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Summary

Chlamydia is a medically important bacterium that infects eukaryotic cells. Temporal expression 

of chlamydial genes during the intracellular infection is proposed to be regulated by changes in 

DNA supercoiling levels. To understand how chlamydial supercoiling levels are regulated, we 

purified and analyzed three putative Chlamydia trachomatis topoisomerases. As predicted by 

sequence homology, CT189/190 are the two subunits of DNA gyrase, whereas CT643 is a 

topoisomerase I. CT660/661 have been predicted to form a second DNA gyrase, but the 

reconstitute holoenzyme decatenated and relaxed DNA, indicating that the proteins are subunits of 

topoisomerase IV. Promoter analysis showed that each topoisomerase is transcribed from its own 

operon by the major chlamydial RNA polymerase. Surprisingly, all three topoisomerase promoters 

had higher activity from a more supercoiled DNA template. This supercoiling-responsivesness is 

consistent with negative feedback control of topoisomerase I and topoisomerase IV expression, 

which is typical of other bacteria. However, activation of the chlamydial gyrase promoter by 

increased supercoiling is unorthodox compared with the relaxation-induced transcription of gyrase 

in other bacteria. We present a model in which supercoiling levels during the intracellular 

chlamydial developmental cycle are regulated by unusual positive feedback control of the gyrase 

promoter and the temporal expression of three topoisomerases.

Introduction

Chlamydia is a pathogenic bacterium that causes the majority of infectious disease cases 

reported to the CDC each year (CDC, 2014). Chlamydia trachomatis is the most common 

cause of bacterial sexually transmitted infection in the USA (Batteiger and Tan, 2014). This 

organism also causes trachoma, a preventable form of blindness. C. pneumoniae causes 

community-acquired pneumonia (Hammerschlag et al., 2014). Although chlamydial species 

and strains produce infections with different clinical manifestations, they all share a similar 

intracellular lifestyle characterized by a biphasic developmental cycle (Moulder, 1991). The 

infectious chlamydial form, called an elementary body (EB), initiates the intracellular 

infection by binding and entering a host eukaryotic cell. By 2–8 h post infection (hpi), the 
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EB converts into a reticulate body (RB), which is a larger, intracellular but non-infectious 

form that replicates by binary fission. After 8 to 10 rounds of division, RBs differentiate into 

EBs for release to start a new round of infection.

Chlamydial genes are expressed during this developmental cycle in three main temporal 

classes (Shaw et al., 2000; Belland et al., 2003; Nicholson et al., 2003; Abdelrahman and 

Belland, 2005). Early genes are selectively expressed during the first few hours of the 

intracellular infection by an unknown mechanism. Midcycle genes, which are the large 

majority of chlamydial genes, are transcribed during RB replication. Late genes are a small 

group of genes that are first expressed or upregulated at about 16–24 hpi, when RBs are 

converting into EBs. Late gene expression is proposed to be negatively regulated by a 

transcription factor called EUO, which binds and represses promoters of late genes (Rosario 

and Tan, 2012; Rosario et al., 2014). In contrast, chlamydial gene expression in midcycle is 

proposed to be activated by higher levels of negative DNA supercoiling that are a feature of 

this stage of the developmental cycle (Niehus et al., 2008). This model is supported by the 

finding that promoters of representative midcycle genes are transcribed at higher levels from 

more supercoiled templates (Niehus et al., 2008; Case et al., 2010). In addition, a subset of 

early genes that are upregulated in midcycle also have supercoiling-dependent promoters 

(Case et al., 2010; Cheng and Tan, 2012). DNA supercoiling co-ordinates the expression of 

7–15% of the genome in other bacteria (Champoux, 2001; Gmuender et al., 2001; Niehus et 
al., 2004; Peter et al., 2004; Ferrandiz et al., 2010; Schroder et al., 2014), but it has the 

potential to be the global regulator of gene expression in Chlamydia by controlling the 

expression of the majority of genes in midcycle.

Bacterial DNA supercoiling levels are homeostatically regulated by enzymes called DNA 

topoisomerases. DNA gyrase, which is a heterotetrameric protein composed of GyrA and 

GyrB subunits, introduces negative supercoils into DNA (Nollmann et al., 2007). Its action 

is counterbalanced by topoisomerase I, which relaxes negatively supercoiled DNA (Tse and 

Wang, 1980; Viard and de la Tour, 2007). Topoisomerase IV, which is a heterotetramer 

composed of two ParC and two ParE subunits, catalyzes DNA decatenation and relaxation 

(Kato et al., 1992; Bebear et al., 1998; Barnes et al., 2003; Schmutz et al., 2004). DNA 

supercoiling levels in bacteria are subject to negative feedback control because the 

promoters of topoisomerase genes are transcribed in a supercoiling-dependent manner. For 

example, increased DNA supercoiling upregulates the activity of the topoisomerase I 

promoter, leading to more expression of this DNA relaxation enzyme. In a similar vein, 

higher supercoiling levels downregulate the promoter for the gyrase genes, leading to 

decreased expression of DNA gyrase (Menzel and Gellert, 1983; 1987b; Tse-Dinh, 1985).

The Chlamydia genome is predicted to encode three DNA topoisomerases, based on 

sequence similarity to known bacterial topoisomerases. In C. trachomatis, ct189 and ct190 
are predicted to encode the two subunits of DNA gyrase and have been designated as 

gyrA_1 and gyrB_1, respectively, whereas ct0643 encodes a putative topoisomerase I 

(Stephens et al., 1998). C. trachomatis ct660 and ct661 were designated as gyrA_2 and 

gyrB_2 in the original genome annotation, based on the prediction that they encode a second 

chlamydial DNA gyrase (Stephens et al., 1998). However, these genes have been noted to 

share sequence similarity with parC and parE, which encode topoisomerase IV in other 
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bacteria (Dessus-Babus et al., 1998), raising questions about their true function. Of the three 

putative chlamydial topoisomerases, only C. pneumoniae gyrA_1 and gyrB_1 have been 

shown to encode an active enzyme (Ameyama et al., 2003).

