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Mycoplasmas are exquisitely simple with the smallest genomes of free-living 

organisms, yet the range of infections and host species are among the most diverse in 

the microbial world. A major limiting factor in unraveling the virulence factors of these 

microbes is the paucity of tools for genetic manipulation. As a target gene for disruption, 

we chose the Mycoplasma mycoides subsp. capri (M. mycoides capri) S1 peptidase 

(ctpA) that confers a proteolytic phenotype that can be readily determined by growth on 

agar supplemented with casein. We developed a suicide plasmid employing RecA from 

Escherichia coli under the direction of a mycoplasmal promoter and with tetM as a 

selection marker. The desired targeted double-crossover event was obtained in 24% of 

transformants obtained using pExp1-ctpA::tetM-recAec, which represents a substantive 

140-fold improvement in the percentage of transformants with the desired gene 

disruption as well as demonstrates targeted double crossover events in a mycoplasma 

species other than Mycoplasma genitalium.  

The expression profile of mutant versus the wild type was determined using two 

proteomic technologies: 2D-gel and iTRAQ™. Results from the proteomic data showed 
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significant difference in the expression profile of mutant in comparison to the wild type. 

Genes involved in glycolysis were downregulated while genes participating in glycerol 

metabolism were upregulated. Also many of the ribosomal proteins were upregulated. 

Taken together the data suggest that the disrupted gene may influence or modulate the 

expression of stress response genes, especially those expressed during oxidative 

stress.  
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CHAPTER 1 
INTRODUCTION 

Overview 

Mycoplasmal infections present one of the most intriguing paradoxes in infectious 

diseases. On one hand, these microbes are exquisitely simple with the smallest 

genomes of free-living organisms (Fadiel et al. 2007, Krause et al. 2004, Rocha et al. 

2002). Conversely, the range of infections and host species are among the most diverse 

in the microbial world. Mycoplasmas are members of the family Mollicutes and are 

prokaryotes that lack a cell wall. This essential difference between mycoplasmas and 

prokaryotes, including cell wall-deficient forms of other bacteria, is their inherent inability 

to make any cell wall components due to their lack of the genes for cell wall 

biosynthesis.  In contrast, other cell wall-deficient bacteria have the genes, and thus the 

potential, for making a cell wall (Mattman 2001).  

Phylogenetically, 16S rRNA sequences indicate that mycoplasmas are 

eubacteria emerging from or related to Gram positive bacteria (Woese et al. 1980). 

They are thought to have originated from Gram positive bacteria through degenerative 

or reductive evolution (Razin 1992, Neimark 1986, Maniloff 1983).  Specifically, 

mycoplasmal genomes are thought to have evolved by attrition from the genomes of 

species in the Lactobacillus group (Maniloff 2002, Maniloff 1992). Mycoplasmas are 

currently considered to be the smallest and simplest self-replicating organisms (Razin et 

al. 1985). The full genome sequence is available for a large number of mycoplasma 

species and a dedicated site is available for comparative analyses (see 

cbi.labri.fr/eng/molligen.htm). The small genome size of these bacteria is thought to 

define the lower limit of naturally existing independent life. The analysis of the minimal 
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gene complement of some mycoplasmas is one of the sources of synthetic biology, a 

new discipline of biology (Gibson et al. 2008, Glass et al. 2006).  

Another characteristic that sets mycoplasmas apart from many other bacteria is 

the low CG ratio of mycoplasma genome, which can go as low as 23% (Jones et al. 

1963). Through their evolution and likely as a direct result of the low GC content, 

mycoplasmas deviated from the conventional genetic code of using UGA as a universal 

stop codon. Instead the UGA is a code for tryptophan (Blanchard 1990), a feature 

shared by mitochondria and ciliates that also use UGA to code for tryptophan (Fox 

1987). Therefore, mycoplasmas have only one release factor, RF-1, which recognizes 

both UAA and UAG stop codons (Inagaki et al. 1996, Inagaki et al. 1993). Release 

factor RF -2, which recognizes both UAA and UGA stop codons and is present in most 

eubacteria, is absent in mycoplasmas. 

Mycoplasmas also have undergone a rapid rate of evolution. It has been 

estimated that mycoplasmal phylogenetic tree branches have accumulated an average 

of about 50% more base changes than has the Lactobacillus group (Woese et al. 1985). 

In the course of their evolution, mycoplasmas appear to have lost many of the genes 

and, in turn, enzymatic functions for synthesis of macromolecule precursors and 

pathways including biochemical pathways for cell wall biosynthesis, amino acids 

biosynthesis, nucleotides, and fatty acids biosynthesis. Instead, mycoplasmas possess 

a number of hydrolytic and degrading enzymes, including both proteases and nucleases 

(Maniloff 1992). It is likely that many of the precursors for macromolecules are derived 

from the host, and mycoplasmas do maintain a large complement of transporter genes. 

Mycoplasmas have retained a variety of genes for intermediary metabolism and energy 
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production. Those include pathways for the degradation of organic substrates to 

generate small molecules for biosynthetic reactions as well as genes for energy 

production via substrate-level phosphorylation (Pollack 2002, Maniloff 1992).  

 The number of genes for transcription and translation apparatus in mycoplasmas 

is comparable to those present in other bacteria. These genes comprise more 20% of 

the total ORFs annotated in mycoplasma genomes (Glass et al. 2000, Himmelreich et 

al. 1997, Himmelreich et al. 1996, Fraser et al. 1995). Mycoplasmal RNA polymerase 

resembles those RNA polymerases in other bacteria, and they seem to recognize 

promoter sequences similar to those found in other bacteria and recognized by their σ70 

type in E. coli or σA vegetative type in Gram positive bacteria.  Those promoters contain 

a -35 region (TTGACA) and -10 Pribnow Box (TATAAT) with about 17 bp spacer 

between them (Razin et al. 1998, Muto et al. 1987). In fact, mycoplasma promoters 

have been recognized by E. coli RNA polymerase both in vivo and in vitro as well 

(Taschke et al. 1988). Analysis of many promoters upstream of mycoplasma genes 

showed that the -10 region seems to be conserved while there are variations in the 

sequence of the -35 region (Halbedel et al. 2007, Weiner et al. 2000, Waldo et al. 

1999). Ribosomal Binding Sites (RBS) or Shine-Dalgarno (SD) sequences have been 

identified in the 5’ upstream region of most mycoplasma genes (Bove 1993, Muto et al. 

1987).  Termination of transcription in mycoplasmas is Rho-independent.  The gene for 

Rho terminator has not been detected in mycoplasma genomes while the stem loop 

structure followed by a string of T(U)s has been found downstream of many ORFs. 

Genes for termination modulators NusA and NusG have been found in mycoplasmas 

(Fraser et al. 1995, Glass et al. 2000, Himmelreich et al. 1996, Muto et al. 1987). Similar 
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to other bacteria, mycoplasmas have many tRNA and rRNA genes that are clustered in 

operons (Yamao et al. 1988, Muto 1987, Samuelsson et al. 1985, Yamao et al. 1985).  

However, unlike most bacteria, mycoplasmas have little or no redundancy for rRNAs 

and tRNAs (Glass et al. 1992, Andachi et al. 1989). Mycoplasmas have all three 

initiation factors IF1, IF2, and IF3; they also have all four elongation factors EF-Tu, EF-

Ts, EF-G, and EF-P (Glass et al. 2000, Himmelreich et al. 1996, Bork et al. 1995, 

Fraser et al. 1995).  

Genetic Regulation in Mycoplasmas 

The current view of gene regulation in mycoplasmas is that, with few notable 

exceptions (including variable surface proteins), mycoplasmas do not regulate the 

expression of their genes. Mycoplasmas are thought to lack refined on-off switching 

mechanisms and global regulation for transcriptional adaptation to environmental 

changes. Their genes are generally thought to be constitutively expressed rather than 

regulated (Muto and Ushida 2002), albeit coordinated with the growth rate of the cell 

through stringent control (Cashel et al. 1996, Gourse et al. 1996). Furthermore, most 

known or common bacterial regulatory mechanisms are absent in mycoplasmas. For 

example, unlike Escherichia coli, Bacillus subtilis and many other bacteria, 

mycoplasmas have only one sigma factor even though they contain many stress 

response genes (Muto et al. 1987, Razin et al. 1998). The presence of these stress 

response genes in mycoplasmas suggests that either these genes are not under 

regulatory control or that the regulation might occur by a yet unknown mechanism not 

involving the alternate Sigma factors. 

Very few repressor-like proteins have been reported in mycoplasma genomes 

(Bork et al. 1995, Fraser et al. 1995, Glass et al. 2000, Himmelreich et al. 1996, Glass 
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et al. 2006). The limited number of these proteins implies that classic regulatory 

mechanism for turning genes on/off may be limited or lacking in mycoplasmas. Also 

absent from the genomes of mycoplasmas are genes for quorum sensing and two-

component systems (Simmons et al. 2007). Taken together, these findings imply that in 

addition to limited individual gene regulation mechanisms, mycoplasmas appear to lack 

commonly identified global regulatory mechanisms for influencing gene expression. No 

global regulator has been reported to date, and a recently emerging view is that 

mycoplasmas implement post-translational regulation as the primary mechanism for 

controlling biological activities in response to changing environmental conditions 

(Schmidl et al. 2010). Mycoplasmas are therefore thought to use stochastic 

mechanisms similar to those controlling phase and size variations to genetically 

regulate processes as complex as biofilm formation (Simmons et al. 2007).  

The notable exceptions regarding gene regulation in mycoplasma are the 

stochastic mechanisms responsible for phase and size variations (reviewed in Citti et al. 

2005). Mycoplasmas exhibit an extremely high rate (>10-3) of antigenic variation of 

many surface proteins (Rosengarten et al. 2000, Rosengarten et al. 1990). The 

mechanisms for phase, size, and antigenic variations are well-studied and include 

slipped-strand mispairing, site-specific recombination, and gene conversion. The 

specific method of regulation is dependent upon the individual mycoplasmal species, 

and not all mechanisms apply to each species. 

 Some genes contain short homo (poly A) or heteropolymeric (poly AT) tracts that 

undergo frequent and reversible changes in their nucleotide number. These mutational 

changes are thought to be the result of slipped-strand mispairing (SSM) during DNA 
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replication or processes that require DNA synthesis. The consequence of these 

changes is to switch on or off the corresponding gene expression. As described below, 

SSM can affect the gene expression at the level of transcription or translation, 

depending on the location of these  poly A/poly AT tracts. Genes that are 

transcriptionally affected by SMM mechanism contain their poly tracts in the promoter 

region. For example, the vlp gene family of M. hyorhinis contains a poly A tract in the 

promoter between the -35 and -10 regions. Expression of the gene is dependent on the 

length of poly A tract, with a specific nt tract length (N=17 A) required for gene 

expression. Reversible deletion or insertion of a single nucleotide abolishes the 

transcription of the gene (Citti et al. 1995). A similar mechanism is thought to control the 

phase variation of Vmm of M. mycoides and MAA2 of M. arthritidis (Persson et al. 

2002).  

In the case of translational control by SSM mechanism, the homo or hetero poly 

tract is located in the coding sequence of the gene. A reversible addition or deletion of a 

single nucleotide by SSM results in a reversible frameshift mutation, which in turn 

produces an in-frame stop codon leading to a premature termination of the translation 

process. The final outcome is a truncated gene product. This mechanism has been 

reported for Vaa adhesion surface protein of M. hominis (Zhang et al. 1997) and for P78 

in M. fermentans (Theiss et al. 1997). 

Site-specific recombinases and integrases can control the expression of some 

surface proteins through a “cut and paste” type mechanism. In this mechanism, four 

DNA strands are broken, exchanged, and then religated at specific locations. The 

relative positions of the two targeted recombination sites dictate the outcome of this 
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type of recombination. Inverted recombination sites result in DNA inversion; in contrast, 

directly repeated recombination sites lead to excision. This mechanism has been 

documented in the vsa, vsp, and vpma gene families of M. pulmonis, M. bovis, and M. 

agalactiae respectively (Bhugra et al. 1995, Lysnyansky et al. 2001, Glew et al. 2002). 

To date, the only example of gene conversion has been described in M. 

synoviae. The M. synoviae genome contains a single copy of the full length vlhA gene, 

but it also possesses a large family of pseudogenes that encodes different extents of 

the expressed vlhA. Variants of the vlhA gene are generated by unidirectional 

recombination between the expressed gene and the pseudogenes. The recombined 

pseudogene sequence was shown to duplicate, while the region replaced in the 

expressed gene was lost (Noormohammadi et al. 2000).These conversions events 

appear to be mediated through highly conserved regions at the boundaries of each 

pseudogene. This suggests that the recombination events are carried out by a yet 

unidentified site-specific recombinase.   

Regulation of a few heat shock proteins has been reported (Chang et al. 2008, 

Musatovova et al. 2006). CIRCE (Controlling Inverted Repeat of Chaperon Expression) 

is a cis-DNA regulatory element that consists of a 9 bp inverted repeat that is separated 

by a 9 bp spacer. HrcA (Heat Regulation at CIRCE) is a repressor protein that binds to 

CIRCE sequence and negatively regulates the downstream gene by preventing its 

transcription (Zuber et al. 1994). Although mycoplasmas do have heat shock proteins, 

CIRCE elements in the upstream of their promoters have been identified only in M. 

genitalium, M. pneumoniae, and M. hypopneumoniae (Himmelreich R. et al. 1996). 

Interestingly, Musatovova et al. showed that some of the typical prokaryotic heat shock 
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genes (for example, groEL, groES) did not respond to heat shock. Transcriptome 

studies in mycoplasmas that lacked HrcA-CIRCE upstream of the promoter 

demonstrated that some heat shock proteins were responsive to temperature shock, 

implying that the HrcA-CIRCE mechanism is not universally implemented by 

mycoplasmas to regulate response to heat shock.  

However, with the exception of gene regulation in variable surface proteins and 

limited heat shock response genes, a conundrum remains. On one hand, a large 

number of mycoplasmal genomes have been sequenced, yet because of the absence 

of regulatory proteins there is still a dearth of knowledge regarding the mechanisms that 

control gene expression in these microbes. Despite this absence of clearly identified 

global regulators, recent in vivo and in vitro transcriptome and proteomic studies 

reported global responses to environmental or host stimuli (Oneal et al. 2008, Madsen 

et al. 2008, Schafer et al. 2007, Cecchini et al. 2007, Pinto et al. 2007, Madsen et al. 

2006a, Madsen et al. 2006b). Importantly, even with a very limited number of 

transcriptional factors, genome wide analyses of some of the smallest and simplest 

mycoplasmas revealed an unexpected level of complexity and versatility in their in 

metabolic responses to environmental conditions. Their adaptation seems to be similar 

to that of more complex bacteria, providing hints that other, unknown regulatory 

mechanisms might exist (Yus et al. 2009). Furthermore, proteome complexity could not 

be directly inferred from the composition and organization of their minimal genomes or 

even their extensive genome wide transcriptional analysis (Kuhner et al. 2009).  In 

addition, transcriptome analysis also showed surprisingly unanticipated diversity and 

heterogeneity in mycoplasma transcription profiles including the presence of many 
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operons, the production of alternative transcripts in response to environmental 

perturbations, and the high frequency of antisense RNA (Guell et al. 2009).  Therefore, 

it is becoming increasingly clear that mycoplasmas are able to respond to 

environmental cues and regulate gene expression, but the underlying mechanisms for 

their global and individual gene regulation are not understood.  

Tools for Genetic Manipulation in Mycoplasmas 

A major challenge to understanding the fundamental biology of Mollicutes at the 

molecular level and at the host:pathogen interface is our limited capacity to genetically 

manipulate mycoplasmas ((Renaudin 2002, Halbedel et al. 2007). The lack of genetic 

tools to specifically manipulate and disrupt genes in mycoplasmas or to carry out 

complementation studies has been a major impediment in understanding their genetics 

and elucidating regulatory mechanisms ((Renaudin 2002, Halbedel et al. 2007). At 

present, four basic approaches have been reported for genetic manipulation of 

mycoplasmas: random transposon mutagenesis, targeted double-crossover 

homologous recombination using suicide plasmids, targeted recombination using oriC 

plasmids, and creation of new mycoplasma strains from genomes that have been 

cloned and engineered in yeast.  

The most widely used approach to genetic manipulation of the Mollicutes has 

been the use of transposon-based mutagenesis ( Chopra-Dewasthaly et al. 2005, 

French et al. 2008, Glass et al. 2006, Halbedel et al. 2007, Hutchison et al. 1999, and 

Voelker, et al. 1998). Transposons have been used successfully in a global approach of 

gene inactivation to define the minimally essential genes for sustaining life and also to 

generate mutants of interest (Glass et al. 2006,  Hutchison et al. 1999). Recently, Janis 

et al. 2008 incorporated the γδ resolvase gene into an OriC plasmid and used this 
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construct to transform a randomly  generated mutant of M. mycoides subsp mycoides, 

resulting in a mutant which lacked the majority of the transposed sequences introduced 

by the first random insertional mutagenesis step. All of these approaches are limited in 

that random insertion of transposons does not allow the specific targeting of a gene of 

interest and requires screening of large numbers of transformants to identify an 

insertion in a specific gene. In contrast to random insertional mutagenesis, targeted 

gene disruption has been far less successful in mycoplasmas.  

Two different strategies have been used for targeted gene disruption in 

Mollicutes: the use of replicating plasmids and the use of non-replicating (suicide) 

plasmids. Replicating plasmids based on oriC, a chromosomal region that harbors the 

dnaA gene and adjacent DnaA boxes have been developed for many Mollicutes species 

(Chopra-Dewasthaly et al. 2005a, Chopra-Dewasthaly et al.  2005b, Chopra-

Dewasthaly et al. 2008, Cordova et al. 2002, Cox, 2007, Duret et al.  2005, Duret et al. 

2003, Halbedel and Stulke  2007, Janis et al.  2005,  Jarhede et al. 1995, Lartigue et al. 

2003) although for some mycoplasmas efforts to create replicating plasmids have been 

unsuccessful. These plasmids were able to replicate within their respective hosts 

(Renaudin et al. 2005).These oriC plasmids have been used for heterologous gene 

expression as well as for targeted gene disruption by single-crossover recombination 

(Chopra-Dewasthaly et al. 2005b, Chopra-Dewasthaly et al.  2008, Duret et al.  2005, 

Duret et al.  2003, Janis et al.  2005, Lartigue et al.  2003). The underlying concept 

behind the use of homologous OriC-based plasmid as a means for targeted gene 

integration is that replicative plasmids increase the time over which homologous 
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recombination can take place compared to non-replicative “suicide” plasmids (Duret et 

al. 1999, Janis et al. 2005).  

Homologous OriC plasmids have been developed for some mycoplasmas 

including the mycoides cluster (Lartigue et al.  2003), M. pulmonis (Cordova et al.  

2002), M. agalactiae (Chopra-Dewasthaly et al.  2005), and S. citri (Ye et al. 1994). 

These replicating plasmids use minimal sequences of the respective chromosomal OriC 

in order to limit their integration at the homologous chromosomal OriC region and favor 

their chance to integrate at the site of interest (Janis et al.  2005, Renaudin et al. 1995). 

Although this approach has met with limited success, several confounding issues 

regardless of the type of oriC used in the plasmid construct do exist.  

Even when integration of the OriC plasmid at the gene of interest occurred, 

consistently the frequency was still very low and occurred through a single cross-over 

event (Chopra-Dewasthaly et al. 2005a, Lartigue et al. 2003, Cordova et al. 2002). In 

other cases, homologous OriC plasmids replicated freely and did not integrate at either 

the desired gene or chromosomal origin of replication, despite the presence of long 

sequences of perfect homology (Janis et al. 2005, Cordova et al. 2002). Eventually, this 

led to loss of the gene copy from the integrative plasmid, presumably through deletion. 

Another complication was that the disruption of the gene of interest occurred, but there 

was another intact copy of the gene present on the freely replicating plasmid; this made 

it difficult to recognize the mutant phenotype and also confounded the interpretation and 

the analysis of the experiments (Janis et al. 2005). The instability of the mutants was 

another concern and ensued as a consequence of the incompatibility of the two OriC 
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regions carried on the same chromosome, resulting in the resolution and then the loss 

of the integrated material (Cordova et al. 2002, Ogasawara et al. 1991). 

Classical double-crossover homologous recombination using a suicide plasmid is 

potentially a powerful technique to delete mycoplasma genes. However, it has been 

reported previously only in Mycoplasma genitalium (Burgos et al.  2008, 

Dhandayuthapani et al.  1999; Dhandayuthapani et al.  2001), and M. pneumoniae 

(Krishnakumar et al.  2010). To date, targeted gene disruption in M. genitalium stands 

out as the only successful attempt to inactivate genes through a classical double-

crossover homologous recombination using a suicide plasmid (Dhandayuthapani et al. 

