Character..ation of a transposon-induced
pleiotropic metr nidazole resistant mutant of

Clostridium acetobutylicum P262

: Helen Collett

In partial fulfilment of the requ :ments for the degree of Doctor of Philosophy in
the Faculty of Science, University of Cape Town

CAPE TOWN
APRIL 1996



The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



In terms of paragraph 9 of “Gene: regulations for the degree of PhD.” I, as supervisor of
the candidate Helen Collett, certi that I approve of the incorporation in this thesis of

material that bias already been publi ed or submitted for publication.

1

Dr S.J. Reid
Department of Microbiology

University of Cape Town





































































































































































2.0

2.1

2.2

2.3

2.4

Investigation of transposon mutagenesis in C. acetobutylicum P262;

Chapter 2

isolation of two metronidazole resistant mutants

..............................................

Materialsandmethods. . ... ... ... ... .. i i i ...
2.2.1 Bacterial strainsand plas. ds.....couiiiiiiiiitiin ..
2.2.2 Media and growthconditions . .. ..cco ittt i it inenenann
2.23 Conjugation procedure « v v v v v v ottt e v et ie oo nennsaenceneens
2.2.4 Screening for metronidaz e resistance and determination of MICs ... ..
2.2.5 Transposon stability @SSaY « o v v v v v vt v n e e et ne v veneooonananas

2.2.6 DNA

extraction and manipulation .. ... ... . 0 i i i,

2.2.7 Construction of size-selected genebanks. . .....................
2.2.8 Colony hybridization. . . . . . e v vttt ittt i it ie e e
2.2.9 Southern hybridization . .. ... ..ottt i e
2.2.10 Nucleotide seqUENCING. . o v v e oo et te et ettt ittt e eeenaasnns

Results . .

2.3.1 Conjugal transfer of Tn925::Tn917 to C. acetobutylicum P262. .. ... ..
2.3.2. Isolation of metronidazole resistant mutants . . .. .« .o oo v veeenn ..
2.3.3 Transposonstability . ... ..o v iiii i i e e
2.3.4 Check for presence of do  -plasmidDNA .....................
2.3.5 Preliminary cloning of transposon DNA . . .. ...... ...,
2.3.6 TranspoSOn COPY NMUMDET . « o« v vt ettt et ettt o e aeacneennas
2.3.7 Cloning and DNA sequencing of left end transposon-chromosome
JUACHIOMS v v ettt ettt et ettt eaneeeneonoeeneenenens

Discussion

..............................................

51

52

33
33
33
54

54
55
55
55
55
56

56
56
56
57
57
59
59

60

63


















Chapter 2 56

capillary action to Hybond N* nylon membranes and fixed according to the manufacturer's
instructions. DNA restriction fra; 1ents selected as probes were gel-purified and labelled
with Digoxigenin-11-dUTP (DIG) by the random primed method using a DIG DNA
labelling kit (Boehringer Mannheim).  Hybridization with a DIG-labelled probe
(approximately 10-25 ng/ml) was performed at 68°C overnight. This was followed by
chemiluminescent detection with I nigen™ PPD (Boehringer Mannheim) according to the

manufacturer's instructions.

2.2.10 Nucleotide sequencing

The transposon junction sites of ¢ smids p30R1, p30R2 and p3R were sequenced in one
direction using the primer 5'-CGAAAGCATCTAGAATAAGGC-3' which is specific for the
left end of Tn9/6. The primer was synthesised by D. Botes (Department of Biochemistry,
University of Cape Town). D\ sequencing was performed by the dideoxy-chain
termination method of Sanger et al. (1977) using [33S] dATP and the T7 DNA sequencing
kit (Pharmacia Biotech.).

2.3 Results

2.3.1 Conjugal transfer of Tn925::Tn917 to C. acetobutylicum P262

Approximately 1400 tetracycline resistant transconjugants were obtained from two small-
scale conjugation experiments performed in conjunction with B. Babb (Department of
Microbiology, University of Cape Town). The Tn925::Tn9/7 transposon cointegrate was
transferred from E. faecalis to C. acetobutylicum at a frequency of 104 to 1073
transconjugants per recipient. The erythromycin resistance (erm) determinant of Tn9/7 was
not used as a selective marker : the conjugation experiments, but resistance of the
transconjugants to erythromycin was confirmed. The erm determinant is unable to function
as a selective marker for Tn925::Tn9/7-containing transconjugants of C. acetobutylicum
DSM 792, as this strain displays a I 1 level of resistance against the antibiotic (Bertram and

Diirre, 1989).

