted RK13. Cultures of both RK1 and 

RK13 were used to inoculate Postgate C/Cm/7% sucrose cultures which were 

grown at 35°C for nine days then at room temperature for 2 days before 

plating on Postgate E/Cm/5% sucrose to get single colonies. Twenty colonies 

from each plate were cultured separately in Postgate C/Cm/7% sucrose and 

their DNA was prepared and blotted. One of the RK13 cultures gave a 5.5 kbp 

band which represented RK100 seen in a mixture with RK1 (Figure 4-12, lane 

4). This culture was plated and single colonies were purified. The Southern 

blot of DNA prepared from these pure cultures is shown in Figure 4-13. 

Lanes 2 and 4 in this figure indicate purified deletion mutant RK100 cultures. 

In total, 35% of blotted DNA samples were found to originate from purified 

RK100. 

Once the purified mutant strain was generated, its DNA was probed 

with a radiolabeled 0.4 kbp Pvufl fragment obtained from plasmid pJH53O4 

and lying within the region deleted from genes rrfl,2 (Figure 4-14). The 

absence of a band in lane 3 of this figure indicates the deletion of the region 

containing this fragment. 

4.6.2 Growth rates of wild type and mutant D. vulgaris Hildenborough 

Both mutant and wild type strains of D. vulgaris 1-lildenborough were 

grown on minimal media with either lactate /hydrogen, lactate, 

pyruvate/hydrogen, pyruvate or hydrogen serving as electron donors. The 

substrate /hydrogen mixtures were grown in the anaerobic chamber in free 

exchange with the 5% hydrogen atmosphere using sponge plugs. Cultures 

lacking hydrogen were grown in nitrogen-flushed bottles. Three test cultures 

were grown in each medium for each strain and the cell densities were 

monitored over time. The growth profiles plotted in Figures 4-15, 4-16, 4-17 

and 4-18 display the resulting averaged patterns. Due to the buildup of H2S, 

growth in nitrogen bottles resulted in the formation of FeS precipitate which 

interfered with cell density measurements. In the case of the lactate and 
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Fig. 4-13. Southern blot showing purified RK100. Lane 1) RK1 DNA control; 

lanes 2 & 4) RK100 mutants; lanes 3, 5-8) Test cultures containing only RK1. 

Note that lanes 3 & 8 contain incomplete digestions. All DNA was digested 

with Hindffl. Markers are in kbp. 



65 

1 2 3 

23 

9.4 

6,6 

4.4  ft 

2.3 
2.0 

4) 

Fig. 4-14. Southern blot indicating deletion of rrfl,2. Lane 1) wild type; lane 

2) RK1; lane 3) RK100. All DNA was digested with Hindu. Markers are in 

kbp. 
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pyruvate cultures, the growth curves were plotted only up to the point where 

a visible precipitate formed. This was usually after mid-log phase so that 

information obtained was still useful. 

Growth of D. vulgaris Hildenborough on lactate resulted in a 

noticeable difference in the patterns observed for the wild type and mutant 

strains (Figure 4-15). Whether grown in the presence or absence of hydrogen, 

the wild type strain grew significantly faster on lactate than the mutant RK100 

suggesting that the deletion of rrfl,2 interferes with lactate metabolism in 

some way. The presence of 5% hydrogen also appears to hinder lactate 

utilization since it resulted in slower growth of both strains when compared 

to nitrogen cultures. Hydrogen led to a dramatic decrease in the RK100 rate of 

growth on lactate. For wild type bacteria, the time taken to get to the same 

point in mid-log phase increased from 28 h to 37 h and for the mutant the 

same change was from 46 h to 85 h. While rates were affected, cell saturation 

densities were quite similar for both strains of bacteria. 

As described in the methods section 3.2.7, all cultures were started in 

Postgate medium C before sub-culturing in minimal lactate medium twice 

and then beginning the test cultures. Postgate medium C is a rich medium 

which uses lactate as electron donor substrate and contains yeast extract. The 

growth rates of D. vulgaris wild type and mutant RK100 were observed to be 

similar during growth on Postgate medium C plus 5% hydrogen possessing 

mid-log phase times of 18 and 24 h, respectively (Figure 4-16). It is interesting 

to note that with each successive dilution of yeast extract during sub-

culturing, the growth rate of RK100 dropped relative to the wild type despite 

the fact that the same amount of cells was used for each inoculation (data not 

shown). These results suggest that RK100 is handicapped with respect to its 

growth on lactate but that this can be overcome if yeast extract is present. 