1999, Dhandayuthapani et al.  2001). The majority of other reported attempts to create 

double-crossover mutations in target genes, including the lppA gene in M. capricolum 

(Janis  et al. 2005, Muto  et al. 2002), the hemolysin A(hlyA) gene in M. pulmonis 

(Cordova  et al. 2002 ), the motility gene scm1 in Spiroplasma citri (Duret  et al. 1999), 

failed to produce any transformants at all, not even a single cross-over integration 

despite extensive sequence homology with the target gene. A few groups did produce 

transformants in M. gallisepticum and Acholeplasma laidlawii. Two studies were 

performed in M. gallisepticum. The first was aimed at proving the ability the of M. 

gallisepticum to carry out homologous recombination. The suicide plasmids, carrying 

randomly cloned restriction fragments with uninterrupted perfect homology up to 5 Kb in 

size, were able to integrate into the chromosome (Cao et al. 1994). The second study  

inactivated the surface protein P47 through a single-crossover plasmid integration 

(Markham et al. 2003). Disruption of the A. laidlawii recA gene was accomplished 

through a single crossover recombination event, and the plasmid integration was found 
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to depend on the presence of a fully functional RecA. The transformation frequency, 

however, was 10 fold less than that of the replicating plasmid or that of suicide plasmid 

containing Tn916 (Dybvig et al. 1992). 

Recently, a new method for manipulating Mollicutes genomes was reported 

where the genome of Mycoplasma mycoides subsp. capri was cloned as a YAC. Once 

in a yeast cell, the mycoplasmal genome could readily be manipulated using the 

significant power of yeast genetic tools.  Then the altered yeast artificial chromosome 

(YAC) was transplanted back into a recipient Mycoplasma capricolum cell to produce a 

new strain of M. mycoides  subsp. capri (Lartigue et al.  2009). This approach is 

applicable for large scale-genome alterations, but may be expensive and technically 

challenging for investigators interested in specific gene targets.  

The Mycoides Cluster 

The Mycoplasma mycoides “cluster” of organisms is among the most virulent of 

the mycoplasmas. They are of major world-wide economic significance in diseases of 

cattle and goats (Rodreguez et al. 1995). There are six groups recognized within the 

cluster, and these mycoplasmas are closely related as evidenced by serological cross 

reactions and a 50-60% DNA homology (Abou-Groun et al. 1994, Cottew 1987).  Two 

members of the cluster, M. mycoides subsp. mycoides Small Colony type and M. 

capricolum subspecies capripneumoniae (formerly F38 group), are listed as class B 

agents of special concern by USDA and APHIS (Federal Register 67, No. 155, 9 CFR 

121.2b) and cause contagious bovine and caprine pleuropneumonia, respectively. 

Based on recent DNA analysis separate subspecies designation has been given to M. 

capricolum subsp. capricolum and (formerly M. mycoides subsp. mycoides Large 
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Colony type) and distinguishes them from the causative agents of contagious 

pleuropneumonia (Manso-Silván et al. 2009). 

Mycoplasma mycoides subsp. capri GM12 mainly causes pneumonia in sheep 

and goats. It is also associated with mastitis and arthritis of sheep and goats as well as 

septicemia in goats (Frey 2002).  One phenotypic difference between the USDA class B 

agents causing contagious pleuropneumonia and the two closely related subspecies is 

the ability to degrade casein, an activity that is quite uncommon in mycoplasmas.  We 

have identified the gene encoding the proteolytic activity in both M. mycoides subsp. 

capri GM12  type ATCC 35297 (DaMassa et al. 1983) and M. capricolum ATCC 27343 

(Leach et al. 1993).  The predicted gene (ZP_02512724) product is a membrane 

protease, has a tail specific protease (TSPc) domain, and confers a proteolytic 

phenotype that can be readily determined by growth on agar supplemented with casein. 

Because of its homology with the carboxyl tail specific processing domain and other 

similar proteins in other bacterial species, we have referred to this gene as ctpA. 

Our long term goal is to understand mechanisms of gene regulation in mycoplasmas. 

Critical to this goal is the ability to target specific genes for mutagenesis, preferably by 

double cross-over events. Because of the lack of selection and phenotypic markers in 

most mycoplasmas, we chose to target a gene that conferred a readily identified 

phenotype (casein hydrolysis).  

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=167925633�
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Goals of Study and Summary of Findings 

The specific goals of this study are to develop a new approach for targeted 

mutagenesis using a suicide plasmid, to characterize the mutant with the gene 

disruption, and to determine if this gene could be used as a potential model for gene 

regulation in mycoplasmas.  

We developed a suicide plasmid employing RecA from Escherichia coli under the 

direction of a mycoplasmal promoter and with tetM as a selection marker. The ctpA 

gene of M. mycoides subs. capri was targeted for disruption. We consistently obtained a 

marked improvement in the percentage of transformants with the desired gene 

disruption, all of which occurred by targeted double crossover event. To our knowledge, 

this is the only mycoplasma species other than Mycoplasma genitalium in which a 

targeted double crossover mutation has been obtained. We also demonstrated that the 

disruption of this gene had a significant impact on the proteomic profile of the microbe, 

most notably with respect to proteins associated with oxidative stress, protein repair, 

and a shift form glycolysis to glycerol metabolism. Finally, we determined that the 

mutation altered the manner in which M. mycoides subs. capri responds to heat shock. 
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CHAPTER 2 
TARGETED HOMOLOGOUS RECOMBINATION IN MYCOPLASMA MYCOIDES 

SUBSP. CAPRI IS ENHANCED BY INCLUSION OF HETEROLOGOUS RECA 

Introduction 

Mycoplasmal infections present one of the most intriguing paradoxes in infectious 

diseases. On one hand, these microbes are exquisitely simple with the smallest 

genomes of free-living organisms (Fadiel et al. 2007, Krause and Balish  2004, Rocha 

and Blanchard  2002). Conversely, the range of infections and host species are among 

the most diverse in the microbial world (Fadiel et al. 2007).  Perhaps the greatest 

challenge to understanding the fundamental biology of Mollicutes at the molecular level 

and at the host:pathogen interface is our limited capacity to genetically manipulate 

mycoplasmas (Halbedel and Stulke  2007,  Pilo et al. 2007). At present four basic 

approaches have been reported: random transposon mutagenesis, targeted double-

crossover homologous recombination using suicide plasmids, targeted recombination 

using oriC plasmids, and creation of new mycoplasma strains from genomes that have 

been cloned and engineered in yeast.  

The most widely used approach to genetic manipulation of the Mollicutes has 

been the use of transposon-based mutagenesis (Chopra-Dewasthaly et al.  2005b, 

French et al. 2008, Glass et al. 2006, Halbedel and Stulke  2007, Hutchison et al. 1999, 

Voelker and Dybvig  1998). Transposons also have been used successfully in a global 

approach of gene inactivation to define the minimally essential genes for sustaining life 

and also to generate mutants of interest (Glass et al. 2006, Hutchison et al. 1999). 

Recently, Janis et al. 2008 (Janis et al.  2008) incorporated the γδ resolvase gene into 

an OriC plasmid and used this construct to transform a randomly  generated mutant of 

M. mycoides subsp mycoides, resulting in a mutant which lacked the majority of the 
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transposed sequences introduced by the first random insertional mutagenesis step. All 

of these approaches are limited in that random insertion of transposons does not allow 

the specific targeting of a gene of interest and requires screening of large numbers of 

transformants to identify an insertion in a specific gene.  

In contrast to random insertional mutagenesis, targeted gene disruption has been 

far less successful in mycoplasmas. Replicating plasmids based on oriC, a 

chromosomal region that harbors the dnaA gene and adjacent DnaA boxes, have been 

developed for  Mollicutes species (Chopra-Dewasthaly et al.  2005a, Chopra-

Dewasthaly et al.  2005b, Chopra-Dewasthaly et al. 2008; Cordova et al.  2002, Cox  

2007, Duret et al.  2005, Duret et al.  2003, Halbedel and Stulke  2007, Janis et al.  

2005, Jarhede et al.  1995, Lartigue et al.  2003) and have been used for heterologous 

gene expression as well as for targeted gene disruption by single-crossover 

recombination (Chopra-Dewasthaly et al. 2005b, Chopra-Dewasthaly et al.  2008, Duret 

et al.  2005, Duret et al.  2003, Janis et al.  2005, Lartigue et al.  2003). Unfortunately, 

this approach still has relatively limited success and also has several confounding 

issues, regardless of the type of oriC used in the plasmid construct. Although classical 

double-crossover homologous recombination using a suicide plasmid is potentially a 

powerful technique, recombination by double-crossover has been reported only for M. 

genitalium, and even then it occurs at a very low frequency (Burgos et al.  2008, 

Dhandayuthapani et al. 1999, Dhandayuthapani et al. 2001). Recently a new method for 

manipulating Mollicutes genomes was reported where the genome of Mycoplasma 

mycoides subspecies capri was cloned as a YAC. Once in a yeast cell, the 

mycoplasmal genome could readily be manipulated using the significant power of yeast 
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genetic tools.  The altered YAC was then transplanted back into a recipient Mycoplasma 

capricolum cell to produce a new strain of M. mycoides subspecies capri (Lartigue et al. 

2009).  

We report here the development of a novel suicide plasmid employing RecA from 

E. coli under the direction of a mycoplasmal promoter and with tetM as a selection 

marker that resulted in consistent recovery of targeted stable double-crossover mutants, 

with a 140 fold increase over random insertional mutagenesis with respect to the 

number of desired gene disruptions relative to the number of total transformants 

generated.  

Materials and Methods 

Mycoplasma Strains and Cultivation 

Mycoplasma mycoides subsp. capri GM12  type ATCC 35297 (M. mycoides capri  

(DaMassa et al., 1983), formerly known as M. mycoides subsp. mycoides Large Colony 

type (Manso-Silvan et al. 2009); and Mycoplasma capricolum ATCC 27343 (Leach et al. 

1993) were grown at 37 °C in SP4 medium (Tully et al., 1979); SP4 casein agar was 

supplemented with a final concentration of 1% skim milk (DIFCO, Detroit, MI). For 

growth of mutants, tetracycline (final concentration, 5µg/ml) was added to the media. 

PCR Primers and Conditions. 

The primers used for PCR reactions are given in Table 2-1. The reactions used 

either 1µg of genomic DNA or 100 ng of plasmid DNA as a template for the PCR 

reactions. For a given reaction, 30 pmol of primer (Genosys Sigma-Aldrich Co) was 

used. To facilitate cloning, restriction enzyme recognition sites were created in selected 

primers (Table 2-1). The PCR reactions were performed using Applied Biosystems 

Perkin Elmer GeneAmp 2400 PCR System (see supplementary material for details).  
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Cloned Pfu DNA Polymerase (Stratagene) was used with primer pair 1; Taq DNA 

polymerase (Invitrogen) was used with primer pairs 2, 3 and 5; TaqPlus® Long PCR 

System (Stratagene) was used for primer pair 4.  All reactions were held at 95oC for 3 

min and subjected to 25 cycles of template denaturation at 95°C for 1 min, except tetM 

amplifications which were allowed to denature for 3 min.  Primer annealing occurred for 

1 min at 42°C (primer pairs 1 and 2), 50°C (primer pair 3) or at 40°C (primer 4) or for 30 

sec at 44°C (primer pair 5). Polymerization at 72°C occurred for 2 min (primer pairs 3 

and 5), 3 min (primer pairs 1 and 2), or 10 min (primer pair 4). Polymerization was then 

followed by a final extension for 7 min at 72°C for all reactions. 

Construction of Plasmids 

An overview of the constructs used is shown in Figure 2-1. To construct pExp1-

ctpA, the tetM gene, obtained from plasmid pIVT-1 and flanked by 828 bp of the 5' end 

of the ctpA gene and 456 bp of the ctpA 3' end, was cloned into pExp1-ctpA to produce 

pExp1-ctpA::tetM (Figure 2-1).  Specifically pExp1-ctpA was digested with BclI and PstI, 

the two fragments were separated by gel electrophoresis, and the larger fragment was 

gel purified. Plasmid pIVT-1 was digested with BamHI and PstI, the fragment containing 

the tetM gene was gel purified and ligated to the pExp1-ctpA backbone to produce 

pExp1-ctpA::tetM (Figure 2-2, A and B). Genomic DNA was prepared from M. mycoides 

capri using the Epicentre DNA extraction kit according to the instructions provided. The 

ctpA gene was amplified using primer pair 1 (Table 2-1), gel purified, and cloned into 

Topo ENTER vector (Invitrogen). The plasmid pENTERctpA was propagated in E. coli 

Top10 strain and transferred to the cloning vector EXP1-DEST using the LR Clonase kit 

(Invitrogen). The presence and direction of the cloned ctpA gene was confirmed by 

restriction enzyme digestion at each step (Figure 2-2). The size of the flanking 
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sequences was chosen to provide sufficient homologous sequences to facilitate 

recombination in the target gene (Dhandayuthapani et al., 1999; Duret et al., 2005). The 

direction as well as the insertion was verified by digestion with KpnI (Figure 2-2B).  

To construct pEXP-ctpA::tetM-recAec,  the E. coli recA gene was cloned under 

the upstream sequences and promoter region of ctpA. The upstream sequences and 

promoter region (USE) as well as the first 12 nt of ctpA coding sequence were amplified 

using primer pair 2 (Table 2-1), gel purified , and cloned in the Topo vector pXL-PCR 

(pXL-USEctpA). PCR primer pair #2 (Table 2-1) amplifies the upstream sequences, the 

promoter region, and the ctpA coding sequence. Construction of pExp1-ctpA::tetM-

recAec is shown in Figure 2-2, C and D. The PCR amplified fragment (USEctpA) was 

gel purified, cloned in the Topo vector pXL-PCR, and the insertion of USEctpA as well 

as the correct direction was confirmed by digestion with BamHI. The coding sequence 

of the E. coli recA gene was amplified from genomic DNA using primer pair 3 (Table 2-

1). The PCR product containing the coding sequence of the recA gene was gel purified 

and cloned in Topo vector pXL-PCR, producing the plasmid pXL-recA. Plasmid 

pXLrecA was digested with SpeI, and the smaller fragment containing the recA gene 

was gel purified. Plasmid pXL-USEctpA was digested with SpeI, and the backbone 

(larger fragment) was gel purified. The backbone fragment of pXL-USEctpA and the E. 

coli recA were ligated together, and E. coli strain Stbl2 was transformed. The resulting 

plasmid pXL-USErecA contained the E. coli recA gene inserted in frame behind the first 

four amino acids of M. mycoides capri  ctpA gene.  The expression of recAec was 

regulated by the promoter and the upstream sequences of M. mycoides capri  ctpA.  
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The capability of the promoter and the upstream sequences of M. mycoides capri  

ctpA to drive expression of an E. coli gene was confirmed by placing lacZ under the 

direction of M. mycoides capri  ctpA USE and ctpAp (Figure 2-3).  Using primer pair #5 

(Table 2-1) and identical methodology as for recA, E. coli lacZ was cloned into the same 

construct and position as recA to produce plasmid pXL-USElacZ. After PCR 

amplification of lacZ with an engineered SpeI site at the 5’ end, the PCR product was 

cloned into pCR-XL Topo vector to produce pXL-(SpeI)lacZ. pXL-(SpeI)lacZ was 

digested with SpeI to produce the (SpeI)lacZ fragment. The fragment was gel purified 

and ligated to the same plasmid backbone (pXL-USEctpAp) used to create pXL-

USEctpAprecAec. This placed the lacZ expression under the regulatory control of the 

USE and promoter of the ctpA gene. The construct was digested with NdeI and XbaI to 

verify the correct orientation of the cloned fragment. The plasmid was introduced into E. 

coli Top10 F′ genotype {F´{lacIq Tn10 (TetR)} mcrA ∆(mrr-hsdRMS-mcrBC) 

Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 galU galK rpsL endA1 

nupG}(Invitrogen). Transformants were plated on LB agar coated with X-gal; a blue 

color confirmed the capacity of the ctpA promoter and the USE to drive the expression 

of the downstream gene.  The same construct, but without USE and ctpAp, was used as 

a control and was ß-galactosidase negative.  
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PEG8000-Mediated Chemical Transformation. 

An overnight culture of M. mycoides capri  was diluted 1/1000 in 40 ml of fresh 

SP4 broth. The culture was grown until the mid-log phase (~7-8 hrs) and then placed on 

ice for 2 min. M. mycoides capri was pelleted by centrifugation at 12,000g for 30 min at 

4 ºC, the supernatant was decanted, and the cells were washed in 10 mM Tris buffer, 

pH 6.5. Cells were centrifuged at 12,000g for 30 min at 4 ºC, resuspended in 1 ml of 0.1 

M CaCl2, and incubated on ice for 1 hr.  Yeast t-RNA (10 µg, Sigma-Aldrich), plasmid 

DNA (30 µg), and 9 ml of 60% (w/v) PEG8000 in 10 mM Tris pH 6.5 (final concentration, 

54% PEG8000) were added, and the cells were incubated for 2 min at room 

temperature.  Twenty-five ml of 10 mM Tris buffer, pH 6.5, was added, and the cells 

were centrifuged at 12,000g for 30 min at 4ºC. The supernatant was decanted, and the 

cells were suspended in 2 ml of warm (37ºC) SP4 broth supplemented with 2 mM MgCl2 

(Lavery et al. 1992, Hoffman et al. 2000, Goryshin et al. 1998, Goryshin et al. 2000) and 

incubated at 37ºC for 2 hrs. Following the 2 hr recovery time, the cells were plated on 

SP4 agar plates containing 5 µg/ml tetracycline and 1% casein. Colony growth was 

observed after 48 hr. All colonies were picked, expanded in SP4 broth, and genomic 

DNA obtained. PCR was performed using primer pair 4 to detect the disruption of ctpA 

gene.  

Random and Targeted Transformation 

For random mutagenesis, M. mycoides capri was transformed with Tn4001T, a 

gift from K. Dybvig,  (plasmid pIVT-1(Dybvig et al.  2000) by PEG8000 (Sigma-Aldrich)-

mediated chemical transformation as previously described (Dybvig et al.  2000, Lartigue 

et al.  2009),. For targeted mutagenesis, M. mycoides capri GM12 was transformed with 

pExp1-ctpA::tetM or pExp1-ctpA::tetM-recAec using PEG8000-mediated chemical 
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transformation. M. capricolum was transformed by electroporation. Disruption of ctpA 

was confirmed by loss of phenotype on casein agar and by PCR of the flanking regions 

of the ctpA coding sequence. The location, precise site of insertion, and direction of 

insertion of tetM into the coding sequence of ctpA were determined by sequencing.  

The random mutagenesis of M. capricolum was performed at the J. Craig Venter 

Institute in collaboration with Dr. John Glass, and selected mutants were provided to us. 

Ten ml cultures of log phase M. capricolum cells were pelleted and washed twice with 

electroporation buffer (EB) comprised of 8 mM HEPES + 272 mM sucrose at pH 7.4. 

Cells were then scraped into 25 ml of 4°C EB, and the suspension triterated to break up 

any cell clumps, after which the cells were pelleted by centrifuging for 10 min at 4oC at 

4575g. The supernatant was decanted, and the centrifuge tubes were inverted a few 

minutes to insure there was no residual supernatant, which could contain enough salts 

from the medium to compromise electroporation. Cells were resuspended in a total 

volume of 200-300 ml EB. On ice, 100 ml cells were mixed with 30 mg pIVT-1 plasmid 

DNA, transferred to a 2 mm chilled electroporation cuvette (BioRad, Hercules, CA), and 

electroporated using 2500 V, 25 mF, and 100 Ω. After electroporation cells were 

resuspended in 1 ml of 37°C SP4 medium and the cells were allowed to recover for 2 

hours at 37oC with 5% CO2. Aliquots of 200 ml of cells were spread onto SP4 agar 

plates containing 2 mg/l tetracycline hydrochloride (VWR, Bridgeport, NJ). The plates 

were incubated for 3-4 weeks at 37oC with 5% CO2 until colonies were visible. 
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Confirmation of Disruption of ctpA and Location of Insertion Sites  

For M. mycoides capri, genomic DNA was sequenced using primer pair # 6 

(Table 2-1) to verify tetM in these mutants. The precise site of insertion was further 

pinpointed by sequencing the junction between the tetM gene and the flanking 

sequence of the ctpA gene using primer 6 and primer pair # 4 (Table 2-1). The location 

and direction of insertion of tetM into the coding sequence of ctpA was confirmed by 

sequencing. This was done for both M. mycoides capri ctpA::tetM mutant created by 

random mutagenesis using Tn4001T (Table 2-2) and a representative mutant created 

by homologous recombination using pExp1-ctpA::tetM-recAec (Tables 2-3 and 2-4) . In 

the M. capricolum ctpA::tetM mutant generated by random mutagenesis, Tn4001T 

inserted 1269 bp from the 5 ′ end of the 1,968 bp ctpA gene (MCAP_0240, YP_424227, 

J. Glass, personal communication). tetM insertion sites in M. capricolum were located 

by DNA sequencing from genomic templates containing ~0.5 µg of genomic DNA. A 30 

base oligonucleotide GTACTCAATGAATTAGGTGGAAGACCGAGG (Integrated DNA 

Technologies, Coralville, IA) primer that binds in the tetM gene103 base pairs from one 

of the transposon/genome junctions was used, and, the insertion site was located on 

the M. capricolum genome using BLAST.  

Southern and Northern Blots 

For Southern blots, genomic DNA samples were prepared (DNeasy Tissue kit, 

Qiagen) from M. mycoides capri (wt), M. mycoides capri ctpA::tetM created via 

homologous recombination using pExp1-ctpA::tetM-recAec and from M. mycoides capri 

ctpA::Tn4001T created by random mutagenesis. Following electrophoresis on a 0.8% 

agarose gel and transfer to a positively charged 1.2µm nylon membrane (Roche), 

membranes were  hybridized with labeled probes (DIG High Prime DNA labeling and 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=83319648�
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Detection Starter Kit I, Roche) to either a 1,157 bp tetM fragment (Table 2-5) obtained 

from plasmid pMP05 (Cordova et al. 2002), courtesy of A. Blanchard and J. Renaudin, 

or a 1,018 bp fragment (Table 2-6) with homology to the plasmid backbones used in 

preparation of the constructs. 