2.3.2 Isolation of metronidazole r stant mutants

Two metronidazole resistant mutants, referred to as 3R and 30R, were isolated from the 400

C. acetobutylicum transconjugants screened. =~ The MIC of metronidazole for the















Chapter 2 61

a bc de

‘!‘u

Hindlll

EcoRli X ol

23 KD

Fig. 2.3. Determination of transposon copy number by Southern hybridization. Agarose gel (A) and
corresponding autoradiograph (B) of Hindlll-Xhol-digested pTn9!7 plasmid DNA (lane b) and EcoRI-
Xhol-digested C. acetobutylicum chromos al DNA from the wild type (lane c), mutant 3R (lane d) and
mutant 30R (lane €). DNA was probed with the 1.3 kb HindIII-XAol DIG-labelled fragment of plasmid
pTn9!7. Each hybridization band repres s a unique transposon insertion, and the rationale is outlined

in (C). Lane a contains PstI-digested lambda DNA as size markers.
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Fig. 2.5. The Tn916 target sequence deduced from the sequence information provided in
the analysis of a C. acetobutylicc. 1 DSM 792 asolventogenic mutant (Sauer and Diirre,

1992) is included as a comparison.

The metronidazole MIC values f mutants 3R and 30R were double that of the parent
strain. Moderate (four-fold) lev : of metronidazole resistance have been shown to be
significant (Quon eral, 1992). An investigation of the mechanism of metronidazole
resistance in mutant 3R, which was suitable for further study, on account of the single

transposon insertion, is described-in the following chapter.










































Chap 3 79

These results indicated that the metronidazole resistant phenotype of mutant 3R is
associated with an increased capacity to repair DNA damage (indirect evidence), rather than
disruption of a gene involved in the reductive activation of the drug. Molecular
cl  terization of the DNA locus implicated in metronidazole susceptibility is reported in

the following chapter.
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Fig. 5.7. Amino acid homology compari . of ORF1 from C. acetobutylicum (Ca ORF1) and the spore-
cortex-lytic enzyme of C. perfringens (Cp SCLE; Miyata ef al., 1995a; accession no. D45024). The two
proteins consist of a prepro-sequence (I), pro-sequence (II) and the mature enzyme (III). The extent of
each of these three regions is indicated | arrowheads. Identical amino acids are indicated by a black
background and conservative amino acid substitutions are shaded. One or more of the three cysteine
residues, indicated by asterisks, are implicated in enzyme activity. The LPXTG motif is underlined and

overlined. Three arginine residues which : y constitute the charged tail in ORF1 are overlined.

This sequence is capable of forming a stem-loop structure with 1 mismatch (AG = -12.1
kcal/mol) and may function as a bidirectional terminator for both ORF1 and the sum gene.
The deduced 444 amino acid seque; ¢ of ORF1 (taken from the second GTG start codon)
was highly homologous (60% identity, 74% similarity) to the spore-cortex lytic enzyme
(SCLE) of C. perfringens (Miyata et al., 1995a) (Fig. 5.7). This enzyme is encoded by the
sleC gene and is responsible for degradation of spore peptidoglycan during spore
germination. Like SCLE, ORF]1 is presumably synthesised as an inactive precursor and the
deduced amino acid sequence can be divided into three parts: 1) an acidic N-terminal

prepro-sequence (113 aa), 2) a hydr Hhilic pro-sequence (34 aa), and 3) the mature enzyme
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the putative PPIase, might be involved in protein maturation or export of any of one these

proteins.

Although the identification of the spore cortex-lytic enzyme homologue, complete with
putative proteolytic processing enzyme and regulatory gene region in itself is interesting,
there is no obvious connection with the sum gene. ORFB, because of its location relative to
the sum gene, is more likely to be associated with sum function. Unfortunately, the ORFB
product, a putative n nbrane pro n, is homologous to an, as yet, unidentified protein in
B. subtilis. 1t is interesting that - :ept for this membrane-binding protein, the physical
organization of the sum gene regic does not reflect the arrangement of the PFL-activase
gene regions in FE. coli nor I. litoralis. Detailed physiological characterization of
C. acetobutylicum mutant 3R was tl -efore undertaken to further investigate the function of

Sum.