Growth of the two strains on minimal medium with hydrogen as 

electron donor also resulted in marked differences in growth rates (Figure 4-

17). Growth of the bacteria was quite sluggish when using hydrogen as sole 

electron donor most likely due to its low partial pressure within the anaerobic 

chamber. RK100 grew much faster on hydrogen than the wild type strain 

reaching mid-log phase in 145 h compared to the 241 h taken for the wild 

type. Thus, the mutant strain appears to be improved with regards to its 
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Fig. 4-15. Growth curves of D. vulgaris Hildenborough strains in minimal 
media where either lactate ( ----0---- wild type; ----A---- RK100) or 
lactate/ hydrogen ( —0--- wild type; 0  RK100) was used as 
electron donor. Values represent averages of five data sets with ±8% error 
maximally. 
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Fig. 4-16. Growth curves of D. vulgaris Hildenborough strains in Postgate 
medium C. -0---- wild type; '---O  RK100. Values represent averages 
from five data sets with ±7% error maximally. 
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Fig. 4-17. Growth curves of D. vulgaris Hildenborough strains in minimal 
media where hydrogen was used as electron donor. -0----- wild type; 

- 0 RK100. Values represent averages from five data sets with ±8% 
error maximally. 
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adaptation to the usage of this substrate as an electron source. Again, final 

cell densities were similar for both strains. 

Compared to growth of the different strains of D. vulgaris on lactate 

and hydrogen, growth on pyruvate as principal (or sole) electron donor 

differed much less (Figure 4-18). The growth rates of wild type and RK100 

cells using pyruvate in nitrogen-flushed bottles were almost identical 

throughout the portion of the curve that was reliable (when the cultures were 

free of FeS precipitate). The wild type strain reached mid-log phase in 22 h 

compared to RK100 which reached the same point in 20 h. These rates were 

slightly faster than those seen for both strains in pyruvate plus 5% hydrogen. 

In this medium, D. vulgaris wild type cells reached mid-log phase in 28 h 

while it took RK100 37 h. As was seen with growth on lactate, the presence of 

hydrogen in the atmosphere had a negative influence on the growth rates of 

both strains on pyruvate, more notably RK100. Once again, cell saturation 

densities were similar for both strains having values about halfway between 

those observed for growth on lactate and growth on hydrogen. 

4.6.3 Western blot analysis of operon expression levels after deletion of genes 

Western blots using Hmc- and 0rf6-specific antibodies were employed 

as described above in the comparison of hmc operon expression levels 

present in D. vulgaris Hildenborough wild type and RK100 strains. The blots 

are shown in Figure 4-19 and the normalized levels of relative expression in 

Table 4-5. The Hmc blot gave relative results which were similar to those of 

0rf6 differing maximally by only 12% between the two data sets. Growth of 

the two strains on hydrogen, lactate /hydrogen and pyruvate /hydrogen as 

electron donors were compared. 

The general trend exhibited by the expression level comparison was 

that the RK100 mutant possessed higher hmc operon expression levels than 

the wild type. As seen in Table 4-5, growth of the bacteria on lactate/hydrogen 

resulted in RK100 expressing an average 2.0x more Hmc/0rf6 than the wild 

type. Growth on pyruvate/hydrogen gave 1.9x higher levels in RK100 than 

wild type and chemolithotrophic growth gave 2.5x higher levels in RK100. 

Thus, an average 2.1-fold increase in hmc operon expression levels are seen 
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Fig. 4-18. Growth curves of D. vulgaris Hildenborough strains in minimal 
media where either pyruvate ( ----o---- wild type; ---h---- RK100) or 
pyruvate/hydrogen ( -a--- wild type; -o  RK100) was used as 
electron donor. Values represent averages from five data sets with ±8% 
error maximally. 
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Fig. 4-19. Western blot analyses of hmc operon in D. vulgaris Hildenborough 

wild type and mutant strains. A) Incubated with anti-0rf6 serum; B) 

incubated with anti-Hmc serum. Lanes represent wild type grown on: lane 1) 

lactate/ hydrogen; lane 3) pyruvate/hydrogen; lane 5) hydrogen as electron 

donors, and RK100 grown on: lane 2) lactate /hydrogen; lane 4) 

pyruvate/hydrogen; lane 6) hydrogen as electron donors. Molecular weights 

are in kDa. 
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Table 4-5. Normalized hmc operon levels comparing wild type and mutant strains. 

Expression Level Relative to 

Lane Strain Electron Donor RK100 on Hydrogen: 

Him: 0rf6 Avg-

1 wild type lactate/hydrogen 31% 32% 

2 RK100 lactate/hydrogen 59% 71% 

3 wild type pyruvate/hydrogen 31% 32% 32% 

4 RK100 pyruvate/hydrogen 56% 65% 61% 

5 wild type hydrogen 41% 39% 

6 RK100 hydrogen 100% 100% 100% 

in the mutant strain RK100 suggesting that the products of the genes rrfl,2 

play some role in repressing hmc operon expression. 