In this study, we performed functional studies on the three predicted C. trachomatis 
topoisomerases, measuring their ability to alter the superhelical density of a plasmid DNA 

template. We also examined the transcriptional regulation of the genes that encode these 

topoisomerases. Our findings support a model in which the temporal expression and 

feedback control of DNA topoisomerases regulate DNA supercoiling levels during the 

chlamydial developmental cycle.

Results

To investigate the enzymes that regulate DNA supercoiling levels in C. trachomatis, we 

purified five proteins that have been identified as putative topoisomerases or topoisomerase 

subunits. Proteins were individually expressed as epitope-tagged recombinant proteins in E. 
coli, purified by affinity chromatography and checked to ensure that they did not contain 

nuclease activity. They were then tested individually, or in combination, for topoisomerase 

activity with in vitro assays of DNA supercoiling, relaxation and decatenation.

ct189and ct190 encode the two subunits of C. trachomatis DNA gyrase

Chlamydia trachomatis ct189 and ct190 have been presumptively named gyrA and gyrB, 

respectively, because of sequence similarity to these two gyrase subunits in other bacteria. 

We cloned the two genes into individual expression vectors in order to express GyrA with a 

C-terminal histidine tag and GyrB as a fusion protein with maltose binding protein (MBP) at 

the N-terminus. The two recombinant proteins were purified to near homogeneity (Fig. 1A).

We tested if GyrA and GyrB had gyrase activity in an in vitro DNA supercoiling assay. 

Neither protein by itself altered DNA supercoiling levels, but the combination of GyrA and 

GyrB converted a relaxed plasmid substrate into its supercoiled form (Fig. 1B). This 

supercoiling activity was dependent on the addition of ATP (Fig. 1B) and a divalent cation 

(Fig. S1), which are properties of bacterial DNA gyrase. The reconstituted enzyme showed a 

strong preference for Mg2+, because there was no detectable supercoiling activity when the 

divalent cation in the reaction buffer was Mn2+, Ca2+ or Zn2+ (Fig. S1). DNA supercoiling 

activity was inhibited in a concentration-dependent manner by novobiocin and ciprofloxacin 

(Fig. S1), which are known pharmacologic inhibitors of bacterial DNA gyrase. Our 

reconstituted recombinant C. trachomatis DNA gyrase was completely inhibited by 100 µg 

ml−1 of novobiocin or 200 µg ml−1 of ciprofloxacin. These findings support the designations 

of ct189 and ct190 as gyrA and gyrB, respectively, and we will use these gene names for the 

rest of the manuscript.

ct643 encodes the C. trachomatis topoisomerase I

Chlamydia trachomatis ct643 is the predicted orthologue of topA, which encodes the single 

subunit of DNA topoisomerase I in other bacteria. We cloned ct643 into the pMAL-c5X 

vector and expressed C. trachomatis TopA in E. coli as a fusion protein with MBP at its N-

terminus (Fig. 2A). The recombinant protein was enzymatically active and induced the 
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concentration-dependent relaxation of negatively supercoiled plasmid DNA in an in vitro 
DNA relaxation assay (Fig. 2B). Five hundred micrograms of purified TopA was able to 

induce relaxation of 200 ng of supercoiled plasmid after a 30 min incubation at 37°C. This 

relaxation activity required a divalent cation, which is a property of topoisomerase I from 

other bacteria. The relaxation activity of our chlamydial enzyme was greatest with Ca2+, but 

also present with Mn2+ and to a lesser extent Mg2+ (Fig. S2). In contrast there was no 

detectable activity in the presence of Zn2+. Enzymatic activity did not require addition of 

ATP but was slightly inhibited at increased ATP concentrations and was inhibited by 

spermidine (Fig. S2), which are properties of bacterial type I topoisomerases (Srivenugopal 

and Morris, 1985). However, the chlamydial enzyme differed from other bacterial 

topoisomerase I by being sensitive to 50 mM NaCl (Fig. S2). These biochemical studies 

provide evidence that C. trachomatis ct643 encodes the chlamydial topoisomerase I.

ct660 and ct661 encode the two subunits of C. trachomatis DNA topoisomerase IV

Unlike C. trachomatis DNA gyrase and topoisomerase I, there has been disagreement about 

the type of topoisomerase predicted to be encoded by C. trachomatis ct660 and ct661. Based 

on sequence similarity, these genes have been predicted to encode either a DNA gyrase or a 

topoisomerase IV, which are enzymes with opposite effects on DNA supercoiling levels 

(Dessus-Babus et al., 1998). To resolve this issue, we expressed CT660 and CT661 as 

recombinant proteins and measured their enzymatic effect on DNA topology. We cloned 

ct661 into pEXp5CT to express CT661 with a C-terminal histidine tag. We cloned ct660 into 

pMAL-c5X and expressed CT660 as an N-terminal MBP-tagged fusion protein. Protein 

purity was confirmed by SDS-PAGE (Fig. 3A).

We first examined if CT660 and CT661 had enzymatic activity in a decatenation assay that 

measures the ATP-dependent unlinking of kinetoplast DNA (kDNA) into DNA minicircles 

(Fig. 3B). With either CT660 or CT661 alone, kDNA remained intact and failed to migrate 

from the well into the gel. In contrast, the combination of CT660 and CT661 caused 

decatenation of kDNA, as shown by migration of the released minicircle DNA into the gel. 