Chapter 6

Physiological characterization of C. acetobutylicum P262 mutant 3R and
effects of the sum gene cloned on a multicopy vector in C. acetobutylicum

NCIMB 8052

6.0 Summary

Physiological examination of C. acetobutylicum P262 mutant 3R revealed that inactivation
of the sum gene in the chromosome resulted in a pleiotropic phenotype. Relative to the
C. acetobutylicum P262 wild type, vegetative cells of mutant 3R exhibited increased
autolysin activity and two charact stics often associated with an autolytic phenotype,
namely an increased rate of cell division and enhanced motility. In addition, mutant 3R
showed a substantial reduction in clostridial stage formation, a moderate decrease in solvent
production, complete resistance to the toxic tripeptide analogue, bialaphos, and was
defective in sporulation. ..le counterpart of the sum gene which encodes a putative PFL-
activating enzyme, was detected in C. acetobutylicum NCIMB 8052 by low-stringency
Southern hybridization. Attempts to generate a sum-homologue disruption mutant via
homologous recombination in C. acetobutylicumm NCIMB 8052 were unsuccessful.
However, the sum gene was introduced into C. acetobutylicum NCIMB 8052 by
electroporation using the B. subtilis/C. acetobutylicum shuttle vector, pFNK1. The
presence of sum in multiple copies inhibited cell division and autolysin activity in the host

strain.
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6.2 Materials and methods
6.2.1 Bacterial strains and plasmids
The C. acetobutylicum P262 wild type strain (Jones e? al., 1982), mutants 3R and 30R, and
C. acetobutylicum NCIMB 8052 (laboratory stock) were used in these studies. E. coli
JM105 and JM109 (Yanisch-Perron ef al., 1985) were used interchangeably as intermediate
hosts for integrational plasmid « structs, and B. subtilis 1A46 (BGSC, Ohio State
i ty) served as the intermediate host for pFNK1-based DNA constructs. E. coli
CA448, containing the heat-sensitive A prophage and the kanamycin resistant IncP plasmid
R702 with transfer functions, was obtained from S. Wilkinson and M. Young, (Institute of
Biological Sciences, University of ales). This strain served as the conjugal donor for
plasmid pCTC1 and integrational asmid pMTL30 derivatives. Plasmid pCTC1 and
plasmid pMTL30 (Appendix D) both contain mobilization functions and ampicillin and
erythromycin resistance markers (Williams ef al., 1990). Plasmid pMTL30 contains the
lacZ' region and lacks a Gram-positive origin of replication. The
B. @btilis/C. acetobutylicum shuttle vector pFNK1 (Appendix D) contains the MLS
resistance marker and the pIM13 origin of replication (Mermelstein ez al., 1992) and has a

moderate copy number of eight in C. acetobutylicum ATCC 824 (Lee ef al., 1993).

6.2.2 Media and growth conditions

C. acetobutylicum strains were grown anaerobically at 37°C in CBM or 2xYT broth
supplemented with 1% glucose. Tr tone yeast glucose medium (TYGM) (Hongo et al,
1968), containing 6% glucose was us  for batch fermentation analysis of C. acetobutylicum
P262 and NCIMB 8052 strains. (TYGM proved to be a suitable medium for non-
degenerate growth of C. acefobutylicum NCIMB 8052). E. coli and B. subtilis were grown
aerobically at 37°C in 2xYT medium. For the conjugation procedure, the E. coli CA448
donor was grown aerobically in brain eart infusion broth (BHIB) (Difco) at 30°C, and the
C. acetobutylicum-E. coli conjugation mixture was plated on reinforced clostridial medium
(RCM) (Difco) and incubated at 42°C. Media were supplemented with antibiotics where
appropriate in the following concentrations: ampicillin (100 pg/ml), kanamycin (50 pg/ml)
and erythromycin 10 and 2 pg/ml for C. acetobutylicum and B. subtilis, respectively.