It was also observed in these blots that the expression level of the wild 

type on hydrogen was lower relative to growth on lactate/hydrogen and 

pyruvate/hydrogen than what was seen previously (1.3x instead of the 

previous 1.7x; Figure 4-9, Table 4-3). This may have been due to a difference 

in the allowed growth time of the bacteria on hydrogen. For this blot, the 

wild type was harvested slightly prior to mid-log phase growth and this may 

have had an effect on the level of hmc operon expression. Perhaps the level 

rises to some maximal point during growth on hydrogen as the bacteria adapt 

to this substrate. 
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5. Discussion 

5.1 Overexpression of 0rf2, 0rf3 and Or f6 in E. coli 

The sequence of the chromosomal region downstream of the 

D. vulgaris Hildenborough hmc gene implied the presence of a total of eight 

open reading frames closely linked into a single, or maximally two, operon(s). 

Several of the putative peptides encoded by the hmc operon were found to 

have significant homologies with other known proteins. This condition by 

itself was good evidence that the deduced open reading frames comprising 

the hmc operon encoded authentic proteins. Actual verification of the 

existence of the various operon components would come with their 

visualization upon expression. 
The overexpression of 0rf2, 0rf3 and 0rf6 in B. coli led to the 

recognition of fusion peptides corresponding to sizes very similar to those 

expected by sequence analysis. An overexpressed protein corresponding 

probably to 0rf5 was also visualized (Figure 4-1, lane 3). M. Rossi (1993) has 

used the bacteriophage T7 system to overexpress the 15 kDa Rrf 1 protein and 

was able to see a 15.5 kDa band after SDS PAGE of cells expressing pTRRF1NP. 

The hmc gene has been overexpressed in D. desuifuricans G200 giving rise to 

a peptide of expected size upon conjugation of these bacteria with the plasmid 

pBPHmc-1 (Bruschi et al., 1992). In all, as many as six of the eight open 

reading frames of the hmc operon have been overexpressed in B. coil or 

D. desuifuricans G200 and have given rise to polypeptides very near to or 

identical to their expected sizes. Collectively, these results validate the 

assignment of open reading frames in the hmc operon, as suggested by the 

sequence. 
The expression levels of the 0rf2 and 0rf3 fusion proteins were lower 

than what was expected for this system of overexpression. 0rf2 may have 

been degraded within the cell due to the nature of its fusion. The fusion 

point of 0rf2 to the pT7-7 vector peptide lay within the putative signal 

peptide of 0rf2 and, as will be discussed below, this disruption would 

eliminate the potential for protein export and might have resulted in 

accelerated intracellular degradation of 0rf2. As discussed above, the 
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expression of 0rf3 may have been diminished by the extreme hydrophobicity 

of this protein. The aggregation of material at the top of the SDS 

polyacrylamide gel (Figure 4-1, lane 3) suggested the inadequate denaturation 

of the expressed 0rf3 fusion. 

The bacteriophage T7 system was successfully used to produce a high 

amount of 0rf6 fusion protein. The expression level of 0rf6 which resulted 

from transformation of E. coli TG2 with plasmid pTORF6 constituted around 

10% of total cellular protein (Figure 4-1, lane 6). This high level of 

overexpression was ample for usage in mouse anti-0rf6 antibody 

development which was useful in later studies. 

5.2 Cellular localization of 0rf6 

Sequence analysis of 0rf6 has revealed that this protein carries no 

fewer than three regions within its primary structure which are moderately 

hydrophobic and approximately 20 amino acids in length, indicating their 

potential to form transmembrane helices (Figure 4-4). A Robson secondary 

structure prediction performed by computer analysis of the 0rf6 sequence also 

indicated that the three regions outlined in Figure 4-4 had high a-helical 

propensities. None of these regions is associated with a signal sequence 

consensus of any sort but, based on the presence of these hydrophobic regions 

as well as the hypothesis for the functioning of the hmc operon, 0rf6 has been 

modeled in the past to be membrane associated (Rossi et al., 1993; Figure 1-5). 

After the development of anti-0rf6 antibodies which recognized the 

E. coli (pTORF6) 47 kDa fusion protein, the obvious next step was to test if the 

antiserum immunoreacted with the 53 kDa native 0rf6 in D. vulgaris 

Hildenborough cells. It was this Western blot analysis of whole cell, 

membrane and soluble fractions of D. vulgaris which verified the membrane 

association of 0rf6 (Figure 4-3). The absence of any 0rf6 in the cell soluble 

fraction suggests that this redox protein sits against the cytoplasmic side of the 

cell membrane (due to the lack of a signal sequence) where it could logically 

play a more integral role in electron transfer through the membrane than if it 

were free in the cytoplasm. As mentioned, 0rf6 lacks a high degree of 

hydrophobicity in any one region of sequence so it may be that the protein is 
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aided in its membrane association. The integral membrane proteins, 0rf3 

and/or 0rf4 and/or 0rf5, could anchor one of these regions into the 

membrane so that it does not need to be highly hydrophobic. In this position, 

the two iron-sulfur clusters of 0rf6 could accept electrons from one of the 

membrane proteins, possibly 0rf5 with its putative heme b , and donate these 

to a cytoplasmic electron carrier, protein such as flavodoxin so they could be 

transported to the site of sulfate reduction. 