For Northern blots, total RNA was extracted from early stationary phase M. 

mycoides capri or M. mycoides capri ctpA::tetM using RiboPure-Bacteria Kit (Ambion) 

according to the manufacturer’s instructions. The NorthernMax kit (Ambion) protocols 

were followed for gel separation, transfer of RNA to the membrane, and hybridization 

steps. A 1,446 bp ctpA DIG-labeled probe (Table 2-7) was generated by random primed 

DNA labeling using DIG High Prime DNA labeling and Detection Starter Kit I (Roche) 

according to the manufacturer’s instructions.  

Results 

Inclusion of recA from E. coli in disruption plasmid II (pExp1-ctpA::tetM-recAec) 

greatly enhanced the recovery of ctpA mutants (Table 2-8). In an earlier study in our 

laboratory, random mutagenesis of M. mycoides capri using the conjugative transposon 

Tn916 (Dybvig and Cassell 1987, Dybvig and Alderete 1988, Whitley and Finch 1989) 

yielded 1,776 transformants, but only two (0.11%) had an insertion in the gene of 

interest. When the smaller plasmid, Tn4001T (Dybvig et al. 2000) was used in this 

current study, the efficiency of obtaining the desired mutant was increased to 1/674 

(0.15%) for M. mycoides capri and 1/384 (0.26%) for M. capricolum. In three 

independent experiments using pExp1-ctpA::tetM to create a targeted mutation, only 

one ctpA::tetM mutant of 152 tetracycline-resistant clones (0.66% efficiency) was 

obtained as a result of homologous recombination. Although this approach required 

fewer transformants be screened (1/152 for an overall efficiency of 0.65%) than for 
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random mutagenesis, only one of three experiments yielded a ctpA::tetM mutant and 

this lack of consistency was a concern. When recA was added to the construct, a 

dramatic and consistent increase in the efficiency of obtaining a ctpA::tetM mutant was 

observed.  Using pExp1-ctpA::tetM-recAec, we obtained ctpA::tetM mutants in each of 

three independent transformation experiments, with 21.4 % to 26.7% of transformants 

having a disruption in the targeted gene. Although the overall number of transformants 

obtained with pExp1-ctpA::tetM-recAec was low (<20 per experiment), the high recovery 

rate of transformants with the target gene disrupted far outweighed the minor difficulty of 

having to use at least a log higher number of wild type M. mycoides capri for 

transformation with pExp1-ctpA::tetM-recAec than for transformation with Tn4001T.  

Disruption of ctpA resulted in loss of the proteolytic phenotype (Figures 2-4 and 

2-5). Insertion of tetM into the ctpA gene via targeted mutagenesis with pExp1-

ctpA::tetM-recAec (Figure 2-4, A and C) resulted in the loss of proteolytic activity on 

casein agar (Figure 2-4, B, and Figure 2-5). All M. mycoides capri ctpA::tetM mutants 

had identical inserts of the expected size (Figure 2-5, C) as well as loss of the 

proteolytic phenotype. Disruption by Tn4001T random insertional mutagenesis of both 

the M. mycoides capri ctpA gene and the ctpA homologous gene in Mycoplasma 

capricolum (YP_424227) resulted in loss of the proteolytic phenotype (see Figure 2-5, 

panels B, C and E). The presence of tetM in all mutants, regardless of method of 

transformation, was confirmed by PCR (Figures 2-4, A, C and 2-5, lanes 4, 5 and 7). 

The presence and location of the tetM gene in ctpA::tetM mutants was confirmed 

by Southern blot (Figure 2-6) and sequencing (Tables 2-3 and 2-4), respectively. The 

acquisition and copy number of the tetM gene in ctpA::tetM mutants and the presence 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=83319648�
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of the tetM gene inserted by Tn4001T-mediated random mutagenesis was verified by 

Southern blot (Figure. 2-6, A). Based on the size of the PCR fragment obtained using 

primers specific for the flanking regions of the ctpA gene (Table 1, primer pair 4) and 

sequencing (Tables 2-3 and 2-4) provided in supplementary material), a double 

crossover homologous recombination was determined to have occurred when M. 

mycoides capri was transformed with pExp1-ctpA::tetM-recAec. The plasmid backbone 

was absent (Figure 2-6 B, lane 3) in the ctpA::tetM mutant generated by pExp1-

ctpA::tetM-recAec, while the ctpA::tetM mutant generated by Tn4001T random 

insertional mutagenesis retained the plasmid backbone (Figure 2-6 B, Lane 4).  

CtpA appears to be monocistronic. The absence of transcription of ctpA in the 

mutants was confirmed by Northern blot (Figure 2-7).  The length of the transcript in M. 

mycoides capri was the same size as the mature ORF, supporting the monocistronic 

transcription of CtpA. Additionally, disruption of either the upstream or downstream 

gene had no impact of the proteolytic phenotype.   

Discussion 

The likelihood of obtaining an insertion in the gene of interest by random 

insertional mutagenesis varies depending on the mycoplasma species and the specific 

gene of interest. Even if the desired insertion occurs, screening of large numbers of 

transformants is required. As an example, less than 0.2% of M. mycoides capri or M. 

capricolum transformants obtained using Tn4001T contained insertions in the ctpA 

gene. Further, random insertional mutagenesis does contain an inherent bias for 

preferred insertion sites (Boesen et al. 2004, Glass et al. 2006). 

Cloning and engineering mycoplasma genomes in Saccharomyces cerevisiae 

offers all the genetic tools available to yeast biologists for seamless manipulation of 
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mycoplasma genomes. Thus multiple modifications are possible. The main drawback of 

this method is that it is technically very demanding and laborious, and costly. 

Additionally, the yeast cloning process takes two to three weeks to complete (Lartigue 

et al. 2009). 

Targeted gene disruption in Mollicutes using replicating plasmids based on oriC 

has been reported for a number of mycoplasma species, including members of the 

Mycoides, Pneumoniae, and Hominis subgroups (Chopra-Dewasthaly et al.  2005b, 

Chopra-Dewasthaly et al.  2008, Duret et al.  2005, Duret et al.  2003, Janis et al.  2005, 

Lartigue et al.  2003, Lee et al.  2008). However, mutagenesis by single-crossover 

homologous recombination using oriC plasmids has met with limited success. Even in 

M. gallisepticum and the Mycoides group species in which the OriC plasmids work best, 

replicating plasmids require many passages before the plasmid integrates into the 

chromosome (Cordova et al.  2002, Lee et al.  2008) and when obtained, the mutants 

are not stable. Replicative plasmids based on OriC actually were less efficient than 

suicide plasmids in generating targeted mutants (Dybvig and Woodard  1992,  Kannan 

and Baseman  2006) and also less effective than our results using both pExp1-

ctpA::tetM and pExp-1 ctpA::tetM:recAec.   

In mycoplasmas, as in other bacteria, recA is the only recombination gene 

universally present, although it is not part of the essential gene set (French et al. 2008, 

Glass et al.  2006). Studies have confirmed the critical role of RecA in recombination 

events in Mollicutes (Ogasawara et al. 1991, Rocha et al.  2005). In Acholeplasma 

laidlawii, the recA gene was disrupted through a single crossover recombination event 

(Dybvig and Woodard  1992) and plasmid integration was found to depend on the 
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presence of a fully functional RecA. Therefore, it seems that homologous recombination 

in mycoplasmas, when it occurs, is likely RecA-dependent (Dybvig and Woodard  

1992). Thus, we reasoned we might be able to augment homologous recombination by 

expression of a heterologous source of RecA with a high GC content to minimize 

hybridization with the indigenous RecA.  

In our study, inclusion of the E. coli RecA in our construct resulted in a 140-fold 

increase in recovery of the desired mutant over other techniques currently used for 

genetic manipulation of mycoplasmas in general and members of the Mycoides cluster 

specifically. Although the overall number of transformants obtained with pExp1-

ctpA::tetM-recAec was relatively low (<20 transformants) and the number of wild type M. 

mycoides capri needed for transformation was high, >20% of the transformants in each 

experimental repetition had the insertion in the targeted gene. Importantly, all ctpA::tetM 

mutants that were obtained using pExp1-ctpA::tetM-recAec occurred by double 

crossover homologous recombination and are therefore far more likely to be stable. 

Unlike the mutant obtained by random insertional mutagenesis using Tn4001T, the 

mutants obtained with pExp1-ctpA::tetM-recAec  did not contain remnants of the 

plasmid backbone, which may also enhance stability. To the best of our knowledge, a 

successful classical double-crossover homologous recombination using a suicide 

plasmid has been reported previously only in M. genitalium (Burgos et al., 2008; 

Kannan and Baseman  2006). Importantly, this simple yet elegant approach provides a 

significant advance in our ability to manipulate the M. mycoides capri genome. Like 

OriC, this technique may have applicability in other mycoplasmal species. This 

technique provides a new and promising approach that provides an additional genetic 
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tool to use in unraveling the pathogenic mechanisms by which these microbes induce 

disease.  

Table 2-1.  Primer pairs used for PCR.  
Primers 5’ →3’ sequence 
1 For ctpA Coding sequence For: CACCATGAAACTAGTTAAAAAAATAG 
1 Rev ctpA Coding sequence Rev CTTACTAAGGTTAATTTTTGTTATTTTAA  
2 For aUSEctpAFor : GGATCC
2 Rev 

CATTTTTATACAAATGTTTTTTTCTTTGG 
ctpA Coding sequence Rev: CTTACTAAGGTTAATTTTTGTTATTTTAA 

3 For bE.coli RecA For: ACTAGT
3 Rev 

TATGGCTATCGACGAAAACAAACAG 
cE.coli RecA Rev: CTCTAGA

4 For 
GATGCGACCCTTGTGTATCAAAC 

CtpA Flanking For(thi): GGATCCGTTTATAAAAATGGAGAATTTGCACAA 
4 Rev ctpA Flanking Rev: CTATTCACTATAGTATTAGGAAAAAAA 
5 For tetM BB14 : CGTATATATGCAAGACG 
5 Rev tetM BB15 : TTATCAACGGTTTATCAGG 
6 Tn4001tSeq : GTACTCAATGAATTAGGTGGAAGACCGAGG 
Restriction enzyme sites that were created for cloning purposes are underlined. 
aGGATCC is an introduced BamHI site. bACTAGT is an introduced SpeI site. cTCTAGA 
is an introduced XbaI site. 
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Table 2-2.  Sequence for M. mycoides capri ctpA::tetM mutant created by random 
mutagenesis using Tn4001t. 

Nucleotide Sequence 
     1 CCGAGGCACT GCATAACATC TTCCGCAGTA CCGCCCGATT CCACCTGTAT 
    51 AATCGCAAGA AGTATGTTGG GACTTTTACA CAATTATACG GACTTTATCA 
   101 
   151 

TTATGTTTTA ACTTCACCAT TTTCATTCTC AGCTGGAAAC ATTTTCCCTC 

   201 
AACTAGTTAA AGATAATAAT GTTGCAAAAG TAATTGGATT TAAAACTGCA 

   251 
GGTGGAGCTT CAGCGATTAG TCAAGCAATT CTACCAACTG GAGATATTAT 

   301 
TCAATTAAGT AGTAATAATG TTTTAACTAA TAAATCTCAT CAAAGTTTAG 

   351 
AATATGGTGT TAATCCAGAT ATTACACTTG GATTTGATCC ATTCAAACAA 

   401 
ACTGAAAAAT TCTTTGATTC AGCTTATATT CAACAAGCTA TTAATAAAGA 

   451 
TACAAATACA TTAAATTCAA TTCCAGCTAC TCATTCTAGT GTTGTTGAAC 

   501 
CAAATTATGT ACATAAACTT GTAGAACAAC CTCAACCACT ACAATTAAGT 

   551 
AGAAAAACTG ATGAAACTGA AATAAAAAAT CTTAATAATT TATTTTCTAG 

   601 
TATAAAAGAA ACCGAAAGAA AAGATGCATA TTTTGTACTT GGAGCACTTG 

   651 
GTGTTGTTAT TAGTTTAGCA ATCTCATTTG TAATTATTAA AAAAATATTA 
AAATAACAAA AATTAACCTT AGTAAGAAAT ACTAAGG

   701 TTTAAAAAAA TAGGTCACTT TTAAAATTTT TTTCCTAATA CTATAGTGAA 
TTT TTTTATTTTT 

   751 TAGAAAAAAG AAAGGAATTA ATTATGAAAA AAGCTTTAAA AGTATTTTCG 
   801 ATTTATTCAT TAGACCCAGT TGA 

The dotted underlined sequence is the Tn4001 sequence. The solid underlined 
sequence indicates the resumption of the ctpA coding sequence at nt1400 ctp. The 
normal text  indicates the start of sequences downstream from ctpA. 
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Table 2-3.  Sequence for M. mycoides capri ctpA::tetM mutant created by homologous 
recombination using disruption plasmid II (pExp1-ctpA::tetM-recAec).  

Nucleotide Sequence 
   1  
  51  

ACCGAAAAAA ACCTTTTTTA TACAAATGTT TTTTTCTTTG GATTTTTTTA 

 101  
TTTAAAAAAC GTCTAAAAAA CCAGTATAGA TCTTGTATAA GCAAAAAAAT 
GGACTAATAT TTAAATAAAG CAAAAAGGAG AAAAAGATT

 151  TAAAAAAATA GGCTTTTTAA GCTTAAGTGC AATTAGCATA TTAGGACCAC 
A TGAAACTAGT 

 201  TAGCTATGAT TAACAATCTA ACTACTGATA ATAATCTTTT AATAACCAAA 
 251  AGGTTTTTAA GTAGTTCAAA CTCTAATGTT GGGTTAAAAT CATATGATTA 
 301  TATAAACTTA ATTAACAACA AATATATACC TACAAAAATT AATTTACACG 
 351  ATCATAATGG GATTGCTTAT ATTGGAGTTA AAGAATTCTT AAAGTCTCTA 
 401  GACGGACTTA TTAGTTTTTC TAAAATAAAA GTAAGACCAT ATCAAAACGC 
 451 AAATTTTTAT AAAGAAAAAG AAATTAGTTA TAATTACAAA AACAATAAAG 
 501  TTGTTTTAAA CTCAATTAGT AAATATTCAA ATAATAATAA AACTACTAAC 
 551  TATCAACTAG AAATTGATAG TAAAAATAAA ACTATTACAG TATCTGATAA 
 601  TGACTTTTTT ACAGATATTT TCACTTTTTA TAGACGTGGT GAAGAAGATT 
 651  TAAATATTGA CTTTTTAAAT ACTGAAATTG TAAATAAAAA TAAACATATA 
 701  GTATTTGATT TAAACAAGTA TGGAATCGAA ATTTTAAATG ATCAAAATGA 
 751  CTTGTATTTA CCATTAGTAC TAATTAATCA ACTATTTTTA AATCAATCAA 
 801  ATGTGCAATT GTATTTTAAT GGACAATCTG TTAATTTATT TGCATACAGT 
 851  AAAACACTTG GAAAAGTTGA ATTATTAAAG CAATTAAAAC ACTCATATTT 
 901  AATAATCAGA ATCATATACC AGCGGTTTAA AAGATTTTCA ATATAAATAT 
 951  TTAGGATTTT ATTTGATCCC CGACCTCCAA CAAACCGCCA TTTGGAAAGT 
1001  AATATACAAT ATTTTAAACA GCGTAAATAG CAACTACCAT TATACGGTTT 
1051  TTTTAATTGG CGTTTAGTAA G 

The sequence shows the insertion site of tetM into the coding sequence. The solid 
underlining indicates the upstream sequences of ctpA that are not found in the 
disruption construct. The nnormal text indicates sequences of ctpA that are present in 
the disruption construct. The double underlining indicates tetM sequences present in the 
disruption construct. The bold, underlined sequence indicates the insertion site for tetM.  
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Table 2-4.  Internal sequence for M. mycoides capri ctpA::tetM mutant created by 
homologous recombination using disruption plasmid II (pExp1-ctpA::tetM-
recAec).  

Nucleotide Sequence 

 1  AATATTCCCG AGGATGCATA ACATCTTCCG CAGTACCGCC CGATTCCCCT 
 51 GTATAATCGC AAGAAGTATG TTGGGACTTT TACACAATTA TACGGACTTT 
 101 ATCCTTTCTG ATGTATTAGA AGTAACAGGT ATTGTTTGGA ATGCAACTTT 
 151 AACTTTTGTG GCTGTTATTC TTATTTCATT AATATTAGAT GAAATTGGTT 
 201 TTTTTGAATG GTCTGCGATA CATATGGTCA AGGCTTCAAA CGGTAATGGC 
 251 TTAAAAATGT TTGTTTTTAT TATGTTACTT GGGGCAATTG TAGCAGCATT 
 301 TTTCGCAAAT GATGGTGCAG CTTTAATCTT AACGCCTATT GTATTAGCGA 
 351 TGGTAAGGAA TCTAGGATTT AATCAAAAAG TGATTTTCCC CTTTATTATT 
 401 GCCAGTGGTT TTATTGCTGA TACTACATCA CTTCCCTTAA TTGTAAGTAA 
 451 CTTAGTTAAT ATCGTTTCTG CAG
 501 TTCTACCAAC TGGAGATATT ATTCAATTAA GTAGTAATAA TGTTTTAACT 

GTGGAGC TTCAGCGATT AGTCAAGCAA 

 551 AATAAATCTC ATCAAAGTTT AGAATATGGT GTTAATCCAG ATATTACACT 
 601 TGGATTTGAT CCATTCAAAC AAACTGAAAA ATTCTTTGAT TCAGCTTATA 
 651 TTCAACAAGC TATTAATAAA GATACAAATA CATTAAATTC AATTCCAGCT 
 701 ACTCATTCTA GTGTTGTTGA ACCAAATTAT GTACATAAAC TTGTAGAACA 
 751 ACCTCAACCA CTACAATTAA GTAGAAAAAC TGATGAAACT GAAATAAAAA 
 801 ATCTTAATAA TTTATTTTCT AGTATAAAAG AAACCGAAAG AAAAGATGCA 
 851 TATTTTGTAC TTGGAGCACT TGGTGTTGTT ATTAGTTTAG CAATCTCATT 
 901 TGTATTATTA AAAAAAATAT TAAAATACAA AAATTAACCT TAGTGAAGAA 
 951 ATACTAAGTT TTATTTTTTT TAAAAATAGG TCACTTTAA 

The sequence shows the end of the tetM gene and the resumption of the ctpA coding 
sequence. The double underlining indicates tetM sequences. The single underlined 
CTG CAG denotes the end of the tetM sequence and the resumption of the downstream 
ctpA coding sequence. 
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Table 2-5.  Sequence of tetM probe.  

CATATG
TATCAGTTTTAGATGGGGCAATTCTACTGATTTCTGCAAAAGATGGCGTA 

GATTTCTTAGCAGAAGTATATCGTTCAT 

CAAGCACAAACTCGTATATTATTTCATGCACTTAGGAAAATGGGGATTCC 
CACAATCTTTTTTATCAATAAGATTGACCAAAATGGAATTGATTTATCAA 
CGGTTTATCAGGATATTAAAGAGAAACTTTCTGCCGAAATTGTAATCAAA 
CAGAAGGTAGAACTGTATCCTAATGTGTGTGTGACGAACTTTACCGAATC 
TGAACAATGGGATACGGTAATAGAGGGAAACGATGACCTTTTAGAGAAAT 
ATATGTCCGGTAAATCATTAGAAGCATTGGAACTCGAACAAGAGGAAAGC 
ATAAGATTTCAGAATTGTTCTCTGTTCCCTCTTTATCATGGAAGTGCAAA 
AAGTAATATAGGGATTGATAACCTTATAGAAGTTATTACTAATAAATTTT 
ATTCATCAACACATCGAGGTCCGTCTGAACTTTGCGGAAATGTTTTCAAA 
ATTGAATATACAAAAAAAAGACAACGTCTTGCATATATACGCCTTTATAG 
TGGAGTACTACATTTACGAGATTCGGTTAGAGTATCAGAAAAGGAAAAAA 
TAAAAGTTACAGAAATGTATACTTCAATAAATGGTGAATTATGTAAGATT 
GATAGAGCTTATTCTGGAGAAATTGTTATTTTGCAAAATGAGTTTTTGAA 
GTTAAATAGTGTTCTTGGAGATACAAAACTATTGCCACAGAGAAAAAAGA 
TTGAAAATCCGCACCCTCTACTACAAACAACTGTTGAACCGAGTAAACCT 
GAACAGAGAGAAATGTTGCTTGATGCCCTTTTGGAAATCTCAGATAGTGA 
TCCGCTTCTACGATATTACGTGGATTCTACGACACATGAAATTATACTTT 
CTTTCTTAGGGAAAGTACAAATGGAAGTGATTAGTGCACTGTTGCAAGAA 
AAGTATCATGTGGAGATAGAAATAACAGAGCCTACAGTCATTTATATGGA 
GAGACCGTTAAAAAATGCAGAATATACCATTCACATCGAAGTGCCGCCAA 
ATCCTTTCTGGGCTTCCATTGGTCTATCTGTATCACCGCTTCCGTTGGGA 
AGTGGAATGCAGTATGA

The NdeI (CATATG) and SacI (GAGCTC) restriction sites are underlined. 