This decatenation activity was ATP dependent (Fig. 3B), and there was a preference for 

Mg2+ and Mn2+ over Ca2+ or Zn2+ as the required divalent cation (Fig. S3).

We also tested the enzymatic activity of CT660 and CT661 on DNA topology. Both subunits 

were required to relax supercoiled plasmid DNA in our in vitro relaxation activity assay 

(Fig. 3C). The reconstituted CT660 and CT661 enzyme required ATP (Fig. 3B) and a 

divalent cation for DNA relaxation, with Mg2+ preferred over Mn2+ and Ca2+ (Fig. S3). The 

relative preference for divalent cations (Mg2+ > Mn2+ > Ca2+, and no activity with Zn2+) 

was similar for both the decatenation and relaxation activities of CT660/CT661. In contrast, 

CT660 and CT661 did not convert relaxed DNA into its supercoiled form in our in vitro 
DNA supercoiling assay (data not shown), indicating that these proteins do not encode a 

DNA gyrase.

To verify the topoisomerase activity of CT660/CT661, we tested its susceptibility to known 

inhibitors of bacterial topoisomerase IV. Novobiocin and ciprofloxacin each inhibited the 

decatenation and DNA relaxation activities in a concentration-dependent manner (Fig. S3). 

At a concentration of 1 mg ml−1, novobiocin fully inhibited both topoisomerase IV 
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activities. With ciprofloxacin, 1 mg ml−1 completely inhibited decatenation, whereas 0.5 mg 

ml−1 was required to block relaxation activity. Taken together, these results indicate that 

CT660 and CT661 are the two subunits of a functional C. trachomatis topoisomerase IV. 

Based on these findings, we propose to name ct660 as parC and ct661 as parE, which is the 

conventional naming of the two topoisomerase IV subunits in other bacteria.

Identification of promoters regions for the topoisomerase genes

To examine how the expression of the five topoisomerase genes is regulated in C. 
trachomatis, we first identified the transcriptional unit for each gene (Fig. 4A). The genes for 

DNA gyrase (gyrB and gyrA) are grouped together as a pair, as is the case for topoisomerase 

IV (parE and parC), whereas the single topoisomerase I gene, topA, is at its own separate 

location. gyrB and gyrA appear to be transcribed from an operon because they are 

contiguous, and their intergenic region is small and lacks an identifiable terminator (Dessus-

Babus et al., 1998). We verified that gyrB-gyrA is transcribed as a polycistronic message by 

using RT-PCR to amplify the overlapping region between the two genes from a cDNA 

fragment. We used a similar RT-PCR approach to amplify the overlapping region between 

parE-parC, indicating that parE and parC are also co-transcribed from an operon (Fig. 4B). 

These operon structures indicate that chlamydial gyrase and topoisomerase IV are each 

expressed as a single transcriptional unit.

We identified the promoters for topA, gyrBA and parEC by mapping their respective 

transcription start sites with 5′-RACE. The transcription start site for gyrBA promoter was 

located upstream of ct191, which is the gene immediately upstream of gyrB (Fig. 4A). ct191 
encodes a hypothetical Chlamydia-specific protein of unknown function. By sequence 

inspection, and comparison with the preferred chlamydial σ66 promoter (Tan et al., 1998; 

Schaumburg and Tan, 2003; Tan, 2012), we located putative σ66 promoters upstream of each 

of the three transcription start sites (Fig. 4C).

Promoters for C. trachomatis topoisomerases genes are supercoiling sensitive

We investigated whether the chlamydial topoisomerase promoters are sensitive to DNA 

supercoiling, as they are in other bacteria. The three topoisomerase promoters were each 

cloned on a plasmid-based transcription template and verified to be transcribed by C. 
trachomatis σ66 RNA polymerase in vitro (data not shown), as well as by E. coli σ70 RNA 

polymerase (Fig. 5). We then tested each topoisomerase promoter with an in vitro 
supercoiling sensitivity transcription assay, in which topoisomers of the transcription 

plasmid were generated over a range of DNA supercoiling levels and individually tested for 

promoter activity (Niehus et al., 2008).

The gyrBA, topA and parEC promoters were all supercoiling-responsive. Each promoter 

was transcribed at a low level from a relaxed DNA template and at higher levels from more 

supercoiled topoisomers (Fig. 5A). The topA promoter was the most supercoiling-

responsive, with a 21-fold range of promoter activity over the range of superhelical densities 

tested, whereas the parEC and gyrBA promoters had a 5.8- and 6.6-fold range of promoter 

activity respectively. These results indicate that there is negative feedback control of 

topoisomerase I and IV expression, with increased production of these DNA relaxation 
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enzymes when supercoiling levels are high. However, the increased activity of the gyrBA 
promoter at higher supercoiling levels suggests that this promoter can be controlled by 

positive feedback control. This unusual response is different from E. coli and 

Mycobacterium smegmatis, in which gyrBA transcription is induced by DNA relaxation 

(Menzel and Gellert, 1983; Gellert and Nash, 1987; Unniraman and Nagaraja, 1999).