5.3 Membrane topology of 0rf2 

The possession of four cysteine clusters found in a strictly conserved 

array has given 0rf2 membership into a family of homologous bacterial redox 

proteins (Figure 1-2). These clusters are in sequence groups very similar to 

those shown to ligate iron-sulfur clusters in the bacterial ferredoxins (Graves 

et al., 1985; Bruschi & Guerlesquin, 1988). The EPR properties of DmsB, the 

protein with which 0rf2 shares the highest degree of sequence homology, 

indicate that this protein contains four [4Fe-4S] clusters (Cammack & Weiner, 

1990). The members of this family which have been well characterized show 

that these clusters are observed to reside in the cytoplasmic space of their 

respective bacteria where they function as electron transfer subunits usually 

working in conjunction with a catalytic subunit (Berg et al., 1991; Böhm et al., 

1990; Bokranz et al., 1991; Weiner et al., 1992). 

The existence of two hydrophobic amino acid sequences within 0rf2 

has contrasted it with these other proteins (Figure 1-3). One of these (residues 

261 to 284) is a good candidate for forming a membrane-spanning helix. This 

feature, by itself, is not novel among these redox proteins since FdnH 

(described in section 1.3.5) also contains a putative transmembrane helix. The 

other hydrophobic sequence (residues 9 to 25) of 0rf2, while not extremely 

hydrophobic, is unique among this family of redox proteins. As described in 

the objectives (section 2.2), 0rf2 was ascribed the same membrane topology as 

its homologs having cytoplasmic iron-sulfur clusters and with the N-

terminal hydrophobic sequence forming an amphipathic helix lying against 

the inside of the membrane (Rossi et al., 1993; Pollock, 1992; Figure 1-5). It 

was the close examination of a positively charged region just ahead of the N-
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terminal sequence which brought this topology into question. This region 

bears similarity to the unusual signal sequences of hydrogenase small 

subunits. The 0rf2 sequence differs from the consensus: RRXFXK, possessing 

instead: RRRFXT, but it may be that the presence of the extra arginine residue 

compensates for the missing lysine. The rest of the putative signal sequence 

was observed to be quite homologous to others of this type (Figure 1-4). In 

order to more definitively determine the membrane topology of 0rf2, orf2-

phoA genetic fusions were generated. 

Alkaline phosphatase gene fusions are useful molecular tools which 

have been quite successful in determining the membrane topology of 

proteins (Deckers & Voordouw, 1993; Boyd et al., 1993; Weiner et at., 1993; 

Calamia & Manoil, 1990; San Millan et at., 1989; Manoil & Beckwith, 1986). 

E. co/i alkaline phosphatase, PhoA, can be readily translocated when attached 

to an appropriate signal sequence (Roof et at., 1991; Manoil & Beckwith, 1985) 

and is found to be almost entirely dependent upon its export out of the 

cytoplasmic space for active functioning (Derman Sz Beckwith, 1991; Michaelis 

et al., 1983). The only exception to this has been recently discovered in cells 

whose growth has been suspended. Cytoplasmic PhoA activity has been 

observed to increase gradually in these cells due to slow folding of the 

cytoplasmic enzyme into its native conformation (Derman & Beckwith, 1995). 

PhoA fusions are also useful with regards to their high sensitivity and ease of 

detection using substrates such as BC1P or pNPP (Brickman & Beckwith, 1975). 

The activities resulting from the orf2-phoA gene fusions expressed in 

E. co/i DBH4 have demonstrated that the N-terminus of 0rf2 can act as a 

functional signal peptide. This indicates that the bulk of the protein, 

including its iron-sulfur clusters, is on the periplasmic side of the membrane 

while the highly charged C-terminus is cytoplasmic. Thus, 0rf2 possesses a 

unique topology among its class of redox proteins, being the only member 

with periplasmic clusters. As hypothesized earlier, these clusters appear to be 

supported by the more reducing periplasm of D. vulgaris Hildenborough 

cells, which is unlike the periplasms of most other bacteria in which 0rf2-like 

electron transfer proteins occur. This orientation of 0rf2, while different 

from what was proposed previously (Rossi et al., 1993; Pollock, 1992), helps to 

define the path of electron transfer through the Hmc-transmembrane 
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complex. Previously, it was difficult to say whether electrons passing through 