6.2.3 Growth and morphology

A Zeiss photomicroscope fitted with phase- and interference-contrast optics was used to
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Fig. 6.1. Growth profiles of the C. acetobut cum P262 wild (WT), mutant 3R (3R) and mutant 30R (30R)
cultures in TYGM. Total cell numbers (@)are compared with viable cell numbers (cfu/ml) (H).
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Fig. 6.2. Motile (@) and clostridial cell (l) numbers of C. acetobutylicum P262 wild (WT), mutant 3R (3R)
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Fig. 6.4. Fermentation profiles of C.acetob licum P262 wild type (WT), mutant 3R (3R) and mutant 30R

(30R) in TYGM showing pH (A), concentration of acetate and butyrate (M) and concentration of acetone,

butanol and ethanol (@).
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6.3.3 Fermentation profiles

The pH profiles and levels of acid and solvent formation in the wild type and mutants 3R and
30R during the course of the batch fermentation are shown in Fig. 6.4. The accumulation of
acids corresponded with a decrease in pH. The pH break point (pH 5.0, pH 4.8 and pH 4.7
for the wild type, mutant 3R and mutant 30R fermentations, respectively) occurred when the
total acid concentration reached a maximum (3 to 4 g/l). There were no significant
differences in the acetate:butyrate . ios. Relative to the wild type and mutant 3R, the pH
breakpoint of the mutant 30R fermentation was delayed and prolonged in duration,
corresponding with an extended peak in acid production. The initiation of solvent
production at the pH break point v : accompanied by a decrease in acid concentration and
an increase in pH. Total solvent levels reached a maximum of 16, 12 and 12.5 g/l for the
wild type, mutant 3R and mutant 3C  cultures, respectively. There was a slight difference in
the acetone:butanol ratio between : 1tant 3R (2.6:1.0) and the wild type and mutant 30R
(2.0:1.0).

6.3.4 Autolytic activity

Increased autolysin activity is frequently associated with an autolytic phenotype and affects
characteristics such as motility and cell division (Ayusawa et al., 1975; Fein and Rogers,
1¢. ). Having obtained morphological and physiological evidence of an autolytic phenotype
in mutant 3R, the wild type and both mutants were assayed for differences in autolysin
activity (Fig. 6.5). Exponential-p. se cells of mutant 3R displayed enhanced cellular
autolysin activity (905 U) relative to the wild type (378 U) and mutant 30R (384 U). The
autolysin activity of mutant 3R was therefore more than double that of the parent strain

(140%).

6.3.5 Bialaphos resistance

A link has been established between a sporulation-deficient (Spo0O) phenotype and defective
oligopeptide transport in a B. subfi ' mutant (Perego efal., 1991), demonstrating that
peptide uptake plays a role in the initiation of sporulation. The possibility that there might
be some connection between the asporogenous phenotype of mutant 3R and reduced
ol »peptide uptake, was investigated indirectly. Bialaphos is a toxic tripeptide analogue

with an intracellular target, namely gh imine synthetase (Kondo ef al., 1973). Resistance to
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DIG-labelled probes, specific for the sum and ORF3 genes were prepared from a 0.63 kb
StyI-Clal DNA fragment from plas d pWT2 and a 0.2 kb PCR product amplified from
plasmid pDO1, respectively (Fig. 6.7 B). The sum-specific probe included the DNA region
encoding the putative iron-binding domain of the PFL-activase, and the ORF3-specific probe
was designed to incorporate most of the helix-turn-helix motif (see Chapter 5). Preliminary
Southern hybridization confirmed the chromosomal origin and the specificity of the probes
(data not shown). For the Southern blot presented in Fig. 6.7 A, C. acetobutylicum NCIMB
8052 chromosomal DNA was digested with Bg/ll endonuclease and hybridized at low
stringency with the two probes. ° = sum-specific probe hybridized to a 5.5 kb DNA
fragment (lane b) and the ORF3-spec ¢ probe hybridized to a 4 kb DNA fragment (lane a).
Another probe overlapping the 3' end ORF1 and the 5' end of ORF2, hybridized to both
these DNA fragments (data not shown). It was therefore concluded that C. acetobutylicum
NCIMB 8052 contains both the sz and ORF3 gene homologues and that the spatial

relation of these homologues is conserved.