To verify that the chlamydial topoisomerase promoters are supercoiling-responsive, we used 

an inhibitor of DNA gyrase and topoisomerase IV to alter supercoiling levels in chlamydiae 

grown in cell culture (Fig. 5B). We treated Chlamydia-infected cells with novobiocin for 30 

min at 16 hpi, which is before the peak in chlamydial supercoiling at about 18–24 h (Niehus 

et al., 2008), and measured transcript levels of selected genes by quantitative RT-PCR. In 

validation experiments, novobiocin treatment decreased transcription of dnaK, groEL, 

ompA, pgk and fliF, which each have a supercoiling-sensitive promoter (Niehus et al., 2008; 

Case et al., 2010; Cheng and Tan, 2012), but did not affect rRNA, euo and incD, early genes 

with supercoiling-insensitive promoters (Cheng and Tan, 2012). Transcription of all three 

chlamydial topoisomerases was decreased by novobiocin treatment, with transcript levels of 

gyrB, topA and parE reduced to 4.5%, 30.7% and 11% of untreated levels respectively. The 

results for topA and parE were consistent with the decreased transcription of topoisomerase 

I and IV in Haemophilus influenzae, Escherichia coli and Streptococcus treated with 

novobiocin (Gmuender et al., 2001; Peter et al., 2004; Ferrandiz et al., 2010). However, the 

response of gyrA was unusual because novobiocin increased transcription of the gyrase gene 

in these other bacteria (Menzel and Gellert, 1983; 1987b; Tse-Dinh, 1985). Thus, both our in 
vitro supercoiling sensitivity assay and this novobiocin treatment study of intracellular 

chlamydiae indicate that the chlamydial gyrase promoter has the unorthodox property of 

being activated by higher supercoiling levels.

C. trachomatis topoisomerase promoters are not controlled by the late regulator EUO

We also examined if the chlamydial topoisomerase genes are regulated by the transcription 

factor EUO. EUO selectively represses late promoters, and thus we anticipated that it would 

regulate parC and parE, which have been reported to have a late expression pattern (Belland 

et al., 2003), but not the early genes, gyrB and gyrA, or the midcycle gene topA. In an in 
vitro transcription assay EUO altered the transcriptional activity of the omcAB promoter, a 

known EUO target. However, EUO did not alter the in vitro activity of the topA, gyrBA or 

parEC promoters (Fig. 6). These results indicate that EUO does not regulate the three 

transcriptional units that encode the three topoisomerase enzymes in C. trachomatis. Thus, 

even though parC and parE have been categorized as late genes (Belland et al., 2003), the 

parEC promoter is supercoiling-responsive and EUO-independent, which are properties of a 

midcycle chlamydial promoter.

Discussion

In this study, we show that C. trachomatis expresses three DNA topoisomerases that can 

regulate unconstrained DNA supercoiling levels. In functional studies, we verified the 

counterbalancing activities of DNA gyrase to increase negative DNA supercoiling and 

topoisomerase I to relax DNA. The enzymatic activities of these proteins have been 
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predicted in the genome annotation (Belland et al., 2003) and has been previously shown for 

DNA gyrase from the related species, C. pneumoniae (Ameyama et al., 2003). A third 

topoisomerase has been proposed to be either a second DNA gyrase (Belland et al., 2003) or 

a topoisomerase IV (Dessus-Babus et al., 1998), leaving doubts about its function in 

Chlamydia. We have resolved this issue by showing that CT660 and CT661 are the two 

subunits of a topoisomerase IV that decatenates DNA, and thus is likely to be involved in 

DNA replication. We thus propose that they should be named ParC and ParE respectively. In 

addition, we showed that this chlamydial enzyme, like other bacterial topoisomerase IV 

enzymes, is able to relax DNA in an ATP-dependent manner. C. trachomatis thus has a 

single DNA gyrase to increase DNA supercoiling but two topoisomerases that can relax 

DNA (Table 1).

These three DNA topoisomerases are present in most other bacteria (Forterre et al., 2007), 

but there are differences in how their genes are regulated in Chlamydia. A distinctive feature 

is that each chlamydial topoisomerase is expressed from its own transcriptional unit. In other 

Gram-negative bacteria, the genes for the two gyrase subunits are at different locations in the 

genome. Although the topoisomerases IV genes in E. coli and Salmonella typhimurium are 

adjacent, they are separated by a few kilobases (Huang, 1996). A potential advantage of the 

operon organization of Chlamydia gyrBA and parEC is that it allows each pair of subunits to 

be co-ordinately transcribed, which may be important for the temporal expression of the 

topoisomerase.

We found that the promoters for the chlamydial topoisomerase genes were transcribed at 

higher levels from more negatively supercoiled DNAtemplates. Supercoiling-responsiveness 

is a general property of topoisomerase promoters in other bacteria as part of a negative 

feedback mechanism for homeostatically regulating DNA supercoiling levels (Dorman and 

Corcoran, 2009). The chlamydial topA promoter conforms to this model because it was 

upregulated by higher DNA supercoiling levels, which would promote topoisomerase I 

expression and induce DNA relaxation (Tse-Dinh, 1985). Surprisingly, the C. trachomatis 
gyrBA promoter was also activated by higher levels of DNA supercoiling, which is a unique 

property that has not been described for a gyrase promoter. Instead in E. coli, S. 
pneumoniae, Mycobacterium and Streptomycces, transcription of the gyrase genes is 

reduced when supercoiling levels increase (Menzel and Gellert, 1987a; Thiara and 

Cundliffe, 1989; Unniraman and Nagaraja, 1999; Ferrandiz et al., 2010).

We demonstrated the unusual response of the chlamydial gyrase promoter to DNA 

supercoiling levels with supercoiling response assays performed in vitro and also in 

Chlamydia-infected cells treated with novobiocin. The in vitro transcription studies were 

performed with E. coli σ70 RNA polymerase because we could not obtain high enough 

transcription levels for quantification with Chlamydia σ66 RNA polymerase. This issue was 

mainly technical, related to the limited amounts of RNA polymerase that we are able to 

purify from Chlamydia-infected cells and compounded by the weak intrinsic activity of the 

chlamydial topoisomerase promoters. However, in previous studies, we have shown that the 

supercoiling response pattern for chlamydial promoters was similar for Chlamydia σ66 and 

E. coli σ70 RNA polymerase (Niehus et al., 2008). Thus, in Chlamydia, the topoisomerase 
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promoters appear to be under feedback control, but the chlamydial gyrase promoter has the 

unusual property of being regulated by positive feedback.