the membrane components would be accepted by the iron-sulfur clusters of 

0rf6 or 0rf2 or both proteins since each seemed to be equally available (Rossi 

et al., 1993; Figure 1-5). With this new knowledge of the topology of 0rf2, a 

model emerges in which electrons could be transferred from Hmc to the iron-

sulfur dusters of 0rf2 before passage through the membrane to the clusters of 

0rf6 and on to sulfate reduction. This model also suggests that Hmc itself 

does not need to be membrane bound to pass electrons through the 

membrane. Instead, it can float freely through the periplasm and dock at 0rf2 

to donate its electrons. 

5.4 Differential expression of the hmc operon 

The sequence of the genes of the hmc operon has suggested that the 

first six proteins encoded could form a transmembrane redox protein 

complex. In part, the function of this complex was postulated from the 

homology between Hmc and cytochrome C3, the electron acceptor for the 

[NiFe] and [Fe] hydrogenases. Hmc might accept electrons from hydrogenases 

just like cytochrome c,3 during hydrogen oxidation. Observation of the 

chemolithotrophic growth of D. vulgaris Hildenborough (Badziong & 

Thauer, 1978) implied the existence of a transmembrane redox link between 

periplasmic hydrogen oxidation and cytoplasmic sulfate reduction. Such a 

link had never been characterized but, upon its discovery, the protein 

complex encoded by the hmc operon became the most likely candidate. 

In this research an attempt has been made to characterize the function 

of the hmc operon by expression analysis. Variations in operon expression 

levels observed under different controlled conditions must have been 

influenced by the changing environment. It can be assumed that the proteins 

encoded by an operon play some important role during a particular growth 

condition if the operon is activated. Decreasing operon expression under 

certain conditions indicates that the encoded proteins are no longer required. 

These assumptions were the basis for analyzing hmc operon expression. 

Monitoring expression levels of the hmc operon during growth of 

D. vulgaris Hildenborough in the presence of various electron donors could 
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support or refute the hypothesis that the operon proteins serve as a redox link 

between hydrogen oxidation and sulfate reduction. Cultures were therefore 

grown in the presence of hydrogen, lactate, pyruvate and formate as electron 

donors. Many of the cultures were grown under mixed conditions with 5% 

hydrogen being present along with the test substrate because hydrogen was a 

component of the anaerobic chamber atmosphere. 

Western blots were used to examine hmc operon expression levels. A 

more intense band on a Western blot indicates the presence of more protein. 

This may mean that (1) the gene encoding the protein in these cells was 

expressed at a higher level or that (2) these cells experienced less degradation 

of the observed protein than the others or that (3) some factor has increased 

the stability of the mRNA being translated. Measures were taken to reduce 

protein degradation within cell cultures prior to harvesting, or at least to keep 

degradation levels constant between cultures to avoid discrepancies. All 

cultures were harvested in exactly the same manner at equivalent points in 

the growth curve wherever possible. If protein degradation rates were 

influenced by differences in media substrates then some degree of inaccuracy 

would have been unavoidable. It was assumed that degradation rates were 

constant so that the Western blot expression analysis procedure with 

computer intensity comparisons allowed estimation of the effect of substrates 

on D. vulgaris Hildenborough hinc operon expression. 

This assumption appears to have been reasonable because the same 

variations were observed for both Hmc and 0rf6 expression levels with little 

discrepancy between them (section 4.4.1). This would be expected for two 

proteins under the influence of the same promoter. All expression analyses 

indicated the highest levels of operon expression in cells which had been 

grown in the presence of 5% hydrogen. Hydrogen had a definite activation 

effect upon hmc operon expression with the highest levels being discovered 

during chemolithotrophic growth (Figure 4-9, Table 4-3). Levels similar to 

chemolithotrophic growth were observed after growth on formate/hydrogen 

medium but, as discussed above (section 4.4.1), this was likely due to the 

bacteria's inability to use formate as an electron donor, only as a carbon 

source, in this minimal medium which lacked all but the bare necessities for 

growth. As mentioned in the introduction (section 1.1), formate can be used 
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as sole electron source for growth of D. vulgaris but the resulting growth rate 

is poor. Since no growth of the bacteria was observed in minimal formate 

medium within nitrogen-flushed bottles, it seems that the bacteria were 

unable to use this substrate as an electron source in the absence of more 

nutritional supplements such as vitamins, etc. Thus, the reason for high 

hmc operon expression in formate /hydrogen medium was the use of 

hydrogen as an electron donor. 