GAGCTC 
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Table 2-6.  Sequence of the plasmid backbone probe. 
TCGGAAAAAG 
AGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTG 
CAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTAC 
GGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATC 
AAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAG 
TATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTC 
AGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC 
GATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTC 
ACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGG 
TCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAG 
TAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTGCAGGCATCGTGGTGTC 
ACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTAC 
ATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAG 
AAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTAC 
TGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTG 
AGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAACACGGGATAATACCGC 
GCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACT 
CTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCG 
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Table 2-7.  Sequence of the ctpA probe used for the Northern blot.  
ACTAGTTAAAAAAAT 
AGGCTTTTTAAGCTTAAGTGCAATTAGCATATTAGGACCACTAGCTATGA 
TTAACAATCTAACTACTGATAATAATCTTTTAATAACCAAAAGGTTTTTA 
AGTAGTTCAAACTCTAATGTTGGGTTAAAATCATATGATTATATAAACTT 
AATTAACAACAAATATATACCTACAAAAATTAATTTACACGATCATAATG 
GGATTGCTTATATTGGAGTTAAAGAATTCTTAAAGTCTCTAGACGGACTT 
ATTAGTTTTTCTAAAATAAAAGTAAGACCATATCAAAACGCAAATTTTTA 
TAAAGAAAAAGAAATTAGTTATAATTACAAAAACAATAAAGTTGTTTTAA 
ACTCAATTAGTAAATATTCAAATAATAATAAAACTACTAACTATCAACTA 
GAAATTGATAGTAAAAATAAAACTATTACAGTATCTGATAATGACTTTTT 
TACAGATATTTTCACTTTTTATAGACGTGGTGAAGAAGATTTAAATATTG 
ACTTTTTAAATACTGAAATTGTAAATAAAAATAAACATATAGTATTTGAT 
TTAAACAAGTATGGAATCGAAATTTTAAATGATCAAAATGACTTGTATTT 
ACCATTAGTACTAATTAATCAACTATTTTTAAATCAATCAAATGTGCAAT 
TGTATTTTAATGGACAATCTGTTAATTTATTTGCATACAGTAAAACACTT 
GGAAAAGTTGAATTATTAAAGCAATTAAAACACTCATATTTAAATAATCA 
GAATCATATACCAGCAGGTTTAAAAGATTTTCAATATAAATATTTAGGAT 
TTTTATTTGATCATTTTTATGGTATTAAATTAGATAAAAATGCTTCATAT 
AAAGATTTATTTAAAAAATATGAAAAATACATTAAAGCAGATAATACTAC 
TCACTACTTAACAAGTAGATATTTAATTGAACAATTAGATGATTTACATT 
CATCATATTTATTAACAGGATATTATAATAAAGATTTAGAAACAATTAAT 
AAAGCTGTTTTAAAAACAACAACACCTAGATCTGATAGATTTAAAGATAT 
TGCAAGAAGATTAAGCGCATATTATGATAAAGAGTTAAACTATAAAAATG 
TTTATACTCCAGATAGAAAAACAAGTGTTATTTCATTTAAAAACTTTGAA 
GCTAATTCAGCTTTTAAAATCGAAGAAAGCTTAAAACAAGCTCAAAGAGA 
TGGTATTAAAAATATTGTTTTAGATGTAAGCTTTAATAGAGGTGGTTATT 
TAGGAACTGCTTTTGAAATCATGGGATTTTTAACAGATAAACCATTTAAA 
TCTTATTCATATAATCCTTTAACAAAAGAACAACAAGTTGAAACTATTAA 
ATCAAGATTTAAAAAATATGATTTTAACTATTATGTTTTAACTTCACCAT 
TTTCATTCTCAGCTGGAAACATTTTCCCTCA

The Spe I sites are underlined. 
ACTAGT 
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Table 2-8.  Generation of ctpA mutants by random insertion mutagenesis and 

homologous recombination. 
Speciesa Methodb Number ctpA mutants/ 

Number transformants (%) 
Mmc RIM with Tn916 2/1776 (0.11) 
Mmc RIM with Tn4001T 1/674 (0.15) 
Mcap RIM with Tn4001T 1/384 (0.26) 
Mmc Experiment 1: HR with Pexp1-ctpA::tetM 1/59 (1.69) 
Mmc Experiment 2: HR with Pexp1-ctpA::tetM 0/42 (0) 
Mmc Experiment 3: HR with Pexp1-ctpA::tetM 0/51 (0) 
Mmc Experiment 1: HR with Pexp1-ctpA::tetM-

recAec 
3/14 (21.4) 

Mmc Experiment 2: HR with Pexp1-ctpA::tetM-
recAec 

4/15 (26.7) 

Mmc Experiment 3: HR with Pexp1-ctpA::tetM-
recAec 

4/17 (23.5) 

a Mmc indicates Mycoplasma mycoides subsp. capri GM12. Mcap indicates 
Mycoplasma capricolum. b RIM indicates random insertion mutagenesis. HR indicates 
homologous recombination. 
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Figure 2-1.  Constructs used for targeted mutagenesis of Mycoplasma mycoides subsp. 

capri. A) Diagrammatic information on preparation of pExp1-ctpA::tetM. The 
672 kb removed from ctpA and subsequent insertion of tetM is shown 
between BclI site at nt 828 and PstI site at nt 1500 of the coding sequence. B)  
Diagrammatic information on preparation of pExp1-ctpA::tetM-recAec. 
RecAec under the direction of the upstream elements and promoter region of 
ctpA was cloned following nt12 of the ctpA coding sequence and ligated into 
the XbaI site of pExp1-ctpA::tetM. 
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Figure 2-2.  Construction of pExp1-ctpA::tetM and pExp1-ctpA::tetM-recAec. A) Gel 

demonstrating the key features of preparation of pExp1-ctpA. Lane1: 1KbPlus 
DNA Marker (Invitrogen); Lane 2: PCR of ctpA coding sequence; Lane 3: 
Undigested pENTERctpA; Lane 4: pENTERctpA+SpeI; Lane 5: 
pENTERctpA+NotI and XbaI; Lane 6: Undigested pExp1-ctpA; Lane 7: 
pExp1-ctpA+NdeI. B) Gel demonstrating the key features of preparation of 
pExp1-ctpA::tetM.  Lane 1:  1 Kb Plus DNA Marker (Invitrogen); Lane 2: 
Undigested pIVT-1; Lane 3: pIVT-1+BamHI and PstI; Lane 4: pExp1-
ctpA+BclI and PstI, showing 672 bp removed from ctpA  gene (arrow);  Lane 
5: Undigested pExp1-ctpA::tetM;  Lane 6: pExp1-ctpA+KpnI; Lane 7: pExp1-
ctpA::tetM+KpnI, showing linearization of pExp1-ctpA::tetM due to 
introduction of KpnI site found in tetM.  C) Gel demonstrating the key features 
of preparation of construction of pXL-USEErecAec. Lane 1: 1KbPlus Marker 
(Invitrogen); Lane 2: PCR of USEctpA from M. mycoides capri wild type; Lane 
3: Undigested pXL-UREctpA; Lane 4:  pXL-UREctpA+BamHI; Lane 5: PCR of 
recA gene from E. coli; Lane 6: Undigested pXL-recAec; Lane 7: pXL-
recAec+SpeI;  Lane 8: pXL-USEctpA+SpeI; Lane 9: Undigested pXL-
USErecAec. D) Gel demonstrating the key features of preparation of pExp1-
ctpA::tetM-recAec.  Lane 1: 1KbPlus Marker (Invitrogen); Lane 2: pXL-
USErecAec+XbaI; Lane 3: pExp1-ctpA::tetM+XbaI; Lane 4: Undigested 
pExp1-ctpA::tetM-recAec;  Lane 5: pExp1-ctpA::tetM-recAec+XbaI;  Lane 6: 
pExp1-ctpA::tetM-recAec+BglII. The arrow denotes the 342 bp fragment that 
was deleted from pExp1-ctpA::tetM. 
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Figure 2-3.  Construction of pXL-USEcptAplacZ.  A) Gel demonstrating the key features 
in the preparation of pXL-USEcptAplacZ. Lane 1: 1 kbPlus DNA marker 
(Invitrogen); Lane 2: pXL-(SpeI)lacZ; Lane 3: pXL-(SpeI)lacZ + SpeI; Lane 4: 
pXL-USEcptAplacZ; Lane 5 : pXL-USEcptAplacZ + NdeI and XbaI.   B) E. coli 
transformed with pXL-USEcptAplacZ showing capability of M. mycoides capri  
ctpA USE and promoter to drive expression of LacZ. C) E. coli transformed 
with pXL-lacZ, showing no LacZ expression in the absence of the M. 
mycoides capri  ctpA USE and promoter. 
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Figure 2-4.  Disruption of the ctpA gene through homologous recombination results in 

loss of proteolytic phenotype. A) PCR amplification of genomic DNA from M. 
mycoides capri wild type and M. mycoides capri ctpA::tetM mutant obtained 
by homologous recombination using pExp1-ctpA::tetM-recAec. The PCR 
primers were specific for the genes flanking the ctpA gene. Lane 1: 1KbPlus 
Marker (Invitrogen); Lane 2: M. mycoides capri wild type; Lane 3: M. 
mycoides capri ctpA::tetM showing the 4 kb insertion in the ctpA gene. B) 
Growth of M. mycoides capri ctpA::tetM  (top) and M. mycoides  capri  wild 
type (bottom) on casein agar. Note absence of proteolytic zone around M. 
mycoides capri ctpA::tetM. C) PCR amplification of genomic DNA from M. 
mycoides capri wild type and six ctpA::tetM mutants obtained through 
homologous recombination using either pExp1-ctpA::tetM or pExp1-
ctpA::tetM-recAec. Lane 1: 1KbPlus Marker (Invitrogen); Lane 2: M. mycoides 
capri wild type; Lane 3: M. mycoides capri ctpA::tetM mutant obtained with 
pExp1-ctpA::tetM; Lanes 4-8: Representative M. mycoides capri ctpA::tetM 
mutants obtained with pExp1-ctpA::tetM-recAec. All inserts were of the 
expected size and occurred at the same location ± 1 nt in the ctpA coding 
sequence. 
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Figure 2-5.  Amplification of tetM gene and corresponding phenotype. The tetM gene 
was amplified from genomic DNA of wild type and mutant strains to confirm 
insertion (gel on left): Lane1: 1KbPlus Marker (Invitrogen); Lane 2: pIVT-1; 
Lane 3: M. mycoides capri  wild type genomic DNA; Lane 4: M. mycoides 
capri ctpA::tetM mutant generated by homologous recombination; Lane 5: M. 
mycoides capri :: Tn4001t(ctpA) generated by random insertional 
mutagenesis; Lane 6: Mycoplasma capricolum wild type genomic DNA; Lane 
7: M.capricolum::Tn4001t(ctpA) generated by random insertional 
mutagenesis. The phenotype was confirmed by growth on casein agar (right). 
Shown are M. mycoides capri  wild type (Lane 3, Panel A), M. mycoides capri 
ctpA::tetM mutant (Lane 4, Panel B), M. mycoides capri  ctpA::Tn4001t (Lane 
5 and Panel C), M. capricolum wild type (Lane 6, Panel D), and M. capricolum 
ctpA::Tn4001t (Lane 7, Panel E). 
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Figure 2.6.  Presence of tetM and plasmid vector backbone in M. mycoides capri GM 12 

wild type and M. mycoides capri ctpA::tetM mutant. SpeI was used for 
restriction digest because Tn4001T lacks this site. A) Southern blot was 
developed using a probe specific for tetM.  Both the M. mycoides capri 
ctpA::tetM mutants obtained by HR and RIM had a single copy of tetM. Lane 1: 
1KbPlus Marker (Invitrogen); Lane 2: SpeI restriction digest of genomic DNA 
from M. mycoides capri wild type; Lane 3: SpeI restriction digest of genomic 
DNA from M. mycoides capri ctpA::tetM mutant obtained by a double cross-
over homologous recombination (HR) event using pExp1-ctpA::tetM-recAec;  
Lane 4: SpeI restriction digest of genomic DNA from M. mycoides capri 
ctpA::tetM mutant obtained by random insertional mutagenesis (RIM) using 
Tn4001T. B) Southern blot was developed using a probe specific for 
sequences present in the plasmid backbones of both pExp1-ctpA::tetM-recAec 
and Tn4001T. Lane 1: 1KbPlus Marker (Invitrogen); Lane 2: SpeI restriction 
digest of genomic DNA from M. mycoides capri wild type; Lane 3: SpeI 
restriction digest of genomic DNA from M. mycoides capri ctpA::tetM mutant 
obtained by a double cross-over HR event using pExp1-ctpA::tetM-recAec; 
Lane 4: SpeI restriction digest of genomic DNA from M. mycoides capri 
ctpA::tetM mutant obtained by RIM using pIVT-1 Tn4001T; Lane 5: Tn4001T 
transposon, which lacks a SpeI site, as a positive control. Note that the 
plasmid backbone was not retained in M. mycoides capri ctpA::tetM  obtained 
by HR (Lane 3) but was present in the M. mycoides capri ctpA::tetM mutant 
obtained by RIM (Lane 4).  
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Figure 2-7.  Northern blot confirming the absence of a ctpA transcript in M. mycoides 

capri ctpA::tetM mutant.  Lane 1: DIG–labeled RNA MW marker I (Roche); 
Lane 2: Total RNA extracted from M. mycoides capri  wild type; Lane 3: Total 
RNA extracted from M. mycoides capri ctpA::tetM mutant. Probe: Spe I gel 
purified fragment of ctpA gene.  

 

1821

2661

1 2 3



 

54 

CHAPTER 3 
TARGETED DELETION OF S41 PEPTIDASE IN MYCOPLASMA MYCOIDES SUBSP. 

CAPRI  RESULTS IN STRESS RESPONSE, AND PERTURBED 
GLYCOLYSIS/GLUCONEOGESIS  

Introduction 

Carboxyl-terminal proteases belong to a group of proteases that were initially 

identified by genetic complementation analysis of specific photosynthetic mutants of the 

cyanobacterium Synechocystis sp. strain PCC 6803. CtpA protein was shown to be 

responsible for cleavage of the D1 precursor (pD1) polypeptide of photosystem II (PSII) 

(Nixon et al. 1992). This C-terminal processing is essential for the subsequent water 

oxidation and the generation of oxygen molecules in oxygenic photosynthetic organisms 

hence it is important for correct functioning of the PSII complex (Diner et al. 1988). 

Subsequently they have been identified in the chloroplasts of algae and higher plants. 

TSP proteins have also been identified in many bacterial pathogens including 

Borrelia, Chlamydia, Shigella, Vibrio, and Yersinia. Although their overall physiological 

functions in bacteria are not well understood; they have been reported to play important 

roles in the modification of some bacterial proteins with consequences to their virulence 

or their physiology (Baumler et al 1994). For example the inactivation of TSP of Borrelia 

burgdorferi, the etiologic agent of Lyme borreliosis, affected the synthesis and the 

processing of the outer membrane protein P13 and the inactivation of CtpA protein had 

a pleiotropic effect on the protein expression profile in Borrelia (Ostberg et al. 2004). in 

Chlamydiae, two TSP proteins CT441 and CT858 have been found to target and 

interfere with host proteins that are involved in the host immune response against 

microbial infection. CT858 degrades the regulatory factor X5(RFX5) and Upstream 

Stimulation Factor 1(USF-1), these transcription factors are required for the expression 
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of the major histocompatibilty complex (Zhong et al. 2001). CT441 has been reported to 

cleave p65 protein which is an important regulator for the NF-κB pathway of the 

inflammatory response (Lad et al. 2007).   

They are considered to be unique among serine-type proteases due to their 

resistance to the conventional protease inhibitors and their characteristic catalytic center 

(Ekici et al. 2008, Liao et al. 2000, Paetzel et al. 1997). They selectively target and 

cleave the non-polar C-termini of many precursor proteins (Silber et al. 1992) either 

during the course of their maturation (Gollin et al. 1992, Hatchikian et al. 1999. Islam et 

al. 1993, Menon et al. 1993, Rossmann et al. 1994) or during their transportation into 

other organelles or export to the periplasm (Diner et al. 1988, Nagasawa et al. 1989). 

They may also target and degrade damaged or aberrant proteins (Keiler et al 1996). In 

Gram positive bacteria, C-terminal processing is a required step in the transpeptidation 

mechanism to anchor some surface proteins to the cell envelope (Mazmanian et al. 

2001).    

The gene ctpA (ZP_02512724) has been identified through random transposon 

mutagenesis and then specifically disrupted through targeted mutagenesis as explained 

in chapter 2. In silico analysis of the DNA sequence and the predicted protein product 

indicated that it belongs to Carboxyl-terminal processing proteases with the presence of 

a tail specific protease domain (TSPc) located between amino acid residues 340 and 

544 (Figure 3-1). This domain has been shown to recognize and cleave specific 

hydrophobic residues of the substrate (Beebe et al. 2000). It also contains a signal 

peptide (aa 1-24) that overlaps with the transmembrane domainTMD (aa 7-29) (Figure 

3-1 and 3-2); these domains indicate that the protein is targeted and anchored to the 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=167925633�
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cell membrane.  The protein with its domain composition resembles another E. coli 

periplasmic TSP-containing protease known as Prc (processing involving C-terminal 

cleavage). Prc is a 76-kDa periplasmic protein involved in processing of penicillin 

binding protein 3 (PBP3) an integral protein in the inner membrane; Inactivation of Prc 

in E. coli results in a mutant that exhibits sensitivity to high temperature and leakage of 

periplasmic proteins under osmotic stress (Hara et al. 1991). Other characterized CtpA 

proteases also contain N-terminal signal sequences to transport it across the thylakoid 

membrane in chloroplast (Karnauchov et al. 1997, Mitchell et al. 1997).  

Proteomic Studies in Mycoplasmas 

Mycoplasmas are very attractive and suitable microorganisms for the proteomic 

studies and this fact was recognized very early. Two of the smallest mycoplasmas M. 

genitalium and M. pneumoniae were among the first organisms for which proteomic 

profiles were determined (Jaffe et al 2004, Wasinger et al 2000, Ueberle et al 2002). In 

addition, there are advantages of performing proteomic analysis in mycoplasmas. 

Those include the availability of several fully and partially sequenced mycoplasma 

genomes; this knowledge of the genomic sequences and potential protein coding 

sequences is almost an absolute prerequisite for proteomic technologies.  

The small size of the mycoplasma genomes and their relatively few proteins they 

encode (less than 1000) should make a high experimental coverage possible, while the 

paucity of their transcriptional factors and regulators (Razin et al 1998) should permit 

the detection of nearly all of the gene products made by the organism in a relatively 

small number of environmental stimuli or culture conditions.  

As part of this study, differential proteome profiling was carried out followed by 

pattern discovery analysis; the objective of these proteomic experiments and analyses 
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was to gain a perspective as to what the role of ctpA may be and the effect of its 

disruption on the overall protein expression profile of Mycoplasma mycoides subsp. 

capri. Determining some of the proteins impacted by the ctpA disruption would shed 

light on the function of this gene and the type of pathways and reactions wherein it may 

participate or perform.  

Materials and Methods 

Mycoplasma Strains and Their Cultivation  

Mycoplasma mycoides subsp. capri GM12  type ATCC 35297 (M. mycoides 

capri) (Manso-Silván et al. 2009) and Mycoplasma mycoides subsp. capri GM12 

ctpA::tetM were used for this study. M. mycoides subsp. capri GM12 ctpA::tetM was 

generated by double cross-over homologous recombination as described in Chapter 2.  

 For all experiments both mycoplasmas strains were cultivated in parallel at 37 °C 

in the same batch of SP4 medium. The SP4 medium that was used to culture M. 

mycoides ctpA::tetM was supplemented with 10 μg/ml of tetracycline. Microbial growth 

was monitored by optical density readings that were performed at 640 nm and all 

cultures were harvested at late log phase (OD640 = 0.08). All microbial cultures 

contained 1012 CFU per ml of media at the time of harvest, which was confirmed by 

culture. Cultivation of mycoplasmas was performed 3 times and each culture was 

considered a biological replicate.  
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Preparation of Protein Extracts for Proteomics 

Bacterial suspensions were divided into 2 aliquots so that one aliquot was used for 

2 dimensional electrophoresis and the second was used for amine specific peptide 

based labeling (iTRAQ™) followed by tandem mass spectrometry.  Bacterial 

suspensions were pelleted by centrifugation at 8,000 x g, for 30 minutes at 40 C, and 

pellets were washed with wash buffer solution (Calbiochem ProteoExtract® kit, San 

Diego, CA).  

Protein from pellets that were to be analyzed by 2 - dimensional electrophoresis 

were extracted with Trizol (Invitrogen Corp., Carlsbad, CA) according to the 

manufacturer’s protocol. Pelleted protein extracts were allowed to air dry and were 

stored at -20ºC.  Protein from samples that were to be analyzed by iTRAQ™ analysis 

were extracted with ProteoExtract® Complete Mammalian Proteome Extraction Kit 

(Calbiochem, San Diego, CA). 