Another feature of the chlamydial topoisomerase genes is that they have different temporal 

expression patterns during the intracellular developmental cycle. In the Belland microarray 

study, DNA gyrase was transcribed early, by 3 hpi, and topoisomerase I was transcribed as a 

midcycle gene by 8 hpi (Belland et al., 2003). The topoisomerase IV genes, parC and parE, 

were transcribed by 16 hpi and have been classified as late genes in microarray studies 

(Belland et al., 2003; Nicholson et al., 2003). However, our promoter analysis indicates that 

the parCE promoter is regulated as a midcycle promoter because it was supercoiling-

dependent, in contrast to late promoters, and was not regulated by EUO, the master regulator 

of late gene expression (Schaumburg and Tan, 2003; Rosario et al., 2014). We also detected 

topoisomerase IV transcription at 12 hpi by RT-PCR, which is more consistent with a 

midcycle gene. These expression studies show that there is a delay between the early 

expression of DNA gyrase and the expression of topoisomerase I and topoisomerase IV in 

midcycle.

DNA supercoiling has been proposed to play an important role in temporal gene regulation 

during the chlamydial developmental cycle (Niehus et al., 2008; Cheng and Tan, 2012). In 

early reports, chlamydial supercoiling levels were shown to change during the intracellular 

infection (Solbrig et al., 1990; Barry et al., 1993). Niehus and collaborators then determined 

the temporal pattern by showing that DNA supercoiling levels are low at early times, rise to 

a peak in midcycle and then decrease to their initial levels at late times and in EBs (Niehus 

et al., 2008). This increased DNA supercoiling in midcycle has been proposed to drive the 

transcription of midcycle genes (Niehus et al., 2008; Case et al., 2010) and a subset of early 

genes that have supercoiling-dependent promoters (Case et al., 2010; Cheng and Tan, 2012). 

However, until now, there has been little understanding of how DNA supercoiling itself is 

regulated during the intracellular chlamydial infection.

Bacteria use a number of mechanisms to regulate topoisomerase expression and activity to 

control DNA supercoiling levels. In E. coli, the promoters for DNA gyrase and 

topoisomerase I are controlled by a nucleoid-associated protein called Fis (Cameron et al., 
2011), but there is no Fis orthologue in Chlamydia. There are two chlamydial nucleoid-

associated proteins, called the histone-like proteins hctA and hctB, but they bind and 

condense DNA in EBs, and not during the majority of the developmental cycle (Grieshaber 

et al., 2006a,b). DNA supercoiling can also be controlled by the ATP/ADP concentration 

ratio because gyrase activity is dependent on ATP while being inhibited by ADP (Westerhoff 

et al., 1988; Hsieh et al., 1991a,b). In Chlamydia, however, ATP levels accumulate to high 

levels in EBs (Tipples and McClarty, 1993), making it unlikely that there is a low ATP/ADP 

ratio to inhibit DNA gyrase at late times and in EBs. In addition, ATP levels may not have a 

selective effect on chlamydial DNA gyrase because topoisomerase IV is also ATP 

dependent.

We propose a model in which the changes in chlamydial DNA supercoiling levels are due to 

the regulated expression of the three topoisomerases during the developmental cycle. Early 

in the intracellular infection, DNA supercoiling levels are low but increase to a peak in 
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midcycle (Niehus et al., 2008). We postulate that this initial stage of the developmental cycle 

is analogous to an E. coli topA mutant because there is expression of the chlamydial DNA 

gyrase prior to detectable transcription of chlamydial topoisomerase I and IV. topA mutants 

have highly negatively supercoiled DNA due to the inability to relax transcription-induced 

negative supercoiling (Stupina and Wang, 2005). We also predict that rising chlamydial 

supercoiling levels will activate the supercoiling-dependent gyrase promoter, amplifying 

gyrase expression through positive feedback.

After DNA supercoiling levels peak in midcycle, they decline to their original low levels 

(Niehus et al., 2008). This observation indicates that there must be a mechanism to prevent a 

runaway effect from positive feedback activation of the gyrase promoter. We propose that 

high DNA supercoiling levels in midcycle induce expression of topoisomerase I and then 

topoisomerase IV via their supercoiling-activated promoters. These DNA relaxation 

enzymes counterbalance and presumably exceed the effect of DNA gyrase so that 

supercoiling levels then decrease in the second half of the intracellular infection.

The unusual features of the chlamydial topoisomerase promoters described in this study play 

an important role in this model for the temporal control of chlamydial supercoiling levels. 

The DNA topoisomerases are constitutively expressed in other bacteria, but we postulate that 

the early expression of DNA gyrase, before the midcycle expression of topoisomerase I and 

IV, leads to an initial state of unbalanced gyrase activity. This temporal expression of 

chlamydial topoisomerases is facilitated by the organization of the two genes for DNA 

gyrase in their own transcriptional unit, as is also the case for the two genes for 

topoisomerase IV. Last but not least, the unusual activation of the chlamydial gyrase 

promoter by increased DNA supercoiling allows gyrase expression to be boosted by positive 

feedback. This response is in sharp contrast to a typical bacterial gyrase promoter, which is 

designed to be homeostatically downregulated by high supercoiling levels through negative 

feedback (Menzel and Gellert, 1987a).