Once well established, chemolithotrophic growth of the bacteria elicited 

hmc operon levels which were on average between 1.7-fold and 3.7-fold 

higher than those observed when another electron donor such as lactate or 

pyruvate was used (Table 4-3). Growth on these other substrates did result in 

detectable operon expression suggesting the requirement of the encoded 

complex even in the absence of hydrogen. The function of the hmc operon 

complex in the absence of hydrogen can be speculated upon. Perhaps, as 

hypothesized by Rossi et al. (1993), the transmembrane complex serves a 

second function in reverse electron flow. It may be that there is shuttling of 

cytoplasmic electrons evolved from lactate or pyruvate oxidation to the 

periplasm where they are used to reduce protons. The levels of hmc operon 

expression were observed to be 1.4-fold higher during growth on lactate than 

they were during growth on pyruvate (Table 4-3). Microcalorimetric studies 

performed by Traore et at. (1981) have shown that growth of these bacteria on 

lactate results in the liberation of 25% of evolved electrons into production of 

molecular hydrogen. The reason for this may be to lower sulfide 

concentrations within the growth culture and prevent hydrogen sulfide 

poisoning and/or to participate in interspecies hydrogen transfer with other 

bacteria such as methanogens as part of a mutually beneficial exchange. This 

trend is observed during pyruvate oxidation to a much lower extent where 

only 1 mol hydrogen per 10 mol pyruvate is produced (ibid). If the hmc 

operon transmembrane complex is required for electrons exiting to the 

periplasm in addition to their entry into the cytoplasm, then it can be seen 

why expression levels might be higher during growth on lactate than growth 

on pyruvate. All of the hypotheses presented in this section maintain that 

the function of the hmc operon is to produce a transmembrane redox protein 
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complex which passes electrons involved in hydrogen metabolism through 

the cell membrane of D. vulgaris Hildenborough. 

5.5 Role of the rrfl,2 genes in D. vulgaris Hildenborough 

The sequence of genes rrfl and rrf2 of D. vulgaris Hildenborough was 

very enlightening with regards to elucidating a possible function for their 

gene products. The strong sequence homology observed between Rrf 1 and 

the CheY family of response regulatory proteins (Stock et at., 1990) was the 
first indication that these two proteins might have an important regulatory 

function. In this study, sequence investigation of Rrf2 has shown that this 

protein contains a putative helix-turn-helix DNA-binding domain (section 

4.5). As mentioned in the introduction (section 1.2), the association of a 

response regulator with a DNA-binding domain is not unusual. The 

combination of these two functions into a single-protein body plan is what is 

found in the response regulators OmpR, PhoB, NtrC, NifA and DctD (Stock et 
at., 1990; Makino et al., 1986; Ronson et at., 1987). The genes rrfl and rrf2 are 

separated on the D. vulgaris chromosome by only six base pairs. This 

indicates that a single point mutation could have occurred at some time in 

the past splitting one single gene which coded for a response regulatory 

protein with a DNA-binding output domain into two separate genes. It has 

been observed that many transmitter and receiver proteins possess a flexible 

AP-rich linker region which separates different domains (Radford et al., 1989). 

This is not unlike the C-terminus of Rrfl which is described in the 

introductory section 1.2. It is possible that this region was once the linker 

between the regulatory and output domains of one protein. Due to its 

flexibility, this linker region would play an important role in allowing the 

phosphorylated regulatory domain to interact with the output domain and 

effect a response (Parkinson & Kofoid, 1992). These two domains have also 

been described as being potentially autonomous (Ronson et al., 1987) 

revealing how Rrfl and Rrf2 could form a single cooperative unit despite 

their separation. 
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One of the best ways to determine the function of a gene or its encoded 

product is to delete the gene. With a measure of serendipity, a great deal 

about the gene function can be determined through phenotypic differences 

exhibited by the mutant. Deletion of a 567 bp fragment of the chromosome 

which spanned the rrfl,2 genes of D. vulgaris Hildenborough removed the 

possibility of the production of functional proteins from these genes and 

resulted in noticeable phenotypic differences in this mutant, denoted RK100, 

relative to the wild type. 