Proteome Profiling by 2-Dimensional Differential Gel Electrophoresis (2D-DIGE) 

Protein pellets were dissolved in buffer containing 8 M urea, 2 M thiourea, 4% 

CHAPS, and 10 mM Tris, pH 8.5. Total protein from each biological replicate was first 

determined by Lowry assay. The protein concentration of each sample was adjusted so 

that both protein samples, M. mycoides ctpA::tetM and wild type M. mycoides contained 

the same amount of protein before labeling with CyDye™ Fluor minimal dyes (GE 

Healthcare, Piscataway, NJ). M. mycoides ctpA::tetM was labeled with Cy5 and wild 

type M. mycoides (control) was labeled with Cy3 fluorescent dyes. The Cy2 labeled 

mixture that was composed of an equal amount of M. mycoides ctpA::tetM and wild type 

M. mycoides was used as an internal standard. Fifty micrograms of each sample was 

mixed and loaded onto a 24 cm, pH 3 -11 IPG strip (GE Healthcare, Piscataway, NJ). 
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Electrofocusing of proteins was performed overnight at 1000 volts with a temperature 

controlled IPGphor Isoelectrofocusing unit (GE Healthcare, Piscataway, NJ). The 

separated IPG strip was then loaded into a pre-cast 8 to 16% SDS-polyacrylamide gel 

(Jule, Inc. Milford. CT). Three 2- dimensional electrophoresis experiments were 

performed, and each experiment contained a different biological replicate. 

Differential Image Analysis of Protein Gels 

Gel images were obtained with Typhoon 9600 Variable Mode Imager (GE 

Healthcare) which is designed to optimally detect each protein bound to different 

CyDye™ Fluor. Cy3 was detected with a 532 nm excitation laser and a 580 BP 30 

emission filter. Cy5 was detected with a 633 nm excitation laser and a 670 BP 30 

emission filter.  Cy2 was detected with a 488 nm excitation laser and a 520 BP 40 

emission filter. The digital image information from each gel was acquired and analyzed 

with DeCyder 2D version 7.0 software (GE Healthcare, Piscataway, NJ). Specifically, 

the Cy2 internal standard was used to co-detect, match and normalize protein spots in 

all 3 gels. Protein ratios for each gel spot were generated by dividing the total area of M. 

mycoides ctpA::tetM spot by the total area of the corresponding wild type M. mycoides 

spot. For statistical analysis, protein ratios from all 3 biological replicates were analyzed 

by Student’s t test and 1 way ANOVA. A composite image of all 3 biological replicates 

was generated with the Biological Variation Analysis module from DeCyder 2D version 

7.0 software (GE Healthcare, Piscataway, NJ). 
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Protein Spot Excision  

Only protein ratios that were 2 fold or greater in difference were considered for 

further analysis. In order to visually detect protein spots of interest, all 3 gels were 

counter stained with DeepPurple (GE Healthcare) fluorescent stain. Protein spot 

coordinates that were obtained from DeCyder 2D version 7.0 software (GE Healthcare, 

Piscataway, NJ) were used to locate the specific protein spot of interest in each gel. An 

automated spot picker, ProPic Workstation (Digilab Genomic Solutions Inc., Ann Arbor, 

MI) selected protein targets. The same protein spot from each biological replicate was 

pooled for processing and identification by tandem mass spectrometry.  

Protein destaining and enzymatic digestion was performed as previously 

described (Stone et al. 1997). Briefly, gel spots were destained and washed in 50% 

acetonitrile in 25 mM ammonium bicarbonate buffer and dehydrated in a speedvac 

centrifuge for 15 minutes. Protein was reduced and alkylated by incubating with 45 mM 

dithiothreitol and incubation for 30 minutes at room temperature followed by incubation 

with 100 mM iodoacetamide for 30 min in darkness. Gel pieces were then washed in 

50% acetonitrile in 50 mM ammonium bicarbonate and dehydrated in the speedvac for 

15 minutes prior to digestion with trypsin enzyme cocktail (12.5 ng/μl of trypsin in 50 mM 

ammonium bicarbonate pH 8.4, 5 mM CaCl2). Enzyme cocktail was added to the 

sample at a ratio of 1:20, enzyme to protein.  Digested protein samples were separated 

and identified using LC-MS/MS as described for the iTRAQ™  protein fractions.  

Quantitative Proteomics Using Peptide Labeling and 2D-LC-MS/MS 

The total protein concentration of all protein samples was determined with the 

Non-Interfering Protein Assay™ Kit (Calbiochem, San Diego, CA). In order to minimize 

variability, the protein extracts from all 3 biological replicates of wild type M. mycoides 
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subsp. capri (control) were combined and the total protein concentration of the pooled 

sample was adjusted to match the total protein concentration of each M. mycoides 

ctpA::tetM biological replicate.  

Bacterial protein extracts were processed and labeled with an amine specific 

peptide-based labeling system, iTRAQ™, according to the manufacturer’s instructions 

(Applied Biosystems, Foster City, CA). Briefly, a 60 µg aliquot of each sample was 

dissolved in 20 μL of dissolution buffer (0.5M triethylammonium bicarbonate) and 

reduced with reducing agent (50 mM tris-2-carboxyethyl phosphine) at 60°C for 1 hour. 

After reduction, cysteines were blocked with 200 mM methyl methanethiosulfonate for 

10 minutes at room temperature. Ten microliters of a trypsin solution (Promega 

Corporation, Madison, WI) was added to each sample and incubated overnight at 37°C. 

After digestion, the pooled wild type control sample was labeled with 114 reagent, and 

biological replicates 1, 2, and 3 of M. mycoides ctpA::tetM was labeled with 115, 116 or 

117 reagent respectively. All labeled samples were combined, and desalted by using a 

macrospin column Vyadac Silica C18 (The Nest Group Inc, Southboro, MA) prior to 

strong cation exchange (SCX) procedure. 

SCX fractionation of desalted iTRAQ™  labeled peptides was performed with a 

polysulfoethyl A column (100 x 2.1 mm, 5 μm, 300 Å). Peptides resuspended in buffer A 

(75% 0.01 M ammonium formate, 25% ACN) were eluted during a linear gradient of 0-

20% buffer B (75% 0.5 M ammonium formate, 25% ACN) and detected at an 

absorbance of 280 nm. Eluted fractions were further separated by capillary reverse 

phase HPLC using an LC Packing C18 Pep Map column (DIONEX, Sunnyvale, CA). 

Mass spectrometric analysis of column elute was performed inline with a hybrid 
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quadrupole-TOF mass spectrometer QSTAR (Applied Biosystems Inc).  The focusing 

potential and ion spray voltage was set to 275 V and 2600 V, respectively.  The 

information-dependent acquisition mode of operation was employed in which a survey 

scan from m/z 400–1200 was acquired followed by collision induced dissociation of the 

three most intense ions.  

Tandem mass spectra were extracted by Analyst (v 1.1. ; Applied Biosystem Inc). 

The National Center for Biotechnology Information bacterial protein database 

(concatenation of the forward and random sequences) was used for protein 

identification. Searches were performed using MS/MS data interpretation algorithms 

from Protein Pilot™ (Paragon™ algorithm, v 3.0, Applied Biosystem Inc) and Mascot (v 

2.2, Matrix Science, London, UK).   The Paragon algorithm from Protein Pilot™ was set 

up to search iTRAQ™ 4-plex samples as variable modifications with methyl 

methanethiosulfonate as a fixed modification.  The Protein Pilot™ algorithm was 

selected to search automatically for biological modifications such as homocysteines.  

Additional information on this algorithm can be found in (Shilov et al. 2007).  The 

confidence level for protein identification was set up to 1.3 (95%) which is the default for 

the detected protein threshold in a Paragon™ method.  The differential expression 

ratios for protein quantitation were obtained from Protein Pilot™ which calculates 

protein ratios using only ratios from the spectra that are distinct to each protein, 

excluding the shared peptides of protein isoforms.  Peptides with low spectral counts 

were also excluded from the calculation of averages by setting the intensity threshold 

for the sum of the signal-to-noise ratio for all the peak pairs at greater than 9.  All the 

quantitative ratios were then corrected for bias automatically by Protein Pilot™ when 
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processing the data to create the Pro Group™ algorithm results. The bias factor 

calculated for the iTRAQ™  ratios were 0.3650 for 115/114; 0.4357 for 116/114; and 

0.4286 for 117/114.  Each protein that was quantified was identified by a minimum of 

three spectra that had an error factor (EF) less than 2.    The EF is a measure of the 

variation between the different iTRAQ™ ratios (the greater the variation, the greater the 

uncertainty) and represents the 95% uncertainty range for a reported ratio. The P-value 

is calculated based on the 95% confidence interval. Only protein ratios with a P value ≤ 

0.01 were considered significant.  

Proteins were grouped according to global biologic functions as assigned in the 

Molligen 2.0 database (Barré et al. 2004). Enrichment analysis using Fisher exact test 

with false discovery rate correction for multiple comparisons was used to identify any 

biological function categories that were significantly over or underrepresented in the M. 

mycoides ctpA::tetM peptidase mutant.  

Growth Curves for M. mycoides subsp. capri Wild Type and ctpA Mutant at 
Different Temperatures 

Both M. mycoides subsp. capri wild type and ctpA mutant were grown to log 

phase (OD640=0.06) in SP4 medium, these cultures were then used to inoculate fresh 

media for constructing growth curves. For each strain, 1 ml of the inoculum culture was 

added to 1 liter of fresh SP4 medium. This 1L culture medium was then divided into two 

500 ml cultures; one of them was incubated at 37oC and the other at 42oC. The cultures 

were monitored for the bacterial growth by measuring OD640 and CFU count. 

Results 

The 2 - dimensional gel images are presented in Figure 3-3. Only 10 proteins 

were identified with 99% or greater accuracy. They are listed in Table 3-1. Most proteins 
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were detected were found to be significantly decreased in M. mycoides ctpA::tetM. 

These were: preprotein translocase SecA, adenylsuccinate succinate synthase, 

phosphoglycerate kinase, and hypothetical proteins MSC 0133 and 0539. The only 

proteins found to be significantly increased in the mutant were the transcription anti-

termination protein NusG and seryl-tRNA synthetase.   

Two hundred twenty-one proteins were identified with the iTRAQ™ system. Of 

these, 61 proteins exhibited a significant change as a result of the S41 gene deletion 

(see Table 3-2).  Proteins that are involved in several biological pathways were affected. 

However, the only biological function category to exhibit a significant perturbation as a 

result of the S41 gene deletion was the glycolysis pathway (P ≤ 0.04). See Figure 3-4. 

These proteins included the glucose-specific IIA component of the phosphotransferase 

system, the glycolysis core module, and pyruvate metabolism. Although enrichment 

analysis did not recognize a significant perturbation in genetic information process, it 

was interesting to note that at least 18 of the 41 ribosomal genes that were detected 

were significantly increased in the mutant.  

At 37oC the growth rates of the wild type and ctpA were comparable; however at 

higher temperature 42oC the ctpA mutant had significantly slower growth than the wild 

type and showed significant loss viability much sooner than the wild type (Figure 3-5). 
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Discussion 

The disruption of ctpA gene has a pleiotropic effect on the expression profile of 

the mutant in comparison to the wild type strain. A similar effect has been reported for 

disruption of the ctpA gene in Borrelia burgdorferi (Ostberg et al 2004). Proteins 

involved in the gylcolysis/gluconeogenesis pathway have been impacted the most. Their 

expression was downregulated in the mutant in comparison to those of the wild type. 

Because of the interconnections between the glycolysis pathway and other central 

metabolic pathways (Deutscher et al.  2002); proteins and enzymes participating in 

nucleotides, amino acids, and lipids metabolism have also been affected by the 

disruption of ctpA gene. 

Dihydroxyacetone kinase showed a two-fold increase in its expression in the 

mutant. This enzyme catalyses the phosphorylation of dihydroxyacetone (Dha) into the 

glycolytic intermediate dihydroxyacetone phosphate (DhaP) (Garcia-Alles 2004). In 

bacteria Dha is produced via oxidation of glycerol (Forage et al. 1982) and possibly by 

aldol cleavage of fructose 6-phosphate (Schurmann et al. 2001). Therefore, disruption 

of the ctpA gene in Mycoplasma mycoides subsp. capri might signify a shift in carbon 

source and energy metabolism toward glycerol. This shift toward glycerol would have 

implications for the cell not only in terms of energy and growth but also in coping with 

the byproducts and consequences of its metabolic activity, most prominently the 

increase in the level of H2O2 and oxidative stress. 

In addition to the ubiquitous and constitutively expressed glycerol facilitator, 

GlpF, (Vilei et al.  2000) Mycoplasma mycoides subsp. capri, like the more virulent 

Mycoplasma mycoides subsp. mycoides Small Colony, has the genes for a glycerol 

import protein, an ABC transporter (gtsABC) and the gene for l-α-glycerophosphate 
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oxidase (glpO), which catalyzes the oxidation of glycerol-3-phosphate (G3P) to yield 

dihydroxyacetone phosphate (DhaP) with the concomitant release of H2O2.  GlpO was 

identified as the membrane protein that plays a central role in cytotoxicity of M. 

mycoides subsp. mycoides SC strains towards embryonic calf nasal epithelial 

(ECaNEp) cells (Pilo et al. 2005). Glycerol metabolism and the subsequent release of 

H2O2 were important in the cytotoxicity of M. pneumoniae (Hames et al 2009).  

The production of H2O2, a reactive oxygen species (ROS), has been proposed as 

the causative agent for the host cellular and tissue damage, (Tryon et al. 1992), and an 

inducer of the inflammatory process (Bischof et al. 2008). ROS causes cell damage 

through its reactions with major components of the cell including lipids, proteins, and 

nucleic acids. ROS causes peroxidation of unsaturated fatty acids which in turn leads to 

the release of more radicals and fatty aldehydes opening the way for more modifications 

of cellular structures. ROS also causes chemical modification of protein backbones, 

chain fragmentation and the oxidation of amino acid side chains. ROS are potentially 

mutagenic because of their reactions with DNA at purine bases that lead to strand 

breaking. 

Lactate dehydrogenase was downregulated in the mutant while the level of 

acetate kinase expression did not change in the mutant versus the wild type. This 

imbalance between the two reactions in the mutant may have repercussions on the 

redox potential and consequently the level of oxidative stress within the cell. 

Mycoplasmas can utilize glucose, fructose and glycerol as a carbon and energy 

sources. They are catabolized to pyruvate via glycolysis. Pyruvate then can be 

converted to acetyl-CoA by the pyruvate dehydrogenase complex and finally to acetate 



 

67 

by the enzymes phosphotransacetylase and acetate kinase. Alternatively, pyruvate can 

be reduced to lactate by lactate dehydrogenase. Both reactions have their specific 

advantage and downside. While the conversion of pyruvate to acetate yields two 

additional molecules of ATP and two more molecules NADH per molecule glucose, the 

regeneration of NAD+  from NADH is not possible.  

The recycling of NADH is important for balancing the redox potential and is 

expected to be a crucial point for the adjustment of Mycoplasmas metabolism, since 

they do not possess an electron respiratory chain that can be used for this purpose 

(Pollack et al. 1981). Re-oxidation of NADH into NAD+ can only occur either in the 

course of the reduction of pyruvate to lactate by lactate dehydrogenase; this reaction 

does not generate H2O2 (Halbedel et al 2007b) or through the oxidation of NADH by the 

enzyme NADH oxidase which in this process converts molecular oxygen to hydrogen 

peroxide. Because of the decrease in the lactate dehydrogenase expression the mutant 

is expected to either suffer the imbalance in the redox potential or to rely more on the 

NADH oxidase activity for the regeneration of NAD.+ 

Glycerol metabolism offers another source for generating hydrogen peroxide; it 

does so via the oxidation of glycerol-3-phosphate by the enzyme glycerol-3-phosphate 

oxidase which also uses molecular oxygen as the electron acceptor (Pilo et al. 2005). 

Due to the increase in NADH oxidase – mediated regeneration of NAD+   and the 

oxidation of glycerol, the mutant would generate more H2O2 hence increase the level of 

oxidative stress compared to the wild type.  Therefore the presence of an intact ctpA 

gene in the wild type might help strike the balance between the production of ATP 
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(conversion of pyruvate to acetate) and the regeneration of NAD+  without  generating 

ROS (conversion of pyruvate to lactate) or disruption of the Redox potential. 

An alternative interpretation of the proteomic data could be predicated on the 

premise that glycerol synthesis rather than its catabolism occurs in the mutant as a 

result of downregulation of the glycolysis pathway and disruption of the redox potential. 

The rational for this view is that, first, SP4 medium is supplemented with glucose not 

glycerol, and the proteomic data showed that glycerol kinase expression did not 

increase in the mutant in comparison to the wild type. This is consistent with the finding 

that glycerol kinase activity could be modulated to prevent excessive uptake of glycerol 

in response to the presence of another more preferred carbon source such as glucose 

(Holms 1996).  The glycerol kinase level should have been higher in the mutant as a 

result of an increase in the glycerol metabolism. Secondly, in Mycoplasma pneumoniae, 

proteomic studies showed that the presence of glycerol in the medium has a repressive 

effect on the expression of acetate kinase, while glucose increased its expression. This 

is consistent with the fact that in the presence of glucose, pyruvate conversion into 

acetate produces an additional ATP molecule (Miles 1992). The effect of carbon source 

on lactate dehydrogenase was quite the opposite, with glucose having the repressive 

effect while glycerol increased its expression (Halbedel et al. 2007b). Since the 

proteomic data shows a decrease in the lactate dehydrogenase expression but no 

decrease in the acetate kinase level, it is unlikely that glycerol uptake and catabolism is 

increased in the mutant. 

Considering the fact that dihydroxyacetone (Dha) can be produced from aldol 

cleavage of fructose 6-phosphate (Schurmann et al. 2001), an alternative scenario 
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might be that  glycerol can be produced intracellularly, where Dha is converted into 

DhaP via the action of dihydroxyacetone kinase, and then can be reduced to glycerol-3-

phosphate (through action of glycerol -3-phosphate dehydrogenase) (Cocks et al. 

1985). Glycerol-3-phosphate can then be used in the synthesis of lipids, lipoproteins, 

and nucleotides.  

One very important and pertinent corollary to the shift toward glycerol synthesis 

in the mutant is the conversion of excess NADH to yield NAD+ , an essential step to 

redress the balance in the redox potential. Unlike glycerol catabolism, in the case of 

glycerol synthesis the regeneration of NAD+ does not lead to the release of H2O2. In 

addition, glycerol is involved in the recycling of inorganic phosphate consumed in the 

glycolysis (Ansell et al. 1997).  

This metabolic shunt may also have a compensatory effect to the downregulation 

of the enzymes participating in nucleotide biosynthesis. Finally, since many of the 

ribosomal proteins in the mutant were upregulated, and so was the signal recognition 

particle protein, glycerol biosynthesis may indicate change in the composition or an 

increase in the biogenesis of the cell membrane of the mutant.  

Disruption of the ctpA gene resulted in increased susceptibility toward high 

temperature in the mutant. This is similar to the effect of knocking out Prc, another TSP-

containing protease in protein in E. coli. Disruption of prc resulted in E. coli mutants that 

were sensitive to high temperature and osmotic pressure (Hara et al. 1991). It is not 

clear if there is a connection between the impact of CtpA on metabolism and its role in 

heat tolerance.  
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Disruption of ctpA has a pleiotropic impact on the expression profile of M. 

mycoides subsp. capri; notably its effect on the glycolysis/gluconeogenesis pathway. 

The CtpA knock-out mutant has a two fold increase in the expression of 

dihydroxyacetone kinase, which suggests that CtpA may be involved in maintaining the 

balance between utilization of glucose and glycerol as a carbon and energy source. 

This balance is important for managing oxidative and minimizing the production of 

potentially harmful H2O2.   

Table 3-1.  Proteins that significantly differed (P < 0.006) in M. mycoides subsp. capri 
ctpA::tetM as determined by 2D-DIGE. 

Spot pI/MW Ratio Accession Function Protein name Prot. ID 
prob 

1468 4.64/32252 7.48 gi|42561478 Genetic information 
process 

NusG 99.9% 

1471 4.8/32239 12.03 gi|42561478 Genetic information 
process 

NusG 100% 

1472 4.98/32222 4.46 gi|42561478 Genetic information 
process 

NusG 100% 

206 5.11/105679 -6.26 gi|42560648 Genetic information 
process 

SecA 100% 

1844 3.35/18579 -6.32 gi|42560687 Metabolism l Hypothetical 
protein MSC_0133 

99% 

602 5.41/70969 7.74 gi|42560626 Metabolism Seryl-tRNA 
synthetase 

100% 

962 6.54/48816 -2.26 gi|42561370 Metabolism Adenylosuccinate 
synthase 

100% 

1001 5.93/50641 -2.08 gi|42561204 Metabolism Phosphoglycerate 
kinase 

100% 

123 3.9/129473 -8.89 gi|42561072 Unclassified Hypothetical 
protein MSC_0539 

100% 

517 5.76/75928 4.74 gi|108795342 
Antibiotic selection 
gene TetM 100% 

P values were obtained by Students t test (N = 3). Numbers correspond to spot identifications on Figure 
3-3. Isoelectric point (pI) and molecular weight (MW) in Daltons are actual experimental values obtained 
from the 2D gel. Ratios were obtained by dividing the spot area of the M. mycoides subspecies capri  
mutant sample (N = 3) by the spot area of wild type M. mycoides subspecies capri. 
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Table 3-2.  Proteins in Mycoplasma mycoides subsp. capri that are present in the 
glycolysis/gluconeogenesis pathway.  