6.3.7 Attempt to generate sum and ORF3 gene-disruption mutants in
C. acetobutylicum NCIMB 8052

In an attempt to inactivate the sum and ORF3 gene homologues in C. acetobutylicum
NC..IB 8052 by integrative recomt ation, the following C. acetobutylicum P262 DNA
fragments were cloned into the replication-deficient plasmid pMTL30. A 0.65 kb Xmnl-
HindIll internal fragment of sum from plasmid pWT2 was inserted into StuI-HindIII-
digested pMTL30 DNA to generate plasmid pMTLsum, and a PCR-amplified 0.2 kb ORF3-
specific fragment was cloned into Xbal-Pstl-digested pMTL30 DNA to generate plasmid
pMTLorf3 (Fig. 6.8). E. coli CA448 derivatives harbouring these integrational plasmids
were conjugated with the C. acetobutylicum NCIMB 8052 recipient in two large-scale
experiments. F. coli CA448 donors containing the replication-proficient plasmid, pCTCl
and the replication-deficient plasmid, MTL30 served as positive and negative controls,

respectively. Representative results are shown in Table 6.1.

The transfer frequencies for the pCTC1-containing donor strain were 106 per recipient, but
no transconjugants were obtained for 2 donors containing pMTL30 and the integrational

constructs. Since the frequency of integration of replication-defective plasmids was reported
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Fig. 6.8. Diagrammatic representation of the origins of pMTL- and pFNK1-based constructs.

6.3.9 Physiological characterization of C. acefobutylicurmn NCIMB 8052 transformants

The C. acetobutylicum NCIMB 80!

were assayed for differences in susc

strains containing pFNK1, pFNKsum and pFNKorf3

tibilty to metronidazole, UV radiation and bialaphos,

as well as for differences in cell division, motility, autolytic activity, solvent production and

sporulation (all phenotypes identified 1 mutant 3R). The presence of multiple copies of the

sum and ORF3 genes had no effect on most of these characteristics (data not shown).

However, vegetative cells of strain I IMB 8052 (pFNKsum) were spectacularly elongated

compared to vegetative cells of control strain NCIMB 8052 (pFNK1) (Fig. 6.9).

Fig. 6.9. Photomicrograph of vegetative cells

C. acetobutylicum NCIMB 8052 strains containing the

control plasmid pFNK1 (A) and plasmid pFNKsum. Magnification 400x.
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Fig. 7.1. Proposed formate pathway in C. acefobutylicum showing the pyruvate-formate lyase reaction (I),
and catabolic (A) and anabolic (B) processing of the formate product. The PFL-activase (PFLA) and the
PFL-deactivase (PFLD) interconvert P  between its active (PFL(a)) and inactive (PFL(i)) forms,
respectively. Presumably, the pyruvate-formate lyase (PFL) competes with the lactate dehydrogenase (I.LDH)
and the pyruvate:ferredoxin oxidoreductase (PFOR) of the phosphoroclastic reaction. Acetyl-CoA is the
primary intermediate for the acidogenic (acetate and butyrate) and solventogenic (ethanol, acetone and
butanol) pathways. The formate pathway may contribute to metronidazole susceptibility in
C. acetobutylicuim in one of three possible ways. I) The PFL-activase may be responsible for direct reduction
of metronidazole, converting the drug from its inactive (M) to its active (M*) form. II) Metronidazole may
be reduced by components of the formate-hydrogen lyase . IL) system via the formate degradation pathway.
IIT) Formate may contribute to the redox potential of the cell such that sensitivity to metronidazole is
increased. The main route for metronidazole activation in C. acetobutylicum is presumably via the

ferredoxin-linked hydrogenase (H) couplec  the phosphoroclastic reaction (IV).

7.4 Metronidazole susceptibility of the C. acetobutylicum wild type

It is assumed that DNA is tl main target for metronidazole cytotoxicity in
C. acetobutylicum P262, because su risingly, there was no evidence for death by rapid cell
lysis following treatment with a high concentration of metronidazole, as reported for
C. pasteurianum (Church efal., 1991). Another important observation was that the

sensitivity of C. acetobutylicum P262 wild type varies with the position of the culture in the





















Appendix A

Characterization of E. faecalis donor strain: experimental evidence

The E. faecalis OGIRF(pINY1275) donor strain containing the Tn925::Tn9/7 composite
transposon was used in the conjugation experiments described in Chapter 2. This strain was
originally misidentified as E. faecalis OG1SSp(pCF10) which contains Tn925. Therefore
the initial strategies for molecular investigation of the C. acetobutylicum mutants were based
on the understanding that the transposon element harboured by these transconjugants was
Tn925. Experimental data revealing the true identity of the E. faecalis donor are presented

in this Appendix.