A number of elements of this model await further experimental support. Although the 

sequential expression of the three chlamydial topoisomerase has been well described 

(Belland et al., 2003), it is not known how they are transcribed at different times even though 

all three have supercoiling-dependent promoters. It is also unclear if the combination of 

topoisomerase I and topoisomerase IV is necessary to reduce chlamydial supercoiling levels 

at later times. However, both enzymes have the capability to relax DNA, and the temporal 

correlation between topoisomerase I and topoisomerase IV expression and chlamydial DNA 

relaxation suggests that both enzymes may be involved. Topoisomerase I and topoisomerase 

IV also have different ATP and cation requirements, and thus even though they each mediate 

DNA relaxation, their activities may not be redundant.

This proposed role of the chlamydial topoisomerases in regulating DNA supercoiling levels 

may have implications for the treatment of chlamydial infections. The fluoroquinolones are 

a major class of antibiotics that interfere with bacterial DNA replication by inhibiting DNA 

gyrase and topoisomerase IV. In Chlamydia, the main target may be DNA gyrase because 

fluoroquinolone-resistance in C. trachomatis has only been linked with mutations in gyrA 
(Dessus-Babus et al., 1998). Furthermore, we found that C. trachomatis DNA gyrase was 2.5 
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to 5 times more sensitive to ciprofloxacin than topoisomerase IV in our in vitro studies. We 

predict that by inhibiting DNA gyrase, the fluoroquinolones will prevent changes in DNA 

supercoiling levels that regulate chlamydial gene expression. Thus, we propose that the 

fluoroquinolones may have a dual mechanism of action in Chlamydia by inhibiting DNA 

replication as well as progression of the developmental cycle.

Experimental procedures

Construction of topoisomerase subunits expressing plasmids

The ct189 (gyrA), ct190 (gyrB), ct643 (topA), ct660 (parC), ct661 (parE) genes were 

amplified from C. trachomatis serovar L2 (strain L2/434/Bu) genomic DNA using the 

primers listed in Table S1. ct190, ct643 and ct660 were ligated into SbfI/NcoI sites of the 

pMAL-c5X vector (New England Biolabs, NEB), whereas ct189 and ct661 were inserted 

into pEXp5CT/TOPO (Invitrogen). Correct DNA sequences were confirmed for each 

plasmid construct.

Expression and purification of the topoisomerase subunits

For MBP-tagged proteins, CT190, CT643 and CT660, E. coli BL21 (DE3) cells were 

transformed with the respective plasmid and grown in LB plus 100 µg ml−1 ampicillin, and 2 

g l−1 glucose at 37°C. At an optical density at 600 nm (OD600) of 0.4 Isopropyl-β-D-thio-

galactopyranoside (IPTG) was added to a final concentration of 0.3 mM. After incubation 

for 2 h at 37°C, cells were harvested, resuspended in lysis buffer (40 mM Tris [pH 8], 200 

mM NaCl, 1 mM dithi-othreitol (DTT), 1 mM EDTA, 0.5 mg ml − 1 lysozyme) and 

disrupted by sonication. After centrifugation at 30 000 × g for 30 min at 4°C, the soluble 

fraction was loaded on an amylose column (NEB) and equilibrated with lysis buffer. 

Proteins were eluted in lysis buffer containing 10 mM maltose.

For His-tagged proteins, CT189 and CT661, E. coli T7 Express cells were transformed with 

the respective plasmid and grown in LB plus 100 µg ml−1 ampicillin at 37°C to an OD600 of 

0.4. IPTG was added to a final concentration of 0.3 mM, and growth was continued 

overnight at 4°C. Cells were harvested, resuspended in 40 mM Tris [pH 8], 200 mM NaCl, 1 

mM DTT and lysed by sonication. After centrifugation at 30 000x g for 30 min at 4°C, the 

soluble fraction was loaded onto a HisTrap FF column (GE healthcare) using an AKTÄ 

purifier system (Amersham Bioscience). Proteins were eluted over a 0–250 mM imidazole 

gradient.

Elution fractions containing the protein of interest, as determined by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), were pooled, dialysed overnight at 4°C 

against storage buffer (40 mM Tris [pH 8], 1 mM EDTA, 10% glycerol) and stored at 4°C.

Enzymatic assays

The DNA relaxation assay with topoisomerase I was performed in 40 mM HEPES-KOH 

[pH 8], 5 mM CaCl2, 1 mM DTT, BSA 50 µg ml−1 and 200 ng of negatively supercoiled 

pHOT-1 (TopoGEN) plasmid in a reaction volume of 20 µl. The samples were incubated for 

30 min at 37°C, and the reactions were terminated by addition of Gel Loading Dye (NEB). 
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The reaction products were electrophoresed on a 1% agarose gel without ethidium bromide 

(EtBr).

The DNA relaxation assay with topoisomerase IV subunits was performed in a similar 

manner except that the buffer contained 40 mM HEPES-KOH [pH 8], 100 mM K-glutamate, 

10 mM DTT, 10 mM MgCl2, 50 µg ml−1 BSA, 2 mM ATP and 200 ng of negatively 

supercoiled pHOT-1 plasmid in a reaction volume of 20 µl.

For the decatenation assay, the topoisomerase IV subunits were mixed with 40 mM HEPES-

KOH [pH 8], 100 mM K-glutamate, 10 mM DTT, 10 mM MgCl2, 50 µg ml−1 BSA, 2 mM 

ATP and 200 ng kinetoplast DNA (kDNA) (TopoGEN) in a reaction volume of 20 µl. 

Reaction mixes were incubated at 37°C for 30 min. The reactions were terminated and 

analyzed by electrophoresis as described above.