EC 
number 

Gene Product Expression in 
ctpA mutant 

Mmcap locus Mcap locus 

5.3.1.9 pgi glucose-6-phosphate isomerase Decreased MMCAP1_0445 MCAP_0465 
2.7.1.11 pfkA 6-phosphofructokinase Decreased MMCAP1_0220 MCAP_0220 
4.1.2.13 fba fructose-1,6-bisphosphate Decreased MMCAP1_0131 MCAP_0136 
5.3.1.1 tpiA triose-phosphate isomerase Decreased MMCAP1_0727 MCAP_0750 
1.2.1.12 gap glyceraldehyde-3-phosphate 

dehydrogenase, type I 
Decreased MMCAP1_0607 MCAP_0632 

2.7.2.3 pgk phosphoglycerate kinase Decreased MMCAP1_0606 MCAP_0631 
5.4.2.1 gpmI 2,3-bisphosphoglycerate-

independent phosphoglycerate 
mutase 

Decreased MMCAP1_0729 MCAP_0752 

4.2.1.11 eno phosphopyruvate hydratase Decreased MMCAP1_0213 MCAP_0213 
2.7.1.40 pyk pyruvate kinase Decreased MMCAP1_0221 MCAP_0221 
1.1.1.27 ldh L-lactate dehydrogenase 

(probable) 
Decreased MMCAP1_0475 MCAP_0439 

2.3.1.12 pdhC dihydrolipoamide acetyltransferase 
component of pyruvate 
dehydrogenase complex 

Decreased MMCAP1_0227 MCAP_0227 

1.2.4.1 pdhA pyruvate dehydrogenase (acetyl-
transferring) E1 component, alpha 
subunit 

Decreased  MMCAP1_0225 MCAP_0225 

1.2.4.1 pdhB pyruvate dehydrogenase E1 
component subunit beta (S 
complex, 36 kDa subunit 

Decreased MMCAP1_0226 MCAP_0226 

1.8.1.4 lpdA dihydrolipoyl dehydrogenase Decreased MMCAP1_0228 MCAP_0228 
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Figure 3-1.  Diagrammatic representation of domains identified in the S4 peptidase 
(CtpA) protein of M. mycoides subsp. capri. Domains were identified using the 
SMART algorithm search (Letunic et al. 2009), and the figure is adapted from 
the SMART output. 
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1 11 21 31 

MKLVKKIGFL SLSAISILGP LAMINNLTTD NNLLITKRFL 
41 51 61 71 

SSSNSNVGLK SYDYINLINN KYIPTKINLH DHNGIAYIGV 
81 91 101 111 

KEFLKSLDGL ISFSKIKVRP YQNANFYKEK EISYNYKNNK 
121 131 141 151 

VVLNSISKYS NNNKTTNYQL EIDSKNKTIT VSDNDFFTDI 
161 171 181 191 

FTFYRRGEED LNIDFLNTEI VNKNKHIVFD LNKYGIEILN 
201 211 221 231 

DQNDLYLPLV LINQLFLNQS NVQLYFNGQS VNLFAYSKTL 
241 251 261 271 

GKVELLKQLK HSYLNNQNHI PAGLKDFQYK YLGFLFDHFY 
281 291 301 311 

GIKLDKNASY KDLFKKYEKY IKADNTTHYL TSRYLIEQLD 
321 331 341 351 

DLHSSYLLTG YYNKDLETIN KAVLKTTTPR SDRFKDIARR 
361 371 381 391 

LSAYYDKELN YKNVYTPDRK TSVISFKNFE ANSAFKIEES 
401 411 421 431 

LKQAQRDGIK NIVLDVSFNS GGYLGTAFEI MGFLTDKPFK 
441 451 461 471 

SYSYNPLTKE QKVETIKSRF KKYDFNYYVL TSPFSFSAGN 
481 491 501 511 

IFPQLVKDNN VAKVIGFKTA GGASAISQAI LPTGDIIQLS 
521 531 541 551 

SNNVLTNKSH QSLEYGVNPD ITLGFDPFKQ TEKFFDSAYI 
561 571 581 591 

QQAINKDTNT LNSIPATHSS VVEPNYVHKL VEQPQPLQLS 
601 611 621 631 

RKTDETEIKN LNNLFSSIKE TERKDAYFVL GALGVVISLA 
641 651   

ISFVIIKKIL K   
 
Figure 3-2.  Complete amino acid sequence of the S41 peptidase (CtpA) of M. 

mycoides subsp. capri MCAP 0241 protein showing identified domains. The 
protein is 651 amino acids in length, with a predicted molecular weight of 
75.09 KD and pI of 9.25. The signal peptide domain (aa 1-24) is shown in 
blue font. The two transmembrane domains (aa 7-29 and 631-650) are 
highlighted in yellow. Overlaps between the signal peptide and first 
transmembrane region are denoted by blue font with yellow highlight. The tail 
specific protease (TSPc) domain from aa 340 to 544 is denoted by red 
underline. The two ctpA domains are within the TSPc domain: ctpA domain 1 
(pink highlight) extends from aa 411-422; ctpA domain 2 (turquoise highlight) 
extends from aa 477-507. 
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Figure 3-3.  Differential 2- dimensional electrophoresis of M. mycoides subsp capri 
GM12  and M. mycoides ctpA::tetM. Panel A shows the distribution of 
proteins with Cy3 (red) and Cy5 (green) labeling. Panel B shows the 
distribution of protein spots that were significantly increased in M. mycoides 
ctpA::tetM. Panel C shows the distribution of protein spots that were 
significantly increased in M. mycoides subsp. capri. 
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Figure 3-4.  Distribution of biological function categories of Mycoplasma mycoides 
subsp. capri GM12 proteins that were significantly altered (A) or unchanged 
(B) by genetic deletion of S41 peptidase gene. Values represent the percent 
of proteins assigned to each biological function group that were significantly 
altered by deletion of ctpA gene (A), and the percent of proteins that were not 
affected by the gene deletion (B). Gene ontology designations were obtained 
from the NCBI protein database or Molligen 2.0 database. *Biological function 
categories significantly different (P ≤ 0.04). 
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Figure 3-5.  Growth curves for M. mycoides subsp. capri wt and the ctpA mutant at 37oC 
and 42oC. The mutant  grew more slowly at 42oC in comparison to the wild 
type. Also the mutant growth declined rapidly at 42oC. 
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CHAPTER 4 
TRANSCRIPTION OF S41 PEPTIDASE (CTPA) GENE 

Introduction 

The current view of gene regulation in mycoplasmas is that, with few notable 

exceptions (including variable surface proteins), mycoplasmas do not regulate the 

expression of their genes (refer to Chapter 1 for an in depth discussion). Most known or 

common bacterial regulatory mechanisms are absent in mycoplasmas, and therefore 

these microorganisms are thought to lack refined on-off switching mechanisms and 

global regulation for transcriptional adaptation to environmental changes. Conceptually, 

mycoplasmas lack most of the conventional regulatory components and factors that 

other bacteria have. The absence of the conventional regulatory components and 

factors makes it difficult to understand how mycoplasmas regulate their gene 

expression in response to environmental and host signals or to adapt to different 

habitats and host niches. For instance, unlike other bacteria, mycoplasmas do not 

possess the putative repressor and activator proteins (Muto et al. 1987, Razin et al. 

1998) nor do they have two-component systems (Simmons et al. 2007). Transcription 

factors and proteins constitute only about 0.5% of the protein coding sequences in 

mycoplasma genomes (Schmidl et al. 2010), while other bacteria reserve as much as 

10% of their coding capacity to transcriptional regulation (Greenberg 2000). Moreover, 

although mycoplasmas have many genes involved in the stress response, they have 

only one sigma factor, that makes it unclear how they regulate these genes in response 

to stress conditions (Dandekar et al. 2000). 

Despite the absence of clearly identified global regulators, recent in vivo and in 

vitro transcriptome and proteomic studies reported global responses to environmental or 
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host stimuli (Oneal et al. 2008, Madsen et al. 2008, Schafer et al. 2007, Cecchini et al. 

2007, Pinto et al. 2007, Madsen et al. 2006a, Madsen et al. 2006b). Importantly, even 

with a very limited number of transcriptional factors, genome wide analyses of some of 

the smallest and simplest mycoplasmas revealed an unexpected level of complexity and 

versatility in their in metabolic responses to environmental conditions. Their adaptation 

seems to be similar to that of more complex bacteria, providing hints that other, 

unknown regulatory mechanisms might exist (Yus et al. 2009). Furthermore, proteome 

complexity could not be directly inferred from the composition and organization of their 

minimal genomes or even their extensive genome wide transcriptional analysis (Kuhner 

et al. 2009).  In addition, transcriptome analysis also showed surprisingly unanticipated 

diversity and heterogeneity in mycoplasma transcription profiles including the presence 

of many operons, the production of alternative transcripts in response to environmental 

perturbations, and the high frequency of antisense RNA (Gardner and Minion, 2010, 

Guell et al. 2009).  Therefore, it is becoming increasingly clear that mycoplasmas are 

able to respond to environmental cues and regulate gene expression, but the underlying 

mechanisms for individual and global gene regulation are not understood.  

In part because of the dearth of classical transcriptional factors, most 

investigators have concluded that mycoplasmas regulate their genes mainly at the post-

translational level (Schmidl et al. 2010) and lack a refined transcriptional regulation; 

instead mycoplasmas are believed to employ stochastic processes similar to those 

responsible for generating antigenic variations (Simmons et al. 2007). However, 

mycoplasmas have recently been shown to respond to different stress factors at the 

transcriptional as well as post-transcriptional levels (Oneal et al. 2008, Madsen et al. 
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2008, Schafer et al. 2007, Cecchini et al. 2007, Pinto et al. 2007, Madsen et al. 2006a, 

Madsen et al. 2006b).  

Mycoplasmas also transcriptionally control some of their gene expression 

according to the type of carbon source available in the medium (Helbedel et al. 2007). 

Most recently, expression of the Mycoplasma pneumoniae community-acquired 

respiratory distress syndrome (CARDS) toxin was shown to be regulated at the 

transcriptional level in response to the growth phase or the attachment to the host cell 

(Kannan et al. 2010). We also noted that the expression of the ctpA gene in M. 

mycoides subsp. capri appeared to correlate with the growth phases, with the highest 

expression occurring at the stationary phase when pH of media drops to 5.5. Proteomic 

studies described in Chapter 3 suggested that CtpA may be a part of the stress 

response with emphasis on oxidative stress and pH. In addition, CtpA knock-out mutant 

exhibits sensitivity to heat shock. Since CtpA seems to be involved in stress response to 

pH and heat shock, we hypothesized that ctpA expression would be coordinated with 

increasing the acidity of the medium and shifting to higher temperature.  

The objectives of the current studies were (1) to determine if the ctpA gene 

expression is regulated in response to stress conditions, (2) to determine if ctpA gene 

expression is regulated at the transcriptional level, and (3) to develop an alternative 

model system using the more efficient and genetically defined E. coli to study the 

regulation of ctpA expression. 

Materials and Methods 

Mycoplasma Strain and Cultivation 

Mycoplasma mycoides subsp. capri GM12 type ATCC 35297 (DaMassa et al. 

1983), formerly known as M. mycoides subsp. mycoides Large Colony type (Manso-
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Silvan et al. 2009) was grown at 37 °C in SP4 medium (Tully et al. 1979); SP4 casein 

agar was supplemented with a final concentration of 1% skim milk (DIFCO, Detroit, MI). 

For growth of mutants, tetracycline (final concentration, 5µg/ml) was added to the 

media. 

PEG8000-Mediated Chemical Transformation. 

For random mutagenesis, M. mycoides capri was transformed with Tn4001T 

(plasmid pIVT-1), a gift from K. Dybvig, (Dybvig et al. 2000), by PEG8000 (Sigma-

Aldrich)-mediated chemical transformation as previously described (Dybvig et al. 2000, 

Lartigue et al. 2009). For targeted mutagenesis (additional details are provided in 

Chapter 2), M. mycoides capri GM12 was transformed with pExp1-ctpA::tetM-recAec 

using PEG8000-mediated chemical transformation.  

An overnight culture of M. mycoides capri was diluted 1/1000 in 40 ml of fresh SP4 

broth. The culture was grown until the mid-log phase (~7-8 hrs) and then placed on ice 

for 2 min. M. mycoides capri was pelleted by centrifugation at 12,000g for 30 min at 4 

ºC, the supernatant was decanted, and the cells were washed in 10 mM Tris buffer, pH 

6.5. Cells were centrifuged at 12,000g for 30 min at 4 ºC, resuspended in 1 ml of 0.1 M 

CaCl2, and incubated on ice for 1 hr.  Yeast t-RNA (10 µg, Sigma-Aldrich Co), plasmid 

DNA (pIVT, random insertional mutagenesis or pExp1-ctpA::tetM-recAec, targeted 

homologous recombination; 30 µg), and 9 ml of 60% (w/v) PEG8000 in 10 mM Tris pH 

6.5 (final concentration, 54% PEG8000) were added, and cells were incubated for 2 min 

at room temperature.  Twenty-five ml of 10 mM Tris buffer, pH 6.5, was added, and the 

cells were centrifuged at 12,000g for 30 min at 4ºC. The supernatant was decanted, and 

the cells were suspended in 2 ml of warm (37ºC) SP4 broth supplemented with 2 mM 

MgCl2 (Lavery et al. 1992, Hoffman et al. 2000, Goryshin et al. 1998, Goryshin et al. 
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2000) and incubated at 37ºC for 2 hrs. Following the 2 hr recovery time, the cells were 

plated on SP4 agar plates containing 5 µg/ml tetracycline and 1% casein. Colony 

growth was observed after 48 hr. All colonies were picked and expanded in SP4 broth. 

The clones were then grown to the same early log phase (OD640 = 0.03) and 

plated on SP4 agar plate supplemented with 1% casein. The diameters of the clear 

zones around the different clones were measured, and those showing altered or no 

proteolytic activity were further expanded. Genomic DNA was extracted from the 

expanded colonies using the DNeasy Blood and Tissue Kit (catalogue # 69504) from 

Qiagen (Valencia, CA). The point of insertion and the disrupted genes were identified by 

sequencing from the 3’ end of the Tn4001T transposon past the point of insertion using 

the sequencing primer Tn4001tSeq. DNA sequencing was carried out at TIGR and the 

University of Florida DNA sequencing Core Facility. 

Transcription of ctpA in Mycoplasma mycoides subsp. capri Wild Type and in 
Mutants with Altered Proteolytic Activity  

Mycoplasma mycoides subsp. capri wild type and 9 mutants created by random 

insertional mutagenesis with Tn4001T as well as an earlier mutant created by random 

insertional mutagenesis with Tn916 (Rosentel, 2003) were grown from overnight 

cultures to mid-log phase (OD640 = 0.06). The cells were collected by centrifugation as 

described above and total RNA was extracted from each culture as described below. 

For each mutant, three replicates were assayed for transcription of ctpA; one replicate 

was used for the 50S ribosomal protein L13 gene that served as the internal reference 

gene. 
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Effects of pH and Heat Shock on Transcritpton of ctpA. 

Mycoplasma mycoides subsp. capri wild type was grown to log phase (OD640 = 

0.04), and the cells were harvested by centrifugation at 10,000 rpm for 10 minutes at 

4oC. To determine the effects of pH on ctpA expression, cells were resuspended in 

fresh SP4 medium that had been adjusted to pH 5.0, 7.0, or 9.0.  To assess the effects 

of heat shock, temperature shock was done at 42 oC, with 37 oC as a reference. The 

cells were subjected to growth under the different pH and temperature points for 1 hour, 

harvested by centrifugation as described before, and total RNA extracted as described 

below. For each experiment, five independent replicates were assayed for ctpA 

transcription; ribosome L013 served as the internal reference gene.  

Extraction of RNA and Quantitative Real Time-PCR for ctpA Transcription 

Total RNA was extracted using the RiboPure-Bacteria kit (catalogue # 1925) from 

Ambion (Austin, Texas) according to the instruction manual. Primers for the qRT-PCR 

(Table 4-1) were ordered from Genosys Sigma-Aldrich Co. Quantitative RT-PCR was 

performed using QuantiTect SYBR Green RT-PCR Kit (catalogue # 204243) from 

Qiagen (Valencia, CA). In a 50 μl PCR reaction, 500 ng of total RNA and 30 pM of each 

primer were used. The remaining steps and cycling conditions were performed 

according to the instruction manual. Briefly, a reverse transcription step was carried out 

for 20 minutes at 50oC, followed by a PCR initial activation step for 15 minutes at 95oC. 

All reactions were subjected to 55 cycles of template denaturation at 94°C for 15 sec. 

Primer annealing occurred for 30 sec. at 50°C.  Extension at 72°C occurred for 30 sec. 

Data collection was performed during the extension step. 

PCR cycles were performed in an  iCycler iQ Real-Time PCR Detection System 

(catalogue # 170-8740) from BioRad (Hercules, CA). Three genes (50S ribosomal 
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protein L13, 50S ribosomal protein L09, and transcriptional elongation factor) were 

selected as internal control candidates under the experimental conditions. These genes 

were chosen based on their steady expression in the proteomic data of M. mycoides 

capri wild type and the ctpA:tetM mutant (Chapter 3). Ribosome L013 was chosen and 

served as the internal reference gene for all data normalization. 

Construction of Transcriptional lacZ Fusions of ctpA Gene 

The promoterless lacZ gene was amplified by PCR using pET200/D/lacZ as a 

template and cloned in frame behind the upstream nucleotide sequence and promoter 

region of ctpA and the first three coding sequences of ctpA to create the plasmid 

construct pXL-USEctpA-lacZ (see Chapter 2 for details). pXL-USEctpA-lacZ, which 

contained the full upstream nucleotide sequence and promoter region, was used as a 

template to create five constructs with deletions in the upstream nucleotides sequence 

and promoter regions. The constructs were created using PCR and forward primers 

specifically designed for five different regions of the USEctpA in the pXL- USEctpA-lacZ 

(Figure 4.3). The reverse primer was common and recognized the terminator of lacZ 

(Table 4.1). In order to facilitate the identification of the positive clone as well as to 

confirm the correct orientation of the cloned fragment, the forward primers contained an 

engineered BamHI site at the 5′ end of the coding sequence being amplified. In 

addition, the lacZ coding sequence was also amplified and cloned in frame with the 

native E. coli lacZ promoter and RBS, creating a construct wherein the lacZ reporter 

gene was driven by its own promoter Plac, (Table 4.1).   

For a 50 μl PCR reaction, the reaction mixture contained 0.5 μl of Taq Polymerase 

(5U/μl), 1.5 μl of MgCl2 (50 mM), 5.0 μl of 10X buffer, 1.5 μl of dNTPs (40mM), 20 pMol 
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of forward and reverse primers,  and 50 ng of the template plasmid pXL-USEctpA-LacZ. 

PCR was performed on a BioRad Icycler (catalogue # 170-8720, Hercules, CA). All 

reactions were held at 95oC for 3 min and subjected to 25 cycles of template 

denaturation at 95°C for 30 sec.  Primer annealing occurred for 40 sec at 50°C. 

Polymerization at 68°C occurred for 4 min. Polymerization was then followed by a final 

extension for 7 min at 68°C.  

The PCR fragments were cloned by ligation into pXL-PCR-Topo vectors 

(catalogue # k4750-10, Invitrogen, Carlsbad, CA) according to the instruction manual. 

The ligation reactions were used to chemically transform E. coli Stbl2 strain (catalogue 

# 10268-019, Invitrogen, Carlsbad, CA, which does not contain LacZ. The transformed 

clones were selected on LB agar plates supplemented with 50 μg/ml kanamycin.  

Clones were then picked and expanded. Plasmids were purified using a QIAprep Spin 

Miniprep kit (catalogue # 27104) from Qiagen (Valencia, CA). The resulting plasmids 

were digested with BamHI and NcoI (New England Biolabs, Ipswich, MA) to confirm the 

presence of the cloned fragment. If the cloned fragment was present, then plasmids 

were digested with XbaI and NdeI (New Englands Biolabs, Ipswich, MA) to confirm the 

right orientation of the cloned fragment. All the cloned fragments contained lacZ cloned 

in frame after the first three amino acids of the coding sequence of ctpA, but the fusion 

constructs differed in the nucleotide sequence upstream of the coding sequence (Figure 

4.3) 

The six E. coli Stbl2 clones that contained the transcriptional fusion of the reporter 

lacZ gene driven by different truncated versions of the nucleotides upstream of the 

coding sequence of ctpA were screened for LacZ activity using the bromo-chloro-
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indolyl-galactopyranoside (X-gal) Blue/White test. Clones were plated on LB agar plate 

containing 20 mg/ml X-gal and screened for the ability to produce blue-pigmented 

colonies. 