A Southern hybridization experiment was performed to determine the transposon copy
number of mutants 3R and 30R (Fig. A.1). Chromosomal DNA from C. acetobutylicum
wild type (lane b), mutant 3R (lane c¢) and mutant 30R (lane d) was digested with HindIII
endonuclease and probed with DIG-labelled HinclI-digested pTet plasmid DNA. Plamid
pTet DNA digested with Hincll (lane a) served as the positive control. Transposon Tn925
contains a single HindIII restriction site (Christie et al., 1987) and so it was expected that
every two hybridization bands wor 1 represent one transposon insertion. However, three
hybridization bands (an odd number) were detected for mutant 30R, and a 5.3 kb band was
common to both mutants. The sar anomolous 5.3 kb fragment was detected by Stritz ez

(1990), and interpreted to mean that ..1925 contained an additional Hinu... site.

This 5.3 kb HindIII DNA fragment was cloned from mutant 30R to generate plasmid p30R0
(see Chapter 2, Fig. 2.2). The DNA insert of plasmid p30R0 did not hybridize with wild
type chromosomal DNA (results not shown) and sequence analysis of the left transposon
end of the insert revealed high homology with Tn9/7, indicating that the mutants harboured
the Tn925::Tn917 cointegrate. This was confirmed by testing the transconjugants and the
p30RO plasmid for erythromycin r¢ stance, since Tn9/7 carries an erythromycin resistant
marker. Thus the hybridization resi s presented in Fig. A.1 were re-interpreted as follows:
each band excluding the internal 5.3 kb band represents a distinct transposon insertion. As

shown in Chapter 2, both the >7 kb bands detected for mutant 30R represent doublets. For
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E. coli str: 1s, genotypes and references

Strain

Genotype

Reference

160

JM105

JM109

LKI11

thi pps end4 sbc |5 hspR4 A(lac-
proAB)

[F'traD36 proA.  lacl\ZAM15]
recAl endA1 gyrA96 thi hsdR17
supE44 rel41 A, A(lac-proAB)

[F" traD36 proAB lac[\ZAM15]
thrl leuB6 thil supE44 tonA21 1,
my* lacY* lac[sZAM15

Yanisch-Perron et al., 1985

Yanisch-Perron et al., 1985

Zabeau and Stanley, 1982
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BamHI

\ ORFII

PENK1
(2.4 kb)

pFNXK1 (2.4 kb; Mermelstein et a/.,1992), a B. subtilis/C. acetobutylicum shuttle vector. The MLS* and
putative replication (ORFII) genes are derived from the B. subtlis plasmid pIM13.
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6434 bp
ori
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POLYLINKER\
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ori pAMEI Km® ori pBR322 oniT Ap
pAT187 F 1 .
A A b i
0 I 2 3 4 5 6 7 8 9 10 11 kb
| { ] ] | | | [ | | | S
pCTCl1
ori pAMSI1 g . Ap* Em"
pMTLS00E £ —_ 4
a v JO NN 4

Origin of C. acetobutylicum/E. coli shuttle vector pCTC1 (Williams et al., 1990). A 760 bp PsiI fragment
from pAT187 (Trieu-Cuot et al., 1987), containing oriT of plasmid RK2, was inserted into the PstI site of

pMTLS500E (Oultram et a/., 1988) to generate pCTC1.
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Nhel

Polylinker
EcoRI
Sstl
Kpnl
Smal
BamHI1
Xbal
Sall
Accl
Hincll
Aatll
pMTL20C/E/T _ Ml
Neol
Bglll
Xhol
Stul
Pstl
Sphl
Hindlll

[35.38, 56-Kb |

Origin of C. acetobutylicum integrative vector, pMTL30 (Minton et al., 1988). The oriT fragment of RK2
was inserted into the Nhel site of pMTL20E to generate pMTL30.
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