Western blot analysis has shown that the disruption of rrfl,2 leads on 

average to a 1.9 to 2.5-fold increase in hmc operon expression levels (Figure 4-

19, Table 4-5). This suggests that either the absence of intact rrfl,2 genes 

stabilizes the hmc operon mRNA or that the proteins Rrf 1 and Rrf2 repress 

transcription of the operon. The latter case shall be addressed here. The 

precise mode of repression cannot be determined from this data. It may be 

that the Rrf2 protein represses transcription by binding to the hmc promoter 

region after the protein's activation by the phosphorylated Rrf 1. In this 

model, Rrfl would be phosphorylated in response to the presence of pyruvate 

and/or lactate. One difficulty with this model is that the probable 

transcription of rrfl,2 as part of the hmc operon presents a negative feedback 

scenario. The expression of Rrfl and Rrf2 along with the other operon genes 

would lead to their own repression once Rrfl is phosphorylated. An 

alternative is that Rrf2 might, by itself, have a natural tendency to bind the 

hmc promoter region and keep expression low (Figure 5-1). Activation 

would occur in the presence of hydrogen with a chain of events which causes 

Rrfl to become phosphorylated. Phosphorylated Rrfl could bind to Rrf2 and 

effect its removal from the promoter region. Thus, activation of the operon 

would create more Rrfl and Rrf2 but the presence of hydrogen and 

phosphorylated Rrf 1 would keep Rrf2 from binding to the promoter until 

hydrogen, and thus active Rrfl, levels decreased. Both of these models are 

supported by the increase in hmc operon levels seen in the absence of Rrfl 

and Rrf2 in RK100 but it is also very possible that neither model is accurate. 

The regulation of expression of the hmc operon by these factors might be a 

very complicated process involving other gene products and promoter 

regions. 
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The results of the Western blots also displayed that there was not a 

common high level of expression noted for each mutant culture as would be 

expected for constitutive expression due to de-repression of the operon 

(Figure 4-19, Table 4-5). The RK100 levels were higher than observed in the 

wild type but still fluctuated depending on the electron donor. The highest 

overall expression appeared during chemolithotrophic growth just as for the 

wild type. This signifies that the expression of the hmc operon is regulated, at 

least in part, by the gene products of rrfl,2 but also seems to be influenced by 

other unknown factors. 

The most informative phenotypic observations were made during 

comparative growth of the two strains of bacteria on media which differed in 

the electron donating substrate present (section 4.6.2). Under 

chemolithotrophic conditions, the disruption of rrfL2 led to a significant 

increase in the growth rate of D. vulgaris Hildenborough (Figure 4-17). These 

results are consistent with what was described in the last section (section 5.4) 

with respect to hmc operon expression levels observed in wild type D. 

vulgaris Hildenborough. If the operon is important for hydrogen-associated 

electron transfer then it makes sense that removal of repressor proteins, such 

as in RK100, would lead to enhanced growth when using hydrogen as sole 

electron source. 

The lactate growth rate was inhibited in the mutant strain leading to a 

significantly lower growth rate than observed in the wild type. Somehow, the 

generation of more Hmc-transmembrane complex had an adverse effect on 

growth on lactate, perhaps by disturbing electron transfer normally associated 

with the lactate dehydrogenase. Upon comparison with cultures grown 

under a nitrogen atmosphere, it was seen that the growth rate on lactate 

dropped in the presence of 5% hydrogen. An explanation for this may be that 

when hydrogen is present it is used in addition to lactate as an electron 

source. The use of both substrates simultaneously is supported by the 

increase in hmc operon expression observed in wild type D. vulgaris 

Hildenborough whenever 5% hydrogen is present in addition to lactate or 

pyruvate (sections 4.4 and 5.4). If the hmc operon is important for hydrogen 

usage then its expression would rise when hydrogen is present and being 

used as an electron source. Lactate oxidation might be inhibited in cultures 
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which are simultaneously oxidizing hydrogen due to the competition for 

reduceable periplasmic electron carriers, such as cytochrome C3, which are 

common to both processes. Inhibition could also occur if electrons are 

shuttled out of the cytoplasm to the periplasm during lactate oxidation (as 

discussed above in section 5.4) via the Hmc-transmembrane complex. The 

reverse flow of electrons resulting from hydrogen oxidation in the periplasm 

could lead to decreased efficiency of lactate-associated electron transfer. 

Another reason for slower growth on lactate in the presence of hydrogen 

could be product inhibition since, as observed, these cells produce molecular 

hydrogen as a byproduct of lactate utilization (Traore et al., 1981; section 5.4). 

These models all assume that it is the presence of hydrogen which inhibits 

growth on lactate and not the presence of lactate which enhances growth 

using hydrogen as electron donor. This is because lactate is likely the 

preferred oxidation substrate as evidenced by the faster growth associated with 

lactate cultures. This may not be the case in RK100 where the higher hmc 

operon levels improve the cell's ability to use hydrogen as the electron donor. 

This would explain why growth of RK100 on lactate/hydrogen was so much 

slower than that of the wild type (Figure 4-15). Not only was lactate usage 

somehow inhibited by the presence of more Hmc-transmembrane complex, 

but chemolithotrophic growth was enhanced. It could be that lactate is 

playing only a minor role in electron donation under these conditions. 