DNA supercoiling assay for the GyrA and GyrB proteins was performed in a buffer 

containing 40 mM HEPES-KOH [pH 8], 100 mM K-glutamate, 10 mM DTT, 10 mM 

MgCl2, 50 µg ml−1 BSA, 2 mM ATP and 100 ng relaxed pHOT-1 plasmid. Reaction mixes 

were incubated at 37°C for 30 min. The reactions were stopped and analyzed as described 

above.

Chlamydia cell culture

Chlamydia trachomatis serovar L2 (strain L2/434/Bu) was grown in L929 mouse fibroblast 

cells at 37°C with 5% CO2 in RPMI 1640 (Lonza) supplemented with 5% heat inactivated 

fetal bovine serum (FBS, Omega Scientific).

RT-PCR

L929 cells were infected with C. trachomatis at a multiplicity of infection (moi) of 3 and 

harvested at 6, 12 or 24 hpi. Total RNA was prepared using RNeasy plus Mini Kit (Qiagen) 

according to the manufacturer’s instructions. Residual DNA was removed by incubating the 

RNA with 20U RNase-free DNAse I (Roche) for 30 min at 37°C. cDNA synthesis was 

performed with AMV reverse transcriptase (Fisher Scientific) and random primers 

(Invitrogen) and amplified by PCR using AccuPower PCR premix (Bioneer). The primer 

sets used for RT-PCR are listed in Table S2.

Quantitative RT-PCR

L929 cells were infected with C. trachomatis at an moi of 3. At 16 hpi, 400 µg ml−1 

novobiocin was added in the media. After 30 min incubation, the infected cells were 

collected. Total DNA was isolated using the QIAamp tissue kit (Qiagen) per the 

manufacturer’s protocol. Total RNA was prepared using RNeasy plus Mini Kit (Qiagen) 

according to the manufacturer’s instructions. Residual DNA was removed by incubating the 

RNA with 20U RNase-free DNAse I (Roche) for 30 min at 37°C. cDNA was synthesized 

and amplified by RT-PCR using the iScript one-step RT-PCR kit (Bio-Rad) on a Bio-Rad 

iCycler iQ per the manufacturer’s protocols.
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qPCR and qRT-PCR data analysis

To normalize transcripts to genome copy number, standard curves were generated for each 

gene-specific primer pair (Bhaduri et al., 1998) by performing qPCR on C. trachomatis 
genomic DNA. For each sample, the Ct value obtained with 0.02% of total DNA was fit to 

the standard curve to determine the number of gene copies. qRT-PCR was performed for 

each RNA sample, and the Ct value obtained with 0.04% of total RNA (0.1% of total RNA 

for parE) was fit to the gene-specific standard curve to determine the number of transcript 

copies. The transcripts per genome copy were then calculated as the number of transcripts 

divided by the number of chlamydial genome copies measured with the same primer pair. 

The effect of novobiocin treatment was then determined by comparing the transcripts per 

genome copy of novobiocin-treated and untreated samples.

5′ Rapid amplification of cDNA ends (5’ RACE)

For each 5′ RACE reaction, 10 µg of RNA was treated with Terminator 5′-phosphate-

dependent exonuclease (Epicentre) to remove processed transcripts. cDNA synthesis was 

carried out with AMV reverse transcriptase (Fisher Scientific) and random primers. A poly-

dT tail was added to the 5′ end of the cDNA using terminal deoxynucleotidyltransferase 

(NEB). The RACE products were amplified by PCR with an adapter primer T602 (5′-

CGCGAATTCCTCTTCTAGATGGGG GGGGGG-3′), which annealed to the poly-dT tail of 

the cDNA, and a gene specific primer (gyrB 5′-TAGCCTGAGTCATCCCATTAT-3′, parE 5′-

CGGGAGCGAGATAAACTACA-3′; topA 5′-CGTGT AAATGCCGTCTTCAGC-3′). 5′-

RACE PCR products were digested with EcoRI and subcloned into pGEM-7ZF (+) 

(Promega Biotech) between the EcoRI and SmaI sites. Plasmids were sequenced (Genewiz) 

to determine the 5′ end of each transcript.

Construction of in vitro transcription plasmids

Each promoter insert was cloned upstream of a promoter-less, G-less cassette transcription 

template, as previously described (Tan and Engel, 1996). Plasmid pMT1522 contains the 

promoter region of C. trachomatis gyrBA (positions −152 to +4). Plasmid pMT1539 

contains the promoter region of topA (positions −138 to +4). Plasmid pMT1539 contains the 

promoter region of parEC (positions −119 to +4).

Generation of transcription plasmid topoisomers

For each transcription plasmid, a series of topoisomers over a range of superhelicities was 

generated, as previously described (Niehus et al., 2008). Ten micrograms of CsCl gradient 

purified plasmid DNA was treated for 3 h at 37°C with 8U of wheat germ Topoisomerase I 

(Promega) in a 40 µl mixture containing 50 mM Tris [pH 7.6], 0.1 mM EDTA, 1 mM DTT, 

50 mM NaCl, 10% glycerol and concentrations of EtBr ranging from 0 to 140 µM. EtBr was 

removed by phenol-chloroform extraction, and the DNA was recovered by ethanol 

precipitation. The plasmid topoisomers were resolved on a 1.4% agarose gel containing 

EtBr. The average linking number difference (ΔLK) was determined by the band counting 

method of Keller (Keller, 1975). The average superhelical density (σ) was calculated using 

the equation σ =−10.5ΔLK/N, where N is the total number of base pairs in the plasmid.
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In vitro transcription

For each promoter, a set of topoisomers of various superhelical densities was used as the 

transcription template in individual in vitro transcription reaction. Transcription reaction 

experiments were performed as described previously (Niehus et al., 2008). In a 10 µl 

reaction mixture, 0.5 U E. coli RNA polymerase holoenzyme (Epicentre) was used with 25 

nM plasmid of each topoisomer. Radiolabeled transcripts were resolved on a urea-

polyacrylamide gel and exposed to a phosphorimager screen. The screen was scanned with a 

Bio-Rad Personal FX scanner and quantified with ImageJ software. The relative promoter 

activity was calculated by defining the maximal promoter activity for the range of 

superhelicities tested as 100% and normalizing the promoter activity obtained for each 

topoisomer. Three measurements of relative promoter activity were obtained for each 

topoisomer, and a mean and a standard deviation were calculated.