Determination of Activity of LacZ Fusion Constructs 

The activity of the LacZ  expressed from the fusion constructs were determined 

using the “High Sensitivity β–Galactosidae Assay Kit™” (catalogue # 200710 

Statagene, La Jolla, CA). In all the experiments, E. coli Stble2 was the host strain and 

pXL-PCR Topo was the plasmid vector. Activity was assessed in four different clones: 

(1) RBS-lacZ that served as a negative control; (2) Plac-lacZ as an internal control 

wherein lacZ expression is under the control of its own native promoter and therefore is 

not regulated by either pH or temperature (Wilson, et al. 2007), (3) experimental clone 

USE-lacZ in which LacZ expression is driven by the entire upstream nucleotide 

sequence plus the promoter of ctpA and finally (4) experimental clone ProctpA-lacZ 

wherein the upstream nucleotides sequence were deleted so that lacZ is driven only by 

the full promoter region of ctpA.  

Expression of lacZ Reporter Gene in Response to pH and Heat Shocks 

Each E. coli clone was grown in 50 ml LB medium (Luria-Bertani medium) at 37oC. 

When the culture reached log phase (OD600 = 0.5), the cells were equally divided into 

five tubes (10 /per tube) and pelleted at 4000 rpm for 10 minutes. The supernatants are 

discarded.  To determine pH shock effects, pellets from tubes 1-3 were resuspended 

in10 ml each of LB medium adjusted to different pH values (5.0, 7.0, and 9.0). Each of 

these cultures was immediately divided into five 2-ml cultures, resulting in 5 replicas for 

each pH point. The pH shock was performed at 37 oC for 10 minutes (Coll et al. 1994).  

For heat shock studies, cells from the remaining two tubes (4 and 5) were resuspended 
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in in10 ml each of LB medium, pH 7.0, immediately divided into five 2-ml cultures per 

treatment. Heat shock (N=5) was carried out at 42oC for 30 minutes; controls were 

incubated at 37 oC (N=5). 

After the pH and heat shocks were carried out, 500 μl of each culture was taken to 

measure the total protein concentration. The total protein concentration was measured 

using the Non-Interfering Protein Assay Kit (catalogue # 488250, Calbiochem, San 

Diego, CA). An additional 100 μl of each culture was pelleted and resuspended in the 

β–galactosidase assay lysis buffer.  All reagents were provided in the kit, and the β–

galactosidae assay was performed according to the instructions provided with the kit. 

Results 

Identification of Mutants with Altered Proteolytic Phenotypes  

A total of 674 mutants were obtained by random insertional mutagenesis. Nine 

mutants of M. mycoides subsp. capri::Tn4001T were selected on a SP4-casein agar 

plate because of their altered proteolytic activities as indicated by the diameter of the 

clear zones relative to that of the wild type. One additional mutant (J8) was available 

from a previous study using Tn916 (Rosentel, 2003). All mutants were sequenced. The 

DNA sequence data were searched using BLAST, and the homologues of the disrupted 

genes were identified (Table 4.2). The full genome of M. mycoides capri GM12 can be 

accessed via either GenBank or the dedicated Molligen database 

(http://cbi.labri.fr/outils/molligen/).  

Mutant #152 was the only mutant that showed a complete loss of proteolytic 

activity. Subsequent DNA sequencing and BLAST analysis indicated that this mutant 

had Tn4001T inserted in the coding sequence of the ctpA gene, MMCAP_0241. Mutant 

M. mycoides subsp. capri::Tn916 (J8) had Tn916 inserted in the noncoding sequence 

http://cbi.labri.fr/outils/molligen/�
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upstream of the ctpA gene. The Tn916 insertion in mutant J8 was 23 bp upstream of a 

presumptive - 35 and - 10 transcription promoter sequence (TTGTAT and TAATAT, 

respectively) and 67 bp upstream of a probable ribosome binding (Shine-Dalgarno) 

sequence (GGAG). Mutant M. mycoides subsp. capri::Tn916 (J8) showed significant 

reduction in proteolytic activity.   

The distribution of the disrupted genes was throughout the M. mycoides subsp. 

capri genome (Table 4-3). Mutant #10 (MMCAP_0157, mgtE) was the only mutant that 

showed a slightly increased protease phenotype as indicated by a greater zone size 

than the wild type (Table 4-2). The remaining 7 mutants had a relatively reduced 

proteolytic activity (Table 4-2).  

Three mutants (mutants # 2, 153, and 154) had disrupted genes coding for 

hypothetical proteins (Table 4-2). The remaining disrupted genes had known functions. 

Mutant # 7 had a disruption in MMCAP_0038, ftsH. FtsH is an ATP- and Zn++-

dependent metalloproteinase that belongs to AAA proteases (ATPases associated with 

a variety of cellular activities) and is also considered a Charonin (proteins with protease-

associated chaperone activity) (Van Melderen et al. 1996). Mutant # 9 (MMCAP_0169) 

had a disrupted gene that codes for opp, an ATP-dependent oligopeptide ABC 

transporter that plays a role in capturing and transporting peptides, providing a source 

for amino acids for growth (Monnet 2003). Mutant # 38 (MMCAP_0792) had a disruption 

in atp, the gene coding for ATP synthase. Nox, the gene coding for NADH oxidase, was 

disrupted in Mutant # 155 (MMCAP_0223). NADH oxidase is a flavin-containing enzyme 

that is involved in the transfer of electrons to oxygen as the terminal electron acceptor.  
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With the exception of mutant J8, all disruptions occurred within the coding sequence of 

the gene (Table 4-3). 

Transcription of ctpA in Mutants with Altered Proteolytic Phenotypes. 

The level of ctpA transcription in the mutants was investigated using Real Time 

RT-PCR. The gene for 50S ribosomal protein L13 was chosen as an internal control 

while the level of ctpA transcript in the mutants was normalized to that of the wild type. 

Despite the differences in the identities and functions of the disrupted genes, all the 

mutants except the mgtE, magnesium transport knock-out mutant exhibited a reduction 

in transcription of ctpA (Figure 4.1).  In the mgtE mutant, transcription of ctpA was not 

significantly different from that of the wild type (Figure 4.1). 

Effect of pH and Temperature on the Transcription of ctpA: Real Time RT-PCR. 

The gene for transcription elongation factor was chosen as an internal control in 

the pH shock experiments while the gene for 50S ribosomal protein L09 was selected 

as an internal control in heat shock experiments. Quantitative RT-PCR showed an 

increase in the transcription of ctpA gene in response to the shift from neutral pH 7.0 to 

acidic pH 5.0 (Figure 4.5 A).  In contrast, transcription declined in response to alkaline 

shift (pH 7.0 to pH 9.0). Real Time RT-PCR also showed an increase in the transcription 

of ctpA in response to heat shock at 42oC (Figure 4.5 B). Thus, it appears likely that 

transcription of ctpA is regulated in response to both pH and temperature. 

Expression of Transcriptional Fusion of lacZ Reporter Gene in E. coli 

LacZ expression was observed with all constructs except when the promoter 

region was deleted (Figure 4.4). The lacZ reporter was transcriptionally driven by both 

complete and different truncations of the upstream nucleotide sequences and the 
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promoter region. The presence of the RBS alone was not sufficient to drive the 

transcription of lacZ gene.  

Effect of pH and Temperature on the Transcription of lacZ reporter Gene in E. coli 

In the presence of complete upstream nucleotides sequence, β-galactosidase 

activity increased in response to acidic pH 5.0 and decreased with alkaline pH 9.0 

(Figure 4.6 Upper panel). In addition, a detectable increase in β-galactosidase activities 

was measured in response to heat shock to 42oC (Figure 4.6 Lower panel). This pattern 

was similar to transcription of ctpA in response to pH and heat shock in M. mycoides 

subsp. capri as indicated from the qRT-PCR data. 

Deletion of upstream sequence element did not abrogate the expression of the 

reporter lacZ gene; indicating that the presence of the promoter alone is sufficient for 

expressing the downstream gene. This coincides with results from the X-gal Blue/White 

test (Figure 4.4). However, when the upstream nucleotide sequence was removed, lacZ 

expression was constitutive across all the experimental conditions.  

Discussion 

Mycoplasmas are thought to lack refined on-off switching mechanisms and global 

regulation for transcriptional adaptation to environmental changes. Their genes are 

generally thought to be constitutively expressed rather than regulated (Muto and Ushida 

2002), albeit coordinated with the growth rate of the cell through stringent control 

(Cashel et al. 1996, Gourse et al. 1996). Furthermore, most known or common bacterial 

regulatory mechanisms are absent in mycoplasmas. For example, unlike Escherichia 

coli, Bacillus subtilis and many other bacteria, mycoplasmas have only one sigma factor 

even though they contain many stress response genes (Muto et al. 1987, Razin et al. 

1998). In addition, very few repressor-like proteins have been reported in mycoplasma 
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genomes (Bork et al. 1995, Fraser et al. 1995, Glass et al. 2000, Himmelreich et al. 

1996, Glass et al. 2006). Despite the absence of clearly identified global regulators, 

recent in vivo and in vitro transcriptome and proteomic studies reported global 

responses to environmental or host stimuli (Oneal et al. 2008, Madsen et al. 2008, 

Schafer et al. 2007, Cecchini et al. 2007, Pinto et al. 2007, Madsen et al. 2006a, 

Madsen et al. 2006b). Results from our study confirm that the transcription of ctpA is 

likely modified in response to pH and temperature, and also is impacted by products of 

other genes as well.  

Mycoplasma mycoides subsp. capri mutants (N=10) with altered proteolytic 

phenotypes were generated by random mutagenesis using either Tn4001T or Tn916. 

Although only a direct disruption of the ctpA gene caused a complete loss of the 

proteolytic phenotype, other gene disruptions affected the protease phenotype 

quantitatively as demonstrated by RT-PCR.  The disrupted genes were diverse with 

respect to identity, function, and genomic distribution.  Therefore, we expected that the 

effects on altered proteolytic activity would occur at different levels, i.e. transcription 

translation, post-translational modification, indirect effects, etc.  However, qRT-PCR 

data showed that, with one exception (M. mycoides subsp. capri mgtE::Tn4001t), all 

mutants had a reduced level of ctpA transcription in comparison to the wild type. These 

results, while somewhat surprising, may underscore the importance of transcription 

regulation as a key component for controlling ctpA expression. A possible explanation 

for these unexpected results may be that the proteins affecting ctpA expression are 

involved in fundamental processes such as energy metabolism, maintenance, stress 

response, and homeostasis. As such, their disruption would have a profound impact on 
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the cell as a whole. The consequence of their disruption may not necessarily be 

exclusive or specific to the ctpA gene, but rather a part of their pleiotropic effect on the 

expression of several genes.   

Three genes encoded conserved hypothetical proteins of unknown function but 

with homologs in other members of the mycoides cluster. Of the genes with known 

function, ftsH encodes an ATP- and Zn++-dependent metalloproteinase which belongs to 

the AAA protease family (ATPases associated with a variety of cellular activities) and 

may also be a putative Charonin, or protein with protease-associated chaperone activity 

(Van Melderen et al. 1996). The FtsH protein also is involved in the degradation of 

cytosolic regulatory proteins and proteins with short nonpolar carboxyl termini. Thus, 

FtsH may be part of a quality control system to avoid potentially harmful accumulation of 

free subunits of membrane-embedded protein complexes (Schumann 1993).   

The opp gene (mutant 9) codes for an oligopeptide ABC transporter, an ATP-

dependent transporter that plays a role in capturing and transporting peptides as a 

nutritional source for amino acids (Monnet 2003). It has also been implicated in sensing 

the environment and signaling processes through transporting dipeptides (Abouhamad 

et al. 1991). This is particularly intriguing since ctpA transcription is quantitatively 

responsive to at least two environmental signals (pH and temperature). Mutant # 38 has 

a disrupted atp synthase. In mycoplasmas, ATP- synthase acts mainly as an ATPase, 

hydrolyzing ATP in order to export H+, thereby generating and maintaining the proton 

motive potential (Cirillo 1993, Shirvan et al 1993). Finally, the gene product NADH 

Oxidase (mutant 155) plays an important role in energy metabolism and ATP generation 

(Pollack et al. 1997).  This flavin-containing enzyme is involved in the transfer of 
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electrons to oxygen as the terminal electron acceptor. Additionally, NADH Oxidase has 

a particularly important metabolic role in the cytochrome-less mycoplasmas because it 

regenerates NAD+ from NADH (Pollack 2002). 

The transcription of the ctpA gene is modulated not only by cellular metabolism 

and energy status, but also is responsive to environmental stimuli and stress conditions. 

Both pH and temperature shifts impacted the transcription of ctpA. qRT-PCR showed an 

increase in ctpA transcription in response to acidic pH (5.0) and heat shock at 42oC; 

while shifting to alkaline pH (9.0) reduced the transcription level. Mutant #J8 has an 

insertion of Tn916 that occurred 23 bp upstream of a presumptive - 35 and - 10 

transcription promoter sequence (TTGTAT and TAATAT, respectively) and 67 bp 

upstream of a probable ribosome binding (Shine-Dalgarno) sequence (GGAG). 

Therefore, a unique feature of this mutant is that it has a disruption in the non-coding 

upstream nucleotide sequence while the promoter and coding sequence of ctpA gene 

are left intact. Importantly, as shown by qRT-PCR, this disruption adversely affected the 

transcription of ctpA gene. This finding led us to question the possible role that this 

noncoding nucleotide sequence may play in modulating ctpA transcription 

To address the hypothesis that the upstream nucleotides sequence and promoter 

region may be instrumental in regulating transcription of ctpA, mutation analysis was 

performed. Different truncated versions of these regions were created as in frame 

transcriptional fusions of lacZ reporter gene, and expression of LacZ in these constructs 

was used to investigate the consequences of deletions in the upstream region. These 

were made and cloned in plasmid constructs (pXL-USEctpA – PctpA lacZ) in E. coli clones 

(see material and methods).  
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Initially, I introduced these different fusions into M. mycoides subsp. capri, using 

Tn4001T carried on plasmid pIVT-1 as a cloning vector. Unfortunately, although the 

expression of lacZ from these constructs in M. mycoides subsp. capri was visible 

enough to discern a pattern of expression correlated with the extent of truncations in 

USE and promoter regions, the reaction was too weak to document using the β-

galactosidase assay. Deletion of the entire upstream nucleotide sequence did not affect 

expression of lacZ, but removing the promoter abolished all traces of lacZ expression. 

However, this expression system in M. mycoides subsp. capri was unsuitable to use for 

accurate and quantitative analysis. The weakness of lacZ expression can be attributed 

to many factors. The lacZ gene is a 3 Kb fragment cloned from E. coli with relatively 

higher GC content than the mycoplasma genomes which may adversely impact the 

translation efficiency in mycoplasmas. The gene was likely introduced as a single or low 

copy number in the genome; that in turn may limit the expression of LacZ. It is also 

possible that either cloned sequence or Tn4001T when used as cloning vector may 

have instability issues (Gawron-Burke et al. 1984). Transcriptional attenuation by the 

flanking sequence on the cloned gene of interest may also be a factor (Su et al. 1992). 

Finally, for convenience, the cloning of lacZ took place at the expense of the signal and 

leader peptide, which prevented the secretion of LacZ into the medium. This, in addition 

to the low copy number, may have exacerbated the sensitivity issue and made it more 

difficult to be more perceptually visible and quantifiable. Apart from the weakness of 

reporter gene expression, another confounding factor is the concomitant random 

insertion mutagenesis of transposons which would make it difficult to draw meaningful 
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conclusions about the quantitative response of gene expression to the mutagenesis of 

USE. 

As an alternative to expressing lacZ transcriptional fusions in M. mycoides subsp. 

capri, the possibility of using E. coli as an expression host was considered. The original 

plasmid constructs (pXL-USEctpA – PctpA lacZ) were used to transform E. coli Stbl2 cells. 

Because the plasmids are self-replicating, we felt that the issue of genome disruption 

would be eliminated and the multiple copy number of plasmid should enhance the 

expression and, in turn, increase the sensitivity of detection. All E. coli clones but one 

formed blue colonies on LB agar + X-gal plates within 24 hours. Unlike the expression 

of lacZ in M. mycoides subsp. capri, in E. coli, lacZ expression was strong and 

prominently visible. The formation of blue colonies indicates that ctpA promoter 

successfully drove the expression of lacZ gene in E. coli; this is consistent with previous 

reports regarding the ability of E. coli RNA polymerase to recognize mycoplasma 

promoters (Taschke et al. 1988). 

The complete and truncated versions of USE and promoter regions of ctpA 

produced a similar pattern of lacZ expression to that was observed in M. mycoides 

subsp. capri; that is, successive deletions in the region upstream lacZ fusion did not 

affect its expression until the deletion of the promoter region, which abolished the 

expression of lacZ. This suggests that the promoter region may be the minimum 

regulatory sequence of ctpA required for expression of the downstream gene.  

The next step was to determine if the transcription of lacZ under the control of 

ctpA USE and promoter in E. coli showed a similar response to pH and temperature 

shifts as did ctpA transcription in M. mycoides subsp. capri . Simultaneously, the link 
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between the USE and the effect of the pH and temperature on ctpA transcription was 

investigated. The presence of clones of lacZ gene under the control of a complete and 

deleted upstream sequence element (USE) made it possible to characterize the 

significance of USE in response to shifts in pH and temperature. E. coli lacZ gene under 

the control of its own cognate promoter was used as an internal reference. The rationale 

for this control is that in E. coli, lacZ gene driven by its native promoter is regulated by 

lactose and subjected to catabolite repression by glucose but it is influenced by neither 

pH nor temperature (Wilson et al. 2007).  

Only with the presence of upstream nucleotide sequence (USE) was the 

expression of lacZ affected by the shift in pH and temperature, while the ctpA promoter 

alone (i.e. without upstream nucleotides sequence) elicited a constitutive expression of 

lacZ regardless of change in pH or temperature. Therefore, while the upstream 

nucleotide sequence is not required for the expression of the downstream gene, it may 

play a role in its regulation in response to pH and temperature. Interestingly, in E. coli, 

the upstream nucleotide sequence increased lacZ expression in response to acidic pH 

and temperature shock while decreased it at alkaline pH. This pattern of gene 

expression in E. coli coincides with the one observed with ctpA transcription in M. 

mycoides subsp. capri.  

This similarity regarding pH- and temperature-regulated ctpA expression in two 

phylogenetically distant bacteria has many implications. First, it signifies the 

conservation of the regulatory mechanism. Second, since mycoplasmas have only one 

sigma factor and no specific activators or repressors, the ctpA regulatory region driving 

lacZ expression in E. coli is very likely to depend only on the basal transcriptional 
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machinery and the conventional Sigma factor (σ70). Third, an importantly practical 

corollary for the conservation of the mechanism is to afford us the study of ctpA 

regulation in E. coli. There is a wealth of information about genetics, physiology and 

metabolism of E. coli. In addition, tools, protocols, sensitive assays, and a variety of well 

defined media have been developed for E. coli. These features facilitate investigating 

gene regulation mechanisms in relatively easy, well controlled experiments and without 

confounding factors. In contrast, mycoplasmas are fastidious, genetically difficult to 

manipulate, lack necessary cloning vectors and molecular tools, and their genetics is 

poorly defined. For these reasons, genetics and gene regulation studies are plagued 

with many confounding issues and hurdles to overcome. Therefore, unraveling the 

regulatory mechanism(s) may be more amenable in E. coli; however, ultimately it will 

have to be confirmed or disproved in Mycoplasmas.  

Taken together, the data from these experiments indicate that the expression of 

ctpA is not constitutive; rather it is sensitive to the intracellular milieu as well as modified 

in response to environmental/host stimuli. These experiments have also shown that the 

expression of ctpA has been influenced through modulating the level of mRNA. This 

suggests that ctpA is regulated primarily at the transcription level. Moreover, this ctpA 

regulation is more likely to be quantitative rather than a switch-type mechanism.  This 

coincides with recent findings in M. capricolum, M. genitalium, Ureaplasma urealyticum , 

and M. pneumoniae (Kannan et al. 2010, Muto and Ushida  2002, Glass et al. 2000, 

Himmelreich et al. 1996,   Bork et al. 1995, Fraser et al. 1995) and is consistent with the 

paucity of repressors and activators in mycoplasma genomes (Bork et al. 1995, Fraser 

et al. 1995, Glass et al. 2000, Himmelreich et al. 1996, Glass et al. 2006).  
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In conclusion, the expression of ctpA was quantitatively regulated in response to 

environmental or host stimuli, including pH and temperature. The level of gene 

regulation is primarily at the transcription step. This does not, however, exclude other 

levels of regulation, especially posttranslational regulation. The mechanism of ctpA 

transcription is likely to be conserved, dependent on the basal transcriptional 

machinery, and influenced by the nucleotide sequence upstream of the ctpA promoter. 