A slight decrease in growth rate showed that growth on pyruvate was 

the least affected by the deletion of the rrfl,2 genes. Thus, the higher operon 

expression is not as influential during growth on pyruvate (Figure 4-18). This 

is supported by the low levels of hmc operon observed in wild type 

D. vulgaris Hildenborough grown on this substrate (Figure 4-9, Table 4-3). If 

the hmc operon is unimportant for growth on pyruvate as an electron donor 

then its expression level may not make as big an impact on the observed 

growth rate on pyruvate as if the components were more consequential. The 

presence of 5% hydrogen led to slightly decreased growth rates for both strains 

on pyruvate. This decrease, which was more noticeable in RK100, may have 

been due to usage of some hydrogen as electron donor (more in RK100) in 

addition to pyruvate. This might compromise the pyruvate oxidation process 

by creating competition for cytoplasmic electron carriers. 
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5.6 Role of the hmc operon in D. vulgaris Hildenborough 

All of the investigations performed during this research project have 

had the common goal of describing the role of the hmc operon in D. vulgaris 

Hildenborough. The results obtained have been enlightening and have led to 

the development of several models illustrating how different components 

encoded by the operon might function within this unique bacterial complex. 

The data presented help to define the membrane association of 0rf6, the 

iii.embrane topology of 0rf2, the role of Rrfl and Rrf2 and the function of the 

Hmc-transmembrane complex. These models can be combined into an 

overall conception of the mode of action of the hmc operon. 

A speculative version of the pathway of hydrogen electron transfer 

during chemolithotrophic growth proceeds as follows. The extracellular 

hydrogen concentration rises and hydrogen diffuses into the cytoplasm of 

D. vulgaris Hildenborough. An unknown histidine-protein-kinase sensor is 

autophosphorylated (Stock et al., 1990) in response to the presence of 

hydrogen within the cell. This sensor phosphorylates Rrf 1 at Asp-53 causing 

a gross conformational change (Parkinson & Kofoid, 1992; Rossi et al., 1993; 

Stock et al., 1990) within that protein. The activated Rrfl complexes Rrf2 

which is bound to the bacterial chromosome at the hmc promoter region. It 

binds Rrf2 causing it to be removed from the DNA. Transcription of the hmc 

operon rises leading to more Hmc, 0rf2 to 0rf6 and, at a much lower level, 

more Rrfl and Rrf2 (Figure 5-1). 

The transmembrane complex assembles. Hmc is exported to the 

periplasm. The bulk of 0rf2 is also exported with the aid of helper proteins 

then its signal peptide is cleaved. 0rf3, 0rf4 and 0rf5 insert into the 

membrane, binding to the transmembrane helix of 0rf2 and holding it in 

place. 0rf6 inserts a hydrophobic tail into the membrane where it is also 

bound by this integral membrane complex. 

In the periplasm, hydrogen is oxidized to protons and electrons 

primarily by the [Fe] hydrogenase (which has lower affinity but higher activity 

than the [NiFe] hydrogenase; Voordouw, 1993). The electrons evolved are 

passed to the c-type hemes of Hmc. Hmc docks at 0rf2 where it channels the 

electrons to the iron-sulfur clusters of 0rf2 which in turn pass them down to 
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the heme b of 0rf5. 0rf5 transfers the, electrons to the iron-sulfur clusters of 

0rf6 which pass them to flavodoxin. Flavodoxin carries the electrons 

through the cytoplasm to where they can participate in sulfate reduction 

(Figure 5-2). 

The flow of electrons utilized in hydrogen production during lactate 

oxidation would follow the reverse pathway. Electrons would be carried to 

0rf6 where they migrate back through the membrane to 0rf5 then to 0rf2 and 

Hmc before being used in proton reduction by the [NiFeSe] hydrogenase 

(Voordouw, 1993). 

From these models, it can be seen that all of the molecular biological 

data accumulated regarding the hmc operon has led to a greater 

understanding of the how the hydrogen metabolism of these bacteria may 

proceed. There are numerous future studies which would further enhance 

our understanding of this operon. These could include (1) the investigation 

of the hmc operon mRNA levels in the mutant strain RK100 as well as 

mRNA stabilty, (2) a phoA-fusion based investigation of the membrane 

topology of 0rf6 as well as the use of fractionation experiments to determine 

if 0rf3,4,5 are required for 0rf6 membrane association, (3) the deletion of the 

entire h m c operon and investigation of the effects of this on 

chemolithotrophic growth or growth on other reductants, (4) radioactive 

phosphate labeling of Rrfl, (5) investigation .of potential DNA sites for Rrf2 

binding and (6) spectroscopic characterization of 0rf2 investigating its iron-

sulfur clusters and 0rf5 in search of a heme b prosthetic group. 
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Fig. 5-1. Model of hmc operon expression regulation by Rrfl and Rrf2. This 

model is purely speculative but illustrates a possible mode of action for these 

proteins based on the data presented. 
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