For transcription assays examining regulation by EUO, plasmid DNA containing the 

transcription template was incubated with 2.5 µM C. trachomatis recombinant EUO 

(courtesy of Dr C. Rosario) at room temperature for 15 min. Transcription assays were 

initiated as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ct189 and ct190 encode functional DNA gyrase subunits
A. SDS PAGE of purified DNA gyrase subunits: CT189 (GyrA) and CT190 (GyrB) stained 

with Coomassie brilliant blue. The size of protein markers (M) in kDa is indicated to the 

left.

B. CT189 (GyrA) and CT190 (GyrB) proteins reconstitute an ATP-dependent supercoiling 

activity. Relaxed plasmid was incubated with CT189 (100 ng) and/or CT190 (50 ng) in the 

presence or absence of 2 mM ATP.

Orillard and Tan Page 17

Mol Microbiol. Author manuscript; available in PMC 2016 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. ct643 encodes a functional topoisomerase I
A. SDS PAGE gel electrophoresis of purified CT643 (TopA) stained with Coomassie 

brilliant blue. The size of protein markers (M) in kDa is indicated to the left.

B. CT643 relaxes supercoiled DNA. Supercoiled plasmid was incubated with increasing 

concentrations of CT643.
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Fig. 3. ct660 and ct661 encode functional DNA topoisomerase IV subunits
A. SDS PAGE of purified topoisomerase IV subunits CT660 (ParC) and CT660 (ParE) 

stained with Coomassie brilliant blue. The size of protein markers (M) in kDa is indicated to 

the left.

B. CT660 and CT661 proteins reconstitute an ATP-dependent decatenation activity. kDNA 

was incubated with 75 ng CT660 and/or 75 ng CT661 in the presence or absence of 2 mM 

ATP. The catenated kDNA remains in the wells of the agarose gel; the position of 

decatenated DNA is indicated.

C. CT660 and CT661 proteins reconstitute an ATP-dependent relaxation activity. 

Supercoiled plasmid was incubated with 75 ng CT660 and/or 75 ng CT661 in the presence 

or absence of 2 mM ATP.
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Fig. 4. Transcriptional organization of C. trachomatis topoisomerase genes
A. Schematic diagram of the topoisomerase genes, identified by name and number. The 

promoter for each transcription unit is indicated by an arrow with an open arrowhead. The 

pairs of smaller arrows represent primers used for the RT-PCR assay.

B. Co-transcription of gyrB-gyrA and of parE-parC. cDNA products shown in the gene 

diagram were amplified by RT-PCR from total RNA extracted from C. trachomatis-infected 

cells at 6, 12 or 24 hpi.

C. Alignment of putative topoisomerase promoters. The transcription start sites were 

mapped by 5′-RACE. Predicted −35 and −10 promoter elements are underlined. gyrBA= 

promoter of DNA gyrase operon, which also includes ct191; topA = promoter of DNA 

topoisomerase I gene; parEC = promoter of DNA topoisomerase IV operon.
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Fig. 5. DNA topoisomerase promoters are supercoiling sensitive
A. In vitro supercoiling sensitivity assay of the chlamydial topoisomerase promoters. For 

each topoisomerase promoter cloned on a transcription plasmid, a series of topoisomers was 

generated over a range of superhelical densities (σ). Each topoisomer was transcribed by E. 
coli RNA polymerase in vitro. Relative promoter activity was calculated as a percentage of 

the maximal promoter activity (defined as 100%) over the range of superhelical densities 

tested. All reactions were performed as three independent experiments, and the error bars 

represent standard deviations. Comparison graphs showing the supercoiling response for a 
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supercoiling-insensitive (euo) and a supercoiling-sensitive (dnaK P1) promoter are adapted 

from Cheng and Tan, 2012.

B. Supercoiling-response assay in Chlamydia-infected cells treated with novobiocin. The 

effects on transcription of selected chlamydial genes were measured by qRT-PCR. rRNA, 

incD and euo are early genes whose promoters have been shown to be supercoiling-

insensitive in vitrodnak groEL ompApgk and fliF are early and midcycle genes whose 

promoters have been shown to be supercoiling sensitive in vitro (Case et al., 2010; Niehus et 
al., 2008; Cheng and Tan, 2012). Relative transcription was calculated as the percentage of 

the transcripts per chlamydial genome copy for novobiocin-treated cells compared with 

untreated samples. Results of three independent experiments are reported. Error bars 

indicate the standard deviation.
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Fig. 6. Topoisomerase genes are not regulated by the master late regulator EUO
A. In vitro transcription assay showing that EUO did not repress the three topoisomerase 

promoters. For each gene, a transcription templates containing the promoter region was 

transcribed with E. coli RNA polymerase in the absence or presence of EUO. The EUO 

target omcAB promoter and the EUO-independent dnak P1 promoter were used as positive 

and negative controls respectively.

B. Graph of the effect of EUO on transcriptional activity. For each promoter, transcription in 

the presence of EUO was normalized to baseline transcription in the absence of EUO 

(defined as 100%). Values are from the average of at least three independent experiments 

with standard deviation indicated by the error bar.
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