Table 4-1.  Primers used for PCR. 
Primers 5’ →3’ sequence 
BamHI-USEctpA For GGATCC
BamHI-Trunc1 For 

GTTTATAAAAATGGAGAATTTGCACAA 
GGATCC 

BamHI-Trunc2 For 
CATTTTTATACAAATGTTTTTTTCTTTGG 

GGATCC 
BamHI-Trunc3 For 

GGATTTTTTTATTTAAAAAACGTCTAAA  
GGATCC

BamHI-PromoterctpA For 
 ATTTAAAAAACGTCTAAAAAACCAGTA 

GGATCC 
BamHI-RBSctpA For 

CGTCTAAAAAACCAGTATAGATCTTGTATAA 
GGATCC 

SpeI lacZ For 
AAATAAAGCAAAAAGGAGAAAAA 

ACTAGT
lacZ-Rev 

TATAGATCCCGTCGTTTTACAACGT 
TAGTTATTGCTCAGCGGTGG 

qRT-PCR_ctpA For CACTTTTTATAGACGTGGTGAAGAAG  
qRT-PCR_ctpA Rev GTACTAATGGTAAATACAAGTCATTTTG  
qRT-PCR_RiboL13 For GGAGATCACGTTATTATAATTAATGCTG  
qRT-PCR_RiboL13 Rev GCATCTAGTTCTCTTTGAACTTCAAC  
qRT-PCR_RiboL09 For GAAGTTAGTGACGGATATGCAAG 
qRT-PCR_RiboL09 Rev GCTAGTTCTTTTTCTTCTTGATCAG  
qRT-PCR_TEF For AGAAGTTGTTAGACCTAAAGTAATTGAAG 
qRT-PCR_TEF Rev AGCTTGTCTGTTTCTAGCAGCATC  
Tn4001tSeq GTACTCAATGAATTAGGTGGAAGACCGAGG  
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Table 4-2.  Tn916 (J8 only) and Tn4001T random insertional mutants of M. mycoides 
capri  with altered proteolytic phenotype.  

Gene locus Mutant 
# 

Zone 
(mm) 

Relative 
activity  

Gene  Protein ID 

MMCAP_0241  J8 2.5 ↓↓ ctpA (upstream) ACU79406.1; 
GI:256384837 

MMCAP_0343 2 2.0 ↓↓ CHP ACU79457.1; 
GI:256384888 

MMCAP_0038 7 3.0 ↓ CHP, presumed 
ftsH 

ACU79266.1; 
GI:256384697 

MMCAP_0169 9 3.0 ↓ Putative 
lipoprotein  

ACU79312.1; 
GI:256384743 

MMCAP_0157 10 4.5 ↑ mgtE  ACU79055.1; 
GI:256384486 

MMCAP_0792 38 3.0 ↓ atp ACU79340.1; 
GI:256384771 

MMCAP_0241 152 0 None S41 peptidase 
(ctpA) 

ACU79406.1; 
GI:256384837 

MMCAP_0144 153 3.0 ↓ CHP ACU79095.1; 
GI:256384526 

MMCAP_0902 154 3.0 ↓ vlcH  (upstream) ACU79765.1; 
GI:256385196 

MMCAP_0223 155 2.0 ↓↓ nox  ACU79270.1; 
GI:256384701 

The reference proteolytic zone size for M. mycoides capri GM12 wild type control 
was 4.0 mm. Tn916 was used to obtain mutant J8 only; all other mutants were obtained 
using Tn4001T. CHP denotes conserved hypothetical protein. MMCAP_0241 is 
currently annotated as an S41 peptidase; however this will likely be changed to ctpA (J. 
Glass, pers. communication). CHP denotes conserved hypothetical protein. The full 
genome of M. mycoides capri GM12 is available via GenBank as well as the Molligen 
database (http://cbi.labri.fr/outils/molligen/). 

http://cbi.labri.fr/outils/molligen/�
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Table 4-3.  Genomic location of genes and site of disruption of the coding sequence by 
Tn4001T random insertion.  

Mutant Mnemonic  CD nt Insertion 
Site nt 

Strand  Gene/Product  

2 MMCAP2_0343 429776…430471  ::428632 +  CHP 
 7 MMCAP2_0038 53623…54906 ::54359 + CHP 
9 MMCAP2_0169 213034…216135 ::213252 +  Putative lipoprotein 
 10 MMCAP2_0157 196489…197892 ::197650  -  mgtE 

 38 MMCAP2_0792 931805…933382 ::932755  -  atpA 

 152 MMCAP2_0241 302759…304714 ::304151  +  ctpA 

 153 MMCAP2_0144 178992…179492 ::179286  +  CHP 
 154 MMCAP2_0902 1077603…1078082  ::1077510  +  vlcH 

155 MMCAP2_0223 282548…283912  ::282766  +  nox 

CD denotes coding sequence; nt denotes nucleotide; CHP denotes conserved 
hypothetical protein. :: denotes insertion site of Tn4001T. The full genome of M. 
mycoides capri GM12 is available via GenBank as well as the Molligen database 
(http://cbi.labri.fr/outils/molligen/). 

http://cbi.labri.fr/outils/molligen/�
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Figure 4-1.  Measurement of ctpA gene expression in WT M. mycoides and Tn4001T, 
Tn916 generated mutants by real-time RT-PCR. Bacterial cultures were 
grown to log phase at 370 C. For RT-PCR reactions, RNA from Ribosome 
L013 was used as an internal reference. The threshold cycle number for each 
experimental sample was converted to fold expression. Fold expressions 
were normalized to that of WT. Values represent the mean fold change ± SD 
of 3 biological replicates. ANOVA confirmed that there was statistically 
significant difference among groups (P≤ 0.0001). Fishers PLSD test revealed 
that all mutants except 10 (*) displayed a significantly different fold change in 
ctpA expression when compared to wild type M. mycoides (P < 0.02).  
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Figure 4-2.  Preparation of transcriptional fusion constructs of lacZ reporter to ctpA gene 
promoter and upstream elements. The gel is demonstrates the key features in 
the preparation of the modified pXL-USEctpA-LacZ constructs. Lane 1: 1kb 
DNA marker (Invitrogen); Lane 2: pXL-USEctpAplacZ plasmid template; Lane 
3: PCR of Full PromoterctpA-lacZ fragment; Lane 4; intact pXL-PromoterctpA-
lacZ; Lane 5: verification of cloned pXL-PromoterctpA-lacZ, intact plasmid was 
cut with BamHI and NcoI; Lane 6: confirmation of desired orientation of the 
cloned fragment, pXL- PromoterctpA-lacZ cut with XbaI and NdeI.  
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Figure 4-3.  Sequence of lacZ deletion constructs. The deleted sequences for each 
construct are shown in gray font. The -35 region of the promoter (CTTGTAT) 
is shown in yellow highlight. The -35 region of the promoter (CTTGTAT) is 
shown in yellow highlight. The -10 region of the promoter (TAATAT) is shown 
in green highlight. The ribosomal binding site (GGAG) is shown in red 
highlight. The codons of the ctpA for the first three amino acids (MLK) are 
shown in turquoise highlight. The lacZ coding sequence that was cloned in 
frame is shown in pink highlight. 

 

 

Intact USEctpA + PromoterctpA 
ATAATATTAAAACATTTGTTTATAAAAATGGAGAATTTGCACAAGAATAAAAACATTTT
TATACAAATGTTTTTTTCTTTGGATTTTTTTATTTAAAAAA CGTCTAAAAAACCAGTAT
AGATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAG
ATTATGAAACTA  LacZ  coding  sequence  

USETrunc1 + PromoterctpA 
ATAATATTAAAACATTT GTTTATAAAAATGGAGAATTTGCACAAGAATAAAAACATTTTT
ATACAAATGTTTTTTTCTTTGGATTTTTTTATTTAAAAAA CGTCTAAAAAACCAGTATAG
ATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAGATT
ATGAAACTA  LacZ  coding  seque nce 

USETrunc2 + PromoterctpA 
ATAATATTAA AACATTTGTTTATAAAAATGGAGAATTTGCACAAGAATAAAAA CATTTT
TATACAAATGTTTTTTTCTTTGGATTTTTTTATTTAAAAAA CGTCTAAAAAACCAG TAT
AGATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAG
ATTATGAAACTA  LacZ  coding  sequence  

USETrunc3 + PromoterctpA 
ATAATATTAAAACATTTGTTTATAAAAATG GAGAATTTGCACAAGAATAAAAACATTTT
TATACAAATGTTTTTTTCTTTGGATTTTTTT ATTTAAAAAA CGTCTAAAAAACCAG TAT
AGATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAG
ATTATGAAACTA  LacZ  coding  sequence  

PromoterctpA 
ATAATATTAAAACATTTGTTTATAAAAATGGAGAATTTGCACAAGAATAAAAACATTTT
TATACAAATGTTTTTTTCTTTGGATTTTTTTATTTAAAAAA CGTCTAAAAAACCAG TAT
AGATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAG
ATTATGAAACTA  LacZ  coding  sequence  

RBSctpA 
ATAATATTAAAACATTTGTTTATAAAAATGGAGAATTTGCACAAGAATAAAAACATTTT
TATACAAATGTTTTTTTCTTTGGATTTTTTT ATTTAAAAA ACGTCTAAAAAACCAGTAT
AGATCTTGTAT AAGCAAAAAAATGGAC TAATAT TTAAATAAAGCAAAAA GGAGAAAAAG
ATTATGAAACTA LacZ  coding  sequence  
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Figure 4-4.  Expression of lacZ  in E. coli under the control of USE and promoter of 
ctpA. Deletion of the promoter region (6) abrogated lacZ expression, whereas 
successive deletions of upstream nucleotides sequences (1-4) of ctpA did not 
affect lacZ expression. See Figure 4-3 for nucleotide sequences that were 
deleted. 1 = USEctpA + PromoterctpA; 2 = USETrunc1 + PromoterctpA; 3 = 
USETrunc2 + PromoterctpA; 4 = USETrunc3 + PromoterctpA; 5 = PromoterctpA; 6 = 
Ribosomal Binding SitectpA.  
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Figure 4-5.  Measurement of ctpA gene expression in M. mycoides capri wild type by 
real-time RT-PCR. Bacterial cultures were grown to log phase then subjected 
to varying pH (A) or varying temperature (B). For RT-PCR reactions, mRNA 
for tef gene was used as an internal reference for pH experiment while mRNA 
for 50S Ribosome L09 was used as an internal reference for heat shock 
experiment. The threshold cycle number for each experimental sample was 
converted to fold expression. Fold expression values were normalized to pH 7 
(graph A) or 370 C (graph B).  Values represent the mean fold change ± SD of 
5 replicates. ANOVA confirmed that there was a statistical significance among 
groups (P≤ 0.0001). Fisher’s PLSD test (P valued shown in graph A) 
confirmed that the fold change observed in ctpA expression at either pH 5 or 
9 was significantly different from expression at pH 7. Unpaired student’s t test 
showed there was a statistically significant fold change in ctpA expression in 
cultures grown at 420 C.  
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Figure 4-6.  Effect of pH and heat shock on ctpA USE and P driven lacZ expression in 
E. coli. Upper panel: effect of USE on the lacZ expression in response to pH 
change. LacZ expressed from its own native promoter (PROEc) was used as 
an internal reference for all experiments. LacZ under the control of ctpA 
(RBSctpA) alone without the promoter was a negative control for all 
experiments. Five replicas were used for each experiment. Complete USE 
and P region (USEPctpA) increased lacZ expression in response to acidic pH, 
while LacZ expression was reduced at alkaline pH. The ctpA promoter 
(PROctpA) alone resulted in constitutive expression of lacZ and rendered it 
nonresponsive to shift in pH. Lower panel: effect of USE on lacZ expression 
in response to heat shock. An increase in lacZ expression in response to heat 
shock to 42oC was seen with the complete USE and P region. Deletion of 
USE caused lacZ expression to be irresponsive to heat shock.  



 

106 

CHAPTER 5 
SUMMARY AND FUTURE DIRECTIONS 

Mycoplasmas, which have the smallest genomes known among bacteria, are 

thought to represent the minimum gene set required for sustaining an independent and 

self-replicating organism (Fadiel et al. 2007). The genetics of these microbes and their 

use to create a synthetic bacterium have attracted significant attention in recent years 

(Gibson et al. 2010, Lartigue et al. 2009, Gibson et al. 2008). Studies aimed at analysis 

of the whole genome or the global gene expression have revealed surprising degrees of 

complexity and versatility at many levels of gene expression. Despite the accumulation 

of data about mycoplasma genomes and their expression profiles, a mechanistic view of 

how they manage and regulate their gene expression is still lacking. In order to unravel 

the mycoplasma gene regulatory mechanisms, many hurdles have to be overcome. 

Among the factors impeding progress are the lack of effective genetic tools to target and 

manipulate specific genes in mycoplasmas as well as the lack of good models to study 

gene regulation in controlled and precise experimental settings.  These factors are 

particularly challenging in mycoplasmas because of their fastidious growth requirements 

and complex medium components.  In addition, very few genes can offer a discernible 

phenotype that would facilitate investigating a gene response, and screening or 

identifying mutants of interest. In this study, I identified a target gene with an identifiable 

phenotype that allowed me to develop improved methods to create targeted gene 

disruptions and to investigate gene regulation.  

Mycoplasma mycoides subsp. capri, a member of the mycoides cluster, is 

characterized by its ability to hydrolyze casein on an agar plate. The gene responsible 

for this proteolytic phenotype has been identified through random mutagenesis. The 
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sequence of the gene revealed that it encodes for an S41 peptidase protein belonging 

to carboxyl-terminal proteases and shares key conserved motifs with CtpA proteases of 

several bacterial species (Hara et al. 1991). Expression of this gene seems to be 

coordinated with the growth phase, reaching its maximum at stationary phase. The 

discernible phenotype and the consistent response to the growth phase made the ctpA 

gene a good target for developing a specific gene disruption method and a model for 

studying gene regulation in mycoplasma. 

Major Findings 

In Chapter 2, I describe the development of a new technique for targeted 

mutagenesis through homologous recombination in M. mycoides subsp. capri. A novel 

method was developed for targeted mutagenesis that substantially increased the 

efficiency of targeted gene disruption. This method is a major improvement over existing 

methods in terms of both consistency and efficiency. By including the E. coli RecA gene 

in frame behind the promoter and RBS of the ctpA gene, the consistency and efficiency 

of obtaining the desired mutation in M. mycoides subsp. capri were significantly 

increased. 

Although the decision to include E. coli RecA might not be intuitively obvious, the 

rationale was based on knowledge of mycoplasmal systems. The complete pathway of 

homologous recombination is missing in mycoplasma genomes (Rocha et al., 2005). 

 In addition, initiator systems and resolving complexes do not seem to be 

conserved among mycoplasmas (Ingleston et al. 2002). These findings have led to the 

belief that mycoplasmas are deficient or incapable of performing homologous 

recombination. However, when  homologous recombination events have been reported 

(Dybvig and Woodard 1992), they were dependent on the presence of RecA.  The exact 
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mechanism for the increased efficiency of homologous recombination in mycoplasmas 

when E. coli RecA was included remains to be determined. Importantly, to the best of 

our knowledge, the successful and consistent disruption of ctpA represents one of the 

very few documented, targeted, double crossover homologous recombination events in 

Mollicutes, and the only case achieved deliberately by experimental design. 

Creation of an isogenic mutant of M. mycoides subsp. capri made it possible to 

investigate the consequences of ctpA disruption on the expression profile in the mutant. 

In Chapter 3, I used differential proteome profiling to investigate the impact of ctpA gene 

disruption on M. mycoides subsp. capri. The disruption of ctpA had a pleiotropic effect 

on the expression profile. Particularly noticeable was its impact on the 

glycolysis/gluconeogenesis pathway in carbon and energy metabolism. Disruption of 

ctpA seems to cause a shift toward glycerol metabolism and downregulation of lactate 

dehydrogenase genes. Both of these effects may precipitate an increase in oxidative 

stress. A corollary of increased glycerol metabolism is an elevated production of H2O2 

which has been considered a virulence factor in the closely related M. mycoides subsp. 

mycoides Small Colony (Pilo et al., 2007). Disruption of the ctpA gene seems to 

increase the sensitivity of the mutant to heat shock. It is not clear whether there is a link 

between the shift toward glycerol metabolism and possible increase of H2O2 production 

on one hand and the temperature sensitivity on the other. 

The role of CtpA as part of the stress response is also consistent with its 

elevated expression at the stationary phase and its response to acidic stress. Because 

mycoplasmas lack cytochromes and therefore depend on the proton motive potential as 

a source of energy (Pollack et al. 1981), an increasing concentration of H+ ions can also 
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be a source of oxidative stress. Since the ctpA gene seems to be part of the stress 

response, determining genes affected by ctpA disruption in the mutant may help us 

understand how mycoplasmas cope with stress conditions.  

The proteomic profiling results in Chapter 3 indicated that CtpA is likely a 

component of the stress response, particularly acidic and heat stress. Therefore, in 

Chapter 4, I investigated the effect of pH and temperature on the expression of ctpA, 

and the step at which ctpA expression is controlled.  I used qRT-PCR to confirm that 

ctpA is quantitatively regulated at the transcriptional level by pH and temperature as 

well as certain genes –other than ctpA- whose disruptions altered the proteolytic 

phenotype. Interestingly, transcriptional levels of ctpA in these mutants were impacted. 

The common factor among these disrupted genes is that they are all involved in the 

maintenance, homeostasis and in fundamental biochemical and metabolic processes.  

It was noted in a previous study that random insertion of Tn916 into the 

noncoding upstream (USE) region of ctpA resulted in decreased transcription and 

marked reduction of proteolytic activity (Rosentel 2003). Therefore, in Chapter 4, I also 

used mutation analysis to address the role of this noncoding upstream sequence (USE) 

region in transcriptional regulation of ctpA. Initially, lacZ  transcriptional fusion 

constructs were created and tested in M. mycoides subsp. mycoides. However, weak β-

galactosidase enzymatic activity precluded effective use of the constructs in M. 

mycoides subsp. capri.  

In order to study the effects of these mutations in USE, I developed lacZ 

transcriptional fusion constructs that could be cloned and used in E. coli. Using this 

model, I confirmed by β-galactosidase enzymatic assay that the impacts of temperature 
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and pH in E. coli were similar to those observed in M. mycoides subsp. mycoides. 

These results suggest that the mechanism of regulation is conserved and is dependent 

on the basal transcriptional machinery; this in turn made it possible to further investigate 

the transcription mechanism in E. coli.   

With this approach, I demonstrated that the ctpA promoter alone could drive 

transcription. However, the promoter region alone was not responsive to environmental 

stimuli such as pH and temperature. However, if the upstream nucleotide sequence 

(USE) was present, then ctpA transcription was responsive to these environmental 

signals. Based on the current literature, this is the first description of the quantitative 

regulation of a mycoplasmal gene that is mediated by the noncoding upstream 

nucleotides. This is also the first report that transcriptional regulation in mycoplasmas 

can be studied in E. coli using reporter gene fusion constructs. 

Future Directions 

Despite the fact that the suicide plasmid that was described in Chapter 2 

significantly improved the ability to perform targeted mutagenesis in M. mycoides subsp. 

capri, further improvements could be made. For example, one approach is to place E. 

coli recA under the control of a stronger promoter such as the spiralin promoter 

(Cordova et al. 2005), which also has the advantage of being constitutively expressed. 

Another possibility is to transiently express some of the components of the initiation or 

resolution complexes that are missing in mycoplasmas (Rocha et al. 2005), preferably, 

in combination with E. coli recA. Finally, improved constructs should be tested in other 

mycoplasmal species. 
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Further investigations of the network of proteins involved in the stress response 

are warranted. Future experiments could address the effect of carbon source on 

metabolism, H2O2 production, and tolerance for heat shock.  

Finally, a comprehensive study of the upstream elements could provide further 

insights into the mechanism by which mycoplasmal genes are quantitatively regulated in 

response to environmental signals. Determination of the specific nucleotides of USE 

region required for transcriptional regulation as well as identification of proteins that 

might bind to, and interact with, USE could help elucidate the specific mechanism(s) 

involved in transcriptional regulation. 

Mutagenesis could be used to determine the minimal nucleotide sequence and 

critical bases responsible for regulation of ctpA expression. The identities of potential 

DNA binding proteins could be investigated using molecular biology assays such as the 

DNaseI Footprinting assay, the filter binding assay, and the gel mobility shift assay.  

There have been few genetic tools developed for mycoplasmas including 

transposon Tn4001T. The attempt to use Tn4001T as a cloning vector has been 

encumbered with instability of the cloned DNA fragment. In addition, the expression and 

detection of lacZ gene from E. coli in M. mycoides subsp. capri was found to be too 

inefficient and weak to use for quantitative analysis.  

Developing a better reporter gene that functions well in mycoplasmas would 

permit addressing regulatory questions directly in mycoplasmas. Expression of the LacZ 

in M. mycoides subsp. capri was disappointing in my study. However, improving the 

translation efficiency of E. coli lacZ gene expression in mycoplasmas through codon 

optimization is one potential approach. Another approach may be to include alternative 



 

112 

reporter genes that are more suitable for mycoplasmas in lieu of lacZ. For example, one 

candidate is the sialidase gene that has been reported in many mycoplasma species 

(May et al. 2007). Sialidase activity can be quantitatively assayed using a fluorogenic 

substrate such as 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUAN) and 

spectrofluorometry (Hunt and Brown 2007). Therefore, activity would be quantifiable 

and codon optimization would require no or minimal effort.  

In conclusion, my study has provided two significant tools to better manipulate 

and investigate gene regulation in mycoplasmas. Both the ability to target specific 

genes for disruption by homologous recombination and the development of a model 

system to study mycoplasmal gene regulation in E. coli are significant contributions to 

the field. Finally, my studies have revealed that quantitative regulation of ctpA occurs by 

mechanisms other than those associated with antigenic variation (Citti et al. 2005) or 

stochastic processes (Simmons et al. 2007). The importance of the noncoding upstream 

nucleotides in the quantitative regulation of a gene in response to environmental stimuli 

has provided new insights into the regulation of mycoplasmal genes. 
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